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ABSTRACT

X-ray emission spectra induced by the interaction of the slow and fast solar wind components with cometary
gas are calculated for typical solar wind compositions. The emission spectra arising from the charge transfer
mechanism are shown to be in good agreement with observational data. The identities and intensities of the
brightest spectral lines that include forbidden transitions are obtained for the slow and fast solar winds. Differences
in emission spectra of individual comets occur because of variations in the solar wind composition. Comparisons
with observational data for comets Levy and Hale-Bopp indicate that they were subjected to the slow solar wind.
The spectra at photon energies above 500 eV fluctuate with the solar wind composition because of the varying
presence of fully stripped oxygen ions. Mechanisms of X-ray photon emission at energies above 0.9 keV are
discussed.

Subject headings. atomic processes — comets: general — X-rays: general

1. INTRODUCTION depends on the charge and energy of the ion and on the identity
of the target species that, for comets, is primarily the water
molecule with lesser abundances of CO, COH, O, and H.
'Multielectron charge transfer can occur at low collision velocities
(Posthumus & Morgenstern 1992; Kamber et al. 1999; Beiers-
dorfer et al. 2000; Greenwood et al. 2000; Moretto-Capelle,
Bordenave-Montesquieu, & Bordenave-Montesquieu 2000), but
the resulting excited ions decay mostly by emission of energetic
Auger electrons (Posthumus & Morgenstern 1992; Kamber et
al. 1999; Moretto-Capelle et al. 2000) and rarely produce X-
rays. X-ray emission arises from single-electron capture into
. specific excited states (Janev & Winter 1985; Suraud et al. 1991;
?I:rgt())es;?ihstrzl.(Cllggv;.n'auln?g]?g ;pgllez;rgsg';o. E?atsr;]%g?)?ssktypi%%?m anev 1995; Greenwoqd et al. 2000;. Beiersdorfer et al. 2000).
Wegmann et al. 19é8' Kharchenko & Daigarno 2000 Schwad— To calculate the populr?mons of the excited states, we u;ed energy-
ron & Cravens 2000)’_ If the charge transfer mechaﬁism dom- dependent cross sections for the population of individual states
inates the excitation, then with sufficient spectral resolution the @ken from the literature (Kharchenko & Dalgarno 2000). Elec-
composition of the solar wind can be inferred from a com- tron capture occurs preferentially into highly excited states, and
parison of the observed spectra with the spectra predicted fromStates of lower energy are then populated by radiative cascading
charge transfer (Dennerl et al. 1997; Kharchenko & Dalgarno ransitions. The cascading pathways are controlled by the branch-
2000; Schwadron & Cravens 2000). ing ratios of individual transition probabilities, and the number
A model spectrum based on the assumptions that the solal©f cascading photons is large (Kharchenko, Liu, & Dalgarmno
wind ions behave as hydrogenic systems and only allowed1998; Kharchenko & Dalgamo 2000). _
radiative transitions occur has been constructed by Schwadron Cascading photons contain important information on solar
& Cravens (2000). They incorporate the contributions from the Wind ion composition. Thus, theoretical models predicted very
impacts of the fast solar wind and the slow solar wind that different relative intensities of cascading photons for hydrogen-
have different ion compositions. From a comparison with the like and helium-like ions because of the spin selection rules for
observational data (Dennerl et al. 1997), Schwadron & Cravensradiative transitions (Kharchenko et al. 1998; Kharchenko &
(2000) concluded that comet C/1990 K1 (Levy) was subjected Dalgarno 2000). Recent laboratory measurements of X-ray spec-
primarily to the fast solar wind. We employ a more detailed tra induced in charge transfer collisions demonstrate these dif-
description of the capture and radiative processes and arguderences (Beiersdorfer et al. 2000). Of particular interest are the
that X-ray emissions from comets C/1990 K1 (Levy), P/Encke helium-like ions formed by capture of electrons by hydrogen-
1997, and C/1995 O1 (Hale-Bopp) were induced by slow wind like ions. Approximately three-quarters of the captures occur into
ions. We demonstrate that forbidden transitions give rise to triplet states that, for the ©, N*°, and C* ions, radiate pref-
intense emission lines, which, because of the long lifetimes of erentially by allowed cascading transitions into metastab&
metastable states, are absent from laboratory beam spectra (Sustates or excited tripl&t®P  states. ThiS8tates decay into the

