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Abstract

While protoplanetary disks often appear to be compact and well organized in millimeter continuum emission, CO
spectral line observations are increasingly revealing complex behavior at large distances from the host star. We
present deep Atacama Large Millimeter/submillimeter Array maps of the J=2−1 transition of 12CO, 13CO, and
C18O, as well as the J=3−2 transition of DCO+, toward the T Tauri star RU Lup at a resolution of ∼0.3″
(∼50 au). The CO isotopologue emission traces four major components of the RU Lup system: a compact
Keplerian disk with a radius of ∼120 au, a non-Keplerian “envelope-like” structure surrounding the disk and
extending to ∼260 au from the star, at least five blueshifted spiral arms stretching up to 1000 au, and clumps
outside the spiral arms located up to 1500 au in projection from RU Lup. We comment on potential explanations
for RU Lup’s peculiar gas morphology, including gravitational instability, accretion of material onto the disk, or
perturbation by another star. RU Lup’s extended non-Keplerian CO emission, elevated stellar accretion rate, and
unusual photometric variability suggest that it could be a scaled-down Class II analog of the outbursting FU Ori
systems.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Spiral arms (1559); Millimeter astronomy
(1061); Planet formation (1241)

1. Introduction

Mapping the distribution of dust and gas in protoplanetary
disks provides insight into the conditions under which planets
form. Advances in millimeter interferometry have transformed
our understanding of disk structure and evolution during this
past decade. High-resolution Atacama Large Millimeter/
submillimeter Array (ALMA) continuum observations, which
trace the distribution of pebble-sized dust grains, have
established a new paradigm in which young disks are often
compact and organized into small-scale structures such as rings
or spirals (e.g., ALMA Partnership et al. 2015; Andrews et al.
2018a; Huang et al. 2018c; Long et al. 2018).

ALMA continuum observations, though, do not provide a
complete picture of the planet-forming environment. Gas
constitutes the vast majority of the overall disk mass.
Compared to the gas, the dust grain distribution probed by
millimeter continuum emission has a smaller vertical extent due
to settling and a smaller radial extent due to radial drift (e.g.,
Weidenschilling 1977; Dullemond & Dominik 2004; Isella
et al. 2007; Pinte et al. 2008). Hence, observations of gas
tracers probe disk regions that ALMA’s dust observations
cannot. Disk gas is primarily composed of H2, which is only
directly observable in the hot inner disk atmosphere. Conse-
quently, low-J rotational transitions of CO isotopologues,
which are readily mapped at millimeter wavelengths, are
typically used as proxies for the gas distribution. The standard

picture of gas behavior has largely been shaped by intensive
CO observations of a handful of massive disks, such as those
orbiting TW Hya, IM Lup, and HD 163296 (e.g., Isella et al.
2007; Andrews et al. 2012; Flaherty et al. 2015; Cleeves et al.
2016; Huang et al. 2018a; Pinte et al. 2018a).
Increasingly, observations of other disks are demonstrating

that the behavior of gas around pre-main-sequence stars can
differ radically from the largely axisymmetric, Keplerian disks
in the most famous systems. CO maps of sources such as AB
Aur, SU Aur, and DO Tau have revealed spiral arms, tails, and
arcs extending well beyond the millimeter continuum emission,
indicating that the planet formation environment is subject to
disruptive processes that are not apparent from their compact
and often symmetric dust structures (e.g., Piétu et al. 2005;
Tang et al. 2012; Akiyama et al. 2019; Fernández-López et al.
2020). These discoveries motivate further investigation of the
range of possible CO morphologies around young stars in order
to identify the appropriate processes to include in planet
formation models.
Recent ALMA disk surveys by Ansdell et al. (2018) and

Andrews et al. (2018a) revealed large-scale, complex 12CO
emission surrounding RU Lup (ICRS 15h56m42s.311, −37°49′
15″.473), a -

+0.5 0.3
0.8 Myr old K7 star located 158.9±0.7 pc

away in the Lupus II cloud (e.g., Alcalá et al. 2017; Andrews
et al. 2018b; Bailer-Jones et al. 2018; Gaia Collaboration et al.
2018). One of the most extensively observed T Tauri stars, RU
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Lup is perhaps best known for its large and irregular
spectroscopic and photometric variations from infrared to UV
wavelengths (e.g., Mackie & Cannon 1916; Joy 1945; Herczeg
et al. 2005; Gahm et al. 2013). Because previous ALMA
observations of RU Lup were not designed to recover large-
scale emission, the distribution and kinematics of the gas
around RU Lup were difficult to characterize with confidence.
We therefore obtained new deep, multi-configuration ALMA
observations of the three main CO isotopologues. The spectral
setup also simultaneously targeted DCO+ and SiO, which have
been used in other systems as tracers of the disk midplane
kinematics and of protostellar shocks, respectively (e.g.,
Lefloch et al. 1998; Flaherty et al. 2017). The observational
setup and data reduction are described in Section 2. An analysis
of the line observations is presented in Section 3 and discussed
in Section 4. The conclusions are summarized in Section 5.

2. Observations and Data Reduction

ALMA Band 6 observations of RU Lup were taken using the
Morita Array/Atacama Compact Array (ACA) and two config-
urations with 12 m antennas (C43-2 and C43-5). The observation
dates, baseline ranges, integration times, and calibrators are given
in Table 1. For each set of observations, the correlator was tuned
to target the J=2−1 transitions of 12CO, 13CO, and C18O, the
J=3−2 transition of DCO+, the J=5−4 transition of SiO, and
a wide continuum window to aid in self-calibration. Details of the
spectral setup are listed in Table 2.

The raw data were first calibrated by ALMA staff with the
CASA v.5.4.0 pipeline (McMullin et al. 2007). The same
CASA version was used for subsequent processing and imaging
following data delivery from ALMA. All execution blocks (EBs)
taken in the same array configuration were self-calibrated together
in the following manner: First, channels exhibiting strong line
emission were flagged, and the remaining line-free channels were
spectrally averaged to form a set of pseudo-continuum visibilities.

The resulting visibilities for each EB were then imaged with the
tclean task, using the Clark CLEAN algorithm for the ACA
and C43-2 data (in which the continuum emission is unresolved/
marginally resolved) and the multi-scale CLEAN algorithm for
the C43-5 data (in which the continuum emission is moderately
resolved). A circular mask was used for all continuum imaging.
Based on 2D Gaussian fits to the continuum images, some of the
EBs appeared to be offset from one another by several hundredths
of an arcsecond. These small offsets were likely due to
atmospheric or instrumental effects rather than proper motion,
since some of the offset observations were taken only days apart
and the proper motion of RU Lup is modest (μα=−11.546,
μδ=−23.234mas yr−1, Gaia Collaboration et al. 2018). The
fixvis and fixplanets tasks were used to shift the continuum
peaks to the phase center and assign a common phase center label
to all EBs, respectively. Given ALMA’s systematic flux
calibration uncertainty of ∼10%, the visibility amplitudes from
different EBs were consistent with one another at overlapping
spatial frequencies. To bring the EBs into closer agreement with
one another, the gencal task was used to rescale the C43-2 and
ACA continuum visibilities to match the C43-5 continuum
visibilities (the choice of flux reference is arbitrary because we do
not know which observation is closest to the true flux, but our
conclusions are not sensitive to flux changes on the order of a few
percent). After making the small phase and flux adjustments, all of
the continuum data in a given configuration were CLEANed
together to yield a source model to self-calibrate the data. The
ACA and C43-2 continuum observations each underwent two
rounds of phase self-calibration (intervals of 60 and 15 s for the
ACA and 15 and 10 s for C43-2) and one round of amplitude self-
calibration (intervals equal to the scan length), while the C43-5
continuum underwent three rounds of phase self-calibration
(intervals of 15, 6, and 6 s) and one round of amplitude self-
calibration. After identifying two additional faint continuum
sources in the images made separately for the C43-2 and C43-5

Table 1
ALMA Observing Summary

Date Configuration Antennas Baselines Time on Source Amplitude Bandpass Phase
(m) (minute)

2018 Oct 2 ACA (7 m antennas) 11 9–48 40 J1517–2422 J1517–2422 J1610–3958
2018 Oct 2 ACA (7 m antennas) 12 9–49 16 J1924–2914 J1924–2914 J1610–3958
2018 Nov 10 C43-5 (12 m antennas) 45 15–1398 33 J1427–4206 J1427–4206 J1610–3958
2018 Nov 13 C43-5 (12 m antennas) 43 15–1398 33 J1427–4206 J1427–4206 J1610–3958
2018 Nov 21 C43-5 (12 m antennas) 43 15–1261 33 J1427–4206 J1427–4206 J1610–3958
2018 Dec 23 C43-2 (12 m antennas) 45 15–500 17 J1517–2422 J1517–2422 J1610–3958
2019 Jan 9 C43-2 (12 m antennas) 44 15–314 16 J1517–2422 J1517–2422 J1610–3958

Table 2
Correlator Setup

Target Target Frequencya ACA Bandwidth 12 m Array Bandwidth Channel Width
(GHz) (MHz) (MHz) (kHz)

DCO+ J=3−2 216.1125822 62.5 58.6 61.035
SiO J=5−4 217.1049800 62.5 58.6 61.035
C18O J=2−1 219.5603541 62.5 58.6 61.035
13CO J=2−1 220.3986842 62.5 58.6 61.035
12CO J=2−1 230.5380000 125.0 117.2 61.035
Continuum window 232.7 2000 2000 15,625

Note.
a Line rest frequencies from the Cologne Database for Molecular Spectroscopy (Müller et al. 2001, 2005)
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observations, we modified the CLEAN mask to cover these
sources before combining all the configurations to produce a final
continuum image. A primary beam correction was applied in
CASA to this and all subsequent images. The nature of the
additional continuum sources is discussed further in Appendix A.

The self-calibration solutions derived for the spectrally
averaged continuum visibilities were then applied to the full-
resolution spectral windows containing line emission. Using
the uvcontsub task, the continuum was subtracted from the
spectral line observations in the uv plane. Because of the
complexity of the 12CO emission, producing an image cube for
analysis occurred in two parts. We produced a preliminary 12CO
image with multi-scale CLEAN by manually masking the

visible emission. We then searched the preliminary image for
regions with significant emission. Because the noise in the
image cube increases with distance from the phase center, the
rms for this purpose is measured in line-free channels inside an
annulus with an inner radius of 9″ and outer radius of 10″. We
began constructing a new CLEAN mask by specifying ellipses
that encompassed emission exceeding 5× the rms level, with
some spacing allowed between the edge of the mask and the
visible emission in order to include possible lower-lying
emission. When multiple 5σ regions appeared in the same
channel in close proximity to one another, a single ellipse was
used to enclose all of them in order to recover any faint
emission that may connect them. Finally, to ensure that
emission in the line wings was included, the mask was
expanded to cover the regions in each channel where emission
above the 5σ level appears in an adjacent channel. The
resulting CLEAN mask, which was used for a new round of
imaging (beginning again from a dirty image and not from the
preliminary image), is shown in Appendix B. After CLEANing
down to a threshold of 15 mJy beam−1, the mask in the
channels from 3.5–6.5 km s−1 was expanded to the width of the
primary beam in order to encompass the cloud emission.
Deconvolution then proceeded until a threshold of 5 mJy
beam−1 was reached. For the more compact 13CO and C18O
emission, CLEAN masks covering the area of the primary
beam were used for the cloud-contaminated central channels,
and circular masks with a radius of 2″ were used for the other
channels with disk emission. The weaker DCO+ emission was
imaged with a Gaussian taper to improve sensitivity. Given the
larger synthesized beam, its CLEAN mask was set to a radius
of 3″. Because we are only concerned with emission near the
phase center for these three lines, the image cube rms is

measured inside an 8″×8″ box at the phase center. The image
properties are listed in Table 3.
No SiO emission is detected down to an rms level of 1.6 mJy

beam−1 and a tapered synthesized beam of 0.79″×0.74″
(77.0°). Given that SiO has generally been observed in
protostellar outflows rather than disks (e.g., Lefloch et al.
1998; Tychoniec et al. 2019), we do not have suitable
constraints on the likely emitting area of SiO. Therefore, we
do not seek to estimate a flux upper limit for SiO or apply
weak-line detection techniques that take advantage of the
known Keplerian velocity field of the disk (e.g., Yen et al.
2016; Loomis et al. 2018).

