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ABSTRACT

An emission spectrum of X-rays from comet McNaught-Hartley (C/1999 T1) detected witGhdrelra X-
ray telescope is analyzed on the assumption that it results from electron captures by heavy ions of the solar wind
colliding with the atoms and molecules of the cometary atmosphere. An accurate value of the relative abundance
of O*® and O ions is obtained by comparing the spectrum derived from the measurement data with the predicted
spectrum. A close match is found for an abundance ratio'8ft®@0O*” of 0.34 + 0.07, the uncertainty reflecting
the measurement statistics. A similar analysis of the contribution from captures bioNgleads to an abundance
ratio of Ne™ to O*7 of 0.02 with an uncertainty of 40%. The spectrum consists of many unresolved lines. The
brightest feature is composed mostly of thés — 1 'S, spin-forbidden line ‘6fad 561 eV with 74% of the
intensity and the2*R — 1'S; intercombination line at 568 eV with 12%. The strongest of thdir@s is the
Ly« transition at 654 eV with an intensity of 29%, relative to th&®°nes. The sensitivity of cometary X-ray
spectra to variations in the abundances of highly charged oxygen ions in the solar wind is investigated.

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

Comets are observed to be sources of soft X-rays andbination lines have been calculated for*®Oand other
extreme-ultraviolet radiation (Lisse et al. 1996, 1999a, 1999b, helium-like ions by Johnson et al. (2002). Fot%Qthe triplet
2001; Krasnopolsky et al. 1997, 2002; Dennerl, Englhauser, & states decay radiatively into lower triplet states, eventually ar-
Trimper 1997; Mumma, Krasnopolsky, & Abbott 1997; Owens riving in the 23S, state, with the exception of the trip2fP,
et al. 1998; Krasnopolsky, Mumma, & Abbott 2000; Krasno- state, which radiates preferentially in an electric dipole tran-
polsky & Mumma 2001). The presence of features in the spec-sition at 568 eV to the grounti'S, state (Drake & Dalgarno
trum (Krasnopolsky & Mumma 2001; Lisse et al. 2001; Cra- 1969). The triplet2®S state decays to thésS, state by a
vens 2002; Krasnopolsky et al. 2002) supports the suggestiorrelativistic magnetic dipole transition at 561 eV. The population
of Cravens (1997) that the emission arises from excited stategatios may be obtained from an analysis of the laboratory data
of multicharged ions of the solar wind populated by charge on the soft X-ray emission spectrum produced by @ns in
transfer in collisions with the neutral particles of the cometary H,O gas (Greenwood et al. 2000, 2001), recognizing that the
atmospheres. The spectral resolution of the first observationsstrong 23S-1 'S, line of O° at 561 eV is absent from the
was sufficient to distinguish between the slow and fast com- spectrum measured in ion beam experiments (Kharchenko &
ponents of the solar wind (Schwadron & Cravens 2000; Khar- Dalgarno 2001) because of the long radiative lifetime, 1.0 ms,
chenko & Dalgarno 2001) but not to establish definitively the of the 23S, state (Drake 1971).
identity and relative abundances of the solar wind ions. With  The predicted intensities of the*®and O lines appearing
improved resolution, the features could be attributed to emis- at energies above 500 eV relative to, respectively, 2P8—
sion lines of multiply charged ions of oxygen, neon, carbon, 115 line and the2 2P-1 %S line are presented in Tables 1 and
silicon, and magnesium (Krasnopolsky et al. 2002). Given an 2. The Ly line at 653 eV is the strongest line of the'O
accurate model of the capture probabilities in collisions of ions spectrum. The3S-1'S, line at 561 eV is the strongest line
with H,O, the major constituent of the coma, and of the sub- of the O'® spectrum. The lines of the singlet spectrum are less
sequent radiative cascade, a quantitative measure of the comintense, the strongest being héR-11S,  line at 574 eV. The
position of the solar wind can be obtained. relative intensities of the lines at 561, 568, and 574 eV are

The main features in the spectrum of comet McNaught- 1.00:0.16 : 0.09.

