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Planck Indicates Late and Fast Reionization 

Planck consortium (2016) find τ = 0.058 ± 0.012 corresponding to <z> ~8.3 ± 0.5

Models indicate reionization began at z~10-12 and ended at 6 

CMB polarisation probes foreground Thomson scattering 
from the start of reionization to the present epoch.
Optical depth of scattering τ constrains the mean redshift 
<z> and (model dependent) duration of reionization

Planck 
satellite

Reionization begins

TodayPlanck Collaboration: Planck constraintsonreionizationhistory

δz=0.5), for thevariousdatacombinations are:

⌧=0.053+0.014
−0.016 , lollipop5 ; (4)

⌧=0.058+0.012
−0.012 , lollipop+PlanckTT ; (5)

⌧=0.058+0.011
−0.012 , lollipop+PlanckTT+lensing ; (6)

⌧=0.054+0.012
−0.013 , lollipop+PlanckTT+VHL . (7)

Wecanseeanimprovementof theposterior widthwhenadding
temperature anisotropy data to the lollipop likelihood. This
comesfromthefact that thetemperatureanisotropies helptofix
other ⇤CDM parameters, in particular thenormalization of the
initial power spectrumAs, and its spectral index, ns. CMB lens-
ing also helps to reduce the degeneracy with As, while getting
ridof thetension with thephenomenological lensing parameter
AL when using PlanckTT only (see Planck Collaboration XIII
2016), even if the impact on theerror bars is small. Comparing
theposteriors inFig. 6withtheconstraints fromPlanckTT alone
(see figure 45 in Planck Collaboration XI 2016) shows that in-
deed, the polarization likelihood is sufficiently powerful that it
breaks the degeneracy between ns and ⌧. The impact on other
⇤CDM parameters is small, typically below 0.3σ (as shown
more explicitly in Appendix B). The largest changes are for
⌧and As, where the lollipop likelihood dominates the con-
straint. The parameter σ8 shifts towards slightly smaller val-
ues by about 1σ. This is in the right direction to help resolve
some of the tension with cluster abundances and weak galaxy
lensing measurements, discussed in Planck Collaboration XX
(2014) and Planck Collaboration XIII (2016); however, some
tensionstill remains.

Combining with VHL data gives compatible results, with
consistent error bars. The slight shift toward lower ⌧value (by
0.3σ) is related to the fact that the PlanckTT likelihood alone
pushes towards higher ⌧values (see Planck Collaboration XIII
2016), while the addition of VHL data helps to some extent in
reducingthetensionon⌧betweenhigh-`andlow-`polarization.

Fig.5.Posterior distributionfor⌧fromthevariouscombinations
of Planck data. Thegrey band shows the lower limit on ⌧from
theGunn-Peterson e↵ect.

As mentioned earlier, astrophysics constraints from mea-
surements of theGunn-Peterson e↵ect providestrong evidence

5Inthiscaseonly,other⇤CDM parametersareheldfixed, including
As exp(−2⌧).

Fig.6. Constraints on ⌧, As, ns, and σ8 for the⇤CDM cosmol-
ogy fromPlanckTT, showing the impact of replacing the lowP
likelihood from Planck 2015 release with the new lollipop
likelihood. The top panels show results without lensing, while
thebottompanelsarewith lensing.

that the IGM was highly ionized by a redshift of z ' 6. This
places a lower limit on the optical depth (using Eq. 1), which
in thecaseof instantaneous reionization in thestandard ⇤CDM
cosmology corresponds to⌧=0.038.

4.2. Kinetic Sunyaev-Zeldovich efect

The Thomson scattering of CMB photons o↵ ionized elec-
trons induces secondary anisotropies at di↵erent stages of the
reionization process. In particular, we are interested here in
the e↵ect of photons scattering o↵electrons moving with bulk
velocity, which is called the “kinetic Sunyaev Zeldovich” or
kSZ e↵ect. It is common to distinguish between the “homoge-
neous” kSZ e↵ect, arising when the reionization is complete
(e.g., Ostriker & Vishniac 1986), and “patchy” (or inhomoge-
neous) reionization (e.g., Aghanimetal. 1996), which arises
during the process of reionization, from the proper motion of
ionized bubbles around emitting sources. These two compo-
nents can be described by their power spectra, which can be
computedanalytically orderivedfromnumerical simulations. In
Planck Collaboration XI (2016), weused akSZ template based
onhomogeneous simulations, asdescribed inTrac etal. (2011).

