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•Multiple data have cemented a standard model: ΛCDM.

•CMB data can accurately constrain its basic parameters.

•Galaxy clustering: a powerful route to stress-test ΛCDM.

•CMB-based predictions of:

Observational cosmology

Both can be probed by galaxy clustering measurements!
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• The combined power of baryon acoustic oscillations 
(BAO) and redshift-space distortions (RSD)

Cosmology from LSS observations

BAO: A robust standard 
ruler.
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RSD: measure the growth-
rate of cosmic structure.
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Cosmology from LSS observations
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• The combined power of baryon acoustic oscillations 
(BAO) and redshift-space distortions (RSD)

BAO: A robust standard 
ruler.

RSD: measure the growth-
rate of cosmic structure.
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•The largest galaxy catalogue 
available today.

•Total area of 10,200 deg2.

•Positions for                   LGs 

    - LOWZ, with 0.1 < z < 0.43 

    - CMASS, with 0.43 < z < 0.7 

•A sample of                 QSOs,                  
2.3 < z < 2.8

BOSS in a nutshell

Reid et al. (2016)

1.2⇥ 106

1.6⇥ 105



NASA/WMAP science team

Galaxy clustering observables
• BAO signal in the clustering of BOSS galaxies.



• Angle-averaged measurements have a limited 
constraining power.

Angle-averaged measurements

BAO: only sensitive to a 
volume-averaged 
distance.

RSD: growth of structure 
is degenerate with 
galaxy bias

DV(z) =
�
DM(z)2cz/H(z)

� 1
3

P0(k) = b2
 
1 +

2

3

f

b
+

1

5

✓
f

b

◆2
!
P (k)

�z

�✓

dBAO

�z

�✓

dBAO



•BOSS-DR12 anisotropic 
correlation function
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Figure 5. The measured pre-reconstruction correlation function (left) and power-spectrum (right) in the directions perpendicular and parallel to the line of
sight. Shown for the NGC only. The anisotropy of the contours seen in both plots show a combination of RSD and AP effect, and hold most of the information
used to constrain DM(z)/rbd, H(z) ⇥ rd and f�8. The BAO ring can be seen in two dimensions on the correlation function plot. In an attempt to show
more clearly the anisotropic BAO ring in the power spectrum, we show in the right panel the two-dimensional power-spectrum divided by the best-fit smooth
component. The wiggles seen in this panel are analogous to the oscillations seen in the left-hand side panel of Fig 3

Table 3. Summary table of pre-reconstruction full-shape constraints on the parameter combinations DM

�
rd,fid/rd

�
, H

�
rd/rd,fid

�
and f�8(z) derived in

our companion papers for each of our three overlapping redshift bins

Measurement redshift Satpathy et al. Beutler et al (b) Grieb et al Sánchez et al
⇠(s) multipoles P (k) multipoles P (k) wedges ⇠(s) wedges

DM

�
rd,fid/rd

�
[Mpc] z = 0.38 1476± 33 1549± 41 1525± 25 1501± 27

DM

�
rd,fid/rd

�
[Mpc] z = 0.51 1985± 41 2015± 53 1990± 32 2010± 30

DM

�
rd,fid/rd

�
[Mpc] z = 0.61 2287± 54 2270± 57 2281± 43 2286± 37

H
�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.38 79.3± 3.3 82.5± 3.2 81.2± 2.3 82.5± 2.4

H
�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.51 88.3± 4.1 88.4± 4.1 87.0± 2.4 90.2± 2.5

H
�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.61 99.5± 4.4 97.0± 4.0 94.9± 2.5 97.3± 2.7
f�8 z = 0.38 0.430± 0.054 0.479± 0.054 0.498± 0.045 0.468± 0.053
f�8 z = 0.51 0.452± 0.058 0.454± 0.051 0.448± 0.038 0.470± 0.042
f�8 z = 0.61 0.456± 0.052 0.409± 0.044 0.409± 0.041 0.440± 0.039

the BOSS measurements for scales s between 20 and 160h�1Mpc
with a bin width of 5h�1Mpc. Sánchez et al. (2016) perform ex-
tensive tests of this model using the large-volume Minerva N-body
simulations (Grieb et al. 2015) to show that it can be used to extract
cosmological information from three clustering wedges without in-
troducing any significant systematic errors.

