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-- Age of the Universe --

-- Redshift --

When and How Cosmic Reionization occurred?



Robertson et al. 2010, Nature 468, 55

See also: Robertson+2015, Finkelstein+2019, Naidu+2020

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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Galaxies governed Reionization process?



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

See also: Kusakabe+2020
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Lyα emitters (LAEs) as Probes of Early Galaxies

Nakajima et al. 2016

See also: Nakajima & Ouchi 2014, Erb+2016

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,
Inoue+2016,
Harikane+2018

Low-mass, metal-poor star-forming galaxies
Typical in early universe
Intense emission lines as represented by [OIII]5007,4959
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Nakajima & Ouchi 2014, MNRAS, 442, 900

See also: Zackrisson+2013, Jaskot+2014

Photoionization model
predictions w/ Cloudy

Izotov et al. 2018 MNRAS, 474, 4514

See also: Izotov+2016, Nature, Faisst 2016
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J1154+2443: a galaxy with high LyC leakage 4523

Figure 6. (a) Relation between the Lyman continuum escape fraction fesc(LyC) and the O32 = [O III] λ5007/[O II] λ3727 emission-line ratio for low-redshift
LyC leaking galaxies observed with the FUSE (open circle) and HST/COS (filled symbols). Compact SFGs from Izotov et al. (2016a,c) are shown by black
filled circles. The galaxy from Borthakur et al. (2014) and the galaxies from Leitherer et al. (2016) with fesc(LyC) derived by Chisholm et al. (2017) are
represented by grey filled circles. Haro 11 (Leitet et al. 2013) and J1154+2443 are shown by the open circle and filled star, respectively. (b) Relation between
fesc(LyC) and a separation Vsep between the blue and red peaks of the Ly α emission line for low-redshift LyC leaking galaxies observed with the FUSE and
HST/COS. Vsep for J1154+2443 is from this paper and for other galaxies are from Verhamme et al. (2017). Symbols are the same as in panel (a). Solid lines
in both panels are most likelihood regressions.

that, in the case of a small fesc(LyC), the latter ratio can be fairly ac-
curately constrained using a relation between the I(H β)/Imod(900)
ratio and EW(H β), since both the H β flux density and the H β

equivalent width can directly be derived from observations. We
have modified equation 4 in Izotov et al. (2016a) for the case of
a large fesc(LyC), adopting λ = 840 Å instead of 900 Å and STAR-
BURST99 instantaneous burst models (Leitherer et al. 1999) for the
J1154+2443 metallicity:

A = I (Hβ)
Imod(840)

= 3.47 ×
[

EW(Hβ)
1 − fesc(LyC)

]0.181

Å, (3)

where EW(H β) is the rest-frame H β equivalent width in Å. We
finally obtain

fesc(LyC) = Iesc(840)
Imod(840)

= A
Iesc(840)
I (Hβ)

. (4)

The escape fraction fesc(LyC) obtained with the second
method, derived iteratively from equations (3) and (4) with
adopted Iesc(840) = 4.4 × 10−17 erg s−1 cm−2 Å−1 and I(H β) =
9.1 × 10−16 erg s−1 cm−2, is 47 per cent, in excellent agreement
with the first method. As in the case of the first method, only a
few iterations are needed for fesc(LyC) to converge in the second
method.

Thus, we find that the LyC escape fraction in J1154+2443 with
O32 = 11.5 is considerably higher than the escape fractions in all
known low-redshift LyC leakers with lower O32 (Leitet et al. 2013;
Borthakur et al. 2014; Izotov et al. 2016a,c; Leitherer et al. 2016).

8.3 Dependences of fesc(LyC) on O32 and Vsep

In Fig. 6(a), we present the relation between fesc(LyC) and O32 for
known low-redshift LyC leaking galaxies. It shows a relatively tight
trend of increasing fesc(LyC) with increasing O32, described by the
regression relation

fesc(LyC) = 4.88 × 10−3O32
2 − 1.67 × 10−2O32 + 1.07 × 10−2.

(5)

The relation described by equation (5) shows that compact low-
mass SFGs with high O32 ratios may lose a considerable fraction of
their LyC emission to the IGM. Thus, we confirm and extend the

correlation between fesc(LyC) and O32 first found by Izotov et al.
(2016a) and later considered by Faisst (2016).

For comparison, currently the most robust high-redshift LyC
leaking galaxy is Ion2 at z = 3.2 with a relative escape fraction
of 0.64+1.1

−0.1 (Vanzella et al. 2015; de Barros et al. 2016). This
galaxy shares many properties with the low-redshift LyC leakers
(cf. Schaerer et al. 2016). In particular, Ion2 is characterized by a
high ratio O32 >10, in line with the selection criterion used in this
paper and by Izotov et al. (2016a,c).

In Fig. 6(b), we show the tight dependence of fesc(LyC) on the
separation Vsep between the blue and red peaks of the Ly α emission
line in LyC leakers. The regression line to this dependence is

fesc(LyC) = 4.28 × 104

V sep
2

− 1.59 × 102

V sep
+ 0.15, (6)

where Vsep is expressed in km s−1.
We note that the correlation between fesc(LyC) and Vsep (Fig. 6b)

is tighter than that between fesc(LyC) and O32. Physically, this may
be because both LyC and Ly α escaping radiation are determined by
the column density of the neutral gas in LyC leaking galaxies and
by the velocity field in the case of Ly α radiation (e.g. Verhamme
et al. 2015, 2017). On the other hand, O32 depends on several other
parameters such as metallicity and ionization parameter, in addi-
tion to the column density of the neutral gas (Jaskot & Oey 2013;
Nakajima & Ouchi 2014; Stasińska et al. 2015; Izotov et al. 2017).
The relation described by equation (6) might be important for the
construction of radiative transfer models that simultaneously repro-
duce fesc(LyC) and the Ly α profile. Similar relations for a smaller
sample, with a lower range of fesc(LyC) and Vsep, were discussed
by Verhamme et al. (2017). The high fesc(LyC) and low Vsep for
J1154+2443 are indicative of a very low neutral gas column den-
sity N(H I). Indeed, according to radiation-transfer modelling by
Verhamme et al. (2015), Vsep = 199 km s−1 would correspond to
N(H I) ! 1018 cm−2, as predicted by some models, enabling an ef-
ficient leakage of LyC photons.

9 C O N C L U S I O N S

In this paper, we present new HST/COS observations of the compact
SFG J1154+2443 with a high O32 = [O III] λ5007/[O II] λ3727 flux

MNRAS 474, 4514–4527 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/474/4/4514/4683272
by Fisheries and Oceans, Kimihiko Nakajima
on 09 January 2018

Inter-dependence of fesc and [OIII]/[OII]

Observations, based on 
O32-selected local galaxies
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Deep (60orbits ) HST/F336W imaging of 54 z=3 LAEs  

Fletcher, KN et al. 2019, ApJ 878, 87; Nakajima’s talk in Subaru UM in 2019

See also: Iwata+2009, Siana+2015, Vanzella+2016

HST
F336W

Observed wavelength (Å)

Rest-frame wavelength (Å)

Schematic spectrum
of z=3.1 LAE

LymAn Continuum Escape Survey (LACES):
Ionizing photon escape fesc from z=3 LAEs
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LyC Lyα Stellar

Deep (60orbits ) HST/F336W imaging of 54 z=3 LAEs

High fraction of LAEs (~20%) presenting high escape fraction (fesc~20-30%) 

LymAn Continuum Escape Survey (LACES):
Ionizing photon escape fesc from z=3 LAEs

Fletcher, KN et al. 2019, ApJ 878, 87; Nakajima’s talk in Subaru UM in 2019

See also: Iwata+09, Nestor+2011,2013, Mostardi+2013,2015, Micheva+2015

Marchi+2017, Steidel+2018
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Fletcher, KN et al. 2019, ApJ 878, 87; Nakajima’s talk in Subaru UM in 2019

