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ABSTRACT

Context. The complex system HD 100453 AB with a ring-like circumprimary disk and two spiral arms, one of which is pointing to
the secondary, is a good laboratory in which to test spiral formation theories.

Aims. We aim to resolve the dust and gas distribution in the disk around HD 100453 A and to quantify the interaction of HD 100453 B
with the circumprimary disk.

Methods. Using ALMA band 6 dust continuum and CO isotopologue observations we have studied the HD 100453 AB system with
a spatial resolution of 0709 x 0”17 at 234 GHz. We used smoothed particle hydrodynamics (SPH) simulations and orbital fitting to
investigate the tidal influence of the companion on the disk.

Results. We resolve the continuum emission around HD 100453 A into a disk between 0”22 and (/40 with an inclination of 29.5° and
a position angle of 151.0°, an unresolved inner disk, and excess mm emission cospatial with the northern spiral arm which was
previously detected using scattered light observations. We also detect CO emission from 7 au (well within the disk cavity) out to 1”10,
overlapping with HD 100453 B at least in projection. The outer CO disk position angle (PA) and inclination differ by up to 10° from
the values found for the inner CO disk and the dust continuum emission, which we interpret as due to gravitational interaction with
HD 100453 B. Both the spatial extent of the CO disk and the detection of mm emission at the same location as the northern spiral arm
are in disagreement with the previously proposed near co-planar orbit of HD 100453 B.

Conclusions. We conclude that HD 100453 B has an orbit that is significantly misaligned with the circumprimary disk. Because it is
unclear whether such an orbit can explain the observed system geometry we highlight an alternative scenario that explains all detected
disk features where another, (yet) undetected, low mass close companion within the disk cavity, shepherds a misaligned inner disk
whose slowly precessing shadows excite the spiral arms.

Key words. protoplanetary disks — planet-disk interactions — stars: individual: HD 100453 — stars: variables: T Tauri, Herbig Ae/Be —

binaries: general

1. Introduction

Protoplanetary (PP) disks are a natural byproduct of star forma-
tion. These disks dissipate with a typical timescale of two to
three million years (see e.g., the review by Williams & Cieza
2011, and references therein) and planet formation during the
evolution and dissipation of the disk appears to be the rule rather
than the exception (e.g., Dressing & Charbonneau 2015). The
mechanisms that allow the gas and small dust grains in the disk
to coalesce into planetary systems are not clear yet and high
angular resolution studies of PP disks are necessary to solve this
part of the planet formation puzzle.

Our current best tools to study PP disks at high spatial
resolution are (sub-)mm interferometers such as ALMA and

* The reduced datacube and continuum images (FITS files) are only
available at the CDS via anonymous ftp to cdsarc.u-strasbg. fr
(130.79.128.5) or via http://cdsarc.u-strashg. fr/viz-bin/
qcat?]/A+A/624/A33

extreme AO high-contrast imagers such as the Gemini Planet
Imager (Gemini/GPI; Macintosh et al. 2014) and the Spectro-
Polarimetric High-contrast Exoplanet REsearch (VLT/SPHERE;
Beuzit et al. 2008). Each of them now routinely yields spatial
resolutions below 071 but each traces different regions of the
disks. The scattered light traces the small ~micron sized dust
grains high up in the disk surface, while the longer wavelength
observations can trace both the larger, typically mm sized, dust
grains in the disk mid plane, as well as the intermediate disk
layers through many different molecular gas lines.

As we observe PP disks at increasingly high spatial res-
olution it becomes clear that substructures in these disks are
common, and that understanding these substructures is essential
to understand disk evolution and planet formation. The most
common structures found so far are (1) opacity cavities ranging
between a few to over 100 au that sometimes contain a small
misaligned inner disk (i.e., HD 142527, see Marino et al.
2015), where this disk also casts a shadow on the outer disk
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(Casassus et al. 2012), (2) (multiple) rings and / or cavities (e.g.,
Andrews et al. 2016; Avenhaus et al. 2018), (3) large spiral arms
(such as for example, HD 142527, see Christiaens et al. 2014),
or HD 100453, see Wagner et al. (2015), and (4) azimuthal dust
concentrations with various contrast often interpreted as dust
trapping in vortices (such as for example IRS 48 and HD 34282,
see van der Marel et al. 2013; van der Plas et al. 2017a). All
of these features can be induced by the gravitational interaction
with a forming body (e.g., a planet) but also by other processes
that do not require a massive body within the disk such as
snow lines (Lecar et al. 2006; Stammler et al. 2017), a pressure
gradient at the edge of a dead zone (Lovelace et al. 1999),
self-induced dust traps (Lyra & Kuchner 2013; Gonzalez et al.
2017), stellar fly-by (Quillen et al. 2005), and others. Studying
these features using different proxies narrows down their
possible origins and thus helps building a list of processes that
are dominant in disk dispersal and planet formation. The nearby
HD 100453 AB system is an ideal candidate for such a study.

HD 100453 A at 103’:31 pc (Gaia Collaboration 2016) is
an A9Ve star with an age of 10+2 Myr and a mass of 1.7 Mg
(Collins et al. 2009). It is orbited by a companion (hereafter
called HD 100453 B) that was first noticed by Chen et al. (2006)
and later confirmed to be comoving by Collins et al. (2009).
The spectral type of HD 100453 B was estimated to be between
M4V and M4.5V with a mass of 0.2 + 0.04 M, (Collins et al.
2009). Wagner et al. (2018) recently published new astrometric
measurements further confirming the bound nature of the com-
panion orbit, and placing it at a projected separation of ~1”05
from the primary at a position angle of 131.95°at the time of the
observations we present in this manuscript.

The disk surrounding HD 100453 A is highly structured and
complex. There is little material accreting onto the central star
with an upper limit to the accretion rate of 1.4 x 107 My yr~!
(Collins et al. 2009). Wagner et al. (2015) resolved a disk cav-
ity and an outer disk between (18 and 0”25 in radius, as well as
two nearly symmetric spiral arms extending out to » = 38 au (dis-
tances scaled to a distance of 103 au), and Benisty et al. (2017)
saw two symmetric shadows on the outer disk, all in scattered
light. Similar features have been detected in other transition disks
(objects whose inner disk regions have undergone substantial
clearing, see e.g., Espaillat et al. 2014) such as the ones around
HD 135344 B (Stolker et al. 2016) and HD 142527 (Marino et al.
2015). In these cases the shadow cast by a small, misaligned,
inner disk was deemed responsible. NIR infrared interferomet-
ric observations have indeed detected such a misaligned inner
disk around HD 100453 A with a half light radius of ~1 au
(Menu et al. 2015; Lazareff et al. 2017), and Min et al. (2017)
calculate a position angle and inclination for the inner disk
(i = 45°, PA = 82°) and for the outer disk (i = —38°, PA = 142°)
using the assumption that the shadows are cast by the inner disk.
Finally, Meeus et al. (2003) report an unresolved detection of
the disk at 1.2 mm with 265 + 21 mJy, and Wagner et al. (2018)
use part of the data we present here to determine a counter-
clockwise rotation direction for the disk. The grand design spiral
arm structure in this system has been connected to the com-
panion by Dong et al. (2016), who used hydrodynamical and
radiative transfer simulations to show that a close-to-coplanar
orbit of the companion can explain the main disk features
detected in scattered light assuming the disk is oriented close to
face-on.

