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ABSTRACT

We present the results of our ultra-deep Keck/DEIMOS spectroscopy of z-dropout galaxies in the
SDF and GOODS-N. For 3 out of 11 objects, we detect an emission line at ~ 1pm with a signal-to-noise
ratio of ~ 10. The lines show asymmetric profiles with high weighted skewness values, consistent with
being Lya, yielding redshifts of z = 7.213, 6.965, and 6.844. Specifically, we confirm the z = 7.213
object in two independent DEIMOS runs with different spectroscopic configurations. The z = 6.965
object is a known Lya emitter, IOK-1, for which our improved spectrum at a higher resolution yields

a robust skewness measurement. The three z-dropouts have Ly« fluxes of 3 x 107!7 erg s7! cm™2

and rest-frame equlvalent widths EWLyO‘ 33 —43A. Based on the largest spectroscopic sample of 43
z-dropouts that is the combination of our and previous data, we find that the fraction of Lya-emitting
galaxies (EWFY® > 25A) is low at z ~ 7; 17 + 10% and 24 + 12% for bright (Myy ~ —21) and faint
(Myy ~ —19.5) galaxies, respectively. The fractions of Lya-emitting galaxies drop from z ~ 6 to 7
and the amplitude of the drop is larger for faint galaxies than for bright galaxies. These two pieces of
evidence would indicate that the neutral hydrogen fraction of the IGM increases from z ~ 6 to 7, and
that the reionization proceeds from high- to low-density environments, as suggested by an inside-out
reionization model.

Subject headings: cosmology: observations — galaxies: formation — galaxies: evolution — galaxies:

high-redshift —

1. INTRODUCTION

Over the last two years, we have witnessed an explo-
sion of activities aimed at searching for very high red-
shift (z > 7) galaxies. This has been made possible
by the installation of the Wide-Field Camera 3 ?WFC?)E
on-board the Hubble Space Telescope (e.g.,
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[2010,2011: Bouwens et all20104, 20115 d: McLure et all
2010, 2011 [Wilkins et all 2010, 2011; Bunker et all
[2010; [Yan et all 2010, 2011; [Lorenzoni et all 2011), the
Hawk-I instrument on the Very Large Telescope (VLT;
[Castellano et all [2010aJH), and improvement in the red-
end sensitivity of the Suprime-Cam on the Subaru tele-
scope (Ouchi et all[2009). These studies have identified
over a hundred candidates at z > 6.5 through the Ly-
man break drop—out technique (e.g., [Steidel et all [1996;
[Giavaliscd [2002), showing a decrease in the number den-
sity of brlght high-redshift galaxies with redshift (e.g.,
\Ouchi et all 2009; McLure et al! 2010; [Castellano et all
20104; Bowwens ef_all 2010a; [Wﬂkms_ei_aUIZQlﬂ) bluer
UV continua (e.g., Bouwens et all 2010Hf™, and rela-
tively smaller stellar masses compared to lower redshift
galaxies selected by similar techniques (e.g.,
[2010; ISchaerer & de Barros[2010; Finkelstein et alll2010;
2010). Study of the intrinsic properties of
high-redshift galaxies at epochs close to the dark ages is
essential for understanding one of the most outstanding
questions in modern astronomy - when did the Universe
become reionized and what sources were responsible for
it? This can be accomplished by studying the state of
the inter-galactic medium (IGM) through estimates of
the ionizing photon budget and Lyman « escape frac-
tion.

Several independent studies of the reionization pro-
cess in recent years have yielded different results. By
measuring the polarization of the cosmic background

radiation, [Dunkley et all (2009) estimated the optical

13 See also (2011), who question this result.
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depth to reionization and concluded that, if it was a sud-
den event, reionization occurred at z = 11.0 £+ 1.4 (see

also, [Komatsu et alll2011); [Larson et all[2011). However,

[2010; Vanzella et all[2011). Despite significant efforts to
spectroscopically confirm z > 6 candidates, the number
of confirmed sources is still very limited.

investigating the spectra of SDSS quasars, [Fan et all
(2006) studied the evolution of the Gunn-Peterson op-
tical depth and demonstrated that the IGM reioniza-
tion may have ended as late as z ~ 6. The result from
this study is questioned by [Goto et all (2011]), who have
shown that for quasars at z > 6, a statistically large
number is needed in Az = 0.1 bins to constrain cosmic
variance and trace the evolution of the optical depth.

Another useful tool for studying reionization is the
Lyman « luminosity function of high-redshift galaxies
selected by narrow-band imaging (e.g., m ;
[Rhoads et all 2000); these galaxies are called Lyman
Alpha Emitters (LAEs). Since neutral hydrogen in
the IGM resonantly scatters Ly« photons, the trans-
mission of Lya is sensitive to the ionization state
of the IGM. Therefore, we expect a decrease in the
number density of LAES close to the reionization epoch
(e.g., Haiman & Spaans [1999; [Malhotra & Rhoads
2004;  [Santos et all 12004; Mesinger et al! [2004;
Stern ef_all 2005; Haiman & Cenl 2005; [Furlanetto et all
2006; [McQuinn et a J 2007; Dijkstra et all 2007;
[Kobayashi et all 2007; [Mesinger & Furlanettd [2008;
Miev et all 12008; lDa;Laiﬂ_aJJ 2008, 12009, lZQlJJ).
[Ouchi et all (2010) found a decrease in the Ly«
luminosity function of LAEs, corresponding to an upper
limit of the IGM neutral fraction xpg; < 0.2 + 0.2 at
z = 6.6, which indicates that the major reionization
process took place at higher redshift. This result has
been further supported by [Kashikawa et all (2011)), who
studied the evolution of the LAE luminosity function
in the Subaru Deep Field (SDF; [Kashikawa et all [2004)
and found an increase in the neutral fraction of the IGM
from z = 5.7 to 6.5. [Nakamura et all (2011) have also
found a large deficit in the number density of z = 6.5
LAEs in the SSA22 field, and attributed it to significant
field-to-field variance of the neutral fraction of the
IGM. The effect of cosmic variance was quantified by
Ouchi et al! (2010), who claimed a factor of 2 — 10 range
in the number density of LAEs in an extensive survey
covering an area of 1 deg?.

Measuring the fraction of LAEs among Lyman-break
Galaxies (LBGs; [Giavaliscd 2002), the Lya fraction,
provides complementary information to understand the
reionization process (e.g.,|Stark et alll2010). Since LBGs
are selected over a broader range of redshifts compared
to observations with a narrow-band filter, their number
density is less sensitive to cosmic variance. Searching for
Lya emission from samples of LBGs with available spec-
tra at 4 < z < 6, [Stark et all (2011)) showed that lower
luminosity LBGs have larger Ly« fractions, and that the
fraction increases with redshift (see also,
[2009; [Stark et all2010;Douglas et all2010). However, it
is not yet clear if this trend continues z > 6. To explore
this, we require spectroscopy of dropout candidates at
z~T.

The real challenge in estimating the number density of
z > 6 galaxies and the intensity of ionizing Ly« photons
is the spectroscopic confirmation of these candidates.
They are extremely faint, and the only detectable fea-
ture is Ly« emission shifted to near-infrared wavelengths

(e.g., Iye et all[2006; [Lehnert et all[2010; [Fontana et all

2010) reported the detection of one LBG with Ly emis-
sion at z = 6.97 in ultra-deep spectroscopy of seven z-
dropout candidates selected from VLT /Hawk-I imaging
of the Great Observatories Origins Deep Survey’s south-
ern (GOODS-S) field 20104). They
found a significant decline in the fraction of LBGs with
Lya emission between z ~ 6 and 7, reversing the increas-
ing trend with redshift found at z < 6. Furthermore,
Vanzella et all (2011) spectroscopically confirmed two z-
dropout galaxies at z ~ 7.1 selected from VLT /Hawk-
I imaging of the BDF4 field (Castellano et all [2010H).
With the small number of z-dropout galaxies with avail-
able spectroscopic redshifts, any measure of their Ly«
photon budget or number density will be seriously af-
fected by statistical uncertainties and cosmic variance.

In this study we present results from ultra-deep spec-
troscopy with Keck/DEIMOS for a sample of 11 z-
dropout galaxies. To maximize the spectroscopic success,
we designed the photometric survey to identify dropout
candidates at the bright end of the UV luminosity func-
tion. The aim is to derive the fraction of LBGs with Ly«
emission and to study its evolution to z ~ 7.

