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Galaxy formation and evolution
Understanding our origins
but also constrain the cosmological model of the Universe
Understanding galaxies in the cosmological context and vice versa
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Properties:

Motivation

- stellar mass

- star formation rate

- morphology ...

Correlations:

- mass - star formation rate

- (local) density - mass - color ...
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Galaxy formation and evolution
Understanding our origins
but also constrain the cosmological model of the Universe
Understanding galaxies in the cosmological context and vice versa

| Hubble Ultra-Deep Field, * | .

Properties:

- stellar mass

- star formation rate

- morphology ...

Correlations:

- mass - star formation rate

- (local) density - mass - color ...

Motivation

e.g. Hubble 1926, Oemler 1974
Dressler 1980

Strategy Strateva et al. 2001

Global / Statistics:
- large surveys
e.g. Euclid, PFS, LSST, DESI
- cosmological simulations
e.g. Simba, NewHorizon
Local / Detailed analysis:
resolved surveys
e.g. Gaia, WEAVE, PHANGS
modelling
e.g. idealised simulations

Horizon-AGN *j " w1 N NewHorizon
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Modelling galaxy formation in a cosmological context
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Galaxy formation Introduction  Galaxies

Modelling galaxy formation in a cosmological context: greatest challenge
due to vast range of scales and numerous physical processes involved

coupling of scales

outflows
<
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Cosmological simulations

dark matter/N-body

Millennium-II

Dark Sky

Introduction  Galaxies as CW tracers

Ly-c tomography
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dark matter & baryons/hydro

+ “IustrisTNG

large volume/stats

Millennium Bolshoi

g

- “Horizon-AGN

Aquarius

Phoenix

Auriga

2019

zoom-in/details

Via Lactea
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Cosmological simulations

This lecture

large volume/stats

dark matter/N-body
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Large-scale structure Introduction  Gala

Modelling galaxy formation in a cosmological context
This lecture

Large-scale structure
impact on galaxies

- anisotropy of the cosmic web
- connectivity of the cosmic web
- groups within the cosmic web

impact of galaxies/cosmology

- morphology of LSS
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The Cosmic web
from observations ...

de Lapparent et al. 1986
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The Cosmic web
from observations ...

de Lapparent et al. 1986
Colless et al. 2003
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The Cosmic web
from observations ...

de Lapparent et al. 1986
Colless et al. 2003
Adelman-McCarthy et al. 2008
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The Cosmic web
...to theory

Klypin & Shandarin 1993
Bond, Kofman & Pogosyan 1996

Zel'dovich 1970
Doroshkevich & Shandarin 1978
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H Introduction
scale Universe 00000080000 000000000000000

The Cosmic web
...to theory

Klypin & Shandarin 1993
Bond, Kofman & Pogosyan 1996

Dark matter

Zel'dovich 1970

Marenostrum e Yepes et al. 2007
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The Cosmic web
...to theory

Klypin & Shandarin 1993
Bond, Kofman & Pogosyan 1996

Zel'dovich 1970
Marenostrum .
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The Multi-scale Universe
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The Cosmic web
...to theory

Klypin & Shandarin 1993
Bond, Kofman & Pogosyan 1996

Hessian

82
Jij =

1 1
— = =5, V2| &+ -5, VO
2.0; 3" 3"

traceless part
= tidal tensor o density

trace

NewHorizon @ Dubois et al. 2021 Horizon-AGN e Dubois et al. 2014
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Impact on galaxies

Q Scalar properties The Cosmic web
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Impact on galaxies

Q Scalar properties The Cosmic web

» Stellar mass: more massive galaxies closer to filaments/walls

e.g. Poudel et al. 2016, Kuutma et al. 2017, Malavasi et al. 2017
Kraljic et al. 2018, Laigle et al. 2018, Winkel et al. 2021

0.2 0.4 0.6 0.8 1.0

I
“%“ SDSS LOWZ CMASS redshift
GAMA VIPERS

COSMOS
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Impact on galaxies

Q Scalar properties The Cosmic web

» Stellar mass: more massive galaxies closer to filaments/walls

> sSFR/color: passive/red galaxies closer to filaments/walls
e.g. Poudel et al. 2016, Kuutma et al. 2017, Malavasi et al. 2017
Kraljic et al. 2018, Laigle et al. 2018, Winkel et al. 2021
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Impact on galaxies

Q Scalar properties The Cosmic web

» Stellar mass: more massive galaxies closer to filaments/walls
> sSFR/color: passive/red galaxies closer to filaments/walls
e.g. Poudel et al. 2016, Kuutma et al. 2017, Malavasi et al. 2017
Kraljic et al. 2018, Laigle et al. 2018, Winkel et al. 2021
consistent with hydro simulations
Horizon-AGN: Kraljic et al. 2018, Laigle et al. 2018

@ IustrisTNG: Hasan et al. 2023

Simba, Eagle, lllustrisTNG: Bulichi, Davé & Kraljic 2024
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I
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COSMOS
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The Cosmic web

a Scalar properties

» Stellar mass: more massive galaxies closer to filaments/walls

> sSFR/color: passive/red galaxies closer to filaments/walls
e.g. Poudel et al. 2016, Kuutma et al. 2017, Malavasi et al. 2017
Kraljic et al. 2018, Laigle et al. 2018, Winkel et al. 2021

