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Baryonic Acoustic 
Oscillations
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J. Peebles 
Nobel Prize in Physics 2019
Inaugural Lecture

The Universe is described by:
 - laws of physics
 - ordinary matter – standard model particles 
 - “dark matter” that interacts only through gravitation
 - “dark energy” in the form of a cosmological constant 
 -> responsible for the accelerated expansion of the Universe
      first observed with SN1a – Nobel Prize 2011

Succes of LCDM
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BAO, a probe for Dark Energy
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Acoustic propagation of an over-density
• Sound waves propagates through relativistic plasma (baryons, electrons, 

photons).
• Baryon and photon perturbations travel together till recombination  

(z~1100) with a speed ~𝑐/ 3 that depends on species densities
• Radius of the baryonic overdensity frozen at rd ~150 cMpc (comoving).
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BAO, a standard ruler
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A special distance
• Galaxies form in the overdense regions.
• Small excess of galaxies at rd ~150 cMpc away from other galaxies.
• Measure this BAO “standard ruler” over cosmic history 

=> Constrain the nature of Dark Energy
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Observation of baryonic acoustic peak

LHC Split Days, Sept. 30, 2024
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First observation 
- In 2005: First observations of baryonic 

oscillations by 2 teams (2dFGRS and 
SDSS) 

- SDSS observe a peak at ~150 Mpc 
- SDSS: ~50 000 LRGs, <z> ~ 0.35 
               “Luminous Red Galaxies”  
 

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

SDSS

Standard Ruler

D. Eisenstein et al., 
ApJ, 633, 560 (2005)

D
q 

150 Mpc 
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Overview 
of DESI
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DESI Project  
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• Scientific project  
– 3D map for 0<z<4
– Footprint ~ 14000 deg2 

– International collaboration
– 72 institutions  (46 non-US)
– ~900 members

• Instrument 
– 4-m telescope at  Kitt Peak (Arizona) 
– Wide Field-of-View (~ 8 deg2)
– Multi-Object Spectrograph

• Robotic positioner with 5000 fibers
• 10 spectrographs x 3 bands (blue, 

visible, red-NIR) ➝360-1020 nm 

Corrector
~ 8 deg2

Mayall 
    4-m 
        Telescope

10 spectrographs

5000 fiber positioner

Mayall
Telescope
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DESI tracers of the Matter  
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Five target classes

~40 million redshifts

in 5 years
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Focal Plane – 5000 robotic fiber positioners  

LHC Split Days, Sept. 30, 2024
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Challenge 
– Reposition the 5000 

fibers in less than 2mns
– Position of each fiber 

better than 10 µm

Configuration 
• 10 petals in focal plane 
• 500 fibers each (5000 
total)
• 10.4 mm pitch
• 2 motors per positioner
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Ten spectrographs 
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Ten 3-channel spectrographs
l = 360 nm to 980 nm

temperature-
controlled room
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Ten spectrographs 
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Ly-a 121.6 nm
down to z = 2.1

Lya
CIV

CIII

z=2.7 QSO

z =
�� �0
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Ten 3-channel spectrographs
l = 360 nm to 980 nm

[OII] 373 nm
up to z = 1.6

z=0.9 ELG

[OII] doublet
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Rolling observations – Redshift factory 
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Imaging Surveys: optical grz bands 
                                          + NIR with WISE Target Selection 

Observation… …of 5000 objects 
   every ~20mins…

…and measure their redshift

Target Selection and Validation of DESI Quasars 5

3. In green, the non-DES part of DECaLS covering
⇠9,900 deg2 (designated as South non-DES here-
after).

The optical survey was complemented by two infrared
bands from the all-sky data of the Wide-field Infrared
Survey Explorer (WISE ) satellite (Wright et al. 2010),
namely: W1 (3.4 µm) and W2 (4.6 µm). By using
the Tractor (Lang et al. 2016) and by matching WISE

to deep optical imaging, one can partially deblend the
images of confused WISE sources and significantly im-
prove the signal-to-noise ratio of the WISE photometry
and color measurements. Our unWISE coadds (Meis-
ner et al. 2017) preserve the native WISE resolution
and typically incorporate ⇠ 4⇥ more input frames than
those of the AllWISE Atlas stacks (Cutri et al. 2021).
DECaLS also include W1 and W2 forced photome-

try light curves corresponding to all optically detected
sources. These light curves are measured from time-
resolved coadds similar to those described in Meisner
et al. (2017). Such light curves provide variability in-
formation on all optically-detected sources, which can
be used, for the DESI quasar selection, and was tested
during SV (see Sec. 5). In DR9, the Legacy Surveys W1
and W2 light curves typically have 15 coadded epochs
per band, spanning a ⇠ 10 year time baseline.

