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Spiral Arms and a Massive Dust Disk with non-Keplerian Kinematics:
Possible Evidence for Gravitational Instability in the Disk of Elias 2-27
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ABSTRACT

To determine the origin of the spiral structure observed in the dust continuum emission of Elias
2-27 we analyze multi-wavelength continuum ALMA data with a resolution of ~0.2 arcsec (~23au)
at 0.89, 1.3 and 3.3mm. We also study the kinematics of the disk with '3CO and C'®0O ALMA
observations in the J =3-2 transition. The spiral arm morphology is recovered at all wavelengths
in the dust continuum observations, where we measure contrast and spectral index variations along
the spiral arms and detect subtle dust-trapping signatures. We determine that the emission from
the midplane is cold and interpret the optical depth results as signatures of a higher disk mass than
previous constraints. From the gas data, we search for deviations from Keplerian motion and trace the
morphology of the emitting surfaces and the velocity profiles. We find an azimuthally varying emission
layer height in the system, large-scale emission surrounding the disk, and strong perturbations in
the channel maps, co-located with the spirals. Additionally, we develop multigrain dust and gas
SPH simulations of a gravitationally unstable disk and compare them to the observations. Given the
large scale emission and highly perturbed gas structure, together with the comparison of continuum
observations to theoretical predictions, we propose infall-triggered gravitational instabilities as origin
for the observed spiral structure.

1. INTRODUCTION
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Protoplanetary disks around young stars have shown
various structures in their thermal dust continuum emis-
sion. Observing and understanding their origin is nec-
essary to understanding the chemical, physical and dy-
namical processes that are ongoing in a protoplanetary
disk. Of the structures present in dust emission, rings
and gaps are the most common (e.g., ALMA Partner-
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ship et al. 2015; Andrews et al. 2018; Huang et al. 2018a;
Long et al. 2018; Fedele et al. 2018), albeit arcs and spi-
rals have also been observed in some systems (e.g., Dong
et al. 2018; Huang et al. 2018b).

Observing with instruments such as the Atacama
Large Millimeter/submillimeter Array (ALMA) is cru-
cial to our understanding of planet-formation mecha-
nisms, as we can observe at wavelengths that trace con-
tinuum emission from the cold midplane (e.g., Testi et al.
2014), where we expect planets to be forming or have al-
ready formed. In the case of midplane spiral structures,
their origin may be linked to the presence of a compan-
ion; stellar, y-by or planetary (Pohl et al. 2015; Forgan
et al. 2018b; Cuello et al. 2019; Bae & Zhu 2018a; Dong
et al. 2018; Keppler et al. 2020). Spirals may also be ex-
cited if the system is gravitationally unstable. Gravita-
tionally instability is expected in cool and massive disks,
where the disk-to-star mass ratio is larger than 0.1 (Bell
et al. 1997; Gammie 2001; Lodato & Rice 2004; Krat-
ter & Lodato 2016; Hall et al. 2016; Rice 2016; Zhang
& Zhu 2020; Hall et al. 2019; Cossins et al. 2009). To
date, not many spirals in dust continuum emission have
a clear origin, except for those in multiple systems where
the presence of spirals has been linked to stellar inter-
actions (Kurtovic et al. 2018; Rosotti et al. 2020). On
the other hand, there are disks were spirals have been
reported at millimeter wavelengths and where no com-
panion to which the spiral origin may be linked to has
been detected yet (to date these are Elias 27, IM Lup,
WaOph 6, and MWC 758, Rerez et al. 2016; Huang et al.
2018b; Dong et al. 2018). If no companion is detected
and the disk is massive compared to the host star mass,
the gravitational instability (Gl) scenario arises as a pos-
sible explanation for the origin of the observed spirals.
Studying disks undergoing Gl is important, as popula-
tion synthesis models show that Gl primarily ends up
forming brown dwarf mass objects (Forgan et al. 2018a;
Hall et al. 2017). It seems that giant planet formation
through Gl is rare (Rice et al. 2015), but it may still
be the formation mechanism for important systems like
HR 8799 (Vigan et al. 2017).