See also: Iwata+09, Nestor+2011,2013, Mostardi+2013,2015, Micheva+2015

Marchi+2017, Steidel+2018
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Stacked F336W (LyC) images

foreground contamination. We use the number counts per deg2

in Vanzella et al. (2010) derived from the ultradeep VIMOS
U-band imaging taken in the GOODS-S field (Nonino et al.
2009). As our F336W measurements are very deep, we use the
3σ upper limits for the faintest U-band magnitudes extrapolated
to 30.5 AB mag (Vanzella et al. 2010). We adopt the
distribution of offsets shown in Figure 4, for all our �4σ
detections, our Gold subsample, and our Silver subsample as
apertures for considering possible contamination from the
foreground U-band sources. In Figure 5 we combine these
individual estimates for contamination and run Monte Carlo
simulations to show the probability that N of the candidates
could be contaminated. The probability that 0, 1, 2, or 3 of our
12 candidates could be contaminated is 80%, 18%, 1.6%, and
<0.01%, respectively. Indeed, in 98% of cases we estimate that
�2 of our LyC detections could be contaminated. Considering
the Gold and Silver samples separately, we expect that these
samples would be pure in 92% and 87.5% of cases,
respectively. We cannot rigorously perform the same analysis
on the nondetections, as we cannot measure the possible offsets
between LyC and Lyα and F160W centroids. However, if we
assumed a similar distribution of offsets, applying the same
analysis to all 54 LAEs would still predict far fewer potential
contaminants than the number of detections we report for the
LACES sample. Quantitatively, we would expect that out of a
possible 54 LAEs we would expect 0, 1, 2, 3, or 4 contaminates
in 40.5%, 37.1%, 16.5%, 4.72%, or 0.98% of cases. We can
also use the observed distribution of candidates to estimate the
maximum offset of contaminants. One can show that the
maximum expected offset of contaminants in the Vanzella et al.
(2010) model is related to their mean offset by a geometrical
factor of ∼1.5. If we adopt a maximum offset equal to 1.5× the
mean offset of the Gold sample, we would expect 0, 1, 2, 3, or

4 contaminates in 33.8%, 37.0%, 19.9%, 6.99%, or 1.8% of
cases assuming 54 possible LAEs. We therefore have identified
a robust sample of galaxies displaying Lyman continuum
emission.

3.5. Nondetections

The majority (42 of 54) of our LAEs have no clear F336W
detections above an S/N of 4. To determine whether these
nondetections simply represent a tail of fainter signals, we can
stack the nondetections to derive a statistical estimate of their
mean F336W flux. In this case, we must first consider how to
register the images, recognizing that the LyC flux may not
always precisely coincide with either the F160W or Lyα
signals (Figure 4). We can evaluate the impact of such spatial
offsets by conducting the same stacking experiment on those
sources for which we see individual detections. By comparing
the stack for the Gold and Silver subsamples based on different
registrations (F160W and Lyα), we can compare the loss in
stacked signal compared to a direct sum of the registered
F336W detections.
For the following stacking procedure, we used custom

software based on AstroPy to perform a median stack
centered on the position of either the F336W peak (for the Gold
and Silver subsamples), the Subaru NB497 Lyα peak, or the
HST F160W peak. The F336W frames were smoothed with a 1
pixel rms width Gaussian before stacking to account for small
relative offsets or astrometric uncertainties.
The results for the detected (Gold and Silver) subsamples are

shown in Figure 6. As expected, using the F160W centroid
generally gives a better S/N in the final stack, and there is little
degradation in signal compared to a direct summation of the
F336W signals, especially for the Gold subsample. This
correspondence simply reflects the small spatial offsets

Figure 5. Probability distribution of contamination in our sample of 12
detected objects (blue), and our Gold and Silver subsamples. In 98% of cases
�2 of the 12 LyC detections are predicted to be affected by contamination. For
the Gold subsample, we expect no contamination in 92% of cases. For the
Silver subsample, we expect no contamination in 87.5% of cases. We also plot
the number of contaminates expected in a sample of 54 LAEs, assuming the
same LyC offset distribution as our detected sources (red). Even in this much
larger sample, 99% of cases have three or fewer possible contaminates.

Figure 6. Mosaic of 4×4 images showing stacked F336W images for the
Gold (top row), Silver (middle row), and nondetection (bottom row) samples
using different methods to center on the candidate galaxies. From left to right
each panel displays the detections stacked using (i) F336W centroid, (ii) Lyα
centroid, and (iii) F160W centroid or Lyα centroid for cases where F160W is
unavailable.
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foreground contamination. We use the number counts per deg2

in Vanzella et al. (2010) derived from the ultradeep VIMOS
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to 30.5 AB mag (Vanzella et al. 2010). We adopt the
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centered on the position of either the F336W peak (for the Gold
and Silver subsamples), the Subaru NB497 Lyα peak, or the
HST F160W peak. The F336W frames were smoothed with a 1
pixel rms width Gaussian before stacking to account for small
relative offsets or astrometric uncertainties.
The results for the detected (Gold and Silver) subsamples are

shown in Figure 6. As expected, using the F160W centroid
generally gives a better S/N in the final stack, and there is little
degradation in signal compared to a direct summation of the
F336W signals, especially for the Gold subsample. This
correspondence simply reflects the small spatial offsets
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detected objects (blue), and our Gold and Silver subsamples. In 98% of cases
�2 of the 12 LyC detections are predicted to be affected by contamination. For
the Gold subsample, we expect no contamination in 92% of cases. For the
Silver subsample, we expect no contamination in 87.5% of cases. We also plot
the number of contaminates expected in a sample of 54 LAEs, assuming the
same LyC offset distribution as our detected sources (red). Even in this much
larger sample, 99% of cases have three or fewer possible contaminates.

Figure 6. Mosaic of 4×4 images showing stacked F336W images for the
Gold (top row), Silver (middle row), and nondetection (bottom row) samples
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escape fractions in individual cases for the faintest LAEs, and it
remains possible that some of the faint LAEs in the LyC
nondetections are weak to moderate LyC leakers but below our
detection limit. Nevertheless, if this were the case, we would
still expect to detect this faint signal in the deep F336W stack,
yet we recover on average fesc<0.5%.

Additionally, LyC-detected LAEs have a similar distribution
in EWLyα with respect to nondetections. However, our LyC
detections are almost all at �B ÅEW 100Ly , as is the case for
most of the LAEs in the LACES sample. Of the six LAEs with

�B ÅEW 100Ly , only one is an LyC leaker. This trend may be
expected if LAEs with very large EWLyα have reprocessed
almost all of their ionizing photons into Lyα, resulting in
galaxies with fesc∼0 (e.g., Nakajima & Ouchi 2014). These
LAEs are also the faintest objects discussed above, so even if
they have a nonzero fesc it will most likely be below our
detection limit. Regardless, the bulk of the nonleaking LAEs
contributing to the composite spectrum have moderate EWLyα

and MUV and fall in the same space in an EWLyα–MUV plot as
the bulk of the detections. Therefore, given the evidence from
the detections (Sections 5.1 and 5.2), we would have expected
these LyC nondetections to have moderate fesc that would be
detectable in our deep F336W stack. Yet, we detect no signal
when stacking these objects and find fesc<0.5%. This could
be due to differences in the covering factor of these LAEs;
however, we do not probe this property in our observations.
We also examine the distribution of EW[O III] in Figure 15.

Once again, the detections cover the full range of EW[O III], as
do the nondetections. If LyC leakage arises as a result of
density-bound nebulae with extreme O32 ratios, this may imply
extreme EW[O III] (Tang et al. 2018). We may therefore expect
the LyC detections to be preferentially clustered at large
EW[O III] compared to the nondetections, but the detections fall
at EW[O III]1400Å. Again, it may be the case that if galaxies
are leaking a significant fraction of their ionizing photons, there
are few >35 eV photons remaining to doubly ionize oxygen.