3. QUASAR TARGET SELECTION

In this section, we describe the target selection used
in the 1% survey and in the main survey. This se-
lection corresponds to bit 2 (QSO) of the maskbits
SV3 DESI TARGET and DESI TARGET described in Myers
et al. (2022).

3.1. Overview of the sample

The DESI survey uses QSOs as point tracers of the
matter clustering mostly at redshifts lower than 2.1, in
addition to using QSOs at higher redshift as backlights
for clustering in the Ly-↵ forest. This enlarges the role
of QSOs relative to the BOSS project (Ross et al. 2012),
which only selected QSOs at z > 2.15 for use via the Ly-
↵ forest, and enhances their role relative to eBOSS (My-
ers et al. 2015), where QSOs are used in a similar fashion
as in DESI although with lower densities.
In DESI Collaboration et al. (2016a), based on

the quasar luminosity function (QLF) of Palanque-
Delabrouille et al. (2016), we inferred that a complete
QSO sample, brighter than magnitude r = 22.7, would
contain about 190 QSOs per deg2 at z < 2.1 and about
70 at z > 2.1. Assuming a minimum e�ciency of about
65%, the goal of DESI was to obtain the redshifts for
120 and 50 QSOs per deg2 in the redshift ranges z < 2.1
and z > 2.1, respectively. With the Survey Validation

Figure 2. Colors in the optical or near-infrared of objects
photometrically classified as stars (red) or spectroscopically
classified as QSOs (from blue to yellow dots, depending on
their redshift). The color grz � W allows us to reject stars
based on the “infrared excess” of QSOs.

during which we were able to test several extensions of
our selection, we demonstrated that we can significantly
exceed these statistics without significantly inflating our
target budget (see Sec. 6). Therefore, in the main selec-
tion presented in this Section, we use a magnitude limit
of r = 23.0 for an average density of ⇠ 310 targets per
deg2.

3.2. Strategy for the Selection

QSOs commonly exhibit hard spectra in the X-ray
wavelength regime, bright Ly-↵ emission in the rest-
frame UV, and a power-law spectrum behaving as F⌫ /
⌫↵ with ↵ < 0 in the mid-infrared bands (Stern et al.
2005). In the mid-optical colors, QSOs at most redshifts
are not easily distinguished from the much more numer-
ous stars. Successful selection of a highly-complete and
pure QSO sample must make use of either UV or in-
frared photometry. With the extended (WISE ) mission
that more than quadrupled the exposure time of the
original (WISE ) all-sky survey, and in the absence of
any ’u’-band imaging over the whole DESI footprint, we
decided to rely upon optical and infrared photometry
for QSO selection.
Therefore, the DESI QSO target selection is a combi-

nation of optical-only and optical+IR colors. In order to
illustrate this strategy, we use two colors, grz�W vs. g�
z where grz is a weighted average of the grz band fluxes
with flux(grz) = [flux(g) + 0.8⇥flux(r) + 0.5⇥flux(z)]
/ 2.3 and W a weighted average of W1 and W2 fluxes
with flux(W )=0.75⇥flux(W1)+0.25⇥flux(W2). Fig-
ure 2 shows the bulk of the QSO targets which are identi-
fied in an optical+IR selection where the excess infrared
emission from QSOs results in a clear segregation from
stars with similar optical fluxes. Stellar SEDs indeed

QSO

Mayall Telescope

Contaminant: Stars

QSOs
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Status of DESI
-

Year One (Y1)
LHC Split Days, Sept. 30, 2024
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2021

