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Some constraints on the Hl cosmic reionization

* Reionization epoch: from “dark ages” to “light”

* \When, how, who:

z, Az dQun star-forming galaxies, AGNs, ... ?
dt

, Some hints...
- When - reionization has affected the CMB (Thomson

scattering):
B 41.3
Zr = 8.8 1 5pjancks15
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Some constraints on the HI cosmic reionization
How: patchy vs. smooth

- d

Haardt & Madau 2012

Pentericci+14

redshift \ .

Who: star-forming galaxies vs. AGNSs,

e |
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Some constraints on the Hl cosmic reionization

How: patchy vs. smooth

But... faint AGNs? i
Madau & Haardt 2015
Giallongo+2015
Fiore+2012

Haardt & Madau 2012

Pentericci+14

redshift \ .

Who: star-forming galaxies vs. AGNSs,

e |
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Understand cosmic reionization: looking at the
sources (and their analogs)

1. Edge of cosmic reionization: FORS2 large program +
archives (see L. Pentericci & M. Castellano talks)

2. Search for Lyman continuum emitter at high-redshift. ..
but not too high
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Understand cosmic reionization: looking at the
sources (and their analogs)

Vanzella+15, Inoue+08, Inoue 2014
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Spectroscopic search for z~6 galaxies

Run Field Total (hr)
190.A-0685(A) UDS 15.0
190.A-0685(B) GOODS 25.0
190.A-0685(C) COSMOS 15.0
190.A-0685(D) UDS 15.0
190.A-0685(E) UDS 15.0
190.A-0685(F) GOODS 25.0
190.A-0685(G) COSMOS 30.0 (2x15)

140hr

 VLT/FORS2 Large program (Pl: L. Pentericci)

’

* VLT/FORS2 program (Pl: A. Fontana) .-

Run

Field Total (hr)

085.A-0844(A) NTT

15.0 h

084.A-0951(A) GOODS 18.0h

085.A-0844(C) BDF 150h
088.A-0192(D) UDS 15.0 h
63hr

VLT/FORS2 program (PIl: A. Bunker, archive)

Run Field Total (hr)

088.A-0968(A)+

088.A-1013(A) HUDF 27.0
27hr

Final sample
~100 z~7 ga
Castellano ta
~200 z~6 ga

(+ Vanzella+09):
axies (Penterecci &
ks)

axies

6 to 30 hr integration time each
Homogeoneously selected (H-band

based)
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Spectroscopic search for z~6 galaxies

i e T ;"";': AL.‘: . . 4.5' \
S e A B - e *
Bass + . fveos i fims |

(30hr VLT/FORS2)
EW(Lya)=9A

(30hr VLT/FORS?)

Ba3s  |veos  lirrs | 2850 Y105 J125 F140 H160
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Spectroscopic search for z~6 galaxies B
EW(Lya) > 20A vh
<EW(Lya)> ~ 50A ’l'
8 <Mcp> ® 26.6
740 hr VLT/FORS full sample 61 b » 215070
° 4
)
4
om
e <EW(Lya)> = TA
. <M,c,,> = 25.8
] Buv = -1.63+/-0.50
€ O = idiils ik LA S e S b L bS] ISR SR 21
1200 1250 1300 1350 j .
Pk ¥

1200 1250 1300 1350 ;

EW (Lya). < 204 (200 hr)- -

| Z »
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Spectroscopic search for z~6 galaxies P
EW(Lya) > 204 i
<EW(Lya)> ~ 50A "
8 <Mgpp> = 26.6 Y
740 hr VLT/FORS full sample 61 e
6 4
. 2
o "
2 <EW(Lya)> = TA
j <Mc50> = 25.8
j Buv = -1.63+/-0.50
€ O [tk BRI KR A5 il Sl s e , 1
1200 1250 1300 1350 1 .
T 3
Vanzella+16 in prep ° l s
1200 1250 1300 1350 @ .

EW (Lya). < 204 (200 hr)- -,

| Fi .



