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ABSTRACT

As planetary nebulae evolve, they fade and dissipate into the surrounding interstellar medium, which makes them harder to detect.
Modern, advanced amateur equipment can help to uncover this hidden population of ancient ‘ghost’ planetary nebulae. Via careful
processing of long-integration, narrow-band imagery with modest aperture telescopes at a dark-sky site, we detected three new can-
didate planetary nebulae (JAM 2, JAM 3, and JAM 4). Each measures several arcminutes across with [O m] surface brightnesses of
order 30 mag arcsec™2. For each nebula, we identify a candidate central star, the parallaxes of which lead to nebular age estimates in
the range 50-100 thousand years. The candidate central star of JAM 2 also shows indications of photometric variability, potentially

due to spots on the stellar surface.
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1. Introduction

There have been many important amateur contributions to the
field of planetary nebulae (PNe), particularly in the identifi-
cation and confirmation of new candidates (e.g. Jacoby et al.
2010; Acker et al. 2012; Le Di et al. 2022). Additional compi-
lations of confirmed and candidate PNe can be found in the
Hong Kong/AAQ/Strasbourg Ha Planetary Nebula (HASH PN)
database and on the planetarynebulae.net website.! These works
highlight that the boundary between professional and advanced
amateur astronomy has become increasingly blurred, particu-
larly for low-surface-brightness phenomena. The combination of
long integration times, narrow-band imaging, and stable, well-
characterised instrumentation now allows small-aperture tele-
scopes to probe surface brightness regimes that are largely inac-
cessible to wide-area professional surveys optimised for sky cov-
erage rather than depth. In this context, evolved (i.e. ‘ghost’) PNe
represent ideal targets for amateur telescopes (see e.g. Ogle et al.
2025). The large angular sizes, extremely low surface bright-
nesses, and often fragmented or filamentary morphologies of
these PNe make them difficult to detect in traditional surveys,
yet they are well suited to deep, targeted observations by small
telescopes operating under dark skies. In addition, the frequent
dominance of [O m] emission and the weakness or absence of
Ha in these systems can hinder their identification when relying
solely on existing survey data with limited sensitivity or filter
combinations.

JAM 1 belongs to this emerging population of ancient PNe,
with other recent examples presented in Fragkou et al. (2022);
Budaj et al. (2025); Ogle et al. (2025). The discovery of JAM 1,

! HASH (Parkeretal. 2016): http://hashpn.space/; plane-
tarynebulae.net: https://planetarynebulae.net/EN/.

first presented in Manuel et al. (2025), illustrates how amateur-
class facilities, when operated with professional-level method-
ologies, can play a decisive role not only in the detection but also
the physical interpretation of such systems. By combining deep
narrow-band imaging, astrometric information from Gaia, and
an analysis of the properties of the proposed central star, mean-
ingful constraints can be placed on the evolutionary state of these
faint remnants. This paper presents three further candidate ghost
PNe (Table 1) identified using the same observational strategy
and selection criteria. These objects share common characteris-
tics, including extremely low surface brightness, large angular
extents, and morphologies suggestive of advanced evolutionary
stages. Together, they form a small but coherent sample that al-
lows us to explore the observational properties of ghost PNe as
a population, rather than as isolated discoveries.

This work therefore aims not only to report individual de-
tections, but also to demonstrate that systematic searches for
evolved PNe conducted with advanced amateur facilities can sig-
nificantly complement professional surveys and contribute to a
more complete census of the Galactic PN population, particu-
larly at its faint and most elusive end.

2. Survey strategy and observing setup

The candidate evolved PNe presented here were identified
through a systematic visual inspection of the publicly available
narrow-band images from the astrophotographic survey created
and maintained by Stefan Ziegenbalg?, aimed at detecting re-
gions of excess [O m] emission. Objects exhibiting coherent, dif-
fuse [O m] structures at very low surface brightness were flagged

2 Public survey website: https://www.simg.de.
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Fig. 1: JAM 2 in the light of [O m]. The position of the candidate central star is marked with a red cross. North is up, and east to the
left.

Table 1: New candidate ghost PNe.

Name Approximate geometric Diameter fouy (h)  the (h) Observing dates
centre (J2000)

JAM 17 18:56:25 30:42:06 14.4 - - -

JAM 2 00:41:31 20:09:15 4137 131.0 47.8 2025 Aug 20-Dec 13

JAM 3 19:19:37 73:39:52 7.1’x5.9" 493 31.0 2025 Oct 01-Nov 08

JAM 4 07:58:20 66:46:07 9.6'x8.3" 48.5 19.5 2025 Nov 16-Dec 29

Notes. * Previously reported in Manuel et al. (2025). Total exposure times are given for each filter; all individual subframes had exposure times
of 600s.

Table 2: Candidate central stars.

