Radiative transfer in atmospheres
and introduction to NLTE
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Stellar atmospheres - Why are we interested?

Directly visible part of stars:
O

layers from which radiation can escape into space

Outer boundary of stars, carrying information of the interior

Most information (80%) we acquire by light comes from stars

Stars are black bodies, but the black body radiation is insufficient to
analyse observations —energy redistribution!

Absolute parameters require us to understand the atmosphere based on
fundamental microphysics (atomic, molecular data, processes)
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star's hot interior
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Atoms in the cooler atmosphere are excited,

_—— absorbing photons of certain energies.

These transitions appear as dark absorption lines.

- “ .

Dark absobmoh lines

Opacity & temperature gradient!




Some disclaimers and assumptions

Hydrostatic ( v = 0 ), no wind, no velocity fields

Stationary (d/dt=0)

Plane-parallel atmospheres (okay for most cases)

Only radiation, no convection

Few equations, only the basics

Simple homogeneous atmospheres, no spots, caps, chemical

gradients

No fancy stuff, even though these are all possible to model:

o diffusion, magnetic fields, molecules, 3D effects, pulsations,
binary proximity effects, disks

I
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The "hazy” circle of unknowns

Work with distributions and mean values
Unknown composition (abundances) and radiation field
(energy distribution)

The state of the material determines the radiation
field and the radiation field controls the state of the
material.

Radiation determines the structure of the medium
yet the medium is probed only by this radiation.
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Specific intensity

Specific intensity: a measure of brightness, the amount of energy radiated per
second from a small area in a particular direction.

Independent of distance! —

-
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Flux

The rate at which energy at a certain frequency flows across an area or unit
surface area.

Unit=erg/cm?/s/Hz

/2
F, = j[]l, cos Od0 F, = 27r7{ 1, sin 0 cos 6d6
0

Luminosity

Total energy radiated from the star, integrated for the entire surface

F=oT"
L =4rR*0T* or L = 4rR*F, then F = L /47 R?



Radiation pressure, K integral

p=—
C

4
K, = 7{[,, cos® 0dS) e = 3—ZT4



Eddington approximation

I,, is independent of direction (isotropic) within the outgoing hemisphere, then:

Py =T d. 3 ),
Y Y T = STl (Tv+—)

3

2003/10/28 06:24 UT

© [ESA & NASA, 2003]
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Distributions in LTE

e Maxwellian velocity distribution of particles:

f(v)dv = (m/27kT)3? exp(—mv® /2kT) dv

e Boltzmann excitation equation:
(nj/ni) = (95 /9:) exp [~(E; — E;)/kT]

e Saha ionization equation:

N
1 = i C T3 exp(xr/kT)
Nrit1 lI+1

U=3", giexp(—E;/kT)
= (h?/2mmk)3/?
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Basics

The specific intensity:
dE = I(r,n,v,t)dS cos f dw dv di

I=(chv)f
Then the energy density:

E= f(hw)fdo=(1/c) § 1

The flux:
Fi= f(hu) (en) fdw = %n[dw

Radiation pressure:

P j{(hl/) nn f dw = (1/c)fnn]dw
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Basics

Absorption coefficient (related to the mean free path):

dE = x(r,n,v,t) I(r,n,vt)dSdwdvdt

x(r,n, v t)=k(r,nvt)+ o(r,nvt)

Emission coefficient:

dFE = n(r,n,vt)dSdwdrdt
Planck function:
2hv3 1
c? exp(hv/kT)—1

Blol) =

n/x = B Source function in LTE
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Basics

The transfer equation:

U(r+ Ar,n, v, t+ At) — I(r,n,v,t)] dSdw drv dt =
[n(r,n, v, t)— x(r,n,vt)(r,n,vt)dsdSdwdrdt

10 | | | | | .
<_8(_i +n V) I(r,n,v,t)=n(r,nvt)— x(r,nvt)I(r,nwvt)

