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Caln we use Bm*vom Aco
Oscillakion distances ?
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Outline

@ WHAT is the Large Scale Structure of the Universe

@ WHY the Large Scale Structure

@ HOW to exploit the Large Scale Structure

Relevank case:

Barﬁom Acoustic Oscillations (BAG)

Dark Energy probe

Meaning ¢ True ¢

New Pro Fwsa&s

R



Cosmalagv

Basic Groals

Origin, Composition and Evolution of the Universe

Main ingredients
Baryons Radiakion Dark Matter? Dark Energy?

Ili?

«tomposiﬂo&r\, abundance and evolution ?
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tom[zmsiﬁom, abundaince, evolution

Evolution of the energy densities

BUT we observe a clumpy Universe

HOW ¢

swall inikial F»er&mba&mns
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observed peréurbaﬁoms
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COSMIC MICROWAVE BACKGROUND LARGE SCALE STRUCTURE

gataxv diskribution



osmic Microwave Backqground
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Cosmic Microwave Background
Large Scale Structure

@ Cosmic Microwave background

Early Eimme ?robe

Measure intensity and angular positions on the sky

2D information -» anisotropies

@ Large Scale Structure (Clustering of Galaxies)

Late time probe -» Dark Energy domination
Measure angular positions on the sky and redshifts

3D information

From this point of view, more constraining power




observable: galaxy clustering

Galaxy Clustering
s ,

7 RS

NATURE OF UNIVERSE ACCELERATION

- Cosmological constant ?

- Dark Energy (particles?) ?

- Modified Gravity ?
NEUTRINOGS MASS
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galaxy surveys

recent/ongoing (spectroscopic) surveys

® Sloan Digital Sky Survey (SDSS) -> 1076 galaxies
DONE!

@ Dark Ehergy Spectroscopic Instrument (DESI) —=> 1077 galaxies

Onqgoing, first data release last month

@ Euclid (space mission) -> 1077 galaxies

Ongoing, first data release in 1-2 years

11



How galaxy clustering ?



galaxies and the matter field

Peebles, (1980)
Martinez, Saar, (2001)

® Observable -> position of galaxies

We detect the visible Light

® Cosmological theory -» clustering of the matter field
(baryons + Dark Matter)

how ko relake observable and yredm&mn ?
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h&s&ar&a:albjz 1sk assumy&om

Peebles, (1980)
Martinez, Saar, (2001)

From galaxy surveys: position of galaxies

-> two-point galaxy correlation function

ASSUMPTION: galaxies represent a discrete random sampling
of the continuous matter densiby distribution

galaxy correlation function = wmatter correlation function
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kESEOrE&&LLvt 2nd &ssumpﬁmm

® Two-point correlation function

ASSUMPTION: Ataura&etj Predic:ﬁed bfj the Linearized equ&&imhs

2—point correlation function

/\

theorekical ?racii,ﬁ&mns observakions

FIT

relevant informakion on Dark Energy... BUT...
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1st assumption: broleein

Kaiser (1984)

@ (alaxies/halos DO NOT go?uta&e row\o'@omb} the

continuous matter field,

dark matter

whalt we observe
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2nd assumption: brolcein

Smith et al (2008), ...

Continuous matter field is affected by the non-Linear
gravitational evolution (and other non-Llinear physics)

Linear eredw&im\

non-Linear prec\ic&ion
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CO MSQQMQMC@.

Large Scale Skructure observables

We do nobk kknow how ko F?redit& the cosmological
observables tn a unique way

Large Scale Structure prediction

other assumptions added
Cosm. model -> Unique galaxy 2pcf ?
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Relevank case:

Barjom Acoustic Oscillations (BAG)
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Cosmological standard ruler

Shanks et al. (1987)

: | Eisenstein et al (1998)
@ ObJQﬁ& 0¥ QMONM SEZL@. COMSE&M& EJ’\ T‘QdShb{&. Bassett, Hlozek (2009)

Large Scale Skructure

Skakiskical skandard ruler

Clustering of galaxies » PREFERRED SCALE
(constant in redshift)

Observed ot different redshifts

Constrain the angular diameter distance.

pde]



Cosmological Farame@evs

Bassett and Hlozek (2009)

inbuibive piﬁmra realiskic piﬁ:&um

Angular Diam. Distance

B .

5 e —
n - 1+2z

COSMW,

actual size Parame&ers
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Eim*bj Fimes...

