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ABSTRACT

The fraction of ionizing photons that escape from young star-forming galaxies is one of the largest uncertainties
in determining the role of galaxies in cosmic reionization. Yet traditional techniques for measuring this fraction
are inapplicable at the redshifts of interest due to foreground screening by the Ly« forest. In an earlier study, we
demonstrated a reduction in the equivalent width of low-ionization absorption lines in composite spectra of Lyman
break galaxies at z >~ 4 compared to similar measures at z ~ 3. This might imply a lower covering fraction of neutral
gas and hence an increase with redshift in the escape fraction of ionizing photons. However, our spectral resolution
was inadequate to differentiate between several alternative explanations, including changes with redshift in the
outflow kinematics. Here we present higher quality spectra of three gravitationally lensed Lyman break galaxies
at z >~ 4 with a spectral resolution sufficient to break this degeneracy of interpretation. We present a method for
deriving the covering fraction of low-ionization gas as a function of outflow velocity and compare the results with
similar quality data taken for galaxies at lower redshift. We find an interesting but tentative trend of lower covering
fractions of low-ionization gas for galaxies with strong Lyx emission. In combination with the demographic trends
of Lyx emission with redshift from our earlier work, our results provide new evidence for a reduction in the average
H1 covering fraction, and hence an increase in the escape fraction of ionizing radiation from Lyman break galaxies,
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with redshift.
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1. INTRODUCTION

Star-forming galaxies are the leading candidate for the source
of ultraviolet photons required to reionize the universe. Several
lines of evidence indicate that reionization was underway by
z = 11 and ended a few hundred Myr later at z >~ 6-7 (e.g.,
Schenker et al. 2012; Mortlock et al. 2011; Hinshaw et al. 2013).
Deep near-IR imaging with the Hubble Space Telescope (HST)
has provided good constraints on the UV luminosity density of
star-forming galaxies during the reionization epoch (e.g., Ellis
et al. 2013; Oesch et al. 2013) that indicate that the ongoing star
formation is likely capable of producing the required ionizing
flux. However, it is unclear whether this radiation is able
to escape from galaxies and actually ionize the intergalactic
medium (IGM). Based on estimates of the total UV luminosity
density and IGM clumping factor, the required escape fraction
fese of hydrogen-ionizing photons is =0.2 (e.g., Robertson
et al. 2013). The precise value of f.s is a key uncertainty in
determining the role of galaxies in reionization.

Direct measurements of f.s. during the reionization epoch are
essentially impossible, not only because of the faint apparent
luminosity, but also because foreground IGM attenuates the
ionizing flux to undetectable levels even at 7 > 4. Inoue & Iwata
(2008) calculate that only ~20% of sources at z = 4 should have
sight lines through the IGM for which escaping ionizing flux
could plausibly be detected, and this number drops rapidly at
higher redshift. Several studies based on direct imaging and
composite spectra of galaxies at lower redshift have established
a modest average fesc =~ 0.05 for ~L* Lyman break galaxies
(LBGs) at z = 3 (e.g., Iwata et al. 2009; Bogosavljevi¢ 2010;
Boutsiaetal. 2011; Nestor et al. 2013). Studies at lower redshifts
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have found smaller escape fractions: Siana et al. (2010) found
an upper limit fee < 0.02 in UV-bright starburst galaxies at
z ~ 1.3, and Leitet et al. (2013) have detected fo,c ~ 0.015
in stacked spectra of star-forming galaxies at z = 0. Although
based on limited samples, these results suggest an increasing
escape fraction at higher redshifts. Furthermore, f. must
have been higher at earlier times if star-forming galaxies
dominated reionization. Results from cosmological simulations
show mixed trends with redshift but generally predict higher fe .
in low-mass galaxies (e.g., Razoumov & Sommer-Larsen 2010;
Yajima et al. 2011; Paardekooper et al. 2013), in agreement with
the available observations (Nestor et al. 2013) and predictions
for “runaway” stars (Conroy & Kratter 2012).

This paper is concerned with improving the constraints on
fesc at higher redshifts for which direct measurements are not
practical. Our methodology is as follows: f. is set by the areal
covering fraction of hot stars by H1 such that f.,c = 1 — f,, and
[ can be inferred from intermediate dispersion spectroscopy of
interstellar UV absorption lines. This technique has also been
employed at lower redshifts to examine the physical conditions
that may give rise to escaping ionizing flux, and in particular
Heckman et al. (2011) found low covering fractions in galaxies
with independent evidence of high escape fractions based on
Balmer recombination lines. The difficulty, of course, is that
LBGs at redshift z > 3 are very faint, so securing suitably
high quality absorption line spectra of individual examples is
a very challenging proposition. In an earlier paper (Jones et al.
2012), we therefore analyzed the average properties of LBGs at
z 2~ 4-5 derived from composite spectra in a manner similar to
that pioneered at z >~ 3 by Shapley et al. (2003).