In this paper, we present high angular resolution ALMA
band 6 observations of the HD 100453 system to measure the
dust and gas distribution in the disk (Sects. 2 and 3). We use
hydrodynamical SPH and radiative transfer models to investigate
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whether our observations are consistent with the previously
suggested coplanar companion as origin for the spiral arms
(Sect. 4), and we discuss our results in Sect. 5. We conclude
in Sect. 6 that this is unlikely to be the case and offer an alter-
native scenario to explain the system geometry where an as of
yet undetected companion inside the disk cavity drives a slowly
precessing misaligned inner disk whose shadow cast on the outer
disk triggers the spiral arms.

2. Observations and data reduction

ALMA early science cycle 3 observations were conducted in
a compact configuration on April 23 2016 with 13.1 minutes
of total time on-source and in an extended configuration on
September 8 2016 with 26.2 min of total time on-source. The
array configuration provided baselines ranging between respec-
tively 15 and 463 m, and between 15 and 2483 m. During the
observations the precipitable water vapor had a median value at
zenith of respectively 1.64 and 0.56 mm.

Two of the four spectral windows of the ALMA correla-
tor were configured in time division mode (TDM) to maxi-
mize the sensitivity for continuum observations (128 channels
over 1.875 GHz usable bandwidth). These two TDM spectral
windows were centered at 234.16 and 216.98 GHz. The other
two spectral windows were configured in frequency division
mode (FDM) to target the 2CcOo J=2-1, ¥CO J=2-1 and
C'80 J=2-1 lines with a spectral resolution of 61, 122,
and 122kHz respectively. The data were calibrated and com-
bined using the Common Astronomy Software Applications
pipeline (CASA, McMullin et al. 2007, version 4.7.2).

Inspection of the calibrated visibilities showed a 16% dif-
ference in amplitude between the two observations at short
baselines. We assumed that the emission from the midplane was
constant in the 4.5 month period spanning the observations and
that the difference is due to calibration uncertainties. Inspection
of the calibrator archives did not lead us to favor one calibra-
tion over the other, and we decided to scale the flux of the
compact array configuration to match the extended array con-
figuration data. We estimate the absolute flux calibration to be
accurate within ~20%, details of the observations and calibration
are summarized in Table 1.

We imaged the continuum visibilities with the clean task in
CASA (Hogbom 1974) using Briggs and superuniform weight-
ings, which resulted in a restored beam size of respectively
0723 x 0715 at PA = 25.1°(Briggs) and 0”17 x 0709 at PA =
14.1°(superuniform). The dynamic range of these images was
limited by the bright continuum source and we performed
two rounds of phase only self-calibration, resulting in a final
RMS of 0.05mJybeam—1 (peak signal-to-noise ratio, S/N, of
159) for the images created using superuniform weighting, and
0.04 mJy beam™! (peak S/N of 362) for the images created using
Briggs weighting. We show the resulting continuum map in
Fig. 1.

We applied the self-calibration solutions obtained for the
continuum emission to the CO visibilities and subtracted the
continuum emission using the CASA task uvcontsub. We imaged
the line data with a velocity resolution of 0.2kms~! using
natural weighting to maximize sensitivity which resulted in a
restored beam of (0’29 x (’23. The CO line emission detections
were summarized using the integrated intensity (moment 0),
intensity-weighted mean velocity (moment 1) and peak inten-
sity (moment 8) maps as well as the integrated spectra. These
are shown in Figs. 2—4 for the '2CO, 3CO and C'80 J=2-1
transitions, respectively.
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Table 1. Details of the observations.

UT date Number Baseline range pwv Calibrators:

antennas  (m) (mm) Flux bandpass Gain
2016 Apr23 42 15-463 1.64  J1107-4449 J1107-4449 J1132-5606
2016 Sep 08 36 15-2483 0.56  J1107-4449 J1107-4449 J1132-5606
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Fig. 1. Continuum image of HD 100453 for the ALMA band 6 obser-
vations, reconstructed using superuniform weighting resulting in a
0709 x 0”17 beam. Over plotted are contours at 12, 25 and 100X the
rms value of 0.05mJybeam™'. The beam is shown in orange in the
bottom left, and a 0”3 wide inset of the disk cavity with stretched colors
highlights the emission at the stellar position. We note that the color
scale is negative.

3. Results

We detect and resolve the 1.4 mm dust continuum emission and
the '2CO, 3CO and C'80 J = 2-1 emission lines. We determine
the continuum flux and geometry by fitting several disk com-
ponents to the visibilities and report the measured fluxes and
derived geometry for the both the dust and gas emission in this
section. We also report upper limits for the emissions coming
from the location of HD 100453 B.

3.1. 1.4 mm continuum emission

The dust continuum emission of HD 100453 shown in Fig. 1 is
concentrated into a ring that peaks at 0”32 with an azimuthal
variation along the ring of ~30% between the maximum at PA =
331° and the minimum at PA = 180°. There is also excess emis-
sion present at the stellar position that, when convolved with the
beam, connects with the outer disk along the beam major axis
(see the inset in Fig. 1).

3.1.1. Disk geometry

We use the fitting library uvmultifit (Marti-Vidal et al. 2014) to
quantify the inclination, position angle and spatial distribution
of the disk emission. From our first look it is apparent that the
emission can be broken up into several components, and we
start by fitting the most obvious component (a uniform disk)

to the visibilities after which we progressively add components
to the model based on the imaged residuals. We end up using
the following components to reach a satisfactory fit (no more
recognisable structure in the residual emission): (1) a disk with
a uniform surface brightness, (2) a ring, (3) a Gaussian, and
(4) a point source. The order in which these components are
added does not influence the final fitting results.

The components for the disk, ring and central component all
share the same offset in RA and Dec from the phase center, the
axis ratio, and the position angle, while the flux and semi major
axis are left unconstrained. We fit these geometries for each of
the continuum windows (at 217 and 234 GHz) separately to allow
the detection of possible changes in flux due to the spectral slope
of the dust emission « (S, « v™%).

We achieve the best fit with a combination of a disk, ring,
Gaussian and a point source component (Fig. 5). The Gaussian
component is offset from the center of the cavity with 0’09 and
0720 in RA and DEC respectively, and has a semi major axis
of 019, an axis ratio of 0.61, and a PA of 104.7°. This feature
overlaps with the northern spiral arm detected in scattered light
and we discuss it further in the next Sect. (3.1.2).

