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Abstract

Recent ALMA observations discovered consequent amounts (i.e., up to a few 10−1 M⊙) of CO gas in debris disks that were expected to be gas-free. This gas is in general estimated to be mostly composed of CO, C, and O (i.e., H2-poor), unlike the gas present in protoplanetary disks (H2-rich). At this stage, the majority of planet formation already occurred, and giant planets might be evolving in these disks. While planets have been directly observed in debris disks (e.g., β Pictoris), their direct observations are challenging due to the weak luminosity of the planets. In this paper, with the help of hydrodynamical simulations (with FARGO3D) coupled with a radiative transfer code (RADMC-3D) and an observing tool (CASA), we show that planet-gas interactions can produce observable substructures in this late debris disk stage. While it is tricky to observe gaps in the CO emission of protoplanetary disks, the unique properties of the gaseous debris disks allow us to observe planetary gaps in the gas. Depending on the total mass of the gaseous debris disk, kinks can also be observed. We derive a simple criterion to estimate in which conditions gaps would be observable and apply it to the known gaseous debris disk surrounding HD 138813. In our framework, we find that planets as small as 0.5 MJ can produce observable gaps and investigate under which conditions (i.e., gas and planets characteristics) the substructure become observable with ALMA. The first observations of planet-gas interactions in debris disks can lead to a new way to indirectly detect exoplanets, reaching a population that could not be probed before, such as giant planets that are too cold to be detected by direct imaging.
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1 Introduction
The gas-rich protoplanetary disks in which planets form have a limited lifetime due to different gas dispersal mechanisms (e.g., photo-evaporation and viscous accretion; see review by Pascucci et al. 2023). After the disk’s dispersal, the resulting system is expected to be composed of the formed planets and can harbor dust and planetesimal disks, called debris disks. These disks are characterized by their dust emission and their old age (≳10 Myr).
Consequential amounts of gas (mostly CO but also CI, CII, or OI) were recently observed around these old disks (e.g., Riviere-Marichalar et al. 2012; Cataldi et al. 2014; Marino et al. 2016; Lieman-Sifry et al. 2016; Moór et al. 2017, 2019). A summary of these gas observations can be found in Table A.1. The amount of CO gas present in the most massive disks is estimated to be up to a few tenths of Earth masses (see Fig. 1), which is comparable to the protoplanetary disk phase (Zhang et al. 2021). The survival ofCO to photodissociation in these old disks can be explained thanks to a mechanism called shielding, where another component protects the molecule from external irradiation. In the case of CO, several shielding processes might be at play. For the youngest and most massive disks, they might still host consequent amounts of primordial gas (called hybrid-disk gas, Kóspál et al. 2013; Péricaud et al. 2017), and H2 might be responsible for the shielding. However, it is not the favored scenario because, for the majority of the debris disks, the origin of the gas probably resides in the release of volatiles from collisional planetesimals (Dent et al. 2014; Kral et al. 2017, 2019; Marino et al. 2020; Bonsor et al. 2023). In this case, CO can be shielded by itself (self-shielding) and by an upper layer of neutral carbon; that is, CI (Kral et al. 2019; Marino et al. 2020; Cataldi et al. 2023). The shielded gas can then viscously spread inward an outward from the planetesimal belt location (Kral et al. 2016; Kral & Latter 2016; Kral et al. 2019; Cui et al. 2024) and encounter already formed planets. This gas can be accreted by these planets and alter their atmospheres (Kral et al. 2020a). Similarly to proto- planetary disks, we expect the planet-gas interactions to produce different kinds of substructures. When a planet is embedded in a gaseous disk in differential rotation, it produces spiral arms originating from Lindblad resonances between the planet and the gas (e.g., Goodman & Rafikov 2001; Zhu & Zhang 2022). These spiral arms create both an overdensity in the disk and a deviation of the rotational velocity of the gas. These deviations from the usually Keplerian rotation of the gas produce observable structures in the gas emission close to the planet called kinks (e.g., Teague et al. 2018; Pinte et al. 2018b).
When the planet becomes massive enough, the torque that it exerts on the gas can overcome the torque originating from the pressure and the viscosity of the gas, pushing the gas away from the planet’s orbit (e.g., Crida et al. 2006; Fung et al. 2014; Kanagawa et al. 2015; Bergez-Casalou et al. 2020). While this phenomenon has been intensively studied via hydrodynamical simulations, gaps are mostly observed in the dust emission of protoplanetary disks. As protoplanetary disks are gas-rich, the amount of gas remaining in gaps (even deep ones produced by massive giant planets) is sufficient for them to still be luminous, and therefore they are difficult to distinguish (e.g., rare examples of gaps and cavities in Keppler et al. 2019; Law et al. 2021). However, as the gas around the planets is luminous, the kinks mentioned above become observable. On the other hand, gaps produce important gaseous pressure gradients able to trap dust at the edge of the gaps (e.g., Pinilla et al. 2012; Zhang et al. 2018; Haugbølle et al. 2019). Therefore, in protoplanetary disks, the gaseous components of gaps are hardly observable, but dusty gaps have been observed in the dust emission and some of them are consistent with a planetary origin.
While observations already show that planets and gas can also co-exist in debris disks (e.g., in the β Pictoris system Matrà et al. 2017a; Lagrange et al. 2019), models simulating the interactions between them only start to be developed (Kral et al. 2020a). In this study, we used hydrodynamical simulations to characterize planet-gas interactions such as gaps and kinks in the framework of debris disks. We also used a radiative transfer model and an observing tool in order to determine under which conditions these interactions are observable with ALMA. We focused on the CO emission as many debris disks are known to host this molecule in large quantities. This paper is structured as follows: the numerical setup of our different kind of simulations is presented in Sect. 2; in Sect. 3, we show the synthetic images resulting from our parameter study; then, in Sect. 4, we derive an observability criterion based on our results before discussing them in Sect. 5 and concluding in Sect. 6.
2 Numerical setups
In this study, we wanted to determine under which conditions substructures created by a giant planet embedded in a gas-rich debris disk can be observed by ALMA. To reach this goal, we proceeded in three steps: i) first, the gas distribution is determined by running hydrodynamical simulations with FARGO3D1 (Benítez-Llambay & Masset 2016), taking different planet characteristics into account; ii) the emission of the resulting gas distribution is determined with the help of the radiative transfer code RADMC-3D2 (Dullemond et al. 2012); iii) finally, realistic synthetic images are derived by adding noise and considering different ALMA configurations with the help of the observation simulation tool CASA3 (CASA Team 2022).
In this section, we present the different setups for each step, starting by presenting the different disk and planet configurations explored (Sect. 2.1). In Sects. 2.2 and 2.3, we present the numerical setups used for the hydrodynamical and radiative transfer simulations. The different ALMA configurations explored are developed in Sect. 2.4.
2.1 Investigated configurations
Gaseous debris disks can have a large range of different characteristics. In our study, we explore disks with different masses located at different distances, consistent with the already observed population. In Fig. 1, we present some characteristics of all the known gas-bearing debris disks. A table with all the characteristics of each system is shown in Appendix A. In order to match the characteristics of the observed disks, three different gas total masses are explored (10−5 M⊕, 10−3 M⊕ and 10−1 M⊕, represented by the horizontal dashed lines in Fig. 1), which are located at three different distances (40pc, 100pc, and 130pc; these are represented by the dashed vertical lines in Fig. 1).
Regarding the planet’s characteristics, three different masses (0.5 MJ, 1 MJ and 5 MJ) located at three different semi-major axes (10 AU, 50 AU, and 100 AU) were explored. We focused on giant planets as they are the most likely to produce observable features while still being consistent with the currently known radial distribution of exoplanets (e.g., Fulton et al. 2021; Zhu 2022).
	[image: thumbnail]	Fig. 1 CO masses derived from CO observations as function of distance from the Sun. The color-scale represents the median estimated age of the system in million years. We note the particular case of Fomalhaut, which is particularly old compared to the other disks. The masses and distances investigated in this paper are marked by the horizontal and vertical dashed lines, respectively.



