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- Cosmology & Structure Formation

* Dark Matter & Galaxy Formation (Supernova feedback
- title of this workshop...) — no more “missing satellite problem’

» Baryons — High-z galaxies, Local dwarfs, Lya forest

 Recent JWST discoveries & their implications
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Evidence of Dark Matter

— success of CDM on large scales (=100 kpc)

e Stellar motions Lord Kelvin (1884); Kapteyn '22; Jeans’22: Oort ‘32

* Galaxy clusters — ~80% of mass is dark (Zwicky '33)

* Galaxy rotation curves (Rubin & Ford '70)

» Galactic disk stability (stellar kinematics; Ostriker & Peebles '74)

 Cosmic Microwave Background (CMB) — angular power spec.

e Structure formation — P(k), galaxy clustering, Ly-a forest
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* Gravitational lensing (strong & weak)

 Bullet Cluster (Markevich+'02; Clowe+'06)
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“"Concordance ACDM model ”

WMAP, Planck
SN la

(s, O, U, h, 05, m5) ~ (0.3,0.7,0.04,0.7, 0.8, 0.96)
Qv =~ 0.26

® Successful on large-scales (>1Mpc)

® Can we understand galaxy formation in this context!
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“Back-bone of structure”

“737 cosmology”
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“Standard Model’ of Cosmic Structure Formation EGebL)

Cosmic time

Years after the Big Bang
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Press-Schechter Mass Function (1974)

Ansatz : Probability of 05 > 0c(f) == fraction of mass contained in halos with mass >M
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Comparison with N-body simulation
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ellipsoidal collapse

(see also Mo & White ’'02)



DM halo & central galaxy

Intergalactic
medium

dark matter halo

luminous matter

(ct. Spherical collapse model)




1st-order Galaxy Formation

DM halo forms.

v

Gas infall
& shock heating

v

Gas dissipates,
cools,
& forms a disk.

Star, Galaxy Formation

"spherical cow”

Gas inflow

Virial shock

Rees & Ostriker 77
White & Rees 78
Fall & Efstathiou '80

1 ( js )N'zoo White & Fren!( ‘91
Mo, Mao & White ‘98




- Framework of Computational Cosmology -

General Relativity

Finstein Eqn —T—) Friedmann Eqgn
FRW metric Cosmological + Initial Condition
Parameters
Fluid Dynamics Gravity N-body techniques
for DM, stars
Eulerian mesh
UV background
: SPH Star F .
Atomic-Molecular + tar Formation
Physics ’ MS, SN, BH feedback
AMR .
Pop. synthesis
Moving mesh \» _
Galaxy Formation
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Cooling Curve

(Radiative Cooling Rate/Function)

Primordial Gas  — optically thin gas
Sutherland & Dopita '93 :
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A [107% erg cm?® s!]
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Cooling Curve @ T<104 K
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UV background (UVB) radiation
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Net cooling rate with heating
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ACDM challenged by small-scale problems?

Cusp-Core problem — simulations predict steeper inner DM halo profile

Flores & Primack '94: Moore '94

- Missing satellites problem — too much substructure”

Klypin+'99; Moore+'99

Too-big-to-fail problem — overabundance of massive & dense

substructures (in C

DM) that could host gals after reionization Boylan-Kolchins 1

Void phenomenon: gals in voids are too normal? .. s o1

Satellite plane problem: satellites aligned in a plane for both MW and

Andromeda




Substructure problem?
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Substructure Problem Solved?

== Milky Way

(classical satellites)
100

Cumulative # count

103 104 10° 10° 107 108 10°
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Stellar mass



No more Missing Satellites Problem??

Radial dist. of subhalos

s Veak = 6 kmi s :

p
Q !
Fe s Vieak = 10 km s ) ) ) )
= ——— Vpeuic > 18 kms ~ reionization suppression scale (M, ~ 10°M,, T, ~ 10*K)
= = T Observed Galaxies (subhalos below this mass cannot host UFDs
O due to photo-heating by UVB)
£
e
> | ~40-50 |
o <——— known ultra-faint dwarfs
>
= 1 - )
L Too many satellites problem
=
-
O
10 - -
0 20 0 (kpc)6° 50 100 Not enough dwarf gals in hydro sims
Graus+’19 Distance from gal center If you populate only above the
reionization suppression scale.