X-ray and extreme-ultraviolet (EUV) radiation has been ob-
served from more than a dozen comets (Lisse et al. 1996
1999a, 1999b; Dennerl, Englhauser, & fimper 1997; Mumma,
Krasnopolsky, & Abbott 1997; Krasnopolsky et al. 1997;
Owens et al. 1998; Krasnopolsky, Mumma, & Abbott 2000;
Krasnopolsky & Mumma 2001). Of the several possible ex-
citation mechanisms (Wickramasinghe & Hoyle 1996; Cravens
1997; Bingham et al. 1997, 2000; Northrop et al. 1997; Ip &
Chow 1997; Uchida et al. 1998; Shapiro et al. 1999), the charge
transfer of solar wind ions in collisions with the cometary

aud et al. 1991; Greenwood et al. 2000). ground 1Sstate by relativistic magnetic dipole transitions (Drake
1971). For C*, the23S— 1'S transition has an energy of 298.89
2. RADIATIVE TRANSITIONS eV and a decay time of 0.02 s, and for helium-liké*Nan

energy of 419.79 eV and a decay time39 x 103  s. X-ray
Highly charged ions moving at solar wind velocities capture emissions from long-lived metastable states are difficult to detect
electrons into a range of excited states with a distribution thatin laboratory ion-beam experiments (Greenwood et al. 2000)
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Fic. 1.—Cometary emission spectra induced in charge transfer collisions of heavy ions of théeffjoan( fast fight) solar wind (SW). The emission spectra

with energy resolution of 1 eV are indicated by solid lines. The dot-dashed lines show the emission spectra from lines of O, C, N, and Ne ions ordy at a phot

energy resolution of 10 eV. The emission lines from tBeand °P states of C* and of O'° are indicated in the left panel. The numbers refer to the transitions

listed in Tables 1 and 2.

because, at typical velocities of 500 ki, ghe distances required
for metastable 3Bions to decay to the'$ state, 10 km for C°,
2 km for N*®, and 0.5 km for O° are much larger than the

detector dimensions.

For ions heavier than C, the 2P, state decays more fre-
guently by spin-forbidden transitions directly to the ground
state, reducing the intensity of taéS— 1'S  transitions (Drake
& Dalgarno 1969; Lin, Johnson, & Dalgarno 1977). The
2°R — 1'Stransition of O° lying at 568.4 eV is more intense
than the2®s— 1'S line at 560.9 eV. The radiative lifetimes are
shorter than the collisional lifetimes in dilute cometary at-
mospheres so that, with the exception of &S
helium populated by the sequential charge transfer of idas,
state of He
has a radiative lifetime of 2.2 hr (Drake 1971) and will be

collisional redistribution does not occur. TRES

guenched by collisions.

TABLE 1

MosT INTENSE LINES INDUCED BY THE SLOW SOLAR WIND

Photon Energy

Number  lon Transition (eV) Intensity

1....... O° 12pP—-1s2s5 11.99 2.49x 104
2 . O° 1%5dD—-1s2p P 106.5 1.21x 10
3 c* 1s2s°S— 1s?'S 298.89 8.88x 10°°
4 ... o® 2pP—1s°’S 367.3 7.31x 10°®
5....... os® 4p?P—-1s7S 459.16 7.26x 10°
6 ....... O° 14dD—-1s2p P 95.48 6.83x 10°
7. o° 1s2p 3P — 1s*'S 568.4 5.75x 10°°
8 ....... O° 13pP—-1s2s S 82.59 5.63x 10°°
9 ....... c* 12p P — 125 °S 5.44 5.54x 10°
10...... O°® 1sBpP—-1s2sS 118.28 5.31x 10°

#Line intensity corresponds to unit solar wind flux.

of neutral

3. EMISSION SPECTRA

Oxygen and carbon ions together with neon and nitrogen
ions are responsible for the emission of most of the energetic
photons. Heavier ions, iron, sulfur, silicon, and magnesium, are
less abundant and tend to produce photons at soft X-ray and
EUV wavelengths (Schwadron & Cravens 2000). In our cal-
culations, the emissions of heavier ions were approximated by
hydrogenic spectra with accurate branching ratios for the cas-
cading photons (Kharchenko et al. 1998; Kharchenko & Dal-
garno 2000). They differ significantly from spectra obtained
with the equal probability model (Wegmann et al. 1998;
Schwadron & Cravens 2000).

