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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

• !???!
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Essential question: Can we find any 
convincing departure from Λ(CDM)? 
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• Parameterize DE EoS, w = p/ρ; 
look for departure from w = -1
• Common: w(a) = w0+(1-a)wa

• Look for deviations from GR
• Look for any inconsistencies 

between probes
• Use combination of distance and 

structure growth measurements 



Current constraints on DE EoS 
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Planck Collaboration: Cosmological parameters
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Fig. 30. Marginalized posterior distributions of the (w0,wa)
parameters for various data combinations. The tightest con-
straints come from the combination Planck TT,TE,EE+lowE
+lensing+SNe+BAO and are compatible with ⇤CDM. Using
Planck TT,TE,EE+lowE+lensing alone is considerably less con-
straining and allows for an area in parameter space that cor-
responds to large values of the Hubble constant (as already
discussed in Planck Collaboration XIII 2016 and PDE15). The
dashed lines indicate the point corresponding to the ⇤CDM
model. The parametric equation of state given by Eq. (49) stays
out of the phantom regime (i.e., has w � �1) at all times only in
the (upper-right) unshaded region.

2008). These and other modified gravity models, typically also
change the behaviour of the perturbations.

Marginalized contours of the posterior distributions for w0
and wa are shown in Fig. 30. Note that CMB lensing has only
a small e↵ect on the constraints from Planck alone (see the pa-
rameter grid tables in the PLA). Using Planck data alone, a wide
volume of dynamical dark-energy parameter space is allowed,
with contours cut o↵ by our priors (�3 < w0 < 1, �5 < wa < 5,
and 0.4 < h < 1; note that Fig. 30 does not show the com-
plete prior range). However, most of the allowed region of pa-
rameter space corresponds to phantom models with very high
values of H0 (as discussed in PDE15); such models are inconsis-
tent with the late-time evolution constrained by SNe and BAO
data. This is illustrated in Fig. 30 which also shows constraints if
we add BAO/RSD+WL and BAO+SNe to the Planck TT,TE,EE
+lowE+lensing likelihood. The addition of external data sets
narrows the constraints towards the ⇤CDM values of w0 = �1,
wa = 0. The tightest constraints are found for the data combi-
nation Planck TT,TE,EE+lowE+lensing+BAO+SNe; the di↵er-
ence in �2 between the best-fit DE and ⇤CDM models for this
data combination is only ��2 = �1.4 (which is not significant
given the two additional parameters). Numerical constraints for
these data combinations, as well as �2 di↵erences, are presented
in Table 6. It is also apparent that for the simple w0, wa param-
eterization of evolving DE, Planck combined with external data
sets does not allow significantly lower values of S 8 or higher
values of H0 compared to the base-⇤CDM cosmology.

Fixing the evolution parameter wa = 0, we obtain the tight
constraint

w0 = �1.028 ± 0.032 (68 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO), (50)

Table 6. Marginalized values and 68 % confidence limits for cos-
mological parameters obtained by combining Planck TT,TE,EE
+lowE+lensing with other data sets, assuming the (w0,wa) pa-
rameterization of w(a) given by Eq. (49). The ��2 values for best
fits are computed with respect to the ⇤CDM best fits computed
from the corresponding data set combination.

Parameter Planck+SNe+BAO Planck+BAO/RSD+WL

w0 . . . . . . . . . . . . �0.961 ± 0.077 �0.76 ± 0.20
wa . . . . . . . . . . . . �0.28+0.31

�0.27 �0.72+0.62
�0.54

H0 [ km s�1Mpc�1] 68.34 ± 0.83 66.3 ± 1.8
�8 . . . . . . . . . . . . 0.821 ± 0.011 0.800+0.015

�0.017
S 8 . . . . . . . . . . . . 0.829 ± 0.011 0.832 ± 0.013

��2 . . . . . . . . . . . �1.4 �1.4

and restricting to w0 > �1 (i.e., not allowing phantom equations
of state), we find

w0 < �0.95 (95 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO). (51)

Here we only quote two significant figures, so that the result
is robust to di↵erences between the Plik and CamSpec likeli-
hoods.

For the remainder of this section, we assume ⇤CDM at the
background level (i.e., w = �1 at all times), but instead turn
our attention to constraining the behaviour of the dark sector
perturbations.

7.4.2. Perturbation parameterization: µ, ⌘

In the types of DE or MG models considered here, changes to
observables only arise via the impact on the geometry of the
Universe. At the level of perturbations, it is then su�cient to
model the impact on the gravitational potentials � and  , or,
equivalently, on two independent combinations of these poten-
tials (e.g., Zhang et al. 2007; Amendola et al. 2008). Following
PDE15 we consider two phenomenological functions, µ and ⌘,
defined as follows.

1. µ(a, k): a modification of the Poisson equation for  ,

k
2 = �µ(a, k) 4⇡Ga

2 ⇥⇢� + 3(⇢ + P)�
⇤
, (52)

where ⇢� = ⇢m�m + ⇢r�r, using comoving fractional density
perturbations �, and where � is the anisotropic stress from
relativistic species (photons and neutrinos).

2. ⌘(a, k): an e↵ective additional anisotropic stress, leading to
a di↵erence between the gravitational potentials � and  ,
defined implicitly through

k
2 ⇥� � ⌘(a, k) 

⇤
= µ(a, k) 12⇡Ga

2(⇢ + P)�. (53)

At late times, � from standard particles is negligible and we
find

⌘(a, k) ⇡ �/ . (54)

These definitions are phenomenological, in the sense that
they are not derived from a theoretical action. However, they

42

Planck Collaboration (2018)

from galaxy surveys



Distance Measurements
• Distance vs. redshift 

yields expansion 
history

• Standard Candles
• Know luminosity, 
infer distance
• SN1a

• Standard Rulers
• Know size, infer 
distance
• Baryon Acoustic 
Oscillations

Image credit: NASA/JPL-Caltech
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Structure Growth

• Growth rate depends 
on matter density

• Can measure amplitude 
of matter clustering at 
different epochs

• Grows by factor ~2.6 
between z = 1 and z = 0

Credit: http://cosmicweb.uchicago.edu/filaments.html 
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Some Observables
• Cosmic Microwave Background temperature anisotropies
• Photons free-streaming from early Universe, high z 
normalization                          +++

• Direct H0 measurements
• Local distance ladder, local normalization

• Super Nova type 1a distance measurements
• “Standard Candles” 

• Galaxy Surveys:
• *BAO distance measurements; “standard ruler”*
• Redshift-space distortions -> ΩM(z)
• Distribution of matter via weak lensing -> ΩM(z)
• Cluster number counts -> ΩM(z)

