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Abstract

:

In this paper, I present how near and mid-infrared observations can be used for the study of planetary nebulae and related objects. I present the main observing techniques, from the ground and space, highlighting main differences and how they can be complementary. I also highlight some new observing facilities and present the infrared observatories of the future to show that the future of infrared observations of planetary nebulae is bright.
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1. Introduction


The earth’s atmosphere is a great asset for humans, but not necessarily for infrared astronomers. Molecules, mainly water, carbon dioxide and ozone, absorb infrared radiation from space, making ground-based infrared observations difficult. Carbon dioxide and methane are more or less evenly distributed over the planet, which is not the case for water. Water abundances can be lower on some places, that is why many infrared observatory are on the top of dry mountains or onboard planes such as the Kuiper Airborne observatory [1] from the 1970s to the mid 1990s and now SOFIA (Stratospheric Observatory for Infrared Astronomy) [2]. Because these molecules prevent radiation at some infrared wavelengths from reaching us, ground-based infrared astronomy can only be achieved in some atmospheric windows (Table 1). As the science with the James Webb Space Telescope (JWST) and far-infrared space missions is covered in this volume, I will not cover this topic here.




2. Physical Processes and Observing Techniques


The near and mid-infrared wavelength domains enable the study of a rather large variety of physical processes:




	
Dust emission and scatterring;



	
Gas emission (via lines such as H   2  , CO, Br   γ  , Ne II etc ...);



	
Gas absorption (CO, C   3  , C   2  H   2   ...);



	
Emission from large molecules/dust (PAHs, fullerenes, 21/30 microns features carriers ...).








Most of the modern telescopes are equipped with IR instruments enabling observations with a large variety of techniques:




	
Imaging (with and without adaptive optics);



	
Spectroscopy (Long slits, multi-object spectrographs, integral field units ...);



	
Polarimetry;



	
Interferometry.








In the forthcoming sections, I will describe how these techniques (and combinations of them) can be applied to the study of planetary nebulae (PNe) and related objects.




3. Space vs. Ground Based Infrared Astronomy


Space-based IR observations have two obvious advantages with respect to observations from the ground: the sensitivity and the possibility to observe at all IR wavelengths.



Sensitivity from space in the IR is orders of magnitudes better than from the ground, so that there will be some dichotomy between targets observable from the ground and with the future James Webb Space Telescope.



Building infrared observatories on the ground makes it possible to reach larger mirrors diameters (up to 40 m with the forthcoming Extremely Large Telescopes (ELTs)) or interferometers. The main advantage of ground-based observations is thus to reach angular resolutions. The spatial resolution of ground-based interferometers can be more than 10 times sharper than the JWST, the IR space telescope with the largest aperture to date, but it can only observe bright targets.



In the forthcoming sections, I will highlight a few uses of space and ground-based observations of PNe, and also show how these can be combined.




4. Space-Based Spectroscopy and Imaging


Spectroscopy has been widely used to study evolved stars with space telescopes such as IRAS, then ISO and Spitzer.



Space missions lead to the first global studies of dust around evolved stars. Some key results include the study of oxygen-rich dust (silicates) [3] and carbon-rich dust (amorphous carbon, SiC [4]) around AGB stars and PNe. Space-based spectroscopy also lead to the discovery of dual-dust chemistry objects [5,6]. While there is usually a dichotomy between carbon and oxygen-rich evolved stars, some objects display both carbon and oxygen features. This can be due to the formation of a long-lived circumbinary disc while the star was oxygen-rich, followed by a carbon-rich outflow once carbon has been dredged-up to the surface of the star [5]. A recent dredge-up, not necessarily with a the presence of a disc, could also explain some dual dust-chemistry objects [7]. Some PNe in the bulge also appear to be dual-dust chemistry objects, but their central stars are O-rich. The dual-dust chemistry of these objects can be explained by photodissociation of CO in a dense torus, leading to hydrocarbon chains formation [8,9]. A broad feature, centred around 21 micron was also discovered around some carbon-rich post-AGB stars, and its carrier is still unidentified [10]. A 30 micron feature was also discovered around some carbon-rich objects and is often associated to MgS emission [11]. Fullerenes, large C   60   and C   70   molecules, have also been discovered thanks to a PN observations with the Spitzer Space Telescope [12].



