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Question 2' Topology
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»’7’ Radiative Transfer simulations

5 CosmologlcalRadlann Hydrodynamlcs(RHD) Slmulatlons o
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® Radiative Transfer of UV photons
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W BRI G AL
Radiation Hydrodynamics code START

SPH with Tree-based Accelerated Radiative Transfer

(KH & Umemura 2010) .
® Hydrodynamics(+ Dark Matter Dynamics)

SPH (Smoothed Particle Hydrodynamics)

Consistently solve
Radiative transfer of
UV photons from “ALL

stellar particles”

e, H*, H, H-, H,, H,*, He, Het, c;nd He?* , dust, metal



large.scale N—body Sub-grid models of Post-processing
simulation galaxies and IGM Radiative Transfer

data (provided by w/ feedback (from for 10onizing
Ishiyama-san) RHD sim.) photons

HIRETIL: SRA/\O—BE vs. BRI TE( = SFREBEEE FRiHEI S DEICIZIT
%), IntrinsiczLyatEDIEIR. (S DFTE > TWLRWLHY) Dusth 5 DIRETE R
(unresolved) IGMET/L: 1Zh TsmoothingE N 3B AHDBIEEER@EETTIL
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Intrinsic ionizing photon Emissivity [Mpc—3s-!]
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Ionizing photon Emissivity with escape fraction
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Galaxies with “10°Msun are responsible for reionization



Neuftral Fraction
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Neutral Hydrgen Fraction fui

Constraint by QSO spectra
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SKA-JP LAE modeling

aaaaaaaaaaaaaaaaa

Hyper Suprime-Cam (HSC):
=> Large Sample of high-z Lyman Alpha Emitters (LAEs)

Prime Focus Spectrograph (PFS):
=> Resolve Ly o¢ profile of each LAE

Theoretical modeling for LAEs

1. RHDY S 2L —3 a YOFEED 6 EfH#ELya)tF AR % il (the

recombination and collisional excitation processes in the ISM) =>
Mhaio-L 0 relationZ HfS

2. Hffi7e i CLy o #5i Z2 £ W Cintrinsic 7z profilel % 5% (so far with

an expanding cloud model, Nu1=10cm=2, voutfow=150km)

3. S 2 2L — a Y DIGMIFHED 5 T XTDLya candidates!ZXf
L CtransmissionZ 5% L . observableZ: LAE DH ¥R 2 Hiis:



Intrinsic LAEs at z=7.3 Obserbable LAEs at z=7.3

IGM Neutral
Hydrogen Fraction

Lyman Alpha Luminosity 1.000e+00

1.000e+01

—1.000e+00 -
_0.000e+00

without fransmission Considering transmission

LAEs are clearly obscured by neutral IGM
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SKAJP Ly o LF: Simulation vs. Observation

e Simulated LFs at z76-7 are well consistent with obs.
e Observed LF indeed indicates that the mean neutral
fraction increases with redshift.
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dense HI gafs
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SKA-JP
Square Kilometre Array
Japanese Gonsortium
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(Coarse-grained cell size is set to be 10Mpc) @z=7.3

ionization degree HI 21cm signal
1-XHI (answer) differential Ty [K

160Mpc 160Mpc
e 2lcm signal map (that will be obtained by the SKA phase 2)
well correlates with the true HI map.



(Coarse-grained cell size is set to be 10Mpc) @z=7.3

ionization degree HI 21cm signal
1-XHI (answen) differential Tt [K] fLya=NLAE/Nall ga1

160Mpc
e 2lcm signal map (that will be obtained by the SKA-2) well
correlates with the true HI map.

e Local fiya seems to correlate inversely with 2lcm signal.
=> Will be a nice cross-check for HI mapping



2lcm-LAE cross correlation

Preliminary results (by K. Kubota, & S. Yoshiura)

102 21cm-LAE cross power spectrum
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R T 21cm-LAE cross power spectrum
E 100 o ]
Fro (021(k1)dgar(k2)) = (2m)°0p(ky + ka) Py gar(k1)
<Seeried — A2, (k)= —P k
1072 0'.1 - 1 A ; 10 21 gal( ) 27'(-2 21,831( )
k[Mpc ']
21cm-LAE cross correlation function
0.2 :
0\7‘\/\~V" e 21cm-LAE cross correlation function
0.2} .
z Anti- sm kr
% ol T Eangal(r / Pyt gar(k )4wk2dk
< Correlation in
— =06
| the vicinity oF |
| LAE 1_ see also e.qg., Lidz+09, Park+13, Hutter
M E(% —_ | +16, Sobacchi+16,
123 10 100

rMpc]



IAZ21|ga|I(mK)

E21,gal(NIMK]

Galaxy dominant Scenario

21cm-LAE cross power spectrum
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Galaxy dominant Scenario

’ 21cm-LAE cross power spectrum
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* Feasibility study for MWA-
Subaru observation. (by K. Kubota)

* If AGNs largely contribute to
reionization, how is its impact
imprinted on the cross-correlation

function?




SKA-JP Summary

Constructed the models of galaxies and IGM that include
feedback effects.

Our simulation with the models well reproduces observations
(reionization and LAES).

Synergy with Subaru will provide fruitful information on the
reionization process.

