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ABSTRA CT

We describe results from a search for high-redshift J {band \drop out" galax-
ies in the portion of the Great Observatories Origins Deep Survey (GOODS)
southern �eld that is coveredby extremelydeepimaging from the Hubble Ultra-
deepField (HUDF). Usingobservationsat optical, near-infraredandmid-infrared
wavelengthsfrom the Hubble and Spitzer SpaceTelescopes and the European
SouthernObservatory Very LargeTelescope, we �nd oneparticularly remarkable
candidate, which we designateas HUDF-JD2. Its spectral energy distribution
has distinctiv e features that are consistent with those of a galaxy at z � 6:5,
observed several hundred million yearsafter a powerful burst of star formation
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that produceda stellar massof 6� 1011M � (for a Salpeter IMF). We interpret a
prominent photometric break betweenthe near-infraredand Spitzer bandpasses
as the 3646�A Balmer discontinuit y. The best-�tting models have low reddening
and agesof several hundred Myr, placing the formation of the bulk of the stars
at z > 9. Alternativ e models of dusty galaxiesat z � 2:5 are possiblebut pro-
vide signi�cantly poorer �ts to the photometric data. The object is detectedwith
Spitzerat 24� m. Weconsiderinterpretations of the 24� m emissionasoriginating
from either an obscuredactive nucleusor from star formation, and �nd that the
24� m detection doesnot help to uniquely discreminatebetweenthe z = 6:5 and
2.5 alternatives. We present optical and near-infrared spectroscopy which has,
thus far, failed to detect any spectral features. This non-detection helps limit
the solution in which the galaxy is a starburst or active galaxy at z � 2:5, but
doesnot rule it out. If the high-redshift interpretation is correct, HUDF-JD2 is
an exampleof a galaxy that formed by a processstrongly resembling traditional
models of monolithic collapse,in a way which a very large massof stars formed
within a remarkably short period of time, at very high redshift.

Subject headings: galaxies: cosmology: observations | galaxies: formation |
galaxies:high redshift | galaxies: formation | galaxies:photometry

1. In tro duction

An important goal of observational cosmologyis to measurethe early history of star
formation and stellar massassembly in galaxies. Such investigationsare key elements for
testing galaxy formation theories (e.g. Somerville et al. 2001) and the early history of
star formation at z > 6, providing critical constraints on the time evolution of cosmic
re{ionization (Loeb & Barkana 2002; Stiavelli, Fall & Panagia 2004). Ultraviolet{brigh t,
star-forming Lyman break galaxies(LBGs) have beenstudied in great detail at z � 3 and
4 by meansof spectroscopicsurveys (Steidel et al. 2003),and properties such as their star
formation rates, stellar masses,ages,and morphologieshave beenempirically characterized
(see Giavalisco 2002 for a review). Galaxies at z � 2 to 3 with redder spectral energy
distributions (SEDs) and large stellar masses(� 1011M � ) have also been identi�ed via
infrared surveys (e.g., Franx et al. 2003; van Dokkum et al. 2003; Daddi et al. 2004; Yan
et al. 2004). A subsetof thesegalaxiesappear to be dominated by old stellar populations
(e.g., Labb�e et al. 2005),suggestingthat somehigh redshift galaxiesformed a large fraction
of their stars at substantially higher redshifts, perhapsz > 5. Ever{increasingnumbers of
star-forming galaxiesat 4 < z . 6:5 are being identi�ed in new (mostly optical) surveys,
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mainly via the Lyman break (Giavalisco et al. 2004a;Ouchi et al. 2004) and narrow-band
(Rhoads et al. 2004; Ajiki et al. 2004) techniques. The recently acquired Hubble Ultra
Deep Field (HUDF) observations, which are the deepest imagesof the Universeat optical
and near-infrared wavelengths,have been usedto extend color{selectedsearches to z > 7
(Bunker et al. 2004; Yan & Windhorst 2004; Bouwenset al. 2004), and have identi�ed a
number of extremely faint candidateswhich await further studies.

The HUDF is situated within the southern�eld of the Great ObservatoriesOrigins Deep
Survey(GOODS) (Dickinson & Giavalisco2003;Giavaliscoet al. 2004b). Here,we combine
the HUDF HST imagesat 0.44 to 1.6� m with GOODS data in the K s{band (2.16� m) and
from the SpitzerSpace Telescope at 3.6 to 24� m, to search for candidate\ J -band dropouts",
i.e., objects whoselight at 1� m (observedwavelength) is suppressedby the hydrogenopacity
of the intergalactic medium (IGM) at z & 7. We adopt H0 = 70 km s� 1 Mpc� 1, 
 m = 0:3
and 
 � = 0:7 throughout this paper. All magnitudesare in the AB system.

2. Imaging data

The HUDF was imagedat optical wavelengthswith the AdvancedCamerafor Surveys
(ACS) Wide Field Camera (WFC), which covers a �eld of 30 � 30. The imageswere taken
in four passbands:F435W (B435), F606W (V606), F775W (i 775), and F850LP (z850). These
are the deepest optical imagesever obtained, with limiting sensitivity of 29.3 to 28.5 AB
magnitudesin the four �lters (10� for extendedsourcemeasuredover 0.2 arcsec2 aperture).
A detailed description of the HUDF ACS observations and data reduction will be presented
in Beckwith et al. (in preparation).

Near-infrared observations of the HUDF observations were carried out with the Near-
Infrared Camera and Multiob ject Spectrograph (NICMOS), and cover a �eld of 2:05 � 2:05
with the F110W (J110) and F160W (H160) �lters (Thompson et al. 2005). We have used
an independent reduction of the HUDF NICMOS data made at STScI (Robberto et al.,
in preparation), which has slightly reducednoiseand has fewer pixel artifacts comparedto
the Version 1 public releasedata products.13 The NICMOS imagesin both bands reach
sensitivities of 26.9 AB magnitudes (10� in an aperture diameter of 0:006). GOODS near-
infrared data also include a mosaicof K s{band imagesfrom the VLT/ISAA C instrument
which covers the HUDF region with typical exposuretimes of 6 hours per pointing, seeing
FWHM � 0:004, and limiting sensitivity K s = 25:1 (10� point sourcein a 100diameteraperture;
Vandameet al. in preparation; Giavaliscoet al. 2004b).

13Thesehave sincebeenreplacedby improved Version 2 NICMOS data products.
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The GOODS Legacyprogram (Dickinson et al., in preparation) with the Spitzer Space
Telescope has also surveyed the HUDF using the Infrared Array Camera (IRA C) and the
Multiband Imaging Photometerfor Spitzer (MIPS). The IRAC data consistof imagesin four
bands(3.6, 4.5, 5.8 and 8.0� m). The HUDF is located in an overlap strip which is covered
twice by IRAC in observing epochs separatedby six months, and has therefore received
approximately 46 hours of exposureper channel. The formal 10� point sourcelimits range
from 25.8 to 23.0 AB mag in the four channels,although in practice, measurement errors
at the faintest 
uxes are mainly due to crowding from neighboring objects. The object
discussedin this paper is well above the faint sensitivity limit of the GOODS IRAC images.
The MIPS observations at 24� m have an integration time of approximately 10.4hours, and
reach a 5� limiting sensitivity of approximately 20� Jy. Sourceextraction and catalogsfor
the GOODS 24� m data will be described in Chary et al. (in preparation).

3. Iden ti�cation and photometry of candidate J -band drop out galaxies

We generateda multi-w avelengthsourcecatalog basedon detectionsmadein the NIC-
MOS F160W band. We usedSExtractor (Bertin & Arnout 1996) in dual-imagemode with
the parameters(kernel, number of connectedpixels, threshold) optimised by meansof sim-
ulations. Theseconsistedof placing arti�cial galaxieswith known observable parametersin
the imagesand retrieving them following the sameproceduresusedfor the real galaxies.We
used these catalogsto select very red galaxieswith (J110 � H160) > 1:3 and no detection
(at the 2� level) at wavelengthsshorter than J110, down to the limit of the ACS/HUDF
images(i.e. J -band dropouts). The adopted value of J110 � H160 is the observed color of
an LBG with typical rest{frame UV colors, observed at z = 8 and taking into account the
appropriate cosmicopacity.