Distance Measurements

• Standard Candles
• Know luminosity, 
infer distance
• SN1a

• Standard Rulers
• Know size, infer 
distance
• Baryon Acoustic 
Oscillations
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• Growth rate depends 
on matter density
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of matter clustering at 
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Galaxy Survey
Differences in Photometry

6

Filter

GRIZY (DES) 

ugriz (SDSS)

The Clustering of Luminous Red Galaxies in the Sloan Digital Sky Survey Imaging Data 3

sky in photometric conditions (Hogg et al. 2001), using a
2.5m telescope (Gunn et al. 2006) in five bands (ugriz)
(Fukugita et al. 1996; Smith et al. 2002) using a specially
designed wide-field camera (Gunn et al. 1998). Using these
data, objects are targeted for spectroscopy (Richards et al.
2002; Blanton et al. 2003) and are observed with a 640-
fiber spectrograph on the same telescope. All of these
data are processed by completely automated pipelines that
detect and measure photometric properties of objects,
and astrometrically calibrate the data (Lupton et al. 2001;
Pier et al. 2003; Ivezić et al. 2004). The first phase of the
SDSS is complete and has produced five major data re-
leases (Stoughton et al. 2002; Abazajian et al. 2003, 2004,
2005; Adelman-McCarthy et al. 2006)1. This paper uses all
data observed through Fall 2003 (corresponding approxi-
mately to SDSS Data Release 3), reduced as described by
Finkbeiner et al. (2004).

2.2 Photometric Calibration

Measurements of large scale structure with a photometric
survey require uniform photometric calibrations over the en-
tire survey region. Traditional methods of calibrating imag-
ing data involve comparisons with secondary “standard”
stars. The precision of such methods is limited by transfor-
mations between different photometric systems, and there
is no control over the relative photometry over the entire
survey region. The approach we adopt with these data is
to use repeat observations of stars to constrain the pho-
tometric calibration of SDSS “runs”, analogous to CMB
map-making techniques (see eg. Tegmark 1997a). Since all
observations are made with the same telescope, there are
none of the uncertainties associated with using auxiliary
data. Also, using overlaps allows one to control the rela-
tive calibration over connected regions of survey. The only
uncertainty is the overall zeropoint of the survey, which we
match to published SDSS calibrations. The above method
has been briefly described by Finkbeiner et al. (2004) and
Blanton et al. (2005), and will be explained in detail in a
future publication.

2.3 Defining Luminous Red Galaxies

Tracers of the large scale structure of the Universe must sat-
isfy a number of criteria. They must probe a large cosmolog-
ical volume to overcome sample variance, and have a high
number density so shot noise is sub-dominant on the scales
of interest. Furthermore, it must be possible to uniformly
select these galaxies over the entire volume of interest. Fi-
nally, if spectroscopic redshifts are unavailable, they should
have well characterized photometric redshifts (and errors),
and redshift distributions.

The usefulness of LRGs as a cosmological probe has long
been appreciated (Gladders & Yee 2000; Eisenstein et al.
2001). These are typically the most luminous galaxies in
the Universe, and therefore probe cosmologically interest-
ing volumes. In addition, these galaxies are generically

1 URL: www.sdss.org/dr4

Figure 1. A model spectrum of an elliptical galaxy, taken from
Bruzual & Charlot (2003), shown at three redshifts. The model
assumes a single burst of star formation 11 Gyr ago and solar
metallicity; the effect of evolution is not shown for simplicity. Also
overplotted are the response functions (including atmospheric ab-
sorption) for the five SDSS filters. The break in the spectrum at
4000 Å, and its migration through the SDSS filters is clearly seen.

old stellar systems with uniform spectral energy distri-
butions (SEDs) characterized principally by a strong dis-
continuity at 4000 Å(Fig. 1). This combination of a uni-
form SED and a strong 4000 Å break make LRGs an
ideal candidate for photometric redshift algorithms, with
redshift accuracies of σz ∼ 0.03 (Padmanabhan et al.
2005a). LRGs have been used for a number of studies
(Hirata et al. 2004; Eisenstein et al. 2005a; Zehavi et al.
2005; Padmanabhan et al. 2005b), most notably for the de-
tection of the baryonic acoustic peak in the galaxy autocor-
relation function (Eisenstein et al. 2005b)

The photometric selection criteria we adopt were dis-
cussed in detail by Padmanabhan et al. (2005a) and are
summarized below. We start with a model spectrum of an
early type galaxy from the stellar population synthesis mod-
els of Bruzual & Charlot (2003) (Fig. 1). This particular
spectrum is derived from a single burst of star formation
11 Gyr ago (implying a redshift of formation, zform ∼ 2.6),
evolved to the present, and is typical of LRG spectra. In
particular, the 4000 Å break is very prominent. To motivate
our selection criteria, we passively evolve this spectrum in
redshift (taking the evolution of the strength of the 4000
Å break into account), and project it through the SDSS
filters; the resulting colour track in g− r− i space as a func-
tion of redshift is shown in Fig. 2. The bend in the track
around z ∼ 0.4, as the 4000 Å break redshifts from the g
to r band, naturally suggests two selection criteria – a low
redshift sample (Cut I), nominally from z ∼ 0.2 − 0.4, and
a high redshift sample (Cut II), from z ∼ 0.4 − 0.6. We
define the two colours (Eisenstein et al. 2001, and private
commun.)

c⊥ ≡ (r − i) − (g − r)/4 − 0.18 , (1)

c⃝ 0000 RAS, MNRAS 000, 000–000

4000  Å break

Padmanabhan 2007

HST image of cluster MACS1206

• Typically:
• 1) image area in multiple 

wavelength bands 
• 2) “target” galaxies for 

redshift-survey 
spectroscopy
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Baryon Oscillation Spectroscopic Survey
• Part of Sloan Digital Sky 
Survey III
• (Imaging + spectroscopy)
•1.2 million galaxy redshifts, 
9300 deg2, 0.2 < z < 0.75
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Galaxy Survey Footprints

• BOSS:1.2 million galaxy redshifts, 9300 deg2, 0.2 < z < 0.75
• eBOSS 1 million galaxy and quasar redshifts, 6100 deg2, 0.6 < z < 2.2
• DES ~10 million of galaxy photometric redshifts, 5000 deg2, z > 0.6
• (e)BOSS also gives 1.6e5 quasar sight-lines for z>2.2 Lyα forest

Dark Energy Survey
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• Largest 3D map of 
galaxies

BOSS

(SDSS-II LRGs)

(SDSS Main Sample)

BOSS Galaxies

A Small Slice of BOSS
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Baryon Acoustic Oscillations

• Acoustic peaks first seen in 
CMB
• Sets co-moving size of 
feature in galaxies

Galaxy clustering

Anderson et al. 2014
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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 s

2 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.

c� 2016 RAS, MNRAS 000, 1–38
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BAO Distance Ladder

Alam et al. arXiv:1607.03155
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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!

