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W Check for updates

Planetary nebulae—the ejected envelopes of red giant stars—provide us with
ahistory of the last, mass-losing phases of 90% of stars initially more massive
than the Sun. Here we analyse images of the planetary nebula NGC 3132

from the James Webb Space Telescope (JWST) Early Release Observations.
Astructured, extended hydrogen halo surrounding anionized central
bubbleisimprinted with spiral structures, probably shaped by alow-mass
companion orbiting the central star at about 40-60 au. The images also
reveal amid-infrared excess at the central star, interpreted as a dusty

disk, whichisindicative of an interaction with another closer companion.

Including the previously known A-type visual companion, the progenitor of
the NGC 3132 planetary nebula must have been at least a stellar quartet. The
JWST images allow us to generate a model of the illumination, ionization and
hydrodynamics of the molecular halo, demonstrating the power of JWST

to investigate complex stellar outflows. Furthermore, new measurements

of the A-type visual companion allow us to derive the value for the mass of
the progenitor of a central star with excellent precision: 2.86 + 0.06 M,
Theseresults serve as pathfinders for future JWST observations of planetary
nebulae, providing unique insight into fundamental astrophysical processes
including colliding winds and binary star interactions, with implications for

supernovae and gravitational-wave systems.

Planetary nebulae (PNe) are the ejected envelopes of intermediate-mass
(-1-8 M,) stars that have recently terminated their asymptotic giant
branch (AGB) stage of evolution. Moving outwards from the hot
pre-white dwarf star (temperature, T =10’ K) that is the progeny of
the AGB star, the structure of a canonical quasi-spherical PN consists
ofahot, sparse, wind-heated bubble (7 =10’ K) surrounded by adense
shellof displaced, ionized AGB gas (T = 10* K), which in turn may still be
surrounded by ‘pristine’, cold (T =10%K), molecule- and dust-rich AGB
ejecta. However, if the progenitor star interacted with acompanion(s)
duringits post-main-sequence evolution, we would expect departures
from spherical symmetry, perhapsincluding spiral structures and arcs
(for example, refs. '), the presence of a dense, molecule-rich torus

(for example, ref. *), one or more pairs of polar lobes formed by fast,
collimated outflows and jets (for example, refs. >°) and/or a dusty, cir-
cumbinary disk’. The type of interaction depends on the orbital radius,
and ranges from common envelope evolution for close binaries®, to
accretion disks and gravitational focusing of the wind for wider sys-
tems’ ™", todisplacement of the central star from the geometric centre
of the nebula for the widest systems'.

The first Hubble Space Telescope (HST) images of PNe revealed a
breathtaking new world of details and far more complex structures than
hadbeengleaned fromground-basedimages (for example, refs.*'*). The
superb spatial resolution of HST, combined with high-resolution, kine-
matic mapping, enabled the construction of detailed three-dimensional
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NIRCam/F470N H,

Fig.1|JWSTimages of the PNNGC 3132. Left: colour overlays of JWST NIRCam
and MIRIimages that cleanly distinguish between the PN’sionized gas (that is,
H1Iregion; top) and molecular gas (as seen in H,; bottom). cont., continuum
emission. Note the sharp contrast between the relatively smooth appearance of
the H 11 region and the flocculent structure of the H, ring system and extended H,

halo. These images are presented with square-root and log intensity stretches,
respectively, from the background sky to peak intensity levels in each image.
Right:agreyscale, single filter (F470N), zoomed-in NIRCam image that more
readily shows details of the flocculent H, halo. North is towards the top and east is
towards the left.

(3D), morpho-kinematic models, which, together with hydrodynamic
models (for example, refs.>'®), started to connect our understanding of
the evolution of the structures and kinematics of PNe with their possible
binary star origins (for example, refs. 7 %),

The James Webb Space Telescope (JWST), with its superb sensi-
tivity and high spatial resolution from near- to mid-infrared (IR), is
now poised to enable a leap of similar magnitude in our understand-
ing of PNe. This journey began when JWST released near- and mid-IR
images of just one PN, NGC 3132, as part of its Early Release Observa-
tions (ERO) programme. NGC 3132is anearby (ata distance of 750 pc),
molecule-rich®®%, ring-like PN, long known to harbour a visual binary
comprising the central (progenitor) star and an A-star companion. In
this Article, we show that the JWST ERO images contain multiple, new
lines of evidence that NGC 3132 is the recent product of a hierarchi-
cal multiple progenitor stellar system, which has experienced both
indirect and direct interactions involving one or more components.
Such binary interactions have taken on new importance in the era of
gravitational-wave detectors (Laser Interferometer Gravitational-wave
Observatory? and Laser Interferometer Space Antenna?’) and
ambitious transient surveys®. Indeed, PNe such as NGC 3132 offer
unique insight into the formation pathways of the close, single- and
double-degenerate binaries that are eventual gravitational-wave
sources and (perhaps) type la supernova progenitors>~.