Two sourceswere found that satisfy thesecriteria: UDF033242.88-274809.5 and
UDF033238.74-274839.9 (J2000 coordinates). Henceforth, we will refer to theseobjects as
HUDF-JD1 and HUDF-JD2 respectively. Both objects are well detected in the ISAAC
K s-band and in all four IRAC channels. HUDF-JD2 is clearly resolved in the NICMOS
imagesrelative to the point spreadfunction (PSF); we estimate its half-light radius to be '
0:30� 0.05arcsec.HUDF-JD1 is more compact,but is probably extendedaswell. Although
HUDF-JD1 statis�es the (J110 � H160) > 1:3 color criterion and initially passedthe optical
non-detectiontest aswell, deeper HUDF/A CScatalogs,generatedlater, detect faint z{band
emissionat this position. No such optical emissionis detectedfor HUDF-JD2: measurements
within an 0:9 arcsecdiameter aperture are consistent (within � 2� ) with zero
ux in all four
ACS bands. We also combined the BViz ACS images to obtain a \white light" image
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with a 3� detection limit of 31.5 mag over a 1:5 arcsecdiameter aperture. HUDF-JD2 is
still undetectedin this combined image, nor is it visible when the combined ACS image is
convolved to match the NICMOS PSF.

Both objects werenoted previouslyby Chen& Marzke (2004)and by Yan et al. (2004),
using di�eren t selectioncriteria. Prior to the availabilit y of the Spitzer data, which we will
demonstrate is crucial in the interpretation, Chen & Marzke used the NICMOS and ACS
data alone and identi�ed theseobjects as candidatesfor evolved galaxieswith photometric
redshifts z � 2:9 and 4:25, respectively. Yan et al. (2004) usedthe GOODS IRAC data to
identify 17 HUDF objects with extremely red ACS to IRAC colors (\IRA C Extremely Red
Objects"). They estimatedz � 3:6 and 3.4 for the two objects discussedhere;however, they
consideredthe photometric redshifts and stellar population modeling to be uncertain due to
the lack of any optical detection, and thereforeexcludedthesetwo objects from the detailed
analysisof their sample.

The observed SED of HUDF-JD1 risessmoothly longward of the J-band, in contrast
to the HUDF-JD2 SED which is almost 
at in the H=K region (i.e. a blue H � K color),
followedby a signi�cant break in betweenthe K s and 3:6 �m wavelengths(i.e. a red K � 3:6
color). We will argue below that this distinctiv e feature, seenonly in HUDF-J2, is strong
evidencefor a high redshift galaxy (z � 7). By contrast, the smooth SED of HUDF-JD1 is
consistent with a dusty post-starburst at z = 2:4 with EB� V = 0:8, an ageof 200 Myr and
metallicit y Z = 0:008. The two sourcesdi�er in other respects. X-ray observations of the
GOODS-S�eld (the 1 MsecX-ray survey) with the ChandraX-ray Observatory (Giacconiet
al. 2002)shows HUDF-JD1 to be coincident (within 1 arcsec)with a faint X-ray source(D.
Alexander, private communication, basedon an extensionof the faint supplemental X-ray
catalogfrom Alexanderet al. 2003). HUDF-JD2, instead,hasno signi�cant X-ray detection,
with 3� upper limits of 5:1 � 10� 17 and 2:4 � 10� 16 erg s2 cm� 2 in the soft (0.5-2 keV) and
hard (2-8 keV) bands,respectively. For the remainderof this paper, we will concentrate on
interpreting HUDF-JD2. Imagesof HUDF-JD2 from 0.44to 8.0� m are shown in Figure 1.

We carefully remeasuredphotometry for HUDF-JD2 in each imaging data set through a
variety of apertures, and usingdi�eren t sky background estimates,paying closeattention to
the possiblecontaminating e�ects of nearby neighbors. There are three faint, blue objects,
visible at wavelengthsas short as the ACS B435{band, located slightly more than 1 arcsec
from the H160{band centroid of HUDF-JD2. For largephotometric apertures,theseneighbors
will signi�cantly a�ect measurements in the NICMOS J110{band or in ACS, but they have
relatively small e�ects in the H160 band and at longerwavelengths.We have maskedcircular
regionswith diameter 0.5 arcsecaround each of thesesourcesbeforemeasuringphotometry
in the NICMOS and ISAAC images,and use a smaller aperture which excludesthem in
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ACS.

A portion of the spectral energydistribution of HUDF-JD2 which will feature promi-
nently in our later discussionis the \break" seenbetweenthe K s and 3.6� m IRAC bands.
Sincethe signal{to{noise ratio (S=N ) in the GOODSISAAC K s-band imageis lessthan that
in the NICMOS H160 or IRAC images,it is important to verify that this is not an artifact due
to measurement error. Herewe usea deeper (14 hour exposuretime) VLT/ISAA C K s band
imageof the HUDF (Labb�e et al. in preparation). We calibrated the photometric zeropoint
of the deeper imageto that of the GOODS K s{band data by comparingmeasurements for 8
galaxiescommonto the two images.Photometry was then repeatedon the deepK s image,
and we found excellent agreement with the measurement from the GOODS imageswithin
the nominal photometric uncertainties of the two data sets. Becauseof its higher S=N , we
usethe K s measurements from the deeper imagehere.

We measuredthe J H K band magnitudesthrough circular apertures with diametersas
largeas3 arcsec,and found that the photometric curveof growth convergesby a diameter of
2 arcsec.We examinedthe dependenceof aperture magnitudeson di�eren t prescriptionsfor
sky subtraction (concentric annuli or medianof the data in a local region) and found that for
aperture diametersof 200and smaller,thesedid not a�ect the measurements at a level greater
than our estimatesfor the photometric uncertainty due to background shot noise. For the
J H K photometry, wechoose200aperture diametersasa trade-o� betweenconvergenceon the
total 
ux, net S=N , and the e�ects of systematicuncertainty in the background subtraction.
We also veri�ed the large{aperture J110 � H160 and H160 � K s colors by comparing them
to measurements through a smaller (0:009 diameter) aperture using versionsof the NICMOS
imageswhich were carefully convolved to match the PSF of the ISAAC K s image using a
kernel derived by Fourier techniques. The small{aperture measurements have higher S=N
and are lesssubject to sky subtraction errors, and the results were in excellent agreement
with the large{aperture valueswithin the estimateduncertainties. Final photometric errors
were computed from the sky noise, including corrections for pixel correlations induced by
the reduction process,and with an additional term representing shot noiseuncertainty on
the net sky background.

Photometry in the ACS BViz imageswas measuredthrough 0:009 diameter apertures
centered at the position of HUDF-JD2 derived from the NICMOS H160{band image, and
uncertainties were estimatedbasedon the background shot noise(which is uncorrelated in
the ACS HUDF data). The object is undetected(with S=N < 2) in all bands.