> Metallicity/age/c elements: centrals at given (M, Mpalo) closer to the CW are more

metal rich, older, a-enhanced
Winkel et al. 2021

0.2 0.4 0.6 0.8 1.0
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The Cosmic web

a Scalar properties

» Stellar mass: more massive galaxies closer to filaments/walls
> sSFR/color: passive/red galaxies closer to filaments/walls
e.g. Poudel et al. 2016, Kuutma et al. 2017, Malavasi et al. 2017
Kraljic et al. 2018, Laigle et al. 2018, Winkel et al. 2021
> Metallicity/age/c elements: centrals at given (M, Mpalo) closer to the CW are more
metal rich, older, a-enhanced
Winkel et al. 2021

consistent with hydro simulations

/filaments
@ Simba, Eagle, IllustrisTNG: Bulichi, Davé & Kraljic 2024
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Impact on galaxies Introduction  Ga

Q Scalar properties The Cosmic web

» Stellar mass: more massive galaxies closer to filaments/walls
> sSFR/color: passive/red galaxies closer to filaments/walls
e.g. Poudel et al. 2016, Kuutma et al. 2017, Malavasi et al. 2017
Kraljic et al. 2018, Laigle et al. 2018, Winkel et al. 2021
> Metallicity/age/c elements: centrals at given (M, Mpalo) closer to the CW are more
metal rich, older, a-enhanced
Winkel et al. 2021

» Gas-phase metallicity: higher gas-phase metallicity closer to the CW beyond M, and p
Donnan, Tojeiro & Kraljic 2022
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1 | 1 1 >

I ]
I T
el s | redshift

Les Houches 2025 | Katarina Kraljic



The Cosmic web

a Scalar properties

» Stellar mass: more massive galaxies closer to filaments/walls

> sSFR/color: passive/red galaxies closer to filaments/walls
e.g. Poudel et al. 2016, Kuutma et al. 2017, Malavasi et al. 2017
Kraljic et al. 2018, Laigle et al. 2018, Winkel et al. 2021

> Metallicity/age/c elements: centrals at given (M, Mpalo) closer to the CW are more

metal rich, older, a-enhanced
Winkel et al. 2021

» Gas-phase metallicity: higher gas-phase metallicity closer to the CW beyond M, and p
Donnan, Tojeiro & Kraljic 2022

@ consistent with hydro simulations
lustrisTNG: Donnan, Tojeiro & Kraljic 2022
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Impact on galaxies Introduction  Ga

Q Scalar properties The Cosmic web

» Stellar mass: more massive galaxies closer to filaments/walls
> sSFR/color: passive/red galaxies closer to filaments/walls

e.g. Poudel et al. 2016, Kuutma et al. 2017, Malavasi et al. 2017
Kraljic et al. 2018, Laigle et al. 2018, Winkel et al. 2021
> Metallicity/age/c elements: centrals at given (M, Mpalo) closer to the CW are more
metal rich, older, a-enhanced
Winkel et al. 2021
» Gas-phase metallicity: higher gas-phase metallicity closer to the CW beyond M, and p
Donnan, Tojeiro & Kraljic 2022

e Spin properties

» Stellar mass: spin of high (low) mass galaxies L (||) to filaments
Welker et al. 2020 (galaxy), Barsanti et al. 2022 (bulge)

0.2 0.4 0.6 0.8 1.0
| | 1 | 1 1 >

%“ redshift
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The Cosmic web

G Scalar properties

» Stellar mass: more massive galaxies closer to filaments/walls

> sSFR/color: passive/red galaxies closer to filaments/walls
e.g. Poudel et al. 2016, Kuutma et al. 2017, Malavasi et al. 2017
Kraljic et al. 2018, Laigle et al. 2018, Winkel et al. 2021

> Metallicity/age/c elements: centrals at given (M, Mpalo) closer to the CW are more

metal rich, older, a-enhanced
Winkel et al. 2021

» Gas-phase metallicity: higher gas-phase metallicity closer to the CW beyond M, and p
Donnan, Tojeiro & Kraljic 2022

e Spin properties
» Stellar mass: spin of high (low) mass galaxies L (||) to filaments
Welker et al. 2020 (galaxy), Barsanti et al. 2022 (bulge)

consistent with hydro simulations

Simba: Kraljic et al. 2020a

@ Horizon-AGN: Dubois et al. 2014, Codis et al. 2018
Illustris: Wang et al. 2018

0.2 0.4 0.6 0.8 1.0
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The Cosmic web

a Scalar properties

» Stellar mass: more massive galaxies closer to filaments/walls
> sSFR/color: passive/red galaxies closer to filaments/walls

e.g. Poudel et al. 2016, Kuutma et al. 2017, Malavasi et al. 2017
Kraljic et al. 2018, Laigle et al. 2018, Winkel et al. 2021
> Metallicity/age/c elements: centrals at given (M, Mpalo) closer to the CW are more
metal rich, older, a-enhanced
Winkel et al. 2021
» Gas-phase metallicity: higher gas-phase metallicity closer to the CW beyond M, and p
Donnan, Tojeiro & Kraljic 2022

e Spin properties
» Stellar mass: spin of high (low) mass galaxies L (||) to filaments
Welker et al. 2020 (galaxy), Barsanti et al. 2022 (bulge)

» LTGs: spin H to filaments Tempel et al. 2013, Kraljic et al. 2021 vs Lee & Erdogu 2007
» SOs: spin | to filaments Tempel et al. 2013, Pahwa et al. 2016, Kraljic et al. 2021
0.2 0.4 0.6 0.8 1.0
I ] l ] ] l >
\ I T T T T T >
@l 5055 MaNGA ] redshift
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Introduction  Galaxies

The Cosmic web

Impact on galaxies

e Connectivity of the cosmic web
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Impact on galaxies Introduction  Ga

e Connectivity of the cosmic web The Cosmic web

> Stellar mass: more massive galaxies tend to have higher connectivity
Kraljic et al. 2020b (galaxies), Darragh-Ford et al. 2019 (BCGs), Sarron et al. 2019 (clusters)

