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ABSTRACT

We present infrared (IR) spectroscopic and optical morphological analyses of four multipolar young planetary nebulae (PNe) located
in the Galactic bulge (GB) to investigate their dust characteristics and complex multi-lobed structures. Hubble Space Telescope high-
resolution images of the nebulae (H 1-8, H 1-43, K 5-4, and M 3-14) reveal that these objects have interlaced multi-lobed features,
indicating that their formation process is complex. Spitzer IR spectroscopic measurements of three of the young PNe show that these
nebulae have unidentified IR emission bands and broad silicate features, suggesting the existence of a mixed-chemistry dust environ-
ment around these objects; such an environment, if present, may be caused by the last thermal pulse of the final asymptotic giant
branch phase or be related to the thick tori produced by the interactions of central binaries. To find a potential connection between the
multi-lobed shapes and central stars (CSs) of these nebulae, we employed Transiting Exoplanet Survey Satellite (TESS) monitoring
to check whether the CSs of the objects exhibit photometric variations. Analysis of TESS observations of the four young PNe shows
that the CS of H 1-43 exhibits a periodic photometric variation of 20.88 hr; no regular brightness variations are detected for the other
three nebulae. To study and differentiate the multipolar nebulae in the Galactic disk (GD) and GB, a statistical analysis was performed
on the properties of these nebulae. The binary fraction of multipolar PN CSs in the GD region is estimated to be 23-40%, which is
significantly larger than the binary fraction of the PN CSs reported in other studies. This strongly supports the hypothesis that binary
interactions play an important role in the formation of multipolar PNe. Analyses of the spectral energy distributions of the objects
show that their IR luminosities, dust temperatures, and mean emission measures are higher than the averages for normal PNe, which

may indicate that they are young.
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1. Introduction

Planetary nebulae (PNe) are important objects for studying
the final stages of the evolution of low- and medium-mass
stars. During the asymptotic giant branch (AGB) and post-AGB
stages, stars eject large amounts of material, which is then
ionized by ultraviolet (UV) radiation from the central stars
(CSs) and eventually forms PNe. With the advancement of
high-angular-resolution and high-dynamic-range observation
technology, especially through the James Webb Space Telescope
(JWST) and Hubble Space Telescope (HST), some PNe have
been revealed to have complex multipolar structures, rather than
being limited to simple elliptical shells or bipolar morphologies
(De Marco et al. 2022; Hsia et al. 2010, 2014, 2019; Lépez et al.
1998; Manchado et al. 1996; Wen et al. 2023, 2024). Multipolar
PNe usually show two or more pairs of axisymmetric structures,
suggesting that the formation of this type of object involves
high-speed, highly collimated outflows from different directions,
or outflow directions that vary with time (Hsia et al. 2014). In
addition, the vast majority of these objects are compact and
fairly young, suggesting that multipolar PNe have a significant
impact on the early stages of PN evolution (Wen et al. 2023;
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Hsia et al. 2014). Not many PNe with multipolar appearances
have been discovered to date, due to low-resolution images or
observations with poor dynamic ranges.

During the evolution of multipolar PNe, the shapes and struc-
tures of these objects vary with their CS evolution, the density
variation of the surrounding environment, and different obser-
vation angles (Hsia et al. 2014). Multipolar young PNe (YPNe)
usually show morphological diversity and structural complexity.
Over the past two decades, there has been increasing interest in
the properties of multipolar YPNe in the Galactic disk (GD),
especially their complex nebular structures, chemical compo-
sitions, and ionized gas components (Hsia et al. 2014; Kwok
& Su 2005; Sahai 2000; Sahai et al. 2011). Although several
scenarios have been proposed to clarify the formation of multi-
polar nebulae (Avitan & Soker 2025; Garcia-Segura et al. 2006;
Garcia-Segura 2010; Lépez et al. 1995; Steffen et al. 2013;
Veldzquez et al. 2012), the exact mechanism responsible for the
multi-lobed structures of these objects remains unclear. In the
late AGB or post-AGB phase, binary and/or multiple substel-
lar companion interactions or the precession of the rotation axis
of the mass-loss star may be the key factors (Garcia-Segura
1997, 2010; Hsia et al. 2014; Veldzquez et al. 2012). Avitan
& Soker (2025) suggest that the axis of one of the lobes of
a multipolar PN is due to the orbital angular momentum of a
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binary system, and that the axis of the other lobe is caused by
mighty envelope convection of the mass-losing massive progen-
itor star. Observations using high-resolution and high-sensitivity
telescopes, especially next-generation telescopes, will be crucial
to elucidating the physical processes involved in the formation
and evolution of these multipolar YPNe. Such observations can
help us obtain a deeper understanding of the progenitors of these
objects in the late AGB or post-AGB phase (De Marco et al.
2022; Sahai et al. 2023).

Recent space-based all-sky photometric observations such as
the Kepler Space Telescope and the Transiting Exoplanet Sur-
vey Satellite (TESS) have provided a new means for discovering
the binary CSs of PNe (CSPNe; Handler et al. 2013; De Marco
et al. 2015; Aller et al. 2020; Jacoby et al. 2021; Rechy-Garcia
et al. 2022; Wen et al. 2024). Through high-precision continuous
photometric monitoring, the missions can effectively identify
the potential periodic photometric variations in CSPNe due to
binary interactions (Aller et al. 2020). With the retirement of
the Kepler Space Telescope, TESS has become the best tool for
searching for short-period binaries in PNe. A preliminary study
of the eight Galactic CSPNe observed by TESS revealed that
all but one show meaningful periodic variability, which may be
caused by the central binary interactions of PNe (Aller et al.
2020). For multipolar PNe, the central binary interactions may
be the key mechanism for forming the multipolar appearance
of such objects. To find the possible connection between the
CSs of multipolar YPNe and their multiple lobe-like structures,
Wen et al. (2024) attempted to search for the existence of central
binary stars in YPNe with a multipolar appearance. They found
anebula in the TESS observations that exhibited periodic photo-
metric variations, which may be caused by the binary star in the
core of the PN. However, the observed photometric variations of
the CSPNe may still be contaminated by nearby sources around
the nebulae (Aller et al. 2020; Wen et al. 2024). These studies
suggest that TESS observations can open up another avenue for
searching for central binaries of multipolar YPNe.

Compared with the GD and halo regions, the origin and evo-
lution of the Galactic bulge (GB) remain poorly resolved. It is
generally believed that the GB is a region at the center of our
Milky Way galaxy composed of many old stars (>10 Gyr; Nataf
2016). Subsequent studies (Bensby et al. 2013; Gesicki et al.
2014; Nataf 2016) suggested that the GB contains two different
stellar populations: one that is old and metal-poor and one that is
young and metal-rich (bulge AGB stars and PNe). Infrared (IR)
spectroscopic surveys of some GB PNe have shown that most
nebulae in the sample exhibit the signature of a mixed dust chem-
istry (Perea-Calderdn et al. 2009; Stanghellini et al. 2012), which
could be due to a final thermal pulse at the end of AGB phase
(or after) causing the object to transition from O-rich to C-rich
(Perea-Calder6n et al. 2009), or due to the photodissociation of a
thick torus associated with the central binary (Guzman-Ramirez
et al. 2011, 2014). Tan et al. (2023b) conducted a series of statis-
tical analyses on 136 GB PNe and found that 68% of the objects
in their sample are bipolar in shape. They also found 14 GB PNe
that host short-period binaries (they are almost bipolar nebulae),
whose major axes are almost parallel to the Galactic plane. In
fact, multipolar PNe are often misclassified as bipolar (B) or
elliptical (E) nebulae (Hsia et al. 2010, 2014). Past studies of mul-
tipolar nebulae have mostly focused on such objects in the GD
(Hsia et al. 2010, 2014, 2019; Sahai et al. 2011; Wen et al. 2024),
while information on the chemical compositions, dust proper-
ties, and structural distributions of these nebulae located in the
GB is still relatively lacking. Therefore, studying multipolar PNe
in the GB can not only provide important information about the
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relationship between nebular morphology and the characteris-
tics of their central sources, but also reveal the influence of their
surrounding environments in shaping the morphology of these
objects. Such further works can increase our understanding of
the evolution of the GB and enhance our exploration of the last
phase of the evolution of medium- and low-mass stars.

To search for more multipolar PNe in the GB and study
their properties, we reexamined a sample of 40 compact bulge
PNe observed by HST in Tan et al. (2023a). The high-resolution
HST images resolve the multipolar shapes and intrinsic complex
structures of these objects well. Four nebulae (H 1-8, H 1-43, K
5-4, and M 3-14) were selected from the sample based on the
following criteria: (i) these objects appear as multipolar shapes
(including nested ones) in the HST images; (ii) the nebulae have
been observed by the TESS mission in a search for their central
binaries; and/or (iii) their IR spectra show mixed dust chemistry
signatures.

In this study, we performed a multiwavelength investiga-
tion of four multipolar PNe located in the GB based on HST
optical images, Spitzer mid-IR (MIR) spectral data, and TESS
photometric observations. We explored the spatial structure dis-
tribution, dust properties, and chemical composition of these
four nebulae, as well as their interactions with the surround-
ing environment. Section 2 introduces the observational data of
these nebulae, including optical photometry, MIR spectral obser-
vations, and optical images, as well as related data processing
methods. The results of the individual observations are summa-
rized in Sect. 3. In Sect. 4 we derive the properties of these four
nebulae from the spectral energy distribution (SED). A compar-
ison of the properties of multipolar YPNe in the GD and GB
regions is presented in Sect. 5. In Sect. 6, we summarize our
work.

2. Observation and data reduction
2.1. High-resolution HST optical imaging

Optical images of the PNe H 1-8, H 1-43, K 5-4, and M 3-14
presented in the study are obtained from the Mikulski Archive for
Space Telescopes (MAST). To obtain images with high spatial
resolution, all data were observed through the HST observing
program ID 9356 (PI: A. Zijlstra) using the Planetary Camera
(PC) of the Wide Field and Planetary Camera 2 (WFPC2). The
field of view of the PC is 36”8 x 36”8 (800 pixel x 800 pixel)
and its image resolution is (0’045 per pixel. A narrowband Ha
filter (F656N: A, = 6564 A, A1 =22 A) was used to capture the
overall characteristics of these PNe and detailed imaging of the
nebular structures. Total exposure time for each target was 200 s.