Results

A flocculent molecular halo surrounding an ionized bubble.
Figure 1shows colour overlays of Near-IR Camera (NIRCam) and Mid-IR
Instrument (MIRI) images of NGC 3132 that highlight JWST’s clean

separation of the PN’sionized (H 11) and molecular (H,) regions. The full
resultingJWST image suite, along with basic information, is presented
in‘Specification of JWST NIRCam and MIRIimaging’in Supplementary
Information and Supplementary Fig. 1. The images reveal the extent
and detailed structure of the halo of molecular gas that lies exterior to
the nebula’s central, ionized cavity, and its bright and thin, peripheral
elliptical ring (compare ref. *®). This molecular halo is well detected in
rovibrational H, emission at 2.12 um (1-0 S(1)), 4.7 um (0-0 S(9)) and
7.7 um (0-0 S(5)) out to 60 arcsec (~0.22 pc at the adopted distance
of 754 pc; see ‘Properties and distance of NGC 3132’ in Methods) from
the central star. Spatially organized structures—arcs and patterns of
spikes emanating radially outwards—are observed in the halo H, emis-
sion on medium to large scales, while molecular arcs, loops and knots
are detected onsize scales from ~500 au down to the limiting (-75 au)
resolution of the images. The typical thickness of the bright H, rings
thatsurround the nebular coreis-~1-2 arcsec (-750-1,500 au), measured
at2.1pum, 4.7 umand 7.7 pm.

Figure1conclusively demonstrates that the molecular gasis much
clumpier thantheionized gas component of NGC 3132 (Supplementary
Fig. 3). In H, recombination lines and [S 111] emission (Fig. 1, top left),
the nebula’s central ionized cavity (within ~25 arcsec of the central
star) appears as a relatively smooth elliptical region that is bounded
by asingle, sharped-edged ring; whereasin H, (Fig. 1, bottom left), this
same central region appears as a far more complex system of clumpy
filaments. The regions in and around this bright, inner H, ring system
containas many as 20 dense clumps (knots) per square arcsec, implying
the total number of H, knots in this region exceeds 10*. The H, knotsin
the outer (halo) region are less distinct and farther apart.
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Fig.2|The dusty central star of the PN NGC 3132. Top:JWST NIRCam F187N
(left) and MIRI F1280W (right) images of the central region of NGC 3132. The
JWST MIRIimages reveal the detection of a mid-IR excess at the nebula’s true
(hot, compact) central star, which is seen projected ~1.7”(-1,300 au) southwest
of the main-sequence A-type companion (which is far brighter shortwards of

~10 um). Northis up and east is to the left. Bottom: the near-IR to mid-IR spectral
energy distribution of the central star of the PN (CSPN) of NGC 3132 overlaid with

amodel consisting of acombination of a hot blackbody spectrum representing
the central star’s photosphere (blue line) and a dusty circumstellar double disk
model to fit the near- and mid-IR data points (red line, with the individual disks
asdashed lines). The wide companion, A star’s spectral energy distribution is
shown as adotted line. Vertical error bars are set at 10% of the flux values, while
horizontal bars show the width of the bandpass.

The presence of radially directed spike features in the H, halo
indicates that directirradiation by ultraviolet photons, leaking through
less dense gas between the inner ring system’s H, knots, are most likely
responsible for the excitation of the IR H, lines in the extended halo,
although shock excitation cannot be completely ruled out (see ref.
and references therein). The relative lack of H, halo emission to the
east-northeast and west-southwest of the central star thenindicates
a general lack of central star ultraviolet illumination, as opposed to
a lack of halo molecular mass in those directions (see ‘Discussion’).
Measurements of the extinction of background nebulosity through
representative knots suggests typical knot densities of ~-10¢ cm™ and
masses of ~-107° M, (see ‘Densities, masses and excitation of the H,
knots’in Methods), suggesting a total H, mass of ~-0.1 M, in the central
ring region.

The system of (broken) concentric arcs revealed in the H, halo
by the JWST images is similar to those observed in the extended,
dusty envelopes of many AGB stars, proto-PNe and PNe (for example,
refs.>*%*"), Awidely accepted scenario to explain the formation of such
arc systems is the modulation of an AGB wind by a stellar or substellar
companion, creating 3D spiral-like patterns along the orbital plane
(see refs.*?* and references therein). The average angular distance
betweenthearcstructures, 2 arcsec, implies an orbital period 0f 290-
480 yrand anorbital separation of 40-60 au between the central star
and the companion that shapes the mass loss. Here we have assumed

a companion mass of 0.2 M, the highest-mass main-sequence star
that could hide in the present-day central star’s glare yet still form a
visible arc system (other parameters are an expansion velocity in the
range 15-25 km s™ (ref. *') and an assumed late-AGB central star mass
of ~-0.8 M,; probably still 0.1-0.2 M, larger than the post-AGB mass).
The bright A2V visual companion seen at ~1,300 au projected separa-
tion from the central star cannot be responsible, suggesting (at least)
atriple systeminastable configuration.