Future Work
Implement X-ray model (Yoshiura,KH+) in the RT simulation
=> Create 2lcm-LAEs cross-correlation templates for various
situations
Synergy SKA(2lcm) + Subaru(LAE) + WFIRST(LBGs, AGNSs)
(discussions with Masami Ouchi & Takahiro Sumi)
=> cross-correlations 2lcm & (LAE/LBG/AGN),
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HI fraction

0.8

0.6

Clumping factor model

o7 lUniform (C=3 const)

_ VS
density-dependent

RHD model

04r (density dependent C)
Simple model

03 (uniform C)

0.2t

0.1

O 1 1 1 1
6 6.5 7 7.5 8 8.5
Redshift z

e With our C model, reionization

proceeds slowly at earlier

stages.

* Then catch up later.

Galaxy model

1 T T I
0ol  constant e
- " -;_/'/-
08} VS 2
. 7’
. 7 *
o7t Mh-dependent
. /.
!/
506} /
5 / / RHD model
g 0.5 I,’ / (halo mass denpendent fggc)
I 1 i
oal /: I Simple model o0z e o
,' ! (constant fesc)
03 . /l i/ Simple model .. _ . ______
o2t . ,I /' (constam fesc)
J /7 Simple model .,
0.1 II ./ (constant fesc)
0 Z &,‘/;'/ 1 1 L L L
6 7 8 9 10 11 12 13

Redshift z

With our fesc model, the averaged
fesc evolves from 0.3 to 0.2. Since
less massive galaxies with high fesc
are dominant at higher redshifts.
Thus, it becomes extended
reionization history.
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Lya depending on Mhalo

I
)

log Liyderg/s]

»~
=

409~

log Mhalo [Msun]

# Intrinsic Lya luminosity

via recombination +

collisional excitation

# Ly o escape fraction
foesc=30%

(e.g., Yajima et al. 2015)

9 10 11

Lya profile

asymmetric
shape

|

1208

1212 1214 1216 1218 1220 1222 1224

rest frame wavelength [angstrom]

1210

Lya radiative transfer in
simplified model :
NH1=1019CIT1'2,
v_outflow=150 km/s

Lya attenuation by the IGM
LAE

Ly oc photon

Evaluate the ftransmission
rate, by performing ray-
tracing along the line of
sight through the
simulated IGM in the
Hubble flow
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%‘Aﬁ Key Quantities for understanding Reionization

4

Ionizing photon emissivity vs. recombination rate (e.g., Madau+99)

| ag(T)(nenun) ~ as(T)(nf) = as(T)(numn) *Chr C = <n? > Clumping
as:recombination rate < n >2 factor

Key Quantities are:

f 2) Number of ionizing sources (including faint galaxies)

3) Ionizing photon emissivity per one ionizing source |
(closely related fo SFR, escape fraction fue) |

IMPORTANT:

These quantities are severely affected by radiative feedback.



UV feedback on galaxies and IGM

Photoionization: Heating gas up to ~10*K
Photodissociation: Decreasing coolants.

on IGM

Uniform heating case

mee————on Galaxies """
| Internal (from stars) and external radiation

: affects SFR and escape fraction (e.g., Susa |
. Umemura 04 Wise & Cen 09, Umemura, KH | w/o photoheating w/ photoheating
! +12, KH, Semelin 2013). : &

10 Myr 50 Myr 100 Myr

Clumping factor is decreased by
photoheating (e.g., Pawlik+ 09)
=> averaged clumping factor

=> Reduce the number of galaxies

during the EoR (e.g., Finlator+13, ;/
Wise+14) || corresponds to ~2-4.

A et s A S A st




SEDs of simulated galaxies(KH+ 16, arXiv:1603.01961)

52k _ logio(M)=7.0-7.9 |
N
8.897 | ~

z=6 z=8

4 1 Al 1 1 L i " 1
%00 600 300 900 600 300 900 600 300 100
A[107°m] A[10 "m] A[107°m]

Feedback
regulated SFR

+ Escape fraction
= Halo mass-
dependent SED.

1+0
DM overdensity

o
—

0.1 1 0.1 1 0.1 1

Hydrogen ionized fraction
Clumping factor decreases with increasing local

ionization degree and decreasing local density.

Make a look -up
table of clumping
"°factor as a
function of local
density and
1ionization degree.



<bright faint ->

<—br|gh’r faint ->

<bright faint ->

T T ’q—- S T = .. T ’.‘__:..L‘ l_:::
L P o
SRR | 3 S el
"Sg_ w/ ' '
= Feedback ] 1L
'_5' : Dashed : HR & {}
= I " small box run | g ® )
O f 6 Solid : LR & [ = I
T\cj " - large box run -
B 4o . ® Bouwense et al. 2015 i g 1L i
* 26 "® z~7 1N* z-8 '
10'5 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1
22 -20 -18 -16 -14 -12 -22 -20 -18 -16 -14 -12 -22 -20 -18 -16 -14 -12 -10

abslute UV magnitude M, abslute UV magnitude M, abslute UV magnitude M,

e Feedback effects suppress SF activities.
e Simulated UVLFs are consistent with observed LFs. (Hence
consistent cosmic star formation density.)

* Predict flattening of faint-end LF at Myy -13 ~ -14.



