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The cosmological standard model

> Space-time geometry.
» Fundamental (isotropic) observers, u“.
» Constant time (homogeneous) hyper-surfaces, X;.

guvdd* dx’ = —d* +a? (1) dl?

» Matter/energy content.
» Law of gravitation.

1
Gab = Rab - ERgab = KTab - Agab



An actual concordance model

Q
Ez(a) = = + + a— + Qpg ——

geometry matter/energy
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... S0 the universe is accelerating

» Shortfall on its contents
Qpg : Qm : Qp, ~70:26:4

» Independent observational evidence

» Supernovae are further away than expected
» Growth of structure has been slowed

» Tremendous implications for physics/astronomy

» Current understanding of gravity is incomplete
» Current understanding of universe constituents is incomplete



How to gain information about DE’s nature?

Implications on the recent (observable) universe volume.
» Expansion rate, H(z)
» Growth of structure
» Abundance of collapsed/virialized objects
» Light rays deflection by structures

All related directly or indirectly with distance estimation calibration,
dL, d A (Z)




The Dark Energy Survey (DES)

» International collaboration: USA, OK, Spain, Germany, Chile,
Switzerland and Brazil

» Wide field photometric “legacy survey” griz (SDSS) bands —
largest volume to date: tens of Gpc®
» Four main cosmological observables:

» Galaxy cluster counts, ~ 100000, 0.3 <z < 1.3
» Clustering of galaxies, 200 million, same z

» Weak lensing tomography, up to z ~ 1

» Distance/luminosities of SNIa 0.3 < z < 0.8




BAO as standard ruler

Galaxy map 3.8 billion years ago  Galaxy map 5.5 billion years ago  CMB 13.7 billion years ago




two-point statistics

(ANpairs (. 8)) = 2 [1 4+ (5,(x)8, (x + ri))] dV; Vo

500 Mpc/h
f—.""’*'" — =

Two point correlation function:

£u(r,m) = (94 ()0 (x + ri))

» Contain information about
the scale of BAO!

Image credit: M. Blanton and the SDSS



two-point statistics

I :In the DO approximation, &(r, u) = &(rp, 7)
' { r? =2 =y} + 3 — 20 cos(9)
4 _ _ Xa=X1.cos(0)

| uoo=cos(y) = LA

{JZ' =ru
Y5 )
ro =\r*—-n=n




How to deal with photometric redshifts?

Proper projection of the 3D fluctuation field

§§D(9,</J) ::/0 deg(z)}/égéo(X,&(p)

» Projection kernel < galaxy window function
WE(2) := ¢%(2)bg (2)G(2)

@& = radial selection of galaxies



Measuring the BAO scale
An appropriate template for 2pt statistics.

Pk, ) = (14 12 ((Pin — Prw)e™ 0+ Py, )

£2 = (1252 24 W25} /2.

» Configuration space
wpao(0) =/dzl/dzz¢(21)¢(Zz)§‘s(s[2172279]7!1[21,22,9])~

Elsuh) = [ d2O(IE (Smels 1l el 1,2),

» Harmonic space
2 2 2
Cipro=_ [ dkk Poa (k) {¥r}

Wy, = / dz G(2)9 (2)jslkx (2)] + Prsp



Measuring the BAO scale

Each method allow us to infer a .Z(a)

_ Dalzesr)ri  Dalzer)  DE%(zerr)
= Hid , =05
DY (zefr)ra rd ri

c < Hy, rd
D = d7 , AQoc ——
4(2) HO(H—Z)/O ZH(z’) Dy(z)

» Configuration space

M (x) = BTgao(xo) +A(x)

» Harmonic space

C(f) = BTBAQ(K/Ot) —|—A(€)



DES Y1 BAO galaxy sample

Zphoto Ngal oes/(1+2) Sstar

0.6 <z <07 386057(332242)  0.023 (0.027)  0.004 (0.018)
0.7 <z <08 353789 (429366)  0.028 (0.031)  0.037 (0.042)
0.8 <z <09 330959 (380059)  0.029 (0.034) 0.012 (0.015)
0.9 <z <10 229395(180560)  0.036 (0.039)  0.015 (0.006)

» Extend the selection of LRGs
, , from SDSS to cover the
|| 0.6 <z <0.7

07 <z, <08 | higher redshift and deeper
- 0.8<z,,<0.9 data (DES)

=09 <s, <10 |
> 1.3 million red galaxies
across 1318 deg? of area,
largely contained in one
compact region (SPT)

Crocce et. al. (2018) o S =
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Covariances, 1800 Halogen mocks
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Avila et. al.

