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ABSTRACT

Aims. We perform a deep search for galaxies in the redshift rarye & < 7.5, to measure the evolution of the number density of
luminous galaxies in this redshift range and derive usejuktraints on the evolution of their Luminosity Function.

Methods. We present here the first results of an ESO Large Programexipéoits the unique combination of area and sensitivity
provided in the near—IR by the camera Hawk-1 at the VLT. Weehaltained two Hawk-1 pointings on the GOODS South field for a
total of ~ 32 observing hours, covering 90 arcmin?. The images reacH = 26.7 mags for the two fields. We have used public ACS
images in thez band to select z-dropout galaxies with the colour crité&ria¥Y > 1,Y - J < 1.5 andY — K < 2. The other public
data in the UBVRIJK bands are used to reject possible lowhiéidaterlopers. The output has been compared with exterigionte
Carlo simulations to quantify the observationgéieets of our selection criteria as well as theeets of photometric errors.

Results. We detect 7 high quality candidates in the magnitude rahge25.5—26.7. This interval samples the critical range fdr at

Z> 6 (Mys00 = —19.5 t0—-21.5). After accounting for the expected incompleteness, \eout at a 99% confidence level a luminosity
function constant from-z6 to z=7, even including theféects of cosmic variance. For galaxies brighter tMagy, = —19.0 we derive

a luminosity densityyy = 1.529 x 107%erg st Hz* Mpc3, implying a decrease by a factor 3.5 fram: 6 toz ~ 6.8. On the basis
of our findings, we make predictions for the surface dersitdgected in future surveys, based on ULTRA-VISTA, HST-VBEE
JWST-NIRCam, evaluating the best observational strategyaximise their impact.
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1. Introduction ies, mini-black holes or others (see e.g. Venkatesarn e08B;2

: . L Madau et al. 2004).

The search for extremely high redshift galaxies is much more Unuderstandin )the evolution of aalaxies at hiah redshift is

than an exciting exploration of the furthest frontiers oé thalso verv im orta%t in the broader c%ntext of ala?x evoluti

Universe, although this aspect is certainly at the basitsqiop- While m%delﬁn the growth of structures of da?k ma){ter imre

ularity. Its actual astrophysical interest is tied to thestoaints . . 9 9 : . L

that can be set on the physical mechanisms that drove the H)Vrgly stra|ghf[forward, modelling from first principleseiphys-

mation and evolution of galaxies at the earliest epochs ef tl?al mechamsms of_star format!on an_d feedback that shaped
galaxies across the life of the Universe is remarkably cempl

Universe. . ; .
One important area of interest in the study of galaxies at The fur_1damenta| quantity th"’.‘t IS curr_ently use_d to describe
2> 6is ascertaining their role in the reionization of the Unee  21'd quantify the galaxy population at high redshift is the UV
To be fully responsible for the reionization, the densitystafr— Luminosity Function (LF hereafter), as derived f_rom suwey
forming galaxies az > 7 should have been similar to that a yman .break galaxies (LBG.S) at various redshifts. _Th_e evolu
z ~ 4, unless there is a significant evolution in the IMF amd ton Of its shape and normalisation along the cosmic time pro
in the clumpiness of the IGM, in the escape fraction of ionwoIeS a clear picture of the eyoluhon of star—f(_)rmmg gaax
ising photons or in their metallicity (see elg. Mannuccilet N the e.arly Universe, and an important constraint on thaeel
2007: Oesch et al. 2009b, and references therein). Quianyifytneoretical predictions.
their number density is therefore critical in order to con- Searches for LBGs have been extremely successful out
strain the additional mechanisms that may be responsille $8._redshift 6 (e.g.._Steidel etal. 1995, 1599, Bunker et al.
the re-ionizations, like Pop Ill dominated primordial gala 2004; D|ck|r_lson etal. 200:1; Giavalisco etlal. 2004; Ouclzilet
2004;| Yoshida et al. 2006; Bouwens etial. 2003, 2006, 12007,
Send  offprint  requests to: M. Castellano, e-mail: IMcLure et all 2009a) i.e. when the Universe was only less than
castellano@oa-roma.inaf.it 1 Gyr old. Current samples of high-redshift galaxies (3 — 6)
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now contain tens of thousands of galaxies and extend to lumm&ndidate selection and cosmic variance, it becomes diear t
nosities as faint as16 AB mag (0.01L%). the evolution of the LF at > 6 is still largely unexplored.

Despite these large samples, there is still controversy To progressin this field, larger and deeper IR-based surveys
on how the UV LF evolves at high-redshift. Some autho@re definitely needed. The very recent WFC3 data are provid-
(Sawicki & Thompsoh 2006; Iwata etlal. 2007) have argued thag a dramatic advance, accessing the faint side of the LF at
the most significant evolution in the UV LF happens at thetfai@ ~ 7 and extending the searcheszo~ 10 (Bouwens etal.
end, others|(Yoshida etlgl. 2006; Bouwens et al. 2006, |20@009b;/ Oesch et al. 2009a; McLure etial. 2009b; Bunkerlet al.
have found that the most significant evolution is at the krig009; Yan et al. 2009). In parallel, we are conducting a $earc
end, while Beckwith et al (2006) have claimed that the evol@f z = 7 bright galaxies on wider areas using the new
tion is similar at the bright and faint ends. Other authorsehaVLT IR imager Hawk-I (Pirard et al. 2004; Casali et al. 2006;
suggested compensating evolutions in LBG number density afissler-Patig et al. 2008), which is complementary to it iarmy
characteristic luminosity, resulting in a nearly constdit lu-  respects. First, we can cover areas significantly largeeital
minosity density!(Dickinson et dl. 2004; Giavalisco et &102). shallower than WFC3, thanks to the wide field-of view of Hawk-
The likely origins of these discrepancies are both the lafge |. This will yield a statistically adequate sampling at theght-
fect of cosmic variance (see €.g. Trenti & StiaVelli 2008yvad  €st magnitudes, that is necessary to obtain an accuratessti
as systematicféects due to the dierent estimates of complete-of the LF parameters.
ness level, contamination from lower redshift interlopes- In addition, we will use theY band to detect galaxies at
ume elements and redshift distributions in the various $esnpz > 6.5, instead of the) band used so far. Thanks to the lower
(Stanway et &l. 2008a), all worsened by the known degener&y background and to the extremgii@ency of Hawk-I, it is
among the parameters adopted to fit the LF. A clear examplesfssible to reach the required faint limits (close~t@7 mags.
the afect of these uncertainties is shown by the recent revisiéd). Such faint magnitudes can be easily reached in the J band
of the estimated slope of the UV LF at= 2 — 3, where LBG only from space. More important, the shorter central wavgtie
samples are bigger and carefully characterised (Reddy &ieite (around Lim) of the Y filter corresponds to a lower and nar-
2009). rower redshift range, roughly.4 < z < 7.2 (see Section 4 and

Even within these uncertainties, it is becoming clear that t FIgUr€T). This fair sampling is very important to verify viher
overall evolution of the UV LF in the redshift range= 2 - 6 the UV LF evolves fastly at > 6. .
implies a decrease in the number density of UV bright galax- N this paper we discuss the results of the first half of our
ies M < —205) of a factor 6-11 fromz ~ 3toz ~ 6 SUVey, covering a large fraction of the GOODS-S field. The pa
(e.gl Stanway et &l. 2003; Shimasaku ét al. 2005; Bouwers et?€" iS organised as follows: in Section 2 we present our data s
2006). i anld the mlulti-wavelength cz?jtalr(])gue; in Selction ? we disouss

; olour selection criteria and the potential interlopeffecting
01t i cur kncuecge of e evluion b S T B e et
ing galaxies atz = 7 to constrain the UV LF is defi- " the light of extensive Monte Carlo simulations; in Sent®

: : - : : t our final sample of candidate z-drop Lyman Break
nitely challenging, requiring deep and wide surveys in thge present our i : :
. Galaxies, which is used to constrain the evolution ofzhe 6
ggg]reIi{ropmartaofsmgllsgzﬁr;rg. on:ufr;?r;tly,Nth(; o_nlg C:annsflrbv luminosity function in Section 6. In Section 7 we discuss
dates found in small areas within GOODS with deep nee{ﬂ-e implications of our findings, and of present uncertastin

IR J + H NICMOS and WFC3 datd_(Bouwens & lllingwofth 1€ 11gh-z LF, on the fciency of future dedicated surveys. A

2006; Bouwens et &l. 2008; Oesch et al. 2009b; Bouwens etHfmmary of our methods and results is provided in Section 8.
2009b; Oesch et al. 2009a; McLure etial. 2009b; Bunkerlet al Throughout the whole paper, observed and rest-frame mag-

2009). Dropout searches around lensing clusters have a@%‘&des are in the AB system, and we adoptAR€DM concor-

been performed, (Richard et/al. 2006, 2008; Bradley et @lg20 9aNC€ modelilo = 70km/s/Mpc, Qu = 0.3 and@, = 0.7).
Bouwens et al. 2009a; Zheng etlal. 2009). The discrepantsesu
of these lensing studies clearly highlight thefidulties in de-

tectingz > 6 candidates and in removing interlopers from suc
samples (see Bouwens etlal. 20093, for a discussion). 2.1. The Data Set

Further constraints come from the non-detection of bright ...\ o i« pocod on deap-band images obtained with Hawk-
candidates of > 6.5 galaxies in relatively wide and shallower, 9

observation (Mannucci et al. 2007; Henry ef al. 2009) I, the new near-IR camera installed at the VLT. With a field of
o e ' ’ —“ " view of about 7.5%7.5’, pixel scale of L”, excellent sensitivity
Spectroscopic identifications af> 6.5 LBGs are lacking 4ng image quality, it is currently one of the best groundebias

until now, with the exception of the narrow band selected Lyinstrument to search for faint, rare objects as very higishit]
emitter at z6.96 byl lye et al.[(2006). galaxies.