Latest obs by: SDSS, Pan-STARRS, DES, MagL.iteS,... cf. Garrison-Kimmel+’17; Jethwa+18; Kim+'18; Li+19



http://agorasimulations.org

AGORA

A High-resolution Galaxy Simulations Comparison Initiative: www.AGORAsimulations.org

High-res Galaxy Simulations AGORA Comparison Infrastructure AGORA Goal & Team
g y p
» Enabling ART-l ) ART-I Enabling
' ' Technology: Technology: . .
, MuSIC ENZO ){_GEAR - n;: o e GOAL: A collaborative, multi-
(O. Hahn) CHANGA (M. Turk) platform study to raise the realism
GADGET-2/3/4 and predictive power of galaxy
GASOLINE formation simulations
GIZMO
| Common Astrophysics
e s Halo Mass - N 5;:::: e TEAM: 160+ participants from
R : ooling, ar . R, .
Mv'.,c(‘:/\g:n) - UVBckgrgnd, Formation+ COKPO"‘O“ 60+ mshh:mons worldwude,
1010.1013 Stellar IMF, Feedback | e E representing 9+ codes as of 2021
SNe Yields P""“"il-’ Codes
Quiescent s
vs. Violent W‘:: . :
Assembly | | b e DATA SHARING: Simulations
Fislories Tei';:g','ggy: Cﬂ'}t’{:;’" outputs and analysis softwares will
GRACKLE Isolated Disk be shared with the community

(B. Smith) Simulation
Kim/ENIO

e Contact: santacruzgalaxy@gmail.com e Flagship paper by J. Kim et al. (2014), 2nd paper by J. Kim et al. (2016), 3rd paper by S. Roca-Fabrega et al. (2021)
data release on Flathub: http://flathub.flatironinstitute.org/agora arXiv:2001.04354 (Jan 2020)




AGORA Paper lll: Cosmo-Run

* 4 calibration steps

SN feedback model.

* the only constraint:

* only in the 4th step, we turn on our favorite

M, ~(1-=5)X 109h_1M® targeting the

abundance matching result at z=4.

Code Stellar feedback | SN & metal production model | Effective metal yield Runtime parameters
ART-1 T+K, RP SN Type Ia/ll, AGB stars* 0.033 Ethermal = 2 % 10°  ergs /SN, p =3.6 x 10° My kms~! /SN
ENZO T SN Type II 0.032 Ethermal = 5 x 10°% ergs /SN
RAMSES T, DC SN Type II 0.033 Ethermal = 4 x 10°! ergs /SN, Opin = 100 kms ™!, Tyepay = 10 Myr
CHANGA T+S SN Type Ia/II, AGB stars** 0.032 Ethermal = 5 x 10°! ergs /SN
GADGET-3 T+K, RP, DC SN Type 1a/11, AGB stars 0.025 Esn =4 x 10% ergs/ Mo, Tgelay = thot (see Section 3.2.5)
GEAR T, DC SN Type Ia/I1 0.024 Ethermal = 4.5 x 10°! ergs /SN, Tgelay = 5 Myr
GI1ZMO T+K SN Type II 0.033 Egn = 5 x 10°! ergs /SN

Roca-Fabrega+21

Calibration step 1

Calibration step 2

Calibration step 3

Calibration step 4

z=7

-Radiative cooling
and heating off
-Star formation off
-SNe feedback off

z=7

-Cooling/heating on
(Grackle3.1.1)
-Star formation off
-SNe feedback off

z=7

-Cooling/heating on
(Grackle3.1.1)
-Star formation on
(common)

-SNe feedback off
\ v

~ 7= 4 A

-Cooling/heating on
(Grackle3.1.1)
-Star formation on
(common)
-SNe feedback on

k(code dependent)J

.

