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Fraunhofer lines

D

6000 7000

7500 7600

from Pradhan & Nahar (2011)

@ discovered by Wollaston (1802)
@ independently rediscovered by Fraunhofer (1815)

A 7594 A terrestrial (Oy)
B 6867 A terrestrial (O)
C 6563 A H1Ha

D1,D2 5896,5890A Nal

E 5270 A Fel

F 4861 A HiHg

G 4300A CH

H 3968 A Call

K 3934 A Call
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Fraunhofer lines

7500 7600

7000

from Pradhan & Nahar (2011)

@ discovered by Wollaston (1802)
@ independently rediscovered by Fraunhofer (1815)

explained as absorption by atoms

@ first by comparison with emission spectra of gas lamps
(Kirchhoff 1860)

@ later consistently using quantum mechanics
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Importance of spectroscopy

@ light is the only information we have

How can we predict these lines?

@ Radiation emitted by matter
@ Properties of the emitting matter
e Structure of atoms
e Conditions in the radiation emitting region
@ Interaction between radiation and matter
@ Physics involved
e Atomic physics
Statistical physics
Radiation transfer
Hydrodynamics




Atomic structure

Atomic structure

solution of the Schrédinger equation

AV = EV

P2 vin| v = eve
[ 2p }

@ solution in spherical coordinates
W(r) =(r.0,¢) = R(r)Y(9,¢)

@ = quantum numbers: n, I, m;

@ system of discrete energy levels

@ spin, quantum number s



Atomic structure

Hydrogen atom
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Hydrogen atom
interaction with electron spin
fine structure
Multi-level atomic model Multi-term atomic model
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Belluzzi and Trujillo Bueno (2011)
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Interesting features
Helium atom
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Metals
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Asplund et al. (2004, A&A 417, 751)
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Metals
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Atomic structure

Metals
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Atomic structure

Metals
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Atomic structure

Transitions between atomic energy levels

@ both collisional and radiative transitions
@ simple transitions

bound-bound transitions (excitation, deexcitation)
bound-free transitions (ionization, recombination)

@ complex transitions

free-free transitions (bremsstrahlung)

resonance-line scattering (absorption + emission in the
same bound-bound transition)

scattering on bound electrons (Rayleigh, Raman)
dielectronic recombination

photon thermalization

autoionization

charge transfer transitions

Auger effects
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Interaction of radiation and matter

continua
@ influence spectral energy distribution
@ sharp ionization edges
@ cross section ~ 3

lines
@ influence local spectrum
@ many sharp lines
@ cross section rapidly variable with v, line profiles
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Interaction of radiation and matter

continua
@ influence spectral energy distribution
@ sharp ionization edges
@ cross section ~ 3
@ resonances for atoms with > 1 electron

lines
@ influence local spectrum
@ many sharp lines
@ cross section rapidly variable with v, line profiles

@ line blanketing
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Spectral lines

different shapes
@ weak / strong
@ absorption / emission
@ broad / narrow
@ complex line shapes (shell lines, P Cygni, line blends, ...)

Mn II Fe II
4478.637 |
04 Mg I

1 I I
4478 4479 4480 4481 4482

Wavelength

HR 7361 Jomaron et al. (1999)



Introduction  Atomic structure  Line formation  Model atmosphere ~ Synthetic spectra  Interesting features ~ Conclusions

Spectral lines

different shapes
@ weak / strong
@ absorption / emission
@ broad/ narrow
@ complex line shapes (shell lines, P Cygni, line blends, ...)

HR 1847A

WR 134 He Il
T

OMM ONDREJOV ]

NORDIC
AVERAGE

Relative Intensity
NORMALIZED FLUX

ookt . . . . . h
-40 -20 0 20 40 5300 5350 5400 5450 5500 5550 5600
A WAVELENGTH (ANGSTROMS
AM (A) ¢ )

Saad et al. (2006),-Aldoretta et al. (2016)
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Spectral lines

different shapes
@ weak / strong
@ absorption / emission
@ broad / narrow

Interesting features  Conclusions

@ complex line shapes (shell lines, P Cygni, line blends, ...)