In the next section we present the photometric selec-
tion of z-dropout candidates which are the targets for
our spectroscopic observations here. The spectroscopic
observations are described in Section [l This is followed
by redshift identification and the measurement of spec-
troscopic properties in Section @ In Section [F] we discuss
the implications for reionization. The conclusions are
presented in Section Throughout this paper, we use

magnitudes in the AB system [1983) and
assume a flat universe with (Qy,, Qa, h) = (0.3, 0.7, 0.7).
2. PHOTOMETRIC SELECTION OF 2-DROPOUT

CANDIDATES

In order to achieve successful spectroscopy of high red-
shift LBGs, we need to identify a sample of bright candi-
dates. However, the bright end of the luminosity function
exponentially decreases. Therefore, we need to cover a
large area to find a sufficient number of LBGs bright
enough for spectroscopy.

We carried out a wide-area photometric survey aimed
at identifying z-dropout galaxies (i.e., galaxy candidates
at z ~ 7) using Suprime-Cam on the Subaru telescope,
outfitted with a custom-made filter (y-band) with ef-
fective wavelength at 1lpm (Ouchi et all [2009). This
combination is ideal for identifying the bright popula-
tion of LBGs at high redshifts. We covered an area of
1568 arcmin? to y ~ 26.0 mag (40 limit) for two fields:
the SDF and the GOODS northern field (GOODS-N;
|Giavalisco et all[2004). We identified 22 z-dropout can-
didates with y = 25.4 —26.1 mag, i.e., Myy < —21. This
includes a galaxy which was already identified to be at
a spectroscopic redshift of 6.96 [2006). These
provide the targets for the spectroscopic observations in
this paper.

3. SPECTROSCOPIC OBSERVATIONS

We used the DEep Imaging Multi-Object Spectrograph
(DEIMOS; [Faber et all 2003) at the Nasmyth focus of

the 10 m Keck II telescope to perform spectroscopic
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TABLE 1
SUMMARY OF OBSERVATIONS WITH KECK/DEIMOS.

Mask 1D Field Date (UT) Total Exposure Nt grating central wavelength filter
[sec] [lines mm™!] [A]

SDFZD1B SDF 2010 February 13 19350 5 830 9000 OG550
SDFZD3 SDF 2010 April 14 — 15 30000 2 830 9000 OG550
SDFZD4 SDF 2010 April 15 7200 4 830 9000 OG550
GNZD1B  GOODS-N 2010 February 13, April 14-15 18000 2 830 9000 OG5H50
HDF11C  GOODS-N 2011 April 1 —2 14600 2 600 7500 GG455
HDF11D GOODS-N 2011 April 3 7200 2 830 8100 OG550

T Numbers of observed z-dropouts. Some objects were observed on multiple masks (See Table BJ).
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Fi1G. 1.— Spectra of SDF-63544 (left) and SDF-46975 (right). The top panels show the composite two-dimensional spectra, from which the
one-dimensional spectra shown in the bottom panels are derived. A prominent emission line is seen at 9683 A for SDF-63544 (S/N ~13),

and at 9536 A for SDF-46975 (S/N ~ 14).

observations of the z-dropout candidates discovered in
Ouchi et all (2009). The data were taken on UT 2010
February 13, April 14 — 15, and 2011 April 1 — 3. We
observed 11 out of the 22 z-dropout candidates. We also
observed the standard stars G191B2B and Wolf 1346 for
flux calibration. The seeing was in the range 0.5” —0.7".
We used a total of six DEIMOS masks, as listed in Ta-
ble[Il For five masks, we used the OG550 filter and the
830 lines mm~' grating, which is blazed at 8640A and
was tilted to place a central wavelength of 9000 A on the
detectors. This configuration provided a spectral cov-
erage between 7000 A and 10400 A. For the remaining
mask (HDF11C) we used the GG455 filter and the 600
lines mm~! grating, blazed at 7400A. This was tilted
to place a central wavelength of 7500A on the detector.
The spectral coverage was between 5200 A and 10200 A.
The spatial pixel scale was 0.1185” pix~', and the spec-
tral dispersion was 0.47 A pix~! and 0.65 A pix—! for
the 830 lines mm~* and 600 lines mm™! grating, respec-
tively. The slit widths were 1”. For objects filling the
slit, the FWHM resolution of the 830 and 600 grating
was ~ 3.3A and ~ 4.7A, respectivelyTd. Details of the

4 http://www2.keck.hawaii.edu/inst/deimos/specs.html

observations, the filters, gratings and the total exposure
time used are listed in Table [I1

We used the GG455 filter for HDF11C, although this
filter allows transmission of second-order light redward of
~ 9100 A. This filter was used because some of the tar-
gets on those masks were z ~ 3 ultra-luminous infrared
galaxy candidates, which would have spectral signatures
below 5000 A. Although this configuration allowed con-
tamination from second-order light of an emission line
whose wavelength is longer than ~ 45004, the targeted
z-dropouts in the HDF11C mask were also observed in
other configurations without such contaminations in the
red wavelength range.

The reduction was performed using the spec2d IDL
pipelind™ developed by the DEEP2 Redshift Survey
Team (Davis et all 2003). We used a modified version
of the spec2d (Capak et al. in prep.) for the data taken
with HDF11D, since those data were dithered. Wave-
length calibration was achieved by fitting to the arc lamp
emission lines. The spectra were flux calibrated with the
standard stars G191B2B and Wolf 1346. We applied no

15 The pipeline was developed at UC Berkeley with
support from NSF grant AST-0071048. Downloaded at
http://astro.berkeley.edu/ cooper/deep/spec2d/
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Fic. 2.— Spectrum of the z = 7.213 z-dropout galaxy, GN-
108036. The top panels show its two-dimensional spectra obtained
with the GNZD1B, HDF11C, and HDF11D masks. The size along
the spatial axis is 5.0” for each two-dimensional spectrum. The
HDF11D spectrum is binned in 2 x 2 pixels. A line is visually
identified at ~ 9980A in the spectra of GNZD1B and HDF11C,
whose exposure times are 5 hours and ~ 4 hours, respectively,
while the line is marginally seen in the spectrum of HDF11D, whose
exposure time is 2 hours. In the bottom panel, we show the one-
dimensional spectra. The gray solid lines are spectra obtained with
individual masks. The composite spectrum is shown as the black
solid line. All the one-dimensional spectra illustrate a line detection
at around 9980 A, and the S/N ratio of the line in the composite
spectrum is ~ 6.

10100

correction for slit-loss effects, since the same slit width
was used for both the standard stars and science targets.
We estimate the uncertainty due to the slit-loss correc-
tion by comparing the fluxes of the two-dimensional spec-
tra in the slit width with total fluxes and find this to be
less than 10%. We measure the 1o sky noises from the
pixel distributions around 9600 A, the wavelength corre-
sponding to that of Ly« at z &~ 6.9, the expected peak
of the redshift distribution for z-dropout selection (Fig-
ure 6 of [Ouchi et alll2009). In the measurements, we do
not avoid the wavelength ranges significantly affected by
strong OH lines. We find the 1o sky noise to be (1.4—5.7)
x1071® erg s7! cm ™2 (for details, see Section {2)). We
summarize the 1o flux limits in Table

4. RESULTS
4.1. Redshift Identification

Figure[Ilshows a prominent emission line in the spectra
of SDF-63544 and SDF-46975. We fit Gaussian profiles
to these lines using the IDL MPFIT routine
20090, and find the emission lines correspond to the
observed central wavelengths 9683A (SDF-63544) and
9536A (SDF-46975Y7.  One z-dropout galaxy, SDF-

16 http://www.physics.wisc.edu/"craigm/idl/idl.html
17 The best-fit central wavelengths are slightly shorter (~ 3 A),
if we fit an asymmetric Gaussian profile in which the standard

(a) (b) (c)

7400 7600

Aobs [A]

Fia. 3.— Two-dimensional spectrum of GN-108036 in the wave-
length range of 7400 — 7800A. The size along the spatial axis is
5.0”. No emission line is detected in this wavelength range, which
argue against the possibility that the detected line at ~ 9980A is
Ha at z = 0.521. In this case, an [O111]A5007 line would have been
detected at approximately 7617A marked by an arrow (b). No line
detection also suggests that the detected line at ~ 9980A is not
either an [OuIA5007 at z = 0.994 or HB at z = 1.054. In the
former/latter case, the [O11]AA3726, 3729 doublet would have been
detected at the position marked by arrows (a)/(c).

