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ACDM : Remarkably accurate description of CMB anisotropies

Y

+ many more

: a)b’ T } Energy Content

{ " 9 A < } Initial Conditions

4

e . T B

Although successtul, still phenomenological

Collection of (reasonable) assumptions:

Flat FLRW : ( Isotropy + Homogeneity )
Gravity = GR
Dark Energy = A
(Cold) Dark Matter
Nearly Adiabatic / Scale-invariant
fluctuations spectrum
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The H, tension

. Early route

| a Planck

b BBN+BAO |
¢ WMAP+BAO | |
d ACTPol+BAO | |
e SPT-SZ+BAO

Late route

f SHOES g HOLICOW ||
h STRIDES i TRGB1 l‘
j TRGB2 k Miras j.
| Masers m SBF }'

“Direct” measurements

As suming

ACDM

Riess, Nat. Rev: Phys. 2 (2020) 10
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Indirect

*  Model-dependent:
r

5 S
Acoustic scale 0, = —

dy
e Relies on well-understood

(inear) physics

Direct

* Model-independent
* Relies on astrophysics
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‘The Sg anomaly

Planck 0.909" Planck Sg = 08,0\/Qm/0°3 I
DES Y3 + KiDS-1000 DES Y3 + KiDS-1000 :
DES Y3 0.85{ DES Y3 l
~ 2 —30
% 0.80 - Tension/Agreement |
with CMB l
0.75 -
|
0.2 0.3 0.4 0.5 0.2 0.3 0.4 0.5 :
Qm Qm j
DES Y3+KiDS-1000 [2305.17173]
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https://arxiv.org/pdf/2305.17173.pdf
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DESI: Mayall 4m Telescope @ Kitt-peak (Arizona)
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Part I: DESI

: 30 Million Galaxies ~ 5000 Spectra with each exposure !

. Accurate z-estimates

® (z, ,0) - Compute n-point statistics
*  Derive constraints on your favorite cosmological model !

Rodrigo Calderon

QSO

LRG
BGS
Uchuu-DESI
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I: DESI
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80F ¢ BAO (DESI-Y5)
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DESI: Mayall 4m Telescope @ Kitt-peak (Arizona) ﬁ
* 30 Million Galaxies ~ 5000 Spectra with each exposure ! =
: Accurate z-estimates S of . : .
. (z,$,0) — Compute n-point statistics | Redshift-space distortions (RSD):
*  Derive constraints on your favorite cosmological model ! | / :
: o 15f08(2) '=1'r0'8’0 (1 ;l;) Z)g . 0 :
Sensitive to new physics in mainly two ways: . ' | - | | '
Expansion il Clustering measurements :
A
H?(2) h' 3 e  Transversal d,(2)/
- -8 . / e . A Z) Fs
TR Qa”+(1-Q) ff+f+2+ g f= 2Qm(z) i H() |
2 <€ >
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: 30 Million Galaxies ~ 5000 Spectra with each exposure !

. Accurate z-estimates Redshif di ) RSD
. (z, ¢, 8) = Compute n-point statistics SRSO1E-c FPSIEMOIRPRS (o 1)):
*  Derive constraints on your favorite cosmological model ! ;

Jog(2) = o5 (1 + 2) S
Sensitive to new physics in mainly two ways:

PR . s

Modified Expansion Modified Growth Clustering measurements :
N
H?(2) ’ 3 e  Transversal d,(2)/
- —3 y ol A Z) Fy
O <€ >
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Baryon Acoustic Oscillations

100 7
——— pre-recon
80 1 — post-recon
pre-recon

® post-recon

-40
-I T T T T T T 1
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Galaxy map 3.8 billion years ago Galaxy map 5.5 billion years ago CMB 13.7 billion years ago S[MpC/h]
Credit: E. M. Huff & SPT team J. Moon et al. (2023) - First Detection of the BAO Signal from FEarly DESI Data
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“Compressed Parameters™

“Alcock-Paczynski”

Parameters I

Transverse direction

Line of sight direction

Dy(7)
H
H(z) ‘
Alternatively, o i
ko o) o i W v |
L — AP — =
LY ay, Dy Dj
Isotropic scaling Anisotropy j
of the BAO of the BAO
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Baryon Acoustic Oscillations

* The BAO feature is expected to be isotropic !

* Non-linear gravitational evolution introduce anisotropies
along longitudinal/ transversal directions

— Broadening of the BAO peak in 2pt correlation function

* By reconstructing the velocity field, we can “undo” the
effect of gravity/non-linearities.