DESI – 5 year project 

Bright Time

DESI-II – 6-year project

2022 2023 2024 2025 2026 2027 2028 2029

Dark Time
Transition
Period

SV

Incremental InstallationDESI-II upgrades – Construction

Increase of completeness

Extension of footprint

DESI and DESI-II Timelines

LHC Split Days, Sept. 30, 2024

– DESI-I is ~4 months ahead of schedule, DESI should finish in 2025
• Analysis of Year 1 Dataset
• Year 3 Dataset completed in April 2024

– ~ 2-year transition period with extension of the footprint and the passes
– DESI-II starts in 2028-2029

E. Burtin 
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DESI Y1 footprint

LHC Split Days, Sept. 30, 2024

– Grey area: DESI footprint over 5 years, ~14000 deg2

– On average 5 passes 
– In Y1, only 1500 deg2 with 5 passes

E. Burtin 
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DESI Y3 footprint

LHC Split Days, Sept. 30, 2024

– In April 2024, Y3 dataset is completed and frozen
– ~70% of the final dataset (much more ELGs)
– In Y3, already 7300 deg2 with 5 passes

E. Burtin 
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DESI Y1 dataset

LHC Split Days, Sept. 30, 2024

– Already biggest ever BAO dataset (both in Ntracer and volume)
• 5.7M discrete tracers (BG, LRG, ELG and QSO)
• Effective cosmic volume Veff= 18 Gpc3 

– 3 times bigger than SDSS (20 years of data)
E. Burtin 
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Figure 1. The comoving number density as a function of redshift for the samples used for the DESI
DR1 galaxy/quasar BAO measurements. Here, we show simply the observed number of redshifts, per
comoving volume element. The vertical lines represent the boundaries of the redshift bins used in this
analysis, except for the QSO sample which is analyzed as a single redshift bin.

line galaxies (ELGs [65]) are observed in dark time. These data were first processed by the
DESI spectroscopic pipeline [37] the morning following observations for immediate quality
checks, and then in a homogeneous processing run (internally denoted as ‘iron’) to produce
resulting redshift catalogs used in this paper and will be released in DR1.

2.2 DR1 Large-scale structure catalogs

The redshift and parent target catalogs were processed into large-scale structure (LSS) cat-
alogs and two-point function measurements as described in [66, 67]. Table 2 presents the
basic details on the tracer samples used in this paper; the catalogs used for the Ly-↵ BAO
measurements are presented separately in [42]. In total, over 5.7 million unique redshifts are
used for galaxy and quasar BAO measurements in DR1, a factor of ⇠ 3 increase compared
to SDSS DR16 [4].

A key component of the LSS catalogs is the matched random sample (‘randoms’), which
accounts for the survey geometry. The randoms were first produced to match the footprint
of DESI target samples, as described in [36]. These were then passed through the stage
of the DESI fiberassign code that determines the ‘potential assignments’ for each input
random target, using all of the properties of the observed DESI DR1 tiles. The potential
assignments do not require that the randoms are allocated a fiber in a full assignment run,
they simply determine whether a fiber could reach their angular positions. Thus, this selection
is one based on the individual position, and no fiber assignment e↵ects are imprinted on the
randoms. This procedure works to the angular scale at which the DESI fiberassign software
can predict the focal plan position of targets to be observed, which is better than 1 arcsecond.
It is thus far more accurate than trying to sample a pixellated angular mask. The process is
detailed in [66].

These potential assignments are cut to the same combination of ‘good’ tiles and fibers

– 5 –

BGS
LRG

ELG
QSO
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BAO 
with galaxies 
and quasars
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Methodology for DESI Y1

LHC Split Days, Sept. 30, 2024

– Blind analysis to mitigate observer/confirmation biases 
(catalog-level blinding)

– Unified BAO pipeline applied to all (discrete) 
tracers/redshifts consistently 

– Common modeling of BAO used for all tracers
– Reconstruction method applied to all tracers
– Analytic covariance matrices (validated with mocks)
– Extensive tests of systematics, done before unblinding
– Results given for 6 redshift bins over 0.1<z<2.1

E. Burtin 
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Density Field Reconstruction

LHC Split Days, Sept. 30, 2024

– BAO peak distorted by movements of tracers due to density field
– Estimation of the Zel’dovich (1st order) displacements from the 

observed field
– Reconstruction: correction of the displacements
– Improve both precision and accuracy

