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The edge-on debris disc of GSC 07396-007593

produced, thus tracing more directly the location of the planetesimal
birth ring. Resolved sub-mm observations such as those presented
in this paper serve a key role in breaking the degeneracy between!
and"0 and solving the discrepancy between the total intensity and
polarimetric scattered light model radii.

GSC 07396-00759 is itself a wide separation companion of the
well-studied close-binary V4046 Sgr at a distance of 12300 au (Torres
et al.2006; Kastner et al.2011). V4046 Sgr possesses both a gas-rich
circumbinary disc and evidence of ongoing accretion (e.g.Stempels
& Gahm 2004; …berg et al.2011; Rosenfeld et al.2013; Rapson
et al. 2015; Kastner et al.2018; DÕOrazi et al.2019; Martinez-
Brunner et al.2022). The survival of the more primordial-like disc
of V4046 Sgr may be attributed to its binary nature, asAlexander
(2012) Þnd close binaries to possess longer lived discs than single
stars. Nevertheless, the association of the two systems draws into
question the nature of the disc around GSC 07396-00759 which the
new ALMA observations presented herein can shed further light on.

This paper presents the new Band 7 ALMA observations of
GSC 07396-00759 in ¤2, followed by a description of the modelling
process and modelling results in ¤3 and ¤4. In ¤5 we present our
analysis with respect to the previous scattered light observations and
we place the disc in the context of both the growing M-dwarf disc
population and the wider debris disc population across spectral types.

2 ALMA OBSERVATIONS

GSC 07396-00759 was observed with ALMA in Band 7 (0.87 mm,
345 GHz) on April 6th 2018 under project 2017.1.01583.S as part
of a larger survey of M-dwarfs in the# Pictoris Moving Group
(Cronin-Coltsmann et al. in prep). The observation used baselines
ranging from 15 to 484 m and 43 antennae. The average precipitable
water vapour was⇠0.75 mm. The total on source observing duration
was 16 minutes. QSOs J1826-2924 and J1924-2914 were used for
atmospheric and water vapour radiometer calibration; J1826-2924
was used for phase calibration; J1924-2914 was used for pointing,
ßux and bandpass calibration.

The spectral setup comprised four windows centred on 347.937,
335.937, 334.042 and 346.042 GHz with bandwidth 2 GHZ and
128 channels for all but the last with width 1.875 GHz and 3840
channels. The last window was used to search for CO gas via the
J=3-2 emission line, which has also been detected in another young
debris disc around the M-dwarf TWA 7 (Matrˆ et al.2019a).

The raw data were calibrated with the provided ALMA pipeline
script in ���� version 5.1.2-4 (McMullin et al. 2007). To reduce
the data volume the visibilities were averaged in 30 second intervals
and down to two channels per spectral window for the continuum
imaging. All images were generated with the����� algorithm in
����.

2.1 Continuum Analysis

Figure 1 shows a����� image of GSC 07396-00759Õs disc. We
use natural weightings for maximum signal to noise ratio (S/N).
This weighting gives a synthesised beam with major and minor full
width at half maxima (FWHM) of 0.6800(48.6 au) and 0.5500(39.3 au)
respectively and a position angle (PA) of 66.4�. We identify the
standard deviation in an annulus exterior to the disc to be$ = 40%Jy
beam�1. This noise is uniform throughout the central area where the
disc is detected and the primary beam correction there is< 10%.

The disc is continuously detected with at least 4$ and detection
peaks at 10$ at the disc ansae. It is apparent that the ßux constitutes
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Figure 1. Naturally-weighted����� image of the disc around GSC 07396-
00759. The ellipse in the lower left corner shows the beam size of
0.68⇥0.5500. The star is not detected. At a distance of 71.4 pc the appar-
ent disc radius is⇠70 au. Contours are drawn at±2f, 4f, 6f, 8f, 10f
with 1f = 40`Jy beam�1. The Gaia location of the star is marked with a+ at
273�35Õ31.2"±0.26mas�32�46Õ11.09"±0.20mas. Zero o�set is the ALMA
image phase centre at 273�35Õ31.3"�32�46Õ10.9" (J2000).

a highly inclined ring with a radius of⇠100and a position angle of
⇠ �30�; the disc is unresolved along the minor-axis and the emission
perpendicular to the major-axis appears to have a scale similar to
the beam size, thus limiting the discÕs maximum vertical extent to
within 50 au. The disc is radially resolved, as shown in Figure2. The
dip in the proÞle of the disc at⇠100on the north-west side is on the
scale of the beam, and therefore is likely the result of noise. As the
south-east side only peaks 1$ higher than the north-west, resulting
in a di�erence in integrated ßux of⇠ 10%with integrated ßuxes of
⇠ 0.88mJy and⇠ 0.80mJy respectively, we conclude that there is
not strong evidence of asymmetry, but note that it was the south-east
side that was signiÞcantly brighter in the scattered light observations
of S18 and A21.

3 MODELLING

To extract probability distributions of the disc parameters we Þt
models directly to the u-v ALMA data. This is done by Þrst creating
a 3-dimensional disc model. A rotation from sky coordinates to
model coordinates is calculated and used to Þnd the corresponding
model coordinate for each pixel in a volume centred on the star,
and the given parameters are consulted to identify the model ßux at
each pixel location. This model disc is then collapsed into the sky
plane in order to create a 2-dimensional image1. We use the�������
package (Tazzari et al.2018) to Fourier transform this image and
to sample the u-v locations of the data to calculate a&2. Posterior
probability distributions of the model parameters are explored with
the����� package (Foreman-Mackey et al.2013), an implementation
of the Markov Chain Monte Carlo method in Python. We initiate our
models near the solutions of previous test runs. We use 3000 steps
and discard the Þrst 2700 as the maximum auto-correlation length

1 https://github.com/drgmk/alma
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Fig. 1.Ñ ALMA image of the 1.3 mm continuum emission from AU Mic. The ellipse in the
lower left corner represents the 0.!!80× 0.!!69 (8× 7 AU) synthesized beam.

we attribute to systematic calibration issues resulting from the poorer weather conditions of
the earlier observations. The emission is conÞned to a narrow band with aspect ratio > 10:1,
with an orientation consistent with the scattered light disk. The emission is not resolved
in the direction perpendicular to the elongation. There are clear peaks near both extrema
and in the middle of the structure (detected at all four epochs). The emission is marginally
brighter at the northwest end than the southeast end, and shows small undulations along its
length, though none of these variations are signiÞcant. We interpret the observed structure
as a superposition of two components: (1) the nearly edge-on dust belt with limb-brightened
ansae, and (2) a new, distinct, and compact feature located at the center of the belt.

3.2. Modeling Formalism

Building on the phenomenological methodology of Wilner et al. (2011, 2012) to analyze
resolved millimeter emission from debris disks, we construct a parametric model to quantify
the observed properties of the AU Mic emission. We consider two model components: a
vertically thin, axisymmetric ÒouterÓ belt, and an additional sourceto account for the central
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AU Microscopii (AU Mic) is the second closest pre-main-sequence star, at a distance of 
9.79!parsecs and with an age of 22!million years 1. AU Mic possesses a relatively rare2 
and spatially resolved 3 edge-on debris disk extending from about 35 to 210 
astronomical units from the star 4, and with clumps exhibiting non-Keplerian 
motion 5Ð7. Detection of newly formed planets around such a star is challenged by the 
presence of spots, plage, " ares and other manifestations of magnetic ÔactivityÕ on the 
star8,9. Here we report observations of a planet transiting AU Mic. The transiting 
planet, AU Mic b, has an orbital period of 8.46 !days, an orbital distance of 
0.07 !astronomical units, a radius of 0.4 !Jupiter radii, and a mass of less than 0.18 
Jupiter masses at 3!  con#dence. Our observations of a planet co-existing with a debris 
disk o$er the opportunity to test the predictions of current models of planet 
formation and evolution.
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Fig. 1 | TESS light curve for AU Mic.  Black dots, normalized flux as a function of 
time, obtained from the MAST archive. Transit ephemerides of AU Mic b are 
indicated as ÔbÕ in red. The double-humped sinusoidal-like pattern is due to the 
rotational modulation of starspots, with the 4.863-day rotation period readily 
apparent. The large, brief vertical streaks of data points deviating upwards 
from this slower modulation are due to flares. Data with non-zero quality flags 
indicating the presence of spacecraft-related artefacts, such as momentum 
dumps (see Fig.!2 legend), are removed. The gap at about 1,339!days 
corresponds to a gap in the data downlink with Earth during the spacecraftÕs 
perigee. A third transit of AU Mic b was missed during this data downlink data 
gap, and thus the orbital period of AU Mic b is one-half of the period inferred 
from the two TESS transit events seen. AU Mic exhibited flaring activity with 
energies ranging from 10 31.6 to 1033.7!erg in the TESS bandpass over the 27-day 
light curve (±~60%), with a mean flare amplitude of 0.01 relative flux units. 1 !  
measurement uncertainties are smaller than the symbols shown (<1 !parts per 
thousand, p.p.t.).
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Fig. 1 | TESS light curve for AU Mic. Black dots, normalized flux as a function of 
time, obtained from the MAST archive. Transit ephemerides of AU Mic b are 
indicated as ÔbÕ in red. The double-humped sinusoidal-like pattern is due to the 
rotational modulation of starspots, with the 4.863-day rotation period readily 
apparent. The large, brief vertical streaks of data points deviating upwards 
from this slower modulation are due to flares. Data with non-zero quality flags 
indicating the presence of spacecraft-related artefacts, such as momentum 
dumps (see Fig.!2 legend), are removed. The gap at about 1,339!days 
corresponds to a gap in the data downlink with Earth during the spacecraftÕs 
perigee. A third transit of AU Mic b was missed during this data downlink data 
gap, and thus the orbital period of AU Mic b is one-half of the period inferred 
from the two TESS transit events seen. AU Mic exhibited flaring activity with 
energies ranging from 10 31.6 to 1033.7!erg in the TESS bandpass over the 27-day 
light curve (±~60%), with a mean flare amplitude of 0.01 relative flux units. 1 !  
measurement uncertainties are smaller than the symbols shown (<1 !parts per 
thousand, p.p.t.).
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Fig. 1. SPHERE/IRDIS polarimetric imaging observations of GSC 07396-00759. Shownfrom left to rightare the total intensityItot (log stretch)
and theQ! andU! images (both in linear stretch). TheQ! andU! images were convolved with a Gaussian point spread function (" = 2pixel) to
increase the visibility in this plot. The coronagraphic mask is indicated by the green circular region in each panel. North is to the top and east to
the left in each panel. It should be noted that the disk is not visible in the total intensity image (left panel). The structure appearing to extend from
the NW to the SE is a point spread function artifact.

their location in the color-magnitude diagram (CMD). For the
seven remaining objects the results could not be determined
unambiguously; however, all but one have separations above 5!!

(aproj. > 400AU), and the colors of those objects are similar to
that of the identiÞed background objects (Sissa et al.2018). It
is thus highly likely that these are unrelated background objects
too.

The middle-panel of Fig.1 shows the reducedQ! image.
Noticeable is the almost edge-on disk extending about 1.3!! to
the southeast (SE) and northwest (NW). Similar to the Þndings
by Sissa et al.(2018), we detect an asymmetric brightness distri-
bution, with the SE side of the disk appearing slightly brighter
than the NW side. The disk also appears to be warped on the
NW side, indicating a more complicated structure of the disk.
The image however shows one of the major advantages of polari-
metric observations. That is, since stellar light is usually not
polarized, the image is not contaminated by background stars,
which makes it easier to detect circumstellar matter. In fact,
except for one source or artifact located about 0.5!! north of the
central star, the disk appears to be free of contamination from
other sources visible in the total intensity image. We masked this
source separately during our subsequent analysis to minimize its
contribution.

We also note that on average theU! image (Fig.1, right
panel) is mostly devoid of signal. This is consistent with what
we expect in case of single scattering in a centrally illuminated,
optically thin disk. We, thus, assume that theU! image to the
Þrst order contains only noise and measure these uncertainties
from the standard deviation in concentric annuli with a width of
1 pixel in theU! image to create a noise map. This allows us to
estimate the goodness of Þt for our models as well as to create
the signal-to-noise ratio (S/N) map shown in Fig.2, computed
as the ratio ofQ! image and the estimated noise map. To min-
imize the inßuence of the higher noise close to the central star
on the modeling, we introduce a circular numerical mask with
r = 0.3!! as inner boundary as well as an ellipse as outer limit for
the modeling, which are also indicated in Fig.2. Values inside

Fig. 2. Signal-to-noise map estimated from theQ! and noise images
(without convolution) of our IRDIS DPI observations. The plot is shown
with a linear stretch between [" 3" , 3" ]. The inner and outer model
boundaries are indicated by the circle and the ellipse in the image. North
is to the top and east to the left.

the circular mask and outside the ellipse are not considered in
the modeling.

2.3. Stellar properties

Along with the observations of GSC 07396-00759, and a thor-
ough analysis for possible companions,Sissa et al.(2018) col-
lected and estimated various stellar parameters, and we refer
the reader to their paper for a detailed description of these
parameters. Nevertheless, we revised the most important param-
eter, the distance to GSC 07396-00759, using new astrometric
data from theGaia satellite mission data release 2 (Gaia DR2,

A88, page 4 of22
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Fig. 1. New disk detected around GSC 07396�00759. IRDIS 5 modes PCA of H2H3 images rescaled to stellar flux before (top) and after (bottom)
the subtraction of the most contaminant stars, identified with star-like points in the upper figure. The gray-shaded region in the center corresponds
to the SPHERE coronagraph. The dash-dotted line is parallel to the disk semi-major axis and crosses GSC 07396�00759. The bright background
objects are masked behind star-shaped regions in the upper image.

