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Observing the �rst galaxies formed during the reionisation epoch,
i.e. appro ximately within the �rst billion years after the Big Bang,
remains one of the challenges of contemp orary astroph ysics. Several
e�orts are being undertak en to search for such remote ob jects. Com-
bining the near-IR imaging power of the VL T and the natural e�ect of
strong gravitational lensing our pilot program has allo wed us to iden-
tify several galaxy candidates at redshift 6 <

� z <
� 10. The prop erties of

these ob jects and the resulting constrain ts on the star formation rate
densit y at high redshift are discussed. Finally we presen t the sta-
tus of follo w-up observ ations (ISAA C spectroscop y, HST and Spitzer
imaging) and discuss future developmen ts.

Like the explorers of seasand continents in the past centuries, astronomers
keep pushing the observational frontiers of the universe with their telescopes
thereby tracing back the history of stars and galaxiessince their birth. Just a
few yearsago, in 2002,the most distant galaxy known wasa faint unconspicuous
object called HCM 6A at redshift z = 6:56 discovered thanks to the natural
e�ect of gravitation lensing provided by a foreground cluster of galaxies,which
magni�es the light of this distant background object (Hu et al. 2002). Few
quasarsat similar distancehad alsobeendiscovered,pushing our \observational
horizon" already back in time to a little lessthan 1 billion years after the Big
Bang, closeto the end of cosmic reionisation. However, evidencefrom cosmic
microwavebackground polarisation measurements and other arguments indicate
that star formation in galaxiesmust have occurred even earlier.

Since the late nineties, the so-calledLyman break or \drop out" technique
had establisheditself asa simpleand successfulmethod to identify distant galax-
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ies through the use of broad band photometry. Furthermore sensitive infrared
instruments were now available on the large ground-basedtelescopes, able in
principle to detect proto-galaxies out to even higher redshifts. Given these
advances,we started few yearsago a pilot-pro ject with the aim of �nding star-
forming galaxiesat redshifts beyond 6-6.5using lensingclustersasgravitational
telescopes,a well-establishedtechnique nowadays. This project is mainly based
on ISAAC and FORS2data plus additional observations obtained at CFHT and
HST.

Observ ations

Focussing on two well known gravitational lensing clusters, Abell 1835 and
AC114, we obtained deep near-IR images in the SZ , J , H , and K s bands
with ISAAC and an additional z-band image with FORS2. Thesedeepimages,
reaching e.g. a 1� depth of 26.1 in H AB , were then used to search for objects
which are detected at least in two near-IR bands, which show a blue near-IR
colour, and which are undetected (i.e. \dropp ed out") in all optical bands.
Thesecriteria are optimised to selecthigh redshift (z > 6) objects with intrin-
sically blue UV-restframe spectra, i.e. very distant starburst galaxies, and to
avoid contamination from intrinsically faint and red cool stars. Di�eren t com-
binations of colour-colour plots allow a crude classi�cation into several redshift
bins. An example of such a diagram, showing the expected location of z �
8{11 galaxiesand of candidatesfound behind Abell 1835is shown in Fig. 1. A
complete report is given in Richard et al. (2006).

High-z galaxy candidates and the cosmic star formation
densit y during reionisation

In spring 2003 the analysis of the candidates behind Abell 1835 yielded an
intriguing, strongly lensedobject whosespectral energy distribution was com-
patible with that of a galaxy at z � 9{11. During our �rst spectroscopicfollow-
up run with ISAAC in summer 2003 we were able to secureJ -band long-slit
spectroscopy centered at this position under excellent seeingconditions. Inter-
estingly, careful data reduction revealedat this location the presenceof a single
faint emissionline detectedat � 4 � 8� (depending on the integration aperture
and stacking procedure), which if interpreted as Ly� would indicate z = 10:0!
The report of these�ndings has beenpublished in Pell�o et al. (2004a).

What is the status of this fairly unique candidate? Weatherley et al. (2004)
have questioned the reality of the emission line. However, their negative re-
sult could be due to the combination of two factors: an error in our absolute
wavelength calibration discovered later, and their spectroscopicdata reduction
technique, wherethe information is only preservedat the original (wrong) wave-
length position and smearedelsewhere(seePell�o et al. 2004b). On the imaging
side, deep V -band observations with FORS2 (Lehnert et al. 2005) have con-
�rmed its optical non-detection. Our ISAAC H -band imageshave beenreanal-
ysedby several groupsusing di�eren t methods (Bremer et al. 2005,Smith et al.
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2006) yielding measurements compatible with ours typically within 1 � . Sur-
prisingly however, this object remained undetected in a deeper NIRI/GEMINI
H -band image taken approximately 15 months after our ISAAC image (Bre-
mer et al. 2005). In spring 2004 we obtained two SZ (� 1.06 � m) images
with ISAAC, where this object is again detected (seePell�o et al. 2005). Taken
together thesespectroscopicand photometric detections, albeit individually of
relatively low signi�cance, indicate that this source is most likely not a spuri-
ous, but an intrinsically variable object, as discussedin Richard et al. (2006).
Therefore, its nature and preciseredshift remain puzzling, and we exclude this
object from our list of high-z candidates,which we will discussnow.

