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The Standard Cosmological model: ACDM

Dark Energy
Accelerated Expansion

Afterglow Light
o o Pattern Dark Ages Development of
Flat Universe with Dark s i Galexias, Planats, etc.
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Obser vations. Big Bang Expansion

13.7 billion years

Image Credit: NASA / LAMBDA Archive / WMAP Science Team

JUDIT PRAT MARTI


https://lambda.gsfc.nasa.gov/about_lambda.cfm#captioncredit

Very successful model but there are important open questions

NACDM model under discussion

[t requires initial ?

ACDM adds 2 new components to the conditions created by
inflation. The cosmological constant interpreted as the

Standard Model of physics, neither of

° . bd ~ 2 °
which have been observed in a laboratory. vacuum energy is ~120 orders of magnitude

lower than the naive prediction coming from
particle physics.

Some tensions are arising between

cosmological probes. Are they real,
systematics, or statistical fluctuations?

[s dark energy really not evolving
with time? We only know that to the
current statistical precision.

General Relativity may not be valid at
the largest scales. This could make us think
that the expansion of the Universe is
accelerating when it is actually not.




Testing ACDM

Is the late time Universe compatible with the ACDM prediction assuming initial
conditions from the CMB?

Years after the Big Bang
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Testing ACDM

Is the late time Universe compatible with the ACDM prediction assuming initial

conditions from the CMB?

CMB experiments observe

the early Universe

| |

b

Galaxy surveys observe
the late Universe

Years after the Big Bang
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How con we measure These
cosmological poramefers?




How can we measure 108
cosmological parameters? 07
109
<
We can probe a cosmological model by % 10°
studying: 2 10t
-
(i) The history of expansion of the E 103
Universe (kinematics probe). 102
() ‘e dz 101%
<) = C :
X o H(z) 0
102 107t 10° 10? 107 10°
'The first Friedmann equation: redshift z

H(2) = HZ |Qn(1 + 2)% + (14 2)" + Q1 + 2)% + Qe (1 + 2)30F+)




How can we measure

cosmological parameters’?
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(i) The history of expansion of the [

Universe (kinematics probe).J§

(i) The history of the growth of I8

structure (dynamics probe). |§
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Some probes to measure cosmological parameters

History of Expansion

" Baryon -
5. 3

Acoustic Gl’ﬂi’lt}ﬁltl\ﬁna .

' Osc1llat10ns | ‘l
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More Growth, but also a bit of expansion
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In this talk...

' Bé’r}bh

g :

. Acoustic
. Oscillations” |
(BAO)

More Growth, but also a bit of expansion

'."Weak A |/ Galaxy |
_grayitational § . CléSter '
® lensing ~Counts

Large Scale
Structure (LSS) &'




Galaxy surveys: Photometric surveys for WL
Mapping the Universe

-30°

45°

DES Y3

2750

Credit:

Alex Amon




The Dark

‘Energy
Survey

(DES)~

Imaging galaxy survey.
5000 sq. deg. after 6 years
(2013-2019)

570-Megapixel digital camera,
DECam, mounted on the
Blanco 4-meter telescope at
Cerro Tololo Inter-American

Observatory (Chile).

Five filters are used (grizY ) with
a nominal limiting magnitude
iAB=24 and with a typical
exposure time of 90 sec for griz

and 45 sec for Y.
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Blanco & DECam

Telescope & Camera




Dark Energy Survey Collaboration
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The Dark Energy Survey (DES)

180"




Detecting galaxies
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Detecting galaxies




Large Scale Structure (LSS)

By the effect of gravity, matter (mostly dark) forms a complicated filamentary network known as the Large
Scale Structure (LSS) of the Universe.

Credit: Samuel Hinton.



* Given a random galaxy in a location, the correlation function describes the probability that another galaxy will be

found within a given distance.

* It can be thought of as a lumpiness factor - the higher the value for some distance scale, the more lumpy the Universe

is at that distance scale.

