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Lecture 1:  Key Questions in Galaxy Evolution & Emerging Techniques

- The Hubble Sequence of Galaxies

- Cosmic Star Formation and Stellar Masses

- Theoretical Concepts: Hierarchical Assembly and Feedback

- The History of Disk Galaxies

- The Formation of Quiescent Galaxies

- Summary of Emerging Techniques in Context of E-ELT

Lecture 2: Galaxies & Reionisation:  Finalizing Cosmic History

- What is Cosmic Reionisation

- When did Reionisation Occur?

- Were Star-Forming Galaxies Responsible?

- Challenges and Techniques

- JWST – E-ELT synergies



What is Cosmic Reionisation?

When the first galaxies emerged (cosmic dawn), the Universe was bathed 

in ultraviolet light from young stars which produced ionized spheres of 

electrons and protons inbetween the galaxies (reionisation).

This landmark probably occurred 200-800 million years after the Big Bang 

when the Universe was <5% of its present age (redshifts z~6-20). 
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The Big Questions

• When did reionization occur?
Constraints from the microwave background; results 

from current spectroscopy

• Were star forming galaxies responsible? Need to 

study galaxies in the reionization era 

• Abundance of star-forming galaxies

• Nature of their stellar populations 

• Many issues and challenges for E-ELT
• Lack of spectroscopic confirmations

• Escape fraction of ionizing photons

• Nature of ionizing radiation (stellar populations, 

AGN)

• Presence of early dust?

• Major driver for both E-ELT and JWST: How will they 

work together?



How to Probe the Intergalactic Medium (IGM)?

High redshift QSOs (and gamma ray bursts) are bright enough to act as 

beacons illuminating, via absorption line spectroscopy, the presence of 

neutral hydrogen in the IGM



Absorption Spectra of z > 6 GRBs & QSOs 

QSO ULASJ1120+0641 at z=7.085



Redshift-Dependent Absorption

Insensitive: only small amount of HI saturates absorption (XHI ~ 10-3)

Modest progress since 2006: few suitable sources beyond z~6 

z

Chornock et al arXiv: 1405.7400

McGreer et al 2015 MN 447, 499



Cosmic Microwave Background

(1965-2015)



Polarization of Microwave Background

Polarization in microwave background probes electron scattering in the 

foreground i.e. electrons from the time of reionization

Measured in terms of the optical depth of scattering τ



Duration of Reionization - WMAP

WMAP 9yr +eCMB:

 = 0.088 ± 0.013 consistent with instantaneous reionization z=10.5 ± 1.1

14

Tab le 3
Six-Parameter ΛCDM Fit a

Parameter 7-year Fit 5-year Fit

Fit parameters

102Ωbh2 2.258+ 0.057
− 0.056 2.273 ± 0.062

Ωch2 0.1109 ± 0.0056 0.1099 ± 0.0062
ΩΛ 0.734 ± 0.029 0.742 ± 0.030
∆ 2

R (2.43 ± 0.11) × 10− 9 (2.41 ± 0.11) × 10− 9

ns 0.963 ± 0.014 0.963+ 0.014
− 0.015

τ 0.088 ± 0.015 0.087 ± 0.017

Derived parameters

t0 13.75 ± 0.13 Gyr 13.69 ± 0.13 Gyr

H 0 71.0 ± 2.5 km/ s/ M pc 71.9+ 2.6
− 2.7 km/ s/ M pc

σ8 0.801 ± 0.030 0.796 ± 0.036
Ωb 0.0449 ± 0.0028 0.0441 ± 0.0030
Ωc 0.222 ± 0.026 0.214 ± 0.027

zeq 3196+ 134
− 133 3176+ 151

− 150
zr ei on 10.5 ± 1.2 11.0 ± 1.4

a M odels fit to W M AP data only. See K omatsu et al. (2010)
for addit ional const raint s.

F igur e 13. Gravitat ional wave const raint s from the 7-year W M AP data, expressed in terms of the tensor-to-scalar rat io, r . T he red
contours show the 68% and 95% confidence regions for r compared to each of t he 6 ΛCDM parameters using the 7-year data. T he blue
contours are the corresponding 5-year result s. We do not detect gravitat ional waves with the new data; when we marginalize over the 6
ΛCDM parameters the 7-year limit is r < 0.36 (95% CL), compared to the 5-year limit of r < 0.43 (95% CL). T ighter limit s apply when
W M AP data are combined with H 0 and BAO const raints (K omatsu et al. 2010).

where Ph (k) is the power spectrum of tensor perturba-
t ions at wave number k, and the normalizat ion of Ph (k)
is as given by Komatsu et al. (2009). This form is com-
parable to the curvature perturbat ion amplitude,

∆ 2
R (k) ≡

k3PR (k)

2π2
. (10)

The dimensionless tensor-to-scalar rat io is defined as

r ≡
∆ 2

h (k)

∆ 2
R (k)

(11)

evaluated at k = 0.002 Mpc− 1. In the Markov chain, we
set a flat prior on r , and require r > 0.

We do not detect gravitat ional waves from inflat ion
with the 7-year WMAP data, however the upper lim-
its are 16% lower: r < 0.36 (95% CL) compared to
r < 0.43 (95% CL). Figure 13 shows the the 2-d like-
lihood contours for r vs. the other ΛCDM parameters
using both the 5-year and 7-year WMAP data. This
shows both the improved upper limit on r and the cor-
relat ions with the other measured parameters, especially
the mat ter densit ies and ns. The limits quoted above
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Larson et al. 