The dusty central star. In the MIRI images obtained at wavelengths
longer than 10 um, the faint central star appears as bright or brighter
thanits A2V main-sequence visual companion®® (Fig. 2). This IR excess
was undetectable in the mid-IR at lower spatial resolution (for example,
in Wide-field Infrared Survey Explorer images®) because of the sur-
rounding bright nebulosity. The JWST-discovered IR excess indicates
thataconsiderable amount of warmdustis present around the ultrahot
(-110 kK) PN central star. The thermal IR source appears marginally
extendedinthell.3 pmand12.8 pm MIRIimages with an apparent size
of ~300 au (full-width at half-maximum (FWHM)) at 12.8 pum (see ‘PSF
measurements of the central star’ in Methods).

Thebottom panel of Fig. 2 shows the central star’s near- tomid-IR
spectral energy distribution fitted by a combination of a hot stellar
photosphererepresented by ablackbody curve and two curves to fit the
IR datapoints. The two curves are generated with amodel that follows
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East-west view

Earth view

Fig.3|Morpho-kinematic reconstruction of the ionized cavity of PN

NGC 3132.Emissionin the [N 11] line as seen from Earth (left; north is towards the
top and east is towards the left), a view from the east, which we call the east-west
view (middle), and a view from the north, which we call the north-south view
(right). The colour coding is for Doppler shift as seen from Earth, with blue for
material approaching the observer, red for receding gas and green for no velocity

North-south view

along the observer’s line of sight. We note the prominent green (zero Doppler
shift) beltin the middle image, and the filament that wraps around the waist of
the ellipsoid and that is red-shifted on one side and blue-shifted on the other. A
fly-through video of this model can be found as Supplementary Video 1and also
atthislink.

closely that of ref. *® for the Helix nebula. A number of 100 pum grains
are taken as blackbody spheres with temperatures set by absorption
and re-emittance of the stellar luminosity (200 L; a correction factor
is then applied to simulate a grain size distribution between 60 pm
and 1,000 pum, as doneby ref. *®). The temperature varies as d*°, where
dis the distance to the star. The surface density of the disk is taken as
constant. Theresulting blackbody radiationis calculated at each radius,
and the emission is summed over all radii. A better model will require
radiative transfer, actual dust emissivities, arange of grains sizes, and
forthesilicate feature, the inclination of the disk. This will be explored
inafuture paper.

The best-fit model disk has aninner radius of 55 au, an outer radius
0f 140 au, and a dust mass of 3 x 10% g or 2 x 107 M,, (approximately
0.05 Earthmasses). The dust temperature range (inner to outer radius) is
130 Kto 80 K. The outer radius of 140 au, although poorly constrained, is
consistent with the deconvolved half-width of the marginally extended
mid-IR source. These dimensions resemble those inferred for the disk
orbiting the central star of the Helix nebula (35-150 au; ref. **), but
the dust mass is somewhat smaller (compare 0.13 Earth masses). The
outer radius could be slightly larger, if the 18 pm flux isunderestimated
because of detector saturation. Anadditional inner, hotter disk—witha
radius between 3 au and 8 au, a temperature between 550 K and 335K
(inside to outside), and a very small mass of 2 x 10* g (approximately
0.02 times the mass of Ceres)—is needed to fit the 3.5 um and 7 um
fluxes. Although this model does not constrain the geometry of the
distribution to be that of a disk, the reasoning behind a disk structure
is based on a physical reasoning whereby only a rotating Keplerian
disk canbe shown tobe stable and relatively long-lived, whereas other
structures, such as shells, are easily shown to be unstable®.

The A2V companion is slightly evolved®® and has a mass of
M,y =2.40 £ 0.15 M, using the stellar structure model PARSECisoch-
rones (see ‘Central star system’s masses’ in Methods). Its visual compan-
ion, the PN central star, must have descended from amore massive star,
asit hasevolved faster. Extrapolating the same PARSEC isochrone gives
aninitial main-sequence mass for the central star of M;=2.86 + 0.06 M,,.
This is potentially the most precise initial mass for any PN central star
or white dwarfyet determined.

We estimate the error to be 0.16 M, if we add systematic effects
between differentisochrone models (see ‘Central star system’s masses’
inMethods).

