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3 Pillars of Modern Cosmological Measurements
T

* The light from the * Objects with constant e Surveys of galaxies use
moment the universe brightness - known, their distribution to probe
became neutral, 380,000 standard energy output the expansion of the
years after the Big Bang. like Supernovae universe.

Large Scale Structure Surveys

* Observe large regions of space to produce galaxy redshift surveys

e Growth of LSS gives info about time dependence of Gravity, Dark Energy

2=27.36 g
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Simulation Credit: National Center for
Supercomputer Applications by Andrey
Kravtsov (U Chicago) and Anatoly
Klypin (NMSU).




Boryon Acoustic. Oscittations
come Lrom sphecical waves of
matter in the very early
Universe. Golexies were moré

litwely to Lorm in the Olensest
reéq/ans, Creafi'y "bubbles" ‘
0?? galaxies.

We observe these as rings of
alaxies on fhe shy. BAO con
tell us what +he Universe was
like at its beginn/'nﬂ ancl how
i1s chcmy/ng.

Baryon Acoustic Oscillations (BAO)

* Travelled rapidly in the early universe

of recombination.

e ‘Standard ruler’ for expansion history

Visualizing the origin of the acoustic peak
Credits: Daniel Eisenstein, DESI Member

Credits: Claire Lamann, DESI Member
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* Pressure waves emanated from primordial dark matter halos

* Covering a comoving distance of 150 Mpc (sound horizon r,) between Big Bang and the epoch

Dark Matter, Gas, Photon, 110 yrs

z=82207

Radius (Mpc)




Two-Point Correlation Functions (2PCF)

Excess probability of finding galaxy within given distance of another galaxy

* Most common estimator: Landy - Szalay estimator

SEION RR(r)

* Data(D) - 3D Position coordinates of Galaxies

* Randoms(R) - Position of Galaxies from a Random sample

* based on the redshift distribution of the Data

60 80 100 120 140 160 180 200
s[Mpcih]

First Detection of BAO signal from early DESI data (Arxiv 2304.08427) **Another handy tool: Power SpeCtrum —the Fourier transform of ZPCF
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Dark Matter Halos & Galaxies

Dark matter collapses under gravity into dense, ~ spherical structures called halos

o Fundamental building blocks of cosmic web

o Gravitational anchors, or "cradles”

O

o Galaxies form and evolve here

Galaxy Bias: Galaxies form in densest regions of DM distribution

* Provide a biased view of underlying matter field

Characterized by Mass, V

peak (

Max. circular velocity across accretion history)
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Dark Energy Spectroscopic Instrument (DESI)

Probe expansion history of our Universe

Study the physics of galaxies and quasars

Construct 3D map - from nearby universe out to 11 billion light years
At 4m Mayall Telescope, KPNO, Arizona, USA
« Bandpass: 3,600 - 9,800 A
* 10 Spectrographs, 3 CCDs each- 4 ,and

5000 Robotically controlled Positioners (spectra of galaxies, stars)
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Focal Plane
Assembly w/
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positioners

New 6-lens wide-
field Corrector on
Hexapod

Ten thermally-
controlled 3-channel
Spectrographs
360-980 nm

Scan to know more about the DESI robots!
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DESI Dark Matter Tracers
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Vaisakh, et al (in Collab. Review)
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Modelling the Galaxy-Halo Connection

Define a mapping : Halo properties «== Galaxy properties
* Hydrodynamic simulations (computationally challenging!)

Large, high-resolution N-body simulations (e.g., Uchuu)
* Resolve substructure down to dwarf galaxies
* 8 Gpc3h3cubic box, Multiple snapshots

* Simple statistical prescriptions
e Halo Occupation Distribution (HOD)

* Empirical yet physically-motivated approaches
 Subhalo Abundance Matching (SHAM)

ingitp com
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Sequence of Events

el /0T Mock (:-‘,ala.lxies.‘. Observed Data

PN (Survey Distribution) (Quality Pipeline)
J\ Mock Statistics Survey Statistics

‘ ‘ (2PCF, Power Spectra, (2PCF, Power Spectra)

100s-1000s realizations)

v’ Compare Survey vs Mock

v' Validate Galaxy-Halo Model
v' Covariance Estimation

v' Cosmological Interpretation
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(Sub)halo Abundance Matching (SHAM)

* Physically-motivated
 Core Assumption: Galaxy property correlated with (sub)halo property

Probabilities - Centrals & Satellites

— Centrals
—— Satellites

Modified SHAM - accounts for the incompleteness & selection

effects
* Assume scatter inthe V, ., between galaxies and DM halos

* Gaussian Modeling method:
* Quantities of Interest: ‘V, .., (Mmean V ...), ‘f;,, (Satellite fraction), ‘o’ (Std.