(2011)

Stability of this result led us to believe reionization was extended process 

 = 0.09  ± 0.03  (WMAP3, 2007)                                                                

 = 0.087 ± 0.017 (WMAP5, 2009)                                                               

 = 0.088 ± 0.015 (WMAP7, 2010)

Hinshaw et al 2013 Ap J Suppl 208, 19



Duration of Reionization - Planck

WMAP TE PLANCK TT

Planck Consortium argue the WMAP τ, derived largely from polarization 

data, is inherently challenging compared to now superior temperature data 

from Planck whose degeneracy with the amplitude As of dark matter can 

now be broken via lensing constraints. They derive

Planck Consortium arXiv 1502.01589



Ly Emission as a Probe of Reionization

Up to 6-7% of young galaxy 

light could emerge in Ly:

• But resonant scattering by 

neutral gas reduces its 

visibility 

• In a significantly neutral IGM, 

galaxy must lie in an ionized 

bubble in order for Lyα to 

escape 

• Expect a sudden drop in the 

fraction of galaxies revealing 

line emission as enter the 

neutral era

• Caveats: dust, outflows etc

Miralda-Escudé & Ress 1998 Ap J 497, 21; Santos 2004 MN 349 1137  

Dijkstra et al 2007 MN 377 1175 , McQuinn et al 2007 MN 381, 75

Ly-a Emission from Early Galaxy Formation. Mark DIJKSTRA

Figure1: This Figure shows schematically why Lya emitting galaxies (LAEs) probe the distribution of neu-

tral intergalactic gas during the EoR. Lya photons emitted by galaxies inside large HII regions can redshift

away far from the line resonance before they enter the neutral IGM (as indicated by the color-changingsolid

lines). As a result of this redshift, some of these photons can propagate freely to the observer. However,

for galaxies inside smaller HII regions all Lya photons scatter through the neutral IGM (represented by the

dotted lines) into a very low surface brightness ‘fuzz’ that is much too faint to be detected with existing tele-

scopes [14, 8]. Because the neutral IGM affects the detectability of Lya photons, we expect the reionization

process to leave an imprint in various statistics (number counts, clustering, ...) of LAEs [11, 16].

1. Introduction: Lya Emitting Galaxiesasa Probe of the Epoch of Reionization

The Lya emission line is robustly predicted to be the most prominent intrinsic spectral feature

of the first generation of galaxies that initiated the reionization process in our Universe. The Lya

line can be heavily suppressed by intervening, neutral intergalactic gas. As a result, the process of

reionization leaves an imprint on various statistics of Ly-a emitting galaxies (Fig 1, [11]). However,

if we wish to fully exploit Lya emitters (LAEs) as a probe into the Epoch of Reionization (EoR),

it is important to understand what drives their observed redshift evolution after reionization is

completed. Otherwise, it is difficult to tell what other parameters are important in driving the

redshift evolution of LAEs, and whether these parameters can be evolving during the EoR as well.

I argue that one of the key uncertainties in interpreting existing LAE observations relates to the

impact of the ionized intergalactic medium (IGM) on Lya photons emitted by galaxies.

2

M. Dijkstra



Targets: HST GOODS & CANDELS-UDS mAB<27.5 

DEIMOS 3<z<6; LRIS-R 6<z<7; MOSFIRE z>7

351 B + 201 V + 89 i + 40 z + 5 Y drops = 686 spectra

Keck m<27.5 

Stark et al (2009, 2010, 2011, 2013, 2015 in prep), Schenker et al (2012, 2014) 

Keck Spectroscopic Survey 2009-2015

A&A 573, A24 (2015)

Table1. The final sample of galaxies used in this work, divided in 4 red-
shift bins, as a function of the spectroscopic quality flag.

2 < z < 2.7 2.7 < z < 3.5 3.5 < z < 4.5 4.5 < z < 6

f = 0 83(0) 90(0) 40(0) 18(0)

f = 1 299(2) 200(3) 88(2) 14(0)

f = 2 614(24) 614(17) 163(5) 47(3)

f = 3, 4 646(106) 701(153) 205(57) 41(22)

f = 9 28(15) 31(10) 19(6) 20(5)

Notes. The number in parentheses indicates the number of objects at
that redshift and of that spectroscopic quality flag that have EW0 >

25 Å.

primary targets, and in addition we have 80 secondary objects
with mi < 25. Moreover, 231 objects with a photometric red-
shift in the range 2 < z < 6 and mi < 25 have been targeted by
spectroscopy, but no spectroscopic redshift could be measured
(they are identified by the spectroscopic flag = 0). In the next
sections, we will take into account their possible contribution to
the evolution of the fraction of the Lyα emitters.

In order to allow a fair comparison with other works in the
literature, we define as strong Lyα emitters all the galaxies with

a rest-frame equivalent width of Lyα in excess of 25 Å. In the
end, 430 of the 3961 galaxies (∼11%) meet this definition.

The details about the number of objects for each flag class,
as a function of the presence of strong Lyα emission, can be
found in Table 1. The large majority of the galaxies used in this
study has a spectroscopic redshift with very high reliability: in
fact, 1438 objects (36% of the total) have a spectroscopic flag 2,
meaning that they are right in 75–85% of the cases (Le Fèvre
et al. 2014); 1593 objects (42% of the total) have a spectro-
scopic flag 3 or 4, that are proven to be right in more than 95%
of the cases, 601 (15% of the total) are the objects with spectro-
scopic quality 1, but for which the spectro-zdiffers less than 10%
from the photometric one and 98 objects (∼2% of the total) have
a spectroscopic flag 9, meaning that only one feature, in their
case Lyα, has been identified in the spectrum, and for which
about 80% are proven to be right (Le Fèvre et al. 2014). Finally,
231 objects (∼6% of the total) have spectroscopic flag 0, mean-
ing that a spectroscopic redshift could not be assigned.

From Table 1, it is evident that the vast majority of objects

with strong Lyα (EW0 > 25 Å) have been assigned a quality
flag of 3 or 4: this is not surprising, and it reflects a tendency by
the redshift measurers to assign an higher flag when the spec-
trum has Lyα in emission. We note as well that not all the galax-
ies with flag 9 are strong Lyα emitters, although all of them, of
course, have Lyα in emission (it is the only spectral feature iden-
tified in their spectrum): only in ∼40% of the cases is the emis-

sion strong enough to pass the equivalent width treshold of 25 Å.