The flux of the unresolved central component at 234 GHz is
1.3 + 0.1 mJy, the combined flux of all components is 149.2 +
3.0 mJy. The uniform disk is constrained between (/22 and (0’40
and inclined by 29.5 + 0.5°with a position angle of 151.0 + 0.5°.
An unresolved ring of emission at 0”48 + (701 containing ~13%
of the total flux improves the fit to the visibilities further. It is
unclear from our data whether this represents a real structure
such as a second ring or spiral arms, or that it is an artifact of our
use of a uniform disk with a discontinuity in flux at the inner and
outer edge (in other words, the unresolved ring takes the place
of a tapered or power-law outer disk). The spectral index for the
disk component is 2.4 + 0.1, and between 3.0 and 3.6 for the
other components, respectively.

The best fit parameters for the fitted components are summa-
rized in Table 2 and visualized in Fig. 5, where we compare the
imaged model and residuals to the HD 100453 disk and show
the real part of the visibilities for the data, the model, and their
difference.

3.1.2. A mm counterpart to the northern spiral arm
or a vortex?

There is significant residual emission at the same location as the
northern spiral arm detected in scattered light when only con-
sidering axisymmetric components for the disk. These residuals
can be fit with a single elliptical Gaussian containing 8.7 mJy of
flux at the same position and with a similar positioning as the
northern spiral arm as seen in scattered light (Table 2 and the
right panel of Fig. 6).

To better compare this emission to the spirals detected in
scattered light we subtract the best-fit disk, ring, and central
component from the data in visibility space and image the resid-
uals. We show these residuals together with the SPHERE image
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Fig. 2. Summary of the '>CO line emission in HD 100453. We show the integrated intensity (moment 0, left panel), intensity-weighted velocity
(moment 1, 2nd panel), peak intensity (moment 8, 3rd panel) and the integrated emission line (right panel). The moment 1 + 8 maps were
made using a 3 o cutoff from images reconstructed using natural weighting to maximize sensitivity. Over plotted in the 1% panel is the 25 o
(1.27 mJy beam™") contour of the continuum emission shown in Fig. 1. The beam is shown in orange in the bottom left of each panel. We show the
approximate position of HD 100453 B during our observations (1705 at PA = 132° Wagner et al. 2018) with a purple star in the 2" panel, together
with two dotted lines that show the major and minor disk axis of a disk with a semi major axis value listed in Table 3 and the inclination and
position angle determined from fitting the continuum emission. The purple line highlights the clockwise rotation of the velocity field discussed in
Sect. 4.2. The line profile shown in the right panel shows the integration boundaries used to calculate the total line emission (a half line width of

7.0kms™!), the systemic velocity of 5.25km s~

!, and the level of the continuum emission used to calculate the integrated line flux.
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Fig. 4. Same as Fig. 2 but for the C'*0 J = 21 line emission.

published in Benisty et al. (2017) in the right panel of Fig. 6. The
other two panels in that figure show the two datasets imposed
over each other to illustrate their relative spatial extent.

All the scattered light emission including the two spiral arms
is contained within the region where mm emission is detected,
with the bulk of the scattered light emission originating from
within the mm emission disk cavity. Comparison of the cavity
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outer radius with the scattered light data presented by Benisty
et al. (2017), as shown in the left panel of Fig. 6, highlights a
striking similarity between the two datasets in their deviation
from circular symmetry. Both maps show an almost hexagonal
shape of the cavity border suggesting that whatever mecha-
nism is shaping the disk cavity is not acting in an azimuthally
symmetric way.
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Table 2. Best-fit parameters with their respective 1 o uncertainty in parenthesis, obtained from fitting components to the continuum visibilities: a
disk with a radially constant surface brightness, an unresolved ring, a point source, and a Gaussian.

Component ARA ADec Sy23420H; @ Semi major axis Inclination PA

@) @) (mly) @) ®) ®)
Disk -4 -4 152.5(0.5) 2.4 (0.1) 0.22(0.01), 0.40 (0.01)> 29.5(0.5) 151.0 (0.5)
Ring —a —a 18.9 (0.6) 3.0(0.4) 0.48(0.01) Fixed Fixed
Point -4 4 1.3 (0.1) 35(1.3) - - -
Gaussian 0.09° 0.20¢ 8.7(0.3) 3.6 (0.6) 0.19 (0.01) 52.2 (5.0) 104.7 (3.0)
All components 149.2 (3.0) 2.6 (0.1)

Notes. The center, position angle and inclination for the 3 first components have been fixed during the fitting. The spectral slope @ (5th col.) is
calculated following S, o v~ using measurements at 234.2 and 217.0 GHz (1.28 and 1.38 mm). “The first three components have been fixed to the
center fitted for the disk component. ®Contains two values for the disk component: the inner and outer radius. ?Offset relative to the center of the

best-fit disk and ring component.

The mm residual emission is unresolved in the radial direc-
tion, recovered from our data regardless of the weighting applied
during the imaging, and matches both the radial extent and posi-
tioning of the northern spiral arm (Fig. 6, right panel). Given
the quality of our data, however, it is not clear whether this
really is a mm counterpart to that spiral arm. Another viable ori-
gin for this emission would be a vortex such as detected in the
HD 135344 B disk (van der Marel et al. 2016). That vortex is co-
spatial with the end of the spiral arm detected in scattered light,
and in itself is likely responsible for launching the spiral arm due
to its mass, while being induced by an interior body (Cazzoletti
et al. 2018).

Future higher resolution observations are needed to disentan-
gle the nature of the excess mm emission. However, both scenar-
ios mentioned above lead to the same conclusion which we will
explore in the remainder of this manuscript: that HD 100453 B
does not induce the twin spiral arms seen in scattered light.
Either the excess mm emission comes from a vortex which in
itself induces the northern spiral arm, or it is the mm counterpart
of the northern spiral arm. This latter option makes the north-
ern spiral arm the primary arm (containing most mass) which
is inconsistent with the position and orbital motion previously
derived for of HD 100453 B. We only refer to the spiral arms sce-
nario in the following analysis and discussion sections in order to
keep them as concise as possible, and reiterate in our conclusions
the two likely scenarios for the excess emission.

3.1.3. Dust mass estimates for the circum-primary and
circum-secondary disks

To convert the measured continuum emission into a dust mass
we assume that the emission is optically thin and of a single
temperature following

10g My = IOg Sy + 210g d- IOg Ky — IOg B,({Tqust))> (D
where S, is the flux density, d is the distance, «, is the dust opac-
ity, and B, ({Tqust)) is the Planck function evaluated at the average
dust temperature (Hildebrand 1983). We adopt a dust opacity of
2.31cm? g7! at 1.28 mm, calculated using astronomical silicate
(Draine & Lee 1984; Laor & Draine 1993; Weingartner & Draine
2000), with a grain size distribution with sizes between 0.1 and
3000 um distributed following a power law with a slope of —3.5.

Typically the dust temperature is estimated extrapolating
from the mass averaged dust temperature in grids of radiative
transfer disk models that cover a range of stellar and disk param-
eters (e.g., Andrews et al. 2013; van der Plas et al. 2016). At
the moment these grids only consider “full disks” and thus do
not give accurate dust temperatures for disks like the one around
HD 100453 A which consists of a relatively narrow ring of dust.

