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1. Introduction to cosmology with LSS: BAO and RSD
2. Cosmology with galaxy surveys: BOSS & eBOSS
3. Higher-order statistics: the bispectrum

4. Future analyses: DESI
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Cosmological Standard Model

CMB observations (WMAP, Planck)
* Flat Universe

* Universe dominated by dark components

Within the context of GR Dark Energy is
understood as a macroscopic

Caeer o 683%  manifestation of the quantum vacuum
energy

ENAYER e 20.8%

Other possibilities: modify GR, scalar field, ...

 Different expansion rate through time and different logarithmic |
“ growth of structure factor.

Measuring cosmological parameters in the large scale structure through RSD and AP Hector Gil Marin



Institut de Ciéncies del Cosmos
UNIVERSITAT pe BARCELONA

Introduction to cosmology with LSS: BAO and RSD
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Baryon Acoustic Oscillations

Before recombination After recombination
at z~1100
@ p+ + e — H
XO /0/7
¥ - “
oS Wave propagation frozen s
Galaxies CMB
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* Physics inearly _ —ooliiiiess
Universe g -

* Accelerated
expansion at
late times
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Main Goal of redshift surveys: BAO & RSD

Growth of structure: Ratio monopole to quadrupole ~ fos

BAO peak position: Isotropic signal ~ (Da2/H)1/3/ rs

BAO relative peak position: isotropic vs. anisotropic ~ DaH

H(z, Q) = HO\/ QU(1+23+Q,

< /

cdz

1
D,(z, ) =
A2 £2) 1+ZJ

, HZ, Q)
d log Dy (z,€2)
dlog a(z)

= Q (z,€2)
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Introduction to cosmology with LSS: BAO and RSD

Clustering of Tracers: What do we measure?

Galaxy Catalogue
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Distortions along and across the line of sight

Alcock-Paczynski effect

| ThIS effect dlstorts the homogenelty and |sotropy ofBAO 7
| ~asa functlonof Qtrue & Qf.duc.a| - ’
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Dark matter over-density, () = % -1 (k) = Jé(r)e”“’ dx

- 2-point correlation function (2pCF), (5(r)é(r + R)) = &(R)

Power Spectrum (PS)  (5(k)6*(k")) = 2#)°P(k)6°(k + k)

The PS and 2pCF are the observables for RSD and BSO

O-field is fully characterised by PS/2pCF if o is Gaussian
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Alcock-Paczynski & Redshift Space Distortions

AP effect: Anisotropy induced by transtorming redshitts
iInto coming distances assuming a wrong cosmology

)Ar : .
ﬁ? @@ /Qi‘) aus .@........ -@-/@ : A
3 - .........._-']@w‘\ VIA) :::%::::::::::: j\‘\ i{;» r

/@/“’ 2 ,@ ________

Measuring cosmological parameters in the large scale structure through RSD and AP Hector Gil Marin



lccaljB nstitut de Ciéncles el Cosmos Introduction to cosmology with LSS: BAO and RSD

Alcock-Paczynski & Redshift Space Distortions

AP effect: Anisotropy induced by transtorming redshitts
iInto coming distances assuming a wrong cosmology

BAO shift, but no Relative BAO shift
extra anisotropy along and across

the line-of-sight +
induced anisotropy

~ DaH

~ (Da2/H) 13/ r
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Redshift Space Distortions

* Universe assumed isotropic and homogeneous
« RSD: Enhancement / reduction of the clustering along the
ine-of-sight (LOS) direction due to peculiar velocities

(Kaiser 1987) !
LOS ;; (//ﬁ.‘w V = X||V + XJ_V

l

f(2)=Q,(z)

logarithmic growth of structur

Induces anisotropy but
does not shift the BAO

~ f08

%\ Ztrue
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Redshift Space Distortions
POk, y=[b+ fu* | P,(ky— Measure f

L P® (k,p)= P (k)Ly () + P (k) L, () + P (k) L, (10)

monopole quadrupole hexadecapole

POW) =0+ b+ SIP0)

(Samushia et al. 2013)

0.55F

o A4,
PO = b+ P, (K)

0.50F

0.45F

POK)= (== )P, (k)

: 35

R * Degeneration between f and b
IS broken when at least 2
multipoles are considered.

