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Next Generation Survey
The DESI (the Dark Energy Spectroscopic Instrument) project was 
formed in 2012 from the merger of the BigBoss and the DESpec 
wide field, multi-object spectrograph concepts.

The DESI collaboration is led by LBNL and has 21 US Universities, 
5 DOE labs, 19 foreign institutions, totaling >200 collaborators.

Will produce the measurements of BAO by performing a 
spectroscopic survey over 14,000 sq. degrees out to 
redshifts of 3.5

- 4M Luminous Red Galaxies (LRGs)
- 23M Emission Line Galaxies (ELGs)
- 1.4M quasars (QSO)
- 0.6M quasars at z>2.2 for 

Lyman-alpha-forest



DESI will be conducted on the Mayall 4-meter telescope at Kitt Peak 
National Observatory starting in 2018.  DESI is supported by the 
Department of Energy Office of Science to perform this Stage IV dark 
energy measurement using baryon acoustic oscillations and other techniques 
that rely on spectroscopic measurements.

DESI Survey





DESI Survey

The spectrograph design was finalized last year. 
The three arms cover wavelength range from 
360 nm to 980 nm with 
resolution 
R =l/dl= 2000 - 5500 
depending on wavelength, 
meeting or exceeding 
the DESI requirements.

Each unit serves 500 fibers
One of ten units

The 1st spectrograph 
fabrication has started and 
will be complete this year



first light in about 3 years
1. An imaging (targeting) survey over 14,000 deg2 
g-band to 24.0 mag
r-band to 23.6 mag
z-band to 23.0 mag

2. A spectroscopic survey over 14,000 deg2 
10 million Bright Luminous Galaxies
4 million Luminous Red Galaxies
23 million Emission Line Galaxies
1.4 million quasars
0.6 million quasars at z>2.1 for Lyman-alpha-forest 

Last year, none of the imaging survey was secure
Today, mostly secured and in progress as public surveys

DESI Survey
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4 million LRGs

17 million ELGs

2.4 million QSOs

The largest spectroscopic survey for dark energy
SDSS ~2h-3Gpc3         BOSS ~6h-3Gpc3          DESI 50h-3Gpc3

What is the DESI survey?

10 million brightest galaxies

DESI Survey



Survey Area

Main survey areas now selected.
Exact survey strategy still to be decided.



Survey Timeline



DESI Expectation

DESI will produce a world leading survey of the the cosmic 
distance scale.

Will measure distance scale to better than 0.3% statistical 
errors.
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Background
Key observables in spectroscopic galaxy surveys:

(1) Angular diameter distance DA
- Exploiting BAO as standard rulers which measure the angular 
diameter distance and expansion rate as a function of redshift.

(2) Radial distance H-1

- Exploiting redshift distortions as intrinsic anisotropy to decompose 
the radial distance represented by the inverse of Hubble rate as a 
function of redshift.

(3) Growth Rate, f  (dδ/d ln a)
- The coherent motion, or flow, of galaxies can be statistically 
estimated from their effect on the clustering measurements of large 
redshift surveys, or through the measurement of redshift space 
distortions.

These are essential to test theoretical models explaining cosmic 
acceleration; ΛCDM, Dynamical DE, Einstein’s gravity

2 Xiao-Dong Li, Changbom Park, Cristiano G. Sabiu and Juhan Kim

which leads to apparent anisotropy even if the adopted cos-
mology is correct (Ballinger Peacock & Heavens 1996). In Li
et al. (2014) we proposed a new method utilizing the red-
shift dependence of AP e!ect to overcome the RSD problem,
which uses the isotropy of the galaxy density gradient field.
We found that the redshift dependence of the anisotropy
created by RSD is much less significant compared with the
anisotropy caused by AP. Thus we measured the redshift de-
pendence of the galaxy density gradient field, which is less
a!ected by RSD, but still sensitive to cosmological parame-
ters.

The two-point correlation analysis is the most widely
used method to study the large scale clusterings of galax-
ies. So, in this paper we revisit the topic of Li et al. (2014)
using the galaxy two-point correlation function (2pCF). By
investigating the redshift dependence of anisotropic galaxy
clustering we can measure the AP e!ect despite of contam-
ination from RSD. Moreover, if the redshift evolution of
galaxy bias can be reliably modelled, then we can measure
the redshift evolution of volume e!ect from the amplitude
of 2pCF. The change of the comoving volume size is another
consequence of a wrongly adopted cosmology, which has mo-
tivated methods constraining cosmological parameters from
number counting of galaxy clusters (Press & Shechter 1974;
Viana & Liddle 1996) and topology (Park & Kim 2010).

The outline of this paper proceeds as follows. In §2 we
briefly review the nature and consequences of the AP e!ect
and volume changes when performing coordinate transforms
in a cosmological context. In §3 we describe the N-body
simulations and mock galaxy catalogues that are used to
test our methodology. In §4 we will describe our new analysis
method for quantifying the anisotropic clustering as well as
proposing a way to deal with the RSD that are convolved
with the AP distortion. Here we will also present results of
our optimised estimator. We conclude in §5.

2 THE AP AND VOLUME EFFECT DUE TO

WRONGLY ASSUMED COSMOLOGICAL

PARAMETERS

The AP and volume e!ect due to wrongly assumed cosmo-
logical parameters are shown in the upper panel of Figure
1. Suppose that the true cosmology is a flat "CDM with
present density parameter #m = 0.26 and standard dark
energy equation of state (EoS) w = !1. If we were to dis-
tribute four perfect squares at various distances from 500
Mpc/h to 3,000 Mpc/h, and an observer were to measure
their redshifts and compute their positions and shapes us-
ing redshift-distance relations of two incorrect cosmologies:

(i) #m = 0.41, w = !1.3,
(ii) #m = 0.11, w = !0.7,

the shapes of the squares appear distorted (AP e!ect), and
their volumes are changed (volume e!ect). In the cosmolog-
ical model (ii) with #m = 0.11, w = !0.7, we see a stretch
of the shape in the LOS direction (hereafter “LOS shape
stretch”) and magnification of the volume (hereafter “vol-
ume magnification”), while in the model with #m = 0.41,
w = !1.3, we see opposite e!ects, with LOS shape compres-
sion and volume shrinkage.

The degree of LOS shape stretch and volume magnifi-
cation can be described by the following quantities

[$r!/$r"]wrong

[$r!/$r"]true
=

[DA(z)H(z)]true
[DA(z)H(z)]wrong

, (1)

Volumewrong

Volumetrue
=

[DA(z)2/H(z)]wrong

[DA(z)2/H(z)]true
, (2)

where $r!, $r" are the angular and radial sizes of the ob-
jects, and “true” and “wrong” denote the values of quanti-
ties in the true cosmology and wrongly assumed cosmology.
DA and H are the angular diameter distance and Hubble
parameter, respectively. In the particular case of a flat uni-
verse with constant dark energy EoS, they take the forms
of

H(z) = H0

!

#ma#3 + (1! #m)a#3(1+w),

DA(z) =
1

1 + z
r(z) =

1
1 + z

" z

0

dz$

H(z$)
, (3)

where a = 1/(1 + z) is the cosmic scale factor, H0 is the
present value of Hubble parameter and r(z) is the comoving
distance.

In the lower panel of Figure 1, we plot the degree of
LOS shape stretch and volume magnification as functions
of redshift. In cosmology (i), both quantities have value
less than 1, indicating LOS shape compression and volume
shrink. The e!ect in cosmology (ii) is slightly more subtle.
At low redshift, the e!ect of dark energy is important, and
there is LOS shape compression and volume reduction due
to the quintessence like dark energy EoS. However, at higher
redshift the role of dark matter is more important, and we
see LOS shape stretch and volume magnification due to the
small #m.

More importantly, Figure 1 highlights the redshift de-
pendence of the AP and volume e!ects. For example, in the
cosmology with #m = 0.41, w = !1.3, both the LOS shape
stretch and volume magnification become more significant
with increasing redshift. In the cosmology with #m = 0.11,
w = !0.7, not only do the magnitudes of the e!ects evolve
with redshift, but there is also a turnover from LOS shape
compression and volume shrink at lower redshift to LOS
shape stretch and volume magnification at higher redshift.

3 DATA

We test the methodology using mock surveys constructed
from one of the Horizon Run simulations, HR3. HR3 are a
suite of large volume N-body simulations that have resolu-
tions and volumes capable of reproducing the observational
statistics of many current major redshift surveys like SDSS
BOSS etc (Park et al. 2005; Kim et al. 2009, 2011). HR3
adopts a flat-space "CDM cosmology with the WMAP 5
year parameters #m = 0.26, H0 = 72km/s/Mpc, ns = 0.96
and !8 = 0.79 (Komatsu et al. 2011). The simulation was
made in a cube of volume (10.815 h#1Gpc)3 using 71203

particles with particle mass of 1.25 " 1011h#1M% .
The simulations were integrated from z = 27 and

reached z = 0 after making Nstep = 600 timesteps. Dark
matter halos were identified using the Friend-of-Friend algo-
rithm with the linking length of 0.2 times the mean particle

c! 2002 RAS, MNRAS 000, 1–8
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From Observation to theory
- We want to know the density perturbations in the universe (at various 
cosmic times). This will tell us about the cosmic expansion (a) and gravity, 
through the growth of structure. 

We don’t ‘see’ perturbations of the total density field.
We observe individual galaxies that trace that underlying matter 
distribution.

How are galaxies and 
DM related?

- Halo Model
- Bias

- Scale Dependent? 

- Velocity Field Bias?
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From Observation to theory
- We want to know the density perturbations in the universe (at various 
cosmic times). This will tell us about the cosmic expansion (a) and gravity, 
through the growth of structure. 

Also....
We don’t ‘see’ the true radial position of galaxies 
We see its redshift, which is composed of a hubble expansion and a peculiar 
velocity due to local gravitational dynamics.

Furthermore, even if the galaxy is not moving gravitationally, we still do not 
know its true position in comoving space, since we need to transform 
(theta, phi, redshift) -> (x,y,z) using a cosmological model with a specific 
choice of parameters. Eg LCDM Om=0.3, Ol=0.7, w=-1 etc etc

So, where do we go from here?
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BOSS: Survey Progress

Final footprint

Completed

BOSS July 2013 (Data Release 11)



We want to evaluate:
where    is the density 
contrast

5

��(x)�(x + r)⇥

We call this the Two Point 
Correlation Function (2PCF) �i(r) =

ni(r)
n̄.dV

� 1

�

The estimator for this 
statistic is: �(r) =

DD � 2DR + RR

RR

dP = n2[1 + �(r)]dV1dV2This lead to the probability:

Correlation Functions
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Correlation Functions

BOSS - Baryon Acoustic Oscillation
• Imprint of the acoustic phenomena caused by the coupling of the 

photon and gas perturbations in the early-universe (< 0.4 Myr). 
• The physical scale is well-understood, thus can be used as a 

standard ruler.
• It shows up as an enhanced overdensity with a characteristic scale 

of  ~ 150 Mpc. 

(From D. Eisenstein) (www.sdss3.org)
Monday, 20 January 14
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σ
π

r
Bin galaxy pairs in two distances (π,σ) 
instead of the single distance between 
pairs, r.

Apart from the binning this is the same 
as doing the 2PCF.

And if there are no preferred directions 
then the correlation function will give 
perfectly circular contours in (π,σ).

observer 7

Anisotropic 2PCF

�(r) =
DD � 2DR + RR

RR

From 1D to 2D

18



σ
π

r
Bin galaxy pairs in two distances (π,σ) 
instead of the single distance between 
pairs, r.

Apart from the binning this is the same 
as doing the 2PCF.

And if there are no preferred directions 
then the correlation function will give 
perfectly circular contours in (π,σ).

observer 8

Anisotropic 2PCF

�(r) =
DD � 2DR + RR

RR

19



Cosmology Group at  
Korea Astronomy and Space Science Institute

Anisotropic 2PCF

3 contributions to anisotropic clustering:
- Non-linear, Fingers of God (FoG)
- Linear, Large Scale Velocities (Kaiser)
- Incorrect cosmological parameters

- Alcock-Paczynski effect (AP)
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Anisotropic 2PCF

Red - No RSD
Dashed - Linear
Solid - Linear + FoG

Nonlinear regime 
theoretically 

difficult to model

M. White et al (2011)

The amount of ‘squashing’ 
gives us the growth
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TNS model
Taruya, Nishimichi, Saito (2010) arXiv: 1006.0699

<ABeC> ≠ <AB><eC>

Kaiser and FoG cannot be so simply separated as the 
two functions are anisotropic in k-space. Since in 
general,

TNS proposed an improved model of the redshift-space power 
spectrum, in which the coupling between the density and velocity fields 
associated with the Kaiser and the FoG effects is perturbatively 
incorporated into the power spectrum expression. The resultant 
expression includes nonlinear corrections consisting of higher-order 
polynomials.

Streaming model

In going to larger scales and with more precise measurements, 
theoretical advancements must also be utilized. 
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mentioned above, successfully placed constraints on cos-
mological parameters. However, such statistics become
complicated when one considers excluding data along the
line-of-sight, e.g. that are much noisier than the data per-
pendicular to it [32] or are di!cult to model accurately
because of velocity or nonlinear e"ects. It is thus mean-
ingful to present the analysis of the correlation function
in the transverse-radial plane, without angle averaging,
as a complementary method.
Another advantage of using the full 2D correlation

function is that one can easily distinguish between the
geometric and velocity (RSD) e"ects, clarifying the phys-
ical interpretation. The 2D correlation function including
the BAO scale was first analyzed by [33] but the analysis
relied on linear theory [34]. In [23] we developed a for-
malism that predicts the correlation function in the 2D
plane with nonlinear perturbation theory. Following the
method tested in [23], we here fit the clustering correla-
tion function in the transverse-radial plane to data.
The outline of this paper proceeds as follows. In Sec. II

we briefly review the analysis method and treatment of
nonlinearities and velocity e"ects. Section III details the
measurement procedure including estimation of the co-
variance matrix. The results are presented in Sec. IV and
the implications for cosmological models are discussed in
Sec. V. We conclude in Sec. VI, with Appendix A ex-
ploring cautions regarding interpretation of ze! at the
accuracy of next generation surveys.

II. THEORETICAL MODEL

The two–point correlation function of galaxy cluster-
ing, !s, is described as a function of " and # in the
distant-observer limit, where " and # are the transverse
and the radial directions with respect to the observer.
As mentioned in the Introduction, several e"ects give
rise to anisotropy between these directions. In the linear
density perturbation regime, RSD causes the clustering
pattern to be squeezed along the line of sight (i.e. the
#-direction), leading to an apparent enhancement of the
amplitude of the observed correlation function. This is
known as Kaiser e"ect [1]. On the other hand, in the non–
linear regime, the random virial motions of galaxies resid-
ing in halos introduce elongated clustering along the line
of sight, which is dubbed the Finger of God e"ect (FoG).
This dispersion e"ect has significant impact, and even
on large scales (in linear theory), a simple description of
!s(",#) using the Kaiser formula alone may not be ade-
quate along the # direction (e.g., [32]). In our previous
paper, we combined this dispersion e"ect with the Kaiser
formula to analyze two–dimensional anisotropy structure
of DR7 catalogue [35].
The precision of the updated DR9 clustering catalog is

greatly improved. Due to this improvement, systematic
uncertainties in accounting for the anisotropic clustering
e"ects gain greater influence. Therefore we here employ
improved distortion models to analyze the better preci-

sion maps. Due to a strong correlation between density
and velocity fields, the mapping between real and red-
shift space is intrinsically non–linear [36]. In general,
it appears as a not–closed iteration of polynomials for
which a more elaborate description than simple factor-
ized formulation needs to be used. However at large
separation several leading polynomials dominate. In ad-
dition, we apply the non–linear correction terms using
the resummed perturbation theory called RegPT [37, 38].
When restricting analysis to the quasi-linear regime, the
result is the non–linear portions of the power spectra are
better separated from the linear spectra, for which the
assumption of perfect cross–correlation between density
and velocity fields is verified.
In brief, we adopt the redshift-space power spectrum,

P̃ (k, µ), given in Ref. [36], which can be recast as

P̃ (k, µ) =
4

!

n=0

Q2n(k)µ
2n GFoG(kµ"p) , (1)

where "p is a free parameter representing small scale ve-
locity e"ects. Our previous analysis suggests that as long
as we consider the weakly nonlinear scales, cosmologi-
cal analysis can be made independently of the functional
form of FoG e"ect. The functions Q2n are given in [39].
From the power spectrum one can compute the corre-

lation function by Fourier transform. The redshift-space
correlation function !(", µ) is generally expanded as

!s(",#) =

"

d3k

(2#)3
P̃ (k, µ)eik·s

=
!

