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ABSTRACT

Radio and near-infrared observations have observed dozens of protoplanetary disks that host spiral arm features. Numerical simula-
tions have shown that companions may excite spiral density waves in protoplanetary disks via companion—disk interaction. However,
the lack of direct observational evidence for spiral-driving companions poses challenges to current theories of companion—disk in-
teraction. Here we report multi-epoch observations of the binary system HD 100453 with the Spectro-Polarimetric High-contrast
Exoplanet REsearch (SPHERE) facility at the Very Large Telescope. By recovering the spiral features via robustly removing starlight
contamination, we measure spiral motion across 4 yr to perform dynamical motion analyses. The spiral pattern motion is consistent
with the orbital motion of the eccentric companion. With this first observational evidence of a companion driving a spiral arm among
protoplanetary disks, we directly and dynamically confirm the long-standing theory on the origin of spiral features in protoplanetary
disks. With the pattern motion of companion-driven spirals being independent of companion mass, here we establish a feasible way
of searching for hidden spiral-arm-driving planets that are beyond the detection of existing ground-based high-contrast imagers.
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1. Introduction

The detection of spiral structures in protoplanetary disks has
- called for the understanding of spiral formation mechanisms
(Dong et al. 2018). Theoretical and hydrodynamical simulation
studies have suggested that companion—disk interaction and disk
A gravitational instability (GI), together with other mechanisms

. .« such as vortex and shadowing (e.g., Marr & Dong 2022; Mon-

= tesinos et al. 2016), are the most compelling approaches to ex-
' plain the origin of spirals. To test spiral formation mechanisms,
>< hydrodynamical simulations (e.g., Dong et al. 2016b; Meru et al.
2017; Hall et al. 2018) and multi-epoch imaging studies (e.g.,
Ren et al. 2020a; Boccaletti et al. 2021; Xie et al. 2021; Safonov
et al. 2022) have been employed to associate spiral configuration
or motion with the formation mechanism.

Although motion studies can distinguish theoretical mech-
anisms between companion-driven and GI-induction, there has
been no observationally direct dynamical evidence of the co-
motion of a companion and the spiral that it drives. This calls
for the verification of the basic assumption in associating the
companion—disk interaction theory with spiral motion: the co-
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motion of companion and spiral (e.g., Ren et al. 2018a). It is thus
of importance to push beyond identifying companions in spiral
systems (e.g., Currie et al. 2022) by directly validating the mo-
tion measurement approach. Therefore, we need to apply motion
studies to spiral systems with known companion(s).

In addition to validating the formation and motion mecha-
nism of companion-driven spirals, an application to the known
companion—spiral system(s) can also formally establish the exis-
tence of these currently hidden spiral-driving planets, especially
since such planets are the most compelling targets for confirma-
tion with direct imaging using state-of-the-art telescopes (e.g.,
VLT/ERIS, JWST) in this current era where targeted imaging
approaches (e.g., Bohn et al. 2020; Currie et al. 2023; Franson
et al. 2023; De Rosa et al. 2023; Mesa et al. 2023) instead of
blind search (GPI: Nielsen et al. 2019, SPHERE: Vigan et al.
2021) are necessary to efficiently populate the family of directly
imaged exoplanets. To establish the motion pattern in systems
with known spirals and companions, multi-epoch imaging us-
ing identical instrument and observation modes can be ideal for
minimizing instrument differences and data reduction bias.

HD 100453 is a binary system (Chen et al. 2006) at a dis-
tance of 103.8 = 0.2 pc (Gaia Collaboration et al. 2022) with
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an age of 6.5 + 0.5 Myr (Vioque et al. 2018). The primary star
HD 100453 A (hereafter HD 100453) is a young Herbig A9Ve
star with a mass of 1.70 = 0.09 M (Dominik et al. 2003). The
protoplanetary disk around the primary star was directly imaged
at near-infrared (NIR) and submillimeter wavelengths, showing
a cavity, a ring, and two spiral arms from inside out (Benisty
et al. 2017; Wagner et al. 2018; van der Plas et al. 2019; Rosotti
et al. 2020). NIR interferometric observations revealed the pres-
ence of the inner disk (Menu et al. 2015; Kluska et al. 2020;
Bohn et al. 2022) inside the cavity that is misaligned with and
shadows the outer spiral disk (Bohn et al. 2022; Benisty et al.
2017).

The secondary star HD 100453 B (hereafter the companion)
is an early M star with a mass of 0.2 + 0.04 Mg, (Collins et al.
2009), located at a projected distance of around 1.05” (109 au).
The HD 100453 system offers a particularly decisive test of co-
motion between spirals and companions that might be driving
them. Numerical simulations suggest that such a companion can
truncate the disk and excite two spiral arms in the remaining disk
as observed at NIR (Dong et al. 2016b). The companion-driven
origin of the spiral arms was supported by one of the observed
spiral-arm counterparts in the '?CO line to the NIR ones that
connect to the companion position by assuming a coplanar orbit
(Rosotti et al. 2020). However, the potential mutual inclination
between the companion orbit and the spiral disk (van der Plas
et al. 2019; Gonzalez et al. 2020) raised the possibility of a pro-
jection effect. With HD 100453 being the exemplary configura-
tion of a companion—spiral system, we study the motions of the
spiral(s) and the companion here.

