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 history of the Universe
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Key aspects:
- A major event in the cosmic history of the Universe that impacted on almost every baryon in the Universe

- Detailed measurements of the IGM properties inform models of high-z structure formation
- Early generation of ionizing sources influenced the formation of subsequent galaxy populations




Investigate hydrogen reionization: a way to proceed
who, when, how ...

Design Panchromatic
Surveys fo search
for faint (L<<L*) and
distant sources
(z<20)
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The Ly-alpha transition:
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Lya Radiative Transfer Equation [ A=i215.7A; v=2.46x10Hz ]
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Change in intensity radiation (cooling)
of radiation I(v) at
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propagating into

direction n (In|=1)

Integro-differential equation, studied for decades
(e.g. Chandrasekhar 1945; Unno 1950;
Harrington 1973; Neufeld 1990; Yang+11;
Higgins & Meiksin 2012; Dijkstra+14).




Lya Radiative Transfer Equation [ A=i215.7A; v=2.46x10Hz ]
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Lya transition is an astrophysical and cosmological fool

Combination of the two:

Lya demography in. galaxies Vs.

redshifi; probes cosmic reionizaiion
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Ly-alpha Forest

- Consider a photon emitted by a source (placed at Zs) with wavelength Ae < Ag,
where Aa is 1215.7A (Lya)

- Suppose fhere is a hydrogen atomial: Some redShifisZabs < ZS, Where Thesphoion. IS
redshiffed fo thelresonant' Lyarlineraccording iorl2liSaa=sne|(1+£s)/(1+Zabs) N (from our:
point of view)

- This atom will scatter the photon out of the line of sight.

- Therefore Lya scafiering with neufral “hydrogen will®remove light: from QSO
spectrum afrwavelengths (1+redshift)Aa and! O<redshifi<Zs:
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The Gunn Peterson opftical depth

in a smoothly distributed “sea” of neutral hydrogen in the expanding universe (Gunn and Peterson 1965)

1150 L1200 1250
Emitted wavelength |, !

Along the proper differential distance ds a photons is redshifted by

an amount dv = —ds H(z) v/c . Photons that were initially emitted
at Vem > V& will thus redshift into the line resonance (1215.7A)

where nui(z) is the mean
= TGP number density of neutral
hydrogen atoms at redshift z
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The Gunn Peterson opftical depth

Average IGM transmission (T)
at z=2(4) is 85%(50%)

Teff(IGM) = -InITl ff : g.';g

LI AL - ' e.g., Faucher-Gihurere 2008
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Ly-alpha Forest: Observations many L.O.S. up to z=7

... numerous Lya absorption e s
ll!’leS in the spectra of e 3 ///‘ v
distant quasars are | e RO
called "Lya Forest” (LAF) 22 B el
L" 4 g foreground
~ { 7
'/ToEarth

N /1=2.9(2<4.6)
n=5.0(z>4.6)

Volume-average neutral fraction

Becker+l15

Becker+13 @
Faucher-Giguere+08

Redshift
Adapted from Becker+13

what about z>5.5 ...




At z>5.5 the Lya GP trough is observed,
suggesting an increase of the neutral fraction in
the IGM
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Lya GP frough, approaching reionizaftion 2>5.5
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Lya GP frough, approaching reionizaftion 2>5.5
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The IGM neutral fraction is increasing toward z=6
(Becker+15) (see also Mortlock+11l in QSO at z=7.08)
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Measuring the ionizing background from the LAF (I)

lonization potentials
H 13.6eV (912A)
He 24.6 eV (504A)
He* 54.4 eV (228A)

I."l(z)zm/" dv | P Number: of ionized phot- Our= Oorz (V/Vor2)-3
wiz 1Y per unit time, s* Go1p=6.35x10-18cm-2

— < 7
& Measuring [ :
& QSO proximity effect o
= Deficit of IGM abs. depends on the relative
S—- contributions of ionizing photons from the local
- source and the UVB. Knowing the QSO luminosity,
v the UV background photoionization rate can be
stimated (Carswell et al. 1987; Calverley+11 : : !
8 el ity | o Gl Average Specific intensity
: : : at v and z (er cm2/sr/Hz
2 Modeling the mean transmitted flux in the LAF nd z (erg/s/cm2/sr/Hz)
The mean level of transmission of the Lyx forest is set by the Cy k(v +3) 1 —1
ilibrium between the ionizing background and recombinations Jir = - l-—=5
equilibrium g g . 47 om,(Vor2) 47os+

in the IGM. Thus, given a model of the density fluctuations in
the IGM and its gas temperature-density relation, the mean
transmission of the Lyx forest can be inverted to give

