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PROCEEDINGS

OF SCIENCE

Westerbork ultra-deep survey of HI at z=0.2
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h Joint Institute for VLBI in Europe (JIVE), Dwingeloo, ThetNerlands
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In this contribution, we present some preliminary obséovet results from the completed ultra-
deep survey of 21cm emission from neutral hydrogen at rédst%0.164-0.224 with the West-
erbork Synthesis Radio Telescope. In two separate field#ahdf 160 individual galaxies has
been detected in neutral hydrogen, with HI masses varyom ft.1x10° to 4.0x10'° M. The
largest galaxies are spatially resolved by the synthedieean of 2337 arcset while the ve-
locity resolution of 19 km/s allowed the HI emission linesb® well resolved. The large scale
structure in the surveyed volume is traced well in HI, apamtf the highest density regions like
the cores of galaxy clusters. All significant HI detectiomsérobvious or plausible optical coun-
terparts which are usually blue late-type galaxies thatAféright. One of the observed fields
contains a massive Butcher-Oemler cluster but none of thecated blue galaxies has been de-
tected in HI. The data suggest that the lower-luminosityaxgjak at 2z0.2 are more gas-rich than
galaxies of similar luminosities at z=0, pending a carefudlgsis of the completeness near the
detection limit. Optical counterparts of the HI detectethgies are mostly located in the ’blue
cloud’ of the galaxy population although several galaxiesht® red sequence’ are also detected
in HI. These results hold great promise for future deep 21lemeys of neutral hydrogen with
MeerKAT, APERTIF, ASKAP, and ultimately the Square KilomeArray.
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Figure 1: Optical images of the galaxy clusters Abell 963 at z=0.28#)(hnd Abell 2192 at z=0.188 (right).
The colours are constructed from deep B- and R-band imagésedqnith the Wide Field Camera of the
Isaac Newton Telescope. Although the entire 1%defgthe primary beam of the WSRT was imaged, these
images only show an area of 6:8.8 arcmirf centered on the clusters. The large circles have a dianeter o
1 Mpc at the distances of these clusters.

1. Introduction

It is important to understand the role and fate of neutralrbgdn as a basic ingredient of
the formation process of galaxies and as a sensitive trdcarbsequent evolutionary processes,
both over cosmic time and in different environments. In theal universe, the morphology and
kinematics of the cold atomic gas in and around galaxiemnoftgeal physical mechanisms such
as tidal interactions, ram-pressure stripping and 'colcreton’ that are very difficult to detect
by other observational means (e.g. van der Hulst, this Jsstigthermore, these mechanisms are
strongly influenced by the particulars of the local and gl@&ironments in which galaxies reside.

The predominance and efficiency of such processes are tixelyolve over cosmic time. For
instance, the overall star formation density in the unigdras declined by an order of magnitude
in the last 6 Gyr while the morphological mix of galaxy pogidas has changed significantly,
especially in the dense environments of galaxy cluster® fiidction of blue galaxies in clusters
was higher in the past (e.g. Butcher & Oemler, 1978) whilerétative number of spiral galaxies
in clusters increases with redshift, at the expense of thgopQlation (e.g. Fasano et al 2000).

At a redshift of 0.2 or a look-back time of 2.5 Gyr, signatumfscosmic evolution of the
galaxy populations become evident. The nearest Butchen€€B-O) clusters are found at0.2
and one of the many questions one could ask, is whether theelfedt relates to the rate at
which galaxy clusters accrete their members or whether gaissed by the accreted population
of field galaxies that may be more gas-rich as these redshiitsaddress this issue and many
others, like the cosmic evolution of the HI Mass Function &hg, we set out to study the HI
properties of galaxies at0.2 with the Westerbork Synthesis Radio telescope (WSRig.goal
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Figure 2: A redshift pie-diagram along a great circle passing thrauagh clusters. Dots represent galaxies
with optical redshifts from the SDSS. The elongated redemndicate the two volumes that have been
surveyed with the WSRT, covering the redshift range 0-16224. These volumes sample both overdense
and underdense regions. At these redshifts, the large scalgécture becomes sparsely sampled by the
SDSS. Note that the HIPASS survey does not extend beyon®d280 km/s while the Alfalfa survey with
the Arecibo telescope is restricted t§@.06.

is to relate the HI characteristics of the galaxies to themihosities, morphologies, star formation
rates, the evolutionary state of their constituent steitgpulations, as well as to their global and
local environments.

