Studying Evolved Stars:
What can be learnt from
optical/infrared interferometry?
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“Evolved Stars”

0 Red giants and supergiants in the He
burning phase
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Summary

a Why long baseline stellar interferometry?

0 The special case of Miras and SR variables
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Why long baseline interferometry?

Spectroscopic measurements very useful, but interpretation quite model
dependent — no direct information on the spatial scales involved
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High resolution FTS spectra showing ISO SWS spectra (Yamamura et
low excitation CO lines from 1670K layer al. 1999, A&A 348 L55)

distinct from the classical photosphere
(Tsuji 1988, A&A 197, 185)
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Why long baseline interferometry?

O High angular imaging using single telescopes: speckle interferometry, AO direct imaging, and
aperture masking.
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Why long baseline interferometry?

O Statistical survey of a large number of stars requires mas resolution
and long baseline interferometry

L Nice complement to spectroscopy and high resolution single
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Miras and semi-regular variable giants: ideal
targets for optical interferometry

O Extremely bright in the near to mid IR (>500 O-rich and 100 C-rich

AGB stars brighter than 1J at 12 microns)
O Very extended (typical sizes of several AUs) and easily resolved
O Visual brightness change x10 to x1000 over periods of 80 -1000 days

OMI Cet, JD2452100,/563930 IRAS 02168-0312
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But hard to understand!
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Simplified atmospheric structure of a typical
Mira star, from Reid and Menten (1997)
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v Complex and
variable structure

v Chemical nature/
location of molecules
and dust layers




Interpreting interferometric data

e Apparent size variations vs wavelength:

R Leo as seen in and out of TiO bands O Ceti seen by the ISl at 11.15um
(Hoffman et al. 2001, A&A) (Danchi et al. 1994, AJ)

o Cet
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Interpreting interferometric data

e Apparent size variations vs wavelength: what’s going on?!
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0 Ceti UD sizes derived close to maximum
phase at different wavelengths (data
compiled by J. Weiner 2004, ApJ, 611, L37)
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Apparent UD sizes inside the K band for
representative O-rich and C-rich Miras.
(from Thompson et al. 2002 ApJ 577, 447)
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Interpreting Visibilities

A closer look a the CLV (R Leo, Perrin et al. 1999, K band)
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The surprise of the L band observations of

O-rich Miras and semi-regular variables
(IOTA/TISIS Mennesson et al. 1998-2000)

e Apparent UD size increases of 20 to 100% between K and L’ broad-
band measurements at ~same phase

Prvsical PROFERTIES OF Mika VARIABLES AND SEMIREGULAR VARTABLE STARS OBSERVED WiTH FLUOR/TISIS

Period dM Jdt

(days) [12] - [25] (M yr Iy Phase
R AQuarii......coovnns 387 0.40 iplo-m 3 0464003 E.H.F'E:::g
R Cassiopeiag .........oov. oo 431 0.60 1.110-% 7 0134004 1.254+0.01
U Herculis...o. oo 405 045 2610°™ 4.5 0254002 1.30 £ 0.05
¥ OVEIL o s 408 015 SE10-T B.5 0594022 1.31 £0.01
RCance .o o 362 049 2010-% 3 0364002 1434004

001 £0.03 1334012

R Leonis Minods ... 372 0.60 2RI0-T 55 0.03+£005 204 £ 005
U Ormis o 372 0.51 3010 45 0924004 1.654002
BUEI i 332 0.72 5010-™ 7 0064+ 0,03 |44 4001
R Leonis oo 30 0.26 1.o1g-T 35 1.2R+0.11
SW Virginis... .o 150 0.81 5710~ 2.5 141 £002
RTVirginis.....oooovvvvvnn 0,77 7410~ l 1.31 £0.06
RX Boolis.. oo 195 0,80 g.110-™ 1.5 1.204£0.01
gHerculis.oo i B 0.39 2610~ l .64 £003
RECancri i 120 0.66 5210~ 1.5 l.Eﬁ'ﬁ:ﬁ}E
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UD models provide bad fits for most Miras L’
observations
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Dust alone can not

explain It

(Schuller et al. 2004, Benson et al. 2003)
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K and L’ observations: the nearby extended layer
scenario (Mennesson et al. 2002)
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Simplified model : photosphere + thin layer

(Perrin et al. 2004)
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Phase K: 0,28
Phase L: 0,81

Photosphere’s diameter




K narrow band observations
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Model by Scholz & Takeda (1987)
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Fitting R Leo K narrow-band

and L broad-band data (Perrin et al. 2004)

R Leo
November 2000 - November 2001

1 i ‘ ‘ ‘ 1T ‘ T T ‘ T T T ‘ T
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0,8 — |
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i T 5 22um = 0,33£0,01
z 06 .
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Fitting Mira’s K narrow-band

and L broad-band 2000 data (Perrin et al. 2004)
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Fitting Mira’s K narrow-band
and L broad-band 2001 data
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Comparing Mira at phases 0 and 0.2

Although the change in apparent diameter is over 20% !!

