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The power spectrum of density fluctuations
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Growth rate from RSD
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SDSS/2dFGRS: much more than point distributions in z space...

Statistical properties
of the galaxy population
to high precision

d4000

Z2<0.2: SDSS (Kauffman+)



T

We need to understand galaxies, to do cosmology...
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What I will talk about

1. The VIPERS survey at ESO VLT: structure and galaxy
evolution back in time

2. Improve RSD measurements: better models and/or better
galaxies?

3. Forward modelling galaxy clustering and RSD



[\?IPERS

VIMOS PUBLIC EXTRAGALACTIC REDSHIFT SURVEY

- Aim at z~1, with volume and density comparable to
2dFGRS and SDSS, sampling the full galaxy population with
their physical and structural properties




VIMOS @ VLT fills unigue niche in density-area observing space

VLT-VIMOS: 325 spectra at once  25/09/02

At VIPERS depth: ~100 gal/quadrant >
400/224 gal/arcmin? ~ 6000 gal/deg?2




VIPERS in the context of
modern LSS surveys
State of the art: :

e SDSS-III BOSS (e.g. Alam+ 2016)

e  WiggleZ (Blake+ 2014) LR g

e VIPERS (Guzzo+2014, Scodeggio+ LAY T
2017) o5k

e  SDSS-IV eBOSS (ongoing) '

'SDSS LRG

e  BOSS and WiggleZ have huge ' s \@ie@

volume, but are very sparse and o
not probing full galaxy SDSS M, o
population . 48 X

Future: R
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o DESI (2020-)
e  Euclid (2021-)
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VIPERS brings SDSS-like concept to z~1
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Astronomy & Astrophysics manuscript no. scodeggio_PDR2_v2.5
November 23, 2016

The VIMOS Public Extragalactic Redshift Survey (VIPERS)*

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

M. Scodeggio!, L. Guzzd?3| B. Garilli', B. R. Granett®3, M. Bolzonelld?, S. de la Torre3, U. Abbas®, C. Adami,

S. Amout[ks, D. Bottiniﬂ, A. Cappm, J. Coupod&, 0. Cucciatiglﬂ, I Davidzodiw, P. Franzettiﬂ, A. Fritz!) A. Iovindl,
J. Krywult'%, V. Le Brud®, O. Le Fevréd, D. Maccagnil, K. Matek!l) A. Marchetti!, F. Marulli®124, M. Pollettalt 114,
A. Polld!115) 1, A M. Tascd®, R. Tojeiro!8, D. VerganilZ, A. Zanichelli'8, J. Be!®) E. Branchini?%2122, G. De Lucid??,

0. Iibert®, H. J. McCracken??, T. Moutard®'3, J. A. Peacock?6, G. Zamorani?, A. Burden?”, M. Fumanal, E. Jullo®,
C. Marino, Y. Mellierﬂ, L. Moscardi, and W. J. Percival2Z

Table 2. The VIPERS PDR-2 spectroscopic sample

3
3,
Sample Number
‘z};% Spectroscopically observed 97,414
® § — Main survey targets 94,335
5. — Serendipitous targets 1,478
i — AGN candidates (not part 1,601
of main survey)
Measured redshifts Number
All measured 91,507
Main survey, all targets 89,022
— galaxies 86,775
— stars 2,247
Flag > 2 main survey, all targets 78,586
76,552

Flag > 2 main survey, galaxies




VIPERS fact sheet V

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

VIMOS @ VLT, LR Red grism, 45 min exposure
Mosaic of 288 pointings, 440.5 hours (55 VLT night-equivalent) > 2008-2015

Number density
T T
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97,414 redshifts, with 47%0 sampling
Volume: 5 x 107 h-3 Mpc3 (~2dFGRS)
<n> ~5 x10-3 h3 Mpc3
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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/)

T T T T T ST R TR

—> photometric and structural properties for most galaxies


http://cesam.lam.fr/vipers-mls/

VIPERS Team M

(see http://vipers.inaf.it)

MILANO OAB (Project Office): L. Guzzo (P.I.), B. Granett, J. Bel, A. Iovino, S.
Rota, U. Abbas (Turin), A. Hawken, F. Mohammad, A. Pezzotta

MILANO IASF (Data Reduction Centre): B. Garilli, M. Scodeggio, A. Fritz, D.
Bottini, P. Franzetti, A. Gargiulo, D. Maccagni, A. Marchetti, M. Polletta, [L. Paioro]

