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ABSTRACT

Fomalhaut C (LP 876-10) is a low mass M4V star in the intriguing Fomalhaut triple system and, like Fomalhaut A, possesses a
debris disc. It is one of very few nearby M-dwarfs known to host a debris disc and of these has by far the lowest stellar mass. We
present new resolved observations of the debris disc around Fomalhaut C with the Atacama Large Millimetre Array that allow
us to model its properties and investigate the system’s unique history. The ring has a radius of 26 au and a narrow full width at
half-maximum of at most 4.2 au. We find a 3o upper limit on the eccentricity of 0.14, neither confirming nor ruling out previous
dynamic interactions with Fomalhaut A that could have affected Fomalhaut C’s disc. We detect no '>CO J = 3-2 emission in the
system and do not detect the disc in scattered light with HS7T/STIS or VLT/SPHERE. We find the original Herschel detection
to be consistent with our ALMA model’s radial size. We place the disc in the context of the wider debris disc population and
find that its radius is as expected from previous disc radius-host luminosity trends. Higher signal-to-noise observations of the
system would be required to further constrain the disc properties and provide further insight to the history of the Fomalhaut
triple system as a whole.

Key words: binaries: general —circumstellar matter—stars: individual: LP 876-10—stars: individual: Fomalhaut—

submillimetre: planetary systems.

host stars. This dust is inferred to be continually produced by a

1 INTRODUCTION collisionally evolving parent planetesimal population and not leftover

The Fomalhaut system, one of the brightest in the night sky,
has been subject to much observation, simulation, and theoretical
hypothesising over the past 35 yr. A wide triple system, it comprises
A4V star Fomalhaut A as well as K4V TW PsA (Fomalhaut B) at
a 57400 au separation, and M4V LP 876-10 (FomalhautC) at a
158000 au separation (Mamajek et al. 2013). The system is just
7.7 pc distant and 440 Myr old. The historic interest in the system
can be attributed to two factors that are not necessarily unrelated.
First, both Fomalhaut A and C possess detectable debris discs.
That is, we detect the presence of gas-poor dust rings around the
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from the protoplanetary disc (e.g. Wyatt 2008; Hughes, Duchene &
Matthews 2018). The disc around Fomalhaut C was initially detected
with Herschel PACS (Kennedy et al. 2013); it was not spatially
resolved but a temperature of 24 K and radius of ~20—40 au were
estimated. Not much more about the disc could be discerned until
it was recently observed with ALMA, as this paper will discuss.
However, the Fomalhaut A debris disc has been clearly resolved in
scattered light with HST (Kalas, Graham & Clampin 2005) as well
as in the far-infrared with Herschel (Acke et al. 2012) and in the
millimetre with ALMA (Boley et al. 2012; MacGregor et al. 2017;
White et al. 2017). These observations identify the belt as a sharply
defined ring at a radius of ~135 au, the centre of which is offset
from the location of Fomalhaut A. The sharp definition of the edges

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.
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and offset together imply a highly apsidally aligned population of
planetesimals with a coherent eccentricity of 0.12 4= 0.01. Such disc
morphologies are typically interpreted as the result of the action of a
perturbing planet (Wyatt et al. 1999). At first this perturbing planet
seemed to be the directly imaged exoplanet candidate Fomalhaut Ab,
a point-like object identified in HST observations (Kalas et al. 2008).
However, the point source could not be detected in the infrared and
possessed a stellar-like colour, suggesting the flux originates from
scattered stellar light and casting doubt on the hypothetical planet’s
nature (Currie et al. 2012). Further HST observations proved that the
object was on a highly eccentric orbit that is incapable of sculpting
the disc into its present morphology (Kalas et al. 2013). Kalas et al.
(2008) propose the point source is a low mass planet with a large
circumplanetary ring system. A planet with a collisional swarm of
irregular satellites has also been proposed and discussed (Kennedy &
Wyatt 2011; Tamayo 2014; Kenyon, Currie & Bromley 2014). But
it has also been hypothesized that the point source is just a transient
dust cloud (Janson et al. 2012; Kenyon et al. 2014; Tamayo 2014;
Lawler, Greenstreet & Gladman 2015; Gaspar & Rieke 2020).

Thus a separate planet must be invoked to drive the eccentricity
of Fomalhaut A’s debris ring for a planet driven scenario; however,
to date a second planet has not been identified in the system despite
several searches (Currie et al. 2013; Kenworthy et al. 2013). Quillen
(2006) predict this belt-shaping planet to have a mass of 0.04-0.14
My, and Chiang et al. (2009) predict a planet mass of 0.5 My,,. On
the additional assumption that Fomalhaut Ab was scattered into its
current orbit by this putative planet, Faramaz et al. (2015) constrain
a belt-shaping Fomalhaut Ac mass to 0.25-0.5 My,,.

Alternatively, simulations (Lyra & Kuchner 2013) have shown
gas—dust interaction could also organize dust into tight, eccentric
rings. This can occur through instabilities within the disc (Klahr &
Lin 2005; Besla & Wu 2007) but requires a significant gas presence.
Herschel PACS observations failed to detect C11 and O1 emission
lines that would have been detected had the necessary quantities of
gas been present in Fomalhaut A’s disc (Cataldi et al. 2015). Matra
et al. (2017) do detect the presence of CO in Fomalhaut A’s disc
using ALMA, but not in sufficient amounts to generate the necessary
instabilities.

Past stellar interactions provide another mechanism for the gen-
eration of disc eccentricities, be this a flyby from an external star or
the action of companion stars within the system. The action of flybys
has long been investigated both in general theory (e.g. Kenyon &
Bromley 2002; Jilkova et al. 2016) and in application to specific
interesting systems, such as HD 141569 (e.g. Ardila et al. 2005;
Reche, Beust & Augereau 2009) and HD 106906 (e.g. Rodet et al.
2017; De Rosa & Kalas 2019; Rodet et al. 2019).

In addition to the eccentric belt around Fomalhaut A, the system’s
unique orbital configuration provides a second point of interest. The
wide orbits of Fomalhaut’s stellar companions constitute sufficient
angular momentum to preclude a common protostellar core fragmen-
tation scenario. The system cannot have unfolded as per the model of
Reipurth & Mikkola (2012), as an angular momentum exchange re-
sulting in a third star moving to a distant orbit requires the tightening
of an inner binary. Stellar capture during the original cluster dispersal
resulting in two wide companions is a viable history, but relies on
two independently low probability events both occurring. The current
wide separations also call into question the degree to which the
system is bound and how it has evolved over its 440 Myr lifetime.
The magnitude of the orbital period and the relatively meagre orbital
velocities have prevented any definitive knowledge of the precise
orbital configuration and trajectories from being surmised, yet several
dynamical models for the system have been posited.

MNRAS 504, 4497-4510 (2021)

This paper considers whether new observations of the debris
disc around FomalhautC with ALMA can provide evidence that
Fomalhaut A’s own eccentric planetesimal belt and the triple sys-
tem’s large stellar separations are connected through the system’s
dynamical history. Namely, our hypothesis is that if Fomalhaut A’s
eccentricity is due to previous interactions with Fomalhaut C, then
Fomalhaut C’s belt may be similarly affected and also show an
eccentricity. This paper presents and discusses previous works on
the dynamics of the Fomalhaut system and further motivations for
ALMA observations of FomalhautC in Section 2, followed by a
description of those observations in Section 3. We then present an
analysis of the observations in Section 4 and discuss implications
for our understanding of the system as a whole as well as the wider
context of M-star debris discs in Section 5.