3. Results

3.1. Overview of CO Isotopologue Emission Morphology

RU Lup’s CO emission exhibits a great degree of morpho-
logical and kinematic complexity. While Appendix B shows that
12CO is detected at the 3σ level over a wide velocity range (−5.5
to 10.75 km s−1), the emission at any given spatial location is
detected over a much narrower range. To produce an integrated
intensity map of a disk without degrading the signal-to-noise ratio
(S/N) at a given spatial location by including channels at
velocities where emission is known to be absent, it has become
increasingly common to apply a “Keplerian mask” to the image
cube before performing the integration (e.g., Salinas et al. 2017;
Ansdell et al. 2018). This strategy is not suitable for RU Lup,
given the highly non-Keplerian emission pattern of 12CO.
Instead, we use the CLEAN mask shown in Appendix B to
select pixels for inclusion. Because cloud contamination is visible
between 3.75 and 6.5 km s−1, pixels in the image cube that fall
below the 1σ level are also excluded when calculating the
integrated intensity map in order to minimize distortion of RU
Lup’s CO structures. Intensity-weighted velocity maps are
computed in a similar manner, except the threshold for including
pixels in the calculation is set to 5σ because higher moment maps
are more readily distorted by noise outliers.
The 13CO and C18O lines also exhibit cloud contamination,

although to a lesser extent than 12CO. Integrated intensity maps are
produced by collapsing the cube between 1.75 and 7.25 km s−1,
the range of channels where emission above the 3σ level is
detected. After ascertaining that no extended emission structures
are detected at the 3σ level, intensity-weighted velocity maps are
computed by applying a circular mask with a radius of 2″ and
excluding pixels below the 5σ level. The maps for the CO
isotopologues are shown in Figure 1.

Table 3
Imaging Summary

Briggs Parameter Synthesized Beam Peak Iν Rms Noisea Integrated Fluxd

(arcsec×arcsec (deg)) (mJy beam−1) (mJy beam−1) (Jy km s−1)
12CO J=2−1 0.5 0.32×0.31 (−57.5) 307 2.5b (1.7c) ∼20
13CO J=2−1 0.5 0.32×0.32 (−56.6) 93 2.0c 1.2±0.2
C18O J=2−1 0.5 0.33×0.32 (−47.2) 47 1.6c 0.34±0.03
DCO+ J=3−2 2.0 0.50×0.48 (69.1) 12 1.3c 0.054±0.016

Notes.
a Measured in channels with dv=0.25 km s−1.
b Measured in an annulus centered on the disk, with an inner radius of 9″ and outer radius of 10″.
c Measured in an 8″×8″ box with the same center as the disk.
d Only statistical uncertainties are quoted in the table. The systematic flux calibration uncertainty contributes another 10%.
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The integrated intensity maps reveal four major gas compo-
nents around RU Lup:

1. A Keplerian disk extending to a radius of ∼120 au: The
Keplerian rotation is most clearly traced by the intensity-
weighted velocity map of C18O. The systemic velocity

appears to be ∼4.5 km s−1, with emission northwest of
the star being blueshifted relative to the systemic velocity
and emission to the southeast being redshifted relatively.
13CO follows a similar rotation pattern, but with some
mild asymmetries at its edge. The rotation pattern traced
by C18O can also be seen in the inner regions of the 12CO

Figure 1. Integrated intensity and intensity-weighted velocity maps of 12CO, 13CO, and C18O J=2−1 toward RU Lup. An asinh stretch is used on the 12CO
integrated intensity color scale in order to show the weak emission at large distances from the phase center, while 13CO and C18O are shown on linear scales. The
synthesized beam is plotted in the lower left corner of each panel. Offsets from the phase center are marked on the axes.
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velocity field, but 12CO is dominated by non-Keplerian
emission.

2. An “envelope-like” structure extending from the Kepler-
ian disk to a radius of ∼260 au: Here, we use envelope-
like in the sense that it is kinematically distinct from but
wholly encircles the Keplerian disk. This terminology is
chosen in order to refer to this structure concisely in the
remainder of this paper, but does not necessarily mean
that this structure is an envelope as traditionally under-
stood in star formation (i.e., material infalling onto a
protostar following gravitational collapse of the parent
cloud). The envelope-like structure is most clearly visible
in 12CO. The mild outer asymmetries in the 13CO
velocity map trace parts of the envelope-like structure.

3. At least five clumpy spiral arms extending from the edge
of the envelope-like structure, with some stretching up to
a projected distance of ∼1000 au from RU Lup: The
spiral arms are largely blueshifted relative to the
systematic velocity and are only detected in 12CO.

4. Multiple localized 12CO intensity enhancements outside
the spiral arms: At the sensitivity of our observations,
they do not appear to be connected to the main disk
structure or to the spiral arms. For brevity, we refer to
these localized intensity enhancements as “clumps.” The
clumps are largely redshifted relative to the systemic
velocity. They are not detected in 13CO or C18O.

The integrated fluxes of the CO isotopologues are reported in
Table 3. The 12CO flux, which is estimated simply by summing
over the clipped, masked integrated intensity map, is reported
for completeness but should be treated with caution. The
prominent cloud contamination near the systemic velocity and
the large extent and irregularity of the 12CO emission make it
difficult to estimate a flux uncertainty. In addition, the 12CO
emission may still suffer from some spatial filtering even
outside the cloud-contaminated channels. Using the ALMA
Technical Handbook’s definitions11 of maximum recoverable
scale (MRS), the MRS defined by the shortest baseline Lmin

(q l» L0.6MRS obs min) is 20″ and the more conservative MRS
defined by the 5th percentile of the baselines
(q l» L0.983MRS obs 5) is 7″. Within individual channels, the
spiral arms have a spread of ∼11″.

The 13CO and C18O integrated fluxes are measured from the
integrated intensity maps within 3″ diameter apertures. The
aperture size is chosen based on examination of the radial
extent of 13CO emission above the 3σ level in channels that are
not cloud contaminated. The flux uncertainties are estimated by
measuring fluxes within a 3″ diameter aperture at 100 random
off-source positions in the integrated intensity maps and taking
the standard deviation. We note that even though the S/N of
13CO is higher than that of C18O in individual channels, the
flux uncertainty for 13CO is much higher because of larger
contributions from cloud contamination to off-source positions
in the integrated intensity map. The 13CO and C18O fluxes are
consistent with previous RU Lup observations reported in
Ansdell et al. (2018).

3.1.1. The Inner Regions of the RU Lup System

To highlight the structure of the inner regions of the RU Lup
system, Figure 2 presents 8″×8″ maps of channels near the

systemic velocity for 12CO, with C18O contours overlaid to
show the rotation of the Keplerian disk. The envelope-like
structure is visible from ∼4.25 to 7.00 km s−1. From
4.25–5.50 km s−1, the structure manifests as a loop of emission
emerging (in projection) from the northwest side of the
Keplerian disk and grows in size with increasing redshift.
The disk and loop are surrounded by a clumpy emission ring
with a radius of ∼260 au (marked with a white-dotted circle).
From 5.50–7 km s−1, the clumpy emission ring is no longer
visible, but the loop northwest of the disk transitions to
crescent-like emission southeast of the Keplerian disk. This
crescent-like emission lies entirely within the region previously
traced by the clumpy emission ring.
The movement of emission from northwest to southeast of

RU Lup is in the same direction as the Keplerian disk,
suggesting that the envelope-like structure is rotating. How-
ever, the bulk of the emission is redshifted relative to the
systemic velocity (identified as ∼4.5 km s−1 based on the
characteristic Keplerian “hourglass” emission pattern of C18O
at this velocity). This implies that the structure’s bulk motion
along the line of sight is different from that of the RU Lup disk.
If the structure is positioned between the observer and RU Lup,
this would suggest that it is infalling. If the structure lies behind
RU Lup relative to the observer, then the kinematics would
indicate that the structure is moving away from RU Lup,
perhaps as part of an outflow or wind.
The envelope-like structure is also marginally visible in the

13CO channel maps, as shown in Figure 3. Portions of the loop
northwest of the disk are visible from 4.25–5.25 km s−1, and the
crescent southwest of the disk is visible from 5.50–6.25 km s−1.
Given that the envelope-like structure is most prominent in

the cloud-contaminated channels, one may question whether it
is part of the RU Lup system or simply cloud emission that
coincides with RU Lup in projection. We consider the latter
scenario unlikely for a couple reasons. First, the “emission
loop” observed between 4.25 and 5.50 km s−1 connects
smoothly with the outer edge of the disk emission traced by
C18O (Figure 2), suggestive of a physical relationship between
the structures. Second, while Ansdell et al. (2018) find that a
number of disks in Lupus exhibit cloud contamination in 12CO,
they note that the presence of the envelope-like structure
(which they refer to as a possible outflow) is distinct to RU
Lup. This suggests at least that cloud contamination does not
commonly produce features resembling RU Lup’s envelope-
like structure.

3.1.2. Properties of RU Lup’s CO Spiral Arms

The clumpiness and close proximity of RU Lup’s CO spiral
arms make it challenging to identify them individually in the
integrated intensity map. To isolate the brightest parts of the spiral
arms, we make a peak brightness temperature map. Using non-
continuum subtracted 12CO measurement sets (so as not to
underestimate temperatures at the disk center), we produce three
sets of image cubes with channelizations shifted 0.1 km s−1 apart
from one another. Peak intensity maps are generated from each
cube, median stacked, and then converted to brightness
temperatures using the full Planck equation. The peak intensities
are measured only within the CLEAN mask to exclude emission
from cloud contamination, and the map is clipped at the 5σ level
to minimize distortion from noise outliers. The median-stacking
procedure is necessary to mitigate the artifacts that arise from
channelization (e.g., Christiaens et al. 2014). Using the inclination

11 https://almascience.nrao.edu/documents-and-tools/cycle7/alma-technical-
handbook/view
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(18.8°) and position angle (121°) measured for RU Lup in Huang
et al. (2018c), the peak brightness temperature map is then
deprojected and replotted as a function of polar angle and disk
radius.

