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ABSTRACT

We present the first results obtained using a tunable naeod/flter in the search for high-
protoclusters. Using the recently commissioned red tun@ilbér on the Gran Telescopio Ca-
narias we have searched fordgmitters in a 75 arcmffield centered on the= 4.413 radio
galaxy 6C0146326. With three dterent wavelength tunings we find a total of 27 unique can-
didate Lyr emitters. The availability of three fligrent wavelength tunings allows us to make
estimates of the redshifts for each of the objects. It alkmalus to separate a possible pro-
tocluster from structure in the immediate foreground. Tssion shows that the foreground
region contains significantly fewer byemitters. Also, the spatial distribution of the objects
in the protocluster field deviates from a random distributid the 250 level. The observed
redshift distribution of the emitters isftirent from the expected distribution of a blank field
at the~ 30 level, with the Lyr emitters concentrated near the radio galaxy at4.38. The
6C0140-326 field is denser by a factor of95 than a blank field, and the number density
of Lya emitters close to the radio galaxy is similar to that of the 4.1 protocluster around
TN J1338-1942. We thus conclude that there is an overdeokitya emitters around the
radio galaxy 6C0146326. This is one of few known overdensities at such a highhiéids

Key words: galaxies: evolution — galaxies: high-redshift — galaxigasters: individual —
cosmology: observations — cosmology: early Universe

1 INTRODUCTION too faint to be easily observed. However, if we wish to under-
stand the role of environment on galaxy evolution and thereme
gence of large scale structure it is essential to locate &undly s
galaxy clusters at all possible epochs. Recent results pese
sented the spectroscopic confirmation of galaxy clustets ¥4

ray emission az > 1.5 (Wilson et al.l 2008 Kurk et al. 2009;
Papovich et al. 2010; Tanaka etlal. 2010; Henry &t al. 12010, w
the current distance record being the galaxy cluster CL94@856

at z ~ 2.07 presented by Gobatetal. (2011) (but see also
Andreon & Huertas-Company 2011). However, this sample of
Shigh-z clusters remains small.

The identification of the progenitors of local galaxy clustet
z > 2 is a dificult task. For the interval < z < 1.5, galaxy
clusters are most often identified by infrared red sequeearckes
or observations of the X-ray emitting intracluster gas ahd t
number of galaxy clusters at these redshifts is growingddtiea
(e.g.[Stanford et al. 1997; Rosati etal. 1999, 2004; Mutlislle
2005; | Stanford et al._200€; Muzzin et al. 2009; Brodwin et al.
2010;|Bielby et all 2010). Unfortunately, these methodsobex
increasingly less féective when moving beyond = 1.5 as the
number of red galaxies decreases and X-ray emission become
Another successful method of identifying galaxy cluster
progenitors atz > 2 is to search for overdensities of line
* E-mail: kuiper@strw.leidenuniv.nl emitting galaxies using narrowband imaging. These searche
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are often aimed at fields containing highradio galaxies 2 DATA

hereafter HzRGs|_Miley & De Breuck 2008), since these are .

Ehought to have large stellar masses of th)e order df 16 The radio galaxy GCOM(BZ.G (hereafter_ 6C0140) was observ_ed

10'2 M,, (Rocca-Volmerange et al. 2004; Seymour et al. 2007). Ac- for a total of 18 hours using the Optical System for Imaging

cording to hierarchical galaxy formation, the most masgafaxies and low Resolution Integrated Spectroscopy mstrumenﬁ@i

form in the densest environments. The massive nature of ¥zRG Cepa et al, 2000, 2003) at the Gran Telescopio Canarias (GTC)
- . ' Lo La Palma. OSIRIS consist of two 2048 4096 pixel Marconi

thus indicates that these objects may trace overdensitig¢kei CCDs with a 72 pixel gap between the two CCDs. The observa-

early Universe. In recent years many studies have focused on
finding galaxy overdensities around HzRGs (e.9. Pascatedt tions were done on _several dates from Semembef 201Q torJanua
2011. The 2x 2 binning mode was used resulting in a pixel scale

1996; K h 's 1997; P icci et al. 2000; KurK. . ) .
296; Knopp & Chambals 199 Pentericci et al. 2000, Kurket a of ~ 0.25” pixel* and a total field-of-view 0f-8.7x8.6. The ra-

20044.,b; Overzier et al. 2006; Venemans et al. 2007; Ovesrial. . . . .
dio galaxy was positioned near the optical centre, apprateiy

2008; Kuiper et al. 2010; Galametz etlal. 2010; Hatch et &1120 o
. : i . 3 . 15” from the left edge of CCD 2. The individual exposures have
Since these overdensities show no evidence of X-ray emigsio been dithered with fisets of approximately 10-12/8n right as-

luminosities> 10* erg s1) it is thought that these are forming clus- ) ) s o
9s%) 9 g cension and 2“4in declination. The largerftsets in right ascen-

ters, not yet dynamically relaxed (Carilli etlal. 2002; Crier et al. sion have been chosen such as to cover the gap®F between
2005). They are therefore often called 'protoclusters’. . . . .
) y P u the two CCDs without losing the radio galaxy in the gap. A fish

However, even though the number of spectroscopically con- . . : .
firmedz > 2 HzRGs approaches 200, the fraction of these that of details concerning the observations can be found in TBble
' Broadband images were obtained in thandi bands. The

have been studied for the presence of galaxy overdensitieains narrowband images were obtained at thre®edent central wave-

small, _Th|s Is partly due to the small number of existing lengths .. This was done because the central wavelength of the
band filters and the fact that the central wavelengths ofetless . . . .
TFs varies across the field of view approximately as

isting filters are often based on strong lineszat 0, such as
[Om]A5007. This severely limits the redshifts at which protoelus  a(r) = /15(1 - 0.00079302) ()
ters can be studied and therefore the absolute number of oeafi
protoclusters has remained small.

