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Galaxy Formation Hydrodynamical Simulations
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Physical Processes in Hydrodynamical Simulations

> LO n g ra n g e p hys i CS ( kp C- M p C) gas inter- star stellar n?:s‘,);(;e active magnetic radiation cosmic
- Gravity

- Hydrodynamics

: : galactic : :
cooling L formation feedback Ega:glg e HEE fields rays

>~ Subgrid physics/baryon phys.
(AU - pc, kpc)
Sta r fo rm ati O n * N-body methods based on integral Poisson’s equation « Lagrangian methods

(e.g. tree, fast multipole) (e.g. s_moothed particle hydrodynamics)
* N-body methods based on differential Poisson’s equation  Eulerian methods

Collisionless Gravitational Dynamics Hydrodynamics

" e.g. particle-mesh, multigrid (e.g. adaptive-mesh-refinement)
CO O I I n g ( UV/ X- ray b a C kg rO u n d ) . ;\l-gogy hybrid methods I dark matter « Arbitrary Lagrangian-Eulerian methods

(e.g. TreePM) (e.g.- moving mesh)

Stellar feedback (wind, SNe) el - Mesh-ree | mesh-based

Newtonian gravity in an

BH h/AGN feedback
9 rOWt e e a C _ = |inear perturbation theory el Zoom galax
Dark Matter Dark Ener Initial Conditions
and more advanced ones —
: . « cosmological constan e inflati ted initial
. | EoEElEme et I . dynamical dark energy perturbations on top of
IVI a g n etl C fl e I d as dark matter alternative * self-interacting dark matter * inhomogeneous dark homogeneous Friedmann
* modified gravity » fuzzy dark matter energy . model
Cosmic rays

as dark energy alternative ° .. coupled dark energy
Radiative transfer loursberaers (2020

Ken Osato (Chiba University) East Asian Meeting on Large Galaxy Surveys for Cosmology and Galaxy Formation: 05/06/2025



Hydrodynamics: Lagrangian v.s. Eulerian

> L a g ran g i an Lagrangian ’ Eulerialn IIII
O, ;/' O ) t discretize sp __:__'L
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\ © I dt \3,’5_, i v_v_i B g S
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v/ Pros e E—,
Continuity equation
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Robust computation P b p¥.g =0 % 4 T (ow) =0
. . . h\g’ . d%verlger}ge divergence
change o of velocity of mass fusk
High density regions et
Momentum equation
o dv = = ov S = =
resolved with more T = - I - Ve o (V7)) = ~VP- V0
rt o I ch;;:of giz‘siigfli ravgfgéonal mqu?%rgctll r(r)lulfclux
pa ICIES First law of thermodynamics
((ii—:’ = —%ﬁﬁ-#“"j}’m 8(5:) = — V- [(pu+ P)3] — n’A(u, p)
v ~ Vv - ~— ive?rence
x Co n S enel?g}af1 ri)geer ?rflass ac%liabgtic lossels by ecgle%régep%i Ofdenerggy flux
changes cooling volume
Kernel density estimate Reconstruction
Too robust even in " Kemels |
nulX) = i
[ J [ [ ] — PCM E
unphysical situations =t
Underdense region
7 h; Un-z-"l“"“‘; "
not well resolved ——— 560560 S

: n : n+l ' n+2
Valentini & Dolag (2025)

> Eulerian
discretize with grids

v Pros

Uniform resolution
Better scaling

X Cons
Take costs even for

underdense regions
(can be mitigated
with mesh refinement)

Ken Osato (Chiba University)
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Hydrodynamics: Lagrangian v.s. Eulerian

» SWIFT: SPH (Lagrangian) > Enzo: AMR (Eulerian)
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Hydrodynamics: Lagrangian v.s. Eulerian

» SWIFT: SPH (Lagrangian)

1000 Mpc

Credit: FLAMINGO team

Ken Osato (Chiba University)

» Hereafter, we focus only on
Lagrangian (particle) methods.
» Nomenclature
- N-body (DM only) simulation
= DM particles (collisionless)
- Hydrodynamical simulation
= DM particles (collisionless)
+ gas particles (collisional)
+ star particles (collisionless)

4+ Caveat: Each particle does not correspond
to a physical element (molecule, star),
but an assembly of them

(typically, 105-107 Mgyn).