7800

63544, was previously identified as a Lya emitter, IOK-
1, whose redshift was confirmed spectroscopically by
(2006). However, the signal-to-noise ratio
(S/N) of the Ly« line in their spectrum is only ~ 5.
We deemed it worthwhile to detect the line at higher
S/N and with higher resolution in order to verify the
line detection and identify the line based on line profile
analysis. We confirm that the central wavelength of the
emission line is almost the same as that derived previ-
ously (96824A).

For one of the targets in GOODS-N, GN-108036, we
detect an emission line at about 9980A (Figure 2l). We
confirm the line detection in three independent DEIMOS
observations, performed in 2010 and 2011, with different
configurations. In 2010, we obtained the spectrum us-
ing mask GNZD1B, the 830 lines mm~*! grating, and the
OGH50 filter (first two-dimensional spectrum in the top
panel in Figure 2)). In the 2011 run, we used a different
set up with the 600 lines mm ™! grating, the GG455 filter,
and a different mask (HDF11C) to locate the spectrum
on a different position on the DEIMOS CCD (second one
in the top panel in Figure 2). The HDF11D data were
obtained over two nights of observing, and the line is
detected in independent reductions of each night’s data,
as well as in the combined spectrum. We also used a
third configuration for our 2011 run, with the 830 lines
mm~! grating, the OG550 filter, and an entirely new
mask HDF11D (third one in the top panel in Figure [2I).
Although the grating and the filter here are the same as
those used in the 2010 observation, the mask is differ-
ent. The 2011 observations with the 830 grating were
also dithered, whereas the 2010 observations with the
830 grating were undithered, and the pipeline processing
was correspondingly different for the two data sets. The
three observations of GN-108036 independently confirm
that the line is detected at three different positions on
the DEIMOS CCDs, with two different spectroscopic se-
tups. This strongly argues against the observed feature
being an artifact. We fit Gaussian functions to the line
profile in Figure 2l using the MPFIT routine, and find a
central wavelength of 9984A.

We investigate the possibility that the observed lines

deviation on the blue side is smaller than that on the red side,
as a better approximation of the observed profiles but with an
additional free parameter.
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TABLE 2
SUMMARY OF FOLLOW-UP SPECTROSCOPY

Object Mask Total Exposure  flux limit (1)  y(total) EW(I)“ya limit (30)

[sec] lerg g1 cm’2} [mag] [A}
GN-152505 GNZD1B, HDF11C, HDF11D 39800 3.0 x 10718 25.2 10
GN-1080361  GNZD1B, HDF11C, HDF11D 39800 4.2 x 10718 25.5 7.1
SDF-63544F SDFZD1B, SDFZD3 49350 2.1 x 10718 25.1 5.8
SDF-83878 SDFZD1B 19350 3.3x 10718 25.1 12
SDF-46975" SDFZD1B, SDFZD3 49350 1.9 x 1018 25.2 7.1
SDF-76507 SDFZD1B 19350 2.4 x 10~18 25.2 9.2
SDF-123919 SDFZD4 7200 5.3 x 10718 25.4 31
SDF-75298 SDFZD1B 19350 1.4 x 10718 25.5 6.5
SDF-121418 SDFZD4 7200 4.5 x 10718 25.6 31
SDF-107344 SDFZD4 7200 5.7 x 10718 25.7 53
SDF-136726 SDFZD4 7200 5.1 x 10~18 25.7 45

NOTE. — The flux limits of the objects with Lya detections (GN-108036, SDF-63544, and SDF-46975) were
estimated using the sky-noise distribution in the vicinity of the Ly« line, while those of objects lacking Ly«

detections were estimated using the sky-noise distribution between 9400 — 9800 A. The E
Lya-detected objects were estimated by dividing their Lya flux limits by their UV continuum

WY limits of the
?lux densities and

1+ zspcc), while those of objects without Lya detection were estimated assuming their redshifts are equal to 6.9.

T z-dropout with Lya detection.

TABLE 3
PROPERTIES OF SPECTROSCOPICALLY CONFIRMED Lya-EMITTING 2-DROPOUTS

Object Redshift fLya LLya Mcont Mecont Ewé‘ya Sw FWHM VFWHI\/I
lergs™" em™?] [ergs™!] [mag] [mag] [A] [A] [A] [km s~1]
GN-108036  7.213 25x 10717 1.5x10% 252 -21.8 33 41787 15 442
SDF-63544  6.965 2.8x 10717 1.6x10%® 254 216 43 1267075 6.7 207
SDF-46975  6.844 2.7x10717  15x10% 254 215 43 8.675:¢ 12 374

are something other than Ly« (i.e., Ha, HS, [Ow], or
[Om1]). The main argument in favor of the observed
lines being Lya is their morphology and the clear asym-
metry of the lines (see below). Furthermore, the lines
are unlikely to be HB or [Omm] at z ~ 0.9 — 1.0, since,
in this case, we expect to detect additional lines. If
the detected line were Hf, the [O11]A5007 line would
fall at 9972A for SDF-63544, 9822A for SDF-46975, and
10284A for GN-108036. However, none of the objects
show the corresponding detections, implying the line ra-
tio [O1I|A5007/HB of < 0.2 — 0.5 (30 upper limit).
Galaxies with 12 + log(O/H) = 8.8 — 9.0 meet these
low ratios (e.g., Nagao et al. 2006), but our objects
are unlikely to be such metal rich, because if they were,
they should be very massive (from the mass-metallicity
relation) and thus their broadband magnitudes would
be much brighter than observed. In the case that the
detected line were [O11]A5007, the HA line would be
seen at 9401A for SDF-63544, 9259A for SDF-46975,
and 9674A for GN-108036. However, none of the ob-
jects show the corresponding detections, implying the
line ratio [O1m]A5007/H of 2 2.0 — 4.0 (30 lower limit).
These lower limits correspond to subsolar oxygen abun-
dances (~ 7.0 — 8.7; See Figure 17 of Nagao et _all[2006),
which may be typical of low-mass galaxies. Thus, un-
fortunately the non-detection of HS cannot strongly rule
out the possibility of our objects being [O111]A5007 emit-
ters. In addition, the lines are unlikely to be [O11]. If
the lines were [O11] emitters at z ~ 1.6, the FWHM reso-

lution of 3.3A would have distinguished the two compo-

nents of the doublet, separated by ~ 7A. In their Figure
10, ) showed the spectra of emission-line
objects with the [O11] doublet signature, which were ob-
tained with Keck/DEIMOS using the same configuration
as ours (the 830 grating and the OG550 filter). The fact
that the detected lines in our spectra are singlet strongly
argues against the possibility that they are z ~ 1.6 [O11]
emitters. Moreover, the non-detection of the galaxies in
the deep i-band imagedT™ strongly disfavors the possi-
bility that these galaxies are actually at z ~ 1.6. For
GN-108036, if the detected line were Ha at z = 0.521,
then we might also expect to detect [O111] or HB, which
is actually not detected as shown in Figure 8l For SDF-
63544 and SDF-46975, we cannot check the detection of
[O111]A5007 since their spectra do not cover the wave-

length range blueward of 7500A.

To quantify the asymmetry of the lines, we intro-
duce the weighted skewness parameter, S,,, following
[Kashikawa et all (2006). This can be used to distin-
guish Ly« from other emission lines. S, is defined as
the product of the skewness (the third moment of flux
distribution) and the width of the line. Ly« emission
lines at high redshifts typically have large positive Sy,
values, while other possible lines, Ho, HS, and [Omi],
are nearly symmetric and have almost zero values of
Sw. When the [O11] line is not resolved, its S,, value
is expected to be small, since the [O1]A3726 line is
weaker than [O11]A3729 (e.g., [Rhoads et all 2003). The

18 The 20 limiting total magnitude of the SDF (GOODS-N)
i-band image is 28.3 (27.6).
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S values of the three z-dropouts are estimated to be
S, = 12.6 + 0.4A for SDF-63544, S,, = 8.670 %A for

SDF-46975, and S,, = 4.1 &+ 0.7A for GN-108036, which
means that all the three lines have an asymmetric pro-
file with a sharp decline on the blue side and a long tail
on the red side, as is commonly seen in Lya at high
redshifts (e.g.,

2006). [Kashikawa et all (2006) emplrlcally set S, = 3A
as a critical value to distinguish Lya emission from
other emission lines for galaxies at z > 5.7 (see also,
Shimasaku et alll2006). Our objects have higher S, than
the criterion, which would suggest that the detected lines
are Lya.