— Increase significance of the detection !

Rodrigo Calderon

Padmanabhan et al. (2012) MNRAS
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Real space Redshift space
| |

] | | |

0 5 10 15
s1 |h~"Mpc]
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log10(§)
J. Kuruvilla, C. Porciani - MNRAS (2018)
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* Observations are done in redshift-space

Linear flow Nonlinear
structure

Under- Ove - Actual
density density shape
Apparent
Under- Over shape
density denSIty (viewed from
below)

* Introduce additional anisotropies in 2PCF

— Large-scales: “Kaiser” effect
— Small-scales : “Finger-of-god™ etfect

* Can be used a probe of gravity !

— Measurements ot growth: fGS(Z)
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Redshift Space Distortions
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DESI vs SDSS
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Already the largest BAO
dataset ever !

5.7 Million individual
redshifts
Etfective cosmic volume
V.= 18 Gpc’
~3x bigger than SDSS

Merely tirst year of data

First blind analysis !
(At the catalogue level)
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Part I1I: Cosmological Implications

Rodrigo Calderén
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Varying equation of state w(a) = wy +w, (1 — a)

Cosmological constant A

2 ; . //
; --=-- DESI BAO 0--_-6}
; » DESI BAO + CMB

14 77 TT~al | Bl DESI BAO + PantheonPlus

- DESI BAO + Union3
DESI BAO + DESY5

0 '-____-\‘: _________________________________ _1 i
S ‘ s i
S S i
—1- i
-21
_92- i i BN DESI BAO + CMB + PantheonPlus
i i W DESI BAO + CMB + Union3
i i B DESI BAO + CMB + DESY5
_3 : gl | . . .
~1.0 0.5 0.0 ~1.0 —0.8 —0.6 —0.4 ‘
wWo Wy
-
2.5¢ DESI+CMB+PantheonPlus 3.50 DESI+CMB+Union3 3906 DESI+CMB+DESY5 j
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DESI 2024: Reconstructing Dark
Energy using Crossing Statistics with
DESI DR1 BAO data
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i " Modeling of w(z)

Chebychev Polynomial expansion

A

| Form an (orthogonal) basis spanning the space of functions

P fefliia]

Lot laly

lllllljll

Zmax

oA la ol

T 2" — 1% T, =dx’ — 3x

(-
S
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Chebychev Polynomial expansion

Joe(z) = exp J

0

V. Sahni, A. Shafieloo and A. A. Starobinsky (2008)

h(z) — 1
Om(z) = (@)
(1+2)0° -1
(2) = éia_ H 3 dln H i
e I T R

Rodrigo Calderén

Z;

3[1 + w(z)]d In(1 + 7')
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" Modeling of w(z)

—— DESI BAO+Union3+Planck

R. Calderon, K. LLodha, A. Shafieloo, E. Linder et al - arXiv: 2405.04216 I

decelerated |

-
s
-
/’
= e
”

accelerated ] ’
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https://arxiv.org/pdf/2405.04216

Mbdeling of Jpe(2) = pDE(é)/ PDE,0

Chebychev Polynomial expansion

Rodrigo Calderén

for@ = ) C; T
i=0

R S N

R. Calderon, K. LLodha, A. Shafieloo, E. Linder et al - arXiv: 2405.04216

—— DESI BAO+PantheonPlus

—— DESI BAO+DES-SN5YR

decelerated ]

accelerated ]
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https://arxiv.org/pdf/2405.04216
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. Comparison Wifh wow, ,CDM

I DESI + Union3
I
,
0.2 : : : N : : : : : : : :

-y 1 1 accelerated |

-::- -::- -:

00 05 10 15 a0 00 o 0Ty T 0 o0 oy Ty Ty Ty

< < <
R. Calderon, K. [Lodha, A. Shafieloo, E. Linder et al - arXiv: 2405.04216
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https://arxiv.org/pdf/2405.04216

Seems wyw,CDM 1s good enough

DESI + Union3

A

O.O_I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I

0 1 2 3 4 D
# of free parameters in the expansion

R. Calderon, K. LLodha, A. Shafieloo, E. Linder et al - arXiv: 2405.04216

y? “saturates” at 2 d.o.f
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https://arxiv.org/pdf/2405.04216