2.2 Hydrodynamical setup
In this work, we simulated the 2D (r, ϕ) distribution of a gaseous disk surrounding a giant planet on a fixed circular orbit with the hydrodynamical code FARGO3D (Benítez-Llambay & Masset 2016). The gas is represented by a single fluid, and the code follows its evolution by solving both the continuity and Navier-Stokes equations. The continuity equation reads
[image: equation](1)
where ρ is the volumic density of the fluid and v its velocity. The Navier–Stokes equation solved in our setup is the following:
[image: equation](2)
where P is the fluid pressure, T is the stress tensor, and Fext represents external forces. The gaseous disk is then described by its surface density ∑ = ∫ ρdz and its kinematic viscosity ν. The equations are discretized over a 2D grid ranging from rmin to rmax with a radial resolution of nr = 704 and from 0 to 2π with an azimuthal resolution of nϕ = 298. The total size of the disk depends on the position of the planet (cf. Table 1). The disk’s extent is chosen so that the planet is located far enough from the edges of the grid in order to keep nonreflective boundary conditions. The resolution is chosen so that at least five cells are present in the Hill radius rH of the planets (cf. Sect. 2.4).
The initial surface-density profile follows a power-law profile, with ∑(r) = ∑0 × (r/1 AU)−1 (e.g., Kral et al. 2019). ∑0 is chosen so that the initial mass of the disk is roughly 10−3 M⊕. This value is then multiplied or divided by 100 to investigate the other two disk masses (10−1 M⊕ and 10−5 M⊕ , respectively). Here, the disk is locally isothermal. The aspect ratio of the disk follows a power law where h = H/r = 0.01 × (r/1AU)0.25.
With such profiles, the disk temperature also follows a powerlaw profile where T = 171K × (r/1AU)−0.5, in line with what is expected from a second-generation gas in a debris disk (Kral et al. 2019). The disk’s viscosity is described as in Shakura & Sunyaev (1973): ν = αcsH = αh2r2ΩK, where α is the turbulent viscosity parameter, cs = HΩK is the isothermal sound speed, and ΩK is the Keplerian frequency at a distance of r. Here, α is fixed to a value of 10−3 , which is considered as a medium turbulent disk (e.g., Cui et al. 2024). As it can have a significant impact on the planet-gas interactions, we discuss this choice in Sect. 5.2.
For computational purposes, the code is based on dimensionless units. Masses are normalized to the mass of the central star, M0 = M⊙ and lengths to r0 = 5.2 AU. The gravitational constant is G = 1. The unit of time is therefore based on the orbital period at r0 with P = 2πt0, where [image: equation].
The planets are slowly introduced in the disk with the following mass-taper function in order to prevent unrealistic shocks in the disk:
[image: equation](3)
where t is the time in dimensionless units. This function increases the planet’s mass mp from zero to its final mass in norb orbits at r0. Here, we set norb to 500 orbits for mp = 0.5 MJ, 3000 orbits for mp = 1.0 MJ, and 5000 orbits for mp = 5.0 MJ, which is in line with gas accretion studies (e.g., Hammer et al. 2017; Bergez-Casalou et al. 2020). In total, the disks are integrated for 104 orbits at r0 to reach a quasi-steady state and therefore obtain stable gaps.
Table 1 
Extent of different numerical grids depending on planet position.

2.3 Radiative transfer setup
The gas emission is estimated using the radiative transfer code RADMC-3D (Dullemond et al. 2012). The 2D perturbed surface density and velocity distributions from FARGO3D are used to extrapolate the 3D distribution of the gas. Assuming vertical hydrostatic equilibrium (e.g., Armitage 2022), the volume density distribution follows:
[image: equation](4)
where z = r cos θ (θ being the polar angle) resolved over nθ = 16 cells. The radial and azimuthal velocities are estimated to be constant with θ, and the vertical component of the velocity is null (vθ = 0) as our simulation is isothermal and extrapolated from the 2D plane. The gas temperature is taken from the hydrodynamical setup. It is estimated to be entirely composed of CO with a molecular weight of µ = 28. The disk is assumed to be in local thermodynamic equilibrium (LTE), given the range of disk masses we studied (e.g., Matrà et al. 2015; Kral et al. 2019). Here, nphotons = 108 photon packages are used.
The disk inclination is a crucial parameter for the observability of planet-gas interactions; face-on disks may seem ideal for the observations of gaps, whereas a low inclination of ~30° is needed in order to detect kinks (Pinte et al. 2023). In our fiducial setup, the disk inclination is i = 30°, and different inclinations from i = 10° to i = 80° are investigated in Sect. 3.3.
The gas emission is calculated over a wide range of channel maps in order to properly scan the whole structure of the gaseous disk. 401 channels are simulated, from dv = −20 km/s to dv = +20 km/s centered on the CO(J = 2−1) emission line at 230.538 GHz. We chose our setup such that the resulting integrated fluxes are consistent with the observed disks. In Fig. 2, we show the total CO(J = 2−1) integrated flux of known gaseous debris disks as a function of the derived CO mass compared to our simulations. As expected, when located at 40 pc, our disks are particularly luminous. However, the most massive disks observed are located at 100pc and further away, confirming that our simulations match the properties of the observed disks.
	[image: thumbnail]	Fig. 2 CO(J = 2−1) integrated fluxes as function of CO masses. The black dots represent the observations as in Fig. 1 and the colored symbols are derived from our simulations. The color represents the position of the planet and the symbols the distance of the disk. Our simulated disks are in line with the observed disks; the majority of them are located more than 100 pc away (cf. Fig. 1). We only show the disks in one planetary configuration for the low-mass disk case (mdisk = 10−5 M⊕) as the disks are difficult to observe at high angular resolution in this case.



2.4 Realistic image synthesis setup
After being converted into Flexible Image Transport System (FITS) images compatible with CASA4 (CASA Team 2022), we can add realistic noise to the gas emission in each channel map and convolve them with realistic beams corresponding to different ALMA configurations.
The investigated ALMA spatial resolution is based on the width of the investigated gaps. From our hydrodynamical simulations (see Appendix B), we see that the width of the gap corresponds to wɡap = 4rH = 4rp(q/3)1/3 where q is the planet-to-star- mass ratio, rp the planet’s radius, and rH its Hill sphere radius (e.g., Crida et al. 2006). In Table 2, we list the different gap widths in astronomical units and in arcseconds for the different disk distances investigated. We conclude that the optimal ALMA configuration is the C-6, corresponding to a beam of full width half maximum of ~0.13″ in Band 6. This configuration is combined with the C-3 configuration in order to correctly recover the total flux of the disk. In Sect. 4, we discuss the observability of the gaps and the impact that different beam sizes can have on our results.
The interferometric visibilities are derived via the simobserve routine from the FITS images. Some thermal noise is added to each channel via the CASA routine sm.setnoise(mode=simplenoise). The resulting noise corresponds to a noise of ~1.7 mJy/beam/channel, taken each dv = 0.1 km/s. As in the RADMC-3D setup, the channels range from dv = −20 km/s to dv = +20 km/s centered on the CO(J = 2−1) emission line, corresponding to a total bandwidth of 40 km/s (401 images in total). The resulting combined noise is therefore of 84 µJy/beam. This sensitivity can be achieved in ~13 h on the source as estimated from the ALMA sensitivity calculator5. The deconvolution is done via the CASA tclean routine via a Briggs weighting with robust value of 0.5. The complete CASA setup file is available upon request.
Table 2 
Gap widths for planets located at various investigated semimajor axes with different masses.

3 Results
The resulting images in the different configurations are presented in the following sections. We present the emission from selected channel maps as well as the moment-zero maps in order to determine under which conditions the substructures are observable. The moment-zero maps are defined as follows:
[image: equation](5)
where Nchan is the number of velocity channels, Ii is the intensity per channel, and dv is the velocity resolution.
3.1 Influence of the planet configuration
As mentioned in Sect. 2.1, three different planet masses located at three different semi-major axes were explored in this study. These two characteristics govern the shape of the substructures that the planet will form in the gas disk. For example, a planetary gap is deeper and wider for a massive planet located far from its host star. This can be seen in Fig. 3, where we show a gallery of moment-zero images; here, the disks are 10−3 M⊕ in mass, located at 40 pc, and host planets of different masses (increasing from left to right) and semi-major axes (increasing from top to bottom). The RADMC-3D outputs are shown next to the CASA images.
In the radiative transfer images, the planetary gaps (marked by the red dashed lines located at rp ± 2rH) are always distinguishable. We can see that they are more or less emptied: some material still corotates with the planet, especially when the planet is located at 100 AU. This is expected as the gap depth depends on the local disk’s scale height, which increases with radius in a flaring disk like ours (see Sect. 5.3). One can note the most extreme case where the planet is mp = 0.5 MJ located at 100 AU: here, the gap is partially opened, with a lot of gas corotating with the planet. In this case, when the noise is added, the gap becomes barely distinguishable. However, at higher planetary masses, the gap is deeper and wider and therefore observable.
At the investigated resolution (0.13″, marked by the small red dot in the bottom left corner of the CASA images), the gaps formed by the planets located at 10 AU become hard to distinguish due to the noise. The gaps are always circular, except in two cases: when the planet is massive (mp = 5 MJ) or located closer to its host star (10 AU and 50 AU). This is due to the capacity of large planets to clear very deep gaps, reducing the damping of the planet eccentricity by the gas disk (e.g., Papaloizou et al. 2001; Kley & Dirksen 2006; Bitsch & Kley 2010; Bitsch et al. 2013).
Another way to look at these gaps is to follow the radial profile of the emission along one of the radial axes of the disk. In Fig. 4, we show two profiles taken from the channel maps at dv = 0.0 km/s. Two specific configurations are shown here: the planet is 1 MJ and located at 10 AU (left column) and 50 AU (right column). All the other configurations can be seen in Appendix C. As mentioned above, we clearly see here that the planetary gap produced by the planet at 10 AU is hardly distinguishable from the inner disk edge. However, when the planet is located further away, the gap is clearly marked. From such observations, one can measure the size of the gap and obtain a first estimate of the planet mass using the planet’s Hill sphere:
[image: equation](6)
where wɡap is the gap width, M* the mass of the central star, and rp the planet position being in the center of the gap. We note that one needs to take into account the inclination of the disk in order to properly determine the gap width. In Fig. 4, the position of the planet and the gap width are projected onto the sky, taking the disk’s inclination into account (rp,proj = rp cos (i)). We discuss the strength of the link between the gap width and the planet’s Hill sphere in Appendix B.
These images already show that, in the low-surface-density context of debris disks, planetary gaps are observable. Even if they are relatively as deep as in the protoplanetary-disk phase (see Sects. 3.2 and 5.3), the absolute surface density is way lower. In the gap, the amount of gas is too low to be detected, its emission remaining below the sensitivity threshold of ALMA, while the other parts of the gas disk are bright enough to be detected. Therefore, the important parameter in determining whether gaps are observable or not is the absolute amount of gas present in the gap. In the next section, we test this assumption by increasing the total mass of the disk.
	[image: thumbnail]	Fig. 3 Moment-zero maps for three different planet masses (columns) located at three different semi-major axes (rows). We show the maps issued from RADMC-3D and CASA. The disk’s mass is 10−3 M⊕ of CO and located at 40 pc. The dashed red lines show the gap edges in the radiative transfer outputs. When the planet is located too close to the star (10 AU), the gap is hardly distinguishable given our ALMA resolution (beam of 0.13″). However, it is observed when the planet is > 50 AU and is more easily visible for mp>0.5 MJ.



