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M Check for updates

Exoplanets and smaller bodies have been detected orbiting different kind of
stars. However, we do not know of any such objects in planetary nebulae, the
short-lived stage of stellar evolution between the asymptotic giant branch

and white dwarf phases. The planetary activity (destruction and formation)
may be accompanied by dust clouds. Hence, we searched for dust
occultation events in planetary nebulae using archival photometric data. We
show that the central star of PN WeSb 1 features numerous dimming events
with typical durations of a few days to weeks that are up to 3 mag deep.

This variability is mainly stochastic with an indication of a400 d period.

The occultations are almost grey, indicating dust grains larger than about
0.1 pm. Based on our follow-up observations, we argue that the central star is
awidebinary and that these events are most probably caused by debris from
disintegrated small rocky bodies that escaped from the former asymptotic
giant branch star to find safe harbour around the companion star. The latter
star dominates the optical spectrum enabling us to see the eclipses. This
means that planetary systems are present and undergo violent evolution
during the planetary nebula stage.

Itis now clear that stars in our Galaxy are not alone but, rather, are
orbited by any number of planets, asteroids or smaller bodies. In fact,
the average number of planets around Sun-like starsis larger thanone,
and the fraction of such stars with at least one planet is between 45%
and100%' . Collisions between such objects are often associated with
dusty debris disks that are observed in about 25% of stars*’. During the
asymptotic giantbranch (AGB) phase of stellar evolution, stars expand
and lose asubstantial fraction of their mass. The AGB star engulfs bodies
oncloser orbits, asits radius increases to an astronomical unit or more.
Owing to the heavy mass loss from the star, the orbits of bodies that
are further away may become unstable®’. As these AGB stars evolve to
become white dwarfs (WDs), some of the bodies in unstable orbits can
get very close to the WD, where they are tidally disrupted into dusty
debris. This dust emits infrared (IR) radiation and accretes onto the
WD, contaminating its surface with heavy elements. Such a scenario
has been proposed to explain the metals in the atmospheres of WDs
andtheirIR excesses®’. Over the last decade, exoplanets, exoasteroids
and associated debris have been foundin close orbits around WDs™ ™,

which confirms the aforementioned scenario (see also arecent review
inref. 17). However, this process has not been observed between the
AGB and WD phases.

Planetary nebulae represent a short-lived phase of stellar evolu-
tion between the AGB and WD phases. Many planetary nebulae are
probably the product of acommon envelope (CE) evolution, during
which a companion star is engulfed by the AGB star, resulting in the
rapid ejection of its envelope'®. The ejected material has high metallic-
ity and tends to be focused in the orbital plane to create a dusty disk”,
sometimes with a clumpy spiral pattern’*?, Such structures may have
favourable conditions for the formation of a second generation of
planets or may feed a surviving first generation of planets with new
material®*?. Indeed, exoplanets have recently been detected around
post-CE binaries (for example, refs. 28-30). However, it is still not
clear whether these planets survived the CE or are second-generation
planets®. Apart from that, more than 20% of hot WDs, which are cen-
tral stars of planetary nebula, show an IR excess®. It has been argued
that for the Helix nebula, the IR excess may be due to dust originating
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Fig.1| Long-term variability of planetary nebula WeSb1at variousfilters.
WISE/NEOWISE W2 (brown full circles) and W1 (red full circles); ASAS-SN V (green
triangles) and g (sky-blue triangles); ATLAS c (cyan plus signs) and o (orange
plussigns); ZTF r (open orange circles) and g (open navy-blue circles); Gaia BP
(purple squares) and RP (red squares); PTF g (blue crosses); SuperWASP (grey
plus symbols). Observations in some filters are offset for clarity. The offsetin
magnitudesis indicated in the labels. Dotted lines along the Wl and W2 filters are
used to guide the eye.

fromaremote cloud of comets®. Dust clouds associated with both the
destruction of old planets or the formation of new planets may eclipse
the central stars of planetary nebulae.

Allthis motivated us to search for dust occultationeventsin plan-
etary nebulae. We assessed about 1,935 planetary nebulae from the
catalogue of ref. 34 and found one planetary nebula with clear occul-
tations (WeSb 1), which is the subject of this paper. Apart from that,
we searched the literature and found six planetary nebulae that show
obscuration events due to dust, assummarized in the Supplementary
Information (Appendix A). None of these had previously been thought
tobeassociated with planets or smaller bodies. However, the behaviour
of one of them (PHR 1806-2652)* may resemble that of WeSb 1, and it
would beinteresting to reanalyse this objectinthe light of our results.
Considering both objects, the rarity of this phenomenon among plan-
etary nebulae is of the order of 1:10°.

An overview of the basic properties of PN WeSb 1 and its central
star (Gaia DR3 423384961080344960) can be found in ‘WeSb 1and its
central star’. All further mentions of ‘the star’ will refer to the central
star of the nebula. Note that, in general, it may not be a single star but
could be, for example, a binary star, in which case the central star of
the planetary nebulais the post-AGB component.

Results

Long-term variability from wide-field surveys

We compiled the photometric observations of this star using several
filters from several sources: the All Sky Automated Survey for Super-
Novae (ASAS-SN)***, Palomar Transient Factory (PTF)*$, SuperWASP,
Gaia*>*, the Asteroid Terrestrial-impact Last Alert System (ATLAS)
project*>*, Zwicky Transient Facility (ZTF)** and Wide-field Infrared
Survey Explorer (WISE)*+,
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Fig.2 | Deep eclipse event in July to October 2021. ASAS-SN g (sky-blue
triangles); ATLAS c (cyan plus signs) and o (orange plus signs); ZTF r (open orange
circles) and g (open navy-blue circles). Observations in the filters were offset by
their median value.

The observations mentioned above are described in ‘Archival
photometric data and properties of eclipses’ and are plotted in Fig. 1.
Overall, they show astable brightness (plateaulevel) that is pierced by
numerous dimming episodes, which we will refer to as dips, obscura-
tions or eclipses. They are unlikely to have been caused by ‘classical’
eclipses due to large, spherical and non-transparent bodies such as
stars. Rather, they are the result of dust obscuration or condensation.
An extreme event occurred during MJD 59,400-59,500, which had
several dips deeper than 1.5 mag. We did not even see the floor of this
event in the ASAS-SN data, as the ASAS-SN telescopes are very small
and cannot go much deeper that 17 mag. Fortunately, this event was
recorded inboth ZTF r and g. It is displayed in a separate Fig. 2. The
duration of the event was about 3 months, spanning July to October
2021. Duringthis period, the brightness of the star dropped on several
occasions, with two such dips being almost 3 mag deep. The bright-
nessof the starin the near-IRregion was either constant or decreasing
by about 0.3 mag. Occasionally, it briefly dropped by up to 0.2 mag.
Unfortunately, none of the IR observations coincide with any of the
principal dips observed in the optical region.

