.

1.530 pm - C2H2+CN

3.175 um - C2H2+CN

9.975 um - cont
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+ . .
Disclaimer

m Evolved stars are post main sequence objects
=> this talk will cover the Asymptotic Giant Branch

m The review of interferometric results is not complete, I
apologize if I forgot your “preferred” paper

m You are welcome to point it out to me after the presentation!
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Outline part I

(partially based on the lecture
“Final stages of stellar evolution”, courtesy of J. Hron)

m What is an AGB star
m Why AGBs are important
m Atmospheric structure

m Molecules
m Cooling & Back warming
m Different chemistry
m Effects on diameter definition

m Dust
m Pulsation

m Stellar wind C-rich stars
m Stellar wind O-rich stars
m Effects on interferometric observables



What’s an AGB star?




AGB stars = the future of our Sun

THE SUN (MAIN SEQUENCE)
Current Size

EARTH

I

1 AU
(93,960,000 M)

THE SUN (RED GIANT PHASE)
1 AU DIAMETER




Evolutionary Tracks off the Main Sequence
Effective Temperature, K

30,000 10,000 7nll) 6,000 00O

| |

SUPERGIANTS (I)

He—C + 0———

3

H—He

He—-C + OA

A%

GIANTS (ILIl) ﬁ:"
He—C + O \\

H—He

RGB - Red Gia ch
HB -Horizg pranch
AGB - As ic Giant Branch

1-8 solar mass stars
Evolve on the

Asymptotic Giant Branch (AGB)

10°%

104

10°?

10

10

uluwcnnw-:b&n

10"

10?

10°

10*

credit: http://outreach.atnf.csiro.au/




AGB stars = the future of our Sun

HE SUN (MAIN SEQUENCE)
urrent Size




Why do we care about
AGBs?
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Presolar dust grains (51C)

Mainstream: 90% of all

presola SiC grains origin T nooycle | | Presolarsic
. . + § ® Mainstream
in AGB stars -y % Type AsB
.« e 3 O Type Y&Z
Type A&B origin unclear
l‘:'2103—2 7 mBCstars
Type X from SNe II S jeolar F, S
< ] % i
~ 102=
Type Y&Z from AGBs : o E
] O
| O . O Ny
10 ’o C-rich zone
. Noves ; g inSNII
100y
101 100 10 102 108 104 105
12C/130

P. Hoppe, Nucl. Phys. A688, 94c (2001) 287-288



Presolar Grains (O-rich)

For oxides and silicates, 110/1°0 0 g Presolar oxides and silicates
and '80/!°0 are the most relevant : in Meteorites and IDPs
isotopic ratios. - '

102

m Group 1l: ~70% of O-rich PSGs.
Most probably from AGB stars
with 1...2.5Msun

L1 lllllll

1 lllllll

m Group 2:~15%. From AGB’s with
cool bottom processing

104
m Group 3:rel. few grains. Origin: f . ‘_
AGB’s with lower masses and . o ® Oxides
metallicities than parent stars of 1075 T e
Group 1. 105 104 103 102 107
180/ 160

m Group 4: From Type Il SNe Astromineralogy, 2011, p. 292



Mira @ALMA (Ramstedt et al. 2014)

Here is an older picture of me



The Small Magellanic Cloud

= but we do not unaerstand 1t!

T~

m Two Micron All Sky Survey
— Southern Facility —

2MASS Atlas Image Mosaic

and Analysis Center/Caltech & University of Massachusetts




The (complex) atmosphere




+ oo
Definition

m atmosphere (greek [atmos] "vapor" + [sphaira] "sphere*)
use of this term atmosphere for the outer layers of a star is not obvious
(Gautschy-Loidl et al. 2004) lower boundary less easily defined, for AGB
stars also the outer boundary

Transition region from optically thick stellar interiors

to optically thin outermost layers
— photons can leave the star

m radial coordinates — optical depth coordinates
m region of spectrum formation (“layers that are visible from outside”)

m since light is the only source of information from distant stars —
understanding the physical processes in this region is essential for
interpreting observations in terms of basic parameters



Circumstellar envelope + wmd

far-IR, mm

Convective layer

_\------------------------.
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Circumstellar envelope + wmd

far-IR, mm

— MIDI /

AMBER

i/ - .
PIONIER Convective layer

_______________________________________________________
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Circumstellar envelope + wmd

far-IR, mm

V.