The current (near final) mass of aPN central star descended from
suchan~2.9 M, progenitor is predicted tobe M;= 0.66 + 0.05 M, based
oninitial-final mass relations*’, albeit with larger systematic uncertain-
ties that are dependent on details of the mass-loss process adopted

by the models. It is noteworthy that photoionization models of the
nebularequire a cooler, dimmer and overall less massive central star
(0.58 £ 0.03 M,) than what we have found.

We find that we can reconcile the mass of the star today and that
of the photoionization model, while also matching the nebular abun-
dances and the nebular age, if we assume that the AGB evolution of a
2.86 M, star, was interrupted by a binary interaction that ejected the
envelope. We conjecture that the AGB evolution was interrupted at a
coremass of 0.61 M,, because for larger values, the C/O ratio of the stel-
larenvelope gas would increase above unity (counter to the observation
of crystallinesilicate grains). At larger masses, the N/O ratio would also
increase above the observed value of 0.42.

Discussion
The first striking discovery of JWST is the presence of the dusty disk
around the ultrahot central star. This indicates that JWST can accurately
detect dusty disks lighter than Ceres, as far as ~700 pc away. For our
PN, the presence of such a disk orbiting the PN central star favours a
closebinaryinteraction, where the companion either merged with the
primary star, or is still in orbit but is undetected (mass <0.2 M,; based
on an unresolved or barely resolved, equal-brightness companion);
ineither case, the companion has donated a substantial fraction of its
angular momentum to the gas***. Observationally, such disks around
PN central stars, althoughrare, appear tobe by and large associated with
known or strongly suspected binarity*’ and may be related to circum-
binary disks detected around other classes of post-AGB binary stars®.

Aninteractingbinary scenario s reinforced by the shape of theion-
ized cavity, which represents the inner, most recent, mass-loss phase,
when the already hot central star emitted a fast, tenuous wind. Pairing
theJWST images with spatially resolved spectroscopy, we constructed
a3Dvisualization of this cavity (see ‘Morpho-kinematic modelling’ in
Supplementary Information). In Fig. 3, we show that this inner cavity
isinferred to be an expanding prolate ellipsoid with its long axis tilted
atapproximately 30°to the line of sight. Its surface is not smooth and
presents instead a number of protuberances, most of which can be
paired via axes passing through, or very near the central star. Prolate
cavities such as these, with misaligned structures, are common in PN
and are probably sculpted by jets from interacting binaries in the ear-
lier, pre-PN phase of the nebula**, with additional details added during
theinteraction between the AGB wind and post-AGB fast wind and via
the process of PN ionization.

The numerous protuberances clearly evident in the 3D recon-
struction could arise from ionized gas breaking out of the inner cavity
through an uneven outer shell. The apparent pairing between these
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Fig. 4| The physical interpretation of the flocculent H, structure. Left: a
hydrodynamic simulation showing the formation of nebular structures external
to the mainionized region, compared with two quadrants of the JWST images

of NGC 3132 (right). Top: the simulation snapshot at 3,800 yr from the on-set of
ionization is compared with similar straight spikes in one region of the nebula

(top rightimage, north s to the top-left and east is towards the bottom-left).
Bottom: at 4,000 yr, the spikes thicken and bend as is also seen in a different part
ofthe nebula (north to the right and east to the top). This demonstrates temporal
evolutionindifferent parts of the nebula.

protuberances may argue instead for the presence of intermittent and
topplingjets®. To generate jets over such awide range of axes, an inter-
actingbinaryis notenough, and one would have to conjecture that the
central staris or was amember of notjust a close binary, but of aninter-
acting triple system*. Recent studies of interactionsin triple systems**®
also argue for the possibility of interactions yielding complex ejecta.
Outside theionized ellipsoid, one encounters material ejected ear-
lierinthe star’s history. The AGB massloss, at rates of up to-10° M, yr™!
and speeds of -10 km s over an-10° yr timescale*’, generates an enor-
mous, expanding envelope of molecular gas and dust. The H, halo
imaged by JWST constitutes the most recently ejected (inner) region of
this AGB envelope. The spikes observed in the halo (Fig. 1, right) show
that the inner cavity is very porous, although less so near the minor
axis where the cavity edges are brightest, densest and least fractured.
The JWST images motivated 2D hydrodynamic simulations to
replicate these flocculent structures. In Fig. 4, we see two time snap-
shots towards the end of asimulation where aninner, faster wind from
the heating central star and its ionizing radiation, plough into the
dense AGB (halo) material (see ‘Hydrodynamic modelling’ in Methods).

The fragmentation that happens at the interface of the swept-up mate-
rialalso creates the variable opacity needed to shield some of the wind
material fromionizing radiation, which then quickly recombines and
allows the formation of molecules. Non-ionizing radiation leaks more
readily because the opacity above 913 A is lower. These photons pro-
duce fluorescence of H,.