We have calculated the spectra corresponding to two dif-
ferent compositions of the solar wind. The fractional abun-
dances of the positively charged ions O, C, N, Ne, Fe, S, Si,
and Mg characteristic of the fast and slow solar wind com-
ponents (von Steiger et al. 1992, 2000; Schwadron & Cravens
2000) are listed by Schwadron & Cravens (2000). The resulting
line spectra are shown in Figure 1, and the relative strengths
of the brightest emission lines normalized to the unit solar wind
flux are given in Tables 1 and 2. The strongest lines in the
emission spectra are induced by oxygen and carbon ions, which
are the most abundant heavy ion constituents in both the slow
wind and the fast wind. Some of the brightest lines arise in
the spin-forbidden transitions of helium-like ions of Cand
C*™. The2P — 1'S line of O° at 568.4 eV is 2.5 times more
intense than th@3S— 1'S line at 560.9 eV. Lines from the
same spin-forbidden transitions in"Chave the opposite in-
tensity ratios: th@°®P — 1'S line at 304.6 eV is about 3.5 times
less intense than tH¥S— 1'S  line at 298.9 eV. These features
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TABLE 2 the very intense line of Heat 40.82 eV may significantly
MosT INTENSE LINES INDUCED BY THE FAST SOLAR WIND modify the envelope of the EUV and soft X-ray photons.

Photon Energy To demonstrate the influence of the energy resolution on the
Number  lon Transition (eV) Intensity shape of spectral curves, we have calculated emission spectra
1 05 1s2pP 15255 11.99 381x 104 at resolutions of 1, 10, and 50 eV for the slow solar wind. The
2 0% 150D - 1s2p P 106.5 1.85x 107 spectra are shown in the left panel of Figure 2. Maxima occur
3. O° 14dD-1s2p P 95.48 1.04x 10°* in the spectral envelopes that are formed by groups of unre-
4o C'  125°S~1s''S 298.89 1.01x 100 solved lines and not by individual spectral lines.
5. 0° 123pP-1s2sS 82.59 8.59x 10°° : ; : o
6 os 2P 1s7S 3673 8.38x 10° In the right panel of Figure 2, the predicted emission spectra
7 o os® 4p2P - 1525 459.16 8.33x 10°° are compared with observations of X-ray and UV emissions
8 ....... 0% 15pP - 1525 S 118.28 8.11x 10°° from the comets P/Encke 1997 and C/1995 O1 (Hale-Bopp)
9 . O° 154p’P—1s25'S 107.04 7.83x 10° (Owens et al. 1998; Lisse et al. 1999a). The observed spectra
10 ...... C*  12pP - 12575 5.44 6.36x 107

of X-rays at an energy resolution of 50 eV of the two comets

are in disagreement with the spectrum calculated for the fast
wind at energies above 500 eV but agree satisfactorily at all
energies with the spectrum for the slow wind. The right panel
of Figure 2 includes the low-resolution fitted spectra obtained
from comet C/1990 K1 (Levy) as given by Dennerl et al.

(1997). Contrary to the conclusion of Schwadron & Cravens
(2000) that the spectrum of comet Levy supports the fast solar

ions that yield X-ray photons with energies above 450 eV, The Wind origin, we find it to be consistent with the slow wind.
abundance of bare oxygen ions in the solar wind is particularly 1 € Slow wind compositions that we infer are expected from
changeable, and we anticipate large variations in the intensitytN€ low-latitude heliospheric positions of the comets during the
of energetic X-ray photons above 600 eV. periods of the observations (Lisse et al. 1999a; von Steiger et
The ions of the heavier elements Fe, S, Si, and Mg contribute@l- 2000; Schwadron & Cravens 2000). ,
importantly to X-ray cometary spectra in the photon energy | he profiles of the low-energy part of observed and predicted
range of 200-300 eV where there are few lines from oxygen SPectra are largely due to the contribution of the Ifesonance
and carbon ions. This is apparent from the spectrum with anline, indicated by the solid curves in the right panel of Fig-
energy resolution of 10 eV shown in Figure 1 for O, C, N, and ure 2. At an energy resolution of 50 eV, the spectra of the fast
Ne ions only. The resonant emission line of excited ipeo- and slow wind emissions in the right panel of Figure 2 are
duced in electron-capture collisions of Hesolar wind ions is ~ similar at photon energies less than 400 eV. Above 400 eV,
also indicated in Figure 1. The Hdine will be one of the  the fast wind spectra show many fewer energetic X-ray photons
brightest lines in the ultraviolet emission spectrum, because theand are easily distinguished from the slow wind emission.
fraction of He? ions is about 100 times larger than oxygen  We suggested earlier that an energy resolution of 10 eV is
and carbon ions, and it accounts for 4%-5% of the total ion adequate to distinguish between bremsstrahlung and the charge
flux (von Steiger et al. 1992, 2000). At low spectral resolution, transfer mechanisms (Kharchenko & Dalgarno 2000). Maxima