Name Candidate central star Geometric distance? Proper motion” Position angle®
e cOs O (mas/yr)  ps (mas/yr) (degrees)
JAM 2 Gaia DR3 2795519553550625536 397+6 pc 25.1+0.1 —11.53+0.07 114.7+0.1
JAM 3  Gaia DR3 2265067757936901760 2.1f0'g kpc -1.9+0.2 -0.7+£0.3 249+7
JAM 4 Gaia DR3 1095335102795586944 l.OSf%.'i(') kpc 4.7+0.2 2.5+0.3 62+2

Notes. ¥ Bailer-Jones et al. (2021) ¢’ Corrected for Galactic rotation following Martinez et al. (2023) ) The position angle of the proper motion
vector following the correction for Galactic rotation
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as candidates and subsequently followed up with deeper imag-
ing.

Observations were carried out using a dual-telescope ama-
teur facility located at a dark-sky site in Valdin (Ourense) in
northern Spain. The instrumental setup consists of two identical
apochromatic refractors operating in parallel, allowing simulta-
neous data acquisition and effectively doubling the total integra-
tion time for extended sources. Each telescope has an aperture
of 150 mm with a focal ratio of f/7.1, providing a focal length
of approximately 1073 mm. The two telescopes are equipped
with identical monochrome CMOS cameras, each with a pixel
scale of approximately 0.72” pix~!. This configuration is well
matched to the large angular extent expected for highly evolved
PNe.

Narrow-band imaging was performed using filters of Baader
Planetarium CMOS optimised3 centred on the [O m] 15007 A
and Ha emission lines, with bandwidths of 40 and 35 10%, respec-
tively. Here it is important to note that the He filter also includes
lines of [N 1] in the wings of its transmission function — lines
that can be brighter than Ha in evolved PNe. However, in all
cases, the [O m] emission was found to be significantly brighter
and, thus, our analyses focus on these deeper images.

Additional broadband Sloan g’ , ' and i’ filters from the
same manufacturer were used in selected cases to assess the
presence of continuum emission and, to aid in the identification
of potential central star candidates. The narrow-band observa-
tions were optimised for the detection of extremely low-surface-
brightness emission, with individual exposure times ranging
from several hundred to one thousand seconds per frame.

All observations were conducted under photometric or near-
photometric conditions, with typical seeing values ranging from
1.2” to 2.3"”. Total integration times per target range from tens
of hours to over one hundred hours when combining data from
the two telescopes, placing these observations well beyond the
depth of most existing wide-area surveys.

Initial image processing followed standard reduction proce-
dures, including bias subtraction, dark-current correction, and
flat-field normalisation. These steps were performed using a cus-
tom reduction pipeline developed in Python and based on the
Astropy ecosystem, ensuring full control over calibration param-
eters and reproducibility of the reduction process. The resulting
calibrated frames were then used for subsequent alignment, in-
tegration, and analysis.

Both optical trains were carefully characterised and main-
tained to ensure stable image quality and consistent photomet-
ric response throughout the observing campaigns. Dithering was
applied between individual exposures to mitigate detector arte-
facts and improve background uniformity in the final combined
images. The observing setup and reduction strategy are specifi-
cally optimised for the detection of extended, ultra-low-surface-
brightness nebular emission and have proven particularly effec-
tive for identifying evolved or ghost PN candidates that are dif-
ficult or impossible to detect in shallower survey data.

3. JAM 2

JAM 2 is a very large, extremely low-surface-brightness nebula
detected in deep [O mi] imaging, located in the constellation of
Pisces. The total integration time of the image shown in Fig. 1
was 131 h in [O m] obtained from 600s subframes *.

3 https://www.baader-planetarium.com
4 At the time of submission of this manuscript, JAM 2 was not listed as
a public object in the HASH PN database, nor did it appear on the plan-

The nebula exhibits an elliptical shell morphology with pro-
nounced brightness asymmetries and filamentary substructure,
consistent with a highly evolved PN interacting with the inter-
stellar medium (ISM; Wareing et al. 2007). While the PN in-
terpretation is favoured, confirmation will require kinematic or
spectroscopic follow-up.

3.1. Morphology

The [O m] image reveals an elliptical shell with approximate
angular dimensions of 41’x37’. The shell is incomplete and
highly non-uniform, with the emission concentrated into patchy,
filamentary arcs rather than a continuous limb-brightened rim.
This fragmented appearance is characteristic of advanced evo-
lutionary stages, where hydrodynamic instabilities and ISM in-
teraction affect the nebular morphology. The brightest regions
of the nebula exhibit a surface brightness of approximately
30 mag arcsec™? in the [O m] band.

The brightest emission is confined to the eastern side of the
shell, while the opposite side is fainter and more diffuse. The in-
terior region is largely devoid of detectable emission, except for
some wispy, filamentary patches, reinforcing the interpretation
of a thin, expanded shell rather than a filled H 1 region or diffuse
Galactic emission. No comparable large-scale structure is visi-
ble in adjacent fields at similar depths, arguing against a chance
superposition of unrelated ISM filaments.

To quantify the symmetry properties of the [O m] emission
in our new nebular candidates, we adopted the transformation
information (TI) formalism introduced by Shishkin & Michaelis
(2026). In this approach, the similarity between an image, /(x),
and a geometrically transformed version, Tyl(x) (either a rota-
tion by angle 6 or a reflection about an axis at an angle 6) is mea-
sured through the TI statistic computed over the overlap domain
between the original and transformed images. Local minima in
the resulting TI(6) curves identify candidate rotational symme-
tries (rotation TI) and mirror-symmetry axes (reflection TI), al-
lowing a robust, metric-based characterisation of symmetry even
in low-surface-brightness regimes.

