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Noble gas molecules have not hitherto been detected in space. From spec-

tra obtained with the Herschel Space Observatory, we report the detection of

emission in the 617.5 GHz and 1234.6 GHz J = 1-0 and 2-1 rotational lines of

36ArH+ at several positions in the Crab Nebula, a supernova remnant known

to contain both H2 molecules and regions of enhanced ionized argon emission.

36Ar is believed to have originated from explosive nucleosynthesis in massive
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stars during core-collapse supernova events. Its detection in the Crab Nebula,

the product of such a supernova event, confirms this expectation. The likely

excitation mechanism for the observed 36ArH+ emission lines is electron colli-

sions in partially ionized regions with electron densities of a few hundred per

centimeter cubed.

Noble gas compounds have not yet been found in space, despite some examples, such as

ionized hydrides, being relatively stable (1). Astronomical searches for the near-infrared and

far-infrared lines of HeH+, whose dissociation energy is 1.8 eV (2) have not been successful

(3, 4). The Crab Nebula is the product of the supernova of 1054 AD and is thought to have

originated from the core-collapse explosion of a star 8-16 times as massive as the Sun (5). We

have obtained far-infrared to submillimeter spectra of the Crab Nebula using the Herschel Space

Observatory (6). We report here the detection of emission lines from the ionized hydride of

argon, an element predicted to form by explosive nucleosynthesis in core-collapse supernovae

(7).

The Crab Nebula was observed with the Fourier Transform Spectrometer (FTS) of the Spec-

tral and Photometric Imaging Receiver (SPIRE) (8, 9) on Operational Day 466 of the Herschel

mission, as part of the Mass-loss of Evolved StarS (MESS) Guaranteed Time Key Project (10).

The 19 SPIRE Long Wavelength (SLW) detectors, each with a beamwidth of ∼37′′, covered

the 447-989 GHz frequency range (303-671 µm), while 35 SPIRE Short Wavelength (SSW)

detectors, each with a beamwidth of ∼18′′, covered the 959-1544 GHz frequency range (194-

313 µm) (Fig. 1). The full width half maximum spectral resolution was 1.44 GHz at all fre-

quencies, corresponding to a resolving power of 690 in the middle of the frequency range. The

observation consisted of 48 FTS scans, for a total on-source exposure time of 3197s. The data

were processed using the extended source calibration in version 11 of the Herschel Interactive

Processing Environment (11). The J = 2-1, F = 5/2-3/2 line of OH+ at 971.8038 GHz (12),
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which falls in the SLW and SSW spectral overlap region, is present in emission in many of the

spectra (Fig. 2). This line has been observed from a range of astrophysical environments by

Herschel, both in absorption (13) and emission (14, 15). In addition, two unidentified emission

lines were found to be present in some of the Crab spectra, one in the SLW range at ∼618 GHz,

and the other in the SSW range at ∼1235 GHz.

The knots and filaments of the Crab Nebula are known to exhibit expansion velocities rang-

ing between 700-1800 km s−1 (16); in different detectors we measured radial velocities for the

OH+ 971.8038 GHz line that ranged between -603 and +1037 km s−1. Several spectra showed

multiple OH+ velocity components, some blended, but in most spectra the OH+ velocity com-

ponents were unresolved, exhibiting very different radial velocities from detector to detector,

consistent with an origin from differing knots or filaments in the nebula, each with its own dis-

crete velocity. Because OH+ was the only identified species in the spectra initially, we used

the measured radial velocities of the 971.8038 GHz OH+ line, whose centroid frequency could

typically be measured to an accuracy of ±(25-40) km s−1, as a reference to correct to a ‘rest’

frequency the observed frequencies of the 618 or 1235 GHz line falling in the same spectrum.

