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Solar abundances

The solar chemical composition is a
fundamental yardstick for almost all astronomy

Solar chemical composition

Protosolar bulk abundances by mass
Asplund et al. 2009, ARAA, 47, 481 42.9%



Running out of oxygen?

logarithmic O abundance
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Solar system abundances

Meteorites Solar atmosphere
Mass spectroscopy Solar spectroscopy
Very high accuracy Modelling-dependent

Element depletion Very little depletion
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Solar atmosphere
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3D solar atmosphere model

Ingredients:
* Radiative-hydrodynamical
* Time-dependent
« 3-dimensional
« Simplified radiative transfer
* LTE

Essentially parameter free

For the aficionados:
Stagger-code (Nordlund et al.)
MHD equation-of-state (Mihalas et al.)
MARCS opacities (Gustafsson et al.)
Opacity binning (Nordlund)



Temperature structure

Center-to-limb variation: 3D model has right T(tau)
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Spectral line formation

Relative intensity

Line profiles vary

tremendously across

—
o

S
[

the solar surface
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3D model describes
observations very well
without free parameters
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More observational tests
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I Solar abundances revisited

@ Asplund et al., 2009, ARAA, 47, 481

@ Realistic 3D model for the solar atmosphere
@ Detailed spectrum formation calculations

@ Improved atomic and molecular input data
@ Careful selection of lines

Element Anders & Asplund
Grevesse (1989) | et al. (2009)

Carbon 8.56+/-0.06 8.43+/-0.05 -26%

Difference

Nitrogen 8.05+/-0.04 7.83+/-0.05 -40%

Oxygen 8.93+/-0.03 | 8.69+/-0.05 |  -42%

Note: logarithmic scale with H defined to have 12.00






I Oxygen diagnostics

@ Discordant results in 1D: log 0O~8.6-8.9

@ Excellent agreement in 3D: log 0=8.70+0.05
® Asplund et al. (2009, 2012)

Holweger-
Mueller

8.69+/-0.05 | 8.73+/-0.05 | 8.70+/-0.05
8.62+/-0.05 | 8.69+/-0.05 | 8.69+/-0.05
8.78+/-0.03 | 8.83+/-0.03 | 8.71+/-0.03
8.75+/-0.03 | 8.86+/-0.03 | 8.71+/-0.02
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Two often-used 1D model atmospheres

3D

MARCS




[O 1]: blends

Allende Prieto et al. 2001:

Blend with Ni: -0.19 dex \

Johansson et al. 2003:
gf-value of Ni | blend
measured experimentally

Scott et al. 2009, 2012:
New solar Ni abundance

l

Asplund et al. 2009, 2012:
log O = 8.70+0.05

(Mean of three [OI] lines)

Normalized flux
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O I: non-LTE effects

High-excitation O | lines _ 0177719nm
are sensitive to non-LTE
effects

Non-LTE - LTE = -0.2 dex
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to-limb variations to
determine poorly
known H collisions e e
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_ Note: S, only makes sense for a
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OH lines: 3D effects

8.9

Molecular lines are very temperature sensitive

3D model: different mean T(t) and T inhomogenities

Vibration-rotation lines:

log 0=8.71+0.02
8.8
3 Pure rotation lines:
a7l o . /Iog 0=8.71+0.03
S ‘e 8.9: — ! -----------------
a.s: ............... ;
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Independent studies

3D-based solar analysis by CO5SBOLD collaboration
Caffau, Ludwig, Steffen, Freytag et al.

Caffau et al. Asplund

Element (2008, 2009a,b) | et al. (2012)

Carbon 8.54+/-0.13 8.43+/-0.05

Nitrogen 7.86+/-0.12 7.83+/-0.05
Oxygen 8.76+/-0.07 8.70+/-0.05

Very good agreement when same input data are used
» Selection of lines
- Equivalent widths

* Non-LTE corrections
(Caffau et al. do not consider molecular lines)



Independent studies

3D-based solar analysis by CO5SBOLD collaboration
Caffau, Ludwig, Steffen, Freytag et al.