In this paper we present the results of a pilot study thaizesl
tunable narrowband filters in the search for line emittintagias
around the HzRG 6C014(26 atz = 4.413 [Rawlings et al. 1996;
De Breuck et al. 2001). Tunable filters (TFs) allow the usesedb
the central wavelength and width of the narrowband filteis Tise
two plane parallel transparent plates coated with films ghhe-
flectivity and low absorption. By separating the two platgsab
small distance of the order ofian—-mm a cavity is formed which
is resonant at a specific wavelength. Constructive intenfez at
the resonant wavelength then causes all the incident ligtiad
wavelength to be transmitted. Changing the separationdsstihe
plates then allows the central wavelength or the width offilker
to be adjusted. TFs therefore alleviate the limitationsasgal by a 201- 1) 2)-1
small number of available narrowband filters at fixed wavglles T {l + [T] }
and are thus ideally suited for searching for protoclusieesrange
of redshifts. More information and details concerning tlgdilters with 1. the central wavelength anéil the formal FWHM. Due
can be found in Bland-Hawthorn (15'95) and Jones et al. 1:2002) to the Shape being Lorentzian’ the transmission has re'ﬁtﬁx-

Similar studies involving the search for line emitting gala  tended wings which results in affective band width that is larger
ies aroundz ~ 1 quasars have been successfully performed by than the formal value for the FWHM by a factor of2. Thus the
Baker et al.[(2001) and Barr etial. (2004). An attempt to use th  TF tunings have anfiective FWHM of~ 31 A. Taking this into ac-
technique at higher redshifts has led to mixed results. fpubn count, our observations probe the redshift rang8é< z < 4.428
lished work byl Swinbank (2006) a TF study is presented for two near the optical centre. The true redshift range that isreavis
radio-loud quasars located at~ 2 and one radio-quite quasar larger due to the variation of the central wavelength adtus$ield.
atz ~ 45. Thez ~ 45 field shows evidence for an overdensity, The relevant filter response curves are shown inFig. 1 tegettih
whereas the twa ~ 2 fields lack depth and do not allow for strong g night—sky emission line spectrum. As can be seen, the sky li
conclusions. With the advent of a TF instrument at a 8-10 mete contamination is relatively mild.
class telescope, it has now become possible to obtdiitismtly
deep data toficiently search for Ly emitters in the environments
of HzRGs at arbitrary redshifts> 2. 2.1 Data reduction

The paper is organised as follows: in S&¢t. 2 we describe the
data, its reduction and the object detection. The sampézteh
and redshift estimation is treated in S€gt. 3 and we distigss\t-
idence for the presence of an overdensity in Séct. 4. Finzoly-
clusions and future outlook are presented in 9dct. 5. Tlhouty
this paper we use a standak@€DM cosmology withHo = 71 km 1 wraris distributed by the National Optical Astronomy Observgatavhich
st Mpc™, Qu = 0.27 andQ, = 0.73. All magnitudes given inthis  is operated by the Association of Universities for Reseamchstronomy,
paper are in the AB magnitude system. Inc., under cooperative agreement with the National Seidroundation.

as given in the OSIRIS TF user manual. Herie the distance to
the optical centre of the instrument in arcminutes anthe wave-
length at the optical centre. The maximum FWHM of the TF is
20 A, therefore it was necessary to perform several passbslifi
ferenti. in order to cover the entire redshift range of a possible pro-
tocluster. Az ~ 4.4 the Ly line is shifted to 6580 A, so the central
wavelengths were chosen to be 6565 A, 6575 A and 6585 A (here-
after TF1, TF2 and TF3 for brevity). Note that the redshiftloé
radio galaxy ¢ = 4.413) indicates that it falls between TF2 and
TF3.

As noted above, the maximum formal width of the TF is 20 A.
However, the shape of the response curve is Lorentzianrrétae
Gaussian and is approximately given by

@)

The reduction of all the data is done usimglﬂ. The reduction
of the broadband images includes the standard steps of llias s
traction and flat-fielding, where the latter is done using f&is.
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Table 1. Details of the observations. The-Simiting magnitudes have been calculated for an apertuaendter of twice the seeing disk. Also note that the
values given forles for the TF observations are the values at the optical centre.

Band Exp.time (sec.) der (A) A1(A) Seeing (arcsec) &limiting magnitude
r 2400 6417 1685 0.8 25.8
i 2100 7719 1483 0.8 24.8

TF1 15680 6565 31.4 0.8 25.1

TF2 15680 6575 31.4 0.8 25.2

TF3 13440 6585 31.4 0.8 25.1
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Figure 1. Left panel: Filter response curves for the three TF tunirsgdid curves) and the band (dashed curve). Right panel: A zoom in of the three TF
response curves in order to show more detail. This panel sla¢so the approximate area wavelength range where pretecigalaxies are expected to lie.
Also shown in grey in both panels is the night-sky emissioe Bpectrum_(Hanuschik 2003). The minimum wavelength ezhet the edge of the field in

TF1 is denoted by the vertical dotted line.

To remove further large scale gradients a superflat is mae fr
the unregistered science images. This superflat is smoatitkthe
science frames are subsequently divided by the superflatfl@h
science images are then registered with simfilgets in the x and
y direction using therar taskxrecister and co-added together.

