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Spectra obtained from ground-based radio telescopes show the progressive release of 
CO, CH,OH, HCN, H,O (from OH), H,S, CS, H,CO, CH,CN, and HNC as comet Hale- 
Bopp (C/1995 01) approached the sun from 6.9 to 1.4 astronomical units (AU). The more 
volatile species were relatively more abundant in the coma far from the sun, but there 
was no direct correlation between overabundance and volatility. Evidence for H,O 
sublimation from icy grains was seen beyond 3.5 AU from the sun. The change from a 
CO-driven coma to an H,O-driven coma occurred at about 3 AU. The gas outflow velocity 
and temperature increased as Hale-Bopp approached the sun. 

Ccmeta ry  nuclei are porous hi>dies consist- 
ing of a mixture of ices and refractory grains. 
Progress inade in the  identification of com- 
etary volatiles shoxvs that ices i>f different 
volatility coexist in the nucleus (1) .  Al- 
though H,O is the doininant ice and con- 
trols cometarv activ~tv within 3 AU from the 
sun, the recent detection of CO in the  Jis- 
tant conlet P/Schn.assma1-in-Wac11111a1111 1 at 
millimeter navelengths (2)  suggested that, 
farther from the sun, cometary activity is 
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driven by the s~lhlimatio~l of more volatile 
species. Questions arise as to the  physical 
state and suhlimation mechanisms of ices 
and the re1atir.e roles of the 1-arious ~olat i les  
in the  cornet's actil-ity. Gil-en the existe~lce 
of processes causing cheinical differentiation 
n.ithin the nucleus, an  important issue is 
.ivhether the molecular abundances measured 
in the cixna near perihelii>n are representa- 
tive of the bulk composition o t  the nucleus. 
T h e  discovery of Hale-Bop13 at heliocentric 
distance rI, = 7 A U  (3)  offered us the i>p- 
p o r t ~ ~ n i t y  ti> address these pri>hlems i>hserva- 
tionally hy folli>wing the i>utgassin= of this 
except~onally bright coinet i>\-er a wiile range 
of rl,. 

Hale-Bopp was ohserved o n  a regular 
basis het\veen August 1995 anii late January 
1997 with the  Nancay telescope, the  Insti- 
tut de Radio Astri>noinie Millim6trique 

"Tc bvhcr correspciderce sho~lci be addressed, E - ~ ~ ~ I :  ( IRAM? 3@-in telescope (4), anid the  J a ~ n e s  
dcn-~~@mes~oa.cbspm.fr Clerk Masuel l  Telescope ( JCMT)  (5) at  

ilecimeter, millimeter, anil sul~millimeter 
\vavelengths, respectively. T h e  OH lines at 
18 CIII were ~noni tored at N a n ~ a y ,  and oL3- 
servations a t  IRAM and J C M T  focused o n  
rotational lines of parent molecules. T h e  
general goals of this campaign were to ( I )  
i>bser\-e the i>nset of o~ltgassi~lg of the  dif- 
ferent species, ( i ~ )  mi>niti>r their l~ri>ductii>n 
rates as a function of rl,, and ( i ~ i )  ci>nstrain 
the  kinetic teinperature anil espansion ve- 
locity in the  coma and their \-ariation \vith 
7,. Sel-era1 transitions o t  the  same molecule 
lvere ohserveii s~multaneously \vhenever 
pc>ssihle to ~lnderstand the  excitatii>n con- 
ditii>ns in  the  conla and to infer the  pro- 
duction rates. 

