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ABSTRACT
�

W
�

e report the discovery of a redshift galaxy lying behind the cluster Abell 370. The objectz%�� 6.56
(

HCM 6A was found in a narrowbandimagingsurvey usinga 118 Å bandpass
�

filter centeredat 9152Å in the
Low-Resolution
�

ImagingSpectrograph(LRIS) cameraon the 10 m Keck II telescope.CandidateLy� emitters�
were� identifiedby the equivalentwidth of the emissionand the absenceof lower wavelengthflux in ultradeep
broadband
�

images.HCM 6A is the first galaxy to be confirmedat redshift and hasz%�� 6
(

W (obser
�

ved) ��
190Å,� ergscm � 2

5
s l¡ 1. Spectraobtainedwith LRIS confirmtheemissionlineandthecontinuum

¢ 17f lux £ 2.7 ¤ 10
break
�

acrossthe line andshowan asymmetricline profile with steepfalloff on theblue side. DeepSubarunear-
infrared
¥

Cooled Infrared Spectrographand Camerafor OHS imagesin J
¦
,� H
§

,� and that extendthe sampled
¨

K
©

continuumª to longer wavelengthsgive a consistentestimateof the continuumflux density in theseline-free
regions« of ergscm¬ 2

5
s l­ 1 Hz

®°¯ 1. The line width and strength,asymmetricprofile, andvery
± 30
[

(2
�

.6 ² 0.7
³

) ´ 10
deep
µ

spectralbreakareonly consistentwith the interpretationof the line as a redshiftedLy¶ feature.Fromthe
detailed
µ

lensingmodelof this cluster, we estimatea lensingamplificationof 4.5 for this galaxy, which is located
slightly  over an arcminutefrom the centerof the cluster, for an unlensedflux of ergscm· 2

5
s ¹¸ 1. The

º 186.5
( »

10
presence¼ of sucha galaxysuggeststhat the reionizingepochis beyond .z%¾½ 6.6

(
Subject
¿

headings: cosmology:ª observations— early universe— galaxies:distancesandredshifts—
galaxies:À evolution— galaxies:formation

1. INTRODUCTION
Á

The study of the early universethroughhigh-redshiftgal-
axiesÂ hasseensubstantialprogressin recenttimes,with anum-
ber
�

of galaxiesdiscoveredat redshifts (Dey et al. 1998;z%yÃ 5
Ä

Hu, Cowie, & McMahon 1998; Weymannet al. 1998; Hu,
McMahon,
Å

& Cowie 1999;Stern & Spinrad1999;Ellis et al.
2001). Active galaxiesassociatedwith radio galaxies(van
Breugel
Æ

et al. 1999) havebeenseento similar redshifts,and
quasarsÇ havenowbeendetectedoutto from theSloanz%�È 6.28

(
sur  vey (Fanet al. 2000,2001;Andersonet al. 2001).

The
É

presentLetter describesa continuationof our narrow-
band
�

filter survey (Cowie & Hu 1998;Hu et al. 1998,1999),
which� probesLyÊ emission� from to a redshiftz%�Ë 3.4

Ì Í
5.7
Ä

. At , the brightestLyÎ emitters� haveline fluxesz%+Ï 6.5
(

z%�Ð 3
Ì

nearÑ 10Ò 16 ergs� cmÓ 2 s lÔ 1 andÂ a single, roughly30 arcmin2 field
Õ

ofÖ the Low-ResolutionImagingSpectrograph(LRIS) camera
onÖ the Keck 10 m telescopeyields a handful of objectsto a
flux
×

limit of 10Ø 17 ergs� cmÙ 2
5

s lÚ 1. At , the fluxes dropz%ÜÛ 6.5
(

to
Ý

near the sensitivity limit, and only occasionalobjectsare
expected� to be found(e.g.,Thommes1999).Therefore,to im-
prove¼ our sensitivity limits we havetargetedforegroundmas-
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sive  lensing clusters,which can provide substantialamplifi-
cationª overa fractionof theLRIS field. Wehavealsoobserved
the
Ý

well-studiedblank fields usedin the shorterwavelength
narrowbandÑ searches.Evenwith the increasedsensitivitypro-
videdä by the lensing,detectionsare extremelyrare and our
obserÖ vationshavesofar yieldedonly onecompellingdetection
lying behindthe clusterA370. We describethis object in the
present¼ Letter.

