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Motivation: HI reionization epoch and the nature of ionizing sources

History of the Universe

Loeb, SA 2006
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In'rrinsically complica’red modeling: fibalo.y = fescf'ffgasf*o'wvir Wise (2014)
radiative transfer, time, space,

source dependencies: astrophysics
2 S. De Barros - SF2A 2015



Motivation: HI reionization epoch and the nature of ionizing sources

Galaxies leading candidates @ z>3
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Modeling fesc: a quite complicated problem

Theoretical modeling (RT+SPH):

- fesc | if redshift * (Wood & Loeb+00)
- fesc t if redshift *+ (Razoumov+06,+10)
- fesc ~ with redshift

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

log M, [M,]

- fesc t if redshift t [phenomenological models] Wise & Cen '09 AMR z=8 f.

Haardt & Madau (2012), Kuhlen & FG (2012),
Alvarez+12, Fontanot+14

- fesc | if halo mass *
(Wood & Loeb+00, Ricotti & Shull+00
Yajima+10, Razoumov+10)
- fesc | if halo mass { (Gnedin+08a,b)
- fesc ~ with halo mass (Ma et al. 2015)

- fesc t+ if ( {L OR | Mass ) Large variance in the predictions, in general <fesc>:
Wise & Cen+09; Kimm & Cen (2014); 1) may increases for low mass halos / luminosities
Wise et al. (2014); Paardekooper et al. (2015); 2) may increases with redshift

Roy et al. (2015); Fernandez & Shull+11;
Choudhury & Ferrara 07, Ferrara & Loeb 2012
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Search for Lyman continuum emitters at high-redshift:
current status

Impossible to detect LyC photons coming from the cosmic reionization epoch because of the

IGM:
880-910A

4
redshift redshift
Vanzella+2015, Inoue & Iwata 2008, Inoue+2014
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Search at z<4 to study fthe physics of reionization
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Search at z<4 to study fthe physics of reionization

Galaxy selection: LBG selection
Are we missing LyC emitters? Likely not.
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Search for Lyman continuum emitters at high-redshift:

( Moderately blue, Buv=-2.1)
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Search for Lyman continuum emitters at high-redshift:
current status

Claims of detection or identification of candidates:
O stacked spectrum: e.g., Steidel+2001

(O Individual detections: e.g, Shapley et al. 2006, Nestor et al. 2013
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Ion2: a z=3.212 star-forming galaxy with

escaping lonizing radiation?
Properties reported in Vanzella+2015

- Buy~-3.3 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 ddge
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Properties reported in Vanzella+2015
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Ion2: a z=3.212 star-forming galaxy with
escaping lonizing radiation?
Properties reported in Vanzella+2015
a) L.L 1_\ LB Sill OLCILSITV Sill CIV Hell

;Cll] 1909 - ¢)

-(2=3.212)

-
-
A

“'_.-

LRb (R=180)

-~
& g
S—
o
=
F
—
o |
O |
-:-
S
3)
o

I CII 1334;

| I h T _,
] !,‘ '4.'\ v q"/rwll ‘.""]t

ng 1m. ni ll.l i ll.-llll

8 S. De Barros - SF2A 2015



Ion2: a z=3.212 star-forming galaxy with
escaping lonizing radiation?

Properties reported in Vanzella+2015

a) LLLy LB Sill OICIISIV— Sill CIV Hell \ (1) non-zero Lya flux at the
- — TCTIT vaoa™ ¢ P .
‘ ~CI] 1909 - systemic redshift (Schaerer

(7=3.212)
- +11; Behrens+14;Verhamme
+14)

o—
-
A

LRb (R=180)

Relalive_ flux (F ;7)_ |

~ : [ g
Double peaked Lya F f ; CII 1334

{ T
&‘*l fh AI,'J' 'q’,-‘wll ‘\"h}f

blll { NI YT
()l (ll

ngin 11w niu ll.l i llllllll

Rclativt_: flux (F3) =

8 S. De Barros - SF2A 2015



Ion2: a z=3.212 star-forming galaxy with
escaping lonizing radiation?

Properties reported in Vanzella+2015
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Ion2: a z=3.212 star-forming galaxy with
escaping lonizing radiation?

Result of further investigations (de Barros+15, in prep):
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The faintest blob is too faint to be defected in the UV spectrum
Only explanation: Lyman continuum photons
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Ion2: a z=3.212 star-forming galaxy with
escaping lonizing radiation?

Result of further investigations (de Barros+15, in prep):

S/N=8
The faintest blob is too faint to be defected in the UV spectrum
Only explanation: Lyman continuum photons
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Ion2: a z=3.212 star-forming galaxy with
escaping lonizing radiation?

Result of further investigations (de Barros+15, in prep):

’ 2

q’ K-bnd (4600-5600A)
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Stellar mass: 10”9 solar mass
Age: 10°7-8 yrs
The K-band excess implies EW(OIII+HB) >1000A!
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Ion2: a z=3.212 star-forming galaxy with
escaping lonizing radiation?

Result of further mves’rla’rlons (de Barros+15 in prep):
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Ion2: a z=3.212 star-forming galaxy with
escaping lonizing radiation?
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Ion2: a z=3.212 star-forming galaxy with
escaping lonizing radiation?