Apart from some contradictory results around lensing clus- We combine data collected in 2007 during the Hawk-I
ters, all the evidences suggest that the number density ef W¢ience Verification phase with further images obtainediog2
bright galaxies fades significantly at> 6.5, amounting to a through a dedicated ESO Large Programme. The images cover
decrease of the volume density at the bright end of the UV lifyo adjacent regions of the GOODS-S field, corresponding to
of a factor 10-30 fronz ~ 4 toz ~ 7 (Mannucciet al. 2007; ~ 85% of the deep ACS area. We name these two pointing
Bouwens et al. 2007; Stanway etlal. 2008b; Oeschiet al. 20098DODS1 (southern) and GOODS2 (northern). The data ob-

It is indeed possible to use these observations to constreamed with the ESO LP extend the coverage of the GOODS2
the standard Schechter parameters of the LF, which appeafiétd (originally about 11hrs in th& band) to the depth of the
deviate significantly from the = 6 ones, although the statisti-GOODS1 area. The total exposure time is 16h15m for GOODS1
cal uncertainties are embarrassingly large. If one tal@siato and 16h56m for GOODS2. The position of the two combined
account the many uncertainties due to systematic erroran tHawk-I fields is shown in Figurel 1.

. Data
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Ymko + (Iuko — Kmko)- The resulting zeropoints ake= 26.992
andY = 26.998 (AB), for GOODS1 and GOODS?2 respectively.
We have also carefully determined the r.m.s. of the coadded
images, which is necessary to properly estimate the étatlist
meaning of detections at the faint limit. We have obtainedrff
first principles” an absolute r.m.s. which fully accounts floe
correlation in the pixel of the finally coadded image. Thiswa
estimated by computing the r.m.s. in each individual image (
ing the Poisson statistics and the instrumental gain) aapapr
gating self-consistently this r.m.s. over the whole dathuotion
process. The typicalbmagnitude in one arcs in the range
26.7-26.8 over more than 60% of the whole image, arnb.2
in 85% of the image - the rest of the images being shallower
because of the gaps between the four Hawk-I chips.

—27.65
=ty b
—z7.s |

—27.8

DEC J2000 (deg.)

—zv.85 [

—27.9
2.2. The Photometric Catalog - Detection

2795 | We have obtained the photometric catalog using the SEgiract

f Pl code (Bertin & Arnoutls 1996) and thé band as detection im-

bl b b b
ks Gde  wnlE BBl BB =9 age. The r.m.s. derived “from first principles” as descriabdve

s TRE90 felemd is used in SExtractor a$AP_RMS and overrides the r.m.s. ob-

tained by SExtractor from the background fluctuations. Te ob
tain total magnitudes, we have computed both the SExtractor

: . . MAG_BEST as well as aperture corrected magnitudesin 2 FWHM
Fig. 1. Full mosaic of the two Hawk-I images of the GOODS-$jiameter (about 17), the same apertures used for the coktiur e

field. The jigsaw region shows the original GOODS ACS z-bangate discussed below. We compute the aperture correcttams f

image. The position of the UDF is also shown. bright non-saturated stars in each field: we find correctiafns
0.364 mags and 0.322 mags in GOODS1 and GOODS2, respec-
tively. MAG_BEST magnitudes are more accurate for bright ob-

TheY band images were reduced using standard techniq%e%(csti gjt ti\escsvrgesmffﬁgc\,age?gf,”gﬁe;cggiﬁﬁgiggﬂrg

for IR data - flat fielding, sky subtraction among consecutivg, tains that their total magnitude is estimated with aperu
frames, and final coaddition. Particular care was taken iskma ., ;o c1oq magnitudes. For resolved objects, howeverfuager
ing even the faintest sources during the s!,<y subtractiors. s o6 tions based on stellar profile may unde’restimatedlnxah
been accomplished with a “double-pass” procedure, where iy, ;4 we have estimated thigfect by using Lyman Break
faintest sources have been detected in a first version of-thedl, | ies with known Spectroscopic redshifts & z < 6.2 in
nally coadded Images, gnd the yvhole data regluctlon has b?r%' GOODS-S ACS images _(Vanzella etlal. Z009), smoothing
repeated masking all objects during th_e sky estlmat_e StP.  them to the Hawk-I PSF. We find that the aperture correction is
Two classes of defects are present in the Hawk-limages. Qfigyntly larger, i.e~ 0.5. For simplicity, and given the unknown

class consists of luminous “ripples” along the rows origimg hysical extent of ouz > 6.5 galaxies, we shall adopt the nom-

effects and have been removed by masking the whole rangg@fyever, the fiect of lost flux due to finite size of our candi-

affected rows in each image. Further problems are caused byzes is fully accounted for by the simulations that we use to
persistence” ffect, i.e. residuals left by sources which appegistimate the Luminosity Function, as we shall discuss itiGec
as faint objects on the next acquisition at the previoustipwosi 7
(in pixel) of the bright object. These “ghosts” may appear as The most critical issue is the very detection at faint limits
faint dropouts in the final image, unless some masking is doR§yen the extreme faintness expected for the 6.5 galaxies
We have decided to remove these objects from the beginryng gh their rarity, a compromise must be found between two com-
masking (in each image) the pixels where objects were d&techeting goals: extending the detection at the faintest paeskv-
in the previous one~0.3-1.0% of the total area in each sciencg|g while retaining a good accuracy. In addition, the systézs
frame). This strategy turned out to be mofeeetive and safer st he understood and quantified for the final scientificyanal
than just making a sigma-clipping during the final coadditio  gjs, We have optimised the SExtractor parameters involves
The finalimages have been registered to the ACS astrometfigtection of faint objects evaluating at the same time ttssipte
solution, maintaining the original Hawk-I pixel size. contamination from spurious objects in the Y-detectedlogtse
We find that the GOODS1 and GOODS?2 fields are rath#rrough the analysis of a 'negative’ image. To do this, weyvar
uniform in their general properties. Through the analydis the detection parameters used by SExtra®BTECT_MINAREA,
bright point-like sources we determine a FWHM of 08001 DETECT_THRESH, filtering, deblending and background subtrac-
arcsec £ 4.8 pixels) in the GOODS1 image and 040.02 arc- tion parameters) in the analysis of the 'positive’ image. ttémn
sec E 4.6 pixels) in the GOODS2 one. We computed imageonstruct a “background-subtracted negative” image aatyaa
zeropoints using the standard stars observed during the sahexactly as the positive one, with the same SExtractormpara
night of the GOODS data and at similar airmasses. Since tiges. The RMS image used is the same employed in the analysis
standard stars are calibrated on AQV stars in the MKO filtexf the 'positive’ image. We finally adopt the set of paramster
set, we have estimated the conversion to the AB system tbat minimises the ratio between 'negative’ and 'positidetec-
the Hawk-I specificy band filter using templates, &1 = tions at the faint end of the number counts. The final detactio
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is obtained requiring 10 contiguous pixels eackAtl > 0.727, My X(1+2)
corresponding to a.2o0 detection, and restricting the analysis BO.OO —_— 90.00 —_— 1?‘ —
to the regions where the R.M.S is less than 1.5 times the lowes '
value. With this choice of parameters, detections on thatneg
images are negligible af < 26.5, and less than 10% down to

Y = 26.8 in both fields. Howevem posteriori, the latter value
overestimates the actual rate of spurious detectionsethds!
spurious sources should appear as “drop-out” candidatbsawi
single-band detection. On the contrary, as we will show ictSe

our two faintest candidates are both confirmed by detections
other IR bands. A visual inspection of the negative imagew/sh '
that many faint 'objects’ are found near bright sources thian S
indication that, at the faintest limits, non trivial issugsncern-

ing the subtraction of the background or a potential asymmet

in the noise distribution produce an overestimate of the ot
spurious detections. 0

This procedure is also used to define the total area where
a homogeneous catalog can be extracted. The candidates$ foun -
in this area will be used for the evaluation of the LF. Thisaare I T
is ~ 75% of the whole image and is §&rcmirf. We remark 5.5 6 6.5 7 7.5
that additional candidates satisfying our colour afid lection Redshift
criteria (see Sedt] 3) are also found in the more noisy regidn Fig. 2. 7 — Y colour as a function of redshift in the Hawk-! fil-
the images, the most notable being an object falling in th&UDier set. Shaded area shows the locus predicted by CB07 models
but they will not be discussed in this paper. with a range of metallicities, ages, dust extinction and ayrr
emission (see text for details). Red lines correspondstteree
models with no Lyman, blue lines with a rest frame Lymam-
2.3. The Multicolour Catalog equivalent width of 300A. In the upper part, th@&ency curve
of the two filters is shown, computed at observed wavelenfyth o