InFig. 4, we see two time snapshots towards the end of the simula-
tion. Inthetop leftimage, we see a set of approximately radial spikes,
but 200 yr later, those straight and thin spikes evolve to thicker and
sometimes curved ones. In the right images of Fig. 4, two different
parts of the nebula exhibit thinner and straighter spikes (top right)
or thicker, bent ones (bottom right). Although the entire nebulawas
ejected and ionized over ashorttimeinterval, there canbe adelay in
the evolution of a given spike in a specific part of the nebula, related
to the local opacity in the swept-up shell. Figure 4 suggests that
differences of only ~200 yr in the timescales of mass ejection and/
or the progress of illumination along specific directions can explain
the marked differences observed in the flocculent structure around
the nebula.
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Fig. 5| Approximate illumination model of the H, halo of PNNGC 3132. Left:
the JWST colour composite image showing the H, extended structure. Right:
the projected Shape image after assuming two concentric, thick, uninterrupted

shells of material, illuminated by the central star, through a porous ellipsoid with
reduced opacity in the polar regions. A fly-through video of this model can be
found as Supplementary Video 2 and also at this link.

The successful modelling of illumination percolating unevenly
into the molecular halo (Fig. 4) motivated a further geometric model
of the halo, presented in Fig. 5. Figure 5 compares the extended H,
structures as imaged by JWST with a model consisting of two thick,
concentric, unbroken but clumpy, shells of material that are illuminated
by the central star through a porous ellipsoid representing the bound-
ary of the ionized cavity, with reduced opacity in the polar regions.
As aresult of the uneven illumination, the distribution of H, material
appearsfragmented and is generally brighter towards the polar regions
(and suppressed along the equatorial plane) of the central ellipsoidal,
ionized region. The distribution seen in the JWST H, images could be
reproduced more closely by altering the opacity of the inner ellipsoid.
Fly-though videos of the 3D reconstructions of both the inner ellipsoid
(Fig. 3) and the outer H, halo (Fig. 5) can be found following the links
inthe captions.

The arches in the JWST images are not smeared as is typical of
those seen in projections (for example, ref.*°), but are instead sharp.
This possibly indicates that these arches are on or near the plane of the
sky, indicating that the orbit of the companion at -40-60 auis closely
aligned to the waist of the inner ellipsoid. This companion cannot
partake in the formation of the disk around the central star, although
it may play a secondary role in the shaping of other PN structures. It
is also unlikely to have launched strong jets, because at such distance
from the central star the accretion rate would be very low. As such,
this would be an additional companion to the inner binary (or triple),
makingitatertiary (or quaternary) companion.

The visual A-type companion would then be afourth (fifth) mem-
ber of the group, an almost complete bystander from the point of view
of interaction and shaping, but critically important for this study. Its
well-measured mass, and slight evolved status, constrained the initial
mass of the central star: (2.86 + 0.06) M.

Toreconstruct the events thatlead to the demise of the progenitor
of NGC 3132, the PN acts like a murder scene. The A-type companion
could not have partakenin theinteraction thatunravelled the AGB star,
but was (and is) certainly present. A second companion at 40-60 au
left an indelible trail of its presence in the form of arcs, but was not
close enoughto generate the dusty disk, nor shape the ionized cavity,

implying that there must have been at least another accomplice. This
pointsthe finger at a close-by companion thatis either avoiding detec-
tion or has perished in the interaction (merged). If the numerous pro-
tuberances seenin theionized cavity comein pairs, then tumbling jet
axes would be needed and this would point the finger to the presence of
asecond, close companion***, which would make the system a quintet.
Evenignoring the putative second, close companion, we canstate with
good degree of certainty that the system is at least a quartet. Systems
of four or five stars orbiting within afew x1,000 au are not impossibly
rare for primary starsin the progenitor mass range of interest here (for
example, HD 104237; ref.*'); indeed, present estimates indicate that
50% or more of stars of 2-3 M, are in multiple systems, and of order
2% of A-type stars have four companions*”.

JWST s at the starting gate of its promise as an astrophysical path-
finder. Withcomplementary radio, interferometric and time-resolved
observations, it can find the temporal signatures of active convective
mass ejection fromthe surfaces of AGB stars and the subsequent gravi-
tational influence of companion stars in dynamically and thermally
complex outflows. Thus, JWST offers the potential to intimately con-
nect the histories of PNe and the role of close stellar companions to
studies of chemical evolution, nebular shaping and binary interactions
for the next century.