—MATISSE  /

GRAVITY +
[ PIONIER 7

Convective layer

_______________________________________________________

— D S e T S R T S AR e e Bl et e Bl et e e




Schematic view of an AGB star -
C/0<1 C/0=1 C/0>1

! ISM ; 10 20 0.1-10
- el ; an
£ o ‘ interstellar radiation field
£5 ; AGB stars
§§ OH maser + OH—>O+H ; CN—>C+N
o = \ ] N
£ \| 1 Y
HO—>OH+H  HCN—CN+H 10¢ RCIRRE
H,O maser :
circumstellar envelope
- silicates with stellar wind amorphous carbon
S Mg-Al-oxides SiC [ | 1 < M < 8 M
m . : . 0}
c wind accgleratlon
e : 10" 1000 10°° |
5
©

"R

300 R,

=L =25,000-10,000L,

:g g 10" 3000 10"
" T_.=2,600 - 3,500 K

convective mantle

. el "Infrared crucial

) rodiative ay "~] mag in near-IR
y\-burning she;

=>40 Jy in the mid-IR

é; aebuming Shey, 100 100 10% t

é electron-degenerate Ideal targ’ets for

C-0 core
1 |
1R ~7-10%Cm el TIK] [ interferometry!
1AU~1.5-103 cm

1 pc~3-10"®cm



Stellar atmospheres and
molecules

m cool + extended AGB atmospheres
m — efficient formation of molecules

m molecules are most important constituent:

m strong effects of molecular absorption — radiation fields within
atmospheres are highly complex

m significant opacity sources — important for the atmospheric structure
(thermal balance)

m determine the spectral appearance

m important for the process of dust formation

m atoms — polyatomic molecules — small clusters =
seed nuclei — dust grains

m People speak about ,,molecular layers‘ but... Be careful!
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The role of CO

m 12C most important element mixed up during 3rd dredge up

fundamental change of elemental abundances

in atmosphere M* — C*

credit: S. Hoefner

CO: highest M-type  S-type  C-type
dissociation energy
(11.1eV) Q
ST
: © c
acts as switch 2®
between 3%
- <O
atmospheric I

chemistries C/O
... changes during AGB evolution




TABLE 1. The 40 diatomic, 8 polyatomic, and 3 ionic molecules observed in photo-

spheres of M, S, and C stars and the Sun (photosphere + sunspots). TABLE ‘:-Galmd‘e\taedobq nd:mdaglh mmﬂo?g
observed in: obscrved in: C/O<1; S: C/O=1; C: C/O>1). The (rough) number of sources %
Molecule Sun M S C notes Molecule Sun M S C notes detected in each species is also given.
Diatomic molecules: Molecule Chemistry 4 Molecule Chemistry E
SiN . 0 § C 0 § C
Al“ . » - . so - . . K'S+ -
AlO . g SnH . 2-atomic:
BO . TiH . . AlCl ¢ 1 NaCl . 1
CaH . . CS, dw TiO » e @ K AlF - 1 OH - 2000
CaCl * Cs TiS ¢ co * * 500 SiC ® 2
"4 - - -
CeO NS Vo . . s . T = ' * &
- . .
grO . by . i Cs . . = 2 SiS ¢ 15
rH YS K :
Ca . . ZnH . Cl ) 1 SO 25
CH . * * GKApd+|ZO . . . SCS+ 3-atomic: '
CN . * * GKRCHB,|ZsS . C:H 1w MgCN 1
g+ S+ o * 4 MgNC 1
- .+ % KSN HCN ¢ 5 * 1 NaCN 1
co : f&"""" H:0 . 30  OCS . 1
HaS . 20 SiC; . 5
Ll olml .
gﬂ . . - - HNC . g 15 SO, g 20
FeH . . = K,d+S+ H- N L I 4-atomsc: .
GeH . SiH* . -CsH 2 HC:;N - 1
Ha . N CH* . C3;N > 5 H.CO ¢ 2
CsS . 1 NH; * * 6
e : ***K 5-atomic:
HCl . g Polyatomic molecules: C.H e 6 HCsN 10
LaO ¢ g .
C;Si . 1 HC,;NC 1
Mot : T " GH ' c-Z: H ¢ H;Cé 1
MgO . C:H, " il !
N . - . .
= =. C:H * 1 HC . 1
NiH . CaOH . K7,dw CHsCON . 6
OH ‘ *. K, d+ HCN ¢ 7-atomic:
ScO . . . H.0 . - d+ CeH é 1 HCN & 6
SiF . SiC, ¢ 8C S-elomic:
SiH * * * CH,4 . bdw CeH é 1 HC»N - 2
Notes: gi, dw means that the molecule has been observed only in giants or dwarfs, re- 11-atomic:
spectively. g+ and d+ refers to the bands of the molecule being stronger in giants than HCsN . 3
in dwarfs (g+) or visa versa (d+). S+ refers to the bands being stronger in S stars than SB35 Gonos
in M type giants. G, K, SC, CS, MS, Ap, RCrB, SN (super nova), and nova, respectively, N one: . . "
refers to the molecule having been identified also in these types of stars. The note bdw for CO 1 HCO 10
CH; reminds us that CH4 has been observed not in “real M-type dwarfs” but in Brown NH . 2
Dwarfs only.

