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ABSTRACT

The young AOV star HR 4796A is host to a bright and narrow ring of dust, thought to
originate in collisions between planetesimals within a belt analogous to the Solar system’s
Edgeworth—Kuiper belt. Here we present high spatial resolution 880 pm continuum images
from the Atacama Large Millimeter Array. The 80au radius dust ring is resolved radially
with a characteristic width of 10 au, consistent with the narrow profile seen in scattered light.
Our modelling consistently finds that the disc is also vertically resolved with a similar extent.
However, this extent is less than the beam size, and a disc that is dynamically very cold (i.e.
vertically thin) provides a better theoretical explanation for the narrow scattered light profile, so
we remain cautious about this conclusion. We do not detect '2CO J=3-2 emission, concluding
that unless the disc is dynamically cold the CO+CO, ice content of the planetesimals is of
order a few per cent or less. We consider the range of semi-major axes and masses of an
interior planet supposed to cause the ring’s eccentricity, finding that such a planet should be
more massive than Neptune and orbit beyond 40 au. Independent of our ALMA observations,
we note a conflict between mid-IR pericentre-glow and scattered light imaging interpretations,
concluding that models where the spatial dust density and grain size vary around the ring
should be explored.

Key words: planet—disc interactions —circumstellar matter —stars: individual: HR 4796A —
planetary systems — Galaxy: formation — submillimetre: planetary systems.

have been robustly detected and quantified in a number of systems
(e.g. Kalas et al. 2005; Golimowski et al. 2006; Moerchen et al.
2011), but whether clumps have ever been detected in a debris

1 INTRODUCTION

The belts of asteroids and comets that orbit the Sun and other stars

have long been recognized as tracers of systemwide dynamics, and
thus used as a means to discover perturbations from unseen planets
(e.g. Mouillet et al. 1997; Kalas, Graham & Clampin 2005). Indeed,
much of the history of how these planetesimal belts — the so-called
‘debris discs’ — have been studied is the application of Solar system
dynamics to other stars.

These ideas can be broadly split into the short- and long-term
effects of planets on the appearance of a disc. The former is usu-
ally related to resonances and produces small-scale ‘clumpy’ dust
structure (e.g. Liou & Zook 1999; Wyatt 2003). The latter can be
thought of as the perturbations induced if a planet is smeared out
around its orbit, and produces large-scale structures such as eccen-
tric rings and warps (e.g. Mouillet et al. 1997; Wyatt et al. 1999).
Structures consistent with the long-term (‘secular’) perturbations
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disc is debatable; for example, the azimuthal structure reported in
various mm-wave images of € Eridani’s disc (e.g. Greaves et al.
2005; Lestrade & Thilliez 2015) has not been detected in others
with comparable or greater depth (MacGregor et al. 2015; Chavez-
Dagostino et al. 2016). The best candidate for clumpy disc structure
is B Pictoris, though the edge-on geometry hinders deprojection of
the disc to derive the spatial dust (and gas) distribution (e.g. Dent
et al. 2014).

To successfully discern the spatial structure of these belts, and
thus search for evidence of planetary influence, requires images.
While debris discs are discovered by infrared (IR) flux densities
that are in excess of that expected from their host stars, our abil-
ity to infer even basic radial disc structure from the disc spec-
trum is extremely poor. While two sufficiently well-separated belts
can be distinguished from a single narrow belt (Kennedy & Wyatt
2014), whether these two belts are really a single wide belt, and at
what specific distance these belts reside is almost always unknown

© 2018 The Author(s)
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(see Backman & Paresce 1993, for an early review on inferring
debris disc structure from spectra).

The first debris disc to be imaged, around B Pictoris (Smith
& Terrile 1984), showed a warp that was interpreted as arising
from a giant planet that is inclined to the disc by a few degrees
(Burrows et al. 1995; Mouillet et al. 1997), a planet that has almost
certainly now been detected (Lagrange et al. 2010). Subsequent im-
ages of other discs emerged 15 yr later, at sub-mm (Fomalhaut and
Vega, Holland et al. 1998) and mid-IR wavelengths (HR 4796A,
Jayawardhana et al. 1998; Koerner et al. 1998). The disc around HR
4796A was soon after shown to exhibit ‘pericentre glow’ (Wyatt
et al. 1999; Telesco et al. 2000; Moerchen et al. 2011). With this
phenomenon, mid-IR observations can detect a small but coher-
ent disc eccentricity, because the temperature increase for particles
at pericentre manifests as a large surface brightness difference at
wavelengths shorter than the peak flux (a similar effect is an in-
creased pericentre brightness in scattered light images). A different
manifestation of the same eccentricity is ‘apocentre glow’, where
the apocentre of the same eccentric disc is brighter at wavelengths
longer than the peak, because the increase in dust density outweighs
the increase in temperature (Wyatt 2005; Pan, Nesvold & Kuchner
2016). Both pericentre and apocentre glows have now been detected
for the disc around Fomalhaut (Kalas et al. 2005; Acke et al. 2012;
MacGregor et al. 2017).

For B Pic and HR 4796A, these observations are made at the
10 million—-20 million-year age that places these systems just be-
yond the gas-rich phase of planetesimal and planet construction,
which always precedes the ongoing destruction observed in debris
discs. Systems at this age merit study for myriad reasons; a few that
are relevant here are:

(i) Giant planets are brightest when they are youngest (e.g.
Burrows et al. 1997), so detections are more likely and non-
detections more constraining. Thus, direct imaging surveys focus
on these stars.

(i) Remnant gas from the protoplanetary phase may be present
(Zuckerman, Forveille & Kastner 1995; Moor et al. 2011) and influ-
ence the disc structure in unexpected ways (Lyra & Kuchner 2013).
Quantifying the levels of gas (e.g. the dust—gas ratio) is important as
it sets the context and the types of models used to interpret particular
systems.

(iii) Debris disc mass, and thus brightness, decays with time (e.g.
Decin et al. 2003; Rieke et al. 2005; Wyatt et al. 2007), so on average
better images of disc structure can be obtained around younger stars
(as long as the stars are not too distant).

(iv) A corollary of (iii) is that secondary gas released in plan-
etesimal collisions, which depends on the disc’s mass and yields
compositional information, is more likely to be detected (Matra
et al. 2015).

(v) Secular perturbations have had less time to act on planetesi-
mals, meaning that constraints on unseen perturbers, in concert with
item (i), are stronger.

Here we report the first Atacama Large Millimeter Array
(ALMA) observations of the narrow debris ring around HR 4796A
(HD 109573, HIP 61498, TWA 11A), an AQV star at 72.8 parsecs.
The absolute brightness of this disc, the 2 arcsec diameter, and its
location in the Southern hemisphere (§ = —40°) make this system
perfectly suited to the current generation of high-resolution optical
and mm-wave instruments. As a member of the ~10-Myr-old TW
Hydrae association (de la Reza et al. 1989; Kastner et al. 1997;
Soderblom et al. 1998; Webb et al. 1999; Bell, Mamajek & Naylor
2015), this system is young, so observations are well motivated for
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the reasons listed above, and this system has been, and will continue
to be, a benchmark debris disc where theories can be tested in detail.

As a well-studied system, there are a number of key results from
the prior study of this system. The aforementioned pericentre glow
was the first evidence that the disc is eccentric, and this has been
consistently confirmed with scattered light imaging (Schneider et al.
2009; Thalmann et al. 2011; Wahhaj et al. 2014; Rodigas et al. 2015;
Milli et al. 2017). However, as we discuss in Section 4.5, there is an
inconsistency in the argument of pericentre inferred from mid-IR
and scattered light images. Scattered light images show that the
ring is very narrow (Ar/r =~ 0.1) and that the West side of the dust
belt is closer to us, and have quantified the levels of polarization
and scattering phase function as a function of azimuth (Perrin et al.
2015; Milli et al. 2017). Lagrange et al. (2012) suggested that the
narrow width could be caused by a planet just exterior to the ring.
Another possible explanation is that the orbits of the planetesimals
are dynamically cold, causing a depletion of the small grains that
are normally seen exterior to the parent belt (Thébault & Wu 2008).
This explanation is particularly relevant here because it predicts that
the disc should have a very small vertical extent, and the dynamical
status of the disc will be a recurring theme throughout.