In thefollowing, weassumethat thekSZ power spectrumis
givenby

DkSZ
` =Dh−kSZ

` +Dp−kSZ
` , (8)

whereD` = (̀`+1)C`/2⇡andthesuperscripts “h-kSZ” and“p-
kSZ” stand for “homogeneous” and “patchy” reionization, re-
spectively. For the homogeneous reionization, we use the kSZ
templatepower spectrumgivenby Shawetal. (2012) calibrated
with a simulation that includes the e↵ects of cooling and star-
formation (which we label “CSF”). For thepatchy reionization
kSZ e↵ectweusethefiducial model of Battagliaetal. (2013).

In the range ` = 1000–7000, the shape of the kSZ power
spectrumis relatively flat and does not vary much with the de-
tailed reionization history. The relative contributions (specifi-
cally“CSF” and“patchy”) tothekSZpowerspectrumareshown
in Fig 7 and compared to the“homogeneous” template used in
Planck Collaboration XI (2016), rescaled tounity at ` =3000.
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Census of Star Forming Galaxies
Reasonable agreement between blank & lensed surveys

Robertson et al (2015), McLeod et al (2016)

Redshift
5       6      7       8       9      10

Claimed steeper decline in 
numbers beyond a redshift 
z > 8 now seems unlikely



Reconciling Star-Forming Galaxies with Planck

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

Making (questionable) assumptions about their ionizing output, the 
demographics of early galaxies from HST data can match the Planck τ with 
reionization also contained with 12 < z < 6

Planck 2016

Focus thus turns to demonstrating the validity of these 
assumptions about the ionizing output of early galaxies



So 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 ionising photons: ξion

3. Fraction of ionizing photons that escape: fesc

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-

yearWilkinsonMicrowaveAnisotropyProbe(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 theMultiNest 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 ≡ n2H / 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 consideredCHII = 26 and frequently usedCHII = 2
in Equation 3, we will see that our models complete reioniza-
tion somewhat later where a somewhat larger value ofCHII 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-
tudeMUV. 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



Improved Measures of Luminosity Density ρUV

Faint end slope of the LF α is critical!
UDF12 indicated α = -1.87 ± 0.18 @ z~7 to MUV=-17
Frontier Field lensing data (3 clusters) gives α = -2.04 ± 0.13 to MUV=-15.5
Including cosmic variance, 6 FF clusters should Δα to ± 0.05
This would reduce uncertainty on integrated ρ (< MUV=-13) to 30%
  
 

Schenker et al (2013), Robertson et al (2014), Atek et al (2015)

Lensed 
galaxies

UDF limit



Progress in Estimating Ionization Parameter ξion

Define ionization output ξion via no. of LyC photons per UV (1500Å) luminosity

Traditionally estimated using HST colors and stellar models:
(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     

z~7-8 galaxies show a uniform 
slope β=-2 consistent with mature 
(>100 Myr) enriched stars and  
     
       log ξion ~25.1 (cgs) 

but ambiguities remain depending 
on composition, dust and IMF. Dunlop et al (2013), Roberston et al (2013)



Better Diagnostics of ξion using UV Metal Lines

Spectra of metal-poor lensed 106-9 M⦿ z~2-3 galaxies similar to those at z > 7

Prominent rest-frame UV emission lines with high ionization potentials 
 - CIV 1548 Å   48 eV
 - O III] 1664 Å  35 eV
 - CIII] 1909 Å   29 eV
valuable indicators of ionizing radiation field

Stark et al (2014)



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

Interpreting UV Emission Lines for ξion 

AGN

Grids of photoionisation models predict nebular emission line ratios:
Young stars: Charlot-Bruzual15 (new tracks, WR stars) + CLOUDY 
AGN-driven: Power law F(ν) ~ να  + CLOUDY 

UV lines

Feltre et al 2016



Other Sources of Ionizing Photons? 
– An Italian Viewpoint 

2 Reionization by AGNs

We explore this intriguing possibility below, assuming a
(ΩM ,ΩΛ ,Ωb) = (0.3, 0.7, 0.045) flat cosmology through-
out with H0 = 70 km s−1Mpc−1.