Beutler et al. (2016b) analyses the anisotropic power spectrum
using the estimator suggested in Bianchi et al. (2015) and Scoc-
cimarro (2015), which employs Fast Fourier Transforms to mea-
sure all relevant higher order multipoles. The analysis uses power
spectrum bins of �k = 0.01h/Mpc and makes use of scales up
to kmax = 0.15hMpc�1 for the monopole and quadrupole and
kmax = 0.1hMpc�1 for the hexadecapole. These measurements
are then compared to a model based on renormalized perturba-
tion theory (Taruya et al. 2010). This model has been extensively
tested with N-body simulations in configuration (e.g. de la Torre
and Guzzo 2012) and Fourier space (e.g. Beutler et al. 2012).
The covariance matrix used in this analysis has been derived from
20482 Multidark-Patchy mock catalogues and the reduces �

2 for
all redshift bins is close to 1.

2 The NGC uses only 2045 mock catalogues.

The methodology in Grieb et al. (2016) is based on the ap-
plication of the clustering wedges statistic to Fourier space. Their
analysis uses three power spectrum wedges, measured in wavenum-
ber bins of �k = 0.005hMpc�1, up to the mildly non-linear
regime, k < 0.2hMpc�1. The full shape of these measurements
is fitted with theoretical predictions based on the same underlying
model of non-linearities, bias and RSD as in Sánchez et al. (2016).
Thus, these two complementary analyses represent the first time
that the same model is applied in configuration and Fourier space
fits. The methodology has been validated using the Minerva sim-
ulations and mock catalogues and found to give unbiased cosmo-
logical constraints. Besides the covariance matrix, which is derived
from 2045 MD-Patchy mock catalogues, this analysis depends on
a framework for the wedge window function, which was developed
based on the recipe for the power spectrum multipoles of Beutler
et al. (2014a). The power spectrum wedges of the NGC and SGC
sub-samples in the low-redshift bin are modelled with two different
bias, RSD, and shot noise parameters, while the intermediate and
high redshift bins are fitted with the same nuisance parameters for
the two sub-samples.

The constraints on DM(z)/rd, H(z) ⇥ rd and f�8(z) pro-
duced by each of the four individual methods are shown in Fig. 6

c� 2014 RAS, MNRAS 000, 1–30
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Figure 5. The measured pre-reconstruction correlation function (left) and power-spectrum (right) in the directions perpendicular and parallel to the line of
sight. Shown for the NGC only. The anisotropy of the contours seen in both plots show a combination of RSD and AP effect, and hold most of the information
used to constrain DM(z)/rbd, H(z) ⇥ rd and f�8. The BAO ring can be seen in two dimensions on the correlation function plot. In an attempt to show
more clearly the anisotropic BAO ring in the power spectrum, we show in the right panel the two-dimensional power-spectrum divided by the best-fit smooth
component. The wiggles seen in this panel are analogous to the oscillations seen in the left-hand side panel of Fig 3

Table 3. Summary table of pre-reconstruction full-shape constraints on the parameter combinations DM
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, H
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rd/rd,fid
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and f�8(z) derived in

our companion papers for each of our three overlapping redshift bins
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the BOSS measurements for scales s between 20 and 160h�1Mpc
with a bin width of 5h�1Mpc. Sánchez et al. (2016) perform ex-
tensive tests of this model using the large-volume Minerva N-body
simulations (Grieb et al. 2015) to show that it can be used to extract
cosmological information from three clustering wedges without in-
troducing any significant systematic errors.

Beutler et al. (2016b) analyses the anisotropic power spectrum
using the estimator suggested in Bianchi et al. (2015) and Scoc-
cimarro (2015), which employs Fast Fourier Transforms to mea-
sure all relevant higher order multipoles. The analysis uses power
spectrum bins of �k = 0.01h/Mpc and makes use of scales up
to kmax = 0.15hMpc�1 for the monopole and quadrupole and
kmax = 0.1hMpc�1 for the hexadecapole. These measurements
are then compared to a model based on renormalized perturba-
tion theory (Taruya et al. 2010). This model has been extensively
tested with N-body simulations in configuration (e.g. de la Torre
and Guzzo 2012) and Fourier space (e.g. Beutler et al. 2012).
The covariance matrix used in this analysis has been derived from
20482 Multidark-Patchy mock catalogues and the reduces �

2 for
all redshift bins is close to 1.

