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4European Southern Observatory, Alonso de Córdova 3107, Casilla 19001, Vitacura, Santiago, Chile

5Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA
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Abstract
More than a dozen young stars host spiral arms in their surrounding protoplanetary disks. The excitation

mechanisms of such arms are under debate. The two leading hypotheses – companion-disk interaction and
gravitational instability (GI) – predict distinct motion for spirals. By imaging the MWC 758 spiral arm system
at two epochs spanning ∼5 yr using the SPHERE instrument on the Very Large Telescope (VLT), we test the
two hypotheses for the first time. We find that the pattern speeds of the spirals are not consistent with the GI
origin. Our measurements further evince the existence of a faint “missing planet” driving the disk arms. The
average spiral pattern speed is 0.◦22 ± 0.◦03 yr−1, pointing to a driver at 172+18

−14 au around a 1.9 M� central
star if it is on a circular orbit. In addition, we witness time varying shadowing effects on a global scale that are
likely originated from an inner disk.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300), Coronagraphic imaging (313), Planetary
system formation (1257), Orbital motion (1179)

1. Introduction

ren@caltech.edu

Spiral arms, spanning from tens to hundreds of au, are
found in more than a dozen protoplanetary disks in visible
to near-infrared light with high-contrast imaging (e.g., Grady
et al. 1999; Muto et al. 2012; Grady et al. 2013; Wagner et al.
2015; Monnier et al. 2019; Garufi et al. 2020; Muro-Arena
et al. 2020; Ménard et al. 2020). Their origin has profound
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implications for both planet formation and disk evolution
(Dong et al. 2018; Brittain et al. 2020). In the companion-
disk interaction scenario (Kley & Nelson 2012; Dong et al.
2015b; Zhu et al. 2015; Bae et al. 2016), the masses and lo-
cations of the drivers can be inferred (Fung & Dong 2015;
Dong & Fung 2017), while in the GI scenario (Lodato &
Rice 2005; Dong et al. 2015a; Kratter & Lodato 2016), the
disk masses can be constrained. To test the two hypotheses,
great effort has been expended to search for faint compan-
ions in disks, and to accurately measure disk masses. How-
ever, both approaches are notoriously difficult. As a result,
only the spiral arms in two systems have been confirmed to
be induced by stellar companions (HD 100453: Rosotti et al.
2020; UX Tau: Ménard et al. 2020).

The pattern speed of the spirals provides an exciting route
to test hypotheses: the arms corotate with the driver in the
companion scenario, and undergo local Keplerian motion on
timescales much shorter than the dynamical timescale in the
GI scenario. Long temporal baseline and high resolution
imaging are needed to accurately assess the motion of the spi-
rals (Ren et al. 2018, hereafter R18). By far, there has been
no observational attempt to dynamically test the two arm for-
mation and thus motion hypotheses. In this Letter, we image
the MWC 758 protoplanetary disk with a 4.71 yr baseline to
investigate the change in the brightness and the motion of the
spiral arms between two observations, and dynamically test
the two arm motion hypotheses.

Located at 160.2 ± 1.7 pc (Gaia Collaboration et al.
2018), the A8V Herbig star MWC 758 (Vieira et al. 2003)
is 10.9+12.0

−1.0 Myr old with an estimated mass of 1.9 ± 0.2

M� (Garufi et al. 2018)1. It hosts a protoplanetary disk with
two prominent spiral arms in near-infrared light (Grady et al.
2013; Benisty et al. 2015; Reggiani et al. 2018; R18; Wag-
ner et al. 2019). The spiral arms have been hypothesized to
be driven by GI (Dong et al. 2015a) or a planetary compan-
ion (Dong et al. 2015b; Baruteau et al. 2019). High-contrast
imaging searches have identified two candidates in the disk
(Reggiani et al. 2018; Wagner et al. 2019), and their nature is
still under investigation. Under the planet driver assumption,
the inner candidate in Reggiani et al. (2018) has been ruled
out as the arm driver by the motion measurements in R18,
unless it is on a highly eccentric orbit (Calcino et al. 2020).

