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Evolution	of	the	scale	of	our	universe
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Friedmann Equations:

K=0,	w=-1	:															LCDM
w=-1:																							oLCDM
K=0,	w=constant:	 wCDM
W=constant:										owCDM
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Baryon	Acoustic	Oscillation
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Baryon	Acoustic	Oscillation

Pe Sound	waves	froze	at	the	last	scattering
The	sound	horizon	can	be	considered	as	a	
standard	ruler	of	~150	Mpc
(comoving space)

Free	streaming



Baryon	Acoustic	Oscillations	in	the	Density	
distribution	measured	from	CMB

Planck



BAO	in	the	Density	distribution	measured	
from	galaxy	sample

We	can	measure	the	evolution	of	dark	energy	by	
measuring	the	evolution	of	the	density	distribution.

Chuang	et	al.	2016



Sloan	Digital	Sky	Survey	IV	(SDSS-IV)

• 2.5-meter	Sloan	Telescope	at	the	Apache	Point	
Observatory	in	New	Mexico,	USA.
1. APO	Galaxy	Evolution	Experiment	2	(APOGEE-2)
2. Mapping	Nearby	Galaxies	at	APO	(MaNGA)	
3. Time-Domain	Spectroscopic	Survey	(TDSS)
4. SPectroscopic IDentification of	ERosita Sources	

(SPIDERS)
5. Extended	Baryon	Oscillation	Spectroscopic	Survey	

(eBOSS)



eBOSS (Survey-IV/extended	Baryon	Oscillation	
Spectroscopic	Survey)
• Currently	operating	and	collecting	luminous	red	galaxies	(LRG,	0.6	<	z	
<1.0),	emission	line	galaxies	(ELG,	0.7	<	z	<	1.1),	quasars	(QSO,	0.8	<	z	
<	2.2)

Current	footprint	for	QSO	data	(north	galactic	cap	on	the	left)



eBOSS quasar	target	selection	(Myers	et	al.	2015)



Quasar	sample

• This	study	uses	~200,000	quasars	in	redshift	range	0.8	<	z	<	2.2



Removing	the	observational	systematics



Measure	BAO	from	eBOSS DR14	QSO	clustering

Correlation	function Power	spectrum



Observed	correlation	function

1. Convert	the	redshifts	to	comoving distances	with	a	fiducial
model

2. Minimum	variance	correlation	function	estimator(Landy	&	
Szalay	1993):

where	DD,	DR,	and	RR	represent	the	normalized	data-data,	data-
random,	and	random-random	pair	counts	respectively	in	a	
distance	range.	
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our results. In Sec. 5, we check our results using systematic tests.
We summarize and conclude in Sec. 6.

2 DATA

The SDSS has observed one-quarter of the entire sky and per-
formed a redshift survey of galaxies, quasars and stars in five
passbands u, g, r, i, and z with a 2.5m telescope (Fukugita et al.
1996; Gunn et al. 1998, 2006). We use the public catalog, the NYU
Value-Added Galaxy Catalog (VAGC) (Blanton et al. 2005), de-
rived from the SDSS II final public data release, Data Release 7
(DR7) (Abazajian et al. 2009). We select our LRG sample from
the NYU VAGC with the flag primTarget bit mask set as 32.
K-corrections have been applied to the galaxies with a fiducial
model (ΛCDM with Ωm = 0.3 and h = 1), and the selected
galaxies are required to have rest-frame g-band absolute magni-
tudes −23.2 < Mg < −21.2 (Blanton & Roweis 2007). The same
selection criteria were used in previous work (Zehavi et al. 2005;
Eisenstein et al. 2005; Okumura et al. 2008; Cabre & Gaztanaga
2008; Kazin et al. 2010). The sample we use is referred to as
“DR7dim” in Kazin et al. (2010). Our sample is volume-limited,1
and includes 59997 LRGs in the redshift range 0.16-0.36. We use
this volume-limited sample instead of the full LRG sample, since
we find that non-volume-limited (flux-limited) samples could give
biased estimates of parameters (see Sec. 4.4).

Spectra cannot be obtained for objects closer than 55 arcsec
within a single spectroscopic tile due to the finite size of the fibers.
To correct for these “collisions”, the redshift of an object that failed
to be measured would be assigned to be the same as the nearest
successfully observed one (Zehavi et al. 2005). Both fiber colli-
sion corrections and K-corrections have been made in NYU-VAGC
(Blanton et al. 2005).

We have applied evolutionary correction based on the stellar
synthesis model of an old and passively evolving burst from z =
10 by using the PEGASE code (Fioc & Rocca-Volmerange 1997).
The rest-frame g-band absolute magnitudes are passively evolved
to z = 0.3 (see Zehavi et al. (2005); Eisenstein et al. (2005)).

