Probing the earliest galaxies and reionization
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Lecture 1

Monday 2hr

Lecture 2

Tuesday lhr

Lecture 3

Thursday lhr

Lecture 4

Friday lhr

Lectures

Cosmic reionization: how was the IGM reionized?
Probes of cosmic reionization (and ionization)
Selection techniques of high-redshift galaxies
Redshift evolution of the UV luminosity function

Is all cosmic reionization made by galaxies ?
Issues on the escape fraction

Exploring the farthest and faintest galaxies
with deep spectroscopy: the first two Gyrs
after the Big-Bang

Next generation optical/near-IR facilities:
JWST and ELT




Cosmic hydrogen reionization: who, when, how ...

Design Panchromatic
Surveys fo search
for faint (L<<*) and
distant sources
(z<20)

count galaxies/ X
AGNs; compute
UV LFs
| Compare
with UVB
PR, ~ O<z<6 \
Compute ionizing UV | ~

luminosity density | \ post-reionization Problem Solved
Approaching

A% /
EoR z>6-7
? reionization ?




Ionizing sources
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Focusing on star-formimg galaxies
Galaxies leading candidates @ z>3

Pawlik et al. (2009) et (nZy) / (num)

Minimum SFRD needed to
keep the Universe ionized

UV LFs,
lum. density (1500A)

o Maximum Likelihood SFR History
ML SFR History Without r Constraint
® SFR Density from UV Luminosity Density .

-, SFR Density from IR Luminosity Deresity
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How many ionizing photons escape from galaxies ?

fesc
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Trying to observe directly LyC at low redshift (z<4.5)

However, galaxies are selected with dropout fechniques ...

Model galaxy st z = 3.0 Coun'l'er‘-infUifive ?

relative flux

We select high-z galaxies
NN \ith the dropout technique,
IS The required drop
biasing our search for
SRl | yman continuum emission ?
I.e. are we missing them ?

redghited hyman limiH
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Is there a selection
effect (Cooke et al. (2014) ?




What is the color of a stellar “ionizer” 2
Do we miss it ?

FA 20

912 1216 1500 1800
Rest-frame wavelength (A)




What is the color of a stellar ionizer ?

( Moderately blue, Buv=-2.1)
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U-band dropout (z~3)

B-band dropout (z~4)

Do we miss it ?

In case of stellar
emission there s
not a significant
effect in the color
selection:

. Why ?

Two reasons:

1) IGM mean free path
2) Intrinsic spectrum
both introduce a drop
even If fesc=1

Vanzella+15

Note: for AGNs the effect
can be not negligible




Before measuring fesc...

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

- fesc ! 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

I 4

UV Escape Fraction
=]

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

- fesc ! if halo mass 1
(Wood & Loeb+00, Ricotti & Shull+00
Yajima+10, Razoumov+10)

- fesc | if halo mass ! (Gnedin+08a,b)

- fesc ~ with halo mass (Ma et al. )

- fesc ~ T with halo mass (Trebitsch )

N
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l0g Mygo/Me A
9 R odmov+ 09 SPH. |

Large variance in the predictions :
1) may increases for low mass halos / luminoisties
2) may increases with redshift

- fesc T if ( L OR lMass )

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

Wise et al. ( ); Paardekooper et al. (2015);
Roy et al. ( ); Fernandez & Shull+1l;
Choudhury & Ferrara 07, Ferrara & Loeb 2012




Escape fraction of ionizing radiation (LyC)
gas transmission, dust extinction (+ geometry)

> TP Intrinsic ionizing photons unknown:
W commonly: adopted strategy. is to compare the
observed flux at' LyC to the observed flux af
a frequency where the infrinsic emissivity can
be inferred.
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The escape fraction of ionizing radiation (LyC)
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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!
FUV 1500A

Intrinsic 41

fesc=8% at z=3
Dust L* galaxy (miso0x24.5)

il E(B-V)=0.2
=>
2 Am=5 (e.g., i-U>5).
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Observing Lyman continuum leakage / fesc

understand the physical mechanisms that allow
ionzi to escape to z>6 during Eg

P
I \

9 photo

-angle + Discontinuous in time
3) Foreground contamination

E(B-V)=0.2 o

=
‘_10'1
RS,

=>
Am=5 (e.g., i-U>5).
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Light from
background
galaxies

_~~ Cosmic web
- gas in foreground
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Cosmological radiation hydrodynamic
simulation (Cen & Kimm 2015)

View angle effects ...

16.0— —_2401log N, 60— 240l0gN,
Myvirs 7.8x10°Mo Mvirs 6.1x10"°Mo
<fesc>=5.4% <fesc>=12%

All-sky maps of the
neutral hydrogen

the sky an observer
sitting at the center Mvir= 1.8x10°Mo
of the galaxy would see

4

Eoera=02 N®
240,09””’ <l23(,>—:7.0/0

=> this implies Nuzr > 5x10'" cm=2, fesc<5%

... result: stacking of = 100 galaxies is needed to obtain

a good estimate of fesc within 20% uncertainty



Cosmological radiation hydrodynamic
simulation (Cen & Kimm 2015)

View angle effects ...