Jorgensen (1997) Olofsson (1997)



Molecular features

C-type stars

M-type stars

Y N - F— T 1] W T ]
i E 05 E
8 e 0 E |_| I(‘ll | 1 1 1 L L 1 | E
i i I;_ |_I IC‘NI ' ] L ] 1 ] L L 1] ] ;
7 °’SW -
W Zr0 | o F——t——+1 } ————————+ E
1 E =
6 sf — co W N N 3
B Hzo E 1 L L 1 l 1 L 1 1 L L L 1 I é
LLOs . E (-l’:'— L] L] L] T l ] L L ] L L L LV| _:
~ Lco " L' L\ 1 Lok HCN 3
- 4 - - " — B~ OE 1 1 1 L l L |-/ 1 1 L 1 I L I E
\ l:_ L L L 1] l 1 L} L 1 L} 1 L] T I _:
= CH E
3 OH a Lin e L e O L Y OSE 2 Zl | 3
L . 0 f——+—+— + t ¢ —t—— c
2|- ' = e E
osf — G =
™ 7 : L Il L L l L L 1 L L | L l B
1 v (::._ L I L ' 1 l L l T l L} Ll l _:
- | 3 CrH E
1 | R | 1 | 1 | 1 | T | 0: N | T | " | " | 1 | T | B
% 5 07 1 2 3 5 7 10 20 0.5 0.7 1 3 5 7 10 20

A [um] A [um]

Nowotny (priv. comm.) Aringer et al. (2009)



Cooling & Back warming

m Back warming of deep layers: stellar
radiation blocked by spectral lines (*line
blanketing”) 9000 ——T—T—T—T—T—T
Energy produced by thermo-nuclear e oa
processes in the interior — heating of deep G=1.0
(continuum flux-forming) layers + €900
increased emission in between lines e.g.:

40% of flux blocked by lines — A T=500K 7000
¥

m temperature change in outer : S00b
atmospheric layers: (cf. Sect. 4.6.2.2 in =3
Gustafsson & Héfner 2004) 5

EJ 5000
m Fragile molecule (e.g. H,0, C,H,) in upper =
-

layers absorbs radiation from below via
specific line if A line > A max[B(T,,.,)] this
results in cooling of the layer (IR) —

T— kKwarming

contraction _ 3000
if Aline < A max[B(T,,.,)] this results in Cooling
heating of the layer (blue-visual) — m

expansion

m effects of several 100K



The effect of spectral resolution

1.0 [ & ¢ & | F ¢TFF | ¥ & ¥ T [ v & 1

B R=18000
P 3500
Py |

o 360

0.2 5

- Spectral lines
0.0 [ 4 1

2.5 3.0 3.9 i Not NOISE!

Wavelength [micron]

credit: W. Nowotny



Molecular features and radii (I)

Intensity (P

- ol -
(R e ———

coesssdesseees

= D
| i
1o =
:e‘: 1
Outer Radius
1% Intensity Radius
Tpow =1 Radius
Inncr Radius
g )
o
t o
\ S
©
e
O]
-
&
< g V 0.550um
SRR = l
(]
E
Figure 1. Schematic diagram showing the relationship between the >
angular intensity profile and the physical depth. The shape of the C

center-to-limb varistion is typical for that predicted for 8 continuum
band.



Molecular features and radii (1I)

Radius definition based on optical depth
T =1

[4 Rosseland = ]'

4 continuum = 1
_ e ' " VIJHK
I 185 =
o
~ 180 S
© S
= 149 [ S
£ £
170 H
3 L i | 2
3 165} i &
160 . " . :
05 1.0 1.6 ", 3.0

L
TVZ/ k,pdx
0

O-rich model T _;=2800K
radius measurement in

standard broad-band
filters

Diameter measurements in
AGBs are tricky!

Be aware of molecular
contaminations!




Molecular features and radii (I)

L
Radius definition based on optical depth T, = / k., pdx
T = 0

continuum

§ C-rich atmosphere
9‘_ —

5 T =2950K

*‘: 4 Rosseland — 1

E T =1

3

O

)

0.5 1.0 1.6 2.2 3.0
wavelength [um]

Diameter measurements in
AGBs are tricky!

Carbon stars situation even
worst!
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Diameter measurement |I

m interferometric measurements (e.g.
Quirrenbach 1993)interpreted by UD
to derive radii

m 754nm / cont — deep Quirrenbach et al. (1993)
photosphere 1.0 ' ' ' e =
m 712nm / TiO — outer atmospheric
layers 0.8 }
— atmospheric extension can be °
estimated S 0.6
]
Results: % 0.4 |
m M-type giants 10% larger in TiO- - ool * 754 nm (cont) 16.1 mos
band effect increasing with “[ » 712 nm (Ti0)  17.6 mas
decreasing Teff
0.0 ‘ : ; .
0 10 20 30 40 50

m (even larger effects for stars which B
are not hydrostatic anymore ...) Projected Baseline [arcsec ]



The dust



==

Hydrostatic model atmospheres

MARCS, COMARCS, PHOENIX,
ATLAS, KURUZ...

m 1-D models (spherically
symmetric models);

m hydrostatic equilibrium, local
thermal equilibrium &
chemical equilibrium,;

m treatment of molecular
absorption with opacity
sampling technique.

