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ABSTRACT

e Eridani is the closest star to our Sun known to host a debris disc. Prior observations in the (sub-)millimetre regime
have potentially detected clumpy structure in the disc and attributed this to interactions with an (as yet) undetected
planet. However, the prior observations were unable to distinguish between structure in the disc and background
confusion. Here we present the first ALMA image of the entire disc, which has a resolution of 1.6” x1.2"”. We clearly
detect the star, the main belt and two point sources. The resolution and sensitivity of this data allow us to clearly
distinguish background galaxies (that show up as point sources) from the disc emission. We show that the two point
sources are consistent with background galaxies. After taking account of these, we find that resolved residuals are still
present in the main belt, including two clumps with a > 3¢ significance — one to the east of the star and the other to
the northwest. We perform n-body simulations to demonstrate that a migrating planet can form structures similar to
those observed by trapping planetesimals in resonances. We find that the observed features can be reproduced by a
migrating planet trapping planetesimals in the 2:1 mean motion resonance and the symmetry of the most prominent
clumps means that the planet should have a position angle of either ~ 10° or ~ 190°. Observations over multiple
epochs are necessary to test whether the observed features rotate around the star.

Key words: circumstellar matter — planetary systems — submillimetre: planetary systems — submillimetre: stars —
planet-disc interactions — stars: individual: € Eri

1 INTRODUCTION Greaves et al. 2014; Lestrade & Thilliez 2015; MacGregor
et al. 2015; Chavez-Dagostino et al. 2016; Booth et al. 2017,
Holland et al. 2017; Su et al. 2017; Ertel et al. 2020). The
bulk of the far-infrared and millimetre emission comes from
a narrow (11 au wide) belt (hereafter referred to as the main
belt) that is close to face-on situated around 70 au from
the star (Booth et al. 2017). The belt’s fractional width of
AR/R = 0.17 makes it one of the narrowest discs known
(Lestrade & Thilliez 2015), with a fractional width compara-

€ Eri is the closest star to our Sun known to host a debris
disc'. This was one of the first debris discs detected (Gillett
1986) and one of the first resolved (Chini et al. 1991; Greaves
et al. 1998). The disc has been detected from mid-infrared
to millimetre wavelengths (Gillett 1986; Chini et al. 1991;
Greaves et al. 1998; Schiitz et al. 2004; Backman et al. 2009;

* E-mail: markbooth@cantab.net

L There is a claim that Proxima, the closest star to the Sun, hosts a
multi-component debris disc (Anglada et al. 2017), but MacGregor
et al. (2018) demonstrated that the unresolved excess is a result of
stellar flares and Chittidi et al. (in prep.) showed that the structure
claimed as a resolved belt is not seen in more recent observations.
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ble to that of the classical Kuiper belt (e.g. Gladman et al.
2001). The warm emission close to the star is dominated by
dust from either one broad disc extending from around 3 to
20 au or two belts at around 2 and 8 au (Su et al. 2017).

Starting with the original Submillimetre Common-User
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Bolometer Array (SCUBA) image of the disc taken at the
James Clerk Maxwell Telescope (JCMT) (Greaves et al.
1998), there have been claims of clumps and asymmetries in
the main belt. Greaves et al. (1998) clearly identified a bright
peak in the belt to the east of the star. They also noted peaks
in the northeast, northwest and southwest parts of the belt,
although found that these only appear in half of their maps.
These features were recovered in follow-up observations from
SCUBA by Greaves et al. (2005). They compared the loca-
tions of the features and proposed that the northeast peak,
northwest peak and an arc of material in the south were real
features of the disc as they showed a common proper motion
and hints of an anti-clockwise rotation, whilst bright points
to the east and southwest did not show this common proper
motion and so are likely background galaxies. However, they
also noted that the ~ 3" positional uncertainty meant that
these conclusions were not definitive. Observations using the
Max-Planck-Millimeter-Bolometer (MAMBO) data from the
Institut de Radioastronomie Millimétrique (IRAM) 30m tele-
scope (Lestrade & Thilliez 2015) showed a similar azimuthal
profile to the SCUBA data, with peaks in the northeast,
northwest and southwest parts of the belt consistent with
the SCUBA data, although these peaks were all detected at
a signal to noise ratio (SNR) of less than 3. Observations us-
ing the Herschel Space Observatory (Greaves et al. 2014) did
not show any signs of azimuthal variations except for a flux
asymmetry between the north and south sides of the belt at
160 pm, 250 pm and 350 pm (that the authors attributed
to pericentre glow). Observations using AzTEC on the Large
Millimeter Telescope (LMT) (Chavez-Dagostino et al. 2016)
also showed this flux asymmetry. Some less pronounced az-
imuthal variations were also seen, although the data were
found to be consistent with a smooth belt (Chavez-Dagostino
et al. 2016). Both the Herschel and AzTEC observations de-
tected a number of galaxies to the east of the star (Greaves
et al. 2014; Chavez-Dagostino et al. 2016), one of which is in
a position consistent with the bright source detected in the
first SCUBA observations i.e. it has not followed the west-
ward proper motion of the star. Observations with SCUBA-2
(also at the JCMT; Holland et al. 2017) at 850 pum show sig-
nificant substructure with bright clumps in the southeast and
northwest of the disc. To summarise, the brightest source in
the original SCUBA data has since been identified as a back-
ground galaxy that is now to the east of the disc; a bright
spot or arc is significantly detected in the south-southeast
part of the disc in multiple datasets, but has not yet been
identified as either a disc feature or background; and other
low significance structures (SNR~ 2 — 3 higher than the rest
of the belt) around the belt have been identified in similar
locations in multiple datasets, but their existence has yet to
be conclusively proven.

The reported detection of clumps in e Eri inspired theo-
retical work to understand the origin of these structures. By
considering our own Solar System, Liou & Zook (1999) inves-
tigated how a fraction of the small grains produced through
collisions in the Kuiper belt and then dragged towards the
Sun due to Poynting-Robertson (P-R) and stellar wind drag
would end up being captured into the resonances of Neptune
and thus produce resonant clumps — a process that could
also be occurring around other stars. This process was then
considered as an explanation for the clumpy emission seen
in extrasolar Kuiper belts (Ozernoy et al. 2000; Quillen &
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Thorndike 2002; Deller & Maddison 2005). However, the ef-
fect of drag forces is expected to be weak in systems with
bright debris discs (Wyatt 2005). If the dust remains in the
same location as its parent planetesimals, then an alterna-
tive explanation can also be made via comparison with the
Kuiper belt, where many Kuiper belt objects are trapped in
mean-motion resonance (MMR) with Neptune. The presence
of these objects on resonant orbits is due to the migration
of Neptune (e.g. Malhotra 1995; Levison & Morbidelli 2003).
By analogy, the presence of resonant clumps in extrasolar sys-
tems can be explained by dust produced through collisions of
planetesimals that have been trapped by a migrating planet
in the system (Wyatt 2003, 2006; Krivov et al. 2007).

One planet has so far been detected in this system (Hatzes
et al. 2000). By combining radial velocity, astrometry and di-
rect imaging, Llop-Sayson et al. (2021) determined that this
planet (known as € Eri b) has a mass of 0.7+0.1 Mj, semi-
major axis of 3.5240.04 au and eccentricity of 0.07750%. The
small semi-major axis and low eccentricity of this planet mean
that it is unlikely to be responsible for clumps in the main
belt. So far, no planets have been detected close to the main
belt. Direct imaging observations place a limit of ~ 1 My on
planets between ~25 au and the main belt (Janson et al.
2015). Until future observatories improve on these limits, the
properties of outer planets in the disc can only be inferred
from their influence on the disc. The Atacama Large Mil-
limeter /submillimeter Array (ALMA) provides an excellent
opportunity to do this as its high resolution and sensitivity
enable us to clearly distinguish background galaxies from disc
features and accurately map the disc features.