Instead we perform a radial decomposition of the disk inten-
sity using the radiative transfer code MCFOST (Pinte et al. 2006,
2009) as was previously done for HL Tau by Pinte et al. (2016), to
estimate the dust temperature in the disk. Shortly, we fix the disk
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Fig. 6. Left panel: J-band Q, image reproduced from Benisty et al. (2017) in arbitrary intensity units with an overlay of the 12 and 25 o contours
of the ALMA data presented in Fig. 1. Central panel: inverted counterpart to the images shown in the left panel but with arbitrary contours
of the SPHERE data overlayed on the ALMA data. Right panel: ALMA residuals after subtracting the best-fit disk, ring and central point source
components summarized in Table 2 in visibility space, imaged using superuniform weighting. The same contours as shown for the SPHERE images
in the central panel are again overlayed. The Gaussian component of the ALMA continuum emission appears to coincide well with the northern

spiral arm seen in scattered light.

inclination and PA and match the model radial surface density
profile in an iterative procedure to the observed one. See Sect. 3
of Pinte et al. (2016) for a full description. The dust mass in the
resulting model is 0.07 M;,, and the mass averaged dust temper-
ature in the resulting model is 27 K which translates in a dust
disk mass of 0.09 M;,, applying Eq. (1).

We do not detect any signal at the location of HD 100453 B.
We measure the continuum RMS in a circular region centered on
the companion location with a diameter of 0’20 (20.6 au) using
the Briggs-weighted images for the best compromise between
spatial resolution and sensitivity. The rms at the location of
the companion is 0.033 mlJy, leading to a 3 o upper limit of
0.099 mJy. To calculate a limit on the amount of dust that can
be present around HD 100453 B we estimate the average dust
temperature using the stellar luminosity determined from the
BHAC?2015 evolutionary tracks (Baraffe et al. 2015) fora 0.2 M,
10 Myr old star. The expected average dust temperature in a disk
with an outer radius of 10 au around such a star is 22 K following
Fig. 5 of van der Plas et al. (2016). This puts an upper limit of
0.03 Mg on the amount of dust around HD 100453 B.

3.2. CO J = 2—1 isotopologue emission lines

We detect spatially and spectrally resolved emission from
the 12CO, 3CO and C!80 J=2-1 emission lines from the
HD 100453 disk and show the moment maps and line profiles
in Figs. 2—4, respectively.

We estimate the systemic velocity from the '2CO J =2-1
emission line at vigg = 5.25 + 0.10kms~!, based on the cen-
ter of the line profile and the channel maps. The '>CO emission
line is detectable up to projected velocities of + 7.0kms~! from
the systemic velocity, which translates to a distance from the
central star of 7.4 au assuming the gas is in Keplerian rota-
tion in a disk inclined by 29.5°around a 1.70 M star'. The
outer radius as measured from '>CO emission above 3o in
the moment maps is 1”’10. We make a first order estimate of the
disk inclination using the axis ratio measured from the moment
maps, and find that the inclination for the 13CO (31 + 5°) and
C'®0 (35+5°) emission is in agreement with the inclination

' This is an upper limit as both beam dilution as higher velocity gradi-

ents make the CO emission more difficult to detect at higher velocities
and at closer distance.
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determined from the continuum data, while the 2CO emission
appears more inclined (49 + 5°). The ratio of the line flux from
the '2CO, 13CO and C'80 J = 2-1 emission lines is 6.0:2.3:1.0
which is similar to the isotopologue ratio detected from more
massive disks around other Herbig Ae/Be stars (e.g., Perez et al.
2015) and indicates that the CO emission is optically thick for
at least the '2CO emission. We make an estimate of the optical
depths for each isotopologue from the detected line ratios under
the assumption that the emission comes from an isothermal slab
(see for details e.g., Sect. 3.3 in Perez et al. 2015). We adopt
a 2CO to 3CO ratio of 76 (Stahl et al. 2008) and a '2CO to
C'8CO ratio of 500 (Wilson & Rood 1994) and find optical
depths of 712CO ~ 39, 713CO ~ 0.5 and 7C'80 ~ 0.1. The inte-
grated line fluxes, spatial extent and geometry of all CO line
emission are summarized in Table 3.

The velocity field of the disk is globally coherent with
Keplerian rotation although there are hints of a deviation present
in the outer disk where the CO emission at systemic velocity
appears to be rotated clockwise by several degrees. To high-
light this rotation of the velocity field we show the disk major
and minor axis as determined from the dust emission together
with a line following approximately the emission at zero pro-
jected velocity to guide the eye in the second panel of Figs. 2—4.
Furthermore, despite the presence of a small misaligned inner
disk the velocity map of the CO emission lacks the typical “s”
shaped pattern expected at the location of the warped inner disk
as described by for example Rosenfeld et al. (2014) and detected
in other Herbig Ae/Be disks such as HD 142527 (Casassus et al.
2015) and HD 97048 (van der Plas et al. 2017b). The fact that
the velocity field inside the cavity appears to be consistent with
Keplerian rotation despite the presence of a misaligned inner
disk in the cavity is possibly due to insufficient spatial resolu-
tion or to a lack of sensitivity of our observations. We explore
possible deviations from Keplerian rotation in the disk further in
Sect. 4.2.

As already remarked upon by Wagner et al. (2018) the disk
rotation direction is counter-clockwise if we follow the interpre-
tation by Benisty et al. (2017) that the faint spiral structure seen
toward the southwest of the disk in scattered light is actually scat-
tering from a spiral arm on the opposite face of the disk and thus
that the southwest part of the disk is the side nearest to us. This
means that the spiral arms seen in scattered light are trailing.
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Table 3. Line fluxes, spectral resolution, spatial extent and inclination for the CO J = 21 isotopologue emission.

Line Line flux Error? Channel width rms? Radius ¢ i€
(Jykms™) (Jykms™!) (ms™) (mJybeam™') (") °)
2coJ=2-1 234 0.06 200 3.0 1.10 49 +5
BCcoJ=2-1 090 0.03 200 3.0 0.70 315
CcB80J=2-1 039 0.02 200 2.1 0.50 35+5

Notes. Line fluxes have been calculated from the natural-weighted images by integrating the emission around the systemic velocity at 5.25km s~

1

assuming a half line width of 7.0kms~!. @The error on the integrated line flux was estimated from the rms of the integrated spectrum outside the
line boundaries and does not include calibration uncertainties. ’1 o rms per channel. “The radius is measured along the semi-major axis of the
moment 1 maps shown in the 2nd panel of Figs. 2—4 that were made using CO emission detected above 30 in the channel maps.

3.2.1. CO gas mass and the gas to dust ratio

Deriving a total gas mass from CO emission is a highly uncer-
tain endeavour given the large uncertainties on, among other
things, the local conditions at the emitting surface, the amount
of CO in gas phase, and the conversion between CO mass and
total gas mass (see e.g., Miotello et al. 2017; Krijt et al. 2018).
Large parametric disk grids relating a suit of disk parameters
to simulated observable CO line fluxes can somewhat alleviate
these uncertainties. We use the grid of disk models calculated
by Williams & Best (2014) to estimate a total gas mass based on
the isotopologue CO line ratio for the disk around HD 100453 A
between 0.001 and 0.003 M, depending on the 2CO/C'80 ratio
assumed (550 or 1650). Using the dust mass of 0.07 M;,, derived
in Sect. 3.1.3 we arrive at a gas to dust ratio of 15-45.