0.2 0.4 0.6 0.8 1.0
1 | 1 1 >
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el s | redshift
COSMOS
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Impact on galaxies Introduction  Ga

e Connectivity of the cosmic web The Cosmic web

> Stellar mass: more massive galaxies tend to have higher connectivity
Kraljic et al. 2020b (galaxies), Darragh-Ford et al. 2019 (BCGs), Sarron et al. 2019 (clusters)

> sSFR: at fixed M, galaxies with higher connectivity tend to be passive

Kraljic et al. 2020b
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Introduction Ga

Impact on galaxies

The Cosmic web

e Connectivity of the cosmic web

> Stellar mass: more massive galaxies tend to have higher connectivity
Kraljic et al. 2020b (galaxies), Darragh-Ford et al. 2019 (BCGs), Sarron et al. 2019 (clusters)

> sSFR: at fixed M, galaxies with higher connectivity tend to be passive

» Morphology: at fixed M, galaxies with higher connectivity tend to be ellipticals
Kraljic et al. 2020b
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Introduction Ga

Impact on galaxies

e Connectivity of the cosmic web The Cosmic web

> Stellar mass: more massive galaxies tend to have higher connectivity
Kraljic et al. 2020b (galaxies), Darragh-Ford et al. 2019 (BCGs), Sarron et al. 2019 (clusters)
> sSFR: at fixed M, galaxies with higher connectivity tend to be passive

» Morphology: at fixed M, galaxies with higher connectivity tend to be ellipticals
Kraljic et al. 2020b

consistent with hydro simulations
@ Horizon-AGN, Simba: Kraljic et al. 2020b

> At fixed halo mass, galaxies with higher connectivity tend to have
- higher stellar mass
- lower sSFR
- more ellipsoidal morphology
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. . ) The Cosmic web
n Large-scale tides: impact on the halo assembly history

- mass, accretion rate, formation time of halos depend on the geometry of the saddle

Musso et al. 2018
see also e.g. Dalal et al. 2008, Hahn et al. 2009, Borzyszkowski et al. 2017

----------- mass

————— accretion rate

direction of filament

saddle- >

direction of void
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Interpretation Introduction  Ga

. . ) The Cosmic web
0 Large-scale tides: impact on the halo assembly history

- mass, accretion rate, formation time of halos depend on the geometry of the saddle

Musso et al. 2018
see also e.g. Dalal et al. 2008, Hahn et al. 2009, Borzyszkowski et al. 2017

log(M, /Mg) > 9.0

10.41
10.35
10.30
10.25
10.20
10.15
10.10
10.05
10.00
9.94
9.90
9.85
9.80
9.70
9.65
9.59

z[Mpc/h]
log M,

@ Horizon-AGN: Kraljic et al. 2019
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Interpretation Introduction  Ga

. . ) The Cosmic web
a Large-scale tides: impact on the halo assembly history

- mass, accretion rate, formation time of halos depend on the geometry of the saddle

Musso et al. 2018
see also e.g. Dalal et al. 2008, Hahn et al. 2009, Borzyszkowski et al. 2017

log(M, /Mg) > 9.0

1R

Age

& 0.40 10.96 < log M, < 11.99
10.41
10.35
10.30
10.25
10.20
10.15
- 1010 5
=z 1005 = 170 &
S 1000 2 N
= .04 - 3.80 =
9.90 | \ 2.80
985 2.10
.80 i \ 1.60
9.70 L2
9.65 105
959 ;i - l,;

@ Horizon-AGN: Kraljic et al. 2019
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Interpretation Introduction  Ga Ly-o tomograpl

. . ) The Cosmic web
“ Large-scale tides: impact on the halo assembly history

- mass, accretion rate, formation time of halos depend on the geometry of the saddle

Musso et al. 2018
see also e.g. Dalal et al. 2008, Hahn et al. 2009, Borzyszkowski et al. 2017

log(M,/Mo) 2 9.0 ~ Age 52 Morphology
e 0921 or sSFR
= 0.40) ‘
K 1041 ei0:96 < log M. <11.99 10.96 < log M, <11.99
10.35 '
N A 10.30 : (

1025 9
10.20
1015

= 010

é 1005 T 4.70

= 1000 % i

b 0.04 38
9.90 ‘ \ 250
9.85 2.10
950 ‘ ‘ 160
9.70 1.20
9.65 105

Jd LR ‘
2 0.0 0.8 7 7 ) ; -
y[Mpc/h] PDF y [Mpe/h)

@ Horizon-AGN: Kraljic et al. 2019
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0 Large-scale tides: impact on the halo assembly history

The Cosmic web

- mass, accretion rate, formation time of halos depend on the geometry of the saddle

2 [Mpe/h]

Les Houches

10.96 < log M, <11.99
i

Residuals
at fixed M*, Mhalov P

Age

-0.011

-0.014

-0.017

-0.020

-0.025

) 1 5 -0 030

0
y [Mpe/h]

-1

| Katarina Kraljic

Musso et al. 2018

see also e.g. Dalal et al. 2008, Hahn et al. 2009, Borzyszkowski et al. 2017

Morphology
10.96 < log M, <11.99

0.11

0.10

0.08

H0.06

H0.04

M0.02

y [Mpc/h]

0.00
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a Large-scale tides: impact on the halo assembly history
- mass, accretion rate, formation time of halos depend on the geometry of the saddle

2 [Mpe/h]

Les Houches

Residuals
at fixed M, My, p

Age

-0.011

-0.014

-0.017

-0.020

-0.025

-0.030

-1 0 1 2
y[Mpc/h]

| Katarina Kraljic

A age

Morphology
10.96 < log M, <11.99

0.18
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0.15

0.13
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0.10
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H0.06

H0.04

M0.02

0.00

y [Mpe/h]