Thermal emission from HR 4796A’s disc has not been imaged at
high spatial resolution at any wavelength, so we obtained ALMA
observations with the goals of (i) imaging the population of larger
grains that dominate the emission at millimeter wavelengths and (ii)
detecting or setting limits on any primordial or secondary CO gas.
This paper first presents the ALMA observations and a basic anal-
ysis of the continuum and spectral information contained therein
(Section 2). We then construct and fit disc models with the aim of
constraining the disc structure (Section 3), and finish by discussing
these results and placing them in the context of what is already
known about this system (Section 4).

2 OBSERVATIONS

HR 4796 A was observed over 2 hours by ALMA in band 7 (880 pm)
during Cycle 3 using 41 antennas, with baselines ranging from 15
to 1124 m (2015.1.00032.S). The correlator had 3 spectral windows
centred at frequencies of 333.76, 335.70, and 347.76 GHz, with each
covering a bandwidth of 2 GHz; these were set up for continuum
observations with a spectral channel width of 15.625 MHz. The
remaining spectral window was centred near the '>?CO J=3-2 line
frequency (345.76 GHz) and covered a bandwidth of 1.875 GHz
with a spectral resolution (twice the channel size, due to Hanning
smoothing) of 976.562 kHz (0.85kms~! at the rest frequency of
the line).

The observations were executed in two subsequent scheduling
blocks. The sources J1427-4206 and J1107-4449 were used as band-
pass and flux calibrators, respectively, and observed at the beginning
of each block. Observations of the science target HR 4796A (50 min
total integration time) were interleaved with observations of phase
calibrator J1321-4342 and check source J1222-4122. Calibration
and imaging of the visibility data set were carried out using the
casA software version 4.5.2 through the standard pipeline provided
by the ALMA observatory.

We carried out a first round of continuum imaging and deconvo-
lution using the cLEAN algorithm and Briggs weighting with a robust
parameter of 0.5. This yields a synthesized beam of size 0.16x0.18
arcsec, corresponding to 11.6 x 13.1 au at the 72.8 pc distance
of the source from the Earth. Given the relatively high signal-to-
noise ratio (S/N) of the emission (peak S/N of 28), we used the
CLEAN model to carry out one round of phase-only self-calibration.
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Figure 1. Self-calibrated Briggs-weighted image of the disc around HR
4796A (robust = 0.5). The filled circle in the lower left corner shows the
beam of 0.16 x 0.18 arcsec. The star is not detected but it’s location is
marked by a +, and with a distance of 72.8 pc the diameter of the ring is
approximately 160 au.

A second round of continuum imaging shows a significant image
quality improvement, now yielding a peak S/N of 37. The stan-
dard deviation obtained near the disc is 0 = 31y beam~!, which
should be uniform across the central 2 arcsec region where the disc
is detected because the primary beam correction in this region is
<1 per cent.

In addition to the continuum, we also analysed the high-velocity
resolution spectral window around the '>CO J=3-2 line frequency.
We first subtracted continuum emission in visibility space using
the uvcontsub task within casa, then imaged the visibilities with
natural weighting to cover the spectral region £50kms~! of the
star’s systemic velocity (~13.7 km s~ in the heliocentric reference
frame; van Leeuwen 2007). This procedure yielded data cubes with
a synthesized beam size of 0.19 x 0.22 arcsec at the native spectral
resolution of the data set (0.85kms~!). The standard deviation of
the noise in the data cube is 2 mJy beam™" in a 0.42 kms~' channel.

2.1 Basic continuum analysis

We first take a quick look at the observations using the clean image.
Detailed visibility modelling is carried out below, so the purpose of
this section is simply to introduce the data and provide a qualitative
image-based feel for the results that will follow.

Fig. 1 shows that the disc is seen very clearly as a narrow ring
that is strongly detected (S/N>9) at all azimuths. The width of the
disc appears similar to the beam size of 0.17 arcsec, so given the
distance of 72.8 parsecs the radial and vertical extent of the ring
about the maximum near 80 au is no more than about 15 au. The star
is not detected, which is consistent with the predicted photospheric
flux of 25.5uly.

As a test of whether the ring is resolved, Fig. 2 shows radial
cuts along the major and minor disc axes, and an azimuthal profile
around the disc. For comparison three different models that provide
good fits to the data (and which are described below) are also
shown. Comparing an ‘unresolved’ ring model (dotted line) with
the data, the ring appears clearly resolved in the radial direction,
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Figure 2. Radial (top two panels) and azimuthal (bottom panel) profiles of
the surface brightness S. The radial profiles are along the disc major (upper
panel) and minor (middle panel) axes, using 10°-wide swaths. The blue
transparent bands show sections to the N and W, and the green to the S
and E; the width of these bands is the 1o uncertainty. The same profiles are
shown for three different models. The dotted lines show a model ring that
is ‘unresolved’ radially and vertically. The dashed lines show a vertically
‘thin’ (flat) Gaussian model that is resolved radially, and the solid line shows
a radially and vertically ‘resolved’ model. These models are described in
detail in Section 3.1. The unresolved model is a poor match to the data, and
there is little difference between the resolved and thin models.

but whether it is resolved vertically is less clear. Some clue may
be given by the asymmetry in the inner and outer parts of the
radial profile along the major axis; a vertically ‘thin’ model (dashed
line) does not contribute as much flux as one that is ‘resolved’
both radially and vertically (solid line), but this difference is barely
discernible. Comparison with the azimuthal profile yields similar
results. Thus, while profiles along both the major and minor disc
axes are affected by the radial and vertical structure, the differences
here are small and models of the full data set are needed to quantify
them.

As a quick test of whether the ring is consistent with being
symmetric, we rotated the image by 180° and subtracted it from
the un-rotated version. The star is not detected, so an x/y shift was
allowed to optimize the subtraction. The result of this subtraction
is an image that appears consistent with noise, suggesting that any
brightness asymmetry that could arise from the disc eccentricity
of 0.06 is not detected with ALMA. As the star is undetected, we
cannot rule out the possibility that the disc is eccentric but has an
azimuthally uniform surface density.

Using an elliptical mask with a semi-major axis of 1.75 arcsec
and semi-minor axis 0.4 arcsec (the ratio derived for the dust ring
below), we measure a total disc flux of 14.8 £ 1.5 mJy, where the
uncertainty is dominated by the 10 per cent absolute calibration un-
certainty. These values are consistent with 14.4 4= 1.9 mJy measured
with SCUBA-2 (Holland et al. 2013) as part of the Survey of Nearby
Stars (SONS) legacy programme (Holland et al. 2017). This agree-
ment suggests that the ALMA observations have not resolved out
significant flux on scales larger than seen in Fig. 1.
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2.2 Spectral data and CO

The fractional luminosity (f = Lg./L.) of the disc around HR
4796A is exceptional (0.5 per cent), and the system is very young,
so we considered that detection of either remnant primordial or
secondary CO gas in this system was likely with ALMA. How-
ever, no clear signal is detected in the dirty continuum-subtracted
data cube. To search more carefully for secondary CO under the
assumption that it is co-located with the dust, we used the filter-
ing method developed by Matra et al. (2015) as implemented by
Matra et al. (2017b). In this framework only pixels where the disc
is detected at >50 in the continuum are used, and spectra in each
pixel of the imaged data cube are red or blue shifted to account for
the expected radial velocity at that spatial location. This method
assumes the best-fitting dust disc geometry derived in Section 3 and
an estimated stellar mass of 2.18 M (Gerbaldi et al. 1999). This
method did not result in a detection and yields an integrated line
flux upper limit (30) of 25 mJy km s~!. A similar search for CO
distributed in the same orbital plane as the disc, but with a different
radial extent, also yielded a non-detection.

3 CONTINUUM IMAGE MODELS

We now place more formal constraints on the disc parameters,
modelling the disc as an optically thin torus using the observed
visibilities. To reduce the computational load, we temporally aver-
aged the data into 10-s long chunks, and spectrally averaged the
four spectral windows down to four channels per spectral window.
Following averaging, the visibility weights were recomputed using
the casa statwt task. This step ensures that the relative visibility
weights are correct, but not necessarily their absolute values,' and
this is corrected below.

The modelling method is the same as used by Marino et al.
(2016, 2017). For one specific set of parameters, a disc image is
first generated using radmc-3d (Dullemond et al. 2012). This
image is then Fourier transformed to the visibility plane, where the
image is interpolated at the same uv points as our time averaged
continuum observations. The difference between the model and
the data is then quantified by computing the x? goodness-of-fit
metric over all visibility samples. In computing the x?2, we applied
a constant re-weighting factor of 1/2.5 (i.e. we increase the variance
by a factor of 2.5) that ensured the reduced x? for all visibilities was
unity (i.e. the signal from the disc in an individual visibility sample
is assumed to be negligible, which, given N, = 3210 532, separate
visibilities to be modelled is reasonable, see also Guilloteau et al.
2011). This re-weighting ensures that the parameter uncertainties
are realistic. Experiments where this factor was instead included as
a model parameter find that it is very well constrained (<1 per cent
uncertainty), so we chose to use a constant value for all models.