For a one dimensional planar and static case:

di(v, pu, z) | | | ¢ A

H ’d?’ | :n(_Va”wz,)_I(Vw/‘nz,)x(unﬂaz)
df Ny
’ o= v L/ Ss = )
Hde A Xv

dr, = —x, dz
dr;
Transfer equation: o Ly =9y
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Basics

Moments of the specific intensity:

ckE, 1
F, | = ]{ n | /,dw
o

1nn

Analogously, the angle averaged, time independent moments:

i ck

v 1 v 1
il Ratml e Rl
K, T \cp, g

411 = surface of unit sphere (12.566 steradian)




Basics

Moments of the RTE in a plane-parallel
approximation are all scalar quantities:

The moment equations are not closed!

dH,

~t I( S z
— ']1/ _151/ ) fI/ == [\I//Jl/
d7i
Variable Eddington
factor
d XK,
= H;
dr,

207K T
d*{ f;7Jy)
) e '-]I/ - AS;/
drs
Angle independent form of
the RTE

But not solvable even if S is
known, must be iterated with
the Eddington factor.
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Diffusion approximation

Deep in the atmosphere the source function approaches the Planck function
(S — B) because virtually no photons escape and thus the medium approaches

the thermal equilibrium. LTE always prevails!

Sl/(tl/) == . '

drn n!

| 2 LA™ B, . dB, ,d’B,
Lty ) = ) " === Bu(r) + p ot p

Applying these in the moments:

| | 1d%B,
JI/ ) =— BI/ 1% N )
()= Bu(n)+ 32+
| 1dB,
Hll o = - )
(7v) 3 iday |
/! . 1.d% B,

17
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Diffusion approximation

At large depths:

e The mean intensity approaches the Planck function.

e The radiation field is isotropic and the variable Eddington factor approach 1/3.

K . g
v pramc IX}//J’/

| - 1d?B,
']l/ v :Bl/ v b R OAL
()= Bu(n)+ 32+
1dB,
Hu ki = : y
(70) 3 dz, |
. x 1B

[{u (Tl/) — TS—BV (_TV ) + r—')— dr2



Diffusion approximation

At large depths:

e The mean intensity approaches the Planck function.
e The radiation field is isotropic and the variable Eddington factor approach 1/3.

K . 37
v proams IX}//J}/

e The monochromatic flux is the derivative of the Planck function with respect to
the optical depth:

g o_1dB, _ 11dB, _ 11dB,dT

3 dT,, B 3 Xv d:-: B _gx'l/ dT d;‘

At depth the transfer problem is a single equation!
Radiative diffusion coefficient: —lidﬂ
3x, dT
e Integrating over frequencies we get the total radiation flux in the diffusion

approximation:

= 1 1 dB\ dT Ld_B_/“idB,,dV
~ \3yrdT/ dz xr dT  Jo x, dT

19



Rosseland mean opacity

= 1 1 dB\ dT id_B_/OO l dB,
- ng d7 /] dz XR dT 0o Xv dT

Opacity weighted mean. The integrand makes the largest contributions at lowest
opacities.

It yields the correct temperature structure at depth.

Looking at it another way: at different frequencies and monochromatic opacities
we see different depths (radii) of the star, with the Rosseland mean opacity we
have a radius by definition.

foo 45y du
XR 1 dB,/ dI/ dT,, = — Xy dz

OXV

20



Let us “calculate” a model atmosphere

T, - measures the total energy output of the plasma

R : radius, with Teﬁ, defines L

log g: constant in p-p (thin) atmospheres

Composition

Maxwell velocity distribution: particle speed (collisions)

Eddington and diffusion approximations

We need transitions! Connection between material and radiation field.

Not a simple function of energy, but fundamental properties of material.