The reduction of the TF images follows the same general out-
line as that for the broadband images with two exceptione.flEt-
fielding is done with dome flats and an additional step is ithetl
which involves the removal of sky rings. As the central waweith
of the TF filter varies across the field, skylines shift in and of
the filter bandpass causing a pattern of alternating brigtitfaint
concentric rings superimposed on the image. These larieegea
dients are of the order 3 to 9 times the rms noise in the indalid
images. The rings are removed by subtracting a smoothedfaipe
made using the unregistered science exposures. This superfl
created for each exposure individually as the sky level (hece-
fore the sky rings) varies betweenfférent nights and airmasses.
The individual frames are subsequently registered and tedb
Finally, all fully reduced science images are registerethéosame
pixel coordinates using thear tasksceomap aNndGEOREGISTER.

Due to the wavelength variation across the field and the dithe
ing there is a variation in wavelength in each of the indialdu
pixels. This variation is larger near the edge of the field iefw
The wavelength assigned to each pixel in the final imageseis th
mean of the wavelengths of the pixel in question in the irivi
ual images. This also implies that thfeztive FWHM of the TF
increases when moving away from the optical centre. Thiece
is strongest in the right ascension direction because tterdi

ing steps are larger in this direction, with a maximum insecaf
~ 50 per cent at the very edges of the images.

Flux calibration for both broad and narrowband imaging is
achieved using standard star observations obtained anthefe
each observing block of 1 hour. The standard stars useddorfh
flux calibration have full SEDs available allowing flux cakition
at the exact wavelength of each of the TF observations. Adurt
independent check of the flux calibration of the TF obseovetiis
obtained using the broadband data. Trendi magnitudes of all
objects in the science frames with 29 < 23 are measured. Then,
assuming a power law spectral energy distribution, the rihadgs
of these objects at the wavelength of interest are deternifige
median zeropoints derived with this method deviate by -@D4
and+0.005 magnitude with respect to the standard star zerapoint
of TF1, TF2 and TF3. The larger deviation for TF1 and TF2 are
likely due to the stronger presence of the ldbsorption line at
6563 A.

The final reduced and coadded TF images show some arti-

facts of the reduction. The sky ring subtraction is not optidue

to the applied smoothing and therefore a residual ring pate-
mains in the final images. Also the unique properties of thée@d

to pupil ghosts near bright stars. Point source ghosts, Vewvare

not present in the final TF images. The dithering results ioftset

in point source ghosts opposite to the actuédet. When combin-

ing the individual images the point source ghosts will tfenme be
removed.
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2.2 Source detection and photometry

Object detection and photometry are done using«i@kTor
(Bertin & Arnouts| 1996) in double image mode. We create three
different catalogues based on each of the three TF tunings. A de-
tection is defined as a minimum of 9 adjacent pixels that each
exceed the @ rms noise. Colours are measured using the 2
isophotal apertures as determined from the respectivetimiem-
age whereas total magnitudes are measured usingrSEror’s
MAG_AUTO apertures. Image depth and uncertainties on the photom
etry are determined using the method of Labbé et al. (2003).
Completeness of the image is measured by adding point
sources of a range of magnitudes to the respective images aft
which source extraction is repeated and the number of reedve
objects is assessed. To avoid overcrowding the image wetlimi
number of added objects to 150 per magnitude. This process is
peated 10 times in order to obtain better statistics. We firad t
the data is 50 per cent complete for point sources dows:26.0,
TF1=25.1, TFZ25.1 and TF325.0 magnitudes.

3 RESULTS
3.1 Selection of LAEs

For each of the three TF tunings a separate sample @Ekbyitters

(hereafter LAES) is selected. The criterium for identifyibAEs

is based on the colour-magnitude diagrams of the 6C0140&&w®Id

shown in Fig[®2. The galaxies with line emission at the reteva

redshift will show an excess of flux in the TF band relativette t

r band flux. Most objects do not have emission lines in the TF and

thus have —TF ~ 0. The rms scatter aroumd TF ~ O at TF~ 24—

25 mag is~ 0.15. For an object to be identified as LAE we require

at least a & deviation fromr — TF ~ 0 and thus that— TF > 0.75.
This excess flux relates to an observed line equivalent width

using the relationship

A Adye |1 - 10°040-TR)] .
EWpps =
obs [AA,10-04C-TF) Z A Qre] ©)

from|Bunker et al.|(1995). Herax is the FWHM of the filter in
guestion and and TF are the measured magnitudes in the broad-
and narrowband respectively. The restframe equivalenttviiig

is obtained by dividing by (% 2). Note that this relation does not
account for IGM absorption. For LAEs at~ 4.4 this implies that
EW,ps andEW, are overestimated by a factor-of1.5 — 2. We will
return to this correction factor in Secf. B.2.

Using Eq.[B, the colour cut corresponds to approximately
EW,ps > 32 A at the optical centre of the field. However, as de-
scribed in Secf. 211, the dithering results in ieetive broadening
of the TF when moving away from the optical centre. At the West
and East edges of the image the increasefliecéve FWHM is
~ 50 per cent, thus the equivalent width cut varies approxtyat
betweenEW,ps > 32 A andEW,,s > 48 A across the field.

The equivalent width cut used in this work is less stringent
than the more commonly usdfW,,s > 80 A. This is because the
TF is narrower than conventional narrowband filters, thisahg
for lower equivalent width objects to be included. We furthe-
quire that the error parametBr> 3, i.e. the excess flux is at least
three times larger than the combined noise of the measucadibr
and narrowband fluxes. Finally, due to the artifacts presettie
images we visually inspect all of the objects that satisg/ydabove
criteria and discard any spurious detections.

