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The internal motions of the ionized gas in the shells of planetary nebulae (PNe) have served as relevant diagnostic tools to understand the development of this important stage of stellar evolution. This work highlights some of the kinematic studies that have impacted the most on the understanding of the structure and evolution of the ionized envelope. These studies include the basic wind-driven isotropic expansion, the occurrence of complex shell morphology and unexpected fluid dynamics, such as high-speed, bipolar, collimated outflows. The current status on the subject and possible future trends are discussed in the closing remarks.
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1 INTRODUCTION
Kinematic studies have contributed to unveiling the nature and structure of planetary nebulae since the early astronomical applications with primitive spectroscopic techniques and photographic emulsions on glass plates. Since the beginning of the 20th century ground-breaking studies on this subject are found in the work of Campbell and Moore (1918), that clearly detected splitting of the most prominent emission lines in their sample of PNe. Furthermore, Zanstra (1932) demonstrated beyond any doubt that the ionized shells of planetary nebulae are expanding envelopes. Thus, it has been about a century of research on the characteristics of the emission lines from the ionized gas of the expanding envelopes of PNe. The detail and relevance on the physical information the emission lines convey has evolved hand in hand with the advances of more refined spectroscopic techniques. These modern techniques now provide simultaneous, high spatial and spectral resolution and improved sensitivity with solid state detector technology over a wide wavelength range. This work does not attempt to review all the advances in the field that have occurred and have contributed to build our current understanding of the PN phenomenon. For a broad review on the subject the reader is referred to the recent review by Kwitter and Henry (2022) and references therein. This contribution concentrates on reviewing some of the studies on PNe that, through the kinematic analysis of the internal motions in the ionized envelopes have greatly impacted our current understanding of their structure and evolution. In §2 a description of the basic concept on how a planetary nebula forms is presented. In §2.1 we discuss the Wilson diagram from a modern perspective in relation to the ADF or abundance discrepancy factor controversy. In §2.2 the success of the interacting winds model and the discovery of non-isotropic expansion and supersonic, bipolar outflows are discussed. In addition, some of the representative pioneer works that discovered the high-speed collimated outflows and complex shell morphology in PNe are presented. The main competing theories on the PN development, namely short-period binaries and magnetic fields, are presented in §2.3. Complex morphologies, kinematic patterns and consequences of projection effects are discussed in §2.4 together with morpho-kinematic tools that allow to disentangle the intricate 2D shapes projected on the sky and deduce 3D representations of the nebular structures. In §2.5 the Eskimo nebula, NGC 2392 is used as a case example of a nebulae with a rather complex morphology and kinematics and whose true structure is finally revealed by morpho-kinematic reconstruction and integral field spectroscopy. The use of PNe as probes of the galactic rotation curve is described in §2.6 and the PNe bulk expansion trends as a function of central star mass and evolutionary stage are presented in §2.7. Finally in §3 we provide some final remarks.
2 INTERNAL MOTIONS IN PLANETARY NEBULAE
Planetary Nebulae represent an important late stage of stellar evolution for stars of ∼ 1–8 M⊙. The star sheds most of its outer layers during the Asymptotic Giant Branch (AGB) through a dense and slow outflow. This material is chemically enriched and pollutes the immediate surroundings. Since these low and intermediate mass stars are common they can impact on the chemical evolution of the galaxy. After the star leaves the AGB stage a nearly bare stellar core heats up quickly and produces a fast and tenuous wind that will catch up with the slowly expanding envelope from the AGB. The fast wind - slow wind collision produces a reverse shock that creates an inner hot bubble, a relatively cool shell that forms the PN proper and becomes ionized by the UV stellar photons and an outer shock. This expanding structure presumably forms through isotropic mass-loss driving a close to a spherically-symmetric envelope. Eventually, after only a few thousand years, depending on the remaining stellar mass, the star’s luminosity will start fading rapidly, the ionized nebular structure would start to recombine and dilute and the PN stage would come to an end, leaving a slowly cooling white dwarf behind. This was the base concept of a planetary nebula in the decade of the 1970s.
