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Abstract. High-resolution spectra of sodium D line emissiom role for the release of sodium is still unclear, and the nature
in comet Hale-Bopp (C/1995 O1) were obtained at the Obseneapossible distributed source for Na needs further investigatid
toire de Haute-Provence, France, on 25-27 March and on 15-17High-resolution spectroscopic observations covering the
April, 1997. The observations have been used to measure bhines were performed in March and April 1997 within 2
velocity of sodium atoms in the coma within 2°1Kkm from the  10° km from the nucleus. Analysis of the intensity and velog
nucleus. A comparison between the March and April data prity profiles of the sodium emissions with nucleocentric distang
vides an illustration of the influence of the heliocentric radiauggests the influence of an extended source in the coma.
velocity on the strength of the fluorescence (Swings effect), and
onthe veIpcny of Na atoms achieved by solar ra.dlaltlon PressWesearvations and data reduction
acceleration. Evidence for the presence of a distributed source
in the coma is found from the relatively high tailward velocitie€omet Hale-Bopp was observed in March and April 1997 ;
on the sunward side of the coma, in addition to the sunwatte Observatoire de Haute-Provence (OHP), using the ELOD
extent of sodium emission up to 1.4%Km in April. echelle spectrometer (Baranne et al. 1996) at the 1.93 m te
scope (Table 1). With this spectrometer (resolutio3000,
Key words: comets: general — Comet: C/1995 O1 (Hale-Bopgprresponding tez 7kms! at the wavelength of Na D emis-
— atomic processes — line: profiles sion) two spectra are obtained simultaneously via two optic
fibers of 2’ aperture separated byal
On 25-27 March, 1997, spectra were obtained with the p:
of fibers aligned with and perpendicular to the sun-comet lin
On 15-17 April 1997, 13 pairs of spectra were secured with t

The recent discovery of a sodium tail in comet C/1995 O1 (Hallbers along the radial vector in almost all cases.
Bopp) extending to several 1@m (Cremonese et al. 1997) has  Line profiles of the Na  and D, emission have been de-
raised a number of questions related to the production, motiéifed after subtracting the underlying dust-scattered solar sp¢
and lifetime of these Na atoms under the action of solar radiatiBH™M. corrected for telluric absorptions. Since the conditio
near 1 AU. Analysis of wide field images (Cremonese et vere not really photometric, no accurate absolute calibration
1997) shows that the extended sodium tail is created by sdf Na emission could be made. To obtain a general overvig
radiation pressure acceleration of Na atoms released frorRfghe trend of brightness with nucleocentric distance, we &
nucleus or near-nucleus source. tempted to put all measured line intensities in April on a unifor
Although the nucleus might provide the major source f@&cale by normalizing to the same exposure time and correct
Na, release from an additional distributed source in the cof®4 extinction (see below, Fig. 2).
cannot be excluded. Observations of sodium in past comets led
to several suggestions on the existence of an extended c@NResults and discussion
source, caused by neutral or ionic parent molecules, or subli- _ o .
mation of cometary dust particle (e.g. Spinrad & Miner 196&;0metary sodium emission is caused by resonance with the
Huebner 1970; Oppenheimer 1980; Combi et al. 1997). Ho®Reming solar flux. The line intensity therefore depends strong

ever, whether and to which extent such possible parents do dPaHYthe Doppler shift of the cometary lines with respect to t
solar Na Fraunhofer absorption lines (Swings effect). Using t

