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A probe for Dark Energy: 
Baryonic Acoustic Oscillations
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Acoustic propagation of an overdensity:
Ø Sound wave through relativistic plasma 
(baryons, electrons, photons).
Ø Baryon and photon perturbations travel 
together till recombination  (z~1100).
Ø Then, the radius of the baryonic 
overdensity is frozen at 150 Mpc.

A special distance:
Ø Galaxies form in the overdense shells 
about 150 Mpc in radius.
Ø For all z,  small excess of galaxies 
150 Mpc (in comobile coordinates) away 
from other galaxies.

Þ Standard Ruler

D. J. Eisenstein



Observation of baryonic acoustic peak
First observation: 
Ø In 2005: First observations of 
baryonic oscillations by 2 teams 
(2dFGRS and SDSS) 
Ø SDSS observe a peak at ~150 Mpc
Ø SDSS: ~50 000 LRGs

�Luminous Red Galaxies�
<z> ~ 0.35 

A 3D measurements: 
Ø Position of acoustic peak Þ Size of the 
sound horizon rs
Ø Transverse direction:
Dq = rs/(1+z)/DA(z) 
Þ Sensitive to angular distance DA(z) 
Ø Radial direction (along the line of sight):
Dz = rs×H(z)/c
Þ Sensitive to Hubble parameter H(z).
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SDSS

Standard Ruler

D. Eisenstein et al., 
ApJ, 633, 560 (2005)
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Ø Acceleration toward overdense regions
Ø Flattening in radial  direction from real 
space to redshift space (over tens Mpc)
Ø Allow us to measure action of gravity 
(5-40 Mpc) at cosmological distance (Gpc)

Ø Distortion are quantitatively measured 
by multi-poles decomposition 
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Large-scale Redshift Space Distortions 

• Pl: Legendre polynomials
• q angle between pair vector and LoS
• b linear galaxy bias

overdense

region

Peculiar velocity

Real Space

Redshift Space
N. Kaiser, MNRAS 227, 1 (1987)
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SDSS – BOSS
-

Final Results
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BOSS    2009-2014   
SDSS Survey
Ø 2.5m Sloan telescope with a 
wide FoV ~ 7 deg2

Ø a,d positions: 5 filter 
camera 
Ø z position: Spectrograph  
~1000  simultaneous spectra 

BOSS tracers
Ø 1.2 millions of Luminous Red 
Galaxies (light emitted 6 billions years 
ago, z~0.6)

Ø 170 000 quasars (light emitted 11 
billions years ago, z~2.4) 

7
BOSS completed in spring 2014
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Footprint 
Galaxy Sample

Ø Final papers released in 2016 
Ø Whole footprint with DR12 
Ø ~10 000 deg2

Ø Deeper and denser survey 
compare to SDSS-II
Ø Two tracers

LOW-z: 0.15<z<0.43
CMASS: 0.43<z<0.7

Ø Three overlapping redshift 
bins:  0.38, 0.51, 0.61

BOSS
CMASS

SDSS-II

BOSS
LOW-z

Cosmological Analysis of BOSS galaxies 7

Figure 1. The footprint of the subsamples corresponding to the Northern and Southern galactic caps of the BOSS DR12 combined sample. The circles indicate
the different pointings of the telescope and their colour corresponds to the sector completeness. The total area in the combined sample footprint, weighted by
completeness, is 10,087 deg2. Of these, 759 deg2 are excluded by a series of veto masks, leaving a total effective area of 9329 deg2. See Reid et al. 2016 for
further details on completeness calculation and veto masks.

while imparting considerable additional complexity. We therefore
choose to weight each sample equally when combining the cata-
logues. Each galaxy in this combined sample is then weighted by
the redshift-dependent FKP weight (Feldman, Kaiser, & Peacock
1994).

