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Non-LTE
line formation
for trace elements in stellar atmospheres

* Which elements at given stellar parameters
can be treated as trace elements?

* Thermal absorption and emission
processes and scattering.

* Spectral line formation. Basic definitions.
Scattering in line formation.




Trace element?

e Line formation for trace element can be considered for
the fixed atmospheric structure.

* At given stellar parameters, variations in the excitation

and ionization state of the trace element have no
significant effect on the atmospheric structure.

* In the model atmosphere calculations, trace element
can be treated under the LTE assumption.

Trace element is not necessary very rare element.




The classical stellar atmosphere problem

In this workshop,

stellar atmosphere 1s considered as the surface layers of a star
where most frequency-integrated radiation forms.

1. The atmosphere 1s composed of homogeneous layers.
1-D geometry: plane-parallel (PP) or spherically-symmetric
(SS).

2. The atmosphere is static.

3. Energy conservation. The transfer of energy through the
atmosphere 1s done by radiation and convection.

4. Thermodynamic state: LTE or non-LTE.




Basic equations

* The hydrostatic equilibrium (HE) equation — N(r).

dp ¢ dpp the PP atmosphere: g = const,
dr  dr the SS atmosphere: g = G M/r?

The surface ratio of radiative

acceleration g, to gravity:

Type log g
SR _10*%! LiLg, Main sequence star | 4.0 .... 4.7
g M/IMs, Sun 4.44
The atmosphere is stable if Supergiants 0...1
White dwarfs ~8
logg >4log Teﬁ -15.12 Neutron stars ~15
Earth 3.0




A5 and earlier type stars.
* The radiative equilibrium (RE) equation — 7(7).

j’(n _XVJ )d\/ =0 Ky =f(niAanfa-~ankZ)
0

Later type stars.
* Radiative and convective equilibrium —  7(r).

4
F = E’ad +F;0nv =O‘R]Teﬁf

The effects of convection are treated in an approximate way,

while keeping the assumptions of 1-D geometry and HE.
The mixing-length theory (MLT) is the simplest and
most widely used convection theory in astrophysics.




LTE:
* The Saha-Boltzmann equations —  n, .= f(1, p)

Non-LTE:

The SE equations for all those atoms which are important
sources of opacity and/or important donors of free
electrons. — n,

SR, +C)=n R, +C;) i=1..NL

J=i J=i

* The charge conservation equation. — n,

* The particle conservation equation.




The codes for model atmosphere calculations.

Non-LTE models.

TLUSTY (Hubeny & Lanz 1995, 2003)

T,;=27500 - 55000 K; log g =3.0 —4.75 (L < Lgy,)
PP, HE, RE, SE for 40 chemical species

(complete linearization / ALI, super levels, super lines)

PHOENIX (Hauschildt, et al. 1996, 1997)

1s the multipurpose code.

PP and SS, MLT, line blanketing (5-20 mln. atomic lines + 15-300 mlin.

molecular lines) is taken into account by explicitly including it in the
calculations, SE for 15 elements (ALI).

The code of Kubdt (2003)

for hot stars of arbitrary chemical composition.
PP and SS, HE, RE.




LTE models

ATLASY (Kurucz 1993; Castelli & Kurucz 2004)
for extended range of stellar parameters,
T,7=3500—50000 K; log g=0-5(g> gz; L <Lgy);
[M/H] = (+0.5) — (-3)

PP, HE, MLT, ODF for line opacity (~50 mln. lines).

New generation of codes and models
1s based on either OS or line-by-line (LL) technique for
calculations of line blanketing.
-ATLAS12  (Kurucz 1996),
- MARCS-OS (Gustafsson et al. 2003),
- MAFAGS-OS (Grupp 2004),
-the LL code (Shulyak et al. 2004).




The effect of a given chemical element on the

atmospheric structure ¢

epends on stellar parameters.
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Sun (Short & Hauschildt, 2005):

- light metals in NLTE, small effect,

- light metals and Fe group in NLTE,
the model 1s warmer in log t < -2.

 H determines the opacity and
the transport of radiative energy.

*n(H )~n(HI)n, iscloseto LTE.
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- H I is the majority species,
- n, 1s mainly contributed by metals
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(Mg, S1, Ca, Fe) which are already
strongly 10nized.

NLTE and LTE models 1s up to 200K.




1.6x107 [

L4x1ﬁ4-

LEK1D4-

1.0x10%}

8.0x10° |

electron temperature [K]

EDKTDSjﬁ”NN

A0%10° o v o0y
10810 810 %1072 109 102

T

shd

Hauschildt et al. (1999)

Vega
A difference in 7 between the

non-LTE and LTE models 1s
up to 500 K 1n the outermost zones.

* H I determines the opacity and

| the transport of radiative energy.

*n=1, 2,3 depart from LTE and

| result in heating the outermost layers.

For A and later type stars,
most chemical elements can
be treated as trace elements.
In solar type stars, even H.
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3 Temperature distribution
1 in the non-LTE models of
various metallicity.