* Based on observations secured at OHP (France) heliocentric velocities in Table 1, the solar flux at the excitati
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Table 1. Observing circumstances.and A denote the heliocentric S IRRRERN T ISR ,
and geocentric distances,and A the corresponding velocities, re- - % 12:3:8; g ]
spectively3 is the phase angle. % M ©17.4.97 o 1
© °l A |
date r A 7 A 8 T 1
[AU]  [AU] [km/s] [km/s] [°] o = 1
£ 4 o -
25.03.1997 0.921 1.319 -3.9 4.7 49.0 o T 1
26.03.1997 0.919 1.322 -3.3 6.1 48.9 = . |
27.03.1997 0.918 1.326 —-2.7 7.4 48.8 2 s A |
15.04.1997 0.951 1.521 8.5 25.7 40.2 s 3 B
16.04.1997 0.956 1.536 9.0 26.3 395 Lo °© 1
17.04.1997 0.961 1.551 9.5 26.7 38.9 o B o o o ongD ]
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Fig. 1. Comparison of Na emission from spectra taken at the nuc E 40 - \ 7
position in March and April. The underlying continua for the two ¢ g F . \\ -
serving periods have been superimposed; since, as observed on = 54 NN i
the cometary continuum is Doppler-shifted by A, this sum of ra- r \\\\ ]
dial velocities has been subtracted. The solar spectrum, repres¢ ) N ]
the cometary continuum, is also drawn as a reference with thesN L ““"' L "‘\._‘ ,‘,-"‘—:,7‘-";“4
I_:raunhofe_r line at zero velocity..With respect to the latter, the emis _50 _10 0 10 20 30
lines are displaced b — (7 + A) = —r-. Velocity (km/s)

Fig. 3. Normalized Na B line profiles observed on 17 April 1997 at
wavelength of the cometary sodium lines on 17 April is foune nucleus, 78 (1.4 16 km along the sun-comet line) offset on each
to be a factor of 6 higher than on 26 March and the resultigg@ie, and 108 away in the tailward direction. The velocity scale here
intensities of the Na lines (Fig. 1) differ substantially. refers to a frame at rest with respect to the comet’s nucleus.

Sodium emission can be observed at the extreme sunward
positions of the fibers, i.e., 1. and 1.4%Kn, respectively,
in March and April (Fig. 2). Moreover, the spatial distributiorwere converted to velocities along the sun-comet line by a factor
seems to be rather similar at both epochs, showing a sharp peakos 5 and a factor ofl / sin 5 was used to convert distances
at the nucleus position. to the radial direction. The scatter in velocity of the points near
zero velocity at the position of the nucleus gives an upper limit
to the error on the velocity determination.

In April, up to 4kms! anti-sunward velocity is reached
The spectral resolution of the ELODIE spectrometer allows a$ 1.4 10 km sunward and up to 6 knt$ at 2.0 16 km tail-
to investigate the kinematics of sodium atoms in the coma. Thard. These velocities are high compared to the motion of other
emission lines are significantly Doppler-shifted with respect teeutrals (typically 1kms! at 1 AU). In March, the observed
the cometary nucleus. During April, they show, in additiorDoppler shifts correspond to less than 1 km ¢Fig. 4) and the
variations in line shape with increasing distance (Fig. 3). Thiaes do not show any significant asymmetry or broadening. The
emission lines measured at the nucleus position representltveer velocities result from the smaller acceleration in March
instrumental profile, with a FWHM of 7 knTs. Emission lines caused by the reduced incoming solar flux, and provide an il-
from offset positions are Doppler-shifted and are broader ahgtration of the influence of the comet’s heliocentric velocity
asymmetric with a wing towards higher velocities. on the motion of Na atoms.

Sodium velocities corresponding to the peak intensity of Because the sodium lines offset from the nucleus are not
the Na B, line are shown in Fig. 4. The line-of-sight velocitiesGaussian shaped, we quantify the full width of the line profile

3.1. Kinematics
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Fig. 4. Cometocentric velocity along the sun-comet direction corr&ig. 5. Total Na D, line width (top) and asymmetry (bottom) measureq
sponding to the peak intensity value of the Nale on 15-17 April at an intensity level of 10% of the peak line intensity (see text).
and 27 March 1997.

