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Ingredients in the (re)ionization modeling
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Ingredients in the (re)ionization modeling

Criiical parameiern
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having resc>0 ...




Theory (fesc...)

Theoretical modeling: SFH, RT, feedback, kinematics, geometry of the gas/dust - complex problem

- fesc 1 if redshift T (Wood & Loeb+00)
- fesc T if redshift T (Razoumov+06,+10)
- fesc ~ with redshift

(Yajima+10; Ma et al. 2015; Gnedin+08)

(M, =157x10"M, 4

° o

UV Escape Fraction
=]

- fesc T if redshift T [phenomenological models]
Haardt & Madau (2012), Kuhlen & FG (2012),
Alvarez+12, Fontanot+14

- fesc ! if halo mass T
(Wood & Loeb+00, Ricotti & Shull+00
Yajima+10, Razoumov+10) A
- fesc | if halo mass ! (Gnedin+08a,b) ] N
- fesc ~ with halo mass (Ma et al. ) '
- fesc ~ T with halo mass (Trebitsch )
T for bright galaxies (Sharma

log Myye/Mo !
9 R odmov+ 09 SPH. |

Large variance in the predictions :
1) may increases for low mass halos / luminosities

- fesc T if ( L OR {Mass - faint, small, little)
Anderson, Governato et al. ( )

Wise & Cen+09; Kimm & Cen ( );

Wise et al. ( ); Paardekooper et al. ( );
Roy et al. ( ); Fernandez & Shull+11;
Choudhury & Ferrara 07, Ferrara & Loeb 2012

2) may increases with redshift




.Searching for LyC 0<z<4
Measurmg fesc: No’r an *easy fask “Steidel ot al(2001)-
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Escape fraction of ionizing radiation (LyC)
gas transmission, dust extinction (+ geometry)

Intrinsic ionizing photons unknown:

commonly adopted straftegy. IS fo compare the

observed flux at LyC to the observed flux af: (ffll’[(m) =(Lm°> RGO Siana+07
< OBS INT

p 3 v o e s A LI.)("
a frequency where the intrinsic emissivity can '
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Observing Lyman continuum leakage / fesc

understand the physical mechanisms' that' allow
ionzing photons to escape, apply tolz>6 during EoR

) need to observe z<4 (i.e. < 4500A) CHALLENGING

fesc=8% at z=3

Ba galaxy (mi500%24.5)
=>

Am=5 (e.q., i-U>5).

ny-angle + Discontinuous in time
3) Foreground contamination

T (FIS00/ Frye o




Stochasticity of the IGM absorption at the LyC

Vanz+10; Inoue et al 2008,2014 T"':";‘*""’ Lot o ‘
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Meiksin 2006
2N 7o = oy (vs(1 +2)/(1 + z5) Ny, Madau 1999
Tefr( Vs, ZS)—/ dZ/ d Ny, 37

Opt. depth of an abs.
n.abs per unit z and Nu1 Paresce+08 at z and NHI Vanzella - IAP - 2016
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o Cosmological radiation hydrodynamic
V|ew dngle eFFeCfs e simulation (Cen & Kimm 2015)

16.0 —— 240109 N, . . 240logN,
Myvirs 7.8x10°Mo

. o Myvirs 6.1x10'°Mo
<fesc>=5.4%

<fesc>=12%
All-sky maps of the
neutral hydrogen:
the sky an observer
sitting at the centfer
of the galaxy would see

4

Mvir=s 1.8x10°Mo

Eoera=02 N®
240,09””’ <l23(,>—:7.0/0

... result: stacking of 2 30-50 galaxies is needed to

obtain a good estimate of fesc within 20% uncertainty
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Foreground contamination: an example

Example (GOODS-S) z=3.41 (Vanzella+12)

z=3.41

//ﬁ AB=0.3"

0<2<3.4

. (L1500/L900);,
Jesc.rel = P — A
(F1500/ F900)p.

