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Abstract

Context. CO gas has been detected in ~20 debris discs, typically classified as CO-poor or CO-rich. We present observations of the CO-rich HD 121617 debris disc as part of the ALMA survey to Resolve exoKuiper belt Substructures (ARKS).

Aims. We model local CO line profiles in the HD 121617 debris disc to investigate optical depth, CO mass, and temperature. HD 121617 is a well-suited ARKS target due to its previously detected CO emission and moderate inclination, reducing the effect of Keplerian shear.

Methods. Using high-resolution ALMA Band 7 observations of 12CO J=3–2 (26 m s−1, 0⋅′′ 1), we create local line profiles by aligning and stacking spectra in concentric annuli of 0⋅′′ 02 width. These profiles are modelled with both a toy model and a RADMC-3D model that includes projection effects and Keplerian shear.

Results. The resulting local profiles are Gaussian-shaped and broad due to the effect of Keplerian shear. Fitting a RADMC-3D model to the 13CO data, we find that an optically thick model (temperature of 38 K and mass of 2 × 10−3 M⊕) reproduces the data, particularly the enhanced intensity at orbital azimuths of ~±45° and ±135°, which forms an X-shape in the velocity integrated intensity map, as well as the broader 12CO linewidth compared to 13CO. Scaling this model by the ISM abundance ratio (~77) also reproduces the 12CO data, but high optical depths and model assumptions limit mass constraints.

Conclusions. Keplerian shear causes azimuthally averaged line profiles to appear Gaussian regardless of optical depth; therefore, we caution against using the local line profiles to distinguish between optically thin and thick emission. We constrain the mean molecular weight to 12.6−1.1+1.3, dependent on model assumptions. Although model dependent, our 13CO results indicate that C18O might also be optically thick in CO-rich debris discs, contrary to previous assumptions, and that the mean molecular weight is significantly higher than if H2 were the dominant gas species, suggesting a non-primordial composition.
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1 Introduction
The detection of gas in debris discs where CO is the most commonly detected species challenges current models of planetary system evolution (Hughes et al. 2018). These discs generally fall into two categories based on their detected CO mass. Some, such as Fomalhaut, which has a detected CO mass of ~10−7 M⊕ (Matrà et al. 2017b) are CO-poor. Others are CO-rich, typically associated with A-type stars, and exhibit CO masses greater than ~10−4 M⊕ (Marino et al. 2020). However, the origin and evolution of this gas remain unclear. In discs with low CO levels, the gas is thought to be secondary, generated through a collisional cascade. In this process, mutual collisions between dust grains and planetesimals in the disc result in the creation of both gas and dust (e.g. Marino et al. 2016, 2017; Matrà et al. 2017a). A secondary gas origin in CO-poor discs is implied by the short photodissociation timescale of CO (~130 years), due to the interstellar radiation field (ISRF, Heays et al. 2017). As a result, any observed CO in these discs must be continuously replenished. In contrast, the origin of CO in CO-rich discs is less certain. Initially, these discs were thought to be hybrid, with the observed CO gas being a remnant of the gas-rich protoplanetary phase and the dust being of secondary origin (Kóspál et al. 2013). In this scenario, high CO levels are shielded by undetected molecular hydrogen (H2) left over from the protoplanetary stage. More recently, the C I shielding scenario has suggested that some CO-rich exoKuiper belts may have a secondary gas origin (Kral et al. 2019). In this scenario, the photodissociation of CO produces C I that shields the remaining CO, slowing photodissociation and allowing CO to accumulate through the collisional cascade.
Accurately determining the CO mass is crucial for inferring a gas origin. Determining the CO mass in exoKuiper belts is relatively straightforward in theory for discs with low CO line luminosities, as multiple CO transitions are expected to be optically thin when observed with the Atacama Large Millimeter/submillimeter Array (ALMA, Matrà et al. 2017a). In such cases, CO mass can be directly measured from the optically thin emission lines (e.g. Kóspál et al. 2013; Matrà et al. 2017b). However, the process is more difficult for CO-rich discs. In CO-rich discs, 12CO is typically assumed to be optically thick due to the low observed 12CO/13CO and 12CO/C18O flux ratios. As a result, the CO mass is inferred from measured isotopologue line fluxes, typically of C18O (e.g. Moór et al. 2019), and then re-scaled to the total CO mass assuming interstellar medium (ISM) abundance ratios (Wilson & Rood 1994). However, this assumption may not hold universally. For example, a recent study of the protoplanetary disc TW Hya reported a 12CO/13CO ratio of 21 ± 5 at disc radii of 70–110 au (Yoshida et al. 2022), which is significantly lower than the ISM ratio of ~77 (Wilson & Rood 1994). This result challenges the assumption that ISM ratios can be used to determine CO masses in protoplanetary discs (Miotello et al. 2014). In debris discs, the same could be true depending on the gas origin, CO formation, and CO dissociation processes.
The ALMA observations analysed in this paper were obtained as part of the first ALMA large programme dedicated to exoKuiper belts: the ALMA survey to Resolve exoKuiper belt Substructures (ARKS). ARKS observed 18 exoKuiper belts at high resolution and combined these with archival observations of six additional systems, resulting in a complete sample of 24 targets that enables a detailed investigation of both the gas and dust components in exoKuiper belts. An overview of the ARKS programme is provided in Marino et al. (2026b).
In this work, we used high spectrospatial resolution 12CO and 13CO observations of a moderately inclined CO-rich exoKuiper belt to investigate the local spectral line profiles, in the context of its optical depth, for the first time. High spectral resolution is essential for accurately resolving the line profile of CO emission across the disc, with high spatial resolution minimising the contribution of Keplerian shear to the local linewidth. The effect of Keplerian shear causes the line profile to broaden due to variations in gas velocities within a single beam; therefore, reducing the beam size can significantly reduce its broadening effect. Additionally, the effect of Keplerian shear is reduced by selecting a moderately inclined exoKuiper belt, such as HD 121617, the subject of this study, which has an inclination of 41 ± 0.6° (Marino et al. 2026b). The moderate inclination of the disc causes the range of projected Keplerian velocities probed by a given line-of-sight to be narrower and thus reduces the contribution of Keplerian shear to the observed line profile.
HD 121617 is an A1V main-sequence star (Houk 1978) and a member of the Upper Centaurus Lupus (UCL) association (Hoogerwerf 2000). The star has an estimated age of 16 ± 2 Myr, based on the age of the UCL association (Pecaut & Mamajek 2016) at a distance of 117.9 ± 0.5 pc (Gaia Collaboration 2023). HD 121617 hosts an exoKuiper belt in which gas was first detected using ALMA (Moór et al. 2017). Previous low-resolution observations showed that the gas disc has an inner radius of ~50 au and an outer radius of ~100 au, with a CO gas mass of 0.02 M⊕ based on assumed optically thin C18O transition observations and the assumption of ISM-like isotopologue ratios (Moór et al. 2017). Additionally, Smirnov-Pinchukov et al. (2022) conducted observations of CN, HCN, HCO+, CCH, CS, CO, 13CO, and C18O, with CO being the detected molecule, which potentially suggests a secondary gas origin. In Perrot et al. (2023), the first resolved image of the exoKuiper belt in scattered light features a ring with a sharply defined inner edge, possibly shaped by an undiscovered planet or affected by gas drag (Perrot et al. 2023).
HD 121617 is a recurring target in the ARKS collaboration. In Marino et al. (2026b), the following best-fit parameters for the continuum were determined assuming a Gaussian distribution: FWHM = 18 ± 1 au, PA = 58.7 ± 0.7° (position angle), dust mass = 0.21 M⊕, a centre offset by RA = 8 ± 8 mas (right ascension), and DEC = 14 ± 7 mas (declination) relative to the phase centre. Han et al. (2026) presents non-parametric radial profiles, suggesting a single narrow belt with a scale height aspect ratio of [image: equation] and [image: equation], fitted with frank (Jennings et al. 2020; Terrill et al. 2023) and rave (Han et al. 2022, 2025). Milli et al. (2026) find a clear offset between the polarised scattered light and the ALMA continuum, with CO and the continuum peaking slightly interior to the scattered light. Lovell et al. (2026) report the most significant continuum asymmetry in the ARKS sample: a ~50% brightness enhancement in the south-west ansa, forming an arc spanning ~90°. Marino et al. (2026a) reveal non-Keplerian gas kinematics, interpreted as a pressure gradient from gas concentrated in a narrow belt. Weber et al. (2026) explore gas drag effects on dust dynamics and the conditions under which the observed continuum asymmetry could arise from dust trapping in a gas vortex. Another explanation is that the dust clump is driven by interactions with an unseen planet (Pearce et al., in prep.). In this scenario, an outwards-migrating planet sweeps material into mean-motion resonances, which produces the clump structure. A similar model was previously proposed to explain tentative dust clumps in the ε Eri debris disc (Booth et al. 2023).
The remainder of this paper is organised as follows: in Section 2, we describe the ALMA observations. In Section 3, the observational results, including velocity integrated intensity, velocity, and peak intensity maps, as well as radial profiles, are presented. In Section 4, we detail the creation of local line profiles and introduce the simple radiative transfer toy model used to fit these profiles. In Section 5, we describe our RADMC-3D model, and in Section 6, we conclude with a discussion of optical depth and CO mass, followed by the conclusions in Section 7.
2 Observations
We observed HD 121617 in Band 7 during Cycle 9 as part of the ALMA survey ARKS large programme (project number 2022.1.00338.L, PI: S. Marino). Observations were conducted between October 2022 and May 2023 using the C-3 and C-6 antenna configurations. Full details on the observation setup, calibration, and imaging can be found in Marino et al. (2026b) and Mac Manamon et al. (2026).
The correlator was configured with four spectral windows. Two windows were allocated for observing the dust continuum centred at 344 GHz and 333.2 GHz, with a bandwidth of 1875 MHz and a spectral resolution of 31.256 MHz. The remaining two windows were designated for CO line studies, where we observed both 12CO J=3–2 and 13CO J=3–2 line emission (hereafter simply 12CO and 13CO). The 12CO line was observed within a window centred at 345.796 GHz, a spectral resolution of 30.518 kHz (26 m s−1), and a bandwidth of 58.59 MHz. The 13CO line was observed within a window centred at 331.3 GHz, a resolution of 975.563 kHz (884 m s−1), and a bandwidth of 1875 MHz.
The calibration and imaging were done using the standard ALMA reduction tool Common Astronomy Software Applications (CASA version 6.4.1.12). In summary, to extract the continuum image and the spectral cubes of different lines from the calibrated visibilities, the tclean CASA task was used with Briggs weighting, and a robust parameter of 0.5. The achieved sensitivities and synthesised beam sizes for each of the 12CO and 13CO cubes are given in Table 1.
Table 1 
Cube properties for 12CO J=3–2 and 13CO J=3–2.