To provide a reliable basis for subsequent morphological
analysis, the raw science data were processed and calibrated
using the Image Reduction and Analysis Facility (IRAF) STS-
DAS software package. Data reduction processes including flat-
field correction, cosmic-ray removal, and bias calibration, were
successfully performed and are important for reducing artifacts
and noise in the images. The processed F65S6N (Ha) grayscale
images of the four PNe are shown in Fig. 1 and a journal of
the HST WFPC2 observations of the objects is summarized in
Table A.1. These high-resolution images truly reveal the nebular
structures and distributions of these objects.

2.2. TESS time-domain photometry

The TESS is an all-sky transit survey satellite that has scanned
more than 93% of the sky. The satellite is equipped with four
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Fig. 1. HST gray Ha images of four multipolar YPNe with a logarithmic scale. Their corresponding images are also displayed but labeled with
various structural features. The white crosses denote the locations of CSs. An inner torus (dotted orange line) at the waist of K 5-4 can be seen in

the inset.

high-sensitivity wide-field cameras that can cover an area of
96° x 24° of the sky. The camera contains four 2Kx2K CCD
detectors, providing a spatial resolution of 21" pixel~'. The long-
term uninterrupted TESS observations (approximately 27 days)
and its high-quality photometric data can provide a valuable
opportunity to discover and study the periodic variations of the
central binaries of multipolar nebulae.

The TESS photometric data for these four PNe (H 1-8, H 1-
43, K 5-4, and M 3-14) were obtained from the MAST database.
These nebulae were captured as full frame images at a cadence
of 200 seconds. We downloaded the full frame image 15x15
pixel® cutout images (5/3x5/3) from MAST’s TESScut service
to extract accurate photometric data of the CSPNe and then con-
verted them into target pixel files (TPFs). A summary of the
TESS observations is given in Table A.l1 and the TPFs of the
four nebulae are shown in Fig. 2.

Data processing, aperture selection, photometric measure-
ment, light curve generation, elimination of low-frequency
and long-term trends, and removal of anomalous data points
were all performed using the same methods described by

Wen et al. (2024). We employed a Lomb—Scargle periodogram
analysis to search for potential periodic signals in the observed
light curves measured at nonuniform intervals. Based on the
period values determined in the periodograms, the correspond-
ing phase-folded light curves of these nebulae were then created.

Due to the poor resolution of the TESS images
(21” pixels™'), we must be particularly careful when per-
forming photometric analyses of the CSs in the nebulae. Other
sources near the PNe may contaminate the observed photometric
variations, leading us to misinterpret the observations (Higgins
& Bell 2023; Pedersen & Bell 2023). Figure 2 shows how the
photometry can be contaminated by a few nearby sources of
comparable brightness to the target, making it more challenging
to distinguish the contribution of the CSPN from the observa-
tions. To ensure that the photometric variations indeed originate
from the CSs of the target nebulae and not from other nearby
sources in the same apertures, two different checks were per-
formed on individual CSPNe. The first step was to analyse the
periodograms of the CSPNe using the TESS_Localize package,
which can more accurately localize sources of variation to less
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Fig. 2. TESS TPFs of four YPNe. The filled circles and black crosses denote the Gaia DR2 objects and the YPNe. The white grid areas overlaid
on the TPF maps represent the apertures used to obtain the target fluxes. Photometry results of these nebulae may be contaminated by other objects
within the same apertures. The electron-counting scale bars are presented on the right.

than 20 percent of a TESS pixel (Higgins & Bell 2023). The
same method as Wen et al. (2024) is then used to select the
objects whose brightness actually varies. After our analysis
using the TESS_Localize package, additional visual checks were
performed on the TPFs created by this package to ensure that the
locations of the objects matched those of the CSs in the nebulae.

2.3. Spitzer mid-infrared spectroscopy

The Spitzer Space Telescope is an IR space observatory
equipped with an infrared spectrometer (IRS) and an infrared
array camera, which can sensitively detect IR thermal radiation
from various celestial objects. In this study, low- and medium-
resolution Spitzer IRS spectra of three PNe (H 1-8, H 1-43, and
K 5-4) were obtained through three programs 28561632 (PI: L.
Stanghellini), 11325696 (PI: M. Bobrowsky), and 25861376 (PI:
L. Stanghellini), respectively, to further understand their dust
characteristics. The observations utilized four different modes
of the Spitzer IRS instrument including the long-high (LH),
long-low (LL), short-low (SL), and short-high (SH) modules,
providing low (R~57-127) and medium (R~ 600) spectral res-
olution with total wavelength coverage from 5.2 to 39.8 pum.
The slit sizes for LH, LL, SL, and SH modules are 22/3x11"1,
168" %1077, 573”7, and 117347, respectively. The apertures
for the spectroscopic observations of H 1-8, H 1-43, and K 5-4
were set in the central parts of the objects, covering almost the
entire nebulae to capture the maximum fluxes from the targets.
Total exposures for the nebulae range from 40 to 218 s.
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We calibrated and reduced the MIR spectra of these compact
PNe using Spitzer Science Centre (SSC) pipeline version s18.7
to ensure data quality and consistency. In the processing stage,
anomalous pixels were first removed using the IRSCLEAN pro-
gram and then the spectra of individual nebulae were extracted
using the optimal extraction method in the Spectral Modelling
and Reduction Tool (SMART) package (Higdon et al. 2004). To
enhance the quality and reliability of the spectra, IRS spectro-
scopic measurements of these nebulae obtained from different
exposures were combined to produce the final spectra.

It is noteworthy in these observations that the slit widths of
the SL (3”7) and SH (4”7) modules are narrower than those of
the LH (1171) and LL (10”7) modules, so the measurements
using smaller apertures may result in flux losses during the
observations. To address this issue, scaling corrections are per-
formed on the SL or/and SH data of H 1-8, H 1-43 and K 5-4.
We multiplied the SH and SL observations for H 1-43 by 1.26
and 1.23, and for K 5-4 by 1.75 and 1.15, respectively, to adjust
the continuum intensities of the overlapping regions of the LH
and SL/SH spectra to be consistent. For PN H 1-8, because the
SL measurement used a smaller aperture than the LL data, the
SL spectrum is multiplied by a factor of 1.18 to make the con-
tinuous emission levels consistent in the overlapping parts of the
LL and SL spectra. The IRS observations of these compact PNe
are summarized in Table A.2.

Although Spitzer spectroscopic observations of these three
nebulae have been presented by Guzman-Ramirez et al. (2011)
and Stanghellini et al. (2012), the nature and properties of dust
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Table 1. Measurements of characteristic structures in HST images of the four YPNe.

H1-8 H 1-43
Feature PA@ Size Inclination® PA@ Size Inclination®
(O) (l//xw,,) (0) (0) (l//Xw,,) (0)
Lobe a—da’ 11+£3 2.47%1.01 24+4  2.65%0.75
Lobe b — b’ 4+4 3.53%1.03 166+2  1.59x0.71
Lobec - ¢’ 13743  4.44%x3.04
K 5-4 M 3-14
Feature PA@ Size Inclination® PA@ Size Inclination®
(0) (l//xw//) (O) (O) (l//xw//) (O)
Lobe a—a’ 12+3 5.44%1.93 9+4 8.71x3.64
Lobe b — b’ 9+4 2.17x1.05 157+2 9.36x3.85
Inner torus 97+3  0.91x0.35 2342
Outer torus 102+3
Tonized torus 66+3  5.63%x2.78 2943

Notes. “Estimating from the angle between the major axis and the north. ®Deriving from the major-to-minor axis ratio of the structure and

assuming the inclination of sky plane is 0°.

components of the objects are not well investigated. We reex-
amined the IR spectra of the nebulae to further study their
dust properties, unidentified infrared emission (UIE) bands, and
broad silicate features.

3. Results
3.1. Morphological structures of individual nebulae

The four nebulae (H 1-8, H 1-43, K 5-4, and M 3-14) are thought
to be YPNe because of their [O 11T] A5007/Ha flux ratios smaller
than 1 and their small sizes (Sahai et al. 2011). As can be seen
from Fig. 1, the PN H 1-8, H 1-43, and M 3-14 show a multi-
polar appearance with multiple sub-lobes, while K 5-4 exhibits
a nested hourglass shape, which can be considered an atypical
multipolar nebula (Hsia et al. 2014; Wen et al. 2023). The nested
bipolar structures seen in this nebula may be the result of (i) sev-
eral episodic mass ejections from the central binary (Hsia et al.
2021), (ii) different ionization layers in the photodissociation
region excited by far-UV radiation of the CS (Hsia et al. 2021),
or (iii) ionization and heating of the gas in the lobe walls by fast
stellar winds (Balick et al. 2022). In addition to the multipolar
structures seen in these YPNe, some of them exhibit notable fea-
tures including the tori around the waists and faint halos. The
multipolar lobes and waist-shaped torus structures detected in
the objects indicate that the processes that formed such YPNe are
quite complex. The CSs are visible only in H 1-8, H 1-43, and
M 3-14. To measure the orientations and diameters of the lobe
structures of these YPNe, we fit ellipses to the shapes shown on
the narrowband images. In this study, since the four nebulae are
located in the dense regions of the GB, we cannot obtain their
high-precision Gaia distance data. Instead, the distances to these
YPNe can only be obtained from various literature. Table 1 lists
the measured parameters of the observed structures, such as the
position angle (PA) of the major axis, the size of the feature,
and the derived tilt angle. The kinematic ages of these nebulae
are estimated based on the physical diameters (derived from the
conversion of the angular sizes and distances), nebular expan-
sion velocities, and inclination angles of their longest lobes. For
a multipolar PN, Guillén et al. (2013) find that the expansion
velocities of their lobe-like structures are faster than that of other

parts of the nebula. Therefore, given the relatively precise dis-
tances to these objects, the kinematic ages derived here are just
upper limits. The kinematic ages of the four nebulae range from
1710 to 5930 yr (see text), which is consistent with previous con-
clusions that the kinematic ages of GB PNe are typically less
than 6000 yr, and suggests that these nebulae are associated with
a younger, more metallic bulge population (Gesicki et al. 2014).
The structural descriptions of these YPNe are listed below.