E. Burtin 
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Reconstruction
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Systematics Error Budget

LHC Split Days, Sept. 30, 2024

– Observational effects in data 
(imaging, fiber assignment,…) 

– Reconstruction algorithm
– Covariance matrix construction

– Incomplete theory modelling
– Choice of fiducial cosmology
– Galaxy-halo (HOD) model 

uncertainties

E. Burtin 
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Example of systematics: Imaging

LHC Split Days, Sept. 30, 2024

– Non-homogeneity in target selection due variations of imaging 
catalogs (depth, dust contaminants,…) 

– Regression methods developed  to correct those effect
– BAO almost insensitive to imaging effects

E. Burtin 
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6 Chaussidon et al.

Figure 3. Density map of the DR9 QSO target selection.
The solid black and dashed blue lines show respectively the
Galactic plane and the plane of the Sagittarius Stream.

sample the rapidly declining tail of the black-body spec-
trum at those wavelengths, where QSOs have a much
flatter SED. This method was previously demonstrated
in eBOSS and Figure 5 of Myers et al. (2015) exhibits
the same separation between stars and QSOs thanks to
WISE imaging.

3.3. Selection with Random Forest Algorithm

Neural-network-based algorithms implemented in
BOSS (Yèche et al. 2010) were found to increase QSO
selection e�ciency by ⇡ 20% compared to color cuts.
Similarly, to improve the success rate for DESI, we use
a machine-learning algorithm based on Random Forests
(RF).
First, before utilizing the RF, we restrict the selec-

tion to objects with stellar morphology (’PSF’ in DR9),
to avoid an almost 10-fold contamination by galaxies
that otherwise enter our selection region, and we im-
pose 16.5 < rAB < 23.0. In addition, to reject stars, we
apply a cut on the (WISE ) magnitudes (W1 < 22.3 and
W2 < 22.3). This cut is particularly e�cient at getting
rid of stars in the Sagittarius Stream, a region which
exhibits an overdensity of QSO targets (see Figure 3).
We also require that the targets are not in the vicinity
of bright stars, globular clusters, or large galaxies. Such
“masked” sources have MASKBITS of 1, 12 or 13 set in
Legacy Surveys catalogs.
Then, we train the RF using two samples: one of

’QSOs’ similar to the objects we want to select and the
other of ’stars’ we want to discriminate against. The
QSO sample consists of 332,650 known QSOs in the
DESI footprint. The vast majority of those QSOs with
17.5 < r < 23.2 are selected by their intrinsic time-
variability in the SDSS Stripe 82 (an equatorial stripe
in the South Galactic Cap defined by SDSS), using the
method described in Palanque-Delabrouille et al. (2011)
with SDSS light curves. This selection provides a train-

ing sample of QSOs that is not biased by information on
QSO color, an essential ingredient for the RF training.
The ’star’ sample is obtained by considering 332,650 un-
resolved sources in Stripe 82 that are not known QSOs
and do not exhibit any QSO-like variations in their SDSS
light curve. We normalize the r-band number counts of
the stars to match the QSOs and trained the RF selec-
tion with 11 input parameters: the 10 possible colors
using the five optical and NIR bands grzW1W2, and
the r-band magnitude. In contrast to the RF method
applied during the DESI commissioning (Yèche et al.
2020), the final selection uses a single RF covering the
full QSO redshift range, which we retrained with the
latest processing of imaging catalogs, DR9.
In order to achieve the required QSO target bud-

get, ⇠ 310 targets per deg2, and to ensure a uniform
target density over the full DESI footprint, we apply
slightly di↵erent thresholds on the RF probability in
the three regions (North, South (DES) and South (non-
DES), see the exact definition on Figure 1). We also
vary the RF probability threshold with r, following
pth(r) = ↵ � � ⇥ tanh(r � 20.5). For the three regions
(North, South (DES) and South (non-DES), we choose
(↵,�) to equal (0.88, 0.04), (0.7, 0.05), and (0.84, 0.04),
respectively.
The code for the QSO target selection of both the 1%

survey and the main survey is public on GitHub and it is
available at 1% QSO selection and main QSO selection.