2 A

B1Z\J A21 821\-J C12 C21

radiative collisional

21



Transition types

radiative collisional

e Bound - Bound:
e Einstein coefficients (independent of T):

« Spontaneous Emission: Nz’—>j = NZ-AZ-jdt
» Absorption:  IVj_,; = Nijiqu-jdt

» Stimulated Emission (enhanced in the presence of a photon of the
same energy as the spontaneous transition) ~ N;_,; = NZ-BZ-J-I,,Z.]. dt

e In detailed balance (strict TE):

N;B;iBy; (T) = N; [Az'j + B;jBy,; (T)]

e A and B are based on lab measurements!

22



. . B12\J AZ‘I BZ'I"J C12 C:21
Transition types
1
radiative collisional
Bound - Free: photoionization
3 T T T T T T T
TOPbase data ——
TOPAtom ——
Hubeny & Lanz

9 | 4

log(Cross—section), Mb
=
1

29 | _
OV, level 152.25.3d
_3 L 1 1 1 1 L 1
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log(Frequency/vy), 1/sec

Figure 3.2: Photoionization cross-section of the O V, 1s2.2s.3d level. 1 is
the ionization edge frequency. The original data consists of 967 data points
and are shown here in red. The TOPAtom RAP smoothed data is black, it has
192 data points. For comparison the cross-section from TLUSTY’s web site is
plotted with grey.
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Transition types

e F[ree - Free:
A free electron cannot absorb a photon. Scattering!

e Collisional excitation, de-excitation. Local interaction!

radiative

collisional

24



Absorption and emission coefficients

h,I/O , o
R, = = (V'nlBlg — nngl_) O(V)
s ¢ = Ny 72-3}131 i
v = — =,
hv Ky nlBlg — 7),2321
Vo , L
Ny = ‘n-gflgl@(l/)
T Ly

Normalized Doppler line profile:

r = - Avp = (no/c)ven  ven = (2kT/m)1/?
.ﬂI/D
o _ g ‘;2~ 00 w5 p ' M. /\
6(z) = exp(—2*)/v/T [T o(v)dv =1
wavelength wavelength
Voigt profile:

—_ | : . a [ e~V
¢(z) = H(a,z)/\/7, Hig:x) = —/ dy

‘p )2 2
a = I'/(4n Avp) T Jooo (T —Y) +a

We assume the absorption, emission, and stimulated emission profiles are all identical! CRD

25



* Data files were converted to same data format

* Level identification based configuration and term

* Cross-correlation, T els and transition en]aced

Natural
broadening
parameter

: ) -2.983 0.000 0.0 4407643.300 1.0(10.13 0.00 0.00 0 !TBtr
2.2736 07.05 -2.844 0.000 0.0 4398403.418 1.0(10.27 0.00 0.00 0 !TBtr
2.2765 07.05 -2.688 0.000 0.0 4392710.000 1.0(10.42 0.00 0.00 O !TBtr
2.2870 07.05 -2.510 0.000 0.0 4372540.000 1.0(10.59 0.00 0.00 O !TBtr
2.3024 07.05 -1.824 0.000 0.0 4343290.000 1.0(10.80 0.00 0.00 O !NISTtr
2.3277 07.05 -1.575 0.000 0.0 4296090.000 1.0(11.04 0.00 0.00 O !NISTtr
2.3771 07.05 -1.264 0.000 0.0 4206810.000 1.0(11.33 0.00 0.00 O !NISTtr
2.3828 07.05 -10.932 0.000 0.0 4196800.000 1.0(1.66 0.00 0.00 O !NISTtr
2.4898 07.05 -0.842 0.000 0.0 4016390.000 1.0(11.71 0.00 0.00 O !NISTtr
2.4914 07.05 -4.747 0.000 0.0 4013770.000 2.0(7.59 0.00 0.00 O !NISTtr
2.5051 07.05 -10.627 0.000 0.0 3991860.000 1.0(1.92 0.00 0.00 O !NISTtr
0.000 0.0 3473790.000 1.0[12.26 0.00 0.00 O !NISTtr
0.000 0.0 3438610.000 2.0|5.01 0.00 0.00 O !NISTtr
Lower level 0 U0 0.000 0.0 3385890.000 1.0|2.41 0.00 0.00 O !NISTtr
energy and stat. A . 3385890.000 1.0 4412500.000 2.0(8.93 0.00 0.00 0 !TBtr
3385890.000 1.0 4403100.000 2.0(9.06 0.00 0.00 0 !TBtr
3385890.000 1.0 4390900.000 2.0(9.22 0.00 0.00 0 !TBtr
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Frequency 1/sec