16.0 —— 1 _
Myvirs 7.8x10°Mo
¢fFesc>=5.4%

All-sky maps of the
neutral hydrogen

the sky an observer H ’ll
sitting at the centfer ' o .

of the galaxy would 3 Time evolution: e '- Trebitschils

10°

=> this implies Nuzr > 5x10'" cm=2, fesc<5%

... result: stacking of = 100 galaxies is needed to obtain

a good estimate of fesc within 20% uncertainty



Foreground contamination (I)

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

z=3.41
//3'5 AB=0.3"

0<2<3.4

Recent NIR spectroscopic

exp (Tagp . i_' observations confirm our

(L1500/L900);y

Jeserel = m

warnings raised in 2010

Ground based: (Siana+15)

fesc = 30%

Statistical sfudy on this effect (evs10: Nestors1)
- critical for ground-based observations (spatial resolution)
- increases with redshift
- increases with increasing depth
EV+12 (tricks to limit the
contamination)




Foreground contamination (II): example (EV+12)
R-band

ACS/BVi WFC3/YJH




Foreground contamination (II): example (EV+12)

U-band R-band  ACS/BVi WFC3/YJH
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10000 gth (um)

Wavelength (A ) [Oll] or Hb, [OII1]14959-5007 in the filter ?
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Foreground contamination (II): example (EV+12)

—band R-band  ACS/BVi WFC3/YJH

Y=

coulcrberselved
OpY) (Sianas U)
ROWEVEeIRIinISE ol CHRURICASIBIC
gasrdssinieirisle) Solige2s gz rog

Line EW~1360A: ~ taint !

R T S Wavelength (um)
10000

Wavelength (A) [Ol1] or Hb, [O111]4959-5007 in the filter ?




Foreground contamination, statistical correction
507% orooability that ar 12ast 13%
of N 30urcas is contaminaradl 1) Given number counts at deep mags
(assuming uniform surface density)

| 2) Consider a separation R or minimum
spatial resolution (e.g. seeing)
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we can calulate the probability
that a foreground obj. falls

within radius

Prob(%)

° Fraction?) detections have been

Probability to observe K contaminated sources f(K) revised (Siana+15)
or at least K contaminated sources P(>K) in a sample

of N high-z galaxies, ’
given the probability p  [{ESEEtI IR ST PRI}
of the single case =




LyC measurments: caveats under control ?

View angle effects + Increase sample size

inftermittent behavior

IGM absorption Modeled
stochastic

Statistical correction
Individual investigation
(spectroscopy)

Foreground contamination




Looking directly at ionizing emission from z=3.3-3.5
102 LBGs from GOODS-S, (EV+10,12)

“#Extremely deep_U-band. images:
] U=30.3"10, GOODS (VLT, Nonino+09)
1 U=29.7.10,"COSMOS’ (LBT,-Grazian+15)

(GOODS-I-CANDELS)
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<Am>=7.5 <Am>=6.1 <Am>=6.6 ey f‘adl(ﬂ'lon
fesc,rel < 3%  fesc,rel < 9%  fesc,rel < 5%

54hr VLT/FORS, 6 LBGs

LyCI Ly .

912A
fesc<5%  Lyy

Lyd
: \ Grazian et al. (2015) - COSMOS
: 37 galaxies, fesc,rel < 3%

(see also Boutsia+1l; Guaita+15
Giallongo 2002; Siana+10; Siana+15)




LyC measurments: caveats

View angle effects + Increase sample size

inftermittent behavior

IGM absorption Modeled

stochastic N :
Statistical correction

Foreground contamination Individual investigation
(spectroscopy)




... however, investigate faint regime is challenging

CHALLENGING!

FUV | l 1500A

Intrinsic 1

fesc=8% at z=3

L* galaxy (miso0=24.5)
=>

Am=5 (e.g., i-U>5).
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.. however, investigate faint regime is challenging

... accessing fainter galaxies (~0.1L*) is even NG!
more problematic:

... Solutions ...

1) exploit lensing magnification -U>5).

2) investigate indirect non-ionzing signatures
3) look carefully at the colors, refined

selection to catch possible objs with fesc >0

L1500/L1 ¢ )in o
= \L100/Lry0 Jine [ Ly Y exp(rﬁ;(‘\;.‘ ), (2)

fm(' |
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Probing LyC emission at z~2-3 for sub-L* (L<O. 5L*)
LBGs ‘with s’rrong lensmg

Vanzella+2012 * =

Expect to probe fesc<15% for O 05-0:1L* galixies W|ﬂ1' 5 galaxy clusters and U- band
imaging U~30 (assumlng LFs,

4 2=3%03.
magnificatio®maps, : .
’ » //*’_.
U-band depth, Q . 5
IGM .. > :
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" Ongoing prdggams:

.
: e.g., HST/UV sufVey
- on lénsed clusters

(PI Siana, 90 orbits)




Non-ionizing (>912A) signatures of LyC leakage

A <912A  gas abs. dust. abs TLycze'T('-YC)

- T =Nh:10
IoN ‘ p[ TH 1 ISM LyC z 10 04AL)c) (Lyc)=INHIOLL
.J OLL.=6.28%x10-18 cm2

