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Fraunhofer’s solar spectrum
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Wikipedia: Kirchhoff’s three laws of spectroscopy:

1. A hot solid object produces light with a continuous spectrum.

2. A hot tenuous gas produces light at specific, discrete colors which depend on properties
of the elements in the gas.

3. A hot solid object surrounded by a cool tenuous gas produces light with an almost con-
tinuous spectrum which has gaps at specific, discrete colors depending on properties of the
elements in the gas.

Kirchhoff did not know about the existence of energy levels in atoms. The existence of dis-
crete spectral lines was later explained by the Bohr model of the atom, which helped lead to
quantum mechanics.



Much spectral variation between stars — is there order?
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Pickering’s harem

Wkipedia: Edward Charles Pickering (director of the Harvard Observatory from 1877 to 1919)
decided to hire women as unskilled workers to process astronomical data. Among these
women were Williamina Fleming, Annie Jump Cannon, Henrietta Swan Leavitt and Antonia

Maury. This staff came to be known as "Pickering’s Harem” or, more respectfully, as the
Harvard Computers.



Harvard classification

Wkipedia: In the 1880s, the astronomer Edward C. Pickering began to make a survey of
stellar spectra at the Harvard College Observatory, using the objective-prism method. A first
result of this work was the Draper Catalogue of Stellar Spectra, published in 1890. Williamina
Fleming classified most of the spectra in this catalogue. It used a scheme in which the
previously used Secchi classes (I to IV) were divided into more specific classes, given letters
from A to N. Also, the letters O, P and Q were used, O for stars whose spectra consisted
mainly of bright lines, P for planetary nebulae, and Q for stars not fitting into any other class.

In 1897, another worker at Harvard, Antonia Maury, placed the Orion subtype of Secchi
class | ahead of the remainder of Secchi class I, thus placing the modern type B ahead of
the modern type A. She was the first to do so, although she did not use lettered spectral
types, but rather a series of twenty-two types numbered from | to XXII.

In 1901, Annie Jump Cannon returned to the lettered types, but dropped all letters except O,
B, A, F, G, K, and M, used in that order, as well as P for planetary nebulae and Q for some
peculiar spectra. She also used types such as B5A for stars halfway between types B and
A, F2G for stars one-fifth of the way from F to G, and so forth. Finally, by 1912, Cannon
had changed the types B, A, B5A, F2G, etc. to BO, A0, B5, F2, etc. This is essentially the
modern form of the Harvard classification system. A common mnemonic for remembering
the spectral type letters is "Oh, Be A Fine Guy/Girl, Kiss Me”.



Annie Cannon




Main-sequence stellar spectra ordered
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Harvard classification
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Harvard classification

06.5 HD 12993
BO HD 158659
B6 HD 30584
A1 HD 116608
A5 HD 9547
FO HD 10032
F5 BD 61 0367
GO LR HD 28099
G5 ' plil . HD 70178
Ko i HD 23524
K5 ! SAO 76803
Mo HD 260655
M5 Yale 1755
F4 metal poor " HD 94028
M4.5 emission SAO 81292

B1 emission HD 13256



Empirical Hertzsprung-Russell diagram
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Cecilia Payne




Saha-Boltzmann equations
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Schadeenium Saha-Boltzmann populations

level population
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Figure 2.8: Saha-Boltzmann
distributions for schadeenium, a
didactic element not unlike iron
invented by Aert Schadee, with
ergy level diagram. The level en-
ergies increase in 1 eV steps. The
columns may be thought stacked
on top of each other since cach
ion requires the previous stage

symbol E. Upper diagram: En-
i

to be ionized. In astronomical
convention the spectra of neutral
schadeenium E and once-ionized
schadeenium E7 are called ET,
EIL ete. Lower diagram: Saha-
Boltzmann population fractions
for levels 1, 2 and 4 of stages
El — EIV as function of tem-
perature. All statistical weights
2o were assumed unity.  The
population of an excited level
increases with temperature un-
tl its stage ionizes.  Only two
stages co-exist effectively at any
temperature., From my sec-
ond “Stellar Spectra A7 exercise
at http://

i.astro.uu.
I Aert Schadee
(1936 — 1999} was an astrophysi-
cist at Utrecht.



Cannon’s classification and Payne’s Saha-Boltzmann curves
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Physical Hertzsprung-Russell diagram
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BASIC QUANTITIES

Monochromatic emissivity
dE, = j,dV dt dv dQ2 dl,(s) = ju(s)ds

units j,: ergcm—3 s~! Hz~! ster™! I,-ergecm=2 s 1 Hz ! ster~!

Monochromatic extinction coefficient
dl, = —o,nl, ds dl, = —«, I, ds dl, = —k,pl, ds

units: cm? per particle (physics) cm? per cm?3 = per cm (RTSA) cm? per gram (astronomy)

Monochromatic source function

: ‘C -l c l
— 1 . Jv tot Ju+.71/ SV+7]VSV — 1 c
S, =4,/a, = 7j,/k, S“’t:z— Stot — = L= /o
Juv/w = ju/kup Y S S T ol T 1t = o, /o
thick: (a,, S,) more independent than (o, j.,) stimulated emission negatively into a,,, &,

Transport equation with 7, as optical thickness along the beam
dl, dl, /D dl,
0

Juo—au 1, =S,—1, dr, = a,ds 7,(D) = o,ds i S,—1,
Ty

ds v oy, ds

Plane-parallel transport equation with 7,, as radial optical depth and ;. as viewing angle
%0 drl,
dr, = —a, dz T,,(zo):—/ ay, dz i = cosf P =1,—- 5,
o0 Ty
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FLUX
Monochromatic flux [ergs—' cm=2Hz']or [Wm~2 Hz!] (solid angle)

2w pm
fu(Faﬁ7t>E/1yCOSHdQ:/ / I, cosfsinf df de
o Jo

Ingoing and outgoing
2 pw/2 2 pmw
./_",,(Z):/ / L,cos@sin9d9d<p+/ / I,cosfsinfdddp = Ff(2) — F, (2)
0 0 0 w/2
Axial symmetry (plane-parallel layers)

™ 1 -1
F.(z) = 27T/0 I, cosfsinf df = 27r/0 pl, dp — 27r/0 pl, dp = Ff(z) — F, (2)

Surface flux of a non-irradiated spherical star
Fouface — FH(r=R) = 11+ I+ = average over apparent stellar disk from faraway

“Astrophysical flux”
nF,=F, sothat F, =1}

“Eddington flux”

1 index



CONSERVATION OF INTENSITY

AA AA
A
=

S

e consider all photons that travel first through area A; around P, and then also
through area A, around P,

e in P AEI =1 COS@l AAl AtAI/AQl
This proportionality holds in the infinitesimal limit A — d

e likewise in b AEQ =1, cos b, AAQ At Av AQQ

¢ insert the solid angle that each area extends on the sky of the other:
AQ; = costy AAy/r? and AQy = cos by AA; /r?
AFE; = I cos; AA; At Av cosOy AAy /1 = I cosy cosly AA; AAy At Av [ r?
AFEy = I, cosly AAy At Av cos ) AA ) 1r? = I cos By cosBy AA} AAy At Av [ r?

e since AE; = AF, (the given stream of photons) it follows that I; = I,

This macroscopic conservancy for the propagation of light in vacuum expresses the photon
property of non-decay (mass zero).
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EXAM: INTENSITY CONSERVATION ALONG A BEAM

e You can use a magnifying glass to start a fire with sunshine. What is the
intensity in its focus? Why does it heat?

e The 4-m DKIST will have four times the aperture size of the 1-m
SST. Compare the exposure times needed for solar observation.

Christoph Keller's answer

e A supergiant telescope resolves granules on a solar-analog star 10
lightyears away. What exposure is needed compared to DKIST?

e An amateur astronomer in Iceland photographs an Apollo landing site on
the Moon through her 25-cm telescope at 100 times magnification with a
Canon camera. Compare the required exposure time to when she uses
her Canon with its standard lens in the Holuhraun.

My answer

e Why are the largest solar telescopes smaller than the largest night-time
telescopes?
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CONSTANT SOURCE FUNCTION

Transport equation along the beam (7, = optical thickness)

d[y _ Tv B B
=5, —1, IV<TV) = [I/(O) e +/ Sy(tl/) e (rv—t) dt,
dr, o

Invariant S,
I,(D)=1,(0)e ™) +5, (1 — e ™)

example: S, = B, for all continuum and line processes in an isothermal cloud

Thick object
I,(D) =S,
Thin object
I,(D) =~ 1,(0) + [S, — 1,(0)] 7,(D) L,(0)=0: I,(D)~1,(D)S, =3,D
T,(D)<1 TIV((I?);; @ T,(D)<1
1@ =0 e O <,

Iy
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RADIATIVE TRANSFER IN A PLANE ATMOSPHERE

Radial optical depth

dr, = —k,pdr
r radial Hubeny 7,,, K, cm?/gram a, cm~! =cm?/cm? o, cm?/particle
Transport equation
dl, _ I,— S
a dr, 7" v
Integral form
L (T, ) = = / Sy(ty) eI At [ L (r,p) =+ / S(ty) e At [
0 Tv
“formal solution” NB: both directions pm: Doppler anisotropy S,

Emergent intensity without irradiation o
1,0, ) = (1/p) / S,(r,) e ™/ dr,
0

Eddington—Barbier approximation
[ 1,(0, ) ~ SV(TVZM)]

exact for linear S, (1)
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EDDINGTON-BARBIER APPROXIMATION

Emergent intensity without irradiation o
10,0 = (Un) [ S.ln) e dr,
0

Eddington-Barbier (Milne-Unsdld?) approximation

[ 10,0 ~ Su(n:u)]

wrong: ‘the radiation comes from 1,=1" or “the photons escape att,=1"

correct: “the emergent radiation is characterized by the source function at r,=1"

beware: a spectral line may instead be formed in a “cloud” at any height

unresolved star: F,(0) ~ S(r, =2/3) with F,(0) = 2 [, uI,,(0) du = 7,,(0)
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CONTRIBUTION & RESPONSE FUNCTIONS

Eddington-Barbier approximation
1,(0, ) = Sy (1 =p)

Intensity contribution function

. oA, _odn,
IV—/S,,e dr, CFI_dh_SVe dh—jue
Line deprcession contribution function (Magain 1986A&A...163..135M)
° -1, _ 1—8/I¢
D= Y = S ™D d S = = S I
IC / D€ D D=1 (ro/r1) S/ Io kp = ki + ko (Sc/le)

Intensity response fLJJrnction .
I = / Rix(mh) X(h)dh Al = / Rix(v,h) AX (h) dh

(e 9] o0

Numerical intensity response function (Fossum & Carlsson 2005ApJ...625..556F)

h h
1 dAI~
AX(K) = z(K) H(K —h) AL = / Rrx(v, 1) x(k') dW Rrx(vh) = —— ——
. 2(h) dh
s Fel 643647 0.10 "l 0.10 ! ‘
----- Cal 6493.79 !
5 T RIS 0.08} ) ] 0.08}
“1 ’:1__ z 0.06 | {\ z 0.06
3 o E 0.04} | E 0.04
T W \\ 0.02} A\ ] 0.02f
14 . Nl | \ .
e (o e[o] S Sl AN 0.00 ¢/
. > . ~200 0 200 400 600 800 1000 —200 0 200 400 600 800 1000
wo 20 30 40 00 60 o 80 00 Height [km] Height [km]
Stix Fig. 6.9 Fossum & Carlsson 2005ApJ...625..556F
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SIMPLE ABSORPTION LINE

extinction: bb process gives peak in oot = . + oy = (1 +1,) a.

optical depth: assume height-invariant o, = linear (1 +n,) 7.

source function: assume same for line (bb) and continuous (bf, ff) processes

use Eddington-Barbier (here nearly exact, why?)

total
a \Y)
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SIMPLE EMISSION LINE

extinction: bb process gives peak in oot = . + oy = (1 +1,) a.

optical depth: assume height-invariant o, = linear (1 +n,) 7.

source function: assume same for line (bb) and continuous (bf, ff) processes

use Eddington-Barbier (here nearly exact, why?)

total
a \Y)
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SIMPLE ABSORPTION EDGE

e extinction: bf process gives edge in a¢, with a¢ o 3 if hydrogenic
e optical depth: assume height-invariant (unrealistic, why?)
e source function: assume same for the whole frequency range (unrealistic, why?)

e use Eddington-Barbier (here nearly exact, why?)

Oc
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SIMPLE EMISSION EDGE

e extinction: bf process gives edge in a¢, with a¢ o 3 if hydrogenic
e optical depth: assume height-invariant (unrealistic, why?)
e source function: assume same for the whole frequency range (unrealistic, why?)

e use Eddington-Barbier (here nearly exact, why?)