The first observations with IRAS enabled to study evolved stars in the Milky Way up to the Magellanic Clouds [13], while Spitzer observations lead to the first spectra of evolved stars in the Magellanic Clouds [14,15,16]. Spitzer also observed evolved stars up to 1.5 Mpc in photometry and 140 kpc [17] in spectroscopy [18]. Studies of evolved stars in other galaxies have two main interests. As the distances of the galaxies are well known, and assuming all stars in the studied galaxies are at that distance, one can get a better quantitative estimate of their luminosities, mass-loss and dust productions rates. This enabled studies of the global dust production [19,20] in the Magellanic Clouds. The other main interest is that, by studying evolved stars in galaxies with different metallicities, one can study the effect of metallicity on dust formation and mass loss. This was done rather extensively with the Spitzer Space Telescope. It revealed that carbon-rich dust, due to its high opacity, is essential to trigger the superwind at the end of the AGB phase [21]. AGB stars, PNe precursors, do lose mass at metallicities as low as 1/25 of the solar luminosity [22]. Spitzer observations also revealed a very broad variety of dust properties for post-AGB stars in the Magellanic Clouds [23].



Space-based spectroscopy can also be used to study element abundances in PNe. There is less extinction, and many ionic lines of Ar, Ne and S, so no ionization correction factors (ICfs) are needed [24]. Less ionic stages are observed in the optical, so that one needs either these ICFs or multiwavelengths observations to determine abundances. Spitzer spectra of planetary nebulae towards the Galactic anti-center (8–21 kpc away) enabled abundances determination using these lines. As these elements are not affected by stellar evolution, their abundances can help us estimate the composition of the gas in which they formed. These observations in the Galactic anti-center show that these elements are less abundant than in the solar neighbourhood, which is consistent with a metallicity gradient between the solar neighbouhrood and the Galactic anti-center.




5. Ground-Based Infrared Observations


As mentioned before, the main strength of ground-based observations is the angular resolution (down to ∼0.3    ″    at 10 microns for a 8 m class telescope, and a few milliarcsecs at the same wavelength for an interferometer like the VLTI). Infrared imaging surveys of such objects have been conducted both in the near [25] and mid-infrared [26]. One has then to keep in mind that the observed morphology may depend on the wavelength, as mid-infrared observations of such objects reveal direct dust emission, while in the near-IR, we are more sensitive to dust scattered light [27], and also reach a better angular resolution.



The shaping mechanism of PNe are not yet fully understood [28]. The angular momentum needed to shape the winds of PNe is certainly provided by a binary companion than can lead to the formation of bipolar outflow after, e.g., common envelope evolution [29]. The angular resolution of ground-based observations, combined with the low optical depth in the IR can enable to study small scale structures in the heart of PNe (such as discs and torii), and to resolve small nebulae, such as young post-AGB stars or pre planetary nebulae (pPNe). Infrared observations of post-AGB objects enable to study the morphology of PNe in the making, showing that no round pre planetary nebula is known [26]. The resolved targets can be divided into nebulae with a dense central core (in the form of a bright central source or a dark lane, resolved or no) that are either bipolar and multipolar and nebulae with no central core, with an elliptical morphology.



To peer into these cores, infrared interferometry is certainly the best tool, as it can study the very inner parts of PNe (down to a few AU), but this is limited to bright targets. Olivier Chesneau’s pioneer work with infrared interferometry of PNe enabled the discovery of dusty discs/overdensities in the heart of PNe [30,31,32,33,34,35]. The discs resolved are relatively flat and have inner radii of about 10 AUs. The dust mass in these discs is of the order of 10    − 5   M   ⊙  , which is small compared to the dust mass in the lobes of the PNe. These discs might be a kind of relic of an essentially polar ejection process [30].



Discs around post-AGB binaries have also been resolved with near and mid-infrared interferometry using the VLTI and instruments such as PIONIER and MIDI. Thhese stars, which in a significant part are RV Tau stars, are binary post-AGB systems hosting a disc and mostly no circumstellar material outside this disc [36]. Infrared interferometry has been a key for the study of these objects, with a first detection of discs via MIR interferometry with MIDI/VLTI [37], confirming their presence suggested by the bimodal spectral energy distribution of these objects. The PIONIER/VLTI milliarcsec resolution image of IRAS 08544−4431 [38] is to date one of the most spectacular ever obtained of the heart of a dusty circumstellar disc, identifying a compact circumpanion accretion disc, where the outflow very likely originates. Recent studies show that such studies can now be generalised to larger sample, and that imaging via IR interferometry can produce images of the central parts of post-AGB stars down to a few AUs of the central star(s) [39].