2. Target fields

Two single-pointing fields were selected in the northern slagh containing an Abell cluster
of galaxies and the large scale structure in which they ateeeohed, as well as foreground and/or
background voids, thus sampling the broadest range of commironments. Abell 963 at z=0.206
is a massive lensing cluster with a strong B-O effect and arswal large fraction of blue galaxies
(fg=0.19, Butcher et al 1983). With a velocity dispersion of 3n s it is a bright X-ray
source and the regular X-ray contours, centered on a cesiirgjalaxy, suggest a low level of
substructure in this cluster. Abell 2192 at z=0.188 is leassive and more diffuse. The fraction of
blue galaxies is yet unknown for this cluster. With a velpdispersion of 650 km's, this cluster
is barely detected in X-rays. Figure 1 shows a color imageott blusters. It should be stressed
that the galaxy clusters themselves only occe#?o of the surveyed volumes.

Figure 2 indicates the locations of the two volumes in a pégpéim of redshift space along
a great circle through both clusters. Redshifts are takam the SLOAN survey. Clearly, based
on optical redshifts, the large scale structure is less sastipled at these distances. Note that the
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Figure 3: The achieved rms noise levels in the continuum subtractiedaldoes as a function of frequency,
after Hanning smoothing was applied to yield a FWHM speagablution of 78.125 kHz. Although the
data for both fields was calibrated and processed indep#ydéer rms noise in both fields shows the same
trends with frequency. This is likely the result of low-l1éfR¥1 that could not be removed from the individual
measurements.These noise levels are close to the explketetht noise.

blind HIPASS survey does not extend beyond cz=12,000 kfraad that the Alfalfa survey with
the Arecibo telescope is limitd to a maximum redshift efz06. The widths and depths of the
volumes surveyed with the WSRT are explained in the nexiaect

3. Observations

The observations took maximum advantage of the powerfulybtesn and backend of the
WSRT. Eight overlapping IF bands, each 10 MHz wide and wité @6al-polarisation channels,
covered the contiguous frequency range between 1220 ar@MHz with 1236 channels, each
39.0625 kHz wide. This corresponds to a redshift range @4Bz<0.2245 or 49,426cz<67,300
km s, ForQu=0.3,Q,=0.7 and H=70 km s *Mpc 1, this corresponds to a range in luminosity
distance of 789Dyym<1,117 Mpc or an effective volume depth of 328 Mpc. At 1190 Mg
Full-Width-Quarter-Maximum of the primary beam of the WSRB1.7 arcminutes wide, or 11.9
Mpc. Consequently, the entire combined volume that has bigedly surveyed within the 60 MHz
passband and the FWQM of the primary beam 3,000 Mpé. This is equivalent to the volume
of the Local Universe within a distance of 26 Mpc. After idérhg the HI emission and cleaning
of the channel maps, the synthesized beam was restored Wittussian beam with a FWHM of
23x 37 arcset which corresponds to 34119 kp@ at the center of the band.

The goal of these ultra-deep HI observations is to be ablestect] at the distance of each
cluster, a minimum HI mass of2L0° M, over a 150 km Swide emission line, with a signal-to-
noie of 4 in each of three adjacent and independent speesalution elements. This corresponds
to a limiting column density of 810 cm~2 over a 80 km s wide profile at the 7-sigma level.
These detection limits require a total integration time 8kT2" for Abell 2192 and 11% 12"
for Abell 963. The observations were collected in a 8-seardshg-term Large Program during
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Figure 4: Position-velocity diagrams of 20 random HI detections. Vésical velocity axis covers-1,000
km/s in the rest-frame of the galaxies. The horizontal agigees 1 arcminute on either side of the source.
Horizontal lines indicate the systemic velocity, the \eatilines correspond to the central position of the
HI source. Contour levels are at 1.5, 3.0, 4.5, 6.0, 9.0 and tirdes the local noise. The FWHM spectral
resolution in these maps is 312.5 kHz, or 76 km/s at the cegfténe band. Not all sources fullfil the
detection criteria at this particular spectral resolutidfote that many galaxies show the typical double-
peaked velocity profiles and that several galaxies ared|yatésolved.
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Figure 5: HI column density maps of the entire WSRT field-of-view, grated over the full redshift range.
HI detections are indicated by grayscales. Open squarésatedthe positions of galaxies with optical
redshifts from the SDSS that fall within the 0.16@.224 redshift range. There is very little correspondence
between the HI detected galaxies and the galaxies targategpfical spectroscopy by the SDSS. The large
dashed circle indicates the FWQM of the primary beam of theRlINS'he small circles near the center
correspond to the circles in Figure 1.

the years 2005 through 2008. First results from the piloeokaions in 2005 are described by
Verheijen et al. (2007).

