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Abstract. High sensitivity and high-angular resolutions infrared space telescope, the James Webb Space
Telescope (JWST), allowed us to study dust and molecules in unprecedented details. This contribution high-
lights the first year of JWST’s scientific operation, and reports prospects of dust and molecular studies in
the coming future.
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1. Introduction
The circumstellar envelopes of asymptotic giant branch (AGB) stars are considered to be

important dust formation sites. They have a reasonably high density (> 1010 cm−3) and warm
(∼1000 K) gas at the inner region of the circumstellar envelope, which enables reasonably
fast chemical reactions (e.g. Cherchneff 2012). Once the stars leave the AGB phase, their cir-
cumstellar envelopes are irradiated by strong UV from the central star of the planetary nebula
(PN). UV radiation can cause post-formation processing of dust, changing the properties of the
grains. In general, a diverse range of dust species have been detected in AGB stars, post-AGB
stars and PNe. The detected species of dust grains include amorphous and crystalline silicates,
SiC, and polycyclic aromatic hydrocarbons (PAHs), though PAHs might be considered to be
large molecules rather than dust grains.

As the near- and mid-infrared spectral range covers a wide range of dust features, the near-
and mid-infrared James Webb Space Telescope (JWST) (Gardner et al. 2023) is an excellent
telescope to study dust grains in AGB stars and PNe. At the time of this IAU symposium,
JWST has completed just over one year of scientific operations, and some highlights from its
first year of operation are reported.

2. Highlights of JWST observations of PNe
2.1. NGC 3132: H2 clumps and dusty disk

On 12th July 2022, the Space Telescope Science Insitute (STScI) released the first scientific
images and spectra, taken by JWST (Gardner et al. 2023). One of the four targets of the first
scientific data release was PN NGC 3132, showing the stunning detailed structures of this PN
(Fig 1). The left-side image of Fig 1 is taken by NIRCam (Rieke et al. 2023) in six filter bands:
F090W, F187N, F212N, F356W, F405N and F470N. The ionised gas, traced by [S III] in the
F090W band and Paα in the F187N band, is enclosed within the blue elliptical nebula, and
is surrounded by clumps and filaments of H2 in orange-red colour (De Marco et al. 2022).
The right-side image of Fig 1 shows a MIRI (Wright et al. 2023) image of the nebula, taken
in four filter bands (F770W, F1130W, F1280W and F1800W). Similar to the NIRCam image,
H2 filaments and clumps, which are in blue and are traced by the F770W band, are found
outside of the elliptically-shaped ionisation front in red. Although not too obvious in this press
release image, there are layers of H2 concentric arcs, surrounding the ionised gas, and H2
spikes extending in a radial direction.

© International Astronomical Union, 2021
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Figure 1. JWST images of NGC 3132, taken by the NIRCam (left) and the MIRI (right). The image is
from the JWST Early Release Observations (Pontoppidan et al. 2022). Image credit: NASA, ESA, CSA,

STScI.

a. HST F814W b. NIRCam F090W c. NIRCam F187N

d. NIRCam F212N e. NIRCam F356W f. MIRI F770W

g. MIRI F1130W h. MIRI F1280W i. MIRI F1800W

2 arcsec

Figure 2. The multiple-wavelength
images of the central star (white circle)
and A-type companion star of NGC 3132.
The companion star is far brighter in
the optical, while in the mid-infrared
wavelength range longer than F1130W,
the central star is brighter, showing
dust excess around the central star. The
comparison with an A-type star shows
that at F1130W, F1280W and F1800W,
the central star is not a point source but
extended. The figure is from De Marco
et al. (2022).

One of the surprising results is the detection of the mid-infrared excess from the central star
of NGC 3132. Fig. 2 shows the image of the central star and its A-type star companion (De
Marco et al. 2022). In the optical, the A-type companion is far brighter, but at wavelengths
longer than 10 µm, the central star is brighter. Moreover, the central star is not a point source,
and is marginally resolved at these wavelengths, with an approximate size of 300 au in the
full-width at half-maximum (FWHM). The fit to this mid-infrared excess (Fig. 3) shows that it
is explained by a dust mass of 2 × 10−7 M⊙, with an inner radius of 55 au. In order to retain
such a quantity of AGB dust near the central star after the central star left the AGB phase
approximately 10,000 years ago, the most likely explanation is that dust grains are trapped in
a binary disk (Mastrodemos and Morris 1999).