2. Observations and data reduction

The HD 100453 system was observed with the Spectro-
Polarimetric High-contrast Exoplanet REsearch (SPHERE;
Beuzit et al. 2019) at the Very Large Telescope (VLT) using the
InfraRed Dual-band Imager and Spectrograph (IRDIS; Dohlen
et al. 2008). For spiral motion analysis, we retrieved three to-
tal intensity observations in K1-band (1 = 2.11 yum and A =
0.10 gm) in April 2015 and April 2019, with a time span of 4.0
years. The observation and the pre-processing of the data are
summarized in Appendix A. Throughout the paper the observa-
tion of the disk on 08 April 2019 is only used for uncertainty
estimation because its integration time is shorter than the obser-
vation on 07 April 2019 (see Table A.1).

We processed the calibrated data by applying reference-star
differential imaging (RDI) using the reference images assem-
bled from Xie et al. (2022). We constructed a coronagraphic
model of stellar signals and speckles via data imputation us-
ing sequential nonnegative matrix factorization (DI-sNMF; Ren
et al. 2020b) (see Appendix B for a description of the detailed
procedures). Combining the two techniques, RDI-DISNMF is
optimized for the direct imaging of circumstellar disks in total
intensity by minimizing self-subtraction and overfitting that has
plagued previous methods. We first generated the speckle fea-
tures (i.e., NMF components of the stellar coronagraphic model)
based on the disk-free reference library from Xie et al. (2022)
using NMF from Ren et al. (2018b), then used these features to
remove the speckles in HD 100453 observations.

To avoid the overfitting problem for RDI (e.g., Soummer
et al. 2012; Pueyo 2016) that can change the morphology of spi-
rals and bias spiral motion measurement, we masked out regions
that host disk signals in HD 100453 data, and modeled the rest
of the region using the NMF components, and then imputed the
signals in disk hosting regions (Ren et al. 2020b). With RDI-
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DIsNMF using well-chosen reference images, and by addition-
ally reselecting the reference images after speckle removal, we
were able to accurately recover the disk morphology with theo-
retically minimum post-processing artifacts, which is an essen-
tial requirement for accurate measurement of the pattern motion
of spiral features.

3. Dynamical analysis

3.1. Pattern motion of the spiral arm S1
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Fig. 1. SPHERE/IRDIS detection of the HD100453 system in K1,
showing the companion and two spiral arms around a ring-like struc-
ture. The gray lines represent the companion orbits that can dynamically
drive the spiral arm. The white star shows the position of the primary
star.

Using RDI-DISNMF, we recovered the disk around
HD 100453 at 2.11 um in total intensity (Fig. 1). The disk
morphology is consistent with that in the polarimetric image
(Benisty et al. 2017). In particular, we confidently recovered two
spiral arms, S1 and S2. S1 is the primary arm that has CO gas
connected to the projected position of the companion (Rosotti
et al. 2020). To measure the positions of the spiral arms, we first
needed to correct the viewing geometry. We deprojected each
disk image to face-on views (i.e., the disk plane) adopting an in-
clination of 33281 and a position angle (PA) of 144235 (Bohn
et al. 2022). To correct for disk flaring, we assumed that the disk
scale height (k) follows h = 0.22 x r'*%, where r is radial sep-
aration in au (Benisty et al. 2017). Each disk image was then
r?-scaled to enhance the disk features at large radii. Finally, we
transformed them into polar coordinates for the measurement of
spiral arm locations. We determined the local maxima of the arm
at each azimuthal angle in 1° steps by performing Gaussian pro-
file fitting (see Appendix C for a detailed description).

The local maxima of spiral arm S1 are presented in Fig. 2,
which describes the morphology of S1. An offset over a large
range of 210° — 260° is visible between the two epochs of 2015
and 2019, and follows the rotational direction of the disk. This
offset also appears when simply comparing disk images between
2015 and 2019 (see Fig. B.1). At locations <210° we are limited
by the signal-to-noise ratio (S/N) of the disk where the spiral
arm is barely detected. At locations >260°, the spiral arm starts
to merge with the ring-like structure, which increases the uncer-
tainty of the local maxima of the spiral arm. Because possible
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Fig. 2. Peak locations of spiral arm S1 in polar coordinates after correc-
tion for viewing geometry. The solid curves represent the best-fit model
spiral for the peak locations (dot points) between 2015 and 2019, as-
suming the companion-driven scenario. The derived angular velocities
of spiral pattern motion are 0288 +0°07 yr™!. The uncertainty estimation
is presented in Appendix D. The 2019 observations significantly deviate
from the gravitational instability prediction (dashed curve), adopting a
central star of 1.7 M.

systematics such as the image misalignment caused by the in-
strument have been properly corrected during the image align-
ment (Appendix A), we conclude that the offset is caused by the
pattern motion of the S1 arm in 2015-2019.

Following Ren et al. (2020a), we fitted five-degree polyno-
mials to the spiral arm S1 in two epochs (2015 and 2019) and
simultaneously obtain their morphological parameters and the
pattern motion of the spiral arms. The fitting result is shown
in Fig. 2. In principle, different parts of the spiral have differ-
ent pattern speeds if driven by a companion on an eccentric or-
bit. However, our data do not permit a radius-dependent assess-
ment, and a single-value pattern speed is measured as a com-
promise. The speed of the pattern motion for spiral arm S1 is
0288 +0207 yr~! in the counterclockwise direction, assuming the
companion-driven scenario that the pattern speed is a constant
for S1. The uncertainty estimation is described in Appendix D.
The deprojection will affect the spiral location determination,
and subsequently the spiral motion measurement. However, the
disk flaring of HD 100453 only has limited impact on the veloc-
ity of the spiral motion (see Appendix E). Throughout the paper
we present the velocity of the spiral motion based on the best-fit
model (h = 0.22 x r'%*) from Benisty et al. (2017) to correct for
the disk flaring in the deprojection.

