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The “cosmic pizza” of the 21st century: but who ordered it?
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This diagram reveals changes in the rate of expansion since the universe’s birth 15 billion

years ago. The more shallow the curve, the faster the rate of expansion. The curve changes
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220,000 redshifts




Galaxy redshift surveys: & |
a major pillar of the | V)|

cosmological model... L
- %,

g VIPERS final release (PDR-2):90,000 redshifts |

State of the art: oss AR S

*  SDSS-III BOSS (e.g. Alam+ 2016) o P ;
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*  WiggleZ (Blake+ 2014) 0 . -

®  VIPERS (Guzzo+2014, Scodeggio+ bé\-\%‘g\ p 3
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Future: s |

*  SDSS-IV eBOSS (ongoing) 4 N

*  DESI (2019-) 7 x : ?

*  Euclid (2020-)
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Statistical properties
of the galaxy population
to high precision

Z<0.2: SDSS (Kauffman+)
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We need to understand galaXies, to do Cdsmology...

18 A. Leauthaud et al.
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Pushing to higher z with a sparse population: e.g. BOSS

Area=8500 deg?, Volume~6 h3 Gpc, Ngal = 690,000
“"CMASS"” LRG-like col-col selection, “loosely selecting constant mass galaxies”

Low-density tracers

Optimized for BAO, not for P(k) shape information (selection function)

Excellent (a posteriori) for Redshift Space Distortions thanks to huge volume
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Baryonic Acoustic Oscillations: a standard ruler to measure H(z)
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BAO in galaxy redshift surveys
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2016: Final measurement from BOSS-DR12
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_Probe expansion history with BAO ' V
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Cosmic (quasi) concordance

Pre-Planck ;

- (BOSS Collaboration 2016, arXiv:1607.03155)
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A is too small and fine-tuned: an evolving equation of state w(a)?
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Not only H(z)... H(z) measures how the box expands with

time --> equation of state w(z)

5+2H ()0 = 47G(p)d
5" (x.1) = 8(X)D(¢)

dinD

f Linear growth rate

dlna

f(z) traces how structure grows inside the

box --> gravitation theory
Springel et al.




Growth rate of structure probes modified gravity
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-Growth produces peculiar
‘velocities, which manifest
themselves in galaxy redshift
surveys as redshift-space
distortions

Mock real space
2dFGRS

real space

i (Kaiser 1987) e Eke & 2dFGRS 2003



Growth produces peculiar
velocities, which manifest
themselves in galaxy redshift
surveys as redshift-space
distortions

redshift space

(Kaiser 1987)
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The VIMOS Public Extragalactic Redshift Survey (VIPERS)*

Full spectroscopic data and auxiliary information release (PDR-2)

006 M. Scodgi, L. Guzzo®3, B. Garillil, B. R. Granetf?3, M. Bolzonelld?, S. de la Torré3, U. Abbasf, C. AdamiS,
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E: Table 2. The VIPERS PDR-2 spectroscopic sample
vg%o -
? , #‘; ‘ Sample Number
' Spectroscopically observed 97,414
— Main survey targets 94,335
3 — Serendipitous targets 1,478
— AGN candidates (not part 1,601
3 of main survey)

Measured redshifts Number
% ‘}‘;' . All measured 91,507
S B Main survey, all targets 89,022
— galaxies 86,775
. B — stars 2,247
2 I Flag > 2 main survey, all targets 78,586
3 B Flag > 2 main survey, galaxies 76,552




VIPERS fact sheet 3

Probes 0.4<z<1.2, with volume and density comparable to z=0 reference
surveys (~2dFGRS)

~24 deg?, 1,,<22.5, z>0.5 color-color pre-selection (+ accurate star-galaxy
separation)

Volume: 5 x 107 h-3 Mpc3, ~104 redshifts

Number density
| T

1072 |

distance (Mpc/h)

47% sampling
<n> ~5x 103 h3 Mpc3

1072 £ — |SSR*TSR weight
F — |SSR weight

[ === Observed
1

Number density (Mpc/h)~

REErid

1 | | 1 1 :%8%

05 06 07 08 09 10 11 12 — |
Redshift

CFHTLS Wide (W1 and W4 fields, ~16 + 8 deg?) 5-band accurate photometry and high-
quality images

VIPERS Multi-Lambda Survey (Arnouts+, Moutard+2016a,b): revised CFHTLS ugriz +
extra UV & NIR (http://cesam.lam.fr/vipers-mis/)

VIMOS @ VLT, LR Red grism, 45 min exposure
Mosaic of 288 pointings, 440.5 hours (55 VLT night-equivalent) > 2008-2015
Expected # was 100,000 spectra; observed 97,414 in total



