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ABSTRACT

We use all available fields with deep NICMOS imaging to search fpdropouts ;4 . = 28) atz~ 10. Our primary
data set for this search is the tdig, + H,,, NICMOS fields taken in parallel with the Advanced Camera for Surveys
(ACS) Hubble Ultra Deep Field (UDF). The &limiting magnitudes were-28.6 in J,,, and ~28.5 in H,,, (076
apertures). Several shallower fields were also udgg+ H,;, NICMOS frames available over the Hubble Deep
Field (HDF) North, the HDF-South NICMOS parallel, and the ACS UDF (withlBniting magnitudes inJ,,, and
H,s ranging from 27.0 to 28.2). The primary selection criterion whg<H,¢).s > 1.8. Eleven such sources were
found in all search fields using this criterion. Eight of these are clearly ruled out as credifi@ sources, either
as a result of detections-Z o) blueward ofJ,,, or their colors redward of the breal (,—K ~ 1.5) (redder than
=98% of lower redshift dropouts). The nature of the three remaining sources could not be determined from the
data. This number appears consistent with the expected contamination from low-redshift interlopers. Analysis of the
stacked images for the three candidates also suggests some contamination. Regardless of their true redshifts, the actual
number ofz~ 10 sources must be three or fewer. To assess the significance of these results, two lower redshift samples
(az~ 3.8 B-dropout andz~ 6 i-dropout sample) were projectedze- 7-13 using a (¥ 2)~* size scaling (for fixed
luminosity). They were added to the image frames and the selection was repeated, giving 15.6]gadrd@uts,
respectively. This suggests that to the limit of this pree@®.;_.), there has been evolution fram- 3.8 and possibly
from z~ 6. This is consistent with the strong evolution already notezi~a6 andz~ 7.5 relative toz~ 3—4. Even
assuming that three sources from this probe are=aO, the rest-frame continuum UW{500A ) luminosity density
at z~ 10 (integrated down to OL3_,) is just 0.19535 times that at~ 3.8 (or 0.19335 times, including the small
effect from cosmic variance). However, if none of our sources are=d, this ratio has a & upper limit of 0.07.

Subject headings: galaxies: evolution — galaxies: high-redshift
Online material: machine-readable table

1. INTRODUCTION z~8-12 are currently of great interest due to indications that

. . . . reionization of the universe may have started as soads’ +

tinThe tdegectlcari]ﬁ?f (ﬂal%lesvatr tkée highest frtehds?zf(;sg]zﬁcr:‘on-f UV 5 (Kogut et al. 2003) and that galaxies may have played a major
ues o be a difficult endeavor. because ot the reds 90 role in this process (Yan & Windhorst 2004; Stiavelli et al. 2004).

light into the infrared and the well-known limitations of current  \ye'sayel « 1o denote the characteristic luminosity of galaxies
IR instruments, searches for these objects require almost prohib-

itive amounts of telescope time. Nevertheless, small amounts ot tz = 3 (Steidel etal. 1999). AB magnitudes are used throughout.
deep IR data do exist, and they can be used to set constraints oxve assumetly, &, h) = (0.3,0.7,0.7) (Bennett et al. 2003).

very high redshift galaxies. One notable example igfy@ropout
sample compiled in Bouwens et al. (2004c), which, although lim-
ited by small numbers (five objects) and field-to-field variations, 2.1. NICMOS Parallels to the UDF

