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Overview 

•  Planet formation 
•  Thermal dust emission 

•  Star formation 
•  Ionized thermal and non-thermal gas emission 
•  Non-thermal line emission from masers 

•  Astrometry and polarization 

•  Stellar evolution 
•  All of the above 

•  e-Merlin as a valuable test bed for SKA1 Mid science 
•  Similar baselines and frequency coverage 



Planet Formation 

•   ALMA observations with resolution ~ 40 mas (4 au @ 100 
pc) are revealing significant structures in proto-planetary 
disc dust emission 
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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.



Grain Growth 

•  VLA can achieve resolution ~ 40 mas at 7 mm 

•  e-Merlin at 5 cm 

•  SKA1 Mid at 2.5 cm 
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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
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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) 



SKA1 JVLA ALMA 

Need cm-wave data 

•  Difficulty in growing 
grains through cm-
sized regime  

•  Need cm-wave 
observations to 
probe cm-sized 
grains, emission is 
weak 

Matching 40 mas beam 



State-of-the-art 

PPDs only optically 
thin at cm 
wavelengths 
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Fig. 3.— Radial profiles of several quantities in the HL Tau disk. In all panels, the width of the lines
represents the 1-� uncertainty of each quantity. (a) Brightness temperature at di↵erent 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 0.0007. A dust temperature power-
law, also convolved to a beam size of 0.0007, is also shown (see §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 bottom-right corner indicate uncertainties due to absolute flux calibration (not a↵ecting spectral index
gradient).

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



Inside the snow line with SKA1 

•  Need ‘planet 
traps’ to help 
grains grow 

•  E.g. the water 
snow line 

SKA1 JVLA Spatial resolution at 12 GHz at 100 pc 

Hasegawa & Pudritz (2012)  



 Ionized Jet Emission 

•  Need to accurately 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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Pre-biotic molecules 

Alanine  
– simple amino acid 

Urea 
-  peptide bond 

Courtesy of Per Bergman 



Young Cluster Deep Field SKA KSP 

Grain growth Pre-biotic molecules 

Tens of targets 

Magnetic flaring 

6D tomography 

Jets 



Dense young clusters 

•  Orion Nebula Cluster shows over 500 sources in single 
deep VLA pointing (Forbrich et al. 2016) 

mentioned means of distinguishing thermal and
nonthermal emission. Note, for example, that
in our experiment the size of the primary beam
changes by a factor of two over the sampled fre-
quency range. In a follow-up paper we will thus
assess the effect of wideband imaging on polariza-
tion measurements and its implications for emis-
sion mechanisms. We will also discuss simultane-
ous radio and X-ray variability at high time res-
olution in more detail later. Finally, even though
the characterization of radio counterparts of YSOs
was the main motivation for this experiment, the
data also reveal exquisite details of extended emis-
sion, ranging from proplyds and Herbig-Haro ob-
jects to even more extended emission from the
Orion Nebula itself.

2. Observations

The observations were carried out with the Karl
G. Jansky Very Large Array (VLA) of the Na-
tional Radio Astronomy Observatory1 on 2012
September 30, October 2, 3, 4, and 5 under project
code SD630. The phase center was at (RA,Dec)
= 05h35m14.479s,−5◦22′30.57′′ (J2000); the du-
rations of these individual epochs were generally
7.5 h, except for epoch 3 with about 3 h, and
epoch 4, with about 5 h, resulting in a total of
about 30 h. During the first two epochs, the ar-
ray was being re-configured to its high-resolution
A-configuration from the BnA-configuration. For
the other three epochs, the array was in its A-
configuration. This configuration was chosen to
maximize spatial filtering and optimize the detec-
tion of point-like sources.

Data were taken using the VLA’s C-band (4-8
GHz) receivers in full polarization mode, with two
1 GHz basebands centered at 4.736 and 7.336 GHz
to provide a good baseline for source spectral index
determination. Each baseband was split into eight
subbands of 128 MHz each, which were in turn di-
vided into 64×2 MHz spectral channels. 3C 48
served as the primary flux density calibrator and
J0541-0541 was observed in order to monitor the
complex gains. Generally, after five minutes on-
target (ONC), we switched to the gain calibrator,
ensuring very stable amplitude and phase calibra-

1The National Radio Astronomy Observatory is a facility of
the National Science Foundation operated under coopera-
tive agreement by Associated Universities, Inc.

