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The reionizakion e.pock: where do we skand?
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Cosmic Dark Ages Reionization . IGM mostly ionized
z > 15-30? z=6-157 z=0-6,t>1Gyr
t < 100-270 Myr at <1 Gyr " | -
Rare sources form
ionized bubbles ~_ 4 o

t = 370,000 years

- Modern galaxies form -

> [onized bubbles ,
First stars ®overlap e *
(z = 15-30?) " / 2 N -

Inflation/
Big Bang
Recombination/
CBR emitted

Neutral IGM 5

First galaxies 4 2 "\ :
(z ~ 10-30?) > : = Dense, neutral ppdltets

ning galaxies & AGN form bubbles of ionized hjrogh that
grow and eventually overlap. At the end of this process “the Universe
is completely ionized again.
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Latest constraints coming from Planck results compared to observational inferences from :
Lya emission fraction, LAE clustering, LAE LF, Damping Wing QSOs, GRBs, Lya Dark Gaps etc



Probing the relonization epoch with
Lyman Brealk galaxies and Lya emission
The Lya emission should be present in all a\ouy\g star forming

galaxies: it is quenched mainly by dust within the galaxies
(although the final tramsmission is due also to the escape

fraction, oubflows ekc)
As we go to higher redshift we observe a | o ey
steady increase of the fraction of Lya e
emission amongst LBGs (from 2x2 o zx6):

this is an indication that galaxies become |
ol average younhger and less dusty hence °
they have stronger Lya (Cassata et al. 2014,
Stark et al, 2010, Vanzella et al, 2009,
Stanway et al. 2009)
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Cassata et al. 2014 (VUDS data)

As we probe earlier epochs, we should getto a point where the Universe
becomes partly neutral:sincethe Lya lineis easily suppressed by even a
small amount of neutral hydrogen we expect to detect a lack of Lya emission
is star forming galaxies provided thatthe galaxies properties do not change
significantly over the same time interval




When does the Ly a decline?
Early resulks ( Fontana et al. 2010, Skark ek al, 2010,

L? et al.2011, Ono et al. 2012) by several independent
groups indicated that ot 227 the fraction of Lya

emission i LBGrs s

considerably lower o
thawn okt % z & -
The rise and fall of Ly a is
articularly prono unced

or the {aihfesf: galaxies -
(but samples are >
smaller and observations .
more difficull) -
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CANDELSz7 : an £50 Large Program ko probe the

reionization epm:h
Mokivakion

AThe early samples were still small and very heterogeneous

in terms of
-selection (color vs zphot)

-observational se.E-u,E (Le. redshift coverage) 7
-Lya EW Limit reac ed A
4\6;0

B. The distribution of Lya was still uncertain
also at z%6 (e.q. Curtis-Lake et al. 2012
claimed o much higher fraction of emitters)
drop from zx6 to 257 might change

o o o ST

C. Potential bias could arise ok 2%6 samzl.es from the

selecktion in z-band (which conbtains the
em‘bj surveys

Yya line) as done in

D. Large field ko field variation (e.q. Ono et al. 2012 ) were
observed prababi.tj due to spatial fluctuations depending on the
deqgree of homoge&f\e&-{/ inhomogeneity of the retonization

process (e.g. Totjtor & Lidz 2014)



To overcome these problems we designhed and carried out
CANDELSz7 an ESO Large Program with FORSR to observe 200
galaxies abt 8.5 < z < 7.3 in COSMOS/UDS/GO0DS-S selected from
the CANDELS official catalogs bto determine a solid and
unbiased statistics of Lya fractions in this redshift range.
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-Gralaxies are selected with homogenous color-color criteria

from the CANDELS data :

~The selection band (H-band ) is independent of the presence of

Lya bobth ab z=6 & z=7 unlike pas& surveys and minimizes any bias

-Rfe. employ a unique spectroscopic set u and observational

strateqy: kotal inteqration time varies from 18 (for bright tarqets)
9 9 9 gets,

to 25 hours (for faint tarqets) ko reach a uniform EW Limik

for all galaxies.



Examgi.es of 2=7 candidates in the GOODS-SOUTH
Z
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CANDELSz7 final observation Log
25 25 YES YES

GOODS1

GOODS2 25 25 YES YES
UDS1 15 15 YES YES
uDS2 15 15 YES YES
uDS3 15 15 YES YES
COSMOS1 15 15 YES YES
COSMO0S2 15 15 YES YES
COSMO0S3 15 15 YES YES
TOTAL 140 hours 140hours

So far we analised =74 new candidate z dropouts ( z=7 candidate galaxies)

candidates and several massive galaxies at low redshift.