Ti1 (e.g. Rauch et al. 1997; Rollinde+13 and many others)

J(V)=T912(V/Ve12)¥P9




Measuring the ionizing emissivity from the LAF (II)

Flat behavior at 2<z<4.5,

useful to anchor reionization
models

9 o
Empirically calibrated models o photon-starved” process at z=6 ?
— — Haardt & Madau 12 '

Faucher-Giguere+09 Just enough PhO"'OI"IS Presenf

Mean transmission Proximity effect 1-0 reionize fhe IGM
+ Becker & Bolton 13 e Calverley+11

A Wyithe & Bolton 11 W Dall'Aglio+08 at ?=6 the measured num. of ion. phot.
v Faucher-Giguere+08 2l emitted per hydrogen atom over the Hubble

time (2-5) = the required photons (2-3)

Total comoving emissivity

- 1 © gy emissivity % 5
of ionizing photons (LAF) IR / ROl (€y [erg/s/mzimpes] =¥ TV =P Th)

Total comoving emissivity

: = dMy M ion My esc
of ionizing photons (LFs) ion /Mu,,, uv $(Muv)n(Mov) £
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Observational facts:

1) From Lya-forest effective optical depth of distant QSOs:
The Universe was highly ionized up to 90% of its age (0<z<é).

2) A ionizing background has been measured and evolve with redshift (z<6)

3) At z>6 we are entering info the epoch of reionization, GP trough at z>5.5
(+ LAE demography, see also Lecture#4)

3a) reionization may be a “photon-starved” process:
There are only just enough photons present to reionize the IGM at z~6 (Becker et al. 2015)

Question:
- What were the sources responsible to the (re)ionization

of the Universe ?
- What was the nature of the first ionizing sources?

Natural candidates are and




Ingredients in the (re)ionization modeling
e A | ———== —3 UV lum. funct. (N/mag/Mpc3)

joniz. luminosity (phot/s)

Inflation

(Spectrumpofisources)

escape fraction ion.
photons: fransmission

Primordial
fluctuations

Cosmic microwave
background

Ionizing
sources:

Qui=l  2z<6
QH11(2)<1 Z>6

Volume filling factor:
Volume(HII) / Volume Universe

mean comoving 1

fe = =————
hydrogen number Cuuwos(To) Ain(l + Y /4X) (1 + 2)°
density

TE) 0.7 1+Z -3
2x 104K 7
Hui (2012)
Crn = (1) / (nem)?

Cu(z) = (2.9) [

(1 +Z)] 1.1
6

17 Shull et al. (2012)



o o Once Qi is determined it
Time eVOIU'hOﬂ OF QHII is linked to Thomson optical depth

Volume(HII) / Volume Universe

dQH no_ ﬁion
dt fl Helium
H Thomson =1 single ionized (z>4)

electron =2 doubly ionized (z<4)
cross section

o0 1 2 e
a2 TD o @ orin (1 + ny/4x) ISR

H(z) 0,013

Robert tal 2013 oy ; ]
cermene s along fhe los, this infroduce signatures in the
Forced Match to WMAP 1

CMB: smalli suppression of signal and linear. polarization

Probes:
Istantaneous - QSO near zones
reionization e
2!&8&13 kol

- UV luminosity functions

A Ly-« Forest Transmission

& Derk Ly~ Forsst Pixols - Ly-alpha emitter surveys (Lecture #3)
O m Quasar Near Zone

O GRB Damping Wing Absorption

O Ly Eniters - Gamma ray bursts optical afterglows

& Ly-« Galaxy Clustering
@ Ly- Emission Fraction

- Redshifted 21-cm line
- Cosmic infrared and X-ray background

Robertson+15
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Time evolution of QHII

