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What Do We Learn From Galaxy Clustering?

★ Complications & opportunities: non-linear growth, galaxy bias, baryons,  
redshift-space distortions, observational systematics…
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Cosmic Cartography

VIPERS (Guzzo+2014,  
Scodeggio+2018)

vipers.inaf.it

http://vipers.inaf.it
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Cosmic Cartography
VIPERS void catalog  
(Micheletti, Iovino+14)
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Transverse separation

Redshift-space void profile

★ The growth rate can be inferred from the 3D void profile 
in redshift-space (Hawken, BRG+17)
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Cosmic Cartography

VIPERS filament catalog 
★ Star formation history is correlated with the position of the galaxy along the 

filament (Malavasi+2017)
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Richness of  3D LSS Analyses

★ Deep and dense spectroscopic samples will enrich current cosmological 
probes and enable new analyses
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Multi-Tracer Analyses
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Blue galaxiesRed galaxies

Density field reconstructed in VIPERS 0.6<z<0.8 (Granett)

★ The covariances between multiple tracers of the same volume gives a measure of relative bias 
without sample variance (McDonald & Seljak, 09). Gain depends on the spread in bias and number 
densities

★ Applications: non-Gaussianity, growth-rate (20% improvement seen in GAMA, Blake+13)

★ Enabled by dense galaxy sampling and broad selection functions
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Multi-Tracer Analyses

★ The multi-tracer optimal estimator (MTOE, 
Abramo 16) was applied to VIPERS to 
measure the galaxy power spectrum of 
multiple samples  
(Montero-Dorta, Abramo, BRG+20) 

★ Accounting for correlations between 
samples suppresses shot noise and allows 
more information to be extracted from 
small scales that is lost by the standard FKP 
estimator
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Correlation coefficients of P(k) for 4 
luminosity-color selected samples from 
VIPERS mock catalogs (0.6<z<0.75)

FKP

MTOE
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Redshift-Space Distortions

★ RSD signal-to-noise is greatest on 
small scales, but it is contaminated 
by virialized velocities

★ Modeling RSD on small scales is a 
challenge for next-generation 
surveys

➡ Forward modeling with N-body 
mocks and halo and SHAM 
galaxy occupation models
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Fig. 7. Redshift-space two-point correlation function ⇠s(rp, ⇡), measured at 0.6  z  1.0 from flux-limited (top row) and volume-limited samples
(bottom row) of blue (left) and red (right) VIPERS galaxies (colour scale and solid contours). The measurements are binned in 1 h

�1Mpc bins
in both directions and have been smoothed with a Gaussian filter with dispersion � = 0.8 h

�1Mpc. The more prominent small-scale stretching
along the line of sight is clear in the clustering of red galaxies (right panels), which is almost absent for the blue galaxies (left panels). The dotted
lines overplotted on the two top panels report instead for comparison the corresponding (un-smoothed) estimates from the mean of the 153 blue
and red mock samples. The agreement of the blue mocks with the data is excellent. Conversely, the red mocks show, in addition to their known
slightly larger linear bias value, a significantly stronger small-scale stretching, indicating a higher non-linear velocity component with respect to
the data (see text for discussion). In the two bottom panels the look-up table has been normalised as to get the same top colour at the peak value
of ⇠s(rp, ⇡), while setting the bottom limit to ⇠s(rp, ⇡) = 0.01.

In Eq. (13) f (z) is the linear growth rate of structure, e|| is the
unit vector along the line of sight and u is the scaled velocity
field,

u = � (1 + z)
f (z) H (z)

v . (14)

In terms of the overall matter density contrast � = ⇢/⇢̄ � 1 the
mass conservation between true � and redshift-space �s reads

⇥
1 + �s

⇤
= [1 + �]

������
d

3s
d3r

������

�1

. (15)

In Eq. (15)
���d3s/d3r

��� is the Jacobian of the coordinate transfor-
mation in Eq. (13),
������
d

3s
d3r

������ = 1 � f (z) @kuk . (16)

Under the small-angle plane-parallel approximation in the
regime where the density contrast and the velocity gradients are
much smaller than unity, that is � ⌧ 1 and @kuk ⌧ 1 respectively,
and the velocity field is irrotational, the mass conservation in Eq.
(15) takes a much simpler form in Fourier space,

�s (k) = � (k) + ⌫2 f (z) ✓ (k) . (17)

Article number, page 8 of 20

Flux-limited blue Flux-limited red

Mohammad,BRG+18

Pezzotta+17
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SHAM Success at z=0 and Cosmological Implications
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No evidence for modifications of gravity from galaxy motions on cosmological scales 
(He, Guzzo, Li, Baugh, 2018 Nature Astronomy, Volume 2, p. 967)
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SHAM Model for VIPERS

★ MultiDark SHAM predictions 
match the projected 
correlation function in 
VIPERS 0.5<z<1

★ Application of SHAM requires 
a proxy for halo mass and 
highly complete galaxy samples

➡ Best choice for VIPERS: 
galaxy stellar mass
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Forward Modeling the Growth of Structure
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SDSS VIPERS

★ We match MultiDark SHAM models with 
SDSS and VIPERS correlation functions 
from redshift 0<z<1

★ Remapping simulation snapshots (Angulo 
& White 2010) allows us to probe the dark 
matter clustering amplitude σ8(z)

BRG, Favole, Montero Dorta+ 19 
arxiv:1905.10375

https://arxiv.org/abs/1905.10375
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Extracting the Most from Spectroscopic Surveys

★ Bayesian LSS inference promises to optimally mine the information from the 
rich galaxy field

