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Our life: thanks to old stars
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Stellar wind: from micro-scale chemistry to
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Stellar wind: from micro-scale chemistry to

macro-scale dynamics
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Stellar wind: from micro-scale chemistry to

macro-scale dynamics
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- Chemical roadmap
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Stellar wind: molecules
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Stellar

wind: molecules
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Stellar wind: dust
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|sotopes - cosmochemistry
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|sotopes — Cosmochemistry

Table 1 Types, sizes, abundances, and stellar source(s) of presolar grains C/O

Mineral/species® Typical size  Typical abundance” Parent stars

Carbonaceous grains

Diamond Few nm ? SNe?, ?
Graphite Few um <10 ppm AGB stars (~50%), novae (<1%), SNe (~30%)
SiC (moissanite) 0.1-3 pm 10-100 ppm AGB stars (~95%), J-type carbon stars (few %),
novae (<1%), SNe (1.3%)
Refractory carbides (e.g., TiC) 20-100 nm <1 ppm (incl)* AGB stars, SNe
O-rich grains
Silicates €«===- 0.2-0.3 pm  200-300 ppm RGB and AGB stars (85-90%), novae (<1%), SNe (10-15%)
Spinel 0.1-1 pm Together: 5-30 ppm  RGB and AGB stars (~90%), novae (=1%), SNe (<10%)
Al,O; (corundum and amorphous) <——  0.1-1 pm RGB and AGB stars (~90%), novae (=1%), SNe (<10%)
Hibonite 0.1-1 pm RGB and/or AGB stars (~90%), SNe (~10%)
Si0, <— 0.2-0.3 um  Together: 1-1.5 ppm  AGB stars (~75%), SNe (~25%)
TiO; <«— 0.2-0.3 pm RGB and/or AGB stars (~80%), SNe (~20%)
MgO 0.2-0.3 um
FeO 0.2-0.3 um
Other grain types
Si;N, 0.2-1 pm <1 ppm SNe
TiN Tens of nm <1 ppm (incl) SNe
AIN Tens of nm <1 ppm (incl) AGB stars?, SNe
Fe, Ni metal (kamacite) and Fe, Ni silicides Tens of nm <1 ppm (incl) AGB stars?, SNe .
Refractory metal nuggets Tens of nm <1 ppm (incl) AGB stars, SNe Goderis 2016




|sotopes — Cosmochemistry

Table 1 Types, sizes, abundances, and stellar source(s) of presolar grains C/O

Mineral/species®

Typical size  Typical abundance® Parent stars
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O-rich grains:

2 condensation seguences

Al-oxides silicates

[1760-1300K]
Al,O4, Alumina

[1625-1400K]
Ca,Al,SiO,, Gehlinite

ﬂ [1440-1050K]
Mg,SiO,, Forsterite
[1450-1100K]
CaMgSi,Og, Diopside ﬂ
[1350-1040K]
ﬂv MgSiO,, Enstatite
[1360-1000K] ﬂ
CaAl,Si,0O4, Anorthite

[1100-950K]

[Mg,Fe],SiO,, Olivine Tielens 1998



' Driving a wind...

Photon absorption

Photon emission or scattering

L STAVAVAR ‘ -—)
Gas molecule

@ — s




too hot

=

O
™~
N
<
>
Qn
2

Woitke 2006



Size matt

ers

cm

2]
3
O
©
c
]
(&)
@
o

Ho6fner 2008

-3.5

log( wavelen

Rayleigh
scattering

Mie Scattering,
small particle

-
Mie Scattering, 7N

large particle




-rom molecules to grains
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- -rom molecules to grains
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- -rom molecules to grains
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' -rom molecules to grains
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atoms ——=) molecules —=p clusters—=—=) dust grains
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nucleation condensation

% — ¥ B> Goumans 2012, 2013

A bottleneck
S o
9e TiO, A0, Si0,

e
? s TIO AIO YO sio)

high abundance low abundance
high bond energy

-no stable cluster
-nucleation rate too low




Cross-section

ASTROPHYSICS
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IIl. Corundum: conundrum




Crucial role of
spectral information

temperature: ~2000K ~1000K

intermediate outer bow
wind wind shock




ALMA

Crucial role of ALMA

g
—
&
i
E
S8

L .\
:‘ o & ﬁ\

2009-2013

— 930 molecular line transitions: 2hr

K.U.Leuven

()() 8() 1()[) 1 () l ll) Ic 0 1 i() (][) 22{)
Wavelength [z m]

Royer 2010

>50 targets



Crucial role of ALMA

— 100s molecular line transitions: 2Tb
spectrally resolved + channel maps

IK Tau & R Dor
Decin, L. £A ]
K.U.Leuven
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Crucial

role of ALMA
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— 100s molecular line transitions: 2Tb
spectrally resolved + channel maps
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- Dust species