Figure 15. Distributions of EWLyα (top left), MUV (top right), EW[O III] (bottom left), and ΔvLyα (bottom right) for the LACES sample. Red hatched histograms show
the numbers of LAEs with detected F336W emission, and blue histograms show nondetected LAEs. The black outline shows the total number of LAEs in the
detections and nondetections. The [O III] line and both an Lyα and systemic redshift were not always targeted or detected in our extensive optical and near-infrared
spectroscopy. Therefore, in the two bottom panels showing the distributions of EW[O III] and ΔvLyα we only show LAEs for which the relevant data are complete.
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the numbers of LAEs with detected F336W emission, and blue histograms show nondetected LAEs. The black outline shows the total number of LAEs in the
detections and nondetections. The [O III] line and both an Lyα and systemic redshift were not always targeted or detected in our extensive optical and near-infrared
spectroscopy. Therefore, in the two bottom panels showing the distributions of EW[O III] and ΔvLyα we only show LAEs for which the relevant data are complete.
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[OIII]+ identified in 43 LACES sources 
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・6 LBGs (none present LyC signal)
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Table 2. Optical Emission Line Fluxes

Obj. [O ii] [Ne iii] Hβ [O iii] [O iii]

doublet λ3869 λ4959 λ5007

M38 8.5 ± 0.3 1.9 ± 0.2 5.3 ± 0.1 6.8 ± 0.1 20.5 ± 0.1

2132 7.6 ± 0.5 1.4 ± 0.2 2.8 ± 0.3 5.9 ± 0.3 15.3 ± 0.3

104037(†S) 3.6 ± 0.1 1.4 ± 0.1 2.6 ± 0.1 6.9 ± 0.1 14.5 ± 0.1

93564(†G) 1.8 ± 0.2 0.4 ± 0.1 2.1 ± 0.2 5.2 ± 0.3 13.2 ± 0.3

104511 0.9 ± 0.2 0.9 ± 0.1 2.2 ± 0.2 5.2 ± 0.1 12.0 ± 0.1

108679 – – < 0.8 3.5 ± 0.3 10.6 ± 0.3

96688 4.1 ± 0.3 1.7 ± 0.2 1.1 ± 0.2 3.1 ± 0.2 10.0 ± 0.2

99330 1.0 ± 0.1 0.5 ± 0.1 1.1 ± 0.1 2.6 ± 0.1 8.0 ± 0.1

109140 – – < 0.9 2.1 ± 0.2 5.8 ± 0.2

86861(†G)" < 0.7 0.9 ± 0.2 0.7 ± 0.0 1.7 ± 0.2 5.4 ± 0.2

97030 0.9 ± 0.2 0.4 ± 0.1 0.7 ± 0.1 1.7 ± 0.1 4.7 ± 0.1

92017 – – < 0.8 0.8 ± 0.2 4.0 ± 0.2

106500 < 0.5 0.5 ± 0.1 1.2 ± 0.1 1.2 ± 0.2 3.5 ± 0.2

104097 1.8 ± 0.1 < 0.3 1.2 ± 0.1 1.0 ± 0.1 3.1 ± 0.1

102334 – – 0.7 ± 0.2 1.0 ± 0.2 2.9 ± 0.2

94460(†S) < 0.2 < 0.2 0.4 ± 0.1 0.9 ± 0.1 2.8 ± 0.1

102826 2.0 ± 0.1 < 0.3 0.7 ± 0.1 < 0.3 2.8 ± 0.1

107585 < 0.4 < 0.6 1.0 ± 0.2 0.8 ± 0.2 2.3 ± 0.2

110896 – – < 0.7 < 0.7 2.3 ± 0.2

89114 < 0.4 < 0.4 < 0.3 0.8 ± 0.1 2.3 ± 0.1

99415 < 0.4 < 0.3 0.5 ± 0.1 0.5 ± 0.1 1.9 ± 0.1

97081 < 0.2 < 0.2 0.3 ± 0.1 0.6 ± 0.1 1.9 ± 0.1

90428 – – < 0.4 < 1.0 1.7 ± 0.3

93474 < 0.3 < 0.4 < 0.5 0.6 ± 0.1 1.7 ± 0.1

85165 < 1.0 < 1.6 0.8 ± 0.2 0.8 ± 0.2 1.6 ± 0.2

92616(†G) – – < 0.3 < 0.4 1.5 ± 0.1

104147 < 0.2 0.2 ± 0.1 < 0.2 0.2 ± 0.1 1.4 ± 0.1

92219 < 0.3 < 0.3 < 0.3 < 0.2 1.4 ± 0.1

93004 – – < 0.4 0.7 ± 0.1 1.4 ± 0.1

92235 0.5 ± 0.1 < 0.3 0.4 ± 0.1 < 0.4 1.4 ± 0.1

97254 < 0.2 < 0.2 0.3 ± 0.1 0.8 ± 0.1 1.3 ± 0.1

97176 0.3 ± 0.1 0.3 ± 0.1 < 0.2 0.4 ± 0.1 1.3 ± 0.1

103371 < 0.2 < 0.2 0.2 ± 0.1 0.9 ± 0.1 1.3 ± 0.1

89723 < 0.2 < 0.2 < 0.2 0.5 ± 0.1 1.3 ± 0.1

110290 < 0.3 < 0.3 0.4 ± 0.1 < 0.6 1.1 ± 0.2

93981 – – 0.4 ± 0.1 0.4 ± 0.1 1.1 ± 0.1

105937(†S) < 0.4 < 0.3 < 0.9 0.4 ± 0.1 1.0 ± 0.1

91055 < 0.3 < 0.2 0.3 ± 0.1 0.3 ± 0.1 0.9 ± 0.1

107677 – – < 1.0 < 0.5 0.9 ± 0.2

95217 < 0.4 < 0.2 < 0.6 < 0.4 0.8 ± 0.1

97128 – – 0.7 ± 0.2 < 0.5 0.7 ± 0.2

101846(†S) < 0.3 < 0.3 < 0.3 < 0.3 0.4 ± 0.1

90675(†G)¶ – – 2.0 ± 0.2 < 0.5 < 0.5

Note—Fluxes and their 1σ errors are given in units of

10−17 erg s−1 cm−2. Upper-limits represent the 3σ values. (†) LyC
leaking candidates from Paper I. The G and S denotes the Gold and
Silver sample, respectively. (#) The single LAE-AGN in the LACES
sample. (¶) This LAE is likely an extremely metal-poor galaxy
on account of its low [O iii]/Hβ, large Hβ and Lyα EWs, and
high ξion (see also Table 4).

with the list of input spectra formulated by selecting
spectra at random, with replacement, from the full list.
With these 1000 fake spectra, we derived the standard
deviation at each spectral pixel. The standard devia-

Table 3. Subsamples of the LACES MOSFIRE cam-
paign

Subsample for line ratios for EWs in K/H for ξion

LyC-LAEs(†) 5 5/5 6

noLyC-LAEs 20 24/17 29

LBGs 5 5/5 6

Note—(†) A single AGN-LAE, AGN86861, whose LyC radiation
was identified in Paper I has been removed for the stacking
analysis and is not counted here.

Figure 3. The O32 line ratio vs. escape fraction fesc for the
sources with a LyC detection. The large circle represents the
LyC-LAEs subsample composite. Other symbols and curves
represent literature measures and relations, respectively, as
indicated by the legend. The correlation suggests that a
prerequisite for a high fesc is a large O32 value.

tions are taken into account in calculating the uncer-
tainties of each line flux.
The composite spectra for the three subsamples nor-

malized by their [O iii] fluxes are shown in Figure 1. It is
evident that all the key diagnostic emission lines are sig-
nificantly identified. The difference between the stacked
spectra of LAEs and LBGs is immediately apparent e.g.
in the [O iii]/[O ii] and [Ne iii]/[O ii] line ratios.

2.4. Dust correction to the nebular spectra

Prior to quantitative analysis, it is necessary to con-
sider corrections for dust reddening, particularly for
line flux ratios and the ξion parameter. Since multi-
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Large [OIII]/[OII] is necessary condition
for ionizing photon leakage

Sections 5.1 and 6.1 of Paper I where correlations between fesc
and EW(Lyα) and its velocity were presented. By construction,
all LACES targets must have prominent Lyα emission so
sources with obscured Lyα will be absent, possibly weakening
any expected trends.