! even

!!(s)P!($) , (2)

with P being the Legendre polynomials. Here, we define
$ = #/s and s = ("2 + #2)1/2. The moments of cor-
relation function are given in [23]. Here we include the
moments up to % = 6, since the higher-order moments
% ! 8 are shown to contribute negligibly.

III. MEASUREMENTS

A. Data Sample

We use data from the Sloan Digital Sky Survey [SDSS;
40], Data Release 9 (DR9). SDSS has mapped over one
quarter of the sky in five photometric bands down to a
limiting magnitude of r " 22.5. The photometric data
is reduced and from it are selected targets for followup
spectroscopy. The spectroscopic survey, known as the
Baryon Oscillation Spectroscopic Survey (BOSS), is de-
signed to obtain spectra for " 1.5 million galaxies over a
10,000 square degree footprint.
In an e"ort to control the evolution of galaxy bias over

large redshift ranges the BOSS targets are selected in
such a way as to have approximately constant stellar
mass (CMASS). This is obtained using colour selections
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TNS model

streaming model

Redshift-space distortions 
(contd.): TNS model

with a help of cumulant expansion theorem

A term ∝ cross-bispectrum of δ & θ
B term ∝ sum of convolutions of Pδθ & Pθθ
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Taruya, Nishimichi, Saito (‘10)

new terms!

TNS modeland keep terms up to j12            (j1=-ikμf) streaming model

Redshift-space distortions 
(contd.): TNS model

with a help of cumulant expansion theorem

A term ∝ cross-bispectrum of δ & θ
B term ∝ sum of convolutions of Pδθ & Pθθ
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Taruya, Nishimichi, Saito (‘10)

new terms!

and keep terms up to j12            (j1=-ikμf)

A(k, μ) andB(k, μ) terms are the nonlinear 
corrections, and are expanded as power series of μ, 
including the powers up to μ6 for the A term and μ8 

for the B term.
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Alcock-Paczynski Effect

z1 z2

We measure RA, Dec and Redshift for each galaxy. 
However we must choose a cosmological model to convert 
these positions into a cartesian comoving coordinate 
system.

Even without a standard ruler, we can measure the 
clustering along and perpendicular to the line of sight 
and thus constrain the combination of  DA * H

DA(z)

1/H(z)

Observer
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Alcock-Paczynski Effect

Streaming model

ξ(rp, π) appears anisotropic 
if you assume the wrong 
cosmology; 

constrains the combination:
F(z) ≡ (1+z) DA(z) H(z)/c

However geometric 
distortions can be 
modeled exactly:
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2D Clustering on Large Scales

BOSS CMASS DR9

264,283 galaxies

target selection 
designed for 

“constant stellar 
mass” sample

0.43<z<0.7

limiting magnitude 
of r ∼ 22.5

Veff ∼ 2.2 Gpc3
0 50 100 15050100
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FIG. 1. The measured 2D clustering correlation function !(", #) is plotted, adopting early universe priors from WMAP9 (left)
or Planck (right).

based on the passive galaxy template of [41]. The ma-
jority of CMASS galaxies are bright, central galaxies (in
the halo model framework) and are thus highly biased
(b ! 2) [42].
The CMASS sample [43] is defined by

z > 0.4 (3)

17.5 < icmod < 19.9

rmod " imod < 2.0

d! > 0.55

ifib2 < 21.5

icmod < 19.86 + 1.6(d! " 0.8)

ipsf " imod > 0.2 + 0.2(20.0" imod)

zpsf " zmod > 9.125" 0.46zmod ,

where the last two conditions provide a star-galaxy sep-
arator and d! is defined as [44],

d! = rmod " imod " (gmod " rmod)/8.0 . (4)

Each spectroscopically observed galaxy is weighted to
account for three distinct observational e!ects: redshift
failure, wfail; minimum variance, wFKP ; and angular
variation, wsys. These weights are described in more de-
tail in [45] and [46]. Firstly, galaxies that lack a redshift
due to fiber collisions or inadequate spectral information
are accounted for by reweighting the nearest galaxy by a
weight wfail = (1 +N), where N is the number of close
neighbours without an estimated redshift. Secondly, the
finite sampling of the density field leads to use of the min-
imum variance FKP prescription [47] where each galaxy

is assigned a weight according to

wi
FKP =

1

1 + ni(z)P0

, (5)

where ni(z) is the comoving number density of galaxy
population i at redshift z and one conventionally eval-
uates the weight at a constant power P0 ! P (k =
0.1 h/Mpc) ! 2 # 104 h"3 Mpc3, as in [45]. (But see
Appendix A.)
The third weight corrects for angular variations in com-

pleteness and systematics related to the angular varia-
tions in stellar density that make detection of galaxies
harder in over-crowded regions of the sky [46]. The total
weight for each galaxy is then the product of these three
weights, wtotal = wfailwFKPwsys. The random catalog
points are also weighted but they only include the mini-
mum variance FKP weight.
The CMASS galaxy sample is distributed over the

range 0.43 < z < 0.7, with an e!ective redshift

ze! =

!Ngal

i wFKP,i zi
!Ngal

i wFKP,i

, (6)

giving the value ze! = 0.57. The e!ective volume

Ve! =
"

#

n(zi)P0

1 + n(zi)P0

$2

"V (zi) , (7)

where "V (z) is the volume of a shell at redshift z, is
Ve! ! 2.2Gpc3.
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FIG.1.Themeasured2Dclusteringcorrelationfunction!(",#)isplotted,adoptingearlyuniversepriorsfromWMAP9(left)
orPlanck(right).
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Testing Cosmology

Taking Planck Power Spectrum as a temple

Calculate the non-linear PS at z=0.5
Resummed perturbation theory
RegPT (Taruya et al 2012)

Generate the anisotropic correlation 
function using the TNS model (Taruya, 
Nishimichi, Saito, 2010)

This procedure has only 4 free parameters: Da, H, growth rate, bias

It does not assume any specific dark energy model or even the Friedmann- 
Robertson-Walker relation between the expansion rate H and distance DA, nor 
the general relativity relation between expansion and growth.
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FIG. 4. The 68% and 95% confidence contours from the galaxy clustering data are plotted in the DA !H!1 plane, with the
best fit denoted by the large X. The values predicted from the CMB within LCDM cosmology are shown by the blue square.
The left panel uses the WMAP9 early universe prior on the power spectrum shape, while the right panel uses the Planck prior.
Overlaid are theory curves giving the relation between the two cosmological quantities within certain cosmologies; note that
all standard cosmologies lie in a restricted band. In addition to LCDM (black solid), we show wCDM with w = !0.8 (blue) or
w = !1.2 (magenta), and their generalizations to include spatial curvature (dotted). Each curve covers the range of !m = 0.2
at their upper ends to !m = 0.35 at their lower ends, with large dots showing the !m = 0.3 case.

the Planck LCDM concordance model. They are derived
using the fiducial (DA, H!1, G!), and best fit (Gb,!p).
The right panel of Fig. 2 shows strong agreement between
the derived best fit model and the theoretical Planck
LCDM concordance model.
For Fig. 3 using the WMAP9 early universe prior,

while the estimated 2D BAO ring agrees approximately
with the measured 2D BAO ring, peak points along the
ring do not well match to each other. The dashed con-
tours here represent "(!,#) of the WMAP9 LCDM con-
cordance model. Unlike the Planck case, the measured
peak points shift toward the pivot point for the outer con-
tour, less so for the inner contours. As discussed above,
this is a signature of an increased velocity growth func-
tion; we expect the measured G! to be higher than fidu-
cial in this case.

C. The measured distances and growth functions

We present the results for the measured distances and
growth functions in Table I. Our baseline value of !cut =
40 h!1Mpc is used throughout this section.
The angular diameter distance DA, related to trans-

verse separations, is measured to be consistent with the
LCDM predictions. Most uncertainties of anisotropic

Parameters Fiducial values Measurements
With WMAP9 prior

DA (h!1 Mpc) 946.0 916.2+27.2
!25.4

H!1 (h!1 Mpc) 2241.5 2163.1+102.0
!85.8

Gb ! 1.07+0.07
!0.09

G! 0.44 0.51+0.09
!0.08

!p (h
!1 Mpc) ! 1.0+4.6

Parameters Fiducial values Measurements
With Planck prior

DA (h!1 Mpc) 932.6 939.7+26.7
!32.6

H!1 (h!1 Mpc) 2177.5 2120.5+82.3
!100.6

Gb ! 1.11+0.07
!0.10

G! 0.46 0.47+0.10
!0.07

!p (h!1 Mpc) ! 1.2+4.0

TABLE I. We summarize the values predicted by the CMB
data and the values measured from the BOSS data of the
distance quantities DA and H!1 and the growth quantities
Gb and G!, as well as the velocity damping scale !p, with
68% confidence level errors. (The CMB data does not predict
values of the astrophysical parameters Gb and !p.)

distortions are relevant to the radial direction, and
it is expected that DA is not biased much. With
the Planck early universe prior, DA is measured to
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distortions are relevant to the radial direction, and
it is expected that DA is not biased much. With
the Planck early universe prior, DA is measured to
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FIG. 2. The measured, best fit, and LCDM-predicted versions of !(",#) are plotted, using the Planck early universe prior.
The blue filled contours represent the measured !(",#), and the black unfilled contours represent the best fit !(",#) with two
di!erent "cut. The left panel uses "cut = 20 h!1 Mpc in the fit, and the right panel uses "cut = 40 h!1 Mpc. The quarter rings
denote the 2D BAO ring, for the fit (solid) and Planck LCDM prediction (dotted).

where Gb and G! denote the growth functions of density
and peculiar velocity. We define here Gb = bG!m where
b is the standard linear bias parameter between galaxy
tracers and the underlying dark matter density. The ex-
pression of Dm(k) is available in [35], and assumed to be
given precisely by CMB experiments, such as WMAP9
and Planck experiments. We refer to this as an early
universe prior. We incorporate the uncertainty from the
CMB anisotropy data in the amplitude determination of
the initial spectra, A2

S , into the growth function GX , i.e.
GX = G!

XAS/A!
S where G!

X is the intrinsic growth func-
tion.
The clustering correlation function !(",#) is measured

in comoving distances, while galaxy locations use angu-
lar coordinates and redshift in galaxy redshift surveys.
A fiducial cosmology is required for conversion into co-
moving space. We use the best fit LCDM universe to
WMAP9 or Planck. The observed anisotropy correlation
function using this model is transformed into true comov-
ing coordinates using the transverse and radial distances,
involving DA and H"1, respectively. The approximate
fiducial maps are created by rescaling the transverse and
radial distances, using

"fid =
Dfid

A

Dtrue
A

"true

#fid =
H"1 fid

H"1 true
#true , (14)

where “fid” and “true” denote the fiducial and true dis-
tances. Thus the theoretical ! with potentially true DA

and H"1 is fitted to the observed !fid using the rescaling
in the above equations.

Given the early universe prior on the power spectrum
shape, both distances and growth functions are measured
simultaneously to high precision [52]. This holds even
without assuming the FRW integral relation between
H"1 and DA. Thus we do not have to assume any par-
ticular cosmological model or restrict to zero curvature
or LCDM.

Finally, we introduce a parameter representing non–
linear contamination to the power spectra of the density
and velocity fields. Even on linear scales the damping
e!ect on the power spectrum amplitude caused by ran-
dom galaxy motions still remains. This is described by
the Gaussian model for the FoG e!ect in Eq. 1, with "p

a free parameter giving the velocity dispersion. How-
ever, the non–perturbative damping e!ects are not fully
understood, and the Gaussian model may be insuficient
on non–linear scales. We therefore do not use the mea-
sured !(",#) for bins in which this breakdown is likely.
Two cut–o!’s are used: 1) scut represents the scales on
which non–linear description of "PXY is uncertain, and
2) "cut represents the scales on which Gaussian FoG func-
tional form may not be appropriate. These are set to
be scut = 50 h"1Mpc and "cut = 40 h"1Mpc (although
we also consider "cut = 20 h"1Mpc). This strategy was
tested and proved valid using simulations in our previous
work. We follow the same method as presented in Song,
Okumura and Taruya (2013) [23].

In summary, we have Gb and G! to describe growth

Fitting the improved TNS model we obtain these fits to the data.

6

FIG. 3. As Fig. 2, but using WMAP9 instead of Planck.

functions, DA and H!1 to fit distance measures, and !p

to model the FoG e!ect. The form of the FoG is taken
to be Gaussian and the shape of the linear spectra is
assumed to be given as an early universe prior by CMB
experiments.

B. Cut–o! scales and 2D BAO ring

First, we investigate the appropriate cut–o! scales.
The scut is introduced due to the uncertainty of the re-
summed perturbation theory RegPT at smaller scales. It
is conservatively set to be scut = 50 h!1Mpc which al-
lows the perfect cross–correlation between density and
velocity fields. In addition !cut is used because the
improved "(!,#) in Eq. 2 is not applicable at bins in
which the higher order terms of non–perturbative e!ect
are dominant along the line of sight. It was set to be
!cut = 20 h!1Mpc in [23], and reproduced the true val-
ues successfully. But we find that it may be too ambitious
for the actual DR9 CMASS catalogue.
When the broadband shape of spectra and the distance

measures are known, the 2D BAO ring is invariant to the
changes of the coherent galaxy bias and coherent motion
growth function. When Gb increases/decreases, the BAO
tip points coherently move counter–clockwise/clockwise.
When G! increases/decreases, the BAO tip points move
toward/away from the pivot point (equal radial and
transverse separation). If the correct distance model
is known, the tip points of BAO peaks form an invari-
ant ring regardless of galaxy bias and coherent motion.
The ratio between the observed transverse and radial dis-
tances varies with the assumed cosmology and, if the

shape of an object is a priori known, can provide a mea-
sure of HDA (AP test).

The outer measured "(!,#) contours are too vague
to reveal detailed BAO peak structure, but those peak
points can define the measured 2D BAO ring. Fig-
ure 2 shows the 2D correlation function contours, and
the best fit 2D BAO rings. The left and right panels use
!cut = 20 h!1Mpc and 40 h!1Mpc, respectively. If the
correlation function model is accurate down to !cut =
20 h!1Mpc then the two rings should be consistent.
However, the 2D BAO ring using !cut = 20 h!1Mpc not
only disagrees with that using !cut = 40 h!1Mpc but
also from the measured circle.

Basically the small, nonlinear scales where the model
is imperfect are distorting the results at all scales.
This can be seen by looking at several inner con-
tours at small scales, those corresponding to " =
(0.2, 0.06, 0.016, 0.005). In the left panel the solid curves
attempt to fit tightly the small scale contours very close
to the line of sight, at the price of a poor fit to the large
scale, linear contours. By contrast, in the right panel
with !cut = 40 h!1Mpc the residual non–perturbative
e!ects are observed clearly in the inner contours, but the
linear contours are better behaved. This problem with
an overambitious use of small scales is seen as well in
Fig. 3 using the WMAP9 early universe prior instead.

