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Gravitational forces are expected to excite spiral density waves in protoplan-

etary disks, disks of gas and dust orbiting young stars. However, previous

observations that showed spiral structure were not able to probe disk mid-

planes, where most of the mass is concentrated and where planet formation

takes place. Using the Atacama Large Millimeter/submillimeter Array we de-

tected a pair of trailing symmetric spiral arms in the protoplanetary disk sur-

rounding 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.

Spiral density waves are expected to be excited in the midplane of protoplanetary disks

by the action of gravitational forces, generated for example by planet-disk interactions (1) or

by gravitational instabilities (2). These waves give rise to spiral structure whose observable

characteristics the number and location of arms, 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 (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

density due to spiral density waves (16,5). 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 pro-

toplanetary 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 extending from an elliptical emission

ring. To emphasize the spirals and the dark ring of attenuated emission seen at ≈ 70 AU radius,

we applied an unsharp masking filter (17) to increase significantly the image contrast (Fig. 1B).

The young star Elias 2-27 (18) is a member of the ρ-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 50-60% of the Sun’s mass

(M⊙) (20,22) it is known to harbor an unusually massive (0.04-0.14 M⊙, 20,23,24) protoplan-

etary disk. The star, obscured by 15 magnitudes of extinction at optical wavelengths by the

parent molecular cloud (22), accretes material from its surrounding disk with a mass accretion
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rate of 8× 10−8 M⊙ yr−1 (25). Previous observations at 0.6′′-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 ra-

diative transfer calculations using RADMC3D (26) at 1.3mm (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 (17, Fig. S1). 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 τ of the dust continuum emission is τ = 0.1 at R = 100 AU,

decreasing to τ = 0.02 at R = 300 AU (Fig. S1B), 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 Figure 2A, where the data has been projected

into a polar coordinate grid that accounts for the viewing geometry of the disk. In polar coordi-

nates, a ring with zero eccentricity would have a constant radius for all polar angles. However,

Figure 2A shows two bright structures that grow in radius from about 100 AU to 300 AU as

the polar angle increases. The brightest of these two structures lies Northwest of the star, la-

beled NW, the spiral structure Southeast of the star is labeled SE. In Figure 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 find 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, i.e. where the Toomre Q parameter is lowest (17, Fig.

S2). However, even at its minimum value, Toomre Q is well inside the stable regime (17). If

the spirals arms suffer from beam dilution (i.e. their physical size is smaller than the angular

resolution of our observation) a higher optical depth than our previous estimate could be possi-

ble, 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 observa-

tions at evenly spaced azimuthal angles, after subtracting a smooth monotonically decreasing

intensity profile that best fit the intensity radial profile of the disk (17, Fig. S3). Figure 3 demon-

strates that the emission local maxima (crosses) describe two spiral structures, while the emis-

sion local minima (circles) describe an ellipse. We 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 θ 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
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(PA). The emission local minima were fitted with a circular ring (R = a0, with a0 the radius

at which the gap is located), while the emission local maxima were fitted with two symmetric

logarithmic spirals (R = R0e
bθ, with R0 the spiral radius at θ = 0◦ and b 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 (i.e. a pitch

angle of φ = 7.9◦ ± 0.4◦), while 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◦. Figure 3

shows the best-fit model and constraints at the 3σ level 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 South-West side of the disk is

tilted toward Earth while the disk rotates in a clockwise direction in a Keplerian velocity pattern

(17, Fig. S4-S7). It is most likely that the observed NW and SE spirals point away from the

direction of rotation, i.e. these are trailing spiral arms.