¥

Gravity

Gas Pressure

*

1

credit: R. Pogge
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Hydrostatic model atmospheres

Classical hydrostatic model atmospheres for red giants can reproduce
observations of objects with

m T ;> 3300K (M-type stars) or 3000K (C-type stars)
m mild pulsations Amy, < 0.1
m small mass loss rates (< 107 - 108 Myyr?)

... but are of quite limited use to describe very evolved AGB stars
dominated by dynamic effects
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Hydrostatic model

vL, [resized)

1 L L

)
® 15
@
o
-+ 1.0
Y S

o
w
R

1.0 1.1 1.2 1.3 1.
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shortlL
T T T T
HK Lyr
| 3100, logg 02, M 2, C/0 0
Tqr = 3100, logg = <04, M = 2, C/O = 1.40

CaHay

A

I
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3.2

3.4
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Visibillly

atmospheres

i i L i L
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10 T T T
JBerg

08+ cC<:u -
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0.4 =
0.2 N
0.0 L " :

0 50 100 150 200

Baseline [meters)

Paladini et al. 2011
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Hydrostatic model atmospheres

(=]

S S e
ES = %

Squared visibility amplitude

e
o

o
(=)
©

1

S50
Spatial frequency B/A (1/arcsec)

1

100 150 200

Wittkowski et al. 2004
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+
Hydrostatic models cannot

explain...

05.12.07

2T T T T 1 T ]
C ** ~- ']
»L 23 ]
“Hox % - ]
L ox * o 1 =
L ¥ ¥ ¥ il )
1af- 5 18
L * % % ~
12.07 [ d &
29.12.0 16F .’E"?.;‘g*’t a 3
2oF s 853 Bala geex S
a8+ 2 ® * * )
|.-l_—+ 2 o % * * = S5
= ") 1 £
4 L
1.2 @ g ] <
8 ]
§ . 2 ]
02.02.08 - * 2 5
C g il
ogb—L— 1 . 1 M ..o, s

2400 2600 2800 3000 3200 3400 3600 3800 4000
T [K]
cft

Color indices deviates!

05.11.08

M. Simon

o Ceti (Mira)
periodic brightness variations



+
Hydrostatic models cannot

explain...

05.12.07

PupHU_E1

-10

29.12.07

-12

Fit with 2 BB's:
T. = 2344 K

LOG10 (v F,) [W m™2]

my, ¢ = 525 mag
my,; = 5.16 mag

Kerschbaum et al. (1996)

-14

02.02.08

PP | PP | PP |
1 10 100

A [um]

Cannot explain emission at
long wavelengths!

05.11.08

M. Simon

o Ceti (Mira)
periodic brightness variations
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Beyond the hydrostatic description

Effects becoming important towards the end of the AGB
evolution:

m Pulsations of stellar interiors

m unstable against radial pulsations driven by instabilities in H/He-
lonisation zones
K -mechanism acting in outer regions of convective envelope, still
clearly below photosphere (T, ; > 10°K)

m Leading to pronounced photometric variability



+
Beyond the hydrostatic description

Efferte haramina imnartant taurarde tha anAd Af tha ACIR

eve ,0214-03  OMI CeT M 3.6 - 9.1 331.96 GMSE-MOE _
n 5 f— ' s
C { . f b, IR T
7 | a 1 ” . , .?I —J 7
. ..a.h - P 2.- —
y 8 %3 'iq‘q,&‘? ‘iqm-?r*& —9
O T T T T T N T T T T Y T T S O N S A O
2442300 2442700 2443100

Mattei (1997; AAVSO)



+_ .
Evidence of mass loss |I

m Deutsch (1956) observed binary
system o Her with common Gillet et al. (1968)
circumstellar envelope, 32
— important evidence for mass loss
through emissions+absorption lines,
and gradient of radial velocity —
estimated expansion velocity, MLR

o Cet

I

m Reimers (1975) same for several -
systems (Reimers law for mass loss B
rate) g

s

T T T T
‘./

2500°K
Black Body

m 1960+: advent of IR spectroscopy L

m Gillet et al. (1968), Woolf & Ney (1969):
first observational evidence of silicates
in spectra of M-type giants 183

i [ IIIHI]

e Jik. o !
2 3 4 5 6 7 8 9 10 11 12 13 i4 15 16 17

m IR excess interpreted with emission of M)

circumstellar silicate dust



Other evidences of mass loss

... next evolutionary stage

» .
- .
. ° o
. . -
L

Fig.1. V-band image of the circumstellar envelope of IRC+10216,
made with the VLT. The field size is 90” x 90”. The mass-losing carbon
star is located at the center of the image, and Star 6 is the bright source
near the bottom, 35” from the center. North is to the top, East to the left.