4. PHOTOMETRIC PROPERTIES OF THE QSO
SELECTION

In this section, we discuss the spatial uniformity of the
QSO target density for the main selection described in
Sec. 3. We also present the density fluctuations related
to photometric properties such as seeing and depth. The
mitigation procedure to remove the systematic e↵ects is
described in detail in detail in Chaussidon et al. (2021).

4.1. Quasar Target Density

Figure 3 exhibits several regions with higher density
of QSO targets than average:

• Overdensity near the Galactic plane: the stel-
lar density is higher near the Galactic plane (
black line in Figure 3), which increases the stel-
lar contamination of the QSO targets. The ef-
fect is mostly visible in the region bounded by
270� < R.A. < 330� in both the North (NGC)
and the South (SGC) Galactic Caps.

• Overdensity in the Sagittarius Stream: the stel-
lar population of the Sagittarius Stream, indicated
by the blue line in Figure 3, is di↵erent from the

Quasar target 
density
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Figure 3. The impact of imaging systematics on the BAO scales. In detail, we show the di↵erence in
the derived BAO scales when we use the mitigation method for imaging systematics and when we use
the raw data (‘No weight’). The two measurements for each tracer are slightly displaced horizontally
for a better visualization. The BAO scales are very stable even when there was no mitigating and
even after density field reconstruction using such raw data. Again, the BAO is robust against the
imaging systematics.

gible, as shown in Figure 3. When comparing the post-reconstruction BAO measurements
with and without weights to correct for imaging systematics, the variation is found to be
at most 0.27� (for the QSO ↵iso) and is typically less than 0.2� on any of the measured
BAO parameters (↵iso and ↵AP), without any coherent direction across tracers. The weights
modulate the density field obtained from the LSS catalogs and thus there is expected to be
some fluctuation in any measured parameter that is proportional to the original uncertainty,
purely from the degree to which the weighting de-correlates the weighted and unweighted
data. Thus, shifts as a fraction of the uncertainty on the measured BAO parameters are the
most relevant thing to quote here. The 0.2� level of variation is equivalent to a correlation
of 0.99 between the weighted and unweighted results. This is thus similar to that one would
expect from randomly applying weights with the same variance as the imaging systematic
weights to the sample. We stress that the weighted clustering results are expected to be much
closer to the ‘true’ clustering than those without the imaging systematic weights. Thus, even
if these shifts were not consistent with random variation, they would represent an extreme
scenario.

Spectroscopic systematics refer to both the e↵ect of errors in the DESI redshift esti-
mation and unphysical galaxy/quasar variations in the fraction of successful redshifts as a
function of parameters relating to DESI hardware and observing conditions. Similar to the
corrections for imaging systematics, trends with spectroscopic properties can be regressed
against, and corrected with, weights. Such weights, wzfail, are determined as a function of
e↵ective observing time for all DESI tracers, as described in [24, 71]. Despite the signifi-
cance of the observed trends, [24] find that di↵erence in clustering between results including
wzfail or not yields a maximum �2 di↵erence of just 0.09 (for ELG samples at both redshift
range) across all of the pre-reconstruction ⇠0,2 within the BAO fit range. Such a small �2

di↵erence implies at most a 0.3� shift in any potential parameter; the di↵erences are not
localized and any e↵ect on BAO measurements is thus expected to be negligible. Further
corrections, such as extra weights to remove the remaining dependence of the success rate on

– 27 –
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Systematics Error Budget

LHC Split Days, Sept. 30, 2024

– Observational effects in data 
  (imaging, fiber assignment,…) 
– Reconstruction algorithm
– Covariance matrix construction

– Incomplete theory modelling 
– Choice of fiducial cosmology 
– Galaxy-halo (HOD) model  

E. Burtin 
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No effect on BAO
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Systematics Error Budget

LHC Split Days, Sept. 30, 2024

– Observational effects in data 
  (imaging, fiber assignment,…) 
– Reconstruction algorithm
– Covariance matrix construction

– Incomplete theory modelling 𝝈𝒕𝒉𝒆𝒐 = 0.1%
– Choice of fiducial cosmology 𝝈𝒇𝒊𝒅 = 0.1%
– Galaxy-halo (HOD) model  𝝈𝑯𝑶𝑫 = 0.2%

E. Burtin 
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All systematics much smaller than statistical errors
𝝈𝒕𝒐𝒕𝒂𝒍 = 𝟏. 𝟎𝟓𝝈𝒔𝒕𝒂𝒕.