Therefore we use more conservative bound at !cut =
40 h!1Mpc. We tested our final results using di!erent
!cut at 20, 30, 40, and 50 h!1 Mpc and found they con-
verged for !cut ! 40 h!1Mpc. The e!ect on cosmology
of using a cut allowing more of the non–linear regime is
discussed in Sec. V.

The dashed contours in Fig. 2 represent the "(!,#) of

Testing Cosmology
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- Using PLANCK 
early universe prior

- Results consistent 
with PLANCK input 
model

- No deviation from 
GR+LCDM within 
observational limits

30

Testing Cosmology
2D Constraints - DR11
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FIG. 5. The 2D joint likelihood contours at 68% and 95% CL measured forDA, H
�1 and G⇥ are shown, using scut = 50hMpc�1

and �cut = 40hMpc�1. The fiducial values in the Planck LCDM concordance model are shown by x’s (see Table II).

The first panel provides evidence for the FRW consis-
tency relation of the background quantities of the dis-
tance and expansion rate. The second panel involves
measurements of the perturbed quantities, from the den-
sity and velocity fields. As mentioned, G

b

is consistent
with expectations for galaxy bias. The measured G⇥

can be converted to f�8 = 0.43 ± 0.09, with the Planck
LCDM model predicting f�8 = 0.48, again within 68%
CL. (Note this would not hold if we naively included
smaller scales where nonlinear modelling is not robust.)

The third and fourth panels, showing that the joint
likelihoods for the background and growth quantities are
consistent with Planck LCDM, can be thought of as a
(weak, model independent) test of the general relativity
criterion. That the fourth panel, showing the G⇥–H�1

likelihood, is consistent with Planck LCDM (with mini-
mal neutrino mass), also disfavors a larger neutrino mass
and its accompanying suppression of growth. If one as-
sumed that the background cosmology is truly the Planck
LCDM model, then the growth measurement could be

- Constrains from SDSS 
BOSS DR11

- Using PLANCK prior 
make model 
independent 
measurements of 
growth rate and 
geometrical quantities 

- No deviation from 
“GR+LCDM” within 
observational limits

Song, Sabiu, etal (2014)
arXiv:1407.2257

http://arxiv.org/abs/1407.2257
http://arxiv.org/abs/1407.2257
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Pure Alcock-Paczynski Measure
Theoretically the  
geometric distortions of the 
AP effect can be modeled 
exactly:

DA, H vary peak positions 
off the BAO ring. 
 

10% variation 
in DA

10% variation 
in H

We want to avoid fitting the full shape of the 
anisotropic correlation function, as it depends on 
unknown systematic and physics, like scale 
dependent bias, etc. 

A cleaner method would be to just measure the 
shape of the BAO ring.

We can do this by looking at many thin wedges in 
this 2D projection, i.e. many ‘directionally 
constrained’ 1-D correlation functions.
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ter, respectively. In the particular case of a flat universe with
constant dark energy EoS, they take the forms of

H(z) = H
0

q
⌦ma�3 + (1� ⌦m)a�3(1+w),

DA(z) =
1

1 + z
r(z) =

1
1 + z

Z z

0

dz0

H(z0)
, (2)

where a = 1/(1 + z) is the cosmic scale factor, H
0

is the
present value of Hubble parameter and r(z) is the comoving
distance.

The observed distance between two galaxies r defined
assuming a fiducial or reference cosmological model, and the
observed cosine of the angle the pair makes with respect to
the los µ are given by

r2 = r2|| + r2?; µ =
r||
r

(3)

where r|| is the los separation and r? is the transverse sep-
aration. The estimate of these separations is dependent on
the assumed cosmology model.

We estimate the 2-point correlation function (2PCF)
in reshift-space and in the anisotropic s, µ-decomposition.
The correlation functions are calculated using the “Landy-
Szalay” estimator,

⇠(s, µ) =
DD(s, µ)� 2DR(s, µ) +RR(s, µ)

RR(s, µ)
, (4)

where DD is the number of galaxy–galaxy pairs, DR the
number of galaxy-random pairs, and RR is the number of
random–random pairs, all separated by a distance s ± �s
and angle µ±�µ. The pair counts are normalised since we
use 20 times as many randoms and data point to reduce shot
noise contributions to the correlation estimation.

We can model the correlation function well using,

⇠µ(s)⇥ s2 = A.s2 +B.s+ Ee�(s�D)

2/C + F, (5)

which is just a quadratic function plus a gaussian (for the
BAO peak). In our work the focus will be on constraining
the scale parameter, D, as a function of the anisotropy angle,
µ.

In Fig.1 we show the 2PCF, ⇠(s) for various µ values. In
all µ-directions the BAO feature is clearly seen. These corre-
lation functions are the average of 16 2LPT mocks CMASS
samples in the redshift range 0.43 < z < 0.7.

In Fig.2 we show the values of D obtained from fitting
the model of Eq5 to the measured ⇠ curves of Fig.1. The
fitting was done using a 20,000 chain mcmc. The fitting was
done of the range 70 < s[Mpc/h] < 150, sampled in 1 Mpc/h
bins. The errors on the measurements were assumed to be
small, 1%. The obtains errors are due to a combination of
the assumed measurement errors and the tension in from the
model with the data. The straight line plus gaussian model
may be too inflexible to obtains the desired fit thus allowing
degeneracies to widen the constraints on the parameters.

The general expression for an ellipse in polar coordi-
nates is,

r(✓) =
abp

(a cos ✓)2 + (b sin ✓)2
(6)

where a and b are the semi-major and semi-minor axes re-
spectively.

If we now fit the above elliptic equation to the data
points with errors as see in Fig.2 we can obtain constraints
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Figure 1. We plot ⇠(s) for various values of µ. The black squares
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Figure 2. The obtained values of the scaling parameter, D, as a

function of los angle µ. The values and errorbars were obtained

from an mcmc analysis.

on the values of a and b which represent our scaling param-
eter along the line of sight, D// and across the line of sight,
D?. The 1- and 2-sigma constraints are represented in Fig.3.

3 BAO PEAK STRUCTURE SENSITIVITIES

The BAO ring will remain unchanged due to the overall am-
plitude shift induced by variations in galaxy bias. However
it should be checked how the peak structure is e↵ected when
we consider finger-of-god distortions, non-linear growth and,
variations in the overall shape induced by unknown h and
of course the AP e↵ect. We wish to isolate the latter ef-
fect since it encodes distance information which in turn can
inform is of the expansion history.

c� 0000 RAS, MNRAS 000, 000–000

μ=0

μ=0.5
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fitting was done using a 20,000 chain mcmc. The fitting was
done of the range 70 < s[Mpc/h] < 150, sampled in 1 Mpc/h
bins. The errors on the measurements were assumed to be
small, 1%. The obtains errors are due to a combination of
the assumed measurement errors and the tension in from the
model with the data. The straight line plus gaussian model
may be too inflexible to obtains the desired fit thus allowing
degeneracies to widen the constraints on the parameters.

The general expression for an ellipse in polar coordi-
nates is,

r(✓) =
abp

(a cos ✓)2 + (b sin ✓)2
(6)

where a and b are the semi-major and semi-minor axes re-
spectively.

If we now fit the above elliptic equation to the data
points with errors as see in Fig.2 we can obtain constraints
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from an mcmc analysis.

on the values of a and b which represent our scaling param-
eter along the line of sight, D// and across the line of sight,
D?. The 1- and 2-sigma constraints are represented in Fig.3.

3 BAO PEAK STRUCTURE SENSITIVITIES

The BAO ring will remain unchanged due to the overall am-
plitude shift induced by variations in galaxy bias. However
it should be checked how the peak structure is e↵ected when
we consider finger-of-god distortions, non-linear growth and,
variations in the overall shape induced by unknown h and
of course the AP e↵ect. We wish to isolate the latter ef-
fect since it encodes distance information which in turn can
inform is of the expansion history.
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ter, respectively. In the particular case of a flat universe with
constant dark energy EoS, they take the forms of

H(z) = H
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⌦ma�3 + (1� ⌦m)a�3(1+w),

DA(z) =
1

1 + z
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Z z
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dz0

H(z0)
, (2)

where a = 1/(1 + z) is the cosmic scale factor, H
0

is the
present value of Hubble parameter and r(z) is the comoving
distance.

The observed distance between two galaxies r defined
assuming a fiducial or reference cosmological model, and the
observed cosine of the angle the pair makes with respect to
the los µ are given by

r2 = r2|| + r2?; µ =
r||
r

(3)

where r|| is the los separation and r? is the transverse sep-
aration. The estimate of these separations is dependent on
the assumed cosmology model.

We estimate the 2-point correlation function (2PCF)
in reshift-space and in the anisotropic s, µ-decomposition.
The correlation functions are calculated using the “Landy-
Szalay” estimator,

⇠(s, µ) =
DD(s, µ)� 2DR(s, µ) +RR(s, µ)

RR(s, µ)
, (4)

where DD is the number of galaxy–galaxy pairs, DR the
number of galaxy-random pairs, and RR is the number of
random–random pairs, all separated by a distance s ± �s
and angle µ±�µ. The pair counts are normalised since we
use 20 times as many randoms and data point to reduce shot
noise contributions to the correlation estimation.

We can model the correlation function well using,

⇠µ(s)⇥ s2 = A.s2 +B.s+ Ee�(s�D)

2/C + F, (5)

which is just a quadratic function plus a gaussian (for the
BAO peak). In our work the focus will be on constraining
the scale parameter, D, as a function of the anisotropy angle,
µ.

In Fig.1 we show the 2PCF, ⇠(s) for various µ values. In
all µ-directions the BAO feature is clearly seen. These corre-
lation functions are the average of 16 2LPT mocks CMASS
samples in the redshift range 0.43 < z < 0.7.

In Fig.2 we show the values of D obtained from fitting
the model of Eq5 to the measured ⇠ curves of Fig.1. The
fitting was done using a 20,000 chain mcmc. The fitting was
done of the range 70 < s[Mpc/h] < 150, sampled in 1 Mpc/h
bins. The errors on the measurements were assumed to be
small, 1%. The obtains errors are due to a combination of
the assumed measurement errors and the tension in from the
model with the data. The straight line plus gaussian model
may be too inflexible to obtains the desired fit thus allowing
degeneracies to widen the constraints on the parameters.

The general expression for an ellipse in polar coordi-
nates is,

r(✓) =
abp

(a cos ✓)2 + (b sin ✓)2
(6)

where a and b are the semi-major and semi-minor axes re-
spectively.

If we now fit the above elliptic equation to the data
points with errors as see in Fig.2 we can obtain constraints
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Figure 2. The obtained values of the scaling parameter, D, as a

function of los angle µ. The values and errorbars were obtained

from an mcmc analysis.

on the values of a and b which represent our scaling param-
eter along the line of sight, D// and across the line of sight,
D?. The 1- and 2-sigma constraints are represented in Fig.3.

3 BAO PEAK STRUCTURE SENSITIVITIES

The BAO ring will remain unchanged due to the overall am-
plitude shift induced by variations in galaxy bias. However
it should be checked how the peak structure is e↵ected when
we consider finger-of-god distortions, non-linear growth and,
variations in the overall shape induced by unknown h and
of course the AP e↵ect. We wish to isolate the latter ef-
fect since it encodes distance information which in turn can
inform is of the expansion history.
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ter, respectively. In the particular case of a flat universe with
constant dark energy EoS, they take the forms of
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where a = 1/(1 + z) is the cosmic scale factor, H
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is the
present value of Hubble parameter and r(z) is the comoving
distance.

The observed distance between two galaxies r defined
assuming a fiducial or reference cosmological model, and the
observed cosine of the angle the pair makes with respect to
the los µ are given by

r2 = r2|| + r2?; µ =
r||
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(3)

where r|| is the los separation and r? is the transverse sep-
aration. The estimate of these separations is dependent on
the assumed cosmology model.

We estimate the 2-point correlation function (2PCF)
in reshift-space and in the anisotropic s, µ-decomposition.
The correlation functions are calculated using the “Landy-
Szalay” estimator,

⇠(s, µ) =
DD(s, µ)� 2DR(s, µ) +RR(s, µ)
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, (4)

where DD is the number of galaxy–galaxy pairs, DR the
number of galaxy-random pairs, and RR is the number of
random–random pairs, all separated by a distance s ± �s
and angle µ±�µ. The pair counts are normalised since we
use 20 times as many randoms and data point to reduce shot
noise contributions to the correlation estimation.

We can model the correlation function well using,

⇠µ(s)⇥ s2 = A.s2 +B.s+ Ee�(s�D)

2/C + F, (5)

which is just a quadratic function plus a gaussian (for the
BAO peak). In our work the focus will be on constraining
the scale parameter, D, as a function of the anisotropy angle,
µ.

In Fig.1 we show the 2PCF, ⇠(s) for various µ values. In
all µ-directions the BAO feature is clearly seen. These corre-
lation functions are the average of 16 2LPT mocks CMASS
samples in the redshift range 0.43 < z < 0.7.

In Fig.2 we show the values of D obtained from fitting
the model of Eq5 to the measured ⇠ curves of Fig.1. The
fitting was done using a 20,000 chain mcmc. The fitting was
done of the range 70 < s[Mpc/h] < 150, sampled in 1 Mpc/h
bins. The errors on the measurements were assumed to be
small, 1%. The obtains errors are due to a combination of
the assumed measurement errors and the tension in from the
model with the data. The straight line plus gaussian model
may be too inflexible to obtains the desired fit thus allowing
degeneracies to widen the constraints on the parameters.

The general expression for an ellipse in polar coordi-
nates is,

r(✓) =
abp

(a cos ✓)2 + (b sin ✓)2
(6)

where a and b are the semi-major and semi-minor axes re-
spectively.

If we now fit the above elliptic equation to the data
points with errors as see in Fig.2 we can obtain constraints
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from an mcmc analysis.

on the values of a and b which represent our scaling param-
eter along the line of sight, D// and across the line of sight,
D?. The 1- and 2-sigma constraints are represented in Fig.3.

3 BAO PEAK STRUCTURE SENSITIVITIES

The BAO ring will remain unchanged due to the overall am-
plitude shift induced by variations in galaxy bias. However
it should be checked how the peak structure is e↵ected when
we consider finger-of-god distortions, non-linear growth and,
variations in the overall shape induced by unknown h and
of course the AP e↵ect. We wish to isolate the latter ef-
fect since it encodes distance information which in turn can
inform is of the expansion history.
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done of the range 70 < s[Mpc/h] < 150, sampled in 1 Mpc/h
bins. The errors on the measurements were assumed to be
small, 1%. The obtains errors are due to a combination
of the assumed measurement errors and the tension in the
model with the data. The straight line plus gaussian model
may be too inflexible to obtaint the desired fit thus allowing
degeneracies to widen the constraints on the parameters.

The general expression for an ellipse in polar coordi-
nates is,

D(µ) =
D?.D||q

(D?.µ)2 +D2

||(1� µ2)
(6)

where D? and D|| are the two distance measures that
uniquely define the ellipse. In our work we will directly re-
lated these distance quantities to geometrical cosmological
quantities, such that D?.

The D? and D||will be measured in the fiducial model
and compared to those measured from observation. Thus
allowing constraints on two geometrical cosmological quan-
tities,

H�1

obs

= H�1

fid

D||,fid

D||,obs
,

D
A,obs

= D
A,fid

D?,fid

D?,obs

. (7)

However for the above relations to be considered un-
biased estimators, the extracted distances from the fiducial
model must be free from systematic uncertainties associ-
ated with our incomplete knowledge of galaxy clustering.
The systematics will be investigated in the next section.