Mauron & Huggins (2010,



Other evidences of mass loss

200 mas K, 10/g5. =088 200 mas K. 0496, =115 z ] K, D159/, d=1.61 200 mas K. U6/98. ©=2.39

200 mas 15, 11798. $=2.61 200 mas K, 09/¢9, $=3.11 200 mas K, 10:00, $=3.71 K, 0301. $=3.93

Weigelt 2002
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Other evidences of mass loss
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Dust formation

Required for dust formation:

m Low temperature
(Tc<1400K) ... condensate

stable against evaporation ...

efficiency of grain growth

m High density




+ .
Mass loss 1n C-stars

Stellar interior Extended stellar atmosphere CSE

Pulsations~_|

Shock wave
Lifting of atmosphere

Dust formation

\

Radiation pressure
on dust (and gas)

Sandin (priv. comm.)

Dust-driven wind

Time-dependent

_ Mass loss
Radius

pulsation + dust formation in outer atmosphere — mass loss
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Dynamic model atmospheres

(DMA)

Models from Hofner et al. (2003), Mattsson et al. (2010)
m 1-D models, spherically symmetric;

m Solving the coupled system of equations for:
m hydrodynamics
m frequency-dependent radiative transfer

m time-dependent treatment dust formation (Gail & Sedlmayr 1988;
Gauger et al., 1990)

m assume local thermal equilibrium for gas and dust

m Pulsation simulated by piston boundary condition

(Other models: CODEX...)
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DMA Radial Structure

<t F T T
i o SE E
Stellar wind 1 - ]
S, = 3* 3
1 © = shock fronts ] HJ
] EoF triggered by pulsation E &
- E @
| g o
| 1 F b=te
g aY] E E.
1.0 © E
] of | | ®
- 78 [ 7 ﬁ
Dust formation . . Q.i-
N - —10+ B D
i 1 : = o
I : Shock fronts | ° 50 o
i ] = 12k - ©
L . Ci%
. Pulsation S 4l dust-shells ]
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i 1 1 1 1 1 ] o I
—-0.56 0 0.5 1 1.5 el ]
phase ¢, L. o e
Hoefner et al. 2003 R/R:

Grey shade = windless model
Colored lines = different phases for a DMA
with mass-loss
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Influence of pulsation on
interferometric observables
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Intensity and Visibilities
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Diameter variation

Comparison of models with mass loss
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Mass loss in O-rich AGBs

Hofner et al. (2008,09,11):

Outflow driven via micron-size
Fe-free silicate grains (i.e.
Forsterite Mg,510,) and their
substantial radiative scattering
cross section

Scenario confirmed with
VLT SAM/NACO observations

By Norris et al. (2012)

T
3

Tum 10um

15

o
a
N

S
2
log( kappa_rp / kappa_crit )

log( grain radius ) [cm]

-1.7

-35 -3.0
log( wavelength ) [cm]

Fig. 1. Opacity «;, of forsterite grains in units of the critical opacity Kerit
(M, = 1M,, L, = 7000 L), assuming that 30 percent of Si is con-
densed into grains; The black contour shows the region where the flux-
weighted opacity exceeds the critical opacity, assuming a Planckian flux
distribution with 7', = 2700 K.



3D models do exist but...

m Only very few

More needed!

m O-rich dust

m Not fully consistent

8007 I9ujooy % bejhaig




Wake up!
Summary part I

m What is an AGB star

m Why AGBs are important

joe-ks.com

m Atmospheric structure

m Molecules
m Cooling & Back warming
m Different chemistry
m Effects on diameter definition

m Dust
m Pulsation

m Stellar wind C-rich stars
m Stellar wind O-rich stars
m Effects on interferometric observables



Atmospheric structure at
high angular resolution




Old concept

AGB are round |

Post-AGB, planetary
nebulae are not 12.81 microns

[2.81 microns

1D models Hofner 2003 Lagadec et al., 2011




==

Where are the asymmetries?

Asymmetries are there but in the past:

m Poor instrument sensitivity

m No coordinated (multi-wavelength) programs

m Not enough angular resolution

m (partially consequence) no suitable models

Picture still puzzling, no answer for basics questions like:

m Is the dusty mass-loss process episodic?

m At which height in the atmosphere can asymmetries develop?

m How does this change with the evolutionary phase of the star?




New observations

Ramstedt++2014 Tuthill++2005

(@)

¥ Macrcker ++ 2012 Kervella++2015 Kerschbaum++ 2010
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What does it shape the stellar
envelope?

m Convection
m Magnetic activity

m Rotation

> Increase density scale height
in the equatorial plane

1 i ; ©OUCAR, i M. Rempel
m Binarity = companion transfers image courtesy M. Rempe

angular momentum

> Influence of rotation on dust
distribution

> System may capture lost mass
in circum-binary disc

chandra.harvard.edu



Circumstellar envelope + wmd

far-IR, mm
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Literature

Lunar Occultation (Richichi et al. 1995; Meyer et al. 1995),
aperture masking, speckle, optical interferometry

m Departure from spherical symmetry detected at 1-5 stellar
radil

m Ragland 2006:”only” 29% AGB stars asymmetric (C-stars
more asymmetric)

Many works are in broad band or with low resolution.
Still no clear answer on what process is causing those
asymmetries!



==

Rotation?

van Belle et al. (2013) studied a RA (mas)
sample of C-stars by means of 05 00 -05 -1.0 -1.5 -2.0
model atmospheres and | B 0.3
geometric models

0.0

-0.5 ’g‘
evidence of asymmetries for ;E:
many C-stars -1.0 @
m surface inhomogeneities or L -1.5

effect of stellar rotation?
HIP95777 -2.0



Convection (I)

15
Cruzalebes et al. (2014) found
closure phase signatures with Hor , |
N COO]. dlluted TX Psc il < W Ori
VLTI/AMBER for many AGB 05 | V¢ RS
F atmosphere e -+ J “TW Oph
m Asymmetry increase followinc 00 F CEffau™ M7 et |
the sequence Y g e ::: 0, Ori
. =~ o Lib
= K giants -> RSG -> AGB - ARTR: 5 Oph 1"y Hyi
E o TrA "5t Ara
15 F "
F * aCar T® HY("’_Hot compact
20 "'ﬁ atmosphere
25 | B.Cet »% B
3.0:llllllllllllllIlllllllllllll
39 38 37 3.6 35 34 33

log Teg



Convection (II)

Cruzalebes et al. (2014)
Asymmetries increase with pressure-scale-height H, parameter

Agreement with photocentric motion relation predicted by 3D-RHD
simulations (Chiavassa et al. 2011)

20 20
T Cet )
R Sel /
15 15 e .
T Ret WO
o o i Y Rel 0, Ori ,
H eff 1%2] 1.0 L %) 1.0 N + / - O—aGB
Y O YT (GREE ) + .
p [-11] i b0 L y Hyi el TX Psc
g o i a Hya a TrA o) [ T i
05 | v 05 F 1T-"oLib 4‘ RSG
i [ (S -7 ‘ CE Tau
WD R S } i TW Oph
00 r t Ara 00 F 5 Oph T
I B Cet a Car ! h
0h b— 05 T T TS ST N TN S ST TS S T B
1.0 15 20 25 3.0 20 25 30 35 40 45 50



+
The effect of binarity

Mayer et al. (2014)

Herschel/PACS + Hipparcos +
VLTI/AMBER data S-type AGB

m Literature +Hipparcos e
+AMBER suggest presence Feor 1
of close binary
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The effect of binarity

1.0[
08fF
Mayer et al. (2014) £ 06F
2 0af
Herschel/PACS + Hipparcos + .
VLTI/AMBER data S-type AGB N ‘ ‘
. . B=14,28,43 PA=274
m Literature +Hipparcos e IV ' e
+AMBER suggest presence € 0ok 2 R
of close binary v beeatant,® '
o 3 Qeaas +
& 4] 'E' + LA P -
_§ _1005- 3
N z * P 3
-200E _*taa bt + & ;

1.4 1.6 1.8 2.0 2.2 2.4
Wavelength [um]



==
Imaging of Giants

things to be aware of

Not an easy task. Why?

m Very extended objects bright
sources means very low
visibilities

m Good uv-coverage needed

m Different wavelength cannot be
combined

m Image reconstruction algorithms
& multi-wavelength

m Stars are variable: need to have
all configurations in a short time




==
Asymmetric shells

R Aqr reconstructed in 3
channels 1.51,1.64 and 1.78
micron with IOTA (Ragland
2008)

o~ T T T T T T T y T ™
* ++
@ %o )60
O:‘S »
50~ + + -
0] * + 5
N A%
’ o ¥ o w ¥ +
= &0, "i
g o
-50F + ° + - |
b ]
xox °% L2
s * | .
, 1 Strong asymmetric structures
0T} RIS ST ST ST S ST ST TR ST S ST WO ST S T S S S J

60 40 20 , mce: orcse) 20 40 60 il‘l the Hzo mOIGCU.la.I ].a.yer
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Molecular shells

T Lep imaged with VLTI/
AMBER (Le Bouquin et al.
2009)

100 T T T T T T T T T T T T T T
[ E0-GO-HO
DO-HO-G1 A ?6mx68m
50

/l\ i “'.. .
~~ ."\
g i -~
g | -
4

—50+ 4

_10011 1 1 | T T - - L L

-100 -50 0 50 100
East (m) —>

Unveil a “onion-like” shape
(molecular shells) -10 0 10 -10 0 10 -10 0 10 -10 0O



Spots!