) ) a Lymanea emission at the corresponding redshift.
We have obtained full multiwavelength photometry of all the

objects detected on th¥ band using the publicly available
UBVRIZJHK images. ACS BVIZ images are the latest V2. . .
version released by the STSci (M. Giavalisco and the GOOS)’SThe Selection of z > 6.5 Galaxies
Team, in preparation). Each frame has been smoothed to ¢ The Colour Selection Criterion
Hawk-1 PSF using an appropriate kernel obtained with Fourie
transform|(Grazian et &l. 2006) and registered to the Haimk-I The selection of galaxies at> 6.5 uses the well known “drop-
ages. Publicly available U and R images obtained with VIMOSUt” or “Lyman-break” technique, with minor modificationsel
(Nonino et all 2009) and JHK mosaics (Refkkt al., in prepa- to our filter set and imaging depth. The main spectral feature
ration) have also been registered to the Hawk-| images.eThégat enables the identification of galaxies at extreme fiéidsh
have not been filtered, since their PSF is always somewlgraris the sharp drop shortward of the Lymanwhere most of the
than theY images. We then compute magnitudesinB, V, R, photons are absorbed by the intervening HI in the intergialac
I, z J, H andKs bands running SExtractor in dual mode usingedium. At 65 < z < 7.5, this break is sampled by the large
the Y band HAWK-I image as detection image with the dete& — Y colour, as shown in Figurid 2, where we plot the- Y
tion parameters indicated above. Aperture fluxes are coedpu€olour of galaxies az > 6 in our filter set. At this purpose we
with the same aperture as in the Y band, and appropriate ageve used the models of Charlot and Bruzual 2007 (in prepara-
ture corrections have been separately applied to each Bandion, see_Bruzugl 2007a,b, hereafter CB0O7) with the folfayvi
comparison between ACS and ISAAC total magnitudes in ol@nge of free parameters: Metallicity: 0.02, 0.2 and} age
catalogue and in the GOODS—MUSIC catalodue (Grazian et &ipm 0.01 Gyr to the maximal age of the Universe at a gizen
20067 Santini et al. 2009) shows a good agreement, apartdrof(B-V)=0...0.2 (Calzetti et al. 2000). Since Lymanemission
fraction of blended objects (10% of the total) that are uniresd  has an important influence on the selection function of Lyman
in the Y band detection but have been deblended in the ZCSbreak galaxies, as it has been proved in the case of loweifeds
detected sample of the GOODS-MUSIC catalogue. The typic@mples (e.g. Stanway etlal. 2008a; Dow-Hygelundiet al.)2007
1o limiting magnitudes in these images, scaled to the tgtalWe explicitely take into account thisfect by considering a dis-
band flux of detected objects (i.e. estimated in the 1.2 taper tribution of Ly-a rest-frame equivalent width in the range 0-300
and corrected to total) are 29.1, 29.0, 29.1, 29.5, 28.2, 28.6, A. We have also added the intergalactic absorption usingihe
26.2,26.2in U,B,V,R,l,Z,J,H,K respectively. erage evolution as in Madau (1995). The shaded area shows the
region covered by the computed models. It is evident that the
This catalog contains self-consistent magnitudes in a@blour evolution is relatively smooth, mainly because @&f éx-
bands. To exploit the superior image quality of the ACS insaggended red tail of th& filter which gathers a fraction of flux from
we have also obtained photometry of all objects on the BVigalaxies up t@ =~ 7.5.
images without smoothing them to the Hawk-1 PSF, in a nar- Itis interesting to note that most of the broadening inZhe
rower aperture of 0.6” (an even smaller aperture would bagroY colour distribution of the model galaxies in Figlile 2 is doe t
to errors on object centering). the efect of the Lymanz emission line, which may change the
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47

My400—mmy

-47.5 -

55 6 6.5 7 7.5
Redshift

Fig. 3. The distance modululisoo — my as a function of red-
shift in the Y=band Hawk-I filter. Shaded area shows the locus
predicted by CB07 models with a range of metallicities, ages
dust extinction and Lyman-emission (see text for details).

observed colour (at a given redshift) by neagly Y ~ 1 mags.
The uncertainty in the intensity of this line can be trareddnto
an uncertainty in the estimated redshift, which is (evemigmgy
noise dfects) abouAz ~ 0.2 — 0.4 in the redshift range.b <

z < 7.5. Despite this, we shall adopt a single threshbidy > 1

to select candidates.

The major dfiference with the standard Lyman break tech-
nique is that theé¥ band that we use to detect galaxies does not
sample the continuum around 1500 A but a region shortward of
it, contaminated by both the IGM absorption as well as by the NP EPRPIErE B
Lyman- emission line. Since we aim at comparing our candi- -05 0 0.5
dates with those expected from the LF at 1500 A, tifiset can
be taken into account by computing the expected distance mod
ulusDM(2) = M1s00— My with the same template set describegtig 4. Upper panel: Z - Y - Y — K diagram showing the ex-
above. This is shown in Figué 3. In addition to the cosmaabi pected position of > 6.5 galaxies (grey dots), passively evolv-
dimming with redshift (for galaxies of giveM1soq), the Lyman-  ing galaxies and reddened starbursts (red dots)frdnt red-
a emission can produce a brighteningzat 7, rapidly counter-  shifts. See text for the details of the adopted library. Tée-r
balanced at > 7.3 by a loss of flux due to the intervening IGMghitt evolution of a single representative model is alsowsiio

absorption. open circles for LBGs, large filled circles for passively g,
All these dfects will be accounted for by the Monte Carlacrosses for dusty starbursts. The red arrow representsdden-
treatment that we shall discuss in the next Section. ing vector az = 1.5. Blue symbols mark the position of normal
galactic starsower panel: as above, for th& —Y - Y —J colour
plane.

3.2. Interlopers

Given the rarity of high redshift galaxies, it is mandataryts-
cuss the possible contaminants in the selected colouriorite objects in our sample have a consistent photometry in the two
Apart fromz > 6 galaxies, other well known classes of obepochs, at the@ level.
jects can display a red - Y colour: i) Variable objects, mostly  Passively evolving galaxies or dusty starburst galaxies at
due to low-intermediate redshift SN events; ii) Passivelyle 7z > 15 can be easily modelled with a suitable set of spec-
ing galaxies or dusty starburst galaxiegzat 1.5; iii) Galactic tral synthesis models. We use the same CBO7 library used for
cool stars. z > 5.5 galaxies to predict the colours of such objects.&td
We have first cross-checked each object with- Y > 1 z < 4, using a combination of short star-formation exponential
against variability, by looking at images acquired affatent timescales (A — 1 Gyrs) and ages 1 Gyr to reproduce pas-
epochs (1 month of delay in GOODS1, 1 year in GOODS2). \Wévely evolving galaxies, and constant star-forming msddth
identified three obvious transients in the GOODS1 images, tl0.5 < E(B—V) < 1.5 (adopting e__Calzetti et al. 2000, extinction
have been removed from the following analysis. All the othéaw) for the dusty starbursts. As shown in Eig.4, these geax
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may have larg& — Y colours only when they also show large IRour catalog, with ¥23.3) is rejected because it has a significant
colour terms in the J and K bands. We note that thiect of even detection also in the | band.
larger amount of dust extinction would be to shift the olgeat Apart from these well know classes of possible interlopers
even reddel — J or Y — K colors. This is shown by the red ar-we found that a sample of galaxies selected withzheY > 1
row in Fig.[4, which represents the reddening vectar atl.5. andY - K < 1 criterion is populated also by an unexpectedly
The slope of the reddening vector at other redshifts is viemy S large number of faint contaminants showing significant ctée
lar. To exclude these objects, we shall adopt in the follgwiirte in filters covering wavelengths shorter than the redshiftedan
additional criteria (see Fi@l 4): limtatz> 6 (Uand R VIMOS; B, V, | ACS).

We show in Figlh the SED and the image ifffeient filters
of a typical member of this contaminating population. Thelse

(Z2-Y) > 10+(Y-K) jects show a dip in the observed flux in tAeand often in the

(Z-Y) > 05+20(Y-J) | band, with a rising continuum in the bluer bands and a large
(Y-J) < 15 Z — Y colour. Such a spectral energy distribution cannot be re-
(Y —K) < 20 produced by a straightforward application of the CB07 medel

The analysis of the nature of these objects is beyond theescop
It is less straightforward to exclude T-dwarfs. They arelcoof the present paper and will be carried out separately. Vile on
(Teff < 1500 K), low-mass stars and substellar objects thaote that all of them are relatively faint (mostly > 25). A vi-
have been discovered and studied in these last ten yeartymasual inspection of their ACS images revealed that thesectsbje
thanks to the 2MASS (e.q. Burgasser el al. 1999), SDSS (eshow a variety of morphologies, at least those detectedad go
Leggett et al.._ 2000), UKIDSS (e.qa. Pinfield et al. 2008) ang/N. In many cases they are clearly extended, thus indicating
CFBDS surveys| (Delorme etlal. 2008). Their infrared specttleir extragalactic nature, although other cases prespaira-
are dominated by the presence ©H, and H,O absorption like morphology. One possibility, especially for those atetted
bands and by, resonant absorption (elg. Chabrier et al. 2008) JHK, is that they are faint galaxies with a very blue contin-
Burgasser et al. 2006) that produce a sharp break in their UBm whose SED is altered by the presence of strong emission
colours which resembles the— Y andZ — J colours of high lines such as in un-obscured AGN, or in star forming galaxies
redshift LBGs. Moreover faint dwarfs can easily be beyoral thike the blue compact dwarf galaxies (Izotov et al. 2004, 700
detection limit even in the | band because of their cold atmor the Ultra Strong Emission Line Galaxies (USELs, Hu ét al.
spheric temperatures. 2009).

