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from AGB to PNe
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from AGB to PNe

6

Magnetic fields vs. Binaries
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B-fields: Cause......
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B-fields: or (secondary) effect?

• Magnetic fields arising -
• locally from stellar activity?

• from disk interaction?

• from binary interaction?

• all of the above?
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The case for Binaries
• Several PNe central stars are known 

binaries
• >10-15% are close binaries

• Single star dynamo action needs source 
of energy
• unless convective energy (e.g. Sun)

• AGB superwind from common-envelope 
ejection?
• difficult to launch for <2.5 M¤

• Post-AGB disks could be naturally 
explained by binaries

• Binaries are primary agents
• e.g. Collimated jets arise from binary (planet?) 

induced magnetic field

CPD-56 (Zijlstra et al. 2006)De Marco et al.; Soker et al., Nordhaus et al., van Winckel et al.
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Direct Envelope Ejection

Outflow is predominately equatorial.

Dynamo Driven Ejection

Outflow is aligned around the rotation
axis and is magnetically collimated.

Disk Driven Ejection

Shred Secondary
Outflow is aligned with rotation axis.  

 

Shaping the envelope

Nordhaus et al. 2006

12



STEPS, ESO 2015

Shaping the envelope

• MHD jet launching fairly well developed for YSOs
• different models (e.g. Blandford & Paine 1985; Shu et al. 1994)

• ‘Fling’ vs. ‘Spring’ (e.g. Frank, Blackman et al.)

• Energetic estimates state typical values of few Gauss to launch PNe jets (e.g.  Tocknell et al. 2013)

• Thermally driven jets? (e.g. Soker 2006)

Small scale

Large scale

Companion + disk

Single star
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Alfvén-wave driven mass loss
• Low-frequency occilations of 

the magnetic field and coupled 
ions

• injecting energy in the wind

• General Alfvén wind reaches 
too high velocity

• AGB stars would naturally 
provide dissipation:

• neutral gas interaction at lower 
temperatures

• widening magnetic flux tubes

• reflected waves

• mode conversion for non-straight 
fields

• Potentially needed for 
supergiants, though hybrid 
models work for AGBs

e.g. Hartmann & MacGregor 1980, Falceta-Gonçalves et al. 2006, 
(Hybrid models) Thirumalai & Heyl 2010 

Material pressed outwards 
by outward traveling field 

occilations
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What do the observations tell us?
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B-field strength AGB envelopes

• Oxygen rich:
• SiO at 2 R*

• B~3.5 (up to 10s) G 
[assuming Zeeman]

• H2O at ~5-80 AU
• B~0.1-2 G 

• OH at ~100-10.000 AU
• B~1-10 mG 

• Carbon rich:
• CN at ~2500 AU

• B~7-10 mG

Vlemmings et al. 2002, 2005
Leal-Ferreira et al. 2013
Kemball et al. 1997, 2009
Herpin et al. 2006, 2009
Etoka et al. 2004
Reid et al. 1976
Amiri et al. 2012

Leal-Ferreira et al.: Magnetic fields around evolved stars: H2O maser polarization

Fig. 4.Velocity of the features versus their projected o!sets from
the star. The dotted lines represent our fits, and the dashed lines
were reproduced from Bains et al. (2003). From top to bottom,
we show the plots for IK Tau, RT Vir, and IRC+60370.

Fig. 5. Magnetic field strength along the line of sight versus
the radial distance of the masers to the star. The black boxes
show typical regions of the plot where results from the litera-
ture for SiO, H2O, and OH maser occur, and they are normal-
ized for R!=1 (Vlemmings et al. 2002, 2005; Herpin et al. 2006;
Rudnitski et al. 2010). Our measurements are shown by the hol-
low blue circles (IK Tau), hollow green squares squares (RT Vir)
and filled red triangles (IRC+60370). The short dashed, solid
and long dashed inclined lines show a dependence " R#1, " R#2,
and " R#3 for the magnetic field, respectively. The position of
the AGB surface of a star with radius of 1 AU is also shown.
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Garcı́a-Dı́az, M. T., López, J. A., Richer, M. G., Ste!en, W. 2008, ApJ, 676, 402
Goldreich, P., Keeley, D. A., Kwan, J. Y. 1973, ApJ, 179, 111
Herpin, F., Baudry, A., Thum, C., Morris, D., Wiesemeyer, H. 2006, A&A, 450,
667