* In the limit ft — 0 we recover
the expressions for no-RSD

(isotropy)

0.35F

0.30F

0.25}
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BAO as standard ruler

 The sound horizon scale is well determined by CMB measurements
(helps to calibrate)

« We can separate the effect of cosmological distortions (AP) from
other effects such as RSD

observed range

Power

wave number
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BAO as standard ruler

 The sound horizon scale is well determined by CMB measurements
(helps to calibrate)

« We can separate the effect of cosmological distortions (AP) from
other effects such as RSD

observed range

RSD

e RSD enhance the Power at a
given scale

* AP shift the power of a scale to
another scale

Power

wave number
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BAO as standard ruler

 The sound horizon scale is well determined by CMB measurements
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e RSD enhance the Power at a
given scale
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BAO as standard ruler

 The sound horizon scale is well determined by CMB measurements
(helps to calibrate)

« We can separate the effect of cosmological distortions (AP) from
other effects such as RSD

observed range

e RSD enhance the Power at a
given scale

* AP shift the power of a scale to
another scale

Power

i disentangle: |
| RSD&AP |

wave number
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BAO as standard ruler
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BAO as standard ruler
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BAO as standard ruler
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Introduction to cosmology with LSS: BAO and RSD

BAO as standard ruler

 The sound horizon scale is well determined by CMB measurements
(helps to calibrate)
« We can separate the effect of cosmological distortions (AP) from
other effects such as RSD

Power

observed range

wave number

BAO is the most distinct feature in
&(s) and P(k) to look at.

Position is robust under potential
systematics:

Non-linear effects are >1%

BAO position not affected by bias
or Kaiser boost

However, the feature is damped by
non-linear velocity bulks (can be
solved using reconstruction)
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State of the art of measurements: BOSS & eBOSS

DR12 LRG DR14 Quasars
DRI12 %
——————— SDSSIll
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+ APO, 2.5-meter Telescope "L % omid
» Spectroscopic Galaxy soverianmmg -bins
0.8<z<2.2]
Survey 0.2<z<0.5

. 2009 - 2014 BOSS: LRG+Lya 0.4<2<0.6 Area = 2112.9 deg?

0.5<z<0.75 ~1.5-105 quasar targets
e 2014-2019 eBOSS: ELG,

Area = 9376 deg?

LRG, QSO+Lya ~106 LRG targets
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Modelling the power spectrum: full shape vs. BAO

There are two main kind of complementary analyses:

1. BAO analysis: Based on the position of the BAO-peak
* Constrain on Da(z) and H(z) through the BAO-feature only
* |t only requires the modelling of the oscillation, not the
shape/amplitude of the broadband signal
e Usage of reconstruction algorithm to enhance the
significance of the peak
2. Full Shape analysis (aka RSD): Based on the PS full shape
and amplitude signal
 Constrain the growth of structure, fos(z), Da(z) and H(z)
through the shape and amplitude of a range of scales.
* |t requires a full modelling of the amplitude and shape of the
power spectrum multipoles (and bispectrum)

Measuring cosmological parameters in the large scale structure through RSD and AP Hector Gil Marin
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Cosmology with galaxy surveys: BOSS & eBOSS

BAO Analysis

* Reconstruction suppresses RSD & non-linearities

* Quadrupole is close to be 0

* Work with monopole and p2-moment

DR12 CMASS Post-recon

P = 2/5 P 4 pO© o e
EQ 1000 & Ew g " s TR Lr;m:rjle:t- -]
* BAO-peak position, q, is related = | ittt
. , O R SRRREECEEELEEREELERREEE, o B G R T 970 - o
to AP-dilation parameters, ol T
38 e . i1 [ M2-moment
— 2 2 — 4 4 o 1L
) =0, "¢, o, =0y &, < osf
) € e, e ..MoONOpOIe:
aw(k,oco,z):am<k>{1+[olm<k/ao,2>—1]e : } H S
where, z :ﬁ'_"_"_"_"_"_"_"_"_"_"_"_'_"_"_"_".;'_"_"_"_"_"_"_"_"_"_"_"_"_"_"_"."_"_-"_'_"_"_"_"_"_"_"_"_"_"_"_';"_"_"_"_"_"_"_';"_'f"_';
A e 005 o 02 03
})Sm(k) — BZBin’Sm(k) + Alk + A2 + 73 + ... k [hMpc™]
models the broadband
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CMASS sample (z,4=0.57)

Full Shape Analysis

» Non-linear dark matter PS shape EmN
Perturbation Theory 2-loop = 1035_ |

» Galaxy bias, o 1l o j
Non-linear & non-local i ;i HHEHE%HT-}ELHTH.}-H.}.}.}.}W

* Redshift Space distortions 08 | S S D Y
TNS-model sfe e

PY (k) = DBk, s oBucl2]) [Pass(k) + 26 i2Psolk) | = © ° CoT T

+F20* Pog(Kk) + bA(K, 1, f /by) + biB(k, i, £ /by)] 02 o oz

k ThMoc™ ™1
Pss. Psg. Pgg — Dark Matter non-linear models

leoc — 1-parameter Lorentzian damping term .
A B — TNS functions e Bias Parameters: by, b

@ Cosmology Parameters: f, og

The total number of free parameters of the model is,

o AP parameters: o, a1 — Da/rs(zq4) and H(z)rs(zq)
e Fingers-of-God: o,
@ Shot noise amplitude Anoise