To enhance the visibility of the extremely low-surface-
brightness nebular emission and to prevent field stars from dom-
inating the morphological and symmetry diagnostics, we per-
formed the analysis on star-subtracted (‘starless’) versions of the
[O m] images. The starless frames were produced with STarX-
TerMiNATOR (Croman 2025) software. This step reduces the risk
of spurious symmetry signatures driven by the spatial distribu-
tion of field stars rather than by the nebular emission itself.

The starless image of JAM 2 (Fig. 2, left) reveals a large,
evolved shell with a non-uniform rim brightness, yet the TI di-
agnostics indicate a coherent global symmetry component. The
rotation TI curve exhibits its most pronounced non-trivial min-
imum at § ~ 180° (excluding the trivial 6 — 0° self-match),
implying that the [O m] surface-brightness distribution is signif-
icantly more self-similar under a half-turn rotation than under
neighbouring angles. We could interpret this as evidence of an
axisymmetry in projection, rather than an exact two-fold sym-
metry. Additional, shallower rotation minima are present (e.g.
near § ~ 81° and 6 ~ 270-280°), and likely reflect weaker, lo-

etarynebulae.net website. After email correspondence with HASH’s
database administrator, we were informed that an entry matching the
position and angular size of JAM 2 had previously been inserted into
database by Dr. D.J. Frew, but had not been made public. We therefore
report JAM 2 here as an independent identification, while acknowledg-
ing that the object had already been internally recorded in HASH.
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Fig. 2: Starless [O m] image of JAM 2 and the resulting symmetry diagnostics.
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Fig. 3: GTC-OSIRIS spectrum of the candidate central star of JAM 2, PG 0038+199. Over-plotted is a H+He TMAP model with
Ter =125kK, log g =7.0, and H/He= 0.02 (by mass).

calised self-similarity associated with segmented rim structure
and patchy low-surface-brightness emission.

The reflection TI curve identifies a small set of candidate
mirror-symmetry solutions, with prominent minima clustered
around s ~ 45°-60° (note that, as in Shishkin & Michaelis
2026, the angle 6, is defined as the anti-clockwise angle from
the x-axis of the image, which in our case corresponds to the
position angle plus 90°), corresponding to projected mirror axes
on the sky within a narrow angular range. This clustering sug-
gests a preferred morphological orientation (a principal symme-
try plane in projection), while the departures from perfect reflec-
tion symmetry are dominated by brightness variations along the
shell rim and diffuse extensions at very low surface brightness.
Given that TI-based symmetry signatures can be affected by the
adopted centre and residual large-scale background structure in
such faint regimes, we conservatively report the ~ 180° rotation
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minimum and the clustered reflection-axis solutions as the most
robust symmetry features of JAM 2 in the present data.

3.2. Central star

JAM 2 seems to be spatially associated with the well-
studied DO1 white dwarf (WD), PG 0038+199, very close
to the geometric centre of the nebula (¢ = 00h41™35.338¢,
0 = +20°09'16.907”, J2000). Gaia Data Release 3
(DR3) astrometry gives a parallax of 2.50 + 0.04 mas
(Gaia Collaboration et al. 2023), corresponding to a distance of
397 + 6 pc (Bailer-Jones et al. 2021).

The star has G = 14.491 + 0.003 mag, BP — RP = —-0.53 +
0.05 mag, and an absolute magnitude M; =~ 6.48 + 0.04 mag,
fully consistent with a hot, luminous WD. Its proper-motion vec-
tor is approximately aligned with the minor axis of the nebula,
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Fig. 4: Fit to the SED for PG0038+199. Top panel: Filter-
averaged fluxes converted from observed magnitudes are shown
in different colours. The pink line represents the IUE spectra,
and the grey lines correspond to the model flux that best fits the
observation. The model flux is degraded to a spectral resolution
of 6 A. To reduce the steep SED slope, the flux is multiplied by
the wavelength cubed. Bottom panel: Difference between syn-
thetic and observed magnitudes.
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Fig. 5: Lomb-Scargle periodogram of the zg light curve of
PG 0038+199. The maximum power is at 0.994 d.

Light curve (zg), P = 0.994 d

HHHHWHHHH

zg (points)
& zg (binned)

14.26

14.28

14.30

14.32

mag

14.34

14.36

14.38

14.40
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00

Phase (¢)

Fig. 6: zg light curve of PG 00384199 folded on the peak of the
Lomb-Scargle periodogram (0.994 d).

and the star is moving towards the brighter, compressed side
of the shell, as clearly indicated in Fig. 1. This configuration
is a well-known observational signature of PN-ISM interaction,
where ram pressure enhances emission on the leading edge and
erodes the trailing side (Wareing et al. 2007).

At the Gaia DR3 distance of 400 pc, the angular semi-major
axis corresponds to a physical radius of R » 2.4 pc, placing
JAM 2 among the largest PN candidates known. Assuming a
generous expansion velocity of Ve, = 30km s7!, the inferred
kinematical age is r = 80000 yr, consistent with a late-stage PN
approaching full dispersal into the ISM.

