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observations taken in April, June, August, 
and October 1996 at the 1.52 m Danish 
telescope at the European Southern Ob- 
servatory (ESO), Chile ( I ) .  In addition, 
we Dresent a narrow band filter (2) image 
of ;he CN gas distribution. ~ h e s e  obser- 
vations are complemented by long-slit 
spectra taken on 10 through 16 September 
1996, at the 1.93 m telescope of the Ob- 
servatoire de Haute Provence (OHP), 
France (3) .  Enhanced images of jetlike 
features seen from A ~ r i l  to October 1996 
(Fig. 1A) showed that some jets appear to 
bend awav from the sun as the cometocen- 
tric distance increases. The sense of cur- 
vature of the jets suggests that they were 
bent mainly by solar radiation pressure, 
and not by radiation of the nucleus. How- 
ever, long-term morphology changes and 
changes in intensity of the jets can be used 
to derive the rotation of Hale-Bopp and 
the distribution of outgassing areas (4). 
Here. we concentrate on the overall dust 
distribution and its relation to gas emis- 
sion in order to understand the evolution 
of Hale-Bopp's outgassing and unusual as- 

nucleus. Few come& have been observed far 
from the sun, where activity is driven by the 
second most abundant volatile. CO. Yet. 
studying the evolution of gas and dust activity 
over a large range of heliocentric distances, rh, 
is important to characterize the composition 
and structure of the nucleus. The discovery of 
the bright comet Hale-Bopp (C/1995 0 1 )  at 
about 7 AU has allowed us to observe the 
evolution of the comet over a large part of its 
orbit, as it approaches perihelion (rh = 0.91 
AU) on 1 April 1997. 

We monitored Hale-Bopp from April to 
October 1996 with broadband filters and 
long-slit spectroscopy at optical wave- 
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ne 1. CA thrwgh Dl A se- 

of HdsBopp taken in the R 
f i k .  To enhance jet &m- 

I tmsthepoints&cirdes 
around~bightnesspeek 
tthet is, - profiles) 
w m ~ t o t h e ~  
m l n l v a l u e m t h e ~  
circle.Thiiprocedureessen- 
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.. . 

hances azimuthal cordrast. (4 Image of the CN rxnhim at 3880 A obtained on 20 Augustw1996. The 
exposwe time is 10 min. An knage td<m with the blue contbxnrm iikw (ESO no. 510) was scaled and 
su~dinorderto~thedUgtc0ntribution.Thehnagesare~edsuchthancelestielNorthis 
upwards and East is to the left. The d i i  of tha sun is i n d i i  by an arrow. 
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pects in  some of the  observed excitation 
bands. 

T h e  azim~lthal distrlbutioil of the  dust 
over 6 months (Fig. 2) shoxed that the  
prominent jet features in the  coma (Fig. 1, 
A to  D) represent enhancelne~lts in  dust 
intensity of only 25% above the  back- 
ground level. T h e  similarity between the  
o~verall distributions of dust over this 
6-month period is striking. T h e  maximum 
obser~.ed emission n.as directed roughly to  
the  north,  not  toxard the  projected sun 
direction, as one n~ould exnect for isotronic 
emission from the  sunn.ard hemisphere of 
the  nucleus. However, because of strong 
projection effects, it is difficult t o  quantify 
the  angle bet\veen the  direction of maxi- 
mum einiss~on and the  solar vector. T h e  
north to ~ 0 ~ 1 t h  elnissioil ratio of dust in the  
coma increased from 2.2 to 2.7 from June 
through October 1996. Images of the  CN in 
the  coma obtained in  August 1996 sho\ved 
a fan of CN emissioil that is also roughly 
t o ~ a r d  the  north (Figs. 1B and 2),  with the  
maximum emission directed 29' to the  
n.est, in  agreement with the  overall dust 
distribution. Thus, the  CN gas distr~bution 
co~lfirins the  asymmetric outgassing in  
Hale-Bopp. T h e  north-to-south asymmetry 
could i i n ~ l v  that the  distributioil of actlve 