NLTT 25792

Vennes et al. (2013)
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different shapes

Relative Intensity

Atomic structure

Line formation

Model atmosphere

Synthetic spectra  Interesting features

Spectral lines

@ weak / strong

@ absorption / emission
@ broad / narrow

@ complex line shapes (shell lines, P Cygni, line blends, ...)

Conclusions
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Saad et al. (2006), Surlan et al. (2013)
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Spectral lines

different shapes
@ weak / strong
@ absorption / emission
@ broad / narrow
@ complex line shapes (shell lines, P Cygni, line blends, ...)

line opacity (absorption coefficient)
x(v) = maudu(v)
n; number density of level /

ayy, cross section for transition / <+ u
¢w(v) line profile of transition / «» u
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Line cross section

for transition | < u

- hvy, B
(8% = —_— = —_—
lu MeC lu 4r lu

fi, oscillator strength
By, Einstein coefficient for absorption

Conclusions
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Line broadening

natural broadening
Lorentz profile

Ty=Tu+T
M= [Ai +Brfel] + > BrHez]

i<l i>l




Introduction  Atomic structure  Line formation  Model atmosphere ~ Synthetic spectra  Interesting features ~ Conclusions

Line broadening

thermal (Doppler) broadening
convolution: natural profile and equilibrium velocity distribution
Voigt profil ——H(a,x
oigt profile o(v) = AVDf (a,x)
[ee] —y2
H(a,x) = f/ eizdy
TJoo (X—y) +a°
_ Yoro __r _ v _v
AVD_ c’ _47T'AVD, o AZ/D ’ y_VO.
Vo — most probable velocity
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Line broadening

thermal (Doppler) broadening
convolution: natural profile and equilibrium velocity distribution

. . 1
Voigt profile o(v) = AVD\/%H(az,x)
Doppler profile gf>(u):Ay1\/7?e‘X2
D

H(a,x) =3, a Hy(x), Hy = e*
good approximation in the line center,
line wings weaker for the Doppler profile
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Line broadening

collisional broadening

collisions with particles

linear Stark effect (hydrogen + charged particle)
resonance broadening (atom A + atom A)

quadratic Stark effect (non-hydrogenic atom + charged
particle)

van der Waals force (atom A + atom B)
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Line broadening

microturbulent broadening

Y Y /2k /2kT
AVD_*OO_ ¥ +turb

@ “typical” value Vi, = 10kms™!
@ free parameter in 1-D modeling
@ disappears in 3-D hydrodynamic modeling (Sun)




Introduction  Atomic structure  Line formation  Model atmosphere ~ Synthetic spectra  Interesting features ~ Conclusions

Line broadening

macroscopic broadening

rotation (simplified treatment using convolution)

7T T T T+ T T T T 771 11.05

Model B9 V. w = 0.9

1.00
&
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LT85 g aten

d
- L . L 0.80
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Wavelength A
Collins & Truax (1995)
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Line broadening

macroscopic broadening
macroturbulence
@ for massive stars rotational broadening too low (Conti &
Ebbets 1977)
o half-width: wy = /w2, + w2,
@ Viot ~ Vmatur
@ origin unclear, possibly stellar pulsations
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Number density
line opacity
x(v) = maydu(v)

determination of n;
determination of ionization and excitation equilibrium

thermodynamic equilibrium (TE) Saha-Boltzmann equations
for ionization and excitation balance
np=n(ne, T)

local thermodynamic equilibrium (LTE) as TE

local thermodynamic equilibrium not valid (NLTE) kinetic
(statistical) equilibrium equations
n=n(ne, T,J,)
simultaneous solution of
@ radiative transfer equation
@ kinetic equilibrium equations
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lonization and excitation equilibrium

local thermodynamic equilibrium (LTE)
@ Boltzmann equation (excitation)

ny u M n
— =" T = —
g N U(T)

@ Saha equation (ionization)

Ny CUga(T)2 \2mm,

L —np /(T) —( k) T‘%eﬁzned?j(T)

Conclusions
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lonization and excitation equilibrium