In this paper we present new ALMA observations of the
€ Eri system. The observations are described in Section 2,
in which we detect three point sources along with the main
belt. The point sources and main belt are analysed in Sec-
tions 3 and 4. We demonstrate how clumpy structure in the
belt can be explained by a migrating planet in Section 5. We
discuss emission close to the star in Section 6. We present
our conclusions in Section 7.

2 OBSERVATIONS

e Eri was observed by ALMA in cycle 7 for the project
2019.1.00696.S (PI: M. Booth). The data were taken in band
6 (1.29 mm) between 16th and 23rd December 2019 (see
Table 1). The total time on source was 4.7 hours. At this
wavelength, the full width at half maximum (FWHM) of the
primary beam is 22” and so one pointing is not enough to
cover the entire belt. In order to cover the entire belt most
efficiently with an approximately constant sensitivity, we set
up the observations with six pointings in a hexagonal pattern
around the disc, each separated by 18”.

The observations were taken whilst the array was in a com-
pact configuration with baselines between 15 and 331 m. The
correlator was configured such that one spectral window, cen-
tred on the CO(2-1) line at 230.538 GHz, had 3840 channels
of width 0.5 MHz (0.6 kms™") and the other three spectral
windows, centred at 232, 245 and 247 GHz, had 128 channels
of width 16 MHz (21 kms™!). For the continuum imaging
we used the full bandwidth of all four channels adding up to
7.875 GHz. The data were reduced in cAsA (McMullin et al.
2007) version 5.6.1-8 using the standard observatory calibra-
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Observation Start Time on Antennas PWV (mm) Bandpass Calibrator — Phase Calibrator
Source (min)

2019-12-16 00:31:05 49.59 42 1.11 J0423-0120 J0315-1031

2019-12-17 03:52:57 49.59 43 1.04 J0423-0120 J0348-1610

2019-12-18 23:51:06 49.59 42 1.26 J0334-4008 J0315-1031

2019-12-22 02:10:33 49.59 44 0.92 J0423-0120 J0315-1031

2019-12-23 03:23:39 49.59 41 2.01 J0423-0120 J0348-1610

Table 1. Details of the observations. PWV stands for precipitable water vapour.
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Figure 1. Left: clean image of € Eri using natural weighting. This is shown without correcting for the primary beam (as are all images in
this paper), which means that the flux density shown is lower than the real flux density by a factor given in the middle image (i.e. dividing
this image by the middle image produces a primary beam corrected image). We show the images without correcting for the primary beam
so that the noise level is constant across the image and we can more easily discern visually real emission from noise. Middle: Primary beam
level. We observed the system with six pointings spread around the main belt. At the location of the star, the primary beam level is 53%.
Right: clean image created by including only baselines longer than 40kA. This shows the three point sources present in the observations.

tion, which includes water vapour radiometer correction, sys-
tem temperature, complex gain calibration and flagging.

The left panel of Figure 1 shows the clean image, created
using natural weighting and multi-frequency synthesis. The
original clean algorithm (Hogbom 1974) determines the sky
intensity distribution by iteratively fitting the Fourier trans-
form of point sources to the visibilities. In order to better
fit extended sources, Cornwell (2008) developed a multiscale
version of the clean algorithm that supplements the point
sources with circular sources of a range of scales. Due to the
large angular scale of the disc compared to the beam, we
used this multiscale clean (Cornwell 2008) to create our im-
age. For this, we set the scales to 0”, 1.4” and 7. For the
clean mask, we used an elliptical mask covering the disc and
a circular mask covering the source northwest of the disc.
We set the cleaning threshold to 25 pJy beam ™!, which was
reached after 1273 iterations. The resulting synthesised beam
has a size 1.6”x1.2" with a position angle of 102° E of N.
The sensitivity of the final image is 0 = 14 pJybeam™!, de-
termined by measuring the RMS in a number of regions both
interior and exterior to the main belt. The image has not
been corrected for the primary beam so that the sensitivity
remains constant across the image (the primary beam is also
shown in the middle panel of Figure 1). The image shows
three point sources as well as the main belt of the system.

To check for CO J=2-1 emission, we also used clean to cre-
ate a data cube of the channels around the expected radial
velocity of the star (16.37640.0019 kms™' Soubiran et al.
2018). No CO line emission was detected even when inte-

grating around the belt (between radii of 63 and 76 au) and
adjusting for the expected orbital velocity (i.e., using the
spectro-spatial filtering method of Matra et al. 2015). From
this we find the 30 upper limit on an unresolved emission
line to be 5.0 x 107** Wm™2 (using Equation Al of Booth
et al. 2019). Based on a model of gas production through
the collisional cascade, Kral et al. (2017) predicted that this
system would have a CO J=2-1 level of 1.1 x 10724 Wm™2.
Our upper limit is, therefore, consistent with this model and
much deeper observations will be necessary to detect any gas
in this system.

3 ANALYSIS OF POINT SOURCES

Three point sources are visible in the image. In order to iso-
late these from the disc emission, we create a clean image
with only the long baseline data (specifically we selected all
baselines greater than 40 kX as the disc is only detectable at
shorter baselines). This image is shown in the right panel of
Figure 1. In order to determine the flux density, a correction
for the effect of the primary beam must be applied to account
for the fall-off in sensitivity away from the phase centre of the
pointings. Here we used the standard CASA assumption of an
Airy disc (see section 3.2 Cortes et al. 2022). After correcting
the image for the primary beam, we then use CAsA’s Gaussian
fitting function to determine the location and flux density of
the sources (see Table 2). For the flux density we add a sys-
tematic uncertainty of 5% in quadrature to the measured un-

MNRAS in press, 000-000 (2023)
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Identifier Right ascension Declination Peak flux density, pJy beam—1
Central 3h 32m 54.521s4+0.006  -9d 27m 29.49s+0.07 1020150

NW 3h 32m 53.325s+0.007  -9d 27m 04.61s40.08 990460

SE 3h 32m 55.307s+0.013  -9d 27m 47.66s+0.15 270+30

Table 2. Positions and flux densities of the three point sources based on Gaussian fits to the primary beam corrected long baseline image.
The positional uncertainties are dominated by the astrometric accuracy (see section 10.5.2 Cortes et al. 2022). An extra 5% calibration
uncertainty has been added in quadrature to the uncertainty of the flux densities (see section 10.2.6 Cortes et al. 2022).
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Figure 2. Point sources from cycle 7 ALMA data (shown by crosses) overplotted on the images from Herschel/SPIRE 250 pm (Greaves
et al. 2014), SCUBA-2/JCMT (Holland et al. 2017) and AzTEC/LMT (Chavez-Dagostino et al. 2016) without any correction for the
proper motion. The beam size for each dataset is indicated by the white circle. The position of the star at the time of each observation is
indicated by the white star. This is clearly distinct from the central cross due to the high proper motion of the star. The positions of the
northwest and southeast point sources, however, are consistent with the locations of bright sources in the previous datasets and have not
moved with the star demonstrating that these must be background sources.

certainty based on the expected flux calibration uncertainty
at this wavelength (see section 10.2.6 Cortes et al. 2022). In
addition, a systematic uncertainty due to the uncertainties
in the primary beam of around 1% is expected for primary
beam levels below 50% (Dirk Petry, private communication),
such as where the star and northwest point source are lo-
cated. However, as this is negligible compared to the flux
calibration uncertainty (see also Kundert et al. 2017), this is
not taken into account. For the positional accuracy we use
Equation 10.7 from Cortes et al. (2022)

Af = FWHM x (0.9 x SNR) ™! (1)

noting that this is valid up to an SNR of 20 and that the
postional accuracies may be a factor of two or more worse
than this depending on the conditions at the time of the
observations.