Figure 4 shows the 12CO brightness temperature map and
polar plot, with logarithmic spiral curves (R(θ)=R0e

bθ)
overlaid for visual guidance. Due to the irregularity of the

emission, the parameters for the proposed spirals were adjusted
manually in order to identify a reasonable approximation to the
spiral morphology. The parameter values and the associated
pitch angles ( barctan ∣ ∣) are listed in Table 4.
The logarithmic spiral form is chosen as a simple way of

describing the large-scale behavior of the spiral arms, but it
does not fully capture the nuances of their geometry. It is

Figure 2. Insets of 12CO channel maps near the systemic velocity, highlighting the inner regions of the RU Lup system. C18O contours are drawn at [3, 5, 10, 20]σ to
show the rotation pattern of the Keplerian disk. The white-dotted circle marks the outer boundary of the envelope-like structure at a radius of ∼260 au. The
synthesized beam is plotted in the lower left corner of each panel. Offsets from the phase center are marked on the axes.
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sometimes ambiguous which emission features should be
assigned to the spirals, and other reasonable spirals may also be
drawn. S4 and S5 are drawn such that they terminate at
emission clumps that are well separated from the rest of the
spiral emission, but appear to fall on the same arc and share
similar kinematics (see Figure 1). Meanwhile, the outer tips of
S1 and S2 are contiguous with emission features that are
redshifted by several km s−1 compared to the rest of the spiral

arms, so it is unclear whether the redshifted emission features
are part of the arms. S1 appears to fork at R∼700 au, and S4
appears to fork at ∼400 au, leading to an emission arc we label
S4b. S4/S4b are particularly challenging to describe because
there also appears to be a CO filament located at a polar angle
of 0° that emerges from the envelope-like structure and then
merges into S4/S4b. Furthermore, the spiral geometries are
computed under the assumption that they lie in the same plane

Figure 3. 13CO channels near the systemic velocity. The 13CO contours are drawn at [3, 5, 10, 20, 40]σ. The white-dotted circle marks the outer boundary of the
envelope-like structure in 12CO emission (see Figure 2). The large-scale diffuse emission visible in some channels is due to cloud contamination. The synthesized
beam is plotted in the lower left corner of each panel. Offsets from the phase center are marked on the axes.
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as RU Lup’s disk. However, given that their kinematics are
quite different from the disk, it is plausible that they are not
coplanar.

To examine the kinematics of the spiral arms in more detail,
we overlay the model spiral curves on the 12CO channel maps
in Figure 5. The spirals are detected from ∼1.25–4.75 km s−1,
i.e., they are largely blueshifted from the systemic velocity of
∼4.5 km s−1. The inner tips of the spiral arms terminate at the
clumpy emission ring that marks the outer boundary of the
envelope-like structure described in Section 3.1.2. This spatial
relationship again suggests that the envelope-like structure is
not simply foreground cloud emission. In all channels, the
spiral arm emission is clumpy. The spiral arms are detected at
∼10σ in individual channels, but we observe voids along the
spiral arms where no emission is detected above the 3σ level.
This implies that intensity varies locally by at least a factor of 3
along the arms. With only a single transition, it is not clear
whether these intensity variations are due to rapidly changing
column densities or temperatures. Cloud contamination does
not account for the clumpiness, given that the clumpiness also

appears at velocities offset from where cloud emission is
observed (∼3.75–6.5 km s−1). Spatial filtering may exaggerate
the clumpiness of the emission but is unlikely to be solely
responsible. The non-cloud-contaminated channels do not
exhibit the imaging artifacts commonly associated with spatial
filtering, such as striping or negative CLEAN bowls around the
emission (as expected, these artifacts are clearly visible in some
of the cloud-contaminated channels). We also imaged the
observations from the ACA and combined 12 m configurations
separately, and found that the CO fluxes were comparable
(within ∼10%) in the non-cloud-contaminated channels. If the
C43-2 configuration had substantially resolved out RU Lup’s
large-scale emission, we would expect the CO fluxes measured
with the ACA to be much higher.
The channel maps and intensity-weighted velocity map show

that the spiral emission tends to be more blueshifted at larger
projected distances from RU Lup, indicating that the gas in the
outer regions of the spirals is moving faster relative to RU Lup
along the line of sight compared to the inner regions. Gas
velocities increasing with distance from the star is qualitatively
consistent with expectations for outflows from young stars
(e.g., Shu et al. 1991) but opposite from predictions of standard
infall models (e.g., Ulrich 1976). That said, a major difficulty in
interpreting the kinematics is that the three-dimensional
distribution of gas is unclear, so the relative contributions of
radial and rotational motion to the observed line-of-sight
velocities are ambiguous. Given the positions of the spiral
arms, one might alternatively describe the spiral kinematics in
terms of a velocity gradient with increasing blueshift from
southwest to northeast of RU Lup. The direction of this
apparent gradient is perpendicular to that of both the Keplerian
disk and the envelope-like structure.

Figure 4. Left: peak brightness temperature map of 12CO toward RU Lup with the spiral arms labeled. The black cross marks the position of RU Lup’s continuum
peak. The longer line marks RU Lup’s projected major axis. The synthesized beam is plotted in the lower left corner of the panel. Offsets from the phase center are
marked on the axes. Right: the 12CO peak brightness temperature map deprojected and replotted as a function of disk radius and polar angle.

Table 4
Proposed Spirals

ID R0 b Pitch Angle
(au) (degrees)

S1 57 0.55 29
S2 140 0.5 27
S3 190 0.5 27
S4 450 0.38 21
S4b 420 0.26 15
S5 850 0.6 31
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Figure 5. 12CO channel maps with the spiral locations labeled. The contours are drawn at the [3, 5, 10, 20, 50]σ level. The red circle marks the location of the clumpy
emission ring described in Section 3.1.1. The red cross marks the position of the RU Lup disk’s continuum peak, with the longer line marking RU Lup’s projected
major axis. The synthesized beam is plotted in the lower left corner of each panel. Offsets from the phase center are marked on the axes. Note that cloud contamination
is present in the panels ranging from 3.75–5.50 km s−1 (as well as at additional velocities not shown).
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3.1.3. Properties of CO Emission Clumps Outside the Spiral Arms

A feature in 12CO emission is identified as a “clump” outside
the spiral arms if it meets the following criteria:

1. Emission exceeds the 5σ level (where σ is the rms noise
level reported in Table 3) in at least one channel, without
detection of any emission at the 3σ level connected to a
larger structure, such as the spiral arms, the Keplerian
disk, or ambient cloud emission.

2. Emission exceeding the 3σ level can be found in at least
one adjacent channel at the same spatial location, to
confirm that the emission is not merely a noise spike or
imaging artifact in a single channel.

3. If the emission appears at the same velocity as the spiral
arms, it does not fall along an arc traced by the spiral arms.

The criteria are chosen to be conservative, thus disfavoring the
identification of clumps that have line widths narrower than the
channel width of dv=0.25 km s−1, occur primarily at
velocities affected by cloud contamination, or appear in close
proximity to the spiral arms. Thus, these clump identifications
are not exhaustive.

The clumps are sufficiently numerous such that it seems
unlikely that the emission all originates from foreground or

background objects that are unrelated to RU Lup. The clumps
do not coincide with any sources in the Gaia database (Gaia
Collaboration et al. 2018). The background star detected in
Very Large Telescope–Spectro-Polarimetric High-contrast
Exoplanet REsearch (VLT–SPHERE) H-band images of RU
Lup by Avenhaus et al. (2018) does not coincide with any of
the clumps either.
The clumps are numbered starting east of RU Lup and

going counterclockwise in the intensity-weighted velocity
map (Figure 6). The location of each clump is defined to be at
the pixel corresponding to the maximum value in the peak
brightness temperature map. The projected offset and
distance are computed with respect to the continuum peak
of the RU Lup disk, which is presumed to coincide with the
position of the star since the dust emission appears to be
symmetric even at very high resolution (e.g., Huang et al.
2018b). The uncertainty in the position is taken to be the
standard deviation of the Gaussian synthesized beam. These
quantities are reported in Table 5.
At each of these clump peak pixel locations, we extract a

spectrum from the 12CO image cube. To estimate the peak
intensity Ipeak, central velocity v0, and line standard deviation
σv, we assume that the underlying spectrum is described by a

Figure 6. Left: the 12CO intensity-weighted velocity map with the clumps outside the spiral arms labeled. Right: spectra extracted from the peaks of the clumps (black
points) and best-fit model spectra (color coded by the central velocity). Dotted horizontal lines show the zero-intensity level for each clump. Error bars show the 1σ
uncertainty in the intensity in each channel (excluding the 10% flux calibration uncertainty). The dashed vertical line marks RU Lup’s systemic velocity
(∼4.5 km s−1). The velocity range over which cloud contamination is visible is shaded in gray.
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where v is the kinematic local standard of rest (LSRK) velocity.
To account for instrumental broadening, we convolve the
Gaussian with a tophat filter with the same width as the image
cube channels. The spectrum is then sampled at the same
velocities as the image cube, generally over a range of
∼3 km s−1 around the clump peak. This range is sometimes
truncated when the line wings are affected by cloud
contamination. The likelihood function is taken to be Gaussian,
and the noise in each channel is assumed to be independent.
These approximations are reasonable in the regime where the
channel width of the line cube is at least a few times larger than
the native resolution of the data following Hanning smoothing
(∼0.09 km s−1 for the 12CO line).12 For contexts in which
Hanning smoothing is expected to have a significant impact on
the inferred line widths and high precision measurements are
desired, Leroy et al. (2016) describe a more detailed method to
account for ALMA’s spectral response. Broad uniform priors
are specified: 0<Ipeak<1 Jy beam−1, 0.05<σv<3 km s−1,
and v0 within the velocity range of the spectrum being fitted.
The posterior probability distributions are estimated using the
affine invariant MCMC sampler implemented in emcee
(Goodman & Weare 2010; Foreman-Mackey et al. 2013), with
40 walkers evolved over 2000 steps for each clump. The first
1000 steps are discarded as burn-in. The median values for v0
and the line FWHM (computed from σv) are listed in Table 5,
with error bars based on the 16th and 84th percentiles of the
samples. The median values and error bars for Ipeak are
converted to brightness temperatures using the full Planck

equation and also listed in Table 5. The spectra and best fits are
plotted in Figure 6.
To estimate the sizes and integrated fluxes of the clumps, we

produce integrated intensity maps with velocity integration
ranges set to 1.5 km s−1 (∼2× the FWHM of the widest line),
roughly centered around the best-fit v0. For C2, C3, C8, and
C10, the velocity integration ranges are reduced to exclude
cloud-contaminated channels. Since C5 lies entirely within the
cloud-contaminated velocity range, its integrated intensity map
only includes the channels where emission is detected above
the 5σ level. Thus, the emission measured for these clumps
should be regarded as lower bounds. To avoid biasing these
measurements, no clipping or masking is applied to channels
within the integration range. The maps are shown in Figure 7.
The integrated intensity maps are fit with two-dimensional
Gaussians using the imfit task in CASA. This simple
functional form is chosen to describe the clumps due to their
low S/N. The FWHM (deconvolved from the beam) and the
integrated flux computed from the best-fit Gaussians are
reported in Table 5. The imfit task estimates uncertainties
using the methods outlined in Condon (1997).
The clumps occur at a large range of LSRK velocities

(∼2–10 km s−1), but most of them are redshifted relative to the
systemic velocity (∼4.5 km s−1). There are no obvious trends
between the clump velocities and their projected distance from
RU Lup. The positions of some of the clumps may suggest a
relationship with one another. Given the proximity and similar
kinematics of C2 and C3 (and C1 to a lesser extent), they may
be part of an underlying structure that is not detected at the
sensitivity of the current observations. In the integrated
intensity map, the positions of C9, C8, C7, C5, C4, and C1
appear to lie along an arc that connects with one of the
branches of the S1 spiral arm. The kinematics, though, do not
favor this interpretation. The spiral arms identified in
Section 3.1.2 are largely blueshifted relative to the systemic
velocity, and the degree of blueshift tends to increase with
distance from the star for a given arm. In contrast, the clump
velocities do not change smoothly along their apparent “arc.”