2 DYNAMICAL HYPOTHESES AND OTHER
MOTIVATING FACTORS

Kaib, White & Izidoro (2017, hereafter K17) propose that the
Fomalhaut triple star system system has been in a meta-stable bound
state since its formation, devoid of catastrophic scattering events
between FomalhautB and C such that we are not observing the
system in a transient disruption state. The effect of the Galactic tide
and passing field stars lead to a complex evolution of the eccentricity
of FomalhautB’s orbit around Fomalhaut A, such that periastron
values low enough to excite the eccentricity of Fomalhaut A’s belt
may have been previously attained. K17 simulate the dynamics of the
Fomalhaut system, starting with the stars at their present separations
and with statistically generated orbital parameters. They evolve the
system over 500 Myrs under the influence of the Galactic tide and
passing field stars and classify a final state as a match to the real
Fomalhaut system if the stellar separations are within 50 per cent of
their current values. They find ~7 per cent of their 2000 simulations
end in a matching state, but that ~51 percent of systems passed
through a matching state in the last 100 Myrs as systems oscillate
between matching and unmatching. The systems that ended in a
matching state are reintegrated from the initial conditions with an
initially circular belt of 500 massless test particles between 127
and 143 au around A. They find 25 percent of these systems
end with an eccentricity between 0.04 and 1 for A’s belt, due to
close periastron passages of B. However, the standard deviations
in longitude of pericentre and eccentricity of the test particles in
these eccentric belts are significantly larger in the simulations than
those derived by MacGregor et al. (2017) from ALMA observations
of the belt. MacGregor et al. (2017) give their model particles a
forced eccentricity and forced argument of periastron, as well as a
proper eccentricity with a randomly distributed proper argument of
periastron. These ranges of free eccentricities and periastron angles
about the forced eccentricity result in a scatter of true eccentricities
and pericenter angles for disc particles. The scatter in K17’s model
values for longitude of pericentre and eccentricity are both larger than
in MacGregor et al. (2017)’s best-fitting model as well as being out of
the range extrapolated from MacGregor et al. (2017)’s uncertainties.
Only 2 of the 135 simulated belts are matches to Fomalhaut’s in all
the above regards, namely median eccentricity, standard deviation
in eccentricity, and standard deviation in longitude of pericentre,
and therefore apsidal alignment. In all, this model is viable to
explain the orbital configuration of the Fomalhaut system with
~7 per cent of simulations resembling the current system after 500
Myrs; ~25 per cent of these matching systems have close periastron
passages of B that can excite the eccentricity of A’s planetesimal
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belt; however, only ~1.5 percent of the matching systems’ belts
(0.1 per cent of all simulations) are able to match A’s in every regard.

Feng & Jones (2017, hereafter F17) also modelled the Fomalhaut
system under perturbations from the Galactic tide and stellar en-
counters. They initiate their models with the current relative stellar
locations and integrate 500 Myrs backwards in time. C’s orbit is
classified as unstable if its orbital energy is larger than 0, i.e. it is
unbound. They find that in all simulations C at least passes through
an unbound state. In most models the separation between A and C
only ever increases as the simulation progresses, but in a few per cent
of models C moves in and out of bound states and ends within 1 pc
of A after the 500 Myrs. These are systems on meta-stable orbits,
like those proposed by K17. These systems are termed ‘gravitational
pairs® by F17 and likened to Cooper pairs in a superconductor, as
the orbital binding energy of the system is comparable to the energy
fluctuations from the Galactic tide and stellar encounters. As stable
orbits are too rare and unstable orbits are too short lived, F17 conclude
that A and C are likely one of these ‘gravitational pairs’. They also
find that in 20 per cent of models B comes within 400 au of A, thus
likely being able to excite eccentricity in A’s disc as shown by K17.

An alternative scenario is proposed by Shannon, Clarke & Wyatt
(2014, hereafter S14): A and C formed together as a binary from a
single molecular cloud core that was then disrupted by the capture
of B. To test this hypothesis S14 conduct N-body simulations with
randomly sampled initial separations and eccentricities of the AC
binary; B is generated at a random location within the Hill sphere of
the system with a random velocity and eccentricity. The simulation is
run for 500 Myr and stars are removed if they venture more than 2 pc
from A. 1000 simulations were conducted and a match is defined by
simultaneous separation of AB and AC within 0.5-1.5 times their
existing values. Over the 500 Myr run of the simulation 46 per cent
have at least one period of matching; after 500 Myr 21 percent
of systems retain all three stars, of which 19 percent were never
matches. As these 19 per cent of systems remain to become unstable
and may possibly match in the future, S14 estimate that in total
55 per cent to 60 per cent of systems will eventually pass through a
Fomalhaut-like state. The matching state is temporary, on the scale
of tens of Myrs, and often followed by an ejection, more often of C
than B. To investigate the effects of such interactions on the discs
around A and C, 50 further simulations were conducted with discs
of 100 test particles placed around A and C randomly distributed
within the then-known bounds of the two discs (127-143 au and
10-40 au, respectively). Of these, 38 per cent become a match over
500 Myrs. The discs are found to rise in eccentricity, with a high
level of apsidal alignment, driven by secular interaction. Five of
A’s discs reach eccentricities of 0.02—0.5, reminiscent of the current
Fomalhaut A system. Further close encounters can become disruptive
and raise eccentricities to even higher values, but repeated close
interactions are not guaranteed, allowing eccentricity to be preserved
over the time-scale of the matching state. For apsidal alignment to
also be preserved, the time-scale of differential procession would
need to be longer than the time-scale of the matching state. The mean
eccentricities of A and C’s discs are correlated but show a strong
scatter; Fomalhaut C disc eccentricities vary between ~0.025-0.75.

On the one hand, the hypothesis of S14 relies on a particular set
of initial conditions, on the other, F17 and K17 make no statements
on how the system would have formed. S14’s models do have a
~15 percent success rate at describing both the current orbital
configuration of the system and the morphology of A’s eccentric belt.
F17 find ~1 per cent of their systems have a matching configuration
and passages of B that could excite the eccentricity of A’s belt
and K17 find ~2 per cent have a matching configuration and close
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passages of B; however, K17 find these close passages only produce
A-like disc morphologies in 6 per cent of cases. Naively operating on
these percentages alone it seems the S14 hypothesis is most likely;
however, the likelihood of the initial conditions arising in each of the
three cases is not quantified. The S14 hypothesis may also require
observing the system in a transient state just before a star is ejected,
which is less likely than observing a system in a long-lived meta-
stable state.

These scenarios can be distinguished in several observational
ways. An extremely precise measurement could be made of the in-
dividual stellar velocities to pin down the present orbital parameters;
however, given the extremely large separations and the large time-
scale of the orbits and small orbital velocities involved this a very
difficult task. Alternatively, K17, and by extension F17, predict A’s
belt to be significantly less apsidally aligned than S14 does, S14’s
apsidal prediction being more consistent with current observations.
Another prediction of S14 is that the eccentricity of the belt of
C should be correlated with that of A; if the eccentricity of C’s
belt were to be measured it could support or weaken S14’s case.
Such observations and measurements are presented and discussed in
Section 4 in this paper. The interaction proposed by S14 could also
have driven planetary instabilities around C that later stir the disc or
the collisional cascade directly, leading to its increased brightness
and ease of detection, uncharacteristic of M-dwarf discs.

Disc detection rates are presently low around M-dwarfs: the
Herschel DEBRIS survey detected just two debris discs from 94 M-
dwarfs (GJ 581, Fomalhaut C; Lestrade et al. 2012; Kennedy et al.
2013, respectively) and a separate Herschel survey of M-dwarf planet
hosts with greater sensitivity found three discs among 21 late-type
stars (18 M-dwarfs and 3 K-dwarfs; Kennedy et al. 2018b). The key
question remains whether true incidence rates for M-dwarf discs are
similar to earlier type stars and it is the low luminosity of the host stars
that limits their temperature and luminosity. Luppe et al. (2020) find
that this may be the case, thus requiring highly sensitive observations
made at far-infrared/sub-millimetre wavelengths for detection. The
alternative is that discs are indeed less common around these late
type stars, perhaps due to effects that more significantly affect discs
around low mass hosts such as stripping from stellar encounters
(Lestrade et al. 2011) or photoevaporation of the primordial disc in
cluster environments (Adams et al. 2004). It is also possible that
efficient planet formation around low mass stars could use up all the
disc material, consistent with the increased planet occurrence rate
measured for lower mass stars (e.g. Bonfils et al. 2013; Dressing &
Charbonneau 2015; Mulders, Pascucci & Apai 2015).

Aside from increased stirring in S14’s scenario, why else could
Fomalhaut C have a detectable disc? Relative to a random selection of
field M-dwarf ages, which span up to ~10 Gyrs, Fomalhaut C is still
young at 440 Myrs. Debris discs are typically found to be brightest
when youngest, when their planetesimal belts have been depleted
little by collisional evolution (Decin et al. 2003; Rieke et al. 2005),
possibly explaining the presence of its bright disc. Fomalhaut C exists
as one of the lowest mass nearby stars with a confirmed debris disc,
and as one of just a handful of ALMA-detected M-dwarf debris discs,
thus it will play an important role in our understanding of M-dwarf
discs and the M-dwarf planet formation process.