A particular motivation for the present study was the dis-
covery of a marked reduction with increasing redshift in the
equivalent width of low-ionization absorption lines at fixed UV
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Table 1
Gravitationally Lensed Sources
ID R.A. Decl. z MAB Myvy? Texp References
(hr)
Abell 2390_H3a 21:53:34 +17:42:03 4.043 £ 0.002 I =22.4b —21.3+£03 10.8 Frye & Broadhurst (1998); Pell6 et al. (1999)
Abell 2390_H5b 21:53:35 +17:41:33 4.0448 £+ 0.0003 1 =228 —-21.0£0.3 10.8 Pell6 et al. (1999)
162140607 16:21:33 +06:07:05 4.1278 £ 0.0004 I =226° —21.04 5.7 Bayliss et al. (2011)
cB58 15:14:22 +36:36:25 2.73 r =20.6 —-21.1 Pettini et al. (2002)
Cosmic Eye 21:35:13 —01:01:43 3.07 r=20.3 —21.8 Quider et al. (2010)
Horseshoe 11:48:33 +19:29:59 2.38 g =20.1 —-21.5 Quider et al. (2009)
8 o’clock arc 00:22:41 +14:31:10 2.73 r=19.2 723.41%3 Dessauges-Zavadsky et al. (2010)
Q0000-D6° 00:03:24 —26:02:49 2.96 R =229 —22.6 Steidel et al. (2010); Giallongo et al. (2002)
Notes.

2 Unlensed absolute magnitudes at effective wavelength ~1500 A depending on filter and redshift.

Y HST/WFPC2 F814W magnitude from Sand et al. (2005).

¢ Derived from the spectrum at the mean wavelength of HST/WFPC2 F814W, Amean = 8369.5 A.

4 For a magnification factor y = 10.
¢ This source is not gravitationally lensed.

luminosity, suggestive of changes in either the kinematic pro-
file or the covering fraction of neutral gas (Jones et al. 2012).
Additionally, spectra of individual galaxies show a trend of in-
creasing Ly emission equivalent width with redshift, which we
argued could reflect evolution in the H1 covering fraction (Stark
et al. 2010), especially given the strong correlation of Ly and
low-ionization absorption lines (Shapley et al. 2003; Jones et al.
2012). We note that galaxies with stronger Lyo emission and
weaker low-ionization absorption also tend to have bluer UV
slopes indicative of lower dust extinction, which Shapley et al.
(2003) argued is likely caused by dust entrained in the low-
ionization gas. A lower covering fraction of this material natu-
rally results in both weaker absorption and less dust extinction.
Therefore, variations in the dust content of LBGs (e.g., Stark
et al. 2010) may also signify evolution in the H1 covering frac-
tion with redshift. A lower covering fraction for the neutral gas
within typical LBGs would be particularly important as it could
imply a higher escape fraction of ionizing photons. The compos-
ite spectra discussed by Jones et al. (2012) did not have adequate
resolution to distinguish the effects of reduced covering fraction
and kinematics, and so the present paper takes this investiga-
tion one step further by attempting to resolve this important
ambiguity. Here we present higher resolution spectra of three
gravitationally lensed z ~ 4 LBGs. Although their unlensed
luminosities are typical of the constituent galaxies comprising
the Jones et al. (2012) composite, their individual lensed mag-
nitudes are much brighter, enabling comparable signal-to-noise
ratio (S/N) to the stack of LBGs discussed in our earlier paper.

Throughout the paper, we adopt a flat ACDM cosmology
with Q4 = 0.7, Qu = 0.3, and Hy = 70 km s~! Mpc’l. All
magnitudes are in the AB system (Oke 1974).

2. GRAVITATIONALLY LENSED z ~ 4 GALAXIES

The spectra composing the composite published by Jones
et al. (2012) were taken with the 600 line mm~' DEIMOS
grating with a resolution of ~3.5 A, although uncertain sys-
temic redshifts led to reduced resolution of the composite spec-
trum (corresponding to a velocity resolution of ~450 km s~!
FWHM). The composite comprised galaxies with z,; = 24-26
with 90% completeness to z),; = 25 at z > 4. The stacked spec-
trum reveals multiple low-ionization lines such as Sii 21260,
O1 21302 + Sim 21304, and Cu A1334 in the region where
the S/N is optimal. As discussed by Jones et al. (2012), these

lines are normally saturated so the line depth at a given velocity
provides a measure of the areal covering fraction f, of O and B
stars by neutral H1 gas along the line of sight.