Oc
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SELF-REVERSED ABSORPTION LINE

optical depth: non-linear even in the log

use Eddington-Barbier (questionable, why?)

loga @ (h,)

start

extinction: bb peak with height-dependent amplitude and shape

source function: decrease followed by increase (any idea why?)

log 1,

index



DOUBLY REVERSED ABSORPTION LINE

extinction: bb peak with height-dependent amplitude and shape

optical depth: non-linear even in the log

source function: decrease followed by increase followed by decrease (any idea why?)

use Eddington-Barbier (questionable, why?)

loga, ™ (h,) log T,
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DOUBLY REVERSED ABSORPTION LINE

extinction: bb peak with height-dependent amplitude and shape

optical depth: non-linear even in the log

source function: decrease followed by increase followed by decrease (NLTE scattering)

use Eddington-Barbier (questionable, why?)

loga, ™ (h,) log T,
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REALISTIC SOLAR ABSORPTION LINE

extinction: bb peak in 1, = oy /a. becomes lower and narrower at larger height

optical depth: 7, = — [ a°*! dh increases nearly log-linearly with geometrical depth

source function: split for line (bb) and continuous (bf, ff, electron scattering) processes

intensity: Eddington-Barbier for St = (a,.S, + ;.9))/(ae + ay) = (Sc +1,91) /(1 +n,)

log Oc\fma] log T,
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SOLAR Nal D2

NSO disk-center FTS atlas - Uitenbroek & Bruls 1992A&A...265..268U
108 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ‘% 108 : ]
—_ N [ ]
E c :
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20’} 10’ -
o % F ]
g o ]
g © i 7
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5889 5890 5891 &% —-500 0 500 1000 1500 2000
wavelength [A] Height [km]

Nal D, is a good example of two-level scattering with complete redistribution: very dark

Eddington-Barbier approximation: line-center =1 at h ~ 600 km
chromospheric velocity response but photospheric brightness response

What is the formation height of the blend line in the blue wing?
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Eddington-Barbier for the blends? Moore, Minnaert, Houtgast 1966sst..book.....M:
5888.703 10. 2. ATM H20 R4 302 26
5889.637 14. 2. ATM H20 R4 401 26
5889.756 x  752. 4. ATM H20 R3 401 26
5889.973M %  752.  120.SS NA 1(D2) 0.00 1
5890.203 =  752. 3. ATM H20 R4 302 26
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5891.178 17. 3.8 ATM H20 R3 401 17,26
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EXPONENTIAL INTEGRALS

Definition with 1 = 1/w to make them an integrals over angle

0o L — 1
rw d
Ey(z) = / S / oo/t 1
o wr 0 I

En(x)
o
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Figure 4.1: The first three exponential integrals F,(x). F1(x) has a singularity at « = 0. For large « all
E,(z) have E,(z) =~ exp(—z)/xz. From Gray (1992).
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LAMBDA OPERATOR

Exponential integrals

Schwarzschild equation

1 +1 1 o] Ty
J, (1) = 5/ L,(1,, p) dp = 5/ S,(t,) Er(t, —7,) dt, + —/ S,(t,) Ey(1,—t,) dt,
-1 Ty 0

Lambda operator

Adro)=5 [ @ Bl - ol at

Schwarzschild equation

Br) =5 [ Sult) Bullt=ril) i = A [5,(0,)

Generalized lambda operators (Scharmer, Hubeny)
J, (1) =A[S,(t)] L(Tyu p) = Ij; = A [Sy(Tu)]
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RADIATION FROM ELSEWHERE: THE A OPERATOR
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Kourganoff 1952QB801.K78......
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THE WORKING OF THE LAMBDA OPERATOR

RTSA figure 4.1; Thijs Krijger production
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THE A OPERATOR FOR AN LTE-RE ATMOSPHERE

Jo(1) = Ar [Bu(t)] = 5 [y~ Bu(ty) Ea(Jt,—7) dt,

""""" LALLLLLLL! LLLLARAL LARLLLLLY
E A = 550 nm E
BU’

"JU

-IIIIJIIIIIIIlklllIIIIIIIIIIIJIIIIIIIIII-

T |LAALLLLLL T T

E A\ = 550 nm

'I'rod Teff

E Te

=ATRTTTET] Lisssasnis Losssisiass Lisianans =]

-3 -2 -1 0 1
log T

Conversion to formal radiation temperatures B, (T;.q) = J, removes the wavelength depen-
dence of the Planck function sensitivity to temperature
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PLANCK

Planck function in intensity units
2hv3 1 2hc? 1
BAT) = = 5 —1 B\(T) =

— 2 3
BJ(T) = 2hc‘o W

Approximations
Wien: B,(T) ~ ——e

15)(108 T T T T I T T T T I T T T T I T T T T

1.0x10°

1 /,tm)'l steradian”]

Rayleigh-Jeans

5.0x10’

B, [] m”s"' (A4

0.0 0.5 1.0 1.5 2.0
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PLANCK FUNCTION VARIATIONS
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SOLAR ABSORPTION LINES AND LIMB DARKENING

Emergent intensity without irradiation o
100 = (Wn) [ Silm) e,
0

Eddington-Barbier approximation

c
c S
§e) 5
=
= 2
= [}
é ™ = — fOé)\ dh %
o
e 12 ?
wavelength
b
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CONTINUOUS OPACITY IN THE SOLAR PHOTOSPHERE
Figure from E. B6hm-Vitense
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CONTINUOUS EXTINCTION HIbf, HIff, H bf, H ff, TOTAL

after Figures 8.5 of Gray (2005), without He and with Fig. 8.5a corrected
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ERIKA [BOEHM-] VITENSE THESIS DIAGRAMS

Vitense 1951ZA.....28..81V Novotny 1973itsa.book.....N
explanation: caption Fig. 8.6 RTSA and Exercise 10 RTSA
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SOLAR OPTICAL AND NEAR-INFRARED CONTINUUM FORMATION

Assumed: LTE, opacity only from H 1 bf+ff and H™ bf+ff, FALC model atmosphere
Solar disk-center continuum: from Allen, “Astrophysical Quantities”, 1976
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Does the Eddington-Barbier approximation hold?
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ABUNDANCES AND IONIZATION ENERGIES

| nr. | element | solar abundance | xi x2 | e | x
1 H 1 13.598 - - -
2 He 7.9 x 1072 24.587 | 54.416 — -
6 C 3.2 x 1074 11.260 | 24.383 | 47.887 | 64.492
7 N 1.0 x 10~* 14.534 | 29.601 | 47.448 | 77.472
8 O 6.3 x 1074 13.618 | 35.117 | 54.934 | 77.413
11 Na 2.0x 107 5.139 | 47.286 | 71.64 98.91
12 Mg 2.5 x 107° 7.646 | 15.035 | 80.143 | 109.31
13 Al 2.5 x 1076 5.986 | 18.826 | 28.448 | 119.99
14 Si 3.2x107° 8.151 | 16.345 | 33.492 | 45.141
20 Ca 2.0x 1076 6.113 | 11.871 | 50.91 67.15
26 Fe 3.2x107° 7.870 | 16.16 | 30.651 54.8
38 Sr 7.1 x 10710 5.695 | 11.030 | 43.6 57
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CECILIA PAYNE'S POPULATION CURVES
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SAHA-BOLTZMANN POPULATIONS
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Boltzmann distribution per ionization stage: ZL\T[’S = % e Xrs/KT
T T

partition function: U, = ng e Xrs/ KT

Saha distribution over ionization stages:
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SAHA-BOLTZMANN FOR SCHADEENIUM
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H-a AND CallK IN THE SOLAR SPECTRUM
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LTE EXTINCTION FOR Call H AND Ha IN FALC

Leenaarts et al. 2006A&A...449.1209L
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Fig. 6. Illustration explaining the difference between Ha and Call H wing formation. Top left: FALC temperature (lefthand scale, solid) and
density (righthand scale, dotted). Bottom left: number density of the lower level of the line relative to the total number density of the atomic
species, respectively for Ha (lefthand scale, solid) and for Call H (righthand scale, dotted). Top center: line center extinction coefficient for
Ha (solid) and Call H (dotted). Bottom center: line center optical depth for Ha (solid) and Call H (dotted). Top right: intensity contribution
function for Ad = 0 (solid), —0.038 (dotted), and —0.084 nm (dashed) from line center in Ha. Squares indicate the T = 1 height. Bottom right:
the same for Call H, at AA = 0 (solid), —0.024 (dotted), and —0.116 nm (dashed) from line center.
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SOLAR SAHA-BOLTZMANN EXTINCTION OF STRONG LINES

log (extinction) [cm™]
log (density) [cm™]

. -
N T Livass P T 1t
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temperature [K]

parcel of solar-composition gas with given total hydrogen density

bottom curves: neutral hydrogen density, electron density

other curves: line extinction for Saha-Bolzmann lower-level populations
horizontal line: 7 = 1 thickness for a 100-km slab

lower Ny: curves shift but patterns remain similar

note: Ha hot-gas champion, Ha—8542 crossover, Mg b, —Nal D; crossover
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LINE BROADENING

Doppler broadening = line-of-sight Maxwell component [+ “microturbulence”]: Gaussian
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LTE LINES
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[V(O> 1) ~ B, (T [Tv: 1]) =B, (T [Tzf: 1/<1+77u)])
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SOLAR ATMOSPHERE RADIATIVE PROCESSES

e bound-bound - k,,S,: CE, LTE, NLTE, PRD, NSE?

— neutral atom transitions
— jon transitions

— molecule transitions

e bound-free — same except always CRD
- H optical, near-infrared
- HI Balmer, Lyman; Hel, Hell
- Fel, Sil, Mg|, All = electron donors
e free-free — S, = B,
- H infrared, sub-mm
— HI mm, radio

e electron scattering — S, = J,
- Thomson scattering

- Rayleigh scattering

e collective — p.m.
— cyclotron, synchrotron radiation
- plasma radiation

—lgj Lyman ch
- | limit
20
L
_af
i \T
22
§ o kMg'S
o B 2
o + g
-23 5
- (o]
B >
03]
2 AL
{ 5' _ Q‘
B _ © H™ bound-free &
fllogie | 1l TN K]
_o5 [ (Rosseland L Balmer /Q’:K
r limit vV
-\ AN IS ATV R B SE RN AT NN NI AR PN
1000 10000 A 100000
A

E. Bohm-Vitense
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BOUND-BOUND EQUILIBRIA

p S 2 2
o s
line extinction: e N I N g B ON
1__7_ 1 1
a b c
2 — 2 — 2 2
RN ]
line emissivity: J > wafu; o o
1 —1 1Y 1 1
d e f g

e LTE = large collision frequency — interior, low photosphere
— up: mostly collisional = thermal creation (d + €)

— down: mostly collisional = large destruction probability (a)
— photon travel: “honorary gas particles” or negligible leak

e NLTE, NSE = statistical equilibrium or time-dependent — chromosphere, “TR”
— photon travel: non-local impinging (pumping), loss (suction)
- two-level scattering: complete/partial/angle redistribution
— multi-level: photon conversion, sensitivity transcription

e CE = coronal equilibrium = thin tenuous — coronal EUV
— up: only collisional = thermal creation (only d)
— down: only spontaneous (only d)

start — photon travel: escape / drown / scatter bf HI, He |, He ll index



BOUND-BOUND PROCESSES AND EINSTEIN COEFFICIENTS

Q—U

u u uI CI u Cul
Spontaneous deexcitation

A, = transition probability for spontaneous deexcitation
from state u to state [ per sec per particle in state u

Radiative excitation

B,Jfo = number of radiative excitations from state / to state «
per sec per particle in state [

Induced deexcitation

Buﬁ,’fo = number of induced radiative deexcitations from state «
to state [ per sec per particle in state «
Collisional excitation and deexcitation

C, = number of collisional excitations from state [ to state u
per sec per particle in state [

C, = number of collisional deexcitations from state u to
state [ per sec per particle in state u
start index
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LINE SOURCE FUNCTION
RTSA 2.3.1,2.3.2, 2.6.1

Monochromatic bb rates expressed in Einstein coefficients (per steradian, as intensity)
Ny ulX( )/47T nuBul[Vw(V)/él’/T nlBluIV¢<V)/47T nucul nlClu

spontaneous emission  stimulated emission  radiative excitation  collisional (de-)excitation

Einstein relations
guBul = nglu (gu/gl)Aul = (2hV3/02) Blu C(ul/C’lu = (gl/gu) eXp(Eul/kT)
required for TE detailed balancing with I, = B,,, but hold universally

General line source function

hy hy Ny A X (V)

Jv = M Au x(v) G = [ Brug(v) — 1y Butp(v)] Si = n B¢ (v) = nu Bu(v)

Simplified line source function

A 3
CRD: x(v)=v(v)=o(v) & = ——mutl :2h;’ guml Boltzmann: S, = B,(T)

