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Uncovering the ecology of baryons

Graphic courtesy 
Naomi McClure-
Griffiths

How do galaxies work?
What is the flow of material from & to the 
Circum-Galactic Medium, the Interstellar 
Medium and stars?
What powers the ionisation of the Warm 
Ionised Medium?
How do molecular clouds form?
What is the relation between molecular 
clouds and star formation “laws”?
How do stars drive turbulence & energy 
into the ISM?
What can the structure of stellar clusters 
tell us about star formation?
What is the SNR/PNe formation rate in the 
Milky Way?



The SKA puts it all together
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The SKA puts it all together
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Thermal OH - CO dark gas

Stellar Radio HR diagram

Thermal continuum from jets & winds
VLBI Tomography of young clusters
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Gas accretion via HVCs

Putman, Peek 
& Joung (2012 
ARA&A); 
Westmeier 
(2007); 
LAB data

Large undetected reservoir of low column density gas (<1018 cm-2)

Combined with large area UV absorption spectroscopy, SKA will be able 
to detect and map the cold & warm gas reservoir



Gas outflow from galaxies

Parsec-scale resolution of multiphase gas in outflows & lower halo



Cold gas via HISA/HINSA & tomography

Column density via self 
absorption
Spin temperature via absorption 
from background continuum 
sources 
Map flows of HI onto molecular 
clouds

Combine kinetic information from SKA 
HI survey with GAIA/LSST extinction 
maps
Coupled dust/gas 4D kinetic 
tomography!



The ionised medium with RRLs

SKA will be a recombination line mapping 
machine:

Can simultaneously map 50 Hα (+ Heα + Cα 
RRLs) in Band 2 and 25 in Band 5

Band 2 RRL mapping speed of SKA1-mid 
comparable to VLA continuum mapping speed

SKA-Low unique probe of diffuse ISM via low 
frequency Carbon lines

Broad frequency coverage traces different 
electron densities 

Multiple lines from multiple atoms allows 
metallicity, abundance, radiation field to be 
measured



A Band 2 RRL diffuse ISM survey

THOR detects RRLs toward 
bright continuum  (> 70 mJy)

But in high densities & with 
pressure broadened lines

For diffuse unbroadened gas 
need to trace ne~100 cm-3

Needs ~1 hour/pointing for 
SKA1-mid w/ line stacking

Fully commensal with HI survey
~300 hours for entire Plane 

Out of the box early science 
towards individual HIIs  (~150 
hours to map top 12 HIIs) 

THOR RRL + 8 µm

(THOR - The HI, OH, Recombination
Line Survey of the Milky Way, Bihr et al 2015)
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Molecular gas with H2CO absorption

Collisional pumping drives population to 
lower energy states (anti-inversion)

Shows up in absorption against CMB when 
Tex < TCMB

Evans et al 1987
First VLA detection



Molecular gas with H2CO absorption

SKA
band 5/5+

(traces nH2)
Collisional pumping drives population to 
lower energy states (anti-inversion)

Shows up in absorption against CMB when 
Tex < TCMB

Evans et al 1987
First VLA detection



Molecular gas with H2CO absorption

SKA
band 5/5+

(traces nH2)

ALMA
band 6

(traces Tkin)

Collisional pumping drives population to 
lower energy states (anti-inversion)

Shows up in absorption against CMB when 
Tex < TCMB

Evans et al 1987
First VLA detection



Advantages of anomalous absorption

1. Distance independent tracer 
The Milky Way, nearby galaxies, 
starbursts... (Mangum et al 2013)

2. Excellent and unique tracer of gas density
Line ratio between 4.8 GHz & 14.4 GHz 
fixes gas density to ~0.2 dex with good 
dynamic range: 103 - 106 cm-3 
(Ginsburg et al 2011)

3. Unaffected by line trapping, sub-thermal 
excitation or high optical depths 
- unlike CO, where n(H2) may not be 
constrained within 2 orders of magnitude 

4. Removing the scatter in SF “laws”
e.g. Krumholz 2014
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Galactic tomography of the ISM

Anomalous absorption against CMB is 
not the only absorption that will be 
measured.

Will also be able to measure absorption 
against continuum sources (HII regions, 
PNe etc)

All of these HII regions will have 
velocities (simultaneous RRLs) & ~100’s 
with accurate distances from SKA VLBI 
parallax (Green AASKA2015)

Network of illuminating sources - 
constrain absorption to particular 
distances

Tomography of the molecular ISM

Urquhart et al 2014



Calibrating the radio SFR relation

time 

MZAMS=6.5 
8 

13.5 

18 

35 M! 

tf=4.5 3.7 
2.7 

2.1 
1.5x105 yr 

! 1.60 [Integrated SFR ] + 
! 0.57 [CMZ @ 8.4 kpc]                        
   2.17 M!/yr    [Molinari+ in prep.] 