Hipparcos Catalogue, 1997, ESA SP-1200, CDS-VizieR
(http://vizier.u-strasbg.fr/viz-bin/Cat?I/239)

10

CN

Leal-Ferreira et al. 2013
after Vlemmings et al. 2002,2005

16



STEPS, ESO 2015

B-field strength AGB envelopes

Vlemmings et al. 2002, 2005
Leal-Ferreira et al. 2013
Kemball et al. 1997, 2009
Herpin et al. 2006, 2009
Etoka et al. 2004
Reid et al. 1976
Amiri et al. 2012

Leal-Ferreira et al.: Magnetic fields around evolved stars: H2O maser polarization

Fig. 4.Velocity of the features versus their projected o!sets from
the star. The dotted lines represent our fits, and the dashed lines
were reproduced from Bains et al. (2003). From top to bottom,
we show the plots for IK Tau, RT Vir, and IRC+60370.

Fig. 5. Magnetic field strength along the line of sight versus
the radial distance of the masers to the star. The black boxes
show typical regions of the plot where results from the litera-
ture for SiO, H2O, and OH maser occur, and they are normal-
ized for R!=1 (Vlemmings et al. 2002, 2005; Herpin et al. 2006;
Rudnitski et al. 2010). Our measurements are shown by the hol-
low blue circles (IK Tau), hollow green squares squares (RT Vir)
and filled red triangles (IRC+60370). The short dashed, solid
and long dashed inclined lines show a dependence " R#1, " R#2,
and " R#3 for the magnetic field, respectively. The position of
the AGB surface of a star with radius of 1 AU is also shown.

Acknowledgements. The authors would like to thank Anita Richards, the referee
of this paper, for her comments that helped to significantly improve the article.
This research was supported by the Deutscher Akademischer Austausch Dienst
(DAAD) and the Deutsche Forschungsgemeinschaft (DFG; through the Emmy
Noether Research grant VL 61/3-1).

References
Amiri,N., Vlemmings, W., van Langevelde, H. J. 2011, A&A, 532, 149
Bains, I., Cohen, R. J., Louridas, A., Richards, A. M. S., Rosa-Gonzlez, D.,
Yates, J. A. 2003, MNRAS, 342, 8

Balick, B., Frank, A. 2002 , ARA&A, 40, 439
Boboltz, D. A., Diamond, P. J. 2005, ApJ, 625, 978
Bowers, P. F., Johnston, K. J., de Vegt, C. 1989, ApJ, 340, 479
Castro-Carrizo, A., Quintana-Cacaci, G., Neri, R., Bujarrabal, V., Schöier, F. L.,
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• Oxygen rich:
• SiO at 2 R*

• B~3.5 (up to 10s) G 
[assuming Zeeman]

• H2O at ~5-80 AU
• B~0.1-2 G 

• OH at ~100-10.000 AU
• B~1-10 mG 

• Carbon rich:
• CN at ~2500 AU

• B~7-10 mG
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Chi Cyg surface
Lèbre et al. 2013

• Oxygen rich:
• SiO at 2 R*

• B~3.5 (up to 10s) G 
[assuming Zeeman]

• H2O at ~5-80 AU
• B~0.1-2 G 

• OH at ~100-10.000 AU
• B~1-10 mG 

• Carbon rich:
• CN at ~2500 AU

• B~7-10 mG
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Energy densities
Maser Vexp 

[km/s]

Rstar  [AU] B

[G]

nH2 

[cm-3]

T 

[K]

B2/8π 
[dyne/cm2]

nkT 
[dyne/cm2]

ρV2
exp 

[dyne/cm2]

Alfvén

Speed

[km/s]

OH ~10 ~500 ~0.003 ~106 ~300 10-6.4 10-7.4 10-5.9 ~8

H2O ~8 ~25 ~0.1-0.3 ~108 ~500 10-3.3 -10-2.4 10-5.2 10-4.1 ~300

SiO ~5 ~3 ~3.5 ~1010 ~1300 10+0.1 10-2.7 10-2.5 ~100

SiO non-

Zeeman

~5

~5

~8

~10-15

~10

~20

~0.015

~0.050

~0.050

~7.5x108

~7.5x108

~7.5x107

~700

~700

~700

10-5.0

10-3.9

10-3.9

10-4.2

10-4.2

10-5.2

10-3.6

10-3.6

10-4.2

photo-
sphere

~5 ~1-10? ~1011 ~2500 10[-1.4 - +0.6] 10[-1.5] 10[-1.5] ~10

ΧCyg ~3 2-3 ~1010 ~2600 10[-0.6] 10-2.4 10-2.9

Magnetic energy dominates to ~50 AU ➡ ‘launch’ region ~50 Ri (Blackman 2009)
But: Ionization fraction in the inner envelope is low (~2x10-5; Gaulain & Mauron 
1996) so limited coupling until onset of ionization  
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Field morphology
• Isolated pockets of  compressed field lines, or a large scale field?

• How to explain the similar structures seen over many 
hundreds of  AU from the star?

20

Bains et al., Etoka et al. Kemball et al., Vlemmings et al.
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Large scale fields (VX Sgr)

• SiO J=5-4 maser 
polarization
• SMA observations at 215 GHz

• Fits dipole field with: PA~220∘ 
and θ~40∘

• Consistent with water and OH 
observations

• Implies overall field shape 
maintained from few to 
1000s of AU.

(Vlemmings et al. 2011 ApJ 728, 149)

21

Figure 1: Positions and polarization of the VX Sgr v = 1, J = 5! 4 28SiO masers (left) and 29SiO masers (middle)
observed with the SMA (Vlemmings et al. 2011). The masers spots are plotted with respect to the peak of the
continuum emission (indicated at the origin with positional uncertainties. The black vectors are the observed polar-
ization vectors scaled linearly according to polarization fraction. The dashed lines indicate the position angle and its
uncertainty of the inferred orientation of the dipole magnetic field of VX Sgr observed using H2O and OH masers.
The stellar position and size (dashed, Monier et al. 2004) is indicated in the center of the 28SiO maser ring. The large
circle is the size of the 43 GHz SiO maser ring observed by Chen et al. 2007. If instead of being indicated by the
continuum, the stellar position is (as is the case for VY CMa) located in the 28SiO maser ring, it is o!set from the
continuum by " 30 mas. (right) The ALMA observations of VY CMa band 7 continuum and water maser position
from Richards et al. (2014). The water maser arc around the dust continuum peak of VY CMa could be similar to
the SiO maser arc around the continuum peak of VX Sgr.

confirms the red supergiant classification. VX Sgr is a semi-regular variable with a mean variability
period of 732 days (Kholopov et al. 1987). The high mass-loss rate (1.3 # 10!5 M" yr-1) of this
oxygen-rich star is responsible for the dusty circumstellar environment around the object that shows
signs of asymmetries in the inner regions (Chapman & Cohen 1986, Knapp et al. 1989, Monnier et
al. 2004, Schuster et al. 2006). Chiavassa et al. (2010) point out that VX Sgr has an extremely high
luminosity, a low e!ective temperature and an atypical V-magnitude variability.
The envelope around VX Sgr is host to a large number of maser species that have been extensively

studied (e.g. Chapman & Cohen 1986, Szymczak et al. 2001, Murakawa et al. 2003, Vlemmings et
al. 2005, 2011). Most AGB magnetic field measurements come from maser polarization observations
(SiO, H2O and OH), and thus the magnetic field of VX Sgr is well studied. The strength of the
magnetic field has been observed to increase from a few milligauss in the OH maser region at out
to a few thousand AU (OH maser extent " 2”) to approximately 1 G in the H2O maser region at
a few hundred AU (H2O maser extent " 0.4”, " 10 ! 20 R#). Close to the star, at a few tens of
AU (a few R#), SiO masers indicate a field of order of a few 10s of gauss. The magnetic energy
(" 0.1 dyne cm!2 in the H2O region) thus dominates the kinetic and thermal energy of the outflow
(" 10!4 dyne cm!2). In addition to this dipole-like r!3 magnetic field strength relation as a function
of radius, the linear polarization of SiO and OH masers, as well as the structure of the H2O maser
circular polarization, are well described by a dipole magnetic field with a " 220$ position angle on
the sky and an inclination angle of " 40$ (Fig.1, Vlemmings et al. 2011). Notably, a similar preferred
axis is seen in the elliptical distribution of the H2O masers (Murakawa et al. 2003), indicating the
possible e!ect of the strong magnetic field on the wind shaping. Considering the maser measurements
indicate the ratio between magnetic energy density and outflow energy approaches unity in the OH
maser region (and > 1000 in the H2O and SiO maser regions), it will be important to see if the shape
in the inner region is imprinted on the larger scale CO.
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Goldreich-Kylafis effect
• Linear polarization induced by 

anisotropic radiation field and small 
Zeeman splitting

• Traces B-field if Zeeman rate 
dominates

• Observations indicates the CO, CS 
and SiO vectors trace magnetic field 
and not radiative anisotropies

• IK Tau shows consistent large scale 
field from thermal SiO out to 
CO(2-1)

22

IK Tau SiO(5-4) - Vlemmings et al. 2012

CO(3-2)

CS(7-6)

SiS(19-18)

IRC+10216 - Girart et al. 2012

19
83
Ap
J.
..
26
7.
.1
37
K

Kylafis 1983



STEPS, ESO 2015

Goldreich-Kylafis effect

• ALMA will revolutionize this field!

23

CO(2-1)

SiO(5-4)

Chi Cyg - Tafoya et al. in prep.
900 AU
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post-AGB / p-PNe
• Rotten Egg Nebula (symbiotic....)

• H2O masers magnetic field measurement
• Extrapolated (Bϕ ∝ r-1) surface magnetic field of  B~3 G.  (Leal-

Ferreira et al., 2013)

• IRAS 
15445-5449 
(Pérez-Sánchez et al. 

2013) 

• Synchrotron 
jet
• Extrapolated 

(Bϕ ∝ r-1) 
surface 
magnetic field 
of  B~13 G

Figure from Desmurs et al. (2007)

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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Field origin

• Single stars:
• Internal dynamo (Blackman et al. 2001)

• differential rotation  between core and envelope
• rotation drained in 10-50 years (Nordhaus et al. 2006)

– Need to counteract energy loss
– Convective energy (sun-like) model predicts magnetically dominated explosion

• Interaction with circumstellar disk
– But what is the origin of  the disk ?

• Binary stars:
• Accretion disk amplification
• Companion

• Localized stellar activity
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Resolving the stellar disc of Mira A 
with ALMA

Sofia Ramstedt, Eamon O’Gorman, Liz Humphreys, Markus Wittkowski, 
Alain Baudry, Margarita Karovksa
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Interacting binary system
• Located at 92 pc

• Binary separation ~40 AU

• Accretion disk around Mira B 
formed from Mira A wind 
through Wind-Roche-lobe 
overflow?

• Both Mira A and B are X-ray 
and UV emittersIreland/Caltech

Karovska/NASA
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ALMA Long Baseline campaign: Mira

Band 7: Ramstedt et al. 2014
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Band 7: Ramstedt et al. 2014
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Band 7: Ramstedt et al. 2014

Band 6: Vlemmings et al., 2015
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Mira A

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

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 2014 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 2014 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 . . . . . .
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Fig. 2. Residuals in Band 6 at the location of Mira A after subtracting the best fit disc model (left) and the disc model including a compact gaussian
hotspot (right) from the visibilities. The dashed circle indicates the size of the fitted stellar disc. In all figures the contours are drawn as in Fig. 1.

dex of "=1.86 at centimeter wavelengths. Matthews & Karovska
(2006) published resolved images of the Mira system at 8.5–
43.3 GHz. The system was monitored with the VLA over "80%
of the pulsational cycle and showed 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 found a flux density almost a factor of two
higher than that reported in Matthews & Karovska (2006). The
VLA values, the ALMA values from this work and the flux den-
sity at 345 GHz (Ramstedt et al. 2014) are presented in Fig. 3.
The most striking result is that the spectral index between the
ALMA Band 3 and Band 6 observations (" = 1.54 ± 0.04) ap-
pears significantly more shallow than that within Band 3 itself
(" = 1.70 ± 0.05). The shallower slope agrees with the obser-
vations in ALMA Band 7 though the steeper slope would be re-
quired to fit the radio observations. Both spectral indexes are not
quite in agreement with the model prediction by Reid & Menten
(1997), indicating that at millimeter wavelengths the sources
of opacity change. Our observations yield significantly higher
brightness temperature than expected. For a uniform disc we find
Tb # 5300 $ 6600 K at Band 3 (# 1.25 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.2, 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 disc center. A gaussian compo-
nent of # 4.7 mas (# 0.4 AU) produces a good fit, though cannot
rule out 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 disc at # 1.3 mm wavelength. We have
investigated if the same spot could be detected in the Band 3 ob-
servations at # 3 mm. Fits including a gaussian component up to
# 2.5 mJy produced equally good results, but the larger angular
resolution did not allow us to confidently distinguish between
a fit of a stellar disc plus compact component or a stellar disc
alone.

The flux density measurements allow us to determine the
brightness temperature. With a size of # 4.7 mas, we find
Tb # 10000 K, above the brightness temperature of # 2500 K
measured for the stellar disc in Band 6. The upper limit in Band
3, assuming a 4.7 mas area, gives Tb < 17500 K. Bright hotspots
at millimeter wavelenghts could be caused by shock heating due
to pulsations or convection. However, the high brightness tem-
perature of the hotspots at # 1.3 R% is more readily explained
by magnetic activity as seen on our Sun. Similar magnetic flares
were also suggested to be the cause of the soft X-ray outburst ob-
served on Mira A in December 2003 (Karovska et al. 2005) but
this is the first direct detection of such magnetic activity of an
AGB star in the long wavelength regime. The observed hotspot
could be related with the strongly polarized elongated SiO maser
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Table 1. uv-fitting results

epoch ! shape S ! major axis / fwhm axis ratio position angle spectral index
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25 Oct 2014 89.06 Gaussian 2.25±0.04 18±2 1.0 . . . 1.3±0.3
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Fig. 2. Residuals in Band 6 at the location of Mira A after subtracting the best fit disc model (left) and the disc model including a compact gaussian
hotspot (right) from the visibilities. The dashed circle indicates the size of the fitted stellar disc. In all figures the contours are drawn as in Fig. 1.

dex of "=1.86 at centimeter wavelengths. Matthews & Karovska
(2006) published resolved images of the Mira system at 8.5–
43.3 GHz. The system was monitored with the VLA over "80%
of the pulsational cycle and showed 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 found a flux density almost a factor of two
higher than that reported in Matthews & Karovska (2006). The
VLA values, the ALMA values from this work and the flux den-
sity at 345 GHz (Ramstedt et al. 2014) are presented in Fig. 3.
The most striking result is that the spectral index between the
ALMA Band 3 and Band 6 observations (" = 1.54 ± 0.04) ap-
pears significantly more shallow than that within Band 3 itself
(" = 1.70 ± 0.05). The shallower slope agrees with the obser-
vations in ALMA Band 7 though the steeper slope would be re-
quired to fit the radio observations. Both spectral indexes are not
quite in agreement with the model prediction by Reid & Menten
(1997), indicating that at millimeter wavelengths the sources
of opacity change. Our observations yield significantly higher
brightness temperature than expected. For a uniform disc we find
Tb # 5300 $ 6600 K at Band 3 (# 1.25 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.2, 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 disc center. A gaussian compo-
nent of # 4.7 mas (# 0.4 AU) produces a good fit, though cannot
rule out 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 disc at # 1.3 mm wavelength. We have
investigated if the same spot could be detected in the Band 3 ob-
servations at # 3 mm. Fits including a gaussian component up to
# 2.5 mJy produced equally good results, but the larger angular
resolution did not allow us to confidently distinguish between
a fit of a stellar disc plus compact component or a stellar disc
alone.