As can be seen from Fifjl 2, there is a significant number of

objects located in the selection area that are not identifgete-
ing LAEs. Visual inspection shows that these objects arelylik
spurious detections because they are often found in theisgy r
residuals, have unphysical shapes, coincide with the mimbts
or are located near bright stars and saturation spikes eTdtgects
are therefore not included in the candidate LAE sample. reigu
shows the regions of the image where most of these spurieus ar
located, i.e. the sky rings and the pupil ghosts. Also shawrttee
locations of bright stars and portions of the image that fexted
by vignetting. The bright stars cover 4 per cent of the field and
therefore do not influence any of the conclusions presemt¢is
work.

Other objects close in the selection area may actually have
¥ < 3. Individual values o& depend on the aperture size for each
object. TheX = 3 curves shown in Fidl]2, however, are calculated
for a fixed aperture size that is taken to be the median agestne
of the LAEs. Thus individual objects inside the selectiomaamay
haveX < 3 or vice versa.

For the TF1 filter, which probes exclusivetyx 4.407, we find
a total of 13 candidate LAESs, including the radio galaxy vihias
EWaps = 88.3 A. This is smaller than expected as visual inspection
of the TF1 image indicates that the radio galaxy does hav®agst
narrowband excess. However, thealgmission is extended and
coincides with & ~ 0.9 foreground galaxy (Rawlings et/al. 1996).
This results in strong contamination of thband flux and therefore
the expected narrowband excess is significantly diminishedl-
leviate this problem we use théand to define the colour apertures
for the radio galaxy. This results EBW,ps = 217 A indicating that
the presence of the foreground galaxy is indeed important.

The TF2 band at 6575 A reveals a total of 14 candidate LAEs,
including the radio galaxy witEW,ps = 470 A. Eight of the LAEs
have been identified in TF1 as well.

Finally, a total of 17 objects are identified as being carntgida
LAEs in the TF3 band at 6585 A. Again, the radio galaxy has been
included and its equivalent width is highest in TF3 wWiEN,s =
578 A. Out of the remaining galaxies eight have not been tedec
in TF1 or TF2, thus yielding a total number of 27 unique LAEs
(including the radio galaxy) in the field of 6C0140. The pndjss
of the emitters are listed in Tal{lé 2 and Tdble 3.

3.2 Redshift distribution

Having the multiple tunings of the TF means the redshift & th
LAEs can be constrained to a greater accuracy than with desing
narrowband image. This allows us to investigate the appraté
redshift distribution of the candidate LAEs in the field.

In order to obtain the best possible estimated redshifts we
model what the fect is of a variety of weighting schemes. We
model a simple flat spectrung & —2) with an emission line with
restframe FWHM of 250 km$ or 500 km s at certain wave-
lengths in the range 655% 1 < 6595 A. These values for the
FWHM are consistent with the values found for 80 to 90 per oént
LAEs around HzRGs (Venemans etial. 2005, 2007). Absorpton b
the IGM is taken into account using the Madau (1995) recipe T
modeled spectra are then convolved with the TF response esrv
given in Eq[2 withi, = 6565 6575 and 6585 A. Using the fluxes in
each of the TF tunings we then derive estimates for the wagéte
of the emission line.

The results of this process are shown in Eig. 4. We show two
different weighting schemes which can be given in general form as
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Figure 2. Colour-magnitude diagrams for each of the three TF tunifigs.horizontal solid lines indicatEWsps values of 32 and 80 A respectively, whereas
the dashed curve indicates the- 3 line. Objects identified as LAEs are denoted by diamonddabeled with the respective ID numbers as listed in Table 2
and TabléB. The radio galaxy is denoted by the square symbelL = 3 curve is calculated using a median aperture size. Inddidbjects may therefore
be located inside the selection area as depicted here,éatithnot identified as being a LAE. These objects are dehbyeopen circles. Spurious detections
are indicated by crosses.

Table 2. Coordinates and magnitudes of the detected LAEs. The taldl@ided in three sections. The objects in the first sectrerbaightest in TF1 and so
forth. @The radio galaxy. The band was used as the detection image for this object.

