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Abstract

We perform an infrared (IR) spectral and visible morphological study of two young planetary nebulae (YPNe) Hen 2-73 and Hen 2-96 using archival Spitzer Space Telescope and Hubble Space Telescope (HST) observations to understand their dust properties and nebular structures. High-resolution HST images of these nebulae show several bipolar lobes and ionised tori in the central regions of both objects. The presence of these multi-lobe structures suggests that the formation process of these nebulae is complex. To search for a possible link between the central sources and multipolar appearances of these objects, the Transiting Exoplanet Survey Satellite (TESS) observations are used to examine whether their central stars (CSs) exhibit periodic photometric variations. In the TESS observations, the CS light curve of Hen 2-96 shows a photometric variation with a period of 2.23 h. The IR spectra of these two YPNe suggest that the nebulae have mixed dust environments, which are associated with the presence of dense tori created by central binary interactions in these objects. Two three-dimensional models are constructed to study the complex nebular structures of the YPNe. These simulations suggest that the number of multipolar YPNe may be larger than observed. In addition, we analyse the spectral energy distributions of these nebulae to study their gas, dust, and photospheric components.
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1 Introduction
Planetary nebulae (PNe) are generally believed to form when the intermediate- and low-mass stars evolve to the end of their evolution. During the asymptotic giant branch (AGB) and post-AGB phases, the PN progenitors eject large amounts of material and form circumstellar envelopes around these sources. These materials are then gradually ionised by the central stars and eventually become PNe. As the PNe evolve, their shape changes over time, depending on the evolution of their central stars (Stanghellini et al. 2002), the densities of the environments surrounding the nebulae, and viewing angles to the PNe (Hsia et al. 2010, 2019, 2021). Among all PNe, multipolar nebulae are a unique type of PNe that usually exhibit two pairs or at least two pairs of axi-ally symmetrical structures (López et al. 1998; Manchado et al. 1996). Previous studies suggested that the vast majority of multipolar PNe are quite young (Sahai 2000; Kwok & Su 2005; Hsia et al. 2010, 2014, 2019). These results suggest that this type of nebulae plays a main role in the early stage of PN evolution (Hsia et al. 2014). The diversity of morphologies, complex structures, and chemical compositions of multipolar young PNe (YPNe) not only provides important information for the morphological evolution of PNe, but also helps us to understand the dust properties of these objects (Hsia et al. 2014).
In the past three decades, with the development of telescope equipment and high-dynamic-range CCD imaging technology, the properties of multipolar YPNe (morphology, ionised gas components, chemical compositions, and nebular structures) have been gradually studied in detail (Sahai 2000; Kwok & Su 2005; Hsia et al. 2010, 2014; Sahai et al. 2011, 2023; Leone et al. 2014; Hsia et al. 2019; Wen et al. 2023). Three quadrupo-lar (multipolar) PNe are first discovered in a survey of Galactic PN morphology and the shapes of these nebulae are inferred to be formed by precessing rotating stars (Manchado et al. 1996). Since then, more and more multipolar PNe have been discovered such as Hen 2-47 and M 1-37 (Sahai 2000), IRAS 21282+5050 (Hsia et al. 2019), NGC 6309 (Rubio et al. 2015), NGC 6644 (Hsia et al. 2010), and NGC 6881 (Kwok & Su 2005). The emergence of multipolar structures is suggested as a result of multiple outflow events separated by time or concurrent collimated outflows with different orientations (López et al. 1995; Hsia et al. 2014). While astronomers have proposed several scenarios to explain the formation of multipolar YPNe (López et al. 1995; García-Segura et al. 2006, 2010; Velázquez et al. 2012; Steffen et al. 2013), the exact mechanisms responsible for the shape of multi-lobed objects remain unclear. One possible cause for the presence of multiple lobes could be due to binary interactions in the core of the YPNe or precession of the rotating central star (CS) during the post-AGB or AGB phases (García-Segura 1997; García-Segura et al. 2010; Velázquez et al. 2012). Recent James Webb Space Telescope (JWST) observation of NGC 3132 reveals that the PN exhibits a multipolar morphology and has a triple star system (De Marco et al. 2022; Sahai et al. 2023). This result further supports the hypothesis that there may be a correlation between the multipolar appearance of the nebula and its central binary star (García-Segura et al. 2010; Velázquez et al. 2012).
The space-based all-sky photometry is a poweful tool that not only helps us discover the transits caused by Earth-size or giant planets orbiting solar-type stars (Holman et al. 2010; Batalha et al. 2011; Doyle et al. 2011; Lissauer et al. 2011; Welsh et al. 2012) and eclipsing binaries (Coughlin et al. 2011; Orosz et al. 2012; Thompson et al. 2012), but also detects binary CSs of PNe (CSPNe, Handler et al. 2013; De Marco et al. 2015; Aller et al. 2020; Jacoby et al. 2021; Rechy-García et al. 2022). The advantage of space photometric monitoring is that the observations are not affected by the Earth’s atmosphere and can carry out long-term continuous photometric measurements. Since the retirement of the Kepler space telescope, the current Transiting Exoplanet Survey Satellite (TESS) has become an excellent mission to search for new short-period binaries in the cores of all-sky PNe. A preliminary work using high-precision TESS photometry shows that 7 out of 8 CSPNe (~88%) exhibit significant periodic variations, which are attributed to the influence of binary CSs (Aller et al. 2020). However, these photometric variations may be contaminated by the other sources within the same photometric aperture (Aller et al. 2020). Further observations with better spatial resolution could confirm whether these CSPNe are binaries.
Hen 2-73 (PNG 296.3-03.0) and Hen 2-96 (PNG 309.0+00.8) are first discovered as Hα emission objects (Wray 1966). Henize (1967) further confirmed that they are true PNe according to their visible spectral characteristics. Both objects are originally classified as young bipolar nebulae (Sahai et al. 2011). Later, Stanghellini et al. (2016) classified Hen 2-73 as a point-symmetric (P) type nebula with a size of 5″.04×2″.11 because it reveals a point symmetry structure, while Hen 2-96 exhibits an irregular appearance (with a size of 4″.55×3″.68). Previous studies have revealed some properties of these two nebulae such as chemical abundances (Kaler 1970), distances (Maciel 1984), absolute fluxes (Acker et al. 1991), extinction coefficients (Tylenda 1992), and radial velocities (Durand et al. 1998). To understand the evolutionary status and mass distribution of the CSs of compact PNe, Moreno-Ibáñez et al. (2016) derive the CS masses and corresponding luminosities of the two objects to be ~0.567 M⊙ and 646 L⊙ for Hen 2–73 and ~0.567 M⊙ and 81 L⊙ for Hen 2-96, respectively, adopting the distances to these nebulae of 7.93 kpc (Hen 2-73) and 4.8 kpc (Hen 2-96). Although these two PNe may have bipolar features (Sahai et al. 2011) and some relevant properties have been reported previously, their shapes and complex structures have not been studied in detail.
In this study, we analyse the Hubble Space Telescope (HST) visible images, TESS photometry, and infrared (IR) spectral observations of two multipolar YPNe (Hen 2-73 and Hen 2-96) to study their morphology and properties and to search for the possible correlations between the central stars and the multi-lobed appearances of these YPNe. These mutlipolar structures have not been discovered before, possibly due to their low surface brightnesses. The two YPNe not only have mixed chemistry dust environments but also exhibit central ionised tori. A description of the visible imaging, photometry, and mid-IR (MIR) spectroscopic observations and their corresponding data reduction is presented in Sect. 2. In Sect. 3, we summarise the observed results of these nebulae. The photospheric, nebular, and dust properties of the two YPNe derived from the spectral energy distributions (SEDs) are given in Sect. 4. In Sect. 5, we use three-dimensional (3D) models to reconstruct the observations and study the multipolar appearance of these nebulae. Finally, a conclusion of our work is given in Sect. 6.
2 Observations and data reduction
2.1 High angular-resolution HST visible images
The visible imaging observations of Hen 2-73 and Hen 2-96 were taken from the Mikulski Archive for Space Telescopes (MAST). Both nebulae were imaged as part of program 11657 (PI: L. Stanghellini) using the Wide Field Camera 3 (WFC3) mounted on HST. The WFC3 provides a field-of-view (FOV) of 2′.7×2′.7 and a spatial resolution of 0″.04 per pixel, allowing detailed observations for the studied nebulae. Two broad-band (F350LP: λc = 5812 Å, Δλ = 4840 Å; F200LP: λc = 4895 Å, Δλ = 5680 Å) and one narrow-band [O III] (F502N: λc = 5012 Å, Δλ = 65 Å) filters were employed in the observations. The filters were used to capture the spatial structures and nebular features of these YPNe. The total exposure times of these objects ranged from 88 to 600 s, related to the brightness of the nebular structures observed in different filters.
To ensure the accuracy and reliability of the imaging results, we calibrated and processed the data using the IRAF STS-DAS package. The data reduction processes included flat-field calibration, bias correction, and cosmic-ray rejection, which were essential steps in reducing noise and other artefacts in the images. A summary of the HST WFC3 observations of these nebulae is given in Table 1. Processed colour composite and grey-scale F350LP images of these YPNe (Hen 2-73 and Hen 2-96) are shown in Figs. 1–3. These high-resolution images not only provide specific information on the spatial and structural distributions of the objects, but can also be used to study their dynamic evolution and physical properties.
2.2 TESS photometric observations
The TESS mission is an all-sky survey whose main purpose is to search for transiting exoplanets and monitor their variabilities. As of today, the TESS has already mapped more than 93% of the sky and observed 72 different sky sectors. The TESS has four cameras, each containing four 2K×2K CCDs. The camera provides a wide FOV of 24º×24º with an image resolution of 21″ pixel−1. As with Kepler mission, TESS’s continuous monitoring (~27 days) and high-precision observations provided a good opportunity to search for new binary central stars in the multipolar PNe.
We obtained the TESS photometric observations of Hen 2-73 and Hen 2-96 retrieved from MAST. These two YPNe were observed in the full frame images (FFIs) under a 200 s cadence mode. To obtain a series of CS photometric data of the nebulae, the 15×15 pixel2 cutouts (5′.3×5′.3) of FFIs were downloaded from MAST TESScut service (Brasseur et al. 2019) and then converted to the target pixel files (TPFs). Data reduction, photometry, and light curve creations of these objects were performed using Python Lightkurve v2.3.0 package (Lightkurve Collaboration 2018). Since the TPFs taken from raw FFIs were not processed for background subtraction, a basic median removal method and a RegressionCorrector task were used to remove the trends seen in the TPFs caused by spacecraft motion noise and scattered light. To minimise contamination from nearby sources, the aperture mask for each object was determined by manual inspection, which selected pixels that were least contaminated and showed strongest signal in the peri-odogram (Lightkurve Collaboration 2018). The CS light curves of Hen 2-73 and Hen 2-96 were then created from the calibrated TPFs using the to_lightcurve task in Lightkurve package. The remove_nans and remove_outliers tasks were employed to remove the data points with NaN fluxes and flux values above 5 times the standard deviation. Long term and low frequency trends were eliminated by applying a Savitzky-Golay filter. To search for possible periodicity in these YPNe, we performed a Lomb-Scargle periodogram analysis for the observed light curves, a method commonly used to detect periodic signals in non-uniformly spaced measurements. The phase-folded light curves of the objects corresponding to the period values found in the periodograms were made. The journal of the TESS photometric observations is summarised in Table 1 and the TPFs of these YPNe are shown in Fig. 4.
Given a large TESS image resolution of 21″ pixel−1, we should be cautious when analyzing the photometric signals of these nebulae obtained from the TESS mission due to potential contamination from nearby sources, which may lead to misinterpretation of the observed photometric variability (Higgins & Bell 2023; Pedersen & Bell 2023). From Fig. 4, we note that the photometric measurements of these nebulae are contaminated by a few sources with similar brightnesses to the CSPNe in the apertures, making it not easy to eliminate the contributions of nearby stars. To obtain the reliable localisation of observed variations in the TESS light curves and examine whether the variable signals originate from contaminant sources, the periodograms of these two PNe were first analysed using the TESS_Localize package (Higgins & Bell 2023). The TESS_Localize procedure could localise the position of a variable source on the sky better than one fifth of a TESS pixel (Higgins & Bell 2023). We adopted the same processes applied by Higgins & Bell (2023) and Gomes et al. (2024) to select the PNe that exhibited true photometric variability: (i) those with signal amplitudes larger than five times their uncertainties in the TESS_Localize procedure (Higgins & Bell 2023); and (ii) those with the “relative likelihood” (RL) parameter presented in the TESS_Localize procedure exceeds 90% (Higgins & Bell 2023; Gomes et al. 2024). Otherwise, the variations might come from other sources. After using the TESS_Localize method, we also performed additional visual inspections of the TPFs produced by TESS_Localize package to check whether the target positions match those of CSPNe.
Table 1 
Log of HST visible imaging and TESS photometric observations.