We examined the possibility of the gravitational instability
(GI) scenario that each part of the arms rotates at its local Kep-
lerian motion. Based on the fitted morphological parameters of
the S1 arm in 2015, we predicted the location of the S1 arm
in 2019, and adopted the stellar mass of 1.7 Mg, for the central
star. The predicted locations of Gl-induced spiral arms deviate
from the observed arm locations in 2019 (Fig. 2). The local Ke-
plerian motions at 25 to 35 au are 3°75 yr~! to 2227 yr!, or
15201 to 9206 in 4 yr. The local Keplerian motions are too large
to explain the observation (~3.5° in 4 years). We conclude that
the spiral arm S1 is not triggered by gravitational instability. To-
gether with MWC 758 (Ren et al. 2020a) and SAO 206462 (Xie
et al. 2021), HD 100453 is the third spiral disk that disfavors the
GI origin for their spirals from pattern motion measurement.

3.2. Motion of the stellar companion

The companion HD 100453 B has over 15 years of astrometric
data. We adopt astrometric data from Collins et al. (2009), Wag-
ner et al. (2018), and Gonzalez et al. (2020) (see Table F.1). A
linear fit to the PAs of the companion shows that the compan-
ion has an angular velocity of 09384 + 0°019 yr~! in the sky
plane between 2003 and 2019 (Appendix F). Based on the PAs
only in 2015 and 2019, we also obtain an angular velocity of
0240+ 0207 yr~! for the companion, which is consistent with our
linear fit. Hence, we adopt the fitting result as the angular veloc-
ity of the companion because it contains more independent mea-
surements. To obtain the companion motion in the disk plane, we
deprojected the angular velocity of the companion from the sky
plane to the disk plane. In the deprojection, we adopt the disk
inclination, the disk position angle, and the companion position
angle to be 33981, 144°35, and 133°2, respectively. We obtain
the angular velocity of the companion in the disk plane to be
02455 + 02023 yr~! between 2015 and 2019.

We also estimate the probability density distribution of the
companion angular velocity in the disk plane (Appendix G) and
present it in Fig. 3. We calculate the companion angular veloc-
ity based on the companion orbital parameters adopted from the
orbit fitting results in Gonzalez et al. (2020). The derived proba-
bility density distribution has a Gaussian profile; the companion
has an angular velocity of 0%4570°0°2 yr™! (1o~ credible interval)
in the disk plane. The angular velocity derived from the orbital
parameters is consistent with the direct linear fit to the compan-
ion PAs. This consistent angular velocity and its Gaussian dis-
tribution are expected because the companion motion between
2003 and 2019 is well constrained by the astrometry data with
the measuring uncertainty followed potential Gaussian noise.

In general, the spiral pattern motion should be in the range
of the slowest and fastest companion orbital frequency in the
scenario of an eccentric perturber (see Eq. 12 in Zhu & Zhang
2022). From the posterior probability distribution of the orbital
parameters obtained by Gonzalez et al. (2020), we derived the
minimum and maximum value of the companion orbital motion.
Although the companion motion at the location in 2019 is slower
than the spiral motion in 2019, the maximum value of the com-
panion orbital motion is still larger than the measured spiral mo-
tion (see Fig. 3). It suggests that the physical interaction (i.e.,
tidal interaction) between the companion and the disk can exist,
as proposed by the numerical simulation in Dong et al. (2016b).

Based on the consistency in motion measurements, we con-
clude that the known companion HD 100453 B drives the spi-
ral arm S1. This is the first detection of a companion driving
a spiral arm among protoplanetary disks. In light of our result,
the previously observed CO gas extending from the S1 arm in
Rosotti et al. (2020) is also dynamically connected to the com-
panion, rather than moving independently, and the static connec-
tion arises from projection effects due to the relative inclination
between the disk and the companion orbit.

4. Discussion
4.1. Pattern motion of the spiral arm S2

HD 100453 was classified as a Group I disk that has an outer
disk flaring (Meeus et al. 2001). The bottom of the S2 spiral arm
shown in the polarimetric image at NIR suggests the disk thick-
ness is nonnegligible and the S2 arm locates on the near side of
the disk (Benisty et al. 2017). NIR observations probe the scat-
tered light from the disk surface. For the disk with flaring, the an-
gle between the disk surface on the nearside of the disk (i.e., S2)
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Fig. 3. Angular velocity of the S1 spiral pattern motion in HD 100453 (black line). It could follow local Keplerian motion (green curves) or be
smaller than the maximum value of the companion orbital motion (blue curves), under gravitational instability (GI) or companion—disk interaction,
respectively. The measured spiral motion is consistent with the companion motion in the system and is inconsistent with the local Keplerian
motion, revealing the companion-driven origin of the spiral arm S1, while excluding the GI origin. The motions here adopt a central stellar mass
of 1.70 = 0.09 M. The colored shaded regions around each curve represent the corresponding uncertainties.

and the sky plane is larger than the disk inclination of 33°8. We
define the disk inclination to be the angle between the flat disk
midplane and the sky plane. Large viewing angles (i.e., >30°0)
prevent us from restoring the correct face-on morphology via
the deprojection (Dong et al. 2016a). Unlike S2, S1 locates on
the far side of the disk where the inclination of the disk surface
is smaller than the disk inclination. Thus, it is more accurate to
restore the S1 arm back to face-on morphology than the S2 arm.
Therefore, we did not provide a motion measurement for the S2
arm.

