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PROTOPLANETARY DISKS

Spiral density waves in a young
protoplanetary disk
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Gravitational forces are expected to excite spiral density waves in protoplanetary disks,
disks of gas and dust orbiting young stars. However, previous observations that showed
spiral structure were not able to probe disk midplanes, where most of the mass is
concentrated and where planet formation takes place. Using the Atacama Large
Millimeter/submillimeter Array, we detected a pair of trailing symmetric spiral arms in the
protoplanetary disk surrounding the young star Elias 2-27. The arms extend to the disk
outer regions and can be traced down to the midplane. These millimeter-wave observations
also reveal an emission gap closer to the star than the spiral arms. We argue that the
observed spirals trace shocks of spiral density waves in the midplane of this young disk.

S

piral density waves are expected to be
excited in the midplane of protoplanetary
disks by the action of gravitational forces,
generated by, for example, planet-disk interactions (1) or gravitational instabilities
(2). These waves give rise to a spiral structure
whose observable characteristics—the number and
location of arms and their amplitudes and pitch
angles—depend on the driving mechanism and
the disk physical properties (1, 3–5). Theoretical
predictions agree that these spiral features can
be very prominent and thus more easily observable than the putative embedded planets or instabilities driving such waves (6, 7). Spiral-like
patterns have been observed in evolved protoplanetary disks with depleted inner regions, in
optical scattered light (8–13) or gas spectral lines
SCIENCE sciencemag.org

(14, 15). However, at the wavelength of such observations the emission is optically thick, and
scattered light only traces the tenuous surface
layers of these disks rather than their midplane
densities. This makes it impossible to disentangle
between minute perturbations near the disk surface and true density enhancements over the
disk column attributable to spiral density waves
(5, 16). To probe the disk density structure, particularly the disk midplane that contains most of
the mass and where planets form, observations
of optically thin emission are necessary.
We used the Atacama Large Millimeter/
submillimeter Array (ALMA) to observe the protoplanetary disk around the young star Elias 2-27
at a wavelength of 1.3 mm. Our spatially resolved
image (Fig. 1) shows two symmetric spiral arms
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extending from an elliptical emission ring. To
emphasize the spirals and the dark ring of attenuated emission seen at ≈70-astronomical-unit
(AU) radial distance from the star, we applied an
unsharp masking filter (17) to increase substantially the image contrast (Fig. 1B).
The young star Elias 2-27 (18) is a member
of the r-Ophiuchus star-forming complex at a
distance of 139 pc (19) and is classified as a class
II young stellar object from analysis of its spectral energy distribution (SED) (20, 21). Although
the star is only 50 to 60% of the Sun’s mass (M⊙)
(20, 22), it is known to harbor an unusually
massive [0.04 to 0.14 M⊙ (20, 23, 24)] protoplanetary disk. The star, obscured by 15 magnitudes of extinction at optical wavelengths by the
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Fig. 1. Thermal dust emission from the protoplanetary disk surrounding Elias 2-27. The disk was
imaged at a wavelength of 1.3 mm, with ALMA reaching an angular resolution of 0.26″ by 0.22″ (indicated
by the ellipse in the bottom left corner), which corresponds to 36 by 31 AU at the distance of the star.
The field-of-view center (at 0, 0) corresponds to the disk emission peak located at right ascension (J2000) =
16 hours 26 min 45.024 s, declination (J2000) = –24 degrees 23 min 08.250 s, and coincidental with
the position of the star Elias 2-27. (A) 1.3-mm dust continuum image from the Elias 2-27 protoplanetary disk over a 4″ by 4″ area. The color scale represents flux density measured in units of Jansky
per beam (1 Jy = 10−26 W m−2 Hz−1). (B) Increased contrast image from processing the original ALMA
observations shown in (A) with an unsharp masking filter (17).

Fig. 2. Polar projection of disk emission and measured contrast over the spirals in the Elias 2-27
protoplanetary disk. (A) Projection onto polar coordinates (polar angle q versus deprojected radial
distance to the central star R) of the dust continuum observations from the Elias 2-27 disk. The emission
has been scaled by R2 in order to aid visualization, and the polar angle is defined as q = 0° (north) increasing
toward east. Curves correspond to the best-fit model spirals for the NW and SE arms (dashed lines) and
their constraint at the 3s level (solid lines). (B) Surface brightness contrast of the continuum emission along
each spiral arm, defined as the ratio between the peak of emission and the background surface brightness
(17), which is computed at increasing radial distance from the star.