We show in Fig. 2 the absolute magnitude in the far-UV as a
function of redshift for the 3730 galaxies in the selected sample.
We compare the distribution of our galaxies with the evolution
of M∗

FUV
as derived by fitting the values for M∗

FUV
compiled by

Hathi et al. (2010). In more detail, Hathi et al. (2010) derive
the FUV luminosity function of star-forming galaxies at z∼ 2–3,
constraining its slope and characteristic magnitude, and compare
their values with other in the literature between z∼ 0 and z∼ 8.
With the aim of deriving an evolving M∗

FUV
as a function of the

redshift, we took the values published by Arnouts et al. (2005)
at 0 < z < 3, Hathi et al. (2010) at 2 < z < 3, Reddy & Steidel
(2009) at z∼ 3, Ly et al. (2009) at z∼ 2, Bouwens et al. (2007)

Fig. 2. Top panel: absolute magnitude in the far-UV band as a function
of the redshift, for all VUDS galaxies at 2 < z < 6 (gray diamonds),

for the galaxies with EW0 > 25 Å (blue circles) and for the galaxies

with EW0 > 55 Å (red circles). The green continuous curve indicates
the evolving M∗ as a function of the redshift as derived from the com-
pilation by Hathi et al. (2010); the dashed green curve indicates M∗ + 1.
The vertical dashed line shows z = 3.5, the redshift up to which the
faint sample is complete. Bottom panel: redshift distribution of the all
the VUDS galaxies at 2 < z < 6 (black line) and of the VUDS galaxies

with EW0 > 25 Å (blue histogram) and EW0 > 55 Å (red histogram).

at z ∼ 4, 5, 6, Sawicki et al. (2006) at z ∼ 4 and Mc Lure et al.
(2009) at z∼ 5, 6 and we fitted a parabola to them. In particular,
we get this best-fit:

M∗(z) = −18.56 − 1.37 × z+ 0.18 × z2. (1)

We report this best fit on Fig. 2, together with the curve corre-
sponding to M∗

FUV
+ 1: we can see that the data sample quite

well the far-UV luminosities brighter than M∗ up to redshift
z ∼ 5. Similarly, we probe the luminosity down to one magni-
tude fainter than M∗

FUV
up to redshift z∼ 3.5. We also note that at

z > 5, where the Lyα line and the Lyα forest absorptions by the
IGM enter the i ′ -band, we only detect the brightest UV galaxies,
while we completely miss galaxies around M∗

FUV
. In the remain-

ing of the paper, we will be cautious to include galaxies at z > 5
in our analysis, and where we will do so, we will discuss the
consequences.

For the analysis that we present in the following sections we
build two volume limited samples: the bright one, that contains
all galaxies brighter than M∗

FUV
at redshift 2 < z < 6; and the

faint one, that contains galaxies with MFUV < M∗
FUV

< MFUV +1,
limited at z < 3.5. This approach is slightly different than the one
used in similar studies in the literature: Stark et al. (2010, 2011)
and Mallery et al. (2012), for example, rather use fixed intervals
of absolute magnitudes at all redshift. However, we prefer here
to account for the evolution of the characteristic luminosity of
star-forming galaxies, comparing at different redshifts galaxies
that are in the same evolutionary state.

A24, page 6 of 12

VIMOS UDS m<25 

Cassata et al 2015
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Lyα fraction declines sharply for z > 6

Schenker et al (2014) – Keck MOSFIRE + UDF, CLASH 7<z<8.2

also Treu et al (2013) – Keck MOSFIRE + BoRG z~8

Finkelstein et al (2013) – Keck MOSFIRE + CANDELS z > 7

Tilvi et al (2014) – Keck MOSFIRE 7<z<8.2

Pentericci et al (2014) – VLT FORS 6<z<7.3

Fraction 

with Ly α

redshift

50% at 

z~6 are 

emitters

But <10% are emitters @ z > 7



Can this rapid decline in Lyα be understood?

Converting x(Lyα) to X(HI) is uncertain: ΔX(HI) ~ 0.3-0.5 in 200 Myr

Consistent with fast reionisation inferred from Planck

Choudhury et al 2015 MN 452, 261 

Mesinger et al 2015 MN 446,566

Other explanations:

- Low z contaminants: requires unreasonably high fraction (>50%)

- Cosmic variance: non-uniform X(Lyα, z) across fields

Taylor & Lidz 2014 MN 437, 2542

depth (Mpc)

ERS field

ERS field

Simulation for <x(HI)>~0.2



What’s Next: Distribution of Lyα Emitters

Subaru HSC/PFS will chart distribution of Lyα emitters (5.7 < z < 7.1) 

in possible coordination with LOFAR 

Constrains evolving sizes of ionized bubbles & longevity of ionizing sources. 

calibrate the photometric redshifts, all WL studies require a ground-based spectroscopic 

capability to provide redshifts for a small subset of the imaging survey. This is in fact a 
challenging goal as high completeness (>98%) to the depth of the imaging survey 

(m~24.5) is essential and, at the faint end, this requires a formidable effort with a 8-10m 
aperture. In principle this is a program to which Subaru’s PFS and Keck’s 

DEIMOS/MOSFIRE could contribute but it is largely a secondary role and such a survey 
would be hard to justify on its own scientific merit. 