East Asian Meeting on Large Galaxy Surveys for Cosmology and Galaxy Formation: 05/06/2025
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Radiative Cooling and Star Formation

e Radiative cooling | Cooling function | .| *isths "
Gas cools through emissions. The cooling rate . 1 N
depends on the chemical composition. W, ——

* Multi-phase ISM model
(Springel & Hernquist, 2003) \ ]

- Hot gas: cools due to thermal instability " Maio+ (2007)

- Cold clouds: deplete due to star formation, — caargot s
evaporate due to SN |

- Stars: form from cold clouds, recycle to hot gas as SN e (%’ Cold clouds

gas restitution,
C dd'(;c = '(;C AP lt)c | ul if Apet(on, uy), Thermal instability el condenisn 1 Molecuar cors
. : h — Je Star formation

H o =p2 g2 - - =L Ao 5 % =f; ﬁ —a-p% ous ) e,

- T SN explosion Merlin and Chiosi (2007)

SN evaporation

Ken Osato (Chiba University) East Asian Meeting on Large Galaxy Surveys for Cosmology and Galaxy Formation: 05/06/2025



Stellar and AGN Feedback

e Stellar mass function

102 . o | o S ' L | ' R | ' T
 Stellar feedback o b Mt 1o AGN feedback
(galactic winds, SNe) % B M, (GAMA2017) (SMBH)

* M, (Bernardi+2013) |

oF
regulates star formation=1" quenches star

. Eo 10 2 e . .
at low-mass galaxies, 3 Ly T L : formation of
e [ E . o
produces metals = 0 _: massive galaxies.
i~ N

for SNe 107

10()'7 . ...l.. .
107 108

L T
109

. l1.011 l . l1l012 .1l013 l l .1.014.l . l1l015
MMo]  Bullock & Boylan-Kolchin (2017)

1IwvmMmuaAly

2| 2
101()

4+ Challenges in feedback process

- How energy/momentum is transferred to gas:
thermal or kinetic?

- AGN accretion has multiple modes: quasar and radio.

Hydro sims can have enough resolution for AGN activity? & e v oot oo w0 oo,
Valentini+ (2020)

Ken Osato (Chiba University) East Asian Meeting on Large Galaxy Surveys for Cosmology and Galaxy Formation: 05/06/2025



State-of-the-Art Hydrodynamical Simulations
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State-of-the-Art Hydrodynamical Simulations

Table 2: Recent structure and galaxy formation simulations

simulation volume method“ mass spatial primary
resolution’ resolution® reference

Mpc’] M) [kpc]
+ baryons
Ilustris 1073 TreePM+MMFV  6.7x10°/1.3x10° 1.42/0.71 Vogelsberger et al. (2014)!4°
Horizon-AGN 1423 PM/ML+AMR 8.0x107 /1.0x10’ 1.0/1.0 Dubois et al. (2014)38°
EAGLE 100° TreePM+SPH 9.7x10°/1.8x10° 0.7/0.7 Schaye et al. (2015)'%*
MassiveBlack-2 1433 TreePM+SPH 1.6x107 /3.2x10° 2.64/2.64 Khandai et al. (2015)38!
Bluetides? 5743 TreePM+SPH 1.7x107 /3.4x10° 0.24/0.24 Feng et al. (2016)3%2
Magneticum 68° TreePM+SPH 5.3x107 /1.1x10’ 1.4/0.7-1.4 Bocquet et al. (2016)%°
MUFASA 74° TreePM+MLFM  9.6x107 /1.8x10’ 0.74/0.74 Daveé et al. (2016)°%°
BAHAMAS 5713 TreePM+SPH 5.5x10°/1.1x10° 0.25/0.25 McCarthy et al. (2017)%4
Romulus25 25° Tree/FM+SPH 3.4x10° /2.1x10° 0.25/0.25 Tremmel et al. (2017)°%
IlustrisTNG® 1113 TreePM+MMFV  7.5x10°/1.4x10° 0.74/0.19 Springel et al. (2018)%’
Simba/ 1473 TreePM+MLFM 1.4x108 /2.7x107 0.74/0.74 Davé et al. (2019)'8?

Ken Osato (Chiba University)

Vogelsberger+ (2020)
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State-of-the-Art Hydrodynamical Simulations

4+ Modern hydrodynamical simulations
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Morphology of Simulated Galaxies

4+ Local properties such as galaxy
morphology are also reproduced
in hydrodynamical simulations.