3 MEASURING THE BAO IN LOW
RESOLUTION EXPERIMENT

The initial matter-energy fluctuations cause to generate
sources for baryon acoustic wave propagated in the photon-
electron-baryon plasma of the early universe. This acous-
tic wave travels, before it stops at the epoch of recombina-
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Figure 2. The obtained values of the scaling parameter, D, as a

function of � and ⇡. The values and errorbars were obtained from

an mcmc analysis. The background contours show the theoretical

model of the 2-dimensional 2PCF.

tion. The initial density peak of excess of matter observed
at last scattering surface remains at the galaxy clustering
at late epoch. This distance provides a standard ruler to
determine both transverse and radial distances. In practice,
there are nuisance systematic uncertainties which prevent us
from directly accessing to primeval BAO signature. Those
systematics are classified into uncertainties due to the bi-
ased galaxy clustering to dark matter fluctuations, the non–
perturbative e↵ect from random velocities, and the unknown
theoretical model of dark energy at late time. The methodol-
ogy has been extensively developed to probe primeval BAO
structure after marginalising all those nuisance parameters.
The measured distances through simultaneous determina-
tion of all others are proved to be useful for diverse classes
of theoretical models, but the determination is still model–
dependent. We are interested in the opposite direction in
which we remove those systematics from our analysis, in-
stead of adding it to the analysis.

3.1 Fiducial model

The fiducial distances of D
A

and H�1 are provided by the-
oretical RSD modelling using the perturbation theory. In
computing the RSD power spectrum, we need to properly
take into account the e↵ect of nonlinear gravitational evo-
lution for the auto- and cross-power spectra P

XY

(k). Since
the standard perturbation theory is known to produce ill-
behaved expansion leading to the bad UV behavior, a consis-
tent calculation of the correlation function should be made
with an improved perturbation theory that includes appro-
priate UV regularization. Here, we apply the resummed per-
turbation theory called RegPT (Taruya et al. 2012), and fol-
lowing the prescription described in (Taruya, Nishimichi &
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done of the range 70 < s[Mpc/h] < 150, sampled in 1 Mpc/h
bins. The errors on the measurements were assumed to be
small, 1%. The obtains errors are due to a combination
of the assumed measurement errors and the tension in the
model with the data. The straight line plus gaussian model
may be too inflexible to obtaint the desired fit thus allowing
degeneracies to widen the constraints on the parameters.
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where D? and D|| are the two distance measures that
uniquely define the ellipse. In our work we will directly re-
lated these distance quantities to geometrical cosmological
quantities, such that D?.

The D? and D||will be measured in the fiducial model
and compared to those measured from observation. Thus
allowing constraints on two geometrical cosmological quan-
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However for the above relations to be considered un-
biased estimators, the extracted distances from the fiducial
model must be free from systematic uncertainties associ-
ated with our incomplete knowledge of galaxy clustering.
The systematics will be investigated in the next section.
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tion. The initial density peak of excess of matter observed
at last scattering surface remains at the galaxy clustering
at late epoch. This distance provides a standard ruler to
determine both transverse and radial distances. In practice,
there are nuisance systematic uncertainties which prevent us
from directly accessing to primeval BAO signature. Those
systematics are classified into uncertainties due to the bi-
ased galaxy clustering to dark matter fluctuations, the non–
perturbative e↵ect from random velocities, and the unknown
theoretical model of dark energy at late time. The methodol-
ogy has been extensively developed to probe primeval BAO
structure after marginalising all those nuisance parameters.
The measured distances through simultaneous determina-
tion of all others are proved to be useful for diverse classes
of theoretical models, but the determination is still model–
dependent. We are interested in the opposite direction in
which we remove those systematics from our analysis, in-
stead of adding it to the analysis.

3.1 Fiducial model

The fiducial distances of D
A

and H�1 are provided by the-
oretical RSD modelling using the perturbation theory. In
computing the RSD power spectrum, we need to properly
take into account the e↵ect of nonlinear gravitational evo-
lution for the auto- and cross-power spectra P

XY

(k). Since
the standard perturbation theory is known to produce ill-
behaved expansion leading to the bad UV behavior, a consis-
tent calculation of the correlation function should be made
with an improved perturbation theory that includes appro-
priate UV regularization. Here, we apply the resummed per-
turbation theory called RegPT (Taruya et al. 2012), and fol-
lowing the prescription described in (Taruya, Nishimichi &
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ter, respectively. In the particular case of a flat universe with
constant dark energy EoS, they take the forms of

H(z) = H
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⌦ma�3 + (1� ⌦m)a�3(1+w),

DA(z) =
1

1 + z
r(z) =

1
1 + z

Z z
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dz0

H(z0)
, (2)

where a = 1/(1 + z) is the cosmic scale factor, H
0

is the
present value of Hubble parameter and r(z) is the comoving
distance.

The observed distance between two galaxies r defined
assuming a fiducial or reference cosmological model, and the
observed cosine of the angle the pair makes with respect to
the los µ are given by

r2 = r2|| + r2?; µ =
r||
r

(3)

where r|| is the los separation and r? is the transverse sep-
aration. The estimate of these separations is dependent on
the assumed cosmology model.

We estimate the 2-point correlation function (2PCF)
in reshift-space and in the anisotropic s, µ-decomposition.
The correlation functions are calculated using the “Landy-
Szalay” estimator,

⇠(s, µ) =
DD(s, µ)� 2DR(s, µ) +RR(s, µ)

RR(s, µ)
, (4)

where DD is the number of galaxy–galaxy pairs, DR the
number of galaxy-random pairs, and RR is the number of
random–random pairs, all separated by a distance s ± �s
and angle µ±�µ. The pair counts are normalised since we
use 20 times as many randoms and data point to reduce shot
noise contributions to the correlation estimation.

We can model the correlation function well using,

⇠µ(s)⇥ s2 = A.s2 +B.s+ Ee�(s�D)

2/C + F, (5)

which is just a quadratic function plus a gaussian (for the
BAO peak). In our work the focus will be on constraining
the scale parameter, D, as a function of the anisotropy angle,
µ.

In Fig.1 we show the 2PCF, ⇠(s) for various µ values. In
all µ-directions the BAO feature is clearly seen. These corre-
lation functions are the average of 16 2LPT mocks CMASS
samples in the redshift range 0.43 < z < 0.7.

In Fig.2 we show the values of D obtained from fitting
the model of Eq5 to the measured ⇠ curves of Fig.1. The
fitting was done using a 20,000 chain mcmc. The fitting was
done of the range 70 < s[Mpc/h] < 150, sampled in 1 Mpc/h
bins. The errors on the measurements were assumed to be
small, 1%. The obtains errors are due to a combination of
the assumed measurement errors and the tension in from the
model with the data. The straight line plus gaussian model
may be too inflexible to obtains the desired fit thus allowing
degeneracies to widen the constraints on the parameters.

The general expression for an ellipse in polar coordi-
nates is,

r(✓) =
abp

(a cos ✓)2 + (b sin ✓)2
(6)

where a and b are the semi-major and semi-minor axes re-
spectively.

If we now fit the above elliptic equation to the data
points with errors as see in Fig.2 we can obtain constraints
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from an mcmc analysis.

on the values of a and b which represent our scaling param-
eter along the line of sight, D// and across the line of sight,
D?. The 1- and 2-sigma constraints are represented in Fig.3.

3 BAO PEAK STRUCTURE SENSITIVITIES

The BAO ring will remain unchanged due to the overall am-
plitude shift induced by variations in galaxy bias. However
it should be checked how the peak structure is e↵ected when
we consider finger-of-god distortions, non-linear growth and,
variations in the overall shape induced by unknown h and
of course the AP e↵ect. We wish to isolate the latter ef-
fect since it encodes distance information which in turn can
inform is of the expansion history.
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Next we create theoretical 
models that include different 
systematics and and 
observational effects.

In the fiducial case we obtain a 
simultaneous measurement of 
DA and H-1
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3.1 Velocities

We first consider the fingers-of-god e↵ect where the galaxy
distribution is elongated in redshift space, with an axis of
elongation pointed toward the observer. It is caused by a
Doppler shift associated with the random peculiar velocities
of galaxies bound in structures such as clusters. The devi-
ation from the Hubble’s law relationship between distance
and redshift is altered, and this leads to inaccurate distance
measurements.

We now proceed to check if the FoG distortion e↵ects
the BAO peak position. In Fig.5 we show the derived dis-
tance measurements using models with various �v choices,
of 0, 2, 4, 6, 8 Mpc/h. We find no significant trend or devi-
ation with these values of �v with either D// or D? and all
measurements lie within a 1% error margin.

3.2 Non-linear

Comparing linear theory prediction with RegPT ref ref
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Figure 5. Contour of 1- and 2-sigma for the fitting of Eq.6.
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Figure 6. Contour of 1- and 2-sigma for the fitting of Eq.6.

3.3 Hubble value

In Fig.6 we show the e↵ect of changing the hubble constant
in the primordial spectra on the derived distance measures.
However we do not include the AP distortion in this theo-
retical template. We find that variations of ±6Mpc in h do
not alter the obtained values of D// and D?.

3.4 Bias

In Fig.7 we show the e↵ect of changing the bias factor of
the theoretical 2pcf on the derived distance measures. Since
the bias a linear we should not expect a shift in the BAO
peak position however we investigate this change in the case
that our minimal model can still fit the peak position with-
out introducing any systematic variation due to inaccurate
fitting. We find that values of b = 1.2, 1.4,1.6, 1.8 all give
consistent values of D// and D?.

3.5 Alcock-Paczynski

The AP e↵ect is now included ....
In Fig.8 we
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Figure 4. Left panel: We show equi-clustering contours for 3 bias models with b = 1.5, 2.0, 2.5 represented by dotted, solid and dash

contours respectively. Right panel: Same as the left panel but now we plot 3 di↵erent FoG models with �
v

= 2, 8, 11 Mpc, represented

by solid, dash and dotted contours.

In a simple case we can assume that this FoG is given
as a factorized form, and multiplied as :

P̃ (~k) = DP

FoG

(~k)P̃ lin(~k) . (12)

The DP

FoG

(~k) is given by the Gaussian form as,

DP

FoG

(~k) = exp
⇥
� (kµ�

v

)2
⇤
, (13)

where �
v

denotes the dispersion of the one-point velocity
PDF along one-dimension. When (kµ�

v

)2 ⌧ 1, the leading
order term of Eq. (12) is dominant over all other higher
orders, and the estimated errors are immune from the exact
functional form of Eq. (12).

We now proceed to check if the FoG distortion e↵ects
the BAO peak position. In the table below we show the
derived distance measurements using models with various
�
v

choices, of 2, 5, 8, 11, 15 Mpc. The theoretical ⇠(�,⇡)
is presented in the right panel of Fig. 4. It is di�cult to
find the deviation from the figure. However, the measured
H�1 is possibly biased by a couple of percentage level. When
we consider the low resolution map such as BOSS, it would
not be much influential. But when we fit the high resolution
experiment such as DESI, we have to marginalise FoG e↵ect.
For the measured D

A

, it is again immune from the FoG
e↵ect. The detailed results are presented below.

�
v

(Mpc) D
A

(Mpc) H�1 (Mpc)
2 1392.47 ( -0.19 %) 3253.96 ( 0.59%)
5 (fid) 1395.18 ( 0.00 %) 3234.76 ( 0.00 %)
8 1395.18 ( 0.00 %) 3234.76 ( 0.00 %)
11 1397.99 ( 0.20 %) 3166.40 ( -2.11%)
15 1397.99 ( 0.20 %) 3077.53 ( -4.86%)

Note that the transverse distance is measured precisely
regardless of FoG e↵ect. In terms of D

A

, BAO remains as a
standard ruler independent of random velocity e↵ect. How-
ever, the determination of radial distance becomes uncertain
by FoG. In the weak contamination limit at �

v

. 10Mpc,
the systematic uncertainty is smaller than a couple of per-
cent. When we consider low resolution map such as BOSS
catalog, BAO remains as a standard ruler for the radial
distance as well. But in the strong contamination limit at

�
v

& 10Mpc, the determination of H�1 is not trustable. We
will discuss this further in the following section.

3.4 Standard ruler against variation of
cosmological model

The primeval matter-energy fluctuations are assumed to be
known by CMB experiments. We test whether it is su�cient
for determining distances through observed BAO peaks. In
the context of standard cosmology, the shape of spectra is
determined before the last scattering surface, and in linear
theory, it evolves coherently through all scales. The history
of structure formation evolution is divided into two regimes;
epochs before matter–radiation equality and a later epoch of
coherent evolution of unknown e↵ect on structure formation
from new physics.

True cosmological model can be di↵erent from the fidu-
cial model, but it satisfies with the given CMB prior. If we
lives in ⇤CDM universe, but the fiducial cosmology is not
consistent with the true cosmology. There is only one de-
grees of freedom to vary with the imposed CMB priors. Here
we vary H

0

to remain !
b

and !
m

unchanged. Two di↵erent
cosmologies with the same BAO structure are tested in the
table below. We test H

0

= 61 km/s/Mpc and 73 km/s/Mpc
cases. If those cases are considered as the fiducial model,
we would not find any di↵erence in the measured distances,
within 0.2%. The BAO indeed remains as a standard ruler
against variation of cosmological model, as far as those stem
from the same primeval spectra at the last scattering sur-
face. It suggests that BAO will probe the true distances
regardless of the fiducial models used.

⌦
⇤

D
A

(% fiducial) H�1 (% fiducial)
0.62 1493.08 ( -0.19%) 3396.97 ( 0.20%)
0.68 1395.18 ( 0.00 %) 3234.76 ( 0.00%)
0.73 1395.18 ( 0.00 %) 3234.76 ( 0.00%)

In Fig.5 we show the clustering contours for ⌦
⇤

= 0.62,
0.73. We see that variations in ⌦

⇤

lead to shifts in the con-
tours but as we determined and presented in the table above,
the BAO ring shape is not a↵ected.
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Figure 3. We compare ⇠
s

(�,⇡) calculated using linear theory

(solid contours) and non–linear theoretical model (dash contours).

The levels of contours are given by [0.1, 0.02, 0.005, 0.001,�0.003].

level which are summarised in the tables below. This shift
nessecarily requires us to model the clustering using non-
linear templates even at large scales near the BAO peak
position. However, BAO ring is observed relatively at large
scales about 150Mpc in which the perturbative theory pre-
dicts the dominant higher order non–linear corrections in
precision. BAO remains as a standard ruler as far as the
non–linear corrections are predictable.

Template D|| D?
linear 152.12 153.33
RegPT 153.33 154.54

The contamination due to the randomness of velocity is
not formulated in the above perturbation theory. This e↵ect
dubbed as FoG (hereafter Finger of God) is phenomenolog-
ically given by Gaussian approximation as,

P̃ (k, µ) =
⇥
P
��

(k) + 2µ2P
�⇥

(k) + µ4P
⇥⇥

(k)
⇤
GFoG(kµ�

v

) , (8)

where GFoG is given by,

GFoG = exp
⇥
�(kµ�

v

)2
⇤
. (9)

Here �
v

denotes the velocity dispersion. Because we are
mainly interested in clustering about the BAO ring which is
most contributed from quasi linear scale spectra, the lead-
ing order of GFoG function is dominant over all other higher
order contributions. Thus the detailed functional form of
GFoG is not much important as far as the �

v

is assumed to
be undetermined. The fiducial value of �

v

is given by the
linear velocity dispersion of �

v

= 5Mpc. Once the power
spectrum has been computed, it is straightforward to com-
pute the correlation function. The redshift-space correlation
function ⇠

s

(�, µ) is generally expanded as

⇠
s

(�,⇡) =

Z
d3k

(2⇡)3
P̃ (k, µ)eik·s. (10)

Here we also consider the bias due to galaxy clustering. The
matter density field is replaced with the galaxy density field
by coherent bias factor b = 2. The systematic uncertainty
due to galaxy bias is examined in the next subsection.