Unfortunately, the current uncertainties in cool dwarfaat Although standard prescriptions for the selection of high
spheric models (Helling et al. 2008), do not allow us to cotapuredshift LBGs already exclude sources detected at shortwav
the expected — J, Y — H or Y — K colours with the reliabil- lengths, given the rarity o > 6 candidates we took particu-
ity needed to distinguish T-dwarfs from LBGs. In additionck lar attention in tailoring reliable criterion to separater gam-
distinction is unfeasible on the basis of their morphojs@e in ple of high redshift candidates from these unexpected loaekr
our ground-based Y band images, since morphological filassshift objects. After looking at the colour distributions thiese
cation is not reliable at very low/H ratios. contaminants and at the distribution of the detectéd i the

It is however possible to estimate their expected numb&BVRI bands, we decided to adopt a selection criterion even
While cool dwarfs are found also at magnitudes much brighterore conservative that the one typically adopted by pressou-
than those ok > 6 galaxies, their number density is known toreys. We require the/N from high-z candidates to be 205y
increase towards fainter fluxes (D’Antona et al. 1999; Basga in all UBVRI bands anck 1osy in at least four of themag)y is
2004), so it is not possible to exclude that some of thesectbjethe estimated r.m.s. of thg$distribution in each band, as de-
contaminate our sample of high redshift candidates. Thetexacribed in the next Section. In the case of the ACS BVI images
number of expected contaminants depends on the still uncee used $N ratios, and relevants,n, measured in a smaller
tain parameters constraining the IMF and the spatial distion aperture (0.6”, see Se€f. 2.3) to better exploit their highs-
of late type dwarfs inside the disk and the halo of the Galaxglution. To check whether our selection criteria aféieetive in
Observations have excluded that these objects can be ldedcrexcluding this population of faint contaminants from the@B
by a power-law IMFD(M) «« M~ as steep as the Salpeter onsample, we have also analysed the deef§ mags AB at &)

(e = 2.35), with an upper limit atv = 1.5 (Burgasser 2004). public images of the UDF area (Beckwith etial. 2006), which
For this reason we considered a worst-case model with an IN§Falso covered by our shallower data-set (see [Hig. 1). Those
exponentr = 1.5, and a spatial distribution with height of theobjects that, on the basis of the conservative criteriaudised
Galactic diskH, = 300 pc, following the T-dwarfs surface den-above, are individuated as contaminants in our catalogaala

sity predictions presented oy Burgasser (2004) for a deegu confirmed, at an higher significancy, to have emission in ane o
at high Galactic latitude, we obtain an estimated contatiina more of the blue bands. On the other hand, Wedatively select

of ~ 1.7 late type dwarfsTes < 175K) for each Hawk-1 point- as an high redshift candidate object UDF-387-1125 alreésly d
ing. Larger values for the T-dwarfs scale heightin the déskthie cussed in_Bouwens etlal. (2004) and recently confirmed in the
350 pc value proposed by Ryan etial. 2005), or an even steeaealysis of the very deep WFC3 images by Bunker et al. (2009);
IMF, could slightly increase this already pessimistic rastie. |McLure et al. [(2009b); Oesch etlal. (2009a); Yan etlal. (2009)
However, we underline here that, with such a low number of eXhus we can state that deep optical images as the ones ahalyse
pected cool dwarfs, the main uncertainties arise from pois® here ¢ 29.0 mags AB at &) are stficient in separating this
fluctuations in their number counts. We note that two coolrdsva class of contaminants from more reliable high redshift ¢cand
with compatible colours were indeed found in the GOODS fieldiates, once conservative selection criteria are adoptaaetrer,

by IMannucci et al.|(2007). They both haze- Y > 1 in our we caution that an accurate, dedicated, spectroscopigsimaf
catalogue: one (IB6968 in.Mannucci et all (2007), G713 in both LBGs and contaminants will be necessary to determime th
our catalog having ¥24.45) is selected as candidate drop-outeal impact of these objects in LBG searches, since thesipaly
while the other (IB3-4419 in Mannucci et all (2007), G3130in nature is still undetermined.
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Fig. 6. Upper panel:Fraction of detected objects as a function
of their input magnitude, as estimated from the simulations
Fig. 5. SED and thumbnail for one of the interloperswithY > described in the textLower panel: From the same simula-

1 and detection at shorter wavelengths. tions, contour levels of the conditional probabil®fYy, (Z -

Y)m 1Y, (Z-Y)) that a galaxy with giverY band flux and - Y
colour is detected with a measurgg flux and with a measured

(Z - Y)m colour. Only four cases are shown, with input values
marked by large crosses. Contours are drawn at 0.05, 03,5, 0.
Although the colour criteria are formally very clear-ciitey are 0.5 and 0.8 times the peak value of each distribution.

in practice applied on very faint objects, typically closethe

limiting depth of the images. At these limits, systematicaym

significantly dfect their detection and the accurate estimate of 10° objects were tested for each field and morphology, for a
their large colour terms. To fully evaluate the involved @Rc total of 8x 10° artificial objects.

tainties we have performed extensive imaging simulatibys,  These simulations can be used to estimate the impact of dif-
which we have quantified the systematiteets in the object de- ferent systematics in the various steps of the analysist, Firey
tection, in the measure of their total magnitude as well @hén can be used to estimate the completeness in the detection pro
measure of large colour terms in our images. The output sktheedure. This is shown in the upper panel of Figdre 6, where we
simulations will be used in the proper estimate of the LF. plot the fraction of detected versus input objects as a fanct

At this purpose, we first use the synthetic libraries desctib of the input magnitude. The detection is close to 100% down to
above to produce a large set of simulated galaxies with éggecYy ~ 26.2, and fades to 30% af ~ 26.7 (where we find our
magnitudes in the UBVRIZY filter set in the redshift ranggainter candidates. We remind that an additional 6% in the in
5.5 < z < 8. Objects are normalised in the range- 24— 27.5, completeness is due to the masking done to avoid bright tshjec
following the expected magnitude distribution arisingrfre LF In addition, they can be used to evaluate the uncertainties i
with indexa = ~1.71, These galaxies are placed at random pghe estimate of the colour criteria that we shall exploit ébedt
sitions of the GOODS1 and GOODS2band images, and cata-z > 6.5 candidates. In particular, tffe— Y colour is critical fea-
logs are extracted exactly as in the original frames. ture to identifyz > 6.5 objects. To visualise theffect of noise,

As expected, the output of this exercise depends criticallye plot in the lower panel of Figufé 6 the conditional proliabi
on the assumed morphology. In our case, the availability B{Yy, (Z-Y)m | Y, (Z-Y)) that a galaxy with giveiY band flux
deepz-band ACS images of confirmed= 5.5 - 6 LBGs pro- andZ - Y colour is detected with a measurég flux and with a
vides the most natural templates, avoiding further assiom@t measured4 — Y)u colour. Obviously, a fraction of galaxies will
Neglecting possible size evolution fram= 6 toz = 7, we have not be detected at all in théband, as discussed above.
used the four brightegt= 5.5 - 6 LBGs observed with ACS in  An inspection of Figurgl6 shows the basic feature of the sys-
GOODS, both convolved with the GOODZIPSFs. tematics acting on our images. At relatively high\gY ~ 25,

To avoid an excessive and unphysical crowding in the sird- ~ 25), the recovered magnitudes and colours have a narrow
ulated images, we have included only 200 objects of the saseatteroy ~ o, ~ 0.07 mags which increases at lower fluxes
flux and morphology each time, after masking the regionseftli oy ~ o, ~ 0.2 mags atY ~ 26,Z ~ 26). At largerZ — Y
images where real objects have been detected (this congspaolours asymmetries becomes evident aszhmagnitude ap-
to 6% of the total area). We repeated the simulation untita to proaches the very detection limit. At the faintest limif,£ 26.8

4. Simulating the Systematic Effects
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6 65 7 75 true highz galaxies lost because of this strict criterion is about
08 ‘ ‘ ‘ e ~ 30%. This dfect will also be taken into accountin our estimate
i v #2638 — of the LF.
06 ————-_.Ys267 ]

The output of this exercise can be summarised in Figlre 7.
The final éfect of noise on th& — Y > 1 colour is shown in
the upper panel, where we plot the fraction of simulatedaibje
detected inY and with measured — Y > 1 as a function of
redshift, for two limiting magnitudesy = 26.3 (solid line) and
Y = 26.7 (dashed line). We remind that, since the objects are
extracted from a steep LF, most of them are close to the higiti
magnitude. Th&-Y > 1 colour and the requested non-detection
blueward ofZ provide an &ective cut belovz = 6.3-6.4, which
is nearly total az < 6, even including theféect of noise. At
z> 7, the fraction of detected objects is less than 100% because
of the combined#ects of incompleteness in the detection and of
the requested non-detection bluewardZofvhich rejects some
genuine high-z galaxies because of photometric scatter.