The clustering amplitude of different selections within the
CMASS sample varies considerably more than the individual tar-
get selections (LOWZ/LOWZE2/LOWZE3/CMASS): the differ-
ence in clustering amplitude between the reddest and bluest galax-
ies within CMASS is a factor of two (Ross et al. 2014; Favole et
al. 2015; Patej & Eisenstein 2016). However, even when optimally
weighting for this difference, the forecasted improvement in the
statistical power of BOSS is 2.5 percent and our attempts to em-
ploy such a weighting in mock samples were unable to obtain even
this improvement. Therefore, we have chosen to not introduce this
additional complexity into our analysis.

We define the overall redshift range to consider for BOSS
galaxies as 0.2 < z < 0.75. Below z = 0.2, the sample is af-
fected by the bright limit of r > 16, and the BAO scale has been
measured for z < 0.2 galaxies in the SDSS-I/II main galaxy red-
shift survey (Strauss et al. 2002) by Ross et al. (2015). The upper
limit of 0.75 is higher than in our previous analyses as we find no
systematic concerns associated with using the z > 0.7 data, but
the number density has decreased to 10�5h3Mpc�3 at z = 0.75
(a factor of 40 below its peak at z ⇡ 0.5; see Fig. 2) and any ad-
ditional data at higher redshift offer negligible improvement in the
statistical power of the BOSS sample.

We defined the redshift bins used in this analysis based on an
ensemble of 100 mock catalogues of the combined BOSS sample
in the range 0.2 < z < 0.75. We tested several binning schemes
by means of anisotropic BAO measurements on these mock cat-
alogues. For each configuration, we ran an MCMC analysis us-
ing the mean value and errors from the BAO measurements, com-
bining them with synthetic CMB measurements (distance priors)
corresponding to the same cosmology of these mock catalogues.
We chose the binning that provides the strongest constraints on
the dark energy equation-of-state parameter wDE. It consists of
two independent redshift bins of nearly equal effective volume for
0.2 < z < 0.5 and 0.5 < z < 0.75. In order to ensure we have
counted every pair of BOSS galaxies, we also define an overlapping
redshift bin of nearly the same volume as the other two, covering
the redshift range 0.4 < z < 0.6. Using our mock catalogues,

with the original LOWZ and CMASS redshift binning we obtain
a 3.5% (9.6%) precision measurement of the transverse (line-of-
sight) BAO scale in the LOWZ sample and a 1.8% (4.3%) precision
measurement for the CMASS sample. With our chosen binning for
the combined sample, we instead obtain transverse (line-of-sight)
precision of 2.5% (6.3%) in our low redshift bin and 2.3% (5.6%)
in our high redshift bin , comparable for the two samples by design.
Our results in § 8.3 are consistent with these expected changes of
precision relative to the LOWZ and CMASS samples. Measure-
ments in the overlapping redshift bin are of course covariant with
those in the two independent bins, and we take this covariance (es-
timated from mock catalogues) into account when deriving cosmo-
logical constraints. See Table 2 for a summary of the combined
sample.

2.4 The NGC and SGC sub-samples

The DR12 combined sample is observed across the two Galactic
hemispheres, referred to as the Northern and Southern galactic caps
(NGC and SGC, respectively). As these two regions do not overlap,
they are prone to slight offsets in their photometric calibration. As
described in appendix A, we find good evidence that the NGC and
SGC subsamples probe slightly different galaxy populations in the
low-redshift part of the combined sample, and that this difference
is consistent with an offset in photometric calibration between the
NGC and the SGC (first reported by Schlafly & Finkbeiner 2011).
Having established the reason for the observed difference in clus-
tering amplitude, we decide not to re-target the SGC but rather to
simply allow sufficient freedom when fitting models to the clus-
tering statistics in each galactic cap, as to allow for this slight
change in galaxy population. In particular, the different Fourier-
space statistics are modelled with different nuisance parameters in
the two hemispheres, as appropriate for each method. Using fits of
the MD-Patchy mocks, we find that this approach brings no penalty
in uncertainty of fitted parameters. We refer the reader to the indi-
vidual companion papers for details on how this issue was tackled
in each case.

c
� 2016 RAS, MNRAS 000, 1–38
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c
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BAO in Correlation Function