The flux density measurements allow us to determine the
brightness temperature. With a size of # 4.7 mas, we find
Tb # 10000 K, above the brightness temperature of # 2500 K
measured for the stellar disc in Band 6. The upper limit in Band
3, assuming a 4.7 mas area, gives Tb < 17500 K. Bright hotspots
at millimeter wavelenghts could be caused by shock heating due
to pulsations or convection. However, the high brightness tem-
perature of the hotspots at # 1.3 R% is more readily explained
by magnetic activity as seen on our Sun. Similar magnetic flares
were also suggested to be the cause of the soft X-ray outburst ob-
served on Mira A in December 2003 (Karovska et al. 2005) but
this is the first direct detection of such magnetic activity of an
AGB star in the long wavelength regime. The observed hotspot
could be related with the strongly polarized elongated SiO maser
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Table 1. uv-fitting results

epoch ! shape S ! major axis / fwhm axis ratio position angle spectral index
[GHz] [mJy] [mas] major/minor [!]
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17 Oct 2014 94.2 Disc 35.03±0.04 41.8±0.4 1.20±0.01 54±2 1.73±0.09
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Fig. 2. Residuals in Band 6 at the location of Mira A after subtracting the best fit disc model (left) and the disc model including a compact gaussian
hotspot (right) from the visibilities. The dashed circle indicates the size of the fitted stellar disc. In all figures the contours are drawn as in Fig. 1.

dex of "=1.86 at centimeter wavelengths. Matthews & Karovska
(2006) published resolved images of the Mira system at 8.5–
43.3 GHz. The system was monitored with the VLA over "80%
of the pulsational cycle and showed 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 found a flux density almost a factor of two
higher than that reported in Matthews & Karovska (2006). The
VLA values, the ALMA values from this work and the flux den-
sity at 345 GHz (Ramstedt et al. 2014) are presented in Fig. 3.
The most striking result is that the spectral index between the
ALMA Band 3 and Band 6 observations (" = 1.54 ± 0.04) ap-
pears significantly more shallow than that within Band 3 itself
(" = 1.70 ± 0.05). The shallower slope agrees with the obser-
vations in ALMA Band 7 though the steeper slope would be re-
quired to fit the radio observations. Both spectral indexes are not
quite in agreement with the model prediction by Reid & Menten
(1997), indicating that at millimeter wavelengths the sources
of opacity change. Our observations yield significantly higher
brightness temperature than expected. For a uniform disc we find
Tb # 5300 $ 6600 K at Band 3 (# 1.25 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.2, 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 disc center. A gaussian compo-
nent of # 4.7 mas (# 0.4 AU) produces a good fit, though cannot
rule out 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 disc at # 1.3 mm wavelength. We have
investigated if the same spot could be detected in the Band 3 ob-
servations at # 3 mm. Fits including a gaussian component up to
# 2.5 mJy produced equally good results, but the larger angular
resolution did not allow us to confidently distinguish between
a fit of a stellar disc plus compact component or a stellar disc
alone.

The flux density measurements allow us to determine the
brightness temperature. With a size of # 4.7 mas, we find
Tb # 10000 K, above the brightness temperature of # 2500 K
measured for the stellar disc in Band 6. The upper limit in Band
3, assuming a 4.7 mas area, gives Tb < 17500 K. Bright hotspots
at millimeter wavelenghts could be caused by shock heating due
to pulsations or convection. However, the high brightness tem-
perature of the hotspots at # 1.3 R% is more readily explained
by magnetic activity as seen on our Sun. Similar magnetic flares
were also suggested to be the cause of the soft X-ray outburst ob-
served on Mira A in December 2003 (Karovska et al. 2005) but
this is the first direct detection of such magnetic activity of an
AGB star in the long wavelength regime. The observed hotspot
could be related with the strongly polarized elongated SiO maser
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Mira A stellar activity

• Band 3 brightness temperature (~5000 K) > predicted (~2000 K) (Reid & Menten 1997)

• Other (molecular) opacity sources?

