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SINCE their detection in the high latitudes of Jupiter, first by the
Voyager Ultraviolet Spectrometer (UVS) experiment'?, then by
the International Ultraviolet Explorer (IUE) satellite®, the auroral
particle precipitations have been associated with various
phenomena in the jovian environment. In the magnetosphere, the
H7 ion, probably of ionospheric origin, was detected in situ by
the Voyagers®. Infrared emissions were observed in spectral bands
characteristic of CH, (ref. 5) and of other hydrocarbons®’, local-
ized in two auroral spots>®. Here we present high-resolution spectra
at a wavelength of 2 pm, in the southern auroral region of Jupiter,
recorded at the Canada—-France—-Hawaii Telescope (CFHT), which
we believe to be the first astronomical spectroscopic detection of
H3. The derived rotational temperature of H3 is in the range
1,000-1,200 K. Such strong H3 lines could be used in future
ground-based monitoring of the jovian auroral activity and to
search for this molecular ion in the interstellar medium.
Observations of Jupiter were made at the CFHT with the
Fourier Transform Spectrometer (FTS) during the night of 1988
September 24 (UT), between 2.0 and 2.2 um, with a 5-arcsec
aperture, at constant jovian latitude (60 °S). We observed H,
quadrupole ro-vibrational emission lines (S.J.K. et al, manu-
script in preparation) and determined the vibrational population
of H, and the neutral temperature, 730 (+500/—200) K in the
0.1-ubar region. Figure 1 shows a calibrated interval of the
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observed spectra in the 2-pm-wavelength window (the emission
peak) which also comprise many strong emission lines. These
lines are not present in the non-auroral spectrum, which is
displayed for comparison. (Independent observations of some
of these lines have been reported® at low spectral resolution,
both in north and south auroral regions.)

The strongest line, at 4,777 cm ™', was monitored in individual
spectra of 13-min integration each, for a total of Sh. The
emission comes from a region centred at a longitude of 60°
(System III) and a latitude of 60°S. The variation of brightness
with longitude (in System III), as the emitting region rotates
through our stationary aperture, is reported in Table 1, along
with the IUE data recorded almost simultaneously.

The TUE far-ultraviolet spectra were all taken at low disper-
sion with the large aperture, and the resulting H, spectra have
been reduced and corrected for scattered light and jovian re-
flected sunlight using standard procedures™'®. The auroral-
emission brightness as a function of longitude indicates a moder-
ately bright far-ultraviolet (FUV) aurora of 50-100 kRa (with
the calibration of Table 1). The longitudinal dependence of the
FUYV and infrared emission brightnesses in the overlapping time
period suggest a correlated process for the FUV and infrared
emission. The complete reduction of the IUE observations,
covering several days of September 1988, and the correlation
with the mapping of the planetary disk at 7.8 um will be pub-
lished elsewhere (J.C. er al., manuscript in preparation).

The rather irregular set of emission lines observed from Jupiter
is reminiscent of the spectrum of a laboratory discharge through
H, gas, in which the majority of lines belong to transitions
between excited electronic states of the H, molecule''"**. Com-
parisons with such spectra using various discharge sources
showed, however, a significant number of coincidences for only
one source, the cell used in ref. 14. This cell can operate at gas
pressures up to ~50 torr and currents up to ~2.5 A. The pressure
dependence of the intensities is used as a means of discriminat-
ing between the emission lines of the different species present
in the plasma. Spectra taken at 10 and 50 torr showed that the
relative intensities of the lines coincident with Jupiter lines
generally increased with pressure, behaving in a similar way to
the ro-vibrational lines of H3 (ref. 14) or the ro-electronic lines
of neutral H; (ref. 15).

The 2-pm spectrum of this discharge cell was originally recor-
ded in 1985 in a search for the 2, band of H3, which is pre-
dicted to be stronger in emission per molecule than the v,

TABLE 1 Comparison of infrared emission in H (4,777 cm™ line) and IUE
H, {Lyman and Werner bands) from the southern hemisphere of Jupiter
during the night of 1988 September 24

CFHT/FTS IUE
Jupiter infrared IUEL ultraviolet
longitude™® intensity image intensity§
(deg) (kRa) number (kRa)
210-260 — 34,301 27
245-295 — 34,302 30
280-330 81 34,303 35
315-5 11.8 34,304 82
350-40 15.6 34,305 102
25-75 211 — —
60-110 228 — —

The IUE emission (recorded 1 h 15 min after the FTS data), has been
scaled to the same aperture as the FTS observations, assuming an extended
emission within a 5-arcsec disk. The intensities of the jovian lines were
estimated from the calibrated spectrum (Fig. 1). The 10 level is 4 kRa for
the FTS observations (1 Rayleigh=10° photons cm™2 ™).

* System lli

¥ 47 4777 cm ™ H* line.

I Short Wavelength Primary camera.

§ 47l 1,230-1,620 A, H, band.