Galaxy physical properties at the edge of the
cosmic reionization
Can we say something about the strength of the lines at
Z~06"?
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Galaxy physical properties at the edge of the
cosmic reionization -

UV slope
very degenerate: age+dust+metallicity+SFH

but blue slopes interesting (=young age, low metallicity,
no dust)

SED fitting: rely on assumptions (SFH, dust attenuation
- curve, IMF, ...) + IRAC1 and 2 channels aftected by

~emission lines (Talks: Marmol-Queralto, Capak, Labbe,
Castellano)

. We use a SED fitting tool and a set of assumptions well

tested against high-z galaxies ‘.
Schaerer & De Barros 2009, 2010, Schaerer+2013, De Barros+2014, Sklias+2014, +

De Barros+2016
Exploring a parameter space as Iarge as pOSSIb|e (see ;
- CrPaclfigitallsrensmmsessmummne. o oy S e



Galaxy physical properties at the edge of the P
cosmic reionization .

dust+metallicity+SFH
sting (=young age, low metallicity,

B sumptions (SFH, dust attenuation
1 and 2 channels affected by
Marmol-Queralto, Capak, Labbe,

. We use a SED fitting tool and a set of assumptions well

tested against high-z galaxies :
Schaerer & De Barros 2009, 2010, Schaerer+2013, De Barros+2014, Sklias+2014, +

De Barros+2016 4

Exploring a parameter space as Iarge as pOSS|bIe (see .
-C. Pacifici talk) - T e e 6 R | Sl

R, *



Galaxy physical properties at the edge of the
cosmic relonlzatlon .

23-6714

3.61m-4.5mpm

De Barros+14 3.6pum-4.5um,, 3.6um-4.5um,,,

1 and 2 Channels affected by
Marmol-Queralto, Capak, Labbe,

wavelength [um]

. We use a SED fitting tool and a set of assumptions well

tested against high-z galaxies \_
Schaerer & De Barros 2009, 2010, Schaerer+2013, De Barros+2014, Sklias+2014, +

De Barros+2016 v

Exploring a parameter space as Iarge as pOSS|bIe (see .
-C. Pacifici talk) - e N O | Sl

B *2



Galaxv phyvsical properties at the edge of the
cosmic reionization

23-6714
e e N I e z 0.5 | RIS model
E:_; vz =
0.5 |- — -;.r I o T . ) BN
il g -NR
1.0 \ : 0

= 0r SFR=const [De Barros+16 ; . 1
2| Z=[0.004,0.02] ) 05 1 15
= age> 50Myr O
L-0.5

-y Schaer
-1.5 ! ! ! ) ]

0 2

v

LOQ (fEL((Jhs}/fEI.{SED_])

We use

tested : | O  Ha E06
Schaerer § O ® HaKi2 as+2014,

De Barros ® ® HaK13
1.0

i 7.0 165 16.0 155 15.0
Explorl. Log (fer/erg s~ cm~?) [Observed] (See

. .



Galaxv phyvsical properties at the edge of the
cosmic reionization

| RIS model

23-6714

0.5

1 T T T I T T T l T T ] T T T l T

E: 0 vz =
0 o e~ |
0.5 |- - ﬁt } =3k
il g -NR
1.0 \ l —
= of SFR=const |De Barros+16 . : 1
2| Z=[0.004,0.02] ) 05 1 15
= age> 50Myr O
§0—0.‘5 —
05}
+/- X2

- Schaer
~rp A L

0 2

v

LOQ (fEL((Jhs}/fEI.{SED_])

We use

tested : | O  Ha E06
Schaerer § O ® HaKi2 as+2014,

De Barros ® ® HaKi3
1.0

' 7.0 165 16.0 155 15.0
Explorl. Log (fer/erg s~ cm~?) [Observed] (See

. .



Galax

23-6714

hvsical

roperties at the edge of the

cosmic reionization

1 T T T I T T T l

1.0

i
-y Schaer
-1.5 L T

0 2

v

Log (fer(obs)/fEL(SED))

We use

tested :
Schaerer §

o
De Barros ‘_T B [N 1] A6583 K13
"10 1 1 ] L | :
'18.5 -18.0 17.5 17.0 -16.5

Explori

T ] T T T [ T

05k RIS model

0 :_jf"... "

[m-4'511m“|-h!h!

