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Figure 1, given our simple assumptions for the escape fraction
fesc, early stellar populations, and the clumpiness of the IGM.
Importantly, the reduction in τ by Planck (compared to
WMAP) largely eliminates the tension between S z( )SFR and τ
that was discussed by many authors, including Robertson et al.
(2013). That an SFR history consistent with the S z( )SFR data
easily reproduces the Planck τ strengthens the conclusions of
Robertson et al. (2013) that the bulk of the ionizing photons
emerged from galaxies. Figure 2 shows that the observed
galaxy population at �z 10 can easily reach the 68%
credibility intervals of τ with plausible assumptions about fesc
and Lmin. As a consequence, the reduced τ eliminates the need
for very high-redshift ( �z 10) star formation (see Section 3).
We note the dust correction used in computing SSFR at _z 6
permits an equivalently lower fesc without significant change in
the derived τ. We note that to reach U 2 0.08 given the S z( )SFR
constraints requires 2f 0.3esc or 1C 1HII .
Figure 2 also shows U z( ) computed with the 9 yr WMAP τ

marginalized likelihood as a constraint on the high-redshift
SFR density (blue region; Robertson et al. 2013), which
favored a relatively low U _ 0.07. If, instead, the SFR density
rapidly declines as S r � �z(1 )SFR

10.9 beyond _z 8 as
suggested by, e.g., Oesch et al. (2014), the Planck τ is not
reached (light blue region). Finally, if we force the model to
reproduce the best-fit WMAP τ (orange region), the increased
ionization at high redshifts requires a dramatic increase in the
�z 7.5 SFR (see Figure 1) and poses difficulties in matching

other data on the IGM ionization state, as we discuss next.

2.3. Ionization History

Similarly, we can update our understanding of the evolving
ionization fraction Q z( )HII computed during the integration of
Equation (4). Valuable observational progress in this area
made in recent years exploits the fraction of star-forming
galaxies showing Lyα emission (e.g., Stark et al. 2010) now
extended to z ∼ 7 − 8 from Treu et al. (2013), Pentericci et al.
(2014), and Schenker et al. (2014); the Lyα damping wing
absorption constraints from GRB host galaxies by Chornock
et al. (2013); and the number of dark pixels in Lyα forest
observations of background quasars (McGreer et al. 2015).
While most of these results require model-dependent inferences
to relate observables to QHII, they collectively give strong
support for reionization ending rapidly near �z 6.
Figure 3 shows these constraints, along with the inferred

68% credibility interval (red region; ML model shown in
white) on the marginalized distribution of the neutral fraction
� Q1 HII from the SFR histories shown in Figure 1 and the

Planck constraints on τ. Although our model did not use these
observations to constrain the computed reionization history, we
nonetheless find good agreement.6

Figure 3 also shows the earlier model of Robertson et al.
(2013; blue region) that completes reionization at a slightly
lower redshift and displays a more prolonged ionization
history. This model was in some tension with the WMAP τ
(Figure 2). If we force the model to reproduce the WMAP τ
(orange region), reionization ends by _z 7.5, which is quite
inconsistent with several observations that indicate neutral gas
within IGM over the range 1 1z6 8 (Figure 3).

Figure 1. Star formation rate density SSFR with redshift. Shown are the SFR
densities from Madau & Dickinson (2014) determined from infrared (dark red
points) and ultraviolet (blue points) luminosity densities, updated for recent
results and extrapolated to a minimum luminosity � �L L0.001min . A
parameterized model for the evolving SFR density (Equation (2)) is fit to
the data under the constraint that the Thomson optical depth τ to electron
scattering measured by Planck is reproduced. The maximum likelihood model
(white line) and 68% credibility interval on SSFR (red region) are shown. A
consistent SFR density history is found even if the Planck τ constraint is
ignored (dotted black line). These inferences can be compared with a model
forced to reproduce the previous WMAP τ (orange region), which requires a
much larger SSFR at redshifts �z 5.

Figure 2. Thomson optical depth to electron scattering τ, integrated over
redshift. Shown is the Planck constraint U � o0.066 0.012 (gray area), along
with the marginalized 68% credibility interval (red region) computed from the
SFR histories SSFR shown in Figure 1. The corresponding inferences of U z( )
from Robertson et al. (2013; dark blue region), a model forced to reproduce the
9 yr WMAP τ constraints (orange region), and a model with SSFR truncated at
�z 8 (light blue region) following Oesch et al. (2014) are shown for