Note that the asymmetric line profile in the spectra
of GN-108036 might be caused by over-subtractions of
OH lines blueward of the detected line. However, there
is a window of OH lines near the detected line at the
blue side. If the line had a symmetric profile, then we
would expect to see faint emission in this window, sim-
ilar to that seen on the red side of the line profile, but
none is actually detected. The sky subtraction might
affect the line profile to some extent, but the asymmet-
ric line profile is likely to be real. In addition, there is
no line detected other than the one at ~ 9980A. Fur-
thermore, the galaxy is not detected in the deep optical
broadband images from either Subaru or HST/ACS. Its
colors (z—y > 1.6 (20), y —mp14ow = 0.3) are consistent
with those expected for a LBG at z = 7.2. All of these
factors support the interpretation that the detected line
is redshifted Lya.

Thus, we conclude that all of the detected lines are
redshifted Lya. The redshifts derived from the Ly«
emission centroids are zgpec = 6.965 for SDF-63544,
Zspec = 6.844 for SDF-46975, and zgpec = 7.213 for GN-
108036. These redshifts might be overestimated since
the Ly« emission lines of LBGs are typically shifted red-
ward of their systemic redshifts (e.g., [Pettini et alll2001;
Shapley et alll2003; [Steidel et al!2010). The velocity off-
sets are typically less than ~ 1000 km s~!, which cor-
responds to a difference between the systemic redshift
(zsys) and that estimated from the Ly line (zrya) of
Az = Zoys — 2Lya S —0.027.

Nv A1240 is the only high-ionization metal line, indica-
tive of AGN activity, which would fall within our spec-
tral range. The line would fall at 9876A for SDF-63544,
9727A for SDF-46975, and 10184A for GN-108036. None
of the objects shows this emission line, placing a 3o lower
limit to the line ratio Lya/Nv of > 4 for SDF-63544,
= 5 for SDF-46975, and 2 2 for GN-108036. However,
since a typical hlgh—z AGN has a line ratio of Lya/ NV
= 4 — 20 (e.g., McCarthyl [1993), these lower limits are
mostly not useful to exclude the possibility that the ob-
jects are AGN hosts; to do so much deeper spectroscopy
is needed. Throughout this paper, we assume that the
light of our objects is not contaminated by AGNs.

4.2. Line Flux Measurement

We compute the Lya line flux by summing flux den-
sities around the line, neglecting the minor contribu-
tion of UV continuum. This corresponds to the range
9677 — 9699 A for SDF-63544, 9526 — 9551 A for SDF-
46975, and 9977 — 9997 A for GN-108036. The estimated
fluxes are summarized in Table

Y F140W

F1c. 4.— Images of GN-108036 taken by the Subaru Suprime-
Cam (y), and HST WFC3 (F140W). The size of each panel is
5"x5'. North is up and east is to the left.

original model residuals

Fic. 5.— Images of GN-108036 in the IRAC 3.6pum (top) and
4.5pm (bottom). The panels from left to right show the original
TRAC images, the best-fit model images constructed from PSF
templates at the object positions measured from the HST WFC3
image, and the residuals after subtracting the model from the data.
The size of each panel is 20.4” x20.4”. North is up and east is to
the left.

SDF-63544 was previously discovered by M
(2006) who report Lyo fluxes of 2.0x 10717 erg s~ cm™
and 2.7 x 10717 erg s7! em™2 from their spectrum and
narrow-band image, respectively. Our estimated Ly
flux of SDF-63544 is 2.8 x 10~ '7 erg s~ cm ™2, consistent
with those previous measurements.

In order to estimate flux limits for the objects with-
out Ly« detections, for each object we sample the one-
dimensional spectra in 25A bins, comparable to the
width of Lya lines. We then estimate the 1o flux limit
by fitting Gaussian functions to the flux distribution over
the wavelength range 9400 — 9800A. The 1o flux limits
for individual objects are listed in Table 2

4.3. FEquivalent Width Measurement

We do not directly detect continuum in the spectra
of the z-dropout galaxies. We can only estimate their
continuum flux densities from their y-band magnitudes
measured over a 1.8 arcsec diameter aperture (Table 3
of [Ouchi et all [2009), allowing for aperture corrections,
IGM absorption and Lya emission.

To estimate the aperture correction for our z-dropouts,
we select bright, non-saturated and isolated sources in
the y-band images, and perform multi-aperture photom-
etry to construct the curve of growth. We then determine
the aperture correction by measuring the difference be-
tween magnitude over the 1.8 arcsec diameter aperture
and the total magnitude (the asymptote of the growth
curve). The median aperture correction is 0.344 mag for
GOODS-N and 0.349 mag for the SDF.
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SED FITTING RESULTS FOR z = 7.213 GALAXY

TABLE 4
model Z log Mstar E(B—V)s
[Ze] [Mo] [mag]

stellar + nebular 0.2
pure stellar 0.2

8765015 0.057003
+0:12 +0.01
9-3550h1  0.11Ig0

log(Age) log(SFR)  log(SSFR) X2
[yr] Moyl [yr7]
+0.10 +0.02 +0.14
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F1Gc. 6.— Results of SED fitting for the z = 7.213 galaxy GN-

108036. The filled squares show the observed flux densities used
for SED fitting, while the open squares show those not used. The
vertical arrows show 50 upper limits for HST/ACS Vo6, i775, 2850
(Ouchi et all 2009), Subaru/MOIRCS J, H, and K from left to
right. The left panel is for ‘stellar + nebular’ (fi9% = 0) models.
The red solid curve indicate the best-fit SED that is the sum of
a stellar SED (red dotted curve) and a nebular SED (red dashed
curve). The crosses indicate synthesized flux densities in individual

bandpasses. The right panel is for ‘pure stellar’ (fio2 = 1) models.

The flux in the y-band is affected by Lya emission
and IGM absorption shortward of rest-frame 1216A. We
correct for the contribution due to Lya emission using
the estimated Lya flux from section for objects with
strong Lya emission, and the 3o flux limit for the z-
dropouts without Ly« detection. The IGM absorption is
taken into account on the assumption of flat UV contin-
uum in f, and using (1995). The 30 EW limits
for the 11 galaxies in the spectroscopic sample are listed
in Table[2l In Table B we list our estimates for the con-
tinuum magnitude meont at the Lya wavelength, and the
corresponding EWs that we derived for the Lya emission
lines.

4.4. Photometry and Stellar Population Properties of
the z = 7.213 galaxy

The Subaru y-band photometry for the z = 7.2 galaxy
GN-108036 is difficult to interpret because the flux mea-
surement is strongly affected both by the Lya emission
line and the Ly« forest IGM absorption, which should
suppresses roughly 65% of the intrinsic continuum flux
from the galaxy within the y bandpass. Fortunately, GN-
108036 has been imaged with the HST WFC3-IR camera
(Weiner et al. in preparation; HST program #11600).
The image has a total exposure time of 1217 sec and
was obtained with the F140W filter, whose central wave-
length is approximately 1.4um, sampling 1700A in the
rest-frame UV continuum. The Suprime-Cam y-band
and WFC3 F140W images of GN-108036 are shown in
Figure [l Photometry in the HST image measures a to-
tal magnitude of 25.17 + 0.07 mag. GN-108036 was also
observed in the Subaru MOIRCS JHK survey of the

GOODS-N field (Kajisawa et all 2011). The galaxy is

not significantly detect in any of these MOIRCS bands,
with 50 photometric upper limits of 24.9 (J), 24.4 (H),
and 24.6 (K'), marginally consistent with the WFC3 pho-
tometry.