Angular scale
1° 0.2°

Plawnclke

10 50 500 1000

Multipole moment, ¢

1500 2000 2500

Barvom acoustic oscillakions
the go&axv Correlation
Fulckion

RR

Initial fluctuations
temperature fluctuations in the
CMB (8T/T~10-5)

...Late btimes

100
s (h=' Mpc)



Mass Profile of Perturbation
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Mass Profile of Perturbation

BAQ evolubion

tnikial averdems&v

Dark Matter, Gas, Photon, 14433 yrs
2=6824

100
Radius (Mpc)

Dark Matter, Gas, Photon, Y 0.57 Myrs
2=848

100
Radius (Mpc)

Dark Matter, Gas, Photon,

100
Radius (Mpc)

Eisenstein et

Mass Profile of Perturbation

Mass Profile of Perturbation
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Mass Profile of Perturbat
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Dark Matter, Gas, Pholon,

100
Radius (Mpc)

Dark Matter, Gas, Photon,

100
Radius (Mpc)

Dark Matter, Gas, Photon, 474.5 Myrs
z=10

100
Radius (Mpc)

al (2007)
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BAQ in galaxies
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Which scale?

@ Which scale in the clustering Correlation Function?

® Cowmoving baryon acoustic scale
Baryon acoustic peaw - Makbber CF

Eisenstein et al (Roos)

® rd is Geomelrical (indep.
primordial fluctuation)

Barvam

acouskic Pe_ak‘\

POSITION!!
STANDARD KULER

50 100

Comoving Separation (h-!
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Baryon Acoustic Oscillations (BAQ)

from Baryon Acoustic Oscillations?

A Casmoionglndep. Accurabe distance measuremenks

G OALS

@ Constrain cosmological models (at the DE time)

@ Consistency tests (e.q. tensions)

HOW

® RAO distances combined w/ obher Cosmological observakions.

- Degeneracy among parameters are reduced.

@ BAO distances alone (e.g. Dark Energy detection)

RE



Lakte Universe Accelerabion <—» Darle Energv

PrROBE COMBINATION DIFFERENT TROBES

energy densities eq. stake param. P = pw

BN CMB T&P
BN SN
Bl BAO

TT,TE,EE+IlowE

—— +tlensing

Bl BAO

—0.10 _ . . . 0.6
Plawnclke 201% SDSS 2021

BUT... let's take a step bacle...

RE



BAG distance -> Dark Energy

Xu et al. (2012)

® Cowmoving coordinates -» fiducial cosmology assumed.

Alcock-Paczynsiki distortion effect

Right Cosmai.ogv Wrong Casmci.c;gv

® Clustering 2pct monopole at redshift 2

Distorted True G o
correction

(™) = &l (as™) + O(e)

Isotropic shift
a = Dy (2)/D7,(2)

BAG DISTANCE

1/3

cz

Dy (2) = HG)

(1+2)°D%(2)

R7



How aosmotc:»gv Lmdep%’

S.A, Corasaniti, Sanchez, Starkman, Sheth, Zehavi - PRD (2019)
O’Dwyer, S.A, Starkman, Corasaniti, Sheth, Zehavi - PRD (2020)

RACTICE

& BAQ distances amgmjad o conskrain ANY cosm, model

IMPLICIT ASSUMYTION

® BAD: Cosmology-Indep. Accurate distance measurements

(Inference done without cosmolog. model assumptions)

QUESTION

@ At what level is Ehis brue ?
We will &rj o answer ko this qu,es&ion!

RY¥



Cosmological Distance: Dv

Distorted True i
correction

FROM &5 (s™) = &5 (as™) + OCe)

Isotropic shift MEASURED
a = DV(Z)/D‘F/(Z) in a background-independent way

@ Bul we heed a 2pcf model

IT SHOULD NOT INTRODUCK

"DA“T’ A THEORY

UNWANTED DEPENDENCIES

9



skandard BAC

3 ALﬁOCR“‘P&C&:}MSH‘L aqu&&on Xu et al, (2012)

, @as +O(€) """"

DATA THEORY Cosmological parameters are kept fixed
to some fi.a?:-—-/\L.BM fiducial vatues

® Because of cosm. param. fixing ARE ERKOKS ON O
Dv(z)r} PROPERLY ESTIMATED?
a = prescripbtion
DLGENYE )~ ‘

COSMOL. MODEL DEPENDENCE?