Integral field units spectrographs are great tools to map the distribution of molecular gas in PNe or PPNe. A great example is the SINFONI/ESO map (with adaptive optics) of molecular hydrogen around OH 231.8+4.1 [40], with the presence of H   2   around the center of the nebula and in clumps associated with shocks. This near-IR H   2   1-0 line (at 2.12  μ m) is, together with CO, one of the most common tracers of molecular gas in PNe. It can be excited via shocks or UV radiation. It is more common in bipolar PNe [41], where it is observed in dense clumps in equatorial regions. It is also observed to be embedded in ionized regions. High angular resolutions H   2   observations enable to map it precisely. An excellent example of such H   2   observations is the NIRI/GEMINI maps of the PN K 4_47, where the H   2   emission is seen to come from the walls of a bipolar outflow, and also in a pair of low ionisation knots at the tip of the outflow [42]. This can be explained by the interaction of a bullet-like jet interacting with material ejected during the AGB phase. This confirms that the low ionisation structures observed in PNe are made of a combination of H   2   and ionised material, and are thus mini photodissociation regions. Combining NIR observations with adaptive optics, such as, e.g., GMAOS/Gemini, one can reach resolution down to 60 milliarsec and exquisite images such as the one of NGC 2346 [43], showing that the molecular hydrogen emission is fragmented into clumps and cometary knots, with sizes of about 100 AU.




6. Combining Ground and Space-Based Observations


Space and ground-based observations can be complementary too. Space-based spectroscopy, thanks to its sensitivity and spectral coverage can help to detect features, that can then be spatially resolved from the ground. Since its discovery in laboratory in 1985 [44], fullerene (C   60  ) was suspected to be abundant in space. The work of Jan Cami and his team lead to its identification in the PN Tc 1 [12], and we now know that it is present in a large variety of objects [45]. These large carbon-bearing molecules are formed in evolved stars (primarily PNe) and are observed together with strong 6–9  μ m and 11–13  μ m plateaus and 30  μ m features. The central stars of the fullerenes-bearing PNe have fairly low reddening, indicating that not much dust is present in the line of sight. One of the question that arises is how it is formed. To answer this question, ground-based observations are the key.



While space-based observation, combining sensitivity and spectral coverage, were key to discover fullerenes, ground-based observations, with their spatial resolution, can determine the physical conditions and origin of the different components. Ground-based spectroscopy, in the optical and near-IR simultaneously, measured the abundances, density and temperature structure of the nebula [46]. The double peaked lines reveal that Tc 1’s expanding shell is an elongated ellipsoid seen nearly pole-on. Ground-based MIR images of the PN Tc 1, using narrow band filters, show that the fullerenes are distributed in a ring of radius ∼5 arcsec around the central star. Fullerenes seems to be formed in high temperature, H-poor environments [45].



An alternative exists to achieve high sensitivity, spectral coverage and angular resolution: using telescope mounted on planes, such as SOFIA. A great example of this applied to PNe research is the work by Lizette Guzman-Ramirez and her collaborators [8,9]. During their late stages, dredge-up in low and intermediate mass stars can bring carbon to their surface, and eventually the star can turn from oxygen-rich to carbon-rich. Observations with the FORCAST infared camera onboard SOFIA, reveal that the inner shell of the PN BD +30   ∘  3639 is C-rich, while the outter shell is O-rich [7]. These observations are evidences for a dredge-up event about 100 years ago. They would not have been possible without the spectral coverage achieved with SOFIA, together with its angular resolution.