Discriminating
å

Lyæ emitters� from lowerz% emission-line� ob-
jects
ç

canbedifficult at lowerredshifts(Stern & Spinrad1999),
but
�

as we move to higher redshiftsthe continuumbreaksig-
naturebecomesso extremethat thereis little likelihood of a
misidentificationè providedwehavesufficientlydeepcontinuum
images.
¥

Songaila& Cowie (2002) have usedspectraof the
Sloan
é

quasarsto measuretheaveragetransmissionof theLyê
forest
ë

regionasafunctionof redshiftoverthe range.z%�ì 4
íïî

6
(

Their results translateto a magnitudebreak acrossthe Lyð
emission� line of

1 ñ z%ò
móõô 3.8

Ì ö
20.3
÷

log .( )7
ø

Extrapolatedto , this correspondsto a 4.5 magbreak.z%�ù 6.5
(

If
ú

theepochof reionizationisat assuggestedby Beckerz%Üû 6.1
(

et� al. (2001), the continuumbluewardof Lyü would� be es-
sentially  black. However, as we shall considerfurther in § 3,
in
¥

this casethe radiation dampingwings of the foreground
neutralhydrogenextendthroughthe Lyý emission� andmake
it
¥

unlikely we would seeLyþ emitters� at all, so the presence
ofÖ the A370 emitterarguesfor a higher reionizationredshift.

In
ú

§ 2, we summarizethe narrowbandobservationsandthe
continuumª observationsat longerand shorterwavelengthsto-
getherÀ with thespectroscopicfollowup.Thepropertiesof HCM
6A
(

leavelittle doubt about its identificationas a high-z% Ly
� ÿ

emitter� . Finally, in the discussion,we considertheimplications
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TABLE 1�������	��

�������
�������
y�����������
 �!�"��$#&% 9152 ' (�)$*,+.-�/�0	1325476$8:9,6

Field
R.A.

(J2000.0)
Decl.

(J2000.0) Exposures
texp

(s)

A370
; a . . . . . . . . 02 39 53.1 < 01 34 35 14 = 1500s 21000
A851a . . . . . . . . 09 43 02.6 > 46 58 58 19 ? 900 s @ 7 A 650 s 21650
HDF . . . . . . . . . 12 36 52.0 B 62 12 30 12 C 1800s 21600
SSA 17 . . . . . . 17 05 00.0 D 43 59 35 6 E 1200s 7200
A2390a . . . . . . 21 53 34.6 F 17 40 10 11 G 1500s 16500
SSA 22 . . . . . . 22 14 58.2 H 00 00 00 9 I 1500s 13500J�K$L�M�NPO

Units
Q

of right ascensionarehours,minutes,andseconds,andunits
of declinationare degrees,arcminutes,andarcseconds.

a Cluster redshiftsare for A370, for A851, andzRTS 0.37 zRTU 0.41 zRTV
for A2390.0.231

W�X Y[Z
1.—Narrowband9152Å/118

\
Å image
]

(left panel) andR
�

-bandimage(right panel) of the emission-lineobjectHCM 6A, which is markedwith thevertical
andhorizontallines. An imagein the narrowbandfilter with a normalizedlocal continuum( band)subtracted(inset in left panel) showsthat the object,whichZ

^
appearsas two fragments,is a strong emission-lineobject.(We haveslightly oversubtractedthe bandto completelyremovetheneighboringgalaxy, whosecoreZ
appearswhite.) Thegalaxyis not seenin themuchdeeperR

�
-bandimage(_ 8 hr on theKeck 10 m telescope)or in a 5600s F675Wimagetakenwith theWFPC2

on HST
`

, shownin the insetin the right-handpanel.The neighboringbright galaxy to the southwestis a clustermemberwith a redshift of 0.375(“BO #39” in
Mellier et al. 1988),so that the emissionis not associatedwith this object—in particular, Ha lies shortwardof the filter bandpass.The imagesarecenteredon
coordinates(J2000.0) , andare37b on a side. The bar in the upperleft corner of the narrowbandimageshowsa 5c scale.h m s dR.A.

