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What is the mysterious dark energy 
that is driving the acceleration of  the cosmic expansion?  

What is dark matter, how is it distributed,  
and how do its properties affect the formation of  stars, 

galaxies, and larger structures ? 

LSST will only see 
stars …  

gathered in a few 109 galaxies 
over 18,000 deg2

69%
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Table 6. Anisotropic fits on data for di↵erent binning choices. In bold are the results for our fiducial analysis (see text). Given
the low statistical power of this sample for anisotropic fits, we do not include separate results for NGC or SGC.

case pre-reconstruction post-reconstruction

�r r
min

r
max

↵? ↵k �2/dof ��2 corr. ↵? ↵k �2/dof ��2 corr.

5 32 182 0.99+0.08
�0.05 0.82+0.09

�0.08 75.2/50 1.5 -0.40 1.01+0.04
�0.03 0.88+0.06

�0.17 66.5/50 7.2 -0.35

28 178 1.00+0.11
�0.06 0.83+0.07

�0.07 66.0/50 2.8 -0.44 1.01+0.04
�0.04 0.84+0.06

�0.06 63.7/50 10.1 -0.13

29 179 1.00+0.07
�0.05 0.83+0.06

�0.07 75.6/50 4.7 -0.48 1.02+0.05
�0.04 0.83+0.08

�0.06 54.5/50 8.1 -0.80

30 180 1.01+0.08
�0.05 0.82+0.08

�0.08 89.7/50 3.0 -0.68 1.02+0.04
�0.04 0.85+0.12

�0.12 62.4/50 7.8 -0.86

31 181 1.00+0.06
�0.05 0.83+0.08

�0.08 75.3/50 3.5 -0.35 1.00+0.04
�0.04 0.92+0.06

�0.27 62.7/50 5.5 -0.69

Figure 15. Left panel: monopole (top) and quadrupole (bottom) of the post-reconstruction correlation function with the best-
fit models with (blue thick line) and without (red thin line) a BAO peak component. Right panel: �2 contours as a function
of the dilation parameters ↵?,↵k converted to DM/rd and DH/rd using our fiducial cosmology in Table 1. The contours
correspond to �2 � �2

min

= 2.3, 6.18, 11.83 (solid, dashed and dotted, respectively). For this fit, we obtain ��2 = 7.2.

areas, the BAO measurements at 0.50 < z < 0.75 from CMASS and ours, at 0.6 < z < 1.0, are correlated. This
correlation can be estimated by assuming that the covariance is proportional to the e↵ective overlap volume between
the two surveys. Using the CMASS n̄(z) over the e↵ective area of eBOSS (overlapping area) covering 1844 deg2,
and computing Eq. 5 over 0.6 < z < 0.75 (overlapping redshift range), we obtain an e↵ective overlap volume of
V
e↵

[CMASS \ eBOSS] = 0.31 Gpc3. Therefore, we estimate the correlation coe�cient between the two measurements
to be

⇢ =
V
e↵

(CMASS \ eBOSS)p
V
e↵

(CMASS)V
e↵

(eBOSS)
=

0.31p
4.1⇥ 0.9

= 0.16. (19)

We leave more realistic calculations of this correlation using correlated mock catalogs (as in, e.g., Beutler et al. 2016)
for future work.
Forecasts in Zhao et al. (2016) predict 1% precision on isotropic BAO with 7000 deg2 for the final eBOSS LRG

sample (when combined with the high-redshift tail of CMASS). For the current footprint with A
e↵

= 1844 deg2 the
forecast scales to a 1.95% BAO measurement assuming that error is proportional to square-root of the e↵ective volume.
Our isotropic BAO measurement with a 2.6% error is slightly larger than this forecast. This might be caused by holes
in the footprint due to plates still not observed and to the various masks applied to our sample. These e↵ects increase
the size of boundaries of the survey and might increase errors relative to forecasts which consider uniform volumes.
The larger error of our measurement compared to the forecast might also be due to statistical fluctuations, since the
distribution of estimated errors has a large dispersion, as observed with mock catalogs in Fig. 10. Previous BAO
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Mapping our observable universe 
—> improve sensitivity to increase galaxy number 
density and depth 
—> improve the sky coverage to access the large 
scales and check homogeneity and isotropy   