2.1 Envelope Kinematics and the ADF Discrepancy
Wilson (1950) discovered a significant correlation among the ions of different levels of excitation with their radial velocities, essentially identifying the nowadays well known stratification of atomic species within the nebular plasma. This correlation is known as the Wilson Diagram. This is an early key element of information that in parallel with advances in atomic and photo-ionization physics eventually lead to the current models (e.g. CLOUDY, Ferland et al., 2013) that describe the fractional ionization in the expanding plasma as a function of distance from the stellar ionizing source. From these models emission line intensities can be converted into physical parameters such as electron temperature and densities that are required for the derivation of ionic abundances. However, one of the main, still unresolved conundrums in deriving ionic and total abundances from the expanding envelopes of PNe is the large abundance discrepancy factor (ADF) or forbidden vs. permitted discrepancy found in these objects. The derived ionic abundances from the emission line intensities are sensitive to the electron temperature and it has been known for more than half a century (Peimbert, 1967) that the temperatures derived from forbidden, collisionally excited lines are systematically larger than those derived from the permitted, recombination lines. Peimbert (1971) suggested the presence of temperature fluctuations within the plasma, however in some instances the fluctuations are of such a large amplitude that cannot be explained by standard photo-ionization models. For this reason Liu (2000) suggested the presence of a second plasma component consisting of hydrogen deficient, cold, clumps embedded in the plasma. Other alternatives have been explored such as enhanced electronic recombination (Garnett and Dinerstein 2001) but again they are unable to account for large ADFs (Wesson et al., 2018). Back to the Wilson diagram Richer et al. (2013), Richer et al. (2017), and Peña et al. (2017) have investigated the problem by analyzing the detailed kinematics of the emission lines excited by recombination and collision processes in several PNe. For their work they obtained spatially and velocity resolved echelle spectroscopy with the Very Large Telescope UT2 and the Magellan telescope, respectively. In their kinematic analysis they study the radial velocities of the emission lines that are supposed to originate from similar volumes in the envelope and therefore are expected to have similar velocities. A suitable ionization structure is considered for each particular case. However, they find clearly discrepant kinematics between the recombination and forbidden lines from the same parent ion. This indicates that there is an additional plasma component arising from a different volume, assuming ionization equilibrium. Thus temperature differences would seem to originate in a chemically-inohomogeneous medium with two plasma components where one of them emits collisonally excited lines and the other does not. Nevertheless, PNe with large ≳ 10 ADFs imply local temperature fluctuations whose origin is difficult to envisage. Bautista and Ahmed (2018) have modeled large temperature fluctuations that seem to propagate efficiently in the envelopes of PNe with short periods binary cores, as those expected from post common envelope systems where the period is shorter than the thermalization time in the plasma. Given the apparent close relationship between PNe with close binary cores (see §2.3) and large ADFs (Wesson et al., 2018) this is a very promising path to keep investigating. The problem is still an open one but now velocity shifts, line widths and line ratios of the discrepant emission lines open a new avenue to be used as firm diagnostics for new models.
