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ABSTRACT

We discuss the physical nature of a remarkably faint pair ef-eynitting images discovered close to the giant
cD galaxy in the lensing cluster Abell 2218 £ 0.18 ) during a systematic survey for highly magnified star-
forming galaxies beyond = 5 . A well-constrained mass model suggests the pair arises via a gravitationally
lensed source viewed at high magnification. Keck spectroscopy confirms the lensing hypothesis and implies that
the unlensed source is a very faimt~30 ), compact50 hgz pc), and isolated object at= 5.576 whose
optical emission is substantially contained within thexlgmission line; no stellar continuum is detectable. The
available data suggest the source is a promising candidate for an isetHié#  system seen producing its
first generation of stars close to the epoch of reionization.

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

1. INTRODUCTION (M. R. Santos, R. S. Ellis, K. Kuijken, & J.-P. Kneib 2001, in
. . . preparation). Briefly, our strategy involves undertaking long-
_Exploring the era when the first stars formed by locating gjit scans of regiong” x 120"  in extent with the Keck | Low
high-redshift sources with Qemonstrably young cosmic agespacoiution Imaging Spectrograph (LRIS; Oke et al. 1995), us-
represents the next outstanding challengeforobservatlonal Cosrng gratings that offer a spectral resolufiem A in the OH’
mology (Mather & Stockman 2000). Although luminous qua- a5t and~6 A in the blue. The typical wavelength range
Sars (_Zheng etal. 2000, Ean etal. 2000, 2001) a.nd S.tar'formmgcovered is 3500—9356,/bffering the potential of seeing lensed
galaxies (Dey et al. 1998; Weymann et al. 1998; Spinrad et al. Lye sources in the important ranges z. < 7 With 0 lit
1998; Hu, McMahon, & Cowie 1999) have been located be- the dwell at each location is normaIB/sx 1000' S '

yondz =5, to be detected these must be spectacularly lumi- In the course of surveying the cluster Abell 2218

nous and rare examples drawn from a largely unknown un- ) SR

derlying population (for an excellent review of attempts to find 0.18 on 2001 April 23, we encounte_red a strong emission line

very distant galaxies, see Stern & Spinrad 1999). a 798.9 Aclo_se to .th? cenfcral CD. (Figs. 1.and 2). Astrometry
associates this emission with a faint, marginally resolved source

Gravitational magnification by foreground clusters of gal- ¢ . .
axies, whose mass distributions are constrained by arcs and’ the early release Wide Field Planetary Camera 2 (WFPC2)
F814W image (labeledd” in Fig. 1) with I, = 25.9+ 0.2

multiple images of known redshift, has already provided new , .
information on the abundance of faint background objects Inspection of the Kneib et al. (1996) mass model suggests
(Kneib et al. 1996). Particularly high magnifications (approx- that a second image with,, = 26.0+ 0.3 /@way (b"in
imately times 40) are expected in tostical regions, which Fig. 1), represents a counterimage of the same highly magnified
can be located precisely in well-understood clusters for sourcesZ> 5 Source.
occupying specific redshift ranges, e.8<z<7 . Although  On 2001 May 21, we used the Keck Il Echelle Spectrograph
the volumes probed in this way are smaller than those addresse@nd Imager (ESI; Scheinis et al. 2000) at a higher spectral res-
in panoramic narrowband surveys (Hu, Cowie, & McMahon olution (=1.25 A) with a 075 slit aligned to include both images
1998; Malhotra et al. 2001), intrinsically much fainter and most (see insetin Fig. 1). Wit x 2000 s exposures, strong emission
likely more representative sources are sampled. If the surfacewas confirmed fronboth images (Fig. 3|eft). The spectra are
density of such sources is sufficient, this may be a promising identical (to within the signal-to-noise ratio), confirming the lens-
route for securing the first glimpse of young cosmic sources ing hypothesis. Importantly, the magnitude difference in the
beyondz=5. emission lines4Am,,,. = 0.2 + 0.1 ) is comparable to that in the
Accordingly, we have begun a blind spectroscopic survey lg,,photometry. The combined flux-calibrated spectrum (Hy. 3
of the appropriate critical lines of several well-constrained reveals a single emission line with an asymmetric (P Cygni—like)
lensing clusters wittHubble Space Telescope (HST) images profile suggestive of gas outflow.
The location and separation of the images was already sug-
! Using data obtained with thHeubble Space Telescope operated by AURA, gestive of lensing of a high-redshift source consistent with
Inc., for NASA, and the W. M. Keck Observatory on Mauna Kea, Hawaii. ~emission arising from Ly atz = 5.576 (corresponding to the
The V\/._ M. _Keck _Observatory is operated as a _scientific_ part_nership among peak in the combined spectrum at 799}56A{Vere the emission
the California Institute of Technology, the University of California, and NASA 4 arise from H, the images would have to be a physically
and was made possible by the generous financial support of the W. M. Keck . . .
Foundation. associated pair just behind the cluster, and the absence of other
2 Astronomy Department, California Institute of Technology, MS 105-24, emission would be puzzling given the extensive LRIS wave-
Pasadena, CA 91125; rse@astro.caltech.edu. length coverage. The most plausible alternative te ligr a
® Department of Theoretical Astrophysics, California Institute of Technol- |gne emission line would be [@] at z = 1.14 This can be