(2018)
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case (o) (o) Sa f(Nget)
0.6 <2z<1.0:

E+w 1.004  0.050  0.050 0.917
w(8) 1.001  0.051 0.054 0.898
w(6), AG = 0.15 deg 1.001  0.054  0.055 0.907
w(0), Omin = 1 deg 1.002  0.051  0.053 0.898
Cy 1.007  0.058  0.053 0.864
£ (bins combined) 1.004 0.048 0.050 0.916
¢, +0h~! Mpc 1.004 0.048 0.050 0.916
¢ +3h~! Mpc 1.004 0.048 0.051 0.916
£, +6h—1 Mpc 1.005 0.048 0.050  0.916
£, +9h~ 1 Mpc 1.005 0.048 0.050  0.921
€ 81min = 50h~'Mpc  1.005 0.049 0.050  0.913
& As| =5h~ ! Mpc 1.005  0.050  0.051 0.918
£ As| = 10h=1 Mpc 1.005  0.049  0.050 0.916
& As; = 15h~ ! Mpc 1.004  0.048  0.051 0.911




approach

Q

(n)W(0)Y, (n)

QY AT ()W (P)Y;(p)

4
~ 1 N 5
Cp = m Z |afm|

(Ce) = Mu(Clr)
7

Hivon et. al.(2001) arXiv:astro-ph/0105302

Elsner. Leistedt and Peiris (2016) https://arxiv.org/abs/1609.03577

Angular power spectrum measurements. MASTER or PCL

Input CMB Power Spectrum

. Boomerang Noise (1 Channel)
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Angular power spectrum measurements
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Angular power spectrum covariance
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Estimation methods
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Cross-correlations
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Bandpowers
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P(k) model

Multipole mode ¢
12 T
—— limber.
o = fll a=1010£0.057 (12, =0.113)

—— RSD. a=1.010=0.057 (x2,=0.113)
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Broadband terms

case (c) (o) Sa f(Nget) mean of mocks
Al =15,30 < £ <330 :

Ap + A+ Azl ! 1.003  0.051 0.058 0.752 1.008 + 0.056
Ag + Arf + Agl=2 1007 0.058 0.053 0864  1.009 % 0.056
Ap + ALl + Az 1.011  0.056  0.055 0.851 1.013 + 0.056
Al =20, 40 < £ < 300 :

A + Al + Azl T 1.003  0.051  0.060 0.734 1.006 + 0.058
Ap + Ayl + Agl—2 1.006  0.059 0.056 0812  1.006 % 0.058
A + ALl + Agl? 1009 0057 0.057 0790  1.012+ 0.057
Al =15,45 < £ <330 :

Ay + Al + Azl T 1.004  0.050  0.059 0.736 1.009 + 0.056
Ag + Ayl + Axl=? 1.007  0.057  0.054 0.841 1.009 + 0.056
Ay + Al + A 1.011  0.056  0.055 0.839 1.013 + 0.056
Al =20,40 < £ <320 :

Ap + Al + Azl T 1.004  0.050  0.060 0.731 1.008 + 0.056
Ap + Al + Axt™2 1.007  0.058  0.055 0.833 1.008 + 0.057
Ay + Al + Ap? 1011 0.056 0.057 0831 1014+ 0.057

12 T T T T T T

—— fiducial. & =1.009 +0.056(x2;,
1o\~ 3 params. a =1.010:0.056(x.;
2 params. a =1.007 £0.056(x.2;, =0.282)
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Summary of stress tests

Y1 Measurement Dy/rq

Zer = 0.81 10.75£0.43

case a x2/dof
w(6) [consensus] 1.033 £ 0.041 53/43
£ (bins combined) 1.026 + 0.044 9/9
Robustness tests:

Cy 1.023 4 0.047 94/63
w(#) fiducial 1.033 +0.041 53/43
w(f) A6 = 0.15 1.033+0.045 159/103
w(0) Omin =1 1.038 +0.038 50/39
w(f) Planckx1.042  1.034 £ 0.041 52/43
w(6) BPZ 1.01840.043  56/43
w(0) z uncal 1.023 £ 0.040 52/43
w(6) no weys 1.028 4 0.039 51/43
w(f) Ty = 2.6 1.028 4 0.035 51/43
w(0) X, =78 1.033 & 0.056 55/43
w(6) free Sy 1.02840.033 5142
w(0)0.7<z<1.0 1.053+0.040 37/32
£ fiducial binning 1.031 4 0.040 9/9
£-3 1.031 4 0.045 12/9
£43 1.017 £ 0.041 8/9
£+6 1.025 & 0.050 7/8
EAs; =5 1.02140.041  45/29
£As; =8 1.029 & 0.046 31/16
£As; =10 1.022 4 0.037 16/12
EAs; =15 1.012 4 0.039 7.5/6
€51 min =50 1.032 £ 0.046 8/7
£ Planckx 1.042 1.018 +0.041 7/9
£BPZ 1.012 4 0.040 12/9
£ 10 wsys 1.029 & 0.040 10/9
(X, =4 1.023 4 0.038 9/9
£y =12 1.043 + 0.052 11/9
£ %, free 1.024 £ 0.039 9/9
£07<2<10 1.052 4+ 0.031 17/9




BAO measurements
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BAO measurements
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BAO detection
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Conclusions

» Dark energy remains as one of the biggest puzzles and data can
give light to solve it.

» BAO detection is robust for wide photo-z surveys like DES.

» BAO measurements had previously been proven to be a robust
and precise method for measuring cosmological distances when
using spectroscopic redshifts

» Looking forward for Y3
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