The WFC3 F140W magnitude of GN-108036, m =
25.17, translates to a rest-frame 1700A luminosity
Mi700 = —21.81 at z = 7.213. There have been many
recent estimates of the UV luminosity function at z =7
(e.g.,|Ouchi et all[2009; |Oesch et all2010; McLure et all
I2Ql£] |Grazian et all l2£)j__1|) These have consistently
found values of the characteristic luminosity M* in the
range —19.9 to —20.3. GN-108036 is therefore an impres-
sively luminous galaxy, with Lyy ~ 4 to 6L*; indeed, it
is roughly twice as bright as an Lj, LBG at z = 2 to
3 (My ~ —21.0, Reddy et all 2008). The exponential
cut-off of a Schechter luminosity function would imply
that galaxies this luminous would be rare indeed. For
example, the best-fit Schechter parameterization of the
z = 7 luminosity function from Bouwens et all (2011D)
yields a space density 2.7 x 1077 Mpc~—? for galaxies with
Myyv < —21.81. For a redshift interval Az =1 at z =7,
we would expect to find only 0.1 galaxies this luminous
within the 160 arcmin? GOODS-N ACS/WFC3/IRAC
field, or about 1 galaxy over the 1568 arcmin? covered
by our Suprime-Cam survey in the combined SDF and
GOODS-N fields. In fact, the redshift selection function
for z-dropouts in our z—y survey is significantly narrower
than Az = 1 (see [Ouchi et all 2009), making the large
UV luminosity of GN-108036 still more remarkable. It is
impossible to judge based on a posteriori statistics from
a single object, but either we were quite lucky to find
and spectroscopically confirm such a bright galaxy, or
perhaps the bright end of the UV luminosity function at
z = T has been underestimated in studies to date. In fact,
the observational constraints on the bright end of the lu-
minosity function come from just a few ground-based sur-
veys, including our own (Ouchi et all[2009) and that of

llan 1 @ME) Evidently more deep imag-
ing and spectroscopic studies over wider fields are needed
to provide better measurements. The y-band itself be-
comes an unreliable indicator of luminosity for galaxies
at z > 7 without exact measurements of the galaxy red-
shift and Ly« line flux, so deep near-infrared data at
longer wavelengths (such as that from HST WFC3) will
be essential for a robust determination of the luminosity
function.

GN-108036 also falls within the field covered by the
extremely deep IRAC imaging from the GOODS Spitzer
Legacy program (PI: M. Dickinson). As was noted in
Ouchi et al! (2009), the galaxy is faintly detected in the
IRAC 3.6pum and 4.5um images, which roughly sample
the rest-frame B and V band light at z = 7.2, although
it is partially blended with a foreground galaxy located
1” to the east (Figure B). In order to extract reliable
IRAC fluxes, we measure the positions of the two galax-
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ies in the WFC3 F140W image, and then position unit-
normalized IRAC PSF images at these locations in the
background-subtracted 3.6um and 4.5pum images. We
then fit these PSF templates to the IRAC data, minimiz-
ing x? to derive the best-fitting fluxes and their uncer-
tainties. The middle panels in Figure [f] show the best-fit
model and the right panels are the residual images. In
this way, we obtain the total magnitudes of GN-108036
of m3eum = 25.44 £ 0.13 and my45,m = 24.86 = 0.13,
respectively.

We fit models to the photometry of GN-108036 to in-
fer its stellar population properties. The procedure is the
same as that of (2010), except that redshift is
fixed at z = 7.213. We use the stellar population synthe-
sis model GALAXEV [2003) for the
stellar component of the SEDs, and consider two extreme
cases for nebular emission: ;gg = 0, where ionizing pho-

tons are all converted into nebular emission (the ‘stellar
on

+ nebular’ case), and fi" = 1, where all ionizing photons
escape from the galaxy (the ‘pure stellar’ case). Nebu-
lar spectra (lines and continua) are calculated following
the procedure given inSchaerer & de Barrod (lZ_QO_E]) We
adopt the Salpeter initial mass function (IMF;

ﬁ) a constant rate of star formation, and stellar and
gas metallicities Z = 0.2Z,. For dust attenuation, we
use the functional form of |Calzetti et all (2000) with the
assumption that E(B —V)gas = E(B — V)4, as proposed
by [Erb et all ). The model SEDs are fit to the
observed flux densities in the WFC3 F140W and IRAC
3.6pm and 4.5pm bands, and its MOIRCS JH K magni-
tudes. We do not use the y-band photometry since it is
strongly affected by IGM attenuation and Lya emission.
The free parameters in the fitting are stellar mass, age,
and dust extinction, with three degrees of freedom.

The results of SED fitting are summarized in Table [4]
and the best-fitting SEDs are shown in Figure The
best-fit models have small stellar masses, 4 x 108M to
3 x 109Mg, very young ages, 4 to 32 Myr and modest
color excesses E(B — V), = 0.02 to 0. lﬂ Deeper K-
band photometry would be needed to reliably constrain
the amplitude of the Balmer break, but the blue rest-
frame UV-to-optical color mpisow — M3.6um = —0.27
suggests that the break is small and that the light from
the galaxy is dominated by very young and relatively
unreddened stars.

If the flux in the IRAC bands has a significant contri-
bution from nebular emission, then the intrinsic stellar
SED would be even bluer than the directly measured
WFC3-to-IRAC color would suggest (see Figure[@ left).
There is evidence that this is the case. The very red
IRAC 3.6pm to 4.5um color is not easily reproduced by
stellar emission alone, but can be explained by a strong
contribution of nebular emission in the 4.5um bandpass.
At z = 7.2, the IRAC 3.6pum band is mostly free of
strong emission lines, but the IRAC 4.5um band includes
[O111]A4959 and A5007 (Hf is largely excluded). Several
recent studies have suggested that strong nebular emis-
sion lines can significantly affect IRAC photometry for
high redshift galaxies (e.g., [Schaerer & de Barrod 2009;
Wanzella et all 2010; Raiter et all 2010; [0Ono et all2010;

19 The uncertainties should be larger if star-formation history
and metallicity are varied, although we fix them due to the small
number of the data points.

[Shim et all 2011), and galaxies with extremely strong
O] (EWg > 1000A) have been identified at z < 1 (e.g.,
Kakazu et all[2007) and z =1 to 1.5

Here we see evidence for strong [O111] at z = 7.2; in the
best-fit stellar+nebular model, the [O111] lines contrlbute
~ 60% of the flux in the IRAC 4.5pm band.

Using the conversion from UV continuum luminosity
density to star formation rate from [Madau et all (1998)
for a Salpeter IMF, and assuming no extinction, the
1700A luminosity of GN-108036 implies a star forma-
tion rate (SFR) of 20M, yr~—!. However, the best-fitting
stellar population models give larger SFR ~ 100M, yr—!
(Table[]). In part this is due to extinction in the models,
and in part to the very young ages that are implied by
the SED-fitting. The standard conversion factors of UV
luminosity per unit SFR (e.g., from[Madau et alll1998; or
Kennicuttl [1998) assume star formation timescales > 103
years. At younger ages, the UV continuum is still build-
ing toward its steady-state value, and SFRs derived using
the standard conversion factors will be underestimated.
For comparison, the Lya line luminosity (1.5 x 1043 erg
s71) yields another estimate of SFR(Lya) = 13.6Mg
yr~!, again adopting a standard Salpeter IMF conversion
factor ) and assuming Case B recombina-
tion for the Ha/Ly« flux ratio. This SFR is significantly
smaller than either estimate from the continuum SED,
as expected since Ly« is subject to strong attenuation
from dust extinction and by the IGM.

Because the unusual IRAC color of GN-108036
strongly favors the results from the ‘stellar4+nebular’
model fitting, we conclude that the stellar mass of
this galaxy is most likely smaller than 10°Mg. This
value is not atypical compared to other published esti-
mates for galaxies at z ~ 7 (e.g., [Finkelstein et all[2010;
|Gonzalez et alll2011)). However, when combined with the
bright UV luminosity and the large derived star forma-
tion rate, it implies an extremely high specific star forma-
tion rate (SSFR) > 10~7 yr~!. This is at least 50 times
higher than the mean values that have been estimated
for samples of LBGs at 4 < z < 7 (Gonzalez et. alll2010),
and suggests that GN-108036 is seen at a special mo-
ment in its life cycle when it is undergoing a very strong
starburst, presumably with a short duration.

Although the IRAC color favors ‘stellar+nebular’ mod-
eling, the very young age derived may be in conflict with
a simple expectation that the duration of star forma-
tion cannot be shorter than the dynamical time of the
system, since it will take around the dynamical time to
have the gas of the system collapse to form stars. GN-
108036 has an FWHM of 0.30” in the F140W image
and a Lya line width of 4.4 x 10?2 km s~!. Dividing
the former by the latter gives a rough estimate of the
dynamical time of ~ 4 Myr, which is marginally con-
sistent with the age from SED fitting. Although this
possible problem is not directly related to the discussion
and conclusions of this paper, similar conflicts between
stellar age and dynamical time are found in other papers
(e.g.,Schaerer & de Barrod2009, 2010; IOno et _alll2010),
highlighting the need for further research.

Assuming a flat f, UV spectral slope, we derive an
equivalent width for Ly EW;Y* = 33A. Another galaxy
from our sample, SDF-63544, was also observed with
HST/WFC3 in the F125W, F140N, and F160W band-
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mock line mock line
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Fic. 7.— Examples of mock spectra made by artificially adding a mock emission line to the two-dimensional spectrum of GN-152505.