4 N

Test of the gravity and
hydro solvers:

-Gas temperature and

density distributions

4 )

Test of Grackle3.1.1
implementation:

-Gas temperature and
density distributions

\_ J

( Test of the star \
formation
Implementation:

-Total stellar mass
-Gas temperature and

\density distributions )

( Set the feedback
strength to get a realistic
galactic system

-Stellar mass / halo
mass ratio vs.
abundance matching

(semi-empirical models)

- )

CosmoRun model
z=8,7,6,5,4

Figures
2and 3

Figures
4 and 5

Figures
6to 11

Figures
12 and 13



The AGORA High-resolution Galaxy Simulations Comparison Project. V: Satellite Galaxy Populations In A
Cosmological Zoom-in Simulation of A Milky Way-mass Halo

MINYONG JUNG 2,1 SANTI ROCA-FABREGA ,2:3:* JI-HOON Kim 20, 1:4:* ANNA GENINA,>* * LOIC HAUSAMMANN,% 7+ *
HYEONYONG Kim (2 1:8.% A1 ESSANDRO LUPL?: 10:* KENTARO NAGAMINE (2 111213, % younNy W. POWELL (2, 14
YVES REVAZ,”: * IKKOH SHIMIZU, ' * HECTOR VELAZQUEZ,'®:* DANIEL CEVERINO,!7: 18 JOEL R. PRiMACK 2,17
THOMAS R. QUINN,2? CLAYTON STRAWN 20,19 Tom ABEL ©2,21:22.23 AyisHAI DEKEL,%* BiLI DONG,2> BOON KIAT OH ',
ROMAIN TEYSSIER,2” AND THE AGORA COLLABORATION28:29

26,1

®

- 8 different Cosmological Hydrodynamic Codes
mesh: ART, Enzo, RAMSES
Lagr. —Eurlerian: AREPO, Gizmo

®
@ . @ | SPH: CHANGA, GADGET-3, GEAR

GADGET-3 GEAR AREPO-T

 Detailed examination of satellites down to z~2
& z~0

Projected Dark Matter Density (-£5)

®
®
® .
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ART1DMO ENZO-DMO RAMSES-DMO CHANGA-DMO * Hydro & DM-only runs

® & ®

GADGET-2-DMO GEAR-DMO AREPQ-DMO GIZMQ-DMO
—500 0 500
x (comoving kpc)

y (comoving kpc)




y (comoving kpc)

—250

0
x (comoving kpc)

P—
S

5)

g
cm=

Projected Dark Matter Density (-

white circles: halos
w. M, > 10'M
up to 0.5 Rvir



“Missing Satellites Problem”
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No more “Missing Satellites Problem”

CosmoRun atz=10.3

= ART-I (old)
—+— ENZO
—+— GADGET-3
~+— GEAR

AREPO-T

Stellar mass (log[Msr/h™'Mg))

w—— Milky Way

Observation

20-‘ - = M31
CosmoRuns, z ~ 2
_.__-.-\ --------- dark matter halos
154\ 1
d \
\
y
i\
10 4~ — \
‘ |\
s =y {"\\.
‘ \
| \ \ :
5 - -9
=
. \ "\
. - w— |
A ‘
: \ _"_. .................
10 20 30 40 50 60 70
Ovel (km/s)

Jung+ (including KN) ’24



Nhalo(> M)

o

o o
OO

Nhato/ (NVhalo.DMO)
wh

O
Q&

~#— ART-I I e =====~=
—4- ENZO
—»— RAMSES
—o-- CHANGA 102
—o- GADGET-3 :
—e-- GEAR '
—4=- AREPO-T ~
- GlZMO \\-/_cj —=— ART-I-DMO
£ —— ENZO-DMO
10! - —— RAMSES-DMO
—e-- CHANGA-DMO
—o- GADGET-2-DMO
—e-- GEAR-DMO
| = mesh-based codes . —i=- AREPO-DMO
——= particle-based codes " —¥- GIZMO-DMO
. i Y “510°- . . l .
/ﬁ;..{\\\\ ...... E 1.0- \\ ...........................................................
= \ AN
- \ wo T, ~ g — S "'\\-—\"’—;}—/‘
2051 X oga g N
= 7 NZe =
: . : . : ' = 0.0 - Z ; , : : '
.0 7.5 8.0 8.5 9.0 9.5 10.0 = 50 100 150 200 250 300
Dark matter mass (log[Mpaio /h“M@,]) Distance from the host (comoving kpc)