Caffau et al. Asplund
(2008, 2009a,b) | et al. (2012)

Element
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Nitrogen
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Complete solar inventory

Asplund et al. (2009, ARAA):

Table 1 Element abundances in the present-day solar photosphere. Also given are the

corresponding values for CI carbonaceous chondrites (Lodders, Palme & Gail 2009). Indirect

photospheric estimates have been used for the noble gases (Section 3.9)

3D-based analysis of all elements
Statistical and systematic errors
included in total uncertainties

_ T T T T T T T T T T T I T T T T T T -
12« _l
10 j‘ 7
@ I
S - *
o
S 8 f. e ]
= - || oo [
= L VA I
= 7& | ‘ll'.« Ul f
S 6 *‘ ‘ H“ i‘l,‘“ "\//’.y‘u“\ u" ‘w 7
g H || SR
£ I
~ — | & |
S 4 7\ I ® e ]
S n $ .""\‘\R
e | - | \/‘fv
2 ‘ ‘,‘ \"/". . K,’\ t ‘ -
L | P's g \I“‘vw\("v\‘,’g \/.\. ~. ,""\‘
i o® %l er%e0,, o,
i e U\/s
0 'y _
i L L L | L 1 L L L | L L L | L L

40 60
Atomic number

Z | El t [ Photosphere Meteorites  Z | El | Photosphere Meteorites
I | H 12.00 822 = 0.04 | 44 Ru 175 = 0.08 | 1.76 = 0.03
2 | He [10.93 + 0.01] | 129 a5 Rh | 091 =010 | 106 = 0.0
3 | Li 105 = 0.0 | 3.26 = 0.05 | 46 Pd 157 = 010 | 1.65 = 0.02
4 | Be 138 = 0.09 | 1.30 003 | 47 Ax 094 = 0.10 | 120 = 0.02
5 | B 270 = 020 | 2.79 £ 0.04 | 48 Cd 171 = 0.03
6 | C 843 = 005 | 7.39 = 0.04 | 49 In 080 = 020 | 076 = 0.03
7 | N 783 = 005 | 626+ 0.06 | 50 Sa 204 = 010 | 2.07 = 0.06
8 0 869 = 0.05 | 840 = 0.04 | 51 Sb 101 = 0.06
9 | F | as6=030 | s42 %006 | 52 T | 2.18 = 0.03
10 | Ne [7.93 = 0.10] |-1.12 53 I 155 = 0.08
TRES | 624 =004 | 627 002 | 54 Xe | [224 = 0.06] | —1.95

12 | Mg 760 = 0.04 | 7.53 =001 | 53 Cs 1.08 = 0.02
13| Al 645 = 0.03 | 643 =001 | 56 Ba 218 = 0.09 | 2.18 = 0.03
14 | si 751 = 003 | 7.51 001 | 57 La 110 = 004 | 117 = 0.02
15 | P 541 = 003 | 5.43 =004 | 58 Ce 158 = 0.04 | 138 = 0.02
16 s 702 = 003 | 7.05 002 | 59 P: 072 = 008 | 076 = 0.03
17| S50 = 030 | 5.23 +006 | 60 | Nd 142 = 008 | 145 = 0.02
18 Ar [6.40 = 0.13] |-0.50 62 Sm 0.96 = 0.04 0.94 = 0.02
19 K [ 5.03 = 0.09 8 + 0.02 63 Eu | 0.52 = 0.04 051 = 0.02
20 | Ca 634 = 0.04 =002 | 64 Gd 107 = 008 | 1.05 = 0.02
21 | Se 315 = 0.04 0.02 | 65 o 030 = 010 | 032 = 0.03
2| T 495 = 0.05 =003 | 66 Dy 110 = 008 | 113 = 0.02
3|V 393 = 0.08 0.02 | 67 Ho 048 = 0.11 | 047 = 0.03
24 | Cr 64 = 0.04 001 | 68 Er 092 = 005 | 0892 =002
25 | Mn | 543 = 0m 001 | 69 | Tm | 0.10=004 | 012 =003
26 Fe 7.50 = 0.04 0.01 70 Yb 0.84 = 0.11 0.92 = 0.02
27 | Co | 299 = 007 £ 001 | 71 Lu | C.I0 =009 | 009 = 002
28 | Ni 622 = 0.04 001 | 72 Hi | 085 =004 | 071 =002
29 | Cu 419 = 0.04 0.04 | 73 Ta Z0.12 = 0.04
30 | Za 456 = 0.05 + 004 | 74 w 085 = 012 | 065 = 004
31 G 104 = 0.09 =002 | 73 Re 026 = 0.04
32 | Ge 365 = 0.10 0.04 | 76 Os 140 = 0.08 | 135 = 0.03
33 | As + 004 | 77 Ir 138 = 0.07 | 132 = 0.02
34 | Se | 0.03 | 78 P 1.62 = 0.03
35 | Br 2.54 £ 0.06 | 79 Au 0.92 = 0.10 0.04
36 | Kr [ 325 = 006 |-227 80 He | 0.08
37 | Rb [T252 =010 | 236 <003 | 81 TI | 090 = 0.20 0.03
38 | Sr 287 = 007 | 2.88 = 0.03 | 82 Pb 175 = 0.10 0.03
39 | Y 221 = 005 | 2.17 83 Bi 0.04
20 | Zs 258 = 0.04 | 253 =004 | 90 | Th 0.02 = 0.10 = 0.03
41 | Nb 146 = 0.04 | 141 = 0.04 | 92 U + 0.03
42 | Mo 188 = 0.08 | 1.94 = 0.04