L ,  

areas o n  the  surface is asymmetric, or there 
is a constantly illumi~lated pole in the  

northern hemisphere. Alternatively, there 
co~l ld  be a morning-afternoon asymmetry 
clue to  thermal lag of the  nucleus, leading to  
increased subllination from the  afternoon 
side after the  comet has warmed LID as it 
rotates. This configuration ~vould imply 
that the comet cannot be a slow rotator and 
its rotation axis would be close to the  eclip- 
tical plane, thus perpendicular to  the  orbital 
plane of the  comet. A third possible expla- 
nation would be a projection effect of einis- 
sion froin several active areas emitting at 
the  same position angle. T h e  persistence of 
the emissioil pattern may be related to  the  
small changes in the  sun illumination and - 
Earth vie~ving aspect a~lgle  of the  active 
sources over the  observed orbit arc. If t he  
asymmetry is a projection effect, then n.e 
would expect to  see significant changes in 
the  a:imuthal distributloll before and 
thro~lgh perihelion since the  position of the  
sub-solar point o n  the  n u c l e ~ ~ s  changes rap- 
idly d~lr ing perihelion passage (5). 

The  continuum intensity can be related to 
the d~ls t  production rate, QLiu,,, through the 
so-called Afp parameter (6).  LVe used the 
central part (4L?L?,L?L?O km radius) of the R filter 
images (Fig. 1)  to determine Afp and compare 
it with the gas production rate as a filnction of 
time (Table 1) .  From the Afp parameter QL,,,,, 
mas computed (Table 1 )  using a standard 
model (7). The  ratio Qdu,r/Qrc,, decreased by 

about a factor of 3 b e t ~ e e l i  April and October 
1996. Such behavior is surprising, since one 
mould expect QL3 L,z, to increase with Q ,,,. Vile 
estimated possible observational sources for 
this effect. Possible contamination of the R 
filter measurements by gaseous emissions 
tends to increase .4fp nit11 decreasing ,,. The 
dust intensitv from a comet is expected to be 
enhanced a; small phase angles' because of 
high backscattering efficiency. This might 
ha1.e increased the Afp of Hale-Bopp in June 
by up to iO%, but 110 substantral effect is 
expected for phase angles larger than l C o  (6). 
Therefore, the nearly constant temporal be- 
havior of Afo is real. A llearlv constant be- 
hal-ior of A h  at large T), \\.as also observed for 
comets B o ~ e l l  198Cb and PIHalley (6, 8) .  
From these and other comets ohserved at laree 

D 

r,, it was proposed (8) that a halo of icy grains 
could enha~lce  the albedo of the observed 
particles and thus increase the measured A f p .  
Vile suggest that a similar halo of icy grains 
existed in Hale-Bopp. The  increase in QLIL,,, is 
then compensated by a decrease in albedo 
~v i th  decreasing T,,, as the icy grains sublime 
and refractory grains ~ i t h  lo\ver reflectivity 
begin to dominate the dust emission. Illdeed, 
icy grains \?ere detected through their infrared 
signatures in Hale-Bopp at rl, = 7 AU (9).  
Fading grains had been proposed to explain 
relatively steep radial gradients (p-'.' in coin- 
et Tempel 2) of the dust intensity (10). T o  

Fig. 2 (left). An overlay of 
azimuthal profiles through 
R-f~lter images and a nar- 
row-band CN filter image at 
a distance of 20,000 km 
from the brightness peak '.'- 
The profiles are aligned in a a 

- 

frame of reference wlth ce- 5 - 
estia North at 1 80°, West at E . 
90". The direction of the sun $ 0,6- 
IS Indicated by an arrow for g 
the respective profiles. For 
the CN f t e r  profie, the sun $ 
direction is the same as for 
the August R-fllter profile. 
Fig. 3 (right). Spectra of 
Hale-Bopp from 4.6 to 2.9 
AU heliocentric distance. (A) 
26 April 1996. 6 :34 unver- 
sa  tlme (UT), r,, = 4.6 AU, 1 0.2 

= 4.3 AU. (8) 25 June 1996, 
8:56 UT. r,, = 4.0 AU, 1 = 

3.0 AU; (C) 23 August 1996,00:57 UT. r, = 3.3 AU, 1 =2.8 AU; (D) 10 to 16 September 1996. 

tions at the 1.52-m Danish telescope. Emssion bands of CN, C,, Cj, and NH, are present in 
all spectra taken. (The spectra from April and June had strong contam~nat~on by strayght in the 

-2 

blue spectral regon which was subtracted. Thls led to an oversubtracton of fant C, emsson.) 3800 4200 4600 5000 5400 5800 6200 6600 7000 

(F) IS extracted from our 2D spectrum on 3 October 1996, at 10"m in the anti-sunward Wavelength [A] 
dlrecton and shows several emission bands of COf and H,O-, in addltion to CN and C, 
bands. Only the strongest COf emssons are ndcated. 
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study if a s~lnilar gradlent exists in Hale-Bopp, 
we have determ~~led the radial dependence of 
the dust using the ~larroa-hand co~ltinuum 
image from 20 August 1996. .4n intensity 
gradient of pp','"s found b e t ~ v e e ~ ~  3000 km 
and 50.000 km. This gradient is rather low for 
fading grains, and sublimatillg particles are 
therefore not strongly influencing the spatial 
dust distribution. 