Herschel Hi-GAL SFR map

Band 5 continuum valuable tracer of ionising photon 
budget, Star Formation Rate (SFR) & evolutionary state of 
star-forming clumps

Multiwavelength combination to constrain SFR & 
disentangle thermal/non-thermal mechanisms

Synergy with Continuum SWG



Tomography of stellar clusters

µJy sensitivity allows large numbers of 
YSOs to be detected via their thermal 
continuum (e.g. Dzib et al 2015)

SKA could realistically detect all nearby 
young stars in Band 5

SKA VLBI can measure parallaxes to 1% 
precision

Determine 3D structure of nearby stellar 
clusters (SKA1) & spiral arms (with full 
SKA)

Adding proper motions & kinematic 
information gives 6D picture of stellar 
structure and places strong constraints 
on cluster formation models



Tomography of stellar clusters

µJy sensitivity allows large numbers of 
YSOs to be detected via their thermal 
continuum (e.g. Dzib et al 2015)

SKA could realistically detect all nearby 
young stars in Band 5

SKA VLBI can measure parallaxes to 1% 
precision

Determine 3D structure of nearby stellar 
clusters (SKA1) & spiral arms (with full 
SKA)

Adding proper motions & kinematic 
information gives 6D picture of stellar 
structure and places strong constraints 
on cluster formation models

Loinard et al 2015 (AASKA2015)



Star Formation in the Time Domain 

Radio YSOs are variable, e.g. Forbrich, 
Menten & Reid 2008 - Orion YSO, Av ~ 160, 
no IR counterpart.

Thermal vs non-thermal mechanism?

Periodicity, spots, rotation rates?

Class 0 sources can have 40% flux variations 
within one month

HII region variability: Evolution of exciting 
star / inflow

SKA sensitivity is key and can extend the very 
few current time-consuming studies to survey 
all clusters within 4 kpc (Fuller et al. 
AASKA2015).

  

Hours
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Accretion event

15 GHz flux

Periodic Variability in 6.7 GHz
methanol maser

(Goedhart et al 2009)



Non thermal & thermal radio jets

YSO jets recently observed to have faint 
levels of linear polarisation from 
synchrotron emission

Could measure for the first time the 
magnetic field strength & morphology of 
the jets

But synchrotron emission is only a small 
fraction of total emission

SKA can detect & image magnetic field in 
a large sample of YSO jets.

Also highly important to disentangle the 
jet contribution to thermal emission from 
the circumstellar disk for Cradle of Life 
disk studies 



Radio stars

Currently ~420 radio detected stars (Guedel 2002)

Radio probes astrophysical phenomena not 
detectable by other means:

B field & topology in flare stars, RS CVn
HII region in dust enshrouded sources
Wind-wind interactions
Stellar magnetospheres
Planetary nebulae shaping by jets?

SKA will address current problems of limited 
sensitivity & selection bias



Radio stars

10 minute observations with 
SKA1 & full SKA

SKA1 - all WR & OB plus CP, 
PMS, RSCNS & SG to the 
Galactic Centre

Full SKA - solar analogues to 
50 pc & all above classes in 
the MW & in nearby galaxies

A real revolution in stellar 
astrophysics



Evolved stars

Multi-frequency continuum emission probes various 
layers of the partially ionized atmosphere (i.e., 
chromospheres and winds).

High frequencies (e.g. 10-45 GHz) sample the first few 
stellar radii, while low frequencies (< 10GHz) sample 
beyond ~5 stellar radii.

Spatially resolved observations provide direct 
measurements of the gas temperature at these various 
depths. High S/N observations allow inhomogenities/
spots to be detected.

Key ingredients to study the unknown mass-loss 
mechanism.

• Currently only possible for a handful of stars 
(e.g. Betelgeuse).

• Important complement to long baseline ALMA 
at shorter wavelengths

W. H. T. Vlemmings et al.: ALMA resolves the Mira binary

Gaussian with a spectral index of ! = 1.3. Within the fitted er-
rors and estimated absolute flux density uncertainties, the flux
density of Mira B is roughly constant at the two epochs in both
bands. Between Bands 3 and 6, the spectral index is 1.72± 0.11,
when taking all flux density uncertainties into account. Ignoring
the observations of 25 October, the size is consistent between the
di!erent frequencies with a full-width half-maximum (FWHM)
of !26 mas, which corresponds to "2.4 AU.

For Mira A, the best fits to the Band 3 data were produced
with an elliptical disk with ! ! 1.7. The flux density is nearly
constant during both days at each observing frequency. The
spectral index between Bands 3 and 6, however, is shallower
with ! = 1.54± 0.04. The disk is clearly elongated with a major
axis of 41.8 mas (3.8 AU), axis ratio of "1.2, and position an-
gle "54#. However, in Band 6, we found, as indicated in Fig. 1,
a significant component remaining after subtracting the best fit
disk model. This component, consistently at both epochs, could
be fit by an additional compact Gaussian o!set by "3 mas from
the disk center. Fitting both disk and Gaussian simultaneously
signicantly reduced the residuals in the image. The disk is larger
at Band 6 compared to Band 3, with an average size of 43.32 mas
(3.99 AU) and an axis ratio of "1.1.

4. Discussion

4.1. Mira A

4.1.1. Size and shape

Mira A has long been known to have an asymmetric stellar disk
(e.g., Karovska et al. 1991; Hani! et al. 1992; Wilson et al. 1992;
Quirrenbach et al. 1992). The position angle and axis ratio, how-
ever, has been shown to be quite variable across the stellar phase.
Most observations taken around maximum phase are found to
have a position angle of the major axis between "105–160#.
Closer to the phase of the ALMA observations (phase "0.36),
the observations of Karovska et al. (1991; at phase 0.43) find a
position angle of "30#. The elongation itself varies with wave-
length and phase from none to "20%, which is consistent with
our observations. The wavelength dependence of the elongation
is likely to be opacity e!ects. The apparent variation in position
angle with stellar phase could indicate that stable non-radial pul-
sations shape the extended atmosphere.