2. QSO COMOVING EMISSIVIT Y

Figure 1 shows the inferrred quasar/AGN comoving
emissivity at 1 ryd as a function of redshift. Our mod-
eling is based on a limited number of contemporary,
optically-selected AGN samples (see also Khaire & Sri-
anand 2015 for a similar compilation). All the surveys
cited below provide best-fit luminosity function (LF) pa-
rameters, which are then used to integrate the LF down
to the same relative limiting luminosity, Lmin/L⋆ = 0.01.
Most of these LFs have faint-end slopes > −1.7, which
makes the corresponding volume emissivities rather in-
sensitive to the value of the adopted limiting luminosity.
Schulze et al. (2009) combined the Sloan Digital Sky Sur-
vey (SDSS) and the Hamburg/ESO survey results into
a single z = 0 AGN LF covering 4 orders of magnitude
in luminosity. In the redshift range 0.68 < z < 3.0, the
g-band LF of Palanque-Delabrouille et al. (2013) com-
bines SDSS-III and Multiple Mirror Telescope quasar
data with the 2SLAQ sample of Croom et al. (2009).
The 1 < z < 4 AGN LF by Bongiorno et al. (2007)
again merges SDSS data at the bright end with a faint
AGN sample from the VIMOS-VLT Deep Survey. The
high-redshift quasar LF in the Cosmic Evolution Survey
(COSMOS) in the bins 3.1 < z < 3.5 and 3.5 < z < 5 has
been investigated by Masters et al. (2012), who find a de-
crease in the space density of faint quasars by roughly a
factor of four from redshift 3 to 4. A significantly higher
number of faint AGNs at z ∼ 4 is found by Glikman
et al. (2011) in the NOAO Deep Wide-Field Survey and
the Deep Lens Survey, and by Giallongo et al. (2015)
at z = 4 − 6 in the CANDELS GOODS-South field. A
novel detection criterion is adopted in Giallongo et al.
(2015), whereby high-redshift galaxies are first selected
in the NIR H band using photometric redshifts, and be-
come AGN candidates if detected in X-rays by Chandra.
AGN candidates are found to have X-ray luminosities
and rest-frame UV/X-ray luminosity ratios that are typ-
ical of Seyfert-like and brighter active nuclei. If correct,
these claims suggest that AGNs may be a more signif-
icant contributor to the ionizing background radiation
than previously estimated.
We have converted the integrated optical emis-

sivity inferred from these studies, ϵλ (in units of
erg s−1Mpc−3 Hz−1), into a 1 ryd emissivity, ϵ912, us-
ing a power-law spectral energy distribution, ϵ912 =
ϵλ(λ/912)−αuv f̄esc, with αuv = 0.61 following Lusso et
al. (2015). We assume an escape fraction of hydrogen-
ionizing radiation f̄esc = 1. To assess whether a faint
AGN population can dominate the cosmic reionization
process under reasonable physical assumptions, we adopt
in the following an AGN comoving emissivity of the form

logϵ912(z) = 25.15e−0.0026z − 1.5e−1.3z , (1)

for z < zQSO , and zero otherwise. Despite the significant
scatter in the data points, this function fits reasonably
well the z = 0, z < 2.5, and 4 < z < 5 emissivities from
Schulze et al. (2009), Bongiorno et al. (2007), and Gial-
longo et al. (2015), respectively. Note that this emissivity
does not drop at high redshift like, e.g., the LyC emissiv-

ity of luminous quasars inferred by Hopkins et al. (2007)
(see Fig. 1). It is also higher compared to previous es-
timates at low redshift, a fact that could contribute to
solve the “photon underproduction crisis” of Kollmeier
et al. (2014) (see also Khaire & Srianand 2015).

F ig. 1.— T he AGN comoving ionizing emissivity inferred from
Schulze et al. (2009) (cyan pentagon), Palanque-Delabrouille et al.
(2013) (orangetriangles), Bongiorno et al. (2007) (magenta circles),
Masters et al. (2012) (red pentagons), Glikman et al. (2011) (blue
square), and Giallongo et al. (2015) (green squares). T he solid
curve shows the functional form given in Equation (1). The LyC
AGN emissivity of Hopkins et al. (2007) is shown for comparison
(dotted line). See text for details.