While Lyα photons could preferentially escape along the
same holes in the neutral medium as LyC photons, due to the
resonant nature of the line, Lyα photons can also escape after

experiencing several scatterings. This would also explain why
some LyC leakers present a higher escape fraction of Lyα
photons than that of LyC photons (e.g., Verhamme et al. 2017).
Moreover, the previous studies at high-z correlating the Lyα
and LyC leakages with the covering fraction mostly investigate
stacked LBGs with a weak Lyα emission (up to EW(Lyα)
∼45Å), and hence in a low fesc range (e.g., Reddy et al. 2016;
Steidel et al. 2018). The correlation between Lyα and LyC
found by stacking does not require that every LAE is
necessarily a LyC emitter. For example, Japelj et al. (2017)
investigate the LyC visibility of z=3–4 star-forming galaxies,
most of which are LAEs, finding that none of them present
significant emission of LyC radiation. Conversely, Lyα could
be weakened from LyC emitters due to a spatial variation of
neutral hydrogen column density across an object (e.g., Ion1;
Vanzella et al. 2012; Ji et al. 2020; see also Erb et al. 2019 for
suppression mechanisms of Lyα emission). Thus, while LyC
leakage is broadly correlated with Lyα properties, it is unclear
whether the tight correlation holds between the observed
escape fractions of Lyα and LyC emission on an individual
basis. Further data, e.g., higher resolution spectra sampling
the Lyα emission line profile for our sources, would be
advantageous to investigate these possibilities. If a narrow peak
of Lyα emission is identified at systemic velocity, as seen in
the other known LyC emitters of Sunburst (Rivera-Thorsen
et al. 2017, 2019) and Ion2 and Ion3 (Vanzella et al. 2020), the
detection of LyC emission would be attributed to a clear
ionized channel along our line of sight.
Figure 6 shows the relationship between O32 and Yion versus

the EW of [O III] for the LACES sample, lower redshift
extreme emission line galaxies (EELGs; Tang et al. 2019) and
continuum-selected galaxies from the MOSDEF survey
(Sanders et al. 2020). We can see that continuum-selected
galaxies and less massive EELGs are similarly distributed in
both panels. Since the EW([O III]) is an approximate measure
of the age of the most recent star-formation activity (i.e., the

Figure 4. O32 vs. R23 diagram for the LACES and other samples. The LACES subsamples are shown with the same symbols and the colors as in Figure 2. Orange
symbols show known LyC leakers, and blue and gray symbols show high-z LAEs and continuum-selected galaxies, respectively, compiled from the literature as
shown by the legend. If O32 is provided without a [O III]λ4959 contribution, we correct for it assuming the theoretical [O III]λ5007/4959 line ratio of 2.98 (Storey &
Zeippen 2000). Arrows provide 3σ lower limits. Gray shading illustrates the equivalent distribution for nearby SDSS galaxies.

Figure 5. Ionizing photon production efficiency Yion as a function of UV
absolute magnitude. The symbols and colors for the LACES subsamples are as
shown in Figure 2. Large symbols representing average Yion values are derived
from the stacked spectra (Section 2.3). The individual and the stacked Yion are
all dust-corrected as detailed in Section 2.4. The red upward arrow indicates the
average degree of correction from Yion,0 to Yion for the LyC-LAEs. Blue open
diamonds present Yion measurements for LAEs at z=3 (Nakajima
et al. 2018a), and gray open symbols refer to Yion measurements for
continuum-selected galaxies at z;2–4 (squares from Bouwens et al. 2016,
inverse triangles from Shivaei et al. 2018, pentagon from Nakajima
et al. 2018b).
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Bimodal nature of ionizing photon escape: 
Revisited with spectral diagnostics

Sections 5.1 and 6.1 of Paper I where correlations between fesc
and EW(Lyα) and its velocity were presented. By construction,
all LACES targets must have prominent Lyα emission so
sources with obscured Lyα will be absent, possibly weakening
any expected trends.

While Lyα photons could preferentially escape along the
same holes in the neutral medium as LyC photons, due to the
resonant nature of the line, Lyα photons can also escape after

experiencing several scatterings. This would also explain why
some LyC leakers present a higher escape fraction of Lyα
photons than that of LyC photons (e.g., Verhamme et al. 2017).
Moreover, the previous studies at high-z correlating the Lyα
and LyC leakages with the covering fraction mostly investigate
stacked LBGs with a weak Lyα emission (up to EW(Lyα)
∼45Å), and hence in a low fesc range (e.g., Reddy et al. 2016;
Steidel et al. 2018). The correlation between Lyα and LyC
found by stacking does not require that every LAE is
necessarily a LyC emitter. For example, Japelj et al. (2017)
investigate the LyC visibility of z=3–4 star-forming galaxies,
most of which are LAEs, finding that none of them present
significant emission of LyC radiation. Conversely, Lyα could
be weakened from LyC emitters due to a spatial variation of
neutral hydrogen column density across an object (e.g., Ion1;
Vanzella et al. 2012; Ji et al. 2020; see also Erb et al. 2019 for
suppression mechanisms of Lyα emission). Thus, while LyC
leakage is broadly correlated with Lyα properties, it is unclear
whether the tight correlation holds between the observed
escape fractions of Lyα and LyC emission on an individual
basis. Further data, e.g., higher resolution spectra sampling
the Lyα emission line profile for our sources, would be
advantageous to investigate these possibilities. If a narrow peak
of Lyα emission is identified at systemic velocity, as seen in
the other known LyC emitters of Sunburst (Rivera-Thorsen
et al. 2017, 2019) and Ion2 and Ion3 (Vanzella et al. 2020), the
detection of LyC emission would be attributed to a clear
ionized channel along our line of sight.
Figure 6 shows the relationship between O32 and Yion versus

the EW of [O III] for the LACES sample, lower redshift
extreme emission line galaxies (EELGs; Tang et al. 2019) and
continuum-selected galaxies from the MOSDEF survey
(Sanders et al. 2020). We can see that continuum-selected
galaxies and less massive EELGs are similarly distributed in
both panels. Since the EW([O III]) is an approximate measure
of the age of the most recent star-formation activity (i.e., the

Figure 4. O32 vs. R23 diagram for the LACES and other samples. The LACES subsamples are shown with the same symbols and the colors as in Figure 2. Orange
symbols show known LyC leakers, and blue and gray symbols show high-z LAEs and continuum-selected galaxies, respectively, compiled from the literature as
shown by the legend. If O32 is provided without a [O III]λ4959 contribution, we correct for it assuming the theoretical [O III]λ5007/4959 line ratio of 2.98 (Storey &
Zeippen 2000). Arrows provide 3σ lower limits. Gray shading illustrates the equivalent distribution for nearby SDSS galaxies.

Figure 5. Ionizing photon production efficiency Yion as a function of UV
absolute magnitude. The symbols and colors for the LACES subsamples are as
shown in Figure 2. Large symbols representing average Yion values are derived
from the stacked spectra (Section 2.3). The individual and the stacked Yion are
all dust-corrected as detailed in Section 2.4. The red upward arrow indicates the
average degree of correction from Yion,0 to Yion for the LyC-LAEs. Blue open
diamonds present Yion measurements for LAEs at z=3 (Nakajima
et al. 2018a), and gray open symbols refer to Yion measurements for
continuum-selected galaxies at z;2–4 (squares from Bouwens et al. 2016,
inverse triangles from Shivaei et al. 2018, pentagon from Nakajima
et al. 2018b).
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Smit et al. 2015; Roberts-Borsani et al. 2016; see also Reddy
et al. 2018; Tang et al. 2019).

One of the most interesting questions we can now consider
is, via our various spectroscopic measures, what is the physical
origin of the bimodal nature of LyC emission seen in the
LACES sample (Paper I). In Paper I, we presented a
preliminary EW([O III]) distribution that revealed no significant
difference between those LAEs with and without a LyC
detection. We can see this is also the case in Figure 2 and the
conclusion would not be changed after correcting by a
(1− fesc) factor in order to compensate for escaping (i.e.,
unconsumed) numbers of ionizing photons.

However, when we turn to consideration of the [O III]/[O II]
ratio, which we could not consider in Paper I, a more
interesting result emerges. This ratio represents the degree of
ionization in the hot ISM and, using photoionization models,
Nakajima & Ouchi (2014) argued that intense high ionization
lines, e.g., [O III], and weaker low-ionization lines, e.g., [O II],
could arise from density-bounded H II regions. The associated
porosity of the star-forming regions to ionizing radiation would
lead to a high fesc (see also Jaskot & Oey 2013; Zackrisson
et al. 2013; Behrens et al. 2014).