1y By, — ny By c —1

giny,

index
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FORMAL TEMPERATURES

RTSA 2.6.2
Excitation temperature
N Gu KT gl 2h3 1 _2h 1
n—l = E € vy 02 gy . 1 - 02 thO/kTexc _ 1
giny
lonization temperature
2hv? 1
K B, (Tion)

c2 ehu/kTion -1 -

Radiation temperature
Bu (Trad) = Jz/

Brightness temperature
Bl, (Tb) = Lj

Effective temperature
71-B(Tlei"f) = O'Te4ff = fsurface

= Buo (Texc)
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POPULATION DEPARTURE COEFFICIENTS

RTSA 2.6.2
Population departure coefficients
b = ny/n; by = Ny /nETE
Line source function
3 3 1 b,
St = 2hw /e CRD: S = 2hvy , Wien: S' ~ -“B,,
ct b ot /kT _ X ’ ¢ b el /KT q Cob
Monochromatic line extinction coefficient
hv by nETE B x hv . ipg bu Xkt
o, = o by E B (v —u) [1 — bln}TE—Blugo} =0 bin; " Brp(v—1yp) {1 "o e v/

bu
Ou X e—hu/kT:|

b, 2
=bn o), {1 _uX e‘h”/’“T] = 7T_66 by frp(v—14) [1 “ho

blSO e

Wien: o}, ~ b [ol)] LTE

Total line extinction coefficient

hv by me? bu
al, = 4—; by By [1 3 © h O/kT} = by ™ fru [1 5 " O/kT} ~ b [0, ] g
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LASERING
RTSA 2.6.2

Laser regime for sufficient excess b, > ¥
1 — (b,/b) exp(—hiy/kT) <0 — af,o <0 Sll,o <0

l —huo /KT l
sl 1~ o/ , [ob ]
- _ - Yu
By, (bi/bu) [L = (bu/br) e o/HT] ay,
'T’:‘ leOQEI T T I T T T I T T T I T T T I'Ill T I Il' T I T T T I T
g E 4 i !
= 4x10°E N I I
e E ! \ L L
= 9 E 13 \ Iy y
W 3%x10 3 1, \\ N I 'I
< JE Iy NN o I
S/ 2)(105— I[/’\\ < \\‘_// | 1 |
- E I, AR I / I
e oE o, 1 So S ’
‘s 1x10°E -—__L - |
S E : -——__ ! I
20 0E e
Q. E 1 ,,f’//’
(/F -1X109E| PRI AN TR T W N WO T T T RN RN | ||| 1zl | vl 0 31

200 400 600 800 1000 1200 1400
A [nm]

Wavelength variation of the NLTE source function for 7' = 10000 K and the specified ratios b,,/b;. The
NLTE source function scales with the Planck function (solid curve for b, /b;=1) in the Wien part at left,
but reaches the laser regime for large b, /b; in the Rayleigh-deans part at right.

start index
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STATISTICAL EQUILIBRIUM VERSUS NON-EQUILIBRIUM EVALUATION
RTSA 2.6.1

Statistical equilibrium equations for level j
N N

TLj Z Rji = Z?’L]‘Rij Rji = Aji + szJ_]z —+ Cji i E / / I qb dl/ dQ
J#i J#i
time-independent population  bb rates per particle in j total (= mean) mean intensity for CRD

Transport equation in differential form

dr,
L =1,-8,
a dr,
Transport equation in integral form
) == [ St e

zme—+/ S, (ty) et dg,

Tv

1D (“plane-parallel”) SE: require in = out, solve these coupled equations for all wavelengths
and levels of all pertinent transitions for a sufficient number of  angles at all heights

3D non-E: evaluate the net rates for all wavelengths and levels of all pertinent transitions
for a sufficient number of ¢ and ¢ angles at all (x,y,z) locations as a function of time. If
energetically important, couple back into the energy equation in the simulation
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TWO-LEVEL TRANSPORT
RTSA 3.4

All two-level process pairs involving a beam photon (to the right)

2 2 2
1 “2
1LY 1 1
a b c
2 T 2 T 2 2
1 R Ve Wi
11— X 1 1
d e f g
Sharp-line two-level atom = monochromatic “redistribution”
dr,, hwy Co Az B J,
= — Bisl,,—— — Byol,,—— — Biyol, 2
ds 4ﬂ_711 ’ 12 Py 12 Py, 124ug Py,
(@ (t) ©
AQl BQlL/ A21 Bley
Cpo— + C ® + BigJ,,—— + BiaJ, 2
+ 12P21+\12 P21/+\12 OP21/+¥12 0 Py

~~ -~ ~~

(d) (e) () (8)
start
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TWO-LEVEL SOURCE FUNCTION
sharp-line atom derivation: RTSA 3.4

Collisional destruction probability per extinction
oy, Co Co

Evy = — _
0 ozls,o + aﬁo Agl/[l — eXp(—hVo/k‘T)] + Cyy Ao + Bngyo + Cy

Alternate form

/ _ a S _
1o = ozl,o/ozyo =

Eug _ % [1 . e—hl/g/kT]
1-— € A21

Line source function
! J, " B
I — ]Vo _ (1 _ “ +€Vo Y0
= =(1—e,) Jyy +c,Byy=—2>—
0 afjo 1+¢g),

Complete frequency redistribution
750 + 8:/0 BVO

SL=(1—e,)J. +e,B, =
0 0 0 0 0 1_’_5;/0

Frequency-independent, but beware
Stot _ OZE,SLO + Oél(iSﬁ
v a4 a
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SUMMARY SCATTERING EQUATIONS

RTSA 4.1-4.3
Destruction probability c
o? Oza 21
coherent: ¢, = v 2-level CRD: ¢, = Y0 =
© Oéla} + Oé,sj Evo Oéﬁo + Oéls'/o 021 + Agl + B21BVO
Elastic scattering
coherent: S, = (1 —¢,)J, +&,B, 2-level CRD: S,, = (1 — €,,) 0, + €0y B,

Schwarzschild equation and Lambda operator

+1 o]
J (1) = %/1 L(7y, ) dpp = %/0 Sy(ty) Ev([t,—7]) dt, = A [S,(1,)]

surface: J,(0) ~ %Sy(n =1/2) depth: J,(1,) =~ S, (1) diffusion: J,(1,) =~ B,(7,)

Scattering in an isothermal atmosphere with constant ¢,
coherent: S,(0) = v/, B, 2-level CRD: S,,(0) = /2., By,

Thermalizaton depth
coherent: A, = 1/¢!/2 Gauss profile: A, ~ 1/¢,, Lorentz profile: A,, ~ 1/e2,

14
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CRD RESONANT SCATTERING IN AN ISOTHERMAL ATMOSPHERE
RTSA figure 4.12; from Avrett 1965SA0OSR.174..101A

Lt

L L 1
L1 1 parte

L

162

L rrn
I 1 tprni

1
o,

e left: S/B in a plane-parallel isothermal atmosphere with constant  for complete
redistribution. The curves illustrate the /¢ law and thermalization at A =~ 1/e.

e right: corresponding emergent line profiles and Gaussian extinction profile shape
¢ (only the righthand halves; © = AX/AM\p)

start index
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TWO-LEVEL SCATTERING FOR DIFFERENT LINE PROFILES
RTSA figure 4.12; from Avrett 1965SA0OSR.174..101A

T T T T T T T T T T T T T
I = = e
C St 7 r I,
uy N\ — —
— I OO ] B
o ) B L Scale
- < > for
- - - —~ @alX)
—1 |
o 3 o'k =
- - - : - Io—l
- B= I A 1 Jo2
€=10" B o
B r=0
o - 107
o2 4 102 o
1 1 ! 1 ! ! ] L L |
-2 -l o | 2 3 4 5 6 7 8 0 | 2 3 4
log T X

e left: S/B in a plane-parallel isothermal atmosphere with constant ¢ = 10~ for
complete redistribution with three different Voigt damping parameters

e right: corresponding emergent line profiles and extinction profile shapes. The
thermalization depth increases for larger damping because the extended outer
wings provide deeper photon escape
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TWO-LEVEL SCATTERING WITH BACKGROUND CONTINUUM
RTSA figure 4.13; from Avrett 1965SA0OSR.174..101A

11111

I EEAY

1

|
1

(op 4 0= -
; i i
- I/ 7] h
= ,,’ —r=10% A =
~e=\0 /// v I//\g ----- =0 I ]
”’, II, b”
103—----" g s -~ 102 n
1 A | 1 1
-2 -l 0 | 2 3 4 5 0] | 2 3 q
log T X

Figure 4.13: Avrett results for two-level-atom lines with complete redistribution and a background contin-
uum. The atmosphere is isothermal. Axis labeling and parameters as for the upper panels of Figure 4.12;
the extinction profile () is again Gaussian (righthand panel). Dashed curves: r = af /al,, set to r = 0,
describing pure resonance scattering without background continuum. Solid curves: r = 10~% or Ny = 10*,
describing fairly strong lines. Lack of continuum thermalization is unimportant when r < ¢,,. Lack of
collisional destruction is unimportant when ¢,, < r. From Avrett (1965).
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SCATTERING IN EPSILON = 0.01 ATMOSPHERES
J (1)

AL 1S, (6)] St

(1 —ey) Jyy + €uBuy

A
&
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Krijger 2003rtsa.book.....R
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B, J, S FOR SOLAR-LIKE COHERENT LINE SCATTERING
RTSA figure 4.11

; Thijs Krijger
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V.0 V.0

FLAT S(7) IN STRONG LINES

Fig. 4.10 of RTSA

total total

RE: B,(75) = B,o (1 + 1.575) at peak of emergent flux (optical)
strong line: 7, = a! /a¢ >> 1

tau scaling in line: drt = dr¢ +dr! = (1 +1n,) dre

RE gradient seen by line: B, (7°") ~ B, o (1 + 1.5/(1 +n,) 7°")

14

strong lines tend to obey the /= law: S(r=1) << B[T(r=A7)]

index
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B, S,J [K]

SCATTERING ULTRAVIOLET CONTINUA

7000

4000f

6000}

5000

Rutten 2016arXiv161105308R

ALC7 :

Ns o 800A/ i

.\;;_-:.- == z‘ == =T =

- oo 2500500 A
‘-:_i___ el — —

0 200 400 600 800 1000 1200

height [km]

photospheric T'(h) gradient set in optical by RE

ultraviolet B[T'(h)] much steeper from Wien

no B(r) flattening from strong-line extinction

A operator produces J > B
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FREQUENCY COHERENCE OR REDISTRIBUTION

7=

s

5

e[~

&

e >

e Eddington: does a re-emitting atom remember at which frequency it was excited?

e yes = coherent scattering: incoming and outgoing photons same frequency

e no = complete redistribution: outgoing takes fresh sample of the probability distribution

schematic illustration:

Doppler redistribution: coherent scattering per atom, ensemble Dopplershifts for observer
collisional redistribution: “reshuffling while atom sits in upper state”

coherent scattering in different parts of a strong spectral line

10.0}

start

.....
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PARTIAL FREQUENCY REDISTRIBUTION PER CARTOON

v
outer wing = deep formation o

large/density = collisional redistribution wn
inner wing:
radiation damping
coherent scattering

Doppler core = redistribution

in observer’s frame
I
Vo v <— height

Doppler core: monofrequent (“coherent”) scatttering per atom (n its moving frame);
Doppler redistribution over parcel Doppler width for observer (snag: microturbulence?)

inner damping wing: Heisenberg = coherent scattering with Doppler redistribution
outer damping wing: at large density collisional damping = complete redistribution

if the line is so strong that radiation damping dominates in the inner wings (high forma-
tion at low collider density) then the inner-wing photons are independent Doppler-wide
ensembles with their own line source functions

inner-wing line source functions decouple deeper from the Planck function than the core
source function due to smaller opacity: they represent weaker lines

the PRD core source function decouples further out than for complete redistribution be-
cause core photons cannot escape from deeper layers via occasional wing sampling

index
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PARTIAL REDISTRIBUTION CLASSIC

Hummer 1962MNRAS.125..21H

NON-COHERENT SCATTERING
I. THE REDISTRIBUTION FUNCTIONS WITH DOPPLER BROADENING
David G. Hummer
(Received 1962 July 12)

Summary
The redistribution in frequency of radiation scattered from moving atoms
is examined in some generality, allowing for the different types of scattering
which occur in the atom’s rest frame under different circumstances. Some
general formulae are obtained and a number of explicit results are given.
Finally some attention is devoted to the properties of the redistribution
functions and to the methods which may be used for computing them.

g(n, n

In this paper we obtain a very general redistribution function for the physically
realistic situations in which scattering, according to an arbitrary redistribution
function and an arbitrary phase function in the atom’s rest frame, is further
modified by the Doppler effect. We obtain explicit formulae for the redistri-
bution functions in four cases. They are, with the Roman numeral which will
subsequently identify them:

Zero natural line width (I).

Radiation damping with coherence in the atom’s rest frame (II).

