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The Activity and Size of the Nucleus of 
Comet Hale-Bopp (C/1995 01) 

H. A. Weaver,* P. D. Feldman, M. F. A'Hearn, C. Arpigny, 
J. C. Brandt, M. C. Festou, M. Haken, J. B. McPhate, 

S. A. Stern, G. P. Tozzi 

Analysis of Hubble Space Telescope (HST) images of comet Hale-Bopp (C/1995 01) 
suggests that the effective diameter of the nucleus is between 27 to 42 kilometers, which 
is at least three times larger than that of comet P/Halley. The International Ultraviolet 
Explorer and HST spectra showed emissions from OH (a tracer of H,O) and CS (a tracer 
of CSA starting in April 1996, and from the CO Cameron system (which primarily traces 
CO,) starting in June 1996. The variation of the H20 production rate with heliocentric 
distance was consistent with sublimation of an icy body near its subsolar point. The 
heliocentric variation in the production rates of CS, and dust was different from that of 
H20, which implies that H,O sublimation did not control the CS, or dust production 
during these observations. 

Comet Hale-Bopp ((211995 0 1 )  is an ex- 
ceptionally active comet that was discov- 
ered in July 1995 (1 ) at a heliocentric dis- 
tance (rh) of 7.2 astronomical units (AU; 1 
AU = 1.495 X 10" m is the average 
Earth-sun distance). At rh = 6.5 AU the 
comet was already producing CO at the rate 
of -lo3 kg s-' (2, 3), which is comparable 
to that produced from the nucleus of comet 
Halley near rh = 1 AU. Because the activ- 
ity in long-period comets, like Hale-Bopp, 
usually scales as rh-2, or even faster, spec- 
troscopic observations of Hale-Bopp are 
possible over a large range in rh as the 
comet moves toward perihelion on 1 April 
1997, when rh = 0.91 AU. Of particular 
interest is how the rate of ice sublimation 
changes with increasing solar insolation, 
including variations among the different 
ices present in the nucleus, and the rela- 
tionship between the subliming ices and the 
dust particles that are dragged away from 
the nucleus, creating the visible coma. In 
addition, imaging and spectroscopic obser- 
vations of short-term temporal variations of 
Hale-Bopp can be used to probe physical 
and chemical characteristics of the nucleus 
that might trigger outbursts in activity, such 

as amorphous to crystalline phase changes 
in H 2 0  ice, chemical inhomogeneity in the 
ices, and the unmantling of vents on the 
surface that were previously covered by re- 
fractory debris. 

The pre-perihelion activity of Hale- 
Bopp was monitored with the International 
Ultraviolet Explorer (IUE) from August 
1995 until IUE was decommissioned in 
September 1996 and with HST until the 
comet reached the solar elongation limit of 
HST in October 1996 (Table 1). Images 
were taken with the Wide Field Planetary 
Camera 2 (WFPC2) (4) to estimate the size 
of the nucleus and to study its activity. 
Emissions from molecules and dust in the 
coma were studied using the Faint Object 
Spectrograph (FOS) of HST (5) and the 
Long-Wave Prime spectrograph of IUE. 

Size of the nucleus. Because the width 

of a WFPC2 pixel projected to 90 km at the 
comet for the minimum geocentric distance 
(A) of the HST observations (2.74 AU). . , . . 
which is much larger than a typical comet, 
we did not exDect to resolve the smaller 
nucleus. However, when the coma does not 
have complex spatial structure and its spa- 
tial brightness profile can be described by a 
simple analytic function, the effective scat- 
tering cross section of the nucleus can be 
estimated if extrapolation of the coma into 
the unresolved region fails to account for 
the observed intensity of the peak pixel. We 
can calculate the effective diameter of the 
nucleus from a standard formula (6). This 
method has been applied for observations of 
two active comets having A - 0.6 AU (7, 
8). Extending the method to active comets - 
at larger A is problematic because the re- 
quired extrapolation of the coma increases 
linearly with increasing A. 