4.2. Other spiral-triggering mechanisms

Spiral features can also be induced by a flyby (Ménard et al.
2020; Dong et al. 2022). However, a recent search for poten-
tial stellar flybys with Gaia DR3 did not identify recent close-in
on-sky flyby candidates around HD 100453 (Shuai et al. 2022).
Thus, this scenario is unlikely to cause the spiral feature in this
system.

The disk of HD 100453 seen at NIR contains two shadows
(Fig. 1) created by the inner disk (Bohn et al. 2022). Benisty
et al. (2017) explored the possibility of the shadow-triggered spi-
rals via the pressure decrease (Montesinos et al. 2016). However,
spiral arms triggered by shadows should follow the local Keple-
rian motion as Gl-induced spirals. Therefore, we excluded the
shadows being the origin of the spiral features in HD 100453.

4.3. Feasibility of locating spiral-driving planets

In protoplanetary and transitional disks, the occurrence rate and
orbital distribution of the embedded planet population remain
to be established due to a limited number of confirmed proto-
planets. The current high-contrast imagers with low spectrum
resolution (i.e., R<100) at NIR cannot easily discriminate be-
tween the scattered light from the dusty disk and that of the em-
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bedded planet (Rameau et al. 2017; Currie et al. 2019; Rich et al.
2019). Ha surveys for the signal of planetary accretions mostly
resulted in nondetections of planets (Cugno et al. 2019; Zurlo
et al. 2020; Xie et al. 2020), possibly caused by high extinc-
tion or periodic accretions if the forming planet is present. In
summary, current instruments with conventional techniques are
inefficient in the search for planets embedded in disks.

Our dynamical motion analysis of the HD 100453 system
validated the approach of mapping spiral arm motion to lo-
cate hidden giant planets in protoplanetary disks, first proposed
by Ren et al. (2020a). Although we only investigated a non-
planetary companion in this specific study, the pattern speed of
companion-driven spirals depends on the location of the com-
panion instead of its mass. Furthermore, the sensitivity of our
motion measurement directly depends on the time span (see
Eq. (D.1)). The uncertainty of the motion measurement de-
creases with the increase in the time span (#) of two epochs. Typ-
ical 1o uncertainties for the motion measurements based on two
epochs (if =5 yr) of SPHERE observations in total intensity and
polarized light are about 0205 yr~!' (Appendix D) and 003 yr~!
(Ren et al. 2020a), respectively. Therefore, spiral motions driven
by a planet can be detected and distinguished from local Keple-
rian motions (GI scenario) within a feasible time of a few years.

From the posterior probability distribution of orbital parame-
ters obtained by Gonzalez et al. (2020), we derived the compan-
ion orbits that can dynamically drive the spiral arm (see Fig. 1).
The corresponding probability distribution of orbital parameters
is shown in Fig. H.1. Our dynamical analysis opens a new and
feasible window to probe the orbit distribution of planets in the
spiral disks that currently are difficult to study via conventional
techniques of direct imaging and spectroscopy. The measured
spiral motion can determine the range of the planet eccentric-
ity (e.g., Eq.12 in Zhu & Zhang 2022). In combination with the
planet mass estimated from the morphology of the spiral arms
(Fung & Dong 2015) or simply using mass upper limits from
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direct imaging at NIR or He, we can infer the formation and
migration of planets at the early stage.

5. Conclusion

We present multi-epoch observations of the HD 100453 system
and perform a dynamical analysis for the spiral motion in 4 yr.
The measured pattern motion of the spiral arm S1 disfavors the
GI origin. More importantly, the orbital motion of companion
HD 100453 B can explain the spiral pattern motion in the sce-
nario of the eccentric perturber. It is the first dynamical detection
of a companion driving a spiral arm among protoplanetary disks.

Companion—disk interaction is a long-standing theory that
could naturally explain the origin of spiral features in disks. For
the first time, our dynamical analyses directly confirm that the
companion—disk interaction can indeed induce spiral arms in
disks, supporting that it could also be the formation mechanism
for other spiral systems without detected companions. Our dy-
namical detection also validates our method to be a feasible way
of searching for and locating hidden spiral-arm-driving planets
that are best targets for dedicated direct imaging explorations
(e.g., Bae et al. 2022, Fig. 7 therein) with upcoming state-of-the-
art high-contrast imagers.
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Appendix A: SPHERE/IRDIS observations and data
reduction

SPHERE/IRDIS has performed multiple K-band observations of
the HD 100453 system in 2015, 2016, and 2019. However, the
observing conditions were extremely bad for two observations
in 2016 (see Table A.1), resulting in the strong low wind ef-
fect (Milli et al. 2018) that affects the disk morphology. There-
fore, we excluded the 2016 data from the dynamical analysis.
Although IRDIS also has an H-band observation in 2016, it is
essential to perform the motion measurement based on observa-
tions in the same wavelength because different wavelengths trace
dust grains with different sizes, which are possibly located at dif-
ferent places in the disk. So the K-band observations in 2015 and
2019 are the only available data for HD 100453 to perform the
dynamical analysis.

