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Figure 2. Left: the differential rest-frame Lyα EW distribution, p(WLyα) (computed in bins spanning ∆WLyα,0 = 30 Å) for star-forming galaxies at z ≃ 6 in two
luminosity ranges (−21.75 < MUV < −20.25 on bottom and −20.25 < MUV < −18.75 on top). Overplotted in red is the Lyα EW distribution for LBGs at 4 < z < 5
derived from the sample in Paper I (dotted lines provide 1σ uncertainties). Right: evolution in the overall fraction of Lyα emitters (XLyα) in the LBG population
over 4 < z < 6. Luminous LBGs are considered in the bottom panel and less luminous systems in the top panel. In each panel, we derive the Lyα fraction of LBGs
with Lyα EWs larger than 25 Å (circles) and 55 Å (squares). Assuming a linear relationship between XLyα and z, we extrapolate these trends to z ≃ 7 (triangles with
dashed-line error bars).
(A color version of this figure is available in the online journal.)

the fraction of LAEs among the LBG population shows evidence
of an increase with redshift for lower luminosity galaxies.
Assuming a linear relationship between XLyα and redshift,
we find dX25

Lyα/dz = 0.11 ± 0.04. In contrast, less evolution
is seen in the larger EW bin (dX55

Lyα/dz = 0.018 ± 0.036),
consistent with the findings from Paper I. For the more luminous
subsample, the data are noisier but consistent with the above
trends, with the lowest EW bin showing the strongest indications
of positive evolution with redshift.

5. THE EXPECTED VISIBILITY OF Lyα
EMISSION IN z ≃ 7 LBGs

Our new results, taken together with those in Paper I, now
suggest that ≃54% of moderately faint (−20.25 < MUV <
−18.75) z ≃ 6 LBGs exhibit very strong Lyα emission. Recent
analyses of the colors of the z ≃ 7 LBGs indicate that these
systems are yet bluer than those at z ≃ 6 (Bouwens et al.
2010a), implying even less or no dust obscuration. Hence, the
redshift trend in the Lyα fraction in Figure 2 should continue to
z ≃ 7 suggesting that Lyα should be readily detectable in deep
spectroscopic campaigns.

Given the short cosmic time spanning 6 < z < 7 (≃170 Myr),
it seems plausible to use the EW distribution and Lyα fractions
presented in Figure 2 to predict the expected Lyα visibility
for sources at z ≃ 7, assuming Lyα flux is not significantly
attenuated by neutral hydrogen in the IGM. Motivated by the
blue z ≃ 7 UV slopes discussed above, we extrapolate the
evolution in XLyα to z ≃ 7 (Figure 2). For low-luminosity
sources, this results in a small increase in the Lyα fraction

Figure 3. Predicted rest-frame Lyα EW distribution (in bins of ∆WLyα,0 =
30 Å) for z ≃ 7 LBGs based on an extrapolation of trends from Figure 2
assuming that the Lyα fraction increases linearly with redshift. Uncertainties
are based on statistical error in our lower redshift samples. The dashed
line indicates the limits that could be reached ≃4 hr of integration with
Keck/NIRSPEC. Significant deviations below this prediction may arise if the
IGM is partially neutral.
(A color version of this figure is available in the online journal.)

(∆X25
Lyα = 0.14) which we divide into the three EW bins using

weights set by p(WLyα,0). We follow the same procedure for the
luminous sources. The results, presented in Figure 3, suggest
a survey of ≃20–30 galaxies drawn from the now-available
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Lyα Emitters (LAEs) as Probes of Cosmic Reionization �

Fr
ac

tio
n 

of
 L

A
Es

 �
in

 a
ll 

st
ar

-f
or

m
in

g 
ga

la
xi

es
�

Stark+2011�

Background�

 Nebular properties of LAEs are Key �
 for understanding galaxies in EoR�
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Fig. 4.— Left : Best-fit SED models (blue line) to the observed HST + Spitzer/IRAC + ground-based photometry (red points and error
bars) for the 4 especially bright (H160,AB < 25.5) z ≥ 7 galaxies selected using our IRAC-red selection criteria ([3.6]− [4.5] > 0.5). Also
included on the figure is the redshift estimate for the best-fit model SED provided by EAZY. Right : Redshift likelihood distributions P (z)
for the same 4 candidate z ≥ 7 galaxies, as derived by EAZY. The impact of the Spitzer/IRAC photometry on the redshift likelihood
distributions should be close.