Simulations indicate that planet/companion-disk interactions (PDI) alone are capable of

opening a gap creating density and temperature contrasts along spiral arms that are consis-

tent with the observed values in NW and SE (1,6). However, the observed gap at 70 AU is of

low contrast, indicative of a narrow or partially opened gap as predicted from PDI 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. Jan-

sky Very Large Array (17, Fig. S8). 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 (GI) can also excite spiral density waves with con-

trasts in density and temperature that are similar to the observed contrasts in NW and SE. A high

mass accretion rate, on the order of 10−6−10−7 M⊙ yr−1 (29), coupled with a large disk-to-star

mass ratio, of at least Mdisk/Mstar ≈ 0.5 (3), are required to induce the grand design symmetric

spiral arms observed in Elias 2-27. Although the mass accretion rate of Elias 2-27 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 can-

not maintain spiral arms at radii larger than 100 AU, as the disk begins to fragment at large radii

(29–31,2,3). 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 enve-
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lope 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 Figure 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 1.3–2.5 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 5 times

faster than the outer part of the arm (at 300 AU). Thus, in a timescale much shorter than the

lifetime of the disk (i.e. 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 due 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 forma-

tion 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 unique benchmark for numerical

simulations of spiral structure in protoplanetary disks, particularly as fragmentation of such

spirals remains the only plausible formation mechanism for planets/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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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′′ × 0.22′′ (indicated by the ellipse in the bottom-left corner), which corresponds to 36 ×

31 AU at the distance of the star (where AU is the astronomical unit). The field of view center

(at 0,0) corresponds to the disk emission peak located at Right Ascension (J2000) = 16h 26m

45.024s, Declination (J2000) = –24d 23m 08.250s 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′′ × 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 panel (A) with an unsharp masking filter (17).
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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 (i.e. polar angle vs.

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 to aid visualization and the polar angle

is defined as θ = 0◦ (North) increasing towards East. Curves correspond to the best-fit model

spirals for the NW and SE arms (dashed lines) and their constraint at the 3σ 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.
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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 whilst 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 3σ 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.
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Materials and Methods

ALMA Observations

Elias 2-27 was observed as part of the ALMA Cycle 2 program 2013.1.00498.S (P.I. L.

Pérez). The target was selected based on Disks@EVLA observations (see below) that show

emission from cm-sized grains inside 50 AU in the disk, which are indicative of radial seg-

regation by particle size (34,35). ALMA observations were obtained with 44 antennas whose

baseline lengths ranged between 15.1 m to 1.6 km. The total time on source was 12.5 min with

a total continuum bandwidth of 6.8 GHz. The spectral setup consisted of two 2 GHz and three

468.75 MHz windows for continuum observations, and three 468.75 MHz windows centered

at 220.183, 219.715, and 230.714 GHz to simultaneously observe the molecular line emission

from C18O, 13CO, and 12CO, respectively, each in the J = 2−1 transition. The ALMA pipeline

(36) and the CASA software (37) were used for calibration, and a set of standard calibrators was

observed to calibrate the complex interferometric visibilities (PKS J1517-2422 for bandpass,

Titan for absolute flux density calibration, and PMN J1626-2426 for gain calibration).

ALMA Continuum Imaging

Amplitude and phase self-calibration was performed on the continuum observations of Elias

2-27 using the multiscale cleaning algorithm (38) in CASA, to encompass both the extended

and compact emission in the disk. This procedure improved the dynamic range of the dust

continuum image from a signal-to-noise ratio (SNR) of 340 to 547. The final image (Fig. 1A)

was produced with Briggs weighting with a robust parameter of 1.0 that provided the optimal

combination of sensitivity and spatial resolution (0.26′′× 0.22′′), reaching an image RMS noise

level (hereafter referred to as σ) of σ = 58.6 µJy/beam.

Unsharp Masking Filtering

We performed unsharp masking (39) by subtracting a scaled and smooth version of the

original image to remove the large-scale disk emission. This increases the contrast of the obser-

vations and highlights the spiral-like structure of the disk in the dust continuum emission. The

original image was smoothed with a 2-D Gaussian of 0.33′′ FWHM and the smoothed image

was scaled by a factor of 0.87 before subtracting it from the original. Because the disk is in-

clined with respect to our line-of-sight, the spiral arms appear circular at small radii (closer to

the gap) while they seem more elliptical farther out. The unsharp masking technique accentu-

ates the spirals while removing the overall large-scale disk emission (filtering the disk emission

up to a certain spatial scale, given the fixed circular Gaussian used). Thus, the central core is not

completely removed, the spiral features are highlighted, and a wide cavity appears. This cavity

is wider and deeper along the disk minor-axis than along its major axis because the major-axis

does not suffer from inclination effects.
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Radiative Transfer Model

We performed radiative transfer calculations using RADMC3D (26) in order to compute the

dust temperature and surface density, as well as the optical depth of the dust continuum emission

at 1.3 mm as a function of radial distance from the star (R). For simplicity, we adopt a previous

surface density constraint found for this object (20), which assumes axial symmetry. Given

that the contrast of the observed features (spirals and gap) is small, the azimuthally averaged

solution will be representative of the dust temperature, surface density, and optical depth at

different radial locations in the disk. First, we compute the radial profile of the dust continuum

emission by averaging the observed 1.3 mm flux density in radial bins of half of the beam size

(data points in Figure S1A). We adopt a surface density profile that corresponds to the similarity

solution for a viscously accreting disk in Keplerian rotation around a central object (40), which

can be described by a power law combined with an exponential taper at large radius:

Σ = Σc

(

R

Rc

)−γ

exp

[

−

(

R

Rc

)2−γ
]

(E1)

In Eq. (E1), Σc corresponds to the normalization surface density, Rc is the characteristic

radius, and γ is the surface density gradient. The parameters adopted, based on the previous

constraint on this disk (20), are: Σc = 0.05 g cm−2, Rc = 200 AU, γ = 0.7, with a dust mass

opacity κ1.3mm = 2.4 cm2 g−1. This results in a total disk mass of Mdisk = 0.1M⊙, assuming

a standard gas-to-dust-ratio of 100. The results from our radiative transfer modeling, including

the midplane dust temperature, surface density, and optical depth profile, are found in Figure S1.

Calculation of Spiral Arms Contrast

We define the contrast of the spiral arms as SSpiral
ν (R)/SBg

ν (R) where R is the deprojected

radial distance from the star in the ALMA 1.3 mm image, SSpiral
ν (R) is the peak surface bright-

ness of the spiral feature at radius R, and SBg
ν (R) is the background surface brightness on the

disk, defined as the minimum flux density at radius R.

Estimation of Toomre Q parameter and Dust Trapping in the GI scenario

From the derived temperature profile and surface density profile in our radiative transfer

calculation, we derive the Toomre Q instability parameter (23). For a dust mass opacity of

κ1.3mm = 2.3 cm2 g−1, commonly used in the literature (41), and for a ratio between the gas

mass and dust mass in the disk consistent with the interstellar medium value of 100 (42), we

obtain the Toomre Q values illustrated by the solid curve of Figure S2. The minimum value of

the Toomre Q parameter is well inside the stable regime and occurs at a radius of about 150 AU.

The absolute value of κ1.3mm and the gas-to-dust ratio are poorly constrained quantities in pro-

toplanetary disks. Considering a factor of 4 lower dust mass opacity than the canonical value

used above, we calculate the value of Toomre Q to be marginally gravitationally unstable right
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at the radii where we find the spiral arms (Fig. S2, dashed curve). If the disk were gravitation-

ally unstable, the observed spirals in the dust continuum would arise due to enhancements in

gas density where particles with a Stokes number (St) close to unity will be efficiently trapped

and concentrated (43), creating the spiral structures that we observe in dust continuum emis-

sion. For the particles traced by the ALMA observations presented here, i.e. those with size

a ≈ 1 mm, we estimate an Stokes number of St ≈ π/2 × ρ × a/Σ ≈ 0.1 (43), assuming a

standard physical density for these grains of ρ ≈ 1 g cm−3 and recalling that over the location

of the spirals the disk surface density is roughly Σ ≈ 1.5 g cm−2 (c.f. Fig. S1, and assum-

ing a gas-to-dust ratio of 100). Thus, the dust grains traced by these ALMA observations in

the Elias 2-27 disk would only experience weak trapping and concentration if the gravitational

instability mechanism were at work.