ID RA Dec. Detected in r TF1 TF2 TF3

#1 01:43:58.2 +32:49:49.8 TF1 22+08 249+0.2 2534+ 0.3 263+ 0.6
#2 01:43:44.6 +32:49:42.6 TF1 23+01 2187+ 0.04 2255+ 0.06 229+0.1
#3 01:43:44.8 +32:57:06.0 TF1,TF2,TF3 26+ 04 247+0.1 250+ 0.2 254+ 0.2
#4 01:43:38.9 +32:53:37.2 TF1,TF2 > 275 249+ 0.2 252+0.2 257+0.3
#5 01:43:38.3 +32:49:58.3 TF1 26+01 237+0.1 239+0.1 242+ 0.2
#6 01:43:35.7 +32:54:36.0 TF1 25 +0.2 247+0.1 251+0.2 254+0.3
#7 01:43:35.4 +32:52:11.5 TF1 26 +0.3 253+0.2 258+ 0.2 258+ 0.2
#8 01:43:24.8 +32:54:09.5 TF1,TF2 26+04 243+0.1 254+0.3 251+0.2
#9 01:43:45.9 +32:53:58.0 TF1,TF2 29+02 244 +£0.1 244+ 0.1 248+ 0.2
#10 01:43:43.3 +32:52:08.1 TF2,TF3 24+10 255+0.3 246+0.1 248+ 0.2
#11 01:43:42.1 +32:55:27.6 TF2 23+01 231+0.1 228+0.1 231+£01
#12 01:43:41.5 +32:54:17.2 TF1,TF2,TF3 26+ 05 253+0.3 243+01 245+ 0.2
#13 01:43:41.4 +32:53:49.3 TF1,TF2,TF3 26+ 0.3 246+ 0.2 240+ 0.1 244+ 0.1
#14 01:43:41.0 +32:53:48.5 TF2 22+05 260+ 0.3 257+0.2 263+04
#15 01:43:40.2 +32:55:02.5 TF2,TF3 29+04 247 +0.2 239+0.1 241+£0.2
#16 01:43:38.0 +32:49:51.9 TF1,TF2,TF3 22+0.1 2219+ 0.07 2185+0.05 2235+0.08
#17 01:43:59.8 +32:52:16.2 TF3 23 +01 250+ 0.2 248+ 0.1 242+ 0.1
#18 01:43:56.4 +32:54:41.1 TF2,TF3 > 275 262+ 0.3 257+0.2 255+0.2
#19 01:43:44.8 +32:56:01.9 TF3 26 +0.2 267+0.4 270+ 05 253+0.1
#20 01:43:43.9 +32:52:28.6 TF3 > 275 275+16 257+0.3 249+01
#2172 01:43:43.8 +32:53:49.9 TF1,TF2,TF3 285+0.05 2154+0.01 2091+0.01 2Q75+0.01
#22 01:43:38.0 +32:52:00.9 TF3 28+01 258+ 0.2 256+0.2 249+01
#23 01:43:36.1 +32:55:00.9 TF2,TF3 20+ 01 238+0.1 2317+0.05 2313+0.05
#24 01:43:33.3 +32:54.09.0 TF3 25 +0.2 261+ 05 252+0.2 246+0.1
#25 01:43:27.3 +32:51:32.4 TF3 21+ 05 275+14 257+0.3 251+0.2
#26 01:43:26.6 +32:52:17.3 TF3 25 +0.2 271+ 0.9 255+0.2 248+ 0.1
#27 01:43:25.9 +32:52:01.8 TF3 20 +02 264 +£ 0.6 259+0.3 251+0.2

Ny = DR @) As noted above, the results shown in . 4 are obtained when u
Zic1aWiFi ing the central wavelength values of the optical centre lig =

Herei is TF1, TF2 or TF3 respectivel¥; is the flux in the respec-
tive bands; is the central wavelength of the tuning in question at
the relevant location in the field awg is a weighting factor. The
black data points represent the casevpf 1 for all bands and the

red data points denote the results obtained for

W = oFi/min(Frr1.Frrz.Frrs)

(®)

6565 A, Are2 = 6575 A andire; = 6585 A. However, the wave-

length shift acts on each tuning identically and thus thditaiize
behaviour shown in Fid.l4 is valid for the entire field, irresfive
of wavelength shift.

We see that the more involved weighting scheme yields bet-
ter results for almost all redshifts. However, for both weigg
schemes the largest discrepancy between the input andtoatpu
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Figure 3. A mask of the 6C0140 field showing the location of regions with
large numbers of spurious detections and regions whereesagtection is
impeded. The large grey and black rings are the approxinoations of
the sky rings in TF1 and TF3, respectively. For TF2 the skgsifall in
between the two sets shown here. The small black arcs déretedations

of the pupil ghosts, whereas the filled circles denote thatios of bright
stars. The two light grey regions at the left side of the imagedtected by
vignetting and therefore not considered.

shifts is at either end of the investigated redshift randps 16 to be
expected, because no data is available to bracket therexistn-
ings, hence skewing the output redshift towards a centhaévdhe
more elaborate weighting scheme alleviates this slightiy,does
not yield full agreement. Figuié 4 also shows that the resflthe
two weightings schemes are fairly robust with respect tactizéce
of restframe FWHM.

The redshifts obtained when using the weights as described
in Eq.[3 are listed in Tablgl 3. Uncertainties have been catled|
by varying the measured fluxes according to their respective
certainties and recalculatings. An additional systematic uncer-
tainty was added in quadrature to take into account theditioits
of the weighting scheme. This systematic uncertainty igtham
the bands in which the object is detected and tfised from the
input redshift implied by this as measured from Eib. 4. Aindb
account for the variation in wavelength in each pixel we add a
additional location-dependent uncertainty in quadrature

None of the LAEs are located at larger redshifts than that of
the radio galaxy. This is a selectioffect as the highest value of
is 6585 A whereas the lyline for zzg = 4.413 falls at~ 6580 A.
Combined with the wavelength shift towards shorter wavgties
across the field this means that the observations are biasadds
redshifts lower than the redshift of the radio galaxy. Alsote that
the estimated redshift of the radio galaxy is only marginai-
consistent with the spectroscopic redshifizof 4.413. The slight
underestimate with respect to the spectroscopic redshifbssi-
bly due to the fact that we modeled thed.yine with a maxi-
mum FWHM of 500 km s, whereas the line is observed to have a
FWHM of ~ 1500 km s® (Rawlings et all. 1996; De Breuck et al.

@). A larger line width will introduce stronger systeroain-
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Figure 4. Upper panel: Output versus input redshift when using thedifvo
ferent weighting schemes tested on modeled kpectral lines. The solid
curves indicate the results obtained when using= 1, whereas the dia-
monds denote the results obtained with the weights desteben Eq[b.
Black and red indicate restframe FWHM of 250 knt and 500 km 32, re-
spectively. Lower panel: Bierence between the output and input redshifts.

Table 3. Properties of the detected LAEXEW,ps calculated using E@J] 3,
whereasEW, is calculated using the method MZOOS).
PEWpps, EVWb, = and FLy. for the radio galaxy are calculated on the ba-
sis of TF3. The horizontal dividers are as in TdOle 2.