1) non-zero Lya flux at the systemic redshift
(Schaerer+11; Berhens+14; Verhamme+14)

2) weak Carbon Silicon low-ionization absorption lines
(CII,SiII), low covering fraction (Jones+14; Heckman+11)

3) large 032=[0111]4959-5007 / [OII]3727 (> 10 )

@32 index positively correlates (also) with fesc
(Nakajima & Ouchi 2014; Jask’r & Oey 2013;bu’rsee Stasinska+15)

Direct star light ()

~ N PR
Star light and Vs, ¥ Star light with
nebular emission,
but no LyC

i lonization-bounded nebula with holes Density-bounded nebula



Non-ionizing (>912A) signatures of LyC leakage

A <912A gas abs. dust. abs TLycze'T(Lyc)

ction
100440 I ¢)=Nu10LL
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@32 index positively correlates (also) with fesc
(Nakajima & Ouchi 2014; Jasko’r & Oey 2013; bu’rsee S’rasmska+15)

Direct star light (b)
T withLyC

Star light and M o4 Star light with

\
¥ lonization-bounded nebula with holes Density-bounded nebula




Trying to select LyC emitters at z<4
a complementary approach (EV+15)

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

New 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) N\ 1.66 = 0.06

4) Look at UV color - Lyman edge Prege

P(Fesc=0)=0- O%

... - "’/"""—\"\\
Gl ()P
\.\ /"/

VLT/Uvinos Buas Veos

Two candidates LyC-emitters
spatially resolved Re=250pc




Two LyC sources with direct LyC detection !?

1 No X-ray (6Ms) = No high-ionization lines (CIV, NV..) = Nucleated, but spatially resolved
Re~250pc & No mid/far-IR = Lya yes/no = SFR 20-30 Msol/yr = M* = 10°Msol
n UV slope = -2

Tonl: (2z=3.795, i775=24.82)
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A plausible ionizer : Ion2 (z=3.213)
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Observing LyC with HST

HST - F410M 5"

Ionl

Z=3.795 3 L
838-877A | VLT/Mwwos
’< 830A

LyC

-

Relative

é\kﬁwM“WMWWW%‘“‘AJMW{]Nh

A | cu_Sivl ¢
5000 6000 6500 7000 (A HST

HST - F336W, 50" , 14" B WFC3/UV

2000<93TA

Ion2 o (e

Z=3.213

736-866A VLT/Jumos Baas
o 855A 910A

- : ’
S/N b N — 70 um 3.1 * ,
855-910 ] " - :
Ko R N iy -
1t ‘ . v ™ 17 .

.. data acquisition for Ion2: ongoing these days...




\
confirmed °

A pia‘»‘,:‘fbie ionizer : Ion2 (Z=3.213) <2Gry after BB

F336W A<900A

fesc=60%

F6O6W A<1500A

Very informative on the physical mechanisms that allow ionizing
photons to escape and reach the IGM, irrespective fo the nature of

lonizing radiation




Study z73-4 galaxies, analogs of z>7 ?

ISMi conditions & lonizaiion

(Oesch+15) D< barros+15
Isow (36  [45] EW([OIII]+Hb)

. b 6200A observed
: M 720 rest-frame

oi ew([0111]5007)=1000A!

Finkelstain et al. (2014) z=7.5 Two relevani; facts:
Oesch et al. (2015) z=7.73
Zitrin et al. (2015) at z=8.5 2) Strong nebular emission

all with similar sfrong
rest-frame nebular emission

are "Ion2-like” sources more frequent at z>6 ??




What is the fesc of AGNs ?? ... work in progress

F225W F275W F336W o BAss R e o

A=500A A=700A A=860A

Fram CLASH-VLT
spectroscopic survey

we know fesc in AGN can be > O,
but how many AGNs do we observe at high-z ?




Who is responsible for the ionization 2

¢(M1400) —> PLijo0 —> Nznt

20M,

integrate; N N |
assume Miim ( 'Y<912/ 11400> fcsc,rcl

Ly-a forest . Lyman break galaxies
® Becker & Bolton 13 . B Oesch+13

A

Emissivity models “a ¢ Finkelstein+14
x df.,/dt, M,,.=10° M, . A Bouwens+14
- = -« x df/dt, M..=10"" M, ’
— - Haardt & Madau 12 (AGN)
- --- Giallango+12 (AGN)
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BeckeF+15

- select AGNs from X, challenging - faint-end LFs ? Ok, there are many!
- faint-end LFs ? Uncertain (zspec) Some with zspec (Alavi 2014)
- fesc ? Helium reionization ? _fesc 2 (low for bright...)




Who is responsible for the ionization ?

¢(M1400) ——> PLio ——> N ——{ N;
Integrate; (Ny<912/N~1400) fescirel
assume Miim

T T T - ov T '
fesc=1.0 ? (AGN)
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Becker+15
- select AGNs from X, challenging - faint-end LFs ? Ok, there are many!

- faint-end LFs ? Uncertain (zspec) Some with zspec (Alavi 2014)
- fesc ? Helium reionization ? _fesc 2 (low for bright...)




Questions




