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Abstract

Context. Circumstellar debris disks provide insight into the formation and early evolution of planetary systems. Resolved belts in particular help to locate planetesimals in exosystems, and can hint at the presence of disk-sculpting exoplanets.

Aims. We study the circumstellar environment of HD 112810 (HIP 63439), a mid-F-type star in the Sco-Cen association with a significant infrared excess indicating the presence of a circumstellar debris disk.

Methods. We collected five high-contrast observations of HD 112810 with VLT/SPHERE. We identified a debris disk in scattered light, and found that the debris signature is robust over a number of epochs and a variety of reduction techniques. We modeled the disk, accounting for self-subtraction and assuming that it is optically thin.

Results. We find a single-belt debris disk, with a radius of 118 ± 9 au and an inclination angle of 75.7−1.3+1.1. This is in good agreement with the constraints from spectral energy distribution modeling and from a partially resolved ALMA image of the system. No planets are detected, though planets below the detection limit (~2.6 MJ at a projected separation of 118 au) could be present and could have contributed to sculpting the ring of debris.

Conclusions. HD 112810 adds to the growing inventory of debris disks imaged in scattered light. The disk is faint, but the radius and the inclination of the disk are promising for follow-up studies of the dust properties.
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1 Introduction
The outer reaches of exoplanet systems remain difficult to study, with only ~100 exoplanets detected beyond ~10 au to date1. Young exoplanet systems are particularly difficult to study since transit and radial velocity surveys are generally less sensitive to planets around young, active stars – only ~5% of planets with known ages are younger than 100Myr. However, understanding the properties of young planets at all spatial scales, and their population statistics, is key to understanding the formation and early evolution of exoplanetary systems.
Circumstellar debris disks provide a unique view of these outer exosystems (for a review see Hughes et al. 2018). While protoplanetary disks are the sites of active ongoing planet formation, slightly older star systems are often surrounded by circumstellar debris disks that are made up of planetesimals and small dust grains in orbit around the star. The small particles are second-generation dust that is generated by collisions of the planetesimals (e.g., Wyatt 2008, and references therein). Detection of these small particles therefore implies that there is a reservoir of planetesimals, and hints at the location of this material. Further, this dust is quickly depleted from the system, so observations of the small dust indicate that these collisions between planetesimals are ongoing: this could imply the presence of unseen planets that stir the disk and enhance the rate of collisions, and such unseen planets would also impact the structure of the disk (e.g. Wyatt et al. 1999; Krivov 2010; Matthews et al. 2014). In many cases, planets would require masses between that of Neptune and Jupiter to explain the level of stirring observed in well-characterized debris disks (Pearce et al. 2022).
The presence of debris disks can be inferred from a spectral energy distribution (SED) in the case that there is significant excess emission in the mid- and far-infrared (IR) relative to the predicted emission of a stellar photosphere alone. If the excess is well characterized, the disk temperature(s) can also be inferred from the SED alone, and with suitable assumptions about the grain properties, corresponding disk location(s) can be derived. Some nearby, bright disks can also be resolved, allowing for detailed study of their morphology. Several debris disks have been resolved in thermal emission since the first such detections with the Infrared Astronomical Satellite (IRAS; Aumann 1985), and in scattered light in the optical and near-IR with high-contrast imaging facilities (Smith & Terrile 1984; Schneider et al. 1999). In the last decade, both scattered light and thermal disk imaging has advanced significantly. The advancement of adaptive optics (AO) and coronagraphic technology has led to many new disks being detected in scattered light optical- and near-IR high-contrast imaging (e.g., Kasper et al. 2015; Currie et al. 2015; Lagrange et al. 2016; Matthews et al. 2017; Bonnefoy et al. 2021); the Atacama Large Millimeter Array (ALMA) has provided an unprecedented look at the thermal emission of disks at millimeter wavelengths (e.g, Boley et al. 2012; MacGregor et al. 2013, 2019; Ricci et al. 2015; Lieman-Sifry et al. 2016). These thermal and scattered light images allow for positions of planetesimal belts and small dust grains in the system to be traced, and also open the opportunity for detailed characterization of the grain properties, such as measuring the scattering phase function of the disk and thereby constraining grain sizes and compositions (e.g., Milli et al. 2017).
This treasure trove of resolved thermal and scattered light images reveals complex structures that cannot be deduced from the SED alone, such as spirals, warps, and gaps between distinct belts of dust (Feldt et al. 2017; Bonnefoy et al. 2017; Marino et al. 2018, 2019; MacGregor et al. 2019). One proposed explanation of such complex disk features is the gravitational influence of unseen planets in the system. More generally, debris disks may provide insight into the bulk compositions of exoplanets since the debris material is generated in collisions of planetesimals, which are also the building blocks for any rocky planets forming at the widest separations.
The Scorpius-Centaurus (Sco-Cen) OB association has been a particularly fruitful location for studies of young circumstellar disks. Many of its debris disks, as well as some protoplanetary and transition disks, have been studied in detail in this region. The association is young, with members spanning ~7–18 Myr (Pecaut & Mamajek 2016), is nearby (~ 110–130 pc), and has a disk fraction of around a third, with no significant variation in the disk fraction between the three subgroups (Chen et al. 2011). As a large association with a relatively narrow age range, the region is particularly valuable since it provides a snapshot of the outer architectures in planetary systems, even among stars with similar masses and formation environments. A number of scattered light debris disk studies with the SPHERE (Spectro-Polarimetric High-contrast Exoplanet REsearch) instrument at the VLT (Very Large Telescope) and GPI (Gemini Planet Imager) at the Gemini telescope have revealed significant diversity of disk architectures among Sco-Cen stars, hinting at the possible presence of many outer planetary systems (e.g., Kalas et al. 2015; Hung et al. 2015; Feldt et al. 2017; Bonnefoy et al. 2017, 2021; Matthews et al. 2017; Engler et al. 2020; Hom et al. 2020).
HD 112810 (HIP 63439) is an F4-type star in the Lower Centaurus Crux (LCC) region of the Sco-Cen association (de Zeeuw et al. 1999; Rizzuto et al. 2011; Gagné et al. 2018), with an age of ~ 17 Myr (Pecaut et al. 2012) and a distance of 133.7 ± 0.3 pc (Gaia Collaboration 2021). The star has a well-characterized IR excess, which has been studied with several facilities including Spitzer (Werner et al. 2004) and WISE (Wright et al. 2010). Chen et al. (2011) detected excess emission at both 24 µm and 70 µm with Spitzer/MIPS, and Chen et al. (2014) subsequently presented Spitzer/IRS spectroscopy of the target. HD 112810 also shows a clear excess in the WISE W3 (11.6 µm) and W4 (22.1 µm) channels (McDonald et al. 2012; Cotten & Song 2016). Chen et al. (2014) used blackbodies to model the Spitzer MIPS and IRS measurements of HD 112810, and found evidence for two distinct temperatures of dust, at [image: equation] and [image: equation] respectively. This corresponds to radii of ~8 au and ~160 au, following the conversion in Pawellek & Krivov (2015) which modifies the blackbody equilibrium temperature of grains based on realistic compositions, though there is an inherent uncertainty in deriving dust positions from SED information alone. Jang-Condell et al. (2015) modeled the same Spitzer data as presented in Chen et al. (2014) using more realistic grain properties (as opposed to blackbodies), and derived somewhat hotter temperatures of 405 ± 35 K and 69.5 ± 0.9 K, corresponding to physical locations of 0.951 ± 0.2 au and 24.3 ± 2.9 au using the grain property treatment described in Jang-Condell et al. (2015). The LIR/L* value is near the faintest end of the distribution of disks that have been detected in scattered light to date (Esposito et al. 2020, see their Fig. 15).
The HD 112810 debris disk has been detected in the continuum with ALMA (Lieman-Sifry et al. 2016) at a peak signal to noise ratio of 8.6. The disk was resolved along the major but not minor axis, leading the authors to derive a disk inclination >67°, and an outer radius for the dust belt of [image: equation] au (using the updated Gaia distance to the target). Only relatively edge-on disks are detectable in total intensity scattered light images, for several reasons. For an optically thin disk, the integrated dust quantity along each line of sight is higher for a highly inclined disk, and this corresponds to a higher peak disk flux. Many disks are strongly forward scattering (e.g., Milli et al. 2017), further boosting the peak surface brightness of an edge-on disk relative to a face-on disk. Further, the angular differential imaging technique for high-contrast imaging is biased against detecting axisymmetric signal: in this method, a sequence of observations at different telescope orientations are used to model and subtract the stellar point spread function (PSF) from each image. Such signal is present regardless of the telescope orientation, and is therefore subtracted with the stellar PSF (e.g., Milli et al. 2012). These biases are clearly confirmed in observations: in the sample from Esposito et al. (2020), 15/18 disks detected in total intensity have an inclination ≥80°, and 17/18 have inclination ≥75°.
The ALMA observations of HD 112810, which indicate a relatively large outer dust radius and an inclination of >67°, suggest that a total intensity scattered light detection of the disk may be possible, but is challenging depending on the true inclination of the disk. While the most edge-on disks are the easiest to detect, those at more modest inclinations provide interesting characterization opportunities: in particular, the geometry of these disks is such that the front and back edges are well separated from each other and from the host star in disk images, meaning that the scattering phase function (SPF) of the disk can be measured across almost the full range of scattering angles. This can be key in untangling the grain structure and composition (e.g., Milli et al. 2017). These grains provide a route to understand the bulk compositions of exoplanets, since these dust grains are generated through the collisions of planetesimals. Such planetesimals should trace the compositions of any rocky exoplanets that form at wide separations.
In this paper, we present the first scattered light images of the HD 112810 debris disk, collected with the VLT/SPHERE high-contrast imager. We observed the target as part of two surveys of multi-belt, or “holey” debris disks, selected based on the target SED (Matthews et al. 2018; Bonnefoy et al. 2021, and references therein). The twin goals of these surveys were to search for planets in the debris disk gaps, and to characterize the disks themselves in scattered light. The paper is organized as follows: we first reassess the stellar properties of HD 112810 in Sect. 2. We describe our observations and data reduction in Sects. 3 and 4 respectively. We model the disk structure in Sect. 5 and discuss the constraints on possible planets in the system in Sect. 6. Finally, we discuss key takeaways of this work in Sect. 7.
Table 1 
Observing log for HD 112810.