Result of further investigations (de Barros+15, in prep):

(1) hole in the ISM?
) low covering fraction NHI
(3) consistent with a density bounded

nebula scenario (Nakajima & Ouchi 2014, Kewley+13, Stasinska+15, Jaskot & Oey 2013)
(4)
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) low covering fraction NHI
(3) consistent with a density bounded
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Ion2: a z=3.212 star-forming galaxy with
escaping lonizing radiation?

Result of further investigations (de Barros+15, in prep):

11

(1) hole in the ISM?
) low covering fraction NHI
(3) consistent with a density bounded

nebula scenario (Nakajima & Ouchi 2014, Kewley+13, Stasinska+15, Jaskot & Oey 2013)
(4)

BUT...

(a) - Direct star light )
. " withLyC ’/‘"“‘\\ S(tgmgrenradius
are the LyC photons coming from stars or... Q . 9

from an AGN?

Star light and .o o Star light with

(5) NV1240, CIV1550 St

(6) oniation-bounded nebula with hoes Density-bounded nebul
(7) Lx < 2-3 x 10742 erg/s, expected Lx for
Type 1 AGN from [OIII] is Lx > 10°43 erg/s (Panessa+06)

(8) (Villforth+10)

(9) soft ionization spectrum (ratio >2
for AGN, Christensen+12)

(10) NH>10"20 vs. NH<10"18
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Implication for JWST?

Derive a reliable emission line diagnostic to identify LyC leakers at z>4 and at the
reionization epoch.

Are we already seeing LyC leakers at z=77
E.g., Smit+l4, Oesch+15
23
EGS-ZSS-" Zbest=7.7 (f° = 1.7)
Ziow=1.8 (2= 34.2)
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The star-formation main sequence

There is a well defined relation between stellar mass and star formation rate up to z=2

-
I
e
)

O]

-

~—

=

-
+

4

—

[0 <

=

n

1010
M, (M)

Reddy+12

15 S. De Barros - SF2A 2015



The star-formation main sequence

There is a well defined relation between stellar mass and star formation rate up to z=2

Implications:
Rising star formation history?
No stochasticity?
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There is a well defined relation between stellar mass and star formation rate up to z=2
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The star-formation main sequence

There is a well defined relation between stellar mass and star formation rate up to z=2
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The star-formation main sequence

There is a well defined relation between stellar mass and star formation rate up to z=2
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Noeske et al. 2007
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How to derive the sequence at z>37?
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(Ho in [3.6] filter) (no strong lines

O in IRAC filters)

-0.5 00 0.5
[3.6]-[4.5]

Stark+13

16



How to derive the sequence at z>37?
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WIRCAMUY == RO AN RT™ = e
ISAACLIY CISAACGH) ISAACIK)
FINOWE) FI6OW(H)

vl, [arbitary units]

Shim+11
3.8<z<5.0 3.1<z<3.6
L j (Ha in [3.6] filter) '(no strong lines
O (3.6-4.5)um: straightforward basically model in IRAC flters)

independent derivation of observed Ha flux

O Possibility to derive instantaneous SFR,
sSFR, SFR density, the SFH (stochastic/
episodic vs smooth?)
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(3.6-4.5)um at z=4

Build a large sample of B- and V-dropout galaxies from CANDELS GOODS-S and

GOODS-N
Photometric redshift selection: 3.8 <z < 5.0

1400
1200
1000

800

600
p(3.8<z<5.0) > 0.1

o .
400 60% blue galaxies

— (GO0DS-S
200} |=—— GOODS-N
= Total 1

9.0

3
A
=
L0
Vv
N
Vv
0
o
S
pa

p(3.8<z<5.0) > 0.9
80% blue galaxies

17 S. De Barros - SF2A 2015



(3.6-4.5)um at z=4

Theoretical expectations from stellar population synthesis model
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(3.6-4.5)um at z=4

Theory vs. observations

269 galaxies

74 galaxies
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For 1/3 of the sample: galaxies too

blue compared 1o expectations
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(3.6-4.5)um at z=4

Theory vs. observations

For 1/3 of the sample: galaxies too

blue compared 1o expectations
but...

269 galaxies

74 galaxies

Theoretical predictions based on
several assumptions (ISM
physical conditions, stellar
populations models, ...)
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20

Empirical method fo derive stellar mass and sSFR
(or EW(Ha)) at z=4

QF zpec good

QF 2z, intermediate

QF zy,ec UNcertain
S/N(4.5um)> 5

SFR=const, age> 100Myr
SFRoexp(-t/7), age> 20Myr
SFRoexp(t/7), age> 20Myr

-26 -25
IRAC 2 Absolute Magnitude

QF zgec good

QF zpec intermediate

QF Zzpec UNcertain
S/N(4.5m)> 5

SFR=const, age> 100Myr
SFRxexp(-t/7), age> 20Myr
SFRxexp(t/T), age> 20Myr
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log (sSFR/Gyr—!
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Empirical method fo derive stellar mass and sSFR
(or EW(Ha)) at z=4

QF zpec good

QF 2z, intermediate

QF zy,ec UNcertain
S/N(4.5um)> 5

SFR=const, age> 100Myr
SFRoexp(-t/7), age> 20Myr
SFRoexp(t/7), age> 20Myr

-26 -25 -24 -23
IRAC 2 Absolute Magnitude

JWST will be able fo measure directly
HCl ﬂUXGS! QF z,,,.. intermediate

QF Zzpec UNcertain
S/N(4.5m)> 5

SFR=const, age> 100Myr
SFRxexp(-t/7), age> 20Myr
SFRxexp(t/T), age> 20Myr
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Thank you
again!



