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Outline of the lecture

. Who | am, what | do.

|1.Cool star element abundances
Why do we want to know

|.What do we want to know
[Il.How do we find out

. The general framework
|.Line formation in model atmospheres

Il.The curve of growth
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. Who | am, what | do

... my first spectrograph!

e 1987 as a school
project

* Objective prism +
normal camera

LMU
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. Who | am, what | do

Instrument development (1)

FOCES a R=64000 Echelle
spectrograph

*Fraunhofer Telescope Wendelstein (2m)

—Optical design (with Kayser-Threde Munich)

-Instruments for the telescope
\WWFI| — wide field imager

*3KK — three channel camera
(2Vis+1IR)

*\Virus-W — 270 channel spectrograph

LMU
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Scientific mterests

. Who | am, what | do

o Stellar atmosphere models
- Opacity sampling
- Background opacities
- Convection in stars

* Precise stellar parameters

- Line formation
- Model improvements
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ll.I. Why do we want to know

Outline of the lecture

GRS = o s e T S S e ]

|1.Cool star element abundances
l. Why do we want to know

lI.What do we want to know
1.

LMU
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ll.I. Why do we want to know

L i i S e s TR R e W TG e e Wy T T ™ TR e ina e RN

Element abundances (1)

- Stellarg | re-

ejectec | " | .
+ Re-ejclil
- Stell
- Plan o st

— S ~ First-generation ZSBESe-T & % 4// "  stars
Up C stars _ : = N
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ll.I. Why do we want to know

Element abundances (2)

."’ll_’-"u—

* \WWe can hope to find trends with ° tlme” as:

T e W e

- The timescales for SN are different belonging on
type and progenitor mass

- The process goes on recycllng materlal agaln and

zageun
0.6} -
¥
*
B PP """Q _
% y * 5 ;E'BE *
= 02} © © @ =
H %tég
0.0 é%% o
0.2 ﬂi .........................
2.0 15 1.0 0.5 0.0
Y [Fe/H]
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ll.I. Why do we want to know

Element abundances (3)

e i T T ™ IR e, R

 How is the knowledge about the past preserved

in StarS? 1011 = III| I | I ||r||| I | 1 IIIII|
e Cool stars evolve i ¢ T
10 | #r = Bressan et al. {1903 ==
really slow O !
| } = Schaller et al. (1982) —
. _No mixing of 7 100
Interior and = :
atmosphere for = | 5

cool stars

* Only diffusion and 1
gravitational settling

1{]6 _IIIJ| | IIII|II|. I 1 |IIIIJ| ]
at Work 1 10 100

LMU Mass [M, ]
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ll.I. Why do we want to know

Element abundances (4)

= o sl

ME AT S

* SO0 we have interesting questions to answer:

- How did the universe enrich with heavy elements?
- What stellar masses dominated the past?

- How did the first stars “look” like?

- How can we understand quiet and explosive nucleo-
synthesis?

- Where did the material that we consist of come
from?
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[1.1l. What do we want to know

Element abundances (5)

e S e it T g o S W (TG e i Ty T g W e e R

* Definition: Element abundances are usually
measured on a logarithmic mass scale,

defining the abundance of Hydrogen
g(H)=12.

 On this scale He has an abundance of 11

LMU
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[1.1l. What do we want to know

Element abundances (6)

e e S R S S o S |

i el

° The Solar m|Xtu re elem abun elem abun elem abun elem abun
12.00 He 11.00 Li 3.31 Be 1.42

H
0 ” B 2.79 C 8.55 N 7.97 O 3.87
Known from F 448 Ne 8.08 Na 6.32 Mg 7.58

meteorites and Al 649 Si 756 P 553 S 7.20
C1 598 Ar 652 K 513 Ca  6.35

spectroscopy Se 310 Ti 494 V402 Cr 569

Mn 5.53 Fe 7.50 Co 491 Ni  6.25

* Notethat C, N and o 429 Zn 467 Ga 313 Ge 3.3
As 2.37 Se 3.38 DBr 2.63 Kr 323

O abundances have ry, 241 s+ 2020 v 223 z¢ 261
Nb 1.40 Mo 1.97 Ru 1.83 Rh 1.10

recently been re Pd 170 Ag 124 Cd 176 In 082
vised Sm 214 Sb 103 Te 224 1 L5l
Xe 2.23 Cs 1.13 Ba 2.22 La 122