HlustrisTNG / TNG-100
Tacchella+ 2019

+ * 47

(g-r) colour [mag]
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Outcomes of Hydrodynamical Simulations

[

4+ Hydrodynamical simulations SRR
can reproduce a wide variety of oSN
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Outcomes of Hydrodynamical Simulations

4+ The effects of different subgrid physics can be addressed in hydro sims.
= Hydro sims are a powerful tool to quantify such effects on observables.

e BH mass
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Impacts of Baryon Physics on Dark Matter Halos

4+ Baryon physics disrupts density profiles
of dark matter halos due to

adiabatic contraction and feedback processes.
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Dark-matter-only simulations

c-M relation
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Impacts of Baryon Physics on Large-scale Structures

4+ AGN feedback suppresses growth of structures on scales of k ~ 0.5-10 h/Mpc.
Radiative cooling promotes contraction at very small scales (k > 10 h/Mpc).

e P(k) ratio w/ and w/o baryon phys.

I
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e Weak lensing power spectrum

0+
Source redshift z,

Osato, Liu, Haiman (2022)
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Baryon Physics Solves Sg Tension?

4 Inconsistency (> 1-20) of constraints on
Ss parameter (amplitude of density fluctuations )
between CMB and LSS (WL, galaxy clustering, ...).
= Baryon physics is more active at low-z and
suppresses growth of structures.
Promising mechanism to explain the Ss tension!

... but analysis of
HSC Y3 WL with
models with baryon
physics incorporated
still prefers low Ss.
AGN feedback is

too weak to reconcile
the tension.

Ken Osato (Chiba University)
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* CMB Planck TT,TE,EE+lowE

*CMB ACT+WMAP

* CMB Planck TT,TE,EE+lowE+lensing

- Aghanim et al. (2020d)
- Aghanim et al. (2020d)
- Aiola et al. (2020)

Early Universe

Late Universe
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0.745 Kohlinger et al. (2017)
759 Hildebrandt et al. (2017)
0782 Amon et al. and Secco et al. (2021)
8804 Troxel et al. (2018)
0787 Hamana et al. (2020)
074 Hikage et al. (2019)
Joudaki et al. (2017)
0.795 .
07781 Miyatake et al. (2022)
0.766 Garcia—Garcia et al. (2021)
0.743 Heymaps et al. (2021)
0776 Joudaki et al. (2018)
0T Abbott et al. (2021)
0.728 Abbott et al. (2018d)
0.8 Troster et al. (2020)
van Uitert et al. (2018)
0.751
* GC BOSS DR12 bispectrum 07 " Philcox et al. (2021)
* GC BOSS+eBOSS 736 - Ivanov et al. (2021)
* GC BOSS power spectra 0.3 - Chen et al. (2021)
* GC BOSS DR12 570 - Troster et al. (2020)
* GC BOSS galaxy power spectrum 073 * Ivanov et al. (2020)
* GC+CMBL DELS+Planck 0.784 - White et al. (2022)
* GC+CMBL unWISE+Planck +HOH - Krolewski et al. (2021)
0.78
* CC AMICO KiDS-DR3 0.65 - Lesci et al. (2021)
* CC DES-Y1 0.79 - Abbott et al. (2020d)
* CC SDSS-DRS8 0831 - Costanzi et al. (2019)
* CC XMM-XXL 077 © i - Pacaud et al. (2018)
* CC ROSAT (WtG) - Mantz et al. (2015)
0.749
* CCSPT tSZ 0.785 * Bocquet et al. (2019)
* CC Planck tSZ %03 - Salvati et al. (2018)
* CC Planck tSZ ——i - Ade et al. (2016d)
0.7
* RSD 0747 " Benisty (2021)
* RSD - Kazantzidis and Perivolaropoulos (2018)
0.2 0.4 0.6 0.8 1.0 1.2

Abdalla+ (2022)




Baryon Physics Solves Sg Tension?

