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Dark Energy

• Expansion of Universe is 
accelerating!

• Dominant component of 
Universe today (~70%)

• Consistent with “cosmological 
constant” Λ

• something like 10100 off 
(smaller) from vacuum energy 
estimate

• ???



Measuring Dark Energy

• Equation of state w = p/ρ
• Cosmological constant, Λ, w=-1 
• common parameterization is 

w(a) = w0+(1-a)wa

• scale factor, a = 1/(1+z)



Baryon Acoustic Oscillations
• early Universe radiation 
pressure/ matter density -> 
standing wave in baryon 
density

ESA/Planck Collaboration



Baryon Acoustic Oscillations

• CMB measurement gives 
calibrated “standard ruler” 
for feature found in galaxies

BOSS DR11

Anderson et al. 2014



Finding BAO
• Need to construct large, 3D 
maps
• (Imaging + spectroscopy)
•SDSS III Baryon Oscillation 
Spectroscopic Survey (BOSS): 
    1.2 million galaxy redshifts, 
9300 deg2, 0.2 < z < 0.75

A Small Slice of BOSS



BOSS Galaxies

•1.2 million galaxy redshifts, 
9300 deg2, 0.2 < z < 0.75

6 S. Alam et al.

Ngals Ve↵ (Gpc3) V (Gpc3)

0.2 < z < 0.5
NGC 429182 2.7 4.7
SGC 174819 1.0 1.7
Total 604001 3.7 6.4

0.4 < z < 0.6
NGC 500872 3.1 5.3
SGC 185498 1.1 2.0
Total 686370 4.2 7.3

0.5 < z < 0.75
NGC 435741 3.0 9.0
SGC 158262 1.1 3.3
Total 594003 4.1 12.3

Table 2. Number of galaxies and effective volume for the combined sample
in each of the three redshift bins used in this paper. The number of galax-
ies quoted is the total number of galaxies used in the large-scale clustering
catalogue, constructed as described in Reid et al. (2016). Please see their
Table 2 for further details. The effective volume is computed according to
their Eq. 52 with P0 = 10000h�3Mpc3 and includes the effects of sec-
tor completeness and veto mask. Also included is the total volume within
each redshift bin. The expected BAO uncertainty scales closely with

p

Ve↵ ,
which would equal the total volume given an infinite sampling density. It is
quoted here in Gpc3 for our fiducial model value of h = 0.676.

medium-resolution spectra (R ⇡ 1500 to 2600) in the wavelength
range from 3600 to 10000 Å through 2-arcsecond fibres. Smee
et al. (2013) provide a detailed description of the spectrographs,
and Bolton et al. (2012) describe the spectroscopic data reduction
pipeline and redshift determination. Discussions of survey design,
spectroscopic target selection, and their implications for large scale
structure analysis can be found in Dawson et al. (2013) and Reid et
al. (2016).

2.2 Catalogue creation

The creation of the large-scale structure catalogues from the BOSS
spectroscopic observations is detailed in Reid et al. (2016). In brief,
we consider the survey footprint, veto masks and survey-related
systematics (such as fibre collisions and redshift failures) in order
to construct data and random catalogues for the DR12 BOSS galax-
ies. The veto masks exclude 6.6% (9.3%) of the area within the
north (south) galactic cap footprint, mostly due to regions of non-
photometric quality but we also consider plate centerposts, colli-
sion priorities, bright stars, bright objects, Galactic extinction and
seeing. The DR12 footprint is shown in Fig. 1 and Table 2 sum-
marises our sample, which spans a completeness-weighted effec-
tive area of 9329 deg2 (after removing the vetoed area). The total
un-vetoed area with completeness c > 0.7 is 9486 deg2.

BOSS utilizes two target selection algorithms: LOWZ was de-
signed to target luminous red galaxies up to z ⇡ 0.4, while CMASS
was designed to target massive galaxies from 0.4 < z < 0.7. The
spatial number density of these samples can be seen in Fig. 2. In
previous papers, we analyzed these two samples separately, split-
ting at z = 0.43 and omitting a small fraction of galaxies in the
tails of both redshift distributions as well as the information from
cross-correlations between the two samples. For the current anal-
ysis, we instead construct a combined sample that we describe in
Section 2.3. With the combined map, we more optimally divide
the observed volume into three partially overlapping redshift slices.
As in Anderson et al. (2014b), the CMASS galaxies are weighted
to correct for dependencies between target density and both stel-
lar density and seeing. The definitions and motivations for these

Figure 2. Number density of all four target classes assuming our fiducial
cosmology with ⌦m = 0.31, along with the sum of the CMASS and
LOWZ number densities (black).

weights are described in Reid et al. (2016) and Ross et al. (2016).
Clustering analyses of the DR12 LOWZ and CMASS samples, us-
ing two-point statistics, can be found in Cuesta et al. (2016a) and
Gil-Marı́n et al. (2016a).

In addition to the LOWZ and CMASS samples, we use data
from two early (i.e., while the final selection was being settled on)
LOWZ selections, each of which are subsets of the final LOWZ
selection. These are defined in Reid et al. (2016) and denoted
‘LOWZE2’ (total area of 144 deg2) and ‘LOWZE3’ (total area of
834 deg2). Together with the LOWZ sample, these three samples
occupy the same footprint as the CMASS sample. As detailed in
Ross et al. (2016), the ‘LOWZE3’ sample requires a weight to cor-
rect for a dependency with seeing. The LOWZ and LOWZE2 sam-
ples require no correction for systematic dependencies, as these
were found to be negligible. We thus have four BOSS selections
that we can use to construct a combined sample. This combined
sample uses all of the CMASS, LOWZ, LOWZE2, and LOWZE3
galaxies with 0.2 < z < 0.75 and allows us to define redshift slices
of equal volume, thereby optimising our signal over the whole sam-
ple (see Section 2.3).

2.3 The Combined BOSS Sample

In this section, we motivate the methods we use to combine the four
BOSS samples into one combined sample.

In principle, when combining galaxy populations with differ-
ent clustering amplitudes, it would be optimal to apply a weight to
each sample to account for these differences (Percival et al. 2004a).
Ross et al. (2016) present measurements of the redshift-space cor-
relation function for each of the four BOSS selections. Section 5.1
of that paper shows that the clustering amplitudes of each selec-
tion match to within 20 per cent and that combining the selections
together where they overlap in redshift has no discernible system-
atic effect. Given the small difference in clustering amplitudes, a
weighting scheme would improve the results by a negligible factor
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• Radial clustering measures H(z)
• Transverse clustering measures DM(z)=(1+z)DA(z)
• DV(z) ≡ [czH-1(z)DM2(z)]1/3; (spherical average)