Ground based
fesc = 30%

Statistical study

- critical for ground-based obse
increases wi'rh redshif’r
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Foreground contamination, statistical correction

50% oroodoility that ar 12ast 13% (Vanz-l-lO)
of N sourcas is conraminaradl 1) Given number counts at deep mags
(assuming uniform surface density)

| 2) Consider a separation R or minimum
spatial resolution (e.g. seeing)

AR
k -
B8 within radius

... Several LyC detections

have been revised,

N 0 P A TN B G VOO some with unphysical fesc (>>1)
0 51015200 &5 10 15 O

Fraction(%) and contaminated

(see Vanz+12; Siana+15)

Prob(>%)
20 40 60 80 100

we can calulate the probability
that a foreground obj. falls

o

8

6

Prob(%)
4

2

Probability to observe K contaminated sources f(K)

or at least K contaminated sources P(>K) in a sample
of N high-z galaxies, '
given the probability fK) = (%) P = p™ 5 P(zK)=Z~;f(i).
of the single case o

Vanzella+10a




LyC measurements: caveats under control ?

View angle effects + Increase sample size

infermittent behavior

uuuuuuuuuu

IGM absorption {\;/r Modeled
stochastic

contamination . Statistical correction

t «  Individual investigation
(spectroscopy)




Looking directly at LyC emission z=3.3-3.5, ~100 L>0.5L* LBGs,

Vanzella et al. 2010, 2012 (GOODS+CANDELS)

22 LBGS
<Am>=7.5
fesc,rel < 3%

25 LBGS
<Am>=6.1
fesc,rel < 9%

20 LBGs
<Am>=6.6
fesc,rel < 5%

(CANDELS)
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Extremely deep U-infermedidte-band images:* ..>."F | s |
,U=30.3"10; GOODS (VLT Nonino+09) ! :
U=29.7,10,.COSMOS. (LBT, Grdzidn+15) Pro)

54hr VLT/FORS, 6 LBGs

LyC

. LyB
O12A: f
fesc<5%  Lyy

Lya

b

-

Lyd

’ll possibly do better with

Grazian et al. (2016) - COSMOS
45 galaxies, fesc,rel < 3%
(see also Boutsia+1l; Guaita+16;

Grazian et al. 2016)
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Trying to observe directly LyC at z<4 (21Gry after EoR)

However, galaxies are selected with the “dropout” technique ...

Counter=imnuitive @

We select high-z galaxies
with the ,
is the required “"Lyman-drop”
biasing our search for
Lyman continuum emission ?

Is there a selection
effect




Colors of a “stellar ionizer”: do we miss it 2 Vanzella+i5

( Moderately blue, Buv=-2.1)

( Extremely blue, Buv=-3.3)
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LyC measurements: caveats under control ?

Increase sample size
View angle effects + P

infermittent behavior

...........

w1 | Modeled

IGM absorption AR
cottaminaticl Statistical correction

" Individual investigatio
(spectroscopy)




Selecting LyC sources at moderate redshift,
a different approach (z<4) (EV+15)

Looking for MON-ionizing signatures of LyC leakage at L>0.5L%,
at z<4 (candidate “ionizers”)

Methodology

1) Anchor BC-templates to UV colors (GDS+CANDELS)
2) Convolve with IGM trans. MC (Inoue+14)

3) Turn fesc on/off (lambda < 912A)

4) Look at UV color - Lyman edge

P(Fesc=0)=0- O%

1.66 = 0.06

Two candidates LyC-emitters /
spatially resolved Re=300pc/L—

HST/ACS 1500A (V15)




Two LYyC sources with direct LyC detection !?

TWo comoonz)
riigh Sparial
resolurion Imaging
at-ine LyG-1s
nezzdzd U

S/N
855-910

Vanzella - IAP - 2016
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A confirmed ionizer: Ion2
(Z=3.213)

INChior Tesolved

Galfit besf fit Re = 1.5pix

fesc>40%
=

A< 890A

1Gyr after Reionization ended
Vanzella et al. 2015; de Barros et al. 2016; Vanzella e al. 2016b
Thanks to Alavi, Vasei, Brian for fast data reduction




A panchromatic view of a LyC emitter

X-ray, UV spec, NIR spec, multi-frequency data -> big effort
1) flux at the 2) C, Si

systemic redshift (Behrens low: covering fraction NHI
+14;Verhamme+14; Henry+15) (Jones+13,14; Heckman+11

Lya (2nd order) [o111]5007

. | Leethochawalit+16)

n Keck /MOSFIRE
WS zoom K-band

Lya (1st order)
VIMOS R=580

x
3
(=
o
2
4+
3
)
o

— VIMOS R=580
----- VIMOS R=1160
—— MOSFIRE R=3270

0
Velocity (km/s)

Radiation Density
bounded __ bounded

(a)
v 4EHE *  ithive 090 L--=T-s

but no LyC emission

onization-bounded nebula with holes

3)

032=[0III]/[O1I] positively , linked with ionizing
photons (Zackrisson+13; Inoue+ll)

correlates (also) with fesc

( )




Distant (z>7.5) spectroscopically confirmed L>L* galaxies

Lya+UV continuum (ELT);
Optical Oxygen+Balmer (JWST)

Vanzella+16b

JWST will

i eventually
observe rest-

frame optical

lines at z>6

EW([OI11])+Hb)=1500A! ISM conditions

Two relevant facts: & ionization
Are “Ton2-like”

) sources more
2) Strong nebular emission FreqUentiPEseLs?