2.2 Non-spherical Expansion, Axial and Point Symmetries and Supersonic Motions
The early observations of outflow motions and basic spherical shape of the shells originating in AGB stars led Kwok et al. (1978) and Kwok (1992) to propose the interacting winds model. This model predicts extended X-Ray emission from a hot bubble produced by the inner shock of the fast stellar wind that catches up with the slow moving mass component lost during the AGB phase (e.g. Kastner et al., 2012; Toalá and Arthur 2016). The interacting winds model provided the first analytical explanation of the PN structure and evolution of the ionized shell expanding at velocities in the order of 20–30 kms−1. However, it had already become clear that the morphology of PNe included other shapes and structures such as elliptical and bipolar with diverse eccentricities and in some cases fast axial outflows (e.g. López and Meaburn 1983). A generalized interacting winds model was then proposed by Kahn and West (1985) where the presence of an equatorial density enhancement would dictate the final shape outcome. On this basis morphological classifications (Balick 1987) were proposed and 1D and 2D numerical codes including radiation hydrodynamics were explored (e.g. Marten and Schöenberner 1991; Frank and Mellema 1994; Perinotto et al., 1994). An unexpected and surprising new phenomenon in PNe was the discovery by Gieseking et al. (1985) of the first high-speed, bipolar jet in the planetary nebula NGC 2392. A highly collimated, supersonic (±200 kms−1) narrow structure. This finding was surprising since jets were not supposed to be part of planetary nebulae. The Hubble Space Telescope had not been launched yet and the field was still relaying on seeing limited, ground-based images. In spite of this limitation it had already become apparent that planetary nebulae had much more complex structures than originally realized or envisaged (e.g. López et al., 1988). Bipolar structures were being found at infrared wavelengths since the earliest stages of the PN development, referred as the proto-PN stage (e.g. Kwok, 1993; Kwok et al., 2000). Balick et al. (1993) reported supersonic low-ionization emission regions in the form of bullets in mainly elliptical PNe. These fast outflowing regions, dubbed FLIERS, were symmetric with respect to the central star along the main axis. In the same year López et al. (1993) presented evidence of the first bipolar, rotating, episodic jet in the planetary nebula Fleming 1. This finding would be followed by the serendipitous discovery of the BRET (bipolar, rotating, episodic, jet) in the stunning object KjPn 8 (López et al., 1995; López et al., 1997). Hypersonic, bipolar outflows were discovered in He 3–1475 by Bobrowsky et al. (1995) and in MyCn 18 by Bryce et al. (1997) with outflowing projected speeds in excess of ±500 kms−1 and with velocities increasing with distance from the source, an effect commonly observed in the ballistic outflows of planetary nebulae. The Hubble Space Telescope had finally become fully operational by the mid 1990s and one of the areas immediately impacted by the fresh diffraction-limited images provided by this telescope were planetary nebulae. Morphologies with multiple collimated outflows and peripheral knots (e.g. Corradi et al., 1997; Corradi et al., 1999), point-symmetric structures (e.g. Guerrero et al., 1999; Miranda et al., 2006; López et al., 2012a) and quadrupolar lobes (Manchado et al., 1996) were soon adding to the extraordinary shapes and structures that were being unveiled by their complex morphology but particularly by their extraordinary kinematic footprint. The pervasive presence of highly collimated outflows in PNe had become apparent in most HST imagery of PNe and their supersonic speeds were routinely confirmed by spectroscopic means, as described in the examples quoted above. Guerrero et al. (2013) unveiled the presence of thin interfaces related to bow shocks from the collimated jet-like outflows and shocks at the border of the expanding nebular shells from [O III]/Hα HST image ratios of a sample of PNe. The kinematic confirmation is always essential to prevent misidentification of structural components in the nebular shell and to quantify the energies involved in these jets. Thus, the significance of jets in the formation and evolution process of PNe became a focus of attention, suggesting that jets were actually responsible for shaping the complex PN structures (Sahai and Trauger 1998) since the early stages of formation. However the reasons for the occurrence of these fast, collimated outflows were still far from clear. A good summary of the knowledge and understanding of the PNe phenomenon up to this point is found in Balick and Frank (2002).