Radiation and collision damping with complete redistribution in the
atom’s frame (III).

Resonance scattering (IV).

)

Ri(x,n; x',n")= TSy exp [ —x'2— (x—a' cosy)?csciy]
’ — AN ’
Ry(x,n; x',n")= _g(;t,—'n) exp l:— (u) csc? (Z)]H (0’ sec 2, X sec Z)
481Ny 2 2 2 2 2

Rypp(#,n; x',n')=

gn,n’)o

grisiny w | _, (x—y)2+0°

—y2
¢ H(ocscy,x' cscy —yctny)dy

g(n,n") o;secy/2

Ryy(x,n; &', n") =

— o

2m?sin Y

kg

j‘” eV H(ojcscyf2,y ctny[2—x cscy[2) dy

[(x—«")secy/2 —2y]* 4+ (o;sec y[2)?
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CLEAREST EXPLANATION SOFAR

Jefferies “Spectral line formation” 1968slf..book.....J

gy, ')
gr(v, v')
1.0
1.0
0.5 0.5

SZZTONN L

v
0
Figure 5.1. The redistribution tunction gu(v, v') for the case of zero natural line width ~ Figure 5.2. The redistribution function gy(v. v") for the case of finite natural line width
(see Equations (5.18) and (5.22) of the text): vand v/ are respectively the incidentand @ = 1072 (see Equations (5.18) and (5.24) of the text): v and v are respectively the
scattered dimensionless frequencies. incident and scattered dimensionless frequencies.
In his di jon Hummer d ishes the two cases of zero and
finite natural width a. For the first case, @ = 0, he finds Unno’s The explanation of these features is straightforward: in the core
(1952a) result (v,v" S 3) absorption will be mainly—entirely if @ = 0—due to those residual wing absorption coefficient overbalances that due to atoms
, _ atoms moving with such a velocity as to “see”” the photon at their own moving so as to absorb at the line center; in practice, for allowed lines
By(v, v') = }erfe ([7)), (5.22) line center since the atomic absorption coefficient is enormously larger in the visible, v, is well known to be of order 3. For such wing frequen-
where the complement to the error function is defined as there than at neighboring fre i The re-emission at freq; v cies, therefore, the predominant absorption will be due to the atoms
2 e is supposed isotropic and so in the rest frame of the atmosphere it is having small line-of-sight velocities since they are the most numerous.
erfe (z) = —-—f e~ dt (5.23) distributed between the frequencies +v (= +Av/Av,). A closer The frequency v’ of the re-emitted radiation is therefore more or less
Vala analysis shows that the distribution is equally probable between these equal to that absorbed in this case when the atom itself scatters
and |5| is the larger of |v| and ]v’|. For a nonzero we have the result, frequencies. coherently. In fact, for large v we would expect to find that the
also due to Unno (1952b), As the incident frequency moves further into the line wings, however, probability distribution for »’ was centered on » and had a width of the
the number of atoms able to absorb in the line center falls rapidly—in order of one Doppler width.
Ru(v, v') = =32 fm e~ I:mnq (2_"”_‘) - mn—l(B - u)] du, fact, like exp (—»?). If a were zero, the atom would have no choice
@-i2 @ @ but to accept this since in that case its absorption coefficient is zero
(6.24) except at the central frequency. In the practical case where a # 0 a
where now 7 and v are respectively the larger and smaller of v and v'. frequency v, will be reached in the wings such that beyond v, the small
The unusual arguments % and v in these expressions arise because, by
ption, the ing is coh in the frame of the atom and

only a restricted range of v’ is therefore possible for a given absorbed

frequency v, and a given atomic velocity. In this respect the problem upshot; Dopp|er_wide core around observed line center, in

differs from that of complete redistribution in the atom’s frame, for

which any frequency »" may be emitted following absorption of a given far natural_damplng Wlngs Doppler_broadened Coherency 1

frequency v.
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FORMATION OF Call KWITH PARTIAL REDISTRIBUTION
Shine, Milkey, Mihalas 1975ApdJ...199..724S

0.06F T T T T T T 10°*
0.05F ' ]
0.04} oo
0.03} y
5
0.02} _ S o
0.01F 3 3
0.005 . - . . L . . . . L - . . - L . - . . L . . f -7 1 1 1 1 1 1 1
3932.5 3933.0 3933.5 3934.0 3934.5 10 T 10 1% 10 10 107 100 1 10
wavelength [A] m (gm/cm?)

left: classic naming of Call K reversal pattern features (the only non-Gaussian
Fraunhofer-line cores!)

right: in CRD S5 (solid curve) maps the minimum temperature into the Call K; dips
PRD S departs individually from B, for each ensemble of non-redistributed photons
no such 1D explanation for the K,, > K,, and Ky, > K;, asymmetries

actually, the average profile is dominated by acoustic shocks in internetwork and mag-
netic concentrations in network

the Wilson-Bappu effect (stellar core width — luminosity correlation) remains unexplained
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MAJOR PRD LINES

Lemaire et al. 1981A&A...103..160L: observed profiles from plage
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Milkey & Mihalas 1974ApJ...192..769M: computed half Mgl k profiles for PRD

1, (erg cm2sec'ster"'Hz™")
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RECENT DEVELOPMENTS IN PRD LINE SYNTHESIS

RH code: Uitenbroek 2001ApdJ...557..389U
- Rybicky & Hummer: not A(S) but ¥(5) iteration; preconditioning
— overlappping lines
- 1D, 2D, 3D, spherical versions

RH 1.5D: Pereira & Uitenbroek 2015A&A...574A...3P
- 1.5D = column-by-column

- massively parallel
— also molecular lines (but Kurucz lines in LTE)

angle-dependent redistribution: Leenaarts et al. 2012A&A...543A.109L
- good summary PRD theory and equations
— non-stationary atmosphere requires angle-dependent PRD
- hybrid approximation:  transform to gas parcel frame, assume angle-
averaged PRD (=~ angle dependent from deep isotropy), transform back

towards Bifrost PRD: Sukhorukov & Leenaarts 2017A&A...597A..46S
— hybrid approximation for small memory

- linear frequency interpolation for speed
- 252x252x496 grid, 1024 CPUs: 2 days for Mg |l k =~ doable

next: 3D PRD with multigrid (Bjergen & Leenaarts 2017A&A...599A.118B)
start index
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MULTI-LEVEL DETOURS

All “interlocking” paths involving a photon in the beam

u— u p— u —
e
Vs N> L~
Y \
1 - 1 — 1 —
Detour source function with detour transition probabilities D,; Dy,
2hvy? 1 2hvy? 1
d _ 0 - 0 B
SVO N c? Ju Dul 1 - c2 thO/de -1 - BVO (Td)
91 Di

Collision and conversion photon-loss probabilities for sharp-line atoms
Oéio Cu (1 — efhyo/kT)
Evy = =

o + a® + ad Aul ‘I’Cul 1 — e—hw/kT +Dul 1 — e—hwo/kTa
Vo Vo Vo

od Dy, (1 _ e—hug/de)

= Yo pr—
My = a5, +ad +ad T Ay + Cy (1— e70/kT) 4D,y (1 — e~hwo/ka)

Line source function
Szlzo = (1 — &y — 771/0> ‘]Vo + gVOBI/O(T) + nVOBVo(Td)
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ALTERNATE NOTATION IN THE (CLASSICAL) LITERATURE

E.g., Jefferies “Spectral Line Formation” 1968slf..book.....J
Normalized photon destruction and photon conversion
, O‘io Eve Ch (1 . efhuo/kT)
811 = . = =
0 aVO 1- Evo — My Aul
/A CYSO _ U _ DUI (1 - e_hVO/de)
o = ag, 11— €vo — Ny N Aul
Extinction coefficient
l S
al/o - auo (1 + 6:/0 + T]l//())
Line source function
Sl _ JVo + 6;0BV0(T) + ULOBVO(Td)
& L+ ey + 1,
Complete redistribution
_ Jo 4+ € B, (T) + 1, B,,(Ty)
l ¥ 7 v~ V0 vo Y0
Suo - (1 — &y T 771/0) Juo + €VOBV0(T) + nVOBVo(Td) - : 01+8;/0 I 771//0 :
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RADIATIVE COOLING
RTSA 7.3.2

Radiative equilibrium condition

dFaa(z
®t0t(z) = d—i() = O

= " 0(2) [Su(2) — =) dv
= 20 [ )~ n(2) ]

Net radiative cooling in a two-level atom gas

®, = dmal, (S —Jy)
= 4717,/0 — 477041,0 T
- hVO [nu<Aul + Buljuo) - nlBlujuo]
- hVO [nuRul - anlu]

Net radiative cooling in a one-level-plus-continuum gas

> bl bc _
@CZ = 471' nLTEb / U’LC(V) |:BV (1 — e_h’//kT) _ _J (1 —Le hV/kT):| dV

Vo
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DETAILED BALANCING

) Hydrogen ionization/recombination relaxation
1o timescale throughout the solar-like shocked Ra-
dyn atmosphere. The timescale for settling to
‘ equilibrium at the local temperature is very long,

c 15-150 min, in the chromosphere but much

5 shorter, only seconds, in shocks in which hydro-
gen partially ionizes.

Carlsson & Stein 2002ApdJ...572..626C

net radiative and collisional downward rates (Wien approximation)

47 b —

Ny Ry — 1y Ry & o n/"" b, ol <By0 - =7 ) zero for S = J, no heating/cooling

14
by °

1y Cut — mCry = mChy (Z—“ - 1) = byn "y, (1 — f-’) zero for b, = b;, LTE S
1 u

dipole approximation for atom collisions with electrons (Van Regemorter 1962)

E —1.68
Cy = 2.16 (k—;) 7329 N, f

Einstein relation
Clu == C'ulﬂ eiEul/kT

Ju

C. is not very temperature sensitive (any collider will do); C;, has Boltzmann sensitivity
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LAMBDA ITERATION

Lambda operator

Two-level coherent scattering
SIZJ(TV) = (1 —&,(1)) A,,[S,lj(t,,)] + & (1) B (1)

Drop indices
S=(1-¢)A,[S]+¢cB

S=(1—-(1—e)A) " [eB]

lteration instead of inversion
S — (1 — ) A[S™] +¢B

Convergence
St _ g — (1 — ) A, [S™] +eB — 5™

Large 7, small ¢
gntl) _ gn) Ay[g(n)] — g ~ gln) _ g(n)
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ACCELERATED LAMBDA ITERATION

Operator splitting (Cannon): define A* as a valid but fast approximation
A, =N+ (A, —A)
Still exact
Jy = AJ[ST+ (A — A))[S]

lteration inserting n + 1 also on the righthand side
S — (1 — &) A*[STHD] (1 — &) (A, — AM[S™] +¢B
Reshuffle
St (1 =) A S = (1 — ) A [S™] +eB — (1 — ) A*[S™] = S5 — (1 — ) A*[S™)]

Inversion of only the approximate operator (FS = formal solution)
S = (1 — (1 =) A") " [S¥ = (1 — ) A*[S™]]

Convergence
S 8 — (1 — (1 — ) A*) 1 [STS — 5]

Acceleration
(1-(1—-e)A) "'~ 1/e
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LAMBDA ITERATION EXAMPLES

Auer 1991sabc.conf....9A (Crivellari, Hummer, Hubeny)

isothermal semi-infinite atmosphere

constant ¢,, = 1073, complete redistribution, Gaussian profile

display = 20 successive S' estimates + correct S

classical A iteration
ALl with Scharmer operator (local Eddington-Barbier along LOS)

ALl with the diagonal of the A matrix

[ ]
©o o w >

idem with conjugate vector acceleration

start index


http://adsabs.harvard.edu/abs/1991sabc.conf....9A

SOLAR SPECTRUM FORMATION: THEORY
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll
start: dawn of astrophysics exercises literature  101-intro

basics:  basic quantities flux intensity conservation exam constant S,
plane-atmosphere RT EB CF+RF formation cartoons E-B exam A(S)

LTE 1D static:  Planck EB-line-limb continuous opacity electron donors
Saha-Boltzmann line broadening LTE line equations

NLTE descriptions:  solar radiation processes bb equilibria Einstein coefficients
line source function formal temperatures departure coefficients lasering
population + transport equations

scattering: 2-level atoms  sharp atom CZdemo scattering equations results

refinements:  partial redistribution multi-level detours radiative cooling
balancing A iteration

course summary: all bb pairs NLTE line cartoon equation summary
key equations scattering cont & line NLTE summary cartoon homework

course finish: HI exam moral conclusion

Acrobat: title = previous bottom-left = this start bottom-right = thumbnail index bibcode = ADS page
start index


https://webspace.science.uu.nl/~rutte101

LINE FORMATION AS SEEN BY THE ATOM

two-level pairs detour pairs
2 - 2 2 U —
| “
incti 1 e
extinction .. N e T v~
1 Y 1 1 ] <
a b c h
2 2 T 2 2 u A u A
emissivity |, w1 e PO e B e e fo
'3 R ' : g ' ! M

e pair combinations
- beam of interest to the right
- a/d + e = collisional destruction / creation of beam photons
- b+h/f+i+]scattering & detour photons out / into beam (c, g cancel)
e equilibria
- LTE: a +d + e dominate; bb Boltzmann f(7'), bf Saha f(7',N,)
- CE: donly; bb f(T,N.), bf f(T)
- NLTE, NSE: scattering and/or detours important; bb and bf f(T', N., , Ju, Jij, Jic) [t]

e line extinction and line source function
- ol =a*+ o + o' absorption + scattering + detour extinction
- ¢ =a*/a’ destruction probability n=al/al detour probability