Methods

Properties and distance of NGC 3132

Theinner,ionized cavity of NGC 3132is elliptical in shape, with a major
axis of 40 arcsec (0.15 pc) and an electron density of n = 10° cm™. The
ionization structure and abundances were the subject of arecent study
by ref.**. The nebulais also known to be molecule rich®; itisamong the
brightest PNe in near-IR H, emission***,

Abright A2V star is found near the centre of the PN, but is too cool
to be theionizing star; the actual PN progenitor is much fainter and is
located ~1.7 arcsec to the southwest of the A star®°. The A2V star has
the sameradial velocity and extinction as the PN, and its proper motion
(4,=-7.747 masyr™, g, = 0.026; and y1;=-0.125mas yr™, g,, = 0.031,
where y, and iz are the proper motions in declination and right ascen-
sion, respectively, while 6, and g, are their respective errors) agrees
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with that of the central star (u,=-7.677 mas yr™, g, = 0.235; and
H5=0.197 masyr™, g,, = 0.275), demonstrating that the PN progenitor
and A-type companion constitute a comoving visual binary. The dis-
tance to NGC 3132is obtained from Gaia Data Release 3 (DR3) measure-
ments of this visual binary. No Gaia DR3 radial velocity is available for
the optically faint central star (the PN progenitor). However, the
brighter (A type) visual companion and the PN have the same radial
velocity: (-11.4 +1.6) km s for the A star from Gaia, and (-10 + 3) km s™
forthe PN fromref.”. The A star and PN central star also have compat-
ible Gaia DR3 proper motions (within1.50).

The brighter, A-type star has a Gaia DR3 geometric distance
(median of geometric distance posterior) of 754 pc, with lower and
upper lo-like confidence intervals (16th and 87th percentiles of the
posterior) of 18 pcand 15 pc, respectively®®. The fainter central star has
a Gaia DR3 geometric distance of 2,124.7 pc, with lower and upper
lo-like bars 0of 559.1 pcand 1,464.5 pc, respectively. The quality flags of
the astrometric solution for this star are not optimal, most likely due
to the vicinity of the much brighter A star; in particular, the goodness
offitalongthescanis16.9, butit should be close to unity. We therefore
adoptthe Gaia DR3 distance to the central star’s visual A-type compan-
ion, 754*2* pc, as the distance to the PN.

Densities, masses and excitation of the H, knots

The clumpiness of NGC 3132 in H, emission links this nebula to other
molecule-rich PNe, such as the Helix nebula (NGC 7293 (refs. ")), the
Ring nebula (NGC 6720 (ref. *®)) and the hourglass-shaped (bipolar)
nebula NGC 2346 (ref. °*), in which the molecular emission seems to
be associated with dense knots that are embedded in or surround
the ionized gas. The origin of such H, knots in PNe—as overdensities
in the former AGB wind, versus formation in situ following recombi-
nation of H, as the central star enters the cooling track—remains an
open question®. In contrast to the Helix nebula, thereislittle evidence
for cometary tails emanating from the knots in the inner regions of
NGC 3132. However, the NGC 3132 system of approximately radially
directed H, spikes external to the main H,-bright ring system has close
analoguesin, for example, the Ring and Dumbbell nebulae?-®,

Some H, knots in NGC 3132 are seen in absorption against the
bright background nebular emission. This extinction is apparent not
only in optical (HST) images but also, surprisingly, in the JWST NIR-
Cam near-IR images (Supplementary Fig. 4). We measured the extinc-
tion at 1.87 um for two knots seen in absorption against the (Paschen o
(Pax)) nebula background: the largest knot on the west side (coordi-
nates 10:07:00.4, -40:26:08.8), and one of the darkest on the east side
(10:07:02.5,-40:26:00.3). The diameters of these knots are -0.36 arcsec
and -0.15 arcsec, and their extinction is ~0.57 mag and ~0.25 mag (at
1.87 um), respectively; using the dust extinctionlaw A(1)/A(V) (using the
ratio of extinction, A, at aselected wavelength, A, to the extinction, 4, in
the Vband) fromref. °®, the corresponding values of A(V) are 3.9 mag and
1.7 magassumingR, = 3.1. We then estimate the hydrogen column densi-
ties N(H) from these extinction measurements, and convert to the hydro-
gen density n(H) of the knot by assuming that the knot diameters are
roughly equivalent totheir depths along the line of sight. Using the con-
version between A(V) and N(H) from ref. ¥/, where H is the combination
of H’, H"and H,, the estimated column densities are N(H) = 7.3 x 10? cm™
and N(H) = 3.2 x10* cm™, respectively. For the adopted distance of
754 pc, the estimated densities are n(H) = 2 x10° cm™ for both knots.
These densities suggest knot masses of 10° M, similar to the typical
knot (‘globule’) masses found in the Helix nebula®®.

The critical density of excitation of the 2.12 pm H,1-0 S(1) line at
akinetic temperature of 2,000 K is 9 x 10° cm (ref. ¢°), if the collision
partner is H. The critical density is higher for the 1-0 S(1) line than
for the 0-0 S(9) 4.69 um H, line (6 x 10* cm3; refs. °*’°). Hence, the
excitation of H,should be nearly thermal if the gas temperature is suf-
ficiently high, with the caveat that both critical densities are higher if
the primary collision partner is H, rather than H.