BOLOGNA: M. Bolzonella, O. Cucciati, A. Cappi, F. Marulli, L. Moscardini, D. Vergani,
G. Zamorani, A. Zanichelli, E. Branchini (Rome), G. De Lucia (Trieste)

MARSEILLE: S. de la Torre, O. Le Fevre, C. Adami, Y. Davidzon, V. Le Brun, L. Tasca,
C. Marinoni, T. Moutard, E. Jullo

WARSAW: A. Pollo, J. Krywult (Kielce), K. Malek, O. Solarz, M. Siudek
EDINBURGH: J. Peacock, M. Wilson

PARIS (TERAPIX): H. McCracken, Y. Mellier, J. Coupon (Geneva)
PORTSMOUTH: W. Percival, R. Tojeiro (St.Andrews), A. Burden (Yale), R. Nichol
[GARCHING MPE]: [S. Phleps], [M. Schlagenhaufer], [B. Meneux]



Survey layout and photOmetric/spectroscopic masks
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VIPERS spectra

'R=220 at mid-range

A= 5500 —-—9500 A

0, = 0.00054(1+2)

Spectral indices and
line fluxes (e.g. D4000,
[OII]3727), available for

large fraction of sample

(Scodeggio+ 2018)
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Redshift distribution

(Scodeggio+ 2017)
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VIPERS providés detailed ihformation

on structure over a large volume...

: (artw'o‘rk%b.y Ben'Gi'anett) ;



- The power spectrum ‘o_f the galaxy_distribution _at z=0.5-1‘.1

(S. Rota PhD thesis; Rota, Granett+ 2017 (1611.07044)

10°F 0.45
0.40F
"""""" 0.35F
N 0.30
| 0.25F
i, 5 0.20
T 0.15F

| FKiD meth’od -

W1 0.6<z,<0.9
W4 0.6<z,<0.9
---------- W1 0.9<z,<1.1
---------- W4 0.9<2z,<1.1
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0.05F
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_ « Needs careful treatment of window

 Joint likelihood of 4 indebehdent estimates: 2
function and nonlinear effects ~

- redshift bins in 2 fields (W1 and W

NV OELIGHT



The power spectrum of the galaxy distribution at z=0.5-1.1

* Highest redshift at which P(k) measured from galaxy distribution
» Consistency test of ACMD at about half Hubble time, straddling Planck and local data

- Ellipses move towards Planck moving to higher z ?
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7t [h~! Mp(]

7t [h~1 Mpc]

Complementary RSD measurements with VIPERS

\'%

i =1 | | | | | | | —
50.00 | 0.9 = Planck : ACDM + GR & VIPERS voids (Hawken et al. 2017)
k- @ iesieh (Blake et 4l J012) ® VIPERS RSDonly (Pezzotta et al. 2017)
B O 8 | ¥ BOSS (Beutler et al. 2017) : 3 i
10.00 | . * GAFGR (Beutler et al. 2012) ® VIPERS RSD + gg lensing (de la Torre et al. 2017)
E @ VVDS (Guzzo et al. 2008) @ VIPERS RSD lum. blue galaxies (Mohammad et al. 2017)
, 07 — @ SDSS (Howlett et al. 2015) —
1.00 & « FastSound (Okumura et al. 2016)
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Reducing systematic errors in RSD measurements

1. Improve non-linear modelling
2. Optimise the tracers of the velocity field

3. Reverse perspective: forward model the full non-linear RSD

- DARK: 2]



Reducing systematic errors in RSD measurements

1.Improve non-linear modelling



1. Improve nonlinear modelling @

Improved “dispersion models”: Scoccimarro (2004); Taruya+ TNS (2010)
P(k.p) = D(kuoz) (0> Pos(k) + 2 b Pg(k) + 2" Poa(k)+ |

+ Calk, i, f,b) + Cplku, f, b))
Widely applied (e.g Blake+ 2014; Beutler+ 2016)

Adopted in VIPERS (Pezzotta+ 2017, de la Torre 2013, 2017; Mohammad+ 2018),
with improved features and performances:

(TNS)

«  Use non-linear Pssfrom HALOFIT rather than linear one as in original prescription

- Use new fitting formulae for P, and P derived from simulations (Bel et al., arXiv:

1809.09338), which properly account for redshift and cosmology dependence, improving
over Jennings+ 2011

Note: many other modelling developments over past decade, as e.g. using the
streaming model, e.g. Reid & White 2011; Bianchi+2015; 2016; Uhlemann+ 2016 or
distribution function approach, e.g. Okumura+ 2015, Hand+ 2017, and several
others. Only a few of these got at the level of being applicable to real galaxy data,
though.