Dark Energy with only BAO (non-CMB)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 BOSS gal.
 BOSS gal.+eBOSS
 Full BAO

 

 

Ω
Λ

Ωm

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0

1

2

3

4

 

 

Pr
ob
ab
ili
ty

Ω
Λ

 BOSS gal.
 BOSS gal.+eBOSS
 Full BAO

Ata et al. (2017)

August 29th, 2018                        Ashley J. Ross                              COSMO-18



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 ⌦mh

2, 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-

c� 2016 RAS, MNRAS 000, 1–38

Alam et al. (2017)
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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% 
(probably <<)

BAO is Robust!
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Redshift Space Distortions (RSD)

}
Structure growth
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• 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) 
• can measure amplitude of velocity field fσ8

• “Full Shape” (FS)

BOSS Anisotropic Clustering
Samushia et al. (2014)
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Testing General Relativity

Anderson et al. 2013

BAO in SDSS-III BOSS galaxies 25

Figure 17. The constraints on H0 and the relativistic energy density, pa-
rameterized by Ne↵ . (top) Constraints for the ⇤CDM parameter space us-
ing Planck+BAO+FS, with and without direct H0 measurements. (bottom)
Constraints for the owCDM parameter space using Planck+BAO+FS+SNe,
with and without direct H0 measurements. In both cases, the combination
with the H0 = 73.0 ± 1.8 km/s/Mpc measurement of Riess et al. (2016)
causes a shift toward higher Ne↵ and higher H0. [TODO: Plots need to
match axis ranges. H0 needs units. Ne↵ 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 Ne↵? 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

c� 2014 RAS, MNRAS 000, 1–31

26 S. Alam et al.

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 H0 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 AL 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� 2014 RAS, MNRAS 000, 1–31
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H0 Tension
• BAO+x prefers low H0
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compounds tension

• Addison et al. (2017) 
shows same happens 
with any CMB
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Fig. 17. Inverse distance-ladder constraints on the Hubble pa-
rameter and ⌦m in the base-⇤CDM model, compared to the re-
sult from the full Planck CMB power spectrum data. BAO con-
strains the ratio of the sound horizon at the epoch of baryon
drag and the distances; the sound horizon depends on the
baryon density, which is constrained by the conservative prior
of ⌦bh

2 = 0.0222 ± 0.005, based on the measurement of D/H
by Cooke et al. (2018) and standard BBN with modelling un-
certainties. Adding Planck CMB lensing constrains the matter
density, or adding a conservative Planck CMB “BAO” measure-
ment (100✓MC = 1.0409±0.0006) gives a tight constraint on H0,
comparable to that from the full CMB data set. Grey bands show
the local distance-ladder measurement of R18. Contours contain
68 % and 95 % of the probability. Marginalizing over the neu-
trino masses or allowing dark energy equation of state parame-
ters w0 > �1 would only lower the inverse distance-ladder con-
straints on H0. The dashed contours show the constraints from
the data combination BAO+JLA+D/H BBN.

values as more data are included. The green contours show the
constraints from BAO and the Pantheon SNe data, together with
a BBN constraint on the baryon density (⌦bh

2 = 0.0222±0.005)
based on the primordial deuterium abundance measurements
of Cooke et al. (2018, see Sect. 7.6). The dashed contours in
this figure show how the green contours shift if the Pantheon
SNe data are replaced by the JLA SNe sample. Adding Planck

CMB lensing (grey contours) constrains ⌦mh
2 and shifts H0

further away from the R18 measurement. Using a “conserva-
tive” Planck prior of 100✓MC = 1.0409 ± 0.0006 (which is
consistent with all of the variants of ⇤CDM considered in this
paper to within 1�, see Table 5) gives the red contours, with
H0 = (67.9 ± 0.8) km s�1Mpc�1 and ⌦m = 0.305 ± 0.001,
very close to the result using the full Planck likelihood (blue
contours). Evidently, there is a significant problem in matching
the base-⇤CDM model to the R18 results and this tension is not
confined exclusively to the Planck results.

The question then arises of whether there is a plausible ex-
tension to the base-⇤CDM model that can resolve the discrep-
ancy. Table 5 summarizes the Planck constraints on H0 for vari-
ants of ⇤CDM considered in this paper. H0 remains discrepant
with R18 in all of these cases, with the exception of models in
which we allow the dark energy equation of state to vary. For
models with either a fixed dark energy equation-of-state param-

eter, w0, or time-varying equation of state parameterized by w0
and wa (see Sect. 7.4.1 for definitions and further details), Planck

data alone lead to poor constraints on H0. However, for most
physical dark energy models where pde � �⇢de (so w0 > �1),
and the density is only important after recombination, H0 can
only decrease with respect to ⇤CDM if the measured CMB
acoustic scale is maintained, making the discrepancy with R18
worse. If we allow for w0 < �1, then adding BAO and SNe
data is critical to obtain a useful constraint (as pointed out by
Aubourg et al. 2015), and we find
H0 = (68.35 ± 0.82) km s�1Mpc�1, (w0 varying), (31a)
H0 = (68.34 ± 0.83) km s�1Mpc�1, (w0,wa varying), (31b)
for the parameter combination Planck TT,TE,EE+lowE+lensing
+BAO+Pantheon. Modifying the dark energy sector does not re-
solve the discrepancy with R18.

If the di↵erence between base ⇤CDM and the R18 mea-
surement of H0 is caused by new physics, then it is unlikely to
be through some change to the late-time distance-redshift rela-
tionship. Another possibility is a change in the sound horizon
scale. If we use the R18 measurement of H0, combined with
Pantheon supernovae and BAO, the acoustic scale is rdrag =
(136.4 ± 3.5) Mpc. The di�culty is to find a model that can
give this much smaller value of the sound horizon (compared
to rdrag = (147.05 ± 0.3) Mpc from Planck TT,TE,EE+lowE in
⇤CDM), while preserving a good fit to the CMB power spec-
tra and a baryon density consistent with BBN. We discuss some
extensions to ⇤CDM in Sect. 7.1 that allow larger H0 values
(e.g., Ne↵ > 3.046); however, these models are not preferred
by the Planck data, and tend to introduce other tensions, such
as a higher value of �8. 20 This emphasizes the need for in-
dependent methods of measuring the distance scale, for exam-
ple, gravitational-lensing time delays (Suyu et al. 2013), distant
megamasers (Gao et al. 2016, and references therein) and in the
future from gravitational-wave standard sirens (Holz & Hughes
2005; Abbott et al. 2017; Chen et al. 2017; Feeney et al. 2018b).