 

An important application which borders on cosmography is the charting of Lyman alpha 
emission in high redshift galaxies [8] which contains valuable information on the later 

stages of cosmic reionization, in particular the size distribution of ionized bubbles and 
the sources of the ionizing radiation (Figure 1). Subaru’s HSC will chart an ultradeep 
field of 3.5 deg

2
 with narrow-band filters to map the evolving 2-D distribution of ionized 

bubbles at redshifts 5.7<z<7.1; this is an unique survey which can be correlated with HI 

distributions from interferometers such as LOFAR. However, spectroscopic verification 
of these Lyα emitters is highly desirable for precision studies and could be beyond the 
capabilities of PFS. An upgraded DEIMOS with red-sensitive CCDs would provide a 
natural partnership between Subaru and Keck. The spectroscopic follow-up of known 

emitters supplied by Subaru would provide additional information, for example on the 
Lyα line profiles and the associated velocity offsets derived from nebular emission lines 

targeted with MOSFIRE.  
 

 
 

Figure 1: The angular distribution of 207 Lyman alpha emitters of various luminosities at 

z=6.565 ± 0.054 selected using narrow-band filters with Subaru’s Suprime-Cam imager 

[8]. HSC will conduct a deeper survey targeting emitters over 5.7<z<7.1 over an area of 
3.5 deg2. Spectroscopic follow-up with PFS and a red-sensitive DEIMOS would provide 

valuable information on the size distribution of ionized bubbles and the sources of 

radiation at the end of cosmic reionization.  
 
The most practical area where progress can be made by Keck in cosmography is in high 

resolution analyses of strong lenses as a probe of the nature of dark matter. The 

Einstein radius of strong lenses such as individual massive galaxies and the cores of 
rich clusters is typically a few arcmin which matches both the AO imaging and 

spectroscopic capabilities at Keck. A key issue for the standard cold dark matter (CDM) 

Angular distribution of z~6.6 LAEs 
via nb imaging with SuprimeCam

Ouchi et al 2010 Ap J 723, 869

HSC CCD

PFS 2400 fibers

Subaru 8.2m 

1.5 deg dia



Did Galaxies Reionize Universe?

Key observables:

1. Integrated abundance of high z star-forming 

galaxies especially contribution of low luminosity 

sources : ρUV

2. Nature of the stellar populations in distant galaxies 

which determines the rate of ionizing photons: ξion

3. Fraction of ionizing photons that escape: fesc

4. Optical depth of electron scattering to CMB: τ

2 Robertson et al.

the contention that the bulk of the stars at this epoch are al-
ready enriched by earlier generations. Collectively, these two
results support an extended reionization process.

We synthesize these UDF12 findings with the recent 9-
year Wilkinson MicrowaveAnisotropy Probe (WMAP) results
(Hinshaw et al. 2012) and stellar mass density measurements
(Stark et al. 2012) to provide new constraints on the role of
high-redshift star-forming galaxies in the reionization pro-
cess. Enabled by the new observational findings, we perform
Bayesian inference using a simple parameterized model for
the evolving UV luminosity density to find reionization his-
tories, stellar mass density evolutions, and electron scatter
optical depth progressions consistent with the available data.
We limit the purview of this paper to empirical modeling of
the reionization process, and comparisons with more detailed
galaxy formation models will be presented in a companion
paper (Dayal et al., in preparation).

Throughout this paper, we assume the 9-year WMAP cos-
mological parameters (as additionally constrained by exter-
nal CMB datasets; h = 0.705, Ωm = 0.272, ΩΛ = 0.728,
Ωb = 0.04885). Magnitudes are reported using the AB sys-
tem (Oke & Gunn 1983). All Bayesian inference and maxi-
mum likelihood fitting is performed using the MultiNest code
(Feroz & Hobson 2008; Feroz et al. 2009).

2. THE PROCESS OF COSMIC REIONIZATION

Theoretical models of the reionization process have a long
history. Early analytic and numerical models of the reioniza-
tion process (e.g., Madau et al. 1999; Miralda-Escudé et al.
2000; Gnedin 2000; Barkana & Loeb 2001; Razoumov et al.
2002; Wyithe & Loeb 2003; Ciardi et al. 2003) highlighted
the essential physics that give rise to the ionized inter-
galactic medium (IGM) at late times. In the follow-
ing description of the cosmic reionization process, we fol-
low most closely the modeling of Madau et al. (1999),
Bolton & Haehnelt (2007b), Robertson et al. (2010), and
Kuhlen & Faucher-Giguère (2012).

The reionization process is a balance between the recombi-
nation of free electrons with protons to form neutral hydrogen
and the ionization of hydrogen atoms by cosmic Lyman con-
tinuum photons with energies E > 13.6 eV. The dimension-
less volume filling fraction of ionized hydrogen QHII can be
expressed as a time-dependent differential equation capturing
these competing effects as

Q̇HII =
ṅion

nH

-
QHII

trec

(1)

where dotted quantities are time derivatives.
The comoving density of hydrogen atoms

nH = XpΩbρc (2)

depends on the primordial mass-fraction of hydrogen Xp =
0.75 (e.g., Hou et al. 2011), the critical density ρc = 1.8787×
10-29h-2 g cm3, and the fractional baryon density Ωb.

As a function of redshift, the average recombination time in
the IGM is

trec = CHIIαB(T)(1 +Yp/ 4Xp) nH (1+z)3 -1
, (3)

where αB(T) is the case B recombination coefficient for hy-
drogen (we assume an IGM temperature of T = 20,000K),
Yp = 1 - Xp is the primordial helium abundance (and ac-
counts for the number of free electrons per proton in the
fully ionized IGM, e.g., Kuhlen & Faucher-Giguère 2012),

and CHII ≡ n2
H / nH

2 is the “clumping factor” that ac-
counts for the effects of IGM inhomogeneity through the
quadratic dependence of the recombination rate on density.
Simulations suggest that the clumping factor of IGM gas is
CHII ≈ 1 - 6 at the redshifts of interest (e.g., Sokasian et al.
2003; Iliev et al. 2006; Pawlik et al. 2009; Shull et al. 2012;
Finlator et al. 2012).