LSS based on galaxies distribution

Simulation of  dark matter distribution 
(+ baryons) 
—> check time evolution 
—> check matter distribution  
—> cosmological parameters dependency

Credit: Sloan Digital Sky Ssurvey Credit: HORIZON simulation

2-point (3-point) correlation function or matter power (bi)spectrum
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Cosmic standard ruler

Galaxy distribution
3.5 billion yrs ago

Galaxy distribution
5.5 billion yrs ago

Relic radiation
13.8 billions yrs ago
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Figure 16. Current isotropic BAO measurements as a function of redshift compared to the prediction given by the best-fit
cosmological parameters of Planck TT+TE+EE+lowP (Planck Collaboration XIII 2016). Our measurement is indicated by the
green star labeled “DR14 LRGs”. The other BAO measurements are: 6dFGRS at z = 0.11 (Beutler et al. 2011), SDSS MGC
at z = 0.15 (Ross et al. 2015), BOSS DR12 at z = [0.38, 0.61] (Alam et al. 2017), WiggleZ at z = [0.44, 0.6, 0.73] (Blake et al.
2011a), eBOSS DR14 QSO sample at z = 1.52 (Ata el al. 2018), and BOSS DR12 Lyman-↵ sample at z = 2.3 (Bautista et al.
2017; du Mas des Bourboux et al. 2017).

measurements (e.g. Alam et al. 2017; Ata el al. 2018) typically also report estimated errors that are larger than
predictions.

6. CONCLUSION

We present the first BAO measurement using luminous red galaxies from the first two years of data taken in the
eBOSS survey. The total area observed, weighted by the fiber completenes, is 1844 deg2, yielding an e↵ective volume
of 0.9 Gpc3 over 0.6 < z < 1.0 when combining the eBOSS LRG sample with the CMASS z > 0.6 galaxies over the
eBOSS footprint. We obtain a 2.6% spherically averaged distance measurement after reconstruction at z

e↵

= 0.72 that
is consistent at 1� level with the predictions of the ⇤CDM model assuming a Planck best-fit cosmology.
In this analysis we introduce a novel technique to account for redshift failures, while also propagating photometric

systematics to the random catalog. This technique yields unbiased measurements of the correlation function, as tested
on mock catalogs, and will be essential for future analyses using the full-shape information such as redshift space
distortion studies.
When eBOSS will have finished its observing program, we expect that 7000 deg2 of area will have been observed

spectroscopically, representing a reduction on errors of isotropic BAO measurements of a factor of
p

7000/1844 ⇠ 2
(assuming errors scale with the square root of the area).
The new software used to produce catalogs, compute model for failures, fit BAO peak, and apply reconstruction are

all implemented in Python and available at github.com/julianbautista/eboss_clustering.
Upcoming surveys will significantly improve upon our results; the DESI survey will observe LRG spectra with similar

depths and redshift ranges than eBOSS. We expect that the framework presented here should be applicable for DESI
clustering measurements using both LRGs and ELGs, where sub-percent errors on BAO are expected.

This paper represents an e↵ort by both the SDSS-III and SDSS-IV collaborations. Funding for SDSS-III was
provided by the Alfred P. Sloan Foundation, the Participating Institutions, the National Science Foundation, and the
U.S. Department of Energy O�ce of Science. Funding for the Sloan Digital Sky Survey IV has been provided by
the Alfred P. Sloan Foundation, the U.S. Department of Energy O�ce of Science, and the Participating Institutions.
SDSS-IV acknowledges support and resources from the Center for High-Performance Computing at the University of
Utah. The SDSS web site is www.sdss.org.
SDSS-IV is managed by the Astrophysical Research Consortium for the Participating Institutions of the SDSS