2. Observation and Data Reduction

We observe MWC 758 at two epochs using the infrared
dual-band imager and spectrograph on SPHERE (Beuzit

1 The previous age estimate of 3.5 ± 2.0 Myr (Vieira et al. 2003) has been
updated after Gaia DR2 by, e.g., Garufi et al. (2018) and Vioque et al.
(2018) who also calculated the star mass. Here we adopt the Garufi et al.
(2018) values since their star mass is consistent with the CO line emission
measurement by Isella et al. (2010).

et al. 2019) with the differential polarimetric imaging mode
at Y -band (1.04 µm). The first epoch is on 2015 March 4
under ESO program 60.A-9389(A) (PI: M. Benisty; Benisty
et al. 2015). The second epoch is on 2019 November 18 un-
der ESO program 104.C-0472(A) (PI: B. Ren).

In both epochs, the detector integration time is 32 s per
frame. We obtain the 2015 data in field-tracking mode using
the apodized Lyot coronagraph with apodizer APO2, which
is optimized for 5.2λ/D focal masks, and the 145 mas di-
ameter Lyot mask ALC1 (coronagraph combination name:
N ALC Y, inner working angle: IWA = 72.5 mas, 1 pixel
is 12.25 mas: Maire et al. 2016). We have 4 polarimet-
ric cycles. In each cycle, the half-wave plate (HWP) cycles
through switch angles 0◦, 22.◦5, 45◦ and 67.◦5 to measure
Stokes Q and U . At each HWP position, there are 6 integra-
tions. The atmospheric seeing (as measured by the differen-
tial image motion monitor; DIMM) is 1.′′08 ± 0.′′172 and the
coherence time is 3 ms. We obtain the 2019 data in pupil-
tracking mode to clean and stabilize the diffraction pattern
using the apodized Lyot coronagraph using apodizer APO1,
which is optimized for 4λ/D focal masks, and the 185 mas
diameter Lyot mask ALC2 (coronagraph combination name:
N ALC YJH S, IWA = 92.5 mas). We have 10 polarimet-
ric cycles with HWP switch angles 0◦, 45◦, 22.◦5 and 67.◦5.
There are 2 integrations at each HWP position. The seeing
and coherence time are 0.′′63 ± 0.′′06 and 5 ms, respectively.
In our 1 hour observation blocks, we total 3072 s on-source
integration time in 2015 and 2569 s in 2019, with 128 s and
32 s on-sky time at the end of each observation, respectively.

We reduce the two data sets using the IRDAP data-
reduction pipeline (van Holstein et al. 2017, 2020) that em-
ploys a fully validated Mueller matrix model to minimize re-
duction bias. We use the images with star polarization sub-
tracted for our analysis. Specifically, we use the Qφ images
that show the light polarized parallel or perpendicular to the
radial direction from the star, and trace the dust particles on
the surface of a disk (Monnier et al. 2019). We measure that
the flux in the central star’s point spread function halo in the
total intensity images of the 2015 data is 90%±2% of that in
the 2019 data. We therefore divide the 2015Qφ image by 0.9

to minimize effects from the central star illumination and/or
observation conditions.

We scale the surface brightness distribution for the twoQφ
images for comparison and analysis. First, we deproject the
images to face-on view assuming an inclination of 21◦ and a
position angle of 62◦ for the disk (Isella et al. 2010; Boehler
et al. 2018). Next, we compute the mid-plane stellocentric
distances (r) for all pixels. We multiply the value at each
pixel by (r/r0)2, where r0 = 0.′′5, to enhance the visibility

2 The uncertainties in this Letter are 1σ unless otherwise specified.
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Figure 1. VLT/SPHERE observations of MWC 758 spiral arms. (a) and (b) are the 2015 and 2019 scaled surface brightness StokesQφ images.
(c) is the surface brightness ratio from dividing (b) by (a). In 2019, most of the southern region is more than twice the corresponding brightness
of 2015; the northern region is less than half except for a brightened clump. The 184 mas diameter coronagraph used in 2019 blocks light in
the central circular regions.

of features at large distances. We present the resulting surface
brightness maps at the two epochs in Figure 1, as well as the
ratio between the two. We mark the star location with a white
cross, whose longer axis is aligned to the disk major axis.