: - Ce 1.63 Pr 0.80 Nd 1.49 Sm 098
°
SO thIS 1S nOt d Eu 0.55 Gd 1.09 Th 0.35 Dy 1.17

17 o . g 9 - . N a7 T e VL A
f|Xed and Venﬂed Ho U"_Jl F1 U,E_;w Tm U._L;. ‘xp 0.96
Lu 0.13 Hf 0.75 Ta 013 W 0.69

table... but work Re 028 Os 139 In 1.37 Pt 1.69

. Au 0.87 Hg 1.17 Ti 0.83 Pb  2.06
LMy In progress Bi 0.71 Th 0.09 U -0.50
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[1.1l. What do we want to know

EIementabundances(?) _ﬁ

n\_ '

WW'WMW"’WT” e e MM \T'“ T

ﬁrvn’ |
*‘W?| WTTWW"WT*W“TF"”T’FT’T ?‘TWWW"TW-—T‘ || | lﬂ ,WT—.-

Ui v o
J ||’||;|“;‘~w“ M H; i Wl ;,“é" \H } l'

ff e
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[1.1l. What do we want to know

Element abun_dances (8)

e e S R S S o S |
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lll.I. The general framework

Outline of the lecture

. Who | am, what | do.

l1.Cool star element abundances
l. Why do we want to know

Il.What do we want to know
lIl.How do we find out

I. The general framework

|.Line formation in model atmospheres
ll.The curve of growth

V.Line fitting

IV.NLTE and why we better use that

LMU
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lll.I. The general framework

Reality and model (1)

L i i S e s TR R e W TG e e Wy T T ™ TR e ina e RN

e \What we do In most cases is

- Do measurements

- Calculate a synthetic model representation of the
measured quantity

- Compare model and measurement
- Adopt some input values in the model
- Until we reach agreement

« But be aware that there are uncertainties
entering from both “sides”

- From observation
- From synthetic observable generation
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lll.I. The general framework

Reality and model (2)

it I A ity TR g - POl W TG e e Wy T

 There were some model
assumption needed to reduce
our data

 Even the best reduced data
will carry your fingerprint and
some undetected features that
do not come from your desired
target of observation
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lll.I. The general framework

Reality and model (3)

* So the reality of your N

. ' \u"'}' “'M '“H” anunww A
:)nbejgcsz ;IJ \:2 ng ?1 r;t is not an Hn ﬁ{ i w | w vw wﬂ il P%
- Lets keep that in mind all w i f

the time working with | |
data - . 110 4150 "446';5[;] Caaro aamo aa%0

LMU
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lll.I. The general framework

Reality and model (4)

e i

» On the other hand loads of == =
assumptions, empirical e
knowledge and decisions = «
what method to use enter
the modeling process

* What sort of model atmospheresdoWe use .

 WWhat sort of convectional treatment
e _LTE or Non-LTE
 \Where does our atomic data come from

- Are we using measured or theoretical atomic data

frank@grupp-astro.de Frank Grupp — Spectral synthesis basics Slide 19
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lll.I. The general framework

Reality and model (5)

= o sl

ME AT S

* |n most cases neither observed quantities nor

the synthetic representation are absolute in any
way

* Both, observed data an model representation
contribute to the errors

- Its my personal opinion, that with modern telescopes
and spectrographs the latter starts to dominate in
many cases

» Although we will not have the appropriate time to
do so (today) we should be aware, that a

measurement without an appropriate error bar is
not worth much
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lll.I. The general framework

Synthetic data — a sketch (1)

T

Stellar parameters:
Teff, log(g), [M/H], [Xi/H], &micro

LMU

u?,;,, frank@grupp-astro.de Frank Grupp — Spectral synthesis basics Slide 21


mailto:frank@grupp-astro.de

Synthetic data — a sketch (2)

lll.I. The general framework

T e W e

 Model atmospheres are the backbone of almost
all methods of spectroscopy and synthetlc
p'\OtOmetFy 10000;— MAFAGS—0S atem=0.82 | j —