constrained the geometry of these structures by
modeling their location in polar coordinates
(where R is the distance from the star located at
the origin and q is the angle from the x axis),
taking into account that these structures have
been inclined and rotated with respect to our
line of sight by their inclination (i) and position
angle (PA). The emission local minima were fitted
with a circular ring (R = a0, where a0 is the
radius at which the gap is located), whereas
the emission local maxima were fitted with two
symmetric logarithmic spirals (R = R0 ebq, where
R0 is the spiral radius at q = 0°, and b is the rate
at which the spirals increase their distance from
the origin). The best-fit parameters for the symmetric spirals that describe the local maxima
are R0 = 84 ± 4 AU and b = 0.138 ± 0.007 (which
corresponds to a pitch angle of f= 7.9° ± 0.4°),

whereas the circular ring that describes the local
minima has a radius of a0 = 71 ± 2 AU. The
geometry of the spiral arms and dark ring can
all be described with a single inclination angle
of i = 55.8° ± 0.9° and position angle PA =
117.3° ± 0.9°. The best-fit model and constraints
at the 3s level are shown in Fig. 3 for the spiral
arms and dark ring.
Spatially resolved molecular line observations
of CO and two isotopologues, simultaneous to the
continuum observations discussed here, suggest
that the southwest side of the disk is tilted
toward Earth while the disk rotates in a clockwise direction in a Keplerian velocity pattern
(figs. S4 to S7) (17). It is most likely that the
observed NW and SE spirals point away from
the direction of rotation—that these are trailing
spiral arms.
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parent molecular cloud (22), accretes material
from its surrounding disk with a mass accretion
rate of 8 × 10−8 M⊙ year−1 (25). Previous observations at 0.6″ to 1.1″ angular resolution were
well described by a smooth and axisymmetric
distribution of material in the disk that extends
near the stellar photosphere and decreases monotonically with distance from the star (20, 23).
To estimate the optical depth of the observed
dust continuum emission, we performed radiative transfer calculations using RADMC-3D (26)
at 1.3 mm (17), using the previous surface density constraint found for the Elias 2-27 disk (20).
This model reproduces the azimuthally averaged
radial profile of the observed ALMA 1.3-mm continuum emission (fig. S1) (17). At a radial distance
from the star (hereafter referred to as radius and
denoted by R) larger than R ≈ 10 AU, the emission is optically thin and thus traces the density
of solid material down to the midplane of the
disk. At the location of the spiral structures (from
R = 100 to 300 AU), the azimuthally averaged
optical depth t of the dust continuum emission
is t = 0.1 at R = 100 AU, decreasing to t = 0.02
at R = 300 AU (fig. S1B), which is consistent
with the measured peak brightness temperature on the spirals of 1.2 K at R = 150 AU.
The spiral structures are even more evident
in Fig. 2A, in which the data has been projected
into a polar coordinate grid that accounts for
the viewing geometry of the disk. In polar coordinates, a ring with zero eccentricity would have
a constant radius for all polar angles. However,
shown in Fig. 2A are two bright structures that
grow in radius from ~100 to 300 AU as the polar
angle increases. The brightest of these two structures lies northwest of the star, labeled “NW”;
the spiral structure southeast of the star is labeled
“SE.” In Fig. 2B, we present the surface brightness
contrast of the NW and SE arms, defined as the
ratio between the peak of emission at the arm
and the background surface brightness (17). We
found that both arms have similar contrasts
ranging between values of 1.3 and 2.5. The spiral
arms reach their highest contrast at R = 150 AU,
coinciding with the location in the disk where
gravity has the most influence over thermal pressure and shear forces, that is, where the Toomre
Q parameter is lowest (fig. S2) (17). However,
even at its minimum value Toomre Q is well
inside the stable regime (17). If the spirals arms
suffer from beam dilution (if their physical size
is smaller than the angular resolution of our observation), a higher optical depth than our previous estimate could be possible, implying an
even higher density contrast in the arms. Thus,
the contrast values measured for NW and SE are
lower limits.
We determined the local maxima and minima
of emission in the dust continuum observations
at evenly spaced azimuthal angles, after subtracting a smooth monotonically decreasing intensity
profile that best fit the intensity radial profile of
the disk (fig. S3) (17). As demonstrated in Fig. 3,
the emission local maxima (Fig. 3, crosses) describe
two spiral structures, whereas the emission local
minima (Fig. 3, circles) describe an ellipse. We
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Simulations indicate that planet–companiondisk interactions (PDIs) alone are capable of
opening a gap creating density and temperature
contrasts along spiral arms that are consistent
with the observed values in NW and SE (1, 6).
However, the observed gap at 70 AU is of low
contrast, which is indicative of a narrow or partially opened gap as predicted from PDIs with
low-mass planets. Such planets will have a harder
time exciting spiral density waves of the observed
contrast in Elias 2-27 (27). Grain growth could in
principle create such a low-contrast gap at 70 AU,
but we see no evidence of this process in our
9 mm observations from the Karl G. Jansky Very
Large Array (fig. S8) (17). Additionally, PDI simulations generally predict spiral arms with different contrasts to each other, unlike the similar
contrast of NW and SE. Those models often struggle to produce the symmetric spiral pattern observed in the Elias 2-27 disk (27, 28), unless the
planet-induced density waves are driven by a
massive companion at large disk radii exterior
to the spirals (6), of which we see no evidence
in the Elias 2-27 system.
Alternatively, gravitational instabilities (GIs)
can also excite spiral density waves with contrasts in density and temperature that are similar to the observed contrasts in NW and SE. A
high mass accretion rate, on the order of 10−6
to 10−7 M⊙ year−1 (29), coupled with a large diskto-star mass ratio of at least Mdisk/Mstar ≈ 0.5
(3) are required to induce the “grand design”
SCIENCE sciencemag.org
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Fig. 3. Model of symmetric spirals and dark ring
for the Elias 2-27 protoplanetary disk. The local
maxima (crosses) and local minima (circles) in the
continuum emission of Elias 2-27 are indicated. The
maxima trace the NW and SE spirals, and the minima trace a ring. A model with symmetric spirals
that shares the same geometry (inclination and
position angle) with the inner dark ring was able
to reproduce the location of the local maxima and
minima of emission, as illustrated by the best-fit
model (solid curve) and 3s constraints (shaded
regions). The blue star denotes the position of
Elias 2-27. To illustrate the location of these features in the image, we overlaid these results over
the unsharp masked image from Fig. 1B; however,
this image was not used for the calculations.