2 The NGC uses only 2045 mock catalogues.

The methodology in Grieb et al. (2016) is based on the ap-
plication of the clustering wedges statistic to Fourier space. Their
analysis uses three power spectrum wedges, measured in wavenum-
ber bins of �k = 0.005hMpc�1, up to the mildly non-linear
regime, k < 0.2hMpc�1. The full shape of these measurements
is fitted with theoretical predictions based on the same underlying
model of non-linearities, bias and RSD as in Sánchez et al. (2016).
Thus, these two complementary analyses represent the first time
that the same model is applied in configuration and Fourier space
fits. The methodology has been validated using the Minerva sim-
ulations and mock catalogues and found to give unbiased cosmo-
logical constraints. Besides the covariance matrix, which is derived
from 2045 MD-Patchy mock catalogues, this analysis depends on
a framework for the wedge window function, which was developed
based on the recipe for the power spectrum multipoles of Beutler
et al. (2014a). The power spectrum wedges of the NGC and SGC
sub-samples in the low-redshift bin are modelled with two different
bias, RSD, and shot noise parameters, while the intermediate and
high redshift bins are fitted with the same nuisance parameters for
the two sub-samples.

The constraints on DM(z)/rd, H(z) ⇥ rd and f�8(z) pro-
duced by each of the four individual methods are shown in Fig. 6
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•BOSS-DR12 anisotropic 
correlation function

•BAO signal appears as a ring 
at s = 110 Mpc/h.

•RSD distort the contours, 
which deviate from perfect 
circles.

•Using               is difficult  
(low S/N, cov. matrix)
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Figure 5. The measured pre-reconstruction correlation function (left) and power-spectrum (right) in the directions perpendicular and parallel to the line of
sight. Shown for the NGC only. The anisotropy of the contours seen in both plots show a combination of RSD and AP effect, and hold most of the information
used to constrain DM(z)/rbd, H(z) ⇥ rd and f�8. The BAO ring can be seen in two dimensions on the correlation function plot. In an attempt to show
more clearly the anisotropic BAO ring in the power spectrum, we show in the right panel the two-dimensional power-spectrum divided by the best-fit smooth
component. The wiggles seen in this panel are analogous to the oscillations seen in the left-hand side panel of Fig 3

Table 3. Summary table of pre-reconstruction full-shape constraints on the parameter combinations DM
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, H
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our companion papers for each of our three overlapping redshift bins
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f�8 z = 0.51 0.452± 0.058 0.454± 0.051 0.448± 0.038 0.470± 0.042
f�8 z = 0.61 0.456± 0.052 0.409± 0.044 0.409± 0.041 0.440± 0.039

the BOSS measurements for scales s between 20 and 160h�1Mpc
with a bin width of 5h�1Mpc. Sánchez et al. (2016) perform ex-
tensive tests of this model using the large-volume Minerva N-body
simulations (Grieb et al. 2015) to show that it can be used to extract
cosmological information from three clustering wedges without in-
troducing any significant systematic errors.

Beutler et al. (2016b) analyses the anisotropic power spectrum
using the estimator suggested in Bianchi et al. (2015) and Scoc-
cimarro (2015), which employs Fast Fourier Transforms to mea-
sure all relevant higher order multipoles. The analysis uses power
spectrum bins of �k = 0.01h/Mpc and makes use of scales up
to kmax = 0.15hMpc�1 for the monopole and quadrupole and
kmax = 0.1hMpc�1 for the hexadecapole. These measurements
are then compared to a model based on renormalized perturba-
tion theory (Taruya et al. 2010). This model has been extensively
tested with N-body simulations in configuration (e.g. de la Torre
and Guzzo 2012) and Fourier space (e.g. Beutler et al. 2012).
The covariance matrix used in this analysis has been derived from
20482 Multidark-Patchy mock catalogues and the reduces �

2 for
all redshift bins is close to 1.