provided a first detection of galaxies at redshifts beyord'. In The two NICMOS parallels to the UDF (taken during the first
this Letter, we look at the prevalence of galaxieg &t8-12 by 414 second epochs of observations with the Advanced Camera for
applying the dropout technique to the wide variety of deep F110W- g,reys [ACS]) make up our primary data set. Each parallel consists
and F160W-band (hereaftdy, andH,,, respectively) fields that ¢ 160 orbits of data, split between two pointings that overlap by
have been imaged with the Near Infrared Camera and Multi-Object o504, of 2 NIC3 pointing£3.0 x 10° s taken at the first ane8.6
Spectrometer (NICMOS). Our principal data set in this study IS , 10 5 at the second). The observing time at each position was
the two deep NICMOS pqrallels taken with the Ultra Deep F|¢Id split nearly equally betweed,, and H,., observations. While re-
(UDF; each has-160 orbits of data), but we complement this  qctions of these fields are available through STScl, we used the
field with a variety of shallower fields possessing similgs + procedures described in Thompson et al. (2005) to perform our own
H,s imaging. These fields include the Hubble Deep Field—North roqyction, The deeper of the two pointings making up each parallel
(HDF-N) Thompson field (Thompson et al. 1999), the HDF-N paq anproximate 6 depths of 28.6 and 28.5'@® aperture) ir,,,
Dickinson field (Dickinson 1999), the deep HDF-South parallel ynqpy  vespectively. The shallower pointings were seré mag
NICMOS field (Williams et al. 2000), and the NICMOS footprint  |egg deep. Our reductions were drizzled ontd@ixel scale,
on the UDF itself (Thompson et al. 2005). Galaxies in the range \yitn approximate point-spread functions (PSFs)/@and 034
FWHM in J,,, and inH,,, For optical coverage on these fields,

* Based on observations made with the NASA/BE34bble Space Telescope, ; ; i
which is operated by the Association of Universities for Research in Astron- TZe Vsosdazng‘so Imagesdfr%T EE:\AS (II:QIXI ezt()a.(!).32004, images 25,
omy, Inc., under NASA contract NAS 5-26555. an ) were use ( akesiee et al. )

2 Department of Astronomy and Astrophysics, University of California,

2. OBSERVATIONS

Santa Cruz, 1156 High Street, Santa Cruz, CA 95064. 2.2. Shallower NICMOS Fields
% Steward Observatory, University of Arizona, 933 North Cherry Avenue, . . .
Tucson, AZ 85721. To add area at brighter magnitudes, we included a number of

* Sterrewacht Leiden, Postbus 9513, NL-2300 RA Leiden, Netherlands.  other fields with deep,,, + H,simaging in ourd;,sdropout search.
L5
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TABLE 1

Ji20DROPOUT SEARCH FIELDS F ]
AREA ﬂ 3 B ]
FIELD (arcmirf)  J,o  Higo B i
HDF-N Thompson...................... 0.8 278 28.1 o B 7
HDF-N Dickinson ....................... 5.2 272 27.0 = B 7
HDF-S NICMOS Parallel............... 0.8 282 282 R A U S 5 a

UDF NICMOS Parallel 1............... 1.3 28.6 285 T
UDF NICMOS Parallel 2............... 1.3 28.6 285 | i
UDF Thompson...........ccoeeeeiennn.. 5.5 277 275 o 4
-1 —
= i
A list of these fields is provided in Table 1, together with their .

approximate @ limiting magnitudes (06 aperture) and selection ;
areas. Other multiwavelength data for these fields includeldBep o N
coverage for the HDF-N (Williams et al. 1996), ultradeep AR !
coverage for the UDF (S. V. W. Beckwith et al. 2005, in prepa-

ration), NICMOSK,,, coverage of the HDF-South NICMOS par- 0
allel (Williams et al. 2000), and deep IRAC data in the g6 Z
and 4.5um channels for the North and South GOODS fields
(M. Dickinson et al. 2005, in preparation).