# of satellite halo is less in hydro sims compared to DM-only sim.

Jun including KN) 24
Reionization, UV background, ram-pressure/tidal stripping, SN feedback ung+ (including KN)



Number density of gals per dlogM

Dark Matter Halo —> Galaxies

log ( dn/dlog M )
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n(M) oc M~*
DM halo mass function

(ct. Press-Schechter theory 74
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m12qg FIRE simulation  mgm~2e5 M®/h €am=100 pc/h
Mp=5e3 M®/h €Ep=/ pc/h




Movies: zoom-in sim

Gas Density log(Temperature) log(Metallicity)

z=3.083

400ckpc/h 4 5 6 7 9 400ckpc/h

AGORA L12 GADGET3-Osaka sim. Shimizu, KN+19

cf. Roca-Fabrega+21 https://sites.google.com/site/santacruzcomparisonproject/


https://sites.google.com/site/santacruzcomparisonproject/

Stellar-to-Halo Mass Ratio (SHMR)

SN Feedback

Abundance Matching
0.01F result
E* ‘—?—Z=(l).(l)
. —r = 1.

~ - ———z=2.0
0.001 z=3.0
- ——z=40
z=35.0
——2z2=6.0
——2z=70

l—z=8.|0 | | |

0.0001 SEE— ot — e L1 11111 11 s

10'° 10! 10" 10" 10" 10"
M, M) Behroozi+'10, '13, ‘18

(cf. lloert+'10; George+'11; Leauthaud+'12)
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Different feedback models

Different CGM/IGM temperatures

Ni+ ‘21

log(Z/Zo)



AGN feedback models

 Two-mode AGN feedback model IIIUStrISTNG
. . . AREPO
Eddington-limited accretion: = M = min (MBondiaMEdd) ,
‘ 47CG2M]23HP M o 47[GMBHmp .
MBondi = 3 ) B E,0T |

§

- Eddington ratio threshold

M 2
¥ = min 0.002( — ) 0.1
108 M

hyEtherm =0.02Mc* thermal (quasar) mode

—

'k Eyin = €fxinMc”, kinetic (jet) mode (maintenance

mode)

I | p -
9  Efkin = mm( ,0,2) . weaker coupling in
0 o 0.05 psFihresh low-p environment

108

107 Weinberger+'18




Angular Momentum / Torque model

_EAGLE (GADGET-3)

Mpy = min(MBondi X min ((CS/V<1>)3/Cvisc, 1) ,MEdd), Rosas-Guevara+15,16

V& :average circular speed of gas around BH

.. » free param for viscosity of subgrid accretion disk

erer = 0.1 x 0.15 0.015.

Stochastic thermal heating only when sufficient to raise to ar- s«

~ SIMBA (Gizmo)

MBH — (]_ — Er) [min(MBondig MEdd) + min(MTorqu67 3MEdd)] |

1/6 —3/2 —1
) . 5/2 MBH Menc(RO) RO 1 - fO M
Mroraue = € fo' = X (108 M@> . ( 109M, ) \100pe U fae o/¥T;

gas inflow rate driven by grav. instabilities from galactic to the accretion disk scale, within Ro=2 h-1kpc
(Hopkins & Quataert '10; Angl'es-Alc’azar+ ’15,’17).
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Dark matter particle candidates

DM particle mass mDM

GeV-TeV CDM Thermal relic WIMP | (10GeV ~ 1TeV)

Vih &~ 0km/s

(ct. self-interacting DM)

ke ' WDM becomes non-relativistic earlier than CDM;
| w ~0.03km/s SUPPress perturbation at galactic or smaller scales
(gravitino, sterile neutrino,...)
a\/ HDM remains relativistic until late time, and erase
vin =~ 30km /s structures at super-galactic scales. (v,...)
ueV~meV standard QCD-axion
~1022¢eV FDM (Fuzzy DM; axion-like, ALP, ULA)