Ø BOSS-only 8-s observation
Ø One percent measurement of 

BAO scale for CMASS-only !!!   
Low-z: a=1.018 � 0.021
CMASS: a=1.0144 � 0.0098

BOSS-only 

BOSS-DR11. Anderson et al., 2014 

Ø Use a fiducial model to compare 
against observed features in 
spherical average statistics. 
Ø Departures quantified by 
dilatation scales a:
�Fit of x(ar)
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Isotropic BAO results
Ø Combine transverse and longitudinal direction with 

DV=( (1+z)2DA(z)2 . cz.H(z)-1)1/3

Ø New “Hubble” diagram with BAO like SNIa with DV/rS

Ø BAO scales perfectly consistent with Planck 2018

Planck 2018. VI. cosmological parametersBOSS-DR11. Anderson et al., 2014 



Cosmological Analysis of BOSS galaxies 13

�150 �100 �50 0 50 100 150

s� [h�1 Mpc]

�150

�100

�50

0

50

100

150

s �
[h

�
1
M

p
c]

BOSS DR12 - 0.5 < z < 0.75

�80 �40 0 40 80 120

s2 �(s�, s�) [h�2 Mpc2]

Figure 5. The measured pre-reconstruction correlation function (left) and power spectrum (middle) in the directions perpendicular and parallel to the line of
sight, shown for the NGC only in the redshift range 0.50 < z < 0.75. In each panel, the color scale shows the data and the contours show the prediction of the
best-fit model. The anisotropy of the contours seen in both plots reflects a combination of RSD and the AP effect, and holds most of the information used to
separately constrain DM (z)/rd, H(z)rd, and f�8. The BAO ring can be seen in two dimensions on the correlation function plot. To more clearly show the
anisotropic BAO ring in the power spectrum, the right panel plots the two-dimensional power-spectrum divided by the best-fit smooth component. The wiggles
seen in this panel are analogous to the oscillations seen in the top left panel of Fig 3.

Table 4. Summary table of pre-reconstruction full-shape constraints on the parameter combinations DM ⇥

�
rd,fid/rd

�
, H⇥

�
rd/rd,fid

�
, and f�8(z) derived

in the supporting papers for each of our three overlapping redshift bins

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

DM ⇥

�
rd,fid/rd

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

DM ⇥

�
rd,fid/rd

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

DM ⇥

�
rd,fid/rd

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

H ⇥

�
rd/rd,fid

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

H ⇥

�
rd/rd,fid

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

H ⇥

�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.61 99.5 ± 4.4 97.0 ± 4.0 94.9 ± 2.5 97.3 ± 2.7

f�8 z = 0.38 0.430 ± 0.054 0.479 ± 0.054 0.498 ± 0.045 0.468 ± 0.053
f�8 z = 0.51 0.452 ± 0.058 0.454 ± 0.051 0.448 ± 0.038 0.470 ± 0.042
f�8 z = 0.61 0.456 ± 0.052 0.409 ± 0.044 0.409 ± 0.041 0.440 ± 0.039

ods is consistent with what we observe in mocks (see Section 7.2
and Fig. 10). In all cases the µ-wedges analyses give significantly
tighter constraints than the multipole analyses, in both configura-
tion space and Fourier space. The consensus constraints, described
in §8.2 below, are slightly tighter than those of the individual wedge
analyses. At all three redshifts and for all three quantities, mapping
distance, expansion rate, and the growth of structure, the 68% con-
fidence contour for the consensus results overlaps the 68% confi-
dence contour derived from Planck 2015 data assuming a ⇤CDM
cosmology. We illustrate the combination of these full shape results
with the post-reconstruction BAO results in Fig. 11 below.

c
� 2016 RAS, MNRAS 000, 1–38
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Anisotropic BAO results

Ø Redshift distortion clearly 
seen at <z>~0.6 in BOSS

BOSS-DR12  Alam et al. (2016)

ØIndependent measurements  of 
H(z) et DA(z)
Ø No Alcock-Paczynski effect
observed: a⊥ and aǁ are consistent
Ø FS= Full-shape fits with 

measurement of RSD (fs8)