• Elongation possibly due to non-radial pulsations

• Hotspot ~4.7 mas (area ff<0.01)

• Brightness temperature ~10.000 K

• Comparable to millimeter emission from Solar flares

• Magnetic activity? (B-fields>100 G in ejecta)

• related to X-ray and maser outbursts?

W. H. T. Vlemmings et al.: ALMA resolves the Mira binary
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Fig. 2. Residuals in Band 6 at the location of Mira A after subtracting the best fit disc model (left) and the disc model including a compact gaussian
hotspot (right) from the visibilities. The dashed circle indicates the size of the fitted stellar disc. In all figures the contours are drawn as in Fig. 1.

dex of "=1.86 at centimeter wavelengths. Matthews & Karovska
(2006) published resolved images of the Mira system at 8.5–
43.3 GHz. The system was monitored with the VLA over "80%
of the pulsational cycle and showed 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 found a flux density almost a factor of two
higher than that reported in Matthews & Karovska (2006). The
VLA values, the ALMA values from this work and the flux den-
sity at 345 GHz (Ramstedt et al. 2014) are presented in Fig. 3.
The most striking result is that the spectral index between the
ALMA Band 3 and Band 6 observations (" = 1.54 ± 0.04) ap-
pears significantly more shallow than that within Band 3 itself
(" = 1.70 ± 0.05). The shallower slope agrees with the obser-
vations in ALMA Band 7 though the steeper slope would be re-
quired to fit the radio observations. Both spectral indexes are not
quite in agreement with the model prediction by Reid & Menten
(1997), indicating that at millimeter wavelengths the sources
of opacity change. Our observations yield significantly higher
brightness temperature than expected. For a uniform disc we find
Tb # 5300 $ 6600 K at Band 3 (# 1.25 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.2, 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 disc center. A gaussian compo-
nent of # 4.7 mas (# 0.4 AU) produces a good fit, though cannot
rule out 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 disc at # 1.3 mm wavelength. We have
investigated if the same spot could be detected in the Band 3 ob-
servations at # 3 mm. Fits including a gaussian component up to
# 2.5 mJy produced equally good results, but the larger angular
resolution did not allow us to confidently distinguish between
a fit of a stellar disc plus compact component or a stellar disc
alone.

The flux density measurements allow us to determine the
brightness temperature. With a size of # 4.7 mas, we find
Tb # 10000 K, above the brightness temperature of # 2500 K
measured for the stellar disc in Band 6. The upper limit in Band
3, assuming a 4.7 mas area, gives Tb < 17500 K. Bright hotspots
at millimeter wavelenghts could be caused by shock heating due
to pulsations or convection. However, the high brightness tem-
perature of the hotspots at # 1.3 R% is more readily explained
by magnetic activity as seen on our Sun. Similar magnetic flares
were also suggested to be the cause of the soft X-ray outburst ob-
served on Mira A in December 2003 (Karovska et al. 2005) but
this is the first direct detection of such magnetic activity of an
AGB star in the long wavelength regime. The observed hotspot
could be related with the strongly polarized elongated SiO maser
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Conclusions
• Dynamically important large scale magnetic fields occur in the 

envelopes of evolved stars

• SiO, H2O and OH maser observations consistent with solar-type or dipole 
magnetic field

• Alfvén waves can help drive mass-loss
• Surface fields are consistent and a hotspot on Mira could be indicative of  solar-

like magnetic activity

• Questions:
– How widespread are AGB magnetic fields (obs) ?
– Is it dynamically important (obs/models) ?
– What is the origin of  the magnetic field (obs/models) ?

– Single star dynamo, binary, heavy planet, disk interaction

– Are magnetically collimated jets common features of  the proto-planetary 
water fountain sources ?

• Are they the explanation for asymmetric (bi-polar) PNe ?
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