The most important output is shown in the lower panel of
: : Figure[T, where we plot the expected redshift distributibowy

Redshift sample, as extracted from the simulations. In this caseyts@ue
normalised assuming that the LF remains constant zom6

Fig. 7. Upper panel: Fraction ofY-detected objects passing outith the values provided by McLure et'al. (2009a). Since we

criteria  — Y > 1; non-detection blueward &) as a function Populate the input catalog following a LF with a realistiors,

of redshift, for two limiting magnitudesy = 26.3 (solid line) We expect that this redshift distribution is a good estinfte

andY = 26.7 (dashed line). Input objects are extracted assumifiig redshift selection function of our survey. The low refish

a constant LF (McLure et Bl. 2009a) from= 6. Lower panel: ~Ccut-of is due to theZ — Y > 1 colour and the requested non-

Redshift distribution (per unit redshift) for the same séemp ~ detection blueward df, as discussed above. At higher redshift,

the cutdf is due to the decreasing number of expected galaxies
in a magnitude-selected sample - as shown in Figlre 3, abject

andZ - Y = 1), about 30% of the objects detectedvibecome of given L become rapidly fainter a > 7.3. In this case, the

too faint to be detected in ti&band image. high redshift tails of the distribution is sensitive to th@kition
The simulations in Figurie 6 also show that a 0.15 méfs oof the LF: in case of a marked drop of luminous objects at high

set exists on average between the input and the recovered niggshift, with respect to the McLure et al. (2009a) LF, theirik

nitude. As discussed above, this is due to the adopted aperfeution will be skewed toward the lower redshift boundaryisTh

correction, which is computed on unresolved stellar prefile-  plot clearly shows the basic feature of otiband selected ap-

stead of the LBG profile adopted in the simulations. proach, which allows to sample the LBG LF in a well defined
Finally, this set of simulations is used to estimate theesyst narrow redshift range. We note that this redshift range is na

atic efects acting when we use colours at shorter wavelength@wer than the corresponding onezin J selected samples .

i.e. in theUBVRI bands. In these cases, because of the large

IGM and internal HI apsorption, the expected f_qu inthesedsang petected z > 6.5 Galaxies

for z > 6.5 galaxies is far below the detection threshold, or

even null. For this reason a stringent limit on the measured flIBased on the results of the previous sections, we finallyctele

in these bands is adopted to remove lower redshift interbopethez > 6.5 candidates adopting the following criteria:

However, the 8\ estimated by SExtractor may be a poor reprek) We include only objects detected in the deepest regiotiseof

sentation of the actual photometric scatter at low fluxes,tdu images (r.m.s. not larger than %.§s minimum value) with total

a combination of factors, such as uncertainties in the estimf magnitude X 26.7;

the local background, underestimates of the true r.m.shamce 2) We require:

superposition of faint blue galaxies along the line of sight Z-Y) > 10
To account for thesefkects, we have measured the resultiné ’

signal-to—noise SN in thd BVRI images for each simulated ob- Z=Y) > 10+ (Y-K)

jects inserted in th& one, which should be zero on average. I{Z-Y) > 0.5+ 2.0(Y - J)

turns out that the actual distribution of thgNSratios is wider (y_ 3) < 15

than the one obtained with SExtractor, which is computet SCf\( _K) < 20

ing the input weight image. With this set of simulations wash :

estimate the “Bective” r.m.s.os)n, i.€. the r.m.s. of the signal—

to—noise distribution in each of the 5 images, which is tgfyc

about 1.5. Even taking into account this wider distributioe 3) We require that the /8 (as measured in units of the

also find that the tails of the/8 distribution /N > 20s,n) simulation-calibratedrs,y) is less than 2 in all UBVRI bands,

contain more objects than in the case of a pure Gaussiait disind above 1 in one of these bands only.

bution. Figure[8 shows the position of all objects of our sample in
As mentioned above, we will use the estimategy in theY - JvsZ - Y plane, with the final candidates and the two

all UBVRI bands, requesting that high-z candidates have fllmown brown dwarfs shown highlighted.

< 20gn in all UBVRI bands and< log in at least four In practice, the limiton th&—J < 1.5 andY-K < 2 colours

of them. With our simulation, we estimate that the fractidn aare indfective. Indeed, all the objects with— Y > 1 are very

Fraction(z-Y21)

02

dN / dz (arcmin-?)
1<)
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Fig.9. Thumbnails showing the images of the 7 selected high redsdmididates in the fierent observed bands.

blue in the near-IR, haviny — J < 1.2 andY — K < 1.7, and of 4 of our candidates falling on suitably deep images, warte
90% of them havy — J < 0.5andY - K < 1. detect 3 of them with F110W and F160W magnitudes consistent
As a result, the critical requirement to select “bona-fidewith ourY one. The fourth one is undetected in the F160W with
high-z candidates is the non-detection in all the bandsAdug Mgisow — My > 1 (F110W is not available). As a consequence
of theZ filter. In our catalog we detect 139 objectswthY > 1 we remove this object from our sample.
andY < 26.8, only 9 of which pass the additional criteria on the A similar check can be done on the IRAC images. Taking
non-detection in th& BVRI bands. into account the actual depth of the IRAC images, a detection
Most of our candidates are marginally detected at very low not definitely required to confirm the existence of theselea
S/N =~ 2 in theZ andor J images, which makes mandatory talates. Indeed, using the same synthetic libraries deskaibave,
critically assess their reality. The first and most obviobsak we expect coloursly —mirac in the range-2/ +2 mags, primar-
to be done is with the available NICMOS F110W and F160Wly depending on the age, mass and dust content of the galaxie
images in the GOODS area. Unfortunately, these images do Batce the detection limit in IRAC does not exceed 26.5, dyoss
cover with the required depth the whole Hawk-I pointingst Othe same AB limit of our candidates, we can expect that only
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In the attempt to identify further brown dwarfs, we have also
af T T TN T T T investigated the morphology of the candidates in the NICMOS
[ ] images, where available. Object @370 has a full width of
about 045", close to the @& value in NICMOS, but with a
3 . non-null ellipticity 0.3. Object G2L408 is clearly resolved, with
3 7 FWHM= 0.65. Considering also that several LBGs with spec-
I ] troscopic redshifts in GOODS have a NICMOS PSF consistent
] with the stellar one, we shall keep both of them in our sample.
AN R 1 After removing from our sample the Mannucci et al. (2007)

N brown dwarf and the object undetected in deep NICMOS point-

Tl %—1 ] ings, we are left with 7 candidates: their position and progee
!
!

N

] are given in Table 1. The relevant thumbnails are given iniféig
L J # ] B
, 1

We performed a stacking of all the thumbnails in the
UBVRIZYJHK images. We confirm that objects are undetected
in the UBVRI images, are detected in the J band average image
and exhibit an average colodr— Y ~ 2. The resulting SED
I ] provides an excellent photometric redshifizat 6.8. Relevant
- B S S E— thumbnails and SED are shown in Figurel 10.

Y- We checked if any of the previously published, NICMOS de-
tected,z > 6 candidates in the UDF area (Bouwens et al. 2004;
Fig.8. Position of the high-z candidates in tde- Y vs Y — J [Bouwens & Illingworth! 2006/ Oesch et/al. 2009b) are present

colour plane (black large dots). Upper limits are computed within our sample. We find that our candida&.1408 is the
the 1o level. The shaded area shows the location of the expecgdject UDF-387-1125 in_Bouwens et al. (2004). All the other
colours of CBO7 models, at> 6.5. The faint gray dots show the Objects are not detected with our extraction parametersidve
rest of the sample. Objects fulfilling the selection criveriare tice however that most of these objects have faint magrstirde
rejected because of their detection in at least one of the RIBVthe J110 and H160 NICMOS bands 6.8 — 27.0 AB), while
images (see text for details). The two Brown Dwarfs alreadye adopted conservative selection criteria in order to lacloev
identified by Mannucci et al. are shown as stars. The one in thember of spurious detections at the faintest magnitudesiin
upper right is selected as a high-z candidate on the basts ofsample { = 26.8, see Sec. 2.2), so it is not surprising that we

UBVRIZY photometry, but removed from the final sample. ~ are missing objects detected in the very deep NICMOS point-
ings over the UDF. We note that the colours of all the selected

objects are consistent with small values/efJ (or Y —K) plane,

_ ) _ ) as shown in Figurkl8. Since larger valueYof J (even within
a fraction of these ga}IaX|es are detected in th_e IRAC imagesyr thresholdY — J < 1.5) are typical of galaxies a > 7.2,
Indeed, 3 (out of 8) objects are clearly detected in the IRAL 3 this confirms our expectations that the redshift distriuis in
channel (IRAC36 hereafter): G921, G21713 and the object practice limited at this value.
G12631 already detected in NICMOS. Further three objects \ve also checked other recent results on the GOODS area
(G2.1408, G22370 and G5173) are marginally detected dugyresented by Hickey et al. (2009) and by Wilkins ét[al. (2009)
to blending with nearby sources. We note that two of the IRAC [ickey et al. (20009) exploit part of the same Hawk-| data-set
detected objects are the faintest ones in our samplel®21 ,resented here but reach a shallower magnitude limi26(7-
and G12631), so the IRAC detection confirms their reality. 25.9). Their candidate 1D 9697 is our candidate 2270, while