Supplementary Fig. 1is a closer look at several other events in
the optical region. One can see some double or triple dips. A more
detailed analysis of numerousindividual transit features can be found
in ‘Archival photometric data and properties of eclipses’. There is
no obvious periodicity but several events are separated by roughly
400 days. This weak periodicity was confirmed by a period search of
the optical data. The resultingLomb-Scargle periodogramis shownin
Supplementary Fig. 2. The two most pronounced peaks are at 390 and
260 days and may beina2:3 resonance (‘Archival photometric dataand
properties of eclipses’). Analysing the SuperWASP data aloneled to the
identification of another shorter periodicity of 14 days.

In addition, the Transiting Exoplanet Survey Satellite (TESS)*
observed this field in 2019 and 2022. These data show an interesting
chain of at least five relatively fast symmetric events in sector 58 and
almost constant brightness (within 1%) during sector 18. These are
described in ‘TESS photometry’.

Spectral energy distribution

The overall spectral energy distribution (SED) contains important
information on the nature of the star. A detailed analysis of the SED can
befoundin‘Spectral energy distribution’inMethods and in Fig. 3. The
SED of WeSb 1 can be split into three components with the following
characteristictemperatures and radii: 7,=5,890 + 90 K,R,=4.1+ 0.2 R,
T7,=1360+70K,R,=74+8R,,and ;=280 + 40K, R;=910 + 200 R,
respectively. The corresponding luminosities are about 18, 17
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Fig.3|SED of WeSb 1. Left, the representation in log-log scale (flux Fvs.
wavelength ) clearly indicates an IR excess. Right, the AF, representation
demonstrates that most of the energy is, in fact, radiated at IR wavelengths.
Observations are depicted by the blue circles as mean values with standard

Wavelength (pm)

deviation error bars. The orange and green lines denote, respectively, asimple
two-black-body fit and a three-black-body fit to the data. 2 BB, two black bodies; 3
BB, three black bodes; Obs., observed data.

and 5L, respectively. The first SED component dominates the optical
region where the eclipses are observed. Its parametersindicate a G-type
subgiant star, whichis confirmedin ‘Spectroscopy’ (Methods) with the
detection of its absorption lines. It does not correspond to a typical
central star of a planetary nebula but rather acompanion star orbited
by dust clouds (‘Spectral energy distribution’ in Methods). Note that
the eclipsing bodies must be at least 8 R, in size to cause such deep
eclipses. The temperature of the second component is close to the
condensation temperature of refractory dust species and probably
represents the radiation from the inner edge of a dust disk. The third
SED component probably represents more extended and cooler dust
regions emitting in the vicinity of silicate bands at 10-20 pm. Apart
from these components, there is probably an undetected hot central
star. The luminosities of the dust components are much lower than
that of a typical planetary nebula. This is most probably because the
planetary nebulais very old, so that the central star of the planetary
nebulaisalready below the knee in the Hertzsprung-Russell diagram
ona WD cooling track®®, or because the central star is hidden in an
edge-on disk (‘Spectral energy distribution’ in Methods) or because
the dustis notassociated with the central star of the planetary nebula
but with a secondary star.

Follow-up observations

We obtained further images, spectroscopy and photometry of the
central star. Technical details are described in ‘Imaging’, ‘Spectroscopy’,
‘Photometry’ and ‘TESS photometry’ in Methods, and a summary of
our observationsis given in Supplementary Table 4.

Narrowband imaging. The nebulawas clearly detected with both the
Ho and [0 1] A5007 filters, as shown in Supplementary Fig. 3. These
data were combined to give the synthetic colour image in Fig. 4. The
nebula appears to be roughly spherical and has a similar extent in
both filters. This is consistent with the planetary nebula having not
experienced a CE stage of binary-star evolution. On the other hand,
the centralstarisslightly offset fromits centre, a property often asso-
ciated with central star binarity*>*° or an interaction with the inter-
stellar medium®.. The latter hypothesis is supported by the nebula
being significantly brighter on the northern side towards which the
central staris displaced, as in Fig. 7(b) of ref. 51. The proper motion of
the star, that of neighbouring stars, the offset direction of the star as
well as the planetary nebula axis of symmetry are all roughly aligned,
which may not be anaccident. However, the proper motion of the star
withrespecttoits neighbourhood does not point towards the brighter
hemisphere. Thus, the shape of the planetary nebula, its interaction
with the surrounding interstellar medium and the offset of the star
remain open questions.

Assuming an angular radius, distance and a typical constant
expansion velocity of 92", 3,670 pc and 20 km s, respectively, leads

Fig. 4| Synthetic colourimage of WeSb 1. The data were obtained from the Ha
filter (red) and the [O 111]A5007 filter (green and blue). The image measures
4'x4'.Northis up, and east is left. Blue, red and magenta arrows indicate the
proper motion vectors of the star, the ISM and the star with respect to the ISM,
respectively.

toaplanetary nebularadius of about 1.65 pcand an approximate kine-
matical age of the nebula of about 80 kyr. This ranks WeSb 1 among
the biggest planetary nebulae. For comparison, the oldest PN IPHASX
J055226.2+323724 has a very similar parameters, with a radius of
1.6 pc and an age of 78 kyr (ref. 52). Even more similar, EGB 6 is alarge
(2 pc), nearly spherical planetary nebula that also has an unresolved
high-density core and an IR excess™.

Spectroscopy. Our spectroscopic observations are described inmore
detailin‘Spectroscopy’ (Methods). The overall observed (not corrected
forreddening) and flux-calibrated spectrumis showninFig.5. There are
emission lines for the followingions: H1, He 1-11, [N 11], [O 111], [Ne 111],
[Ar1i]and [Arv]. Theidentification of the lastionis questionable. We
did not detect any carbonlines, which indicates that the environment
isnotrichincarbon. Hais the strongest line in the spectrum, followed
by [O 111] A5007. The strength of these lines and that the star is well
above the background in our narrowband Hax and [O 111]A5007 images
indicate that the planetary nebulaitself does not affect these emission
lines significantly and that the latter originate from an unresolved
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Fig. 5| Spectraof WeSb 1. Top left, overall flux-calibrated spectrum of WeSb 1. Top right, the [Ne 111] and [O 111] line profiles are similar. NaI has an absorption at the
same wavelength. Bottom left, Balmer line profiles also resemble the [O 111] line profiles. Bottom right, Balmer lines show P Cyg line profiles with two absorption

featuresin the blue wing.

