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Galaxies governed Reionisation process?�

Robertson et al. 2010, Nature 468, 55�
�
See also Robertson et al. 2015, Faisst 2016�

Camera 3 undertook a series of deep images  of the Hubble Ultra Deep 
Field (UDF) – a 4.7 arcmin2 area – reaching optimal 5-σ point source 
sensitivity  of ~ 29th magnitude in  3 broad-band filters (see Box 3). These 
data, together with  shallower exposures in other areas, have provided the 
first convincing census of z ~ 7 galaxies and initial indications of galaxy 
populations at yet higher redshifts39-47. 

The most important achievement from the new WFC3/IR results  has 
been the first robust determination of the volume density of galaxies of 
different luminosities at z~7 – the luminosity function (LF) - based on 
over 50 sources seen  to date in  the various WFC3/IR campaigns. To these 
HST datasets, one can add constraints based on 22 z~7 candidates 
similarly detected to brighter limits using the Subaru telescope48 (see Box 

Robertson, B. E., Ellis, R. S., Dunlop, J. S., McLure, R. J. and Stark, D. P., Nature 468, 55 (2010)

BOX 2: Observational Probes of the Reionization Epoch
The observed rest-frame UV luminosity  density  of  star forming galaxies, which are the expected photon sources for causing 
reionization, provides the cosmic star formation rate density  ρSFR (panel a, circles with 1 s.d. error bars40,41,62,91,92, with gray  points 
indicating the contribution from Lyman-α emitting galaxies65). Also shown are illustrative model star formation histories for typical 
stellar ages of  108 yrs consistent with these observations (green area) based on an extension of  the fitting form proposed by  ref. 93. 
The models61,94 span from very  metal-poor (Z~5 x 10-6 Zsun) stars at the upper boundary  to metal-rich (Z~2 Zsun) stars (see details 
below).  The volume fraction of  ionized hydrogen QHII implied by  these models is shown in panel b  (orange region),  where, consistent 
with the present data, the universe becomes fully  reionized (QHII=1) at redshifts  z ~ 5.5-8.5.  The observed stellar mass density  (panel 
c, data points, 1 s.d. error bars)30,31,49-51,95 also constrains the process of  reionization since the stellar mass should trace the integral 
of  the star formation rate density  (blue shaded area) if  most stars are long-lived.  Their relative agreement  indicates that Population 
III stars may  not contribute significantly  to the UV luminosity  density  at z~7.  Lastly,  the scattering optical depth τe of  free electrons 
that  polarise the cosmic microwave background (CMB) can also be measured32 (panel d, gray  shaded area). The model optical 
depth τe  (red area) can be calculated from  QHII by  finding the path length through ionized hydrogen along the line of  sight to the 
CMB.  Producing the large electron scattering optical depth given the observed star formation rate density  may  be difficult  without an 
evolving initial mass function, contribution from Population III stars, or yet unobserved star formation at higher (z>10) redshifts.

[We adopt the form ρSFR(z) = [a + b(z/c)h ]/[1 + (z/c)d ] + g with a = 0.009 Msun yr-1 Mpc-3, b = 0.27 Msun yr-1 Mpc-3, and h = 2.5 . The 
metal-poor case adopts c = 3.7, d = 7.4, g = 10-3 Msun yr-1 Mpc-3,  fesc=0.3 and CHII=2, while the metal rich case uses c  = 3.4, d = 8.3, g 
= 10-4 Msun yr-1 Mpc-3, fesc=0.2 and CHII=6.]
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Lyα emitters (LAEs) as Probes of Early galaxies�
The Astrophysical Journal Letters, 728:L2 (5pp), 2011 February 10 Stark, Ellis, & Ouchi

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

4

Stark et al. 2011, ApJL, 728, L2�
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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.
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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
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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.
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(∆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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7

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 et al. 2016�

See also Smit+2014,2015�



z=3.1 LAEʼs MOSFIRE K spectrum�

LAEs present Hard Ionising Spectrum ..?�

Nakajima et al. 2016�
�

Efficiency of ionising photon production�
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z=3.1 LAEʼs MOSFIRE K spectrum�

LAEs present Hard Ionising Spectrum ..?�

More efficient production�
of ionising photons�

           LBGs�
(Bouwens et al. 2016)�

LAEs�

ξion Based on Hydrogen recombination lines�

Nakajima et al. 2016�
�

Refer also to Poster by M. Hilmi�

Efficiency of ionising photon production�
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Nakajima et al. 2018a (A&A) in collaboration with VUDS�



UV line diagnostics of ξion�

Nakajima et al. 2018a (A&A) in collaboration with VUDS�
�

See also Stark+2014, Gutkin+2016�
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VLT/VIMOS (11hrs) Observation�
Identifying Lyα from ~70 Faint z=3 LAEs   �
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Nakajima et al. 2018b (MNRAS)�



VLT/VIMOS (11hrs) Observation�
Identifying rest UV lines in Stacks of 70 z=3 LAEs   �
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Nakajima et al. 2018b�
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Strong CIII] Associated with Strong Lyα   �

EW(Lyα) large�
UV faint�
Bluer β�

EW(Lyα) small�
UV bright�
Redder β�

Nakajima et al. 2018b�
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Stronger LAEs Characterised by lower metallicity  �

Nakajima et al. 2018b�
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Stronger LAEs Characterised by lower metallicity  �

Nakajima et al. 2018b� Nakajima et al. 2018a�
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Gas metallicity�

Stronger LAEs:  Z = 0.05 – 0.2 Zsun�

Weaker LAEs:    Z = 0.1 – 0.5 Zsun�
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LAEsʼ Hard ξion Confirmed with UV line analysis�

Nakajima et al. 2018b�

Stronger LAEs:  log ξion = 25.68±0.13�

Weaker LAEs:    log ξion = 25.54±0.09�

@ 1Myr�
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Stronger LAEs:  log ξion = 25.68±0.13�

Weaker LAEs:    log ξion = 25.54±0.09�

Nakajima et al. 2018b�

LAEsʼ Hard ξion Confirmed with UV line analysis�
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           LBGs�
(Bouwens et al. 2016)�

Stronger LAEs�
Weaker LAEs�

 LAEs�
(Nakajima �
et al. 2016)�



ξion as functions of UV luminosity, redshift and Lyα�

LBGs: Uniform ξion (~25.2--25.4), independent of MUV, z�

LAEs: Larger ξion (~25.5--25.7), particularly for faintest LAEs�
  → Analogous to Galaxies in EoR�

(Nakajima+16)�

Nakajima et al. 2018b�
�

Refer to Talk by Y. Harikane; Poster by M. Hilmi�
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Spectrum of z=3.1 LAEs �

Obs. wavelength (A)�

Rest wavelength (A)�

Deep (20orbits x3) HST/F336W imaging of 54 z=3 LAEs  �

LymAn Continuum Escape Survey (LACES):�
UV Imaging of z=3 LAEs�

Fletcher, KN+ 2018 (arXiv:1806.01741)�
See also Mostardi+15, Siana+15, Steidel+18, etc.�

 Galaxy Evolution Workshop, Ehime on Jun 8, 2018 – Kimihiko Nakajima	 Page 21�



Deep (20orbits x3) HST/F336W imaging of 51 z=3 LAEs  �
High success rate in securing significant F336W detections (~30%)�
Minimal foreground contamination �

LymAn Continuum Escape Survey (LACES):�
UV Imaging of z=3 LAEs�

LymAn Continuum Escape Survey (LACES):  
UV Imaging of z~3 LAEs  

Fletcher,	RSE	et	al	2018	(in	prep)	

Deep (20 orbits) F336W imaging of 51 z~3 LAEs; 80% have [O III] + Lyα redshifts 
High success rate in securing significant F336W detections (~35% ) 
HST localisation suggests minimal  (<2%) foreground contamination 