2 The NGC uses only 2045 mock catalogues.

The methodology in Grieb et al. (2016) is based on the ap-
plication of the clustering wedges statistic to Fourier space. Their
analysis uses three power spectrum wedges, measured in wavenum-
ber bins of �k = 0.005hMpc�1, up to the mildly non-linear
regime, k < 0.2hMpc�1. The full shape of these measurements
is fitted with theoretical predictions based on the same underlying
model of non-linearities, bias and RSD as in Sánchez et al. (2016).
Thus, these two complementary analyses represent the first time
that the same model is applied in configuration and Fourier space
fits. The methodology has been validated using the Minerva sim-
ulations and mock catalogues and found to give unbiased cosmo-
logical constraints. Besides the covariance matrix, which is derived
from 2045 MD-Patchy mock catalogues, this analysis depends on
a framework for the wedge window function, which was developed
based on the recipe for the power spectrum multipoles of Beutler
et al. (2014a). The power spectrum wedges of the NGC and SGC
sub-samples in the low-redshift bin are modelled with two different
bias, RSD, and shot noise parameters, while the intermediate and
high redshift bins are fitted with the same nuisance parameters for
the two sub-samples.

The constraints on DM(z)/rd, H(z) ⇥ rd and f�8(z) pro-
duced by each of the four individual methods are shown in Fig. 6
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Figure 5. The measured pre-reconstruction correlation function (left) and power-spectrum (right) in the directions perpendicular and parallel to the line of
sight. Shown for the NGC only. The anisotropy of the contours seen in both plots show a combination of RSD and AP effect, and hold most of the information
used to constrain DM(z)/rbd, H(z) ⇥ rd and f�8. The BAO ring can be seen in two dimensions on the correlation function plot. In an attempt to show
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component. The wiggles seen in this panel are analogous to the oscillations seen in the left-hand side panel of Fig 3
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the BOSS measurements for scales s between 20 and 160h�1Mpc
with a bin width of 5h�1Mpc. Sánchez et al. (2016) perform ex-
tensive tests of this model using the large-volume Minerva N-body
simulations (Grieb et al. 2015) to show that it can be used to extract
cosmological information from three clustering wedges without in-
troducing any significant systematic errors.

Beutler et al. (2016b) analyses the anisotropic power spectrum
using the estimator suggested in Bianchi et al. (2015) and Scoc-
cimarro (2015), which employs Fast Fourier Transforms to mea-
sure all relevant higher order multipoles. The analysis uses power
spectrum bins of �k = 0.01h/Mpc and makes use of scales up
to kmax = 0.15hMpc�1 for the monopole and quadrupole and
kmax = 0.1hMpc�1 for the hexadecapole. These measurements
are then compared to a model based on renormalized perturba-
tion theory (Taruya et al. 2010). This model has been extensively
tested with N-body simulations in configuration (e.g. de la Torre
and Guzzo 2012) and Fourier space (e.g. Beutler et al. 2012).
The covariance matrix used in this analysis has been derived from
20482 Multidark-Patchy mock catalogues and the reduces �

2 for
all redshift bins is close to 1.

2 The NGC uses only 2045 mock catalogues.

The methodology in Grieb et al. (2016) is based on the ap-
plication of the clustering wedges statistic to Fourier space. Their
analysis uses three power spectrum wedges, measured in wavenum-
ber bins of �k = 0.005hMpc�1, up to the mildly non-linear
regime, k < 0.2hMpc�1. The full shape of these measurements
is fitted with theoretical predictions based on the same underlying
model of non-linearities, bias and RSD as in Sánchez et al. (2016).
Thus, these two complementary analyses represent the first time
that the same model is applied in configuration and Fourier space
fits. The methodology has been validated using the Minerva sim-
ulations and mock catalogues and found to give unbiased cosmo-
logical constraints. Besides the covariance matrix, which is derived
from 2045 MD-Patchy mock catalogues, this analysis depends on
a framework for the wedge window function, which was developed
based on the recipe for the power spectrum multipoles of Beutler
et al. (2014a). The power spectrum wedges of the NGC and SGC
sub-samples in the low-redshift bin are modelled with two different
bias, RSD, and shot noise parameters, while the intermediate and
high redshift bins are fitted with the same nuisance parameters for
the two sub-samples.