Figure 3 shows the achieved rms noise in each continuunmastbtl data cube as a function
of frequency, after Hanning smoothing to a spectral resmiugf 78.125 kHz. The variations in the
rms noise are a consequence of RFI residuals and frequependent flagging, especially above
1200 MHz. Below 1200 MHz, 5-8% of the visibilities were flaggeut above 1200 MHz this was
15-17%. The measured noise levels are very close to the #haaise that could be expected given
the number of retained visibilities and the effective 4klof the telescope. At these extremely
low noise levels, imperfections in the bandpass calibnatiecome noticable after combining the
individual measurements. In particular the position-cejemt shape of the bandpass results in
significant frequency-dependent residuals after sulivractf the continuum sources. Fortunately,
these residuals have sufficient spatial and frequency enberto avoid confusion with real sources,
but they do affect the overall rms noise in a channel map. Bheumiformity of the noise, however,
does complicate automatic source finding algorithms angcbons for incompleteness.

The deep HI observations with the WSRT are supplementedBriimnd R-band imaging with
the INT, NUV and FUV imaging with GALEX, 3.6, 4.5, 5.6, 8, 24di@0 micron imaging with
Spitzer, as well as optical spectroscopy with WIYN. Thistcitation, however, focuses on the Hi
observations and the optical luminosities and colours @Hhdetected galaxies.

4. Preliminary results

After initial Hanning smoothing, the data cubes were smedtfurther to a Gaussian fre-
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Figure 6: The redshift distributions of the HI detected galaxies ithbitelds. The vertical dashed lines
indicate the redshifts of the clusters based on opticaltepsmpy of selected cluster members. Note the
overdensties in the field of Abell 963 at redshifts of 0.16208 and 0.218, and in the field of Abell 2192 at
redshifts of 0.171, 0.189 and 0.221. This corresponds figugithe large scale structure within the surveyed
volumes as shown in Figure 2.

quency response with a FWHM of 4, 6 and 8 spectral channelss,Tlour data cubes exist for
each field, with FWHM spectral resolutions of 78.125, 1562%.375 and 312.5 kHz or 19, 38,
57 and 76 km/s at 1190 MHz.

Sources were automatically identified by searching in @l dabes for pixels above a certain
threshold that are connected in frequency space. Givenringwe in the noise, detection criteria
were set conservatively atkBa, 2x50, 3x4a, or 4x30. In the latter case, four independent but
connected spectral resolution elements, each at leaab8ve the noise in a channel map, would
constitute a detection. Each detection was visually inggeto avoid confusion with structure in
the noise. In several cases, only one peak of a double-hpnogite was detected or only part of an
asymmetric HI profile was isolated by this detection aldionit After removing spurious detections,
correcting incomplete detections and verifying the presenf an optical and UV counterpart, a
total of 160 galaxies was detected in HI, 118 in Abell 963 aRddAbell 2192. The significantly
different detection rates for both fields can be ascribed tliffarence in the rms noise levels,
combined with cosmic variance of the large scale structutbe two volumes.

Figure 4 shows random examples of twenty position-velatidgirams extracted from the data
cubes at the lowest spectral resolution. These slices wéraceed at the positions where the Hl
emission peaks while the angles at which these slices wkes tdo correspond to the position
angle of the identified optical counterpart. Despite thgdagize of the synthesised beam, many
sources are spatially resolved, indicating extended HdisdidNote that not all sources fullfil the
detection criteria at this low spectral resolution. Fotanse, the faintest sources in the upper and
bottom rows exceed theBo threshold in the data cubes with the highest spectral iesluthile
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Figure 7: The combined distribution of detected HI masses in bothmels. The most gas-rich galaxies
may be closely interacting galaxy pairs that could not belwesl by the synthesized beam of the WSRT.

they have a UV-bright optical counterpart within the FWHMtloé synthesized beam.

Figure 5 presents in grayscales the total HI maps of all tletexin both surveyed volumes.
In Abell 963, the projected density of HI detections clegraks towards the center of the primary
beam although a few gas-rich galaxies are detected beyereMilQM. In Abell 2192, the distri-
bution of HI detections in the field-of-view is clearly asyratric with most detections on the west
side of the cluster. This is obviously a manifestation ofltlige scale structure within the surveyed
volume and this seems to be corroborated by a similar asyriontistribution of galaxies with
optical redshifts from the SDSS. It should also be noted tloha single HI detection was found
near the center of Abell 963. Several HI aborption systenaénagbright continuum sources have
also been found but are not identified in this figure.

Figure 6 depicts the redshift distributions of the HI detaw in both volumes. The redshifts
of the clusters clearly stand out and the overall distridouts in agreement with the distribution of
optical redshifts in these volumes as indicated in Figuigi$.noteworthy that the optical redshifts
of the clusters, based on optical spectroscopy of the @ggloctuster members, do not coincide with
the peak of the redshift distributions of the HI detectiofi$is may indicate that the large scale
structure in which these clusters are embedded may be bevastyim which is also evidenced by
the total HI map for the field centered on Abell 2192.