nebulacloseto the central star of the planetary nebula (‘Spectroscopy’
inMethods). Assuming that this unresolved nebulais photoionized by
the central star of the planetary nebula, then, using different methods,
there is a very broad range of possible temperatures of the central
star from40 to 150 kK (‘Spectroscopy’in Methods). The He11lines are
stronger thanthe He1lines and are significantly shifted to the red. This
shift may be variable and needs to be investigated in future observa-
tions. Apart from that, we observe strong terrestrial emission lines of
[01]atA5577,A6300 and A6364 A and Na1atA5890 and A5896 A.
Allemission lines have a similar single-peak profile with a typical
full-width at half-maximum (FWHM) of about 40 km s™.. The radial
velocities and fluxes in the spectral lines are summarized in Supple-
mentary Table 1. Most emission lines have consistent heliocentric
radial velocities of about —20.2 km s *with [Ne111] lines having slightly
lower velocities than the [O 111] lines. The Na1lines have an absorption
feature at the same velocities. This is also illustrated in Fig. 5. This
indicates that all these lines originate from co-moving regions within
3" from the star and not from the planetary nebula itself. The Hax and
Hp lines have P Cyg type profiles with two absorption features: a blue
absorption at about —90 km s™ and a far-blue absorption at about
—-200 kms™. Red emission in Ha extends up to 250 km s™ (Fig. 5). The
[N 11] A5755 line also has a similar blue absorption component. One
might speculate that these absorption components correspond to two
different envelopes expanding at different velocities or to a stellar or
disk wind**. These absorption components may also be variable. The
[O 1] A5007/HB line ratio of about 4 is too low, whereas [O 111] A4363/
Hy of about 2 is too high for a typical planetary nebula. These ratios
may have increased over the period covered by our observations. It is
important to note that the emission lines contribute very little to the
total flux in the broadband filters. In particular, the line to continuum

flux ratios for the ZTF g, ZTF r, ATLAS c and ATLAS o filters are 0.021,
0.012,0.013 and 0.007, respectively (‘Spectroscopy’ in Methods).

We were able to detect also the absorption lines corresponding
to the spectrum of a G-subgiant star withanindication of Baenhance-
ment, which is in agreement with the first SED component being a
companion star (‘Spectroscopy’ in Methods).

Photometry. We observed the central star of WeSb 1 for about 5hin
the B and R filters with the 1.3 m telescope at Skalnaté Pleso Observa-
tory. Weaimed to detect pulsations or any variability on timescales of
minutes or hours that were not covered by long-term monitoring and
archival data. The resulting differential photometry is shown in Sup-
plementary Fig. 4. The star was almost constant in the R filter (within
0.01 mag), whereasinthe Bfilter, there was weak variability at the level
of about 0.01 mag.

Interpretation and discussion

Such numerous, deep and irregular eclipses cannotbe caused by stars.
The eclipsing objects must be large and bigger than the main source
of visible light, which has a size of at least 8 R, (‘Spectral energy dis-
tribution’ in Methods). Matter in the form of dust has a much higher
opacity thangas, and the presence of dustis indicated by the IR excess.
Therefore, it seems probable that the photometric variability is due to
dust clouds. The opacity of dust depends on wavelength and the grain
properties, such astheir particle size and chemical composition. Con-
sequently, multi-wavelength observations of the eclipses may constrain
these dust properties. To this end, we searched for colour-dependence
inthe dimmingevents using observations withthe ZTFr, ZTF g, ATLAS
cand ATLAS ofilters (‘Properties of dust grains’). The main result being
that the dust grains are composed of relatively large particles, larger
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than 0.1 pm, with the exception of smaller eclipses that might also
be caused by ~0.06 um carbon or iron grains. Subsequently, further
questions arise about the nature of such dust clouds.

A detailed discussion of several possible scenarios, open ques-
tions and suggestions for future work is given in the Supplementary
Information (Appendix B). Theseinclude three less probable scenarios:
(A) R Coronae Borealis-like dust condensation, (B) asymbiotic starand
(C)anoptical double star. The most probable are scenarios (D) and (E).
Scenario (D) presumes acircular, clumpy, edge-on Keplerian dust disk
around the G subgiant or a circumbinary disk (the latter being less
probable). The disk causes an analogue of UX Orionis-like variability.
Scenario (E) assumes the existence of numerous smaller bodies, such
as exoasteroids or exocomets, on similar, long-period and eccentric
orbits around the G subgiant or around the binary (the latter beingless
probable). The bodies may have originated from a disintegration of a
common progenitor and are surrounded by debris dust clouds causing
sequences of eclipse events.

The properties of our planetary nebula resemble those of EGB 6,
whichisanancient, large planetary nebula (2 pc), withanearly spherical
shape, a high-density nebula, IR excess and a distant companion®. We
propose the following hypothesis, which may explain both WeSb 1and
EGB 6. Initially, an AGB star is orbited by numerous small rocky bodies
and another, more distant, companion star (a G subgiant). The AGB
star loses most of its mass, which destabilizes the orbits of the smaller
bodies. Inthis binary, with the Roche lobe of the AGB star shrinking and
the lobe of the G subgiant expanding, afraction of the bodies and dust
material may wander from the former into the latter Roche lobe and
become focused into the orbital plane. As the AGB star turns into a hot
central star of the planetary nebula, it becomes very hostile for small
bodiesand dust thatare close toit. However, ‘our’ bodies can find a safe
harbour around the more distant G subgiant, where they collide with
eachother or with native population of smallbodies around the G sub-
giantto produce adebris disk and dust clouds. As the G subgiant shines
inthe optical region, we can observe these dust clouds eclipsing the star.

Conclusion

We have discovered a planetary nebula whose central star is being
eclipsed by numerous dust clouds. The planetary nebula itself was
detected with the Ha and [O 111] A5007 filters. It has an apparently
spherical shape with the central star slightly offset to the north. At the
Gaia distance of the central source, WeSb 1 would be one of the oldest
and largest planetary nebulae known. The non-background-subtracted
spectrum of the star also shows strong Ha and [O 111] A5007 emission
lines, probably originating fromanunresolved nebulaclose to the star.
The SED of the star features a strong IR excess, which also indicates
the presence of relatively hot dust. We argue that the central star is
abinary and that the dust clouds are associated with a debris disk or
disintegrated smaller bodies orbiting and eclipsing the secondary star,
which shines in the visual domain. This may be the first indication of
small dusty bodiesin the close vicinity of a central star of the planetary
nebula. The object represents a missing link in the evolution of plane-
tary systems between the AGB and WD stages of stellar evolution.

Methods

Spectral energy distribution

The SED of WeSb 1was constructed using the VOSA tool* and consider-
ing only broadband photometry. This SED isshown in the left panel of
Fig. 3. As demonstrated in Fig. 1, the star may experience brightness
fluctuations by about 3 mag, which could significantly impact the
SED, as the different wavelengths observed are obtained at different
phases of its variability. However, most of the time, the variability is
less than 0.3 mag, probably mitigating this issue. Similarly, as outlined
in ‘Spectroscopy’ (‘Results’), the integrated spectrum of the star and
surrounding nebulosity have strong emission lines. However, these
lines do not affect the SED significantly.