	[image: thumbnail]	Fig. 1 HST colour-composite image of Hen 2-73 with various structures displayed in a logarithmic scale. The nebula is synthesised with [O III] (green), F200LP (blue), and F350LP (red) images. Two distinct lobe-like features (lobes b-b′ and c-c′) and a pair of faint bipolar lobe a-a′ are also labelled. The central star can be seen is the image.



	[image: thumbnail]	Fig. 2 Central region of Hen 2-73 shown in the grey-scaled F350LP image with a logarithmic scale. Left panel: image intensity is scaled to better show faint structures. The S-shaped lobe (c-c′) and a faint ionised torus roughly along the north-south direction can be seen. Right panel: same as on the left panel but marked with the tours feature (red dotted line).



	[image: thumbnail]	Fig. 3 Composite-colour HST images of PN Hen 2-96. Left panel: the image is created with F350LP (red), F200LP (blue), and [O III] (green) filters, respectively, and displayed in a logarithmic scale to show faint features. The insert (F350LP image) shows the central star and an ionised torus in central part of this nebula. Right panel: same as the left panel but labelled with individual structures.



	[image: thumbnail]	Fig. 4 Observed target pixel files (TPFs) of Hen 2-73 (left) and Hen 2-96 (right). The black crosses and coloured circles represent the locations of YPNe and the Gaia DR2 sources, respectively. The white shaded regions plotted on the TPFs are the aperture masks used to extract the fluxes of YPNe. The electron counts are displayed on a linear scale and the scale bars are shown at the right. Note that the photometric measurements of these YPNe may be contaminated by several sources inside the aperture masks.



