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Hydrogen 21-Centimeter  
Emission from a Galaxy at   

Cosmological Distance  
M. A. Zwaan,'* P. C. van Dokkum,' M. A. W. verheijen3s4 

We have detected the neutral atomic hydrogen (HI) emission line a t  a 
cosmologically significant distance [redshift (I)= 0.181 in  the rich galaxy 
cluster Abell 2218 w i th  the Westerbork Synthesis Radio Telescope. The HI 
emission originates in  a spiral galaxy 2.0 h,,' megaparsecs from the cluster 
core. N o  other significant detections have been made in  the cluster, sug- 
gesting that  the mechanisms that  remove neutral gas f rom cluster galaxies 
are efficient. We infer tha t  fewer than three gas-rich galaxies were accreted 
by  Abell2218 over the past l o9years. This low accretion rate is qualitatively 
consistent w i th  low-density cosmological models in  which clusters are 
largely assembled a t  z > 1. 

Galaxies in clusters have evolved in the 
past -3 X lo9 years. The number of blue 
galaxies in clusters was higher in the past 
(the Butcher-Oemler effect) (1, 2) and spi- 
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ral galaxies were more prevalent (3-5). It 
has been argued that these effects are 
caused by enhanced accretion of gas-rich 
star-forming galaxies from the surrounding 
field (6-8). Detailed modeling suggests that 
the neutral gas disks of infalling galaxies 
can be stripped by the hot x-ray gas that 
envelopes rich galaxy clusters (9-11). Be-
cause the neutral gas provided the fuel for 
star formation, the star formation rate drops 
precipitously after the cold gas has been 
removed. Hence, galaxies rapidly fade and 
redden after they have been accreted by a 
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rich cluster. The low neutral atomic hydro- 
gen (HI) content of galaxies in the cores of 
the nearby Coma (12) and Virgo (13) clus- 
ters is consistent with these models. How- 
ever, at higher redshift, at which the galaxy 
accretion rate is predicted to be higher and 
spiral galaxies are more abundant in the 
central regions of rich clusters, these mod- 
els have not been tested by direct observa- 
tions of the neutral gas reservoir of infall- 
ing galaxies. Studies of HI at an emission 
line of 2 1 cm wavelength have been limited 
to the local universe (12-15), because radio 
synthesis telescopes were not equipped to 
operate at frequencies corresponding to the 
redshifted HI line or lacked the sensitivity 
to detect the HI line at higher redshifts. 

We have initiated a program of deep HI 
imaging of galaxy clusters Abell 2218 and 
Abell 1689 at redshift ( z )  - 0.2 to study the 
content and distribution of HI in cluster gal- 
axies at intermediate redshifts. Here, we re- 
port on observations of Abell 2218 at z = 

0.176 from the recently upgraded Westerbork 
Synthesis Radio Telescope (WSRT). The 
cluster is extremely rich and massive (16, 
17), has a luminous and extended x-ray halo 
(18), and has become widely known for the 
Hubble Space Telescope imaging that re-
vealed a rich structure of strong gravitational 
arcs (19). 

Observations were performed with the 
WSRT during the commissioning of the 
upgraded system in the period from July to 
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September 1999. Data were taken with the 
cooled 21-cm receivers in two adjacent 
bands of 10 MHz each, thus producing 2 X 
128 channels each of 78.1 kHz, correspond- 
ing to a velocity spacing of 19.5 km s-' at 
the redshift of the cluster and a resolution 
of 38.9 km s p '  after Hanning smoothing. 
Each frequency band was observed for 
18 X 12 hours, while the positions of the 
four movable telescoves were varied. The 
results reported here are based on the anal- 
ysis of the usable 60% of the data (20). The 
data were taken around 1200 MHz, which 
is outside the protected frequency bands for 
radio astronomy. As a result, the data were 
affected by human-made interfering sig- 
nals, and careful inspection and editing of 
the data were essential. The spatial resolu- 
tion in the final data set is 18.0" X 19.7" arc 
sec and the root mean square (rms) noise 
level after Hanning smoothing is 0.1 1 mil- 
lijansky per beam (mJy1beam) in the lower 
frequency band and 0.10 mJylbeam in the 
higher frequency band. The bandwidth and 
the primary beam [7 h,,-' megaparsecs 
(Mpc) diameter at full width at half maxi- 
mum (FWHM)] together define a total sur- 
vey volume of -2500 h,,p3 Mpc3 [h,, = 

H"l(65 km s-' Mpcp'), where H, is the 
Hubble constant]. 