4+ AGN feedback suppresses growth of structures on scales of k ~ 1-10 h/Mpc.
Radiative cooling promotes contraction at very small scales (k > 10 h/Mpc).

e P(k) ratio w/ and w/o baryon phys.
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Chisari+ (2018)

e Weak lensing power spectrum
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Simulations as Virtual Multi-wavelength Observatory

Dark matter density
Gas density " *
4+ Hydrodynamical simulations

give direct access to fundamental
physical quantities. Stellar mass density
= But they are not usually direct

observables in observations.
We need to connect simulations  Gas-phase metallicity FEsiSE &
to observations. |

Gas velocity field
Gas temperature

Shock Mach number

Magnetic field strength F v, © & =, b P
C % ule o |
X-ray luminosity | o B * "

T O EE e T ) B ST O GO (T O CEEET 68 B
O Density ) q T Gas Density Jog M., ¥pc | Gas Velooty [bm Stelar Density Jog M., dpc ) ‘m‘rh'ulv'[w_ <] Gas Metslkcity log 2., Hock Mech Number gretic Fisld pog uGl  Xoray [logerg s ' ko
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Simulating Galaxy Spectra from Hydrodynamical Simulations

» Subhalo (=galaxy) in lllustrisTNG DM s

M — 385 X 1013h_1M® 0 : ‘ Gas\wsoo
M.=195x10"n'My Stat....z

T=18000
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Simulating Galaxy Spectra from Hydrodynamical Simulations

* Subhalo (=galaxy) in lllustrisTNG 18400

M = 3.85 X 1013h_1M® 118300

M.=195x10" "' M, :
Star particle

[h—1 kpc]

T-18100

T~18000

~17900

26600

>0 26450 Q"
/\%’Q

26400 “;¥?

600
700

=Z°/é\1k 800

])C/ 26350

26300

1000
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Simulating Galaxy Spectra from Hydrodynamical Simulations

* Subhalo (=galaxy) in lllustrisTNG 18400

M = 3.85 X 1013h_1M® 118300

M. =1.95x 10" h=' M Star particle -
| \ T-18000
(Z ’ Mini’ Zf01rm)

Metalicity Redshift of formatigh 26600
Initial mass 26550

500
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Simulating Galaxy Spectra from Hydrodynamical Simulations

Stellar population synthesis code

e Sul PEGASE-3 (Fioc & Rocca-Volmerange, 2019) 118100
— R 6 1~18300
_ — Salpeter55 10°F —
— MillerScalo79 ]
—  Kroupa01l | 10°F
M . — Chabrier03individual | O
- — Chabrier03system |; 104 ~18200 @F
% — 4 Y
> 7] St rticl 0
z 3 ar particie |
S g wr =<
g § ol T-18100
2 5 L
ﬁ 0% =5 million years b
s ol 20 mil!ign years | g
10° I s AN 15000
] 10-2 = —— 10 billion years
1073 Y WEE—— S 30000 10000 5000 3000
10-2 10-1 100 101 ]_02 Surface Temperature (K) Z M
Mass [Solar mass] 9 1n1, Zform ~17900

Metalicity Redshift of formatigh 26600
Initial mass 26550

26500

O
2645/(1/ &8

1000 26300
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Simulating Galaxy Spectra from Hydrodynamical Simulations

Stellar population synthesis code
e Sul PEGASE-3 (Fioc & Rocca-Volmerange, 2019) 18400

— e sl T18300
— Salpeter55 ] _
: = Gmaaanl| | —
M* — ,<-]\ — Chabrier03system |3 ~\18200-MQ4
£ 0 ° -
: Star particle ,
_8 g 10 S
§ § 101 T-18100 &
E 101 O smill il "~
rZU 01k e 20 mil!ignyears » "
0 = o - \ L 18000
10-]3.0-2 T ‘]‘.“Ol-l T ‘i‘60 T ‘i“(l)l ‘ll ‘inoz 30600 Surface ggiogeratur:(():g;) 2000 Z
Mass [Solar mass] ( 9 1 Lﬂ 1n1, Zform) ~17900
Photo-ionization in nebular regionetalicity Redshift of formatigh 2660
N L Initial mass 26550
am
g 34 26500
= O
<®) 33 | 8 2645/({/%&
— 32F :4
o0 0
_q 31 | | AN | |
2 4 6 8 2 4 6 8 2 4 6 8
Byler+(2018) Age (Myr) Age (Myr) Age (Myr) 1000 26300

Ken Osato (Chiba University) East Asian Meeting on Large Galaxy Surveys for Cosmology and Galaxy Formation: 05/06/2025