e f
2 39 54.73 decl. gih 1j 3332k.3

for earlystarformationandfor theevolutionof theintergalactic
gas.À

2. OBSERVATIONS

2.1. Narrowband
l

Survey

The
É

presentimageswereobtainedusinga 118 Å filter
Õ

cen-
tered
Ý

on 9152Å in the LRIS camera(Oke et al. 1995)on the
Keck
m

10 m telescopes.This wavelengthlies in a very dark
regionof the night sky betweenthe OH (8–4) andOH (7–3)
bands
�

and correspondsto Lyn atÂ a redshift of o 6.5.
(

In total,
six  fieldshavebeenimagedwith thisfilter andaresummarized
in Table1. In eachcase,theexposuresweremadeasasequence
ofÖ spatiallyditheredbackground-limitedexposures,andmedian
skies  wereusedto flat-field the images.The imageswerecal-
ibrated
¥

with spectrophotometricstandards.The deepestexpo-
sures,  totaling about6 hr per field, weretakenon the Hubble
DeepField (HDF) andon fieldscenteredon theclustersA370
andÂ A851.Overmostof theareain thesefields,the5 p limiting

q
flux sensitivity is approximately ergs cm r 2 s ts 1,�u 171.6 v 10
but,
�

for themassiveclusters,thereis a smallareain thecentral
regions« wherethe lensingamplificationprovidesa significant
gainÀ in sensitivity.

For eachfield, a very deep band( Å; Hu et al.Z w x 9170
y

efz f

1999) was usedto measurethe continuum,and an extremely
deep
µ

R
{

-bandimagewasusedasa shorterwavelengthreference
to
Ý

measurethe continuumbreak.We searchedeachfield for
objectsÖ with observedequivalentwidthsin excessof 100Å that

Ý
were� not visible in the image.Only onesuchobjecthasbeenR
found
ë

in thesix fields.Findingimagesfor HCM 6A, whichlies
behind
�

themassivelensingclusterA370in aregionof significant
amplification,Â areshownin Figure1, which comparesnarrow-
band
�

anddeep -continuumimagesandgivescoordinates.InsetsR
{

show  the continuum-subtractedimageand the corresponding
W
�

ide Field Planetary Camera2 (WFPC2)F675Wimagefrom
the
Ý

Hubble Space Telescope (
�
HST).

|
(SeeBézecourtet al. 1999

for
ë

a descriptionof the wider field of the HST
§

image.)
¥

The
following
ë

subsectionsdescribethe observationsmadeon this
objectÖ to confirmthatit is ahigh-redshiftLy} emitter� ratherthan
aÂ lowerredshiftemission-lineobject.

2.2.
÷

Broadband
~

Optical Imaging

Deepmulticolor imagesof A370 wereobtainedusingLRIS
onÖ the Keck 10 m telescopeson UT 1999 August 11, 1999
September
é

9–10,2000August25,2000December29,and2002
Januar
�

y 11–12. The dataweretakenasa sequenceof dithered
exposures,� with net integrationtimesof 2400s in V,� 27,900s
in R,� 4050s in I,� and9820s in Z. A deepB (3780

�
s) image

was� obtainedwith the EchelletteSpectrographand Imageron
Keck II on UT 2000September29–30. The imageswerepro-
cessedª using mediansky flats generatedfrom the exposures.
Conditions
�

werephotometricduringtheseobservations.Thedata
were� calibratedusing the photometricand spectrophotometric
standard,  HZ 4 (Turnsheket al. 1990; Oke 1990), and faint
Landoltstandardstarsin theSA 95-42field (Landolt1992).

2.3. Near-Infrared
l

Imaging

W
�

e usedthenewCooledInfraredSpectrographandCamera
for OHS(Motoharaet al. 1998)on theSubaru8.3 m telescope
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2.—Broadbandimagesof the redshift galaxy HCM 6A inzR�� 6.56

colorsabovetheLymanbreak(left panels) andbelowtheLymanbreak(right
panels� ). The lower left imagemarked is a weightedsum of the J

�
, H,

�
JHK
�

and images.Thethumbnailimagesare19� onaside,centeredontheposition
�

K
�

of the emission,and the circles are 1�.2 in radius.

�$� ���
3.—Spectralenergydistributionof HCM 6A from 4000 to 22000Å.

The broadbandfluxes (B, V, R, I, Z, J
�
, H, ) are shownwith small filled

�
K

squares,while the narrow bandat 9152 Å is shownwith the largersquare.
The
�

fluxeshavebeenmeasuredin 1� diameteraperturescenteredontheobject,
and the error barsare 1 � errorsbasedon similar aperturemeasurementson
clear portionsof the field. Note the strongcontinuumbreakacrossthe nar-
rowband� filter at 9152Å.onÖ UT 2000 June18–19, July 15–16, September10–12, and

November
�

7 to obtainextremelydeepJ
¦
,� H,� and imagesof

�
K

A370.
�

The detectorusedwasa HAWAII array1024 � 1024
with� a pixel scaleof 0�.111. This providesa field of view of� . To minimize the image degradation,a numberof
� �

2 � 2
subexposures  were taken at each position in an eight-point
pentagon¼ pattern (5� step  size).Weatherconditionswerepho-
tometric,
Ý

andthe seeingwastypically 0�.3–0 .5 during thefirst
three
Ý

observing runs,which wasalso the resolutionof nearly
allÂ the final reducedimages.Conditionswere clear, but with
variableä seeingduringtheNovemberobserving run,with char-
acteristicÂ imageFWHM of ¡ 0

³
¢
.8 for the A370 H final image.