Deviation)

400 500
Vpeak (Km/s)

Works remarkably well with very few free parameters
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Further modification in SHAM: ELGs

TPCF Mock vs. Data, 0.8 <z < 1.1

From simulation, select objects
> AVOId major mergers =— Ly (Vmean=195  sat=0

. . = Ly (Vmean=195.00, f_sat=0.420, 0=15)
» Slower moving satellites as ELGs

& Y3 (v1.1/PIP)

= £y (Vmean=195.00, f_sat=0.000, 0=15)

Satellites with high peculiar velocity -
» Subject to ram pressure

» Gas removed from satellite

 Star formation guenched

Residual %

Generate ELG Mocks using a Gaussian V., distribution
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Survey Realism

Must simulate imperfections of real survey

* Survey Footprint: Include galaxies in the parts of DESI observed sky
* Target Selection: Mimic algorithms deciding which objects are bright enough to be targeted
* Fiber Collisions: Robotic positioners can't be placed too close;

* We miss some close pairs of galaxies; must be modelled

(o))
)
©
@
v
()

R.A. [ded]
DESI Y3 footprint

1000 1500 2000 2500 3000 3500 4000
Effective Exposure Time [seconds]
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Results: DR2 Reference Mocks - QSOs

Reference Mocks: High Precision simulations

* Best estimate of what a given cosmology predicts about clustering properties of
DESI tracers

* Template for training and testing covariance mocks
~1.5M QSOs
Clustering evolution with redshift across z=0.8-1.1,1.1-1.4,1.4-1.7,1.7 - 2.1

Reasonable agreement with Survey data (1 Mpc/h onwards)

Vaisakh, et al (in Collab. Review)
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Results: DR2 Reference Mocks - ELGs

o ~6.5M ELGs
o Clustering evolution with redshift acrossz=0.8-1.1,1.1-1.3, 1.3- 1.6

o Reasonable agreement with Survey data (0.5 Mpc/h onwards)

3 Monopole - 0.8 <z<11 Y3 Monopole-1L1<z<13 Y3 Monopole-13 <z <16
———r————————r—r
— Y3 Uchuu-ELG

¥ VIEG
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Vaisakh, et al (in Collab. Review)
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Halo Occupation & Galaxy Bias

Halo Occupation Distribution (HOD) Galaxy Bias

Halo Model — describes DM distribution in terms of halos
Mass of a gravitationally bound DM halo € Number of

* Galaxy formation effects cause spatial
distribution of baryons to differ from that of DM

* Biasb= (/) >

galaxies forming in that halo
* Mean Halo Mass: 2.5 x 1012 M,

[l Prada et al, A&A, 698 (2025) A170 |
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Results: GLAM-Uchuu Covariance Mocks

G LAM (G 3 LAXy M OC kS) Si mu Iati on TPCF for 505 0.8 < 2 < 2.1- GLAM vs. Yiat;::::.a:slli Mocks

—— EZ(700)-FFAL=0
= GLAM(700)-FFAL=0
—— Yldatat=0

N-body code by Klypin & Prada,2018
Accurate estimation of covariance errors for N-point

s<xi(s) IMpc/n]

clustering
o Crucial in BAO analysis

o Massive mock production lowers systematic errors A gl g S

mocks against other simulations

0 25 50 75 100 125 150 175 200

s [Mpc/hl (AbacusSummit,EZMocks) and
g TR(;F covariances for QS0Os 0.8 < z < 2.1- GLAM vs Abacus/EZ Mocks survey data
Use Uchuu to tune GLAM mocks for Covariances a = Sy s e (Theoretical Covariances provided
e i gk by Misha Rashkovetskyi)

—— EZ(700)-FFAL=0

o 1000+ Mocks with different box-sizes and cosmologies — GLAM700,FFA =0
o Produced at MANEFRAME3/M3 (SMU), skun6
(Granada) & cosma8 (Durham)

s [Mpc/h)
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Cosmology Results: DESI DR2

Measured BAO distances from ~15 million galaxies & QSOs lo DARK ENERGTY changing??

Where predictions should fall if the
standard idea of dark energy is correct
(ie. A, energy density is constant)

across 0.1<z<2.1
o When combined with external probes (CMB, SNe),
o w,w,cosmology : Time-varying dark energy provides a
better fit (than LCDM) in some combinations
o Preference at~ 2.8-4.2 o depending on dataset

Expectations when

/ combining data from:
.