        F336W                   Lyα        F160W 

BPASS fit (No 
IGM absorption)  

fesc=15 ± 3% 

With IGM 
absorption  

Predict LyC flux using BPASS + nebular emission         
(calibrated with MOSFIRE [O III]/Hβ fluxes) 
 
Line of sight variation in IGM absorption critical: 
Adopt Inoue et al (2014) τIGM distribution to get fesc  likelihood.  
Improvement over Madau (1995) with updated HI absorber 
statistics including Lyman limit & DLAs  
 

For detections: individual fesc ranges from 15-75%   

LymAn Continuum Escape Survey (LACES):  
UV Imaging of z~3 LAEs  

Fletcher,	RSE	et	al	2018	(in	prep)	

Deep (20 orbits) F336W imaging of 51 z~3 LAEs; 80% have [O III] + Lyα redshifts 
High success rate in securing significant F336W detections (~35% ) 
HST localisation suggests minimal  (<2%) foreground contamination 

        F336W                   Lyα        F160W 

BPASS fit (No 
IGM absorption)  

fesc=15 ± 3% 

With IGM 
absorption  

Predict LyC flux using BPASS + nebular emission         
(calibrated with MOSFIRE [O III]/Hβ fluxes) 
 
Line of sight variation in IGM absorption critical: 
Adopt Inoue et al (2014) τIGM distribution to get fesc  likelihood.  
Improvement over Madau (1995) with updated HI absorber 
statistics including Lyman limit & DLAs  
 

For detections: individual fesc ranges from 15-75%   

F336W� NB497� F160W�

LyC� Lyα� Stellar�

For detections: �
Individual fesc ranges from ~2-80%  �

fesc~7±2%�
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LAEs are ideal analogs of sources �
in Reionization era �

Low-mass, Low-metallicity, Young�
Intense [OIII]5007,4959 �
Hard Ionizing Spectrum�

Galaxies like LAEs could dominate 
Reionization process�

Hard Ionizing Spectrum�
High Escape Fraction? �
→ Being examined by LACES�

LymAn Continuum Escape Survey (LACES):  
UV Imaging of z~3 LAEs  

Fletcher,	RSE	et	al	2018	(in	prep)	

Deep (20 orbits) F336W imaging of 51 z~3 LAEs; 80% have [O III] + Lyα redshifts 
High success rate in securing significant F336W detections (~35% ) 
HST localisation suggests minimal  (<2%) foreground contamination 

        F336W                   Lyα        F160W 

BPASS fit (No 
IGM absorption)  

fesc=15 ± 3% 

With IGM 
absorption  

Predict LyC flux using BPASS + nebular emission         
(calibrated with MOSFIRE [O III]/Hβ fluxes) 
 
Line of sight variation in IGM absorption critical: 
Adopt Inoue et al (2014) τIGM distribution to get fesc  likelihood.  
Improvement over Madau (1995) with updated HI absorber 
statistics including Lyman limit & DLAs  
 

For detections: individual fesc ranges from 15-75%   

LymAn Continuum Escape Survey (LACES):  
UV Imaging of z~3 LAEs  

Fletcher,	RSE	et	al	2018	(in	prep)	

Deep (20 orbits) F336W imaging of 51 z~3 LAEs; 80% have [O III] + Lyα redshifts 
High success rate in securing significant F336W detections (~35% ) 
HST localisation suggests minimal  (<2%) foreground contamination 

        F336W                   Lyα        F160W 

BPASS fit (No 
IGM absorption)  

fesc=15 ± 3% 

With IGM 
absorption  

Predict LyC flux using BPASS + nebular emission         
(calibrated with MOSFIRE [O III]/Hβ fluxes) 
 
Line of sight variation in IGM absorption critical: 
Adopt Inoue et al (2014) τIGM distribution to get fesc  likelihood.  
Improvement over Madau (1995) with updated HI absorber 
statistics including Lyman limit & DLAs  
 

For detections: individual fesc ranges from 15-75%   

F336W� NB497� F160W�

LyC� Lyα� Stellar�

Summary�
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