- S'=(1-e—-n)J + eB(T) + nS¢  J: mean meanintensity S all detours
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REALISTIC SOLAR ABSORPTION LINE

extinction: bb peak in 1, = oy /a. becomes lower and narrower at larger height

optical depth: 7, = — [ a°*! dh increases nearly log-linearly with geometrical depth

source function: split for line (bb) and continuous (bf, ff, electron scattering) processes

intensity: Eddington-Barbier for St = (a,.S, + ;.9))/(ae + ay) = (Sc +1,91) /(1 +n,)

log Oc\fma] log T,
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BASIC RADIATIVE TRANSFER EQUATIONS
last page RTSA 2003rtsa.book.....R

specific intensity
emissivity

extinction coefficient
source function

radial optical depth
plane-parallel transport
thin cloud

thick emergent intensity
Eddington-Barbier
mean mean intensity
photon destruction
complete redistribution

isothermal atmosphere

—

I,(7 1, t) ergem=2st Hz ! ster!
j, ergem =3 s~ Hz ! ster?
a,cm™t o, cm?part™! K, cm?>g!
Sv=20v/ 2w
7 (20) f oy, dz
pdl,/dr, =1, — S,
I, = Iy + (S, —]0)7',,
LH0,p) = [~ S e ™/ dr, /u
I+(0 p) ~ S, (Tyzu)

uo =3y fH[ysO (v—1p) dp dv
e = oy /(ay + a}) = Cyu/(Au + Cu)
Sio = (1 —¢€y) 7: + €, B,
Sw(0) = /&y, By,
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KEY LINE FORMATION EQUATIONS

population departure coefficients

LTE LTE
by =ny/n, by = ny/n;

Zwaan: n'™® = Saha-Boltzmann fraction of N Harvard: n/n. (main stages ~ 1/b.)

general line extinction and line source function

me? N2 pltE by X 2hc? v/

Zp l N, Ae Y 1] A e—hc/)\k:T Sl _

mec ¢ | Ny i b o AN ﬂehc/AkT_K

b, %

o =

CRD approximation: v» = y = ¢ Wien approximation: neglect stimulated parts
alab oE S~ (b, /b)) B(T)
PRD: Lya, Mgllh &k, CallH&K, strong UV Wien: up to Ha (A\T'=hc/k at 21 900 K)

probabilities per extinction of collisional photon destruction and of detour photon conversion
a? d

n oS+ a2+ ad

line source function (for CRD, monofrequent for PRD)
S'=1—ec—n)J + eB(T) + nsS¢
“source” = local addition of new photons into beam per local extinction in terms of energy
J = (1/4m) [[Io dS2dX reservoir e B thermal creation nS4 detour production
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ULTRAVIOLET b-f SCATTERING VERSUS OPTICAL b-b SCATTERING

7000 ! T T T T T T T T T T T — E — .- —
, { = 7000E}. 05
: ~ A =
< 6000F 5 6000 F 1.<
3 : 3 N\, s =
- N E 3
%) 5 — 5000F
i 5000F 8 : 14 _
: - 4000 &
s %) -/ 9
] o 3000 ALC7 T alD, | (462
0 200 400 600 800 1000 1200 0 500 1000 1500 2000
height [km] height [km]

e scattering ultraviolet continua
— scatter outward from deep photosphere

- B\(7\) steeper than defining optical RE gradient Bsooo(75000) ~ 1 + 1.5 75000

— source function follows J, not steep drop in B

e scattering optical line (Nal D)
— scatters outward from upper photosphere
- optical depth scale compressed compared to 75000 = Ba(7)) = flat ~ “isothermal”

— source function doesn’t care that temperature rises again
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ULTRAVIOLET b-f SCATTERING VERSUS OPTICAL b-b SCATTERING

2
1-3

= 1 =
o L 7 '4'%
Fe) [e)) «©
=5 o \ =
8 "0 \ o
| {-57

|

'1| 1 1 1 L L L -1 |ALC7|rNaID1|l

0 200 400 600 800 1000 1200 0 500 1000 1500 2000

height [km] height [km]

e scattering ultraviolet continua
- J — S translates into standard dip + rise pattern

— photospheric minority-species lines have b..,«~1 and b; extinction depletion

- HI: Balmer continuum has same pattern in by /b.ons (H | top ~ neutral metal)

e scattering optical line (Nal D,)
— no photospheric dip because alkalis suffer photon suction: photon-loss replenish-
ment from population reservoir in low-lying continuum
- steep b, increase from ultraviolet overionization = B,(7,) =~ flat ~ “isothermal”

- b,/b; split characteristic for scattering lines
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SUMMARY 1D SCATTERING SOURCE FUNCTIONS

CONTINUA

B, J as temperature
B, J as temperature

e continua
— optical: J ~ B for radiative equilibrium
— ultraviolet: S ~ J > B — overionization of minority neutrals
- infrared: J < B but J doesn’t matter since H; and Hy have S = B
e lines
- dB/dr = dB/d(t¢ + ') much less steep, so closer to isothermal S ~ /e B
— for stronger lines S sees more of the model chromosphere
- PRD lines have frequency-dependent core-to-wing S ~ J curves like these
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EXPLAIN EVERYTHING — INCLUDING SIMILARITIES AND DIFFERENCES

ALC7: 2008ApJS..175..229A  FCHHT-B: 2009ApJ...707..482F  FALP: 1993ApJ...406..319F
8000 T T T T 16

~
o
[=]
=]
L
m
>
[y
o
-
'}
—_—
g

L
1
-
s

log (density) [cm

6000

1
=
=
=
T
1 1
— -
h~] w

5000

temperature [K]

1
-
-

I
=
(fraction)

0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
height [km] height [km] height [km] )
staiu index


http://adsabs.harvard.edu/abs/2008ApJS..175..229A
http://adsabs.harvard.edu/abs/2009ApJ...707..482F
http://adsabs.harvard.edu/abs/1993ApJ...406..319F

SOLAR SPECTRUM FORMATION: THEORY
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll
start: dawn of astrophysics exercises literature  101-intro

basics:  basic quantities flux intensity conservation exam constant S,
plane-atmosphere RT EB CF+RF formation cartoons E-B exam A(S)

LTE 1D static:  Planck EB-line-limb continuous opacity electron donors
Saha-Boltzmann line broadening LTE line equations

NLTE descriptions:  solar radiation processes bb equilibria Einstein coefficients
line source function formal temperatures departure coefficients lasering
population + transport equations

scattering: 2-level atoms  sharp atom CZdemo scattering equations results

refinements:  partial redistribution multi-level detours radiative cooling
balancing A iteration

course summary: all bb pairs NLTE line cartoon equation summary
key equations scattering cont & line NLTE summary cartoon homework

course finish: HI exam moral conclusion

Acrobat: title = previous bottom-left = this start bottom-right = thumbnail index bibcode = ADS page
start index


https://webspace.science.uu.nl/~rutte101

WHO WANTS TO KNOW WHAT WHAT FOR?

e optically thin cloud modeler
- L(n)=L0)e ™+ [V S,(t,) e ) dt, = 1,(0) e P + S, (1 — e D)
- off limb: 7,,(0) = 0 but how do | solve confusion?

courtesy Tom Berger

- on disk: how do | define the unseen 1,(0)?

[ J O,Dtlca//y thICk Eddington'Barbier inverter ‘ | courtesy Gene Avrett
- I (1,=0,p) fo L(t) e it Ju~ S, (1, = p)
- can | get away with 7, = 7™ and S, = B,?

—

- at what height does my line form and how does it tell me 7', N, v, B?

[ ] eXC/tab/e atom in the SO/aI’ atmosphere . courtesy Mats Carlsson

- what colliders and photons are available for my excitation?
- shall | emit or extinct a photon in the observer’s direction?

— do | muck with coherency?
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NLTE SCENE

convection scattering  scattering scattering  scattering

NW

radiative overionization
Mgl Fel, Sil, Al'l

Ly a

Mgll hk
Hao
Call HK

Call 8542

Fel optical
Fell optical

radiative
equilibrium

Y
\Y

1

’

temperature

acoustic flows &
shocks shocks

Hell 304

field guided

s
thin sheath
10% 10°Kk

fluid?

non-E HI-HIl  non-E Hel-Hell

height

message: scattering — scattering — scattering — scattering

UV continua: S ~ J, minority overionization (deep) and underionization (high)
photospheric lines: opacity < LTE (Fel) or source function > LTE (Fe ll)
chromospheric lines: S ~ .J, NEQ(t) opacities (H, He), PRD (Lya, h &k, H &K)

p.m. NLTE funnies:
interlocking (Ce Il in H & K, Canfield 1971A&A....10...64C)
pumping (Fell in H&K, Cram et al. 1980ApJ...241..374C)
replenishment (Mg 1 12 um, Carlsson et al. 1992A&A...253..567C)

suction (Na | & K1, Bruls et al. 1992A&A...265..237B)
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Edvard Munch (1863—1944)

“The camera cannot compete with the brush and the palette
so long as it cannot be used in heaven or hell”




BEAUTY IN SHARPNESS

DOT picture of the sun. Solar active region AR10786 in a mosaic of 2 by 2 DOT images taken on June
8, 2005. The field measures 182 x 133 arcsec. The inserted Earth photograph indicates the scale.
The sunspot umbrae remain dark in Halpha. Many so-called fibrils emanate away from the sunspots.
They outline magnetic connections between different areas, like iron filings around a bar magnet.
The many fibrils show how complex solar magnetism is arranged within the solar atmosphere. The
whitish areas surrounding the sunspots are plage, where large numbers of magnetic elements cluster
together. The long slender dark structures are active region filaments. They end in bipolar regions
where both positive and negative magnetic fields emerge through the solar surface. The coloring is
artificial.

https://webspace.science.uu.nl/~ruttel0l/dot
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ON BEAUTY AND COMFORT

“It is a great human comfort to look at a distant star and to realize that the light
that reaches our eyes contains the NaD lines, the same sodium lines that pro-
duce our yellow street lighting, and that we understand exactly how these lines
are formed. The sodium atoms in that faraway star obey physical laws that we
know and understand in great detail. Isn’t that wonderful!”

Steven Weinberg, TV interview (2000)
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“The polarization peaks in the line cores, in particular that of the D, line, remain enigmatic”

Stenflo, Keller, Gandorfer 2000A&A...355..789S
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CONCLUSION

Stefan Dreizler: Lecture on stellar atmospheres

3 hours
Stellar
~ Atmospheres...

...i1s too much!!!
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EXAM: INTENSITY CONSERVATION ALONG A BEAM

« You can use a magnifying glass to start a fire with sunshine. What s the
intensity in its focus? Why does it heat?

« The 4-m DKIST wil have four times the aperture size of the 1-m
SST. Compare the exposure times needed for solar observation.
Christoph Keller's answer

« A supergiant telescope resolves granules on a solar-analog star 10
lightyears away. What exposure is needed compared to DKIST?

+ An amateur astranomer in Iceland photographs an Apolio landing site on
the Moon through her 25-cm telescope at 100 times magnification with a
Canon camera. Compare the required exposure time to when she uses
her Canon with its standard lens in the Holuhraun,

My answer

« Why are the largest solar telescopes smaller than the largest night-time
telescopes?

11

Transport equation along the beam (7, = opical thickness)
al,

So-1,

Invariant 5,

example: 5,

Thick object

LD)=

L)

L)«

LO)e

+8(-

(D)=,

L©)=0

CONSTANT SOURCE FUNCTION

“St) e,

)

15, fo a coninuum and ine processes in an sothermal cioud

12

RADIATIVE TRANSFER IN A PLANE ATMOSPHERE

Fadial opical depth

. cmparie

rradil Hubony s omiigram o, om - wcmilon?