2.3 Binarity and Magnetic Fields
In the last decades, the likely binary nature of the central stars of PNe has been under intense investigation since it could provide explanations to many of the yet unresolved problems present in the topics mentioned above. In analogy with other astronomical objects that are known to host bipolar jets, such as active galactic nuclei, Herbig-Haro outflows from young stellar objects and X-ray binaries, the unexpected presence of jets in PNe was soon theorized to involve an accretion disk. This disk would be part of the mechanism to launch the bipolar jets and it would be produced in this case as a result of a common envelope episode in a close binary system (Soker and Livio 1994; Soker 2006; Akashi and Soker 2008). It must be underlined that at the time planetary nebulae were understood as an evolutionary stage produced by single stars. Considering binary cores in PNe signifies a game-changer in the field with deep consequences in many areas; it is a new paradigm for the PN phenomenon. However producing the necessary accretion disks as a result of a common envelope episode necessary to launch jets faced some severe obstacles (e.g. Reyes-Ruiz and López 1999; De Marco 2009). On the observational side close binary stellar or sub-stellar companions are difficult to detect by spectroscopic means considering the short orbital periods involved, corresponding to separations of only a few stellar radii and systems immersed within the bright nebular glow of the ionized envelope. However photometric methods have proved successful in confirming companions in a number of PNe. Since binaries had been brought in, at least initially to explain the intricate morphologies and bipolar jets in PNe, it was naturally expected that the first close binary cores discovered in PNe would correspond to the kind of complex PNe with fast bipolar jets. Contrary to these expectations, the initial small sample of these PNe, amounting to a couple of dozen of objects (Miszalski et al., 2009) revealed diverse morphologies, mainly dominated by equatorial rings or density enhancements and in many cases showing ordinary expansion velocities (López et al., 2011). However, recently Zou et al. (2020) have produced 3D numerical simulations showing how, under the right conditions, the results of common envelope ejecta produce high pole-to equator density contrasts. The resulting equatorial density enhancements in their models are able to focus and drive bipolar lobes and even jet-like bipolar outflows from an originally isotropic stellar wind. The number of confirmed close binary systems found in PNe has been steadily increasing, it amounts now to about 60 systems. This enlarged sample continues to show a wide range of observed morphologies and particularly diverse kinematic structures. Binary-induced outflows models in PNe have awakened an active area of research in the field (e.g. Nordhaus and Blackman 2006; Muhammad and Soker 2008; García-Segura et al., 2021). It most be noted, however, that several problems in the common envelope theory remain still to be solved such as a reliable calculation of the efficiency to eject the envelope during the last stages of the process and the exact conditions under which a pair can actually reach a stable mass-transfer stage to produce a relevant accretion disk, though the latter may not be needed after all, according to Zou et al. (2020). These are vital elements of the theory regarding the possible shaping effects of the nebular envelope. Nevertheless, the relevance of close binary systems in the formation and evolution of PN has been now well established and much work will continue to be done in this context. A well informed and comprehensive review on this subject is found in Boffin and Jones (2019).
Magneto-hydrodynamic models involving rotating single stars with MHD stellar wind - disk wind interplay (Blackman et al., 2001) and toroidal stellar winds (García-Segura et al., 2005) became also of interest as a natural alternative to the binary hypothesis. These models have encountered difficulties in recent times to probe that a post-AGB single stellar core will rotate sufficiently fast to produce a noticeable dynamo effect or MHD toroidal winds. Nevertheless, their presence may still be required to aid in launching and collimating the jet-like outflows. Magnetic fields are difficult to detect in PNe. However, Sabin et al. (2007) report firm detection of magnetic fields with a toroidal distribution along the equatorial density enhancement in four PNe and two more with a less defined distribution. These observations were done in the sub-millimeter spectral region. Additional surveys in search of magnetic winds are required. In brief, the two main current avenues of research, binaries and MHD models, still have both important elements to resolve. It is expected, perhaps somehow optimistically, that the stellar evolution stage of PNe may get a unified view in a not too distant future.