7. The Future


I hope this proceedings convinced the reader that IR astronomy was a great asset to study the physics of PNe and related objects. Much more is to come with forthcoming instruments/telescope. The most obvious one is the JWST that should be launched in the forthcoming years. Thirty meters class are also coming soon, with the European ELT under construction and that should see its first light in 2025. The three first light instruments will operate in the IR and will be great tools to study PNe. METIS, HARMONI and MICADO will be the three first generation instruments. METIS will be an imager and spectrometer operating between 3 and 20  μ m, with and Integral Field Unit (Spectral resolution up to 100,000) with a field of view of about 20 arcsec and a spatial resolution of 23 milliarcsec at 3.5  μ m. It will thus be an ideal tool to map dust and molecules around pPNe and PNe and understand dust formation around evolved stars. HARMONI will operate at shorter wevelengths (between 0.5 and 2.4  μ m). It will be an integral field spectrograph with a field of view from 1 to 10 arcsec (resolution up to 20,000) and a spatial resolution of ∼5 milliarcsec. It will thus be ideal to map velocity fields, molecules spatial distribution and determine abundances for compact PNe. Finally, MICADO (Imaging and spectroscopy between 0.9 and 2.4  μ m), with its field of view of about 1 arcmin, will reach sensitivities similar to the JWST, but with an angular resolution six times better (6–12 mas). It will be a great tool to map PNe’s velocity fields, obtain spatially resolved abundances determination, and study PNe in the local group.







Funding


This research received no external funding




Conflicts of Interest


The author declares no conflict of interest.




References


	



Cameron, R.M.; Bader, M.; Mobley, R.E. Design and operation of the NASA 91.5-cm airborne telescope. Appl. Opt. 1971, 10, 2011–2015. [Google Scholar] [CrossRef]

	



Temi, P.; Marcum, P.M.; Young, E.; Adams, J.D.; Adams, S.; Andersson, B.G.; Becklin, E.E.; Boogert, A.; Brewster, R.; Burgh, E.; et al. The SOFIA Observatory at the Start of Routine Science Operations:Mission Capabilities and Performance. Astrophys. J. Suppl. Ser. 2014, 212, 24. [Google Scholar] [CrossRef]

	



Volk, K.; Kwok, S. On the contribution of interstellar extinction to the 10 micron dust feature in OH/IR stars. Astrophys. J. 1987, 315, 654–665. [Google Scholar] [CrossRef]

	



Little-Marenin, I.R. Carbon stars with silicate dust in their circumstellar shells. Astrophys. J. Lett. 1986, 307, L15–L19. [Google Scholar] [CrossRef]

	



Waters, L.B.F.M.; Beintema, D.A.; Zijlstra, A.A.; De Koter, A.; Molster, F.J.; Bouwman, J.; De Jong, T.; Pottasch, S.R.; De Graauw, T. Crystalline silicates in Planetary Nebulae with [WC] central stars. Astron. Astrophys. 1998, 331, L61. [Google Scholar]

	



Waters, L.B.F.M.; Waelkens, C.; Van Winckel, H.; Molster, F.J.; Tielens, A.G.G.M.; van Loon, J.T.; Morris, P.W.; Cami, J.; Bouwman, J.; De Koter, A.; et al. An oxygen-rich dust disk surrounding an evolved star in the Red Rectangle. Nature 1998, 391, 868–871. [Google Scholar] [CrossRef]

	



Guzman-Ramirez, L.; Lagadec, E.; Wesson, R.; Zijlstra, A.A.; Müller, A.; Jones, D.; Boffin, H.M.; Sloan, G.C.; Redman, M.P.; Smette, A.; et al. Witnessing the emergence of a carbon star. Mon. Not. R. Astron. Soc. 2015, 451, L1–L5. [Google Scholar] [CrossRef]

	



Guzman-Ramirez, L.; Zijlstra, A.A.; NíChuimín, R.; Gesicki, K.; Lagadec, E.; Millar, T.J.; Woods, P.M. Carbon chemistry in Galactic bulge planetary nebulae. Mon. Not. R. Astron. Soc. 2011, 414, 1667–1678. [Google Scholar] [CrossRef]

	



Guzman-Ramirez, L.; Lagadec, E.; Jones, D.; Zijlstra, A.A.; Gesicki, K. PAH formation in O-rich planetary nebulae. Mon. Not. R. Astron. Soc. 2014, 441, 364–377. [Google Scholar] [CrossRef]

	



Kwok, S.; Volk, K.M.; Hrivnak, B.J. A 21 micron emission feature in four proto-planetary nebulae. Astrophys. J. Lett. 1989, 345, L51–L54. [Google Scholar] [CrossRef]

	



