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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 effect 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
affected 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 effect 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 effect 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 effect
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 effect due to wrongly assumed cosmo-
logical parameters are shown in the upper panel of Figure
1. Suppose that the true cosmology is a flat ΛCDM with
present density parameter Ωm = 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) Ωm = 0.41, w = −1.3,
(ii) Ωm = 0.11, w = −0.7,

the shapes of the squares appear distorted (AP effect), and
their volumes are changed (volume effect). In the cosmolog-
ical model (ii) with Ωm = 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 Ωm = 0.41,
w = −1.3, we see opposite effects, 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

√

Ωma−3 + (1− Ωm)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 effect in cosmology (ii) is slightly more subtle.
At low redshift, the effect 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 Ωm.

More importantly, Figure 1 highlights the redshift de-
pendence of the AP and volume effects. For example, in the
cosmology with Ωm = 0.41, w = −1.3, both the LOS shape
stretch and volume magnification become more significant
with increasing redshift. In the cosmology with Ωm = 0.11,
w = −0.7, not only do the magnitudes of the effects 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 ΛCDM cosmology with the WMAP 5
year parameters Ωm = 0.26, H0 = 72km/s/Mpc, ns = 0.96
and σ8 = 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
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σ
π

r

observer

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).

Cosmology from 3D maps

⇠(r) =
DD � 2DR+RR

RR



Anisotropic Clustering

Iso-contours of clustering strength

[White et. al, 2011]

Probing the velocity field and growth rate 
with Redshift-Space distortions - Peculiar velocities of galaxies 

distort our 3-D view of clustering 
making it look artificially anisotropic

- However this distortion encodes 
information about the velocity field 
of galaxies and the growth rate

- Utilizing the BAO feature and the 
Alcock-Paczynski effect, this single 
probe has the potential to probe the  
geometrical and dynamical universe, 
and ultimately 
test gravity!

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

Linder et. al, 2013
Song et. al, 2014
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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

Friday, 14 November 14



Theoretically the  geometric 
distortions of the AP effect 
can be modeled exactly:

DA, H vary peak positions off 
the BAO ring. 
 
Bias and Growth rate Gb, G𝞱, 
shift peak position along BAO 
ring. But display different 
behavior on and small and 
large mu.

These different shifting allows 
us to separate and constrain 
the various observables.

Cosmology from 3D maps



- 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

Cosmology from 3D maps
- 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


Cosmology from 3D maps

Slight preference for f(R) over pure 
GR+LCDM, but not significant.

Song, Sabiu, 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

http://arxiv.org/abs/1407.2257
http://arxiv.org/abs/1407.2257


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 >180 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 less than 4 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. Tianlai could drive 

a change
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Survey Area



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.

Systematic uncertainties on H(z) and DA(z) of less than 0.2%



• will update in November telecon

Cross-correlating optical galaxies with 21cm intensity 
maps

- Galaxy surveys and 21cm radio intensity mapping are 
very different! 

- Depend on very different noise contributions and 
systematics 

- Useful for understanding systematics and foregrounds?

- Once we have key observational parameters (overlap 
area, array size, integration time...) we can perform Fisher 
matrix 

DESI - TianLai synergy

Thank you!