PG 0038+199 is regarded as a canonical standard star for
the hot, helium-rich DOI1 spectral class (Wesemael et al. 1993).
The first non-local thermodynamics equilibrium (NLTE) spectral
analyses of PG 0038+199 were presented by Dreizler & Werner
(1996) and Dreizler et al. (1997), who found T.¢=115kK and
logg="7.5 based on optical TWIN and KECK spectroscopy,
respectively. A sophisticated combined optical and ultraviolet
spectral analysis of PG 0038+199 was presented by Werner et al.
(2017), who derived Tt =125 +5kK and logg=7.0 £ 0.5. In
addition they found that PG 0038+199 shows remaining H (2%,
by mass), has a super solar N abundance (30X solar), but subso-
lar abundances of C and O.

Spectra were obtained on August 26, 2023, using the Optical
System for Imaging and low-Intermediate-Resolution Integrated
Spectroscopy (OSIRIS) mounted on the 10.4m Gran Telesco-
pio Canarias (GTC). The R2000B grating and R2500R grating
were used along with a 0.6" long slit to obtain single exposures
of 450s (programme ID: GTC51-23B). Besides the previously
identified Hem absorption and Nv 14945 A emission, we see
hints of absorption lines of the N 1v 114604, 4620 A doublet (see
Fig. 3). Jeffery et al. (2023) show that around T = 120kK, the
N1v 114604, 4620 A doublet becomes invisible as the lines turn
from absorption to emission. In addition we detect an unidenti-
fied absorption line around 4753 AA and a weak diffuse inter-
stellar band at 4429 A.

As already reported by Dreizler & Werner (1996), the star
exhibits a Heu line problem, meaning that not all Henu lines
can be fit simultaneously. This also becomes obvious in Fig. 3
where we have over-plotted a H and He model which we cal-
culated using the Tiibingen NLTE Model-Atmosphere Pack-
age (TMAP>; Werner et al. 2012) assuming the best-fit param-
eters (Ter=125 £ 5kK, logg=7.0+0.5, H/He= 0.02) from
Werner et al. (2017). The blue part of the spectrum is well re-
produced, except the central emission of He 11 14686 A. On the
other hand, the observed Hen 415411, 6560 A absorptions are
too deep compared to the model.

We performed a fit to the observed spectral energy distribu-
tion (SED), employing the pure He TMAP model grid presented
by Reindl et al. (2023) and the y? SED fitting routine described
in Heber et al. (2018) and Irrgang et al. (2021). We used photom-
etry from Gaia (Early)DR3 (Gaia Collaboration et al. 2021a,b),
photometry from various surveys, as well as the IUE spec-
tra of the star. In the fit we assumed the best fit parameters
(Teg =125 £ 5KK, logg=7.0 £0.5) from Werner et al. (2017)
and let only the angular diameter, ®, and the colour excess vary
freely. Interstellar reddening was accounted for by using the red-
dening law of Fitzpatrick et al. (2019) with Ry = 3.1.

Our best fit is shown in Fig. 4. The UV flux is slightly over-
estimated by the model, because of the lack of metal opacities
which would decrease the predicted UV flux. We derive a red-
dening of Eg_y = 0.033 = 0.002 mag, in agreement with the 2D
dust map of Schlafly & Finkbeiner (2011) who predicts Ep_vy
= 0.033 + 0.002 mag. From the angular diameter and paral-
lax, the radius of the stars can be calculated via R = ®/2w. By

5 http://astro.uni-tuebingen.de/~TMAP
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that we obtain Rg,i; = 0.0285 + 0.0013 Ry, and using L/L, =
(R/Ro)*(Tegt/Ter.o)* a luminosity of L = 180 + 40 L,

Analysis of Zwicky Transient Facility (ZTF; Masci et al.
2019) light-curve data for the candidate central star reveals sta-
tistically significant photometric variability with a period of ap-
proximately 0.994 + 0.002d , as indicated by the periodogram
and the phase-folded zg-band light curve shown in Figs. 5 and
6, respectively. The ZTF zr-band light curve exhibits the same
behaviour, with a consistent period within the uncertainties. The
period is suspiciously close to one day, potentially indicative of
an alias of the sampling. However, the variability is not corre-
lated with the airmass, seeing or lunar phase of the observations,
providing some indication that the variability is intrinsic and not
an artefact of reduction or photometry. A by-eye inspection of
the folded light curve in Fig. 6 shows that the brightness varies
relatively smoothly in a roughly sinusoidal manner, with an am-
plitude of a few tens of millimagnitudes. The derived ephemeris
for the heliocentric Julian date (HID) of minimum light is

HJDpin = 2458271.02(27) + 0.994(2)E, €))
where E is an integer that represents the number of cycles
since the time of reference minimum.

PG 0038+199 was also observed by TESS (TIC 434216729)
in two sectors with the data showing no notable periodicity per-
haps indicating that the ZTF variability is, in fact, simply an
alias. However, the CROWDSAP is quite low at 0.64 (indicat-
ing that some 36% of the observed flux does not originate from
PG 0038+199, diluting any potential variability) and the star is
not particularly bright (~1 magnitude fainter than the typically
quoted primary magnitude limit of the mission).

