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A Determination of the HDO/H,O Ratio in 225 GHZ was 5 0 . 0 6 ,  which corresponds to 

Comet C/1995 0 1  (Hale-Bopp) 
a precipitahle water column of about 1 mm. 

T o  obtain a n  accurate DIH ratio in wa- 

Roland Meier," Tobias C. Owen," Henry E. Matthews, 
David C. Jewitt," Dominique Bockelee-Morvan, Nicolas Biver, 

Jacques Crovisier, Daniel Gautier 

Deuterated water (HDO) was detected in comet Cl1995 0 1  (Hale-Bopp) with the use of 
the James Clerk Maxwell Telescope on Mauna Kea, Hawaii. The inferred D/H ratio in 
Hale-Bopp's water is (3.3 ? 0.8) x lop4.  This result is consistent with in situ measure- 
ments of comet PIHalley and the value found in Cl1996 B2 (Hyakutake). This D/H ratio, 
higher than that in terrestrial water and more than 10 times the value for protosolar H,, 
implies that comets cannot be the only source for the oceans on Earth. 

I t  is assumed that comets contain unnro- 
cessed matter from the  earliest history of 
the solar system. T o  pursue thls subject 
further, we measured the abundance of 
H D O  in the  conla of comet Hale-Bopp 
using the  Jaines Clerk Maxlvell Telescope 
( JCMT)  o n  Mauna Kea. T h e  resulting D/H 
ratio helps define the  processes leading to 
conlet formation and trace the  contribution 
of unmodifiecl ice grains from the  original 
interstellar cloud to \,arious reservoirs of 
H,O throughout the solar system. 

T h e  H D O  ground-state lL,,-OL,,, transl- 
tion at 464.92452 GHz was detected o n  4.9 
April 1997 U T  (universal time) (Fig. I ) ,  
about 5 days after Hale-Bopp passed perihe- 
llon ( 1 ) .  A t  the  time of the ohser\,ations, 
the conlet was 0.917 astronomical units 
( A U )  from the  sun and 1.385 AU from 
Earth. W e  used the C 2  single-channel SLI- 

perconductor-isolator-superconductor (SIS) 
receiver in a double-sideband mode. which 
c o n ~ o l v e s  the  two sidebands lnto one spec- 
trum. Our  setup enahled simultaneous men- 

R. Meier, T C. Owen D C. Jewtt, N. Ever, Uriversty of 
Hawa .  nsttute for Astronomy, 2680 Woodawn Dr~ve, 
Honolulu HI 96822. USA. 
H. E. Matthews. Herzberg lrist~tute for Astrophyscs, Na- 
tonal Research Councl, V~ctora. BC V8X 4M6 Canada. 
and Jont Astrono~ny Centre 660 North A'Ohoku Place, 
H o ,  HI 96720, USA. 
D Bockeee-Mowari. J. Croviser. D Ga~.ter.  Obsewa- 
tore de Pars-lvleudori. 5 Place Jules Jansseri, F-92195 
Meudori. Cedex, France 

'Vs~t r ig  astronomer at the James Clerk Maxwell Tee- 
scope, 660 North A'Ohoku Place, H o ,  HI 96720, USA 

sureinent of two high rotational transitions 
in methanol ( C H , O H )  and the H D O  line 
w i t h o ~ t  overlap. In  the  upper sideband, the  
CHjOH 9:-9' A' trallsitlon at 464.835 
GHz and the H D O  transition yielded line- 
integrated actenna temperatures STA& = 
2.37 x 0.11 and 0.64 i 0.11 K km s p l ,  
respectively. T h e  CH,OH 1 12-1 1, A' line 
a t  457.006 GHz was detected in the  lower 
sldehand and had an  integrated line area of 
JT,dz = 1.71 2 0.15 K km s-' ( 2 ) .  A t  the 
heginning of the  H D O  ohservation, nre took 
a SCUBA image of Hale-Bopp at  850 pill 
(3) .  With111 the  typical root-mean-square 
lllechanical stability of the telescope of 
i 1.5 arc sec, this map allowed us to  check 
our pointing. T h e  stronger of the two 
CH,OH lines nras then used to monitor our 
tracking of Hale-Bopp. T o  achieve contin- 
LIOLIS sky cancellat~on. we nodded the  sec- 
onclary mirror a t  a rate of 1 Hz with a chilp 
throw of 180 arc sec in the azimuthal direc- 
tion. During its peak-activity, Hale-Bopp 
was a davtime object, r e a c h l n ~  zenith 
around noi;n. T h e  solar elongation\\.as 41". 
J C M T  is the  only telescope of its class that 
is protected against direct solar irradiation 
w ~ t h  a ~nemhrane of nroven nolytetrafluoro- 