NLTE (non-LTE)
@ kinetic equilibrium equations for each level /

nlz (R + Cu) — Z ny(Ry+Cy)=0
u u

» m=N  (sumover ALL atomic levels)
I

Ry, Ry depend on radiation field
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Prediction of stellar spectra

calculation of synthetic spectra

opacity
v by
)= S5 - Lo o) + 5 (o= o) o+
i jAi i
> nenga(v, T) <1 - e_%) + Neoe
K
emissivity
2hV _h
n(v) = ZZ”I oc,l 1/)+Zn aix(v)e kT +
i jA
hv
> nenak (v, T)e”}
K
scattering

o(v) = neoe
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Prediction of stellar spectra
calculation of synthetic spectra
formal solution of radiative transfer equation
given x(v), n(v), o(v)

di(A,v)

go) =~ ) + oW A.0) + 0fo) + § o)) o
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Prediction of stellar spectra

calculation of synthetic spectra
formal solution of radiative transfer equation
given x(v), n(v), o(v)

di(A,v)

go) =~ ) + oW A.0) + 0fo) + § o)) o

v

How to consistently determine x(v), n(v), o(v)?
Stellar atmosphere modeling.




Model atmosphere

Stellar atmosphere

transition region between star and interstellar medium

the only information about the star
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Model stellar atmospheres

@ spatial dependence of quantities T(7), p(7), ne(F), n;(F),
J(v, 1), V(7), ...

@ for given basic parameters: R,, M,, L, (T, 109 9), M, v,

@ solving the set of equations describing stellar atmospheres

Tasks in stellar atmosphere modelling

@ main: prediction of emergent radiation (the only observable
quantity)

@ understanding of physical processes in stellar atmospheres
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Aproximations in stellar atmosphere modelling

physical approximations
@ stationary medium (9/0t = 0)
@ static medium (Vv = 0)
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Aproximations in stellar atmosphere modelling

physical approximations
@ stationary medium (9/0t = 0)
@ static medium (Vv = 0)

equilibrium distributions

thermodynamic equilibrium (TE) |

particle velocities —  Maxwell
energy levels population — Saha-Boltzmann

radiation field — Planck
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Aproximations in stellar atmosphere modelling

physical approximations
@ stationary medium (9/0t = 0)
@ static medium (Vv = 0)

equilibrium distributions

thermodynamic equilibrium (TE) |

particle velocities —  Maxwell
energy levels population — Saha-Boltzmann
radiation field — Planck

does not correspond to observations
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Aproximations in stellar atmosphere modelling

physical approximations
@ stationary medium (9/0t = 0)
@ static medium (Vv = 0)

equilibrium distributions

local thermodynamic equilibrium (LTE) |

particle velocities —  Maxwell
energy levels population — Saha-Boltzmann
radiation field — Planck

radiative transfer equation
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Aproximations in stellar atmosphere modelling

physical approximations
@ stationary medium (9/0t = 0)
@ static medium (Vv = 0)

equilibrium distributions

local thermodynamic equilibrium (LTE) |

particle velocities —  Maxwell

energy levels population - S ann
inconsistent

radiation field - Planck

radiative transfer equation



Introduction  Atomic structure  Line formation ~ Model atmosphere ~ Synthetic spectra  Interesting features ~ Conclusions

Aproximations in stellar atmosphere modelling

physical approximations
@ stationary medium (9/0t = 0)
@ static medium (Vv = 0)

equilibrium distributions

] kinetic (statistical) equilibrium (NLTE) \

particle velocities —  Maxwell

energy levels population —  Saha-Bettzmann

kinetic (statistical) equilibrium equations

radiation field —  Planck

radiative transfer equation
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Aproximations in stellar atmosphere modelling

geometry approximations (symmetries)

@ one-dimensional (1-D) atmosphere
e physical coordinates depend only on one coordinate
e transfer of radiation in all directions

@ types of one-dimensional atmospheres

o plane-parallel
e spherically symmetric
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Plane-parallel atmosphere

atmosphere thickness < stellar radius
@ p(2), T(2), ne(2), ni(2), J(v, 2), ...
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Spherically symmetric atmosphere

&

atmosphere thickness ~ stellar radius
@ po(r), T(r), ne(r), ni(r), J(v,r), ...
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Equations of model stellar atmospheres

radiative transfer equation
planar geometry

dl.
a dz

= _XVI;UJ +

|, — specific radiation intensity, n,, — emissivity, x,, — opacity,
= Ccosd
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Equations of model stellar atmospheres

radiative transfer equation
spherical geometry

Oy 1 — 120,
8,, + r a'u _nV_Xl//y,ll

Y
()

|, — specific radiation intensity, n,, — emissivity, x,, — opacity,
1L = Cos ¥
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Equations of model stellar atmospheres

equation of radiative equilibrium

47r/ (xpdy —mp) dv =0
0

balance between total absorbed and emitted energy
determines the temperature structure of the atmosphere