The mock emission line has Ly« equivalent width of 50A and continuum magnitude of 25.57. The left panel shows a spectrum whose mock
line is found at ~ 9660A, while a mock line (=~ 9380A) is not recovered in the right spectrum due to the residuals of severe OH lines around

the artificial line.

passes (Cai et all 2011, Egami et al. in preparation).
A fit to this photometry yields a UV continuum slope
frox AT246 ﬁ), and a continuum flux mag-
nitude of 25.5+0.1 at 9683A,, the wavelength of Lya, con-
sistent with our estimate from the y-band photometry in
Section

4.5. Lya Fraction

In order to infer the ionizing state of the IGM, we study

the evolution of the Ly« fraction by measuring its value
at z ~ 7 and comparing it with previous measurements at
4 < z < 6. For 4 < z < 6 dropout galaxies,
(2011)) divided their sample into two UV luminosity bins,
—21.75 < Myy < —20.25 and —20.25 < Myy < —18.75,
and estimated their Ly« fractions. Since the UV absolute
magnitudes of our z-dropouts are in the brighter range,
in the following analysis for our sample we focus only on
the Ly« fraction of dropout galaxies at —21.75 < Myy <
—20.25.

We define the Lya fraction as the ratio of the number
of z-dropout galaxies with strong Ly« emission measured
from their spectra to the total number of spectroscopi-
cally observed z-dropouts,

M = Sl o 1)

where a “is 1 if any i-th galaxy has a Lya EW larger
than a cr1tlcal EW (EW,) and 0 otherwise. p; is the prob-
ability that the Lya wavelength of the i-th z-dropout
candidate is within the observable wavelength range -

e., the range not contaminated by OH airglow lines,
and is given by p; = [ Ci(z)dz/ [ C(z)dz, where C(z) is
the probability distribution for z-dropouts as a function
of redshift and C!(z) is the effective redshift probability
distribution function of z-dropout candidates when cor-
rected for OH emission. Such a statistical analysis of the
p; parameter is needed since, at the wavelength range
~ 9000 — 10100 A, where we expect to detect their Ly«
line, our z ~ 7 candidates may not always satisfy the
EW., criterion (i.e., p; = 1), as the atmospheric OH air-
glow lines will significantly affect the spectrum in that
wavelength range.

In order to compute C’(z), we perform Monte Carlo
simulations by generating mock Lya emission lines with
EW, = 50A or 100A and y-band magnitudes of 25.24
and 25.57 mag. These magnitudes correspond to the
central values of two bins into which the y-band total
magnitudes of our z-dropouts are divided in order of
their brightness. We add the mock Ly« lines to an ob-
served two-dimensional spectrum, following the redshlft
distribution, C'(z) (Figure 6 in [Ouchi et all 2009).

then 1nspect the mock two-dimensional spectrum search—

ing for a Lya feature. Figure [ shows examples of two-
dimensional spectra apparently with and without Ly«
detected (left and right plots, respectively). We perform
a number of trials and evaluate the recovery rate of mock
Ly« lines. The C’(z) is then estimated by computing
the weighted mean of Lya EWs, assuming this to be
a Gaussian function (Ouchi et all 2008). We find that
over 90% of the mock Ly lines are successfully recov-
ered in our extremely deep spectra (i.e., Ci(z) ~ C(z)).
Therefore, we choose not to correct for this effect in the
following analysis. When computing the Lya emission
fraction, Xfyx above a certain equivalent width thresh-
old EW,, we divide the number of galaxies with detected
EW(Ly«a) >EW.. by the number of galaxies for which the
3o upper limits to the EW detectability are smaller than
EW. (i.e., those galaxies for which Ly« lines stronger
than EW, could have been detected).

From the sample of 11 z-dropout galaxies with spec-
troscopic data studied here, we detect Ly« emission lines
for 3 sources, all with Lyae EWs larger than 25A. How-
ever, we do not include GN-108036 at z = 7.2, since it
is brighter than —21.75 in the rest-frame UV. We find
4 objects with Lyae EW limits larger than this, giving a
Ly« fraction, Xﬁga = 334+ 27% (2/6). If we set the

EW, = 55A, the 2 objects with Lya detection have

smaller EW(I;YO‘ than the criterion. The Lya EW upper
limits of 8 z-dropout candidates without Lya detection
are lower than the EW,.. We thus obtain an upper limit
of Lya fraction: X77, < 10% (0/10).

5. DISCUSSION: IMPLICATIONS FOR REIONIZATION

Since neutral hydrogen in the IGM resonantly scat-
ters Lya photons, the transmission of Lya photons is
sensitive to the ionization state of the IGM. Thus, the
fraction of Lya-emitting LBGs can be used as a di-
agnostic for the ionization state of the IGM. In Sec-
tion 3 we estimated the Lya fraction of bright z-
dropout galaxies to be Xﬁi’,a = 33 £27% (2/6), and

XE?,Q < 10% (0/10). In order to study evolution of the
Lya fraction to z ~ 7, we compare our estimates for
the bright (—21.75 < Myy < —20.25, or Myy ~ —21)
z-dropout galaxies with those at z ~ (4, 5, 6), X5, =
(12£3%, 24+5%, 20+8%) and X{5, = (5.5 % 1.8%,
7.242.8%, 7.5+5.0%) and their extrapolations to z ~ 7,
X£), = 33+ 10% and X77, = 9 + 6%, which are de-
rived on the assumption of a linear relationship between
Lya fraction and redshift 2011)). For faint
(—20.25 < MUV < —18.75, or Myy ~ —19.5) galaxies
at z ~ (4, ) Stark et all (2011) obtained their Ly

fractions of XLya (35+5%, 48+9%, 54+11%) and
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TABLE 5
PROPERTIES OF z-DROPOUTS SPECTROSCOPICALLY OBSERVED IN THE PREVIOUS STUDIES
Object Redshift?  meont? Myv© flye d EWLya comments
[mag]  [mag] [ergs™' cm™?] [A]
Fontana et al. (2010)
G2.1408 6.972 26.37  —20.49 34x10 % 13 S/N(Lya) = 7, Castellano et al. (2010a), Yopen Hawk-I
G2_.2370 6.8 25.56 —21.27 <25x10°18 < 4.8 Castellano et al. (2010a), Yopen Hawk-I
G2_.4034 6.8 26.35 —20.50 < 2.5x10°18 < 9.7 Castellano et al. (2010a), Yopen Hawk-I
G2.6173 6.8 26.53 —20.33 < 2.5x 10718 <11 Castellano et al. (2010a), Yoprn Hawk-I
H_9136 6.8 25.90 —20.94 <25x10°18 < 6.4 Hickey et al. (2010), Yopen Hawk-I
W_6 6.8 26.93 —20.38 <25x10718 <11 Wilkins et al. (2010), Yp9s WFC3-ERS
0.5 6.8 2752 —19.67 < 2.5x 10718 <21 Oesch et al. (2010), Y105 WFC3-HUDF
Vanzella et al. (2011)
BDF-521 7.008 25.86 —20.63 1.62 x 1017 64 S/N(Lya) =18
BDF-3299 7.109 26.15 —20.56  1.21 x 10717 50 S/N(Lya) = 16
Schenker et al. (2011)
ERS5847 6.487 26.6 —20.22 — — —
ERS7376 6.791 27.0 —19.89 — — —
ERS7412 6.387 27.0 —19.79 — — —
ERS8119 6.781 27.1 —19.79 — — —
ERS8290 6.521 27.1 —19.73 — — with a close neighbor
ERS8496 6.441 27.3  —19.51 9.1 x 10718 65 S/N(Lya) > 5
ERS10270 7.021 27.4 —19.54 — — —
ERS10373 6.441 274 —19.41 — — —
A1703_zD1 6.757 24.1 —20.39 — — Magnification factor pu = 9.0%
A1703_zD3 6.891 25.5 —19.25 — — Magnification factor pu = 7.3%
A1703_zD6 7.045 25.8 —19.36 2.8 x 10717 65 Magnification factor p = 5.2%, S/N(Lya) > 5
A1703_zD7 8.801 26.8 —18.74 — — Magnification factor u = 5.0
A2261_1 7.81% 26.9 —18.85 — — Magnification factor p = 3.5
BoRG_4 8.271 25.8 —21.39 — — —
EGS_K1 8.27t 253  —21.89 — — —
HUDF09-799 6.881 27.7 —19.21 — — —
HUDF09_1584 7.7t 26.7 —20.27 — — —
HUDF09-1596 6.905 26.8 —20.12 — 30 —
MS0451-03_10 7.501 26.7 —16.10 — — Magnification factor pu = 50
Pentericci et al. (2011)
NTTDF-474 6.623 26.50 —20.35 3.2x 1018 16 S/N(Lya) =17
NTTDF-1479 6.8 26.12  —20.77 — —* —
NTTDF-1632 6.8 26.44  —20.45 — —* —
NTTDF-1917 — 26.32 — — —* likely an interloper
NTTDF-2916 6.8 26.64  —20.25 — —* —
NTTDF-6345 6.701 25.46  —21.41  7.2x107!'8 15 S/N(Lya) = 11
NTTDF-6543 6.8 25.75 —21.14 — —* —
BDF4-2687 6.8 26.15  —20.74 — —* —
BDF4-2883 6.8 26.15  —20.74 — —* —
BDF4-5583 6.8 26.65  —20.24 — —* —
BDF4-5665 6.8 26.64  —20.25 — —* —
NOTE. — The upper limits of Lya flux and equivalent width are 50.