L ,  

ethylene (Gore-Tex),  nrh~c11 shades the an- 
tenna surface. T h e  membrane transmits 
over 80% of the  incident suhmilllmeter ra- 
diation hut reflects most of the  solar light a t  
shorter wa\,elengths. W e  ohtained the 
H D O  spectrum during a period of excep- 
tionally dry nreather. T h e  zenith opacity at 

ter, one would ldeally nrant to compare 
H D O  with an  optically thin line of the rare 
isotopic molecules HL1'O or H,"O using 

the same telescope; however, all of the  
stronger transitlolls of H,'" and H2"0 
are inaccessible to J C M T .  Hence, nre com- 
pared our observations with p r o d ~ ~ c t i o n  
rates nleasured elsewhere a t  about the same 
time. For the first week of April, a water 
production rate Q ( H I O )  = (1.0 2 0.2) X 
l C 3 '  s p l  was derived from OH observations 
a t  the  N a n ~ a y  radio telescope (4) .  A n  in- 
spection of the spatial distrihution of H 2 0  
(5') and ground-based OH data in the near ~, 

ultraviolet ( 6 ) ,  hol\e\,er, revealed that de- 
rived production rates may depe~ ld  on ap- 
erture slze. Follolv-up measurements of 
H D O  o n  5 A ~ r i l  indicated that the  absolute 
calibration of the  C 2  receiver was not  fully 
reliable a t  the  time of the  H D O  e x ~ e r i -  
ment. As  a check, we colllpared the  
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Fig. 1. Spectrum of Hale-Bopp showng the HDO 
1 ,, -0,, line together wth two methanol trans~tions 
(1 20 min, on and off). The CH,OH 11 ,-I 1 ,  A= 
transition or~ginates in the lower s~deband (LSB) 
(top frequency scale); a other lines belong to the 
upper sideband (USB). Because of different cai- 
bratons of the two sdebands, the intens~ty of the 
n e  In the LSB has to be multiped by a factor of 
1.41 (2). Each bn covers 313 kHz and IS an aver- 
age of two adjacent channels. Antenna tempera- 
tures have been calibrated against Internal stan- 
dards and pontng sources W3(0H) and N7538 
RSI . The veloc~ty scale for the HDO n e  IS reatve 
to the rest frame of the cometary nucleus. The 
double-peak structure of the n e s  IS caused by the 
veocty dstr~bution n the comet. 
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CH,OH production rate derived from the 
two CHiOH lines in the H D O  spectrum of 
4 April (Fig. 1 )  with those deduced frolu 
Caltech Submillimeter Observatory (CSO,  
Mauna Kea) and Institut de Radio Astrono- 
mie MillimCtriilue (IRAM, Spain) observa- 
tions during the  same period of time (4 ) .  
Measurements at IRAM aancl CSO yielded 
Q ( C H , O H )  = 2.3 X 10'\sl, a factor 1.53 
higher than the value of 1.5 X 10'%sl 
derived from the J C M T  data (7 ) .  Accord- 
ingly, n7e acljusted the C 2  temperature scale 
by a factor of 1.53 (8). I n  the  millimeter 
and submillimeter spectral range, numerous 
rotational lines of CHjOH can be used to 
probe the gas temperature in the coma. A t  
the t n e  we measured H D O ,  the beam- 
averaged kinetic temperature of Hale-Bopp 
reached -120 K (4 ,  9 ) .  This temperature 
was measured a t  IRAM and CSO and 1s 
consistent with the temperature derived 
from the two CH,OH lines in the  H D O  
spectrum (Fig. 1) .  