3. REIONIZAT ION HIST ORY

Reionization is achieved when ionizing sources have ra-
diated at least one LyC photon per atom, and the rate of
LyC photon production is sufficient to balance radiative
recombinations. Specifically, the time-dependent ioniza-
tion state of the IGM can be modeled semi-analytically
by integrating the “reionization equations” (Madau et al.
1999; Shapiro & Giroux 1987)

dQHI I

dt
=
ṅion,H

⟨nH ⟩
−
QHI I

trec,H
(2)

dQHeI I I

dt
=
ṅion,He

⟨nHe⟩
−
QHeI I I

trec,He
(3)

for the volume fractions Q of ionized hydrogen and
doubly-ionized helium. Here, the angle brackets denote
a volume average, gas densities are expressed in comov-
ing units, trec is a characteristic recombination timescale,
and ṅion = dν(ϵν/hν) is the injection rate density of
ionizing radiation, i.e. photons between 1 and 4 ryd in
the case of H I (ṅion,H) and above 4 ryd for He I I (ṅion,He).
We do not explicitly follow the transition from neutral
to singly-ionized helium, as this occurs nearly simultane-
ously to and cannot be readily decoupled from the reion-
ization of hydrogen.

Giallongo et al (2015), Madau & Hardt(2015)

E. Giallongo et al.: Faint AGNs at z > 4 in the CANDELS GOODS-S field
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F ig. 4. UV 1450 Å AGN luminosity functions in various redshift bins. Different symbols represent different surveys as
explained in the figure box. Open squares in the highest redshift interval (bottom panel) represent LF bins derived from
AGN candidates with more uncertain photometric redshifts (see Section 6.1)

is not sensitive to slope changes of ∼ 0.2. Finally, correction
factors to volume densities typically of the order of 10-20%
have been applied to volume densities after taking into ac-
count spatial fluctuations in the X-ray flux limits for each
position of the X-ray detection.

Given the very poor statistics we only evaluated the
Poisson contribution to the errors in each LF bin adopting
the recipe by Gehrels (1986) valid also for small numbers.
In this respect the errors shown in the figure represent lower
limits respect to the true values. Indeed for example cosmic
variance can play a significant role in the present deep pen-
cil beam survey increasing the uncertainties in the derived
volume densities.

The resulting luminosity functions are shown in figure
4 and table 3 forM1450 ≤ −18.5 where the width and posi-
tion of the bins have been selected to allow where possible
a homogeneous statistics among the bins. It is clear that
our faint AGN candidates are sampling the faint end of the
AGN UV luminosity function in the absolute magnitude
range −18.5 M1450 −22.5 and with densities at the

faint end between 10−5 φ 10−4 Mpc−3 mag−1. Thus
the presence of even few faint high z AGN candidates in
the GOODS-S field changes appreciably the abundance of
the AGN population at z = 4 − 6.5 and its cosmological
significance especially in the context of the cosmic reion-
ization.

In fact to provide a first estimate of the total AGN
emissivity at z ≥ 4 a shape of the luminosity function
has been derived in each redshift bin connecting the vol-
ume densities estimated from our sample with that of the
brightest high z SLOAN QSO sample where selection ef-
fects respect to the morphological appearance and X-ray
properties are thought to be small. In other words, no X-ray
QSOs with strong absorption in the rest-frame optical/UV
are expected at the brightest magnitudes where the Sloan
sample should be representative of the overall AGN pop-
ulation. We adopted a double power-law shape to connect
the two samples in each redshift bin of the type

φ =
φ∗

100.4(M br eak −M )(β−1) + 100.4(M br eak −M )(γ−1)
(2)
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UV Luminosity Function of AGN Integrated ionising emissivity

Recent estimates of number of faint AGN and, assuming fesc=1, implies a 
significant contribution to reionizing photons from non-thermal sources.
Key issue is whether all UV light is non-thermal?