Obserl-atii>ns at IRAM started in mid- 
August 1995, lvhen Hale-Bc>p~> was a t  r,, = 
6.9 AU (6) .  Monitoring of OH at Nancay 
started in Decelllher 1995, although p re l~m-  
inarv observations had heen acauireci earlier 
(7). ' \ye detected more than i'L? mi>lecular 
lines, showing the  pri3gressive release of 
nine molecular species ( C O ,  CH,OH, 
H C N ,  OH, HIS, H,CO, CS, C H , C N ,  and 
H N C )  as the  conlet a t i~~~oachec l  the  sun 

L ' 
(Table 1) .  \X'ith the  exception of NH3,  
OCS, H N C O ,  and some isotopic species, 
identified in ci>met H p k u t a k e  (C/1996 B2) 
(a) ,  all molec~llar species detecteii a t  radio 
wavelengths in  previous comets were oh- 
serveil in Hale-Bopp at  rl, > 2.4 A U .  A 
nuillber of apecies were also i>hser\-ed a t  
other rial-elengths. In  particular, t he  first 
detectii>n of the  OH radical was actually 
ol~tained \vith the  Hubble Space Telescope 
( 9 )  2 weeks liefore ita raiiio detection. In 
aiidition, CO,, CO, and HIO were detected 
at infrared wavelengths by the  Infrared Sat- 
ellite Observatory (1 0).  

h?i:st of the  lines in our spectra were 
blueshifted with respect ti> the  geocentric 
radial velixity of the  comet (Fig. 1 ) .  Be- 
cause the  phase angle was always <20°, this 
velocity shift is indicative i>t ai~isi>tri>pic 
outgassing with preferred outflow from the  
s~u~lna rd  aide of the  n ~ ~ c l e u s .  Coarse map- 
ping of the  H C N  lines, performed from 
August to Octi>her 1996, shi>\ved enhanceii 
outgassing - 4 j 0 N  from the SLIII position 
angle. Beyond rl, = 3.5 A U ,  the  OH lines 
were less blueshifted than the  CO lines 
( F g .  2A).  Although ti> a lesser es tent ,  the  
saine hehavior is oL~ser1-ed at rl, > 4 A U  for 
the  CH,OH lines. This behavior ind~cates 
that si>me molecular species, such as H,O 
and CH,OH, were partly sublimating from 
icb- grains \\?hen i>bser\-eil far fsi>m the  sun, 
in contrast to  the  inore 1-olatile CO mole- 
cule outgassed mainly from the  nucleus. Icy 
grains of H,O \\.ere detected through their 
infrared spectral signature at 1.5 and 2.C5 
f.~111 when Hale-Bopp xvas a t  rl, = 6.8 A U  
(1 1 ) .  T h e  li>\v 130ppler shifts i>f the  O H  and 
CH,OH lines ( that  is, low hulk l-elocity of 
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the H 2 0  and CH30H comae, the bulk 
velocity being the velocity vector averaged 
over the whole coma and weighted by the 
local density) are in agreement with a pop- 
ulation of icy grains outflowing at a velocity 
much lower than the CO velocity and 
whose whole surface sublimates. Low veloc- 
ities are expected for large grains and for 
small grains derived from the fragmentation 
of larger particles. Enhanced outgassing to- 
ward the sun, which may occur for the 
largest nonisothermal grains, would result 
in significant spectral blueshifts only mod- 
eratelv affected bv the rocket force exerted 
on the grains. As rh decreased, the sublima- 
tion of grains took place closer to the nu- 
cleus, and the collisional coma extended. 
Molecules released in the collision-domi- 
nated coma acquired the bulk average ex- 
pansion velocity of the gas through conver- 
sion of translational energy. The radio ob- 
servations indicate that sublimating H 2 0  
ice grains were still present in the coma at 
rh = 3.5 AU. Modeling of sublimation pro- 
cesses in Hale-BODD (12) showed that the .. . , 

large H 2 0  production rates obsewed be- 
yond 3 AU can only be explained by evap- 
oration from icy dust grains. The earlier 
disappearance of the signature of CH30H 

Rest frequency (GHz) 

Cometocentrlc radial velocity (km s-l) 

-4 -2 0 2 4 -4 -2 0 2 4 
Cometocentric radial velocity (km sl) 

Fig. 1. A selection of radio spectra of Hale-Bopp. 
(A) The 157-GHz group of lines of CH30H ob- 
served on 10 November 1996 at IRAM. The rota- 
tional lines are labeled according to the (J, k) A/E 
notation for the torsion-rotation levels of CH30H 
(26). (B) Average of the 1667- and 1665-MHz lines 
of the OH radical (scaled to 1667 MHz) observed 
from 17 to 30 November 1996 at the Nan~ay radio 
telescope (1 Jy = W m-2 Hz-'). (C) The 
J(3-2) CO line at 345 GHz observed on 28 to 29 
July 1996 at JCMT. The lower horizontal axis is the 
radial velocity with respect to the comet rest ve- 
locity projected on the line of sight. 

sublimating from grains is possibly due to its 
higher volatility compared to H20.  