3 Observational results
We detect both 12CO and 13CO emission in HD 121617’s exoKuiper belt. Velocity integrated intensity maps for both 12CO (Fig. 1, left panel) and 13CO (Fig. B.1) were generated by shifting the emission to the systemic velocity (7851 m s−1), as described in Mac Manamon et al. (2026). The shifted cube was then integrated along the velocity axis for all pixels with peak emission above a 4σ threshold. Additionally, we present peak intensity maps for 12CO and 13CO in Fig. 1 (middle panel) and Fig. B.2, respectively. These peak intensity maps were created using the quadratic method within the bettermoments package (Teague et al. 2018). This method identifies the channel with the peak intensity, fits a quadratic curve to the pixel as well as its two neighbouring pixels, and calculates the associated uncertainty. For further details on the creation of velocity integrated intensity and peak intensity maps, see Mac Manamon et al. (2026). Finally, we present 12CO linewidth maps in Fig. 1 (right panel), generated by dividing the velocity integrated intensity map by the peak intensity map and converting it to FWHM, assuming a Gaussian line profile shape.
In the velocity integrated intensity maps, we observe enhanced intensity at ±45° and ±135° (with 0° measured from the top-left ansa), which forms an X-shape in the emission map. This azimuthal, spectrally integrated intensity variation could be potentially due to optical depth effects, with this X-shape being even more pronounced in the linewidth map due to the azimuthal dependence of Keplerian shear (see Appendix A for details). The effect of Keplerian shear arises as gas within a single ALMA beam orbits the star at slightly different line-of-sight projected velocities, depending on its radius and azimuth. For example, gas closer to the star moves faster, while gas farther out moves more slowly, creating a velocity gradient within the beam that broadens the emission. In Appendix A, we present an analytical derivation showing that, for an inclined disc, the effect of Keplerian shear decreases with radius and consistently produces an azimuthal X-shape pattern in the broadening of a line. Finally, in the peak intensity maps, we note enhanced peak intensity at the ansae.
In Mac Manamon et al. (2026), the integrated line flux is calculated from the spectrospatially stacked spectra, where emission from different pixels was shifted spectrally to correct for their sky-projected Keplerian velocities. This alignment enhanced the signal-to-noise ratio (S/N) by coherently summing the spectra, ensuring that any detected gas appeared as a single peak at the stellar velocity rather than a Keplerian profile. The integrated line flux was then determined by integrating the spectrospatially stacked spectrum, with bootstrapping used to calculate the uncertainty where the integral was calculated multiple times in regions of the spectrospatially stacked spectra that only contained noise. An additional 10% flux density calibration error was also added in quadrature. For HD 121617, they derived an integrated line flux of 3.6 ± 0.4 Jy km s−1 for 12CO and 1.5 ± 0.2 Jy km s−1 for 13CO (Mac Manamon et al. 2026).
In Fig. 2, we present radial profiles for 12CO, 13CO, and the continuum. The gas radial profiles were generated using the gofish package1, which divides the disc gas emission into annuli and spectrospatially stacks the spectra within each annulus, assuming a Keplerian rotation pattern for the disc (Teague 2019a). Then, we integrated over each annulus’s stacked spectrum to report integrated line intensity as a function of radius. The continuum radial profile was produced using frank with the full procedure detailed in Han et al. (2026). Additionally, the 12CO, 13CO, and continuum profiles were normalised to facilitate the comparison of their relative radial extents. In Fig.2, we observe that the 12CO and 13CO disc are detected between ~45 au and 125 au. The 13CO emission peaks at ~72 au, 12CO at ~73 au and the continuum at ~75 au. Furthermore, inwards of this main ring, both the 12CO and 13CO emissions dip before rising again interior to ~34 au.
A velocity map was created for 12CO using bettermoments, where all pixels with peak intensities below 5σ are masked. The velocity map was then produced using the Gaussian method, where a Gaussian is fitted to each pixel; and the uncertainty in its peak velocity was derived from the bettermoments fit (see Mac Manamon et al. (2026); Marino et al. (2026a) for velocity maps). We proceeded to fit the velocity map with a simple Keplerian model, assuming a geometrically thin disc, where in every pixel
[image: equation](1)
where v0 is the peak line-of-sight velocity, G is the gravitational constant, M⋆ is the stellar mass, ϕ is the relevant azimuth, i is the inclination, and vBARY is the system velocity. We fixed the distance parameter to the known literature value of 117.9 ± 0.5 pc (Gaia Collaboration 2023). The other parameters, which are free, are summarised in Table 2.
To sample the posterior probability distribution of the model parameters, we used an affine-invariant ensemble sampler implemented through the emcee package (Goodman & Weare 2010; Foreman-Mackey et al. 2013). We employed uniform priors with well-defined boundaries, ensuring they were sufficiently distanced from the best-fit values. We ran the Markov chain Monte Carlo (MCMC) method for 1500 steps with 32 walkers after an additional burn-in period of 500 steps and visually assessed convergence. The best-fit values and associated uncertainties are reported in Table 2 as the 50 ± 34 percentile range of the probability distribution of each parameter, marginalised over all others. The PA, inclination, RA, and Dec offsets are consistent with those measured for the continuum (Marino et al. 2026b). The stellar mass of 1.89 M⊙ is consistent with that derived using stellar models (1.90 ± 0.01 M⊙, Marino et al. 2026b).
Marino et al. (2026a) find that the residuals map after subtracting the best-fit Keplerian model is not perfectly noise-like. Although a Keplerian model describes the bulk of the velocity map well, some deviations from perfectly Keplerian rotation are present. In particular, there is structure hinted at ansae, which is discussed in Marino et al. (2026a). The residuals show a pattern that indicates that the gas is sub-Keplerian in the outer regions and super-Keplerian in the inner regions. This is likely caused by (respectively) positive and negative radial pressure gradients towards the ring centre. These gradients would likely correspond to a peak in gas density and therefore pressure (Marino et al. 2026a).
	[image: thumbnail]	Fig. 1 12CO emission for HD 121617. Left: velocity integrated intensity map created by shifting the spectral emission and integrating along the velocity axis for all channels with emission above 4σ. Middle: peak intensity map generated using the quadratic method with bettermoments. Right: linewidth FWHM map produced by dividing the velocity integrated intensity map by the peak intensity map and converting it to FWHM, assuming a Gaussian line profile shape. The beam size is shown in the lower-left corner of each panel. The horizontal white bar indicates 50 au. The corresponding maps for 13CO can be found in Appendix B.



	[image: thumbnail]	Fig. 2 Normalised radial profile for 12CO (blue) and 13CO (red) produced using gofish and continuum (green) produced using frank. These radial profiles are not de-convolved and, therefore, might not be directly comparable in width. The lower x-axis limit in each radial profile is set at the first resolved resolution element of the 12CO observation. The blue, red, and green bars show the resolution of the observations.



Table 2 
Best-fit Keplerian model parameters from fitting HD 12167’s 12CO velocity map.