Dec

0.200 |
0.100 |

0.050

0.010 |

0.005

Galaxy clustering: two-point correlation function (2PCF)

'y
gy
H}

10 20
0 [arcmins]

50

100



Modeling two-point correlation functions...

Figure Credit: Carles Sanchez

E—— . . — 1.00
0.200 | _ I
0.95
i (£4+1/2 j [ +1/2
: q(S y X | 4 — X
0.100 | 10.90 wz(9)=/dzégcfo(f9)/dx g( : )deg( : )
-
O | {+1/2
S | 0.85 « Pt ( / ,Z(x)>
- 0.050 X
= - 10.80
a
§s lo7s ;
= 3 i Y ng(z(X)) dz
S " oo | q5g<k,x>b\<€,z<x>> i
o
@, =
0.010 | 0.6
| B 0.60 It is sensitive to the matter
0.005 | Theory . 055 power spectrum
| ® ¢ Data (through the galaxy bias)
— i - D 0.50

D 10 20 50 100
0 [arcmins] (Distance between galaxies)
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Galaxy bias

® Matter correlation function cannot be observed directly because most matter is in the form of dark matter. Galaxies populate dark
matter haloes and thus trace dark matter, but not perfectly.

® Galaxy bias: The statistical difference between the clustering of galaxies and that of dark matter.

Egg(T) = bQ(”') Ess(T) Pgg(r) = 62(7") Pss(r)

L 5
r -

“50 [MpC/Rj it milie®
f—_

l-’. f

10 [Mpc/h]
e

Dark
Matterkss

7'Galaxies

From Orsi e al. (2009)
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Gravitational lensing source &

 Strong gravitational lensing: If the bending produces multiple
images of the galaxy and/or arcs.

« Weak gravitational lensing: If the bending is small, the image of
galaxies are distorted, stretched and magnified in small amounts. The
distortion can be quantified with shear (shape) and convergence
(size).

observer




Weak gravitational lensing

Shear: Shape distortion Convergence:
Size distortion

Kk > ()

Lensing potential

- 2 Dy, -
() = ZDiD. d(D;0, z)dz
1
Y1 = —(5131 — 8232)¢ ; Yo = 01029




Measuring the shear

® We can’t measure the shear directly because the galaxies have some intrinsic ellipticity.
We need to average over hundreds of thousands of galaxies to average out the tangential
component of the intrinsic ellipticity:

S
e e+ (€) =7
No ellipticity Cosmic shear Galaxy ellipticity Observed ellipticity
e=0 y ~ 0.05 e~04 Galaxy

+
Cosmic shear




Weak gravitational lensing two-point correlation functions

Cosmic shear: source-source correlation Galaxy-galaxy lensing: lens-source correlation
Coherent distortion of galaxy shapes from large-scale langential distortion of galaxy shapes around
structure. individual galaxies in the foreground.

Source galaxies
v\@A
\ q

Source galaxies

Lens galaxy

N\
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LSS + WL: 3x2pt analysis

Large Scale Structure

(LSS)




LSS + WL Large Scale Structure , Wez}k,%a\iitqtio'nal’Léﬁsiﬁg'

3x2pt analysis DES lens galaxis

tracing the Large | A e DES SOU..I‘Cé' galaXies |
Scale Structure oo b (Shapes)ein

(Positions)




LSS + WL

3x2pt analysis

* Using two galaxy samples we
can construct three 2-point
correlation functions.

® 'The combination helps break
degeneracies and self-calibrate
nuisance parameters.

* 'This kind of analysis has been

performed using DES and
KiDS data.

Large Scale Structure

DES lens galaxies
tracing the Large
Scale Structure
(Positions)

Galaxy

autocorrelation
function
(Position-Position)

S99 = <5g 5g>
x b (8, Oy

, Weak,%a\fitqtio'nal’Léﬂsing
s - . . g . !