We will treat this factor as a constant CHII = 3, but in real-
ity it is much more subtle than that (see, e.g., section 9.2.1
of Loeb & Furlanetto 2012). The average should be taken
over all gas within the ionized phase of the IGM. As reioniza-
tion progresses, this ionized phase penetrates more and more
deeply into dense clumps within the IGM – the material that
will later form the Lyman-α forest (and higher column density
systems). These high-density clumps recombine much faster
than average, so CHII should increase throughout reionization
(Furlanetto & Oh 2005). The crude approach of Equation 1
should therefore fail at the tail end of reionization, when most
of the remaining neutral gas has such a high density that CHII

attains a large value. Fortunately, we are primarily concerned
with the middle phases of reionization here, so this unphys-
ical behavior when QHII is large is not important for us. In
comparison with our previous work (Robertson et al. 2010),
where we considered CHII = 2-6 and frequently used CHII = 2
in Equation 3, we will see that our models complete reioniza-
tion somewhat later where a somewhat larger value of CHII is
more appropriate.

The comoving production rate ṅion of hydrogen-ionizing
photons available to reionize the IGM depends on the intrin-
sic productivity of Lyman continuum radiation by stellar pop-
ulations within galaxies parameterized in terms of the rate of

hydrogen-ionizing photons per unit UV (1500Å) luminosity

ξion (with units of ergs-1 Hz), the fraction fesc of such photons
that escape to affect the IGM, and the total UV luminosity

density ρUV (with units of ergs s-1 Hz-1 Mpc-3) supplied by
star-forming galaxies to some limiting absolute UV magni-
tude MUV. The product

ṅion = fescξionρUV (4)

then determines the newly available number density of Ly-
man continuum photons per second capable of reionizing in-
tergalactic hydrogen. We note that the expression of ṅion in
terms of UV luminosity density rather than star formation rate
(c.f., Robertson et al. 2010) is largely a matter of choice; stel-
lar population synthesis models with assumed star formation
histories are required to estimate ξion and using the star for-
mation rate density ρSFR in Equation 4 therefore requires no
additional assumptions. Throughout this paper, we choose
fesc = 0.2. As shown by Ouchi et al. (2009), escape fractions
comparable to or larger than fesc = 0.2 during the reionization
epoch are required for galaxies with typical stellar populations
to contribute significantly. We also consider an evolving fesc

with redshift, with the results discussed in Section 6.2 below.
The advances presented in this paper come primarily from

the new UDF12 constraints on the abundance of star-forming
galaxies over 6.5 < z< 12, the luminosity functions down to
MUV -17, and robust determinations of their UV continuum
colors. For the latter, in Section 3, we use the UV spectral
slope of high-redshift galaxies by Dunlop et al. (2012b) and
the stellar population synthesis models of Bruzual & Charlot
(2003) to inform a choice for the number ξion of ionizing pho-
tons produced per unit luminosity. For the former, the abun-
dance and luminosity distribution of high-redshift galaxies de-

Ionization rate

Recombination

time





Where.are.the.z.>.9.FF.galaxies?.

Feb.23,.2015. Dan.Coe.+.FF.Sesto. 25.

Abell.2744. parallel.

High+z.candidates.labeled.on.the.plane.
(see.also.Coe,.Bradley,.&.Zitrin.early.candidates).

Abell&2744&Status&of&the&Fron. er&Fields&Ini. a. ve&

Dan&Coe&
Space&Telescope&Science&Ins. tute&

ESA/AURA&Astronomer&

Status&of&the&Fron. er&Fields&Ini. a. ve&

Dan&Coe&
Space&Telescope&Science&Ins. tute&

ESA/AURA&Astronomer&

The Hubble Frontier Fields

z~7-8 lensed galaxies in Abell 2744 (Coe) Triply-imaged z~10 galaxy (Zitrin et al 2014)



Star Formation History

Census of galaxies now 

reaches to z~10 utilizing 

both blank fields and 

lensed surveys.

Adopting Madau & 

Dickinson (2014) 

formalism with all HST 

data up to Jan 2015 

(including cosmic variance 

estimates) in Planck 

cosmology

Robertson et al 2015 Ap J 802, L19 
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FIG. 2.— Fractional cosmic variance uncertainty in galaxy counts. Cosmic
variance in blank field surveys (dashed lines) can beestimated by computing
the rms density fluctuations in the survey volume using linear theory and the
luminosity-dependent clustering bias of galaxies from abundance matching
(see Section 2). Cosmic variance estimates for single WFC3 pointings are
plotted at z⇠ 7 (magenta), z⇠8 (blue), and z⇠10 (red), along with thecor-
responding values for the UDF12 survey (points Ellis et al. 2013; Schenker
et al. 2013; McLure et al. 2013). For strong gravitational lens surveys, the
source plane area as a function of magnification can be used to determine
a similar linear theory estimate of the cosmic variance in a lensed sample.
Thecorresponding cosmic varianceuncertainty for A2744 iscomputed (solid
lines) and our estimate for the z⇠ 7- 8 Atek et al. (2014b, diamonds) and
z⇠ 10 Zitrin et al. (2014, triangle) samples indicated.

tratesour methodology applied to A2744. WeusetheClusters
AsTelescopeS (CATS) lensmodelspresented in Richard et al.
(2014) that provide a map of the spatially-dependent magni-
fication (left panel of Figure 1, shown for the z⇠9 model).
The public Richard et al. (2014) models also include a ma-
trix of deflections that allows for a reconstruction of a source
planemagnification map. Weuse theHST WFC3 weight map
from the public FF data (Program ID 13495; PI Lotz, Co-PI
Mountain) to determine the area of A2744 covered by WFC3
imaging, and then reconstruct the source planemagnification
map of this region (our method is similar to that presented
by Coe et al. 2014 and produces similar results to their Fig-
ure 5). The reconstructed source plane magnification map is
shown in themiddlepanel of Figure1, and enables us to com-
pute the area A(µ > µi) that defines the intrinsic luminosity-
dependent window function used in Equation 2 to calculate
the sample variance. The connection between magnification,
source plane effective area, and CV can then be used to pro-
duce a “cosmic variance map” of A2744. The right panel of
Figure 1 shows the estimated excess CV in the A2744 field
relative to a blank field of the same imaging area, as a func-
tion of the local magnification. TheCV in A2744 isestimated
to be 10- 30% higher than in an equivalent blank field sur-
vey, assuming a constant bias population. Applying the same
methodology to the other FF lens models suggests similarly
increased uncertainties.

