
AleA manuscript no. 
(will he inserted by ha.nd la.ter) 

Your thesaurus coQea are: 
( 09.03.1; 11.09.1; 11.09.4 ; 13.18.8) 

Water at z=2.286 ? 

ASTRONOMY 
AND 

ASTROPHYSICS 
26.3.1993 

Encrenaz P.J.l •l , Combes F.l .l , CasoU F.2.l , Gerin M.2.l, Pagani L.l, Horellou C.I , Gac C. l 

1 DEMIRM, URA336 du CNRS, Observatoire de Meudon, 92195 Meudon cedex, France. 
l Radioastronomie Millimétrique, URA336 du CNRS, ENS, 24 Rue Lhomond, 75231 Paris cedex 05, France. 

Received Jannary 30, 1993; accepted March 16, 1993 

Abstract. We have used the IRAM 30m telescope to search 
(or rotationallines of water and molecular oxygen in the very 
distant galaxy IRAS 10214+4724 lot a redshift of 2.286. We re
port the tentative detection of the 211 - 20l para transition oC 
H20 lot 752.0 GHz. This would be the first time that a thermal 
rotational line of water is detected. The ortho transitions ho 
- 101 and 414 - 32i lot 556.9 and 380.2 GHz are not detected 
with intensities lot Most tW"Îce that of the detected 752 GHz 
line. We cannot derive the water abundance since the line is 
likely optically thick. Assuming that the levels are thermalized 
lot 100 K, the surface filling factor oC the H20 emitting cores 
with respect to the total galaxy size oC 8 kpc is abou t 3 10 -3 . 

We have &Iso observed three lines oCmolecular oxygen to
wards the same source, but detected none. Relative to H2, this 
impUes an abundance ratio [02]/[H2] ~ 3 10-4

• 

Key worda: Interstellar Medium: molecules; Galaxies in
dividual : IRAS10214+4724 ; Galaxies: interstellar matter; 
Radio lines: molecular: interstellar 

1. Introduction 

Water and molecular oxygen are thought to be abundant in 
molecular élouds. Their abundance is expected to be a frac
tion of that of carbon monoxyde CO, which is by far the most 
abundant Molecule arter H2. Indeed since the cosmic abun
dance of oxygen is larger than that of carbon (CIO = 0.4) 
carbon monoxyde, water and oxygen are predicted to be the 
main reservoirs of gas phase oxygen in molecular élouds. The 
detection of water and oxygen lines from the ground is how
ever very difficult due to the presence of these molecules in the 
earth atmosphere. There are two tricks to search for water and 
oxygen, either to observe lines of isotopomers (HDO, H2180, 
11018 0), or to choose objects distant high enough as to red
shift lines lot frequencies where the atmospheric transmission 
is good. 

Despite intensive searches, oxygen has been detected nei
ther in redshifted galaxies (Liszt 1985, Goldsmith and Young 
1989, Combes et al 1991), nor in molecular clouds (Goldsmith 
et al 1985, Liszt and Vanden Bout 1985, Combes et al 1991). 
The best upper limit for the [02]/[H2] column density ratio 
is 10-1 for the galaxy NGC 6240 (Combes et al 1991). As 
for water, several rotational radio lines have been detected in 
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star Corming regions, bu t they are aIl masing (Cernicharo et al 
1990, Neufeld and Melnick 1987, Menten et al 1990). Knacke 
and Larson (1991) have detected absorption lin es of interstel
lar water at 2.66 p.m towards BN-KL, and conclude that most 
of the water is frozen on the grains and t hat the gas phase 
abundance is about 10-1 - 10-0$. The isotopic species HDO 
and H218 0 are detected in hot cores of molecular clouds (e.g. 
Henkel et al 1987, Jacq et al 1988. 1990). Although the deriva
tion of the water abundance is not straightCorward from these 
data, they yield an abundance ratio [H 20j/[H2] "of the order 
of 10-5 or less". The Cundamentalline of H}80 at 547 GHz was 
unsuccessfully searched for in dense clouds by Wannier et al 
(1991), corresponding to upper limits for the water abnndance 
of [H20]/[CO] ~ 0.003, or [H20] ~ 3 10-7

• From the observed 
abundance of the precursor molecular ion H3 0+, Wootten et 
al (1986,1991) and Phillips et al (1992) also find a low wa
ter abundance towards the same sources, namely 10-1 - 10-6 . 

