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Outline
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Introduction

Ly  forest × Large Scale Structureα
・Redshift Space Distortions (RSD) analysis

・Ly  forest on nonlinear scalesα

RSD analysis with 3D Ly  forest on nonlinear scalesα
・Mock generation : GADGET3-Osaka simulation

・PFS forecast & results

・Ly  forest & IGM tomographyα



What is the LAF ?
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By Yuan-Sen

to Earth

V. Springel+ ‘06
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Cosmological constraint with LAF
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 Small scale structure < 30Mpc/h

・Primordial Black Holes

Murgia+2019

・Dark Matter Model

・Neutrino Mass

as Dark Matter

Delabrouille+2019
e.g.

e.g.

Viel+2013

Seljak+2006

Irsic+2017
e.g.

Tegmark+2004



IGM tomography
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Shimizu & Nagamine ; TMT JP Science Book 2020

3D Distribution of 
neutral hydrogen

Observer

Background sources (e.g. QSOs. SFGs)

Tomographic Reconstruction

CLAMATO survey (Lee+ ’14)

3D Ly  forest absorptionα



Ly  3D Power spectrum × LSSα
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BAO peak

rpeak ∼ 100h−1Mpc

Ly  correlation functionα The 68% and 95% 
confidence level contours 

α = robs
peak /rfid

peak

du Mas des Bourboux et al. (2020)
Planck 2018

Baryon Acoustic Oscillation
e.g. Slosar+2011, Busca+2013, Delubac+2015, de Sainte Agathe+2019, …

with the Ly  forest using BOSS, eBOSS dataα

At ,  and  is  insufficient for high-precision clustering measurementsz ≥ 2 ngalaxy nquasar

BAO studies have been performed using Ly  forest insteadα

zeff ∼ 2.33



Redshift Space Distortions (RSD)
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Hamilton (1997)

LOS

Ps(k) = Pr(k)(1 + fμk2)2
Linear model (Kaiser 1987)

Amplified

Suppressed

f = dlnδ/dlna Line of sight, 
(RSD)

μ = 1

Transverse, 
(no RSD)

μ = 0

Amplified

Suppressed

Large scale Small scale

Ly  forest 3D Power Spectrumα



 constraints by galaxy surveysfσ8
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  constraints can test Gravity Theories fσ8
Galaxy survey

Model of GravityOkumura+2016

we should measure  at  fσ8 z > 2
In order to distinguish these models, 



P×(k, μ) = (bFδ + bFη f μ2) × (bqδ + f μ2) PLin,fid(k)DNL

PF(k, μ) = (bFδ + bFη f μ2)2PLin,fid(k)DNL

RSD analysis with Ly  forestα
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Ly  auto power spectrumα

Ly -QSO cross power spectrumα
 degenerates with  !f bFη ↔ FLyα = exp[−τ]

Cuceu+2021, Gerardi+2022Givans+2022,

Cuceu+2021



Non linearity on small scale

DNL(k, μ) = exp [q1Δ2(k) + q2Δ4(k)] 1 − ( k
kv )

av

μbv − ( k
kp )

2

PF(k, μ) = b2
Fδ(1 + βμ2)2PL(k)DNL(k, μ)
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Arinyo+ 2015

Non-linear enhancement Jeans smoothingLOS broadening



Simulation

Lbox = 100 cMpc/h Nparticle = 2 × 5123

z ∼ 2 − 3
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( 10 snapshots )

Nagamine et al. (2021)

- Radiative cooling (primordial + metal line) using Grackle (Smith ’17)
- Star formation & SN feedback (Shimizu+’19)
- Chemical enrichment by SN Ia, II, AGB (CELib package; Saitoh’17) 

GADGET3-Osaka
Cosmological Smoothed Particle Hydrodynamics (SPH) simulation



Subaru PFS Forecast
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Nagamine+2021
Survey Area :  A ∼ 15 deg2

Spectral Resolution : R ≡ λ/Δλ ∼ 2000 − 4000 → Δλ ∼ 2.5 Å

Number/1.25  ~ 1800deg2

Foreground Galaxy : nhalo(M > 1011M⊙) ∼ 500 /(100h−1Mpc)3

Survey Volume : V ∼ 4 × 107 (cMpc/h)3

We assumed Subaru Prime Focus Spectrograph (2024 - )

Background Sources : 