100 Kpe 100 kpc 100 kpc
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- WDM reduces substructure, but keeps the cusp.
- SIDM doesn’t reduce substructure, but produces a large core

o/m ~ 0.1—100 cm?/g



Recent JWST discoveries
& their implications




JWST launch
Dec 2021

400 thousand 0.1 billion 1 billion 13.8 billion

The Big Bang .. 7, '. :Ne’;t Frontier by
. . JWST,’ELT, TMT

First Quenched

Galaxies massive
. galaxies

N - . Reionization »

-

The Dark Age

First Stars

/ »
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: universe
Fully ionized @INButralized O Fully ionized \Q‘

1000 redshift 0




Redshift Frontier

o

ok Hdb@leProbés the Early Universe
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Ground-based observatories #»

. v P
Hubble Deep Field oy

L ’
-
‘v
IS

Hubble Ultra Deep Field

Hubble Ultra Dec:p-Field-lR.

& cv 'y
James Webb Space Telescope.

Redshift (2): R ' 7 10 >20

Time after  Present Ss] Iy " 15 . W . 4 . *. 800 480 200
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James Webb Space Telescope (JWST)

 Covering up to IR (0.6 —28.5 micron)
» Segmented mirror (6.5m) @L2 point (cf. Hubble 2.4m)

e ~10B USD project (~1.5JKH)

L aunched on Dec 25, 2021; First image released on July 12, 2022

primary mirror (diameter 6.5m)

Sun Shield

keep the telescope at -233°C




Am its orbit at Lagrange Point 2 (L2), nearly one million miles from

N
>/

_— -

LOCATION \

Earth, Webb has a relatively unobstructed view of the universe.

- WAVELENGTH RANGE

-

T—hZX-T1y7F

Webb detects light wavelengths from visible red to mid-infrared. *

L
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w1111
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Webb's large, segmented primary mirror gives it unprecedented
light-gathering ability.
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Galaxy Cluster SMACS 0723

First publicly released JWST image
July 11, 2022

4.6 billion yrs from Earth
z~0.4




Galaxy Cluster SMACS 0723




WEBB'S FIRST DEEP FIELD

THE SPARKLER

WEBB HUBBLE

9 Gyrs ago...




Grav. lensed gal in
MACS J1423:

Zeran ~ 8.3

spec

- [Oiii] detection

Firefly Sparkle

_%ijl!'l'si#w

.

Flrcﬂy_BF | 2 e » 10 star clusters
. g . M, ~ 10° = 10° M,
Firefly NBF

- nebular dominated spectra
—> high T, ~4x 10*K

 top-heavy IMF

/ g m—

Source Plane

F200W+F277W | Tkpc




Cosmic Star Formation Rate

Ve 7 _
5 ~ HST, ALMA, JWST o
= “ e Spitzer
—' 1} ]
= < This Work T
l:-. (const. efficiency at z > 9)
> —3 [ - -~ Madau&Dickinson 14
D, - == Mason+15
H .
) —4 Mashian+16
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& _g[ ——~ Tacchellat18 % WX 23
. V
0 Oesch+18 \ O,
O . N\ ’
— Behroozi+20 \
6 \ 2l
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Present Redshift Past

Harikane+23
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More high-z galaxies
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Larger number of z>12 gals than in simulations?

Number/mag/Mpc*

S
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Dayal+14,19
Yung+20
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we » » = Wilkins+22
we we = Mason+22
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o =42
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x10 higher!
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Integrated down to
Myyv = — 18.0 mag

Constant SF Efficiency
Harikane+18.,22
- = = Mason+15.,23

Previous studies (phot-z)
<> Harikane+23
O

Donnan+23

O  Perez-Gonzalez+23
X[ JBouwens+20.22a.22b
O Finkelstein+15

o Coe+13

v Ellis+13

<l

Redshift



Anomalous abundance ratios — top-heavy IMF?

