HiFSh A LBG-LAE #&H %
EETHETILALDRTEY




- — EROEEAERETIV

MARK, Totani, & Nagashima (2007, 2009)

O R—R=#EITERAIZBTETIL (ZEET JL Nagashima & Yoshii 04)
SEESRNDE B EEHEIER
EED z DEEFIDOYEE (BEBmE. ERE. E-HRAEBELE)ZHE

O + EHDEKESRET L (Schaerer 03)
EEREZDELLINSVIDRITETIL
BIRADEMRRE. ERE BE(ZEET LML)
> UV &S, HI BB FIRETE (intrinsic Ly o 18RS E) LG EXEHE

O + Lya EREOHRZRHHETIL
Ly o $2518E D EERET R D IRAI D BB N DRIEZZTEE
- R AR UV EHIL. intrinsic Ly o BRI E
> BAlShDS Lya EBRIEE. Lya FEZETHE



e

logio[n(M)/(h” Mpc™ mag™ )]

logyo[n{M,)/(h” Mpc™ mag )]

'
o

Iogm[n(::—LLm}f(hj Mpc™ )]

L
A

|
tn

B LAE-LBG BAIT—5L0}

[ | T T | T T T T | T T T T | T T T T T IF T T T T T | T T T T | T T T |__ | T T IF T | T T T T | T T T |__ T T T T |i T T T T | T T T T I T T T |_
r ioutﬂow+d ust(slab) T | T T ]
LE i S T ! T ! .
C T ' . F ! T ! z=5.7 LAEs: 1
- z=3.1 LAEs: T ! z=3.1 LAEs: T | z=3.7 LAEs: T - = 506 —m—
N : Q08 —m— | i GO7 —m— -+ QOB —m— T 008 H——&— 7
= i E I ] I E ]
- T T i aen. T i §
A AGN ST | I i T i -
sp =+ + a T ]
-5 NI AN R AN AU | TS ET N AN S AN RN AN N ANE S E B Wi i T R S B R s AT NI LA BN | N L
41.5 42.0 425 43.0 41.5 42.0 42.5 43.0 41.5 42.0 425 43.0 41.5 42.0 425 43.0
2 1 2 1 2 1 3 .
IDg" D[LL}IJI:h Ergs s ::I] |Og1 D[LLYD‘III{h Ergs 5 ]] _I_| |IRTT |'_\.\r|I ‘I T |.Ill|{|I’: T ||P\rf-]\lq| ‘q| T |.‘I|.I| TTTT | TTT _| \IﬂrllTT[h i T rll|r}"1| T \!:i-r\?F| T| T |II;I | TTTT 'T]\ AT
LA AL L B I B I L L B L L L L IR IR L 2:3.1 all galaxies _ o]
z=3.1 z=3.1 2 a z=37 Gy

all LAES

008 —l—

z=3.1LAEs:
Go7 —l—

'
da

|
wh

'
[
) s s |

-22

2 20 a8 a8 A7
M, - 5 log,,h [AB magq]

-22

20 A9
M,y - 5 log,oh [AB mag]

EY

|0910[n(MUVJf(h3 Mpc= mag™)]

Iogm[n(MU\,)/(h3 Mpc> mag™")]

[ [ & in IS du
| L L L L LI L L I L B L L B L L

A

z~3 LBGs (Un-dropouts)
599, <z>=30 —"

ST06, <z>=2.8 — H

2~4 | BGs (B-dropouts)

Y06, <z>=40 —{ |+
BO7,<z>=38 —{—

z~5 LBGs (V-dropouts)

M, - 5 logioh [AB mag]

& &

Eln I B07, <z>=50—0— (i z~6 LBGs (i-dropouts) ]
C 07, <z>=48—0— ] B07,<z>=59—0— -
Sl e b b b b e L T b e e beven b L Ly
-23 -22 -21 -20 -19 -18 -17 -16 -3 -22 21 -20 -19 -18 -17 -16 -

M, v, - 5 logsgh [AB mag]



- —7z>6LBG UV IERH

€ sHTADHE
(WHASA ., EHSAEE)

FHEEH | =75 EEL (z>7 T2 | DMIEL
z=7-8 (z-drop) 6-7{82E 220,000 — 54,000
z=8-11 (J-drop) 4-5{2 180,000 26,000 1,100
z=11-14 (H-drop) | 3-4{BE 68,000 6,336 0
0 B 8]
= - 10
-3 [
U I
o B
= 4013 —
} __
:) __
= 5
< B
- |
o 6 = >,
O Yo
_7 [ 11| A
-24 -23 -22 -21 -20