We computed aperture photometry (corrected to total) @Reir object ID 9136 is rejected in our sample beacuse/bf S
both the 3.6 and the 4.5 IRAC image. None of our IRAC de- in the | band slightly above our threshold. Their other two-ca
tected objetcs shows a.3- 4.5) index larger than- 0.4, in  didates show significant detection in the bluer bands andeso a
agreement with the colours expected for high redshift LB®S. probably lower redshift interlopers as discussed also byatin
the other hand, we note that previous studies have founddloat thors.
dwarf stars show a broad range in th&Aluminosity, yield- Wilkins et all. [2009) present an analysis of the WFC3 ERS
ing values in the  — 4.5 colour index that can be much largeyata covering the northern portion of our “GOODS2" field. Fhe
than those of our objects (up to 2.0 magnitudes| see Pat&n etandidate #4 is our object GR173, although they measure a
2006; Helling et al. 2008), although lower colour indexesena fainter Y magnitude. Of their two candidates having26.8 we
also been observed for these objects. reject object #1 beacuse of non negligibj&Sn the | band,

As already described in Sect. 3.2, one of our candivhile object #2 is too close to a bright {20) source to be
dates was already detected as a potential high—z candidgtectively de-blended in our ground-based images and it is not
by IMannucci et al.[(2007) and associated to a Galactic browresent in our catalogue.
dwarf. We remark that we estimated that a 30% of real sources are

We show in Figur¢]8 the position of this and of the othenissed with the strict rejection criteria in the blue bandiszed
Galactic brown dwarf found by Mannucci et al. (2007), as weilh the present analysis. This is consistent with object IB&®1
as of the other 7 candidates. Itis interesting to note tiagnghe in [Hickey et al. [(2009) and object #1 in Wilkins et &l. (2009)
high SN that we obtain on these relatively bright brown dwarfdyeing real high redshift galaxies whose high I-barid $ our
the measured — J colour is larger than that expected for aatalogue is due to photometric scatter, although theinegti-
Lyman-break galaxy at > 6.5. This analysis further supportsgible SN in the | band might be due to a redshift near the lower
the conclusions of Mannucci etlal. (2007), therefore we namolimit of the redshift selection window. We remark that pdteh
G11713 from our sample of “bona-fide” high-z candidates. missed detections beacuse of photometric scatter, or beatu
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Table 1. Hawk-I z-drop candidates in Goods-S

ID R.A.(deg) DEC. (deg) Y Z-Y o
GL149 53.157038 -27.930707 26.06 1.60 AN ]
G11921 53.19538 -27.835421 26.71 1.02 o { / ~ .
G12631 53.106022 -27.848123 26.64 1.06 B e ]
G21408 53.177382 -27.782416 26.37>2.1 L w4 J 1]
G22370 53.094421 -27.716847 2556 1.68 l \\L
G24034 53.150019 -27.744914 26.35>2.1 i / ]
G26173 53.123074 -27.701256  26.53>1.9 o ‘ P

[ __ M09 (z=6.0)
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[ STACKED PHOTOMETRY ] 25
D | zphot=6.80 m Y
< L E|
g Fig.11. Y andZ - Y distributions of the high redshift candidates
B ol \2 : P and of our best-fit evolving LF & > 6 (black solid line), com-
[ P 0 bk ihd pared with the expected values from recent estimates of fhe L
v e . zphot atz ~ 6 by|Bouwens et all (2007) (BO7, green dot-dashed line)
T e e ' and McLure et al.[(2009a) (M09, red dashed line), as computed

Ad) according to the simulations described in Sekt. 6.

Fig. 10. Upper: Thumbnails showing the stacked images of thg. — 14 _ . A A o
7 selected high redshift candidates in the observed bamaash f&;f:r:ig;?/aluesd 1.4, -2.0), without finding significant dif

in the_legendsl_ower: resulting SED, with relevant photometric We will assume that the other two parameters evolve in red-
redshiftaz = 6.8 shift from their value at lower = z; value:

log(#(2)) = log(¢(zo)) + dlo /dz-(z- 2z
objects falling near other bright sources, are fully takeo ac- 9(¢(2) 9(¢(2)) 9(@) ( )

count in the LF estimate presented in the next section based o M.(2) = M.(20) + M - (2~ )

exte\z/r\}snf/_e |r|r|1ag;]ng Elrgul?]tlorr]ls. here i X ission d We note that our parametrisation is analogous to the one
tect t?l njat)rchec exw et ert‘er(eLls anty I—rr'g%sem;\?smn Sblopted by Bouwens etlal. (2008). While Bouwens et al. (2008)
ectable in the deep X ray images (Luo etal. 2008). No sourGeq j this parametrisation to fit their values afatent redshifts

was individually detected. In the stacked image, the 90%toy. gy
s in the range 4« z < 10), we explicitly vary the Schechter pa-
rate (0.5-2keV) limit is 241x 10°° countss, for a total exposurel$ameters V\gllithin our red)shift ran%e46z z <y7.2, which mighet

. / . untss, )
time of 12x10s. The resulting Luminosity is 7.8x10%erggs 1, important in case of a strong evolution. We have alsodeste

in the band from 2 to 10 keV (assuming a power—law spectr . : - iy
with a energy index -0.4). Assuming a bolometric correctam LFE;?%!&?? evolution o, which turned out to produce consis

tor of 20 and a Eddington—Ilimited accretion rate, we derive a In principle, all four parameters could be left free in themni

limit on the black hole mass of abogt10°Mo. imisation process. However, given the size and depth ofamr s
ple, we shall assume fdd..(z) and¢(z) the observed values at
. slighter lower redshiftg ~ 6 and evaluate the evolutionary terms
6. The Evolution of the LF M’ anddlog(¢)/dz alone.
To estimate from our detections the most likely LF we use an During the minimisation process, for any given value of the
approach that fully accounts for the expected systematicsfiee parameters, we Monte Carlo extract a sample of objects
the detection process, as done by, €.g., Bouwens ét al.)200%th redshiftz, 15004 rest-frame absolute magnitulie ran-
Mannucci et al.[(2007); McLure etlal. (2009a). We refer in thdomly adding dferent E(B-V) and metallicities as obtained by
following to the luminosityl as measured at 1500A rest-framethe CB07 models shown in Figuré 3 and Figlre 2. We include
First, we assume that the LF can be described by the uslyr emission with a Gaussian distribution with standard devia-
Schechter function with parametegs o« and M, (Schechtér tion 30A. All these galaxies are extracted from the (largemu-
1976). Unfortunately, we are unable to constrain the sldpe lations described in Se¢il 4. This way, we can convert thesit-r
the LF, since our faint limit is close to the expected value dfame Myy into observer-frame magnitudes in the same bands
the characteristic luminositiyl... For this reason, our results araused to in our observed sample, taking into account all the un
grossly insensitive to the value of the slope indethat we shall certainties involved in the observations discussed in.Zede-
fix to the valuee = —1.71 of thez ~ 6 LF by|McLure etal. tection completeness, photometric scatter and randonuéluct
(2009a), close ta = —1.74, used by Bouwens etlal. (2007). Weions in the 3N measure due to overlapping interlopers or other
have explicitly tested this assumption by fixiago significantly effects.
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The distributions of magnitudes and colours for each Monte
Carlo simulation are scaled to the observed area in the GOGODS
S field (after excluding the fraction of area lost becausehef t
presence of lower redshift objects) and compared to therobde
ones with a maximum likelihood test under the assumption of
simple poissonian statistics.

To provide a visual example of the significance of the re-
sults, we show in Figufe11 the expected number counts feethr
cases of the evolution of the LF, comparing them with our ob-
served counts. It is immediately appreciated that, bafonthe
moment large fluctuations due to cosmic variance, the number
counts of our candidates imply a strong evolution of the LF in
the relatively short cosmic time elapsed fram 6 toz = 6.8.

To constrain the evolution of the LF, for each simulated pop-
ulation, and for each of the two distributions, we build tte
lihood function£

eXpl( expl) lobs;i
L= ]_[ & (Nops)! (1)

whereNgs; is the observed number of sources in the magnitude
(colour) interval, Nexp,i is the expected number of sources in the
same magnitude (colour) interval, afigis the product symbol.
The final likelihood assigned to each given model is the prod-
uct of the likelihoods computed for the magnitude and colour
distributions separately. We iterate this procedure forid of
(dlog(¢)/dz, M?) values.

The colour plotin Fig T2 shows the 68%, 95% and 99% like-
lihood intervals on the evolutionary ternd! and dlog(¢)/dz
(left and bottom axes) and for the resulting Schechter param
ters at the median redshife8.8 of our sample (top and right
axes). In the same plot, the colour code refers tgfheistribu-
tion obtained under the usual assumptign= -2.0 - In(£). It
is evident that the absence of any evolution in both paramete
(dlog(¢)/dz= 0 andM_. = dM../dz = 0) with respect to the best-
fit values atz = 6 is ruled out at: 99% confidence level. This is
shown more clearly by Fi§. 13 where our 68% and 95% likeli-
hood intervals atz6.8 are displayed together with the likelihood
contours computed in a self-consistent way by Bouwens et al.
(2007) at redshifts 3.8, 5.0, 5.9 and 7.4.