30



2pct model-fitting

S.A, Corasaniti, Sanchez, Starkman, Sheth, Zehavi - PRD (2019)

o chf Ai.ccwcw*?m:z.vhswi equa&ieh:

,@a SF) + O(¢)
l

DATA THEORY

@ Marginalize over parameters:

- DE dependen&

- spatial curvature dep.
- nitial fluctuation param.
- tracer dependent (e.9. galaxies)
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BRAO diskances

S.A, Corasaniti, Sanchez, Starkman, Sheth, Zehavi - PRD (2019)

We obtain Cosmological Distances that are:

1) Geometrical (indep. primordial fluctuation parameters)
2) Dark-Energy model-independent (ACDM + Quintessence)
3) Spatial curvature-independent

4) Tra&er*mdependem& (gatax:j, quasars, clusters eke...)

?uretﬁwﬁ}eomeﬁrm“BAﬁ

Excluded ?
Modified gravity cosmologies ? DE-DM coupling ?
32




standard BRAQ: Pm»biems

S.A, Corasaniti, Sanchez, Starkman, Sheth, Zehavi - PRD (2019)

2) which 2pcf model?
Cosm. model —> Unique galaxy Zpt:«f ?

1) parameter fixing

PROPER ERROR ESTIMATION ?7

33



Prabi@.m 1: parame&er fixing

S.A, Corasaniti, Sanchez, Starkman, Sheth, Zehavi - PRD (2019)

all dependencies fitted/marginalized

fixed parameters

Errors underestimated
b';; nearly a factor of 2!!

Euclid forecasts

... buk yrobtem 2:

3&1&)&};*2?&{ theoretical model ??
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F‘robtem 2: complementary approach

. Shanks et al. (1987)
Linear Approx.

2
£°%3(r, 2) i h10(2)2D(z)’ (1 ¥ ? ¢ %] £ (7, 0)

/

Eisenstein et al (1998)
Bassett, Hlozek (2009)

ACDM

4 Quintessence

.,

scale independent for

no flakness assumption

®@ A PREFERRED SCALE in the chf -> Time/Model imdep.

Can measure Dv U modetmimd@.g. wa;;! !
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Attacking problem 2: the Linear Point

® LINEAKR POINT
- LP = Feeo\l«f‘*dip middle POEME

- Linear abk 0.8% -> red. E,v\c'kep..

- Greomebrical

@ NO 2pcf MODEL NEEDED
DATA LINEAR THEORY

D/ gal : S.A, Starkman, Sheth - MNRAS (2016)
60 yLP (Z)) = 60 T ' I 0(6) Parimbelli, S. A, et al - JCAP (2021)
) Dy
% |%
mc:«c&e,tmm&ep@wdam& . 3
CLASS/CAMB S.A, Corasaniti, Starkman, Sheth, Zehavi - PRL (2018)

parametric Lik
S.A, Corasaniti, Starkman, Sheth, Zehavi - PRD (2018)

® CDISTANCES MEASURED from SDSS galaxy data’!




What do we learn about «casmatmgv?

M S.A., Starkman, Renzi - PRD (2023)

@ Test cosmological model(s) with galaxy-clustering

Q@

Data vs Theory -7 Testing cosmological model(s) assumptions

® Cosm, model -> Unique galaxy ZPC{ 7

2pct MODEL

® Galaxy clustering models: add extra assumptions

® Data vs Theory -» Testing cosmological model(s) + galaxy
clustering model assumptions -» Learhing about Dark Enerqgy?

LINEAK POINT

% A&&emg& to minimize the non-cosmological assumg&imns

@ TDaka driven approa«tk
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Can we use BAQ distances ?

® Cosm. applicability of standard BAG distances: UNCLEAR!

D ‘Pur&.h}“@eome&rit*BAO: Cosmic Distance Measuremenks
Independent of (some) cosmological background models

No flab-ACDM fixed F»arama&ers!

Zyt{: Model-Fitting - errors Froyaga&ad
Standard BAQ: error underest, bv foactor of 2.
Which model?

\ Linear Point Standard Ruler

Model independent: 2pcf model not needed

Opﬁro& ivei'j

... & Lok bto do...

Euclid yroj&t& (ongoing); Combine with other observations;
Observational systematics; Qu&drupota information; ...
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