The image is centred on the expected position of the
star at the time of the observations (a = 3h 32m 54.519s,
0 =-9d 27m 29.50s). The central peak is consistent with this
location within the uncertainties and so we conclude that this
is a detection of the star. Note here that the image we are
working with is created combining data taken over a week.
The star has a high proper motion with a right ascension
component of o = —974.76 4 0.16 mas yr~* and declina-
tion component of ps = 20.88 & 0.12 mas yr~' (Gaia Col-
laboration et al. 2018) and so it will have moved westward
by 0.019” between the first and last observation. Since this

MNRAS in press, 000-000 (2023)

difference is roughly equivalent to the positional uncertainty,
we can safely ignore it in the anaylsis.

The flux density measured for the star is slightly higher
than the 820+70uJy measured in the cycle 2 dataset (Booth
et al. 2017), but considering their uncertainties they are con-
sistent at the 20 level. In addition, a slight difference is to be
expected due to a slight difference in wavelength — the cycle
2 dataset has a central wavelength of 1.34 mm, whereas the
cycle 7 dataset presented here has a central wavelength of
1.29 mm. At the shorter wavelength, the photospheric emis-
sion will be higher, but the star is also known to have signifi-
cant chromospheric and coronal emission (Lestrade & Thilliez
2015; MacGregor et al. 2015; Booth et al. 2017; Bastian et al.
2018; Suresh et al. 2020; Mohan et al. 2021) and it is not yet
fully understood how this varies with wavelength.

In Figure 2 we compare the locations of the point sources
(marked by black crosses) to prior observations from the
Spectral and Photometric Imaging REceiver (SPIRE) instru-
ment on Herschel (wavelength of 250 pm, angular resolution
of 18.2"” Greaves et al. 2014), SCUBA-2/JCMT (wavelength
of 850 pum, angular resolution of 15”; Holland et al. 2017) and
AzTEC/LMT (wavelength of 1.1 mm, angular resolution of
10.9” Chavez-Dagostino et al. 2016). Each observation also
shows the location of the star at the time of the observation
(marked by a white star), although only in the AzTEC data
is the star actually detected.

The point source to the northwest is far beyond the belt



and so is unlikely to be related to the e Eri system. It ap-
pears at the same right ascension and declination as peaks
in the AzTEC and SCUBA-2 data, although these are both
detected at a SNR< 30. The point source to the southeast
is coincident with the belt and so it is harder to distinguish
from the belt in the prior observations due to the low resolu-
tion of those observations. The SPIRE and AzTEC data both
show a brightness asymmetry that is brightest at this point.
There is a bright (~ 7o) point in the SCUBA-2 data that
is offset from the southeast source by ~ 2.5” in both right
ascension and declination. Ivison et al. (2007) showed that
for SCUBA-2 the RMS uncertainties of the right ascension
and declination of a point source can be expressed as

Aa = Aj§ = 0.6 x FWHM x SNR™* (2)

(where SNR means the signal to noise ratio). In addition to
this, we need to add in quadrature the pointing uncertainty
of the telescope, which is ~ 2" for JCMT?. This means that
we expect the positional uncertainty of the SCUBA-2 bright
point to be ~ 2.4” and so it is consistent with the location of
the southeast source. From this we conclude that the south-
east source does not share a common proper motion with the
star and so must also be a background source. We also con-
clude that both the northwest and southeast sources are most
likely to be galaxies given their point like nature — submil-
limetre galaxies are typically observed to have sizes < 1" (e.g.
Tkarashi et al. 2015; Fujimoto et al. 2016; Gémez-Guijarro
et al. 2022) and so will be unresolved in our observations.
This conclusion is also consistent with the fact that both
sources are only detected at long wavelengths. The fact that
the northwest source is only significantly detected at 1.3 mm,
whereas the southeast source is detected at wavelengths be-
tween 250 ym and 1.3 mm suggests that the northeast source
has a higher redshift.

4 ANALYSIS OF THE DISC

As an interferometer, ALMA measures visibilities at a num-
ber of baselines corresponding to the separation between pairs
of antennas. These visibilities represent the Fourier transform
of the on sky intensity image. However, since an interfer-
ometer has a finite number and limited range of baselines,
there are gaps in the coverage of the Fourier plane and the
Fourier transform of the visibilities produces what is known
as a ‘dirty’ image, which includes various interferometric ar-
tifacts. This is particularly problematic for faint, extended
emission, as is the case for ¢ Eri debris disc. In order to re-
fine the reconstructed image, one must determine an accurate
model of the emission to fill in the gaps in the observation’s
coverage of the Fourier plane.

One commonly used method for this is clean, which was
used for our ‘quick-look’ image shown in Figure 1. In Section
4.1 we will describe the limitations of this method for our
data. Another commonly used method is forward modelling
using a parametric model, whereby a simple model of the
emission with a number of free parameters is created for a
range of parameters and the most likely model is determined.
In Section 4.2 we show how this is useful for determining the

2 https://www.eaobservatory.org/jcmt/about-jcmt/
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form of the disc, although it has limitations for structures in
the disc.

4.1 clean model

In Section 2 we used multiscale clean (Cornwell 2008) for
our ‘quick look’ clean image. Note that what is referred to
as the clean image is the clean model convolved with the
clean beam — produced by fitting a two dimensional Gaus-
sian to the Fourier transform of the sampling function — and
added to the residuals. In order to test how good the clean
model is, we can take the images from before and after the
residuals are added, deproject them (assuming the inclination
and position angle from Booth et al. 2017) and azimuthally
average. This comparison is shown in Figure 3. From this we
can see that the peak in the main belt emission is at ~70 au,
as expected from Booth et al. (2017). However, we notice
that the clean algorithm does not manage to account for all
of the flux in the main belt, i.e., there is significant residual
flux which has not been ‘cleaned out’, seen in the left panel
of Figure 3. This difference cannot be explained by a lack
of cleaning sufficiently deep as the threshold we set for the
clean iterations is roughly twice that of the final RMS noise
(see Section 2). Choosing a lower threshold than this will only
result in an increased likelihood of fitting to noise rather than
emission. Another possibility is that the difference between
the clean image and the clean model is due to the differ-
ence in units between the convolved model and the residuals.
Both are typically quoted in units of Jy beam™*, however the
beams are different. The model has been convolved with the
clean beam whereas the residuals are in terms of the dirty
beam and so adding the two together can result in the resid-
uals dominating. This effect was first noted by Jorsater &
van Moorsel (1995) and has since become known as the JvM
effect. Czekala et al. (2021) showed how the effect can be cal-
culated from the ratio of the volume of the clean beam to the
volume of the dirty beam. In our case we find that this ratio
is 0.98 and so has a negligible impact on the clean image.
Therefore we conclude that in order to accurately model the
emission we need to start with a more realistic model of the
source that we can fit simultaneously to all the emission.

4.2 Forward modelling

Next we test whether modelling the main belt with a para-
metric ring model and finding a best fit through forward mod-
elling can better account for the emission than the multiscale
clean model. For our parametric model we assume a point
source to represent the star as well as any unresolved flux
(e.g. from dust within a few au of the star) and a circular
ring with a Gaussian radial profile to represent the main belt.
The system is also known to have one or two belts between
3 and 20 au (Backman et al. 2009; Greaves et al. 2014; Su
et al. 2017). These have so far only been detected at mid-
infrared wavelengths and we do not see evidence for them
in our data (Figure 1), therefore we do not include them in
our model. The two background sources are also modelled by
point sources fixed to the results from Table 2. We therefore
have six free parameters: the flux density of the central point
source (Feen), the flux density of the belt (Fpert), the dis-
tance of the peak of the belt emission from the star (Rmid),

MNRAS in press, 000-000 (2023)
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Figure 3. Deprojected surface brightness distributions of the result of the clean algorithm (left) and forward modelling (right) after
correcting for the primary beam. Both cases show the model convolved with the clean beam both before (red dashed line) and after (solid
black line, grey region shows the standard error of the weighted mean) residuals are added.

the FWHM of the belt (AR), the inclination of the belt with
respect to the sky plane (I) and the position angle measured
anti-clockwise from north (£2).