Hale-Bopp's optical spectrum changed as 
i~ approached the sun (1 1) (Fig. 3) .  At  3550 
A the strong emission bands of CN were seen 
in all our spectra. This band was the first gas 
emissio~l detected in Hale-Bopp at 6.5 .4U 
(12). However, for rl, > 5 .4U, no other 
emiss~ons at optical xvavelengths \yere report- 
ed (13). It therefore came as a surprise that 
our spectra taken in Apr~l  1996, at rl, = 4.6 
A L  (Fig. 3A), showed emissions for C,, C,, 
and NHZ that are usually seen in comets 
closer to the sun. For some of the molecules, 
such as Ci and NHZ, this is the largest r,, they 
have vet been observed. 

.4s' Hale-Bopp moved closer to the sun 
(rh = 3.3 A U ,  Fig. 3C) ,  the first emissions 
of the ions of the major colnetary constitu- 
ents, H 2 0 t  and COf appeared [COP was 
first reported on 17 August 1996 (14)]. 
Their sublimating parents, CO and H 2 0  
(inferred from O H ) ,  were detected at rh > 6 
A U  and rl, = 4.8 AU,  respect~vely (15, 16). 
It is llkely that the s t r o ~ ~ g  dust con t inuu~~l  
and some tlme-variahi1it~- in the 1011 tail are 
responsible for the relatively late detect~on 
of the ion emissions. At  3.1 AU,  the ~veak 
emissips from CHo and C H f  appeared at 
4310 A and 4235 A ,  respectir-ely. 

To  der~ve gas production rates from the 
observed line fluxes, a ~nolecular excitation 
lnodel is needed in comb~nation n ~ t h  a 
coma outflow model. Both models make 

several assumptions, that may not be valld 
for Hale-Bopp at large \. Deter~n~natioll  of 
relative band ratios of emission features is 
useful for testing the validity of fluorescence 
excitatio~l models, which are used to trans- 
late the ohserved fluxes into column densi- 
ties. The mean ratio of the C2 ( I v  = 1/1v 
= 0)  hands is found to be 0.53 2 0.05, in 
agreement with the theoretical ratio of 0.54 
(17). The  elnisslon hands of NH, in the 
spectra of Hale-Bopp showed an anomaly at 
large rh. Bands with an even upper v~bra-  
tional iluantLun number v:, (C, 10, 0 )  and 
(0, 8, 0 ) ,  are much stronger than ball~ls with 
an odd v;. The odd bands, (0, 9, 0 )  and (0, 
7 ,  a ) ,  do appear near r,, - 3.1 A U  and 
increase somewhat in strength thereafter, 
hut they relnaln faint until 2.9 .4U. For 
instance, the (0, 9, 0 )  hand is at least SIX 

times weaker than expected from fluores- 
cence excitation models ~vhereas the ob- 
served (0, 10, a) / (@, 5, 0 )  intensity ratio is 
ahout 1.2, close to the pred~cted value (18) 
{contam~nation of the (0, 8, 0 )  band by [01] 
emission 1s ~leglig~hle}. For this ratio we find 
no O ~ V ~ O L I S  trend with rl, between 4.6 and 
2.9 AU.  Production rates of NH, are used 
to derive the NH, abundance in comets. 
Because the ratio of N H ,  to N2 and CO 1s 
temperature-dependent, and can therefore 
helo def~ne  the formatioll co~lditions of 
comets and the amount of chem~cal pro- 
cesslng, reliable QKH. 1.alues are needed. 
The  anomalous NHS emissiolls seen 111 

Hale-Bopp beyond about 3 A U  suggest that 
it will he necessary to reexamine the valid- 
~ t y  of fluorescence excitation models and 
therefore the oroduction rates derived from 
these models. Spectra from Hale-Bopp near 
oer~helloll are reilulred to verlft ~f the ex- 
'cltation condition; are then similar to those 

Table 1. The Afp parameter dust productlon rate, Q, ,,, and the rato of dust productlon to total gas 
producton rate, Q,,, [determned by addng the CO and OH producton rates from radlo obselvatons 
(25)] b denotes the phase angle 

seen in other comets and are in agreement 
with models applied near rl, = 1 AU. 

