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spectroscopy - relies on models of stellar
atmospheres and radiation transport
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Stellar parameters:
Teff,
surface gravity (P)
velocities,
chem. abundances
up to 100 dimensions!

1.11438611E-03
1.46933430E-03

Model atmosphere
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8.76903374E-03
1.05970558E-02
1.27556538E-02
1.53040028E-02
1.83113451E-02

Observed spectrum

{Comparison

\rModel spectrum

READ DECK6 72 RHOX,T,P,XNE,ABROSS,ACCRAD,VTURB, FLXCNV,VCONV,VEL:

4303.3 1.114E+01 1.188E+09 1.197E-04 5.762E-03
4325.0 1.469E+01 1.499E+09 1.309E-04 5.781E-03
4338.1 1.906E+01 1.806E+09 1.404E-04 5.788E-03
4355.4 2.443E+01 2.200E+09 1.541E-04 5.798E-03
4372.8 3.093E+01 2.664E+09 1.704E-04 5.816E-03
4391.0 3.874E+01 3.217E+09 1.900E-04 5.851E-03
4409.4 4.

4428.0 5.911E+01 4.629E+09 2.393E-04 5.939E-03
4446.5 7.221E+01 5.515E+09 2.698E-04 5.995E-03
4464.8 8.769E+01 6.544E+09 3.046E-04 6.061E-03
4482.7 1.060E+02 7.729E+09 3.440E-04 6.141E-03
4500.1 1.276E+02 9.088E+09 3.885E-04 6.240E-03
4517.4 1.530E+02 1.066E+10 4.389E-04 6.356E-03
4534.4 1.831E+02 1.246E+10 4.961E-04 6.489E-03

Spectrum synthesis

T

Basic model atmosphere theory (usually tailored to a given class of
stars): non-LTE (NLTE), 3D hydrodynamics, magnetic fields, winds,

sphericity, molecular opacities, binarity, chromospheres, etc



1D LTE MODEL ATMOSPHERES
AND SPECTRUM SYNTHESIS



1D LTE (hydrostatic) models

cosedi = Kkyly — Ny » radiative transport equation in the static
dz (t-independent case)
L
F = = oT4 , : .
4TR? . »  flux conservation —> div(F) = o
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F =Fconv"'};.rad
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Feony ~ %’;Ts convective flux - based on mixing-length theory
/0 Jy(T)dv =/0 Sv(T)dv » radiative equilibrium equation
GM, . e .
VB = —p + hydrostatic equilibrium equation
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turbulent and radiative pressures



LTE

We neglect transitions in the atom caused by radiation

n, .—level population, [atoms [cm3]
« — ionization energy of an ion
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Non-LTE

niz(CU+Rij)= Enj(CJi+RJi), i=1, ... NL

Rates out = Rates in
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C; R;—transition rates
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Statistical equilibrium
the number of atoms in
each excitation level i

and each ionization stage |



rate equations for N energy levels + radiation transfer

YN, (4, +B,u,+C,)+ N(Bkmu +C,, )+N, (R, +0,) p ‘4”faVJV v
—Nm{E(A B +C. )+ (8,4, +C,,) (m+sm)}=o

spontaneous radiative emission Anm
photo-ionisation P,
recombination R
collisional excitation Cmk
charge transfer ...

Fe | model atom
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photons, electrons,
Hatoms ...

Fe

Dl G HI K'L"MP DF( H1 KL MS P'D'F'GHT K
PODFGHI'KLMSPDFGH!I KLMSTPTDFGHTKL'S PDFGHI K

S P D GHT KLY ‘\l\



Non-LTE (statistical equilibrium)

SE is usually solved using a dedicated code
assuming a fixed model atmosphere

MULTI /1D

httpS//fOl k U iO. n()/matsc/ Column mass density m(t)

DETAIL (not public)
MULTI / 3D (not public)

Balder (not public)

Gas pressure P(t)
Temperature T(t)

READ DECK6 72 RHOX,T,P,XNE,ABROSS,ACCRAD,VTURB, FLXCNV,VCO
1.11438611E-03 4303.3 1.114E+01 1.188E+09
1.46933430E-03 4325.0 1.469E+01 1.499E+09
1.90642161E-03 4338.1 1.906E+01 1.806E+09
2.44338350E-03 4355,.4 2.443E+01 2.200E+09
3.09334096E-03 4372.8 3.093E+01 2.664E+09

+ 3.87393779E-03 4391.0 3.874E+01 3.217E+09
54.80510076!3-03 4409.4 4.805E+01 3.867E+09

%5.91112062!3—03 4428.0 5.911E+01 4.629E+09

Q 7-22091430E-03 4446.5 7.221E+01 5.515E+09
8.76903374E-03 4464.8 8.769E+01 6.544E+09
1.05970558E-02 4482.7 1.060E+02 7.729E+09
1.27556538E-02 4500.1 1.276E+02 9.088E+09
1.53040028E-02 4517.4 1.530E+02 1.066E+10
1.83113451E-02 4534.4 1.831E+02 1.246E+10

... 72 depth points - t

Electron concentration N, (t)
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.046E-04
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.961E-04
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https://folk.uio.no/matsc/

LTE and NLTE spectrum synthesis

the profile function

_ _ H(a,v) . YR+ +7s+ 7 V=
(v —wo) = ¢(v —wo) VTAvp with e = drAvp v Avp
line absorption coefficient
2 LTE
1 _ TE€ /\b N; H(a,v) bi _hesrkr Ll ¢
— —0; Ny loge i1 1—- —e Kx = Ky + K3,
2 mecc . Nm O 0gefiy AAp b; * A A

2hc? 1

S — B. Line source function (= Planck function in LTE)
v A5 ehel/kTa _ L4

l,i(Tv=0,Il)=f S a(t)e ""dry/u  Emergent intensity
0

F,0)=2n r S (T (T))Ex(T)dT)y Emergent flux
0



3D NLTE LINE FORMATION



3D RHD models

Frie —V-(pv), mass conservation
apv :
o = ~V-(pv0) —VP—pVP — V-1, momentum conservation
GM .
®=— —
AN e AP/R=8
de .
5 =—-V-(ev)—P(V- ‘D)/p + Oradg + Ovisc energy conservation
Q= ), (Join—Bpin)Wpin; radiative energy exchange

n=1,nyins (see 1D LTE case of Fconv =0)

/Omjv(r)dv = /Om Sy(T)dv

13



(c) Remo Collet 2012

colour - temperature
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3D RHD models

velocity and temperature
structure of a granule in a
numerical 3D RHD simulation
of the solar convection

Nordlund et al. 2009

1D hydrostatic model
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3D Non-LTE radiative transfer

v Non-LTE (statistical
equilibrium, t-independent)
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v Hydrodynamical models
as fixed thermodynamic
structures (T, Pe, velocities)
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Geomelrical Depth ot Tegg, =1 (M)

* ‘trace element’ assumption
one element at a time 2009

* no effect on the structure of =y
a model atmosphere

e ysually vertical RT sufficient

e typical resolution

(30,30,230)
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1D LTE radiative transfer

Mn line in the Sun
4502 [A], mu=1
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Bergemann et al. (2019, arXiv:1905.0183x)
Gallagher et al. in prep.


https://ui.adsabs.harvard.edu/link_gateway/2019arXiv190501835W/arxiv:1905.01835

3D Non-LTE radiative transfer

Mn line in the Sun
4502 [A], mu=1
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Bergemann et al. (2019, arXiv:1905.0183x)
Gallagher et al. in prep.


https://ui.adsabs.harvard.edu/link_gateway/2019arXiv190501835W/arxiv:1905.01835