Hartley at energies between 500 eV and 1 keV (Krasnopolsky Nine features have been observed by @handra telescope

et al. 2002) are lines of O and O terminating in the ground  in the X-ray emission spectrum of comet McNaught-Hartley
states. The capture probabilities may be determined by a the{Krasnopolsky et al. 2002). Five features lie above 500 eV at
oretical analysis of the laboratory data on the spectrumresultingse60 + 3, 650+ 6, 780+ 23, 845+ 19, and 945+ 34 eV.
from O™ ions traversing a gas of @ as was done for N&° Their intensities measured in units of?A@hotons per second
(Rigazio, Kharchenko, & Dalgarno 2002) for collisions in gases are, respectively26.1+ 2.3, 9.0+ 1.1, 1.3+ 0.5, 1.4+ 0.5,

of He, Ne, H, CQ,, and HO (Greenwood et al. 2000; Beiers- and0.7 + 0.35 (Krasnopolsky et al. 2002). The features at 560,
dorfer et al. 2001). Taken in conjunction with the known tran- 650, 780, and 845 eV can be attributed to groups of lines of
sition probabilities of the hydrogen-like'Q an accurate pre- O*® and O”. The feature a945 + 34 eV may be due to tran-
diction of the charge transfer spectrum can be made. For thesitions of N&?, the strongest of which occur at 905, 912, and
helium-like O® ions, the procedure is more complicated be- 922 eV. We can reproduce the observed cometary spectra by
cause capture occurs into singlet and triplet states. The tran-adopting solar wind ion abundance rati@®]/[0*"] = 0.34
sition probabilities for allowed lines and forbidden intercom- and[Ne*®]/[O*"] = 0.02. The corresponding radiative intensi-
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Fic. 1.—X-ray emission spectra of comet McNaught-Hartley detected by the  Fig. 2.—Cometary emission spectrum calculated for different abundances
Chandra X-ray telescope. The solid curve with circles is the best-fit curve of of solar wind ions [07], [0, and [Ne™]. The data from the best-fit curve
the spectrum of Krasnopolsky et al. (2002), and the dashed curve is our theoreticabf the X-ray spectrum of comet McNaught-Hartley are shown by circles. Error
calculation of the cometary emission spectrum induced by the charge transferbars are indicated by the boxes. The solid line is the theoretical spectrum
mechanism. The numbers refer to the emission lines of the individual ions listed calculated for the ion abundancesD: [0 "] : [Ne*™®] = 1:0.34:0.02. The

in Tables 1 and 2. The N& emission lines are (122°S—1'S at 905 eV,  dashed line represents the theoretical spectrum induced by the solar wind with
(13)2°P—1'Sat914eV,and (19 'P—1'S at922eV. Therelative intensities a relative abundance of [@ ions of 0.47, and the dot-dashed lines are the
of emission lines are calculated for relative abundances of the solar wind ions spectra for abundances of 0.27 and 0.41. These two curves indicate the limits
[0 :[0"":[Ne"®] = 1:0.34:0.02. The photon energy resolution has been consistent with the error bars of the measurements.
taken to be 45 eV. The theoretical spectrum with an energy resolution of 1 eV
is indicated by the solid line.
etary data show a deep minimum in the region of 500 eV, where

ties of the spectra are listed in Table 3, which presents the relativethe Ly line of N*®is located. The lack of a feature is marginally
intensities of the five features and lists the emission lines of consistent with the average value of 0.03 for the population ratio
individual ions. The 650 eV feature is produced by a mixture of N*7 to O” ions in the slow solar wind given by Schwadron
of lines of 07 and O° The3'R—1'S, and4'R—~ 1S, & Cravens (2000).
transitions of O° at 664 and 697 eV, respectively, lie higherin  Charge transfer collisions of the solar wind ions with neutral
energy than the Ly line of the more highly charged Oionat  atoms in the heliospheric gas and in the geocorona may con-
654 eV. tribute to measurements of the diffuse soft X-ray background