F16. 1.—(J,,6—Hie0 s COlOr vs. redshift for a number of different SEDs. Shown
are the Coleman et al. (1980) elliptical, Sbc, and Scd templsaéd (ed, blue,
and green lines, respectively), and different reddening€(B—V) = 0.0, 0.15,
3. ANALYSIS 0.3] applied to a 10yr burst plack solid, dotted, and dashed lines, respectively).
SExtractor (Bertin & Arnouts 1996) was used for object detection EXtreTel'Yzfgg;)"ﬂeCts (EROs) _TUCh as th(‘?S%OL_“}d in chtenzt ESRéC ls)e'e?ion-z g,
: H H anetal. ave very similar colors (In the Iintrare 0 Z. Yyr DUrsts ana are
and photometry. Detection Wa.s performed using an aggressive 2 included here as the dashed red line. The arrows nedr denote the range of
detection threSh()l_d on thid,, images. Our catalogs were th_en colors expected for low-mass stars (Knapp et al. 2004). Quf-Hye)ns > 1.8
cleaned of contamination from more extended background artifactsy,,sdropout criterion is shown as a dotted horizontal line and provides a good
by requiring objects to be dbdetections in a’'® aperture. We used balange between minimal contamination (selecting evolved SEDs at intermediate
scaled aperture magnitudes (MAG_AUTO; Kron 1980) for our fedshiftsz~2-5) and selecting objects at10.
H, ¢, total magnitudes. Colors were also measured with scaled ap- i
ertures, but with a much smaller Kron factor to maximize the signal- Uncertain for one of the two (HDFSPAR 48278437) because of
to-noise ratio (S/N). For images with different PSFs, colors were the marginal nature of it<,,,-band detection, but IRAC imaging
only measured after the higher resolution image had been degradeginould clarify this issue. The final three sources (shown in Fig. 2
to match the broader PSF and only in a circular aperture that wagVith two red objects from our selection) could not be excluded
at least 2 times the FWHM of the broader PSF (see Bouwens ey either criterion, though this may be largely due to the fact that

al. 2003, 2005 [hereafter BO5] for more details). they were in the UDF parallel fields. The optical imaging in these
' fields is not particularly deep, nor are there any d8aifrer or
3.1.J,,+Dropout Selection K-band data to measure colors longward of the break.

Our principal selection criterion was & .,(—H,¢) s > 1.8 color . N
cut, where the flux inJ,,, was replaced by its & upper limit in 3.2. Low-Redshift Contamination
cases of a nondetection. This criterion was chosen to minimize con- To help determine whether the three poterziad10 candi-
tamination from all objects except- 2-5 evolved galaxies (Fig.1).  dates were low-redshift interlopers, we made simple estimates

In addition, objects were required to be nondetectier2sj in all of the contamination from different types of sources. The only
optical bands as a result of absorption from the intergalactic mediumknown stellar sources red enough to match these objects are
and to be blue£1 mag) in allH,;;,—K and H,,;,—IRAC colors, extreme carbon stars or Mira variables (Whitelock et al. 1995),

since only a small fraction<{2%) of star-forming galaxies have but contamination from such sources seems unlikely because of
sufficiently red UV continuum slope8 (=0.5) to produce these  both their rarity and high intrinsic luminosities, which would put
colors (Adelberger & Steidel 2000; Schiminovich et al. 2005). them well outside the Galaxy (Dickinson et al. 2000). Contam-
Applying our {,;;—H,edas > 1.8 color cut to object catalogs ination from redder, evolved galaxies is difficult to estimate given
from both our primary and shallow search fields, 11 objects werethe large uncertainties on the shape of the luminosity function
found (Table 2). Of these, six were readily detecte?ld) in the (LF) of these galaxies at~ 2—3. Here we ignore these com-
bluer optical bands. Two had very réfj;,—K colors ¢15) and plications and simply scatter the colors of a brighter set of gal-
so also appear to be low-redshift interlopers. This was a little axies Hyg .5~ 24—26) from our fields to fainter magnitudes.