3.1.1. H 1-8 (PN G352.6+03.0)

Parker et al. (2005) initially classified H 1-8 as an E-type neb-
ula based on low-resolution SuperCOSMOS Ha survey images.
According to the ERBIAS-sparm morphological classification
proposed by Parker et al. (2006), the PN is further classified as
a Bamprs nebula (Tan et al. 2023a). At first glance, the HST
Ha image of the PN (Fig. 1) reveals a pair of large bipolar lobes
(with a size of 4744x3"704) extending along the SW-NE direction
(marked as lobe ¢ — ¢’) and this structure dominates the nebula.
The waist of this lobe has a large elliptical structure, which seems
to be caused by the projection of the equatorial torus of the lobe
¢ — ¢’. Assuming that the observed elliptical structure is formed
by a tilted circular projection, the tilt angle of the structure is ~
56° (the tilt angle of the sky plane is 0°), implying that the lobe
¢ — ¢’ has the same tilt angle of 56+3° as the elliptical struc-
ture. When we further inspect the central part of H 1-8, we find
that the nebula has two additional pairs of lobes (labeled lobes
b — b’ and a — a’), which intersect roughly in the central region
of the PN. An oval hollow shell structure (marked as d) with a
size of 1744x1”705 is visible in the central part of this nebula.
This structure is probably the result of the projection of another
bipolar lobe aligned almost along the line-of-sight direction, or
a cavity formed by fast wind blowing from a central source. We
can also detect similar structural features in other YPNe with
a multipolar appearance, such as NGC 6644 (Hsia et al. 2010),
M 1-59, M 1-61, and M 3-35 (Hsia et al. 2014).

Adopting a distance of 8.98+1.8 kpc to this PN (Stanghellini
& Haywood 2010), the physical size of lobe ¢ — ¢’ is estimated
to be 0.196+0.038 sec 8 pc (6 is the inclination with respect to
the sky plane). If we take the expansion velocity of H 1-8 to be
the expansion velocity of most PNe with close central binaries
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(~25+12km s™'; Jacob et al. 2013; Frew 2008) and an inclination
angle of 56+3° for lobe ¢ — ¢’, the kinematic age of this structure
is derived to be ~ 3960+1920 yr based on the assumptions given
above.

3.1.2. H 1-43 (PN G357.1-04.7)

Planetary nebula H 1-43 is classified as a bipolar nebula by Sahai
et al. (2011) and a Bprs PN by Tan et al. (2023a), respectively,
because this object primarily displays a pair of distinctly opposed
lobes and also exhibits point-symmetric, ring-like, and inter-
nal streak structures. A careful inspection of Fig. 1 shows that
H 1-43 exhibits a complex multipolar shape consisting of at least
two pairs of different lobes (labeled lobes b — »" and a — a’).
Interestingly, the appearance of lobe a — a’ is roughly an S-shape
with both ends closed, and its southern part twists toward the
east and its northern part twists to the west. This structure can
also be found in other nebulae with multipolar shapes such as
Hen 2-73 (Wen et al. 2024) and Kn 26 (Guerrero et al. 2013),
and may be caused by the crossing and overlapping of several
pairs of multipolar lobes in the PNe (Chong et al. 2012) or by the
binary precession of the CS (Hsia et al. 2014; Kwok & Su 2005).
The central region of this object is a nearly circular shell-shaped
cavity (marked as c) with a size of 0761x0’55, which is simi-
lar to the structure seen in the central part of H 1-8. The central
cavity of H 1-43 could be a projection of the third bipolar lobes
almost along the line-of-sight direction, or a bubble blown out
from a central source (Hsia et al. 2010, 2014). A faint, extended
halo with an angular size of ~3”3x2”5 is also visible outside the
main nebula (Fig. 1).

Adopting a distance of 8 kpc to H 1-43 (Tan et al. 2023a), we
estimate the physical size of lobe a — a’ to be 0.104 sec 8 pc (0
denotes the inclination to the sky plane). Assuming that the neb-
ula expands at the same velocity as most PNe with close binary
nuclei (~25+12 km s™'; Jacob et al. 2013; Frew 2008) and the
tilt angle is 0° for lobe a — @’, the derived kinematic age of this
structure is about 1710+760 yr. However, it is often found that
the expansion velocity of a bipolar PN along the lobe direction
is faster than that in other regions (Jacob et al. 2013). Taking into
account the uncertainties in the lobe size measurements and the
expansion velocity adopted due to the tilt effect in the 3D struc-
tures of the nebula, the derived kinematic age is only a rough
estimate of one order of magnitude.

31.3. K 5-4 (PN G351.9-01.9)

Although K 5-4 is classified as a B-type YPN by Sahai et al.
(2011) and a Bs nebula by Tan et al. (2023a), close examination
of the HST images of this nebula (Fig. 1) reveals that the object
has a nested shell-like appearance consisting of two closed bipo-
lar lobes aligned in nearly the same direction (marked as lobes
a—a' and b — b’). The YPN with nested bipolar structures can
also be observed in other objects such as M 2-9, Hb 12, Hen
2-320, (Hsia et al. 2014, 2010), and MyCn 18 (Miszalski et al.
2018). In addition, two ionized tori (marked as the “inner torus”
and the “outer torus”) can be seen around the waist of the nebu-
lae in the He image (see Fig. 1). From Table 1, we find that the
major axes of two equatorial tori are almost along the same PA
direction (PA = 97° and 102°) and they are nearly perpendicular
to the axes of two bipolar lobes (PA = 9° and 12°). Assuming
that the inner torus is perpendicular to the polar axes of two
pairs of bipolar lobes and that this structure is formed by the
projection of an inclined circle, the tilt angle of the inner torus is
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Fig. 3. VLT gray [O111] image of M 3-14 with various structures dis-
played on a logarithmic scale. Two distinct lobe-like structures (lobes
b — b’ and ¢ — ¢’) are visible in the VLT image, but lobe ¢ — ¢’ cannot be
found in the HST Ha image, as shown in the inset.

about 23+2° (the sky plane being 0°), corresponding to an incli-
nation of 23+2° for this nebula. This result is consistent with the
inclination value of 20° given by Gesicki et al. (2016) for the
object.

Adopting 8 kpc as the distance to this YPN (Gesicki et al.
2016), the physical size of lobe a —a’ is about 0.213 s 6 pc (where
0 is the tilt angle between the sky plane and the major axis of
the object). Assuming the expansion velocity of ~25+12 km s~!
(the expansion velocity of most PNe with close binary nuclei;
Jacob et al. 2013; Frew 2008) and an inclination of 23+2° for
this nebula, the kinematic age of this structure is estimated to be
approximately 4320+2070 yr.

3.1.4. M 3-14 (PN G355.4-02.4)

Sahai et al. (2011) and Tan et al. (2023a) classified M 3-14 as a
B-type YPN and a Bms nebula, respectively, showing it to be a
bipolar nebula with multiple shell structures and internal streak-
ing features. The HST He image of M 3-14 (Fig. 1) shows that
this nebula has a multipolar appearance similar to NGC 7026
(Clark et al. 2013), consisting of two pair of interlaced, closed
bipolar lobes (marked as lobes b — b" and a — a’). In addition
to the observed multi-lobed structures, the object also has an
ionized torus of size 5763x2”78 at its waist, whose major axis
appears to be perpendicular to the major axis of the lobe b — b’
(see Table 1). Assuming that observed ionized torus is formed
by the projection of an inclined circular plane, the tilt angle of
this structure is ~ 29+3° (the inclination of the plane of the sky
is 0°), which implies that the inclination angle of lobe b — b’ is
29+3°,

To search for the outer extended structure surrounding the
nebula, we reexamined the Very Large Telescope (VLT) [O111]
image of this object released by Tan et al. (2023a). Although this
high-quality [O 111] image has been previously presented by Tan
et al. (2023a), the nature of these extended structures surround-
ing the YPN and their spatial distribution have not been studied.
The VLT [O111] image of this object (Fig. 3) exhibits a mul-
tipolar appearance similar to that observed in HST Ha image.
Compared with the HST Ha image, we can see the counterpart
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Fig. 4. Observed TESS light curve (left panel), frequency power spectrum of the light curve (middle panel), and phase-binning (black) plus phase-
folding (gray) light curves of H 1-43 (right panel). The black dots shown in the phase-binning light curve denote the average of the phase-folding

curve data points, using the bin = 0.008 in phase.

Table 2. Results of the light curve analysis for the four YPNe.

PN name Period TESS amplitude T, (24500004+)  Variable type Morphology RL value
() (%) (BJD) (%)
No regular brightness variation

H1-8 - - - - Multipolar -
K5-4 - - - - Multipolar -

M 3-14 - - - - Multipolar -

Binary candidate
H 1-43 20.88+0.011 0.12 7160.4539+0.028  Irradiation Multipolar 96.34

of lobe b — b’ in the VLT [O 111] image, but not that of lobe a —a’.
Interestingly, another pair of diffuse bipolar structures (masked
as lobe ¢ — ¢’) extending along the approximate N-S direction are
observed only in the VLT [O111] image. The presence of these
observed multiple lobes reflects the complex formation history
of this YPN.

Adopting the distance of 6.47+1.6 kpc to M 3-14 (Zhang
1995), we derive the physical distance of lobe b — b’ to be
~0.297+0.073 sec 0 pc. If we take the expansion velocity of
K 5-4 as the expansion velocity of most PNe with close binary
stars (about 25+12 km s~!; Jacob et al. 2013; Frew 2008) and
the inclination of lobe b — b’ is 29+3°, a kinematic age of
~ 5930+2910 yr is derived for the structure based on these
assumptions. If we take into account the uncertainties in the
distance measurement and in the adopted expansion velocity of
the nebula, the kinematic age derived here is only a preliminary
estimate.

3.2. Potential photometric variations of the nebulae

A series of inspections of the TESS data for these four CSPNe
reveal that H 1-43 shows potentially periodic photometric varia-
tions, while H 1-8, K 5-4, and M 3-14 have no detectable regular
brightness variations. The photometric light curve, frequency
power spectrum of observed light curve, and phase-folded light
curve plotted using the period derived from the light curve of H
1-43 are shown in Fig. 4. To highlight the observed photomet-
ric amplitude variations of the phase light curve, we also plot the
binned phase-folded light curve (black dots) on the right panel of
Fig. 4. The fitted periods and light curve analysis results of these
four CSPNe is summarized in Table 2. Columns 1 and 2 give
the names of the PNe and the fitted period. Columns 3 and 4 list
the amplitude of the light curve and the time (T) when the light
curve modulation flux is minimum. The classification of peri-
odic photometric variation according to the phase-folding curve
shape is given in Col. 5. Columns 6 and 7 give the shapes of
the PNe and the “relative likelihood” (RL) values obtained after
the TESS_Localize check. The photometric variation results of
these PNe are summarized below.