1.6-10"7

1.5-10"7

1.4-10"7

1310

1.2-10"7

Azimuthal quantum number

3 -

667.046
650

600

AN
NN

=136 eV—
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Flux

Flux

Fig. 7.
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Comparison of the emergent fluxes without (upper) and with (lower) line blocking in the important 228 - 600 A spectral region



ODF function

Actual opacity:

Opacity Sampling:
I S 41
r = —
Avp

Opacity Distribution Function:
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Scattering

e ... how is it different from absorption?
e Must be treated along with absorption and emission.

Xv = Ky + K:,S,C Extinction (true absorption) and scattering coefficients
_ e gy (e . L G —hv/kET "
Ry = [ni —n;Gij(v)] oij(v) + n; —ngGir(v)e 0ij(V)
$ g3 ]
—hv/kT add me”
+ Z NeNwOrr(V, T) (1 —e ) + K2 0ij(V) = —Fibi (V)
I
fs:,s/c = NeOc + Z N;ORay,i Thomson and Rayleigh scattering cross sections
7
KSC

Slt/ot: T]V + v JI/
Xv Xv

31



Now we can calculate a model

Teffr IOgg (Or R’ M)v {E,’}, fturb

First approximation: T (7gq)

Hydrostatic: P(7stq)

State Equation: ne, nj, ng

cont line

Upacity: a5, a5

Radiation Field: L,, H... K. S,

uoljesal| [PPOIN

uoljes3ajul—1

Convection: H.ony

- Thew = old T AT
T-correction: AT 32




s =\
thermal structure

T=T(2)
p =p(z)

. J

Based on Eddington’s first approximation, in LTE:

S'=B =gl /n

3 2
Tl Lo

And the temperature structure is:

Next, the hydrostatic equilibrium provides the pressure:

dP | | dP
—_— =) m = —pdz —_— =g
dz Pl e pe am 7
) A7 [ -
P Pgas + Praa + Piurb = NET + — K,dv + g P Vturb
¢ Jo
-].P as 4/ &2 1]’1/ 4/ = ."‘]/
el :g——ﬁr e :g——ﬁr ’\—H,,dz/

dm c Jo dm c Jo p
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thermal structure

\

T=T(2)
p =p(2)
\ J
igr*l exo | — (€i+1 — €)
B g P knT

(

ionisation
level population

Nel N+ Ny Ny- ...
Nrs




4 ~
thermal structure

T=T@) |
p =p(2)

o =)
opacities

a,cont avllne a,sSca
r nc. tical th

= SV Tv

(

o 7

ionisation
level population

Nel N+ Ny Ny- ...
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Optical depth

Opacity varies

So does R

Dorsch et al. 2018

Optical Depth at 7,=2/3
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r

formal solution
h(H,2)

= Ju(2) F/ad(2)
o

j

thermal structure

i,

f+ =)

T=T@) |
p =p(2)

\_ J
(@ 0
opacities
a,cont avline a,sca

r nc. tical depth
= SV Tv
\_ P,
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no

STOP ) yes |< Frad + Feony = CONSt ? >

= Ju(2) F/ad(2)
o

¢~ : N
convection
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basic stellar atmosphere model