2 Stellar properties of HD 112810
The characterization of the stellar properties of HD 112810 is based on the methods described in Desidera et al. (2021). HD 112810 is a single star, with no physical companions detected in the HARPS radial velocity monitoring (16 epochs over 671 days, see Sect. 6.3; Grandjean et al. 2023), the Gemini/NICI snapshot survey (Janson et al. 2013) or in the Gaia catalog (where no comoving objects are found up to more than 20 000 au projected separation2). Several indicators in the Gaia data further indicate that unseen stellar companions are unlikely (see Sect. 6.4 for details). Therefore, we can safely adopt the Gaia parameters (DR3) to evaluate the Sco-Cen membership as previously inferred by de Zeeuw et al. (1999), Rizzuto et al. (2011). Using BANYAN Σ3 (Gagné et al. 2018), which compares the Gaia position, parallax, proper motion, and radial velocity of a target to confirmed members of various moving groups, we found a 98.9% membership probability for LCC, 0.9% for UCL and just 0.2% for a field object. Therefore, we assume the membership to LCC and adopt a corresponding age of 17±3 Myr for the system (Pecaut et al. 2012), though we note that future works with Gaia data will likely determine more precise ages for the Sco-Cen subgroups (see e.g., Ratzenböck et al. 2023).
The star is a mid-F-type star with marginally significant reddening. From the observed photometric colors, and adopting E(B-V) = 0.016 ± 0.016 (Montalto et al. 2021, based on the reddening maps from Lallement et al. 2018), we derived Teff = 6637 ± 120 K using Pecaut & Mamajek (2013) tables4. Adopting these values and the Gaia trigonometric parallax, and limiting the fit to the plausible ages for LCC, we used the PARAM web interface5 (da Silva et al. 2006) to derive the stellar mass and radius. The PARAM interface allows for probabilistic fitting of Teff, [Fe/H], parallax, and age to the PARSEC stellar models (Bressan et al. 2012), in order to derive stellar mass and radius. For the case of HD 112810, we used a tight age constraint (17 ± 3 Myr) corresponding to the Sco-Cen membership, and determined a mass of 1.399 ± 0.037 M⊙ and a radius of 1.369 ± 0.032 R⊙ for HD 112810. Note that these uncertainties are model-fitting uncertainties only, and do not include any systematic uncertainties in the PARSEC models. The corresponding stellar luminosity is 3.30 L⊙.
3 Observations
We imaged HD 112810 with the SPHERE high-contrast imager (Beuzit et al. 2019) at the VLT. We collected a total of 6 distinct observing sequences on the target, with four of those being successfully completed; details of each observation are given in Table 1. All of our observations were collected in the IRDIFS mode, whereby light is split through a dichroic mirror, and images are simultaneously recorded in two different wavelength ranges, with the dual-band IR imager IRDIS (Dohlen et al. 2008; Vigan et al. 2010; Zurlo et al. 2014) and the integral field spectrograph (IFS; Claudi et al. 2008; Mesa et al. 2015). To suppress starlight we used the N_ALC_YJH_S coronagraph, which has an inner working angle of ~0.1″. We collected all of the observations in pupil-stabilized mode, whereby the field naturally rotates with respect to the pupil position over the course of the observing sequence. This means that the stellar speckles have a consistent orientation between images, while any circumstellar material appears to move between images as the field rotates. This allows for angular differential imaging (ADI; Marois et al. 2006) to construct reference images of the quasi-static stellar speckles that can then be removed from the science images.
The first series of observations, in 2016, were collected as part of three SPHERE programs, all of which had a primary aim of searching for giant planets in systems with known debris disks (see Matthews et al. 2018; Lombart et al. 2020). These observations all used the dual-band DB_H23 IRDIS filter (λ = 1593 nm, Δλ = 52 nm and λ = 1667 nm, Δλ = 54 nm), and the YJ mode of the IFS (39 wavelength channels between 0.95 and 1.35 µm), to be optimized for sensitivity to exoplanets. Our data processing revealed a very faint scattered light disk in the IRDIS data (see Sect. 4).
After the identification of this disk, we revisited the target with the aim of boosting the signal-to-noise of our detection. We collected two observation sequences on consecutive nights in February 2020. For these observations, we used the broadband B_H filter (λ = 1625 nm, Δλ = 290 nm) in order to collect more disk photons, as well as the same YJ mode of the IFS. We also used an extended integration time and field rotation (see Table 1) to improve the sensitivity relative to the early observations.
For observation (1) only acquistion frames were collected before the observation was aborted; for observation (5) the sequence was aborted after 10th cube (140th image) due to a technical fault. In the final cube before the sequence was aborted, the header value HIERARCH ESO TEL PARANG END is incorrectly listed as 0.000, but accurate parallactic angles can still be derived for each slice based on the telemetric values in the header. Since the weather conditions were good until this technical fault, we include this full sequence of observations in our analysis. The other four observations were all collected in good weather conditions, and the target was always at airmass <1.2; we list the seeing and field rotation of each observation in Table 1.
Each observing sequence included several calibration frames. Specifically, we collected at least one flux calibration frame and one center calibration frame with both IRDIS and IFS for each observation. For the flux frames, the star center was offset from the coronagraph so that the PSF can be accurately measured. For the center frames (also known as waffle frames), two periodic modulations were applied to the deformable mirror such that four satellite spot images were created in a square pattern, equally displaced from the stellar position. This allows the star center position to be reconstructed to an accuracy of ~0.1 pix (1.2mas; Vigan et al. 2016) behind the coronagraph. The flux and center calibration frames were collected immediately before and/or after the science sequence. For some observations, we also collected sky background frames at the end of observation sequence.
4 Data processing
The HD 112810 disk is very faint in scattered light, as can be seen in Fig. 1. We performed data reductions with several independent pipelines and algorithms, to demonstrate the robustness of our detection and ensure that the extracted physical parameters of the disk are not biased by the specific choice of reduction algorithm. We used two ADI based approaches for each dataset, and also used a reference library RDI based approach for the IRDIS DB_H23 data. The disk was recovered in all IRDIS data reductions except for the 2016 Mar 16 epoch, and in none of the IFS data reductions. The data reduction is split into two distinct phases: firstly a pre-cleaning step, where individual frames are cleaned and calibrated, and secondly a speckle removal step where post-processing algorithms are used to model and remove the stellar PSF and speckle noise.
4.1 ADI with GRAPHIC/PCA
We reduced the SPHERE/IRDIS data from scratch using the GRAPHIC pipeline (Hagelberg et al. 2016). The GRAPHIC pipeline uses a unique Fourier analysis approach to perform frame shifts and rotations, which ensures that high-frequency noise is well preserved during these frame shifts. Hagelberg et al. (2016) demonstrate that this technique offers an improved contrast relative to an interpolation method at small separations (≲1″). The pipeline also includes a custom implementation of the commonly used annular Principal Component Analysis (PCA) approach to model and subtract stellar speckles (Amara & Quanz 2012; Soummer et al. 2012).
We briefly describe the key steps here, and refer the reader to Hagelberg et al. (2016) for a complete description of the pipeline. Frames are first registered: during this process key information such as the time and parallactic angle of each frame are extracted from the file header, and the position and extent of the stellar PSF are fitted. A master-sky (where available) or master-dark, and a master-flat are applied to the data. Bad pixels are identified from the dark or sky frames using σ-clipping, and replaced with the median value of neighboring pixels. Frames are re-centered to align with the waffle frame, and the position of the star behind the coronagraph is extracted from the center calibration frames.
We applied ADI with a PCA algorithm to concentric annuli of the image. This allows for the stellar speckles (which have a consistent orientation between images) to be distinguished from any disk or planet signal (which moves between images as the field rotates). When calculating the PCA components to subtract from each frame, we use a minimum separation criterion in parallactic angle that varies with radial separation so as to minimize self-subtraction. Several PCA components are subtracted from each of the images to remove the stellar speckle and leave any disk and planet signal. These subtracted frames are finally derotated to the same on-sky angle, and combined. This process is carried out in a wavelength-by-wavelength fashion, that is, we first apply the PCA to each of the IRDIS H2 and IRDIS H3 filters, and then co-add the images after PCA analysis. Figure 1 (left column) shows the final IRDIS images of the disk, as processed with GRAPHIC/PCA.
We followed a similar data reduction approach for the SPHERE/IFS frames, with a few key differences. We used the vlt-sphere package (Vigan et al. 2015; Vigan 2020) to perform pre-processing, that is, to turn each frame from a 2D image of spectra to a 3D spectral cube. This routine makes use of several esorex functions (Pavlov et al. 2008) and applies dark and flat corrections, calculates the positions of spectra in the 2D image and calibrates their wavelength, and creates an IFU flat. The routine also corrects bad pixels and detector cross-talk (see Vigan et al. 2015 for details). We then applied the GRAPHIC PCA routine as described above. We considered each wavelength separately during the PCA analysis to create a cube of 39 ADI-reduced images. We also co-added the cube of PCA-processed images to create a broadband YJ reduction. We were unable to identify any disk signal in the reduced IFS data, even when all of the wavelengths were stacked and combined. The processed IFS images are shown in Fig. 2.
4.2 ADI with TLOCI and ANDROMEDA
To further rule out the possibility of the disk signal being a reduction artefact, we also reduced the data from scratch at the SPHERE Data Center (DC) by means of the SpeCal pipeline (Delorme et al. 2017; Galicher et al. 2018). For IRDIS data, we applied ADI using the standard Template Locally Optimized Combination of Images (TLOCI) reduction technique (Lafrenière et al. 2007). Similar to the PCA approach, this involves building a custom reference image to subtract stellar speckles from each science observation. The calibration of true north and pixel scale employs observations of compact stellar clusters as described in Maire et al. (2016). These reductions are shown in the middle column of Fig. 1. For the IFS data, we used the ANDROMEDA reduction technique (Cantalloube et al. 2015). This tracks planetary signatures by using a forward-modeling approach and a maximum likelihood estimator (Mugnier et al. 2009). By using the ADI technique and performing pairwise subtraction of the images, the quasi-static stellar halo is removed, while the circumstellar signal rotates through the observation sequence as a function of parallactic angles. The ANDROMEDA reduction of the IFS data is shown in Fig. 2.
The SPHERE DC results for both the IFS and IRDIS support our results with GRAPHIC: the disk is clearly visible in all IRDIS images except for 2016 Mar 16, and is not visible in any IFS reductions. We also searched for additional companions in the IFS field of view. While a number of points with Signal to Noise ratio (S/N) ~ 4 are observed in both the GRAPHIC and ANDROMEDA IFS reductions, these are not consistent between epoch or between reduction method, implying that these are artefacts of the reduction process, as opposed to bona fide companions.
	[image: thumbnail]	Fig. 1 SPHERE/IRDIS images of the HD 112810 debris disk. Each column indicates data processed via a different method: GRAPHIC/PCA (Sect. 4.1; Hagelberg et al. 2016), TLOCI as provided by the SPHERE data center (Sect. 4.2; Delorme et al. 2017) or RDI (Sect. 4.3; Xie et al. 2022); rows indicate each observation epoch. In each case, the two SPHERE/IRDIS channels are co-added. There are no RDI reductions for the BB_H data, since there is far more data collected with the DB_H23 filter in the archive, and the reference library we considered does not collate BB_H data (Xie et al. 2022). The “normalized signal” is calculated relative to the background noise in the wide-field; we note that this is not a true S/N at very small separations, where the noise is higher than the background limit.