The origin of the ZTF variability (assuming it is real) is un-
clear but its apparently sinusoidal nature could be consistent
with irradiation of an otherwise hidden cool companion. How-
ever, no irradiated lines (originating from the surface of a cool
companion) are visible in the spectra (see e.g. Jones et al. 2020).
Furthermore, the SED shows no indication of an infrared ex-
cess (Fig. 4) making a main sequence companion unlikely. To
test what type of non-degenerate companion could potentially
be hidden in the SED, we employed the PHOENIX model grid
(Husser et al. 2013) and adopted representative effective temper-
atures and radii for M dwarfs from Cifuentes et al. (2020). We
find that companions earlier than spectral type M6 would be de-
tectable in the SED.

A WD companion is also unlikely as the period is too long
to be associated with ellipsoidal modulation (where the true pe-
riod would be double the observed peak), and this would imply
a radius (for either component) inconsistent with the SED fit-
ting. The most likely cause of the variability is thus rotation and
spots (see e.g. Momany et al. 2020; Reindl et al. 2021). Compar-
ing the two ZTF light curves, there is no appreciable change in
colour index (g-r) as a function of phase, a typical indication of
spots, but the low amplitude and relatively low signal-to-noise of
the variability makes this inconclusive. Ultimately, further con-
firmation via high-precision multi-band times-series photometry
and/or spectroscopy is required in order to confirm the variability
and its possible origin.

Besides PG 1034+001, PG 0038+199 is currently the only
N-rich DO WD. These stars are thought to be the direct succes-
sors of the N-rich O(He) stars, which exhibit similar CNO abun-
dance patterns (Werner et al. 2017). Currently, there are four-
teen O(He) stars known (Reindl et al. 2014; Werner et al. 2014;
Werner & Rauch 2015; Werner et al. 2022; Jeffery et al. 2023;
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Werner et al. 2025), nine of which belong to the N-rich sub-
type. Of these nine stars, three are central stars of PNe (K 1-
27, LoTr 5, and Pa 5), and no PN has been reported around the
other six. Depending on whether a (H-rich) PN is present or not,
two different evolutionary pathways have been proposed. Naked
(i.e. no PN) N-rich O(He) stars are thought to be the product of a
double He-core WD merger (Reindl et al. 2014; Zhang & Jeffery
2012), and the direct successors of the He-core burning and N-
rich He-sdO stars. For O(He) stars that are surrounded by a H-
rich PN, the double He-core WD merger scenario is not possi-
ble, given the long (> 107 yrs) He-core burning phase. For these
central stars it has been suggested that they might result from
a merger of an asymptotic giant branch star within a common
envelope, meaning that the ejected envelope is visible as H-rich
PN, while the merger might have produced the H-deficiency of
the central star (Reindl et al. 2014). The evolutionary status of
the two N-rich DO WDs would then depend on whether the
ionised material around PG 0038+199 and PG 1034+001 can
be associated with of a H-rich PN or not. We, also note that
the evolutionary models of Althaus et al. (2009) indicate that
PG 0038+199 is already 40-50 kyr along its cooling track, con-
sistent with being inside an ancient PN (the time between PN
formation and the star reaching maximum effective temperature
is uncertain, but can range from a few hundred to a few tens of
thousands of years; Miller Bertolami 2016).

4. JAM 3

JAM 3 is a low-surface-brightness nebula located in the constel-
lation of Draco, detected in deep narrow-band [O m1] imaging.
The [O m] frame shown in Fig. 7 was obtained from 296 sub-
frames of 600s each (total integration time 49.3h) and is ori-
ented with north up and east to the left (plate scale 0.72" px~!).

4.1. Morphology

Morphologically, JAM 3 exhibits an overall elliptical appearance
that is largely filled with prominent filamentary and arc-like sub-
structure across the interior, rather than a clean, centrally evac-
uated limb-brightened ring. The highest-contrast features trace
a network of internal filaments and partial rim segments, while
a fainter, more diffuse outer envelope extends beyond the struc-
tured inner emission. From an isophotal segmentation of the ex-
tended [O mr] emission, adopting an isophote at 25% of the image
peak intensity (i.e. [, = 0.25 Ijhax), the outer envelope spans ap-
proximately Dy, ~ 592 pix and Dy, ~ 491 pix, corresponding
to7.1" X 5.9".

In the starless [O m] image of JAM 3, it appears as a low-
contrast, diffuse structure close to the detection limit over much
of the field, and its TI signatures are correspondingly domi-
nated by large-scale morphology. In this regime, the TI diag-
nostics are expected to be more sensitive to low-frequency struc-
ture (and potentially to residual background gradients) than in
well-defined shell sources. The rotation TI curve shows multi-
ple non-trivial local minima, including candidates near 6 =~ 90°,
6 ~ 180°, and 6 ~ 270°, indicating that the image exhibits com-
parable degrees of self-similarity under several rotations. The
presence of these minima of similar character argues against a
uniquely dominant rotational symmetry at the current signal-to-
noise level.