Strong [O III] Emitting Early Galaxies

Most  z > 7 galaxies to 
date were selected 
primarily on the basis of a 
strong Lyman continuum 
drop and a blue rest-frame 
UV continuum. As we have 
seen, few show Lyα

But for 7 < z < 9  [O III]/Hβ 
pollutes the 4.5μm Spitzer 
IRAC band. Selecting 
sources with a strong 
4.5μm excess targets 
intense line emitters

4 such luminous objects 
(H~25) located in 
CANDELS fields 

Roberts-Borsani et al  (2015)



EGS-zs8-1 at z=7.73

Oesch et al (2015), Zitrin et al (2016) 

• H=25.0; 2 hrs with MOSFIRE

• zphot = 7.92 ±  0.36; zspec= 7.73;
•  Lyα EW ≈ 21 Å

 EGSY8p7 at z=8.68 

Luminous z >7.5 Galaxies Reveal Lyα Emission!

• H=25.3; 4.3 hrs with MOSFIRE

• zphot = 8.57 ±  0.3; zspec= 8.68; 
• Lyα EW ~ 30 Å

Also confirmed EGS-z38-2 z(Lyα)=7.477, COSMOS source z(Lyα)=7.15!



5

TABLE 2
A compl et e l ist of t he r esul t ing z≥7 sour ces ident if ied af t er appl ying our sel ect ion cr it er ia.

ID R.A. Dec mA B
a [3.6]-[4.5] zphot

b Y105 − J 125
c References*

COSY -0237620370 10:00:23.76 02:20:37.00 25.06±0.06 1.03±0.15 7.14±0.12
0.12 −0.13±0.66 [1],[2],[3]

EGS-zs8-1 14:20:34.89 53:00:15.35 25.03±0.05 0.53±0.09 7.92±0.36
0.36 1.00±0.60 [3], [4]

EGS-zs8-2 14:20:12.09 53:00:26.97 25.12±0.05 0.96±0.17 7.61±0.26
0.25 0.66±0.37 [3]

EGSY -2008532660 14:20:08.50 52:53:26.60 25.26±0.09 0.76±0.14 8.57+0.22
−0.43

* References: [1] T ilvi et al. 2013, [2] Bowler et al. 2014, [3] Bouwens et al. 2015, [4] Oesch et al. 2015
a The apparent magnitude of each source in the H160 band.
b The photometric redshift estimated by EAZY , including flux measurements in the Y band. T he uncertainties
quoted here correspond to 1σ.
c The Y − J color for each source. T he COSMOS candidate uses ground based data whilst the EGS candidates use
Y 105 and J 125 filters.

F ig. 3.— HST / ACS V606I 814, HST / WFC3 Y105J 125H160, and Spitzer/ IRAC 3.6µm+4.5µm postagestamp images (4′ ′ ×4′ ′ ) of the3 z ≥ 7
candidates identified over the 5 CANDELS fields. On the Spitzer/ IRAC images, flux from neighbouring sources has been removed. Y -band
observations at 1.05µm are also available for COSY -0237620370 from ground-based programs (ZFOURGE [T ilvi et al. 2013], UltraVISTA
[Bowler et al. 2014]).

band magnitude of 26.7 mag. For each of these sources,
we estimate photometric redshifts with EAZY. In fitting
to the observed photometry, we used the same standard
EAZY SED templates as we described in the previous
section.
We also applied the above selection criteria to the

CANDELS-UDS and CANDELS-COSMOS fields, where
it is also possible to estimate photometric redshifts, mak-
ing use of the available HST observations and ground-
based optical and near-IR Y and K band observations.
Eight sources satisfy these criteria to the H160,A B ∼ 26.5
magnitude limit – where the selection of z 6.5 galaxies
can easily be performed given the depth of the I814-band
observations (Bouwens et al. 2015; Grazian et al. 2012),
and the photometric redshifts we derive for these sources
range from z ∼ 7.0 to z ∼ 7.9.

All 12 of the sources selected using the criteria from
the previous section are presented in Figure 2 and fall
between z = 7.0 and z = 8.3, which is the expected range
if a high-EW [OIII] line is responsible for red [3.6]− [4.5]
colors in these galaxies. This suggests that the criteria
we propose in the previous section can be effective in
identifying a fraction of z ≥ 7 galaxies that are present
in fields with deep HST+Spitzer observations.10

10 At face value, this would seem to contradict what is shown in
Figure1 of Smit et al. (2015), wheretherewould appear to besome
z > 7 galaxies with blue [3.6]−[4.5] colors. On closer examination,
we discovered that all such z > 7 galaxies with discrepant color
measurements were significantly confused in the original IRAC
data, requiring ≥ 3× corrections to either the [3.6] or [4.5] flux
measurements (and often both). To ensure that our present z ≥ 7
selections are not affected by such issues, we excluded all sources

Luminous sources have strong ionizing radiation?