These numbers should be compared W"Îth the CO a.bundance 
which is about 10-4 in hot cores and more generally 1O-~ -
10-4 (Irvine et al, 1987). 

Chemical modela of interstellar clouds predict a large range 
of oxygen and water abundances which includes the observed 
values. However, lot steady st lote and with a cosmic CIO value. 
the predicted abundances are somewhat higher than the ob
served ones. Results of steady-state chemical models are very 
sensitive to the adopted CIO ratio (Langer and GraedeI1989). 
As for time dependent models. the water abundance presents a 
maximum of a few 10-8 at early times (aboutI 05 yr) (Herbst 
and Leung 1989). More realistic models including different 
rates of cosmic rays ionisation (Pineau des Forêts et al, 1992) 
or mixing of gas lot different densities and illumination (Chièze 
&; Pineau des Forêts 1989) predict low water and oxygen gas 
phase abundances. Other effects are important in determining 
the water gas phase abundance : - lot low temperatures water 
is frozen on the grains for clouds W"Îth extinction larger than 
3 mag (Whittet and Duley 1991), - at high temperature in 
star forming clouds. the water abunda.nce is increased due to 
desorption from grains and to formation in shock waves associ
ated to winds, out1l0ws, ionisation fronts. The model in which 
H2 0 is (ormed in magnetic "C-type" shocks, has been widely 
studied; it is the only one to successfully predict the observed 
lines of H2, CO and 01 in BN-KL (Draine &: Roberge 1982; 
Draine et al 1983). 

Strong lines of water and oxygen lie in the submillime
ter region, for example the fundamental ortho line of water 
lot 556.9 GHz. Therefore, high redshift objects like the galaxy 
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lRAS10214+4724 (z=2.286) offer the opportunity of observ
ing these lines lot millimeter frequencies where the sky hans
parency ia good and the receivers more sensitive. 

IRAS 10214+4724 is an exiremely luminous infrared galaxy 
with a total luminoaity of lOu h-2 L0 (Rowan-Robinson et 
al 1991), comparable to ihat radiated by the most luminous 
QSOs (Ho = 100 kms-1 Mpc-1, qo = 0.5). This luminosity is 
probably powered by siar formation as weIl as by an active 
nucleus (Lawrence et al 1993). The dust temperature in this 
object ia very high : around 80 K (Downes et al 1992). The 
detection of rotational CO lines (1=3-2, 4-3, 6-5) shows that 
tbis object has a huge content of molecular gas : about 1011 

M0 (Brown and van den Bout 1991,1992, Solomon et al 1992). 
The strength of the CO lines suggested that other molecules 
may be detectable in this source. Indeed Elbaz et al (1992) 
suggest that the metallicity in this object could be higher than 
solar, and the CIO ratio lower than the solar system value 
: molecular oxygen and water should then be abundant. We 
thus searched for three lines of water vapor and three lin es of 
molecular oxygen. Table 1 gives the spectroscopic data for the 
observed lines, using data from De Lucia et al (1974), Chandra 
et al (1984), Black and Smith (1984) and Johns and Lepard 
(1975). 

Table 1. Observed lines 

Molecule Line Name lire.' Aul 

02 32-h 02Jl 368499 1.92E-9 
02 32-h 02J2 424763 2.41E-8 
02 5.-3. 02J4 773902 4.39E-8 

H20 4u-32.1 H20J4 380197 2.9918E-5 ortho 
H2 0 h.o-10.1 H20J1 556936 3.4580E-3 ortho 
H20 21.1-20.2 H20J2 752033 7.0618E-3 para 

J' .. ut is the line frequency in MHz. 
A .. , ia the Einstein coefficient in S-I . 