The IRAC photometry was measuredwith SExtractor using 400diameter circular aper-
tures, and transformedto total magnitudesusingaperture correctionsbasedon Monte Carlo
simulations in which arti�cial imagesof compactgalaxies(half{ligh t radii � 0:005, appropriate
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for this object) were added to the IRAC imagesafter convolution by the appropriate PSF
and recoveredby SExtractor. The resultswerethe samewithin the expectederrorswhenus-
ing smaller (300diameter) circular apertures or SExtractor MAG AUTO measurements. The
three faint galaxiescloseto HUDF-JD2 lie within the aperture usedfor IRAC photometry.
However, theseare expected to be too blue to make any substantial contribution to our es-
timated IRAC magnitudes. The baselineIRAC photometric errors wereestimatedfrom the
samesimulations in order to take into account the statistical e�ects of crowding in the data.
The errors from the simulations rangedfrom 0.06 to 0.11 magnitudesin the four channels.
In practice, we set a 
o or to the IRAC errors of 0.10 magnitudesin channels1 through 3
and 0.15 magnitudesin channel 4 to also account for remaining uncertainties in the IRAC
photometric calibration.

HUDF-JD2 is alsodetectedin the 24� m MIPS image,as illustrated in Figure 2. Emis-
sion from the foregroundspiral galaxy 7:003 to the southeastmakesit necessaryto carefully
deblendthe two objects. We have donethis in two independent ways, using two independent
reductionsof the MIPS image. In onecase,we �t point sourcesto the 24� m data at positions
de�ned by the presenceof sourcesin the higher-resolutionIRAC images. We calculate the
photometric uncertainties by quadraturesummationover the residualsafter the point source
�ts are subtracted. In this way, we measurea 24� m 
ux density of 51:4 � 4:0� Jy. We also
measuredphotometry through small circular aperturescentered at the position of the IRAC
counterpart to HUDF-JD2, applying corrections to total 
ux computed from an in-
igh t
24� m PSF available from the Spitzer ScienceCenter. The smallest aperture that we used
(400diameter) minimizescontamination from the neighboring spiral, but requiresthe largest
aperture correction (a factor of 4.8). This yielded a 
ux density of 60� 5:0� Jy, while larger
apertureswerebrighter, indicating increasingcontributions from the neighboring spiral. We
adopt the PSF-�tting 
ux, but increasethe uncertainty estimate to 20% (10� Jy) to re
ect
the di�cult y of deblending these sourcesand to encompassthe range of valuesmeasured
by the di�eren t techniques. The MIPS cataloging procedurewill be presented in detail in
Chary et al. (in preparation).

The photometric data used to construct the spectral energydistribution discussedin
the next section are presented in Table 1. The di�erence betweenthe NICMOS (JH) and
IRAC (8� m) HUDF-JD2 magnitudesin Table 1 with thosepresented in Yan et al (2004) is
mainly due to using di�eren tly reducedNICMOS images,removal of the three nearby faint
sourcesand the bright foregroundgalaxy in the �eld of HUDF-JD2 and di�eren t photometric
procedurein the caseof the IRAC data.
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4. Spectral energy distribution and stellar population mo deling

The spectral energydistribution of HUDF-JD2 is presented in Figure 3; the ACS mea-
surements are shown as 2� upper limits. The SED displays a signi�cant changeof slope
between the measurements in the mid{infrared (3.6-8� m) wavelength range and those in
the near{infrared (1.1{2.2� m). This changeof slope is punctuated by a \break" observed
betweenthe K s and 3.6� m points mentioned earlier. The SED declinesshortward of 1.6� m
and is undetectedin the HUDF ACS images. At the longestwavelengths,there is another
changeof slope in the SED betweenthe IRAC and MIPS bands,with an upturn at � > 8� m
(seeFigure 6).

As we will show in the next section, the photometry of HUDF-JD2 at wavelengths
shorter than 8� m can be modeled as emissionfrom an evolved stellar population seenat
z � 6:5. The main evidencefor this is the observedK s � 3:6� m break which is interpreted as
the � 03646�A Balmer break from an establishedstellar population. We will alsoconsiderold
or dust-reddenedstellar population models at lower redshifts. Thesemodels are illustrated
by the spectra overplotted in Figure 3. In any scenario,the measured24� m 
ux density
exceedsthat predicted by the stellar population models alone by more than an order of
magnitude. This, and the distinct changeof SED slope betweenthe IRAC and MIPS bands,
strongly suggestthat the 24� m emissionfrom HUDF-JD2 results from a di�eren t physical
mechanism than that which is responsible for the bulk of the light at wavelengthsshorter
than 8� m. This may arise from warm dust, complexmoleculessuch as polycyclic aromatic
hydrocarbons(PAHs), or may bea highly dust-reddenedcontinuum source.Wewill therefore
separatelymodel the data at � � 8 � m (x4.1and 4.2) and at 24� m (x4.3). Any solution must
provide an acceptableexplanation for the 24� m 
ux without invalidating the �ts obtained
for shorter wavelengths.

4.1. Stellar Population Mo deling

We now perform detailed modelling of the observed HUDF-JD2 SED in the range� �
8 � m, over which the 
ux is dominated by stellar component. We used two evolutionary
synthesis codes in order to model the observed SED: Starburst99 (SB99: Leitherer et al.
1999;V�azquez& Leitherer 2004),and Bruzual & Charlot models(BC03: Bruzual & Charlot
2003). The SB99 code has recently been extended to follow stellar populations to ages
� 5 Gyrs (V�azquez& Leitherer 2004). SB99 only supplies instantaneous and continuous
star formation modes. For the BC03, we used models with exponentially decreasingstar
formation ratesparameterizedby a time scale� . A model with � = 0 is thus identical to the
instantaneousstar formation in the SB99 models. For all models we useda Salpeter IMF
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with a lower and upper masscut-o� at 0.1 and 100M � respectively.

We searched for the best model �t to the observed data by simultaneouslyoptimizing
the parametersof redshift (z), extinction (EB� V ), starburst age (tsb) and metallicit y (Z ).
The continuous star formation mode in the SB99 models could not produce an SED even
remotely resembling the observed one, and was not consideredfurther. In the caseof the
BC03 modelswealsoinclude the e-foldingtime scalefor a decreasingstar formation rate (� ).
The best �t parameterswere found through � 2 minimization (with 2 degreesof freedom-7
data points and 5 parametersto �t), where we allowed all possiblecombination of model
parametersin the range;0 < z < 10, 0 < EB� V < 1, 0:1 < tsb < 2:4 Gyrs and four levelsof
metallicit y Z=0.004, 0.008,0.02and 0.05. For the BC03 modelswe used� =0, 100,200,300,
400,600,800and 1000Myrs. We usedthe Madau (1995) prescription for the meanneutral
hydrogen opacity of the IGM, and modeled dust extinction as a foreground obscuration
screenat the redshift of the galaxy using the obscuration law of Calzetti et al. (2000). As
we will see,however, the best{�tting modelshave little or no dust extinction, so the choice
of prescription for the reddeningmakeslittle di�erence on the �nal results.

The parametersof the best �t models using the two di�eren t evolutionary synthesis
codesare summarizedin Table 2. The results are very similar for both the SB99and BC03
models, and we plot the best �t result from BC03 in Figure 3, together with the observed
photometry.

When �tting broad band colors,there are degeneraciesbetweenparameterssuch asage,
metallicit y, extinction, and redshift. However, with seven signi�cant photometric detections
plus four upper limits, we �nd that there are su�cien t data to limit most of thesedegen-
eracies.In Figure 4, we plot (as a grey scale)the minimum � 2

� as a function of redshift and
extinction, after marginalizing over the other free parameters. The global � 2

� minimum is
marked by an asterisk at z = 6:6 and 6.5 for the SB99and BC03 models, respectively, and
EB� V = 0 for both setsof models. The best �tting redshifts are comparableto thoseof the
most distant galaxiesnow known, although we note that the region of acceptable� 2

� values
is skewed towards still larger redshifts. The parametersnot explicitly shown in Figures 4,
such asstarburst ageand metallicit y, do not vary much over the regionde�ned by the 95.4%
con�dence level. Hence,only a small number of parameter combinations actually produce
good �ts of the model SED, and the redshift turns out to be quite robustly constrained,
as also shown through Monte Carlo simulations (x4.2). The stellar massof the best{�tting
models lies in the rangeM � = 5 � 7 � 1011M � . This represents a remarkably large massfor
a high redshift galaxy, and we considerits implications in somedetail in x6.