There were four SLW spectra, those from detectors B3, C3, D3 and D4, in which the OH+ line

and the 618 GHz line were both present, with emission line surface brightnesses in excess of

2×10−10 W m−2 sr−1. These four spectra yielded a mean ‘rest’ frequency for the 618 GHz

line of 617.554 ± 0.209 GHz. The 1235 GHz line was detected in five SSW spectra (A2, B1,

B2, B3 and D4) but only in the B1 (Fig. 2) and B3 spectra were both it and the 971.8038 GHz

OH+ line present with a single unresolved component. The J = 1-1, F = 1/2-1/2 line of OH+

at 1032.998 GHz was also detected in emission in the SSW B1 spectrum, enabling a third esti-

mate of the rest frequency of the 1235 GHz line. The mean frequency derived from these three

estimates was 1234.786 ± 0.643 GHz.

The ratio of the derived rest frequencies of 1234.786 ± 0.643 GHz and 617.554 ± 0.209 GHz
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is 1.9995±0.0012, which suggests that the lines correspond to the 2-1 and 1-0 rotational tran-

sitions of a simple diatomic molecule (we can rule out their being 4-3 and 2-1 transitions, with

a frequency ratio of 4:2, because of the lack of a corresponding 3-2 transition at ∼ 926 GHz).

A search using the Cologne Database for Molecular Spectroscopy (12) and the MADEX code

(17) found the only candidate to be 36ArH+, whose 1-0 and 2-1 rotational transitions lie at

617.52523 ± 0.00015 GHz and 1234.60275 ± 0.00030 GHz, respectively, agreeing with the de-

rived frequencies for the Crab Nebula lines within the uncertainties. The 1-0 and 2-1 rotational

transitions of 40ArH+ are at 615.85813 ± 0.00005 GHz and 1231.27100 ± 0.00009 GHz, while

the corresponding transitions of 38ArH+ are at 616.64871 ± 0.00004 GHz and 1232.85100

± 0.00004 GHz, ruling out these two isotopic variants as identifications. Argon is the third

most abundant species in the Earth’s atmosphere, 0.93% by number, with 40Ar/38Ar/36Ar iso-

topic ratios of to 1584/1.00/5.30 (18). However, 40Ar in the earth’s atmosphere is a product

of the decay, mainly in rocks, of 40K, whose half-life is 1.25×109 yrs. For the solar wind the

40Ar/38Ar/36Ar isotopic ratios have been measured to be 0.00/1.00/5.50 (19). 36Ar is expected to

be the dominant isotope of argon in stars, being an explosive nucleosynthesis product of the α-

particle capture chain that takes place in massive star core-collapse supernovae (7). Regions of

enhanced emission from optical forbidden lines of ionized argon have previously been mapped

in the Crab Nebula by a number of authors (20–22), almost certainly corresponding to enriched

argon abundances. Strongly enhanced infrared forbidden lines of Ar+ and Ar2+ have been de-

tected from the southern filament (22) where we find 36ArH+ line emission to be strongest (SSW

detector B1; Fig. 1 and Table 1). The enhanced lines of ionized argon and 36ArH+ strongly in-

dicate the presence there of pockets of 36Ar produced by explosive nucleosynthesis during the

supernova event.

The 38Ar isotope of argon is also predicted to be synthesised in core-collapse supernova

events (7). We used Crab Nebula SPIRE-FTS spectra in which the 36ArH+ velocity components
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are strong and narrow to put limits on the isotopic ratios of 40Ar and 38Ar relative to 36Ar in the

emitting regions. Because the frequency separation between the isotopic variants of ArH+ is a

factor of two larger for the J = 2-1 lines than for the 1-0 lines, whereas the SPIRE-FTS frequency

resolution is constant, the 2-1 lines are better suited for placing limits on the isotopic ratios of

argon. Relative to the 36ArH+ 2-1 line, the separation of the 40ArH+ 2-1 line is -3.33175 GHz,

while that of the 38ArH+ 2-1 line is -1.75175 GHz. To estimate upper limits to the abundances

of these species, we added synthetic lines to the spectra having the appropriate frequency offset

and the same line width as the 36ArH+ 2-1 line, changing the strength of the synthetic lines until

the signal-to-noise ratio estimated by the line-fitting routine reached 3σ. The SSW B1 (Fig. 2)

and SSW B3 spectra both yielded 3σ lower limits to the abundance ratio of 36ArH+/38ArH+ of

> 2, along with 36ArH+/40ArH+ lower limits of > 5 and > 4, respectively.

