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Reionization
z~1000C—HHMAL L., Z DB ENEBRAEDOFHER137TESIHX T, JEFICHEI, 100

H <5 W E TOHIKE) ,
Almost ionized @z<6 (Fan+'06)
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Photon Budget
BEiCz>6 T  OFHEHI I NTE D, TN 6039
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Ionizing photon emissivity vs. recombination rate (Madau+99°)
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High-z galaxies
Integrated UV(& V2> T dHLya
£ )RR @z~5-8

(Robertson+'13)
EHM X 3 5 SR D number

count?: & E DI CHE

HEDSHIHED> & 9 D22 FiN 5.

fesc=0.2, Cun=3% €

| escape fraction, faint7sfi ii

| D B DI T & T
|7 BRI DA EPEDSK &

>, & < (Cescape fraction f-

L4 b BT X B A

{auﬁm._7

X
o

log,_ 2, Pog, eges’ Hz' Mp™
i B

g

§




Simulations
INEFTOBBR>YI2L—Y3Y
WEESHEXEDHEIRX M EWVWAIC. BE4LX DRI ZDET BIFEDZE
BENEEDDIEL, fescld/NTA—=F E L TRDIS B ZB/RBI L.
B3 & A EDpost-processing/REEHEHIE THR. BFDIAFI IR
NEENEBTERWVLWED S/
Internal feedback Wise & Cen ‘09

* SFR and Escape fraction

* Number of star-forming galaxies
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18 SMaAr Al S
% Clumping factor

log T [K] S =

External Feedback Susa & Umerhura ‘04

N-EHR7E L 2=6TC~10TH 503, WMBGIRZZIET 5 Z DfE &
D /NE {72 % (e.g., Pawlik+'09). FHEHELICHIRTH 2 L FHEINS.
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"START"

SPH with Tree-based Accelerated Radiative Transfer
(KH & Umemura 2010)

® Hydrodynamics
SPH (Smoothed Particle Hydrodynamics) LagrangefJFi%

dv i
= = —-~vp{g}te

du pdp JILA |
dt  p? dt TR |
p=p(p,T) \
® Non-equilibrium chemistry
e, H*, H, H-, H,, H%*, He, He*, and He?* , (dust, metal)




"START"

o TCTEEEE. MREECT OWHENENT10%K, IKED T-=H A HIF| DOhEEE)
e SPHI FZZDE ERTZ Y v F & LTHW 32 HTEHEEMEZ 7o fE v gE
(cf IZFEAEDMDEE, RTHIZCZY v FZAEDIET)

]_ 8_[1/ emissivity i o :
= oV, =n—xI, \EHEEFER
C 8t opacity
I,(r) = 1,(0) exp(—7,) b2 RIHEK
T, = XLNjoi, AR ) EINEK

VARNY

GBI REKFOZBR " -
= R ol S SRR LEDE BRET 7

H ZH S Odiffusers Kbt A+t ZRIGH ED Y 7L
IFZDZTRINENS.)




Ray-Tracing: Tree-based acceleration

1) EIED 734 1% L CTREE
HEx1E5,
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Ray-Tracing: Tree-based acceleration

1) EIED 734 1% L CTREE

FiEzlE5,
l: size of a cell 2)b L, BHDNFZELx
d: distance between a SPH particle and a cell WERIDL)EY =7y b+ &F
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Setup

® Lambda CDM Cosmology (WMAP 9yr)
o P14 (Volume): 2x256°H.1-(5Mpc)®, 2x512°h.1-(20Mpc)°

® MspH 104Msun, and ~ 1OSN\sun (j(%ﬂﬂ Iz Z>6T%E/EIJ I 5 EEi i3 HiElib )L%E/EJ
MD1/100-1/1000< 5 \>D'E &= DR % 100K 1 T fE)

FE;M ® Star Formation recipe
f}? i) nih > 0.1cm™3
R i) T < 5000K dp Pg
T i) diviy) < 0 =8 O e
R at
i
e ® Feedback processes
Age-dependent SED, SN rate (computed by PEGASE)
*HI, Hel, Hell JGHAERE & He, H, Hot JGREE

*Thermal SN feedback
*metal enrichment + [ % A |k (Thermal process & SED)

% Ca=ili/(30
tdyn




KH, Semelin '13
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Cosmic SFR and reionization history

*UV feedback!d A2
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Cosmic SFR and reionization history

*UV feedback!d A2
w/o UV, w/o Metal

w/ UV, wio Metal R 72 1 /SRR F
W/ UV, w/ Metal ~ ———
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Cosmic SFR and reionization history

*UV feedback!Z &

w/o UV, w/o Metal

w/ UV, wio Metal TERCR %2 1/5FE 1 %
w/UV, w/ Metal  —— :
HII fraction ' ‘f“F bf %) i
8 512° particles .
= % T - 2 VE Yt B (R
;‘i 102 20 MPC § HILRTG AR (E
= il LB Hl, AT
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UV negative feedback
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1072}

UV (1500A)t: S % faint

+Oesch et al. (2008

—— L=20Mpc w/ UV

| L=20Mpc w/o UV
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+ Bouwense et al.(2011)
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Escape fraction@z=6

* B BRI TRV Escape fraction (GZAFERNR)
* A CEHBRORMTHRE 2T S DS (EIREIC
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Which are galaxies responsible for Reionization?