Simulating Galaxy Spectra from Hydrodynamical Simulations

Stellar population synthesis code Spectral energy distribution:
e Sul PEGASE-3 (Fioc & Rocca-Volmerange, 2019) Continuum + Nebular Lines
| _.
- E”'l'ppsojsm | 1046
M = " meoyeem | o -
* T SE]\ [ e lm
: 3 Star particle
% g 0 \q__)/ 1045
z 1 5 b ~<
Um’ 10 10° = - bq
rzc 10-1 ‘-*‘ /<
102 : L 2 104
" =t AR \¥ \ 2 10 '
Mass [Solar mass] (Z, Mlnl’ Zform) c 1
° ° ° ° ° . . - 1043
Photo-ionization in nebular regionetalicity Redshift —
< . 1042 e
= N 107 10* 107
‘S 331 Wavelength A (A)
— 392} 26400 Q)&
E}D 31 : 1 : 26350
2 4 06 8 900
Byler+ (2018) Age (Myr) 1000 26300
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Simulating Galaxy Spectra from Hydrodynamical Simulations

42 T
ngth A (A)

108

- 42 6
Stellar populatic y distribution:
e Sul PEGASE-3 (Fioc & - 424 lebular Lines
~ Stellar IN _
— 10— —— - 42.2 '_'
— Millel i
M. =: . '
k=3 - 420 &o
ugJ Q)
% 10" \ - I 41.8 E
= o)
107 | ]
s 416 <
10 -2‘ .”““l-l‘ ‘“““IO — i ;j’l,,
o 10Mass [Slo?ar mas %0 Ll
. . —
Photo-ioniza 41 4

boo 21 g0 100 110 120 130 140 )
— s i (h_i Mpc) KO & Okumura (2023)
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Galaxy Colour Bimodality

* Bimodality can also be reproduced in simulations!

— 350

10.5 < log(M,/Mg) €411.0

=t 300

- 250

1 11.0 < log(M,/M) <€ 11.5

- 200

- 150

10.0 < log(M,/Ms) <010.5 11.5 < log(M,/Ms) <€ 12.0

=t 100

02 04 06 08 10 02 04 06 08 10 1. 9.0 9.5 10.0 10.5 11.0 11.5 12.0
qg—r qg—r log M, [Mc)]
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CAMELS

4+ CAMELS (Cosmology and
Astrophysics with MachinE | Mstrisme  sueA
Learning Simulations) SRS SRS

Suite of N-body/hydrodynamical
cosmological simulations:

- 7,208 N-body sims.

- 9,752 hydrodynamical sims.

» Cosmological parameters and
AGN feedback parameters are
sampled in Latin hyper cube.

Villaescusa-Navarro+ (2020)

Ken Osato (Chiba University) East Asian Meeting on Large Galaxy Surveys for Cosmology and Galaxy Formation: 05/06/2025


https://www.youtube.com/watch?v=-Za5Eer0DXw

CAMELS

4+ CAMELS (Cosmology and
Astrophysics with MachinE | Mstrisme  sueA
Learning Simulations) SRS SRS

Suite of N-body/hydrodynamical
cosmological simulations:

- 7,208 N-body sims.

- 9,752 hydrodynamical sims.

» Cosmological parameters and
AGN feedback parameters are
sampled in Latin hyper cube.

Villaescusa-Navarro+ (2020)
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https://www.youtube.com/watch?v=-Za5Eer0DXw

Challenges in Cosmological Hydrodynamical Simulations

Magneticum/SLOW lllustris

BH seeding: halo stellar mass feedback BH seeding: feedback

]
e Computational challenge:
d ° ° I I h ;T-Idrg::s'((;f;ee”ez?azzgl':gtlon’ ___ halo mass > 7.1x10"" MO .. .. radiative electro-magnetic
H y rO S I m S a re ty p I Ca y m U C m O re via Mer/Mstar relatiogn BH mass at seeding: 1.4x10° Mg A . fe‘*gdaiaié‘o‘fﬂ%”%?i
. . BH feeding: Borjndi formula, . BH feeding: Bondi formula, “" .
( ~ X1 O O - 1 O O O ) eX p e n S |Ve t h a n D IVI O S I m S o boosted a=100; in some runs, ’_M = 0.01Mgqq a=100, accretion reduced if low .—-M = 0.05Mpqq

hot and cold gas accretion, N as pressure surrounding the BH
a=10 for hot, 100 for cold gas K gas p g

It hinders large-box (~ Gpc) and multiple runs. s amms snancaeiof 0 1 cnamics: oostionn, s

and boosted dynamical mass Cea fixed to local potential minimum

.....
.

. . . . EAGLE lllustris-TNG
e Subgrid physics implementation: N ocbsck o essae o

.

tea,
.

.