Figure 3 presents the relationship between fesc and [O III]/
[O II] line ratio for the LACES LyC-LAEs subsample. Our
stacked LyC subsample with an average escape fraction
fesc∼0.35 has a large [O III]/[O II] line ratio of ;10.
Combining this measurement with individual LyC leaking

sources at low-z (Izotov et al. 2016a, 2016b, 2018a, 2018b) as
well as a single z=3 LyC emitter, Ion2 (de Barros et al. 2016;
Vanzella et al. 2016, 2020), strengthens the positive correlation
presented by Izotov et al. (2018a) and Faisst (2016). Figure 3
shows that a large [O III]/[O II] ratio is a necessary condition
for sources with a high fesc. Significantly, the high escape
fraction inferred ( fesc>0.1) is approximately the lower limit
necessary if star-forming galaxies govern the reionization
process (e.g., Robertson et al. 2015). In our sample, these are
only found if the [O III]/[O II] ratio exceeds ∼6–7.
On the other hand, a large [O III]/[O II] line ratio need not in

every case imply a prominent LyC flux, as can be inferred also
from the composite spectrum of the noLyC-LAEs (middle
panel in Figure 1). This contradiction is also apparent in low-
redshift green pea galaxies (Izotov et al. 2018b; Jaskot et al.
2019). We evaluate this further in Figure 4, where we compare
our LAEs with and without a LyC detection in the [O III]/[O II]
line ratio versus R23-index diagnostic diagram. This diagram
is widely used to examine the gas-phase metallicity and
ionization state in the local universe (e.g., Kewley &
Dopita 2002) as well as at z=2–4 (e.g., Maiolino et al.
2008; Nakajima & Ouchi 2014; Shapley et al. 2015; Onodera
et al. 2016; Strom et al. 2017; Sanders et al. 2020). A relatively
large scatter in the R23-index at fixed [O III]/[O II] is seen,
although for those sources the [O III]/[O II] measure is only a
lower limit (Table 2). This may reflect a low metallicity tail to
the distribution for which much larger [O III]/[O II] indices are

Figure 2. Rest-frame equivalent widths (EWs) of (a) [O II], (b) Hβ, (c) [O III], and (d) [O III]+Hβ for the three LACES subsamples (LyC-LAEs in red, noLyC-LAEs
in blue, and LBGs in gray) as a function of EW(Lyα). Large symbols represent results from stacked spectra, whereas the small faint-colored circles shows individual
measurements with 3σ upper limits shown as arrows.
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LyC-LAEs
noLyC-LAEs
LBGs

No fundamental distinction 
Between LAE leakers and non-leakers

→ Anisotropic LyC leakage

Sections 5.1 and 6.1 of Paper I where correlations between fesc
and EW(Lyα) and its velocity were presented. By construction,
all LACES targets must have prominent Lyα emission so
sources with obscured Lyα will be absent, possibly weakening
any expected trends.

While Lyα photons could preferentially escape along the
same holes in the neutral medium as LyC photons, due to the
resonant nature of the line, Lyα photons can also escape after

experiencing several scatterings. This would also explain why
some LyC leakers present a higher escape fraction of Lyα
photons than that of LyC photons (e.g., Verhamme et al. 2017).
Moreover, the previous studies at high-z correlating the Lyα
and LyC leakages with the covering fraction mostly investigate
stacked LBGs with a weak Lyα emission (up to EW(Lyα)
∼45Å), and hence in a low fesc range (e.g., Reddy et al. 2016;
Steidel et al. 2018). The correlation between Lyα and LyC
found by stacking does not require that every LAE is
necessarily a LyC emitter. For example, Japelj et al. (2017)
investigate the LyC visibility of z=3–4 star-forming galaxies,
most of which are LAEs, finding that none of them present
significant emission of LyC radiation. Conversely, Lyα could
be weakened from LyC emitters due to a spatial variation of
neutral hydrogen column density across an object (e.g., Ion1;
Vanzella et al. 2012; Ji et al. 2020; see also Erb et al. 2019 for
suppression mechanisms of Lyα emission). Thus, while LyC
leakage is broadly correlated with Lyα properties, it is unclear
whether the tight correlation holds between the observed
escape fractions of Lyα and LyC emission on an individual
basis. Further data, e.g., higher resolution spectra sampling
the Lyα emission line profile for our sources, would be
advantageous to investigate these possibilities. If a narrow peak
of Lyα emission is identified at systemic velocity, as seen in
the other known LyC emitters of Sunburst (Rivera-Thorsen
et al. 2017, 2019) and Ion2 and Ion3 (Vanzella et al. 2020), the
detection of LyC emission would be attributed to a clear
ionized channel along our line of sight.
Figure 6 shows the relationship between O32 and Yion versus

the EW of [O III] for the LACES sample, lower redshift
extreme emission line galaxies (EELGs; Tang et al. 2019) and
continuum-selected galaxies from the MOSDEF survey
(Sanders et al. 2020). We can see that continuum-selected
galaxies and less massive EELGs are similarly distributed in
both panels. Since the EW([O III]) is an approximate measure
of the age of the most recent star-formation activity (i.e., the

Figure 4. O32 vs. R23 diagram for the LACES and other samples. The LACES subsamples are shown with the same symbols and the colors as in Figure 2. Orange
symbols show known LyC leakers, and blue and gray symbols show high-z LAEs and continuum-selected galaxies, respectively, compiled from the literature as
shown by the legend. If O32 is provided without a [O III]λ4959 contribution, we correct for it assuming the theoretical [O III]λ5007/4959 line ratio of 2.98 (Storey &
Zeippen 2000). Arrows provide 3σ lower limits. Gray shading illustrates the equivalent distribution for nearby SDSS galaxies.

Figure 5. Ionizing photon production efficiency Yion as a function of UV
absolute magnitude. The symbols and colors for the LACES subsamples are as
shown in Figure 2. Large symbols representing average Yion values are derived
from the stacked spectra (Section 2.3). The individual and the stacked Yion are
all dust-corrected as detailed in Section 2.4. The red upward arrow indicates the
average degree of correction from Yion,0 to Yion for the LyC-LAEs. Blue open
diamonds present Yion measurements for LAEs at z=3 (Nakajima
et al. 2018a), and gray open symbols refer to Yion measurements for
continuum-selected galaxies at z;2–4 (squares from Bouwens et al. 2016,
inverse triangles from Shivaei et al. 2018, pentagon from Nakajima
et al. 2018b).
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Anisotropic LyC leakage in cosmological hydro simulation

SDSS

6 H. Katz

nclear = 0.38

fesc = 0.15

O32 = 0.52

17.4 18.0 18.6 19.2 19.8 20.4 21.0 21.6 22.2
log10(NHI/[mp/cm2])

Figure 3. (Top) Molleweide projection of neutral hydrogen column density as observed from the centre of a galaxy with high O32 and leaking LyC radiation.
This galaxy has a dark matter mass of 109.9M� and a stellar mass of 107.9M� . nclear represents the fraction of sight lines that have an escape fraction of at least
10%. Depending on the viewing angle, an observer can either view an escape fraction of 0 or up to 100%. (Bottom) Molleweide projections of the dust column
density (left), intrinsic O32 (center), and O32 accounting for dust (right). The dust tends to follow the locations of neutral hydrogen while O32 variations are
more sensitive to the strength of the radiation field and feedback along a specific line-of-sight. O32 is shown in linear scale on these images and di�erent
lines-of-sight show di�erences of a factor of three in O32. This galaxy is low metallicity and even though the dust distribution is highly inhomogeneous, the
impact on O32 is only ⇠ 5%.

Halo fesc Mhalo M⇤ SFR Metallicity O32

Halo 1 15.1% 7.66 ⇥ 109M� 7.64 ⇥ 107M� 0.24 M�yr�1 0.030Z� 0.52
Halo 2 0.0014% 1.76 ⇥ 109M� 6.57 ⇥ 106M� 0.08 M�yr�1 0.017Z� 0.67

Table 1. Properties of the haloes shown in Figure 4

3.2.2 Impact of Metallicity and Ionisation Parameter

While viewing angle can certainly impact the observed relation
between O32 and fesc, from Figure 2, it is clear that there is a
population of high-redshift galaxies that exhibit high O32 but low
fesc that are not viewing angle dependent. This is because, for

this figure, we show the angle-averaged fesc, rather than that along
a specific line-of-sight. This opens the question of what intrinsic
properties cause galaxies to have high O32 but low fesc?

In Figure 4 we show examples of two galaxies, one with high
O32 and high fesc (top) and the other with high O32 but low fesc
(bottom). The properties of these two galaxies are listed in Table 1.
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Figure 2. O32 (log10([OIII] 4960Å, 5007Å/[OII] 3727Å, 3729Å)) versus
fesc for all galaxies in our simulation (black points). Cyan and purple points
represent observed low-redshift LyC leakers from Nakajima et al. (2019)
and Izotov et al. (2018b), respectively. The blue dashed and purple dotted
lines show the expected trends between O32 and fesc from Faisst (2016) and
Izotov et al. (2018b), respectively. In general, we find that systems that have
a significant amount of LyC leakage also exhibit higher O32.