What BAO measures

10 S. Alam et al.

Figure 3. BAO signals in the measured post-reconstruction power spectrum (left panels) and correlation function (right panels) and predictions of the best-fit
BAO models (curves). To isolate the BAO in the monopole (top panels), predictions of a smooth model with the best-fit cosmological parameters but no BAO
feature have been subtracted, and the same smooth model has been divided out in the power spectrum panel. For clarity, vertical offsets of ±0.15 (power
spectrum) and ±0.004 (correlation function) have been added to the points and curves for the high- and low-redshift bins, while the intermediate redshift
bin is unshifted. For the quadrupole (middle panels), we subtract the quadrupole of the smooth model power spectrum, and for the correlation function we
subtract the quadrupole of a model that has the same parameters as the best-fit but with ✏ = 0. If reconstruction were perfect and the fiducial model were
exactly correct, the curves and points in these panels would be flat; oscillations in the model curves indicate best-fit ✏ 6= 0. The bottom panels show the
measurements for the 0.4 < z < 0.6 redshift bin decomposed into the component of the separations transverse to and along the line of sight, based on
x(p, µ) = x0(p) + L2(µ)x2(p), where x represents either s2 multiplied by the correlation function or the BAO component power spectrum displayed in the
upper panels, p represents either the separation or the Fourier mode, L2 is the 2nd order Legendre polynomial, p|| = µp, and p? =

p
p2 � µ2p2.
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BAO Distance Ladder
Cosmological Analysis of BOSS galaxies 25
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Figure 14. The “Hubble diagram” from the world collection of spectroscopic BAO detections. Blue, red, and green points show BAO measurements of DV /rd,
DM/rd, and DH/rd, respectively, from the sources indicated in the legend. These can be compared to the correspondingly coloured lines, which represents
predictions of the fiducial Planck ⇤CDM model (with ⌦m = 0.3156, h = 0.6727). The scaling by

p

z is arbitrary, chosen to compress the dynamic range
sufficiently to make error bars visible on the plot. For visual clarity, the Ly↵ cross-correlation points have been shifted slightly in redshift; auto-correlation
points are plotted at the correct effective redshift. Measurements shown by open points are not incorporated in our cosmological parameter analysis because
they are not independent of the BOSS measurements.

presented in Table 9 and denoted as G-M et al. (2016 a+b+c). The
combination of these three sets of results is presented at the end
of Gil-Marı́n et al. (2016c). As before, this case is compared to
our full-shape column of Table 7, approximating LOWZ to our low
redshift bin and CMASS to our high redshift bin, where the vol-
ume difference factor has been taken into account. Our DM mea-
surement of 1.7% in the low redshift bin and 1.8% in the high red-
shift bin compares to 1.5% and 1.1%, respectively, in Gil-Marı́n
2016 a+b+c. Regarding H(z), our measurement of 2.8% in both
the low and high redshift bins compares to 2.5% and 1.8% in Gil-
Marı́n 2016 a+b+c. Finally our f�8 constraint of 9.5% and 8.9% in
the low and high redshift bin compares to the LOWZ and CMASS
measurements of 9.2% and 6.0% by Gil-Marin 2016a+b+c. One
can attribute the improvement in Gil-Marı́n 2016a+b+c when com-
pared to our measurement to the use of the bispectrum, which has
not been used in our analysis.
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Redshift Space Distortions (RSD)
• Measuring 

anisotropic clustering 
over all scales

• +modeling RSD
• -> structure growth 

measurement, better 
measurement of 
warping (AP effect)}

Structure growth

Extra Information from full shape (FS)

Anderson et al. 2014



• Degree of anisotropy depends on rate of structure growth, f
• f(a)≡dln(D)/dln(a); (a = 1/[1+z]); f is determined given GR, Ωm(z) 

BOSS Anisotropic Clustering for FS

Samushia et al. (2014)
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Testing Dark Energy

Cosmological Analysis of BOSS galaxies 27

Figure 16. Parameter constraints for the owCDM cosmological model, comparing the BAO and BAO+FS results from this paper as well as the DR12
LOWZ+CMASS results from Cuesta et al. (2016a). One sees that adding a 3rd redshift bin has improved the constraints somewhat, but full-shape infor-
mation, especially the constraint on H(z)DM (z) from the Alcock-Paczynski effect on sub-BAO scales, sharpens constraints substantially.

Figure 17. Parameter constraints for the owCDM (left) and w0waCDM (right) cosmological models, comparing the results from BAO and BAO+FS to those
with JLA SNe. One sees that the galaxy clustering results are particularly strong in the ⌦K–w space and are comparable to the SNe in the w0–wa space.

9.2 Cosmological Parameter Results: Dark Energy and
Curvature

We now use these results to constrain parametrized cosmological
models. We will do this using Markov Chain Monte Carlo, follow-
ing procedures similar to those described in Aubourg et al. (2015),
but due to use of the full power spectrum shape data we do not
run any chains using that paper’s simplified “background evolu-
tion only” code. Instead, we calculate all our chains using the July
2015 version of the workhorse COSMOMC code (Lewis & Bridle
2002). The code was minimally modified to add the latest galaxy
data points and their covariance, the Ly↵ BAO datasets, and two
optional Af�8 and Bf�8 parameters described later in the text. We
use a minimal neutrino sector, with one species with a mass of 0.06
eV/c2 and two massless, corresponding to the lightest possible sum
of neutrino masses consistent with atmospheric and solar oscilla-
tion experiments (Abe et al. 2014; Adamson et al. 2014; Gando et
al. 2013), unless otherwise mentioned.

We first consider models that vary the cosmological distance

scale with spatial curvature or parametrizations of the dark energy
equation of state via w(a) = w0+wa(1�a) (Chevallier & Polarski
2001; Linder 2003). These results are shown in Table 10 for vari-
ous combinations of measurements. In all cases, the table shows the
mean and 1� error, marginalized over other parameters. Of course,
some parameters are covariant, as illustrated by contours in some
of our figures. Our model spaces always include variations in the
matter density ⌦mh2, the baryon density ⌦bh

2, the amplitude and
spectral index of the primordial spectrum, and the optical depth to
recombination. However, we do not show results for these param-
eters as they are heavily dominated by the CMB and are not the
focus of our low-redshift investigations.

We begin with the standard cosmology, the ⇤CDM model,
which includes a flat Universe with a cosmological constant and
cold dark matter. As is well known, CMB anisotropy data alone
can constrain this model well: the acoustic peaks imply the baryon
and matter density, and thereby the sound horizon, allowing the
acoustic peak to determine the angular diameter distance to re-
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Testing General Relativity

Anderson et al. 2013

BAO in SDSS-III BOSS galaxies 25

Figure 17. The constraints on H
0

and the relativistic energy density, pa-
rameterized by N

e↵

. (top) Constraints for the ⇤CDM parameter space us-
ing Planck+BAO+FS, with and without direct H

0

measurements. (bottom)
Constraints for the owCDM parameter space using Planck+BAO+FS+SNe,
with and without direct H

0

measurements. In both cases, the combination
with the H

0

= 73.0 ± 1.8 km/s/Mpc measurement of Riess et al. (2016)
causes a shift toward higher N

e↵

and higher H
0

. [TODO: Plots need to
match axis ranges. H

0

needs units. N
e↵

on y-axis should be roman, not
italics. Caption should be BAO+FS, right?]

ing unusually unlucky (Riess et al. 2016). But these searches have
not yet identified the culpret(s) and it is tantilizing that there could
be cosmological exotica lurking here.

[TODO: How much more unlikely is the fit if one includes
the Riess et al. value? with or without N

e↵

? We’re showing the
shift, but it’s less clear how this maps to likelihood. After all,
any chain will return an error bar.]