3. Analysis

3.1. Shadowing Effects

We identify time-varying illumination patterns on a global
scale in Figure 1. Since scattered light probes the disk sur-
face, we interpret the variations as moving shadows. Similar
large-scale shadowing effects have only been observed for
TW Hya in Debes et al. (2017). For MWC 758, the south-
ern region is twice as bright in 2019 than in 2015, while the
northern arm on the opposite side (∼1 o’clock) has dimmed
by a factor of two.

In scattered light, the brightness variation at a location may
be caused by a change in the shadow casting inner disk struc-
ture at the same azimuth, resulting from mechanisms such
as the precessing of an inner disk behind the coronagraphic
mask (Nealon et al. 2019) or fluctuations in the dust structure
in the inner disk arising from dust dynamics (Stolker et al.
2017). We detect a central source degree of linear polariza-
tion of 0.50% ± 0.06% and an angle of linear polarization
of 126◦ ± 3◦ using IRDAP, which could originate from an
inclined inner disk (van Holstein et al. 2020). A clump right
outside the north edge of the coronagraph (marked in panel
(c) in Figure 1) has brightened by a factor of two from 2015
to 2019. Given that its brightening coincides with the fainting
of the spiral arm tip in the northern region at a larger radii,
we hypothesize that the clump may be shadowing the outer
disk.

3.2. Arm Motion

We deproject the scaled Qφ images to face-on views to
measure the location of the spiral arms. For each angle θ,
which is defined as the counter-clockwise deviation from the
northeast semi-major axis of the disk, we fit a Gaussian pro-
file to its corresponding radial profile to obtain the peak loca-
tion r with error δr using scipy.optimize.curve fit
(Virtanen et al. 2020). We obtain the (θ, r) pairs with 1◦ step,
and present the measurements in Figure 2.

We constrain the morphology and quantify the angular off-
set between the two epochs for each arm under the two hy-
potheses. Under different motion mechanisms, a (θ, r) pair
in the first epoch will advance to (θ + ∆θ, r) in the second
epoch, where ∆θ is the angular offset between the epochs.
On one hand, in the GI scenario, each part of the arm moves
roughly on a circular orbit at the local Keplerian velocity on
short timescale, ∆θ ∝ r−3/2, and the arms wind up with time
as the local pattern speed decreases with increasing stellocen-
tric distance (See, e.g., Pfalzner 2003 for the winding up of
spiral arms). On the other hand, in the companion scenario,
an entire arm corotates around the star as a rigid body with
its driver, and the angular offset between epochs is radius in-
dependent. We fit p-degree polynomials to the (θ, r) pairs in
both epochs with predicted locations to simultaneously con-
strain arm morphology and obtain the motion between differ-
ent epochs, see Appendix A for the mathematical formalism.

In the GI-induced scenario, if the two arms are undergoing
rotation at the local Keplerian speed, the fitted pattern speed
is (0.◦058±0.◦009)×(0.′′5/r)3/2 yr−1. To take into account
of the 0.◦08 true north uncertainty of SPHERE (Maire et al.
2016), which affects the position angle measurement towards
the same direction within each epoch, we first propagate the
0.◦009 yr−1 measurement uncertainty using the temporal sep-
aration between the two epochs, then we combine it with the
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Figure 2. Arm location pairs in polar coordinates. The error bars are the peak positions of spiral arms in the form of (θ, r) pairs in the
deprojected version of Figure 1, where θ is the counter-clockwise deviation from the northeast semi-major axis. The colored lines are the best
fit companion driven model to the observations. The angular offset between the colored lines is 1.◦04± 0.◦14. The observation does not follow
the GI prediction for a 1.9± 0.2M� central star.

