
Detecting Transport Processes 

in Protostellar Disks

Neal Turner

Jet Propulsion Laboratory, California Institute of Technology

Copyright 2017 California Institute of Technology.  Government sponsorship acknowledged.



3D r adiat ion non-ideal magnet ohydr odynamical simul at ions of t he inner r im. 7

Figure 8. 3D volumerendering of thedust density (left) and thetoroidal magnetic field (right) for model RMHD P1 6after 50 inner orbits. On the left, the location
of the inner rim (0.47 AU), the dead-zone edge (0.8 AU) and the dust concentration radius (1 AU) are annotated. The magnetic field plot on the right presents a
domain cut to illustrate the midplane values.

Figure 9. Azimuthal density variations for the largest azimuthal mode over
timefor model RMHD P1 6 for threedi↵erent location insidethedisk. After 20
local orbits, the non-axisymmetric perturbation close to the dead-zone inner
edgegrows by two order of magnitude, reaching order unity perturbations in
theupper layers (red dashed line).

creaseby afactor two to threecompared to model RMHD P0 4.
Their radial slopes, however, remain similar in this region.
Thebiggest di↵erence is the presence of a large mean field in
the whole domain (compare black dashed lines in the bottom
panel of Fig. 6 and Fig. 7). This is particularly true in the
dead-zone, where the mean field in model RMHD P0 4 BZ is
almost two orders of magnitudes larger than the typical value
we found in model RMHD P0 4. Finally, we caution that the
total duration of the simulation for model RMHD P0 4 BZ re-
mains fairly small. We refer the reader to the discussion sec-
tion for more details.

3.5. Long term non-axisymmetric perturbations

In this section, we investigate a potential growth of non-
axisymmetric structures that would arise in such a context.
This is done by using model RMHD P1 6, which is similar
to model RMHD P0 4 but features a larger azimuthal extent.
The initial conditions for this simulation are generated using
a snapshot of the flow in model RMHD P0 4 after 150 inner
orbits and periodically repeating the azimuthal domain four
times. Velocity perturbations of the order 10−4cs are applied
cellwise to each components to break the symmetry. Model
RMHD P1 6 quickly reaches a new turbulent state, albeit with
statistical properties similar to model RMHD P0 4 (see Ap-
pendix A). The3D rendering of thedust density after 50 inner
orbits is shown in Fig. 8 (left panel). The plot confirms that
dust particles are found between the rim and the dead zone
inner edge in a highly turbulent environment. As discussed

in the previous sections, the dust density increases sharply at
the dead zone inner edge, following a similar increase in the
gas surface density that is due to the drop of the accretion
stress (Flock et al. 2016). The right panel shows the tangled
structure of the turbulent magnetic field. It is dominated by
the toroidal component which reaches amplitudes of several
Gauss.

We next computed the discrete Fourier transforms of the
density along azimuth. We focused on 3 di↵erent locations:
themidplane region at 0.5 AU which isfully turbulent, theup-
per layer closeto theinner rim surfaceand thedead-zoneedge
(R=0.83 AU and Z/R = 0.13), and themidplaneregion located
at 0.83 AU. Theresults aresummarized in Fig. 9. Initially, the
largescale density variations aresmall. They amount to a few
percent in both the turbulent midplane at R = 0.5 AU and in
the disk upper layers at R = 0.83 AU (see black solid and red
dashed lines). They are even smaller in the disk midplane at
R = 0.83 AU (i.e. at the dead-zone edge) where they only
reach value of ⇠ 10−3 (red dotted line). In the MRI active
region, these density perturbations do not grow for 60 local
orbital periods (⇠129 inner orbits). However, there is a clear
increase by about two orders of magnitudes at the location
of the dead-zone edge (see both red lines). For example, the
relative perturbations reach values of order unity in the disk
upper layers at R = 0.83 AU. The presence of a sharp sur-
face density change at that location and the growth timescale
of ⇠20 local orbits both suggest that the Rossby wave insta-
bility (RWI) is growing (Lovelace et al. 1999; Meheut et al.
2013). This isconfirmed by theappearance of a localized vor-
tex (not shown) characterized by amidplane relative vorticity
of about (r ⇥v)z/⌦⇡ −0.3 in the vortex core. Similar values
have been reported in the literature for vortices produced by
the RWI (Lyra & Mac Low 2012; Meheut et al. 2013; Flock
et al. 2015). Fig. 9 indicates that the vortex is not grow-
ing anymoreafter 20 local orbits. Regarding the expected
lifetime of the vortex we can only make predictions based
on its shape. The vortex has an extent of ⇠2H in radius
and around ⇠22H in azimuth (H/ R ⇠0.04 at the vortex
location). Such an elliptical vor tex is known to be vulner-
able to elliptical instabilities (Lesur & Papaloizou 2009),
which will limit its subsequent growth. A alternating state
of vor tex destruction and formation, as it was found in
(Flock et al. 2015), could be also possible.