The observationsindicate that the flux peaks in the optical region
and that there is a significant IR excess. The scatter is larger than the
error bars, which is due to the above-mentioned variability of the
source. For this reason, it was difficult to estimate the interstellar
extinction from the SED and justify approximating the SED with
stellar atmosphere models that feature absorption lines. So, we
adopted a fixed distance of 3,340 pc from ref. 56 and a fixed extinc-
tion of E(B - V) = 0.255 obtained using three-dimensional extinction
maps fromref. 57, and we assumed a canonical value of R, = 3.1, which
translates into A, = 0.80 mag. Then, we fitted the full SED using an
adapted version of the code presented in ref. 58, which uses a Markov
chain Monte Carlo algorithm with the Python package emcee’ to
maximize the likelihood between all survey photometry of WeSb1and
amulti-componentblack-body model, thusintegrating the model SED
over the transmission function of each source. The free parameters
were the temperature and radii of each component, all with flat pri-
ors. The reddening was taken into account using the recent extinc-
tion curves of ref. 60. The reddening was applied to the black-body
models (not to the observations), which is why the curves in Fig. 3
feature abumpat 0.2 pm. Aninitial burn-in phase was performed and
discarded once all chains had converged. We used 500 walkers, and 500
burn-inand post-burn-initerations were performed, as the initial 500
iterations were easily sufficient for model convergence. Owing to the
variability of the source, we ascribed a further uniform error to each
pointin quadrature to the observed error to ensure that the reduced
x? of all points equalled 1 (10.5%). First, a model with two black-body
components was applied. The temperatures and radii of the two com-
ponentswere 7;=5,810+100K,R,=4.3+0.2R_ and 7,=1,050 £ 100K,
R,=130+30R,, respectively. Thefitisshownin Fig. 3. We caution that
although we used non-transparent spherical black bodies, the real
objects may be very different; they do not have to be spherical stars,
and they do not even have to be optically thick.

The log-log representation of the SED shown in the left panel
of Fig. 3 can be very misleading, which is why we also present the AF,
versus logA representation in the panel on the right. It demonstrates
that, although the optical region is important, the star radiates most
of the energy at IR wavelengths within the 1-6 pm interval. This
picturealsoindicates that asimple two-component black-body model
doesnotfitthe IR radiation very well.

The situation improved when we added a third black body to the
solution, which led to the following parameters: 7;=5,890 + 90K,
R,=41+0.2R,, T,=1360+70K,R,=74+8R_,and T;=280+40K,
R,=910+£200 R, respectively. An F-test revealed that the addition of
the third component was justified and significant at the 6o level. The
posterior probability distribution is shown in Supplementary Fig. 5.
The errors assume that the distance and the extinction are fixed. The
corresponding luminosities of the components are18,17and 5L,
respectively. This fitis alsoshowninFig. 3. The parameters of the first
black-body component do not change much. Its temperature is in
agreement with that derived from Gaia (Supplementary Table 2) and
principally represents the radiation in the optical regime. Its radius is
significantly larger than the radius of astar on the main sequence with
the same temperature. Rather, it corresponds to a G-type subgiant star.
Itistoo cold to be the central star of a planetary nebulaandis probably
a secondary star. This was confirmed in ‘Spectroscopy’ (Methods)
by the detection of absorption lines associated with this component.
Its size, the absence of areflection effect and ellipsoidal variability in
the light curves, and the projected spherical shape of the planetary
nebulaindicate thatitis notaclose post-CE binary. Hence, itis probably
on along-period orbit but might have been contaminated with some
material from the former AGB star, whichisindicated by the enhanced
Baabundance (‘Spectroscopy’in Methods). Assuming the evolutionary
models of ref. 61, its luminosity and temperature would correspond
to a star with a mass and age of 1.8 M, and 1.6 Gyr, respectively. The
second body is slightly hotter and smaller than when assuming two
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black bodies. Note that this temperature is close to the condensation
temperature of refractory dust species (1,500 K) and dominates the
radiation in the near-IR region. Its radius suggests a giant star, but it
most probably represents an inner dust disk. The third body is very
cool and represents an enhanced IR radiation from the object in the
vicinity of silicate bands at 10-20 um. Hence, it too is made of dust. It
is not known whether the IR excess is associated with the central star
of the planetary nebula, the G-subgiant star or both. Clearly, there is
stillroom forimprovement in the fit, and amore sophisticated model
must be used to properly account for the observed IR excess.

To constrain the dust mass, we calculated the amount of IR dust
emission emitted by a dust cloud that is optically thin. We assumed
particlesmade of carbon, iron oriron-richssilicates, with sizes ranging
from 1to 30 pm, dust opacities from ref. 62, and with temperatures
indicated by our three-black-body fit. In the optically thin limit, the IR
emissionis not sensitive to the geometry of the dust cloud. This allowed
ustoplace alower limit onthe amount of dust causing the IR excess to
107 M_or10°® M. Hence, this dust may theoretically originate froma
collision of Moon-sized bodies or from a disintegration of an equiva-
lently larger number of smaller bodies.

Apart from these SED components, there is probably a much
hotter but more compact star in the centre of the planetary nebula.
Wedid not seeitinthis SED, butitisindicated by spectroscopy and the
appearance of He 11 and other lines of highly ionized species. Adding
asimple, unobscured, hot component to the model would require
two more free parameters (its temperature and radius), but it would
be poorly constrained by the observations, as it may affect only one
point (near-ultraviolet (NUV) point detected by the Galaxy Evolution
Explorer (GALEX)). Unfortunately, the temperature from spectroscopy
gives a very broad range of possible values for this component (from
40t0150 kK, see ‘Spectroscopy’in Methods). Thus, we did notinclude
this hot star in our SED modelling. However, assuming that the lowest
possible radius of the hot star is the typical radius of a WD (0.01R,)
would give us the highest possible temperature and luminosity thatare
still compatible with the NUV GALEX point. Theseare130 kkand 26 L,
respectively. However, the luminosity of central star of the planetary
nebula might be higher if it were embedded in a disk. We also verified
thatadding such ahot SED component would affect only the NUV point
and would not change the parameters of our three SED components
significantly.

Evolutionary models may give further insights into the properties
ofthe central star and the evolutionary status of the system. Assuming
avery uncertain kinematical age of the system of 80 kyr (‘Narrowband
imaging’) and using the solar metallicity and evolutionary models of
ref. 48 for the initial stellar masses of 1-4 M, the temperature of the
star would be about 100 kK, its luminosity about 20-100 L, and radius
about0.013-0.04 R,.. Thiswould mean that, inthe Hertzsprung-Russell
diagram, the star is already below ‘the knee’ on a cooling track
towards the WDs. Assuming the highest luminosity of a central star of
aplanetary nebula of 100 L, would put a lower limit on the fractional
luminosity of the dusty disk relative to both stars. It has to be larger
than about 0.17, which is significantly more than what is typical for
debris disks around main sequence stars (<0.8%)°. This indicates that
our debris disk is not the same as debris disks around main sequence
stars. Its IRexcessisrather comparable to the IR excess found by ref. 32
around some WDs with dusty disks that are central stars of planetary
nebulae.

Properties of the dust grains

The properties of the dust grain can be derived from multi-wavelength
observations.ZTF g, ZTF rand ATLAS ¢, ATLAS o could be used for this.
The problemis that the fluxes in these filters are contaminated by emis-
sion lines. These lines probably originate from an unresolved nebula
close to the star, but such a nebula is probably too big to be eclipsed
by our dust clouds. The contaminationis very small, only about 0.022,

0.013, 0.014 and 0.008 magin the ZTF g, ZTF r, ATLAS cand ATLAS o
filters, respectively (‘Spectroscopy’in‘Results’). Nevertheless, it canbe
importantduring deep eclipses. Thus, for the purpose of this section,
we subtract the contribution of the emission lines from these filters.