R s, . oe - e WSS a8 FENE——— T SNEE LS T T T  Bes TEEER LN TEERRE.. & ¥y o h _ N R R - e TR - s - — wd &

Constraints on Hyr,

looopF—m™™m T T 10—
DESI BAO-+Union3 foe(2) = >, CiT;(x) | ' DESI BAO
w(z) = =3, CTy(z) - DESI BAO+Union3
| wow, CDM ' | (DESI+SDSS) BAO
10500 r - 10500 F .
_ ACDM - _ (DESI4+SDSS) BAO+Union3
T 10000 — 7 10000 |
n i N I
s =
=, =,
o i g I
> =
= 9500 . = 9500
9000 : 9000
25 030 035 040 045 SN o3 04 05
Qm,O Qm 0

R. Calderon, K. [Lodha, A. Shafieloo, E. Linder et al - arXiv: 2405.04216
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https://arxiv.org/pdf/2405.04216
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Comparison with (SDSS+DESI) BAO
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R. Calderon, K. Lodha, A. Shafieloo, E. Linder et al - arXiv: 2405.04216
: 1
Overall trends remain ! i
In particular +Planck
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https://arxiv.org/pdf/2405.04216
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Improvement 1n fit

R. Calderon, K. LLodha, A. Shafieloo, E. Linder et al - arXiv: 2405.04216
| DESI PI)AIO—I—IUIIHOHS | | DESI BAOI—I—UniQHSj—PlaIan |

- S LS L
T S P Bestfit ACDM + - Bestfit ACDM
1.50 Bestfit w(2) Bestfit w(z)

Individual expansion histories

Improving over ACDM
A% — AZW(Z) A%ACDM 0.0 0.5 1.0 . 1.5 2.0 0.0 0.5 1.0 . 1.5 2.0
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https://arxiv.org/pdf/2405.04216

A s Y SENNEE L weaae. - o . - - 2

‘ Fx His (GR)
o= o, [ I
_ Ppe(?) = £ - N |
| fop(@) =T E =~ ([= LK =kop ) % |
, W |
H*(2) - |
= Q07 4 (1= Q) for (D 9| SRR ) DU S |
0 Lost O [ — PEDE | — TDE e
|4 SN (NGRT) [ 4 SN (NGRT) [ 4 SN (NGRT) |
9 __ __ |
= Captures any additional (unknown) component! LE 1.00] l
=~
=i |
for # 1 = New physics beyond ACDM 095" -
it
/ fDE(Z) % Sy R — Y~ i i g |
‘ » | I | ‘ Nl i
; h(z) f 03(z) Low| 1. 1. |
/ 0.90¢ —— CPL* 1 —— PEDE 1 —— TDE : N
¢  RSD (DESI) ¢+  RSD (DESI) ¢  RSD (DESI) '
eff(z) D T T~ T S (7 ¥ e W TO L (0T A ’
; Calderon, I"Huillier, Polarski, Shatieloo & Starobinsky - Phys. Rev .D 106 (2022) 8, 083513
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Calderon, [ Huillier, Polarski, Shatfieloo & Starobinsky - Phys. Rev. D 108, 023504
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Modified Growth

Modified Poisson Equation

* Successtul reconstruction of 2 phenomenological

Gt(2
profiles for u(z) = ezf;( )
. Unbiased estimation of oy !
s Posteriors of the hyperparameters contains

valuable information

U ;é 1 —>  New physics!
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Applications to bright sirens
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Some possible research directions

. Late-time reconstruction of the expansion history
Bright & Dark Sirens x LSS (HI-IM)

. Early-Universe changes to the expansion (& growth) history
Implications for the Hubble and Sy tensions

- Gravitational Waves
Population studies/Modeling Mass-distributions
Testing the (an)isotropy ot the Universe
Model-independent tests of gravity

1 7
hy + 2+ o) I, + (1 + apk’h, =11, - dP%(2) = diM(z) exp (5 L ap(Z) dIn(1 + Z))
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Summary & prospects
More constraining power demands more careful analyses:

Scrutiny for systematics and confirmation biases

BAO is one of the most mature probes of modern cosmology
Distance measurements that can be used to test alternative cosmological models

Direct-tit/Full-shape power spectrum analysis on the way (RSD)!

Tantalizing hints of an evolving dark energy component:
~ 2.5 — 40 deviation from (wy = — 1, w, = 0)

Year 3 data acquisition complete. Analysis on the way!

Distance measurements that can be used to test alternative cosmological models
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