4.3 RDI with reference library and PCA
Different techniques developed to remove the stellar contributions may have different impacts on circumstellar objects, especially extended objects (e.g., debris disks), for which the photometry and the morphology are affected (Milli et al. 2012). To validate the disk detection via GRAPHIC/PCA and DC/TLOCI, we applied reference-star differential imaging (RDI; Smith & Terrile 1984; Golimowski et al. 2006) to recover the scattered light emission of the disk.
We used the reference library implementation from Xie et al. (2022) to construct and subtract reference images; we briefly describe the key steps here and refer the reader to that work for details. In this approach, a library of archival reference star observations are used to create the model of the stellar PSF. We adopted the archived observations of reference stars selected by Xie et al. (2022). The selected master reference library contains 725 SPHERE observations of reference stars in the DB_H23 IRDIS filter. We used the mean square error (MSE) between images to measure the image correlation, and down-selected the 500 most correlated reference images from the master reference library for each science image in each epoch of science observations. For each science observation, we combined the down-selected reference images and formed a single library with non-redundant references. Then we performed PCA on the down-selected reference library to construct the PSF model for each science image in each epoch of HD 112810 observation. For RDI-PCA, we used 400 PCA components to remove the stellar contributions. The temporal images were then derotated and mean combined to form the residual images in H2 and H3. The H2 and H3 bands were processed separately and mean combined to form the final residual image in the H23 band shown in Fig. 1 (right column). The reference library of Xie et al. (2022) does not include BB_H data, since there are many fewer BB_H observations that DB_H23 observations in the SPHERE archive. We therefore only used the RDI approach for the 2016 data, observed in DB_H23.
	[image: thumbnail]	Fig. 2 SPHERE/IFS reduced data for HD 112810. Here, we show an image with all data epochs and all wavelengths co-added, with the GRAPHIC/PCA (left) and ANDROMEDA (right) algorithms applied to remove stellar speckles. In both cases, these are S/N maps; for GRAPHIC/PCA each annulus is scaled by the variance in that annulus, causing sharp transitions between concentric annuli. We tried several data reduction approaches and varied the values of tuned parameters. While a few bright spots are seen very close to the inner working angle, these are detected at low significance and are not at consistent locations between epochs – indicating that these are residual stellar speckles. The disk signal is not visible in any IFS data, either in the individual or in the co-added epochs.