-NK

SFR=conlst

Z=[0.004,0.02]

age> 50Myr

De Barros+1é

[O 1] A5007 K12 as+2014,

» .

Log (frr/erg s~ cm~—2) [Observed)]

-16.0 -15.5 (see
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Galaxv phyvsical properties at the edge of the
cosmic reionization

| RIS model

23-6714

0.5
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De Barros ‘_T B [N 1] A6583 K13

: -1.0 ' L L . I
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lon2: a plausible high-redshift Lyman
continuum emitter
Status until (very) recently

glagia e
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on2: a plausible high-redshift Lyma
continuum emitter

Status until (very) recently
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L lon2: a plausible high-redshift Lyman <
b continuum emitter -
" Status until (very) recen .

1

it S

W - 5 3 <
e e

NB3640 (LyC)  F336W (LyC) F606W




L lon2: a plausible high-redshift Lyman <
b continuum emitter -
" Status until (very) recen .

1

it S

W - 5 3 <
e e

NB3640 (LyC) F336W (LyC)




continuum emitter

Status until (very) recently

oo
) uj j'"&i"'(‘ Lo .:‘{ b

C49 Z 3 1532 C49 NW Z= 2 0286
40 l-_l | I H.b [d'"]l [ “r =T l- 40 :-—l LI | LI l"ld' LB l—-l
20 - : 1 20f ;
0 Mg o f
_20 - sal’s "1..'1--!'1".’1--{--l‘~f‘-l.4lc'r': _20 i PR TN T ::'J..l'.‘-_..'-l"‘l--'f-"l'.'l“ "
2 202 204 206 208 2.1 192 194 196 1.98 2
NB3640 (LyC) _ F336W (LyC) FE0BW F814W F110W F160W

[1.1] 1 1 . . - by e LB 1 i 1 1 1 1 1 1 1
et S \‘- o " ‘ o
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lon2: a plausible high-redshift Lyman .
continuum emitter .
Status until (very) recently

Grazian+15, see also Siana+10,.Bridge+10, ... =~ &



lon2: a plausible high-redshift Lyman
, continuum emitter
Selection, indirect evidence, direct evidence:

Redshift = 3.218

1900 (A, rest-frame) 1200

(Fv)

1000

(o)}

x
=
(O]
2
© 800
()
o
3

o

6000 8000
Wavelength (A)

Uvimos

Vanzella+15
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Vanzella+15

lon2: a plausible high-redshift Lyman -
continuum emitter 3
Selection, indirect evidence, direct evidence: N

L AR

Redshift = 3.218 . ‘ o (UB) Use BC0O3 models ».
sl \ith same UV slope

6000 8000 — S .

Wavelength (A) Uvivmos
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Vanzella+15

lon2: a plausible high-redshift Lyman -
continuum emitter 3
Selection, indirect evidence, direct evidence: N

L AR

nedshlf;:i.m_fs — A o (UB) Use BCO3 models .
B with same UV slope

6000 8000 — S .

Wavelength (A) Uvivmos
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lon2: a plausible high-redshift Lyman -
. continuum emitter .

Selection, indirect evidence, direct evidence: N

! o

Redshift=3218 . ‘ e G0 Use BCO3 models .
BN :mip“"“"”'o 0% B with same UV slope
| - Convolve templates
with realistic IGM .
transmissions 2

(Inoue 14)

(Fv)

@
o
o

w Relative flux
()]

o

Frequency

3

26.85 = 0.07

Frequency
(o2} !

5

-
|
|
F
]

2

6000 L . >

Wavelength (A) Uvivmos

Vanzella+15



lon2: a plausible high-redshift Lyman -
» continuum emitter 3
Selection, indirect evidence, direct evidence: N

|\

(Fv)

i el ©  Use BCO3 models .
T ] tenn0=0.0% B with same UV slope
Convolve templates

with realistic IGM .

transmissions
(Inoue 14)

x
=
A

)
=
e
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o
oc

3

o

6000 8000 — e B

Wavelength (A) Uvivmos

Vanzella+15
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! lon2: a plausible high-redshift Lyman -
» continuum emitter 3
Selection, indirect evidence, direct evidence: N