Transport squation

Integral form

tomlm gt f o :.[ Sty e 0 it fn

Si(t)e
Sormalsoluton”  NB:boih diectons prm: Dopplor aniotropy 5.
Emergent intensity without iradiation

w00 = /) [ Suta) e

Eddington-Barbier approximation

exactlorlnear 5,(r,)

EDDINGTON-BARBIER APPROXIMATION

i [ 0y e,

Emergent inensiy withou iradiation
L)

Eddington-Barbier (Mine—Unsole

CONTRIBUTION & RESPONSE FUNCTIONS

Eddington-Barbier approxi

imation

Intensity contrbution functon

Y

Line depression contributon function (Magain 1985A8A . 163..135V)
o1, 1= Sl
D

Intensity esponse function

TH /i) Selle

o= K+ we(Sofle)

SIMPLE ABSORPTION LINE

+ extincton: bb process.gves peak in ... = . + o, = (1+n.)a
+ opical depih: assume heightinvariant . = inear (1-+ 1) 7

« source functon: assume same for e (3) and continuous (o, ) processes
+ use Edginglon Bartier (here nearly exac, why?)

= [T xman st [ R n axman
i opo Care ) ) -
o [ Bt ity - 298 =
0 an vy
= wrong: ‘the radiiation comes from 7, =1 o ‘the photons escape at r, =1 1/ |
* cormect: | i -<
» beware: a spectral line may instead be formed in a “cloud™ at any height ¥ o — ~ o o
3 e : ; S 0
« unvasalved star £(0) = S(7,~2/3) With £.(0) =2 [} uL.(0) &y - T0] 1 1 pointe e 1 5
SIMPLE EMISSION LINE SIMPLE ABSORPTION EDGE SIMPLE EMISSION EDGE
 incton: o process ghes peak s 01 (1) « extinton: b proess e ecgein o, with o 7 ycogen « xtncton; bl proces ges edge i, i, 7 crogenc
 optcldopih:assum heghtiarian s - s (1417  opteal doth asuma haght-varian (v, why?)  optaldepth: assuma haghtnvarant eveaisc, why?)

« source funclon: assume same for ine (bb) and continuous (b, ) procosses.
« use Eddington-Barbier (here nearly exact, why?)

ol
« %

« use Eddinglon Barbier (here nearly exact, why?)

=

(unrealisic, why?)

\l

v

1
R

<

0

S,

. why?)
« use Eddinglon Barbier (here nearly exact, why?)

a 3
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SELF-REVERSED ABSORPTION LINE

exticton: bb peak with height-dependent ampiiude and shape
optcaldepth: non-inear even n he log

DOUBLY REVERSED ABSORPTION LINE

« extincion: b peak wih height dependent amplitud and shape
« opticaldepth: non-inear even inthe log

DOUBLY REVERSED ABSORPTION LINE

« extincton: bb peak with height dependent ampltude and shape
« optical depth: non-inear even in the log

+ source functon: decrease folowed by inorase (any idea why?) . y  idoa why . y TE scattring)
« use Eddinglon-Barbier (questionatle, why?) « uso Eddinglon-Barbie (questionatio, why?) + use Eddinglon Barbier (quesiionable, why”)
oz, gt Toga™th Tog v, oz, log 1
—
0
Vv g Vv N
vy vy g VY
< \./\ <
0 i 0 =
220 Y g 22 1 Y
REALISTIC SOLAR ABSORPTION LINE 'SOLAR SPEGTRUM FORMATION: THEORY SOLAR Nal D2
Robert J Autten , "
+ extinetion: Bb ki 1 = o bocomes lowsr and narrower a arger height : . + =
+ oplical depihi r, = — [ a** I increases nearly log-linearly with geomerical depth start: dawnof astophysics  exercises  lterature  101-intro _ - \ i
. o 3 g £ i
bk basiquanies _fox sl coneralon. oan  contart £ 1
+ itensi: Eddinglon-Barbier for S5 = (0,5, + 159 0+ ) = (Sc +1,5)/(1 + 7} ane-atmosphora KT E8 CFARF  formation catoons  E-Bexam  A(S Y ) e
F <
togal*! log ¢, LTE D staic: Planck  EBinedimb _ coninuous opacity  electron donors. > > 9 3
Saha- wumam ine broadening "ire line equations: g .
N N dcpons sl i oses  Speqits G it £ .
— iine source funct maltomperalures  departure coalicients  lasering £ 1 B canter
iy H T
scatering:  2lovelaoms  sharpatom GZdemo _ scaterng equations resuls A =
. b pnirmdiibior. mokloidinns rdiivmcoshy W o o e e aw
cont balancng A feration wavcength (4] 4
s
course summary: il bb pars NLTE lie cartoon equation summary NaiD,
Wey oquations  scattorig cont&ine. NLTE summary cartoon  homawork
Edaington-Barbier approximaton: ne-center 71 at ;= 600 km
" o courseinish: Hioam  moral  concusion
v 23 T A L o S e B 8 2 4 Wha i e formationheigh o e bend e th e ing?
SOLARNal D2 'SOLAR SPECTRUM FORMATION: THEORY EXPONENTIAL INTEGRALS
_ Robert J. Autten
K e . Dofniton with« = 1/ 10 make them an ntagrals ovor anglo
> ! s domnolasiphys  wecees e 101400 [
b bk basiquanies _fux _ nensiy onseralon oan  contnt
3 L . Banc-aimosphere AT €8 CFARF maoncartoons | E-8exam (S
s LTE 1D s nck  EBdinelimb conlinuous opacy  electron donors
? o maemann o troadone " LTE 1y st
= _s
£ 3 cdtor NUTE deriptons: s adaion poasses  hequlra | Esion cosfients
g 4 ] iine sourco unct maltomperatures  departure coalicents  lasaring
H 2 B iy e
H seattering:  2lovelaloms  sharpaiom  CZdemo  scaltering equations  resuls
s & s o0 500 2000
i Al refinements:  partial redisirioution multi-evel detours radiative cooling
s S o b Woor, M, Horget e ok balancng A feration
ssee. 703 z an 4 cours summary: ol 6 paics NLTE lie cartoon equation summary
- ;@ = 2 koy ouallons  scattorig cont& ino. NLTE summary cartoon  homawork
530 20 2 i w m x coursenish: Hloam  moral  conclusion Pl L1 Th i e i e B} ()b sty o =0, Fo b <

Acrobat: o = provious bettom-ef =

his start bottom-right = tumnail index. bibcod = ADS page




LAMBDA OPERATOR

RADIATION FROM ELSEWHERE: THE A OPERATOR THE WORKING OF THE LAMBDA OPERATOR

RTSA figure 4.1; This Kriger production

Exponental ntegrals , R() = AlSut)] = § £ S0 Ex(lt=l) b ]
Eax) dne [ ooy 28 4 i
A W ¥ T
< < <l W]
Schwarzschid equation {
wior b [ man= [0 Bt~ (Bt A ’U i |
- ~,
AL L R []m“”“‘“" :
Koiger 2003sa book...A g / i
Lambda operater igor g {
Adror= [T r0BG@-a * i 1
Serwarasenid squation dee Al |
! Ey(Jtu-7]) d S, - i
2= [ SV E-n . = A )] = | {

ors (Scharmer, Hubeny) +
A

3 ] L) = 1 R T T
2 8 29 Kourganolt 195206801 K73. 3 O

THE A OPERATOR FOR AN LTE-RE ATMOSPHERE SOLAR SPEGTRUM FORMATION: THEORY PLANCK
Robert J. Rutten

n|) dty v . Pranck funciion initensiy units
B =2 Bm=52 BT = 0
- sart: daun ofasophysics  owercises  Herature 1010
Approsimations
3s 1000 o basior:basicquantiies  flx _ intensiy conservalion  exam  constant S, Wien: B, (1) 202 g-ier ]
plane-atmosphere RT ~ EB  CF+RF formation cartoons ~ E-Bexam  A(S] ottiade rl
8, LTE ID static:  Planck EB-line-limb ‘continuous opacity ‘electron donors. 1510
” Saha-Botamann  line broadering  LTE Ine aquations: =
NLTE descriptions: _ solar radition processes  bb equlibria _Einsiein coeffcients 3
line source function  formal temperatures  departure coefficients  lasering £
LI S population + ransport equations. = Lo
g Raycigh-Jeans
scattering:  2-evel aloms  sharpatom CZdemo scaltering equations  results. )
i 3
T frn pr— 2 i
A balancing A eration R
— courssummary;  albbpas  NUTEGno caroon oquation summary &
o ey ocuations  scatorng cont& fine. NLTE summary caroon  homework =
Mt Kriger 1988 o
version o formal adiion temperatures 5, ..) = J, emoves the waveengih doper: cour i Hlgiam  moral conclusion o0 os o s 20
3 1 dence ofthe Planck fncion sensiviy o lamperaiure 3 2 e ol o B v B 3 3
PLANCK FUNCTION VARIATIONS ‘SOLAR ABSORPTION LINES AND LIMB DARKENING CONTINUOUS OPACITY IN THE SOLAR PHOTOSPHERE
Fiqur fom €. Bohm-Vienso.
Emergent ntonsiy wihout iradation
o ~m [ 5ita) i « bonctive. e
[ " i \
- UV: Sil, Mgl AL Fol £
Eddington-Barbier approximation (electron donors for H ) |
s
« trooree
5 HE - infrared, sub-mm: H E
] £ 2 - rado: HI 3 va's
< v H ne-fod Bl Nensd
o] s o S = Tromsn scatering (arge height)
- - Rayligh soatiering (near-UY)
- « Rosseland average
o] L~ 1
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CONTINUOUS EXTINCTION HIbf, HIf, H™bf, H

f, TOTAL

ater Figures 8.5 of Gray (2005), without He and with Fig 8 5a corrected

T- 6429

@ IP,x10% parHistom a1 P,x10% per Hl atom
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ERIKA [BOEHM-] VITENSE THESIS DIAGRAMS

Vitense:

195124...28.81V  Novolny 1973isa.book...N

explanation: caption Fig. 8.6 ATSA and Exercise 10 ATSA

E'l

il
¥
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SOLAR OPTICAL AND NEAR-INFRARED CONTINUUM FORMATION

Assumed: LTE, opacity only from H1 bfeff and H bfsf, FALC modsl atmosphere.
for continuum: from Alen, “Astrophysical Quaniiies 1976

Does the Eddington Barbier approximaton hold?

R T )
3508 =
20587
11280

54416
2438
1453 | 29601 | 47,
13618 | 35117 | 54
5199 | 47286 | 7164
7646 | 15005

5986 | 18826
Bist | 16345
6113 | 11871 | 5091
7870 | 16.16 | 30851
5695 | 11030 | 436

s | maoew
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CECII

LIA PAYNE'S POPULATION CURVES

42

SAHA-BOLTZMANN POPULATIONS

Schadeeniuam B

Bolizmann disiribution per ionization stage:

Al

N

paron unclon: U, = 3 ., e”v4T

‘Saha distriution over lonization stages:

b o n

=y

i

w

solar abundance ratio: CalH =2 x 10°*

eockegn 1

Assuming LTE at T = 5001
Bolzmann HI: "2 = 1

0K, P = 10°dynecm

2107 SahaCall

LTE EXTINCTION FOR Call HAND Ha IN FALC

Loenaarts etal. 200648..449.1209L

i omain. T AL waitang

pory e
- :

D e, e e g B
e o H 10028 . 011 s o e e
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SOLAR SAHA-BOLTZMANN EXTINCTION OF STRONG LINES

=

R
H . 13
§ o \@Lmn ng 3
Soaf H
B S £

N
-15) ¥ &

000020000 30000 40000
tomperature [

« botiom curves: neutral hydrogen density, electron density

« other curves: ine extincton for Saha:Bolzmann lower-level populations

« horizontal line: 7 = 1 thickness for a 1004 slab

o lower i curves shift but patters remain similar

« note: Ha hotgas champion, Ha - 8542 crossover, Mg1b,~Nal D, crossover

'SOLAR SPECTRUM FORMATION: THEORY
Robert J. Rutten

start:  dawnofastophysics  exercises  erature 101
bedsbascauanies _fux _ nensty consenvaton o constant 5
e amosphers AT~ E8' CFARF lormation canoons - E-8eam  A(S
LTEDstatic;  Planck  EB-inedimb _ conliuous opacy  electron donors
o Bt o brosgomng | LTE ng sanire

ot procsssss  thsqulixa S costcients
line source furct formal temperalures  departure coefficients  lasering
popsaton aneportsoons
scattering:  2levolaloms  sharpalom CZdomo  scalering oquations  resulls
retinements:
balancing A ieration
course summary: | b0 pairs NLTE line cartoon sauaton summary
key oquations  scattering cont & line  NLTE summary cartoon
course fnish:  Hleam  moal  conclusion

Acrobat: il = provious bettom-ef =

i start bottom-ight = tumbnail index. bibcod = ADS page
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LINE BROADENING

]: Gaussian

Dopple 0

an= 2B te-w=

: Lorentzian
praiyre}

Wy-w)

o )

impact a
metalines: Van der Waals, Lorenizian with -
hydrogen lines: inear Stark + resonance, Holismark

Yine extinction cosficient shape = comvoluion Gaussian © Lorentzian = Voigt function