PSF measurements of the central star

To ascertain whether the mid-IR source associated with the PN cen-
tral star is extended, we measured the JWST instrumental PSF, using
Gaussian fitting of field stars. We measured Gaussian FWHMs of
0.29 arcsec, 0.40 arcsec, 0.44 arcsecand 0.58 arcsecat 7.7 pm, 11.3 pm,
12.8 um and 18 pum, respectively. We also measured two compact,
slightly resolved galaxies in the field.

We then repeated the procedure for the central star. No fit was
possible at18 um, due to saturation (Supplementary Fig.5). At 7.7 um,
the central star is on the edge of the diffraction spike of the A star,
and only an upper limit on the FWHM could be obtained. However,
measurements of the PN central starimage inthe 11.3 pmand 12.8 um
filters gave consistent results, with measured FWHMs of 0.55 arcsec and
0.60 arcsec, significantly larger than the respective PSFs and compa-
rable to the two field galaxies. Gaussian deconvolution using the PSF
yields deconvolved FWHM values for the central star of <0.3 (<230 au)
at7 um, and 0.4 arcsec (300 au) at 11.3 pum and 12.8 um. The extent of
the central star at 18 um is 0.9 arcsec in diameter (Supplementary
Figs.5and 7).

Central star system’s masses

We determined the mass of the A-star companion using version 1.2
of the PARSEC isochrones” for solar metallicity, taken as Z= 0.0152.
We used a bolometric magnitude My, = (0.34 £ 0.25) mag and the
GAIADR3 spectroscopic temperature 7= (9,200 £ 200) K, where the
errors are conservative. The star is confirmed to be beginning to turn
off the main sequence, in a phase where the luminosity of (57 +15) L,
increases by 0.1% per million years and the temperature decreases by
7 K per million years (Supplementary Fig. 6). The isochrones yield an
age of (5.3+0.3) x 10® yr and amass of M,,, = (2.40 + 0.15) M,. The cen-
tral star of the PN is evolving on the same isochrone, but from a more
massive star as it has evolved further. We use the same isochrones to
determine the initial mass of a star on the thermal-pulsing AGB, the
phase where the central star ejected the envelope. This gives aninitial
mass for the central star of M; = (2.86 + 0.06) M. We have carried out
the same isochrone fitting using an alternative stellar evolutionary
model (the Dartmouth code’). Both the A2V star mass and the mass
of the progenitor of the central star decrease by 0.15M,,.

The final, central star, mass for such a star is 0.66 M,. However,
we have shown that such a star would show a high C/O = 2, whereas
the presence of silicate features in the Spitzer spectrumindicate that
C/0 5 1. Toreconcile the mass and the abundances, we conjecture that
the evolution wasinterrupted by the binary interaction that formed the
disk, when the core mass was 0.61 M,,. With such amass, the evolution-
ary timeto the current position on the Hertzsprung-Russell diagram
is in better agreement with the age of the nebula. This mass is also in
better agreement with that derived from the photoionization model
(0.58+0.03) M.

Photoionization modelling

Thestratified ionization and excitation structure of NGC 3132is evident
inFig. 1, wherein the bright rim of ionized gas, as traced by [S 111] and
Brackett o (Bra) emission, lies nestled inside the peak H, emission.
However, significant ionized hydrogen and high-excitation plasma—
traced by [Ne 11] and [S 111] emission in the MIRIF1280W and F1800W
filterimages, respectively—is observed beyond the bright inner, ellip-
ticalring.

We constructed a 3D photoionization model using the code
Mocassin”. To constrainthe model, we used the Multi Unit Spectroscopic
Explorer (MUSE) emission line maps and absolute HB flux of ref.”, the
optical integrated line fluxes fromref. ”, the IR line fluxes from ref. ”,
aswellasthe velocity-position data obtained from the high-resolution
scanning Fabry-Perotinterferometer mounted on the Southern Astro-
physics Research (SOAR) telescope adaptive module (SOAR Adaptive
Optics Fabri-Perot [SAM-FP]instrument). The observations were taken
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under photometric conditions. The seeing during the observations was
0.7 arcsec for the [N 11] observations to 0.9 arcsec for the Hax one. The
FWHM of Ne calibration lamp lines was 0.586 A or 26.8 km s, which
corresponds to a spectral resolution of about 11,200 at Ha.

We determined the density structure by fitting the emission line
maps to the SAM-FP images of [N 11] 16,584 and Ha, using a distance
of 754 kpc. Themodel adopts as free parameters the temperature and
luminosity of the ionizing source, and the elemental abundance of
the gas component (assumed constant throughout the nebula); we
assumed that no dust is mixed in the gas. For the ionizing source, we
use the non-local thermodynamic equilibrium model atmospheres of
central stars of planetary nebulae fromref.”’.

