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November 23 and 0.7 mm on the latter two executions. The
total on-target integration time was ∼2 hr.

These raw data were calibrated by NRAO staff. After
applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s integra-
tions and flagged for problematic antennas and times. The
bandpass response of each spectral window was calibrated
using the observations of J1058+0133. The amplitude scale
was determined from J1037–2934 and J1107–4449. The
complex gain response of the system was calibrated using the
frequent observations of J1103–3251. Although images
generated from these data are relatively free of artifacts and
recover the integrated flux density of the target (1.5 Jy), folding
in additional ALMA observations with a higher density of short
antenna spacings improves the image reconstruction.

To that end, we calibrated three archival ALMA data
observations of TW Hya, from 2012 May 20, 2012 November
20, and 2014 December 31, using 16, 25, and 34 antennas
spanning baselines from 15 to 375 m. The first two observa-
tions had four 59MHz wide spectral windows centered at
333.8, 335.4, 345.8, and 347.4 GHz. The latter had two
235MHz windows (at 338.2 and 349.4 GHz), one 469MHz
window (at 352.0 GHz), and one 1875MHz window (at
338.4 GHz). J1037–2934 was employed as a gain calibrator,
and Titan and 3C 279 (May 20), Ceres and J0522-364
(November 20), or Ganymede and J0158+0133 (December 31)
served as flux or bandpass calibrators. The weather for these
observations was excellent, with PWV levels of 0.5–1 mm. The
combined on-target integration time was 95 minutes. The basic
calibration was as described above. As a check, we compared
the amplitudes from each individual data set on overlapping
spatial frequencies and found exceptional consistency.

The calibrated visibilities from each observation were shifted
to account for the proper motion of the target and then
combined after excising channels with potential emission from
spectral lines. Some modest improvements were made with a
round of phase-only self-calibration. Continuum images at a
mean frequency of 345.9 GHz (867 μm) were generated by
Fourier inverting the visibilities, deconvolving with a multi-
scale, multi-frequency synthesis version of the CLEAN
algorithm, and then restoring with a synthesized beam. All
calibration and imaging were performed with the CASA
package (v4.5.0).

After some experimentation, we settled on an analysis of two
images made from the same composite data set. The first used a
Briggs weighting (with a robust parameter of 0) to provide a
24×18 mas synthesized beam (at P.A.=78°). While this
provides enhanced resolution, it comes at the cost of a dirty
beam with ∼20% sidelobes (due to the sparse coverage at long
baselines) that degrades the image quality. A second image was
made with a robust parameter of 0.5 and an elliptical taper to
create a circular 30 mas beam with negligible sidelobes. Both
images are consistent (within the resolution differences) and
have rms noise levels around 35 μJy beam−1.

3. RESULTS

Figure 1 shows a high-resolution map of the 870 μm
continuum emission from the TW Hya disk, revealing a series
of concentric bright and dark rings out to a radial distance of
60 au from the host star with a nearly pole-on viewing
geometry. To aid in the visualization of this substructure,
Figure 2 shows the image transformed into polar coordinates

and azimuthally averaged into a radial surface brightness
profile.
The inner disk includes an unresolved (<0.5 au in radius)

0.93±0.04 mJy source coincident with the stellar position and
a bright ring that peaks at 2.4 au; between them is a dark
annulus centered at 1 au. The bright ring and dark annulus are
unresolved (<1 au across). Because it is unresolved, the depth
of the dark annulus is difficult to determine unambiguously: we
find at least a 30% brightness reduction.

Figure 1. Synthesized image of the 870 μm continuum emission from the TW
Hya disk with a 30 mas FWHM (1.6 au) circular beam. The rms noise level is
∼35 μJy beam−1. The inset shows a 0 2 wide (10.8 au) zoom using an image
with finer resolution (24×18 mas, or 1.3×1.0 au, FWHM beam).