ArH+ is a stable molecular ion (dissociation energy D0 = 3.9±0.1 eV (1)) that has been

studied extensively in the laboratory. The Crab Nebula consists predominantly of ionized gas,

photoionized by synchrotron radiation from the pulsar wind nebula (5, 16). It also contains

many H2-emitting neutral clumps (23, 24). Transition zones between fully ionized and molec-

ular gas will exist, where ArH+ can be formed by the exothermic reaction Ar+ + H2 → ArH+

+ H, releasing 1.49 eV (25). If the elemental species created by the supernova explosion were

still largely unmixed in the remnant, then it is possible that ArH+ molecules would be found

only at interfaces between H-rich gas and Ar-rich gas where mixing has occurred. Four of the

seven FTS SSW detectors in whose spectra J = 2-1 36ArH+ emission was detected (SSW B1,

B2, A1 and A2) are situated on a bright filament south of the center of the nebula (Fig. 1), as is

the SLW D4 detector in which the strongest J = 1-0 emission was detected. A cluster of seven

near-infrared H2-emitting knots, with a wide range of radial velocities, is coincident with the

same bright filament (24). Detectors SLW C3/SSW D4 also show 36ArH+ emission and are

coincident with an H2-emitting knot. The lack of ArH+ emission in the NW quadrant of the
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nebula is mirrored by a relative lack of H2 emission knots in that region. However, there are

many H2 knots in the NE quadrant, whereas ArH+ emission is only detected there in two FTS

detectors (SLW E1 and E2).

The reaction rate for the formation of ArH+ via Ar+ + H2 → ArH+ + H is 8.9×10−10 cm3 s−1

at 300 K (25). Reaction rates are known for the ArH+ destruction reaction with H2 (to yield

Ar + H+
3 , with a reaction rate of 6.3 × 10−10 cm3 s−1 at 300 K (26)) and for its dissociative

recombination with electrons (ArH+ + e− → Ar + H∗, with a rate ≤ 5 × 10−10 cm3 s−1 at low

electron energies (27)). However, because the Crab nebula is photoionized by its pulsar wind

nebula (5, 16), photodissociation could be the main ArH+ destruction mechanism.

The main excitation mechanism for the observed ArH+ emission lines is likely to be colli-

sions with either electrons or H2 molecules but rate calculations or measurements do not exist

as yet. The J = 1 and 2 levels of 36ArH+ are situated 29.6 K and 88.9 K above the ground state,

respectively, negligible compared to the electron temperatures of 7500-15000 K measured for

the ionized gas in the Crab Nebula (5), or even compared to the H2 excitation temperatures of

2000-3000 K that have been measured (28). If the electron or H2 densities in the transition

zones where ArH+ is hypothesised to be located should exceed the ‘critical densities’ of the

emitting levels (where the sum of the collisional excitation and de-excitation rates from a level

exceed the radiative decay rate from the level), then the level populations will be in Boltzmann

equilibrium. Using the known molecular parameters of ArH+ (12, 17) the 2-1/1-0 line emis-

sion ratios should then be of the order 30, for excitation temperatures appreciably exceeding

100 K. The SSW D4 and SLW C3 detectors are centred on the same bright knot (Fig. 1) and

yield a 2-1/1-0 line surface brightness ratio of 2.5, while the spectra from the approximately

co-located SSW B3 and SLW C4 detectors yield a line surface brightness ratio of 2.0 (Table 1),

well below the ratio for Boltzmann equilibrium. The densities of the collision partners in the

emitting regions must therefore be well below the corresponding critical densities of the ArH+
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rotational levels. We used the MADEX code (17) with the molecular parameters of ArH+, to-

gether with SiH+ + He collisional de-excitation rates (29) in place of those of ArH+ + H2, and

CH+ + e− collisional de-excitation rates (30) in place of those for ArH+ + e− (with upward

rates calculated using detailed balance and the correct values of the energies for the levels of

ArH+) in order to estimate corresponding H2 and electron critical densities of ∼ 108 cm−3 and

∼ 104 cm−3, respectively. The observed 2-1/1-0 line ratios of 2.5 and 2.0 indicate H2 densities

of a few×106 cm−3, or electron densities of a few×102 cm−3. The calculations take into account

opacity effects although the line centre optical depths are estimated to be significantly less than

unity for line widths larger than 1 km s−1. For H2 collisions at temperatures between 100 K and

3000 K and densities of ∼ 106 cm−3, or electron collisions at temperatures of ∼3000 K and

densities of a few×102 cm−3, we estimate 36ArH+ column densities of 1012 − 1013 cm−2.