RDor: M =1x107 Mg, /yr = low M — corundum + amorphous Al,O,

sun

IK Tau: M = 4.5 x 106 M ./yr = high M - silicates
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" KK Tou (IRAS-LRS)
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- Dust In R Dor

Norris 2012, Khouri 2016
V - Dec 2014 CntHa - Dec 2014

O = stellar surface

- Large (300 nm) grains at 0.5 R-
- Composition?:
Fe-free silicates or Al,O4
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- Dust In R Dor

Norris 2012, Khouri 2016
V - Dec 2014 CntHa - Dec 2014

O = stellar surface

- Large (300 nm) grains at 0.5 R-
- Composition?:
Fe-free silicates or Al,O4

—-120 -60 O 60 120 -120 -60 O
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' Al-bearing species

R Dor: M = 1 x 107 M,/yr
> AlO, (AIOH), AICI

IK Tau: M = 4.5 x 106 M,./yr
> (AIO), AIOH, AICI
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FIit model to data

NLTE radiative transfer

SE rate equations

dni(F) & N
at > ni(F)Pi(F) — ni(7) Y Py(F) = 0. L
" " ti f
conservation o
Rates per particle
P/'j = Ff,'j + C,'j. - mass

Bound-bound radiative energy

Rj = Aj + BjJ.,. momentum

Radiative transfer

= —=S,(r) + (T, n)




Fit model to ALMA data

R Dor AIO (300 mas)
I [

—— Model result
—  ALMA
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344.45 344.50
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Al-bearing molecules

[}
]
c
©
o©
c
S
Q
©
©
c
o
=t
O
©
—
L

A\
10
Radius [R,]

Fractional abundance

Lo
10!
Radius [R,]




Al,O5; dust in R Dor
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Al,O5 dust in R Dor

Al,O4 emission from outflow

Al,O4 emission from
GBDS+outflow

Flux [Jy]

|
. _ g
T(Al,O4) ~1200 — 1600K Al,Os

l WIND ONSET
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| crystalline! |

!

| 11 micron feature? |

DUST-FREE Khouri 2015



Large aluminium

Postulate:

clusters: (Al,O,), (N>34)
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Very small (Al,O,), (n<4)

clusters?
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DFT -
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8005—
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20
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Very small (Al,O,), (n<4)
clusters?

S e
Vi, JMJ\’W ] correlation, but 1?
iy

need ELT/METIS!




Conundrum ...

Norris 2012, Khouri 2016

. \ ?
v

- Large (300 nm) grains at 0.5 R.
- Composition: Fe-free silicates or a-Al,O5?
—> First condensation seed?

= stellar surface



Conundrum ...




Back on Planet Earth

Grain T103

Fig. 2. Electron diffraction pattern from T103
indexed to the corundum structure.

Stroud 2004

Grain T96: amorphous - no (<0.05 weight %) Ti
Grain T103: corundum (a-Al,O3) + 0.1 weight % Ti

+ lack of subgrains in T103 & T96 > Al,O; is first solid to condense (not TiO,!)
(Twt% Ti = 60 nm TiO2 - not detected; Ti to stabilize corundum)




Al,O4- conundrum

Pulsation-induced shock
non-equilibrium chemistry
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Phase &

Gobrecht, in prep.



Laboratory experiments

’: CN + NH3 gims et %@L

(high temperature)

Y

400




Laboratory experiments

<> = CN + NHj3 Sims et al.
( low temperature)

factor ~10

difference _ ., (O = CH+NH;
(present results)

- ’: CN + NH3_ gimsetal. . ~~

(high temperature)

400 1000




Soon to come...

Abundance of TI110020 time step 025

10 10

102
1()—1()

5()() 1000 1500 2000

Temperature (K) Boulangier et al.
in prep.




V. What about exoplanets




L, Pup

VLT/NACO: 1 -4 pm: edge-on dust disk, at i~84°

Stellar wind

« | \lz

Dust disk plane

— e —
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Kervella et al. 2014



Kervella et al. 2015: SPHERE

V band (554 nm)

Southern cone
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L, Pup

32 mas

Kervella et al. 2015
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L, Pup
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HSi0(v=0, J=8-17)
vy = 342. 9805 GHz

M, = 0.659+ 0.011+ 0.041 M
velocity: Keplerian - sub-Keplerian

—— | Mg=12 £ 16 My, |

_" Misc~0.01 Mgy ‘

Photosphere

Inner rim

Companion (SPHERE)

M sin(i) =0.653 £ 0.011 M,
Va R® with a 0.85+0.06
East inflection

West inflection

303 02 01 00 —ol =02 03 Kervella et al. 2016
Position offset on sky (arcseconds) Homan et al. 2017

Velocity - 33.0 km/s (v=342. 9428 GHz)
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L, Pup

- Isotopes: disc ~ AGB composition
- Timescales: planet not formed in disc
- Roche lobe B: 0.3 AU

- Plume/loop: related to potential
accretion disc around B

Future of our Sun

Kervella et al. 2016
Homan et al. 2017
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