To find the best-fitting model for a given set of parameters, we
use the ensemble Markov-Chain Monte Carlo (MCMC) method
proposed by Goodman & Weare (2010), as implemented by the
EMCEE package (Foreman-Mackey et al. 2013). EMCEE uses an en-
semble of ‘walkers’ (i.e. a series of parallel chains), which are used
to inform the proposals at each step in the chain, increasing the
efficiency of the sampler and allowing for parallel computation. For
most fitting runs we use 40 walkers and chains with 1000 steps, in-
creasing the number of steps in a few cases with strongly correlated
parameters that take longer to fill out the parameter space. Each

! For example, see https://casaguides.nrao.edu/index.php/DataWeightsAnd
Combination.
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model is initialized near the optimal solution based on prior testing
runs, so we typically only need to discard the first 100 steps as a
‘burn in’ phase.

We tried two families of models: symmetric and asymmetric. The
goal of the symmetric models was to derive best-fit parameters and
test whether the data show evidence for a specific disc radial profile
and/or vertical distribution, and whether different choices for these
influence other parameters. As was suggested in Section 2.1 the disc
appears symmetric, so the purpose of an asymmetric model was to
verify that the disc is indeed consistent with being symmetric, and
to quantify the level of asymmetry that could have been detected.

Parameters that are common to all models are the dust mass M,
the average disc radius ry, the disc position angle 2 (measured East
of North), the disc inclination /, and the (small) sky offset of the disc
from the expected location xy, yo. The disc is not significantly offset
(0.025 arcsec) considering the ~0.01 arcsec pointing accuracy of
ALMA and the S/N of our image, which limits the disc eccentricity
to less than about 0.05 for a pericentre direction along the disc major
axis (and less than about 0.2 for pericentre along the minor axis).
Otherwise, these latter two parameters are unimportant, so feature
no further in our analysis. The data comprise two subsequent obser-
vations that are calibrated separately, so to allow for any differences
we include a factor that is the fractional difference in calibration in
the second observation relative to the first (i.e. we do not consider
that the disc brightness actually changed over 1 hour at a location
where the orbital period is about 500 yr). These seven common
parameters define the disc geometry, scale, and brightness, while
the model specific parameters described below define the detailed
radial and vertical structure.

For these models we assume a size distribution of dust from
D = 10 um to 1 cm with a power-law slope n(D) oc D*> =3¢ with
g = 11/6. To compute the opacity needed by radmc-3d, we use
a mix of astronomical silicate, amorphous carbon, and water ice
such that the 880 um opacity is 0.17 m?> kg~ (45 au® Mél). As our
observations are in a single narrow bandpass, this choice is arbitrary
and the mass is given largely for comparative purposes (i.e. it has a
considerable systematic uncertainty).

3.1 Gaussian torus

Our ‘reference’ model is a Gaussian torus of radius r(, for which the
additional parameters are the radial o, and vertical o, density dis-
persions. The full-width of the density at half-maxima FWHM, and
FWHM,, are therefore 2+/2 In 2 & 2.35 times larger. The best-fitting
parameters for this model are given in Table 1, and the posterior
distributions for all parameters in Fig. Al in the Appendix. A dirty
image of the residuals, after subtracting the best-fitting model in
visibility space, is shown in Fig. 3. The overall smoothness of the
image shows that the model is a very good representation of the data.
The X2 value is 3 203 624; while this number is not informative in
itself, comparison with the other models, summarized in Table 2,
gives it some context. That is, the difference in x? values between
different models is a more useful indicator of fit quality than the
absolute values, so we quote these relative to this model below (e.g.
Guilloteau et al. 2011).

Fig. 3 shows one interesting feature; a pair of 3o residuals near the
disc semi-minor axis on the East side. These appear for all models,
with fluxes of around 100 pJy. Inspection of residual plots for each
observation shows that only one blob is present in each, suggesting
that they are either spurious or fluctuations caused by noise on top
of a larger region of excess flux that is just below our sensitivity.
Their location is near the disc apocentre inferred from scattered
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Table 1. Best-fitting parameters for the Gaussian, box, and power-law mod-
els. We follow previous authors’ conventions of ~26° for the ascending node
and ~77° for inclination. Strictly, for this node the inclination should be
~103° because the West side of the disc is closer to us (or the node should
be ~206° and the inclination retained). The dust mass uncertainty includes
the contribution from the absolute flux calibration

Gaussian Box Power-law
Parameter Value lo Value lo Value lo
FWHM, (au) 10 1 - - 5 1
FWHM;, (au) 7 1 - - 7 1
8, (au) - - 14 1 - -
8y (au) - - 10 1 - -
Maust (Mgy) 0.35 0.04 0.35 0.04 0.35 0.04
ro (au) 78.6 0.2 78.4 0.2 78.4 0.2
Q(©) 26.7 0.1 26.7 0.1 26.7 0.1
1(°) 76.6 0.2 76.6 0.2 76.6 0.2
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Figure 3. Naturally weighted image of the residuals after subtracting the
Gaussian torus model. Solid and dashed contours show the residuals at levels
of =30, —20, 20, and 30. The star location is marked by a +, and white
contours show the original image at 5o . A pair of 3o contours remain within
the disc near the semi-minor axis on the E side.

Table 2. Best-fitting x> values relative to the Gaussian torus model (for
which X2 = 3203 624.3). The number of model parameters, and the BIC
values (relative to the Gaussian model) are also given.

Model Ax? Nparam ABIC
Two power law torus —-53 10 9.6
Power law torus —5.1 9 —-5.1
Gaussian torus 0.0 9 0.0
Two Gaussian torus 0.3 10 15.3
Eccentric Gaussian torus 1.2 11 31.2
Box torus 6.6 9 6.6
Gaussian torus (‘thin’) 21.8 8 6.8
Gaussian torus (‘narrow’) 65.6 8 50.6
Gaussian torus (‘unresolved’) 114.2 7 84.2

light observations (e.g. Milli et al. 2017), and whether they provide
constraints on an apocentre glow scenario is considered below.
The basic conclusions from this model are that the disc can
indeed be modelled as a narrow axisymmetric ring, and that the
position angle and inclination are consistent with those derived

from scattered light imaging (Rodigas et al. 2015; Milli et al. 2017,
e.g. the latter find / = 76.45 £ 0.7° and Q2 = 27.1 £ 0.7°). The
radii derived from scattered light appear to differ systematically
depending on the method, for example Rodigas et al. (2015) find
values near 78 au using a 10 au-wide elliptical mask, while Milli
et al. (2017) find values near 77 au using a locus of the disc’s peak
brightness. Our average disc radius is consistent with these results,
though agrees more closely with Rodigas et al. (2015), presumably
because their radius estimate is less biased by the > dependence
for scattered light.

The radial and vertical extent of the disc is of particular interest
here, and in addition to the search for CO provided the main moti-
vation for obtaining high-resolution images. The fitting results for
the Gaussian model above find that the disc is resolved both radi-
ally and vertically, but given the modest signal-to-noise ratio seen
in Fig. 1, the lack of significant differences in Fig. 2, and that the
formal uncertainties on the radial/vertical extent are about a tenth
of the resolution, we made some further tests.

First, we find that the disc is resolved in at least one of the
radial or vertical directions, as an ‘unresolved’ model run where
both FWHM, and FWHM),, were fixed to <4 au shows significant
residuals, primarily near the ansae (A x2 = 114.2). In addition,
a ‘narrow’ model where only FWHM, is <4 au (and FWHM,, is
allowed to vary) also shows significant residuals (A x> = 65.6). A
‘thin’ model where only FWHM), is <4 au (and FWHM, is allowed
to vary, yielding FWHM, = 11 au) does not show any significant
residuals aside from the same pair of blobs, but has Ax? = 21.8.
While a smooth residual image might result because the disc is not
vertically resolved, it could also arise because the preference for
vertical extent is driven by a low-level signal spread across many
beams (as is expected given that the disc itself spans many beams).
The Ax? value for the thin model is higher than for all vertically
resolved models (including the additional models described below),
and is more similar to the value for the narrow case, so a vertically
resolved disc is preferred.