The luminosity-dependent CV uncertainty of the A2744
lens galaxy population can be estimated as a function of in-
trinsic source flux. Figure 2 shows the fractional CV un-
certainty of the high-redshift galaxy population statistics for

FIG. 3.— Revised z⇠7 luminosity function (LF) constraints from theAbell
2744 (A2744) sample accounting for cosmic variance, and projections for
constraints from the full Frontier Fields program. Shown are themulti-field
z⇠ 7 LF measurements from Bouwens et al. (2014, gray points), and the
A2744 measurements from Atek et al. (2014b, black points) with amplified
error bars reflecting the newly estimated cosmic variance uncertainty. The
light blue region shows the 90% credibility intervals for the LF when con-
strained by the Bouwens et al. (2014) and modified Atek et al. (2014b) data.
TheMcLureet al. (2013, red points) and Schenker et al. (2013, orangepoints)
data are shown for comparison. Assuming the best-fit Atek et al. (2014b)
LF parameters (white line) are accurate and A2744 is a representative lens,
data from five additional clusters are simulated and used to project the con-
straints from the complete Frontier Fields program (dark blue area). When
completed, we estimate that the full Frontier Fields program will deliver an
uncertainty in the z⇠ 7 faint-end slope of |σ↵ | . 0.05.

unlensed surveys the size of a single WFC3 field-of-view
(dashed lines) and for a lensed population behind A2744
(solid lines), calculated assuming the redshift-dependent lu-
minosity function parameters presented in Bouwens et al.
(2014). The CV uncertainty is computed for z⇠7 (magenta),
z⇠ 8 (blue), and z⇠ 10 (red) populations. We have addi-
tionally indicated the CV estimates for the UDF 2012 survey
(Ellis et al. 2013; Schenker et al. 2013; McLure et al. 2013),
the Atek et al. (2014a) A2744 samples, and the Zitrin et al.
(2014) z⇠10 object identified in theA2744 data. TheA2744
samples haveCV uncertainties comparable to blank field sur-
veys with depths ⇠2 magnitudes brighter. Since the CV of
the lensed fields depends mostly on the source plane effective
area as a function of magnification, Figure 2 should provide a
useful CV estimate for any FF high-redshift sample.

5. DISCUSSION

HST Frontier Fields (FF) observations began in Cycle 21,
and the program data has already identified distant galaxies
behind A2744 (Atek et al. 2014a,b; Zheng et al. 2014; Zitrin
et al. 2014; Oesch et al. 2014). Several FF analyses have
referred to the blank-field calculations of Trenti & Stiavelli
(2008) to determine the CV of A2744 samples (e.g., Atek
et al. 2014a; Coe et al. 2014; Yue et al. 2014), but this model
(and that discussed by Robertson 2010b) underestimates the
CV uncertainty of gravitationally lensed populations. Zheng
et al. (2014) comment on the possibility of an increased CV
for their sample owing to lensing but provide no estimates.

UDF12 indicated α = -1.87 ± 0.18 @ z~7 to MUV=-17

Early Frontier Field data shows potential of extending 1-1.5 mag fainter

Including cosmic variance, 6 FF clusters could reduce α uncertainty to ± 0.05

This would reduce uncertainty on integrated ρ (< MUV=-13) from ×2 to 30%

Bouwens et al (2012), Schenker et al (2013), Atek et al (2014)  Robertson et al (2014)
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Fig. 4.— (left) T he st rong dependence of the integrated UV ionizing flux on the faint -end slope α (§6). T he correct ion factors needed to
convert the observed UV photon density to the total density for a given faint -end slope α (integrat ing to the expected theoret ical cut -off
in the LF at − 10 mag) are shown for the current best est imate of the slope α at z ∼ 7 and for the upper and lower ± 1σ limit s of α ∼ − 1.8
and α ∼ − 2.2. T he current uncertaint ies in the correct ion factor are large (the rat io between the upper and lower 1σ correct ion factors is a

factor of ∼6). W ith even deeper ∼30 mag data over ∼10 arcmin2 (two W FC3/ IR fields), it would be possible to reduce the uncertaint ies in
the correct ion factor to 1.8 (for the expected 1σ error in α of ± 0.08). (r ight) T he T homson opt ical depth versus the change in the faint -end
slope α per unit redshift (black line). T he T homson opt ical depths inferred from the W M AP seven-year measurements are shown in cyan.
Even a mild evolut ion in the faint -end slope α to higher redshift can have a dramat ic impact on the overall output of ionizing photons from
low luminosity galaxies. Our current const raint on this evolut ion (red ar rows) is very poor, but suggests that lower luminosity galaxies
may be capable of reionizing the universe. T he evolut ion of the faint -end slope α could be significant ly improved (over the redshift range
z ∼ 5-8) through much deeper observat ions at both opt ical and near-IR wavelengths.

adapted from Madau et al. (1999):

dQH I I

dt
=

− QH I I

t r ec

+
ρ(SF R)un cor r (z)f esc1053.2photon s− 1

nH (0)
(2)

where f esc is the escape fract ion of Lyman-cont inuum
photons into the IGM, nH corresponds to the comoving
volume density of neutral hydrogen in the universe, t r ec

corresponds to the recombinat ion t ime for neutral hy-
drogen, and ρ(SF R)un cor r (z) is the SFR density uncor-
rected for dust ext inct ion. In deriving the SFR density,
we integrate the LF down to − 10mag, given the likely
supression of galaxy format ion at smaller scales from the
UV background, SNe feedback, and inefficient gas cool-
ing (e.g., Read et al. 2006; Dijkst ra et al. 2004).