3.2.1. No regular photometric variation

Although these three nebulae (H 1-8, K 5-4, and M 3-14) exhibit
multipolar shapes, information on photometric variations of the
CSPNe and their IR excess due to the possible presence of cool
companions has not been reported before. Compared to the CS
of H 1-43, perhaps because these three CSPNe are fainter (see
Table A.1) and contaminated by neighboring stars in the same
apertures (Fig. 2), our current TESS analysis of the objects does
not show any periodic photometric variations. Due to the limited
observation time for these three targets, we cannot completely
rule out the possibility that their CSPNe are long-period variable
stars. Long-term photometric monitoring of the CSs of these
three objects is needed to further confirm their true status.

3.2.2. New binary candidate: H 1-43

According to previous literature, there is no data showing
that the CS of H 1-43 exhibits photometric variations. From
the observed CS light curve of H 1-43 (top panel of Fig. 4),
it can be seen that this object has photometric variations.
By analyzing the frequency-power spectrum of the TESS
data (left panel of Fig. 4), we can find a significant peak
at a period of about 1.149 day~' (20.88 h). The results of
TESS_Localize analysis show that the detected frequency
is truly from H 1-43 (with an RL value of about 96.34%),
indicating that the reliability of this signal source is quite
high. In the same aperture, the contamination effects from
the other four sources (Gaia DR2 4042380853446223872
with RL = 192%, Gaia DR2 4042380853446257664
with RL = 113%, Gaia DR2 4042380853446242176
with RL = 0.51%, and Gaia DR2 4042380819086474240
with RL = 0.07%) are quite small. The Gaia distances
of these four stars are 6.82 kpc, 9.67 kpc, 1.14 kpc, and
5.16 kpc for Gaia DR2 4042380853446223872, Gaia DR2
4042380853446257664, Gaia DR2 4042380853446242176,
and Gaia DR2 4042380819086474240 (Khalatyan et al.
2024). The de-reddened colors (BP — RP)y of Gaia DR2
4042380853446223872, Gaia DR2 4042380853446257664,
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Fig. 5. Spitzer continuum-subtracted spectra of H 1-8, H 1-43, and K 5-4 in wavelength ranges from 5 to 14 pm and 15 to 35 pm. Prominent
forbidden lines and H 1 features are marked. Dotted red, blue, and green lines indicate the positions of the UIE bands (6.2, 7.7, 8.6, 11.2/11.3, and
11.8 um), broad silicate features at 18.0, 23.7, 27.6, 29.6, 30.6, 32.8, and 34.1 um (Molster et al. 2002), and expected positions of prominent PAH
bands (6.2, 7.7, 8.7, 11.2-11.3, and 16.4 um; Sadjadi et al. 2015), respectively.

Gaia DR2  4042380853446242176, and Gaia DR2
4042380819086474240 are —0.09 mag, 1.95 mag, 0.79 mag,
and 1.19 mag (Khalatyan et al. 2024). In addition, subsequent
visual check of the TPF image shows that the position of the
frequency source obtained by the TESS_Localize analysis is
consistent with the actual location of the observed CSPN,
indicating that the source of photometric variation is likely from
H 1-43 rather than from other nearby stars. This is the first
time that the photometric variability of this CSPN is detected
in the nebula. The CS phase-folding light curve of H 1-43 has
a period of 20.88 hr and a low amplitude of about 0.12%. The
curve of this nebula (the right panel of Fig. 5) is sinusoidal
and similar in shape to CS light curves seen in other PNe, such
as PHR J1713-2957, PHR J11724-2302, and Y-C 2-32 (Jacoby
et al. 2021), which may be caused by the irradiation from a cool
companion star (Retter et al. 1999; Jacoby et al. 2021).

Although the CS of H 1-43 shows periodic variations (even
with RL value of ~ 96%), the photometric variability is likely
to be contaminated by a few sources within the aperture that
are similar in brightness to the CSPN (see Fig. 2), making it
difficult to remove the contribution of these sources. Therefore,
determining the exact origin of variations in this object is not
straightforward. Long-term, high-resolution photometric obser-
vations are needed to help identify the true sources of these
variations.

3.3. Dust characteristics of the four multipolar nebulae

To better realize the nature and chemistry of the dust compo-
nents of these YPNe, we examined their MIR spectra in detail,
focusing on the silicate bands and UIE features. We applied
fourth-order polynomials to fit the dust continuum components
of these PNe and subtracted the fitted dust contributions from the
observed spectra to highlight the studied spectral features. Since
there is no spectral information for M 3-14, the residual Spitzer
IRS spectra of the other three YPNe (H 1-8, H 1-43, and K 5-4)
are shown in Fig. 5.
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From Fig. 5, the prominent spectral features in the residual
IR spectra are the forbidden emissions such as [Ar I1] at 6.99 pum,
[Natm] at 7.32 wm, [Ar1in] at 8.99 and 21.83 um, [S1V] at
10.51 wm, [Ne11] at 12.81 wm, [NeI1r] at 15.56 wm, [STII] at
18.71 and 33.48 um. Additionally, the obvious HI emissions at
12.37 and 7.46 pm can be seen in the IRS spectra of these YPNe.

The resulting IRS spectra of the three nebulae shown in
Fig. 5 reveal several prominent UIE bands at 11.8, 11.2/11.3,
8.6, 7.7, and 6.2 um. The UIE bands are usually attributed to
polycyclic aromatic hydrocarbons (PAHs), which can be consid-
ered as an amorphous carbon solid (Li & Draine 2012; Kwok &
Zhang 2013). In addition, we also see some silicate features at
18.0, 23.7, 27.6, 29.6, 30.6, 32.8, and 34.1 um (Molster et al.
2002) in the long-wavelength part of the spectra, which are
stronger than other weak silicate bands in the 33, 28, 23, and
18 um complexes. The presence of UIE and silicate feature indi-
cates that these three YPNe have a mixed chemical environment
consisting of oxygen and carbon dust, which is common in dust
types of other multipolar nebulae (Hsia et al. 2014). For the PN
K 5-4, although we do not detect any photometric variations in
this CSPN, the mixed chemistry displayed by the PN may be
related to the dense torus structures at the waist of the nebula,
probably produced by the interaction of the central binary of
this object (Guzman-Ramirez et al. 2011, 2014). To further study
the chemical composition distribution of the nebula (K 5-4) and
its relationship with the CS, a series of high-spatial-resolution
IR spectroscopic observations and long-term, high-sensitivity
photometric monitoring for this YPN are needed.

4. Spectral energy distribution

The SED has long been recognized as a useful scientific method
for analyzing various components of the YPNe (Zhang & Kwok
1991; Hsia et al. 2014, 2019, 2021). To better study different
components (nebular, dust, and photospheric) of these nebulae
(H 1-8, H 1-43, K 5-4, and M 3-14), we constructed four SEDs
of the objects (Fig. 6), which cover wavelength coverage from
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Fig. 6. SEDs of four YPNe from 0.1 pm to 100 cm. Available radio data are shown as filled thombuses, Herschel photometry as crosses, WISE
detections as open diamonds, IRAS photometric measurements as filled circles, MSX results as open thombuses, SMSS u-, v-, g-, 1-, i-, and z-band
measurements plus other optical photometric data as open squares, AKARI photometry as asterisks, 2MASS results as open triangles, and DENIS
data as filled triangles. The IRS spectra of three nebulae (H 1-8, H 1-43, and K 5-4) are also plotted. The UIE features at 6.2, 7.7, and 11.2 pm and
several silicate bands at 23, 28, and 33 um can be seen in the fits. Note that some 12, 60, and 100 um IRAS measurement results are upper limits.
The green, blue, and red curves represent the total fluxes of all components, the best-fit values estimated using the DUSTY radiation transfer model
(Ivezic, Nenkova, & Elitzur 1999), and the nebular contributions, respectively.

0.1 um to 100 cm. In Fig. 6, the optical Panoramic Survey Tele-
scope and Rapid Response System (Pan-STARRS), SkyMapper
Southern Survey (SMSS), Sloan Digital Sky Survey (SDSS),
and visual U, B, V, R, and I photometry of the four YPNe are
taken from Chambers et al. (2016), Onken et al. (2024), and
Gaia Collaboration (2022). MIR and near-IR photometric data
were obtained from Herschel, Infrared Astronomical Satellite
(IRAS), AKARI, Midcourse Space Experiment (MSX), Deep
Near-Infrared Survey of the Southern Sky (DENIS), and Two
Micron All Sky Survey (2MASS) catalogs, respectively. Further-
more, we added Wide-field Infrared Survey Explorer (WISE)
and Spitzer photometric data of these YPNe following the same
procedure described in Hsia & Zhang (2014). The color- and
aperture-calibrations for WISE and Spitzer photometry are per-
formed using the coefficients presented in Wright et al. (2010)
and Reach et al. (2005). A journal of the photometric fluxes
obtained from various observations is given in Table A.3. The
IRS spectra of H 1-8, H 1-43, and K 5-4 are also plotted in
Fig. 6. Since the nebulae are located in the GB and close to
star-dense regions (see Fig. 2), their photometric results may be
contaminated by nearby stars around the objects. After a series
of detailed examinations of these four YPNe, we find that their
far-IR and radio photometry are not contaminated by nearby
stars. The MIR, visible, and NIR photometric contamination
of the YPNe is estimated to be less than 15%, 35%, and 8%,
respectively, which has a rather small impact on our results.
Figure 6 shows that a large portion of the total energies of
these nebulae is emitted from the IR dust component, which is
similar to what we have observed in the SEDs of other multipolar

nebulae (Hsia et al. 2014, 2019; Wen et al. 2023, 2024). From
Fig. 6, we can see that the emerging fluxes of the nebulae are
fitted by two separate components including the gaseous neb-
ular emission and reddened photospheric component (emitted
from the central source) plus the dust thermal continuum. The
proportion distributions of different components of four YPNe
can be evidently identified. To fit the total observed fluxes of
the four YPNe, we constructed a model consisting of the above
components applying the same procedures described by Hsia
et al. (2019). For the far-IR to MIR range of observed SEDs,
the continuum curves are too wide to be fitted by the dust
component alone. Therefore, we fit the observed SED curves
using the DUSTY radiative transfer code (Ivezic & Elitzur 1997;
Ivezic, Nenkova, & Elitzur 1999). In the fitting, the dust parti-
cle chemical composition is set to a mixture of silicate grains
and amorphous carbon particles. The particle size follows the
standard MRN distribution (Mathis, Rumpl, & Nordsieck 1977).