4 Local spectral line profiles
4.1 Local line profile extraction
To obtain spectral line profiles that are localised to specific radial distances from the star, we aligned and stacked spectra within annuli of [image: equation] width. This width is smaller than the beam size for both 12CO and 13CO (Table 1). By choosing an annulus width smaller than the beam size, we reduced the effect of Keplerian shear by limiting the radial extent of the disc contributing to the emission. This ensured that the emission within each annulus corresponds to roughly one beam width, within which the pixels are correlated. We also adopted the inclination, PA, RA, and DEC-offset values from Table 2.
We aligned the spectra across different azimuths to the same (stellar) peak velocity, accounting for the azimuthal dependence cos(ϕ) of the Keplerian rotation in Eq. (1) using the Python package eddy (Teague 2019b). Next, we averaged the aligned spectra to generate local spectral line profiles, thereby boosting the S/N of the local (i.e. per beam) line profile at a given disc radius, enabling an accurate analysis of its shape. However, one important caveat is that this method assumes the local spectral line shape at a given radius is independent of azimuth, which is not the case in our dataset (Fig. 1 right panel). The largest variation occurs between ~0° and ± 45°, reaching a value of ~300 m s−1 at the peak gas surface density ([image: equation]–[image: equation]). Therefore, the S/N boost from this method comes at the cost of averaging out azimuthal variation in the line profile and smoothing the observed line profile.
The local line profiles for 12CO (left panel of Fig. 3) and 13CO (right panel of Fig. 3) are presented as a function of radial distance from the central star2. Both transitions exhibit broad local linewidths, with 12CO displaying a full width half maximum (FWHM) of ~1092 m s−1 in the [image: equation]–[image: equation] annulus (~71–74 au), where its Gaussian shape is evident (Fig. 4). This broadening cannot be attributed to the spectral resolution of the 12CO data, which, at 26 m s−1, is ~42 times smaller than the observed FWHM. The unexpected Gaussian shape and significant line broadening suggest the gas may be optically thin, contrary to the high optical depth expected from the literature (e.g. Moór et al. 2017). In the optically thick case, we would in theory expect the profile to exhibit a top-hat shape (e.g. Horne & Marsh 1986), as observed in optically thick protoplanetary discs (e.g. Weaver et al. 2018).
However, in protoplanetary discs, the local line profiles before azimuthal averaging can exhibit double-peaked emission due to the two-sided emitting layers commonly observed in these discs (Izquierdo et al. 2025). As a result, azimuthal averaging can make the overall line profile appear more Gaussian. In contrast, there is no evidence for two-sided emission layers in debris discs, where freeze-out and vertical temperature gradients are not expected. Furthermore, the 12CO channel maps show no indication of a two-sided emission structure at the spectrospatial resolution of our data. In Fig. B.3, we show the line profiles as a function of azimuth, extracted from an annulus centred on the peak gas surface density ([image: equation]–[image: equation]). The profiles are approximately Gaussian in shape, even before azimuthal averaging.
4.2 Local line profile modelling
To investigate the local CO gas properties and optical depth, we simultaneously fitted the local 12CO and 13CO line profiles with a simple radiative transfer model for each annulus. We modelled the local azimuthally averaged spectral line shape (e.g. Figs. 3 and 4) as arising from a homogeneous parcel of gas filling the beam in the absence of significant background radiation. In that case, the radiative transfer equation describing the (specific) intensity measured, assuming the dominant broadening mechanism is thermal Doppler broadening due to the gas kinetic temperature, reads
[image: equation](2)
where Bν (Texc) is the blackbody intensity at the observed frequencies ν and excitation temperature Texc, ν0 is the central frequency of the spectral line, and Δν is the linewidth. The optical depth τ(ν) is given by
[image: equation](3)
where τ0 is the optical depth at ν0 and the linewidth Δν is given by [image: equation], where c is the speed of light and Δv is given by
[image: equation](4)
where kB is the Boltzmann constant, Tkin is the kinetic temperature, and m is the mass of a 12CO or 13CO molecule.
In our model, the emission is parametrised primarily by: the 12CO optical depth, the 13CO optical depth, the kinetic temperature (which sets the linewidth) and the excitation temperature (which determines the Planck function in Eq. (2)). In our model, we fitted the excitation and kinetic temperature separately to approximately account for non-local thermodynamic equilibrium (non-LTE) effects. However, it is important to note that we calculate the level populations following the Boltzmann distribution, assuming a given excitation temperature, which we fitted for. We also assume that 12CO and 13CO have the same kinetic and excitation temperature. Additional free parameters include systemic velocity, which was used to shift the model spectrum, and two parameters, f12 and f13, which are constant values by which we multiplied the uncertainties to account for the inaccuracy of error bars in the local spectra of 12CO and 13CO, respectively.
The emission models for both 12CO and 13CO were generated on the same velocity grid as the ARKS data. The generated models were then convolved with a Gaussian with a FWHM equal to the spectral resolution of the instrument (26 m s−1 for 12CO and 884 m s−1 for 13CO). While ALMA’s spectral response is more complex than a Gaussian, this approximation allowed us to account for instrumental broadening in this simple model3 Both 12CO and 13CO were simultaneously modelled across each annulus from [image: equation] to [image: equation], with each annulus having a width of [image: equation]. We fitted the emission line profiles using a Bayesian MCMC approach, as described in Section 3.
Fig. 4 shows the best-fit models for 12CO (dashed blue line) and 13CO (dashed red line), generated using the best-fit parameters from Table 3 for an annulus placed near the peak of the intensity radial profile at 73 au. The models are plotted alongside the data, showing that the 12CO model provides a good fit. In contrast, the 13CO model fails to reproduce the observed linewidth (Fig. 4), a consequence of assuming the same kinetic temperature for both isotopologues. This indicates that the pre-spectral-convolution linewidth of 12CO is broader than that of 13CO, which can be attributed to the fact that 13CO has a much poorer spectral resolution. Furthermore, the excitation and kinetic temperatures are discrepant, with the kinetic temperature several hundreds of Kelvin higher than the excitation temperature, indicating that the gas is in non-LTE under optically thin conditions.
Fig. B.4 shows how the best-fit width for the azimuthally averaged 12CO profile varies as a function of radius. We only plot 12CO here because the kinetic temperatures derived for both 12CO and 13CO are the same, and the small difference in mass results in very similar linewidths. We observe that the width for 12CO is very large and decreases with distance. This decrease would make sense in theory if the linewidth is dominated by thermal Doppler broadening, since we observe a decrease in CO gas temperature with distance from the central star. However, attributing the decrease solely to temperature would require a steep radial dependence. Alternatively, it could be explained by Keplerian shear, which is also expected to decrease with radius (Appendix A), or by a radial decrease in non-thermal broadening.
Although this toy model suggests that both 12CO and 13CO are optically thin, or marginally optically thin, at all radii, it does not account for Keplerian shear and fails to reproduce the observed 13CO linewidth. Even though we find best-fit values for optical depths ≲1 and high kinetic temperatures for both 12CO and 13CO, the discrepancy between the model and the data suggests that our toy model is missing an important observational effect, such as the effect of Keplerian shear.
	[image: thumbnail]	Fig. 3 Local line profiles for 12CO (left panel) and 13CO (right panel) as a function of distance from the star. The error bars for 12CO in the left panel (shaded regions) and for 13CO in the right panel (error bars) have been re-scaled by constant factors f12 and f13, respectively, as fitted in Section 4.2. These errors are small and only marginally visible.



	[image: thumbnail]	Fig. 4 Local line profiles for 12CO (blue) and 13CO (red) created from an annulus extracted at the peak gas surface density ([image: equation]–[image: equation]). Best-fit models (dashed lines) are generated using best-fit values from Table 3. Top left: spectral resolution for 12CO (blue) and 13CO (red). Error bars for 12CO (blue) and 13CO (red) have been re-scaled by the fitted factor f12 and f13.



Table 3 
Best-fit values derived from fitting a simple toy model to an 12CO and 13CO local line profiles.