ogy, Pasadena, CA 91125; mrs@astro.caltech.edu. L . .
* Observatoire Midi Pyrenees, 14 Avenue Edouard Belin, F-31400 Toulouse, eliminated not Only by Iensmg arguments (Cf' the location of

France; kneib@ast.obs-mip.fr.
5 Kapteyn Institute, P.O. Box 800, NL-9700 AV Groningen, Netherlands; ® This redshift is presumably a slight overestimate by an unknown amount
kuijken@astro.rug.nl. given the likelihood of self-absorption.
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Fic. 1.—HST F814W image of Abell 2218z(= 0.18 ) with the location of the LRIS long-slit scanning region marked. Inzaged b represent the lensed
pair atz = 5.576; the inset 10 x 10" ) illustrates the secondary spectroscopic configuration adopted with ESI. Curves refer to critical lines of infinite magnification
for a source az = 1.14 dashed curve) and 5.576 olid curve) in the context of the Kneib et al. (1996) mass model. For a sourze=al.14 , the counterimage
of a would lie just below the appropriate critical linenall circle) and is not seen. The large ciraterefers to the region where a much fainté~(29 ) third
image is expected for a sourceat 5.576

the critical lines and image configurations expected in Fig. 1)
but also by the fact the [@] AN3726, 3728 doublet would be
readily resolved at the spectral resolution of ESI.

2. SOURCE PROPERTIES

The remarkable features of the= 5.576  source are its faint-
ness (particularly considering the high magnification afforded
S : : by its proximity to the critical line), its small angular size in
Fic. 2.—Discovery of an emission-line source close to the ¢D in the rich the HST image, and the apparent absence of any stellar con-
cluster Abell 2218. Keck | LRIS-R spectral image of a region "lid0extent tinuum in both the LRIS and ESI spectra.

marked. The dashed lines at longer wavelengths refer to the wavelength rang . .
used to deduce a statistical upper limit on a stellar continuum from the sourceecan be determmed from the Abe”.2218 mass ’T‘Ode' (Knelb et
(see text). The spectra of fiducial cluster galaxies G1 and G2 labeled in Fig. 1 &l- 1996), which has been extensively tested via spectroscopy

are marked. of 18 arclets by Ebbels et al. (1998). In this model, the mag-
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Fic. 3.—Confirmation of strong emission in the pair of images marked in Fig. 1 using the Keck ILE8ITwo-dimensional sky-subtracted spectral image
using the 20 slit. Right: Flux-calibrated spectrum of the region aroundelgmission combined from both images reveglam P Cygni-like profile extending
redward by=200 km s* in the rest frame. The redshift corresponding to the peak emissipr=i$.576