Applying the above selectioncriteria to the observations of the two lensing
clusters has yielded 13 candidateswhosespectral energy distribution (SED) is
compatible with that of star forming galaxiesat z >

� 6 (seeRichard et al. 2006).
Imagesand the SEDs of someof them are shown in Fig. 2 for illustration. The
typical lensing magni�cation reaches from 1.5 to 10, with an averageof � 6,
i.e. nearly 2 magnitudes. Their star formation rate, as estimated from the UV
restframe luminosity, is typically between� 4 and 20 M � yr � 1 after correcting
for lensing.

We have used this data to attempt to constrain for the �rst time the den-
sity of star-forming galaxies present at 6 <

� z <
� 10 using lensing clusters. After

taking into account the detailed lensing geometry, sample incompleteness,and
correcting for false-positive detections we have constructed a luminosity func-
tion (LF) of these candidates assuminga �xed slope taken from observations
at z � 3. Within the errors the resulting LF is compatible with that of z � 3
Lyman break galaxies. At low luminosities it is also compatible with the LF
derived by Bouwens and collaborators for their sample of z � 6 candidates in
the Hubble Ultra Deep Field (UDF) and related �elds. However, the turnover
observed by these authors towards the bright end relative to the z � 3 LF is
not observed in our sample. Finally, from the LF we determine the UV star
formation rate (SFR) density at z � 6{10, shown in Fig. 3. Our valuesindicate
a similar SFR density asbetweenz � 3 to 6, in contrast to the drop found from
the deepNICMOS �elds. Further observations are required to fully understand
these di�erences. Taken at face value, this relatively high SFR density is in
good agreement e.g. with the recent hydrodynamical modelsof Nagamineet al.
(2005), with the reionisation models of Choudhury & Ferrara (2005), and also
with the SFR density inferred from the past star formation history of observed
z � 6 galaxies(e.g. Eyles et al. 2006).

Follo w-up observations

Comparedto the dataset just described several additional observations could be
securedon theseclusters in the meantime. For example,deepz-band imagesof
both clusters were obtained with the ACS cameraonboard HST. These obser-
vations con�rm that the vast majorit y (all except one of the above 13) of our
high-z candidatesare optical dropouts asexpected, remaining undetecteddown
to a 1� limiting magnitude of 28.{28.3 magAB (Hempel et al. 2006). In collab-
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oration with Eiichi Egami we have also accessto IRA C/Spitzer GTO imagesat
3.6, 4.5, 5.8 and 8.0 � m of large sampleof lensing clusters including Abell 1835
and AC114. Again, none of our high redshift galaxy candidates are detected.
This is easily understood, since extrapolation of their intrinsically blue SED
to IRA C wavelengths shows that their expected 
uxes fall below the Spitzer
sensitivity. It implies that these objects do not host \old" stellar populations
with strong Balmer breaks,and that they are not a�ected by signi�can t extinc-
tion. A more detailed account of theseobservations will be presented elsewhere.
For comparison a brighter lensedgalaxy at z � 7 has beendetected earlier by
Spitzer (Egami et al. 2005).

In parallel several attempts weremadeto detect emissionlines from selected
candidates using near-IR long-slit spectroscopy with ISAAC on the VLT. See
Pell�o et al. (2005) for a preliminary report. Presently such observations are
tedious, fairly time-consuming, and require excellent seeingconditions. Indeed,
given the faintness of the expected lines, the strong IR background, and the
needfor the highest spectral resolution possibleto minimise the impact of the
numerous sky lines, a \scan" of the entire J -band at R � 3000 for example
requires 5 settings and a total of � 10 ksec to detect an unresolved line of
(6 � 8) � 10� 18 erg s� 1 cm� 2 
ux at 5 � with ISAAC.