AV/o

The Cosmic web

Musso et al. 2018
see also e.g. Dalal et al. 2008, Hahn et al. 2009, Borzyszkowski et al. 2017
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also vorticity
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0.015 2
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see also Pichon et al.
Codis et al. 2015, Laigle et al.
Song et al.
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Interpretation Introduction  Ga

. . ) The Cosmic web
0 Large-scale tides: impact on the halo assembly history

- mass, accretion rate, formation time of halos depend on the geometry of the saddle

Musso et al. 2018
see also e.g. Dalal et al. 2008, Hahn et al. 2009, Borzyszkowski et al. 2017

Large-scale tides: impact on galaxies o
- angular momentum advection near vorticity-rich filaments & AGN feedback

Kraljic et al. 2019
see also e.g. Pichon et al. 2011, Codis et al. 2015, Laigle et al. 2015, Song et al. 2021
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Interpretation Introduction  Ga Ly-a tomc

. . ) The Cosmic web
“ Large-scale tides: impact on the halo assembly history

- mass, accretion rate, formation time of halos depend on the geometry of the saddle

Musso et al. 2018
see also e.g. Dalal et al. 2008, Hahn et al. 2009, Borzyszkowski et al. 2017

Large-scale tides: impact on galaxies o
- angular momentum advection near vorticity-rich filaments & AGN feedback
Kraljic et al. 2019
see also e.g. Pichon et al. 2011, Codis et al. 2015, Laigle et al. 2015, Song et al. 2021

m Large-scale flow of halos

- suppressed accretion of external gas and gas loss via ram pressure after crossing walls

and filaments
Thompson, Smith & Kraljic 2023

— Gas/Halo relative motion

Les Houches 2025 | Katarina Kraljic



Interpretation Introduction  Ga

. . ) The Cosmic web
a Large-scale tides: impact on the halo assembly history

- mass, accretion rate, formation time of halos depend on the geometry of the saddle

Musso et al. 2018
see also e.g. Dalal et al. 2008, Hahn et al. 2009, Borzyszkowski et al. 2017

Large-scale tides: impact on galaxies o
- angular momentum advection near vorticity-rich filaments & AGN feedback
Kraljic et al. 2019
see also e.g. Pichon et al. 2011, Codis et al. 2015, Laigle et al. 2015, Song et al. 2021

m Large-scale flow of halos

- suppressed accretion of external gas and gas loss via ram pressure after crossing walls
and filaments

Thompson, Smith & Kraljic 2023
Large-scale filaments: gas properties m

- quenching near filaments due to shock heating of the gas & AGN feedback
Bulichi, Davé & Kraljic 2024
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Interpretation Introduction  Ga

. . ) The Cosmic web
a Large-scale tides: impact on the halo assembly history

- mass, accretion rate, formation time of halos depend on the geometry of the saddle

Musso et al. 2018
see also e.g. Dalal et al. 2008, Hahn et al. 2009, Borzyszkowski et al. 2017

Large-scale tides: impact on galaxies o
- angular momentum advection near vorticity-rich filaments & AGN feedback

Kraljic et al. 2019
see also e.g. Pichon et al. 2011, Codis et al. 2015, Laigle et al. 2015, Song et al. 2021

m Large-scale flow of halos
- suppressed accretion of external gas and gas loss via ram pressure after crossing walls
and filaments
Thompson, Smith & Kraljic 2023

Large-scale filaments: gas properties m
- quenching near filaments due to shock heating of the gas & AGN feedback
Bulichi, Davé & Kraljic 2024

0 The ‘cosmic web detachment’
- detachment of galaxies from filamentary accretion of cold gas at shell-crossing on
intergalactic scales
Aragon-Calvo et al. 2019

Les Houches 2025 | Katarina Kraljic
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Cosmic web tracers

0.0 1.0 2.0 3.0

redshift
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Cosmic web tracers

0.0 Spectro(3D) 1.0 2.0 3.0
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“‘e“ GAMA VIPERS
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apping the cosmic web Introduction

Cosmic web tracers

0.0 Spectro(3D)/Photo(2D) 1.0 2.0 3.0

SDSS LOWZ CMASS redshift
“‘e“ GAMA VIPERS

COSMOs

| Katarina Kraljic
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Cosmic web tracers

0.0 Spectro(3D)/Photo(2D) 1.0 2.0 Tomography 3.0

SDSS LOWZ  CMASS CLAMA redshift
“‘e“ GAMA VIPERS EBOSS

COSMOS WEAVE-QSO ™
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apping the cosmic web Introduction

Cosmic web tracers

0.0 Spectro(3D)/Photo(2D) 1.0 Spectro(3D) 2.0 Tomography 3.0

' : = : .
SDSS LOWZ  CMASS D CLAMATO redshift
“‘ GAMA VIPERS D EBOSS

o
o COSMOs

| Katarina Kraljic




Mapping the cosmic web Introduction

This lecture Cosmic web tracers

Part 1: Galaxies Part 2: Ly-« forest

0.0 Spectro(3D)/Photo(2D) 1.0 Spectro(3D) 2.0 Tomography 3.0
I >

1
I T
SDSS LOWZ CMASS redshift

“‘ GAMA VIPERS
COSMOS

CLAMATO
EBOSS

EUCLID*

| Katarina Kraljic



Cosmic web reconstruct Galaxies as CW tracers Ly-cv ¢t

Galaxy distribution in 3D
redshift space

Driver et al. 2009, 2011 | GAMA survey

Les Houches 202!

| Katarina Kraljic



Cosmic web reconstruc

Galaxy distribution in 3D
redshift space

Les Houches 2025 | Katarina Kraljic 1,



A Introduct Galaxies as cw Ly-c tomc
COSmlC web reconstruc 0 ‘ﬂ roauc n 5 X1 ES tracers Y-t