Typical LBGs are too faint for detailed line profile studies
even at z = 2, but strong gravitational lensing can boost the
brightness of representative examples, making such studies of
individual sources a practical proposition. Studies of several
lensed z >~ 2-3 LBGs have found that absorption velocities
of low-ionization metal transitions range from ~—1000 to
+500 km s~! with typical line centroids v ~ —200 km s~!
(Pettini et al. 2002; Quider et al. 2009, 2010; Dessauges-
Zavadsky et al. 2010). The mean low-ionization absorption
velocity in the Jones et al. (2012) composite is similar, v s =
—190 km s~

In a similar fashion, for the present analysis we have located
three gravitationally lensed LBGs at z >~ 4. Two are independent
sources lensed by the well-studied cluster Abell 2390, and the
third was located in the cluster J1621+0607 in the Sloan Digital
Sky Survey. A2390_H3 and HS5 represent two distinct highly
elongated pairs of lensed images that were spectroscopically
confirmed to be at different redshifts by, respectively, Frye
& Broadhurst (1998) and Pell6 et al. (1999). The tangential
arc system in J1621+0607 was spectroscopically confirmed by
Bayliss et al. (2011). The gravitational magnification factor
is ~10 in each case (Pell6 et al. 1999). We summarize the
key properties in Table 1. The redshifts and absolute UV
luminosities are representative of sources studied by Jones
et al. (2012). In addition, for comparison purposes, we include
an analysis of high-quality spectra for three further lensed
z = 2-3 sources (courtesy of M. Pettini) in Table 1. These
include the “Horseshoe” (z = 2.38; Quider et al. 2010), cB58
(z = 2.73; Pettini et al. 2002), and the “Cosmic Eye” (z = 3.07;
Quider et al. 2009). We note that the unlensed luminosities of
these three sources are typical of those used in the composite
of Shapley et al. (2003) (Myy ~ —21.5 to —20.5). The other
z ~ 3 comparison sources in Table 1, namely, the “8 o’clock
arc” and Q0000-D6, are considerably brighter.

High-resolution HST images of each spectroscopic target are
shown in Figure 1 with DEIMOS slit positions overlaid. Slits
were oriented to encompass the entire galaxies. Spectra were
taken with the 1200 line mm~! DEIMOS grating during two
runs in 2011 October and 2012 June. This provides a resolution
of ~1.7 A corresponding to a velocity resolution of ~70 kms~",
considerably better than for the composite discussed by Jones
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Figure 1. HST imaging of (left to right) A2390_H3, A2390_HS5, and J1621 with DEIMOS slit positions overlaid. North is up and east is to the left. The instrument/filter
is ACS/F814W for the A2390 arc images and WFC3/F775W for J1621, with central wavelengths similar to the DEIMOS spectra. In all cases the slit is oriented to

include the entire source.

et al. (2012). Spectra of each galaxy covered the wavelengths
corresponding to at least 1175—1675 A in the rest frame. The
lensed sources in Abell 2390 were observed simultaneously
with a multi-slit mask that sampled two images of each source
(Figure 1). Seeing varied between 074 and 174 FWHM during
the observations, and the bulk of the data used have seeing in
the range 0/7-079. Some exposures (~10%) were affected by
cirrus and are not included in the final addition. Total observing
times for the final spectra are given in Table 1.

The DEIMOS spectra were reduced and calibrated using
the SPEC2D pipeline following the techniques discussed in detail
by Stark et al. (2010). In the case of A2390_H3, care was taken to
ensure that the extracted spectrum was not contaminated by light
from a nearby cluster member. Data from the 2011 October and
2012 June runs were reduced separately, and the resulting one-
dimensional spectra were combined with an inverse-variance
weighted mean. Spectra of J1621 are affected by poor sky
subtraction residuals, while the Abell 2390 arc spectra are
of excellent quality. Spectra of different images of the Abell
2390 arcs were scaled to the same flux level before combining to
a common wavelength scale with 0.7 A pixels, roughly Nyquist
sampled. The final spectra, shown in Figure 2, reach an average
continuum S/N per 70 km s~ resolution element of 5 for J1621,
9 for A2390_H3, and 10 for A2390_HS5 over the rest-frame
wavelength range 1250—1650 A. This is comparable to that in
the composite spectrum in Jones et al. (2012), which has S/N
equivalent to ~10 at the improved resolution of 70 km s~! of
our new data.

3. ANALYSIS
3.1. Systemic Redshift

Accurate systemic redshifts are required in order to examine
the kinematics of gas seen in absorption, and the techniques for
estimating these are discussed in detail in Jones et al. (2012).
This is straightforward when nebular emission lines are visible,
such as is the case in both J1621+0607 (O 1] AA1661, 1666)
and A2390_H5 (O u1] Ar1661, 1666, He 1 A1640, C1v AA1548,
1551). The strong emission from highly ionized species such
as He1r and C1v seen in A2390_HS5 is uncommon but has been
observed in some high-redshift starburst galaxies and signifies
an extremely young, metal-poor, and hot stellar population (e.g.,
Fosbury et al. 2003; Erb et al. 2010). Alternatively, they may

A2390_H3

E )
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Figure 2. Keck DEIMOS spectra of (top to bottom) A2390_H3, A2390_HS,
and J1621. In each panel the black spectrum represents the lensed galaxy and
the composite spectrum of 81 LBGs from the analysis of Jones et al. (2012) is
shown in red. All spectra are plotted in the rest frame with flux normalized such
that median f, = 1 in the range 12501500 A. Prominent spectral features are
labeled.