Table 5
Clump Properties

ID Position Offset TB Velocity Line Width Size Flux
(arcsec, arcsec) (au) (K) (km s−1) (km s−1) (au×au) (mJy km s−1)

(1) (2) (3) (4) (5) (6) (7) (8)

C1 (8.56±0.14, −0.28±0.14) 1360±30 -
+12.7 0.7

0.8 2.23±0.02 -
+0.47 0.04

0.05 (180±20)×(75±11) 108±13

C2a (8.68±0.14, −2.04±0.14) 1420±30 -
+10.4 1.6

3 3.37±0.02 0.28±0.1 (150±30)×(120±30) 50±11

C3a (8.92±0.14, −3.60±0.14) 1530±30 -
+10.8 1.7

3
-
+3.39 0.02

0.03 0.26±0.1 (130±30)×(90±30) 42±11

C4 (5.20±0.14, −4.28±0.14) 1070±30 -
+11.2 0.7

0.8 7.52±0.02 -
+0.43 0.05

0.06 (150±30)×(54±13) 51±9

C5a (1.64±0.14, −7.40±0.14) 1210±30 -
+11.7 1.3

3 5.63±0.02 -
+0.33 0.11

0.09 (200±20)±(109±12) 102±11

C6 (0.76±0.14, −5.20±0.14) 840±30 7.8±0.8 9.03±0.05 -
+0.47 0.09

0.11 (80±20)×(60±20) 25±6

C7 (−3.36±0.14, −6.16±0.14) 1120±30 10.0±0.6 -
+8.36 0.04

0.03 0.75±0.09 (141±16)×(109±12) 116±12

C8a (−5.52±0.14, −2.76±0.14) 980±30 -
+11.2 0.07

0.08 6.80±0.02 0.49±0.06 (119±17)×(104±15) 57±8

C9 (−5.96±0.14, 0.20±0.14) 950±30 9.2±0.5 10.22±0.04 0.79±0.09 (85±13)×(40±10) 42±5
C10a (−5.56±0.14, 7.60±0.14) 1500±30 -

+8.8 1.0
1.4 3.36±0.03 -

+0.43 0.12
0.13 (260±60)×(110±30) 73±16

C11 (6.88±0.14, 7.20±0.14) 1580±30 8.1±0.8 7.62±0.04 -
+0.56 0.11

0.15 (130±30)×(50±20) 38±9

Notes. (1) Identifier for clump. (2) Position relative to RU Lup. The coordinate corresponds to the offset east and north of RU Lup, respectively. (3) Projected offset
from RU Lup. (4) Peak brightness temperature of Gaussian fit to clump spectrum. The uncertainties quoted are statistical; systematic flux calibration errors contribute
another ∼10% to the uncertainties. (5) LSRK velocity corresponding to the peak of the Gaussian fit to the clump spectrum. (6) FWHM of Gaussian fit to clump
spectrum. (7) FWHM of two-dimensional Gaussian fit to the clump in its integrated intensity image. (8) Integrated flux measured from two-dimensional Gaussian fit to
the clump in its integrated intensity image. Systematic flux calibration errors contribute another ∼10% to the quoted errors.
a The measured properties of the clump are affected by cloud contamination.

12 https://safe.nrao.edu/wiki/pub/Main/ALMAWindowFunctions/Note_
on_Spectral_Response_V2.pdf
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For example, C8 lies in between C7 and C9, but C8 appears at
a smaller redshift than either C7 or C9. It is interesting to note,
though, that the redshifted clumps tend to be southwest of RU
Lup, consistent with the possible northeast-to-southwest spiral
arm velocity gradient discussed in Section 3.1.2. This
kinematic behavior is reminiscent of the bipolar outflows from
Class 0/I protostars, although bipolar protostellar outflows tend
to be more collimated than the emission from RU Lup (e.g.,
Dunham et al. 2014).

To check whether the clumps are bound to RU Lup, we

compute the escape velocity ( GM

r

2 * ) at a distance of 840 au
(i.e., the projected distance of the clump closest to RU Lup) and
compare it to the velocity offsets of the clumps relative to the
systemic velocity (∼4.5 km s−1). Mass estimates for RU Lup
have ranged from 0.2–0.5 Me based on analyses of line
kinematics (Yen et al. 2018) and 0.6–1.2 Me based on
evolutionary models (e.g., Alcalá et al. 2017; Andrews et al.
2018b). Although dynamical mass estimates of T Tauri stars
can often attain high precision (e.g., Rosenfeld et al. 2012;
Czekala et al. 2015), the large uncertainty in RU Lup’s stellar
mass is likely in large part due to the non-Keplerian gas motion

as well as its low inclination. Taking the 1.2 Me value to be
conservative, we estimate that the escape velocity at 840 au is
∼1.6 km s−1. This implies that C1, C4, C6, C7, C8, C9, and
C11 are not bound to RU Lup. C2, C3, C5, and C10 appear to
be bound to RU Lup if a stellar mass of 1.2 Me is adopted, but
they would be unbound if a somewhat smaller stellar mass in
the estimated range were adopted (∼0.8 Me). Higher precision
stellar mass measurements will be necessary to determine
whether these CO clumps are indeed bound to RU Lup.
The clumps have similar peak brightness temperatures, with

measurements ranging from ∼8–13 K. These measurements do
not account for beam dilution, so the intrinsic brightness
temperatures may be higher, but the measurements at least set a
lower bound for the gas kinetic temperatures. It is plausible that
the clumps are optically thick, since gas excitation temperature
estimates from large-scale maps of the Lupus Molecular Cloud
Complex range from ∼8–10 K (e.g., Tothill et al. 2009). The
clump brightness temperatures are also similar to those of the
spiral arms. (Note that given the 5σ clump detection criterion,
the measured peak brightness temperatures must be at
least ∼7 K).

Figure 7. Integrated intensity maps of the 12CO clumps observed around RU Lup. C2 and C3 are shown in the same panel due to their proximity. Contours are drawn
at [3, 4, 5, 7, 9]σ, where σ=2 mJy beam–1 km s−1 is the typical noise level measured in the integrated intensity maps. The top right corner of each panel is labeled
with the velocity integration range (in km s−1). The axes are labeled with the offsets (in arcseconds) relative to the RU Lup disk continuum peak. The synthesized
beam is drawn in the lower left corner of each panel.
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The line widths of the clumps place an upper limit on the gas
kinetic temperatures. If the CO line broadening is due entirely
to thermal motion, then the maximum kinetic temperature is

= ´T
m

k8 ln 2
FWHM . 2

B
kin
max CO 2

( )
( ) ( )

The measured line widths (ranging from ∼0.3–0.8 km s−1)
translate to maximum kinetic temperatures of 50–390 K, which
are much larger than the measured brightness temperatures.
These are very loose upper bounds, since other sources of line
broadening could include saturation of the line core due to high
optical depth, turbulence, rotation, and/or the presence of
multiple unresolved velocity components (e.g., Dickman &
Clemens 1983; Arquilla & Goldsmith 1986). A velocity
gradient can most clearly be seen for C1, one of the largest
and brightest clumps. The intensity-weighted velocity map and
channel maps show that the gas becomes more redshifted from
northeast to southwest (Figure 8). The velocity signatures of
the other clumps are generally more ambiguous due to their
lower S/Ns and smaller sizes. The S/N of the clumps does not
allow the optical depth to be discerned readily on the basis of
line shape, but as noted earlier, the line brightness temperatures
are high enough to suggest that the clumps are optically thick.
Given that the 12CO clumps are detected at the 5–10σ level and
that the 12C/13C ratio in the local ISM is ∼69 (e.g.,
Wilson 1999), the non-detection of 13CO clump emission does
not provide strong constraints on the 12CO optical depth.

Most of the clumps appear to be spatially resolved, but are at
most spanned by a few synthesized beams. Several of the
clumps, such as C1, C4, and C5, are clearly elongated. C7
appears to be round, while the other clumps are too small to
discern their shape. The size and shape of C10 are challenging
to define, since it appears to have some diffuse components, but
it is still counted as a clump because no emission connecting it
to a larger structure is detected.

3.1.4. Column Density and Mass Constraints

The CO emission may be used to loosely estimate bounds on
the masses of RU Lup’s complex gas structures. We first
consider the envelope-like structure, which is weakly detected
in 13CO (see Figure 3). Given that the 13CO emission is faint
and that the envelope-like structure is not visible in C18O, we
assume that 13CO J=2−1 is optically thin in this region. The
gas-phase column density of a molecular species in local
thermodynamic equilibrium can be estimated from an optically

thin transition with

òp
= ´ ´

W
n

N
A hc

Q T e

g

S v dv4
, 3

ul u
tot, thin

rot
Eu
Trot( ) ( )

( )

where Aul is the Einstein A coefficient for the transition of
interest, gu is the upper state degeneracy, Q(Trot) is the partition
function evaluated at the rotational temperature Trot, Eu is the
upper state energy (in K), ò nS v dv( ) is the velocity-integrated
flux density, and Ω is the solid angle of the emitting area (e.g.,
Goldsmith & Langer 1999; Bisschop et al. 2008). The
molecular constants Aul, Eu, and gu are listed in Table 6.
Since the envelope-like structure overlaps with both disk and

ambient cloud emission, it is not straightforward to estimate the
column density simply by measuring an integrated 13CO flux
and applying Equation (3). Instead, we estimate the column
density that would be necessary for a ∼5σ (10 mJy beam−1)
detection of 13CO J=2−1 in individual channels, as seen for
portions of the envelope-like structure in Figure 3. Assuming
that 12CO is optically thick and that therefore its brightness
temperature traces the gas temperature (see Figure 4), we take

Trot to be ∼35 K. We compute ò
W

nS v dv( )
assuming a Gaussian

line profile with a peak intensity of 10 mJy per beam (i.e., Ω is
the solid angle of the synthesized beam). Since the line width
(FWHM) of the envelope-like structure cannot be measured
well in the presence of cloud contamination and disk emission,
we assume that the line width is 0.2 km s−1, comparable to
what has been measured in some protoplanetary disks (e.g.,
Teague et al. 2016). Uncertainty in the line width contributes to
uncertainty in column density estimates by a factor of a few, so
the column density is at best accurate within an order of

Figure 8. Intensity-weighted velocity map (a) and 12CO channel maps (b) showing the velocity gradient across the C1 clump. Contours are drawn at [3, 5, 7, 9, 11]σ,
where σ=2.5 mJy beam−1 is the noise measured in the 12CO image cube.