The model parameters used in these four nebulae and their
comparison with normal PNe are shown in Table 3, where nor-
mal PNe represent hydrogen-rich nebulae and most PNe belong
to this type (Muthumariappan & Parthasarathy 2020). The object
names of these nebulae are listed in Col. 1. Columns 2 and 3
give the best approximation of central core effective tempera-
tures (T,) and the values obtained from other literature (T ,.r)
for comparison. The dust component temperatures (T;) and
adopted optical depths at 0.7 um (7 7) are given in Cols. 4-5.
Columns 6 and 7 list dust chemical compositions used in the
models and the adopted distances (D). The derived IR lumi-
nosities (L;z) of these PNe are listed in Col. 8. The L;z of the
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Table 3. Parameters adopted for the four YPNe.

Object T, Tees T, To7 Chem.©@ D log(Lsz) log(My) logM,)  log(M4/M,) R

(10°* K) (10° K) (K) (kpc) (Le) Mo) Mo) (pc)
H 1-8 68 67.7M,63.6® 130 0.8,1.5,3 Sil, Amc 8.98+1.8® 3.46+0.15 -3.02+0.16 -0.84+0.15 -2.17+0.22 0.15
H1-43 33,65 282®,27.5% 150 2.8,3.7,5 Sil, Amc 8" 3.41 -3.92 -1.78 -2.14 0.08
K 5-4 85,3 83® 160 2,2.5,4 Sil, Amc 8> 3.28 -3.87 -0.92 -2.92 0.16
M3-14 80,10 79.5© 79M 160 3.7,47,6 Sil, Amc 6.47+1.699 311+0.19 -3.21+0.19 -0.87+0.20 -2.32+0.28 0.24

Normal PNe®
Average 74+17 2.72+0.47 -4.06+0.56 -2.30+0.57 1.181D

Notes. @Sil: silicates, Amc: amorphous carbon. ¥’ The parameters adopted are taken from Muthumariappan & Parthasarathy (2020). (1) Gesicki
et al. (2014); (2) Preite-Martinez et al. (1991); (3) Weidmann et al. (2020); (4) Phillips (2003); (5) Gesicki et al. (2016); (6) Gesicki & Zijlstra
(2007); (7) Smith et al. (2017); (8) Stanghellini & Haywood (2010); (9) Tan et al. (2023a); (10) Zhang (1995); (11) Gonzailez-Santamaria et al.

(2021).

objects are obtained using the integrated fluxes of the dust com-
ponent curves above 3 pm. Columns 9-12 give the masses of
dust (My) and nebular gas (M,) components, dust-to-gas mass
ratios (M4/M,), and physical diameters, respectively. The masses
of dust and gas components are estimated using the formu-
las described in Stasinska & Szczerba (1999). Various nebular
parameters of the four PNe are taken from different literature
sources. The electron temperatures and electron densities are
taken from Chiappini et al. (2009) and Garcia-Hernandez &
Goérny (2014). Reddening-corrected HE line fluxes of the neb-
ulae are derived from Acker et al. (1992) and Tylenda (1992).
The dust emissivity index (a) and dust absorption coefficient of

amorphous carbon at 60 pm (Kggs) are assumed to be 1 and 74.38

cm? g! (Stasifiska & Szczerba 1999), respectively, which better
fits the dust chemistry we observe, since the IR spectral features
of these nebulae are mainly dominated by UIE signatures (see
Sect. 3.3). The errors of Lz, Mg, My, and My/M, for the four
nebulae are estimated through the errors in the various parame-
ters used in the derivation of these physical quantities (L;z, My,
M, and My/M,), which are mainly dominated by the distance
errors. The physical diameters of these YPNe (R) are derived
based on the angular sizes of their longest axis and their dis-
tances from the literature. Although the results obtained through
the fitting cannot fully reveal the true state of the four nebu-
lae, we can still get good approximations by fitting the available
photometric points.

As can be seen from Table 3, our approximation for the
central core effective temperatures of these nebulae (T.) agrees
well with the results previously reported in the literature (T ,.z).
We also find that T; and L;z of these nebulae are higher than
the average for normal PNe, and their physical diameters are
smaller than the mean size of Galactic PNe. Furthermore, the
mean emission measure (KEM>) of the four objects can be esti-
mated based on the radio flux density measured at 3 GHz (almost
optically thin) and the angular size of the radio emitting area
at that frequency (Kwok et al. 1981; Umana et al. 2004). After
some calculations, we found that the <EM> values of these neb-
ulae are higher than 10° cm® pc, which lies within the <EM>
coverage of known YPNe (~ 10°~10% cm™® pc; Umana et al.
2004). The results (high T,, L;z, and <EM>, and small phys-
ical sizes) may indicate that these four objects are relatively
young compared to normal PNe (Stasinska & Szczerba 1999;
Muthumariappan & Parthasarathy 2020). This may be because a
PN expands with age, and the dust grains gradually move away
from the central source, resulting in less radiation received by
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the dust component, which in turn causes the T, and L;z of
the nebula to decrease (Stasinska & Szczerba 1999; Muthumari-
appan & Parthasarathy 2020). It is worth noting that the dust
masses of the four nebulae we studied (particularly H 1-8 and
M 3-14) are higher than the average for normal PNe. The result
may indicate that the dust particles undergo destruction, frag-
mentation, or inter-particle collisions as PNe evolve (Lenzuni
et al. 1989). However, some recent observations show that dust
destruction process in PNe may not be as efficient as generally
thought (Volk et al. 1997; Stasifiska & Szczerba 1999), leaving
the issue of dust survival in such nebulae still unsolved. Simi-
lar to the average My/M, value of normal PNe, we find that the
M,/M,, values of the sample nebulae studied are roughly dis-
tributed in the range of 1072 to 1073, which is consistent with
previous results (Stasifiska & Szczerba 1999; Hsia et al. 2014;
Muthumariappan & Parthasarathy 2020). There is no significant
difference in M;/M, between the two types of PNe (see Table 3),
indicating that these values have no correlation with the age of
these nebulae (Stasifiska & Szczerba 1999; Muthumariappan &
Parthasarathy 2020).

In addition, the physical diameters and kinematic ages of
these four objects are similar to those of ten GD young multi-
polar nebulae (physical size ranges from 0.07 to 0.22 pc and the
kinematic age ranges from ~1400 to 4800 yr) studied by Hsia
et al. (2014) and another 66 multipolar or bipolar YPNe (with
physical diameters ranging from 0.02 to 0.32 pc) proposed by
Sahai et al. (2011). The CS masses of the multipolar YPNe can be
derived by comparing their positions on the Hertzsprung-Russell
diagram with the theoretical post-AGB evolutionary tracks at
Z = 0.016 calculated by Vassiliadis & Wood (1994). To estimate
the masses of the two sets of multipolar YPN CSs (four GB
nebulae proposed in this study and ten GD objects previously
studied), we obtained their T, and luminosities from different
literature (Stasifiska & Tylenda 1990; Mal’Kov 1997; Cazetta
& Maciel 2000; Gesicki et al. 2006; Gesicki & Zijlstra 2007;
Gesicki et al. 2014; Hsia et al. 2014). Based on their positions
on the Hertzsprung-Russell diagram, the core masses of these
multipolar nebulae are approximately no more than 0.633 M.

Based on the photometric measurements of the three YPNe
(H 1-8, H 1-43, and K 5-4) in the WISE 12 and 22 um bands,
their Spitzer 8 pm and 24 um fluxes can be estimated using the
empirical flux ratios of WISE 12 um/Spitzer 8 um and WISE
22 um/Spitzer 24 pwm obtained by Jarrett et al. (2013). Using
photometric measurements obtained from AKARI and Herschel
catalogs (9, 18, 100, and 160 pm bands) and the fluxes derived
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from Spitzer 8 um and 24 pum bands, we estimate the dust
fraction of PAHs (PAH mass fraction, qpay) in these nebulae
to be no more than 0.47% based on Tables 4-6 in Draine & Li
(2007). Previous studies have shown that the ratio of UIE 7.7 um
band strength to total IR energy (I77/I;z) in PNe increases with
increasing gas-phase C/O abundance ratio (Cohen & Barlow
2005). To estimate the gas-phase C/O abundance ratios of the
three YPNe, we derived the C/O values of these nebulae (C/O =
0.35 for H 1-8, C/O = 0.59 for H 1-43, and C/O = 0.21 for K
5-4) using the regression line relationship between I77/I;zx and
nebular C/O ratio plotted in Fig. 3 of Cohen & Barlow (2005).

Our TESS photometric observations and current SED anal-
ysis reveal the presence of a central binary in the core of
H 1-43, which may support the hypothesis that the appearance
of the multi-lobed structures is related to the central binary of
this YPN (Garcia-Segura 2010; Velazquez et al. 2012). For H 1-
8 and M 3-14, although the contributions of cool companions can
be separated from the SED fits of these nebulae, we cannot detect
the presence of cool companions with the current TESS obser-
vations due to the lack of long-term and high-dynamic range
photometric observations. Deep observations of the CSs of these
PNe using high-resolution spectroscopic measurements in the
UV to near-IR range could help clarify such issues (Aller et al.
2015).