3.2 O32

One method that has been used for identifying LyC leak-
ers at low redshift is to focus on systems that have ex-
cess [OIII] emission compared to [OII] emission (O32,
log10([OIII] 4960Å, 5007Å/[OII] 3727Å, 3729Å)) (e.g. Nakajima
& Ouchi 2014). From a theoretical viewpoint, O32 correlates with
ionisation parameter, the ratio of ionising photon density to hydro-
gen density (Kewley & Dopita 2002), although there is an additional
dependency on metallicity. Galaxies with high ionisation parame-
ters are more likely to be leaking ionising photons, hence O32 is
expected to be a useful diagnostic for identifying LyC leakers. Many
observational works have confirmed that galaxies that exhibit leak-
ing LyC radiation often have high O32 (Nakajima & Ouchi 2014;
de Barros et al. 2016; Izotov et al. 2018a; Faisst 2016; Nakajima
et al. 2019).

In Figure 2, we plot O32 versus fesc for our simulated galaxies
compared with low-redshift observations. Consistent with the low-
redshift observations, we find that the simulated galaxies that exhibit
a significant fraction of LyC leakage also tend to be biased towards
high O32. All of the observed galaxies that have high fesc have
O32 > 0. If we use O32 = 0 as our dividing line between high and
low O32, we find that in our sample of simulated galaxies, 11% of
systems with high O32 have fesc > 10%. In contrast, only 1% of the
simulated galaxies with O32 < 0 have fesc > 10%. The trend lines
from Faisst (2016) and Izotov et al. (2018b) represent reasonable
approximations of our simulated galaxies although they tend to be
slightly biased towards higher O32 for a given fesc. However, it
is unclear if these trend lines match the simulations at the highest
values of O32 where the simulated galaxies are sparsely sampled.
There is considerable scatter in this relation expected from both
the observations and our simulations and it is also important to note

that our work employs the angle averaged quantities for these values
while observations can only probe a single line-of-sight.

Recently, Bassett et al. (2019) have called into question the
utility of this diagnostic as not all observed galaxies with high O32
also have high fesc. It is clear from Figure 2 that this is indeed the
case in our simulations. Nakajima et al. (2019) have also identified
a sample of observed galaxies at z ⇠ 3 that have high O32 and low
fesc and attribute this to the impact of viewing angle. In contrast,
Bassett et al. (2019) outline numerous idealised models of HII
regions that show how the relation between O32 and fesc responds
to variations in metallicity and ionisation parameter. The results
from our simulations demonstrate that LyC leakers are preferentially
biased towards having high O32 and below, we study both e�ects
outlined in the literature.

3.2.1 Impact of Viewing Angle

Nakajima et al. (2019) recently studied a sample of Ly↵ emitters at
z ⇠ 3.1 and found that although the galaxies leaking LyC radiation
were biased towards higher O32, this was not a su�cient condition
for the galaxy to be leaking radiation. Because there were no other
identified spectral di�erences between the galaxies that were leakers
versus non-leakers, they suggested that viewing angle was a possible
explanation.

In the top panel of Figure 3, we show a Molleweide projection
of neutral hydrogen column density for a galaxy that is leaking LyC
photons ( fesc = 0.15) and that has a higher O32 compared to many
other systems in our sample (O32=0.52). This halo has a dark matter
mass of 109.9M� and a stellar mass of 107.9M� . We define nclear to
be the fraction of viewing angles where an observer would measure
a fesc > 10% and for this system, we find nclear = 38%. We would
expect that most of the time, an observer would measure a high O32
but a low fesc. This figure demonstrates that for a given galaxy, the
measured LyC fesc is strongly dependent on viewing angle (see also
Cen & Kimm 2015). Hence, for observed galaxies, viewing angle
can significantly impact the trend between O32 and fesc, consistent
with the arguments made in Nakajima et al. (2019).

In addition to angular variations in fesc, it is plausible that there
are also angular variations in O32. According to Bassett et al. (2019),
dust is not expected to significantly impact O32, with corrections
expected to be < 0.3 dex. In the bottom left panel of Figure 3, we
show a Molleweide projection of the dust column density. The dust
mass in each simulation cell is computed following the description
in Katz et al. (2019a) where we apply a metallicity dependent dust-
to-metal ratio (Rémy-Ruyer et al. 2014) and assume that all dust has
been destroyed in cells that have T > 105K. The dust distribution
is clearly very inhomogeneous and tends to follow the location of
neutral hydrogen. In the bottom center panel of Figure 3, we show
line-of-sight variations in O32 (in linear scale) that di�er by a factor
of three. In the bottom right panel, we show the dust attenuated O32
Molleweide projection (assuming that the inhomogeneous dust map
acts as a dust screen for each line2) and we only find ⇠ 5% di�er-
ences accounting for dust. Most of the leakers in our simulation
have low metallicity so it is unlikely that for the current work, view-
ing angle will significantly impact O32. In contrast, much higher
metallicity galaxies could see a larger e�ect as indicated in Bassett
et al. (2019).

2 Assuming that the dust distribution acts as a screen would represent the
maximum impact of dust on O32.
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Bimodal nature of LyC leakage
No distinction between leakers and non-leakers

Large [OIII]/[OII] is necessary, but not sufficient

Anisotropic LyC leakage

High fraction of LAEs presenting high fesc

as compared to LBGs
Low covering fraction of HI
・Large [OIII]/[OII] 
・Efficient production of ionizing photons

→ Young galaxies like LAEs as important 

reionization sources

Summary

Sections 5.1 and 6.1 of Paper I where correlations between fesc
and EW(Lyα) and its velocity were presented. By construction,
all LACES targets must have prominent Lyα emission so
sources with obscured Lyα will be absent, possibly weakening
any expected trends.

While Lyα photons could preferentially escape along the
same holes in the neutral medium as LyC photons, due to the
resonant nature of the line, Lyα photons can also escape after

experiencing several scatterings. This would also explain why
some LyC leakers present a higher escape fraction of Lyα
photons than that of LyC photons (e.g., Verhamme et al. 2017).
Moreover, the previous studies at high-z correlating the Lyα
and LyC leakages with the covering fraction mostly investigate
stacked LBGs with a weak Lyα emission (up to EW(Lyα)
∼45Å), and hence in a low fesc range (e.g., Reddy et al. 2016;
Steidel et al. 2018). The correlation between Lyα and LyC
found by stacking does not require that every LAE is
necessarily a LyC emitter. For example, Japelj et al. (2017)
investigate the LyC visibility of z=3–4 star-forming galaxies,
most of which are LAEs, finding that none of them present
significant emission of LyC radiation. Conversely, Lyα could
be weakened from LyC emitters due to a spatial variation of
neutral hydrogen column density across an object (e.g., Ion1;
Vanzella et al. 2012; Ji et al. 2020; see also Erb et al. 2019 for
suppression mechanisms of Lyα emission). Thus, while LyC
leakage is broadly correlated with Lyα properties, it is unclear
whether the tight correlation holds between the observed
escape fractions of Lyα and LyC emission on an individual
basis. Further data, e.g., higher resolution spectra sampling
the Lyα emission line profile for our sources, would be
advantageous to investigate these possibilities. If a narrow peak
of Lyα emission is identified at systemic velocity, as seen in
the other known LyC emitters of Sunburst (Rivera-Thorsen
et al. 2017, 2019) and Ion2 and Ion3 (Vanzella et al. 2020), the
detection of LyC emission would be attributed to a clear
ionized channel along our line of sight.
Figure 6 shows the relationship between O32 and Yion versus

the EW of [O III] for the LACES sample, lower redshift
extreme emission line galaxies (EELGs; Tang et al. 2019) and
continuum-selected galaxies from the MOSDEF survey
(Sanders et al. 2020). We can see that continuum-selected
galaxies and less massive EELGs are similarly distributed in
both panels. Since the EW([O III]) is an approximate measure
of the age of the most recent star-formation activity (i.e., the

Figure 4. O32 vs. R23 diagram for the LACES and other samples. The LACES subsamples are shown with the same symbols and the colors as in Figure 2. Orange
symbols show known LyC leakers, and blue and gray symbols show high-z LAEs and continuum-selected galaxies, respectively, compiled from the literature as
shown by the legend. If O32 is provided without a [O III]λ4959 contribution, we correct for it assuming the theoretical [O III]λ5007/4959 line ratio of 2.98 (Storey &
Zeippen 2000). Arrows provide 3σ lower limits. Gray shading illustrates the equivalent distribution for nearby SDSS galaxies.