instrumental true north uncertainty for two observations as-
suming no correlated noise. Finally, we obtain an uncertainty
of
√

(0.009× 4.71)2 + 2× 0.082/4.71 = 0.◦03 yr−1, thus
the updated motion rate is (0.◦06±0.◦03)×(0.′′5/r)3/2 yr−1.
This rate corresponds to a central star mass of 0.014+0.018

−0.010
M�, two orders of magnitude smaller than the current esti-
mate of 1.56+0.11

−0.08 M� or 1.9± 0.2 M� (Vioque et al. 2018;
Garufi et al. 2018). We thus rule out the GI origin of the
spirals at >5σ levels. Furthermore, the symmetric two-arm
morphology in a GI disk in scattered light suggests a disk-
to-star mass ratio of & 0.25 (Dong et al. 2015a), which cor-
responds to a high accretion rate. Therefore, the disk would
have been dissipated given the age of MWC 758. For illustra-
tion, we use the constrained morphology of 2015 spiral arms
to predict their locations in 2019, see Figure 2.

In the companion driven scenario, the prominence and the
symmetry of the two arms in the MWC 758 system suggest
that they are produced by one companion of at least a few
Jupiter masses (Fung & Dong 2015; Dong & Fung 2017). We
thus fit the same pattern speed to both arms. The two spirals
can be well fit by rigid body rotation at a rate of 0.◦216 ±
0.◦016 yr−1. Taking into account of SPHERE’s true north
uncertainty, the updated motion rate is

ω = 0.◦22± 0.◦03 yr−1. (1)

This pattern speed points to a driver located at 172+18
−14 au, or

1.′′07+0.′′11
−0.′′09

, from the 1.9 M� central star (Figure 3).

Our best fit measurement of the companion-driven spiral
pattern speed is consistent with the R18 measurement within
3σ,3 while our derived uncertainty is ∼40 times smaller,
thanks to the use of the same instrument and the Qφ maps
that are the least biased by postprocessing methods. In nu-
merical simulations, a ∼5 Jupiter mass arm driver located at
∼0.′′9 has been proposed by Baruteau et al. (2019), which is
within 2σ from our best fit companion location assuming a
1.9 M� central star, or 1σ assuming a 1.56 M� central star.

4. Discussion

4.1. Direct Imaging Constraints

We obtain the direct imaging constraints on the mass of the
putative planet orbiting MWC 758 with hot-start evolution-
ary models (i.e., Sonora, Bobcat; M. Marley et al., in prepara-
tion) using 6.73 h of Keck/NIRC2 L′-band archival observa-
tions: 2025 s on 2015 October 24 (Program ID: C220N2, PI:
E. Serabyn, Reggiani et al. 2018), 11160 s on 2016 February
12 (Program ID: U131N2, PI: E. Chiang), 3200 s on 2016
October 24 (Program ID: C221N2, PI: G. Ruane, Reggiani
et al. 2018), and 7830 s on 2017 February 02 (Program ID:
U072, PI: E. Chiang). Following the method described in
Ruffio et al. (2018) and taking into account of the orbital pe-
riod uncertainty for the driver, we obtain an apparent L-band

3 Only 3σ uncertainties are well-constrained in R18.
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magnitude of 18 at 99.9% confidence level (i.e., a 3σ equiva-
lent upper limit). Adopting an age of 10.9 Myr (Garufi et al.
2018), this corresponds to a mass of 5 MJupiter.