2.3 Infrared spectral observations
The IR spectra of these two YPNe were obtained from AKARI Infrared Camera (IRC) and Spitzer InfraRed Spectrograph (IRS) observations. For AKARI IRC spectroscopic measurements (Onaka et al. 2007), the observations of Hen 2-73 were performed under IRCZ4 mode with a spectral resolution ~100, covering a spectral range between 2.5 and 5.0 µm (Ohsawa et al. 2016). The IRCZ4 mode was designed for spectral measurements using IRC camera. The slit aperture used in the observations was 1′×3″. The total exposure on this nebula of IRC measurement was 355 sec. The data were processed and calibrated using IRC Spectroscopy Toolkit for Phase 3 data (version 20111121) to subtract dark and background emission, correct for flat-field and linearity, and calibrate wavelength and flux.
IRS low-to-medium resolution spectra of Hen 2-96 and Hen 2-73 were obtained through the program 50261 (PI: L. Stanghellini) between 2008 August 16 and 2009 April 03. The objects were observed with Long-High (LH), Short-Low (SL), and Short-High (SH) modules, which provide a total spectral coverage from 5.2 to 37.2 µm with spectral resolutions of 57– 600. The aperture sizes are l1″.1×22″.3, 3″.6×57″, and 4″.7×11″.3 for the LH, SL, and SH modules. Total exposures of the PNe varied between 40 s and 80 s, and the slits of spectroscopic observations for both nebulae were set to pass through their central regions. The IR spectra of these YPNe were reduced and calibrated using the Spitzer Science Centre (SSC) pipeline version s18.7. We employed the IRSCLEAN program to eliminate rogue pixels and then used the Spectroscopy Modelling Analysis and Reduction Tool (SMART) package to extract the spectra (Higdon et al. 2004). To obtain high signal-to-noise (S/N) spectral data for these YPNe, we combined the IRS observations with different exposures to create the final spectra of the studied nebula.
It is worth noting that the aperture size of the SL (3″.6×57″) and SH (4″.7×11″.3) modules is smaller than that of the LH (11″.1×22″.3) module, and the flux loss occurs in the SL and SH observations with smaller slit sizes. In order to correct this effect, we applied scaling correlations for the SL and SH observations of the two YPNe. The SL and SH measurements of these nebulae are scaled by the factors of 1.52 and 1.33 for Hen 2-73 and 1.21 and 1.08 for Hen 2-96, respectively, to suit the continuum intensities of overlapped parts of LH and SL/SH spectra.
The Spitzer and AKARI spectroscopic data of Hen 2-73 and Hen 2-96 have been presented by Ohsawa et al. (2016) and Stanghellini et al. (2012), but the dust chemical composition and characteristics of these YPNe have not been well studied. To better understand the dust properties of the two YPNe, we re-examined these spectra. A summary of Spitzer and AKARI observations of the objects is given in Table 2.
Table 2 
Summary of AKARI and Spitzer infrared spectroscopic observations.

Table 3 
Measurement results of structural features of Hen 2-73 and Hen 2-96.

3 Results
3.1 Visible morphology
3.1.1 Young planetary nebula with a multipolar shape – Hen 2-73 (PNG 296.3-03.0)
Although Sahai et al. (2011) have classified Hen 2-73 as a bipolar PN, the high-resolution HST image of this object (Fig. 1) shows that the nebula exhibits a multipolar shape extending roughly from southwest to northeast. This PN consists of three bipolar lobes (marked lobes a-a′, b-b′, and c-c′) and these lobe-like structures intersect approximately at the central part of the nebula. From Fig. 1, we can see that lobe c-c′ shows an approximate S-shaped appearance with western part twisting to the south and the eastern part twisting towards the north. The similar structure can be seen in some multipolar PNe such as Hen 2-313, IC 4634, and Kn 26 (Chong et al. 2012; Guerrero et al. 2013) and may be related to the precession of central binary interaction (Hsia et al. 2014; Kwok & Su 2005). Comparing to the two main lobes (lobes b-b′ and c-c′), the surface brightness of lobe a-a′ is relatively low and can only be distinguished by adjusting the contrast, as shown in the insert of Fig. 1. The shapes of lobe structures are measured by fitting their appearances in the images, allowing us to obtain their orientations and sizes. The sizes of these three lobes are 2″.35× 1″.13, 5″.35×2″.38, and 6″.58×2″. 16 for lobes c-c′, b-b′, and a-a′, respectively, and their corresponding position angles (PAs) are measured to be 63º±3º, 68º±2º, and 59º±2º. A summary of the measurement results is given in Table 3.
Furthermore, an ionised torus embedded in the waist of the twisted lobe c-c′ can be seen in the F350LP image of Hen 273 (Fig. 2). This torus structure has a size of 1″.20×0″.53 and is orientated at PA = 165°. Assuming that the shape of observed torus is due to a tilted circular projection, the tilt angle of this torus is approximately 64° (with 0° being the sky plane). Interestingly, we find that the orientation of lobe c-c′ (PA = 63°) is not perpendicular to the major axis of faint torus (PA = 165°). It is possible that the torus structure is not associated with lobe c-c′. The presence of these multi-lobed structures and ionised torus feature suggests that the formation process of this nebula is complex.
Precisely measuring the distances to PNe remains a challenge. Recent high-precision Gaia data are considered an ideal probe to obtain reliable distance scales (Stanghellini et al. 2020). Therefore, we use a Gaia distance to this PN of [image: equation] kpc in this study (Bailer-Jones et al. 2021). Adopting that the distance of Hen 2-73 is 1.21 kpc (Bailer-Jones et al. 2021), the physical distance of lobe a-a′ is derived to be 0.039 sec θ pc (θ represents the tilt angle). Assuming that a mean expansion velocity of normal PNe is 42 km s−1 (Jacob et al. 2013), the kinematic age of this nebula is ~105 sec θ yr, indicating that Hen 2-73 is young (Sahai et al. 2011).
Table 4 
Results of our analysis for Hen 2-73 and Hen 2-96.

3.1.2 Young multipolar planetary nebula – Hen 2-96 (PNG 309.0+00.8)
The HST image of PN Hen 2-96 (Fig. 3) shows that this object has a bright, dense core and extends roughly from southwest to northeast. The angular dimension of this PN is 8″.58×5″.47, which is larger than earlier measurement of 4″.55×3″.68 (Stanghellini et al. 2016). As can be seen in Fig. 3, the nebula consists of four pairs of differently orientated lobes (marked as lobes d-d′, c-c′, b-b′, and a-a′) that roughly intersect at the central part of the nebula. The measured PAs of these four lobe-shaped features are 39°±4°, 47°±3°, 153°±3°, and 2°±4° for lobes a-a′, b-b′, c-c′, and d-d′, respectively. The angular extents of lobes a-a′, b-b′, c-c′, and d-d′ are about 8″.58×2″.16, 6″.68×2″.22, 2″.73×0″.77, and 2″.02×0″.68. The measured parameters of these structures (orientation angles and sizes) are also listed in Table 3.
Interestingly, the HST F350LP image of Hen 2-96 (the insert of Fig. 3) reveals a torus structure in the central part of this nebula. This torus feature is similar to that seen in Hen 2-73 (Fig. 2). The angular dimensions of this equatorial torus are 1″.06×(0″.46 orientated at PA = 138°. Assuming that the torus structure is caused by a tilted circle, the inclination angle of this ionised torus is derived to be 64° (with 0° being the sky plane). Further spectroscopic analysis of the ionised torus seen in Hen-96, as well as comparative studies of similar structures in other mul-tipolar PNe, can help us to gain a broader understanding of their formation mechanisms and evolution processes.
Adopting that the Gaia distance of Hen 2-96 is of 0.46 kpc (Bailer-Jones et al. 2021), the physical length of lobe a-a′ is 0.02 sec θ pc (where θ is the inclination angle). Assuming that a mean expansion velocity of this PN is 42 km s−1 (Jacob et al. 2013), the kinematic age of the nebula is estimated to be ~ 52 sec θ yr, which agrees with previous result that Hen 2-96 has a small nebular age (Sahai et al. 2011).
3.2 Potential photometric variations of the nebulae
After these detailed analyses of the TESS data, we determine that Hen 2-96 exhibits photometric variability but exclude Hen 2-73 because the TESS_Localize results of this PN show that the detected signals may originate from other sources. Table 4 lists the results of our analysis for these nebulae. The names of the sources are listed in Col. 1. Columns 2 and 3 give the period and amplitude of light curve variation. The time of minimum flux (T0) of the light curve modulation is given in Col. 4. Columns 5 and 6 give the classification of variability type based on the shape of phased curve and PN status adopted from the University of Hong Kong-Australian Astronomical Observatory-Strasbourg Observatory H-alpha (HASH) database (Parker et al. 2016). The RL values derived from TESS_Localize analysis is given in Col. 7. Figure 5 shows the TESS light curve (top panel), frequency-power spectrum (left panel), and phase-folded light curve obtained using the fitted period (right panel) of Hen 2-96. To better visualise the visibility of the phased light curve and estimate the amplitude variation of the object, the binned version of phase-folded light curve is also plotted on the right panel of Fig. 5. We summarise the photometric results of these two nebulae below.
3.2.1 Contaminated object – Hen 2-73
There is no information about photometric variability and spectral classification of the CS of this object in the literature. In the TESS frequency-power spectrum of this object, two prominent peaks at approximately 4.998 day−1 (4.8 h) and 9.997 day−1 (2.4 h) are identified. However, the TESS_localize analysis reveals that this nebula may be significantly contaminated by nearby sources with RL = 81.82%. There is few contamination from the star (Gaia DR3 5332582092820410368) with RL = 12.02% and another bright source (Gaia DR3 5332582092820404992) with RL = 2.74%. Further TPF analysis also reveals that the location of frequency source is slightly offset from this PN. These results suggest that Hen 2-73 seems unlikely to be the origin of the observed variability.
	[image: thumbnail]	Fig. 5 TESS light curve of Hen 2-96 (top panel). Frequency power spectrum of TESS light curve (left panel). Phase folded (grey) and phase-binned (black) light curves of Hen 2-96 (right panel). The points in the phase-binned light curve (black) represent the average of data points in phase-folded light curve using the bin = 0.029 in phase.