The variation of measured D
A

and H�1 is presented

in the following subsections with respect to changes of all
nuisance systematics. The D? and Dk defined in Eq. 6 are
measured to be 154.5Mpc and 153.3Mpc for the fiducial
cosmology. Distances of D

A

and H�1 are calculated from
the fractional di↵erence in measured D? and Dk for each
systematic uncertainty case. The fiducial D

A

and H�1 at
z = 0.57 are 1395.2Mpc and 3234.8Mpc.

3.2 Galaxy bias

Although the theoretical model of galaxy clustering to dark
matter distribution is unknown, galaxy bias can be described
using the following phenomenological function which is given
by,

b(k) = b
0

1 +A
2

k2

1 +A
1

k
(11)

where b
0

denotes the coherent galaxy bias, and A
n

denote
the scale dependent bias parameters. The shape of ⇠(s, µ)
changes with the variation of A

n

, but there is little e↵ect
on outer contours at s > 100Mpc. The determination of D
indicating the location of BAO peaks is immune from the
scale dependent bias systematics. Therefore we mainly focus
on the e↵ect by coherent bias variation in this subsection.
The observed location of BAO peaks varies with di↵erent
b
0

, but we observe that the 2D BAO ring remains invariant.
In the table below we show the e↵ect of changing the linear
bias factor on the derived distance measures. Since the bias
only alters the amplitude of the clustering signal we should
not expect a shift in the BAO peak position. However we
investigate the change in bias in the case that our minimal
model can still fit the peak position without introducing any
systematic variation due to inaccurate fitting. We find that
values of b

0

= 1.5, 2.0, 2.5 all give consistent values of D?
and Dk and induce subpercent level shifts in D

A

and H�1.
In the left panel of Fig. 4, we present the ⇠(�,⇡) with

variation of bias. The solid, dash and dotted contours rep-
resent the ⇠(�,⇡) with b

0

= 1.5, 2.0 and 2.5 respectively. No
significant deviation of BAO ring is observed with variation
of coherent galaxy bias b. We present it more quantitatively
in the table below. The measured D

A

and H�1 does not
deviate more than 0.8% with respect to the variation of b

0

.
The fractional deviation is presented in the bracket. There-
fore we are able to measure distances through BAO ring
despite the unknown galaxy bias.

bias D
A

(Mpc) H�1(Mpc)
1.5 1395.18 ( 0.00 %) 3241.28 ( 0.20%)
2.0 (fid) 1395.18 ( 0.00 %) 3234.76 ( 0.00 %)
2.5 1384.29 ( -0.78%) 3234.76 ( 0.00%)

3.3 Non–perturbative e↵ect from randomness of
peculiar velocity

We first consider the fingers-of-god e↵ect where the galaxy
distribution is elongated in redshift space, with an axis of
elongation pointed toward the observer. It is caused by a
Doppler shift associated with the random peculiar velocities
of galaxies bound in structures such as clusters. The devi-
ation from the Hubble’s law relationship between distance
and redshift is altered, and this leads to inaccurate distance
measurements.
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Figure 4. Left panel: We show equi-clustering contours for 3 bias models with b = 1.5, 2.0, 2.5 represented by dotted, solid and dash

contours respectively. Right panel: Same as the left panel but now we plot 3 di↵erent FoG models with �
v

= 2, 8, 11 Mpc, represented

by solid, dash and dotted contours.

In a simple case we can assume that this FoG is given
as a factorized form, and multiplied as :

P̃ (~k) = DP

FoG

(~k)P̃ lin(~k) . (12)

The DP

FoG

(~k) is given by the Gaussian form as,

DP

FoG

(~k) = exp
⇥
� (kµ�

v

)2
⇤
, (13)

where �
v

denotes the dispersion of the one-point velocity
PDF along one-dimension. When (kµ�

v

)2 ⌧ 1, the leading
order term of Eq. (12) is dominant over all other higher
orders, and the estimated errors are immune from the exact
functional form of Eq. (12).

We now proceed to check if the FoG distortion e↵ects
the BAO peak position. In the table below we show the
derived distance measurements using models with various
�
v

choices, of 2, 5, 8, 11, 15 Mpc. The theoretical ⇠(�,⇡)
is presented in the right panel of Fig. 4. It is di�cult to
find the deviation from the figure. However, the measured
H�1 is possibly biased by a couple of percentage level. When
we consider the low resolution map such as BOSS, it would
not be much influential. But when we fit the high resolution
experiment such as DESI, we have to marginalise FoG e↵ect.
For the measured D

A

, it is again immune from the FoG
e↵ect. The detailed results are presented below.

�
v

(Mpc) D
A

(Mpc) H�1 (Mpc)
2 1392.47 ( -0.19 %) 3253.96 ( 0.59%)
5 (fid) 1395.18 ( 0.00 %) 3234.76 ( 0.00 %)
8 1395.18 ( 0.00 %) 3234.76 ( 0.00 %)
11 1397.99 ( 0.20 %) 3166.40 ( -2.11%)
15 1397.99 ( 0.20 %) 3077.53 ( -4.86%)

Note that the transverse distance is measured precisely
regardless of FoG e↵ect. In terms of D

A

, BAO remains as a
standard ruler independent of random velocity e↵ect. How-
ever, the determination of radial distance becomes uncertain
by FoG. In the weak contamination limit at �

v

. 10Mpc,
the systematic uncertainty is smaller than a couple of per-
cent. When we consider low resolution map such as BOSS
catalog, BAO remains as a standard ruler for the radial
distance as well. But in the strong contamination limit at

�
v

& 10Mpc, the determination of H�1 is not trustable. We
will discuss this further in the following section.

3.4 Standard ruler against variation of
cosmological model

The primeval matter-energy fluctuations are assumed to be
known by CMB experiments. We test whether it is su�cient
for determining distances through observed BAO peaks. In
the context of standard cosmology, the shape of spectra is
determined before the last scattering surface, and in linear
theory, it evolves coherently through all scales. The history
of structure formation evolution is divided into two regimes;
epochs before matter–radiation equality and a later epoch of
coherent evolution of unknown e↵ect on structure formation
from new physics.

True cosmological model can be di↵erent from the fidu-
cial model, but it satisfies with the given CMB prior. If we
lives in ⇤CDM universe, but the fiducial cosmology is not
consistent with the true cosmology. There is only one de-
grees of freedom to vary with the imposed CMB priors. Here
we vary H

0

to remain !
b

and !
m

unchanged. Two di↵erent
cosmologies with the same BAO structure are tested in the
table below. We test H

0

= 61 km/s/Mpc and 73 km/s/Mpc
cases. If those cases are considered as the fiducial model,
we would not find any di↵erence in the measured distances,
within 0.2%. The BAO indeed remains as a standard ruler
against variation of cosmological model, as far as those stem
from the same primeval spectra at the last scattering sur-
face. It suggests that BAO will probe the true distances
regardless of the fiducial models used.

⌦
⇤

D
A

(% fiducial) H�1 (% fiducial)
0.62 1493.08 ( -0.19%) 3396.97 ( 0.20%)
0.68 1395.18 ( 0.00 %) 3234.76 ( 0.00%)
0.73 1395.18 ( 0.00 %) 3234.76 ( 0.00%)

In Fig.5 we show the clustering contours for ⌦
⇤

= 0.62,
0.73. We see that variations in ⌦

⇤

lead to shifts in the con-
tours but as we determined and presented in the table above,
the BAO ring shape is not a↵ected.
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Figure 6. The D(µ) curve for 4 values of �
v

= 2, 8, 11, 14 Mpc.

The dashed black lines are for 1 and 4% increase in H�1

.

⌦
⇤

D
A

(% fiducial) H�1 (% fiducial)
0.62 1493.08 ( -0.19%) 3396.97 ( 0.20%)
0.68 1395.18 ( 0.00 %) 3234.76 ( 0.00%)
0.73 1395.18 ( 0.00 %) 3234.76 ( 0.00%)

In Fig.5 we show the clustering contours for ⌦
⇤

= 0.62,
0.73. We see that variations in ⌦

⇤

lead to shifts in the con-
tours but as we determined and presented in the table above,
the BAO ring shape is not a↵ected.

4 MEASURING THE BAO IN HIGH
RESOLUTION EXPERIMENT

In Fig.6 we show the measured BAO peak position as a
function of µ for several values of �

v

. As we see, increasing
�
v

increases the BAO peak position near the los direction.
Unfortunately, this behaviour can also be mimicked by a
variation in H�1, which may hamper our attempts to mea-
sure H�1 alone. We see that a moderate value of �

v

= 8
can be confused with a 1% increase in H�1. This would

suggest that we may only be able to make constraints of
the combined quantity �

v

H�1. However, as we see in figure,
there is a crossing point in the D(µ) curves and that as �

v

is increase there is also a systematic decrease in D near the
perpendicular direct, which will influence the measurement
of D

A

. Thus if precise enough measurements can be made
there seems to be a possibility to model the FoG e↵ect on
the D(µ) curve and to correct the derived quantities D

A

and
H�1.

We now proceed to model the FoG e↵ect on the D(µ)
curve by fitting the function,

D(µ) = Dfid(µ) + ↵(µ) + �(µ)�2

v

, (14)

at each µ bin and determining the values of the fitting
parameters ↵ and �. We also check the cosmological
dependence by considering ⌦

⇤

= 0.62, 0.68, 0.73.

⌦⇤ 0.62 0.68 0.73
↵i �i ↵i �i ↵i �i

µi

0.08 -0.18 -0.004 -0.15 -0.004 -0.21 -0.004
0.25 0.21 -0.003 0.07 -0.002 0.10 -0.002
0.42 -0.17 0.002 -0.10 0.002 -0.09 0.002
0.58 -0.51 0.009 -0.47 0.010 -0.42 0.009
0.75 -0.77 0.018 -0.68 0.018 -0.65 0.018
0.92 -1.07 0.027 -0.88 0.026 -0.89 0.027

Using the fitting formula of Eq.14 and the parameters
in the above table, we proceed to check whether the input
parameters can be recovered. Taking the case of a model
with �

v

= 11Mpc, b=2.0 and in the fiducial cosmology
which corresponds to ⌦

⇤

= 0.68 we recover the cosmolog-
ical observables D

A

and H�1 with and without correcting
for the FoG e↵ect. When we do not correct for FoG we ob-
tain D

A

= 1397.91 and H�1 = 3172.44 which correspond to
a 0.20% and -1.93% shift respectively. While correcting for
the FoG we obtain D

A

= 1394.96 ( -0.02% deviation) and
H�1 = 3215.85 ( -0.58% deviation), while recovering a value
of �

v

= 10.13Mpc (-8% deviation from input value).
As the table above suggests the cosmological depen-

dence on the fitting function is negligible. We can check this
by assuming an incorrect cosmology for the fitting func-
tion and determining the impact on our recovered values
of D

A

and H�1 in the fiducial model. If we take the fit-
ting functions for a cosmology with ⌦

⇤

= 0.73 we obtain
D

A

= 1394.96 ( -0.02%) and H�1 = 3215.85 ( -0.58%) and
�
v

= 9.72Mpc (-12% deviation from input value).
As we have shown, even in the case of high �

v

, we can
recover the input cosmological observables D

A

and H�1 to
better than percent level accuracy while also constraining �

v

itself, albeit to a lesser accuracy of 10%. In the next section
we will apply this methodology to simulated data and in
both a low resolution limit similar to currently available data
and a high resolution, precision, limit comparable to future
data like DESI and LSST.

5 TESTS ON SIMULATED DATA

In this section we test our methodology on simulated mock
data and check if we can recover the fiducial parameters.

5.1 Simulations and covariance matrices

In order to check the validity of our overall approach, we
test it against simulations. We use the PTHALO mock galaxy
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⇤
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Figure 6. The D(µ) curve for 4 values of �
v

= 2, 8, 11, 14 Mpc.

The dashed black lines are for 1 and 4% increase in H�1

.

⌦
⇤

D
A

(% fiducial) H�1 (% fiducial)
0.62 1493.08 ( -0.19%) 3396.97 ( 0.20%)
0.68 1395.18 ( 0.00 %) 3234.76 ( 0.00%)
0.73 1395.18 ( 0.00 %) 3234.76 ( 0.00%)

In Fig.5 we show the clustering contours for ⌦
⇤

= 0.62,
0.73. We see that variations in ⌦

⇤

lead to shifts in the con-
tours but as we determined and presented in the table above,
the BAO ring shape is not a↵ected.

4 MEASURING THE BAO IN HIGH
RESOLUTION EXPERIMENT

In Fig.6 we show the measured BAO peak position as a
function of µ for several values of �

v

. As we see, increasing
�
v

increases the BAO peak position near the los direction.
Unfortunately, this behaviour can also be mimicked by a
variation in H�1, which may hamper our attempts to mea-
sure H�1 alone. We see that a moderate value of �

v

= 8
can be confused with a 1% increase in H�1. This would

suggest that we may only be able to make constraints of
the combined quantity �

v

H�1. However, as we see in figure,
there is a crossing point in the D(µ) curves and that as �

v

is increase there is also a systematic decrease in D near the
perpendicular direct, which will influence the measurement
of D

A

. Thus if precise enough measurements can be made
there seems to be a possibility to model the FoG e↵ect on
the D(µ) curve and to correct the derived quantities D

A

and
H�1.

We now proceed to model the FoG e↵ect on the D(µ)
curve by fitting the function,

D(µ) = Dfid(µ) + ↵(µ) + �(µ)�2

v

, (14)

at each µ bin and determining the values of the fitting
parameters ↵ and �. We also check the cosmological
dependence by considering ⌦

⇤

= 0.62, 0.68, 0.73.

⌦⇤ 0.62 0.68 0.73
↵i �i ↵i �i ↵i �i

µi

0.08 -0.18 -0.004 -0.15 -0.004 -0.21 -0.004
0.25 0.21 -0.003 0.07 -0.002 0.10 -0.002
0.42 -0.17 0.002 -0.10 0.002 -0.09 0.002
0.58 -0.51 0.009 -0.47 0.010 -0.42 0.009
0.75 -0.77 0.018 -0.68 0.018 -0.65 0.018
0.92 -1.07 0.027 -0.88 0.026 -0.89 0.027

Using the fitting formula of Eq.14 and the parameters
in the above table, we proceed to check whether the input
parameters can be recovered. Taking the case of a model
with �

v

= 11Mpc, b=2.0 and in the fiducial cosmology
which corresponds to ⌦

⇤

= 0.68 we recover the cosmolog-
ical observables D

A

and H�1 with and without correcting
for the FoG e↵ect. When we do not correct for FoG we ob-
tain D

A

= 1397.91 and H�1 = 3172.44 which correspond to
a 0.20% and -1.93% shift respectively. While correcting for
the FoG we obtain D

A

= 1394.96 ( -0.02% deviation) and
H�1 = 3215.85 ( -0.58% deviation), while recovering a value
of �

v

= 10.13Mpc (-8% deviation from input value).
As the table above suggests the cosmological depen-

dence on the fitting function is negligible. We can check this
by assuming an incorrect cosmology for the fitting func-
tion and determining the impact on our recovered values
of D

A

and H�1 in the fiducial model. If we take the fit-
ting functions for a cosmology with ⌦

⇤

= 0.73 we obtain
D

A

= 1394.96 ( -0.02%) and H�1 = 3215.85 ( -0.58%) and
�
v

= 9.72Mpc (-12% deviation from input value).
As we have shown, even in the case of high �

v

, we can
recover the input cosmological observables D

A

and H�1 to
better than percent level accuracy while also constraining �

v

itself, albeit to a lesser accuracy of 10%. In the next section
we will apply this methodology to simulated data and in
both a low resolution limit similar to currently available data
and a high resolution, precision, limit comparable to future
data like DESI and LSST.

5 TESTS ON SIMULATED DATA

In this section we test our methodology on simulated mock
data and check if we can recover the fiducial parameters.