Using the contrast curve of Keck/NIRC2 in Ms-band
(Mawet et al. 2019) and assuming Gaussian noise, we ex-
pect that a 5 MJupiter planetary driver, whose mass has been
predicted by Dong et al. (2015b) and Baruteau et al. (2019)
while with the semi-major axis updated in this study, can be
detected at 5σ level if it is a hot-start planet using 4 half-
nights of NIRC2 Ms-band high contrast imaging observa-
tions (or at 3.5σ with the Spiegel & Burrows 2012 cold-start
model using the same observation).

4.2. Eccentric Driver

If the driver has a non-zero eccentricity e, its semi-major
axis cannot be uniquely determined from an assessment of
the instantaneous angular frequency due to the unknown or-
bital phase. Giant planets of several Jupiter masses interact-
ing with a gaseous disk are expected to have their eccentrici-
ties quickly damped to below the disk aspect ratio, here about
20% (Dunhill et al. 2013; Duffell & Chiang 2015). Simula-
tions have also shown that density waves excited by planets
with e & 0.2 develop wiggles and bifurcations, as the waves
launched at different phases interact (Li et al. 2019; Mu-
ley et al. 2019), which provide poor fits to the arms around
MWC 758. A modest eccentricity introduces an uncertainty
in the inferred planet location comparable to the uncertainty

from pattern speed measurements – for example, e = 0.2
translates to a range of possible companion locations from
155 to 190 au.

4.3. Diverse Motion

Noticing that the two arms could be excited by different
companions or by different mechanisms (e.g., Forgan et al.
2018), we investigate their motion separately.

In the GI-induced scenario, the northern arm alone rotates
at an angular speed of 0.◦105 ± 0.◦013×(0.′′5/r)3/2 yr−1,
and the southern arm at 0.◦025 ± 0.◦011×(0.′′5/r)3/2 yr−1.
A Keplerian disk around a 1.56 M� central star (Vioque
et al. 2018) would be rotating at an angular speed of
0.◦63×(0.′′5/r)3/2 yr−1, which is a factor of >5 faster than
the measurement and inconsistent with observations for both
arms at >5σ levels. Therefore, an even faster rotating Kep-
lerian disk around a 1.9 M� central star (Garufi et al. 2018)
is inconsistent with the motion rates.

In the companion-driven scenario, if the arms are driven
by different companions, we measure that the northern arm
rotates by 0.◦211± 0.◦019 yr−1, and the southern arm rotates
by 0.◦228 ± 0.◦027 yr−1. The two rates are within 1σ from
each other, consistent with the expectation that the two arm
are corotating and driven by the same driver.

4.4. Model Selection

From a statistical approach, our fitting results have a χ2

value of 3772 in the single companion-induced scenario, and
3812 in the global GI-induced scenario. Given that the two
mechanisms are applied to the same number of data points
(i.e., location pairs) and have the same number of variables
(i.e., 1 rotation speed variable and 2p+2 = 8 polynomial co-
efficient variables), the Schwarz information criterion (SIC,
Schwarz 1978) difference is then ∆SIC = ∆χ2 = 40, which
is greater than ∆SIC = 10 threshold for “decisive” evidence
(Kass & Raftery 1995) for model selection, making single
planet driver the preferred mechanism.

From another approach, assuming identical arm morphol-
ogy between the two epochs, we can focus on the marginal-
ized distribution for the speed parameter ω to quantify the
difference. In this way, the above ∆χ2 = 40 difference
corresponds to a confidence level of

√
40σ = 6.3σ (Chap-

ter 15.6 of Press et al. 1992), which makes the single planet
driver mechanism to be more consistent with our observa-
tions. Similarly, we apply the above analysis to each indi-
vidual arm and find that the planet driven scenario is more
consistent with the observations.