For uniform, spherically-symmetric out- 
flow of dust from the nucleus, the nucleus 
to coma contrast ratio should be inversely 
proportional to A (9) and the dust produc- 
tion rate (Qdusr). While this suggests that 
the nucleus should be most easily detected 
in the June and July 1996 images (Fig. l ) ,  
tem~oral variabilitv caused deviations in 
the spatial brightness profiles for these im- 
ages that precluded making an unambigu- 
ous extrapolation of the coma into the un- 
resolved region. We concluded that the 
October 1995 image (Fig. 1) was best for 
determining the size of the nucleus, primar- 
ily because relatively quiescent conditions 
prevailed. 

Spatial brightness profiles for the Octo- 
ber 1995 data can be described by power 
laws (Fig. 2). The power law exponents 
derived for the profiles (-0.94 along a faint 
radial jet and - 1.16 in the opposite direc- 
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Table 1. Log cf HST and U E  Hale-Bcpp obser\vaticns. IL'FC and PC refer 
tc the wide-fed and planetary niccies, respecti\vely, of WFPC2, Dstances 
rI, and 1 are g\ven n astrcncmca unts,  I , ,  s the heocentrc r a d a  vecc i y  
cf the co,net I ?  <lometers per second. dl IS the phase angle fsun-cot-iet- 
Earth angle) n degrees. B s the observed ccut-in brghtness n cayeghs 
aweraged over the spectrcgrap:- aperture f l  rayegh = 10': photcns ct-ir2 
s j foy the OH (0 Oj  band near 3090 k the CS li/ = 0-band sequence near 
2576 A and tl?e CO (1 0) Camercn band near 1995 A, il'e ctsed a rectan- 
gular LOS aperture whose slze was 3.66 arc sec by 1 29 arc sec. except 
illat a c rcuar  aperture c' dameier C.86 arc sec was used fcr so-ne 
cbser\vatcns on 18 Octcber 1996. The FOS aperture was usttaly nearly 

centered cn the nucleus but the aperture was offset -5-6 arc sec east 
and - 0 5 arc sec east for the Aprl 1996 and October 1996 FOS obser- 
vatons respect\vely. The U E  observatons were made w t h  a rectangular 
aperture 19.3 arc sec by 15 arc sec) that was centered cn the nucleus. Q s 
the calcu ated product~cn rate at the surface of the nucleus For the 
gasecus ,nolecular speces, Q IS gven 11 molecules per second w h e  Q,,,,, 
IS g\ven n !s <g s '. Afp IS an apelTure-ndependent measure cf the dust 
productcn n meters, as def~ned n :he text. Dual \values are gi\ven for some of 
the Septerrber 1996 entres. and these refer to p r e  and pcst-cutburst mea- 
surements. Tl1e q ~ ~ c t e d  errcrs are 1 cr values, except that 30 \values are quoted 
fcr entr~es n whch cny upper m t s  are a\vailable. 

Date nstrurent !.I, 1 , 6 B 3 H  Bcs Bc3 (1 '+23 028) (1 'CS. 0 2 )  (1 Q ~ ~ ' ~  028) A:P Q ~ ~ ~ ~ ~ -  

31 A u ~ .  1995 IUE 6.82 6.31 -14.9 7.6 - A A - A - 1 4 0  12.0 
3-4 Sep. 1995 ICJE 6 80 6.33 l i , 9  7.9 - - - - - - 1190 10.1 
26-27 Sep 1995 WFC 6.59 6.51 -*5.1 8.7 - - - 

A - - 1430 1 2 4  
23-25 Oct. 1995 PC, LOS 6.36 6.72 -15.4 8.2 5 - 8  56.3 5 1  1 7  50.29 521 640 5.6 
7 A p r  1996 PC, FOS i .79 i .80  -17.2 12 35 = 5 - 0  i 2 - 2.0 d .2 - 1060 10.8 
21 A p r  1996 U E  L.65 L42 -17.4 12 A 

A - A - A 1410 14,5 
13 blay 1996 IUE L43 3 8 5  -17.7 11 6 0 2  - 5  2 0 2  5 A 2.5 1 . O  - 1170 12.3 
20 blay 1996 PC 4.35 3,68 -17.9 1 A A A A A 