To account for the increased ionizing efficiency (by up
to 30%) of low metallicity stars expected to make up

galaxies in the early universe, we assume 1053.2 photons
s− 1 per M yr− 1 (Schaerer 2003). We take f esc to be
∼20% mot ivated by the observat ions of Shapley et al.
(2006) and Iwata et al. (2008), but acknowledge that
f esc is st ill very poorly determined at z ∼ 2-3 and has
not been determined at all at z ≥ 4. The recombinat ion
t ime t r ec is taken to equal

t r ec = 1.0Gyr
1 + z

7

− 3

C− 1
3 (3)

where C3 is the clumping factor of neut ral hydrogen (<

ρ > 2 / < ρ2 > )/ 3. Mot ivated by Bolton & Haehnelt
(2007) and Pawlik et al. (2009), we adopt a clumping
factor of 3.

These equat ions were derived from Eq. (11), Eq. (27),
and Eq. (28) of Madau et al. (1999). We adopt only
one free elect ron as appropriate for single-ionized helium
(e.g., Chary 2008) and take Ωbh2 = 0.02260 ± 0.00053
(Komatsu et al. 2011). The above equat ion also assumes

an IGM temperature of ∼ 2 × 104 K around the t ime of
reionizat ion instead of the∼ 104 K assumed by Madau et
al. (1999). This is to account for the substant ial heat ing
of the IGM due to the reionizat ion process itself (Hui
& Haiman 2003). The higher temperatures effect ively
double the t ime it takes atomic hydrogen to recombine
(St iavelli et al. 2004).

With these assumpt ions, our mean faint -end slope α =
− 1.87± 0.13 at z ∼ 6-8, and parametrized evolut ion for
M ∗ and φ∗ at z ≥ 4 (Table 1), we calculate the Thomson
opt ical depth τe and the filling factor of ionized hydrogen
QH I I versus redshift . These are shown in Figure 3. The
filling factor of ionized hydrogen QH I I approaches unity

at z∼7 and the Thomson opt ical depth is 0.061+ 0.009
− 0.006.

This is short of the τ = 0.088 ± 0.015 measured for the
WMAP seven-year data set (Komatsu et al. 2011).

Our st rongest result is based on the best est imate of
the slope at z ∼ 6-8. Of course, if the faint -end slope α
steepens at earlier t imes (as has been suggested by the-
ory: Trent i et al. 2010), the impact of galaxies would be
more substant ial. Assuming that α follows the best-fit
evolut ion with redshift (Eq. 1), werepeat thecalculat ions
shown in Figure 3; we find that the universe is reionized

by z ∼ 8 and the Thomson opt ical depth is 0.079+ 0.063
− 0.017

(propagat ing the uncertaint ies on α). The derived op-
t ical depth extends to much larger values than using a
fixed α = − 1.87 ± 0.13 and is easily consistent with the
values measured in the seven-year WMAP data. How-
ever the large uncertaint ies in the derived opt ical depths
here point to the need to quant ify the t rend in α vs.
redshift , dα/ dz, at much greater precision.

The present est imates of the Thomson opt ical depths
and contribut ion of galaxies to reionizat ion are higher
than in many purely observat ionally-based discussions
(e.g., Bouwens et al. 2011a; Stark et al. 2007; Chary
2008; Oesch et al. 2009; Ouchi et al. 2009; Pawlik et al.



UDF12 Reionization Constraints: 

A Simple Illustration

UV Luminosity Density 

Required for Reionization

• Assuming Schenker et al LF, for 

a given ξion and fesc, the

observed population of z~7-8 

galaxies does not produce 

enough radiation to reionize

intergalactic hydrogen

• But the constrained faint end 

slope of the luminosity function 

allows us to imagine that 

fainter, yet unseen galaxies 

(extrapolating to MUV~-13) 

might be sufficient to maintain 

reionization

Shortfall

UV Luminosity Density 

Required for Reionization

Intrinsically 

fainter 

galaxies

may maintain 

reionization

Robertson et al 2013 Ap J 768, 71

Shortfall



Ionizing Spectrum?

UV continuum slope β distinguishes between:

(i) metal-poor galaxies with steep UV continua, i.e. large ξion

(ii) metal-enriched systems with flatter spectral slopes, i.e. lower ξion

fλ α λβ

Although the UV continua of z~7-8 

galaxies show a uniform slope β=-

2 consistent with population of 

mature (>100 Myr) enriched stars, 

ambiguities remain depending on 

composition, dust and IMF.

Dunlop et al 2013 MN 432, 3520 



Reconciling Current Data with Planck τ

Robertson et al (2015), see also Bouwens+(2015), Mitra+(2015)

Adopting fesc = 0.2, ξion consistent with β= -2, a LF extending to MUV=-13 can 

match Planck data with reionization largely contained with 10 < z < 6

If correct, major implications for JWST and 21cm tomography surveys!



Outstanding Challenges

• Escape fraction of ionizing photons fesc

- maintaining ionization at z~7-8 from galaxies needs high value!

- low ionization absorption in galaxies (`covering fraction’)

• Spectroscopic prospects

- if Lyα is suppressed what are the alternatives?

• Production rate of ionizing photons per unit SFR ξion

- galaxy colors (β) are a poor guide to early stellar populations

- prefer diagnostic spectroscopy e.g. high ionization metal lines

- role of AGN?

• Dust at high redshift?

- Crucial ALMA observations would affect above conclusions!