5 3D radiative transfer modelling
Since the simple toy model described in Section 4.2 does not account for the mixing of velocities within the beam or geometric effects along the line of sight in each beam, we created a full radiative transfer model of the CO emission using RADMC-3D (Dullemond et al. 2012). This model incorporates these effects to either confirm or challenge the results from Section 4.2. Our model takes an assumed 3D CO density, temperature, and velocity structure and solves the radiative transfer equation to produce a simulated CO line emission cube. In Section 5.1, we describe an optically thin 12CO RADMC-3D model created to test whether we can reproduce both the results from Section 4.2 and the observed data. Our aim is not to perform a detailed fit of the 12CO cube, which would be computationally intensive due to the large number of spectral channels, but rather to verify whether the results from our simpler model are consistent with one that includes 3D geometry and beam convolution effects. Then, in Section 5.2.1 we describe a different approach in which we directly fitted an RADMC-3D model to the 13CO data cube. In Section 5.2.2, we then test whether the best-fit parameters derived for 13CO provide a good fit to the 12CO by simply re-scaling the model mass.
5.1 Optically thin model
5.1.1 Model assumptions
For the 3D density structure, we modelled the CO gas surface density as a Gaussian with rpeak = 73 au and σ = 21 au, where both parameters are fixed. These values were determined by assuming the gas is optically thin, where [image: equation]. Using this equation, we fitted the radial profile (Fig. 2) and determined the standard deviation σ and peak radius rpeak. The surface density distribution was normalised such that its 2D integral yields the total CO mass, treated as a free parameter.
We assumed a Gaussian vertical profile with a vertically constant temperature, as expected from hydrostatic equilibrium. For a disc in hydrostatic equilibrium, at a given radius, the scale height reads
[image: equation](5)
where T is the temperature distribution with radius, mp is proton mass. In Eq. (5), the vertical scale height was determined by the temperature and the mean molecular weight μ, which we adjusted to match the observed data (Section 5.1.2). For simplicity, we assumed local thermodynamic equilibrium (LTE) to calculate the CO level populations. For the velocity distribution, we assumed Keplerian rotation around a star with a mass of 1.89 M* (Table 2). The radiative transfer was then run using the inclination, PA, RA, and DEC-offset values from Table 2, and a distance to the star of 117.9 pc (Gaia Collaboration 2023) to produce our 12CO model cube.
We created a model cube matching the spectrospatial coordinates of the data, with 678 × 678 [image: equation] pixels with 1182 13 m s−1 channels. For direct comparison with the data, we spectrally convolved the model with a Gaussian (FWHM = 2 × channel width) to account for ALMA’s native spectral resolution. Finally, to simulate the spatial resolution of the data, the model cube was spatially convolved with a 2D Gaussian kernel parametrised by the major and minor axes of the observational beam ([image: equation]).
5.1.2 Data comparison
We varied three parameters in our RADMC-3D model: μ, the mean molecular weight; Tpeak (K), the temperature at the peak radial surface density (under the assumption of LTE, the excitation and kinetic temperatures are equivalent); and MCO (M⊕), the CO mass. Since we did not formally fit the cube, these parameters were adjusted to achieve the best qualitative agreement with key features of our dataset. This includes the spectral width (FWHM) of the line (specific) intensity and its azimuthal dependence (Fig. 5), the peak intensity and its azimuthal dependence (Fig. 6), and the 1D spectral line profile obtained by spatially integrating across the entire disc between a radius of 0 and 200 au (Fig. 7). While the spectral width and peak intensity allow us to explore the linewidth of 12CO, the potential effects of geometry, and the effect of Keplerian shear, the 1D spectral line profile of the whole disc in Fig. 7 ensures that the model’s CO mass, as well as its radial and velocity structure remain representative of the entire disc.
We find that an optically thin model with a peak optical depth of ~0.11, Tpeak = 380 K, μ = 28 (CO dominated), and MCO = 10−3 M⊕ reproduces many key features of the data. Figures 5, 6, and 7 compare the best qualitative RADMC-3D model (dashed red line) with the 12CO data (blue line). For both the model and the data, an annulus between [image: equation] and [image: equation] (corresponding to the disc’s peak radial surface density) is extracted for analysis, as detailed in Section 4.1. We fitted a Gaussian with FWHM and peak intensity parameters to the spectra at different azimuths (assuming azimuthal sections of 15° for the data) with an MCMC approach, as described in Section 4.2. We also fitted an additional parameter for the data multiplied by uncertainties that are inaccurate when compared to the RMS scatter in noise-only regions of the local line profiles. The fitting procedure consists of 2000 steps with a burn-in period of 100 steps due to faster convergence.
In Fig. 5, we see that the RADMC-3D model reproduces the FWHM derived from the 12CO data well. The derived temperature of 380 K is notably lower than the value of 600 K determined in Section 4.2 but still significantly higher than the expected blackbody temperature of ~63 K at 73 au, given a stellar luminosity of 14 L⊙ (Matrà et al. 2025), assuming the dust and gas have the same temperature. Additionally, we observe azimuthal variation in the 12CO linewidth (Fig. 5), which shows two deeper minima along the semi-major axis, two shallower minima along the semi-minor axis, and maxima at ±45° and ±135°. This pattern corresponds to the X-shaped feature in the linewidth map (Fig. 1, right panel). The variation arises due to Keplerian shear, which creates a projected velocity gradient both radially and azimuthally across a single beam. The degree of shear depends on the azimuthal position at a given disc radius, as shown analytically in Appendix A and captured by our RADMC-3D model. The combination of radial and azimuthal shear produces the observed FWHM variation (Fig. A.3), demonstrating that spectral line broadening due to the effect of Keplerian shear is significant at the disc’s surface density peak and depends on the azimuth. However, while Keplerian shear explains the azimuthal variation, its broadening effect is not strong enough to avoid the need for a high temperature.
Both temperature and μ also influence the azimuthal dependence of the FWHM (and line peak intensity) through the disc’s vertical scale height. In Eq. (5), an increase in T or a decrease in μ (i.e. the gas is dominated by lighter molecules, such as H2 instead of CO) increases the scale height, making the disc more vertically extended. In a vertically extended disc, the line of sight intersects a broader range of velocities at different heights and radii due to the disc’s non-zero inclination. As a result, a greater range of velocities is probed along the line of sight, enhancing the effect of Keplerian shear and leading to larger FWHM across all azimuths.
Fig. 6 shows the change in peak intensity with azimuth for the RADMC-3D model (dashed red line) and data (blue line). We see that our RADMC-3D model reproduces the azimuthal variation of the peak intensity in the data. Increasing the input mass (and thus the column density within a beam) or decreasing the temperature causes the spectral line peaks within a beam to rise, which in turn increases the peak intensity; thus, Fig. 6 is jointly constrained by mass and temperature. The integrated line flux of the model also closely matches that of the data (Fig. 7), which constrains the mass of 12CO in the system to 1 × 10−3 M⊕, with the temperature separately constrained by the linewidth.
In Fig. 6, we note that the model exhibits local azimuthal peaks at ±90°, also seen in the peak intensity map for the optically thin model presented in this section (Fig. B.5). These local azimuthal peaks at ±90° are not observed in the peak intensity map of the data (Fig. 1, centre). Despite the uncertainties of the single 73 au annulus analysed here and the peak intensity map, these local azimuthal peaks at ±90°, if present, should be at least marginally resolved in the peak intensity map. As a result, any optically thin model such as ours should not produce an X-shaped pattern in the velocity integrated intensity map (see Fig. B.6), which is in strong disagreement with our observed data (Fig. 1, left). One potential explanation for this discrepancy is the assumption of LTE in the RADMC-3D model, which couples the linewidth and peak intensity (through the J=3 upper-level population). If the system is outside of LTE, as suggested in Section 4, the level population and peak intensity would decouple from the linewidth, potentially allowing for a better fit than the model herein permits. In summary, although the optically thin model can reproduce many features of the data, it requires unrealistically high temperatures, cannot account for the X-shape, and, as demonstrated in Section 4, overestimates the 13CO linewidths.
	[image: thumbnail]	Fig. 5 Comparison of FWHM (m s−1) for 12CO ALMA data (blue line) and the RADMC-3D optically thin model (dashed red line), where the FWHM is derived by fitting a Gaussian to each spectrum (assuming azimuthal sections of 15° for the data) using an MCMC approach for both the model and data. For both the model and the data, an annulus between [image: equation] and [image: equation] (corresponding to the disc’s peak radial surface density) is extracted. The error bars for the 12CO ALMA data (shaded regions) have been re-scaled by a constant factor, which was fitted for.



	[image: thumbnail]	Fig. 6 Peak intensity (Jy beam−1) for the 12CO data (blue line) and the RADMC-3D optically thin model (dashed red line), with the peak intensity for each azimuth (assuming azimuthal sections of 15° for the data) derived by fitting a Gaussian to each spectrum across all azimuths using an MCMC approach for both the model and data. For both the model and the data, an annulus between [image: equation] and [image: equation] (corresponding to the disc’s peak radial surface density) is extracted. The error bars for the 12CO ALMA data (shaded regions) have been re-scaled by a constant factor, which was fitted for.



	[image: thumbnail]	Fig. 7 1D spectra for 12CO (blue line) and RADMC-3D optically thin model (dashed red line) showing the integrated flux as a function of velocity.



5.2 RADMC-3D modelling
5.2.1 13CO RADMC-3D model
While a strength of the optically thin model is that it can immediately explain the azimuthally averaged Gaussian line shapes observed (Section 4), its key shortcomings are the inability to reproduce the X-shape in the velocity integrated intensity map and the smaller linewidth of 13CO compared to 12CO (after accounting for spectral resolution). These are features expected for optically thick lines, for example, the X-shape in the velocity integrated intensity map is expected if the peak intensity map is saturated by optical depth, after combination with the X-shaped linewidth map (caused by Keplerian shear). Additionally, high optical depth effects naturally produce broader linewidths for more optically thick species, potentially explaining the broader 12CO compared to 13CO. However, the challenge for an optically thick model would be the Gaussian local line profiles, where the local line profiles are Gaussian at each azimuth before azimuthal averaging.
For simplicity, we assumed LTE to calculate the CO level populations. For the velocity distribution, we assumed Keplerian rotation around a star with a mass of 1.89 M* (Table 2). The radiative transfer was then run using the inclination, PA, RA, and DEC-offset values from Table 2 and a distance to the star of 117.9 pc (Gaia Collaboration 2023) to produce our 12CO model cube.
We fitted a RADMC-3D model to the 13CO data cube, leaving the following free parameters: R (au), the peak of the Gaussian surface density distribution; ΔR (au), the FWHM of the Gaussian distribution; T73 (K), the temperature at 73 au; β, the temperature power-law index; μ, the mean molecular weight; MCO (M⊕), the CO mass; i (deg), the inclination; PA (deg), the position angle; and M⋆ (M⊙), the stellar mass. Following Section 5.1, we accounted for ALMA’s native spectral resolution and simulated the spatial resolution of the data. The fit to the 13CO cube was carried out using MCMC, with an affine-invariant ensemble sampler implemented in the emcee package (Goodman & Weare 2010; Foreman-Mackey et al. 2013), with the uncertainty per pixel and channel assumed to be equal to the cube’s RMS multiplied by the square root of the number of pixels per beam and the number of channels per effective bandwidth to account for spectrospatial correlation (e.g. Marino et al. 2016).
In Fig. 8, we present the best-fit RADMC-3D model, generated using the parameters listed in Table 4, using the corner plots shown in Fig. B.7. The left column displays the 13CO data, the middle column shows the best-fit model, and the right column presents the residuals (data minus model). The top row shows the velocity integrated intensity map, the middle row shows the peak intensity map, and the bottom row is the velocity map. The best-fit model with a temperature of 38 K and a 13CO mass of 2 × 10−3 M⊕ is a very good fit to the data (see also channel map residuals in Fig. B.8).
The best-fit model is optically thick, with a peak optical depth of 26, and as expected, successfully reproduces the X-shaped structure in the velocity integrated intensity map, which the optically thin model could not. We also find that, for an optically thick model to reproduce the data, the CO radial distribution must be narrower (FWHM of 17.3 au) than that of the observed intensity radial profile (48 au). This makes the 13CO radial width comparable to that of the dust (14.1±1.2 au, Han et al. 2026).
In an optically thick model, the mass and kinetic temperature are degenerate as both cause an increase in linewidth. However, assuming LTE allows us to break this degeneracy by assuming that the kinetic temperature is the same as the excitation temperature (38 K), which for an optically thick model is constrained by the peak intensity. In turn, this implies that the 13CO mass derived is strictly based on our assumption of LTE and on our choice of model.
Additionally, we fitted for μ, the mean molecular weight, and derived a best-fit value of [image: equation]. In our model, μ sets the vertical width of the gas distribution for a given kinetic temperature. Given that the model is optically thick, the observed intensity traces an elevated, vertically thin layer corresponding to τ ~ 1. The height of this layer at a given radius in our model depends on μ, and on the CO column density and (vertically constant) temperature at that radius (e.g. Rosotti et al. 2025). As the model linewidths and intensities separately constrain the latter two quantities, the constraint on μ likely comes from measuring a small vertical displacement of the 13CO emitting layer from the midplane. While this elevated layer is clearly seen in channel maps for protoplanetary discs (e.g. Rosenfeld et al. 2013), we see no clear evidence for it in our 12CO or 13CO velocity maps or channel maps (Figs. 1, B.1, B.9, B.8). Therefore, although our derived μ value is in agreement with the result of Marino et al. (2026a) on the same dataset and is suggestive of a secondary origin for the gas, we caution that its derivation is critically dependent on our LTE assumption, as well as on other model choices such as the employed radial and vertical gas and temperature distribution.
5.2.2 12CO RADMC-3D model
To investigate whether the 12CO data can also be reproduced by the same 13CO optically thick model, we created a 12CO RADMC-3D model using the 13CO best-fit parameters summarised in Table 4. We scaled the mass by the ISM abundance ratio of 77, leading to a peak optical depth for the 12CO model of 3658. We find that, although some residuals remain in the maps (Fig. 9), the model reproduces the data reasonably well given that the mass was simply scaled. In the velocity integrated intensity map residuals, the model slightly over-predicts the intensity in the inner disc. This is due to the imperfect assumption of a perfectly symmetric Gaussian CO distribution. In the velocity maps residuals we observe structure, which we attribute to deviations from purely Keplerian rotation. In Marino et al. (2026a), a Keplerian model was fitted to the 12CO velocity map. They found the same residual structure seen in Fig. 9. In Marino et al. (2026a), this non-Keplerian behaviour was attributed to the density and pressure profile of a narrow gas ring. In the peak intensity map residuals, the model under-predicts the peak intensity at the ansae. This is due to the non-Keplerian motion of the gas, where discrepancies between the model’s Keplerian velocity and the true gas velocity cause the model spectra in each pixel to be offset from the data. As a result, when the model is subtracted, residual peaks remain. Therefore, we conclude that our 13CO best-fit model can reproduce the bulk of the 12CO emission if simply re-scaled by ISM abundance ratios, although it is missing necessary details such as non-Keplerian rotation. We, however, caution that different total CO masses/abundance ratios may also fit the data, given the high optical depth of both isotopologues.
	[image: thumbnail]	Fig. 8 Left: 13CO data. Middle: best-fit RADMC-3D optically thick model. Right: residuals (data minus model). From top to bottom: velocity integrated intensity, peak intensity, and velocity maps, respectively.