A possibility that we have not yet explored is that a flat disc with a
different radial profile parametrization could account for the radial
and apparent vertical disc extent. However, a model that has inde-
pendently varying inner and outer Gaussian o, (i.e. 0, i, and o« ou)
still finds a non-zero o, (and has A x> =0.3). We also tested the pos-
sibility that the residual blobs influence the results; adding a point
source to the original Gaussian torus at the location seen in the first
half of the visibility data finds that the disc is still vertically resolved.

3.2 Box torus

As a test of whether a torus with a different structure is also con-
sistent with the ALMA data, we use a model with uniform space
density within certain radial and vertical limits. A cross-section
through this torus yields a rectangular density distribution (i.e. a
box), with radial width §, and vertical height §,. While there is
no more motivation for the radial structure than there was for the
Gaussian model, a confined vertical structure could arise if the disc
particles were being perturbed on secular (long) time-scales by a
slightly misaligned planet; the total height of the box would be twice
the initial misalignment between the disc and the planet.?

2 In reality, the density would actually be higher at the top and bottom of the
box because the vertical oscillations of an inclined particle are sinusoidal. It
is for the same reason that the Solar system’s asteroidal dust bands are seen
as peaks on either side of the ecliptic (Neugebauer et al. 1984).
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The results for the box model (Ax? = 6.6) are similar to the
Gaussian torus (see Table 1), and again find that the disc is vertically
resolved. Aside from the same peaks to the E of the star, the residuals
are again consistent with noise. Bearing in mind that the horizontal
and vertical extents reported for the box model are absolute, rather
than representative in the Gaussian case, we consider the results of
the two models essentially equivalent (though note that the A x?
is slightly higher for the box model). Thus, while we can measure
the 3-dimensional structure of the disc in terms of the width and
height for both models, we cannot easily discern among different
possibilities for the details of how this dust is distributed within the
torus.

3.3 Power-law torus

A final symmetric model retains the Gaussian vertical structure, but
has a radial surface density profile described by a power law. Specit-
ically, the density is proportional to [(r [ro) 2P + (r/ ro)zf’"‘“] -2
This profile is regularly used to model scattered light observations,
and more specifically has been applied to the disc around HR 4796 A
(Augereau et al. 1999; Milli et al. 2017). By fitting power laws to
the radial profiles along the disc semi-major axis, the latter authors
found py, = 23, and p,y = 13 to 18, so one aim with this model
is to test whether the ALMA observations could be consistent with
these parameters. Given the lower spatial resolution of our ALMA
data relative to SPHERE, and the fact that the previous two mod-
els are both adequate descriptions of said ALMA data, we first set
P = Pin = Pou- All other parameters are the same as in the Gaussian
and box tori models.

The best-fitting power-law index for this model (Ax? = —5.1)
is p = 24 + 2, which corresponds to an FWHM of only 5 au.
The residuals are indistinguishable from the results of the previous
two models, the Ax? value is slightly lower than the Gaussian
torus model, and again the disc is found to be vertically extended
with FWHM),, = 7 au. Relaxing the model to allow p;,, and poy to
vary independently does not change this conclusion (A x? = —5.3).
While these models are markedly narrower than the previous ones
in terms of FWHM, this narrowness is not actually detectable with
our ALMA resolution and the model width must be driven by the
extended wings in the radial profile. We have nevertheless shown
that the radial profile can be modelled with a power-law profile that
is consistent with the higher spatial resolution scattered light data.

3.4 Eccentric gaussian torus

It is now well established from scattered light imaging that the
disc around HR 4796A has an eccentricity of about 0.06, which
at this level is well approximated as a circular disc whose centre
is offset from the star. While the exact magnitude of this offset
shows small differences depending on the data set and the method
used to extract it, the results are largely consistent (see however
Section 4.5 for further discussion). These observations conclude
that the apocentre of the disc is near the semi-minor axis of the
disc on the East side, slightly below the location of the residual
clumps seen in Fig. 3. To test whether these clumps are indicative
of an apocentre glow model, or constrain the eccentricity that could
have been detected with ALMA, we use the simplified model of
Pan et al. (2016) to prescribe the dust density around an elliptical
annulus. Two additional parameters are required; the eccentricity of
the belt e, and the argument of pericentre w (w is measured from the
ascending node €2, so w = 0 corresponds to a pericentre at the NE
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ansa). Despite the clumps, this model finds that the eccentricity is
consistent with zero, with an upper limit of 0.1 and no preference for
any particular pericentre direction, and therefore shows no evidence
for the offset (Ax> = 1.2). A probable reason that the apocentre
glow model is not favoured is that the surface brightness should
change smoothly around the ring, while the clumps are relatively
localized.

Should we have detected apocentre glow? Pan et al. (2016) note
that the ratio of the disc surface brightnesses at apocentre and peri-
centre tends to approximately 1 + e at long wavelengths where
flux density is linearly dependent on temperature. Thus, based
on the eccentricity derived from scattered light, at most the ratio
for HR 4796A’s disc should be about 1.06. The peak S/N in the
clean image is 37 per beam (at the ansae), and by experimenting
with regions of different sizes, a peak S/N of 73 was obtained for
square regions 0.2” arcsec centred on the ansae. A flux difference of
1/(73/+/2) = 2 per cent between the ansae would be detected at 1o,
and the sensitivity for other opposing parts of the ring lower because
the fraction of the ring within a given sky area is smaller. Thus, be-
cause the maximum ratio is not necessarily reached at 880 pm, our
non-detection of apocentre glow does not constrain the model.

3.5 Summary of modelling

We find that the dust ring around HR 4796A is strongly detected
with ALMA, and that the parameters of our models are generally
well constrained. All models find the same residual blobs near the
semi-minor axis on the E side of the ring, but we do not consider
them significant and note that their origin might be made clearer with
lower resolution and/or deeper imaging. The ring is clearly radially
resolved, and models where the disc is also vertically resolved yield
the lowest x 2 values. This conclusion was robust to different models
that might have accounted for an apparent vertical extent with a
different radial profile. These tests were however not exhaustive.

Formally, we can use the Schwarz criterion (Bayesian Informa-
tion Criterion, or BIC) to test which among our models should be
preferred (Schwarz 1978). This criterion tests whether the differ-
ences in x? values are large enough to be considered significant,
including a penalty for models that have greater numbers of pa-
rameters: BIC = x> + NparamIn (NVyis). Differences in BIC values
greater than 6 should be considered ‘strong’ evidence in favour of
the model with the lower value (Kass & Raftery 1995). The rela-
tive BIC values are given in Table 2, and show that the Gaussian
and power-law torus models are preferred, with preference for the
power-law model. The box torus and vertically unresolved (‘thin’)
models are poor enough to have ‘strong’ evidence against them,
which is despite the thin model having one less parameter. The BIC
imposes a heavy penalty for additional model parameters because
we have a very large number of visibilities, meaning that the addition
of independently varying inner and outer power law and Gaussian
profiles is not well justified, given the small improvement in the
fit. These formal tests largely confirm what we concluded above.
While it remains possible that the disc is not vertically resolved, the
evidence from our modelling suggests that it is.

Finally, it may be that the clumps are in fact astrophysical, and
a sign that our models are too simple and do not account for un-
derlying structure that is only marginally detected. In such a case
our conclusions about the vertical extent could be incorrect because
we have not considered all possible disc models. In Section 4.5, we
provide some evidence that alternative models merit consideration,
and expect this issue to be resolved with higher resolution imaging.

MNRAS 475, 4924-4938 (2018)
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4 DISCUSSION

The primary conclusion from our ALMA data is that we have re-
solved the debris ring around HR 4796A radially, and probably
vertically. In addition to the requirement of observing at high spa-
tial resolution, this measurement is made possible by the inter-
mediate inclination of the disc; we effectively measure the height
near the semi-minor axis, and the width near the ansa, although
they can only truly be backed out and the degeneracy quanti-
fied by self-consistent modelling (see Marino et al. 2016). Ex-
pressed as full-width half-maxima from the Gaussian torus model
these radial and vertical extents are, respectively, 10 and 7 au, and
14 and 10au for the box model. Compared to the disc mean ra-
dius of 79 au, the radial width can be considered as an aspect ratio
w = FWHM, /ry = 0.13 (or §,/ro = 0.16) and the vertical extent
as a scale height » = FWHM,,/(2ry) = 0.04 (or 8, /(2ry) = 0.07).
For the box model the height is equivalent to a maximum particle
inclination of 3.5° or opening angle of 7°, if particles’ ascending
nodes are distributed randomly. Using a power-law radial profile
model, we conclude that the width of the disc as seen with ALMA
is consistent with the width seen in scattered light.