3 ALMA OBSERVATIONS

We observed FomalhautC three times with ALMA in Band7
(0.87 mm, 345 GHz) from 2018 May 21 to 2018 June 6 under
project 2017.1.00561.S. All observations used baselines ranging
from 15 to 314 m and 48, 45 and 47 antennae, respectively, with
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an average precipitable water vapour of ~0.7mm. The total on
source observing duration was 102 min. J2148 + 0657 and JOOO06-
0623 were used for pointing, bandpass, and flux calibration. J2258-
2758 was observed between individual target scans for time-varying
atmospheric calibrations. Each pointing was updated for the proper
motion of Fomalhaut C; however, the proper motion over the two
weeks (~ 0.017 arcsec) between the first and last observation is
negligible in comparison to the beam size (~ 1 arcsec) and thus
pointing differences are ignored when the observations are combined.

The spectral setup comprised four windows centered on 347.833,
335.791, 333.833, and 345.833 GHz with bandwidth 2 GHz and 128
channels for all but the last, with width 1.875 GHz and 3840 channels
of width 0.424 kms~!. The last window was used to search for CO
gas via the J = 3-2 emission line that can be produced in planetesimal
collisions and has been identified in the disc of Fomalhaut A (Matra
et al. 2017).

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

4 RESULTS AND ANALYSIS

Given the relatively low signal-to-noise ratio (S/N) of the emission
we carried out continuum imaging using natural weighting (equiva-
lent to Briggs weighting with a robust parameter of 2) to preserve as
much signal as possible and did not attempt self-calibration. We do
not use a u-v taper as the disc is not well resolved radially, and one or
more point sources within the primary beam begin to dominate the
emission before disc structure is strengthened. This weighting gives
a synthesised beam with a position angle (PA) of 83.16° and major
and minor full width at half-maximum (FWHM) of 1.14 arcsec and
0.90arcsec, respectively, corresponding to 8.7 and 6.9 au at a distance
of 7.67 pc. The standard deviation in the area around the disc is 0 =
17.5 nJy per beam as identified by measurement from an annulus
of sky exterior to the disc. This noise is for the most part uniform
throughout the 4 arcsec radius centre of the image where the disc is
detected, where the primary beam correction is < 10 per cent.

4.1 Initial continuum analysis

We will present detailed modelling of the visibilities below, but
we will discuss the CLEAN continuum image first for a qualitative
introduction and outline.

Fig. 1 shows that Fomalhaut C’s ring is not continuously detected
at all azimuths, even to a 1o level. Approximately half of the disc
area is detected at a 20 level with some peaks at 30 or 40. Although
the overall flux level is low, it is apparent that the flux constitutes an
inclined ring, this is shown to be a consistent interpretation through
the modelling. The disc width appears similar to the beam size,
limiting the ring’s radial and vertical extents to within ~10 au.

Fig. 2 shows the disc’s deprojected radial profile, assuming the
disc PA and inclination found from the Gaussian torus visibility
modelling. Comparing the profile with a Gaussian with the same
FWHM as the beam shows that the ring is strongly detected, but not
radially resolved.

The disc appears brighter in the south-east quadrant with greater
continuous >2¢ detection and larger amounts of >3o0 detection as
well as the only 4o peak within the disc at a PA of approximately 145°
east from north. This variation is within expected noise fluctuations
given a smooth disc but it is still investigated during modelling to
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Figure 1. Naturally weighted clean image of the disc around Fomalhaut C.
The ellipse in the lower left corner shows the beam size of 1.14 x 0.90".
The star is not detected. At a distance of 7.67 pc the disc radius is 26.4 au.
Contours are drawn at 1o, 20, 30, 40, and 50 with lo = 17.5 uJy per beam.
The location of the star is marked with a + at 342°01 14.1" —24°22"11.1".
Zero offset is the ALMA image phase centre at 342°01'13.8" —24°22'11.2"
(J2000).
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Figure 2. Deprojected radial profile of the disc around Fomalhaut C, com-
puted from the CLEAN image within azimuthally averaged annuli. The shaded
region denotes 1o uncertainties. A Gaussian with the same FWHM as the
beam is plotted in orange at the peak radial flux.

explore whether or not this peak is a feature of the disc and whether
or not its presence affects the fitted disc parameters. The peak S/N
of the image is 7, located at a compact source in the south-west
of the image 5 arcsec from the star. This external compact source
we interpret as a background feature unassociated with the disc,
but it is nevertheless included within the modelling. The predicted
stellar photospheric flux is 15 ply, consistent with there being no
significant detection of the star and we find no evidence of stellar
variability or flaring across the three observations. Preliminary fluxes
can be taken from this image; ~0.7 mJy is measured from the image
within an elliptical annulus containing the disc. A flux of ~0.2 mJy
is measured for the compact source in the south-west. Together these
sum to ~0.9 mJy, which is consistent with the estimated disc flux of

220z Jaquiaideg 9Q Uo Jasn epeue) [10unod yoleasay [euoneN Aq G61 1929/.611/S/F0S/e/0nie/seiuw/woo dnoolwapese//:sdiy woll papeojumod



1 mly initially extrapolated from Herschel measurements (Kennedy
et al. 2013, section 4.8).

4.2 Continuum modelling

For a given set of parameters a rotation from sky coordinates to model
coordinates (where the disc in is in the x-y plane) is calculated. A
3D model disc is then generated in the sky coordinates (RA, Dec,
line of sight). Using the aforementioned rotation, the corresponding
model coordinate is found for each pixel and the model is consulted
to identify the model flux at each location. This disc model is then
collapsed into a plane, creating a 2D image in the sky plane. This
image then has any compact sources added as a symmetrical 2D
Gaussian with a given centre, standard deviation, and flux. The image
is then Fourier transformed using the GALARIO package (Tazzari,
Beaujean & Testi 2018) and the u-v locations of the ALMA data
are sampled to calculate the x> of the model given the data. We
use the EMCEE package (Foreman-Mackey et al. 2013), a PYTHON
implementation of the Markov chain Monte Carlo method, to explore
the posterior probability distributions of our model parameters in
order to derive the best-fitting model. The models are initiated near
the optimal solutions indicated by previous test model iterations. We
use 5000 steps, with the first 3500 being discarded based on the
estimated auto-correlation lengths. For the runs we use 200 walkers
and we verify upon completion that all chains have converged.

Three distinct models were implemented in order to investigate
the nature of the over-brightness in the south-east of the disc and its
effect on model fitting. The external south-west compact source is
marginally resolved and so treated as an azimuthally symmetric 2D
Gaussian source and is included in all models.

The Torus model serves to model the disc alone as a comparison
for the later models; here the south-east over-brightness constitutes
simply a noise peak. The Torus + Asymmetry model treats the over-
brightness as a feature of the disc which is thus contained within it,
representing a local over-density of dust within the disc: perhaps a
dust trap, pressure maximum, or recent collisional event. The Torus
+ Point Source model treats the over-brightness as unrelated to
the disc but as a real feature of the image, possibly representing
a background galaxy, to be accounted for so as to not affect the
parameters of the disc when fitting.

Thus all disc models share these common parameters: the disc’s
total flux F, the disc average radius ry, the disc’s Gaussian scale height
o1, (defined by angular elevation from the disc midplane), and scale
width o, (defined by radial distance from centre of disc), the disc
position angle PA (defined as east from north), the disc inclination /,
the sky offset of the disc centre from the phase centre x, yo; and the
radial distance from the centre of the image of the external compact
source in the south-west, the compact source’s azimuthal angle in the
image (measured east from north), the compact source’s Gaussian
scale width, and the compact source’s brightness. We find the phase-
centre of the ALMA observations, and thus the image centre, to be
slightly offset from the Gaia DR2 (Gaia Collaboration 2016, 2018)
location of the star at the time of observation and have corrected all
further mention of disc offsets for this such that disc offset is always
measured from the stellar location.

These Gaia corrected xp, yo offsets are on the plane of the sky,
but any physical offset will also have some extent into (or out of)
the plane of the sky. By assuming the offset is in the plane of the
disc, this can be calculated using the sky offsets, position angle and
inclination of the disc.

This offset is calculated for every walker at every step to also
produce a z offset that is combined with the sky x (RA) and y (Dec)
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offsets to derive the total offset of a given model. This total offset
is then divided by that individual model’s disc radius to calculate
an eccentricity. The eccentricity upper limit presented in Table 1 is
derived from the one-sided 3¢ value of the final distribution of model
eccentricities. This eccentricity upper limit also factors in the ALMA
pointing uncertainty. The level of eccentricity derived in our models
is small enough to still be well approximated by an offset circular
disc, so a physically eccentric disc model is never explicitly used or
needed to fit the disc.