ID EWpps/EVH (A)2 = Fiye (erg stcm2) Zeit

#1 41336.2 5.2 14 x 10717 4.310:9005
#2 84.59.1 17.9 D x 1077 4 337:81883
#3 20924.7 6.8 17x10°Y7 4 3528388%
#4 > 463/ > 498 6.2 17x 10717 4 39{81885
#5 47.68.0 5.0 23x 1077 4 34([81882
#6 60.36.5 4.8 15 10717 4 38([8188g
#7 96.913.0 4.7 18x 10717 4 377:83882
#8 26629.6 8.9 2x 1017 4 327:§§§§
#9 10611.7 6.7 19 x 10717 4.4040002
#10 55261.5 6.9 15%x 10717 4.399t8;881
#11 47.95.0 10.3 37 x 1077 4.391;388%
#12 29931.0 7.4 Bx 10717 4.404j8ﬁ883
#13 12212.9 7.2 37 x10°Y7 4.40{81885
#14 12¢12.4 35 0x 10718 4.403181885
#15 2253235 7.8 8Bx10Y 4.395181882
#16 68.87.1 12.3 1 x10°16 4.34q§f§§§
#17 52.04.5 5.8 1 x 10717 4.3680009
#18 > 247/ > 259 5.0 11x 1077 4.385j83882
#19 96.810.0 6.0 5% x 10718 4.387;81888
#20 > 434/ > 450 6.4 19x 10717 4.40({8;883
#21° 57875.0 95.5 FHx 10718 4.4127*8ﬁ88i
#22 47.34.5 5.0 69x 10718 4.39{8188%
#23 45.64.6 8.7 28x 10717 4.3881818gg
#24 65.55.9 48 16 x 10717 4.38&83883
#25 30024.3 5.2 18x 10717 4.339181883
#26 68.25.8 5.3 9 x 10718 4.3441&888
#27 57.85.3 3.2 10x 1077 4.3393688

—0.005




certainties that have not been taken into account in the afathe
estimated redshift of the radio galaxy. This may therefaeant
for the discrepancy.

The redshift estimates can be used to correct the equivalent
width values for IGM absorption. As discussed in SEcll 3d4.[E
does not take this into account and underestimates tmntin-
uum flux density. ThereforEW,,sandEW, are overestimated. The
corrections are calculated following the method of Venesretral.
(2005). The resulting corrected restframe equivalent hgicind
corresponding Ly fluxes are listed in Tablgl 3. Theftérence be-
tweenEW,,s andEW, is typically a factor~ 10. This is consistent
with a factor (1+ 2) in combination with a factor 1.7. Here the
latter factor originates from the fact that a larger portadrthe r
band flux is absorbed by the IGM compared to the TF flux. The ex-
act factor varies between1- 2 and depends on the location of the
line within the filters and therefore both the redshift of titgect
and its position in the field.

3.3 Contamination

One of the larger caveats of using narrowband imaging tackele
high-z emission line galaxies is that the final sample may be con-
taminated by lowz interlopers that have a strong emission line
falling in the narrowband. For our study the most likely ndpers
are [Qu] emitters atz ~ 0.76 or [Om] emitters atz ~ 0.3. Spectro-
scopic follow-up is needed to accurately determine theesgtate
of the sample presented in this work. However, based onquisvi
spectroscopic studies af ~ 4 narrowband surveys the expected
number of interlopers in our sample can be estimated anchibea
determined whether the results presented here are robest this

is taken into account.
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Figure 5. The spatial distribution of the LAEs. Objects detected il TH-2
and TF3 are marked by squares, diamonds and asterisks tresfye&ach
object is also marked by its ID number. The location of theaaghlaxy
is marked by a star. Also shown are two circles denoting thedyoof a
protocluster field (within the full circle) and a foregroufidld (between
dashed and full circle).

depth of the annulus is thus1.3 times smaller. We thus require the
area of the annulus to be larger by the same factor to havathe s

We base our estimate of the success rate on the studies ofvolume in each of the fields. We find 9 objects (excluding thikora

HzRG TN J1338-1942 (hereafter 1338).by Venemanslet al. (2002
2007), the field study azx ~ 4.5 by|Dawson et al.| (2007) and
the study of the LAEs around ~ 5.2 HzZRG TN J0924-2201 by
Venemans et all (2004). The success rates in each of theks wor
are fairly similar to each other, ranging from 75 per cent to

galaxy) in the possible protocluster field versus 2 in thedgoound
field. This thus indicates that there is a concentration oEEAear
to the radio galaxy.

Itis striking that almost all of the objects within the prokas-
ter field are located west of the radio galaxy in a North-Sdilith

~ 95 depending on whether non-detections are counted as non-amentary structure. We test whether the spatial distobus con-

confirmations. To investigate the ‘worst case scenario’ & for
our sample the minimum success rate of 75 per cent.

4 DOES 6C014@-326 RESIDE IN A PROTOCLUSTER?

Based on our sample of LAEs we determine whether there is an
overdensity around 6C0140. Due to the wavelength shiftsscite
field, part of the observed field can act as a control field.