The metallicit y of HUDF-JD2 is not strongly constrainedby the modeling. This canbe
seenby the fact that the BC03 and SB99 models yield di�eren t valuesfor the metallicit y,
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although most other derivedparametersare very similar (Table 2). Moreover, given the low
metallicit y (Z = 0:004) predicted by the BC2003model, no gasand a high mass(� 5� 1011

M � ), the object will not lie on any known mass-metallicity relation. To further explorethis,
we �x metallicit y to a relatively high valueof Z = 0:02 (solar) and perform the �t to optimise
other parameters. The best-�t givesz = 6:5, EB � V = 0:0, tSB = 600 Myr and � = 0 with
� 2

� = 2:3. Acceptable�ts can alsobe found for tSB = 500Myr combined with small amount
of extinction (EB � V � 0:03� 0:05). As the agebecomesprogressively younger(< 500Myr),
there is an increasedneedfor higher extinction with � 2

� becomingmonotonically worse. This
is further con�rmed by our Monte Carlo simulation results presented in x4.2.

Figure 4 suggeststhat a dusty galaxy at z � 2:5 alsoprovides a possible,although less
likely, alternative �t to the data. The best-�t parameterscorresponding to this model are
alsolisted in Table2, and the model is comparedto the observedphotometry in Figure 3b. In
order not to violate the very stringent ACSdetection limits, this dusty model must alsobe a
post-starburst object, without ongoingstar formation. A foregrounddust screenobeying the
Calzetti et al. (2000)attenuation law cannotadequatelysuppressthe UV 
ux from activestar
formation while simultaneouslymatching the near-infraredand IRAC photometry, although
we note that steeper UV extinction laws might be able to accomplishthis. If the 24� m 
ux
from HUDF-JD2 is due to the presenceof active star formation and not an AGN, then this
may appear to contradict the \p ost-starburst" nature of the �t to the ACS-through-IRAC
SED. However, more complex models with a highly obscuredstarburst or active nucleus
plus a more lightly obscured,non-star-forming host galaxy, could conceivably �t the data.
Table2 alsogivesparametersfor anotheralternativemodel, which represents an unreddened,
passively evolving older stellar population at z = 3:4. This givesa still worse�t to the data,
poorly matching the break from the near-infrared to IRAC photometry, and violating the
optical non-detection limits in someACS bands. A similar model dominated by old stellar
population was also usedby Yan et al (2004), deriving the sameredshift of z = 3:4 for the
HUDF-JD2. However, this substantially overpredictsthe observedK-band 
ux of the object
and seemsvery unlikely.

4.2. Mon te Carlo Simulations

To test the stabilit y of the parameter values from the model �tting, and to better
understand the relative likelihoods of the high and low redshift interpretations of HUDF-
JD2, we have carried out Monte Carlo simulations, simultaneouslyvarying the 
uxes in all
bandsunder the assumptionthat their errors are normally distributed and uncorrelated.

We generated1000realizations of the data and �t each using the BC03 models. The
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distribution of the �tted valuesde�nes a probabilit y distribution for each parameter,and is a
better assessment of the most likely values. In Figure 5 weshow the probabilit y distributions
for the redshift, stellar mass,extinction, and formation redshift (zform ) values. The zform is
calculatedfrom the estimatedphotometric redshift and the ageof the stellar population (t sb)
in HUDF-JD2, using the cosmologyadoptedhere. The redshift distribution shows the same
behaviour depicted in Figure 4, with a median probabilit y around z � 6:9 but skewed to
somewhathigher redshift. As before,a lessprominent peak is evident at z = 2 to 3, corre-
sponding to a dust{obscuredsolution. In each panel of Figure 5, the parameterhistograms
corresponding to the low{redshift (z < 4) and high{redshift (z > 4) solutions are shaded
di�eren tly sothat the properties of each family of solutionscan be easilydistinguished. The
distribution for extinction is strongly peaked at EB� V � 0:0, with a small number of high
valuescorresponding to the low{redshift solutions. For the high{redshift solutions, the dis-
tribution of stellar masspeaksaround 5 � 1011 M � , as for the best �t model. The starburst
age(not shown in Figure 5) is evenly spreadbetween� 0:4� 1:0 Gyr, wherethe upper limit
correspondsto the best-�t solution in the previoussection. The e-folding time is con�ned to
0.0 and 100Myr, i.e., short comparedto the agesof the models, while the preferredmetal-
licit y is 0.004-0.008.Consideringonly the high-redshift (z > 5) solutions,95%of the Monte
Carlo realizationshave zform > 9 while 53%have 9 < zf orm < 20. 14%of modelsexceedthe
ageof the Universeat their best{�tting photometric redshifts and hence,are unphysical.

The relatively narrow distributions for key parametersshow that the stellar population
model �ts are stable and are not greatly a�ected by the photometric uncertainties. In
particular, the redshift is oneof the more robust parameters.Age and extinction vary only
by small amounts, and most of the best-�tting models have relatively small amounts of
ongoing star formation, i.e., with age tsb � � . Old stellar populations at z < 4:5 do not
�t the data well. Dusty, post-starburst models at z � 2 to 3 provide relatively poor �ts to
the observed data, outside the 95.4%con�dence range, but do populate a minorit y of the
solutions in the Monte Carlo simulations when the photometry is allowed to vary within its
nominal rangeof errors.

In summary therefore, Figures 4 and 5 suggestthat the HUDF-JD2 is likely to be an
extremely massive galaxy observed at 6 < z < 8 which formed the bulk of its stars at
zf orm > 9. The sizeof the observed K s � 3:6� m break implies a post-starburst systemnow
being observed in a quiescent state. The fraction of realisationsin Figure 5, leading to low-z
(z < 5) and high-z (z > 5) solutions over the entire � 2 rangeare found to be 15%and 85%
respectively, as estimatedfrom Monte Carlo simulations, with no strong dependenceon the
explored � 2 range.
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4.3. In terpreting the 24 � m emission

Wenow considerthe 24� m \upturn" in the SED, in the context of the stellar population
models discussedin the previous subsections. For either of the two classesof solutions
(z � 6:5 or z � 2:5), the 24� m emissioncould be due to the presenceof dust heatedby star
formation or by an active galactic nucleus(AGN).

For the z � 6:5 scenario,we regard the AGN hypothesisas being more likely. At that
redshift, the MIPS 24� m bandsamplesrest-framewavelengthsof � 3:2� m. Although there is
a relatively weak PAH emissionband at this wavelength, the SEDsof star-forming galaxies
typically reach a local minimum at roughly this wavelength, between the Rayleigh-Jeans
portion of the stellar photospheresand the mid-infared emissionfrom warm dust and PAHs.
Instead,dust-obscuredAGN canbe much brighter in thesewavelengths,due to the presence
of a substantially warmer dust component heated by the active nucleus. The reddened
continuum from the nucleusitself can alsocontribute to the emissionat thesewavelengths.
Moreover, we have inferred that HUDF-JD2 is an exceptionallymassivegalaxy if it is indeed
at z � 6:5. If the relation betweenbulge massand black hole mass,found locally, holds
at high redshift, then we might expect HUDF-JD2 to host a supermassive black hole at its
core.