Figure 2. (top) High-resolution (24×18 mas beam) synthesized image
described in Section 2, deprojected into a map in polar coordinates to more
easily view the disk substructure. (bottom) The azimuthally averaged radial
surface brightness profile. For reference, the dashed red curve shows the
midplane temperature profile derived from a representative model disk. The
gray curve in the bottom left reflects the profile of the synthesized beam.
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Mapping Grain Growth
• VLA can achieve 0.04ʺ at 7 mm (43 GHz)
• SKA1-Mid at 2.5 cm (12 GHz)

– 12 –

Table 2. Parameters of the disk features

Flux Density

Covered Disk Radius at 7.0 mm Dust Mass (M�)

Feature (au) (mJy) This papera Pinte et al.b

ID <13 0.61 ± 0.04 10 - 50 >2.3

B1 13 - 32 1.45 ± 0.02 70 - 210 >47

B2 32 - 42 0.48 ± 0.01 30 - 90 30 - 69

B3 42 - 50 0.35 ± 0.01 20 - 80 14 - 37

B4 50 - 64 0.36 ± 0.01 30 - 90 40 - 82

B5 64 - 74 0.18 ± 0.01 10 - 50 5.5 - 8.7

B6 74 - 90 0.45 ± 0.01 40 - 140 84 - 129

aCalculated by integration of the column density profile obtained

from the 7.0 mm data between adjacent dark rings.

bCalculated by radiative transfer modeling of the ALMA images by

Pinte et al. (2016).

Fig. 1.— Comparison between the ALMA and VLA observations of the HL Tau disk. Left: ALMA image
at 1.3 mm. Center: VLA image at 7.0 mm with an angular resolution of ⇠20 au (0.0015; tapered image).
Right: Close-up to the center of the disk. VLA image at 7.0 mm with an angular resolution of ⇠10 au
(⇠0.0007; natural weighting). In all panels, the positions of the reported dark (D1-D7; dotted lines) and bright
rings (B1-B7; dashed lines) from the ALMA images (ALMA Partnership et al. 2015b) are shown. The inner
disk and the first pair of dark (D1) and bright (B1) rings are clearly seen in the 7.0 mm images.

Carrasco-Gonzalez et al. (2016)
0.030″ 0.15″ 0.070″



State-of-the-art

PPDs only
optically thin at
cm wavelengths

Shallower
spectral index 
indicates grain 
growth in inner
disc 
(Carrasco-Gonzalez 
et al. 2016)

size distribution, with larger grains at smaller radii. Similar
results have been inferred for a number of more evolved disks
(e.g., Pérez et al. 2012, 2015; Menu et al. 2014; Tazzari
et al. 2016).

3.3. Substructure in the First Bright Ring

Some more evolved transitional disks, when observed at
long wavelengths, show knotty rings of dust emission (e.g.,
HD 169142; see Figure 1(c) in Osorio et al. 2014). Our highest
angular resolution VLA images of the young HLTau disk also
reveal an interesting knotty and not axisymmetric morphology
of the first bright ring (B1;see Figure 2(b)). Most of the knots

seem to be consistent with small (1σ) fluctuations of the
brightness (due to the rms noise of the map), suggesting a
structure with a roughly uniform brightness. However, to the
NE, there is a compact knot (labeled as “clump candidate” in
Figures 2(b)–(d)) whose morphology is very different fromthe
rest of the ring. We made several images with different angular
resolutions and different bandwidths (see Section 2), and noted
that, while the knotty emission changes significantly in
different images (consistent with being small fluctuations in a
uniform structure), the NE knot is clearly identifiable and the
most compact knot in all the images (see Figures 2(c) and (d)).
This knot also coincides with a local intensity maximum in the
1.3 mm ALMA image (see Figure 2b). All this suggests that the
7.0 mm NE knot traces a real structure in the first bright ring.
We note that the position of the NE knot is coincident with

the direction of the jet, and thus it could be related to a local
increase in the flux density because of the foreground free–free
emission. However, at 7.0 mm, the free–free emission from the
jet is expected to be confined within the inner disk (see
Section 2). Moreover, from our sub-band images, we derive a
spectral index a -6.7 7.3 mm=2.5±0.4, suggesting that the
emission from this knot is dominated by thermal dust emission.
We also noted that this spectral index is slightly smaller than
the average spectral index obtained for B1 from 7.0 and
2.9 mm (see Figure 3), suggesting an accumulation of larger
dust grains in the clump. It is known that dense rings could
undergo vortex formation by the Rossby Wave Instability and
efficiently concentrate large particles (Meheut et al.
2012);then, we speculate that the NE knot traces a dense dust
clump formed within the massive bright ring. In this case, we
estimate a dust mass in the range 3–8M⊕ for this clump.