Comparison with the observations can either be done in
the image plane or in the Fourier plane. When modelling the
cycle 2 data for this system (taken at the same wavelength
with the same resolution but with only one pointing and fewer
antennas), Booth et al. (2017) compared both methods and
found that there was no significant difference in their results.
For simplicity, therefore, we fit to the data in the image plane
(as described in Booth et al. 2017). This involves creating a
dirty image (i.e. an image that has not been processed by the
clean algorithm) using natural weights, an image of the point
spread function (PSF, also referred to as the dirty beam) and
an image of the primary beam. A Markov Chain Monte Carlo
(MCMC) routine is set up using EMCEE (Foreman-Mackey
et al. 2013) with 120 walkers and run for 1000 timesteps. For
each set of parameters, a model image is created, multiplied
by the primary beam and convolved with the PSF. This is
then compared to the dirty image in order to calculate a
likelihood given by

InL=—x*/2 (3)

where
N
2 O; — M;\?

X ZZ ( Snero ) ’ )
and O; and M; represent pixels in the observed image and
model image respectively. IV is the total number of pixels used
in the calculation. We note that the primary beam image we
use is a Gaussian model of the beam. The actual primary
beam may deviate slightly from this, which adds extra un-
certainty to pixels far from the phase centre. We, therefore,
only include pixels where the primary beam power is >20%
of the peak in the primary beam. S, is the noise corre-
lation ratio equivalent to the square root of the number of
pixels per beam. This is required because the high resolution
of the image compared to the beam size has the side effect
of introducing correlated noise. Uniform priors were used for
all parameters.

MNRAS in press, 000-000 (2023)

Parameter Best fit
Rmidv au 69.6 + 0.3
AR, au 10.5+0.5
Fhely, mJy  10.34+0.4
I,° 33.7+0.5
Q,° —1.1+1.0
Fcen, mJy 0.95 £ 0.03

Table 3. MCMC results for the Gaussian ring model. The uncer-
tainties given are the 16th and 84th percentiles and do not include
calibration uncertainties.

The MCMC converges after about 250 timesteps. We then
use the samples from the remaining 750 timesteps to infer the
disc parameters and their uncertainties (determined by the
16th and 84th percentiles), which we show in Table 3. These
results are consistent (at the 1o level) with the same model
from Booth et al. (2017), with the exception of the central
flux density, which is slightly higher here (as already dis-
cussed in Section 3), although still consistent at the 20 level.
The marginalised posterior probability distributions for each
parameter and correlations between parameters are shown in
Figure 4. We find that all parameters have Gaussian posterior
probability distributions. We also see that there is a corre-
lation between Rmiq and I and another correlation between
AR and F belt -

The residuals of the best fit model are shown in the left plot
of Figure 5 and the surface brightness radial distribution is
shown in the right plot of Figure 3. This simple Gaussian
model fits the radial profile of the main belt well, never de-
viating from the observed radial distribution by more than
30. Given the azimuthal variations described by previous au-
thors, we also show an azimuthal profile of the residuals in
Figure 6. This is created by correcting for the primary beam
and taking the weighted mean of the surface brightness be-
tween stellar distances of 64 and 77 au and within an az-
imuthal range of 20°, calculated for every 5° around the belt.
As for the radial profile, the uncertainties are given by the
standard error of the weighted mean. Here we see some varia-
tions in the surface brightness with a 3.60 peak in the north-
west part of the disc.
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Figure 6. Azimuthal profile of the residuals left by our best-fit
model (see the right plot of Figure 5) after correcting for the pri-
mary beam and deprojecting the disc based on the inclination and
position angle found in Section 4. The surface brightness is cal-
culated from the region between 64 and 77 au and within an az-
imuthal range of 20°.

The left plot of Figure 5 shows mostly 20 residuals, with lit-
tle structure. However, this is a high resolution image and so
we may be resolving out features of the disc, especially given
the significant residual in the northwest seen in the azimuthal
profile. In order to find out if we detect any clumps in this
data, we need to degrade the resolution to improve the SNR.
This can be achieved by smoothing the image with a Gaus-
sian function. The middle and right plots of Figure 5 show
the result of smoothing with a Gaussian that has a FWHM
of 2.5 and 5" respectively. Note that the actual beam size
of the resultant image is not exactly the same as the applied
Gaussian — here we find them to be 2.7 x2.8"” and 5.1" x5.2"
respectively. As the disc emission and its subsequent interfer-
ometric artefacts fill the image, accurately determining the
background noise from the image becomes more difficult for
lower resolutions as there are fewer independent, disc-free
beams. This issue is highlighted in the top row of Figure 7
in which a histogram of the pixels is compared to a Gaussian
with a mean of zero. The offsets from the Gaussian profile
show these interferometric artefacts that are due to the pres-
ence of residual emission in the data. In order to determine
that actual noise level of the data so that we can accurately
quantify the significance of the residuals, we use CASA to cre-
ate an image offset from the source that shows only back-
ground noise, as in Booth et al. (2017). This image cannot
be created using the mosaic gridder and so a single pointing is
selected. Due to the spacing between our pointings (selected
to provide a constant sensitivity around the belt), the theo-
retical noise level in an image created using a single pointing
is equivalent to the theoretical noise level of the mosaic image
created using all pointings. In our case, we create the noise
only image with phasecentre that is offset by 3’ from the star
— an offset that is found to be large enough to avoid any in-
fluence from the detected emission but not so large that the
beam size is drastically changed. We first test this process
with the original unsmoothed data and confirm that we mea-

MNRAS in press, 000-000 (2023)

sure 0 = 14 pJybeam ™!, as in Section 2. Using this method
for the smoothed images, we measure o = 17 puJybeam ™" in
the 2.5” smoothed map and ¢ = 35 pJybeam™! in the 5"
smoothed map.

In the lower resolution residual images shown in Figure
5, we clearly see a number of significant residuals coincident
with the belt. In the map smoothed with a 2.5 Gaussian,
we see three > 30 residuals in the north, east and north-
west parts of the belt, as well as one < —30 residual in the
southwest part of the belt and even some low level emission
between the belt and the star in the southeast. The features
to the east and northwest also show up as > 3¢ residuals in
the map smoothed with a 5” Gaussian. Given the extended
nature of these features, it is unclear whether the lower signif-
icance of the northern overdensity and southwestern under-
density in the 5" image compared to the 2.5” refutes their
existence or demonstrates that their scale is smaller than that
of the eastern and northwestern residuals. All these features
are labelled in Figure 8, which shows the restored image®
after smoothing with a 5" Gaussian.