The most prominent signal in our data 
set amounts to 8u, with optimal smoothing 
using a Gaussian filter with FWHM = 20" 
in the spatial domain and FWHM = 60 km 
s-' in the frequency domain (Fig. 1). No 
other significant (>6u) signals were found, 
neither in the full-resolution nor the 
smoothed versions of the data cube. The 
integrated flux in the detection, corrected 
for primary beam attenuation, is 33 mJy km 
sp ' .  This is equivalent to an HI mass of 
(5.4 t- 0.7) X lo9 h,,-'the mass of the sun 
(M,), which is less than the typical HI mass 
of a field galaxy (M,,*= 8.4 X 10' h,,-2 
M,) (21). The velocity width of the detect- 
ed emission line is small, 60 t 20 km s-' 
at 50% of the peak flux. The narrowness of 
the signal explains why this modest HI 
mass stands out from the noise. The red- 
shift of the HI line is I = 0.1766. coinci- 
dent with the peak in the redshift distribu- 
tion of the confirmed cluster members (17).  

To confirm the signal and to investigate 
the properties of the source, we used the 
Keck telescope to obtain optical imaging 
and spectroscopic observations of the 
source responsible for the HI emission. The 
optical image with HI contours overlaid 
(Fig. 2) shows that the HI emission coin- 
cides with a spiral galaxy that has two 
well-developed bluish spiral arms emanat- 
ing from a redder and elongated north-
northeast- and south-southwest-oriented 
barlike structure. The western spiral arm 
runs along and extends beyond a redder 

companion galaxy -18 h,,p' kpc to the 
southwest. We christened the HI-selected 
spiral galaxy A22 18-H1. The 52000 coor- 
dinates of A2218-H1 are a = 16:33:58.5 
and 6 = +66:  10:06. From the imaging 
observations we infer that the apparent red 
magnitude (R) = 18.9 5 0.1 for the spiral 
galaxy, which means that its intrinsic lumi- 
nosity is about half that of the Milky Way 
Galaxy. For the companion galaxy, we find 
R = 19.9 t- 0.1 mag. Our spectroscopic 
observations (Fig. 1) show that the optical 
redshift of A2218-H1 is z = 0.1766 t-
0.0001 and that of the companion galaxy is 
z = 0.1768 t- 0.0002, thus giving a veloc- 
ity separation of 50 t- 60 km sp' .  Both 
redshifts are within l a  of the redshift of the 
HI detection. This confirms the identifica- 
tion and suggests that the spiral and its 
companion galaxy are interacting. Because 
of the limited spatial resolution of the HI 
measurements, we cannot exclude the pos- 
sibility that the companion galaxy contrib- 
utes to the total measured HI signal, al- 
though the small velocity width of the HI 

Frequency (MHz)  

line suggests that the HI signal originates in 
a single galaxy. 

The optical spectra indicate that A2218- 
H1 and its companion galaxy have evolved 
stellar populations and a low star formation 
rate, although the spiral arms of A2218-H1 
are too faint to contribute much to its op- 
tical spectrum. The galaxies are not detect- 
ed in our deep 1200-MHz continuum map 
(rms noise, 29 kJy), which provides a 3u 
upper limit to the star formation rate (22) of 
1.4 Molyear. By comparison, the current 
star formation rate of the Milky Way Gal- 
axy is about 4 M,lyear (23). Nearby inter- 
acting galaxies in the field at z = 0 gener- 
ally show much higher star formation rates 
(24) ,  probably because the gas experiences 
shock wave heating during the interaction 
(25). Apparently, star formation is inhibit- 
ed, even though all the conditions for a 
strong star burst seem to be met: sufficient 
fuel and an interaction to trigger the burst. 