: DES sou,rCe‘. galaxies .

AShapes).

¥ s ¥ ..
* 5

Cds'mlc She.'qr- : ,
|@hipg-Shape) .

.

Galaxy-Galaxy .
Lensirig v

(Position—S.hape)_.

Egm = (0gOm) Emm = (Om Om)
b (dmdm)




LSS + WL

3x2pt analysis

* Using two galaxy samples we
can construct three 2-point
correlation functions.

® 'The combination helps break
degeneracies and self-calibrate
nuisance parameters.

* 'This kind of analysis has been

performed using DES and
KiDS data.

Large Scale Structure

DES lens galaxies
tracing the Large
Scale Structure
(Positions)

Galaxy

autocorrelation
function
(Position-Position)

S99 = <5g 5g>
x b (8, Oy

2x2pt

, Weak,%a\fitqtio'nal’Lénﬁsing
L - " § . !

: DES sou,rCe‘. galaxies .

- (Shapes)

4
Galaxy-Galaxy .
Lensirig v
(Position—S.hape)_'

Sgm = <5g 5m>
xb  (Omdm)

3x2pt
Cosmological
Results

°'_7.'Cd‘s'rﬁic She'qr- .
| (Shape-Shape) .

gmm — <5m 5m>

1x2pt




The WL + LSS onolysis in DES Y3

The DES Collaboration



Sevilla-Noarbe et al. (2021) Hartley, Choi et al. (P022)

In reality it is more DES Y3 3x2pt

complicated...
PSP PIFF
calloration
/ Jarvis et al. (20217)
Shear

LENZ " REDMAGIC MAGLIM =~ _ i SOMPZ SHAPE o ' |\iGESIMS BALROG
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SIMULATIONS
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DES Collaboration et al. (2022) DeRose et al. (2021)
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DES Y3 3x2pt

Galaxy samples

* 'Two lens samples, divided into 5 or 6 redshift
bins.

1. redMaGiC: 2.6 M galaxies. Selects
Luminous Red Galaxies (LRGs) according
to the magnitude-color-redshift relation
of red sequence galaxies, optimized have
excellent photometric redshifts.

2. MagLim: 10M galaxies. Denser

magnitude limited sample 7 < 42,50 + 18

® One source sample, using METACALIBRATION
to obtain the shears: 100 M galaxies (Gatt;,
Sheldon et al. (2020), arXiV: 2011.03408)

redMaGiC

0.0

0.2

0.4

A

WL sources

0.6 0.8

Redshift

1.0

1.2 1.4

1.6




Galaxy-galaxy lensing DES Y3 measurements and model

] 0.15 < 2 < 0.35 0.35 < 2 < 0.50 0.50 < z < 0.65
| % e» _redMaGiC HiDens | R redMaGiC HiDens : redMaGiC HiDens
e REDMAGIC S/N: | —~zs !‘*\ ; 5
: Sy : ] ) ]
i. Total:120. S I ! BREX
ii. After scale cuts -5 - | | _'
(>6Mpc/h): 55 ' [+
e 0.65 < 2 < 0.80 0.80 < 2 < 0.90 - -
e MAGLIM S/N: ] redMaGiC HiLum ] redMaGiC HiLum f [arcmin]
: 1077 5 3
i. Total:148. - bind
.. = ] 5 ; bin 2
ii. After scale cuts < 0; e
(>6Mpc/h): 67/ I zsbin4
107°

¢ |arcmin] 6 |arcmin]




3x2pt combination:
Free parameters and priors

Lens photo-z

Parameter Prior

Cosmology

Om Flat (0.1, 0.9)

10° As Flat (0.5,5.0)

Ns Flat (0.87, 1.07)

Qb Flat (0.03, 0.07)

h Flat (0.55,0.91)
- 10°Q, h? Flat (0.60, 6.44)

w Flat (—2.0, —0.33)

Lens Galaxy Bias

bi(i € [1,4]) Flat (0.8, 3.0)

