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Model atmospheres with synthetic spectra:
standard tools for analysis of stellar spectra

« Basic assumptions: 1D, HEATE-MET
3D, (M)HD, SE

Cf: BG, IAU 265



Nordlund, Stein, Asplund, Collet,
Freytag, Ludwig, Steffen, Vogler
3D HD




SE (non-LTE)

For individual atoms in given model atm: 2000-2010:
> 20 elements studied for solar-type stars
Collision-rates improving
Full SE model atmospheres: Anderson (1989),
Hauschildt & Short (2005, ...) Fe | 494 levels 6903 lines

24 elements in SE

6 ion. stages

464 states, 6903 Fe | lines
617 /13 600 Fe Il _
1 600/ 35 000 Ti+Mn+Co+Ni : | N

OB Ty 3
0°S°P *P*D *DF *F*G *G°H *H**I**S *P *P*D °D°F F¥G *G*H *H°¥*'P 'P*D 'D”F*G 'G*H 'HI 'Isum




Consistent 3D + HD + SE

« Still missing!



Consistent 3D + HD + SE

« Still missing!

But probably needed.



Relative intenaity

o

o o -
h oo ()
Frrrprrrrrrrrrpr1

o
'S

<
o

o
o

Checks of 3D and SE needed for stars!

(Cf work on Sun by Asplund, Allende-Prieto, Dravins,
Kiselman, Koesterke, Nordlund, Pereira, Stein, ....)

Fel

) = 608.271 [nm]
x = 2223 [eV]
leg gf = —3.573
leg ¢ = 7.580

11

Relative intensity

ST T ST S AT T N BT S T N B SR
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7 —- Sy =03
4} — SH - ]. .
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LTE
3L L L L L 1 s I
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PSR T [N T T S N T T T T SN S S N T
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Model atmospheres with synthetic spectra:
standard tools for analysis of stellar spectra

- Basic assumptions: TIHE~ETE, MLT

3D, (M)HD, SE

Dramatical improvements:
- basic consistency
- error control
- accuracy (?)
(limitations: physical data, observations,
resolution in models, remaining simplifications)



Observations {mmm®) Model atmospheres

Main results

* Teff’ |Og g, (M’ La R)’ {Ai}i=1,N
* Vatm’ Vrot Sin i’ V((]))

. <§>

» Surface distribution of T, A, B

y wun=s

To which extent do these constrain models of stellar
evolution? How accurate are they?

What can they be used for?



Spectral diagnostics

T solar - type stars: ¢ ~ 100 K (cf. Casagrande et al. 2010)
red giants: 100 - 200 K
log g, solar-type stars: € ~ 0.05 (Fuhrmann 2004), red giants ~0.2

- Cf. Asteroseismology
(CoRoT, Kepler) 20F- E
&(R) ~ 3%, £(M) ~ 5% ;
=> ¢ (log g)~0.03dex! " GUE st

see Kallinger etal. (2009)  * [ . - dnee e 0
Stello et al. (2009) e

Tyr [ K]



Chemical composition

* log A ; Errors ~ 0.1 dex (sun, solar-type stars)
« [X/Fe] ~ 0.1 dex, RGB: 0.1-0.2

AGB: 0.2-04

Possibilities to decrease errors:

- Improved obs. data (R, S/N, Spectral range)
- Improved phys. data (ident, gf, D, , {c}, ...)
- Improved model atm.
- Differential analysis
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Ex. 1. Was the proto-Sun completely mixed?

* Melendez et al. (2009):
Sun vs 11 solar twins ¢ [X/Fe] 0.01

Sun dUSt'depleted 0.10 : | rrri‘(-)le,ivt kl(,‘.\;)v = O‘A 011 dex |

o(refractories) 0.007 dex |

0.08 |- <

Disk only prevails
~ 10 Myr, but conv. zone

0.06 - |~

T twins>)

004 - =

deep until ~ 30 Myr

(stand. models).