Transverse 
direction

Radial 
direction

a⊥ aǁ
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Constraints on Friedman equation

2-param. LCDM
model

3-param. wCDM
model

4-param. owCDM
model

BOSS-DR11. Anderson et al., 2014 
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Dark Energy: Equation of state

Ø Eq. of state: w=P/r
w(z)=w0+z/(1+z).wa

Ø Planck+BAO:
w0 = -0.63�0.20
wa = -1.16�0.55

Ø Planck+BAO+FS+SN:
w0 = -0.91�0.10
wa = -0.39�0.34

BOSS-DR12  Alam et al. (2016)

SN = JLA-2014
FS = Full shape
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Redshift Space Distortions

Ø Amplitude of the flattening gives a dependence on 
f(z)s8(z) ∝dG/dln(a), where G is linear growth rate

Ø Test of GR with fs8 or g where f(z) ∝ (Wm(z))g in GR, g=0.554

Ø Deviation from GR: fs8 → fs8 [Afs8+Bfs8.(z-zp)]
Afs8=0.96�0.06 and Bfs8=-0.62�0.40

In GR: Afs8=1 and Bfs8=0

BOSS-DR12  Alam et al. (2016)



Principles 
Ø Use Ly-a forests of quasars (2.2<z<4)
Ø HI absorption in IGM along the line of 
sight of QSOs
Ø We expect low density gas (IGM) to 
follow the dark matter density

BAO with Ly-a forests 

Detection of BAO
Ø 3D BAO: Correlation between 
the different lines of sight
Ø BAO measurement for z~2.3 
(11 billions years ago).
Ø Better precision in radial 
direction (H(z) measurement)
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BAO in Ly-a
18o<q<37o

Ø Consistent with QSO-Ly-a
cross-correlation

Ø ~2.5s tension with Planck 2015

Correlation Ly-a – Ly-a
Ø 157 783 QSOs with  2.1<z<3.5
Ø Measurement of DA(z) at 6% 
and H(z) at 3% at z~2.3

Bautista, J  et al.,  (2016)
Du Mas des Bourboux et al. (2017)
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Decelerating 
Universe 

Age of Universe (Myears)
2 6 14 24 35

Dark EnergyDark Matter Atoms - stars

Quasars Today

Measurement of expansion
Ø First measurement of H(z) at 
z~2.3 (11 billions years from now) 
Ø Deceleration of the expansion 
for z>0.8, when matter dominated
Ø Slight tension with Planck

17

Deceleration

Acceleration



Principle: 
Ø Neutrino free-streaming: suppression of 

the structures at small scales (~1 Mpc) 
along the line of sight.

Limits: 
Ø With Ly-a alone: 

Smn < 1.1 eV @95%CL
Ø With Planck 2015 alone: 

Smn < 0.72 eV  @95%CL
Ø Combined with Planck 2015  

Smn <0.12 eV  @95%CL 18

1D power spectrum: Neutrino masses

N. Palanque-Delabrouille et al. (2015)

N-body hydro
simulations of IGMLCDM massless neutrinos LCDM massive neutrinos

Suppression of 
the small scales
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0.9<z<2.2 QSOs
Ø Tracers of cosmic 
structures
Ø Unexplored  Universe

Ly-a QSOs, 2.2<z<5
Ø Improvement of selection
Ø ~17 deg-2 ⟹ ~30 deg-2

0.6<z<1.2 
Ø LRG at z~0.7 
Ø ELG: Emission line 
galaxies (stars forming)

!

SDSS eBOSS 2014-2018
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First results with BAO

eBOSS-DR14 Ata et al., 2017 

Ø Use DR14 data: ~1/3 of 
the final  dataset
Ø First observation with 
BAO with QSO tracers
Ø WL>0 at 3.4s only with  
galaxy and QSO tracers
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Figure 13. Monopole of the post-reconstruction correlation function with the best-fit models with a BAO peak component (blue
thick line) and without peak (red thin line) for our fiducial choice of binning (�r = 5h�1 Mpc and 32 < r < 182h�1 Mpc).