T 2 03m = 0,14£0,02 T 03m = 0,63£0,21

T 150 = 0,0120,01 T 3150m = 0,19:£0,05

I

T 2 39um = 0,21£0,01 T 3 39um = 0,76£0,50
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Probing the chemical content of the layer:
the case of an S star
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T 3 30um = 0.540.03



Summary of molecular layer
characteristics

Star Phase

Mira 0.01

Mira 0.20

T Cep  0.67 2.2 1700
R Leo  0.80 2.3 1600
UOri 0.83 2.4 1500
UOri 091 2.5 1900
x Cyg 0.24 1.8 1700
x Cyg  0.76 1.9 1700
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Comparing to ISI 11.15 um data

V measurements resolving cold outer dust, then SN[ Il B
probably seeing the same “molsphere” as in the At
near IR, but with a different opacity
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Best-rirTinG H,O SHELL MODEL PARAMETERS

Year 2000 2001
Parameter Value R, (mas) 12.29 +0.02 1271 +0.15
Riger (mas) 26,84 +0.06  24.95+0.10
(€ e e e 12.78 mas T, (K) 3263 + 105 3600 + 67
To oo, 2701 K Tiayer (K) 2105 £53 1961 + 17
R o 30.32 : T2a03 0.14 +0.02 0.63 + G'EE
0o oU.5¢ mas T21s 0.01+001  0.19+0.05
T oo, 2200 K Tam 001001  0.12+0.04
N, 7.047 x 10° em™ | — T230 0.21+0.01 0.76 £ 0.50
ichelson ,
Ayt oo, 0.7214 B 0.08 + 0.01




Comparing to closest MASERS location (SIO)

(Cotton et al. 2004)

VLBA 42.8 GHz

VLBA 43.1 GHz

(T S B L AP R
. N — L l —
20 10 0 10 _20 20 10 0 -10 =20

Star Rlayor RSiO RSiO/Rlayor

R Leo 25.00 30.6 1.22
Mira  24.95 37.8 1.52
U Ori  12.00 14.4 1.20
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Some conclusions on O-rich Miras

UD models are from the past and of little use

Simple model with photosphere surrounded by a spherical thin
molecular layer of H,O and CO can reproduce observational diversity
from the visible to the mid IR

Molsphere scenario also consistent with spectroscopic
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Some remaining issues for O-rich Miras

Geometrically thin layer scenario is very schematic

High resolution mid IR spectra show no salient H,O features: only partially explained
by filling-in effect (emission from outer H,O layer, Ohnaka 2004). Points to extended
layers than geometrically thin...

Model  Cycle+Phase  Rio/R, T (K) Ty (K) LiL)

P23n 240,30 |.24 2470 2540 3570
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Application to Red Supergiants: o Ori
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Application to Red Supergiants: u Cep

u Cep
May 2002
T 3. 220m = 0,07£0,01

5 07
2
0,6 N
2.03 um (HQO} \
2.15 um (continuum 1) ;
0,5 N N
. 2.39 um (CO & H,,O} 4 TN
! < '.\\ {
04 ——— - -
0 10 20 30 40 50
Spatial Frequency (cycles /arcsec)
(Perrin et al. 2005) Mozurkewich et al. (2003) :

R.=7,06+0,30 mas Ry, =9,28+0,13mas <====p  Rig,,, = 9,34 + 0,22 mas

T.=3789£100 K T, =2684£100 K
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Comparison U Cep/ a Orl

From
IOTA/FLUOR:

From ISO
/Stratoscope I
and FLUOR
(Tsuji 2006 ApJd)

H Cep M2 lae 3789+100 | 2684+100 1,32
Star Sp T. ayer Rayer/ R«
(K) (K)
Betelgeuse M2 lab 369050 2250 1,3
K Cep M2 lae 37891100 1600 2
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Some remaining issues for Supergiants

 How does the warm and dense molecular layer

form In the upper atmosphere of supergiants,
' ation?
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Molecules around Miras, SR giants and
Supergiants: similarities & differences

e Miras and SR giants: Rjayer ~ 2R*
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Dust characterization via mid infrared
Interferometry of AGB stars

O Early results from the 1SI: narrow band, >100 Jy stars, 13m baseline

- What defines the 2 populations:
episodic vs continuous dust production
or other mechanism?