3.2.2 Photometric variation object – Hen 2-96
Although Hen 2-96 exhibits a striking multipolar appearance, the photometry and spectral classification of the CS in this nebula have not received attention in previous studies. The TESS peri-odogram of this object (left panel of Fig. 5) shows two notable features including a strong peak at 21.571 day−1 (1.11 h) and a weak peak at 10.786 days−1 (2.23 h). Our TESS_localize analysis shows that the analysed frequencies originate from this nebula (with RL ~ 98%). Further visual inspection of the TPF map also shows that the best-fit location of the target produced by TESS_localize overlaps with the position of the studied nebula, suggesting that the observed variation indeed originates from Hen 2-96. In addition, we note that the nebula is positioned very close to the edge of the aperture we set in the TPF map (see the right panel of Fig. 4), which may reduce the S/N of the measurement (Howell 1989) and affect the photometric variability of the observed object. To clarify and reduce the doubts caused by the chosen aperture, we adjust the aperture size to 2×2 pixel2 (where the position of the nebula is at the centre of the aperture) and then examine the photometric variation of the object. Similar to previous results, TESS_localize analysis reveals that the identified frequencies come from this object with RL = 97.12% and the frequency source location also overlaps on the analysed nebula after a visual inspection of the TPF map. These indicate that the offset position of Hen 2-96 has a rather small effect on the observed photometric variability.
The strong peak at 21.571 days−1 (1.11 h) does not show significant variation when we make a phase-folded light curve using this period, so the strong signal in the periodogram is most likely an alias. The CS phase light curve of this object folded with a period of 2.23 hr is shown in the right panel of Fig. 5. The curve with an amplitude of 0.13 percent (right panel of Fig. 5) presents double minima with different depths in each cycle and its shape is similar to the light curves of Th 3-12 (Jacoby et al. 2021) and β Lyrae (Kreiner et al. 1994; Kang 2010). The primary minimum appears to be about 2 times deeper than the secondary minimum. This variation is suspected to be caused by a semi-detached eclipsing binary with ellipsoidal components (Mennickent & Djurašević 2013).
Although Hen 2-96 exhibits periodic photometric variations, even though a RL value is about 98%, we cannot completely rule out the possibility that the observed variability is still contaminated by other stars surrounding the nebula. Additional high spatial resolution photometric monitoring is needed to help us clarify whether the variability comes from the CS of this object.
3.3 Dust properties of Hen 2-73 and Hen 2-96
To investigate the dust properties and chemical composition of the circumstellar medium surrounding Hen 2-73 and Hen 2-96, we examine the MIR spectra of these nebulae for the existence of silicate bands and unidentified infrared emission (UIE) features. Comparing with the Spitzer IRS spectrum of Hen 2-73, the AKARI IRC spectral data are observed with a smaller slit width (3″) and thus needed to be adjusted by a factor of 1.55 to suit the level of continuum emission at around 5.0 µm in the IRS spectrum. To emphasise unusual spectral features, we fit the dust continua of these nebulae by using the cubic polynomials and subtract them from the actual spectral data. The residual AKARI and Spitzer spectra of Hen 2-73 and Hen 2-96 are shown in Figs. 6 and 7, respectively.
As can be seen from Figs. 6 and 7, the residual IR spectra of the two YPNe are dominated by obvious forbidden lines including [Ar II] at 6.99 µm, [Ar III] at 8.99 µm, [Ne II] at 12.81 µm, [Ne III] at 15.56 µm, [S IV] at 10.51 µm, [S III] at 18.71 and 33.48 µm, and a prominent H 1 line at 12.37 µm. Hen 2-73 also exhibits more emission features such as [Mg IV] + [Ar VI] at around 4.49 µm, [Ar V] at 13.10 µm, [Ar III] at 21.83 µm, [Ne V] at 24.32 µm, and [O IV] at 25.87 µm. Additionally, the AKARI IRC spectrum of Hen 2-73 shows the HI and H2 features commonly found in typical PN spectra.
In addition to prominent forbidden lines, some strong UIE features at 6.2, 7.7, 8.6, 11.2/11.3, and 16.4 µm are observed in the IRS spectra of these two YPNe. Also present are weak UIE bands at 12.0, 11.8, 6.8, 5.7, 3.4, and 3.3 µm. Interestingly, the signatures of three main silicate complex features (23, 28, and 33 µm complexes) can also be detected in the IR spectroscopic measurements of Hen 2-73 and Hen 2-96 (Molster et al. 2002). These broad silicate bands lie in the wavelength range of 20– 35 µm and are detected for the first time in two YPNe. The dust composition characteristics mentioned above suggest the existence of a mixed dust environment in Hen 2-73 and Hen 2-96. The mixed-chemistry phenomena are associated with the presence of dense tori in these objects, which may be the product of central binary interactions (Guzman-Ramirez et al. 2011, 2014). Further high-spectral-resolution IR observations are required to understand the detail chemical compositions of these nebulae and 2D distributions of and their circumstellar environments.
	[image: thumbnail]	Fig. 6 Continua-subtracted spectra of Hen 2-73 with the spectral coverage from 2.5 to 5.0 µm (AKARI-IRC) and 5.0 to 36.0 µm (Spìtzer-IRS). Prominent forbidden emission, H2, and HI lines are labelled. The positions of UIE and silicate (Molster et al. 2002) bands are marked with red and blue lines, respectively.



	[image: thumbnail]	Fig. 7 Spitzer continuum-subtracted spectrum of Hen 2-96 in wavelength range of 5 to 36 µm. Obvious emissions and H2 line are labelled. The notations of UIE and crystalline silicate features are the same as Fig. 7.