The constraints on DM(z)/rd, H(z) ⇥ rd and f�8(z) pro-
duced by each of the four individual methods are shown in Fig. 6

c� 2014 RAS, MNRAS 000, 1–30

Anisotropic clustering
Sánchez et al. (2017a)
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Figure 1. The power spectrum wedges for NGC and SGC of the BOSS DR12 combined sample in the low (upper) and high (lower
panel) redshift bin defined in Table 1. Error bars are derived as the square root of the diagonal entries of Patchy covariance matrix
(see section 2.3). The model predictions are obtained from the best-fit ⇤CDM model using the the maximum-likelihood parameters of a
simultaneous fit to the Planck 2015 CMB observations and the BOSS DR12 Fourier space wedges, P3w,n (k ), of both galactic caps. The
clustering+RSD model for the latter is described in section 3. The low redshift bin fit used separate bias, RSD, and shot noise parameters
for NGS (left-hand panels) and SGC (right-hand panels), whereas the high bin used only one set of nuisance parameters.

where �K`0 is the Kronecker delta ensuring that the shot-noise
contribution is only subtracted from the monopole.

The weighted quadrupole and hexadecapole density
fields can be written as

F2(k) =
3
2

X

i, j

k̂ i k̂ j Qi j (k) � 1
2

F (k) and (16)

F4(k) =
35
8

X

i, j,k,l

k̂ i k̂ j k̂k k̂ l Qi jkl (k) � 15
4

F2(k) +
3
8

F (k),

where Qi j (k) and Qi jkl (k) are the Fourier transforms of

Qi j (x) = x̂i x̂ j F (x) and Qi jkl (x) = x̂i x̂ j x̂k x̂l F (x), (17)

respectively. Due to the symmetries of the Q · tensors, the
calculation of F̂2(k) needs six FFTs in addition to the one of
the original FKP estimator, calculating F̂4(k) requires 15 ad-
ditional transforms. Because of the low computational costs
of FFTs, even for large grid sizes, the computing time is neg-
ligible compared to the original Yamamoto-Blake estimator.

For time e�ciency, we adopt the FFT-Yamamoto
scheme indirectly because it does not directly apply to the
top-hat µ-kernel for wedges. The power spectrum multipoles
up to the hexadecapole are measured with the fast estimator

and then the clustering wedges are estimated using

P
µ2
µ1 (k) =

X

`2 {0,2,4}
Tn` P` (k). (18)

Here, Tn` are the elements of a transformation matrix,

Tn` ⌘
1

µ2 � µ1

Z µ2

µ1

L` (µ) dµ. (19)

The agreement of this estimate with the the one given by
equation (11) is shown for a CMASS-like catalogue in ap-
pendix B2.

Before applying the FFTs,F (x) is calculated on a mesh
using 12003 grid cells applying the trangular-shaped cloud
(TSC) scheme to assign galaxies and randoms to the cells.
The side length of the grid is 4000 h

�1 Mpc. After the FFT,
the mass-assignment scheme is corrected for by using the ap-
proximative anti-aliasing correction that was used in Mon-
tesano et al. (2010): each Fourier mode is divided by the
corrective term C1(k) given in Jing (2005, equation 20). This
yields a more precise power spectrum estimate than dividing
by the Fourier transform of the mass assignment function.

The final measurements are estimated by averaging
equations (11) and (15) over spherical k-space shells. We
adopt the convention to define wavenumber bins with �k =

MNRAS 000, 1–35 (2016)
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•Our final model can be written as

•Modelling layers:  
 - Non-linear matter clustering: gRPT (Crocce, Scoccimarro)  
 - Galaxy bias: Chan et al. (2012)

     - RSD: Scoccimarro (2004), TNS (2010); non-Gaussian

Modelling BAO & RSD

P (k, µ) = W1(ifkµ)Pnovir(k, µ),

Coherent flow towards 
high-density regions.

Corrections associated with 
virialized regions

�g = b1� +
b2
2
�2 + �2 G2 + ��

3 �3G + . . .

W1(�) =
1p

1 � �2a2vir
exp

⇣ �2�2
v

1 � �2a2vir

⌘
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Cosmological constraints in good agreement with ΛCDM

Observational cosmology

NASA/WMAP science teamSánchez et al. (2017a), Grieb et al. (2017), Salazar-Albornoz (2017)
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•Different analyses can be combined into a set of consensus 
constraints (Sánchez et al. 2017b)

•Consensus constraints are ~10 to 20% tighter than the most 
accurate measurement from the original set.