5 RESONANT CLUMPS

In Section 4 we identified extended residuals around the main
belt implying that dust is more concentrated in certain lo-
cations of the disc than others. As discussed in the intro-
duction, similar clumps have been identified in previous ob-
servations of € Eri, although some have been identified as
background galaxies and the low significance of others means
that their existence remains contested. Assuming they are
real, the leading theory to explain these clumps is that an
outward-migrating planet has swept exterior debris into res-
onances (Wyatt 2006; Krivov et al. 2007), which also simul-
taneously explains the disc edge locations. In this scenario,
as the hypothetical planet migrates, the nominal locations
of its mean-motion resonances migrate with it, and if these
move through regions of debris then planetesimals can get
efficiently trapped into resonance (Wyatt 2003). If the planet
migrates sufficiently far, then the result would be a debris
disc with a significant population of resonant planetesimals,
where the semimajor axes of the innermost and outermost
planetesimals correspond to the nominal locations of mean-
motion resonances (although since such planetesimals would
be eccentric, the disc edges may not lie exactly at the nominal
resonance locations). Such a disc would have azimuthal vari-
ations arising from resonant structures. Since Booth et al.
(2017) showed that a planet at 48 au would have 3:2 and
2:1 nominal resonance locations coincident with the disc’s
FWHM locations (which would be expected for a disc with
grains on low eccentricity orbits) and the disc shows signs of
azimuthal features, this migrating-planet scenario warrants
further consideration.

5.1 N-body simulations

To determine whether a migrating planet could produce disc
morphologies similar to that observed for ¢ Eri, we ran a suite

3 I.e. the best-fit model convolved with the clean beam and added
to the residuals.
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Figure 7. Top: Histograms of the residual image (left) and the residuals smoothed with a 2.5” Gaussian (middle) and a 5”7 Gaussian
(right). As we can see, smoothing the residuals emphasises the non-Gaussianity of the residuals, demonstrating that the smooth model
does not fully account for the detected emission. Bottom: Histograms of the map created at a direction offset from the disc in order to
measure the noise without influence from the signal (left) and the versions of this map once it has been smoothed with a 2.5” Gaussian
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Figure 8. Restored image of the MCMC best-fit model smoothed
with a 5" Gaussian in order to highlight the structure in the disc.
Contours are in multiples of £20. Deviations from the MCMC
model identified from the residual plots of Figure 5 that are dis-
cussed in the text are labelled.

of n-body simulations modelling an outward-migrating planet
interacting with an exterior debris disc. Each simulation com-
prised the star, one planet, and an initially unexcited debris
disc. The migration would likely be driven by debris scatter-
ing, but since this depends on various unknowns (disc mass,
surface density and system architecture; Ida et al. 2000; Tsi-
ganis et al. 2005; Kirsh et al. 2009; Bromley & Kenyon 2011;
Friebe et al. 2022), we chose to impose an artificial migra-
tion rate on the planet, and to use test particles to represent
planetesimals. We forced the planet’s semimajor axis to in-
crease at a constant rate, whilst its eccentricity remained
zero*. This approach gave us increased flexibility to explore
the parameter space, because each simulation could be post-
processed to probe different disc setups as described below.
We ran 15 individual simulations, testing planets with
masses of 0.02 to 1 My, initial semimajor axes of 25 to
47 au, and migration rates of 0.01 to 1 au Myr~!. We can
rule out a planet more massive than 1 My as such a planet
should have been detected by Spitzer observations (Janson
et al. 2015). A lower limit on the planet mass is less easy
to define. Pearce et al. (2022) showed that a non-migrating
planet would require mass > 0.19 + 0.04 M; and semimajor
axis < 52.779°% au to have ejected non-resonant debris from
the region just interior to the disc, however, the planet could

4 The planet eccentricity is expected to be low for several rea-
sons. First, an eccentric planet would impose eccentric structure
on the disc (Pearce & Wyatt 2014, 2015), and such structure is
not observed. Second, dynamical friction during scattering would
damp planet eccentricity. Third, non-zero planet eccentricity would
decrease the trapping probability in low-order resonances (Reche
et al. 2008), but these are the resonances that we expect to popu-
late in our scenario.
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be less massive if debris is instead cleared by resonant sweep-
ing and so we test masses as low as 10% of this value. The
choice of migration rates is comparable to the rates that the
giant planets are thought to have migrated due to planetes-
imal scattering in the early Solar System (Tsiganis et al.
2005). The debris discs initially spanned 48-80 au, compris-
ing 10% to 10* particles distributed such that the surface den-
sity varied with stellocentric distance r as oc r~'® (like the
Minimum Mass Solar Nebula; Weidenschilling 1977; Hayashi
1981). Each disc particle had an initial inclination and eccen-
tricity uniformly drawn between 0-5° and 0-0.05 respectively,
and an argument of pericentre, longitude of ascending node
and mean anomaly each uniformly drawn between 0-360° as
in Pearce et al. (2021). The simulations were performed with
REBOUND, using the 1as15 integrator (Rein & Liu 2012; Rein
& Spiegel 2015), and we ran each simulation until the planet
reached at least 48 au (i.e. until the nominal location of the
2:1 resonance reached the outer edge of the observed disc).

Although we only ran 15 n-body simulations varying three
parameters, since our simulations used test particles and fixed
planet-migration rates, the particles themselves did not affect
the overall system dynamics. This allowed us to consider dif-
ferent initial disc setups by varying the disc parameters in a
post-processing step, without having to run a new simulation
for each setup. We considered discs with inner edges ranging
from 48 to 76 au in 1 au steps, with widths of 1 to 28 au in
1 au steps (noting that the outer edge could not exceed 80 au
due to the simulation setup). For each disc configuration we
constructed an image by rotating the simulated system to
a similar orientation to the observed disc on the sky (some-
times using a slightly different orientation, discussed below),
scaling the particles for emission (o r~1/2), and convolving
the result with a 2D Gaussian to produce an image compa-
rable to Figure 8. We varied the position angle of the planet
when constructing the images, and also tested an alternative
initial disc surface density profile of oc ! (versus oc r—'% in
the original simulations) by re-weighting the brightnesses of
individual particles.

We focus on reproducing the azimuthal surface bright-
ness profile, because this is a key prediction of the resonant
trapping scenario which is motivated by the observation of
clumps, but we also consider the disc location, width and
shape in determining our preferred model. We assume that
the dust seen by ALMA has the same morphology as the un-
derlying planetesimals (this assumption will be addressed in
the following section). In order to ease the comparison be-
tween the models and the observation, we use a least-squares
fitting technique to find the parameters that produce an az-
imuthal profile that is most similar to the observed profile.
For each image, we calculate the azimuthal surface bright-
ness profile by dividing the image into 100 radial sectors,
and finding the peak surface density in each sector (we mask
the region between position angle 132 and 162°, which cor-
responds to the southeast point source). We construct an
equivalent profile from the image in Figure 8, where we also
omit flux from within 32 au and outside 86 au in projection
(to omit the star and northwest point source). Both profiles
are normalised to 1, and compared to each other using a
least-squares fit. We repeat this process for all system se-
tups, to identify the setups that well-reproduce the observed
azimuthal brightness profile. However, we also manually ex-
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amine these simulations, removing any where the disc loca-
tion, width or shape is very dissimilar to the observation.

Figure 9 shows our preferred model that results from this
process. In this simulation, a 0.2 My planet has migrated out-
wards from 37 au at 0.2 au Myr~! for 24 Myr, while interact-
ing with a disc with initial span 61 to 64 au and initial surface
density o< r~5. In this particular configuration the disc is
entirely comprised of particles in the 2:1 resonance. The res-
onance was initially located interior to the disc inner edge,
and swept up planetesimals as the planet moved outwards.
During this interaction, the semimajor axes of resonant de-
bris remained close to the (migrating) nominal resonance lo-
cation, whilst their eccentricities librated up to some ever-
increasing maximum®. The particles in the 2:1 resonance form
a structure with two broad clumps centred approximately
100° ahead of and behind the planet, which arise through the
splitting of the 2:1 resonance into upper and lower variants
(discussed below; see also Wyatt 2003). Two narrow clumps
also form at 0 and 180° from the planet, caused by the overlap
of the upper and lower 2:1 resonance structures. The result
is a debris morphology that broadly reproduces the observed
disc. If this model is correct, then the observed clump C2 is
really the peak of a broad clump comprising material in the
2:1 resonance, and likewise C5 is part of the other broad 2:1
clump. The observed clump C1 arises through the overlap of
upper and lower 2:1 structures. The underdensity C4 marks
the azimuthal edge of one 2:1 clump, and a corresponding
underdensity may also exist in the southeast part of the disc
(currently co-located with the background point source). We
find that not only the morphology of the clumps, but also the
ratio of the clump peak flux to the inter-clump flux matches
that seen in the observations.