One or more emission lines could be detected in few objects, as shown in
Fig. 4. For example, one of our secondary targets turned out to be a very
faint z = 1:68 emission line galaxy. Other lines are clearly identi�ed as the
[O i i] � 3727,3729doublet from an intermediate redshift galaxy. Finally several
objects show a singleemissionline, which { if identi�ed asLy� { yields a redshift
compatible with the (high) estimated photometric redshift. However, in none
of these casesa clear asymmetry of the line, as typical for Ly� from lower z
starbursts, was found. Searches for additional lines in these objects (e.g. C iv
� 1550or He i i � 1640if at high z, or for [O i i i] � 5007or H� if at low z) have so
far beennegative. Therefore the redshift of theseobjects is currently di�cult to
establish, but high-z cannot be excludedon the present grounds. Forthcoming,
more e�cien t near-IR spectrographsshould allow a signi�can t breakthrough in
this �eld.

Spin-o� pro jects on ER Os and dust y in termediate- z galax-
ies

Our search for optical dropout galaxiesbehind lensingclusters yields also other
interesting objects, such as extremely red objects (EROs; seeRichard et al.
2006). In contrast to the high-z candidates most of them are detected by
IRA C/Spitzer. These objects, most likely all at intermediate redshift (z �
1{3), turn out to have similar properties as e.g. faint IRA C selectedEROs in
the Hubble UDF, other related objects such as the putativ e post-starburst z �
6.5 galaxy of Mobasheret al. (2005), and somesub-mm galaxies(seeHempel et
al. 2006) Spectroscopicobservations with FORS2 and X-ray Chandra observa-
tions are alsobeing securedto clarify the redshift and nature of theseinteresting
optical dropout objects.
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Future

With our pilot program it has been possible to �nd several very high redshift
candidate galaxiesby combining the power of strong gravitational lensing with
the large collecting area of the VLT. However, di�erences with other studies
basedon deep blank �elds are found, and already di�erences betweenour two
clusters indicate that these could at least partly be due to �eld-to-�eld vari-
ance. Given the relatively low S/N ratio of the high-z candidatesand the large
correction factors applied to this sample, it is of great interest to increasethe
number of lensing clusters observed with this technique.

Furthermore, rapidly upcoming new spectrographssuch asthe secondgener-
ation near-IR VLT instruments XShooter and KMOS, the EMIR spectrograph
on the SpanishGRANTECAN telescopeand otherswill provide a hugee�ciency
gain for spectroscopic follow-up of faint candidate sources,thanks to their in-
creasedspectral coverageand multi-ob ject capabilities. Observations at longer
wavelengths,e.g. with HERSCHEL, APEX and later ALMA, are also planned
to search for possibledust emissionin such high-z galaxiesand to characterise
more completely other populations of faint optical dropout galaxies. Finally the
JWST and ELTs will obviously be powerful machinesto study the �rst galaxies.
Large territories remain unexplored in the early universe!
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Figure 1: Colour-colour diagrams (in the Vega system) showing (Left:) the
location for di�eren t objects over the interval z � 0 to 11and our selectionregion
for galaxiesin the z � 8-11domain and (Righ t:) the location of the individual
optical dropouts detectedin Abell 1835. Circles and squarescorrespond to high-
z candidates detected in three and two �lters respectively. Optical dropouts
ful�lling the ERO de�nition are shown in grey.

Figure 2: Close-upof four high-z candidatesin Abell 1835,showing the objects
and their surrounding 10 � 10 arcsecs�eld in optical (z) and near-IR bands
(SZ , J , H , and K s) as well as their SED. For comparison the image and SED
of an intermediate redshift ERO is also shown at the bottom.
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Figure 3: Evolution of the comoving Star Formation Rate (SFR) density as a
function of redshift including a compilation of results at z <

� 6, our estimates
obtained from both clusters for the redshift ranges [6 � 10] and [8 � 10] and
the values derived by Bouwensand collaborators from the Hubble Ultra-Deep
Field (labeled \UDF"; Bouwens et al. 2004, ApJ, 616, L79 and 2005, ApJ,
624, L5). Red solid lines: SFR density obtained from integrating the LF of our
�rst category candidates down to L 1500 = 0:3 L �

z=3 ; red dotted lines: sameas
red solid lines but including also secondcategory candidates with a detection
threshold of < 2:5� in H .

Figure 4: Sky-subtracted 2D ISAAC spectra showing examplesof objects with
emission line detections marked by red circles in the J band. From top to
bottom: A z = 7:17 candidate in AC114, a z = 7:89 candidate in Abell 1835,
an intermediate-z galaxy identi�ed by its [O i i] � 3727,3729doublet, and the
z = 1:68 emission line galaxy discovered by Richard et al. (2003, A&A 412,
L57). The black vertical lines correspond to sky lines.
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