- 1280 1 3 6  
22-23 June -996 PC, FOS 4.00 3.0. -*8 .4  4.L 345 i LO 9 0 2 1 4  3 = 4 6.2 0.98 4.4 1050 11.7 
25-26 J L I ~  1996 PC, LOS 3 65 2.7L -19 0 8 2 770 = 70 1iO i 25 11 = L 10 1.2 3.0 1210 l i . 1  
25 Aug. *996 IUE 33 .  2.79 -196  16 1000 = 100 -10 = 20 - 14 2.7 - 1520 18.5 
23 Sep 1996 PC, FOS 2.97 2.95 -20 2 19 3600 = 200 390 i 30 41 = 6 21 2.2 8 8 2120 27 3 

4500 i 800 830 = 100 26 4.6 7290 93.9 
17-18 Oct, 1996 PC. FOS 2.69 3.9L -20.8 19 7000 i 700 7LO = 100 20 = 5 27 3,O 3.4 1950 26.4 

tion) are consl~tent  n>ith thei7retical expec- 
tations and 1~1th the  al.served in 
other comet> ( I ? ) .  A l t h o ~ g h  none of the  
HST images ihoilred steady-state spherically 
iymmetric outtlon, the Ocro1:er 1995 image 
most closelr apr7roximates this cond i t~on .  , A .  

Esrrapolatioll of' the  coma into the core of 
the image ( the  peak pixel) leaves a reiidual 
mrensit\- that \I-e attrib~lte to scattered lieht 
fro111 the nucle~ls ( 1 1 ). .As,s~lminy that the 
geometric alheilo of  the l l~lc le~ls  is 4%,  
I\-hich is the value obscrx-eci for Halle\- ( 12 ) ,  
~ v e  estimate that the nucleus cot Hale-Bopp 
has a diameter of a t  least 77 la11 anil could 
be as larye as 42 km (13). T h e  amouilt of 
s u b l i m m ~  ice near the  s~lbsolar ~ o i l l r  on the 
n ~ ~ c l e u s  ileetleJ to explain the  ol~served 
H . 0  ~ ~ r o c l ~ ~ c t i o n  rare ib -6')o o t  tlle area ot . L 

a 41-km n~lcleus and -14% (of the area of a 
1 - 

1 -km n ~ ~ c l e ~ l i .  For comparison, the  n~lcleus 
of' col~let Halle1- n-as 8 km x 8 liln X 16 1<111, 

~ ~ h i c h  corresponcls to a n  ef'f'ecti\-e spherical 
Lilameter of' -10 km, and - 10'0 of it3 total 
s~lrface area wai active (1 2 ) .  For a sample ot 
11 periodic comets having meas~lreci iliam- 
eters, the estitllated fractiotnal area co\-c.rei1 
1.v ~ubliming ice ranges from sL7.5'0 to 
-15°C (14).  

If' there Iras a stroll: c i ~ ~ s t  outli~lrsr shortly 
I-c.f~ire our Octol-er 1395 oh~ervatioils, the11 
rhc. l?righti~ess c~ l sp  in the  core that 11-e are 
attributing to the nucleus could instead be 
due to ne1~11- created dust. T h e  Lie\-iat~i>i~s of 
the ob,er\-ed coma spatial I-.rightness pro- 
ides tiom that of a simple l-.o\\-er law indi- 
cate that some lo\\--level temporal variabil- 
it! was present during the October obser\-a- 

tion<. However, proun;l-based monitoring 
of the  illller coma of Hale-Bopp shou-s that 
the  October 1995 HST observations u-ere 
obtained when the coma 1-rlvhtness was 
decreaiing with tune following the  large 
outburst that occurred near 13 Octol~er  
(1-5)% coniistent \\-it11 the  hypothesis that 
the escess core hrighti~es< was not causecl b1- 
some rrallslcnt e\-ent. 