Figure 7 shows the distribution of the 160 measured HI mas&ssexpected, the distribu-
tion peaks around I| with many detections down to the HI mass limit £ x 10° M. The
distribution also has a remarkable tail toward the highdshBisses. Some of these detections are
associated with closely interacting galaxies or compalgxyagroups that could not be resolved
by the synthesized beam of the WSRT. Inspection of the dgtitages and the asymmetries of
the global profiles will help to resolve this issue. To cownstrthe HI Mass Function and derive
Qu from these data requires thorough completeness corrsctiod an assessment of the cosmic
variance to estimate the systematic uncertainties.

Figure 8 illustrates the relative gas content of the detbgidaxies as a function of their abso-



Westerbork survey of HI emission at z=0.2 Marc Verheijen

T T T I T T T T T T ° T T T i
I . o]
- e : Abell 963 (2=0.206) N -
B ° //q// B
05 [ © : Abell 2192 (z=0.188) o o o NS S
- © : Ursa Major (z=0) I L o °
g Z S ]
1 | ® LN 6 ° o 8 ]
0 ° e, °x, ‘o o’
\f : ".0"0-.‘: .0@/0000 ® @0 ]
L o '.o o i
\E/ L . C;.... [ 4 R ...//.‘% . o o ]
S 05 [ s "0 S ° g
| - o o % ” v o °° i
- ] 3N ) O.:. L ° o] .
- o : ° e [ o i
1 o o /O o —
L R i
L . yd °© ]
i 7. o o ]
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
-24 -22 -20 -18 -16
MR’

Figure 8: The HI gas mass per solar luminosity of the HI detected gataxersus absolute magnitude,
compared with a well-studied local sample at z=0 (VerhegeBancisi 2001). The slanted dashed line
indicates the nominal detection limit at the redshifts & thusters.

lute R-band magnitude. At zero redshift, it is well-knowattthe relative gas content of galaxies
increases with decreasing luminosity as illustrated bydhen symbols. A similar trend is ob-
served at 0.2 and at face value, this trend seems to be even steepethaitfainter galaxies
being even more gas-rich. This, however, could be the re$uhe detection limit of the obser-
vations as indicated by the slanted dashed line. To confienstiggestion that low-mass galaxies
are more gas-rich at higher redshifts, requires a carefektigation of the completeness near the
detection limit. This will be investigated in the near fugur

Figure 9 presents a combined colour-magnitude diagraml gfagdxies with optical and Hl
redshifts in both volumes. Magnitudes and colours from ME dbservations are k-corrected and
corrected for Galactic exinction. No correction for intgrextinction has been applied. The HI-
detected galaxies are predominantly located in the 'bloadiIwhile a few galaxies on the 'red
sequence’ also appear gas-rich. The two brightest HI-tirtegalaxies are blue but at the same
time as bright as the most luminous galaxies on the red sequdinese are possibly merging and
star bursting galaxies but to address this issue in anyldetpiires a study of the UV, optical and
IR imaging data.

5. Conclusions

We have demonstrated that observations of the HI 21cm amidisie from objects at=0.2
are entirely feasible with present day facilities. We hagtedted and measured HI emission from
160 galaxies in the redshift range 0.1831224 and revealed the cosmic large scale structure out-
lined by these 160 galaxies. The HI detected galaxies dotesth different population than the
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Figure 9: K-corrected colour-magnitude diagram of all galaxies viittown redshifts (optical and HI) in
both volumes. Galaxies targeted by the SDSS are mainlyddcatthe bright tip of the 'red sequence’. HI
detected galaxies are largely located within the 'blue dldaut some HI detections have very red optical
counterparts.

galaxies targeted by the SDSS for optical spectroscopyesethistances. The largest HI sources
are spatially resolved by the WSRT while none of the bluexgeathat are responsible for the B-O
effect in Abell 963 have been detected. There is a hint tletaWver-luminosity galaxies akz0.2

are more gas-rich than their counterparts at low redshift.

These WSRT observations have demonstrated that long atii@grtimes with aperture syn-
thesis arrays can reach the expected thermal noise in thi@wom subtracted channel maps. Con-
sidering the surveyed volume and the HI Mass Function in thealUniverse, the number of 160
HI detections in the WSRT survey is similar to the expecterhiner of 200 detections, modulo
cosmic variance. This provides confidence in the predictedber of HI detections in future ultra-
deep surveys of HI at intermediate redshifts with new faesilike MeerKAT, APERTIF, ASKAP,
EVLA, and the Square Kilometre Array.
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