5 Constraints on the disk structure
We modeled the scattered light emission of the HD 112810 disk in order to constrain the disk structure and understand the physical distribution of small dust grains in the disk. In this section we first describe the modeling process, and then detail the various physical models that we tested. We found HD 112810 to be well-fit by a single ring of dust at 118 ± 9 au, that is radially very narrow and vertically unconstrained. We used the epoch (6) observations collected with the IRDIS B_H filter for the modeling, since this is the deepest disk observation and the highest signal-to-noise disk detection. We briefly discuss the best fit for other epochs in Sect. 5.6.
We used the same disk modeling procedure as in Matthews et al. (2017; see also Wahhaj et al. 2014): our process consisted of generating synthetic disk images, subtracting these from the cleaned data, reprocessing that subtracted data, and measuring the goodness of the fit in the reprocessed, residual images. This allows for the modeling to take into account the radially varying transmission of the speckle removal process, as well as any self-subtraction introduced during the speckle removal.
5.1 Synthetic disk model
Our synthetic disk images were generated using the GRaTeR ray tracing code (Augereau et al. 1999, IDL implementation). We modeled the disk as optically thin, meaning that the disk brightness at each point in 3D space is simply defined by the local dust density, the scattering properties of the dust, and the distance of that point from the star.
The generalized form of the disk density in GRaTeR is
[image: equation](1)
where r and z are the radial and vertical distance from the star, respectively. The vertical structure is parametrized in the exponential term by ξ0, β and γ: ξ0 is the disk vertical scale height at r0, β is the disk flaring index, and γ defines the shape of the vertical profile. For this work, we set β =1 and γ = 2 throughout – that is, a disk with linear flaring and a Gaussian vertical profile.
The radial structure is set in the denominator by a characteristic radius r0 and two power laws defined by αin and αout, characterizing how sharply the dust density decreases with distance from r0. In the case that |αin| = |αout|, the radial maximum dust density is at radius r0. Note that the quoted r0 values and uncertainties refer to the characteristic radius, while the belt width is defined by the αin and αout parameters.
The scattering is parameterized as a function of angle using the Henyey-Greenstein function:
[image: equation](2)
where θ is the scattering angle at each point in the disk and g is the anisotropy parameter, with g = −1 and g = 1 corresponding to the extreme cases of 100% back-scattering and 100% forward-scattering.
The disk flux F at each point in the grid is then derived by combining the local disk density, scattering phase function, and the distance from the star (d2 = r2 + z2) as
[image: equation](3)
Finally, the synthetic disk image is generated by adding the flux terms along the line of sight. For all fits presented in this paper, we used an arbitrary scaling factor of ρ0 when subtracting synthetic disk images from the data.
5.2 Parameter estimation process
Synthetic images were generated following the process described above for each set of physical disk parameters, and were then convolved with a 2D Gaussian to mimic the impact of the telescope PSF. These disk images were subtracted from each slice of the pre-cleaned data cubes (see Sect. 4 for details), at the appropriate rotation angle for that slice. This subtraction of disk images was performed before the application of the stellar speckle removal algorithm. We used the GRAPHIC/PCA (Sect. 4.1) speckle analysis process for model-subtracted cubes, to generate a residual image. This can be a relatively timeintensive procedure, and so we made two changes relative to our original GRAPHIC/PCA reduction described in Sect. 4.1. Firstly, we only performed PCA on the central region of the image, where there is disk flux. We restricted the analysis to a radius of 91 pixels (=1.115″) from the central star. Secondly, we binned temporally to reduce the number of independent images in the datacube. We median-combined each consecutive set of 4 images, accounting for the small parallactic angle changes (always <1°, corresponding to < 1.2 pixel at the disk ansae) between individual images.
This residual image was then used to calculate a χ2 value, as a proxy for the quality of the fit. This χ2 was calculated as [image: equation] with Fi the data value of the pixel in the residual image, and σr a radially varying uncertainty term, so as to represent the increased stellar speckle noise very close to the star. The σr value is calculated from the standard deviation of pixel values in a small annulus, and inflated to account for the spatial correlation of neighboring pixels. Following Hinkley et al. (2021), we inflated the errors by the square root of the number of pixels in a correlated region, taking into account both the size of the PSF and the radial PSF elongation that derives from the filter bandwidth (which is negligible for the DB_H23 narrowband filters). The inflated uncertainties are calculated as [image: equation], where rpixel(r) represents the uninflated pixel uncertainty, calculated as the standard deviation of pixel values in each annulus.
The χ2 was calculated in a bar-shaped region around the approximate position of the disk. The χ2 value for each synthetic image allows us to assess the relative quality of each fit, and to optimize over disk parameters. We first found a visual fit that appeared to match the observed disk structure, and then performed an MCMC analysis using emcee (Foreman-Mackey et al. 2013), and using the visual fit values as the starting parameters.
5.3 Five parameter fit
We first tested a simple model with five free parameters: three disk parameters (radius r0, forward scattering g, and overall scaling ρ0), and two parameters defining the on-sky position of the disk (inclination itilt and position angle PA). For this fit, we set ξ0 = 4.4 au. This provides an aspect ratio of ~4% at r0 (initially estimated at ~ 110 au), which is the minimum natural aspect ratio of small dust grains in a disk, in the absence of perturbing bodies (Thébault 2009), and we set |αin| = |αout| = 3.5.
We found a good fit to the disk, which is shown in Fig. 3 (top panel), alongside the cleaned data without the disk subtracted, and a residual image (that is, a cleaned datacube with the best-fit model subtracted that is then re-processed with PCA). No significant structure seen in the residuals, indicating that the disk is well-fit with a single dust belt at radius 101 ± 7 au. The best-fitting parameters are listed in Table 2. In Appendix B, we include a corner plot of the posterior, highlighting the key correlations in this dataset. In particular, r0 and itilt are correlated, which is a natural result of the disk geometry: the observable parameter from which the r0 and itilt values are derived is the semi-minor axis of the projected disk ellipse in the SPHERE images, which is equal r0 cos(itilt). A bright patch of emission is seen to the right of the star, which is not co-located with the disk emission; this feature is only seen in one data epoch and is assumed to be an uncorrected stellar speckle.
5.4 The disk vertical profile
To test whether the disk vertical profile can be usefully constrained with the in-hand data, we also performed a fit with one additional free parameter, the disk scale height ξ0, in addition to the five parameters explored in Sect. 5.3. We used a log-uniform prior for ξ0, and used best-fit values from the 5-parameter fit as starting values for all other parameters.
The best fit for this model is shown in Fig. 3 (second row). The posterior for ξ0 traces the prior distribution. The other disk parameters are in good agreement with the values found in Sect. 5.3, except that ρ0 is somewhat higher and less well-constrained, due to the strong anticorrelation between ρ0 and ξ0. A corner plot of the posterior distribution is included in Appendix B.
While formal median and best-fit values are derived from the posterior and quoted in Table 2, we note that these are largely driven by the prior, and in the absence of data constraints a log-uniform prior favors small values. The median and best-fit are lower than the physically motivated natural aspect ratio used in Sect. 5.3; we infer that the vertical structure cannot be constrained, and therefore prefer the physically motivated value of ξ0 = 4.4.
5.5 The disk radial profile
We also explored whether the disk radial profile can be usefully constrained with the available data. In this case we performed a fit with seven free parameters: the five parameters from Sect. 5.3, as well as αin and αout; we fixed the ξ0 = 4.4 as discussed in Sect. 5.4. We used log-uniform priors for both αin and αout.
The best fit for this model is shown in Fig. 3 (bottom row). We find evidence that the disk is narrow: for both α parameters, low values are disfavored. In particular, values of αin ≲ 7.5 are disfavored; above this value the posterior follows the prior. For α0ut, the posterior is moderately well constrained, though very high values are not completely excluded; we find a best-fit value of [image: equation]. We interpret that the scattered-light disk is narrow – broad disks are ruled out – and that the disk is too narrow to be well-resolved, precluding better constraints on the radial structure to be derived. Effectively, this fit is providing a lower limit on the α parameters, and an upper limit on the disk radial width.
This 7-parameter fit gives a somewhat higher radius than the 5-parameter fit (118 ± 9 au vs 104 ± 7 au). This is a natural result of the disk geometry: while the dust density is at a maximum at r0, the brightness profile is proportional to r/d2, and is therefore at maximum closer to the star than r0 – a broad disk profile characterized by |αin| = |αout| = 3.5 has maximal brightness at 0.91r0, a very narrow disk profile with |αin| = |αout| = 10 has maximal brightness at 0.99r0. The offset between observed maximal brightness and r0 is much smaller for this seven parameter fit with a very narrow disk profile than for the fit presented in Sect. 5.3.
Due to the correlation of r0 and itilt, we also retrieve a somewhat higher inclination value than the 5-parameter fit ([image: equation] vs. [image: equation]). Both r0 and itilt are ~1.4σ larger for the 7-parameter fit than the 5-parameter fit.
We adopt the results of this 7-parameter fit as the derived disk parameters. The scattered light images of HD 112810 hosts a single, radially narrow ring, with a poorly constrained vertical profile.
	[image: thumbnail]	Fig. 3 Best fitting models to the data, alongside the raw data and the residual image with the disk subtracted. 3- and 5-σ contours (relative to the background noise) are shown in pink and purple respectively. The three rows show the best fitting models for (a) the 5-parameter fit (b) the vertical structure fit, and (c) the radial structure fit (see Sects. 5.3–5.5). Best-fit parameters are given in Table 2. Residual images are generated by subtracting model disks from the raw data, and then repeating the PCA reduction. The debris disk is well-subtracted in all cases.



Table 2 
MCMC best fit model parameters for each of the fits described in Sects. 5.3–5.5.

5.6 Disk constraints from other epochs
All the above sections have focused solely on the 2020 Feb 18 data (observation 6 in Table 1), which is the highest significance disk detection due to the long exposure time and broadband filter. We also explored the constraints available from other epochs of data. The 2020 Feb 18 observations are the most constraining: in particular, the radial profile (that is, αin and αout) cannot be well constrained from other epochs of data, which also causes small differences between epochs in the retrieved r0 and itilt as discussed in Sect. 5.5.
6 Limits on substellar companions
Stellar and substellar companions to HD 112810 can be observationally excluded across much of parameter space. As well as the high-contrast imaging observations presented in this work, there are archival radial velocity data, and on-sky acceleration constraints based on the HIPPARCOS and Gaia observations of the systems.
6.1 Observational limits on planets: imaging
To calculate the sensitivity of the SPHERE images, we injected fake companions into the cleaned data cubes, before the processing with the PCA algorithm. We then repeated the full PCA reduction, and measured the brightness of the fake companions in the PCA reduced cubes. This process was repeated a number of times, with fake planets at different position angles and separations. Figure 4 (left) shows the sensitivity of our images in magnitudes relative to the host star. To determine our ability to detect planets in this dataset, we additionally converted these magnitude values to masses. Absolute masses were converted to contrasts using the ATMO isochrones from Phillips et al. (2020) in the relevant SPHERE filters using an age of 17 Myr. The mass sensitivities in the IRDIS bands are given in Fig. 4 (right).
We also converted these limits to completeness curves, using exoDMC (Bonavita 2020), as shown in Fig. 5. exoDMC simulates a suite of test planets, and calculates the fraction of planets that would be observed as a function of mass and separation. For this process, we fixed the inclination of all test planets to the inclination of the disk.
The young age of this system corresponds to an excellent planet sensitivity in the background limited regime, though this regime is limited to ≳150 au due to the distance of the star (133.66 ± 0.29 pc). We are sensitive to planetary mass companions (<13 MJ) beyond ~ 150 mas = 21 au, and to ~2 MJ companions in the background limited regime (beyond ~200 au).
6.2 Imaged candidate companions
Five candidate companions to HD 112810 were identified in Matthews et al. (2018), with separations between 3.5″ and 6.2″ from the host star. In that work, HD 112810 was only observed once, and the candidate companions were deemed to be likely background objects due to their relatively wide projected separations (between 470 au and 830 au). Here, we use the new data from 2020 to reassess the status of these candidate companions, and we confirm that they are indeed background objects (full astrometry and plots are given in Appendix A). We also note that two of these sources are detected in Gaia DR3; the Gaia detections are consistent with the results of the common proper motion test.
We also present astrometry and photometry for one additional candidate companion identified in the 2020 data. This object was too faint to be detected in the 2016 observations (see Fig. 4 for relative sensitivities of the different observations), but is observed in both 2020 epochs. At separation ~5.2″, this candidate is highly likely to be a background object given the local background density, and the wide separation of the companion. Full astrometry for this companion is given in Appendix A.
	[image: thumbnail]	Fig. 4 Contrast (left) and mass sensitivities (right) of each epoch of observations. The legend applies to both figures; cool colors indicate the narrowband DB_H23 observations and warm colors indicate the broadband BB_H observations. Companion magnitude limits were converted to mass limits using the ATMO models from Phillips et al. (2020).



	[image: thumbnail]	Fig. 5 Detection completeness for HD 112810. Shaded rows show completeness for radial velocity observations (blue), HIPPARCOS-Gaia proper motion analysis (pink), and high-contrast imaging observations (green) along with the debris belt positions (gray). Shaded regions indicate the mass vs separation contours at which 10%, 50%, 90% and 99% of companions would be detectable with in-hand data, as described in Sects. 6.3, 6.4 and 6.1 respectively. The inner and outer belt positions are derived from the SED fit and SPHERE modeling respectively. Planetary mass companions and small brown dwarfs at intermediate and wide separations are largely ruled out from the proper motion and imaging constraints. The radial velocity constraints are weaker, ruling out only massive stellar companions at short periods.