5.1 Simulations and covariance matrices

In order to check the validity of our overall approach, we
test it against simulations. We use the PTHALO mock galaxy
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Figure 5. Equal clustering contours for three values of ⌦

⇤

. The

values ⌦

⇤

= 0.62, 0.68, 0.73 correspond to the dotted, solid and

dashed lines respectively.

Figure 6. The D(µ) curve for 4 values of �
v

= 2, 8, 11, 14 Mpc.

The dashed black lines are for 1 and 4% increase in H�1

.

⌦
⇤

D
A

(% fiducial) H�1 (% fiducial)
0.62 1493.08 ( -0.19%) 3396.97 ( 0.20%)
0.68 1395.18 ( 0.00 %) 3234.76 ( 0.00%)
0.73 1395.18 ( 0.00 %) 3234.76 ( 0.00%)

In Fig.5 we show the clustering contours for ⌦
⇤

= 0.62,
0.73. We see that variations in ⌦

⇤

lead to shifts in the con-
tours but as we determined and presented in the table above,
the BAO ring shape is not a↵ected.

4 MEASURING THE BAO IN HIGH
RESOLUTION EXPERIMENT

In Fig.6 we show the measured BAO peak position as a
function of µ for several values of �

v

. As we see, increasing
�
v

increases the BAO peak position near the los direction.
Unfortunately, this behaviour can also be mimicked by a
variation in H�1, which may hamper our attempts to mea-
sure H�1 alone. We see that a moderate value of �

v

= 8
can be confused with a 1% increase in H�1. This would

suggest that we may only be able to make constraints of
the combined quantity �

v

H�1. However, as we see in figure,
there is a crossing point in the D(µ) curves and that as �

v

is increase there is also a systematic decrease in D near the
perpendicular direct, which will influence the measurement
of D

A

. Thus if precise enough measurements can be made
there seems to be a possibility to model the FoG e↵ect on
the D(µ) curve and to correct the derived quantities D

A

and
H�1.

We now proceed to model the FoG e↵ect on the D(µ)
curve by fitting the function,

D(µ) = Dfid(µ) + ↵(µ) + �(µ)�2

v

, (14)

at each µ bin and determining the values of the fitting
parameters ↵ and �. We also check the cosmological
dependence by considering ⌦

⇤

= 0.62, 0.68, 0.73.

⌦⇤ 0.62 0.68 0.73
↵i �i ↵i �i ↵i �i

µi

0.08 -0.18 -0.004 -0.15 -0.004 -0.21 -0.004
0.25 0.21 -0.003 0.07 -0.002 0.10 -0.002
0.42 -0.17 0.002 -0.10 0.002 -0.09 0.002
0.58 -0.51 0.009 -0.47 0.010 -0.42 0.009
0.75 -0.77 0.018 -0.68 0.018 -0.65 0.018
0.92 -1.07 0.027 -0.88 0.026 -0.89 0.027

Using the fitting formula of Eq.14 and the parameters
in the above table, we proceed to check whether the input
parameters can be recovered. Taking the case of a model
with �

v

= 11Mpc, b=2.0 and in the fiducial cosmology
which corresponds to ⌦

⇤

= 0.68 we recover the cosmolog-
ical observables D

A

and H�1 with and without correcting
for the FoG e↵ect. When we do not correct for FoG we ob-
tain D

A

= 1397.91 and H�1 = 3172.44 which correspond to
a 0.20% and -1.93% shift respectively. While correcting for
the FoG we obtain D

A

= 1394.96 ( -0.02% deviation) and
H�1 = 3215.85 ( -0.58% deviation), while recovering a value
of �

v

= 10.13Mpc (-8% deviation from input value).
As the table above suggests the cosmological depen-

dence on the fitting function is negligible. We can check this
by assuming an incorrect cosmology for the fitting func-
tion and determining the impact on our recovered values
of D

A

and H�1 in the fiducial model. If we take the fit-
ting functions for a cosmology with ⌦

⇤

= 0.73 we obtain
D

A

= 1394.96 ( -0.02%) and H�1 = 3215.85 ( -0.58%) and
�
v

= 9.72Mpc (-12% deviation from input value).
As we have shown, even in the case of high �

v

, we can
recover the input cosmological observables D

A

and H�1 to
better than percent level accuracy while also constraining �

v

itself, albeit to a lesser accuracy of 10%. In the next section
we will apply this methodology to simulated data and in
both a low resolution limit similar to currently available data
and a high resolution, precision, limit comparable to future
data like DESI and LSST.

5 TESTS ON SIMULATED DATA

In this section we test our methodology on simulated mock
data and check if we can recover the fiducial parameters.

5.1 Simulations and covariance matrices

In order to check the validity of our overall approach, we
test it against simulations. We use the PTHALO mock galaxy
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Figure 5. Equal clustering contours for three values of ⌦

⇤

. The

values ⌦
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= 0.62, 0.68, 0.73 correspond to the dotted, solid and

dashed lines respectively.

Figure 6. The D(µ) curve for 4 values of �
v

= 2, 8, 11, 14 Mpc.

The dashed black lines are for 1 and 4% increase in H�1

.

⌦
⇤

D
A

(% fiducial) H�1 (% fiducial)
0.62 1493.08 ( -0.19%) 3396.97 ( 0.20%)
0.68 1395.18 ( 0.00 %) 3234.76 ( 0.00%)
0.73 1395.18 ( 0.00 %) 3234.76 ( 0.00%)

In Fig.5 we show the clustering contours for ⌦
⇤

= 0.62,
0.73. We see that variations in ⌦

⇤

lead to shifts in the con-
tours but as we determined and presented in the table above,
the BAO ring shape is not a↵ected.

4 MEASURING THE BAO IN HIGH
RESOLUTION EXPERIMENT

In Fig.6 we show the measured BAO peak position as a
function of µ for several values of �

v

. As we see, increasing
�
v

increases the BAO peak position near the los direction.
Unfortunately, this behaviour can also be mimicked by a
variation in H�1, which may hamper our attempts to mea-
sure H�1 alone. We see that a moderate value of �

v

= 8
can be confused with a 1% increase in H�1. This would

suggest that we may only be able to make constraints of
the combined quantity �

v

H�1. However, as we see in figure,
there is a crossing point in the D(µ) curves and that as �

v

is increase there is also a systematic decrease in D near the
perpendicular direct, which will influence the measurement
of D

A

. Thus if precise enough measurements can be made
there seems to be a possibility to model the FoG e↵ect on
the D(µ) curve and to correct the derived quantities D

A

and
H�1.

We now proceed to model the FoG e↵ect on the D(µ)
curve by fitting the function,

D(µ) = Dfid(µ) + ↵(µ) + �(µ)�2

v

, (14)

at each µ bin and determining the values of the fitting
parameters ↵ and �. We also check the cosmological
dependence by considering ⌦

⇤

= 0.62, 0.68, 0.73.

⌦⇤ 0.62 0.68 0.73
↵i �i ↵i �i ↵i �i

µi

0.08 -0.18 -0.004 -0.15 -0.004 -0.21 -0.004
0.25 0.21 -0.003 0.07 -0.002 0.10 -0.002
0.42 -0.17 0.002 -0.10 0.002 -0.09 0.002
0.58 -0.51 0.009 -0.47 0.010 -0.42 0.009
0.75 -0.77 0.018 -0.68 0.018 -0.65 0.018
0.92 -1.07 0.027 -0.88 0.026 -0.89 0.027

Using the fitting formula of Eq.14 and the parameters
in the above table, we proceed to check whether the input
parameters can be recovered. Taking the case of a model
with �

v

= 11Mpc, b=2.0 and in the fiducial cosmology
which corresponds to ⌦

⇤

= 0.68 we recover the cosmolog-
ical observables D

A

and H�1 with and without correcting
for the FoG e↵ect. When we do not correct for FoG we ob-
tain D

A

= 1397.91 and H�1 = 3172.44 which correspond to
a 0.20% and -1.93% shift respectively. While correcting for
the FoG we obtain D

A

= 1394.96 ( -0.02% deviation) and
H�1 = 3215.85 ( -0.58% deviation), while recovering a value
of �

v

= 10.13Mpc (-8% deviation from input value).
As the table above suggests the cosmological depen-

dence on the fitting function is negligible. We can check this
by assuming an incorrect cosmology for the fitting func-
tion and determining the impact on our recovered values
of D

A

and H�1 in the fiducial model. If we take the fit-
ting functions for a cosmology with ⌦

⇤

= 0.73 we obtain
D

A

= 1394.96 ( -0.02%) and H�1 = 3215.85 ( -0.58%) and
�
v

= 9.72Mpc (-12% deviation from input value).
As we have shown, even in the case of high �

v

, we can
recover the input cosmological observables D

A

and H�1 to
better than percent level accuracy while also constraining �

v

itself, albeit to a lesser accuracy of 10%. In the next section
we will apply this methodology to simulated data and in
both a low resolution limit similar to currently available data
and a high resolution, precision, limit comparable to future
data like DESI and LSST.

5 TESTS ON SIMULATED DATA

In this section we test our methodology on simulated mock
data and check if we can recover the fiducial parameters.

5.1 Simulations and covariance matrices

In order to check the validity of our overall approach, we
test it against simulations. We use the PTHALO mock galaxy
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Figure 5. Equal clustering contours for three values of ⌦

⇤

. The

values ⌦
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= 0.62, 0.68, 0.73 correspond to the dotted, solid and

dashed lines respectively.

Figure 6. The D(µ) curve for 4 values of �
v

= 2, 8, 11, 14 Mpc.

The dashed black lines are for 1 and 4% increase in H�1

.

⌦
⇤

D
A

(% fiducial) H�1 (% fiducial)
0.62 1493.08 ( -0.19%) 3396.97 ( 0.20%)
0.68 1395.18 ( 0.00 %) 3234.76 ( 0.00%)
0.73 1395.18 ( 0.00 %) 3234.76 ( 0.00%)

In Fig.5 we show the clustering contours for ⌦
⇤

= 0.62,
0.73. We see that variations in ⌦

⇤

lead to shifts in the con-
tours but as we determined and presented in the table above,
the BAO ring shape is not a↵ected.

4 MEASURING THE BAO IN HIGH
RESOLUTION EXPERIMENT

In Fig.6 we show the measured BAO peak position as a
function of µ for several values of �

v

. As we see, increasing
�
v

increases the BAO peak position near the los direction.
Unfortunately, this behaviour can also be mimicked by a
variation in H�1, which may hamper our attempts to mea-
sure H�1 alone. We see that a moderate value of �

v

= 8
can be confused with a 1% increase in H�1. This would

suggest that we may only be able to make constraints of
the combined quantity �

v

H�1. However, as we see in figure,
there is a crossing point in the D(µ) curves and that as �

v

is increase there is also a systematic decrease in D near the
perpendicular direct, which will influence the measurement
of D

A

. Thus if precise enough measurements can be made
there seems to be a possibility to model the FoG e↵ect on
the D(µ) curve and to correct the derived quantities D

A

and
H�1.

We now proceed to model the FoG e↵ect on the D(µ)
curve by fitting the function,

D(µ) = Dfid(µ) + ↵(µ) + �(µ)�2

v

, (14)

at each µ bin and determining the values of the fitting
parameters ↵ and �. We also check the cosmological
dependence by considering ⌦

⇤

= 0.62, 0.68, 0.73.

⌦⇤ 0.62 0.68 0.73
↵i �i ↵i �i ↵i �i

µi

0.08 -0.18 -0.004 -0.15 -0.004 -0.21 -0.004
0.25 0.21 -0.003 0.07 -0.002 0.10 -0.002
0.42 -0.17 0.002 -0.10 0.002 -0.09 0.002
0.58 -0.51 0.009 -0.47 0.010 -0.42 0.009
0.75 -0.77 0.018 -0.68 0.018 -0.65 0.018
0.92 -1.07 0.027 -0.88 0.026 -0.89 0.027

Using the fitting formula of Eq.14 and the parameters
in the above table, we proceed to check whether the input
parameters can be recovered. Taking the case of a model
with �

v

= 11Mpc, b=2.0 and in the fiducial cosmology
which corresponds to ⌦

⇤

= 0.68 we recover the cosmolog-
ical observables D

A

and H�1 with and without correcting
for the FoG e↵ect. When we do not correct for FoG we ob-
tain D

A

= 1397.91 and H�1 = 3172.44 which correspond to
a 0.20% and -1.93% shift respectively. While correcting for
the FoG we obtain D

A

= 1394.96 ( -0.02% deviation) and
H�1 = 3215.85 ( -0.58% deviation), while recovering a value
of �

v

= 10.13Mpc (-8% deviation from input value).
As the table above suggests the cosmological depen-

dence on the fitting function is negligible. We can check this
by assuming an incorrect cosmology for the fitting func-
tion and determining the impact on our recovered values
of D

A

and H�1 in the fiducial model. If we take the fit-
ting functions for a cosmology with ⌦

⇤

= 0.73 we obtain
D

A

= 1394.96 ( -0.02%) and H�1 = 3215.85 ( -0.58%) and
�
v

= 9.72Mpc (-12% deviation from input value).
As we have shown, even in the case of high �

v

, we can
recover the input cosmological observables D

A

and H�1 to
better than percent level accuracy while also constraining �

v

itself, albeit to a lesser accuracy of 10%. In the next section
we will apply this methodology to simulated data and in
both a low resolution limit similar to currently available data
and a high resolution, precision, limit comparable to future
data like DESI and LSST.

5 TESTS ON SIMULATED DATA

In this section we test our methodology on simulated mock
data and check if we can recover the fiducial parameters.

5.1 Simulations and covariance matrices

In order to check the validity of our overall approach, we
test it against simulations. We use the PTHALO mock galaxy
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Figure 5. Equal clustering contours for three values of ⌦

⇤

. The

values ⌦
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= 0.62, 0.68, 0.73 correspond to the dotted, solid and

dashed lines respectively.

Figure 6. The D(µ) curve for 4 values of �
v

= 2, 8, 11, 14 Mpc.

The dashed black lines are for 1 and 4% increase in H�1

.

⌦
⇤

D
A

(% fiducial) H�1 (% fiducial)
0.62 1493.08 ( -0.19%) 3396.97 ( 0.20%)
0.68 1395.18 ( 0.00 %) 3234.76 ( 0.00%)
0.73 1395.18 ( 0.00 %) 3234.76 ( 0.00%)

In Fig.5 we show the clustering contours for ⌦
⇤

= 0.62,
0.73. We see that variations in ⌦

⇤

lead to shifts in the con-
tours but as we determined and presented in the table above,
the BAO ring shape is not a↵ected.

4 MEASURING THE BAO IN HIGH
RESOLUTION EXPERIMENT

In Fig.6 we show the measured BAO peak position as a
function of µ for several values of �

v

. As we see, increasing
�
v

increases the BAO peak position near the los direction.
Unfortunately, this behaviour can also be mimicked by a
variation in H�1, which may hamper our attempts to mea-
sure H�1 alone. We see that a moderate value of �

v

= 8
can be confused with a 1% increase in H�1. This would

suggest that we may only be able to make constraints of
the combined quantity �

v

H�1. However, as we see in figure,
there is a crossing point in the D(µ) curves and that as �

v

is increase there is also a systematic decrease in D near the
perpendicular direct, which will influence the measurement
of D

A

. Thus if precise enough measurements can be made
there seems to be a possibility to model the FoG e↵ect on
the D(µ) curve and to correct the derived quantities D

A

and
H�1.

We now proceed to model the FoG e↵ect on the D(µ)
curve by fitting the function,

D(µ) = Dfid(µ) + ↵(µ) + �(µ)�2

v

, (14)

at each µ bin and determining the values of the fitting
parameters ↵ and �. We also check the cosmological
dependence by considering ⌦

⇤

= 0.62, 0.68, 0.73.