This value is in agreement with a previous upper limit on the
disk gas mass by Collins et al. (2009) who suggested that the
outer disk is significantly depleted in gas with an estimated gas
to dust ratio between a few and a few tens.

4. Analysis

One of the reasons why the HD 100453 system is of interest is
the possible connection between the two spiral arms detected in
scattered light and the 0.2 M companion orbiting at a projected
distance of 1”705 (108 au) from the central star. Such a compan-
ion, if in a low eccentricity and close to co-planar orbit, would
excite two spiral arms similar to those detected in scattered light
(Dong et al. 2016; Wagner et al. 2018). This tidal interaction
would also truncate the circumprimary (CP) disk at a fraction
of between ~1/2 and 1/3 of the semi-major axis (Artymowicz &
Lubow 1994), in agreement with the outer radius of the disk as
detected in scattered light and mm continuum emission.

However, our observations bring several discrepancies with
this interpretation. The '>CO gas disk extends to 1710 (113 au)
and overlaps with the projected position of the secondary. Fur-
thermore, hydro simulations for spiral arms induced by co-planar
orbiting planets indicate that the surface density enhancement is
expected to be higher in the primary arm (the one pointing to
the perturber) than in the secondary arm (Fung & Dong 2015),
which means the southern spiral arm is the primary if it were
induced by a co-planar companion. Yet, we only detect mm emis-
sion from the location of northern spiral arm (cf. Sect. 3.1.2). If
the mm continuum excess detected in the northern arm is indi-
cating that this arm is the more massive one then, because it is
not pointing to the perturber, it is not clear anymore that the spi-
rals are driven by the companion M star, in particular if it is in a
co-planar and prograde orbit with the disk.

Lastly, despite the proximity of the companion to the CP disk
we detect no emission from a circumsecondary or circumbinary

disk. This is contrary to the idea that a recent flyby, prograde and
co-planar, as such an interaction would likely lead to a significant
amount of dust and gas being captured by the by the interloper
(Cuello et al. 2019).

If any of the three arguments above is correct, it would chal-
lenge the proposed co-planarity of the orbit of the companion
and its dominant role in the excitation of the spiral arms. We
investigate the influence of a co-planar orbit companion using
gas+dust SPH simulations in Sect. 4.1 and the possible deviation
of the gas kinematics in the outer disk in Sect. 4.2. We also re-
assess the orbital parameters to further check the viability of a
co-planar orbit for the HD 100453 AB system in Sect. 4.3.

4.1. SPH simulations

We study the tidal influence of a co-planar companion on the
gas and dust content of the circumprimary disk via global 3D
simulations with the SPH code PHANTOM (Price et al. 2018a).
Gas and dust are treated as separate sets of particles interacting
via aerodynamic drag according to the algorithm described in
Laibe & Price (2012), using 7.5 x 10° SPH particles for the gas
and 2.5 x 10° for the dust and setting the initial dust-to-gas mass
ratio to 1%. The grain size is set to 1 mm. We adopt for our sim-
ulations the same parameters for the binary orbit and for the disk
as in Dong et al. (2016). The primary and secondary stars, treated
as sink particles, have masses M = 1.7 and Mg = 0.3 Moz and
are separated by @ = 120 au on a circular orbit, co-planar with the
disk. We initially set the inner and outer disk radii to ry, = 12 and
Tout = 96 au (we note that ryy is outside the Roche lobe of the pri-
mary) and its mass to My = 0.003 M, with power-law profiles
¥ oc ! for the surface density and T oc 7% for the temperature.
Contrary to Dong et al. (2016), we do not seek here to reproduce
the pitch angle of the spirals and adopt a more conventional disk
aspect ratio of H/r = 0.05 at 12 au , with a vertically isothermal
profile. We set the SPH artificial viscosity in order to obtain an
average Shakura & Sunyaev (1973) viscosity of ass = 5 x 1073
(Lodato & Price 2010). The accretion radius of both stars is set
to 12 and 5 au, respectively. We run the simulation for ten orbits
of the binary, at which time the disk has reached a quasi-steady
state.

To facilitate a more quantitative comparison between our
simulations and the observed data we use the radiative transfer
code MCFOST to convert the results of our simulation into images

2 We note that in this section we follow Dong et al. (2016) in using a
companion mass of 0.3 M (from Chen et al. 2006), whereas in the rest
of this manuscript we adopted a companion mass of 0.2 M, (Collins
et al. 2009). The impact of using a lighter companion in our simulations
would be to decrease the size of its Roche lobe and the amount of mass
the secondary can capture.
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Fig. 7. Comparison between the ALMA observations (fop row) and the ray-traced SPH simulations (bottom row). Panels from left to right:
CO integrated intensity (moment 0) map, CO intensity weighted velocity field (moment 1) map, and the 1.4 mm dust emission map. The purple
star represents the location of HD 100453 B in all panels. For the CO moment 1 map (middle panel) we only include emission that is within a
certain fraction of the peak emission in the image channels. The maximum observed dynamic range in our observations is 40, and we construct the
model moment 1 maps using only emission that is brighter than a fraction of 3/40 of the peak intensity. Top left and right panels: 2, 10 and 30 o
contours using yellow lines. For the bottom panels we use the dynamic range from the observations to approximate these contours as fraction of

the maximum emission in the simulated maps.

at relevant frequencies. We convolve the resulting images with a
Gaussian of the same FWHM as the beam in the observations
and scale the maximum intensity in the convolved image to that
of the observed images. We show the simulated 1.4 mm contin-
uum map, the integrated CO intensity, and the CO velocity field,
together with the observed maps, in Fig. 7.

In our simulations two other disks quickly form from the
material that was part of the circumprimary disk and located
outside the primary’s Roche lobe: a circumsecondary and a
circumbinary disk. In the simulated 1.4 mm map most of the
continuum emission originates from the circumprimary disk.
Compared to this disk the peak flux from the circumsecondary
and circumbinary disks are weaker by a factor 80 and 300,
respectively. For comparison, the observed ratio between the
peak flux from the circumprimary disk and the background rms
is ~400. The dust grains in the circumprimary disk get con-
centrated in a smaller disk with two faint spiral arms whose
primary arm is marginally brighter than the secondary arm. The
CO velocity field in the simulations shows a twist in the same
manner as seen in the observations, and the CO disk becomes
more elongated as it fills the Roche lobe of the primary. We
discuss these results further in Sect. 5.1.