5. Comparison of multipolar nebulae in the Galactic
disk and bulge

For a long time, we have known little about the formation of mul-
tipolar YPNe in the GD and GB and their dust properties. The
dust properties and chemical abundances of Galactic PNe may
be related to the state of their CSs (Garcia-Herndndez & Goérny
2014). Multipolar YPNe belong to a subclass of young nebulae.
It would be interesting to investigate whether the appearances of
multipolar YPNe in the GD and GB are related to their dust prop-
erties and CSs. To achieve this goal, we collected a large sample
of 190 compact Galactic YPNe observed by HST (including 136
GD objects and 54 GB nebulae) from various literature sources
(Sahai et al. 2011; Stanghellini et al. 2016; Tan et al. 2023b) and
listed their properties (morphology, CS binarity, and dust type)
in Table B.1. In the past, due to limitations in image resolution
or dynamic range, the morphological classification of many mul-
tipolar YPNe was inaccurate. Now, images taken by the HST
can clearly reveal the complex multi-lobed structures of this
type of nebula. Therefore, we reexamined HST images of 190
existing nebulae in the sample and reclassified them using the
main classes “ERBIAS” in morphological classification system
(Parker et al. 2006) plus another extended class “M” (multipo-
lar). In this study, we noticed that 73 of the 190 YPNe (~38%)
were previously classified as belonging to the “B” or “E” classes,
but these 73 nebulae have now been reclassified as belonging
to the “M” class. The result clearly demonstrates that we have
underestimated the number of multipolar nebulae in the past.
This may be because early studies did not pay sufficient atten-
tion to the multi-lobed structures inside these objects, leading to
misclassifications of their morphology.

As can been seen from Table B.1, we found that 55% of GD
YPNe are multipolar nebulae, while 41 out of 54 GB nebulae
(76%) exhibit multipolar structures. This result not only reveals
the prevalence of multipolar structures in YPNe but also shows
that multipolar (or bipolar) nebulae dominate in GB YPNe, con-
sistent with the previous conclusions of Gutenkunst et al. (2008)
and Tan et al. (2023a). Compared to the GD region, the GB
environment appears to be more conducive to the existence of

Table 4. Dust class distribution of GD and GB nebulae.

Dust Type ~ Disk@ Bulge@
F 17.0% (15) 5.1% (2)
CRD  42.0% (37) 17.9% (7)
ORD 193% (17)  23.1% (9)
MCD 21.6% (19)  53.8% (21)

Notes. “The number of objects is given in the parentheses.

multipolar YPNe (Gutenkunst et al. 2008). Furthermore, it can
be observed that the multipolar nebulae in the GB and GD
regions have very similar morphologies, for example, H 1-8
compared to Hen 2-447 (Hsia et al. 2014), H 1-43 compared
to M 1-61 and NGC 6790 (Hsia et al. 2014), K 5-4 compared
to Hen 2-86 (Hsia et al. 2014), and M 3-14 compared to M 3-35
(Hsia et al. 2014). Since multipolar YPNe are common in the GB
and GD regions, this suggests that these nebulae in the locations
follow roughly the same post main-sequence evolutionary path
and have similar shaping processes. If the formation mechanism
of all multipolar PNe is mainly due to the interactions of their
close binaries, then we expect that the fraction of close binaries
among the multipolar PN CSs in the GB will be higher than that
in the GD, which may support the conclusion that the relative
fraction of close binaries in the GB is higher than that in the GD
(Calamida et al. 2014).

More than 70% of GB YPNe in the sample clearly exhibit
dust characteristics (see Table B.1). Table 4 lists the statistical
distribution of GB and GD nebulae by dust type. The main dust
types of these objects are classified as carbon-rich dust (CRD),
oxygen-rich dust (ORD), mixed-chemistry dust (MCD), and fea-
tureless (F). From Table 4, we see that the relative proportions
of the four dust classes (CRD, ORD, MCD, and F) in the GB
and GD nebulae are similar to those listed in Table 5 of Garcia-
Herndndez & Goérny (2014), but the proportion of ORD disk
objects in our sample is higher than that presented in Garcia-
Hernandez & Gorny (2014). In terms of the proportion of dust
types in multipolar YPNe, the MCD type is dominant among
the four dust types. Our analysis shows that 40% of disk multi-
polar objects exhibit MCD characteristics, while approximately
53% of bulge multipolar YPNe are MCD nebulae. Compared
to the MCD PNe in the GD, the MCD nebulae in the GB
may exhibit the dense toroidal structures with their central bina-
ries (Guzman-Ramirez et al. 2014), or have a higher metallicity
(higher N/O abundance ratios), possibly due to their evolution
from more massive progenitors (~3—-5 Mg; Garcia-Herndndez &
Gorny 2014). However, some recent studies (Gorny et al. 2004;
Gutenkunst et al. 2008) have shown that the average metallic-
ity of PNe in the GB region is slightly higher than that in the
GD region, indicating that the difference in metallicity between
the objects in these two regions is mainly due to their different
chemical abundance environments (Garcia-Herndndez & Goérny
2014). Based on these, we can roughly infer that the multipolar
shapes of these GB MCD nebulae are weakly correlated with
their metallicity, but strongly correlated with the evolution of
their central binaries (Gutenkunst et al. 2008). For other E-,
B-, R-, and I-type nebulae with dust characteristics, we can-
not make statistically significant comparisons because they have
insufficient members in the GD and GB regions.

More interestingly, the proportion of multipolar nebulae in
the PNe observed in the GD and GB may reflect the propor-
tion of short-period central binaries in young multipolar PNe in
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these two regions. To verify this inference, we used the detec-
tion results of binary CSPNe (see Table B.1) to estimate the
binary fraction of multipolar PN nuclei (PNNi) in the GD and
GB environments. Therefore, two types of binary identification
subsamples were selected using different criteria. In these two
subsamples, the smaller subsample contains only “true” binary
CSPNe (T), while the larger subsample contains both “true” and
“likely” binary CSPNe (T+L) identification results. The “likely”
binary CSPNe (L) exhibit excessive fluxes in the I band (near-
IR channel), or large variations in radial velocity and brightness.
These characteristics are also considered to be observational fea-
tures of the central binaries of PNe (De Marco 2009; Douchin
et al. 2015).

If the T+L subsamples are also considered in the estimation
of binary fractions, the binary fractions of T and T+L subsam-
ples among multipolar nebulae in the GD region are ~23+5%
and 40+6%, respectively, while the binary fractions of T and
T+L subsamples among multipolar YPNe in the GB environ-
ment are ~ 10+5% and 15+6%. Since the members in the
T subsample are “true” CSPNe, the binary fraction calculated
using the T subsample as the numerator should be considered as
the lower limit. Compared with previous estimates, the binary
fraction of multipolar PNNi we found in the GD region (23—
40%) is significantly larger than the binary fraction of PN CSs
reported in other studies (10-15% from Bond 2000, 18% from
Chornay et al. 2021, and 20-24% from Jacoby et al. 2021).
This result strongly supports the previous hypothesis that binary
interactions play an important role in the shaping of multipolar
YPNe.

In addition, we found that the binary fraction of the mul-
tipolar PNNi in the GB (10-15%) is consistent with that of
CSPNe the GB (12-21%; Miszalski et al. 2009). However, the
binary fraction of multipolar CSPNe the GB (10-15%) is smaller
than that in the GD (23-40%), which differs from our previous
expectations (see the second paragraph of this section). The dis-
crepancy between the statistical results and the expectations may
be due to (i) the smaller orbital inclination or smaller size of
the companion star in the central binary of the multipolar neb-
ula, making it difficult to detect (Jones & Boffin 2017), (ii) other
sources near the central binary of the multipolar nebula contami-
nating our observed photometric measurements, thus weakening
the photometric variations detected from the binary system
(Miszalski et al. 2009), or (iii) the fact that the brightness of
central binary in a multipolar PN has become faint due to heavy
extinction, making it more difficult for detector to observe its
weak photometric variations (Chornay et al. 2021). To overcome
this inconsistency, long-term time-series monitoring of the CSs
of the GB multipolar nebulae is needed to obtain a large amount
of photometric data, thereby searching for more binary systems
hidden in these nebulae.

6. Conclusion

Over the past 30 years, multipolar nebulae have often been
misclassified as elliptical or bipolar PNe due to limitations in
imaging dynamic range and resolution. With the advancement of
imaging observation technology such as the HST and the JWST,
more and more compact YPNe have been found to exhibit com-
plex multipolar shapes. Compared to other compact multipolar
YPNe in the GD, many young multipolar nebulae in the GB
region have not been discovered due to heavy dust obscuration
and extinction. The formation mechanism of these multipo-
lar nebulae in the GB and the influence of the surrounding
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environment on their morphology are still unclear. In this study,
we carried out optical morphological and IR spectroscopic
analyses of four YPNe (H 1-8, H 1-43, K 5-4, and M 3-14)
located in the GB to understand their dust characteristics and
complex multi-lobed structures. These multipolar nebulae have
not been studied in detail, probably because they are compact
and suffer from heavy extinction, which causes their faintness.

All four YPNe show a multipolar morphology in their high-
resolution HST He images. Structural features observed in the
objects, such as intersecting lobes and equatorial tori, sug-
gest that their formation process is complex, possibly involving
binary interactions with their CSs (Garcia-Segura 1997, 2010;
Hsia et al. 2014; Velazquez et al. 2012). To better understand
the nature and chemistry of the dust components of these YPNe,
we examined their MIR spectra in detail, especially for the sil-
icate bands and UIE features. The Spitzer residual IR spectra
of H 1-8, H 1-43, and K 5-4 show broad silicate features and
prominent UIE bands attributed to PAHs; this suggests the pres-
ence of an MCD environment, which could be caused by a last
thermal pulse of the final AGB phase causing the object to tran-
sition from O-rich to C-rich (Perea-Calderén et al. 2009), or
by a dense torus associated with the central binary interactions
(Guzman-Ramirez et al. 2011, 2014). To find a possible connec-
tion between the CSs of multipolar YPNe and their shapes, we
employed TESS observations to check whether the CSs of these
objects exhibit any photometric variations. A series of analyses
of TESS observations of the four nebulae show that the CS of
H 1-43 exhibits a periodic photometric variation of 20.88 hr,
likely due to its central binary. This result suggests that TESS
observations can open up another avenue for searching for the
central binaries of multipolar YPNe.

The SED analysis results of the four YPNe with small phys-
ical diameters show that their T;, L;z, and mean emission
measures are higher than the average values of normal PNe,
which may indicate that these nebulae are younger than nor-
mal PNe. TESS photometric observations and SED analysis of
H 1-43 reveal the presence of a binary star in the nucleus of this
object, which may support the hypothesis that the appearance of
its multi-lobed structures is related to its central binary star.