! o

il I N <  Use BCO3 models -
TR Pene0=00% g with same UV slope
Convolve templates

with realistic IGM .

transmissions
(Inoue 14)

Predict flux and
colors turning on/oft’
LyC escape fraction

6000 8000 { — - } .
Wavelength (A) ‘

(Fv)

@
o
o

- 1.66 £ 0.06

x
=
e

o
=

—
o

)
oc

3

o

Vanzella+15 *
A o
i . . L R



lon2: a plausible high-redshift Lyman
continuum emitter 3
Selection, indirect evidence, direct evidence: N

L arge Olll+HB as at z>6:"
Zitrin+15, Oesch+14, 4
Smit+14 .

| W

. DPe Bafros+16 sty



lon2: a plausible high-redshift Lyman
continuum emitter 3
Selection, indirect evidence, direct evidence: N

L arge Olll+HB as at z>6:"
Zitrin+15, Oesch+14, 4
Smit+14 .

| W

. DPe Bafros+16 sty



lon2: a plausible high-redshift Lyman
continuum emitter

Seleotlon mohrect ewdence d|rect evidence:
MOSFIRE H-band

[O11)3727

[OII]3726 3729

MOSFIRE K-band

[O111)s9s9

10‘#
|

4
|
|
{
[
L
i

8 De Barros+16 20400 20600 20800 21000 21200 (A)




lon2: a plausible high-redshift Lyman
continuum emitter

Selection, indirect evidence,_direct evidence:
MOSFIRE H-band EWOIII+HB~'

[O11)3727

8 De Barros+16 20400 20600 20800 21000 21200 (A)




lon2: a plausible high-redshift Lyman
continuum emitter

Selection, indirect evidence,_direct evidence:
'MOSFIRE H-band |

[O11)3727

8 De Barros+16 20400 20600 20800 21000 21200 (A)




lon2: a plausible high-redshift Lyman
continuum emitter
Selection, indirect evidence, direct evidence:

-+ ' Lya (2nd order) [0111]5007

B VIMOS R=1160

Lya (Ist order)
VIMOS R=580

X
>
G
Q
i
e
k.
Q
(a d

— \/IMOS R=580
VIMOS R=1160
- MOSFIRE R=3270 -

0
Velocity (km/s)



lon2: a plausible high-redshift Lyman
continuum emitter

Selection, indirect evidence, direct evidence:

-, ‘ Lya (2nd order) [0111]5007

B VIMOS R=1160

Lya (Ist order)
VIMOS R=580

X
>
G
Q
=
e
=
Q
(a d

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

0
Velocity (km/s)



lon2: a plausible high-redshift Lyman
continuum emitter

Selection, indirect evidence, direct evidence:

-, ‘ Lya (2nd order) [0111]5007

B VIMOS R=1160

Lya (Ist order)
VIMOS R=580

X
>
G
Q
=
e
=
Q
(a d

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

0
Velocity (km/s)



lon2: a plausible high-redshift Lyman 3
» continuum emitter 3
Selection, indirect evidence, direct evidence: N

. - N _ LIOTTTIRNN7
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— x
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&
X .g
L — m
X
© =
@ o
o )
> »
x
<
O
(a

” 1T E 19

logis (NHI [cm?]) | | logyo (NHI [cm?])

_ Verhamme+14



continuum emitter
Selection, indirect evidence, direct evidence:

i

Lya peak offset in homoge 50 —— | eparation in homogeneous shell models

“n® ¢

® \Vexp < 20 km/s o d s
® 20 < Vexp < 300 km/s ,..-;;:3:r¢-""f — 50 km/s
¢ 300 < Vexp < 700 km/s e

»
~
£
5,
X
@
©
Q
>

18 19 , = s = L = - T

logo (NHI | 22277 e log;o (NHI [cm?))

_ Verhamme+14

Nakajima & Quchi 2014

. .



continuum emitter
Selection, indirect evidence, direct evidence:

i

e N . .
20 ———————_—{ ieparation in homogeneous shell models

“n® ¢

Lya peak offset in homoge

® \Vexp < 20 km/s =
® 20 < Vexp < 300 km/s / 50 kawve
¢ 300 < Vexp < 700 km/s e

e LA

»
~
£
5,
X
@
©
Q
>

|

log(qion)=7‘5 7
- :, _g E RN )

I8 19 19

logio (NHI [ l0g1o (NHI [cm?])