(- 2

thermal structure

: : eq. of state
h)r/:;?ast:egzgﬂ;:l" T=1(2) LTE (Saha/ Boltzmann)
. — harge neutrality
‘ p = p(z) e
A J
‘ éTof’l {yes |< Fraa + Feony = CONSt 2 >
4 — ~ N
convection
Viad Vadb ionisation
¢ = Fconv(2) J\ plane-g)rarallel |:Ver: QOnQUI:tlon
Lo spherically symmetric el H+n eibi
£ — ~ o rs J
formal solution
IV(”!Z)
= Ju(2) F/ad(2)
-~ / i = D
opacities

: - cont g, line q,sca -
ERT e Quantum mechanics

boundary conditions source func. & optical depth | Lab. measurements

— S v Tv
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Temperature correction

If the convergence criteria are not met, any of the model parameters differ more
than the target threshold (0.1%) between consecutive global iterations:

0.0 T T T T T

. __—————————— —
h (. OB
AT = Ixzf(Jv—Bv)dv I\ - dv
v=0 v=0 aT Ir=T(7)
J,————B, 1ndependent of the temperature = A7 — 0
$ \i\.\id_B_/”idB” dv | *
L XedT ~ Jy o aT :
£ o z ¥y :

MO025no data o L i ik

ITERATION, i



Recap: structural equations

(fudys)
dr2 Sy =5
o0 o0
dm c Jo dm c Jo p
= % d(f,Jv) g 4
Hyd p— d = T
/0 g /(; dm VZ gn et
N4 1MNe

2 gin (€1 — &)
ni A g;

Z n; Z;

_ne:O

Radiative transfer

Hydrostatic equilibrium

Radiative equilibrium

Saha equation, Local!

Charge neutrality
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Grand overview

Upper boundary, |. =0

n

ionisation opacities
level population | _ aycont qfine g sca
Negl N+ NY NH- ... source func. & optical depth)

Nys = S Wy
ionisation opacities
level population aycont qine g sca
Ne| NH+ Ny NQ. ...
Nrs = S by

ionisation opacities
level population aoont qyfine g sca
Neg| Ny+ NY NH. ... " | source func. & optical deptn|
v

Nrs

Nel NH+ NY Ny- ...

ionisation ( opacities
level population |_ aycont gy line g sca
Nrs

Nrs

T7
T8
Tn

-

(" P . -
ionisation
level ti
Neg| N+ NY Ny ... |-

e . L Bottom
Diffusion approximation

LTE,S=B
42



Top
T

T2 -

T3 -

T4

15

T6
T7
T8
Tn

Grand overview

Upper boundary, | =0

Diffusion approximation
LTE,S=B

Bottom
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-Au,, +B,u, —-C,; u,,, =Ly

pecialiee the laney the
&l

.f".’"""“‘*
(6-311, {6-34), and {6-36) have the overy
m-,.,”
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Little details we overlook

e Microturbulence

e Line broadening
o
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Hybrid CL/ALI method for evaluation of the transfer equation

Tlusty stores the physical state of the atmosphere for each depth point in vectors like:
ha={J1,...,Inp, N, T, ne, 14, ..., "NL}

The structural equations formally:
P(x)=0

where x = {¢/4, ..., xp} and using Newton-Raphson method for solving:

P[x(n)]
J[x(™)]

x(n-{-l) — x(n) .

the ij-element of the Jacobian is the derivative of the ith equation with respect to the jth un-
known. By block-Gaussian elimination this tridiagonal matrix can be reduced to an NNx NN
dimension matrix, where NN = NF + NL + 3. The total computation time scales as N; x
ND x NN3.

The ALI method reduces the number of unknowns more, as eliminates the frequency
points. The mean intensity is expressed as:

I = A8 + (Ay — A3)SSY

or (v subscript omitted):

Jg= A0 4 AJetd

Kd

46



From LTE to NLTE

Velocity distribution remains Maxwellian (local)

Saha-Boltzmann — Statistical equilibrium (rate eq.)