Refined nonlinear modelling: mock tests

(Pezzotta+ 2017, arXiv:1612.05645)

—> Using new fitting formulae for
velocity divergence / density
power spectra (Py, , P,, ) - Bel et

al. arXiv:1809.09338

P5H(k) = (P(S(S(k)P/in(k)e_k/k*)?

Pgo(k) = P (kye /%

1 P2
E — plo-g~

e pl,p2 only free parameters in the fit

Systematic error on growth rate

20
15
10

Afog/ fog 7]

0.7<z<1.2

1

RN -
8 & % i
| ® Dispersion _|
(average of 153 mocks) .,  scoccimarro
B e Taruya N

| — I1IO 2|0
Smin [h_l Mpc]

Minimum fitted scale

30



Taruya TNS model on VIPERS data addlng CFHTLS weak Iensmg

o3(2)

bi(z)

1.2

0.9

0.6

0.3

2.0

L.5

1.0

0.5

(de la Torre+ 2017 arX|v 1612 05647 Pezzotta+ 2017 arX|v 1612 05645)

B RSD (Py fixed)
RSD + gal-gal lensing
B Planck ACDM + GR

1 T T

<z>=0.6

0.5 1.0

bi(z)

1.5 2.0

bi(z)

L.5

1.0

0.5

B RSD (Pyg fixed)
RSD + gal-gal lensing
I Planck ACDM + GR

1 I 1

<z>=0.86

Il 1 Il 1 Il L L Il L

0.50 0.75 1.00 1.25 0.5 1.0 1.5
Gg(Z) bl(Z)

2.0



Reducing systematic errors in RSD measurements

2.0ptimise the tracers of the velocity field



Different galaxies trace the velocity field differently...

Some may be
easier to model...
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7 [h~'Mpc]

Redshift-space clustering of blue and red galaxies in VIPERS

IIO1
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11071
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40 -r—r._ i ;Tr
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-40 -20
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(Mohammad+ 2018, arXiv:1708.00026)




VIPERS volume-limited mocks, using Scoccimarro model

Systematic error on growth rate

I I ! I [ ! I !

¥ Red
10 _‘ . ¢ Blue |
¢ ¢ Blue + cross.
¢ ® .
X 0 = * = +
o ® : o
< e 8 ¢ &
—10+ _
0 -
—20 : -
o) Parent: Vol.-lim.
3 4 5) ) 7 8 9 10

Smin [h_lMpC]

Minimum fitted scale

(Mohammad+ 2018, arXiv:1708.00026)




Satellites are the culprit...

80
w01 o E e Vol. — lim.
o Flux — lim.
60 5
50 ¢
i O
%"40 ; ul
30 |
20
o
10 | S i
e e g
60 5065 Y0 St i 0i80 s 080 090 s 250 .95 1.00

Z

—> Realism of mocks is crucial (de la
Torre et al. 2013)

(Mohammad+ 2018, arXiv:1708.00026)
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Complementary RSD measurements with VIPERS
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i =1 | | | | | | | —
50.00 | 0.9 = Planck : ACDM + GR & VIPERS voids (Hawken et al. 2017)
k- @ iesieh (Blake et 4l J012) ® VIPERS RSDonly (Pezzotta et al. 2017)
B O 8 | ¥ BOSS (Beutler et al. 2017) : 3 i
10.00 | . * GAFGR (Beutler et al. 2012) ® VIPERS RSD + gg lensing (de la Torre et al. 2017)
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*

* %

More in general: multi-tracer analyses

Bernstein & Cai 2011

A
The covariances between multiple tracers 5 Ab,

of the same volume can be used to
measure relative bias without sample
variance (McDonald & Seljak 2009)

Applications: growth-rate, _ '
non-Gaussianity M

Gains depend on the spread in bias and

are limited by shot noise 55 = (b + f12)6m + €1

s __ 2
~20% improvement on growth rate from 02 = (b2 + f17)0m + €2

two galaxy populations in GAMA
(Blake+2013)

(Slide by Ben Granett)



Reducing systematic errors in RSD measurements

3. Forward modelling (in general)



Cosmic Inference

Galaxy Data Model

N N = N (1+ b))

A 4

Posterior Likelihood —
L (N=N(14b6))7

p(6|N,C) o< |C] 712>

Posterior of the density field with Gaussian

likelihood and prior Maximum posterior
(Wiener filter) .
solution

The Bayesian formalism
shows how to optimally
make use of available data. Quadratic estimator