Negligible effect 
on BAO

𝜎/0/ = 0.25%
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Stability of the results

LHC Split Days, Sept. 30, 2024

– Comparison with the baseline analysis for different configurations 
(with/without reconstruction, power-spectrum, without SGC, priors 
damping parameters, broadband modeling and reconstructions)

– Robust results
E. Burtin 
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– Friedman equation for a flat Universe
– Limitation due the cosmic variance (small part of the visible Universe)
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– LRG: Main tracer in SDSS, precise measurement
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– ELG: Main tracer in DESI, precise measurement, but 
only a small fraction was observed in DESI Y1
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– QSO: huge volume but small density (shot noise limitation)
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– Different dependence as a function of redshift  (Wm,rd)
– Break the degeneracy without knowing rd
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DESI Year 1 - Hubble diagram 

– ~6 million discrete tracers
–  0.1 < z < 2.1
– 3 times bigger than SDSS
– Measurement with Ly-a forest 

of QSOs at higher redshift

– Total precision on BAO: 0.52%
– Consistent with LCDM
– Agreement with Planck: 1.9s
– BAO ~very low systematics
– Cosmological constraints

ÞNext talk by Dragan Huterer

LHC Split Days, Sept. 30, 2024
Slide 34
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Additional Slides

LHC Split Days, Sept. 30, 2024
E. Burtin 
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Evolution of density perturbations

LHC Split Days, Sept. 30, 2024
E. Burtin 
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Results: a few examples

LHC Split Days, Sept. 30, 2024

– Dilation compared to a fiducial cosmology
• Perpendicular or parallel to the line of sight, 𝛼! and 𝛼||
• Combined through 

– 6 bins in redshifts covering the redshift range, 0.1<z<2.1
– Bin with lowest significance 4.0 

E. Burtin 
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Figure 11. Detection significance of the BAO features in various DESI DR1 galaxy tracers. Solid
lines show ��2 of the BAO fits as a function of ↵iso, i.e., �2 o↵set from the minimum �2. The
dashed lines correspond to ��2 of the noBAO fits, i.e., using a model without the BAO wiggles, after
subracting the minimum �2 of the BAO fit for each tracer. The detection level of the BAO feature
for each tracer is shown in the legend.

Figures 9 and 10 compare the pre- and post-reconstruction BAO fits for the data and
the 25 Abacus-2 DR1 mocks. Due to the discrepancy between the BAO location assumed
in the mocks and its measurement in the data, we focus on the changes in the best fits and
precision. Except for QSO, the measurements from the data (indicated by stars) lie well within
the distribution of the 25 Abacus-2 DR1 mocks, which is the criteria we set as “consistent”
given the small number of the mocks. For QSO, the blinded data BAO fit was marginally
consistent with the upper boundary (the least e↵ective reconstruction limit) reached by
the mocks, therefore passing the unblinding test ([46]). However, the reconstruction of the
unblinded DESI DR1 is slightly worse than the blinded case and less e�cient than in the
worst case of the mocks. We believe that such a slight change before and after unblinding is
acceptable.

In detail, we observe the change in the best fit ↵iso with reconstruction is the greatest
for LRG2, giving an 1.6% shift (0.87� compared to its pre-reconstruction precision) in ⇠. In
terms of the precision, LRGs show the biggest improvement from reconstruction, a factor of
1.3-1.6 higher precision in �(↵iso) and a factor of 1.5-1.8 in �(↵AP). For other tracers, we find
an improvement of 1.4 for BGS, a factor of 3 for ELG128, and 1.2 (↵iso) and 1.4 (↵AP) for ELG2.
Reconstruction of these tracers is not as e↵ective as LRGs. In particular, the reconstruction
for ELG2 is very likely inhibited due to its low completeness and irregular footprint for DESI
DR1. Again, with the future DESI data releases, we anticipate an improved reconstruction
performance for the ELGs sample. To summarize, the BAO reconstruction fits lead to a
substantial gain for the LRGs, but only a moderate gain for the other tracers.