3.2 Influence of the disk mass
Gaseous debris disks can host gas with a wide variety of masses, ranging over several orders of magnitude (see Fig. 1). In this section, we investigate the impact of the total disk mass on the observability of the different substructures. As mentioned in Sect. 2.1, three different disk masses were investigated in our study: 10−5 M⊕, 10−3 M⊕, and 10−1 M⊕. However, due to the very faint emission of the 10−5 M⊕ case, which is difficult to correctly image with a realistic setup, we focused on the other two masses.
In Fig. 5, we show the moment-zero images as in Fig. 3 for the different planet masses investigated that are located two distances from the star. The first two rows show the planets located at 50 AU in the low-mass disk (10−3 M⊕, first row) and in the most massive disk (10−1 M⊕, second row). The same images are shown in the last two rows for the planets located at 100 AU. As mentioned previously and discussed in Sect. 5.3, the relative gap depths are the same whether the planet is located in the 10−3 M⊕ or 10−1 M⊕ disk as it is independent of the surface-density profile (Crida et al. 2006; Fung et al. 2014; Kanagawa et al. 2015). The only difference is the absolute amount of gas present in the gap.
Some gaps that are easily distinguishable in the low-mass disk become too luminous to be distinguished from the emission outside the gaps, as in the protoplanetary disk case. This can be seen in the low-mass planet cases at both distances; while the disk hosting the mp = 0.5 MJ planet was observable at 50 AU, it becomes hard to distinguish in the high-disk-mass case. This can also be noted for the cases of mp = 1 MJ at 50 and 100 AU, though it is less distinct. Therefore, the absolute amount of gas remaining in the disk is the main characteristic governing whether one can observe planetary gaps in gaseous disks. We develop this aspect in Sect. 4.
When the emission inside the gap becomes significant, the configuration tends to be more similar to that of a protoplane- tary disk (see also Appendix C). However, while the gap size itself is hard to determine, other features become observable, such as kinks (Pinte et al. 2018b; Teague et al. 2018). These features originate from the impact that planets have on the normally Keplerian rotation of the disk; that is, the embedded planet launches spiral waves that can either accelerate or decelerate the Keplerian rotation of the unperturbed disk (for a review, see Pinte et al. 2023).
These deviations can be seen in the emission of the individual channel maps (Fig. 6). In a non-perturbed disk, the lobe-shape produced by the Doppler-shifted emission from the disk is perfectly symmetrical. As the deviation from the planetary spiral wave is stronger near the planet location, it produces an asymmetry in the emission.
In this study, we show, for the first time, that these kinks are also observable in the most massive debris disks; in Fig. 6, the combined emission of three different channel maps is shown for the same configurations as in Fig. 5. Here, we can see that when there is too much gas in the corotation region of the planet, the emission from the different channels is in a continuous-lobe shape, meaning that the gap is not observed. We now give an example. In the case where mp = 1 MJ, located at 100 AU or 50 AU, the gap is distinguishable from the moment-zero map (Fig. 5) and can be noticed on the different channel maps in Fig. 6 in the low-mass disk cases. However, when the mass of the disk is increased, the gap is barely distinguishable. On the other hand, a kink can be seen in the channel dv = 1 km/s or 1.8 km/s, probing the emission of the gas located closest to the planet. The same process happens in the mp = 5 MJ case located at 100 AU, and here the spiral wave is so strong that it produces a kink visible in different channel maps (i.e., further away from the planet).
On the other hand, seeing the gap in the low-mass disk does not necessarily mean that a kink is visible in the high-disk-mass case, as can be seen when the planet is mp = 0.5 MJ located at 50 AU. This is expected as, for the same planet mass and location, the gap width is larger than the width of the spiral arms producing the deviation from the rotational speed, requiring a higher spatial resolution to observe the kink compared to the gap. Moreover, we have one case where no gap is seen in the low-mass disk and no kink is seen in the high-mass disk (mp = 0.5 MJ located at 100 AU) due to the small impact the planet has on the disk (i.e., no deep gap and small spiral arms). In this particular case, a small kink starts to be distinguishable in the low-mass disk.
From this parameter study, we conclude that the planets located in gaseous debris disks can produce two kinds of observable substructures: gaps or kinks. The observability of each structure depends on the emission of the absolute amount of gas in the corotation region of the planet compared to the ALMA configuration thresholds. In order to see gaps, the planet must create a deep enough gap in a low-mass disk, while kinks are observable only for the high-mass planets located in massive disks. We outline a criterion in Sect. 4 that allows us to estimate when gaps are observable.
	[image: thumbnail]	Fig. 4 Channel maps at dv = 0.0 km/s (top panels) and two radial profiles of the gas emission along two radial axes (bottom panels). Here, the planet is mp = 1 MJ, located, respectively, at 10 AU (left column) and 50 AU (right column). The upper and lower slices are the radial profiles taken as shown in the images. The vertical black line shows the planet location, and the dashed gray lines are located at rp ± 2rH. Here, we clearly see that the gap is too close to the inner edge to be observed when the planet is located at 10 AU; however, the gap produced by the planet at 50 AU is wide and deep enough to be observed.