Although there is no unique prescription for the near-to-mid-infrared spectral energy
distribution of AGNs, we illustrate two possiblescenarioshere basedon the properties of
nearby, infrared-luminous AGNs, namely Markarian 231 and NGC 1068. The former is an
ultraluminous infrared source,optically classi�ed as a broad absorption line QSO with an
active nucleus bright at optical through mid-infrared wavelengths. The latter, instead, is
the prototypical Seyfert 2 galaxy, whoseactive nucleus is highly obscuredat optical and
near-infrared wavelengths. We compiled photometry for both objects using the NASA Ex-
tragalactic Database. Mrk 231 is more distant (178 Mpc) than NGC 1068(16 Mpc), and
most of the available photometry coverslarger apertures(10-15arcsecdiameter) encompass-
ing light from both the activenucleusand the host galaxy. Therefore,there is probably some
stellar component to the reported Mrk 231photometry that we usehere;a hint of this can
be seenin a \bump" in its SED at rest-frame� � 1:6� m, which is a characteristic featureof
starlight. For NGC 1068,we usethe smallestaperture nuclear data available, compiled by
Galliano et al. (2003), and have spliced in an ISOPHOT-S spectrum at 5.8{11.6� m, whose
intensity we have rescaledto match that of the small-aperture photometry in the overlap-
ping wavelength rangeof (7.7 to 10.4� m). This, therefore, is our best approximation to the
nuclear spectrum of a highly reddenedAGN in the rest-frame wavelength range 1{10� m.
We shift both AGN templates to z = 6:5, and scalethem to match the measured24� m 
ux
of HUDF-JD2. For our adopted cosmology, this required multiplying Mrk 231 by a factor
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of 2.85,while the NGC 1068nuclear template was multiplied by a factor of 105. Figure 6a
shows these two AGN models overplotted with the photometric data and the best-�tting
z = 6:5 BC03 model from Table 2 and Figure 3a.

Both AGN modelsprovide a long wavelength\upturn" over the stellar SED for HUDF-
JD2. The NGC 1068nucleusis very heavily reddened,and would contribute negligibly to
the 
ux of HUDF-JD2 at any observed wavelength shorter than 10� m. For the rescaled
Mrk 231template, the contribution to the observed IRAC 
uxes for JD2 rangesfrom 25%at
3.6� m to 53%at 8.0� m. However, we reiterate that the SED adoptedherefor Mrk 231most
likely includessomecomponent of the stellar host galaxy. At wavelengthsshorter than 3� m,
wherethe 
ux from HUDF-JD2 dropssharply below the \break," the fractional contribution
from the AGN becomeslarger again, although we do not have rest-frameUV photometry of
Mrk231 suitable for extendingthis comparisonacrossthe wholeobserved wavelengthrange.

If an active nucleuscontributes somefraction of the light seenat observed 1 to 8� m
wavelengths,this might reducethe implied stellar massand possibly changeother derived
stellar population properties. Assuming that the AGN spectral energydistribution is like
that of the Mrk 231 template, and that it contributes negligibly at shorter wavelengths,we
subtract the AGN contribution (which is presumedto produce all of the observed 24 � m
emission)from the observed 
uxes from the K s-band to 8� m, and repeat the � 2 �tting as
before. As a result, we derivea somewhathigher redshift (z = 7:2) and a stellar massthat is
reducedby a factor of 2. This is mainly due to the enhancedstrength of the K s � m(3:6 � m)
\break" although we note that this dependsin detail on the behavior of the adopted AGN
template in the rest-frameUV. If, instead, the AGN contribution to the 24� m emissionis
represented by the rescaledNGC 1068nuclear template, it would contribute no signi�cant
amount of light to 
uxes at the observed 1 to 8� m wavelengths,and correspondingly there
would be no changeto the derived stellar population properties of the host galaxy.

AGNs commonly emit X-rays, but HUDF-JD2 is undetected in the 1 Msec Chandra
GOODS-Sdata. The nuclearX-ray emissionfrom both Mrk 231and NGC 1068are believed
to be absorbed by a Compton-thick screenof neutral gas. Braito et al. (2004) have directly
detectedthe unabsorbed X-ray emissionfrom Mrk 231at energiesup to 60 keV. They derive
a neutral column density N (HI)= 2 � 1024 cm� 2, and infer an intrinsic (unabsorbed) 2-
10 keV luminosity of 0.5-2:0 � 1044 erg s� 2. For a sourceat z = 6:5, the Chandra hard
band (2-8 keV) is sensitive to rest-frameenergies15-60keV, whereMrk 231 would be less
heavily absorbed. Extrapolating the luminosity derived by Braito et al. with a power law
spectrum with photon index � = 1:7 (wheredn=dE / E � � ), and multiplying the luminosity
of Mrk 231by a factor of 2.85aswasdoneto match the 24� m photometry, we would predict
an X-ray 
ux of 4.5 to 18� 10� 16 erg s� 1 in the Chandra 2-8 keV band. This is 1.9 to 7.5
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times larger than the 3� hard banddetection limits. However,AGNsmay spana broadrange
of mid-infrared to X-ray 
ux ratios, depending on their degreeof obscuration. Matt et al.
(2000)�nd that the direct X-ray emissionfrom the NGC 1068nucleusis completelyabsorbed
at all energiesout to 100keV by an absorbingcolumn density N (H I ) > 1025 cm� 2. Only
a re
ected component of nuclear X-ray emissionis detected, about 2 orders of magnitude
fainter than the intrinsic nuclear luminosity. X-rays from a high-redshift AGN of this type
would thereforebe undetectablewith Chandra.

In the z � 2:5 hypothesis, the MIPS 24� m band samplesthe rest frame at � 7 � m,
where there are strong complexesof PAH emission.Both starburst and AGN scenariosare
plausible at this redshift. However, the absenceof detectableX-ray emissionfrom HUDF-
JD2 leadsus to concentrate on the starburst interpretation here,although againa Compton-
thick AGN cannot easilybe ruled out. Indeed,Steidelet al. (2004)and Donley et al. (2005)
have shown examplesof broad-line or radio-detectedAGNs in GOODS-N which are faint
or undetected in the 2 Msec Chandra X-ray data. Figure 6b shows the previous best-�t
z � 2:5 solution, a dusty post-starburst spectrum, superimposedwith an infrared spectral
template from Chary & Elbaz (2001;CE01), normalized to match the 24� m measurement.
The model is an ultraluminous infrared galaxy (ULIR G) with L(8 � 1000� m) = 2� 1012 L� .
The CE01 templates include a stellar host galaxy component which dominatesthe emission
at rest-frame wavelengthsshorter than about 4� m, and which we neglect here becausewe
model the starlight independently. The warm dust and PAH emissionfrom the starburst
have no signi�cant e�ect on the photometry in the IRAC bandsor at shorter wavelengths.

In summary, we concludethat the 24� m emissionfrom HUDF-JD2 can be interpreted
under either the z � 6:5 or z � 2:5 scenarios,and cannot be used as a diagnostic to
clearly discriminate between these alternatives. At high redshift, a luminous but highly
obscuredAGN (a \t ype I I QSO") is the favored interpretation, while at z � 2:5, either
an ultraluminous starburst or an obscuredAGN could match the 24 � m data. We note
that although the BC03 stellar population model, which best �ts the ACS through IRAC
photometry at z � 2:5, is heavily reddened,it is not actually forming stars at the time it
is observed, but is instead a \p ost-starburst" object whoseultraviolet light is fading away.
The 24� m detection would instead imply active star formation with a luminosity > 1012L � ,
which would have to be completelyhidden by dust at shorter wavelengths.

5. Spectroscopic Observ ations

The main result from the previous section is that HUDF-JD2 is either an unusually
massive galaxy at z � 6:5, or a dusty galaxy at z � 2:5. In both cases,the best-�tting
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models suggesta post-starburst (i.e., evolved) stellar population, in which casewe might
expect the galaxy to have very weak or no emissionlines in its spectra. On the other hand,
the detectionat 24� m would imply the presenceof dust-obscuredstar formation or an active
nucleus. In order to attempt to measurea redshift for HUDF-JD2 and to further constrain
its possiblenature, we have searched for spectral features(or their absence)in optical and
near-infraredspectra taken with a variety of telescopesand instruments. We describe these
observations here.

