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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 )  wa!: dis- 
co~-erecl on  13  July 1995 at a n  integrated 
visual maonitude of - 11 ( 1 ) and at a he- 
liocentrlc distance, r,,, of i astronomical 
~ m ~ t ! :  (AL) (2 ) .  T h e  discover\- of a lumi- 
nous periodic cornet at  such a large distance 
from the sun lnitlatecl ohserrations at opti- 
cal and radio \vavelcn~ths to understand 
the physical and chemical processes occur- 
rlno in the nucleu!: and coma which are not 
a\-ailable from oliservation!: at ~mal le r  T~,. In 
particular, Fitzsimmon!: and Cartmight  (3)  
detected emission from the C N  ((0-0) band 
in Hale-Bopp'!: corm at rl, = 6.82 AU; the 
second mmt distant reported detection for a 
comet (4, 5). 

Our obscr\.ations of Hale-Bopp nere ob- 
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taincd o n  13.1 October 1995 univer!:al time 
( U T )  (T,, = 6.45 AL; 6.64 AU from Earth) 
with the 4.5-111 hlultiple Mirror Te le~cope  
and the blue channel charge-coupled de- 
vice ~pectrograph (6 ) .  W e  obtained two 
2Q-mln exposure!: of Hale-Bopp with the 
spectrograph slit centered on  the nucleu!: 
throuehout the observation and orlcnted 

L 

along the parallactic angle of 29" to mini- 
mize any loss of light due to  atlnosphcric 
refraction. T h e  position angle of the Fun on  
the plane of the sky \vas 2 iQ0  so that the !:lit 
15-as oriented nearly o r t h o ~ o n a l  to sun-tail 
direction on  the s'ky.  hi spectrum of a 
solar analog star (van Bueren 64) wa!: ob- 
tained to remove the reflected solar !:pet- 

trum from the comet spectrum. T h e  first 
comet exvosure wa!: heavilv contaminated 
by background stars and was discarded. 

T h e  data nere reduced and processed 
using standard procedures (7). Becau~e any 
gas coma of Hale-Bopp is expected to be 
quite extended and probably even extends 
beyond the bound!: of our short slit, sky 
subtraction was acco~nplished by first inter- 
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Fig. 1. Obsenled spectrum of Hale Bopp show- 
ng the detect~on of CN (Iv = 0) n the coma (gh t  
cunle) The heavy cunle represents a model CN 
profe based on the results of fluorescence equl 
b r ~ u m  calculat~ons at an r of 6 43 AU (9) and 
scaled assumng our derved CN producton rate 

polating across the  emission band of C N  at  
the  extreme ends of the !:lit. W e  estimate 
that the  error in  our relative intensity cal- 
ibration is ks!: than about 796. Based o n  the 
relative sizes of the !:eeing di!:k and the  slit 
width and the  resultant loss of standard star 
light, we estimate that the  ob!:er\-ed cali- 
brated spectra of Hale-Bopp arc o n  average 
a factor of 6 brighter than they a.ould be in 
the absence of any standard star light losses. 

K7c identified in the processed long !:lit 
spectrum, elnlssion due to  C N  (Av = 0 )  
extending from the  bright nuclear region 
and faLiing ~ 1 o n . l ~  to the ends of the slit in  
contrast ti> night-sky llnes ~vh ich  cross the 
slit a t  constant intensity. T o  determine the  
spatial distribution of the  C N  emission, we 
extracted 14 individual spectra alollg the  
!:lit a t  location!: free from stellar contamina- 
tion. Each spectrum utilized a 5-arc-!:ec- 
long extraction aperture and n.e isolated the  
region>urro~~ndingg G N  ( 1 v  = 0 )  between 
3840 A and 3900 A for our analysis. T o  
measure the  flux of C N  in each !:pectrum, 
the solar analog spectrum lvas scaled to 
match the background continuuln of each 
spectrum and then subtracted. Our  spec- 
trum was formed hy averaging the  14 indi- 
vidual !:pectra but excluding the spectrum 
centered iiirectly on the bright nuclear con- 
densation (Fig. 1 ) .  T h e  observed average 
integrated band flus of C N  (Av = 0 )  is 
(8.2 ? 1.2) x l C p l '  erg clnp' s p l .  Follow- 
ing a similar analysis, Ive fail+ to  detect C, 
(117 = 0 )  a t  5000 to  5200 A in  the  coma. 