• Synergies between JWST and E-ELT



Ground-Space Synergy 1993-2015
Hubble Space Telescope Ground-based 8-10m telescopes

Precision/resolved optical/NIR imaging Spectroscopy (redshifts, physical properties)

Keck (Stark et al 2015)

VLT: (Cassata et al 2015)



Ground-Space Synergy 2020s: JWST Spectra

JWST spectroscopy will measure stellar continuum & composition of gas 

in z < 9 galaxies using optical lines longward of 2 microns beyond reach of 

E-ELT – and it will be available sooner (first ERS proposals 2017!)

z=8 galaxy; 25 hour exposureNIRSpec



z~7 z~8 z~9

28

Ground-Space Synergy 2020s: E-ELT AO Imaging  

AO will enable E-ELT to outperform JWST in image quality

Unique advantage in rest UV studies of physically-small distant galaxies 

3”

JWST

E-ELT

physical

size

(kpc)

Image stacks for faint Hubble galaxies



Probing the ionizing radiation

Stark et al 2014 MN 445, 4200 

CIV 1548 Å 48 eV

O III] 1664 Å 35 eV

CIII] 1909 Å 24 eV

• JWST will probe the familiar rest-frame optical lines [O II], Hβ, [O III]  to z~9 

• E-ELT will access more efficiently the rest-frame UV lines with higher ionization 

potentials that can be utilised to test the nature of the ionising radiation 

(contribution of hot stars, AGN) 

NIRSPEC z~8 20 hrs



Important UV Emission Lines

A.(Feltre(B(ESO(Lunch(Talk(B(October(6,(2015

AGN(vs(stellar(ionizing(spectra

Feltre+15

metal rich!

Z=0.03

extremely metal poor 

Z=0.0001

α=-1.2

α=-2.0

Two grids of photoionization models predicting nebular emission line ratios:

Young stars: CB15 (new tracks, WR stars) + CLOUDY 

AGN-driven: Power law F(ν) ~ να  + CLOUDY 

UV lines



Illustration: CIV Doublet in z ~ 7.045 Galaxy

Stark et al 2015 MN 454,1393

Abell 1703

CIV / Lyα  ratio much stronger than in z~2 sample – what does this mean? 

• High ionization parameter (US =ργ/ρgas):  log US ~ -1.35

• Low metallicity:  ~0.01 solar 

A.(Feltre(B(ESO(Lunch(Talk(B(October(6,(2015

Comparison(with(observations

Stark+15a

lensed  A1703-zd6 z~7.06 !

(Keck/MOSFIRE)

 metal poor SSP with hot stars!

!
high ionisation parameter (-1.35) !

low metallicity (Z=0.0001)!

!
  AGN!

fit on CIV/HeII and OIII]/HeII!

consistent with!

low metallicity (Z=0.001)!

low density (nH=102 cm-3)

what is the !

ionizing source?

AGN

Young stars



CIII] at z=7.73

Lyα at z=7.73 Oesch et al (2015)

Detection of CIII] doublet  – April/June 2015

CIII] 1909/1905 line ratio is a 

valuable indicator of the 

electron density and hence, 

together with UV luminosity 

can constrain the production 

rate of ionizing photons.



Escape Fraction of Ionizing Photons fesc @ z~2

Escaping 

ionizing 

radiation at 

z=3

(Bogosavljevic 

thesis)

Weaker low-

ionization 

absorption in 

sources with 

escaping 

ionizing flux

• fesc estimated via spectroscopic or UV imaging below Lyman limit (e.g. 

Nestor et al 2013)

• Impractical for high z galaxies due to intervening absorption by Lyα forest

• Consider low-ionization absorption lines which trace the HI covering 

fraction whence fc = 1 – fesc



Outflowing Neutral Gas as probe of fesc

Neutral gas

z=4 LBG composite
Average of 81 galaxies

Many weak lines detected

Jones et al 2013 Ap J 779, 52

By stacking 

spectra we can 

detect weak low 

ionization 

absorption from 

neutral 

outflowing gas

EW of low ionization line gives covering fraction of neutral gas fc = 1 – fesc

Stacked 

absorption 

profile



ALMA: Dust at High z?

Watson et al (2015)

• Lensed galaxy A1689_zD1 

z=7.5 (Bradley et al 2008); 

magnification ~×9

• Low mass (log M*~9.2) 

with blue UV slope 

• ALMA band 6 (1mm)  

detection confirmed via 3 

independent exposures

(log Mdust ~8)

ALMA 1mm



Detecting a Pristene Pop III Galaxy?

• Consider halo mass ~ 

8 107 M


• Metallicity evolution   

governed by

competition between

enriched outflow vs

pristene inflow 

• Find rapid enrichment 

(< 200Myr) to 

[Z/H] ~ -3; no low

metallicity tail

Wise et al (2012)



So How to Plan for the E-ELT?

• If Planck data is correct, early galaxies primarily lie in the redshift range 6<z<12 

which is very good news for E-ELT as most diagnostic UV lines are within reach

• First light AO instruments also give E-ELT a competitive advantage c.f. JWST 

(early galaxies are small)

• However JWST will have a head start of a few years (2019 c.f. 2022+)

• Key survey strategies:

- faint end of the luminosity function (photometric counts beyond m~30)

- nature of the ionizing spectrum (detailed rest-frame UV spectra)

- escape of ionizing photons (high s/n absorption line spectra)

- correlation of ionized bubbles with radiating sources



Attributes of Optical/NIR E-ELT Instruments 

ELT-CAM 

(MICADO)

Deep imaging in 

selected areas to probe 

the rest-frame UV LF

ELT-IFU 

(HARMONI)

Diagnostic 

spectroscopy of ionizing 

radiation using rest-

frame UV metal lines

ELT-MOS 

(MOSAIC)

High spectral resolution 

studies of stacked z~5-7 

sources to probe covering 

fraction of low ionizing and 

neutral gas