2. Observations 

We observed the galaxy IRAS 10214+4724 with the IRAM 
30m telescope at Pico Veleta near Granada, Spain, during two 
observing sessions in November 1992 and January 1993. Table 
2 lists the redshifted frequencies, the telescope characteristics 
lot these frequencies, and the observational parameters. 

We used simultaneously three SIS receivers, connected with 
either one of the two 512x1MHz filterbanks or an AOS. For 
each line, we used alternatively two or three of these backends 
in order to avoid systematic effects. The frequencies were cal
culated using aredshift of 2.2860 (Rowan-Robinson et al 1991). 
We observed with a wobbler switching procedure with a throw 
of 2' in azimuth. Chopper wheel calibrations on an ambient 
temperature load and on a cold load (in liquid nitrogen) were 
done at the beginning of each scan. Pointing was checked at 
least every two hours by broadband continuum observations 
of the nearby radio source 0923+392. The rms pointing errors 
were abou t 3". We checked the frequency tunings by observing 
molecular lines towards the molecular source Orion-IRe2 at the 
beginning of each observing session. 

For each line, the data reduction procedure was the follow
ing : we excluded a few scans (less than 10%) with obviously 
bad ba.selines, then the scans were added and a linear base
line was removed, and the final spectrum was smoothed to 

the resolution given in Table 2. At the H20J2 frequency, the 
integrated spectrum for the November observations showed a 
marginally detected line. We thus observed the source again 
in January, shifting the central velocity by - 40 kms-1. These 
new data also showed a weak line. The combined data have 
then been reduced independently by three of us. The three re
sulting spectra all showed aline, with an area ranging from 0.5 
to 1.1 Kkms-I. The line area given in Table 2, 0.8 Kkms-l, 
is the average value for the three reductions. We have checked 
by several means the relia bili t y of this line : keeping only one 
scan out of two, the line still shows up. Keeping only one kind 
of backend, the line also persists. This line could be due to in
complete cancellation of telluric line, either in the signal or in 
the image bands, although it is unlikely because the sky sub
traction has been made with a wobbler throw of only 4 arcmin. 
Indeed, three ozone lines are expected in the image band, but 
they are due to molecules with an 18 0 atom and are thuslikely 
to be very weak. Two of these are expected ou tside the range 
covered by the detected line and are not seen; the third which 
is also the weakest is expected at the edge of the line. Therefore 
we are confident that the line is not an atmospheric artefact. 

Table 2. Observation characteristics 

02Jl 0212 02J4 H20J4 H20Jl H20J2 

/lob. 112142 129264 235515 115;02 16948; 228860 
T'I/.(K) 260 370 770 550 540 440 
HPBW 22 18 12 22 15 12 

11mb 0.59 0.59 0.45 0.59 0.55 0.45 
tint 1314 472 473 381 522 1179 

«7(mK) 0.9 1.7 2.9 3.2 2.2 1.8 
dV 16.04 18.55 23.77 20.7 28.3 10.48 

~TmbdV ~ 0.2 ~0.4 ~0 . 7 ~ 0.7 ~0 . 5 0.8 

/lPR.O is the observing frequency in MHz. 
HpBW liis the Hal! Po~er B~am . Width in arcsec. 
tint 1S t e lntegratlon tlme ln minutes. 
dV is the velocity resolution, in kms- I of the spectrum 
used to compute the rms noise level (main-beam scale) fT. 

Upper limits are given at the 1«7 level. 

3. ResuIts and discussion 

3.1. Water line.! 

We have detected none of the oxygen lin es , but we report a 
tentative detection of the 21 .1-20.2 para line of water vapor, 
shown on Fig 1. Fig 2 shows the spectrum we obtained at the 
02Jl frequency with a comparable integration time. 