- MAFAGS—ODF alcm=0.82
R et MAFAGS—ODF apy=0.5

 There are different i AL 12 Nowk

ATLASS NEWODF MNOVER

approaches to mo- 80002— """"" ATLASS OLDODF NOVER

ATLASS OLDODF OVER

del atmospheres = oot poiienss & Wil renef

b g MARCS

« They lead to dif-
ferent results wop

4000 B .

 All results will de-

pend on the model _ =52 ]
atmosphere used = o
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[11.1. Line formation

Outline of the lecture

. Who | am, what | do.

l1.Cool star element abundances
l. Why do we want to know

Il.What do we want to know
lIl.How do we find out

|. The general framework

Il.Line formation in model atmospheres
lll.The curve of growth

IV.Line fitting

IV.NLTE and why we better use that
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[11.11. Line formation

Spectra basics (1)

e i

s e

T e WS i e R

 What is it that shapes our spectra?

- The temperature of the star through blackbody
radiation

Fregquency (=104 Hz)

15 7.5 5.0 3.7 3.0 2.5 21 1.9 1.7 1.5
E.E JIIIIIIIIIIIIIIIIII ||||||||||||||||||| |||||||||I|||||||||II||||||||||||||||||||||||||||Illllllllt \\ \ | ; /X/ \\\\\ i ( x//
N / \ /
[ 414 nim . HH\ /}f ~ \{_,«
[ ‘{H Confinmons spectra (thermal spectra) for different ] —— . — — ) —
[ Ulmavicler S ™ YWisunal temperanires. Athigher termperamures, there is more 7 /'/ —_ .
2.0 [ S = energy at all wavelengths and the peak of the =4 ///fl. \ \\\ //L | \\
- ; ".1 spectrom shafts o smaller wavelengths (oward the - | ! ‘\\\ // f \
;o Pvioler’, Fed blue s de). Wien'slaw: A, = 2.9:10mm /T ] 40.000 K 9.500 K
i ) ' (T isumnits of K. Find star’s or plmet’s?upuktn 1
15 b : s measmire their termperatorel The Sun’sthermal ]

5 zoon k. Spectrum (3840 K ) 1s dhown for comparison. Star
L ternperatires range from 2600-40,000+ K.

LT,

I ntensity [ 10%rgsfisec - o]

1.0 — : 487 nm *,‘. © TInfrared > .
X : 5,600 K 4,300 K
5540 K
] g - Hotter objects are
=80 nm 1 . brighter and “bluer”
I ] — than cooler objects.
TEE MM} e, e ] / N\
I 4000 B e L e ]
,,,,, i e ] 3,500 K
Sl [FETENEEERI AR RERER N Lisaiasiag Lisssaiaas [ o T e
LMU 200 400  &00 800 1000 1200 1400 1600 1800 2000
Wavelength (nm)
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[11.11. Line formation

Spectrabasics(2)

S . —

- But lines appear in our spectra

Hipdr ogen & beorpti on Spectnum

absorption line spectrum -

]
Lok=2
&
E'I'-?-
P i i e
i i i
1o i i os |
i i i
i ] I
. : ;

+
0 0 o0 =0 ) =) T THD n ]

 |n absorption

cmemssion [N "

emission line spectrum

0 450 00 =0 B0 EE0 T TE0 =0

- How can we understand and make use of this effect?
— How can we do spectroscopy?

LMU
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[11.11. Line formation

Spectra basics (3)

* Absorption line spectra

Z e e T SR LR e S

- Are formed if gas with temperatures lower than the
background source is located between source and
observer

10000 F MAFAGS—0S 0(cm=0.82
g MAFAGS—ODF atem=0.82
---------- MAFAGS—ODF ap,=0.5

- For stellar atmospheres this ATLS12 NoveR

ATLAS9 NEWODF NOVER

(] ] 'l ¢ R —
means, we find absorption if  « e e
ATLASS OLDODF OVER Il

Holweger & Mueller 1974/{-'

the temperature of the photo- =~
sphere has a falling gradient =
towards the outer layers = I

LMU 4000

o
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[11.1l. Line formation

Spectra basics (4)

i i S R R it TR e - POl W T e e Wy T ™ T T SRR

* Emission line spectra

empty space

5000 k.

\V

- We will only deal with absorption lines in this lecture!

Emission is of few importance in the stars we look at.