6.3 Observational limits on planets: radial velocities
HD 112810 was observed with HARPS as part of a larger radial velocity survey for massive planets around young stars (Grandjean et al. 2023). That work collected 16 radial velocity points across 8 nights between 2019 Apr 29 and 2021 Feb 28. We independently reduced these data following the process described in Trifonov et al. (2020), and then tested the sensitivity of these data to substellar companions by injecting synthetic companion signals across a range of masses and periods, at the inclination of the debris disk. This process was carried out using an updated version of the code from Barbato et al. (2018).
We found that the radial velocity data for this target are not sufficient to place constraints on substellar companions. This is perhaps unsurprising, given that the host star is a young and early-type star: young stars are typically active, and early-type stars have fewer lines, making this a very challenging host star for radial velocity planet detection. The data are only sensitive to companions ≳200 MJ(=0.19 M⊙) at periods of a few days, and even more massive companions at wider separations (see Fig. 5).
6.4 Observational limits on planets: astrometry
We also examined the constraints available from astrometric analysis of HD 112810, based on the HIPPARCOS and Gaia proper motion measurements: a significant difference in proper motion would indicate that a target is accelerating, due to the presence of an unseen companion. HD 112810 does not show any sign of acceleration: the short-term proper motions of HD 112810 at the Gaia epoch and HIPPARCOS epoch, as well as the long-term average proper motion (calculated from the HIPPARCOS and Gaia position measurements) are all consistent with each other (Brandt 2021). The star has a renormalized unit weight error (RUWE) value of 0.994 (Lindegren et al. 2018; Gaia Collaboration 2023) – strongly implying that the object is a single star. To determine the companion space that is ruled out by these observations, we simulated the observed proper motions for synthetic planets across a range of masses and periods, at the inclination of the debris disk and randomizing over orbital eccentricity, and compared their proper motions to the measured HIPPARCOS, Gaia, and long-term average proper motion. We then calculated the fraction of simulated orbits that are incompatible with the observational constraints. Figure 5 (pink shading) indicates the threshold at which the in-hand data rules out 10%, 50%, 90%, and 99% of all simulated planets. Stellar companions are largely ruled out beyond ~4 au; our detection completeness to brown dwarfs (>13 MJ) is above 50% beyond 3 au based on the proper motion of HD 112810.
6.5 Planet inferences from disk properties
Inferring the presence of planets using the disk structure – either from resolved images or SED constraints – is a method that has long been employed since the discovery of debris disks (see e.g., Mouillet et al. 1997; Quillen 2006). In particular, when two belts are observed with a gap in between, one common hypothesis is that one or more planets may have carved out this gap – in this case, the inferred planet properties can be constrained from the disk structure (see Marino et al. 2018, 2019, 2020; MacGregor et al. 2019, for the most recent applications of this method dedicated to the disks of HD 107146, HD 92945, HD 15115, and HD 206896, respectively). General studies using both analytical arguments and N-body simulations – and exploring the different processes through which planets can carve gaps in disks – allow us to derive the possible number, mass and location of these planets for any given system (e.g., Morrison & Malhotra 2015; Shannon et al. 2016; Yelverton & Kennedy 2018).
The SED of HD 112810 indicates the presence of two belts, located at ~8 au and ~160 au (Chen et al. 2014; Pawellek & Krivov 2015) – somewhat reminiscent of the HR 8799 architecture, which has dust belts at ~15 au and ~145 au (Booth et al. 2016). In the general framework provided by Shannon et al. (2016), if these two rings formed as a single broad belt with a gap carved by planets, that would imply a chain of at least 2 planets, with mass at least 1.8 MJ, close to the planet detection limits of the current work (Fig. 4). However, we note that Shannon et al. (2016) considered only circular planets, and eccentric planets may have a similar gap-carving impact at smaller masses (e.g., Bonnefoy et al. 2017). Further, the properties of the inner debris disk belt are derived from the SED only, and are somewhat uncertain. These very widely spaced belts of debris could also indicate two rings of material that are generated separately, as opposed to a single belt with a gap carved by planets. More detailed disk constraints would be required to make detailed dynamical inferences about planets in the system – in particular, such inferences would benefit from observations with the spatial resolution and sensitivity to resolve the disk radial profile, as well as detect any fainter disk components that are not detected in the current images.
7 Discussion
HD 112810 provides a particularly faint scattered-light disk, barely detectable with present-day facilities: even with several long observations (1–2 h on-sky integration per visit) with a state-of-the-art AO+coronagraph system, the disk is only weakly detected. This is perhaps unsurprising, given its large radius (~118 au), moderate inclination (~75.7°), and the relatively low IR excess of the outer belt (LIR/L* = 5.9 × 10−4) placing the debris disk at the edge of the population of disks that have been imaged in scattered light (Esposito et al. 2020).
This comparative faintness inevitably makes the disk challenging to study. The disk is nonetheless a valuable addition to the gallery of resolved disks, in particular due to its moderate inclination angle, which traces out a similar geometry as HR4796.
7.1 The GRATER disk model: a single, symmetric ring
In Sect. 5, we demonstrated that the debris disk is well fit as a single ring, with a characteristic radius 118 ± 9 au, a poorly constrained vertical profile, and a very narrow radial profile (see Sect. 5; Fig. 3).
We highlight that some disk parameters are correlated; in particular the radial profile, the characteristic radius r0, and the disk inclination angle. That is, without an accurate determination of the radial profile, the true characteristic radius r0 will be systematically offset from the derived value; this in turn has an impact on the derived inclination angle of the disk. This effect would particularly impact comparative studies where fitted r0 values from various different literature sources are compared, depending on the radial profile assumptions made. Ideally, such comparative works should rederive disk parameters using consistent modeling assumptions.
We do not see any evidence for complex structure in the HD 112810 disk (i.e., multiple rings, gaps, warps, asymmetries etc). However, it is worth noting that this is partly a comment on the relative faintness of the disk. For example, a secondary ring of small grains, such as that observed for HIP 73145 (Feldt et al. 2017) and HIP 67497 (Bonnefoy et al. 2017), would likely be fainter than the main component observed here, and below the noise floor of these observations.
7.2 Comparison of scattered light, thermal emission, and disk SED
Near-IR scattered light images, such as those presented here, trace a different population of grains than those that dominate the ALMA images and SED measurements for the system. We nonetheless briefly comment on how the parameters compare between the SPHERE, ALMA, and SED observations.
Lieman-Sifry et al. (2016) imaged HD 112810 using ALMA, and presented both continuum at 1240 µm and 12CO(2–1) images of HD 112810. The disk is only detected in the continuum emission; in these images the disk is resolved only along the major axis. Lieman-Sifry et al. (2016) fit the debris disk as a single, broad belt, at an inclination angle >67°, and a position angle of [image: equation]. That work – updated with the Gaia distance to the target – found the disk inner and outer edges to be Rin < 28 au and [image: equation] au respectively.
The scattered light disk position angle and inclination derived in this work are in good agreement with the ALMA values. Notably, the disk is only marginally more inclined than the maximum resolvable inclination of ~67° presented in Lieman-Sifry et al. (2016); a deeper observation with a longer baseline would likely be able to resolve both the major and minor axes of the disk. We measured a disk radius of 118 ± 9 au, which is consistent with the outer edge of the broad dust belt observed with ALMA for this target. The scattered light detection indicates a much narrower belt than the ALMA constraint, but we note that neither the scattered light nor the thermal imaging place particularly strong constraints on the dust radial profile.
Both the ALMA and SPHERE data indicate a disk at a smaller radius than predictions based on the SED alone. Chen et al. (2014) used Spitzer IRS spectroscopy to determine that the star has a two-temperature IR excess, which is well fit using two distinct dust temperatures of [image: equation] K and [image: equation] K. These temperatures can be used to infer orbital separations, following the scaling laws from Pawellek & Krivov (2015), which are derived for a variety of realistic grain compositions and dust particle porosities. These scaling laws suggest that the two temperatures correspond to rings of dust at ~8 au and ~160 au; the Pawellek & Krivov (2015) prediction for the outer belt varies between 155 au and 185 au depending on the chosen dust composition, and has an uncertainty of -20 au. In particular, the prediction for grains that are 50% astrosilicate + 50% vacuum is [image: equation] au; our scattered light measurements are within ~2σ of this value. This small difference in SED and scattered light radius is consistent with the large scatter seen when comparing SED-derived radii with scattered light values: deriving radii from SEDs requires assumptions about the grain composition, grain size, and grain porosity - all of which could vary between disks. A further complicating factor is that the small dust particles to which scattered light analysis is primarily sensitive do not exactly trace the location of the larger parent bodies, which dominate the SED emission.
	[image: thumbnail]	Fig. 6 Parameter space of the sample of debris disks. Here we show the HD 112810 debris disk (indicated with apurple star) compared to the sample of debris disks that have previously been imaged from the ground. Disks are color coded based on detection method: orange for polarized light only, purple for total intensity only, and green for detection in both polarized and total intensity. Left: fractional IR excess and on-sky inclination of disks; HD 112810 stands out as one of the least inclined disks imaged in total intensity. Right: modeled peak dust density (r0) and on-sky inclination of disks; in this case HD 112810 stands out as one of the largest disks to be imaged in scattered light, and is strikingly similar in geometry to HD131835, as well as the slightly larger disks surrounding HD141011 and 49 Ceti. Literature disk properties are from the ensemble of objects presented in Esposito et al. (2020) and from individual detections presented in Choquet et al. (2017); Bonnefoy et al. (2017, 2021); Sissa et al. (2018); Perrot et al. (2019, 2023); Hinkley et al. (2021); Lawson et al. (2021); Marshall et al. (2023).