⌦⇤ 0.62 0.68 0.73
↵i �i ↵i �i ↵i �i

µi

0.08 -0.18 -0.004 -0.15 -0.004 -0.21 -0.004
0.25 0.21 -0.003 0.07 -0.002 0.10 -0.002
0.42 -0.17 0.002 -0.10 0.002 -0.09 0.002
0.58 -0.51 0.009 -0.47 0.010 -0.42 0.009
0.75 -0.77 0.018 -0.68 0.018 -0.65 0.018
0.92 -1.07 0.027 -0.88 0.026 -0.89 0.027

Using the fitting formula of Eq.14 and the parameters
in the above table, we proceed to check whether the input
parameters can be recovered. Taking the case of a model
with �

v

= 11Mpc, b=2.0 and in the fiducial cosmology
which corresponds to ⌦

⇤

= 0.68 we recover the cosmolog-
ical observables D

A

and H�1 with and without correcting
for the FoG e↵ect. When we do not correct for FoG we ob-
tain D

A

= 1397.91 and H�1 = 3172.44 which correspond to
a 0.20% and -1.93% shift respectively. While correcting for
the FoG we obtain D

A

= 1394.96 ( -0.02% deviation) and
H�1 = 3215.85 ( -0.58% deviation), while recovering a value
of �

v

= 10.13Mpc (-8% deviation from input value).
As the table above suggests the cosmological depen-

dence on the fitting function is negligible. We can check this
by assuming an incorrect cosmology for the fitting func-
tion and determining the impact on our recovered values
of D

A

and H�1 in the fiducial model. If we take the fit-
ting functions for a cosmology with ⌦

⇤

= 0.73 we obtain
D

A

= 1394.96 ( -0.02%) and H�1 = 3215.85 ( -0.58%) and
�
v

= 9.72Mpc (-12% deviation from input value).
As we have shown, even in the case of high �

v

, we can
recover the input cosmological observables D

A

and H�1 to
better than percent level accuracy while also constraining �

v

itself, albeit to a lesser accuracy of 10%. In the next section
we will apply this methodology to simulated data and in
both a low resolution limit similar to currently available data
and a high resolution, precision, limit comparable to future
data like DESI and LSST.

5 TESTS ON SIMULATED DATA

In this section we test our methodology on simulated mock
data and check if we can recover the fiducial parameters.

5.1 Simulations and covariance matrices

In order to check the validity of our overall approach, we
test it against simulations. We use the PTHALO mock galaxy
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Figure 5. Equal clustering contours for three values of ⌦

⇤

. The

values ⌦
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= 0.62, 0.68, 0.73 correspond to the dotted, solid and

dashed lines respectively.

Figure 6. The D(µ) curve for 4 values of �
v

= 2, 8, 11, 14 Mpc.

The dashed black lines are for 1 and 4% increase in H�1

.

⌦
⇤

D
A

(% fiducial) H�1 (% fiducial)
0.62 1493.08 ( -0.19%) 3396.97 ( 0.20%)
0.68 1395.18 ( 0.00 %) 3234.76 ( 0.00%)
0.73 1395.18 ( 0.00 %) 3234.76 ( 0.00%)

In Fig.5 we show the clustering contours for ⌦
⇤

= 0.62,
0.73. We see that variations in ⌦

⇤

lead to shifts in the con-
tours but as we determined and presented in the table above,
the BAO ring shape is not a↵ected.

4 MEASURING THE BAO IN HIGH
RESOLUTION EXPERIMENT

In Fig.6 we show the measured BAO peak position as a
function of µ for several values of �

v

. As we see, increasing
�
v

increases the BAO peak position near the los direction.
Unfortunately, this behaviour can also be mimicked by a
variation in H�1, which may hamper our attempts to mea-
sure H�1 alone. We see that a moderate value of �

v

= 8
can be confused with a 1% increase in H�1. This would

suggest that we may only be able to make constraints of
the combined quantity �

v

H�1. However, as we see in figure,
there is a crossing point in the D(µ) curves and that as �

v

is increase there is also a systematic decrease in D near the
perpendicular direct, which will influence the measurement
of D

A

. Thus if precise enough measurements can be made
there seems to be a possibility to model the FoG e↵ect on
the D(µ) curve and to correct the derived quantities D

A

and
H�1.

We now proceed to model the FoG e↵ect on the D(µ)
curve by fitting the function,

D(µ) = Dfid(µ) + ↵(µ) + �(µ)�2

v

, (14)

at each µ bin and determining the values of the fitting
parameters ↵ and �. We also check the cosmological
dependence by considering ⌦

⇤

= 0.62, 0.68, 0.73.

⌦⇤ 0.62 0.68 0.73
↵i �i ↵i �i ↵i �i

µi

0.08 -0.18 -0.004 -0.15 -0.004 -0.21 -0.004
0.25 0.21 -0.003 0.07 -0.002 0.10 -0.002
0.42 -0.17 0.002 -0.10 0.002 -0.09 0.002
0.58 -0.51 0.009 -0.47 0.010 -0.42 0.009
0.75 -0.77 0.018 -0.68 0.018 -0.65 0.018
0.92 -1.07 0.027 -0.88 0.026 -0.89 0.027

Using the fitting formula of Eq.14 and the parameters
in the above table, we proceed to check whether the input
parameters can be recovered. Taking the case of a model
with �

v

= 11Mpc, b=2.0 and in the fiducial cosmology
which corresponds to ⌦

⇤

= 0.68 we recover the cosmolog-
ical observables D

A

and H�1 with and without correcting
for the FoG e↵ect. When we do not correct for FoG we ob-
tain D

A

= 1397.91 and H�1 = 3172.44 which correspond to
a 0.20% and -1.93% shift respectively. While correcting for
the FoG we obtain D

A

= 1394.96 ( -0.02% deviation) and
H�1 = 3215.85 ( -0.58% deviation), while recovering a value
of �

v

= 10.13Mpc (-8% deviation from input value).
As the table above suggests the cosmological depen-

dence on the fitting function is negligible. We can check this
by assuming an incorrect cosmology for the fitting func-
tion and determining the impact on our recovered values
of D

A

and H�1 in the fiducial model. If we take the fit-
ting functions for a cosmology with ⌦

⇤

= 0.73 we obtain
D

A

= 1394.96 ( -0.02%) and H�1 = 3215.85 ( -0.58%) and
�
v

= 9.72Mpc (-12% deviation from input value).
As we have shown, even in the case of high �

v

, we can
recover the input cosmological observables D

A

and H�1 to
better than percent level accuracy while also constraining �

v

itself, albeit to a lesser accuracy of 10%. In the next section
we will apply this methodology to simulated data and in
both a low resolution limit similar to currently available data
and a high resolution, precision, limit comparable to future
data like DESI and LSST.

5 TESTS ON SIMULATED DATA

In this section we test our methodology on simulated mock
data and check if we can recover the fiducial parameters.

5.1 Simulations and covariance matrices

In order to check the validity of our overall approach, we
test it against simulations. We use the PTHALO mock galaxy
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catalogs1 created by Manera et al. (2012), which are de-
signed to investigate the various systematics in the galaxy
sample from Data Release 11 (DR11) of the Baryon Oscil-
lation Spectroscopic Survey (BOSS) (Schlegel et al. 2009;
Eisenstein et al. 2011; Anderson et al. 2012), referred to
as the “CMASS” galaxy sample. In constructing the mock
galaxy catalogs, (Manera et al. 2012) utilized second-order
Lagrangian perturbation theory (2LPT) for the galaxy clus-
tering driven by gravity, which enables the creation of a
mock catalog much faster than running an N -body simula-
tion. The mocks catalogs constitute 600 density field realiza-
tions which span the redshift range of the observed galaxies
in our sample i.e. 0.43 < z < 0.7. Each catalog contains
⇠ 7⇥ 105 galaxies, 90% of which are central galaxies resid-
ing in dark matter halos of ⇠ 1013h�1M�.

5.2 Simulation constraints: D
A

, H�1

We now proceed to apply the methodology we have pre-
sented in the previous sections to simulated data.

The correlation functions are calculated from the simu-
lation data using the “Landy-Szalay” estimator (?),

⇠(~r) =
DD(~r)� 2DR(~r) +RR(~r)

RR(~r)
, (15)

where DD(~r) is the number of data–data pairs, DR the
number of data-random pairs, and RR is the number of
random–random pairs, all separated by a displacement vec-
tor ~r. For this anisotropic analysis we decompose the vector
~r into a distance s and the cosine of the angle bwteen the los
and the pair vdctor µ = cos ✓. Then we proceed to measure
⇠(s, µ) from s = 80 ! 180 Mpc in 15 bins of width w ⇠ 7
Mpc and µ = 0 ! 1 Mpc in 6 linearly spaced bins.

Firstly we fit the case without RSD. If we do not cor-
rect for the RSD e↵ect we know from previous tests that
our results on H�1 will be necessarily biased. We find D|| =
155.15±0.51 Mpc and D? = 154.04±0.30 Mpc that results
in the following constraints; D

A

= 1399.71+2.71

�2.74

(0.32�0.20

+0.19

%)
and H�1 = 3196.79+10.57

�10.44

(�1.17 ± 0.32%), where the per-
centage denotes the deviation from fiducial model.

5.3 Simulation constraints: D
A

, H�1,�
v

When dealing with a higher resolution experiment and the
errors on the BAO peak position are small compare to a typ-
ical RSD induced BAO shift we must model and marginalise
the quantity �

v

.
D|| = 154.92+0.51

�2.29

Mpc and D? = 153.90+0.25

�0.25

Mpc with �
v

= 6.8+2.0

�6.8

Mpc, which leads to
D

A

= 1401.01+2.29

�2.26

(0.42�0.17

+0.16

%) and H�1 =
3201.66+47.94

�10.39

(�1.02+1.48

�0.32

%).
As we can see, once we marginalise over �

v

we weaken
the constraints on H�1, however our recovered central value
is slightly less biased. Also our estimated value and con-
stant on D

A

appears almost unchanged. Thus even when
marginalising over �

v

we do not lost constraining power on
this parameter.

In the left plot of Fig. 7 we see the e↵ect of including �
v

1

These mock catalogs are available from:

http://marcmanera.net/mocks/index.html

on the 1-dimentional likelihood of D||. When not including
FoG correction the likelihood is close to a gaussian distri-
bution peaked at the best fit point, however when �

v

is
included we see a skewed behaviour towards lower values of
D||.

The right hand plot of Fig. 7 shows the 1-dimensional
liklihood of the FoG parameter, �

v

. We see that it favours a
value close to 6 Mpc although it allows lower values tending
to zero.

5.4 DR11 constraints: D
A

, H�1

We now proceed to to apply our methodology to the obser-
vational sample of BOSS galaxies in DR11. We obtain D

A

=
1274.94+15.29

�14.93

(�8.62+1.10

�1.07

%) and H�1 = 3026.60+56.10

�54.10

(�6.44%).

5.5 DR11 constraints: D
A

, H�1,�
v

Given the large errors on the measured peak position, we
should not expect that fitting the FoG e↵ect will lead to a
more accurate result. We obtain....

6 CONCLUSIONS

We have investigated the sensitivity of the shape of the BAO
ring to various systematics. We find that the shape of the
BAO ring is invariant to galaxy bias and unknown shape
change in the primordial spectra. However non-linearities in
the density field and non-linear FoG distortions contaminate
the estimated BAO scales and thus the recovered values of
D

A

and H�1. Fortunately, the contamination of the FoG
e↵ect is not perfectly degenerate with the geometrical dis-
tortions and thus in future sub-percent level precision exper-
iments the two e↵ects can be disentangled. Thus we hope in
that future measurements will allow us to focus on measure-
ments of the AP e↵ect and to infer cosmological parameters
pertaining to the expansion history.

We tested this methodology using mock galaxy catalogs
and found that we can recover the input cosmology....
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Given the large errors on the measured peak position, we
should not expect that fitting the FoG e↵ect will lead to a
more accurate result. We obtain....
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BAO ring is invariant to galaxy bias and unknown shape
change in the primordial spectra. However non-linearities in
the density field and non-linear FoG distortions contaminate
the estimated BAO scales and thus the recovered values of
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and H�1. Fortunately, the contamination of the FoG
e↵ect is not perfectly degenerate with the geometrical dis-
tortions and thus in future sub-percent level precision exper-
iments the two e↵ects can be disentangled. Thus we hope in
that future measurements will allow us to focus on measure-
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Using 600 mock catalogues 
mimicking the BOSS survey
 
Modeling and marginalizing out 
the FoG systematic degrades the 
los BAO distance and hence H. 
However is provides a less 
biased result.

obtain constraints on DA & H at 
the level of 2% and 5% resp.

Next we will apply this 
methodology to SDSS BOSS 
data in Oh, Sabiu, Song (2016) in 
prep

Sabiu & Song (2016) arxiv:1603.02389
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Probing Scalar Field Theories
Light  scalar  fields  coupled  to  matter  (baryons)  are  predicted  by  

many  theories  beyond  the   standard  model.    
•

Coupled  means  we  have  a  fifth-force  in  nature.  If  it  exists,  is  
there  any  room  for  cosmological  signatures  (of  the  fifth-force)?  

•
A  fifth-force  is  strongly  constrained  from  local  gravity  

experiments  (inverse  square  law,  solar-system  tests,  EP).    
•

Naive  conclusion:  Either  very  short  range  or  very  weakly  
coupled,  in  other  words:  no  cosmological  effects  of  the  fifth-

force!  
•

Not  the  case  if  the  field  has  a  screening  mechanism.  The  fifth-
force  can  remain  ’hidden’  to  local  experiments!  

•
We consider two models that have  this  property:  Chameleon & 

Symmetron



Cosmology Group at  
Korea Astronomy and Space Science Institute

Probing Scalar Field Theories 
in redshift-space

Symmetron Model
Hinterbichler & Khoury (2010)

f(R) Gravity Model 
Hu & Sawicki (2007)

We focus our analysis in two 
specific scalar tensor models: the 
symmetron model and a 
particular case of  f(R) theories.

Both models include screening 
mechanisms, which reduce them 
to general relativity in high 
density regions and thus pass 
solar system tests.

N-body simulations from 
Llinares, Mota etal (2013) 
arXiv:1307.6748

Model �0 zS S B �
Symm A 1 1 1
Symm B 1 2 1
Symm C 1 1 2
Symm D 1 3 1

Model n | fR0| �0
fofr4 1 10�4 23.7
fofr5 1 10�5 7.5
fofr6 1 10�6 2.4

Table 1. Model parameters for the symmetron (left) and f (R) (right)
runs. The range in the f (R) model is derived from the value of fR0 and
given only to have a reference point to compare both families of models.
The range is given in Mpc/h in both set of models.

that this is a di↵erent implementation1 (though mathematically
equivalent) as is done in other codes that have implemented this
model (Oyaizu 2008; Li et al. 2012; Puchwein et al. 2013). As
noted in Oyaizu (2008), the scalar field equation of motion can
be written in a more numerically stable form by making a field
redefinition:

fR = �a�2eu. (36)

The equation of motion in its non-canonical form is then

r · (b(u)ru) = ⌦maH2
0(⇢̃ � 1)

�⌦ma4H2
0

 
1 + 4

⌦⇤

⌦m

!
(| fR0|a2)

1
n+1 e�

u
n+1

+⌦maH2
0

 
1 + 4a3⌦⇤

⌦m

!
(37)

where b(u) = eu. The discretization of this equation was imple-
mented as described in Sect. ??. The geodesic equation reads

d2
x

d⌧2 + r�̃ +
1
2

euru = 0. (38)

4. Analysis: redshift-space tests for modified

gravity

4.1. Simulations

The data to be used for the analysis was obtained from a set
of simulations that we run with both standard gravity and the
two models presented in Sect. 3. Table 1 summarises the
model parameters. The initial conditions were generated as-
suming that both scalar field models give fully screened solu-
tions at high redshift and thus, the Zeldovich approximation
is valid also in the modified models. In practice, we gener-
ated only one set of initial conditions with the package Cosmics
(Bertschinger 1995). We used a box size of 256 Mpc/h and 5123

particles. The background cosmology is also the same for all
the simulations and is defined as a flat ⇤CDM model given by
(⌦m,⌦⇤,H0) = (0.267, 0.733, 71.9 km/sec/Mpc).