2.4 Complex Morphologies and Projection Effects
As discussed in the previous section, the original concept of a PN as a spherically symmetric, evenly expanding shell of ionized matter took a colossal leap in the last decades. Describing the dynamical evolution of PNe becomes more and more cumbersome. We need now to explain not only the PN stage within the framework of stellar evolution (e.g. Miller Bertolami 2016) from stellar structure and nucleosynthesis calculations coupled to radiation hydrodynamics for the envelope, but in addition include common-envelope, close binary theory and MHD winds. These are all required elements in trying to explain the origin of PNe (as single or binary cores) and the increasing numbers of new structural features, such as the unexpected discovery of high-speed, collimated outflows, jets and lumps, bipolar, poly-polar and point-symmetric (twisted) morphologies with low-ionization knots or condensations and filaments distributed over the periphery of the ionized shell. The advent of the HST revealed what seemed an incredible heterogeneity and intricacy of forms and shapes of the ionized nebular shells. This seeming richness in diversity of shapes and forms soon led to suspicions and to investigate the possible misleading multiplicative geometric effects of projections of the same PN on the sky after rotation and inclination transformations of a few basic structures. Chong et al. (2012) showed that a model of multipolar PNe could explain a number of morphological structures combining the inclination with respect to the plane on the sky, the position angle of the lobes and the sensitivity or dynamic range of the observations. In this way geometric transmutation of a bipolar model nebula could recover diverse structural components thought as representing different classes. Furthermore, the myriad of morphologies observed were, surprisingly, not usually reflected in their kinematic patterns, as can be analysed from the San Pedro Mártir kinematic catalogue of galactic planetary nebulae (López et al., 2012b). This catalogue contains nearly four thousand long-slit, echelle spectra for about eight hundred PNe distributed over the disk, the halo and the galactic bulge. It is the largest of its kind. The position-velocity representations of the bi-dimensional, long-slit line profiles in this sample can be sorted out into groups. These groups reflect fairly closely the main morphological classes and secondary outflow structures observed in narrow-band imagery of PNe, though with less apparent diversity within the spectral groups. A way to reveal the 3D structure of a PN using kinematics as a tool is by combining its 2D projection on the sky with the radial velocity of a sufficiently large number of points over the image since the radial velocity vector essentially acts as the third spatial dimension perpendicular to the line of sight. Sabbadin et al. (2006) applied a tomographic method to recover the 3D density structure of a group of PNe from long-slit spectra. An expansion velocity law needs to be considered, being an homologous expansion the most common. The basic principle is this, think of an expanding soap bubble, in projection it looks simply as a circle but if one knows the expansion pattern, largest at the center and diminishing towards the poles, then a clear 3D pictures of the bubble emerges. The bubble expansion behaviour produces a velocity ellipsoid in the long slit line profile. Steffen and López (2006) (and see also Steffen et al., 2011) applied this principle to derive 3D morpho-kinematic models of PNe by combining the long-slit kinematic information with the 2D image. A neat example of this procedure is found in García-Díaz et al. (2012) where the highly complex form of the Eskimo nebula, NGC 2392, is disentangled via a thorough long-slit mapping, producing a reliable 3D representation of the object. The inner bubble, caps, filaments and bipolar jet are all clearly exposed in the analysis of the data and model. The results of this work also show how seemingly very different objects, such as NGC 2392, NGC 6543 and NGC 7009 are actually part of the same structural family only viewed at different angles, confirming the suspicions that morphological diversity is contaminated and artificially enhanced by some misleading 2D projection on the sky of what are truly 3D object (see Figure 3). Nevertheless, complexity is real in PNe, a recent extraordinary example is the analysis of NGC 6210, the “Turtle” nebula, where five axes of symmetry have been needed to explain its morpho-kinematic structure (Henney et al., 2021).