Lens magnification

C} Fixed 1.21

Ct Fixed 1.15

C? Fixed 1.88

Ct Fixed 1.97

Azt x 107 Gaussian (—0.9,0.7)
Az x 107 Gaussian (—-3.5,1.1)
Az x 107 Gaussian (—0.5,0.6)
Az x 107 Gaussian (—0.7,0.6)
0 Gaussian (0.98, 0.06)
03,1 Gaussian (1.31,0.09)
02,1 Gaussian (0.87,0.05)
0;1,1 Gaussian (0.92,0.09)
Intrinsic Alignment

a; (i € [1,2]) Flat (—5,9)
ni (1 € [1,2]) Flat (—5,9)
bra Flat (0, 2)

20 Fixed 0.62
Source photo-z

Azl x 107 Gaussian (0.0, 1.8)
Az? x 10° Gaussian (0.0, 1.5)
Az x 10° Gaussian (0.0,1.1)
Az x 107 Gaussian (0.0,1.7)
Shear calibration

m' x 10° Gaussian (—0.6,0.9)
m? x 10° Gaussian (—2.0,0.8)
m° x 10° Gaussian (—2.4,0.8)
m* x 10° Gaussian (—3.7,0.8)




3x2pt combination: DES Y3 results

* We find consistency between cosmic
shear and 2x2pt.

e Cosmic shear most sensitive to
clustering amplitude.

* Galaxy clustering and galaxy-galaxy
lensing more sensitive to total
matter density.

DES Collaboration (2022)

2105.13549

— Fid. 3x2pt

= = ACDM-Opt. 3x2pt |

\\\
~




DES Collaboration (2022)
2105.13549

DES Y3 results: comparison
with DES Y1 and combination with

other DES Probes ACDM

DES Y3 3x2pt -
* A factor of 2.1 improvement | PESY3 (3x2pt+ BAO + SNe)—| |

in signal-to-noise from DES

Year 1, about 20% more than
expected from the increase in o7
observing area alone

* Including DES Y3 SNe [A
and DES Y3 BAO tightens

the constraints. &




Testing ACDM

Is the late time clustering compatible with the ACDM prediction assuming initial
conditions from the CMB?

CMB experiments observe Galaxy surveys observe
the early Universe the late Universe
I Years after the Big Bang
| | s

40 thdhisand 0.1 billion 1 billion 4 Filion 8 billion 13.8 billion

I l .’f 5 > V- Tf R v r v
The Big Bang . Dol .’/"Y{ - P — y
© T r'{ / :‘ ‘\
22 MoAK eLAS
= acg ~ /“- - % - .
3 e =3 “Ned 3
5 @g_g* a2 & X ' ' %
2 o T acR 2
by > ey * . ey QO
) / o ;
Y ((:2 % ;‘:‘ l/.\ N . - a ' ‘ - ; 4 &)
‘\ g" & R .J sé‘ | .\ “ o
W .. . Reioni tion. | - .
Fully ionised \gsSENeutral — — —> Fully ionised [P '
YI A | Ry - |- y ’ Spheres with
_radius 8Mpc/h
)00 100 10 |
Redshift + 1
As: Amplitude of primordial os: Amplitude of mass

scalar density fluctuations. Tmage credit: NAOJ fluctuations today.



Stress testing ACDM:

early vs late Universe

ACDM

Low-z: DES Y3 3Xx2pt

. -
® Planck and DES Y3 are consistent o Planck CMB—
assuming the ACDM model (1.50), |
although the clustering amplitude is N

lower for DES Y3 than Planck.

L 4
‘. *m,
L 4

~ *
.....