Elias 2-27 is a young (0.8 Myr) MO star (Andrews
et al. 2009) located at a distance of 11 190 pc (Gaia
Collaboration et al. 2018) in the  Oph star-forming
region (Luhman & Rieke 1999). It harbors an unusu-
ally massive protoplanetary disk, the disk-to-star mass
ratio of Elias 2-27 is reported to be 0.3 (Andrews
et al. 2009; Rerez et al. 2016). The initial detection of
two large-scale spiral arms was obtained with medium-
resolution ALMA observations by Rerez et al. (2016).
Due to the brightness and accessibility of the source, it
became one of the Disk Substructures at High Angu-

lar Resolution Project (DSHARP, Andrews et al. 2018)
targets, allowing further analysis of the dust emission
at high resolution. Its distinctive morphology consists
of two extended quasi-symmetric spiral arms and a gap,
14 au wide, located at 69 au from the star (Huang et al.
2018a,b). Due to its characteristic structure, the system
has been the subject of several theoretical studies, con-
cluding that Gl is a possible origin to the spiral arms
(Hall et al. 2018; Forgan et al. 2018b; Meru et al. 2017;
Bae & Zhu 2018b). Though Gl seems to explain the spi-
ral morphology, it does not explain the dust gap, which
could be carved by a companion of 0.1 M; as con-
strained in hydrodynamical simulations by Zhang et al.
(2018). Localized deviations from Keplerian motions at
the location of this dust gap have been recently found,
strengthening the hypothesis of a planetary-mass com-
panion in the gap (Pinte et al. 2020). However, a lower
mass inner companion, such as the one proposed to open
the gap, would not be able to excite the observed spiral
arms (Meru et al. 2017).

Overall, Elias 2-27 appears to be a strong candidate
to be a gravitationally unstable protoplanetary disk, but
there are many tests to be done in order to determine
if this is in fact the origin of the observed spirals. Gl
spirals will create pressure enhancements where we ex-
pect solids to be trapped and grain-growth favored (Rice
et al. 2004, 2005; Dipierro et al. 2015). This will not oc-
cur in the case of a companion, as companion-induced
spirals will co-rotate with the planet at its Keplerian
speed, faster than the background gas ow at their loca-
tion, prohibiting dust growth and accumulation (Jutasz
et al. 2015). Another morphological signature is the ex-
pected symmetry of the spirals produced by GlI, which
should have a constant pitch angle in a logarithmic spi-
ral model (Forgan et al. 2018b). Thus, measurements of
dust growth signatures together with symmetric, con-
stant pitch angle, logarithmic spirals, in a protoplane-
tary disk point towards a Gl scenario.

Additionally, valuable dynamical information may be
obtained from gas observations. The presence of planets
or companions leaves distinct footprints in the kinemat-
ics and these perturbations may be constrained by the
amplitude of the gas deviations from the expected Kep-
lerian motion of an unperturbed disk. The current state-
of-the art methods vary from tracing pressure gradients
(Teague et al. 2018), observing deviations from expected
isovelocity curves in the channel maps (‘kinks') (Pinte
et al. 2019, 2018a, 2020; Perez et al. 2015) and using the
mean velocity maps to model the velocity structure of
the disk and detect Doppler ips in the residuals (Rerez
et al. 2020, 2018b). For Gl spirals, Hall et al. (2020)
characterizes the presence of a \Gl-wiggle" that, con-
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trary to companion-disk interactions, will not be spa-
tially localized but rather be a large scale perturbation,
present throughout a wider velocity range, co-located
with the spirals. Analyzing the disk kinematics comple-
ments the analysis of the observed dust structures and
allows us to understand and connect the various ongoing
processes.

Previously published gas observations of Elias 2-27 in
the 2CO and '2CO in J=2-1 transition show heavy
absorption, as the star is quite embedded in its cloud
(Andrews et al. 2009; Rerez et al. 2016; Andrews et al.
2018; Pinte et al. 2020). In this study we present'*CO
and C®0 observations in J=3-2 transition. The higher
energy transition and lower abundance of the isotopo-
logues allows us to avoid some of the cloud contami-
nation, while also probing closer to the midplane than
previous works.