A similar anolnaly in excitation was oh- 
served for H z O f .  A t  3.3 .4U only the (0, 8, 
0 )  band is preseQt, although the (0, 7 ,  0 )  
hand near 6550 .4 should he equally strong 
(19). The (0, 7 ,  0 )  hand appeared ~veakly at 
2.9 A U .  Because N H Z  and H Z O P  have the 
same spectroscopic structure it is not sur- 
prising that their elnission hands behaved 
in the same manner. hut their excitatioll at 
large rl, cannot be explained by current 
excitation lllodels (1 8, 19). 

Because of the selection rules for NHZ and 
H 2 0 f  transitions, the even v; hands only 
involve even loner rotational levels, and the 
odii v; hands only oiid lo~ver levels (20). This 
might explain why the ratio of hands with 
even vi 1s close to the predicted value, while 
the ratio of odd to even vi IS not. However, 
there is annarentlv no reason ~vhv even and 

L L 

odd loares states 1; NH, should I I ~  he Inore 
or less equally populated at large r,,. The 
different molecular structure of their parents, 
N H ,  and H,O, and the different formation 
processes, pl~otod~smciation and photo~on~za- 
tion, make a different level population caused 
bv the creation orocess unlikely. An addition- 
al excltatlon mechanism, like collis~ons, 
might play a role only 111 the nmerlnost re- 
eions of the coma. Instead. we think that the 
&3 

solut~on will be found through a detailed study 
of the radiative processes as they apply to the 
particular molecular structure of NH, and 
HIOP.  This suggestion is based on  evi- 
dence indicating that these molecules are 
rotationally extremely cold in Hale-Bopp at 
large r,.. - 1, 

To derive productioll rates we used the 
Haser model (21) which assumes isotropic 
outgassing at constant speed and photod~sso- 
ciation of the parent and daughter molecules. 
Although this rnodel IS not strictly valid, it 
serves as a good reference model when com- 
paring different ohsemations. We used a gas 

r h $ A f ~  Q?ust t 
8 ,- 

Date 
[AUI 101 [ml [1 0 j  kg s-'] Qd-mst/Q~as j 

2 1027: 
g I 
n 1 

Table 2. Gas production rates. Q, r,, and 1 denote the hellocentrlc and geocentric distance, 
respectively. 

2 3 4 5 6 7  

1 Q(CN) Q(C2) Q(CJ Q(NH2) Heliocentric distance [AU] 
Date r h [AU] [AU] [lo2' ss'] [ I  0'' ss'] [I 0" ss'] [I0" ~ ~ ' 1  Fig. 4. CN producton rate over heliocentric ds -  

tance. Rates at 6.8 AU and 5.0 AU (squares) are 
taken from (4,5), a other rates are from ths study 
(triangles). The CN productlon rate shows a 
strong Increase around 4.6 AU.  For comparison, 
the production rates of HCN (18). the probable 
parent of CN, are shown (diamonds). 
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velocity of 1 km s-' at 1 AU and scaled it to 
the observed distance by rI,-"'. The  destruc- 
tlon scale lengths for the parent and daughter 
molecules \yere determined from observat~ol-is 
11ear the sun and it is unclear if they are 
applicable at large r,,. LYie tested if three ild- 
ferent sets of scale lel-igtl~s (8, 22, 23) could 
approximate our spatial emission profiles from 
long-slit spectra in Hale-Bopp. The  scale 
lengths given by (22) approximate the ob- 
served profiles the best, although values by 
(23) gir7e similar results (24). Straylight pre- 
vented us from deri\.in,u Qc, at large r,,. How- 
ever, Qc, ".as derived t ro~n  the spectrum tak- 
en  at OHP,  which is free from such straylight 
(Table 2).  T h e  rates ior NH, \\.ere derived 
from the (0, 10, 0)  band, although the unusual 
excitation of NH, means that rates may not 
be valid. For .4~1gust, a loner limit for the C N  
production rate was calculated from our C N  
frame. This rate is 30"6 belonr the value de- 
rived from the spectra, which represents good 
agreement givlng the various uncertainties in 
parameters. From the production rates (Table 
2) derived under the simplifying assumptions 
inade above, n.e can see the general trend of 
activity and determine the inean ratio of C2 to 
C N .  With  a mean log(C,/CN) = 0.1 5 0.2 
het\veen 4 to 3 AU, Hale-Bopp falls into the 
range of typlcal comets as defined by (8) .  