4.2. Analysis

We proceed to measure the clustering statistics of the ISIS sim-
ulations discussed previously. Specifically we will estimated the
2-point correlation function (2PCF) in real and reshift-space and
in isotropic and in the anisotropic �, ⇡-decomposition. We will
also look at the behaviour of the 3-point correlation function in
both real and redshift-space for each of the simulation models.
1 By introducing the (Jordan-frame) potential �J = � � fR

2 (�̃J =

�̃ + 1
2 eu) one can transform the equations to that of Oyaizu (2008); Li

et al. (2012). Poisson’s equation for �J follows from simply adding
Poisson’s equation for �N and the Klein-Gordon equation for � fR/2.

We estimate the correlation function using the “Landy-
Szalay" estimator ?,

⇠(�, ⇡) =
DD � 2DR + RR

RR
, (39)

where DD is the number of galaxy–galaxy pairs, DR the num-
ber of galaxy-random pairs, and RR is the number of random–
random pairs, all separated by a distance � ± �� and ⇡ ± �⇡.
The pair counts are normalised since we use 20 times as many
randoms and data point to reduce shot noise contributions to the
correlation estimation.

In the isotropic case we measure ⇠(r) from r = 0! 60 in 20
linearly spaced bins. In the anisotropic case we measure ⇠(�, ⇡)
from �&⇡ = 0! 60 in 15 linearly spaced bins, resulting in 225
bins in the � � ⇡-plane.

We use the 3PCF estimator of ?,

⇣ =
DDD � 3DDR + 3DRR � RRR

RRR
, (40)

where each term represents the normalised triplet counts in the
data (D) and random (R) fields that satisfy a particular triangular
configuration.

There are a large number of triangular configurations that
could be investigated, however given the computer intensive na-
ture of 3PCF measurement, we limit our analysis to nine. This
choice will become important later when we come to analyse
⇠ 2000 mock catalogues using the same triangular configura-
tions, which requires significant computational resources. We
also choose configurations and bins that reduce the error and co-
variance on the derived Q values.

The 3PCF is a function of three variables that uniquely de-
fine a triangular configuration. The shape parameters can either
be the three sides of the triangle, (r1, r2, r3), or more commonly
(s, q, ✓) where,

s = r1, (41)

q =
r2

r1
, (42)

✓ = cos�1(r̂1.r̂2). (43)

In Eq 43 r̂1,2 is the unit vector of two sides of the triangle. The
3PCF is usually calculated in various configurations where s and
q are fixed while ✓ is varied from 0� to 180�.

Our measurements were made using the KSTAT code. This
code is MPI parallel and is based upon the structure known
as ‘kd-trees’ which is a way of organising a set of data in k-
dimensional space in such a way that once built, any query re-
questing a list of points in a neighbourhood can be answered
quickly without going through every single point.

4.3. Results

5. Conclusions and discussion

Several extensions of the standard cosmological model include
scalar fields as new degrees of freedom in the underlying grav-
itational theory which can be for instance in the form of scalar,
vector or tensor fields. In general, these new degrees of freedom
interact with matter and in particular with the standard model
fields. Since no deviations to Einstein gravity have been ob-
served nor measured up to nowadays in the solar system, these
interacting scalar field theories must include screening mecha-
nisms intended to hide the scalar field below observational lim-
its within the solar system. Such requirement can be relaxed on
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Davis etal 2011

Percent level difference 
at relevant scales and 
redshifts

Isotropic Power 
Spectrum not very 
sensitive to information 
in the velocity field

Look in redshift-space 
using anisotropic 
statistics?

Symmetron Power Spectrum
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- Using iso-2PCF, more deviation from LCDM in redshift-space
- FOFR4 and SymmD models show largest difference > ~5%
- Maybe we can investigate velocity effect more specifically....
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- In anisotropic proj again FOFR4 shows large variation in DM
- Halo clustering exhibits wider dispersion amongst models
- So what?  Can we construct a smoking gun test?  maybe...

Halos
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3-Point correlations (Fourier Dual of Bispectrum)

⇣(r1, r2, r3) = h�gal(r1)�gal(r2)�gal(r3)i

dP = n3(1 + ⇠(r1) + ⇠(r2) + ⇠(r3) + ⇣(r1, r2, r3))dV1dV2dV3

The complete statistical description of a field may require 
higher-order statistics, 

Probability of finding pairs/triplets of objects:

random correlated 
pairs

correlated 
triplets

It’s difficult to compute and cpu intensive...
Im developing a code to do this using MPI, kd-trees, and 
some other tricks: https://bitbucket.org/csabiu/kstat 

https://bitbucket.org/csabiu/kstat
https://bitbucket.org/csabiu/kstat
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Fig. 3. left: The halo 3PCF for the 8 simulations using the triangular configuration of s=2Mpc/h, q=1, in real space. The full 3PCF is
shown in the top panel while the relative di↵erence compared to ⇤CDM is below. right: Same as right hand panel, but in redshift space.

Fig. 4. Same as Fig.3 with triangular configuration with s=3Mpc/h, q=2
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The 3pcf in various modified gravity simulations

Small scale clustering with s=2, q=1

there is significant dispersion between models which suggest that the 3PCF is 
a more powerful probe of modified gravitational clustering. 

The redshift space clustering tends to flatten the 3PCF, with FOFR4 displaying 
an extreme case of this.

real space z-space
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Fig. 3. left: The halo 3PCF for the 8 simulations using the triangular configuration of s=2Mpc/h, q=1, in real space. The full 3PCF is
shown in the top panel while the relative di↵erence compared to ⇤CDM is below. right: Same as right hand panel, but in redshift space.

Fig. 4. Same as Fig.3 with triangular configuration with s=3Mpc/h, q=2
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Probing Scalar Field Theories 
in redshift-space

The 3pcf in various modified gravity simulations

larger configuration with s=3, q=2

real space z-space

Should appear in A&A soon...
arxiv:1603.05750
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Conclusions

We wanted clean measurements of Da and H(z) as they are 
fundamental quantities that describe the geometry and 
evolution of the background universe.
- we have shown that the clustering ‘peaks’ give us an 
unbiased constraint on these quantities

We hunted for mod. grav. induced variations in the velocity 
field and the local environment density...
- Measured the redshift-space clustering statistics
- Find deviations from LCDM above exp. error
- Although this is only a qualitative study so far, it is the 1st 
regarding redshift-space bispectra/3PCF in modified gravity. 



No preference for f(R) over pure 
GR+LCDM

But future data may say more...

Song, etal (2015)
arXiv:1507.01592

Constraints on f(R) modified gravity
from SDSS BOSS

Filled contours - DR11 data
Solid line - LCDM best fit
Dashed - |fR0|=3.2x10-5

Dotted - |fR0|=3.0x10-4
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Testing Cosmology

http://arxiv.org/abs/1407.2257
http://arxiv.org/abs/1407.2257
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FIG. 1: Fitting the supernova data by increasing z at fixed
d
L

: The lower, beige curve for Einstein de Sitter (EdS: flat,
⌦

m

= 1) is ruled out by the Union2.1 data. However, the
remapped EdS model with z = ↵

1

z
obs

+ ↵
2

z2
obs

(black solid
line) is almost indistinguishable from the concordance ⇤CDM
model (⌦

m

= 0.3, dashed line). An even simpler remapping
of z = z1.13

obs

, matches the concordance d
L

(z) but with H
0

=
55 kms�1Mpc�1. It is clear that from supernovae alone one
can neither prove our universe is accelerating nor rule out
redshift remapping.
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FIG. 2: H(z) for the standard ⇤CDM (bottom curve), stan-
dard EdS and the remapped EdS that fits the SNIa data in
Fig.(1), (top curve). To bring the EdS model into agreement
with the H(z) data would require z < z

obs

, the exact opposite
of what is required to match the d

L

(z) data The data shown
is without the changes described in the text and in section
(IA).

derdense region is the same as the cosmological redshift
picked up covering the same region.

We emphasise that there are other e↵ects that can yield
z 6= z

obs

. Consider bi-metric theories in which photons
couple to a metric, g̃

ab

, which is di↵erent than the metric,

g
ab

, to which matter couples; see e.g. [19]. Since radia-
tion is today sub-dominant we want to infer the proper-
ties of the matter metric since this will allow us to deduce
the dominant constituents and dynamics of the universe.
The frequency of light is determined by the null geodesic
equation kar̃

a

k0 = 0 where r̃
a

is the covariant deriva-
tive w.r.t g̃

ab

, which implies z 6= z
obs

if g̃
ab

6= g
ab

. Ex-
plicit examples of this are provided by Born-Infeld and
Euler-Heisenberg nonlinear electrodynamics, which can
be formulated as light propagating on a di↵erent e↵ective
metric, which modifies the standard redshift predictions
[24].

In the same vein, it has long been known that photon
propagation in 1-loop QED in a curved background is su-
perluminal at low-frequencies [14], with similar behaviour
in the Casimir vacuum, known as the ‘Scharnhorst’ ef-
fect [15]. Similarly electromagnetic radiation scatters o↵
spacetime curvature creating tails [18] that travel inside
the null cone, not just on it, even classically. These do
not threaten causality [16, 17] but they suggest that red-
shift remapping may be generic, though perhaps a small
e↵ect [36].

Another example is provided by the non-metric gener-
alisation of the Plebański formulation of General Rela-
tivity [20], which leads to redshifts which exhibit redshift
remapping depending on the ambient spatial curvature.

We are not, of course, pushing any of these models
or e↵ects as likely, rather they suggest that the relation
1 + z

obs

= a
0

/a
RW

should not be taken as God-given.
Rather the relation between z and z

obs

should either be
rigorously derived or tested experimentally. What ob-
servational limits, then, can one place on deviations of z
from z

obs

?
Observational Implications – Interpreting cosmological

observations becomes significantly more complex. We
now need to fit data at an observed redshift, z

obs

, to a
theory with unknown parameters at an unknown model
redshift, z. Unless the theory predicts z given z

obs

, we
must expect the parameter constraints to weaken since
one would have to marginalise over the unknown model
redshift z, or project out the radial information, gener-
alising what is currently done for photometric redshifts.
This is precisely what happens, as we discuss below.

Redshift remapping will in general depend on environ-
ment, such as in the non-metric theory [20] or non-linear
electromagnetism [24]. Here we ignore these complica-
tions to illustrate generic e↵ects implied by remapping
in which the model redshift, z, is only a function of z

obs

,
z = f(z

obs

). In particular, we study the model:

z = ↵
1

z
obs

+ ↵
2

z2
obs

. (2)

One result of remapping is that it changes the values
of derived data points based on the dynamics of mat-
ter. Consider Baryon Acoustic Oscillations (BAO); e.g.
[26]. The transverse BAO scale is relatively una↵ected by
remapping: it still gives the angular-diameter distance,
d
A

(z), but now at redshift z = f(z
obs

) instead of z
obs

.
The radial BAO scale is given by �z/H(z), but �z is

3

not observable, z
obs

is, and therefore the BAO scale be-
comes z0 �z

obs

/H(z) where z0 = dz/dz
obs

. This changes
the derived value of H(z), a novel feature in these the-
ories. In addition we must scale all BAO results by the
size of the sound horizon, r

s

⇠ (⌦
M

h2)�1/4. This change
is important, particularly for H(z); we show its impact
on current constraints in Figures (9) and (10).

The changes in any specific model of remapping may
be even more complicated. For example, in the non-
metric version of modified General Relativity [21], per-
turbations evolve with a time-dependent e↵ective speed
of sound that does not vanish even during matter domi-
nation. Hence redshift remapping in any theory must be
computed from first principles.

Nevertheless, we can make significant progress for the-
ories given by Eq. (2). Consider the luminosity distance,
d
L

(z). As long as H(z) is monotonic, which is true if
⇢ + p > 0, then d

L

(z) is a monotonically increasing func-
tion of z. This means that one can map the d

L

(z) of
any such FLRW cosmology into that of any other FLRW
cosmology, by suitable choice of Eq. (2). Instead of in-
creasing distances at fixed z by increasing ⌦

⇤

, one can
instead increase z at fixed z

obs

and d
L

. To match the
larger distances in an accelerating universe one requires
z > z

obs

.
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FIG. 3: The angular diameter distance, d
A

(z), for the same
three models in Fig.(1). Since d

A

= d
L

/(1+ z)2 and d
A

has a
peak, the remapped EdS model is an even worse fit to concor-
dance data than pure EdS, leading to an apparent violation of
distance duality, independent of any model assumptions. We
plot the BOSS Lyman-↵ data point at z = 2.3. We empha-
sise, however, that for many models leading to z-remapping,
the data themselves need to be consistently re-analysed.

Interestingly, Eq. (2) allows us to map the luminosity
distance of the flat, decelerating Einstein-de Sitter (EdS)
universe (⌦

m

= 1) almost exactly onto those of the con-
cordance ⇤CDM cosmology. Two examples are z = z1.13

obs

,
with H

0

' 55 km s�1Mpc�1 and z = 1.2 z
obs

+0.089 z2
obs

with H
0

= 72 km s�1Mpc�1. The latter gives the black
curve in Fig.(1) which is almost indistinguishable from

the concordance ⇤CDM (dashed curve).
In Fig.(6) we show the z = f(z

obs

) mapping required
to make the EdS d

L

(z) exactly equal to the ⇤CDM d
L

(z)
for all redshifts.

FIG. 4: Marginalised 1 & 2� contours for current d
L

(z),
H(z) and d

A

(z) data from Union2.1, WiggleZ, BOSS and cos-
mic chronometers for the model z = ↵

1

z
obs

+ ↵
2

z2
obs

. While
each dataset alone is consistent with ⌦

⇤

= 0, the combined
datasets confirm acceleration (⌦

⇤

= 0.68 ± 0.15), strongly
constrain redshift remapping (↵

1

= 0.97± 0.06) and are con-
sistent with no remapping (↵

1

,↵
2

) = (1, 0). Note the data
have been rescaled as per the discussion in the text, though
this does not change our main conclusions, see Fig.(9)

For d
L

(z) or H(z) data alone there is a perfect de-
generacy between ⌦

⇤

and remapping and hence a decel-
erating universe is perfectly consistent with the super-
nova data. In fact, for a remapping function of the form
z = ↵

1

z
obs

+ ↵
2

z2
obs

, the Union2.1 supernova data [22]
peaks at ⌦

⇤

' 0.15, as shown in Fig.(7).
Fortunately BAO and other methods, such as the cos-

mic chronometers [27], measure the Hubble rate, H(z),
which help significantly break the d

L

(z) degeneracy, as
follows. Imagine fitting supernova data with an EdS uni-
verse as in Fig.(1). At any z, d

L

(H) in the EdS model is
smaller (larger) than in the ⇤CDM model with the same
H

0

and ⌦
K

.
This is natural, the smaller H(z) caused by ⇤ is ex-

actly what gives the larger distances needed to fit the
supernovae. However, we fit the EdS model to super-
nova distances by a remapping with z > z

obs

. But the
EdS model fitting the supernova data has a significantly
larger H(z) than that of the concordance model, break-
ing the degeneracy between remapping and ⌦

⇤

. This
comes from two places: the EdS H(z) is larger at the
same z

obs

, and we have to compare the model to the
data at z > z

obs

, and since H(z) is increasing with z, the
di↵erence is even larger.
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Where are we?

What we want....
Model independent measurements of 
Growth Rates and fundamental metric 
quantities like a, a^dot, H(z), Da - at 
various redshifts or cosmic times

We are are pushing to higher redshift 
and reducing errorbars and trying to 
remove model dependences from our 
analysis, but it’s not easy. 