4.5. Robustness Estimation

In our analysis, we have investigated polynomials up to
p = 7 degrees. We obtain the lowest SIC that penal-
izes excessive use of parameters at the cubic form when
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p = 3. When p ≥ 3, we observe no discernible best
fit angular speeds, and thus we use the cubic description
of the spiral arms in our analysis. To robustly obtain the
best-fit and uncertainty for these parameters, we have inves-
tigated the impact from different chi-squared minimization
methods, including scipy.optimize.curve fit (Vir-
tanen et al. 2020) and orthogonal least squares fitting code
scipy.odr (Boggs et al. 1989), and no discernible differ-
ence was obtained. We present in this study the results from
scipy.optimize.curve fit.

The flaring of the disk (e.g., Stolker et al. 2016; Rosotti
et al. 2020) does not bias our estimation. We use diskmap
(Stolker et al. 2016) to deproject the disk images with vari-
ous flaring exponents (i.e., 0, 0.5, 1, 1.1, 1.2) and repeat the
motion measurement, the results are all consistent within 1σ.
In addition, we randomly varied the inclination and position
angle for the disk within ±5◦ for 103 times, and the motion
rates for the single planet driver are 0.◦22 ± 0.◦06 yr−1 and
being consistent with the original estimate within 2σ.

Our measurements are not biased by star centering uncer-
tainties in two aspects. First, we use the same pipeline (i.e.,
IRDAP) with identical reduction parameters to minimize sys-
tematic offset. Second, even if there are offsets, the inclina-
tion of the disk would impact in the individual arm rotation
rates by returning different angular speed measurements in
the planet-driven scenario, which are indistinguishable since
our measurements are within 1σ.

The impact from individual location pairs is negligible.
We experiment by randomly discarding up to 25% of the
pairs and repeating the speed measurement procedure for 104

times. The best-fit rotation rate for a single driver is found to
be 0.◦22±0.◦02 yr−1, consistent with our initial measurement
to within 1σ.

The morphology of the spiral arms is consistent with being
circular when the stellocentric separation is less than 40 au
(0.′′25, Figure 2), and such regions have a seemingly outward
motion in Figure 2. We argue here that this does not bias our
results. When we ignore these location pairs and repeat our
fitting, the results do not change by more than 1σ. In fact,
since the number of data points in these regions is less than
25% of the total number of data points, this scenario has been
investigated in the above procedure of random location pair
rejection.

4.6. Possible Systematics

The 2015 March data are taken in field-tracking mode with
an non-ideal HWP control law4, which has been rectified in
2015 late April. The non-ideal control law causes the polar-
ization direction to rotate on the detector during the observa-

4 See SPHERE User Manual at http://www.eso.org/sci/facilities/paranal/
instruments/sphere/doc.html

tions, which we correct for using the Mueller matrix model of
IRDAP. We confirm the proper correction of the images with
IRDAP by comparing the uncorrected and corrected polari-
metric images cubes for both the 2015 and 2019 data.

The 2015 data are taken with a sub-optimal order of HWP
switch angles (0◦, 22.◦5, 45◦, 67.◦5 instead of 0◦, 45◦, 22.◦5,
67.◦5 for the 2019 data) and with a high number of integra-
tions per HWP position (6 instead of 2 for the 2019 data). As
a result, for the 2015 data a measurement of Q or U lasts ap-
proximately 10 min 10 s, compared to 2 min 25 s for the 2019
data. Because the polarization direction rotates on the detec-
tor during the 2015 measurements, there may be a global im-
pact on the finalQφ image. The 2019Qφ image may also be
slightly affected, because in the reduction of pupil-tracking
data the images are derotated after computing the double dif-
ference (van Holstein et al. 2017). Given that the disk has a
non-zero inclination and position angle, these effects could
bias the speed measurement when we deproject the image to
face-on views. Therefore, it should be reflected in the mea-
sured individual rotation speeds under the planet driver sce-
nario that calculates global offsets. Nevertheless, since the
individual arm rotation rates are consistent within 1σ, we do
not expect the global impact from observation strategy to bias
our results at more than 1σ level.