In addition a large number of i-dropouts observed and some high-z(z=5) AGN

Spectrosopic redshifts of LBGs
T T T T

We have confirmed
15 wnew galaxies at
68 ¢ z ¢ 72 all with
Lja emission, %N 40
new §.5<2<6.8
galaxies with Lya
Ptu.s several with | |

Galaxies

I Large Program
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Some new high-z qalls
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Deep spe.d:roscom starts to reveal faint 26 non-Lya emitters
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(400 hr) EWI(Lya)>20A good-quality

1<EW(Lya)> ~ SO0A

<Mygpo> = 26.6 |

Buv = -2.1+0.7

1200 1250 1300 1350
(200 hr} EW(Lya)<20A gqod qua'li’ry
‘ Weighed average

<EW(Lya)> = TA -
<Mygnp> = 25.8

Buv = -1.7+/-0.5 -
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EW vs MUV for i dropouts

For the large sample of z=6
galaxies we can observe the

220 : clear Erend that fainter
w236 alaxies have pragressivet%
180 . . .
ol . | brighter Lya emission exac i.j Qs
ol observed "ot lower redshift
= L
Lu:zz_ ° . | P L N N N B \::.\ T T T T \\ \7
ol : : : - =45 WA
of PR ALY [ oeor S
° o0 ° 3 n o o
207 ° ° A 1 > ° ¢ > - o . o -
oL o oo ”o'o“’o‘u-‘m’:-q...m 5 > L |
-23.0 -22.5 -22.0 -21.5 -21.0 -20.5 -20.0 -19.5 -19.0 0 r _‘.0' OOO I
MUV : B o o i
J ; o © Q¢ : =
. —.;::::‘;:g;‘;;;;;;‘%@‘u@#ﬁ.‘. F}...‘..:?:‘::9‘::::'?:111‘11?‘:?". ...... —
—22 —21 —20 —-19
Vanzella et al. 2009
We observe a less strong - ,
correlation between the UV |
slope B and Lya EW, which is . : .
observed ot Lower redshifts o - . i
ol 7.. :E..o ° ... I (] °
22 o % . ’82&.&# o ° % o

UV slope



Early structures ot the end of the reionization
epoch: a briplet of galaxies at 226,6 in the UDS field

We found 3 extremely bright galaxies (Myy=-21-21.5) with Lyo
emission., Their redshifts are within 250 km/s of each other and the
sky positions within 1 aremin ( %340 kpc proper) at 226.56
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26 F D Mass SFRry,a SFRuvy SFRspp Age met E(B-V)
r 26 10°Mg  Meyr—* Mgyr~'  Mgyr~'  Myrs
[ UDS1920 4.7 1.5 15.0 46.7 100 0.2 0.1
28 - 28 - UDS4812 7.1 8.9 15.8 7.1 250 0.2 0.0
[ L UDS4872  19.8 2.4 20.0 7.0 355 0.2 0.0
30 §+ ? 1 : . 1
|
T A s Galaxies have masses of 0.5-2 x10%° Mg
A(R) A(R) E .
o _ . - colors indicate the presence of strong nebular
- The spec the three galaxies, from UV to IRAC, including all photometric points that a
ELS cataloy e black line represent the best fitting model with Bruzual & Charlot templat
f nebila

emission in IRAC Channel 1

'{f_._' In red the position of all star forming galaxiesinthe UDS field
ﬁi':: with photometric redshifts=6.6+0.2. There isa >50 over-densit
around the triplet. Compared to the most distant overdensity

‘ i found @2z=6.01 (Tashikawa et al 2014) , the redshift range of
confirmed emitters is considerably narrower (Az=0.006 vs 0.05)



To evaluate the fraction of Lya emitters ot 226 and z2%7 we
first perfo'rm accurate 2D simulations to assess the sensitivity
of our spectroscopic observations (and hence the EW Limit
reached for each object). Fake Lya Lines with realistic shapes,
are inserted in real raw frames ak varying wavelength an
then processed as real data by our owin reduction pipeline
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Including new Large Program data & earlier & archival
observations we assembled a sample of
& 1go i-dropouts in ¥ independent fields: this is the
largest homogeneous sample of high-z galaxies observed
spectroscopically, We can how measure the Lyo emission
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1s Lya quemaked bj neuktral kjdrogem,?