K

SUUU

— FOr stelar atmospneres 1nis
means, we find emission if the
temperature gradient towards _
the outside is rising. This is the “°*°

. 0
case In the solar chromosphere = . 5 . o o

and corona Optical Depth 10g(Tsu0)
4\ frank@grupp-astro.de Frank Grupp — Spectral synthesis basics Slide 27
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Spectra basics (5)
* A comic type look at absorption

[11.1. Line formation

. . =
Absorption line iz /ﬂ‘\
=3 z /\J
\ / E ‘ /\ = e

5

T wawel ength photons of certsin WﬂVElﬂﬂgtll

B wavel engths scartered out
-] phomnsfrom ¢ [ of line of sight while other _ lineof __
- CONTOUO0NE SIICC e wavel engths make it sight
\\\ pass through tin through wnaffected wonr
gas detector

<

Zooler thin gas

Hoter continuons sonrce

Zooin In on one gas atomm

ele cteon o higher ene xoyr odbit

1©:

Crne photon with Energy =
(E.-E;) absorbed. Other
photons contdonnme on by

ele ctron T lomser e nenryy odit

Photons of zarne
Erwe wryr

Enerry E, Energyr B

LMU

ele ctwon T lomwer enexny odbit

4 phoons of differente ey
unatie cted bor a oo, =0 all 4
roake itto Eaxth

=z
T -

P N

__NW
M

Photon with Energy =

(E;-E, ) ernitred 1n random
direction. Instead of 4 photons,
we only see 3 photons.

J frank@grupp-astro.de
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[11.1. Line formation

Take a deep breath

R S, TR TR e i T e T S e ]

* Now come the detalls

Bt Eeen[osin(uip o ky) ¢ S0 I‘ﬁ

e ""m[sm&i [i'-..,.- 3t [ wh-bex ) E;Hh;

-.r1:. 'F'I:"'“"’JA

"*'J_ 11' J--l':ﬁ-

~5
_311_‘- ﬂ'l-d. _1
£ :.ﬂh.f-l'-ﬁ‘n’

Astrophysics made simple
LMU
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[1.1l. Line formation

Optical depth (1)
 The concept of optical depth

I/l,=¢"
t=—In(//1,)

» T is defined as the negative loga- o 1
rithm of the fraction of light scat- F== =
tered or absorbed along the path FSsES

* We often give log(T)=10g(—1ﬂ(1/10))

as we have to cover a large range of T values

e Atlog(T)=1 (T=10) only a fraction 0.005% of the
wo  INItial intensity remains.
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[11.11. Line formation

Optical depth (2)

L i o T A it TRy Ll W T

T e W e

* Optical depth and absorption/opacity

d T —— K dZ dT: Change in opt. Depth
K: Absorption coefficient / Opacity
d T=——K p dZ K: Density dependent absorption coeff.
p: Density

dT=—k pCOS(@) dz ©:Anglein layer

LMU
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[1.1l. Line formation

Optical depth (3)
e Calculating T by integration

T=j Kdz
0

SO0 we have shifted the problem

- If we know T(A) we know I(A) (what we want)
- If we know k(A) we know T(A)
- So we have to calculate k(A) for every A

* That is the main task of spectrum synthesis!

LMU
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[11.11. Line formation

Line absorption (1)

i i S R it TR ™ W (T e e T oy T e R e e SRR

 About Einstein coefficients

- In radiative equilibrium spontaneous absorption from
_1 to L2 is balanced by spontaneous emission from
2 to L1

A,=—A4,,

LMU
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[11.11. Line formation

Line absorbtion (2)

o il el e = e e

T e W e

- The rate for spontaneous absorption is given by

Er

4t _ A hv

By
ni: Occupancy of state i
Sp. Abs. Rate=n,B ,b, bv: Planck brightness
g5 (32 gi: Statistical degeneracy
Blz —_ A21 c: Speed of light
g1 2h v h: Plancks constant

v: Frequency
LMU
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[11.11. Line formation

Line absorbtion (3)

- The rate for spontaneous emission is given by

E>
~ NS hv

Eq

Sp. Emi. Rate=n, 4,,

LMU
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[11.11. Line formation

Line absorbtion (4)
- The rate for stimulated emission is given by

AN by

T e W e

E>
~ AP hv
Eq
ni: Occupancy of state i
. bv: Planck brightness
St. Emi. Rate=n, B, b ’ )
o) gi: Statistical degeneracy
I & c.: Speed of light
le - A21 h: Plancks constant
2h v v: Frequency

LMU
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[11.11. Line formation

Line absorbtion (5)

GNP TSR T e T e WS i e R

* Knowing Einstein coefficients we can rewrite the
absorbing opacity of a transition

hv
KV=(I/Z1 Blz—nzBZI)EQDV ®v: Line profile function
/ \ Correction for
Sp. absorption st. emission

LMU
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[11.11. Line formation

Line absorbtion (6)

» Substituting to Aj coefficients

- = o R e R R Sl - N e ]

2 C2
A,.—n

21 2 3
2hv

ﬂgpv
41T

) ¢C
1812hv3

2
C

= 87T v’ A

K =

A%

n A,

&
n,—n,

g1

b,

* S0 we know how to calculate the opacity of
absorbing atoms form basic Einstein coefficients

e Occupancies of state 1 & 2 mix in a sum due to
stimulated emission

frank@grupp-astro.de Frank Grupp — Spectral synthesis basics Slide 38

lll
IIIII


mailto:frank@grupp-astro.de

[11.11. Line formation

Line absorbtion (7)

» | ets rewrite our equations in a more practical
form and adopted to the application

— = sl T e WS i e R

Hypdrogen Absorplion Specinam

e \We are interested

in line absorption N |- £l

relative to the 0 |
continuum level | —|

* We define the depth of a line as:

1(0,0)—-1,(0,0)

7\(0,0)= 1(0.0)

with © the angle of emission for wavelength A

LMU
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[11.11. Line formation

Line absorbtion (8)

S .

r(0,0)=
](O,@) Pl \ ]
\ / ]
V.2 _ T e L6 ) ]
R ‘|¥.£?érl| ?%—‘Pé;fjni‘ﬁi{|‘ K 1+—| L
. . _ 64930 64935 B4940 64945 64950 64955
with the line free continuum: e

o0

](O,@)=f S(t)e " d t/cos(O)

0

S(T): Source function (e.g. Planck)
k: Coefficient of continuous absorption

{
T(t)=fK<t')dt' T: Optical depth
0

LMU
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[11.11. Line formation

Line absorbtion (9)

i i S R it TR ™ W (T e e T oy T e R e e SRR

* And the line intensity

1,(0,0)=[ S(t)e ™" *'9d x,/cos(O)
0

o0

—_— / / /
X,(0,0)= (k,(¢")+x(t"))dt
0
Ka: Coefficient of line absorption
LMU
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[11.11. Line formation

Line absorbtion (10)

= o sl

T e WS i e R

* |In model atmospheres of n-layers the integral

1,(0,0)=] S(t)e 9 dx,/cos(O)
0

changes to a sum

[,(0,0)=) S (T)e ™ ® A X, [cos(O)

T

max

X?\<Oa@)=2 (kalt")+k(t')AL

T

min

with finite boundaries

LMU
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[11.11. Line formation

Line absorbtion (11)

L i i T i e ity R e R W T I S e ]

* Finally we take a rewritten expression of the line
absorption coefficient

2
1 7Tre

KA=47T€ me an¢(A)E<A’T>
0
f. “f-value” of the transition
Nn: Occupancy of level n
E(A, T): Correction function for
stimulated emission

T: Temperature

* S0 we have been hiding a lot of things in the
“f-value” of the transition

* We use a function E(A,T) to correct for
stimulated emission
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[11.11. Line formation

Line absorbtion (12)

= e e S R S S o S |

2
1 7T1re

K, = N ®(A)EA,T)

d1re, mc

* Knowing fand E from atomic physics we still
have to learn about

- The occupancy of the state N_

- The profile function ® that defines the shape of the
line

LMU
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[11.1l. Line formation

Continuous absorbers (1) o

o0

X,(0,0)=| (k,(t")+x(t"))dt’
0
* \We have two major sources of continuous

absorption:

- Bound-free interaction / lonisation
- Free-Free interaction / Photon scatter

LMU
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[11.1l. Line formation

Continuous absorbers (2)

S o

T e W e

« Bound-free interaction / lonisation

- A photon with energy
above the ionisation \6
energy of the atom
is absorbed - @ . ®