The reflection TI curve likewise identifies several candidate
mirror-symmetry solutions (with minima distributed over multi-
ple angles), rather than a single sharply preferred axis. We there-
fore conservatively interpret the reflection results as evidence
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Fig. 7: JAM 3 in the light of [O m]. The position of the candidate central star is marked with a red cross. North is up, and east to the

left.

of weak or ambiguous mirror symmetry in JAM 3, compati-
ble either with intrinsically irregular or low-axisymmetry struc-
ture or with the limited contrast of the detected emission. Given
the known sensitivity of TI-based symmetry signatures to the
adopted centre and large-scale background residuals in very faint
regimes, we treated the set of detected rotation and reflection
minima as candidate symmetries, and refrained from assigning
a unique principal symmetry axis for JAM 3 from the current
image alone; see Fig. 8.

4.2. Central star

Near the geometric centre of the nebula we identify a star classi-
fied as a WD candidate (Gentile Fusillo et al. 2021; Culpan et al.
2022), Gaia DR3 2265067757936901760 (o = 19"19™m42.35%,
) +73°40'01.55”; J2000). The Gaia DR3 parallax, @
0.5448 + 0.1149 mas, implies a distance estimate of d
2.1fgg kpc. The source has G = 18.432 + 0.003 mag and BP —
RP = -0.297 +£0.044 mag, consistent with a hot blue object, and
yields an absolute magnitude of Mg = 7.11 + 0.46 mag. Using
the measured major angular diameter of the nebula (D, = 7.17)
and the inferred distance, the corresponding physical major di-
ameter iS Dpgjphys = 4.33:3 pc . Adopting a representative ex-

pansion velocity of Ve, = 30km s~! for an evolved PN, we ob-
tain a kinematic age of #, = 71f%‘7t kyr.

We searched for photometric variability of the candidate cen-
tral star using publicly available ZTF time-series photometry in
the g and r bands. We analysed the light curves after standard
quality filtering and performed a period search using a Lomb—
Scargle periodogram over periods spanning ~0.01-15 d. No sta-
tistically significant periodic modulation was detected in either
band, and the phase-folded light curves do not show the coherent
sinusoidal (reflection or ellipsoidal) signatures typically associ-
ated with short-period post-common-envelope binaries. These
results therefore do not support a close-binary interpretation
based on ZTF photometry alone, although low-amplitude vari-
ability, unfavourable inclination, or periods poorly sampled by
the ZTF cadence cannot be excluded.

5. JAM 4

JAM 4 is a low-surface-brightness nebula in the constellation of
Camelopardalis, detected in deep narrow-band [O m] imaging.
The [O m] data shown in Fig. 9 were obtained from 291 sub-
frames of 600s each (total integration time 48.5h); the image
is oriented with north up and east to the left. During the prepa-
ration of this manuscript, the discovery of JAM 4 was indepen-
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Fig. 8: Starless [O m] image of JAM 3

dently reported by Celnik et al. (2026) during a survey for dwarf
companions to the spiral galaxy NGC 2403. They dub the nebula
TBG-N1.

5.1. Morphology

Morphologically, JAM 4 is shell-like and predominantly limb-
brightened, with a markedly brighter sector along the rim, plau-
sibly produced by compression and enhanced excitation where
the expanding shell interacts with the ambient ISM (PN-ISM
interaction).

The starless image of JAM 4 is dominated by a compact,
high-contrast central emission component superposed on much
fainter large-scale structure. In this situation, the TI diagnostics
primarily probe the symmetry content of the dominant central
brightness distribution rather than that of any extremely low-
surface-brightness outer emission. The rotation TI curve displays
a pronounced non-trivial minimum at 6 ~ 180° (excluding the
trivial & — 0° self-match), indicating that the [O ] surface-
brightness pattern is significantly more self-similar under a half-
turn rotation than under neighbouring angles. We interpret this
as evidence of a dominant centro-symmetric (C,-like) compo-
nent in projection, while noting that the object is not strictly
two-fold symmetric owing to the marked brightness asymme-
try of the compact core. Additional, shallower rotation minima
(e.g. near 6 ~ 99° and 0 ~ 261°) likely trace weaker, localised
self-similarity associated with anisotropic extensions around the
core.

The reflection TI curve identifies well-defined candidate
mirror-symmetry solutions, with prominent minima consistent
with reflection axes near 8, ~ 60° and 0, ~ 150°. This indi-
cates a preferred morphological orientation (a principal symme-
try plane in projection) for the dominant emission component,
with departures from perfect mirror symmetry driven by one-
sided brightness enhancements in the compact core and by low-
contrast diffuse structure. Given that TI-based signatures can be
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and the resulting symmetry diagnostics.

sensitive to the adopted centre, masking, and residual large-scale
background structure, we conservatively report the ~ 180° rota-
tion minimum and the identified reflection-axis candidates as the
most robust symmetry features of JAM 4 in the current data. See
Fig. 10.