Fitting of Dark Ring, Spiral Arms and Large-Scale Disk Geometry

We fit a smooth and strictly monotonic intensity profile (solid curve, Fig. S3A) to the ob-

served radial profile (data points, Fig. S3A) and compute a residual profile from subtracting

the best-fit to the emission radial profile (Fig. S3B). We find an excess of emission between

120 to 250 AU, as well as a lack of emission between ∼ 50-100 AU. We subtract the best-fit

axi-symmetric radial profile from the ALMA image and create a residual map where the non-

symmetric structure is highlighted. In this residual map we find the position of local maxima

and minima of the emission, at evenly spaced azimuthal angles (spaced every 12◦). We fit an

ellipse to the local minima points and two logarithmic spirals to the local maxima points, with

their center position, inclination, and position angle as free parameters as explained in the main

text. To find the best-fit and errors of the dark ring and spiral arms fit, illustrated in Figure 3, we

employed a Markov Chain Monte Carlo method (44). The best-fit parameters and results of this

fitting are presented in the main text and Figure 3. To constrain the large-scale disk geometry

we fit a Gaussian function to visibilities on baselines smaller than 150 m; at this resolution the

spiral structure and the dark ring are not resolved, while the large-scale disk is. We find excel-

lent agreement between the orientation on the sky of the large-scale disk (idisk = 54.4◦ ± 1.4◦,

PAdisk = 118.8◦ ± 1.5◦) and that of the spiral arms and dark ring, which were fitted separately

as explained above.

ALMA Spectral Line Observations of 12CO, 13CO, and C18O Molecules

The amplitude and phase gain solutions found from self-calibration of the continuum ob-

servations were applied to the spectral line data of the J = 2− 1 rotational transition of 12CO,
13CO, and C18O. We adopted a natural weighting scheme (robust parameter of 2.0) for best sen-

sitivity, and as in the dust continuum observations, we used the multiscale cleaning algorithm

in CASA to deconvolve the image. To reduce the level of contamination from the surrounding

molecular cloud, baselines shorter than 20 m, corresponding to spatial scales larger than 16.4′′
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or 2280 AU, were excluded. The uv-coverage of these observations reveals that a 20 m thresh-

old only removes a couple of baselines; doubling or tripling this threshold did not significantly

improve the problem of cloud contamination/absorption while it removed many more baselines.

The 12CO observations have a resolution of 0.27′′ × 0.23′′ (Fig. S5); for the 13CO and C18O

observations (Fig. S6 and S4) we applied uv-tapering of the visibilities to down-weight long

baselines, resulting in lower resolution images of 0.42′′ × 0.38′′ angular resolution with im-

proved SNR. The sensitivity achieved on each image is indicated on the respective figure cap-

tion. The spectral line observations contain emission brighter than 3 times the noise level (3σ)

from vLSR = −3.6 km s−1 to +8.1 km s−1 for 12CO, from vLSR = −1.3 km s−1 to +6.0 km

s−1 for 13CO, and from vLSR − 1.1 km s−1 to +4.9 km s−1 for C18O. The spatially resolved line

emission from 12CO traces optically thick gas and is detected out to a 630 AU radius, while the

emission from the less abundant 13CO and C18O isotopologues, which will have lower optical

depth, is detected out to a 630 and 500 AU radius, respectively. The large spatial extent in the

gas lines, compared to the more compact disk observed in the dust emission, has been seen in

other disks as well (45). Note that the 12CO and isotopologues emission extends beyond where

the expected freeze out temperature of 12CO should be reached (Tfreeze-out ∼ 20 K), likely due

to the known disk flaring (20) that warms up the surface layer of the disk that traces most of

the 12CO emission, consistent with the brightness temperature of 12CO at large disk radii to be

above 20 K when the emission is above 10σ.