The other problem is that our star is extremely variable, which
means that such multi-wavelength observations need to be simulta-
neous. However, they were obtained at different moments. Note that
ZTF rand ATLAS o filters are very similar and contain more data than
the other filters. Thus, we merged the observations in these two filters
into one sample, which we will refer to as ‘r-red’. Thisenabled usto get a
better time coverage in the red filter. Then we interpolated the values
intheredfilter to the same time as observationsby ZTF gand ATLAS c.
The brightness of the star in ZTF g and ATLAS c as a function of the
values for the red filter is shown in the left panel of Supplementary
Fig. 6. As one can see, there is a very tight linear correlation between
the two. We fitted a straight line to the datain the form:

ZTFg=a;+b; xr  ATLASc=a, + b, xr. @

The coefficient values arelisted in Supplementary Table 3. The slopes
(b,=1.092 and b,=1.060) are only slightly above one.

However, it looks like the shallow dips have a slightly steeper slope
than the deeper ones. This is better seen in the right panel of Supple-
mentary Fig. 6. We plotted the red filter as a function of the colour
indices g - rand c - r. Unfortunately, the ¢ — rindex has a huge spread
of about 1 mag and very poor coverage for the deep eclipses, which is
why we do not use it in the following analysis. The slope or reddening
vector for eclipses deeper than r=15.3 mag is almost vertical, which
means that these eclipses are almost grey (not depending onthe wave-
length). Thus, we fitted separate slope vectors for shallow and deep
eclipses. These parameters are also listed in Supplementary Table 3,
andthefits are displayed in Supplementary Fig. 6 by straightlines. For
comparison, we plot also the one-to-one dependence in the figure.

If the eclipsing objects (dust grains) are much larger than the
wavelength of the light, then this would imply a geometrical optics
regime and ‘grey’ eclipses. This is the case for very large dust grains
and even transiting exoplanets (without the atmosphere). Onthe other
hand, if the transiting objects are much smaller than the correspond-
ing wavelength, then a Rayleigh scattering regime would apply. This
regime is strongly dependent on the wavelength (as 1*) and eclipses
atthe shorter wavelength would be significantly deeper. The value of
theslope b, =1.092 + 0.007 indicates that the eclipses are almost grey,
and that we are just on the onset towards the first regime.

Note that the attenuation of light expressed in magnitudes
Amyis proportional to the optical depth 7,. Namely,

Am,] = 1086'[/1 (2)

The optical depth is proportional to the opacities k; and geometrical
depth. Consequently, theratio of A magnitudesin different filters (that
is the slope b)) is proportional to the ratio of the dust opacities at the
corresponding wavelengths:

_Amy K
Am/lz K,

b ©)

Hence, our observations of the slope b, can be directly compared
with calculations of dust opacity ratios. The opacities of grains with
different chemical compositions and different modal particle sizes
were taken from the tables of ref. 62. We considered mainly refrac-
tory grains but included also volatile ammonia and water ices, as the
dust might originate from the larger debris on eccentric orbits and
be freshly produced from continuing collisions. The opacities cor-
respond to the effective wavelengths of ZTF g and red filters, which
are about A, = 0.475 and A, = 0.650 um, respectively. These opacities
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assume homogeneous spherical dust grains with a relatively narrow
Deirmendjian particle size distribution®’. The observed and theoretical
opacity ratios for different modal grain sizes and chemical composi-
tions are compared in Supplementary Fig. 7. One can clearly see the
two regimes: the Rayleigh regime with the steep opacity ratio for small
particlesand the geometrical optics regime with the flat opacity ratio
for large particles. Our observations of the slopes for shallow and deep
eclipses are also plotted.

The deep eclipses are almost grey, and we could put only a lower
limit for the sizes of particles made from different species. Pure iron
or carbon particles have to be larger than about 0.1 um, silicates or
alumina (corundum) 0.2 pm, ammonia 0.3 pm, and water ice larger
than 0.4 pmin size. Shallow eclipses are best reproduced with 0.06 pm
iron/carbon particles, 0.1-0.2 um silicate/alumina particles, 0.2 um
ammonia or 0.3 um water ice grains.

These are relatively large particles, larger than in the interstellar
medium. In reality, it is very probable that there is a mixture of even
larger particles with somewhat smaller particles. In fact, such almost
grey eclipsesresemble grey transits caused by disintegrating exoaster-
oids orbiting the white dwarf WD1145+017 (refs. 64-68). These transits
become shallower in the blue or UV region®°, which is partially due
to forward scattering of dust’. It is possible that deeper transits in
our object are also affected by this effect. Observations at a broader
interval of wavelengths would put further constraints on the proper-
ties of the dust grains.

WeSb 1and its central star

PN WeSb 1 (PN G124.3 - 07.7) was discovered by Weinberger and
Sabbadin, who were performing interference filter photography for
Ha and [O 111] A5007 lines’. The nebula was detected on only the Ha
plateand not on the [O111] plate. Nevertheless, the nebula had already
beenseeninPalomar Observatory Sky Survey prints but this detection
was not unequivocal. It had the shape of a half-ring with a diameter
of155". The same authors estimated its distance to be 1,500 pc.

The authors of ref. 73 took deeperimages witha2.1 mtelescope of
the Ha, [N 111 A6584, [S11]A6719 and [O 111] A4363 lines. The planetary
nebula was not detected in [S 11] images, whereas the other bands
showed a complete rounded ring-like structure with a diameter of
about 3'. Those authors argued that the circular profile of WeSb lis a
projection of a spherical shell. Their [O 111] photograph showed two
bluestarsinthe centre, indicating that one was probably the planetary
nebulanucleus.

Thenebulaisinthe constellation Cassiopeia. A finding chart from
ref. 74 had already identified astarin the centre asa probable nucleus,
Gaia DR3423384961080344960. The same star was detected by GALEX
in the NUV as well as in 2MASS in the near-IR maps. Images at a few
selected wavelengths are shown in Supplementary Fig. 8. In the IR
region (WISE W1-W4), the star dominates the field of view, especially
atthelongest wavelengths. Inthe W3 and W4 filters, itis the brightest
objectina12'x 12’ field. The nebulaitselfis seen in the red-optical
region as a ring with a diameter of about 3'. The catalogue of ref. 75
gives a planetary nebula radius and distance of 92.50" and 3,510 pc,
respectively. The HASH database classifies WeSb 1 as a probable
planetary nebula”™.

The basic properties of the star were taken from Gaia Data Release
3 (DR3)***'and are summarized in Supplementary Table 2. To estimate
the dust extinction towards the star, we consulted three-dimensional
dust extinction maps from ref. 57. The extinction at this distance
and in this direction is significant and amounts to A(g) = 0.92 mag.
These results are also listed in Supplementary Table 2. Gaia found
no other sources within -10" of Gaia DR3 423384961080344960. All
sources within 20" have very similar parallaxes (-0.2 mas). Roughly
30" tothenorthand 30" to the south there are stars with significantly
larger parallaxes, corresponding to distances of 1 kpc or less. Thus,
there is no evidence for a potential central star hidden so close to

Gaia DR3 423384961080344960 that is unresolved from the ground
but which would place the nebula at a closer distance consistent with
the statistical distance of 1.84 + 0.35 kpc (ref. 77).