Volume(HII) / Volume Universe

dQHu _ QHu

dt Ay I

t rec

Rion

A

A Ly- Forest Transmissior
A Dark Ly~ Forest Pixels
O m Quasar Near Zone

O GRB Damping Wing Absorption
O Ly« Emitters

¢ Ly« Galaxy Clustering

@ Ly-= Emission Fraction

8 10

Robertson+15

Once Qu is determined it
is linked to Thomson optical depth

o 1 2 "
T, = / izSLT D o @ orin( + Y /4X) L
0 H(z) 0,013

Helium
=1 single ionized (z>4)

electron =2 doubly ionized (z<4)

- UV luminosity functions
- Ly-alpha emitter surveys (Lecture #3)
- Gamma ray bursts optical afterglows

- Redshifted 21-cm line

- Cosmic infrared and X-ray background




Searching for distant star-forming galaxies

. ‘ » . - »
Ground-based observatories * i - ’ 2 ~
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Panchromatic deep surveys
The deepest ophcal & Aedi= mFrared ﬁeld ev“‘- B
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Panchromatic deep surveys

The deepest opficall & nedr=inimadred fhieldiever

CANDELS/Supernova Follow-up/Other

F435W F606W F775W

‘ACS LR
WFC3/IR . . x 2
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Hubble Ultra Deep Field:
(Credit: NASA; ESA; and G. Bacon and Z. Levay, STScI)




An example: Extreme deep field observations

http://xdf.ucolick-orqg/
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An example: Extreme deep field observations
http://xdf.ucolick.org/ rldgolz 2xrramz Dazy Flald XUr
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Dropout selection technique - high redshift

Steidel et al. (1999)

Remember teffacm)

z~6 Selection

A

3

R F60BW  F775W F125W F140W F160W

| AR, '

= Y | X

ATV

| . |
0.6 1.0 1.5

Observed Wavelength (microns)

Animation available at http://xdf.ucolick.org/




Selecting high-z galaxies: Color-color diagrams
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e.g., Giavalisco et al. (2004); Bouwens+15
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Example: U-band dropout selection (z=3)

Model galasoyatz = 3.0

Validation (spectroscopy)
e.g., Le Fevre 2015

relative flux

3 449 galgaxies

waltenuated spectrum

altenuated spectrum

Lly=limit. .

17;0 galgaxies

[
o
B
F=

2000 4000 6000 2000 10000
observed wavelength (&)

F, (10~ ergs/sec/cm?/A)

IR DRy — == —_.———— ==

Rest frame A(A)

1+zspec = Aobs / Ao
=> limited to bright galaxies mag<25-26

Color selection:




Color-color diagrams
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Photometric redshifts (I): Template fitting technique
Multi-band Deep fields

./Observed colors I

Exploit the full set of filters Nm

R R RS w.*‘Mn
Sk \";".('_._\_'.
; '._.'.,_6‘-'_’ °. o
ey oAk Find the best fitting template;
. redshift as a free parameter

see, e.g., Bolzonella et al. (2000)

Starbust99; Bruzual&Charlo’rZOO3

Stellar populations synthesis models: stellar
evolutionary tracks vs. ages vs. metallicites

+ dust extinction (e.g., Calzetti law)

OBJ16822 \ i 0OBJ28476

5x10* 108 £ 5x10% 108

A(R)
Giallongo et al. (2015), Salvato et al. 2011
Arnouts 2003

ra



Photometric redshifts (I): Template fitting technique
Multi-band Deep fields

iy Observedmﬁcalors o

iy

Exploit the full set of filters Nm
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l. (2000)
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Stellar pof
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6 -0.5 0 0.5
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Giallongo et al. (2015), Salvato et al. 2011
Arnouts 2003
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Photometric redshifts (II): Empirical techniques
Example: machine learning

find a map between mulfi-dim colors

and redshift, minimization of a merit function
based on a fraining sample

(e.g., Vanzella et al. 2004; Simm et al. 2015)

z=f(colors, priors)

/ P
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ToYeks

Input Pattern
SEDs
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3 Vanzella et al. (2004)



Photometric redshifts (II): Empirical techniques
Example: machine learning

find a map between mulfi-dim colors

and redshift, minimization of a merit function
based on a fraining sample

(e.g., Vanzella et al. 2004; Simm et al. 2015)

z=f(colors, priors)

Vanzella et al. (2004)

rx;