Figure 5. Ionizing photon production efficiency Yion as a function of UV
absolute magnitude. The symbols and colors for the LACES subsamples are as
shown in Figure 2. Large symbols representing average Yion values are derived
from the stacked spectra (Section 2.3). The individual and the stacked Yion are
all dust-corrected as detailed in Section 2.4. The red upward arrow indicates the
average degree of correction from Yion,0 to Yion for the LyC-LAEs. Blue open
diamonds present Yion measurements for LAEs at z=3 (Nakajima
et al. 2018a), and gray open symbols refer to Yion measurements for
continuum-selected galaxies at z;2–4 (squares from Bouwens et al. 2016,
inverse triangles from Shivaei et al. 2018, pentagon from Nakajima
et al. 2018b).
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foreground contamination. We use the number counts per deg2

in Vanzella et al. (2010) derived from the ultradeep VIMOS
U-band imaging taken in the GOODS-S field (Nonino et al.
2009). As our F336W measurements are very deep, we use the
3σ upper limits for the faintest U-band magnitudes extrapolated
to 30.5 AB mag (Vanzella et al. 2010). We adopt the
distribution of offsets shown in Figure 4, for all our �4σ
detections, our Gold subsample, and our Silver subsample as
apertures for considering possible contamination from the
foreground U-band sources. In Figure 5 we combine these
individual estimates for contamination and run Monte Carlo
simulations to show the probability that N of the candidates
could be contaminated. The probability that 0, 1, 2, or 3 of our
12 candidates could be contaminated is 80%, 18%, 1.6%, and
<0.01%, respectively. Indeed, in 98% of cases we estimate that
�2 of our LyC detections could be contaminated. Considering
the Gold and Silver samples separately, we expect that these
samples would be pure in 92% and 87.5% of cases,
respectively. We cannot rigorously perform the same analysis
on the nondetections, as we cannot measure the possible offsets
between LyC and Lyα and F160W centroids. However, if we
assumed a similar distribution of offsets, applying the same
analysis to all 54 LAEs would still predict far fewer potential
contaminants than the number of detections we report for the
LACES sample. Quantitatively, we would expect that out of a
possible 54 LAEs we would expect 0, 1, 2, 3, or 4 contaminates
in 40.5%, 37.1%, 16.5%, 4.72%, or 0.98% of cases. We can
also use the observed distribution of candidates to estimate the
maximum offset of contaminants. One can show that the
maximum expected offset of contaminants in the Vanzella et al.
(2010) model is related to their mean offset by a geometrical
factor of ∼1.5. If we adopt a maximum offset equal to 1.5× the
mean offset of the Gold sample, we would expect 0, 1, 2, 3, or

4 contaminates in 33.8%, 37.0%, 19.9%, 6.99%, or 1.8% of
cases assuming 54 possible LAEs. We therefore have identified
a robust sample of galaxies displaying Lyman continuum
emission.

3.5. Nondetections

The majority (42 of 54) of our LAEs have no clear F336W
detections above an S/N of 4. To determine whether these
nondetections simply represent a tail of fainter signals, we can
stack the nondetections to derive a statistical estimate of their
mean F336W flux. In this case, we must first consider how to
register the images, recognizing that the LyC flux may not
always precisely coincide with either the F160W or Lyα
signals (Figure 4). We can evaluate the impact of such spatial
offsets by conducting the same stacking experiment on those
sources for which we see individual detections. By comparing
the stack for the Gold and Silver subsamples based on different
registrations (F160W and Lyα), we can compare the loss in
stacked signal compared to a direct sum of the registered
F336W detections.
For the following stacking procedure, we used custom

software based on AstroPy to perform a median stack
centered on the position of either the F336W peak (for the Gold
and Silver subsamples), the Subaru NB497 Lyα peak, or the
HST F160W peak. The F336W frames were smoothed with a 1
pixel rms width Gaussian before stacking to account for small
relative offsets or astrometric uncertainties.
The results for the detected (Gold and Silver) subsamples are

shown in Figure 6. As expected, using the F160W centroid
generally gives a better S/N in the final stack, and there is little
degradation in signal compared to a direct summation of the
F336W signals, especially for the Gold subsample. This
correspondence simply reflects the small spatial offsets

Figure 5. Probability distribution of contamination in our sample of 12
detected objects (blue), and our Gold and Silver subsamples. In 98% of cases
�2 of the 12 LyC detections are predicted to be affected by contamination. For
the Gold subsample, we expect no contamination in 92% of cases. For the
Silver subsample, we expect no contamination in 87.5% of cases. We also plot
the number of contaminates expected in a sample of 54 LAEs, assuming the
same LyC offset distribution as our detected sources (red). Even in this much
larger sample, 99% of cases have three or fewer possible contaminates.

Figure 6. Mosaic of 4×4 images showing stacked F336W images for the
Gold (top row), Silver (middle row), and nondetection (bottom row) samples
using different methods to center on the candidate galaxies. From left to right
each panel displays the detections stacked using (i) F336W centroid, (ii) Lyα
centroid, and (iii) F160W centroid or Lyα centroid for cases where F160W is
unavailable.
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foreground contamination. We use the number counts per deg2

in Vanzella et al. (2010) derived from the ultradeep VIMOS
U-band imaging taken in the GOODS-S field (Nonino et al.
2009). As our F336W measurements are very deep, we use the
3σ upper limits for the faintest U-band magnitudes extrapolated
to 30.5 AB mag (Vanzella et al. 2010). We adopt the
distribution of offsets shown in Figure 4, for all our �4σ
detections, our Gold subsample, and our Silver subsample as
apertures for considering possible contamination from the
foreground U-band sources. In Figure 5 we combine these
individual estimates for contamination and run Monte Carlo
simulations to show the probability that N of the candidates
could be contaminated. The probability that 0, 1, 2, or 3 of our
12 candidates could be contaminated is 80%, 18%, 1.6%, and
<0.01%, respectively. Indeed, in 98% of cases we estimate that
�2 of our LyC detections could be contaminated. Considering
the Gold and Silver samples separately, we expect that these
samples would be pure in 92% and 87.5% of cases,
respectively. We cannot rigorously perform the same analysis
on the nondetections, as we cannot measure the possible offsets
between LyC and Lyα and F160W centroids. However, if we
assumed a similar distribution of offsets, applying the same
analysis to all 54 LAEs would still predict far fewer potential
contaminants than the number of detections we report for the
LACES sample. Quantitatively, we would expect that out of a
possible 54 LAEs we would expect 0, 1, 2, 3, or 4 contaminates
in 40.5%, 37.1%, 16.5%, 4.72%, or 0.98% of cases. We can
also use the observed distribution of candidates to estimate the
maximum offset of contaminants. One can show that the
maximum expected offset of contaminants in the Vanzella et al.
(2010) model is related to their mean offset by a geometrical
factor of ∼1.5. If we adopt a maximum offset equal to 1.5× the
mean offset of the Gold sample, we would expect 0, 1, 2, 3, or

4 contaminates in 33.8%, 37.0%, 19.9%, 6.99%, or 1.8% of
cases assuming 54 possible LAEs. We therefore have identified
a robust sample of galaxies displaying Lyman continuum
emission.