In NGC 3132, H2 emission is found in clumps (Fig. 4). That is similar to H2 clumps found in
the Helix Nebula (Meixner et al. 2005; Matsuura et al. 2007, 2009) and the Ring Nebula (this
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Figure 3. The spectral energy distribu-
tion of the central star of NGC 3132 and
its dust disk, showing the dust excess,
starting at about 3 µm. The figure is from
De Marco et al. (2022).

contribution). Fig. 4 shows the images of clumps found in NGC 3132 in three different regions
(from top to bottom rows) at six different wavelengths (from right to left columns). Some
clumps and filaments are seen in obscuration due to dust extinction in optical images taken by
the Hubble Space Telescope (HST) in Fig. 4. Some clumps are even seen in absorption in the
infrared NIRCam F187N and F405N images.

Using the dust extinction of clumps against the bright background nebular emission, clump
masses can be estimated. We measured the extinction at 1.87 µm for two clumps seen in
extinction against the Paα nebula background: the largest knot on the west side of the neb-
ula (coordinates RA=10:07:00.4, Dec=−40:26:08.8), and one of the darkest on the east side
of the nebula (RA=10:07:02.5, Dec=−40:26:00.3). The diameters of these clumps are ∼0.36
arcsec and ∼0.15 arcsec, and their extinction is ∼0.57 mag and ∼0.25 mag at 1.87 µm, respec-
tively. Using the dust extinction law A(λ )/A(V ), where A(λ ) is the extinction at a given
wavelength, λ , and A(V ) is the extinction in the V -band (Cardelli et al. 1989), the corre-
sponding values of A(V ) are 3.9 mag and 1.7 mag assuming RV = 3.1. Using the conversion
between A(V ) and the total hydrogen density along the line of sight, N(H) (Bohlin et al.
1978), the estimated column densities of these two clumps are N(H) = 7.3 × 1021 cm−2 and
N(H) = 3.2 × 1021 cm−2, respectively. For the adopted distance of 754 pc, the estimated den-
sities are n(H)∼ 2 × 106 cm−3 for both clumps. These densities suggest clump masses of
10−5 M⊙, similar to the typical clump (‘globule’) masses found in the Helix Nebula (Meixner
et al. 2005; Matsuura et al. 2009). Considering the total number of clumps, there is about
0.1 M⊙ in the H2 clumps (De Marco et al. 2022). A substantial fraction of the nebula mass is
therefore in H2.

2.2. The Ring Nebula: H2 globules, radial spikes, and the PAH shell

JWST (Gardner et al. 2023) observed the Ring Nebula (M 57, NGC 6720) during Cycle
1 as part of the General Observers (GO) program 1558 (PI M.J. Barlow). Fig. 5 shows the
NIRCam (left) and MIRI (right) false-colour images of the Ring Nebula. The main part of the
nebula is filled with numerous clumps of H2, shown in cyan (F212N), green (F300M) and red
(F335M) colours in the NIRCam image. These clumps are also seen in the MIRI image in
purple (F560W), blue (F770W) and cyan (F1000W) colours. The clumpy nebula is filled with
ionised gas, traced in blue (F162M) in the NIRCam image and orange (F1800W, dominated
by [S III]) in the MIRI image. A summary table of the main contributing emissions to each
filter band is found in Wesson et al. (this contribution) and Wesson et al. (2023). On top of the
clumpy structure of the main body of the nebula, the Ring Nebula shows up to 10 concentric
arcs in H2 and about 300–400 radial spikes (Wesson et al. 2023).

Compared with H2 clumps detected in the Helix Nebula (Meixner et al. 2005; Matsuura
et al. 2007, 2009) and NGC 3132 (De Marco et al. 2022), those detected in the Ring Nebula
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Figure 4. Enlarged images of clumps in three representative regions in NGC 3132: the west side of the
ring (top row), near the centre of the ring (middle row) and the east side of the ring (bottom row). Filament
structures stand out in the NIRCam F212N images. A few filaments are extinguished by dust, as clearly
seen in the HST optical images (first two columns of HST F502N and F658N), but also even in infrared
images at NIRCam F187N and F405N (third and fifth columns). The figure is from De Marco et al. (2022).

tend to have less defined heads or tails (Wesson et al. 2023). This is not due to the fact that the
Ring Nebula (790±30 pc; Lindegren et al. 2021) is farther than the Helix Nebula (200±30 pc;
Lindegren et al. 2021); NGC 3132 has a similar distance (750 pc; De Marco et al. 2022).
Instead, it is probably because the Ring Nebula has had a shorter time since its central star left
the peak of its luminosity, and is less evolved.