We construct the radial selection function as a cubic spline fit
to the observed number density histogram with the width ∆z =
0.01 (see Fig. 1). The NYU-VAGC provides the description of
the geometry and completeness of the survey in terms of spheri-
cal polygons. Although the completeness of VAGC is determined
based on the main galaxies (Strauss et al. 2002), we adopt it as
the angular selection function of our sample since the main galax-
ies and LRGs should have similar angular selection functions (see
the appendix of Zehavi et al. 2005). We drop the regions with
completeness below 60% to avoid unobserved plates (Zehavi et al.
2005). The Southern Galactic Cap region is also dropped.

3 METHODOLOGY

In this section, we describe the measurement of the correlation
function from the observational data, construction of the theoretical
prediction, and the likelihood analysis that leads to constraints on
dark energy and cosmological parameters. We will also show that

1 More precisely, our sample is quasi-volume-limited because of the evo-
lution of the tracers and the fluctuations in the selection thresholds of the
parent sample in luminosity and rest-frame color as a function of redshift,
see Zehavi et al. 2005.
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Figure 1. The radial selection function of the LRG sample used in
this study. The gray bars are computed from the volume-limited sample
(DR7dim) and the red bars filled with dots are computed from the extra
galaxies of the flux-limited sample (refered to as “DR7full” in Kazin et al.
2010). The blue line is the cubic spline fit of these bar values. We compute
the radial selection function in the form of the number of galaxies per unit
redshift instead of the number density in comoving coordinate, so that we
don’t need to assume a fiducial model while generating the random catalog
with the radial selection function.

using one scaling parameter is sufficient for extracting information
from the observed spherically averaged correlation function (see
Sec. 3.4.3).

3.1 Measuring the Two-point Correlation Function

We calculate the comoving distances to every galaxy by assum-
ing a fiducial model, ΛCDM with Ωm = 0.25. We use the two-
point correlation function estimator given by Landy and Szalay
(Landy & Szalay 1993):

ξ(s) =
DD(s) − 2DR(s) +RR(s)

RR(s)
, (1)

where DD, DR, and RR represent the normalized data-data, data-
random, and random-random pair counts respectively in a distance
range. The bin size we use in this study is 5h−1Mpc. This estimator
has minimal variance for a Poisson process. Random data should be
generated according to the radial and angular selection functions
of the data. One can reduce the shot noise due to random data by
increasing the number of random data. The number of random data
we use is 15 times that of the real data. While calculating the pair
counts, we assign each data point a radial weight of 1/[1 + n(z) ·
Pw], where n(z) is the radial selection function and Pw = 4 · 104

h−3Mpc3 as in Eisenstein et al. (2005). The observed correlation
function is shown in Fig. 2.

3.2 Theoretical Two-Point Correlation Function

We compute the linear power spectra at z = 0.26 by using CAMB
(Lewis, Challinor, & Lasenby 2000). To include the effect of non-
linear structure formation and peculiar velocities on the BAOs, we
calculate the dewiggled power spectrum

Pdw(k) = Plin(k) exp

!

−
k2

2k2
⋆
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BAO	model

Compute	linear	PK	(Plin)	using	CAMB	code.	No-wiggle	PK	(Pnw)	
is	a	smooth	function	from	the	formula	in	Eisenstein	and	Hu	
(1998).
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Covariance	matrix	&	χ2

• Use	1000	mock	catalogs	to	estimate	the	covariance	matrix	of	the	given	clustering	
statistics.

SDSS DR7 LRG Correlation Function 3
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Figure 2. The spherically-averaged two-point correlation function mea-
sured from the SDSS DR7 data. The red triangles are the correlation func-
tion computed with the LRG sample described in Sec. 2. The green cir-
cles are taken from Fig. 5 in Kazin et al. 2010 in which the same fiducial
model is used (ΛCDM with Ωm = 0.25) but the bin size they use is
5.5h−1Mpc. Our result shows excellent agreement with that of Kazin et al.
2010. The black line is the average correlation function from LasDamas
mock catalogs. The error bars are the square roots of the diagonal ele-
ments of the covariance matrix we have derived (see Sec. 3.3). The vi-
olet dashed line is the mean model from our MCMC likelihood analy-
sis (Ωmh2 = 0.131,Ωbh2 = 0.0225, ns = 0.974, DV (0.26) =
1049Mpc). Note that an MCMC analysis does not result in an accurate
bestfit model (Lewis & Bridle 2002).