TABLE 2
RED OBIJECTS [(J130— Hig9ap > 18] IN OUR SEARCH FIELDS
R.A. Decl. I
Object ID (J2000) (J2000) Hieo J-H V-H z—H H-K H-my,, (arcsec)
UDFNICPAR1 01191115....... 033301.23 —-2741115 27.0:0.1 1.8 09 >-0.2 0.24
UDFNICPAR1 04151142....... 03 33 04.18 —274114.1 28.2£0.2 18 >00 >-13 0.18
UDFNICPAR1 05761077....... 03330580 —274107.6 27802 >20 >03 >-10 0.21
UDFNICPAR2 07352493....... 03 3307.35 —275249.3 27.9-0.2 1.8 06 >-07 0.14

NotEes. —Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Magnitudes
are on the AB system. All limits are®except the limits on thé,,,—H,4, color, which are only &. Total magnitudes and colors are derived in Kron
apertures of different sizes (BO5). Object IDs are the last four significant figures given in this table for the right ascension and declination. Table 2
is published in its entirety in the electronic edition of #arophysical Journal. A portion is shown here for guidance regarding its form and content.
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B T L g* i " Fic. 3.—Top: Cosmic SFR density vs. redshift with no extinction correction.
R @’ = - ‘ The SFR density (integrated down tol0.3;, the limit of ourz~ 10 search) was
g ™ s LI calculated from the luminosity density in the rest-frame UV continusQ0A ;
P el e T J . right axis) using canonical assumptions (e.g., Madau et al. 1998) and a Salpeter
. UDFNICP‘ARI—OS'/‘GIIJOTT IMF. The open red square at- 10 shows our result if the three objects from this
) study prove to be a= 10, while the downward arrow shows ouwr limits if none
t‘ 29.1+0.9 F S >302 ' 28.4+0.2 are. Also included are estimates by Schiminovich et al. (268%y black squares),
| R “' ; Steidel et al. (1999reen crosses), Giavalisco et al. (20043ack diamonds), Bunker
N i * il L3 et al. (2004;blue square), Bouwens et al. (2004dijlled red square), and R. J.
4 . 1 Bouwens et al. (2005, in preparatioeg circle). Consistent with past practice, the

; -; & erro:dbaéfj reflect_Poiggogn?ertainties. fLe;\rge;-scale séruﬁtlre .(cos(mic variance)
~ Ta TR would add an estimat % for many of the lower redshift points (see, e.g.,

UDFNICPAR1-04151142 Somerville et al. 2004)}-50% for thez ~ 7.5 point, and-19% for thez ~ 10 point.

Fic. 2.—Postage-stamp image},{ H,q, bands) of five objects that met our ~ Bottomleft: Surface density o, dropouts predicted from a (& 2)* size scaling
(J120—Hisoas > 1.8 selection. The leftmost and rightmost columns show images in of az~ 3.8 B-dropout sample from GOODS (B05) at the depths of the NICMOS
a bluer band\{,,) and redder bands (the IRAC 361 channel for HDFN 56253227 parallels to the UDFrg&d). The blue region shows the equivalent surface density
and NICMOSK,,,for HDFSPAR 48278437), respectively. The overlaid magnitudes for all our search fields. The drop in the predicted counts at fainter magnitudes
(and 1o upper limits) were measured within 480diameter aperture. The object  arises from incompletenegottomright: Redshift distribution for objects satisfying
in the top row (HDFN 56253227) is the well-known Dickinson et al. (20D@) our J,,sdropout criterion in the above simulations (after distributing our “cloned”
dropout. Its extremely red colorsHf;,—K)xs =15 and Hie—IRAC6,m)as objects over the interval~ 7-13 in proportion to the cosmological volume ele-
= 2] suggest that it is at low redshift £ 2—-3). The second object (HDFSPAR  ment). The primary conclusion to be drawn from these results is that there is a
48278437) was similarly excluded from our listof 10 candidates because of its  significant deficit of bright objects at= 6 relative to that present at~ 3—4.
marginal detection~2 o) in the NICMOSK,,, band and ,s;—K,,9s Color of
15. The final three objects could bezat 10 but await limits at longer wavelengths morphologies, the relationship between distance and angular size,