2 The redshift of objects without spec-z is set at 6.8.

b For the objects of [Fontana ot all (2010), [Vanzella et all (2011), and [Pentericci et all (2011), Y-band magnitudes are taken from their
Table 1, respectively. For the objects of [Schenker et al! (2{!1 1), J125 magnitudes are taken from their Table 1.

c ObJects from [Fontana et all (2010) are taken from their Table 1. For the objects of [Vanzella et all (2011), it is calculated from the Y-
band magnitude corrected for Lya contribution and IGM attenuation, Yeont. For the objects of (2011) and [Pentericci et all
(2011), it is calculated from the continuum magnitude mcont and redshift. The magnification factors are considered for the [Schenker et all
(2011) objects.

d For the objects of [Fontana et all (2010), the upper limit is estimated from the 1o limiting flux at 9485A, corresponding to z ~ 6.8 Lya,
around which the redshift distribution of their z-dropouts peaks (Figure 1 in[Castellano et all 20104).

T The photometric redshift estimated by [Schenker et all (2011) or [McLure et all (2011).

¥ These are estimated by (2011).
* The EW detection limits are well below EW= 25A (Pentericci et all 2011).




Demographics of Lyman-Alpha Emission in z ~ 7 Galaxies 11

:I UL I rrri I rrri I rrri I UL I: LILILIL I rrri I rrri I rrri I rrri
- —21.75<M< -20.25 = 30k —21.75<My< —20.25 .
60 | EWWe>254 T - EWg*>55A -
- @ this study+F10+V11+P11+Scl1 . B T
— — M this study N — — _ .
e [0 F10+Selt 1 p° B -
e 40 . §V11+Pll » T 20 [ ]
= S11 - - B n
8><§ :_ /\ DO7+S07 | _: gx—% : T :
20 B i N ] 10~ 5 ]
- . . % A i
- ¢ 1 = R ]
O-_I'IIIIIIIIIIIIIIIIIIIIII'I: O_IIIIIIIIIIIII_I_IIII“I IIII—

W

4 5) 6 7 4 5) 6 7 8
Redshift Redshift

(o<}
W

=L I rrri I rrri I rrri I LI _I LILIL I rrri I rrri I rrri I LILIL I_

- —20.25<M,<—18.75 . - —20.25<M,<—18.75 .

80 | EWy*>254 — 40 | EWg*>554 7

[ @ F10+P11+Sell i u N

O S 1% E E
[ &1 i E E

8% 40 185 20F Tl =
< B ? 71 < C N
O -—r 111 I | | I | | I | | I 111 1: O -_I 111 I | | I | | I | | I 111 I__

3 4 5) 6 7 8 4 5) 6 7
Redshift Redshift

Fic. 8.— Evolution in the fraction of strong LAEs in LBGs with —21.75 < Myy < —20.25 (top panels) and —20.25 < Myy < —18.75
(bottom panels) over 4 < z < 7. The left panels show the fraction of galaxies with EW larger than 25A, while the right panels show the
fraction of those with EW larger than 55A. The filled square is our results, the open square is the results of [Fontana et all (2010) and
Schenker et all (2011), the cross is from [Vanzella et all (2011) and [Pentericci et all (2011), and the filled circle is the composite results.
The filled diamonds are the results of [Stark et all (2011), and open triangle is the composite result of [Dow-Hygelund et all (2007) and
Stanway et all (2007). The filled square, open square, cross, and open triangle are shifted in redshift for clarity. The shaded area is derived
by extrapolating the trend seen in lower redshifts to z ~ 7 (Stark et all 2011).
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TABLE 6
SUMMARY OF THE SAMPLES

EW{Y® > 254 EW(Y* > 55A
—21.75 < Myy < —20.25

This Study 2/67 0/10
Fontana et al. (2010) 0/6 0/6
Vanzella et al. (2011) 2/2 1/2
Schenker et al. (2011) 0/2 0/2
Pentericci et al. (2011) 0/7 0/7

—20.25 < Myy < —18.75
Fontana et al. (2010) 0/1 0/1
Schenker et al. (2011) 3/12 2/12
Pentericci et al. (2011) 0/3 0/3

NOTE. — For the sample of [Schenker et all (2011), ob-
jects at 6.3 < z < 7.3 are considered.

T In our sample, four objects have Lyaw EW limits larger
than 25A.

1.00

1 1 1 1 1 1 1 1 1 1
v, .=200km s!
=25km s}

wind

wmd

I/IIIIIII 1

0.01

Fic. 9.— Cumulative distribution function (CDF) of rest-frame
Lya EW for z ~ 7 galaxies. The filled circles are the composite
results. The solid lines show the z = 7 CDF for the wind model
of [Dijkstra et all 2011) with column density Ngr = 1020 cm™2,
wind velocity vying = 200 km s~', and neutral hydrogen fraction
zyy of 0.13, 0.41, 0.60, 0.80, 0.91 from top to bottom. The dashed
lines are the same as the solid lines, except that vying = 25 km

S

55
XLya

(22+4%, 22+7%, 27+8%) and their extrapo-
lations to z ~ 7, X25 = 674+10% and X?2 = 27+13%.

Ly« Ly«
For an independent check on the values from

Stark et all (2011), we refer to [Dow-Hygelund et all
(2007) and [Stanway et all (2007), who presented the re-

sults of spectroscopy for i-dropout galaxies at z ~ 6.
Dow-Hygelund et all (2007) reported a total of 12 LBGs
with bright UV continuum (—21.75 < Myy < —20.257.
Three (one) of these galaxies are found to have Lya
EWs larger than 25A (55A). In an independent study,
Stanway et all (2007) found one such bright galaxy (ID
1042) with Lya EW of 23A. Combining these results,
we estimate a Lya fraction of X253 = 23 +15% (3/13)

Lya

20 BD 00, BD 03, BD 27, BD 44, BD 46, BD 58, BD 66, GOODS
i6 0, UDF PFs i0, UDF PFs i4, UDF PFs IDROP1, UDF PFsl i9
(Table 4 of [Dow-H t_all[2007).

and X770, = 8 +8% (1/13) at z ~ 6, consistent with

Stark et all (2011)). Since they would not change so much
the extrapolations derived by [Stark et all (2011)) due to
the large statistical uncertainties of the combined results,
we do not calculate extrapolations using the combined
results as well as the results of [Stark et all (2011)).
[Fontana et all (2010) reported spectroscopic observa-
tion of seven z-dropout galaxies, with six having bright
UV continua (—21.75 < Myy < —20.25), and the other
one having faint UV continuum (—20.25 < Myy <
—18.75). One of their galaxies shows Lya emission with
EW, = 13A. Furthermore, Vanzella et all (2011) per-
formed spectroscopic observations of two z-dropout can-
didates. Both of them have Myy < —20.25 and the
two galaxies show Lya emission with EWs of 64A and
50A. [Schenker et all (2011) showed the results of spec-
troscopic observations of 19 galaxy candidates at 6.3 <
z < 8.8 selected by their photometric redshift technique
(McLure et all 2011). They reported three Lya detec-
tions with EWs of 65A, 65A, and 30A. [Pentericci et all
) presented the results of their spectroscopy for 11
z-dropout candidates, among which one galaxy is consid-
ered to be an interloper because of its multiple line de-
tection. Seven galaxies have bright UV continua, while
the remaining three galaxies are faint. Although two of
the 10 candidates show Lya detection, their Lya EWs
are lower than 25A. Note that Lyar EW detection lim-
its for the objects of Egm;emgg] et all (2011)) is well be-

low EWg¥® = 25A. Table [{l summarizes the spectro-
scopic results of z-dropout galaxies by
(2010), Vanzella et all (2011), [Schenker et all (2011),
and [Pentericci et all (2011). [Schenker et all (2011) esti-
mated the Ly« fraction based on their results and the
results of [Fontana et all (2010), correcting the effects
of instrumentally-limited Ly« visibilities in wavelength
and strong OH airglow lines. They obtained X, =