Table 4 
Best-fit geometric and physical parameters derived from fitting a RADMC-3D model to the 13CO cube.

6 Discussion
6.1 CO mass
In CO-rich debris discs such as HD 121617, total CO mass estimates are typically derived from observations of rarer isotopologues, assuming ISM-like ratios. For instance, the CO mass derived for HD 121617 is 1.8 ± 0.3 × 10−2 M⊕ and 2.0 ± 0.7 × 10−2 M⊕, based on 13CO and C18O line fluxes, respectively (Moór et al. 2017). Additionally, Cataldi et al. (2023) reports a CO mass of 2.57 ± 0.04 × 10−2 M⊕ using a simple LTE disc model fitted to disc-integrated fluxes. In comparison, our spectrospatially resolved ARKS analysis yields a best-fit 13CO mass of 2 × 10−3 M⊕, which corresponds to a total CO mass of 1.48 × 10−1 M⊕ assuming an interstellar 12CO/13CO abundance ratio of 77. This value is higher than previous estimates in the literature. The discrepancy may arise from differences in model assumptions or due to C18O also being moderately optically thick (as our 13CO model would suggest, assuming ISM 13CO/C18O ratios apply). It is important to note that both 13CO and 12CO emission are optically thick, leading to degeneracies in 3D structure, temperature and velocity distribution, mass, and isotopologue abundance ratios, which are difficult to break without assumptions, even with high spectrospatial resolution observations.
To investigate the implications for the derived CO mass, we first calculated the peak 12CO surface density in our 3D radiative transfer model, which gives a vertical column density of ~2 × 1019 cm−2 at the radial peak of the disc. We then calculated the level of self-shielding4 from photodissociation from the ISRF experienced by a CO molecule in the midplane along the vertical direction (Visser et al. 2009). Assuming CO is self-shielding only (i.e. absence of other shielding species), we find a CO lifetime of ~0.07 Myr. Assuming a primordial gas origin where large amounts of unseen H2 shield CO from photodissociation, the CO lifetime would become larger than the lifetime of the star, assuming a CO/H2 ratio of 1 × 10−4 (Smith et al. 2025). Therefore, the CO mass derived here for HD 121617 allows for a primordial gas origin in the presence of large amounts of H2, which could, however, be at odds with the high mean molecular weights for the gas derived here (Section 5.2.1).
	[image: thumbnail]	Fig. 9 Left: 12CO data. Middle: re-scaled optically thick model. Right: residuals (data minus model). From top to bottom: velocity integrated intensity, peak intensity, and velocity maps, respectively.



6.2 12CO/13CO line ratio and broad local line profiles
As we find that both 12CO and 13CO are optically thick, the observed 12CO/13CO integrated line intensity ratio of ~2.5 at the peak surface density does not directly trace the abundance ratio, which is instead largely consistent with ISM values. This intensity ratio changes little with radius, as reported by Mac Manamon et al. (2026), who also find similarly low 12CO/13CO line ratios in four other CO-rich exo-Kuiper belts (HD 9672, HD 32297, HD 131488, and HD 131835). Our observed 12CO/13CO line ratio of ~2.5 is comparable to those obtained for gas-rich protoplanetary discs observed in the ALMA MAPS survey (Zhang et al. 2021), where both 12CO and 13CO are known to be optically thick. Therefore, our results for HD 121617 support a scenario where the other four CO-rich exo-Kuiper belts are also optically thick in 12CO and 13CO. Moreover, the X-shape seen in several of their velocity integrated intensity maps corroborates that both lines are optically thick.
In our RADMC-3D model, we accounted for Keplerian shear, projection, and optical depth effects, and ALMA’s spectrospatial response and found that Keplerian shear and high optical depths cause the observed, surprisingly broad, linewidths. Additionally, we find that perfectly Gaussian line profiles in azimuthally averaged spectra can be obtained even if the line departs from Gaussian locally, because of the azimuthal dependence of width caused by Keplerian shear. Therefore, we caution against using the line profile shape to distinguish between optically thin or thick emission. We also conclude that accessing thermal broadening due to kinetic temperature, as well as non-thermal broadening, is challenging when using optically thick emission tracers, even at the high spectro-spatial resolution of the ARKS data.
7 Conclusions
In this paper, we presented high spectrospatial resolution ALMA observations of 12CO and 13CO in the exoKuiper belt of HD 121617 as part of the large programme ARKS. Our main findings are as follows:

	We presented linewidth and velocity integrated intensity maps, both showing an azimuthal X-shaped pattern, which we attribute to the azimuthal dependence of Keplerian shear, combined with high optical depth;


	We spectroscopically aligned and averaged spectra within annuli of [image: equation] across the disc to create local spectral line profiles. We find that the local spectral line profiles across the disc are Gaussian in shape, with broad local linewidths where 12CO displays a FWHM of ~ 1092 m s−1 at the peak radial surface density;


	We find that both optically thin and thick models can produce broad, Gaussian-shaped azimuthally averaged line profiles due to Keplerian shear and its azimuthal dependence; as such, the shape of these profiles alone cannot be used to differentiate between optically thin and thick emission;


	We modelled the local spectral line profiles with a simple radiative transfer toy model, neglecting Keplerian shear and find best-fit linewidth values that imply a kinetic temperature of hundreds of Kelvin at the peak surface density if thermal broadening is dominant. Additionally, we find that our model implies that 12CO and 13CO are optically thin or marginally optically thin (τ ≲ 1) at all radii;


	We find that a RADMC-3D optically thin model reproduces many key features of the data, including the spectral width (FWHM), peak intensity azimuthal dependence, and the 1D spectral line profile. However, the model can neither explain the X-shape seen in the velocity integrated intensity map nor the broader 12CO linewidth compared to 13CO. Thus, the optically thin model cannot explain our observations;


	We fitted the 13CO data cube with a RADMC-3D model with a Gaussian CO surface density. We find that 13CO is optically thick (Tpeak = 38 K, and M13CO = 2 × 10−3 M⊕) and has the same radial width as the dust. This model can reproduce all features of the data, including local linewidths and maps, and is therefore strongly preferred over optically thin models;


	We find that re-scaling this optically thick Keplerian 13CO model by the ISM 12CO/13CO abundance ratio reproduces the bulk of the optically thick 12CO emission, while failing to reproduce the non-Keplerian nature of its velocity profile.