(from Spitzer) and good optical data to exclude the possibility that they are highly ] . P )
reddened or evolved galaxies. UDFNICPAR2 09593048 and UDFNICPAR1 NICMOS PSFsk-corrections, and Ob]eCt by Ob]eCt volume den

04151142 appear to be just detectediigat the 1o level, so this may indicate  Sities. Transformed objects are added to the present NICMOS data,
they are low-redshift interlopers. The final object (UDFNICPAR1 04151142) is and the selection procedure is repeated. Direct use of the data
just marginally resolved, but the only stellar sources red enough to match its colorsgppears to be the best way of accounting for the substantial var-
would appear to be too high in luminosity (§ 3.2). Each imagéds22'9 in size. iations in S/N that occur across NICMOS mosaics while including
possible blending with foreground galaxies. Simulations were run
Performing these experiments on the faint-source populationover~30 times the area of the fields. Assuming no evolution in
from the deep parallels, we estimate around one to three suclsize, 5.7 and 4.1 objects are expected in total (over the six fields)
contaminants. This seems consistent with, albeit a little less than for ourz~ 3.8 B- andz ~ 6 i-dropout samples, respectively. If we

the roughly three sources obtained. A stack of g andJ;;, account for the increase in surface brightness expected from the
exposures for all three sources showed detections of ar&l ~(1+ 2" size scaling observed at<2z<6 (Bouwens et al.
1.2 g, respectively, again suggesting some contamination. 2004a, 2004b; Ferguson et al. 2004), the expectations increase to
15.6 and 4.8, respectively. Steeper scalings [i.ef; €L 7] yield
3.3. Expected Numbers/Incompleteness 212 and 6.3}, 7dropouts, respectively, while use of a bluer UV

) ] ) continuum slopes (e.g.,8 ~ —2.4) resulted in 16.2 and 4.0, re-
Having found at most three possilale 10 sources overourentire  gpectively [assuming a (& 2)~* size scaling]. We note that the
14.7 arcmin® search area, it is interesting to ask how many we o NICMOS parallels to the UDF account fef73% of the
might have expected assuming no evolution from lower redshift. expected numbers (and are therefore our primary constraints),
Two different redshift samples are considered as baselines: (1) anhough each of the six fields contributes at least a few percent.

z~ 3.8 B-dropout sample from GOODS (B05), and (2g&6 \ne take the (3 2)* scaling estimates, 15.6 from~ 3.8 and 4.8
i-dropout sample from the UDF (R. J. Bouwens et al. 2005, in fyom 7~ 6, as the most likely expected values.

preparation). As in other recent work (Bouwens et al. 2004a, 2004b, _

2004c), we project this sample to higher redshift (over the range 3.4. Previous Work

z~ 7-13; see Fig. 3) using our well-established cloning machinery One previous study aof = 8 candidates was carried out by
(Bouwens et al. 1998a, 1998b, 2003; B05), accounting for pixel Yahata et al. (2000) on the 0.8 arcrhiNIC3 parallel to the
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HDF-South featured here. In that paper, eight 10 candidates
were reported (five of which were selected in tHg, band)
based on nine-bantlBVRIJHK + STIS) photometric redshifts.

What became of these five candidates here? Looking throughdown to 0.3;_.,

our catalogs for this field, we found that one (SB-NI 0915-0620)
had J,,;—H,, colors ¢0.4) clearly inconsistent with a high-
redshift identification. The other four appeared to be too faint
(Higoas = 27.5) to set strong lower limits on thd,{,—Hs)as
colors and thus make robust statements about their redshifts.