Monte Carlo sample

Ben Granett CASTLE, 11 September 2018



‘ Example application to VIPERS: Wiener-filter density field 7
reconstruction V
‘ Granett+ 2015 (1505.06337)
f Markov Chain random walk through the parameter Dependencies \

space gives the joint posterior probability distribution

e o e Wiener density field .
of the density field and galaxy statistics.

e Power spectrum

P
e bias .
N

e mean density
Schematic of Gibbs [

sampler: Wiener denS|ty field }
P
Observations:
galaxy number count N Power spectrum

mean density

Gibbs sampler: iterate through
parameters until distribution
converges.




AK) (> Mpc®)

APIP-1

Output: e.g. statistics of density (matter) field, P(k) and RSD

Plots compare constraints from 26 mocks and data
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--= Rota+15 best fit
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- Mock mean

— = Fiducial model E
—— Chain variance VIPERS
— Between mock variance|]
—— Chain variance mock

g 120} . j: ".;f .
Recovered value for growth rate a0 g a . 045 8%
Granett+VIPERS team (2015) consistent with direct VIPERS e T [ . -
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Ongoing Work (led by Ben Granett)

e VIPERS P(k) with Quadratic estimator (Granett+ in prep.), 50%
improvement on error bars over FKP ?

o Wiener filter reconstruction of final VIPERS data, with improved
density field model (Nicolas Estrada Msc thesis, just started)

e Exploring Jasche & Lavaux approach (Federico Tosone PhD project,
just started)
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Testing gravity with RSD through Sub-Halo Abundance Matching (SHAM)

INGREDIENTS
* N-body simulations:

1. High-resolution (9.6 x 107 Msun/h) ACDM simulation: Small Multi-Dark Planck (MDPL,
Klypin+ 2016), 400/h Mpc box

2. State-of-the-art high-resolution (1.5 x 108 Msun/h) simulation run with Hu & Sawicki
f(R) model, with fro=-10-¢ and n=1 (Shi, Li+ 2015), 64/h Mpc box

e barely distinguishable from ACDM in terms of cluster number counts and WL signal -
Schmidt+ 2009):

e highest-resolution existing f(R) simulation —> crucial for properly describing
screening mechanism (He+ 2015, PRL 115, 071306—-071310)

s Data:

1. SDSS “"NYU Value Added Galaxy Catalogue” (NYU-VAGC - enhanced version of SDSS-
DR7): 542,432 galaxies to r=17.60 over 7732 deg? highly complete, includes extended

2. SHAM performed on volume-limited sub-samples complete in stellar mass (re-
estimated with 3 different methods)




Effective density field in f(R) gravity
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SHAM SDSS-like mocks
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A number of potential issues tested (see Supplementary Info)

Impact of galaxy stellar mass SED-fitting estimates: 3 different methods

Robustness wrt to SHAM implementation: measured clustering is stable when high-density
galaxy samples are used (uncertainties and variations at high-end do not modify
significantly rank order wrt clustering properties)

Numerical stability of SHAM (changing n-body codes and halo finder)

Lack of long-wavelength modes in small-box f(R) simulation: correction scheme
Survey geometry and wide-angle effects (different simulation boxes)

Fiber collisions

Key to stable clustering of matched SHAM mocks is stellar-mass selection of galaxy sample
and its fairly high mean density, which minimises effect of rank-order changes on measured
clustering

Unknowns?




Box size impact on halo mass function
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Summary

VIPERS results provide an olistic view of large-large-scale structure and galaxy
evolution, allowing to place galaxy types in their LSS context

Consistent RSD results with different techniques

Proper choice of galaxy tracers allows minimising systematic uncertainties: not
all galaxies are equally good to do cosmology!