9.4 Cosmological Parameter Results: Growth of Structure

We next turn to models that assume a simpler distance scale
but consider parameters to vary the growth of structure, notably
through massive neutrinos or modifications of the growth rates pre-
dicted by general relativity. These results are found in Table 10.

We start with ⇤CDM models that include an unknown total
mass of the three neutrino species. In detail, we assume that all
of the mass is in only one of the three weakly coupled species,
but this difference is modest. Neutrinos of sub-eV mass serve as a

Figure 18. Posterior distribution for the sum of the mass of neutrinos in the
⇤CDM cosmological model. The blue curve includes the growth measure-
ment from the lensing impacts on the CMB power spectrum and from the
BOSS RSD measurement of f�

8

. The green curve exclude both of these
constraints; one still gets constraint on the neutrino mass from the impact
on the distance scale. Red and grey curves relax one of the growth mea-
surements at a time; showing that most of the extra information comes from
the CMB lensing. [TODO: Need to put units on the neutrino mass. Note
that we’ve been saying eV, but this perhaps be ev/c2 everywhere in the
paper.]

Figure 19. Results for modification of the growth function in the ⇤CDM
cosmological model. The results are consistent with the predictions of gen-
eral relativity: Af�8 = 1, Bf�8 = 0. [TODO: Are these contours con-
sistent with the B = �0.6 ± 0.3 from the table? They seem a little
bigger than this. Should we be quoting an extra significant figure in the
table? Maybe this is really ±0.34...]

sub-dominant admixture of hot dark matter. Because of their sub-
stantial velocity, they fail to fall into small-scale structure at low
redshift, thereby suppressing the growth of structure from recom-
bination until today (Bond & Szalay 1983; Hu et al. 1998). With
today’s data sets, the measurement of the amplitude of the CMB
anisotropy power spectrum and the optical depth to recombination
⌧ implies the amplitude of the matter power spectrum at z ⇡ 1000.
The measurement of the expansion history along with the assump-
tions of general relativity and minimal neutrino mass then implies
the amplitude of the matter power spectrum at z = 0, typically
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reported as �
8

. Variations in the neutrino mass then cause the ex-
pected �

8

to vary.
Measurements of the low-redshift amplitude of structure can

therefore measure or limit the neutrino mass. Here, we utilize two
measurements: the lensing effects on the Planck CMB anisotropy
power spectrum and the BOSS RSD. Using these, we find a 95 per
cent upper limit on the neutrino mass of 0.16 eV.

We then consider how the constraints vary if one relaxes these
measurements, as shown in Figure 18. We include additional nui-
sance parameters AL that scale the impact of the CMB lensing and
Af�8 that scales the RSD following as

f�
8

! f�
8

(Af�8 + Bf�8(z � zp)) (21)

with zp = 0.51 (chosen to be the central measurement redshift
and also close to actual redshift pivot point for these two parame-
ters). However, for the discussion of neutrinos, we keep Bf�8 = 0.
[TODO: Is this notation clear that Af < 1 means that the mea-
surements are lower than the theory prediction? Added text to
the next paragraph to make the sign clear, but would a reader
focusing on this equation get it right?] We note that AL is defined
scaling the power spectrum of fluctuations, whereas Af�8 varies
the amplitude. This means that errors on AL will be double those
on Af�8 .

From this, we find that the measured CMB lensing is about
19 ± 8 per cent stronger (so about 3.5 per cent on the amplitude of
fluctuations) than what the ⇤CDM model would prefer, while the
measured RSD is within 1� of the base level: Af�8 = 0.96±0.05.
This means that the RSD measured in BOSS is a 5 per cent test of
the expected amplitude of structure, with the central value of the
measurement being slightly lower than the ⇤CDM prediction.

Interestingly, even with AL and Af�8 varying and hence with
no low-redshift measurement of the growth of structure save for a
weak effect from the Integrated Sachs Wolfe effect in the large-
angle CMB anisotropies, we find a 95 per cent upper limit of
m⌫ < 0.26 eV. This comes from the impact of the neutrino mass
on the expansion history of the Universe (Aubourg et al. 2015). Es-
sentially, the CMB inference of the balance of matter and radiation
at recombination yields the density of baryons and CDM, while
the measurements of the low-redshift distance scale infer a matter
density that now includes the massive neutrinos as well.

Considering growth measurements one at a time, we find
that including the CMB lensing effect is primarily responsible for
shrinking the 95 per cent upper limit from 0.26 eV to 0.15 eV. The
RSD measurement alone only reaches <0.23 eV. This is not sur-
prising: a 1� variation of order 0.13 eV corresponds to a 1 per
cent mass fraction of neutrinos, which yields a roughly 4 per cent
change in the small-scale growth function to low redshift. This is
somewhat smaller than the 5 per cent rms measurement from RSD.
But the relative improvements are also being impacted by the cen-
tral values of the RSD and CMB lensing inferences. RSD prefers a
slightly lower normalization of small-scale power, thereby favoring
a larger neutrino mass. Meanwhile, the CMB power spectrum ap-
pears to indicate a larger AL and hence a higher normalization of
small-scale power, which pulls neutrino masses lower and makes
the upper limit stronger.

These limits on the neutrino mass are comparable to numerous
other recent measurements. The strongest bound so far, 0.12 eV at
95 per cent, is presented in Palanque-Delabrouille et al. (2015) for
the combination of Planck 2015 data and the one-dimensional flux
power spectrum of the BOSS Lyman-↵ forest in quasar absorp-
tion spectra. Recent attempts to combine the galaxy power spec-
trum with with Planck 2015 data (Giusarma et al. 2016; Cuesta et

al. 2016b) produce bounds between 0.25 and 0.30 eV, depending
on the power spectrum datasets used and the number of massive
neutrino states assumed in the analysis (or ⇠0.20 eV if a compi-
lation of recent BAO data is used instead of the power spectrum).
This can be brought further down to ⇠0.12 eV if a Hubble constant
prior from direct H

0

measurements is imposed additionally. How-
ever, the combination of cosmological datasets in tension with each
other can drive a spurious neutrino mass signal, so it is important to
address these issues before naı̈vely interpreting this result as a neu-
trino mass detection. Similarly, it remains to be verified whether
the neutrino mass measurement of

P
m⌫ = 0.36 ± 0.14 eV in

Beutler et al. (2014b) using a ’Full-shape’ measurement of CMASS
Data Release 11 in combination with WMAP9 data (or Planck 2013
data if the A

L

lensing parameter is marginalized over) is confirmed
by other datasets or is driven by unaccounted systematics. Finally,
CMB data alone places a strong bound of 0.59 eV without po-
larization and 0.34 eV with polarization (Planck Collaboration et
al. 2016). [TODO: Is Florian comfortable with the discussion
here?]