The present paper o ers new observational constraints
on Elias 2-27 and is organized as follows. Section 2 pro-
vides an overview on the calibration and imaging pro-
cess of the observations, section 3 analyzes the spirals
in the multi-wavelength continuum data, section 4 stud-
ies the 13CO and C'®0 emission, through a geometrical
analysis of the moment maps and the localization of per-
turbations in channel maps, section 5 shows the analysis
of hydrodynamical simulations computed for a Gl disk
using the derived observational parameters of Elias 2-
27, section 6 discusses the results and determines the
possible origin of the spirals, and nally, section 7 sum-
marizes the main ndings of this work.

2. OBSERVATIONS

We present multi-wavelength (Band 3, 6 and 7) dust
continuum and spectral line (**CO J = 3 2 and
C®0 J =3 2) ALMA data of Elias 2-27. In the
case of the Band 6 (1.3 mm) observations, the imaged
data corresponds to the one presented in Rerez et al.
(2016), detailed information regarding the calibration
of this dataset may be found in the original publication.
For the Band 7 (0.89 mm) and Band 3 (3.3 mm) obser-
vations, the dust continuum data was rst calibrated
through the ALMA pipeline and afterwards, phase and
amplitude self-calibration was applied. Additionally, fol-
lowing the calibration procedure described in Andrews
et al. (2018), we applied astrometric and ux scale align-
ment, to correct for spatial o sets between the center
of emission of di erent observations and relative ux
scale dierences. In both bands we have short (15m-
313.7m in Band 7, 15.1m-2.5km in Band 3) and long
(15.1m-1.4km in Band 7, 21 m-3.6 km in Band 3) base-
line observations, in order to account for all of the emis-
sion from dierent spatial scales of the disk. Spatial

o sets are corrected by locating the center of emission
through a Gaussian t in the image plane of each ob-
servation and adjusting phase and pointing centers with
the Common Astronomy Software Applications (CASA
McMullin et al. 2007) tasks fixvis and fixplanets  re-
spectively. The absolute ux calibration uncertainty of
ALMA data is expected to be 10%, and we note that
after self-calibration the relative ux scales are consis-
tent within 5% for di erent observations in the same
band. To adjust these amplitude scale di erences we
compare the deprojected, azimuthally averaged, visibil-
ity pro les and scale them using the short-baseline data
as reference for thegaincal task, following the method-
ology in Andrews et al. (2018). For Band 7 data we
apply the spatial o set corrections and amplitude scal-
ing before any self calibration as relative ux scales vary
5 10% between observation sets. In the Band 3 data
set we have a higher ux scale di erence from the initial
datasets ( 20%), probably due to atmospheric condi-
tions as we can visually see that the image quality is
not the best. Therefore, in Band 3 we conduct self-cal
of the short-baseline observation and afterwards, with a
ux scale di erence of 3%, we perform the spatial and
amplitude scale corrections.

Self-calibration was rst conducted on the dust con-
tinuum emission short-baseline data and the result com-
bined with the long-baseline data to be self-calibrated all
together. The selected time intervals for both phase and
amplitude self-calibration start with the longest avail-
able total integration period for the initial round, and
afterwards, each following time interval was half of the
previous interval. The longest and shortest intervals
used were, 1500s and 46s for the phase calibration of the
joint 0.89 mm data, and 2860s and 178s for the phase cal-
ibration of the joint 3.3 mm data. For the calibration of
the short baseline data, the time intervals of phase cal-
ibration were between 1080s and 270s for the 0.89 mm
data, and 304s and 9.5s for the 3.3mm data. In the
case of the amplitude self-cal time intervals, in Band
7 only one round was required in both short baseline
and joint data, so the solutions were obtained from the
longest time interval. In Band 3 the short baseline data
had one round of amplitude calibration and the joint
data set had two rounds. Self-calibration rounds were
applied until signal-to-noise ratio (SNR) improvement
was less than 5% in the case of Band 7 data and until
there was no SNR improvement in the case of Band 3.
For the short baseline data at 0.89 mm, we conducted
3 rounds of phase calibration and 1 round of amplitude
calibration. The combined dataset at 0.89 mm had 7
rounds of phase calibration and 1 round of amplitude
calibration, overall the peak SNR in the joint dataset
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improved 300%. The short baseline data at 3.3 mm had
6 rounds of phase calibration and 1 round of amplitude
calibration, the joint data set had 5 rounds of phase cal-
ibration and 2 round of amplitude calibration. In the
joint dataset, the SNR improvement was 6%.