However, Wurchtel, f e

Klessen, Tscharnuter 2002 2.
(2002, 2003) suggest oo =0.08 dex=20% L
Sun was never fully 008 L

T:?«’:nd ( l\)

convective!
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Ex. 2. Magnetic-field distribution on T Tauri stars

« V2129 Oph, BP Tau (Donati et al. 2207, 2008), mapped fields
« Piskunov et al. (in prep): TW Hya, V=11.1, ESO 3.6m + HARPS
v sini=6km/s
Intensity o S o o B

. Jan 10, 2010
= ; Jan 6, 2010
oF - Hel D, | - Jan2,2010
5865 5870 5875 5880 5885
Circ. Pol.
02! ~102 gauss,
01 rot. mod. field
0.0 A v+
o stronger field
~in variable

L L " 1 " ﬂ L
5865 5870 5875 5880 sssaccretion flow



Stokes X/I.

Magnetlc f/eld on a Cen A

Stokes V
| ! | !
1.4 -
1000 x Null(V
1.2 ]
1000 Stokes \"
oo G . v'l'-'f"LA-LAJ-R
R T YRR Y f‘r 'YTTL 'YW W yav.ymw Yn
A N \01 G
ok \?gg Stokes | i
0.8 -
0.6 -
0.4 | | |
-60 -40 -20 0

AV (km/s)

20

For Sun, at maximum:
2 gauss.

Cf. Donati & Landstreet
(Ann. Rev. A&A 2009)

e.g. T Boo (F7),
polarity switches 2x
In two year
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Ex. 3: "Diffusion” in solar-type stars
« Korn et al. (20006), Lind et al. (2008): NGC 6397, [Fe/H] ~ -2

TOP SGB bRGB RGB TOP SGB bRGB RGB
62 y - ™] 50 - - -
14l a i
o 6.0 ] 4.8 I C
+
= ] L Initial chemical composilion: solar; Age: 3.7 Gyr
Eh 146 T T T T T T T T T
= 0.00 v B | S I | ]
-§D ' I~ ."’l e 1r .l’l-' e 1r ./7(' ’,,ﬂ" -1
56 44} . - [ 1F o 1r [
s # e .
4 - 44 <4+ / - - /| .
] 005 [ /] 1F / 1F 1/ -
54 , . L 142 . . . C f 1L I,"/ 1C ;/a ]
6500 6000 5500 5000 6500 6000 5500 5000 L ‘/ 1k Jk i
T T T T T T ~ \J 1r 1r 3 T
34 158 o010 ¥ Mg ] . Al 1k Si .
i Ti 1ecl Fe 1 PP IR EPREPEPEY P | PR BRI BRI B | P S B
(: 3'2 | 5'6 | _| T I LI I L I T I_ _l T ] T 1T ] L I B § ] T ][ T I T 1 171 l L L L ] T ]
¥ 0.04 =, Els el =
s saf 002 :—(\ 1k 1F .
= ] C 1k 1k .
& ] 0.00 -\ """" 5> Aebebi o [ > A e | S p ]
a 52 F L ~ JE T\ -~ PR | N L]
LT =1 L | g _",d" 4 kL d . ol Jd L /N o N
ot 002 F | Fl T 4} =
1 1 g K 1F % Ca 1F ™~ T 1
2.6 . . . 150 . . . 10.04 = == q4F -
6500 6000 5500 5000 6500 6000 5500 5000 A EUETI RETTEEY: | I FWETE FUETI I, | 1 FEUTS N T BT,
effective temperature 7 [K] effective temperature 75 [K] _8j89 — I ] T — T | | I
0.00 _/‘ ............... _: L. A o | R —
r e - el o I
-0.02 |- [ o ar /[T 1r { e

oot ff e
« Expected for M67 ~ solar cel it
Cr 14 4

~0.08 | E| Fe 1l pa

(O. RIChard): _0‘10 :I 1 I 1111 I L1 I 1 I: _1 1 l ) - l ) - l 1 l- _l 1 l 11 11 l 1111 l 1 l_
6000 S5000 4000 6000 5000 4000 6000 5000 4000
Teff (K)

Models with atomic diffusion

T
.—‘_\-‘g‘.\_

1il

T
.

|

T

“s«,{
|
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0.8

[N/C]

0.4

Ex. 4. 1:stdredge up

Smiljanic et al. (2009) 10 open clusters

| . )
®
[ )
L . : A
A nm ® T
"o 2 o -~
- - ____,._,—-" A |
— . _
| |
@ — + _
| |
| | | | |
2 25
MClump (M(.))