Hydrodynamic models (Garcı́a-Segura and Mac Low 1995; Garcia-Segura and Franco
1996) demonstrated that instabilities in existing gas layers being swept up can form clumpy
structures. Initially, the range of clump sizes is quite uniform as found in the Ring Nebula, but
as the nebula evolves, instabilities build up and tails gradually develop, so that the range of
clump sizes grows, as found in NGC 3132 and the Helix Nebula.

JWST’s high sensitivity and high angular resolution images of the Ring Nebula show a
distinct thin shell, associated with PAHs, in the Ring Nebula. Fig. 6 includes intensity ratios
of (a) F335M/F300M and (b) F1130W/F1000W. The F335M and F1130W filters contain
PAH bands, while the F300M and F1000W filters include nearby continuum, though there are
some weak line contributions, too (Wesson et al. 2023). Nevertheless, the similar thin shell
morphology found in both F335M/F300M and F1130W/F1000W images shows that the thin
shell represents the location of PAHs. Compared with the overall shell of the Ring, seen in the
F212N H2 image (Fig. 6 (d)), the PAH shell is located approximately at the edge of the main
body of the Ring, which contains H2 clumps.

Spitzer spectral mapping at 11.3 µm is shown at Fig. 6 (c). This map is a single wavelength
bin with a spectral resolution of R ∼100 (Houck et al. 2004). The data were taken by Program
40536 (P.I. H. Dinerstein) and published by Cox et al. (2016). This spectral map covers the
11.3 µm PAH band. The black circle, which traces the PAH emission in Fig. 6 (a) and (b) is
also plotted in panel (c), and indeed, the PAH emission is strongest in region 3, where the black
circle crosses.
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Figure 5. JWST images of the Ring Nebula, taken by the NIRCam (left) and the MIRI (right). The images
use the data from the General Observers (GO) program 1558 (Wesson et al. 2023). Credit: ESA/Webb,
NASA, CSA, M. Barlow, N. Cox, R. Wesson

Fig. 7 shows Spitzer spectra, extracted in the three regions, indicated in Fig. 6 (c). As
expected, region 3 has a clear indication of the PAH band at 11.3 µm, with region 2 hav-
ing weak PAH emission. Regions 2 and 3 both show an excess of the F1130W over the
F1000W flux, relative to a simply rising continuum, suggesting the presence of PAH emis-
sion in F1130W/F1000W. There is no trace of PAHs in the central ionised region 1. Region 1,
the innermost region of the ring, lacks PAH emission at 11.3 µm but has strong [S IV] emission
in the JWST F1000W filter. This confirms that the thin emission shell, found in F335M/F300M
(Fig. 6 (a)) and F1130W/F1000W (Fig. 6 (b)), is indeed due to PAHs.

The location of the PAH-emitting peak at the edge of the H2 clumps is most likely due to
favourable UV excitation of PAHs at this particular distance from the central star. As traced
by a black ellipse in Fig. 6, the PAH shell is centred on the current location of the central star,
rather than the offset centre found for other emission features, and follows the outer contour
of the H2 distribution (Wesson et al. 2023). As expected from Fig. 6 (d), the peak of H2 is
offset from the central star by about 2 arcsec (Wesson et al. 2023). This offset seems to be
associated with the proper motion of the central star, since the nebula material was expelled
from the central star about 4000 yrs ago (O’Dell et al. 2004). Although PAHs and H2 are both
associated with clumps, there is a difference in their brightness distributions; PAH brightness
peaks are outside of H2 brightness peaks, and PAH brightness is centred on the current position
of the star, while the H2 brightness is not. This strongly suggests that the PAH excitation, rather
than PAH abundance or density distribution within the nebula, contributes to the presence of
the PAH peaks.