comparison. 6 The model does not fare well in comparison to Lyα forest measurements
when _Q 1HII because of our simplified treatment of the ionization process
(see the discussion in Robertson et al. 2013).
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fesc, early stellar populations, and the clumpiness of the IGM.
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that was discussed by many authors, including Robertson et al.
(2013). That an SFR history consistent with the S z( )SFR data
easily reproduces the Planck τ strengthens the conclusions of
Robertson et al. (2013) that the bulk of the ionizing photons
emerged from galaxies. Figure 2 shows that the observed
galaxy population at �z 10 can easily reach the 68%
credibility intervals of τ with plausible assumptions about fesc
and Lmin. As a consequence, the reduced τ eliminates the need
for very high-redshift ( �z 10) star formation (see Section 3).
We note the dust correction used in computing SSFR at _z 6
permits an equivalently lower fesc without significant change in
the derived τ. We note that to reach U 2 0.08 given the S z( )SFR
constraints requires 2f 0.3esc or 1C 1HII .
Figure 2 also shows U z( ) computed with the 9 yr WMAP τ

marginalized likelihood as a constraint on the high-redshift
SFR density (blue region; Robertson et al. 2013), which
favored a relatively low U _ 0.07. If, instead, the SFR density
rapidly declines as S r � �z(1 )SFR

10.9 beyond _z 8 as
suggested by, e.g., Oesch et al. (2014), the Planck τ is not
reached (light blue region). Finally, if we force the model to
reproduce the best-fit WMAP τ (orange region), the increased
ionization at high redshifts requires a dramatic increase in the
�z 7.5 SFR (see Figure 1) and poses difficulties in matching

other data on the IGM ionization state, as we discuss next.

2.3. Ionization History

Similarly, we can update our understanding of the evolving
ionization fraction Q z( )HII computed during the integration of
Equation (4). Valuable observational progress in this area
made in recent years exploits the fraction of star-forming
galaxies showing Lyα emission (e.g., Stark et al. 2010) now
extended to z ∼ 7 − 8 from Treu et al. (2013), Pentericci et al.
(2014), and Schenker et al. (2014); the Lyα damping wing
absorption constraints from GRB host galaxies by Chornock
et al. (2013); and the number of dark pixels in Lyα forest
observations of background quasars (McGreer et al. 2015).
While most of these results require model-dependent inferences
to relate observables to QHII, they collectively give strong
support for reionization ending rapidly near �z 6.
Figure 3 shows these constraints, along with the inferred

68% credibility interval (red region; ML model shown in
white) on the marginalized distribution of the neutral fraction
� Q1 HII from the SFR histories shown in Figure 1 and the

Planck constraints on τ. Although our model did not use these
observations to constrain the computed reionization history, we
nonetheless find good agreement.6

Figure 3 also shows the earlier model of Robertson et al.
(2013; blue region) that completes reionization at a slightly
lower redshift and displays a more prolonged ionization
history. This model was in some tension with the WMAP τ
(Figure 2). If we force the model to reproduce the WMAP τ
(orange region), reionization ends by _z 7.5, which is quite
inconsistent with several observations that indicate neutral gas
within IGM over the range 1 1z6 8 (Figure 3).

Figure 1. Star formation rate density SSFR with redshift. Shown are the SFR
densities from Madau & Dickinson (2014) determined from infrared (dark red
points) and ultraviolet (blue points) luminosity densities, updated for recent
results and extrapolated to a minimum luminosity � �L L0.001min . A
parameterized model for the evolving SFR density (Equation (2)) is fit to
the data under the constraint that the Thomson optical depth τ to electron
scattering measured by Planck is reproduced. The maximum likelihood model
(white line) and 68% credibility interval on SSFR (red region) are shown. A
consistent SFR density history is found even if the Planck τ constraint is
ignored (dotted black line). These inferences can be compared with a model
forced to reproduce the previous WMAP τ (orange region), which requires a
much larger SSFR at redshifts �z 5.

Figure 2. Thomson optical depth to electron scattering τ, integrated over
redshift. Shown is the Planck constraint U � o0.066 0.012 (gray area), along
with the marginalized 68% credibility interval (red region) computed from the
SFR histories SSFR shown in Figure 1. The corresponding inferences of U z( )
from Robertson et al. (2013; dark blue region), a model forced to reproduce the
9 yr WMAP τ constraints (orange region), and a model with SSFR truncated at
�z 8 (light blue region) following Oesch et al. (2014) are shown for

comparison. 6 The model does not fare well in comparison to Lyα forest measurements
when _Q 1HII because of our simplified treatment of the ionization process
(see the discussion in Robertson et al. 2013).
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3. CONSTRAINTS ON THE CONTRIBUTION OF �z 10
GALAXIES TO EARLY REIONIZATION

By using the parameterized model of MD 14 to fit the cosmic
SFR histories and applying a simple analytical model of the
reionization process, we have demonstrated that SFR histories
consistent with the observed S z( )SFR integrated to

� �L L0.001min reproduce the observed Planck τ while
simultaneously matching measures of the IGM neutral fraction
at redshifts 1 1z6 8. As Figure 1 makes apparent, the
parameterized model extends the inferred SFR history to
�z 10, beyond the reach of current observations. Correspond-

ingly, these galaxies supply a non-zero rate of ionizing photons
that enable the Thomson optical depth to slowly increase
beyond _z 10 (see Figure 2). We can therefore ask whether a
connection exists between S �z( 10)SFR and the observed
value of τ under the assumption that star-forming galaxies
control the reionization process.