) = e Hlaww) “

'SOLAR SPECTRUM FORMATION: THEORY
Robert . Rutien

start: dawnofastophysics  evercises  terature  101-into

busies: basicquantlies  flox _ intensiy conservalion _ exam __constan S,
AT E8  CFAF Boam  A(S)

LTE Dstatie:  Planck  EBinedimb _ continvous opacly  electron donors

SahaBotimann o boagong | LTE Ing cuabions

NTE deciptom: _ slarradialon procassos b oqilbia st coficiets

line source funct formal temperatures.  departure coeffiients. ing

pominlon's yanapor sustons

scattering:  2-lvol aloms  sharp alom  CZdomo scalering equations  resuls
reincments:
balancing A itoration

course summary: il b pairs NLTE ine cartoon ‘equation summary
key equations  scattering cont & fine NLTE summary cartoon  homework.

course fnish:  Hlexam  moral  conciusion
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LTE LINES

Vit torcton

- TR

=

o) Au= 667X 1092
e ka0 o

¥

ol = ol T QL aheT) = g (1-ahery

m=alje  dr, 14+ n)dr
amergent teniy at sk conter i LTE
01)= | 5 o (= [

Eddingion-Barbier
LO1) ~ B.(

=)= B, (Tl =1/(+n))

dy  aeainy

& (vinam)

.1, spacies, stage, ower lovel
atundance, Sah, Bolzmann

)or
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'SOLAR SPECTRUM FORMATION: THEORY
Robert J. Rutien

start: dawnof astophysics  otercises  terature 101-intro

basic quantiies _flux
€8 .

basi intensity consenvaion  exam _ constant ,
plane-atmosphere AT RF

o =
formation cartoons  EBexam  A(S)

LTEIDstatic  Planck  EBine-limb  continuous opacity  electron donors
S Btimane oo boadonno | LTE ngsqustons
solar 56 equiliria

lasering
population + transport equations
scattering:  2lvelatoms  sharpatom CZdemo  scatiering equations  results
refinements:
balancing A fteration

course summary: b pairs NLTE line cartoon soaon ummary
key oquations  scattering cont & fine NLTE summary cartoon  home

course fnish:  Hioam  moral  conclusion

SOLAR ATMOSPHERE RADIATIVE PROCESSES

« bound-bound ~ x,, 5. CE, LTE, NLTE, PRD, NSE?

- neutralatom ransiions s e
~ fon transitons.
- molecue transions £
« boundree ~ same excoptalways GAD
- H optcal,nearinared 2 -
- HiBalmer, Lyman; Hel, Hell
- Fel,Sil, Mgl All
=1
« froo-e - 5. = B, H s
- W inrared, sub-mm £
- Himm, agio |
« electron scattering — 5, = J, ) s i3
it W]k [ £
- Rayleigh scaioing =
= Barc —
+ collective - pm. i
- cycoton, synehvoton radation bl

- plasma raciation " L
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BOUND-BOUND EQUILIBRIA

SN
— T F T

« LTE = large collson frequency ~ interir, low photosphere
- up: mosty colisional = thermal creation (d + ¢)
~ down: mosty collsional = large destruction probabiity (a)
~ photon travel: ‘nonorary gas particles” o negligible leak

fine extinciion:

« NUTE NSE = statistcal oquitrium o time-
T vcon et et iting Gurpin oo ot
- tworlevel scatering: completelpartialangle redstiution
~ muti-lvel photon conversion,sensitvi ranscrpton
« CE = coronaleq fonuous ~ coronal EUV
oo colonsl — rrmaroton oy 0
- down: ony spontaneous only )
- phoon rave: escape/ rown/scatter bl H1, Hol, Ho l

romosphere, “TR"
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BOUND-BOUND PROCESSES AND EINSTEIN COEFFICIENTS

Aul

B Bu

‘Spontaneous o

xcitation
1./ = transitonprobabilty for spontaneous deexcitation
from state 110 stae ! per sec per particle in state
Fadaiive exclation

5,7, = number of radiative excitations from state {10 state
per sec per partice in state !
Induced deexciation
117, = numberof ducod radative daeciatonsrom stalo

1 per sec per particle in sile
Collsional excitation and deexcitation
€, = numberof colisional exciations from state /10 state
per sec per particle n state |

= number of colisional deexcilations from state u 1o
stale | per sec per partcle in state u
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LINE SOURCE FUNCTION
ATSAZ31,232, 261

steradian, as intensity)

" nBuAWfr  miBulov)/n i
Einstein relations
DBu=@Be  (a/adAa= WD) B CulCi = (/0) explEu/iT)
oquiod for TE dotaded balancing wih 1, = 15, bt hod universally
Generalline source function
w w e Au()

e A X(9)

0 Buad) = e Bu$l0)]

Simpliied ine source function

FORMAL TEMPERATURES

ATSA262
Exclation temperature
weare wi 1 i1 i
Tu g it~ Pelloc)

an

lonization temporature

Radiation temperature
Bullmi) =

Brighiness temperalure
B.(T)

POPULATION DEPARTURE COEFFICIENTS

Population departure coeficients

b=/t

Line source function
2t ufp

-

bt

[pie 2

oon-giee]

RO ==ol)  Si= e 2 Bolizmann: S, 7 (T) Wien: o, = b [ol]
By " Eftecive emperaure
ot e exincion coaficent
57 e [ ]
LASERING STATISTICAL EQUILIBRIUM VERSUS NON-EQUILIBRIUM EVALUATION SOLAR SPECTRUM FORMATION: THEORY
RATSAZ62 ATSA26.1 Robert . Rutten
Laser regime or sfficent excass 1. > b Statisical squibrium ecquations forlevel
R m et <0 ‘s e R - star: dawnof asiophysics  exercies  terature 101-inro
5 WSS, e h BTG, [[ towraan
bais: basic quanties _ fux _ intensly consenvaion _ oxam _eonglant 5
porparicio Plane.amosphoro AT EB  CFeRF  formationcartoons  EBexam A5
LTEIDstatc Planck  EBdnedimb  coninuous opaciy  electron donors
~ Tnsport suaton  dfrentilform Sena somann " Ino broadonig | LTE g st
Ssar Wik,
el i, solar b equilbria
e Tasering
E s Transpor equaton nintegea orm population + ransport equations
3 ) = [ Sty scattering:  2level aloms  sharpatom CZdemo  scattering equations  resuits
B e - reiements:
£ o 1) = / St at/u Snemens: (putal e
o var
0 sar prale SE: s in = ut. e s ol ayaionsbr sl course summary: il b paits NLTE lne carioon _equation summary
el a suficent number of ey oquatons  scattring cont& e NLTE summary cartoon  homework
. The 30 ran & evause 1 na aes ol wavlengie an vl f a perinen vansions

Jhin
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for a sulficient number of o and « angles at al (xy:2) locations as a function of time.
energeticaly impartant, couple back nlo the energy equaton in the simulation

60

course fnish:  Hioam  moral  conclusion

TWO-LEVEL TRANSPORT
ATSA 3.4

Cn

s g2
A G Bal, s
+On + G g™ + B

Bul,

B,
P

TWO-LEVEL SOURCE FUNCTION
‘sharp-ine atom dervation: ATSA 3.4

Colisional destruction probabily per extinction
a Cy

Alternate form

Line source function

SUMMARY SCATTERING EQUATIONS
ATSA 4143

Destructon pobablty
24evel CRD:

Elastic scattering
coherent: 5. = (1-2,)J, +5.5,  2ovel GRD: S,

Schwarzsehid oquation and Lambda operator
: 3 S B -nan = A5 ]

aitusion: J,(

i) =

IR

i
surtace: 1,(0) ~

Scattering in an isothermal atmosphere with constant
et 5,(0) = 5 B, 2-level GRD: 5,(0) = & B,

Thermalizaton depth
coerent; A, = 1/c/"  Gauss profie; A, = 1/5,  Loreniz profie ., =




CRD RESONANT SCATTERING IN AN ISOTHERMAL ATMOSPHERE TWO-LEVEL SCATTERING FOR DIFFERENT LINE PROFILES TWO-LEVEL SCATTERING WITH BACKGROUND CONTINUUM
RITSA figure 4.12; from Avrelt 1965SA0SR 174, 101A RTSA figure 4.12; from Avrett 1965SA0SR 174, 101A RTSA figure 4.13; fom Avrett 1965SA0SR 174, 101A

s
« left: 5/ in a plane-parallel isothermal atmosphere with constant « for complte « it $/ in a plane-paralle isoinermal atmosphere wih constant - = 10-* for b e it o
redstrbution. The curves ilusrate the = law and thermaiization at A = 1/ i by Db o
3 i « fight: Gomesponding emergent ine profies and exinction profle shapes. The S T T L el coniun, Sobd = o
6 4 & (only the ighthand halves; = = AA/A\s) 6 5 el b I o a1 il i 66 o derocin o ‘ " From vt (05
sun indes san ORGP oA dowpe phckon indes sar index
SCATTERING IN EPSILON = 0.01 ATMOSPHERES B, J, 5 FOR SOLAR-LIKE COHERENT LINE SCATTERING FLAT 5(r) IN STRONG LINES

RTSA figure 4.11; Thifs Kriger production

) = Al S ==t + Gl Fg 41001 ATSA

b 1

Ly 1

i )
w (e .
:u * RE: B,(r}) = B.o(1+ 1.57) at peak of emergent flux (optical)
e R « stong oes 1. = oo > 1
w by « tau scaling inine: i = + el = (14 ) drt
i « RE gradient soon by line: 5,(72%) ~ By 1+ 13/(1 1))
& e » strong lines tend to obey the /7 law: S(r << B[T(r=A)]
67 I K Eesa ik 6 8
SCATTERING ULTRAVIOLET CONTINUA 'SOLAR SPECTRUM FORMATION: THEORY FREQUENCY COHERENCE OR REDISTRIBUTION

Autten 20160167 1053087 Robert J. Autten

webspa v [
000
sart: dawnofastophysics  oercses  Herature. 1010 N
_— basios bascquaniies _ fux _ inensiy consenvaion _ exam _ constant .
jane-aimosphere AT EB  CFYRF  formationcartoons  E-Bexam A
:‘ Flano-amosphore el oreaelion cartoons Lo » Eddington: does a re-emiting atom remember at which frequency it was excited?
o TED EBneimb _continuous opaciy election donors oyes = e
3 o maemann o troadone " LTE 1y st
@ 5000 eno= ougoing
NUTE deriptons: s adaion poasses  hequlra | Esion cosfients + Dopplr redatiuton
lin source functon formal lemperalures  departue coeficients | lasering :
4000 Podalon + CanportsuAons . 3
0 200 400 600 800 1000 1200 .
height [ken) scattering:  2/ovelaloms  sharpalom CZdomo  scaterng equations  resuls
« photospherc (1) oradientset i optica by RE rlinemens: oof N\ ¢

balancing A iteration
« ulraviolet B[T (1) much steeper from Wien -
all bb NLTE line cartoon equation summary 4

10 Br) fattoning from sirung-ine exinction key equations suzuurwg conaine | NITE summary cartoon  homeworl

« Aoperator produces J > 1} |
s coursenish: Hloam  moral  conclusion |

Acrobat: o = provious batom-ef = tis stat bottom-right = tumenail ndex. bibcod = ADS page




PARTIAL FREQUENCY REDISTRIBUTION PER CARTOON

w v ho

« Doppler core: _monofrequent (‘coheront’) scatterng per atom (1 s moving rame):
e ion aver parcel 2 (snag: mi
. ping ving: Heisenberg oppler redistiout

« i the ine s 0 strong that radiation damping dominates in the inner wings (nigh forma
tion a low oliger densiy) then the inner-wing photons are independent Doppler-wide
‘ensemblos with their own ine source functions.