nifications for sourcesa and b are, respectively, 3.8 mag is unusually faint. If the F814W flux were produced by a single
(x33.1) and 3.7 magx 30.2), implying a (unlensed) source emission line al7989, the flux density in the line would be
magnitude ofly,, = 29.7 . Inspection of the dithered WFPC2 F,(HST) = (1.2+ 0.2) x 10 * ergs cm? s *. This is only
image indicates that imageis marginally resolved along the  70% higher than the mean inferred from the ESI spectra, cor-
shear direction (i.e., toward the other image). The appropriaterected for extinction: F,(ESI) = (6.8 + 0.7) x 10*" ergs
half-light scales ar@:23 x <0715. Allowing for theHST res- cm 2 s % The ESI line flux is consistent, within uncertainties
olution and the linear magnification at this point in the cluster’s of absolute calibration, with that inferred for imagein the
gravitational field implies a physical diameter of less than 150 LRIS data:F,(LRIS) = (5.6 + 0.5) x 10*" ergs cnf s
hgt pc’ Limits on any stellar continuum flux can be explored further

The lensing model also offers insight into the crucial question in the LRIS wavelength region\9020-9297, which is relatively
of whether we are witnessing magnification of an isolated object free from OH contamination (Fig. 2). Including the noise across
or a star-forming component (e.g., anuHegion) embedded in  the LRIS slit at this location, we deduce @ 3ipper limit to the
a more extended source close to a caustic. The mass modeatontinuum flux of3 x 1072° ergs cnfs * A% Assuming a flat
indicates that the source that produces the pair lies 1.2 kpc fromspectrum longward of Ly, this upper limit integrated over the
the caustic. Thus, any comparable emitting region (containing F814W bandpass would also yield a signal comparable to the
line or continuum flux) within this distance would also be highly emission-line flux.
magnified and possibly detected. Together with the remarkably Limited near-infrared data is available for Abell 2218 from
small physical size, this suggests the source is a truly isolatedcommissioning data taken with the INGRID infrared camera on
system and not, for example, a star-forming subcomponent of athe 4.2 m William Herschel Telescope (WHT; supplied by cour-
larger luminous system (cf. Franx et al. 1997; Trager et al. 1997).tesy of I. Smail). Image remains undetected to limits df=

A substantial component of the broadbdrgand flux arises ~ 22.5andK = 21.5 (5¢ for a point source). At respective rest-
from the line emission, suggesting that the stellar continuum frame wavelengthsy, = 1600 and 335Q Aeither filter is likely

to be contaminated by strong emission lines. These nondetections
7 We assume a cosmological model with = 0.3  and= 0.7  throughout. give further constraints on the continuum flux, Vig(J) <
3.9 x 10*19 ergs cm? s~ 1At andF - (K) < 9.8 x 10° ergs

TABLE 1 cm2s A
UNLENSED SOURCE FLUXES We summarize the properties of the source detected in Abell
Total 2218 in Table 1. Although our observed line flux is comparable
Data Set (mag)  Continuurh Lya® to th?]se |(r|1_| sotlrcles1 gsé%e;n a;]t I0\|Ner .red_sh![ftkm natrrowbandt
searches (Hu et al. , when lensing is taken into accoun
HST/WFPC2 F814W...... 29.7 <24 x 10 <36+ 0.6 : :
LRIS .. T T8 x 10 17+02 the true source flux is much fainter.
ESl i, 2.% 0.2
WHT J.i >26.3 <8 x 10* 3. FIRST LIGHT?
WHT K oo >253 <2 x 10

*3 o upper limits on the continuum flux per unit wavelength in the We now address the mtere'stlng_ question of whether the
rest frame. In units of ergs Crﬁs AL source lensed by Abell 2218 is being observed at a special
®In units of 10 ergs cm? s time in its history, perhaps consistent with its first generation
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of stars. Although the Ly line is an unreliable guide to the atz=6 (Haiman & Spaans 1999). Our critical line survey
ongoing star formation rate (SFR) because of self-absorption,(M. R. Santos, R. S. Ellis, K. Kuijken, & J.-P. Kneib 2001, in
scattering, and dust extinction difficulties, we argue that un- preparation) will provide new constraints on their abundance
certainties arising from this diagnostic most likely strengthen and redshift distribution out te= 7 . In particular, the example
our conclusions. discussed here could not have been detected without the lensing