Figure 4 shows samples from the likelihood function of our
model parameters given the S z( )SFR and τ empirical constraints
that indicate the mean SFR density S� §SFR (averaged over

1 1z10 15) as a function of the total Thomson optical depth
τ. The properties S� §SFR and τ are tightly related, such that the
linear fit

S Ux � � � �☉( )M0.344( 0.06) 0.00625 yr Mpc (6)SFR
1 3

provides a good description of their connection (dashed line).
For reference, the likelihood samples shown in Figure 4
indicate the corresponding redshift of instantaneous reioniza-
tion zreion via color coding.
Given that the SFR density is supplied by galaxies that are

luminous in their rest-frame UV, we can also connect the
observed τ to the abundance of star-forming galaxies at 2z 10.
This quantity holds great interest for future studies with JWST,
as the potential discovery and verification of distant galaxies
beyond �z 10 has provided a prime motivation for the
observatory. The 5σ sensitivity of JWST at 2 μm in a �t 104 s
exposure is xm 29.5AB .7 At _z 10, this sensitivity corre-
sponds to a UV absolute magnitude of x �M 18UV . Extra-
polating the SFR density to �z 10 and using the shape of the
LF at ⩾z 9, we estimate that _ �N 0.5 arcmin 2 galaxies at
�z 10 will be present at apparent magnitudes of �m 29.5AB

at λ = 2 μm. Deep observations with JWST over _10 arcmin2

may therefore find25 candidates at �z 10 (see also Behroozi
& Silk 2015). Returning to Figure 1, we can see the impact of
the reduced value of τ by comparing the Planck and WMAP
curves beyond �z 10.

4. DISCUSSION

The lower value of the optical depth τ of Thomson scattering
reported by the Planck Collaboration et al. (2015) strengthens
the likelihood that early star-forming galaxies dominated the
reionization process, as our model can simultaneously match
the observed SFR history (Figure 1) over � �z6 10, the
integrated value of τ (Figure 2), and recent constraints on the
IGM neutral fraction over z ; 6 − 8 (Figure 3).
A state-of-the-art reionization analysis by Choudhury et al.

(2014) used the distribution of Lyα equivalent widths, the IGM
photoionization rate, and the mean free path of ionizing
photons to also conclude that reionization likely completed at
_z 6, with a corresponding U x 0.07 (see also Robertson

et al. 2013). With Planck now favoring U x 0.066 and
informed by a full accounting of available constraints on the
SFR history, we have reached similar conclusions using
different empirical inputs.
Our modeling makes some simplifying assumptions, adopt-

ing a constant escape fraction �f 0.2esc , IGM clumping factor
xC 3, and Lyman continuum production efficiency for early

stellar populations. In Robertson et al. (2013), we examined
these assumptions carefully and tested more complex models,
e.g., with the evolving escape fraction required to match the
IGM photoionization rates at �z 6 (e.g., Becker & Bol-
ton 2013). These assumptions influence the computation of τ
and QHII but do not affect the inferred SFR history in Figure 1.
Our conclusion that 1z 10 galaxies can account for the Planck
τ relies on extrapolating LFs below observed limits and a
higher escape fraction than at a lower redshift. If galaxies are
less efficient ionizers, more �z 10 star formation would be
permitted. However, Robertson et al. (2013) already demon-
strated such an ionizing efficiency is required to maintain a
highly ionized IGM at _z 7 (Figure 3).
The “excess” value of τ above that provided by galaxies at
�z 10 measures SSFR at �z 10. Equation (6) and the Planck

1σ upper limit on τ provide an upper limit of
S � :1z M( 10) 0.013SFR yr−1 Mpc−3. This provides the first

Figure 3. Measures of the neutrality � Q1 HII of the intergalactic medium as a
function of redshift. Shown are the observational constraints compiled by
Robertson et al. (2013), updated to include recent IGM neutrality estimates
from the observed fraction of Lyα emitting galaxies (Pentericci et al. 2014;
Schenker et al. 2014), constraints from the Lyα of GRB host galaxies
(Chornock et al. 2013), and inferences from dark pixels in Lyα forest
measurements (McGreer et al. 2015). The evolving IGM neutral fraction
computed by the model is also shown (red region is the 68% credibility
interval; white line is the ML model). While these data are not used to constrain
the models, they are nonetheless remarkably consistent. The bottom panel
shows the IGM neutral fraction near the end of the reionization epoch, where
the presented model fails to capture the complexity of the reionization process.
For reference, we also show the corresponding inferences calculated from
Robertson et al. (2013; blue region) and a model forced to reproduce the
WMAP τ (orange region).