The vertical extent of the disc is important for the following
discussion because this extent gives a direct measure of the range
of orbital inclinations of the particles observed. Because the grains
observed by ALMA are large enough to be weakly affected by
radiation pressure, the structure is therefore also representative of
larger bodies. With the assumption that their nodes are randomly
oriented, these inclinations then set the minimum relative particle
velocities and therefore the level of dynamical excitation in the
disc. While the velocities may be higher if there are also relative
radial velocities, these cannot be inferred from current observations
because a ring of particles on concentric orbits with a range of semi-
major axes looks the same as a ring of particles with a single semi-
major axis and a range of eccentricities and pericentre directions.

This point provides a theoretical reason to be cautious about our
conclusion regarding the vertical extent of the disc. As noted at
the outset, Thébault & Wu (2008) propose that the narrow appear-
ance of HR 4796A’s dust ring in scattered light arises because it
is dynamically very cold (i.e. eccentricities and inclinations less
than 0.01). In this case the dust size distribution is depleted in the
smallest (~10 pum) grains, because their velocities and destruction
rate are increased relative to larger grains by radiation forces. These
small grains typically have eccentric orbits and appear beyond the
parent belt as a ‘halo’, so a disc that lacks them will appear unusu-
ally narrow in scattered light. Such a disc must be vertically thin,
so would not appear to be vertically resolved by our observations.

While such a scenario may be attractive, and we consider its im-
plications below. Thébault & Wu (2008) note that a serious issue
is whether such low eccentricties and inclinations can actually be
obtained. The debris disc paradigm requires a reservoir of parent
planetesimals, which inevitably stir the disc to eccentricities and in-
clinations of order 0.01 unless they are smaller than a few kilometres
in size.

4.1 Collisional status

Given that the stellar and disc properties are well known or can be
estimated, the rate at which mass is being lost from the disc can
be calculated with the assumptions that the emitting surface area of
the disc is dominated by the smallest grains, and that these grains are
always destroyed when they collide with each other (equation B6 in
Matraetal. 2017b). The latter assumption requires sufficient relative

velocities between dust grains, which can be obtained in several
ways. If the particle eccentricities are similar to the eccentricity of
the ring and have a range of pericentre directions (i.e. their orbits are
not concentric) the grain—grain collisions are probably destructive.
The same applies if the disc has the vertical extent suggested by
our modelling. In a very low-excitation scenario the assumptions
become questionable because the smallest dust does not dominate
the dust emission, and lower mass loss rates are possible.

The estimated mass loss rate is 26 Mg Myr~!. This rate is very
high compared to estimates for other stars (e.g. using the same
calculation, 0.01 and 0.4 Mg Myr~! for Fomalhaut and HD 181327,
respectively), primarily because HR 4796A’s disc has a very high
fractional luminosity f and the mass-loss rate is proportional to /.
Given that the system age is approaching 10 Myr, a prodigious mass
in solids may therefore have been lost since dispersal of the gas disc,
especially if the disc fractional luminosity was higher in the past.
Given the caveat about the excitation level however, this rate could
also be considered as an upper limit.

Comparison of this rate with estimates for the total mass in solids
present is very uncertain, simply because this estimate requires an
extrapolation up to the unknown maximum planetesimal size D, (in
km). Using equation (15) from Wyatt (2008), which assumes a size
distribution with n(D) oc D> 3¢ and g = 11/6 (with M,y in units of
M),

M = fri/DcDy/0.37 (1)

and again assuming a Dy} = 10 (in pm) minimum size, yields M, =
2704/D, Mgy and therefore a mass of 270 Mg, for a size distribution
up to 1 km bodies. Rearranging equation (16) from Wyatt (2008),
which connects the total mass, maximum planetesimal size, and
collisional time-scale, yields (with 7. in Myr):

M = 14‘01)0/10011 (2)

where we have also assumed planetesimal strength Qf = 150 J
kg~! and eccentricity e = 0.05 (this model makes various simpli-
fying assumptions, e.g. that planetesimal strength is independent
of size and that all material resides in a belt of fixed width). In
this model e simply sets the collision velocities, so is interchange-
able with inclination, and decreasing either results in less frequent
collisions and a longer collisional lifetime. Thus, if the dynamical
excitation is lower, so is the inferred disc mass.

Equating (1) and (2) to eliminate M,, and solve for D. gives
D. = 3.6t2,,, from which it can be concluded that bodies much
larger than 1 km must be present if the disc has been grinding down
for f.,; equal to the system age, otherwise it would be fainter than
observed. If the disc has been evolving for 10 Myr up to 360 km
bodies are needed, corresponding to a disc mass of 5000 Mg,. For
a collisional evolution time of only 1 Myr, 4 km bodies could be
colliding, and the total disc mass 500 Mg. If we assume e = 0.01,
2 km bodies are needed and the disc mass is 350 Mg,.

To put these estimates in perspective, a 26 Mg, ‘isolation mass’
object (Lissauer 1987) would form from material within a similar
radial extent as the ring around HR 4796A, and corresponds to a
surface density of 0.1g cm™? (2.7Mg au~?2), similar to the solid
component of the ‘minimum mass Solar nebula’ at this distance
(Weidenschilling 1977). Similar surface densities have also been
estimated for protoplanetary discs (e.g. Andrews et al. 2009).

These very high disc masses may present a problem; if the
disc is not dynamically cold, the collision rates are such that
requiring a reasonable disc mass (<100 Mg, say, remembering that
all of this mass is confined to the observed ring) requires that the
largest planetesimals be smaller than kilometres in size, but the
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lifetime of the disc at the observed level is then much shorter
than the system age (<1 Myr). Conversely, requiring that the disc
be able to survive at the observed level for a sizeable fraction of
the system age requires large (>100km) planetesimals, and there-
fore a very large disc mass. This mass problem is not unique to
HR 4796A, and possible solutions arise when assumptions made
above are relaxed, such as the strength of the planetesimals and
their size distribution, that dust only originates in collisions, or
that the systems have been colliding for shorter than the apparent
stellar age. See Krivov et al. (2018) for a general discussion of
this issue.

As noted above, both the disc mass and mass loss rate prob-
lems are related to the vertical extent of the disc, and both are
also alleviated if the disc is dynamically very cold. In addition,
the smaller planetesimals required would stir the disc less, mean-
ing that the low excitation could be consistent with the expected
level of stirring from the planetesimals (though whether a lack of
21 km planetesimals is consistent with planet formation models is
debatable; see Krivov et al. 2018). The mass and mass loss rate
issues might therefore be resolved if higher resolution observa-
tions showed that the disc is in fact thinner than our modelling
suggests.

4.2 Co gas
4.2.1 CO mass upper limit

In Section 2.2, we derived an upper limit to the observed integrated
line flux of the '>CO J=3-2 transition for gas co-located with the
debris ring. We now translate this flux into an upper limit on the
total CO mass in the belt and aim to understand the origin of any
CO that may still be present below our sensitivity limit.

To quantify the implications of this limit, we calculate the pop-
ulation of the upper level of the transition (/ = 3) with respect to
all other energy levels of the CO molecule, using an improved ver-
sion of the non-local thermodynamic equilibrium (NLTE) analysis
of Matra et al. (2015) that now includes the effect of fluorescence
excitation (Matra et al. 2018).

To calculate collisional excitation, we assume the main collider
species to be electrons, as they have been shown to be the most likely
to dominate collisions with CO in second-generation gas (e.g. Kral
et al. 2016; Matra et al. 2017a); collision rates are obtained from
Dickinson & Richards (1975). Regardless, the CO mass derived
from our flux upper limit is independent of our choice of collisional
partner (e.g. Matra et al. 2015).

To calculate radiative excitation, we consider the radiation field
impinging on a CO molecule at the debris ring’s centre, including
stellar emission at UV to IR wavelengths (affecting electronic and
vibrational transitions), as well as dust continuum and CMB emis-
sion at far-IR to mm wavelengths (affecting rotational transitions).
The stellar emission is taken as that of a 9650K PHOENIX model
atmosphere (Brott & Hauschildt 2005, the temperature derived by
fitting to optical photometry), whereas the dust continuum radiation
field is measured assuming our best-fitting dust model at 0.88 mm
and scaling it to other far-IR/mm wavelengths using the observed
SED. The PHOENIX models are of the stellar photosphere, so the
UV emission could be higher. However, HR 4796A was detected
between 1500 and 3000 nm by the UV Sky-Survey Telescope in the
TD-1A satellite (Boksenberg et al. 1973).> Aside from one value

3 VizieR catalogue T1/59B.
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that is about 20 per cent higher, the fluxes are consistent with our
photosphere model, so there is no evidence of a significant UV
excess.