4.2. Quantifying the disk warp

The velocity field of the disk around HD 100453 A shows devi-
ations from a pure Keplerian rotation, most notably through a
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twist in the iso-velocity contours at systemic velocity (high-
lighted in Figs. 2—4 with a purple line). To better quantify these
deviations we fit the observed velocity field of the CO gas using
the methodology introduced in Perez et al. (2015) which we
shortly summarize in the next paragraph. We note that we restrict
our analysis to quantifying the velocity field and the warp in the
circumprimary disk. We do not optimize on the disk structure
other than obtaining a reasonable fit and will explore the intra-
cavity column density and kinematics in an upcoming paper
using higher sensitivity and resolution observations.

We fit a parametric model of the '>CO gas allowing for a
warp (a different inclination) and PA of the inner disk w.r.t the
outer disk which starts at 38 au. The parametric model follows
Casassus et al. (2015) and adopts the surface density parameters
fitted by Wagner et al. (2018) to the lower resolution compact
array configuration part of the dataset also presented in this
manuscript, with exception of the CO scale height (H/r), the
power law for the radial surface density (y), and the charac-
teristic radius (r.). Following our choice for H/r described in
Sect. 4.1 we choose a more conventional value for the disk aspect
ratio of 0.05. Because no value for y is mentioned in Wagner
et al. (2018) we use a standard value of 1. Finally, we are unable
to reproduce the outer disk extent with a large value for R, of
27 + 1au, and instead use a value of 10 au which better repro-
duces the extent of the outer disk.

Our four free parameters are the inclination angle and PA
for the inner and outer disk: {iyu, PAout, fin, PAin}. We compare
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Fig. 8. Best fit model for the intensity-weighted velocity field of the '>CO emission in the disk (middle panels) for a Keplerian disk (bottom row)
and a warped disk (fop row). We note that we only compare the velocity field in those regions where the CO emission is above a 5o threshold in
the observed moment 0 map. We show the observed intensity-weighted velocity field in the fop left panel, and the residual after subtracting the

model from the observations in the right panels.

the model and data via the computation of first moment maps.
Optimization is done by minimizing y*> = ¥ (M1° —M1™), where
M1° and M1™ correspond to observed and model first moment.
The comparison is done only in the pixels where the observed
signal in the zeroth moment is above 50 First, we performed a
simple x? search using 0.5°steps around {iyy, PAou} = 25, 140.
We fix the outer disk values to those that yield a minimum in
x°. Then, we do the same search but for the intra-cavity angles
{iin, PAin}. We adopt the best fit values and repeat the explo-
ration for the outer disk parameters. We repeat the same for
the intra-cavity angles. These steps are repeated until the vari-
ation is <0.5°(our step). The final best fit parameters are
{iout, PAout} = {19.5,139.5} for the outer disk parameters, and
{iin, PAin} = {24.0, 146.0} for the inner disk.

We compare the observed moment 1 map both with a purely
Keplerian disk and with our best-fit solution for a disk warp in
Fig. 8. The velocity residuals show that the Keplerian model
(bottom right panel) cannot account for the velocity field in the
inner region, and produces red and blue residuals that have a
different PA from the outer disk. A mildly warped disk (repre-
sented here by an inner region with different PA and inclination)
yields, as expected, a better fit to the data than the purely
Keplerian model. The best fit inclination for the CO outer disk
is 10.0° lower than the value derived from the dust continuum
disk (i.e closer to face-on), while the inner disk inclination is
halfway between these values. Similarly the best fit PA for the
CO outer disk is 11.5° lower compared to the value derived from
the continuum, while the inner disk PA is 5.0° lower compared
to the PA of the dust disk. The most significant residual after
subtracting the best fit warp model is approximately at the stel-
lar position, where our model overpredicts the beam-averaged

velocity by 0.7 kms~! in a region the same size as our beam, and
which thus is likely unresolved.

4.3. Orbital fitting of HD 100453 AB

In the previous sections, we show that a co-planar model for the
orbit of HD 100453 B may not succeed as well as first thought to
match the observations, and in particular the CO data. Wagner
et al. (2018) present the most complete set of astrometric data for
this system yet and we re-assess the orbit and the assumption of
co-planarity starting from the same astrometric data.

We fit the relative orbit of HD 100453 B with respect to the
HD 100453 A disk assuming a Keplerian orbit projected on the
plane of the sky. In this formalism, the astrometric position of
the companion can be written as:

@)
3

where Q is the longitude of the ascending node (measured coun-
terclockwise from north), w is the argument of the periastron, i
is the inclination, @ is the true anomaly, and r = a(l — €?)/(1 +
ecos @) is the radius, where a stands for the semi-major axis
and e for the eccentricity. The orbital fit we performed uses
the observed astrometry measurements given in Wagner et al.
(2018, Table 2) to derive probability distributions for elements P
(period), e, i, Q, w, and time for periastron passage f,. Elements
a and P can be deduced from one another through Kepler’s third
law.

We used two complementary fitting methods, as described in
Chauvin et al. (2012): (i) a least squares Levenberg—Marquardt

x = ADec = r(cos(w + 6) cos Q — sin(w + 0) cosisin Q) ,

y = ARA = r(cos(w + ) sin Q + sin(w + 6) cosicosQ),
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Fig. 9. Summary of the orbital fitting results. Panel a: plots of a hundred trajectories obtained with the MCMC algorithm for the orbit of
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gray represent the 1, 2 and 3 o intervals. Panel c: similar to the 2nd panel, but for the evolution of position angle with respect to time. Panel d:
posterior distribution of the relative inclination between the HD 100453 B orbit and the disk plane.

(LSLM) algorithm to search for the model with the minimal
reduced y?, and (ii) a more robust statistical approach using the
Markov-chain monte carlo (MCMC) Bayesian analysis technique
(Ford 2005, 2006) to probe the distribution of the orbital ele-
ments. Ten chains of orbital solutions were conducted in parallel,
and we used the Gelman—Rubin statistics as a convergence crite-
rion (see Ford 2006, for details). We picked randomly a sample
of 500000 orbits into those chains following the convergence.
This sample is assumed to be representative of the probability
(posterior) distribution of the orbital elements, for the given pri-
ors. We chose the priors to be uniform in x = (In P, e, cos i, Q +
w,w — Q,t,) following Ford (2006). As explained therein, for
any orbital solution, the couples (w,Q2) and (w + 7,Q + 7) yield
the same astrometric data, this is why the algorithm fits Q + w
and w — Q, which are not affected by this degeneracy. The sys-
tem distance and total mass used for the fitting are 103 pc and
1.9 M.

We calculate the relative inclination between the orbit of
HD 100453 B and the HD 100453 A + disk system using the
longitude of node Q (equivalent to the PA for disks) which
is the angle of the intersection line between the disk and sky
plane, measured from the north, and the inclination i, which
is the angle between the disk and sky planes. The relative
inclination between two planes depends on i} and i, but also on
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the difference Q) — Q, following:

COS i, = COSij COSip + sin iy sin iy cos(Q2; — ). “)

Despite that the astrometric measurements only cover a small
fraction of the orbit, we obtain a consistent fit to the orbit with /\(3
values between 0.5 and 2. A sample of the best-fit orbits is shown
in Fig. 9, the corner plot showing the posteriors for the orbital
fitting in Fig. A.1. The previously mentioned inherent ambiguity
of direct imaging regarding the couple (2,w) induces a bimodal
posterior distribution for these two parameters. Radial veloc-
ity data are needed in order to remove the degeneracy. On the
other hand, the loosely constrained and probably low eccentric-
ity prevents a robust determination of the argument of periastron
and the periastron passage. A longer orbital coverage would be
necessary to resolve a clear curvature in the orbit and further
constrain all the orbital elements.

