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1. Introduction

During the epoch of reionization, intergalactic
hydrogen throughout the universe underwent a phase
transition from neutral to ionized. One of the most
important goals of observational cosmology is to de-
termine how and when cosmic reionization occurred.
Recent observations have provided us with several im-
portant clues about the history of reionization: the
presence of a complete Gunn-Peterson trough in the
spectra of several high-redshift QSOs (Becker et al.
2001, Fan et al. 2002) indicates that reionization
was just �nishing at z � 6 - 6.5, while the detection
of a large electron scattering optical depth with the
WMAP satellite suggests that a signi�cant amount
of hydrogen was already ionized by z� 10-20 (Kogut
et al. 2003, Spergel et al. 2003).

The sources responsible for reionization are not
known, but there are some clues: neither the bright
z� 6 QSOs discovered by Fan et al. (2001) nor the
faint AGN detected in X-ray observations (Barger et
al. 2003) produce enough photons to reionize the
universe. The discovery of faint star forming galaxies
at z�> 6.5 (Kneib et al. 2004, Hu et al. 2002, Ko-
daira et al. 2003) has resulted in speculation that
early galaxies are the dominant producers of ioniz-
ing photons during the epoch of reionization. Given
the recent results suggesting that there are too few
star-forming galaxies at z� 6 to reionize the universe
(Bunker et al. 2004), it appears that veri�cation of
this hypothesis will require knowledge of the abun-
dance and properties of blue galaxies at z� 7. While
this is a very challenging task with currently avail-
able observational facilities, signi�cant progress can
still be made by searching for magni�ed high red-
shift galaxies found along the \critical lines" of fore-
ground lensing galaxy clusters. With Richard Ellis
and collaborators I have started two projects using
this method.

1. Using Spitzer and HST observations of a

strongly lensed z� 7 galaxy, we have derived esti-
mates of key physical properties of the object (e.g.
mass, star formation rate, age) by �tting the observed
spectral energy distribution with population synthe-
sis models. This November, we will obtain HST grism
observations of the object, which will hopefully reveal
the nature of Ly� emission in the galaxy and detail
the UV continuum slope.

2. We have undertaken a NIRSPEC survey for
Ly� emission from strongly lensed galaxies at 8< z
< 10 using NIRSPEC. This survey will provide the
�rst systematic constraints on galaxies at z> 8.

2. Physical Properties of a Strongly Lensed
z� 7 Galaxy in A2218

In Egami et al. (2004), we report the detec-
tion of a z� 7 galaxy at 3.6 � m and 4.5 � m with
the Spitzer Space Telescope and at 1.1� m using the
Hubble Space Telescope (HST). This source was orig-
inally reported in Kneib et al. (2004) with detections
in the F814W, F850LP, F160W �lters of HST. The
galaxy is strongly lensed by the cluster A2218, with
three images of the object apparent in the HST ob-
servations.

With the new photometric data, we �t the spec-
tral energy distribution (SED) of component b of
the lensed system. My primary contribution to the
paper was to compare the SED of the z� 7 system
with those simulated with Starburst99 (Leitherer et
al. 1999). We ran a grid of models encompassing
a range of parameter space including redshift, age,
star formation rate, metallicity, IMF, and star for-
mation history. The best-�t SED was obtained for
each model by varying age and redshift and min-
imizing � 2. Results from Starburst 99 were cross-
checked with model spectra produced by GALEXEV
(Bruzual & Charlot 2004), an additional population
synthesis code.

In Figure 1, the best-�tting SED models from
GALEXEV and Starburst99 are presented for vari-
ous star-formation histories. Regardless of parame-
ter choice, the models indicate a redshift of 6.6-6.8,
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depending on whether or not Ly� is present. The
models indicate that the galaxy is in a poststarburst
stage, e.g. the galaxy age is larger than the e-folding
time of the star-formation rate. A likely age of 100-
200 Myr would place a redshift of formation for the
galaxy at z � 8 implying that the galaxy has been
producing a substantial amount of Ly� photons over
the epoch where reionization is �nishing. The stellar
mass is well-constrained to M� 0.5{1� 109, roughly an
order of magnitude less than those of Lyman-break
galaxies at z� 3-4 (Papovich, Dickinson,& Ferguson
2001, Shapley et al. 2001); however, the speci�c star
formation rate (SFR/M star ) is comparable to that of
LBGs ( �> 10� 9 yr � 1) and was likely higher at earlier
times, given the galaxy's age.

