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3D RHD simulations of stellar surfaces

B Objectives :

The role of convection in stellar physics

-Transports energy to the surface
-Mixes elements

-Drives magnetic dynamos
-Excites p-modes

-Modifies spectral lines

The need of 3D hydrodynamical simulations

-Convection is by nature a 3D, time-dependent,
and non-local process — Cannot be well described by 1D hydrostatic

-Determine stellar chemical abundances and Vrad from spectra
without free parameters.



3D RHD simulations of stellar surfaces

B Numerical approach :

Details of simulations

B4 4

e 3D compressional hydrodynamics §
e Radiative energy transfer (cruciall) | B
e Sufficient grid resolutions (~23 kms at 250%) Ry
o State-of-the-art equation-of-state r

and opacities {(continuum and lines)
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Parameters:

Effective temperature : Teff
surface gravity log g
chemical composition : [M/H]




Gband (0.1", 21x17 Mm)
Courtesy L. Rouppe van der Vuur_t
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3D RHD simulations of stellar surfaces

B Numerical approach :

Conservation of mass:

6£—3T= —v:Vlnp-V-¥
Conservation of momentum:
%= —v-Vv+g-— §VlnP+V- o
Conservation of energy:
Oe _ P_. _
5 =—v-Ve—;V-v+Qrad+Qﬂqc

(Zraq = radiative heating/cooling rate

Stein & Nordlund (1998)



3D RHD simulations of stellar surfaces

B Numerical approach :

1007 - 200°

Spatial derivatives : High order (6th) compact scheme &ﬁﬁ_.f
gfioi+ £+ 380 = (ficz — 28fi1 + 28fip1 — fig2)/(3662), b (==
Z 4 I+ R fl) = (Bfica + 48fiy — 102f; + 48fiy1 + 3fir2)/(4462%) A - _""":',:;- - g :":, g
T T
L ——1_| L~
— LT
— reach almost spectral accuracy —L1”

— Stabilized by hyperviscosity viscosity

Time advance : 3rd order leap-frog

(predictor) /™ =af"" +(1-a)f" + b[%] At

a=r (243 c={1+r1f(2+ 37

n n+l 2
(corrector) ™ —gf™' +d-a)f"+ b[%} + c[%] B= (142 (2430 p= AR



3D RHD simulations of stellar surfaces

B Radiative transfer :
Stein & Nordlund {2002)

e Pure LTE (no scattering) // H’al: fujﬁ/

e Non-gray /| }’? H&
r 1)

e calculate cooling/heating J - B by solving ;’( 1'%&7/
Feautrier equations along 1 vertical + 4 inclined rays /" /- ' h‘x\
through each grid point at the surface /iff A\ /

/ L )

H"L
L v/ A

p=cosd=11/3 (w, =1/4,3/4]

¢ rotates by 156° at each time step

— Interpolate source function + optical depth on the rays at each depth.



3D RHD simulations of stellar surfaces

B Radiative transfer :

Q}‘ad = 4?3-..."{,1('],1_8,1)6”'
A

Solve RT for q = J - S to avoid roundoff errors at r—« (J—35)

q,=F,—3, PAZ%(]IJF@)

Modified Feautrier scheme

dg d S
d’q, d*S, =gy Sy

5 T, 1,
dr,

(7 —0)

2
dr,ﬂ, g, —>0 (r—c0)



3D RHD simulations of stellar surfaces

B Radiative transfer :

; 1 y)
q
| g A _ gk ogd A
J J-1 J+H J-1
1 1 2
A
—g |1+ +
: tt ¢ tt -t ¢t -’
i J-1 i+l H J+l i-1
; 1 2 . 1 2
+ g +1 Fi A — S 1 A A A
g T — T T — T ’ Tr -7 T — T
I+l 7 J+l -1 7 i-1 F+l i-1
. 1 1 . 1 )
-8 A T A A + 5 41 A PR A
g r —-7T T — T T — T g T — T T — 7
7 i-1 J+l 7 i+l -1 7+l i i+l i1

Stein & Nordlund (2002)
Alq , +Blq; +Clq] =D
J -1 K J J i+ J

— (Gauss elimination of a tridiagonal matrix (forward elimination, backward substitution)



3D RHD simulations of stellar surfaces

B Radiative transfer - opacity binning
3D RT more CPU demanding than 1D (Nx x Ny x N¢ x Nt~ 104(7-8) 1)

— Cannot solve RT for thousand of lines
— opacity binning method (Nordlund 1982, Sharklien 2000)

The wavelengths that reach ra =1 at the same depth are collected in one bin

Qrad — IKZ (J/’L - S/’t )dﬂ' - Z Z K.ﬁ; (J;“; B S’?b" )w’lf

i)

/ \ Wavelength index within bin i
Group index

i=0 (continuum), 2 - 3 {(weak, intermediate and strong lines)
Assume K~ 104 *K_D



3D RHD simulations of stellar surfaces

B Radiative transfer - continuum and line opacities

Continuum opacities (Uppsala, Gustafsson et al. 1975 + updates)
K = TrxkKeR

Line ODF
(Castelli & Kurucz 2004)