Gas and dust production rates. Ultra\-I- 
olet (U\') gaseous emiss~ons horn Hale- 
Bopp \\-ere first detected during the April 

1996 HST observations at r,, = 4.79 AU 
(16) .  T h e  OH (0,O) lianil ( in  the  d 2 z - X ' I I  
syatem) \\.as obserl-ed near 3090 h and the  
C S  1 2  = 0 l~ani l  sequence ( in  th%AII I -X 'Z  
system) !\,as 01-served near 2576 A. Startiilg 
111 June 1996, two l?ands in the  CO Cam- 
eron system (a3n-X12) becalne detecral-le 
(Fie. 3). W e  ass~lmeci that OH and CS were 
phorolysis products of H 2 0  and CS2, re- 
spectively, as is typically the  case in other 
comets (1 7). T h e  observed OH brightnesses 
\\.ere converted to apert~tre-averaged OH 
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Fig. 2. Spata br~ghtness profes (A! constructed 
frorr an HST Image taken on 23 Octobec 1995 
One pro fe  (datnonisj ncludes a data havng an 1000 

azrruthal extent of 25' about the drecto? (-5' 
viest of norih! agned \!,!~th a $weak, but persstent ,g l o o  
co,na jet, vihle the other pCo fe  (squares! ncludes 
all data ~ ' ~ t l i ~ t i  a 93= \wedge  hose b~sector is 2 
opposte the jet. The profes can be f ~ t  by povier 

10 

laws hav~ng r id~ces of -C 94 ( s o d  n e )  and 
-1.16 (dashed ne j .  The ri-ode power mi profes 1 

ha\ve been con\volved vi~tt i  the V\/FPC2 po~nt 0.01 0.10 1 .oo 
spread function (PSF), \!>!hch causes the faitenng g i 6. 
at the shortest d~stances from the ceniroI .  Ex- 

' ' 
B : 

trapoatio,i o i t iese powier 1i~l .s 11110 the core ofthe ' 1,4 i ' 
r a g e  y ~ e d s  brightnesses that are less t i z n  the 1 
obsetvec brghtness n the peak oxel. ?dcating $ 

so~\ved from the corra. The PSF (astec~sks has m 

been scaec so that its intensty corresponds to f 0.8: 
that expected from a nLtc1eL.s havng a datneter of '2 
27km,assurr1ngthatthegeorretr1calbedo1~4~0. 

0 '6 '  ' ' ' ' ' ' ' ' ' ' ' 

0.0 0.2 0.4 0.6 0.8 1.0 
The signature of the ncceus s seen rrore ceary Distance from centroid (arc see) 
in [B!, \!'!here the observed proftles have been c -  
\!ded by the mode povier la!!'! profes The mntnurr  \value for the f~rst data pont (the nominal \value 
mnus the estmated statstca erro.! corresponcs to an effectve nucleus darreter of 27 km, t..?ihle the 
maxtnurr val~.e m D e s  a carreter of 42 krr .  



column iietlsities assumi~lg optically thin 
conditions am1 ~1iiile "ii~1encheJ" fluores- 

,-7 ' 
cence efficiency factors, or x-factors ( 1  8) .  
T h e  OH column ~lensirie.; nrere then con- 
verted to H:O proii~lction rates (Qll:,,) iit 
the n ~ ~ c l e ~ l i  11iing a ipherlcally symmetric 
"T-ectori,~l" iiensity moLiel (19) (Table 1 and 
Flg. 4). Colwnn densities for CS n7ere cal- 
c~llateii asa~lrniilg that the CSecllission was 
optically thin and using a piactor  of 7 x 
Ic? -' pl-~oto~ls ip  ' moleculep ' (2C7). LY7e 
t11t.11 useti a sranLlard Haser formula (21)  to 
c,~lculare the C" p r o c l ~ ~ c t l ~ i l  rates (QL-,:) 
(T~ili le 1 ci~lLi Fly. 4 ) .  