68% of predictions
based on data fall here

95% fall inside this line / A

-—

Lower valves mean density
NCreases more as space grows,

Where Mocks come into picture:
o Covariance matrices needed to quantify uncertainties

o Robust Model Testing under realistic survey conditions The combination of our best measurements
don’t fit the "best” model of the universe...
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How dark ener gy behaves today
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Summary & Future

o DESI currently delivering the most precise measurements of our universe's structure

o Quality of this data demands an equally sophisticated simulation and modelling infrastructure
o Currently producing reasonable results 0.5 Mpc/h onwards

When 95% of the total energy density of
the Universe isn't directly observable

n e

Continued development of mock catalogs is essential for:

o Testing theories of gravity

o Measuring the mass of the neutrino

o Constraining the nature of dark energy with unprecedented precision

The better our simulations, the more we can learn from our observations
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Spacewatch All-Sky Camera

2022-10-14 02:14:05 UT N 110.000000 sec

Outline

- ¢ Introduction
* Dark Matter Halos
* Galaxy Surveys (DESI)
* Galaxy Halo Connection

* Modelling
* Empirical models
« SHAM

e Results

001015726 S 300 75 90 50 50
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The Dark Matter Halo

Halo Mass Function Density Profile m Assembly History
s} 7 e s} s}

Subhalos - remnants that

Abundance of halos Halos not uniform spheres | were accreted and tidally
| stripped

]

Same mass Halos can have
very different histories

Exponentially more low-
mass halos than high-mass
ones!

Peaks at the centre and falls Some are early and dense,

off (see NFW profile) Host satellites

others late and more diffuse
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The Halo Mass Function:
A Key Prediction

* A cornerstone prediction of the ACDM model

* (dn/dM) - number density of halos of a given
mass at any cosmic epoch

* Tells us how many small halos versus how many
rare, giant halos we should expect in each volume
of space.

* This prediction from simulations is incredibly
robust and serves as the foundation for populating
our virtual universes
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Large Scale Structure Surveys

* Observe large regions of space to produce
galaxy redshift surveys

* Growth of LSS gives info about time
dependence of Gravity, Dark Energy

Simulation Credit: National Center for Supercomputer Applications by Andrey Kravtsov (U Chicago)
and Anatoly Klypin (NMSU).

Image Credits: DESI Science Outreach; Institute of Space
Sciences (ICE-CSIC) Outreach

Sloan Digital Sky Survey (SDSS) Dark Energy Spe;ét"rosé'opié Instrument (DESI)
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Quasars (QSOs)

e Direct tracers (z<2.1)
¢ Using Lyman-a
absorption features
(2.1<z<3.5)

Emission Line
Galaxies (ELGs)
up toz=1.6 (bright

forbidden [Oll]
emissions)

Milky Way
Survey (MWS)

e Stars, z~0

DESI uses

different
types of
DM tracers

Example spectra for the DESI target classes.

DESI Dark Matter Tracers
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Luminous Red
Galaxies (LRGSs)

up to Redshiftz =
1.1 (4000 A break)

5000 6000 8000
Credit: Ting-Wen Lan, DESI member ol A
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Halo Occupation
Distribution (HOD)

—— Central
Satellites

A purely statistical framework
P(N|M) - probability that a halo of mass M hosts N galaxies

Modeled as two separate components:
* Centrals: {N

* Below a minimum mass, M
galaxy

« Satellites: {(N__) x (M/M1)c
* No. of satellites grows as a power-law with halo mass

) is a step-function

cen

min» Nalos don't host a central

sat

* Model parameters (few too many) are tuned to match
observations

103 104
My (h='Mg)

S.Yuan, et al. 2306.06314
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Bridging the gap: Empirical Models

Computationally impossible to simulate the entire universe with full galaxy formation physics

Halo
Occupation
Models (HOD)

Subhalo Empirical Semi-Analytic
Abundance Forward Models
Matching Modelling

Hydrodynamical
Simulations

e Simulate Halos +
Gas

e Star formation +
Feedback

¢ Density Peak

(SHAM) « Density Peak evolution + Star

e Halo + galaxy
number
distribution
model (given host
halo properties)

* Halos & subhalos evolution + Star Formation/ gas

+ Galaxy-halo formation rates cooling/
connection Feedback

model

* Instead, we use empirical models to statistically connect the halo population (from dark matter-only
simulations) toth*  ed galaryRepdlation. Physical Models
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Closer to how
it all began!

Distant Universe
We’re here now!

Nearby Universe
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Constructing a Lightcone

Surveys don’t see a static cube of the universe
* Whenwe look at distant objects, we look back in time: A lightcone mimics this reality

Apply periodic wrapping
with the observer at a box
centre

Adjust number density to
match target values and
avoid shell interface
discontinuities

Cut cubic boxinto a
spherical shell, edges set
by comoving distances
between snapshots

Convert (x,y,z) to (RA,DEC,
Z), including peculiar
velocity effects along line
of sight
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Apply periodic replications
if shell edges exceed the
box size

Poso(Vieak) = Gs(Vpeak) + Ge(Vipeak)

Join spherical shells from
successive snapshots to
build the lightcone