Table 1. Overview of observational SPHERE data sets for
GSC 07396�00759.

Parameter Value

Date 2017 Jun. 15
Filters YJ H2H3
Total integration time [s] 6016
Total rotation of the field of view [�] 112.82
⌧0 [ms] 20
SR 0.73

(Bonfils et al. 2013; Dressing & Charbonneau 2015). The pres-
ence of planetary systems around both GJ 581 and Proxima
(Mayor et al. 2009; Anglada-Escudé et al. 2016) is very promis-
ing in this perspective.

For these reasons, the detection of spatially resolved disks
around low-mass M-type stars is of high interest. We present
the newly imaged GSC 07396�00759 likely debris disk with the
instrument SPHERE (Spectro-Polarimetric High-contrast Exo-
planet REsearch; Beuzit et al. 2008). GSC 07396�00759 is
a very active but not accreting M1-type star associated with
V4046 Sgr (Torres et al. 2006; Kastner et al. 2011), which is
itself a close binary with accretion signature (Stempels & Gahm
2004) and a gas-rich circumbinary disk (Rosenfeld et al. 2013).
The two systems are probably members of the � Pictoris Mov-
ing Group (� Pic MG, 24 ± 3 Myr, Torres et al. 2006; Malo
et al. 2014). More details on the stellar properties can be found
in Appendix A.

2. Observations and results

We observed GSC 07396�00759 during the SPHERE Guaran-
teed Time Observation as part of the SpHere INfrared survey
for Exoplanets (SHINE), in the night of June 15, 2017. The
sky conditions were very good, with an average coherence time
longer than 10 ms and an average Strehl ratio of ⇠65%, which
is excellent considering the faintness of the source (R = 12.01,
Zacharias et al. 2017). This target was observed in the standard
IRDIFS mode, using IFS (Claudi et al. 2008) in the Y J bands

(between 0.95 and 1.35 µm, 1.700 ⇥ 1.700 field of view; FoV) and
IRDIS (Dohlen et al. 2008) in dual-band imaging H2H3 mode
(at 1.59 and 1.67 µm Vigan et al. 2010, 1100⇥1100 FoV) simulta-
neously (see Tab. 1). The data were reduced with version 0.15.0
of the SPHERE Data Reduction and Handling (DRH) pipeline
(Pavlov et al. 2008), and the images were further processed using
the SpeCal software (Galicher et al., in prep.). Both packages are
hosted at the SPHERE Data Center (DC) in Grenoble2 (Delorme
et al. 2017). Additional details on the adopted procedures are pro-
vided in Zurlo et al. (2014), Mesa et al. (2015), and Maire et al.
(2016).

2.1. Point source detection and planetary upper limits

The IFS YJ wavelength-collapsed image gives a 5� contrast limit
<11 mag in the innermost regions (<0.2500), which drops to
⇠12 mag for separations wider than ⇠0.300. The IRDIS images
lead to a contrast limit of less than 12 mag at a separation of
⇠0.600 and ⇠13.5 mag at separations larger than 1.300. These per-
formances led to the detection of 109 candidate companions
(see Appendix B for their characterization) and a previously
unknown faint disk (Fig. 1). None of the candidate compan-
ions are probably physically linked to GSC 07396�00759, as
expected given its projected position with respect to the galactic
plane. Furthermore, we converted the contrast limits into upper
limits on the mass of possible unseen companions. Using the the-
oretical atmospheric models AMES-COND (Allard et al. 2003)
with age and distance as in Table A.1, we obtained an upper
limit for undetectable companions of 4 MJ in the innermost
regions (<0.2500), which drops to 2 MJ for separations wider than
⇠0.600 (see Fig. D.1 for more details).

2.2. Spatially resolved disk

We resolved a highly inclined disk that is probably coplanar with
the stellar rotation (see Appendix A) and extends more than 1.500
from the central star. The disk appears brighter in the southeast
side (left part in Fig. 1). In Fig. 2 we plot the position of the
maximum brightness (referred to as the disk spine in the follow-
ing) with respect to the apparent semi-major axis (obtained with

2 http://sphere.osug.fr/spip.php?rubrique16&lang=en
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Figure 2. ProÞle of the disc along its major-axis; the ßux of the centre pixel
along the disc major-axis is plotted in green, blue swathes show the RMS and
a Gaussian with the same FWHM as the beam is plotted in orange at the peak
radial ßux. Zero separation is the best Þtting model centre from ¤3.

of the parameter chains is 270 steps. We use 100 walkers and verify
that all the chains have converged upon completion.

We Þrst implement a simpleGaussiantorus model, with param-
eters deÞned by the following equation for a model dust volume
density distribution! (" , #):

! (" , #) ! $
" 1

2

!
! " ! 0
" !

"2

# $" ! 2/ 2" 2
(1)

where"0 is the radius of peak ßux,%# is the Gaussian scale width
(where the FWHM is 2.355*%#) and&= " # '(! () ) and where) is
disc opening angle. In their scattered light modelling S18 use a Þxed
) of 0.04, found byThŽbault(2009) to be the Õminimum natural
observed aspect ratioÕ for dust grains observed at visible to mid-IR
wavelengths. Dust grains observed at mm wavelengths whose orbits
are not a�ected by radial forces are not expected to conform to this
minimum aspect ratio, however trialling a similar model with) as
a free parameter Þnds) unresolved in the ALMA data with a 3%
upper limit of 0.18. We thus choose to Þx) to 0.04 in our modelling
for consistency with the modelling of S18.

Our second model follows the equation used in S18 for direct
comparison, i.e. aDouble Power Lawwith di�erent density slopes
interior and exterior to"0:
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where( in and( out are the inner and outer slopes respectively.
Both models possess a parameter for the total ßux of the disc

as well as an inclination, a position angle and RA and Declination
(Dec) o�sets of the disc model centre from the ALMA phase-centre.
The ALMA phase-centre is found to be slightly o�set itself from
the Gaia DR2 (Gaia Collaboration et al.2016, 2018) location of
the star at the time of observation. All subsequent reported o�sets
have had that Gaia to phase-centre o�set subtracted such that the
o�set measurements are relative to the Gaia location at the time of
observation. We also include a parameter for scaling the weightings
of the u-v data points as their absolute uncertainty can be o�set as
described inMatrˆ et al. (2019b) andKennedy(2020).

We calculate a na•ve Õplane-of-skyÕ eccentricity of the disc by
simply taking the o�set vector in the plane of the sky and dividing by
the disc radius, and use the given o�set and radius posteriors to form a
posterior distribution of eccentricities with uncertainty reported that
includes the uncertainty of ALMAÕs astrometric precision (calculated
per ¤10.5.2 of the ALMA Cycle 6 Technical Handbook2, to give
0.036$$), the Gaia astrometric precision is negligible in comparison
at 0.33 mas. As the disc is highly inclined, we cannot accurately
discern any o�set perpendicular to the plane of the sky. Because the
true eccentricity,$, could be larger if the pericenter were not 90%to
the line of sight (i.e. if* , the argument of pericentre, is not equal to
0%), we do not quote an eccentricity measurement in Table1, and we
instead provide a 3%upper limit on$cos(* ), i.e. the projection of
the eccentricity vector along the major-axis of the disc. This upper
limit is derived from the o�set posterior distribution after the dot
product is taken between the o�set vector and the unit vector of the
major-axis of the disc.

4 RESULTS AND ANALYSIS

4.1 Gaussian torus model

This simple model serves as the default hypothesis, tracing an az-
imuthally symmetric parent planetesimal belt or Õbirth ringÕ localised
to one radius and with a radially symmetric dust distribution about
that radius. Given the spatial resolution, the use of a Gaussian is
not speciÞc, equally a top-hat distribution or single-power law could
have been used (e.g.Kennedy et al.2018), the important factors being
radial symmetry and a measure of disc width. The best-Þtting param-
eters are presented in Table1 along with those of the double power
law model and S18 and A21Õs scattered light models. The corner plot
derived from the modelling is presented in FigureA1. We show a
dirty image of the residuals after subtraction of a model formed from
the medians of the posterior-parameter distribution, with the model
contours overplotted, in Figure3 left. Figure3 left also contains an
inset showing the distribution of model disc centres in comparison
to the stellar location and ALMA astrometric precision.

The residuals show no remaining structure, demonstrating that an
azimuthally and radially symmetric model Þts the data well. Only a
single 2% residual overlaps with the bounds of the disc, a negative
residual in the north-west. At 1-2% this feature is likely noise and
accounts for the shape of the disc proÞle, Figure2.

We use the median-parameter model to calculate a+2 value of
721281.0 as well as calculating the Bayesian Information Criterion
(BIC; Schwarz1978) of 721384.5. The BIC penalises models for
including extra parameters to identify whether an improvement in
+2 is justiÞcation to conclude a model is a signiÞcantly better Þt to
the data. It is deÞned as,-. = +2 + / Parameters# ln / dof, and as we
Þt to a large number of visibilities (/ dof = 2# / vis = 2# 209496) the
inclusion of even a single extra parameter imposes a large penalty. A
�BIC of greater than 6 is considered ÕstrongÕ evidence and a�BIC
of greater than 10 is considered ÕdecisiveÕ evidence that the lower
valued model is signiÞcantly preferred to Þt the data (Kass & Raftery
1995).

The median parameters of this disc model largely align well with
the parameters found from S18Õs and A21Õs scattered light modelling.
The model inclination and position angle are within 1%of both. Our
radius measurement is in signiÞcant agreement with the S18 model

2 https://almascience.nrao.edu/documents-and-tools/cycle6/alma-technical-
handbook
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produced, thus tracing more directly the location of the planetesimal
birth ring. Resolved sub-mm observations such as those presented
in this paper serve a key role in breaking the degeneracy between!
and"0 and solving the discrepancy between the total intensity and
polarimetric scattered light model radii.

GSC 07396-00759 is itself a wide separation companion of the
well-studied close-binary V4046 Sgr at a distance of 12300 au (Torres
et al.2006; Kastner et al.2011). V4046 Sgr possesses both a gas-rich
circumbinary disc and evidence of ongoing accretion (e.g.Stempels
& Gahm 2004; …berg et al.2011; Rosenfeld et al.2013; Rapson
et al. 2015; Kastner et al.2018; DÕOrazi et al.2019; Martinez-
Brunner et al.2022). The survival of the more primordial-like disc
of V4046 Sgr may be attributed to its binary nature, asAlexander
(2012) Þnd close binaries to possess longer lived discs than single
stars. Nevertheless, the association of the two systems draws into
question the nature of the disc around GSC 07396-00759 which the
new ALMA observations presented herein can shed further light on.

This paper presents the new Band 7 ALMA observations of
GSC 07396-00759 in ¤2, followed by a description of the modelling
process and modelling results in ¤3 and ¤4. In ¤5 we present our
analysis with respect to the previous scattered light observations and
we place the disc in the context of both the growing M-dwarf disc
population and the wider debris disc population across spectral types.

2 ALMA OBSERVATIONS

GSC 07396-00759 was observed with ALMA in Band 7 (0.87 mm,
345 GHz) on April 6th 2018 under project 2017.1.01583.S as part
of a larger survey of M-dwarfs in the# Pictoris Moving Group
(Cronin-Coltsmann et al. in prep). The observation used baselines
ranging from 15 to 484 m and 43 antennae. The average precipitable
water vapour was⇠0.75 mm. The total on source observing duration
was 16 minutes. QSOs J1826-2924 and J1924-2914 were used for
atmospheric and water vapour radiometer calibration; J1826-2924
was used for phase calibration; J1924-2914 was used for pointing,
ßux and bandpass calibration.

The spectral setup comprised four windows centred on 347.937,
335.937, 334.042 and 346.042 GHz with bandwidth 2 GHZ and
128 channels for all but the last with width 1.875 GHz and 3840
channels. The last window was used to search for CO gas via the
J=3-2 emission line, which has also been detected in another young
debris disc around the M-dwarf TWA 7 (Matrˆ et al.2019a).

The raw data were calibrated with the provided ALMA pipeline
script in ���� version 5.1.2-4 (McMullin et al. 2007). To reduce
the data volume the visibilities were averaged in 30 second intervals
and down to two channels per spectral window for the continuum
imaging. All images were generated with the����� algorithm in
����.

2.1 Continuum Analysis

Figure 1 shows a����� image of GSC 07396-00759Õs disc. We
use natural weightings for maximum signal to noise ratio (S/N).
This weighting gives a synthesised beam with major and minor full
width at half maxima (FWHM) of 0.6800(48.6 au) and 0.5500(39.3 au)
respectively and a position angle (PA) of 66.4�. We identify the
standard deviation in an annulus exterior to the disc to be$ = 40%Jy
beam�1. This noise is uniform throughout the central area where the
disc is detected and the primary beam correction there is< 10%.