4/4 sources with zphot > 7.5 with 4.5μm excess show prominent Lyα !
EGSY8p7 at z=8.68 shows Lyα where IGM is expected to be ~60% neutral

How can this be?

Patchy reionisation – certainly possible..OR

Luminous galaxies have stronger radiation fields which created early 
ionized bubbles. Conceivably AGN or unusually hot stellar populations?

[O III] strong sources also @ z~6 with Lyα emission (Smit et al, Pentericci)



Evidence for Strong Ionizing Radiation

EGS zs8-1  CIII] @ z=7.73

Stark et al (2015, 2016); Bouwens et al (2015)
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TABLE 1
T he mean ξi on ,0’s we der ive f r omt he Inf er r ed Hα Fl ux

f or Gal axies of Dif f er ent Luminosit ies and
UV -cont inuumSl opes β.

log10 ξ̄i on ,0/ [Hz ergs−1]a
Subsample # Sources Calzetti SMC

z = 3.8-5.0 Sample (Smit et al. 2015b)
−2.6< β < −2.3 25 25.53+0.17

−0.15 25.53+0.17
−0.15

−2.3< β < −2.0 86 25.39+0.18
−0.13 25.41+0.16

−0.12
−2.0< β < −1.7 111 25.21+0.15

−0.20 25.27+0.14
−0.22

−1.7< β < −1.4 96 25.18+0.07
−0.07 25.29+0.08

−0.07
−1.4< β < −1.1 40 25.09+0.21

−0.18 25.26+0.23
−0.16

−23.0< M U V < −22.0 12 25.10+0.27
−0.31 25.19+0.26

−0.31
−22.0< M U V < −21.0 93 25.23+0.10

−0.08 25.31+0.09
−0.07

−21.0< M U V < −20.0 205 25.28+0.07
−0.07 25.34+0.06

−0.08
−20.0< M U V < −19.0 78 25.26+0.33

−0.27 25.34+0.29
−0.32

z = 5.1-5.4 Sample (Rasappu et al. 2015)
−2.6< β < −2.3 7 — 25.90+0.42

−0.24
−2.3< β < −2.0 6 — 25.24+0.28

−0.28
−2.0< β < −1.7 9 — 25.30+0.27

−0.24
−22.0< M U V < −21.0 6 — 25.48+0.28

−0.24
−21.0< M U V < −20.0 13 — 25.57+0.54

−0.30
−20.0< M U V < −19.0 3 — 25.80+0.31

−0.25

a Assumes that escape fraction is zero. T he estimated ξi on ,0’s
would be ∼0.03 dex higher if we account for a positive escape
fraction and supposethat galaxiesdominatetheobserved ionizing
emissivity at z ∼ 4-5. See §3.5.

F ig. 4.— Distribution of ξi on ’s estimated from the observations
for z = 3.8-5.0 galaxies in the luminosity range −21 < M U V,A B <
−20 assuming a Calzetti dust law. The observed scatter in this
distribution (excluding the 4 lowest measurements) is ∼0.32 dex.
Given that the typical uncertainty in individual estimates of ξi on
is ∼0.17 dex, this implies an intrinsic scatter of ∼0.27 dex, very
similar to thescatter around themain sequenceof star formation in
galaxies, as estimated by Smit et al. (2015b) based on the inferred
Hα fluxes. See §3.3.

the observed scatter in the main sequence of star forma-
tion in galaxies, as inferred from Hα (Smit et al. 2015b).
See Figure 4.