To study the properties of multipolar nebulae in the GD and
GB and further differentiate them, we performed a statistical
analysis on these nebulae. According to our sample statistics, 41
out of 54 GB nebulae (76%) exhibit a multipolar appearance.
By comparing multipolar YPNe in the GB and GD regions, we
found that the fraction of multipolar YPNe with binary CSs in
the GB region is 10—~15%, which is consistent with the previously
reported binary fraction of the PNNi in the GB environment (12-
21%; Miszalski et al. 2009). It is also noteworthy that the binary
fraction of multipolar PNNi in the GD region (23-40%) is sig-
nificantly higher than the binary fraction of the PN CSs reported
in other studies. This result strongly supports the hypothesis that
binary interactions play an important role in the formation of
multipolar PNe. To search for more multipolar nebulae hidden
in the GB and GD regions and then study their CS properties,
further long-term photometric monitoring and high-dispersion
spectral analysis are needed.
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Appendix A: Journals of observations and photometric measurements

Table A.1. Journal of HST WFPC2 observations and TESS measurements of the four YPNe.

HST/WFPC2
Object R.A. Decl. Filter Integration time (s) Observation date ~ Program ID
(J2000.0) (J2000.0) (s)
H1-8 17:14:42.93  -33:24:47.40 F656N 100x2 2002 Aug. 11 9356
H 1-43 17:58:14.44  -33:47:37.62 F656N 100x2 2003 Jun. 19 9356
K5-4  17:33:00.67 -36:43:51.80 F656N 1002 2003 May 26 9356
M3-14 17:44:20.62 -34:06:40.60 F656N 100x2 2002 Aug. 11 9356
TESS
Object R.A. Decl. TIC ID Sector Camera Gaia G band*
(J2000.0) (J2000.0) (mag)
H1-8 17:14:42.93  -33:24:4740 151045356 39 1
H 1-43 17:58:14.44  -33:47:37.62 262051110 13 1 14.51
K5-4  17:33:00.67 -36:43:51.80 267592447 39 1 16.11
M3-14 17:44:20.62 -34:06:40.60 109777883 39 1 19.10
Notes. “From the Gaia DR2 catalog.
Table A.2. Available Spitzer IRS spectroscopic observations.
Name ID Observation Date  Wavelength Range  Exposures modules PI name
(um) (s)
H1-8 AOR key 25861632 2008 Aug. 18 52-145 58 x2 SL L. Stanghellini
14.0 - 39.8 109 x 2 LL
H 1-43 AOR key 11325696 2005 Mar. 24 52-14.5 20x 2 SL M. Bobrowsky
9.9-19.6 20x 2 SH
18.7-37.2 20 % 2 LH
K5-4  AOR key 25861376 2008 Oct. 05 52-14.5 20x 2 SL L. Stanghellini
9.9-19.6 20x 2 SH
18.7-37.2 20 % 2 LH
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Table A.3. Photometry of the four YPNe.

Object
Filters H1-8 H 1-43 K 5-4 M 3-14 Reference
Nebula
Pan-STARRS g (mag) 15.806+0.013 Chambers et al. (2016)
Pan-STARRS r (mag) 14.154 Chambers et al. (2016)
Pan-STARRS i (mag) 14.074 Chambers et al. (2016)
Pan-STARRS z (mag) 14.076 Chambers et al. (2016)
Pan-STARRS y (mag) 14.078 Chambers et al. (2016)
SMSS u (mag) 15.517+0.029 Onken et al. (2024)
SMSS v (mag) 15.513+0.033 Onken et al. (2024)
SMSS g (mag) 17.039+0.023  14.993+0.023 16.297+0.027  15.319+0.052 Onken et al. (2024)
SMSS r (mag) 15.426+0.038  13.957+0.031 15.375+0.043 14.150+0.074 Onken et al. (2024)
SMSS i (mag) 16.060+0.037 14.371+0.017 14.792+0.041 Onken et al. (2024)
SMSS z (mag) 14.534+0.058  14.200+0.028 13.720+0.039  13.825+0.071  Gaia Collaboration (2022)
SDSS u (mag) 15.472 Gaia Collaboration (2022)
SDSS g (mag) 17.097 14.992 Gaia Collaboration (2022)
SDSS r (mag) 15.573 14.161 Gaia Collaboration (2022)
SDSS i (mag) 14.185 14.978 Gaia Collaboration (2022)
SDSS z (mag) 14.278 Gaia Collaboration (2022)
U (mag) 14.596 Gaia Collaboration (2022)
B (mag) 15.283 Gaia Collaboration (2022)
V (mag) 14.731 Gaia Collaboration (2022)
R (mag) 13.994 14.960 Gaia Collaboration (2022)
I (mag) 13.920 13.800 Gaia Collaboration (2022)
Dust?
DENIS I (mag) 15.794+0.060 14.299+0.040 DENIS database
DENIS J (mag) 13.558+0.100 11.797+0.060  13.315+0.080 DENIS database
DENIS K (mag) 12.151+0.090 10.313+0.080  12.555+0.130 DENIS database
2MASS J (mag) 13.739+0.032  13.133+0.027 11.980+0.032  13.831+0.060 Cutri et al. (2003)
2MASS H (mag) 13.324+0.037  12.873+0.031 10.927+0.028 13.153 Cutri et al. (2003)
2MASS Ks (mag) 12.289+0.035  12.344+0.026 10.439+0.024  12.407+0.060 Cutri et al. (2003)
WISE 3.4 um (mag) 11.062+0.042 11.262+0.141 9.891+0.026 11.392+0.084 this study
WISE 4.6 um (mag) 10.112+0.029 10.593+0.081 9.626+0.027 10.360+0.042 this study
WISE 12 pum (mag) 4.284+0.014 4.698+0.013 3.978+0.013 4.381+0.016 this study
WISE 22 pm (mag) 0.979+0.019 0.141+0.017 0.498+0.009 1.259+0.014 this study
Spitzer 3.6 pm (Jy) y» 0.013 Zhang et al. (2012)
Spitzer 4.5 um (Jy) 0.020 Zhang et al. (2012)
Spitzer 5.8 pm (Jy) 0.025 Zhang et al. (2012)
Spitzer 8.0 um (Jy) 0.108 Zhang et al. (2012)
Spitzer 24 um (Jy) 2.961 Zhang et al. (2012)
MSX 8.28 pm (Jy) 0.267+0.014 0.158+0.013 0.218+0.013 0.230+0.012 Egan et al. (2003)
MSX 12.13 pum (Jy) 1.305+0.263 Egan et al. (2003)
MSX 14.65 um (Jy) 1.828+0.122 1.065+0.096 2.303+0.152 1.680+0.113 Egan et al. (2003)
MSX 21.3 um (Jy) 2.487+0.177 6.235+0.399 3.793+0.250 2.502+0.170 Egan et al. (2003)
AKARI 9 pm (Jy) 0.292+0.04 0.309+0.02 0.344+0.05 Ishihara et al. (2010)
AKARI 18 um (Jy) 2.995+0.1 3.571+0.03 3.591+0.05 1.89+0.02 Ishihara et al. (2010)
IRAS 12 um* (Jy) 0.53+0.07 < 1.69 <443 Tajitsu & Tamura (1998)
IRAS 25 pum (Jy) 9.92+0.99 5.47 3.93 Tajitsu & Tamura (1998)
IRAS 60 pm“ (Jy) 7.33+0.88 <13.1 7.17 Tajitsu & Tamura (1998)
IRAS 100 um? (Jy) <27.85 < 182 < 13.69 Tajitsu & Tamura (1998)
Herschel 100 um (Jy) 3.087+0.060 4.287+0.097 Elia et al. (2017)
Herschel 160 pm (Jy) 1.131+£0.066 1.772+0.071 Elia et al. (2017)
Free-free emission
14.7 GHz (mly) 36 30 Milne & Aller (1982)
9 GHz (mlJy) 30.6+0.3 Schinzel et al. (2017)
5 GHz (mly) 31 6 30 Stanghellini et al. (2008)
5 GHz (mlJy) 36.1+0.2 Schinzel et al. (2017)
3 GHz (mly) 29.5+0.3 Bruzewski et al. (2021)
3 GHz (mlJy) 29.46 7.65+0.29 28.96+0.51 26.72+0.35 Gordon et al. (2023)
1.4 GHz (mly) 22.2+0.8 4.4+04 12.3+1.1 22.6+0.8 Condon et al. (1998)
0.4 GHz? (mJy) <50 Calabretta (1982)

Notes. @Note that radio flux at 0.4 GHz and some IRAS 12, 60, and 100 pm measurements denote upper limits.
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Appendix B: Properties of multipolar YPNe in the GD and GB regions

Table B.1. Properties of YPNe observed by HST.