The overall decrease of the CO and 
CH30H Doppler blueshifts, extrapolating 
toward zero at perihelion (Fig. 2A), indi- 
cates a spatial distribution initially restrict- 
ed to the sunward hemisphere and slowly 
expanding angularly through the night 
hemisphere. This may reflect the global 
increase of the temperature of the nucleus 
surface, which allowed CO and CH30H 
sublimation over a more extended region as 
rh decreased. The systematic blueshift of the 
OH line obsewed down to r,, = 1.4 AU 

" 
2 4 6 
Heliocentric distance (AU) 

Fig. 2. Evolution of some coma parameters with 
heliocentric distancer,. (A) Doppler shift of the CO 
(filled squares), CH30H (open circles), and OH 
(open squares) lines (27). (B) Expansion velocity 
V,,, of CO (filled squares) and H,O (open 
squares), derived from the line shapes of CO and 
OH, respectively (27). The dashed line is a power- 
law fit [V,,, = (1.16 + 0.08)r,,-0.43 = 0.02) km s-'] 
to the CO velocity from 6.6 to 1.4 AU. (C) Rota- 
tional temperatures derived from the relative in- 
tensities of the CO lines (1 15, 230, 345, and 460 
GHz) (filled squares), the CH30H 157-GHz multi- 
plet (open circles), and the CH30H 304/307-GHz 
pair (filled circles). These rotational temperatures 
should be close to the gas kinetic temperature. 
The value at r, = 1.44 AU (open diamond, far left) 
is the gas kinetic temperature derived from the 
rotational temperature of 53 + 6 K of the 252-GHz 
CH30H lines. The dashed line is the power law fit 
T = (1 09 + 35)r,,-l.22 2 0.07) K. 

would then be due to the H 2 0  outgassing 
being more sensitive to diurnal temperature 
variations than the CO and CH30H out- 
gassing (1 3). An alternative explanation for 
the low CO Doppler shift at rh = 1.4 AU is 
a strone contribution of the distributed - 
source of CO as was seen in comet P/Halley 
near ~erihelion ( 14). . , 

The ,line shapes were used to estimate 
the gas outflow velocitv and its evolution - 
with rh, a necessary parameter for the eval- 
uation of gas production rates from line 
intensities (Fig. 2B). We derived the CO 
expansion velocity from the position of the 
half-peak intensity in the blue wing of the 
line profile (1 5). The H 2 0  outflow velocity 
was derived from the OH line shapes by the 
trapezium method (16). The CO velocity 
follows a variation with r, close to the ~~ ~ 

commonly used r;0.5 depenJence. The ve- 
locity extrapolates to >1 km s-' at r, = 1 
AU, in agreement with previous measure- 
ments in other active comets (1 6, 17). The 

I r.: LC.- I 
Fig. 3. Evolution of the molecular production rates 
with heliocentric distance r,. Filled symbols with 
error bars correspond to detections; open trian- 
gles are upper limits. Exponents of the power-law 
fits: OH (black squares), -1.60 + 0.03 (r, < 2.8 
AU) and -6.79 + 0.35 (r, > 2.8 AU); CO (green 
circles), -1.05 + 0.13 (rh < 3.1 AU) and -2.39 + 
0.06 (r, > 3.1 AU); CH30H (blue squares), 
-0.96 + 0.02 (rh < 2.4AU)and -2.90 + 0.12 (r, 
> 2.4 AU); H2S (red triangles), -1.60 + 0.14; 
H2C0 (green squares), -3.15 + 0.18; HCN (black 
triangles), -1.52 + 0.06; CS (red circles), 
-2.71 + 0.15; CH3CN (dark blue triangles), 
-2.8 + 0.3; and HNC (blue triangles), -3.99 + 
0.06. The vertical bars at rh = 1 AU correspond 
to the ranges of molecular abundances mea- 
sured in previous comets near perihelion (1). The 
scaling was made assuming an OH production 
rate of 4 x 1 030 molecules per second for Hale- 
Bopp at perihelion. 
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outtlo11- velocities of HIO and the  other 
observed species s h o ~  about the  same 
trends. 