4.3 Gaussian torus

This model is the simplest and serves as our reference point. The best-
fitting parameters are shown together with the other models in Table 1
and a dirty image of the residuals after subtracting the visibilities
of the best-fitting model is shown in Fig. 3 (left). No discernible
structure remains in the image showing that a azimuthally symmetric
ring is a good representation of the data. The compact source in the
south-west, outside of the disc, is also very well accounted for by the
model. Using the medians of the posterior parameter distributions
we calculate a x2 value of 3278 000.7 for this model; this can be
compared to the values of the other models to quantify their relative
goodness of fit. We also include the relative Bayesian Information
Criterion (BIC; Schwarz 1978) that tests whether the difference in
X2 values between models is significant by penalizing models with
extra fitted parameters, as can be seen in its definition: BIC = y?
4+ Npaameters X 1N Ngof. As the number of visibilities (Ngof = 2 X
Nyis = 2 x 1639088) being fitted is very large, there is a large
penalty on the less simple models. A difference in BIC greater than
six is considered ‘strong’ evidence that the lower valued model is
preferred and a difference greater than 10 is considered ‘decisive’
(Kass & Raftery 1995).

In Fig. 3 (left) we can see that after the subtraction of the disc
model the peak in the south-east remains at a significance of 3o with
a larger 20 extent and a total flux of about 60 uly. The 3o peak is
located just outside of the disc’s main emitting region, and the lo
extent reaches significantly into the disc, culminating in a 20 peak.
There do exist multiple other 20 peaks within the image, but only one
other 30 peak within the FWHM of the primary beam. This region
is also the only one co-located with the known disc emission and
could thus affect the fitting or be physically associated. Residuals
do remain in roughly this location across the three separate nights
of observations, however given the even lower signal to noise of
the individual nights they do not offer much information when not
combined.

We can draw some preliminary conclusions from this basic model.
A disc does fit the data well, with a moderate inclination of about
40° and a PA of about —60°. The radius is well defined at 26.5 au
and the disc flux is around 0.9 mJy. The south-west external compact
source has a flux of around 0.2 mJy. As their posterior distributions
are consistent with zero, we take the scale width and height to be
unresolved and conclude only upper limits are obtainable. The model
does find that the disc centre is offset from the stellar location,
by 0.15 £ 0.09 arcsec. This value is the median of the total 3D
offset distribution found by the modelling, and so is not equal to a
quadrature combined 2D sky offset calculated from the median RA
and Dec offsets presented in Table 1. The uncertainty in this offset
value is large, much larger than uncertainty of the Gaia DR2 location
(0.00034 arcsec) and the pointing uncertainty of ALMA (0.0405
arcsec, here taken as 5 percent of the beam FWHM) as shown in
Fig. 4. Fig. 4 shows the 2D distribution of offsets as well as the
ALMA pointing uncertainty. The offset distribution overlaps with
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Table 1. Median disc parameters, A x 2_and ABIC values for Torus, Torus with Asymmetry, and Torus with
Point Source models. Uncertainties are the 16th and 84th percentiles. We find no significant degeneracies
between model parameters. Offsets are measured from disc model centre to Gaia DR2 location of the star.
Upper limits are one sided at 30, i.e. the 0.996 quantile. The eccentricity upper limit includes the ALMA
pointing uncertainty and the z offset. Ax? and ABIC values relative to Gaussian torus model with values
3278000.7 and 3278180.7, respectively, calculated from a model produced using the median parameters.

Parameter Torus Torus + asymmetry Torus + point source
RA offset (arcmin) 0.0410:08 0.0510:08 0.077908
Dec offset (arcmin) 7O.O7f8:82 70.07428:83 70.02J_r8:8;
Eccentricity 0.047003 0.047903 0.04750
Eccentricity 30 upper limit 0.14 0.14 0.12
Inclination (°) 43+3 42+ 4443
PA (°) —5917 —58%7 —637¢
Disc Flux (mly) 0.9701 0.9701 0.8701
Radius (au) 26.5103 26.410¢ 264108
Scale width (arcmin) 0.1 1f8:$§ 0.14f8:(1)g 0.1 lfg:é%
Scale width 30 upper limit (arcmin) 0.6 0.6 0.6
Scale Height (Rad) 0.207008 0.2215:09 0.157008
Scale height 30 upper limit (Rad) 0.5 0.7 0.4
Nparameters 12 15 16
Ax? 0 -2 —20
ABIC 0 +42 +40
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Figure 3. Naturally weighted dirty images of the residuals after subtracting the individual models. Left: Gaussian torus model; Middle: Asymmetric torus
model; Right: Torus with point source model. Cyan contours show the models and white contours show the residuals at —1o, —20, 10, 20, 30, 40, and 50.
The location of the star is marked with a +. Zero offset is the ALMA image phase centre at 342°01'04.9" —24°22'11.2" (72000).

zero between lo and 20, and overlaps with the ALMA pointing
offset uncertainty at 1. The elliptical distribution of the offsets is to
be expected, as there is less spread along the major axis of the disc
where the S/N is highest, allowing for more precise fitting.

The median offsetis 1.2 4= 0.7 au, corresponding to an eccentricity
of 0.04 &= 0.02. Due to the large uncertainty we do not take this result
to be significant evidence of an offset, and we instead place a 3o upper
limit on the eccentricity of 0.14. Our constraint on the eccentricity
is limited by both the low S/N of the data and the ALMA pointing
precision at 1 arcsec spatial resolution.

With a model flux value for the point source in the south-west
we can make an estimate for the likelihood of such a background
galaxy being present within the image. We will compare with the
1.2 mm galaxy number counts of Aravena et al. (2016) by converting
our ALMA Band 7 870 um flux to a 1.2 mm equivalent. Aravena

MNRAS 504, 4497-4510 (2021)

etal. (2016) provide a conversion for flux S between different bands:
S1.2mm = 0.4S870,um. Our 870 um flux of 0.2 mJy is then equivalent to
a 1.2 mm flux of 0.08 mJy. From table 2 of Aravena et al. (2016) we
estimate that there are 23 700 sources per square degree with a flux
greater than 0.077 mJy. The probability of finding at least one galaxy
brighter than this within a central 8 arcsec radius, approximately the
area of interest around the disk as shown in Fig. 1, is then around
30 per cent. And so, the simplest explanation is that the south-west
point source is background galaxy.

4.4 Gaussian torus with asymmetry

This model treats the south-east over-brightness as a component of
the disc in the form of a 3D Gaussian blob embedded within it,
representing a substructure. This adds three extra parameters to the
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Figure 4. Distribution of offsets from EMCEE for the torus model. The stellar
location is at the origin. Blue points are individual model disc centre offsets
from each walker at every 50th step after initial discarding. The red star
denotes the median offset and the successive red ellipses contain 68, 95,
and 99.7 percent of the offsets, respectively. The blue shaded region is the
1o ALMA absolute pointing precision. The Gaia stellar location uncertainty
would be too small to be seen.

model: the blob’s azimuth, the blob’s azimuthal extent, and the blob’s
brightness. The minimum azimuthal extent is taken as the beam size
(i.e. 17°), and the maximum azimuthal extent is taken as a quarter of
the disc (i.e. 90°). The blob is centred within the disc and shares the
disc’s width. The disc flux value is the sum of the flux from the main
disc and the blob contained within.

From examination of the residuals for this model, shown in Fig. 3
middle, we can see that the in-disc residual in the south-east is
reduced in size compared to Fig. 3 (left) and no longer reaches 2o
Compared to the torus model, we can also see that the north-west
ansa has decreased in flux, showing that the disc’s general flux has
decreased, with the asymmetry taking up the extra flux needed at the
south-east ansa. The asymmetry itself makes up IOf;G per cent of the
flux of the disc, for a disc flux of 0.9 mJy this corresponds to 0.09 ™ ¢
mlJy. The distribution is consistent with zero flux showing that the
asymmetry is not required to replicate the data. The asymmetry is
centred 3 £ 25° counter-clockwise from the south-east ansa of the
disc and has a Gaussian scale azimuth of 34 & 16°.

This fit slightly decreases the x? value, but has a large increase in
BIC. This increase in the BIC shows that the model does not justify
the inclusion of extra parameters, consistent with the flux of the blob
being consistent with zero. Most of the disc parameters remain very
similar to the torus model with the only notable change in parameter
value being a slight increase in the 3o upper limit in scale height.

4.5 Gaussian torus with point source

This model treats the south-east over-brightness as a background
compact source, similar to the external compact source in the south-
west. It also adds four extra parameters to the basic model, the
radial distance from the centre of the image of the point source, its
azimuthal angle in the image (measured east from north), its Gaussian
scale width, and its brightness. The fitting is also restricted such that
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the point source can only reside within the vicinity of the disc in the
south-east quadrant.