7.3 HD 112810 compared to the population of scattered light disks
In this section we consider how HD 112810 compares to the population of debris disks that have been detected in scattered light. Figure 6 shows the disk inclination, LIR/L⋆, and peak dust density of HD 112810 as compared to the sample of disks that have previously been observed from the ground in scattered light.
Even with an inclination of [image: equation], HD 112810 stands out as one of the least inclined disks to be detected in total intensity from the ground: only 49 Ceti (73 ± 3°), HD 117214 [image: equation] and HD141011 (69.1 ± 0.9°) are less inclined (Choquet et al. 2017; Esposito et al. 2020; Bonnefoy et al. 2021, respectively). The disk has a similar inclination to the heavily studied HR 4796, as well as HD 129590. The bias of ADI-based disk detection towards very edge-on disks is well-known, so this is unsurprising, yet disks slightly further from edge-on are some of the most interesting for studying the disk SPF. For very edge-on disks, the grains with the smallest and largest scattering angles are obscured by the stellar PSF; further from the star, the front and back edges of the disk may be blended due to the stellar PSF. The geometry of moderate-inclination disks, meanwhile, is such that almost the entire range of scattering angles is accessible, with no parts of the disk obscured or blended. In the case of HD 112810, the SPF could be measured from ~15° to ~165°. Such moderate-inclination disks are therefore particularly useful for gaining insight into the grain physics within the disk, since a broader range of scattering angles are accessible, especially if the back edge of the disk is detected. Indeed, HR4796 has proved particularly intriguing for SPF studies (see e.g., Milli et al. 2017 for a detailed discussion). HD 112810 is sufficiently faint that such analysis is tricky with current data, but the disk is well-suited to SPF analysis with future facilities.
HD 112810 also stands out as one of the largest debris disks imaged in scattered light, with a radius of ~118 au. The disk radius and inclination are strikingly similar to that of the Sco-Cen object HD 131835, though that target has a much brighter fractional IR luminosity than HD 112810. As well as the polarimetric detection indicated in Fig. 6, HD 131835 was very recently detected in total intensity with SPHERE (Xie et al. 2022). Unlike HD 131835, HD 112810 has not yet been detected in polarized light. Note however that we have only presented total intensity images in this work; given the geometry and the low LIR/L⋆ of HD 112810, a polarized light detection would be challenging: the disk has a lower LIR/L⋆ than the majority of disks that have previously been detected in polarized light (Fig. 6), with only very edge-on disks being detected at fainter LIR/L⋆ values.
8 Conclusions
This paper has presented the first scattered light images of the HD 112810 debris disk, which we observed several times with VLT/SPHERE. Our key findings are as follows:

	We detected the HD 112810 debris disk in scattered light, using H-band observations collected with the VLT/SPHERE/IRDIS high-contrast imaging platform. The signal is robust to our data processing approach, and is observed over several epochs of observations, but was not observed in the VLT/SPHERE/IFS observations in the YJ bands;


	This disk is best fit with a single-belt debris disk, with a radius 118 ± 9 au and an inclination angle of [image: equation]. The detection is consistent with a single, narrow ring, but the signal-to-noise ratio of the disk is insufficient to adequately constrain the radial and vertical profile of the dust. This geometry is consistent with partially resolved ALMA images of the debris disk. The disk appears moderately forward scattering, with a Henyey-Greenstein forward scattering parameter 0.6 ± 0.1;


	The disk lies towards the edge of the parameter space of disks that have been imaged in scattered light: it has a large radius, a moderate inclination, and a relatively low LIR/L⋆. This makes characterizing the disk challenging, but the disk geometry will allow for detailed study of the grain properties with future facilities;


	No bound companions were detected in this system with direct imaging, astrometry or radial velocity. Smaller planets that remain undetectable (i.e., less than a few MJ, depending on orbital parameters and phase) could nonetheless be responsible for carving the observed debris disks structure.



HD 112810 adds to the growing inventory of scattered light disks, and extends the parameter space of the scattered light disk sample. The disk inclination of [image: equation] could allow for the disk SPF to be measured between ~15°–165°. The debris disk is potentially amenable to imaging with the Hubble Space Telescope (HST), which would probe the faintest surface brightness material further from the star, and with future facilities such as the extremely large telescopes.


1 See https://exoplanetarchive.ipac.caltech.edu/


2 We searched the Gaia catalog out to a separation of 180″ (=24 000 au at the distance of HD112810). No sources with 5-parameter solutions have both parallax consistent with HD112810 to within 5σ, and proper motion consistent with HD112810 to within 5σ.


3 http://www.exoplanetes.umontreal.ca/banyan/banyansigma.php


4 Updated values at https://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt


5 http://stev.oapd.inaf.it/cgi-bin/param_1.3


6 https://www.eso.org/sci/facilities/paranal/instruments/sphere/doc.html
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Appendix A  Additional information for candidate companions
Five candidate companions were detected in Matthews et al. (2018) and re-detected in this work; these were assumed to be background objects in Matthews et al. (2018). We here confirm with common proper motion testing that these are indeed background objects. One new candidate companion is identified in this work towards the edge of the detector. This candidate is highly likely a background object, though additional data would be required to confirm this.
These candidates are all in the background-limited regime of the images, and a simple analysis of the IRDIS is sufficient to re-detect the companions and extract astrometry. We therefore derotated and co-added the cleaned image cubes from each epoch without applying PCA, and additionally co-added images from the two halves of the detector. We then determined the position of each candidate in each epoch by fitting the stellar PSF image to each companion, in a small box centered on the expected location of the candidate. The best-fitting position was converted into an on-sky astrometric acceleration, following the SPHERE User Manual6. We propagated uncertainties from the detector properties and from the stellar PSF fit to calculate astrometric errors. Astrometry for each candideate at each epoch is listed in Table A.1.
For the five companions detected in both 2016 and 2020, we compared the measured astrometry to predicted movement of a stationary background object between 2016-2020. We confirmed that all five sources are indeed background stars, as shown in Fig. A.1. Two of these five sources have since been detected in Gaia. One of these has a parallax confirming it as a background star while the other has a G-H2 color of ~1.3, implying a star mid-G spectral type – this is consistent with astrometric determination that this object is significantly more distant than HD 112810.
Table A.1 
Astrometry for all candidate companions to HD 112810 identified in the VLT/SPHERE data.

	[image: thumbnail]	Fig. A.1 Companion astrometry overlaid on the background hypothesis for each of the candidate companions identified in 2016 data. In each case, colored points represent the measured position and 1σ uncertainty of the companion (also listed in Table A.1); the black trace indicates the long-term motion of an infinitely distant background companion, with black circles indicating positions at the observation epoch. All companions move broadly in the direction expected for a background object, though there is some scatter – implying a small proper motion of the background objects themselves. Considering the astrometry, as well as the wide separation (all >3.5″), all of these candidate companions are background objects. Companions CC2 and CC5 are also detected in the Gaia catalog, further confirming their identity as background objects.




Appendix B  Additional figures for the disk modeling
Here we include additional information for the disk modeling process, as described in Sect. 5. Specifically, Fig. B.1 shows the full corner plot for all the free parameters in the 5-parameter fit (Sect. 5.3, parameters are PA, itilt, r0, g, and ρ0). Corner plots are generated with corner.py (Foreman-Mackey 2016).
There is a clear correlation between the disk radius and the overall scaling of the disk: this is a natural result of the disk model setup (equation 1 above), where disk brightness falls with the square of distance from the star. To match the data, a larger disk needs a higher flux. These parameters are also correlated with the disk inclination, which is a natural result of the model disk geometry.
Figs. B.2 and B.3 show the full corner plot for the fits described in Sects. 5.4 and 5.5 respectively, overlaid on the 5-parameter fit. In each case we use dashed lines to indicate the values of fixed parameters in the 5-parameter fit. The ξ0 posterior follows the prior, while the αin and αout posteriors strongly favor very steep power laws, corresponding to a narrow disk. αin and αout are correlated with r0 and consequently also itilt, and the best fit values for these two parameters are ~ 1.5σ higher than for the 5-parameter fit.
	[image: thumbnail]	Fig. B.1 MCMC corner plot for the basic 5-parameter fit (Sect. 5.3), highlighting the key correlations present in the data. Note that we treat ρ0 as an arbitrary scaling factor. A clear correlation is observed between the disk inclination and characteristic radius, as is expected geometrically. The disk characteristic radius is also negatively correlated with the overall scaling factor ρ0, which is a natural consequence of the 1 /d2 scaling of scattered flux (see Equation 3).



	[image: thumbnail]	Fig. B.2 MCMC corner plot for the vertical structure fit (purple; Sect. 5.4) overlaid over the basic 5-parameter fit (black; Fig. B.1). The fixed value of ξ0 is indicated with a dashed black line. The ξ0 posterior follows the prior, and the parameter is strongly correlated with ρ0. All other parameters take similar values to the 5-parameter fit. We infer that the disk scale height ξ0 cannot be usefully inferred from the in-hand data.