VX Sgr imaged with AMBER
(Chiavassa et al. 2009)

r T T
0 L, Tt ymxmom 0-5 0 5 10 10-5 0 5 10
% § 1.60um 2.50pm
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N &z ] .
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N -
E 00, T T — 7
‘;. Ao - _— ’, - ':
" N L -10-5 0 5 10
. 2" . 2.00um
A Z.25m | w ' Strong wavelength
-0.2
dependence and 2
; A= 1.45;1[71‘ | | | SpOtS!
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T 1
Variability

Relative DEC [mas)
Relative DEC [mas)

10 S 0 -9 -10 10
Aelative RA [mas)

Aelative RA [mas)

Haubois et al. (2015)
VLTI/AMBER, low resolution data (R~30)
Variability of the shell of a Mira over pulsation period
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VLTI PIONIER data of C-rich Mira

1.0

1 T
~ Asymmetric
[ S
T A T ey
PR e
T et
40 60 80
B (MA)

Closure (deg)

200 T I + T T
100 b fff::
R R U A S D +h‘ AN
fffffffffffff S T T W A
OF ok 'ﬁ; ————————— g‘u,‘+ ———————————— S G
R T U 0 A
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o B S B
fffffffffffffffffffffffffffffffff pE—
Bl A N S SO B M HH
,,,,,,,,,,,,, TS S D W B
200 L P S o L
0 20 40 60 80
B (MMA)

3-half nights within 2 weeks with 3 quadruplets!

Paladini et al., prep.
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Modelling the data

600 1.0 ‘ r 1 : : : :
A Photometry
1ISO
Dynamic Model Atmospheres
500 0l , _ i
400 i
0.6 -
= L ]
) s
- 300
=)
e 04+ -
200 s E
02 k| |
100 ] |
‘ s
0 20 40

Wavelength [micron] B (Ma)

1D dynamic model atmospheres (Hofner et al. 2003, Mattsson et al. 2010)
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Image reconstruction
(our internal beauty contest)

1.59um 1.68um

Blind reconstruction with different
tools.

MiRA + TotalVariation

What we trust:

BSMEM

m Elongated structure + diffuse
environment

MACIM

m FWHM of the elongated structure
~2-4 mas

m Extended bright “arc” in the first
channel

MACIM-NP



+
Preliminary interpretation |I

Image compatible with models from Freytag
& Hofner 2008

1000 500 0 -500 -1000

m Where is the star?
(Vassiliadis & Wood 1993)

LogP=-2.07+1.94LogR-0.9logM

m  Radius~700R; => 3 M,
m Radius~360R; => 0.4 Mg

600-400-200 0 200 400 600

Be aware of uncertainties..

Is there a disc in front of the object?

=> Other spatial scales + time series
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Preliminary interpretation |I

Image compatible with models from Freytag
& Hofner 2008

1000 500 0 -500 -1000

m Where is the star?
(Vassiliadis & Wood 1993)

LogP=-2.07+1.94LogR-0.9logM

m  Radius~700R; => 3 M,

" RalWSSLGE. >b-+,

Be aware of uncertainties..

600-400-200 0 200 400 600

Is there a disc in front of the object?

=> Other spatial scales + time series
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VLTI/PIONIER 1mage of R Scl

R Scl 1
Model atr

nm b e ; 760 nm
ruction B R nstruction

5 ) »

5 mas

Wittkowski et al., in prep
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VLTI/PIONIER 1mage of R Scl

R
IR

Scl 1680 nm
B Reconstructian

* Dominant (mass-loosing?) spot on the surface of R Scl.
* Spiral structure consistent with large spiral, or simply a random convective
morphology?
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Even more surface structures

_ R CAR 1.67mu Median Image

20 10 O -10 -20

Milliarcseconds
Monnier et al. 2014

‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\
10 5 0 -5 -10

Paladini, Mayer et al. prep.



_ R CAR 1.67mu Median Image

20 10 0 -10 -20
Milliarcseconds
1000 500 0 =500 -1000
| 1 1

1680 nm
reconstruction

K, 10°% =088
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Current wavelength GAP
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AMBER stops at 2.4 microns and MIDI starts at 8 microns... waiting for MATISSE
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Asymmetries in the mid infrared

Outside the photosphere, in the molecular and dust formation
zone. Until '90 mass-loss considered constant outflow. Using
interferometry:

m Danchi (1994) reported episodic dust formation @ 3-5 stellar
radii

m Tabete (2006): asymmetries in 6 AGB stars. R Aqr asymmetry
due to presence of binary



Spilrals? Discs?

Many studies on IRC+10216
(Weigelt et al. 1998; Tuthill et al.
2000; Leao et al. 2006; Chandler
et al. 2007) report asymmetries
due to dust clumps

Do the clumps follow a random
distribution? or a preferential
one (disc, spiral)?

Still an open question for
imaging campaign

2102 “'Te 1o IoyoIoey
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Asymmetries with MIDI

EWS extracts differential phase
from MIDI data.

Non zero differential phase
means asymmetric object

BUT

only very few detections.

credit: F. Millour, VLTI school 2013
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Differential Phase (I)

Deroo et al. (2007) observed
differential phase for a J-type
carbon AGB star. oof
J-type stars believed to be result 605- ,1-"/
of a merge. '

Phase [deg]

Asymmetry interpreted as
presence of circumbinary disc.

Wovelength [um)]
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Differential Phase (II)

Ohnaka et al. (2008): another J-
type AGB star showing non zero
differential phase.