We are able to reasonably constrain the semi-major axis of
the orbit to be close to the projected value and the eccentricity to
be low. Our results are mostly in agreement with the results pre-
sented in Wagner et al. (2018) but with two deviations. Firstly,
whereas Wagner et al. (2018) conclude that the inclination of the
companion’s orbit is co-planar with the disk to within a few o,
our calculations indicate that a co-planar orbit is not favored with
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a most likely relative inclination of 60° (right panel of Fig. 9).
This is most likely because Wagner et al. (2018) did not account
for the longitude of node in their determination of the relative
inclination. Secondly, the likelihood for the orbital eccentricity
of the companion in our calculation peaks at zero eccentricity
and it is safe to assume the orbit is bound as the probability distri-
bution of the eccentricity rules out solutions with an eccentricity
higher than 0.5 at a 97% probability. This value is lower than that
found by Wagner et al. (2018) who find a probability distribution
that peaks between values of 0.1 and 0.2.

5. Discussion

In this section, we tie together our observations with the out-
comes of the analysis and discuss the most likely orbit for
HD 100453 B, the origin of the detected spiral arms, and the
implications thereof on the origin of the disk inner cavity.

5.1. The orbit of HD 100453 B

Given the current evidence we deem it unlikely that the dou-
ble armed spiral pattern in this system is excited by an external
companion in a close-to co-planar orbit as previously suggested.
Even though the outer edge of the dust disk extends to a radius
in agreement with tidal truncation by such a companion, the gas
disk is not. This disk, as traced by CO, extends out up to a dis-
tance greater than the projected separation of the companion. We
also do not detect emission from the circumsecondary disk.

To test for the influence of tidal truncation on the gas in the
disk we simulated a system similar to HD 100453. These sim-
ulations show that the material that was originally outside the
primary’s Roche lobe is captured into a circumsecondary disk
or ejected onto a circumbinary ring. After a fast initial redis-
tribution of disk material the system continues to evolve on a
viscous timescale. This timescale is shorter for the smaller cir-
cumsecondary disk, possibly explaining its non-detection. The
circumbinary disk is more significant in our simulations and it
is possible that it would survive even up to the current age of
the system. The properties of this disk heavily depend on the
companion orbit and such a circumbinary disk may even not
be present for significantly misaligned orbits. This needs to be
tested with future simulations.

A misaligned orbit for HD 100453 B would explain the large
extent of the observed circumprimary CO disk as for such orbits
the tidal torque on the disk reduces with a factor of ~cos® (i)
for misalignment angle i (Lubow et al. 2015). A secondary on
a misaligned orbit can of course also be comfortably outside the
primary’s Roche lobe while its projected location is close to or
overlapping with the disk edge.

The observed CO disk does show signs of dynamical dis-
turbance through the warped circumprimary disk and through
the more elongated spatial distribution of the '>CO emission
compared to the dust disk geometry and the rarer CO iso-
topologues. In our SPH simulations small amounts of gas fill
the Roche lobe of the primary which closely mimics the more
stretched out '2CO disk (cf. the 2 and 30 o contours of the model
CO emission shown in the bottom left panel of Fig. 7). This more
elongated structure for the '2CO emission is in qualitative agree-
ment with the distribution of CO gas in our simulations and we
interpret it as a reservoir of lower-density material which is dis-
tributed along the major axis by tidal interactions between the
gas disk and the companion. Connecting the warped CO disk
to HD 100453 B also hints at an inclination for the compan-
ion orbit that is closer to face-on than that of the circumprimary

disk because the inclinations derived for the inner and outer disk
are progressively closer to face-on compared to the inclination
calculated from the (midplane) dust emission (cf. Sect. 4.2).

Our orbital fitting shows that while we cannot constrain
the relative inclination between the companion and the disk, a
co-planar orbit is not favored. Rather, the probability density
function for the relative inclination peaks at a misalignment of
~60°. Two quantities that we can reasonably constrain are a low
eccentricity orbit and a semi-major axis close to the projected
separation.

Finally, the southwestern spiral pointing toward the compan-
ion is expected to contain more mass if an external companion
on a co-planar orbit was to excite the double armed spiral. We
find instead a mm counterpart to the northern spiral suggesting
that this is the primary spiral arm.

Given the above, we re-evaluate the causal connection
between the external companion and the double spiral arms. The
CO disk does show signs of tidal disturbance and while the orbit
of the companion is of low eccentricity, it most likely is sig-
nificantly misaligned compared to the plane of the disk. Such
a misaligned orbit allows for weaker truncation of the circum-
primary disk and explains both the warped outer disk and the
CO emission that is seen up to distances similar to the separation
of the companion.

Such a companion that orbits in a plane that is misaligned
compared to the disk could still excite double spiral arms, but
it is as of yet unclear what those spiral arms would look like in
terms of opening angle and surface density contrast. We there-
fore consider alternative scenarios that could also generate the
observed spiral pattern in Sect. 5.3.

5.2. The disk cavity + misaligned inner disk

We resolve an inner cavity extending up to 23 au from the mm
dust continuum emission that contains an unresolved mm coun-
terpart to the small misaligned inner disk previously detected
using near- and mid-IR interferometric observations (Menu et al.
2015; Lazareff et al. 2017), and whose presence is corroborated
by two shadows cast on the outer disk (Benisty et al. 2017). The
spectral index we determine for the inner disk from the lim-
ited 0.1 mm bandwidth available is 3.5 + 1.3. This is consistent
with emission originating from a dusty disk. The NIR emission
from the inner disk is best fit with a Gaussian with an inclina-
tion of 48° and a PA of 80° (Lazareff et al. 2017), significantly
misaligned with respect to the values we determine for the cir-
cumprimary disk. The size of the cavity detected in scattered
light is =21 au (Wagner et al. 2015), comparable to the size of
the cavity in mm emission. The geometry of the outer cavity
wall deviates at both wavelengths from circular symmetry and
has a more hexagonal shape.

Secular precession resonances in young binary systems with
mass ratios on the order of 0.1 can generate large misalignments
between the circumstellar disk and a companion (Owen & Lai
2017), and these authors suggest that the misalignment seen in
HD 100453 could have been generated by resonance crossing
and that such a scenario implies that a low-mass (between ~0.01
and 0.1 My) companion is residing inside the cavity with an
orbit that is aligned with the outer disk. Such a companion in
a circular orbit would need to orbit at ~13 au to truncate the cir-
cumbinary?® disk at 23 au (Artymowicz & Lubow 1994). More

3 We refer to this disk as the circumprimary disk in the rest of this
manuscript because, while likely, the presence of a companion inside
the cavity has not been confirmed by direct obesrvations.
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eccentric orbits would allow for values smaller than 13 au for the
companion orbit.