4 Spectral energy distribution
The SED has always been considered a powerful tool to help us study different components of various objects. To further understand the properties and nature of photospheric, dust, and ionised gas components of investigated nebulae, we set out to construct two individual SEDs for Hen 2-73 and Hen 2-96 (Fig. 8), covering wavelength range from radio to ultraviolet (UV). The visual Sloan Digital Sky Survey (SDSS) or Sloan z′, i′, r′, g′, u′ magnitudes of Hen 2-73 and Hen 2-96 are obtained from Henden et al. (2016) and Gaia Collaboration (2022), respectively. Extensive NIR and MIR photometric measurements are taken from Two Micron All Sky Survey (2MASS), Deep Near-Infrared Survey of the Southern Sky (DENIS), AKARI, Midcourse Space Experiment (MSX), Infrared Astronomical Satellite (IRAS), and Herschel point source catalogues. Additionally, some IR photometry of Hen 2-73 and Hen 2-96 measured from Wide-field Infrared Survey Explorer (WISE) archive are added together using the same methods presented in Hsia & Zhang (2014). The colour corrections of four WISE channels are performed using the calibration factors listed in Wright et al. (2010). We note that Hen 2-73 and Hen 2-96 are located in relatively dense environments. The photometric measurements of these nebulae may be contaminated by other sources in the field. After careful inspection, the photometry of both PNe are not contaminated by nearby objects from MIR to the radio bands. The visible photometric contamination of Hen 2-73 is <30% and NIR photometric contamination of Hen 2-96 is <15%. The photometric contamination from nearby sources on these two PNe is small and does not affect the main results. A journal of available photometric measurements is listed in Table 5.
As shown in Fig. 8, most of total fluxes emitted from these nebulae are mainly dominated by dust components in the IR range. We fitted the total emission intensities of Hen 2-73 and Hen 2-96 using the models composed of dust continuum and reddened photospheric emission (contributed from central core and ionised gaseous elements) described in Hsia et al. (2019). From Fig. 8, we can see that the relative proportions of these components of the YPNe can be clearly distinguished. For the dust continua shown in the SEDs, the distribution curves of these components are too broad to fit using a single element. Therefore, the observed curves of dust components of these nebulae are fitted by applying the DUSTY radiative transfer program (Ivezic et al. 1999). The dust chemistry of these two nebulae is assumed to be the mixtures of silicate, amorphous carbon, and graphite particles with a standard MRN size distribution (Mathis et al. 1977). The fiducial wavelengths and optical depths of the envelopes are adopted to be λ0 = 0.1 µm and τ = 0.3 for Hen 2-73 and λ0 = 0.7 µm and τ = 2.6 for Hen 2-96, respectively. In the SED fitting, although the fitting results do not fully reflect the actual status of these YPNe, we still give the best approximate fits to the observed data points.
Our best approximation results show that the effective temperatures of central cores are 100 000 ± 4000 K for Hen 2-73 and 55 000 ± 3000 K for Hen 2-96, which agree with previous results of 97 400 ± 3710 K for Hen 2-73 and 54 800 ± 3850 K for Hen 2-96 (Moreno-Ibáñez et al. 2016). The temperatures of dust components are derived to be 230 K and 180 K for Hen 2-73 and Hen 2-96. Adopting the same distances of 1.21 kpc for Hen 2-73 and 0.46 kpc for Hen 2-96 (Bailer-Jones et al. 2021), the total luminosities of Hen 2-73 and Hen 2-96 are ~1680 L⊙ and 2,160 L⊙. Due to some uncertainty in the effective temperatures of the central stars and the adopted distances of these objects, the derived luminosities of the two nebulae cannot be precisely determined, so the values are approximate estimates.
According to post-AGB evolutionary tracks proposed by Miller Bertolami (2016), the positions of Hen 2-73 and Hen 2-96 on the Hertzsprung-Russell diagram (central source temperatures and luminosities) imply that they have an evolutionary age of ⩾10 000 yr, corresponding to a core mass of ~0.528 M⊙. The evolutionary ages of these nebulae are larger than the observed kinematic ages derived earlier. The inconsistency between our observational results and the theoretical evolutionary tracks may be due to the fact that the visible nebular structures (for which we use to estimate the kinematic ages) originated from very late mass-loss stages, there is some uncertainty in the temperature and luminosity of these objects (Jones et al. 2019), the tracks are calculated for single stars rather than binary interactions (Jones et al. 2019), and these PNe belong to the post-red-giant-branch evolutions rather than the post-AGB systems. This scenario is associated with a common-envelope event that can shorten the evolution of the central star (Jones et al. 2022).
Assuming that the central source of Hen 2-96 is a binary star (§ 3.2), since the SED fit we constructed cannot distinguish the contribution of the cool companion, we cannot determine the physical parameters of this companion star through the current SED analysis. Obtaining high-dispersion UV and visible spectral measurements may help us to solve this issue (Feibelman 1997; Aller et al. 2015).
	[image: thumbnail]	Fig. 8 Composited SEDs of Hen 2-73 and Hen 2-96 from 100 nm to 1 m. SDSS u′, g′, r′, i′, and t′ data are represented as open squares, DENIS results as filled triangles, the 2MASS measurements as open triangles, WISE photometry as open diamonds, IRAS results as filled circles, MSX photometric measurements as open rhombuses, AKARI results as asterisks, Herschel detections as filled diamonds, and available radio results as filled rhombuses. Note that the IRAS measurements at 100 µm are upper limits and light asterisks represent the uncertain AKARI detections. The dust emissions estimated by using the radiation-transfer simulation and nebular-continuum contributions are plotted as blue and red lines. The green curves denote the total fluxes estimated from all components.



Table 5 
Photometry of Hen 2-73 and Hen 2-96.

5 3D structural simulation of Hen 2-73 and Hen 2-96
Based on the HST morphological study given in Sect. 3.1, Hen 2–73 and Hen 2-96 are considered to be young multipolar PNe. The intrinsic structure of this type of nebula is complex and difficult to analyse clearly. To better study and reproduce the complicated structures of these two YPNe, we employed the Shape software package (Steffen et al. 2011) to construct the 3D simulations of their structures and compare the corresponding 2D projections with observed images. Shape is a state-of-the-art, interactive 3D morphological and kinematic modelling software package designed for astrophysical research. The simulated structural parameters of these objects (the inclinations and sizes of the lobes) are taken from HST measurements. The surface brightness distribution of the observed lobe [image: equation] is set to the cumulative emission intensity along the line-of-sight direction. By utilising the modelling capabilities of Shape software, we not only reproduce the complex 3D structures of Hen 2-73 and Hen 2-96 but provide useful information about their geometries. In these modelling simulations, hydrodynamic effects and excitation processes are not considered because we just want to study the 3D structural distributions of these nebulae and understand their 2D appearances.
Figure 9 shows the constructed models of these two YPNe, where Hen 2-73 has three pairs of bipolar lobes, while Hen 2-96 exhibits four lobe-shaped structures with closed tips. Gaussian blur is used for rendering in these models. Since some lobes of these nebulae exhibit a thin-shell appearance, the thin-shell geometry of the observed shell-like features is assumed to be 0″.1. Due to the lack of spectral results for each lobe of both YPNe, we cannot obtain a good estimate for the lobe lengths of these nebulae. Since some recent results suggest that partial multipolar YPNe have approximately equal lobe lengths (Guerrero & Manchado 1998; Rubio et al. 2015), we can assume that the visible lobe features of individual object in the models have the same length. Assuming that three bipolar lobes of Hen 2-73 are of equal length and the longest lobe a-a′ is located on the sky plane (with 90º being the line of sight), the derived inclinations of lobes b-b′ and c-c′ are 36º and 69º. For similar reason, lobe a-a′ is the longest lobe in Hen 2-96 and is therefore assumed to have an inclination of 0º (referred to the sky plane), the derived tilt angles are 39º, 71º, and 76º for lobes b-b′, c-c′, and d-d′, respectively. For Hen 2-96, lobes d-d′ and c-c′ are not clearly visible and do not exhibit a shell-like appearance as shown by the other two lobes (lobes b-b′ and a-a′). Therefore, we assigned a radial density-decreasing distribution to these two lobe-shaped structures. Although lobe b-b′ and lobe c-c′ of YPN Hen 2-73 are easily mixed together, these structures can still be reproduced in our model.
Measurements of several bipolar lobes and the parameters of model used are given in Table 6. Figure 9 also shows the comparison between simulation models and corresponding observation results of these two nebulae. From Fig. 9, our simulation models can reproduce most of the observed lobes compared to the structures seen in the HST images. In the investigation, we tried to make 3D model simulations of two YPNe based on the lobes observed in the observations, but different 3D model simulations may produce similar 2D appearances due to the degradation caused by projection. In fact, only position-velocity (PV) maps obtained through high-dispersion spectroscopy can help us to solve this degraded situation. Further kinematic data taken from high-spectral resolution observations are expected to improve this issue.
	[image: thumbnail]	Fig. 9 Comparison of 3D model simulations and corresponding observed HST images of Hen 2-73 and Hen 2-96. Left row: 3D mesh models of Hen 2-73 and Hen 2-96. Note that the ionised torus elements in central regions of two YPNe are not constructed in the models. Middle row: the corresponding renderings of mesh model constructs. A Gaussian blur is used for rendering. Right row: composite-colour HST images of these nebulae for comparison.