HUDF-JD2 was observed for 4.8 hours with FORS2 on the VLT/UT1 in serviceob-
serving on several occasionsfrom UT 2005 February 18 through March 4, using a 100slit
width and the 600z holographic grism. The observations covered the wavelength range
0.749� m to 1.075� m, corresponding to 5:15 < z(Ly � ) < 7:84, with spectral resolution
R = �= � � � 1400. No signi�cant emissionfeaturesor continuum were detected. Basedon
the measuredbackground noiseand simulations adding arti�cial emissionlines to the data,
we estimate that detection 
ux limits for an unresolved emissionline falling in betweenthe
strong OH linesare 2� 4� 10� 18 ergs� 1 cm� 2 in the range�� 0:912� 0:973� m corresponding
to z(Ly � ) = 6:5 � 7:0.

At wavelengthscorrespondingto Ly� at z > 6, the detectionof quite prominent emission
lines may be hindered by the forest of strong OH night sky lines. Therefore, we have also
analyzedthe HST/A CSG800Lgrism imagesavailable from the GRAPES project (Pirzkal et
al. 2004),which provides continuouswavelengthcoveragewith a smooth sky background at
low spectral resolutionof � 80�A. The observations werecarried out at four di�eren t position
anglesto facilitate disentangling overlappingspectra in the slitlessdata, with a total exposure
time of 25.6 hours. A spectrum was extracted over a spatial width of 0:0025 at the nominal
position of HUDF-JD2, covering the wavelengthrange0.55{1.05� m. Again, no featureswere
seenat > 3� level, with a 3� limiting emissionline 
ux limit of 3 � 10� 18 erg cm� 2 s� 1 over
the range9000to 9600�A.

At near-infraredwavelengths,HUDF-JD2 was observed for 2 hours with NIRSPEC on
Keck I I on UT 2005January 17 in clear skiesand 0.8{100FWHM seeing.The observations
used the low resolution mode with the 75 line/mm grating and a slit width of 0:0076, for a
net spectral resolution R � 1500. The observations coveredthe wavelengthrange0.947-1.12
� m (6:79< z(Ly � ) < 8:21), complementing that examinedwith FORS2. Again, no spectral
featuresweredetected. Over most of the range,the mean3� limiting 
ux for an emissionline
with rest{frame velocity FWHM = 300km s� 1 from a point sourceis 5:0� 10� 18 ergs� 1 cm� 2

(varying from 5 � 10� 18 to 1 � 10� 17 erg s� 1 cm� 2 depending on the proximit y to OH sky
lines).

Finally, the object was alsoobserved at yet longer wavelengthswith the Gemini South
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telescope. In a 4.8 hour exposure with GNIRS we used the short blue camera in cross-
dispersedmode, which simultaneously covers the zJ H K bands with continuous coverage
from 0.94� m to 2.53� m. The 32 line/mm grating and a slit width of 0:0045 givesa net spec-
tral resolution R � 1100. Again, no convincing emissionlines were detected. The observed
GNIRS 3� median limits in zJ H K bands,representing sensitivity limit of 50%of the spec-
trum in each order, are: 1:8 � 10� 18, 1:4 � 10� 18, 3:5 � 10� 18 and 3:1 � 10� 18 erg s� 1 cm� 2

respectively.

Collectively, thesedata provide various upper limits to the ongoingstar formation rate
and the contribution from AGN as discussedin x4.3. For the favored high redshift hypoth-
esis,assuminga Salpeter IMF, the FORS2, NIRSPEC and GNIRS data set limits for the
detection of unabsorbed Lyman � emissioncorrespond to star formation rates of 1-5 M �

yr � 1 in the redshift range 5:2 < z < 8:2, consistent with the quiescent state of the stellar
population implied by the red UV continuum. Also, there are a number of emissionline fea-
tures originating from AGNs, which lie in the FORS2and GNIRS wavelengthrangecovered
by our spectroscopicobservations (eg. CIV, HeII, CII I]). Although weak, non-detectionof
theselines is consistent with a highly obscuredAGN in HUDF-JD2 at z � 6:5.

The longer wavelengthcoverageof the Gemini GNIRS data allows us to test the alter-
native hypothesisthat HUDF-JD2 is a dusty galaxy whose24� m emissionis produced by
an ultraluminous infrared starburst or AGN. At 1:9 < z < 2:8, H� is shifted into the wave-
length range coveredby the GNIRS K -band observations. At z = 2:3, the 3� GNIRS line

ux detection limit corresponds to a luminosity limit for redshifted H� of 9 � 1040 erg s� 1.
This luminosity is quite typical for H� emissionfrom local ULIRGs: > 55% of the ULIRGs
in the sample of Armus et al. (1988) have H� luminosities larger than this value. [OII I]
5007�A lies within the GNIRS H { and K {band spectral rangefor 1:9 < z < 4:0, with a gap
aroundz � 2:8 dueto atmosphericabsorption. This line canbe asstrong asthe H� in dusty,
red galaxiesat theselarge redshifts (van Dokkum et al. 2005),and may be expected to be
particularly strong if the 24� m emissionis due to the presenceof obscuredAGN. In practice,
the spectroscopiclimits on emissionline detection vary substantially with wavelength (and
hence,with redshift) due to the strong atmosphericOH emissionlines and water absorption
bands. The non-detectionof emissionlines in the infrared spectra thereforesetsa useful, if
not de�nitiv e, limit on the possibility that HUDF-JD2 is a dusty starburst galaxyor AGN at
lower redshift. Moreover, signaturesof Ly� and CIV are seenin dusty sub-mm and AGNs
at z � 2:5 (Chapman et al 2003). If HUDF-JD2 resembles these dusty galaxiesat their
respective redshifts, we would then expect to detect theselines in its spectra.
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6. Discussion

As described in x4, the photometry of HUDF-JD2 is best �t by a two-component model
consistingof a passive stellar population with an ageof several hundred million yearsand
little dust reddening,observed at 6 < z < 7:5 (95% con�dence interval), and an AGN pro-
ducing the light at longer(24 � m) wavelengths.The redshift is largebut not unprecedented:
other galaxiesand quasarshave beenspectroscopicallycon�rmed at similarly largeredshifts,
although we note that the photometric redshift probabilit y distribution (Figures 4 and 5)
extendsup to z � 8:5.

The most striking aspect of HUDF-JD2 in this hypothesis,however, is the large implied
stellar mass and the signi�cant age implied by the photometric data, particularly from
Spitzer/IRA C. UnlikeLy� emitters or UV{brigh t LBGs which havebeendiscoveredat z > 6,
HUDF-JD2 appears not to be forming stars rapidly, but rather is fading after an earlier
starburst episode that took place at much higher redshift, zform > 10. The implied stellar
massfor a Salpeter IMF, approximately 6� 1011M � , is four times moremassive than that of
an L � galaxy in the local universe(M � = 1:4 � 1011M � for a Salpeter IMF and our adopted
cosmology; Cole et al. 2001). It is about 50 times greater than that of a typical (L � ) LBG
at z � 3 (M � � 1010M � ; Papovich et al. 2001) and is even large comparedto the masses
that have beenestimated for redder, more evolved galaxiesfrom infrared{selectedsamples
at z � 2 to 3 (M � � 1011M � ; Franx et al. 2003;Daddi et al. 2004;Yan et al. 2004;Labb�e et
al. 2005). The implied stellar massmay be reducedsomewhatif an obscuredactive nucleus,
which is presumedto producethe 24� m emission,contributes signi�cantly to the 
ux in the
IRAC bands. The model consideredin x4.3, using a redshifted analog to Mrk 231, would
reducethe derived stellar massby about a factor of two, whereasthe redshifted NGC 1068
model would have virtually no impact on the derived host galaxy properties.