539

© 1989 Nature Publishing Group



LETTERS TO NATURE

TABLE 2 New emission lines in the spectrum of Jupiter

Wavenumber Intensity Wavenumber
Jupiter (Jupiter) laboratory
spectrum  (Wem™2sr™)  spectrum Molecule
{cm™) (x107) {cm™)
1 4,497.841 1.81 4,497.8391 H,
2 4554.238 3.56
3 4557.057 1.89 Hy
4 4,586.282 264
5 4,605.653 1.83
6 4,638.361 526 4,638.338 Hy
7 4,649.213 3.50
8 4,664.274 329 4,664.303 Hy
9 4677.268 218 4,677.285 Hs
10 4,685.582 4.30 4,685,558 H3
11 4,712.334 — 4,712.309 H3
12 4,712.882 5.31 4,712.9054 Hy
13 4,732.050 463 4,732,053 HI
14 4,777.215 12.20 4,777.228 Hy
15 4,795.018 210 Hy
16 4,804.463 3.46 4804.406 Ha
17 4816.415 3.02 4.816.361 Ha
18 4,820,542 3.90 4,820.616 H3
19 4861.839 — 4861.849 Hy
20 4,862.385 —
21 4876.912 5.60 4876.99 sh H3
22 4,895.498 6.56 4895520 Hy
23 4,898.534 6.52
24 4,899.046 3.42
25 4900.377 12.85 4,900.393 Hy
26 4,907.000 342
27 4907.859 7.90 4,907.869 HY
HI
28 4914247 7.74 4914.21 sh H3
29 4,916.904 2.08 4,917.0069 H,
30 4,931.561 912 4,931.604 Hy
31 4,935.946 8.12 4,935.969 H3
32 4,966.859 —_ 4,966.862 H3
33 4971.537 — 4,971,559 H3
34 4975.396 —
35 4997 561 —
36 5,000.527 — 5,000.506 H3

Wavenumber Einstein
ab initio coefficient
calculation Assignment A,
(cm—l) J, Gr Ur J// Ku (s—l)
9-5,(0)
4556.883 4 6 +2 4 3 0 35
4638.688 10 12 +2 9 9 s} 171
4,663.949 2 3 +2 3 0 o 65
4677.032 3 5 +2 3 2 p 43
4,685.694 9 11 +2 8 8 p 164
4,711.921 5 5 +2 5 2 p 68
g-S,(1)
4,732.158 8 10 +2 7 7 p 158
4777123 7 9 +2 6 6 [¢] 151
4,794.697 2 4 +2 2 1 p 56
4,804.080 3 4 +2 3 1 p 70
4815465 4 o} -2 5 3 [ 89
4.820.503 6 8 +2 5 5 p 144
4.861.606 5 7 +2 4 4 p 136
4876.231 2 1 -2 3 2 p 98
4895237 8 9 +2 7 6 0 123
4900.138 4 6 +2 3 3 o 127
4907.381 1 3 +2 1 0 (o) 155
4,907.827 3 0 -2 4 3 [¢] 100
4913.634 3 3 +2 3 0 o 148
Q‘31(2)
4,931.277 7 8 +2 6 5 p 118
4935.667 3 5 +2 2 2 p 114
4,966.504 6 7 +2 5 4 p 111
4970.645 2 0 -2 3 3 o) 141
5,000.138 5 6 +2 4 3 o] 101

List of the 36 new emission lines brighter than a 30 threshold above the continuum, detected in the original spectrum of Jupiter before calibration,
compared with the laboratory spectral lines and ab initio calculations. Missing intensities in Jupiter lines correspond to lines detected in the uncalibrated
spectrum, but with large uncertainties in the calibration procedure (for weak fines or telluric line contamination). In the intensity fit two lines (4,820 and
4,931 cm™*) are removed, because of probable interference by telluric and other jovian lines.

sh=shoulder on an H, line; o= ortho (nuclear spin weight 4); p=para (nuclear spin weight 2).

fundamental'®. The high rotational temperature, however,
together with the possibility that the lines might be due to neutral
H;, prevented definite assignments until improved ab initio
predictions'” and an observation of the 2, — v, difference band*®
became available. A model Hamiltonian'® fitted to these data
allowed initial assignments. The ab initio calculations have now
been extended to higher values of J (S.M. and J.T., manuscript
in preparation), making it possible to assign a total of about 50
of the laboratory lines (A.M. et al., manuscript in preparation)
and 23 of the Jupiter lines, most of which coincide with a
laboratory line. The Jupiter emission lines in this wavelength
region therefore belong predominantly to the 2, band of HY
(Table 2).

The laboratory wavenumbers for the H3 lines were calibrated
against lines of H, and have an uncertainty of the order of
0.01 cm™'. A small residual line shift on the Jupiter lines can
be accounted for by a slight offset (2 arcsec) of the aperture
relative to the central meridian. The ab initio wavenumbers are
on average 0.297 (+£0.061) cm™ ' lower than the Jupiter wavenum-
bers, with a standard deviation of 0.297 cm™! about this mean.