A2218-H1 does not show indications of 
the influence of interaction with the intra- 
cluster medium (ICM). The gas richness is 

Fig. 1. Spectra of the first HI 
selected galaxy at z = 0.18. (A) 
The global HI profile. I t  is Han- 
ning smoothed, which results in 
a spectral resolution of 38.9 km 
s-'. The optical redshifts of the 
spiral galaxy and its companion 

Companion w are also indicated, with 1 a un-
Spiral  w certainties. (B) The optical spec- 

tra of the spiral galaxy A2218- 
H I  and its companion. A, wave-
length. The spectra were ob-
tained on 31 March 2000 with 
the Low-Resolution Imaging 
Spectrometer (30) on the W. M. 
Keck I Telescope with the 300 
lineslmm grating and a 1" slit. 
A2218-HI was observed for 
800 s and its companion galaxy 
for 300 s, both during twilight. 
The redshift of A2218-HI is z = 
0.1766 + 0.0001 and that of the 
companion galaxy is z = 
0.1768 2 0.0002, thus giving a 
velocity separation of 55 +-60 
km s-'. Both redshifts are within 
1 a of the redshift of the HI 
detection. 011, K, H, C, HP, and 
Mg indicate the identified spec- 
tral features. 
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Fig. 2. Overlay of HI contours on a 
color representation of the optical 
image. The contours correspond to  
1.2 X 1019 ~ m - ~ ,  1.9 X 1019 cmP2, 
and 2.5 X 1019cm-2. In this image. 
the FWHM of the Westerbork syn- 
thesized beam is 18.0" X 19.7", 
comparable to  the extent of the sec- 
ond contour. The optical imaging 
observations were obtained on 4 
April 2000 with the Echellette Spec- 
trograph and Imager on the W. M. 
Keck II Telescope. The field was ob- 
served for 300 s in the R band and 
for 300 s in the B band. The seeing 
was 0.9". The size of the image is 46" 
X 53", which corresponds to  141 X 
163 h,,-' kpc at the redshift of 
Abell 2218. 

typical of field spiral galaxies (26) (gas-to- 
luminosity ratio M,,IL, = 0.3), and within 
the positional accuracy of 20 kpc we detect 
no offset of the HI distribution with respect 
to the stellar disk. The most sophisticated 
models of accretion onto clusters consist of 
three-dimensional smooth particle hydro- 
dynamics (SPH) simulations of spiral gal- 
axies with a complex multiphase structure 
(11). These simulations predict that the HI 
disk of A2218-H1 will be stripped com- 
pletely in lo8 years after the galaxy enters 
the ICM. The position of A2218-H1 is 
about 11 arc min west from the central 
super giant elliptical (cD) galaxy, which 
also marks the peak of the x-ray profile. 
This separation translates to a projected 
distance of 2.0 h,,-' Mpc from the cluster 
core. The detected galaxy therefore resides 
in the outskirts of the cluster, beyond the 
point where the bright x-ray halo (18) has 
been measured. The small radial velocity 
difference between the cluster center and 
the galaxy, in combination with the large 
projected distance, suggests that the galaxy 
is currently infalling onto the cluster with a 
high radial acceleration. If the galaxy is on 
a trajectory toward the cluster core, it will 
probably enter the ICM in -2 X 10' years 
(27). 

Abell 2218 disvlavs a moderate Butcher- . < 

Oemler effect: The blue galaxy fraction in 
the core of the cluster is 11% (I). None of 
these blue galaxies have been detected in 
our 21-cm observations, providing an aver- 
age upper limit of 5.0 X lo9 h,,-' M, on 
the HI mass of individual galaxies in the 
blue Butcher-Oemler population, assuming 
a velocity width of 100 km s-'. Although 
the brightest of the galaxies responsible for 

the Butcher-Oemler effect have luminosi- 
ties comparable to those of normal field 
spiral galaxies (I), they must have lower 
gas-to-luminosity ratios. The low HI con- 
tent of this extremely rich Butcher-Oemler 
cluster provides support for current SPH 
models of the effects of ram pressure strip- 
ping on the cold gas disks of galaxies. In 
addition, the lack of a significant popula- 
tion of HI-rich galaxies in the outskirts of 
Abell 221 8 implies that it has a low accre- 
tion rate of gas-rich field galaxies at the 
observed epoch. Using the fact that the 
survey is sensitive to galaxies with HI 
masses larger than M,,* throughout the 
primary beam, and the assumption that HI 
disks of infalling galaxies remain unde- 
pleted at dis tances from the cluster core 
larger than that of A22 18-HI, we can de- 
rive a 95% confidence upper limit to the 
accretion rate (28) of 3 X lo9 years. We 
conclude that there is no large reservoir of 
gas-rich galaxies that might form a future 
Butcher-Oemler population, consistent 
with the low Butcher-Oemler effect ob- 
served at z = 0. The low accretion rate of 
this massive cluster at z - 0.2 is in quali- 
tative agreement with low-density cosmo- 
logical models in which clusters are largely 
assembled at z > 1 (6, 29). 
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