Collaboration including the Brazilian Participation Group, the Carnegie Institution for Science, Carnegie Mellon
University, the Chilean Participation Group, the French Participation Group, Harvard-Smithsonian Center for As-
trophysics, Instituto de Astrof́ısica de Canarias, The Johns Hopkins University, Kavli Institute for the Physics and
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Table 6. Anisotropic fits on data for di↵erent binning choices. In bold are the results for our fiducial analysis (see text). Given
the low statistical power of this sample for anisotropic fits, we do not include separate results for NGC or SGC.
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�0.08 75.3/50 3.5 -0.35 1.00+0.04
�0.04 0.92+0.06

�0.27 62.7/50 5.5 -0.69

Figure 15. Left panel: monopole (top) and quadrupole (bottom) of the post-reconstruction correlation function with the best-
fit models with (blue thick line) and without (red thin line) a BAO peak component. Right panel: �2 contours as a function
of the dilation parameters ↵?,↵k converted to DM/rd and DH/rd using our fiducial cosmology in Table 1. The contours
correspond to �2 � �2

min

= 2.3, 6.18, 11.83 (solid, dashed and dotted, respectively). For this fit, we obtain ��2 = 7.2.

areas, the BAO measurements at 0.50 < z < 0.75 from CMASS and ours, at 0.6 < z < 1.0, are correlated. This
correlation can be estimated by assuming that the covariance is proportional to the e↵ective overlap volume between
the two surveys. Using the CMASS n̄(z) over the e↵ective area of eBOSS (overlapping area) covering 1844 deg2,
and computing Eq. 5 over 0.6 < z < 0.75 (overlapping redshift range), we obtain an e↵ective overlap volume of
V
e↵

[CMASS \ eBOSS] = 0.31 Gpc3. Therefore, we estimate the correlation coe�cient between the two measurements
to be

⇢ =
V
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(CMASS \ eBOSS)p
V
e↵

(CMASS)V
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(eBOSS)
=

0.31p
4.1⇥ 0.9

= 0.16. (19)

We leave more realistic calculations of this correlation using correlated mock catalogs (as in, e.g., Beutler et al. 2016)
for future work.
Forecasts in Zhao et al. (2016) predict 1% precision on isotropic BAO with 7000 deg2 for the final eBOSS LRG

sample (when combined with the high-redshift tail of CMASS). For the current footprint with A
e↵

= 1844 deg2 the
forecast scales to a 1.95% BAO measurement assuming that error is proportional to square-root of the e↵ective volume.
Our isotropic BAO measurement with a 2.6% error is slightly larger than this forecast. This might be caused by holes
in the footprint due to plates still not observed and to the various masks applied to our sample. These e↵ects increase
the size of boundaries of the survey and might increase errors relative to forecasts which consider uniform volumes.
The larger error of our measurement compared to the forecast might also be due to statistical fluctuations, since the
distribution of estimated errors has a large dispersion, as observed with mock catalogs in Fig. 10. Previous BAO
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Current isotropic BAO measurements as a function of  
redshift compared to the prediction given by the best-fit 
cosmological parameters of  Planck TT+TE+EE+lowP 
(Planck Collaboration XIII 2016). 

Monopole of  the post-reconstruction correlation function 
with the best-fit models with (blue thick) and without (red 
thin) a BAO peak component.  

The BAO peak - current measurements
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Geometry and space curvature

Strong link 
between  

time expansion 
and  

space curvature

OpenFlatClosed

relic radiation

ΩK = -0.040   +/-  0.04   Planck (CMB)

CMB lensing

ΩK = -0.040   +/-  0.04   Planck (CMB)
ΩK = -0.004   +/-  0.015 Planck (CMB +  lentille)

Planck+BAO = Euclidian space + moderate expansion rate 67.90±0.55 km/s/Mpc

galaxies 
(BAO)

ΩK = -0.0008 +/-  0.004 Planck (CMB +  lensing) + BAO + H0 + SNe
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The matter power spectrum

  

