B\ Evolved Stars

*
%

O Regional VLBI Workshop 2019, Mexico City
O Liz Humphreys (ESO)

ALMA

m/s ~12.5 km/s ' ~-3.5 km/s

’ : s
R

q§

~ Credits: R Aqr - Schmid et al. 2017; R Scl - Maercker et al. 2012; HD 101584 - Olofsson‘et al. 2019



w
[ =
3

wv
@

L
-
o
8

g
i
—
©
o
£
S

Y
>
2

B
o

=
1S

3

-

HR-Diagram

Planetary
(10,000 years)

e ()
Main Seqt
(9.5 billion years)

Present Sun™

10 000 6 000
Surface Temperature (Kelvin)

Red Giant
(2 billion years)

Pre-Main
Sequence
(10 million years)




AGB and RSG Stars

Planetary Nebulz

Sequence

(9.5 billion yes (10 million years)

Present Sun™™

Luminosity (Compared to the Sun’s)

White Dwarf | Observational Similarities
Effective temperatures ~ 2500 - 4000 K
RSG + AGB stellar pulsation
| High mass loss rates ~ 107 to 104 Moyr-1 |
== COmpact stellar core + extended envelope
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Planetary Nebulae
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.
Anatomy of a star' 4

. Giant gas
e.g. Betelgeuse

plume

shows
| mass loss
| asymmetry |

| Central star |
convective
cells

o | Circumstellar|
envelope |

Photosphere | 1
Angular (CSE) |

Diameter: | |=* ~ &% | | extends
43 Mas “ nus. _'20' much further

_ e

" Molecules |

Effective + Dust

temperature:
3700 K
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STAR

Colomer, Le Bertre,etal. =~

molecule formationdust formation photochemical reactions

HZO masers OH masers
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Aside: Masers

(Microwave Amplification by Stimulated Emission of Radiation)

e Compact, high brightness temperature masers enable study at high angular
resolution (e.g. | milliarcsecond)

° Evolved stars, AGN, star formation, supernova remnants, comets
and planetary atmospheres....

e Species include: SiO, HyO, OH, HCN, CH30H, SiS, NH3, hydrogen

recombination masers

e Uses include:
® Determine gas physical conditions
® Dynamics (3D velocities from proper motions)
® Magnetic field estimation

® Distances, maser cosmology (talk by Jim Braatz)



Maser amplification

Before During After
emission emission emission
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Emitted photons: same frequency, phase and direction as stimulating photon

Exponential amplification (in the unsaturated regime)
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Masers:VLBI

NGC 4258

North Offset (mas)

East Offset (mas)

SiO Masers in AGB Stars

H,O Megamasers in AGN

Yi et al.

Angular resolution ~ 1 mas Argon.et-ali(2007)




Masers: single-dish spectra
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Intensity

‘maser spectra
Velocity

Individual maser clouds have narrow linewidths / spectra
centered at their own velocities

Given certain assumptions, and if no turbulence, the
maximum line profile width of a cloud should be the
thermal/Doppler linewidth (due to particle motions shifting the
line frequency by the Doppler effect)
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FWHM (kmis) | Avy, = 2(In2)Y2Avp = 0.2(T/A,) Y2

Where T is the gas kinetic temperture and Am is the
molecular mass number. For SiO Am =44 and T = 1500 K,
so FWHM = 1.2 km/s

Single-dish spectra a blend of line profiles from the individual maser clouds
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STAR molecule formationdust formation photochemical reactions
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Stellar radii (from optical/infrared)

Stars Dla'meter o Distance (pc) Stellar radius (AU)
micron (mas)

Bezglggl;se 43 ~200 4.3
Azgtgg)s 37 170 3.2
\é’\i\gé? ~40 08 2.0
ag;; A7 59 1.4
Mira o5 92 1.2

(AGB)



Stellar surface believed to be
covered by convective cells
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STAR molecule formationdust formation photochemical reactions
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Rings of maser features at ~2 - 4 R*

Star is resolved out (marked on “by
eye’ here)

Proper motions give 3D velocities

Use to derive magnetic-field, physical

conditions (T~1500 K; n(H2)~ 10?

cm3)

Use e.g.VLBA at 43 and 86 GHz,

KVN, ...



KVN and KaVa maser observatlons taIk by Taehyun Jung

Gallery of SiO maser rlngs

R Cas Assaf et aI 2013
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- Outflow and infall detected,

Evidence for bipolar outflow

Shock velouty ~7 kmls,
broadly consistent with radio
- photosphere constraints

34.00

17.00

I

0.00—

-17.00

-34.00
-34.00

Colours are different epochs

A
@\ & %
f )
° m'
RERY - s 6
[ % o0 -
. ()
. o 8
oo ?
58 0 'ﬁ% T -\
7:‘). [ % Ny =
W B
& o ) :
Persistent structure
2 AU across - sign of companion?
| d
-17.00 u.uu oY

RA”(mas)

4.00

‘
A ,
fi 2 .
. | Ay oA, ALY X
EaR Y vy S
/ \/ 4 ;oL
= J / LW
( i (I il
v R
H |
FONE
/ !
R
»“ ! -'H‘,"‘
[ 3 % fo)
v o g
F/
i/

s)

Dec. (ma:

I%owen |9§8; Humphreys et al. (ZQOZ)_

2 4 6 10

34.00 [45.55
Proposed shock fronts
37.96
17.00
30.37 _
£
©
g
>
<
0.00 B 22.77 >
17}
5]
[a]
x
=
w
15.18
| -17.00
7.59
-34.00 0.00
-34.00 -17.00 0.00 17.00 34.00
R.A. (mas)
gor !
x & 3
; ® x ,%!‘ mx, % {’(“ _i
: ;
1 2 3 4




Linear ~ 30 to 409
/ﬁ Circular ~ 5 %

9]
w
7]
0
[
s
H




MIINARC SEC

0
MIIARC SEC

MIIIARC SEC

Y (pixels)

740
X (pixels)




arcsec

Evolved star mm/submm SiO masers
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Simultaneous SiO & H20 Observations
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Clumpy dust motions
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OH 1612 MHz Masers ~ 1000 R*
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OH 1612 MHz Masers: Phase Lag Distance
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Shaping to Planetary
Nebulae




Planetary Nebula Shaping

Matt, Frank & Blackman 2006

2 Gawryszciak et al.2002



Magnetic fields from maser

- measurements
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Proto-Planetary Nebulae

Rarely, post AGB/proto Planetary Nebulae show hlghly colllmated water maser Jets ‘~
These “water fountains” are likely the progenltors of b| polar Planetary Nebulae oy
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Summary

® Evolved star mass-loss and shaping mechanisms still need to be
understood

e Masers provide excellent tools for probing the mass-loss process
e Single-dish science is very relevant for evolved star masers:

e variability monitoring (masers can flare)

® surveys, new source detections

e stellar systemic velocity determination (from SiO masers)

e VLBI observations of the masers can yield gas physical conditions,
3D velocities and magnetic field estimations. Also distances



HD101584

https://www.chalmers.se/en/
researchinfrastructure/oso
/events/ERIS2019
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Topics Covered:

« Calibration and imaging of continuum,
spectral line, and polarization data

* Low frequency (e.g. LOFAR),
intermediate frequency (e.g. VLA and e-MERLIN),
high frequency (e.g. ALMA and NOEMA)

« Extracting the information from astronomical data
and interpreting the results

« Choosing the most suitable array and
observing plan for your project
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« Calibration and imaging of continuum, spectral line, and polarization data
» Low frequency (e.g. LOFAR), intermediate frequency (e.g. VLA and e-MERLIN), high frequency (e.g. ALMA and NOEMA)
» Extracting the information from astronomical data and interpreting the results

» Choosing the most suitable array and observing plan for your project
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HD 101584: optical data

*
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