Notably, this simulation does not include particles in the
3:2 resonance. As previously noted, Booth et al. (2017) pre-
dicted (by analogy with the classical Kuiper belt) the ex-
istence of a planet at 48 au, because such a planet would
produce 3:2 and 2:1 resonances with nominal locations coin-
cident with the inner and outer edges of the observed belt.
However, we found that our simulations that trapped ma-
terial in both the 3:2 and 2:1 resonances ended up produc-
ing belts much broader than that observed. This is because
the particles in these resonances must have eccentric orbits
to produce visible clumps, so particles with semimajor axes
equal to a nominal resonance location will have orbits that
extend inwards and outwards from this point. We also found
that simulations with significant 3:2 debris populations gener-
ally produced worse fits to the observations, because clumps
arising from the 3:2 resonance are centred at +90° from the
planet, which does not match the azimuthal locations of the
observed clumps. The lack of material in the 3:2 resonance
occurs naturally in our simulations where the 2:1 resonance is
initially interior to the inner edge of the disc. As the planet
migrates, the strong 2:1 resonance would typically capture
almost everything it encountered and leave very little for the
3:2 resonance.

Whilst the simulation in Figure 9 reproduces the observed
disc reasonably well, the fit could still be better. The clumps
are not quite as bright as those observed, and the azimuthal

5 If planet migration stalls, then the maximum eccentricities of
resonant particles stop increasing.
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Figure 9. Simulation of a hypothetical planet migrating outwards into the € Eri disc (Section 5.1). The simulation has a 0.2 Mj planet
migrating from 37 to 42 au at 0.2 au Myr—! for 24 Myr, into a disc with initial span 61 to 64 au and initial surface density o< r~1-5. The
disc comprises 2300 particles. Top-left panel: face-on view of the simulation, where the z,y plane is the disc midplane. The points show
planetesimal positions and the asterisk is the star. The large circles and lines show planet positions and orbits respectively, at the simulation
start (grey) and end (black). Top-right panel: simulated image, where the system has been rotated to a similar orientation to the ¢ Eri
disc on the sky (with a 10° smaller inclination), scaled for emission, and convolved with a 2D Gaussian with FWHM 5.2, The resulting
image was then further scaled such that the peak brightness of the eastern clump (C2) matches the observation. The hypothetical planet
(white circle) is at position angle 190° and orbits in an anti-clockwise direction. Bottom-left panel: particle eccentricities and semimajor
axes. The shaded grey region shows the particles at the initial time. Dashed lines show particle orbits that could come within 3 Hill radii
of the planet at the initial (grey) and final (black) times. Dotted lines show the nominal locations of mean-motion resonances at the
final time. Bottom-right panel: observed disc from Figure 8. White dotted lines on the right-hand panels mark the azimuthal locations of
observed features for direct comparison between the simulation and observation, and the shaded region between position angles 132 and
162° corresponds to the location of the southeast point source in the observations, which is probably a background object.

profile differs somewhat on the east side of the disc. We also
note that the simulated disc has a faint secondary structure
extending beyond the main belt and widest at £90° from
the planet, which is not seen in the observations; whilst the
addition of simulated background noise would reduce the sig-
nificance of this feature, it is unlikely to remove it entirely.

than that inferred directly from the observed disc (23.7°
rather than 33.7°). The reason is that our simulated reso-
nant disc is not exactly circular, but instead slightly ellipti-
cal. This can be seen on the top-left panel of Figure 9, where
the disc inner edge is closer to the star at +90° from the
planet than at 0 and 180°. However, since the star is still
roughly central with respect to the resonant disc, on the sky

To produce the simulated image in the top-right panel of the squashed disc would appear as a roughly circular disc

Figure 9, we assumed a disc inclination that is 10° smaller
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that is slightly more inclined than it actually is. We typically
find that reducing the simulation inclinations by 10° results
in axial ratios that are more similar to the observations, so if
the € Eri disc really is resonant, then it may be slightly less
inclined than currently thought. Depending on the specific
resonances present, we may also expect a small stellocentric
offset, although this is < 1 per cent for the simulation in Fig-
ure 9. Finally, another consequence of the resonant disc being
elliptical is that the apparent position angle of the observed
disc would depend on planet position, because the elliptical
structure is aligned with the planet. This means that, if the
clumps in the € Eri disc are caused by material in resonance
with a planet, then we might expect the disc’s apparent po-
sition angle to change over time (in addition to the clump
locations).

Our best-fitting simulations have the planet at position an-
gles of ~ 190° (within a few tens of degrees either side), but a
degeneracy in the resonant dynamics means that planet po-
sition angles around ~ 10° can also reproduce the observed
disc. For the 2:1 resonance, if trapped particles have suffi-
ciently high eccentricities then the resonance splits into up-
per and lower variants, which have libration centres (and
hence clumps) either side of 180° from the planet (see Fig-
ure 8 in Wyatt 2003). If particle eccentricities are increased,
then these clumps symmetrically move away from 180°. This
leads to a degeneracy in reproducing clumps C2 and C5 (on
the north side of the disc). If 2:1 debris has smaller aver-
age eccentricities, then the 2:1 clumps would lie either side
of 180° from the planet; in this case, to match the observed
clump locations the planet would have position angle ~ 190°.
Conversely, if debris eccentricities were larger, then the 2:1
clumps would be closer to 0 than 180° from the planet; in
this case, the planet would have position angle ~ 10°. Since
a migrating planet increases the eccentricity of resonant de-
bris as it migrates, if the planet migrates a shorter distance
then the C2 and C5 clumps would be more consistent with
a planet at position angle ~ 190°, but if the planet migrated
further then these clumps would imply a planet at ~ 10°.
It is difficult to use clump C1 to break this degeneracy, be-
cause we found that similar overdensities both aligned and
anti-aligned with the planet can be formed by 2:1 resonant
particles (and also by higher-order resonances). Also, whilst
our best-fitting simulations do not include material in the
3:2 resonance (non-zero particle eccentricities mean the simu-
lated discs become too wide if both the 3:2 and 2:1 resonances
contain significant debris), a similar degeneracy would arise
if the 3:2 resonance were populated; clumps form from 3:2
resonant particles at +90° from the planet, so a disc with a
large 3:2 resonant population would also look similar if the
planet position angle were changed by 180°. So if the € Eri
disc is resonant, then we predict the responsible planet to lie
either at position angle ~ 190° or ~ 10°. A planet at these
locations would be well-separated from the star in projection,
which is favourable for future planet searches.

The simulation on Figure 9 reproduces the observations
reasonably well, but we stress that this is not a unique solu-
tion and that many degeneracies arise from the large number
of unknown parameters (initial disc location and width, ini-
tial planet location, mass and migration rate). We found it
possible to fit the disc with alternative resonant scenarios, for
example different resonances, initial disc locations, and mi-
gration timescales. We also note a degeneracy between planet
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mass and migration rate; debris can be trapped into reso-
nance just as efficiently by a high-mass, rapidly migrating
planet as by a low-mass, slowly migrating planet. In fact, we
did not see a strong dependence of disc morphology on planet
mass or migration rate; instead, the factors with the largest
influence appear to be the distance over which the planet mi-
grates, and the initial edges of the pre-interaction disc. We
also emphasise that we have not performed a detailed param-
eter space exploration; whilst post-processing simulations al-
lowed us to explore a broad range of initial disc setups, we
only probed 15 combinations of planet initial location, mass
and migration rate. It is therefore very possible that the disc
could be better fit by some untested system setup, and a
more detailed parameter space exploration is required to fur-
ther explore this interaction.