Another  basic parameter needed ti3 de- 
rive production rates from rotational line 
~~ltetlslt ies is the  kinetlc temperature of the  
gas. Slmulta~leous observations of several 
lines of the  same lnolecule allon- one ti3 
calculate the  rotational temperature of the  
observed species a\-eraged over the  beam. In  
the  inner coma, collisional excitation pre- 
vails, anil the  rotational temperature re- 
tlects the  k i n e t ~ c  temperature, but in the  
outer coma, the  rota t~onal  temperature 1s 
iletermined bv rad~ative exc~tat ion.  Calcu- 
l a t~ons  sho~v  ;hat the  CO transitions and 
the  CH,OH lines at 3L14 to 3L17 GH: or 
aroutlil 157 GH: act as gooil thermometers, 
providing rotational temperatures close to 
the  lanetic temperature \ ~ l t h i n  a few kelvin. 
This 1s not the  case f'or the  H C N  lines and 
the  groups of CH30H lines around 145, 
242, and 252 GH:, ahose level populatlotls 
relax rapidly to fluorescence ecluilibrium. 
T h e  gas ltitletic temperature illcreased from 
about 1L1 to 65 K from 6.6 ti3 1.4 ,4U,  
rough1)- as T;' (Fig. 2C) .  

For   no st species, t he  models used for 
converting line itltensitles inti3 molecular 
production rates (18)  t a l e  Inti3 account 
excitation through collisions and tluores- 
cence. T h e  size of the  region \vl~ere t h e  
OH 18-cm maser elnissio~l is quenched by 
collisions was constrained \\.it11 the  use of 
OH data ta l te~l  a t  offset positions from the  
nucleus (19) .  T h e  measureil gas tempera- 
ture (Fig. 2C)  was used to  compute the  
thermal population of t h e  rotational levels 
in  the  collision-dominated cotna ( 1  8) .  W e  
useil Haser density ~listributions ( 2 J )  and 
ilid not  c o ~ ~ s i d e r  t h e  sublimation from 
grains or the  asymmetry of the  coma. W e  
assumed that  C S  was proiluced by CSI and 
that H,CO !!-as released from a n  extended 
source ( 2  1 ) .  

A t  T, 2 4 AL, CO is the  main driver of 
the  act~vi ty  of Hale-Bopp (Flg. 3). Another  
sigllificallt contributor, not observable a t  

radio n~avelengths, is CO1 (1J ) .  T h e  H,O, 
released from grains, and the  other 1-olatiles 
studied here only contribute areakly to the  
comet's activity a t  T,, 2 4 A U .  As Hale- 
Bopp approached the  sun, molecular species 
displayed different behavlors in their pro- 
duction rate. ,4t ri, > 2.8 AU, OH (that  is, 
H,O) sho~ved a steep variation in produc- 
tion rate roughl\- as ,.I," and a slower in- 
crease as T - ' . ~  at r, < 2.8 A U .  A t  a b o ~ ~ t  3 
A U ,  the  H,O production rate began to 
exceed that of CO, ~narking a change from 

L 

a CO-driven coma to an  HIO-driven coma. 
'4 temporary stagllatioll is seen for OH 
betwee11 3.7 and 3.2 A U .  w h ~ c h  nrobablv 
reflects the  d~sappeara~lce  of H,O Ice grains 
in the  coma and the  onset of effective H-O 
sublimation from the  nucleus, as especteil 
from tnodeling (22) .  T h e  helioce~ltric total 
visual lnaanltudes also sllolv a olateau at the  

L- 

same r,,'s, w h ~ c h  may be related to  the  
change of regime from dust dragged by CO 
to dust dragged by H,O. T h e  heliocentric 
varlatlon of the  H,O product~on rate ob- 
served between 1.4 and 2.8 A U  is close to 
the  T;' Llependence predicted by heat tlow 
mcidels at these distances (23). 