Figure 11 shows the detection level of the BAO feature. For this plot, one-dimensional
BAO fits were performed for all tracers including LRGs and ELG2. Following the standard
procedure [156], the fits with the template without the BAO feature were also made (i.e.,
setting the second term in Eq. (4.1) to zero, hereafter a ‘noBAO fit’). The square root of

28
For ELG1, the pre-reconstruction constraint is overestimated as the posterior distribution deviates from

Gaussian distribution due to its low signal-to-noise.
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Figure 7. The isolated BAO feature in the correlation function of DESI DR1 data before (open
circles) and after reconstruction (solid circles). A 1-D BAO fitting is performed for BGS, ELG1, and
QSO, while the rest is fitted for the 2-D BAO scales. The solid and dashsed lines are the best fit
BAO models to the unblinded DESI DR1 before (open circles) and after reconstruction (solid circles),
respectively.

the RascalC covariance matrice (the black solid and dashed lines with the gray shade for
the 1� dispersion).

The BAO feature appears moderately sharpened by reconstruction in the LRGs redshift
bins, while the improvement is less obvious for other tracers. One can see that the Abacus-2

DR1 mocks replicate the observed level of the BAO sharpening in the DESI DR1 data.
Hence, we qualitatively find that the reconstruction of the data is performing as expected
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Figure 7. The isolated BAO feature in the correlation function of DESI DR1 data before (open
circles) and after reconstruction (solid circles). A 1-D BAO fitting is performed for BGS, ELG1, and
QSO, while the rest is fitted for the 2-D BAO scales. The solid and dashsed lines are the best fit
BAO models to the unblinded DESI DR1 before (open circles) and after reconstruction (solid circles),
respectively.

the RascalC covariance matrice (the black solid and dashed lines with the gray shade for
the 1� dispersion).

The BAO feature appears moderately sharpened by reconstruction in the LRGs redshift
bins, while the improvement is less obvious for other tracers. One can see that the Abacus-2

DR1 mocks replicate the observed level of the BAO sharpening in the DESI DR1 data.
Hence, we qualitatively find that the reconstruction of the data is performing as expected
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Figure 7. The isolated BAO feature in the correlation function of DESI DR1 data before (open
circles) and after reconstruction (solid circles). A 1-D BAO fitting is performed for BGS, ELG1, and
QSO, while the rest is fitted for the 2-D BAO scales. The solid and dashsed lines are the best fit
BAO models to the unblinded DESI DR1 before (open circles) and after reconstruction (solid circles),
respectively.

the RascalC covariance matrice (the black solid and dashed lines with the gray shade for
the 1� dispersion).

The BAO feature appears moderately sharpened by reconstruction in the LRGs redshift
bins, while the improvement is less obvious for other tracers. One can see that the Abacus-2

DR1 mocks replicate the observed level of the BAO sharpening in the DESI DR1 data.
Hence, we qualitatively find that the reconstruction of the data is performing as expected
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Comparison DESI/SDSS

LHC Split Days, Sept. 30, 2024

– 2.5s to 3.0s discrepancy depending on the correlations 
between the two samples

– Same redshift for the overlap catalog
– SDSS measurements identical when we use DESI pipeline

E. Burtin 

Slide 38

Figure 13. A comparison of the impact of di↵erent pipelines on the derived distances, analyzing the
published BOSS and eBOSS LRG data. There are three groups of points, one for each of the redshift
bins, while the di↵erent panels show results for DV /rd, DM/rd, and DH/rd. In each group, the
leftmost point is the published BOSS/eBOSS result. The second point from the left uses the published
correlation functions and covariance matrices, but refits these using the methodology presented in this
paper, while the last two points show the results of reprocessing the BOSS and eBOSS catalogs and
randoms through the full DESI pipeline for di↵erent fiducial cosmologies. To make the comparison
more direct (and to leave the covariance matrices unchanged), we use the RecIso reconstruction
scheme here. The fiducial cosmology used to normalize the distance scales on the y-axis is the DESI
fiducial cosmology used in this paper.

DESI DR1 BAO measurements from LRG3, ELG1, LRG3⇥ELG1, and LRG3+ELG1. With Y3
and Y5, as the completeness of the ELGs increases, we expect a greater improvement from
the combined tracer analysis in terms of reconstruction as well as the systematic test. Note
that we perform only the ⇠(r) fit to the combined tracer, as we have only the RascalC
covariance available for the combined tracer.