Obserl-aticns of C N  gave us tlie largest 
coverage of gas activlty in Hale-Bopp from 7 
to 3 AU (Fig. 4). While the gas proch~ction at 
r ,  2 5 AU was low (12, 13),  ~t increased 
between 5 and 4.6 AU. A t  r,, = 4.6 AU. we 
also detected C:. C3, and NH,. The increase 
111 C N  production rate coincides ~vlt11 the first 
detection of O H  at 4.5 AU ( 1  6). and ~ t s  
si~bseqi~ent strong increase (25). It 1s therefore 
suggestive to relate the enhanced Q,,, n-11~~11 
1s indicative for that of ~ t s  lnaln parent HCK,  
to tlie Increase in H - O  sublimation. 

The  Increase in Q,,, rvitli increas~ng 
QHIO c ~ i ~ l d  be explained by adii~tional H C N  
p r ~ v ~ d e d  froln the nucleus surface or by an  
add~tional subl l~nat~on source, such as icy-dust 
grams in the coma. The Infrared Satellite 
Observatory lneasi~red a color temperature of 
T = 160 K in the range of 6 to 12 p m  at r - 

h. - 
4.6 XU (26). at the saine tune as Qm 111- 

creased. The free subl1lnat1ol1 telnperature of 
H,O ice is 152 K (27),  suggesting that the 
increase in QCN ~vas linked to the sublimation 
of H,O Ice and not to tlie si~blllnatlon of pure 
HCN ice (\vhlch sublimes at 95 K). A11 in- 
crease in Qc, \%-as observed near r,, = 4.5 XU 
(25, 28), but by a milch slnaller amount than 
a,,. This is not s~~rprising in vie\%- of tlie 
laroe amount of CO coruino directlr from tlie 
nucleus. Ex-idence for H,O sublimation from 
grains has also been found in radio observa- 
t l ~ l l s  of OH (25).  

From a recent co~nparison of Inany comets, 
and prevlous observations, it was proposed 
that subl~matlon of relati\-ely pure H,O ice 

grains could explain the observed sinall QcK/ 
Qo, ratio seen 111 comets with perihelia 2 2 . 5  
AU (8). Ho~vever, such pure H,O Ice grains 
callllot explain the observed increase 111 Q,, 
around 5 .4U in Hale-Bopp. LYie propose that 
icy grains in Hale-Bopp, beginning to subl~me 
around 5 4U, are relatively fresh and have a 
coinnosition similar to the nucleus surface. 
Such grains would serve as a natural source for 
the additional C N  observed at 3 AL. 

Observations of C N  jets in Halley and 
conlparisoll to QHCK led to the propositioll 
that C N  might be partially released from small 
dust grains (29). Comparillg the gas and dust 
distribution (Fig. 2), C N  does not appear to be 
related to the spatial distributioll of dust to 
first order. The  distributioll of C N  is, howev- 
er. consistent n.it11 the H C N  distribution in- 
ferred from sub-m11-i observations (25). This 
suggests that \risible dust is not a significant 
source of C N  in Hale-Bopp. (Evaluation of 
the C2 distribution shon-s qualitatively the 
same spatial distribution as C N ,  implyillg a 
similar iiistribution of its source.) However, 
the possibility of C N  coming from small 
grains, invisible at optical wavelength, or from 
additional parent molecules, remains (8) .  
Two additional parent molecules for C N ,  
CH,CN and HNC,  have recently been dis- 
covereii 111 conlet Hyakutake (C/l996 B2) 
(32). L/leasurements in Hale-Bopp gtve a ratlo 
ofCH,CN to HCN of 12 f 2% at 3 AU, and 
about 1L7% H N C  to H C N  at 1.5 AU (25). 
Thus, about 3Cn'o of C N  can come from these 
addltional volatlles retained in the ice. T o  
sti~dy if an additional source is reqi~ired for 
Hale-Bopp, we compare QCN and QHCN (Flg. 
4) .  From these measurements, we conclude 
that a major addltional source of C N  (for 
example, fro111 the refractory component) is 
not required In Hale-Bopp In the r,, range 
studled. 
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