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ABSTRACT

We report the discovey of a redshift z = 6.56 galaxy lying behind the cluster Abell 370. The object
HCM 6A wasfound in a narrowbandmaging survey usinga 118 A bandpasdilter centeredat 9152 A in the
Low-Resolutionlmaging SpectrograpHLRIS) cameraon the 10 m Keck Il telescopeCandidateLya emitters
wereidentifiedby the equivalentwidth of the emissionandthe absenceof lower wavelengthflux in ultradeep
broadbandimages.HCM 6A is the first galaxy to be confirmedat redshiftz> 6 and has W,(obsewed) =
190A, flux = 2.7 x 10 " ergscm~?s™*. Spectraobtainedwith LRIS confirmtheemissiorine andthecontinuum
breakacrossthe line andshowan asymmetridine profile with steepfalloff on the blue side. DeepSubarunear
infrared Cooled Infrared Spectrograptand Camerafor OHS imagesin J, H, andK’ that extendthe sampled
continuumto longer wavelengthsgive a consistentestimateof the continuumflux densityin theseline-free
regionsof (2.6 + 0.7) x 10°%* ergscm 2 s'* Hz™*. The line width and strength,asymmetricprofile, and very
deepspectralbreak are only consistentwith the interpretatiorof the line as a redshiftedLy« feature.Fromthe
detailedlensingmodelof this cluster we estimatea lensingamplificationof 4.5 for this galaxy which is located
slightly over an arcminutefrom the centerof the clustet for an unlensedlux of 6.5 x 1078 ergscm™2s™*. The

presenceof sucha galaxy suggestghat the reionizing epochis beyondz = 6.6.

Subject headings. cosmology:obserations— early universe— galaxies:distancesand redshifts—
galaxies:evolution— galaxies:formation

1. INTRODUCTION

The study of the early universethrough high-redshiftgal-
axieshasseensubstantiaprogressn recenttimes,with anum-
ber of galaxiesdiscoveredat redshiftsz > 5 (Dey et al. 1998;
Hu, Cowie, & McMahon 1998; Weymannet al. 1998; Hu,
McMahon, & Cowie 1999; Stein & Spinrad1999; Ellis et al.
2001). Active galaxies associatedwith radio galaxies(van
Breugelet al. 1999) have beenseento similar redshifts,and
quasarhavenowbeendetectecduttoz = 6.28fromtheSloan
survey (Fanet al. 2000,2001; Andersonet al. 2001).

The presentLetter describesa continuationof our narrow-
bandfilter survey (Cowie & Hu 1998;Hu et al. 1998,1999),
which probesLya emissionfrom z = 3.4— 5.7 to a redshift
Z~ 6.5 At z = 3, the brightestLya emittershaveline fluxes
nearl0*® ergscm 2 s ! andasingle, roughly 30 arcmir? field
of the Low-Resolutionimaging SpectrograpiLRIS) camera
on the Keck 10 m telescopeyields a handful of objectsto a
flux limit of 10*" ergscm 2 s . At z~ 6.5, the fluxes drop
to nearthe sensitivity limit, and only occasionalobjectsare
expectedo befound(e.g., Thommesl999). Thereforeto im-
prove our sensitivity limits we havetargetedforegroundmas-
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sive lensing clusters,which can provide substantialamplifi-
cationoverafractionof theLRIS field. We havealsoobsered
the well-studiedblank fields usedin the shorterwavelength
narrowbandsearchesEvenwith the increasegensitivitypro-
vided by the lensing, detectionsare extremelyrare and our
obsewationshavesofar yieldedonly onecompellingdetection
lying behindthe cluster A370. We describethis objectin the
presentetter

DiscriminatingLya emittersfrom lower z emission-lineob-
jectscanbedifficult at lowerredshifts(Sten & Spinrad1999),
but aswe moveto higherredshiftsthe continuumbreaksig-
naturebecomesso extremethat thereis little likelihood of a
misidentificatiorprovidedwe havesufficientlydeepcontinuum
images.Songaila& Cowie (2002) have used spectraof the
Sloanquasardo measurdhe averagdransmissiorof the Lya
forestregionasafunctionof redshiftoverthez = 4 — 6 range.
Their resultstranslateto a magnitudebreak acrossthe Ly«
emissionline of

1+
Am = 3.8+ 20.3l0g (Tz) .