The feature seen in the 229 GHz spectrum is centered at 
about 40 kms- 1 while the CO lines detected at the IRAM 30rn 
telescope have a slightly negative velocity (Solomon et al 1992). 
We do not think that these differences are significant since the 
detection of the water line is a. 3«7 one. Assuming that the line 
is real, we can derive a lower limit of the water abundance in 
the galaxy IRAS 10214+4724, in the optically thin case. For 
a high redshift object, this calculation is not as easy as for 
nearby clouds. Gordon et al (1992) have detailed the subtleties 
involved in the determination of luminosities and masses from 
the measured quantities. 

Assuming that the H20 line is optically thin and that the 
emission is thermal (which is likely because of the large value 
of the Einstein coefficient, see Table 1), we can write the re
lationship between the integrated area W = J Tbdv of a given 
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Fig. lb. Reduced spectrum. The velocity resolution is 20.96 kms- I 

and t he nru noise 1.8 mK . T he spectrum shown hue Îs the average 
of three indep endent data reductioD5 (see Sect. 2). 

line (u-I ) a.t zero redshift and the total column density of 
molecules N TOT : 

NTOT = ZN ... (g ... ~ r)-l e %p(E ... / kT) 

where Aul is t he Eins tein coefficient of the (u-I) line, gi ven 
in T a.ble 1, Il ... 1 its rest frequency, and Eu and g ... the energy 
and sta.tis tical weight of the upper leve1. T he fa.ctor ~ 1 is the 
nucleu spin sta.tist ical weight and is equal ta 3/4 for ort ho 
sta.tes and 1/4 for pa.ra. st a.tes. T he fa.c tor J (T), which is close 
ta 1, is equal ta : 

defining B,,(T) = hll / k eh/èt_l' with T the ki netic tempera.
ture of the source a.nd T bg the ba.ckgro und tempera.t ure. At a. 
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lrinetic tempera.ture of 100 K (note t ha.t the upper a.nd lower 
energy levels of the line a.re Olt 133 a.nd 98 K respectively ) and 
for an ort ho ta pa.ra. ra.tio of 3, we lind : 

For a. high redshift object. the observed line a. rea. fT mbdv dif
fers fro m t he velocity integrated bright ness temperature emit
ted by t he sou rce fo r t wo reasons : 

- bea.m dilution which a.ffects the measured signa.l by a 
fa.ctor fl./flb fo r a source size fl. much maller than the bea.m 
size flb 

- a.ntenna tempera.tures are defined as equivalent black 
body temperatures in the Rayleigh-Jean limit. and vary with 
redshift as T (=) = T (OHI =). The velocity widths of the 
channels a.re computed a.t the 30m tele cape from dV = 
- ( c/ Ilot>. )dllot>. they th us correspond ta the rest Doppler ve
lochies in the source (see the discus ion in Gordon et al 1992 ). 

We deduce the following relation hip : 

We calcula.te the mass of water in the bea.m .\1 (H20 as 
M (H.,O ) = .V(H2 0 )m(H'l0)fl.D A where m HO) is he ma.! s 
of a water molecule :V(H'lO) the column den ity of water 
molecules and DA the a.ngula.r size dista.nce ta the ource. D .~ 

is related ta the luminosity dista.nce DL by DA == Dc./(l+z 
The luminosity dista.nce is equal ta : 

DL == CH;lq;'l(zqO + (qO - 1)((2qoz + 1)1/'2 - 1» (2) 

Using (1) a.nd (2) , and with Ho == 100 kms- I ~Ipc-I , qo = 0.5. 
a.nd defining X as X =. (H2 0 )/ f TbdV . we ob tain 

M (H'lO) = m(H'l0)XI(H2 0)flbDl(1 + = - J. 

At z =2.286, DL = 8.8 Cpc, and with {h = 1.133(H P BW ) 
for a. ga.ussia.n bea.m = 163 qua.re a.rcsec a.l .28 GHz , we 
deduce the ma.ss of wa.ter va.por in the bea.m : \1 (H2 0 ) = 
\.21O-9 X/(H20) = 4000 ta 6000 h-1 ~ 'J assuming excita
tion tempera.tures of 100 K or 50 K. 