Table 6
Molecular Constantsa

Species Transition Frequency Aul gu Eu

(GHz) (s−1) (K)
13CO J=2−1 220.3986842 6.075×10−7 10 15.9
12CO J=2−1 230.5380000 6.911×10−7 5 16.6

Note.
a Compiled from the Cologne Database for Molecular Spectroscopy (Müller
et al. 2001, 2005), based on data from Goorvitch (1994), Winnewisser et al.
(1997), and Klapper et al. (2000).
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magnitude. The partition function, which is calculated by
interpolating the tabulated values in the Cologne Database for
Molecular Spectroscopy, is Q(35)=27.2 (Müller et al.
2001, 2005). The resulting 13CO column density is estimated
to be ∼3×1014 cm−2. Assuming an ISM-like ratio of 12C:13C
of 69 and 12CO:H2 of 10

−4, the 13CO column density estimate
corresponds to an H2 column density of ∼2×1020 cm−2.
Taking this to be the average H2 column density over a circular
area with a radius of 260 au and assuming that the envelope-
like structure is predominantly H2, we estimate the overall mass
of the envelope-like structure to be ∼2×10−5 Me.

As noted in Section 3.1.1, the kinematics of the envelope-
like structure are complex, and it is not clear whether material
from it is infalling. However, we can estimate the rate at which
mass could be transferred to the disk if the envelope were freely

falling. The freefall velocity is =v r GM

rff
2 *( ) . Under the

assumption of spherical symmetry, the mass infall rate at a
distance r is

pm=M r m r n r v r4 , 4infall H
2

gas ff( ) ( ) ( ) ( )

where μmH is the mean molecular weight (e.g., Mottram et al.
2013). We take μ to be 2.37. The volume of the envelope-like
structure is approximated as that of a spherical shell with an
inner radius of 120 au (corresponding to the outer edge of the
C18O emission tracing the Keplerian disk) and an outer radius
of 260 au. A mass of ∼2×10−5 Me corresponds to an average
gas number density of ∼5×104 cm−3. Assuming a stellar
mass between 0.6 and 1.2 Me (Alcalá et al. 2014; Andrews
et al. 2018b), the freefall velocity at 120 au is ∼3–4 km s−1.
Thus, the infall rate onto the disk at r=120 au would be

~ ´ - ´- -M 3 10 5 10infall
8 8 Me yr−1. For reference, RU

Lup’s stellar accretion rate is estimated to range from
4.0×10−8 to 1.1×10−7 Me yr−1, depending on the model
(Alcalá et al. 2017).

A number of caveats apply to the estimates in this section. In
general, mass and column density estimates involving cloud-
contaminated emission should be treated with caution. Ansdell
et al. (2016) and Miotello et al. (2017) have suggested that a
significant fraction of the RU Lup disk’s warm gas-phase CO is
chemically depleted, based on order-of-magnitude discrepancies
in disk mass estimates derived from CO isotopologue fluxes and
submillimeter continuum emission. Since continuum emission is
not detected at the radii where the envelope-like structure appears
in molecular emission, it is not clear whether CO is also depleted
in this region. Nevertheless, if the assumed 12CO:H2 ratio is
indeed too high, then the mass of the envelope-like structure is
underestimated. We have also not accounted for radial density
and temperature gradients. However, we can check whether the
values are broadly reasonable. Given that the optically thinner
CO isotopologues are dominated by emission from the Keplerian
disk, the mass of the envelope-like structure should be much
smaller than that of the disk. Based on the dust mass estimated
from millimeter continuum emission and assuming a 100:1 gas-
to-dust ratio, the total mass of the RU Lup disk is 0.03 Me
(Ansdell et al. 2016), indeed several orders of magnitude higher
than the estimated mass of the envelope-like structure. We can
also check whether the estimated gas column density of the
envelope-like structure is reasonable given the low amounts of
material inferred for the line of sight to RU Lup. The H I log
column density toward RU Lup is estimated from Lyα absorption
to be = Nlog H I 20.0 0.15( ) , where N(H I) is in cm−2

(Herczeg et al. 2005). If we assume that the H I originates
entirely from the envelope-like structure, then the H2 column
density we estimated for the envelope-like structure can be
accounted for by gas that is at least 2/3 molecular hydrogen by
number. Given the bright CO emission detected in this region, we
expect the envelope-like structure to be overwhelmingly
molecular rather than atomic hydrogen. Thus, the H2 column
density estimated for the envelope-like structure does not appear
to be excessive. (Herczeg et al. 2005 also directly derive an H2

column density from UV spectroscopy, but this is largely
sensitive to gas between 100 and 300 K and therefore would not
trace the bulk of the envelope-like structure.) The Lyα absorption
measurements, however, do not rule out the possibility that the
mass of the envelope-like structure could be significantly higher,
since the line of sight to the star is not necessarily representative
of the overall emitting region of the envelope-like structure.
Meanwhile, the clumps and spiral arms are only detected in

12CO emission, which is likely optically thick. Thus, 12CO can
only be used to estimate a lower bound on the column
densities. The column density of a transition with an optical
depth of τ can be expressed as

t
= ´

- t-
N N

e1
, 5tot tot, thin ( )

where Ntot,thin is given by Equation (3) (Goldsmith &
Langer 1999).
The values of Aul, Eu, and gu for

12CO J=2−1 are listed in
Table 6. Selecting values representative of the clumps, we set Ω
to the solid angle corresponding to a circle with a radius of 50 au
and ò nS v dv( ) to 50mJy km s−1. Trot is taken to be 10 K, the
typical 12CO brightness temperature of a clump. The partition
function, which is calculated by interpolating the tabulated values
in the Cologne Database for Molecular Spectroscopy, is Q
(10)=3.97 (Müller et al. 2001, 2005). Assuming a lower bound
of τ=3, the clump-averaged CO column density lower bound
would be Ntot∼8×1015 cm−2. An ISM-like 12CO:H2 abun-
dance ratio of 10−4 yields a clump-averaged H2 column density
lower bound of ∼8×1019 cm−2, assuming that the clumps are
predominantly molecular hydrogen. For a representative clump
radius of 50 au, this H2 column density corresponds to a clump
mass lower bound of 5×1026 g, or ∼0.1 M⊕.
Beyond optical depth uncertainties, the clump masses could

also be orders of magnitude larger than this lower bound since
freezeout and chemical depletion may decrease the 12CO:H2

abundance. The assumed gas temperature of 10 K is well below
the CO freezeout temperature ranges of ∼20–25 K estimated
for protoplanetary disks (e.g., Qi et al. 2013, 2015; Zhang et al.
2017), so the 12CO:H2 ratio could be far less than 10−4 if the
bulk of the CO in the clumps is frozen out. On the other hand,
since CO depletion timescales can be tens of thousands of years
(e.g., Bergin et al. 1995), CO gas can still be abundant if the
clumps formed recently, if the clumps formed at warmer
temperatures closer to the star and were transported outward, or
if nonthermal processes such as UV photodesorption are active.
As noted earlier, CO isotopologue analysis by Ansdell et al.
(2016) and Miotello et al. (2017) suggest that CO is depleted
by an order of magnitude in the warm gas of the RU Lup disk.
That said, those observations were only sensitive to distances
up to ∼100 au from the star, so the disk and clumps do not
necessarily have the same chemical compositions if they are
subject to very different physical conditions. A similar analysis
of the gas column density lower bounds is applicable to the
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spiral arms, which have 12CO brightness temperatures
comparable to the clumps.

The non-detection of millimeter continuum emission can be
used to estimate an upper limit on the gas surface density in the
spirals and clumps, if we assume that the dust is optically thin
and that the gas-to-dust ratio is interstellar (100). The
intensity of optically thin dust emission is approximately
Iν≈κabsΣdBν(Td), where κabs is the dust opacity, Σd is the dust
surface density, and Td is the dust temperature. For a given
intensity value, upper limits for Σd can be calculated by using
the minimum plausible opacity and temperature values. We
adopt the Disk Substructures at High Angular Resolution
Project (DSHARP) dust opacities from Birnstiel et al. (2018)
and assume a standard power-law size distribution of the form
n(a)∝a− q between some minimum grain size amin and
maximum size amax. At millimeter wavelengths, the dust
opacity as a function of amax peaks near 1 mm. We assume that
a population of millimeter-sized grains or larger is unlikely to
be present in the clumps and spiral arms, which occur at large
distances from RU Lup. Larger dust particles are expected to be
found closer to the star because dust coagulation is more
favorable in higher-density regions and larger particles tend to
drift inward due to decoupling from the gas (e.g., Brauer et al.
2008). For amax smaller than ∼100 μm, the dust opacity as a
function of amax is nearly flat and does not have a strong
dependence on q. Thus, we take our lower bound on κabs at
λ=1.3 mm to be 0.4 cm2 g−1, which is the opacity value
corresponding to amax=100 μm, amin=0.1 μm, and q=3.5
(i.e., the interstellar size distribution power law derived by
Mathis et al. 1977). The lower bound on Td is set to 10 K, the
typical 12CO brightness temperature of the clumps and spiral
arms. The 3σ upper limit for the clump intensity is estimated by
measuring the fluxes at random off-source positions in the
continuum image inside circles with a radius of 50 au,
multiplying the standard deviation (0.04 mJy) by 3, and
dividing by the area of the aperture to obtain an average
intensity. With the assumed temperature and dust opacity, we
obtain a Σd upper limit of 0.005 g cm−2. For an interstellar gas-
to-dust ratio of 100, this corresponds to a gas surface density
upper limit of 0.5 g cm−2. Thus, a typical clump (radius of
∼50 au) should be less than 150 M⊕, or ∼0.5 MJup. (If we
adopt assumptions typical for protoplanetary disks with grain
growth up to millimeter sizes, such as Td=20 K and
k = 2.31.3 mm cm2 g−1 (e.g., Ansdell et al. 2016), the mass
upper limit decreases by an order of magnitude). If the gas is
predominantly molecular hydrogen, a gas surface density of 0.5
g cm−2 translates to a molecular hydrogen column density of
∼1023 cm−2, or at most a CO column density of ∼1019 cm−2 if
we assume a 12CO:H2 ratio of 10−4. This is several orders of
magnitude higher than the 12CO column density lower limit
estimated from the line fluxes, demonstrating that (1) the
constraints on the clump masses are quite loose, and (2) the
non-detection of continuum emission at the CO clumps and
spiral arms is still consistent with standard 12CO:H2 and dust-
to-gas ratios.