Instead of explaining any variations in the amplitude of struc-
ture by a non-minimal neutrino mass, one could instead view it as a
test of the growth rate of structure under general relativity. [TODO-
HI: Need cites for this testing concept.] This has the advantage
of being independent of the model of structure formation, simple
to interpret and directly measured by the data, at the expense of not
constraining any concrete theories of modified gravity. Again for
⇤CDM, we find Af�8 = 0.96 ± 0.05; that is, via the BOSS RSD
measurement, we infer f�

8

to be within 5 per cent of the ⇤CDM
prediction. While this level of precision on �

8

can be achieved by
several methods, such as cluster abundances or weak lensing, the
measurement of the time derivative f of the growth function is
harder to access with methods that measure only the single-redshift
amplitude of the power spectrum.

Extending the model to include a redshift-dependent variation
Bf�8 , we find Bf�8 = �0.6 ± 0.3. This is a mild indication of
evolution, with the ratio of the measured to the predicted value de-
creasing toward higher redshift. The results are visualized in Figure
19. This is consistent with the sense from Figure 11. As this slope
is only non-zero at 2–�, we do not regard this as a statistically sig-
nificant detection of this second parameter. We conclude that our
RSD measurements indicate that structure is growing in a manner
consistent with general relativity even in the epoch dominated by
dark energy.

[TODO: Jose to check if these A/B parameters are degen-
erate with any other cosmological parameter.]

We note that the Planck collaboration has recently concluded
(Planck Collaboration et al. 2016) that the optical depth to reion-
ization inferred from large-angle E-mode polarization of ⌧ =

0.055 ± 0.009. This is about 2.2 per cent less than the value of
⌧ = 0.078 ± 0.019 that results from the Planck Collaboration et
al. (2015) likelihood that we use here. [TODO: Jose: can you ver-
ify that this is what you get from your chains? Probably the
AL + Af ones.] This has the consequence of decreasing the am-
plitude of structure at recombination by 2 per cent, which in turn
reduces the prediction of �

8

at low redshift by the same amount.
This will not affect our errors on Af�8 , but would increase the cen-
tral value by 2 per cent. It will push the neutrino masses toward
lower values, slightly reducing our upper limits (as well as any oth-
ers based on Planck Collaboration et al. 2015), as there is less room
for a decrement of low-redshift power caused by hot dark matter.

RSD measurements are only one part of an active current
debate about the amplitude of low-redshift structure. Measure-
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Figure 13. The “Hubble diagram” from the world collection of spectroscopic BAO detections. [TODO: Turn 6dF and MGS points to solid.]
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Figure 14. Left-hand panel: The f�
8

(z) results from this work compared with the measurements of the 2dfGRS (Percival et al. 2004b) and 6dFGS (Beutler
et al. 2012), the WiggleZ (Blake et al. 2012), and the VVDS (Guzzo et al. 2008) surveys, as well as the measurements from the SDSS-I and -II main galaxy
sample (Howlett et al. 2015, MGS) and the SDSS-II LRG sample (Oka et al. 2014, DR7). Right-hand panel: Comparison with previous BOSS measurements
of the DR11 (Alam et al. 2015b; Beutler et al. 2014a; Samushia et al. 2014; Sánchez et al. 2014) and DR12 (Gil-Marı́n et al. 2015b) and [TODO-HI: Chuang
et al. 2016 (in prep.)] samples. [TODO-HI: I swaped the order of the Figs, make sure all left/right references in the text are updated]

9 COSMOLOGICAL PARAMETERS

9.1 Data sets

We now turn to cosmological interpretation of our results. We will
use the consensus results, including systematic errors, of BAO-only
from Table 5.1 and our full results from Table 6. These will be
labeled as “BAO” and “BAO+FS,” respectively, in our figures and
tables.

Following (Aubourg et al. 2015), we choose to also include in

BAO the measurements from the SDSS-II MAIN sample (Ross et
al. 2015), the 6-degree Field Galaxy Survey (Beutler et al. 2012),
and the BOSS DR11 Lyman ↵ forest BAO measurements from
Delubac et al. (2015) and Font-Ribera et al. (2014). These are
largely independent and have utilized similar methodologies. We
opt not to include other BAO measurements, notably those from
photometric clustering and from from WiggleZ survey (Blake et
al. 2011, 2012), as the volumes partially overlap and the errors are
sufficiently larger than a proper inclusion would not substantially

c
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Neutrino mass constraints: 
CMB+BAO

Planck Collaboration: Cosmological parameters
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Figure 19. Posterior distribution for the sum of the mass of neutrinos in the
⇤CDM cosmological model. The blue curve includes the growth measure-
ment from the lensing impacts on the CMB power spectrum and from the
BOSS RSD measurement of f�8. The green curve exclude both of these
constraints; one still gets constraint on the neutrino mass from the impact
on the distance scale. Red and grey curves relax one of the growth mea-
surements at a time; showing that most of the extra information comes from
the CMB lensing. The vertical dashed lines indicate the 95% upper limits
corresponding to each distribution.

Aubourg et al. (2015) show that similar results are obtained using
the Union 2 SN compilation of Suzuki et al. (2012). Our modeling
adopts flexible but smooth parametric forms for the evolution of
dark energy density, and it is possible that a model with more rapid
low-redshift changes could shift the value of H0 while remaining
consistent with the SN data.

It is also possible that systematic errors in the direct H0 mea-
surement are larger than estimated by Riess et al. (2016). For ex-
ample, Efstathiou (2014) presents an alternative analysis of the
local data, arguing for a lower value of 70.6 ± 3.3 or 72.5 ±

2.5 km s�1 Mpc�1, depending on the choice of primary standards.
Rigault et al. (2015) argue that the dependence of the supernova
luminosity after correction for light-curve fitting on the host galaxy
star-formation rate causes a net calibration offset between the SNe
in the Hubble flow and those with nearby Cepheid measurements;
they find that this reduces H0 by 3.3% (but see discussion by Riess
et al. 2016). It is also possible that everyone’s error estimates are
correct and we are simply being unlucky, e.g., if the cosmologically
inferred H0 is 2� low and the direct measurement is 2� high. For
now, we continue to see this tension as provocative, but not conclu-
sive. Further work that tightens the statistical errors and examines
systematic uncertainties in direct H0 measurements is clearly desir-
able, as this tantalizing tension could yet reveal either astrophysical
or cosmological exotica.

9.4 Cosmological Parameter Results: Growth of Structure

We next turn to models that assume a simpler distance scale
but consider parameters to vary the growth of structure, notably
through massive neutrinos or modifications of the growth rates pre-
dicted by General Relativity. These results are found in Table 12.

We start with ⇤CDM models that include an unknown total
mass of the three neutrino species. In detail, we assume that all of
the mass is in only one of the three weakly coupled species, but

Figure 20. Results for modification of the growth function in the ⇤CDM
cosmological model. The results are consistent with the predictions of Gen-
eral Relativity: Af�8 = 1, Bf�8 = 0.

the difference between this assumption and three nearly degener-
ate species of the same total mass is small for our purposes. Neu-
trinos of sub-eV mass serve as a sub-dominant admixture of hot
dark matter. Because of their substantial velocity, they fail to fall
into small-scale structure at low redshift, thereby suppressing the
growth of structure from recombination until today (Bond & Sza-
lay 1983; Hu et al. 1998). The measurement of the amplitude of the
CMB anisotropy power spectrum and the optical depth to recom-
bination ⌧ implies the amplitude of the matter power spectrum at
z ⇡ 1000. The measurement of the expansion history along with
the assumptions of GR and minimal neutrino mass then determines
the amplitude of the matter power spectrum at z = 0, typically
reported as �8. Variations in the neutrino mass then cause the ex-
pected �8 to vary.