We used the halo catalog instead of galaxy



Results
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Joint analysis of 3×2pt (Ly  auto, Ly -Halo cross, Halo auto)α α

Preliminary
PF(k, μ) = (bFδ + bFη f μ2)2PLin,fid(k)DNL

P×(k, μ) = (bFδ + bFη f μ2) × (bqδ + f μ2)
PLin,fid(k) DNLDFoG

DFoG(kμσv) = [1 + (kμσv)2]−1

Phalo(k, μ) = (bhδ + fμ2)2Pδδ(k)DFoG(kμσv)
Okumura+2015

Givans+2022

Arinyo+2015

>



Discussion
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Mocks from 1 simulation box →   at fσ8 ∼ 0.248 ± 0.120 z ∼ 3.0

Preliminary
σ(cosmic variance) ∝ 1/ V

Precision 
~7.6%

~48%



Discussion
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Mocks from 1 simulation box →   at fσ8 ∼ 0.248 ± 0.120 z ∼ 3.0

Preliminary
σ(cosmic variance) ∝ 1/ V

Precision 
~7.6%

~48%

(Cuceu+2021)

Precision 
~ 5%



Summary
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High-z universe over a wide range ( )z > 2
The advantages of Ly  forest for cosmological analysisα

RSD analysis with 3D Ly  forest on NL scalesα
・Simulation :  GADGET3-Osaka (Nagamine+`21)

Lbox = 100 cMpc/h Nparticle = 2 × 5123

・Forecast :  Subaru PFS (2024 - )

・Result : joint analysis of 3×2pt

 at fσ8 ∼ 0.248 ± 0.120(0.023) z ∼ 3.0
is consistent with assumed cosmological parameter





Tight constraint on small scale
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Cuceu+2021



Constraints on small scales
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P×(k, μ) = (bFδ + bFη f μ2) × (bqδ + f μ2) PLin,fid(k) FNLFFoG
Givans+2022



Constraints on small scales
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P×(k, μ) = (bFδ + bFη f μ2) × (bqδ + f μ2) PLin,fid(k) FNLFFoG
Givans+2022



Extended model of cross PS
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P×(k, μ) = (bFδ + bFη f μ2) × (bqδ + f μ2) PLin,fid(k) FNLDM
Givans+2022DM = exp [(α + γμ2)Δ2(k) − (kμν)4]



Extended model of cross PS
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P×(k, μ) = (bFδ + bFη f μ2) × (bqδ + f μ2) PLin,fid(k) FNLDM
Givans+2022DM = exp [(α + γμ2)Δ2(k) − (kμν)4]







Ly  optical depthα

τ(ν) ≡ ∫ dl nHI σLyα(ν)

= ∫
l

0
dl̃ dupσL[ν(1 − up/c)]

mp

2πkBT
nHIexp (−

mpu2
p

2kBT )

τ(x) =
πe2

mec ∑
j

f ϕ(x − xj)nHI(xj)dl

Definition

Calculate of optical depth from physical values at each pixel



P×(k, μ) = (bFδ + bFη f μ2) × (bhδ + fμ2)

PF(k, μ) = (bFδ + bFη f μ2)2PL(k)DLyα(k, μ)

Fitting Model
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PL(k) DLyα(k, μ)DFoG(kμσv)

Phalo(k, μ) = (bhδ + fμ2)2PNL(k)DFoG(kμσv)

DLyα(k, μ) = exp {q1Δ2(k)[1 − (k/kv)av μbv] − (k/kp)
2}

DFoG(kμσv) = [1 + (kμσv)2]−1
Arinyo+2015

Cuceu+2021 Givans+2022

Okumura+2015



Nagamine et al. (2021)



PFS white paper

1216 × (1 + z) [Å] = 4886 ×
1 + z
1 + 3

[Å]



PFS white paper

1216 × (1 + z) [Å] = 4886 ×
1 + z
1 + 3

[Å]





PFS SSP



PFS SSP



PSF White Paper

Nagamine+2021

2000 deg^2

多分 15 deg^2

nDESI =
1.1e + 6 QSOs

14000 deg2
∼ 78.57[deg−2]

fcov = ( nDESI

nPFS )
2

ADESI

APFS
= ( 78.57

1488 )
2 14000

15
∼ 2.60

nPFS ≡ 690 + 1170 [1.25deg−2] = 1488 [deg−2]