For comparison with the  ol3servations, 
we comlxlteii t he  surface-averaged sui.11- 
llldrian rare fix a nucleus c i~mposed of 
H 2 0  lce ~ ~ n i i e r  t ~ \ - o  contlitloils: (i! for a n  
iiotherm:il Iyod\~ :inti ( i i )  for a n ~ ~ c l e u s  
tvhose pole is pointing directl\- a t  the  sun. 
R1e also calc~l la teJ  the  sublimation rate 
for a flat icy surface a t  the  s~11is~ilar- point.  

co Cameron I 

1600 1800 2000 2200 
Wavelength (a) 

2400 2600 2800 3000 3200 
Wavelength (a) 

Fig. 3. The spectrum of Wale-Bopp taketi on 23  
September 1336 (+) The aata for '.vaveengti:s 
shorter iliati 2223 A were ootaned from a 58- 
n - n  exposure Llsng the FOS GI 3 3 i  graing and 
the blue aetector I B ~  The longer v~avelengih 
data :?/ere from a 2d-ni~n exposure usitig the 
W S  G270P grating ana tlie rea aetector. The 
contincl~l~r due to scattered sunlight fro~n com- 
etary dust has keen suoiracted fro:n 00th sets of 
data. In addtoti, the pseudo-contitiu~~m produced 
by graitig scatterea l~ght has also been remolved 
fro~r the G133W data. -he dust coni~riuc~m In- 
creases to\!/ara the longest \t5!avelengths. \t5!hch is 
?yhy there IS larger noise at the otig :.~aveength 
end of (3:. The error kar In (,A: glves the = * o  sta- 
tisica nose in the v~cniiy of the 80 Carne~on 
oanas. The s~nall excess signal near *833  A IS  

probaoly due to emisson ;ti an atomc s ~ ~ l f ~ ~ r  
n-ultpet The effecive spectra resolution ?yas 
--4.3 A a~ id  -6 A for the Gi33H atid G270F 
aata. icspect~?:ely. 

In  all case\ \ye a.;sumecl that the  surface 
h,is ~ l n l r  i~lfrtired emlssivity ,inel a n  optical 
Ronil albedo o t  4% (172). T h e  c>h.serveci 
\,ariatian o t  Q,,.,I, with I - ~  cities nor follo~v 
the  cur1.e expected for a n  isothermal body 
l1~1t i5 consistent wlrh either n t  the  other 
rn .0  cases (Fit, 4 ) .  T h e  data ta\-or the  ic\- 
flat surface case, lmr the  value o t  QI3  ,, o n  
7 .lipril 1396 is prol-ahl1- kit led>t partiall\- 
due to the  s ~ ~ l ~ l i m a r ~ o n  of icy grains in the  
coma, \vhich means that  our iierivecl pro- 
d u c t ~ o n  rate ii larger than  the  sui.lim,itlon 
rate at the  nucleus i3i).  T h e  Llerived he-  
llocentric v,iriation in Q i r  i, clues not  Lie- 
penJ  o n  our model i i s s ~ ~ ~ l l i ~ t ~ o n s ,  l ~ t  the  
ahsolute 1-alues are moclel-ciep~n~ienr.  I f  
11-e uie ' ' ~ m ~ ~ u e ~ l c h e d "  OH g-factors, the11 
Q1-l,c\ inc~-eascs by a factor of - 1.5.  I f  lye 
L1se a hydrod\-namic t ~ ~ o d c l  for the  O H  
densitv di\trii.ution, in which H:O and 
OH have the  same outflaw velocity, then 
QHIC, clecsease\ 1.y a tactor of -2.7. Radio 
obiervations of OH emis>ion in Hale- 
Bopp (Zq) yielcled eiritnates of Q,,,<, sim- 
ilar to ~ m r s  n-hen all data were analv:e~l 
using consistent motiel parameters. 

T h e  heliocentric \-ariation in Q,, i z  
different from that of Q,,,,,, ,it least h r  t h e  
largest v a l ~ ~ e s  of' r,,. T h i i  impl~e. that the  
releaie of CSI  from the nucleus \\-as not 
cclnrrolled 1.1- H , O  u l~ l imar ion  ancl that . - 
CSI molecules In the nuclcua are ni-it 
rrappeii n~ i th in  H,O ice. Xlthoqqh H,O 1. 

apI7arenrl\- the m ~ > s t  ahunclant ice In com- 
etarv nuclei, the trace 1-olarlle const~tue~-its 
mav ni>t lie as ii-itimatel\- mixed 1~1th the 
H,O ice a4 is sometimes ass~imeil. 