Shaller et al. (1992), Molawi et al. (1999) models

0.2

[Na/Fe]

-0.1

-0.2

1.5

MClump (MO)

3.5
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N(Li)

Ex. 5. More mixing on RGB

u- or thermohaline mixing 80

Eggleton et al. (2006, ...)
Charbonnel & 20

3He(3He,2p)4!-Ie Zahn (2007) - I
f [FeH]=-18 £ °f

12C /13C

lllllll'lllllllll

llllllllllllll llIIIIIIIlIIIIlIll IlllIlIIllIIllllIIlIl

‘ﬁ‘ -
v/ -1.3, -0.5 :
1 —+ } }
, — 05F :
WL & o B |
r E. 0 o oP o © _
—-0.5 . . . | . . | . . . . | . =
0 1 2 3

TABLE 3

, Also interacts with rotational mixing!
12C/13C RaTiOS

X = 0.70, Z=10.02 X = 0.738, Z=0.001 X=0.74, Z = 0.0004

Mass FDU Final FDU Final FDU Final
080 36.9 15.9 34.1 53 35.0 4.2
085 i 34.0 15.3 31.5 5.0 31.8 4.0
090, 322 14.5 29.6 4.9 30.0 4.0
1.000 i 29.5 13.4 273 49 27.4 4.0
1.25 e 25.6 13.0 243 5.0 24.3 4.1
1500, 23.6 13.7 243 52 22.7 4.6

200 223 17.0 21.2 14.2 21.0 21.0
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Relative Flux

o
o

o
o

0.4

Ex. 6. Mass loss at He-core flash

Massloss? AM~ 0.2 M (

Mixing?

« Early R-type stars, at clump, C enriched, no s-enrichment

« Zamora et al. (2009):
Errors in [X/Fe] 0.2-0.5 dex

Lee et al. 1994,Caloi & D’Antona 2008)

« Spectrocopically (log g) very difficult
« Asteroseismology -- possible

12 + log (Li/H)

6708.5

6707 67075 6708

8706.5
Wavelength (A)

68709

1 LA A
'Y A A
A A
o
0 _‘. ..................................................................................................
: [
[ : “mostly” upper limits ~ ®

B :expected for post-tip stars .




Ex. 7. 3:rd dredge up on AGB

Satisfactorily consistent picture. C increasing, s elements
produced, for low mass stars by 3C(a,n)°0.

Still considerable errors. IR+better line lists. Also problems (e.g. CH)

Note testing of reaction rates, 3a,'%C(a,y)'°0, ...
From Wylie-de Boer & Cottrell (2009)

Zr lines: |

5 ?\llmlﬂ}b((g\f‘\\,ﬁwmﬂﬂ‘.n'\
LY A1
Vo

Relative Intensity
w
0p
w

N

~
—
2
2
9
4
—
S
=

T T

N '(VM\WW| 'r\'f_vhﬁ ]

6135
Wavelength (&)

614

[s/Fe]

[1s/Fe], [hs/Fe]

This study [Is/Fe]

> This swey hsre) F1]l@d [Is/Fe]
" SL85 (Is/Fe] A
-iégj.ﬁ%ﬁj Open: [hs/Fe]
= A02 [hs/Fe

o0
G o
[ ] A
] O R
5 O
| |
9
g B A AA -
o
n ® O
® A
AA
a O[ﬁ Fay A
|
n P
ok on H Q g ]- .
L IDJ PR PR PR | PR |
0.4 0.6 0.8 1 1.2
C/O



Relative Flux

F in N stars (Abia et al. 2009)

14N(oc,y)18F([5+)1f3O(r]3,<>c)15N(<>c,v)19F Jorissen et al. (1992)