Roberts-Borsani+2016�

See also Smit+2014,2015�



Rest Optical Nebular Properties characterizing Hot ISM   �

Higher ionization parameter is found �
in less chemically enriched galaxies �
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Redshift Evolution of Metallicity and Ionization parameter�

Background�

KBSS	

MOSDEF	

•  Lower-Z and Higher-qion �
•  Following Local qion-Z Relation�

Nakajima+ 2016�
�
See also Shapley+2015�
Refer to talks by A. Strom, R. Sanders, T. Jones�



Redshift Evolution of Metallicity and Ionization parameter�

Background�

KBSS	
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Precise Characteristics of LAEs ? �
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Keck/MOSFIRE H+K Observation �
Identifying [OIII]+ from 15 z=3-4 LAEs and LBGs   �

Our Work�

Nakajima+ 2016�

z=3.1 LAEs�

z=3.1 LBGs�

12 LAEs  at z=3.1�
  1 LAE   at z=3.7�
  2 LBGs  at z=3.1�



LAEsʼ Exceptionally High [OIII]/[OII] Ratio�

Result on R23-O32 Diagram �

Nakajima+ 2016�
�
See also Nakajima+2013, Nakajima&Ouchi 2014, Erb+2016�



LAEsʼ Exceptionally High [OIII]/[OII] Ratio�

Result on R23-O32 Diagram �

LAEs are lying above Local qion-Z relation�

1) Young galaxies with Hard ionizing spectrum ?�

2) Dominated by optically-thin HII-regions with �
    High escape fraction of ionizing photons (fesc) ?�

z=0, 1, 2, 3�

[O
II

I]
/[

O
II

]�

12+log(O/H) [direct Te]�
See also Kojima+17 for direct Te study of LAEs�



Discussion: O32 and Shape of Ionizing Spectrum�

Harder Spectrum could increase O++/O+ �
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LAEs indeed present Harder Ionizing Spectrum�
in terms of ξion, Q(H0)/Luv�

Discussion: O32 and Shape of Ionizing Spectrum�

Nakajima+ 2016�
�
See also Matthee+2016, Trainor+2016�

Unlikely to fully explain O32 enhancement in LAEs �

LBGs�

Harder�

LAEs�
 w/ Hβ �

LAEs�
 w/ UV lines �



Galaxies with Low N(HI) could have Reduced O+ regions�

Discussion: O32 and Ionizing Photons Escape�
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�
Refer also to D. Schaererʼs talk;�
�
Jaskot&Oey 2014�



Galaxies with Low N(HI) could have Reduced O+ regions�

Discussion: O32 and Ionizing Photons Escape�
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HII�
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 Low N(HI)�
	
 Weak [OII]�
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Photoionization model�

Nakajima&Ouchi 2014  �
�
Refer also to D. Schaererʼs talk;�
�
Jaskot&Oey 2014�



LyC Leaking Galaxies present Very High [OIII]/[OII]�

Vanzella+16�

Recent work that support our idea�

Nakajima+ 2016�
�
See also Naidu+2016�



Discussion: O32 and Ionizing Photons Escape�

LAEsʼ high fesc are yet to be confirmed but suggested  �

Verhamme+17�
(Iwata+2009, Nestor+2013, Mostardi+2013 added)�
�

A. Verhamme et al.: Ly↵ as a proxy for LyC

Fig. 2. Ly↵ strength versus the escape of ionizing photons from eight galaxies of the local Universe: our five leakers (Izotov et al. 2016a,b),
the LBA J0921+4509 (Borthakur et al. 2014), Haro11 and Tol1247(Leitherer et al. 2016), and the high redshift galaxy Ion2 (de Barros et al.
2016; Vanzella et al. 2016b). Left: the Ly↵ EWs of LCEs seem to correlate with the escape fraction of ionizing photons. The dashed lines show
theoretical predictions for the same attenuation in the Ly↵ line as in the continuum, for an instantaneous burst (upper curve) or a constant star
formation history (lower curve). The dotted lines are the same but, for Ly↵, ten times more extinguished than the continuum. See text for more
details. Right: f Ly↵

esc correlates with f LyC
esc , and is generally larger than f LyC

esc . The dashed line shows the one-to-one relation.

least f Ly↵
esc > 20%. Larger samples will be needed to firm up this

result.
Regarding the observed relation between f Ly↵

esc and f LyC
esc we

also note that theoretical predictions from clumpy geometries
presented by Dijkstra et al. (2016) show the same trend of f Ly↵

esc >
f LyC
esc , albeit with a much larger scatter in the ratio f Ly↵

esc / f LyC
esc

than observed here. However, their predicted escape fractions
correspond to averages over all angles, i.e. global escape frac-
tions, which are not directly comparable to observations. Fi-
nally, we have searched the literature for other samples provid-
ing measurements (or upper limits) of both f Ly↵

esc and f LyC
esc . The

few studies/surveys providing this data (e.g. z ⇠ 2 H↵ emitters,
Matthee et al. 2016b,a) are compatible with the relation between
f Ly↵
esc and f LyC

esc followed by the LCEs studied here. In particular,
no strong LCE with a low Ly↵ escape fraction is known, nor do
we know of sources with a high f Ly↵

esc and a stringent LyC detec-
tion limit.