All the observations used the apodized pupil Lyot corona-
graph in its N_ALC_YJH_S configuration (Carbillet et al. 2011;
Guerri et al. 2011), with a mask diameter of 185 mas and a pixel
scale of 12.25 mas. IRDIS in its dual-band imaging (DBI; Vigan
et al. 2010) mode produces simultaneous images at two nearby
wavelengths (K1: 2.110 ym and K2: 2.251 ym). While K-band
observation is affected by the thermal background emission, all
of the observations did not contain sky background calibrations
to calibrate it. We therefore used DISNMF to model and gener-
ate the synthetic sky background images based on all the avail-
able sky background images in the SPHERE archive, similar to
the technique described in Hunziker et al. (2018). Each observa-
tion was then processed using the v1t-sphere' pipeline (Vigan
2020) to correct for the sky background based on our NMF sky
model, flat field, and bad pixels. Then the pipeline generated cal-
ibrated and roughly aligned (offsets<1 pix) data cube for each
observation.

In the K1 band, our DISNMF approach can successfully
model and then remove the thermal background. However, we
did not cleanly remove all the thermal background emissions in
K2 because of the stronger background variation at longer wave-
lengths (i.e., K2) and limited calibration images in the SPHERE
archive for modeling. To avoid potential influence from the
residual of the background in K2, we only use K1 data to mea-
sure the spiral motion in this work.

A.1. Image alignment

To determine the star center behind the coronagraph, SPHERE
generates satellite spots on coronagraph images by introducing
a 2D periodic modulation on the high-order deformable mirror
(Beuzit et al. 2019), obtaining star center images. SPHERE usu-
ally uses satellite spots in the first and last images of an observa-
tion to locate the star center behind the coronagraph. During the
entire science observation of HD 100453, SPHERE relies on the
differential tip-tilt sensor control to maintain the star at the same
position behind the coronagraphic mask. However, the differen-
tial tip-tilt sensor loop runs at 1 Hz, so some residual jitter of the
images can occur at a faster rate, therefore inducing a small shift
(typically <1 pix; Xie et al. 2022).

The misalignment of images within each epoch of observa-
tion and between different observations has a direct impact on
motion measurement. We performed the fine alignment for all
the science images in two steps, the alignment of star center
images from different epochs, and the alignment of science im-
ages to their corresponding star center images. We found that the

' https://github.com/avigan/SPHERE, version 1.4.2
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Table A.1. SPHERE/IRDIS observations of the HD 100453 system

Prog. ID Date Band nprr X tpir® Wind speed

(s (ms™")
095.C-0389(A) 2015 Apr10 K12 176 x8 8.54 £0.36
095.C-0389(A)® 2016Jan 16 K12 176x8 1.56+0.78
095.C-0389(A)°® 2016Jan23 K12 176x8 4.88+0.19
0103.C-0847(A) 2019 Apr 07 K12 42x32 3.64+0.19
0103.C-0847(A) 2019 Apr 08 K12 26x32 4.40+0.33

Notes:

“npyr is the number of image frames and #pyr is exposure time per
image frame. We do not use two observations in 2016 in this work
because of their bad observing conditions that strongly affect the disk
morphology. Before new coatings on the telescope spiders in 2017,
SPHERE was affected by the low wind effect for wind speeds lower
than 5 m s™! (Milli et al. 2018). Such a low wind effect results in strong
stellar-light leakage around IWA and strong spider patterns (i.e.,
diffraction spikes). As a result, the spider patterns strongly alter the
disk morphology, which prevents us from correctly measuring the
locations of spiral arms.

star center images from three epochs were properly aligned by
v1lt-sphere with offsets less than 0.05 pix by measuring the in-
tersection of four satellite spots. So no additional alignment was
required for star center images from different epochs.

To align science images within each epoch of observation,
we used the position of the companion. The high signal-to-noise
ratio (S/N~588) of the companion enables the fine alignment of
the science images after the pre-processing of the vlt-sphere
pipeline. In the star center image, the positions of the compan-
ion and the primary star are known. Since we knew the field ro-
tation between the star center image and a given science image,
we rotated the star center image to create a reference position
of the companion when the given science image was taken. The
positions of the reference companion and the companion in the
science image were then determined by 2D Gaussian fitting be-
cause the companion has no known disk. The derived position
offset is the offset between the star center image and a given
science image. Once we obtained all the offsets, we performed
image shifts to create a finely aligned and calibrated science data
cube for each epoch.

We examined the offset of the companion position in two
observations of 2019 after the companion alignment and post-
processing described in Appendix B. The obtained offset is less
than 0.06 pixels, which is the residual offset in the star center
images. In summary, our image alignment can accurately align
all the science images to a common reference, thus avoiding the
false positive caused by the instrument in the motion measure-
ment.

A.2. Bad frame exclusion

Bad frame exclusion does not alter the true morphology of the
disk. The aim is to have higher a S/N of the disk by increasing the
disk signal (i.e., including more images) and reducing the dis-
tortion from bad frames (i.e., reducing instrumental residuals).
Failed adaptive optics (AO) corrections cause the host star out-
side the coronagraph, which should be excluded. Bad AO correc-
tions result in strong stellar-light leakage around IWA and clear
spider patterns. Such spider patterns were not easily removed by
RDI, and hence left strong residuals in the disk image that al-
tered the disk morphology. Therefore, we also excluded the im-
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ages with strong spider patterns, mainly in the 2015 observation.
In total, we excluded about 77%, 14%, and 19% of the science
images for observations in 2015, and on 07 and 08 April 2019,
respectively. Thanks to the high disk surface brightness, we had
enough disk signal to perform the dynamical analyses after the
bad frame exclusion.