The disc is continuously detected with at least 4$ and detection
peaks at 10$ at the disc ansae. It is apparent that the ßux constitutes
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Figure 1. Naturally-weighted����� image of the disc around GSC 07396-
00759. The ellipse in the lower left corner shows the beam size of
0.68⇥0.5500. The star is not detected. At a distance of 71.4 pc the appar-
ent disc radius is⇠70 au. Contours are drawn at±2f, 4f, 6f, 8f, 10f
with 1f = 40`Jy beam�1. The Gaia location of the star is marked with a+ at
273�35Õ31.2"±0.26mas�32�46Õ11.09"±0.20mas. Zero o�set is the ALMA
image phase centre at 273�35Õ31.3"�32�46Õ10.9" (J2000).

a highly inclined ring with a radius of⇠100and a position angle of
⇠ �30�; the disc is unresolved along the minor-axis and the emission
perpendicular to the major-axis appears to have a scale similar to
the beam size, thus limiting the discÕs maximum vertical extent to
within 50 au. The disc is radially resolved, as shown in Figure2. The
dip in the proÞle of the disc at⇠100on the north-west side is on the
scale of the beam, and therefore is likely the result of noise. As the
south-east side only peaks 1$ higher than the north-west, resulting
in a di�erence in integrated ßux of⇠ 10%with integrated ßuxes of
⇠ 0.88mJy and⇠ 0.80mJy respectively, we conclude that there is
not strong evidence of asymmetry, but note that it was the south-east
side that was signiÞcantly brighter in the scattered light observations
of S18 and A21.

3 MODELLING

To extract probability distributions of the disc parameters we Þt
models directly to the u-v ALMA data. This is done by Þrst creating
a 3-dimensional disc model. A rotation from sky coordinates to
model coordinates is calculated and used to Þnd the corresponding
model coordinate for each pixel in a volume centred on the star,
and the given parameters are consulted to identify the model ßux at
each pixel location. This model disc is then collapsed into the sky
plane in order to create a 2-dimensional image1. We use the�������
package (Tazzari et al.2018) to Fourier transform this image and
to sample the u-v locations of the data to calculate a&2. Posterior
probability distributions of the model parameters are explored with
the����� package (Foreman-Mackey et al.2013), an implementation
of the Markov Chain Monte Carlo method in Python. We initiate our
models near the solutions of previous test runs. We use 3000 steps
and discard the Þrst 2700 as the maximum auto-correlation length

1 https://github.com/drgmk/alma
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Figure 2. Profile of the disc along its major-axis; the flux of the centre pixel
along the disc major-axis is plotted in green, blue swathes show the RMS and
a Gaussian with the same FWHM as the beam is plotted in orange at the peak
radial flux. Zero separation is the best fitting model centre from §3.

of the parameter chains is 270 steps. We use 100 walkers and verify
that all the chains have converged upon completion.

We first implement a simple Gaussiantorus model, with param-
eters defined by the following equation for a model dust volume
density distribution ! (" , #):
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where "0 is the radius of peak flux, %# is the Gaussian scale width
(where the FWHM is 2.355*%#) and &= " # '(! () ) and where ) is
disc opening angle. In their scattered light modelling S18 use a fixed
) of 0.04, found by Thébault (2009) to be the ’minimum natural
observed aspect ratio’ for dust grains observed at visible to mid-IR
wavelengths. Dust grains observed at mm wavelengths whose orbits
are not a�ected by radial forces are not expected to conform to this
minimum aspect ratio, however trialling a similar model with ) as
a free parameter finds ) unresolved in the ALMA data with a 3%
upper limit of 0.18. We thus choose to fix ) to 0.04 in our modelling
for consistency with the modelling of S18.

Our second model follows the equation used in S18 for direct
comparison, i.e. a Double Power Lawwith di�erent density slopes
interior and exterior to "0:
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where ( in and ( out are the inner and outer slopes respectively.
Both models possess a parameter for the total flux of the disc

as well as an inclination, a position angle and RA and Declination
(Dec) o�sets of the disc model centre from the ALMA phase-centre.
The ALMA phase-centre is found to be slightly o�set itself from
the Gaia DR2 (Gaia Collaboration et al. 2016, 2018) location of
the star at the time of observation. All subsequent reported o�sets
have had that Gaia to phase-centre o�set subtracted such that the
o�set measurements are relative to the Gaia location at the time of
observation. We also include a parameter for scaling the weightings
of the u-v data points as their absolute uncertainty can be o�set as
described in Matrà et al. (2019b) and Kennedy (2020).

We calculate a naïve ’plane-of-sky’ eccentricity of the disc by
simply taking the o�set vector in the plane of the sky and dividing by
the disc radius, and use the given o�set and radius posteriors to form a
posterior distribution of eccentricities with uncertainty reported that
includes the uncertainty of ALMA’s astrometric precision (calculated
per §10.5.2 of the ALMA Cycle 6 Technical Handbook2, to give
0.036$$), the Gaia astrometric precision is negligible in comparison
at 0.33 mas. As the disc is highly inclined, we cannot accurately
discern any o�set perpendicular to the plane of the sky. Because the
true eccentricity, $, could be larger if the pericenter were not 90%to
the line of sight (i.e. if * , the argument of pericentre, is not equal to
0%), we do not quote an eccentricity measurement in Table 1, and we
instead provide a 3%upper limit on $cos(* ), i.e. the projection of
the eccentricity vector along the major-axis of the disc. This upper
limit is derived from the o�set posterior distribution after the dot
product is taken between the o�set vector and the unit vector of the
major-axis of the disc.

4 RESULTS AND ANALYSIS

4.1 Gaussian torus model

This simple model serves as the default hypothesis, tracing an az-
imuthally symmetric parent planetesimal belt or ’birth ring’ localised
to one radius and with a radially symmetric dust distribution about
that radius. Given the spatial resolution, the use of a Gaussian is
not specific, equally a top-hat distribution or single-power law could
have been used (e.g. Kennedy et al. 2018), the important factors being
radial symmetry and a measure of disc width. The best-fitting param-
eters are presented in Table 1 along with those of the double power
law model and S18 and A21’s scattered light models. The corner plot
derived from the modelling is presented in Figure A1. We show a
dirty image of the residuals after subtraction of a model formed from
the medians of the posterior-parameter distribution, with the model
contours overplotted, in Figure 3 left. Figure 3 left also contains an
inset showing the distribution of model disc centres in comparison
to the stellar location and ALMA astrometric precision.

The residuals show no remaining structure, demonstrating that an
azimuthally and radially symmetric model fits the data well. Only a
single 2% residual overlaps with the bounds of the disc, a negative
residual in the north-west. At 1-2% this feature is likely noise and
accounts for the shape of the disc profile, Figure 2.

We use the median-parameter model to calculate a +2 value of
721281.0 as well as calculating the Bayesian Information Criterion
(BIC; Schwarz 1978) of 721384.5. The BIC penalises models for
including extra parameters to identify whether an improvement in
+2 is justification to conclude a model is a significantly better fit to
the data. It is defined as ,-. = +2 + / Parameters# ln / dof, and as we
fit to a large number of visibilities (/ dof = 2# / vis = 2# 209496) the
inclusion of even a single extra parameter imposes a large penalty. A
! BIC of greater than 6 is considered ’strong’ evidence and a ! BIC
of greater than 10 is considered ’decisive’ evidence that the lower
valued model is significantly preferred to fit the data (Kass & Raftery
1995).

The median parameters of this disc model largely align well with
the parameters found from S18’s and A21’s scattered light modelling.
The model inclination and position angle are within 1%of both. Our
radius measurement is in significant agreement with the S18 model

2 https://almascience.nrao.edu/documents-and-tools/cycle6/alma-technical-
handbook
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Figure 2. ProÞle of the disc along its major-axis; the ßux of the centre pixel
along the disc major-axis is plotted in green, blue swathes show the RMS and
a Gaussian with the same FWHM as the beam is plotted in orange at the peak
radial ßux. Zero separation is the best Þtting model centre from ¤3.

of the parameter chains is 270 steps. We use 100 walkers and verify
that all the chains have converged upon completion.

We Þrst implement a simpleGaussiantorus model, with param-
eters deÞned by the following equation for a model dust volume
density distribution! (" , #):
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where"0 is the radius of peak ßux,%# is the Gaussian scale width
(where the FWHM is 2.355*%#) and&= " # '(! () ) and where) is
disc opening angle. In their scattered light modelling S18 use a Þxed
) of 0.04, found byThŽbault(2009) to be the Õminimum natural
observed aspect ratioÕ for dust grains observed at visible to mid-IR
wavelengths. Dust grains observed at mm wavelengths whose orbits
are not a! ected by radial forces are not expected to conform to this
minimum aspect ratio, however trialling a similar model with) as
a free parameter Þnds) unresolved in the ALMA data with a 3%
upper limit of 0.18. We thus choose to Þx) to 0.04 in our modelling
for consistency with the modelling of S18.

Our second model follows the equation used in S18 for direct
comparison, i.e. aDouble Power Lawwith di! erent density slopes
interior and exterior to"0:
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where( in and( out are the inner and outer slopes respectively.
Both models possess a parameter for the total ßux of the disc

as well as an inclination, a position angle and RA and Declination
(Dec) o! sets of the disc model centre from the ALMA phase-centre.
The ALMA phase-centre is found to be slightly o! set itself from
the Gaia DR2 (Gaia Collaboration et al.2016, 2018) location of
the star at the time of observation. All subsequent reported o! sets
have had that Gaia to phase-centre o! set subtracted such that the
o! set measurements are relative to the Gaia location at the time of
observation. We also include a parameter for scaling the weightings
of the u-v data points as their absolute uncertainty can be o! set as
described inMatrˆ et al. (2019b) andKennedy(2020).

We calculate a na•ve Õplane-of-skyÕ eccentricity of the disc by
simply taking the o! set vector in the plane of the sky and dividing by
the disc radius, and use the given o! set and radius posteriors to form a
posterior distribution of eccentricities with uncertainty reported that
includes the uncertainty of ALMAÕs astrometric precision (calculated
per ¤10.5.2 of the ALMA Cycle 6 Technical Handbook2, to give
0.036$$), the Gaia astrometric precision is negligible in comparison
at 0.33 mas. As the disc is highly inclined, we cannot accurately
discern any o! set perpendicular to the plane of the sky. Because the
true eccentricity,$, could be larger if the pericenter were not 90%to
the line of sight (i.e. if* , the argument of pericentre, is not equal to
0%), we do not quote an eccentricity measurement in Table1, and we
instead provide a 3%upper limit on$cos(* ), i.e. the projection of
the eccentricity vector along the major-axis of the disc. This upper
limit is derived from the o! set posterior distribution after the dot
product is taken between the o! set vector and the unit vector of the
major-axis of the disc.

4 RESULTS AND ANALYSIS

4.1 Gaussian torus model

This simple model serves as the default hypothesis, tracing an az-
imuthally symmetric parent planetesimal belt or Õbirth ringÕ localised
to one radius and with a radially symmetric dust distribution about
that radius. Given the spatial resolution, the use of a Gaussian is
not speciÞc, equally a top-hat distribution or single-power law could
have been used (e.g.Kennedy et al.2018), the important factors being
radial symmetry and a measure of disc width. The best-Þtting param-
eters are presented in Table1 along with those of the double power
law model and S18 and A21Õs scattered light models. The corner plot
derived from the modelling is presented in FigureA1. We show a
dirty image of the residuals after subtraction of a model formed from
the medians of the posterior-parameter distribution, with the model
contours overplotted, in Figure3 left. Figure3 left also contains an
inset showing the distribution of model disc centres in comparison
to the stellar location and ALMA astrometric precision.

The residuals show no remaining structure, demonstrating that an
azimuthally and radially symmetric model Þts the data well. Only a
single 2% residual overlaps with the bounds of the disc, a negative
residual in the north-west. At 1-2% this feature is likely noise and
accounts for the shape of the disc proÞle, Figure2.

We use the median-parameter model to calculate a+2 value of
721281.0 as well as calculating the Bayesian Information Criterion
(BIC; Schwarz1978) of 721384.5. The BIC penalises models for
including extra parameters to identify whether an improvement in
+2 is justiÞcation to conclude a model is a signiÞcantly better Þt to
the data. It is deÞned as,-. = +2 + / Parameters# ln / dof, and as we
Þt to a large number of visibilities (/ dof = 2# / vis = 2# 209496) the
inclusion of even a single extra parameter imposes a large penalty. A
�BIC of greater than 6 is considered ÕstrongÕ evidence and a�BIC
of greater than 10 is considered ÕdecisiveÕ evidence that the lower
valued model is signiÞcantly preferred to Þt the data (Kass & Raftery
1995).

The median parameters of this disc model largely align well with
the parameters found from S18Õs and A21Õs scattered light modelling.
The model inclination and position angle are within 1%of both. Our
radius measurement is in signiÞcant agreement with the S18 model

2 https://almascience.nrao.edu/documents-and-tools/cycle6/alma-technical-
handbook
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Table 1. Median disc parameters, �j2 and �BIC values for Gaussian and double power law models. Best fitting parameters for S18’s total intensity scattered
light modelling and A21’s polarimetric scattered light modelling are also included for comparison. Uncertainties are the 16th and 84th percentiles. O�sets are
measured from the disc model centre to the Gaia DR2 location of the star at the time of observation. Upper limits are at 3f above the mean, i.e. the 99.87th
percentile. The disc flux uncertainty includes the 10% ALMA flux calibration uncertainty. The 4 cos(l) upper limit includes the ALMA astrometric precision.
The 4 cos(l) upper limit is calculated from the projection of the o�set vector along the major-axis of the disc. �j2 and �BIC values relative to Gaussian model
with values 721281.0 and 721384.6 respectively, calculated from a model produced using the median parameters.