Dust far from star

o Sco 1.0 52 320 L1(-2) N N N
a Ori 1.0 46 400 65(-3) N N N
o Her 025 18 520 162 N N N . —
x Crg in 030 19 450 43(2) Y N N ation by dust composition and
U O TRAX 0.08 11 540 9.2(-2) Y Y Y
W Aqgl max 0.07 A.1 1100 ?.3(-2} Y N N
Dust close 1o star

IRC +10216 max  0.09 2.4 1360 1.2(-0) Y N N

min  0.07 1.9 1030 1.4(-0)
R Leo min 0.07 2.7 790 1.0(-1) b Y Y
o Cet max 0.08 3.0 1280 1.4[-‘1} Y Y N

min 006 3.0 1080 1.4(-1)
VX Sgr min 0.06 4.6 720 5.6(-1) Y Y Y
VY CMa max 0.05 5.3 1560 2.9(-0) Y Y Y

min  0.04 4.2 1360 2.9(-0)
IK Tan max  0.05 5.5 a90 1.?{—!]) Ay Y Y
R Aqe min 0.07 6.8 530 2.3{-1) Y N N
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Dust characterization: O-rich Miras and SRs

(RR Sco: Ohnaka et al. 2005, RS CrB: Mennesson et al. 2005)
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Dust Characterization: Nulling observations

of the Mira X Gem (Kl 2006)

X_Germ: 3 TARGET medsurements between UT 10:38:18 and 10:54:25
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Dust characterization:

the silicate C star Hen 38 b1, ohnaka et al. 2006)
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Future of AGB dust characterization by
thermal infrared interferometry

« High spectral resolution with MIDI: R=300, search for features of dust
survwmg at hlgh temperature (Al,Oy), separatlng species with
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Evidences for asymmetries

Mira HST UV image Betelgeuse HST UV
image

Mira HST
visible image
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The danger of using UDs...

e Unrealistic “size” variations

 One can conclude erroneously to :
size changes vs time or azimuths: [ UD=12.7 mas.

Viaibility
o
o

=
s
T T T 1T

Q.2

aaqr- . ..., ]

a 0 40 G0 ag
Spatlal frequency {Incecles foresec)
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The danger of using UDs...

Unrealistic “size” variations

One can conclude erroneously to G ~— lIJ[I):Illl T
size changes vs time or azimuths: I mas -
ad.6r ]
& -:].-1--— v
Q.2 |

-EI.CI- pogen gt ey | TR T [
Q z0 44 &0 a5

Spatlal frequency {Incecles foresec)

Michelson Summer School
July 26, 2006



The danger of using UDs...

e Unrealistic “size” variations

 One can conclude erroneously to
size changes vs time or azimuths:

=
o

Viaibility

=
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AGB stars phase closure measurements
(IOTA H-band 3 telescope IONIC set-up, Monnier et al. 2004)

 Work by Ragland et al 2006: out of 56 nearby AGB stars 29% show
asymmetries

Closure Phase Measurements of AGB stars

h

n

% ol AGB stars
=

n I[Irll[h;.l__IIJI.h‘IllllnllIl
il

-135 -80 -4 0 45 80 135 180

Closure Phase {(dag)

: [}

— EEEE TR NI AR
oo
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Future developments and needs

O Lots of new facilities coming on line with:
Higher spectral resolution: MIDI (R=300) AMBER (R=10000)
Multi-aperture phase closure, differential phase and imaging (e.g. CHARA)

High dynamic range: nulling (Kl and LBTI)
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IOTA — PTI — Keck interferometric

observations of the recurrent nova RS Oph

Model 2006 Feb 16 — 23 2006 Feb 26 — Mar 13 2006 Apr 0Z - 18
Parameter (Drays 4 - 11) (Drays 14 — 29) (Drays 49 — 65)

Ganssian Profile (fitting only to 1.680m)

FWHM (milliarcssconds) 2380 £ 0.05 3.47 £ 0,03 28T £ 007
Reduced ¥2 (V) 0.6 1.3 1.1
Reduced 2 (CF) 1.3 3.6 5.4
Ganssian Profile (fitting only to 2.2 0@m)
FWHM ({milliarcesconds) 206 £ 0.24 MN/A 2,00 £+ Q.09
Reducd 2 (V) o M/A 1.0
Reduced ¥2 (CF) MiA M /A M /A
Binary Model® (fitting to 1.65um & 2. 2um data)
Separation (milliarcssconds) 3.1340.12 3.23+0.13 3.4840.23
Fesition Angle® (degs E of M) 6104 FLES] ST
Brightness Ratio® 0.4240.06 040006 0.21+0.03
Reduced 32 {v2) 0.6 1.7 1.2
Reduced 32 (CF) 1.1 1.3 0.5

Calibrated KALI Spectrum for RSOph
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