•Good agreement with the Planck ΛCDM prediction.
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Galaxy redshift surveys

eBOSS: LRGs, ELGs, QSO  
at 0.7 < z < 2.8

HETDEX: Ly-α emitters,  
1.9 < z < 3.5

PFS: ELGs, 0.6 < z < 2.4 

DESI: LRGs, ELGs, QSO    
at 0.4 < z < 3.5

Euclid: H-α emitters,  
0.6 < z < 2

•A new generation of large-volume surveys



•QSOs open up a new z window 
for clustering studies.

•Bridge gap between BOSS gal. 
and Ly-α measurements.

•DR14 sample: ~147,000 QSOs, 
0.8 < z < 2.2.

•BAO distance measurements at 
z = 1.52 (Ata et al. 2018).

QSO clustering in eBOSS

DV(z = 1.52) = 3843 ± 147
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•Anisotropic clustering in the eBOSS DR14 QSO sample.

QSO clustering in eBOSS

Hou et al. (2018)



•Anisotropic clustering in the eBOSS DR14 QSO sample.

•Model of final BOSS, extended to account for z errors.

•Final eBOSS QSO sample contains twice as many objects. 

•Ongoing cosmological analysis (Hou et al. in prep).

QSO clustering in eBOSS
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•Anisotropic clustering in the eBOSS DR14 QSO sample.

•Model of final BOSS, extended to account for z errors.

•Final eBOSS QSO sample contains twice as many objects. 

•Ongoing cosmological analysis (Hou et al. in prep).

QSO clustering in eBOSS

Hou et al. (2018)

Jiamin Hou, Ariel G. Sánchez & eBOSS collaboration 

We explore the cosmological implications of anisotropic clustering measurements of the quasar 
sample from Data Release 14 of the Sloan Digital Sky Survey IV Extended Baryon Oscillation 
Spectroscopic Survey (eBOSS) in configuration space [1]. The ~147,000 quasar sample 
observed by eBOSS offers a direct tracer of the density field between redshift 0.8i<izi<i2.2. By 
analysing the two-point correlation function of this sample, we measure the angular diameter 
distance, Hubble parameter, and cosmic structure growth rate at the mean redshift of the 
sample. 

Anisotropic clustering analysis with eBOSS Quasars  
in configuration space 

Thanks to the combined information of baryon 
acoustic oscillations (BAO) and redshift-space 
distort ions (RSD), anisotropic clustering 
measurements offer one of the most powerful 
cosmological probes. We analyse the clustering of 
quasars, which are intrinsically more luminous than 
galaxies and can be detected at higher redshifts. 
Thus, they open a new redshift range for clustering 
analyses, bridging the gap between previous galaxy 
and Lyman-α forest measurements [2, 3]. The figure 
on the right shows the Legendre multipoles 
measured from the eBOSS DR14 (points) and our 
best-fitting model (dashed lines). 

We use a state-of-the-art modelling of the non-linear evolution of density fluctuations, RSD, and the 
relation between the tracers and the underlying matter field to extract cosmological information from our 
clustering measurements, which can be expressed as constraints on the Hubble parameter, H(z), the 
angular-diameter distance, DM(z), and growth-rate parameter, fσ8(z), evaluated at the effective redshift of 
the sample, zeff =1.52. The constraints inferred from the quasar sample are in excellent agreement with 
the best-fitting ΛCDM model to the cosmic microwave background data from Planck. 

References: 
[1] J. Hou et. al., 2018, MNRAS, 480, 2521 
[2] A. Sánchez et al., 2017, MNRAS, 464, 1640 
[3] J. Bautista et al., 2013, A&A, 630, A12 

Redshift evolution of H(z), DM(z), and fσ8(z). The blue 
bands represent the one- and two-sigma predictions from 
Planck under the assumption of a ΛCMD model. The 
points show the results obtained from the BOSS galaxy 
(black) and Lyman-α forest (green) analyses, and the 
eBOSS quasar sample (red). 
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Robust cosmological forecasts
•Use a model to predict                                             .

•Gaussian cov. matrices  (Grieb et al. 2016).