In conclusion, we find that both 12CO and 13CO in the HD 121617 gas-bearing debris disc are optically thick, confirming literature expectations. This implies that the derived CO mass is sensitive to model assumptions, and that we cannot derive kinetic temperatures and/or non-thermal broadening from the line profiles even when the effect of Keplerian shear is accounted for. With the above key caveats in mind, our model constrains the mean molecular weight to be [image: equation], which is likely through our model’s measurement of the vertical location of the optically thick CO-emitting layer. This value of μ is significantly higher than if H2 were the dominant gas species, suggesting a non-primordial composition. Overall, to break model degeneracies and achieve stronger constraints on fundamental gas properties such as its mass, temperature, and composition, future observations of optically thin lines at similar spectrospatial resolution will be necessary.
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The ARKS data used in this paper can be found in the ARKS dataverse. For more information, visit arkslp.org.
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1 The gofish Python package is available at https://github.com/richteague/gofish


2 The local line profile error bars for both 12CO and 13CO have been re-scaled by a re-scaling value, which is fitted for in Section 4.2.


3 Information on ALMA’s spectral response can be found at https://safe.nrao.edu/wiki/pub/Main/ALMAWindowFunctions/Note_on_Spectral_Response.pdf


4 We used the shielding functions from the Leiden database found at https://home.strw.leidenuniv.nl/~ewine/photo/references.html




Appendix A  Keplerian shear: Analytical formulation
Previous studies have attempted to describe the effect of Keplerian shear on line broadening analytically; however, these discussions have often been incomplete or incorrect. For example, in Yen et al. (2016) (Eq. (7)), the broadening due to Keplerian shear is estimated using an incorrect formula, specifically employing the mixed derivative [image: equation]. This expression describes how the quantity [image: equation] changes with radius r, but it does not directly relate to the line broadening caused by beam convolution. Consequently, it does not provide a valid estimate of the shear-induced broadening. Furthermore, this formulation predicts zero broadening at θ = 0, which is unphysical. This appendix presents a more accurate analytical treatment of Keplerian shear broadening.
In a circumstellar gas disc where the velocity field is Keplerian, or well approximated by Keplerian (neglecting pressure gradients and self-gravity), the azimuthal velocity in the orbital plane is defined by the balance of the gravitational and centrifugal force through the usual [image: equation] (for an assumed circular orbit at distance rorb from a star of mass M*). For a planetary system inclined from face-on by an angle i, this leads to a projected line of sight velocity (leading to a measurable Doppler shift) of [image: equation], where ϕorb (measured on the plane of the disc) is the azimuth measured counter-clockwise from the orbital plane’s xorb axis. This axis corresponds to rotating about the axis inclined by the angle i to transform from the orbital plane to the sky plane, resulting in xorb = xsky. Here, xsky denotes the direction along the disc’s semi-major axis in the sky image, which is itself rotated within the sky plane by the PA relative to north.
We here analytically treat geometrical and observational effects that have to be considered when analysing resolved spectral line profiles in Keplerian discs, affecting the observed line shapes in a way that is dependent on orbital radius rorb, azimuth ϕorb. We assume that the disc is vertically thin (2D) and therefore neglect effects caused by a disc’s finite vertical structure, even though these can play a role as discussed using detailed 3D radiative transfer modelling (Section 5.1.2).
Keplerian shear refers to the intrinsic property of a rotating disc where the orbital velocity varies with radius, with material closer to the star orbiting faster than material farther out. This creates significant radial and azimuthal velocity gradients within the disc plane. When observing such a disc, the line-of-sight component of these velocities is what we measure through Doppler shifts. Due to the finite spatial resolution of our observations, each measured velocity at a sky location (xsky, ysky) or (rsky, ϕsky) represents an average over a 2D area corresponding to the telescope’s synthesised beam. In regions where Keplerian shear produces strong velocity gradients within the beam, this averaging leads to beam smearing effects that must be accounted for.
The projected Keplerian velocity field can be thought of as a 2D scalar field vz,sky (rsky, ϕsky), and its maximum rate of change (projected acceleration) in any direction is represented by the magnitude of its gradient,
[image: equation](A.1)
To obtain this gradient analytically, we first have to rewrite vz,sky as a function of sky, rather than orbital, coordinates, to go from
[image: equation](A.2)
to
[image: equation](A.3)
using a change of coordinates from orbital to sky plane:
[image: equation](A.4)
We can then evaluate the partial derivatives in Eq. (A.1) to obtain the magnitude of the local gradient in the radial and azimuthal sky directions,
[image: equation](A.5)
and
[image: equation](A.6)
Along the on-sky radial direction, both the radial and azimuthal gradients decrease in magnitude as the radius increases, as would be expected since the radial derivative of the Keplerian velocity itself decreases with distance from the star (projected or not). In fact, we expect the overall magnitude of the projected velocity gradient, and therefore of the Keplerian shear effect, to decrease in line with the r−3/2 dependence above.
The radial and azimuthal gradients have a less straightforward dependence on sky azimuth ϕsky. In order to analyse it, we fix rorb to 73 au as in our peak intensity annulus of HD 121617 and create an array of orbital azimuths ϕorb, calculate the respective (rsky, ϕsky) through Eq. (A.4), and input them into Eqs. (A.5) and (A.6) to obtain the gradients’ azimuthal dependence. It is important to note that the behaviour of the radial and azimuthal gradients with respect to sky azimuth changes depending on whether it is plotted as a function of the sky azimuth ϕsky itself or of the orbital azimuth ϕorb. For example, in the main body of this work, we refer to ϕ as the azimuth, but this is the orbital azimuth ϕorb rather than the sky azimuth, as it has been de-projected to the orbital plane.
Fig. A.1 shows the absolute value of the azimuthal dependence of the radial and azimuthal gradients from Eqs. (A.5) and (A.6). As expected, the radial gradient (top panel) is zero at the disc’s on-sky semi-minor axis, where the line of sight Keplerian velocity is zero at all radii, and maximum along the disc’s on-sky semi-major axis, where the projected Keplerian velocities are highest at all radii, producing a stronger radial gradient.
The azimuthal gradient (bottom panel) has an opposite, though more complex, azimuthal dependence. It is zero at the semi-major axis, and reaches a maximum as it approaches the semi-minor axis, but then exhibits a dip at the semi-minor axis itself. The initial increase makes sense as the derivative of the line of sight velocity with respect to orbital azimuth (Eq. (A.2)) is an increasing function of orbital azimuth going from semi-major to semi-minor axis. However, as we approach the semi-minor axis (ϕ = 90°) this effect is counteracted by the fact that for a fixed sky azimuth swath Δϕsky, the range of orbital Δϕorb subtended decreases, and with it so should the azimuthal gradient of the projected Keplerian velocity. This balance between the two effects causes the characteristic tooth shape in Fig. A.1 (bottom).
	[image: thumbnail]	Fig. A.1 Azimuthal dependence of the radial and azimuthal gradient of the Keplerian projected line of sight velocity, providing an understanding of how the effect of Keplerian shear in the radial and azimuthal directions vary with azimuth. This is evaluated for a radius, stellar mass, and inclination representative of our ARKS target HD 121617. The solid blue and dashed orange lines show the dependence of the curve on whether orbital or sky azimuths are considered; the former should typically be considered for data that have been de-projected to the orbital plane.



The magnitude of the maximum gradient in any direction, ∥∇vz,sky∥ (Eq. (A.1)), then shows the combination of the two effects as a function of azimuth in Fig. A.2. This shows a more pronounced dip at the semi-minor axis but generally retains the same tooth-shaped pattern. This is in good qualitative agreement and explains the azimuthal behaviour of the linewidth seen in both our RADMC-3D models and our data (e.g. Fig. 5), as well as the X-shape seen in the linewidth and velocity integrated intensity maps (Fig. 1).
This maximum gradient can be turned to a velocity difference expected due to Keplerian shear across a beam size Δbeam (in au), which will act to broaden local line profiles as discussed in the main text. This difference should, in principle, be evaluated through a line integral along the curve of the maximum gradient in the sky plane because the gradient’s magnitude and direction change across the sky plane; however, we proceed for simplicity in the assumption that the gradient does not change significantly across a beam and evaluate this velocity difference by multiplying the gradient by the beam size in au (right y-axis in Fig. A.2). In practice, this allows us to use our analytical calculations to estimate the magnitude of broadening by Keplerian shear for a given set of parameters (M⋆, i, rorb, ϕorb, Δbeam). For the parameters of our ARKS HD 121617 observation, we find Keplerian shear should produce broadening of ~300 − 700 m s−1, with a strong (observed) azimuthal dependence.
	[image: thumbnail]	Fig. A.2 Azimuthal dependence of the effect of Keplerian shear, expressed as the maximum gradient of the Keplerian projected line-of-sight velocity in any direction (left y-axis), or evaluated as the same gradient by the beam size of our ARKS HD 121617 observations (right y-axis). The solid blue versus dashed orange lines show the dependence of the curve on whether orbital or sky azimuths are considered; the former should typically be considered for data that have been de-projected to the orbital plane.