3.4. Planet Formation in the HL Tau Disk

The presence of dark and bright concentric rings has been
commonly interpreted as the result of planet formation already
ongoing in the HL Tau disk. However, since HLTau is a very
young TTauri star, the presence of several (proto)planets
sufficiently massive to carve holes in the disk at this early stage
is somewhat surprising. On the other hand, alternative
formation mechanisms, not requiring the presence of proto-
planets, seem also possible. Moreover, sensitive searches for
massive (proto)planets in the outer dark rings have yielded
negative results (see Section 1 and references therein).
We propose a scenario in which the HLTau disk may have

not formed planets yet, but rather is in an initial stage of planet
formation. Instead of being caused by (proto)planets, the dense
rings could have been formed by an alternative mechanism.
Our 7.0 mm data suggest that the inner rings are very dense and
massive, and thenthey can be gravitationally unstable and
fragment. It is then possible that the formation of these rings
result in the formation of dense clumps within them like the
one possibly detected in our 7.0 mm image. These clumps are
very likely to grow in mass by accreting from their
surroundings, and then they possibly represent the earliest
stages of protoplanets. In this scenario, the concentric holes
observed by ALMA and VLA would not be interpreted as a
consequence of the presence of massive (proto)planets. Instead,
planets may be just starting to form in the bright dense rings of
the HLTau disk.

C.C.-G., L.F.R., and R.G.-M. acknowledge support from
UNAM-DGAPA PAPIIT IA101715 and IA102816. L.M.P.

Figure 3. Radial profiles of several quantities in the HL Tau disk. In all panels,
the width of the lines represents the 1σ uncertainty of each quantity. (a)
Brightness temperature at different wavelengths (2.9, 1.3, and 0.87 mm from
ALMA; 7.0 mm from VLA). Obtained by averaging the intensity in concentric
ellipses over the ALMA and VLA images convolved to a common circular
beam size of 0 07. A dust temperature powerlaw, also convolved to a beam
size of 0 07, is also shown (see Section 3.1). (b) Optical depth obtained by
assuming the dust temperature profile in panel (a). The thick dashed horizontal
line marks the threshold between optically thin (<1) and optically thick (>1)
emission. (c) Column density profile obtained from the 7.0 mm data and the
dust temperature profile. (d) Spectral index profiles between several
wavelengths. Error bars in thebottomright corner indicate uncertainties due
to absolute flux calibration (not affecting spectral index gradient).

Table 2
Parameters of the Disk Features

Flux Density
Covered Disk Radius at 7.0 mm Dust Mass (M⊕)

Feature (au) (mJy) This Papera Pinte et al.b

ID <13 0.61±0.04 10–50 >2.3
B1 13–32 1.45±0.02 70–210 >47
B2 32–42 0.48±0.01 30–90 30–69
B3 42–50 0.35±0.01 20–80 14–37
B4 50–64 0.36±0.01 30–90 40–82
B5 64–74 0.18±0.01 10–50 5.5–8.7
B6 74–90 0.45±0.01 40–140 84–129

Notes.
a Calculated by integration of the column density profile obtained from the
7.0 mm data between adjacent dark rings.
b Calculated by radiative transfer modeling of the ALMA images by Pinte
et al. (2016).
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size distribution, with larger grains at smaller radii. Similar
results have been inferred for a number of more evolved disks
(e.g., Pérez et al. 2012, 2015; Menu et al. 2014; Tazzari
et al. 2016).

3.3. Substructure in the First Bright Ring

Some more evolved transitional disks, when observed at
long wavelengths, show knotty rings of dust emission (e.g.,
HD 169142; see Figure 1(c) in Osorio et al. 2014). Our highest
angular resolution VLA images of the young HLTau disk also
reveal an interesting knotty and not axisymmetric morphology
of the first bright ring (B1;see Figure 2(b)). Most of the knots

seem to be consistent with small (1σ) fluctuations of the
brightness (due to the rms noise of the map), suggesting a
structure with a roughly uniform brightness. However, to the
NE, there is a compact knot (labeled as “clump candidate” in
Figures 2(b)–(d)) whose morphology is very different fromthe
rest of the ring. We made several images with different angular
resolutions and different bandwidths (see Section 2), and noted
that, while the knotty emission changes significantly in
different images (consistent with being small fluctuations in a
uniform structure), the NE knot is clearly identifiable and the
most compact knot in all the images (see Figures 2(c) and (d)).
This knot also coincides with a local intensity maximum in the
1.3 mm ALMA image (see Figure 2b). All this suggests that the
7.0 mm NE knot traces a real structure in the first bright ring.
We note that the position of the NE knot is coincident with

the direction of the jet, and thus it could be related to a local
increase in the flux density because of the foreground free–free
emission. However, at 7.0 mm, the free–free emission from the
jet is expected to be confined within the inner disk (see
Section 2). Moreover, from our sub-band images, we derive a
spectral index a -6.7 7.3 mm=2.5±0.4, suggesting that the
emission from this knot is dominated by thermal dust emission.
We also noted that this spectral index is slightly smaller than
the average spectral index obtained for B1 from 7.0 and
2.9 mm (see Figure 3), suggesting an accumulation of larger
dust grains in the clump. It is known that dense rings could
undergo vortex formation by the Rossby Wave Instability and
efficiently concentrate large particles (Meheut et al.
2012);then, we speculate that the NE knot traces a dense dust
clump formed within the massive bright ring. In this case, we
estimate a dust mass in the range 3–8M⊕ for this clump.

3.4. Planet Formation in the HL Tau Disk

The presence of dark and bright concentric rings has been
commonly interpreted as the result of planet formation already
ongoing in the HL Tau disk. However, since HLTau is a very
young TTauri star, the presence of several (proto)planets
sufficiently massive to carve holes in the disk at this early stage
is somewhat surprising. On the other hand, alternative
formation mechanisms, not requiring the presence of proto-
planets, seem also possible. Moreover, sensitive searches for
massive (proto)planets in the outer dark rings have yielded
negative results (see Section 1 and references therein).
We propose a scenario in which the HLTau disk may have

not formed planets yet, but rather is in an initial stage of planet
formation. Instead of being caused by (proto)planets, the dense
rings could have been formed by an alternative mechanism.
Our 7.0 mm data suggest that the inner rings are very dense and
massive, and thenthey can be gravitationally unstable and
fragment. It is then possible that the formation of these rings
result in the formation of dense clumps within them like the
one possibly detected in our 7.0 mm image. These clumps are
very likely to grow in mass by accreting from their
surroundings, and then they possibly represent the earliest
stages of protoplanets. In this scenario, the concentric holes
observed by ALMA and VLA would not be interpreted as a
consequence of the presence of massive (proto)planets. Instead,
planets may be just starting to form in the bright dense rings of
the HLTau disk.
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Figure 3. Radial profiles of several quantities in the HL Tau disk. In all panels,
the width of the lines represents the 1σ uncertainty of each quantity. (a)
Brightness temperature at different wavelengths (2.9, 1.3, and 0.87 mm from
ALMA; 7.0 mm from VLA). Obtained by averaging the intensity in concentric
ellipses over the ALMA and VLA images convolved to a common circular
beam size of 0 07. A dust temperature powerlaw, also convolved to a beam
size of 0 07, is also shown (see Section 3.1). (b) Optical depth obtained by
assuming the dust temperature profile in panel (a). The thick dashed horizontal
line marks the threshold between optically thin (<1) and optically thick (>1)
emission. (c) Column density profile obtained from the 7.0 mm data and the
dust temperature profile. (d) Spectral index profiles between several
wavelengths. Error bars in thebottomright corner indicate uncertainties due
to absolute flux calibration (not affecting spectral index gradient).
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Parameters of the Disk Features

Flux Density
Covered Disk Radius at 7.0 mm Dust Mass (M⊕)

Feature (au) (mJy) This Papera Pinte et al.b

ID <13 0.61±0.04 10–50 >2.3
B1 13–32 1.45±0.02 70–210 >47
B2 32–42 0.48±0.01 30–90 30–69
B3 42–50 0.35±0.01 20–80 14–37
B4 50–64 0.36±0.01 30–90 40–82
B5 64–74 0.18±0.01 10–50 5.5–8.7
B6 74–90 0.45±0.01 40–140 84–129

Notes.
a Calculated by integration of the column density profile obtained from the
7.0 mm data between adjacent dark rings.
b Calculated by radiative transfer modeling of the ALMA images by Pinte
et al. (2016).
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Inside the snow line with SKA1
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Ionized Jet Emission

• Need to accurately resolve 
and subtract jet emission seen 
at longer cm wavelengths