Upon inspecting the residuals for this model in Fig. 3 (right) it
can be seen that not even a 2o contour remains in the south-east
region of the disc. The x? of this fit is also significantly less than the
other two models, being 20 less than the basic Gaussian torus model
showing that it fits the data best. However, the flux of the compact
source is consistent with zero and the BIC is still significantly larger
than for the basic torus model, meaning that the inclusion of extra
parameters is not justified by the decrease in x2. Whether or not
the over-brightness truly is the result of a background source is less
important; what this model allows us to consider is how the disc is fit
without its influence. In this model the over-brightness point source
accounts for 0.1 mJy of flux, and the rest of the disc possesses just 0.8
mlJy. The disc flux is consistent with the flux of the previous models
but these values show that the model disc fluxes could be inflated if
the south-east point source is real and not associated with the disc.
Again, while within uncertainty, the PA of the disc has relaxed to 63°
=+ 6 as opposed to the previous two models’ 58° £ 7. This is not a
significant effect but may be a sign that the fitting was attempting to
align the south-eastern ansa of the disc with the over-brightness to
account for it. The reduction in Dec offset and slight increase in RA
offset could also be attributed to a similar effect. With the addition
of the point source, the disc has shifted to the north-east, moving
the ansa away from the over-brightness. But, although the direction
of the offset has shifted, the magnitude has not been significantly
reduced as can be seen from the derived eccentricity and eccentricity
upper limit. We also see a return to a more moderate scale width
than the previous model and a slight reduction in scale height. The
flux density distribution of the two compact sources is unknown,
but their contributions at shorter wavelengths could contaminate
the disc flux from the Herschel data, this possibility is explored in
Section 4.8.

4.6 Continuum modelling summary

In summary, the debris disc around FomalhautC is detected and
resolved with ALMA, and the radius and orientation are well
constrained. A Gaussian torus represents the dust ring well, but the
radial and vertical scale heights are unresolved, with only upper limits
available. Disc parameters are consistent with each other between
the different models, but only the torus with point source model does
not leave 20 residuals in or near the south-east sector of the disc.
The basic torus model has the lowest BIC and thus is the preferred
model. As the basic torus model’s residuals leave the over-brightness
mostly outside of the disc’s bound and as the asymmetric disc model
failed to find a significantly better fit, it can be concluded that the
south-east over-brightness is not likely associated with the system.
That the torus with point source model did not find a significantly
better fit than the other models implies that the over-brightness is
most likely just a noise peak. It could be a background object,
but our BIC values show that there is not enough significance to
conclude such. The similarity across modelling results finds that this
feature does not significantly affect the fitted disc parameters. If real,
observations at a later epoch would be able to confirm the nature
of the point source if it does not share the proper motion of the
star.

A small offset of the disc centre from the star is consistent across
all models, but is not significant. In all our models, the distribution
of offsets retrieved from EMCEE overlaps with zero between 1o and
20, and overlaps with the ALMA pointing offset uncertainty.
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Figure 5. CO J = 3-2 spectra for the debris disc around Fomalhaut C using
spatial and spectro-spatial filtering techniques. The centre spectrum (green)
is filtered only by the bounds of the disc as per our Gaussian torus model.
The top and bottom spectra have had disc pixels shifted within the data
cube by their expected Keplerian velocities, and are vertically displaced for
graphical clarity. As there are two possible rotations of the disc with either
ansa rotating towards us there are two possible shifts. There is no significant
signal in any spectrum. Horizontal shaded regions denote the 1o uncertainty
of the spectrum taken over a larger range of velocities after subtraction of a
second order polynomial background. The vertical shaded region denotes the
expected centre of the signal at the 6.5 = 0.5 kms~! stellar radial velocity.

4.7 CO non-detection

The spectral setup of the ALMA observations was designed to allow
a search for CO gas produced in collisions of planetesimals that
are rich in volatiles via the J = 3-2 emission line. After subtracting
the continuum emission, visual inspection revealed no clear signal
in both the dirty cube and a moment-0 map produced by summing
pixels across the channels in the velocity range where gas is expected.

To enhance the signal of potential CO in the system we also
employed the spectro-spatial filtering approach as described in Matra
et al. (2015) under the assumption that any CO present would be co-
located with the dust. In this method pixels are spectrally shifted
within the data cube to account for the expected radial velocities
from the Keplerian motion within the disc; here we assume a stellar
mass for Fomalhaut C of 0.18 My (Pecaut & Mamajek 2013). We
use the torus model from Section 4.3 as a spatial filter, masking
all pixels that are not co-located with model continuum emission
that reaches at least 10 percent of the peak model flux. Fig. 5
shows the corresponding spectra for the spatial filter alone and the
spectro-spatial filter assuming either the north-west or the south-east
ansa is rotating towards us. No signal is discernible in any of the
produced spectra and so we calculate a 3¢ detection limit. With the
application of the spectro-spatial filtering and with channel widths
of 0.424 kms~! we calculate a 30 upper limit on the CO flux of
16 mJy kms~!. This limit accounts for both the 10 percent flux
calibration uncertainty from ALMA and the correlation of adjacent
channels.

A direct flux comparison of the CO non-detection for Fomalhaut C
to the CO detection for Fomalhaut A is not straightforward, as the
latter observations were not of the CO J=3-2 transmission line, but
of the CO J = 2-1 transmission line with ALMA Band 6 (Matra et al.
2017), and the CO excitation is uncertain. We might compare to the
initial ALMA Band 7 observation of Fomalhaut A (Matra et al. 2015)
in which a flux limit of 160 mJy km s~! was calculated; however, this

MNRAS 504, 4497-4510 (2021)

was an ALMA Cycle 0 observation and the continuum sensitivity was
also 3.5 times lower than in our observation. An appropriate example
against which to compare Fomalhaut C is provided through the M-
dwarf TWA 7 (Matra et al. 2019) for which CO J = 3-2 was detected
with a integrated flux of 91 420 mJy km s~ at a distance of 34 pc.

To set an approximate constraint on the CO + CO, mass fraction
of the planetesimals, we make a simple comparison of the collisional
mass loss rate and flux limit with those of TWA 7. Following the
prescription set out in the appendix of Matra et al. (2017), we
compute the mass loss rate for Fomalhaut C’s smallest grains of
M Dmin- The minimum grain size, Dpiy, iS an unknown here in the
regime of stellar wind dominated grain removal and we do not have
enough short wavelength data to retrieve an estimate from the flux
density distribution as in Matra et al. (2019). The minimum grain
size for TWA 7 was found to be 0.1 pm and using this number as a
fiducial value for Fomalhaut C we get Mp, . = 6 x 107> Mg Myr~!.
For comparison the value is 3 x 107Mg Myr~! for TWA 7. The
CO + CO, mass (which photodissociates in time #,,q) is estimated
as

fcorco, -

Mcotco, = fphd Mp,.. (D

I — fco+co,

where fco+co, is the fraction of planetesimal mass in CO and CO,
ice (Matra et al. 2017). Thus, if we assume the same CO excitation
and lifetime for Fomalhaut C as for TWA 7, and that the observed CO
flux is proportional to the CO mass, then it is only the difference in
mass loss rates and planetesimal CO + CO, fraction that changes the
observed CO flux. TWA 7 has a 50x higher mass loss rate and CO
flux 5x higher than our upper limit, but Fomalhaut C is 4.4 x closer,
so with Fomalhaut C we could have detected CO at half of TWA 7’s
observed level for the same CO + CO, fraction. Thus, fco+co, is
constrained to be at least ~2 x lower than for TWA 7. The ice fraction
for the planetesimals of TWA 7 was found to be > 70 per cent, so for
our assumptions the non-detection does not appear to be particularly
constraining compared to the <10 per cent fractions observed in the
Solar system (Le Roy et al. 2015). We can now also compare our ice
fraction constraint with Fomalhaut A’s ice fraction of 4.6 per cent to
76 per cent (Matra et al. 2017) to find that the two are consistent.

4.8 Herschel/PACS modelling and revised SED model

With the additional knowledge of the Fomalhaut C disc’s geometry,
and of the presence of a nearby background compact source, it is
worth re-analysing the Herschel data (Kennedy et al. 2013) to see if
new information can be gleaned, or to see if the background source
partially contaminated the original detection. Total contamination of
the original detection is highly improbable as the chance of detecting
a debris disc around a randomly chosen M-star is already very low.
We use the level 2.5 data product 160 pm PACS image from 2011
November (observation IDs 1342231937, 1342231938; Observing
Day 906) as our data for model comparison. For reference, we show
our best-fitting ALMA torus model in contours over the Herschel
detection in Fig. 6.