Archival photometric data and properties of the eclipses

The ASAS-SN Variable Stars Database® contains 11 years of observations
with the gand Vfilters. Inthis database, the starislabelled asavariable,
non-periodic, young stellar object (ASASSN-V]010054.10+550400.1)%.
We removed the spurious data and points representing the upper limits
from these observations. The PTF database®® contains about 2 years of
observations in the g filter. We downloaded the raw frames from the
NASA/IPAC Infrared Science Archive and reduced them using MuniWin.
The ATLAS project*** observed this star for about 9 years with the c
and ofilters. We removed the points with errors larger than 0.05 mag.
The star was observed also with SuperWASP-North*. These observa-
tionswere performed witha very broadband filter (400-700 nm). We
used datafromonly camera5 (code = 145) and removed the points with
errors larger than 0.1 mag. Gaia DR3 covers the period August 2014
to May 2017 in three filters G, BP and RP***', ZTF** has observed this
star in two filters (ZTF g and ZTF r) for about 5 years. The WISE* and
NEOWISE*¢ databases contain 13 years of observationsin the IR region
(mainly the Wland W2 filters).

These data are shown in Figs. 1 and 2. A few other eclipse events
areshowninmore detailinSupplementary Fig. 1. The SuperWASP data
are the oldest and show a very mild variability of about 0.1 mag and a
1-day-long dip of about 0.3 mag at MJD 54,418. The PTF data exhibita
few days long and 0.7 mag deep dip at about MJD 55,776 followed by
similar 0.2 mag deep event at MJD 55,836. Older ASAS-SN observa-
tions in the V filter feature several irregular drops in the brightness
with durations ranging from 1 day up to a few weeks. The deepest dip
occurred at MJD 57,613 and was 1.4 mag deep. The most recent obser-
vations with the ASAS-SN g filter indicate an enhanced activity with
numerous dips lasting from afew days up toamonth and deeper than
1 mag. An extreme event occurred during MJD 59,400-59,500, which
was mentioned in ‘Long-term variability fromwide-field surveys’. Note
that the dips are often clustered, occurringin pairs orintriples. Smaller
dips (0.5 mag) are frequently followed immediately (within10 days) by
a deeper dip (1.5 mag) (for example, MJD 58,370 and 59,800) or vice
versa(MJD 57,610 and 58,880). Apart from that, individual components
of some double or triple dips are deeper than 1 mag (for example MJD
59,040 and 59,440). These features areimpossible to explain by a dust
cloud eclipsing (orbiting around) abinary or a triple star with compo-
nents of comparable brightness. More probably, several clustered or
structured dust clouds are eclipsing one main source of light at optical
wavelengths, which is our first SED component in ‘Spectral energy
distribution’ in Methods and which theoretically might orbit around
another star of negligible brightness at optical wavelengths.

To characterize such events quantitatively, we fitted the indi-
vidual eclipses deeper than about 0.3 mag with Gaussian functions of
the form:

n \2
fiy=c+bt—to)+ Y. a;exp [—(t;t') ] 4)
i=1 i

where the summation runs through an optional number n of Gaussians
and a, d;and t,are the amplitude, half-width at e level and the centre of
theith Gaussian. The first two terms account for apossible linear trend.
Toincrease the temporal sampling, we merged the observed datainall
filters. This approach is justified for this purpose, as the eclipses are
almostgrey (‘Properties of dust grains’). Thus, we obtained parameters
forafewdozen events. Their full widths at the e level and amplitudes
aresummarized inSupplementary Fig. 9. Atypical duration for anevent
isfrom1.5to 20 days. Events shorter than 2 days are difficult to resolve
owingto the cadence of the observations being similar. As one can see
inthefigure, thereisno obvious correlation or anticorrelation between
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eclipse depth and duration. Inour case, the size of the dust clouds must
be comparableto or greater than the diameter of the source of lightin
the optical region (-8 R,) to cause such deep eclipses. Thus, the dura-
tion of such eclipses implies Keplerian velocities of about 7-90 km s,
Letusassume that these clouds are orbiting the G subgiant which has a
mass of about1.8 M, (‘Spectral energy distribution’in Methods). Then,
the above-mentioned velocities would result in star-cloud separations
ofabout 0.2-40 au (or smaller if the clouds causing deep eclipses were
bigger than the source of light).

A morerealistic estimate of the distance of the clouds from the G
subgiant can be obtained from the duration of the eclipse ingress or
egress (whichever happens faster). This is like the gradient method
used by ref. 79. From the duration of the ingress and the diameter
of the source of light, one can calculate the velocity of the cloud by
assuming that the cloud has a sharp edge and is bigger than the star.
Then, assuming the mass of the star asabove and the circular orbit, one
can get the star to cloud distance. These distances are also illustrated
in Supplementary Fig. 9. As one can see, they cover a broad interval
of 0.3-40 au, confirming the above-mentioned estimates based on
the eclipse duration. If the occulting dust cloud did not have a sharp
edge, then thereal star-crossing times would be shorter. Hence, these
star—cloud separations should be viewed as an upper limits.

Note that in both methods (eclipse duration or ingress and
egress), we assumed that the clouds orbit the G-subgiant star. They
could also be circumbinary, that is orbiting a short-period binary
comprising the central star of the planetary nebula and a G subgiant
with masses of about 0.6 and 1.8 M, respectively (‘Spectral energy
distribution”in Methods). Then the duration of eclipse events would
be given by the mutual velocities of the dust clouds and the G subgiant.
Theeclipses with relatively high observed velocities of upto 90 kms™
would exclude long-period binaries with slow orbital motions. Note
that the centre of mass is close to the G subgiant and that the orbital
velocity of the central star of the planetary nebula is about 3x faster
than that of the G subgiant. Circumbinary clouds cannot move faster
than the velocity of the central star of the planetary nebula, which
means that the orbital velocities of the G subgiant and dust clouds
cannotbeless thanabout 22 and 66 km s, respectively (to sum up to
90 km s™). Consequently, to explain the shortest eclipsesina circum-
binary scenario, the binary separation and the orbital period cannot
be larger than about 0.3 au and 30 days, respectively. This does not
include the dynamical effects of the binary, which would clean its
neighbourhood and push the dust and small bodies farther out with
lower orbital velocities, which would require an even more compact
binary. However, such binaries are disfavoured by the size of the sub-
giant, the absence of the reflection effect (‘TESS photometry’), the
ellipsoidal variability, the spherical shape of the planetary nebulaand
mainly by the expected luminosity of the central star of the planetary
nebula, which would move around the centre of mass and quickly
evaporate the dust in its vicinity. For example, assuming an average
luminosity of the central star of the planetary nebula of 60 L, (based on
evolutionary models; ‘Spectral energy distribution’in Methods), the
snow line of refractory dust would be at about 0.3 au from the central
star of the planetary nebula.