T h e  D/H ratio for different excitation 
models and a gas temperature of 120 K were 
deter~nined (Table 1 ) .  All moclels assumed 
a Gaussian beam shape with a full width at 
half polver of 10.3 z 0.5 arc sec at 464.9 
GHz. In  ~llodel 1 ,  we assulllecl a thermal 
distribution of the rotational levels a t  a 
constant equilibrium temperature. A Haser 
( 1  0) ~llodel a.as used to describe the gas 
ciistrihutlon In the coma. For H D O ,  nle 
adopted a total pl~otodissociation lifetime 
of 7.7 X 10's a t  1 A U  (1 1 )  and a n  expan- 
sion velocity of 1.1 k111 s s l ,  in agreement 
with the llne shapes. Model 1 is the  simplest 
model and 1s discussed here because it is 
widely used and yielcls an  upper l i~n i t  and 
rough estinlate for Q ( H D 0 ) .  Model 2 con- 
siders excitation of rotational levels bv vi- 

H a e y  

$ 2  Earth 

r 
0001 001  0 1  

1 la (AU ') 

Fig. 2. D/H ratio of Hale-Bopp (HB), Halley (14), 
and Hyakutake (Hyak) (12) as a functon of the 
(current) inverse semimajor axls a The wavy lhne 
shows the SMOW value (15), and the dashed- 
dotted line, the In situ value for Haey (74) Depct- 
ed are 1 a standard devations. The error bar for 
Haey is about the size of the dot. The recprocal 
semmajor axis I/a IS drecty related to the orbital 
perlod T = and is a crude measure of the 
dynamical age of the comet. For none of the com- 
ets on our s t  was it posslble to determine an 
Inverse semmajor axls that is back-extrapolated 
in time, (l/a),, a quantity which would have pro- 
vlded a more realistic measure for the dynamical 
age (76) 

hratlonal levels 111 the  infrared and by col- 
lisions with nei~tra l  water molecules 11 2).  , , 

Unlike 111 model 1,  n o  equilibrium is as- 
sumed. Instead, the  model accounts for the 
challgi~lg physical en\,ironment as the  coma 
exnands radiallv outnrard. In  the first fen, 
thbusancl kilollleters from the nucleus, col- 
lisions determine the vovulation of the  ro- 

A L 

tational levels, and at larger clistances, radi- 
ative processes prevail. Model 2 depends o n  
the  ~n lmher  of collision partners given by 
Q ( H 2 0 )  = 1 x lo3' s s l  and o n  the  adopt- 
eel collision cross section a,,,ll = 5 X 10s" 
cmL. Model 3 is a n  improved version of 
model 2 that incl~ldes collisions with elec- 
trons ( 1  3 ) .  T h e  effects of optical depth are 
negligible for H D O .  T h e  Inore elaborate 
models 2 and 3 are less sensitive to the  gas 

u 

temperature than moclel 1 because a sizable 
fraction of the total line flux orielnates from - 
areas in the bean1 where fluorescence exci- 
tation do~llinates over collisional excita- 
tion. Moclel 3 with the  preferred tempera- 
ture gives an H D O  proch~ction rate of 
Q ( H D 0 )  = (6.5 2 1.1) X 10" s-' or a 
D/H ratio in water of (DIH),,,,, = (3.3 i 
0.8) x 10s4. T h e  la error fof(D/H)lili, is 
the  sum of the  formal errors of Q ( H D 0 )  
and Q ( H 2 0 ) .  