Fig. 3.— Distribution of the 556 point-like
sources, overlaid on the VISION-KS image from
Meingast et al. (2016). For orientation, the loca-
tions of the Trapezium (θ1 Ori A–D) and the BN
object are marked with yellow star symbols. The
circles indicate the smallest and largest HPBW
primary beam, and the scale bar indicates the
physical scale at a disctance of 414 pc.
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errors with the ‘typical uncertainty’ of 0.6, above
our cutoff. While there is considerable disagree-
ment in the reported spectral indices for individ-
ual sources, the numbers are mostly compatible
within twice the reported errors, and as such the
disagreements are not highly significant. A more
detailed comparison would have to take into ac-
count differences in the calculation method of the
spectral indices and may indicate significant vari-
ability in the spectral index for some sources.

3.6. Background sources

While we expect the source counts toward the
center of the ONC to be dominated by sources re-
lated to the cluster, the presence of many sources
with just a single-band detection in the inner
r = 1.′6 poses the question of contamination by ex-
tragalactic sources. We only have limited means to
assess membership with the data presented here,
but single-band detections are a priori candidate
extragalactic sources. A simple way to derive an
upper limit to any population that may be unre-
lated to the cluster is to extrapolate the source
counts in the outer beam to the inner area. Here,
we use the annulus defined by the half-power beam
widths in the two bands, as depicted in Figure 3,
where we neglect the South-Eastern quarter since
it seems to contain a population of sources re-
lated to the ONC. Extrapolating the 21 sources
contained in the remaining three quarters of this
annulus and multiplying by the average primary
beam correction factor for this annulus yields an
estimate of 9 sources contained in an area with a
radius of 1.′6, i.e., the area depicted in the Venn
diagram in Figure 7. This estimate indicates that
97% of the compact radio sources, including the
single-band detections, are related to the clus-
ter. This conclusion is supported by the fact that
the single-band radio detections follow the same
North-South elongation also seen in the full radio
population and mentioned above.

Similarly, we note that Getman et al. (2005a)
have studied membership in the ONC based on
the COUP X-ray data. In the inner area covered
by the Venn diagram, they found only two can-
didate extragalactic sources among the full sam-
ple, indicating a contamination of the X-ray sam-
ple of only ∼ 1%. We would expect a similar
situation in the near-infrared given the excellent
near-infrared–X-ray correspondence, and indeed

Fig. 9.— Distribution of peak flux densities as
a function of distance from the phase center.
Sources with spectral indices that were determined
with errors ≤ 0.5 are marked in color. The dotted
line shows the approximate 5σ limit, as derived in
Figure 4.

Fig. 10.— Spatial distribution of peak flux densi-
ties in the inner area of the cluster. Star symbols
denote the locations of the Trapezium stars and
BN.
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Jets in Young Stellar Objects 
L66 R. E. Ainsworth et al.

Figure 1. e-MERLIN maps at 5 GHz for (a) DG Tau A and (b) DG Tau B
with contours at −3 (grey), 3, 4, 5 and 6σ rms, where σrms = 24 µJy beam−1

for DG Tau A and 25 µJy beam−1 for DG Tau B. The known outflow
direction in both cases is shown as a dashed line, and the optical position
for DG Tau A is shown as a cross (see Section 3).

4 D ISCUSSION

DG Tau A. At 5 GHz, we detect DG Tau A at 6σ rms, and the source
exhibits an asymmetric, compact and slightly elongated morphol-
ogy consistent with the known direction of the outflow axis. We find
a total flux density St,5 GHz = 312 ± 78 µJy and a peak flux density
Sp,5 GHz = 160 ± 38 µJy.

This source has been seen to possess a slightly rising radio spec-
trum with α = 0.6 (Scaife et al. 2012; Lynch et al. 2013), typical of
collimated thermal jets or spherical stellar winds (Reynolds 1986).
However, when the total flux density from this work is compared
with the nearly coeval JVLA A-configuration observations (epoch
2011.46) at 8.5 GHz from Lynch et al. (2013), a spectral index
α8.5

5 = 2.4 ± 0.5 is found. Within the error this spectral index is
possibly consistent with free–free emission; however, α > 2 is

generally considered unphysical for free–free emission. Although
variability is expected to cause some difference in the measured
flux densities between different observation epochs, we expect this
is not the case here. In particular, the transit time across the source
at the maximum jet velocity is ≈4 months, which is longer than
the amount of time between the JVLA and e-MERLIN epochs
(1 month) and is therefore not the cause of the discrepancy. We
suggest that the unphysical spectral index in this case arises pre-
dominantly from the mismatch in angular scales recovered by the
two arrays. The longer baselines of the e-MERLIN array compared
to those of the JVLA will reduce the sensitivity to larger scale struc-
ture. We expect source components ≥λ/Dmin rad (∼1 arcsec for a
minimum baseline of Dmin = 11.2 km) to be attenuated by more
than 50 per cent of their flux, and therefore undetected. As a result,
extrapolating between the e-MERLIN and JVLA data will give an
inaccurate spectral index, which is indeed the case.