2.5 The Eskimo Nebula, a Case Example
Modern science advancement is highly technology dependent and astronomy is no exception. However, technology does not interpret data, though it makes it easier to acquire it and display it. Science needs the human wit for discovery. The original coudé spectrum taken by Gieseking et al. (1985) on unbaked IIa-O photographic emulsion revealed for the first time the presence of a highly collimated, bipolar outflow in a planetary nebula (see Figure 1). This was correctly described as a “jetlike multipolar mass ouflow with a velocity of nearly 200 kms−1 and a collimation less than 10°” with episodic activity. The orientation of the jet was also correctly deduced from their limited observations. This work opened the door to search for more bipolar jet-like outflows in PNe. As mentioned before, 27 years later, García-Díaz at al (2012) made a thorough long-slit mapping of the nebula with an efficient, single order echelle, nebular spectrometer (MES) and a modern CCD detector. Their kinematic results identified all the relevant structural features of the Eskimo, including the spatial distribution and extent of the bipolar jet (see Figures 2, 3). The full set of bi-dimensional arrays covering the entire face of the Eskimo can be consulted in the SPM kinematic catalogue of galactic PNe (López et al., 2012a). Nine years later, Guerrero et al. (2021) with the use of an integral field spectrometer (MEGARA) and a large telescope (GTC) produced the first ever image of the bipolar jet in the light of several emission lines superposed over the face of the Eskimo (see Figure 4). This image is derived from kinematic information that indicates the approaching and receding sides of the jet. The power of the technique and level of detail extracted from the data is remarkable. Thus, 36 years after its discovery we now have a clear picture of the kinematic structure of the jet in the Eskimo nebula, though we still do not fully understand the engine that drives it. Figures 1–4 provide a neat historic perspective of the increasing understanding of this iconic PN through constantly improving instrumentation techniques.
[image: Figure 1]FIGURE 1 | The long-slit coudé spectrum showing the discovery of the first jet in a planetary nebula. From Gieseking, Becker and Solf, 1985, ApJ 295, L17. ⓒ AAS. Reproduced with permission.
[image: Figure 2]FIGURE 2 | Selected position-velocity arrays from long-slit spectra, aligned across the core and the bipolar jet are shown against an HST image of NGC 2392 where the most prominent features are identified in both the images and the spectra. From García-Díaz et al., 2012, ApJ 761, 172. The full set of long-slit spectra for the Eskimo can be consulted in the SPM kinematic catalogue of galactic PNe (López et al., 2012a) ⓒ AAS. Reproduced with permission.
[image: Figure 3]FIGURE 3 | Upper row, left, a synthetic P-V diagram from the center of the Eskimo (compare with the top panel in Figure 2); next, the Eskimo image derived from the SHAPE morpho-kinematic model as seen on the sky; third panel, the same image but now the SHAPE model is rotated 100°; far right an HST image of NGC 6543, notice the close similarity of this nebula with the rotated model version of the Eskimo. Lower row, left, a SHAPE synthetic P-V diagram of NGC 7009 as it would look if obtained from a slit located at the center on a pole-on orientation, as shown in the SHAPE model image in the next panel; third bottom panel the SHAPE model image of NGC 7009 as seen on the sky and finally an HST image of this nebula. Notice the coincidences between the images in the upper and lower panels when rotations and orientations are taken into account. From García-Díaz et al., 2012, ApJ 761, 172. ⓒ AAS. Reproduced with permission.
[image: Figure 4]FIGURE 4 | The approaching (blue) and receding (red) components of the bipolar jet in the Eskimo are superposed on an HST image. The spectral information covers the velocity range +190 to −190 km s−1 in the light of [N II] λ 6584 and obtained with an integral field spectrometer. From Guerrero et al., 2021, ApJ 909, 44. ⓒ AAS. Reproduced with permission.
2.6 PNe and the Galactic Rotation Curve
Although galactic structure is not directly related to the main subject of internal motions in PNe discussed here, the contribution of measuring the global radial velocity of the PNe population from their bright emission lines in the galactic context, i.e. reading the magnitude and direction of the radial velocity vector related to their position in the galaxy, merits a brief mention in this discussion on kinematics of galactic PNe. Planetary nebulae are very useful probes of galactic structure, they are distributed all over our galaxy, the disk, the bulge and the halo and are relatively easy to observe thanks to their bright emission lines. Schneider et al. (1983a) compiled a catalogue of radial velocities for the 524 planetary nebulae known at the time. Schneider and Terzian (1983b) then used this catalogue to probe the galactic rotation curve out to 15 kpc from the galactic center, and along the process calibrate an existing distance scale. Durand et al. (1998) repeated this exercise for 867 PNe with higher resolution data and with this new sample they calculated more accurate kinematic parameters of the galactic differential rotation curve for the disk, whereas Zijlstra et al. (1997), using a sample of 71 PNe towards the galactic center examined the rotation of the galactic bulge. Extragalactic PNe have also been observed in nearby galaxies of the local group and their individual bulk expansion and global radial velocities measured (e.g. Richer et al. (2010b).