‘We showed that a planet migrating outwards could poten-
tially reproduce the observed debris disc. However, we have
not attempted to constrain the migration mechanism. If mi-
gration were driven by planetesimal scattering, then outward
migration would be difficult for a single planet, because the
tendency is for the planet to eventually eject unstable debris
and migrate inwards (Kirsh et al. 2009; Friebe et al. 2022).
Outward migration is easier in a multi-planet system, be-
cause an outer planet can scatter material inwards to another
planet, which then ejects it. This would cause the outer planet
to migrate outwards into the disc, whilst the inner planet mi-
grates inwards®. A possible result would be that much of the
debris scattered inwards by the outer planet would since have
been ejected by the inner planet(s). This would be compatible
with our preferred simulation. Whilst the simulated configu-
ration on Figure 9 has no material initially close to the planet,
in reality such material should have existed to drive the out-
ward migration, but could have been rapidly ejected by any
inner planet(s). We know that a Jovian-mass inner planet
resides at several au in the e Eri system (Llop-Sayson et al.
2021), but since our predicted disc-sculpting planet would lie
at ~ 50 au and have low eccentricity, it is unlikely that this
predicted planet could scatter significant quantities of mate-
rial directly to the inner planet for ejection. Therefore, if the
€ Eri disc has been sculpted by an outward-migrating planet,
then this would likely be facilitated by one or more additional
planets residing interior to our predicted planet; either these
additional planets eject scattered debris themselves, or they
form a chain that can pass debris right into the inner sys-
tem (where the known planet can then eject it, e.g. Bonsor
& Wyatt 2012). This may also contribute to the dust in the
inner region.

5.2 Dust in the resonant clumps

In the above model it is the planetesimals that are trapped
in resonance and so one important question to ask is whether
the dust remains in the same location as the planetesimals
since it is small grains of around the same size as the wave-
length of the observations that our observations are most
sensitive to. Wyatt (2006) investigated how dust is lost from
resonances due to the increase in eccentricity from radiation

6 This process is thought to have driven early inward migration of
Jupiter and outward migration of Saturn, Uranus and Neptune in
the Solar System (Tsiganis et al. 2005).



pressure. They derived a formula for the critical diameter be-
low which dust is lost from the resonance, which (assuming
large” grains) can be written as

—1 —0.5
L. [ M, M,
Dexie ~ 3.25x10* [ —L—_ e el . 5
t X (kg m3> Lo (M@ MJ) pm ( )

where p is the density of the grains, L, and M, are the lu-
minosity and mass of the star and My is the mass of the
planet. For ¢ Eri, L, = 0.3808 £ 0.0015 Ly (Gaia Collabo-
ration et al. 2018) and M, = 0.82 £ 0.05 M (Baines &
Armstrong 2012). We do not have any measure of the den-
sity of the grains in the € Eri system, but can assume that
they are similar to the grains released from comets within
our own Solar System. For example, observations of the dust
released from comet 67P/Churyumov-Gerasimenko have de-
rived a density of ~ 800 kg m~> (Fulle et al. 2017; Kwon
et al. 2022). We can use this value as a rough estimate, al-
though note that depending on the exact composition and
porosity, the density of the grains in the e Eri system could
be up to a factor of ~5 higher or lower than this (Giittler
et al. 2019). For a planet of mass 0.2 My, as in the example
simulation shown in Section 5.1, we find that Deyis ~ 40 pm.
Since the emission detected at a given wavelength is expected
to be dominated by grains of a size approximately the same as
that wavelength (e.g. Backman & Paresce 1993), the millime-
tre dust that we are seeing is much larger than this critical
diameter and so is too large to be removed from resonance
by radiation pressure.

Although radiation pressure is not expected to impact mil-
limetre grains, the effect of velocity dispersion could be much
stronger. This effect arises from the slight differences in ve-
locity that the products of a collision have relative to the
centre of mass of the two colliders. These velocities increase
the libration amplitude of the resonant argument and, at suf-
ficiently high velocities, the debris particles will leave the res-
onance. As a criterion of staying in the resonance, one can
require that the libration amplitude does not grow above a
certain threshold value A. In order to investigate this for the
€ Eri system, Krivov et al. (2007) conducted numerical in-
tegrations of the 3:2 resonance. Although we find that the
2:1 resonance is dominant in our preferred n-body simula-
tion (see Section 5.1), we expect the results to be similar.
Based on their simulations, Krivov et al. (2007) determined
the maximum relative velocity verit that does not break res-
onance trapping, to be

B
Verit _ Mpl/ MJ
A (G 0

where vy is the circular Keplerian velocity (3.4 km st for
the 3:2 resonance at 63 au), and the fitting coefficients are
A = 0.007(£40%), B = 0.28(£10%) for A = 30°. Using
My = 0.2 Mj as in the example simulation, we find verie =
16 m s~*. We note that an order of magnitude change in the
assumed mass of the planet results in a factor of two change
in the critical velocity.

In order to estimate the typical ejection velocity of collision
fragments, we can make use of the analysis in Wyatt & Dent

7 In this case, large means grains for which the radiation pressure
efficiency is approximately equal to 1, which is true for grains of
diameter > 20 um in the € Eri system (Wyatt et al. 1999).
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(2002). We start by assuming that the kinetic energy is dis-
tributed evenly amongst all fragments except for the largest
remnant and that the collision fragments are largely produced
via barely catastrophic collisions, because lower energy colli-
sions are cratering collisions that produce few fragments and
higher energy collisions are rarer since they require larger im-
pactors. This means that the specific energy of the collision
is equivalent to the dispersal threshold (Qp) and the mass
of the largest remnant is half the mass of the target. We can
then combine their equations 6 and 22 to get

o 2fxeQ7
TV TR "

where fkg is the fraction of the impact energy that is im-
parted to the resulting collisional fragments and vco is the
impact velocity of the collision. Typically, 2Q% /v, < 1 and
so Equation 7 can be approximated as

Vej =/ 2fKEQE' (8)

The value of fkg can be inferred from collisional experiments
and amounts to a few per cent to several tens of per cent for
small debris (e.g. Asada 1985; Hartmann 1985), therefore we
use fke ~ 0.01-0.1 to give an example of typical values,
although we note that there is a lot of uncertainty on this.
For grains ~ 1 mm in size, laboratory measurements show a
wide range of dispersal thresholds from 10%-10* J kg™* (see
Leinhardt & Stewart 2009, and references therein). From this
we estimate that the typical ejection velocities are between 1
to 30 m s~ L.

Ejection velocities have also been measured in impact ex-
periments directly, with the aid of high-speed cameras. Val-
ues between ~ 1 m s~ and ~ 35 m s~ !, consistent with
the above estimate, have been reported over a broad range of
impactor and target masses, materials, and collisional veloci-
ties (e.g., Fujiwara 1986; Nakamura & Fujiwara 1991; Giblin
et al. 1998; Cintala et al. 1999).

Comparing these experimentally derived values of vej to
the threshold vt inferred from simulations, we conclude
that a significant fraction of collisional debris, at least for
the millimetre-sized grains seen by ALMA and assuming a
0.2 My planet, is likely to have vej < werie and, therefore,
our model does predict clumpy structure at millimetre wave-
lengths as well as in the planetesimals.®

The problem of velocity dispersion becomes more impor-
tant for lower mass planets and so the presence of dust clumps
does imply that the planet mass is above some critical value,
however, the large uncertainties on many of the parameters
mean that we can only strictly rule out planet masses less
than 2 x 107° M; (assuming the most extreme values for the
uncertain parameters, i.e. A = 0.01, B = 0.3, fxkg = 0.01 and
Qb =10 T kg™h).