W e  now have three \,slues of D/H in 
cometary H,O (Fig. 2).  Of these, only the  
Halley \ , a l ~ ~ e  was a n  in situ measurement; 
hence, its precisloll is corresponilingly 
greater (14).  Nevertheless, it appears that 
the (D/H),:, values in  these three comets 
are si~llilar to each other and higher than 
the value for stanclarcl mean ocean water 
( S M O W ) ,  a h l c h  1s (D/H)li,, = 1.56 X 
10s4 (15) .  Al though the  three comets 
vary in their gas-to-dust ratio, size, and 
o r b ~ t a l  neriod, the  retrograde orbit of Hal- - 
ley and the  long orbital periods and high 
inclinations of Hyakutake and Hale-Bopp 
( 1  6)  suggest that  the  Oor t  cloud is the  
source region for all three.  It seenls for the  
lllolllent reasonable to accept the  Halley 
value as characteristic of ices in Oor t  
cloud comets, o n  the  basis of this sample. 
Note  tha t  nre do  no t  yet have a value of 

D/H in a Jupiter family comet,  that  is, a 
short-period conlet that  is in a lolv-incli- 
nat ion direct orbit, illdlcating a n  origin in  
the  Kuiper Belt (1 7) .  As  all three of the  
comets appear to have come from the  Oor t  
cloud, statistics favor their origin in  the  
Uranus-Neptune regloll of the  solar nebu- 
la (18) .  

T h e  relatively high cometary (D/H)l-Ilo 
ratio helps us understand processes in the 
prinmrdial nebula. Evidently, radial mixing 
was not  very t l ~ o r o u g l ~  because the  mixture 
of ices that forlned Earth's oceans is not  the  
same as the  mlxture we fincl in the  comets 
(14).  W e  find h ~ g h  (DIH),., values ( 1  X 
last  to 5 X los4) in the cores of hot  
(-200 K) interstellar cloucls (19) .  In  hot  
cores, the  high values of HDO/H,O may 
reflect the  composition of icy gram mantles 
that forlned in an  earlier cold phase (1 9). 
Millar e t  al. (2C) have calculated that a 
steady-state value of 6.4 X 10-' for HDO/  
H,O will be achieved in an  interstellar 
cloud at a temperature of ahout 35 2 10 K 
as a result of gas-phase ion-molecule reac- 
tions. Bro\vn and Millar (21) have sholvn 
that still higher values of D/H could occur 
as a result of interactiolls with grain surfac- 
es. T h e  absence of ionization and the  lolv 
amhlent temperature (50 i 20 K) 111 the 
Uran~~s-Nep tune  region of the solar nebula, 
the source region for Oort-cloud comets, 
ensure that little change in  the  interstellar 
medium values of D/H will occur during 
comet formation even if the icy grain man- 
tles sublimate as the  particles fall into the  
solar nebula mid-plane, to recondense o n  
their refractory cores at the local tempera- 
ture of the nebula (22).  Our  (D/H)H70 mea- 
surement therefore strengthens the  case for 
the  primitive nature of cometary material. 
It invites further study of D/H 111 other 
H-bearlng species in cornets, as experience 
with interstellar clouds dictates that these 
\,slues will not  be the same as (D/H),_,lo in 
S M O W  (23).  Although we must still await 
determinations of H D O  in classical short 
period comets to be certain, it appears that 
comets by thelnselves cannot he the only 

Table 1. D/H of water in Hale-Bopp T,,, is the kinetic gas temperature (results for 80 K are shown to 
lustrate the temperature dependence): JT,dv is the calculated maln beam efflcency-corrected line area 
for Q(HD0) = 1.0 x 10" s "; (N) IS the beam-averaged column densty for the measured value JTBdv 
= 1.85 K km s - '  (2); and Q(HD0) is the nuclear production rate of HDO Note that (D/H),?, = 
0.5[Q(HDO)/Q(H20)] 