Extrapolatedo z = 6.5, this corresponds$o a 4.5 magbreak.
If theepochof reionizationisat z ~ 6.1 as suggestethy Becker
et al. (2001), the continuumbluewardof Lya would be es-
sentially black. However as we shall considerfurtherin § 3,
in this casethe radiation dampingwings of the foreground
neutralhydrogenextendthroughthe Lya emissionand make
it unlikely we would seeLya emittersat all, so the presence
of the A370 emitterarguesfor a higher reionizationredshift.
In § 2, we summarizehe narrowbandbsevationsandthe
continuumobsevationsat longerand shorterwavelengthdo-
gethemwith the spectroscopifollowup. The propertieof HCM
6A leavelittle doubtaboutits identificationas a highz Ly«
emitter Finally, in the discussionwe considettheimplications
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TABLE 1
SUMMARY OF LRIS Ly NARROWBAND 9152 A SURVEY IMAGING
R.A. Decl. texp
Field (J2000.0) (J2000.0) Exposures (s)
A37C°........ 0239531 —-013435 14 x 1500s 21000
A851°........ 0943026 +465858 19 x 900s + 7 x 650s 21650
HDF ......... 1236 52.0 +62 1230 12 x 1800s 21600
SSA 17 ...... 17 0500.0 +4359 35 6 x 1200s 7200
A2390 ...... 2153346 +174010 11 x 1500s 16500
SSA22...... 22 14582 +0000 00 9 x 1500s 13500

Note.—Units of right ascensiorarehhours,minutes,andsecondsandunits
of declinationare degreesarcminutesand arcseconds.

2 Cluster redshiftsare z = 0.37 for A370, z = 0.41 for A851, andz =
0.231for A2390.

for early starformationandfor the evolutionof theintergalactic
gas.

2. OBSERVATIONS
2.1. Narrowband Survey

The presentimageswere obtainedusinga 118A filter cen-
teredon 9152A in the LRIS camera(Oke et al. 1995)on the
Keck 10 m telescopesThis wavelengthlies in a very dark
region of the night sky betweenthe OH (8—4) and OH (7-3)
bandsand corresponddo Ly« at a redshiftof ~6.5. In total,
six fieldshavebeenimagedwith thisfilter andaresummarized
in Tablel. In eachcasetheexposuresveremadeasasequence
of spatiallyditheredbackground-limiteé&xposuresandmedian
skieswere usedto flat-field the images.The imageswerecal-
ibratedwith spectrophotometristandardsThe deepesexpo-
sures,totaling about6 hr per field, weretakenon the Hubble
DeepField (HDF) andon fields centeredn the clustersA370
andA851. Overmostof theareain thesdfields, the5 ¢ limiting
flux sensitivity is approximatelyl.6 x 10*" ergscm ™2 s %,
but, for the massiveclustersthereis asmallareain thecentral
regionswherethe lensingamplificationprovidesa significant
gainin sensitivity
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For eachfield, a very deepZ band(\ .« ~ 9170A; Hu & 4.
1999) was usedto measurethe continuum,and an extremely
deepR-bandimagewasusedasa shorterwavelengttreference
to measurethe continuumbreak. We searcheceachfield for
objectswith obsevedequivalentvidthsin exces®f 100A that
werenotvisiblein the R image.Only onesuchobjecthasbeen
foundin the six fields.Findingimagesor HCM 6A, whichlies
behindthemassivdensingclusterA370in aregionof significant
amplification,are shownin Figurel1, which comparesarrow-
bandanddeepR-continuurmrimagesandgivescoordinatednsets
show the continuum-subtracteithage and the corresponding
Wide Field Planetay Camera2 (WFPC2)F675Wimagefrom
the Hubble Space Telescope (HST). (SeeBézecourtet d. 1999
for a descriptionof the wider field of the HST image.)The
following subsectionslescribethe obsewvationsmadeon this
objectto confirmthatit is ahigh-redshifLy« emitterratherthan
a lowerredshiftemission-lineobject.

2.2. Broadband Optical Imaging

Deepmulticolor imagesof A370 were obtainedusingLRIS
on the Keck 10 m telescope®n UT 1999 August11, 1999
Septembe®-10,2000August25,2000Decembel9,and2002
Januay 11-12. The dataweretakenasa sequencef dithered
exposuresyith netintegrationtimesof 2400s in V, 27,900s
in R, 4050sin 1, and9820sin Z. A deepB (37805s) image
was obtainedwith the EchelletteSpectrograpland Imageron
Keck Il on UT 2000 SeptembeR9-30. The imageswere pro-
cessedusing mediansky flats generatedrom the exposures.
ConditionsverephotometricuringtheseobsevationsThedata
were calibratedusing the photometricand spectrophotometric
standardHZ 4 (Turnsheket al. 1990; Oke 1990), and faint
Landoltstandardstarsin the SA 95-42field (Landolt1992).