Ly = :
{"1‘ )r*]%‘ (h )r*[{ i
Z ; I S '_.:'tJ, fa2 | 1 rJ'.H},
h Aje :"'-_,f i A Z YTy —-—1;.”. Wy,

i | jli=1) Rl L& b
—TA, /2 Oy, s o ]
‘I i }'J d '”‘ '-.j'.-"-l{ Z g J iTH o __ Wyprgey OOF {126 glon] ey}
Z }LJ )l"l [ }I"I . r — Uppasla ODF {42 gionl Enea) ]
] ili=1j E 3

L i
Lt pL ]

— Store in table K{p,T) (for details, see Stein & Nordlund 2002)



3D RHD simulations of stellar surfaces

B Radiative transfer :

Courtesy A. Végler, M. Schiissler



3D RHD simulations of stellar surfaces

B Convection properties - 3D structure

- 253 x 253x 163
- 9rays /LTE
(2 u, 4@ + 1 vert.)
- 4 bing
- 1 snap / min

Bigot (2006)



3D RHD simulations of stellar surfaces

B Convection properties - surface intensity

Raw (253°x163) Raw (253?x163) Solar Swedish Telescope
+ psf+noise 2004

Courtesy L. Rouppe van der Voort



3D RHD simulations of stellar surfaces

B Convection properties - Velocity field

Intergranular
lane

Granules

“Fountain-like”
behaviour




3D RHD simulations of stellar surfaces

B Convection properties - Velocity field

V., at z=0 Mm

Number (normalized)

Stein & Nordlund (1998)



3D RHD simulations of stellar surfaces

B Convection properties - voricity

Granules
Inter-granular

~ laminars
— turbulent




3D RHD simulations of stellar surfaces

B Convection properties - voricity

Courtesy B. Stein & A. Nordlund



3D RHD simulations of stellar surfaces

B Convection properties - structure
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B Convection properties - structure
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3D RHD simulations of stellar surfaces

T

T T l T
T, =5800K
log g = 4.44 (cgs)
[Fe/H] = +0.0

oo el

Depth (Mm)

Asplund (2005)

— Small corrections for solar type stars at [Fe/H] ~ [Fe/H]e



3D RHD simulations of stellar surfaces

O Trad rms = 4.2%

?‘l:llllll'!lrll T T T T T T T T T T T T T T T T T T T T T T T T L

B0~

To (0 = 0.6 um) [10° K]

Large 6T fluctuations hidden |
(role of H minus)

o OTgas rms = 11.9%

(<T0eum>=1)

&
T...(<7 =13>) [10° K]

§a8

— for given Teff, 3D temperature > 1D temperature !

A=006um: 6l rms (simutpsh= 12%

(17% without psf)




3D RHD simulations of stellar surfaces

B Convection properties - brighness fluctuation

ol rms = 18% ol rms = 15%

grey 4 bins

Intensity [101“ erq s_1cm_‘°‘9'ter_1]

Végler (2004)




3D RHD simulations of stellar surfaces

B Spectral line synthesis

| Average profile

(spacial and temporal)

The final line profile 1s the result of a temporal and horizontal averages



3D RHD simulations of stellar surfaces

B Spectral line synthesis - effects of stratification
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Nissen et al. (2000)

— Asymetric line profiles reflect the asymetry between up- and downflows !



3D RHD simulations of stellar surfaces

B Spectral line synthesis - convective shifts
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3D RHD simulations of stellar surfaces

B Spectral line synthesis - without velocity

1.2 '

1.0
0.8
0.6

0.4

0.2 - - —
I ~ 0.Bkm/is
0.0 N T
—-10 -5 o 5

Wavelengihs [nm]

Shape, shift, depth — all wrong!

Fel 615.16 nm



3D RHD simulations of stellar surfaces

B Spectral line synthesis - with velocity

| P T T e e e e e e
1.0
0.8

0.6

0.4 |- .

Fel 615.16 nm

0.2 =

B0 [ e T T T
-10 -5

o
Wavelengihs [nrn]

No need of tuned parameters |



3D RHD simulations of stellar surfaces

B Spectral line synthesis - effects of numerical resolution

Observations
aCenA (Harps)

Fe | 608.27nm
log ¢ = 7.63

Profile

04|
125 x 125 x 82

0.2
: 253 x 253 x 163

608.240

GIU -l 1 1 1 1 I 1 1 1 L L L L 1 1 I 1 1 1 Il L L Il L 1 I 1 1 1 1 1
608.210 608.220 608.230
wavelength [nm]




3D RHD simulations of stellar surfaces

B Spectral line synthesis - effects of numerical resolution
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3D RHD simulations of stellar surfaces

B Spectral line synthesis - Chemical abundances - 3D vs 1D
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B Spectral line synthesis - Chemical abundances - 3D vs 1D

Procyon 3D (7.40)

3D RHD simulations of stellar surfaces

Procyon 1D (7.30)

7‘8,
7.6 « £0 . ° L .« o -
S Y . % II"‘-. . . . i
7.4r . . . % y I 3 4:'_‘%# "
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7.0 . . . . .
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x (eV) x (eV)

