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Baryon Acoustic Oscillations as a Standard Ruler
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Distance Measurements from Spectroscopic Surveys
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Cosmic Web
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Cosmic Void Definitions
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DIVE : Delaunay Triangulation Void Finder




DIVE algorithm and DT Voids

Void centers

Galaxy Catalogue
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‘ °:,:.. i DT Voids defined by their:
\ - centers
. - radius

—»> Allows overlapping

—®> Larger statistics
Galaxies



Distribution of Voids

X Two void populations:
. e \oid-in-clouds: small voids

— Follow halo distribution

|
i
|
|

L " e \oid-in-voids: large voids
el | —® Follow underdensities

0 : 0
200 : 2 : : T
150 M Haloes — Large Voids 6 =
100 . AP - - 2 0 |
- 16 £
-2 3
0 S

0 200 100 600 800 1000

a [h~"Mpc] 8



Radius Dependency
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Void Correlations
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Optimal Radius Selection
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First BAO Detection with Voids
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Sensitivity to Number Density

Void number density
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observational effects
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density field
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[ What is the impact on the clustering of voids? ]
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Sensitivity to Incompleteness
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SDSS data: LRG and ELG samples

radial comoving distance [h ~* Gpc]
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SDSS data: LRG and ELG Void samples
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LRGs/ELGs: Optimal Radius
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Multi-tracer BAO analysis: Two Approaches

4 N 4 )
Approach A Approach B
Fit multiple data Combine galaxies and voids by computing
vectors joint correlation function
simultaneously
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Multi-tracer BAO analysis: Approach A
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Multi-tracer BAO analysis: Approach B
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Void BAO model - Standard model

Typical dewiggled BAO power spectrum template:

1,232
P pw (k) = [Plin(k) — Plinaw (k)]e ™% Z0/2 4 Py 1 (k)

Correlation:

1 129
temp (5) = ) /Pt,DW(k)jO(kS)e ka2 1k

Em(s) = Béemp(@s) + Ag + A1 /s + Ay /s?
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Void BAO model - Voids

Typical dewiggled BAO power spectrum template:

1,232
P pw (k) = [Plin(k) — Plinaw (k)]e ™% Z0/2 4 Py 1 (k)

A mock Py, o mock Py, o mock P,
e template Py template Py,
: Pt nw(k
e — P (k) =Pt,DW(k)>< tmw (k)
S o Plin,nw(k)
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£ Template provided by mocks ~ (1+ck?)
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BAO Analysis Pipeline

Template or (1+ck2)

Measured
parameter

Simulations .
Covariance
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1000, a, comb

100 Oa, gg+gv+vy

()11 S

LRGs/ELGs: Results - Uncertainty
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L RGs/ELGs: Results - Data
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SDSS data: eBOSS QSO sample
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QSOs: Correlations of mocks
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—3p Strong exclusion effect
—p Difficult to understand the BAO signal
—p Difficult to determine the best radius cut with SNR
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QSOs: Void Optimal Radius
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QSOs: Data Correlations

szfq(s)

80
QSO 2PCF
60 - \ +

40 A

]

]

|
20 A

P

0-
~ EZmocks
—204 "1 Nbody

¢® eBOSS QSOs

_40 T T T
0 50 100 150 200

s [h~*Mpc]

Szfx(s)

80

60

40 -

20 A

O_

—20 1

XCF | EZmocks
1 ® eBOSS QSOs
l
|
: &
E \\;*\\/ Y S ~\+
4 ! +\\ 4 ¥,
‘ : ﬂ 1]
| g
‘| I
i
! i
0 50 100 150
s [h~Mpc]

—p> For the BAO analysis the XCF is used jointly with the QSOs 2PCF

Rmin is 36 Mpc/h

30



QSO0s: Results - EZmocks

Q, gg+ gV
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Joint fit 2PCF and XCF with template
model compared to 2PCF alone:

e Improvement for 71.6% of the
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~

5.41% average error improvement
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—P Similar results for DESI
volume-like mocks
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: Results - Data
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Cosmology Constraints from SDSS Voids
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Cosmology Constraints from SDSS Voids

BBN + 2D BAO
[eBOSS21: LRG + ELG]

BBN + 1D BAO
[eBOSS21: LRG + ELG]

BBN + 1D mtBAO
[This work: multi-tracer
LRG & ELG & voids]

——

030 032 034
Qph?

60
Hy[kms™! Mpc™]

BBN + mtBAO (z< 1)
~ [This work + SDSS MGS]
0.40 + BBN + mtBAO
——— [This work + SDSS MGS
+ eBOSS21 QSO & Lya]
~  0.35 1
=
<y
G
0.30
BBN + BAO (2> 1) [eBOSS21]
025 4 BB BBN + BAO (2 < 1) [eBOSS21]
ACDM BN BBN + BAO [eBOSS21]
T T T T {
0.10 0.15 0.20 0.25 0.30
th2
80 il
#E /
. By ,/
7 e,
(5] P2
5, 754 5 s I’//
2 Distance Laddery /,:, ,/’//
T
“ 70 4
g
=,
o
m 65 4
ACDM
60 T T T T
0.2 0.3 0.4 0.5

Q m

34



Future work

e DESI data

e Anisotropic distance measurements
(2D alphas)

+30 M spectra

e Model improvement with theoretically
modelling sphere exclusion
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BAO measurements from cosmic voids defined geometrically as empty
spheres with a radius threshold as one more free parameter for
under-densities selection

Cosmic voids are robust to unknown sources of small incompleteness

For most cases two multi-tracer approaches yield similar results

Statistically voids contribute to ~10% improvement on BAO constraints for
LRG and ELG post-reconstruction

Statistically voids contribute to ~5% improvement on BAO constraints on 70%
of the cases for QSO (pre-reconstruction)

Combining voids and SDSS galaxies leads to a 17% improvement on OLh2,
and 6% for Om and HO from a joint BBN+BAO constraint in flat-LCDM
compared to SDSS galaxies+QSOs only
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Multi-tracer BAO analysis: Covariances
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Cosmology Constraints from SDSS Voids

___ BBN+mtBAO (2<1)
[This work + SDSS MGS] 80
0.40 - BBN + mBAO .
= [This work + SDSS MGS —
+ eBOSS21 QSO & Lya] IU
2, 75 1
o 0351 p=]
< X,
C? I“’ 70 4
0.30 g.
BBN + BAO (z > 1) [eBOSS21] mc 65
0.25 4 I BBN + BAO (2 < 1) [eBOSS21]
NCDM BN BBN + BAO [eBOSS21] ACDM
T T T | ) 60 T T T T
0.10 0.15 0.20 0.25 0.30 0.2 0.3 0.4 0.5
Qll]h 2 an
Model Probe Hy (kms™! Mpc™!) Qm Qph?
BBN + BAO 67.35 +0.98 0.299 + 0.016 0.3179 + 0.0094
BBN + mtBAO 67.58 £ 0.91 0.290 + 0.015 0.3241 + 0.0079
CMB 67.29 + 0.61 0.3164 £ 0.0084  0.3096 + 0.0094
ACDM CMB + BAO 67.60 +£ 0.43 0.3119 £ 0.0058 0.3145 + 0.0066
CMB + mtBAO 67.96 + 0.39 0.3070 £ 0.0051  0.3201 + 0.0060
Distance ladder 74.0+14 - -
Distance Ladder + BAO 74.0+1.4 0.299 + 0.016 0.384 + 0.017
Distance Ladder + mtBAO 740+ 1.4 0.290 + 0.015 0.390 + 0.017
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