To cross-check our commissioning data, we simulated the ob-
servations with the CASA simulator toolkit using a simple Gaussian
flux distribution model of the JVLA data (Lynch et al. 2013) as the
sky model (deconvolved dimensions provided by C. Lynch, private
communication). Running SIMOBSERVE, we find that the angular scale
and general morphology of DG Tau A from the simulated visibili-
ties are in agreement with our observations. Additional observations
with e-MERLIN at different frequencies are needed to constrain the
spectral index on this scale, although with the improved sensitivity
provided by the Lovell telescope and the full bandwidth of 2 GHz,
it may be possible to extract an instantaneous e-MERLIN spectral
index from this source.

DG Tau B. We detect DG Tau B at 4σ rms within the
e-MERLIN primary beam, with St,5 GHz = 150 ± 63 µJy and
Sp,5 GHz = 113 ± 38 µJy. The morphology is jet like and has a de-
convolved PA of 125◦, consistent with the known jet axis (Mundt
et al. 1991). A variable free–free component is suggested by the
SED of DG Tau B, which could be explained by non-steady accre-
tion/ejection (e.g. Kenyon & Hartmann 1995). There is contribution
to the radio emission from the dust disc at higher radio frequencies
(Scaife et al. 2012); however, the contribution at 5 GHz for both DG
Tau A and B should be negligible.

4.1 Jet opening angle

The strongest constraints on the jet collimation scale come from
measurements of nearby T Tauri stars with the Hubble Space Tele-
scope (Ray et al. 1996) and ground-based adaptive optics, includ-
ing DG Tau A (Dougados et al. 2000). They show that jets from
protostars appear resolved transversely and collimated as close
as 35–50 au from the central star, with initial opening angles of
θ0 ≈ 20◦–30◦ which drop to only a few degrees beyond 50 au.
However, if the jet originates from a region within 1 au of the star, it
must have θ0 ≥ 45◦ to reach the observed width, and then undergo
strong recollimation within 35–50 au (Cabrit 2002).

We define the direction of the line of brightest emission to be the
e-MERLIN jet direction of DG Tau A, which is consistent with that
found in the optical. We take one-dimensional cuts perpendicular to
that direction with the AIPS task SLICE to determine the initial opening
angle θ eMERLIN found with our e-MERLIN data. Each slice is fitted
with a Gaussian using SLFIT and the full width at half-maximum
(FWHM) of the Gaussian is then deconvolved from the synthesized
beam to determine the FWHM of the jet at that distance. The peak
of the emission in our 5 GHz map (Fig. 1 a) is assumed to be the
base of the jet, and the last slice of the jet was made at a distance
of 0.07 arcsec from this point and has an FWHM of 0.09 arcsec
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Magnetic Fields in Star Formation 

Methanol maser polarization 
giving 3D B field 
(Vlemmings et al. 2010) 
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MHD jet interaction (Kuiper et al 2015)  



Magnetized YSO Jets 

•  Linear polarization now detected 

Cygnus A HH 80−81 HH 80−81

Thermal

Non−thermal

(a) (b) (c)
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Figure 3. (a): Radio map of the AGN jet in Cygnus A (from [24]). (b and c): New JVLA radio observations of the YSO jet HH 80-81
[25]. The unprecedent combination of high sensitivity and high angular resolution of the JVLA revealed a morphology of the radio jet
very similar to what is commonly found in AGN jets: a highly collimated jet ending in two extended radio lobes. A spectral index map
(panel c) shows that the emission mechanism in both the extended lobes and the collimated jet is of non-thermal nature. The di↵erences
in the negative spectral indices of the lobes are most probably related to di↵erences in the cooling time of the relativistic particles.

Figure 4. Spectral energy distributions of the non-thermal emission in YSO jets for di↵erent scenarios (from [33]). The left panel
shows a case in which the radio emitting particles are primary electrons accelerated in the shock, while the right panel shows a case
for secondary electrons and positrons from pp collisions (see [33] for details). The 1 yr/5� sensitivity of Fermi in the direction of the
galactic plane is shown. Note that, in each scenario, di↵erent emission mechanisms are expected to dominate in the X- and gamma-ray
regimes.