(A color version of this figure is available in the online journal.)

signify the presence of an active galactic nucleus, but the narrow
line widths (50-185 km s~! FWHM, corrected for instrumental
resolution) suggest an origin in star-forming H 1 regions. We
note that apparent emission near the wavelength of N v in J1621
is a sky line residual and is not a significant feature.

No appropriate features are detected in the spectrum of
A2390_H3, and so we estimate the systemic redshift from low-
ionization absorption lines using the method of Jones et al.
(2012). This gives z = 4.043 £ 0.002 = z5 + 190 km 57,
with uncertainty dominated by an rms difference ~125 km s~!
between redshifts derived from absorption lines and that
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obtained from nebular emission (Steidel et al. 2010). The
adopted systemic arc redshifts are listed in Table 1.

3.2. Low-ionization Covering Fraction

Ideally we would measure the covering fraction of neutral
hydrogen directly from spatially resolved H1 absorption. How-
ever, the only available transition (Ly«) is dominated by strong
emission with net equivalent width Wiy, = 20-100 A when
integrated within 100 kpc, and the observed line profile is com-
plicated by resonant scattering in the extended circumgalactic
medium (CGM; Steidel et al. 2011). These effects are appar-
ent from the Ly line profiles, which show redshifted emission
as well as strong absorption arising from both the CGM and
Ly« forest (Figure 2). We therefore estimate the covering frac-
tion of neutral hydrogen from absorption lines of heavier low-
ionization species that arise in H1 gas, i.e., those with ionization
potentials less than 1 Rydberg.

The covering fraction of any ion is related to its absorption
line optical depth t and residual intensity / via

1
r=1-fd- e, ey
0

where [ is the continuum level. Optical depth is in turn related
to column density as
me? N

N=fA—0,
mec f 3.768 x 1014

r= A @)
where f is the ion oscillator strength, A is the transition
wavelength expressed in A, and N is the ion column density
incm™2 (km s~!)~!. Combining Equations (1) and (2) yields an
expression for f, as a function of / and N. In cases where two or
more transitions are measured for the same ion, from the same
ground state, with different values of fA, it is possible to solve
these equations for NV and f,. In the following analysis, we will
treat all variables as functions of velocity, i.e., f.(v).

For the low-ionization species of interest, our spectra cover
three such transitions of Sim at 1260, 1304, and 1526 A,
which we use to measure the covering fraction as a function
of velocity f.(v), for each galaxy. Sizt A1304 is only used
in the velocity range v > —200 km s~! where it is not
contaminated by O1 11302. We determine the continuum level
Iy from a running median of the spectrum in regions with
no strong interstellar or stellar features, and we use this to
normalize each spectrum. Based on the S/N and residual sky
levels, we estimate the uncertainty in [y to be <5%. We then
resample each Si transition to a common velocity scale and
find the values of N and f,. that minimize the least-square
residual % = > Uobs — Iy, s, )2 / O'Ozbs in each velocity bin. While
resampling leads to correlated errors, the range of correlation
is less than one spectral resolution element. We additionally
find the range of N and f. for which x? is within 1 of the
minimum value and adopt this as the uncertainty. We note that
this confidence interval corresponds to the formal 1o uncertainty
only in the velocity range where all three transitions are used.

The best-fit f, and uncertainty calculated for each arc are
shown as a function of velocity in Figure 3. Since Sill is the
dominant ion of silicon in H1 gas, this is approximately equal
to the covering fraction of H1 (provided that it is enriched with
Si), which impedes the escape of ionizing radiation. Figure 4
shows the individual Sim line profiles used to calculate f..
The consistency of absorption lines with different optical depth
suggests that in general these transitions are optically thick.
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Figure 3. Mean low-ionization absorption line profile and its associated neutral
gas covering fraction derived using the methods discussed in Section 3. Sin
covering fraction of the z =~ 4” is measured from smoothed spectra with FWHM
resolution ~110 km s~!, while average line profiles are from unsmoothed
data (FWHM ~ 70 km s~!). There is no significant difference in results
derived from the smoothed and unsmoothed spectra. Velocities are relative
to adopted systemic redshifts (Section 3.1), derived from absorption line
centroids for A2390_H3 and nebular emission in the other two cases. Equivalent
measurements from ESI spectra of z = 2”-3" are shown for comparison. Details
of these ESI spectra can be found in Pettini et al. (2002) and Quider et al. (2009,
2010). For the z ~ 4”, dark gray shading shows the uncertainty range based
on random noise in the data, while lighter gray includes the effect of a 5%
systematic error in the continuum level.

(A color version of this figure is available in the online journal.)