. e R A i PR R A
Asymmetry interpreted as 3 [ b. e#l B,=45.7m, P.A.=93.1° ]
presence of circum-companion & 23 B oa3em, pa—t08 ABD
disc ) #4 B =62.lm, PA=108" & °

. g A
. %o_ !g.%.‘““z““.oz.
l Questions 3 | s
5ol N
m Are this differential phases £ 68
common only among J-type =90 e
AGB stars? A (um)
m Are they the signature of a Note: the differential phase jump is
binary? Different from previous star.

Dust chemistry!
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Differential Phase (III)

L L e o B B N

[ oo
60 #20 i

Paladini et al. (2012): differential phase
detected for a carbon Mira. “Normal”
object, well studied, no signatures of Pl

binaries so far...

The signature is very similar to the one

Phase [degree]
N
=)

of Deroo’s star
O ”\~_ SRR L eme LI
Interpretations:
-20
m Signature of a dust clump s s 10 ["n]'”""”12""”"'13
Wavelength [um
. 100 T T
m Dust clump enshrouding a sub-
stellar companion
50t

How do we distinguish? N o /,

[ - i

& o |
Be careful! Non unique interpretation = “y .
because of limited uv-coverage. ‘0

-100 1 1
-100 -50 0 50 100

u [arcsec™]



+
Differential Phase (IV)

Sacuto et al. (2013): another
differential phase for a “normal”

AGB star.
s 100
Same interpretation as previous v 80]
cases. 2 60
& .
= 40
Are all the AGB binaries? Or we 2 o0l
are looking at something else? 5 ol
5 -200L__. . . ,
8 9 10 11 12 13

wavelength (um)
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Discs and binaries

Winters et al. 2003
Klotz et al. (2012) —

m Double-velocity component
(Kerschbaum & Olofsson 1999)

m narrow feature (1.5 kms™!)
centered on broader (9.5 kms™?)

m only visible in small number of

stars (< 10) . e
' ' ' ' ' E 40r

m 4 scenarios _ 20[

5 [mas]
6 [mas]

m MIDI excludes 2 scenarios:
binary & disc are the scenarios 20} ] ~20}
left

_40 - N _40 -

-40 -20 0 20 40
a [mas]

-40 -20 0 20 40
a [mas]
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Where are the other asymmetries?

m Very few works report asymmetries, although they are
expected. Where are the dust clumps?

m Ohnaka et al. 2005; Wittkowski et al. 2007; Sacuto et al. 2011;
Zhao-Geisler et al. 2011, 2012; Karovicova et al. 2011 did not
observe any asymmetric structure

m MIDI observes between 5-100 stellar radii, the range is the right
one but...

m Minimum angular resolution is 20 mas. Is it possible that clumps are
smaller?

m uv-coverage is limited by 2 telescope configuration, difficult to
disentangle between various geometries

m More probable to find asymmetries at high spatial frequencies (i.e.
long baselines configurations)



Coordinated works on a statistical
sample

To understand properly the physics of the environment of AGB
stars, coordinated works on large samples of stars are needed.

Multi-wavelength + multi-techniques

Hevrschel

ESO/VISIR

ESO/MIDI

"uIqns ‘e 1o rpered
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The AGB sample 1n the IRAS color-
color diagram

SR-C
Mira-C
SR-O
3 Mira-O
SR-S
Mira-S
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Vib

° 1o ° o wn ‘ lla
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LI\/\\ | |

no extended shells yojlng O-rich shells

[25]-[60]
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[12]-[29]
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The MIDI large program on AGBs

m 2 new differential phases all O-rich
stars

m 3 cases of elliptical best fitting
models (O-rich)

=> Are O-rich stars more asymmetric
in their dust distribution? Why?

m No interferometric variability
(maybe 1 case, C-star)

m Spectroscopic variability

m Detached shell of (Sic) dust

@ Ho-11

@ A1-DO

@ Ko-11

vV (MA)

FOV 4.2'x 4.2'

0
U (MA)

Suurce: U ANI

@ Ho-11
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0
U (My)

—
—
o
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—
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o
[0}
n
n
o
-
(o)
—_

Kerschbaum et al., 2010
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Second generation instruments

Imagine...

-----------

(M2)
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Wittkowski et al. 2011

| VLTI/AMBER
| E0-GO-HO
H,0 co
T
1 1 1 1 1
2000 2100 2200 2300 2400

Wavelength (nm)

What will you do with GRAVITY? (K-band)

What will you do with MATISSE? (L-M-N band)
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Lessons to learn

m AGB stars are perfect targets for interferometry, but very
challenging for imaging programs
m uv-coverage
m Multi-wavelength image reconstruction
m observations to be taken in a short time (variability!)

m Plenty of physics to investigate!
m mass-loss
m variability
m dust formation
m geometry of the environment at different scales

m Not primary targets for second generation instruments, but a lot

| Start thinking!

can be done.




1,530 um - C2H2+CN
1

Thank you!

3.175 pm - C2H2+CN
1

9.975 um - cont
1