Measurements of the low-redshift amplitude of structure can
therefore measure or limit the neutrino mass. Here, we utilize two
measurements: the lensing effects on the Planck CMB anisotropy
power spectrum and the BOSS RSD. Using these, we find a 95 per
cent upper limit on the neutrino mass of 0.16 eV/c2.

We then consider how the constraints vary if one relaxes these
measurements, as shown in Figure 19. We include additional nui-
sance parameters AL that scale the impact of the CMB lensing and
Af�8 that scales the RSD following as

f�8 ! f�8 [Af�8 + Bf�8(z � zp)] (24)

with zp = 0.51 (chosen to be the central measurement redshift and
also close to actual redshift pivot point for these two parameters).
However, for the discussion of neutrinos, we keep Bf�8 = 0. We
note that AL is defined scaling the power spectrum of fluctuations,
whereas Af�8 varies the amplitude. This means that errors on AL

will be double those on Af�8 .
From this, we find that the measured CMB lensing power

spectrum is about 19±8 per cent stronger (so about 9.5 per cent on
the amplitude of fluctuations) than what the ⇤CDM model would
prefer, while the measured RSD is within 1� of the base level:
Af�8 = 0.96 ± 0.06. This means that the RSD measured in BOSS
is a 6 per cent test of the expected amplitude of structure, with
the central value of the measurement being slightly lower than the
⇤CDM prediction.

Interestingly, even with AL and Af�8 varying and hence with
no low-redshift measurement of the growth of structure save for
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eBOSS
• Use SDSS telescope/spectrograph to extend BAO to z > 0.6

• 7500 deg2 in SDSS imaging footprint

• Supplement SDSS with infrared data from WISE

• 3x105 LRGs 0.6 < z < 1.0

• 2x105 ELGs 0.7 < z < 1.1

• 6x105 quasars 0.8 < z < 2.2

eBOSS LRGs & quasars



• SDSS IV extended BOSS (eBOSS) DR14 quasar 
sample

• 150,000 quasars with 0.8 < z < 2.2
• 4.4% distance measurement to z=1.5

First eBOSS BAO measurement
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Updated BAO Distance Ladder
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• Treat BAO as *uncalibrated* standard ruler
• BOSS galaxies + eBOSS quasars > 3σ detection of DE
• All BAO, 6.5σ detection!

Testing Dark Energy with only BAO

Ata et al. arXiv:1705.06373

20 M. Ata et al.
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Figure 15. Left: The 68 and 95% CL contour plots for ⌦m and ⌦⇤ using only the three sets of BAO data as illustrated in the legend. Here we assume only
that the BAO scale is constant with redshift (and thus treat rd as a nuisance parameter we marginalized over). The dashed line illustrates a flat Universe in
which ⌦m + ⌦⇤ = 1; Right: The one-dimensional probability distribution of ⌦⇤ derived using three BAO datasets. Thus, the cosmology preferred by BAO
distance scale measurements is flat ⇤CDM and non-zero ⇤ is preferred at 3.3� for the combination BOSS galaxies and our eBOSS DR14 quasar measurement
and is preferred at 6.5� for the combination of all available BAO measurements (including BOSS Ly↵, which increases this preference the most). See text for
further details.

the Planck mission (Planck Collaboration et al. 2015) assuming this
model.

9 CONCLUSIONS

We have used a sample of 147,000 quasars distributed over more
than 2000 deg2 in order to obtain the spherically-averaged BAO
measurement DV (z = 1.52) = 3855 ± 170

rd
rd,fid

Mpc. We
have demonstrated this measurement is robust against a variety of
methodological and observational concerns and choices, once again
demonstrating BAO distance measurements to be one of the most
robust observational probes of dark energy (as shown/discussed
previously in, e.g., Ross et al. 2012; Weinberg et al. 2013; Ross
et al. 2017; Vargas-Magaña et al. 2016).

These results demonstrate that the BAO signal in the distribu-
tion of quasars is consistent with expectations of basic LSS predic-
tions. The clustering we measure and its BAO signal are consistent
with that in our mock realizations. While the formation and evolu-
tion of quasars remains an active research field, they are clearly not
so exotic as to greatly disturb the BAO signal.

We combine our result with previous, independent, BAO dis-
tance measurements to construct an updated BAO distance-ladder.
Using these BAO data alone, we tested a ⇤CDM model with free
curvature, assuming only that the acoustic scale has a fixed comov-
ing size. We found ⌦⇤ > 0 at 6.5� significance. Considering only
BOSS galaxy and eBOSS quasar results, the significance remained
greater than 3�. All of our results are fully consistent with a flat ge-
ometry. BAO distance measurements, now across a broad range of
redshifts, are in clear agreement with the flat ⇤CDM cosmological
paradigm.

This work represents the first cosmological analysis to be done
with eBOSS quasar data. We expect numerous studies to follow,

both with this catalog and with future, larger data sets. In particu-
lar, given the wide redshift coverage of the eBOSS quasar sample,
there is potentially ample tomographic information along the ra-
dial direction. This aspect is crucial to reconstruct the history of the
cosmic expansion and structure growth, which is key for the probe
of dynamical dark energy (Wang et al. 2016; Zhao et al. 2017a,b),
modified gravity, and neutrino masses. We expect our DR14 re-
sults can be extended through the use of more optimal redshift-
weighting methods for the BAO (e.g., Zhu et al. 2016; Wang et al. in
prep.), redshift-space distortion (RSD) analyses, or their combina-
tion (Ruggeri et al. 2017). Additionally, we anticipate the enormous
volume probed by the entire eBOSS quasar sample will afford a
precise measurement the signature of primordial non-Gaussianity.
The final eBOSS quasar sample is expected to have approximately
three times the volume of the DR14 sample, and will thus pro-
vide exciting improvements in the statistical precision of our BAO
measurement, even without the expected methodological improve-
ments.

The direct use of quasars as a tracer represents only one facet
of the eBOSS program. Separate analyses of the eBOSS luminous
red galaxy (LRG) and emission line galaxy (ELG) samples will
measure BAO and RSD signal at redshift z ⇠0.8, thereby filling
the gap in redshift between BOSS galaxies and eBOSS quasars.
Lyman↵ forest studies using eBOSS observations of quasars at
z > 2.2 will improve BAO measurements at z ⇠ 2.3. Upcoming
galaxy spectroscopic surveys will provide unprecedented precision;
these include the Hobby-Eberly Telescope Dark Energy Experi-
ment (HETDEX; Hill et al. 2008)14, Dark Energy Spectroscopic
Instrument (DESI DESI Collaboration et al. 2016a,b)15, Prime Fo-

14
http://hetdex.org/

15
http://desi.lbl.gov/
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Conclusions

• BOSS + eBOSS provide powerful tests of dark energy
•Consistent with ΛCDM

• Look for more eBOSS results coming soon

• Sets stage for DESI, should shrink contours by ~factor of 
10



• Three BAO analyses and four full-shape analyses have 
been combined

• 9x9 likelihood: 3 redshift bins/3 parameters

What BOSS measures: Combined

16 S. Alam et al.
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Figure 10. Likelihood contours, showing the 68 per cent and 95 per cent confidence intervals for various combinations of parameters in our three redshift bins.
From left to right we show the constraints on: H(z)(r
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in Section 7.
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Blue:
Planck ΛCDM prediction

0.2 < z < 0.5

0.4 < z < 0.6

0.5 < z < 0.75

Orange:
BOSS measurements



Tension with direct H0 measurements

Anderson et al. 2013

Planck+BOSS ΛCDM: 
H0 =67.6±0.4 km s-1 Mpc-1

Riess et al. (2016): 
H0 =73.0±1.8 km s-1 Mpc-1

2.9σ tension!