Photometric redshifts (II): Empirical techniques
Example: machine learning

find a map between mulfi-dim colors

and redshift, minimization of a merit function
based on a fraining sample

(e.g., Vanzella et al. 2004; Simm et al. 2015)
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Vanzella et al. (2004)




Photometric redshifts: captures broad features (breaks:
Lyman limit; Lya-break; Balmer break) + global shape

the nebular confribuiion to
phoiomelry ISt Impor tant, infsome
cases dominant, as redshift
increases ( ):

=
—
)
E
o
-—
v
-
o
—
lll
-
=
>
=
(55

Wayklength A (A)

Star-forming regions (HII): Nebular
recombination lines like Oxigen,
Balmer, Lyman lines

=
2
3
=
(25
8o
)

|
o
o

e - best-fit age 20Myr
- § pure BCO3 age>700 Myr

4 6

wavelength [um]

Schaerer & de Barros (2009)
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Examples of emission lines signature a high redfshift

Strong [OIII]5007 line

MOSFIRE spectrum (Keck)

I SHObSefved=spectrum: iy S o TR LR
i @ &2 : l ﬁ" i
X % ; i e

?‘ )4 :. e

THb 4959 o Ta BOOTE

From De Barros et al. (2015)

Zz~6 Selection

Redshift

3cf):'FFec’r of Lya emission on photometry at z>5.5, Vanz+09



Examples of emission lines signature a high redfshift
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[OIII]5007 line

SFIRE 5pec’rrum (Keck)
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Effect of Lya emission on photometry at z>5.5, Vanz+09



Narrow band selection technique

: Narrow bands
centered at 8160A and
9210A, corresponding to

z=5.7 and 6.5 IF Lya
IS captured, similarly
at z=7 with the

r ]
l M - }MJW\ \EMJUM M N397OO ﬁ”er
4000 6000 8000 10000 Ouchi (2010)

Wavelength A

ransmission

JLyman Limit

NB4670 '

NB filters have also
been cusftomized:
designed fo investigate
a specific redshift
value (Hayes et al.)

4000 4500 5000
Wavelength (A)

Mostardi et al. (2013)




Summarizing: high-z selection

Photometric redshifts: captures broad features (breaks: Lyman limit;
Lya-break; Balmer break) '+ neb. emission + global shape

Template fitting

Empirical (machine learning)

Advantages:
- flexible (filter set)

Advaniages:

- fast compu’ra’rion (once training is done)
e.g., one billion galaxies in 5 hours

- model-independent
(= photometric zeropoints)

Disadvantages:

- “model-dependent”
e.g., nebular emission infroduce recently

- need accurate phot. zeropoinis

Disadvaniages:

- training on the same filter setf

- uncertain extrapolation foward
faint limifs

Color-color diagrams

Efficient to select high-z sources: IGM break+UV slope

Narrow-band selection

| Efficient to select line emission: small volume, line contamination




High redshift Selection functions:
Color-color vs. Photometric redshifts

Color-color selection Photometric redshifts

From Simulations Photometric Redshifts

ot
o

z~4 25 726 27 A8 z~10 z~4 725 26 27 2~B z~10
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Redshift Bouwens+15 Redshift
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Simulating high-z selection, adding noise to real data, dim galaxies

re-select them -> monitor selection criteria.
- Cold galactic stars
Expected small fraction of contamination: - Supernovae

(2,3,6,7,10%, for z=4,5,6,7,8,

redshift dependent) - EELG
- Spurious sources




High redshift Selection functions:
Color-color vs. Phofome’_rric redshifts

Color-color selection Phofomefric redshifts

From Simulations Photometric Redshifts

z~4 z2~5 z~6 2n7 2~8 z~10 z~4 z~5 206 287 2B z~10

o
o

Wenow have iihe meinods 1o
selecishighirecshiFisgalaxies

/
A 4‘. >._A - “L

8 10 4 6 8
Redshift Bouwens+15 Redshift
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Simulating high-z selection, adding noise to real data, dim galaxies

re-select them -> monitor selection criteria.
- Cold galactic stars
Expected small fraction of contamination: - Supernovae