3.3 Influence of the inclination
The observed debris disks are known to have a wide range of inclinations, ranging from ~10° to almost edge-on disks (see Table A.1). However, it is known that the inclination of the disks can significantly impact the observability of gaseous substructures (e.g., Pinte et al. 2018a; Barraza-Alfaro et al. 2024). In this section, we investigate eight different inclinations and their impact on both gaps and kinks produced by our planets. In Fig. 7, we show the simulated CASA images in two specific configurations (a 1 MJ planet at 50 AU in a low-mass disk in the top rows, producing an observable gap; and a 1 MJ planet at 100 AU in a high-mass disk in the bottom row, producing a kink) in disks with various inclinations. In order to match the characteristics of the observed disks, the inclination ranges from 10° to 80°.
Focusing first on the low-mass-disk case, the gap induced by the Jupiter-mass planet is more easily observable in disks at low inclination. This originates from the fact that when the disk is inclined, part of the disk that is closer to the observer hides the gap. However, the emission along the semi-major axis of the inclined disk is only slightly affected by this effect (Bergez-Casalou et al. 2022). Therefore, even if the disk is highly inclined, the gap is still observable, especially along the semimajor axis. The impact of the inclination on the gap observability also depends on the gap depth: a narrow gap will be easily hidden along the semi-minor axis of the disk, while a wide gap will still be distinguishable along all axes.
The inclination has a more important impact on the observability of the kink. Indeed, the shape of the gaseous emission in individual channel maps highly depends on the projected velocity of the gas (e.g., Rosenfeld et al. 2013; Pinte et al. 2018a). The Keplerian rotation of disks at intermediate inclination (here estimated to be 20° < i < 45º) allows us to spatially separate different emitting regions. As kinks are defined as deviation from this Keplerian rotation, we need to be able to spatially resolve the distortion of the usually symmetrical lobe-shaped emission. It is clear from Fig. 7 that the kink produced by the 1 MJ planet is stronger for i = 20° and i = 30°. However, one can still distinguish it at i = 10° and i = 40°. Due to the noise and the shape of the Keplerian emission, the deviation is not observable for higher inclinations. Therefore, we conclude here that the disk inclination mainly impacts the observability of kinks, as expected from studies of protoplanetary disks. On the other hand, the observability of the gap is only slightly impacted: it also depends on the width of the gap, with wider gaps being less impacted than narrow ones. This is encouraging regarding a future observational search for gaps in debris disks as there are no strong constraints on the inclination distribution.
4 Estimating the observability of the gap
In the previous section, we show that planetary gaps can become observable in the gas emission of debris disks. In this section, we derive an analytical criterion allowing us to estimate under which circumstances a gap is visible; this depends on the properties of the system and the observational configuration.
As presented in Sect. 3.1, the first step is to determine whether the gap is resolved. So far, we present images of disks located at 40 pc, corresponding to the closest debris disks observed (see Fig. 1). We also investigated the observability of the substructures in disks located at 100pc and 130pc (see Appendix D), where it becomes clear that the gap needs to be wide enough to be covered by more than one beam size (see also Sect. 5.1). Then, one can use the approach detailed in Sect. 2.4 based on the Hill sphere of the planet to determine the size of the gap.
Once we know that the gap is resolved, we need to estimate the emission of the gas inside the gap and compare it to the instrument’s sensitivity. In order to do so, we estimate the flux Fu,l emitted by a parcel of mass Mg by
[image: equation](7)
where h is the Planck constant, νu,l the frequency of the transition from the upper level u to the lower level l, d the distance, and mmol the mass of the studied atom or molecule. xu is the fraction of molecules that are in the upper level u and can be expressed as a function of the partition function Z:
[image: equation](8)
where ɡi is the degeneracy of level i, kB the Boltzmann constant, and Tɡ the gas temperature (Matrà et al. 2015). Here, the central frequency is ν = 230 GHz for the CO(J = 2−1) line and mmol = mCO = 28 mp , where mp is the proton mass.
It is possible to estimate the integrated flux inside the gap by deriving the gas mass in the gap from our hydrodynamical simulations. As the gap is spatially resolved, we consider the mass contained in one beam of area Sbeam, resulting in the mass Mg = S beam ∑ɡap.·The flux in one beam located inside the gap is therefore
[image: equation](9)
This value is to be compared to the ALMA sensitivity Fsens , based on the noise in the moment-zero maps (see Sect. 2.4). In order to have a 3 σ detection, we estimate that the flux in the gap has to be higher than 3Fsens. Consequently, in order for the gap to be detectable, the flux from the gap has to be smaller than 3Fsens. Here, 3Fsens is measured to be 3Fsens ≃ 12.9 mJy km/s for our 401 channels ranging from −20 km/s to 20 km/s.
In Fig. 8, we show the ratios Fɡap /(3Fsens) where Fɡap is the flux determined from Eq. (9) in different configurations: each square containing nine panels represents a disk mass (mdisk = 10−3 M⊕ in the top square and mdisk = 10−1 M⊕ in the bottom square), and each panel represents a planet configuration, with the mass increasing from top to bottom and semi-major axis increasing from left to right. The gap is estimated to be observable when the value of the Fɡap/(3Fsens) ratio is smaller than 1 (shown in green). Overlaid are dots representing what we find from our images. A green (resp. red) dot means that we estimate that the gap is (resp. not) distinguishable from the results shown in Sect. 3. If our criterion works efficiently, the color of the background matches the color of the dots.
We see from Fig. 8 that our criterion works quite well; the gaps are observable mostly in the low-mass disks and are hard to observe in the high-mass case. We now focus on the peculiar cases; first, the gaps located at 10 AU are not spatially resolved, meaning that the first step of our criterion is not met here, given our ALMA resolution. Therefore, for those cases, the calculation of the flux ratio is not relevant. In the particular case where the planet is 5MJ located at 10 AU, the gap is at the limit of the angular resolution (see Table 2). Moreover, in this case, the gap starts to become eccentric. Both of these effects make the estimation of the gap observability sensitive, as the gap becomes partially resolved and can therefore be partially observed.
Another interesting configuration is when the planet is located at 100 AU in the high-disk-mass case (marked with the blue dot). In Fig. 5 we see that the gap is distinguishable thanks to its large width, even though there is still a significant amount of gas inside the gap (Fig. 5). Therefore, the ratio Fɡap/3Fsens) is close to one (yellowish color). Here, what makes the gap observable is the fact that the amount of gas inside the gap is relatively less luminous compared to the outer part of the disk. Therefore, even if the presence of the gap might be ambiguous from the moment-zero image, it should be seen in the radial profile, meaning that our criterion is correct here too.
We conclude that our criterion (estimated from the ability to resolve the gap width and Eq. (9)) is an efficient way to determine whether gaseous gaps can be observed in the gas emission of disks. We note that this criterion does not depend on the nature of the disk itself; the only requirements are that the gas is luminous enough outside of the gap to be detected, the gap can be spatially resolved, and Fɡap < (3Fsens). Therefore, this criterion can also be applied to low-mass protoplanetary disks.
	[image: thumbnail]	Fig. 5 Moment-zero maps for two different disk masses hosting planets located at two different semi-major axes (rows) for three different planet masses (columns). We show the maps issued from RADMC-3D and CASA. The disks are located at 40 pc. The disk’s mass is 10−3 M⊕ of CO in the first and third rows and 10−1 M⊕ in the second and last rows. As expected, the more massive disks are more luminous. The gas present in the gap can become luminous enough to prevent a clear detection of the gap, as in the lower disk-mass case.



	[image: thumbnail]	Fig. 6 Combined channel maps at dv = −1.8; 0; 1.8 km/s (two first rows) and dv = −1.0; 0; 1.0 km/s (two last rows) for two different disk masses hosting planets located at two different semi-major axes (rows). The planet mass increases in the columns from left to right. We show the maps issued from RADMC-3D and CASA. The disks are located at 40 pc. Gaps are observed in low-mass disks, and kinks (marked by a red circle) are observed in high-mass disks.



	[image: thumbnail]	Fig. 7 Moment-zero and combined channel maps at different dv for two different configurations. Here, the selected channels are the ones where the gas emission is located closest to the planet in order to clearly see its impact on the gas. In the first top rows, a Jupiter-mass planet located at 50 AU is hosted in a 10−3 M⊕ disk, producing a gap; while in the two last rows, a Jupiter mass planet located at 100 AU is introduced in a more massive disk (10−1 M⊕), producing a kink. The disks are located at 40 pc and are inclined with increasing inclination from left (i = 10°) to right (i = 80°). The visibility of the kink (traced by the red circle) is highly influenced by the disk’s inclination, unlike the gaps.



	[image: thumbnail]	Fig. 8 Value of our observability criterion Fɡap/(3Fsens) (color map) in different configurations explored. Here, the disks are located at 40 pc. Both disk masses are shown in the top (low-mass disk) and bottom (high-mass disk) squares. Each panel of each square represents a planetary configuration, with the planet mass increasing from top to bottom and its semi-major axis increasing from left to right. The dots represent whether we actually observe a gap (green if observed, red if not) in the simulated images presented in the previous sections. If our criterion works, then the color of the dot matches the color map. Here, we see that our criterion matches our simulated images quite well, with a few exceptions (see the text). Some gaps are either eccentric (orange dots) or observed but luminous (blue dot), which can complicate our analysis (see text).



	[image: thumbnail]	Fig. 9 Debris disks with CO detections. The disk’s CO mass and inclination are used to determine the ideal candidates (green area); from our simulations, if the disk is too massive (i.e., luminous), the emission in the gap is too big, similar to the protoplanetary disk regime. On the other hand, if the disk is too light, it is not luminous enough to be observed at a high resolution. Moreover, a too inclined disk prevents a clear detection of the gap.