_ Verhamme+14

Nakajima & Quchi 2014

 See also Daniel Schaerer Talk g




Lya peak offset in homoge

® \Vexp < 20 km/s
m 20 < Vexp < 300 km/s
¢ 300 < Vexp < 700 km/s

»
~
£
5,
X
@
©
Q
>

18 19

logyo (NHI [

_ Verhamme+14

- See also Daniel Schaerer Talk

continuum emitter
Selection, indirect evidence, direct evidence:

20

log(qion) =7‘5 h

B B N
mE = -
e

i

eparation in homogeneous shell models

“n® ¢

/s
50 km/s
n/s

N 19
log;p (NHI [cm?))

Nakajima & Quchi 2014
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lon2: a plausible high-redshift Lyman
continuum emitter
Selection, indirect evidence, direct evidence:

7000

O111]1661-1666
? Y

NIV]i485
: CIVI1550

- fcmsss i Sill1526 Felll608 A
OI+SiII1303 SiIV1394-1403 AlTT1670

Low Ionization emission lines: not detectead
=L ow neutral hydrogen column density (Jones+12,13)

sooo  (A)

CIIII909

15



lon2: a plausible high-redshift Lyman
: continuum emitter
- Strong Olll emission: is there an AGN contribution? .

- oNo X-ray detection (6Ms Chandra), soon 10Ms Chandra
eNot detected in MIPS24
*No broad lines (e.g., Olll: 65km s-1)
eObscured AGN (Vignali+2010): no CIV emission line AL
o Typical ratio: CllI/CIV~0.5 and CIV/Hell>1 tor AGN, while
~ for lon2 >10 and <1, respectively
oC||I/CIV ratio related to nature of ionizing source (Binette
% +2003): ratio consistent with pop | stars
" eSpatially resolved in all ACS bands

. IF it is an AGN, still interesting: how many “taint &
- obscured” AGN like this one at high-z”

- ‘ . -§ . ‘.‘ ~ '. ‘. ; 1/6
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L lon2: a plausible high-redshift Lyman

continuum emitter 3

Selection, indirect evidence, direct evidence: N

" s 70855A 9106 Sky-subtraction: residuals 855-910A
SN~ -

855-910
. s ." » .5

De Barros+15



G lon2: a plausible high-redshift Lyman
continuum emitter
Selection, indirect evidence, direct evidence:

910A Sky-subtraction: residucls 855-910A

oL .o 855A :
S/IN "3 AR St ol

855-910  “+ o ol
e & e ‘ » Bt "‘ ’ .5

De Barros+15

HST program (PI:
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£ lon2: a nl2usiuie high-redshift Lyman
continuum emitter -
Selection, indirect evidence, direct evidence: N
.F336W-LyG F435W F606W

HST program (PI: E. Vanzella): 17 orbits

First high spatial resolution image of LyC emission

. & / / \ LS , . : , . . _‘ g 17
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£ lon2: a nl2usiuie high-redshift Lyman
continuum emitter -
Selection, indirect evidence, direct evidence: N
.F336W-LyG F435W F606W

HST program (PI:

First high spatial resolution image of LyC emission

' - a

—. Vanzella): 17 orbits

LS , . ' X » . _' s 1’7
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lon2: a nlaus.uie high-redshift Lyman P
continuum emitter .

-

Selection, indirect evidence, direct evidence:

»
- »

F435W (model) F336W (observed) Can not conclude

HST program (PI: E. Vanzella): 17 orbits
First high spatial resolution image of LyC emission

bl

e |
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A low-luminosity LyC candidate at z=3.1 in the

Frontier Fields

s this working for faint galaxies (main contributors to

F606W

"

cOSMmic reionization)?