The diameter of Mira A also varies with phase by about 10%
and was measured to be "32 mas at 2 µm wavelength (Woodru!
et al. 2004). This corresponds to a Rosseland radius of "1.5 AU.
The radius derived from the major axis we measured in
Band 3 would thus correspond to "1.3 R$ while it corresponds
to "1.35 R$ in Band 6. Previous observations at 43 GHz resolved
the radio photosphere of Mira A and derived a uniform disk di-
ameter of "52 mas, corresponding to "1.6 R$ Reid & Menten
(2007). That the Band 6 observations appear to probe a larger ra-
dius than the Band 3 observations likely requires di!erent opac-
ity sources throughout the atmosphere.

4.1.2. Emission process

Reid & Menten (1997) analyze di!erent centimeter-wavelength
continuum emission processes and conclude that the detected
emission at 8.5–22 GHz originates in a radio photosphere reach-
ing unity optical depth at around "2 R", predicting spectral
index of ! = 1.86 at centimeter wavelengths. Matthews &
Karovska (2006) published resolved images of the Mira sys-
tem at 8.5–43.3 GHz. The system was monitored with the VLA
over "80% of the pulsational cycle and showed flux density
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Fig. 3. Mira A and B spectral energy distribution from the radio to the
submillimeter frequency range as probed by ALMA and the VLA.
The round (red) symbols denote Mira A and the squares (blue) Mira B.
The gray symbols are from the literature referred to in the text. The er-
rors on the VLA data points only contain the formal flux density uncer-
tainties, while the ALMA error bars also contain the absolute uncertain-
ties (5% and 10% for Bands 3 and 6 together, and Band 7, respectively).
The dotted lines indicate the Reid & Menten (1997) model for Mira A
and the fit to the VLA data for Mira B. The dashed line at the Band-3
points is the spectral index derived within the Band, and the green
dashed line is the fit to the ALMA Bands 3 and 6 data.

variability <"30% below 22 GHz. The lower frequency data
is consistent with the model from Reid & Menten (1997).
At 43 GHz the flux density appears to show larger variability
based on the observations by Reid & Menten (2007) who find
a flux density almost a factor of two higher than reported in
Matthews & Karovska (2006). The VLA values, the ALMA val-
ues from this work, and the flux density at 345 GHz (Ramstedt
et al. 2014) are presented in Fig. 3. The most striking result is
that the spectral index between the ALMA Bands 3 and ob-
servations (! = 1.54 ± 0.04) appears significantly more shal-
low than within Band 3 itself (! = 1.70 ± 0.05). The shal-
lower slope agrees with the observations in ALMA Band 7
though the steeper slope would be required to fit the radio ob-
servations. Both spectral indexes do not quite agree with the
model prediction by Reid & Menten (1997), indicating that the
sources of opacity change at millimeter wavelengths. Our ob-
servations yield significantly higher brightness temperature than
expected from the VLA observations. For a uniform disk we find
Tb " 5300 K at Band 3 ("1.3 R$) and Tb " 2500 K at Band 6
("1.35 R$), compared to the Tb " 1650 K at 43 GHz ("1.6 R$).
Only part of this di!erence could be explained by variability,
and especially the higher temperatures in Band 3 might require
shock heating of the atmosphere close to the stellar surface.

4.1.3. Stellar activity

As shown in Fig. 1, the Band 6 data require the presence of a
strong compact component with a flux density of "10 mJy o!set
by "3 mas from the stellar disk center. A Gaussian component
of "4.7 mas ("0.4 AU) produces a good fit, though we cannot
preclude a cluster of delta functions. We have thus detected the
presence of a significant hotspot, or a compact cluster of spots,
on the Mira A stellar disk at "1.3 mm wavelength. We inves-
tigated whether the same spot could be detected in the Band 3
observations at "3 mm. Fits including a Gaussian component up
to "2.5 mJy produced equally good results, but the worse angu-
lar resolution did not allow us to confidently distinguish between
a fit of a stellar disk with a compact component or a stellar disk
alone.
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High frequencies (e.g. 10-45 GHz) sample the first few 
stellar radii, while low frequencies (< 10GHz) sample 
beyond ~5 stellar radii.

Spatially resolved observations provide direct 
measurements of the gas temperature at these various 
depths. High S/N observations allow inhomogenities/
spots to be detected.

Key ingredients to study the unknown mass-loss 
mechanism.

• Currently only possible for a handful of stars 
(e.g. Betelgeuse).

• Important complement to long baseline ALMA 
at shorter wavelengths

W. H. T. Vlemmings et al.: ALMA resolves the Mira binary

Gaussian with a spectral index of ! = 1.3. Within the fitted er-
rors and estimated absolute flux density uncertainties, the flux
density of Mira B is roughly constant at the two epochs in both
bands. Between Bands 3 and 6, the spectral index is 1.72± 0.11,
when taking all flux density uncertainties into account. Ignoring
the observations of 25 October, the size is consistent between the
di!erent frequencies with a full-width half-maximum (FWHM)
of !26 mas, which corresponds to "2.4 AU.

For Mira A, the best fits to the Band 3 data were produced
with an elliptical disk with ! ! 1.7. The flux density is nearly
constant during both days at each observing frequency. The
spectral index between Bands 3 and 6, however, is shallower
with ! = 1.54± 0.04. The disk is clearly elongated with a major
axis of 41.8 mas (3.8 AU), axis ratio of "1.2, and position an-
gle "54#. However, in Band 6, we found, as indicated in Fig. 1,
a significant component remaining after subtracting the best fit
disk model. This component, consistently at both epochs, could
be fit by an additional compact Gaussian o!set by "3 mas from
the disk center. Fitting both disk and Gaussian simultaneously
signicantly reduced the residuals in the image. The disk is larger
at Band 6 compared to Band 3, with an average size of 43.32 mas
(3.99 AU) and an axis ratio of "1.1.

4. Discussion

4.1. Mira A

4.1.1. Size and shape

Mira A has long been known to have an asymmetric stellar disk
(e.g., Karovska et al. 1991; Hani! et al. 1992; Wilson et al. 1992;
Quirrenbach et al. 1992). The position angle and axis ratio, how-
ever, has been shown to be quite variable across the stellar phase.
Most observations taken around maximum phase are found to
have a position angle of the major axis between "105–160#.
Closer to the phase of the ALMA observations (phase "0.36),
the observations of Karovska et al. (1991; at phase 0.43) find a
position angle of "30#. The elongation itself varies with wave-
length and phase from none to "20%, which is consistent with
our observations. The wavelength dependence of the elongation
is likely to be opacity e!ects. The apparent variation in position
angle with stellar phase could indicate that stable non-radial pul-
sations shape the extended atmosphere.

The diameter of Mira A also varies with phase by about 10%
and was measured to be "32 mas at 2 µm wavelength (Woodru!
et al. 2004). This corresponds to a Rosseland radius of "1.5 AU.
The radius derived from the major axis we measured in
Band 3 would thus correspond to "1.3 R$ while it corresponds
to "1.35 R$ in Band 6. Previous observations at 43 GHz resolved
the radio photosphere of Mira A and derived a uniform disk di-
ameter of "52 mas, corresponding to "1.6 R$ Reid & Menten
(2007). That the Band 6 observations appear to probe a larger ra-
dius than the Band 3 observations likely requires di!erent opac-
ity sources throughout the atmosphere.

4.1.2. Emission process

Reid & Menten (1997) analyze di!erent centimeter-wavelength
continuum emission processes and conclude that the detected
emission at 8.5–22 GHz originates in a radio photosphere reach-
ing unity optical depth at around "2 R", predicting spectral
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variability <"30% below 22 GHz. The lower frequency data
is consistent with the model from Reid & Menten (1997).
At 43 GHz the flux density appears to show larger variability
based on the observations by Reid & Menten (2007) who find
a flux density almost a factor of two higher than reported in
Matthews & Karovska (2006). The VLA values, the ALMA val-
ues from this work, and the flux density at 345 GHz (Ramstedt
et al. 2014) are presented in Fig. 3. The most striking result is
that the spectral index between the ALMA Bands 3 and ob-
servations (! = 1.54 ± 0.04) appears significantly more shal-
low than within Band 3 itself (! = 1.70 ± 0.05). The shal-
lower slope agrees with the observations in ALMA Band 7
though the steeper slope would be required to fit the radio ob-
servations. Both spectral indexes do not quite agree with the
model prediction by Reid & Menten (1997), indicating that the
sources of opacity change at millimeter wavelengths. Our ob-
servations yield significantly higher brightness temperature than
expected from the VLA observations. For a uniform disk we find
Tb " 5300 K at Band 3 ("1.3 R$) and Tb " 2500 K at Band 6
("1.35 R$), compared to the Tb " 1650 K at 43 GHz ("1.6 R$).
Only part of this di!erence could be explained by variability,
and especially the higher temperatures in Band 3 might require
shock heating of the atmosphere close to the stellar surface.

4.1.3. Stellar activity

As shown in Fig. 1, the Band 6 data require the presence of a
strong compact component with a flux density of "10 mJy o!set
by "3 mas from the stellar disk center. A Gaussian component
of "4.7 mas ("0.4 AU) produces a good fit, though we cannot
preclude a cluster of delta functions. We have thus detected the
presence of a significant hotspot, or a compact cluster of spots,
on the Mira A stellar disk at "1.3 mm wavelength. We inves-
tigated whether the same spot could be detected in the Band 3
observations at "3 mm. Fits including a Gaussian component up
to "2.5 mJy produced equally good results, but the worse angu-
lar resolution did not allow us to confidently distinguish between
a fit of a stellar disk with a compact component or a stellar disk
alone.
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are drawn at 3, 30, 90, 270, 810! with ! =
140 µJy beam!1. The beam size is shown in
black in the bottom left corner of all three
figures.
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Fig. 2. Continuum image of the Mira AB
binary at Band 3 (left). Residuals are shown
for Band 6 at the location of Mira B af-
ter subtracting the best fit delta function
(middle) and extended Gaussian (right).
The dashed circle indicates the FWHM of
the fitted Gaussian. Contours in all three
plots are drawn at 3, 30, 90, 270, 810! with
! = 40 µJy beam!1 in Band 3 and ! =
140 µJy beam!1 in Band 6. The beam size is
shown in the bottom left of all three figures.

Table 1. uv-fitting results.

Epoch " Shape S " Major axis/fwhm Axis ratio Position angle Spectral index
[GHz] [mJy] [mas] major/minor ["]

Mira A
17 Oct. 2014 94.2 Disc 35.03 ± 0.04 41.8 ± 0.4 1.20 ± 0.01 54 ± 2 1.73 ± 0.09
25 Oct. 2014a 94.2 Disc 34.52 ± 0.04 38.6 ± 0.4 1.28 ± 0.01 54 ± 1 1.70 ± 0.04
29 Oct. 2014 228.67 Disc 137.8 ± 0.2 43.28 ± 0.07 1.13 ± 0.02 51.0 ± 0.5 . . .

228.67 Gaussian 10.13 ± 0.07 4.6 ± 0.5 1.0 . . . . . .
01 Nov. 2014 228.67 Disc 140.0 ± 0.2 43.36 ± 0.06 1.12 ± 0.02 50.8 ± 0.6 . . .

228.67 Gaussian 8.98 ± 0.07 4.7 ± 0.5 1.0 . . . . . .
Mira B
17 Oct. 2014 89.06 Gaussian 2.50 ± 0.04 24 ± 2 1.0 . . . 1.3 ± 0.2
25 Oct. 2014a 89.06 Gaussian 2.25 ± 0.04 18 ± 2 1.0 . . . 1.3 ± 0.3
29 Oct. 2014 228.67 Gaussian 12.16 ± 0.09 25.7 ± 0.3 1.0 . . . . . .
01 Nov. 2014 228.67 Gaussian 11.98 ± 0.09 26.2 ± 0.3 1.0 . . . . . .

Notes. (a) The size of both Mira A and B are likely underestimated at the second epoch due to a marginally extended flux calibrator J2258-2758.

two bands and epochs. The calibrators are listed in Appendix A.
Based on the uncertainty of the catalog values due to quasar vari-
ability and the flux densities measured for the phase and band-
pass calibrators in the di!erent data sets, we conservatively esti-
mate an absolute flux density calibration uncertainty of #5% in
both observing bands.

Most of the data analysis was performed directly on the uv-
data in order to avoid image deconvolution artifacts, but im-
ages were also created using the CASA task clean with Briggs
0.5 weighing of the visibilities. This resulted in a beam of 72 $
64 mas and a position angle of 78.8" on 17 October and 68 $
57 mas at a position angle of 73.3" on 25 October for Band 3.
For Band 6 both days reached the same resolution of 34 $
24 mas with a position angle of 22.4" on 29 October and 16.0"
on 1 November. The rms sensitivity was #40 µJy beam!1 in
both epochs of the Band 3 and #130 µJy beam!1 in both
epochs of the Band 6 observations. The images in Band 3,
with >10% fractional bandwidth coverage, were made using the
multi-frequency synthesis option in clean with two Taylor co-
e"cients to model the frequency dependence. This allowed us

to determine the spectral index at the #94.2 GHz representative
frequency.

To analyze the uv-data directly, we used the UVMULTIFIT
code (Martí-Vidal et al. 2014). We find that the observations of
October 25 in Band 3 are probably a!ected by a marginally re-
solved quasar flux calibrator, producing systematically smaller
sizes, so we do not consider this epoch in our analysis.

3. Results

We present a representative image at the two frequencies in
Fig. 1 (left, band 6) and Fig. 2 (left, band 3). The relative as-
trometry of the observations is discussed in Appendix B. To
determine the size and shape of both Mira A and Mira B, we
performed uv-fitting. For both sources we attempted fits to unre-
solved delta functions, to elliptical and circular Gaussians, and
to elliptical and circular disks. The best fit parameters for Mira A
and B at each epoch and observing band are presented in Table 1.
As indicated in Fig. 2 (right), the emission from Mira B is
clearly extended, and the best fits were obtained using a circular
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(pre-) PNe outflow shaping

• Determine the jet launching mechanism

• Synchrotron emission from young post-AGB jets

• thermal brehmsstrahlung and synchrotron from 
young PNe

• Water and OH masers

• kinematics, Zeeman splitting and astrometry

A synchrotron jet from a post-AGB star. 5
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Figure 3. The radio continuum map of IRAS 15445-5449 at 22.0 GHz
(contours) overlaid on the mid-infrared VLTI image (Lagadec et al. 2011),
the H2O masers (colored symbols) observed in the redshifted lobe of the
high-velocity outflow (Pérez-Sánchez, Vlemmings & Chapman 2011) and
the radio continuum position (solid triangle with error bars) determined in
the 2005 epoch (Bains et al. 2009). The contours are drawn from 10! at
intervals of 10!. The mid-infrared image has been shifted to match the
observed outflow for illustration, as the positional uncertainty of the mid-
infrared observations, with an original centre of RA 15h48m19s.42 and
Dec !54!58"20”.10, is 2 arcseconds.

only (Bujarrabal et al. 2001). The increasing number of water foun-
tains detected might represent the group of post-AGB stars under-
going the effects of the propagation of such high-energy outflows.
The minimum energy calculated for the jet of IRAS 15445!5449
is within the typical range of the kinetic energy measured from the
observation of molecular outflows (1044 ! 1046 erg) (Bujarrabal
et al. 2001). These energies are often a factor 103 higher than the
energy needed for radiatively driven outflows. Magnetohydrody-
namical simulations have shown that magnetic fields can be an im-
portant agent in the collimation of the outflows observed towards
PNe (Garcia et al. 1999). But so far the observational study of the
properties of magnetic fields towards AGB and post-AGB stars has
relied on the detection of polarized maser emission arising in their
CSEs and high-velocity outflows. Our results provide unique ob-
servational evidence that indicates that the magnetic field can pro-
vide the energy observed in the outflows and is thus of great impor-
tance for the launching and driving of the high-velocity jets from
post-AGB stars. Furthermore, it will now be possible to directly
test which class of magnetic launching models fits the observations
(Huarte-Espinosa et al. 2012).

5 CONCLUSIONS

We detected, for the first time, synchrotron emission towards a
post-AGB star. The resolved radio continuum emission is consis-
tent with the bipolar morphology of IRAS 15445!5449 observed
at the infrared, reported by (Lagadec et al. 2011). In the optically
thin regime, the observed SED has ! = !0.56. Our model fits
the observed SED assuming that the emission is a superposition
of non-thermal and thermal emission. Our detection of synchotron
radiation towards IRAS 15445!5449 demonstrates that the condi-
tions for the Fermi shock acceleration of electrons can be attained

at the final stages of the evolution of intermediate-initial-mass stars.
Although both theoretical models and previous H2O maser obser-
vations have been useful to infer the presence of magnetically col-
limated outflows towards post-AGB stars, our result is also a direct
observational evidence and the first unambigous proof that mag-
netic fields are a key agent to explain the asymetries observed to-
wards PNe. Still, the source of the stellar magnetic field and the
launching mechanism remain unclear. A large scale magnetic field
can be a common feature in both single central stars and binary sys-
tems at the center of the CSE. In one of the binary scenarios, the
bipolar outflows are launched from a low-mass companion accret-
ing mass ejected by the more evolved star. In this case, the collima-
tion of the outflow might occur via a mechanism similar to that col-
limating the bipolar outflows from protostars, for example a disk-
wind or an X-wind Blandford & Payne (1982); Shu et al. (1994).
Our results cannot yet discern which is the most likely scenario
for IRAS 15445!5449, although a hint of curvature might point
to a binary ejection mechanism. However, since the radio emission
is strong, it will, with the improved resolution offered by the next
generation of radio telescopes, soon be possible to study the details
of the launching region of the jet itself.
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Figure 1. Spectral energy distribution of the radio continuum of IRAS
15445!5449 for three different epochs: 1998/99 data taken from the Aus-
tralia Telescope Online Archive, 2005 reported by (Bains et al. 2009), and
our observation in 2012. The solid line (epoch 2012) and the dot-dashed
line (epoch 1998/99) are the results of our models, that fit the observa-
tions. We consider a synchrotron jet surrounded by a sheath of thermal
electrons. Assuming that the synchrotron emission remained constant be-
tween 1998 and 2012, our model suggest that the electron density of the
region surrounding the synchrotron emitting region has increased by a
factor of two between 1998 and 2005, and remained stable since then.
The grey-dashed line indicates the synchrotron component. The best fit
yielded a spectral index of ! = !0.68± 0.01 for the synchrotron com-
ponent.

model. Later, radio continuum observation at 3 cm and 6 cm car-
ried out in 2005 yielded a spectral index ! = !0.34± 0.24 (Bains
et al. 2009). Although both observations indicated the presence
of non-thermal emission, neither were spatially resolved, making
it impossible to determine if the non-thermal emission originated
from a single hotspot or from a collimated outflow. Since the time
between the two observations is negligible compare with the syn-
chrotron life time of relativistic electrons, we can assume that the
flux of the synchrotron emission remained nearly constant between
1998 and 2012. Considering the evolution of the flux is fastest at the
longer wavelengths the model slightly overestimates the 20 cm flux
which has been dropping over time. We can then fit the previous
and the new observations considering a single synchrotron compo-
nent and an increasing emission measure of the surrounding sheath
of thermal electrons (Fig. 1). An increase of the emission measure
by a factor of 4 between 1998 and 2005, with it remaining stable
thereafter, can fit all three observational epochs. This implies that,
assuming the dimensions of the surrounding sheath of thermal elec-
trons remained the same, the electron density increased by a factor
of two in seven years, likely by the same shock-ionization process
that produces the electrons that are accelerated to relativistic ve-
locities by the Fermi mechanism. In recent years, the production
of new thermal electrons is likely in equilibrium with their recom-
bination. The stability of the non-thermal component over almost
15 years indicates that this emission is unlikely to originate from
the colliding winds of binary systems such as observed around, for
example, binary Wolf-Rayet stars (Chapman et al. 1999).

The rapid initial increase of emission measure between 1998
and 2005 likely implies the jet, responsible for the ionizing fast
shocks, to have been launched only shortly before. Additionally,
as the synchrotron flux depends on the effectiveness of the Fermi

Figure 2. Radio continuum map of IRAS 15445!5449 at 22.0 GHz
(color) and 5 GHz (contours). The resolved continuum emission is found
to be elongated with an extention of 1.9 arcsec in declination at 22.0 GHz
and shows a similar extent in the marginally resolved 5 GHz map. This
extent is consistent with the bipolar morphology observed in the mid-
infrared image reported by (Lagadec et al. 2011). The peak-flux density of
the 22.0 GHz image is 3.65 mJy/beam, while the rms on a free-emission
region is " = 5.0 " 10!2 mJy. The contour lines at 5 GHz are drawn
at 10, 30, 50, 70, and 90% of the peak flux of 16.6 mJy/beam. The posi-
tion of the continuum emission peak is consistent with the position of the
peak-flux density at 9 GHz reported by (Bains et al. 2009). The beam size
for the 22.0 and 5 GHz observations are drawn in the bottom left corner.

shock acceleration mechanism, once the shock front reaches outer
layers where the strength of B! and the density of the CSE de-
crease, the synchrotron component would no longer be observ-
able. This also suggest that the magnetically collimated outflow
was launched recently. Thus, the lifetime of the synchrotron ra-
diation toward post-AGB sources will most likely be determined
by the time of propagation of the collimated outflow throughout
regions of the CSE where the shock conditions enable the Fermi
shock acceleration mechanism. Consequently, the time scale for
the synchrotron radiation would at most be a few hundred years.
Depending on the initial mass of the star, the synchrotron radiation
time scale would be shorter than, or almost comparable with, the
time scale of the post-AGB phase (van Winckel 2003 and refer-
ences therein).

The physical processes responsible for shapping the asymmet-
rical envelopes observed towards PNe have been subject of intense
debate along the last three decades. Recently, it has been suggested
that the bipolar structures observed towards post-AGB stars and
young PNe are associated with low-density axisymmetric regions
that are illuminated by a central star obscured by a dense equa-
torial torus (Koning & Steffen 2013). These low-density regions
are assumed to be formed as a result of the propagation of high-
momentum, collimated outflows that emerge from the inner regions
of the CSE, creating cavities along the axis defined by its propaga-
tion direction. Nevertheless, the actual formation process of such
cavities is not yet clear. On the other hand, observations of molec-
ular outflows traced by CO lines towards a large sample of post-
AGB stars revealed the existence of very fast collimated outflows.
The momentum carried by most of these fast, highly collimated
outflows cannot be explained considering a radiatively driven wind
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(e.g., Rephaeli 1979; Sarazin 1999):
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where ne is the electron density of the plasma expressed in
cm!3, and ! is the Lorentz factor of the relativistic electrons.
The result is a progressive hardening of the energy distribution,
with fewer electrons of low energy. This will lead to a
!attening of the synchrotron spectrum. Spectral !attening due
to Coulomb collisions is also observed in the radio spectrum of
solar !ares (Melnikov & Magun 1998; Lee & Gary 2000).

The lifetimes of electrons under Coulomb collisions are
consistent with the observed !attening of I15013 over time. In
particular, assuming a magnetic "eld of 5mG, as seen in
some post-AGB stars (Bains et al. 2003, 2004), according to
Shu (1991), the Larmor frequency of electrons

eB
m c2

(3)
e

L

(where e and me are the electron charge and mass, respectively,
and B is the magnetic "eld strength) would be 14 kHz. Thus,
the synchrotron emission at 1GHz would typically be due to
electrons with 267L .
Equation (2) indicates that the lifetime of these electrons

under Coulomb collisions and assuming electron density of
2 105 cm 3 (e.g., Tafoya et al. 2009) would be 40 yr. This
is a reasonable value considering the timescales of variations at
low frequency shown in Figure 1. Under this interpretation, the
observed non-thermal emission in I15103 would be due to
synchrotron emission from electrons accelerated during an
explosive event that occurred a few years ago, and the emission
would now be decaying due to Coulomb losses.
We note that a recent explosive event would also explain the

velocity gradient of the maser emission in this source (Gómez
et al. 2015), which reinforces this interpretation.
We also note that the timescale of relativistic electrons will

shorten with increasing plasma density (Equation (2)). The
change in spectral index between 2010 and 2012 seems
particularly sudden compared with the evolution in previous
years. This is suggestive of an increasing density of ionized
gas, consistent with I15103 being a very young PN that is
developing its photoionized region.

4.2.2. Gyrosynchrotron Emission from Mildly Relativistic Electrons

An alternative explanation to the observed change in the
SED of I15103 would be that we witness the variation in
gyrosynchrotron emission from mildly relativistic electrons.
This radiative process is seen in active stars (e.g., Dulk 1985;
Gunn et al. 1994; Pestalozzi et al. 2000). The !ux density of
these stars roughly follows a power!law of the form

S 10 (sin ) , (4)
b

0.52 0.43 0.65

where the relation between the spectral index and the
distribution of electrons is given by 1.22 0.90
(Dulk 1985), " is the pitch angle between the electron
trajectory and the magnetic "eld, and B2.8 10b

6 is the
electron-cyclotron frequency.
Equation (4) does not take into account any effect from the

thermal plasma, and gyrosynchrotron emission will in general
deviate from a simple power law (see, e.g., Fleishman &
Kuznetsov 2010; Kuznetsov et al. 2011). However, it serves to
illustrate the feasibility of this mechanism in the case of
I15103.
As in the previous hypothesis, the change in spectral index

would imply a change in the energy distribution of electrons,
and all spectral indices observed in I15103 are in principle
possible. Considering that the !ux density has not changed
much at 23 GHz between 2010 and 2013, Equation (4) implies
that magnetic "elds of several kG are necessary to !atten the
radio spectrum while maintaining a similar !ux density at

Figure 2. Top: map of radio continuum emission integrated between 8 and
10 GHz. Contour levels are 2n (with n from 0 to 8) times the 3# noise level
( 1.8 10 5 Jy beam!1). The beam size is 1!. 4 ! 1!. 1!(position angle =
3 ). The thick contour (1.38 10 2 Jy beam!1) nearly corresponds to the

half-power level. The maximum of the image is 2.73 10 2 Jy beam!1.
Bottom: spectral index map obtained with the radio continuum emission at
8–10 GHz and at 4.5–6.5 GHz, both convolved to a common angular
resolution of 2!. 25. Black contours correspond to the spectral indices of
!0.1, delimiting the areas that may correspond to thermal emission. The white
contour is the half-power level of the radio continuum map in the top panel.
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D. Tafoya et al.: Rapid angular expansion of the ionized core of CRL 618
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Fig. 4. Spectral index map of CRL 618 made using the emission at five frequencies from 5 to 43 GHz. The inner panels show the SED fit for
specific points of the source. A common synthesized beam of 0.!!2 " 0.!!2 was used to make the map.

major and minor axes of CRL 618 as a function of the frequency.
A power-law fit to the data of the flux yields a spectral index
in the frequency range from 1 to 43 GHz of ! = +1.55 ± 0.01.
This value is lower than the value derived from the data obtained
by Kwok & Bignell (1984), which implies that the spectral in-
dex has been decreasing over time. However, this spectral in-
dex results from averaging the emission over the whole source.
To obtain more information about the distribution of the ionized
gas (i.e., the electron density) we combined the emission at five
di!erent frequencies, 5, 8.4, 14, 22, and 43 GHz, to map the
spectral index across the source; the result is shown in Fig. 4. In
this figure we see that the spectral index of the emission ranges
from values near zero to values up to +2 for di!erent parts of the
source. The highest values correspond to a band that crosses the
source approximately in the north-south direction, and it exhibits
a steep gradient in the east-west direction.

For the case in which the depth and electron temperature of
the ionized region are constant across the source (below we show
that this assumption is a good approximation), this map basi-
cally traces the electron density of the plasma. Thus, this spec-
tral map shows that the electron density reaches a maximum on
a band in the central region and decreases outward in the east-
west direction, which is the direction of the bipolar lobes seen
at optical wavelengths. This electron density gradient is also re-
vealed by the dependance of the major axis on the frequency,
which is plotted in the right panel of Fig. 3. From this plot we
can see that while the minor axis remains basically constant for
all frequencies, the major axis shows a clear dependance on the
frequency, "maj # #$0.43± 0.04. This behavior of the major axis
can be explained in terms of the emission becoming optically
thin at di!erent distances from the star. When this occurs, the
emission brightness decreases rapidly as a function of the op-
tical depth. Reynolds (1986) demonstrated that for a partially
optically thick ionized outflow whose width, depth, and electron
temperature are constant, the total integrated flux is proportional

to the product of the size of the optically thick region and the
frequency squared: S # # "thick · #2. Since we found from our
observations (right panel of Fig. 3) that "maj # #$0.43, assuming
that the size of the major axis is basically the size of the optically
thick region, we have that S # # #2$0.43 = #1.57, which is exactly
the behavior of the total integrated flux that we see in the plot
on the left panel of Fig. 3. Therefore, we can consider that the
width, depth, and electron temperature of the ionized region are
basically constant and that "maj corresponds to the size at which
the emission becomes optically thin, $# % 1.

The optical depth along one line-of-sight path of a region of
ionized gas can be approximated by the following expression:

$# = 8.235 " 10$2
!

EM
cm$6 pc

" #Te

K

$$1.35 # #
GHz

$$2.1
, (3)

where Te is the electron temperature and EM is the emission
measure, defined as EM =

%
n2

edL, where ne is the electron den-
sity and dL is the di!erential path length (Altenho! et al. 1960).
If we assume that the electron density remains more or less con-
stant along one line-of-sight path, we can write the emission
measure as EM = n2

e L, where L is the total depth of the source
in the line-of-sight path. Thus, for a given frequency, from the
expression above we can calculate the minimum electron den-
sity necessary for the gas to become optically thick along one
line-of-sight path as follows.

Assume that the density can be expressed as a power-law of
the distance to the star of the form ne = A r qn . Consider the
relation between the major axis and the frequency we obtained
from the fit shown in Fig. 6, r$= 1 = 0.82 #$0.4, where we used
r$= 1 = "maj/2. Solving for ne in (1) and assuming that L and
Te do not depend on the distance from the central star or on the
observation frequency, we can obtain the following relation:

A ·
&
0.82 #$0.4

'qn
= 3.48

&
T 1.35

e #2.1 L$1
'1/2
.
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Summary

SKA covers important Milky Way physics in breadth and depth

» The multiphase Milky Way - ionised, neutral, molecular

» Mass flow into and out of the Milky Way

» Formation of molecular clouds

» Tomography, Tomography, Tomography
 (neutral, molecular, stars)

» Time domain radioastronomy of stars & YSOs

» The full radio HR diagram & stellar evolution

Commensality will be the key to achieving maximum science output

http://astronomers.skatelescope.org/science-working-groups/milky-way/

http://astronomers.skatelescope.org/science-working-groups/milky-way/
http://astronomers.skatelescope.org/science-working-groups/milky-way/




• Should add a slide about NH3 and H2O masers plus continuum 15GHz+ because 
• Robert Braun is talking about extending Band 5 to 24+ GHz.

• Add maser and continuum emission from evolved stars 