Main Dark Energy probes

LSS

LSS

LSS

Growth

Scale 
dependence

Small scales

WL

WL

WL

Credit:: David Alonso

growth: structures evolution driven by the 
gravity. Amplitude increases when redshift  
decreases —> more and more contrasted 
Universe 
+ capacity to test gravity theory on very 
large scales 

BAO scale: very small oscillations 
superimposed on the main shape. Position 
provides the standard ruler 

small scales: non-linear regime with 
complicated, but interesting !, astrophysical 
ingredients 

—> mix of  LSS & WL probes is powerful:  
• complementarity (to estimate cosmological parameters)  
• consistency (to check the model validity - and systematics …)
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Credit:  LSST Science Book

Effect on the large scale observed galaxy power spectrum 
of  a primordial non-Gaussianity of  the local type 
described by an fNL parameter of  the values ±5.

Primordial non-Gaussianity13.5 Galaxy Bispectrum: Non-Gaussianity, Nonlinear Evolution, and Galaxy Bias

Figure 13.9: E↵ect on the large scale observed galaxy power spectrum of a primordial non-Gaussianity of the
local type described by an fNL parameter of the values ±5. Such departure from Gaussian initial conditions can be
detected at the level of several � by LSST, while the CMB Planck experiment is expected to have an error bound of
�(fNL) = 5. While the simplest, single field, slow-roll inflation models predict fNL < 1, several models (multi-field
models, non-slow roll models) yield much larger deviations from Gaussianity, which would be detectable with LSST.
We have adopted the same conventions as in Figure 13.7.

13.5 Galaxy Bispectrum: Non-Gaussianity, Nonlinear Evolution,
and Galaxy Bias

Licia Verde, Alan F. Heavens

The classic paper of Kaiser (1984) suggested that galaxies form at high peaks of the dark matter
distribution, and are thus biased tracers of the mass distribution (§ 9.4). There are many theoretical
models for galaxy bias, and observations have shown that it depends on galaxy type, redshift, and
possibly scale (e.g., Swanson et al. 2008; Blanton et al. 2006; Zehavi et al. 2005; Mo et al. 1997;
Cresswell & Percival 2009; Norberg et al. 2001). However to a good approximation (and ignoring
the e↵ects of primordial non-Gaussianity described above), on large scales the e↵ect of bias can be
summarized as

Pg = b2PDM , (13.13)

where Pg denotes the galaxy power spectrum, PDM denotes the underlying dark matter power
spectrum, and b denotes the bias parameter. The relative bias of galaxies is relatively straightfor-
ward to measure using the power spectrum or two-point function of galaxy clustering split by type
(§ 9.5.4), but the absolute bias is more di�cult to establish. It can be measured from the observed
galaxy power spectrum, given predictions for the underlying clustering of dark matter given our
concordance cosmological model (e.g., Lahav et al. 2002). However, if we had an independent
measurement of the bias factor, we could combine CMB and galaxy clustering measurements to
make more precise measurements of cosmological parameters and the growth rate of large-scale
structure under gravity. In linear theory one cannot use measurements of large-scale structure to
distinguish between bias and the growth rate of structure. However, to second order, the degen-
eracy is lifted (Fry 1994). The second-order corrections depend on the gravitational clustering of
dark matter, and one can determine the bias factor by measuring the shape dependence of the

479

CMB Planck 2016: fNL = 0.8 ± 5.0 (local) 

 * simplest, single field, slow-roll inflation 
models predict fNL < 1 
—> not detectable 

* several models (multi-field models, non-
slow roll models) yield much larger 
deviations from Gaussianity 
—> detectable with LSST. 
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Credit:: Michael L. Norman 

linear regime: increases uniformly 
proportional to the linear growth factor. 
Super- and sub-horizon scale perturbations 
grow as t2/3 in the matter-dominated era.

non-linear regime: all scales with k > knl (z) 
have collapsed into bound objects  
—> "bottom-up" hierarchy model. 
Numerical simulations required because the 
modes do not grow independently.