The challenge in using Lya emibting qalaxies as a probe of
reionization lies in corréctly interpreting observations

The Lyo transfer nvolves a wide range of scales including

~interstellar medium (ISM) with dust and gas distribution and kinematics
(e.g. Hutter et al, 2014)

~circum-galactic medium(CGM) Le. direct environment of the galaxies
out to few hundreds kpc (e.q. Laursen et al. 2011)

-IGM which contains diffuse neutral gas surrounding large ionized
bubbles which themselves contain dense self-shielding gas clouds

The reduced visibility of Lya emission during the EoR is controlled b
both diffuse HI pakchés in Large-scale bubble morphology and small-scale
absorbers. The possible approaches are:

1)The “bubble” models where small scale absorbers are neglected and the
global HI fraction measures the content of HI in the diffuse neutral IGM
oulside the ionized bubbles(e.q. Dijlkestra et al. 2011, Jensen et al. 2013)
2) The “Web” models where only small scale HI absorbers are considered
(e.9. Bolton & Haenhelt 2013)

3) The “Web-bubble” models which contain both neutral phases (eq.
Mesinger et al. 2018, Ckoudhu,rj ek al. 2018, Kachiiki et al, 201¢&)

In addition the escape fraction of Lyman continuum photons adds
anocther degeneracy parameter as explored n Mesinger et al. 2014



Setting constraints on the neutral hydrogen
fraction

An example of bubble model is the one developed bj Dijkestra &
Whyite (2011) which couples large scale semi-numeric
simulations of reionization with galaxies oubflows, odap&ed ko
our redshift and mass range
Assumptions - the Universe is completely ionized by 226
- the escape fraction of LyC photons remains unchanged
- the EW distribution ot 226 is modeled as an exponhential
function matching observations
- the halos of simulated LBGrs have 8§x 10%F Me< My, o< 1012 Mo
SFR up ko 1-20 M@/vr

- the galaxies have no dust 100RE PR
Variables: I ‘
~-Qubflowing wind velocit N GRS ]
FIDUCIAL MODEL 200 lkm/s 0.0k ‘ N 2T SN
—-Neutral hydrogen fraction g | N el T e
_"COLMMV\ QV\SE‘&j O‘f HI é '— AN \“k ﬂ57\ “ ]
FIDUCIAL MODEL! Ny1=102° cm? ] N e
0 50 100 150

X, > 0.62 @2=7

New Limits from final sample



Setting constraints on the neutral hydrogen

fraction

An example of web-bubble model is the one developed
Kachiilei et al. 2016 together with purely web and purely bubble
models: they show that a Joint analysis of LAE LF and Ly

emission fraction in LBGs can potentially discriminate between
these models
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Setting constraints on the neutral hydrogen
fraction

A&erha&ivetj the observed reducktion in Lya abk z=7 could be
e.xptained al evolution in the escape ?rac&on of lonizing
photons, fece 05 M Mesinger et al, 201

To match bthe observed daka with a pure evolution i ... and

no change in Hi, requires &sc values that are nfm* too large
fesc=0.66 ot 226 and 075 ok 227) compared to low redshift

However assuming f... =0.04[(1+2)/5]4 (as in Becker & Bolton
2013 ) coupled with change in HI can do the \gob with a more
reasonable value o TRDReeMyy< 187

z=6
"""""" z="7, Axy;=0.2/0.5 |
—————— z=", Axy;=0.2 ]
- 4

& <f_>=0.04([1+2z]/5)

z=8, AXHI=O.3
— 4
& <f_ >=0.04([1+z]/5)

X, 2 0.2 & f...=0.26 @z=7

.
DN
I 1 1 1 1 I 1 1 1 1 I 1 L |

0 o0 100
x (restframe) &




Can we set any (indirectk)
constraint on “fesc at high 27

While increasing f...and increasing neutral
hydrogen have similar (degenerate ) effect
ol the visibility of the Lya line, the optical
emission Lines 0III and HB are only affected

by fesc

Evidence for the presence *
of these strong lines in i
ubiqui&c:-us i the IRAC
chawnnels.
SED fitting of high redshift. +
galaxies requires strong S

contribution by nebular Llines (e.9. De Barros
ek al 2014)

T




We selected galaxies with 2268 - 7 and derived IRAC CH1-CH2
colors of those in UDS and GOODS fields where the deepest

IRAC inaging is available)
We divide our sample i galaxies with and without Lyo line

1.6

| AL B S

| AL § L

with Ly« C w/o Ly N

- - 3

——— s — = e — —]