- 5
F814W . mm ‘ aa‘az : ‘e .‘\."
Maooo = =16.80 - )
. - . c

,,,,,
AR
e Tn

.~ Vanzella+16 in prep

B, 52

o) ,’ Hc = 5.0£0.2

e fe/c = He/c = 4.00£0.0%
” . ’ %

P8 . fa/a = Hass = 1.02+0.04
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A low-luminosity LyC candidate at z=3.1 in the

Frontier Fields

s this working for faint galaxies (main contributors to

cosmicC relomzatlon)

F606W | F8L4W .
’ . LA
u i .
c .
- ‘ ks
B
» /
» ——
Hc = 3.0x0.2
Fg/c = Hs/c = 4.00£0.0%
A 0.8" “fa/n = Hass = 1.08:0. 0%

.~ Vanzella+16 in prep

B, 52
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A low-luminosity LvC candidate at z=3.1 in the
Frontier Fields

MUSE 4hr
R=2000-2500

CIV Hell

3.2e-18, 7.0e-19 cgs 2.4e-19, 1.4e-19 cgs 9.0e-20 cgs
sigma < 50 km/s sigma < 50 km/s

Karman et al. (2014+in prep) ¢ _
Vanzella in prep. I MUSE

A _VIMOS LR




A low-luminosity LvC candidate at z=3.1 in the
Frontier Fields

MUSE 4hr
R=2000-2500

CIV Hell

5.2¢-18, 70e-19 cgs  2-4e-19, L4e-19 cgs  9.0e-20 cgs ™

Karman et al. (2014+in _
Vanzella in prep. I MUSE
" iy —— VIMOS LR




A low-luminosity LvC candidate at z=3.1 i

Frontier Fields

MUSE 4hr
R=2000-2500

CIV Hell

600}/ \

6e20f #1548
4e-20} 4 1550 ‘.' _f
2¢-20f € P

Ry _:
° “aﬁvm Al

f'an,

= e, ., —7- o

,"Z’é-l& 7.0e-19 cgs 2.4e-19, 1.4e-19 cgs

Karman et al. (2014+in r)
Vanzella in prep. :

9.0e-20 cgs ™
sigma_< SQAaw7S

| —— MUSE
R FIE VIMOS LR




A low-luminosity LvC candidate at z=3.1 in the
Frontier Fields

X-Shooter, 4hr 323-18 - = =« [0III]5007 (XSHO); R=5300 |
R=5000 — Lya (XSHO); R=5000 -]

~ —— Lya (MUSE); R=1900 -
—— Lya (VIMOS); R=200

Hell 1640
OIII] 1666
—— CIV 1548
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A low-luminosity LvC candidate at z=3.1 in the

Frontier Fields
—|_|_’_',_|_I_|_|_I_I_I_!_|_I_I_I_|_|_I_I_I_|_
X-Shooter, 4hr 3.2e-§18 - = =+ [OIII]5007 (XSHO); R=5300

R=5000 i —— Lya (XSHO); R=5000
? — Lya (MUSE); R=1900 -
—— Lya (VIMOS); R=200 -

, *Lyradiatve transfert:
N(HI)<10A17.15
_Gronke+15

i

|,

w280 Km s-1
HlL 1640 __ 4 oo/ o o
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A low-luminosity LvC candidate at z=3.1 in the
Frontier Fields

An E-ELT flavor: mag=28.83

X" ShOOter Vanzella in prep.
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HST program (Pl: B. Siana): LyC detection?
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Conclusions
Spectroscopy can be used:
e [0 characterize galaxies at the time of cosmic reionization

e [0 search for high-redshift leakers (z<4), to study leakage
processes and signatures

‘ : -

e | ot of data at z~6 (and z~7): signature of strong Olll emission
difficult to found

*\\Ve found a LyC emitter at z~3.2 (1Gyr from cosmic reionization):
similar EW(OIIl+HB) as z~6-7, several proposed leakage
signatures confirmed, first high spatial resolution image of LyC
emission

- ¢(Good candidate in the faint regime (0.02L*): high-redshit ionizer
' analog?

saints
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- analog”? 5
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In the future

In few weeks: Prob/ng cosmic reionization through a magnifying
GLASS, LBT/LUCI, PIl: De Barros

In the less near future: JWST (lines from z~6-7 galaxies and from

z~3 leakers)... but need HST to confirm leakage and morphology! .
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