2.3. Spectroscopic signature of dust in PN SMP LMC 058

Another early JWST result of dust in PNe came from the commissioning data of the MIRI
spectrometer (Wright et al. 2023). SMP LMC 058 is a PN located in the Large Magellanic
Cloud (LMC) which was initially identified by an emission source survey (Sanduleak et al.
1978). Spitzer IRS spectra (R = 60–127) have identified the SiC feature at 11.3 µm. The PAH
features at 6–9 µm were identified, but the PAH feature at ∼11.3 µm was unclear (Bernard-
Salas et al. 2009).

Higher spectral resolution (R =1500–4000) MIRI spectra clearly identified over 50 emission
lines from the 4.9–27.9 µm spectra of SMP LMC 058 (Fig.8; Jones et al. 2023). More relevant
to this contribution is the detection of PAHs and SiC dust emissions at 11 µm in this PN. With
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(a) F335M/F300M (b) F1130W/F1000W

(c) Spitzer spectral map @11.3 µm
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F1130W/F1000W

(d) F212N (H2)

Figure 6. The PAH shell found in the Ring Nebula. The four panels show (a) F335M/F300M ratio, (b)
F1130W/F1000W ratio and (c) Spitzer spectral map at 11.3 µm (10.95–11.65 µm, corresponding to JWST
F1130W filter) (Cox et al. 2016) on the same scale. For reference, the black ellipse approximately traces
the narrow ring at the edge of the shell, which is interpreted as the peak PAH emission. For comparison, the
F212N H2 image is plotted at the panel (d). The Spitzer spectra were extracted at three different regions as
indicated in the bottom left panel, and plotted at Fig. 7. North is at the top. The figure is from Wesson et al.
(2023)

Spitzer’s spectral resolution, it was difficult to disentangle contributions from the 11.3 µm SiC,
the 11.2 µm PAHs, and the 11.3 µm HI 9–7. On the other hand, the higher spectral resolution
of MIRI was capable of disentangling these three components. Fig. 8 shows the identification
of the broad ∼11.3 µm SiC. The SiC band is rarely to be found in Galactic high mass-loss rate
AGB stars, post-AGB stars and PNe (Speck et al. 2005), while it is rather common in their
LMC counterparts (Gruendl et al. 2008; Bernard-Salas et al. 2009; Matsuura et al. 2014; Sloan
et al. 2014). On top of the broad SiC band, a narrower and fainter PAH 11.2 µm is clearly
detected in MIRI spectra (Fig. 8). That is the power of the higher spectral resolution of the
MIRI spectrometer, compared with the Spitzer IRS in the low-spectral resolution mode.

2.4. End of the era of discrete C-rich and O-rich chemistry?

Finally, JWST discovered chemical processes related to dust formation in general, not spe-
cific to PNe, but very relevant to dust formation in PNe. The Solar abundance pattern indicates
that the gas contains more oxygen than carbon atoms, and the majority of stars were formed
from gas with more oxygen than carbon atoms. During the AGB phase, carbon atoms are
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Figure 7. The extracted Spitzer spectra of the Ring Nebula (Cox et al. 2016), from the top towards the
inner ring from regions 1 to 3. (bottom left panel of Fig. 6). Region 3 has an excess of PAHs at 11.3 µm in
Figure 6, and Spitzer spectra confirm the presence of 11.3 µm PAHs. In contrast, region 1, the innermost
region of the ring, lacks observed PAHs. The figure is from Wesson et al. (2023)
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Figure 8. JWST/MIRI spectra of the PN, SMP LMC 058. The broad SiC band at 11.3 µ is identified, and
on top of that PAH 11.2 µm is found. Other PAH features, such as 5.2, 5.7, 6.2,.7.7 and 8.6 µm are also
found. The figure is from Jones et al. (2023)

synthesised and dredged up to the surface, and hence, surface abundances might show a
carbon-to-oxygen ratio larger than unity.