5.2. Central star

Near the nebular centre we identify a blue Gaia WD can-
didate, Gaia DR3 1095335102795586944, located at «
07"58™20.029%, 6 = +66°45'58.68"” (J2000), marked by a red
cross in Fig. 9. The Gaia parallax of @ = 0.98 + 0.09 mas im-
plies a distance of d = 1.05*0) kpc. The Gaia proper motion
vector once corrected for Galactic rotation (Table 2) points ap-
proximately east-northeast, roughly perpendicular to the bright-
ened edge or rim. If this brightening were the result of inter-
action with the ISM, one would expect the direction of proper
motion to be roughly to the south-east, thus calling this hypoth-
esis into question. Adopting a representative expansion veloc-
ity of vexp = 30km s~!, the implied kinematic age based on the
nebular major-axis radius is #, = 48 + Skyr. The source has
G = 17.442 + 0.003 mag and BP — RP = —0.2310 mag, con-
sistent with a hot, blue object, and yields an absolute magnitude
of Mg = 7.40 + 0.21 mag. The nebula spans 9.6" x 8.3’, corre-
sponding to physical dimensions of 2.9%03 pc X 2.5*33 pc at the
Gaia distance. It is important to note that Celnik et al. (2026) in-
dependently identified Gaia DR3 1095335102795586944 as the
central star of JAM 4/TBG-N1 and spectroscopically confirmed
that it is, indeed, a WD. Furthermore, based on the effective tem-
perature and surface gravity they derive, the age of the WD is
100-250 kyr thus providing further support for the ancient na-
ture of the PN.
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Fig. 9: JAM 4 in the light of [O m]. The position of the candidate central star is marked with a red cross. North is up,and east to the

left.

6. Conclusions

We present narrow-band imaging of three new candidate ancient
PNe, which we name JAM 2, JAM 3 and JAM 4. Morphological
analysis indicates that all three have axisymmetric morphologies
with strong indications of interaction with the ISM. Based on the
Gaia parallaxes of their candidate central stars (Table 2), we es-
timate their ages to be in the range 50—100 kyr, meaning they are
all amongst the oldest PNe known. The candidate central star
of JAM 2 is an N-rich DO WD - a rare type of WD believed
to be the product of binary evolution and the direct progeny of
N-rich O(He) stars. ZTF photometry of the candidate central
star of JAM 2 reveals low-amplitude, periodic variability con-
sistent with spots on the rotating stellar surface. These results
demonstrate the potential of modern, advanced amateur astron-
omy equipment to reveal hitherto hidden ghost PNe.

Acknowledgements. The authors thank the anonymous referee for their con-
structive comments. This work made use of Astropy:® a community-developed
core Python package and an ecosystem of tools and resources for astron-
omy (Astropy Collaboration et al. 2013, 2018, 2022). Based on observations
made with the Gran Telescopio Canarias (GTC), installed at the Spanish

® http://www.astropy.org

Observatorio del Roque de los Muchachos of the Instituto de Astrofisica
de Canarias, on the island of La Palma. This work has made use of data
from the European Space Agency (ESA) mission Gaia (https://www.
cosmos.esa.int/gaia), processed by the Gaia Data Processing and Anal-
ysis Consortium (DPAC, https://www.cosmos.esa.int/web/gaia/dpac/
consortium). Funding for the DPAC has been provided by national institu-
tions, in particular the institutions participating in the Gaia Multilateral Agree-
ment. DJ acknowledges support from the Agencia Estatal de Investigacién del
Ministerio de Ciencia, Innovacién y Universidades (MCIU/AEI) under grant
“Nebulosas planetarias como clave para comprender la evolucién de estrel-
las binarias” and the European Regional Development Fund (ERDF) with ref-
erence PID2022-136653NA-100 (DOI:10.13039/501100011033). DJ also ac-
knowledges support from the Agencia Estatal de Investigacion del Ministe-
rio de Ciencia, Innovacién y Universidades (MCIU/AEI) under grant “Rev-
olucionando el conocimiento de la evolucién de estrellas poco masivas”
and the European Union NextGenerationEU/PRTR with reference CNS2023-
143910 (DOI:10.13039/501100011033). MSG acknowledges support from the
I+D+i PID2023-146056NB-C21 (CRISPNESS/MESON), funded by the AEI
(10.13039/501100011033) of the Spanish MICIU and the European Regional
Development Fund (ERDF) of the EU. NR is supported by the Deutsche
Forschungsgemeinschaft (DFG) through grant RE3915/2-1.

References
Acker, A., Boffin, H. M. J., Outters, N., et al. 2012, Rev. Mexicana Astron. As-

Article number, page 9



A&A proofs: manuscript no. output

Original Image with Symmetry Axes

0.0125 A

0.0100 A

0.0075 A

Ti

Ti

0.008 A

0.006 A

0.004

— ot ——- ref Symm Axis

0.0050 -

0.0025

0.0000

0.014 A

0.012 A

0.010 ~

Rotation Tl

—— Tl (rotation)

T T
4] 30 60 90 120 150 180
Angle (degree)

0 30 60 90 120 150 180

1
1
1
: —— Tl (reflection)
1 1

Reflection Tl

Fig. 10: Starless [O mi] image of JAM 4 and the resulting symmetry diagnostics.