There are caveats in our measurements. Finite inclinations
are known to produce distortions in images that are hard to
correct in deprojection (Dong et al. 2016). However, this
effect usually becomes prominent only at inclinations larger
than ∼20◦, and we do not expect strong morphology distor-
tions in the MWC 758 disk whose inclination is ∼20◦. In
addition, perturbations from a theorized inner companion in
the disk (Baruteau et al. 2019) may cause slight changes to
the shape of the spiral arms that are unrelated to their primary
driver, thus affecting our pattern speed measurements. Fur-
thermore, the change in illumination may slightly change the
observed features on disk surface (Montesinos et al. 2016).
Future multi-epoch observations of MWC 758 are necessary
to quantify such effects.

5. Summary

We have established a 5 yr baseline and obtained the most
accurate pattern speed measurement of spiral arms in a pro-
toplanetary disk to date. For the two prominent spiral arms
surrounding MWC 758, we witness global scale shadowing
effects and measure the motion between the two epochs to
test their formation and motion mechanisms.

We found that the measured motion of spirals disfavors
their GI origin. This is the first time that it has been shown
for any protoplanetary disk. Meanwhile, our motion anal-
ysis suggests a single planet driving both spiral arms. For a
1.9M� central star, our measurement pinpoints a semi-major
axis of 172+18

−14 au for the planet driver if its orbit is circular.

http://www.eso.org/sci/facilities/paranal/instruments/sphere/doc.html
http://www.eso.org/sci/facilities/paranal/instruments/sphere/doc.html
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Using archival Keck/NIRC2 L′-band observations totaling
6.73 hr, we obtain a 3σ-equivalent upper limit of 5 MJupiter

for the location of this driver using hot start planet forma-
tion models. The inferred spiral arm driver in the MWC
758 system is ideal for Keck/NIRC2, VLT/Enhanced Res-
olution Imager and Spectrograph (ERIS), and James Webb
Space Telescope direct detections in longer wavelengths, and
for Atacama Large Millimeter/submillimeter Array (ALMA)
circumplanetary disk exploration.

Facilities: Very Large Telescope (SPHERE), Keck:II
(NIRC2)

Software: diskmap (Stolker et al. 2016), IRDAP (van
Holstein et al. 2017, 2020), scipy (Virtanen et al. 2020)
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Appendix A Spiral Arm Motion

To constrain spiral arm morphology and motion, we note
that θ was expressed as function of r to allow for matrix in-
version using linear algebra in R18. After inspecting the sta-
bility of the high resolutionQφ images in this study, here we
switch their relationship in order to allow for precise mea-
surement of r as a function of θ.

For a rotating spiral arm, a (θi, ri) pair will be updated to
(θi + ωmodel,it, ri) at a new epoch, where t is the temporal
separation between the two observations, and ωmodel,i the
angular speed in the scenario that is either companion-driven
(“comp”) or gravity instability–induced (“GI”). For a total of
E epochs, we describe the location pairs using polynomials
with (E − 1) dummy variables,

r
(model)
i (θi) =

p∑
j=0

cj

(
θi + ωmodel,i

E∑
k=2

tkDk

)j
, (A1)

where p ∈ N describes the degree of the polynomial at the
first epoch when ri(θi) =

∑p
j=0 cjθ

j
i and cj ∈ R is the coef-

ficient for the j-th power term, tk ∈ R is temporal separation
between epoch k and 1, and Dk ∈ {0, 1} is a dummy vari-
able that equals 1 only when the (θi, ri) pair is obtained at
epoch k. We note that the above equation is to describe the
location pairs using E polynomials that are mutually related
through angular offsets.

For a total of m measured location pairs, we minimize the
following chi-squared statistic,

χ2 =

m∑
i=1

(
ri − r(model)

i (θi)

δri

)2

, (A2)

to obtain the motion rate. In this way, we can simultaneously
constrain the morphological parameters and motion rate us-
ing all available location pairs.