2.3. Near-Infrared Imaging

We usedthe new CooledInfrared SpectrograplandCamera
for OHS (Motoharaet al. 1998)on the Subaru8.3 m telescope

® -

Fic. 1.—Narrowband®152A/118 A image(left panel) and R-bandimage(right panel) of the emission-lineobjectHCM 6A, which is markedwith the vertical
and horizontallines. An imagein the narrowbandilter with a normalizedliocal continuum(Z band)subtractedinset in left panel) showsthat the object,which
appearss two fragmentsjs a strong emission-lineobject. (We haveslightly oversubtractetheZ bandto completelyremovethe neighboringgalaxy whosecore
appearsvhite.) The galaxyis not seenin the muchdeepeiR-bandimage(>8 hr on the Keck 10 m telescopepr in a 5600s F675Wimagetakenwith the WFPC2
on HST, shownin the insetin the right-handpanel. The neighboringbright galaxy to the southwesis a cluster memberwith a redshiftof 0.375(“BO #39” in
Mellier et a. 1988), so that the emissionis not associatedvith this object—in particular Ha lies shortwardof the filter bandpassThe imagesare centeredon
coordinategJ2000.0R.A. = 2"39™54573 decl. = —1°3332/3 andare 37" on a side. The barin the upperleft comer of the narrowbandmageshowsa 5" scale.
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2.—Broadbandmagesof the redshiftz  6.56 galaxy HCM 6A in
colorsabovethe Lymanbreak(left panels) andbelowthe Lymanbreak(right
panels). The lower left image markedJHK is a weightedsum of the J, H,
andK imagesThethumbnailimagesarel9 onaside,centeredntheposition
of the emission,andthe circlesare 1.2 in radius.

on UT 2000 Junel8-19, July 15-16, Septembed 0-12, and
November7 to obtain extremelydeepd, H, andK imagesof
A370. The detectorusedwasa 1024 1024 HAWAII array
with a pixel scaleof 0.111. This providesa field of view of

2 2. To minimize the image degradationa number of
subexposuresvere taken at each position in an eight-point
pentagorpatten (5 stepsize). Weatherconditionswere pho-
tometric,andthe seeingwastypically 0.3—0.5 during the first
threeobsewing runs, which was alsothe resolutionof nearly
all the final reducedimages.Conditionswere clear but with
variableseeingduringthe Novembermbsewing run, with char
acteristicimage FWHM of 0.8 for the A370 H final image.
The datawereprocessedisingmediansky flatsgeneratedrom
theditheredimagesThedatawerecalibratedrom obsewations
of the UKIRT faint standards(Casali & Hawarden1992)
FS27,FS29,FS6, andFS 10. Thetotal exposurdimeswere
13,280s (J), 7680s (H), and 15,360s (K ).

2.4.Colors and Spectral Energy Distributions

HCM 6A is clearly detectedat all wavelengthsongerthan
theZ bandasis shownin Figure2, wherewe presenthumbnail
imagescenteredon the object, which is circled (left panels).
Howeverit isnotseeratanyshortemwavelengthéright panels).

The spectralenergydistribution of HCM 6A is shownin
Figure 3, wherethe error barsare 1 . At wavelengthsabove
the Z band,the meanflux densityaveragedverthed, H, and
K bandsis (26 0.7) 10 **ergscm ?s ' Hz *, while at
shorterwavelengthsaveragedvertheV andR bandsthe flux
densityis (0.1 2.9 103 ergscm ?s *Hz *. Atthe2
level, the continuumbreakexceedsl.7 mag.