Figure 14. �2 as a function of the dilation parameter ↵
iso

for both models (solid: with peak, dashed: without peak). This
curve corresponds to our fiducial choice of analysis (�s = 5h�1 Mpc and 32 < r < 182h�1 Mpc). The ��2 = 7.8 corresponds
to a detection of 2.8� of the BAO peak.

with peak, corresponding to a preference for the BAO peak model with a significance of 2.8�.
Anisotropic fits are listed in Table 6 for the same analysis cases presented with isotropic fits. Best-fit ↵? and ↵k

values are mostly stable to changes in the analysis. However, errors on the pre-reconstruction sample are quite unstable
due to the low significance of the measurement (��2 ⇠ 3 in average). Reconstruction stabilizes errors and increases the
significance of our constraints (��2 ⇠ 8 in average). The estimated errors post-reconstruction are similar to average
values found in mock catalogs (c.f. Table 4).
The left panel of Fig. 15 displays the best-fit anisotropic models compared to the data for our fiducial choice of

analysis. The right panel shows the two dimensional �2 contours for 1, 2 and 3�, after converting ↵? and ↵k into
DM/rd and DH/rd respectively, using values of our fiducial cosmological model on Eq. 14. The likelihood becomes
highly non-Gaussian beyond the ��2 = 2.3 contour due to the low statistical power of this sample. We expect that
these contours will become more Gaussian as we increase the size our data sample in the future.

5.2. Comparison with previous BAO measurements

We summarize current distance measurements using BAO in Figure 16. The distances are normalized to the predic-
tions using a Planck cosmology. Our measurement of the isotropic BAO scale at z = 0.72 is consistent with that of
Planck at about the 1� level.
Given that our eBOSS LRG sample was combined with the high-redshift tail of the CMASS sample in overlapping

Bautista et al., 2017 

LRG     <z> =0.72

18 M. Ata et al.
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Figure 12. The eBOSS DR14 quasar spherically-averaged BAO signal, in
Fourier- (top; P (k)) and configuration- (bottom; ⇠(s)) space. In order to
isolate the BAO feature, we have subtracted the smooth component of the
best-fit model from the best-fit model and the measurements. In Fourier-
space, we have additionally divided by the smooth component of the best-fit
P (k) model. Each clustering statistic prefers the BAO model to the smooth
model at better than 2.5� and obtains a BAO distance measurement with a
precision slightly greater than 4 per cent.

in Section 6). For both P (k) and ⇠(s), the �2/dof is less than 1
and the precision is close to 4 per cent, with ⇠(s) obtaining some-
what better precision (3.7 compared to 4.0 per cent). The two mea-
surements differ by only 0.001 in ↵. If anything, the agreement
is surprisingly good. One can compare the orange star, represent-
ing our DR14 measurements, to the locus of mocks in the top
panel of Fig. 10. The bottom panel of the same figure displays
the comparison of the uncertainties we recover from each mea-
surement. Our results are more precise than the average results
but are clearly within the locus of points thus suggesting they are
consistent with any expectations provided by our tests on mocks.
We combine the two likelihoods and obtain a precision of 3.8
per cent. Translating this result to a distance measurement yields
DV (z = 1.52) = 3843 ± 147 (rd/rd,fid) Mpc.

Fig. 13 displays the likelihood and detection significance, in
terms of ��2, derived from the spherically-averaged correlation
function (purple), power spectrum (burlywood), and their mean
(black). The dashed curve represents the no BAO model; one can

Table 5. Results for BAO fits to the DR14 quasar data. The fiducial ⇠ case
uses data with 8h�1Mpc bin size and centres in the range 35 < s <

180h�1Mpc and the EZmock covariance matrix. For the P the fiducial
case uses data with linear binning of 0.01hMpc�1, in the range 0.02 <

k[hMpc�1] < 0.23 and the EZmocks covariance matrix.