10
halo mass > 1.5x10 Mo halo mass > 7.4x10!° Mg ... radiative electro-magnetic

*.. AGN feedback changes

I N COSMOoO I O g ica I hyd ro Si m Sl BH mass at seeding: 1.5x10° Mg, e BH mass at seeding: 1.2x10° Mg . gas cooling rate

BH feeding: Bondi formula, @ W BH feeding: Bondi formula, ._|M.'=f(MBH), < 0.1Mpgy,

subgrid physics is always approximation Rt 1) mem
and has large uncertainty. g on i poal oo oo |
Different hydro sims employ | |

Simba (New)Horizon-AGN

different approaches. cH seoding: foodback o seoding feodback

stellar mass in halo > 10°> Mg bipolar outflows, starforming gas, 0>20-100km/s| . | agiative and jet efficiencies,
, zero opening angle, . e e g
BH mass at seedlng: 1.4x10* M@ 4] // to angular momentum BH mass at Seedmg- 10° MO et and jet dwectng: Sﬁpse;ﬁ

of the accretion disc

BH feeding: torque-limited cold
gas accretion capped to 3xMp,, ¢

o ASt ro p hys i Ca I ass u m pti O n S : and Eddington limited Bondli

accretion for hot gas (a=0.1)

. . BH feeding: Bondi formula, .__._ . .
M. =0.02Mgsq 1\t boosted, Eddington-limited M., = 0.01Mg4q
X-ray feedback

heating gas .
BH dynamics: drag force of

the gas onto BH and enforced
mesh refinement around the BH

Valentini and Dolag (2025)

BH dynamics: repositioning, BH

IMF, metal yields, etc. are accurate enough? 0 loce okl i
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Part ll: Cosmology with
Subaru Pr|me Focus /Spectrogpaph
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Subaru Prime Focus Spectrograph

Spectrograph System (SpS) Prime Focus Instrument (PFI)

e ~$90M project, being led by Kavli IPMU
(PI: Hitoshi Murayama, PM: Naoyuki Tamura,
°S: Masahiro Takada)
* |nstitutes in 6 countries are also involved
(US, France, Taiwan, Brazil, Germany, China)
e Mentioned in several places of US Astro2020
2394 fibers, wide field-of-view,
[0.38,1.26]nm, 8.2m collecting power
e \We start our large-scale surveys
from early 2025.
o \Website: https://pts.ipmu.jp
PFS blog: https://pts.ipmu.jp/blog/ja/

Fiber Optical Cable and

Connector System (FOCCoS) Metrology Camera System (MCS)

Ken Osato (Chiba University) East Asian Meeting on Large Galaxy Surveys for Cosmology and Galaxy Formation: 05/06/2025


https://pfs.ipmu.jp/
https://pfs.ipmu.jp/blog/ja/
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« JPL/Caltech contribution to PFS

« “Critical” component of PFS *
» 2394 cobra positioners on the focal plane . B\

» Requirement: ~10um (0.1”) positioning accuracy [ \\RAARE

LR LS L

AN AT s ) * 'Y B AN Y
W .\‘ LR SRR W '

Cobra Positioner Patrol Area (9.5 mm dia.)

Theta Stage (2.4 mm radius)

1 PhiStage (2.4 mm radius)

Copra module (57 positioners)

Fiber Arm
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Credit: PFS Project/Kavli IPMU/NAOJ
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PFS-SSP Survey Footprint

75° PFS SSP Survey Fields

60°
> , / A\a\
- . NN
. ' < ‘
(OM33 / / ermus Ower disk
15° Huter disk rangs / { } NGC5466 \ { Field of stredms
QH llus
Bootes
HSC i pring)
0° 18h SMOS
Halo
Ju\NGcmz
15° N )
/ PFS Cosmology
PFS Galactic Archaeology (dSph/dirr)
/ PFS Galactic Archaeology (Halo)
PFS Galactic Archaeology (Halo Stream)
PFS Galactic Archaeology (Outer disk)
PFS Galactic Archaeology (M31/M33)

PFS Galaxy Evolution (Deep)
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PFS-SSP Science Programmes