Galaxy distribution in 3D
redshift space

© e

Key issue:

» inhomogeneous universe: real space # redshift space

Les Houches 2025 | Katarina Kraljic



Cosmic web reconstructio ; Ly-c tome

Galaxy distribution in 3D
redshift space

© e

Key issue:

» inhomogeneous universe: real space # redshift space
» distances inferred from observed redshifts # comoving distances due to peculiar motions:

T(zobs) # T(Zcosrno)
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Ly-c tomc

Cosmic web reconstructio

Galaxy distribution in 3D
redshift space

Key issue:
» inhomogeneous universe: real space # redshift space
» distances inferred from observed redshifts # comoving distances due to peculiar motions:

T(zobs) # T(Zcosrno)

P redshift-space distortions: ‘Fingers-of-God effect’ - small-scale peculiar velocities of galaxies
Jackson 1972

‘Kaiser effect’ - large-scale matter flows
Kaiser 1987

Les Houches 2025 | Katarina Kraljic



Introduction  Galaxies as CW tracers Ly-cv tomc

Cosmic web reconstruction

Mock galaxy catalogues
1/ selection function, completeness, ...

100 FFull ; -
o 3 =
T 0 10! &
~100 : -
1 1 1 1 i 0
0.8 1.0 1.2 1.4 1.6 1C
redshift

Pearl et al. 2022
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Cosmic web reconstruction Introduction  Galaxies as CW tracers Ly-cv tomc

Mock galaxy catalogues
1/ selection function, completeness, ...

100 (-Full ; i 10%

10!

v [A=! Mpc]

number counts

—100

10°

0.8 1.0 1.2 1.4 1.6
redshift

Pearl et al. 2022

» DM-only simulation Bolshoi-Planck (Klypin et al. 2016):
- halo properties and assembly histories
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Cosmic web reconstruction Introduction  Galaxies as CW tracers Ly-cv tomc

Mock galaxy catalogues
1/ selection function, completeness, ...

100 (-Full ; i 10%

10!

v [A=! Mpc]

number counts

—100

10°

0.8 1.0 1.2 1.4 1.6
redshift

Pearl et al. 2022
» DM-only simulation Bolshoi-Planck (Klypin et al. 2016):
- halo properties and assembly histories
» empirical model UniverseMachine (Behroozi et al. 2019):
- calibrated to capture the statistical properties of galaxies
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Cosmic web reconstruction Introduction  Galaxies as CW tracers Ly-cv tomc

Mock galaxy catalogues
1/ selection function, completeness, ...

10?

10!

number counts

10°

0.8 1.0 1.2 1.4 1.6
redshift

Pearl et al. 2022
» DM-only simulation Bolshoi-Planck (Klypin et al. 2016):
- halo properties and assembly histories
» empirical model UniverseMachine (Behroozi et al. 2019):
- calibrated to capture the statistical properties of galaxies
» procedure CLIMBER (Pearl et al. 2022):
- mapping from physical to photometric properties informed by observations

Les Houches 2025 | Katarina Kraljic 14/39



H : Jucti Galaxi cw Ly-a tomo
Cosm'c Web reconstruction ; uction a.aé(les as tracers y-Q t

Mock galaxy catalogues
1/ selection function, completeness, ...

10?

1ber counts

v [A=! Mpc]

10°

0.8 1.0 1.2 1.4 1.6
redshift

10?
@
£ el
= 8
1 10' g
= E
S g

1 i - - 0

0.8 1.0 1.2 1.4 1.6 W

redshift

PFS selection: (z > 0.7& Y <225) || (z>1& Y > 225 & J < 22.8)

» 90% mass-complete sample of galaxies of all colors to ~ 3 x 1019 Mg

Les Houches 2025 | Katarina Kraljic



N Galaxies as CW tracers

Cosmic web reconstructi

Mock galaxy catalogues
11/ Redshift-space distortions

100 Fno FoG

v [h~! Mpc]
number counts

—100

10°

1 1 1 1
1800 2000 2200 2400 2600 2800 3000 3200
x [h~! Mpc]

Les Houches 2025 | Katarina Kraljic 15/39



Galaxies as CW tracers

Cosmic web reconstructio

Mock galaxy catalogues
11/ Redshift-space distortions

100 Fno FoG

2
= E
= S
- 8
= 2
= E

—100
L
1800
x [h~! Mpc]
100 ~w FoG 102

@
B E
= S
D 10* &
= 2
= s

—100
L I I 1 109
1800 2000 2200 2400 2600 2800 3000 3200
x [h~! Mpc]

. . . . 1 ec
» contribution from peculiar velocity: 1 4 zpec = ,/%
pec

Les Houches 2025 | Katarina Kraljic



H H ti Galaxi w Ly-a
Cosmic web reconstruction ToTt o R o e

Group reconstruction
I/ Friends-of-friends

Treyer et al. 2018, Kraljic et al. 2018
see also e.g. Huchra &Geller 1982, Knobel et al. 2009
Robotham et al. 2011, Duarte & Mamon 2014
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H i ti Galaxi cw Ly-a ton
Cosmic web reconstruction AT S SCIAUEE TR et

Group reconstruction
I/ Friends-of-friends

S
O b j Linking

dy 5 <bl
dji5 < T
b, - projected linking length
by - LoS linking length
=  _1(,-1/3 —1/3

Treyer et al. 2018, Kraljic et al. 2018 Tij = 3 (n,- +n; )

see also e.g. Huchra &Geller 1982, Knobel et al. 2009
Robotham et al. 2011, Duarte & Mamon 2014
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H H Galaxi cw Ly-
Cosmic web reconstruction B AXICS 25 S tracers L&t