➡ Joint constraints on cosmological parameters, density field, galaxy bias & 
luminosity function with Gibbs sampling (Estrada & BRG+prep, BRG+15)

★ Inference can be made on the Gaussian initial conditions by including 
structure formation models (Lavaux & Jasche 18, Kitaura 13)
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A&A proofs: manuscript no. vipers_recon_lf_resub_lang

Fig. 5: VIPERS cone diagrams for the fields W1 (top) and W4 (bottom). The left panels show the redshift-space positions of
observed galaxies. The marker colour indicates the blue or red colour class and the marker size scales with B-band luminosity. The
depth of the slice is 10h

�1Mpc. The orange line traces the field boundaries cut in the redshift direction at 0.6 < z < 1.0. At right we
show a slice of the density field taken from one step in the Markov chain. It represents the anisotropic Wiener reconstruction from
the weighted combination of galaxy tracers. The field is filled with a constrained Gaussian realisation. The field has been smoothed
with a Gaussian kernel with a full width half maximum of 10h

�1Mpc. The colour scale gives the over-density value.

3.3. Number density

The number density of galaxies in a luminosity bin is given by
the integral of the luminosity function:

n(z) =
Z

M f aint(z)

Mbright

n(M, z)dM. (5)

We parameterise the luminosity function using the Schechter
function (Schechter, 1976) in terms of magnitudes and the pa-
rameters (�?,M?,↵):

n(M) = 0.4 ln 10 �?
⇣
100.4(M?�M)

⌘↵+1
exp
⇣
100.4(M?�M)

⌘
. (6)

The characteristic magnitude evolves as M?(z) = M?(0) + Ez

with E ⇡ �1 for red galaxies in VIPERS (Fritz et al., 2014)
confirming the findings of previous studies at moderate redshift
(Ilbert et al., 2005; Zucca et al., 2009).

The number density observed is further reduced by the sur-
vey completeness. In VIPERS, galaxies are targeted to an appar-
ent magnitude limit of mlim = 22.5 in the iAB photometric band.
This sets an absolute magnitude limit for a given class of galaxy

Mlimit(z) = mlim � Dm(z) �K(z), (7)

where Dm(z) is the distance modulus which depends only on the
background cosmology and K is the K-correction term which
depends on the particular type of galaxy targeted. The absolute
magnitudes were computed for each galaxy by fitting spectral
energy distribution templates to broadband photometry as de-
scribed by Davidzon et al. (2013) and from the absolute magni-
tudes we infer the K-corrections. We parameterise the trend of
K-correction with redshift as K(z) = K0 + �K(z). The value of
K0 is estimated from the median value of galaxies within a given

subsample while �K(z) is a polynomial fit with the following co-
e�cients, di↵erent for red and blue galaxy types:

�K,blue(z) = 1.784(z � 0.7)2 + 0.440(z � 0.7) � 0.678 (8)
�K,red(z) = 2.144(z � 0.7)2 + 1.745(z � 0.7) � 0.720. (9)

Using this parameterisation the inferred magnitude limits
corresponding to 50% completeness are indicated in Fig. 2 for
the blue and red samples by the solid and dashed lines. For
mock samples, the K-correction term and its evolution are fixed
to Kmock = z � 1.3.

With these ingredients we model the redshift distribution of
each galaxy subsample by integrating the luminosity function
with Eqs. 7 and 5. We leave the mean density of each subsample
free to set the normalisation of the redshift distribution. We then
take the shape given by the Schechter function to interpolate the
luminosity function across the bin. The parameters M? and ↵ in
each colour and redshift bin are fixed to the values measured in
VIPERS (Fritz et al., 2014). Since the precise luminosity evolu-
tion is not known, the evolution term, E, is allowed to vary as a
function of colour and redshift. This gives a characteristic mag-
nitude M?(z) = M?(zre f ) + E(z � zre f ), where zre f is taken to be
the midpoint of the redshift bin. Changing E modifies the shape
of the redshift distribution.

3.4. Power spectrum

The matter power spectrum in real space P(k) = h|�k |2i is as-
sumed to be isotropic. Seen in redshift-space, it is distorted along
the line-of-sight direction (Hamilton, 1998). We model the sig-
nal on the cartesian Fourier grid as

S (k, µ; �,�v,�obs) = A

⇣
1 + �µ2

⌘2

1 + k
2
los
�2

v

e
� k

2
los
�2

obs

2 B2(kx, ky, kz)P(k),

Article number, page 6 of 18
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Forward Modeling the Density Field

14

★ Gibbs sampler with more degrees of 
freedom outperforms FKP estimator 
(Estrada & BRG, in prep)
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Systematics: the Next Frontier

★ Unless great care is taken, the high 
statistical precision of upcoming surveys 
will be spoiled by systematic 
uncertainties

★ Selection biases depend on underlying 
density field (eg slit assignment, slitless 
confusion, luminosity-dependent bias)

★ End-to-end simulations are essential to 
characterize the selection function and 
propagate errors

15

Euclid: variations 
in emission line 
SNR due to zodi, 
straylight and MW 
extinction. 
(BRG+)

SIII

HbOII

True

Potential Hα line 
misidentification in 
Euclid slitless 
spectroscopy.
(Bruton, Scarlata, 
BRG+)
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Conclusions

★ Upcoming spectroscopic redshift surveys will 
uniquely constrain the cosmological model

★ Bright emission line galaxy samples are the tip of 
the LF

➡ Rich massively parallel spectroscopic samples 
will enable new techniques: multi-tracer 
analyses, forward modeling small-scale RSD and 
Bayesian inference of the density field

★ Control of systematic errors will be paramount for 
success
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