3.3. Average Low-ionization Absorption Profile

A simple and complementary alternative to the method
outlined in Section 3.2 is to estimate the covering fraction
from saturated transitions. In cases where t >> 1, Equation (1)
simplifies to

fo=1-1/I. 3)

Several of the strongest absorption lines covered by our spec-
tra are typically saturated, including Siut A1260, O1 11302,
Sinm A1304, Ci1 A1334, and Si1t A1526, which are all tracers of
H1 gas. In order to minimize the statistical uncertainty, we cal-
culate the average intensity of these transitions as a function of
velocity using an inverse-variance weighted mean, taking care
not to use the wavelength region where O 111302 and Sin A1304
are blended (roughly —300 < v < —200 km s~! depending
on the kinematics of each source). These profiles are shown in
Figure 3 together with the covering fraction measured from Si11.
We note that the covering fraction derived from Equation (3) is
a strict lower limit.



THE ASTROPHYSICAL JOURNAL, 779:52 (8pp), 2013 December 10

15T T T T T LA B R
A2390_H3 A2390_H5

Normalized flux

Si 111260 (fA = 1269)

0.0F Sill1304 (fA=123) +
— — — — Sill1526(fA=198)
| | | | | |
% 03
K 02r
=1
é 0.1 ’TT‘/’T’L\»’—'L_T‘";—‘:A ﬁ%{f‘_‘
= 00t ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
-1000 -500 0 -1000 -500 0 -1000 -500 0

Velocity (kms™)

Figure 4. Individual Sinu absorption line profiles and 1o uncertainties, illus-
trating the technique introduced in Section 3.2. The various line profiles are
generally consistent despite having optical depths T o< f X that differ by a factor
of ~10, thereby indicating that the gas is optically thick. Residual flux in these
transitions therefore indicates a partial covering fraction fcoy of SiIr, which we
calculate by solving Equations (1) and (2) and show in Figure 3. In cases of
weak absorption (comparable to the noise level), we cannot distinguish between
(a) optically thick gas with low covering fraction and (b) optically thin gas with
high covering fraction. This is most apparent for A2390_HS, which shows a
wide range of permissible f.oy in Figure 3.

(A color version of this figure is available in the online journal.)

4. RESULTS

This work was motivated in large part by the need to
disentangle kinematics and covering fractions of absorbing gas.
In particular, we seek to explain the extent to which decreased
absorption line equivalent widths measured from composite
spectra in our earlier work (Jones et al. 2012) result from changes
in gas kinematics compared to covering fractions, as well as the
implications of this result for the escape of ionizing radiation.
We are limited in examining the redshift evolution of these
properties by the small number of sources with suitable spectra,
and we caution that this sample is not necessarily representative
of the LBG population at these redshifts. Nonetheless, we can
examine general trends within the existing data from this work
and others in the literature (Pettini et al. 2002; Quider et al.
2009, 2010; Dessauges-Zavadsky et al. 2010). Following the
methods in Section 3, we show the average absorption profiles
and SiII covering fractions (derived from unblended transitions
at 1260, 1526, and 1808 A) of well-studied z = 2-3 galaxies for
comparison in Figure 3. To quantify trends in the absorption
line profiles, the velocity extent and maximum absorption
depth for each galaxy are shown as a function of redshift in
Figure 5.

In the case of Abell 2390, we take the most conservative
approach, noting that the interpretation of the absorbing gas is
complicated by the physical proximity and similar redshift of
the two arcs. Their projected separation is ~70 kpc (Pell6 et al.
1999), and it is unclear which source lies in the foreground.
At lower redshifts, Steidel et al. (2010) have shown that low-
ionization absorption seen in a background source at b =
70 kpc has a detectable average equivalent width ~0.4 A for the
transitions of interest. Since we lack specific information about
the three-dimensional geometry, the following analysis does not
include any contribution from this effect. If anything, our results
will overestimate the true covering fraction and therefore yield
a more conservative constraint on the escape fraction.

JONES ET AL.
4.1. Kinematics

The kinematics of foreground low-ionization gas are revealed
in the absorption line profiles shown in Figure 3. In all cases
we see significant blueshifted absorption indicating outflows,
as expected given the high star formation surface densities
(Heckman 2002). The maximum outflow velocity at which ab-
sorption is detected is —700 km s~! in A2390_H3, with an un-
certainty of ~125 km s~! since we do not directly measure the
systemic redshift. A2390_HS5 reveals weak absorption extend-
ing to —600 km s~ !, seen also in higher ionization Si1v and C 1v
lines, although it is only marginally detected at <—300 km s~
The maximum outflow velocity in J1621 is —300 km s~!.