trofis., 48, 223

Althaus, L. G., Panei, J. A, Miller Bertolami, M. M., et al. 2009, ApJ, 704, 1605

Astropy Collaboration, Price-Whelan, A. M., Lim, P. L., et al. 2022, ApJ, 935,
167

Astropy Collaboration, Price-Whelan, A. M., Sip6cz, B. M., et al. 2018, AJ, 156,
123

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al. 2013, A&A, 558,
A33

Bailer-Jones, C. A. L., Rybizki, J., Fouesneau, M., Demleitner, M., & Andrae,
R. 2021, AJ, 161, 147

Budaj, J., Bernhard, K., Jones, D., & Munday, J. 2025, Nature Astronomy, 9,
380

Celnik, W. E., Kochling, P., Kotov, S., et al. 2026, Astronomische Nachrichten,
347, ¢70078

Cifuentes, C., Caballero, J. A., Cortés-Contreras, M., et al. 2020, A&A, 642,
Al15

Croman, R. 2025, StarXTerminator: star removal software using Al, RC-Astro
software (PixInsight plugin), version 2.3.11

Culpan, R., Geier, S., Reindl, N, et al. 2022, A&A, 662, A40

Dreizler, S. & Werner, K. 1996, A&A, 314, 217

Dreizler, S., Werner, K., Heber, U., Reid, N., & Hagen, H. 1997, in The Third
Conference on Faint Blue Stars, ed. A. G. D. Philip, J. Liebert, R. Saffer, &
D. S. Hayes, 303

Fitzpatrick, E. L., Massa, D., Gordon, K. D., Bohlin, R., & Clayton, G. C. 2019,
AplJ, 886, 108

Fragkou, V., Parker, Q. A., Zijlstra, A. A, et al. 2022, ApJ, 935, L35

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2021a, A&A, 649, Al

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2021b, A&A, 650, C3

Gaia Collaboration, Vallenari, A., Brown, A. G. A., et al. 2023, A&A, 674, Al

Gentile Fusillo, N. P.,, Tremblay, P.-E., Cukanovaite, E., et al. 2021, MNRAS,
508, 3877

Heber, U., Irrgang, A., & Schaffenroth, J. 2018, Open Astronomy, 27, 35

Husser, T.-O., Wende-von Berg, S., Dreizler, S., et al. 2013, A&A, 553, A6

Irrgang, A., Geier, S., Heber, U., et al. 2021, A&A, 650, A102

Jacoby, G. H., Kronberger, M., Patchick, D., et al. 2010, PASA, 27, 156

Jeffery, C. S., Werner, K., Kilkenny, D., et al. 2023, MNRAS, 519, 2321

Jones, D., Boffin, H. M. J., Hibbert, J., et al. 2020, A&A, 642, A108

Le Di, P., Mulato, L., Parker, Q. A., et al. 2022, A&A, 666, A152

Manuel, J. A., Jones, D., & Santander-Garcia, M. 2025, Research Notes of the
American Astronomical Society, 9, 251

Martinez, J. R., del Palacio, S., & Bosch-Ramon, V. 2023, Astronomy & Astro-
physics, 680, A99

Masci, F. J., Laher, R. R., Rusholme, B., et al. 2019, PASP, 131, 018003

Miller Bertolami, M. M. 2016, A&A, 588, A25

Momany, Y., Zaggia, S., Montalto, M., et al. 2020, Nature Astronomy, 4, 1092

Article number, page 10

Ogle, P., Petersen, M.,
arXiv:2507.15834

Parker, Q. A., Bojici¢, L. S., & Frew, D. J. 2016, in Journal of Physics Conference
Series, Vol. 728, Journal of Physics Conference Series (IOP), 032008

Reindl, N., Islami, R., Werner, K., et al. 2023, A&A, 677, A29

Reindl, N., Rauch, T., Werner, K., Kruk, J. W., & Todt, H. 2014, A&A, 566,
All6

Reindl, N., Schaffenroth, V., Filiz, S., et al. 2021, A&A, 647, A184

Schlafly, E. F. & Finkbeiner, D. P. 2011, ApJ, 737, 103

Shishkin, D. & Michaelis, A. 2026, arXiv e-prints, arXiv:2601.07913

Wareing, C. J., Zijlstra, A. A., & O’Brien, T. J. 2007, MNRAS, 382, 1233

Werner, K., Dreizler, S., & Rauch, T. 2012, TMAP: Tiibingen NLTE Model-
Atmosphere Package, Astrophysics Source Code Library

Werner, K. & Rauch, T. 2015, A&A, 583, A131

Werner, K., Rauch, T., & Kepler, S. O. 2014, A&A, 564, A53

Werner, K., Rauch, T., & Kruk, J. W. 2017, A&A, 601, A8

Werner, K., Reindl, N., Dorsch, M., et al. 2022, A&A, 658, A66

Werner, K., Reindl, N., Pritzkuleit, M., & Geier, S. 2025, A&A, 693, A167

Wesemael, F., Greenstein, J. L., Liebert, J., et al. 1993, PASP, 105, 761

Zhang, X. & Jeffery, C. S. 2012, MNRAS, 419, 452

Schaeffer, T., et al. 2025, arXiv e-prints,