After H,CO (24),  CS ,  CH3CN,  anti 
CH,OH were first observed in  the comet, 
t l l e~r  production rates rose rap~dly, roughly as 
7;'. T h e  production rates of CO, H,S, and 
H C N  increased more slowly, with slopes be- 
tween ,.,;' ' and rh2 '. Our marginal detec- 
tions and upper limits suggest that the onset 
of outgassing of CH30H and H C N  !\-as tnore 
rapid than their subsequent evolution. As 
Hale-Bopp approached 3 AU, the  el-olution 
of the outgassing of some species changed, as 
for H,O.  T h e  CO production rate stagnated 
and then rose again at rh - 2 A U .  T h e  
CH,OH production rate increased Inore 
slo~vly. T h e  rate of H N C  production shorved 
a steep evolution ah rli4 since its detection at 
r, = 2.4 AU (Table 1). 

W e  ~ ~ o u l d  expect the  more volatile 
snecies to  be relatively more abundant in  
tke  coma far from the  sun. Al though there 
are differences \%-it11 molecular abundances 

Table 1. Observed tnoecular specles w~th approximate dates of the f~rst una~nbguous detecton wth 
correspondng r,, and the main frequencies at vdhch each was observed n the present work. 

First detecton 
Spec~es Main frequencies observed (GHz) 

Date r, (AU) Ref. 

CO September 1995 
CH,OH March 1996 
HCN Apr~l 1996 
OH Apr~l 1996 
H,S May 1996 
H ~ C O  June 1996 
CS June 1996 
CH,CN August 1996 
HNC November 1996 

'Mu l t~~ le  transtons o b s e ~ e d  

measured in other  comets a t  r,, - 1 A U ,  
there is n o  simple correlation between 
overalwndance and volatility (defined by 
the  sublimation temperature of the  pure 
ices). T h e  most volatile snecles. CO ancl 
H?S ,  are indeed overabundant in  Hale- 
Bopp at  4 ,4U,  but H C N ,  \vhich is also 
overabundant,  has t h e  same sublimatloll 
temperature as C H , C N  and CH,OH, both 
f'ound with normal ratios a t  this distance. 
These differences presumably reflect t h e  
number of p l~ysicocl~emical  processes tak- 
ing place inside a comet nucleus as a result 
of solar h e a t ~ n g ,  causlng c h e m ~ c a l  d~ffer-  
entiation. A t h e r m o d ~ n a m i c  model was 
used to simulate the  e v o l u t ~ o n  of t h e  HIO 
and CO production rates in  Hale-Bopp 
( 1  2 ) .  W h e n  H,O ice is amorpl~ous,  this 
model 1s able to  explain the  CO produc- 
t lon rate measured a t  r, > 3 AU with a 
CO source underneath the  comet's sur- 
face. This  model predicts the  staonatlon 
seen at 3 A U ,  due to  the  increasi~lg depth 
of t h e  CO sublimation front. It also pre- 
dicted the  Increase in CO seen a t  r,, - 2 
,4U,  due ti3 the  decrease of t h e  depth  of 
CO sublimation resultine from surface 
eroslon caused by HIO sublimation. 