Appendix B: Stellar emission subtraction

We removed the stellar contribution using RDI-DISNMF to map
the disk. Although other techniques based on angular differential
imaging (ADI; Marois et al. 2006) are common approaches to
remove stellar point spread function (PSF), it usually produces
nonphysical artifacts when applied to disks (Milli et al. 2012).
For example, ADI has the self-subtraction effect that lowers the
throughput of the disk and more importantly alters the disk mor-
phology. Because ADI builds the PSF reference based on the
science data itself, it may contain some of the astrophysical sig-
nals in the PSF model. Unlike ADI, RDI builds the PSF refer-
ences from the companion-free and disk-free reference images.
Therefore, RDI naturally avoided the self-subtraction effect. A
commonly used PSF reconstruction technique is principal com-
ponent analysis (PCA; Soummer et al. 2012). In data process-
ing, however, PCA removes the mean of the image, and thus
creates nonphysical negative regions around a strong astrophys-
ical signal (i.e., a bright disk), calling for forward modeling to
properly recover these signals (e.g., Pueyo 2016; Mazoyer et al.
2020). In comparison, NMF does not remove the mean of the
image (Ren et al. 2018b), which can thus avoid creating negative
regions around bright sources in data pre- and post-processing.
Furthermore, the recent development of the NMF algorithm by
Ren et al. (2020b) introduces the data imputation concept, which
ignores the disk region to avoid the overfitting problem when re-
constructing the PSF model.

B.1. Initial PSF Selection

We followed the method described in Xie et al. (2022) to perform
RDI. The key step in RDI is assembling a proper PSF reference
library. We created the master PSF reference library by using all
the public archival data in K1 taken with IRDIS under the same
coronagraphic settings. The pre-processing of all the archival
data was performed using vlt-sphere pipeline. Bad reference
stars that contain astrophysical sources were excluded by the vi-
sual inspection of the residual images after the reductions of ADI
and then RDI. After assembling a master reference library for K1
data, we down-selected 200 best-matched reference images for
each science image in each observation of HD 100453. For each
observation, we combined the down-selected reference images
and formed a single library with nonredundant references. As a
result, the final sizes of reference libraries were 2802, 2646, and
1816 for observations in April 2015, and 07 and 08 April 2019,
respectively.

To remove the stellar PSF we used NMF to create compo-
nents of the PSF model from the reference library. After that,
the PSF model was then reconstructed for each science image
using the data imputation in DISNMF after masking the source
region (i.e., the disk and the companion). Finally, the residual
science cube after the PSF subtraction was derotated and mean
combined to form the residual image in K1.

B.2. Final PSF Selection
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Fig. B.1. Multi-epoch detection of the spiral disk around HD 100453.
The disk is imaged in K1 and reduced with RDI-DISNMF to remove
the direct starlight. The white star shows the position of the host star.

The disk of HD 100453 is bright enough to affect the down-
selection of the reference images using the mean square error
described in Xie et al. (2022). Consequently, the selected ref-
erence images tend to have certain levels of wind-driven halo
(Cantalloube et al. 2020) that mimic bright and extended disk
features. As a result, poorly matched PSF references lead to
oversubtraction that sightly affects the disk morphology. Better-
matched PSF references can be selected if the disk contribution
is significantly reduced.

For the final PSF selection, we adopt an iterative process in
which we first remove the disk obtained with RDI-DISNMF from
the science data, then re-select a better matching library of PSF
references with the disk-removed science images. Only the ref-
erence library that is selected for PSF modeling was updated
during each iteration. The original science images remain un-
changed in each RDI-DIsNMF subtraction. For the HD 100453
exposures in this study, the disk-removed science images are suf-
ficiently clear of disk signals to converge on matching PSF ref-
erences after a maximum of four iterations. In Fig. B.2 we show
the residual images of disk-removed science data after the reduc-
tion of RDI-DIsSNMF. No disk signal is left over, indicating the
good recovery of disk flux. Because we directly subtracted the
disk image to obtain the disk-removed science images, the noise
pattern was changed in the disk region (<0.45””). We perform a
final RDI-DISNMF subtraction to obtain the disk image for pat-
tern motion analysis (see Fig. B.1). Throughout the paper, the
observation of the disk on 08 April 2019 is only used for uncer-
tainty estimation (see Appendix D) because the integration time
of the second epoch observation in 2019 is shorter than the first
one (see Table A.1).
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Fig. B.2. Residual images of disk-removed science data after the re-
duction of RDI-DIsNMF. No disk signal is left over, indicating a good
recovery of disk flux. The white star shows the position of the host star.

Appendix C: Determining the location of the spiral
arm

To determine the local maxima of the spiral arm in polar coordi-
nates, we performed two Gaussian profile fits with an additional
constant, totaling seven free parameters. By doing so, we can si-
multaneously account for the existence of a ring-like structure
near the inner working angle (IWA) and that of a spiral. The ad-
ditional constant was adopted in the model to account for the
overall disk emission.

The regions with radii of <14 pixels and >35 pixels were
masked out to avoid the noisy regions close to the IWA (8 pixels)
and those without disk emissions, respectively. In each azimuthal
angle (1° step) in the polar images we performed a fitting to si-
multaneously obtain the location and motion of the spiral arm
in Figs. 2 and D.1. We visually inspected all fitting results to
ensure the correctness of the fitting (i.e., that the data are reason-
ably represented by the model).

Appendix D: Uncertainty estimation

Precise motion measurements require accurate recovery of disk
morphology. While RDI-DIsNMF can avoid the self-subtraction
effect and it is theoretically expected to mitigate the overfitting
of stellar PSFs, it may still slightly alter the disk morphology
during PSF modeling since we cannot guarantee a perfect match
of the speckles between a target image and its corresponding
selected PSF references.