case ↵ �

2/dof

DR14 Measurement P (k) + ⇠(s) 0.993± 0.038 –
⇠(s) (combined) 0.991± 0.037 6.2/13
P (k) (combined) 0.992± 0.040 27.7/33

Robustness tests
⇠(s):

fiducial 0.996±0.039 8.6/13
+2 0.996±0.041 6.4/13
+4 0.984±0.033 3.2/13
+6 0.993±0.035 6.0/13
ZPCA (combined) 0.979±0.039 11.7/13
NGC 0.975±0.054 9.4/13
SGC 1.014±0.057 18.9/13
QPM cov 0.994±0.037 9.6/13
�s = 5h�1Mpc 0.990±0.036 15.6/24
no wsys 0.999±0.041 7.4/13
50 < s < 150h�1Mpc 0.997±0.042 7.9/8
⌃nl = 3.0h�1Mpc 0.990±0.036 8.7/13
⌃nl = 9.0h�1Mpc 1.004±0.045 9.6/13
An = 0 1.004±0.039 9.5/16
no B prior 0.997±0.037 8.8/13

P (k):
ZPCA (combined) 0.980± 0.041 28.2/33
fiducial 0.990± 0.041 30.1/33
+1/4 0.985± 0.037 25.4/33
+2/4 0.985± 0.038 25.0/33
+3/4 0.996± 0.042 30.3/33
NGC 0.963± 0.052 15.8/16
SGC 1.018± 0.060 13.8/16
QPM cov 1.000± 0.041 29.7/33
logk - binning 0.997± 0.042 31.6/39
logk - binning, kmax = 0.30hMpc�1 1.002± 0.040 37.0/45
no wsys 0.992± 0.045 29.2/33
kmax = 0.30hMpc�1 0.994± 0.040 53.3/47
⌃nl = 3h�1Mpc 0.990± 0.035 29.6/33
⌃nl = 9h�1Mpc 0.997± 0.050 30.2/33
⌃nl = [6± 3]h�1Mpc 0.987± 0.039 29.9/32
A4 A5 terms 0.983± 0.041 20.6/29
no-mask 0.988± 0.037 28.4/33

observe that the detection significance is greater than 2.8� for both
P (k) and ⇠(s). All of the likelihoods are similarly skewed com-
pared to a Gaussian, as large values of ↵ are not rejected to the
same extent as low values. The black curve represents the eBOSS
DR14 quasar BAO distance measurement. For any cosmological
tests, we recommend directly using this likelihood, which is pub-
licly available13.

Robustness tests for our BAO measurements are shown in the
bottom rows Table 5. We find no particular causes for concern. Im-
portantly, switching from our fiducial choice of redshift to ZPCA

shifts the recovered ↵ by only 0.012 (less than one third �) for both
⇠(s) and P (k) and increases the mean of the P (k) and ⇠(s) un-

13 The BAO likelihood will be released publicly after the results are ac-
cepted by the journal for publication.
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First results with RSD

Zarrouk et al., (2018)

Ø Use DR14 data: ~1/3 
of the final  dataset
Ø RSD clearly visible in 
the quadrupole
Ø First measurement of 
fs8 at z~1.5

20 P. Zarrouk et al.

Figure 16. Top panel: Monopole (blue) and quadrupole (red) and hexade-
capole (green) of correlation function of the NGC+SGC eBOSS DR14
quasar sample fitted using the CLPT-GS model (dashed line) set to the
best-fit parameters. Bottom panel: Same for the three wedges: 0< µ <1/3
(blue), 1/3< µ <2/3 (red) and 2/3< µ <1 (green).The fit is performed
from 16 h�1Mpc to 136 h�1Mpc using binwidth of 8 h�1Mpc. The co-
variance matrices are determined from the EZ mocks with a correction to
equalize small differences in area.

region µ > (1 � 1/480) to account for the effect of upweighting
due to close pairs (Wfocal�µ

). We briefly describe the companion
papers below and outline the differences:

• The analysis reported in Gil-Marin et al. (2018) uses the power
spectrum monopole, quadrupole and hexadecapole measurements
on the k-range, 0.02 6 k [hMpc

�1
] 6 0.30, shifting the centres

of k-bins by fractions of 1/4 of the bin size and averaging the four
derived likelihoods. Applying the TNS model along with the 2-
loop resumed perturbation theory, they are able to effectively con-
strain the cosmological parameters f�8(ze↵), H(ze↵)r

s

(z
d

) and
D

A

(ze↵)/r
s

(z
d

), along with the remaining ‘nuisance’ parameters,
b1�8(ze↵), b2�8(ze↵), Anoise(ze↵), and �

P

(ze↵), in all cases with
wide flat priors.