A least-squares fit to the 6 and 3.6 cm emission is shown in
Figure 3 as a dashed line. Extrapolating this fit provides
estimates of the free-free emission at shorter wavelengths
where dust emission becomes dominant. The best-fit values at
1.3 cm and 7 mm are 1.5 mJy and 3.2 mJy, respectively. These
extrapolations imply that the fractional contribution from
free-free emission is about 50% at 1.3 cm and about 30% at
7 mm. An approximately equal mixture of dust (disk) and
ionized gas (outflow) could explain the complex morphology
of the high-resolution 1.3 cm image of Rodriguez et al. (1992)
that shows extensions that are partially aligned with both the
putative disk and jet axes. Thus, the earlier interpretation of
the 1.3 cm emission as arising predominantly from dust in the
disk appears to be incorrect. The contrast between the disk
and ionized wind increases at 7 mm, and the dominant
extension of the 7 mm map is oriented close to that found at
shorter wavelengths, consistent with a dusty accretion disk.
The 7 mm map also shows an extension to the west-southwest,
a hint of which is visible in the 2.7 mm image of Mundy et al.
(1996). This additional extension may be related to the

east-west elongation seen at smaller scales at 3.6 cm, perhaps
arising from a compact ionized knot. If so, then the Gaussian
fit minor-axis size should be considered an upper limit to the
dust disk minor-axis dimension. Of course many other expla-
nations are possible, and a more definitive decomposition
awaits future observations with better sensitivity and resolu-
tion.

The millimeter and submillimeter fluxes of HL Tau are well
fitted by a range of thin disk models parameterized by
power-law radial dependences of surface density, ( F r 2p ,
and temperature, T F r 2q (e.g., Beckwith et al. 1990). In these
models, the millimeter-wave size measurements constrain
mainly the radial dependence of emissivity, in effect the sum
( p 1 q). For HL Tau, it is remarkable that the Gaussian fit
size at 7 mm is nearly the same as that derived from the BIMA
2.7 mm image and also that inferred at 0.87 mm from the
CSO-JCMT data, despite the large differences in dust opacity
expected over this wide wavelength range. As discussed in
detail by Mundy et al. (1996), this situation is best modeled by
a shallow falloff in radial emissivity ( p 1 q , 1.5) and a large
disk radius (.90 AU), a conclusion also reached by Dutrey et
al. (1996) in modeling 2.7 mm observations of a sample of
T Tauri disks resolved with the Institut de Radio Astronomic
Millimétrique Plateau de Bure array. More realistic disk
models that incorporate accretion and envelope physics show
that the temperature of the outer disk may be raised by
backwarming (Natta 1993; D’Alessio et al. 1996), but new
modeling is needed to determine the implications of the size
measurements for viscous processes in the disk. For illustra-
tion, the solid line in Figure 3 shows a model with p 5 1.0,
q 5 0.5, outer radius 100 AU, inclination 458, Ldisk 5
0.3LJ and Mdisk 5 0.065 MJ , assuming a dust opacity law
kl 5 0.1(l /250 mm)21.0 . The dotted line shows the sum of this
disk model plus the ionized emission and provides a good fit
across the entire radio spectrum.

We thank Mark Holdaway and Mel Wright for helpful
conversations about atmospheric phase fluctuations, and Ken
Sowinski for an important discussion about the on-line oper-
ation of VLA subarrays. We also thank Jack Welch for
communicating the BIMA results prior to publication. D. J. W.
acknowledges a Center for Astrophysics postdoctoral fellow-
ship.

TABLE 2
RADIO FLUX MEASUREMENTS OF HL TAU AND XZ TAU

WAVELENGTH
(cm)

BEAM
(arcsec)

HL TAU
XZ TAU

(mJy) REFERENCE(mJy) resolved?

20. . . . . . . . . . . . . . 8.5 3 7.7 ,0.9a . . . ,0.9a 1, 7
6 . . . . . . . . . . . . . . . 10.5 ,0.16a . . . 10.5 2

0.91 3 0.89 0.22 H 0.025 Y 0.30 H 0.025 1
16 0.25 H 0.04b Y 0.24 H 0.04b 3

3.6 . . . . . . . . . . . . . 0.31 3 0.28 0.52 H 0.02 Y 0.23 H 0.01 4
0.64 3 0.54 0.44 H 0.035 Y 0.31 H 0.035 1
1.03 3 0.94 0.43 H 0.03 N 0.25 H 0.03 5

1.3 . . . . . . . . . . . . . 0.46 3 0.43 2.9 H 0.4 Y ,1.2a 5
40 4.9 H 0.9 . . . . . . 6

0.7 . . . . . . . . . . . . . 0.63 3 0.50 10 H 1.4 Y ,3.0a 1

a Upper limit of 3 s.
b Peak flux.
REFERENCES.—(1) This paper; (2) Cohen et al. 1982; (3) Brown et al. 1985; (4) Rodriguez

et al. 1994; (5) Rodriguez et al. 1992; (6) Bertout & Thum 1982; (7) Snell & Bally 1986.

FIG. 3.—Spectrum of HL Tau from centimeter to submillimeter wave-
lengths, including measurements from Table 2, Ohashi et al. (1991), Sargent &
Beckwith (1987, 1991), Hayashi et al. (1993), Adams, Emerson & Fuller (1990),
Weintraub, Sandell & Duncan (1989), Beckwith & Sargent (1991), and Lay et
al. (1994). Solid line shows a parametric disk model, and the dashed line shows
a power-law fit to the 6 and 3.6 cm fluxes. Dotted line shows the sum of these
two components (see text).
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double-armed spectrograph ISIS (Carter et al. 1994) and a
Tektronix CCD detector of 1024 ; 1024 pixels, at the Cassegrain
focus of the 4.2 m William Herschel Telescope (WHT) at the
Observatorio del Roque de los Muchachos (La Palma, Spain).
The high-resolution grating R1200R (dispersion of 0.418 pixel!1),
centered at 6600 8 and covering a wavelength range of 420 8
(which includes the H! and [S ii] kk6717, 6731 lines), was em-
ployed. The effective spectral resolution achieved was 0.7 8
("32 km s!1). The angular scale was 0.3600 pixel!1.

In order to obtain the spectrum of the HH 30 jet, the 3.70 long
slit was centered on the HH 30 star with a P.A. of 30#. One ex-
posure of 600 s of the HH 30 jet was obtained on 1998 De-
cember 12, with a slit width of 1.500. Four exposures of 1800 s
each, with a total integration time of 2 hr, were obtained on 1998
December 11 toward HH 30-N. The slit was centered on the
position of knotNE (López et al. 1996), at a P.A. of 30#, covering
the emission from knots NA to NH.

The data were reduced using the standard procedures for long-
slit spectroscopy within the IRAF package. The spectra were not
flux-calibrated. The line-of-sight velocity as a function of po-
sition along the HH 30 jet and HH 30-N was obtained by fitting
multiple Gaussian profiles to the observed [S ii] kk6717, 6731 and
H! emission lines, using the splot task of IRAF. The Gaussian
profiles are described in terms of line center, which is trans-

formed into heliocentric velocity, and line width, given as the
FWHM.

3. RESULTS

3.1. Overall Description

In Figure 1 we show the [S ii] image of the overall region,
about 50 in size, corresponding to the first epoch. The field in-
cludes the HH 30 source, near the southern edge of the image,
which appears at the vertex of a cone of nebulosity that appar-
ently extends along several tens of arcseconds. The HH 30 jet
crosses the image from southwest to northeast, and its wiggling
as it propagates away from its exciting source is clearly visible.
The image also includes the HH 30-N knots, near the northern
edge of the image, which have been proposed to also belong to
the HH 30 jet (López et al. 1995). Unfortunately, only the very
first knots of the HH 30 counterjet fall inside the field.

The bright stars HL and XZ Tau and their associated jets are
also included in the observed field. A large fraction of the HL
Tau counterjet is visible in the southwestern part of the image,
while the HH 266 object, proposed to also be associated with HL
Tau (López et al. 1995), falls near the northeastern corner of the
image. The young stellar object LkH! 358 is also visible near
the western edge of the image.

Fig. 1.—NOT 1998 [S ii] image of the region surrounding the HH 30 jet and the HL/XZ Tau stars. North is up, and east is to the left. The dotted line is the shape of a
wiggling jet model for the HH 30 jet (see text).
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Figure 4: Spitzer three-colour image (3.6µm (blue), 8.0µm (green), 24µm (red)) of the L1688 region of
r Oph star forming region. Class I and II young stellar objects are indicated by the plusses and squares
respectively. Note the clustering of young sources that enables many sources to be studied in one deep
pointing with SKA1-MID. One 6 arcminute field of view centred on the r Oph A cluster is indicated at the
top right.

mechanism models. Variability may also help identify regions of the disk that are contaminated by
jet emission as, in general, this is expected to vary on more rapid timescales than the dust emission
from the disk. Furthermore, the long duration monitoring will provide a wealth of data with which
to study the magnetic flaring activity in the innermost regions where the protoplanetary disk is
expected to be disrupted by the magnetic field (e.g. Liu et al. 2014). These highly energetic events
have been proposed as being responsible for the chondrules found in meteorites (Shu et al. 2001)
and so may help complete the picture of the make-up of planet forming material.