at the 10% level of the maximum line intensity. The resultt7 April. These estimates were derived by considering the b
ing widths increase with increasing distance from the nucleggace between the outward collisional forces and the repuls
(Fig. 5, top). The full width of the instrumental profile is 16.6 knsolar radiation force, and using a simpléRt/distribution law
s~1, in agreement with the widths found around the nucleus pfer n(H,0) (R = nucleocentric distance): the distance whe
sition. The increase in width is accompanied by an increased@coupling between Na atoms and water molecules ocBurs,
line asymmetry due to a growing high velocity line wing (Fig. Sand correlatively the sunward outer boundary of the Na co
bottom). We characterize the line asymmetry by using the p#re easily shown to vary d§r2/g; (#))'/2, Q being the HO
rameteln = 1 — ﬁgf , whereAv¥ is the difference between the(or OH) production rate angl; the radiation pressure acceler
velocity at 10% of the peak line intensity on the shortward)( ation atr = 1 AU. In this way, one can explain the values o
and longward ¢ ™) side of the line profile and,, (the velocity R4 found for comets Kohoutek and P/Halley from the Na radia
at peak intensity), i.eAv* = |v, — v¥|. profiles analysed by Combi et al. (1997). For comet Hale-Bop
we made use of results fap(OH) published recently (Colom
et al. 1998, Schleicher et al. 1998), allowing for an uncertain
factor of 2—3, to obtain the range quoted above for the predict
In the interpretation of the kinematics, one should pay attesunward extent of sodium. While the collisional effects invoke
tion to the dependence of Na excitation on the cometocentolg Combi et al. should indeed be included in future detailg
velocity which could modify the line profiles (Greenstein efinvestigations, it should be pointed out that the Na coma mog
fect). However, the Na lines are intrinsically rather narrow amtoposed by these authors relies upon exceptionally large crg
little affected by this effect, except possibly in the high-velocitgections for elastic water-sodium collisions (1-2-16cm?),
wings for the far offset positions. A further complication couldor which no experimental evidence exists so far.
result from telluric lines modifying the line profiles. Itis never-  SinceQ is larger andy appreciably smaller around perihe
theless possible already to discuss some implications. lion than near mid-April, the collisional coupling model predicts
A pure nucleus source is unable to explain the sunward exsignificantly larger sunward extent of the Na cloud (by a fa
tent of sodium emission, unless Na atoms are somehow traies-2—3). Comparison of the March and April observations dos
ported much farther to the sunward direction than expectednat support such prediction. Thisis corroborated by unpublish
view of the strong tailward radiation pressure. If working alonégng-slit spectra we obtained close to perihelion, which in fa
the latter would result in a sunward extent of only a few . indicate a shrinking of the Na cloud. Furthermore, the peculi
Collisional effects in the coma and the consequent entrairelocity profiles of Na compared to other species do not favo
ment of the sodium atoms coupled to the expandip@ldom- a strong dynamical coupling except in the central parts of t
inated gas, as envisaged by Combi et al. (1997), will lead ¢coma.
an inflated Na cloud on the sunward side in a comet with a The relatively high velocities and high-velocity line wings
copious gas release such as Hale-Bopp. However, comparisorthe sunward side of the coma suggest that the sodium ¢
with examples considered by these authors indicates that, reamwved at distant positions is released at even larger sun
1 AU after perihelion, the sunward extent could have beeh distances and subsequently accelerated by solar radiation p
to 9 10' km, still appreciably less than the distances at whicure to the observed velocities. Such an extended source wag
Na was observed on that side of the nucleus in Hale-Bopp thren be efficient only at large distances from the nucleus.

3.2. Implications for possible sources of Na
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22 ‘ ) of sodium in Hale-Bopp. Although the mechanism of sodium
no absorption —— - . -
5| case 1 —— release from dust particles is unclear, dust grains could also
case 2 -~ serve as a source for Na atoms in the inner coma. They would
18| Elodie —— be in agreement with a low velocity parent for Na. Clearly, de-

tailed modeling based on various possible modes of production,
including a central source and (a) distributed source(s), and in-
corporating all relevant physical processes (collisional as well
as radiative) is required. The Na velocities presented will pro-
vide a further constraint to such models, in addition to the spatial

16 F ™

D2/D1

14}

1.2 sodium distribution in the coma.
Ly 3.3. TheNa D,/D; lineratio

0.8 ‘ ‘ ) : ) The Na /D line ratio expected for single resonance scatter-
-15 -10 -5 0 5 10 15

ing is shown in Fig. 6 (solid line). The disagreement with the
. . . . _measured ratios (diamonds and crosses) in near-nucleus spectra
Fig.6. Na D./D; line ratio derived from near-nucleus spectra. Digqmy March and April can be explained, partly or totally, by the

monds: data obtained with the ELODIE spectrometer on 25-27.3.193qyation of the sodium emission lines by the many telluric
and 15-17.4.1997; crosses: additional data obtained using lower r