where Plin(k) is the linear power spectrum, Pnw(k) is the
no-wiggle or pure CDM power spectrum calculated with
Eq.(29) in Eisenstein & Hu (1998), and k⋆ = 0.1 h−1Mpc
(Eisenstein, Seo, and White 2007). We next use the Smith et al.
(2003) package, halofit, to compute the non-linear gravitational col-
lapse to obtain the non-linear power spectrum:

rhalofit(k) ≡
Phalofit,nw

(k)

Pnw(k)
(3)

Pnl(k) = Pdw(k)rhalofit(k), (4)

where Phalofit,nw
(k) is the power spectrum from applying halofit

on the no-wiggle power spectrum and Pnl(k) is the non-linear
power spectrum. We compute the theoretical two-point correlation
function by Fourier transforming the non-linear power spectrum.
We show an example of the effect of applying dewiggle and halofit
to the correlation function in Fig. 3. Clearly, the damping of BAO
is accurately described by the dewiggled linear correlation func-
tion. Additional nonlinear effects are only important on very small
scales.

The parameter set we use to compute the theoretical correla-
tion function is {DV (z),Ωmh2,Ωbh

2, ns}, where Ωm and Ωb are
the density fractions of matter and baryons, ns is the power law
index of the primordial matter power spectrum, h is the dimension-
less Hubble constant (H0 = 100h km s−1Mpc−1), and DV (z) is
defined by

DV (z) ≡

!

(1 + z)2D2
A

cz
H(z)

" 1
3

, (5)
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Figure 3. An example of the effect of applying dewiggle and halofit to the
correlation function. The black solid line is the linear correlation function
without applying dewiggle and halofit yet. The red dotted line is the dewig-
gled linear correlation function. The green dashed line is the dewiggled cor-
relation function including nonlinear effects calculated using halofit. The
damping of BAO is accurately described by the dewiggled linear correla-
tion function. Additional nonlinear effects are only important on very small
scales.

where H(z) and DA(z) are the Hubble parameter and the angular
diameter distance at the redshift, z. We set h = 0.7 while calcu-
lating the non-linear power spectra. The dark energy and curvature
dependence are absorbed by the effective distance, DV (z). Thus
we are able to extract constraints from data without assuming a
dark energy model and cosmic curvature.

3.3 Covariance Matrix

We use the mock catalogs from the LasDamas simulations2
(McBride et al., in preparation) to estimate the covariance matrix
of the observed correlation function. LasDamas provides mock cat-
alogs matching SDSS main galaxy and LRG samples. We use the
LRG mock catalogs from the LasDamas gamma release with the
same cuts as the SDSS LRG volume-limited sample, −23.2 <
Mg < −21.2 and 0.16 < z < 0.36. We have diluted the mock
catalogs to match the radial selection function of the observed data
by randomly selecting the mock galaxies according to the num-
ber density of the data sample. We calculate the spherical-averaged
correlation functions of the mock catalogs and construct the covari-
ance matrix as

Cij =
1

N − 1

N
#

k=1

(ξ̄i − ξki )(ξ̄j − ξkj ), (6)

where N is the number of the mock catalogs, ξ̄m is the mean of the
mth bin of the mock correlation functions, and ξkm is the value of
mth bin of the kth mock correlation function. We test the normal-
ity of the correlation functions from the LasDamas mock catalogs
and find that they are well described by normal distributions (see
Appendix B).

2 http://lss.phy.vanderbilt.edu/lasdamas/
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Figure 4. Spherical-averaged 2PCF of the mock catalogs. The black solid
line is computed from the LasDamas mock catalogs. The red dashed line is
computed from our lognormal mock catalogs. The error bars are the square
roots of the dianogal elements of the covariance matrixes. The green dotted
line is the input 2PCF for our lognormal mock catalogs.

The mock catalogs derived from N-body simulations require
long computing times and are very limited in availability. It is inter-
esting to investigate whether there is an easier, faster, and cheaper
way to construct mock catalogs which could work as well as
those derived from N-boday simulation. Towards this end, we have
created 1000 lognormal(LN) mock catalogs (Coles & Jones 1991;
Percival, Verde, & Peacock 2004), and computed the spherically-
averaged correlation functions from these. The details involved in
creating LN mock catalogs are described in Appendix A. We com-
pare the correlation funcions from the LasDamas mock catalogs
and LN mock catalogs in Fig. 4; the error bars indicate the square
roots of the dianogal elements of the covariance matrixes. We also
show the normalized covariance matrixes in Fig. 5 and 6. Clearly,
the results from the LasDamas mocks and our LN mocks are very
similar to each other. In particular, the input correlation function is
accurately recovered by analyzing the LN mock catalogs. Note that
the LN mocks give larger errors on all scales, and on scales smaller
than ∼ 60h−1Mpc, the LN mock catalogs give much larger errors
than the LasDamas mock catalogs (see Fig. 7).