BAO in SDSS-III BOSS galaxies 25

Figure 17. The constraints on H
0

and the relativistic energy density, pa-
rameterized by N

e↵

. (top) Constraints for the ⇤CDM parameter space us-
ing Planck+BAO+FS, with and without direct H

0

measurements. (bottom)
Constraints for the owCDM parameter space using Planck+BAO+FS+SNe,
with and without direct H

0

measurements. In both cases, the combination
with the H

0

= 73.0 ± 1.8 km/s/Mpc measurement of Riess et al. (2016)
causes a shift toward higher N

e↵

and higher H
0

. [TODO: Plots need to
match axis ranges. H

0

needs units. N
e↵

on y-axis should be roman, not
italics. Caption should be BAO+FS, right?]

ing unusually unlucky (Riess et al. 2016). But these searches have
not yet identified the culpret(s) and it is tantilizing that there could
be cosmological exotica lurking here.

[TODO: How much more unlikely is the fit if one includes
the Riess et al. value? with or without N

e↵

? We’re showing the
shift, but it’s less clear how this maps to likelihood. After all,
any chain will return an error bar.]

9.4 Cosmological Parameter Results: Growth of Structure

We next turn to models that assume a simpler distance scale
but consider parameters to vary the growth of structure, notably
through massive neutrinos or modifications of the growth rates pre-
dicted by general relativity. These results are found in Table 10.

We start with ⇤CDM models that include an unknown total
mass of the three neutrino species. In detail, we assume that all
of the mass is in only one of the three weakly coupled species,
but this difference is modest. Neutrinos of sub-eV mass serve as a

Figure 18. Posterior distribution for the sum of the mass of neutrinos in the
⇤CDM cosmological model. The blue curve includes the growth measure-
ment from the lensing impacts on the CMB power spectrum and from the
BOSS RSD measurement of f�

8

. The green curve exclude both of these
constraints; one still gets constraint on the neutrino mass from the impact
on the distance scale. Red and grey curves relax one of the growth mea-
surements at a time; showing that most of the extra information comes from
the CMB lensing. [TODO: Need to put units on the neutrino mass. Note
that we’ve been saying eV, but this perhaps be ev/c2 everywhere in the
paper.]

Figure 19. Results for modification of the growth function in the ⇤CDM
cosmological model. The results are consistent with the predictions of gen-
eral relativity: Af�8 = 1, Bf�8 = 0. [TODO: Are these contours con-
sistent with the B = �0.6 ± 0.3 from the table? They seem a little
bigger than this. Should we be quoting an extra significant figure in the
table? Maybe this is really ±0.34...]

sub-dominant admixture of hot dark matter. Because of their sub-
stantial velocity, they fail to fall into small-scale structure at low
redshift, thereby suppressing the growth of structure from recom-
bination until today (Bond & Szalay 1983; Hu et al. 1998). With
today’s data sets, the measurement of the amplitude of the CMB
anisotropy power spectrum and the optical depth to recombination
⌧ implies the amplitude of the matter power spectrum at z ⇡ 1000.
The measurement of the expansion history along with the assump-
tions of general relativity and minimal neutrino mass then implies
the amplitude of the matter power spectrum at z = 0, typically
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• Observational systematics 
have 13σ effect on 
clustering

• No effect on BAO!

• Similar results found for 
BOSS (Ross et al. 2012, 
2017)

• Theoretical systematics 
(e.g., galaxy bias) < 0.5%

BAO is Robust!
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Reconstruction

  

The reconstruction technique
● Simple algorithm -Eisenstein et al. (2006).

● Identifies regions in the density field responsible for bulk flows.

● Estimates and reverses the flow → more linear signal.

● INCREASES THE PRESICION OF OUR DISTANCE MEASUREMENT

● High z
● Uniform
● Sharp Gaussian

1.

● Evolved to z=0
● Ring distorted
● Gaussian wider

2.

● Particles 
moved back.
● Gaussian 
peak sharper

4.

● Lagrangian 
displacements

3.

Figures from Padmanabhan et al. 2012

Removes RSD effects



• DR14 LRG data and DES Y3 data already observed

Coming Soon
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• Dark Energy Spectroscopic Instrument being built

• Goes on 4 meter Mayall telescope in 2019

• Basically, an order of magnitude improvement in BAO 
constraining power

DESI
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• Sloan Digital Sky Survey 
• Uses Sloan telescope at 
Apache Point NM
• BOSS uses:
•   SDSS ugriz imaging to select: 
     1.5 million galaxies
     1.5x105 quasars 
     (out of 3.6x108 sources)
•  BOSS spectrograph

3600Å < λ < 10,000Å
R = λ/∆λ = 1300 − 3000
1000 spectra at a time

SDSS-III BOSS



BOSS Galaxies

•1.2 million galaxy redshifts, 
9400 deg2, 0.2 < z < 0.75

BOSS Collaboration (in prep.)



• Largest 3D map of 
galaxies BOSS

(SDSS-II LRGs)

(SDSS Main Sample)

BOSS Galaxies

A Small Slice of BOSS



• Power spectrum

• Correlation function

• k~2π/r
• r and s interchangeable

Galaxy Clustering

P (k) = h�k(k)2i

⇠(r) = h�(x)�(x + r)i

(correlated data points)



Theoretical details
theoretical clustering of matter                

observed clustering of galaxies
Galaxy bias: light ≠ mass
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Impact on BAO

Theoretical results + simulations 
show:
• non-linearities smear BAO scale
•(small) bias (halo mass) dependent 
shift

Mehta et al. (2011)

sh
ift

sh
ift



Red and Blue Galaxies
• Galaxy population bi-modal red/

blue
• ideal for testing systematic effect 

from galaxy evolution

Ross & Brunner (2009)
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Mehta et al. 2011
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Red/Blue BOSS BAO

Ross et al. (2014)

α = DV/DV,fiducial
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BOSS imaging systematics

fiducial
full weights

Ross et al. 2011

faint star density (deg-2)
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Galaxies around stars 17.5 < i < 
19.9 (23 million stars)
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Stars Occult Area
Ross et al. 2011
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Stars and BOSS Surface Brightness

• Spectroscopic results confirm 
galaxy vs. stellar density 
relationship

• Depends on surface brightness
• Corrected with weights based 

on linear fits

Ross et al. 2012

brightest

faintest

(DR9 data)
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Effect on BOSS clustering

No effect on BAO!