7 See http://www.stsci.edu/jwst/instruments/nircam/sensitivity/table.
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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
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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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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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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



LAEs present Hard Ionizing Spectrum

           LBGs
(Bouwens et al. 2016)

More efficient production
of ionizing photons

LAEs

Background

Typical Characteristics of LAEs ? 

ξion Based on Hydrogen recombination lines

Nakajima et al. 2016
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UV line diagnostics of ξion

Nakajima et al. 2017 in collaboration with VUDS
(A&A in press, arXiv:1709.03990)
See also Stark+2014, Gutkin+2016

EW(CIII]) = --------------- ∝ ------------------ = f(Z,U,ξion(age))
Flux(CIII])

fλ,1909

Nion(>24.4eV)
LUV

Smaller ξion

Our Work
 Tokyo Spring Cosmic Lyman-Alpha Workshop, Tokyo on Mar 27, 2018 – Kimihiko Nakajima	
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VLT/VIMOS (11hrs) Observation
Identifying Lyα from ~70 Faint z=3 LAEs   

Our Work

Nakajima et al. 2018, MNRAS in press
(arXiv:1801.03085)

�26 �24 �22 �20 �18 �16 �14
MUV

0

50

100

150

200

250

300

350

400

N
o
(S

ha
pl

ey
+

03
on

ly
)

0

5

10

15

20

25

30

35

40

N
o

z=3 LBGs (Shapley+03)

z⇠2 LAEs (Stark+14)

z=2-3 LAEs (Erb+14)

z=3.1 LAEs (This Work)

 Tokyo Spring Cosmic Lyman-Alpha Workshop, Tokyo on Mar 27, 2018 – Kimihiko Nakajima	

Our target 
LAEs

        LBGs
(Shapely et al. 2003)

MUV
-26     -24     -22     -20      -18    -16     -14



VLT/VIMOS (11hrs) Observation
Identifying Lyα from ~70 Faint z=3 LAEs   

Our Work

Nakajima et al. 2018, MNRAS in press
(arXiv:1801.03085)
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Our target 
LAEs

        LBGs
(Shapely et al. 2003)
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VLT/VIMOS (11hrs) Observation
Identifying rest UV lines in Stacks of 70 z=3 LAEs   

Our Work

Rest Wavelength (A) Nakajima et al. 2018, MNRAS in press
(arXiv:1801.03085)
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Strong CIII] Associated with Strong Lyα   

Nakajima et al. 2018, MNRAS in press
(arXiv:1801.03085)

 Tokyo Spring Cosmic Lyman-Alpha Workshop, Tokyo on Mar 27, 2018 – Kimihiko Nakajima	

Results

EW(Lyα) large
UV faint
Bluer β

EW(Lyα) small
UV bright
Redder β



Stronger LAEs are less chemically enriched galaxies   

Nakajima et al. 2018
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Results



Stronger LAEs are less chemically enriched galaxies   

Nakajima et al. 2018 Nakajima et al. 2017
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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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Results



LAEsʼ Hard ξion is confirmed with UV line analysis

Nakajima et al. 2018

Stronger LAEs:  log ξion = 25.68±0.13
Weaker LAEs:    log ξion = 25.54±0.09

 Tokyo Spring Cosmic Lyman-Alpha Workshop, Tokyo on Mar 27, 2018 – Kimihiko Nakajima	

Results

@ 1Myr



Stronger LAEs:  log ξion = 25.68±0.13
Weaker LAEs:    log ξion = 25.54±0.09

Nakajima et al. 2018

LAEsʼ Hard ξion is confirmed with UV line analysis

 Tokyo Spring Cosmic Lyman-Alpha Workshop, Tokyo on Mar 27, 2018 – Kimihiko Nakajima	

Results

with Hβ

with UV lines



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. 2018

Refer also to Talks on Wednesday
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Discussion



Deep (20orbits x3) HST/F336W imaging of 51 z=3 LAEs  
High success rate in securing significant F336W detections (~30%)
HST localization suggests minimal (<2%) foreground contamination 

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

Work on-goingLymAn 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 Stars

For detections: 
Individual fesc ranges from 4-60%  

fesc~7±2%

Preliminary
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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? 
→ To be examined with 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 Stars

Summary
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