The formal maximum of the maximum likelihood lays at
dlog(¢)/dz = -0.89+ 0.21 andM’ = dM./dz = -0.25+ 0.56
(errorsinclude theféect of cosmic variance, see below). At face
value, our best fit model indicates mostly a decrease in the no
malisation factogp when compared to the best fit parameters at
z ~ 6 (Fig.[13). However, the relatively small number of galax-
ies that we have in our fields does not allow us to put tight con-
straints on the exact combination of Schechter parameders:
shown by the elongated shape of the contour levels ifFlhd 3 t
two parameters are highly degenerate. We indeed find that the
position of the maximum is poorly constrained, and somewhat
dependent on the details of the simulations, like step orlrarm
of simulated galaxies. We therefore provide its value owly f
reference, and will focus on the overall range of allowedigal
at the - contour or on integrated quantites.

The dfects of cosmic variance are a significant concern in
our case, since all our data come from a single pointing which

Fig. 13. 68% (dotted line) and 95% (continuous ling)contour includes most of the previous NICMOS—based surveys. Indeed
levels for the value oM. and¢ atz = 6.8 as estimated from our cosmic variance féects are not independent from those poten-
sample of Y-detected LBGs. Blue, green, red and magenta caatly affecting the Bouwens et al. (2008) results. The cleanest
tours are the 68% and 95% likelihood intervals on the Scleechivay to get rid of thesefBects is the analysis of several inde-
parameters as estimated lby Bouwens et al. (2007) at resishiéndent fields applying the same selection criteria. Ferrta-

3.8,5.0, 5.9 and 7.4 respectively.

son, our survey will continue by covering two completely-dis
joint fields with the same setup. For the moment, we can etalua
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Table 2. Stepwise determination of the UV LF at8&.8

Misoo ¢ (10"Mpc™ mag ™)

22.0 00270% croT ey .
-21.0 Olgigig This paper (z=6.8) s -
-20.0 220141 > F

the possible impact of cosmic variance by measuring thévela
variance within 200 samples bootstrapped from the Millammi
Simulation presented by Kitzbichler & White (2007), that is
considered to accurately reproduce clustering propegties at
very high redshift (e.g. Overzier etlal. 2009). We use an asea
large as our Hawk-1 data set and we apply a corresponding pho-
tometric selection criteria on galaxies att6< z < 7.2, with- -5
out any constraint on the distribution of host halos. Wenesté

that a cosmic variance of 30% dfects the number counts of

z-drop LBGs in our~ 90arcmin? area. We have estimated the
resulting éfect on thep and M. parameters changing B80% -6
the observed number counts, and finding the relevant bgst-fit M1500
rameters. Thesefisets were added in quadrature to the Hessian

errors computed around the best fit value. ._Fig.14. Number densities in three rest-frame magnitude in-
In this way we obtain a best fit interval for the evolutionyeryqis estimated for our Hawk-1 data-set in a stepwise form
ary terms along with their ass_omat_ed uncertainty which Mplack circles and error bars), along with the results by
cludes both P0|sso/n and cosmic variance ncnﬂ;eg(gb)/_dz ~ |Bouwens et al. (2008) for NICMOS detected objects (red filled
-059+ 025 andM” = dM./dz = 0.13+ 0.51, resulting in  gqares)| Ouchi et al. (2009) (SUBARU, blue empty squares)
®* = 0.35731%103Mpc 2 andM*(1500A) = ~20.24+ 0.45 at  and[Oesch et all (2009a) (WFC3, magenta empty circles). The
z=6.8. . ] ~ black solid line is our best-fit LF discussed in the text. For a
Fortunately, the degeneracy in the and¢ best-fit valuesis comparison we show the recent determinations of the LF at
not reflected in a comparable uncertainty in the number dens; ~ 6 by Bouwens et al/ (2007) (BO7, green dot-dashed line)

of bright galaxies, i.e. in the integral of the LF upM.. Indeed, and McLure et dl[(2009a) (M09, blue dashed line).
because of the correlation between the acceptable valuds of

andg, an increase in the normalisatiap) (s compensated by a
decrease in the characteristic luminosity, such that ttegial the GOODS-S field. We then find the combinatiopthat best
up toM =~ M, remains grossly constant. Integrating the best-figproduces the magnitude distribution of our observedatbje
UV LF up to M = —19.0 we obtain an UV luminosity density with a simpley? minimization.
puv = 1,5j§-810253rg s1Hz 1 Mpc3. The errors are computed ~ The results are reported in Tallé 2 and are displayed in
integrating all the UV LF that are acceptable at the 68% level Fig.[14 along with recent results from the literature andiuest-
For comparison, the integral of the=& UV LF of fit Schechter LF discussed above.
McLure et al. (2009a) up to the same magnitude limit yields a Our two independent determinations of the LF at 8.8
puv = 5.6:3110%%rg st. Our estimate thus implies a drop of Stepwise and maximum likelihood) are in perfect agreement
factor~ 3.5'in the UV luminosity density from=z6 to z=6.8. The agreement at the bright end with the densities estimated
We can convert this value in a star formation rate densifly Bouwens et al. (2008) and Ouchi et al. (2009) is remarkable
following the standard formula By Madau et al. (1998) and agonsidering the widely dierent data-sets and selection tech-
plying the extinction correction df Meurer et al. (1999) ifeo Niques used and the large uncertainties given by the low eumb
sidering an average UV sloge= —2.0). We obtainSFRD = of objects in our_sample. The dls_agreement at the faint end bg
2'8t§-£7310—3|\/|wn yr~1 Mpc3. tween our best-fit LF and the points by Oesch etlal. (2009a) is

To provide a more straightforward comparison to other rérobably the result of the fixed slope= -1.71 we had to as-
sults in the literature, we have also computed the lumigiosgume for our maximum likelihood test, as discussed abowe, an
Bouwens et al. 2008, for a discussion of this method). Briefl)y the authors.
the stepwise method assumes that the rest-frame luminosity
function of galaxies can be approximated by a binned distrib.
tion, where the number densityin each bin is a free parameter:
this non-parametric approach allows us to constrain thebeumit is interesting to use the values of the Schechter paramete
density of galaxies at fierent magnitudes without assuming dound in the previous section to estimate the number of detec
Schechter-like shape. tions that may be obtained with future surveys. Clearly)dnge

We have assumed that the LF is made of three bins in tBeors in our determination make this exercise uncertaitmév-
interval —225 < Mjs00 < —19.5, corresponding to the rangeertheless useful to design future surveys from ground aadesp
sampled by our observations. We also assume that galaxdes ar From the ground, the relativefieiency of theY band al-
uniformly distributed within the bins, with number denegiiy; lows us to cover significantly large areas of the sky. Thissis-u
to be determined. We exploit the same set of simulations de} both to beat cosmic variance as well as to identify paéént
scribed in Secf]4 to compute the distribution of observed-maspectroscopic targets. Using our best fit valuedlof(¢)/dz, L.,
nitudes originated from each bin, scaled to the observeliare (and considering the two values-1.7 ande=-1.9) in Figuré 1b

| |
-20 —18

7. Predictions on future surveys
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Fig. 16. Expected cumulative number counts of high redshift
galaxies as a function of the160W magnitude, for dierent
redshift ranges and fierent choices of the evolutionary LF. The
adopted colour cuts and the corresponding redshift ranges a
shown in the legend. In both panels. the green dashed lihe s t
prediction from a constant (from= 6 toz = 10) UV LF. The
black solid line is our best fit evolving LF, while the shadeea

el - T e —— shows the predicted number counts for all the LF parameters a
Area (arcmin?) ceptable at thed level in our survey. The blue continuous line
is the evolving LF from Bouwens etlal. (2008).