5.5. Weak gravitational lensing of galaxies

The distortion of the shapes of distant galaxies by lensing due to
large-scale structure along the line of sight is known as galaxy
lensing or cosmic shear (see e.g., Bartelmann & Schneider 2001,
for a review). It constrains the gravitational potentials at lower
redshift than CMB lensing, with tomographic information and
completely di↵erent systematics, so the measurements are com-
plementary. Since the source galaxy shapes and orientations are
in general unknown, the lensing signal is a small e↵ect that can
only be detected statistically. If it can be measured robustly it
is a relatively clean way of measuring the Weyl potential (and
hence, in GR, the total matter fluctuations); however, the bulk
of the statistical power comes from scales where the signal is
significantly nonlinear, complicating the cosmological interpre-
tation. The measurement is also complicated by several other
issues. Intrinsic alignment between the shape of lensed galaxies
and their surrounding potentials means that the galaxy shape cor-
relation functions actually measure a combination of lensing and

20To obtain simultaneously higher values of H0, lower values of
�8, and consistent values of ⌦m it is necessary to invoke less com-
mon extensions of the ⇤CDM model, such as models featuring non-
standard interactions in the neutrino, dark-matter, and/or dark-radiation
sector (see e.g., Lesgourgues et al. 2016; Archidiacono et al. 2016;
Lancaster et al. 2017; Oldengott et al. 2017; Di Valentino et al. 2018;
Buen-Abad et al. 2018). Such models are likely to be highly constrained
by the Planck, BAO, and supernova data used in this paper.
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• Measurements from completed eBOSS and DES 
surveys coming soon
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• Goes on 4 meter Mayall telescope in 2019 (soon!)
• Will measure 5000 galaxy spectra at a time using 

robotic positioners
• >30 million galaxy & quasar redshifts in a five year 

survey
• 4 million LRGs 0.6 < z < 1.0
• 17 million ELGs 0.6 < z < 1.6
• 2.4 million quasars (0.7 with z > 2.1)
• 9.8 million bright galaxies z < 0.4
• ~3 million pre-DESI

Dark Energy Spectroscopic Instrument (DESI)
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• 5000 is too many to plug by hand!
• Time is wasted between fiber 

arrangements

DESI focal plane
August 29th, 2018                        Ashley J. Ross                              COSMO-18full range of gravity vectors (0-60◦ Zenith angle) and account for surface irregularities that could produce uneven

loading of the lenses. The lateral displacement tolerances for the cells are ±20µm and the tip/tilt tolerances
are about 20µm at the edge of the lenses. The steel barrel is presently at University College London for the
integration of the optical elements.

4. FOCAL PLANE SYSTEM

The focal plane system includes 5000 robotic fiber positioners, 6 guide cameras, 4 wavefront cameras, and 120
illuminated fiducials12 (see Figure 3). These elements are in a thermal enclosure that minimizes the addition of
waste heat into the dome environment. There is also a fiber view camera mounted at the primary mirror that
provides feedback on fiber positions. The focal plane system is divided into ten identical petals that are 36◦

wedges that fill the circular focal plane. Each petal has 500 fibers that feed a single spectrograph, two additional
fibers that connect to a sky monitor camera, 12 illuminated fiducials, and a Guide/Focus/Alignment camera
(GFA). The design and integration of the focal plane system is led by Lawrence Berkeley National Lab (LBNL),
with contributions from many partner institutions. The scheduled delivery date to the Mayall is March 2019.

Figure 3. The focal plane system includes 5000 robotic fiber positioners, 6 guide cameras, 4 wavefront cameras, and
120 illuminated fiducials. These are mounted on ten, identical petals, and the fibers from each petal connect to one
spectrograph. The image on the left shows a model of the focal plane system as viewed from the corrector, while the
photo on the right shows the first, fully populated petal at LBNL.

4.1 Fiber Positioners

The fiber positioner robots have two rotational axes that can place the fiber within a 12-mm diameter patrol
region. The fiber positioners have a 10.4-mm pitch between neighboring units. The close proximity of the
positioners is a critical feature that enables the extraordinary multiplex of DESI. The moderate potential overlap
between neighboring fiber positioners requires consideration of collisions as part of both target selection and the
the orchestration of positioner moves to their target positions. Fiber assignment software identifies feasible
targets for each observation and anticollision software plans a safe sequence of acquisition moves for that set of
targets.

The fiber positioners are required to place the fiber tips within ≤ 5µm RMS of their targets. As the fiber
positioners are less precise for large moves, we achieve this requirement with an iterative process. After each
move of the positioners, the fiber tips and fiducials are illuminated and imaged with the fiber view camera.
Software measures the location of each fiber relative to the target location, determines any correction moves
that may be necessary, and then sends these correction moves to the fiber positioners. Lab tests indicate we

5

SDSS
DESI

*DLeitner@lbl.gov; phone: 1-510-486-4503; Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, Berkeley, CA, USA 94720 

 
The original positioner design and assembly sequences were developed at the Lawrence Berkeley National Laboratory. 
The actual mass-production of the full robotic assemblies is carried out at the University of Michigan. The 107 
micrometer diameter fiber assemblies are manufactured at the Lawrence Berkeley National Laboratory (LBNL). In 
addition, final integration of the positioner and the fibers is performed at LBNL. In this step the fibers are installed and 
precision aligned in the positioners at LBNL to ±15 micrometers. After this step, the integrated positioners are installed 
into the Focal Plane [1, 2, 3]. 

 
2.   MECHANICAL DESIGN OF THE POSITIONER 

 
The design is described in detail in previous proceedings [4]. Here we briefly summarize some key features that are 
important for the manufacturing process. A mechanical model and a picture of the completed fiber positioner are shown 
in Figure 1 together with the individual components. 
 

 

       

 
Figure 1. Fiber positioner CAD model, an actual positioner, and the individual components. 
 
The fiber is positioned utilizing two 4 mm diameter DC brushless gear motors (manufactured by NAMIKI Precision 
Jewel Co., Japan). It is routed through the phi assembly, passes through the theta bearing and is then guided smoothly 
through the interior of the remaining theta assembly. The fiber routing is designed to stay outside of a minimum bend 
radius and such that the positioner can accommodate the full 360 degrees of rotation without damaging the fiber. Theta 
and phi axis hardstops prevent the positioner from rotating beyond this limit in case of a control software glitch. Finally, 
the positioner is designed to absorb stray light and reduce reflections - the upper housing that contains the phi motor 
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Figure 3.11: Left: Eccentric axis (“✓-�”) kinematics and coordinate systems. Whenever R2 is
retracted within the dashed circle E, the positioner is guaranteed free rotation about ✓ without
obstruction from its neighbors. Right: Patrol coverage regions for neighboring positioners. Regions
labeled “1x” indicate coverage by a single positioner and “2x” by two positioners.

containing two ball bearings and an internal shaft. The cartridges are mounted in-line with their
respective motors’ output shafts. The cartridges are purchased as integrated units from a bearing
manufacturer.