7 T,,=40000 K, log g =4.
Ty ®0 ¥R 188 =4 3 [anz & Hubeny (2003), TLUSTY

C.0001 2.0010

p.0100 Q.1000 1.0000

rh-

AT (H-He model — solar metallicity model) 1s up to 18000 K !
AT (non-LTE — LTE) 1s up to 400 K.

Even for

the hottest stars, line blanketing

effect on the atmospheric structure is more
important than non-LTE effects.




Radiation transfer:
thermal absorption-emission processes and scattering

dl Tv,
w ) ) - S, ()
dtv

When the atmospheric structure 1s fixed a
problem of the radiation transfer is
reduced to a determination of ¢ (2) = M, (2)

Xv(2)

The source function depends on the physical nature of
the interaction between matter and radiation.




Thermal (true) absorption and emission processes

* Photon is destroyed (thermalized) / generated.

* Radiation energy «<——— thermal energy of gas.
S,(t,) = B(T,)

* Local rate of energy emission depends on local value 7.

- photoionization / photorecombination,
- free-free absorption / bremsstrahlung,

- photoexcitation followed by collision de-excitation /
collision excitation followed by radiative decay.

True absorption and emission tend to produce
local equilibrium between the radiation and matter.




Scattering processes

* Photon interacts with a scattering center.

* Emerges in a new direction with the same or slightly
altered energy.

* No energy exchange with gas,
only weak coupling to local conditions !
S, ~J(Jy)
- Thomson scattering,

- Rayleigh scattering,

- photoexcitation followed by the radiative decay directly
to the 1nitial state.

Scattering processes tend to destroy
local equilibrium between the radiation and matter.




Example
Scattering in the continuum 1s coherent and 1sotropic:

T]VS =0,J, o, 1s the scattering coefficient.
r . .
Xv 1s the thermal absorption
coefficient.
4
o X, Bv(T) +OovJv
X\f + Ov

In this case, scattering can be taken into
account even 1n LTE calculations.




Spectral line formation

Line absorption coefficient in the transition i — ;.

1s th ' fil
o o (1 g N, \_ o, .st e abs.orI.)tlon profile,
Xy =00, @ (L= =~ 1, is the emission profile.
gj ni (l)v /
\ The correction for
LLine emission stimulated emission.
coeificieng:
| | Y ome”?
Line source function:
. 2hv; 1
S, =—
C n; gj (l)v —1

nj gi wv




Absorption profile for various broadening mechanisms

0, = 1\/7 oV vy)/Avp Doppler broadening, Av; =Av’ +Av,
YAV,
0 - T/ 45’ natural damping with I'=1%} and
v v, -V )2 +(T/ 4 )2 pressure broadening with I‘3 =4Fg
n=3,4,6.
A combined effect 1s described by a Voigt profile.
e - [, +0,+T
0, =V (u,0) - f dy  u= N a=AiT
\/_Av nd u-y)Y+a’ Av 4mtAv

¢, 1n tabular form for the linear Stark effect broadening.




The line absorption coefficient 1s expressed explicitly!

How to compute the line emission coefficient?

* Which part of the absorbed photons 1s destroyed and
which one 1s scattered?

There are also combinations of processes | l

which can be referred to neither as

scattering nor as true absorption.

Non-LTE: all these processes are automatically taken into account.
LTE: either pure thermal absorption and emission processes
or pure scattering.

* How to specify an emission profile for scattered photons?




Scattering in line formation

Scattering in a line is non-coherent.

V1 Vo
L

v, 1s not exactly equal v,, because

— the lower level i has a finite energy width,

— perturbations by nearby particles result in additional ,
broadening of the levels i and j, /

Vv
— atom moves and leads to Doppler effect. — @'\

»

““

\Y
* Scattering 1s particularly important for the resonance ]1ines.

Non-coherence in their cores 1s only due to the Doppler
redistribution.

* For the subordinate lines, non-coherence 1s mainly due to
pressure effects.




Frequency redistribution over line profile

The angle-averaged redistribution function R(v ‘,v) 1s the
probability that a photon absorbed 1n frequency range

(v', v' +dv') 1s reemitted in the range (v, v + dv).
R(vv) 1s symmetric and normalized.

By definition,

q)(v')=}R(v,v')dv; lIJ(v)=}'R(v,v')a’v';

The line emission coefficient contributed by scattering:

tot

n’ =o. fR(v',v)Jv.dv'
0

R(v‘,v) for the specific cases see e.g. in Mihalas (1978).




Complete redistribution

No correlation between the frequencies of incoming (v') and
scattered (v) photons.

RV V)= fiV)L00") — RV V) =00V, PN)=0()
TIVS =0Vlf(|)(v')J(v')dv'=0vljz jl =f(I)VJVdV
0

the mean intensity
averaged over line profile.

A good approximation to scattering in subordinate lines.

In deep layers, atoms are so strongly perturbed by elastic
collisions with nearby particles that the excited electrons
are randomly redistributed over substates of the upper

lleVEyzv;. 1 The line source function
VT2 g 1s frequency-independent
) J . . .
— = inside a spectral line.

n;, g,