Because the optical depth of the H} lines is expected to be
low (see below), the intensities of the lines are just proportional
to the number of atoms in the upper states. The intensities were
fitted following standard procedures of infrared spectroscopy®’,
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allowing for a fraction f, of para levels and f,=1—f, of ortho
levels. (The equilibrium values at high temperatures are f, = f, =
0.5.) Using the ab initio Einstein coefficients A;, the observed
Jupiter intensities gave the rotational temperature, the para
fraction f, and the column density (that is, the concentration
integrated along the path length). The best fit to the data of
Table 2 gives: column density =1.39 (£0.13)x10° cm™%, T,=
1099 (£100) K; f, = 0.58(x0.03). The column density here refers
to HJ ions in the 2»,(I =2) vibrational state.

In the formation reaction for Hj (reaction (1) below), it is
usually assumed that the weaker H3 bond is broken and that
the ratios of the nuclear-spin modifications of the H3 produced
therefore reflect those in the initial H, molecules according to
the following relations®':

ortho-H, - (3)ortho-H7 + (})para-H7
para-H, > para-H3
From the observed f, of H3 we derive:
So(Hy) =[3f,(H3) —1]/2=0.37(0.05)

This would be the equilibrium ratio at a temperature of
~106(+20) K, and is only a little higher than the measured
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f,(H,) in the troposphere®.
The primary mechanism for the production of HJ in the
atmosphere of Jupiter is the following reaction®

H:+H,~>H!+H (1)

(with k=2.0x107° cm®s™, ref. 24). In the auroral region H;
is produced principally by electron impact with H, (ionization
by solar EUV is negligible):

H,+e > Hj+2e (2)

The loss of H3 occurs by the following dissociative recombina-
tion reactions:

Hi+e -»H+H+H (3a)
or

Hi+e - H,+H (3b)

The rate of reaction (3) is controversial at present, but the latest
measurement is 1.8 (£0.2) x 1077 cm®s™! (ref. 25) which is in
agreement with ref. 26 but not with ref. 27 (<107  cm®s™").
Using the larger rate constant the H7 column abundance is
calculated to be 6 x 10'° cm™ in a non-auroral EUV-controlled
ionosphere®®?. In the jovian auroral region, however, ~10"* W
of power is deposited®®, which corresponds to an energy flux
of 107° W cm >, lonization caused by the 1-10 keV electrons at
this energy flux is expected to result in an H3 column abundance
as high as 6-10x10'> cm™?, with a factor of 2-3 uncertainty

15} . 410

Radiance (W cm 2sr 'em™)

1
4,700
Wavenumber (cm ™~

4,800
)

FIG. 1 FTS Spectra of Jupiter (24 September 1988, uT) recorded at constant
latitude (60 °S), with a b-arcsec aperture kept centred on the central meridian
of the jovian disk. a For a non-auroral spot (longitude: 284°; integration
time; 13 min; signal to noise =7) and b, for an average of the auroral spectra
(mean longitude 60° total integration time: 90 min; signal to noise =18).
Spectral resolution is 0.23 cm™ (FWHM). Calibration is performed by com-
parison with a standard star (8, Tau, Bright Star 1412, K magnitude =2.92).
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resulting from uncertainties in the energy deposition rates, the
chemical rate constants and the peak electron concentration.
The maxwellian tail of the auroral electron energy distribution
can provide the required ion-production rates above the iono-
spheric maximum. Assuming Hj is the major ion, its column
abundance is found to be =5x10?cm™ from the Voyager
ionospheric measurements in the auroral region (67 °S)*°. Using
these estimates of the Hi column density and the Einstein
coeflicients of Table 2, the optical depth in a strong HJ line is
found to be <107, as assumed in the intensity fit. The IUE
emission reported in Table 1 is consistent with the model of ref.
29, from which the column abundance of H7 is calculated.
There are two possible classes of mechanisms for populating
the upper state of the transition. First, non-thermal processes:
direct excitation mechanisms may be invoked, such as a transi-
tion between H,(v =1) (with a non-thermal population), and
H3; second, thermal processes—the population of the upper
level could simply be the thermal population, in a high-
temperature atmospheric level, with T=1,100 K. Thermal col-
lisions are efficient only for large values of the parameter ¢, the
ratio of the inelastic-collision time to the radiative lifetime,
derived from the Einstein coefficient. Using the rough estimates
of 2.7x107*° cm®s™! for the rate of vibrational quenching of
Hi by H, (ref. 31) and for atmospheric pressure between
1-100 nbars (ref. 29), ¢ is found in the range 0.1-4. Therefore,
if the neutral temperature is as high as 1,100 K (ref. 29), a
thermal population of the upper level of the 2», band of H}
could account for the calculated column density of Hj in the
upper vibrational state. To discriminate between these
possibilities further observations, such as the Doppler resolution
of the H3 lines (a measure of the translational temperature) or
the observation of other vibrational bands of this ion, are
required. O
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