The positioner has mechanical hard stops in both directions of both axes. Either axis can be
driven at full speed and power into either hard stop repeatedly and without damage. During all
testing we regularly ram hardstops and have not observed any discernible damage. More tests are
planned to attempt to quantify if any damage modes can be identified.

The fiber ferrule is held by a ferrule holder arm. The arm secures the 1.25 mm DESI ferrule
against a precise cylindrical mating surface. The ferrule is contacted by a nylon-tipped set screw
under controlled preload, with a small quantity of adhesive at the threads and tip to lubricate the
contact point during insertion and then to guarantee it cannot later loosen.

All the mating features for precision mounting and retention in the focal plate petal are machined
into the central axis bearing cartridge. A cylindrical datum constrains tip / tilt and xy position. A
flat flange datum defines focus. A thread provides positive and firm mechanical retention. These
identical features are used on the assembly jigs that locate the eccentric axis bearing and the ferrule
holder for each positioner. The features are illustrated in Figure 3.12.

3.3.4 Positioner Electrical Design

The two motors are driven by one electronics driver board attached to the aft end of the positioner.
There is no encoder on either motor. The motors each have 3 coils and are driven by pulse width
modulation of the current applied to its coils. The shaft position is controlled open-loop by rotating
the sum magnetic field of the 3 coils.

For large motions, the magnetic field, and thus the motor shaft, is ramped up rapidly to a
rotation rate of 10,000 rpm. This is very fast in practical terms: ⇠180�/sec at the output shaft,
depending on exact gear ratio. When re-positioning, the final ⇠50 µm of the move is done at low
speed (15 rpm) and very fine resolution (0.1� at the motor shaft, ⇠0.0003� at the output shaft).
After positioning a shaft, the coils are completely de-energized and the position remains stable.
This has been demonstrated by taking repeated centroids with the fiber view camera, before and
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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 ⌦mh

2, 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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Figure 2.10: Expansion rate of the Universe as a function of redshift. In the upper plot, the filled
blue circle is the H0 measurement of [106], the solid black square shows the SDSS BAO measurement
of [107], the red square shows the BOSS galaxy BAO measurement of [6], the red circle shows the
BOSS Ly-↵ forest BAO measurement of [47], and the red x shows the BOSS Ly-↵ forest BAO-quasar
cross-correlation measurement of [108]. The lower plot shows projected DESI points.

Figure 2.11: The w0 � wa plane showing projected limits (68%) from DESI using just BAO and
using the broadband (BB) power spectrum. Also shown is the limit from BOSS BAO. Planck priors
are included in all cases, and DESI includes the BGS and non-redundant part of BOSS. The figure
of merit of the surveys is inversely proportional to the areas of the error ellipses.

DESI Collaboration (2016)
Forecast
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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 ⌦mh

2, 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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Conclusions
• No strong hints for deviations from ΛCDM/GR
• Allowed time evolution of EoS: Δw ~= 1 (1σ)

• BAO distance measurements important for 
measurement of DE properties
• Significant gains when including “Full Shape”
• (neutrino mass, inflation,++)
• Final DES, eBOSS results soon
•DESI starting survey in 2019 
•Order of magnitude improvement

• (Euclid, WFIRST,…)
• (weak lensing, clusters, SN1a,…)

August 29th, 2018                        Ashley J. Ross                              COSMO-18



• 14,000 deg2 via multiple surveys tied together with 
same image processing pipeline to produce Legacy 
Surveys

DESI Footprint
August 29th, 2018                        Ashley J. Ross                              COSMO-18
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Figure 3.19: The primary imaging surveys that will result in targeting data for the DESI project.
The footprint at DEC  +34� will be covered using the Dark Energy Camera (DECam) on the
Blanco 4m telescope at Cerro Tololo Inter-American Observatory. The Dark Energy Camera Legacy
Survey (DECaLS, in yellow), the Dark Energy Survey (DES, in orange), and the extended DECaLS
in the North Galactic Cap (DECaLS+, in purple on left) are underway. A proposal for the remaining
extended DECaLS in the South Galactic Cap (DECaLS+, in purple on right) will be submitted.
Imaging of the North Galactic Cap region at DEC � +34� (cyan) will be covered with the 90Prime
camera at the Bok 2.3-m telescope in g� and r�bands (BASS: the Beijing-Arizona Sky Survey) and
with the upgraded MOSAIC-3 camera on the Mayall 4m telescope in z-band (MzLS: the MOSAIC
z-band Legacy Survey). Both the Bok and Mayall telescopes are located on Kitt Peak National
Observatory.

to the input imaging, ensuring that there are no detectable sources within the fiber diameter
in any of the input bands. These will be provided at a density such that every fiber (when
possible) will have the option of a blank sky if it isn’t otherwise assigned to a science target.

3.6 Baseline Imaging Datasets

The samples described above can be selected given highly-uniform optical imaging data in
the g, r, and z bands, as well as all-sky imaging from the WISE satellite. The same imaging
data for selected science targets will be used to identify calibration targets (standard stars
and sky fibers). A combination of three telescopes will be used to provide the baseline
targeting data for DESI: the Blanco 4m telescope at Cerro Tololo, the Bok 90-inch and
the Mayall 4m telescope at Kitt Peak. The footprints of the primary surveys using these
telescopes that will deliver the targeting data are shown in Figure 3.19 and the next three
subsections discuss these surveys and their current status in more detail. The status of the
WISE data is presented in § 3.6.4.

3.6.1 Blanco/DECam Surveys (DEC34�)

The Dark Energy Camera (DECam) on the Blanco 4m telescope, located at the Cerro Tololo
Inter-American Observatory, will provide the optical imaging for targeting over 2/3 of the



• 525 nights over 5 seasons in 5 imaging bands
• 1/8th of sky (main survey)
• i-band limit ~24 mag; largest survey at this sensitivity 
• SN fields visited at least once per week

The Dark Energy Survey (DES)

Marisa Cristina March, on behalf of the Dark Energy Survey Collaboration  mamarch@sas.upenn.edu 
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THE DARK ENERGY SURVEY

Figure 1: Dark Energy Camera mounted on the Blanco 4m telescope.

The Universe is getting bigger faster. Why?
The astonishing result of the late 1990s, show-
ing that the Universe is accelerating [6, 5], led to
a paradigm shift in cosmology from earlier Cold
Dark Matter (CDM) models of the Universe to
the inclusion of dark energy, ‘Lambda’, giving us
the current ⇤CDM model of the Universe. Is Uni-
versal acceleration really caused by dark energy,
or is it due to modified gravity? Or some other
explanation? The primary aim of the Dark Energy
Survey is to put constraints on the dark energy
density ⌦⇤ and the dark energy equation of state
w(z). The nature of dark energy and the cause
of the acceleration of our Universe is one of ‘the
most fundamental questions in astrophysics’ [1].