The estimatedhigh massis also interesting in other respects. Although clearly resolved
(x3), one might expect HUDF-JD2 to have a larger angular diameter due to a mass-radius
relation (Trujillo et al 2004), extrapolated to z � 6:5. In fact, we �nd this to lie on a
reasonableextrapolation of the radius-redshift relation (Fergusonet al (2004)), derivedfrom
much lessmassive sampleof Lyman Break galaxies.

Indeed,evidencefor establishedstellar populationsat z ' 6-7 is becomingstrongerfrom
deepSpitzer data. Recently, a strongly lensedgalaxy was discovered with a likely redshift
z � 6:8 (Kneib et al. 2004),and with a clear detection by Spitzer at 3.6 and 4.5 � m (Egami
et al. 2005). Its SED is consistent with a post-starburst galaxy with an ageof � 50� 200
Myrs. Comparedto that object, HUDF-JD2 hasreddercolorsand a strongerBalmer break,
indicating an older age(400{1000Myrs). It is also approximately 100� more luminous in
the rest-frameB{band (observed 3.6� m), after taking into account the lensingampli�cation
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estimatedby Kneib et al. The redder SED of HUDF-JD2 also implies a larger stellar mass{
to{ligh t ratio (M =L), and thus a total stellar massthat is � 500to 1400� larger than that
estimatedby Egami et al.

A number of unlensedz � 5 to 6 i 775{dropout LBGs have also been detected in the
GOODS IRAC data (Eyles et al. 2005; Yan et al. 2005). These objects are 5 to 30�
fainter than HUDF-JD2, with bluer optical-IR colorsthat imply active (or very recent) star
formation and smaller stellar M =L. Their estimated stellar masses,again for a Salpeter
IMF, range from 0.5 to 5 � 1010M � . The model �ts to HUDF-JD2 suggestthat it is at
least an order of magnitude more massive, and that its active star formation phaseended
several hundred yearsprior to the redshift at which it is observed. Finally, we note that the
six z850{band dropout candidatesreported by Bouwenset al. (2004)asgalaxy candidatesat
z = 7 to 8 are all much fainter than HUDF-JD2, or are undetected,in the GOODS IRAC
images.14

Given the remarkably large stellar massthat we infer for HUDF-JD2 at z � 6:5, and in
the absenceof de�nitiv espectroscopiccon�rmation for that redshift, it is prudent to consider
alternative hypotheses.Thesemight include an AGN contribution to the light, gravitational
lensing,changesto the stellar population models (e.g., to the IMF), or the possibility that
the object is at z < 6, possiblyan Extremely Red Object or even an unusual, very red star.

We already exploredthe e�ect of an AGN on the estimatedmassof HUDF-JD2 (x4.3)
and concludedthat this could reduceits massby � 2. Concerningthe hypothesisof gravita-
tional lensing,HUDF-JD2 is located 7:003 away from a foregroundspiral galaxy at z = 0:457
(D. Stern, private communication). At this large impact parameter from an isolated (non-
cluster) galaxy, we would expect little or no ampli�cation from gravitational lensing,nor do
we seeevidencefor elongationor multiple imaging that might suggeststrong lensing. It also
seemsunlikely that HUDF-JD2 could be a red star within our own galaxy. Dickinson et al.
(2000)consideredstellar explanationsfor another \ J {band dropout" object from the Hubble
DeepField North in somedetail, and found that only heavily dust{enshroudedobjects like
somecarbon stars or Mira variablescould match the very red infrared colors. Such objects
would be far brighter than HUDF-JD2 unlessthey werelocated far outsideour own Galaxy,
at distancesof many Mpc. Moreover, HUDF-JD2 is clearly extendedin the NICMOS H 160

images,making a stellar origin unlikely.

14Two of the Bouwenset al. (2004) objects are closeenough to brighter foreground galaxiesto make the
IRA C measurements di�cult without sophisticated deblending, but would have been easily visible if they
were as bright as HUDF-JD2. At least two of the Bouwens et al. objects, UDF 033238.79-274707.1 and
033242.56-274656.6,appear to be individually detected in the GOODS IRA C 3.6� m image,but at very faint

uxes.



{ 19 {

From the stellar population model �tting discussedin x4 (see Figures 3 through 5),
the most likely alternative to the passive, z � 6:5 scenariois that HUDF-JD2 is a heavily
dust{obscured,post{starburst galaxy at lower redshift. Such modelsgenerallydo not match
the measuredspectral energydistribution as well through the \break" region betweenthe
near{infrared and IRAC wavelengths, resulting in poorer � 2 overall. Additionally , these
modelsrequireboth an absenceof recent star formation and heavy dusty extinction in order
not to violate the extraordinarily deepoptical detection limits provided by the ACS HUDF
data. As discussedin x5, the non{detection of line emissionin the Gemini GNIRS data can
be usedto argue against a dusty starburst at lower redshift, although at certain redshifts,
line emissionmight be obscuredby atmosphericfeaturesor fall outside the spectral rangeof
the existing data.

The stellar massinferred from SED modeling couldbe reducedby adopting an IMF that
is de�cient (relative to Salpeter) in lower{massstars, such as that proposedby Chabrier et
al. (2003). However, this would not substantially changethe massrelative to that of other
galaxiesat similar or lower redshifts, unlesswe appeal to an IMF which variessubstantially
from galaxy to galaxy or asa function of redshift.

Recently, Maraston (2005) has presented models which include a greater contribution
to the red optical and near{infrared light from thermally pulsating AGB stars at stellar
population agesof a few hundredMyr comparedto traditional modelssuch asBC03or SB99.
The Maraston modelshaveredderUV to near-IR colorsand smallerM =L at the wavelengths
spannedby IRAC photometry at z � 6:5. For a simple stellar population with age 1
Gyr (i.e., equivalent to our best{�tting BC03 or SB99models), the Maraston models have
approximately 30% smaller M =L at rest{frame 1� m (i.e., roughly the wavelength sampled
by IRAC channel4 at z � 6:5). We veri�ed that the observed SED can be reproducedwith
somewhatyoungerages,reducedformation redshift and stellar mass. It is unlikely, however,
that the masscould be reducedby more than a factor of 2.

If the z > 6 interpretation of HUDF-JD2 is correct, then this galaxy formed the bulk of
its stars at very high redshift, z > 9 within a period of a few hundred Myr beforeentering
a quiescent phase. Remarkably, this galaxy would have formed a stellar massseveral times
greater than that of our Milky Way (even allowing for IMF variations), and would have
donesovery rapidly, whenthe universewasonly a few hundred million yearsold. Assuming
the formation starburst lasted < 100 Myr, as implied by the stellar population modeling,
the star formation rate must have been> 5000M � /y ear, implying a remarkably luminous
birth event, particularly at observed{frame mid{infrared wavelengthsif the star formation
was relatively unobscured.Such a massive galaxy is expectedto host a supermassive black
hole (SMBH) at its center, producing the observed 24 � m emissionas discussedin x4.3.
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Therefore, at z > 6, while HUDF-JD2 is forming a signi�cant number of stars, the SMBH
is alsoexpectedto accretea lot of mass.

It is instructiv eto estimatethe massof dark matter halo requiredto host the stellar mass
of HUDF-JD2. Klypin, Zhao & Somerville (2002) estimate the total (virial) and baryonic
(M stellar + M gas) massof the Milky way as1012 M � and 6� 1010 M � respectively. Assuming
the sameratio (M B ar yon=M total = 0:06) for HUDF-JD2 and 100% e�ciency in converting
baryons to stars, we estimate dark matter halo massof 1013 M � , required to host 6 � 1011

M � massof HUDF-JD2. However, consideringthe universal M B ar yon=M total ratio of 0.15,
the dark matter halo massreducesto 4 � 1012 M � . Assuming the Sheth-Tormen modi�ed
Press-Schechter formalism (Sheth & Tormen1999)and a �CDM model then predictsa space
density of � 10� 6 Mpc� 3 for such dark matter halos (Somerville 2004;Mo & White 2002)
which is signi�cantly smaller than that observed here (basedon HUDF-JD2 alone). Should
such a population exist, they are expectedto be strongly clustered.