Parameter Gaussian Double Power Law Total Intensity Scattered Light Polarimetric Scattered Light

RA O�set (00) 0.06+0.03
�0.03 0.06+0.03

�0.03 � �

Dec O�set (00) 0.00+0.04
�0.04 0.00+0.04

�0.03 � �

4 cos(l) 3f Upper Limit 0.17 0.16 � �

Inclination (�) 85+3
�3 85+3

�3 82.7+0.1
�0.1 84.30.3

�0.3

PA (�) �32+1
�1 �32+1

�1 �31.1+0.1
�0.1 �31.3+0.7

�0.7

Disc Flux (mJy) 1.84+0.22
�0.21 1.83+0.21

�0.21 � �

Radius (au) 70.2+4.1
�4.7 77.7+8.0

�7.1 69.9+0.9
�0.8 107+2

�2

Scale Width (au) 20.3+4.3
�4.1 � � 27+1

�1

U!" � 3.5+4.5
�1.9 2.8+0.2

�0.2 �

U#$% � �8.9+1.9
�2.0 �2.6+0.1

�0.1 �

#Parameters 8 9 � �

�j2 0 +1.9 � �

�BIC 0 +14.9 � �

Figure 3. Naturally-weighted dirty images of the residuals after subtracting the individual models. Left: Gaussian model; Right: double power law model. Cyan
contours show the models at 2f, 4f, 6f, 8f, 10f and white contours show the residuals at �1f, �2f, 1f, 2f. The location of the star is marked with a
+. Zero o�set is the ALMA image phase centre at 273�35’31.3" �32�46’10.9" (J2000). The inset shows a zoom near the star to illustrate that the disc model
centre uncertainty (yellow contours at 1f, 2f, 3f) and the ALMA astrometric precision (grey circle centred on the stellar location, 1f) are large enough that
an o�set is not significantly detected.
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8 P. F. Cronin-Coltsmann et al.

Figure 6. . Comparison of GSC 07396-00759Õs disc as imaged in ALMA Band 7 with+2f, 4f, 6f, 8f, 10f contours (top, aligned with model centre at
zero o! set), ALMA best-Þtting Gaussian torus model (second from top), SPHERE/IRDIFS H2/H3 (second from bottom) and SPHERE/IRDIS DPI (bottom).
The horizontal dash-dotted lines cross through the location of the model centre for the ALMA data/model and the star for the SPHERE data, parallel to the
major-axis of the disc. The central regions of the SPHERE data have been removed to account for the coronagraphic masks and high noise levels surrounding
the masks. The vertical dashed lines pass through the ALMA best-Þtting model radius of the disc and zero o! set.

Figure7 shows a comparison of the proÞles of the three data sets,
for the ALMA data derived from the ßux of the centre pixel along
the major-axis and for the SPHERE data derived from the brightest
pixel in a slice of the disc perpendicular to the major-axis at each
separation step, the di! ering approaches warranted due to the signif-
icantly higher resolution of the SPHERE data. The scattering phase
functions will heavily dampen the visual radial extent of the disc in
the scattered light data, thus Figure7 is intended for a comparison
of the potential brightness asymmetries in each dataset rather than
apparent radii. However, even with the e! ects of the scattering phase
function, the IRDIS DPI proÞle visibly extends beyond 1.5!! and
both the ALMA Band 7 and IRDIFS proÞles.

Both S18 and A21 observe a brightness asymmetry in the disc,
with the south-east side brighter than the north-west, but by a larger
factor in the June 2017 S18 total intensity data than the June 2018
A21 polarimetric data. Our April 2018 ALMA observation is con-
sistent with there being no detected asymmetry, attributing the ap-
parent dip on the north-west side to a noise feature. Looking at the
1! bounds of the ALMA proÞle in Figure7, we can place a limit

on a possible sub-mm brightness asymmetry of less than a factor
" 1.5. It is not unfeasible that a brightness asymmetry is present in
the sub-mm, but we infer that it is very unlikely to be at the same
level as seen by IRDIFS and unlikely to be at the same level as seen
by IRDIS DPI. The time baseline between observations is too short
for dust causing an asymmetry to be removed totally from the sys-
tem, which would happen on orbital timescales of" 750 years, and
so the asymmetry must be enhanced in small grain sizes. Thus what-
ever mechanism is causing the brightness asymmetry more strongly
a! ects the more mobile small micron sized dust grains, and is not
noticeably a! ecting the underlying planetesimal population nor the
population of mm sized dust grains. This points towards a pressure
force, such as interaction with the interstellar medium (e.g.Maness
et al.2009; Debes et al.2009) or asymmetric small dust production
and/or removal such as a coronal mass ejection (Osten et al.2013).
A recent massive collision could also produce a dust asymmetry that
evolves di! erently for dust grains with di! erent" values, where"
is the radial force to gravitational force ratio. In M-dwarf systems"
depends strongly on the strength of the stellar wind, which is still an
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Figure 7. Comparative brightness proÞles of the ALMA Band 7 and
SPHERE/IRDIS total intensity and polarimetric data. For the ALMA data,
the ßux of the centre pixel along the disc major-axis is taken at each separation
step. For the SPHERE data the peak brightness is taken from a slice of pixels
at each separation step along a swathe parallel to the disc major-axis. Each
proÞle is normalised to its brightest component. The gray swathe shows the
ALMA RMS. The IRDIS DPI image has been smoothed by a uniform Þlter
of width ten pixels. Zero separation is the best Þtting model centre from ¤3.

unknown for GSC 07396-00759. AsV is size dependent, this would
result in di�erently apparent asymmetries depending on the grain
size probed by the observation (Jackson et al.2014; Kral et al.2015).

A warp in the north-west of the disc is observed in both scattered
light data sets. In Figure6 slight evidence for a warp in the ALMA
data may be visually identiÞed in the north-west, but it is di�cult
to extricate this from the larger noise features overlapping the north-
west of the disc as seen in Figure3. The observation most likely does
not possess the necessary resolution to uncover a warp if one exists
in the sub-mm grain and parent planetesimal distributions. Higher
resolution sub-mm follow up observations would allow this to be
investigated.

5.2 Comparison with other M-dwarf discs

GSC 07396-00759Õs discÕs radius of 70 au is about double that of
AU MicÕs discÕs radius of⇠24-40 au (Daley et al.2019), and we
Þnd GSC 07396-00759Õs disc to be of intermediary width when the
widths are presented as ratios to their radii: a FWHM of 50 au for
GSC 07396-00759 gives a ratios of 0.7 andMarino (2021) Þnds a
ratio of 0.97 for AU Mic, in comparison to the M-dwarf host Fo-
malhaut CÕs thinner disc with radius 26.4 au, FHWM upper limit of
11 au and ratio upper limit of 0.42. GSC 07396-00759Õs discÕs radius
is comparatively similar to the⇠60 au radius of the face-on debris disc
around the young (7.5±0.7 Myr old,Ducourant et al.2014) M2Ve star
TWA 7 derived from marginally resolved ALMA observations (Bayo
et al.2019; Matrˆ et al.2019a). TWA 7 has also been shown to pos-
sess considerable structure when viewed in scattered light (Ren et al.
2021; Olofsson et al.2018). The asymmetry of GSC 07396-00759
could be similar to that of TWA 7, if TWA 7 were viewed edge-on,
which is apparent in scattered light but only marginally identiÞed in
the sub-mm (Ren et al.2021). CPD-72 2713Õs disc remains unusually

Figure 8. mm-wave resolved debris disc radii plotted against host stellar
luminosity. Error bars represent disc FWHM or upper limits. The Þve latest
type stellar hosts are highlighted in colour, CPD-72 2713 is plotted without a
width as a Þxed width of 0.2R was assumed to facilitate Þtting a radius (Mo—r
et al.2020). Transparent grey lines show a sample of 1000 power laws from
the parameter distributions ofMatrˆ et al. (2018).

large for its type with its radius of 140 au (Mo—r et al.2020), twice
that GSC 07396-00759Õs.

To visualise these comparisons we place GSC 07396-00759 on
the radius-luminosity plot presented inMatrˆ et al. (2018), with the
addition of the sample presented inSepulveda et al.(2019), Fo-
malhaut C (Cronin-Coltsmann et al.2021) and CPD-72 2713 (Mo—r
et al. 2020). CPD-72 2713 is presented without a disc width as a
Þxed FWHM of 0.2R was used to reduce degeneracy while Þtting
for a radius in the marginally resolved observation. The sample of
mm-wave resolved discs at M0⇠M2 is growing and is appearing to
remain largely consistent both within the subset and with the greater
planetary belt demographic, both in terms of the average of the radii
across the sample and the breadth of the spread of their radii.

The growing sample of these discs that are resolved in both the sub-
mm and scattered light will also help to elucidate the mechanisms of
stellar wind forces in this regime where the low luminosity of the host
star is insu�cient to remove dust grains via radiation pressure and
stellar wind forces become dominant, as is the case for GSC 07396-
00759 (Sissa et al.2018; Adam et al.2021).

5.3 CO non-detection

We searched for evidence of volatiles released by planetesimal colli-
sions via the CO gas J=3-2 emission line, as per our ALMA spectral
setup. We subtracted the continuum emission and visually inspected
both the dirty cube and the moment-0 map collapsed over the range of
velocities where emission would be expected, Þnding no immediate
signal.

To increase our sensitivity to a small amount of CO we use
the spectro-spatial Þltering technique Þrst described inMatrˆ et al.
(2015), assuming that CO would be co-located with the dust. This
method shifts pixels in the spectral cube based on the expected Keple-
rian orbital velocity at their location into a single channel to enhance
signal; we have assumed a stellar mass of 0.62 M� (Adam et al.
2021). However, the edge-on disc, low stellar host mass, large disc
radius and low spectral resolution all limit the e�ectiveness of the
technique. Our spatial Þlter is taken from our Gaussian torus model
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Figure 7. Comparative brightness profiles of the ALMA Band 7 and
SPHERE/IRDIS total intensity and polarimetric data. For the ALMA data,
the flux of the centre pixel along the disc major-axis is taken at each separation
step. For the SPHERE data the peak brightness is taken from a slice of pixels
at each separation step along a swathe parallel to the disc major-axis. Each
profile is normalised to its brightest component. The gray swathe shows the
ALMA RMS. The IRDIS DPI image has been smoothed by a uniform filter
of width ten pixels. Zero separation is the best fitting model centre from §3.

unknown for GSC 07396-00759. As V is size dependent, this would
result in di�erently apparent asymmetries depending on the grain
size probed by the observation (Jackson et al. 2014; Kral et al. 2015).

A warp in the north-west of the disc is observed in both scattered
light data sets. In Figure 6 slight evidence for a warp in the ALMA
data may be visually identified in the north-west, but it is di�cult
to extricate this from the larger noise features overlapping the north-
west of the disc as seen in Figure 3. The observation most likely does
not possess the necessary resolution to uncover a warp if one exists
in the sub-mm grain and parent planetesimal distributions. Higher
resolution sub-mm follow up observations would allow this to be
investigated.

5.2 Comparison with other M-dwarf discs

GSC 07396-00759’s disc’s radius of 70 au is about double that of
AU Mic’s disc’s radius of ! 24-40 au (Daley et al. 2019), and we
find GSC 07396-00759’s disc to be of intermediary width when the
widths are presented as ratios to their radii: a FWHM of 50 au for
GSC 07396-00759 gives a ratios of 0.7 and Marino (2021) finds a
ratio of 0.97 for AU Mic, in comparison to the M-dwarf host Fo-
malhaut C’s thinner disc with radius 26.4 au, FHWM upper limit of
11 au and ratio upper limit of 0.42. GSC 07396-00759’s disc’s radius
is comparatively similar to the ! 60 au radius of the face-on debris disc
around the young (7.5±0.7 Myr old, Ducourant et al. 2014) M2Ve star
TWA 7 derived from marginally resolved ALMA observations (Bayo
et al. 2019; Matrà et al. 2019a). TWA 7 has also been shown to pos-
sess considerable structure when viewed in scattered light (Ren et al.
2021; Olofsson et al. 2018). The asymmetry of GSC 07396-00759
could be similar to that of TWA 7, if TWA 7 were viewed edge-on,
which is apparent in scattered light but only marginally identified in
the sub-mm (Ren et al. 2021). CPD-72 2713’s disc remains unusually
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Figure 8. mm-wave resolved debris disc radii plotted against host stellar
luminosity. Error bars represent disc FWHM or upper limits. The five latest
type stellar hosts are highlighted in colour, CPD-72 2713 is plotted without a
width as a fixed width of 0.2R was assumed to facilitate fitting a radius (Moór
et al. 2020). Transparent grey lines show a sample of 1000 power laws from
the parameter distributions of Matrà et al. (2018).

large for its type with its radius of 140 au (Moór et al. 2020), twice
that GSC 07396-00759’s.

To visualise these comparisons we place GSC 07396-00759 on
the radius-luminosity plot presented in Matrà et al. (2018), with the
addition of the sample presented in Sepulveda et al. (2019), Fo-
malhaut C (Cronin-Coltsmann et al. 2021) and CPD-72 2713 (Moór
et al. 2020). CPD-72 2713 is presented without a disc width as a
fixed FWHM of 0.2R was used to reduce degeneracy while fitting
for a radius in the marginally resolved observation. The sample of
mm-wave resolved discs at M0! M2 is growing and is appearing to
remain largely consistent both within the subset and with the greater
planetary belt demographic, both in terms of the average of the radii
across the sample and the breadth of the spread of their radii.