Growth factor and hierarchical structure formation

BAO scale large enough that nonlinear evolution does not alter the scales appreciably 
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Map of  the recovered Integrated Sachs-Wolf  effect anisotropie 
from the combination of  Planck SEVEM CMB map with radio-
sources + galaxy surveys + Planck lensing 
—> detection at 4𝝈 level 
Credit:  Planck 2015 XXI. The integrated Sachs-Wolfe effect 

CMB photons traveling through a decaying potential well, 
such as an overdense region in the ΛCDM universe, will 
gain energy 

—> LSS causes secondary anisotropies in the CMB, can 
be measured from the correlation between galaxy over-
densities and CMB T fluctuations,  
—> direct evidence for the existence of  dark energy which 
stretches LSS 

Cross-correlations with other tracers
Planck Collaboration: The ISW e�ect with Planck

-2.7e-5 2.7e-5 1.4e-5 2.0e-5 

-2.7e-5 2.7e-5 1.4e-5 2.0e-5 

-2.7e-5 2.7e-5 

Fig. 19. Maps of the recovered ISW anisotropies (left column) and the corresponding estimated uncertainty per pixel
(right column) from the combination of the Planck SEVEM CMB map and all the surveys (NVSS, WISE-AGN, WISE-
GAL, SDSS-CMASS/LOWZ, SDSS-MphG, and Kappa; top), and only considering the information from these LSS tracer
surveys (middle). The bottom panel gives the di�erence between both reconstructions, with the CMB intensity mask
applied. The units here are Kelvin.

at angular scales below 5¶. Compared to our past publica-
tion (Planck Collaboration XIX 2014), we have extended
the analysis in the following ways.

First, we have included additional galaxy (WISE-GAL)
and AGN (WISE-AGN) catalogues from the WISE sur-
vey as LSS tracers to be correlated with the four Planck

CMB maps (COMMANDER, NILC, SEVEM, and SMICA). These
tracers, in combination with the NVSS radio catalogue,
the photometric luminous galaxy (LG) catalogue from the
Baryonic Oscillation Spectroscopic Survey (BOSS) of the
SDSS III (SDSS-CMASS/LOWZ), and the photometrically

selected galaxies from the SDSS-DR8 catalogue (SDSS-
MphG), yield a detection of the ISW signal at 2.9 ‡. This
detection is dominated by the NVSS catalogue (2.6 ‡),
while the combination of the two SDSS catalogues provides
a 2.7 ‡ level, and the two WISE render a 1.9 ‡ signal-to-
noise ratio.

Second, we have also improved the characterization of
the ISW e�ect through the ISW-lensing bispectrum, since
the higher signal-to-noise ratio of the Planck 2015 tem-
perature data and the new polarization data allows us to
improve the reconstruction of the Planck lensing signal. In

26
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* Galaxies form at high peaks of  DM —> biased tracers of  the mass distribution  

* Observed galaxy distribution is non-Gaussian  
• non-linear gravitational instability introduces skewness in density distribution  
• non-linear bias also skews the distribution 

Bias & non-Gaussianity

δ(r)gal = b1 δ(r)DM+b2 (δ2(r)DM − < δ2(r)DM>)  Credit:  LSST Science Book

Chapter 13: Large-Scale Structure

Figure 13.10: Predicted 1 � and 2 � uncertainties on the first- and second-order bias parameter as measured from
the bispectrum of galaxies in redshift shells. Only alternate redshift bins are shown to illustrate the scaling of the
errors with redshift.

480

Chapter 13: Large-Scale Structure

Figure 13.10: Predicted 1 � and 2 � uncertainties on the first- and second-order bias parameter as measured from
the bispectrum of galaxies in redshift shells. Only alternate redshift bins are shown to illustrate the scaling of the
errors with redshift.