In Fig.[d the spatial distribution of the LAEs is shown. Also
shown are two concentric circles indicating the boundaofesvo
fields: the inner circle of~ 125 arcmirf and the annulus of
~ 16.3 arcmirt, respectively. The central field covers the redshifts
closest to the radio galaxy and can therefore be consideped-a
sible protocluster field. The annulus outside this fieldrd&éd by
the dashed circle probes lower redshifts and is considerdzbt
field environment. To make the distinction between protstelu
and foreground stronger we will only consider TF2 and TF3 de-
tected objects (diamonds and asterisks) in the central fidldreas
in the annulus only TF1 detected objects are considereci(esglu
This selection ffectively means we are limited o> 4.38 in the
central field and < 4.38 in the annulus. Furthermore, the width of
the TF does not change significantly across the central freldfze
annulus. Since we only consider TF1 in the annulus, the paysi

sistent with a random distribution by applying a two dimensil
Kolmogorov-Smirnov test. There is a probability of 0.01ttHze
distribution as shown in Fid]5 is drawn from a random distrib
tion. The distribution is thus ffierent from random at the 2.50
level. This further indicates that the LAEs are clustered.

Since our control field is not very large, it is susceptible
to cosmic variance. To better quantify the overdensity ofElsA
around the radio galaxy, we also compare it to the blank field
LAEs observed by Dawson etlal. (2007). Dawson et al. (2005 pr
sented a dferential Lyr luminosity function for field LAEs with
EW,s > 80 A atz ~ 4.5. Fitting a Schechter function to the
luminosity function using a fixed value of = —1.6 they find
®* = (1.7+£0.2)x 10* Mpc=3 andL* = (10.9+3.3)x 10* erg s™.

For the 6C0140 field, if we take into account the overlap be-
tween the dierent tunings, the total ‘unique’ volume probed by the
protocluster field is 1570 M@cUsing the same selection procedure
as in Dawson et al. (2007), we find eight emitters (excludiregra-
dio galaxy) in the central field. We calculate the expecteahimer
of LAEs in the same field (assuming it is a blank field) using the
field luminosity function. The expected number of LAEs isridu
to be 0903, with the uncertainty derived from the uncertainties
on ®* andL*. Here we use the Ly flux of the faintest emitter
with EWys > 80 A (#14) in the protocluster field as lower limit
(7.0 x 107 erg s cmi 2, this equald. = 1.4 x 10* erg s* for
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the cosmology used by Dawson ef al. 2007). We therefore fiatd th
the 6C0140 field is denser than a blank field by a factar ®
where the uncertainty is based on Poisson statistics andrthe
certainty on the expected number. Defining galaxy overdeasi
0g = Neuster/ Nietld — 1, We thus find a galaxy overdensity of-&.

Using the overdensity in 6C0140 protocluster field we can
make a rough estimate of the mass contained in this centlal fie
As inlVenemans et al. (2005) we use the relation

: ®)

— g
M =pV (1 + —)
with p the mean density of the Universé,the comoving volume
considered andl the bias parameter which relates the galaxy over-
density to the matter overdensity. Following Steidel e(A098)
and. Shimasaku et al. (2003) we use= 3 — 6. Usingp = 3.5 x
10'° M, Mpc3 andV = 1570 Mpé a mass of —2.9x10'* M,, is
found. This is a strict lower limit to the mass of the entireen-
sity because the true extent of the protocluster is likelgdathan
what is indicated by the central protocluster field.

We also determine whether the number density and redshift

distribution of LAEs in the 6C0140 field are consistent whht of

az ~ 4 protocluster. However, the number of known protoclusters
abovez = 4 is limited. One of the few spectroscopically confirmed
cases is the protocluster around 133& at 4.1.|Venemans et al.
(2002) and Venemans et al. (2007) have shown that the fielthero
the radio galaxy is denser in LAEs than a blank field by a factor
4831 Also, Overzier et &l (2006) provided evidence for a rela-
tively large number of Lyman Break Galaxies (LBGS) in thisdie

VVenemans et all (2007) found a total of 54 LAEs wik\p >
15 A in a field of 79.7 arcmiharound 1338. The narrowband fil-
ter used was a custom filter with, = 6199 A and a FWHM of
59 A (hereafter NB620 for brevity), i.e. approximately teias
wide as the TF tunings used in this study. Thifetience in width
implies that the same emission line, at the respective pnazk
shifts, will yield a brighter magnitude in the TF. Applyinge 50
per cent magnitude limits to the 1338 catalogue will therefoot
yield a proper comparison. The recoveredrLfjux is, however,
relatively independent of filter width. We therefore use & @l
Fiye > 7.0x10®erg s* cm2. At z ~ 4.1 the width of NB620 im-
plies a comoving volume of 12292 MhaApplying theF, cut the
density of LAEs in the 1338 field is found to be63< 10°3 Mpc~3.

Applying the Venemans et al. (2007) selection criteria and e
cluding the radio galaxy, we find a total of 5 unique LAEs with
EW, > 15 A in the central protocluster field. With a volume of
1570 Mp¢ the density of candidate LAEs is thus.Z3t 1.4) x
1072 Mpc2 where we used Poisson statistics for theuhcertainty.
Thus the number density of LAEs around 6C0140 is comparable t
that in the 1338 protocluster.

The velocity distribution of the spectroscopically confan
1338 LAEs have a FWHM of 626150 km s?. This is very narrow
with respect to local galaxy clusters, but it is in agreemaith
the trend of decreasing velocity dispersion with incregsedshift
(Venemans et al. 2007).