Stress testing ACDM:

early vs late Universe

Low-z: DES Y3 3x2pt

: : 1  Low-z: SNe la + BAO + RSD ---
® When combined with other external L owe s combined —

redshift probes (Pantheon SNe 1A, Planck CMB—
BOSS BAO, BOSS RSD), they are also K I

consistent (0.90), with smaller

*
-— - Ny,
&
*
*

L )
,_f“*f:qA\
I“
“‘
(h"’

uncertainties. SN

*
'''''

The real power comes when combining o ” N " . "
different probes!! oY QP Q7 Q> Q>




Where is the Ss
tension then?

| ACDM

ACDM

== DES ACDM-Opt. 3x2pt
= = DES ACDM-Opt. &,

KiDS+BOSS+2dFLenS Spec. 3x2pt

® Cosmic shear measurements in DES 1.0} DS COSEBIC

| HSC Pseudo-C

Y3 are 2.30 away from Planck. e P
=== Planck CMB

* All the other cosmic shear and 3x2pt
measurements are also below Planck.

DES Collaboration (2022) 2105.13549




Limitations of current 3x2pt analyses

Moving forward

m Only using large scales, due to not having good enough small scale models due to:

» Non-linear galaxy bias.

» Baryonic effects.

m Only using Gaussian information.

m Marginalizing over many nuisance parameters that include uncertainties from observational
systematics:

» Intrinsic alignments.

» Redshift uncertainties.
» Magnification
o Shear biases.

» Blending.

m Speed limitations. MCMC’s with so many nuisance parameters take a long time.




How did we define scale cuts?

¢ We contaminate our fiducial model with effects that are not included:
> Non-linear galaxy bias using perturbation theory (Pandey et. al 2020, 2008.05991).

» Baryonic effects (from OWLS hydrodynamical simulation) to the power spectrum.

® Ciriteria: No more than 0.3 sigma effect in the Sg-Q, plane.

® Result: Scales > 6 Mpc/h for galaxy-galaxy lensing and >8 Mpc/h for galaxy clustering.




Source
galaxies at the same

Intrinsic Alignments — reshicasth s
For galaxy-galaxy lensing

* 'The intrinsic galaxy shapes are not randomly
oriented.

® 'They are correlated with the position of the
lens when lenses and sources are at the same

redshift.

* This effect can bias the cosmological results if

not modeled properly.

 We use a 5 parameter model, Tidal

Alignment and Tidal Torque (TATT) model.
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Other things | have done recently that | didn't cover much today:

come ask me during the workshop if you’re interested in any of these!

* The Catalog-to-Cosmology framework for weak lensing and galaxy clustering for LSST:
Prat, Zuntz et al. (2022) — arXiv:2212.09345.

* Non-local contribution from small scales in galaxy-galaxy lensing: Comparison of
mitigation schemes: Prat, Zacharegkas et al. (2022) — arXiv:2212.03734.

* Galaxy-galaxy lensing around low-surface brightness galaxies (with Nathalie Chicoine,
undergraduate student at UChicago): Chicoine, Prat et al. (in prep).

* Galaxy-halo connection from galaxy-galaxy lensing (led by Georgios Zacharegkas, graduate
student at UChicago), Zacharegkas, Chang, Prat, et al. (2022) — arXiv:2106.08438

® Vacuum Energy Density Measured from Cosmological Data: Prat, Hogan et al. (2022) —
arXiv:2111.08151.




Conclusions and outlook

® The late-time DES Y3 3x2pt cosmology results are in agreement with early-Universe

predictions assuming the ACDM model at the 1.50 level. 'This is a very important end-to-
end test of ACDM.

¢ When combined with the other most constraining low-z probes (BAO and RSD from
BOSS DRI16, and Type Ia Supernova from Pantheon) the agreement is at the 0.9 sigma

level, with smaller uncertainties.

® However there are tensions on the Hubble parameter and a trend of low Sg measurements
from the late-time Universe vs. the early Universe.

® More stringent testing is needed to determine whether ACDM holds or not —> Let’s get
more information from galaxy surveys and other probes!




Thanks!

] udit Prat
4 Unversity of Chicago
UCSB astro lunch seminar 2022