The
É

datawereprocessedusingmedianskyflatsgeneratedfrom
the
Ý

ditheredimages.Thedatawerecalibratedfromobservations
ofÖ the UKIRT faint standards(Casali & Hawarden1992)
FS
£

27, FS29, FS6, andFS10. Thetotal exposuretimeswere
13,280s (J

¦
),
|

7680s (H),
|

and15,360s ( ).
¤

K

2.4. Colors and Spectral Energy Distributions

HCM
®

6A is clearly detectedat all wavelengthslongerthan
the
Ý

band,asis shownin Figure2, wherewepresentthumbnailZ
images
¥

centeredon the object,which is circled (left
¥

panels).
|

However, it isnotseenatanyshorterwavelengths(right panels).
|

The
É

spectralenergydistribution of HCM 6A is shown in
Figure
£

3, wherethe error barsare 1 ¦ . At wavelengthsabove
the
Ý

band,the meanflux densityaveragedover the J
¦
,� H,� andZ

bands
�

is ergscm§ 2
5

s .¨ 1 Hz
®ª© 1,� while at

« ¬
30
[

K
©

(2
�

.6 ­ 0.7
³

) ® 10
shorter  wavelengthsaveragedover the and bandsthefluxV R
density
µ

is ergscm̄ 2 s t° 1 Hz
®ª± 1. At the 2 ²³ 31

[
(0
�

.1 ´ 2.9
÷

) µ 10
level,
q

the continuumbreakexceeds1.7 mag.

2.5.
÷

LRIS
¶

Spectroscopy

Spectra
é

of theobjectwereobtainedwith theLRISduringruns
in
¥

UT 1999September16–18, 2001January 23–24, and2001
October
·

21.Theobservationsweremadein multislitmodeusing
1̧.4 wide slits with a variety of gratings.The emissionline is
clearlyª seenin all thespectra,andthestackedspectrashowthe
line
q

profile to be asymmetric,with steeperbluefalloff aswould
be
�

expectedfromtheeffectsof theforestabsorption.Theredward
continuumª is mostclearlyseenin thespectraobtainedwith the
400
í

line mm ¹ 1 grating,À whichin combinationwith theslit width
givesÀ aresolutionof roughly11.8Å,� andweshowthecombined
spectra  obtainedin this modein Figure4. Thestrongemission

line
q

isat awavelengthof 9187Å,� whichcorrespondstoaredshift
ofÖ for Lyº . The continuumbreakis consistentwithz%¼» 6.56

(
that
Ý

obtainedfrom the imagingdatabut is morepoorly deter-
minedè becauseof theuncertaintiesin thesky subtractionin the
spectra. 

3. RESULTS AND DISCUSSION

The
É

absenceof detectionsoutsidetheclusterlensingregions
places¼ a 1 ½ upper¾ limit of 27 deg¿ 2 for thenumberof sources
in
¥

the filter bandpass( ) at the 5 À flux
×

limit of
Á

z%¼Â 0.1
³

ergs� cmÃ 2 s .Ä 1 (the
�

HDF limit) and 13 degÅ 2 atÂÆ 171.6 Ç 10
ergs� cmÈ 2 s .É 1 (the

�
worst limit in the six fields),

Ê 172.7
÷ Ë

10
which� is broadly consistentwith that expectedfrom models
(e.g.,
�

Thommes1999)or extrapolationfrom lower redshifts.
W
�

e have used the Lenstool model of A370 describedin
Kneib et al. (1993) to measurean amplification of 4.5 at the
position¼ of HCM 6A, giving a demagnified flux of 6 Ì

ergs� cmÍ 2
5

s 
Î 1. Lenstoolalso allows us to measurethe
Ï 1810

correspondingª sourceplane areasthat would give such am-
plifications.¼ For thecombinedA370, A851, andA2390areas,
the
Ý

observed sourceplaneareais 0.46 arcmin2,� with mostof
this
Ý

arealying behind the most massive(A370) cluster. The
sur  face density of objects above a flux limit of Ð 184 Ñ 10
ergs� cmÒ 2 s 
Ó 1 is

¥
thenbetween1300and26,000degÔ 1,� where

the
Ý

rangeis Õ 1 Ö ,� which is also broadly consistentwith the
model expectations.