• Hou et al. (2018) performs an analysis using Legendre poly-
nomial with order ` = 0, 2, 4 and clustering wedges. They use the
”gRPT” to model the non-linear matter clustering and a stream-
ing model extended to one-loop contribution developed by Scoc-
cimarro (2004b) and Taruya et al. (2010) along with a nonlinear
corrected FoG term. The bias is modelled as described in Chan
& Scoccimarro (2012), which includes both local and nonlocal
contribution. Additionally, they include the modelling for spectro-
scopic redshift error. Finally, they provide constraints on f�8(ze↵),
DV(ze↵)/rd, FAP(ze↵).

• Ruggeri et al. (2018) perform a Fourier space RSD analysis

using a redshift-dependent weighting scheme that has been devel-
oped for RSD analysis (Ruggeri et al. 2017b) to measure cosmo-
logical parameters. Such a technique avoids binning in redshift and
accounts for the redshift evolution of the geometry and structure
growth parameters across the sample. The comparison presented in
this section uses the results from the traditional analysis where only
FKP weights are taken into account as they correspond to the limit
when there is no redshift dependence of the cosmological param-
eters. Moreover, the results come from the fitting of the first two
even multipoles of the power spectrum.

• Zhao et al. (2018) develop an alternative approach to ex-
tract the information in redshift and perform a joint BAO and
RSD analysis. It is also based on a power spectrum analysis us-
ing the monopole and the quadrupole only (in the k-range of
0.02 6 k [hMpc

�1
] 6 0.30). They construct an optimally

redshift-weighted sample and compare to a power spectrum tem-
plate based on the regularised perturbation theory up to second
order. Using four redshift-weighted power spectra, they constrain
↵?, ↵k and f�8 at four effective redshifts (0.98, 1.23, 1.53 and
1.94). The comparison presented in this section uses the traditional
weighting scheme,Wfocal, presented in this work without the addi-
tional redshift weight.

The likelihood contour constraints for the cosmological pa-
rameters f�8, H(z)r

s

, and D
A

(z)/r
s

at ze↵ = 1.52 for the
five analyses described above are shown in Figure 18. Each anal-
ysis uses a different model for the 2-point statistics, three are in
Fourier space and two in configuration space. Despite those differ-
ences, there is good agreement between all analyses. These con-
tours only show the statistical precision which is also similar. The
one-dimensional likelihood for each parameter better displays the
consistency between the measurements. For the three traditional
analyses (Gil-Marin et al. 2018; ?), the agreement is excellent. The
systematic errors, which are not included in these contours, are es-
timated by the different groups and found to be up to 40% of the
statistical precision.

The likelihood distribution for the two different redshift-
weighting techniques (Ruggeri et al. 2018; Zhao et al. 2018) when
using no redshift-dependent weights are slightly wider but remain
consistent with the others. In fact, the results from the analyses
using redshift weights are obtained by fitting the monopole and
quadrupole only. Adding the hexadecapole provides additional in-
formation that increases the sensitivity of the clustering observables
to the cosmological parameters. We report no results using the first
two even multipoles but we found that adding the hexadecapole
could improve the statistical precision by few percents which is
consistent to what is reported on table 9 of Gil-Marin et al. (2018)
in Fourier space. We refer the reader to Section 5 of each paper for
additional information on the different approaches and on the com-
parison between the redshift-dependent weights and the traditional
analysis at a singe effective redshift on the data.