(see http://vipers.inaf.it)
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‘ 'Survey Iaydut and phbtometric/spe'ctroscopic‘ masks
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VIPERS sihgle-shot footprint oh the sky'

;L | 1(

- On average, 360 spectra
observed per VIMOS
pointing, given VIPERS
target sample surface

_ density and clustering

* VIPERS strategy yields
mean spatial density

- <n>n~1072 h2 Mpc2 within
 the range of interest |




VIPERS spectra
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PDR-2 redshift distribution

(Scodeggio+ 2016)
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The power spectrum of the galaxy dlstrlbutlon at z= O 5-1.1

(S. Rota PhD thesis, & Rota, Granett+ 1611.07044)
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The power spectrum of the galaxy distribution at Z=O'5.,'r1:1

e e

. nghest redshlft where P(k) has been measured using galaw dIStI‘IbUtlon

. Con5|stency test of LCMD at about half Hubble time, straddllng Planck and IocaI vaIuese -
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Testing gravty with redshitspace distortions
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— Planck : ACDM + GR ® VIPERS voids (Hawken et al. 2016)

0.9 - @ WiggleZ (Blake et al. 2012) ® VIPERS RSD only (Pezzotta et al. 2016) -
¥ BOSS (Reid et al. 2012) ® VIPERS RSD + gg lensing (de la Torre et al. 2016)

(.8 b * G6dFGR (Beutler et al. 2012) @ This work (Mohammad et al. 2017, in preparation) -
@ VVDS (Guzzo et al. 2008)

().7 - ® SDSS (Hawlett et al. 2014) i

« FastSound (Okumura et al. 2014)

u
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o PO E
—40-30-20—-10 0 10 20 30 40
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VIPERS PDR-2 (Pezzotta+ 2017; de la Torre+ 2017; Hawken+ 2017; Mohammad+ 2017; Wilson 2017)




Refine nonlinear modelling

(Pezzotta+ 1612.05645; Bel et al., in preparation)

0'7 T T T T T T 0'7 T T T T T T
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0.6 — 0.6 ]
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S BT e | = L | improved fitting
e oS formulae for
m ispersion = ispersion 4
03 o scoccimarro N 03 o scoccimarro n VGIOClty
e Taruya I e Taruya I d|vergence /
02 T T T T T | | 02 T T T T T | | density power
0.7<z<1.2 0.7<z<1.2
0.6 . 0.6 | spectra (Bel et
al. in prep.)
g ——y g
w2 04l W | < 0sl B\M ] - (See also
Bianchi et al.
03~ - 031 - 2014, 2016)
1 1 1 1 1 | | 1 1 1 1 1 | |
0.2 10 20 30 0-2 10 20 30
Smin [h_l MpC] Smin [h_l MpC]



Combine galaxy clustering and weak lensing

o Test for modified gravity combining CFHTLens imaging with VIPERS final data release
PDR-2 (de la Torre + VIPERS Team 2017): Slip parameter

0.8
05<z<0.7
0.6} |
0.4 | | | -
02l T f T _ Complementarity of galaxy
ool ¢ clustering and weak gravitational
1 planck ACOM < CR lensing: control systematic effects
o —0.2¢ Blake et al. 2016 (0.43 < z < 0.7)
B . 0.7<z<12 (proof of concept for Euclid)
04¢ il
0.2} |
® ? ¢
0.0} , ! ¢
—0.2¢ 1 (see also Zhang et al. 2007; Reyes et al. 2009)
10.0

rp [h_1 Mpc]




Optimise galaxy tracers to minimise modelling systematics

(Mohammad, Granett, Guzzo+ VIPERS, in preparation)
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RSD-AP simultapeous fit (frpm clipped plensity fielc!)___

(Wilson, Peacock + VIPERS, in preparation)
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Micheletti, Iovino+ 2015: void search and PDR-1 catalogue
Hawken+2017: growth rate from galaxy outflows with PDR-2 void catalogue
BOTH COSMOLOGY AND GALAXY EVOLUTION




Cosmic voids

Hawken+ 1611.07046
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Testing gravity with redshift-space distortions V

T T T

— Planck : ACDM + GR
0.9 F & WiggleZ (Blake et al. 2012)
¥ BOSS (Reid et al. 2012)
0.8 - * 6dFGR (Beutler et al. 2012)
@ VVDS (Guzzo et al. 2008)
(.7 L @ SDSS (Hawlett et al. 2014)