Intrinsic total emissivity (escape fraction’ fE{H)

Low-mass: photo-evaporation T [N 23 %
High-mass: SR DAEEL & SFROFIME =KD Z IR =const

Mpc's]
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2,
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Mhalo [Msun]




Which are galaxies responsible for Reionization?

Emissivity with escape fraction
Escape fraction®D'E BIKFM: & B b 2 & 10Maun(BAFE D BIHIFRA X D —H7
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Which are galaxies responsible for Reionization?

Emissivity @ z=6-8
Galaxies with 108-?Mg.n are responsible for reionization
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Impact of UV on IGM clumping factor

Smoothing by UV w/o UV
feedback w/ UV

IGM:overdensity < 100
fr1<0.5 ionized region

Total Clumping factor <p2 >/<po>°

S
©
@
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£
a
S
=
O

v Total IGM clumpiness: F5 78 Bt 52 12 FE&F 12 AU
Y HII IGM clumpiness: FFEEHBEHH I Chrr~2-4
post-processingDIEHIE T H DG &I AT, D

ROEHDCFRCTHZEETE 5.




Can these galaxies ionize the Universe?
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Can these galaxies ionize the Universe?

. <N
N = =ap < ng >=ag <ng > C

2 al—3avTii, z76.5THEMIET.

Sufficient to ionize the Universe with simulated Chi
z=6.0
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Can these galaxies ionize the Universe?

. <N
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Summary

EEDMMASTRICK > T FHOIEM(NDE2)FAE.
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Comparison with Obs.:

. . . 9 . Y \\\\\\\\ \ \\ \\\\ \\\\
Red: High resolution run \ A \ \\\ \
Black: Low resolution run WAMP 7yr
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m Fan et al. 2006 (QSOs)
o Ouchi et al. 2010 (LAESs)
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Previous studies on Escape fraction

22 fal 7 i HE
(Physical
@z=06)

(2009)

(2008)

al. (2010)

90pc
for10°M,

530pc
forl0"°M, ..,

Wise & Cen Gnedin et al. Razoumov et Yajima et al.

(2011)

260pc

RHD or
Post-
processing?

Post-
processing
(no Rad.
feedback)

Post-
processing
(no Rad.
Feedback)

Metal
enrichment

O
(dustiEE|EET
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(dustlFEET
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O
(dustlE EE)
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AMR+
adaptive
ray tracing

AMR +
OTVET

SPH +
adaptive
ray tracing

SPH +
DLIXART

START
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What is the role of Metal enrichment?

Cooling (metal & Enhanced H: fraction)? OR Dust Absorption

z=7.0 w/o Metal z=6.0 1.
/ Metal
— S'I-el Iar MF x/ Mztgl but no Metal cooling S e 'Iar MF
(‘? w/ Metal but no dust extinction
Q
é- 0.1 ‘ —— 1 0.1
g
=
=
= 0.01
7 8 9 7 8 9
Log (M.[Msun]) Log (M.[Msun])

* Even if dust attenuation is neglected, SMF hardly changes.

* If metal cooling and enhanced H2 cooling are neglected, the shape of SMF
roughly corresponds to that without Metal enrichment.




Effects of Metal

* Metal cooling -> Enhancement of SFR.

Metallicity-dependent cooling function by MAPPING III
* Dust (0.lmicron) pdaust = 0.01pgasZ/Zc

Absorption -> Enhancement of SFR, decrease of fesc

Drain & Lee (1984), Table (Size-,and frequency-

dependent opacity)

H2 formation on the surfaces of grains -> Enhancement
of SFR

Temperature of grains => Balance between Emission & absorption
/WBV(Tdust)47Ta(21Q(ad,V)dV /RT /Thin
= /47TJV7TCL(21Q(CLd,V)dV—I-/47TBV(TCMB)7Ta(21Q(ad,V)V

heating by stellar Radiation

heating by CMB
Sublimation temperature Tsu,=1500K




Accuracy Test

DATA: The distributions of SPH and (young) Stellar particles @z=7
obtained by a cosmological hydrodynamics simulation Nspy = 1283, Ns~300

(] _ £ 2 3 3
=> the map is well consistent with that with 6=0

Temperature by New START
20Myr 30Myr

Reference (0=0,All-to-All RT)

« t=10Myr
Density




halos@z=6

L=5Mpc
L L=20Mpc

suppression via
photo-

evaporation’ A

Median +
25, 75
percentile

large variation
at a given halo
mass.

1010
Halo Mass [M,,]