5 Discussion
5.1 Application to a known debris disk: HD 138813
In the previous sections, we show that planetary gaps are observable in disks representative of the observed debris-disk population. Here, we apply our approach to an ideal candidate to investigate if we can observationally validate this study. In order to do so, we require three main criteria to be fulfilled: (i) the disk must be luminous enough to be detected outside the gap, while the gap must be deep enough to push the gas emission below ALMA’s sensitivity; (ii) the disk cannot be too inclined to prevent the gas from hiding the gap; and (iii) the width of the gap must be spatially resolved. From our parameter study, we estimate that the CO gas mass must therefore be 10−4 M⊕ < mdisk < 10−2 M⊕ and that the inclination must be lower than 60°.
In Fig. 9, we show the mass/inclination distribution of the debris disks known to host CO gas; the ideal candidates regarding the first two criteria are shown in the green area (with 10−4 M⊕ < mdisk < 10−2 M⊕ and i < 60°). The ideal candidates are HD 121191, HD 138813, and HD 156623. The last important step is to estimate the width of planetary gaps in order to determine if they can easily be spatially resolved with ALMA or not.
If a planet is indeed embedded in these disks, it would be more likely located at the edge of the dust belt: during the protoplanetary-disk phase, the dust could have been accumulated at the edge of the planet gap, where it could grow to planetesimal sizes (e.g., Morbidelli 2020). After the dispersal of the primordial gas, the collisions in the planetesimal belt would release dst and gas to the extent that we observe nowadays. Assuming the planet location rp at the edge of the dust disk, the width of the gap wɡ can then be estimated from its Hill radius rH, as shown in Sect. 2.4. In the case of HD 121191 (located at 132.3pc with its inner dust edge at 21.5 AU Kral et al. 2020b), a Jupiter mass planet would produce a gap of 0.045″ (~6 AU), which would require a very high angular resolution to resolve it. A more massive planet – for example, a 5 Jupiter-mass planet – would produce a wider gap of course (i.e., ~10 AU corresponding to 0.077″), but it can be expensive to catch with ALMA (i.e., with the highest angular resolutions, the integration time to collect all the fluxes can be very high). For HD 156623 (located at 108.3 pc with its inner dust edge at 26 AU Lieman-Sifry et al. 2016), the same problem occurs: a Jupiter (resp. 5 Jupiter) mass planet would produce an ~7 AU gap, corresponding to 0.06″ (resp. ~12 AU or 0.11″). However, in the HD 138813 disk, located at 136.6 pc, the inner dust edge is estimated to be located farther inside the disk (~70 AU Hales et al. 2019). This results in wider gaps; for a Jupiter-mass planet, the gap is ~20 AU wide, corresponding to 0.14″ and a 5 Jupiter-mass planet would produce an ~33 AU gap (0.24″). This becomes easily resolvable with ALMA, for example in the C-7 configuration (0.092″). Unfortunately, archived data of this disk do not provide a high enough resolution to test this hypothesis directly. Follow-up observations are required.
In the case of HD 156623 and HD 121191, the gap width is small as we made the assumption that the planet would be located at the inner edge of the debris disk. However, when observed at high angular resolution, some debris disks are known to host rings and gaps in their dust distribution (Ricci et al. 2015; Marino et al. 2018). HD 156623 and HD 121191 might also host such gaps in their dust distribution; if future high-angular-resolution observations of the dust emission of these disks show gaps, then it would be natural to place planets in them and look for the gaseous counter part of the gap(see Sect. 5.6). In this case, the planets can be located further away in the disk and produce wider gaps, making them easier to detect.
In order to derive synthetic images of HD 138813 at a higher angular resolution, we followed these steps: first, hydrodynamical simulations based on the observed disk’s characteristics (see Table A.1) are run in three different configurations (with the disk only, hosting a Jupiter or a 5 Jupiter-mass planet). Using Eq. (9), we can estimate whether the gap should be observable or not: from the hydrodynamical simulation, we find that Σցap = 1.49 × 10−8 g/cm2, resulting in a flux in the gap of Fցap = 5.41 × 10−4 Jy km/s. Using the same setup as in this study except in the C-7 configuration, the resulting integrated noise is approximately ~4 × 10−3 Jy km/s, meaning that Fɡap ≪ 3Fsens. Therefore, the gap should be observable.
In Fig. 10, we show the simulated images in the case without a planet and with a Jupiter or 5 Jupiter-mass planet. It is clear from the moment-zero maps that the gap is distinguishable when hosting planets, meaning that Jupiter-mass planets create deep enough gaps in this disk. We also note here that it might be easier to derive the size of the gap from the individual channel maps than from the moment-zero image. Here, the total integration time is ~7 h on source.
In this section, we show that the observation of gaseous gaps in debris disk is a realistic approach that just needs to be tested observationally. Future high-angular observations of gaseous debris disks will therefore help us understand the process of gap formation, as gaseous planetary gaps are barely observable in protoplanetary disks.
5.2 Influence of the disk’s characteristics
For the first time, we simulate planet-gas interactions in debris disks with the help of hydrodynamical simulations. This allows us to model the opening of the gap than with the help of analytical 1D models and to easily produce synthetic images. This hydrodynamical modeling requires a good estimate of the disk’s properties. Observations as listed in Table A.1 are essential, of course; however, there are still some properties that are difficult to constrain.
	[image: thumbnail]	Fig. 10 Simulated images of CO(J = 2−1) emission of HD 138813 in three different configurations. In the first column, the disk does not host any planet and is to be compared to the two other columns where a Jupiter-mass planet (center) and a five-Jupiter-mass planet (right) have been introduced in the disk at 70 AU. Moment-zero maps are shown in the top row, and single-channel maps at dv = −1.4 km/s are shown in the bottom row. In the smooth-disk case, the lobe shape emission is continuous, whereas the gap produced by the planets cuts the emission, making the gap observable.



5.2.1 Disk turbulence and viscosity
The turbulence of the gas is one of the big unknowns of the system. In Kral et al. (2016), the authors try to constrain the level of turbulence in the gas of the β Pictoris system for the first time. Thanks to a particularly efficient ionization of the second generation gas, they find that the turbulent α parameter can be as high as 0.1, which is consistent with an MRI-driven turbulence (Kral & Latter 2016; Marino et al. 2020), but it can also range over multiple orders of magnitude. This uncertainty rises from the difficulty in observationally constraining other parameters such as the accretion rate of the gas.
The α parameter is also poorly constrained in protoplanetary disks, even though recent studies show that the disks are probably of low turbulence (Dullemond et al. 2020; Pascucci et al. 2023). Therefore, regarding these uncertainties, we decided to investigate the formation of gaps and kinks in debris disks with intermediate turbulence (i.e., α = 10−3, Cui et al. 2024) . This choice influences how a gap is opened; in a disk hosting a planet of a given mass and distance from the star, the gap opened by the planet is deeper for disks with lower viscosity and therefore lower α (Crida et al. 2006; Fung et al. 2014; Kanagawa et al. 2015). Consequently, if α is higher than in our study, either kinks become observable or one needs larger planetary masses to reproduce the same gap depth. However, what is important in our study is the capacity of the instruments (here ALMA) to detect the gas located outside of the gap but not inside. Therefore, our study provides a first approach to determine the observability of planetary substructures in debris disks. Future extensive parameter studies are required to precisely estimate the planet characteristics needed to observe substructures in specific targets.
5.2.2 Disk temperature
The temperature of the gas in debris disks is slightly better constrained from observations. As mentioned in Sect. 2, the temperature that we used in our simulations is consistent with what is expected from the release of second-generation gas and observations (Kral et al. 2019). However, our hydrodynamical simulations are locally isothermal, which can influence the opening of the gap (Les & Lin 2015). Therefore, it is obvious that more precise, 3D hydrodynamical simulations taking into account a precise vertical distribution of the temperature in the specific framework of debris disks are needed to correctly simulate gap opening. However, this would be computationally expensive and it would require a precise estimate for the disk temperature structure from the observations, which is still debated and difficult to obtain. Therefore, our 2D isothermal setup is a great first step in the modeling of the planet-gas interactions in debris disks.
5.2.3 Disk radial extent and distance
The radial extent of disks investigated in this study is consistent with the largest disks observed nowadays. The total range of the gaseous disk can impact its observability on the same basis as its distance from Earth. Regarding the clear detection of the planetary gaps, the disk needs to be sufficiently larger than the gap width to be detected outside of the gap. This requires the correct combination of gap width, gap depth, beam size, and flux emitted from the gas outside of the gap in one beam.
The detection of planetary kinks requires different conditions regarding the disk’s size and distance. Here, the important aspect relies on the gas located close to the planet’s orbit. Therefore, compared to the conditions required to observe gaps, the disk can be less extended. However, the gas needs to be luminous close to the planet, and the detection of the kink requires a high angular resolution. The size of the kink can be estimated with different tools (e.g., Bollati et al. 2021; Izquierdo et al. 2021, 2023). In general, it is smaller than the gap width for a planet of a given mass and semi-major axis. Difficulties in detecting kinks are therefore similar to the ones encountered for their detection in protoplanetary disks.
In Appendix D, we show the images of the disks located at different distances from Earth (i.e., at 100 pc and 130 pc). From these images, we clearly see that the observability of the gap depends on the ability to resolve the gap width. We find that the wider gaps are still observable even at 130 pc. Moreover, the inner and outer parts of the disk need to be luminous and at least as wide as the gap.
5.3 Correctly determining Σgap
In Sect. 4, we show that it is possible to determine the integrated flux emitted by a parcel of gas located in the gap from the surface density present inside the gap Σgap. Several studies derived criteria to estimate the gap depth from the disk’s parameters. Kanagawa et al. (2015) found that the depth of the gap can be written as
[image: equation](10)
where K = q2h−5α−1; with q being the planet-to-star-mass ratio and Σ0 the initial surface density at the planet’s position. This criterion is valid for K ⩽ 104. It has been corrected in different frameworks; for example, in Gyeol Yun et al. (2019) they adapted this criterion to nonuniform disks (i.e., a power-law initial surface-density profile with an exponential cutoff), finding that Σgap/∑0 = 1/((1 + 0.046K). In Pichierri et al. (2023), they corrected Eq. (10) to correctly describe the partial gap opening of planets in low-viscosity disks. They found that [image: equation] with [image: equation].
Fung et al. (2014) also derived a formula describing the gap depth as a function of the planet and disk characteristics. They found that for planetary masses ranging from 10−4 ⩽ q ⩽ 5 × 10−3, for 10−3 ⩽ α ⩽ 10−1 and 0.04 ⩽ h ⩽ 0.1,
[image: equation](11)
A comparison between these different criteria can be found in Bergez-Casalou et al. (2020), where they also state that taking planetary gas accretion into account can impact the way planets open gaps, especially at low viscosity.
In our study, Σgap was directly determined from our hydrodynamical simulations in order to be consistent with our synthetic images (see Appendix B). As shown in Fig. 11, we notice a difference in gap depth between our simulations and the different criteria cited above. This can originate from the different frameworks investigated. In our case, we are at pretty low viscosity ν, as α = 10−3 and h = 0.01 (r/1 AU)0.25. Therefore, our gap depth cannot be compared to that of Fung et al. (2014). Regarding the criterion of Kanagawa et al. (2015), we are in a low-viscosity disk; therefore, we need to compare to Pichierri et al. (2023). However, the majority of our planets are more massive than those in their study, and therefore they do not open partial gap, but rather deep gaps. A different behavior us thus to be expected.
Determining the correct depth of the gap can be tricky depending on the characteristics of both the planet and the disk gas. However, we estimate that the listed gap-opening criteria can still give an interesting first estimate of the gap depth to predict wether the gap would be observable or not. In Fig. 11, we quantify that in the worst case scenario, the gap depths are off by a bit more than one order of magnitude in the low-mass cases, where the planets are not eccentric at all. Future complex hydrodynamical simulations taking into account 3D effects in radiative disks will help derive a robust gap-opening criterion.
	[image: thumbnail]	Fig. 11 Ratio between averaged surface density inside the gaps in our hydrodynamical simulations ∑gap,hydro and the surface density estimated from different criteria ∑gap, criterion. In red are the estimates from Kanagawa et al. (2015), in orange those from Pichierri et al. (2023) and in brown those from Fung et al. (2014). Circles represent the cases where mp = 0.5 MJ, upward triangles are for mp = 1 MJ, and downward triangles are for mp = 5 MJ. We see that the different criteria fail to reproduce our gap depth the further away the planet is located. For the planet located at 10 AU, the criteria fail to reproduce the mp = 5 MJ case as the planets become eccentric, changing their gap opening.