For the nal imaging we used multi-scale tclean for
all the images, using a 1 stopping threshold (where
is the image RMS) for the Bands 3 and 6 data, and
a 2 stopping threshold in Band 7. Robust weight-
ing values were 1.0 in the case of Band 6, and 0.5 for
Bands 3 and 7. We also set thegain value to 0.05 and
cyclefactor parameter in tclean to 2.0, to have a
more detailed cleaning, by substracting a smaller frac-
tion of the source ux from the residual image and trig-
gering a major cycle sooner. All images have compa-
rable beam sizes: 0.22 0.17°beam (26au 20au) at
0.89mm, 0.26° 0.22°beam (30au 26au) at 1.3mm,
and 0.26° 0.20° (30au 23au) beam at 3.3mm. At
each wavelength the image RMS is approximately
93 Jy/beam, 86 Jy/beam and 10 Jy/beam, respec-
tively for 0.89 mm, 1.3mm and 3.3 mm.

The observations of G80 and 3CO were obtained si-
multaneous to the dust continuum emission in Band 7
(0.89mm) and in the J = 3 2 transition. C!80 is
observed at 329.330 GHz, with a spectral resolution of
0.035 MHz and *3CO at 330.588 GHz, with a spectral
resolution of 0.121 MHz. After applying the same self-
calibration solutions as to the dust continuum of Band
7, the emission was rst imaged using natural weighting
(robust parameter of 2.0) and not applying any uvta-
pering or uv-range ltering, in order to be sensitive to
large-scale emission with a beamsize of 0.990.22°(
34 25au) for *CO and 0.30° 0.23°( 35 27au) for
C*0 (see gures in Appendix A). In order to avoid the
cloud contamination present in the disk (Rerez et al.
2016; Huang et al. 2018b) we exclude large-scale emis-
sion by considering only baselines longer than 36m for
13CO (scales shorter than 6.49 740au) and 45m for
C'0O (scales shorter than 5.182 590au). We also
applied uvtapering of 0.2° 0.1189 PA= 0 for 3CO
and 0.2° 0.0 PA= 0 for C80, in order to obtain a
roughly round beam. The nal images that trace the
disk emission were obtained with a robust parameter of
0.5, resulting in a beam size of 0.28 0.25°( 29au)
for 13CO and 0.31°° 0.29°(  35au) for C**0. We im-
aged all channel maps in both?*CO and C*0 using a
0.111km s ! spectral resolution, though the C!0 data
was observed with a ner spectral resolution (0.032 km
s 1), and found the best compromise of SNR by using
a broader spectral resolution.

We also recover gas emission from CNv=0,N=3 2
inJ =7=2 5=2andJ =5=2 3=2, these additional

molecules will be studied separately in future work. We
do not recover any emission from requested observations
of CNv=0,N=3 2inJ =5=2 5=2o0r SO 3
v=0J =3 2, at the achieved sensitivity level of
3mJy/beam.

3. DUST SPIRAL STRUCTURE

We recover the spiral structure at all wavelengths, as
shown in Figure 1. Given the 25au beam size, we are
not able to fully resolve the 69 au gap but can distinguish
it as a small decrease in brightness temperature at all
wavelengths in Figure 1. For all calculations through-
out this study, we will assume the gap location, disk
inclination, and disk position angle as derived in Huang
et al. (2018a), which are 69.1 0:4au, 56.2 0:8 , and
118.8 0:7 , respectively.

3.1. Tracing the Spiral Morphology

To trace the spiral structure from our dust continuum
images, we radially subtract an azimuthally-averaged ra-
dial pro le of the emission and trace the spiral features
from these \subtracted images" (as done in Huang et al.
2018b). From the subtracted images, shown in the top
panels of Figure 2, we nd the radial location of maxi-
mum emission along each spiral, at azimuthal steps sam-
pled every 9, between a determined azimuthal angle
range (values in Table 1). The radial extent where we
trace the maxima of emission is determined visually. To
aid our visual criteria we consider radial locations no
further than where we have a signal of 5 times the RMS
in the non-subtracted image.