We conclude that the current data shown in both panels of
Fig. 2 strongly suggest that strong LCEs should be found among
galaxy samples with strong Ly↵ emission, characterised by a
high equivalent width (EW(Ly↵) >⇠ 70 Å), and/or a high Ly↵ es-
cape fraction. We now examine the detailed Ly↵ line profiles of
the LCEs.

4. LCEs have narrow double-peaked Ly↵ profile

In Figs. 3 and 4 we present the Ly↵ line profiles of the five
strong LCEs, ordered from top to bottom by decreasing f LyC

esc .
Once again, the fact that they are all strong Ly↵ emitters is very
di↵erent from the typical low-redshift Ly↵ profiles from galaxies
studied so far (Wo↵ord et al. 2013; Rivera-Thorsen et al. 2015),
except for some of the GPs (Jaskot & Oey 2014; Henry et al.
2015) and some LBAs (Heckman et al. 2011; Alexandro↵ et al.
2015). Our objects show two remarkable features, illustrated in
the figure. First, it shows strong and narrow lines which are all
double-peaked, by which we mean Ly↵ profiles with two max-
ima on each side of the systemic redshift. Second, the profile
of the strong leakers never falls below the continuum level. We
now quantify and discuss these features and compare them to
other objects.

4.1. Properties of the double-peaked profiles

As just mentioned, all Ly↵ profiles shown here exhibit two
peaks, one blueward and one redward of the systemic redshift.
This feature, more specifically the ratio between the EW of the
blue component to the red one (Col. 7 in Table 1), has been pro-
posed as an empirical diagnostics for LyC leakage (Erb et al.
2014; Alexandro↵ et al. 2015). The presence of a blue peak
can be understood as a low column density e↵ect. The clas-
sical Ly↵ P-Cygni profiles emerging from galaxies present a
blueshifted absorption, similar to the absorption profiles of low
ionization state (LIS) metallic lines. This is due to outflowing
neutral gas along the line of sight: the blue photons are seen at
resonance for this scattering medium, they are absorbed in the
blue and scattered away from resonance (the red peak emerges
because most photons have already been emitted to the red for
the scattering medium). It seems that in LCEs, it is possible for
photons to escape when there is a blue frequency, meaning that
the optical depth of the intervening medium is low enough to
allow their escape. We can think of two di↵erent scenarios: in
a homogeneous medium, both the column density and the ve-
locity of the neutral gas have to be low to shape double peaks
with small separations, but a clumpy outflowing medium can
also shape double peaks, as proposed and studied in detail in
Gronke & Dijkstra (2016). To get an insight into the geometry
and the kinematics of the intervening neutral gas, we are cur-
rently investigating the LIS metallic absorption profiles (Orlitova
et al., in prep.).

In Fig. 5, we present the peak shift measurements versus the
escape fraction of ionizing photons for all objects of Table 1.
A clear anti-correlation is found between the escape fraction of
ionizing photons and the separation of the peaks in the Ly↵ pro-
file (first panel) decreasing to Vsep ⇠ 300 km s�1 for the highest
f LyC
esc . Along the same lines, Hashimoto et al. (2015) showed that

the peaks separation is lower, and the velocity shift of the red
peak is smaller, in a sample of z ⇠ 2.2 LAEs than typically mea-
sured in LBGs (Shapley et al. 2003; Kulas et al. 2012), in corre-
lation with lower NHI estimates for LAEs than for LBGs from
Ly↵ line profile fitting (Hashimoto et al. 2015, their Fig. 11). As
predicted by radiation transfer modelling in idealised geometries
(Verhamme et al. 2015), the width and the shift of the main peak
or the peak separation trace the column density of the scattering
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Powerful SF Episode achieves Low N(HI) and high ξion, �
yielding exceptionally high O32 in LAEs.. ?�



Summary�

LAEs are ideal analogs of sources in reionization era �
Low-mass, Low-metallicity, Young �
Hard Ionizing Spectrum�
Strong [OIII]�

Highest [OIII]/[OII] in LAEs�
Harder Ionizing Spectrum�
Higher Escape Fraction … possibly�

Our Future Studies�
Hard Ionizing Spectrum to be confirmed with UV spectra�
High Escape Fraction of Ionizing Photons to be directly checked with HST�

~ Powerful Star-Formation Episode�


