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Stellar Evolution

late stages of stellar evolution:

strong stellar winds lead to
obscuration by dust

absorbtion of visible light and
re-emission in the infrared

Dust enshrouded obijects:

Asymptotic Giant Branch (AGB)
R Cas, IRC+10216; CIT3, CIT6

Protoplanetary Nebula Phase
Red Rectangle, Egg Nebula

Red Supergiant Branch (+ WR)
NML Cyg, IRC+10420, VY CMa
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The dusty environment of evolved stars

AGB stars » main factories of cosmic dust.
» strong mass loss: up to 104 M_/yr

* dust shells:
many: spherical symmetry on large scales
a few: asymmetric on subarcsecond scales

 surface structures, diameters

Protoplanetary Nebulae < axisymmetry, bipolar cavities

Massive Supergiants e gpisodic mass-loss; outbursts

Wolf-Rayet stars « dust production in hostile environment

Observing with the VLTI T. Blécker —Spectral Envelope Observations 8 February 2002 4




Diameters & Surface Structures

first zero of visibility:

» stellar diameter

K band GI2T observations

iok The Red Giant R Cas: model

' Observations

08 |
- Stellar surface spots ?
=06 |
=04t

0.2 Weigelt et al. 2000

0.0 - : ' - - :

i 5 10 15 20 25 30 35 :
. R Leo: IOTA (Perrin et al. 1999)
Baseline (m)
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i IRC+10216

optical

near infrared

200 mas 217 um, 496, $=0.15

K image (1" x 1", resolution: 0.07")
Weigelt et al. 1998
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Speckle Interferometry

Short exposure (50ms) freeze the
| ‘ | | | | | atmospheric turbulence

—
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..—-.c: _\‘_E’ ..r“"-_""'"t._.-—‘l f:._‘) l"p_.-‘}
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il

atmosphere speckle interferogram
telescope 6 m telescope, ¥ Ori, A =500 nm
speckle interferogram field of view 1.84 arcsec
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&

~:" eaQ atmosphere

Speckle Interferometry

Reconstruction of th

e true image by

bispectrum speckle interferometry

oPom®

speckle interferogram S

resolution 1"

real-time (DSP)
speckle masking or
peckle spectroscopy

resolution 0.02"
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|RC+10216 before and after reconstruction

IRC +10 216

IRC +10 216
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JHK Images of the carbon star IRC+10216
Speckle interferometry at the SAO 6m telescope

IRC+10216: best studied carbon star and one of the brightest infrared sources

mass loss =~ several 107"M /yr ; pulsational period: 649d ; d = 110 — 17(Ipc

H filter

1.24 pm (J), 4/1996 1.64 pm (H), 1/1997

K filter

2.2pm (K), 1/1997

- image
200 mas  Himage conbours

H-K color image

1.1 pm HST data

o IRC 410 216 consists of a number of resolved, bright components within a ~ 200 mas radius and a fainter bipolar nebula.
s The center of the centro-symmetric polarization pattern does not coincide with the brightest component but is located north.

or even in the early stages of transformation into a protoplanetary nebula

consistent with 2-dimensional radiative transfer (Menshchikov et al. 2001)

very advanced stage of AGB evolution; possibly in a phase immediately before moving off the AGB

central star close to northern (second brightest) component between southern and northern ./-band lobes
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Dust shell evolution of IRC+10216 in the K band

Ocl g, 1995 Apr 3. 1996 Jan 23, 1997 Jun 14, 1995 Mow 3, 1998 Sep 24, 1999
T2 b U5 b ULEL Py do LB b 111
0.5 1.0 1.5 2.0 2.9 3.0 3.5
E ggg;_l ' ' ' ' ' 3 Separation of Lhe brightesl components & and B (1995 - 1999):
- EEUE_ M _ o ~ 53% increase wilhin 4 years (191 mas — 293 mas)
E{ %g% 3 , , , , L3 e LangenLial velocily ~ 25 mas/yr (15 kinds al a distance of 130 pe)

1385 1996 1897 1998 195% 2000

— 2.2 um bispectrum speckle interferametry with 70 mas resolution (Osterbart el al. 2000; WeigelL sl al. 2002)
— dynamical evolution of the dust shell 1995-1999
—+ enhanced mass loss since 1887 mass-loss timescales longer than stellar pulsation periods

(see also Weigelt et al. 1998, Haniff & Buscher 1998, Tuthill et al. 2000)
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2d-radiative transfer model of IRC+10216

IRC +10 216: Geometry | B x108 AU = 3pc =4600", IRC +10216: Geometry

————

South

West

Men’shchikov et al. (2001)
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Radiative Transfer Models

Source of radiation: black body / model atmospheres

Effective temperature (+ gravity)

Dust properties: optical constants (depend on chemistry, shape, etc)
Grain size distribution

Temperature at inner dust-shell boundary

Density distribution

Relative thickness of the shell (ratio of outer to inner radius)

Optical depth at reference wavelength

e

*

e

*

A/
0.0

/
0.0

/
0’0

e

*

e

*

/
0’0

¢ geometry: spherical symmetry / 2d / 3d

% dust formation: instantaneous / chemical network

¢ hydrodynamics: static / time-dependent

e.g. 1d: DUSTY (lvezic et al. 1997); 2d: Menshchikov et al. (1997)
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The rapidly evolving hypergiant |RC+10420

IRC+10420: only object currently observed in transition to Wolf-Rayet phase
Spectral type: F8in 1973 - mid-A today : 2000 Kin 30 yr !

Humphreys et al. (1973); Oudmaijer et al. (1996)

Radiative transfer modelling: 2-component shell due to previous superwind

TE
0.1 —
0.01 —
0.001 -

0.0001 F

Intensity (A=2.11pm}

1e-05 F
16-06 £

1e-07 b

1e-08 Lol

Blocker et al. (1999)

-300
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-100 0 100 200 300
B [mas]
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=2.11pm)

Visibility

0.8 K

RO

|RC+10420:
VLTI Simulations

Double shell nature well
constrained by observations

But: superwind strength ?

» VLTI observations will
challenge existing models

A G- I D-
baze rupedment, Ay depemdenee 4y depeelenee £ depend e
b ref b ref rb] Tef rb] ref
o2 L K-mag. | a5 0.7 a5 0.7 a5 0.7 3.5 a7 ]
o ne 0na na na ng na 1.0 O
T 0% 01% | 1ww  wR (wWE  10R | 01% 01%
N 2400 24000 2400 2] | 2400 D | 24K 2AK)D
o,y 0.0066 00072 0.0106 Qo215
0 1 ] | | |
0 50 100 150 200 250 Przygodda et al. 2001
q [arcsec'1]
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rel. position [mas]
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The oxygen-rich AGB star CIT3
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VLTI/AMBER

AMBER: Near-infrared
interferometric beam combiner

- JHK

« 3 beams

* ATs: 200m baseline ~ 2mas (K)
UTs: 130m baseline ~ 3mas (K)

« FOV (AT/UT): 250 mas / 60 mas

- R =35, 1000, 10000

» Surface structures, dust shells,
dust formation, atmospheres,
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VLTI/AMBER

lable 2: Limiting magnitudes of AMBER without fiinge tracking in the high sensifivity (exp. litne of Li m iti ng mag N itu d es (AT)

50ms ) and high precision (exp. lime of 10ns] obsziving modes with the low speciral resolotion
[R=35).

K=9.2 (no fringe tracker)

3 ATs 3 UTs
] H K ] H K 17.4 (With fringe tracker)
High sensitivity 7.6/66 8475 9186 10.4/8.8 114105 12.1/11.6
High precision 6.0/5.1 G859  7.5/69 B.707.1 9.7/8.8 10499 UTS + ~3mag

Excellens secir T omdifions ( <20% G_:I'- Hre oee) & Averi, g EEEF s comdiTioms { <&0% G_:I'- the rime)

Table 3: Limiting maghitudes ot AMBER with fid nge tracking, a total integration time ot + houis (1
exposutes of 100s) and a SNR =5 in the long exposure mode.

FOV: 250 mas (AT)

3ATs 3 UTs
1 H K ] H K
R=35 174165 18.1/17.3 74169 201/185 21.120.2 10.3/19.8

R=1000 1327123 14.5/13.6 15.0/14.5 159144 17.5/16.6 179174
R=10000 10.7/9.8 12.0/11.2 11.7/12.1 134119 15.0¢/14.1 15.6/15.1

R. Petrov / F. Malbet

Excellent secing conditions ( <20% of the tine ) & Averige secing comdilions (<&0% of rthe nine |

Evolved (dusty) stars: bright in K --- fainter in V --- some: extended nebulae
» Selection criteria: V-K; K-[12], K, V, FOV, ......
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AGE db.dat  resolved  Miras W Leo [18%8h)

AFCL 2280 {6°.18h)
CIT B (307, 10k}

IRS +10470 (115130}

JTUL CFg (407200)
LIT 3 {12°,

Fed Rectangle {—10°8h)

R L L

é".ﬁ"ﬁua {—26°,%h)

IR m—_}'[—m% .
ar | FO0UA Org 4" L)
mam e S 0 (-8 180y
3 ig (-reamd

R CrB (28°,15h) FH e am) 2 AN

TIeL AT oy dumng
A Far (M) ,

"o et (-2,
Ty ural 20wl

¢ o RET (325,18R)

B Caa {61%e3h)

most objects resolved by
speckle interferometry
with 6m telescope:

K-[12] > 5




Evolved Stars & VLTI/AMBER

Example: Survey of dust shells around AGB stars

« select objects from two-colour diagram; resolved objects

perpendicular aligned (e.g. 16m/16m/24m — 32m/32m/48m)

« 3 ATs with short to intermediate baselines of equal length V

« JHK-LR: accuracy 1%, 3 bands crucial for models

- Single telescope data (small baselines) extremely helpful for
astrophysical interpretation; new data prove models

« Chosen alignment traces deviations from spherical symmetry

» Study details of dust-shell structure (evolution) = mass loss
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Conclusions

» VLTI observations will certainly have a large impact on the study of stars
in late stages of stellar evolution (and on other objects (YSOs,etc) as well)
revealing, e.g., details of dust-shell structures and the mass-loss process.

» Radiative transfer calculations provide dust-shell properties.

Ambiguity is largely decreased if spectral information is taken into
account, i.e. photometry/spectroscopy and visibilities at various
wavelenghts probing, e.g., scattering (J), hot dust (H,K), or cool dust (N).

» Combination of long-baseline interferometry data with high-resolution
data at short baselines (speckle, AO) will be very helpful for interpretation.
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