\ I 3

I'. 3 ]
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mn 1. 1 1 P I | | IR I SRR B |

6.4 . 7 72 6.4 6.8 68 v V.2

CHL-CH2

% Stackeed color

Although a large scatter is present in both samples, the

galaxies with Lya in

emission have a much larger color
term (Chl-Ch2=-1.0+021) than qgalaxies without Lyo (Chi-
Ch2=-047+0,11)

Castellano, Pentericci et al A&A subm



Density bounded nebulae

We compute the ex ected
1 IRAC colour for different £ ..
T values as a function of galaxy
' age 1Or
‘1 _W- - z—drop with Lya w-
1ol b 1) stellar + nebular templates
. ‘ (Schaerer & de Barros 2009),
. assuming caseB recombination
. Radiation bounded nebulae and He and metals Lines “f'l‘()m
\ - | Anders et al. (2003) as in a
——— 1 radiation bounded wnebula.
N ~rop o 1 A
W//“’“ W 2) modelling a densit
[ J bounded nebula with CLOUDY
i with stellar templates from
et BRSSS

In both scenarios, Lya emitters are reproduced only U £« 20%,
The colours of non~emitters are consistent with higher ?esc f aqe
<200 Myrs (density bounded model) or <100 Mys (radiat. boundec



1f the trend of decreasing Lya is confirmed -
galaxies at z » 7.8 might mas%tj have extremely faink
Lya emission lines (EW < 10 A7 flux < 107'% erg/s/cm
Yor Lua way be absent > it will be hard to secure
the redshifts of statistical samples of 2=75-%.5
galaxies with current near-IR facilities (MOSFIRE,
KMOS, LUCIFER..)

We have to seek new methods ko confirm the redshift of
sizeable samples of galaxies during the first 600 Mys

-Alkernative selection e.q. indication of skrong GIII+HB in
IIZAL;. 4.85u channel, (Roberts-Borsani et al 2016, Stark et al
ROL1E

~Alternative emission lines shifted in the near-IR e.q.

CIV 1548, OIII]1664 & CIlI]1909 which are not affected by neutbral
hydrogen (Qesch et al. 20158)

~Lensed galaxies where Lya should be stronger

~ALMA observations of [CII]18%um



3) Lensed god.axi.e.s : L-_ja should be very strong in very

faint galaxies given the M, vs EW relation observed akt
lower redshift

So far few spectroscopic confirmations (Bradac et al. 2012,
Schenicer et al. 2012, Vanzella et al. 2014, Hualng et al. 2018)

Systematic searches:
CR..ASH VLT follow u,f (Rosati et al.): probed not deep
enough for z2x7 galaxies

GLASS (The Grrism Lens-Amplified Survey from Spoce, PI T.
Treu) In 24/189 candidate i&gh—-z galaxies we detect
emission lines consistent with Lya @ 6.2 < z< 102 (Schmidt
et al. 2018). However purity < 105% and some of the Llines
are ambiquous and/or Llow” $/N (see Tommaso’s talk)

KMOS follow wp of GLASS (ESO Large Program, PI A,
Fontana) Spectroscopic observations of 7 clusters with
targets preselected to show signature of Lya tn the HST
low resclubion spectra

- 20 hours per cluster, > 28 candidakes emitters ok z>7



ALMA observations

[CII]18%um Lline is hot effected bj neutral hydrogen & dust.
Up to 2285-6 the CII-SFR relation s similar o the one for local
star forming galaxies (Capak et al. 2015, Willott et al. 2015)

At 2227 galaxies observations were nitially disappointing with
several nown debections (Oka <k al. 2014, Gonzalez-Lopez et al.
2014, Quchi et al. 2013) but we are starting to get some
results (Maiolino et al. 2018, Wakson ek al, 2018)

X N RN RN LRERRNNNNY We have obtained time in ALMA Cycle 3 to observe
-=—— local star forming - . .
- - 1 the 7 brightest galaxies from the ESO Large Program
- local low metallicity = . o
9.0 2~5-6 - with Lya emission atz > 6.6 and SFR > 15 Mg/yr: the
— [0 2z~7 (this work) . g0 1 aimis to reach log (L[CII])=7.5
— o z~7 (lit.) (:/ ] o _c I
— 8.0 of 4 g 2000 results are very promising!!!
a— L o .
S f )
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0.0 0.5 1.0 15 2.0 2

log(SFR) [My/yr] A clear detection of CIiI

ok z=6,, the rest under
anatvsis NOw

STAY TUNED!!