We then proceed to solve the system of equations of statistical
equilibrium to obtain the fractional population of our level of interest
(x;=3) as a function of the unknown electron density (which we
varied between 1073 and 10'> cm~*) and kinetic temperature (which
we varied between 10 and 250K). Finally, we assume that CO
emission is optically thin and use equation (2) from Matra et al.
(2015) to derive a CO mass upper limit from our observed integrated
flux upper limit, again as a function of electron density and kinetic
temperature. We find a CO mass upper limit ranging between (1.2—
3.7) x 107% Mg, where this range is effectively independent of
the electron density assumption, and only weakly dependent on our
already wide range of temperatures assumed; we therefore adopt
3.7 x 107% Mg as the strict upper limit on the CO mass derived
from our data.

4.2.2 Primordial origin of undetected CO excluded

To assess whether any undetected CO could be left over from the
protoplanetary phase of evolution, we need to consider whether (i)
such a low CO mass could be optically thick to the line of sight,
causing our CO mass upper limit to be underestimated and (ii)
whether CO could have survived photodissociation from the central
star since the end of the protoplanetary phase of evolution. In order
to do so, we draw an analogy with the Fomalhaut ring, since it
has a similar radial extent and inclination to that of HR 4796A
(MacGregor et al. 2017), leading to a similar column length that a
CO molecule in the centre of the ring ‘sees’ towards the star (~6.5
au), and a similar column length of CO throughout the ring along
the line of sight to the Earth (~13 au). Assuming a uniform density
torus, the maximum CO number density in the HR 4796A ring is
2.1cm~3, leading to maximum column densities of 2.0 x 10'* and
4.0 x 10" ¢cm~2, respectively.

Using equation (3) from Matra et al. (2017a), for the whole range
of electron densities and kinetic temperature considered above, we
set an upper limit to the optical thickness of the '2CO J=3-2 line
along the line of sight to the Earth of 734561, < 0.4. This shows that
our optically thin assumption is a good approximation and most
likely valid for any CO co-located with the debris ring. Further-
more, the results of Visser, van Dishoeck & Black (2009) indicate
that the maximum column density of CO along the line of sight to
the star leads to very little self-shielding against photodissociating
UV photons; even when including the shielding effect of a poten-
tial primordial H, reservoir with a low CO/H, ratio of 107, the
increase in CO lifetime against photodissociation is only a factor of
~5.

Using the same model stellar spectrum as above, and the modified
Draine (1978) interstellar UV field of van Dishoeck, Jonkheid &
van Hemert (2008), together with photodissociation cross-sections
from Visser et al. (2009), we derive a photodissociation time-scale
of 8 yr at the radial location of the ring’s centre. HR 4796A is an
AO-type star, and as such has a relatively high UV luminosity, so the
lifetime of CO is much shorter than the 120 yr typically assumed
when CO dissociation is driven solely by interstellar ultraviolet
photons (Visser et al. 2009; Matra et al. 2015; Kral et al. 2017).
We therefore conclude that any CO present in the HR 4796A ring
below our detection threshold cannot have survived for more than
~40 yr, ruling out the hypothesis that primordial CO gas could have
survived since the protoplanetary phase of evolution.
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While these estimates are based on CO that is restricted to be
co-located with the dust (expected because the CO lifetime is much
shorter than the orbital period at that distance), we estimate that the
lifetime of a broader distribution would still be very short. If we
assume a CO disc with the same number density as our upper limit
that extends all the way to the star, the radial column density would
be a factor ~10 higher. For the same CO/H, ratio assumed above
the photodissociation time therefore increases by a factor of a few,
but is still significantly shorter than the age of the system.

4.2.3 The CO+CO, ice reservoir in HR 4796A’s exocomets

Given the short lifetime of any CO that is co-located with the
debris ring, any such gas that exists below our detection limit must
originate in the planetesimals that feed the observed dust. Other
studies have used the steady-state mass-loss rate from the collisional
cascade, in concert with a CO detection or upper limit and a CO
lifetime, to estimate or set limits on the fraction of CO and CO, ice
in the parent planetesimals.

Taking our measured CO mass upper limit, the derived CO life-
time of 8 yr indicates a CO mass loss rate of <0.46 Mg Myr™'.
In steady state, this rate can be combined with the estimated mass
loss rate from the collisional cascade (Section 4.1) to measure an
upper limit of <1.8 per cent on the CO+CO, ice mass fraction in
exocomets within the HR 4796A ring. This fraction is lower than
the CO+CO, mass fractions estimated for Solar system comets
and the Fomalhaut system (see Matra et al. 2017b), but comparable
with the estimate for the debris ring around the F2 type star HD
181327 (Marino et al. 2016). As noted above, this fraction is un-
certain because it relies on the uncertain dust mass loss rate, and
could therefore be higher if the disc is vertically thin (in which case
this mass loss rate is considered an upper limit, and could be much
lower). As before, quantifying the vertical extent of the disc can
resolve this issue.

4.3 Radial width and comparison with scattered light

One of the primary drivers for obtaining these data was to compare
the radial distributions of larger grains, as seen with ALMA, with
the smallest grains, as seen in scattered light. For this comparison,
we use the results of Milli et al. (2017), who measure an FWHM,
of 7 au using a power-law model (by measuring the width along the
semi-major axis). As shown in Section 3.3 the best-fitting power-
law model is consistent with that derived from the scattered light
data. However, as highlighted by the range of radial widths derived
from the models, our resolution is insufficient to say whether the
dust as seen by ALMA is as radially concentrated as it appears in
scattered light. The diversity of possibilities is illustrated in Fig. 4,
which shows the radial profiles of the Gaussian, box, and power-
law models. For comparison, the power-law fit to the SPHERE data
along the disc’s major axis is also shown, where the range covered
by the grey-filled region shows the difference between the outer
profiles seen towards the NE and SW ansae (Milli et al. 2017).

We conclude that the radial extent of the smallest grains in the
disc as imaged by SPHERE appears to be very similar to that for
larger ~mm-sized grains as imaged by ALMA. This similarity is
unexpected, because dust near the blowout limit should reside on
high-eccentricity orbits, creating a ‘halo’ beyond their source re-
gion that has a scattered light surface brightness power-law profile
of 7733 (Krivov, Lohne & Srem&evié 2006; Strubbe & Chiang 2006;
Thébault & Wu 2008). As noted above, one explanation could be
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Figure 4. Radial profiles of the main models from Section 3 (solid lines)
and the 1/r%-corrected scattered light flux profile from SPHERE observa-
tions (grey line and filled region). The spatial resolution of our ALMA
observations is about the same as the width of the box model (FWHM =
12.4 au). The vertical range of the plot is chosen to approximately reflect
the signal to noise ratio of the observations.

the low planetesimal excitation scenario, while a related possibil-
ity is that the ring is radially optically thick. Another scenario is
shepherding by an outer planet (Lagrange et al. 2012).

The outer shepherding planets considered by Lagrange et al.
(2012) had masses in the range 3-8 Myypiwer, Which, aside from
uncertainties in the conversion between mass and brightness, are
not favoured by more recent direct imaging Milli et al. (2017), so
we consider this possibility unlikely.

Considering the high radial optical depth scenario (which pre-
vents small dust from leaving the ring before it is destroyed),
Thébault & Wu (2008) find that radial optical depths of order unity
are required for the halo to be significantly attenuated. If the disc
is vertically resolved, then the radial optical depth is fry/h =~ 0.1,
and it seems implausible that the radial optical depth in the HR
4796A disc is sufficiently high to be responsible for the lack of
a small-grain halo. Similarly, if our measurement of the vertical
scale height for the disc is correct, low planetesimal excitation is
implausible and would rule out this possibility. Thus, in addition
to having implications for the uncertain disc mass and mass loss
rate, further mm-wave observations can help understand the role of
radial optical depth and dynamical excitation in setting the steep
radial profile seen in the scattered light.