The Dark Energy Camera (DECam) is a specially
commissioned new instrument mounted on the
Blanco 4m telescope at the Cerro Tololo Inter-
American Observatory, Chile. DECam is a 570
megapixel camera which over the course of 525
nights spread over five years will image 5000
square degrees of the southern sky. The Dark En-
ergy Survey is designed to find answers to ques-
tions about the nature of dark energy.
The Dark Energy Survey (DES) [8] will com-
bine data from observations of supernovae type Ia
(SNeIa), weak lensing, large scale structure and
galaxy clustering to put robust constraints on the
dark energy parameters of interest.

FIELD LOCATIONS

Figure 2: Locations of DES SN shallow
(C1,C2,E1,E1,X1,X2) and deep (C3,X3) fields.

• Ten di↵erent fields are visited in the DES SN
survey: eight shallow fields and two deep fields,
with which to calibrate the eight shallow fields.

• Each field is ⇠ 3 square degrees.

• Each field lies within the area of the wider DES
survey and each has been chosen for it’s over-
lap with other surveys which can provide useful
ancillary data.

SURVEY OPERATIONS

• The median cadence for supernovae observa-
tions is 5 days.

• The vast majority of SN host galaxies will be
followed up spectroscopically with instruments
on other telescopes to provide a host galaxy
redshift.

• For a more detailed overview of the survey
strategy, please see [2]

Figure 3: exposure times in each band for shal-
low and deep fields
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Figure 4: A simplified overview of supernovae observations and data processing operations. The ulti-
mate aim of taking SNe observations is to obtain constraints on the dark energy parameters w0, wa
and ⌦⇤

TOWARDS A HUBBLE PLOT

Figure 5: A glimpse of a preliminary Hubble plot. For the purposes of blinding, no numbers are
shown on the vertical axis.

• The plot shows a subset of ⇠ 70 photomet-
rically classified [7] SNe Ia which have host
galaxy spectroscopic redshifts.

• Basic ‘forced photometry’ is used here, not the
full ‘final photometry’ that will be used in the

cosmological analysis.

• Light curves were fitted using SNANA [3] and
distance moduli are estimated using salt2mu
[4]

LIGHT CURVES

Figure 6: Two examples of light curves taken during the first part of the first observing season,
showing typical cadence.

DATA QUALITY MONITORING
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Figure 7: Fake supernovae are inserted into the di↵erence imaging pipeline to monitor the e�ciency
of the pipeline. LH plot: number of fake SN recovered as a function of magnitude; RH plot: signal
to noise ratio of the fixed magnitude fake SN. (Shallow fields, single night)

OUTLOOK

DES observing began in September 2013, we are
now nearly 2/3 of the way through the first sea-
son, data quality looks good. Over the next five
years DES will yield a photometric survey with
around 3500 well sampled SN light curves, and
additionally we anticipate having the host galaxy

spectroscopic redshifts for the bulk of those SN.
Science verification data is currently available to
the public and raw data from season 1 will be
made available one year from the date on which
it was taken. For more information please visit
http://www.darkenergysurvey.org
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•  Matter distorts 
galaxy shapes

•  Unbiased tracer of 
matter distribution

•  measure shapes to 
obtain “shear” catalog

• correlations in shapes 
yield matter 
distribution

• Can also combine 
galaxy clustering + 
galaxy-shear cross 
correlation to isolate 
matter clustering

Weak Lensing

HST image of cluster MACS1206



• Tension?
• If yes, what does it 

mean?

Low redshift amplitude of matter fluctuations

 

Measurement of late-time structure

✔ RSD

✔ Galaxy clusters

● cosmic shear: 

recent studies have

claimed 2-3σ offset 

from Planck CMB in

Ω
m
-σ

8

A non-issue?

A crack in ΛCDM?

A systematic error?

Kilbinger 2015 
+ KiDS

DES?



• Shear auto-
correlation

• Shear x galaxies + 
galaxy auto-
correlation

• Combination of 
both use for DES 
Year 1 (Y1)

• S8 is z=0 lensing 
amplitude

Two ways to get matter field
19
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FIG. 8. Constraints on the three cosmological parameters �8, ⌦m, and w in wCDM from DES Y1 after marginalizing over four other
cosmological parameters and ten (cosmic shear only) or 20 (other sets of probes) nuisance parameters. The constraints from cosmic shear only
(green); w(✓) + �t(✓) (red); and all three two-point functions (blue) are shown. Here and below, outlying panels show the marginalized 1D
posteriors and the corresponding 68% confidence regions.

their Figure 18.
The two-dimensional constraints shown in Figure 10 visu-

ally hint at tension between the Planck ⇤CDM prediction for
RMS mass fluctuations and the matter density of the present-
day Universe and the direct determination by DES. The 1D
marginal constraints differ by more than 1� in both S8 and
⌦m, as shown in Figure 6. The KiDS survey [34, 62] also
reports lower S8 than Planck at marginal significance.

However, a more quantitative measure of consistency in
the full 26-parameter space is the Bayes factor defined in
Eq. (V.3). As mentioned above, a Bayes factor below 0.1 sug-
gests strong inconsistency and one above 10 suggests strong
evidence for consistency. The Bayes factor here is R = 4.2,
indicating “substantial” evidence for consistency on the Jef-
freys scale, so any inconsistency apparent in Figure 10 is not
statistically significant according to this metric. In order to

test the sensitivity of this conclusion to the priors used in our
analysis, we halve the width of the prior ranges on all cos-
mological parameters (the parameters in the first section of
Table I). For this case we find R = 1.6, demonstrating that
our conclusion that there is no evidence for inconsistency is
robust even to a dramatic change in the prior volume. The
Bayes factor in Eq. (V.3) compares the hypothesis that two
datasets can be fit by the same set of N model parameters (the
null hypothesis), to the hypothesis that they are each allowed
an independent set of the N model parameters (the alternative
hypothesis). The alternative hypothesis is naturally penalized
in the Bayes factor since the model requires an extra N pa-
rameters. We also test an alternative hypothesis where only
⌦m and As are allowed to be constrained independently by
the two datasets; in this case we are introducing only two ex-
tra parameters with respect to the null hypothesis. For this

Abbot et al. arXiv:1708.01530 



DES compared to CMB

20

FIG. 9. 68% confidence levels on three cosmological parameters from the joint DES Y1 probes and other experiments for wCDM.
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FIG. 10. ⇤CDM constraints from the three combined probes in DES
Y1 (blue), Planck with no lensing (green), and their combination
(red). The agreement between DES and Planck can be quantified via
the Bayes factor, which indicates that in the full, multi-dimensional
parameter space, the two data sets are consistent (see text).

case, we find R = 2.4, which again indicates that there is no
evidence for inconsistency between the datasets.