Adopting the relationship M, yr'* = 1.5 x 10** ergs’s boost afforded by Abell 2218. Its unlensed equivalent would
in Ly« (Ferland & Osterbrock 1985; Osterbrock 1989; Kennicutt not have been reliably detected even in the Hubble Deep Field.
1998) and including a magnification of 33 with a 100% escape The most interesting suggestion arising from our study is
fraction and zero extinction, we infer a current SFR of 0.5 the possible young age inferred from our upper limit on the
Mg yr . We consider this a lower limit given the conservative stellar continuum in the context of the SFR deduced from the
assumptions above. Although our physical scale of less thanLy« flux. While there are many uncertainties in this deduction,
150 pc is comparable to that resolved for 30 Doradus in the we argue that they work in the sense of strengthening the
Large Magellanic Cloud (Scowen et al. 1998), the SFR is over conclusion. If our upper age limit is correct, very deep infrared
an order of magnitude larger than the integrated value for en-imaging would be needed to reliably probe the spectral energy
ergetic giant Hu regions contained within nearby star-forming distribution of this source longward of dm, i.e., in the rest-
galaxies (McKee & Williams 1997). Consistent with its isolated frame optical. Depending on the star formation history, lensed
nature, the source appears to be a very powerful extragalacti@ um fluxes of 50 nJy K = 25 ) are expected. An unlensed
H o region with a luminosityL , = 10*? ergs™s (cf. Melnick, analog would have a flux density of only 1 nJy and would
Terlevich, & Terlevich 2000). clearly be challenging even for thidext Generation Space

At z = 5.576 in our adopted cosmology, the cosmic age is Telescope.
only 1 Gyr. We ran the STARBURST99 code (Leitherer, H 11 regions of stellar mass of order 1@, with SFRs=1
Schaerer, & Goldader 1999) for a metal-podr£€ 10°° ) sys- Mg yr * can be found at lower redshifts. The significance of
tem with a constant SFR of 0®_, yrin order to explore the system in Abell 2218 lies in the fact that an isolated, pos-
at what age a detectable stellar continuum would_emerge insibly young, low-mass system has been located close to the
the LRIS spectral windowN,, = N = 1370-1415 A lg- redshift at which many now believe reionization may be oc-
noring dust extinction, this provides a tighter constraint than curring (Djorgovski et al. 2001; Becker et al. 2001). Just as
the same calculation applied to theandK-band limits at their ~ with those constraints that sample a few (possibly atypical)
longer rest wavelengths. For our adopted upper limit of sight lines to a distant quasar, so the stellar history of further
Fuv <3 x 107*° ergs cm? A™* (see § 2), the appropriate un- examples of our star-forming source, located with the aid of
lensed continuum luminosityl,.,, <2 x 10* ergs’sA™, strong lensing, will provide an early census of such systems
would be exceeded at the observed SFR in less than 2 Myr,beyondz=5 .
suggesting the object could be remarkably young with a stellar

mass~10° M. _
If the SFR were higher in the past, or if the d.yemission We thank Fred Chaffee, Carlos Frenk, and Hyron Spinrad

were subject to upward corrections due to self-absorption, thefor their encouragement and acknowledge useful discussions
implied age for the continuum flux limit would be even shorter. With Andrew Benson, Claus Leitherer, Dan Stern, Tommaso

Although we cannot yet provide any observable constraints on 1r€U, and Pieter van Dokkum. Richard Massey and Pieter van
dust extinction, given the Ly line is more likely to be sup- ~ Dokkum are thanked for assistance in reducing the Keck ob-

we haveoverestimated the age and implied stellar mass. observations. Faint object spectroscopy at the Keck observa-
tory is made possible through the dedicated efforts of Joe Mil-
4. DISCUSSION ler, Mike Bolte, and colleagues at UC Santa Cruz (for ESI)

Hierarchical models of structure formation predict a high and Judy Cohen, Bev Oke, Chuck Steidel, and colleagues at
density of systems undergoing their first era of star formation Caltech (for LRIS).
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