2.5. LRIS Spectroscopy

Spectraof theobjectwereobtainedwvith theLRIS duringruns
in UT 1999 Septembell6-18, 2001 Januay 23-24,and2001
October21. Theobsevationsweremaden multislitmodeusing
1.4 wide slits with a variety of gratings.The emissionline is
clearly seenin all the spectraagndthe stackedspectrashowthe
line profile to be asymmetricwith steepebluefalloff aswould
beexpectedromtheeffectsof theforestabsorptionTheredward
continuumis mostclearlyseenin the spectraobtainedwith the
400line mm * grating,whichin combinatiorwith thedlit width
givesaresolutiorof roughly11.8A, andwe showthecombined
spectraobtainedn this modein Figure4. The strongemission
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3.—Spectralenergydistribution of HCM 6A from 4000to 22000A.
The broadbandiuxes (B, V, R, I, Z, J, H, K') are shownwith small filled
squareswhile the narrow bandat 9152 A is shownwith the largersquare.
Thefluxeshavebeenmeasuredn 1 diameteraperturesenteredntheobject,
andthe error barsare 1 errorsbasedon similar aperturemeasurementsn
clear portions of the figld. Note the strong continuumbreak acrossthe nar
rowbandfilter at 9152 A.

lineisat awavelengttof 9187,&, whichcorrespondw aredshift
of z 6.56for Ly . The continuumbreakis consistentvith

that obtainedfrom the imagingdatabut is more poorly deter

minedbecausef the uncertaintiesn the sky subtractiorin the
spectra.

3. RESULTS AND DISCUSSION

Theabsencef detectionutsidethe clusterlensingregions
placesal upperlimit of 27 deg 2 for the numberof sources
in the filter bandpasy z 0.1) at the 5 flux limit of
1.6 10 " ergscm ? s * (the HDF limit) and 13 deg ? at
2.7 10 Y ergscm 2 s * (the worst limit in the six fields),
which is broadly consistentwith that expectedfrom models
(e.g., Thommesl1999) or extrapolationfrom lower redshifts.

We have usedthe Lenstool model of A370 describedin
Kneib et al. (1993) to measurean amplification of 4.5 at the
position of HCM 6A, giving a demagnifiedflux of 6
10 *® ergscm % s *. Lenstoolalsoallows us to measurethe
correspondingsourceplane areasthat would give sucham-
plifications. For the combinedA370, A851, andA2390 areas,
the obsewed sourceplaneareais 0.46 arcmir?, with mostof
this arealying behindthe most massive(A370) cluster The
surface density of objects above a flux limit of 4 10 *®
ergscm ?s 'is thenbetween1300and26,000deg *, where
therangeis 1 , which is alsobroadly consistentwith the
model expectations.

Equivalentwidth determinatioffor very high zobjectsscom-
plicatedby the strong forestabsorptioron the blue side of the
emissionfeatureand acrossthe Z band.For the 1 diameter
aperturemeasurementhownin Figure3, the equivalentidth
determinedrom theline flux andthe averagdong-wavelength
continuumflux abovethe emissiorfeatureis 190A. If instead
the averageZ-band continuumis usedas the referencevalue,
the computecdequivalenwidth increaseso 325 A.

The brighter region of the objectis clearly extendedalong
anaxisof about110 in positionanglewith a maximumlength
of around4 . The elongationis consistentwith the substantial
distortion expectedat this position if the galaxy lies at very
high redshift,providinganadditionalweakconfirmationof the
redshiftidentification. The intrinsic size of the mainregionat
the sourceplaneis thenaroundl . The secondfragmentlies
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4.—Spectrumof HCM 6A from a 4 hr exposuremadewith the LRIS using the 400 line mm * grating. The emissionline is at 9187 A. The solid line
nearthe axis showsthe mediancontinuumflux abovethe line and gives a break strengthconsistentwith the broadbandneasurementshe solid line abovethe
emissionshowsthe 50% width of the narrowbandilter, whoseprofile is shownoverlaidon the fluxed night-sky spectrumplottedat 1% strengthabovethe object
spectrum.Enlargedplots of the object’s emissionfeatureand 1% of the night-sky backgroundspectratakenwith the 400 line mm * grating are shownin the

inset,wherethe asymmety of the line profile canbe clearly seen.

aroundl awayfrom the brighterportion. At z  6.56 with

the currently favored Lambda cosmology ( 0.66 and
0.33 andH, 65km s* Mpc *, theseangularsizes

correspondo physicalsizesof approximately40 kpc.

After removingthelensingamplification the continuumflux
correspondsto a rest-frame ultraviolet luminosity of 2
10?° ergss * Hz *, which may be usedto estimatethe star
formationrate. For a Salpeterinitial massfunction extending
t00.1M ,thisisabout4dOM yr *. Therest-framalemagnified
Ly luminosityis2 10*? ergss *, which, assumingcaseB
recombinationand using the Kennicutt (1983) translationof
H luminosity to star formation rate, would correspondo a
rateof 2 M yr *. The lower value obtainedfrom the Ly
luminosity presumablyreflectsthe combinedeffects of dust
extinctionin the galaxyanddestructionof the blue sideof the
emissionline by scatteringn the intergalacticmedium.