We therefore combine the two data sets, resulting in the red
contours in Figure 10. This quantitative conclusion that the
high– and low– redshift data sets are consistent can even be
gleaned by viewing Figure 10 in a slightly different way: if
the true parameters lie within the red contours, it is not un-
likely for two independent experiments to return the blue and
green contour regions.

FIG. 11. ⇤CDM constraints from high redshift (Planck,
without lensing) and multiple low redshift experiments (DES
Y1+BAO+JLA), see text for references.

Figure 11 takes the high-z vs. low-z comparison a step fur-

Abbot et al. arXiv:1708.01530 



DES compared to everything

• “Consistent” 
based on 
metric chosen 
while still 
blind

• ~5% 
constraint on 
w = -1±0.05

Abbot et al. arXiv:1708.01530 



DES compared to Planck 2018

• Consistent at ~1% 
level

• Inconsistency *does 
not* significantly 
favor any alternate 
DE model

• DES Y3 will have 3x 
the data

Planck Collaboration: Cosmological parameters
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Fig. 20. Base-⇤CDM model constraints from the Dark Energy
Survey (DES), using the shear-galaxy correlation and the galaxy
autocorrelation data (green) and the joint result with DES lens-
ing (grey), compared with Planck results using TT+lowE and
TT,TE,EE+lowE. The black solid contours show the joint con-
straint from Planck TT,TE,EE+lowE+lensing+DES, assuming
the di↵erence between the data sets is purely statistical. The
dotted line shows the Planck TT,TE,EE+lowE result using the
CamSpec likelihood, which is slightly more consistent with the
DES contours than using the default Plik likelihood. Contours
contain 68 % and 95 % of the probability.

Using the full combined clustering and lensing DES likeli-
hood, for a total of 457 data points (DES Collaboration 2017a),
the best-fit ⇤CDM model has �2

⇡ 500 or 510 with the Planck

best-fit cosmology. Parameter constraints from the galaxy auto-
and cross-correlation are shown in Fig. 20, together with the
joint constraint with DES lensing (the comparison with DES
galaxy lensing and CMB lensing alone is shown in Fig. 19).

Using the joint DES likelihood in combination with DES
cosmological parameter priors gives (for our base-⇤CDM model
with

P
m⌫ = 0.06 eV)

S 8 ⌘ �8(⌦m/0.3)0.5 = 0.792 ± 0.024,

⌦m = 0.257+0.023
�0.031,

9>>=
>>; 68 %, DES. (32)

Planck TT,TE,EE+lowE+lensing gives a higher value of S 8 =
0.832 ± 0.013, as well as larger ⌦m = 0.315 ± 0.007. As shown
in the previous section, the DES lensing results are quite compat-
ible with Planck, although peaking at lower ⌦m and �8 values.
The full joint DES likelihood, however, shrinks the error bars in
the �8–⌦m plane so that only 95 % confidence contours overlap
with Planck CMB data, giving a moderate (roughly 2 % PTE)
tension, as shown in Fig. 20. The dotted contour in Fig. 20 shows
the result using the CamSpec Planck likelihood, which gives re-
sults slightly more consistent with DES than the default Plik
likelihood. The Planck result is therefore sensitive to the details
of the polarization modelling at the 0.5� level, and the tension
cannot be quantified robustly beyond this level.

Combining DES with the baseline Planck likelihood pulls
the Planck result to lower ⌦m and slightly lower �8, giving

S 8 = 0.811 ± 0.011,
⌦m = 0.3041 ± 0.0062,
�8 = 0.8060 ± 0.0057,

9>>>>=
>>>>;

68 %, Planck TT,TE,EE
+lowE+lensing+DES. (33)

A similar shift is seen without including Planck lensing, and is
disfavoured by Planck CMB with a total ��2

e↵ ⇡ 13 for the CMB
likelihoods (comparing the Planck-only best fit to the fit when
combined with DES). The shift in parameters is also larger than
would be expected for Gaussian distributions, given the small
change in parameter covariance. The corresponding change in
�2

e↵ for the DES likelihood is ��2
e↵ ⇡ 10, which is high, but less

surprising given the 4–5 contribution expected from the number
of parameters that are much better constrained by Planck. The
summary consistency statistic �2

e↵,joint ��
2
e↵,DES ��

2
e↵,Planck ⇡ 14,

which is high at the roughly 1 % PTE level, given the expected
value of 4, assuming roughly Gaussian statistics (Raveri & Hu
2018).

In summary, the DES combined probes of ⇤CDM parame-
ters are in moderate percent-level tension with Planck. Whether
this is a statistical fluctuation, evidence for systematics, or new
physics is currently unclear. In this paper, we follow the philos-
ophy of PCP13 and PCP15 of making minimal use of other as-
trophysical data in combination with Planck, using BAO as our
primary complementary data set. We therefore do not include
DES results in most of the parameter constraints discussed in
this paper. We do, however, consider the impact of the DES weak
lensing results on dark-energy and modified-gravity constraints
in Sect. 7.4 and on neutrino masses in Sect. 7.5.1. We also in-
clude DES for a wider rangle of models in the Planck parameter
tables available on the PLA.

5.7. Cluster counts

Counts of clusters of galaxies provide an additional way of
constraining the amplitude of the power spectrum at low red-
shifts (e.g., Pierpaoli et al. 2001; Komatsu & Seljak 2002, and
references therein). Planck clusters, selected via the thermal
Sunyaev-Zeldovich (tSZ) signature, were used to explore cos-
mological parameters in Planck Collaboration XX (2014). This
analysis was revisited using a deeper sample of Planck clusters
in Planck Collaboration XXIV (2016). We have not produced a
new tSZ cluster catalogue in the 2018 Planck data release and
so the results presented in this section are based on the 439
clusters in the MMF3 cluster cosmology sample, as analysed in
Planck Collaboration XXIV (2016). Comparison with the 2018
CMB Planck power spectrum results show di↵erences primarily
from changes to the base-⇤CDM model parameters caused by
the tighter constraints on ⌧. The impact of the lower value of ⌧
reported in Planck Collaboration Int. XLVI (2016) on the inter-
pretation of cluster counts has been discussed by Salvati et al.
(2018).