Importance of galaxy surveys with broad selection function

Forward modelling approaches allow us to make full use of multiple tracers and
extended information in surveys

A SHAM mock catalogue properly built from a ACDM simulation provides

impressive match to redshift-space clustering of a corresponding stellar mass -
selected galaxies in the SDSS, with no fine-fine-tuning at all

Analogous SHAM analysis in a mild f(R) cosmology deviates significantly from
the observations

GR is alive and kicking, also on large scales

Forward modelling based on numerical simulations is the future




sl s S ERT S
P ’i««: 2

F o ) 2o 3T
b SRR T 4 S SRR ST
1T ‘asgg'zf%:%t‘;gf; w5 o
c . T e i .3 . » R Ty .' = s 2’1: Tt
N g}s i-!!??“.fé‘:”;ﬁ ‘.“?. R pp it i 2 S 5’" LYmE
e Ry s M R i b ',F:' !
el b
I WIS

g bt P S

R A VAR e i 0 S S TR IR o B

u;:%‘z%ﬁ,;- it tpi&?!ﬁ‘ze‘: B et u:f&" |

R’ m_ A=Y .'_g‘- \‘7“ 3._; ;“- Lo A r n: Ay i

d e R Ul s S MR R ol e
r g

st #’ﬁ

u ~:~x‘w.r=w,§ win

s ,r‘y"ii "ﬁ

l(’:”l"\r:*t.ﬁ G
. }“u il "E S
S ﬁuai»ﬂ‘i ﬁua&:!‘i"" e

- s - nn
s 3 :,ﬁ ., =g r}_é’g_';-‘_.z i‘e‘!’g,’;’* }5&1‘7‘& ’::7:’2;'3.'5-. 3 “;; :ﬁt S St -3_‘.‘. ] 5*13’
*‘fé,,& o e 7‘"’% : éw-‘?”‘“ ~

HE

i T a oy It b 2 2 3 ,':,3' ey e e 1 Ol B AR e B ks el el B ,':,3' e "?":"‘*f qg{ﬁ,‘
A s e i e
e i raegt Hatey '."' ’,;3-; St e yiaegt oA i :

I3 T P * ‘ﬁ.’{g’%@ms
1 s Btttz o8 B S Ryt can i 1) ¥ 8 b T e T
%z-g :n ﬂ%m‘"}‘. '!'{}g&» ,? Ge s ‘” }"% s lg%r?u { ‘”

L
)
F z 4 . e ea hl. - - 4 1 - el - L e e aa - L, . 4 1 . PR u‘ . - . S 4 3 . ool . - - "
Sl s i S e 28 ;gs-*;{»fi‘;‘-!ir-'ss- ol "«ﬁ_--r;'ﬁ e Jﬁ‘-‘r‘%ﬁ- Gilfirty (S s e s S b 1 et 221 ;g‘-*;{»'fi‘s"!ir-'ﬁ?- ol
e o T B e S e I B P e
i et S L |
Stk S asest e SR G T B e e SR S T B NG e U SN T SRS e e U SR
jasrsaicg s -ﬂa a_iig;:ﬁii!sz’mmwﬁ ‘:‘ﬁ’;“z&fj@fﬁﬁg iyt -ﬁhm =3 ”gﬁ 1'-'u-'=.z.x:=~;’sn;ﬁ NI R
; g ﬁ%g zgﬁ_:; '.-.’jz ﬁﬂﬁéi-;‘;.rﬁaf }W}! lji m}!m .‘--.A ' >;h T, z;;;: '-.’jz 4 i -
e R lqﬁni’k{:pﬁi&' ey ﬁ@iqﬁni’éé:ﬁ-ﬁf’-" ek s g
i R ,,,*:&g i S e
AR

=24

Rres
41
L
aﬁ
o
)

A

Rres

1%

=5

235

4 :,?o

o L i
it

!

1 3 i U“R’..‘.& » \ S i T G eRt * l >4 tew ars et > \"-‘
iR -ghi“;i:w: ;; .m;r. -.1,,,: O T s AR T el SE = LT ks ’a’r';'iﬁ-'» ?aita:w ;;

T et s sl presl TIEmAer IR e inl] trercxes g sl
T e aes S Gt P el il (O 32 RS s S el
=i 0 oy N 7’!"" P LER N 7’!""
.’"-3‘;&:5%\4-:" g‘ah '&“ ::%\4-:" g‘asﬁ '&“

2 RIS e g e 0 s " guv
¥ e 39 8-?!1:_&5 ¥ ~.€:.-,'-. 5
gu:t:tf. ft:;; r:;&,’:;. "}‘mu& B‘f“
. ATA “Xm
A f:-

Tt fg‘ }::’,ﬂ;'gﬁgﬂ E : :':,.‘:r

= e i S5 a3
u.l. 3 o 15 AT Y PN 2 I P ITH TN
T T e W=5§'ni&sqm mtgw. mv:s%;&#sql@, e
‘tu'ﬁtéﬂ Sty it S 4 8 S sy oder s S (K
" s VA STIEelia N a 25t At gl Ly
:.; (R su_-n : =i