The growing sample of these discs that are resolved in both the sub-
mm and scattered light will also help to elucidate the mechanisms of
stellar wind forces in this regime where the low luminosity of the host
star is insu�cient to remove dust grains via radiation pressure and
stellar wind forces become dominant, as is the case for GSC 07396-
00759 (Sissa et al. 2018; Adam et al. 2021).

5.3 CO non-detection

We searched for evidence of volatiles released by planetesimal colli-
sions via the CO gas J=3-2 emission line, as per our ALMA spectral
setup. We subtracted the continuum emission and visually inspected
both the dirty cube and the moment-0 map collapsed over the range of
velocities where emission would be expected, finding no immediate
signal.

To increase our sensitivity to a small amount of CO we use
the spectro-spatial filtering technique first described in Matrà et al.
(2015), assuming that CO would be co-located with the dust. This
method shifts pixels in the spectral cube based on the expected Keple-
rian orbital velocity at their location into a single channel to enhance
signal; we have assumed a stellar mass of 0.62 M" (Adam et al.
2021). However, the edge-on disc, low stellar host mass, large disc
radius and low spectral resolution all limit the e�ectiveness of the
technique. Our spatial filter is taken from our Gaussian torus model
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ABSTRACT
We present multi-instrument observations of the disc around the Herbig Ae star, HD 145718, employing geometric and Monte
Carlo radiative transfer models to explore the disc orientation, the vertical and radial extent of the near infrared (NIR) scattering
surface, and the properties of the dust in the disc surface and sublimation rim. The disc appears inclined at67�71�, with position
angle, PA= �1.0� 0.6�, consistent with previous estimates. The NIR scattering surface extends out to⇠ 75au and we infer an
aspect ratio,#scat($)/$ ⇠ 0.24 in %-band;⇠ 0.22 in &-band. Our GPI images and VLTI+CHARA NIR interferometry suggest
that the disc surface layers are populated by grains& ' /2( in size, indicating these grains are aerodynamically supported against
settling and/or the density of smaller grains is relatively low. We demonstrate that our geometric analysis provides a reasonable
assessment of the height of the NIR scattering surface at the outer edge of the disc and, if the inclination can be independently
constrained, has the potential to probe the ßaring exponent of the scattering surface in similarly inclined () & 70�) discs. In
re-evaluating HD 145718Õs stellar properties, we found that the objectÕs dimming events - previously characterised as UX Or
and dipper variability - are consistent with dust occultation by grains larger, on average, than found in the ISM. This occulting
dust likely originates close to the inferred dust sublimation radius at0.17au.

Key words: accretion discs Ð radiative transfer Ð techniques: high angular resolution Ð circumstellar matter Ð stars: individual:
HD 145718 Ð stars: formation

1 INTRODUCTION

The planet formation process requires sub-! m sized particles, typical
of the interstellar medium (ISM), to grow by >12 orders of magnitude
to produce planetesimals and planets. Moreover, given the relatively
short lifetimes of protoplanetary discs (⇠ 3 � 11Myr, Ribas et al.
2015), such growth has to be highly e�cient. The process is compli-
cated - with grain evolution involving coagulation, vertical settling,
radial drift, and fragmentation - and dependent on the local structure
of the disc and the properties of the dust therein (Testi et al.2014).

Highly inclined () & 70�), dust rich protoplanetary discs provide
unique opportunities to study vertical and radial disc structure. In
particular, the optically thick nature of protoplanetary discs across
the optical/near-infrared (NIR) allows observations at these wave-

! E-mail: c.davies3@exeter.ac.uk

lengths to directly trace the disc surface layers. The dust in these
regions is expected to be dominated by sub-! m sized grains and
be well-coupled to the gas. Meanwhile, large grains are expected to
preferentially settle towards the disc midplane (Dubrulle et al.1995).

Observational evidence for such vertical stratiÞcation is seen in
the wavelength dependence of the vertical extent of near-edge-on
discs (e.g.Glauser et al.2008; Duch•ne et al.2010; Villenave et al.
2019; Wol� et al.2021). However in apparent contrast, the presence
of ÒlargeÓ aggregates (radius,* & ' /2( , where' is the observed
wavelength) in the surface layers of protoplanetary discs has been
inferred from (i) asymmetric brightness patterns in polarised di�er-
ential imaging data (e.g.Mulders et al.2013; Stolker et al.2016a,b;
Avenhaus et al.2018; GaruÞ et al.2020) and (ii) the colours and po-
larisation of stars exhibiting photometric variability attributable to
occultation by circumstellar dust (namely the ÒdippersÓBouvier et al.
1999; Stau�er et al.2015; Bredall et al.2020and UX OrsHuang

© 2021 The Authors
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Figure 2. Annotated � - (top) and � -band (bottom) Stokes&q images high-
lighting the main features ⇢J, ⇡J1, ⇡J2, ⇢H, and �H (see Section 3.1.1 for
details). The IWA of the coronographic mask is indicated by the black ring
in the centre of the image.

3.3 Archival multi-wavelength photometry and infrared
spectroscopy

Complementary multi-wavelength archival photometry and flux
measurements were retrieved using the Spectral Energy Distribu-
tion Builder for Young Stars (SEDBYS, Davies 2021). The WISE
W4-band magnitude was flagged and removed due to its discrepant
low flux and we added the 1.3 mm ALMA flux reported in Garufi
et al. (2018) to the collated dataset. The full list of flux-calibrated pho-
tometry, together with their references, are provided in Appendix A.
Flux-calibrated Spitzer Infrared Spectrograph (IRS; Houck et al.
2004) Short-Low and Long-High module spectra were also retrieved
from the Infrared Science Archive (IRSA). Details regarding the
reduction of these data are provided in Keller et al. (2008).

4 GEOMETRIC MODELING OF THE GPI IMAGES

We fit elliptical ring models to isophotes of surface brightness, ! a ,
tracing the " J and " H features in the # q images. These allow us to
assess the radial and vertical extents, as well as the orientation, of the
disc around HD 145718 prior to the more computationally expensive

Figure 3. (D, E)-plane coverage of the interferometry. Left: � -band
VLTI/PIONIER (dark green data points) and CHARA/MIRC-X (lime green
data points). Right:  -band VLTI/GRAVITY (brown data points). North is
up; east is left.

and time-consuming radiative transfer modelling (Section 5). Our
elliptical ring model was prescribed as a circular ring of radius, $, in-
clined by angle, %, rotated through position angle, PA4, and translated
in right ascension, RA, and declination, Dec, by coordinates (&RA,
&Dec) from the image centre. Assuming our observations trace light
scattered by dust close to the disc surface, we expect the centres of
" J and " H to be o! set from the image centre along a vector which,
when projected onto the sky, lies perpendicular to the disc PA. Thus,
we can relate PA, &RA, and &Dec to the height, ' scat ($), of the
scattering surface above the disc midplane at radius $:

PA = tan! 1
!

&RA
&Dec

"
+

(
2
, (4)

and

' scat ($) = )
#
(&RA)2 + (&Dec)2

$1/ 2
, (5)

where ) is the stellar distance. We follow Vioque et al. (2018) and
adopt ) = 152.5+3.2

! 3.0 pc, corresponding to the inverse of the Gaia data

release (DR) 2 parallax5 (Gaia Collaboration et al. 2016, 2018). Our
elliptical ring model is then fully prescribed using four parameters:
$, %, PA, and ' scat ($).

Before extracting the ! a isophotes, we first masked the # q images
to exclude the central pixels within the IWA of the coronograph. The
pixel coordinates of the ! a isophotes tracing the " J and " H features
were then isolated from the full list returned by the contour function
of matplotlib.pyplot (Hunter 2007). The western side of each
ellipse-tracing ! a isophote deviated from an elliptical shape, likely
due to the combined e! ects of (i) the relatively narrow vertical ex-
tent of the scattering surface compared to the east–west extent of the
coronographic mask; and (ii) the scattering phase function of the dust
grains in the disc resulting in a lower back-scattered than forward-
scattered flux (e.g. Stolker et al. 2016b; Tazaki et al. 2019, see Sec-
tion 5.3). Meanwhile, the eastern side of each ! a isophote was shaped
by features * J1, * J2 and +H. To isolate the ellipse-tracing portion of
each ! a isophote, the collated coordinate arrays were inspected by-
eye and cuts were applied to the horizontal and vertical pixel coordi-
nates. Additionally, isophotes with ! a > 1.25 mJy arcsec! 2 (, -band)
or ! a > 1.85 mJy arcsec! 2 (- -band) and ! a < 0.70 mJy arcsec! 2

4 Position angles are those of the disc major axis, measured East of North.
5 This is within the range of the Bailer-Jones et al. (2018) estimate of
151.9 ± 1.9 pc (which accounts for the nonlinear nature of the parallax–
distance transformation), based on the Gaia DR2 parallax, and the Gaia early
DR3 inverse parallax estimate of 154.7 ± 0.5 pc (Gaia Collaboration et al.
2021; Lindegren et al. 2021).
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Figure 2. Annotated � - (top) and � -band (bottom) Stokes&q images high-
lighting the main features ⇢J, ⇡J1, ⇡J2, ⇢H, and �H (see Section 3.1.1 for
details). The IWA of the coronographic mask is indicated by the black ring
in the centre of the image.

3.3 Archival multi-wavelength photometry and infrared
spectroscopy

Complementary multi-wavelength archival photometry and flux
measurements were retrieved using the Spectral Energy Distribu-
tion Builder for Young Stars (SEDBYS, Davies 2021). The WISE
W4-band magnitude was flagged and removed due to its discrepant
low flux and we added the 1.3 mm ALMA flux reported in Garufi
et al. (2018) to the collated dataset. The full list of flux-calibrated pho-
tometry, together with their references, are provided in Appendix A.
Flux-calibrated Spitzer Infrared Spectrograph (IRS; Houck et al.
2004) Short-Low and Long-High module spectra were also retrieved
from the Infrared Science Archive (IRSA). Details regarding the
reduction of these data are provided in Keller et al. (2008).

4 GEOMETRIC MODELING OF THE GPI IMAGES

We fit elliptical ring models to isophotes of surface brightness, ! a ,
tracing the " J and " H features in the # q images. These allow us to
assess the radial and vertical extents, as well as the orientation, of the
disc around HD 145718 prior to the more computationally expensive

Figure 3. (D, E)-plane coverage of the interferometry. Left: � -band
VLTI/PIONIER (dark green data points) and CHARA/MIRC-X (lime green
data points). Right:  -band VLTI/GRAVITY (brown data points). North is
up; east is left.

and time-consuming radiative transfer modelling (Section 5). Our
elliptical ring model was prescribed as a circular ring of radius, $, in-
clined by angle, %, rotated through position angle, PA4, and translated
in right ascension, RA, and declination, Dec, by coordinates (&RA,
&Dec) from the image centre. Assuming our observations trace light
scattered by dust close to the disc surface, we expect the centres of
" J and " H to be o! set from the image centre along a vector which,
when projected onto the sky, lies perpendicular to the disc PA. Thus,
we can relate PA, &RA, and &Dec to the height, ' scat ($), of the
scattering surface above the disc midplane at radius $:

PA = tan! 1
!

&RA
&Dec

"
+

(
2
, (4)

and

' scat ($) = )
#
(&RA)2 + (&Dec)2

$1/ 2
, (5)

where ) is the stellar distance. We follow Vioque et al. (2018) and
adopt ) = 152.5+3.2

! 3.0 pc, corresponding to the inverse of the Gaia data

release (DR) 2 parallax5 (Gaia Collaboration et al. 2016, 2018). Our
elliptical ring model is then fully prescribed using four parameters:
$, %, PA, and ' scat ($).

Before extracting the ! a isophotes, we first masked the # q images
to exclude the central pixels within the IWA of the coronograph. The
pixel coordinates of the ! a isophotes tracing the " J and " H features
were then isolated from the full list returned by the contour function
of matplotlib.pyplot (Hunter 2007). The western side of each
ellipse-tracing ! a isophote deviated from an elliptical shape, likely
due to the combined e! ects of (i) the relatively narrow vertical ex-
tent of the scattering surface compared to the east–west extent of the
coronographic mask; and (ii) the scattering phase function of the dust
grains in the disc resulting in a lower back-scattered than forward-
scattered flux (e.g. Stolker et al. 2016b; Tazaki et al. 2019, see Sec-
tion 5.3). Meanwhile, the eastern side of each ! a isophote was shaped
by features * J1, * J2 and +H. To isolate the ellipse-tracing portion of
each ! a isophote, the collated coordinate arrays were inspected by-
eye and cuts were applied to the horizontal and vertical pixel coordi-
nates. Additionally, isophotes with ! a > 1.25 mJy arcsec! 2 (, -band)
or ! a > 1.85 mJy arcsec! 2 (- -band) and ! a < 0.70 mJy arcsec! 2

4 Position angles are those of the disc major axis, measured East of North.
5 This is within the range of the Bailer-Jones et al. (2018) estimate of
151.9 ± 1.9 pc (which accounts for the nonlinear nature of the parallax–
distance transformation), based on the Gaia DR2 parallax, and the Gaia early
DR3 inverse parallax estimate of 154.7 ± 0.5 pc (Gaia Collaboration et al.
2021; Lindegren et al. 2021).
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Table 1. Results of our geometric modelling of the! ! isophotes of the" -
and # -band$ " images. Column 1: isophote surface brightness; columns
2, 3 and 4: elliptical ring radius, inclination, and position angle; column 5:
height of the scattering surface above the disc midplane at radius%.