Fig.15. Expected number of 8 < z < 7.2 galaxies as a
function of area and limiting magnitude for present and rfeitu
ground-based surveys and for deep pointings with HST-WFC3

and JWST-NIRCam (see text for details). Black curves sh@w thhey were conducted over more pointings with the same total
combination of area and limiting magnitudes necessary ko c@xposure time (32hrs and 150hrs, respectively). Incrgasie
lect 1, 10, 100 or 1000 galaxies in this redshift range. E3#® number of pointings the total number of candidates decsgase
are based on our best-fit valuesdbbg(¢) /dz, M. and consider- with a loss of statistical robustness. For a relatively $mahber

ing the two valuesr=-1.7 anda=-1.9 (upper and lower curves, of pointings, this is likely counterbalanced by the decedaghe
respectively). Note that incompleteness and nofeees are not scatter due to cosmic variance. In essence, for a givenimstnt
included in the computation and could significantly decedbe and total investment of time, the highest return in a statibt
number of candidates eventually detected. The red strBf® sense is given by a modest number of independent pointings.
show the position of the two surveys if they were conductest ov Only WFC3 on HST has the required IR sensitivity to de-

more pointings with the same total exposure time. Each gt "Sect galaxies at even higher redshifts, ahead of the advent o

resent an additional pointing. JWST. For this reason, several surveys are starting or are be
ing planned using the WFC3 IR filters. In Figure] 16 we provide

N " : 1e predicted cumulative number counts for galaxies ffed
we show the combination of area and limiting magnitude neg}lt redshift ranges, selected using eitRdi0SM — F125W >

essary to detect a given number of galaxies 4t & 2 < (that corresponds to the redshift range= 7.8 — 9) or

7.2. We also show the position of our present data (labell .
. } : 10W - F160W > 1 (z = 8.8). In both panels, the magni-
as Hawk-1 GOODS), of the planned Ultra-VISTA observation ides in thee 1250 andF 160W filters are computed fromy s

of the COSMOS field, of the WFC3 pointing over the UDF " . :
(Oesch et a1, 2009a) and of20hr point?ng witr?the 115W fil- using the same CBO7 described above. We provide the number
] counts expected in the case of a hon-evolving LF from 6

ter of JWST-NIRCam. For the Ultra-VISTA COSMOS survey o 2
we consider the case of the deepest non-contiguous obisersatCIearly an upper limit), the predictions from the evolvinig of
for a total of 0.73 dety We remark that these predictions do nol?ouwens et al, .(2008) (which was drawn fram 4 toz = .10)
include the fraction of galaxies lost because dfatent dfects. and the extension @ = 10 of our LF. For th_e extrapolat!on of
In our case, the major sources of losses are the incompiﬂen%ur LF we also show the whole region predicted extending from
in the photometric detection and the scatter (intrinsic aloser- z=7t0z=10 allthe LFs acceptable at the-level found from
vational) in theZ — Y colour that we use as threshold, leading 84" analysis at = 7. o
a loss of about 30% of the candidates. For this reason, the num Apart from the unrealistic case of a constant LF beyond
ber of candidates that we detect is about half of the expecied 6. the number density of LBGs at> 8 is expected to
numbers in FigurE5. Clearly, surveys with similar incoetgt be very low, and requires a combination of large areas and ex-
ness levels should expect a comparable reduction of thevazse treme depth to collect a sizeable sample. Taking into addben
numbers. The regression of the bright side of the LF, conthin¥/FC3 size (about 4.6 arcni) it is necessary to reach contin-
with its exponential slope, results in a flattening of theestpd UUM Magnitudes at least1ay ~ Meigon = 28 to detect at least
cumulative numbers at bright fluxes even in wide areas. In-pr&ne dropoutin a single WFC3 pointing.
tice, it is very dificult to detect galaxies brighter than 25 mag Figure [16 also shows that the evolution of the LF result-
even over areas of about 1deguch that the detection of galax-ing from this work is faster than the Bouwens €t al. (2008).one
ies brighter than 24.5 in Ultra-VISTA would be a formal viela Assuming that this evolution continues at the same rateghiehi
tion of our LF. redshift, the number of expected dropouts would be smaller
The two red straight lines in Figufe]15, show the expected higher redshifts. Clearly, deep and wide observatiorth wi
position in the area-limiting magnitude plane of the twoigrd- WFC3 will be able to disentangle the various scenarios fer th
based surveys (Hawk-l GOODS and Ultra-Vista COSMOS) évolution of the UV LF.
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8. Summary and Conclusions are definitely lower than the corresponding oneg at 6 by a
factor~ 3.5.

We present in this work the results ofYa-band survey of the Although we did our best to carefully evaluate the systeenati
GOODS-South field, aimed at detecting galaxieg &.5 and  effects, we caution that our results depend on an extensivé set o
measuring their number density. simulations to address the competing systemdtieces which

With this purpose we have made use of the déejpand ob- may increase or decrease the observed number of candidates.
servations of the GOODS-South field obtained with Hawk+#, th\fe note that the two most obvious - the possible residual con-
new near-IR camera installed at the VLT. We have matched agaghination due to brown dwarfs and the possibility of a spusi
combined these data with the publicly available images @& tletection for two of our candidates - will increase the antoun
BVIZ (ACS), U and R (VIMOS) and JHK (ISAAC) bands. Theof evolution fromz = 6 to z = 6.8. Clearly, only spectroscopic
final area covered by these observations is of about 90 a?crrmrveys angbr deeper imaging in the IR will definitely settle the
at a magnitude limiy ~ 26.7. issue.

We analyze this sample to select high-redskzift (6) candi- Such a strong evolution in the UV LF has important conse-
date galaxies following a Lyman-break colour criterionptga quences for reionization scenarios, as well as for the jrhayrof
to our filter set. Galaxies are selected in thband, and identi- future surveys aimed at detecting very high redshift galsaind
fied by their large colour break-Y > 1. Particular care has beernreionization sources.
taken in removing interlopers of various origins, inclugliower Determining whether the UV emission of normal galaxies is
redshift galaxies with large Balmer breaks, variable sesiand capable of reionizing the Universe at £ requires the knowl-
Galactic brown dwarfs, although some residual contanonatiedge of the value of many parameters that are still uncanstta
from the latter cannot be excluded. An additional class tdrin at these redshifts: the escape fraction of ionising phottires
lopers, exhibiting larg& — Y colours as well as significant emis-HII clumping factor, the exact spectrum of star forming gala
sion in the blue bands has been removed by requiring a stries, their dust content as well as the shape of the stellar ini
gent non-detection in the UBVRI bands. We argue that sometal mass function and the metallicity of stellar populasde.g.
these contaminants might be very faint emission-line gateor [Madau et al. 1999; Barkana & Laeb 2001; Stiavelli et al. 2004)
AGNs at intermediate redshift. The accuracy and statistica Following|Bolton & Haehnelt|(2007) and their conclusions on
pact of these criteria have been evaluated with extensivetdlothe early estimates from Bouwens et al. (2005) we note tleat th
Carlo imaging simulations. strong decrease we observe in the UV emission coming from

From the same simulations we estimate that our redshift gelatively bright sources implies that this populationredas not
lection function is mostly ficient in the interval 81 < z< 7.2.  capable of reionizing the Universe beyond redshift 6. Tiudse

We eventually isolated 7 highly reliable z-drop candidafes servations can be reconciled with a completion of reioforat
ter removing from the colour selected sample one known galdtefore z= 6 only under the hypothesis of an evolution of the

tic cool dwarf star and one source undetected in deep almilaBhysical parameters quoted above, like an increase of the es
NICMOS F160W images. cape fraction, an harder UV spectrum, a lower clumpiness fac

inr, or lower metallicities (e.d. Henry etlal. 2009; Oeschlet a
2009b). Another possibility is that a relevant contribuiethie

UV emission comes from galaxies at the faint end of the LF
(Bouwens et all_2007) or from more exotic sources (see e.g.
Venkatesan et &l. 2003; Madau et al. 2004).

To estimate the constraints that our observations set on
evolution of the UV Luminosity Function &> 6.5 we ran de-
tailed and realistic imaging simulations of galaxy popigias
following different UV Schechter functions with linearly evolv

ing parametertog(¢) andM, and a fixed valuer = =1.71. Our Thus it will be possible to fully assess the role of LBGs in the

simulations account for all the uncertainties involvedria bb- . . ™>. S ;
servations: detection completeness, photometric scaitéran- reionization O.f the neutral IGM only putting tlghter corets
dom fluctuations in the /8l measure due to overlapping unrepOth on the bright and on the faint end of the luminosity fiorct

. .+ at z~ 7 and beyond.
solved sources or otheffects. We compare the resulting distri® L :
P 9 Our results have also implications on the@ency of these

butions of simulated magnitudes and colours with the olmdervf ¢ We show that t lect sizeabl | f
ones following a maximum likelihood approach to constraim t u urg: sw\;ﬁys'l N S.tO.W at to co tec S'Zﬁa € ?a_r’r][pl_es_to
parameters of the evolving UV LF. z> right galaxies it is necessary to reach very faint limits

We find strong evidence for an evolution of the luminosit Mesow 2 28) over relatively large areas. On the other hand,

function above z6: our analysis rules out ata99% confidence € extrapolation of our results to high_er redshifts intﬁsahat
level that the LF remains constant in bgtandM, abovez = 6, dedicated surveys with HST-WFC3 will be able to disentangle

e . g the various scenarios for the evolution of the UV LF paramsete
even considering theffect of cosmic variance.

3 I 3 ) abovez ~ 6.

From our maximum likelihood analysis we estimdié =
0.35f8&61310'3M pc-3 andM*(1500A) = —20.24+ 0.45 at the me- Acknowledgements. Observations have been carried out using the Very Large
dian redshift of our sample = 6.8). With respect to the values Tlej'leggoz\)% jééhelDEf% iagé;%aS' Obzetfr\]'atgggnsd?f PfogAf afEF*g’Slr';ﬁ'Onﬁ

_ . H H H A- y A- , an e clence ArchiveearPrrogram

found atz = 6 our best fit model indicates an evolution bothy "o/ 643 “66 p-0572, 68.4-0544, 164.0-0561, 16329 and 60.A-
in the normalisation factop and in the characteristic magni-g15q.
tude M... Our results are consistent with the recent analysis by
Ouchi et al. |(2009), considering the large statistical msriand

the high degeneracy between the two parameters. References
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