) ainl O) lines present in the Na region.
olution specrographs (AURELIE and CARELEC) at OHP on 10/1@ Thg Z%m)binatioel of (i) a varyin togocentric velocity, (ii)
March and April 4; solid line: ratio derived from the solar Fraunhofer ying top Y,

lines (Kurucz et al. 1984). For other models see text. a variable atmospheric water distribution and (iii) a Na profile
varying with position in the coma, creates a time- (and space-)
dependent differential effect on the;&nd D lines. A first

On the other hand, since the observations do not provide aalysis indicates that the departures from the theoretical ratio
tangential component of the velocity field, nor the line-of-sigiggused by telluric lines occur with the right orders of magnitude.
distribution of Na, it is not possible to totally exclude a purelyhe predicted B/D, ratios for two typical sets of conditions
central, anisotropic, source. are superimposed to the pure fluorescence ratio in Fig. 6. Case

The velocities recorded on the tailward side of the nucleddncludes an average water content for OHP. This corresponds
provide another argument in favour of the existence of an dg-an equivalent width of 60 Afor the 5891.65A H,O line.
tended source and/or the action of some collisional braking. Il FWHM of Na, assumed to be Gaussian, is A @ase 2
deed, in a solar radiation field at 0.96 AU (April observationsfias one third more water (the highest values we observed with
the velocity acquired by Na atoms issued from the nuclear regishODIE) andthe FWHM of Nais only 12 i A Lorentz profile
should be greater than 10 km'sat a distance of 2 ftkm along with a FWHM of 40 mA was adopted for the water lines. Most
the radius vector. This is to be compared witl6 km s~* char- of the observed BYD; line ratios could likely be reproduced
acterizing the bulk of the observed profile at that distance. Givéfith more sophisticated models. A detailed analysis will show
the known acceleration due to radiation pressure (24 ¢nics  if other processes (multiple scattering, optical depth effects) are
April), such velocity should have been reached already ovefé&gluired to explain possible small remaining deviations.

little less than 10km. Acknowledgements. We are grateful to an anonymous referee for use-

In summary, our observations of sodium in the coma af§ comments and to Michael Combi for fruitful discussions.
consistent with the combination of a central source, probably

with collisional entrainment limited to the densest regions ?{eferences
the coma, and (an) extended source(s).

The nature of the distributed source of Na remains uncleBgaranne A., Queloz D., Mayor M., et al., 1996, A&AS 119, 373
Sodium atoms could be released by destruction of a neutra@om P., @rard E., Crovisier J., etal., 1998, Earth, Moon, Planets (in
ionic parent molecule, or by release from dust particles. T%e press)

| Hi d velocity of sodi in March the tail ombi M.R., DiSanti M.A., Fink U., 1997, Icarus 130, 336
Ow anu-sunward velocity of sodium in March on the tailwar remonese G., BoehnhardtH., Crovisier J., etal., 1997, ApJ 490, L199

side of the coma implies a low-velocity parent. For ions, thiStzsimmons A., Cremonese G., and the European Hale-Bopp Team,

can be achieved when observing inside the ionopause or by 1997, |AU Circ. 6638

a heavy ionic molecule, because otherwise the interplanetaityebner W.F., 1970, A&A 5, 286

magnetic field would accelerate the ions quickly. For exampl&yrucz R.L., Furenlid I., Brault J., Testerman L., 1984, Solar Flux

measurements of the,@*-ion velocity on the tailward side of _ Atlas from 296 to 1300 nm, National Solar Obs., Sunspot.

the coma in March give velocities higher by 2 km'shan the Opr?le_nf;]elmngM.,Flg&r)], ApJTzLA'OéQzﬁ V. 1998 ed at

observedy,. The parent of Na therefore must be a heavier ionic " cicne' D-G., Famham T.L., Birch P.V., » Paper presented &
lecul tral. On the other hand ts of N The First International Conference on Comet Hale-Bopp”, Tener-

mo_ec_u e’_ or neutral. . n the other hand, me"’_lsu'femen S0 aife; see also Arpigny C., 1998, Earth, Moon, Planets (in press)

emission in the dust tail of comet Hale-Bopp (Fitzsimmons et &jyinrad H., Miner E.D., 1968, ApJ 153, 355

1997) imply that dust grains in the distant tail are a major source

heliocentric velocity [km/s]
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