Coupling between distant parts of the atmosphere (non-local)

Source function deviates from the Planck function

Computationally much more demanding

Requires an initial guess (input model, LTE or NLTE)

Not all models can be converged, or they just need a different approach
LTE is strict, NLTE is anything beyond LTE

Sophisticated processes vs. massive atomic data

Costly transition from LTE to NLTE, but needed for a ~1% precision

TLUSTY:

o  Full NLTE with line blanketing
o Atomic data and physical processes are well separated (for metals)

47



Structural equations in NLTE

&(fuJv) y
dTg = JV - SV f,, = I\,,‘,v" J,,
dPgaS :g—-4—zr- OOdKU :g——ézz Oo-)giHle/
dm c Jo dm c Jo p

S B #eal.
O { [ (kyJy, — 1y )dz] + 3 l /“ T dv — _1_7].chf] =0

n; Z(R’J + C;j) = Z n;i(Rij + Ci;)

J#F1 VES

ZniZz- — Ne =0
(

Radiative transfer

Hydrostatic equilibrium

Radiative equilibrium

Rate equation, non-local

Charge neutrality
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LTE vs. NLTE

When do departures from LTE become important?
LTE is a bad approximation, if:

1) Collisional rates are small
2) Radiative rates are large
3) Mean free path of photons is larger than that of electrons

¢, on, iNT

R ~T% a>1
¥

Example: pure hydrogen plasma

Az ~1/ng, (density of neutral H)

=3/ Ik
Saha: ng ~-~--n‘nPT3zeM T 5

nlrT = A1

Departures from LTE occuir,

densities are low

312
T77 _ssnr
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nA,

if temperatures are high and

Winds of hot stars!
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NLTE effects

. L

=

NiHel/NiH]=01 N(Hel/N(H]=10

.
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-6 5 <4 -3 -2 -logmd -5 4 -3 -2 -llogm

Fig. 4. Temperature stratification in NLTE and LTE for T =
45000 K, logg=5 and two different helium abundances (N(He)/
N(H)=0.1 and 1.0)

470 465 L5650
log Tott

Fig. 8. “Non-LTE vectors” [Displacement due to non-LTE effects
in the (logg, log T,,)-diagram] for N(He)/N(H)=0.1
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Fig.6. Temperature structure for four model atmospheres with the same
parameters: Teg = 35000K, logg = 4. Thick line: fully blanketed NLTE
H-He-C-N-O-Si-Fe-Ni model; dashed linee NLTE model with light elements
(H-He-C-N-O-8i); thin line: NLTE H-He model; dotted line: LTE H-He model. 51



Latour et al.
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Temperature
stratification and
monochromatic optical
depth tv=2/3 as
functions of depth,
where m is the column
density, for NLTE models
defined by Teff = 70,000
K,logg =6.0, and

log N(He)/N(H) = -0.5.
The temperature
structure is shown for
models including H and
He only (solid curve), H,
He, and CNO in solar
abundances (dotted
curve), and H, He, and
CNOFe in solar
abundances (dashed
curve). The T =2/3
curve is shown for the
model with the most
metals. The effective
resolution is 0.1 A.
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Statistical equilibrium (rate equations)

Change of population number of a level with time: 71
= Sum of all population processes into this level =Y nP,
- Sum of all de-population processes out from this level _ <,

—n. —Zn P;—n, Z]

One such equation for each level
The transition rate , comprises radiative rates R,
and collision rates

Y

In stellar atmospheres we often have the stationary case:

d . ,
—n, =0 hence | > m P, =n> P |forall levelsi
(‘l’ J#i 3#1’

These equations determine the population numbers.
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TLUSTY — modeling the structure of stellar atmospheres

... and accretion disks, even around BHSs!
Plane-parallel geometry

Hydrostatic eq.

Radiative eq.

Detailed atoms for 14 elements

LTE and NLTE line blanketed atmospheres
“TLUSTY does NLTE, and does it in a more delicate
way than many other codes.”

We continue from here tomorrow!
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