032510, density-bounded ISM? (Holden+16,see also

Khostovan 2016;
Stark et al. 2015)

Large EW([OII1]+Hb)
~ 600-1000A rest

I‘ N

(Finkelstein+13)

(Oesch+15)

(Zitrin+15)




Another LyC source: Ionl (in progress)

Groupl VLT/U
.

“loN1 ® . .1 :
(::) 7 7000
Mo tvd R\ F435W

Lbgee Spatially
Group2 VLT/U resolved
| . / < (5 LyC ?
(o]} . T KeTi e
: Q‘ 750-830A 834-876A 800-1000A
» . 27.92+0.16 >28 1-sig
. . S/IN~6.7 (1.2"0) "
L..' 12 orbits, 4 ]‘ 5
“n " ! ‘ 'i .-
F410M " F41OM  |'F435W . | F606W F775W F850!p

smoothed Vanzella - IAP - 2016




We need constraints at the deepest luminosity limits
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2,

How can we access faint = L
regimes with [ @ et
spectroscopy ??

-t
Q
[

B Finkgistan+ts
@ Bouwens+1s
HBower+14
¥V Mclure+13

LA Alaks+1s

(:\
Q
a
= 2
o 10
©
=
3=
=

-h
o
A

1o Fngaistant 15
Intninsc Schechier UNClion e

Convoived with magnitude errors

Bru*lve Force (l) Live'%smore-l-lézo
VLT/FORS 30hr m1500=28.80

B435 \/606 i775 7850 Y105 28.79+0.13 [28.72+0.13 [28.75:0.13_ |1 S/N

| HUDF
o - ” - _AAdA] SSA Al m :" 2=6.635

f(Llya)=2x105"erg/s/cm2a(S/IN=7)

f o Reduceﬁ]

limitations:
m>28.5




BFU"‘Q force (3) Low-luminosity galaxies: MUSE

Redshifts for faint (not lensed) galaxies __

HUDF-- MUSE = 19.5hr

z=5.1330
Lya, Z3850=
AMAZITGIYSAIMi; HCeaN 30.59.0.34

U\/\/S_J-/E_I_-J— F(Lya) 1.5e-18cgs

phofometry. from
Goe+06

Muv -15.8

z=5.1333

e
T
.

. Lya, Z850 = 30.75+0.52
f(Lya) 1.4e-18cgs

if we could find something similar in a B ivsestcfrome

lensed field mintr = Mobs + 2.5[0910(“) Muv -13.0 @ z 3-6.5
p=15(10)(5) =» mintr = 33(32.5)(31.7) !  This is feasible now!




Investigating faint SF and blue galaxues @ zr

Hubble Frontier Fields (P.I. Lotz) 6 galaxy clusters 5-sig «
CLASH: 500 HST orbits (P.I Postman) 25 galaxy clusters 5-sigma \.
tho’r=6-18 Zitrin et al. (2012)
m1500:2¥:1
L=0.51*

Balestra+13; Karman+15

zspec=6.108

ol L= m1500~27.5
E g r.xl\(ﬁ\lA‘,".lw“‘l‘lf“l}._;\,'.nl«,v‘.‘«" Mﬁ«\i\'vﬁpﬁu\“j\;\”‘i‘!ﬁ"hﬂﬂf‘-’"‘”‘""'-‘IW-\'J:J" A"N W'[“;l,' w‘ it *
o : L~O0.1L
MACS0717 g ()///\\

30" 1) ‘

(EV et. 2014)

E ©° o] sso- =6.387. OOO

: ‘ 9/ /

A e e e 5 | 28pec=6.387
- m1500~29

A - *
= = N O ’ '
4 Qu : . < . 59 L O¢O4L
-1 OB . A :
R o =sBoo
=, o ’
faQ “'f,'“" T |
) | v ° .| 1730-2z=6.387