Analyzing optical{through{IRA C photometry for red, infrared{selectedgalaxiesat z �
2 to 3, Labb�e et al. (2005) and Yan et al. (2004) have argued that someare dominated
by at least 1011M � of old stars which must have formed at z � 5. Similar arguments
have been found in the literature concerning\red, dead" galaxiesat almost any redshift,
including Extremely Red Objects at z � 1 to 2 (seeMcCarthy 2004for a review) and giant
elliptical galaxiesin the local universe(Eggen,Lynden-Bell & Sandage1961). We estimate
the expected colors of HUDF-JD2 when passively evolving the z = 6:5 SED �t solution to
z � 2:5, the averageredshift of the "Distant, Red Galaxies" (DRGs)- (van Dokkum et al
2003;Toft et al. 2005)and the upper redshift limit of the BzK selectedobjects (Daddi et
al 2004). We predict J � K = 2:9; i � K = 5:6; K � m(3:6�m ) = 0:7 and K s � 20 for
HUDF-JD2 when evolved to z = 2:5. This agreesclosely with the observed colors of the
DRGs, estimated as hJ � K si > 2:3; hi � K si = 5 and hK s � m(4:5 �m )i = 0:9 (Labbe
et al 2005). Moreover, given the predicted K s-band magnitude, such evolved objects will
be detectedin the K20 or BzK surveys. HUDF-JD2 might be seenas a progenitor to such
galaxies,and a sign that at least a few objects may have formed quite large massesof stars
\monolithically" at very early times, and evolvedquiescently down to lower redshifts. Even
if the sourcedid not collapsemonolithically but arosefrom several sub-galacticcomponents
which subsequently coalesced,it seemssuch early phasesshouldbe visible with future large{
aperture telescopessuch asthe Thirt y Meter Telescopeand the JamesWebbSpaceTelescope.
The mereexistenceof objectswith such largestar formation ratesat very high redshift would
have important implications for the re-ionization of the intergalacticmedium, and wediscuss
this further in a companionpaper (Panagiaet al. in preparation).
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1224666issuedby the Jet Propulsion Laboratory, California Institute of Technology, un-
der NASA contract 1407. We acknowledgeaward of Director's Discretionary Time at the
Gemini-Southobservatory and the Very LargeTelescope (VLT) at Cerro Paranal, Chile. We
are grateful to Matt Mountain and Phil Puxley for making the spectroscopicobservations
possible. We acknowledgean anonymous refereefor carefully reading the manuscript and
for very constructive comments. We are gratful to Dave Alexander for his help in measuring
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Fig. 1.| Imagesof the J {dropout candidateHUDF{JD2 (� =3:32:38.74;� = � 27:48:39.9
J2000)from HST/A CS(B435V606i 775z850), HST/NICMOS (J110H160), VLT/ISAA C (K s) and
Spitzer/IRA C (3.6-8.0� m). The K s ISAAC imageis from deepFIRES observations.
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Fig. 2.| Top panel: MIPS 24� m imageof the region around HUDF-JD2. The position of
the sourceas measuredfrom the NICMOS H160 image is marked by the red circle, which
hasa diameter of 600, approximately the FWHM of the 24� m point spreadfunction. Bottom
panel: IRAC 3.6� m image,with contours from the 24� m superimposed.
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b)

a)

Fig. 3.| Observed and model SED of HUDF-JD2. Top panel: The red line is the model
SED basedon the best �t Bruzual & Charlot model (seeTable 2) at a redshift z = 6:5.
bottom panel: Alternativ e, lower redshift models. The solid line shows the best �t for a
dusty model galaxy at z = 2:5, the best �t from the secondary� 2 minimum seenin Figure
4. The parameter valuesare given in Table 2. The dotted line shows the SED for an old
population with z = 3:4 and an ageof 2.4 Gyr (Table 2). (Table 2)
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Starburst99

BC2003

Fig. 4.| The reduced� 2 valuesof the best �tting models as a function of redshift z and
extinction EB� V , shown as grey scale,for top Starburst99 and bottom Bruzual & Charlot
models. Black correspondsto the lowest � 2 value, � 1.9,and white to � 2 > 10. The contours
show the 68%, 90% and 95.4%con�dence of the � 2 �t, and the white asterisksmark the
best-�tting solutions.
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Fig. 5.| Results from Monte Carlo simulations where the photometric measurements of
HUDF-JD2 in all bandswereallowedto vary accordingto their estimatederrors. The panels
show the distribution of parametervaluesfor the best-�tting BC03 models�t to each Monte
Carlo realization. Upper left: redshift. Upper right: stellar mass. Lower left: extinction
E(B � V). Lower right: Formation redshift zform , where realizations where the formation
redshift is in con
ict with the age of the universehave been removed. Dark histograms
correspond to the alternative dusty solution at z � 2:5.
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z = 2.5

z = 6.5
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Fig. 6.| Observed and model spectral energy distributions for HUDF-JD2, extended to
include the 24� m measurement. The modelswhich best �t the data at � � 8� m (seeFigure
3 and Table 2) are shown asred lines in both panels. Top panel: The z = 6:5 solution. Two
models of obscured,infrared-luminous AGN are shown, normalized to the observed 24� m
point: the ultraluminous infrared AGN Mrk 231, scaledin luminosity by a factor of 2.85,
and the highly obscuredSeyfert 2 nucleusNGC 1068, scaledby a factor of 105. Bottom
panel: The z = 2:5 solution. A model starburst galaxy template from Chary & Elbaz 2001,
with L I R = 2 � 1012L � , is shown, normlaized to the 24� m photometry.
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Table 1: Photometry for J- dropout candidate HUDF-JD2 (RA:53.161425Dec:{27.81107
(J2000)). Magnitudes, followed in separateline by their associated errors, are in the AB
system. HST/A CS magnitudesare given as 2� upper limits.

B435 V606 i 775 z850 J110 H160 K s m3:6 m4:5 m5:8 m8:0 m24

> 30:61 > 31:02 > 30:88 > 30:26 27.02 24.94 23.95 22.09 21.80 21.60 21.38 19.63
- - - - 0.32 0.07 0.13 0.10 0.10 0.10 0.15 0.21
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Table 2: Parametersfor the best-�t models to HUDF-JD2

SB99a) BC03b) Dustyc) z< 4 Oldd) z< 4
z 6.6 6.5 2.50 3.4

EB� V 0.0 0.0 0.70 0.0
Z 0.020 0.004 0.020 0.050

tSB (Gyr) 1.0 1.0 0.6 2.4
� (Myr) { 0 0 0
Lbol (L � ) 1:0 � 1012 1:0 � 1012 3:5 � 1011 2:1 � 1011

M � /L bol (M � /L � )e 0.71 0.42 0.29 0.95
M � (M � )f 7 � 1011 5 � 1011 1 � 1011 2 � 1011

zform
g) > 9 > 9 �� ��

� 2
�

h 1.8 1.9 6.7 29.9

a) Starburst99 version5.0 (V�asquez& Leitherer 2004)
b) Bruzual & Charlot (2003)
c) Best-�t parametersforcing z< 4
d) Best-�t parametersforcing z< 4 and EB� V = 0
e) Stellar mass-lossis included in the ratio
f) Salpeter IMF with lower and upper masscut-o� at 0.1 and 100M �

g) 95% lower con�dence limit basedon high-redshift (z > 4) solution from Monte Carlo
simulations.
h). � 2 per degreeof freedom(� = 2)