Significant absorption and resolved-out emission from the surrounding molecular cloud is

apparent in both 12CO and 13CO molecules, particularly at vLSR = 2 to 6 km s−1, while the C18O

observations (Fig. S6) do not suffer as severely from molecular cloud contamination. From

these data we identify the systemic velocity of the star to be between vLSR ≈ 2.0 to 2.2 km s−1,

offset from the ρ-Ophiuchus systemic velocity of order 5 km s−1 (46). We generate a position-

velocity diagram (Fig. S7) using the spectral line observations from 12CO, as these data possess

the highest SNR and the best velocity-resolution of the three molecules observed. A lack of

emission is observed at vLSR > 2 km s−1 owing to the disk emission being heavily absorbed

by the ρ-Ophiuchus cloud. We compute the corresponding Keplerian profile for a stellar mass

of 0.5 ± 0.2 M⊙ and a systemic velocity of 2.1 ± 0.1 km s−1 (including the uncertainties in

mass and systemic velocity for Elias 2-27), and find no significant deviations from a Keplerian

velocity pattern in the Elias 2-27 disk.

Absolute Geometry of the System from Optically Thick 12CO Observations

Near the systemic velocity of the star (at vLSR ≈ 2.0-2.2 km s−1) we observe that of the two

lobes that should be aligned with the disk minor axis (dashed line in Figure S5), the NE lobe

is brighter and more compact in 12CO than in the SW (there is no evidence for an outflow in

Elias 2-27, so “lobe” is used here to signify the disk emitting region near the systemic velocity

of the star rather than an outflow). In the panel inset of Figure S5, which zooms into a 1.25′′ ×
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1.25′′ area centered on the star (marked by a black circle), we measure a brightness asymmetry

between the NE lobe and the SW region to be larger than 3σ, at an offset of 0.5′′ along the minor

axis of the disk.

Since the disk is inclined with respect to our line of sight and since the 12CO(J = 2 − 1)

line is optically thick, we expect that these observations trace a surface that has a non-negligible

vertical extent. For an inclined disk, the projection of that curvature will make the lobe on the

far side of the disk brighter and more compact, as demonstrated in other ALMA protoplanetary

disk observations (e.g. 45). Assuming the NE/SW brightness asymmetry near the systemic

velocity and at 0.5′′ from the star along the disk minor axis, is due to the high optical depth of

the lines, we infer that the SW side of the disk is tilted towards Earth. Since the rotation sense

of the disk is also determined directly from the resolved spectral line observations, and since

for Elias 2-27 the disk rotates from the NW to the SE (see Fig. S4, S5, S6), we conclude that

the observed spirals NW and SE point away from the direction of rotation, i.e. these are trailing

spiral arms.

Karl G. Jansky Very Large Array (VLA) Observations of Elias 2-27 and the Possibility of Grain

Growth in the 70 AU Gap

Elias 2-27 was observed as part of our Disks@EVLA program (project code AC982, P.I.

C. Chandler) at 9 mm with the Ka-band receiver of the VLA between February 2011 and Oc-

tober 2012, providing baseline lengths between 60 m to 36 km. Further details on calibration

and imaging are presented in our groups publications (34,35,47,48) while a brief summary is

presented here. We employed dual-polarization receivers with a total continuum bandwidth of

2 GHz and two independently tunable basebands at 30.5 and 37.5 GHz. We calibrated the com-

plex interferometric visibilities from observations of a set of standard calibrators (3C 279 for

bandpass calibration, 3C 286 for absolute flux density calibration, and NVSS J162546-252739

for gain calibration). The VLA pipeline (49) and the CASA software (36) were used for cali-

bration and imaging.

Figure S8 presents the distribution of dust continuum emission at 9 mm from Elias 2-27,

overlaid to the ALMA observations of Figure 1. These observations reach an angular resolution

of 0.15′′ × 0.11′′ (21 × 14 AU). No emission at 9 mm is detected outside of a radius of about

50 AU, indicative of the presence of large particles only out to that disk radius. Thus, the gap at

70 AU likely traces a decrement in density of material rather than a pure grain growth effect.
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Fig. S1. Results from radiative transfer on the Elias 2-27 disk emission profile at 1.3 mm.