Model Tgas JTBdv (N) Q(HD0) 
( K) (K km s-I) (cm 2, (s-') (D/H)H>O 
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source of water for Earth's oceans (14).  This 
result was anticipated from the high value 
of O/C in Earth's crust (24),  but D/H pro- 
vides a much stronger arguinent (14).  Mix- 
ing of cometary water with water absorbed 
from the solar nebula by the rocky grains 
that accreted to forin Earth may provide the 
observed value of (D/H),,,,, (25),  as wa- 
ter vapor in the inner solar nebula could 
have D/H < 1 X 1OP4 (26).  
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Water in Betelgeuse and Antares 
Donald E. Jennings*? and Pedro V. Sada* 

Absorption lines of hot water have been identified in the infrared spectra of Betelgeuse 
(a Orionis) and Antares (a Scorpii) near 12.3 micrometers (81 1 to 81 9 wavenumbers). The 
water lines originate in the atmospheres of the stars, not in their circumstellar material. 
The spectra are similar in structure to umbra1 sunspot spectra. Pure rotation water lines 
of this type will occur throughout the spectra of cool stars at wavelengths greater than 
10 micrometers. From the water spectra, the upper limit for the temperature in the line 
formation region in both stars is 2800 kelvin. The water column density in both stars is 
(3 -c 2) x 1018 molecules per square centimejer, yielding an abundance relative to atomic 
hydrogen of n(H,O)ln(H) - lo-'. 

W a t e r  is abundant in cool stars (1)  and is 
a major molecular constituent at low tem- 
peratures in oxygen-rich stars, dominating 
all molecules other than CO and H 2  in 
regions at temperatures below 2000 K (2) .  
T h e  spectrum of hot  water is most com- 
monly observed in the near infrared at 
wavelengths between 0.9 and 3.2 pin (3-5). 
In M-type stars, strong H 2 0  absorption is 
seen in Mira-type variables, whereas non- 
variable stars have weaker or no water ab- 
sorption [see (3 ) ,  for example]. Recently, 
water was detected 111 sunspots (6 ) ,  where 
the temperature can be as low as in M-type 
stars. Water dominates the spectrum in sun- 
spots at  10 to 20 p n ,  as identified from 
laboratory studies of water spectra taken at 
high temperatures (6-8). A t  3000 to 4000 
K, sunspots provide a starting point 111 a 
search for hot  water in stars cooler than the 
sun, even though the physical conditions 
other than temperature are different. T h e  
improved understanding of sunspot spectra, 
plus the  laboratory and theoretical charac- 
terization of the pure-rotation region of hot 
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water, motivated us to obtain spectra of 
M-type supergiants. 

Betelgeuse [ a  Orionis ( a  Ori,  class M1-2 
Ia-Iab)] and Antares [ a  Scorpii ( a  Sco, 
M1.5 Iab-Ib)] are among the brightest late 
M-type supergiants. They are both oxygen- 
rich with visible effective temperatures near 
3500 K (9) .  They also both exhibit the 
extended atmospheres typical of red super- 
giants and have circumstellar dust shells - 
with inner radii of more than 25 stellar radii 
(10)  and Inass loss rates of 1 0 - q o  10-' ~, 

solar masses per year (1 1 ) .  Both undergo 
irregular or seiniregular variability. 

Betelgeuse ( a  Ori) is the brightest and 
most studied M-type supergiant. T h e  con- 
tinuum flux from this star at 12 p,m is a 
coinbination of radiation from the chromo- 
sphere at about 3200 K (12) and a circum- 
stellar dust shell at  about 500 K (13).  T h e  
star's inagnitude at 12 pln is -5.5 (14); it is 
a semiregular variable with a recent visual 

u 

luininosity range between ~nagnitudes 0.3 
and 0.9 and a ~ e r i o d  of about 6 vears (1 2).  
It changes by' 0.1 magnitude at 11 p m  
during a period (12).  Both CO and S iO are 
observed in the circumstellar envelope 
(15) ,  but water was not  reported in spectra 
of this star 116). and it has been used as a ~ , ,  

water-free reference source (4) .  
Antares (a Sco) has a binarv comnan- 

ion, a fainter dwarf B-type star with a sep- 
aration of 2.9 arc sec. T h e  visual magni- 
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