-19  -18  -17 -16

My [AB mag]



. e
~_—2z>6 LBG Number Count

4 .
_ :I T | T T | T T | T T | T T T T | I ! il I:
“o - 7=7-8 (z’f-drop)f / 7 O 100 d992 1 myy < 27 mag
S 35 z=811(-drop), : - 77 LBG BRHHE
. ) = z:11-14(H5-drop)5 E
£ T E ’ © -z=7-8:163,422 @
z 11 1 -z=8-11:57,646 {&
2 oL 4 -z=11-14:1,014 {&
= - ]
E ok -
o, - -
TS VA =
__3_||||||||I||||||||||||||||||||||||||_

22 23 24 25 26 27 28 29 30

myyy [AB mag]

FHEH | =7 58EEL |2>7THEZ | DMEL
Z=7-8 (z-drop) 6-7{E 220,000 — 54,000

z=8-11 (drop) | 4-5{B4F 180,000 26,000 1100 | € &2HSADHME :
(ILEZA ., EHSAEE)

Z=11-14 (H-drop) 34{2E 68,000 6,336 0




ﬁ
/ﬁﬁjh?by-a%tﬁ: BAEK

n 6 L L
_:_7 -
- F 8— :
IE '2:_13 -

2 -
~ - 11 -
TP 12— E
T - 13— -
%—4_—14— >
— - 15 -
o — _
5-5_— / =
° = ]
6 — —
_7:||||| S RN NN N
40.5

44 435 43 425 42 415 4
l0gq9lLyc/(ergs )]



logyglni=L M h" Mpc)] loaglni=L )k~ Mpc™)l

logplni=L . Jh™ Mpc )]

6 LAE Number Count

=10 3300 [A], T =06

_E||||||||||H||||||||||: 0100de92—6~mNB<27mag
] %% LAE (EW > 20 A) #&H %
2> FHWM XI[ZE%

* FWHM =100 A > Az =
+0.04

O BEROMRLMERLT- LAE
(EW > 20 A) 2 Hi %
2> z=5.7 [Tt Lya
0 B T (245

Lya _Lya
| obs = TIGM * | emit

[ z=656LAEsKDE T
phot+spec —m— i

DN
W

N
(o]
N
O
w

415 420 425 430
log, E,[wa[h'2 ergs )



— — =

=l

O 100 deg? # 27 mag ETIRIFIX---

LBG:~ 160,000 & (z ~ 7-8) . ~ 60,000 {& (z ~ 8-11).
~ 1,000 {@ (z ~ 11-14)

LAE:~ 4,000 {&(z~8).~ 700 {& (z ~ 10).

~ 80 f& (z ~12)
T Lya @ IGM YA z=5.7 LEICIHE

O IMF, #RMRKHEBDFREMELHEIH . ChEIZK>TIDEE
{fik) D7E<EEBD I EIEZ RN

O LAE @z>8 DEFEDRHBMAIN KLY THIZ,
BEMOMREEZIADND






: =
Observational Data of LAEs (1)

€ LAE luminosity functions (LFs): Lya LF & UV LF

(1) UV LF: almost no-evolution @ z = 3-7
or somewhat brighter at higher-z
(2) Lya LF: no-evolution @ z <6, decrease @ z> 6
—> Lya extinction in IGM (= cosmic reionization)?

-2 [ T T T T [ T T T T I I T T I I I T I T ] -2 CT r [ 1 T T L L L L
L 2=3.1:0uchi (2007) — | =3.1 :Ouchi (2007)
& 3l B z=5.7:0uchi (2007) N o 3 =5.7 :Ouchi (2007) _
'g_ L [ I z=6.5:Kashikawa (2006) | g & *f ﬁ =6.5 : Kashikawa (2006)
R | o :
\5’:8 L o $ B 'a 4 — * ﬁ} f} {
= A ¢° — = B 'I' 4 {» :
- = ] 7 = L .
\f.\— r i } - = -5 |— 7
= ‘H ] S 5L Tt .
o ~ f - = - ]
o -5 .[. — = B ]
r H { 'I' ] 2 6 ]
-6 L | ‘ B ‘ I ‘ . ‘ —7 C | | | | ‘ | | | | ‘ | | | | | | | | | ‘ ] | | | ‘ | | | | :
42 42.5 43 43.5 44 -17 -18 -19 -20 -21 -22 -23

loglL,./(erg/s)] M,y [AB mag]