To search for periodicity in the photometric data, we combined
together Gaia, ZTF and ASAS datainallfilters. First. we subtracted the
median value from each dataset and then we merged them together.
The variability of the source in the visual region is dominated by the
eclipses, and these are almost grey. Hence, combining these data is
justified. Then we calculated the Lomb-Scargle periodogram using
Peranso® covering the interval MJD 56,500-60,000, which is displayed
inSupplementary Fig. 2. For comparison, we present the periodogram
from the ASAS data alone for the same interval. The ASAS data have
the lowest precision, and many measurements within deep eclipses
were only upper limits and these were not considered. False alarm
probabilities of 1% are indicated in the picture. In such cases, they are

not very useful, as most of the frequencies are necessary to compose
the observed light curve. The two mostimportant peaks areat 390 and
260 days, and they seemto beina2:3 resonance.

Imaging

Narrowband imagining of WeSb 1 was acquired with the Alhambra
Faint Object Spectrograph and Camera mounted onthe 2.56 m Nordic
Optical Telescope (NOT)® on the nights of 18 August, 7 October and
14 October 2023. Seven exposures of 750 s were obtained for Hx
(NOT filter ID 21, central wavelength A, = 656.4 nm and full-width
at half-maximum A, = 3.3 nm) and six exposures of 750 s for
[O 111] (NOT filter ID 90, A, =500.7 nm and Ay = 3.0 nm). Further
narrowband imaging for [O 111] (ING filter ID 196, A, = 500.8 nm and
Apwam = 10.0 nm), totalling seven exposures of 1,200 s, was obtained
on the nights of 18 and 19 October 2023 using the wide-field camera
onthe2.54 mlIsaac Newton Telescope (INT).

All the narrowband imaging data were debiased, flat-fielded and
cleaned of cosmic rays using the Astropy®*** affiliated package ccd-
proc®. The images were then astrometrized using astrometry.net®
and combined using montage®’.

Images inindividualfilters are displayed in Supplementary Fig. 3,
andacombined false colourimage is showninFig. 4. The star s clearly
visible inboth filters with counts more than100 times above the back-
ground. No significant nebular anisotropy was detected in the close
vicinity of the central star (3"), which indicates that the shape of the
aperture used for spectroscopic observations (described in ‘Spec-
troscopy’ in ‘Results’) did not have a significant impact on the shape
of the detected spectral lines. Apart from the properties mentioned
in ‘Narrowband imaging’, the imagery for both narrowband filters
shows a bright patch surrounding the central star (seen most clearly
inthe [O111] filterimage) with anangular diameter of roughly 80". Itis
unclear whether thisisareal structure (abright bubble inside the main
nebular shell), due to anillumination effect or a projection effect due
toanon-spherical morphology (with the nebula perhaps being bipolar
and viewed pole-on). The Ha image does show some signs of wispy
filaments that are possibly indicative of low-ionization structures (as
seenin, for example, Kn 61; ref. 88).

The proper motion vectors of the star and the stars in its vicinity
were taken fromref. 41and are shownin Fig. 4. To determine the proper
motion of theinterstellar material (ISM), we considered acylinder sur-
roundingthe location of our star. Its length was twice the uncertainty
of the planetary nebula distance, and its radius on the sky was about
5°, which also corresponds to the error in the distance to the star. We
considered only stars withinthe cylinder with precise parallaxes (paral-
lax to error ratio larger than 10). There were 6,757 stars that satisfied
those criteria, and their average proper motion vector is (-1.478 + 0.019,
-0.815+ 0.013) mas yr'in right ascension and declination. Takinginto
account the cosine of the declination, we found the position angle
(PA) of the proper motion of the ISM, PA =226.1 + 0.6°. This vector is
roughly aligned to and of similar size as the proper motion of the star
(PA=209.5+0.5°).Both vectorsarealso roughly aligned with the axis of
symmetry of the nebulaand the direction of the central star of the plan-
etary nebula offset from the centre of the planetary nebula, which may
notbe an accident but probably indicates an interaction between the
planetary nebulaand the ISM. However, the proper motion vector of the
star relative to the ISM pointsin the other direction (PA =166.6 +1.8°).
Because the proper motions of the star and the ISM are very similar,
their difference is somewhat small in comparison with the absolute
vectorsandis very sensitive to the volume of our cylinder. We are bound
by the uncertainties in the parallax. Hence, our sample volume is very
big (5° radius on the sky). It is possible that local variations in the ISM
proper motion inside our cylinder lead to significant changes in the
relative proper motion vector. Thus, we warn that our relative proper
motion vector may be inconclusive in terms of the interaction of the
planetary nebulawith the ISM.
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The offset of the star from the centre of the planetary nebula is
also an open question. Assuming simply that the binary central star
(0.6 +1.8 M) moves across the sky on along-period orbit around the
common centre of mass with some other unidentified star of acompa-
rable mass (2.4 M,) with a semimajor axis larger than 3" will not work,
as it would result in an orbital period of over 10° years, which is well
above the lifespan of the planetary nebula.

Spectroscopy

We obtained three series of spectra of the star with the 2.56 m NOT
on the nights of 15 August, 4 October and 8 December 2023. These
dates are indicated by arrows in the bottom panel of Supplementary
Fig. 1. The survey photometry indicates that there was little optical
variability during these times, with only a 0.6 mag dimming during
the third spectrum. There is no significant difference between the
spectra. However, the first spectrumis of much better quality, reach-
ing a signal-to-noise ratio in the continuum of about 15. WeSb 1 was
observed with the fibre-fed echelle spectrograph (FIES)* mounted
on NOT®. FIES was employed in low-resolution mode (fibre diameter
of2.5") and provided areciprocal resolution of approximately 25,000
from 3,700-9,000 A. Three consecutive exposures of 900 s were
obtained. These were accompanied by a single 300 s exposure of the
standard star BD+28 4211 on 15 August and a single 600 s exposure of
the standard star Feige 110 on 4 October®. The datawere reduced using
the FIEStool pipeline. Itisimportant to note that the flux calibrationis
only approximate given the fibre-fed (and non-sky-subtracted) nature
ofthe observations. Supplementary Table1lists the detected spectral
lines, their radial velocities and fluxes. Note that, given the appar-
ent brightness of the central star (compared to the extended nebula
in the narrowband imaging) and the relative brightness of Ha and
[O 111] (compared to the stellar continuum in the FIES spectroscopy),
the measured emission line fluxes are dominated by acompact, unre-
solved nebula surrounding the central star rather than the extended
background nebulosity.

To constrain the temperature of the hot component, we used the
spectroscopic properties of this unresolved nebula. Lines of [Ne 111]
have the highestionization potential of about 41 eV.Based on asimple
relation between this value and the temperature given by ref. 91,
we found a value of about 40 kK. Alternatively, the hydrogen and
helium Zanstra temperatures’** of the central star of WeSb 1 could be
calculated based on the V magnitude of the central star corrected for
nebular emission and extinction (V, =14.19). However, as the optical
continuum does not correspond to the hot component, we cannot
use this Zanstra method. The method of Ambartsumian®® is based
onasimple ratio of He 1114686 and HP de-reddened line fluxes. This
gives the temperature of the star of about 150 kK, which should be
considered as an upper limit. The ratio of [O 111] A5007 plus A4959
and He 11 A4686 line fluxes results in a temperature of about 130 kK,
which should be viewed as alower limit**. We warn that these calibra-
tions assume a low-density environment neglecting the collisional
excitation. Theline ratios A4363/Hy and A5,007/Hp indicate that our
unresolved nebula may be relatively dense in comparison with typical
planetary nebulae and these ratios resemble more symbiotic stars®.
The spectrum of the planetary nebula itself or the UV spectrum of
the star would help to put constraints on the temperature of the hot
star in the future.