5.4 Influence of planet characteristics
Many different parameters can influence the observability of the planet-gas interactions: the disk characteristics, the observational configuration (see Sect. 5.2), and the planet characteristics. The planet’s mass and semi-major axis are the two main properties that influence the observability of the substructures. They dictate how deep the gap is in a given disk (see Sect. 5.3) and how strong the spiral arms are. Consequently, a less massive planet produces a shallower and narrower gap as well as weaker spiral arms (Goodman & Rafikov 2001).
As mentioned in the previous section, the depth of the gap also highly depends on the properties of the gas (specifically its viscosity ν ∝ αh2). Therefore, a Saturn-mass planet will easily produce a deep gap in a low-turbulence, cold disk, but it will hardly carve a gap in a hot, highly turbulent one. As the gas in debris disks is estimated to be richer in heavy elements than protoplanetary disks, in general they present lower aspect ratios than in protoplanetary disks, making it easy for lower mass planets to open deep gaps. Depending on the α parameter, one can therefore expect planet masses as low as those of Saturn or even Neptune to carve deep gaps; assuming that h = 0.02 at the planet position, in an α = 10−3 disk, Kanagawa et al. (2015) estimated that a Neptune-mass planet produces a gap depth of Σgap/∑0 = 0.03, which would definitely produce an observable gap (a deep gap is estimated to be opened when Σgap/Σ0 < 0.1 Crida et al. 2006). However, in Neptune’s case, its gap would be very narrow: at 10 AU, 4rH = 1.03 AU; at 50 AU, 4rH = 5.15 AU; and at 100 AU, 4rH = 10.32 AU. Compared to the gap widths investigated in this work (see Table 2), we see that it can be difficult to observe such a gap in the C-6 configuration in Band 6. However, one can still find a configuration where a Neptune gap would be observable (maybe when it is located deep in a cold disk, or using another configuration or band; see Sect. 5.5).
Regarding the observability of the kinks, they will only be observable for the most massive planets (i.e., mp > 1 MJ), located at large semi-major axes. As discussed in Sect. 5.2.3, their observability is as limited as in protoplanetary disks.
5.5 Observations in other species than 12 CO
In this study, we focused on the CO(J = 2−1) emission of the gas present in our debris disks. However, other CO lines (e.g., J = 1 − 0 or J = 3 − 2) and other components have been observed in some disks (e.g., CI or OI; see Table A). In order for CO to survive over large timescales in debris disks, it needs to be protected from the external irradiation that would photodissociate the molecule (in about 120 yr when considering photons from the interstellar radiation field, Visser et al. 2009). Therefore, the presence of CO is expected to be consistent with CI gas, shielding the CO in disks more massive than ≳ 10−3 M⊕ (Kral et al. 2019; Marino et al. 2020; Cataldi et al. 2023). The planets will interact with all the different components of the gas disk, meaning that the planetary gaps can also be observed in ALMA Band 8, probing the CI emission. We note that disks that are not shielded should not be targeted in CO but rather in neutral carbon. This is because CO would be photodissociated before having time to viscously spread when no shielding by carbon operates, whereas carbon still viscously spreads inwards and outwards.
Moreover, different CO isotopologues can be used to probe the disks at different scales. As in general 12CO is brighter than, for example, 13CO and C18O, one can use their different intensity to look for the signature of the gap. In the massive disks where kinks might be observed, one can see that the same system in these isotopologues may have less bright emission in the gap and validate our flux criterion (Eq. (9)).
More generally, our criterion Eq. (9) can be adapted to any kind of emission line; what matters is the capacity to resolve the gap and to detect the gas outside of the gap. Once one has the properties of some gas distribution (radial extent; estimations for its temperature and viscosity), then our analysis can be applied.
5.6 Gaps in the dust versus gaps in the gas
Debris disks are often seen as broad disks, sometimes hosting multiple gaps in them (e.g., Su et al. 2013; Marino et al. 2018; Esposito et al. 2020; Faramaz et al. 2021). The structure of the planetesimal and dust distributions can be influenced by planets; the analysis of the steepness of the inner edge of the disk is consistent with the presence of planets that are too cold to be imaged directly, deriving a first estimate of the planet’s characteristics (e.g., Wyatt 2008; Pearce et al. 2022; Imaz Blanco et al. 2023; Marshall et al. 2023).
Our approach using the gas in debris disks brings complementary information compared to these analyses from dust observations for different reasons: i) in some disks, the gas is more radially extended than the dust/planetesimal disk (e.g., in HD 138813 and HD 156623), meaning that we can probe a different exoplanet population that is too far to significantly perturb the planetesimal disks; ii) the indirect detections of a planet from the dust or gas observations are independent, meaning that the planet characteristics can be derived independently; iii) when observing a dust gap, there are still uncertainties on the presence of a planet within the gap because the latter could be located further inwards, as shown in Pearce & Wyatt (2015), owing to secular effects of the planets. Moreover, migrating planets can affect the dust-gap width, but those effects would have less impact on the gas distribution, which would be much more reliable. A multiwavelength study could therefore really improve our understanding on planet-disk interactions, either by confirming gap-opening processes or by improving their estimation (gap-opening criterion). Such observations could also be extended to gap formation during the protoplanetary-disk phase.
6 Conclusions
In this paper, we derived synthetic images of the CO(J = 2−1) line emission of the gas present in typical debris disks. The gas is perturbed by a single planet with varying mass and semi-major axis. After deriving the perturbed profiles with the help of 2D hydrodynamical simulations, realistic synthetic images are produced from a radiative transfer code and the ALMA observing tool. Our conclusions are as follows:

	Planet-gas interactions are also observable in debris disks. While it has been shown in previous studies that planet-gas interactions can produce observable substructures in protoplanetary disks (e.g., kinks), we show here that these kinds of interactions are also visible in older debris disks. These observations can lead to the indirect discovery of new exoplanets, at an intermediate stage of their evolution (in old systems compared to the protoplanetary disk phase). Moreover, this can help us discover cold giant planets that are not luminous enough to be detected via direct imaging;


	More importantly, unlike in protoplanetary disks, we are able to observe gaseous planetary gaps in debris disks. Thanks to their low surface density, the emission of the gas located in the gap can be sufficiently low to remain below ALMA’s sensitivity threshold. We derived a criterion (Eq. (9)) able to estimate whether gaps are observable depending on the planet, disk, and observational configuration characteristics;


	Depending on the gap depth and disk mass, we are able to detect either gaps or kinks: if there is still a sufficient amount of gas around the planet (e.g., in the most massive gaseous debris disks), kinks are observable for the most massive planets (i.e., mp > 1 MJ) and the gaps are too luminous to be detected. However, for a more moderate disk mass (i.e., mdisk ≈ 10−3 M⊕), the same planet will produce an observable gap, but its kink will no longer be visible. Depending on the gap depth and widths, planets as small as Saturn might produce observable gaps;


	By applying our method to a known debris disk (HD 138813), we show that we can realistically already detect such gaps if they exist. Thanks to our large parameter space study (planet masses, locations, and disk masses and inclinations), we estimate that several debris disks known to host gas are ideal candidates to look for gaseous planetary gaps.



This study may have several important impacts on our understanding of gas in debris disks. First, it might lead to a new way to indirectly detect exoplanets at an intermediate stage of their formation, where the majority of the primordial gas is gone but the planetesimals’ belts are still massive. Secondly, as gaps are only observable in the dust in protoplanetary disks, being able to compare the shape of the gap edges in both the dust and the gas in debris disks can help constrain gap formation models. Future observations at high angular resolutions of the gas in debris disks are to be combined with further studies modeling the gas evolution in the presence of planets.
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Appendix A  Characteristics of the known gas-bearing debris disks
Table A.1 
Characteristics of the known gas-bearing debris disks.


Appendix B  Hydrodynamic simulations
We present in this appendix the outputs of our hydrodynamical simulations used to derive the synthetic images shown in this study. In Fig. B.1 we show in the first row the azimuthally averaged radial profiles of the disks at t = 104 orbits. The vertical lines show the gap width as estimated from the Hill sphere of the planet (wɡap = 4rH, centered on rp) in each configuration (see Sect. 2.4). The profiles for the three different planet masses are over-plotted in the same graph and the different planet distances are shown in the different columns. Below, we show the corresponding 2D surface density maps for each planet mass (increasing from top to bottom). The red dashed lines are located at rp ± 2rH to highlight the different gap widths.
	[image: thumbnail]	Fig. B.1 Surface density distributions of the gas in our hydrodynamical simulations. In the top row, we show the azimuthally averaged profiles for the planets located at 10AU (first column), 50AU (second column) and 100AU (third column). The color and style of the lines show the different planet masses. The vertical matching lines are located at rp ± 2rH in order to estimate the gap width. We clearly see that most massive planets produce deeper and wider gaps. The remaining panels show the 2D density maps for the different planet semi-major axes (columns) and masses (rows). The dashed red lines show again the gap width based on the planet’s Hill sphere. The 5 MJ planet located at 10AU produces an eccentric gap, which produces a less deep gap than in the circular cases.