8.6%53% for UV-bright galaxies and X725, = 24 4 14%

for UV-faint galaxies. We estimate the Lya fraction
of z-dropout galaxies from [Vanzella et all (2011) and
Pentericci et all (2011) to be X5 = 22718% (2/9) and
X35, = 11711% (1/9) for UV-bright galaxies at z ~ 7.
For UV-faint galaxies, the upper limit of the Ly« fraction
is X£0, < 33% (0/3) and X77,, < 33% (0/3). Comparing
estimates of the Ly« fraction for z ~ 7 galaxies here, we
find a spread due to small number statistics and possible
field-to-field variation. Therefore, to minimize the Pois-
son noise and cosmic variance, we combine estimates of
Lya fraction from these independent studies. Combining
these estimates assumes that the field-to-field variation
is due to cosmic variance, and is not indicative of patchy
reionization.
We now combine our results for z ~ 7 galaxies here
with those from [Fontana et all (2010), Vanzella et all
), Pentericcictall (2011), and [Schenker of all
), to measure the Lya fraction using the spectra
of z-dropout galaxies obtained by three different groups.
For the objects of [Schenker et all (2011)), we use 14 ob-
jects whose redshifts are in the range of 6.3 < z < 7.3,
and take into account their correction factors for Ly« vis-
ibilities. Using the combined data, we calculate number-
weighted mean Lya fractions: X72 = 1775°% and
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nga 4 + 4% for UV-bright galaxies, and XLya =

24+ 12% and X773, = 16 + 9% for UV-faint galaxies. In
Figure [ we present the evolution of Ly« fraction with
redshift for LBGs over the range 4 < z < 7. We also
show, as shaded area, an extrapolation of lower-z Ly«
fraction to z ~ 7, which is derived by [Stark et all (2011]).
We find that the Lya fractions Xf?,a drop from z ~ 6
to 7 based on the combined results. These findings are

similar to those reported by [Schenker et all (2011) and
[Pentericci et_all (2011]).

Stark et all (2010) reported that Ly« fraction increases
with redshift over 3 < z < 6 at fixed luminosity, and the
trend is likely governed by redshift-dependent variations
in dust obscuration, with additional contributions from
kinematics and covering fraction of neutral hydrogen. In
contrast to this increasing tendency of Ly« fraction from
z ~ 3 to 6, we have found a significant drop of Ly«
fraction from z ~ 6 to 7. This significant drop would
suggest that Lya emission lines from z ~ 7 galaxies are
scattered by the IGM whose neutral hydrogen fraction is
higher than that at z ~ 6. We would witness the increase
of neutral hydrogen fraction toward z ~ 7 in the cosmic
reionization history.

In Figure B, we find that XLW drops more strongly

in the faint (Myy ~ —19.5) galaxies than in the bright
(Myy ~ —21) galaxies; X£9,(z = 7; obs)/ X{5 (2 =
7;exp) = 0.36 + 0.18, and 0.53 4 0.33, respectively,

where X5 (2 = 7;obs) is the observed Lya frac-
tion at z = 7, and Xﬁga(z = T;exp) is the ex-
pected Lya fraction at z = 7 derived by extrapolat-
ing the trend seen in lower redshifts to z ~ 7. This
magnitude dependence of X7, evolution could be ex-
plained by different halo masses of galaxies and the
surrounding IGM. Given that the clustering strength
of dropout galaxies increases with their UV luminos-
ity (e.g.,|Giavalisco & Dickinson [2001); [Ouchi et all[2004;
|[Adelberger et all [2005; [Lee et all [2006), our results im-
ply that the ionizing state of the IGM around galaxies
hosted by less-massive dark matter halos changes later
than that around galaxies hosted by massive dark mat-
ter halos. This would suggest that reionization proceeds
from high- to low-density environments (inside- out; e.g.,

ples at different redshifts have similarly low contami-
nation fractions from interlopers. We should, however,
keep in mind that this assumption has not yet been jus-
tified well, although for the z = 4 — 6 UV-faint sam-
ples, [Stark et all (2010) estimated the contamination
rate to be only 2 — 5 percent (c.f., [Stanway et all [2008;
Douglas et alll2009). Another possible source of system-
atic errors in our Ly fraction analysis is inhomogeneities
among the dropout samples in the spectroscopic detec-
tion limit and in the quality of the photometry used to
estimate UV continua, both of which are difficult to fully
take into account in our analysis. To reduce such inhomo-
geneities, desirable is a systematic spectroscopic survey
over an entire redshift range combined with deep pho-
tometry redward of Lya wavelength.

6. CONCLUSIONS

In this paper, we have presented Keck/DEIMOS spec-
troscopic observations of 11 z-dropout galaxies found in
the SDF and GOODS-N fields. An emission line has been
detected at 9500 —10000A in the spectra of three objects,
one of which is the previously reported Lya emitter IOK-
1 at z = 6.96. Since all the detected lines are singlet with
a large positive weighted skewness, we have concluded
that the three objects are Lya-emitting z-dropout galax-
ies at zspee = 7.213, 6.965, and 6.844. Their Lya fluxes
and rest-frame Lya EWs are 2.5 x 1077 erg s7! cm ™2
and 33A, 2.8 x 10717 erg s~ cm~2 and 434, 2.7 x 10717
erg s~ em~2 and 43A, respectively. It should be noted
that the z = 7.213 galaxy was confirmed by observations
in two independent DEIMOS runs in 2010 and 2011 with
three different spectroscopic configurations. This galaxy
is detected in HST/WFC3 F140W imaging as well as in
Spitzer/IRAC 3.6 and 4.5 pum imaging. Stellar popula-
tion modeling indicates that this galaxy has a very young
age, a stellar mass < 10° M, and a high star formation
rate of 30 — 100My yr—', with strong nebular emission
contributing to the fluxes in the IRAC bands.

We then have measured the fraction of Lya-emitting
galaxies at z ~ 7. To reduce statistical uncertain-
ties and possible effects of field-to-field variance, we
have combined our results with previous z-dropout spec-

troscopic studies (Fontana et all 2010; [Vanzella et a J

\Ciardi & Madau 12003; [Sokasian et all 2002;

2006, c.f., IEinlai,Qrﬁjl.I [2009) rather than from low-
to high-density regions (outside-in; e.g., [Gnedin 2000;
Miralda-Escudé et all 2000).

We compare our composite results with those of model
predictions derived by [Dijkstra et all (2011)), which
quantify the probability distribution function (PDF) of
the fraction of Lya photons transmitted through the
IGM, by combining galactic outflow models with large-
scale seminumeric simulations of reionization. They as-
sume that the IGM at z = 6 was fully transparent to
Lya photons, and that the observed PDF for EW(%y
z = 7 is different only because of evolution of the ioniza-
tion state of the IGM. Figure [0 compares their models
with our composite results. Our results can be explained
by an evolution of the neutral hydrogen fraction zy; be-
tween z = 6 and 7; xyr is roughly 0.6—0.9 at z ~ 7, which
is similar to those reported by [Schenker et all (2011)) and
Pentericci et all (2011)).

The above discussion assumes that the dropout sam-

2011)) including very recent ones (Schenker et all [201
[Pentericci et all lZ_O_lJJ) We have obtained the z ~ 7

Lya fraction of X£7, = 17+ 10%, and X77, = 4 + 4%

for UV-bright galaxies (—21.75 < Myy < —20.25, or
Myy ~ —21), and X7, = 24+12%, and X7) , = 16+9%
for UV-faint galaxies (—20.25 < Myy < —18.75, or
Myy ~ —19.5). These low values indicate that the frac-
tion of Lya-emitting galaxies drops from z ~ 6 to 7, in
contrast to the reported increasing trend from z ~ 4 to
6. We have also found that Xﬁ?,a drops more strongly
in UV-faint galaxies than in UV-bright galaxies. These
findings would suggest that the neutral fraction of the
IGM significantly increases from z ~ 6 to 7, and that
the increase is stronger around galaxies with fainter UV
luminosities, which is consistent with inside-out reion-
ization models where reionization proceeds from high- to
low-density environments.
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