Important information about LAEsS
IS Imprinted In these obs. LFs




Observational Data of LAES (2)

€ Lya Equivalent Width (EW) Distribution

| T
= some LAEs @ z = 3-6 have
‘E‘ T — = z=3.1: Ouchi (2008) —— -
g L Toomme— - EW(Lya) > 240 A
S I Ouchi (2008) —— | 3
£ o M | =» include Pop III stars
= i and/or top-heavy IMF?
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€ Distribution in M(UV)-EW(Lya) plane
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Physical properties-of LAEsS@high-z

@ stacking broad-band fluxes (Gawiser+ '06)
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~_—Theoretical\Works & ...~

- esc
€ Several models with different approaches exist

- analytic: e.g., Haiman & Spaans '99, Dijkstra+ '07
- semi-analytic: Le Delliou+ '05 & '06, Orsi+ '08
- SPH: e.g., Barton+ '04, Nagamine+ '08
*in all model, Lya escape fraction f-¥2 is oversimplified

flya = const or exp(-tauy) € tau,: dust opacity for continuum

€ Implications for f;’2. from theories of Lya transfer

massive stars - Lya: a resonance line of HI
cloud
- random-walk before escape

dust
- f-¥a is highly sensitive to dust geometry &

Lya ISM dynamics; f 22 is not constant

7 "esC
and not equal to exp(-tauy)

effects of dust geometry & outflow
should be incorporated in -2

eSC




' Observations (1)

€ Metallicity Dependence J> high f-Y2 at low-metallicity
(Charlot & Fall '93)

escC
(& low-dust content)

- consistent with theoretical
expectation (Neufeld '90)

Lya: resonance line of H |
=» large cross-section

ISM
(including dust)

JJ!l_|_l_lrI|II

Lya

gas clump

massive star



ions for Y2 fror

escC

' Observations (2)

5N

€ gas-dynamics (outflow)
(Kunth+ '98)

UV spectra of local galaxies
with Lya emission
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ions for f5¥2 fror

' Observations (2)

€ gas-dynamics (outflow)
(Kunth+ '98)

2 7z ~3 LBG

|
|
| with Lya
emission n
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|
|
|
|
|
|
|
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|
I
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Shapley+ '03
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Implications for f5X2 fror

= Observations (2)
€ gas-dynamics (outflow) £‘> high f-Y2 in outflowing
(Kunth+ "98) condition

- consistent with theoretical expectation
=» galactic-scale outflow drastically reduce the effective

opacity of Lya (Hansen & Oh '05)
extinction & outflow

outflowing ISM
(including dust)
Lya = 5= effect should be
UV cont. O) iIncorporated into
f-¥2 model

outflowing €sc
gas clump massive star

INnterstellar dust




Base of Our Theeoeretical Model

€ semi-analytic model of hierarchical galaxy formation

- reproduce most of the obs. properties of local galaxies
(Nagashima & Yoshii '04; Nagashima+ '05),
and UVLFs & ACFs of LBGs @ z=4, 5 (Kashikawa+ '06)

O | T | T
| (a) B—band

L I I Frrmn
1
10 3 SDF z4LBC sample

Log[gbthMpc_Elnag_l]
d

h 101 i =
24T = SDF 2z5LBG sample
100
_4 — E
—— ©SFB A ESP | 10-!
- - -W-FB r
-5 . 10-2 |
| . | | ! . F |
1{] a 1 1 1110 1 L1 1 1nil | 11 11
-8 -6 14 t 10 100 1000
Mg—5Log[h] f[arcsec]

Nagashima+ '05 Kashikawa+ ‘06



Extension of the-Mitaka Model for LAE

€ SFR in starburst galaxies

170
/§\FR(t) o {ﬂ' _ *1I|::f_t-]-:i exXp [_

Thurst

t

Thurst

Thurst — fii}"llTﬂ}-']l

M, < M_q:supernova (SN) feedback

M, = fiMega  fo = £ (Vo)
determined by the Mitaka model
to reproduce the local LFs

At>t

galactic wind blows and SF is terminated: similar to the
traditional picture of galactic wind (Arimoto & Yoshii '87)
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€ Lya line luminosity emitted from each galaxy L‘Er;‘;t
(Lycjfrtra escape fraction of Lyman cont.
Jesc [P esc = Y = 0 (fiducial)
escape fraction of Lya
the maximum possible Lya line luminosity:

L, .. in the case of f-¥¢ = 0 & ionization equilibrium (case B)

Lya esc
< determined by using SFR, metallicity, age & SSPs of
Schaerer (2003)

Lobs

€ observed Lya line luminosity L7

bs ' IGM : - : -
Ly = Livalliya IGM transmission to Lya emission

> T5% =1 (fiducial)
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Calculate Lya Line Luminosity

emit __ ymax fI_l_:'!-"L-E
Ly — ~Lyald esc

escape fraction of Lya photon

€ maximally possible Ly & 1um1n051ty Lya

I

Qy for instantaneous
burst model

B
(@)}

L
Liva(t) < / V() Qu (t —t', Z,(t'))dt’
0 Schaerer (2003)

N
N

1N
o
%) III\‘\\II|IIII|\I\\‘IIII|IIII‘I\II|IIII|I\I

convolution of SFR with

1N
N

log[Qy/(photons/s/Mg,,)]

HI ionizing photon Popll ——
. . Sun
emission rate QQy Ze /5
ZSun -
38|II\|I\II‘IIII|IIII|\III|I\'
6.5 7 7.5 8 8.5 9

log[t/yr]
@ observed Ly @ line luminosity ELya

obs _ rFemityIGM] . rmax /- LyC LyvaqIGM
L[,ycx — HLlyo TI_-}-'L'E ‘_ Lya (1 - fl_‘*ﬂf ) ff_mc T[ VO

IGM transmission to Lya emission
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€ simply proportional model (e.g., Le Delliou+ '06):

constant f-¥2regardless physical properties of each galaxy

& the outflow + dust model:

including interstellar dust extinction (next slide)
& galaxy-scale outflow induced as supernova feedback

f¥a @ t = 0 is determined by dust amount & geometry

esc outflow drastically reduces Lya: fy2 = fyind

(FY = 1) =» no Lya production

eSC

/ o cold gas to absorb LyC photons

LY 5 elapsed time after the
onset of star-formation

twind twind+tesc
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Fral VcC & Al E = Oﬂ

fo: 0.153+0.02 (simply proportional)
0.160£0.03 (outflow+dust)

f, :0.36

outflow + dust (outflow)

proportional

outflow + dust (pre-outflow)
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&mﬁaﬁfﬁ n in M(UV)-EW(Lya) plan
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characteristics In UV LF
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‘Redshift-Evolution of Lya LF

Lya LF evolution
IS suppressed by
considering the

effect of ;Y2

a critical L(Lya)

Iog[n(:.=~LL},m)/(h3 Mpc™)]

~ |~ Lcr =2*104 h?2 erg/s
-5— |: n(>Lcr) < 106 h3/Mpcs3
B regardless of source z
-6 [ T R
41.5 42 42.5 43 43.5

loglL,/(h erg s™)]



edshift Evolutlon of LAE UVLF
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 Lya& UV ERHIED dust opacity

O 71,4 :Lya line IZx9 % dust opacity
— Lyo EERREOT IETROI:

O 1. lya KREMEDERHRILIZX I S dust opacity
— AEEENDEBANELD T VTROI=-(ZEETIL)

2> T,/ T. = d:geometry parameter (Finkelstein+ 08)
4 Ly o = Qi C
stars cloud

dust - g >>1:homogeneous ISM

ya - q << 1: clumpy interstellar dust
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“geometry parameter q & EW(Ly a)

O q=1 T#HITHIL, dust extinction %#32(+5F1#&T
EW(Lya) [FZEHS:EWyye !/ EW,p= T(T )

r( [4 c)= (fO q) X [1 = exp(—q 4 c)] / [1 = exp(- 4 c)]
for quiescent and pre-outflow starburst
f. /g “f8f outflow starburst

A1500
100 &2 —4 6 8
i 1 -best-fit : q=0.15<1
. = clumpy ISM ZRi£
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€ Gunn-Peterson test (Gunn & Peterson 1968)
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Bill Keel’s website : http://www.astr.ua.edu/keel/agn/



— A A o B e A, By
- s ey Le=—res - t=

E T
~
v faa . .
=

AT
—_—

€ Lya emission from LAE is attenuated in IGM where

IGM neutral fraction (xg,) > 0.1 (Santos '04)
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observed LAE Lya LF will be dimmer
@ z > 6.5 than those atz< 6
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