A similar approach was taken to modelling the Herschel data as
was taken for the ALMA data as described in Section 4.2. A model
is generated using the median disc parameters of the Gaussian torus
model from Section 4.3. The disc model’s stellar location is centred
on the Gaia DR2 location of Fomalhaut C at the time of the Herschel
observation; however, the compact source is assumed to be in the
background and thus its position is not corrected for proper motion
between the dates of the Herschel and ALMA observations. The
entire model is then allowed to be offset from the centre to account
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Figure 6. Herschel 160 pm PACS detection of the Fomalhaut C disc. In
black are contours of 1o, 20, o from the ALMA best-fitting torus model,
assuming zero proper motion of the external compact source appropriate for
a background galaxy. The Gaia DR2 location of the star is marked with a
+. Zero offset is at 342°01'09.6" —24°22'12.1” (J2000). Our best-fitting
pointing correction of + 0.54" RA, + 0.33" Dec has been applied to the
Herschel image.

for the imprecise Herschel pointing, with a Gaussian prior set on the
offset using the absolute pointing performance of 1.12 arcsec at 1o
provided by ESA within the observing date range of the observation.'
The model is then convolved with a Herschel 160 pm point-spread-
function (PSF) and re-binned to the 3.2 arcsec pixel scale of the
Herschel image. A flat background offset is added to the model
image before subtraction from the observational data for calculation
of the x2. Two PSFs are tested, an empirical PSF is adapted from a
160 pum calibration observation of the point source y Dra from the
same Observing Day (observation IDs 1342231899/1342231900),
and a high resolution synthesized PSF from observations of Vesta
and Mars provided by Bocchio, Bianchi & Abergel (2016). Aside
from the x (RA) and y (Dec) image offsets the only other parameters
allowed to vary are the radius of the disc, the flux of the disc, the flux
of the compact source, and the flat background flux of the model.
The implementation of a flat background is justified as the annulus
of width ~10 arcsec (3 pixels) around the detection of Fomalhaut C’s
disc has a median pixel value of ~0.2 mJy that the model will need
to be able to account for. The disc and compact sources fluxes are
allowed to vary as their relative proportions are unknown at the
wavelength of observation due to their unknown spectral slopes.
The radius of the disc is allowed to vary in order to investigate
whether radiation forces and stellar winds from the host star are
significant enough to blow out the smaller grains probed by Herschel
to larger radii, to probe the potential presence of a small grain halo as
Matthews et al. (2015) found for AU Mic. We use EMCEE to fit model
discs and compact sources to the Herschel data. We use 100 walkers
and as we find the largest auto-correlation time across all parameters
to be 160 steps, we use 2000 steps and discard the first 1600 steps.
The results are summarized in Table 2 and are highly consistent
between the two PSFs. We find that a small pointing offset is
favoured, but within the 1o absolute pointing uncertainty of 1.12
arcsec. The radius of the disc is not found to be well constrained, but

Thttps://www.cosmos.esa.int/web/herschel/pointing-performance
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Table 2. Median parameters for the Herschel model with empirical and
synthesized PSFs. Telescope offsets are measured between the Herschel
image coordinate Gaia DR2 stellar location and the model stellar location.

Parameter Empirical PSF Synthesized PSF
Telescope RA offset (arcmin) O.ngig 0.61“8:2
Telescope Dec offset (arcmin) 0.34:“ O.3ﬂ:}
Disc Radius (arcmin) 3.73:3 3.53:;
Disc Flux (mJy) 1877 1575
Compact Source Flux (mJy) 0.910¢ 0.9103

Background (mJy/arcsec™2) 0.05079:00¢ 0.05370:90¢

are consistent with the resolved ALMA value. Smaller radii still fit the
data well, implying the disc is either unresolved or not substantially
resolved with Herschel; radii larger than ~5-6 arcsec do not fit the
data well. Thus we conclude that there is not sufficient evidence to
suggest that the grains probed by Herschel lie at significantly larger
radii than the grains probed by ALMA. A flat background flux of
~0.05 mlyarcsec™? is fit by the model, but is not interpreted as
significant evidence of a halo of small grains as large amounts of
the Herschel map not associated with Fomalhaut C share this non-
zero flux. The flux fitted to the disc is ~16 mlJy, consistent with the
original reported detection of 15.5 £2.8 mJy. The compact source
is found to only contribute ~0.86 mJy. We therefore conclude that
the Herschel detection of the Fomalhaut C disc is not significantly
contaminated by the compact source identified by ALMA.

The model flux found for the south-west compact source has a
wide uncertainty, and is subject to further systematic uncertainties.
But with rough flux estimates at both 160 and 870 um we can
estimate a flux ratio of these two wavelengths of 1.5—7.5. This
ratio range would be inconsistent with a sub-millimetre galaxy in
the rest frame, but would be consistent with a galaxy at a redshift z
=2—4 (Casey, Narayanan & Cooray 2014). We note that this redshift
range is outside of the sample of z = 1.6 &= 0.4 used by Aravena
et al. (2016), thus causing a potential conflict with the probability
estimate that the source is a galaxy. However, we again highlight
the systematic uncertainties in the flux derived from the Herschel
modelling; if the background source contributed significantly less to
the Herschel flux, such a large redshift would not be needed.

As we have found that the original Herschel flux measurements are
consistent with the ALMA findings and that the compact source did
not significantly contaminate the detection, those values are kept the
same for the fitting of a new blackbody dust model with inclusion of
the ALMA flux measurement [see Yelverton et al. (2019), Yelverton,
Kennedy & Su (2020) for details of the SED fitting method]. The
dust model is a modified blackbody spectrum: beyond the fitted
parameter A, there is an additional multiplication factor of (A/A¢)~#
as small grains do not efficiently radiate at wavelengths larger than
their own size. The flux density distribution (SED) (Fig. 7) has
not been significantly adjusted from Kennedy et al. (2013) and the
parameters remain consistent. A dust temperature of 20+£4 K is
found, corresponding to a blackbody radius (the distance between
the dust and the star if the dust grains were perfect blackbodies) of
13 £ 5 au, with a fractional luminosity of Lgys/L, = 1.5 £ 0.2 X 107%.
While A is not well constrained, we find 8 = 1.5 + 0.4.

4.9 Blackbody versus resolved radii

With the newly resolved radius of the disc of 26 au the blackbody
radius of 13 au can be seen to be a significant underestimate. This
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Figure 7. Fomalhaut C flux density distribution (SED). Dots are measured
fluxes and triangles are 3o upper limits (Kennedy et al. 2013). The stellar
photosphere model is in blue, the disc model in green, and the combined SED
in orange.

is a common finding for debris discs around all host stellar types
(Rodriguez & Zuckerman 2012; Booth et al. 2012; Pawellek et al.
2014) implying the presence of small dust grains that are hotter than
blackbodies due to their inefficient long wavelength emission. We
can use a measure of this called I', defined as Ry,/Rgg, the ratio
of the resolved disc to the blackbody radius (Booth et al. 2012), or
equivalently defined as (Tgys /Tgg)?, the square of the ratio of the dust
temperature to the temperature of an ideal blackbody at the radius of
the disc (Pawellek et al. 2014). The I' factor for Fomalhaut C’s disc
is1.9+£0.7.

The loose trend (Pawellek et al. 2014) is that I" increases with
decreasing stellar luminosity, albeit with strong scatter. This trend
is linked to typical grain sizes decreasing towards stars with lower
luminosities exhibiting weaker radiation pressure on the dust, i.e.
the blowout size and with it the minimum grain size Dy, decreases
with decreasing stellar luminosity. Smaller grains are typically hotter
than larger grains due to decreased emission efficiency and thus
the blackbody discrepancy grows. Working from Pawellek et al.
(2014)’s relations Fomalhaut C’s (Lgom ¢ &~ 0.005 L)) T should be
larger at ~5—12, more similar to that measured for GJ 581 (Lgjss1 &
0.01Lp). As it stands FomalhautC’s T" is even smaller than the
~3—4 of AUMic (Lauwmic ~ 0.1L). However, there are a couple
of key caveats aside from the large observed scatter.