Group reconstruction
11/ Optimisation

s Group cost function
0.08
Stot = QtotEtot

0.07
0.06 ' Q+ot - global grouping purity
0.05 FEiot - global grouping completeness
0.04

R= b”/bL - radial expansion factor
0.03

Treyer et al. 2018, Kraljic et al. 2018
see also e.g. Robotham et al. 2011
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Cosmic web reconstr o

Group reconstruction
111/ Group compression - correction of RSD

y [h~1 Mpc]
number counts

y [h=* Mpc]
number counts

< £

Q

= £l

= 8

- 13

i 2

=

- £
=l

1 | 1 4% 100
1800 2000 2200 2400 2600 2800 3000 3200
x [h~* Mpc]

> radial compression within groups: o = o
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Cosmic web reconstruction Celeriiss o= ct iewe

Group reconstruction
111/ Group compression - correction of RSD

group size
I L |
5-6 7-10 11-14 15-19 20-24 25-29 30-54 > 55

Kraljic et al. 2018 | GAMA
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H H H ti Galaxies as cw Ly-c tome
Osmlc web ldentl lcatlon uction X1 ES Ootracers Y-t

Characterisation of Large-scale structure
Discrete persistent structures extractor (DisPerSE)

2011

Sousbie 2011, Sousbie et al.
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iction  Galaxies as CW tracers  Ly-cv ton

Characterisation of Large-scale structure
Discrete persistent structures extractor (DisPerSE)

Idea: Morse theory (Milnor 1963) — global identification
of all types of significant structures

Walls Filaments & Nodes

2011

Sousbie 2011, Sousbie et al.

©
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iction  Galaxies as CW tracers  Ly-cv ton

Characterisation of Large-scale structure
Discrete persistent structures extractor (DisPerSE)

Idea: Morse theory (Milnor 1963) — global identification
of all types of significant structures
Reason: cosmic web features — equivalent in the Morse theory

Voids Walls Filaments & Nodes
ascending 1-manifolds &
descending 3-manifolds

I3

ascending 3-manifolds ascending 2-manifolds

2011

Sousbie 2011, Sousbie et al.

©

es Houche:
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Characterisation of Large-scale structure
Discrete persistent structures extractor (DisPerSE)

Idea: Morse theory (Milnor 1963) — global identification
of all types of significant structures
Reason: cosmic web features — equivalent in the Morse theory
Issue: Morse theory — defined for idealised, well-behaved,

smooth functions (Morse functions)

Voids Walls Filaments & Nodes
. _ . . _ . ascending 1-manifolds &

ascending 3-manifolds ascending 2-manifolds § T A S £ .
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d N

=

-

[

%

2

@

3

[o}

[%2]

~:

—

o

N

%

2

@

3

[o}

[%5]

Les Houches | Katarina Kral



i i H ti Galaxies as cw Ly-a tomo
osmic Web ldentl ication uction XI€S as Ootracers y-Qv t

Characterisation of Large-scale structure
Discrete persistent structures extractor (DisPerSE)

Idea: Morse theory (Milnor 1963) — global identification
of all types of significant structures
Reason: cosmic web features — equivalent in the Morse theory
Issue: Morse theory — defined for idealised, well-behaved,
smooth functions (Morse functions)
Solution: DisPerSE — discrete Morse theory & persistence theory

Voids Walls Filaments & Nodes
. _ . . _ . ascending 1-manifolds &

ascending 3-manifolds ascending 2-manifolds § T A S £ .
[ ’ b=

d N

=

-
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Cosmic web identification

R

Characterisation of Large-scale structure
Discrete persistent structures extractor (DisPerSE)

Galaxies

Filaments

DTFE density

Introduct

n

Galaxies as CW tracers Ly-cv tomc
@

Schaap & van de Weygaert 2000

y [Mpc]

-100 | DTFE density & filaments

L
200 400 600
x [Mpc]
[ aaraa— " :
0.1 0.35 1.2 4.3
1+0prre

Les Houches

25 | Katarina Kraljic

Kraljic et al. 2018 | GAMA




The Cosmic web identification
Nodes, filaments, walls, voids

Driver et al. 2009, 2011 | GAMA Sousbie et al. 2011 | DisPerSE



The Cosmic web identification
Nodes, filaments, walls, voids

Driver et al. 2009, 2011 | GAMA Sousbie et al. 2011 | DisPerSE
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Cosmic web reconstruction Celbritzs o @ e

Reconstructed galaxy density
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Cosmic web reconstruction Celbritzs o @ e

Reconstructed cosmic web

number counts

number counts

number counts

corrected FoG | | \
1200 1400 1600 1800
x [h~! Mpc]

10°
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Quality of the reconstruction

Cosmic web analysis

I/ Geometrical properties: length of filaments
surface of walls
volume of voids

Les Houches 2025 | Katarina Kraljic 24/39



Quality of the reconstruction Introduction  Galaxies as CW tracers Ly-cv tomc
o

Cosmic web analysis

I/ Geometrical properties: length of filaments
surface of walls
volume of voids

T T T T T T
LOF MockFoG Filaments |
== Mock"FoG
0.8} <eeeee MockFoGicor ]
0.6 -
=
[a)
=}
04l .
0.2F -
- \,
— — -
0.0F, ! ! I ] ]
-1 0 1 2 3 4

log,o(1/(h™" Mpc))
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Introduction Ly-c tomc