T o  determine the  radial distribution of 
C N ,  we converted the lneasured integrated 
bani1 fluxe!: to col~l lnn densities (8) assum- 
ing that the fluorescence efficiency, g-fac- 
tor = 8.56 X lop1' erg 5-l  moleculep1 at r,, 
= 6.45 A U  (9)  and the aperture diameter 8, 
= 2.5 arc sec (12,140 km at the  comet),  
n.hich is the diameter of the  equivalent area 
circle corre~ponding to  our 5 x 1 arc sec 

p (1 O4 km) 

Fig. 2. The measured spa ta  dstrbuton of CN n 
the coma of Hale-Bopp ( s o d  crces)  shown with 
the~r assoc~ated I n  unceria~nt~es Compar~son 
with the scaled Haser model (heavy cune) 1s also 
shoivn The spatla profe of contnuum whch 
represents the dstrbuton of the dust or grans In 
the coma 1s represented by the dashed cunle 

rectangular extraction aperture. T h e  distri- 
bution of C N  is very broad as cornpared to  
the  du!:t or erains as measured bv the  !:aatial 
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profile of gas-free continuum (Fig. 2). Such 
a broad distribution is expected, and typical 
of conlets at small r1,, since C N  is a daughter 
product of one or Inore parent molecules 
and also is believed ti> be released directly 
from grains (19).  In each of these cases, C N  
is expected to have a much broader spatial 
distribution than the dust's canonical l ip  
distribution, M-here p is the projected dis- 
tance from the nucleus, due to the much 
higher nolnll~al velocity of the C N  mole- 
cules than of the dust erains. T h e  aercclnent - - 
between the observed and Haser lnodel !:pa- 
tial profiles of C N  i!: surpri!:ingly good, given 
that the H a w  luodel parent and daughter 
scale length!: were dcrir-cd from spatial pro- 
files measured in comets ha\-ing r,, between 
0.7 and 1.5 AU and are scaled by r,,' (1 1) .  
Thi!: !:ueee!:ts that the!:e Haser model scale -- 
length!: for C N  are well deter~nined and are 
applicable over a wide range of rl,. 

T o  determine the  total production rate 
of C N ,  QCN, we fit the observed profile to 
a Haser model ass~lrning fixed parent and 
daughter !:ale lengths of 1.3 x lo4 (r/1 
AU) '  and 2.1 x 10' ( r / l  AU)' ,  respectively 
( I  1 ,  12)  (Fig. 2) .  W e  deril~ed Q,., = (7.0 ? 
1.2) x 10'%nolecules per !:econcl from 
these data. Correction of the observed Q for 
light los!:es give!: an  actual Qm = (1.2 -t 
0.3) x 10'6 ~nolecules per second, where 
the uncertainty in Q i!: iiolninated hy the  
uncertainty in the  light-loss correction. 

Using our measured QCN, we computed 
a lnodel C N  hand profile to  compare with 
the observed profile (Fig. 1 ) .  W e  used the  . - 
results of fluorescence eiluilihri~lnl calcula- 
tions for C N  (Av = 0 )  a t  r,, = 6.45 AU and 
17,, = - 15.3 km s p l  ( 9 )  and convolx-$cl with 
the  in!:trumental resolution of 3.6 A. T h e  
C N  (A\, = 0 )  profile con~ i s t s  of the !:trong 

(9-9) band centered at 387$ '4 and the  
weaker (1-1) band a t  3864 A (Fig. 1 )  and 
our calculations show that at r,, = 6.45 AL 
only eight rotational energy level!: are pop- 
ulated, and therefore do no; extend to the  
liand head at 3883 to 3884 A. Our  comput- 
ed profile had a total integrated C N  (Av = 
0 )  band flus of 5.45 x l Q p l j  erg cm-' s-' 
and a po~ i t ion  and shape in agreement with 
the  observed profile. This is the  first mea- 
!:urement of C N  at large 7-,, Lvith !:ufficicnt 
~pec t ra l  resolution to test t he  C N  fluore!:- 
cence model (9 )  a t  a low lc\icl of !:olar 
radiation. Previous test!: of the  ~tani iard  flu- 
o re~cence  lnodel (9 ,  13)  rvere nlacle for 
comets at rl, 5 1.3 AU, or a level of solar 
radiation Inore than 25 time!: greater. Since 
the relative populations of C N  molecules in 
the 17arious rotational states depends 011 a 
balance bet~veen excitation of molecules by 
solar radiation and subsequent de-excita- 
tion with the  einission of one or Illore phi>- 
ton!:, the relative line i n t c n ~ i t i e ~  within the  
emi!:!:ion band and the  final fluorescence 
efficiency depends o n  the  value!: of !:everal 
de-excitation parameter!:. T h e  aercelllcnt - 
between the  ob!:erveii and theoretical pro- 
files in Hale-Bopp (Fig. 1 )  indicates that 
the assu~ned l~alues of these parameter!: are 
sufficiently accurate for analy~e!: of C N  ob- 
servations obtained over a wide ranee of r,.. - 