- Extra energy is trans- | ;
ferred into kinetic sk :
energy of ion and e ]

- K=0 for all energies ]
below the ionisation AL T

energy .+ i
- Above threshold f ]
~ -3 ti-“I T T e sl e foe T
LMU K v :‘! ; lﬂ IB i 1?2 1£4 1!0 l{ﬂ é

v/vg
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[11.1l. Line formation

B-F in the Sun B-F in a hot O-star

wd X -
L | HLyman-Li ¢ -
= kante :
—24 B —72 IR
: He*ui
" A
..._25 — _—— _23 FO
3 \‘5 B
_'26 R — _24
i Mg 1 S -
i 2 X
-27 %. i ~25 z
- g SR
- %’:{; -;: / - T
i = a = 2 +
- c Mg “P / —~ = T T
_58 3lal 26 £ +
: - el )/
H- Gebunden-Frei = c
| Jog X : , - = o 2
==pk o hgrienohr sl JAEM A f— i Iaf e ,E T =
{Rosseland) i <& - 3 . qu
=29 p1 H Balmerkante —— 27 T o V4
B ™ pon b
u d e
i | :[?Gsseiand} F
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[11.1l. Line formation

Continuous absorbers (4)

e e e Wy T ™ N iy S

S .

* Free-Free interaction
- Thompson scatter at charged particles

* Electrons )§f
e H-

LMU
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[11.1l. Line formation

Continuous absorbers (5)

- Rayleigh scatter at neutral species

. \ \

e He )ﬁf

e H2
- g~\"*

[\
o

Rayleigh scattering gives the
atmosphere its blue color

)]
o

—
8]

-
o

Percent Scattering of Direct Sunlight
(W]

o
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[11.11. Line formation

T e WS i e R

el - - . i ]

Occupancy (1) __

* |n local thermal equmbrlum the number of atoms
In ionization stage N and on exaltation level n is
given by the Saha- and Boltzmann equation

* For the occupancy of the exalted level n,
compared to the ground state 0 the Boltzmann
distribution of thermal exaltation leads to:

N g _Z5 g: Statistic weight (multiplicity)
O,n _ & 0,n o kT E: Energy of level

N — k: Boltzmann constant
0,0 g 0,0 T: Temperature
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[11.11. Line formation

Occupancy (2)

GRS - — — = o s e T S S e ]

* A numerical example:

- Na resonance lines:
e A = 5890A — E =hc/A=3.37E-19J=2.10eV

» g1/g2=6/2
EO,n_EO,O
NO,n_gO,ne_ kT
N 0.0 &oo0

* N1/NO = 0.05

LMU
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[11.11. Line formation

Occupancy (3) _

i i T R A it TR g - F Ll W T

T e WS i e R

e If we include ionization we have to consider a

third “species” in addition to ground state and
exalted state

— the electron that becomes free through
lonization

» |Lets start with the un-ionized ground-state

EO,n_EO,O
Nl,n __ 8in T
Ne_ gee
No,o g

0,0
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[11.1l. Line formation

Occupancy (4)

el - - . i ]

T e WS i e R

* The statistical welght of the electron can be
calculated from its extension in phase

(21t m, kT)" n
h3 Ne 0,0 go’,o ’

g.=2

* This directly leads to the Saha equation

Xg

N _ 81,0 5 <21Tme kT>3/2 e_k_T
Noo  &oo h3Ne

x  lonisation energy
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[11.1l. Line formation

Occupancy (5) __

I = . = - e e

T e W e
XO

» An example Nio_ 810, 2m kT)"™ 7
Noo 8o h3Ne

e Fe in the Sun

e

“no” Felll

partial press

1]
i

| | N I R

Relative

LMU | T
Al T sonn )
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[11.1l. Line formation

The shape and width of lines (1)

T e WS i e R

W

» After what we have learned about the physics of
absorption we still have to determine the shape
of the profile function @(v)

2
k,=—— T N B(v)E(v,T)
41re, mc

* There are several processes contributing to the
broadening and shaping of spectral lines

LMU
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[11.1l. Line formation

The shape and width of lines (2)