480

In linear theory, bias and the 
growth rate are degenerated 
—>bispectrum 

First objects are more biased (hierarchy model) 
—> more accurate bias estimation

• constrains on galaxy HOD  
—>tests of  galaxy formation  

• constrains on 𝝈8𝛺M0.75
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LSST DESC Requirements

LSS systematic uncertainties

Redshift

Number density

Mean redshift

Redshift scatter

Photometric calibration

Galactic extinction

Catastrophic photo-z errors

Blending

Airmass, PSF, other observational effects

Stars

Figure E2: Diagram indicating sources of systematic uncertainty for the LSS analysis on which we
would like to place requirements in the DESC SRD. The direction of the arrows indicates the flow from
overall systematic uncertainty to broad systematics categories to the specific physical effects on which
we place requirements. As shown, there are several issues that contribute to both redshift and number
density uncertainty. The green / lavender boxes indicate sources of uncertainty on which we do / do not
place requirements in this DESC SRD version, respectively.

43

Sources of  systematic uncertainty for the LSS analysis  
Credit:  LSST_DESC_SRD, in prep. 

Systematic uncertainties

• Need to have a precise redshift 

• Need to know the “default” of  
the redshift estimation
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Template of  a galaxy spectrum at various redshifts, overlaid on the 
transmission functions of  SDSS filters (u, g, r, i, z).   
Credit :S DSS

Where are the galaxies ? 
or 

the photometric redshift 
challenge

While the angular coordinates will be 
exquisitely thanks to the LSST optics and 
camera design, it will be more challenging to 
reconstruct the third coordinate, the redshift. 

—> photometry in 6 bands provides a very 
low resolution spectrometer 
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Photometric versus spectroscopic redshift

Mock catalog of  ~ 109 galaxies with photo-z 
which fulfils the LSST requirements up to z=2.

Main challenges : 

- Fast: billions of  galaxies to monitor 
- Efficient: new methods, for instance 

Deep learning approach (see J. Pasquet 
talk), cosmic web, morphology …  

- Need of  spectro-z on a representative 
sampling in galaxy type and redshift 

- Data management: use of  PDF, not only 
single photo-z values
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Credit : Ansari et al., in prep

3 requirements : 

- dispersion 𝝈 < 0.05 (1+z) [goal = 0.02] 

- bias |median-mean| of  𝛿z/(1+z) < 0.003 
- outliers less than 15% 

Gold sample: subset with mag _i < 25.3  
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LSS with photometric redshift

Credit : Ansari et al., in prep

spectro-z photo-z

transverse plan

plan incl. line-of-sight

—> loss of  contrast everywhere 
—> smoothing along the line-of-sight

not straightforward … 

But photometric surveys 
can have a much higher 
galaxy density 

—> statistics save photo-z 
surveys  

LSST 10y should have 
 30-40 gal /arc-min2 

eBOSS: 
0.02 quasars /arc-min2 

0.05 emission line gal/arc-min2 

 0.01 LRG /arc-min2
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LSS with photometric redshift

Credit : Ansari et al., in prep
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Credit:: Zosia Rostomian, LBNL, and Nic Ross, BOSS Lyman-alpha team, LBNL + pies from planck.fr

deceleration

ac
ce

ler
ati

on

Ordinary matter 
Dark matter 
Dark energy

What is the mysterious dark energy 
that is driving the acceleration of  the cosmic expansion? 

!17
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Cécile Renault

What is dark matter, how is it distributed,  
and how do its properties affect the formation of  

stars, galaxies, and larger structures ? 

Simulations of  the distribution of  dark matter ~ 3 billion years after the Big Bang and clumps of  dark matter (red), with those larger 
than 300 million times the Msun in yellow.  
Credit:: Virgo consortium / A. Amblard / ESA

Galaxies formed from clouds of  gas collapsing under gravity inside halos, or clumps, of  dark matter.  
The way in which the gas collapses depends on the amount of  dark matter in the neighbourhood. 
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Our observable universe

LSST will provide the 
largest photometric 

galaxy sample of  its time 
for studies of  the large- 

scale structures 

• full tomographic  
• “3x2pt” analysis  

• goal = working in the 
cosmic-variance-limited 

regime 
with systematic errors under 

control
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