Equivalent
×

widthdeterminationfor very high z% objectsÖ iscom-
plicated¼ by the strong forestabsorptionon the bluesideof the
emission� featureand acrossthe band.For the 1Ø diameter

µ
Z
Ù

apertureÂ measurementsshownin Figure3, theequivalentwidth
determined
µ

from the line flux andtheaveragelong-wavelength
continuumª flux abovethe emissionfeatureis 190Å. If instead
the
Ý

averageZ-bandcontinuumis usedas the referencevalue,
the
Ý

computedequivalentwidth increasesto 325 Å.
The brighter region of the object is clearly extendedalong

anÂ axisof about110Ú in
¥

positionanglewith amaximumlength
ofÖ around4Û . The elongationis consistentwith thesubstantial
distortion
µ

expectedat this position if the galaxy lies at very
high
Ü

redshift,providinganadditionalweakconfirmationof the
redshift identification.The intrinsic size of the main regionat
the
Ý

sourceplaneis then around1Ý . The secondfragmentlies



L000 z%ßÞ 6.56
(

GALAXY BEHIND A370 Vol. 568

à�á â[ã
4.—Spectrum
ä

of HCM 6A from a 4 hr exposuremadewith the LRIS using the 400 line mm å 1 grating.The emissionline is at 9187 Å. The solid line
nearæ the axis showsthe mediancontinuumflux abovethe line andgivesa breakstrengthconsistentwith the broadbandmeasurements.The solid line abovethe

à
emissionshowsthe50%width of thenarrowbandfilter, whoseprofile is shownoverlaidon thefluxednight-skyspectrum,plottedat 1% strengthabovetheobject

Þ
spectrum.Enlargedplots of the object’s emissionfeatureand 1% of the night-sky backgroundspectratakenwith the 400 line mm ç 1 grating are shownin the
inset,
]

wherethe asymmetry of the line profile canbe clearly seen.

aroundÂ 1è awayÂ from the brighterportion. At , withz%êé 6.56
(

the
Ý

currently favored Lambda cosmology ( and
ëíì

0.66
³

)
|

and km sî 1 Mpc
Å ï 1,� theseangularsizes

ðòñ
0.33
³

H
§ôó

65
(

0
õ

correspondª to physicalsizesof approximately40 kpc.
After removingthelensingamplification,thecontinuumflux

correspondsª to a rest-frameultraviolet luminosity of 2 ö
ergs� s÷ 1 Hz ø 1,� which may be usedto estimatethe star2910

formation
ë

rate.For a Salpeterinitial massfunction extending
to
Ý

0.1 , thisis about40 yr ù 1. Therest-framedemagnifiedM Mú ú
Ly
�üû

luminosity
q

is ergssý 1,� which, assumingcaseB422
÷ÿþ

10
recombination« and using the Kennicutt (1983) translationof
H� luminosity to star formation rate,would correspondto a
rate« of 2 yr

� 1. The lower value obtainedfrom the Ly�M
���

luminosity presumablyreflectsthe combinedeffects of dust
extinction� in thegalaxyanddestructionof thebluesideof the
emission� line by scatteringin the intergalacticmedium.

Using
�

themorerobustUV continuumestimate,we find that
the
Ý

universalstarformationrateat this redshiftfrom this class
ofÖ objectlies in the range Mpc � 3

[
yr�
	 1 (

���
1 
 ).
|

0.13
³ �

2.7 M �
This
É

is quitesimilar to ratesestimatedat lower redshiftswithin
the
Ý

very large uncertainty(e.g., Barger, Cowie, & Richards
2000
÷

andreferencestherein).

Perhaps
�

of most interest,given this is a single object and
statistical  inferencesarethereforedifficult, is thatthepresence
ofÖ evena single object at this redshift may suggestwe have
notyetreachedtheredshiftof reionization.In apre-reionization
epoch,� the radiationdampingwings from the neutralgaswill
black
�

out regionsextendingabout20 Å to
Ý

the redwardof the
Ly � wavelength� in theobserved frameof theobject(Miralda-
Escude
×

´ 1998; Miralda-Escude´ & Rees1998). While ultralu-
minousquasarscanionize their surroundingsandpreventthis
effect,� it is unlikely that a small Ly� emitting� galaxy of the
present¼ type could do this, although it could lie in a large
ionized region producedby some other sourceof ionizing
photons.¼
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