Finally, if some of these observations over the period of a year or so are combined with VLBI
runs then the 3D tomography of non-thermal sources in the targeted young cluster can be completed
simultaneously as well. As discussed by Loinard et al. (these proceedings) knowledge of the 3D
structure and kinematics, via proper motions and radial velocity, will provide stringent tests of
cluster formation models. The VLBI resolution will also be able to locate accurately where in the
proto-planetary disk the non-thermal emission originates. This will further help elucidate its role

7
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Figure 2: Top and middle panels: predictions for the Glycine rotational spectrum in a cold prestellar core
(L1544); the spectrum shows the frequency ranges covered by the low frequency ALMA receivers (top)
and the high frequency JVLA bands; the predicted intensities are low and difficult to reach even with these
very sensitive facilities (adapted from the models of Jiménez-Serra et al. 2014). Bottom panel: preliminary
preditions of Glycine line intensities in the frequency range from 1 through 15 GHz covered by SKA1 for
the TW Hya protoplanetary disk with two assumptions on the Glycine gas phase abundance (Jimenez-Serra
et al., in preparation).

resolution, corresponding to typical disk sizes in the nearby star forming regions. This requirement
is captured in the SKA1 science requirements (Braun 2014) which has been derived for prestellar
cores, but can also apply to protoplanetary disks, scaling for the smaller expected size and narrower
line. In fact, if the gas phase abundance of Glycine is on the high side of the expectated range,
then the detection should not be very demanding and achievable with about 10 h on source. In
addition, we remark that the simplistic assumption of local thermodynamic equilibrium for the
line excitation, made in the computations, is very simplistic and may not apply to the conditions
of these heavy molecules. The detection and analysis of Carbodiimide (HNCNH) in Sgr B2 has
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VLA	Pilot

• 15	x	42	min	epochs	
observed	so	far	in	a	
pilot	study	of	the	
selected	target	ρ Oph A	
(PI	Coutens,	UCL)

• Objects	at	different	
stages	of	evolution

• X-band	in	A	config
giving	0.2ʺ	resolution	
at	4	GHz	bandwidth
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Affect	of	Proposed	Cuts

• Run	simulations	using	Robert’s	scripts
– 1000	hours
– Centred at	11.3	GHz
– No	Band	5	on	MeerKAT dishes
– Use	Band	5a/b	Tsys as	in	ECP	giving	20K

• Investigate	noise	level	for	the	various	cuts
• Simulate	affect	on	proto-planetary	disc	model	
simulation
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Proto-Planetary	Disc	Model
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Cradle of Life M. G. Hoare

a spatial resolution of about 40 mas to resolve the snow line. This is precisely the resolution of
SKA1-MID operating at the top end of the band 5 frequency range.

The size of the large grains in a proto-planetary disk are deduced from the shape of the spectral
energy distribution at each location in the disk. This is best done across a broad spectral range all
the way from mm through to cm wavelengths. At the resolution needed to resolve the snowline this
can be achieved with SKA1-MID operating at 2.5 cm in combination with the JVLA at 7 mm and
ALMA at 3 mm as is illustrated in Figure 1.

To demonstrate the feasibility of such an experiment we show a simulated 11.3 GHz contin-
uum observation of a typical proto-planetary disk model in Figure 2. The model is based on that
presented by Isella et al. (2009) for a disk with a symmetric distribution of 0.01M� of material as
in the minimum mass solar nebula surrounding a 1M� star. The disk has a radius of 120 au and is
viewed at an angle of 45� at a distance of 125 pc. Dust in the disk has an emissivity law slope of
b = 0.5 and has a total flux of 180 µJy. Here it is imaged at the full resolution of SKA1-MID where
the unifrom weighted beam has a size of 35⇥40 mas. This simulation was for a 1000 hour deep
field integration and clearly maps out the dust emission at this high resolution. The peak intensity
is 4 µJy/beam, equivalent to a brightness temperature of 30 K, and the noise level is 0.07µJy/beam
(0.5 K). Hence, SKA1-MID can clearly make a high impact in the mapping out of grain growth in
proto-planetary disks at high resolution in targeted regions.