It is interesting to note that the HD 100453 system shares
many similarities with the much better studied HD 142527 sys-
tem, such as a small and misaligned inner disk, a large disk
cavity, spiral arms and shadows cast by a misaligned inner disk
detected in scattered light, and azimuthally asymmetric mm
emission in the outer disk. Recent work by Price et al. (2018b)
shows that the interaction of a companion inside the cavity on an
inclined and eccentric orbit can reproduce the spirals, shadows,
and horseshoe geometry of dust emission detected in that disk,
as well as a non-circular geometry of the outer cavity wall.

The presence of such a close-in companion in this sys-
tem is supported by the lack of detected CO emission from
the HD 100453 disk within 7 au. Furthermore, the lower-than
expected observed velocities of the CO gas close to the stellar
position (=10-20% lower than the local Keplerian velocity, cf.
Fig. 8) is consistent with a velocity signature left by a close-in
companion. Pérez et al. (2018) show that the spiral wakes left
by these bodies imprint asymmetric velocity patterns, where the
maximum deviation from Keplerian rotation occurs at the outer
spiral wake launched by a giant planet. Once these kinematic sig-
natures get convolved with our beam they would appear similar
to the deviation we detect.

These lines of reasoning all point toward the presence of a
companion inside the cavity. Determining the precise proper-
ties of such a companion requires more data and investigations
and is outside the scope of this work, but the constraints on the
orbital parameters and mass are that it should be able to drive the
misalignment of the inner disk while not leaving a gravitational
fingerprint on the velocity field of the CO gas in the cavity that
would have stood out in our observations.

5.3. Possible origins of the spiral arms

Juhdsz et al. (2015) argue that planet-induced spiral arms are
unlikely to be detected with current instruments, and suggest that
all as of yet observed spiral arms are instead pressure scaleheight
perturbations. Together with the relative brightness of the north-
ern spiral arm and the extent of the CO disk this motivates us to
explore alternative origins for the spiral arms.

Self-gravity can cause parts of the disk to collapse and form
spiral arms in the process if the disk is sufficiently massive. Typ-
ically a disk needs to hold ~10% of the mass of the central star
for gravitational instabilities to become relevant (see for exam-
ple the review by Kratter & Lodato 2016), a condition that is
far from fulfilled in the disk around HD 100453 A. A gravita-
tionally unstable disk is unlikely to be the cause for the detected
spiral arms.

Stellar fly-by scenarios can, under certain circumstances,
also generate two near-symmetric spiral arms in disks (Pfalzner
2003), but the low eccentricity of the orbit of HD 100453 B indi-
cates the companion is on a bound orbit which makes a recent
fly-by an equally unlikely candidate for provoking the spiral
arms.

A companion inside the disk cavity could drive a slow pre-
cession of the misaligned inner disk. If the direction of this
precession is prograde and a region of the outer disk rotates at
the same frequency as the shadow cast by this precessing inner
disk (=85 yr for a launching location for the spirals of 0722),
spiral arms whose pitch angle much resemble those caused by
a planet can develop at the location of the shadow (Montesinos
et al. 2016; Montesinos & Cuello 2018). Slight asymmetries in
the tilted inner disk affect the depth of shadows and thus the
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relative strength of the spiral arms. A weaker shadow on the
western disk then would be able to explain the non-detection of
a mm counterpart to the southern spiral arm.

6. Conclusions

We resolve the disk around HD 100453 A into a disk of dust
continuum emission between 23 and 41 au, an unresolved inner
disk, and excess mm emission at the location of the northern
spiral arm detected using scattered light imaging. Two likely
interpretations for this excess emission are (1) that it is a mm
counterpart to the spiral arm, or (2) that it is a narrow vortex
associated with the spiral arm either through having a common
origin or by inducing the spiral arm. We do not detect emission
from the location of HD 100453 B and put a 30 upper limit on
the dust content for that disk of 0.03 Earth masses. The CO emis-
sion from the circumprimary disk extends out to 1”10 and shows
a velocity pattern that is mostly Keplerian but with a 10° warp
between inner and outer disk. The morphology of the '>CO disk
is more elongated along the major axis when compared to the
13C0, C'®0, and mm dust emission, likely as a consequence of
tidal disruption of the circumprimary disk by HD 100453 B.

Our fit to the orbit of HD 100453 B suggests a significantly
misaligned orbit with respect to the circumprimary disk. Such
an orbit is supported by our SPH simulations, which show that
a companion on a co-planar orbit cannot reproduce the detected
spatial extent of the CO disk nor our detection of mm emission
from the northern spiral arm. It is possible that a companion
at larger separation and/or on an inclined orbit reproduces the
morphology of the detected CO emission better but it is as of
yet unclear if a companion on a sufficiently misaligned orbit
can qualitatively reproduce the spiral arm morphology of this
system. Pending detailed calculations of the impacts by a sig-
nificantly inclined orbit of the companion on the circumprimary
disk we suggest an alternative scenario that could also generate
the observed spiral pattern.

Given the relatively low mass of the disk and the low eccen-
tricity of the orbit of HD 100453 B we deem a recent fly-by or a
gravitational instability in the disk unlikely to provoke the spiral
arms. Instead, we suggest that comoving shadows of a precessing
inner disk as possible cause for the detected spiral arms. A small
misaligned inner disk has been detected using near infrared inter-
ferometry and its shadows are visible on the outer disk at roughly
the same location as the launching points of the spiral arms. Such
a misaligned inner disk, the non-detection of CO emission from
the inner 7 au, and the 23 au large cavity in the dust disk, all can
be explained by a companion inside the disk cavity orbiting at a
distance between a few and ~13 au.

All features described in this manuscript are illustrated in
Fig. B.1 together with a list of relevant figures in which they are
visible.
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Appendix A: Orbital fitting
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Fig. A.1. Distribution and correlations of each of the orbital element fitted by the MCMC algorithm. The black lines and points depict the best
fitting orbit (better y?), obtained with the LSLM algorithm. The color scale is logarithmic, blue corresponds to 1 orbit and red to 1000.
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Appendix B: Summary figure

Outer disk
Emission in ring between 0”.22 and 0”.40, excess emission
under northern spiral arm. Figures 1, 5, 6

Unresolved inner disk

mm counterpart to misaligned inner disk detected
using NIR interferometry (Menu et al. 2015, Lazareff
et al. 2017). Figures 1, 5

e,
e

CO velocity field

CO gas extends up to 1.10”, disk is warped ~10
degrees between the inner and outer disk. Figures 2,
3,4,7and 8

HD 100453 B

No circum-secondary gas or dust disk detected, el )
orbit very likely significantly misaligned w.r.t. "
circus-primary disk. Figures 7, 9.

Fig. B.1. Summary of all features of the HD 100453 system discussed in this paper made using Figs. 1 and 2 presented in this manuscript, together
with a list of figures relevant to that feature. We also show an overlay of the J-band Q4 image reproduced from Fig. 2 in Benisty et al. (2017).
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