. from the. the cors
source function due to smaler opaciy: they represent weaker ines
« the PRD core source function decouples further out than for completo redistribution be-
r

PARTIAL REDISTRIBUTION CLASSIC

CLEAREST EXPLANATION SOFAR

Jettries “Spectral line formation” 1968t book ..J

upshot; Doppler-wide core araund observed fine center, in
ar natural-damping wings Doppier-broadaned conorency

FORMATION OF Call K WITH PARTIAL REDISTRIBUTION
Shine, Milkey, Mihalas 19754p...199.7245

8§88

intnsity Wt o ser” A°)

4g

TR T

£

16 s raming f Gl vl ol cry on e
et o ot

» right: in CRD 5_ (solid curve) maps the minimum temperature into the Call K, dips

< P05, ot ikt b, rcntle et lors

« 0 such 1D explanation for the K, > K, and K,, > K,, asymmetries

« actually, the average profle is dominated by acoustic shocks in infernotwork and mag-
‘concentrations in network

. unexplained
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Milkey & Mihalas 197445192 760M: computed half Mgl k profies for PRD

RECENT DEVELOPMENTS IN PRD LINE SYNTHESIS

« RHcode: Uitenbroek 2001ApJ. 557..389U
- Rybicky & Hummer: not A(S) but () iteration; preconditoning
- overlappping lines
- 1D,.2D,30, spherical versions

« AH 1.5D: Poreira & Uitenbroek 201548A..574. 5P
- 15D = column-by-column
- massively parallel
- also molecular lines (but Kurucz fines n LTE)

« angle-dependent redisirbution: Leenaarts et al. 2012A8A..543A.109L
- good summary PRD theory and equations
- non-stationary atmosphere requires angle-dependent PRD

- Iyrid aporoxmation: ransiorm 1o gas. parcel frame, assume angle-
ransiorm back

« towards Bifrost PRD: Sukorukov & Leenaarts 2017A8A..597A. 465
- ybrig approximation for small memory
- linear frequency interpolation or spoed
- 2522524496 grid, 1024 CPUs: 2 days for Mgl k = doable
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'SOLAR SPECTRUM FORMATION: THEORY
Robert J. Rutien

sart;  dawnofasiophysics  eercises  ierature  101-inio
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RT €8 CFAF EBoam  A(5)

LTE D statie: Planck  EB-ine- continuous opacy  election donors
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NLTE descriptions: _ solar radiation processes. bb equiibria _ Einstein ooeficients
line source function forma tormperalures.  departure coofficients  lasering
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seattering:  2-lovol aloms  sharp alom  CZ demo _ scattering equations  resuls
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balancing A iteralion

pairs NLTE ine cartoon ‘equation summary
key oquations  scattering cont & line NLTE summary cartoon  homewor

course finish:  Hloxam  moral  conclusion
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All“inerlocking” paths involving a photon in the beam

Detour scrceuncton wihdtur arion roiies

ALTERNATE NOTATION IN THE (CLASSICAL) LITERATURE
Eg., Jotleries “Spectral Line Formation” 196351 book...

Normalzed photon destruction and photon conversion

oy

Extincton coefficient

Line source function

Complete redistribuion
1=t = na) Ty + e BalT) + nuBull) =
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start:  dawn of astrophysics

bases: _basic quanties _ flux
AT E8  CF

'SOLAR SPECTRUM FORMATION: THEORY
Robert J. Rutien

orature  101-inro

intonsity consenvation oxam _ constant ,
RF

LTE D static: Planck B

‘Saha Boltzmann

NLTE dscrpon: _ sl rdton rocssses
formal lemperatures.

line source funct
Sopsalon' yareport suatons

K ine-imt
line broadening

mb  continuous opaclly
LTE line equations

b equilbria

oo A

eectron donors

Einstein coeficients
9

departure coefficlents  lasering

scattering:  2-lvel aloms  sharp alom  CZ domo  scallering equations  resuls
balancing A iteration

rse surmmary: o pairs
oy il ol

course finish:  Hlexam  moral

NLTE ine cartoon
e NLTE summary cartoon

eauaton summary
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RADIATIVE COOLING

Radative equilbrium condiion

Net radiative cooling in a two-level atom gas.

0 = drl =T
s, — ]
= oot B27) i,
A

Net radiative cooling in a one-evel-plus-cortinuum gas

ot [

DETAILED BALANCING

Hydrogen _ionization/recombination _relaxation
imescalo roughaut e sot tka Shocted e
o, Tho timscal o

ayn atmospher
tormperature is vevy ong,
st sy
Aot any seconts,nshocts ety
en partalyionizes.
Carlsson & Stein 200240...572.626C

Einstein retation

R = iR,

7. o heatigicooing

e, (B 17,) ze0tor

) - bt

bl approximatonfor tom collans wih slecrans(an Fegemorer 1962)

g

Cumig (B

s notvery
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LAMBDA ITERATION

Lambda operator
p

Two-level conerent scattering

S =0

Drop indices

L5 = AulS.A0)]
() MIS)] + ) Bulr)
(-anis)+en
1= (- A eB]

ACCELERATED LAMBDA ITERATION

Oporator spiting (Cannon): dfine A" as a valid but fast approximation
A=A+ (A -A)

Siil exact

1 ako o therightnand side

Heration inserting
s IS4 (1= €)(A,

Reshutfo
SO~ (1= ) A“[s ] = (1

ol s o

ol son)

LAMBDA ITERATION EXAMPLES
Aver 1991sabe conl..9A (Grivelar, Hummer, Hubeny)

« isothermal somiinfinit amosphore

« constant -,

0%, complete redistribution, Gaussian profie

oraton instead o inversion )= (1 (1-2) A% [
« display = 20 successive ' estimates + correct
Comergence
Conveniocs 5 m (1 (1) A5 = 5 « A classical A eration
S -5 = (1-e) 5 '+ B: AL with Scharmer operator (local Eddington-Barbier along LOS)
Acceleration
cecerator " # G: ALIwith the diagonal of the A matrx
Largo . smal (-(-aay "~
8 6 8 7 « D: idem with conjugate vector acceleration
SOLAR SPECTRUM FORMATION: THEORY LINE FORMATION AS SEEN BY THE ATOM REALISTIC SOLAR ABSORPTION LINE
Robert . Rutien
webspa detourpairs « exincton: bb poak n 1, = /o, becomes lower and nariower at arger haight
sart; dawnofastroptysics  exercises  fterature  101-ntro extincton « optcal depth: 7. = — [ o~ s increases neary log-inearly with geometrcal depih
. pi o1, processes.
basics: basic quanities _flux _intensity conservalion _exam _ consian 5, .
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LTE IDstatic: Planck  EBdinedimb  continvous opaciy electron donors loga ! log %,
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e sour formal temperalures.  depariure coefficients ring - a/d-+ e = colisional destrucion / creatio of beam phofons

i
seattering:  2-lvol aloms.

sharp alom  CZ demo _ scattering equations

results

Salancng A oraton

course summary: il b pairs
Koy oquations.  scattering cont & I

course finish:  Hloxam  moral

NLTE ine cartoon a
e NLTE summary cartoon

conclusion

quation summary

homenwork

b1 41+ scattering & dotour phoons ut/ into beam (g cance)
« aquilbia

~ LTE: a-+d + © dominat; oo Boamann /(7), bf Saha /(7,.)

- E: donly; bb /(1N b /(7).

- NLTE, NSE: i ir AT
* in xtncon nd i surce rcton
4o absorplion  scateing + detour exincton
= = ot/ destrction probabity = o dotour probabity
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BASIC RADIATIVE TRANSFER EQUATIONS
last page RTSA 2005risa book... |

specific intensity It) ergem?s ' Hz ! ster !
emissivity Jo ergem s Hz ! ster!
extinction coefficient  o,cm™' o, cm*part” k. cm?g™t

source function
radial optical depth

plane-parallel transport
thin cloud L=ly+ (S~ )7
thick emergent intensity

Tiv/Zaw

0 = [ Sum) e dfu

Eddington-Barbier 1:(0.) (1, = )

mean mean intensity  J), =} r‘ T plv—w) dpdw
photon destruction /(a8 +a) % Cuf(Au + Cu)
complete redistribution S, 711 -

population departure coeficients

Zuaan: 117"

Gonera g exinctonandbn sourcs uncion

KEY LINE FORMATION EQUATIONS

= Saha Botzmann fracton of N

mfnf™ by =y /T

Harvard: /. (mainstages

52 (h./h) B(T)
Wien: up o Ho (T

ek at21900K)

K s ot OO0, ook 4 PP0Y

0T + eB(T) + 18"

85014

ULTRAVIOLET b-f SCATTERING VERSUS OPTICAL bb SCATTERING

000!

0 200 400 600 800 1000 1200
height [k

+ scattering ulraviolet continua.
- scater outward from deep photosphere

- source function ollows J, not steep drop in 5

« scattering opiicaline (Nal D,)
- scaters outward from upper photosphere
- opical depth scale compressed compared 10 i = [() = flt ~ “isothermal”

isothermal atmosphere  5,,(0) = /& B, “source
Pt (0)= v 92 7= (1/4%) [[ 149X reservoir 5 thermalcreation 15" detour producion 93 - source function dossn't care that temperature rises again
ULTRAVIOLET b-f SCATTERING VERSUS OPTICAL b-b SCATTERING SUMMARY 1D SCATTERING SOURCE FUNCTIONS SOLAR SPECTRUM FORMATION: THEORY

Robert J. Rutien

2 Me7 . 'CONTINUA
5 < H g surs daunotastoptyses  ources  lteaure 1010
1] » H 1
" £ § e ot - €8 CFARE oo canans E8 exam AL
£ s 3 8
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T
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+ scatiog urailt codi . Sominlon s anapor acuatons
= J - S translates into standard dip + rise patiem for radiative equilibrium scattering:  2-evelaloms  sharpatom CZdemo scalering equations  results
= T > 8- overoizaon of oy neutals e
w s et  ifared: 1 < bt doost matier sinc H; and Hy have § = 13 St {petalred
« scattering optical line (Na | D,) « lines . & . . course summary: il bb pairs NLTE line cartoon st ey
- ph ‘suction: = dB/dr = dB/d(z* + ') much less steep, so closer o isothermal S = /B key equations  scattering cont & line  NLTE summary cartoon  home
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- steep i increase from ultraviolet overionization = [ (7y) = flat ~ “iscthermal" - PRD lines have frequency-dependent core-to-wing = J curves ike these esucoafaich:, [Hijan ] concheion
~ ./ splt characterisi for scattoring lines 9 5 9 6
EXPLAIN EVERYTHING — INCLUDING SIMILARITIES AND DIFFERENCES 'SOLAR SPECTRUM FORMATION: THEORY WHO WANTS TO KNOW WHAT WHAT FOR?
ALCT: 2008AnS. 175,204 FCHHTS: 200ound. 707425 FALP: 199301, 408.519F PobertL Futn
s toscquntes s erstyconenaion o ot  cpicaly thincoce modoler Pt
plane-atmosphere RT ~ EB  CFal formation cartoons  E-B exam A(S) = L(n) = L(0)e™™ + [ S,(8,) e™~) dt, == 1,(0) (D) 4. 5, (1 — e~ (D))
~ off limb: 1,(0) = 0 but how do | solve confusion?

LTE 1D s EBiineimb _coninuous opacity  electron donors
o maemann o troadone " LTE 1y st
NTE decriptom:  solarradalon pocesses b equibria  Einsto coffiients
line source funct mal tomperatures  departure coefficients  lasering
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seattering:  2lovelaloms  sharpaiom  CZdemo  scaltering equations  resuls
refinements:
balancing A iteration

all bb NLTE line cartoon equation summary
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his start bottom-right = tumnail index. bibcod = ADS page

- o disk: how do ! define the unseen 1, (0)?

« opticaly thik Ecdington Barber inverter
- =0y = [ S0 et S (= )
- can | get away with 7, = 7/™* and S, = B,?
~ atwhat height does my fine form and how does it tell me T, Ny, 7, 57

« excitabie atom in the solar atmosphere
 whatcolkdrsand potons ar avadable or my excaon?
- shall| it or extinct a photon in the observers direction?
- do | muck with Goherency?
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« message: scaftering — scattering — scaftering - scattering
« UV continua: §
« photospheric lines: opaciy < LTE (Fe | or source function > LTE (Fell)

. chmmmphEnc fines: 5 = J, NEQUY) opaciies (H, He), PRD (Lya. h&k, H&K)

« pom. NUTE fu
mnmm, (Gellin H& K, Canfield 1971484...10..64)
HeK

(Mg1 12 um, Carlsson etal. 199248 253 567C)
o Bt 6. Bt . oA 30 258) 1 0 1

NLTE SCENE

o samery vy categ sy

et

temperature

J, minority overionization (deep) and underionization (hgh)

‘Cram etal. 1980ApJ. 241.3740)

vard Munch (1863-1944)

“The camera cannot compte with the brush and zhs  palette
0 long as it cannot be used in heaven or he
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oory
8, 2005

182 x 133 arcsec.

The many fiis s

tine magnetic conectons between ciferent areas, ie ion fings around a bar magnet.
The

ogetner

The fong sender dark sirctures are active region flaments. They end in bipolr regions

whera bath positive and negative magnotic flds amerge though the solar surtace. The

articial

103

e rattuman comort o ook a o dan siar a0 ratze il e Pt

that reaches our eyes cont
r yelow Sveet i, and ihal we udersiand cxacly how hese e

duce o

are fomed. The sodium atoms in that
‘now and understand in great detail. Isn' that

ON BEAUTY AND COMFORT

' the NaD lines, the same Sodurn lnes hat pro-
 faraway Siar cbey physical laws that we
t wondertul”

Steven Weinberg, TV interview (2000)

theine that ofthe D, lne,
Stenfo, Keller, Gandorler 2000A8A. 355. 7665 1 O 4

CONCLUSION

Stefan Dreizlr: Lecture on sielar atmospheres.
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