8 free parameters — 4 cosmological, 4 “nuissance”

Measuring cosmological parameters in the large scale structure through RSD and AP Hector Gil Marin
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Main BOSS results from PS/CF FS+BAO

105 l | 1 1 | 0~60 1 | 1 1 |
2400 - © BAO+FS consensus
I 100 F i
)900 E‘ — Planck ACDM 055 ~ -
o = 05
2000 T 00 0.50
? 1800 2 85 = 045
~— © S,
= == 80
Q 1600 = 0.40
1400 = ”r ]
© BAO+FS consensus w 0.3l © BAO+FS consensus ]
1200f — Planck ACDM = O ] “*I' — Planck ACDM +GR
1 1 | 1 1 | 6"' 1 1 | 1 | 1 1 | 1 1
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.35 040 045 050 0.55 0.60 0.65 0.35 040 045 050 0.55 0.60 0.6
Alam et al. 2016
3overlapping z-bins
e Good Agreement with Planck+GR 0.2<z<0.5
0.4<z<0.6
: . o o
e Firsttime 1% precision BAO measurement 0.5<z<0.75
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Cosmology with galaxy surveys: BOSS & eBOSS

Main BOSS+eBOSS quasars

|
MGS DR7 SDSS-Il +——=—
BOSS LRGs DR12 SDSS-Il| +—=—
BOSS Ly-a DR12 SDSS-1ll +——+—
eBOSS quasars DR14 SDSS-IV —@—

1.05
===

eBOSS quasars DR14

BOSS Ly-a. DR12 { |

0.8
0.7 1
E 0.6
0 A
0 0.5 b=
0.4
03
o 1.2 |
o 1.15 +
K 1.1 |
D_’_\ |-
L(D
< 095
L(/) 09 B
T 0.85 r
0.8
S
S 1.15 |
0—,_?0 1.1 |
5 105 ¢
g 1 ===
~ 0.95 r
t(I) 09 -
é’: 0.85
0.1

1.0 1.5 2.0 2.5
Z HGM et al. 2018
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Cosmology Interpretation

GR & ACDM assumed

Da(z), H(z), fos(z) from BOSS
galaxies / eBOSS quasars

2t : : flat ACDM assumed

eBOSS DR14Q + BOSS LRGs DR12 Cons.

2L eBOSS DR14Q + Planck
eBOSS DR14Q + BOSS LRGs DR12 Cons. + Planck

0.2 0.25 0.3 0.35 0.4 0.45

Qn,

0.6

04

0.2

BOSS galaxies
eBOSS quasars + BOSS galaxi‘ésn.\
eBOSS quasars + BOSS galaxies + Planck =~

0.2 0.4 0.6 0.8 1

Q
HGM et al. 2018

mO

flat ACDM assumed

Da(z), H(z), fos(z) from BOSS
galaxies / eBOSS quasars
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Beyond the 2-point statistics

* Quantity which is essentially non-linear
f all the d(k) modes evolve linearly (and the initial conditions
are GGaussian) the bispectrum is O and all the information on
the system of objects/galaxies is described ’ =

by the power spectrum.

Probability of finding 3 galaxies separated by r, s
and t: P3(r.s,t) =

1+ &(r) + &(s) + &(t) +((r, s, t)]dVy dVo dV3
The bispectrum is defined as the FT of (,

B(kl,kg) — /dl’dSC(r.’ S)e—ir-kle—is.k2
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Higher-order statistics: the bispectrum

Beyond the 2-point statistics

e Definition

* Potential usage

Bispectrum is 0 when 06 is a Gaussian field

Mode-coupling leak BAO & RSD
information from P into B, T, ...
Reconstruction ‘Gaussianizes’ & and
partially solve this issue (but assumes Qm
and need high density of tracers).

B can break degeneracy between f and os
in RSD analyses when P(K) is used.
Primordial non-Gaussian signal in P and B
Modified-GR signal inside F-kernels (first
order B)

Measurina cosmoloaical parameters in the larae scale structure
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Higher-order statistics: the bispectrum

Measurement BOSS LRGs 0.43 <z <0.70

CMASS sample (z,4=0.57)
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Higher-order statistics: the bispectrum

Modelling the Bispectrum (ist order)

- Real Space,

lin

B, (l_él ’%2) = bl4684 {2Phn (k) F;

> Redshift Space

B, (k,.k,)=0*( 2P, (k)P

n

1 .~ b 2 N
(k)| —F"(k, k) +—%+ (1-b)S,(k,,k,) |+ cyc.
2 _bl 2 1 2 2b12 7b12 1 2 1 2 | |
OF Fy=24 L ki K12 ¢
(kL k) = - + 2cos(ocij){kj + k }+ 7cos (a;)