Ross et al. 2012

wstar: correction for stellar systematic

(DR9 data)

s (h-1 Mpc)
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Systematics in final data set
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Figure 3. Projected BOSS galaxy density versus stellar density, measured
as the number of 17.5 < i < 19.9 stars in Healpix pixels with Nside=128.
Top panel: the relationships for CMASS and the three LOWZ selections.
Middle panel: The relationships for CMASS, split into bins of i

fib2

magni-
tude. These are the measurements used to define the stellar density weights
applied to clustering measurements. Bottom panel: The relationships for
CMASS, split by redshift, before (curves) and after (points with error-bars)
stellar density weights are applied. The relationships before any weighting
is applied are slightly dependent on redshift, due to a weak correlation be-
tween i

fib2

and redshift. Weighting based on i
fib2

(illustrated in the middle
panel) removes this dependency.

i
fib2

bin; the �2 of the fits range between 4 and 8, for 8 de-
grees of freedom. With increasing i

fib2

, the best-fit A and B are
A(i

fib2

) = [0.959, 0.994, 1.038, 1.087, 1.120] and B(i
fib2

) =

[0.826, 0.149,�0.782,�1.83,�2.52]⇥ 10

�4.
The linear fits to the relationship between galaxy and stellar

density in each of the i
fib2

bins are used to define weights to apply
to CMASS galaxies to correct for the systematic dependency on

stellar density. To obtain the expected relationship at any i
fib2

, we
interpolate between the results in the neighboring i

fib2

bins, i.e.,
to find the expected relationship at i

fib2

= 20.8, we interpolate
between the results in the 20.3 < i

fib2

< 20.6 and 20.6 < i
fib2

<
20.9 bins to obtain the slope, B(i

fib2

), and intercept, A(i
fib2

), of
the relationship. The weight we apply to the galaxy is then

w
star

(n
star

, i
fib2

) = (B(i
fib2

)n
star

+ A(i
fib2

))

�1 , (32)

i.e., we simply weight by the inverse of the expected systematic
relationship.

The surface brightness dependence of the stellar density rela-
tionship must be accounted for in order to account for the redshift
dependence of the systematic effect. The bottom panel of Fig. 3
shows the CMASS number density vs. stellar density, after apply-
ing w

star

. In each redshift bin, the systematic relationship is re-
moved. After applying the systematic weights, the �2 for the null
test are 13.5, 8.4, and 11.2 (for 10 degrees of freedom), with in-
creasing redshift; prior to applying the weights, they are 47, 117,
and 65. The impact of the stellar density weights on the measured
clustering is presented in Section 5.1.

4.2 Seeing

There is a relationship between the observed density of BOSS
CMASS galaxies and the local seeing due to the star galaxy sep-
aration cuts, as explained in Ross et al. (2011). Weights were previ-
ously defined and applied to the DR10 and DR11 CMASS samples
to remove this trend, and we repeat such a procedure for DR12,
while further investigating any relationship in the LOWZ samples.

The top panel of Fig. 4 displays the relationship between ob-
served projected density and seeing for different BOSS selections.
For the standard LOWZ selection and the LOWZE2 selection, no
strong relationship is observed; the �2 values of the null tests
are 16.2 and 14.2, respectively, for 10 degrees of freedom. How-
ever, for CMASS and especially LOWZE3, clear relationships exist
where the galaxy density decreases as the seeing gets worse (the �2

values of the null tests are 225 and 877). For each sample, we will
define systematic weights to correct for these relationships, and we
describe this process throughout the rest of this section..

For CMASS, we define weights in a manner similar to that
applied in Anderson et al. (2014b). We find the relationship with
seeing is more severe in the SGC compared to the NGC, and we
therefore determine the weights separately in each region6. We find
the best-fit parameters to the following model

n
g

= A
see


1� erf

✓
S
i

� B
see

�
see

◆�
, (33)

where S
i

denotes the i-band seeing. The middle panel of Fig.
4 displays the observed relationships for the data in each hemi-
sphere and the best-fit model. For the NGC (SGC), the best-fit pa-
rameters are A

see

= 0.5205(0.5344), B
see

= 2.844(2.267),and
�
see

= 1.236(0.906). The �2 of these best-fit are 5.4 and 6.9 for
the NGC and SGC, to be compared to 7 degrees of freedom. The
seeing-dependent weights are simply given by the inverses of the
best-fit relationships. The combined SGC+NGC relationship, after
applying the seeing-dependent weights, is displayed using a solid

6 The difference in this dependency with seeing between the two regions
must be related to another variable that differs considerably between the two
regions, but a thorough investigation was unable to determine this variable.

MNRAS 000, 1–24 (2014)

Ross et al. (2016)
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Figure 4. The relationship between observed density of BOSS galax-
ies and i-band seeing. Top panel: The relationships for CMASS and the
three LOWZ selections. Middle panel: The relationships for CMASS NGC
and SGC. The dashed curves display the best-fit relationship used to de-
fine the weights that correct for the observed trends. The solid curve dis-
plays the measured relationship for the combined NGC+SGC sample, af-
ter the weights have been applied. Bottom panel: The relationships for the
LOWZE3 sample, split into four bins by i

mod

magnitude. These relation-
ships are used to define the weights applied the LOWZE3 sample.

black curve. The error-bars are suppressed, but the �2 of the null
test is 7.7 for 10 data points.

For LOWZE3, the inclusion of the z-band star/galaxy separa-
tion cut introduces a strong relationship between the galaxy density
and the seeing. We find the effect is strongly magnitude dependent
(we do not find this to be the case for the dependence of the CMASS

sample with seeing). We therefore divide the sample by i
mod

mag-
nitude (i- and z-band magnitudes are strongly correlated at these
redshifts and the SDSS i-band is less prone to zero-point fluctua-
tions) and define weights in a manner analogous to how we defined
the CMASS stellar density weights as a function of i

fib2

. We divide
the LOWZE3 sample into four bins based on the galaxies’ i

mod

magnitude, i
mod

< 17.5, 17.5 < i
mod

< 18, 18 < i
mod

< 18.5,
and i

mod

> 18.5, and fit a linear relationship to each and then in-
terpolate to obtain the weight as a function of the local i-band see-
ing and the galaxy’s i

mod

magnitude. The measurement in these
four magnitude bins is displayed by the points with error-bars in
the bottom panel of Fig. 4. The dashed curves display the best-fit
linear relationship to each. We find the slope of the best-fits, `, is
well-approximated by

` = b + m(i
mod

� 16)

1
2 , (34)

with b = 0.875 and m = �2.226. Thus, given that the mean seeing
over the footprint is 1.25, the relationship between i band seeing,
LOWZE3 density (n

LE3

), and i
mod

is given by

n
LE3

(S
i

, i
mod

) = 1 + (S
i

� 1.25)`(i
mod

). (35)

We set any ` < �2 to `
min

= �2 and take the the inverse of
equation (35) the in order to apply weights to the LOWZE3 sample,
setting any weights greater than 5 to 5.

The total systematic weight (e.g., w
star

⇥w
see

for CMASS) is
normalized such that the weights sum to the total number of galax-
ies in the sample they are defined for. The impact of the seeing
weights we apply on the measured clustering of the CMASS and
LOWZE3 samples is presented in Section 5.1.