symmetric spiral arms observed in Elias 2-27.
Although the mass accretion rate of the star is
high (25), even in the most optimistic case the
disk-to-star mass ratio is Mdisk/Mstar ≈ 0.3, limiting the possibility of GI acting alone. Additionally, simulations of disks undergoing GI
generally cannot maintain spiral arms at radii
larger than 100 AU because the disk begins to
fragment at large radii (2, 3, 29–31). A possibility
to avoid fragmentation in the GI scenario is that
the Elias 2-27 disk is in a marginally unstable
state (32)—for example, supported by external
irradiation or sustained by an envelope that is
feeding mass to the outer disk. However, no evidence for a massive envelope is found in the
infrared SED of this object (20, 21), making the
possibility of a marginally unstable disk unlikely.
A combination of PDI and GI mechanisms acting together (5) could be another alternative to
explain the high degree of symmetry of the arms
in both contrast and location, the presence of
both arms out to large disk radii, together with
the gap in the disk located at 70 AU. However,
this scenario also requires a high-mass planet
(5), whose effect in the disk structure should be
discernable as a larger and deeper gap than the
one constrained in this work.
The observed structure in Fig. 1 delineates
two symmetric trailing spiral arms, NW and SE,
whose low optical depth enables material to be
traced in the disk midplane. Together with the
measured contrast values of at least 1.3 to 2.5 in
the spiral arms, these results imply that NW and
SE are tracing density and/or temperature enhancements at the disk midplane, which are arranged into two “grand design” symmetric spiral
arms. Given the disk differential rotation (similar to the case of spiral galaxies), if the observed
spirals were material arms rotating at the disk
Keplerian velocity, then the inner part of the spiral (at 100 AU) would rotate five times faster
than the outer part of the arm (at 300 AU). Thus,
in a time scale much shorter than the lifetime of
the disk (only a few orbital periods of roughly
1000 years) these spiral arms would wind up
and disappear. We conclude that instead of tracing
material arms, the NW and SE spiral structures
trace density and temperature enhancements
owing to spiral density waves in the midplane
of the Elias 2-27 disk.
Unlike the spiral features from scattered-light
observations, the spiral arms detected with our
millimeter-wave imaging trace structures at the
midplane of the disk—where planet formation
takes place—allowing us to discern the location,
shape, contrast, and size of these spiral density
waves at the disk midplane. These results provide
a distinct benchmark for numerical simulations
of spiral structure in protoplanetary disks, particularly because fragmentation of such spirals
remains the only plausible formation mechanism for planets and companions at large disk
radii, where core-accretion becomes inefficient
(33). Thus, the detection of spiral features in
Elias 2-27 is a first step to determine what is the
dominant mechanism of planet formation at different locations in the disk.
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