4. IMPLICATIONS

We have carried out a search for 10 J-dropouts and found
at most three possible candidates. Since 3539 and 4.8+ 2.2
candidates are expected (Poisson errors) based o g(1scal-
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0.1903% (3/15.6 for Poisson statistics) @), (z ~ 10)fo,(z ~ 3.8)

= 0.19315 (including cosmic variance). Taking the value of the
luminosity density az~ 3.8 (Giavalisco et al. 2004) integrated
we find a UV luminosity density,,,(z~ 10) =
2577 x 107 ergs s' Hz* (Poisson statistics) op,,(z~ 10)

= 2.5"29 x 107 ergs s* Hz* (with cosmic variance). However,

it is plausible that none of these candidates are=al0. The
expected high contamination level, combined with the now well
established changes in the LF between6—7 andz ~ 3, suggests
that it is more likely that these sources are low-redshift objects. As-
suming that none are at= 10, the Is upper limit isp,(z~10)/
ouv(z~ 3.8)< 0.07 (both for simple Poisson statistics and includ-
ing cosmic variance). In terms of the luminosity density, this limit
is puy(z~10)< 0.9 x 10”° ergs s* Hz™*. Adopting a Salpeter ini-
tial mass function (IMF) and using canonical relations to convert

ing of z~ 3.8 andz ~ 6 samples, this suggests that there has beenthis into a star formation rate (SFR) density (Madau et al. 1998),

appreciable evolution at the bright end of the luminosity function.
Since anL;_; galaxy atz~10 has arH,4, s magnitude of 26.7,
our searchHl,¢, 45 < 28) tells us something about the galaxy Iu-
minosities brightward of 013 _,. For simple Poisson statistics and
assuming that all three sources are at10, the current findings

are inconsistent with no evolution at the 99.98% and 71% con-

fidence levels, respectively (equivalent to 3.8nd 1o).

we can plot the present determination (integrated down tg 0,3

against previous determinations at lower redshift (Fig. 3). The

observations how more clearly than before allow us to trace the

number of UV-bright systems over the intervak@<10.

The space density of high-luminosity systems seems to peak at

z~ 2-4 and decline fairly rapidly to higher and lower redshifts.
As we conclude, it is somewhat sobering to realize #8410

Of course, cosmic variance is bound to be important for fields orbits of deep NICMOS imaging went into this search and only

of this size. Assuming a selection window of widllza = 2.5, a

three possible = 10 candidates were found (all of which may

ACDM power spectrum, and a bias of 7—which corresponds to be at low redshift), showing how difficult it is to map out the

the rough volume density of source40* Mpc 2 explored by
this probe (Mo & White 1996)—we calculat®7% rms variations
from field to field for single 0.8 arcmirNIC3 pointings (using a

pencil-beam window function). Since our deepest two fields pro-

formation of galaxies at these early times with current tech-
nology. It is exciting nevertheless to realize that in the future
these surveys will be executed much more efficiently. For ex-
ample, surpassing the current NICMOS data set would require

vide the primary constraints and they are essentially independentjust~23 orbits withHST WFC3 and~1000-2000 s witlJWST.

the total number of-dropouts found here is expected to vary by
~19% rms relative to the cosmic average. Thus, we expb6t
+ 5 and~5 + 2 dropouts, respectively, for simple projections of

We are grateful to S. Beckwith and the entire STScl science team

our lower redshift samples, and so the present findings are inconfor their foresight in taking deep NICMOS parallels to the UDF,
sistent with no evolution at the 99.9% and 68% confidence levels,M. Dickinson and STScl for making their NICMOS reductions

respectively (equivalent to 3a3and 1.00).
It is conventional to cast such findings in terms of the rest-
frame continuum UV £1500A ) luminosity density. We first es-

available in electronic form, D. Eisenstein, B. Mobasher, and E.
Scannapieco for valuable discussions, H. Yan for an electronic copy
of a 2.5 Gyr ERO SED, and our referee for valuable comments

timate the luminosity density under the assumption that the threethat substantially improved this manuscript. This research was sup-

candidates are at=10. The result ig,(z~10)jp ,(z~ 3.8) =

ported under NASA grants GO-09803.05-A and NAG 5-7697.
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