We use the covariance matrix computed from the LasDamas
SDSS mock catalogs, since these are more realistic than the log-
normal mock catalogs, and give smaller errors for the measured
correlation function. It is interesting to note that in the absence of
mock catalogs derived from cosmological N-body simulations, log-
normal catalogs can be used for a conservative estimate of the co-
variance matrix of the correlation function.

3.4 Likelihood

The likelihood is taken to be proportional to exp(−χ2/2), and χ2

is given by

χ2 ≡

Nbins
!

i,j=1

[ξth(si)− ξobs(si)]C
−1
ij [ξth(sj)− ξobs(sj)] (7)

where Nbins is the number of bins used, ξth is the theo-
retical correlation function of a model, and ξobs is the ob-
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Figure 5. The normalized covariance matrix computed from 160 LasDamas
mock catalogs. We show the covariance among 40 bins from 0 < s <
200h−1Mpc with bin size 5h−1Mpc.
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Figure 6. The normalized covariance matrix computed from 1000 lognor-
mal mock catalogs. We show the covariance among 40 bins between the
scale range, 0 < s < 200h−1Mpc, with the bin size, 5h−1Mpc.

served correlation function. Note that ξth(si) depends on
{DV (z),Ωmh2,Ωbh

2, ns}.
In principle, we should recalculate the observed correlation

function while computing the χ2 for different models. However,
since we don’t consider the entire scale range of the correlation
function (we only consider s = 30 − 120 h−1Mpc in this study),
we might include or exclude different data pairs for different mod-
els which would render χ2 values arbitrary. Therefore, instead of
recalculating the observed correlation function, we apply the in-
verse operation to the theoretical correlation function to move the
parameter dependence from the data to the model, thus preserving
the number of galaxy pairs used in the likelihood analysis.

Let us define T as the operator converting the measured cor-
relation function from the fiducial model to another model, i.e.,

ξobs(s) = T (ξfidobs (s)). (8)

c⃝ 0000 RAS, MNRAS 000, 000–000



Estimate	the	covariance	matrix

• We	need	thousands	of	mock	catalogues	to	construct	the	covariance	
matrix	of	the	clustering	measurements.			
• The	most	reliable	mocks	are	from	the	realizations	of	N-body	
simulations,	but…
• It	is	NOT	practical	to	run	thousands	of	N-body	simulations!
• We	need	an	alternative	way….



nIFTy workshop	in	Madrid,	2014

nIFTy Cosmology:! numerical simulations for large surveys !

a workshop on the production of virtual skies !

June 30 – July 18, 2014!
Instituto de Fisica Teorica, Madrid!

SOC:!
Alexander Knebe !
Frazer Pearce!
Juan Garcia-Bellido!
Chris Power!
Richard Bower !

more information and registration at http://popia.ft.uam.es/nIFTyCosmology " "sponsored by!



nIFTy workshop:	mock	catalogues	comparison	
project





Mock	comparison	project	(nIFTy workshop,	Madrid;	
Chuang	et	al.	2015,	MNRAS,	arXiv:1412.7729)

P(k) B(k)

Only	COLA,	EZmock,	and	PATCHY	reach	percentage	accuracy	at	small	scales	for	2- and	
3-point	clustering	statistics.



Resource	requirement

Chuang	et	al.	2014	(arXiv:1412.7729)



Quasar	Mock	Catalogues

•Purposes:
• Constructing	covariance	matrix
• Combining	the	measurements	from	different	methodologies
• Validating	methodologies

•Mocks	used	in	this	study:
• EZmock (Chuang,	Kitaura,	et	al.	2015;	Chuang	et	al.	in	prep.)	
– fiducial	method	for	this	study	(14,000	boxes	used)
• QPM	(White	et	al.	2014)	– (100	boxes	used)



EZmocks reproduce	the	evolution	of	QSO	bias



Validating	methodologies	&	combining	
measurements	from	different	methodologies









Summary

• We	provide	the	first	BAO	measurement	from	QSO	clustering	at	z=1.5	
(0.8	<	z	<	2.2).
• We	confirm	the	existence	of	dark	energy	with	only	BAO	
measurements.	The	significance	of	Ωʌ >		0,	is	raised	from	2.9𝛔 to	3.3𝛔
when	adding	eBOSS quasar	BAO	is	added	to	BOSS	galaxy	BAO	
measurement.
• This	work	represents	the	first	cosmological	analysis	to	be	done	with	
the	eBOSS quasar	data.	We	expect	numerous	studies	to	follow,	both	
with	this	catalog	and	with	future,	larger	data	sets.