The low signal-to-noise ratio of these high-resolution spectra did
not allow us to detect any absorption lines that might be associated
with the opticallight source (first SED component). Thus, we smoothed
thebest spectrumwith1-and 2-A-wide box-shaped filters to boost the
signal-to-noise ratio. The resultis displayed in Supplementary Fig.10.
For comparison, we show the synthetic spectrum calculated with the
code Synspec” based on aKurucz model atmosphere® for the effective
temperature of 6,000 K, logg = 4 (cgs units), microturbulence of
2 km s and solar chemical composition, which was downgraded to

the same spectral resolution as the observations. As you can see, we,
indeed, detected the absorption lines expected for a star at that tem-
perature, such as Ca, H, Feand even Balines. The observed Calines look
relatively weak with Ca 11H heavily blended by the Ne and H emission
lines. The Balines look stronger than expected. Thus, weincreased the
abundance of Baby one order of magnitude, which gave abetter fit to
the data, asalso displayed in the figure. What does this mean? It means
that the optical source is most probably a G-subgiant companion star.
Enhanced Ba lines indicate that the star has been contaminated with
material from the central star of the planetary nebula (former AGB
donor star).

In connection with the variability of the objectin ZTF and ATLAS
filters, itisimportant to know what fraction of energy in these filters
is due to nebular emission lines rather than the star. Thus, we per-
formed synthetic photometry on our flux-calibrated spectrum, and
then we removed the five strongest emission lines and performed
the synthetic photometry again. The magnitudesin ZTF g, ZTFr,
ATLAS c and ATLAS o filters increased only by 0.022, 0.013, 0.014
and 0.008 mag, respectively, which translates into the following line/
continuum flux ratios: 0.021, 0.012, 0.013 and 0.007, respectively.
This indicates that any eclipses deeper than this cannot be caused
by variable spectral lines and must, instead, be due to variability or
obscuration of the source of the continuum that is the first SED com-
ponent from ‘Spectral energy distribution’ in Methods. Moreover,
itindicates that these emission lines do not affect the photometric
SED considerably.

Photometry

Photometric observations were conducted with the FLI PL-23042
CCD camera mounted in the Nasmyth2 focus of the 1.3 m telescope
at Skalnaté Pleso Observatory”. Thisis a2k x 2k camera with afield of
view of 10" x 10" and binning of 2 x 2, which resulted in a pixel scale of
about 0.58" per pixel. Its gain was 1.85 e” per analogue to digital unit,
anditsread-outnoisewas13 e” (r.m.s.). The star was observed for about
5hduringonenighton15July 2023. The seeing was about 2" (FWHM).
Standard dark and flat-field corrections were done in IRAF followed by
aperture photometry with MuniWin 2.0. Four comparison stars with
a colour like that of the target were selected and combined into one
artificial standard. The resulting differential photometry is shown in
Supplementary Fig. 4. The staris almost constant in the R filter (within
0.01 mag), whereas in the B filter, there is weak variability at the level
of about +0.01 mag.

TESS photometry

The TESS mission*, launched by NASA in 2018, is an all-sky survey
providing high-precision time-series photometry. The satellite cap-
tures red-optical light across a wide band-pass of approximately
600-1,000 nm, achieving a noise floor of around 60 ppm h! for
optimal targets. TESS provides full-frame images publicly, allowing
light curves to be extracted for any sufficiently bright object. TESS
observes one field of view 24° x 96° continuously for about 27 days
(one sector). At the time of writing, WeSb 1 data are available from
TESS sectors 17 and 18 (exposure time 1,426 s during 2019) and from
sector 58 (158 sduring 2022). Light curves were extracted from TESS.
We used the LIGHTKURVE'? and TESSCUT'”! packages to download a
9 x 9 pixel target pixel file centred on the target star (Supplementary
Fig. 11). The detrending was done by background subtraction, such
that background pixels were identified in the target pixel file and
their average flux level in each frame was subtracted from the target
light curve (after accounting for the number of pixelsin the adopted
aperture).

Unfortunately, the TESS pixel size is very big, about 21". WeSb 1
is relatively faint and in a rather crowded star field, which means that
its photometry is contaminated by the stars nearby. For example,
a similarly bright but constant object is at a distance of 0.54', which
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corresponds toabout1.4 TESS pixels (GaiaDR33423384926720604160,
Gmag 14.4405). Thus, for our analysis, we used only one central pixel,
No. 5, from the full-frame image, which has the highest amplitude for
the variability. The light curves are shown in Supplementary Fig. 12.
Sectors 17 and 58 contain a few eclipses, and sector 17 was also well
covered by ZTF observations, which are shown for comparison. The
ZTF data confirm that the variability of this TESS pixelis dominated by
the variability of our source. However, the eclipsesin the ZTF - rdata,
which cover asimilar spectral region as TESS, are a factor of about 1.4
deeper. This is due to the above-mentioned blending effect. Sector
58 contains five pronounced dips within about 2 weeks. They all look
fairly symmetric, whichis demonstrated by afitinvolving six symmetric
Gaussians with a trend as given by equation (4). The symmetry of the
events do not favour repeating dust condensation and subsequent dust
destruction and dissipation as a driving mechanism of the variability,
as the two processes probably have much different timescales. Rather,
it supports the eclipsing nature of the events. In fact, it resembles the
famous ‘string of pearls’ (disintegrated comet Shoemaker-Levy 9,
which crashed into Jupiter in1994'°?),

Thereis noindication of variability that could be associated with
thereflection effect or ellipsoidal variations on timescales shorter than
1month and amplitude larger than about 1% (taking into account the
blending effect; see sector 18), which might be expected for a close
post-CEbinary. One could expect the following relative amplitude for
the reflection effect:

AFy  [BaTasub) = By(Tg)IR2
Fa Ba(Tcsen)Rgpy + BA(TG)RE'

®)

where B, is the Planck function. T¢gpy =100 kK, Regpy = 0.026 R,
T5=5,890 Kand R; = 4.1 R refer to the effective temperatures and radii
of the central star of the planetary nebulaand G subgiant, respectively
(‘Spectral energy distribution’ in Methods). Assuming a bolometric
albedo of 0.5 (ref. 103), the temperature at the substellar point of the G
subgiantwould be T, = 5,920 K.For1=7000 A and an edge-on binary,
these amplitudes are larger than 2% for orbital periods shorter than
15 days. Thisindicates that our star is probably not such a short-period
binary.

Data availability

All of the most relevant photometric data that we used are from the
ZTF*, Gaia*>*, ASAS-SN***” and TESS* projects. The dataare publicly
available. All proprietary data are available upon reasonable request
to the corresponding author.

Code availability

The code that we used to model the SED is an adapted version of the
code presented in ref. 58 and can be found at https://github.com/
JamesMunday98/WD-BASS.
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