4.4 Expectations from secular perturbations

What do the various measurements mean, if anything, for the his-
tory and status of the debris ring? If we assume that the offset seen
in scattered light and the pericentre glow seen in the mid-infrared
arise from a planet-induced (‘forced’) eccentricity e; within the disc
of about 0.06 (but see Section 4.5 for discussion of this assump-
tion), then the present appearance of the ring depends on the initial
conditions, which we now discuss. We then consider how secular
perturbations set constraints on the putative planet’s mass and semi-
major axis. If the disc is vertically resolved, further constraints are
possible, because the lifetime of the disc as it currently appears is
inferred to be short.
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4.4.1 Initial conditions

Considering the vertical extent first, any initial misalignment be-
tween the planet and the disc causes the bodies’ ascending nodes to
precess. The precession rate is a function of semi-major axis, so for a
disc of finite width differential precession eventually randomizes the
nodes of neighbouring planetesimals, and the final vertical extent of
the disc is twice the initial misalignment. Thus, our inferred vertical
extent could arise from a very flat disc initially inclined 3.5° rela-
tive to the planet. However, the vertical extent could equally arise
because this was the intrinsic range of inclinations, but this scenario
requires that any initial planet—disc misalignment was very small.
The way to distinguish between these possibilities is to measure the
vertical density distribution; in the former scenario the density will
be highest at the highest inclinations (Neugebauer et al. 1984, see
also Section 3.2), while for the latter the density is almost certainly
more concentrated towards the mid-plane. If the disc is vertically
very thin, and a planet causes the disc eccentricity, then any initial
misalignment was very small.

The argument for the radial extent is similar, but any scenario
must also satisfy the observed eccentricity. Secular perturbations
from a planet with semi-major axis ap, impose a forced eccentricity
and longitude of pericentre* @ ; the orbit of any body that already
has these values for e and & will not change, while the e and @
of any other body will change such that the highest eccentricity
occurs when the pericentre is aligned with the planet’s (along @ ).
Thus, the width of a disc can either reflect the disc’s initial width, as
long as the initial eccentricity happened to be at the forced location,
or the disc could have initially been narrow with low eccentric-
ity and the width mostly contributed by pericentre precession. By
‘mostly’, we mean that the width cannot be solely contributed by
pericentre precession because if all planetesimals were all initially
at the same semi-major axis a, then there would be no differential
precession and the disc would only ever be a narrow ring whose
pericentre precesses. A finite width means that differential preces-
sion due to different semi-major axes can eventually randomize
the orbits (‘phase mix’ in e cos @, e sinw space) and pericen-
tre glow set up (Wyatt 2005). If we simply assume that the initial
width is narrower than the observed width (<5 au), then the width
expected from precession is about 2aes, which is similar to that
measured.

Which of these origins is more likely? The fact that the disc
width is close to that expected given an initial distribution that was
both narrow and on circular orbits may favour this initial condition.
However, it also seems possible that the orbits of a population of
planetesimals orbiting exterior to a planet could ‘relax’ to the forced
values due to some dissipative process, the prime candidate being
gas drag before and during gas disc dispersal. In either case, the
presence of an exterior planetesimal population might be the result
of a ‘pile-up’ of dust in the gas pressure maximum just external
to a planet (Pinilla, Benisty & Birnstiel 2012), and the most likely
initial conditions predicted by further development of such models.
Occam’s razor suggests that the planet that caused the pile-up, and
the planet causing the observed disc to be offset from the star, are
one and the same.

4 Note that longitude of pericentre, which is the argument of pericentre plus
the longitude of the ascending node w + €2 is appropriate here because the
bodies’ nodes may be regressing (i.e. precession due to misalignment with
the planet’s orbit). See Wyatt et al. (1999) for a detailed description of the
dynamics of pericentre glow.
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Figure 5. Limits on locations of an interior planet that imposes the eccen-
tricity of the HR 4796A debris ring. The solid contours show the mass and
semi-major axis of planets that cause the disc to appear eccentric after the
times given by each label. The dashed lines show the mass and semi-major
axes for the onset of collisions at the same times. Planets above about 2
Myypiter Would have been detected, planets too close to the disc would eject
particles via resonance overlap, and planets too far away would not force
the ring to be eccentric within the lifetime of the star. The equations used to
generate this plot are given in Appendix B

4.4.2 Planet constraints

What kind of planet could impose the structure on the disc? Contin-
uing with the picture of an interior planet, the primary requirements
are (i) that the planet’s semi-major axis and eccentricity result in
a forced eccentricity ey = 0.06 at 79 au (see Appendix B) and (ii)
that the planetesimals have undergone sufficient precession at 79 au
within some time (e.g. the age of the system, or the time elapsed
since gas-disc dispersal). Based on a rough maximum initial width
of 5 au (see above), we quantity ‘sufficient’ by requiring that plan-
etesimals 2.5 au exterior to 79 au have precessed through at least one
full cycle, and that planetesimals 2.5 interior to 79 au are at least one
precession cycle ahead of those at the outer edge. Given the discus-
sion above about the relation between initial and final disc widths,
this condition is an approximation, but does not significantly affect
our conclusions. This differential precession condition is very sim-
ilar to the orbit-crossing criterion of Mustill & Wyatt (2009), with
the main difference being that particles need not precess a full cycle
farther than their neighbours for their orbits to cross.

In general, the closer the planet to the disc, the more rapidly the
disc is affected, so which condition dominates the phase-mixing
requirement depends on the planet location; differential precession
is slower than outer-edge precession when the planet is more distant
from the disc. However, a planet cannot lie arbitrarily close to the
disc, as it would remove bodies on short time-scales, and therefore
must lie farther than required by the resonance-overlap criterion
(Wisdom 1980).

The resonance-overlap and precession criteria, plus an approxi-
mate planet detection limit of two Jupiter-masses (Milli et al. 2017),
are shown in Fig. 5 (the equations used to generate this plot are given
in Appendix B). Shaded regions at the upper and right boundaries of
the figure show the regions of parameter space that are ruled out by
resonance-overlap and planet detection limits. The solid lines show
contours along which sufficient precession has occurred within 1,
3, and 10 Myr. For times greater than 10 Myr, the disc has not pre-
cessed enough to appear as a uniform eccentric ring, which provides
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the third diagonal criterion to the lower left that bounds the planet
location.

Where might an interior planet reside? The longer the disc has
been in a state where secular perturbations can act as assumed (i.e.
since gas disc dispersal) the lower the mass and the farther from
the disc this planet can be. Given the estimated system age near
10 Myr, the appropriate contour in Fig. 5 in this scenario probably
lies between 3 and 10 Myr, meaning that roughly speaking, the
putative planet should be more massive than Neptune, and within
40 au of the disc.

So far the constraints on this supposed planet have been purely
set by dynamics, considering the time taken for the debris ring to
appear as it does given plausible initial conditions. If the disc is
vertically thin, it could be dynamically cold and collisions may
be relatively unimportant (i.e. there are no mass loss rate or disc
mass problems), and no more constraints are possible. However,
if the disc has the vertical extent suggested by our modelling then
the disc lifetime at the current brightness should be very short, and
the inferred disc mass very large. This problem can be alleviated
if the onset of collisions was relatively recent, which is possible if
these collisions were initiated by the same perturbations that cause
the disc to appear eccentric.

To this end, Fig. 5 also shows contours of constant collision-
onset times (using the method outlined by Mustill & Wyatt 2009,
but without the assumption of ap, /ry < 1). These assume that colli-
sions begin when disc particles have precessed sufficiently that their
orbits overlap. For a given planet collisions begin well before the
disc has precessed to the point that it appears smooth and eccentric,
so the dashed contours are well below the solid ones. The onset of
collisions is sufficiently short that the disc would have been losing
mass for essentially the entire time taken for secular perturbations
to make the disc appear eccentric. Thus, to avoid the disc mass prob-
lem, the disc should have acquired the eccentric structure recently,
so that the time since the onset of collisions is also short. This re-
quirement does not necessarily mean that the gas-rich phase of disc
evolution only ended recently, as the planet may have obtained an
orbit necessary to stir and perturb the disc some time well after gas
dispersal (e.g. by interaction with a second planet). Regardless, the
preferred current planetary parameters are in the upper right of the
allowed space; within 10-20 au of the disc inner edge and with a
mass similar to Jupiter.

This disc lifetime problem may also be alleviated by allowing
the orbit of the planet to acquire the eccentricity necessary to stir
and perturb the disc some time well after gas dispersal, for which
a probable mechanism would be interaction with a second planet.
Such a scenario is less attractive because of the added complexity,
but is hard to rule out.

4.5 Alternative scenarios

While the eccentric nature of the ring has led to secular perturbation-
induced pericentre-glow being the favoured interpretation for the
ring around HR 4796A, there remain issues with this interpretation
that we now outline. The need for reconciliation of these issues
points to alternative hypotheses.