@hser\-atlolls of CO Cai l iero~l  l3anil 
emlsslon call be useci to  ilcrive proiiuction 
rates fL>r CO anil CO, (2-5), hut this rech- 
niique is lillliteti by our ~nabi l i rv  tl-i ipecifv 
the  rate constants for the  tlr-o important 

excitation mechanisms, pllotoelecrrotl in- 

pact on CO and "prompt" e m ~ s s ~ o n  follo\y- 
ing the  photoi l issocia t io~~ of CO:. G i r ~ e n  
the  larircr ~ ~ n c e r t a i n r y  associareti with 

u 

photoelectron impact processes in comae, 
particular>- a t  l a r ~ e  T,,,  n-e coniidered onl>- 
the  prompt process, n.111c11 \-ields a n  upper 
limit to the  CO, production rare (Q,_,,:) 
(Table 1 )  ( 2 6 ) .  

T h e  Infrared Space Oliservarory ( ISO)  
observeil Hale-Rolip (177) and founti a 
Q(-:,T~ of 1 X 1L1'\molecules s p l  a n J  5 X 

lc7:' lilolec~!les ,s-' 011 27  April 1996 anLi 
27  September 1996, resyectlvely, i ~ m l l a r  
to our estimates (Table I ) ,  which is six- 
niticiint consltiering the  h c t  that te~llporal 
x-arialiility in Hale-Ropp may cause vari- 
d'rility 111 Q,.<,.. T h e  agreement in the  
H5T ani\ I S 0  values of Qc ,  sugpest.; that  
l ~ l ~ i \ t ~ ~ ~ i ~ s s o c i i i t i o n  of CO, 1s t h e  tiolninailt 
excitation lllecha~lisnl for the  clbserveci 
CO Cameron l-ancl enliision 111 Hale-Bopp 
and that  photoelectroll impact plays a mi- 
nor role. T h e  poor s i ~ n a l  to  noise ratio for 
tile C a m e r ~ > n  etniision prevent.; 11s from 
saying 1n~lc11 about the  heliocentric varia- 
t ion oi Qc.c.,. except to ci\nclude that  
Qc,. during - t h e  Septenlher 1936 HST 
nl.sefvatiiin Ivas higher than  that  mea- 
hiired o n  the  other  three c1ati.s of H S T  
iil.rervarions. 

From the HST Images, the  H S T  spectra, 
and the IUE spectra, we calculated Afp 
(Ta l~ le  I ) ,  the r~rocluct of the  dust all?edo, 
the dust filling factor, and the  raclius of the 
effect~r-e circular aperture used iiurini;r the  
01-ser~~ations (28).  Thlr quai-itity 1s ciisectlv 
Frl>L~ortlonal to the  ol~serveil continuum 
flux ancl \vai ciefined to ~ ~ r o \ ~ i t i e  a n  aperture- 
inilepen~ient measure of the  ilust pro~iuc- 
11011 rate. 

Gir-en the  large uncertainties in the  

Fig. 4: 3eri\/ed producton rates for 
F 2 0  isquares'~ CS, id~amonasl, 

103, ~ P 
ana per sesond dust !tr~anglesl m u t ~ p e a  fin oy 1 ki~ogra~iis x 1 OZai. \ - j 0 3 1 1  . . . . 

The points v~iih ope11 sy:noo s were M . - 
lo3 * - . . . - 8  derived from HST obsen~aiiotis, ; -~ > - .  