(Some) Implications

@ Significantly lower solar metal mass fraction Z
— Z=0.0213 (Anders & Grevesse 1989)
— Z2=0.0143 (Asplund et al. 2009)

@ Alters cosmic yardstick
— [X/H], [X/Fe] etc

® Makes Sun normal compared with surroundings
— Young stars in solar neighborhood
— Local interstellar medium



Solar neighborhood

Asplund et al. (2009):
Proto-Sun agrees with present-day ISM and OB stars

Table 5 Comparison of the protosolar abundances with those in nearby B stars and Hu regions®

Elem. Sun® Sun® B stars? Hu® GCEf
He 10.98 =+ 0.01 10.98 + 0.01 10.98 + 0.02 10.96 + 0.01 0.01
C 8.56 = 0.06 8.47 + 0.05 8.35 + 0.03 8.66 + 0.06 0.06
N 7.96 + 0.06 7.87 e OO TT=85—0-06——L__ (.08
0O 8.87 + 0.06 8.73 + 0.05 8.76 + 0.03 8.80 + 0.04 0.04
Ne 8.12 + 0.06 7.97 =010 —8.08 2. 003 —8.00—st-86—T"T.
Mg 7.62 = 0.05 7.64 = 0.04 7.56 + 0.05 0.04
Si 7.59 + 0.05 7.55 + 0.04 7.50 + 0.02 0.08
S 737 + 0.11 7.16 + 0.03 7.21 + 0.13 7.30 + 0.04 0.09
Ar 6.44 + 0.06 6.44 + 0.13 6.66 + 0.06 6.62 + 0.06

Fe 7.55 + 0.05 7.54 + 0.04 7.44 + 0.04 0.14

Solar surface +

diffusion (0.04 dex)
(Asplund et al. 2009)

7

Galactic chemical
evolution over 4.5Gyr
(Chiappini et al. 2003)



Solar neighborhood
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Caution: Sun vs solar twins
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Precision stellar
spectroscopy:
<0.01 dex in [X/Fe]

Sun is unusual but
not unique

Chemical signature
of planet formation



(Some) Implications

@ Significantly lower solar metal mass fraction Z
— Z=0.0213 (Anders & Grevesse 1989)
— Z2=0.0143 (Asplund et al. 2009)

@ Alters cosmic yardstick
— [X/H], [X/Fe] etc

® Makes Sun normal compared with surroundings
— Young stars in solar neighborhood
— Local interstellar medium

@ Changes stellar structure and evolution
— Wrecks havoc with helioseismology



Trouble in paradise

— Convection
1 zone
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Solar interior models with new abundances are
in conflict with helioseismology

* Wrong sound speed

* Wrong depth of convection zone: R=0.723 vs 0.713+0.001
* Wrong surface helium abundance: Y=0.235 vs 0.2481+0.004



I Improved 3D solar models

* Higher numerical resolution

- 480%x240 > 9602x480
- A(log O) < 0.02 dex

-12 9 48 opacity bins
- A(log O) < 0.02 dex

* Including magnetic fields
- 0 Gauss @ 50, 100 Gauss



What about magnetic fields?
Fabblan et al. (2010): 3D MHD solar models

Stokes V, <B>=100 G
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What about magnetic fields?

Fabbian et al. (2010): 3D MHD solar models

Stokes V, <B>=100 G

0O 50 100 150 200 0O 50 100 150 200
B [C] B [C]




MHD temperature structure

T [K]
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Thaler et al. (2012):

New solar MHD models with improved opacities and

radiative transfer
Solar MHD model
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MHD and solar abundances
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I Summary

* New solar abundances for all elements
« Low C, N, O and Ne abundances

 Consistent abundances between all
indicators: [Ol], Ol, OH v-r, OH r-r

 MHD: little impact on [Ol], Ol (+ other
elements) but significant effect on OH

» Solar O abundance still likely “lowish”