We first review the main results from
Planck Collaboration XXIV (2016). There has been increasing
recognition that the calibration of cluster masses is the dominant
uncertainty in using cluster counts to estimate cosmological
parameters. In the analysis of Planck clusters, the cluster tSZ
observable was related to the cluster mass M500

23 using X-ray

23The mass contained within a sphere of radius R500, centred on the
cluster, where R500 is the radius at which the mean density is 500 times
the critical density at the redshift of the cluster.

29



Dark Energy Constraints: Summary
• tensions within ΛCDM seem to be decreasing
• still plenty of room for time evolution

Zhao et al. (2017) 



Neutrino Mass
• Neutrinos remain relativistic 

at later times
• suppresses formation of 

smaller-scale structure
• (at least) 3 ways to measure 

with LSS:
–Direct effect on P(k)
–Effect on structure growth
–Use BAO measurements to 
break CMB degeneracies



Neutrino mass constraints: 
CMB+BAO

Planck Collaboration: Cosmological parameters
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Neutrino Mass

Anderson et al. 2013

BAO in SDSS-III BOSS galaxies 25

Figure 17. The constraints on H0 and the relativistic energy density, pa-
rameterized by Ne↵ . (top) Constraints for the ⇤CDM parameter space us-
ing Planck+BAO+FS, with and without direct H0 measurements. (bottom)
Constraints for the owCDM parameter space using Planck+BAO+FS+SNe,
with and without direct H0 measurements. In both cases, the combination
with the H0 = 73.0 ± 1.8 km/s/Mpc measurement of Riess et al. (2016)
causes a shift toward higher Ne↵ and higher H0. [TODO: Plots need to
match axis ranges. H0 needs units. Ne↵ 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 Ne↵? 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

c� 2014 RAS, MNRAS 000, 1–31
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BOSS Galaxies

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

BOSS Collaboration (in prep.)



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



Theoretical details
theoretical clustering of matter                

observed clustering of galaxies
Galaxy bias: light ≠ mass



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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Red/Blue BOSS BAO

Ross et al. (2014)

α = DV/DV,fiducial



BOSS imaging systematics

fiducial
full weights

Ross et al. 2011
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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



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)



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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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 ifib2 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 ifib2 and redshift. Weighting based on ifib2 (illustrated in the middle
panel) removes this dependency.

ifib2 bin; the �
2 of the fits range between 4 and 8, for 8 de-

grees of freedom. With increasing ifib2, the best-fit A and B are
A(ifib2) = [0.959, 0.994, 1.038, 1.087, 1.120] and B(ifib2) =
[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 ifib2 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 ifib2, we
interpolate between the results in the neighboring ifib2 bins, i.e.,
to find the expected relationship at ifib2 = 20.8, we interpolate
between the results in the 20.3 < ifib2 < 20.6 and 20.6 < ifib2 <

20.9 bins to obtain the slope, B(ifib2), and intercept, A(ifib2), of
the relationship. The weight we apply to the galaxy is then

wstar(nstar, ifib2) = (B(ifib2)nstar + A(ifib2))
�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 wstar. 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

ng = Asee


1� erf

✓
Si � Bsee

�see

◆�
, (33)

where Si 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 Asee = 0.5205(0.5344), Bsee = 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 imod 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 imod 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 ifib2. We divide
the LOWZE3 sample into four bins based on the galaxies’ imod

magnitude, imod < 17.5, 17.5 < imod < 18, 18 < imod < 18.5,
and imod > 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 imod 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(imod � 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 (nLE3), and imod is given by

nLE3(Si, imod) = 1 + (Si � 1.25)`(imod). (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., wstar⇥wsee 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.

MNRAS 000, 1–24 (2014)

Ross et al. (2016)

BOSS galaxy correlation functions and BAO Measurements 9

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.

MNRAS 000, 1–24 (2014)

• 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



• 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.

Table 6. Final consensus constraints on DM
�
rd,fid/rd

�
, H

�
rd/rd,fid

�
and f�8(z) for the BAO-only, full-shape and joint (BAO+FS) measurements . The

first error corresponds to the statistical uncertainty derived from the combination of the posterior distributions, while the second value represents the systematic
error assigned to these results as described in Section 7.2. In our fiducial cosmology, rd,fid = 147.78 Mpc. The cosmological analysis presented in Section 9
is based on these values.

Measurement redshift BAO-only Full-shape BAO+FS

DM
�
rd,fid/rd

�
[Mpc] z = 0.38 1512.4 ± 22.5 ± 11.0 1529 ± 24 ± 11 1518 ± 20 ± 11

DM
�
rd,fid/rd

�
[Mpc] z = 0.51 1975.2 ± 26.6 ± 14.1 2007 ± 29 ± 15 1977 ± 23 ± 14

DM
�
rd,fid/rd

�
[Mpc] z = 0.61 2306.7 ± 33.2 ± 16.7 2274 ± 36 ± 17 2283 ± 28 ± 16

H
�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.38 81.21 ± 2.17 ± 0.97 81.2 ± 2.0 ± 1.0 81.5 ± 1.7 ± 0.9

H
�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.51 90.90 ± 2.07 ± 1.08 88.3 ± 2.1 ± 1.0 90.5 ± 1.7 ± 1.0

H
�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.61 98.96 ± 2.21 ± 1.18 95.6 ± 2.4 ± 1.1 97.3 ± 1.8 ± 1.1

f�8 z = 0.38 - 0.502 ± 0.041 ± 0.024 0.497 ± 0.039 ± 0.024
f�8 z = 0.51 - 0.459 ± 0.037 ± 0.015 0.458 ± 0.035 ± 0.015
f�8 z = 0.61 - 0.419 ± 0.036 ± 0.009 0.436 ± 0.034 ± 0.009
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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)(rd/r

fid
d ) and DM(z)(rfidd /rd), FAP (z) and DV(z)/rd, f�8(z) and DV(z)/rd, and finally f�8(z)

and FAP(z). The black contours show the constraints from post-reconstruction BAO only, the green contours show the constraints from the pre-reconstruction
full-shape measurements, and the red filled contours show our final BAO+FS combined constraints. These contours include of the systematic error bars quoted
in Section 7.
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Blue:
Planck ΛCDM prediction

0.2 < z < 0.5

0.4 < z < 0.6
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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!
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Figure 17. The constraints on H0 and the relativistic energy density, pa-
rameterized by Ne↵ . (top) Constraints for the ⇤CDM parameter space us-
ing Planck+BAO+FS, with and without direct H0 measurements. (bottom)
Constraints for the owCDM parameter space using Planck+BAO+FS+SNe,
with and without direct H0 measurements. In both cases, the combination
with the H0 = 73.0 ± 1.8 km/s/Mpc measurement of Riess et al. (2016)
causes a shift toward higher Ne↵ and higher H0. [TODO: Plots need to
match axis ranges. H0 needs units. Ne↵ 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 Ne↵? 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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