Under the assumption that the clumps are discrete, one can in
principle assess whether they are internally gravitationally
bound by computing the virial parameter:

a
s

=
R

GM

5
, 6

2
( )

where σ is the one-dimensional velocity dispersion of the
clump (such that σ represents the standard deviation of a
Gaussian distribution), R is the clump radius, and M is the
clump mass (e.g., Bertoldi & McKee 1992). If α>1, then the
clump is not internally gravitationally bound. Following Fuller
& Myers (1992), we compute the velocity dispersion with
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Setting FWHMCO=0.5 km s−1, T=10 K, R=50 au, and
M=0.1 M⊕ as representative clump values, we obtain
α∼7×104. Allowing for the possibility that the clump
masses are underestimated by a few orders of magnitude due to
the 12CO optical depth and the assumed 12CO:H2 ratio,
α∼100. At face value, this suggests that the clumps are not
internally gravitationally bound and will disperse quickly. That
said, the velocity dispersion is also highly uncertain due to
potential broadening of the 12CO line width by optical depth
effects and/or rotation, which will also bias α values upward.
Higher-quality observations will be necessary to draw firmer
conclusions about the clump properties.

3.2. Comparison of 12CO and Dust Observations

RU Lup’s 12CO emission morphology differs dramatically
from the appearance of the system in millimeter continuum
(predominantly tracing millimeter-sized dust grains) or in
scattered light (predominantly tracing submicron-sized dust
grains). Figure 9 compares the 12CO emission to the high-
resolution millimeter continuum image from the DSHARP
survey (Andrews et al. 2018a) and the VLT-SPHERE H-band
Qf image from the Disks ARound T Tauri Stars with SPHERE
(DARTTS-S) survey13 (Avenhaus et al. 2018). The Qf image
is the version convolved with a Gaussian with a FWHM of
75 mas, as shown in Figure 2 of Avenhaus et al. (2018).
The millimeter continuum is symmetric, exhibiting multiple

annular gaps and rings when observed at a spatial resolution of
∼4 au. The millimeter continuum disk extends to a radius of
∼63 au (Huang et al. 2018b), lying entirely within the
Keplerian disk traced by C18O. In other words, no continuum
emission is detected in the regions where 12CO emission traces
the envelope-like structure, the spiral arms, or the clumps.
Likewise, the scattered light observations from Avenhaus et al.
(2018) only show a signal up to ∼75 au from the star, and
exhibit no evidence for substructures. In fact, Avenhaus et al.
(2018) refer to the RU Lup disk as the “most unremarkable” in
their survey. They interpret the apparent brightness enhance-
ment on the southwest side of the disk as evidence that this side
is closer to the observer, with the caveat that the S/N is not
high enough to be definitive. The CO isotopologue observa-
tions unfortunately do not clarify whether their inferred
orientation is correct, since RU Lup’s inclination is very low
and the Keplerian disk is not spatially well resolved.

3.3. DCO+ Emission

The DCO+ integrated intensity map (Figure 10) is produced
in a manner similar to the 13CO and C18O maps, but only
includes channels from 2.75–6.25 km s−1 because no disk

13 Based on observations collected at the European Southern Observatory
under ESO program 096.C-0523(A).
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emission is detected at the 3σ level outside this range. The flux
is also measured in a similar manner and reported in Table 3.
The S/N of the DCO+ emission is not high enough to generate
a useful intensity-weighted velocity map, but the DCO+

channel maps are shown in Figure 11. The maps illustrate that
emission northwest of the disk center is blueshifted relative to
the systemic velocity and emission southeast of the disk center
is redshifted, consistent with the Keplerian rotation pattern
established by C18O.

Like C18O, the DCO+ emission is compact and does not
trace the spiral arms or clumps. In contrast to DCO+ emission
observed toward most other disks at comparable spatial
resolution (e.g., Mathews et al. 2013; Huang et al. 2017;
Macías et al. 2017), RU Lup’s DCO+ emission does not exhibit
any obvious substructure. The formation of DCO+ is
disfavored at higher temperatures (e.g., Dalgarno & Lepp 1984;
Roberts & Millar 2000), which is expected to result in a central
cavity in DCO+ emission because the disk temperature
generally decreases with distance from the star (e.g., Mathews
et al. 2013). In this framework, the absence of resolved

substructure in the RU Lup disk would imply that it is colder
compared to disks with resolved DCO+ substructure. However,
its highly luminous spectral energy distribution (SED) suggests
that the RU Lup disk is much warmer than the typical T Tauri
disk (Andrews et al. 2018a). Alternatively, the centrally peaked
DCO+ emission may trace contributions from formation
pathways active at warm temperatures, such as reactions
between CO and hydrocarbon cations (e.g., Favre et al. 2015).
Observing additional transitions of DCO+ would be useful for
measuring the excitation temperature and establishing whether
RU Lup’s thermal structure or DCO+ chemistry differs from
other disks.
Scaling for distance, RU Lup’s DCO+

flux is 3–10 times
weaker than DCO+ J=3−2 fluxes measured in other disks
(e.g., Öberg et al. 2010, 2011a; Huang et al. 2017; Carney et al.
2018). This is at least partially a selection effect, since earlier
millimeter interferometers such as the Submillimeter Array did
not place strong upper limits on DCO+ non-detections (e.g.,
Öberg et al. 2010, 2011a), and subsequent ALMA observations
of DCO+ in disks have tended to focus on systems that were
already known to have bright DCO+ emission and/or are
thought to have massive disks (e.g., Huang et al. 2017; Salinas
et al. 2017). The millimeter continuum luminosity of RU Lup is
comparable to other disks with bright DCO+ emission (e.g.,
Andrews et al. 2018b), so it is unlikely that RU Lup’s weak
DCO+ emission is due to a substantially lower disk mass.
Another explanation could be that RU Lup’s disk is more
weakly ionized, which can be investigated by measuring the
abundances of other molecular ions (e.g., Öberg et al. 2011b;
Cleeves et al. 2015).

4. Discussion

4.1. Origin of RU Lup’s Features

The 12CO emission of RU Lup displays three unusual
features: a non-Keplerian envelope-like structure surrounding
the Keplerian disk, blueshifted spiral arms, and clumps located
hundreds of au from the star. It is ambiguous whether these
features have a common origin. Some of the explanations
discussed below may explain multiple features, while others
may only explain individual features.

Figure 9. A comparison of 12CO observations toward RU Lup with millimeter continuum and scattered light observations. Left: 12CO map from this work. The
white box shows the size of the other two panels. Middle: high-resolution millimeter continuum image of the RU Lup disk from DSHARP (Andrews et al. 2018a).
Right: H-band Qf image from DARTTS-S (Avenhaus et al. 2018). An asinh stretch is used for all the images to make the faint structure visible.

Figure 10. Integrated intensity map of DCO+ J=3−2. The synthesized beam
is plotted in the lower left corner. Offsets from the phase center are marked on
the axes.
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4.1.1. Gravitational Instability

Gravitational instability (GI) has been proposed as a trigger
for spiral arms in massive disks, which can subsequently
fragment and form clumps (e.g., Boss 1997; Gammie 2001).
Clumps can be ejected at speeds exceeding the escape velocity
(e.g., Vorobyov 2016), perhaps accounting for the high clump
speeds observed for RU Lup.

While the Toomre Q parameter (Toomre 1964) is typically
used to evaluate whether a disk is gravitationally stable, doing
so is not straightforward for RU Lup. In addition to the mass
and temperature uncertainties noted earlier, it is unclear what
the appropriate epicyclic frequency to adopt is (for Keplerian
disks, the epicyclic frequency is simply the angular rotation
frequency). However, RU Lup has other characteristics that,
when considered together, make GI an intriguing explanation
for its spiral arms and clumps. Disks become more susceptible
to GI at lower temperatures. As noted in Section 3.1.2, the
inner tips of the spiral arms connect to a clumpy ring of
emission with a radius of ∼260 au. This morphology may
indicate that the clumpy emission ring marks a transition region
where spiral arms can form more readily, perhaps because
temperatures have decreased enough for the system to become
gravitationally unstable. Furthermore, GI is favored in more
massive systems. While absolute disk mass measurements are a

highly contested subject, RU Lup’s bright millimeter con-
tinuum suggests that its disk ranks among the most massive in
Lupus. Only two other spiral-armed disks have been detected in
Lupus, albeit in millimeter continuum emission rather than
12CO: the IM Lup disk, which also ranks among the brightest
disks in CO and continuum emission (Huang et al. 2018c), and
the HT Lup disk, which has a nearby companion that is likely
triggering its spirals (Kurtovic et al. 2018). GI is also expected
to enhance stellar accretion rates (e.g., Dong et al. 2015a;
Vorobyov & Basu 2015). Out of a survey of 90% of the Class
II and transitional young stellar objects in Lupus, RU Lup
exhibits the highest stellar accretion rate, ranging from
4.0×10−8 to 1.1×10−7 Me yr−1 depending on the model
(Alcalá et al. 2017). Finally, based on observations dating back
more than a century, RU Lup is notable for its irregular optical
and infrared photometric variations spanning several magni-
tudes (e.g., Mackie & Cannon 1916; Joy 1945; Gahm et al.
1974; Giovannelli et al. 1991). Vorobyov & Basu (2005)
proposed that the large, irregular outbursts of FU Ori objects
are due to the formation and infall of clumps in gravitationally
unstable protostellar disks. A scaled-down version of this
mechanism may be responsible for RU Lup’s photometric
irregularities.
It is not evident, though, that the blueshifted spiral kinematic

pattern can be explained by a GI origin; simulations by Dong

Figure 11. Channel maps of DCO+ J=3−2 emission. The white cross marks the position of the continuum peak, with the longer line denoting the disk position
angle. The synthesized beam is plotted in the lower left corner of each panel. Offsets from the phase center are marked on the axes. Contours are drawn at the [3, 5, 7]σ
levels.
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et al. (2015a) indicate that the spiral arms should have
approximately Keplerian kinematics. Furthermore, elevated
accretion rate and luminosity variations are not uniquely
signatures of GI, as detailed later in this section.

4.1.2. Accretion from an Envelope or Cloud

Spiral arms may be triggered through infall from a
protostellar envelope or capture from molecular cloud material
(e.g., Bae et al. 2015; Lesur et al. 2015; Dullemond et al. 2019).
The infalling motion would manifest as non-Keplerian
emission around the disk, and infall or capture of material
onto the disk is expected to enhance stellar accretion rates (e.g.,
Throop & Bally 2008).

Given that infall, clumpy outflows, and arm-like structures
are often observed in interferometric maps of molecular
emission toward embedded Class 0/I sources (e.g., Jørgensen
et al. 2007; Tobin et al. 2011; Yen et al. 2014; Plunkett et al.
2015), we examine the question of whether RU Lup has been
appropriately categorized as a more evolved Class II source.
Traditionally, the evolutionary stage of a young star is
determined by measuring its infrared SED slope

l l= la d F dlog log (Lada 1987; Greene et al. 1994).
Younger sources have positive slopes due to emission from
their massive protostellar envelopes, and the slope decreases as
the envelope dissipates. Based on the RU Lup SED collated by
Andrews et al. (2018a), a=−0.32±0.03 between 2.2 and
22.1 μm, which falls on the border between a Flat Spectrum
and Class II source according to the definitions from Greene
et al. (1994). Other than the high degree of variability, RU
Lup’s stellar spectrum is similar to other classical T Tauri stars
(e.g., Comerón 2008). There is no obvious sign of a protostellar
envelope surrounding RU Lup’s spiral structures, although
detecting one with ALMA in 12CO emission would be
complicated by both the cloud contamination and spatial
filtering. Nevertheless, it is notable that the Keplerian disk
clearly dominates RU Lup’s 13CO and C18O emission, while
outflows and infall often dominate in interferometric observa-
tions of Class I sources in these isotopologues and sometimes
even in the optically thinner C17O (e.g., Artur de la Villarmois
et al. 2019; Zhang et al. 2020). Herczeg et al. (2005) estimate a
very low extinction value of Av∼0.07, suggesting that there is
little material along the line of sight. Even if RU Lup is
surrounded by an envelope, it must be more tenuous than the
envelopes of sources traditionally categorized as Class I. Thus,
RU Lup appears to be more evolved than typical Class I
sources, but may be at the tail end of envelope dispersal.