3 Particle acceleration and high-energy
phenomena

The discovery of synchrotron emission from YSO jets
also implies that high-energy phenomena should be tak-
ing place in these objects. As commented above, the syn-
chrotron emission seems to be produced mainly where the
jet strongly impacts with dense material of the surrounding

molecular cloud. In this situation, particles like electrons
and protons gain energy by di↵using upstream across a
shock front [29]. The shock then catches up with the par-
ticle, but it di↵uses across it again, gaining even more en-
ergy as it does so. This process, known as di↵usive shock
acceleration (DSA), can cause particles moving at a few
hundreds of kilometers per second to reach velocities near
the speed of light. The DSA mechanism is already known

03003-p.4

EPJ Web of Conferences

VLA observations of HH80-81 (Carrasco-Gonzalez et al. 2010; 2013) 



Non-thermal Lobes 

The RMS survey: A search for ionized jets towards massive young stellar objects 25

13h51m57s58s59s52m00s

RA (J2000)

5
4
"

4
8
"

4
2
"

3
6
"

-6
1
°1

5
'3

0
"

D
e
c 

(J
2
0
0
0
)

A1

A2

A3

A4

B

C

D

E
30000 AU

Figure B3. The 9GHz radio contours overlaid on an RGB (8.0µm,
4.5µm and 3.6µm) composite image of existing GLIMPSE data for
G310.1420+00.7583A. Contours step up from 4σ by a factor of

√
3 per

level and negative (-4σ) contours are dashed. Other annotations have the
same meanings as in Figure C1.

may be suggestive of a second source in the region, or a working surface
located in the cavity walls, which the edges of the ionized jet act upon.

G310.1420+00.7583A

This source is associated with IRAS 13484–6100 and is in close proxim-
ity (∼ 8′′ offset) to a cometary UCHII (G310.1420+00.7583B). Different
masing species (OH, H2O and CH3OH at 6.7 GHz) have been detected to-
wards this source (Walsh et al. (1998), Urquhart et al. (2009) and Green
et al. (2012) respectively). Caratti o Garatti et al. (2015) observed IRAS
13484–6100 in the near infrared and detected two knots of H2 emission
(blue circles in Figure B3), one of which displayed Brγ emission indicative
of strong dissociative shocks (‘knot 1’) where the shock velocities exceeded
90 kms−1 within a medium of density ∼ 105cm−3. Inferred jet proper-
ties included a length of 0.4pc, precession of 17◦ and electron density of
ne = (4 ± 1) × 104cm−3. An extended green object was detected offset
to knot 1 by ∼ 16′′ at a PA of 57◦ (Cyganowski et al. 2008).

From the observations presented here, we believe this to be an ion-
ized jet displaying both thermal and non-thermal emission. The thermal
components (B and A1) represent the ionized material closest to the ac-
creting disc, while other components represent working surfaces impinged
upon by the jet, producing ionizing shocks in a magnetic field. The shock
scenario is supported by the extended emission at 4.5µm which coincides
with the negative-α emission to the East and also the central source, A1.
The position angle of the jet (assuming A1 represents the MYSO itself) is
∼ 75± 4◦ (PA of B from A1), to which component D is slightly offset (PA
of ∼ 82 ± 2◦ from A1). This may be an indication of precession in the jet,
which (assuming a jet velocity of 500km s−1 and no inclination to the line
of sight) represents a precession rate of 0.01◦yr−1.

G313.7654-00.8620

Associated with the IRAS point source IRAS 14212–6131, this object has
a 13CO outflow detection (Urquhart et al. 2007), CS with linewidths of
5.3 km s−1 (Bronfman et al. 1996), masers (OH and 6.7 GHz methanol)

Figure B4. A map of the spectral index (between 5.5 and 9GHz) for
G310.1420+00.7583A (left) and the associated errors in the spectral index
(right). The restoring beams (blue) used for both the 5.5GHz and 9GHz data
were identical, in the production of the spectral index maps. Grey contours
represent the flux densities at 9GHz starting at 8.0×10−5Jy/beam (5σ),
and scaling by a factor of

√
5 for each subsequent contour.
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Figure B5. The 9GHz radio contours overlaid on an RGB (8.0µm, 4.5µm
and 3.6µm) composite image of existing GLIMPSE data for G313.7654-
00.8620. Contours step up from 3σ (where σ = 1.58× 10−5Jy/beam by a
factor of

√
3 per level.

and a mm-core offset ∼ 37′′ (Faúndez et al. 2004)) from the MSX point
source position. Caratti o Garatti et al. (2015) detected 4 knots of H2 emis-
sion which, if tracing a jet, show evidence of a precession in the jet’s axis of
32◦. Knot 1 (closest to the MSX point source) has an inferred electron den-
sity of (1±0.5)×104cm−3, while knot 4 (most distant) displays Brγ emis-
sion indicative of strong J-type shocks with a shock speed of∼ 60km s−1.
Currently the jet axis is defined at a position angle of 125◦ , with a length
(on one side) of 1.4pc (Caratti o Garatti et al. 2015). GLIMPSE images (see
Figure B5) show diffuse emission in the direction of the H2 knot 1, an ex-
tended HII region to the south and two point sources within 5′′ of the MSX
point source position.