The relative intensities of emission lines of individual ions (Cravens 2000; Cravens, Robertson, & Snowden 2001). High-
depend on the ion abundances in the solar wind and on the totatesolution measurements of the X-ray background by Mc-
cross sections for charge transfer collisions with the cometary Cammon et al. (2002) yield an intensity ratio of 0.330.13
gas. In our calculations, we have adopted the total charge transfefor emission features in the region of 561-574 eV and 654 eV,
cross sections measured for individual ions colliding witloH  attributable to lines of & and O, which happens to agree
molecules by Greenwood et al. (2000, 2001). Figure 1 is a com-with the ratio expected from solar wind ions undergoing charge
parison of the predicted spectrum for abundance ratios of thetransfer in a mixture of hydrogen and helium atoms. Individual
solar wind ions[0**)/[0"'] = 0.34 andNe”® J/[O'" ] = 0.02 X-ray lines emitted by the triple23S 2°P and singlat'P
degraded to an FWHM resolution of 45 eV and the best-fit curve excited states of helium-like oxygen and carbon ions may pro-
derived from measurements of comet McNaught-Hartley (Kras- vide an opportunity to distinguish between different mecha-
nopolsky et al. 2002). The sensitivity of the fit to the ratio is nisms of X-ray excitation. The ratio of intensities of the triplet
illustrated in Figure 2, where spectra corresponding to different to singlet transitions is predicted to be in excess of 3 for the
values of the ratio [OF)/[O"] are presented. It seems safe t0 charge transfer mechanism but to be comparable to unity or
conclude thafO*®)/[0*"] = 0.34+ 0.07 . The charge compo- |ess in a hot plasma (Smith et al. 2001). The strongest spectral
sition of heavy solar wind ions undergoes strong spatial and feature of the cometary X-ray emission at 560 eV detected
temporal variations (von Steiger et al. 1992, 2000). The ratio we recently with theChandra X-ray telescope (Lisse et al. 2001;
have derived agrees with the average of 0.35 suggested byKrasnopolsky et al. 2002) corresponds to #i&— 1 1S emis-
Schwadron & Cravens (2000) for the slow solar wind. The com- sjon line of O® ions at 561 eV (Kharchenko & Dalgarno 2000,

TABLE 1
RELATIVE INTENSITIES OF O"® EMISSION LINES TABLE 2
RELATIVE INTENSITIES OF O EMISSION LINES
Energy

Line Index  Transition (eV) Relative Intensity Energy
1 »S511S 561 100 Line Index  Transition (eV) Relative Intensity
2 i P—-1°'S 568 16.0 T, Dp—1s 654 100
3 2P—-1'S 574 9.30 8. Pp—1s 774 14.6
4. FP—-11'S 664 0.18 9. $—1s 816 8.8
5. IP—-11'S 666 9.70 10 ........ P—1s 836 0.73

6 ..ol fP-1'S 697 0.53 11 ... ®—1s 847 15.7
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TABLE

RELATIVE INTENSITIES OF THE X-
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3
RAY EmissioN FEATURES

Energy Emission Lines
(eV) Observations Theory Emission Lines (eV)
560 + 3 ....... 1+ 0.09 1 of (2% °%,, P~ 119 561, 568, and 574
650 + 6 ....... 0.34 = 0.05 0.35 0°(3*P, 4P —1'9and O" (2p—1s) 664, 666, 697, and 654
780 £ 23 ...... 0.050 + 0.020 0.051 O (3p, 4p — 199 774 and 816
845 + 19 ...... 0.054 + 0.020 0.059 O (4p, 5p, 6p — 1s)? 816, 836, and 847
945 + 34 ...... 0.027 + 0.014 0.028 N&(2°S°P,'P—1'9 905, 915, and 922

2The intensity of the emission line 'O (4p — 1s) is included in the closest features at 780 and 845 eV assuming a

Gaussian distribution for the detector resolution function.

2001). This is direct evidence for the charge transfer mechanismwould result from the replacement of water by its dissociation

as the source of cometary X-rays.
X-ray spectra arising from electron capture by highly charged

products.
Our detailed analysis confirms that charge transfer is the

ions are insensitive to the target gases, particularly when thedominant mechanism for the production of X-rays in comets

gases have similar ionization potentials (Greenwood et al. 2000,

and demonstrates that the spectrum can be interpreted to pro-

2001), and we do not expect that any changes in our conclusionsiide a measure of the solar wind heavy ion composition.
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