	[image: thumbnail]	Fig. B.3 As Fig. B.2, but for the radial structure fit (blue; Sect. 5.5). The dashed black lines indicate the fixed values of αin and αout for the 5-parameter fit. The posterior for αout is moderatley constrained; for αin values ≲10 are strongly disfavored, but higher values follow the prior. We infer that the disk profile is steep, but the extent of the sharpness is hard to constrain. Notably, the r0 value is somewhat higher for this fit, as discussed in detail in Sect. 5.5. The disk inclination value is also higher in this case, following the clear correlation of r0 and itilt also highlighted in Fig. B.1.
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Astrometry for all candidate companions to HD 112810 identified in the VLT/SPHERE data.
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All Figures
	[image: thumbnail]	Fig. 1 SPHERE/IRDIS images of the HD 112810 debris disk. Each column indicates data processed via a different method: GRAPHIC/PCA (Sect. 4.1; Hagelberg et al. 2016), TLOCI as provided by the SPHERE data center (Sect. 4.2; Delorme et al. 2017) or RDI (Sect. 4.3; Xie et al. 2022); rows indicate each observation epoch. In each case, the two SPHERE/IRDIS channels are co-added. There are no RDI reductions for the BB_H data, since there is far more data collected with the DB_H23 filter in the archive, and the reference library we considered does not collate BB_H data (Xie et al. 2022). The “normalized signal” is calculated relative to the background noise in the wide-field; we note that this is not a true S/N at very small separations, where the noise is higher than the background limit.
In the text



	[image: thumbnail]	Fig. 2 SPHERE/IFS reduced data for HD 112810. Here, we show an image with all data epochs and all wavelengths co-added, with the GRAPHIC/PCA (left) and ANDROMEDA (right) algorithms applied to remove stellar speckles. In both cases, these are S/N maps; for GRAPHIC/PCA each annulus is scaled by the variance in that annulus, causing sharp transitions between concentric annuli. We tried several data reduction approaches and varied the values of tuned parameters. While a few bright spots are seen very close to the inner working angle, these are detected at low significance and are not at consistent locations between epochs – indicating that these are residual stellar speckles. The disk signal is not visible in any IFS data, either in the individual or in the co-added epochs.
In the text



	[image: thumbnail]	Fig. 3 Best fitting models to the data, alongside the raw data and the residual image with the disk subtracted. 3- and 5-σ contours (relative to the background noise) are shown in pink and purple respectively. The three rows show the best fitting models for (a) the 5-parameter fit (b) the vertical structure fit, and (c) the radial structure fit (see Sects. 5.3–5.5). Best-fit parameters are given in Table 2. Residual images are generated by subtracting model disks from the raw data, and then repeating the PCA reduction. The debris disk is well-subtracted in all cases.
In the text



	[image: thumbnail]	Fig. 4 Contrast (left) and mass sensitivities (right) of each epoch of observations. The legend applies to both figures; cool colors indicate the narrowband DB_H23 observations and warm colors indicate the broadband BB_H observations. Companion magnitude limits were converted to mass limits using the ATMO models from Phillips et al. (2020).
In the text



	[image: thumbnail]	Fig. 5 Detection completeness for HD 112810. Shaded rows show completeness for radial velocity observations (blue), HIPPARCOS-Gaia proper motion analysis (pink), and high-contrast imaging observations (green) along with the debris belt positions (gray). Shaded regions indicate the mass vs separation contours at which 10%, 50%, 90% and 99% of companions would be detectable with in-hand data, as described in Sects. 6.3, 6.4 and 6.1 respectively. The inner and outer belt positions are derived from the SED fit and SPHERE modeling respectively. Planetary mass companions and small brown dwarfs at intermediate and wide separations are largely ruled out from the proper motion and imaging constraints. The radial velocity constraints are weaker, ruling out only massive stellar companions at short periods.
In the text



	[image: thumbnail]	Fig. 6 Parameter space of the sample of debris disks. Here we show the HD 112810 debris disk (indicated with apurple star) compared to the sample of debris disks that have previously been imaged from the ground. Disks are color coded based on detection method: orange for polarized light only, purple for total intensity only, and green for detection in both polarized and total intensity. Left: fractional IR excess and on-sky inclination of disks; HD 112810 stands out as one of the least inclined disks imaged in total intensity. Right: modeled peak dust density (r0) and on-sky inclination of disks; in this case HD 112810 stands out as one of the largest disks to be imaged in scattered light, and is strikingly similar in geometry to HD131835, as well as the slightly larger disks surrounding HD141011 and 49 Ceti. Literature disk properties are from the ensemble of objects presented in Esposito et al. (2020) and from individual detections presented in Choquet et al. (2017); Bonnefoy et al. (2017, 2021); Sissa et al. (2018); Perrot et al. (2019, 2023); Hinkley et al. (2021); Lawson et al. (2021); Marshall et al. (2023).
In the text



	[image: thumbnail]	Fig. A.1 Companion astrometry overlaid on the background hypothesis for each of the candidate companions identified in 2016 data. In each case, colored points represent the measured position and 1σ uncertainty of the companion (also listed in Table A.1); the black trace indicates the long-term motion of an infinitely distant background companion, with black circles indicating positions at the observation epoch. All companions move broadly in the direction expected for a background object, though there is some scatter – implying a small proper motion of the background objects themselves. Considering the astrometry, as well as the wide separation (all >3.5″), all of these candidate companions are background objects. Companions CC2 and CC5 are also detected in the Gaia catalog, further confirming their identity as background objects.
In the text



	[image: thumbnail]	Fig. B.1 MCMC corner plot for the basic 5-parameter fit (Sect. 5.3), highlighting the key correlations present in the data. Note that we treat ρ0 as an arbitrary scaling factor. A clear correlation is observed between the disk inclination and characteristic radius, as is expected geometrically. The disk characteristic radius is also negatively correlated with the overall scaling factor ρ0, which is a natural consequence of the 1 /d2 scaling of scattered flux (see Equation 3).
In the text



	[image: thumbnail]	Fig. B.2 MCMC corner plot for the vertical structure fit (purple; Sect. 5.4) overlaid over the basic 5-parameter fit (black; Fig. B.1). The fixed value of ξ0 is indicated with a dashed black line. The ξ0 posterior follows the prior, and the parameter is strongly correlated with ρ0. All other parameters take similar values to the 5-parameter fit. We infer that the disk scale height ξ0 cannot be usefully inferred from the in-hand data.
In the text



	[image: thumbnail]	Fig. B.3 As Fig. B.2, but for the radial structure fit (blue; Sect. 5.5). The dashed black lines indicate the fixed values of αin and αout for the 5-parameter fit. The posterior for αout is moderatley constrained; for αin values ≲10 are strongly disfavored, but higher values follow the prior. We infer that the disk profile is steep, but the extent of the sharpness is hard to constrain. Notably, the r0 value is somewhat higher for this fit, as discussed in detail in Sect. 5.5. The disk inclination value is also higher in this case, following the clear correlation of r0 and itilt also highlighted in Fig. B.1.
In the text





    
      Table 1 

      Observing log for HD 112810.

      
        


	ID
	Date
	Program ID
	Mode/filters
	IRDIS
	Total texp
	IFS
	Total texp
	Seeing
	Field rotation





	1
	2016 Mar. 02
	096.C-0713(C)
	DB_H23+YJ
	acq. only
	–
	–
	–
	–
	–



	2
	2016 Mar. 16
	096.C-0713(C)
	DB_H23+YJ
	32 × 1 × 64 s
	2048 s
	2 × 16 × 64 s
	2048 s
	1.26–1.95
	19.1°



	3
	2016 May 01
	097.C-0949(A)
	DB_H23+YJ
	16 × 5 × 32 s
	2560s
	10 × 4 × 64 s
	2560s
	0.51–0.68
	23.2°



	4
	2016 May 15
	097.C-0060(A)
	DB_H23+YJ
	16 × 8 × 32 s
	4096s
	16 × 4 × 64 s
	4096s
	0.51–1.55
	36.5°



	5
	2020 Feb. 17
	0101.C-0016(A)
	B_H+YJ
	10 × 14 × 32 s
	4480s
	10 × 7 × 64 s
	4480s
	0.34–0.48
	32.1°



	6
	2020 Feb. 18
	0101.C-0016(A)
	B_H+YJ
	16 × 14 × 32 s
	7168s
	16 × 7 × 64 s
	7168s
	0.60–1.06
	58.8°





      

      
Notes. All observations were collected in IRDIFS mode, with the IRDIS and IFS subsystems operating simultaneously. The t columns indicate the cumulative exposure time across all images for each epoch. For each instrument we list the number of frames, the number of individual images for each frame (NDIT), and the integration time of each individual image (DIT); we also include the cumulative integration time for each observation.