14'}1”@)140 Should correlate H_F IR lines
with s elem. High log A(F) ~ 5.5

13C(a,n)1%0 Abia et al. x 1/10!
Blends!
’ ' | ' T T ¥ T I | T LA L T T T T [ T T T T ]
° - e 7T 1 _ 2 My, Z=0.006 TP-AGB ﬂ
Nee R /
a.. .. l.\ }‘v
ol FRScl o
- ,// l"\\a
" ? I
L 4 m \ by
~ | IV [ Iy
1~ PAREN >, bRy LA ¢ |
L / P d [ '\ / A ‘|| (.
' ¥, N I
N / | | v
}J , : : : n II;l |. |h' -
0.5 ;* v \\ ,'! . _1": \\u I{ ‘ |
) AQ Sgr \ .; :I"I |\ \ \l\’r v :
N : \/' 4 0 _- R Y A A i
I | R9 HF |
0 L— | — — — R RS
2.335 2.3355 2.336 2.3365 20 40 80 80

Wavelength (um) 7 (Atomic number)



Are present N-star model
atmospheres realistic enough?

 Non-LTE, 3D, convection, magnetic fields?

« Extended -- by turbulence
and pulsations
« Seriously affected by dust

"V-R CH problem” of Lambert
et al. 1986! mmp

log (We /0 )calc.

-5.5F

-5.0

I
o
N

-50

L4 J 1 1 1 _J

| SN NS [N BN N RN S B N | T T T
| RY Dra 1 TXPsc ]
s gf x0.03 a J egfx) + 4 i
- ] ogfx03 & i
£ g
- 0 1 +gtxon F+ ]
- + d)o o i
- ey 379 .
i *
i o
...................
L] L) T L '717 llllllllll
| UHya s & UU Aur
n + 4+
i @&

-50

-55

log (W5 /07 gbs.
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See talks by Hofner and Ramstedt!

1.0
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Ex. 8. R CrB stars and H-deficient C stars

« Asplund et al. (2000): abundances for 18 stars.
Double Degenerate or Final Flash?

”C problem”

Cl lines vs CI continuum x4!

15000 : |

Taﬂ=7000
log g=0.5 [cgs]

10000

|

Temperature [K]

5000

|

107 107° 107° 107" 1 10"
Optical Depth Tgee



Ex. 8. R CrB stars and H-deficient C stars

« Asplund et al. (2000): abundances for 18 stars.
Double Degenerate or tmrret=tzrstr—

JJ JJ
C problem But: 80/1%0 very high!! (Clayton et al. 2006 ...)
Cl lines vs CI continuum x4! .
and A(F) very high (Pandey et al. (2006 ... )
16000 | | | | T
r 11T '
= _ HD 137613 ]
Teur=7000 £ o5 UKIRT/CGS4 20050304 -
log g=0.5 [cgs] (:‘ %’\*W“W‘\ } ]
_ gL ]
‘?10000 - = = I fmw ’!Mﬂ 1
5 T o2r y
- it L ‘
_ ~ : ; .
g = M W \Ww& I WM i
T
2000 1 ::? | 120180 210 3—51 412 5i3 si4 }7_5 gis 9_7
= l I 120180 2—10 3-1 14-2 5-3 6—4 7-5 A1
I S R PR T B O T PN TR SR TR N Y SR S T S
1(;" 1(;" 1(;'2 1(;" i 10! 1 2.25 2.3 2.35 24 2.45 2.5
Optical Depth T Wavelength (um)

Sakurai and FG Sge may be FF (cf poster by Herwig et al.)
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Conclusions:

Model-atmosphere errors limit quantitative checks of stellar evolution
Improvements developing -- basic data, consistency, resolution
Support them!

Verify (or disprove!) advanced models observationally!

Work strictly differentially when possible!

For solar evolution -- open clusters!

Seismology + GAIA will give great solar-mass sample

B-fields, differential rotation, doppler imaging, interferometry, will be
needed for checks of models

Solar history and future will give much more input into geophysics,
climatology and planetology

Our field has a great, and more significantly, important future!