Asaconfirmation of the aboveanalysis, Fig. 10 (top panel)
shows a snapshot of the dust density dataset after 150 inner
orbits for model RMHD P1 6. The vortex appears as a clear

M. Flock+ 2017
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1. trace species' kinematics – from millimeter lines

R. Teague+ 2016

R. Teague et al.: Measuring turbulence in TW Hydrae with ALMA: methods and limitations
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Fig. 5. Radial profiles of the turbulent width in ms−1, top row, and asa function of local sound speed, bottom row. The blue dots show the results
of the direct method, where the CO and CN lines were assumed to be fully thermalised, and CS to be co-spatial with CN to derive a Tkin value.
Yellow solid lines show the results from the global fit where the total line width wasfit for, while dashed grey lines show the global fit where vturb

was fit for individually. The 1σ uncertainties are shown as bars for the direct method and as shaded regions for the lines. A representative error
associated with the flux calibration of 7% at 80 au is shown in the top left corner of all panels.
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Fig. 6. 2D distribution of vturb for all three lines: CO (left), CN (centre), and the combination of CN and CS assuming co-spatiality, therefore
sharing the same Tex and vturb values (right). The values are masked outside 180 au and within 40 au. The beam size is shown in the bottom left
corner for each line, and the major and minor axesare denoted by the central cross, aligned with the x- and y-axes, respectively. At the distance of
TW Hya, 100 ⇡ 54 au. The azimuthal asymmetry see in the inner disk isan artefact of apurely radial subtraction of the beam-smearing component
discussed in Sect. 3.2.

We derive in Appendix B the e↵ect of the uncertainty on the
kinetic temperature on the derivation of the turbulence,

δvturb

vturb

=
µH

2µM 2

δT

T
, (8)

where M is the Mach number of the turbulent broadening. The
left panel of Fig. 8 shows, in theabsence of any error in themea-
surement of the line width, the relativeerror in vturb asa function
of relative error in Tkin for CO (assuming µ = 28). We note that
as errors in ∆V have been neglected, Fig. 8a underestimates the
precision in Tkin necessary to detect vturb.

Previous measurements from the Plateau de Bure Interfer-
ometer (PdBI) and theSub-Millimetre Array (SMA) havetypical
flux calibrations of ⇠10% and⇠20% respectively (Hughes et al.
2011; Guilloteau et al. 2012), therefore we estimate that these
can only directly detect vturb at 3σ when vturb & 0.16 cs and
&0.26 cs, respectively. Our current ALMA experiment has acal-
ibration accuracy of 7–10%, thus is sensitive to vturb & 0.2 cs

for the turbulence not to be consistent with 0 ms−1 to 5σ.
Ultimately, ALMA is expected to reach a flux calibration of
⇡ 3%, which will translate into a limit of vturb & 0.07 cs for a
≥3σ detection.

However, the flux calibration does not a↵ect the precision
to which widths can be measured. The resulting errors on
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Fig. 5. Radial profiles of the turbulent width in ms−1, top row, and as a function of local sound speed, bottom row. The blue dots show the results
of the direct method, where the CO and CN lines were assumed to be fully thermalised, and CS to be co-spatial with CN to derive a Tkin value.
Yellow solid lines show the results from the global fit where the total line width was fit for, while dashed grey lines show the global fit where vturb

was fit for individually. The 1σ uncertainties are shown as bars for the direct method and as shaded regions for the lines. A representative error
associated with the flux calibration of 7% at 80 au is shown in the top left corner of all panels.
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Fig. 6. 2D distribution of vturb for all three lines: CO (left), CN (centre), and the combination of CN and CS assuming co-spatiality, therefore
sharing the same Tex and vturb values (right). The values are masked outside 180 au and within 40 au. The beam size is shown in the bottom left
corner for each line, and the major and minor axes are denoted by the central cross, aligned with the x- and y-axes, respectively. At the distance of
TW Hya, 100 ⇡ 54 au. The azimuthal asymmetry see in the inner disk is an artefact of a purely radial subtraction of the beam-smearing component
discussed in Sect. 3.2.

We derive in Appendix B the e↵ect of the uncertainty on the
kinetic temperature on the derivation of the turbulence,

δvturb

vturb

=
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, (8)

where M is the Mach number of the turbulent broadening. The
left panel of Fig. 8 shows, in theabsence of any error in themea-
surement of the line width, the relativeerror in vturb asa function
of relative error in Tkin for CO (assuming µ = 28). We note that
as errors in ∆V have been neglected, Fig. 8a underestimates the
precision in Tkin necessary to detect vturb.

Previous measurements from the Plateau de Bure Interfer-
ometer (PdBI) and theSub-Millimetre Array (SMA) havetypical
flux calibrations of ⇠10% and⇠20% respectively (Hughes et al.
2011; Guilloteau et al. 2012), therefore we estimate that these
can only directly detect vturb at 3σ when vturb & 0.16 cs and
&0.26 cs, respectively. Our current ALMA experiment has acal-
ibration accuracy of 7–10%, thus is sensitive to vturb & 0.2 cs

for the turbulence not to be consistent with 0 ms−1 to 5σ.
Ultimately, ALMA is expected to reach a flux calibration of
⇡ 3%, which will translate into a limit of vturb & 0.07 cs for a
≥3σ detection.
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to which widths can be measured. The resulting errors on
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1. trace species' kinematics – from infrared lines

J. Brown+ 2013



1. trace species' kinematics – from infrared lines

By G. Lesur



1. trace species' kinematics – and magnetic fields!

Donati+ 2005
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2. effects on trace species' abundances – water

M. Hogerheijde+ 2011



2. effects on trace species' abundances – water

S. Krijt+ 2016

7

Fig. 2.— Dust , ice, and water vapor evolut ion at r = 3.5 AU for ↵ = 10− 3 simulated over 10 mixing t imes tD . T he circles indicate
sizes and locat ions of representat ive part icles, with the colors showing ice-to-rock mass rat io. T he background color indicates the water
vapor abundance relat ive to H2 . T he horizontal markers indicate the locat ion of the vert ical snowline and the height s where the cumulat ive
opt ical depth exceeds µ0 or 1 (see text ).

Here we use the methodology out lined in Sect . 3 to
model the evolut ion of dust , ice, and water vapor in iso-
lated columns at radii between 3 and 4.5 AU. At every
radial locat ion, the gas surface density and (vert ically
isothermal) temperature are given by Eqs. 1 and 2. The
simulat ions together cover both sides of the radial snow-
line, which is located at r ' 3.2 AU for our disk model.

Figures 2 and 3 show the evolut ion of the dust and wa-
ter (vapor and ice) over 10 mixing t imes (tD ⇠ 103 yr for
this model, see Table 1) in columns at r = 3.5 AU and
4 AU for a turbulence characterized by ↵ = 10− 3. The
spherical symbols show the locat ions, size, and ice/ rock
rat io of the dust super-part icles (Eq. 6), and the back-
ground color shows the water vapor abundance relat ive
to H2, calculated as

nH 2 O

nH 2

=
mH 2

mH 2 O

⇢H 2 O

⇢g

=
1

9

⇢H 2 O

⇢g

. (32)

The green marker shows the locat ion of the vert ical
snowline, defined as the locat ion where the water va-
por density drops below 99% of ⇢K

sat , and the yellow
and orange marker show where the cumulat ive opt ical
depth, as calculated from above, reaches µ0 and 1, re-
spect ively. The vert ical extent of the plot corresponds
to 4hg. The top-left panel of both figures closely re-
semble the init ial condit ions (see Sect . 3.1): we have
well-mixed water vapor and ice-poor grains above the
snowline, and ice-rich grains and a water abundance rel-
at ive to H2 that decreases with decreasing z below the
snowline. The init ial locat ions of the snowlines in both
figures are in good agreement with Eq. 17 when we insert
⌃ H 2 O / ⌃ g = 5⇥10− 3 (see also Table 1).

Focusing first on the t ime evolut ion of the solid com-

ponent , we see that the dust grains grow to ⇠cm sizes
on t imescales of several thousand years and in general,
grains below the snowline are ice-rich while grains in the
upper parts of the disk are ice-poor. Looking at the ver-
t ical locat ions of the various representat ive part icles, it
is clear that gravitat ional set t ling is an important e↵ect
for grains larger than a millimeter or so, which is approx-
imately the size for which St ⇠ ↵ (e.g., Krijt & Ciesla
2016). In the next Sect ions, we discuss in detail the re-
sult ing dust & ice dist ribut ions (Sects. 4.1 and 4.2) and
the e↵ect grain growth and set t ling has on the vapor con-
tent of the disk atmosphere (Sect . 4.3) and the locat ion
of the vert ical snowline (Sect . 4.4).

4.1. Dust distr ibutions

Figure 4 shows the mass-weighted dust size dist ribu-
t ions in di↵erent vert ical regions of the column: the re-
gion above z⌧= 1, the region above zSL , and the ent ire
column. The area under the curves is normalized to 1,
and by plot t ing the quant ity s ·m ·n(s), the peak of the
dist ribut ion shows where most of the solid mass is lo-
cated. As in Sect . 3.1, we neglect the cont ribut ion of the
ice mant les on part icle mass and size7. The vert ically
integrated dist ribut ions (bot tom panel) closely resemble
the coagulat ion/ fragmentat ion steady-state dist ribut ions
one would expect (e.g., Birnst iel et al. 2011), with most
mass concent rated in the peak close to the maximum
size, which, for turbulence-induced fragmentat ion in the

7 T his result s in an error in the part icle size of s⇤/ s = (1 +

f i ce⇢• /⇢i ce)1/ 3 , where s⇤ is the corrected part icle size that takes
into account the presence of an ice mant le with densit y ⇢i ce =
1 g/ cm3 . For f i ce ⇠ 1 (see Sect . 4.2), t his result s in s⇤/ s ⇠ 1.5,
which is small compared to the size range of the dust populat ion.
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3. effects on solid particles – NIR scattered starlight

D. Padgett (IPAC/Caltech), W. Brandner (IPAC), K. Stapelfeldt (JPL) and NASA



3. effects on solid particles – millimeter continuum

S. Andrews+ 2012



3. effects on solid particles – millimeter continuum

S. Andrews+ 2012



3. effects on solid particles – millimeter continuum

HL Tauri disk with ALMA Solar System to scale

ALMA Partnership, C. Brogan+ 2015



3. effects on solid particles – millimeter continuum

parent molecular cloud (22), accretes material

from its surrounding disk with a mass accretion

rate of 8 × 10−8 M⊙ year−1 (25). Previous ob-

servations 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 mono-

tonically with distance from the star (20, 23).

To estimate the optical depth of the observed

dust continuum emission, we performed radi-

ative transfer calculations using RADMC-3D (26)

at 1.3 mm (17), using the previous surface den-

sity constraint found for the Elias 2-27 disk (20).

This model reproduces the azimuthally averaged

radial profile of the observed ALMA 1.3-mm con-

tinuum 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 emis-

sion 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 = 0.1at R = 100 AU, decreasing to t = 0.02

at R = 300 AU (fig. S1B), which is consistent

with the measured peak brightness tempera-

ture 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 coordi-

nates, 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 struc-

tures 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 pres-

sure 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 ob-

servation), a higher optical depth than our pre-

vious 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 subtract-

ing a smooth monotonically decreasing intensity

profile that best fit the intensity radial profile of

the disk (fig. S3) (17). As demonstrated in Fig. 3,

theemission local maxima (Fig. 3, crosses) describe

two spiral structures, whereas the emission local

minima (Fig. 3, 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 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 sym-

metric 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 observationsdiscussed here, suggest

that the southwest side of the disk is tilted

toward Earth while the disk rotates in a clock-

wise direction in a Keplerian velocity pattern

(figs. S4 to S7) (17). I t is most likely that the

observed NW and SE spirals point away from

the direction of rotation—that these are trailing

spiral arms.

152 0 30 SEPTEM BER 2016 • VOL 353 I SSUE 6307 sciencemag.org SCI EN CE

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 posit ion of the star Elias 2-27. (A) 1.3-mm dust continuum image from the Elias 2-27 proto-

planetary 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 project ion 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.
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3. effects on solid particles – millimeter continuum

N. van der Marel+ 2013

440 mm continuum CO 6-5 blue & red wings, 
440 mm continuum

18.7 mm,
440 mm continua
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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 ob-

servations 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 mono-

tonically with distance from the star (20, 23).

To estimate the optical depth of the observed

dust continuum emission, we performed radi-

ative transfer calculations using RADMC-3D (26)

at 1.3 mm (17), using the previous surface den-

sity constraint found for the Elias 2-27 disk (20).

This model reproduces the azimuthally averaged

radial profile of the observed ALMA 1.3-mm con-

tinuum 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 emis-

sion 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 = 0.1at R = 100 AU, decreasing to t = 0.02

at R = 300 AU (fig. S1B), which is consistent

with the measured peak brightness tempera-

ture 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 coordi-

nates, 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 struc-

tures 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 pres-

sure 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 ob-

servation), a higher optical depth than our pre-

vious 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 subtract-

ing a smooth monotonically decreasing intensity

profile that best fit the intensity radial profile of

the disk (fig. S3) (17). As demonstrated in Fig. 3,

theemission local maxima (Fig. 3, crosses) describe

two spiral structures, whereas the emission local

minima (Fig. 3, 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 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 sym-

metric 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 observationsdiscussed here, suggest

that the southwest side of the disk is tilted

toward Earth while the disk rotates in a clock-

wise direction in a Keplerian velocity pattern

(figs. S4 to S7) (17). I t 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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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 posit ion of the star Elias 2-27. (A) 1.3-mm dust continuum image from the Elias 2-27 proto-

planetary 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 project ion 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.
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We can detect gas flows by

1. trace species' kinematics

2. effects on trace species' 

abundances

3. effects on solid particles