We find that a model invoking an unobscured central star with
effective temperature T.;=110 kK and luminosity L =200 L, well
matches the observational data. However, we find that the present-day
central star mass implied by the comparison between these stellar
parameters and the evolutionary tracks of ref. *° (0.58 + 0.03 M,) is
inconsistent with the (large) initial mass inferred from consideration
of the presence of the comoving, wide-separation A-type companion
(0.66 M,; see ‘Central star system’s masses’). Furthermore, the tracks
of ref. ** indicate that, for this mass, we would have a post-AGB age
0f 20,000 yr, whereas the position-velocity data from the SAM-FP
instrument yield an expansion velocity of 25-35kms™, implying a
much shorter and inconsistent nebular dynamical age in the range
2,200-5,700 yr.

The C/O and N/O abundances of the nebula, as well as the crystal-
linesilicate nature of the dustin the PN, indicate that this object has not
undergone hot-bottom burning and that it has not undergone sufficient
dredge uptohaveincreased the C/Oratio above unity. By the time the
2.86 M, star reaches the tip of the AGB, its C/O ratio is approximately
2. It therefore seems that the mass implied by the initial-to-final mass
relation using a main-sequence mass of 2.86 M is too high. We have
twowaystoresolve thisinconsistency (which may both be operating).
The central star is shielded by dust in the circumstellar disk making it
appear, tothe PN, asa cooler star, and/or the central star massis actu-
ally smaller than 0.66 M,, because the AGB evolution was interrupted
by abinary interaction.

Ifthe stellar ascent of the AGB was interrupted, we can determine
the upper limit for a mass that would produce a nebula with C/O 51
and N/O = 0.4. This is 0.61 M, The time for a star of this mass to move
from the AGB to the location on the Hertzsprung-Russell diagram
with anapproximate temperature and luminosity (110 kk and 200 L)
asmeasured above is ~10,000 yr. The timescale of the transition from
AGB to post-AGB and PNis tightly connected with the rate at which the
envelope is consumed: the results obtained are therefore sensitive to
the mass-loss description. The time 0f 10,000 yr, is based on the classic
mass-loss rates dictated by Reimers or Blocker’®, This estimate must
be considered as an upper limit of the duration of this phase; indeed
therecentworks on the AGB to post-AGB transition by refs.”**° showed
that to reproduce the IR excess of post-AGB stars in the Galaxy and in
the Magellanic Clouds one has to invoke significantly higher mass-loss
rates thanthosebased onthe aforementioned formulations, something
thatwould reduce the timescales by afactor of about five. The timescale
0f10,000 yris therefore easily reconciled with the observed timescale
0f2,200-5,700 yr implied by the nebula.

Hydrodynamic modelling

The hydrodynamic simulation used to interpret the fragmenta-
tion and radial spikes is a 2D hydrodynamic simulation using the
magneto-hydrodynamic code ZEUS-3D. The computational grid
is in spherical coordinates and consists of 800 x 800 equidistant
zones in rand 0, respectively, with an angular extent of 90°. The
wind and ultraviolet luminosity inputs correspond to a stellar
post-AGB model with 0.677 M, which evolves from an initial 2.5 M,
main-sequence star®',

At simulation time O yr, the star has T.+=10,000 K and the AGB
wind (v=10 kms™, M=10"° M, yr™") has a homogeneous distribution
outside of the pre-PN. The pre-PN hashad 1,000 yr of evolution before
this moment, during which time a wide magnetic jet operated with a
velocity v=230 km ™, and a mass-loss rate M=1.3 x107 M, yr'’; this
simulationis taken from model Cé6 inref. **, At this time, the star starts
emitting a fast tenuous wind with a velocity v from 240 km s™ to
14,000 km s™*and amass-loss rate Mranging from1.06 x 107 M_ yrto
1.13x10°M_ yr'over4,000 yr that sweeps up the AGB wind material.
At the same time (O yr), the ionization front propagates into the
medium.

Data availability

HST data are available at HST Legacy Archive (https://hla.stsci.edu).
JWST data were obtained from the Mikulski Archive for Space Tel-
escopes at the Space Telescope Science Institute (https://archive.
stsci.edu/). MUSE data were collected at the European Organisation
for Astronomical Research in the Southern Hemisphere, Chile (ESO
Programme 60.A-9100), presented inref.”, and are available at the ESO
Archive (http://archive.eso.org).San Pedro de Martir dataare available
at http://kincatpn.astrosen.unam.mx.

Code availability

Thecode MOCASSINisavailableat https:/mocassin.nebulousresearch.
org/.ZEUS3-Disavailable at the Laboratory for Computational Astro-
physics®). The compiled version of Shape is available at http://www.
astrosen.unam.mx/shape.
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