6 Conclusion
Over the past three decades, YPNe with multi-lobed appearances have been mis-categorised either as bipolar or as elliptical nebulae due to poor imaging measurements. Although more and more PNe with complex multipolar shapes have been unveiled via deep HST observations (Sahai 2000; Kwok & Su 2005; Kwok et al. 2010; Hsia et al. 2010, 2014, 2019; Wen et al. 2023), there are still a large number of multipolar nebulae that have not yet been identified, resulting in the true physical mechanisms behind the multipolar appearances being not clear. In current study, we perform an IR spectroscopic and visible morphological investigation of two multipolar YPNe (Hen 2-73 and Hen 2-96) to realise their dust properties and complicated multi-lobe appearances. The multipolar structures of these nebulae have not been studied before, probably because they are faint compared to main shells.
High-resolution HST images of the YPNe reveal several bipolar lobes and tori in the central regions of these objects. The emergence of the various structures shows that the formation process of these nebulae is complex. To investigate dust properties and chemical composition of the circumstellar medium surrounding Hen 2-73 and Hen 2-96, we examined the IR spectra of these nebulae for possible existence of distinctive spectral features. The residual IR spectra of these two YPNe show strong UIE bands at 6.2, 7.7, 8.6, 11.2/11.3, and 16.4 µm. Three main silicate complex bands (23, 28, and 33 µm complexes) are also detected for the first time in the IR spectra of these YPNe. The UIE and silicate signatures indicate the presence of mixed dust environments in Hen 2-73 and Hen 2-96, which are associated with the presence of dense tori created by central binary interactions in these objects.
To search for a possible link between the central sources and the shapes of these multipolar nebulae, the TESS observations are examined for the presence of photometric variability in their CSs. In the TESS photometric observations, the CS light curve of Hen 2-96 shows a photometric variation with a period of 2.23 hr, which is suspected to be caused by central binary. With this study, the TESS mission opens up a new possibility for the detection of central binaries in multipolar PNe.
Through analysis of nebular structures and the SED fits, we find that these two objects are relatively younger than typical PNe. Two 3D models of these YPNe with multi-lobe features are constructed to better understand their complex structures. The simulation models of these YPNe suggest that the number of multipolar YPNe may be larger than observed. With the help of high-resolution images together with high spectral-resolution spectroscopic observations, more multipolar nebulae such as Hen 2-73 and Hen 2-96 can be detected.
Table 6 
Modelling and observed parameters of the lobes for two young PNe.
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	[image: thumbnail]	Fig. 1 HST colour-composite image of Hen 2-73 with various structures displayed in a logarithmic scale. The nebula is synthesised with [O III] (green), F200LP (blue), and F350LP (red) images. Two distinct lobe-like features (lobes b-b′ and c-c′) and a pair of faint bipolar lobe a-a′ are also labelled. The central star can be seen is the image.
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	[image: thumbnail]	Fig. 2 Central region of Hen 2-73 shown in the grey-scaled F350LP image with a logarithmic scale. Left panel: image intensity is scaled to better show faint structures. The S-shaped lobe (c-c′) and a faint ionised torus roughly along the north-south direction can be seen. Right panel: same as on the left panel but marked with the tours feature (red dotted line).
In the text



	[image: thumbnail]	Fig. 3 Composite-colour HST images of PN Hen 2-96. Left panel: the image is created with F350LP (red), F200LP (blue), and [O III] (green) filters, respectively, and displayed in a logarithmic scale to show faint features. The insert (F350LP image) shows the central star and an ionised torus in central part of this nebula. Right panel: same as the left panel but labelled with individual structures.
In the text



	[image: thumbnail]	Fig. 4 Observed target pixel files (TPFs) of Hen 2-73 (left) and Hen 2-96 (right). The black crosses and coloured circles represent the locations of YPNe and the Gaia DR2 sources, respectively. The white shaded regions plotted on the TPFs are the aperture masks used to extract the fluxes of YPNe. The electron counts are displayed on a linear scale and the scale bars are shown at the right. Note that the photometric measurements of these YPNe may be contaminated by several sources inside the aperture masks.
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	[image: thumbnail]	Fig. 5 TESS light curve of Hen 2-96 (top panel). Frequency power spectrum of TESS light curve (left panel). Phase folded (grey) and phase-binned (black) light curves of Hen 2-96 (right panel). The points in the phase-binned light curve (black) represent the average of data points in phase-folded light curve using the bin = 0.029 in phase.
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	[image: thumbnail]	Fig. 6 Continua-subtracted spectra of Hen 2-73 with the spectral coverage from 2.5 to 5.0 µm (AKARI-IRC) and 5.0 to 36.0 µm (Spìtzer-IRS). Prominent forbidden emission, H2, and HI lines are labelled. The positions of UIE and silicate (Molster et al. 2002) bands are marked with red and blue lines, respectively.
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	[image: thumbnail]	Fig. 7 Spitzer continuum-subtracted spectrum of Hen 2-96 in wavelength range of 5 to 36 µm. Obvious emissions and H2 line are labelled. The notations of UIE and crystalline silicate features are the same as Fig. 7.
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	[image: thumbnail]	Fig. 8 Composited SEDs of Hen 2-73 and Hen 2-96 from 100 nm to 1 m. SDSS u′, g′, r′, i′, and t′ data are represented as open squares, DENIS results as filled triangles, the 2MASS measurements as open triangles, WISE photometry as open diamonds, IRAS results as filled circles, MSX photometric measurements as open rhombuses, AKARI results as asterisks, Herschel detections as filled diamonds, and available radio results as filled rhombuses. Note that the IRAS measurements at 100 µm are upper limits and light asterisks represent the uncertain AKARI detections. The dust emissions estimated by using the radiation-transfer simulation and nebular-continuum contributions are plotted as blue and red lines. The green curves denote the total fluxes estimated from all components.
In the text



	[image: thumbnail]	Fig. 9 Comparison of 3D model simulations and corresponding observed HST images of Hen 2-73 and Hen 2-96. Left row: 3D mesh models of Hen 2-73 and Hen 2-96. Note that the ionised torus elements in central regions of two YPNe are not constructed in the models. Middle row: the corresponding renderings of mesh model constructs. A Gaussian blur is used for rendering. Right row: composite-colour HST images of these nebulae for comparison.
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      Table 1 

      Log of HST visible imaging and TESS photometric observations.