! ! % & PA ' scat(%)
(mJy /arcsec2) (au) (! ) (! ) (au)

(1) (2) (3) (4) (5)

" -band

0.70 71.4+0.6
" 0.6 68.1+0.6

" 0.7 " 0.7+0.3
" 0.4 9.5+0.4

" 0.4
0.75 71.0+0.6

" 0.6 68.3+0.7
" 0.7 " 0.5+0.3

" 0.4 9.6+0.5
" 0.4

0.80 70.7+0.6
" 0.6 68.2+0.7

" 0.7 " 0.6+0.3
" 0.4 9.8+0.5

" 0.5
0.85 69.5+0.6

" 0.6 67.1+0.7
" 0.7 " 0.1+0.3

" 0.4 10.3+0.5
" 0.5

0.90 69.1+0.7
" 0.6 66.9+0.8

" 0.9 " 0.6+0.4
" 0.5 10.8+0.6

" 0.5
0.95 66.9+0.6

" 0.6 67.7+0.8
" 0.9 " 0.1+0.3

" 0.4 9.2+0.6
" 0.5

1.00 66.6+0.6
" 0.6 68.4+0.8

" 0.9 0.3+0.3
" 0.3 9.0+0.6

" 0.6
1.05 66.0+0.6

" 0.6 69.0+0.8
" 0.8 0.6+0.3

" 0.3 8.5+0.5
" 0.5

1.10 65.4+0.6
" 0.6 68.6+0.8

" 0.9 0.2+0.3
" 0.4 8.8+0.5

" 0.5
1.15 64.7+0.6

" 0.6 68.6+0.8
" 0.9 0.2+0.3

" 0.3 9.1+0.5
" 0.5

1.20 63.6+0.5
" 0.5 67.8+0.8

" 0.8 0.1+0.3
" 0.3 9.4+0.5

" 0.5
1.25 62.9+0.5

" 0.6 67.8+0.9
" 1.0 0.2+0.3

" 0.4 9.4+0.7
" 0.6

# -band

0.80 71.6+0.5
" 0.5 67.8+0.6

" 0.7 " 0.1+0.3
" 0.3 8.0+0.5

" 0.4
0.85 71.3+0.4

" 0.4 68.6+0.5
" 0.5 " 0.8+0.2

" 0.3 8.3+0.3
" 0.3

0.90 70.4+0.4
" 0.4 69.0+0.5

" 0.5 " 0.7+0.2
" 0.3 7.7+0.3

" 0.3
0.95 70.0+0.5

" 0.5 68.6+0.6
" 0.6 " 1.0+0.3

" 0.3 8.0+0.4
" 0.4

1.00 69.5+0.5
" 0.5 68.5+0.6

" 0.7 " 1.0+0.3
" 0.4 8.3+0.4

" 0.4
1.05 69.4+0.4

" 0.4 69.6+0.5
" 0.5 " 0.6+0.2

" 0.3 7.8+0.4
" 0.4

1.10 68.3+0.4
" 0.4 69.4+0.5

" 0.5 " 0.3+0.2
" 0.3 7.7+0.4

" 0.4
1.15 68.2+0.4

" 0.4 69.4+0.5
" 0.5 " 0.2+0.2

" 0.3 7.7+0.4
" 0.3

1.20 67.5+0.4
" 0.4 69.4+0.5

" 0.5 " 0.3+0.2
" 0.2 7.7+0.4

" 0.3
1.25 67.5+0.4

" 0.4 68.8+0.5
" 0.6 " 0.5+0.2

" 0.3 8.3+0.4
" 0.4

1.30 66.7+0.4
" 0.4 68.3+0.6

" 0.7 " 0.6+0.2
" 0.3 8.5+0.4

" 0.4
1.35 65.6+0.4

" 0.4 69.9+0.6
" 0.6 " 0.2+0.2

" 0.2 6.9+0.4
" 0.4

1.40 65.4+0.4
" 0.4 70.2+0.5

" 0.6 " 0.1+0.2
" 0.2 7.0+0.4

" 0.4
1.45 65.1+0.4

" 0.4 70.7+0.5
" 0.5 " 0.2+0.2

" 0.2 6.8+0.4
" 0.4

1.50 64.6+0.4
" 0.4 70.5+0.6

" 0.6 " 0.4+0.2
" 0.3 7.0+0.4

" 0.4
1.55 64.5+0.4

" 0.4 70.4+0.6
" 0.6 " 0.5+0.2

" 0.3 7.1+0.4
" 0.4

1.60 63.8+0.4
" 0.4 69.6+0.7

" 0.7 " 0.6+0.3
" 0.3 7.7+0.5

" 0.5
1.65 62.8+0.4

" 0.4 69.0+0.7
" 0.7 " 0.6+0.3

" 0.3 7.8+0.5
" 0.5

1.70 62.3+0.4
" 0.4 70.0+0.7

" 0.8 " 0.7+0.3
" 0.3 7.0+0.6

" 0.5
1.75 62.1+0.4

" 0.4 70.0+0.7
" 0.9 " 0.6+0.3

" 0.3 7.0+0.7
" 0.6

1.80 61.9+0.4
" 0.4 70.0+0.8

" 0.9 " 0.6+0.3
" 0.3 7.0+0.7

" 0.6
1.85 61.6+0.5

" 0.4 69.8+0.8
" 0.9 " 0.7+0.3

" 0.3 7.1+0.7
" 0.7

(! -band) or" ( < 0.80 mJy arcsec" 2 (# -band) were not used as they
did not su! ciently trace the apexes of the ellipse. Limiting the range
of " ( isophotes used in this way results in a limited range of disc
radii (and therefore$scat(%)) being explored.

4.1 Inferred disc geometry and potential ßaring of the disc
scattering surface

The minimize function of lmfit (version 1.0.1;Newville et al.
2020) was used to Þt our elliptical ring model to the data. SpeciÞcally,
we minimised the radial distance between the cylindrical coordinates
of the isophote and the elliptical ring at the same azimuthal angle.
Our results are summarised in Table1 and we show example Þts
in Fig. 4. To estimate the uncertainties on our Þts, we used the
Minimizer.emcee package oflmfit (Foreman-Mackey et al.2013;

Figure 4. Example isophotes extracted from the" - (left) and# -band (right)
$ " images at a surface brightness of0.7 and1.3 mJy arcsec" 2, respectively,
and their corresponding best Þtting elliptical ring model.

Newville et al.2020) to explore the posterior probability distribution
of each of the parameters in our model. The values and uncertainties
quoted in Table1 correspond to the median and1& quantiles of these
probability distributions. We do not incorporate the uncertainty on
the distance (Table2) in our%and$scat(%) uncertainties.

Our Þts to the! - and # -band " ( isophotes provide broadly
consistent results for the disc geometry:67! ! ' ! 69! and
" 0.7! ! PAmajor ! 0.6! in ! -band;68! ! ' ! 71! and" 1.0! !
PAmajor ! " 0.1! in # -band. As such, the disc appears more inclined
and oriented closer to0! PA in our GPI images than has previously
been inferred from geometric modelling and image reconstruction of
PIONIER interferometry (Lazare" et al.2017; Kluska et al.2020).
Our results are more consistent with Þndings from Fourier-plane
analysis of mm continuum and( -band interferometry:' = 70.4±1.2!

and PA= 1± 1! inferred from1.3 ) m ALMA observations (Ansdell
et al.2020); 68! < ' < 72! and PA= 2± 2! inferred from GRAVITY
observations (Gravity Collaboration et al.2019). We discuss these
results further, particularly in relation to HD 145718Õs photometric
variability, in Section6.1.

The values in Table1 suggest a scattering surface aspect ratio
($scat(%)/ %) in the range# 0.13" 0.16 (! -band) and# 0.10" 0.13
(# -band). This is at the lower end of the range found by e.g.Avenhaus
et al.(2018) andGinski et al.(2016) who used NIR scattered light im-
ages of six protoplanetary discs with concentric ring features to esti-
mate scattering surface aspect ratios, Þnding$scat(%)/ %= 0.09" 0.25.
The results from this simple isophote Þtting procedure also suggest
that the! -band scattering surface of HD 145718 may be more verti-
cally extended than the# -band scattering surface. This is not wholly
unexpected as longer wavelengths of light should penetrate deeper
into the disc due to the grain size dependent vertical stratiÞcation
of the disc as a result of vertical settling (e.g.Pinte et al.2007;
Duch•ne et al.2010). We examine this in more detail using Monte
Carlo radiative transfer models in Section6.2.

Looking closely at our best-Þt$scat(%) and%values, the height of
the scattering surface also appears to increase with radius suggesting
we may be probing the degree of ßaring of the disc scattering surface
in the outer disc. We explore this further, and assess the robustness
of the relatively simplistic Þtting procedure we have employed in
Section6.2.
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Figure 5. Top: comparison between the! - and" -band scattering surfaces
resulting from TORUS models with di! erent values of#. All other model
parameters were identical in the two models. Bottom: zoom-in on the inner
! 2au of the" -band scattering surface traced by our ray-tracing algorithm.
The horizontal spread in data points highlights the partially optically thick
nature of the upper layers of the dust sublimation rim.

edge at! in and a more loosely curved surface emerges above this at
! > ! in. The emergence of the small grains out of the settled rim
extends the mas-scale NIR brightness distribution to larger scales.
This improves the Þt to the shorter baseline visibilities which are
over-resolved in the models using larger" values.

Maximum size of surface-layer dust grains

The value of#maxa! ects the radius at which the small grains emerge
above the settled disc rim.Isella & Natta(2005) previously showed
that larger grains can survive at higher temperatures as they are more
e" cient at cooling. This same process is responsible for the e! ect
we see here. Increasing#max therefore a! ects the NIR ßux level
and the shape of the visibilities in much the same way as seen for
single grain size models (Isella & Natta2005; Davies et al.2018,
2020). Changing#max also a! ects the scattering phase function: at
the relatively high inclinations we explore, we see an asymmetric$ $
brightness distribution and increasing#max results in a decrease in
back-scattering e" ciency, relative to forward scattering (Figure6).
The extent of this di! erence is consistently more marked in the%-
band image than the&-band. This is associated with the dependence
of the scattering phase function on the grain size (Stolker et al.
2016b; Tazaki et al.2019). One can also see from Figure6 that the
arc features on the eastern side of the$ $ images are dimmer for
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Figure 6. Impact of changing%max on ! - and " -band model& ! images
(left and right panels, respectively). From top to bottom, the maximum grain
size of non-settled grains is increased from0.3 ' m to0.6 ' m. Each image is
2 " 2Ó.

models with larger#max. The' $ images also decrease in brightness
with increasing#max.

5.4 Best-Þtting TORUS model

The TORUS model providing the best overall Þt was found to have
( 0,gas = 10au, ) = 1.15, * out = 75au, #max = 0.50+m, , = 72#

and PA= 0#. The corresponding model$ $ and ' $ images are
compared to our GPI observations in Figures7 and8, respectively.
The model SED and mas-scale images are compared to the respective
observational data in Figure9.

The model$ $ image is able to broadly replicate the- ( level,
location and extent of the main. H and/ H features in the observed
&-band image (Figure7). Reducing, or increasing the height of the
scattering surface by increasing( 0,gasand/or) causes the separation
between the elliptical and the arc feature in the model image to
increase. Increasing#max decreases the overall- ( in the $ $ and
' $ images and reduces the back-scattering e" ciency, resulting in
a larger dark portion on the west side of the elliptical feature in
the %- and&-band model$ $ images, like those seen in Figure6.
The weaker back-scattering we observe in the disc of HD 145718
has also been observed in scattered light imaging of other inclined
discs (e.g. DoAr 25GaruÞ et al.2020; IM Lup Avenhaus et al.2018),
suggesting that the surface layers of discs may be routinely populated
by grains of size,# ! 0/ 21. These larger grains possibly have an
aggregate structure which provides them with aerodynamic support
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Figure 5. Top: comparison between the! - and" -band scattering surfaces
resulting from TORUS models with di! erent values of#. All other model
parameters were identical in the two models. Bottom: zoom-in on the inner
! 2au of the" -band scattering surface traced by our ray-tracing algorithm.
The horizontal spread in data points highlights the partially optically thick
nature of the upper layers of the dust sublimation rim.

edge at! in and a more loosely curved surface emerges above this at
! > ! in. The emergence of the small grains out of the settled rim
extends the mas-scale NIR brightness distribution to larger scales.
This improves the Þt to the shorter baseline visibilities which are
over-resolved in the models using larger" values.

Maximum size of surface-layer dust grains

The value of#maxa! ects the radius at which the small grains emerge
above the settled disc rim.Isella & Natta(2005) previously showed
that larger grains can survive at higher temperatures as they are more
e" cient at cooling. This same process is responsible for the e! ect
we see here. Increasing#max therefore a! ects the NIR ßux level
and the shape of the visibilities in much the same way as seen for
single grain size models (Isella & Natta2005; Davies et al.2018,
2020). Changing#max also a! ects the scattering phase function: at
the relatively high inclinations we explore, we see an asymmetric$ $
brightness distribution and increasing#max results in a decrease in
back-scattering e" ciency, relative to forward scattering (Figure6).
The extent of this di! erence is consistently more marked in the%-
band image than the&-band. This is associated with the dependence
of the scattering phase function on the grain size (Stolker et al.
2016b; Tazaki et al.2019). One can also see from Figure6 that the
arc features on the eastern side of the$ $ images are dimmer for
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Figure 6. Impact of changing%max on ! - and " -band model& ! images
(left and right panels, respectively). From top to bottom, the maximum grain
size of non-settled grains is increased from0.3 ' m to0.6 ' m. Each image is
2 " 2Ó.

models with larger#max. The' $ images also decrease in brightness
with increasing#max.