The outflowing low-ionization gas attains a somewhat lower
(30% +£20% on average) maximum velocity in the z = 4 sample
compared to z >~ 3. This difference is not due to lower quality
data as remains evident in Figure 3 if we consider alternative
measures such as the FWHM or an absorption threshold at
25% of the continuum flux. However, the difference is not
statistically significant, and all galaxies except J1621 have
similar maximum velocities ranging from 600 to 800 km s~
Likewise, the extent of redshifted absorption is approximately
4200 km s~! for all sources, with the notable exception of
the Cosmic Eye as discussed in detail by Quider et al. (2010);
this indicates relatively little difference in line broadening from
rotation or other internal kinematic structure. Therefore, in this
limited sample, the low-ionization gas kinematics have little
variation.

4.2. Covering Fraction

The covering fraction of each galaxy as a function of gas ve-
locity is estimated from the methods described in Section 3 and
shown in Figure 3. Both methods are generally in good agree-
ment, indicating that Equation (3) is a valid approximation. Si 1t
covering fractions derived for the Cosmic Eye are systemati-
cally higher than indicated by the average absorption profile;
this is largely an artifact caused by additional absorption at the
wavelength of Sit 21260 from intervening gas at z = 2.66
(Quider et al. 2010). It is also apparent from Figure 3 that the
Si1 covering fraction is poorly constrained in regions of weak
absorption due to the marginal significance of individual absorp-
tion lines. This is most problematic in the high-velocity wings.
The strong anticorrelation between absorption line strength and
covering fraction, as well as results at lower redshift (Martin &
Bouché 2009), suggests that the most likely solution for such
ambiguous cases is a low covering fraction of optically thick
gas. We therefore opt to compare galaxies on the basis of their
average absorption line profile as this quantity is simpler to de-
fine and less susceptible to the uncertainties described above.
Nonetheless, the Sil results are an important verification that
the average profile accurately traces f.

We can now compare the covering fractions measured at
z = 4 with sources at lower redshift. Figure 5 shows the
maximum absorption depth for each galaxy as a function of
redshift. The z = 4 galaxies have maximum absorption depths
corresponding to f. = 0.3-0.9, in each case occurring at
v ~ —100 km s~!. There is a large scatter in Figure 5 with
0 (fe.max) = 0.26 and no strong redshift dependence. Galaxies
at z = 4 have covering fractions that are lower on average by
26% =+ 25% or A f. max = 0.16 compared to z = 2-3. The two
populations are therefore consistent within the sample variance;
a larger sample would be required to determine whether there is
any evolutionary trend.
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Figure 5. Outflow kinematics and covering fraction as a function of redshift.
Top: maximum blueshifted velocity at which outflows are detected. In the case
of A2390_H3 there is an uncertainty of ~125 km s~ arising from the unknown
systemic redshift. Bottom: maximum depth of the average absorption profiles
shown in Figure 3, which serves as a proxy for the covering fraction of H1 at
the corresponding velocity. We include estimated values for the 8 o’clock arc
(Dessauges-Zavadsky et al. 2010) and a somewhat lower resolution (R = 1300)
spectrum of Q0000-D6 (Steidel et al. 2010) in addition to the sources shown in
Figure 3. Galaxies are color-coded according to their Wiye, and relevant data
are listed in Table 2. On average, the z = 4 galaxies show somewhat lower
maximum outflow velocities and lower covering fractions (weaker absorption
depth) compared to similarly studied sources at lower redshift, but the strongest
trend is a decreasing covering fraction with Wry,. The z = 4 data enable us
to examine trends of H1 covering fraction at a time significantly closer to the
epoch of reionization, thought to end at z 2~ 7 (e.g., Schenker et al. 2012).

4.3. Trends with Lyx

We now turn to trends with Ly equivalent width. Previous
sections focused on possible redshift evolution of low-ionization
absorption lines in our quest to examine whether this may
signify an increasing ionizing escape fraction. The connection
with Lyw is a natural one to explore given that there is a
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Figure 6. Correlation of Ly equivalent width with H1 covering fraction (and
corresponding upper limit on fes) as traced by low-ionization absorption lines.
The ordinate is identical to the lower panel of Figure 5, with 1o uncertainties
shown for the z >~ 4 data. The dashed line is an unweighted linear fit to the
data. Here Wy, includes only the emission component, and the two points at
(1,1) are slightly offset for clarity. As discussed in the text, these absorption
line measurements correspond to a lower limit on f. and an upper limit on
fesc- Since Lyo emission strength increases with redshift (Stark et al. 2010,
2011), the anticorrelation of absorption line depth with Wiy, likely indicates
lower covering fractions (which would permit higher escape fractions) at earlier
times.

strong correlation between its equivalent width Wiy, and low-
ionization absorption (Jones et al. 2012; Shapley et al. 2003).
Since our previous work has suggested that the distribution of
Wiy for LBGs of a fixed luminosity increases with redshift
(Stark et al. 2010, 2011; Schenker et al. 2012), we can hope to
derive inferences about the low-ionization absorption in sources
for which Lya measurements are now widely available.

