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Outline
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・Ly  forest & IGM tomographyα

・Ly  forest × Large Scale Structureα

・How can we constrain  using Ly  forest? fσ8 α

・Future works

・Simulation & 3D power spectrum
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A series of absorption lines

Quasar

Flux

Observed wavelength [Å]

V. Springel+2006

Quasar absorption line and LAF

F = exp(−τ)

τ : optical depth

Subaru PFS (= Prime Focus Spectrograph)2024 - 



IGM tomography
Background sources (e.g. QSOs)

Cosmological 
simulation

Shimizu & Nagamine ; TMT JP Science Book 2020

IGM = Intergalactic medium

Observer

Distribution of 
neutral hydrogen



Ly  forest × Large Scale Structureα
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Mas des Bourboux+2020 measured BAO using eBOSS data
BAO = Baryon Acoustic Oscillation

BAO peak

rpeak ∼ 100h−1Mpc

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

α = robs
peak/rfid

peak

Mas des Bourboux et al. (2020)



Beyond BAO — RSD
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Ps(k) = Pr(k)(1 + fμk2)2
Linear power spectrum (Kaiser 1987)

Clustering 
amplified

Velocity

Redshift 
space

Real 
space

f =
·D

HD
D : linear growth factor

μk = k̂ ⋅ ̂z
̂z : unit vector of line-of-sight Hamilton (1997)

Linear growth rate

Continuity equation
V ↔ f

= cosθ
k̂

̂z
θ

Gravity theory

of density fluctuation 

RSD =  Redshift Space Distortion

Theory



Constraints by galaxy surveys
Galaxy survey

Model of GravityOkumura et al. (2015)
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We want to constrain  at  using Ly  forestfσ8 z > 2 α



Method : 3D PS of LAF

P×(k, μk, z) = (bLyα + bη,Lyα f(z)μ2
k ) × (bQSO + f(z)μ2

k ) Fnl,QSO−Lyα Plin(k, z)
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PLyα(k, μk, z) = (bLyα + bη,Lyα f(z)μ2
k )2 Fnl,Lyα Plin(k, z)

Givans et al. (2022)

3D PS in Givans+2022 (using Sherwood simulation(Bolton+2017)) 

Degenerate Non-linearity in small scale



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



Producing light-cone

Line of sight = LOS

FLyα(ρHI, T, Vpec) = e−τ
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Ly  forest transmitted fluxα



Result - 3D Power spectrum
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Hamilton (1997)

Line of sight
(RSD)

Transverse direction 
(no RSD)

Amplified

Suppressed

Large scale Small scale



Fitting result - Ly  auto PSα

D(k, μ) = exp {[q1Δ2(k) + q2Δ4(k)][1 − (k /kv)av μbv] − (k /kp)
2}

PF(k, μ) = b2
Fδ(1 + βμ2)2PL(k)D(k, μ)
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Fitting model

Arinyo+2015



Next step 1 - Model dependence

Givans+2022
Impacted by Quick-Ly  approximationα
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Effect of different simulation model 
(compare this  with that of Osaka simulation)P

Threshold of Gas → Star 

Small scale



A. Cuceu+2021

Galaxy survey LAF
Higher - z

14

fσ8

Next step 2 - Cosmology

Mocks were created by LyaCoLoRe package
Initial random Gaussian field → Optical depth (using a number of fast approximation)

Can we constrain  using Hydrodynamical simulation?fσ8



Summary
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・Ly  forest × Large Scale Structureα

・How can we constrain  using Ly  forest? fσ8 α

・Simulation & 3D power spectrum

BAO → ⭕
RSD → next topic

Cosmological test

Anisotropic 3D power spectrum P(k, μ(θ))

some differences from 
previous work on small scale(Prediction) 

We can see RSD in 3D PS



Back up slides



Motivation
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The present accelerated expansion of our universe

Einstein’s equations Gμν =
8πG
c4

Tμν

Modified gravity ? Dark energy ?

Redshift Space Distortions (RSD)

Probes of large-scale structure

Expansion rate of universeGrowth rate of density perturbation

Baryon Acoustic Oscillation (BAO)…



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



RSD analysis

19 Hamilton (1997)

LOSGalaxy
Large

Small

Scale

zobs ∼ zreal +
Vpec

ca

χs ∼ χr +
Vpec

aH
Redshift 

space
Real 

space
Peculiar 
velocity

Hubble flow

( < 10 Mpc)

(10-100 Mpc)

Distance between objects and us



Problem - velocity bias

Fluctuation in transmission δF = bFδ δgas + bFηη

η = −
1

aH
∂vp

∂xp
Gradient of peculiar velocity

PF(k, μk, z) = (bFδ + bFη f(z)μ2
k )2PL(k, z)
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δτ = bτδ δgas + ηFluctuation of optical depth
F = exp(−τ)

Problem → Bias is degenerate with fσ8



Solution - cross correlation with QSO
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PLyα(k, μk, z) = (bLyα + bη,Lyα f(z)μ2
k )2 F2

nl,Lyα Plin(k, z)

P×(k, μk, z) = (bLyα + bη,Lyα f(z)μ2
k )

Cuceu et al. (2021) suggests a joint full-shape analysis 
of the Ly  auto and cross-correlation with quasars α

× (bQSO + f(z)μ2
k ) Fnl,QSO−Lyα Plin(k, z)



Light-cone data
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Ly  Auto 3D Power spectrumα
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Non-linear Power spectrum

D1(k, μ) = exp [q1Δ2(k) + q2Δ4(k)] 1 − ( k
kv )

av

μbv − ( k
kp )

2

PF(k, μ) = b2
Fδ(1 + βμ2)2PL(k)D(k, μ)
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Arinyo et al. 2015



Ps(k, μ) = b2
Fδ(1 + βμ2)2PL(k)exp [q1Δ2(k) + q2Δ4(k)] 1 − ( k

kv )
av

μbv − ( k
kp )

2



τ ∝ ρ2T−0.7 ∝ (1 + δ)α

α = 2 − 0.7(γ − 1)

F = e−τ = e−A(1+δ)α

Brax & Valageas 2019

T = T0(1 + δ)γ−1

FGPA

 Density distribution of the IGM

δlognormal = exp [δGauss −
σ2

Gauss

2 ] − 1

Bi & Davidsen (1997)

→ Lognormal approximation



Simulation
GADGET3-Osaka cosmological simulation in Nagamine et al. (2021) 

100 cMpc/h

1 cGpc/h
100 ckpc/h

Lbox = 100 cMpc/h

N = 2 × 5123

z ∼ 2 − 3
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Fitting function for cross-PS
P×(k, μk, z) = (bLyα + bη,Lyα f(z)μ2

k ) × (bQSO + f(z)μ2
k ) Fnl,QSO−Lyα Plin(k, z)
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Fitting function for the cross-PS with Massive halos (Givans et al. 2022)
Fnl,halo−Lyα = DArinyo × exp[(α + γμ2)Δ2(k) − (kμν)4]

Givans et al. (2022)





MCMC Fitting

σP(k, μ) = PF(k, μ)[1/ nF(k, μ) + ϵ]

χ2 = ∑
(Ps − Pm)2

(σPPm/Ps)2

Minimize the  functionχ2

Error of power spectrum

Arinyo et al. 2015

nF : Number of Fourier modes
ϵ : Nose floor (constant)



Nagamine et al. (2021)



Bolton+17, Sherwood simulation



 relationρ − T



Arinyo et al. 2015

Kim et al. 2007



KN+21
PowerPDF



Feedback effect

2002

SN feedback