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        SPHERE/IRDIS images of the HD 112810 debris disk. Each column indicates data processed via a different method: GRAPHIC/PCA (Sect. 4.1; Hagelberg et al. 2016), TLOCI as provided by the SPHERE data center (Sect. 4.2; Delorme et al. 2017) or RDI (Sect. 4.3; Xie et al. 2022); rows indicate each observation epoch. In each case, the two SPHERE/IRDIS channels are co-added. There are no RDI reductions for the BB_H data, since there is far more data collected with the DB_H23 filter in the archive, and the reference library we considered does not collate BB_H data (Xie et al. 2022). The “normalized signal” is calculated relative to the background noise in the wide-field; we note that this is not a true S/N at very small separations, where the noise is higher than the background limit.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        SPHERE/IFS reduced data for HD 112810. Here, we show an image with all data epochs and all wavelengths co-added, with the GRAPHIC/PCA (left) and ANDROMEDA (right) algorithms applied to remove stellar speckles. In both cases, these are S/N maps; for GRAPHIC/PCA each annulus is scaled by the variance in that annulus, causing sharp transitions between concentric annuli. We tried several data reduction approaches and varied the values of tuned parameters. While a few bright spots are seen very close to the inner working angle, these are detected at low significance and are not at consistent locations between epochs – indicating that these are residual stellar speckles. The disk signal is not visible in any IFS data, either in the individual or in the co-added epochs.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Best fitting models to the data, alongside the raw data and the residual image with the disk subtracted. 3- and 5-σ contours (relative to the background noise) are shown in pink and purple respectively. The three rows show the best fitting models for (a) the 5-parameter fit (b) the vertical structure fit, and (c) the radial structure fit (see Sects. 5.3–5.5). Best-fit parameters are given in Table 2. Residual images are generated by subtracting model disks from the raw data, and then repeating the PCA reduction. The debris disk is well-subtracted in all cases.

      

    

  
    
      Table 2 

      MCMC best fit model parameters for each of the fits described in Sects. 5.3–5.5.

      
        


	Parameter
	5-parameter fit
	Vertical profile fit
	Radial profile fit
	Prior





	itilt [°]
	[image: equation]
	[image: equation]
	[image: equation]
	[60, 88], uniform in cos(i)



	PA [°]
	[image: equation]
	98.6 ± 0.9
	98.6 ± 0.7
	[91, 107], uniform



	r0 [au]
	101 ± 7
	104 ± 7
	118±9
	[50, 180], log uniform



	log10(ρ0)
	8 44 ± 0 10
	[image: equation]
	[image: equation]
	[1e7, 1e12], log uniform



	g
	[image: equation]
	[image: equation]
	[image: equation]
	[−1, 1], uniform



	ξ0 [au]
	4.4 (fixed)
	[image: equation] (a)
	4.4 (fixed)
	[0.1, 50], uniform



	αin
	3.5 (fixed)
	3.5 (fixed)
	[image: equation]
	[0, 25], log uniform



	αout
	−3.5 (fixed)
	−3.5 (fixed)
	[image: equation]
	[0, 25], log uniform





      

      
Notes. For each parameter the median and 68% confidence interval of the posterior are quoted. ρ0 is an arbitrary scaling factor; PA is measured from North counterclockwise. We note that r0 is the characteristic radius, with the disk width being defined by αin and αout. (a)The ξ0 posterior closely follows the prior distribution, and should not be taken to represent the true scale height of the disk.




    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Contrast (left) and mass sensitivities (right) of each epoch of observations. The legend applies to both figures; cool colors indicate the narrowband DB_H23 observations and warm colors indicate the broadband BB_H observations. Companion magnitude limits were converted to mass limits using the ATMO models from Phillips et al. (2020).

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Detection completeness for HD 112810. Shaded rows show completeness for radial velocity observations (blue), HIPPARCOS-Gaia proper motion analysis (pink), and high-contrast imaging observations (green) along with the debris belt positions (gray). Shaded regions indicate the mass vs separation contours at which 10%, 50%, 90% and 99% of companions would be detectable with in-hand data, as described in Sects. 6.3, 6.4 and 6.1 respectively. The inner and outer belt positions are derived from the SED fit and SPHERE modeling respectively. Planetary mass companions and small brown dwarfs at intermediate and wide separations are largely ruled out from the proper motion and imaging constraints. The radial velocity constraints are weaker, ruling out only massive stellar companions at short periods.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Parameter space of the sample of debris disks. Here we show the HD 112810 debris disk (indicated with apurple star) compared to the sample of debris disks that have previously been imaged from the ground. Disks are color coded based on detection method: orange for polarized light only, purple for total intensity only, and green for detection in both polarized and total intensity. Left: fractional IR excess and on-sky inclination of disks; HD 112810 stands out as one of the least inclined disks imaged in total intensity. Right: modeled peak dust density (r0) and on-sky inclination of disks; in this case HD 112810 stands out as one of the largest disks to be imaged in scattered light, and is strikingly similar in geometry to HD131835, as well as the slightly larger disks surrounding HD141011 and 49 Ceti. Literature disk properties are from the ensemble of objects presented in Esposito et al. (2020) and from individual detections presented in Choquet et al. (2017); Bonnefoy et al. (2017, 2021); Sissa et al. (2018); Perrot et al. (2019, 2023); Hinkley et al. (2021); Lawson et al. (2021); Marshall et al. (2023).

      

    

  
    
      Table A.1 

      Astrometry for all candidate companions to HD 112810 identified in the VLT/SPHERE data.

      
        


	N
	date
	sep [mas]
	σsep [mas]
	PA [°]
	σPA [°]





	1
	2016 Mar 01
	3446.9
	7.4
	261.58
	0.14



	1
	2016 May 01
	3457.7
	6.8
	261.60
	0.14



	1
	2016 May 15
	3457.3
	7.1
	261.56
	0.14



	1
	2020 Feb 17
	3350.1
	6.0
	262.25
	0.14



	1
	2020 Feb 18
	3355.5
	6.8
	262.25
	0.14



	




	2
	2016 Mar 01
	5610.8
	9.7
	311.52
	0.14



	2
	2016 May 01
	5607.2
	9.7
	311.46
	0.14



	2
	2016 May 15
	5610.1
	9.7
	311.51
	0.14



	2
	2020 Feb 17
	5522.2
	9.5
	312.33
	0.14



	2
	2020 Feb 18
	5528.1
	9.5
	312.25
	0.14



	




	3
	2016 Mar 01
	5751.2
	9.9
	358.53
	0.14



	3
	2016 May 01
	5747.8
	9.9
	358.52
	0.14



	3
	2016 May 15
	5754.8
	9.9
	358.52
	0.14



	3
	2020 Feb 17
	5794.8
	10.0
	359.41
	0.14



	3
	2020 Feb 18
	5790.4
	10.0
	359.33
	0.14



	




	4
	2016 Mar 01
	5869.5
	10.3
	126.62
	0.14



	4
	2016 May 01
	5872.6
	10.2
	126.58
	0.14



	4
	2016 May 15
	5868.7
	10.3
	126.59
	0.14



	4
	2020 Feb 17
	5910.7
	10.2
	125.90
	0.14



	4
	2020 Feb 18
	5907.0
	10.2
	125.95
	0.14



	




	5
	2016 Mar 01
	6113.4
	10.6
	283.91
	0.14



	5
	2016 May 01
	6115.1
	10.6
	283.86
	0.14



	5
	2016 May 15
	6114.0
	10.6
	283.86
	0.14



	5
	2020 Feb 17
	6008.8
	10.4
	284.57
	0.14



	5
	2020 Feb 18
	6019.5
	10.4
	284.53
	0.14



	




	6
	2020 Feb 17
	5217.2
	9.5
	98.78
	0.14



	6
	2020 Feb 18
	5219.3
	9.4
	98.78
	0.14





      

      
Notes. For companions detected in both 2016 and 2020, we also plot the candidate astrometry, and the predicted astrometry for a background object, in Fig. A.1; all companions are consistent with being background stars.




    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Companion astrometry overlaid on the background hypothesis for each of the candidate companions identified in 2016 data. In each case, colored points represent the measured position and 1σ uncertainty of the companion (also listed in Table A.1); the black trace indicates the long-term motion of an infinitely distant background companion, with black circles indicating positions at the observation epoch. All companions move broadly in the direction expected for a background object, though there is some scatter – implying a small proper motion of the background objects themselves. Considering the astrometry, as well as the wide separation (all >3.5″), all of these candidate companions are background objects. Companions CC2 and CC5 are also detected in the Gaia catalog, further confirming their identity as background objects.

      

    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        MCMC corner plot for the basic 5-parameter fit (Sect. 5.3), highlighting the key correlations present in the data. Note that we treat ρ0 as an arbitrary scaling factor. A clear correlation is observed between the disk inclination and characteristic radius, as is expected geometrically. The disk characteristic radius is also negatively correlated with the overall scaling factor ρ0, which is a natural consequence of the 1 /d2 scaling of scattered flux (see Equation 3).

      

    

  
    
      Fig. B.2 

      
        [image: thumbnail]
      

      
        MCMC corner plot for the vertical structure fit (purple; Sect. 5.4) overlaid over the basic 5-parameter fit (black; Fig. B.1). The fixed value of ξ0 is indicated with a dashed black line. The ξ0 posterior follows the prior, and the parameter is strongly correlated with ρ0. All other parameters take similar values to the 5-parameter fit. We infer that the disk scale height ξ0 cannot be usefully inferred from the in-hand data.

      

    

  
    
      Fig. B.3 

      
        [image: thumbnail]
      

      
        As Fig. B.2, but for the radial structure fit (blue; Sect. 5.5). The dashed black lines indicate the fixed values of αin and αout for the 5-parameter fit. The posterior for αout is moderatley constrained; for αin values ≲10 are strongly disfavored, but higher values follow the prior. We infer that the disk profile is steep, but the extent of the sharpness is hard to constrain. Notably, the r0 value is somewhat higher for this fit, as discussed in detail in Sect. 5.5. The disk inclination value is also higher in this case, following the clear correlation of r0 and itilt also highlighted in Fig. B.1.
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