Each galaxy in Figure 5 is color-coded according to Wyy,.
This value refers only to the equivalent width of Ly« emission,
differing from the conventional net sum of emission and
absorption. The maximum outflow velocity is lower on average
in galaxies with stronger Ly emission, and although this trend
is not statistically significant in our sample, it is consistent
with well-quantified results from composite spectra (Shapley
et al. 2003). More interestingly, Figure 5 reveals a trend of
lower absorption depth (implying lower f,.) with stronger Lyo
emission. The anticorrelation of absorption depth and Wiy,
has a Spearman rank coefficient p = —0.81 and is non-
zero at a confidence level of 99.2%. We show this relation in
Figure 6. In contrast, the trend of lower average f, at higher
redshift has limited significance (~1o0) and is explained by
Lyo demographics within the sample. Although limited by the
small sample size, this is an important first quantitative result at
these redshifts. Since the frequency and equivalent width of Lyo
emission increase in LBGs at higher z = 3 — 6, these results
imply that the average covering fraction of low-ionization gas
should decrease with redshift.

4.4. Ionizing Escape Fraction

Direct measurements of the ionizing flux are extremely
difficult at the redshifts of interest in this paper because of
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both the faint apparent magnitudes of LBGs and the high
opacity of the Ly« forest. Nonetheless, we can provide important
constraints on f. using indirect tracers of HI.

Before doing so, we consider the potential systematic uncer-
tainties that may limit our ability to estimate the true value of fes.
from metal absorption lines. Results at z >~ 3 have shown that
fese 1s indeed dependent on low-ionization absorption strength
(Bogosavljevi¢ 2010), although this relation is not one-to-one,
likely due to the factors described below. While in general these
preclude accurate estimates of the escape fraction, the maximum
absorption depth (Figures 3 and 5) is a valuable constraint on
H1 spatial homogeneity and sets a stringent upper limit on fe.

1. We measure covering fraction as a function of velocity,
yet gas at different velocities may cover different spatial
regions, and we lack the spatial resolution needed to
evaluate this effect. The maximum absorption depth ar a
given velocity is thus a lower limit on the total H1 covering
fraction and an upper limit on feq..

2. Metal-free H1is not detected. To date only two instances of
metal-free gas have been found at these redshifts (Fumagalli
et al. 2011), and so this is likely insignificant. Again,
this possibility implies that covering fractions measured
in Section 3 yield upper limits on fe.

3. Low column density gas will not be detected, although such
gas will not affect f.i unless it has very low metallicity
<0.1 Zy. The optical depth of metal transitions used here
compared to Lyman continuum at ~900 A is (z/ Tye) = 1.7
for the weakest line (Si1111304) and 10-20 for the strongest
transitions (Simt A1260, Cu 21334, O1 A1302) for solar
abundance ratios (Asplund et al. 2009). Galaxies in the
z = 2-3 sample with measured interstellar abundance ratios
have Z 2 0.4 Z for the relevant elements, such that the
attenuation of weaker Si lines is roughly equal to that of
ionizing radiation.

4. There may be narrow components with uniform covering
fraction that are spectroscopically unresolved. However,
such smooth absorption and column density profiles would
require a remarkably regular spacing of discrete narrow
components, and so a partial covering fraction appears more
likely (see Pettini et al. 2002; Quider et al. 2009).

5. Siu and Cu are present in both H1 and H1 regions. We
have therefore confirmed that O 1, with essentially the same
ionization potential as H1, gives consistent results in all
cases.

6. We measure a covering fraction at 1260-1526 A, but the
stars that are bright at these wavelengths do not necessarily
emit at <912 A. Our measurements therefore correspond to
a constraint on the relative escape fraction fesc 1yc/ fesc,1500
as commonly used in the literature. However, the spatial
distribution of L5 is similar to ionizing emission as traced
by Balmer lines in z ~ 1-3 galaxies (e.g., Jones et al. 2010),
indicating that this effect may be minimal.

With these caveats in mind, we now summarize what can be
learned about the ionizing escape fraction at z = 4. The depth
of low-ionization absorption lines gives upper limits fes. < 0.7
for A2390_HS5, <0.3 for A2390_H3, and <0.1 for J1621. The
true values are likely well below the upper limits, and in three
lower redshift galaxies we can verify that this is the case.
Quider et al. (2010) show that the Cosmic Eye has an H1
covering fraction of ~95%, implying fee < 0.05 based on
damped Lyo absorption, more stringent than the fec < 0.1
from our analysis. Second, no ionizing radiation is detected
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from the Horseshoe in deep UV imaging (B. Siana 2013,
private communication) or from the spectrum of Q0000-D6
(fese < 0.16; Giallongo et al. 2002) despite low maximum
covering fractions (Figures 3 and 5). Non-uniform coverage of
low-ionization metals is evidently a necessary, but not sufficient,
condition for the escape of ionizing radiation. Results derived
in this paper should therefore be strictly interpreted as upper
limits. Nonetheless, our measurements at z = 4 are readily
compatible with derived photoionization rates in the IGM (e.g.,
Bolton et al. 2005; Faucher-Giguere et al. 2008), as well as a
value fese = 0.2 required for galaxies to reionize the universe
at z > 6 (Robertson et al. 2013; Kuhlen & Faucher-Giguere
2012).