We do not show any consensus plot on the other parameters
such as b�8 and �

tot

as each model uses a different modeling that
biases the comparison. Regarding the linear bias, we found a ⇠1�
discrepancy between the Fourier space (Gil-Marin et al. 2018) and
the configuration space (this work) that can be explained in our case
by different bias model assumptions for the non-linear bias F 00 as
reported in Section 4.3.

Two additional BAO analyses, presented in (Wang et al. 2018;
Zhu et al. 2018), are released along with this paper and comple-
ment the measurement of the spherically-averaged distance pre-
sented in Ata et al. (2017). These analyses use redshift weights ac-
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Multipoles

Wedges

Planck 2018. VI. cosmological parameters
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Instrument
Ø 4-m telescope at  Kitt Peak (Arizona) 
Ø Wide FoV (~ 7 deg2)
Ø Robotic positioner with 5000 fibers
Ø 10 spectrographs x 3 bands (blue, 
visible, red-NIR) �360-1020 nm 

New corrector
~ 7 deg2

Mayall 
4-m 

Télescope

Scientific Project 
Ø 14000 deg2 survey for 0.05<z<3.7 
Ø Main scientific goals : RSD and BAO
Ø International collaboration
Ø 74 institutions  (46 non-US)
Ø 630 members
Ø ~40 French scientists and engineers 

10 spectrographs

DESI    2019-2024   5000 fiber positioner

24

Mayall
Telescope
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DESI tracers of the Matter

6 million LRGs
0.4 < z < 1.0

Five target classes spanning redshifts z=0.05 � 3.7 for clustering
DESI will explore a x30 larger volume than the SDSS map 
~35 million redshifts over 14,000 sq. degrees in five years

2.4 million QSOs 
Lya z > 2.1
Tracers 1.0 < z < 2.1

17 million ELGs
0.6 < z < 1.6

Re
ds
hif
t

0.2

0.7
1

2

4

10 million
brightest galaxies
0.05 < z < 0.4



Science with  DESI   

Improvements compared to SDSS
Ø BAO: 1 order of magnitude better s(a) ~ 0.1%    
Ø RSD: better than 1% over the full redshift range
Ø Neutrino masses: precision ~20-25 meV on Smn

Ø Non-gaussianity (inflation): s(fNL) ~ 5 (DESI-only) 
26
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Status of Imaging Surveys

Three optical surveys
Ø North BASS gr 95% completed

MzLS z 100% completed
Ø South DECaLS grz 91% completed

One infrared survey
Ø All Sky WISE (NASA)

W1 W2.      100% completed

Ø The Target Selection is based on optical imaging 
developed specially for DESI
Ø Three optical bands (grz) + two NIR bands (W1-W2)



Status of DESI construction   
Ø Hardware Elements follows the path of a photon

28

Cryostats

Shutters
Hartmann
Doors

Bench

Slit

1.2 Corrector

1.4 Focal Plane

1.3 Cage & 
Barrel

Light bounces off the primary, then…

1.6 Spectrograph 1.5 Fiber System



Corrector and Focal plane   

Ø Fall 2018: Installation of the corrector
Ø Feb. 2019: Commissioning of the corrector
Ø May 2019: Installation of focal plane with positioner

29

Assembled corrector 
at Kitt Peak

Commissioning instrument 
with cameras installed



Spectrographs   
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Ø 10 Spectrographs built in France (CEA-IN2P3-INSU)
Ø July 2019: Commissioning of DESI with spectrographs
Ø Nov. 2019: Survey Validation
Ø Feb. 2020: Science Survey

First spectrograph delivered 
at Kitt Peak Test spectrograph #3 

at Windlight



Summary
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!

DESI

BOSS ⟶2014
Ø BAO, a well established method with galaxies
Ø Demonstration of BAO with Ly-a forests 

eBOSS 2014-2019
Ø Exploring unknown Universe:

Dark matter � Dark energy
Ø DESI precursor (target selection,…)
Ø First results are very promising!

DESI 2020-2024
Ø BAO: one order of magnitude better
Ø First light next year
Ø Science survey will start
in early 2020