First, visible light absorption efficiency significantly decreases for
smaller astrosilicate particles (< microns; Krivov et al. 2008) serving
to plateau the trend of increasing dust temperature with decreasing
grain size as decreasing absorption efficiency begins to counter the
decreasing emission efficiency. Around lower temperature stars this
turnover would be reached at comparatively larger minimum grain
sizes as the peak stellar emission is moved to longer wavelengths.
Secondly, as radiation pressure from low mass stars begins to
become too weak to remove grains altogether, Poynting—Robertson
drag (P—R drag) and stellar wind (e.g. Plavchan, Jura & Lipscy
2005; Reidemeister et al. 2011; Wyatt, Clarke & Booth 2011)
become the dominant grain-removal mechanisms. The radiation
pressure-dominated trend of decreasing Dy, with decreasing stellar
luminosity is now disrupted and it is unclear how the relationship
proceeds to lower luminosities. As a very low luminosity star these
effects would be particularly prominent for Fomalhaut C and could
explain why Pawellek et al.’s (2014) I" trend has appeared to have
flattened or possibly even turned over in the low mass regime in

MNRAS 504, 4497-4510 (2021)

which Fomalhaut C belongs. Aside from Fomalhaut C, AU Mic is
currently the only other M-star with a debris disc that is thermally
resolved in high resolution [TWA 7 is only marginally resolved with
ALMA and GJ 581 is only marginally resolved with Herschel; Bayo
etal. (2019) and Lestrade et al. (2012), respectively], as more M-star
debris discs are resolved with ALMA it will be valuable to investigate
I' and grain sizes in this low mass regime of low temperature hosts,
stellar wind, and small grains.

4.10 Scattered light non-detections

4.10.1 HST/STIS observations

We attempted to detect dust-scattered light around Fomalhaut C using
HST/STIS coronagraphy. STIS comprises a 1024 x 1024 pixel CCD
with various occulting elements in the focal plane and a scale of
0.05077 arcsec per pixel. However, STIS does not have a pupil-plane
mask to suppress the four diffraction spikes from HST’s secondary
support structure, nor does it have filters, effectively operating at
the wide optical throughput of the system (A, = 0.5858 um, Ax =
0.4410 pem).

Fomalhaut C was observed at two epochs: UT 2014-11-12 (HST-
GO-13725) and 2018-05-28 (HST-GO-15172) as shown in Fig. 8 (left
and middle, respectively). At each epoch Fomalhaut C was occulted
behind BARS with width ~0.4 arcsec, and observed at two telescope
roll angles separated by ~30° in two consecutive orbits. Each orbit
in the 2014 epoch comprised six exposures of 397 s whereas the
2018 epoch had six 379-s exposures. Cosmic rays were removed in
each «*flt.fits exposure by interpolation over the bad pixels identified
in the *.pl files and then the six exposures per orbit were median
combined. The sky background was sampled in a region on the
detector farthest away from the occulted star and subtracted. Finally
the images were divided by the integration time. To subtract the point-
spread function, the final image from the first orbit was iteratively
shifted and subtracted from the second orbit.

The 2014 data revealed a diffuse, nearly linear structure extending
northward from Fomalhaut C between 1.2 arcsec (the edge of the
occulted region) and 3 arcsec radius. The morphology and surface
brightness resembled a background galaxy also seen 18.4 arcsec
to the east of FomalhautC, highlighting the possibility that the
Fomalhaut C extended feature was also a background galaxy. This
finding motivated the 2018 observations in order to check for
common proper motion of the feature with the star. However, the
feature was not detected anywhere in the 2018 field, showing it to be
a spurious artefact in the 2014 data.

No circumstellar nebulosity is detected in the STIS data with a 3o
limited surface brightness of 3.39 uJy arcsec? at arcsec radius from
the star (using a zero-point of 1 DN/s/pixel = 4.55 x 1077 Jy). The
70 ALMA compact source south-west of Fomalhaut C is detected
in the 2014 observation (Fig. 8, left). It may also be detected in the
2018 observation (Fig. 8, middle), but its location is obscured by
the telescope’s diffraction spikes. The ALMA source is significantly
detected in a combined image of all HST observations (Fig. 8, right),
showing that it is indeed real. These detections together demonstrate
that the source does not share Fomalhaut C’s proper motion and is
a background object. In neither epoch nor in the combined image
is there a significant detection of a potential south-east point source
within the disc per the ALMA torus with point source model.

4.10.2 VLT/SPHERE observations

FomalhautC was observed with the high-contrast imager
VLT/SPHERE (Beuzit et al. 2019) as part of the SPHERE High-
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Figure 8. HST STIS observations of Fomalhaut C. Left: Initial 2014 November observation with diffuse linear structure apparent north of the star. The disc is
not detected but the background source found by ALMA external to the disc in the south-west is also detected by STIS. In white are contours of 1o, 20, o from
the ALMA best-fitting torus model, assuming no proper motion of the external compact source. The Gaia DR2 location of the star at the epoch of observation
is marked with a -+. Zero offset is at 342°01'12.8" —24°2210.5" (J2000). Middle: 2018 May observation with diffuse linear structure north of the star not
detected. The disc is not detected and the background source external to the disc is potentially obscured by the telescope’s diffraction spikes. Overlays as before.
Zero offset is at 342°01'14.1" —24°22'11.1" (J2000). Right: Combined observations of all HST epochs to increase background object SNR, Fomalhaut C is
blurred due to high proper motion and thus we do not plot the disc model contours. The exterior compact source is detected in the south-west, but a potential
in-disc point source in the south-east is not detected. In white are contours of 1o, 20, o of the two compact sources, within the disc and exterior to the disc,
from the ALMA best-fitting torus with point source model assuming no proper motion. Zero offset is at 342°01'13.0" —24°22'11.6" (J 2000).

Angular Resolution Debris Disks Survey? (SHARDDS; Wahhaj et al.
2016; Choquet et al. 2017; Marshall et al. 2018). This survey is an
imaging search for discs around stars within 100 pc having an infrared
excess greater than 10~*. It uses the IRDIS subsystem (Dohlen et al.
2008) in broad-band H (A = 1.625 um, AA = 0.290 um) and the
apodized Lyot coronagraph of diameter 185 mas. Fomalhaut C was
observed at 2 epochs on the nights of 2015 October 11 and 2016
June 3, with an exposure time of 40 min on-source for each visit.
The observations were carried out in pupil-stabilized mode; however,
very little sky rotation was obtained (only 1.5°) because the target
was observed outside the meridian crossing. Angular Differential
Imaging (Marois et al. 2006) is therefore not practical due to severe
self-subtraction of any astrophysical signal (e.g. Milli et al. 2012). At
the expected separation of the disc of ~3.4 arcsec, the background
noise is the main contributor to the noise. We therefore derotated
the frames to align North vertically on the detector, subtracted the
median azimuthal profile for each frame at each separation, and
median-combined all frames to obtain the final reduced images at
each epoch. We averaged the reduced images of the two epochs to
produce the final image shown in Fig. 9 (left). The disc is not detected
in scattered light in the IRDIS image and we calculate a 30 surface
brightness detection limit of 173 uJy arcsec™ at 3.4 arcsec from the
star, assuming a stellar brightness in the H band of 7.527 mag (1.01 Jy;
2MASS; Cutri et al. 2003). Post-processing could change this value,
so to derive meaningful constraints based on the ALMA detection,
we used the median parameter Gaussian torus model of the disc to
generate an image (Fig. 9; right) that we injected into the SPHERE
data. We then scaled up the image until it was clearly detected in
the final reduced image (Fig. 9; middle). We find that the integrated
brightness of the model is 1.0 mJy that represents an upper limit
on the total disc scattered light brightness. The maximum surface
brightness reached at the ansae of the disc is ~ 200 uJy arcsec™2,
showing that our 3o surface brightness detection limit is reasonable.

2ESO programs 096.C-0388 and 097.C-0394

4.10.3 Limits on dust albedo

That the disc was not detected with either HST/STIS or
VLT/SPHERE could be owing to its unfavourable viewing geometry.
At an inclination of ~43° low scattering angles are unavailable to
observation that leaves the strong forward scattering peak that can
enhance disc surface brightness inaccessible. However, an upper
limit on the dust albedo can still be calculated from the surface
brightness upper limit. Following the process outlined in section
3.3.3 of Marshall et al. (2018), we use the equation for reflection for
optically thin dust from Weinberger et al. (1999),
S

Tw= 4714)2;, 2

where 7 is the optical depth, w is the albedo, ¢ is the angular separa-
tion of the scatterers from the host star (i.e. the disc semimajor axis in
arcseconds), S is the surface brightness of the disc in mJy arcsec™2,
and F the stellar flux in mJy. We also use the approximation for

optical depth,
2f¢cos(i)

T g —w)

where fis the fractional luminosity of the disc, i the inclination, and

d¢ the disc width in arcseconds. We combine the two to eliminate t
and have

3)

S fFo

T Qrgd cos(i))(1 — w)
into which we can insert our Gaussian torus model values from
Section 4.3 and surface brightness upper limits to extract our albedo
upper limit. From the SPHERE observations we retrieve an albedo
upper limit of 0.67 at 1.625 um and from the STIS observations we
retrieve an upper limit of 0.54 at 0.5858 pum. Typical debris disc dust
albedos range between 0.05 and 0.15 (e.g. Kalas et al. 2005; Krist
et al. 2010; Golimowski et al. 2011; Choquet et al. 2018; Marshall
et al. 2018) and typical Kuiper belt objects have average albedos of
0.11-0.17 (Vilenius et al. 2012); precision on this level is needed to
begin distinguishing between compositional models (Choquet et al.