5.4 Best-Þtting TORUS model

The TORUS model providing the best overall Þt was found to have
( 0,gas = 10au, ) = 1.15, * out = 75au, #max = 0.50+m, , = 72#

and PA= 0#. The corresponding model$ $ and ' $ images are
compared to our GPI observations in Figures7 and8, respectively.
The model SED and mas-scale images are compared to the respective
observational data in Figure9.

The model$ $ image is able to broadly replicate the- ( level,
location and extent of the main. H and/ H features in the observed
&-band image (Figure7). Reducing, or increasing the height of the
scattering surface by increasing( 0,gasand/or) causes the separation
between the elliptical and the arc feature in the model image to
increase. Increasing#max decreases the overall- ( in the $ $ and
' $ images and reduces the back-scattering e" ciency, resulting in
a larger dark portion on the west side of the elliptical feature in
the %- and&-band model$ $ images, like those seen in Figure6.
The weaker back-scattering we observe in the disc of HD 145718
has also been observed in scattered light imaging of other inclined
discs (e.g. DoAr 25GaruÞ et al.2020; IM Lup Avenhaus et al.2018),
suggesting that the surface layers of discs may be routinely populated
by grains of size,# ! 0/ 21. These larger grains possibly have an
aggregate structure which provides them with aerodynamic support
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Figure 7. Left: ! - (top) and" -band (bottom)# ! images for our best TORUS model ($0,gas = 10au,%= 1.15, &out = 75au, ' max = 0.50( m, ) = 72! and
PA= 0! ). Middle: observed# ! images overlaid with0.8 and4.0 mJy arcsec" 2 surface brightness contours extracted from these model images (white solid and
dashed lines, respectively). Right: zoomed-in view comparing the0.8 and4.0 mJy arcsec" 2 contours extracted from the model (black solid and dashed lines,
respectively) and the0.8 and1.8 mJy arcsec" 2 contours extracted from the observed# ! images (cyan solid and dashed lines, respectively).

against settling. Alternatively, this may indicate a relative dearth of
smaller grains (! << " / 2#). For instance,Wol! et al.(2021) found
smaller dust grains were conÞned to a more di! use region above the
disc surface in their modelling of SSTC2D J163131.2-242627. We
do not see evidence of such a di! use region around HD 145718.

None of the models we explored were able to reproduce the four
quadrants of emission seen in our$ * images. Instead, we note that
the eastern quadrants of emission in the$ * image in Figure1 appear
to overlap with the dark lane between the front and rear sides of the
disc. As we discuss in AppendixB, the shape and%+ levels in our
$ * are sensitive to our method of stellar and instrument polarisa-
tion correction. Without higher angular resolution observations from
instruments with improved instrument polarisation characterisation,
we are unable to assess whether this discrepancy is due to some un-
derlying astrophysical process or an artifact of imperfect calibration.

The model SED is displayed as the black dashed line in the top
panel of Figure9 while the photometric data are shown as black
Þlled circles (de-reddening applied assuming&V = 0.89mag with
' V = 3.1) or grey open circles (no de-reddening applied). Our model

SED reproduces the shape of the full SED well. We also show the
same model SED computed at a lower inclination of48! (solid
black line). The slightly lower ßux across optical wavelengths be-
tween the low and intermediate inclination model SEDs indicates
that the circumstellar disc slightly occults the star along our line
of sight in this model. Multi-colour photometric monitoring (e.g.
Petrov et al.2019) and/or contemporaneous photometric and po-
larimetric/interferometric monitoring is required to conÞrm whether
dust in the surface layers of disc obscures the star even during bright
epochs.

The visibility proÞles in Figure9 (middle and bottom panels) are
displayed as a function of deprojected baseline,

( de" proj = (
!
sin2() ) + cos2(*) cos2() )

"1/ 2
. (11)

Here,( is the baseline length,* is the disc inclination, and) is the
di! erence between the baseline position angle and the disc minor axis
position angle. By displaying the visibility as a function of( de" proj,
we account for the foreshortening of the brightness distribution along
baseline position angles which trace the disc minor axis. Any vertical
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on the degree of ßaring in the surface layers of dusty and gaseous
components of protoplanetary discs have begun to be made (Ginski
et al.2016; Avenhaus et al.2018; Pinte et al.2018; Villenave et al.
2020; Rich et al.2021). Elliptical models, similar to those we employ
in Section4, have been used to determine the height of the scattering
surface in concentric ring features of discs exhibiting substructure,
with power law proÞles (Equation (7)) then used to constrain the
ßaring exponent of the scattering surface,! scat. At the resolution of
current observations, HD 145718 does not show indications of disc
substructure and so these same methods are not applicable.

Assuming, Þrst of all, that our surface brightness isophotes do
trace concentric disc annuli, we use the results of our isophote Þtting
in Table1 to derive an initial estimate for the ßaring of the" - and
# -band scattering surfaces close to the apparent outer edge of the
disc. SpeciÞcally, we employ the power law parameterisation for the
vertical height of the scattering surface (e.g. Equation (7)). Based
on the range of$ values in Table1, we adopt a canonical radius,
$0 = 65au such that%0 is the height at65au (which we denote%65).
To estimate! scatand%65, we performed least-squares Þtting to the
linear relation

log10 (%scat($)) = log10(%65) + ! scatlog10($/ 65 au). (12)

SpeciÞcally, we drew 10,000 realisations of%scat($) and$from split-
normal distributions, based on their lower and upper bounded errors,
and repeated the Þt each time. The best-Þt values and uncertainties on
! scatand%65 are then the median and1& upper and lower quartiles
from these Þts. Fitting the data in this manner allowed us to account
for the asymmetric errors on%scat($) and$. The resulting proÞles
are shown by the dashed lines in Figure10while the shaded regions
illustrate the uncertainties on the best-Þtting values:%65 = 9.2+1.0

! 1.0
with ! scat= 0.7+0.4

! 0.4 for the" -band data (magenta dot-dashed line and

shaded region);%65 = 7.4+1.0
! 1.0 with ! scat = 1.0+0.3

! 0.3 for the # -band

data (green dot-dashed line and shaded region); and%65 = 7.4+1.0
! 1.0

with ! scat = 1.0+0.3
! 0.3 for the combined" - and # -band data (black

dashed line and grey shaded region). These values of! scatare within
the range of previous observational results determined by Þtting
power laws to the heights of concentric ring features in discs with
substructure:Avenhaus et al.(2018) found ! scat = 1.605± 0.132
for V4046 Sgr,! scat = 1.116± 0.095 for RX J 1615.3Ð3255, and
! scat = 1.271± 0.197 (IM Lup) while Ginski et al.(2016) found
! scat= 1.73 for CU Cha.

We used our synthetic' ! TORUS images to examine whether
our isophote Þtting procedure is indeed tracing the height of the
scattering surface over multiple disc radii (and therefore the ßaring of
the disc scattering surface). Using our synthetic' ! images (top row
of Figure7), we repeat the procedure outlined in Section4 to extract
the coordinates of( " isophotes. We trimmed the data using the
same constraints as before so as to reduce the e! ect of the low back-
scattering e" ciency. We kept) and PA as free parameters and plot the
resultant$and%scat($) values in Figure11(we use magenta and green
crosses to signify" - and# -band data, respectively). Again, we use
Equation (7), to estimate%65 and! scatfrom the results of the isophote
Þts. We Þnd that the inferred" - and# -band scattering surfaces are
coincident and the apparent ßaring is much more pronounced, with
! " 2.4 ! 2.5, casting doubt on the applicability of our isophote
Þtting procedure.

To further inspect our isophote modelling procedure, we used a
ray-tracing algorithm to compute the*scat = 1.0 scattering surface
at1.25and1.65+m. We compare this to the apparent surface traced
by our isophote Þts to the best-Þt synthetic' ! images in Figure11.
The*scat= 1.0 scattering surfaces at1.25and1.65+m are indicated

Figure 11. Application of our isophote Þtting procedure (Section6.1) to the
synthetic#- and$ -band%q images computed from our best-Þtting TORUS
model. Radii and heights extracted from the#- and$ -band images are plotted
in magenta and green, respectively. The power law Þts to these data are shown
by the dot-dash lines, with the shaded areas representing the1& uncertainties
on' 65 and( scat(see plot legend). The) scat = 1scattering surfaces at1.25* m
(#-band) and1.65* m ($ -band), as measured by TORUS, are shown by the
dashed lines. The cross-hair in the lower right corner represents the pixel
scale in our GPI and TORUS images.

by the dashed magenta and green lines, respectively. Two things are
immediately clear: (i) our isophote Þtting procedure does not recover
the degree of ßaring in the*scat= 1.0 scattering surface; and (ii) the
" -band scattering surface does extend to larger scale heights than the
# -band scattering surface. The" -band surface has an aspect ratio
of " 0.24 while that of the# -band is" 0.22. Our best-Þt TORUS
model has a gas scale height of10au at100au and, with! gas= 1.15,
this corresponds to a height of" 6.1au at65au, indicating that the
NIR scattering surface lies at a height of# 2.5 gas pressure scale
heights.

Close to the outer edge of the disc, our isophote Þtting method does
provide a reasonable estimate of the vertical extent of the scattering
surface, given the pixel resolution (indicated by the cross-hair in the
lower right corner of Figure11) and the centering accuracy of the
GPI coronograph (equivalent to" 0.47au at a distance of152.5pc;
see Section3.1).

To understand why our isophote Þtting procedure does not recover
the scattering surface traced by the ray-tracing algorithm, we deter-
mined the elliptical ring parameters of the ellipse drawn out by the
*scat = 1.0 scattering surface at$ = 55, 65, and75au and com-
pared these to the isophotes extracted from the model image at the
same disc radii. These are shown in Figure12, overlaid with the( "
isophote coordinates and corresponding best-Þt ellipse.

We Þnd that for the smallest values of( " (left-most panel in
Figure 12), the coordinates tracing the eastern side of the ellipse
appear o! set further to the east compared to the*scat= 1.0scattering
surface at$ = 75au. This is right at the outer edge of the disc
(, out = 75au; see Table3), indicating that these( " isophotes trace
scattering events at the radial edge of the disc, rather than in the
disc surface layers. This results in an overestimation of the width
of the ellipse along its minor axis, therefore a! ecting the inferred
values of%scat($) and). Indeed, Þts using larger values of( " tend to
larger values of) (see Figure13). The second panel from the left in
Figure12corresponds to the ellipse Þt where the inferred inclination
matches the prescribed value of72$. Even here, the eastern portion
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Do the majority of stars form as gravitationally unbound?
Franti ! ek Dinnbier, Pavel Kroupa, Richard I. Anderson ! Some of the youngest stars (age" 10 Myr) are clustered,
while many others are observed scattered throughout star forming regions or in complete isolation. It has been intensively
debated whether the scattered or isolated stars originate in star clusters, or if they form truly isolated, which could help
constrain the possibilities how massive stars are formed. We adopt the assumption that all stars form in gravitationally bound
star clusters embedded in molecular cloud cores (! -1 model), which expel their natal gas, and compare the fraction of stars
found in clusters with observational data. The star clusters are modelled by the code nbody6, which includes stellar and
circumbinary evolution, gas expulsion, and the external gravitational Þeld of their host galaxy. We Þnd that small changes in
the assumptions in the current theoretical model estimating the fraction, ! , of stars forming in embedded clusters have a large
inßuence on the results, and we present a counterexample as an illustration. This calls into question theoretical arguments
about ! in embedded clusters, and it suggests that there is no Þrm theoretical ground for low ! in galaxies with lower star
formation rates (SFRs). Instead, the assumption that all stars form in embedded clusters is in agreement with observational
data for the youngest stars (age " 10 Myr). In the ! -1 scenario, the observed fraction of the youngest stars in clusters increases
with the SFR only weakly; the increase is caused by the presence of more massive clusters in galaxies with higher SFRs, which
release fewer stars to the Þeld in proportion to their mass. The ! -1 model yields a higher fraction of stars in clusters for older
stars (age between10 and 300 Myr) than what is observed. This discrepancy can be caused by interactions with molecular
clouds.