2.7 The PNe Mean Expansion Trends
In spite of the various intricate elements that need to be considered when analysing in detail the internal kinematic structure of PNe, as discussed previously, the line profiles from the main bright shell, the region with the largest emission measure, can be used to derive a global, bulk expansion velocity of the PN. This region, also known as the rim is formed by the compression of the shocked stellar wind onto the slowly moving outer envelope. An inner shock develops between the free-flowing wind region and the shocked wind. The compressed matter is ionized and sets an outward ionization front into the still neutral material from the AGB wind and an outer shock front develops. Jacob et al. (2013) and Schönberner et al., 2018, have shown that the outer shock provides a better representation of the PN expansion velocity, although this region cannot be measured directly. However their 1D hydro models indicate that the measured bulk expansion velocities need to be multiplied by factors of approximately 1.3–1.5 to obtain the true outer shock velocity. Hydrodynamic models predict that the expansion pattern of the PN shell is influenced by the evolution of the central star. It is then of interest to compare the bulk expansion patterns for different evolutionary stages and galactic populations of PNe. In a string of papers (Richer et al., 2008; Richer et al., 2010a; Pereyra, Richer and López 2013; Pereyra, López and Richer 2016) the Ensenada group took advantage of their kinematic catalogue of galactic PNe to measure bulk expansion velocities and carry out statistically significant studies with homogeneous sets of data on the kinematics of several groups of PNe. They analysed the populations in the bulge, disk and halo, including in these groups stages of early, evolved, mature, and PNe with low-mass central stars. The result of these works are summarized in López et al. (2016) and essentially show for the first time from observations how the kinematic evolution of the ionized shell correlates closely with the central star mass and its evolutionary stage during this last phase of stellar evolution (see Figure 5).
[image: Figure 5]FIGURE 5 | Mean bulk expansion velocities are indicated for several groups of PNe from the disk, bulge and halo covering diverse evolutionary stages and core masses. Their approximate locations on the H-R diagram reveal their kinematic evolution. From López et al., 2016 Journal of Physics Conf Ser 728032002. Originally published under a CC BY license.
3 DISCUSSION
Planetary Nebulae are ideal astrophysical laboratories. Physicists and astronomers have used them for the past century to test models on stellar structure, nucleo-synthesis, stellar, galactic and chemical evolution, photo-ionization and hydrodynamics, supersonic flows and shocks, MHD winds, common-envelope evolution in close binary systems and galactic structure. In particular, kinematic studies of the ionized shell play a vital role in deciphering many of the questions related to the origin, structure and evolution of the PN envelope. In relation to the future, for the internal kinematics of the ionized gas in PNe it can be envisaged that the research in the field will pursue the following two main paths. On the observational side integral field spectrometers are powerful instruments that deliver simultaneous spatial and spectral information at selectable wavelengths. They deliver data cubes (2D spatial 1D spectral) that provide a very large amount of information in a single exposure. They are now available in the optical and infrared domains in all major telescopes in the world and they will become the preferred tools for PN research in the coming years. On the theoretical side, the exact physical mechanism to launch and collimate high-speed, bipolar outflows or jets from the core of a PN is the next great challenge. Close binary systems seem to be currently the most promising avenue of research and this is being pursued vigorously to resolve still important gaps in the theory and models. We will need to answer in the coming years if PNe as representatives of a late stage of evolution can be driven by single and/or binary cores and what are the physical mechanisms that rule the evolution of their ionized shells in each case.
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