Conclusions
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Equations of model stellar atmospheres

equation of radiative equilibrium

47r/ (xpdy —mp) dv =0
0

balance between total absorbed and emitted energy
determines the temperature structure of the atmosphere

equation of thermal equilibrium

(Qi — Q) + (Qf — Q) + (@5 — @) =0

alternative possibility: numerical stability for outer atmospheric layers
Q4 - heating, Q¢ - cooling,

bf — bound-free transition; ff — free-free transition;

¢ — inelastic collisions

(Kubat et al., 1999, A&A 341, 587)

4
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Equations of model stellar atmospheres

equation of hydrostatic equilibrium

dp _  4r X dy
dm cJo p

balance of the pressure gradient, gravitation, and radiation
force
H, — radiation flux
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Equations of model stellar atmospheres

equations of kinetic (statistical) equilibrium
determine population of atomic energy levels fori=1,..., NL

n; Z (Ri+ Cy) + Z n(R;i+Cj)=0
/ /

R — radiative rates, depend on the radiation field
C; — collisional rates

other levels — populated according to local thermodynamic
equilibrium
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Equations of model stellar atmospheres

radiative transfer equation (/)

dlyur

O 1 — 2 0l
nw e —
dz

= _XVIFLV + Ny ar ’ a'u =MNv — Xulpw

radiative equilibrium equation (T)
4w/ (xody — ) dv = 0
0

hydrostatic equilibrium equation (p)

dp _ AT [T Xy g,
dm cJo p

kinetic (statistical) equilibrium equations (n;)

nY (Ri+Ci)+Y_n(Ri+Cj)=0
] ]
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Solution of equations of model stellar atmospheres

system of nonlinear integrodifferential equations

analytic solution impossible
numerical solution

e complete linearization method
(multidimensional Newton-Raphson method)
e accelerated A-iteration method (Jacobi iteration method)

LTE models fast (seconds to minutes)
NLTE models take significantly longer time (> hours) J




Model atmosphere

Model atmospheres of hot stars

pure hydrogen pure helium
T 20
cont Ao
/’/ {18

log N (cm-3)
5
log N (em=3)

10 -7 -6 -5 -4 -3 -2 -1 0 1 2
log m (g cm~2)

-7 -6 -5 -4 -3 -2 -1 0 1 2
log m (g cm-2)

Toit = 100 000K, logg = 7.5

arrows indicate depth of line formation
(Kubat 1997, A&A 324, 1020)
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LTE versus NLTE

LTE models
@ calculated quickly
@ easy to handle line blanketing
@ quite good fit to spectra

NLTE models
@ computationally expensive
@ line blanketing uneasy, but tractable
@ better fit to spectra
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LTE versus NLTE

statistical physics
@ maxwellian velocity distribution
@ non-equilibrium radiation field

@ processes entering the game

e collisional excitation and ionization (E)
radiative recombination (E)
free-free transitions (E)
photoionization
radiative excitation and deexcitation
elastic collisions (E)
Auger ionization
autoionization
dielectronic recombination (E)




Model atmosphere

LTE versus NLTE

detailed balance

@ rate of each process is balanced by rate of the reverse
process

@ maxwellian distribution of electrons = collisional
processes in detailed balance

@ radiative transitions in detailed balance only for Planck
radiation field

e if J, # B, = LTE not acceptable approximation



Introduction  Atomic structure  Line formation ~ Model atmosphere  Synthetic spectra  Interesting features ~ Conclusions

Model stellar atmosphere

final goal — comparison with observations
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Model stellar atmosphere

final goal — comparison with observations

Example of using synthetic spectra — 4 Herculis

(spectroscopic binary, P = 46 days, Be+?; variable spectrum B — Be — B)
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A(R)

plane-parallel LTE model

star in a phase without
emission

Tt = 12500 K

logg =4.0
vsini=300kms~’

Conclusions

v

(Koubsky et al. 1997, A&A 328, 551)
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Model stellar atmosphere
final goal — comparison with observations