To account for this potential PSF mismatch effect, it is nec-
essary to introduce additional uncertainty in spiral motion mea-
surements. With the two K1 observations in 2019 obtained on
different nights, the temporal separation is too small (1 day apart)
to obtain spiral motion measurement. However, these two obser-
vations in 2019 are ideal in offering a unique opportunity to ex-
amine the unknown uncertainties in our dynamical analysis, es-
pecially in quantifying the change in disk morphology, and thus
its impact on spiral motion caused by RDI-DISNMF.
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By measuring the motion of the spiral arms in two observa-
tions in 2019, we can estimate the motion caused by our post-
processing method instead of the real spiral motion. Given the
time span of ~1 day, the real spiral motion is ~0 degree. We
performed the identical motion measurement procedure as in
Sect. 3, and obtained a motion of 0°02 for the S1 arm in the two
2019 observations shown in Fig. D.1. Nevertheless, it is possible
that the selected PSFs do not necessarily return such uncertain-
ties for all the epochs studied here. Therefore, we conservatively
consider an additional uncertainty of orpy = 0°1 for the RDI-
DIsNMF method.
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Fig. D.1. Peak locations of spiral arm S1 in polar coordinates after the
correction for the viewing geometry. Solid curves represent the best-
fit model spiral for the peak locations (dot) between two epoch obser-
vations in 2019, assuming the companion-driven scenario. Two curves
(black and gray) are overlapped. The derived angular velocities of spiral
pattern motion are 0202 yr~!, which indicates the uncertainty caused by
PSF subtraction instead of the real motion.

In our analysis, the total uncertainty in our pattern speed
analysis is

_ 2 2 |
o= \/O'ﬁ[ +0 o T ORI L D.1)

where o, Onorn, and ogrpy are uncertainties caused by the
measurement of the spiral locations, true north uncertainty of
SPHERE, and our post-processing method, respectively. The
time span between two epochs is represented by ¢, which is 4.0
years.

The uncertainty of the spiral S1 locations returns a fitting
uncertainty (o) of 0°192. We adopt the true north uncertainty
of SPHERE to be 0208 in all epochs (Maire et al. 2016). The
uncertainty caused by the post-processing method is estimated
to be 0°1 per epoch using the 2019 observations. For the motion

measurement on two epochs, O porm i /2 X (0°08)2 = 0°113 and

orpr is V2 % (0°1)? = 0°142. Based on Equation (D.1), the final
1o uncertainty on the pattern speed of the S1 arm is 02066 yr~'.

Appendix E: Effect of disk flaring on spiral motion
measurement
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Fig. E.1. Effect of disk flaring on spiral motion measurement. Different disk flaring will change the spiral location determination in the deprojection,
which affects the spiral motion measurement. Left panel: Spiral motions derived based on different disk flaring. Right panel: Corresponding
uncertainties obtained using Equation D.1. The red dot represents the velocity of the spiral motion and its corresponding uncertainty based on the

best-fit disk model (k2 = 0.22 x r'*) from Benisty et al. (2017).

Throughout the paper, we present the velocity of the spi-
ral motion based on the best-fit model (h = 0.22 x r!'%%) from
Benisty et al. (2017) to correct for the disk flaring in the de-
projection. The deprojection will affect the spiral location de-
termination, and subsequently the spiral motion measurement.
To study the effect of the disk flaring on spiral motion measure-
ment, we adopted a reasonable range of parameters for correct-
ing the disk flaring and performed new motion measurements,
as described in Sect. 3.1. The effect of the disk flaring on spiral
motion measurement is shown in Fig. E.1.

In the case of HD 100453, the velocity of the spiral mo-
tion decreases with the increase in the disk flaring, ranging
from 120 yr~! to 095 yr~!. This velocity range still favors the
companion-driven scenario and disfavors the GI scenario. Given
that different disk flarings only have a minor impact on the spiral
motion and do not change our conclusion, we only present the
motion measurement based on the best-fit model of disk flaring
from Benisty et al. (2017).

Appendix F: Companion orbital fitting

We performed a linear fit to the position angles of HD 100453 B
from 2003 to 2019. The astrometric data is listed in Table F.1,
which was adopted from Collins et al. (2009), Wagner et al.
(2018), and Gonzalez et al. (2020). The orbital period of the
companion is about 800 years, which is significantly longer than
the time span of our astrometric data. For the ~20-year tempo-
ral separation studied here, the linear fit is therefore sufficient
in obtaining the angular velocity of the companion. Figure F.1
shows the position angles of HD 100453 B and our linear fitting
result. The slope corresponds to the measured angular velocity
of the companion in the sky plane, which is 09384 + 02019 yr~!
in the counterclockwise direction. Using only two astrometry
data sets in 2015 and 2019, we obtained an angular velocity of
0940 + 0207 yr~! in the sky plane, which validates the choice of
a linear fit.