3.5. Nondetections

The majority (42 of 54) of our LAEs have no clear F336W
detections above an S/N of 4. To determine whether these
nondetections simply represent a tail of fainter signals, we can
stack the nondetections to derive a statistical estimate of their
mean F336W flux. In this case, we must first consider how to
register the images, recognizing that the LyC flux may not
always precisely coincide with either the F160W or Lyα
signals (Figure 4). We can evaluate the impact of such spatial
offsets by conducting the same stacking experiment on those
sources for which we see individual detections. By comparing
the stack for the Gold and Silver subsamples based on different
registrations (F160W and Lyα), we can compare the loss in
stacked signal compared to a direct sum of the registered
F336W detections.
For the following stacking procedure, we used custom

software based on AstroPy to perform a median stack
centered on the position of either the F336W peak (for the Gold
and Silver subsamples), the Subaru NB497 Lyα peak, or the
HST F160W peak. The F336W frames were smoothed with a 1
pixel rms width Gaussian before stacking to account for small
relative offsets or astrometric uncertainties.
The results for the detected (Gold and Silver) subsamples are

shown in Figure 6. As expected, using the F160W centroid
generally gives a better S/N in the final stack, and there is little
degradation in signal compared to a direct summation of the
F336W signals, especially for the Gold subsample. This
correspondence simply reflects the small spatial offsets

Figure 5. Probability distribution of contamination in our sample of 12
detected objects (blue), and our Gold and Silver subsamples. In 98% of cases
�2 of the 12 LyC detections are predicted to be affected by contamination. For
the Gold subsample, we expect no contamination in 92% of cases. For the
Silver subsample, we expect no contamination in 87.5% of cases. We also plot
the number of contaminates expected in a sample of 54 LAEs, assuming the
same LyC offset distribution as our detected sources (red). Even in this much
larger sample, 99% of cases have three or fewer possible contaminates.

Figure 6. Mosaic of 4×4 images showing stacked F336W images for the
Gold (top row), Silver (middle row), and nondetection (bottom row) samples
using different methods to center on the candidate galaxies. From left to right
each panel displays the detections stacked using (i) F336W centroid, (ii) Lyα
centroid, and (iii) F160W centroid or Lyα centroid for cases where F160W is
unavailable.
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Table 2. Optical Emission Line Fluxes

Obj. [O ii] [Ne iii] Hβ [O iii] [O iii]

doublet λ3869 λ4959 λ5007

M38 8.5 ± 0.3 1.9 ± 0.2 5.3 ± 0.1 6.8 ± 0.1 20.5 ± 0.1

2132 7.6 ± 0.5 1.4 ± 0.2 2.8 ± 0.3 5.9 ± 0.3 15.3 ± 0.3

104037(†S) 3.6 ± 0.1 1.4 ± 0.1 2.6 ± 0.1 6.9 ± 0.1 14.5 ± 0.1

93564(†G) 1.8 ± 0.2 0.4 ± 0.1 2.1 ± 0.2 5.2 ± 0.3 13.2 ± 0.3

104511 0.9 ± 0.2 0.9 ± 0.1 2.2 ± 0.2 5.2 ± 0.1 12.0 ± 0.1

108679 – – < 0.8 3.5 ± 0.3 10.6 ± 0.3

96688 4.1 ± 0.3 1.7 ± 0.2 1.1 ± 0.2 3.1 ± 0.2 10.0 ± 0.2

99330 1.0 ± 0.1 0.5 ± 0.1 1.1 ± 0.1 2.6 ± 0.1 8.0 ± 0.1

109140 – – < 0.9 2.1 ± 0.2 5.8 ± 0.2

86861(†G)" < 0.7 0.9 ± 0.2 0.7 ± 0.0 1.7 ± 0.2 5.4 ± 0.2

97030 0.9 ± 0.2 0.4 ± 0.1 0.7 ± 0.1 1.7 ± 0.1 4.7 ± 0.1

92017 – – < 0.8 0.8 ± 0.2 4.0 ± 0.2

106500 < 0.5 0.5 ± 0.1 1.2 ± 0.1 1.2 ± 0.2 3.5 ± 0.2

104097 1.8 ± 0.1 < 0.3 1.2 ± 0.1 1.0 ± 0.1 3.1 ± 0.1

102334 – – 0.7 ± 0.2 1.0 ± 0.2 2.9 ± 0.2

94460(†S) < 0.2 < 0.2 0.4 ± 0.1 0.9 ± 0.1 2.8 ± 0.1

102826 2.0 ± 0.1 < 0.3 0.7 ± 0.1 < 0.3 2.8 ± 0.1

107585 < 0.4 < 0.6 1.0 ± 0.2 0.8 ± 0.2 2.3 ± 0.2

110896 – – < 0.7 < 0.7 2.3 ± 0.2

89114 < 0.4 < 0.4 < 0.3 0.8 ± 0.1 2.3 ± 0.1

99415 < 0.4 < 0.3 0.5 ± 0.1 0.5 ± 0.1 1.9 ± 0.1

97081 < 0.2 < 0.2 0.3 ± 0.1 0.6 ± 0.1 1.9 ± 0.1

90428 – – < 0.4 < 1.0 1.7 ± 0.3

93474 < 0.3 < 0.4 < 0.5 0.6 ± 0.1 1.7 ± 0.1

85165 < 1.0 < 1.6 0.8 ± 0.2 0.8 ± 0.2 1.6 ± 0.2

92616(†G) – – < 0.3 < 0.4 1.5 ± 0.1

104147 < 0.2 0.2 ± 0.1 < 0.2 0.2 ± 0.1 1.4 ± 0.1

92219 < 0.3 < 0.3 < 0.3 < 0.2 1.4 ± 0.1

93004 – – < 0.4 0.7 ± 0.1 1.4 ± 0.1

92235 0.5 ± 0.1 < 0.3 0.4 ± 0.1 < 0.4 1.4 ± 0.1

97254 < 0.2 < 0.2 0.3 ± 0.1 0.8 ± 0.1 1.3 ± 0.1

97176 0.3 ± 0.1 0.3 ± 0.1 < 0.2 0.4 ± 0.1 1.3 ± 0.1

103371 < 0.2 < 0.2 0.2 ± 0.1 0.9 ± 0.1 1.3 ± 0.1

89723 < 0.2 < 0.2 < 0.2 0.5 ± 0.1 1.3 ± 0.1

110290 < 0.3 < 0.3 0.4 ± 0.1 < 0.6 1.1 ± 0.2

93981 – – 0.4 ± 0.1 0.4 ± 0.1 1.1 ± 0.1

105937(†S) < 0.4 < 0.3 < 0.9 0.4 ± 0.1 1.0 ± 0.1

91055 < 0.3 < 0.2 0.3 ± 0.1 0.3 ± 0.1 0.9 ± 0.1

107677 – – < 1.0 < 0.5 0.9 ± 0.2

95217 < 0.4 < 0.2 < 0.6 < 0.4 0.8 ± 0.1

97128 – – 0.7 ± 0.2 < 0.5 0.7 ± 0.2

101846(†S) < 0.3 < 0.3 < 0.3 < 0.3 0.4 ± 0.1

90675(†G)¶ – – 2.0 ± 0.2 < 0.5 < 0.5

Note—Fluxes and their 1σ errors are given in units of

10−17 erg s−1 cm−2. Upper-limits represent the 3σ values. (†) LyC
leaking candidates from Paper I. The G and S denotes the Gold and
Silver sample, respectively. (#) The single LAE-AGN in the LACES
sample. (¶) This LAE is likely an extremely metal-poor galaxy
on account of its low [O iii]/Hβ, large Hβ and Lyα EWs, and
high ξion (see also Table 4).

with the list of input spectra formulated by selecting
spectra at random, with replacement, from the full list.
With these 1000 fake spectra, we derived the standard
deviation at each spectral pixel. The standard devia-

Table 3. Subsamples of the LACES MOSFIRE cam-
paign

Subsample for line ratios for EWs in K/H for ξion

LyC-LAEs(†) 5 5/5 6

noLyC-LAEs 20 24/17 29

LBGs 5 5/5 6

Note—(†) A single AGN-LAE, AGN86861, whose LyC radiation
was identified in Paper I has been removed for the stacking
analysis and is not counted here.

Figure 3. The O32 line ratio vs. escape fraction fesc for the
sources with a LyC detection. The large circle represents the
LyC-LAEs subsample composite. Other symbols and curves
represent literature measures and relations, respectively, as
indicated by the legend. The correlation suggests that a
prerequisite for a high fesc is a large O32 value.

tions are taken into account in calculating the uncer-
tainties of each line flux.
The composite spectra for the three subsamples nor-

malized by their [O iii] fluxes are shown in Figure 1. It is
evident that all the key diagnostic emission lines are sig-
nificantly identified. The difference between the stacked
spectra of LAEs and LBGs is immediately apparent e.g.
in the [O iii]/[O ii] and [Ne iii]/[O ii] line ratios.

2.4. Dust correction to the nebular spectra

Prior to quantitative analysis, it is necessary to con-
sider corrections for dust reddening, particularly for
line flux ratios and the ξion parameter. Since multi-
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