provide a unique diagnostic probe of the source of X-ray emis-
sion in cometary atmospheres.

There are significant differences in the emission spectra of the
slow wind (Fig. 1,left) and the fast wind (Fig. Tright) with an
absence of energetic photons for the fast wind. The slow wind
contains larger fractions of highly charged®0"’, and C*®
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Fic. 2.—Left: lon emission spectra induced by the slow solar wind (SW) shown for photon energy resolutions of 1, 10, and 50 eV as the dotted, dot-dashed,
and solid lines, respectively. The dashed curve in the right panel is the predicted spectrum at 50 eV resolution for the fast solar wind, and ttiécthsokaehd
curves are slow wind spectra at resolutions of 10 and 50 eV, respectively. Observational data from the comets Encke and Hale-Bopp are showpaméhe right
as triangles and diamonds, respectively. Error bars are indicated by the two pairs of crossed horizontal and vertical lines. The dot-dasheddisiefitsirig
curve for the X-ray spectrum observed from comet Levy. The boxes indicate the energy range of X-ray photons emittédaby Ne® excited ions.
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in the spectral curves from charge transfer are formed by groupsthrough inner-shell vacancies produced in collisions with com-
of lines as shown in Figure 2. Measurements of the relative etary gas. Hydrogen-like models yield a general description of
intensities and positions of the maxima would be additional low-resolution spectra (Schwadron & Cravens 2000) but do not
tests of the charge transfer mechanism and would provide thereproduce specific features such as the widths, positions, and
composition of the solar wind. relative intensities of features that appear at resolutions better

X-rays with energies larger than 0.9 keV have been obtainedthan 20 eV.
in observations of several comets (Lisse et al. 1996, 1999a; Populated efficiently via cascading, the metastable states of
Dennerl et al. 1997; Owens et al. 1998). Photons at energiesexcited O° and C* ions produce bright lines. Some of the
between 0.91 and 1.16 keV are emitted by excited®Nens brightest emissions arise from spin-forbidden radiative transi-
and between 1.02 and 1.35 keV by excited"Nmns. The tions, which may be not be present in ion-beam experiments.
excited ions can be produced by electron capture by the fractionThe positions and relative brightnesses of the most intense lines
of Ne™® and Ne*° ions that may be present in the solar wind. distinguish between the slow and fast solar wind compositions.
High-energy X-rays can also be created following the produc-  Our calculations described cometary X-ray emission spectra
tion of K-shell vacancies in the projectile and target systems from dilute atmospheres, where photon cascading occurs
(Fremont et al. 1996), and still more energetic photons may between sequential collisions. Cascading without collisional
result from colliding Fe, Si, S, and Mg ions. interference occurs in the atmospheres of large comets with
high gas production rates. For them, the brightest area of com-
etary emission is shifted from the cometary core by about
15,000-20,000 km in the sunward direction. For small com-

The low-resolution spectra and the total intensities of X-ray etary atmospheres, the brightest region of X-ray emission is
and EUV emissions detected from comets are reproduced bythe cometary center. In the dense cores of cometary atmos-
calculations with typical ion compositions of the solar wind. pheres, ion collisions with neutral atoms and molecules may
Differences in X-ray emission spectra of individual comets may be frequent and may significantly reduce the populations of
be attributed to variations in the composition and charges of long-lived metastable states, diminishing the intensities of spec-
heavy ions in the solar wind. tral lines arising from forbidden transitions.

The cometary X-ray spectra at photon energies above 450 eV
are strongly influenced by variations in the fraction of fully
stripped oxygen ions in the wind. Photons with energies above This work has been supported by the National Aeronautic
0.9 keV may be induced by neon and heavier solar wind ions and Space Administration under grant NAG5-4986.

4. CONCLUSIONS
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