3.4. Dust Extinction Impacting the Nebular vs. Stellar
Continuum Light

In addition to uncertainties that directly regard the
dust law, it is also unclear whether emission lines suf-
fer more extinction than stellar continuum light due to
a significant dust mass in nebular regions of galaxies.
While the nebular continuum is known to be more ex-
tincted than the stellar continuum in the local universe,
i.e., AV,stellar = 0.44AV,gas (Calzetti et al. 2000), select
results at z ∼ 2 suggests that this is not true for all z ∼ 2
galaxies and many exhibit AV,stellar = AV,gas (e.g., Erb
et al. 2006; Reddy et al. 2010, 2015; but see also Förster
Schreiber et al. 2009; Kashino et al. 2013; Price et al.
2014).
We rederived ξion,0 for the individual sources in our

samples assuming that nebular lines suffer a 2.3× higher
dust obscuration. In this case, the derived ξion,0 would
be 0.09 dex and 0.02 dex higher for the Calzetti and SMC
dust laws, respectively. We do not correct our baseline
determinations for this effect given evidence from other
studies (e.g., Shivaei et al. 2015) that such a correction
is not clearly necessary for achieving agreement between
UV , Hα, and mid-IR-based SFR estimates.

3.5. Sensitivity to the Assumed Escape Fraction

A separate factor which impacts the Lyman-continuum
photon ionizing efficiency ξion is the escape fraction of
ionizing photons we assume. If the escape fraction is
larger than zero, then some fraction of the ionizing pho-
tons are escaping from a galaxy without having an im-
pact on the number of ionized hydrogen atoms within a
galaxy and also on its Hα luminosity. The implication
is that those photons which do not escape must be even
more rich in Lyman-continuum photons (per unit UV lu-
minosity) than we would infer if no radiation at all was
escaping.
Following the work of Kuhlen & Faucher-Giguère

(2012), we can set upper limits on the escape fraction
of ionizing radiation at z ∼ 4.4 from galaxies by com-
paring the UV luminosity density integrated to various
limiting luminosities with measurements of the ionizing
emissivity Ṅion . The relevant equation is

Ṅion = fescξionρUV (3)

(e.g., Robertson et al. 2013; see also Kuhlen & Faucher-
Giguére 2012). The ionizing emissivity has been mea-
sured at z ∼ 4.4 based on observations of the Lymanα
forest which constrain both the ionizing background and
the mean-free path of ionizing photons; interpolating be-
tween the z ∼ 4 and z ∼ 4.75 measurements of Becker
& Bolton (2013), we adopt a value of 1050.92±0.45 s−1

Mpc−3. If we assume that the UV LF has a faint-
end cut-off at −13 mag, then the integrated luminos-
ity we estimate by interpolating between the z ∼ 3.8
and z ∼ 4.9 LF results from Bouwens et al. (2015a) is
1026.56±0.06 ergs s−1Hz−1 Mpc−3. ξion represents the
Lyman-continuum photon production efficiency in the
presence of a non-zero escape fraction and is equal to
ξion,0/(1 − fesc,L yC ). Meanwhile, fesc represents the so-
called relative escape fraction fesc = fesc,L yC /fesc,UV
where fesc,L yC and fesc,U V represent the escape fraction
at Lyman-continuum and UV -continuum wavelengths,
respectively (see e.g. Steidel et al. 2001; Shapley et

 z > 7 
galaxies

High ionization emission lines in luminous z > 7 galaxies indicates harder 
radiation fields (larger ξion) possibly due (in part) to active nuclei (stay 
tuned!)



z~3 LAEs with intense [O III] as analogs: harder ξion

Nakajima & Ouchi (2014)
Nakajima et al (2016) 

z~3 Lyα emitters

z~3 Lyman break 
galaxies 

MOSFIRE spectra of 15 [O III] 
strong z=3.1 LAEs reveals 
Balmer Hβ that implies a much 
harder ionizing spectrum than 
equivalent redshift LBGs.



How Much Ionizing Radiation Escapes into the IGM?

Need fesc > 10% to maintain reionization!

Simulations suggest young galaxies are porous with high escape fractions 
but hard to verify observationally

Courtesy: D. Erb



Foreground Contamination and low fesc at z~2

Mostardi et al (2015)

At z~2 direct imaging below Lyman limit 
is practical, but for promising candidates 
selected from ground-based images, 
subsequent Hubble imaging and 
spectroscopy reveals contamination from 
lower redshift galaxies. 

Implies fesc < 2-5%

AT z > 6 DIRECT METHODS 
CAN’T BE APPLIED!