4.3 Sky background, Airmass, Extinction

As for previous BOSS data releases, we test against three additional
potential systematic quantities, each of which affects the depth of
the imaging data: sky background, airmass, and Galactic extinction.
These are shown for the CMASS and LOWZ samples in Fig. 5.
For sky-background and airmass, the �2 values of the null tests
range between 9 (for CMASS against sky background) and 18 (for
LOWZ against airmass), to be compared to the 10 data points in
each case.

For Galactic extinction, the �2 are somewhat larger than ex-
pected: 35 for the CMASS sample and 26 for LOWZ (compared to
10 data points). However, these large �2 are dominated by the value
at the lowest extinction, which is low by 3 per cent for both LOWZ
and CMASS7. Schlafly & Finkbeiner (2011) suggest somewhat
different extinction coefficients than those used to target BOSS
galaxies. Such a change implies extinction-dependent shifts in the
color of the BOSS selection and these shifts can be translated into
an expected change in target density as a function of extinction.
The expected trend is shown with dashed lines and agrees with the
overall trend observed for both LOWZ and CMASS. In terms of �2,
the LOWZ value is 19 when using this prediction and the CMASS
value remains 35 (improvement at the extrema of the range is coun-
tered by disagreement at E(B-V)⇠0.08). This implies any effect on
the measured clustering found when correcting for this predicted
relationship would be marginal, and, indeed, we find no significant

7 Masking the data at the lowest extinction values does not cause any sig-
nificant change in the clustering results.

MNRAS 000, 1–24 (2014)

• Stellar density effect 
remains strong

• Significant effect with 
seeing due to 
morphological star/
galaxy separation cuts
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Figure 5. The relationship between galaxy density observed density and sky
background (in nanomaggies per square arc second), Galactic extinction (in
E(B-V)), and airmass, for CMASS and LOWZ. The dashed lines display
the predicted relationship with Galactic extinction, based on the difference
between the extinction coefficients applied to BOSS imaging data and those
found in Schlafly & Finkbeiner (2011).

changes in the measured clustering when applying and extinction-
dependent weights. We thus choose not to include any weights to
correct for these trends with Galactic extinction.

Overall, we do not find any clear trends, given the uncertainty,
between the density of BOSS galaxies and sky background, Galac-
tic extinction, or airmass. Therefore, like in previous BOSS anal-
yses, we do not weight BOSS galaxies according to any of these
quantities. It would be prudent for any future studies of the cluster-
ing of BOSS galaxies at the largest scales to reconsider this choice.

5 BOSS GALAXY CLUSTERING

In this section, we present the configuration-space clustering of
BOSS galaxies. We determine the relative importance of the sys-
tematic weights we apply, in terms of the impact on the measured
correlation functions. We then show BOSS clustering results when
the samples are divided by hemisphere (NGC and SGC) and by tar-
geting selection (LOWZ, LOWZE2, LOWZE3, and CMASS). We
conclude by showing the clustering of the combined BOSS sample,
split by redshift.

5.1 Effect of weights

The CMASS sample contains the most signal-to-noise of any par-
ticular BOSS selection, has a significant percentage of unobserved
close-pairs and redshift failures (5.4 and 1.8 per cent), and uses
weights for both stellar density and seeing to correct for system-
atic dependencies in the observed number density. We test the im-
pact of these weights by comparing the clustering measured with
the weights applied to that without. For the monopole, these differ-
ences are displayed in the top panel of Fig. 6. In order to assess the
total potential impact of the weights, we find the total �2 difference
between the clustering measured with and without the weights. The
relative importance of each weight is as one would expect visually:
the �2 are 13.1, 3.7, 2.1, and 0.1 for stellar density, close pair, red-
shift failure, and seeing weights.

The importance of the weights is smaller for CMASS ⇠
2

than
⇠
0

, as one can see in the 2nd to the top panel in Fig. 6. The �2 are
0.5, 2.5, 2.3, and 0.1 for stellar density, close pair, redshift failure,
and seeing weights. Unsurprisingly, the weights that affect the ra-
dial distribution are most important for ⇠

2

, and the redshift failure

Figure 6. The change in the measured monopole and quadrupole of the
BOSS CMASS (top panels) and LOWZ (bottom panels) correlation func-
tions, when the given systematic weight is applied. ‘LOWZ comb’ refers
to the combination of the LOWZ, LOWZE2, and LOWZE3 selections. The
grey shaded region displays the 1� uncertainty obtained from mock sam-
ples.
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correlation functions. We then show BOSS clustering results when
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conclude by showing the clustering of the combined BOSS sample,
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Figure 6. The change in the measured monopole and quadrupole of the
BOSS CMASS (top panels) and LOWZ (bottom panels) correlation func-
tions, when the given systematic weight is applied. ‘LOWZ comb’ refers
to the combination of the LOWZ, LOWZE2, and LOWZE3 selections. The
grey shaded region displays the 1� uncertainty obtained from mock sam-
ples.
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• Only stellar density 
has strong effect 
over full footprint

• (LOWZE3 result is 
over full footprint, 
but it is only 660 
deg2 in combined)

• Simulating effects 
yield no bias in 
BAO, negligible 
effect on statistical 
uncertainty

Systematics in final data set



• Pre-reconstruction, full-shape with RSD modeling:
• DV(z)
• FAP(z) (with extra information from anisotropic clustering at all 

scales)
• fσ8

What BOSS measures
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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 D

M

(z)/r
bd

, H(z) ⇥ r
d

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 D
M

�
r
d,fid/r

d

�
, H

�
r
d

/r
d,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

D
M

�
r
d,fid/r

d

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

D
M

�
r
d,fid/r

d

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

D
M

�
r
d,fid/r

d

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

H
�
r
d

/r
d,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
�
r
d

/r
d,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
�
r
d

/r
d,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

between 25 and 150 h�1

Mpc with bin width of 5 h�1

Mpc and
extracts the cosmological and growth parameters with a Markov
Chain Monte Carlo (MCMC) algorithm using COSMOMC (Lewis
& Bridle 2002).

Sánchez et al. (2016) extract cosmological information from
the full shape of three clustering wedges in configuration space,
defined by dividing the µ range from 0 to 1 into three equal-width
intervals, whose covariance matrix was obtained from a set of 2045
MD-Patchy mock catalogues. This analysis is based on a new de-
scription of the effects of the non-linear evolution of density fluctu-
ations (gRPT, Blas et al. in prep.), bias and RSD that is applied to
the BOSS measurements for scales s between 20 and 160 h�1

Mpc

with a bin width of 5 h�1

Mpc. 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. (2016c) 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 k
max

= 0.15h Mpc

�1 for the monopole and quadrupole and
k
max

= 0.1h Mpc

�1 for the hexadecapole. These measurements
are then compared to a model based on renormalized perturbation
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 co-
variance matrix used in this analysis has been derived from 2048

2

Multidark-Patchy mock catalogues and the reduces �2 for all red-
shift bins is close to 1.

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 = 0.005 h Mpc

�1, up to the mildly non-linear
regime, k < 0.2 h Mpc

�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-

2 The NGC uses only 2045 mock catalogues.
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