Using the morerobustUV continuumestimatewe find that
the universalstarformationrateat this redshiftfrom this class
of objectliesin therange0.13 2.7M Mpc 3yr *( 1 ).
This is quite similar to ratesestimatedat lower redshiftswithin
the very large uncertainty(e.g., Barger Cowie, & Richards
2000andreferencegherein).

Perhapsof mostinterest,given this is a single objectand
statisticalinferencesarethereforedifficult, is thatthe presence
of evena single objectat this redshift may suggestwe have
notyetreachedheredshiftof reionizationln apre-reionization
epoch,the radiationdampingwings from the neutralgaswill
black out regionsextendingabout20 A to the redwardof the
Ly wavelengthin the obsered frameof the object(Miralda-
Escudel998; Miralda-Escude& Rees1998). While ultralu-
minousquasarcanionize their surroundingsand preventthis
effect, it is unlikely thata smallLy emitting galaxy of the
presenttype could do this, althoughit could lie in a large
ionized region producedby some other source of ionizing
photons.

This work was supportedn part by the Stateof Hawaii and
by NSF grant AST 00-71208and NASA grantGO-7266.01-
96A from the SpaceTelescopeSciencelnstitute,which is op-
eratedby AURA, Inc., under NASA contractNAS5-26555.
R. G. M. thanksthe RaymondandBeverly Sacklef~oundation
for support.We thank Amy Bargerfor taking additionalLRIS
R-bandimagesof A370 to improve our nondetectionimits.

REFERENCES

Anderson,S. F., et a. 2001,AJ, 122,503

Barger A. J,, Cowie, L. L., & Richards,E. A. 2000,AJ, 119, 2092

Becker R. H., etal. 2001,AJ, 122,2850

Bézecourt,J., Kneib, J.-P.,Soucail,G., & Ebbels,T. M. D. 1999,A&A, 347,
21

Casali,M., & Hawarden,T. 1992,JCMT-UKIRT Newsl., 4, 33

Cowie, L. L., & Hu, E. M. 1998,AJ, 115,1319

Dey, A., Spinrad,H., Stem, D., Graham,J. R., & Chaffee,F. H. 1998,ApJ,
498,193

Ellis, R., SantosM. R., Kneib, J.-P.,& Kuijken, K. 2001,ApJ, 560,119

Fan,X., et a. 2000,AJ, 120,1167

. 2001,AJ, 122,2833

Hu, E. M., Cowie, L. L., & McMahon,R. G. 1998,ApJ, 502, L99

Hu, E. M., McMahon,R. G., & Cowie, L. L. 1999,ApJ, 522,L9




No. 2, 2002

Kennicutt,R. C., Jr. 1983,ApJ, 272,54

Kneib, J.-P.,Mellier, Y., Fort, B., & Mathez,G. 1993,A&A, 273,367
Landolt, A. U. 1992,AJ, 104, 340

Mellier, Y., Soucail,G., Fort, B., & Mathez,G. 1988,A&A, 199,13
Miralda-EscudeJ. 1998,ApJ, 501, 15

Miralda-EscudelJ., & Rees,M. J.1998,ApJ, 497,21

Motohara,K., et a. 1998, Proc.SPIE,3354,659

Oke, J. B. 1990,AJ, 99, 1621

Oke, J. B, et al. 1995,PASPR 107,375

Songaila,A., & Cowie, L. L. 2002,AJ, in press(astro-ph/0202165)

HU ET AL. LOO0O

Sten, D., & Spinrad,H. 1999,PASP 111, 1475

ThommesE. 1999,in From Starsto Galaxiesto the Universe,ed.G. Boemer
& H. Mo (Garching:MPIA), 120

TurnshekD. A., Bohlin, R. C., Williamson,R. L., I, Lupie, O. L., Koomneef,
J., & Morgan,D. H. 1990,AJ, 99, 1243

van Breugel,W. J. M., de Breuck, C., Stanford, S. A., Stem, D., Rottgering,
H., & Miley, G. 1999,ApJ, 518,161

WeymannR. J.,Stem, D., Bunker A., Spinrad H., Chaffee F. H., Thompson,
R. I, & Storrie-Lombardi,L. J. 1998,ApJ, 505, L95