Quality of the reconstruction

Galaxies as CW tracers
o

Cosmic web analysis

I/ Geometrical properties: length of filaments
surface of walls
volume of voids

T T T T T T 0.4FT T T T T T T T T T
LOF MockFoG Filaments | Mock™FoG Walls
=== Mock"FC == Mock"FoG
0.8 -eeeee MockFoG-corr i o3k - MockFoG-corr |
0.6 B
59} 59
0.2 B
5 2
041 B
0.1f B
0.2F -
0.0k — \\.. ________ - 0.0k ——e ]
: Il Il L Il L L . L L L L L L L L L L
=l 0 1 2 3 4 -3 -2 -1 0 1 2 3 4 5 6
log;o({/(h™" Mpc)) log(S /(h™" Mpc)?)
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Quality of the reconstruction

Cosmic web analysis
11/ Topological property: connectivity
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Quality of the reconstruction Introduction  Galaxies as CW tracers  Ly-cv tome
°

Cosmic web analysis
11/ Topological property: connectivity

Y e
! Mock™0FeG
020 - Moaro
...... MockFedcor
0.15 A
59
g
0.10 A
0.05 i |
i N
L e

0.00

L L L L L L L Lo L
1 2 3 4 5 6 7 8 9 1011 12 13
connectivity
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Qua“ty of the reconstruction Introduction  Galaxies as CW tracers Ly-cv tomc
o

Cosmic web analysis
11/ Topological property: connectivity

T T T T T 1 T T T T
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Light from
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Cosmic web gas

To Observer /
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juction  Galax Ly-c tomography

Light from
~ Quasars/Galaxies

L
~

Idea: reconstruct CW from Ly-«
. tomography

Pichon et al. 2001, D'Odorico et al.
2006, Caucci et al. 2008 ...

To Observer
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Introdu Ga es -t tomography

00000000000 0000000000000 00 00000000000

__— Light from
Cosmic web gas — Quasars/Galaxies

Idea: reconstruct CW from Ly-«
tomography

Pichon et al. 2001, D'Odorico et al.
2006, Caucci et al. 2008 ...

Lee et al. 2018
5 <2< 2.5
5h1 Mpc

eBOSS Stripe-82 Ravoux et al. 2020

3.2
17.5h~1 Mpc
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Introduction  Galaxies as CW tracers Ly-c¢ tomography
IGM tomography 00000000000 000000000000 000 @00000000000

__— Light from
~ Quasars/Galaxies

|~
=

Cosmic web gas

Idea: reconstruct CW from Ly-«
tomography
Pichon et al. 2001, D'Odorico et al.

2006, Caucci et al. 2008 ...
Observations
Observer

CLAMATO Lee et al. 2018

- — 9o5hp 1
DESI DESI Collab. dros = 2.5h7" Mpe

PFS Takada et al. eBOSS Stripe-82 Ravoux et al. 2020

WEAVE-QSO Pieri et al. -21<2z2<32
MOSAIC Puech et al. - drLos = 17.5h7 1 Mpc
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IGM tomography

Surveys

William Herschel Telescope
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tomography

IGM tomography

Surveys

William Herschel Telescope

25 T/ [
=
©

[ ] -
WQ WIDE (6]
20 eBOSS Stripe-82 2.5<z<3
2.1<z<3.2 (Ravoux+20) @
[ ]
€ 15 =
E WQ HIGHDENS
2.15<z<2.5
2
g 10
£
b=
=
i
3
HIGHDENS footprint
0 - quasars my, < 23.¢
- 418 deg?
-215<2<25
10-4 10-3 10-2 10-1 - 111 sightlines/deg?

V4 [Gpc/h]S - dpos = 14 — 1711.7]'Mpc

Les Houches 2025 | Katarina Kraljic 2



-~ tomography

Modelling the Ly-« forest

5 ACDM N-body simulations GADGET2 Springel 2005
-1 (Gpch™1)3, 2048% DM particles
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tomography

Dark matter

LyMAS

Peirani et al. 2014, 2022

5 ACDM N-body simulations GADGET2 Springel 2005

-1 (Gpch™1)3, 2048% DM particles
=25

forest flux synthesised from DM using Horizon-AGN Dubois et al. 2014
with Ly-a Mass Association Scheme LyMAS2 Peirani et al. 2022

- Ly-c

Les Houches 2025 | Katarina Kraljic 2



Reconstruction
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Introduction  Galaxies as CW tracers Ly-c¢ tomography
00000000000 000000000000 000 OO0eO00000000

Inversion of the Ly-a forest

Wiener filtering e.g. Pichon et al. 2001, Caucci et al. 2008, Lee et al. 2018

- interpolation between the lines-of-sight
- estimated field: M = Cy345(Css + N) " 'D
- normal covariance matrix prior: |z — x2|?  |x17 — x27|?
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Inversion of the Ly-a forest

Wiener filtering e.g. Pichon et al. 2001, Caucci et al. 2008, Lee et al. 2018

- interpolation between the lines-of-sight
- estimated field: M = C,34;(Css + N)"'D
- normal covariance matrix prior:

, 2
Css(z1, T2, X1, X2T) = 055 €

Specific WEAVE-QSO settings:
- Ly =2 Mpc/h, Ly =16 Mpc/h (N

»0 g ‘:"f original field 1 reconstructed field
Lt = 16Mpc/h " Ly =16Mpc/h
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Adopted configurations

Ly-a - reference field
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Adopted configurations

Ly-a - reference field

Rwq - random LoS distribution & noise on spectra
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Reconstruc Ly-a somography

Adopted configurations

Ly-a - reference field
Rwq - random LoS distribution & noise on spectra

Ri,r - random LoS distribution & no noise
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Reconstruc Ly-c tomography

Adopted configurations

Ly-a - reference field
Rwq - random LoS distribution & noise on spectra
Ri,r - random LoS distribution & no noise

Ri,u - uniform LoS distribution & no noise
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Reconstruct Ly-a somography

reference Ly-a Adopted configurations

—

Ly-a - reference field

Rwq - random LoS distribution & noise on spectra
Ri,r - random LoS distribution & no noise