Here, we can see that the planets present different gap depths, with more or less corotating material (see Sect. 5.3). It is also very clear that the 5 MJ planet located at 10AU produces an eccentric gap (e.g., Kley & Dirksen 2006; Bitsch et al. 2013). We can also distinguish the spiral arms responsible for the velocity deviations producing kinks.
The estimate of the gap width from the Hill sphere of the planet matches quite well the gap width resulting from the hydrodynamical simulations. However, one can note that this estimate matches the width at the bottom of the gap and the steepness of the gap edges depend on both the gas viscosity and planet mass. Therefore, in order to properly use Eq. 6, one needs to use the width at the bottom of the gap.
In Kanagawa et al. (2016), the authors derive a way to link the gap width to the planet mass. However, we find that the gap width resulting from our hydrodynamical simulations is better represented by the Hill sphere estimate than their estimate (see also the discussion about the gap depth in Sect. 5.3). In order to be coherent with our simulations, we therefore use the Hill sphere.

Appendix C  Radial profiles in all configurations
In Sect. 3.1 we show that planetary gaps are observable in the gas emission of debris disks with mdisk = 10−3M⊕. Radial profiles allow us to look at these gaps from another point of view. In Fig. C.1, we show these radial profiles in all the planetary configurations for two disk masses and disk distances.
We clearly see that the gaps are visible when the total disk mass is lower. The gap width (represented by the vertical dashed gray lines) matches the size of the gap seen in the images. A few exceptions arise when the planet is heavy and therefore becomes eccentric: an eccentric planet will produce a wider gap with smoother gap edges compared to a circular planet.
	[image: thumbnail]	Fig. C.1 Radial profiles along two axes as in Fig. 4 for all the planet configurations. The planet mass increases from left to right and the planet location increases from top to bottom. The first (resp. last) three columns show the profiles taken from the images of the disks located at 40 pc (resp. 100 pc). Both disk masses are over-plotted: the red and blue lines represent the low mass disks whereas the dashed orange and purple lines represent the high mass disks. The vertical black line shows the planet location (projected due to the disk’s inclination) and the vertical dashed gray lines show the gap width. Here, we clearly see that some gaps seen in the low mass disks are not visible in heavier disks.



In the 10 AU case, the gaps are too close to the central star to be distinguished with the investigated resolution (see Sect. 2.4). Moreover, when the disk is located further away (three last columns of Fig. C.1), the gaps are more difficult to resolve. However, we clearly see that here, when the disks are located at 100 pc, gaps located at 50AU and 100AU are still observable, even when they are produced by low mass giant planets (mp = 0.5 MJ).

Appendix D  Images at different disk distances
We show in Fig. D.1 the synthetic images of our simulated disks when they are located at 40pc, 100pc and 130pc. As mentioned in Sect. 5.2.3, the distance of the disk will impact both our ability to resolve the gap and to detect the gas outside of the gap.
	[image: thumbnail]	Fig. D.1 Moment 0 (1st, 3rd and 5th columns) and combined channel maps at dv = −1.0; 0; 1.0 km/s (2nd, 4th and 6th columns) for different configurations: the planet mass increases from left to right; the 3 first rows correspond to the planet located at 50 AU, while in the 3 last one the planet is located at 100 AU; for each planet location, the disk distance is increased from top to bottom (40pc, 100pc, 130pc). We show the channel maps issued from CASA in Jy/beam with the resulting beam shown in red in the bottom left corner. Here, the disk’s mass is 10−3 M⊕ of CO. The observability of the planetary gaps depends on whether the gap is resolved or not.
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All Figures
	[image: thumbnail]	Fig. 1 CO masses derived from CO observations as function of distance from the Sun. The color-scale represents the median estimated age of the system in million years. We note the particular case of Fomalhaut, which is particularly old compared to the other disks. The masses and distances investigated in this paper are marked by the horizontal and vertical dashed lines, respectively.
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	[image: thumbnail]	Fig. 2 CO(J = 2−1) integrated fluxes as function of CO masses. The black dots represent the observations as in Fig. 1 and the colored symbols are derived from our simulations. The color represents the position of the planet and the symbols the distance of the disk. Our simulated disks are in line with the observed disks; the majority of them are located more than 100 pc away (cf. Fig. 1). We only show the disks in one planetary configuration for the low-mass disk case (mdisk = 10−5 M⊕) as the disks are difficult to observe at high angular resolution in this case.
In the text



	[image: thumbnail]	Fig. 3 Moment-zero maps for three different planet masses (columns) located at three different semi-major axes (rows). We show the maps issued from RADMC-3D and CASA. The disk’s mass is 10−3 M⊕ of CO and located at 40 pc. The dashed red lines show the gap edges in the radiative transfer outputs. When the planet is located too close to the star (10 AU), the gap is hardly distinguishable given our ALMA resolution (beam of 0.13″). However, it is observed when the planet is > 50 AU and is more easily visible for mp>0.5 MJ.
In the text



	[image: thumbnail]	Fig. 4 Channel maps at dv = 0.0 km/s (top panels) and two radial profiles of the gas emission along two radial axes (bottom panels). Here, the planet is mp = 1 MJ, located, respectively, at 10 AU (left column) and 50 AU (right column). The upper and lower slices are the radial profiles taken as shown in the images. The vertical black line shows the planet location, and the dashed gray lines are located at rp ± 2rH. Here, we clearly see that the gap is too close to the inner edge to be observed when the planet is located at 10 AU; however, the gap produced by the planet at 50 AU is wide and deep enough to be observed.
In the text



	[image: thumbnail]	Fig. 5 Moment-zero maps for two different disk masses hosting planets located at two different semi-major axes (rows) for three different planet masses (columns). We show the maps issued from RADMC-3D and CASA. The disks are located at 40 pc. The disk’s mass is 10−3 M⊕ of CO in the first and third rows and 10−1 M⊕ in the second and last rows. As expected, the more massive disks are more luminous. The gas present in the gap can become luminous enough to prevent a clear detection of the gap, as in the lower disk-mass case.
In the text



	[image: thumbnail]	Fig. 6 Combined channel maps at dv = −1.8; 0; 1.8 km/s (two first rows) and dv = −1.0; 0; 1.0 km/s (two last rows) for two different disk masses hosting planets located at two different semi-major axes (rows). The planet mass increases in the columns from left to right. We show the maps issued from RADMC-3D and CASA. The disks are located at 40 pc. Gaps are observed in low-mass disks, and kinks (marked by a red circle) are observed in high-mass disks.
In the text



	[image: thumbnail]	Fig. 7 Moment-zero and combined channel maps at different dv for two different configurations. Here, the selected channels are the ones where the gas emission is located closest to the planet in order to clearly see its impact on the gas. In the first top rows, a Jupiter-mass planet located at 50 AU is hosted in a 10−3 M⊕ disk, producing a gap; while in the two last rows, a Jupiter mass planet located at 100 AU is introduced in a more massive disk (10−1 M⊕), producing a kink. The disks are located at 40 pc and are inclined with increasing inclination from left (i = 10°) to right (i = 80°). The visibility of the kink (traced by the red circle) is highly influenced by the disk’s inclination, unlike the gaps.
In the text



	[image: thumbnail]	Fig. 8 Value of our observability criterion Fɡap/(3Fsens) (color map) in different configurations explored. Here, the disks are located at 40 pc. Both disk masses are shown in the top (low-mass disk) and bottom (high-mass disk) squares. Each panel of each square represents a planetary configuration, with the planet mass increasing from top to bottom and its semi-major axis increasing from left to right. The dots represent whether we actually observe a gap (green if observed, red if not) in the simulated images presented in the previous sections. If our criterion works, then the color of the dot matches the color map. Here, we see that our criterion matches our simulated images quite well, with a few exceptions (see the text). Some gaps are either eccentric (orange dots) or observed but luminous (blue dot), which can complicate our analysis (see text).
In the text



	[image: thumbnail]	Fig. 9 Debris disks with CO detections. The disk’s CO mass and inclination are used to determine the ideal candidates (green area); from our simulations, if the disk is too massive (i.e., luminous), the emission in the gap is too big, similar to the protoplanetary disk regime. On the other hand, if the disk is too light, it is not luminous enough to be observed at a high resolution. Moreover, a too inclined disk prevents a clear detection of the gap.
In the text



	[image: thumbnail]	Fig. 10 Simulated images of CO(J = 2−1) emission of HD 138813 in three different configurations. In the first column, the disk does not host any planet and is to be compared to the two other columns where a Jupiter-mass planet (center) and a five-Jupiter-mass planet (right) have been introduced in the disk at 70 AU. Moment-zero maps are shown in the top row, and single-channel maps at dv = −1.4 km/s are shown in the bottom row. In the smooth-disk case, the lobe shape emission is continuous, whereas the gap produced by the planets cuts the emission, making the gap observable.
In the text