(2,3,6,7,10%, for z=4,5,6,7,8,

redshift dependent) - EELG
- Spurious sources




Galaxy luminosity function

Consider a sample of galaxies 5 with an estimated
redshift. We can define the following quantities:

n-(L) => number of galaxies in 5 per unit luminosity

number of galaxies in 5 with luminosity between
n-(L)dL = g Laal

d) (l—) =>» Luminosity function such that

b-(L) = n(L) / V(L)

Number of galaxies in & per unit Volume and L

ds(L) =2 PL) asV: > o0

\

Universal luminosity function
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The Schechter function (schechter 1976)

b(L) = (d*/L* ) (L/L*)e e~/
d(M)dM = P(L)d(-L) M=-M* = ‘2-5|Og(L/L*)

-0.4(M-M*)

d(M) = d*(In(10)/2.5) 10-0-4M-M*)a+1) o-10
{ ¢*= normalization density h-* Mpc-

M* = characteristic absolute magnitude
a = faint-end slope

Example: UV LF at z=3

Best-fit Schecther parameters (Reddy & Steidel 2009)

a(z~2.30)=-1,73+0.07
a(z~3.05) 1,73+0.13

Redshift Range a Mi(1700 &) ¢* (x10~ Mpc—)

19<z<27 —-1.73=0.07 -20.70=0.11 275+0.54
27<z<34 —-1.73=0.13 -2097=0.14 1.71 =0.53

=)

op
o
E
n‘\
)
o,
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P
)
2
g
5
=

21 20
M,5(17004)

Reddy & Steidel (2009)




Probing LFs along cosmic time:
need multi-frequency deep surveys
We want to probe faint and distant galaxies to z=10

- i.e., redshifted radiation + faint emission
- this implies to access deeply near infrared bands

access NIR (but also UV is

Waveleﬂg’fh coverage: important for re-ionization)

Long integration fime

e

Access faint sources: — “cosmic Telescopes” (lensing)

Future facilities: increase collecting
area and wavelength coverage (e.g.,
JWST, ELT) - see lecture #5




Deep surveys: GOODS+CANDELS s, Spitzer, Chandra, Herschel, Ground-based ...)

COSMOS
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>

x* ™ w® »* 17" o " " %?
Rigrt. Aacession (2000}

Giavalisco et al. (2004); Grogin et al. (2011)
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4 Seletion T “Dropout technique”
' X Color-color diagrams

Selectiong galaxies at
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Surface densities of candidates z>3.5 galaxies
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Luminosity functions at redshift 4<z<ll (0.5-1.8 Gyrs)

-0.4(M-M*)

b(M) = d*(In(10)/2.5) 10-0-4(M-M*)a+1) o-10
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Luminosity functions at redshift 4<z<ll (0.5-1.8 Gyrs)
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A z=10 galaxy (candidate) - challenging

Hubble Ultra Deep Field 2009-2010
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‘ smgle-band de’rechon
UDF]-39546284 H=28.9 J-H>2.0

V+i+z Y J

P . . . - S8 ',..'.

Hubble Space Telescope « WFC3/IR

UDFj-39546284

NASA, ESA, G. lllingworth (University of California, Santa Cruz),

STScl-PRC11-05

R. Bouwens (University of California, Santa Cruz, and Leiden University), and the HUDF09 Team

Bouwens+11, Nature




Evolution of the faint-end slope &
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Halo MF Evolution
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log,, ®(M) / #(M=-21.1)

Steepening of faint-end slope of
the LFs with redshift: this
means the number of faint
galaxies is very large

=> relevanT ror reionizarion




The cosmic ultraviolet Bouwens+15
luminosity density.
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I’ Incomplete gamma function

integral diverge if alpha = -2 and Lmin=0

Lmin

Trenti et al. (2010): a DM halo with
mass > 0.6-1.8 x 103M@ is required to

cool and form stars (when irradiated by  Ej
a UV field as during the EoR), this . AT e iewonaseen

7 m Oesch et al.(2010)
corresponds to a minimum Muv=-10 £t * Roddy & Sdazo00)

Sawicki(2012)




Luminosity density at 1500A, pisoo

Bouwens+15 t (Gyr) iihe following Siepiis o
10 54 3 2 1 . |
relate’ 10 Pi500 = PoizA

> 0.03 L}.; (—17.0 mag)

log pgrr (Mg yr~' Mpc3)