We can take this one step further to compare directly to our data under the simple assumption that the observed local line shape is simply a convolution of the line shape, a Gaussian with FWHM equal to the broadening due to Keplerian shear estimated here, and the spectral response of the instrument (in our case assumed to be Gaussian with FWHM of 26 m s−1). We show the resulting line shape as a function of azimuth, assuming a broadened line profile similar to that derived in our RADMC-3D modelling (σv ~ 800 m s−1), in Fig. A.3.
This shows that our analytical model matches relatively well the FWHM linewidths of the local line profiles measured in our data and produced through RADMC-3D radiative transfer modelling in Fig. 5, with linewidths of ~850-1050 m s−1, and azimuthal peaks at ~ ±55° and ~ ±125°. Some important caveats remain in this analysis and could explain the marginally higher peak linewidths in the observed azimuthal profile and/or deeper semi-minor axis dips; first, we did not consider vertical structure, which our RADMC-3D model already showed to play an important role in setting the shape of this azimuthal profile (Section 5.1.2). Additionally, we simplified the effect of beam convolution by simply looking at the maximum gradient within a beam ‘length’ and neglected changes in velocity gradient within a beam size. Finally, we neglected non-Keplerian dynamics, which we know play a role in this system (Marino et al. 2026a). Despite these caveats, we have shown that the effect of Keplerian shear on the local linewidths due to velocity gradients within spatial resolution elements can be estimated analytically and compares well with RADMC-3D models and ARKS observations of the HD 121617 system.
	[image: thumbnail]	Fig. A.3 Azimuthal dependence of the local line profile, for direct comparison to the data in Fig. 5, obtained analytically through a simple combination of the Keplerian shear estimated in this section for HD 121617, the system’s parameters at r = 73 au, a broadened line profile for 12CO with a velocity width of ~ 800 m s−1, and our instrumental spectral response with a resolution of 26 m s−1.




Appendix B  Additional figures
	[image: thumbnail]	Fig. B.1 Velocity integrated intensity map for 13CO. The beam size is shown in the lower-left corner of each panel. The horizontal white bar indicates 50 au.



	[image: thumbnail]	Fig. B.2 Peak intensity map for 13CO. The beam size is shown in the lower-left corner of each panel. The horizontal white bar indicates 50 au.



	[image: thumbnail]	Fig. B.3 Line profiles (blue) for 12CO extracted from an annulus ([image: equation]-[image: equation]) as a function of azimuth. Best-fit Gaussian models using an MCMC approach are overplotted (red).



	[image: thumbnail]	Fig. B.4 Best-fit value for 12CO FWHM linewidth calculated from the kinetic temperature as a function of distance.



	[image: thumbnail]	Fig. B.5 Peak intensity map for 12CO optical thin RADMC-3D model presented in Section 5.1.



	[image: thumbnail]	Fig. B.6 Velocity integrated intensity map for 12CO optical thin RADMC-3D model presented in Section 5.1.



	[image: thumbnail]	Fig. B.7 Posterior distribution of the 13CO model. R (au) is the peak of the Gaussian surface density distribution; ΔR (au), the FWHM of the Gaussian distribution; T73 (K), the temperature at 73 au; β, the temperature power-law index; μ, the mean molecular weight; MCO (M⊕), the CO mass; i (deg), the inclination; PA (deg), the position angle; and M⋆ (M⊙), the stellar mass. The marginalised distributions are presented in the diagonal. The best-fitting values and uncertainties for the parameters are taken from the 16th, 50th, and 84th percentiles (vertical dashed lines).



	[image: thumbnail]	Fig. B.8 Residual channel maps for 13CO showing 13CO data minus the best-fit 13CO model. White contours indicate the position of the disc in each channel.



	[image: thumbnail]	Fig. B.9 Residual channel maps for 12CO showing 12CO data minus the 12CO model produced by re-scaling the best-fit 13CO model by the ISM abundance ratio. Additionally, white contours indicate the positions of the disc in each channel.
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	[image: thumbnail]	Fig. 1 12CO emission for HD 121617. Left: velocity integrated intensity map created by shifting the spectral emission and integrating along the velocity axis for all channels with emission above 4σ. Middle: peak intensity map generated using the quadratic method with bettermoments. Right: linewidth FWHM map produced by dividing the velocity integrated intensity map by the peak intensity map and converting it to FWHM, assuming a Gaussian line profile shape. The beam size is shown in the lower-left corner of each panel. The horizontal white bar indicates 50 au. The corresponding maps for 13CO can be found in Appendix B.
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	[image: thumbnail]	Fig. 2 Normalised radial profile for 12CO (blue) and 13CO (red) produced using gofish and continuum (green) produced using frank. These radial profiles are not de-convolved and, therefore, might not be directly comparable in width. The lower x-axis limit in each radial profile is set at the first resolved resolution element of the 12CO observation. The blue, red, and green bars show the resolution of the observations.
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	[image: thumbnail]	Fig. 3 Local line profiles for 12CO (left panel) and 13CO (right panel) as a function of distance from the star. The error bars for 12CO in the left panel (shaded regions) and for 13CO in the right panel (error bars) have been re-scaled by constant factors f12 and f13, respectively, as fitted in Section 4.2. These errors are small and only marginally visible.
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	[image: thumbnail]	Fig. 4 Local line profiles for 12CO (blue) and 13CO (red) created from an annulus extracted at the peak gas surface density ([image: equation]–[image: equation]). Best-fit models (dashed lines) are generated using best-fit values from Table 3. Top left: spectral resolution for 12CO (blue) and 13CO (red). Error bars for 12CO (blue) and 13CO (red) have been re-scaled by the fitted factor f12 and f13.
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	[image: thumbnail]	Fig. 5 Comparison of FWHM (m s−1) for 12CO ALMA data (blue line) and the RADMC-3D optically thin model (dashed red line), where the FWHM is derived by fitting a Gaussian to each spectrum (assuming azimuthal sections of 15° for the data) using an MCMC approach for both the model and data. For both the model and the data, an annulus between [image: equation] and [image: equation] (corresponding to the disc’s peak radial surface density) is extracted. The error bars for the 12CO ALMA data (shaded regions) have been re-scaled by a constant factor, which was fitted for.
In the text



	[image: thumbnail]	Fig. 6 Peak intensity (Jy beam−1) for the 12CO data (blue line) and the RADMC-3D optically thin model (dashed red line), with the peak intensity for each azimuth (assuming azimuthal sections of 15° for the data) derived by fitting a Gaussian to each spectrum across all azimuths using an MCMC approach for both the model and data. For both the model and the data, an annulus between [image: equation] and [image: equation] (corresponding to the disc’s peak radial surface density) is extracted. The error bars for the 12CO ALMA data (shaded regions) have been re-scaled by a constant factor, which was fitted for.
In the text



	[image: thumbnail]	Fig. 7 1D spectra for 12CO (blue line) and RADMC-3D optically thin model (dashed red line) showing the integrated flux as a function of velocity.
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	[image: thumbnail]	Fig. 8 Left: 13CO data. Middle: best-fit RADMC-3D optically thick model. Right: residuals (data minus model). From top to bottom: velocity integrated intensity, peak intensity, and velocity maps, respectively.
In the text



	[image: thumbnail]	Fig. 9 Left: 12CO data. Middle: re-scaled optically thick model. Right: residuals (data minus model). From top to bottom: velocity integrated intensity, peak intensity, and velocity maps, respectively.
In the text



	[image: thumbnail]	Fig. A.1 Azimuthal dependence of the radial and azimuthal gradient of the Keplerian projected line of sight velocity, providing an understanding of how the effect of Keplerian shear in the radial and azimuthal directions vary with azimuth. This is evaluated for a radius, stellar mass, and inclination representative of our ARKS target HD 121617. The solid blue and dashed orange lines show the dependence of the curve on whether orbital or sky azimuths are considered; the former should typically be considered for data that have been de-projected to the orbital plane.
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	[image: thumbnail]	Fig. A.2 Azimuthal dependence of the effect of Keplerian shear, expressed as the maximum gradient of the Keplerian projected line-of-sight velocity in any direction (left y-axis), or evaluated as the same gradient by the beam size of our ARKS HD 121617 observations (right y-axis). The solid blue versus dashed orange lines show the dependence of the curve on whether orbital or sky azimuths are considered; the former should typically be considered for data that have been de-projected to the orbital plane.
In the text



	[image: thumbnail]	Fig. A.3 Azimuthal dependence of the local line profile, for direct comparison to the data in Fig. 5, obtained analytically through a simple combination of the Keplerian shear estimated in this section for HD 121617, the system’s parameters at r = 73 au, a broadened line profile for 12CO with a velocity width of ~ 800 m s−1, and our instrumental spectral response with a resolution of 26 m s−1.
In the text



	[image: thumbnail]	Fig. B.1 Velocity integrated intensity map for 13CO. The beam size is shown in the lower-left corner of each panel. The horizontal white bar indicates 50 au.
In the text



	[image: thumbnail]	Fig. B.2 Peak intensity map for 13CO. The beam size is shown in the lower-left corner of each panel. The horizontal white bar indicates 50 au.
In the text



	[image: thumbnail]	Fig. B.3 Line profiles (blue) for 12CO extracted from an annulus ([image: equation]-[image: equation]) as a function of azimuth. Best-fit Gaussian models using an MCMC approach are overplotted (red).
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	[image: thumbnail]	Fig. B.4 Best-fit value for 12CO FWHM linewidth calculated from the kinetic temperature as a function of distance.
In the text



	[image: thumbnail]	Fig. B.5 Peak intensity map for 12CO optical thin RADMC-3D model presented in Section 5.1.
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	[image: thumbnail]	Fig. B.6 Velocity integrated intensity map for 12CO optical thin RADMC-3D model presented in Section 5.1.
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	[image: thumbnail]	Fig. B.7 Posterior distribution of the 13CO model. R (au) is the peak of the Gaussian surface density distribution; ΔR (au), the FWHM of the Gaussian distribution; T73 (K), the temperature at 73 au; β, the temperature power-law index; μ, the mean molecular weight; MCO (M⊕), the CO mass; i (deg), the inclination; PA (deg), the position angle; and M⋆ (M⊙), the stellar mass. The marginalised distributions are presented in the diagonal. The best-fitting values and uncertainties for the parameters are taken from the 16th, 50th, and 84th percentiles (vertical dashed lines).
In the text



	[image: thumbnail]	Fig. B.8 Residual channel maps for 13CO showing 13CO data minus the best-fit 13CO model. White contours indicate the position of the disc in each channel.
In the text



	[image: thumbnail]	Fig. B.9 Residual channel maps for 12CO showing 12CO data minus the 12CO model produced by re-scaling the best-fit 13CO model by the ISM abundance ratio. Additionally, white contours indicate the positions of the disc in each channel.
In the text





    
      Table 1 

      Cube properties for 12CO J=3–2 and 13CO J=3–2.