(A) The azimuthally averaged radial profile of the disk emission (points) and the previously

obtained best-fit model (20), which we select as representative of the disk emission at this

wavelength. (B) The inferred optical depth of the emission at 1.3 mm from this representative

radiative transfer model. (C) The dust temperature at the disk midplane and the surface density

profiles in Elias 2-27 derived from this representative radiative transfer model.
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Two different values for the dust opacity are assumed (a “standard”’ value of κ1.3mm = 2.3 cm2

g−1, and one 4 times lower) while the gas-to-dust ratio is kept fixed at 100. The shaded region

corresponds to the unstable regime (Q ≤ 2); the radial extent of the spiral arms is marked with
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Fig. S3. Azimuthally-averaged radial profile of emission and residuals. (A) Radial profile

of the emission at 1.3 mm (data points) and best-fit intensity profile (solid line). (B) Residual

from subtracting the best-fit intensity profile to the radial emission profile, where two regions

are highlighted: lack of emission at about 70 AU, excess of emission between 120-250 AU.
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Fig. S4. Velocity channel maps of the J = 2 − 1 rotational transition of C18O in Elias

2-27. Each panel corresponds to a different vLSR velocity observed, reaching a sensitivity of

σ = 3.6 mJy/beam in a 0.67 km s−1 channel. The resolution (0.42′′ × 0.38′′, 58 × 53 AU) is

indicated by the ellipse in the bottom-left corner. The field of view corresponds to a 7′′ × 7′′

area whose center is the same as Figure 1. The best-fit dark ring and spiral arms (white lines)

illustrate the extent of the dust emission in the disk.
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Fig. S5. Velocity channel maps of the J = 2 − 1 rotational transition of 12CO in Elias 2-

27. Each panel corresponds to a different vLSR velocity observed, reaching a sensitivity of σ =

5.5 mJy/beam in a 0.32 km s−1 channel (only channels at vLSR ≤ 2.0 km s−1 are shown, these

have minimal contamination from the surrounding molecular cloud). The resolution (0.27′′ ×

0.23′′, 38 × 32 AU) is indicated by the ellipse in the bottom-left corner. The field of view

corresponds to a 10′′× 10′′ area whose center is the same as Figure 1. The best-fit dark ring and

spiral arms (white lines) illustrate the extent of the dust emission in the disk. The panel inset

zooms to a 1.25′′×1.25′′ area centered on the star (black circle). Here contours are separated by

3σ to illustrate the brightness asymmetry along the minor axis of the disk (dashed line), where

at an offset of 0.5′′, the NE lobe is brighter than the SW at more than 3σ.
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Fig. S6. Velocity channel maps of the J = 2 − 1 rotational transition of 13CO in Elias 2-

27. Each panel corresponds to a different vLSR velocity observed, reaching a sensitivity of σ =

4.4 mJy/beam in a 0.66 km s−1 channel (only channels at vLSR ≤ 2.0 km s−1 are shown, these

have minimal contamination from the surrounding molecular cloud). The resolution (0.42′′ ×

0.38′′, 58 × 53 AU) is indicated by the ellipse in the bottom-left corner. The field of view

corresponds to a 10′′× 10′′ area whose center is the same as Figure 1. The best-fit dark ring and

spiral arms (white lines) illustrate the extent of the dust emission in the disk.
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Fig. S7. Position-Velocity diagram of the J = 2 − 1 rotational transition of 12CO in Elias

2-27. We compute the emission from 12CO along the major axis of the disk (at a PA = 118.8◦)

over the entire velocity range of the observations. The x-axis corresponds to the positional

offset along the disk major axis, while the y-axis indicates the vLSR velocity of the emission. For

vLSR ≤ 2.0 km s−1 little emission is detected, due to absorption by the surrounding molecular

cloud. The corresponding Keplerian profiles for a stellar mass of 0.5 ± 0.2M⊙ and a systemic

velocity of 2.1± 0.1 km s−1 is indicated by the white curves.
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Fig. S8. VLA observations at 9 mm and ALMA observations at 1.3 mm of the Elias 2-

27 disk. The dust continuum emission at 9 mm (contours) overlaid to the 1.3 mm ALMA

observations of Figure 1. Contours start at 3σ and are spaced by 3σ where σ = 0.01 mJy/beam

corresponds to the sensitivity of these VLA observations. Emission at high significance is only

detected at R < 50 AU for the 9 mm observations.
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