Ag (Fel)
= +0.1 dex

Ag (Fel)
= -0.06 dex

Alliende Prieto al. (2002)



3D RHD simulations of stellar surfaces

B Spectral line synthesis - Chemical abundances — oxygene problem

Asplund et al. (2004) re-derived [O]-abundance

— New solar [O] = 8.66 (was 8.93)

— correction 0.27 dex = (3D + NLTE)
lines log eq

iD HM MARCS
[O1] BOR£0.01 876x0.02 872001
Ol 8.64+0.02 864 =008 872+0.03
OH vib-rot 861 +0.03 887+0.03 874 +0.03
OH rot 8.65+0.02 882+0.01 8.83+0.03

Ralative flux

1.1073

0.70 -

3D LTE|

1.103

0.70 -

1.|u§
1nn—
n.au-z
n.m-g

0.70 3

777.52

777.54 77756

Wavelangth [nm]




3D RHD simulations of stellar surfaces

B Spectral line synthesis - Chemical abundances — oxygene problem
Decrease of solar abundances © 48%), C (35%), N (27.5%), Fe (12%) ... (Asplund et al. 2005)
— hew metalicity Z2=0.012 (was 0.018, Grevesse & Sauval, 1998)

With new CNO {Asplund et al. 05)

\ + GNI3 M xture
T T 10 a GNI3M x !
0.03F d 1 Farguson | owT JOpac o
. - o Aspls M xture Dﬂco‘:‘
i E 8 1 ! o i 5
b = = o,Go0
0.02 | o= OO0 O a
L " Cand™
" ! " “la ﬂgnﬁﬁ
+ With old CNO 23 i
= ED 4 L !
3 . 2 > &
o
0.00{ 2 408 1&%"
(=] o £
Eo O —F+* 0 "
: &
—0.01 f J
— -2 L P
0.0 o

500 1000 1500 2000 2500 3000 3500 4000

Guzik et al. (2006)
— Disagreements with helioseismology !

— change of [Ne/H], opacity increase etc but cannot restore agreement



Temperature (K)

3D RHD simulations of stellar surfaces

B Spectral line synthesis - Chemical abundances — metal poor stars

Asplund (2005)

L U R T IR I R S L LTE analysis Asplund et al. 1999
g b T K Cine HD 130283 HD 84937
[ logg=4.44 (cgs) [nm] D D" D ID*
10.000 - [Fe/H]=-3.0
E Li1670.8 1.78 2.12 208 2.28
8000 F Beniidl -0.92 —1.06 —0.85 —0.88
I Bi1249.8 —{1.41 -0.21
L = K 176949 260 2.74
Feif LAT(0.16) 5.02(0.17) 5.10(0.12) 5.3T7(0.11)
2000 Fe Jlb SAG{0 100 508 |:|J_| | 1 5.38 [H_II'_-"] 5.35 LIRIKY]
Banald.2 —1.2% —1.12 —,22 —ih05

| ESST SO T O U Tt TR | T T i NN TN N [ T T (ST T

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4
Depth (Mm)

Lack of spectral lines — convective cooling dominate

— Much steeper gradients than 1D.
— Large corrections for solar type stars at[Fe/H] << [Fe/H]®
— Needs of 3D NLTE for definitive conclusion (e.g. Cayrel et al. 2007 for Li)



3D RHD simulations of stellar surfaces
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— Extremely large 3D (LTE) corrections (~1dex!) . ~10
e 1.
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— Need more physics (NLTE, scattering, OS)

Collet et al. (2007)



3D RHD simulations of stellar surfaces

B Solar limb darkening

A =610 nm
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Very good fit in the visible — application to the Picard space Mission



3D RHD simulations of stellar surfaces

B Super granulation simulations 48 x 20 Mm (Stein, Benson, Nordlund, 2006)

Courtesy Chris Henze



Aloge

B Magnetic field effects

B = 500 [Gouss] = 90 [deg]
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Borrero (2007, astro-ph, arXiv.0709.3809 )

— mostly affect Fel lines (~ 0.1dex)

3D RHD simulations of stellar surfaces

10G

Courtesy A. Végler, M. Schlissler



3D RHD simulations of stellar surfaces

H Summary

Surface convection simulations

Realistic modelling of stellar photospheres
Applicable to many types of stars: solar, metal-poor/rich, Red giant, M-dwarf
No longer need of micro and macro turbulence.

Solar simulations were successful to reproduce:
Granulation topology
Intensity brightness rms

Limb-darkening
Spectral lines (asymmetries, shifis)

(However, the new CNO abundances disagree with helioseismology ...)



3D RHD simulations of stellar surfaces

B Perspectives

o More systematic use of 3D NLTE line transfer, need of atomic data
(Léopoldine Brand Ph.D.)

e Toward full 3D NLTE convection simulations (for e.g. Red Giant)

e Role of magnetic fields for stellar abundances

Applications :

Local helioseismology

Limb darkenings — Interferometry (VLTI/AMBER+VINCI), Picard
Abundance determination, radial velocities — Gaia
Asteroseismology — Corot