Given that likely electron collisional excitation rates are ∼ 104 larger than those of H2 and

that the parent Ar+ ion must exist in a region that is at least partially ionized, electron collisions

are expected to dominate the excitation of ArH+. A density of ∼ 104 cm−3 has been estimated

for the Crab H2 knots (28), a factor of 100 below that required for H2 collisions to be the

excitation mechanism for the ArH+ lines. This lends further support to electron collisions in

partially ionized transition regions being the main ArH+ excitation mechanism.

Our detection of 36ArH+ in the Crab Nebula suggests that an unidentified multi-component

broad absorption feature seen between 617 and 618 GHz in a Herschel HIFI spectrum of Sgr

B2(M) (towards the center of our galaxy) (31) can potentially be identified with ground-state

absorption in the J = 0-1 617.525 GHz line of 36ArH+ along the interstellar sightline.
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Table 1: SPIRE-FTS radial velocity and line surface brightness measurements for the J = 1-0

and 2-1 rotational lines of 36ArH+ from the Crab Nebula

J = 1-0 617.525 GHz J = 2-1 1234.603 GHz

SLW Radial Velocity Surface Brightness SSW Radial Velocity Surface Brightness

Detector km s−1 10−10 W m−2 sr−1 Detector km s−1 10−10 W m−2 sr−1

B3 +317 ± 67 2.23 ± 0.41 C5 -1354 ± 26 8.2 ± 1.2

C3 +933 ± 33 4.63 ± 0.40 D4 +743 ± 26 11.7 ± 1.6

C4 -58 ± 50 8.65 ± 0.55 B3 -101 ± 20 17.5 ± 1.4

D3 +826 ± 32 3.13 ± 0.34

D3 -709 ± 42 2.30 ± 0.34

D4 +101 ± 27 9.89 ± 0.52 A1 -51 ± 52 13.9 ± 2.0

B2 -572 ± 25 10.8 ± 1.7

B1 +140 ± 34 38.4 ± 1.6

A2 +61 ± 28 10.1 ± 1.4

E1 +278 ± 46 5.69 ± 0.62

E2 -594 ± 37 4.25 ± 0.46
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Fig. 1. A broad-band Herschel-PACS image mapping the 70-µm dust emission from the

Crab Nebula. North is up and East is to the left. The positions on the nebula of the 19 SLW

and 35 SSW detectors of the SPIRE FTS are marked with circles whose angular diameters of

37′′ and 18′′ correspond to the SLW and SSW beam sizes. The positions of detectors in whose

spectra the J = 1-0 or 2-1 rotational lines of 36ArH+ were detected are marked with crosses.

Fig. 2. SPIRE FTS spectra of the Crab Nebula, plotting surface brightness in W m−2 Hz−1 sr−1

against frequency in GHz. Several emission lines are superposed on a continuum attributed to

thermal dust emission (32). Upper plot: the spectrum from the SLW D4 detector, whose po-

sition on the nebula is marked in Fig. 1. Emission line velocity components attributed to the

J = 2-1, F = 5/2-3/2 971.8038 GHz rotational line of OH+ and the J = 1-0 617.525 GHz ro-

tational line of 36ArH+ are visible. Lower plot: the SSW B1 spectrum. In addition to OH+

971.8038 GHz velocity components, emission in the J = 2-1 1234.603 GHz line of 36ArH+ is

visible. The radial velocities and surface brightnesses of the 36ArH+ emission lines that are

present in the spectra obtained from these and other FTS detectors are listed in Table 1.
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