@ model atmosphere calculations time consuming
@ huge number of frequency points
@ huge number of atomic levels

usually performed in 2 steps
1. model atmosphere calculation (structure — LTE or NLTE)

2. calculation of detailed synthetic spectrum (solution of the
radiative transfer equation for a given source function)




Synthetic spectra

Model stellar atmosphere
final goal — comparison with observations

@ model atmosphere calculations time consuming
@ huge number of frequency points
@ huge number of atomic levels

sometimes performed in 3 steps
1. model atmosphere calculation (structure — LTE or NLTE)

1a. NLTE problem for trace elements — determination of some
n; for given atmospheric structure

2. calculation of detailed synthetic spectrum (solution of the
radiative transfer equation for a given source function)




Synthetic spectra

Trace elements

we have a model atmosphere (LTE or NLTE)

@ assume that our model atmosphere is correct
@ trace elements

1. negligible effect on the atmospheric structure
usually low abundance
2. effect only on emergent radiation, but [1] must be valid

@ given T(r), ne(r),nP**(r) = background opacities
@ solve together

e radiative transfer equation
e kinetic (statistical) equilibrium equations for trace
element(s)



Synthetic spectra
Trace elements — some warnings

always check, if the trace element is really a trace element

electrons from more abundant “trace” elements (C,N,QO,...)
may change the total number of free electrons

background opacities should be the same as in the model
atmosphere calculation

LTE model atmosphere inconsistent with NLTE for trace
elements

e LTE = enough collisions with e~ for H, He;
why not for a trace element?

NLTE model atmosphere highly preferable



Synthetic spectra

Final calculation of synthetic spectra

example of an LTE model, plane-parallel

Normalized Flux
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Synthetic spectra
Final calculation of synthetic spectra

@ most lines have an absorption profile
for static plane parallel LTE atmospheres always
@ emissions can be caused by, for example,

optically thin circumstellar matter (disks, winds)
NLTE heating of upper atmospheric layers
optically thick winds (Wolf-Rayet stars)

infall of matter in binaries
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Raman scattering in symbiotic stars

x - —
E =
ey o
E _ ° 2 N 3p
e = 5 < -
-~ =z a
] 3 8
- P of o
© ™~
© 2 <| |=<
o
~ el 2s
[}
1 o
o
2 < o 8
= g
~< <
S
ol |o
1s
0
6500 6600 6700 6800 6900 7000 7100
Fig.1. Raman scattered emission bands in the symbiotic star V1016 Fig.2. Schematic energy level diagram for Raman scattering of OVI
Cyg. The spectrum was obtained on the 1.93m telescope at the Ob- photons by neutral hydrogen.

servatoire de Haute Provence.

Schmid (1989)



Introduction  Atomic structure  Line formation ~ Model atmosphere  Synthetic spectra  Interesting features ~ Conclusions

Molecular satellites in hot white dwarfs

@
-3

N N
- ot
D B T 6l
o a
; 5
% 41 b o 4
5 [ 4
o o
L ]
& 5 2l
M =
E] %
= L . 2
=
1000 1200 1400 1600 1800 o L L L
Wavelength (4) 1000 1100 ,.1200 1300

Koester et al. (1996)

@ T =20000K, logg =79
@ caused by collision of neutral hydrogen and protons
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Summary and conclusions

Theory of stellar atmospheres

@ uses atomic physics, statistical physics, radiation transfer,
hydrodynamics, magnetohydrodynamics, ...

@ predicts emergent radiation from stars

@ improves our understanding of processes in stellar
atmospheres

@ theory checked by comparison with observations
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Summary and conclusions

Synthetic spectra
@ depend on adopted model atmosphere
@ line blanketed model atmospheres should be used
@ NLTE model atmospheres should be always preferred
@ supplemented with NLTE line formation for trace elements
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Predicted emergent radiation is ALWAYS calculated using
some approximations

be aware of them
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Summary and conclusions

Synthetic spectra
@ depend on adopted model atmosphere
@ line blanketed model atmospheres should be used
@ NLTE model atmospheres should be always preferred
@ supplemented with NLTE line formation for trace elements

.

Predicted emergent radiation is ALWAYS calculated using
some approximations

be aware of them

and do not forget limited capabilities of observing instruments
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