      
        


	HST/WFC3



	




	PNG
	Object
	RA
	Dec
	Filter
	Exposures
	Observation date
	Program ID



	
	
	(J2000.0)
	(J2000.0)
	
	(s)
	
	





	296.3–03.0
	Hen 2–73
	11:48:38.10
	−65:08:36.5
	[O III]
	300 × 2
	2009 Dec. 06
	11657



	
	
	
	
	F200LP
	8, 80
	2009 Dec. 06
	11657



	
	
	
	
	F350LP
	8, 80
	2009 Dec. 06
	11657



	




	309.0+00.8
	Hen 2–96
	13:42:36.16
	−61:22:28.9
	[O III]
	300 × 2
	2010 Jan. 22
	11657



	
	
	
	
	F200LP
	20, 120
	2010 Jan. 22
	11657



	
	
	
	
	F350LP
	20, 120
	2010 Jan. 22
	11657



	




	TESS



	




	PNG
	Object
	RA
	Dec
	TIC ID
	Sector
	Camera
	Gaia G-band(a)



	
	
	(J2000.0)
	(J2000.0)
	
	
	
	(mag)



	




	296.3–03.0
	Hen 2–73
	11:48:38.10
	−65:08:36.5
	–
	10
	3
	17.54



	309.0+00.8
	Hen 2–96
	13:42:36.16
	−61:22:28.9
	321057937
	11
	2
	17.48





      

      
Notes. (a)From Gaia Data Release 3 (DR3) catalogue.




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        HST colour-composite image of Hen 2-73 with various structures displayed in a logarithmic scale. The nebula is synthesised with [O III] (green), F200LP (blue), and F350LP (red) images. Two distinct lobe-like features (lobes b-b′ and c-c′) and a pair of faint bipolar lobe a-a′ are also labelled. The central star can be seen is the image.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Central region of Hen 2-73 shown in the grey-scaled F350LP image with a logarithmic scale. Left panel: image intensity is scaled to better show faint structures. The S-shaped lobe (c-c′) and a faint ionised torus roughly along the north-south direction can be seen. Right panel: same as on the left panel but marked with the tours feature (red dotted line).

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Composite-colour HST images of PN Hen 2-96. Left panel: the image is created with F350LP (red), F200LP (blue), and [O III] (green) filters, respectively, and displayed in a logarithmic scale to show faint features. The insert (F350LP image) shows the central star and an ionised torus in central part of this nebula. Right panel: same as the left panel but labelled with individual structures.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Observed target pixel files (TPFs) of Hen 2-73 (left) and Hen 2-96 (right). The black crosses and coloured circles represent the locations of YPNe and the Gaia DR2 sources, respectively. The white shaded regions plotted on the TPFs are the aperture masks used to extract the fluxes of YPNe. The electron counts are displayed on a linear scale and the scale bars are shown at the right. Note that the photometric measurements of these YPNe may be contaminated by several sources inside the aperture masks.

      

    

  
    
      Table 2 

      Summary of AKARI and Spitzer infrared spectroscopic observations.

      
        


	Name
	ID
	Observation date
	Wavelength range
	Exposures
	S/N



	
	
	
	(µm)
	(s)
	





	AKARI IRC observation



	




	Hen 2-73
	3460048
	2009 Jul. 18
	2.5–5.0
	44.4 × 15
	>8



	




	Spitzer IRS spectra



	




	Hen 2-73
	AOR key 25852929
	2009 Apr. 03
	5.2–14.5 (SL)
	20 × 4
	>11



	
	
	
	9.9–19.6 (SH)
	20 × 2
	>16



	
	
	
	18.7–37.2 (LH)
	20 × 2
	>9



	




	Hen 2-96
	AOR key 25853952
	2008 Aug. 16
	5.2–14.5 (SL)
	20 × 4
	>17



	
	
	
	9.9–19.6 (SH)
	20 × 2
	>14



	
	
	
	18.7–37.2 (LH)
	20 × 2
	>10





      

    

  
    
      Table 3 

      Measurement results of structural features of Hen 2-73 and Hen 2-96.

      
        


	
	Hen 2-73
	Hen 2-96



	
	

	




	Feature
	PA (a)
	Size(b)
	Inclination(c)
	PA (a)
	Size(b)
	Inclination(c)



	
	(º)
	(l″×w″)
	(º)
	(º)
	(l″×w″)
	(º)





	Lobe a-a′
	59 ± 2
	6.58 × 2.16
	…
	39 ± 4
	8.58 × 2.16
	…



	Lobe b-b′
	68 ± 2
	5.35 × 2.38
	…
	47 ± 3
	6.68 × 2.22
	…



	Lobe c-c′
	63 ± 3
	2.35 × 1.13
	…
	153 ± 3
	2.73 × 0.77
	…



	Lobe d-d′
	…
	…
	…
	2±4
	2.02 × 0.68
	…



	Ionised torus
	165 ± 3
	1.20 × 0.53
	64 ± 3
	138 ± 3
	1.06 × 0.46
	64 ± 3





      

      
Notes. (a)Measuring from the direction of major axis. (b)Measuring from F350LP image.(c) Assuming the sky plane orientation being 0º (referred to the plane of the sky).




    

  
    
      Table 4 

      Results of our analysis for Hen 2-73 and Hen 2-96.

      
        


	PN name
	Period
	TESS amplitude
	T0 (2450000+)
	Variable type(a)
	HASH status(b)
	RL value



	
	(h)
	(%)
	(BJD)
	
	
	(%)





	Contaminated object



	




	Hen 2-73
	–
	–
	–
	–
	True
	81.82



	




	Photometric variation object



	




	Hen 2-96
	2.23 ± 0.056
	0.13
	8601.0771 ± 0.026
	Ellipsoidal/eclipses:
	True
	98.48





      

      
Notes. (a)Colon denotes the uncertain classification based on our current estimate. (b)From the HASH PN database (Parker et al. 2016).




    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        TESS light curve of Hen 2-96 (top panel). Frequency power spectrum of TESS light curve (left panel). Phase folded (grey) and phase-binned (black) light curves of Hen 2-96 (right panel). The points in the phase-binned light curve (black) represent the average of data points in phase-folded light curve using the bin = 0.029 in phase.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Continua-subtracted spectra of Hen 2-73 with the spectral coverage from 2.5 to 5.0 µm (AKARI-IRC) and 5.0 to 36.0 µm (Spìtzer-IRS). Prominent forbidden emission, H2, and HI lines are labelled. The positions of UIE and silicate (Molster et al. 2002) bands are marked with red and blue lines, respectively.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Spitzer continuum-subtracted spectrum of Hen 2-96 in wavelength range of 5 to 36 µm. Obvious emissions and H2 line are labelled. The notations of UIE and crystalline silicate features are the same as Fig. 7.

      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Composited SEDs of Hen 2-73 and Hen 2-96 from 100 nm to 1 m. SDSS u′, g′, r′, i′, and t′ data are represented as open squares, DENIS results as filled triangles, the 2MASS measurements as open triangles, WISE photometry as open diamonds, IRAS results as filled circles, MSX photometric measurements as open rhombuses, AKARI results as asterisks, Herschel detections as filled diamonds, and available radio results as filled rhombuses. Note that the IRAS measurements at 100 µm are upper limits and light asterisks represent the uncertain AKARI detections. The dust emissions estimated by using the radiation-transfer simulation and nebular-continuum contributions are plotted as blue and red lines. The green curves denote the total fluxes estimated from all components.

      

    

  
    
      Table 5 

      Photometry of Hen 2-73 and Hen 2-96.