Ri,u - uniform LoS distribution & no noise

also

Ruoise - White Gaussian noise only
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Reconstruct Ly-a somography

reference Ly-a Adopted configurations

—

Ly-a - reference field

Rwq - random LoS distribution & noise on spectra
Ri,r - random LoS distribution & no noise

Ri,u - uniform LoS distribution & no noise

also

Ruoise - White Gaussian noise only

noise on spectra LoS sparsity
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Quality of the reconstruction Introduction  Gala : @ iEmEgEEy
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Critical points

Definitions
Critical points (signature)
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see also Shim et al. 2021 (rarity & redshift dependence)
and Shim et al. 2024 (probing cosmology)
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see also Shim et al. 2021 (rarity & redshift dependence)
and Shim et al. 2024 (probing cosmology)
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Critical points

Definitions
Critical points (signature)
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see also Shim et al. 2021 (rarity & redshift dependence)
and Shim et al. 2024 (probing cosmology)
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Qv tomography
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see also Shim et al. 2021 (rarity & redshift dependence)
and Shim et al. 2024 (probing cosmology)
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Critical points

Niype(V 2 Vtype,c)

Niype(V < Viype,c)

Definitions
Critical points (signature)
P (- —-) .. peaks
F (- -4 .. filaments
4% (—++) .. walls
+++) .. voids
1) -1
Rarity v = — = r/p
o (62)

... for peaks, filaments
Niype

... for walls, voids
Ntype

Clustering properties
(CiCj)

NRiNRj
(CiR;) (C;R:) \| Nc; Ne;

Davis & Peebles 1983

14 &ij(r) =
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Quality of the reconstruction g s Ly- tomography
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Critical points
Visual inspection
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Kraljic et al. 2022
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ality of the reconstruction : o e Lyt et
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Critical points
Visual inspection

Peaks & Filaments & Walls & Voids

Ha,
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Kraljic et al. 2022
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Quality of the reconstruction Introduction  Galaxies Q. tomography
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Critical points
1-point function

Absolute number counts

Ly=16Mpc/h
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Quality of the reconstruction

Introduction  Galaxies Q tomography
)OOO®0000

Critical points
1-point function

Absolute number counts

Ly=16Mpc/h

More critical points in reconstructed fields:

Nryy / NLy—a ~1.15
Ny, /NLy—a ~1.19

=tz ™ da
NRWQ/NL o 1.35

Les Houches 2025 | Katarina Kraljic

33/39



Quality of the reconstruction

tomography

)OO0®0000

Critical points
1-point function

Absolute number counts

Ly=16Mpc/h

More critical points in reconstructed fields:
NRI,U / NLy—a ~ 1.15
NRI,r / NLy—a ~ 1.19

=tz ™ da
NRWQ/NL o 1.35

Preserved (for all fields):
F/P (W/V) ~3
all extrema/all saddles

(P+W)/(F+V)~1
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Quality of the reconstruction Introduction  Galaxies @ tomography
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Critical points
2-point function: Auto-correlations

Lr=16Mpc/h; 10% rarest Lr=16Mpc/h; 10% rarest
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1/ anti-clustering at small r; 2/ positive & maximum; 3/ decrease towards 0 at large r
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Critical points
2-point function: Auto-correlations

Lt=16Mpc/h; 10% rarest
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Quality of the reconstruction W tracers  Ly-c tomography
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Critical points
2-point function: Cross-correlations
Over & under-dense critical points

Lr=16Mpc/h; 10% rarest
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Ly=16Mpc/h; 10% rarest
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1/ exclusion zone at small r; 2/ monotonic increase & no maximum; 3/ anticlustered at all r
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ality of the reconstruction Introduct Ly-& tomography
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Critical points
2-point function: Cross-correlations
Over & under-dense critical points

Ly=16Mpc/h; 10% rarest
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ality of the reconstruction Il Ly ey

Critical points
2-point function: Cross-correlations
Over & under-dense critical points

Lp=16Mpc/h; 10% rarest
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Differences w.r.t. the noise-only field
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Quality of the reconstruction Introduction  Galaxies Q. tomography
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Critical points
2-point function: Cross-correlations
Same over-density sign critical points

Lt=16Mpc/h; 10% rarest
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Geometrical properties of the Cosmic web: | ! Ly-a
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1/ divergence at small r; 2/ local maximum; 3/ decrease toward 0 at large r
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Quality of the reconstruction

-~ tomography
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Differences w.r.t. the noise-only field

Lt=16Mpc/h; 10% rarest
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2-point function: Cross-correlations
Same over-density sign critical points
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uction  Galaxies

Understanding galaxy evolution as a full multi-scale baryon cycle

cphology (oulence ¢ formatio,
WO s Wy &9 <

The full picture of structure formation can only be revealed by
studying its physics over a broad range of scales
over the next decade

2021 2022 2023 2026 2027 2031 2033
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1
JWST
EUCLID

Roman Telescope / WFIRST
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ulti-scale Universe

0.0 Spectro(3D)/Photo(2D) 1.0 2.0 Tomography 3.0
1 I 1 I
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“4“ SDSS LOWZ CMASS CLAMATO redshift
ﬂ\ GAMA VIPERS EBOSS
COSMOS WEAVE-QSO ™
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ulti-scale Universe

Tojeiro & Kraljic 2025

0.0 Spectro(3D)/Photo(2D) 1.0 Spectro(3D) 2.0 Tomography 3.0
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CMASS

VIPERS
COSMO0Ss

CLAMATO
EBOSS
WEAVE-QSO*

= redshift
EUCLID
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The Multi-scale Universe
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