Globular :
Cluster 0.0F :

__—05¢

™

r

&
i
|
i

[N/O]
log (N/O

—1.0F

—1.5¢F

7.0 75 3.0 3.5 9.0

12 +.Iog (O/H).
12+log(O/H)
Watanabe+’23 Cameron+’23a




High nebular continuum — top heavy IMF?

- GS-NDG-9422
100 2 =5.943
- EWiormasoor = 2080 + 17 A
: Balmer jump = 15.0 = 0.9 nly H

% 10|
ii i \fﬂjbL”&~“~"M-#"nﬂnﬁﬂu~ﬂJvlﬂ f

! / Mod LH(W "JWU }M |
] .l{},,'ill‘ll'[ll R
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W!: :

2 3 4
Observed wavelength [um]

r Total nebular continuum

fv

Free-bound

Free-free
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Rest-frame wavelength [A]

Cameron+'23b



Primordial He abundance from local EMPGs
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DRAFT VERSION DECEMBER 29, 2023
Typeset using [ATEX twocolumn style in AASTeX631

Probing Chemical Enrichment in Extremely Metal-Poor Galaxies and First (Galaxies

KEITA FUKUSHIMA,! KENTARO NAGAMINE,'%3 AKINORI MATSUMOTO,*® YUKI ISOBE,*® Masami OucHL,®% 7
TAKAYUKI R. SAITOH,® AND YUTAKA HIrAT 10
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Lya forest & IGM tomography



ST _‘ 4

Understanding

e ,. I B amE the matter
CROCODILE =~ ~ = N3 =

o distribution:
simuiation DM, gas, stars
HIl, metals, dust, ...

25 & 50 Mpc/h
Star formation
SN & AGN fb
uvB

Dr. Wani L
-- ~ | Oku &KN 24
@Osaka U. | . . * -

‘ arXiv:2401.06324
—  10mME = W



https://www.youtube.com/watch?v=va60KPnOFXQ

Quasar absorption line and Ly-a forest

(a beam of light from a supermassive black hole)

(rest-frame 1216A)

10_1 T | T T T | T T | T T T | \1 T | T T T | T T T 1‘—_:
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ALA

obs: Weymann+81; Cowie+95; Rauch+98 theory: Cen+94; Hernquist+96; Miralda-Escude+96; Croft+98; Zhang+97, 98



Quasar absorption line and Ly-a forest
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Ly-a forest demonstration movie

Quasar

(very bright SMBH)
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https://www.youtube.com/watch?v=6Bn7Ka0Tjjw

|IGM tomography

background gals

Cosmological
hydro simulation | /(’) Many Lya forest skewers

Numerous background
star-forming galaxies

2 8 Yo Reconstruct baryon
density field

HI distribution In
large-scale structure

Observer
& Jo~ (adapted from M. White)

TMT JP Science Book 2020

e.g. CLAMATO survey | Lee+'14




Tomographic Reconstruction of 3D Lya forest absorption
24 star-forming gals (SFGs) @ z~ 2.3 - 2.8

230 Mpc/h z=2.28
= 4)}/ /k( iy z= 243
I ]m N (7& ¥ 25 :'/} >
| _ o’ DS — 2\ & ; d
14 Mpc/h '/B-V) |’ ) 4 : VO k < | | ~ 4 \ ‘.\/
C \ NS . - 4 )
N (" K AL O ) /)
~ =220 1 0% NV o Can we learn
S ¢ QLT " about feedback
-, = 06 | '\ P ut feedbac
5, = -0.4 z2=228 - z . 9
e golb - 23 from this*

CLAMATO survey (Lee+’14)
(COSMOS Lya mapping and tomography observations)

>~ 2.3 moderate spec res. R = A)\)\ ~ 1000

g 2 23 star-forming gal.
€E3D 7 2— 90 MpC/h
eventually 1 deg?