Forrest, W.J.; Houck, J.R.; McCarthy, J.F. A far-infrared emission feature in carbon-rich stars and planetary nebulae. Astrophys. J. 1981, 248, 195–200. [Google Scholar] [CrossRef]

	



Cami, J.; Bernard-Salas, J.; Peeters, E.; Malek, S.E. Detection of C60 and C70 in a Young Planetary Nebula. Science 2010, 329, 1180–1182. [Google Scholar] [CrossRef] [PubMed]

	



Wood, P.R.; Whiteoak, J.B.; Hughes, S.M.G.; Bessell, M.S.; Gardner, F.F.; Hyland, A.R. SAO/NASA Astrophysics Data System (ADS). SAO/NASA Astrophysics Data System (ADS). Astrophys. J. 1992, 397, 552. [Google Scholar] [CrossRef]

	



Lagadec, E.; Zijlstra, A.A.; Sloan, G.C.; Matsuura, M.; Wood, R.P.; Van Loon, J.T.; Harris, G.J.; Blommaert, J.A.D.L.; Hony, S.; Groenewegen, M.A.T.; et al. Spitzer spectroscopy of carbon stars in the Small Magellanic Cloud. Mon. Not. R. Astron. Soc. 2007, 376, 1270–1284. [Google Scholar] [CrossRef]

	



Zijlstra, A.A.; Matsuura, M.; Wood, P.R.; Sloan, G.C.; Lagadec, E.; van Loon, J.T.; Groenewegen, M.A.T.; Feast, M.W.; Menzies, J.W.; Whitelock, P.A.; et al. A Spitzer mid-infrared spectral survey of mass-losing carbon stars in the Large Magellanic Cloud. Mon. Not. R. Astron. Soc. 2006, 370, 1961–1978. [Google Scholar] [CrossRef]

	



Sloan, G.C.; Matsuura, M.; Lagadec, E.; van Loon, J.T.; Kraemer, K.E.; McDonald, I.; Groenewegen, M.A.T.; Wood, P.R.; Bernard-Salas, J.; Zijlstra, A.A. Carbon-rich dust production in metal-poor galaxies in the local group. Astrophys. J. 2012, 752, 140. [Google Scholar] [CrossRef]

	



Boyer, M.L.; McQuinn, K.B.; Barmby, P.; Bonanos, A.Z.; Gehrz, R.D.; Gordon, K.D.; Groenewegen, M.A.T.; Lagadec, E.; Lennon, D.; Marengo, M.; et al. An infrared census of dust in nearby galaxies with spitzer (dustings). I. Overview. Astrophys. J. Suppl. Ser. 2015, 216, 10. [Google Scholar] [CrossRef]

	



Matsuura, M.; Zijlstra, A.A.; Bernard-Salas, J.; Menzies, J.W.; Sloan, G.C.; Whitelock, P.A.; Wood, P.R.; Cioni, M.R.; Feast, M.W.; Lagadec, E.; et al. Spitzer Space Telescope spectral observations of AGB stars in the Fornax dwarf spheroidal galaxy. Mon. Not. R. Astron. Soc. 2007, 382, 1889–1900. [Google Scholar] [CrossRef]

	



Matsuura, M.; Barlow, M.J.; Zijlstra, A.A.; Whitelock, P.A.; Cioni, M.-R.L.; Groenewegen, M.A.T.; Volk, K.; Kemper, F.; Kodama, T.; Lagadec, E. The global gas and dust budget of the Large Magellanic Cloud: AGB stars and supernovae, and the impact on the ISM evolution. Mon. Not. R. Astron. Soc. 2009, 396, 918–934. [Google Scholar] [CrossRef]

	



Srinivasan, S.; Meixner, M.; Leitherer, C.; Vijh, U.; Volk, K.; Blum, R.D.; Babler, B.L.; Block, M.; Bracker, S.; Cohen, M.; et al. The mass loss return from evolved stars to the Large Magellanic Cloud: Empirical relations for excess emission at 8 and 24 μm. Astron. J. 2009, 137, 4810. [Google Scholar] [CrossRef]

	



Lagadec, E.; Zijlstra, A.A. The trigger of the asymptotic giant branch superwind: The importance of carbon. Mon. Not. R. Astron. Soc. 2008, 390, L59–L63. [Google Scholar] [CrossRef]

	