Previous analyses of Elias 2-27 (Rerez et al. 2016;
Huang et al. 2018b) have shown that a logarithmic spi-
ral model, with a constant pitch angle, can adequately
trace the spiral morphology. Therefore, we use MCMC
modelling to nd the best- t parameters for a logarith-
mic spiral model, considering the location data of each
spiral and each observed wavelength. The spiral form is
given by:

r()= Ro€ 1)

Here is the polar angle in radians measured from
the North and to the East (left), for reference see coor-
dinates in Figure 1. Rg; b are free parameters, withRq
the radius at = 0, measured in au, andb relates to
the pitch angle of the spiral arms ( ), as = arctan(b).
The uncertainty on the location of each measured max-
ima is assumed to be the astrometric errof: p =

lsee Sect 10.6.6 in  https://almascience.nrao.edu/
documents-and-tools/cycle5/alma-technical-handbook/view
for further details.
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Figure 1.

Dust continuum observations of Elias 2-27 at 0.89 mm, 1.3 mm and 3.3 mm. For each panel: the intensity colorscale

is shown on the right, the scalebar in lower right corner corresponds to 30 au at the distance of the star, and the ellipse in the

bottom left corner indicates the spatial resolution.

Table 1. Best-t Parameters of the Logarithmic Spiral Model

Wavelength Spiral Arm  Angle Range Ro [au] b Pitch Angle
0.89mm NW -251 to-5  249.8%2 0230 0002 129 01
SE -70 t0 150 1115 0:4 0:247 0:003 139 02

1.3mm NW -250 to-35 250.2%3  0:229% %% 129 02
SE -61 to 135 115595 0.234 0:007 132 04

3.3mm NW -260 to-23  249.9%3 0229 0:005 12.9 03
SE -50 to 140  113.6"¢ 0231 0010 130 06

60000 ( B SNR) !, were pisthe approximate po-
sition uncertainty of a feature in milliarcseconds, SNR
is the peak/RMS intensity ratio of the data point on the
image, is the observing frequency in GHz andB is the
maximum baseline length in kilometers.

The top panel of Figure 2 shows the maxima along
each spiral from the subtracted images. In the mid-
dle panels are the deprojected radial locations of each
maxima, measured from the center, as a function of az-
imuthal angle. Grey lines show logarithmic spiral mod-
els, derived from 300 draws of the posterior values after
convergence of the MCMC simulations for the best-t
parameters of each spiral arm. The horizontal line at
148 au marks the location where we observe a break in
the spiral arm, at all wavelengths, clearest in the South-
East spiral, also subtly present in the North-West spiral.
Huang et al. (2018b) had previously noted a possible de-
crease in the pitch angle value outside R 150au. The
bottom panel (Figure 2) shows the polar deprojection
of the subtracted data, with a vertical line marking the
dust gap location. The red/blue lines show the best- t
model for the logarithmic spirals. The median value for

the parameters of the logarithmic spiral model, for each
spiral and wavelength, are shown in Table 1, along with
the 16th and 84th percentile uncertainties derived from
the posteriors.

We note that the pitch angle values retrieved here,

129 and 13.3, for NW and SE spiral respec-
tively (similar between wavelengths, see Table 1), are
di erent than the recovered pitch angles from Huang
et al. (2018b) (15.7 and 16.4, for NW and SE spi-
ral). When applying our method to the high-resolution
dataset presented in Huang et al. (2018b), we retrieve
the same results as in their work. The pitch angle dif-
ference between this work and theirs is probably due to
beam smearing e ects, combined with the challenge of
image subtraction in lower-resolution data (as discussed
in Huang et al. 2018b), as the angular resolution di er-
ence between datasets is a factor of 4-5.

3.2. Contrast variations along the spirals

We test the contrast at comparable locations over dif-
ferent wavelengths, for this may provide evidence of dust
trapping. Ifindeed there is dust growth within the spiral
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