	[image: thumbnail]	Fig. 11 Ratio between averaged surface density inside the gaps in our hydrodynamical simulations ∑gap,hydro and the surface density estimated from different criteria ∑gap, criterion. In red are the estimates from Kanagawa et al. (2015), in orange those from Pichierri et al. (2023) and in brown those from Fung et al. (2014). Circles represent the cases where mp = 0.5 MJ, upward triangles are for mp = 1 MJ, and downward triangles are for mp = 5 MJ. We see that the different criteria fail to reproduce our gap depth the further away the planet is located. For the planet located at 10 AU, the criteria fail to reproduce the mp = 5 MJ case as the planets become eccentric, changing their gap opening.
In the text



	[image: thumbnail]	Fig. B.1 Surface density distributions of the gas in our hydrodynamical simulations. In the top row, we show the azimuthally averaged profiles for the planets located at 10AU (first column), 50AU (second column) and 100AU (third column). The color and style of the lines show the different planet masses. The vertical matching lines are located at rp ± 2rH in order to estimate the gap width. We clearly see that most massive planets produce deeper and wider gaps. The remaining panels show the 2D density maps for the different planet semi-major axes (columns) and masses (rows). The dashed red lines show again the gap width based on the planet’s Hill sphere. The 5 MJ planet located at 10AU produces an eccentric gap, which produces a less deep gap than in the circular cases.
In the text



	[image: thumbnail]	Fig. C.1 Radial profiles along two axes as in Fig. 4 for all the planet configurations. The planet mass increases from left to right and the planet location increases from top to bottom. The first (resp. last) three columns show the profiles taken from the images of the disks located at 40 pc (resp. 100 pc). Both disk masses are over-plotted: the red and blue lines represent the low mass disks whereas the dashed orange and purple lines represent the high mass disks. The vertical black line shows the planet location (projected due to the disk’s inclination) and the vertical dashed gray lines show the gap width. Here, we clearly see that some gaps seen in the low mass disks are not visible in heavier disks.
In the text



	[image: thumbnail]	Fig. D.1 Moment 0 (1st, 3rd and 5th columns) and combined channel maps at dv = −1.0; 0; 1.0 km/s (2nd, 4th and 6th columns) for different configurations: the planet mass increases from left to right; the 3 first rows correspond to the planet located at 50 AU, while in the 3 last one the planet is located at 100 AU; for each planet location, the disk distance is increased from top to bottom (40pc, 100pc, 130pc). We show the channel maps issued from CASA in Jy/beam with the resulting beam shown in red in the bottom left corner. Here, the disk’s mass is 10−3 M⊕ of CO. The observability of the planetary gaps depends on whether the gap is resolved or not.
In the text





    
      Fig. 2 

      
        [image: thumbnail]
      

      
        CO(J = 2−1) integrated fluxes as function of CO masses. The black dots represent the observations as in Fig. 1 and the colored symbols are derived from our simulations. The color represents the position of the planet and the symbols the distance of the disk. Our simulated disks are in line with the observed disks; the majority of them are located more than 100 pc away (cf. Fig. 1). We only show the disks in one planetary configuration for the low-mass disk case (mdisk = 10−5 M⊕) as the disks are difficult to observe at high angular resolution in this case.

      

    

  
    
      Table 2 

      Gap widths for planets located at various investigated semimajor axes with different masses.

      
        


	
	10 AU
	50 AU
	100 AU
	ddisk





	0.5 MJ
	2.20 AU
	11.0 AU
	22.0 AU
	–



	0.055″
	0.275″
	0.550″
	40 pc



	0.022″
	0.110″
	0.220″
	100 pc



	0.017″
	0.085″
	0.169″
	130 pc



	




	1 MJ
	2.77 AU
	13.9 AU
	27.7 AU
	–



	0.069″
	0.347″
	0.693″
	40 pc



	0.027″
	0.139″
	0.277″
	100 pc



	0.021″
	0.107″
	0.213″
	130 pc



	




	5.0 MJ
	4.74 AU
	23.7 AU
	47.4 AU
	–



	0.119″
	0.593″
	1.186″
	40 pc



	0.047″
	0.237″
	0.474″
	100 pc



	0.036″
	0.182″
	0.365″
	130 pc





      

      
Notes. The gap widths are also given in arcseconds depending on the disk distance from Earth ddisk.




    

  
    
      Fig. 3 
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        Moment-zero maps for three different planet masses (columns) located at three different semi-major axes (rows). We show the maps issued from RADMC-3D and CASA. The disk’s mass is 10−3 M⊕ of CO and located at 40 pc. The dashed red lines show the gap edges in the radiative transfer outputs. When the planet is located too close to the star (10 AU), the gap is hardly distinguishable given our ALMA resolution (beam of 0.13″). However, it is observed when the planet is > 50 AU and is more easily visible for mp>0.5 MJ.

      

    

  
    
      Fig. 5 
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        Moment-zero maps for two different disk masses hosting planets located at two different semi-major axes (rows) for three different planet masses (columns). We show the maps issued from RADMC-3D and CASA. The disks are located at 40 pc. The disk’s mass is 10−3 M⊕ of CO in the first and third rows and 10−1 M⊕ in the second and last rows. As expected, the more massive disks are more luminous. The gas present in the gap can become luminous enough to prevent a clear detection of the gap, as in the lower disk-mass case.

      

    

  
    
      Fig. 7 
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        Moment-zero and combined channel maps at different dv for two different configurations. Here, the selected channels are the ones where the gas emission is located closest to the planet in order to clearly see its impact on the gas. In the first top rows, a Jupiter-mass planet located at 50 AU is hosted in a 10−3 M⊕ disk, producing a gap; while in the two last rows, a Jupiter mass planet located at 100 AU is introduced in a more massive disk (10−1 M⊕), producing a kink. The disks are located at 40 pc and are inclined with increasing inclination from left (i = 10°) to right (i = 80°). The visibility of the kink (traced by the red circle) is highly influenced by the disk’s inclination, unlike the gaps.

      

    

  
    
      Fig. 10 
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        Simulated images of CO(J = 2−1) emission of HD 138813 in three different configurations. In the first column, the disk does not host any planet and is to be compared to the two other columns where a Jupiter-mass planet (center) and a five-Jupiter-mass planet (right) have been introduced in the disk at 70 AU. Moment-zero maps are shown in the top row, and single-channel maps at dv = −1.4 km/s are shown in the bottom row. In the smooth-disk case, the lobe shape emission is continuous, whereas the gap produced by the planets cuts the emission, making the gap observable.

      

    

  
    
      Fig. 11 
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        Ratio between averaged surface density inside the gaps in our hydrodynamical simulations ∑gap,hydro and the surface density estimated from different criteria ∑gap, criterion. In red are the estimates from Kanagawa et al. (2015), in orange those from Pichierri et al. (2023) and in brown those from Fung et al. (2014). Circles represent the cases where mp = 0.5 MJ, upward triangles are for mp = 1 MJ, and downward triangles are for mp = 5 MJ. We see that the different criteria fail to reproduce our gap depth the further away the planet is located. For the planet located at 10 AU, the criteria fail to reproduce the mp = 5 MJ case as the planets become eccentric, changing their gap opening.

      

    

  
    
      Fig. B.1 
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        Surface density distributions of the gas in our hydrodynamical simulations. In the top row, we show the azimuthally averaged profiles for the planets located at 10AU (first column), 50AU (second column) and 100AU (third column). The color and style of the lines show the different planet masses. The vertical matching lines are located at rp ± 2rH in order to estimate the gap width. We clearly see that most massive planets produce deeper and wider gaps. The remaining panels show the 2D density maps for the different planet semi-major axes (columns) and masses (rows). The dashed red lines show again the gap width based on the planet’s Hill sphere. The 5 MJ planet located at 10AU produces an eccentric gap, which produces a less deep gap than in the circular cases.

      

    

  
    
      Fig. C.1 

      
        [image: thumbnail]
      

      
        Radial profiles along two axes as in Fig. 4 for all the planet configurations. The planet mass increases from left to right and the planet location increases from top to bottom. The first (resp. last) three columns show the profiles taken from the images of the disks located at 40 pc (resp. 100 pc). Both disk masses are over-plotted: the red and blue lines represent the low mass disks whereas the dashed orange and purple lines represent the high mass disks. The vertical black line shows the planet location (projected due to the disk’s inclination) and the vertical dashed gray lines show the gap width. Here, we clearly see that some gaps seen in the low mass disks are not visible in heavier disks.

      

    

  
    
      Fig. D.1 
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        Moment 0 (1st, 3rd and 5th columns) and combined channel maps at dv = −1.0; 0; 1.0 km/s (2nd, 4th and 6th columns) for different configurations: the planet mass increases from left to right; the 3 first rows correspond to the planet located at 50 AU, while in the 3 last one the planet is located at 100 AU; for each planet location, the disk distance is increased from top to bottom (40pc, 100pc, 130pc). We show the channel maps issued from CASA in Jy/beam with the resulting beam shown in red in the bottom left corner. Here, the disk’s mass is 10−3 M⊕ of CO. The observability of the planetary gaps depends on whether the gap is resolved or not.
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