8 -  . 
while those \t5!tIi filea sy~nools ?yere .$ 1 0 ~ ~  , 

I 

r i v e  f r o  I a Tie i t  g 
wth the awnxara-poining arrows ; loB-  8 ,  are 3a upper In-ts. The production 
rates of the three speces lha?:e af-  .g 
ferent heliocer~tr~c var~at~ons. ~nai- loziL c 

0 
' ,,A 

caiing that no sing e physica mecti X , .- a .- - ,  O o ' ,  ','\ 
ansn- controls ther oeiia\,:or. "?<a- 10%- ; 6 .E - : ,. o I \ \  

8 a 
\ $ \  

ter sc~oin-aton curves ?yere com- 
1 '  puted for three ditferen? cases, tL-e 9'%\ 

average rate over an sotL-er~?ia 10 
Heliocentric distance (AU) 

sptier~ca nclc eus idasliea curve), 
ti-e average rate o1,:er a spherical tiucle~~s ?yhose rotati011 axs  is potitng directly at the sun (aot-dashea 
sLlr\,e), atia the local rate at the suksolar point 'sold cut-~e). The litie laaeled I ; , '  sho\!/s the helocentric 
varai'oti when sc~k~rat ion ao~nnates  heattig of the nucec~s n the energy baalice equat~oti for any pure 
Ice. Ti-e CS, and ac~si proaucton rates ca- be f t  \t>!ih po\t5!er law profiles hawng exponetits of 2 . 4  atia 
-1 - . , I especively. 
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dust size distribution, density, albedo, and 
outf loa  speed, Qd,,>, derived here (29)  
(Table 1 )  may be d~fferent  fronl the  actual 
dust mass loss rate in Hale-Bopp. Our  
assumptions imply that  a,,,,, = 22  (Ajp) 
for r = I AU, vvhereas a n  empirical rela- 
t ion derived from observations of a dozen 
comets near 1 ,4U (3 1 ) gives QI,,., = 100 
(Afp). This  discrepancy may be explained 
if t he  dust ~n Hale-Bopp moves more slow- 
ly than  t h e  dust in typical cornets (for 
example, 0.5 kin s-' is usually quoted for 
comets at rl, - 1 AU whereas we assumed 
a velocity of 0.13 km s p l  for the  dust in 
Hale-Bopp),  but differences in the  size, 
albedo, and density of the  dust may also be 
important. T h e  rl, dependence of QLlu,, is 
different from that  of QHIO, which indi- 
cates that  H,O did not  drive the  dust 
activity in  Hale-Bopp. CS, prohahly did 
not  drive the  dust activity either, since 

Qc-. ( in  kg s p ' )  is -1L?L?O times smaller 

than  QiiilSt 
T h e  \leak dependence of Q,,,,, 011 lI, 

i ~ n n l ~ e s  that  Hale-Boon \\ill not  he a5 
L L 

hright during the  spring of 1997 as origi- 
nally expected. T h e  brightness integrated 
over the  entire coma for long-period com- 
ets like Hale-Bopp typically varies as r ~ ~ ,  
which translates into a 7;' variation in  
Q ,,,, , (32) .  If our ohserved trend in  Qd,,,, 
continues through uerihelion, then  the  - 
visual magnitude of Hale-Bopp will only 
reach 4 - 1 .  T h e  latter corresponds to  a 
very hright cornet hut means that  Hale- 
Bopp might he slightly f a ~ n t e r  than  conlet 
Hyakutake ((211996 B2) during its close 
approach to  Earth last spring. If Qc,i,,t he- 
comes correlated \v1t11 QH o as the  comet 
nears perihelion,  ale-Bopp could be 
somewhat brighter than  our predicted val- 
ue (by a factor of -2 or so; a change by 
one visual magnitude corresponds to  a 
brightness change of a factor of 2 .5) .  T h e  
comet could become brighter t h a n  our 
u red ic t~on  if etnission from the  C, mole- 
cule increases rapidly near perihelikn and 
hecomes the  major contributor ( r5L?%)  to  
the  visual magnitude. 