In AGB stars, post-AGB stars and PNe, distinct C-rich or O-rich chemistry is operating,
depending on which elemental abundance of oxygen or carbon is higher. In a chemical process,
carbon monoxide (CO) has the highest binding energy among molecules, hence CO molecules
are formed first in AGB stars, when the gas is sufficiently cool. In an oxygen-rich environment
(C/O<1), the remaining oxygen atoms react with other atoms, forming H2O, SiO, CO2 and



8 Matsuura et al.

silicate dust (e.g. Mg2SiO4, MgSiO3). In a carbon-rich environment (C/O>1), the excess car-
bon atoms react with other atoms, producing molecules such as C2H2, HCN, CS, CH, as well
as carbonaceous dust (amorphous carbon, SiC and PAHs). Occasionally, molecules and dust
which have been formed both in oxygen-rich and carbon-rich environments are found within a
single object, and these objects are called dual chemistry objects. Often dual-chemistry objects
show silicate dust with PAHs (e.g. Waters et al. 1998; Molster et al. 2002). Some PNe show
oxygen-rich abundances from atomic line analysis, and yet also show PAHs. The prime exam-
ple is the Ring Nebula. As discussed in Sect. 2.2, the Ring Nebula does present PAHs, which
are carbon-rich molecules/dust, but its gas abundances were measured to be oxygen-rich from
atomic lines (Liu et al. 2004).

There are several hypotheses on how to form dual chemistry objects. One possible expla-
nation is that binary discs have been formed in AGB stars/post-AGB stars and PNe, and
past oxygen-rich material has been stored in these discs (Waters et al. 1998; Winckel et al.
2006). The central star eventually became carbon-rich, and carbon-rich molecules and dust
were formed in this later phase.

The hypothesis of storing oxygen-rich gas in binary-formed discs might work in AGB
stars/post-AGB stars and PNe. However, PAHs are widely found in the diffuse interstellar
medium (ISM), and their origin there is not clear, as the ISM gas is oxygen-rich. Another
issue is that the mass of PAHs formed in AGB stars is expected to be far too small, com-
pared with the mass found in the ISM in galaxies. In carbon-rich AGB stars, PAHs may be
formed via combining C2H2 (Allamandola et al. 1989). However, the abundance of C2H2 is
quite low, and even across the entire AGB population in the Small Magellanic Cloud (SMC),
only 10−8 M⊙ yr−1 of PAHs may be injected to the ISM (Matsuura et al. 2013). That would
make only about 100 M⊙ of PAHs during the lifetime of PAHs in the ISM (1.4–1.6×108 yr;
Micelotta et al. 2010). On the other hand, Sandstrom et al. (2010) estimated the fractional
abundance of PAHs in the SMC ISM to be 0.6 per cent with respect to the total dust mass.
Considering the SMC dust mass of 8 × 104–5 × 105 M⊙ (Gordon et al. 2014), the resultant
PAH mass in the SMC ISM would be 500–3000 M⊙. Though there are a lot of uncertainties
involved in these estimates, AGB-injected PAHs seem to be insufficient to explain the whole
PAH mass in the ISM.

In order to explain the large mass of PAHs found in the ISM, there is a long-term debate
on whether PAHs may be formed within the ISM in situ, instead of being injected from AGB
stars to the ISM. JWST opened clues to this hypothesis. Berné et al. (2023) reported the detec-
tion of CH+3, which has been predicted to trigger organic chemistry (Black and Dalgarno
1977), potentially leading to the formation of PAHs. That was detected in the proto-planetary
disc d203−506 in the Orion Nebula. The proto-planetary disc is exposed to UV radiation
from the Trapezium stars, and this strong UV (G0 > 104) irradiation triggered the formation
of CH+3, and subsequent organic molecule formation in this high density (n > 105 cm−3)
region. Although the first detection of CH+3 was in a proto-planetary disc, the implication
of this chemistry might be relevant to organic chemistry in the oxygen-rich environment in
PNe (Berné et al. 2023).

Another finding from JWST was dual chemistry being detected in young stellar objects,.
Tabone et al. (2023) reported the detection of C2H2, C6H6, CO2, C4H2 from a young
(2.6±1.6 Myr old) low-mass star 2MASS J16053215−1933159. CO2 forms in the oxygen-
rich environment, while C2H2, C6H6 and C4H2 are carbon-rich in origin. This star is a member
of a star-forming region and has an accreting disc around it. One possible explanation is that
oxygen atoms are frozen in H2O ice, so the abundance of carbon-bearing molecules is higher.
This has implications for AGB stars and PNe. Some high-mass loss rate AGB stars can have
ice (Justtanont et al. 2006), so ice-induced carbon-chemistry might be applicable to evolved
stars, too. Future investigations in AGB stars, post-AGB stars and PNe will be important.
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