If the lines were optically thi n. the levels thermaLized nd 
the ortho ta pa.ra. ra.tio was three, the a.bunda.nce of H2 0 rel
a.tive to H2 would be a.bout (H'lO)/ .V(H2 ) = 6 10-9 . Thi 
val ue seems very low compa.red ta the variou determina.tions 
made in t he interstella.r medium. However. it is clea.r that this 
is only a. lower limit beca.use the wa.ter lines a.re very likely 
optically truck (T. Prullips. priva.te communica.tion). 

We ca.n however estima.te the filling fa.ctor of the H1 0 emü
ti ng cores with respect ta the gala.xy size of 2 a.rcsec. If the lines 
are therma.lized a.t 100 K the expected brightness tempera.ture 
a.t t he source level is 83 K, t hus t he redshift d one wou Id be 
25 K. If t he 8'l 0 cloud were uniformly spread over 2 arcsec , 
we wou Id ha.ve seen a. brightness tempera.ture of O. j K. The 
surfa.ce fillin g fa.cto r is t herefore 1/350 = 3 IO-J

. This does 
not take into accou nt t he velocity structu re of the source and 
is therefore a. lower Hrnit of the t rue filling fa.ctor. Doing the 
sa.me estima. te for t he CO(6-5) line, t he expected brightness 
tempera. ture over two a.rcsec is 0.2 K, and the -urfa.ce lilHng 
fa.ctor 1/54 = 2 10- . As expected, the 8 2 0 emitting cores 
are sma.ller t ha.n t he CO emitting clouds. but nevertheless the 
surfa.ce fi ll ing fa.ctor of wa.rm and den e cores is surprisingly 
rugh for a. whole galaxy. 
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With these characteristics for the HlO source, the expected 

brightne5S temperature of the H20Jl line is 87 K, if thermal
ized at 100 K and optically thick. Observed in a beam of 15 
arcsec with the same dilution factor, we expect a peak tem
penture of 1.3 mK. Since our rms noise is 1.2 mK, it is not 
surprising tllat this line is not detected. 

3.2. Line lum;no.tit;e.t 

The luminosity of an HlO line, in Kkms-1pcl, can be written 
<la L'(HlO) = n"I(Hl O)Di(1 + z)-a, using the notations of 
Solomon et al (1992). This luminosity is simply related to the 
mass calculated above by M(HlO) = m(HlO)X L'(H20). For 
the H20J2line, we find L'(H20J2) = 710e /a-l Kkms-lpc2 , 

about half the luminosity of the CO(6-5) line of similar fre
quency. This shows that the H2 0 21,1-20,l line is bright and 
should be easily detected in the interstellar medium, when sub
millimeter telescopes are available. 

For the H20Jlline, L'(H20Jl) ::; 6 109 /a-l Kkms-lpC2 • 

Note that the H20Jl and H20J2 lines were observed in our 
Galaxy by the COBE satellite and not detected (Wright et al 
1991). 

We have also observed the 41.-321 line at 380GHz, which 
is expected to be masing (Cooke &: Elitzur 1985, Deguchi and 
Rieu 1990), since the upper level is a backbone (de Jong 1973). 
However, no signal was detected ; at the l(71evel the line area is 
lower than 0.7 Kkms-1, and the line lumin08ity L'(H20J4) ::; 
1.91010 Kkms-1p2. 

3.3. Molecwor ozygen 
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Fig. 2. Spectrum of the =h-11 line of Ol at 368.5 GHz towards the 
galaxy IRAS10214+4124, the line is redshifted to 112.142 GHz. The 
integration time is 1314 minutes, the velocity resolution is 16.04 
kms-1 and the lUIS noise is 0.5 mK. 

None of the three lines of molecular oxygen was detected. We 
have achieved very low noise levels for the 02Jl and 02J2 
lines. With the same calculations as for H20 (assuming ther
mal emission at 100 K and optically thin lines), and using the 
1(7 upper limits, we conclu de that M(02) ::; 5 108 M0, and 
(02]/(H2] ::; 3 10-4

• Observations of the redshifted 118 GHz 
line in nearby galaxies provide much more stringent upper lim
its (Combes et al 1991). 
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