Our !:pectro!:copic observations confirm 
the  detection of C N  in  the coma of Hale- 
Bopp at large rl, (3 ,  14). Our  deril~ed pro- 
duction rate at 6.45 AL' is comparable ti> 
their respectil~e values for Q(:N of (1.2 ? 
0.6) X 1 0 ' ~ m o l c c u l c s  per !:econd and 
(1.2 i- 9.2) X 10'%molcculcs per second 
measured at 6.8 AL aiicr adjusting each of 
their results for differences in fluorescence 
efficiencies and lnodelillg (12).  T h e  agrce- 
rncnt in the  derived value of QcN among 
the three set!: of spectro!:c~pic 01,. ?qervatl<>ns 
made over a 6-week interval in 1995 imply 
that Hale-Bopp was in a cluasi-steady state of 
production during the  measurements. 

Finally, Ive also examined the reflectance 
spectrum (15) of Hale-Bopp by extracting a 
spect~um of the comet centered on the nucle- 
LIS and extending ? 26 arc !:ec i? 1.25 X 10' - 
km at the comet) into the coma. Our reflec- 
tance spectrum !:how!: that the dust coma of 
Hale-@pp is -10% redder than the sun per 
1000 A over our entire spectral coverage con- 
sistent with prex-iou!: reflectance spectra of 
Hale-Bopp (3). 
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Dif f using-wave Spectroscopy of Dynam its in a t h i ck (F ig .  1 ) .  V ~ d e o  and DWS lneasure- 
ments showed that spatial gradients 111 all 

Three-Dimensional Granular Flow three d ~ ~ u e n s ~ o n s  were slnall and that the  

Narayanan Menon and Douglas J. Durian 

Diffusing-wave spectroscopy was used to measure the microscopic dynamics of grains 
in the interior of a three-dimensional flow of sand. The correlation functions show that 
minutely separated grains fly from collision to collision with large random velocities. On 
a time scale 1 O3 to 1 O4 times longer than the average time between collisions, the grains 
displayed slow, collective rearrangements, which, at the long-time limit, produced dif- 
fusive dynamics. 

S a n d  dunes, grain !:do!:, hourglasse!:, cata- 
lytic beds, filtration torver!:, river he&, Ice 
f~elds ,  and many foods and building mate- 
ri a 1- s , ale . granular systems (1 ) .  They consist 
of large numbers of randomly arranged, dis- 
t ~ n c t ,  lnacroscopic grain!: that are too large 
to he moved bv thermal e n e r ~ i e s  hut can be 
iirl\~en ~ n t o  flow by externalLforces. W e  do 
not have a n  ~ ~ n d e r s t a n d ~ n g  of the  fluid state 

u 

of a granular rnedi~lln analogous to that for 
the  macroscopic flow properties of a llcluid. 
In  a series of selnlnal papers, Bagnold (2)  
made the first effort!: toward creatlng a phe- 
no~nenoloeical "fluid mechan~cs" for sand. 
~ d e n t ~ f y m g  Inertla of the grams and their 
collision!: as s ~ e n ~ f i c a n t  elements in  the dy- 
n a ~ n ~ c s .  Smce then there has been cons~d-  
erable theoretical effort (3) in fo rm~l la t~ng  a 
continuum descrivtion of ~ r a n u l a r  flows 
based o n  the  kinetic theory of dense gases. 
Hoxvever, in contrast to molec~llar fluids. 
kinetic energy in grain f1on.s is irreversibly 
lost in the  inelastic collisions of the grain!:. 
.A f~lr ther  com~l ica t ion  is that the scale of 
velocity fluctuations in  the  material (re- 
ferred to a!: the "granular tem~erature")  is 
~lonthermal  and has been difficult t o  mea- 
!:ure, e~pecially in three-dimen~ional (3D) 
flon-s (4). Also, recent computer simula- 
tions and theoretical work (5) shon. that 1D 
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and 2D ~ n e l a ~ t i c  !:y!:tem!: spontaneously 
form ~ n h o m o ~ e n e i t i e s  that rxxentiallv re- 
!:trlct the  applicahil~ty of hydrodynamic ap- 
proache!: to  grain flon.. 