      
        


	
	12CO
	13CO





	Spectral resolution (m s−1)
	26
	884



	Beam Size (arcsec × arcsec)
	0.12 × 0.11
	0.13 × 0.12



	Beam PA (deg)
	−76.5
	−72.6



	RMS noise level (mJy beam−1)
	4.7
	14.8





      

      
Notes. Note that the quoted beam sizes and RMS noise levels are specifically for robust = 0.5.




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        12CO emission for HD 121617. Left: velocity integrated intensity map created by shifting the spectral emission and integrating along the velocity axis for all channels with emission above 4σ. Middle: peak intensity map generated using the quadratic method with bettermoments. Right: linewidth FWHM map produced by dividing the velocity integrated intensity map by the peak intensity map and converting it to FWHM, assuming a Gaussian line profile shape. The beam size is shown in the lower-left corner of each panel. The horizontal white bar indicates 50 au. The corresponding maps for 13CO can be found in Appendix B.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Normalised radial profile for 12CO (blue) and 13CO (red) produced using gofish and continuum (green) produced using frank. These radial profiles are not de-convolved and, therefore, might not be directly comparable in width. The lower x-axis limit in each radial profile is set at the first resolved resolution element of the 12CO observation. The blue, red, and green bars show the resolution of the observations.

      

    

  
    
      Table 2 

      Best-fit Keplerian model parameters from fitting HD 12167’s 12CO velocity map.

      
        


	Position angle (deg)
	59.6 ± 0.01



	Inclination (deg)
	43.8 ± 0.02



	Stellar mass (M⊙)
	1.89 ± 0.001



	vBARY (m s−1)
	7860 ± 1



	RA offset (mas)
	−3.1 ± 0.1



	Dec offset (mas)
	19.8 ± 0.1





      

      
Notes. The quoted best-fit values are the median of the marginalised distribution. The uncertainties are based on the 16th and 84th percentiles of the marginalised distributions. We note that these uncertainties are likely underestimated.




    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Local line profiles for 12CO (left panel) and 13CO (right panel) as a function of distance from the star. The error bars for 12CO in the left panel (shaded regions) and for 13CO in the right panel (error bars) have been re-scaled by constant factors f12 and f13, respectively, as fitted in Section 4.2. These errors are small and only marginally visible.

      

    

  
    
      Fig. 4 
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        Local line profiles for 12CO (blue) and 13CO (red) created from an annulus extracted at the peak gas surface density ([image: equation]–[image: equation]). Best-fit models (dashed lines) are generated using best-fit values from Table 3. Top left: spectral resolution for 12CO (blue) and 13CO (red). Error bars for 12CO (blue) and 13CO (red) have been re-scaled by the fitted factor f12 and f13.

      

    

  
    
      Table 3 

      Best-fit values derived from fitting a simple toy model to an 12CO and 13CO local line profiles.

      
        


	
	Best-fit value





	12CO τ0
	[image: equation]



	13CO τ0
	[image: equation]



	Texc (K)
	[image: equation]



	Tkin (K)
	[image: equation]



	vBARY (m s−1)
	[image: equation]



	ln (f12)
	[image: equation]



	ln (f13)
	[image: equation]





      

      
Notes. The local line profiles were created from an annulus extracted at the peak gas surface density ([image: equation]–[image: equation]). The quoted best-fit values are the median of the marginalised distribution. The uncertainties are based on the 16th and 84th percentiles of the marginalised distributions.




    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Comparison of FWHM (m s−1) for 12CO ALMA data (blue line) and the RADMC-3D optically thin model (dashed red line), where the FWHM is derived by fitting a Gaussian to each spectrum (assuming azimuthal sections of 15° for the data) using an MCMC approach for both the model and data. For both the model and the data, an annulus between [image: equation] and [image: equation] (corresponding to the disc’s peak radial surface density) is extracted. The error bars for the 12CO ALMA data (shaded regions) have been re-scaled by a constant factor, which was fitted for.

      

    

  
    
      Fig. 6 
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        Peak intensity (Jy beam−1) for the 12CO data (blue line) and the RADMC-3D optically thin model (dashed red line), with the peak intensity for each azimuth (assuming azimuthal sections of 15° for the data) derived by fitting a Gaussian to each spectrum across all azimuths using an MCMC approach for both the model and data. For both the model and the data, an annulus between [image: equation] and [image: equation] (corresponding to the disc’s peak radial surface density) is extracted. The error bars for the 12CO ALMA data (shaded regions) have been re-scaled by a constant factor, which was fitted for.

      

    

  
    
      Fig. 7 
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        1D spectra for 12CO (blue line) and RADMC-3D optically thin model (dashed red line) showing the integrated flux as a function of velocity.

      

    

  
    
      Fig. 8 
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        Left: 13CO data. Middle: best-fit RADMC-3D optically thick model. Right: residuals (data minus model). From top to bottom: velocity integrated intensity, peak intensity, and velocity maps, respectively.

      

    

  
    
      Table 4 

      Best-fit geometric and physical parameters derived from fitting a RADMC-3D model to the 13CO cube.

      
        


	Parameter
	Best-fit value





	R (au)
	[image: equation]



	ΔR (au)
	[image: equation]



	T73 au (K)
	[image: equation]



	β
	[image: equation]



	μ
	[image: equation]



	log M13CO (M⊕)
	[image: equation]



	i (°)
	[image: equation]



	PA (°)
	[image: equation]



	M⋆ (M⊙)
	[image: equation]





      

      
Notes. Quoted values represent the medians of the marginalised posterior distributions. Uncertainties correspond to the 16th and 84th percentiles.




    

  
    
      Fig. 9 
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        Left: 12CO data. Middle: re-scaled optically thick model. Right: residuals (data minus model). From top to bottom: velocity integrated intensity, peak intensity, and velocity maps, respectively.

      

    

  
    
      Fig. A.1 
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        Azimuthal dependence of the radial and azimuthal gradient of the Keplerian projected line of sight velocity, providing an understanding of how the effect of Keplerian shear in the radial and azimuthal directions vary with azimuth. This is evaluated for a radius, stellar mass, and inclination representative of our ARKS target HD 121617. The solid blue and dashed orange lines show the dependence of the curve on whether orbital or sky azimuths are considered; the former should typically be considered for data that have been de-projected to the orbital plane.

      

    

  
    
      Fig. A.2 
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        Azimuthal dependence of the effect of Keplerian shear, expressed as the maximum gradient of the Keplerian projected line-of-sight velocity in any direction (left y-axis), or evaluated as the same gradient by the beam size of our ARKS HD 121617 observations (right y-axis). The solid blue versus dashed orange lines show the dependence of the curve on whether orbital or sky azimuths are considered; the former should typically be considered for data that have been de-projected to the orbital plane.

      

    

  
    
      Fig. A.3 
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        Azimuthal dependence of the local line profile, for direct comparison to the data in Fig. 5, obtained analytically through a simple combination of the Keplerian shear estimated in this section for HD 121617, the system’s parameters at r = 73 au, a broadened line profile for 12CO with a velocity width of ~ 800 m s−1, and our instrumental spectral response with a resolution of 26 m s−1.

      

    

  
    
      Fig. B.1 
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        Velocity integrated intensity map for 13CO. The beam size is shown in the lower-left corner of each panel. The horizontal white bar indicates 50 au.

      

    

  
    
      Fig. B.2 
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        Peak intensity map for 13CO. The beam size is shown in the lower-left corner of each panel. The horizontal white bar indicates 50 au.

      

    

  
    
      Fig. B.3 
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        Line profiles (blue) for 12CO extracted from an annulus ([image: equation]-[image: equation]) as a function of azimuth. Best-fit Gaussian models using an MCMC approach are overplotted (red).

      

    

  
    
      Fig. B.4 
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        Best-fit value for 12CO FWHM linewidth calculated from the kinetic temperature as a function of distance.

      

    

  
    
      Fig. B.5 
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        Peak intensity map for 12CO optical thin RADMC-3D model presented in Section 5.1.

      

    

  
    
      Fig. B.6 
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        Velocity integrated intensity map for 12CO optical thin RADMC-3D model presented in Section 5.1.

      

    

  
    
      Fig. B.7 

      
        [image: thumbnail]
      

      
        Posterior distribution of the 13CO model. R (au) is the peak of the Gaussian surface density distribution; ΔR (au), the FWHM of the Gaussian distribution; T73 (K), the temperature at 73 au; β, the temperature power-law index; μ, the mean molecular weight; MCO (M⊕), the CO mass; i (deg), the inclination; PA (deg), the position angle; and M⋆ (M⊙), the stellar mass. The marginalised distributions are presented in the diagonal. The best-fitting values and uncertainties for the parameters are taken from the 16th, 50th, and 84th percentiles (vertical dashed lines).

      

    

  
    
      Fig. B.8 
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        Residual channel maps for 13CO showing 13CO data minus the best-fit 13CO model. White contours indicate the position of the disc in each channel.

      

    

  
    
      Fig. B.9 
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        Residual channel maps for 12CO showing 12CO data minus the 12CO model produced by re-scaling the best-fit 13CO model by the ISM abundance ratio. Additionally, white contours indicate the positions of the disc in each channel.
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