'

(ky)Z,(k)Z,(k,)Z, (K, k,)+ cyc. |

Z, (k)= (b, + fu*)

W, M
kl k2

- - k
Zz<ki,k,->=b{lz<kl,k2>+f 5 (

.o Sk
ﬂ+fu2G2(k1,kz)+fT“uluz[

By
kl

H,

k2

b, 2 - -
]+?2+;(1—b1)52(k1,k2)
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o Tree level only provides
an accurate description
at high redshift and large
scales

odpyy S0 0="¥

0 0 0
B ln-\/B mocel 8 lerou pace
0 0 = - - - [T TR T )
(-] o o . »” (-] » » 3 o« (-]

o Empirical improvement of
this formula though
effective kernels method

odpgd 01 '0=2%

0 0 0
Bdm/ B B /By space
T - N - SR - - »” »” »”
S -] < (=] - A2 -] A2 A2 kS o«

F, - F," HGMetal 2012

odpyud S10=4

off
G, = G,” HaMetal. 2014

0 0 0
Bam/ B oode B/ Brogspan
O P = = o= = »

© 9 free parameters each
kernel to be fitted from
dark matter N-body
simulations. Independent
of scales/redshift

RS, S P
odW/ 02 0=

0 0 0
Blr-\/ mocel B /qwlpaco
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Higher-order statistics: the bispectrum

Testing for Systematics

Name *"’I:ﬁn (Np) b1 b n x 104
Low-bias N-body 3.80 (50) 1.75 -0.26 6.75
Mid-bias N-body 5.75 (75) 1.90 0.22 4.41
High-bias N-body 8.36 (110) 2.07 0.49 2.90

MD-PAtrcuny (LOWZ) - 2.08 043 4.0
MD-Parcuy (CMASS) - 1.97 0.29 4.5
Data (LOWZ) - 2.08 0.92 4.0
Data (CMASS) - 2.01 0.68 4.5

true
o,/ [oy)

fog / [fog ™

CMASS mocks
MDiPatch;/ *—ll—' | High-'bias H'aloes' -
Mid-bias Haloes —e— Low-bias Haloes 1
j-i:_ s S—— R — P R— T e ——-!__
3‘\.:7_;_—.-—_1-———-! == *—
B e o i
—"""""""""7 """""""""""""""""""""" \\;" """"""" B el ; """ I
e 'x‘:_—- ]
——I—_'
| | | | | | | = = ----_‘_
- n —n/ - -
- ]
'l\\ """"""""""""""" = _TI:"""‘__/" """ =4
B - ——
013 014 015 0.16 017 0.18 019 020 021 0.22

Ko [PMpCT]

- We run our cosmology data ‘pipeline’ on mocks & full N-body sims
- Determine our systematic budget & k-range of validity

Measuring cosmological parameters in the large scale structure through RSD and AP Hector Gil Marin
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Results from BOSS e

CMASS sample (z44=0.57) _
0.5 : = 1 CMASS sample (z=0.57)
N 045 l : . %’ l RSDP
2 ] I ] = RSD P+B
w2 : ) ]
0.4 ! . BAO
] Combined
15 ! . . . . . .
T 145} [ : - — 157 ]
NG ! ' 15 | i
N 14 | . I £
- 135 | l B 1457 |
| : : : . T% 14 i
3 o g _
S oal l l . I < 13.5
N oo | T 13 .
(| | 1 1 1 1 1 1 1 1 1 1
9 ' ' ' ' ' 0.35 0.4 045 05 0.55 9 9.2 9.4 9.6 9.8
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Higher-order statistics: the bispectrum

Compression techniques for the Bispectrum

 Number of triangles (and information) grows as we reduce the binning.
* Bins highly correlated. How we deal with it? More mocks? Compression!
 For DESI / EUCLID information will need to be compressed in optimal

way for maximising the outcome
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Cosmology with BOSS, eBOSS & DESI

2009-2014 2014-2019
_DESI in a nutshell 2020-2024

2.4M QSO 1<z<?

17M ELG 1<z<2 14,000 deg?

4M LRG 0.2<z< 1 50 [Gpc/h]3
10M BG z<0.2
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Numbers of Spectroscopic Galaxy Surveys
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DESI H(z) forecast
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DESI fog forecast
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Conclusions
> Using RSD in combination with AP effect allow us to

measure H(z), Da(z) and fos(z) from 3D spectroscopic
SUrveys

> BOSS and eBOSS have already demonstrated the power of

BAO can be used to perform robust cosmologica

measurements

- Using 3PCF/Bispectrum allow us to shrink the statistical
error-bars of cosmological parameters at a given volume
(for free!)

- New approaches need to be developed to fully exploit the
power of bispectrum on the next generation of
spectroscopic surveys.
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