~1000 SFGs (60Mpc/h)2 x 300Mpc/h




SuM

(Subaru Measurement of Images

and Redshift)
a 5+5 year survey program

exploiting FOV ~1.5° of 8.2m Subaru
Imaging with Hyper-SuprimeCam (HSC)
e 8/0M pixels

® ~20M galaxy images, 1400 sq. deg.

e 2014-2019, 300 nights

with \ cf. DESI, Euclid,
PrimeFocusSpectrograph (PFS) # PSF e MOONS,

® 2400 optical fibers g =l Bk WEAVE-QSO,
® ~4M redshifts b T J-PAS, ...
o 2024~ 300+ nights e W

® Jike SDSS on 8.2m telescope!

Many other surveys:

Pl: Murayama)

Green+21, the PFS Galaxy Evolution public doc (arXiv:2206.14908)



Using the light cone to study feedback effects

GADGET3-0Osaka cosmological simulation: Lpox= 100 Mpc/h, N=2 x 5123

1. No-feedback 2. Const. wind velocity (Springel & Hernquist ’03)
3. Osaka feedback model (Shimizu+’19) 4. FG09 vs. HM12 UVB, 5. Self-shielding or not.

w/ various models

Light-cone @ z~2-3, 100 A~ *cMpc (height) x 1 h~'cGpe x 10h™ 'cMpc (depth) (but no AGN FB yet)
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Line-of-sight example (z=2.4 - 2.6)

(~ 2 connected simulation box)

transmission =

gas overdensity

HIl overdensity

peculiar velocity

3
temperature -, T AV Y

| | | | | | |
2.400 2.425 2.450 2.475 2.500 2.525 2.550 2.575 2.600

Redshift

Various statistics can be computed from this: 1. Flux PDF, 2. 1D Pk(v), 3. Flux contrast (1D, 2D)
KN+’21



Flux PDF

Lya forest statistics
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Lya forest mean flux contrast vs. Impact param.

Flux Contrast

Np=—op=1-
F=e"

background source

Intervening galaxy

i?b -

Impact
parameter

A

Stronger HI absorption

1.0F. l

0.8

log, b [cMpc|

Impact Parameter from galaxies
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Lya forest via HydroBAM — hierarchical bias mapping

Sinigaglia, Kitaura + ’21, ‘22

Dark
Matter

Hierarchical approach
6HII (1") q B = P(E)HH(T) | @{édm(r)@).'](', n.l. terms})

lonized
Gas
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Models the Lya forest with accurate summary statistics up to 3-pt

Feedback in (100 Mpc h-1)3




Complexity of Cosmological Baryon Phase Diagrams
OPgas OPHI ol

Full .

Joint Prob. Distribution

P(n, {O}).

) N = pgas’ PHI> I
Knots 3 *

Measure the bias:
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. | . ;/]
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Bias Assignment Method (BAM)

First, characterize the DM distribution:
(i) Local property: Op

(i) Non-local property:
e.g., cosmic web classification via

eigen values of tidal field tensor (long range)

T-web T = 0;0; ¢

cf. Hahn+'07, Ferero-Romero+09, Zhao+15, Libeskind+18

Trace: [° = AN+ A+ )\;
12¢ — )\1)\2 + )\2)\3 2 )\1)\3
Determinant: [? = A A2 A3

I?-web

Kitaura+20

Balaguera-Antolinez+’18,19

Kitaura+’22
Sinigaglia+’21, ‘22

In summary,

1. Local 6: {©} ={f(6)}
2. T-web : {O} = {f(d), knots, filaments, sheets, voids}

3. I?-web : {©} = {£(6), g, gU))
4. I-web : {©} = {f(8), g(I}), g(E))},

f(x) = log(2 + x) gx)=2(x*—y)/ (n—"y) —1
v = min(x%), 7 = max(x®)

mapping large range of I into [-1, 1]

g(I3) g(I3)

—0.50 =0.25 0.00 0.25 0.50

f(édm)

-0.6 -0.4 -0.2 0.0 0.2 0.4

:c[h_l Mpc]

0 20 40 60 80

nonlocal more local

only local



P(k) as a cost function
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Results: 2D maps & one-point PDF
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FGPA: 7=A(1+ 04m)f, F =exp(-1)

cf. Harrington+21; Horowitz+'21 Sinigaglia+’22




Results: power spectrum
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