Temporal variability. T h e  1995 ground- 
based observations showed that Hale-Bopp 
was periodically releasing large amounts of 
dust, apparently coinciding with the  rota- 
tion of a n  active reglon o n  the  nucleus into 
sunlight (32).  OLIS HST image from Sep- 
tember 1995 (Fie. 1 )  was taken -63 hours 

u .  

after one such outburst and shovr-s the  spiral 
coma structure that resulted. Analysis of the  
spatial brightness profiles for this HST irn- 
age indicates that QLl,,,, during the outburst 
exceeded the  quiescent value by a factor of 
-7. Noine of the  other HST images dis- 
played a coma morphology similar to that 
seen in the  September 1995 outburst, but 
all of them displayed evidence of temporal 

var iab~l~tv .  During the  fall of 1996, mul t~ple  
coma jets became v~sihle,  possiblv signaling 
a11 increase in the  activation rate of ~ . en t s  
o n  the surface of the  nucleus. 

During our September 1996 spectroscopic 
observations, \ye serendipitously caught Hale- 
Bopp as it experienced a large outburst in dust 
and gas. The  dust continuum, ~vhich l ~ a d  been 
steady at the job level for at least 3.5 hours. 
suddenly increaseil by a factor of 3.4 betvveen 
t\vo spectra that \yere separated by 77 mill and 
continued increasing at - 1.2% minp ' for the 
final 8 rnin of our observations (33). The  CS 
emission increased by a factor of 2.1 over this 
same period, vvhile no  change a a s  observed in 
the OH emission. W e  could not find any 
noncometarv explanat~ons for the observed , 
changes, so we conclude that the conlet itself 
n-as varying over time (34). 

Because our observations essentially 
average the  production rates over the  ap- 
erture-crossino time, the  ohserved changes " 

in  the  continuurn and CS intensities only 
give lower limits to  the  actual challges in  
Q ,,,,, and Qc,.. Using time-dependent 
models, we f i n d r h a t  a,,,,, during the  out- 
burst \\.as a t  least a factor of 8 larger than  
the  quiescent value (35)  and that  Q,,. 
increased by a factor of -3 (36) .  T h e  
model also demollstrates that  n o  change 
was expected 111 the  OH emission, even if 

QH:" changed because the  H 2 0  lifetime is 
much longer than  the  duration of the  
observed changes. These tenlporal varia- 
tions in  Hale-Bopp indicate that  the  sur- 
face of the  llucleus inust he dynamic. Per- 
haos t h e  t e~noora l  variation is associated 
with the  activation of a new vent o n  t h e  
surface. It is also conceivable tha t  the  
temporal changes \!ere caused hy compo- 
s i t ~ o n a l  ~nhomogenei ty  In a prev~ously ac- 
tlve l e n t ,  but n e  have n o  observat~onal  
confirmation of any colnpositional varia- 
t ion during the  outburst. 
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The Spectrum of Comet Hale-Bopp (C/1995 01)  
Observed with the Infrared Space Observatory 

at 2.9 Astronomical Units from the Sun 
Jacques Crovisier," Kieron Leech, Dominique Bockelee-Morvan, 

Timothy Y. Brooke, Martha S. Hanner, Bruno Altieri, 
H. Uwe Keller, Emmanuel Lellouch 

Comet Hale-Bopp (C/1995 01) was observed at wavelengths from 2.4 to 195 microme- 
ters with the lnfrared Space Observatory when the comet was about 2.9 astronomical 
units (AU) from the sun. The main observed volatiles that sublimated from the nucleus 
ices were water, carbon monoxide, and carbon dioxide in a ratio (by number) of 10:6:2. 
These species are also the main observed constituents of ices in dense interstellar 
molecular clouds; this observation strengthens the links between cometary and inter- 
stellar material. Several broad emission features observed in the 7- to 45-micrometer 
region suggest the presence of silicates, particularly magnesium-rich crystalline olivine. 
These features are similar to those observed in the dust envelopes of Vega-type stars. 

T h e  infrared (IR) wavelength region is useful ices, can be identified through their f i~nda- 
for investigating comers because (1) comets mental bands of vibration, n'hich are seen in 
are cold and the thermal emission of the fluorescence excited by solar radtation. IR 
nucleus and dusty atmosphere peaks at IR observations of comets (1-3) from the ground 
rvavelengths and (ii) the volatile molecular are lilntted to a few atmospheric windo\vs. IR 
species, sublimated from cometary nucleus spectra of comets above Earth's atinosphere 
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