Successive deuteration in low-mass star-forming regions: the case of D 2-methanol
(CHD 2OH) in IRAS 16293-2422
Maria N. Drozdovskaya, Laurent H. Coudert, Laurent Margul•s, Audrey Coutens, Jes K. J¿rgensen, SŽbastien
Manigand ! Accurate quantiÞcation of the column density of di-deuterated methanol is a key missing puzzle piece in the
otherwise thoroughly constrained family of D-bearing methanol in the deeply embedded low-mass protostellar system and
astrochemical template source IRAS16293-2422. A spectroscopic dataset for astrophysical purposes is built for CHD2OH and
made publicly available to facilitate accurate characterization of this species in astrochemical surveys. The newly computed line
list and partition function are used to search for CHD 2OH towards IRAS16293-2422 A and B in data from ALMA-PILS. Only
non-blended, optically thin lines of CHD 2OH are used for the synthetic spectral Þtting. The constructed spectroscopic database
contains line frequencies and strengths for 7417 transitions in the 0 to 500 GHz frequency range. ALMA-PILS observations in
the 329-363 GHz range are used to identify 105 unique, non-blended, optically thin line frequencies of CHD2OH for synthetic
spectral Þtting. The derived excitation temperatures and column densities yield high D/H ratios of CHD 2OH in IRAS 16293-
2422 A and B of 7.5± 1.1not higher than in other low-mass star-forming regions. Di-deuterated molecules consistently have higher
D/H ratios than their monodeuterated counterparts in all low-mass protostars, which may be a natural consequence of H-D
substitution reactions as seen in laboratory experiments. The Solar SystemÕs natal cloud, as traced by comet 67P/Churyumov-
Gerasimenko, may have had a lower initial abundance of D, been warmer than the cloud of IRAS16293-2422, or been partially
reprocessed. In combination with accurate spectroscopy, a careful spectral analysis, and a consideration of the underlying
assumptions, successive deuteration is a robust window on the physicochemical provenance of star-forming systems.

The impact of cosmic-ray attenuation on the carbon cycle emission in molecular clouds
Brandt A. L. Gaches, Thomas G. Bisbas, Shmuel Bialy ! Observations of the emission of the carbon cycle species (C,
C+ CO) are commonly used to diagnose gas properties in the interstellar medium but are signiÞcantly sensitive to the cosmic-ray
ionization rate. The carbon-cycle chemistry is known to be quite sensitive to the cosmic-ray ionization rate, ! , controlled by
the ßux of low-energy cosmic rays which get attenuated through molecular clouds. However, astrochemical models commonly
assume a constant cosmic-ray ionization rate in the clouds. We investigate the e! ect of cosmic-ray attenuation on the emission of
carbon cycle species from molecular clouds, in particular the [CII] 158 µm, [CI] 609 µm and CO (J = 1 - 0) 115.27 GHz lines. We
use a post-processed chemical model of di! use and dense simulated molecular clouds and quantify the variation in both column
densities and velocity integrated line emission of the carbon cycle with di ! erent cosmic-ray ionization rate models. We Þnd
that the abundances and column densities of carbon cycle species is signiÞcantly impacted by the chosen cosmic-ray ionization
rate model: no single constant ionization rate can reproduce the abundances modelled with an attenuated cosmic-ray model.
Further, we show that constant ionization rate models fail to simultaneously reproduce the integrated emission of the lines we
consider, and their deviations from a physically derived cosmic-ray attenuation model is too complex to be simply corrected.
We demonstrate that the two clouds we model exhibit a similar average AV ,e! Ð nH relationship, resulting in an average
relation between the cosmic-ray ionization rate and density ! (nH ). We conclude by providing a number of implementation
recommendations for CRs in astrochemical models, but emphasize the necessity for column-dependent cosmic-ray ionization
rate prescriptions.
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Do the majority of stars form as gravitationally unbound?
František Dinnbier, Pavel Kroupa, Richard I. Anderson ! Some of the youngest stars (age" 10 Myr) are clustered,
while many others are observed scattered throughout star forming regions or in complete isolation. It has been intensively
debated whether the scattered or isolated stars originate in star clusters, or if they form truly isolated, which could help
constrain the possibilities how massive stars are formed. We adopt the assumption that all stars form in gravitationally bound
star clusters embedded in molecular cloud cores (! -1 model), which expel their natal gas, and compare the fraction of stars
found in clusters with observational data. The star clusters are modelled by the code nbody6, which includes stellar and
circumbinary evolution, gas expulsion, and the external gravitational Þeld of their host galaxy. We Þnd that small changes in
the assumptions in the current theoretical model estimating the fraction, ! , of stars forming in embedded clusters have a large
inßuence on the results, and we present a counterexample as an illustration. This calls into question theoretical arguments
about ! in embedded clusters, and it suggests that there is no Þrm theoretical ground for low ! in galaxies with lower star
formation rates (SFRs). Instead, the assumption that all stars form in embedded clusters is in agreement with observational
data for the youngest stars (age " 10 Myr). In the ! -1 scenario, the observed fraction of the youngest stars in clusters increases
with the SFR only weakly; the increase is caused by the presence of more massive clusters in galaxies with higher SFRs, which
release fewer stars to the Þeld in proportion to their mass. The ! -1 model yields a higher fraction of stars in clusters for older
stars (age between10 and 300 Myr) than what is observed. This discrepancy can be caused by interactions with molecular
clouds.

Successive deuteration in low-mass star-forming regions: the case of D2-methanol
(CHD2OH) in IRAS 16293-2422
Maria N. Drozdovskaya, Laurent H. Coudert, Laurent Margulès, Audrey Coutens, Jes K. Jørgensen, Sébastien
Manigand ! Accurate quantiÞcation of the column density of di-deuterated methanol is a key missing puzzle piece in the
otherwise thoroughly constrained family of D-bearing methanol in the deeply embedded low-mass protostellar system and
astrochemical template source IRAS16293-2422. A spectroscopic dataset for astrophysical purposes is built for CHD2OH and
made publicly available to facilitate accurate characterization of this species in astrochemical surveys. The newly computed line
list and partition function are used to search for CHD 2OH towards IRAS16293-2422 A and B in data from ALMA-PILS. Only
non-blended, optically thin lines of CHD 2OH are used for the synthetic spectral Þtting. The constructed spectroscopic database
contains line frequencies and strengths for 7417 transitions in the 0 to 500 GHz frequency range. ALMA-PILS observations in
the 329-363 GHz range are used to identify 105 unique, non-blended, optically thin line frequencies of CHD2OH for synthetic
spectral Þtting. The derived excitation temperatures and column densities yield high D/H ratios of CHD 2OH in IRAS 16293-
2422 A and B of 7.5± 1.1not higher than in other low-mass star-forming regions. Di-deuterated molecules consistently have higher
D/H ratios than their monodeuterated counterparts in all low-mass protostars, which may be a natural consequence of H-D
substitution reactions as seen in laboratory experiments. The Solar SystemÕs natal cloud, as traced by comet 67P/Churyumov-
Gerasimenko, may have had a lower initial abundance of D, been warmer than the cloud of IRAS16293-2422, or been partially
reprocessed. In combination with accurate spectroscopy, a careful spectral analysis, and a consideration of the underlying
assumptions, successive deuteration is a robust window on the physicochemical provenance of star-forming systems.

The impact of cosmic-ray attenuation on the carbon cycle emission in molecular clouds
Brandt A. L. Gaches, Thomas G. Bisbas, Shmuel Bialy ! Observations of the emission of the carbon cycle species (C,
C+ CO) are commonly used to diagnose gas properties in the interstellar medium but are signiÞcantly sensitive to the cosmic-ray
ionization rate. The carbon-cycle chemistry is known to be quite sensitive to the cosmic-ray ionization rate, ! , controlled by
the ßux of low-energy cosmic rays which get attenuated through molecular clouds. However, astrochemical models commonly
assume a constant cosmic-ray ionization rate in the clouds. We investigate the e! ect of cosmic-ray attenuation on the emission of
carbon cycle species from molecular clouds, in particular the [CII] 158 µm, [CI] 609 µm and CO (J = 1 - 0) 115.27 GHz lines. We
use a post-processed chemical model of di! use and dense simulated molecular clouds and quantify the variation in both column
densities and velocity integrated line emission of the carbon cycle with di ! erent cosmic-ray ionization rate models. We Þnd
that the abundances and column densities of carbon cycle species is signiÞcantly impacted by the chosen cosmic-ray ionization
rate model: no single constant ionization rate can reproduce the abundances modelled with an attenuated cosmic-ray model.
Further, we show that constant ionization rate models fail to simultaneously reproduce the integrated emission of the lines we
consider, and their deviations from a physically derived cosmic-ray attenuation model is too complex to be simply corrected.
We demonstrate that the two clouds we model exhibit a similar average AV ,e! Ð nH relationship, resulting in an average
relation between the cosmic-ray ionization rate and density ! (nH ). We conclude by providing a number of implementation
recommendations for CRs in astrochemical models, but emphasize the necessity for column-dependent cosmic-ray ionization
rate prescriptions.
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Do the majority of stars form as gravitationally unbound?
Franti ! ek Dinnbier, Pavel Kroupa, Richard I. Anderson ! Some of the youngest stars (age" 10 Myr) are clustered,
while many others are observed scattered throughout star forming regions or in complete isolation. It has been intensively
debated whether the scattered or isolated stars originate in star clusters, or if they form truly isolated, which could help
constrain the possibilities how massive stars are formed. We adopt the assumption that all stars form in gravitationally bound
star clusters embedded in molecular cloud cores (! -1 model), which expel their natal gas, and compare the fraction of stars
found in clusters with observational data. The star clusters are modelled by the code nbody6, which includes stellar and
circumbinary evolution, gas expulsion, and the external gravitational Þeld of their host galaxy. We Þnd that small changes in
the assumptions in the current theoretical model estimating the fraction, ! , of stars forming in embedded clusters have a large
inßuence on the results, and we present a counterexample as an illustration. This calls into question theoretical arguments
about ! in embedded clusters, and it suggests that there is no Þrm theoretical ground for low ! in galaxies with lower star
formation rates (SFRs). Instead, the assumption that all stars form in embedded clusters is in agreement with observational
data for the youngest stars (age " 10 Myr). In the ! -1 scenario, the observed fraction of the youngest stars in clusters increases
with the SFR only weakly; the increase is caused by the presence of more massive clusters in galaxies with higher SFRs, which
release fewer stars to the Þeld in proportion to their mass. The ! -1 model yields a higher fraction of stars in clusters for older
stars (age between10 and 300 Myr) than what is observed. This discrepancy can be caused by interactions with molecular
clouds.

Successive deuteration in low-mass star-forming regions: the case of D 2-methanol
(CHD 2OH) in IRAS 16293-2422
Maria N. Drozdovskaya, Laurent H. Coudert, Laurent Margul•s, Audrey Coutens, Jes K. J¿rgensen, SŽbastien
Manigand ! Accurate quantiÞcation of the column density of di-deuterated methanol is a key missing puzzle piece in the
otherwise thoroughly constrained family of D-bearing methanol in the deeply embedded low-mass protostellar system and
astrochemical template source IRAS16293-2422. A spectroscopic dataset for astrophysical purposes is built for CHD2OH and
made publicly available to facilitate accurate characterization of this species in astrochemical surveys. The newly computed line
list and partition function are used to search for CHD 2OH towards IRAS16293-2422 A and B in data from ALMA-PILS. Only
non-blended, optically thin lines of CHD 2OH are used for the synthetic spectral Þtting. The constructed spectroscopic database
contains line frequencies and strengths for 7417 transitions in the 0 to 500 GHz frequency range. ALMA-PILS observations in
the 329-363 GHz range are used to identify 105 unique, non-blended, optically thin line frequencies of CHD2OH for synthetic
spectral Þtting. The derived excitation temperatures and column densities yield high D/H ratios of CHD 2OH in IRAS 16293-
2422 A and B of 7.5± 1.1not higher than in other low-mass star-forming regions. Di-deuterated molecules consistently have higher
D/H ratios than their monodeuterated counterparts in all low-mass protostars, which may be a natural consequence of H-D
substitution reactions as seen in laboratory experiments. The Solar SystemÕs natal cloud, as traced by comet 67P/Churyumov-
Gerasimenko, may have had a lower initial abundance of D, been warmer than the cloud of IRAS16293-2422, or been partially
reprocessed. In combination with accurate spectroscopy, a careful spectral analysis, and a consideration of the underlying
assumptions, successive deuteration is a robust window on the physicochemical provenance of star-forming systems.

The impact of cosmic-ray attenuation on the carbon cycle emission in molecular clouds
Brandt A. L. Gaches, Thomas G. Bisbas, Shmuel Bialy ! Observations of the emission of the carbon cycle species (C,
C+ CO) are commonly used to diagnose gas properties in the interstellar medium but are signiÞcantly sensitive to the cosmic-ray
ionization rate. The carbon-cycle chemistry is known to be quite sensitive to the cosmic-ray ionization rate, ! , controlled by
the ßux of low-energy cosmic rays which get attenuated through molecular clouds. However, astrochemical models commonly
assume a constant cosmic-ray ionization rate in the clouds. We investigate the e! ect of cosmic-ray attenuation on the emission of
carbon cycle species from molecular clouds, in particular the [CII] 158 µm, [CI] 609 µm and CO (J = 1 - 0) 115.27 GHz lines. We
use a post-processed chemical model of di! use and dense simulated molecular clouds and quantify the variation in both column
densities and velocity integrated line emission of the carbon cycle with di ! erent cosmic-ray ionization rate models. We Þnd
that the abundances and column densities of carbon cycle species is signiÞcantly impacted by the chosen cosmic-ray ionization
rate model: no single constant ionization rate can reproduce the abundances modelled with an attenuated cosmic-ray model.
Further, we show that constant ionization rate models fail to simultaneously reproduce the integrated emission of the lines we
consider, and their deviations from a physically derived cosmic-ray attenuation model is too complex to be simply corrected.
We demonstrate that the two clouds we model exhibit a similar average AV ,e! Ð nH relationship, resulting in an average
relation between the cosmic-ray ionization rate and density ! (nH ). We conclude by providing a number of implementation
recommendations for CRs in astrochemical models, but emphasize the necessity for column-dependent cosmic-ray ionization
rate prescriptions.
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