Small, blue, compact and low-mass galaxy at z=6.4 (Ev+14)

Newborn ’
galaxy? S.FR<2 Mo/yr %
size< 0.5 sq.kpc|
M* = 10’M, -
E(B-V) = Y - 7105 106 5000 10% ' L L
s ::ZM"r CBT/MODS S 2 oy /L'Z ST
< . (0} . 7=6.387
1 IBE IERRE W] Fkgpﬂer Flel
¥ in » . ’
F814W FIOSW F125W F140W F160W
Have we found a “(re)ionizer” 2 B =-2.7 +/-0.15
Inoue +11
xp[ PHLISM LyC > 9 (POSS|bIY) Zackrisson+13
Schaerer+l1

>0 ?

Vanzella - IAP - 2016




Spectroscopic investigation of faint galaxies @ z~3-6

Emitted wavelength (A)
1212 1214 1216 1218 1220

(Two MUSE pointings on AS1063)

Integral field spectrograph

e s (R SN . - .- :

e TR FOV=1"%1‘. R~3000 -
Emitted wavelength (A) o . - ‘ l J:..i'“'_'l' % i
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. G
. 610 D2) 0’ .
L) 1_ 07. O e
. O 1035 .;7:1;’ #
6 t %
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Pushing high resolution spectroscopy to the faintest limits
F435W F606W F814W (X-Shoo'rer, Vanzella eial 20160)
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An “E';_‘T-like',' SPQC‘"’ f;um:' X-Shooter (r-s000-7000)
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X-Shooter
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M*(x10¢) = 8.4 [6.8-17.9] M®
Age = 15 [13-52] Myr

SED fitting
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SFR = 0.53 [0.25-0.73] M®/yr B colors = -2.91 + 0.13

E(B-V) = 0.00 [0.00-0.01]

B (SED) = -2.66 [-2.67-2.57]
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Age = 23 [17-26] Myr
SFR = 0.18 [0.14-0.24] M@/yr
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B colors = -3.01 + 0.11
B (SED) = -2.69 [-2.69,-2.64]

a

5000 10000

15000 20000
Wavelength (A

129.5

Extremely Blue, Small, Low mass,
optically thin galaxy

- Reff =~ 62pc (200 ly.!), M<~1e7Msun
- 032510, redshifted CIV1548-1550
- Narrow spectral features (ov<20km/s)
- Narrow Lya emission (dv 280km/s)
- 12+log(O/H) < 7.8
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SED fitting 1
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HST Lyman continuum imaging, preliminary (PI Siana)

(3-sigma) fesc,rel<0.3-0.5 3 A
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5 28.85 (need spectroscopy
4 29.10 rememeber Alices talk)
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HST Lyman continuum imaging, preliminary (PI Siana)
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Studies at z<4 are crucial <-> JWST at z>6

ISM condiifions & ionizaiion
zspec=7.73 (Oesch+15) zspec=3.212 Veonz2lla+16b
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Summary

O Dropout selection method does not preclude the inclusion of LyC galaxies (EV+15)

@ LyC: On average, bright UV galaxies show low fesc < 5-10%

- deep LBT+VLT U-band s’racking + SPQC‘l’I’OSCOPy (Grazian+16;Guaita+16;EV10,12); see also
Mostardi+15)

O© LyC galaxies, bright-domain: a few discovered @ z~3 (ev+16:deBarros+16:Shapley+16)
-> , L, 2=3.2, HST imaging S/N(LyC)=10, fesc>40%;
Properties in line with expectation: large 032 (a posteriori), compact (340pc)
faint UV abs lines, Lya blue@systemic; possible intense HeIl0380 + Py ?
-> Another L* LyC source ( , 2=3.8), no Lya, possible spatially resolved LyC
i Rare, but very informative for find LYC emittersiatsz>5-6 with JWST,
Indirect: signajures

@ Attack the Faint luminosity domain (down to Muv ~-16):

MUSE in fields and lensed fields (e.g., Karman+16); see also Alavis talk

An ELT-like spectrum: Detailed spectroscopy (R=5000-7000, m=28.60);
extremely blue slope -2.7 ... -3; low-mass <~1e7Msun; Reff=60pc;

Are we approaching “ionizer-like” objects ?

Faint galaxies (mag>27-30, de-lensed) show blue slopes, relatively low NHI
(MUSE, Karman et al. 2016);