Sloan, G.C.; Matsuura, M.; Zijlstra, A.A.; Lagadec, E.; Groenewegen, M.A.T.; Wood, P.R.; Szyszka, C.; Bernard-Salas, J.; van Loon, J.T. Dust Formation in a Galaxy with Primitive Abundances. Science 2009, 323, 353–355. [Google Scholar] [CrossRef] [PubMed]

	



Sloan, G.C.; Lagadec, E.; Zijlstra, A.A.; Kraemer, K.E.; Weis, A.P.; Matsuura, M.; Volk, K.; Peeters, E.; Duley, W.W.; Cami, J.; et al. Carbon-rich dust past the asymptotic giant branch: Aliphatics, aromatics, and fullerenes in the magellanic clouds. Astrophys. J. 2014, 791, 28. [Google Scholar] [CrossRef]

	



Pagomenos, G.J.; Bernard-Salas, J.; Pottasch, S.R. Neon, sulphur, and argon abundances of planetary nebulae in the sub-solar metallicity Galactic anti-centre. Astron. Astrophys. 2018, 615, A29. [Google Scholar] [CrossRef]

	



Ueta, T.; Murakawa, K.; Meixner, M. Hubble Space Telescope NICMOS Imaging Polarimetry of Proto-Planetary Nebulae: Probing the Dust Shell Structure via Polarized Light. Astron. J. 2005, 129, 1625. [Google Scholar] [CrossRef]

	



Lagadec, E.; Verhoelst, T.; Mékarnia, D.; Suárez, O.; Zijlstra, A.A.; Bendjoya, P.; Szczerba, R.; Chesneau, O.; van Winckel, H.; Barlow, M.J.; et al. A mid-infrared imaging catalogue of post-asymptotic giant branch stars. Mon. Not. R. Astron. Soc. 2011, 417, 32–92. [Google Scholar]

	



Lagadec, E.; Chesneau, O.; Matsuura, M.; de Marco, O.; Pacheco, J.A.D.; Zijlstra, A.A.; Acker, A.; Clayton, G.C.; Lopez, B. New insights on the complex planetary nebula Hen 2-113. Astron. Astrophys. 2006, 448, 203–212. [Google Scholar] [CrossRef]

	



Balick, B.; Frank, A. Shapes and Shaping of Planetary Nebulae. Annu. Rev. Astron. Astrophys. 2002, 40, 439–486. [Google Scholar] [CrossRef]

	



Frank, A.; Chen, Z.; Reichardt, T.; De Marco, O.; Blackman, E.; Nordhaus, J. Planetary Nebulae Shaped by Common Envelope Evolution. Galaxies 2018, 6, 113. [Google Scholar] [CrossRef]

	



Chesneau, O.; Collioud, A.; de Marco, O.; Wolf, S.; Lagadec, E.; Zijlstra, A.A.; Rothkopf, A.; Acker, A.; Clayton, G.C.; Lopez, B. A close look into the carbon disk at the core of the planetary nebula CPD-56∘8032. Astron. Astrophys. 2006, 455, 1009–1018. [Google Scholar] [CrossRef]

	



Chesneau, O.; Lykou, F.; Balick, B.; Lagadec, E.; Matsuura, M.; Smith, N.; Spang, A.; Wolf, S.; Zijlstra, A.A. A silicate disk in the heart of the Ant. Astron. Astrophys. 2007, 473, L29–L32. [Google Scholar] [CrossRef]

	



Chesneau, O.; Clayton, G.C.; Lykou, F.; de Marco, O.; Hummel, C.A.; Kerber, F.; Lagadec, E.; Nordhaus, J.; Zijlstra, A.A.; Evans, A. A dense disk of dust around the born-again Sakurai’s object. Astron. Astrophys. 2009, 493, L17–L20. [Google Scholar] [CrossRef]

	



Matsuura, M.; Chesneau, O.; Zijlstra, A.A.; Jaffe, W.; Waters, L.B.F.M.; Yates, J.A.; Lagadec, E.; Gledhill, T.; Etoka, S.; Richards, A.M.S. The Compact Circumstellar Material around OH 231.8+4.2. Astrophys. J. Lett. 2006, 646, L123. [Google Scholar] [CrossRef]

	