5. DISCUSSION

In our previous work (Jones et al. 2012) we found a decrease in
the low-ionization absorption equivalent width with redshift in
composite LBG spectra, but were unable to distinguish whether
gas kinematics and/or covering fraction were the cause. The
new data presented in this paper now resolve this ambiguity.
The present data show an approximately equal decrease of
~25% in the gas velocity and covering fraction with redshift,
although these differences are not statistically significant given
the sample variance. A larger and well-defined sample would be
needed to confirm such evolutionary trends. However, we also
find a dependence (with 99.2% confidence) of low-ionization
absorption depth with Lyo emission. This result suggests that
the strong trend between Lyo and low-ionization absorption
equivalent width (Jones et al. 2012; Shapley et al. 2003) is
predominantly due to the covering fraction of neutral hydrogen.

The main limitation of methods used in this work to constrain
Jesc 18 that we do not directly measure the fraction of ionizing
emission covered by H1. While the spectrally resolved covering
fraction of heavy elements provides an important measure of
the “patchiness” of H1, gas at different velocities may cover
different spatial regions, and so we can derive only a lower
(upper) limit on f, (fesc). Deep integral field spectroscopy with
good spatial resolution may resolve this issue and provide better
constraints on f, and fe.

We have successfully measured the kinematics and covering
fraction of low-ionization (H1) gas in z = 4 LBGs from high-
quality rest-UV spectra and investigated the implications for
escaping ionizing radiation. Importantly, the new data enable
these measurements at a time <1 Gyr from the reionization
epoch, much earlier than was previously possible. In order for
galaxies to reionize the universe, the ionizing escape fraction
must increase rapidly from ( fesc) < 0.02 at z ~ 1 (Siana et al.
2010) through ( fesc) =~ 0.05 measured at z = 3 (Bogosavljevié¢
2010; Nestor et al. 2013) to a value fee = 0.2 at z = 7
(Robertson et al. 2013; Kuhlen & Faucher-Giguere 2012). At
z = 4 we derive an average maximum H1 covering fraction
fe = 0.63 £ 0.16, implying {fesc) < 0.37 for these sources.
This value is readily consistent with an increasing escape
fraction, as well as with requirements for reionization, although
it is likely an overestimate of the true average fo. for the
reasons discussed in Section 4.4. Specifically for the z >~ 2-3
galaxies shown in Table 2, the derived average limit decreases
from (fesc) < 0.2 from absorption line spectroscopy alone to
<0.05-0.1 when combined with additional direct constraints on
the Lyman continuum emissivity. The latter value is similar to
the observed mean f., for LBGs at this redshift. At z = 4,
IGM recombination rates suggest fese =~ 0.1-0.25 for star-
forming galaxies (Bolton et al. 2005; Bolton & Haehnelt 2007;
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Table 2

Spectroscopic Properties
D Wiye® £P Umax
(A) (kms™h)
Abell 2390_H3 7.3 0.68 700
Abell 2390_HS5 19.4 0.33 600
SDSS J1621 10.4 0.89 300
cB58 ~1 1.0 775
Cosmic Eye ~0 0.91 600
Horseshoe 11 0.69 800
8 o’clock arc ~1 ~1.0 800
Q0000-D6 10.5 ~0.4 800
Notes.

2 Emission component only.
b Lower limit derived from absorption line depth.

Becker & Bolton 2013), which is also ~2-4 times below
the limit we derive spectroscopically. Thus, although the fe
limits we derive from spectrally resolved covering fractions
may be overestimates, our results remain consistent with the
increased ionizing emissivity over 2 < z < 5 derived from
IGM recombination rates (e.g., Becker & Bolton 2013) and
the requirement that early galaxies dominated the reionization
process.

While the trends with redshift are poorly constrained due
to small samples, the available data reveal a reduced covering
fraction with increasing Wiy, indicating that galaxies with
moderate or strong Lya emission are likely to have larger fe.
This is supported by direct evidence at z = 3, where high
observed fes is correlated with stronger Lyx emission and
weaker low-ionization absorption (Bogosavljevi¢ 2010; Nestor
et al. 2013; Mostardi et al. 2013). Clearly the distribution of
(metal-enriched) H1 is patchier in galaxies with stronger Ly«
emission, likely enabling a higher fraction of ionizing radiation
to escape. Since the frequency and strength of Lyw emission in
typical LBGs increase with redshift (Stark et al. 2010, 2011),
our results provide new evidence that f.s. increases with redshift
as a result of decreased H1 covering fractions.
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