8 Pearce et al. (2021) reached the opposite conclusion for Fomal-
haut, where grains released from resonant clumps would shear into
a smooth ring. This arises because Fomalhaut b has an extreme
orbit, resulting in complex resonant behaviour that is very sensi-
tive to small changes in debris orbits (their Figure 7). For € Eri,
the less extreme planet orbit makes resonant debris more resistant
to minor velocity kicks.
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5.3 Rotation of the clumps

So far in this section we have demonstrated that the mi-
grating planet scenario can broadly reproduce the observed
features of the disc. However, this alone is not enough to con-
clusively prove that the features we see are resonant clumps.
To do that we need to observe rotation of the clumps in
multi-epoch datasets. Such a comparison has been made be-
fore by Greaves et al. (2005). By comparing their 2nd epoch
SCUBA data to the 1st epoch data from Greaves et al. (1998),
they showed that some of the features remained at the same
right ascension and declination, including the bright clump
to the east (also clearly identified as a background source
by Chavez-Dagostino et al. 2016) and a clump to the south-
west (that is consistent with the point source now seen to the
southeast of the star in our data — see Section 3). However,
other features (albeit, features with an SNR<3 — specifically
peaks to the northwest, northeast and southeast) were found
to move with the star and showed tentative signs of an anti-
clockwise rotation of ~1° yr~!, consistent with that expected
if the clumps are due to material trapped in MMRs with
an interior planet (Ozernoy et al. 2000; Quillen & Thorndike
2002). Poulton et al. (2006) undertook a more thorough anal-
ysis of the SCUBA datasets and measured a much higher ro-
tation rate of ~2.75° yr~*, although noted that much smaller
rotation rates are still consistent with the data.

The expected rotation rate of the clumps is dependent on
the Keplerian velocity of the planet as the clumps move with
the planet. For a planet with semi-major axis ap around a
star of mass M., the angular velocity is:

w = 360

M* Qpl _30 —1
M, (?u) e ©)

Therefore a planet with a rotation rate of ~2.75°yr~! (as

in Poulton et al. 2006) would require the planet to have a
semi-major axis of 24 au — far too far from the disc for it
to trap planetesimals into major MMRs. Whereas a planet
with a semi-major axis of api = 42 au (as in the simula-
tion shown in Section 5.1) results in an expected rotation
rate of the resonant clumps of 0.98°yr~—!, consistent with
the motion reported by Greaves et al. (2005). The data pre-
sented in this paper was taken 17 years after that presented
in Greaves et al. (2005). The ~ 3" positional uncertainty on
the SCUBA clumps (Greaves et al. 2005) corresponds to ~ 8°
at 70 au, whilst the positional uncertainty for the brightest
of the clumps found here (the eastern clump has a signifi-
cance of 3.8¢ in the map smoothed with a 5" Gaussian) cor-
responds to ~ 4° (based on equation 1). Therefore a 1° yr—*
rotation rate would not be significantly detected. In addi-
tion, it is important to keep in mind that resonant clumps
are not individual points. They are broad concentrations of
particles that are individually orbiting at a slower rate than
the clump and each clump that we see can potentially be a
superposition of particles in different resonances. Given this
and the low SNR of the clumps in each dataset, a more in
depth analysis is necessary to identify which clumps are the
same and determine any possible rotation, which we leave for
future work.
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Figure 10. Deprojected and primary beam-corrected surface
brightness radial distribution of the residuals shown in the left
plot of Figure 5 considering only the data between position an-
gles of 120° and 150°. The rise in emission between 10 and 20 au
reaches a peak of ~ 20.

6 EMISSION IN THE INNER REGION

€ Eri is well known to have warm emission close to the star
(Backman et al. 2009; Greaves et al. 2014; Su et al. 2017).
By combining the available mid-infrared resolved images and
photometry, Su et al. (2017) demonstrated that in situ dust
production is most likely responsible for the observed emis-
sion and this can be reproduced by either a broad disc ex-
tending from around 3 to 20 au or two belts at around 2 and
8 au. Using the AzTEC 1.1 mm data, Chavez-Dagostino et al.
(2016) also found that there is evidence for emission between
the main belt and the star at long wavelengths, primarily ex-
tending to the southeast and northwest of the star, although
the low significance of this emission meant that they were not
able to constrain its origin.

In our new data we do find a rise in the radial profile be-
tween 10 and 20 au (see Figure 3) but the uncertainties are
large and so this is not significant. However, there are az-
imuthal variations in the emission and we see from Figures 5
and 8 that there is some emission to the southeast of the star
interior to the main belt (in particular around the position
labelled C3), in the same location as that seen in the AzZTEC
data. Inspired by this, we take the image of the residuals left
after subtraction of the best MCMC model (the left plot of
Figure 5), divide the image into 30° sectors, correct the im-
age for the primary beam, deproject and azimuthally average
for each sector. C3 is in between position angles of 120 and
150° and the radial profile for this is shown in Figure 10. Here
we see that there is a higher rise in emission between 10 and
20 au, although it still only reaches a peak of ~ 20.

If the asymmetry of the inner emission that is observed
in both our data and the AzTEC data is not just an arti-
fact of the noise, then they may be resonant clumps caught
in resonance with a planet much closer to the star than the
one responsible for the clumps in the main belt. Deeper ob-
servations of the inner region are necessary to determine the



distribution of dust there and how it may relate to other
planets in the system. Observations with other telescopes
will also be of benefit. For instance, the James Webb Space
Telescope (JWST) will observe € Eri at a number of wave-
lengths with both MIRI and NIRCam (Beichman et al. 2017).
At 25.5 pm, these observations will have an angular resolu-
tion of 1.0”, close to that of our ALMA observations, and
so should be able to pick up similar features. However, note
that these mid-infrared observations will be sensitive to small
grains around the critical size given by Equation 5 and so any
clumps may be smoothed out due to the small grains being
pushed out of resonance by radiation pressure (Wyatt 2006).

7 CONCLUSIONS

In this paper we present ALMA cycle 7 observations of the €
Eri system. We detect the star, the main belt and two other
point sources. We demonstrate that these two point sources
are consistent with being background galaxies. We find that
a narrow belt consistent with the Booth et al. (2017) fit to
the northern arc works well at fitting the entire belt. After
accounting for the background galaxies, we find that signif-
icant residuals remain in the region of the belt, as observed
in prior observations. The two most prominant residuals (de-
tected at > 3o significance) are to the east and northwest of
the star.

Under the assumption that these residuals are resonant
clumps, we run a set of n-body simulations with which we
demonstrate that similar structures can be produced by a
migrating planet trapping planetesimals into its 2:1 mean
motion resonance. Based on the symmetry of the clumps, we
expect this planet to be at a position angle of either ~ 10° or
~ 190°. From the limited parameter space we explore here,
we find that the features of the disc are best reproduced by a
0.2 Mj planet migrating from 37 to 42 au at 0.2 au Myr~! for
24 Myr. However, we note that we are not able to strongly
constrain any of these parameters as there are a lot of de-
generacies between them and a much larger number of simu-
lations is needed to fully explore parameter space, which we
leave for future work. In addition, if a planet is detected — for
instance, JWST observations should be able to detect planets
down to a mass of ~ 0.3 My (Beichman et al. 2017) — then its
mass and orbit will help us to break these degeneracies and
determine the migration history of the system.

In order to conclusively prove that the observed residuals
are due to resonant trapping, a thorough and consistent anal-
ysis of all of the observed datasets and continued monitoring
is necessary to detect rotation of the clumps.
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