PNG Object Morph.®)  Binary Class®™ PNG Object Morph.®)  Binary  Class™
Galactic disk
000.1+172 PC 12 MTD T 104.1+01.0 Bl 2-1 E® - CRD®
005.2-18.6  Sa2-383 E(D - - 107.4-02.6 K 3-87 E® - CRD®
006.8-19.8  Sa2-389 E(D - CRD  107.6-13.3  Vy2-3 E(D - -
009.6+14.8 NGC 6309 M® L3 - 110.1401.9 PM 1-339 BM - CRD!D
010.1400.7 NGC 6537 MID LeD - 111.8-02.8 Hb 12 M® g\ MCD®
010.7-06.4  IC 4732 M - ORDU  126.6+01.3 IPHAS PN-1 M3 T -
010.8+18.0 M2-9 MID T  MCD®  130.3-11.7 M 1-1 () - Fah
010.8-01.8  NGC 6578 E(D - - 146.7407.6 M 4-18 MED L2Y  CRD®D
012.2+04.9 HuBil RM - FUD 1474-023 M 1-4 E(D - CRDUD -
013.1+04.1 M 1-33 MID - MCD®»  165.5-06.5 K 3-67 MID - F1D
014.0-05.5 Sal-7 B®@ - F® 167.4-09.1 K 3-66 MID - CRD!D
014.3-05.5  Sa2-352 B®@ - CRD®  184.0-021 M 1-5 E® - CRD®
015.9403.3 M 1-39 MID - - 205.8-26.7 MaC 2-1 E® - CRD®
016.4-01.9 M 1-46 RM - - 211.2-03.5 M 1-6 MID - CRDUD
019.4-05.3 M 1-61 M® - MCD®M  215.2-242 IC 418 E(ID - CRD®
021.1-059 M 1-63 B®@ - - 226.4-03.7 PB1 E(D - -
021.8-00.4 M 3-28 M® L® - 232.8-047 M1-11 E(D - CRDU?
023.9-02.3 M 1-59 MID - - 234.8402.4 NGC 2440 M® - CRDUD
024.1+03.8 M 2-40 MUb - - 2349-01.4 M1-14 E(D - F19)
024.8-02.7 M 2-46 M® @ - 235.3-03.9 M 1-12 MID - CRD®
025.3-04.6 K 4-8 BUD - ORD™  258.1-00.3 Hen2-9 MID - -
026.5-03.0 Pe 1-19 MID - - 263.0-05.5 Hen2-8 E® - CRD®
027.6+404.2 M 2-43 E(D - CRD®  264.4-12.7 Hen2-5 R®@ - CRD®
027.6-09.6  Sa2-385 M®D - ORD™  2753-04.7 Hen 2-21 E® - CRD®
032.1+07.0 PC 19 BUD - - 278.6-06.7 Hen 2-26 E® - CRD®
032.7-02.0 M 1-66 MID - - 285.4+01.5 Hen 2-52 MID - CRD®
037.8-06.3  NGC 6790 MID - MCD?  285.4+022 Pe2-7 Mdb - F
038.2+12.0 Cn3-1 EUD - - 285.6-02.7  Hen 2-47 M®D - -
042.9-06.9 NGC 6807 MID - ORD™  286.0-06.5 Hen 2-41 MID - CRD®
043.0-03.0 M4-14 M® L® - 289.8+07.7 Hen 2-63 E® - FM
043.1+03.8 M 1-65 EUD - Fab 294.9-04.3  Hen 2-68 E® - CRD®
044.1+05.8 CTSS 2 4o LU© - 295.3-09.3  Hen 2-62 MID - ORD™
045.4-02.7  Vy2-2 | - ORDU?  296.3-03.0 Hen2-73 MID - MCD®
048.5+404.2 K 4-16 E® - CRD®  296.4-06.9 Hen 2-71 MID - -
048.7+02.3 K 3-24 M® L® - 300.7-02.0  Hen 2-86 M® - MCD®
051.4+09.6  Hu2-1 MID TGO  CRDYY  304.5-04.8 IC 4191 MID - -
051.5+00.2 KLW 1 E(D - - 307.2-03.4 NGC 5189 M® T® -
051.9-03.8 M 1-73 E(D - - 307.5-049 MyCn 18 MID g\ MCD®
052.9-02.7 K 3-41 E® - F® 309.0+00.8 Hen 2-96 MID T MCD®
056.0+402.0 K 3-35 BM - - 309.1-04.3 NGC 5315 M® L® McCD4D
057.9-01.5  Hen 2-447 M® L® MCD?  309.5-02.9 MaC 1-2 E® - CRD®
058.3-10.9  IC 4997 BM - - 315.1-13.0  Hen2-131 E(ID - -
059.9+02.0 K 3-39 B® - CRD®  315.4+409.4 Hen 2-104 M® T F19)
060.1-07.7  NGC 6886 MID - CRD!"?  320.1-09.6 Hen 2-138 M® - -
061.3+03.6  Hen 2-437 M® g\ - 321.0+03.9 Hen2-113 M®D No®  CRDU"”
063.8-03.3 K 3-54 E® - CRD®  321.3+02.8 Hen 2-115 Mdbh - CRD®
064.6+48.2 NGC 6058 M® - - 324.8-01.1  Hen 2-133 MUb - MCD
064.7405.0 Hen 2-438 E(D - - 325.8-12.8  Hen2-182 E(D - ORD™
067.9-00.2 K 3-52 () - ORD™  326.0-06.5 Hen 2-151 E(D - ORD®
068.1+11.0 ETHOS 1 M@ T - 327.1-01.8  Hen 2-140 MUb - MCD
068.3-02.7  Hen 2-459 () - MCDUD  327.1-02.2  Hen 2-142 Mdb - -
068.7+01.9 K 4-41 Mdb - ORD®  327.8-06.1  Hen 2-158 MUb - MCD
068.7+14.8  Sp 4-1 R®@ - CRD®  331.5-02.7 Hen 2-161 MID T
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PNG Object Morph.®)  Binary Class®™  PNG Object Morph.®?  Binary  Class®™
068.8-00.0 M 1-75 M@ L® 331.7-0.0 Mz3 M® T
071.6-02.3  Hen 2-465 M® MCD? 3329099 Hen 3-1333 M® No®  MCD@
074.5+02.1 NGC 6881 MUID L® CRDU?  334.8-074 Hen 3-1312 M1D TG ORD™
079.9+06.4 K 3-56 E® - ORD™  336.9+08.3 Hen 3-1132 E® - ORD
082.1+07.0 NGC 6884 M® - - 340.9-04.6 Sal-5 MH - F®
082.5+11.3 NGC 6833 E(1D @ FM 341.5-09.1  Hen 2-248 E® - FM
084.7-08.0 Kn?26 M® T - 342.1+10.8 NGC 6072 M® L@ Fd4
086.5-08.8 Hu1-2 M® L® - 343.4+119 H1-1 M{H - ORD®
086.9-03.4 Ous5 M® TG - 344.2+404.7 Hen 2-178 MID - ORD™
089.0+00.3 NGC 7026 M® - MCDUD  344.8+03.4 Sa3-37 E® - CRD®M
089.8-05.1  IC 5117 M® - CRD?  345.0+04.3 Vd1-2 B® - ORD®
093.9-00.1  PK 093-00.2 M L® CRD®  348.4-04.1 H1-21 B® - MCD®
097.6-02.4 M 2-50 E® - ORD  348.8-09.0 Hen 2-306 E® - FM
098.2+04.9 K 3-60 1@ - CRD@)  358.6+07.8 M 3-36 B® - -
100.0-08.7 Me 2-2 M® - - - M 2-56 M@ - -
Galactic bulge
000.8-07.6  H2-46 B® - CRD™  008.4-03.6 H1-64 M{b - -
001.1-01.6  Sa3-92 M - - 008.6-02.6  MaC 1-11 MD - ORD®
001.2+02.1  Hen 2-262 Mab - ORD™  350.9+04.4 H2-1 | - -
001.7-04.4 H1-55 M{b - - 351.1+04.8 M 1-19 Mdb - -
002.1-04.2 H1-54 Y - ORD?  3513+07.6 H1-4 MID - ORD™
002.2-094 Cn1-5 M - MCD®  3519-01.9 K54 MD - MCD®
002.3-03.4 H2-37 M{b - - 352.6+03.0 H1-8 Mab - MCD™
002.6-03.4 M 1-37 M® No®  MCD®™  352.9-07.5 Hen 2-320 M® T MCD®?
002.7-04.8 M 1-42 M - MCD"  354.5+03.3 Th 3-4 MD - CRDM
002.8+01.7 H2-20 M{b - MCD"  354.9+03.5 Th 3-6 B® - MCD™
002.9-03.9 H2-39 Man - ORD™  3554-024 M 3-14 Mdb - MCD!Y
003.1402.9 Hb4 M® LG?2  MCD1® 3559+03.6 H1-9 MH - CRD{7P
003.1+03.4 H?2-17 M{D - MCD®  355.9-04.2 M 1-30 M{h - -
003.6+03.1 M 2-14 M® - MCDY®  356.5+01.5 Th 3-55 BUD - ORD
003.8+05.3 H?2-15 | - - 356.5-03.6 H2-27 B® - FM
003.9-03.1 KFL7 E® - - 356.5-03.9 H1-39 B - -
004.0-03.0 M 2-29 M T® CRD"?D  356.8403.3 Th3-12 B® T® MCD
004.1-03.8 KFL 11 MaD - ORD®™  356.9+04.4 M 3-38 M{b TE  MCDU®
004.8+02.0 H2-25 E® - - 357.1-04.7 H1-43 M{D TH  MCDUD
004.9+04.9 Hen 2-259 E(ID - MCD®%  357.2+402.0 H2-13 R® T  MCD®M
006.1+08.3 M 1-20 MaD - CRD"®  358.5-042 H1-46 M{b - ORD®
006.3+04.4 H2-18 M - ORD®™  358.7+05.2 M 3-40 M{D - MCD™
006.4+02.0 M 1-31 Mab - MCDY®  3589+03.4 H1-19 MUb - MCD™
006.8+04.1 M 3-15 M - MCDU®  3589-00.7 M 1-26 M® - -
007.8-04.4 H 1-65 Y - - 359.2404.7 Th3-14 E® No® -
008.2+06.8 Hen 2-260 M - CRD"?  3593-00.9 Hen 2-286 M@ - F®
008.3-07.3  NGC 6644 M2 L® CRD"?  359.8-072 M2-32 MUb - -

Notes. “M: multipolar, B: bipolar, E: elliptical, R: round, I: irregular. ("Dust types of the nebulae are classified by Stanghellini et al. (2012). CRD:
carbon-rich dust, ORD: oxygen-rich dust, MCD: mixed-chemistry dust, F: featureless.
References. (1) Sahai et al. (2011); (2) Stanghellini et al. (2016); (3) Tan et al. (2023b); (4) Wen et al. (2023); (5) Hsia et al. (2021); (6) Bear &
Soker (2017); (7) Hsia et al. (2014); (8) Hsia et al. (2019); (9) Jacoby et al. (2021); (10) Wen et al. (2024); (11) this study; (12) Hsia et al. (2010);
(13) Delgado-Inglada & Rodriguez (2014); (14) Kwok et al. (2010); (15) Gutenkunst et al. (2008); (16) Garcia-Herndndez & Gorny (2014); (17)
Guzman-Ramirez et al. (2011); (18) Lykou et al. (2011) (19) Casassus et al. (2001); (20) Sloan et al. (2003); (21) Hsia et al., in prep. (2026); (22)
Garcia-Rojas et al. (2018); (23) Douchin et al. (2015); (24) Chen et al. (2025); (25) Chornay et al. (2021); (26) Jones & Boffin (2017); (27) Kastner
et al. (2025); (28) Rechy-Garcfa et al. (2022); (29) Mampaso et al. (2006); (30) Miranda et al. (2001); (31) Pereira (2004); (32) Derlopa et al. (2019).
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