Given that RU Lup’s SED appears to be relatively evolved, it
is intriguing to consider whether its spiral arms result from an
encounter with a cloud fragment. Continued external delivery
of material to protoplanetary disks has previously been
explored as an explanation for accretion rate anomalies
observed in pre-main-sequence stars (e.g., Padoan et al.
2005; Scicluna et al. 2014), and more recently has received
attention as a possible resolution to the apparent discrepancy
between protoplanetary disk and exoplanetary system masses
(e.g., Manara et al. 2018; Dullemond et al. 2019; Kuffmeier
et al. 2020). The geometry of RU Lup’s irregular, large-scale
spiral arms bears some resemblance to the simulations shown
in Dullemond et al. (2019) and Kuffmeier et al. (2020). The
velocity profile snapshots from Kuffmeier et al. (2020), though,
show that most of the externally delivered gas is moving at or

below Keplerian speeds, while at least some of the gas
surrounding RU Lup exceeds the escape velocities.

4.1.3. Winds

Based on the non-Keplerian shape of its 12CO 4.67 μm
fundamental (ν=1−0) rovibrational band spectrum and
anomalously strong X-ray absorption, RU Lup has been
proposed to be the site of a stellar or disk wind (e.g., Robrade
& Schmitt 2007; Pontoppidan et al. 2011). CO rovibrational
emission originates largely from gas in the surface layers of the
inner few au of the disk. The non-Keplerian ALMA 12CO
emission, which traces the cool outer disk regions, may be an
extension of the proposed inner disk wind.
Clumps and spirals (in addition to rings) have been shown to

form in simulations of disks with MHD winds (e.g.,
Hawley 2000; Flock et al. 2011; Suriano et al. 2018). However,
the spirals formed in MHD simulations are generally tightly
wrapped, unlike the wide spirals observed toward RU Lup.
Furthermore, the clumps seen in MHD simulations are formed
within the disk, not separated from the Keplerian disk like
those seen toward RU Lup. These simulations are often limited
to disk regions within 100 au of the star, which is much more
compact than the extent of the gas around RU Lup. Expanding
the outer boundaries of the simulations will be necessary to
make more detailed comparisons to RU Lup.
UV radiation, either from the central star or from the

interstellar radiation field, can drive photoevaporative winds
that remove gas from the surface layers of disks (e.g.,
Hollenbach et al. 1994; Adams et al. 2004). Photoevaporative
winds have not to our knowledge been shown to trigger the
formation of clumps or spiral arms in disks. One challenge with
attributing the complex CO kinematics to a photoevaporative
wind is that CO is often expected to be photodissociated in
most of the gas expelled from the disk (e.g., Haworth &
Owen 2020). That said, Haworth et al. (2017) show that weak
external radiation fields can launch winds without destroying
CO and that such a mechanism could explain IM Lup’s outer
CO “halo.” Given that IM Lup and RU Lup lie within 10′ of
each other in the Lupus II cloud and are therefore presumably
exposed to similar radiation fields, the two systems should be
similarly susceptible to external photoevaporation. However,
RU Lup’s CO kinematics exhibit much stronger deviations
from Keplerian rotation compared to IM Lup and thus would
seemingly require a stronger radiation field to explain the
perturbations.

4.1.4. Stellar or Planetary-mass Companions

Simulations indicate that stellar companions and massive
(>1 MJup) planets can trigger spiral density waves in disks
(e.g., Lin & Papaloizou 1986; Tanaka et al. 2002). RU Lup has
no known stellar or planetary companions. Based on VLT
NaCo imaging in the L′ band, Jorquera et al. (2020) estimate a
90% detection probability for a 2 MJup planet beyond 200 au
from RU Lup. No stars in the Gaia catalog (Gaia Collaboration
et al. 2018) are within 33″ (5200 au in projection) of RU Lup.
Gaia has detected brown dwarfs in Lupus with masses as low
as a few hundredths of a solar mass, but its mass sensitivity at
any specific location in Lupus depends on the line-of-sight
extinction as well as potential obscuration by circumstellar
material (e.g., Alcalá et al. 2014; Sanchis et al. 2020). Within 2′
of RU Lup, the only Gaia DR2 object with a relatively similar

18

The Astrophysical Journal, 898:140 (25pp), 2020 August 1 Huang et al.



parallax is IRAS 15533-3742, an M3.5 T Tauri star coinciding
in projection with the Herbig Haro object HH 55 (Cohen &
Schwartz 1987; Heyer & Graham 1990). Prior to the detection
of IRAS 15533-3742, RU Lup had been proposed as the energy
source for HH 55 due to their proximity in projection
(Schwartz 1977). Gaia distance estimates now suggest that
the two sources are likely well separated, with RU Lup at
158.9±0.7 pc and IRAS 15533-3742 at 145±5 pc (Bailer-
Jones et al. 2018). Stempels et al. (2007) raised the possibility
that RU Lup had a companion with a 3.7 day period based on
radial velocity variations, but considered star spots to be the
more likely explanation. Even if RU Lup has a close
companion, we consider it unlikely to be the origin of RU
Lup’s spiral arms, which do not appear to extend further inward
than ∼260 au from the star.

Furthermore, RU Lup’s spiral arm properties do not closely
resemble models of spiral arms triggered by companions.
Planetary-mass companions are only expected to induce
second-order perturbations of the Keplerian velocity field
rather than the dramatically non-Keplerian kinematics observed
toward RU Lup (e.g., Pérez et al. 2018; Pinte et al. 2018b). A
stellar companion may still induce large-scale non-Keplerian
spirals, as seen in 12CO emission around AS 205N (Salyk et al.
2014; Kurtovic et al. 2018). While a perturber in principle can
trigger the formation of multiple spiral arms, simulations
generally indicate that the spiral pattern will often have strong
primary and/or secondary arms (e.g., Dong et al. 2015b; Bae &
Zhu 2018; Rosotti et al. 2020), unlike what is seen in the RU
Lup system.

4.1.5. Stellar Flybys

Stellar flybys have been proposed to induce large-scale non-
Keplerian spiral arms, increase stellar accretion rates, and lead
to stellar brightness variations (e.g., Clarke & Pringle 1993;
Pfalzner 2003; Cuello et al. 2020). It is not clear from
simulations whether clumping should be expected, but it is
interesting to note that clumps are observed in 12CO emission
around RW Aurigae, perhaps the most promising candidate for
a system sculpted by a stellar flyby (Rodriguez et al. 2018).
Spirals induced by stellar encounters can have pitch angles as
large as 30° (Cuello et al. 2019), comparable to the pitch angles
of RU Lup’s arms. However, stellar flyby simulations also
generally only form one or two dominant spiral arms,
sometimes with additional weaker arms (e.g., Pfalzner 2003;
Quillen et al. 2005; Cuello et al. 2020). This behavior stands in
contrast to RU Lup’s multiple spiral arms with similar peak
intensities (although intensity variations can be large within
any given arm).

There is not yet an obvious candidate for a recent encounter
with RU Lup. Since RU Lup is in a low-mass star-forming
region, any encounter would most likely be with another star
that has similar or lower mass. For equal-mass stellar
encounters, Breslau et al. (2014) find that disks start to be
significantly perturbed at periastron distances of a few
hundred au. After periastron passage, spiral structures induced
by the flyby are expected to survive for a few thousand years
(Cuello et al. 2019). The velocity dispersion of Lupus has been
measured to be 1.3 km s−1 (Makarov 2007). If we suppose that
RU Lup underwent an encounter at a periastron distance of
500 au with a star at a fairly large relative velocity of 5 km s−1,
then the two stars would be separated by ∼5800 au after 5000
yr. As noted in the previous discussion of potential stellar

companions of RU Lup, the closest Gaia DR2 source with a
similar parallax is IRAS 15533-3742, which still has a
projected separation of 19,000 au.
In summary, the complex CO emission features do not

appear to be fully consistent with existing models of any of the
aforementioned processes. RU Lup’s large-scale spiral arms
and complex CO kinematics may be evocative of models of
stellar flybys, but the viability of this scenario is weakened by
the lack of a stellar flyby candidate. RU Lup’s CO behavior
does not match closely with expectations for a bound
companion (although the annular gaps in the millimeter
continuum do suggest that planetary-mass companions may
orbit RU Lup). Evaluating whether a wind contributes to RU
Lup’s non-Keplerian kinematics will require identifying other
processes responsible for the spiral arms and clumps and
determining whether those processes are likely to coexist with
or launch a wind. While the large scale and irregularity of the
spiral arms in conjunction with the presence of clumps are
suggestive of GI, models of GI alone do not account for
the observed kinematics. It is possible that more than one of the
aforementioned processes could be occurring in RU Lup,
thereby accounting for the full range of phenomena observed;
for example, infall of cloud or envelope material can make a
disk gravitationally unstable (e.g., Vorobyov & Basu 2005).

4.2. Comparison of RU Lup to Other Sources

4.2.1. Spiral Arms in Disks

Spiral arms in molecular emission have only been reported
for a small number of protoplanetary disks so far, including AB
Aur in 12CO and possibly 13CO (Corder et al. 2005; Lin et al.
2006; Tang et al. 2012, 2017), HD 100453 in 12CO (Rosotti
et al. 2020), HD 142527 in 12CO (Christiaens et al. 2014),
MWC 758 in 13CO (Boehler et al. 2018), AS 205 in 12CO
(Kurtovic et al. 2018), HL Tau in HCO+ (Yen et al. 2019), TW
Hya in 12CO (Teague et al. 2019), and UX Tau in 12CO (Zapata
et al. 1919). This small group exhibits diverse disk and spiral
properties. Both Herbig Ae and T Tauri stars are represented.
Similar to RU Lup, both the TW Hya and HL Tau disks have
largely axisymmetric millimeter continuum emission featuring
a series of narrow gaps and rings (ALMA Partnership et al.
2015; Andrews et al. 2016). Meanwhile, of the aforementioned
sources, non-axisymmetric structures, such as spiral arms and/
or high-contrast crescent-like asymmetries, have been detected
in the millimeter continuum emission of HD 142527, AB Aur,
MWC 758, and AS 205 (e.g., Casassus et al. 2013; Tang et al.
2017; Andrews et al. 2018a; Dong et al. 2018; Kurtovic et al.
2018). Most of these systems only appear to have one or two
arms, but AB Aur and AS 205 both appear to have at least four
arms each and RU Lup has at least five arms. So far, systems
with four or more arms all have large-scale non-Keplerian CO
emission. Large-scale non-Keplerian molecular emission is
only sometimes detected in systems with one or two
spiral arms.
The properties of spiral arms detected in molecular emission

are strikingly different from those detected in millimeter
continuum. No more than two arms have been detected in
millimeter continuum emission in any given disk (Pérez et al.
2016; Dong et al. 2018; Huang et al. 2018c; Kurtovic et al.
2018; Lee et al. 2020; Rosotti et al. 2020). Millimeter
continuum spiral arms in T Tauri disks have so far all been
roughly 180° symmetric. In contrast, symmetric molecular
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spiral arms are atypical and have only been reported for the
inner regions of the AB Aur disk (e.g., Tang et al. 2017).
Because the millimeter continuum traces large dust grains in
the midplane and molecular emission traces gas in the upper
layers of disks, their different spiral morphologies may be in
part a consequence of the disk vertical temperature gradient or
of the decoupling of large dust grains from the gas (Juhász &
Rosotti 2018; Veronesi et al. 2019). Not all systems with
millimeter continuum spiral arms have spiral arms observed in
gas tracers and vice versa, perhaps pointing to multiple spiral
arm formation mechanisms being active in disks.