“
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Figure 9. Left: Final reduced image after combinations of two epochs of observation with SPHERE/IRDIS. The radially extended signal seen at four different
position angles originates from the diffraction pattern of the telescope spiders that are not entirely suppressed by the pupil stop of the Lyot coronagraph. Middle:
Final reduced image after injection of a disc model into the data before post-processing. Right: Scattered light model injected in the data.

2018; Marshall et al. 2018). Thus these upper limits are too high to
comment on dust composition.

5 DISCUSSION

In our ALMA observations we do not find evidence for a significant
eccentricity in Fomalhaut C’s disc, and it is most likely that Fomal-
haut C has a less eccentric disc than Fomalhaut A. In the context of
S14’s models, the system’s history thus remains inconclusive. Fig. 6
in S14 shows that in their scenario the eccentricity of Fomalhaut A’s
disc should be correlated with the eccentricity of C’s disc, but
with a large scatter. No definite prediction could be made for an
eccentricity in C’s disc; in S14’s fig. 6 it can be seen that for A
discs reminiscent of the real A with eccentricities between 0.025 and
0.5, the corresponding C disc eccentricities vary between ~0.025
and 0.75. Thus, our 30 upper limit of 0.14 cannot rule out the S14
history. However, if an eccentricity did exist below this limit, at
such a magnitude the origin of the eccentricity could just as much
be attributed to other factors, such as an eccentric planet within the
system. A larger eccentricity would have been more unusual, thus
implying an unusual cause, i.e. the S14 scenario. Further observation
increasing the S/N and the precision of the offset modelling would
not therefore necessarily help break the degeneracy of the Fomalhaut
system’s potential histories; however, deeper observations can also
reveal other observable quantities such as the dust density distribution
that can also trace system dynamics.

The still indefinite history of the Fomalhaut system precludes a
ruling on the ‘typicality’ of the Fomalhaut C debris disc’s brightness
amongst the M-star disc population, as the disc could have been
additionally stirred by gravitational interactions with Fomalhaut A
per S14’s scenario. With a fractional luminosity of 1.5 x 107* the
disc is certainly very bright, on par with the disc around AU Mic,
an earlier type MO star that is ~1/40 times the age. AU Mic will not
retain its current brightness for the next 400 Myr, as disc mass tends
to decrease over time due to collisional grinding of planetesimals
and removal of dust from the system through radiation pressure,
solar winds, and P—R drag (Wyatt 2008). This does not mean that
Fomalhaut C’s disc was necessarily significantly brighter in the past
as the time of onset of its collisional cascade is unknown. It is
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Figure 10. Resolved planetesimal belt radii against stellar host luminosity.
The error bars represent disc widths or the upper limits thereof. Fomalhaut C
is highlighted in red, the error bar represents the 3o limit on the disc’s FWHM.
Grey lines show 1000 power laws sampled from the parameter distributions
of Matra et al. (2018).

still within the realm of possibility that the Fomalhaut C debris disc
originated from a protoplanetary disc that formed a greater mass
in planetesimals than AU Mic’s and evolved to its current state via
natural collisional grinding. While Fomalhaut C is significantly older
than AU Mic, in comparison to field M-stars as a whole Fomalhaut C
is still young at only 440 Myr old compared to ages ranging up to 10
Gyrs. A proper study of disc occurrence and comparison for M-stars
could select a sample of stars of similar ages, preferably young while
the discs are statistically likely to be brightest.

It is, however, possible and useful to compare the Fomalhaut C
disc’s radius with that of other resolved debris discs. Matra et al.
(2018) find a correlation between disc radius and host star luminosity,
but their sample is truncated at the low luminosity end, having
no discs with hosts of lower luminosity than AU Mic, at 0.1 Lg.
Fomalhaut C has a luminosity of 0.005Lg and thus significantly
extends the range of the parameter space. In Fig. 10 we plot Matra
et al. (2018)’s sample, with the updates from Sepulveda et al. (2019)
and references therein, and with the addition of Fomalhaut C. We also
plot a representative sample of power-law fits from the parameter
distributions calculated by Matra et al. (2018). The radius of the disc
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around Fomalhaut C is found to be wholly consistent with the rest of
the sample, lying close to the centre of the bundle of representative
power laws. At least in relation to radius, the FomalhautC disc
appears typical, but more discs around low luminosity host stars
are required to fill out this region of the parameter space in order to
be able to conclude that the relationship holds.

Regarding Fig. 10 we are reminded of the context of the width
of the FomalhautC disc; the disc is relatively narrow, similar to
the likes of € Eri (Booth et al. 2017), HR4796A (Kennedy et al.
2018a), and indeed Fomalhaut A (Kalas et al. 2005; Acke et al.
2012; MacGregor et al. 2017). Narrow rings are very often also
offset from the stellar location (Hughes et al. 2018). The typical
eccentricities of these narrow discs are ~0.1 and so the non-detection
of an eccentricity in FomalhautC’s disc not does not mark it as
unusual for its narrowness. Postulated reasons for narrow rings can
be similar to those for eccentric discs: shepherding planets for the
inner and outer radii (Boley et al. 2012), this would predict sharp
edges that our current resolution is unable to constrain; confinement
by the orbital resonances of a single planet, like the bounds of the
Kuiper belt, another narrow disc, at the 3:2 and 2:1 resonances
with Neptune (Hahn & Malhotra 2005); or dust—gas interaction
mechanisms (Lyra & Kuchner 2013). If the bounds of Fomalhaut C’s
disc correspond to 3:2 and 2:1 resonances of an unseen planet, our
model would suggest a planet at an orbital distance of ~17-20 au.

6 CONCLUSIONS

In this work we have presented the first resolved sub-millimetre
observations of the planetesimal debris disc around Fomalhaut C
(Section 4.1), now the lowest mass star to have its disc resolved in
thermal emission. Our modelling has revealed the geometry of the
ring as well as its radius and submillimetre flux. We try three distinct
models to investigate the nature of the over-brightness in the south-
east quadrant of the disc and conclude that the symmetric Gaussian
torus model is the best fitting (Section 4.6). We search for an offset
of the centre of the disc from the stellar location but do not find
any significant eccentricity, instead placing a 3o upper limit. Higher
signal-to-noise and/or resolution observations will be necessary to
improve the precision of an offset measurement and to measure the
disc’s scale width and height. We also do not detect any CO gas in
the system but place a 30 upper limit of 17 mJy kms™".

We revisit the original Herschel observations with our best-fitting
ALMA model to consider a scenario where the smaller grains visible
at shorter wavelengths lay at larger radii due to radiation pressure and
stellar wind forces blowing them out, but do not find evidence for a
small grain halo. We can conclude however that the original Herschel
observations were not significantly contaminated by the compact
source apparent outside of the ring in the ALMA observations
(Section 4.8).

With the ring’s radius resolved we compare the disc’s blackbody
radius to its resolved radius to calculate I' = Ry, /Rpp and compare
it to discs around stars of other spectral types. We find that Fomal-
haut C’s I" factor is smaller than might be expected from the trends
of earlier type stars but also outline several caveats that could disrupt
the trends for very low mass stars (Section 4.9).

The FomalhautC disc has not been detected in scattered light
with either HST/STIS in the optical or VLT/SPHERE in the near-
infrared, but we use our ALMA model’s geometry to find upper
limits on surface brightness and dust albedo. These limits are not
constraining enough to investigate different dust composition models
(Section 4.10).

ALMA observations of Fomalhaut C 4509

The lack of a significant offset measurement precludes a judgement
on the likelihood on any particular dynamical history model for
the Fomalhaut triple system. In combination with the paucity of
thermally resolved M-star debris discs this uncertainty in history
makes it difficult to rule on the disc’s typicality or to place it within
the context of low mass star discs. We do place it in the context of
debris discs across all types by adding it to Matra et al.’s (2018)
radius-luminosity sample and find that the Fomalhaut C’s disc radius
is entirely consistent with the greater trend (Section 5).
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