The pericentre-glow hypothesis is based on mid-IR observations
(Wyatt et al. 1999; Telesco et al. 2000; Moerchen et al. 2011), which
have relatively low spatial resolution. The relevant observable is
therefore the flux ratio between the two ansae. The constraints on
the disc’s forced eccentricity and pericentre are degenerate, with the
derived eccentricity being minimal (about 0.06) when the pericentre
is at the NE ansa (Moerchen et al. 2011). The eccentricity can be

higher, but to ensure the brightness asymmetry does not become
too great the pericentre must be moved away from the ansa. This
degeneracy is not total however, and Moerchen et al. (2011) show
that it can be broken by considering the temperature profile along the
disc semi-major axis. Using this constraint, they conclude that the
pericentre is near the NE ansa, though quote an uncertainty of 30°.
However, for pericentres that are far from the ansa, the eccentricity
becomes much larger than 0.06, for example 0.3 when w = £75°.3

The disc offset can be measured directly through high-resolution
imaging. In this case an ellipse with a non-zero stellocentric offset
is fitted to the disc image, and the resulting parameters de-projected
to yield the orbital elements of the ring. Several measurements
have been made for this offset using scattered light imaging, which
consistently find a small but non-zero eccentricity (<0.1; Schneider
et al. 2009; Thalmann et al. 2011; Wahhaj et al. 2014; Rodigas
et al. 2015; Milli et al. 2017). The arguments of pericentre vary
somewhat, but are consistently closer to the semi-minor axes than
they are to the ansa (suggesting that the scattering phase function
is not influencing the results), and not consistent with a pericentre
near the NW ansa. These results are therefore in conflict with those
derived from pericentre glow in the mid-IR.

While these details do not point to specific alternative scenarios,
they force us to consider relaxing modelling aspects that are com-
monly implicit in most debris disc models. One possible resolution
is that the point in the disc that is closest to the star is indeed near
the semi-minor axis on the Western side of the star, but the dust
actually tends to be brighter near the NW ansa. To ensure that the
~10 K colour difference between the NE and SW ansae seen in
the mid-IR is also satisfied, merely increasing the amount of dust
would not be sufficient. The simplest explanation is that the dust at
the NE ansa tends to be smaller, and therefore hotter and brighter
than elsewhere in the disc. Such a difference in grain sizes might
also be associated with an increase in space density, as an increased
collision rate at a more dense disc location could cause an increase
in the amount of small dust near that location.

Thus, an alternative picture for the disc around HR 4796A es-
sentially involves decoupling the disc brightness and the geometry.
The enhanced brightness and dust temperature at the NE ansa result
from dust that is smaller on average. Secular perturbations may still
be invoked for the ring eccentricity, but other ideas are possible.
For example, the bulk of the dust in the ring may be the result of a
single previous collision, which has since spread into a largely, but
not entirely, uniform ring (Jackson et al. 2014). In this scenario, the
ring retains the orbit of the progenitor, providing the origin of the
ring’s eccentricity, and collisions are more frequent at the original
collision location, which explains the increased dust temperature
near the NE ansa.

The development of such alternative models is not the goal of this
paper, but comparison of the mid-IR and scattered light results, and
considering the implications of the collisional status of the system,
suggests that there is sufficient evidence that their exploration is
well motivated. The residuals seen in Fig. 3, near the apocentre as
derived from scattered light (the semi-minor axis on the Eastern
side), may provide further motivation, though further observations
to test whether they are real are desirable.

5 These models, which do not consider the effect of the disc eccentricity
on collision rates as a function of azimuth, probably underestimate the disc
eccentricity required; Lohne et al. (2017) find that including these effects
decreases the strength of pericentre glow.
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5 SUMMARY AND CONCLUSIONS

We have presented the first high spatial resolution mm-wave im-
ages of the debris disc around the young star HR 4796A, revealing
a narrow ring of roughly mm-sized grains. Modelling of the radial
and vertical structure with a variety of axisymmetric models shows
that we have resolved the disc radially, with an ~10 au extent that
is consistent with that seen in scattered light. These models con-
sistently find that the disc is also vertically resolved, with a similar
extent. Residual images show that these models provide a very good
fit to the data; the only remaining structure is a few 30 blobs near
the semi-minor axis on the East side of the star. We remain cautious
about the claim of vertically resolved structure because it is smaller
than the beam size, but find that it is robust to models that use a
range of different radial profiles.

Various solutions have been proposed for the narrowness of the
disc in scattered light. One that seems promising is a low excitation
scenario that preferentially depletes the smallest dust (Thébault &
Wu 2008). This scenario is attractive because it provides a way to
lower estimates of high disc mass and mass loss rates. However, this
scenario is in conflict with our conclusion that the disc is vertically
resolved, so higher resolution observations that confirm or refute the
vertical extent would be very valuable for considering the dynamical
excitation and collisional status of the belt.

We do not detect any CO gas, and rule out the possibility that any
remaining undetected CO gas is primordial. Under the assumption
that the disc is vertically resolved, we set an approximate limit on the
CO+CO;, ice fraction in the parent planetesimals of <1.8 per cent.
This value is at the low end of abundances observed in Solar system
comets and other similarly aged exocometary belts, but could be
higher if the disc has low dynamical excitation because the mass
loss rate used in the estimate would be lower.

We consider a scenario where the disc eccentricity arises from
secular perturbations from an interior planet. Such a planet may be
the reason the ring exists, having trapped radially drifting dust just
exterior to its orbit during the gas-rich phase of evolution. Using
constraints that bound its location and mass, we find that such a
planet should be more massive than Neptune, and lie exterior to
40 au.

Finally, we highlight a conflict between the interpretations of
mid-IR and scattered light observations. While both suggest ring
eccentricities of about 0.06, the former argues for a pericentre near
the NE ansa, while the latter consistently finds the pericentre near
the semi-minor axis on the West side of the star. These conclusions
do not appear reconcilable, so we suggest that models that allow the
spatial dust density and grain size to vary as a function of azimuth,
independently of the pericentre location, should be considered.
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APPENDIX A: MODELLING RESULTS

Fig. Al shows posterior distributions for all parameters from the
‘reference’ Gaussian torus model of Section 3.1. The distribu-
tions show that the parameters are well constrained and show little
degeneracy.
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Figure A1l. An example showing the posterior distributions of parameters from the MCMC fitting, in this case for the Gaussian torus model. In off-diagonal
panels the solid lines show 1o, 20, and 30 contours and the grey-scale shows the density, and in the diagonal panels the histograms show the 1D distribution

for each parameter, titled by the median and £ 1o uncertainty.

APPENDIX B: PLANET CONSTRAINTS

This section details the constraints used to generate Fig. 5. Values
assumed are rp = 79 au, e; = 0.06, and M, = 2.18M,

B1 Resonance overlap

The region marked ‘Resonance overlap’ is set by the resonance
overlap criterion of Wisdom (1980), at which point:

M, 2/7
ap =rin |[1—1.3 (HP) (B1)
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where the inner disc edge r;, is assumed to be ry minus half the
observed Gaussian disc width of 10 au.

B2 Secular perturbations

The eccentricity ey of a planet with semi-major axis ay that results
in planetesimals at ry with eccentricities ey is given by

ey = efbgl/)z(a)/bgz/)z(oz) (B2)

where b'/) are Laplace coefficients and o = ap/ro.
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These Laplace coefficients can be written as follows: 27t/[A(rin) — A(rou)]- Because the precession widens the disc, we
a _ 2 use ri, = ro — 2.5 au and ryy = 19 + 2.5 au here (i.e. an approximate
byp =3aF(3/2,5/2,2, &) (B3) initial width, which is narrower than the observed width). The lines
@ 5 5 in Fig. 5 show the greater of these two quantities.
by, =15a°F(3/2,7/2,3, ") /4 (B4) The crossing time-scale given by Mustill & Wyatt (2009) is used,

where F is the standard hypergeometric function. but without the simplifying assumption that a, < 7:

The secular precession frequency of planetesimals at » under the feross = —1/(e; r dA/dr) (B6)

influence of this planet is
where we use a numerical derivative for dA/dr.
Ay = "Moo 0) (B5)
aM, r 32
where n = /G M, /r? is the mean motion at r.
The precession time at the outer edge is then 27t/A(7,y ), and the
differential precession time between the inner and outer disc edges This paper has been typeset from a TeX/ISTgX file prepared by the author.
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