      
        


	
	Hen 2-73
	Hen 2-96



	
	

	




	Filters
	Flux/flux density
	Reference
	Flux/flux density
	Reference





	Nebula



	




	Sloan/SDSS u′ (mag)
	…
	…
	15.881 ± 0.028
	Gaia Collaboration (2022)



	Sloan/SDSS g′ (mag)
	13.179 ± 0.012
	Henden et al. (2016)
	15.210 ± 0.017
	Gaia Collaboration (2022)



	Sloan/SDSS r′ (mag)
	13.419 ± 0.008
	Henden et al. (2016)
	14.750 ± 0.010
	Gaia Collaboration (2022)



	Sloan/SDSS i′ (mag)
	13.920 ± 0.021
	Henden et al. (2016)
	14.383 ± 0.007
	Gaia Collaboration (2022)



	Sloan/SDSS z′ (mag)
	…
	…
	13.739 ± 0.005
	Gaia Collaboration (2022)



	




	Dust(a)



	




	2MASS J (mag)
	12.556 ± 0.053
	Cutri et al. (2003)
	12.577 ± 0.042
	Cutri et al. (2003)



	2MASS H (mag)
	12.425 ± 0.078
	Cutri et al. (2003)
	12.228 ± 0.053
	Cutri et al. (2003)



	2MASS Ks (mag)
	11.617 ± 0.047
	Cutri et al. (2003)
	11.178 ± 0.030
	Cutri et al. (2003)



	DENIS I (mag)
	13.978 ± 0.030
	DENIS database
	14.342 ± 0.030
	DENIS database



	DENIS J (mag)
	12.339 ± 0.060
	DENIS database
	12.530 ± 0.060
	DENIS database



	DENIS K (mag)
	11.442 ± 0.080
	DENIS database
	11.131 ± 0.090
	DENIS database



	WISE 3.4 µm (mag)
	10.258 ± 0.022
	This study
	9.568 ± 0.024
	This study



	WISE 4.6 µm (mag)
	9.272 ± 0.019
	This study
	8.848 ± 0.021
	This study



	WISE 12 µm (mag)
	3.946 ± 0.014
	This study
	3.386 ± 0.011
	This study



	WISE 22 µm (mag)
	0.265 ± 0.005
	This study
	−0.377 ± 0.015
	This study



	MSX 8.28 µm (Jy)
	0.337 ± 0.018
	Egan et al. (2003)
	0.711 ± 0.031
	Egan et al. (2003)



	MSX 12.13 µm (Jy)
	1.594 ± 0.589
	Egan et al. (2003)
	1.192 ± 0.087
	Egan et al. (2003)



	MSX 14.65 µm (Jy)
	2.393 ± 0.163
	Egan et al. (2003)
	3.302 ± 0.208
	Egan et al. (2003)



	MSX 21.3 µm (Jy)
	4.036 ± 0.274
	Egan et al. (2003)
	10.330 ± 0.630
	Egan et al. (2003)



	IRAS 12 µm(a) (Jy)
	0.76 ± 0.05
	Tajitsu & Tamura (1998)
	1.61 ± 0.11
	Tajitsu & Tamura (1998)



	IRAS 25 µm (Jy)
	8.81 ± 0.53
	Tajitsu & Tamura (1998)
	16.48 ± 1.15
	Tajitsu & Tamura (1998)



	IRAS 60 µm (Jy)
	6.44 ± 0.52
	Tajitsu & Tamura (1998)
	20.45 ± 2.25
	Tajitsu & Tamura (1998)



	IRAS 100 µm(a) (Jy)
	< 12.23
	Tajitsu & Tamura (1998)
	<90.93
	Tajitsu & Tamura (1998)



	AKARI 9 µm (Jy)
	0.378 ± 0.008
	Ishihara et al. (2010)
	0.762 ± 0.016
	Ishihara et al. (2010)



	AKARI 18 µm (Jy)
	3.875 ± 0.055
	Ishihara et al. (2010)
	7.397 ± 0.034
	Ishihara et al. (2010)



	AKARI 65 µmb (Jy)
	4.998 ± 0.427
	Ishihara et al. (2010)
	18.270 ± 1.430
	Ishihara et al. (2010)



	AKARI 90 µm (Jy)
	4.438 ± 0.252
	Ishihara et al. (2010)
	13.080 ± 0.534
	Ishihara et al. (2010)



	AKARI 140 µm (Jy)
	2.213:
	Ishihara et al. (2010)
	5.562:
	Ishihara et al. (2010)



	AKARI 160 µm(b) (Jy)
	…
	…
	3.139:
	Ishihara et al. (2010)



	Herschel 70 µm(b) (Jy)
	…
	…
	19.654 ± 0.803
	Elia et al. (2017)



	Herschel 160 µm(b) (Jy)
	…
	…
	6.287 ± 0.096
	Elia et al. (2017)



	Herschel 250 µm (Jy)
	…
	…
	3.745 ± 0.177
	Elia et al. (2017)



	Herschel 350 µm (Jy)
	…
	…
	1.089 ± 0.038
	Elia et al. (2017)



	Herschel 500 µm(b) (Jy)
	…
	…
	0.787 ± 0.214
	Elia et al. (2017)



	




	Free-free emission



	




	20 GHz (mJy)
	61 ± 3
	Murphy et al. (2010)
	…
	…



	14.7 GHz (mJy)
	62 ± 5
	Milne & Aller (1982)
	…
	…



	8 GHz (mJy)
	69 ± 4
	Murphy et al. (2010)
	…
	…



	5 GHz (mJy)
	73 ± 4
	Murphy et al. (2010)
	75.7 ± 0.2
	Irabor et al. (2023)



	0.84 GHz (mJy)
	29.3 ± 5.9
	Stein et al. (2021)
	14.0 ± 1.6
	Hale et al. (2021)





      

      
Notes. (a)Note that some IRAS measurements at 100 µm denote upper limit results. (b)Unreliable detections are marked as the colons.




    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
        Comparison of 3D model simulations and corresponding observed HST images of Hen 2-73 and Hen 2-96. Left row: 3D mesh models of Hen 2-73 and Hen 2-96. Note that the ionised torus elements in central regions of two YPNe are not constructed in the models. Middle row: the corresponding renderings of mesh model constructs. A Gaussian blur is used for rendering. Right row: composite-colour HST images of these nebulae for comparison.

      

    

  
    
      Table 6 

      Modelling and observed parameters of the lobes for two young PNe.

      
        


	Hen 2-73



	




	
	Observed
	Model



	
	

	




	Feature
	PA (a)
	Size
	Inclination(b)
	Density distribution
	PA (a)
	Size
	Inclination(b)



	
	(º)
	(l″×w″)
	(º)
	
	(º)
	(l″×w″)
	(º)





	Lobe a-a′
	59 ± 2
	6.58 × 2.16
	…
	Shell
	57
	6.61 × 2.16
	0



	Lobe b-b′
	68 ± 3
	5.35 × 2.40
	…
	Shell
	66
	6.61 × 1.15
	36



	Lobe c-c′
	63 ± 2
	2.35 × 1.13
	…
	Shell
	64
	6.61 × 1.16
	69





        


	Hen 2-73



	




	
	Observed
	Model



	
	

	




	Feature
	PA (a)
	Size
	Inclination(b)
	Density distribution
	PA (a)
	Size
	Inclination(b)



	
	(º)
	(l″×w″)
	(º)
	
	(º)
	(l″×w″)
	(º)





	Lobe a-a′
	39 ± 4
	8.58 × 2.16
	…
	Shell
	37
	8.62 × 2.22
	0



	Lobe b-b′
	47 ± 3
	6.68 × 2.22
	…
	Shell
	48
	8.62 × 2.22
	39



	Lobe c-c′
	153 ± 3
	2.73 × 0.81
	…
	Radial decreasing
	151
	8.62 × 2.76
	71



	Lobe d-d′
	2±4
	2.02 × 0.68
	…
	Radial decreasing
	1
	8.62 × 0.68
	76





      

      
Notes. (a)Referenced to major axes of individual lobes. (b)Referenced to the plane of the sky (orientation of sky plane is 0º).
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