« FastSound (Okumura et al. 2014)
S 0.6
S
05 r o X 3
3
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T T T

® VIPERS voids (Hawken et al. 2016)

® VIPERS RSD only (Pezzotta et al. 2016) b
® VIPERS RSD + gg lensing (de la Torre et al. 2016)
@ This work (Mohammad et al. 2017, in preparation) -
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. RSD in conflguratlon space with——
accurate nonlinear modelling (de la
Torre+ 2013; Pezzotta+ 2017)

-+ RSD & Galaxy-Galaxy lensing (de la

Torre+ 2017)

« RSD around galaxy voids (Hawken+
arXiv:1611.07046

« RSD in configuration space using sub-

populations (Mohammad+ 2017)

« RSD from linearised density field in
Fourier space (Wilson+ 2017)

- These different “"angles” are made
. possible by unique combination of

(a) large volume; (b) dense
sampling; (c) broad selection
function

VIPERS PDR-2 (Pezzotta+ 2017; de la Torre+ 2017; Hawken+ 2017; Mohamimad+ 2017; Wilson 2017)




Testing gravity with redshift-space distortions

 (Alam, Ho & Silvestri 2016)
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The future: do it all at once, e.g. Wiener-filter g

reconstruction of the density field
Bayesian technique

~

e Markov Chain random walk through the parameter

space gives the joint posterior probability distribution Dependencies

. I ()
of the density field and galaxy statistics. e Wiener density field 5
e Power spectrum
e Dbias b
Schematic of Gibbs e mean density N
sampler: Wiener density field
P b N

mean density

Observations:

{ Power spectrum J
[

b & galaxy numbeimt N
ﬁ
fgggj)t;;g;PERs team bias Gibbs sampler:iterate through

parameters until distribution
converges.

=
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Wiener-filter reconstruction of the density field
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Results: Power spectrum and RSD parameters

Plots compare constraints from 26 mocks and data

-----------

--= Rota+15 best fit
—~— Mock mean
— = Fiducial model

—— Chain variance VIPERS
— Between mock variance
Chain variance mock

AK (h>Mpc®)

APIP-1

k (hMpc™")

Recovered value for beta and
growth rate are consistent with

Granett+VIPERS team (2015) :
previous VIPERS analyses

http://arxiv.org/abs/1505.06337
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Results: number density and luminosity function
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http://arxiv.org/abs/1505.06337



Results: galaxy bias
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Caveats: (1) account for all existing (known) components: V
neutrinos

Carbone et al., DEMNUnNIi simulations, largest existing n-body
simulations including massive neutrino component (Carbone et al. 2016).
Need particular care in setting initial conditions (Zennaro+ arXiv:1605.05283)

Planck-LCODM weak-lensing a—modulus (2,=1)

Deflection angle maps for z=1
(Carbone et al. in prep)

Difference between the LCDM and M,=0.63 eV deflections (z,=1)

Ray-tracing across the matter
distribution of the DEMNUni
simulations: L=2 Gpc/h, N, =2x(2048)*
(including massive neutrino particles)

‘DARK: I



Caveats: (2) Improve modelling and understanding of galaxies... V

VIPERS galaxies encoded using

(U-B) rest frame colour Redshift 0.95 1.0
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Understand galaxy formation in dark matter halos

Understand galaxy bias: use galaxies properly to precisely infer cosmological parameters



VIPERS traces the raise of star formation in massive objects back in time

Number density ( 10> Mpc™3)

<n> of massive star-forming galaxies
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A brilliant future ahead for cosmology with galaxy surveys: by 2030 we’ll have >50 million
redshifts measured, over huge volumes down to z=2 (Euclid, DESI, but also SKA, etc). This

makes systematic errors the real limit
OBSERVATIONAL BIASES

. e.g. Low SNR slitless spectra (Euclid): confusion, completeness, purity = all these can be position
dependent on the sky!

b Observational mask, uneven exposures, etc

" Do not plan galaxy surveys just for cosmology! Leave door open for new techniques (e.g.
voids, requiring high sampling), or selection of optimal sub-samples of galaxies

MODELLING
® How do my galaxy tracers sample the dark-matter distribution? DM-baryon connection (bias)
e We like it linear, however reality. is non-linear if we want to maximise signal

' We work'in redshift space: we have turned this to our advantage, yet need to keep improving RSD
models (e.g. de la Torre & Guzzo 2012, Bianchi et al. 2014, 2016)

e Modelling is easier if we choose the right galaxy population (Mohammad+ 2017)

®  We are working at 1% precision. Need to include all ingredients > neutrinos! (e.g. Carbone+ 2017)