⇠`(s), ⇠w(s), P`(k), Pw(s)
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Figure 1. The power spectrum wedges for NGC and SGC of the BOSS DR12 combined sample in the low (upper) and high (lower
panel) redshift bin defined in Table 1. Error bars are derived as the square root of the diagonal entries of Patchy covariance matrix
(see section 2.3). The model predictions are obtained from the best-fit ⇤CDM model using the the maximum-likelihood parameters of a
simultaneous fit to the Planck 2015 CMB observations and the BOSS DR12 Fourier space wedges, P3w,n (k ), of both galactic caps. The
clustering+RSD model for the latter is described in section 3. The low redshift bin fit used separate bias, RSD, and shot noise parameters
for NGS (left-hand panels) and SGC (right-hand panels), whereas the high bin used only one set of nuisance parameters.

where �K`0 is the Kronecker delta ensuring that the shot-noise
contribution is only subtracted from the monopole.

The weighted quadrupole and hexadecapole density
fields can be written as

F2(k) =
3
2

X

i, j

k̂ i k̂ j Qi j (k) � 1
2

F (k) and (16)

F4(k) =
35
8

X

i, j,k,l

k̂ i k̂ j k̂k k̂ l Qi jkl (k) � 15
4

F2(k) +
3
8

F (k),

where Qi j (k) and Qi jkl (k) are the Fourier transforms of

Qi j (x) = x̂i x̂ j F (x) and Qi jkl (x) = x̂i x̂ j x̂k x̂l F (x), (17)

respectively. Due to the symmetries of the Q · tensors, the
calculation of F̂2(k) needs six FFTs in addition to the one of
the original FKP estimator, calculating F̂4(k) requires 15 ad-
ditional transforms. Because of the low computational costs
of FFTs, even for large grid sizes, the computing time is neg-
ligible compared to the original Yamamoto-Blake estimator.

For time e�ciency, we adopt the FFT-Yamamoto
scheme indirectly because it does not directly apply to the
top-hat µ-kernel for wedges. The power spectrum multipoles
up to the hexadecapole are measured with the fast estimator

and then the clustering wedges are estimated using

P
µ2
µ1 (k) =

X

`2 {0,2,4}
Tn` P` (k). (18)

Here, Tn` are the elements of a transformation matrix,

Tn` ⌘
1

µ2 � µ1

Z µ2

µ1

L` (µ) dµ. (19)

The agreement of this estimate with the the one given by
equation (11) is shown for a CMASS-like catalogue in ap-
pendix B2.

Before applying the FFTs,F (x) is calculated on a mesh
using 12003 grid cells applying the trangular-shaped cloud
(TSC) scheme to assign galaxies and randoms to the cells.
The side length of the grid is 4000 h

�1 Mpc. After the FFT,
the mass-assignment scheme is corrected for by using the ap-
proximative anti-aliasing correction that was used in Mon-
tesano et al. (2010): each Fourier mode is divided by the
corrective term C1(k) given in Jing (2005, equation 20). This
yields a more precise power spectrum estimate than dividing
by the Fourier transform of the mass assignment function.

The final measurements are estimated by averaging
equations (11) and (15) over spherical k-space shells. We
adopt the convention to define wavenumber bins with �k =

MNRAS 000, 1–35 (2016)



Robust cosmological forecasts
•Use a model to predict                                             .

•Gaussian cov. matrices  (Grieb et al. 2016).

⇠`(s), ⇠w(s), P`(k), Pw(s)
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Robust cosmological forecasts
•Use a model to predict

•Gaussian cov. matrices  
(Grieb et al. 2016).

•Construct the likelihood 
function                    .

•Can be explored with 
MCMC or Fisher matrices

⇠`(s), ⇠w(s), P`(k), Pw(s)
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•Forecasts based on 
consistent assumptions.

•Galaxy clustering only 
(no WL or Ly-alpha).

•New Euclid forecasts will 
be released soon.

•HETDEX covers a unique 
redshift range.

Farrow et al. (in prep.)
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Robust cosmological forecasts



Final remarks
•GC probes the expansion and growth of structure history 

of the Universe.

•These measurements can be compared against CMB-based 
predictions assuming ΛCDM.

•Current data from BOSS and eBOSS in agreement with the 
standard model.

•New data will shape our understanding of cosmic history. 

•Test the ΛCDM paradigm to much higher accuracy. 