3. Spectroscopic Survey for Lyman-alpha
emitters at 8 < z < 10.

We have recently begun a survey for strongly
lensed Lyman-alpha emitters toward the end of the
epoch of reionization. Using NIRSPEC in the J-band
(sensitive to Ly� emitters at 8.5< z< 10.2), we plan to
scan the critical lines of � 12 clusters over a period of
two years. With a magni�cation of M > 10 through-
out and M> 30 over half of the survey area, we ex-
pect to have covered�> 70 arcsec2 to a limiting star
formation rate of 0.03 M� yr � 1 upon completion of
the survey. For galaxies to produce enough photons
to reionize the universe between 7< z< 10, they must
have a number density in excess of n� 100 arcmin� 2

(Stiavelli et al. 2003). If a galaxy populations exists
with this density, our survey should detect a hand-
ful of Ly � emitters. In early August, we obtained
our �rst two nights of data. Eight slit positions were
obtained along the critical lines of A2390, A68, and
A2219. In Figure 2, the survey area along the criti-
cal lines of A2390 is displayed; note that the critical
line is nearly straight over our survey area, resulting
in high magni�catins over the entire slit. Spectra as-
sociated with the three slit positions toward A2390
have been reduced using IDL routines following the
prescription described in Kelson et al.(2003). The
guide camera (SCAM) images were used to register
the relative positions of the spectra. Final combined

spectra were produced by averaging the individual
frames at a given slit position. A �nal stacked spec-
trum from one of our slit positions is displayed in Fig-
ure 2, and the limiting 
ux of the spectrum is plotted
as a function of wavelength in Figure 3. We de�ne
the limiting 
ux as the level that exceeds �ve times
the rms 
uctuations in an aperture matching the size
of an expected emission line. While no objects are
present in any of the �rst three slit positions, we ap-
pear to be reaching reasonably deep 
ux limits. Our
average limiting 
ux (f � � 3� 10� 18 ergs cm� 2 s� 1 is
comparable to the integrated 
ux of the Ly � emis-
sion line of the z � 10 galaxy reported by Pello et
al.(2004).

4. Future Work

In November, We will obtain deep grism observa-
tions of the z� 7 galaxy with the Hubble Space Tele-
scope. These observations will con�rm the redshift
and measure the galaxy's UV continuum slope, pro-
viding important insight into the initial mass func-
tion, dust content and metallicity of the object.

In the next month, I will continue to re�ne the
reduction pipeline for our NIRSPEC spectroscopic
survey for z> 8 Ly� emitters and will subsequently
complete the reduction and analysis of all eleven slit
positions. We have two more nights on Keck in Jan-
uary and will apply for more time for next semester.

I have also recently started a project with
Graham Smith to measure the clustering of red J-K
selected galaxies at z� 3 (e.g Franx et al. 2003,
Van Dokkum et al. 2003) on much larger scales
than previous measurements (Daddi et al. 2003)
in hopes of better characterizing this population
and contributing to our understanding of how and
when massive galaxies formed. My presentation will
include a more detailed discussion of the current
state of this project.
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Fig. 1.| Spectral energy distribution of z � 7 galaxy located behind A2218. The left panel is a Starburst99
�t to the observed SED of the z� 7 galaxy (t=165 Myr, z=6.8) , while the right panel contains � 2 minimized
�ts to the data using GALEXEV for a variety of star formation h istories. The transmission functions of each
�lter are plotted in blue above the SED in the Starburst99 plo t. Best-�t models from both codes suggest
the presence of an evolved stellar population.

Fig. 2.| HST image of Abell 2390, one of the clusters surveyedwith NIRSPEC for z > 8 Ly� emitters, with
critical line superimposed on image. The NIRSPEC slits positions are illustrated in red. Survey regions were
chosen to provide a magni�cation, M> 10 over the entire survey area and M> 30 over half of the area.
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Fig. 3.| Limiting Ly � 
ux as a function of wavelength for detection of a 5 � emission line in the A2390
spectra. The top axis is labeled with the redshift corresponding to the observation of Ly� at the wavelength
on the bottom axis. The typical limiting 
ux of 3 � 10� 18 erg cm� 2 s� 1 is equivalent to the integrated 
ux
of the Ly� emission line from the z� 10 galaxy reported in Pello et al. (2004).
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