W e  u!:ed d~ffusing-~vave spectroscopy 
( D W S )  (6)  to prohe tlhe local, short-time 
d\-namics of grams In a 3 D  gravity-driven 
flow and examlne the  phys~cal hasis of hy- 
drodynamic models. DWS I!: a mult~ple- 
light-scattering technique that y~elds two- 
particle correlation f~lnction!: at time Inter- 
vals greater than 10p:s and spatla1 separa- 
tions greater than 1 A. These capabllitles 
are necessary hecause the  co l l~s~ona l  dv- 
narnlcs \ye !:cudled are at tulle scales of lop" 
to lop4 s and lencth scale!: of 0.01 to 1 cLm. 
Because granular material!: strongly scatter 
llght, earller experiments have chiefly stud- 
ied quasi-2D flo\~-s (7)  or highly ciiluted 
floxvs (where the  short-time dynamics are 
collisional hy construction). Experiments in 
dense flows 18-lc?) have been analyred (8, 
9 )  x i t h  the  assumptions that short-time 
dvnamic!: are colli~ional anci that the  m a n -  
tities of interest may he inferred from long- 
time, spatially averaged motions olxained 
by direct imaging of tracer beads. 

T h e  granular material we studied con- 
~ i s t e d  of dry, cohe!:ionle!:s, monodisper!:e, 
smooth, spherical glass heads ( I  1 ) 95 or 194 
p+m in  diameter. T h e  floxx, 1 ~ 1 s  grax-ity-ciriv- 
e n  (12)  and confined to a vertical channel 
30 cnl high, lc? cm wide, anti Q.3 to  1 cln 

flow field el-erywhere In the channel \\.as 
character~zed hy a ~ i n g l e  ax-erage f lo~v ve- 
loc~ ty  1,. W e  \~arled from 0.C3 to 3 cm/s 
hy changlng the mesh sire a t  the hottom of 
the  channel. T h e  arranoement of the  heads 
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In f lo~v shoxxved n o  evidence of density in- 
homogeneit~es or cry~talllne pack~ng.  

For D W S  measurements, we illuminated 
the  sample with an Ar- laser of 488- or 
514-nm wavelength and 3-mm beam waist. 
Incldellt photons were mul t~ply scattereci hy 
the plass bead!:, nerformed random walks 
through the sample, and interfered, produc- 
ing a !:peckled pattern. Gram motlons 
caused thls pattern to fluctuate, decorrelat- 
Ing the Inten!:lty measured a t  the detector. 
T o  Infer the dependence of the  dvnamic!: of 
the  beads on t i ~ n e  7 from the  autocorrela- 
tlon f ~ ~ n c t i o n  g l ( ~ ) ,  \ye de~cr ibed photon 
transport as a random ~va lk  t h r o ~ ~ g h  the  
m e d ~ u m  wlth a !:tep length 1'%11d an ah- 
sorption length 1,-(~yhich \yere determlneci 
hy measuring the  fractlon of l ~ g h t  transmit- 
ted throueh the  s a m ~ l e  a!: a f~lnct lon of ~ t s  
thicknes!:). For example, the  norlnalired 
electric-f~eld a~~tocorre la t ion f ~ ~ n c t l o n  in 
transmlsslon (Fig. 2A) 1s g l ( ~ )  - exp[- (L/ 
l" ) 'k ' ( l rZ(~))] ,  \\.here L is the sample thick- 
ness,   AT'(^)) i!: the mean-squared displace- 
ment of the Fcatterer!:, k i!: the  1yax-e vector 
of light in the  medium, and the  factor (L/ 
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Detector 
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Fig. 1. S ~ d e  vievbi of t he  f low and Igl l t -scatter ing 
geometry .  