A.1 Companion Driven

If a spiral arm is driven by a companion a companion on
a circular orbit (“comp”: Kley & Nelson 2012; Dong et al.
2015b; Zhu et al. 2015; Bae et al. 2016) that is located at a
stellocentric position of rcomp, the entire arm corotates with
the companion at the Keplerian angular speed of the com-
panion, ωcomp. In this way, an arm observed at different
epochs is shifted in the azimuthal direction while maintain-
ing its shape in the disk plane. A (θi, ri) pair will be updated
to (θi + ωcompt, ri) at a new epoch. Equation (A1) then be-
comes

r
(comp)
i (θi) =

p∑
j=0

cj

(
θi + ωcomp

E∑
k=2

tkDk

)j
. (A3)

We note that the physical meaning of the above equation is
to fit offseted identical polynomials to the data.

In the companion driven scenario, we substitute Equa-
tion (A3) into Equation (A2), i.e.,

χ2(comp) =

m∑
i=1

ri −
∑p
j=0 cj

(
θi + ωcomp

∑E
k=2 tkDk

)j
δri


2

,

(A4)



8 REN ET AL.

to obtain the motion rate when the arms co-move.
When there are a total of s spiral arms, we denote their arm

location measurements with (ri,l, θi,l) for l ∈ {1, · · · , s}.
These spiral arms rotate at the same rate if all of them are
driven by the same driver, then Equation (A3) becomes

r
(comp)
i,l (θi,l) =

s∑
l=1

p∑
j=0

cj,l

(
θi,l + ωcomp

E∑
k=2

tkDk

)j
Dl,

(A5)
where Dl ∈ {0, 1} is a dummy variable that equals 1 only
when the (θi,l, ri,l) pair is obtained from spiral arm l. The
corresponding χ2 minimization formula is obtained by sub-
stituting the r expressions in Equation (A5) to the χ2 expres-
sion in Equation (A2). The physical meaning of the above
equation is to fit multiple arms using Equation (A3) but with
a constraint that their motion rates are identical.

A.2 GI-induced

If a spiral arm is excited by GI (Lodato & Rice 2005; Dong
et al. 2015a; Kratter & Lodato 2016), each part of the arm ro-
tates at its local Keplerian angular speeds in the disk plane on
timescale much smaller than the local dynamical timescale
(spiral arms disappear and reemerge on longer timescale).
For any (θi, ri) location pair, its location at a new epoch will

be
(
θi +

r
3/2
0

r
3/2
i

ω0t, ri

)
, where ω0 is the Keplerian angular

speed at stellocentric separation r0. In this scenario, Equa-

tions (A1) and (A2) have a power law attenuation in their
angular speed terms, i.e.,

r
(GI)
i (θi) =

p∑
j=0

cj

(
θi + ω0

r
3/2
0

r
3/2
i

E∑
k=2

tkDk

)j
, (A6)

and

χ2(GI) =

m∑
i=1


ri −

∑p
j=0 cj

(
θi + ω0

r
3/2
0

r
3/2
i

∑E
k=2 tkDk

)j
δri


2

,

(A7)
respectively. We note that the physical meaning of the above
two equations is to fit lines that have r−3/2-dependent angu-
lar offsets.

Similarly, for a total of s spiral arms undergoing the same
local Keplerian motion, the corresponding power law attenu-
ation form of Equation (A5) is

r
(GI)
i,l (θi,l) =

s∑
l=1

p∑
j=0

cj,l

(
θi,l + ω0

r
3/2
0

r
3/2
i

E∑
k=2

tkDk

)j
Dl.

(A8)
The corresponding χ2 minimization formula is obtained by
substituting the r expression in Equation (A8) to the χ2 ex-
pression in Equation (A2). The physical meaning of the
above equation is similar to Equation (A5) but for the GI-
induced mechanism.

In this study, we have E = 2 epochs with a temporal sepa-
ration of t = 4.71 yr. We report the motion with polynomial
degree p = 3 for both scenarios.
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