Figure 2: Simulated continuum image of a proto-planetary disk using a 2 ⇥ 2.5 GHz bandwidth from 8.8 to
13.8 GHz. Contours run from 5, 10, 15, ...,45 times the 0.07µJy/beam noise level. The image is about 0.85
⇥ 0.65 arcseconds in size and the 35 ⇥ 40 mas beam is indicated. See text for details. Note that real disks
are likely to have significant structure in them as in Figure 1 of Testi et al. (2015).

4
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Flux	levels

Model Flux Density	(μJy)	at	11.3	GHz

Isella 350
Perez 180
TW	Hya 98
HL	Tau	(including free-free) 270

HL	Tau	(dust only	estimate) 12

Average	ρ Oph A	(inc. f-f) ~250



Other	Aspects	of	the	KSP

Grain growth

Tens of targets

Magnetic flaring

6D tomography
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Pre-biotic molecules

Protoplanetary Disks with SKA L. Testi

Figure 2: Top and middle panels: predictions for the Glycine rotational spectrum in a cold prestellar core
(L1544); the spectrum shows the frequency ranges covered by the low frequency ALMA receivers (top)
and the high frequency JVLA bands; the predicted intensities are low and difficult to reach even with these
very sensitive facilities (adapted from the models of Jiménez-Serra et al. 2014). Bottom panel: preliminary
preditions of Glycine line intensities in the frequency range from 1 through 15 GHz covered by SKA1 for
the TW Hya protoplanetary disk with two assumptions on the Glycine gas phase abundance (Jimenez-Serra
et al., in preparation).

resolution, corresponding to typical disk sizes in the nearby star forming regions. This requirement
is captured in the SKA1 science requirements (Braun 2014) which has been derived for prestellar
cores, but can also apply to protoplanetary disks, scaling for the smaller expected size and narrower
line. In fact, if the gas phase abundance of Glycine is on the high side of the expectated range,
then the detection should not be very demanding and achievable with about 10 h on source. In
addition, we remark that the simplistic assumption of local thermodynamic equilibrium for the
line excitation, made in the computations, is very simplistic and may not apply to the conditions
of these heavy molecules. The detection and analysis of Carbodiimide (HNCNH) in Sgr B2 has
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Simulations of Formamide on TW Hya
• Physical structure from Rosenfeld et al. (2012)
• 1D chemical modelling with 100 points from 1AU to 100 AU using UCL_CHEM

(Holdship, Viti, Jimenez-Serra+ 2017, submitted).
• Chemical network for NH2CHO (Quenard, Jimenez-Serra+, in prep).
• Radiative transfer done with GASS/LIME code (Quenard+2017, MNRAS,468,685Q)  

UCL_CHEM
+

GASS/LIME

TW Hya @ 40 mas
NH2CHO @ 15.4 GHz



Comparison	with	VLA

Parameter	 SKA1-Mid	(CC)/VLA

Sensitivity	(10	GHz) 1
Resolution 5
Field	of	view	area 2.8
Number of	spectral	channels 4
Baselines 5.6



Alternative	Cost	Controls
• Band	5	was	prioritized	ahead	of	Band	1	in	the	last	science	

review	process
• Band	1	overlaps	with	MeerKAT UHF
• Remove	66	Band	1	feeds
• Removing	22	Band	1	feeds	on	outer	7	dishes	per	arm	gives	

max	baseline	of	38	km	and	2	arcsec resolution	at	800	MHz
• Remove	next	44	feeds	as	dictated	by	Band	1	teams
• Can	still	do	all	HPSO	Band	1	cases

– Pulsars	– core	only
– H	I	intensity	mapping	– auto-correlations
– High-z	H	I	in	galaxies	requires	2-10	arcsec resolution

• -Saves	€6M



Conclusions

• The	removal	of	outer	3	dishes	has	a	significant	
impact	on	Cradle	of	Life	HPSO
– Let’s	get	the	steel	in	the	ground	and	stop	cutting	
dishes

• Can	still	do	the	HPSO	post	cuts
– Will	all	the	extra	time	needed	be	available?

• Simultaneous	science	lost	without	core	and	
VLBI
– Very	poor	message	to	African	VLBI	Network
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