Number
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Figure 6. Lower panel: the estimated redshifts of the individual otgjevith
their respective uncertainties. The dark shaded regiaesepts the redshift
interval the protocluster would have based on the 1338 itgldistribution,
whereas the light shaded region takes into account ¢hertertainty. The
protocluster region is chosen such as to maximise the nuafipeotoclus-
ter candidates. The spectroscopic redshift of the radiaxgak = 4.413) is
marked by the vertical dashed line. The dotted line at4.38 indicates the
approximate redshift limit set by the edge of the circulatpcluster field as
shown in Fig[5. Upper panel: distribution of the estimatedshifts. Also
shown is a curve that indicates how thi&eetive selection area varies as
function of redshift.

by 440 km s* (Az = 0.0075) with respect to the majority of the
confirmed line emitters. Thus the radio galaxy does not hanset
at the centre of the structure in redshift space. In the thituas
shown in Fig[h a total of 10 LAEs are consistent with being in
the protocluster. This number decreases to 4 when we asfiatne t
the protocluster is centred on the radio galaxy. Note thamé s
lar displacement of the radio galaxy with respect to the lofithe
galaxies is seen for the spatial distribution of both the B&0and
1338 fields. Both radio galaxies are located not at the cerftitee
spatial distribution of emitters, but more at the edge.

Also shown in the upper panel of F[d. 6 is the distribution of
the estimated redshifts and a curve that indicates howfthetive
selection area varies as function of redshift. The area stirmated
by determining the portion of the image for whighy < A < Anign
with Ao and Angn being respectively the lower edge of the TF1
tuning and the upper edge of the TF3 tuning. The curve inelcat
that, based on thefective selection area, we would expect the ma-
jority of the objects to have.85 < z < 4.39. However, we find
a disproportionately large number of objectz at 4.38 indicating
that there is some concentration of LAEs close to the retshifie
radio galaxy. Applying a Kolmogorov-Smirnov test we deteren

The estimated redshifts of the candidate LAEs are compared that there is a probability of 4 10 that the observed distribu-

to the expected redshift range of the protocluster in thetqranel
of Fig.[d. Note that the location of the protocluster regiaes! not
coincide with the redshift of the radio galaxy. Instead weeheho-
sen the redshift of the protocluster such that the numberAdid
consistent with being in the protocluster is maximisedsThsults
in an dfset with respect to the radio galaxy af = 0.0084 or
Av ~ 465 km st. This is consistent with what is observed in
the 1338 protocluster where the 1338 radio galaxy is reshif

tion is drawn from the expected distribution. The two diitions
therefore difer at the~ 3o level.

The top panel of Fid.]6 also shows that we are unable to ob-
serve objects that are locatedzat 4.42. This makes the reported
overdensity of 8 5 difficult to interpret. It may be that the proto-
cluster structure extends beyond- 4.42. If this is the case, then
the true overdensity mayfiier from the value presented here. Like-
wise, if the distribution ofi. of the TFs had been chosen to probe



larger redshift values, then such a blueshifted overdgasifound
for 6C0140 may be underestimated or even missed altogether.
How do our results hold up when we account for the estimated
contamination fraction discussed in S€ct] 3.3? In both timepari-
son with a blank field and the comparison with a 4.1 protoclus-
ter we found 8 emitters in the 6C0140 field. Based on the minimu
success rate of 75 per cent we therefore expect two inteddpe
our ‘protocluster’ sample. Redoing the comparison with e
of six emitters the following results are obtained. In thenpar-
ison with the blank field of Dawson etlal. (2007) it is foundttha
the 6C0140 field is denser by a factor o&#. Thus the 6C0140
field harbours an overdensity 6§ = 6 + 4. The corrected number
density in the 6C0140 field is 2+ 1.3) x 10°° Mpc~3, which is
also still in agreement with the 1338 field. The results preeg
here are therefore valid when contamination is taken intoauat
and we conclude that the 6C0140 field is similarly overdesdbaea
1338 protocluster. This indicates that it may evolve intoassive
galaxy cluster az = 0. Furthermore, this result supports the hy-
pothesis that HzZRGs are good tracers for galaxy overdesditi
the early Universe.

5 CONCLUSIONS & OUTLOOK

We have presented the first search for higdrotoclusters employ-
ing tunable narrowband filters. This pilot study focusestanra-
dio galaxy 6C0148326 atz ~ 4.4. Using a combination of three
TF tunings we find a total of 27 unique LAEs in the field around
6C0146-326. Division of the field in a protocluster and a fore-
ground field shows that the protocluster field contains ficamtly
more objects than the foreground field. This indicates thetet is

a concentration of LAEs near the redshift of the radio galaxy

A comparison to a blank field shows that the 6C0140 proto-
cluster field contains an overdensity af B. The number density in
the protocluster field is also comparable to that found in1B&8
protocluster az ~ 4.1. Both these results are robust when taking
into account the possible presence of interlopers.

With the availability of three separate TF tunings we also es
timate the redshift distribution of the LAEs. Using resutsained
for the 1338 protocluster we find that 4-10 of the LAEs have red
shifts consistent with being in a redshift interval spanbga typ-
ical z ~ 4 protocluster. Also, the redshift distribution idférent at
the 3r level from the expected distribution with a relatively larg
number of objects a > 4.38. This further strengthens the notion
that there is a concentration of LAES near the radio galaxy.

These results are further evidence that HzRGs pinpoint high

density regions in the early Universe. The overdensity radou
6C0140 may collapse at a later time to form a structure sirtola
local galaxy group or cluster. Spectroscopic follow-upégded to
confirm this result.

We have shown that tunable filters are an excellent method of

confirming the presence of protoclusters around HzRGs atexhy
shift. At the moment the wavelength range accessible toatid F
used in this study is limited ta > 6500 A and therefore > 4.3.
However, a blue TF covering the wavelength range 6500 A will

be commissioned in the near future. This will open up thehriéds
range 2< z < 4 which is where most of the known HzRGs are

located. Our allocated GTC ESO large programme can then sig-

nificantly expand the sample of protoclusters across cosimie
and this would allow an in-depth study of the evolution ofsthe
structures.
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