Menut, J.-L.; Chesneau, O.; Bakker, E.; Lopez, B.; Perrin, G.; Leinert, C.; Quirrenbach, A. Revisiting the optical interferometry observations of HR 4049. Astron. Astrophys. 2009, 496, 133–137. [Google Scholar] [CrossRef]

	



Lykou, F.; Chesneau, O.; Zijlstra, A.A.; Castro-Carrizo, A.; Lagadec, E.; Balick, B.; Smith, N. A disc inside the bipolar planetary nebula M2-9. Astron. Astrophys. 2011, 527, A105. [Google Scholar] [CrossRef]

	



Clayton, G.C.; de Marco, O.; Nordhaus, J.; Green, J.; Rauch, T.; Werner, K.; Chu, Y. Dusty disks around central stars of planetary nebulae. Astron. J. 2014, 147, 142. [Google Scholar] [CrossRef]

	



Deroo, P.; van Winckel, H.; Min, M.; Waters, L.B.F.M.; Verhoelst, T.; Jaffe, W.; Morel, S.; Paresce, F.; Richichi, A.; Stee, P.; et al. Resolving the compact dusty discs around binary post-AGB stars using N-band interferometry. Astron. Astrophys. 2006, 450, 181. [Google Scholar] [CrossRef]

	



Hillen, M.; Kluska, J.; le Bouquin, J.-B.; van Winckel, H.; Berger, J.-P.; Kamath, D.; Bujarrabal, V. Imaging the dust sublimation front of a circumbinary disk. Astron. Astrophys. 2016, 588, L1. [Google Scholar] [CrossRef]

	



Kluska, J.; Van Winckel, H.; Hillen, M.; Berger, J.P.; Kamath, D.; Le Bouquin, J.B.; Min, M. VLTI/PIONIER survey of disks around post-AGB binaries-Dust sublimation physics rules. Astron. Astrophys. 2019, 631, A108. [Google Scholar] [CrossRef]

	



Forde, K.P.; Gledhill, T.M. Discovery of shocked H2 around OH 231.8+4.2. Mon. Not. R. Astron. Soc. 2012, 421, L49–L53. [Google Scholar] [CrossRef]

	



Zuckerman, B.; Gatley, I. Molecular hydrogen maps of extended planetary nebulae—The Dumbbell, the Ring, and NGC 2346. Astrophys. J. 1988, 324, 501–515. [Google Scholar] [CrossRef]

	



Akras, S.; Gonçalves, D.R.; Ramos-Larios, G. H2 in low-ionisation structures of planetary nebulae. Mon. Not. R. Astron. Soc. 2017, 465, 1289–1296. [Google Scholar] [CrossRef]

	



Manchado, A.; Stanghellini, L.; Villaver, E.; García-Segura, G.; Shaw, R.A.; García-Hernández, D.A. High-resolution imaging of ngc 2346 with gsaoi/gems: Disentangling the planetary nebula molecular structure to understand its origin and evolution. Astrophys. J. 2015, 808, 115. [Google Scholar] [CrossRef]

	



Kroto, H.W.; Heath, J.R.; O’Brien, S.C.; Curl, R.F.; Smalley, R.E. C60: Buckminsterfullerene. Nature 1985, 318, 162–163. [Google Scholar] [CrossRef]

	



Cami, J.; Peeters, E.; Bernard-Salas, J.; Doppmann, G.; De Buizer, J. The Formation of Fullerenes in Planetary Nebulae. Galaxies 2018, 6, 101. [Google Scholar] [CrossRef]

	



Aleman, I.; Leal-Ferreira, M.L.; Cami, J.; Akras, S.; Ochsendorf, B.; Wesson, R.; Morisset, C.; Cox, N.L.J.; Bernard-Salas, J.; Paladini, C.E.; et al. Characterization of the planetary nebula Tc 1 based on VLT X-shooter observations. Mon. Not. R. Astron. Soc. 2019, 490, 2475–2494. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. This table lists the wavelength ranges and names of the different near and mid-infrared observing bands.






Table 1. This table lists the wavelength ranges and names of the different near and mid-infrared observing bands.





	Wavelength Range
	Band





	1.1–1.4 microns
	J



	1.5–1.8 microns
	H



	2.0–2.4 microns
	K



	3.0–4.0 microns
	L



	4.6–5.0 microns
	M



	7.5–14.5 microns
	N



	17–25 microns
	Q
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