Ground-
based LyC 
detection

HST LyC 
image

LyC centroid
Lyα centroid



Outflowing Neutral Gas as probe of fesc

Neutral gas

z=4 LBG composite
Average of 81 galaxies

Jones et al (2012,2013); Leethochawalit et al arXiv 1606.05309

Keck DEIMOS 
R~3500 spectra 
probe low 
ionization 
absorption from 
neutral 
outflowing gas: 
i.e. fc ~ 1 – fesc 

Stacked spectra have pros and cons – absorption also probes kinematics
Recent survey of seven 4 < z < 5 lensed galaxies demonstrates 
inhomogeneous covering of neutral gas with average fesc ~ 10% 



Resolved Covering Fractions in z~5 Lensed Galaxy

Leethochawalit arXiv 1606.05309

7.5 hour DEIMOS exposure on 
MS1358 (z=4.92) allows us to 
explore the covering fraction of 
low ionization gas internally 
as a function of local SFR. 

Inferred escape fraction is 
lower in intensely SF regions 
consistent with time delay 
between burst-like activity and 
leaking LyC photons



Photoionization models suggest high    
[O IIII]/[O II] ratios seen in z~3 Lyα 
emitters may have high escape fractions 
reflecting density-bound H II regions (c.f. 
Izotov et al 2016, Vanzella et al 2016)

LyC Leakers
Nakajima & Ouchi (2014)

Nakajima et al (2016) 

z~3 Lyα 
emitters

z~3 Lyman 
break 
galaxies

z~3 LAEs with intense [O III] as analogs: high fesc?

STOP PRESS!  HST PROGRAM TO TEST THIS IDEA (PI: ROBERTSON)



ALMA’s Important Role

Watson et al (2015), Inoue et al (2016)

ALMA has key role in two respects:

1. Tracing the emergence of early 
dust (affects interpretation of 
HST/Spitzer photometry and 
constrains chemical enrichment)

2. Exploring ionization state & 
composition via emission lines 
complementary to those in UV  

e.g. [O III]/[CII]>12 at z >7  
could indicate ionized & low 
metallicity ISM and high fesc

ALMA 1mm

Band 6 dust continuum @ z=7.5 (log Mdust ~8)



The Future



Coming Soon: Distribution of Lyα Emitters
Subaru HSC/PFS will chart distribution of Lyα emitters at end of reionization 
(5.7<z<7.1) over 25 deg2 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 deg2 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

HSC CCD

PFS 2400 fibers

Subaru 8.2m 
1.5 deg dia



Not Long to Wait: Spectroscopy with JWST

JWST spectroscopy will detect the stellar continuum and measure 
composition of gas and the nature of ionizing radiation in redshift 8-12 
galaxies using rest UV and optical lines ([O II], [O III], Hα) beyond reach of 
ground-based telescopes

z=8 galaxy; 25 hour exposureNIRSpec Instrument



z~7 z~8 z~9

25

Ground-Space Synergy 2020s: ELT AO Imaging  

AO will enable ELTs 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



Locating the First Generation?

A commonly 
promoted idea for 
isolating first 
generation 
systems has been 
to search for 
chemically pristene 
examples 

Smith, B. et al (2015 )

Simulations suggest 
surprisingly prompt metal 
enrichment in early halos 
on timescale of 50-80 Myr; 
so pristene galaxies may 
be very rare



Outstanding Challenges

• Is the low Planck τ correct? Main evidence for `late reionisation’ since Lyα 
fraction test is hard to interpret quantitatively

• Soon will see new constraints on late reionization from Subaru HSC 
distribution of LAEs and 21cm pathfinders (e.g. LOFAR)

• Escape fraction of ionising photons fesc

- to maintain ionization at z~7-8 needs fesc>10%
             - direct measures not possible in reionization era even with JWST
             - need to study nebulae with lower z analogs (z~3 LAEs?) or 

have better faith in covering fraction tests

• Production rate of ionizing photons per unit SFR ξion

- diagnostic spectroscopy of Balmer & high ionization lines 
- evolution of hot main sequence stars also critical 

• Contribution of AGN? They must be there beyond z>7 with high fesc

• Dust at high redshift? Crucial to secure more ALMA continuum measures