Our observations show at least 7 distinct lobes of emission at both
observing frequencies. The two lobes nearest the mid-infrared source at
5.5GHz, each split into two lobes at the 9 GHz (A1/A2 and B1/B2, see

c⃝ 2016 RAS, MNRAS 000, 1–??
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Figure B6. A map of the spectral index (between 5.5 and 9 GHz) of
G313.7654-00.8620 (left) and the map of errors in the spectral index
(right). Grey contours represent the flux densities at 9GHz starting at
7.40×10−5Jy/beam (5σ), and scaling by a factor of

√
5 for each subse-

quent contour.

Figure C1). Lobe B1 coincides with a H2 emission knot (Caratti o Garatti
et al. 2015), while A1 is coincident with both 6.7 GHz methanol (Purser
et al., in prep.) and hydroxyl maser emission. From the GLIMPSE RGB
image of Figure B5, the NW string of emission (i.e. B1/B2 and D) coin-
cides with extended IR emission potentially tracing outflow cavities. All
emission (apart from E) is roughly sited in a linear distribution with the
brightest emission (A1) being co-located with the MSX point source’s peak
position. A large range of spectral indices are present as shown in Figure
B6, and spectral indices derived from the fitting of Gaussian profiles in the
image domain yield spectral indices of 0.3, -0.7, -0.96, 1.9, 0.04, -0.32 and
0.29 for lobes A1, A2, B1, B2, C, D and E respectively. The flux errors on
B1/B2 will be relatively large due to the larger restoring beam at 5.5 GHz
confusing the deconvolution. Assuming that A1 is the free-free emission
from the MYSO and its jet, the spectral index suggests a collimated jet,
however because of the large uncertainties in position angle and physical
parameters, little else can be concluded. The fact that B1 has the steepest
negative spectral index as well as being positioned on a H2 knot (knot 1
in Caratti o Garatti et al. (2015)) suggests non-thermal emission processes
caused by strong shocks from a fast moving jet on the surrounding mate-
rial, within a magnetic field. The current position angle of this jet from our
observations (from the alignment of A1, A2 and B1) is 126±3◦ , close to
that derived by Caratti o Garatti et al. (2015). From the observations pre-
sented here, the thermal radio source centred on the MSX point source (A1)
represents the MYSO position itself, the emission from which can be ex-
plained as a thermal, collimated jet of ionized material. Lobes A2, B1 and
C represent the jet’s current axis of propagation. The non-thermal nature of
A2 and B1’s emission can be explained as the sites of shock ionization in
the presence of a magnetic field. B2 presents a problem to this simple pic-
ture due to the steep spectral index inferred and offset from the propagation
axis. It is possible that B2 represents another MYSO, separated from the
central source by ∼ 0.1pc. The exact nature of B2 would be better defined
by observations at higher (and hence more resolving) frequency bands.

Given the extended nature (0.09pc × 0.07pc for a distance of 7.8kpc)
of E in the radio and the extended, reddened, mid-infrared emission, this
can be classified as an optically thin UCHII region (especially given MIR
imaging). Assuming this to be true, a ZAMS star of spectral type B1 would
account for the Lyman flux (Davies et al. 2011) derived from the calculated
emission measure (5 × 104pc cm−6). It must be cautioned however that
this is likely an underestimate considering the degree to which it is resolved
out in both frequencies. There is also an extended, partially resolved out (at
5.5GHz) HII region (α ∼ 0.6) offset from A1 to the WNW by 40′′.

Figure B7. A map of the spectral index (between 5.5 and 9GHz) for
G339.8838–01.2588 (left) and the associated errors in the spectral index
(right). The restoring beams (blue) used for both the 5.5GHz and 9GHz
data were identical, in the production of the spectral index maps. Grey con-
tours represent the flux densities at 5.5 GHz starting at 1.40×10−4Jy/beam
(4σ), and scaling by a factor of

√
3 for each subsequent contour.

G339.8838–01.2588

Associated with the object, IRAS 16484–4603, this MYSO has an exten-
sive observational history. Ellingsen et al. (1996) observed elongated, ion-
ized emission at a position angle of 45◦, which within astrometrical er-
rors, was coincident with the position of, and perpendicular to, the distri-
bution of, multiple, linearly-distributed (both spatially and in velocity) 6.7
GHz CH3OH maser spots. Stecklum & Kaufl (1998) also observed 10µm
emission elongated at the same position angle as the masers, leading to an
interpretation of a disc/jet model with irradiated masers in Keplerian rota-
tion, embedded in the circumstellar disc. Further observations at 10µm and
18µm by De Buizer et al. (2002) resolved the elongated MIR emission into
three sources, whose temperature profile peaked with the radio emission.
However the resolved point source 1B was offset ∼ 0.4′′ to the SE and
coincident with the outflow axis of the radio knots from Ellingsen et al.
(1996). De Buizer et al. (2002) further concluded that there are two sources
at work, one massive, unobscured star with an extended HII region (par-
tially resolved out in existing radio data) and a second, which is embedded
and centred on the radio peak of Ellingsen et al. (1996) and also responsible
for outflow activity in the region.

The nature of the observations in this paper preclude the detection of
extended emission on the scales discussed in the above references (some
extended emission is partially resolved out at 5.5GHz). Therefore it is safe
to assume that any flux imaged comes from free-free emission associated
with compact sources (i.e. radio lobes/central jets/UCHIIs).

From the radio flux contour maps, 3 compact components are present
through all 4 observing frequencies, aligned in a direction perpendicular to
the 10/18µm emission of De Buizer et al. (2002). Fitting a Gaussian profile
to the central source yields a positive spectral index of 0.77 ± 0.04 and
γ = −1.0 ± 0.5, similar to the case of an adiabatic spherical or pressure-
confined jet (Reynolds 1986). At 5.5GHz, the central source also becomes
slightly extended to the SE. Considering the turn-off at higher frequencies,
it is possible that this represents a young, optically thick HCHII region of
small spatial extent, as well as an ionized jet, however it is under-luminous
by a factor of ∼ 900 to that expected from the bolometric luminosity (in-
terpolating the assumed-to-be optically thin flux at 9GHz from the spec-
trally fitted HII model). The NE and SW lobes have non-thermal spectral
indices of -0.39±0.07 and -0.72±0.11 and lie in a linear configuration with
the thermal, central source. The extended emission to the south-east of C
is absent in previous radio continuum maps (Ellingsen et al. 1996), sug-
gesting this could be an artefact of the cleaning process at both 5.5 and
9GHz. However, the synthesised beam widths of Ellingsen et al. (1996)
were smaller than both our 5.5 and 9 GHz data (where the extended emis-
sion is detected), possibly indicating that their observations completely re-
solved out this emission. Comparing the morphology of the rest of the emis-

c⃝ 2016 RAS, MNRAS 000, 1–??

Arcsec 
Spectral index map 

ATCA 9 GHz continuum on Spitzer 
IRAC image (Purser et al. 2016) 



Radio Stars 

•  GAIA will usher in a new 
era of precision stellar 
astrophysics  

•  Radio studies will address 
many important issues   

Gudel, 2002 



Wide Range of Processes 



Stellar Winds 

•  Accurate mass-loss 
rates from clumpy, 
radiatively driven  
winds from OB stars 

•  Needed for stellar 
evolution models 
and endpoints – NS 
and BH 

6 J. C. Morford et al.

Figure 1. Images of three of the nine target sample stars from the COBRaS 21cm Legacy observations, images A, C and D are all from observations taken
between the 25th and 27th of April: (A) Cyg OB2 #12 the first ever resolved image at 21cm, 1� rms = 24 µJy/beam; (B) a second image of Cyg OB2 #12
from observations taken on April 11th 2014, 1� rms = 40 µJy/beam; (C) a blank field image of Cyg OB2 #7, image 1� rms = 24 µJy/beam; (D) a blank field
image of Cyg OB2 #8C, image 1� rms = 24 µJy/beam. Upper horizontal bar displays the colour scale of each pixel in units of µJy/beam, all contour levels
are -1, 1, 1.4, 2, 2.8, 4, 5.7, 8, 11.3, 16 ⇥ 3� image rms.

the COBRaS observations presented here is completely thermal in
origin. However, it is important to note that any non-thermal emis-
sion as a result of a colliding wind region would only further con-
tribute to the 21cm flux received here, implying a smaller con-
tribution from thermal free-free emission. Hence the presence of
non-thermal emission would only seek to lower the mass-loss rate
derived here, in contradiction to previous Ṁ estimates (e.g. Clark
et al. 2012).

5.4 The remaining sample selection

For the majority of the stars in our sample selection (i.e. those ex-
cluding Cyg OB2 #7, Cyg OB2 #8C and Cyg OB2 #12) there is
currently no individual nLTE modelling in the literature. For these
stars we can only compare in Table 1 the mass-loss rate limits pro-
vided by this study with those predicted (as a function of spec-
tral type), by the prescription from Vink et al. (2001). In general,
there is a broad agreement between those calculated from the CO-
BRaS L-band upper limits and those predicted for both the O and
B stars within the sample. Furthermore, Puls et al. (2006) derived

c� RAS, MNRAS 000, 1–9

e-Merlin L-band map of blue hypergiant wind (Morford et al. 2016)  



Colliding Wind Systems 

•  Non-thermal 
emission from 
interacting winds 
in massive 
binaries 

•  Progenitors of NS 
and BH binaries 
and GW sources 



Photospheric Studies 

•   Resolved photospheres of red supergiant stars probe 
atmospheric structure and role of giant convection cells 

 
A&A 580, A101 (2015)

Fig. 1. VLA A configuration images of Betelgeuse at 0.7 cm at three different epochs. These images have been created by naturally weighting
the visibilities and applying a restoring beam corresponding to the size obtained from uniform weighting. The restoring beam is located in the
bottom left corner of each panel while the red circle is the approximate location and size of the optical photosphere. The contour levels are plotted
at 10%, 20%, . . . , 90%, and 99% of the peak flux density. From left to right the beam sizes are 40′′ × 40′′, 45′′ × 41′′, and 48′′ × 40′′. Left panel:
the L+98 image shows an asymmetry to the east of the photosphere which is here assumed to be coincident with the intensity-weighted centre of
the radio disk. A photospheric angular diameter of 45 mas (Dyck et al. 1996) was assumed by the authors. Middle and right panels: our images
show no large scale asymmetries. The position of the photosphere is here assumed to be located at the peak of the emission and we adopt the
photospheric angular diameter of 42.49 mas (Ohnaka et al. 2011).

averaged real visibilities at all epochs. Beyond the first null we
can see that there is an even greater departure from the uniform
intensity disk model at short wavelengths and this departure is
evident at other epochs too. Limb darkening and brightening
effects, and a weak unresolved feature located away from the
phase center could potentially manifest themselves in the second
lobe. Limb brightening could possibly be caused by the temper-
ature rise from the photosphere to the 1.4 R⋆ temperature peak
in the semi-empirical model of Harper et al. (2001). We find no
clear signature in the imaginary component of the complex vis-
ibilities or phases at the corresponding baselines for either limb
darkening or an additional unresolved weak feature. Indeed, we
find that the data provides better fits to the uniform intensity
disk model beyond the first null for epochs which have the best
u − v sampling and so the consistently poor fit beyond the first
null in Fig. 2 may well be due to the limited u − v sampling.

To further investigate the possible presence of small scale
asymmetries in the radio emission morphology, we subtracted
the best fit uniform disk model with parameters listed in Table 1,
from the corresponding visibilities for each data set. After imag-
ing, most of these uniform disk subtracted data sets consisted
of only noise, but a few contained one or two weak but signifi-
cant (i.e., 3–6σrms) negative flux density point sources. To derive
reliable properties for these point sources and to rule out im-
age deconvolution artefacts, we went back and simultaneously
fitted a uniform disk and a delta function to the original cal-
ibrated visibilities. For five datasets we found that a uniform
disk and a negative flux density delta function offset from disk
center produced a slightly better fit than just a single uniform
disk. The parameters from these fits are listed in Table A.1.
The brightness temperatures of the point sources were found
to vary between ∼300–800 K lower than the simultaneously fit
uniform disk brightness temperature. Their unresolved nature
means that these brightness temperatures are upper limits for the
gas temperature, for thermal and optically thick emission. We
interpret these negative point sources as pockets in the extended
atmosphere where the local gas temperature is lower than the
mean gas temperature and highlight the non-uniform nature of
Betelgeuse’s extended atmosphere.

The centimeter continuum free-free opacity varies as
κλ ∝ λ2.1 (e.g., Rybicki & Lightman 1979) and so our
multi-wavelength radio observations probe different layers of
Betelgeuse’s stellar atmosphere along the line of sight, with the
longer wavelengths probing emission further away from the pho-
tosphere. Harper et al. (2001) showed that the dominant source
of this opacity is from the free-free interactions of free electrons
from photoionized metals with neutral hydrogen. We find the
source size gets progressively larger with increasing wavelength
which implies that the radio surfaces are optically thick, and is in
agreement with the findings of L+98. This is clearly illustrated
in Fig. 3 where the values of the effective angular radius are plot-
ted against wavelength over all epochs between 2000 and 2004.
We find that the power law φeff = (54.3 ± 0.1)λ0.35± 0.05

cm mas can
describe the size of the radio emitting region well at all wave-
lengths between 0.7 and 6.1 cm as shown by the dashed line in
Fig. 3. It is clear from Fig. 3 that millimeter and submillime-
ter spatially resolved observations will be required to study the
morphology of the inner atmosphere within 2 R⋆. The Atacama
Large Millimeter/submillimeter Array (ALMA) will have such
capabilities in its more extended array configurations at all wave-
lengths between Band 2 and Band 10, as shown in Fig. 3.

We can also investigate if there is any variability in the size
of the extended atmosphere over time at the various centimeter
wavelengths. At 0.7 and 1.3 cm there is no significant change
in φeff at all epochs with ∆φeff ! 3%, where ∆φeff is the maxi-
mum deviation about the mean. There is more variability in φeff
at longer wavelengths which sample the more extended atmo-
sphere, with ∆φeff ∼ 15% at 2.0 and 3.5 cm. We only have two
measurements at 6.1 cm but the associated error bars are too
large to detect any significant variability in φeff.

3.3. Flux density variability

Betelgeuse’s atmosphere is optically thick at centimeter wave-
lengths and so the thermal continuum flux density can be approx-
imated as emanating from an opaque disk with Fν ∝ Tgasφ2

eff .
The relationship tells us that variations in the radio flux den-
sity are caused by either changes in the mean gas temperature
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VLA Q-band images of Betelguese (Gorman et al. 2015)  



Novae 

•  Multi-epoch 
spatially resolved 
studies of novae 
explosions to 
ascertain role as 
Type 1a SN 
progenitors 
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Novae & symbiotic stars in the SKA era Tim O’Brien

Figure 1: Left: EVN image of V959 Mon on 2012 Sep 18 (91 days after Fermi discovery; 5.8 GHz).
Components in this image are labelled by red circles, with the positions of components 22 days later (Oct
10; day 113) labelled with green circles (see Chomiuk et al. 2014a). Right: e-MERLIN images on Nov 23
(day 157; 5.8 GHz) in contours and 2013 Feb 26 (day 252; 5.1 GHz) in colour scale (Healy et al. in prep).

V959 Mon is a classical nova which went into outburst in 2012. This was the third nova
to be detected in GeV gamma-rays (Ackermann et al. 2014), this time detected by Fermi before
it was identified as a nova due to its proximity to the Sun during outburst. VLA detected V959
Mon within a week or so of outburst, but three months later the source brightened significantly.
Target-of-opportunity observations were obtained with e-EVN, e-MERLIN and VLBA (O’Brien
et al. 2012; Chomiuk et al. 2014a), revealing two compact VLBI components moving away from
each other and a larger-scale thermal bipolar structure (Figure 1).

Since V959 Mon has a main sequence companion (Munari et al. 2013), and is therefore not an
embedded nova like RS Oph (i.e. with no dense pre-existing circumstellar medium), the gamma-
ray and synchrotron radio emission must arise as a result of internal shocks between fast and slow-
moving material ejected in the outburst. Radio imaging of V959 Mon (Chomiuk et al. 2014a) shows
the structure evolve from an east-west structure to a larger north-south structure. One possibility is
that interaction of the expanding nova ejecta with the binary in a common-envelope phase expels
material at different rates. This leads to the shock interactions visible as non-thermal emission with
VLBI, and sculpts the expanding ejected shell, which is visible in thermal radio emission.

2.2 Symbiotic stars

To date the largest radio survey of symbiotic stars is that from Seaquist et al. (1993), detecting
50 stars (out of 99 observed) with a sensitivity of 110 µJy. These were single-epoch observations,
so much information was missed. For example, Brocksopp et al. (2004) observed Z And over sev-
eral epochs and frequencies, revealing variable radio emission and jet ejection. Jet-like, collimated,
or bipolar outflows have also been observed at radio frequencies in CH Cyg (Crocker et al. 2001)
and R Aqr (Dougherty et al. 1995). In CH Cyg, there is evidence for an episodic precessing jet (vis-
ible in the optical, X-ray and radio) interacting with the ambient medium (Karovska et al. 2010).
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Two epochs of e-Merlin C-band 
emission from nova  V959 Mon 
(O’Brien et al. 2014)  



Other Ventures 

•  SETI searches of particular northern targets 
•  E.g. alignments in multi-planet systems found by Kepler 

 

•  Support to space missions 
•  E.g. VLBI tracking of probe entries into planetary atmospheres 



Summary 

•  Sensitive, high resolution radio studies of thermal and non-
thermal emission from Galactic sources addresses many 
big questions and underlying astrophysics 

•  Planet formation 

•  Star formation 

•  Stellar evolution 

•  Matching 40 mas resolution of ALMA (1 mm), VLA (7 mm) 
and e-Merlin/SKA1 Mid (5/2 cm) is a powerful combination 
(also JWST at 1 µm) 