4.2.2. Disks Surrounded by Large-scale Non-Keplerian CO Emission

RU Lup joins a growing number of detections of large-scale
non-Keplerian, asymmetric structures in Class II systems, such
as AB Aur (Corder et al. 2005; Lin et al. 2006; Tang et al.
2012), AS 205 (Salyk et al. 2014; Kurtovic et al. 2018), DO
Tau (Fernández-López et al. 2020), Elias 20 (Andrews et al.
2018a), EX Lup (Hales et al. 2018), FS Tau A (Yang et al.
2020), J15450634-3417378 (Ansdell et al. 2018), RW Aur
(Rodriguez et al. 2018), SU Aur (Akiyama et al. 2019), UX
Tau (Zapata et al. 1919), and WSB 52 (Andrews et al. 2018a).
A few members of this group overlap with the spiral-armed
systems discussed above, but other morphologies include
collimated tails, arcs, clumps, shells, and broad asymmetries. It
is not clear the extent to which these complex morphologies
have a common origin. In at least a few cases (AS 205, FS Tau
A, RW Aur, UX Tau), the complex gas behavior appears to be
the consequence of dynamical interaction between multiple
stars. In other cases, large-scale gas structures around Class II
disks may be related to interaction with a remnant protostellar
envelope. Millimeter continuum and molecular line observa-
tions of FU Ori sources such as V883 Ori (Cieza et al. 2016;
Ruíz-Rodríguez et al. 2017a) and borderline Class I/Class II
sources such as HL Tau and DG Tau (ALMA Partnership et al.
2015; de Valon et al. 2020) have demonstrated that it is
possible to form and maintain well-organized dust disks
surrounded by infalling and/or outflowing gas.

4.2.3. Similarities with FU Ori Systems

RU Lup’s CO morphology, elevated accretion rate, and
photometric variability (described earlier in more detail in
Section 4.1.1) suggest some kinship with outbursting FU Ori
sources. Observationally, FU Ori sources are protostellar
systems typically characterized by a rapid brightening event
of up to several magnitudes at optical wavelengths, high
accretion rates up to 10−4 Me yr−1, and ejection of material
through winds (e.g., Hartmann & Kenyon 1996). Polarimetric
images and interferometric CO observations of FU Ori sources
show outflows, tails, and arms extending out to thousands of au
(e.g., Liu et al. 2016; Ruíz-Rodríguez et al. 2017b; Zurlo et al.
2017; Takami et al. 2018). FU Ori outbursts are generally
associated with Class 0/I disks still deeply embedded in
envelopes (e.g., Hartmann & Kenyon 1996). The outbursts are
most commonly attributed to infall from either the envelope or
from a gravitationally unstable disk (e.g., Hartmann &
Kenyon 1996; Vorobyov & Basu 2005). Hales et al. (2018)
have previously suggested that scaled-down versions of FU Ori
events occur in EX Lup, a Class II disk that has undergone
several moderate brightening events and exhibits an FU Ori-
like outflow structure traced by CO emission. Thus, sources

such as EX Lup and RU Lup may represent an evolutionary
link between young, extremely active FUors and the more
evolved, comparatively quiescent classical T Tauri stars. Other
proposed FU Ori mechanisms suggest that outbursts occur due
to environmental triggers rather than as part of an evolutionary
stage in star formation. Such environmental triggers could
include stellar flybys (e.g., Pfalzner et al. 2008) and accretion
of material from cloud fragments (e.g., Dullemond et al. 2019),
which were both discussed in the previous section as possible
explanations for RU Lup’s complex CO behavior.

4.2.4. Spiral Arms in Other Systems

RU Lup’s CO emission is also reminiscent of spiral arms in
sources that are not protostellar or protoplanetary disks. It bears
a striking resemblance to the CO emission of EP Aquarii, an
AGB star with long and clumpy spiral arms, a clumpy ring
interior to the spiral arms, and crescent-like emission interior to
the ring (Homan et al. 2018). Homan et al. (2018) hypothesize
that EP Aquarii’s CO emission is sculpted by a companion
interacting with the AGB wind. Clumpy spiral arms have also
been observed in a large number of spiral galaxies in optical
and UV images (e.g., Elmegreen et al. 2004; Guo et al. 2015).
These clumpy spiral galaxies have been hypothesized to form
via disk instabilities (e.g., Dekel et al. 2009) or mergers
(Puech 2010). While the detailed physics of AGB stars and
galaxies obviously differ from those of protoplanetary disks,
the morphological similarities motivate the exploration of
analogous processes during star formation.

5. Summary

We present deep ALMA observations of the J=2−1
transition of 12CO, 13CO, and C18O as well as the J=3−2
transition of DCO+ toward the T Tauri star RU Lup in order to
probe the gas distribution and kinematics. Our key findings are
as follows:

1. The CO isotopologues together trace four components of
the RU Lup system: a compact Keplerian disk with a
radius of ∼120 au, a non-Keplerian envelope-like
structure surrounding the Keplerian disk, at least five
spiral arms extending up to 1000 au from RU Lup, and at
least 11 clumps outside the spiral arms.

2. The spiral arms are clumpy, exhibiting localized intensity
variations of at least a factor of 3. Their inward
termination point appears to be at a clumpy CO emission
ring that is ∼260 au from RU Lup. The spirals are quite
open, with pitch angles up to 30°. They are generally
blueshifted relative to the systemic velocity.

3. The clumps outside the spiral arms are found at a range of
velocities, but most are redshifted relative to the systemic
velocity. Most of the clumps do not appear to be bound to
RU Lup. The peak 12CO brightness temperatures indicate
the clumps could be optically thick, rendering mass
estimates uncertain. Based on the 12CO emission and
non-detection in continuum emission, we estimate that
the clump masses are likely between ∼0.1 and 150 M⊕.
Other major sources of uncertainty that could change this
range include the 12CO:H2 ratio and the gas-to-dust ratio.

4. RU Lup’s complex CO emission, enhanced stellar
accretion, and strong photometric variability are reminis-
cent of a scaled-down version of FU Ori outburst
behavior. Mechanisms that have been proposed for the
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FU Ori phenomena include GI, delivery of material from
envelopes or cloud fragments, or stellar flybys. One of
these explanations may also be applicable to RU Lup.

An increasing number of Class II systems are now known to
be surrounded by large-scale, complex gas structures rather than
simply axisymmetric Keplerian disks. This raises the question of
how common these complex structures are. The available
constraints are surprisingly mediocre. Surveys of star-forming
regions have usually been shallow, leading to a large fraction of
non-detections of 12CO even with ALMA (e.g., Barenfeld et al.
2016; Ansdell et al. 2018). A few surveys have only covered the
13CO and C18O isotopologues, which are generally only
abundant enough to trace the inner regions of protoplanetary
disks (e.g., Long et al. 2017, 2018). A deep, comprehensive
survey of gas structures around young stars will be key for
establishing the typical conditions of planet formation.
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Appendix A
Properties of Continuum Sources Near RU Lup

Two faint, compact continuum sources are visible in the same
field as RU Lup (Figure A1). We assign the label “Source A” to
the one north of RU Lup and the label “Source B” to the one west
of RU Lup. To our knowledge, these sources have not previously
been described in the literature. To measure the positions and
fluxes of these sources, we fit two-dimensional Gaussians using
the imfit task in CASA and list the results in Table A1.

Both sources lie outside RU Lup’s CO spiral arms, and neither
coincides with the positions of any of the CO clumps. No object
in the Gaia DR2 catalog (Gaia Collaboration et al. 2018)
corresponds to the positions of either Source A or B. The two
sources can plausibly be attributed to background submillimeter
galaxies. Using the Schecter function derived in Carniani et al.
(2015) from ALMA continuum maps and assuming that galaxies
are uniformly distributed, the probability that a submillimeter
galaxy with a 1.3mm flux density exceeding 0.31 mJy is found
within 10″ of RU Lup is ∼16%. Likewise, the probability of a
source with a flux density exceeding 0.71 mJy in this region is
∼4%. Measuring the SED and proper motion of these sources
will be useful for confirming their nature.

Appendix B
CLEAN Mask for 12CO

For channels between −5.5 and 0.75 km s−1, a circular mask
with a radius of 1.2″ was used to CLEAN the emission. The
starting CLEAN mask for the remaining channels is illustrated
in Figure B1.

Figure A1. 1.3 mm continuum emission (pink contours) detected in the field of
RU Lup, drawn on top of the 12CO emission (gray scale). Contours are drawn
at [5, 7, 10, 50, 100, 250, 500, 1000, 2000]σ, where σ=0.03 mJy beam−1.
The continuum rms is measured inside an annulus with an inner radius of 9″
and outer radius of 10″. The central object is the RU Lup disk. The asymmetry
in its 5σ contour is due to point-spread function artifacts, since the RU Lup disk
is extremely bright (the peak intensity at 1.3 mm is 70.85 mJy).

Table A1
Continuum Source Properties

Source Position Relative to RU Lup Fluxa

(arcsec, arcsec) (mJy)

A (0.32±0.02, 7.9±0.02) 0.31±0.06
B (−9.67±0.01, 2.00±0.01) 0.71±0.08

Note.
a Uncertainties quoted in the table are statistical. The systematic flux
calibration uncertainty contributes another 10%.

14 https://almascience.nrao.edu/aq/?project_code=2018.1.01201.S
15 https://almascience.nrao.edu/aq/?project_code=2016.1.00484.L
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Figure B1. CLEAN mask used for imaging 12CO overlaid on the line channel maps. The white-dotted ellipses show the mask boundaries. The pink contours mark
emission at the 12.5 mJy beam−1 level (equal to 5σ at a distance of ∼10″ from the phase center). Cloud contamination is visible in channels from 3.75–6.5 km s−1.
The corners of each image are noisy due to the decreased sensitivity near the edge of the primary beam. The synthesized beam is drawn in the lower left corner of each
panel. The LSRK velocity (km s−1) is labeled in the lower right corner. Offsets from the phase center (in arcseconds) are marked on the axes in the lower left corner of
the figure.
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Figure B1. (Continued.)
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