'4s T;, decreaseil, t he  relative molecular 
proiluction rates approached those found 
111 other  comets near 1 A U  ( 1  ) .  This 
indicates that ,  in  terms of chemical com- 
position, Hale-Bopp is a typical comet.  
T h e  notable exception is H N C .  This  un- 
stable species was detected in  Hyakutake 
a t  r ,  = 1 AU (25)  ~ i t h  a relative abun- 
ilance to  H C N  of 6%. It  \\.as argued that  
t h e  strong similarity of the  H N C / H C N  
ratio 111 cornets to  those observed in  warm 
quiescent molecular clouds suggests tha t  
cometary nuclei are cotnposed of relatively 
unprocessed molecular Ices. This ratio was 
less than  2% in Hale-Bopp at  2.9 A U  and 
increased up to  20% at  1.4 AU. Although 
little is k ~ ~ o ~ \ - n  about the  thermoclynamic 
properties of H N C  ices, these strong vari- 
atlolls cast doubt o n  the  true value of the  
H N C / H C N  ratio in  csmetary nuclei. T h e  
similarity of the  he l iocen t r~c  evolution of 
the  H N C  outgassing with that  of HLCO 
( 2 4 ) ,  knolvn to  be produced from a n  ex- 
tended source 111 the  conla rather t h a n  
from the  nucleus (21 ), might argue against 
a ~ luc lea r  origin. 
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The Spectrum and Spatial Distribution of 
Cyanogen in Comet Hale-Bopp (C/1995 01)  at 

Large Heliocentric Distance 
R. Mark Wagner* and David G. Schleicher 

Optical spectra of comet Hale-Bopp ('31995 01) at a heliocentric distance of 6.45 
astronomical units showed emission from cyanogen gas. The spatial distribution of 
cyanogen was considerably more diffuse and extended compared to the spatial profile 
of the dust or grains which were sharply peaked near the center. This behavior is 
consistent with comets at smaller heliocentric distances suggesting the same or a similar 
formation mechanism. A cyanogen gas production rate of (1.2 ? 0.3) X 1 026 molecules 
per second was derived. A model band profile derived from fluorescence equilibrium 
calculations for the comet's heliocentric velocity and distance agrees with the observed 
band profile. 

C o m e t  Hale-Bopp ((211995 0 1 )  n-as dis- 
co~-ered o n  1 3  July 1995 at a n  integrated 
visual magnitude of - 11 ( 1 ) and a t  a he- - 
lioce~ltric distance, r,,, of i astronomical 
 nits ( A L )  (2 ) .  Tlie discovery of a lumi- 
nous periodic coinet a t  such a large ~listailce 
froin the  sun initiatecl observations at opti- 
cal and radio lvavelenoths to understancl 
tlie physical and cheinical processes occur- 
ring in the  nucleus and conla u-hich are not - 
availallle from oliservations at snlaller T~,. In 
particular, Fitzsiniinons and Cart~vriglit (3)  
detecteci enlissio~l from the  C N  (C-C) l x n d  
in  Hale-Bopp's coma at  rl, = 6.82 AU; the 
seconcl inost clistailt reported detection for a 
coillet (4, 5). 

Our  observations of Hale-Bopp were 013- 
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tailled o n  13.1 October 1995 universal tiine 
( U T )  (T,, = 6.45 A L ;  6.64 AU from Earth) 
rvith the  4 . 5 - n ~  h l u l t i ~ l e  Mirror Telescope 
and the  blue channel charge-coupled 3e- 
vice spectrograph (6 ) .  W e  obtained two 
X- in in  exposures of Hale-Bopp with the  
spectrograph slit centered o n  the  nucleus 
t l i r o ~ ~ g h o ~ ~ t  the  ol~servation and oriented 
along the  parallactic angle of 29" to mini- 
mize any loss of light due to  atmospheric 
refraction. T h e  position angle of tlie sun o n  
the  plane of the  sky lvas 2iC0 so that the  slit 
was oriented ilearlv o r t h o ~ o n a l  to sun-tail 
direction o n  tlie s'ky.  hi spectruin of a 
solar analog star (van Bueren 64) was 017- 
tained to remove the  reflected solar spec- 
trum froin the  comet spectrum. T h e  first 
coinet exassure was heavily coiltaininated 
by hackgriiund stars and a a s  discarded. 

T h e  data were reduced and processed 
using staildard procedures (7). Because any 
gas coma of Hale-Bopp is expected to he 
quite extended and probal~ly even esteilds 
beyond the  l~ouiids of our short slit, sky 
sul~traction a a s  acconlplished by first inter- 