Table F.1. Astrometric data

Date Instrument ~ Separation  Position angle Ref.
2003 Jun 02 NACO 17049 £ 07007 127°2+0°3 (a, b)
2006 Jun 22 NACO 17042 +£07005 12823 +0°3 (a,b)
2015 Apr 10 SPHERE 17047 + 07003 131296 + 022 (c)
2016 Jan 16 ~ SPHERE 177045 + 07003  132°0 + 022 (d)
2016 Jan21  SPHERE 17049 + 07003 132°1 +£0°2 (d)
2016Jan23  SPHERE 17048 + 07002 132°3 + 022 (d)
2017 Feb 17  MagAO 17056 + 07005 13223 + (04 (c)
2019 Apr 07 SPHERE 17046 + 07003 133°2 +0°2 (d)

References: (a) Collins et al. (2009); (b) Chauvin et al. (2010); (c)
Wagner et al. (2018); and (d) Gonzalez et al. (2020)

134F

133F

Position angle (degree)

2010 2015 2020

Epoch (year)

2005

Fig. F.1. Linear fit to the position angles of HD 100453 B as the func-
tion of epochs. The slope corresponds to the measured angular velocity
of the companion in the sky plane, which is 02384 + 02019 yr~'. The
positive direction is counterclockwise, the same as the direction of the
disk rotation.
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Appendix G: Companion orbital motion

The companion orbit can be described by the orbital elements.
The radial separation (r) between the companion and the primary

star is
a (1 - ez)

r(v)= ,
1+ecosv

(G.1)
where v, a, and e are the true anomaly, semimajor axis, and ec-
centricity, respectively.

We introduced u to represent the angle between the radial
direction of the companion (r) and the intersection between the
orbit and the sky planes. So the angle u is
u=n—-WvV+w), (G.2)

where w is the argument of periastron.
The projected radial separation of the companion in the sky
plane (rpr;) is

a(l - ez)

1+ecosv

Foroj (V) = V cos? u + sin? u cos? i, (G.3)
where i is the inclination between the orbital plane and the sky
plane. Equation (G.3) shows the projection of the radial sepa-
ration in Equation (G.1) onto the sky plane. For a given com-
bination of orbital elements and the projected radial separation
(Tproj), We can obtain their corresponding true anomaly (v) by
solving Equation (G.3) numerically.

The specific angular momentum

h=r x7, (G4)
or
h=rV,, (G.5)

where V is the velocity of the companion in the orbit and the
symbol L donates the direction that is perpendicular to the out-
ward radial from the primary to the companion.

The orbit equation that defines the separation between the
primary and the companion is

h2

"= 1l +ecosv)’ (G-6)

where & is the specific angular momentum. Substituting Equa-
tion (G.1) into Equation (G.6), we obtain

h= Jua(l-é?). (G.7)
The definition of angular velocity is
Vv
=, (G.8)

,
from which we can obtain the angular velocity of the companion
at a given position in the orbital plane,

5= p(1+ecosv), (G.9)

73

where u is the gravitational parameter. In our case, the gravita-
tional parameter is a constant as
u=G(m +m), (G.10)
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where G, m;, and m, are the gravitational constant, the mass of
the primary (1.7 M), and the mass of the companion (0.2 My),
respectively.

We use V5 to represent the projection of V, in the sky
plane,

Voroj = V1 Vsin? u + cos? ucos? i. (G.11)

The velocity in the sky plane that is perpendicular to the pro-
jected radial separation (7pr;) iS

cosi

VJ_proj = Vproj

\/sin2 u + cos? ucos? i \/cos2 u+ sin ucos? i
(G.12)

By substituting Equation (G.11) into Equation (G.12), we obtain

V,cosi

VJ_proj = (G.13)

\/0052 u + sin” ucos? i

The projected angular velocity of the companion in the sky
plane is

VLprOj

ltproj = ——, (G.14)
Tproj

which can be rewritten as

) ) cos i

proj = it—— — > (G.15)
COS? U + sin” u cos? i

by substituting Equation (G.1), Equation (G.3), and Equa-
tion (G.13) into Equation (G.14). Equation (G.15) shows the
projection of the angular velocity of the companion onto the sky
plane.

We adopted the orbits of the companion from Gonzalez et al.
(2020), which were derived from the astrometric fit to the com-
panion positions listed in Table F.1. For a given combination
of the orbital elements, we first use Equation (G.3) to numeri-
cally derive the true anomaly of the companion for a given orbit,
adopting the separation rpj of 1.046” in 2019. Based on Equa-
tion (G.1), Equation (G.2), Equation (G.9), and Equation (G.15),
we can derive the angular velocity of the companion in the sky
plane using only the orbital elements (i.e., a, e, v, w, i). Finally,
we deprojected the angular velocity of the companion in the
sky plane to the disk plane, adopting the disk inclination, the
disk position angle, and the companion position angle as 33981,
144235, and 133°2, respectively. In Fig. 3, we present the calcu-
lated angular velocity of the companion in the disk plane, which
is 02488*0:3% yr~!. The uncertainties are (16th, 84th) percentiles
in Bayesian statistics.

We also validated the posterior probability distribution of or-
bital parameters by using orbitize! (Blunt et al. 2017, 2020)
and the same astrometric data shown in Table F.1. Based on the
new orbital parameters, we obtained the current angular velocity

and maximum velocity of the companion to be 02419*:03% yr~!

and 02560*0°5%) yr~!, which is consistent with the results derived

from Gonzalez et al. (2020).
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Appendix H: Orbital parameters of the
spiral-driving companion

In general, the spiral pattern motion should be in the range of the
slowest and fastest companion orbital frequency in the scenario
of an eccentric perturber (see Eq. 12 in Zhu & Zhang 2022).
From the posterior probability distribution of orbital parameters
obtained by Gonzalez et al. (2020), we derived the orbital pa-
rameters that satisfy Eq. 12 in Zhu & Zhang (2022). In this case,
the maximum orbital velocity of the companion is greater than
the minimum spiral motion (0254 yr~!). The corresponding dis-
tribution of orbital parameters is shown in Fig. H.1.
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Fig. H.1. Distribution of orbital parameters that can dynamically drive the spiral.
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