Testing ACDM

Assembly history
of galaxies

Importance of IGM

* Nature & role of neutrinos

* Expansion rate via BAO up to z=24
* PFS+HSC tests of GR

* Curvature ot space: ()i

* Primordial power spectrum

* Nature of DM (dSphs)
e Search of MW dark halo

* Small-scale tests of structure growth

* PES+HSC galaxy association

* Absorption probes with PFS/SDSS
QSOs around PFS/HSC host galaxies

e Stellar kinematics and chemical

abundances - MW & M31
assembly history

* Halo-galaxy connection: M, /M, .16
* Outflows & inflows of gas
* Environment-dependent evolution

e Search for emission from stacked
spectra

* dSph as relic probe of reionization
feedback

e Past massive star IMF from element
abundances

* Physics of cosmic reionization via
LAEs & 21cm studies

* Tomography of gas & DM

Cosmology (CO) (~1200 sqg. degs.): ~4M emission-line galaxy spectra

Galactic Archaeology (GA): stars in dSp

ns, streams and disk in MW and M31

(~15 sqg. degs.): ~atfew 10° high S/N galaxy spectra
Target selection is based on the HSC data.

Competitors:

Ken Osato (Chiba University)

DESI, Euclid, VLT MOONS

East Asian Meeting on Large Galaxy Surveys for Cosmology and Galaxy Formation: 05/06/2025




Cosmology of Emission Line Galaxy Clustering

* Emission line galaxies (ELGs):

ELGs are characterized by strong emission lines (Ha, [O Il], etc.) from ionized gas.

The emission is sourced by short-lived massive stars, and thus, traces the star-formation activity.
=ELGs are blue star-forming galaxies and a large number of ELGs are expected to be detected.

v o

* Number density of ongoing/upcoming spec. surveys » Star formation rate density
— DESI lookback time (Gyr)
ok Euclid (15,000 deg?
S8 8| ELG (14,000 deg?) uelie{ 99 0246 8 10 12
, *’WN 4 O 6 1.6 0.9 < Z < 1.8 —0.4 T T T T | I | ]
O=z=1 — DESI BGS : :
[ DESI LRG -0.8 [ —
—1 DESI ELG 5 :
I- ) BOSS LOWZ i ]
[ BOSS CMASS —le - > ~

Target redshift -
T T T o I T T —2 —_
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 : of ELG surveys. |
PFS (1,200 deg?) z o4 L | . .
0.6<z<24 0 1 2 3 45678
BTSN Roman (2,000 deg?) redshift
o) ; 1 < y 4 < 3 ﬁ Madau & Dic/(inson (2014)
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Power of 8.2m Aperture

4+ Thanks to NIR, high-z (z = 1.6-2.4) galaxies are unique to PFS!
PFS (8.2m) for z~1.5 slice

100 | PFS-red (8.2m) o

_ A A
S |, 8o

A
=
<
XN
T
~~C
)
O
o)
\é DESI (US, 4m)

1

Qﬂm 10t} R _
I

_ A

Based on COSMOS Mock

06 0.8 10 12 14 16 18 20 22 2.4
redshift z

Ken Osato (Chiba University) East Asian Meeting on Large Galaxy Surveys for Cosmology and Galaxy Formation: 05/06/2025



PFS Cosmology

. o PFS(0.6 <z < 1.2)+SDSS galaxy
4+ Primary science goals of PFS Cosmology m—PFS(12<:<2.4)
80 - '
. . B PFS(0.6 < z < 2.4)+SDSS galax .
e A stringent test of ACDM using BAO and RSD | D spssemyeeto) )
Q ~ M . /
o o o = S o == ]. /,",,,‘—~~j //
Galaxy clustering and 3x2pt combined with HSC = O L0 e 7 ’
e Addressing Hp and Sg tensions g .
e Weighing massive neutrinos T
60 r - l .
PFS SSP Proposal 0.2 0.3 o 0.4 0.5
1.0 U.0 i
—— ACDM w——— (GR+ACDM
~) ~ = = nDGP r.Hy=1
N/ | ¢ SDSS/BOSS ijg fR) 0.05<k<0.5 h/Mpc
308 ¢ SDSS/BOSS+PFS S & s
G 2054
ol 11 € DESIYI (ELGs)
2 06 \ 5 o odF
é} . a M 2dF
< Eé i VIPERS
O>6 0.4 - 2 0.4 FastSound
— . G Ml SDSS/BOSS/eBOSS LRG
Zﬂj '_2 ¢eBOSS ELG
= 0.2- 2
- 50 0.3 1
OO I I | I T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
redshift z redshift z
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Ho tension

Planck = |
k4 lensing -

4 Inconsistency (> 30) of constraints on 3A0+Pantheon { BB Bue et - Holkm/s/Mpc]

Hubble parameter between CMB, LSS  Wueee+

+
+
Indirect (CMB, LSS) and R erar >

. . distance B2 &2l
Direct (distance ladder) measurements. Burns et al' 2
;
2
2
2
2

>0

————————————————————————————————————————————————————————————————————————————— -
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NOOWLOOY Z00-

Freedman et al.
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Soltis et al.
Freedman et al.
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Which Models Resolve Anomalies?

Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021) 6. Emergent Dark Energy

7. Graduated Dark Energy - AdS to dS Transition in the Late Universe

8. Holographic Dark Energy

ArX|V2203061 42 9. Interacting Dark Energy

10. Quintessence Models and their Various Extensions

. Cf)smology. Intertwined: . 11. Running Vacuum Models
A Review of the Particle Physics, Astrophysics, and Cosmology 12. Time-Varying Gravitational Constant
Associated with the Cosmological Tensions and Anomalies 13. Vacuum Metamorphosis

F. Modified Gravity Models
1. Effective Field Theory Approach to Dark Energy and Modified Gravity
2. f(T) Gravity

Elcio Abdalla,! Guillermo Franco Abelldn,2 Amin Aboubrahim,® Adriano Agnello,* Ozgiir Akarsu,® Yashar

VII. Cosmological Models Proposed to Solve the Hy and the Sg Tensions 3. Horndeski Theory
A. Addressing the Hy Tension 4. Quantum Conformal Anomaly Effective Theory and Dynamical Vacuum Energy
B. Addressing the Ss Tension . S5. I.Jétrzé—lia’z.e Tirr;‘e Gra.vitaglojrlglv Transitions
. : . Specific Solutions Assuming
C. Address.lng Both the.HO and Sg Tensions 1. Active and Sterile Netttrinos
D. Early-Time Alternative Proposed Models . Cannibal Dark Matter

. Decaying Dark Matter
. Dynamical Dark Matter
. Extended Parameter Spaces Involving Ajens

2
1. Axion Monodromy 3
4
5
6. Cosmological Scenario with Features in the Primordial Power Spectrum
7
8
9

2. Early Dark Energy
3. Extra Relativistic Degrees of Freedom
4. Modified Recombination History
5. New Early Dark Energy
E. Late-Time Alternative Proposed Models

. Interacting Dark Matter
. Quantum Landscape Multiverse
. Quantum Fisher Cosmology

1. Bulk Viscous Models }(1) gcl;itzs;ifri;iletry and a Mirror Sector

2. Chameleon Dark Energy 12. Self-Interacting Neutrinos

3. Clustering Dark Energy 13. Self-Interacting Sterile Neutrinos

4. Diffusion Models 14. Soft Cosmology

5. Dynamical Dark Energy 15. Two-Body Decaying Cold Dark Matter into Dark Radiation and Warm Dark Matter

H. Beyond the FLRW Framework
1. Cosmological Fitting and Averaging Problems

* Ma ny (too mMa ny!) mOdQIS are prO pOsed b“t 2. iata Analysis in an Universe with Structure: Accounting for Regional Inhomogeneity and
nisotropy
no d efl n ltlve one yet 3. Local Void Scenario
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Stage-lll/IV Imaging/Spectroscopic Surveys

 Imaging surveys

KiDS

DES

HSC

Roman

e Spectroscopic surveys

Mirror

diameter

[m]

2.6

4.0

8.2

1.2

8.4

2.4

DESI

PFS

Roman

Galaxy
density

[arcmin-2]

11

25

25

30

30

50

Instrument

1000
fibers

5000
fibers

2400
fibers

Slitless

Slitless

Survey
area

[deg?]

1,500

5,000

1,400

14,000

18,000

2,000

Redshift

0.7-1.1

1.1-1.6

0.8-2.4

0.7-2.1

1.0-2.8

Survey
area

[deg?]

2.000

14,000

1,200

14,000

2,000
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Summary

* Hydrodynamical simulations have been a powerful tool for galaxy formation.
With the help of large-scale supercomputer and improvement
in numerical algorithms, simulations on cosmological scales are possible.

* In cosmology, hydro sims can address the effect of baryonic physics, in particular,
feedback effects, on large-scale structures to understand small-scale growth of
structures.

* Hydro sims can serve as a multi-wavelength virtual observatory to simulate the
entire process of large-scale structure analysis.

* Subaru PFS has just started science observations. It will provide high-quality
spectroscopic measurements at high redshifts (0.8 <z < 2.4).
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