Faint, high-redshift dwarf
galaxies are therefore widely
postulated as likely

UV Background candidates for making up the
ionizing photon budjet

S 9 9o
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Luminosity Density / mag
10%® ergs/cm?/s/Mpc®/mag
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We need reliable constraints at the deepest lum. limits

¢(M1400) EE— PLisog0 —> N'mt —_— Nion

Integrate; N N 70Mm,
’ el
assume Miim ( “-’<912/ 11400> fesc_rc

With the faint-end slopes as observed
(field): luminosity density completely
dominated by faint galaxies

log,, (M) / &(M=-21.1)

Changing the slope a by
+10 results in the UV ionizing
flux changing by o factor 6x

Correction Factor (UV Light)

-1.8 -2 -2.2
Faint—=end Slope a Bouwens+12




We need reliable constraints at the deepest lum. limits
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Exploiting "Cosmic Telescopes” : strong lensing magnification

galaxy

galaxy cluster

__~lensed galaxy images

distorted light-rays

Earth

Hubble Frontier Fields
(P.I. Mountain, Loz)
initiative, 140 orbits
cluster/blank fields
m=28.7-29 5-sigma

+ magnification

CLASH: 500 HST orbits
(P.I Postman, M.)
25 galaxy clusters
m~27.5 5-sigma
(16-band filters)

+ magnification




Exploiting "Cosmic Telescopes” : strong lensing magnification
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As part of a three-year project called the Frontier Fields,
6 Hubble will stare at these six clusters.




Magnification maps

http: //www.stsci.edu/hst/campaigns/frontier-fields/HST-Surve sourceatz=>9

“CATS” (PliEbeling) Assume light traces mass
Richards . " a ™ to different degrees
Limousin |
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Using Strong lensing fto probe the

faintest ultraviolet luminosity llml’rs Color-selections
(based on Fron’rler Flelds project) ) ' T
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Ultraviolet luminosity functions at z 7 and 8
from Frontier Fields project (“Cosmic Telescopes”)

probes fainter limits
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Intensity of the UV fluctuation of the background

Based on the strength of: the drop-oui: signafure
in the fluctuations measurediintdifferent: bands

Redshift = 6
From HUDF: i775 and z850 -> Fourier space -> P(K)

e.g., Calvi et al. (2013) derive
2.5 mags fainter than HUDF depth (m™29)

)

8 < redshiff < 15

Cross and Auto-corr in the Fourier space,
V,i, z, J and H bands.

At 8<z«15, the signal is present in

J and H, it disappears in the optical:
Ly-break is probed down to faint limits,
possibly contribution of sources fainter
than Muv = -16
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Intensity of the UV fluctuation of the background

Based on the strength of: the drop=ouf; signaiure
in' the fluctuations measurediinidifferent:bands

s Redshift
e ... From HUDF: i775 and 2850 -> Fourier space -> P(K)
" g e.g., Calvi et al. (2013) derive :

5 “. 2.5 mags fainter than HUDF depth (m™29)

GiionroeiREeslinay
PROIGHSHSRCO erJg MOIIINAI i STESOURCES

o2 czrzerian rarzsnelel

Cross and Auto-corr in the Fourier space,
V,i, z, J and H bands.

At 8<z«15, the signal is present in

J and H, it disappears in the optical:
Ly-break is probed down to faint limits,
possibly contribution of sources fainter
than Muv = -16
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.. there are “a lot” of SF galaxies, are they sufficient ??

mtegl'ate,. <N»y<912/N"{1400)
assume Miim

With the faint-end slopes as observed
(field): luminosity density completely
dominated by faint galaxies

log,, (M) / &(M=-21.1)

Changing the slope a by
+10 results in the UV ionizing
flux changing by o factor 6x

Correction Factor (UV Light)

-1.8 -2 -2.2
Faint—=end Slope a Bouwens+12




Summary

@ The Universe is highly ionized at z<6, Tcffzom) (LAF)

At z>6 we are approaching the reionization epoch, GP frough

The search for distant galaxies, “dropout” efficient method

Ultraviolet luminosity functions of galaxies have been
calculated, 0<z<10 and down to Muv = -16

=) Steep faint-end slope, c<-2 at z>6:
faint galaxies dominate UV lum. density, 1500A

mf} Are they dominating also the
emission <912A ?? (re)ionization