7.6 Comparison to previous analyses

Given the changes described above in our pipeline, we revisit the SDSS (BOSS and eBOSS)
data previously analyzed to quantify the impact of these changes on previously published
results [159]. We do so in two stages. First, we refit the published correlation functions
(using the published covariance matrices) to measure the distance scale. Second, we rerun
the reconstruction pipeline using our new convention and then re-fit the updated correlation
functions. Figure 13 shows the results of these comparisons for the three redshift bins used
in the SDSS ([159]).

The red point of each group in Figure 13 (first from the left) is the published BOSS/eBOSS
result for ↵, while the yellow point (second from the left) uses the published correlation func-
tions and covariance matrices, but refits these using the baseline methodology described in
this paper. For the fits performed here, we use damping parameters with Gaussian priors
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Figure 15. Hubble diagram of the BAO distance scales measured from the unblinded galaxy and
quasar data, compared to those from earlier BAO measurements by the 6 degree Field Galaxy Survey
(6dFGS, [27]), WiggleZ [103], the Sloan Digital Sky Survey (SDSS, [159]), and the Dark Energy
Survey (DES Y6, [160]), as labelled. From top to bottom, the panels show DM/rd, DH/rd, DV/rd and
DM/DH, all relative to the respective quantities evaluated in the DESI fiducial cosmology described in
Section 1. For 6dFGS, WiggleZ and some redshift bins of SDSS and DESI, only DV/rd measurements
were possible due to the low signal-to-noise ratio, so these points are only shown in the third panel.
For the DESI and SDSS redshift bins where both DM/rd and DH/rd were measured, results for DV/rd
and DM/DH in the third and fourth panels are displayed with open markers to indicate the repetition
of information in the top two panels in a di↵erent parametrisation. Note that a slight o↵set has been
applied to the e↵ective redshifts of the SDSS results at ze↵ = 0.51 and 0.70 to avoid overlap and
ensure visibility in this figure.

configuration space measurements as our fiducial results.
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Figure 15. Hubble diagram of the BAO distance scales measured from the unblinded galaxy and
quasar data, compared to those from earlier BAO measurements by the 6 degree Field Galaxy Survey
(6dFGS, [27]), WiggleZ [103], the Sloan Digital Sky Survey (SDSS, [159]), and the Dark Energy
Survey (DES Y6, [160]), as labelled. From top to bottom, the panels show DM/rd, DH/rd, DV/rd and
DM/DH, all relative to the respective quantities evaluated in the DESI fiducial cosmology described in
Section 1. For 6dFGS, WiggleZ and some redshift bins of SDSS and DESI, only DV/rd measurements
were possible due to the low signal-to-noise ratio, so these points are only shown in the third panel.
For the DESI and SDSS redshift bins where both DM/rd and DH/rd were measured, results for DV/rd
and DM/DH in the third and fourth panels are displayed with open markers to indicate the repetition
of information in the top two panels in a di↵erent parametrisation. Note that a slight o↵set has been
applied to the e↵ective redshifts of the SDSS results at ze↵ = 0.51 and 0.70 to avoid overlap and
ensure visibility in this figure.

configuration space measurements as our fiducial results.
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Main science at DESI 

LHC Split Days, Sept. 30, 2024
Slide 39

E. Burtin 

• Baryonic Acoustic Oscillations (BAO)
– s(BAO) ~0.2 % for  0.0<z<1.1 
– s(BAO) ~0.3%  for 1.1<z<1.9
– s(BAO) ~0.5%  for 1.9<z<3.5
– SDSS(BOSS+eBOSS) few % measurements 

• Redshift Space Distorsion (RSD)
– Multiple few % measurements over wide 

redshift range (z<2)
– ~10x better compared to SDSS

• Neutrino masses 
– s(Smn) ~20 meV
– Current limit : Smn <~100 meV, @ 95 CL

• Non-Gaussianity (fNL) 
– s(fNL)~4 with k dependence of bias
– As precise as Planck with a different technique 
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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.
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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 ⇥
�
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�
[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.
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