T e WS i e R

W

* The natural line-width / Radiation damping
- Heissenbergs uncertainty principle tells that

h<AEAt

- As the lifetime of each level is described by the
Einstein coefficients there is a resulting uncertainty in
the level Energy

yrad n, m Z Aln_I_Z Alm
[ <n [<m

v (n,m): Radiation damping constant
of the n-m transition
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[11.1l. Line formation

The shape and width of lines (3)

T e WS i e R

W

- The shape of the resultlng proflle Is the so called
“dispersion profile”

| a
b (AA)=
md< ) A)\2+a2
A2
a= 4_’_‘_Cymd

- As Alj coefficients are of the order of 1e7..1€9 1/s the
natural width of a line around 4000A is typically 1e-
5..1e-4A

- Radiation damping plays only a minor role
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[11.1l. Line formation

The shape and width of lines (4)

e T e e ey T e RN e e R

» Collisional broadening

- Collisions with neutral H and He are very likely
interactions in cool star atmospheres

- Let us assume a van der Waals potential of the

shape: C
6 | .
V6 =—— C.: vdW damping constant
r
- The resulting shift in the energy of level i will be
C,

v
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[11.1l. Line formation

The shape and width of lines (5)

T e WS i e R

i i T R A it TR g - F Ll W T

- Unsold (1955) was able to show that

y=8.08C., 0"°N

coll

c=lci—cl| o=y (LiLgr

TT\m m

coll

m: Mass of damped species

m_: Mass of collisional partner

N_ : Densiy of collisional partners

- C_ damping is a major source of line broadening
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[11.1l. Line formation

The shape and width of lines (6)

i i S R R it TR e - POl W T e e Wy T ™ T T SRR

* Doppler broadenlng

- Thermal Doppler broadening

« The atoms in the gas of the stellar atmosphere show
velocities according to the Maxwell distribution

_ MKV
W<v>=J e e
» Using the Doppler shift formula
A A _V c: Speed of light
A ¢

LMU
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[11.1l. Line formation

The shape and width of lines (7)

i i S R R it TR e - POl W T e e Wy T ™ T T SRR

And the definition of Doppler width
—1
I(AA,)=1,e

this leads to the profile

_AA
] AR,

— e
JWAAD

A?\D=A 2RT
c\ u

Thermal doppler broadening effects the solar Balmer lines
(lightest species) by AAD=0.16 A

[(AA)=

with

LMU

J _ frank@grupp-astro.de Frank Grupp — Spectral synthesis basics Slide 61

[a]
Vi


mailto:frank@grupp-astro.de

[11.1l. Line formation

The shape and width of lines (3)

» Beside thermal Doppler broadening there are _
two other sources of doppler broadening

- Micro-turbulence
* \We account for that by an extra doppler

velocity ¢
A |2RT 2
AA, == €
C M
- Stellar rotation ( ) e A
vsin (i
AA==A !
C
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[11.1l. Line formation

The shape and width of lines (8)

e e S R S S o S |

o Stark broadening

- The absorbing atoms are in an environment where
lons and free electrons produce electric fields

- We therefore expect stark splitting of all levels with
170 quantum numbers for elements with hydrogen
like configurations.

- Calculating Stark broadening for e.g. Hydrogen is a
hard job. Normally we use tabulated data.
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[11.1l. Line formation

The shape and width of lines (9)

i i S R R it TR e - POl W T e e Wy T ™ T T SRR

* Bringing things together

- Up to now we have four major profile types:
 Lorentz profile for damping

» Doppler profile for thermal and turbulent Doppler
movement

* Rotational profile
« Stark broadening (for hydrogen like I#0 species)

T T 7

I I I I f I I

nnnnn frank@grupp-astro.de Frank Grupp — Spectral synthesis basics Slide 64


mailto:frank@grupp-astro.de

[11.1l. Line formation

LMU
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[I.11l. Curve of growth

Outline of the lecture

. Who | am, what | do.

l1.Cool star element abundances
l. Why do we want to know

ll.What do we want to know
lll.How do we find out
|. The general framework
ll.Line formation in model atmospheres
lIl.The curve of growth
IV.Line fitting

IV.NLTE and why we better use that
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[I.11l. Curve of growth

Equivalent width (1)

* Definition: The equivalent W|dth IS the W|dth of
a rectangle centered on a spectral line that,
on a plot of intensity against wavelength, has
the same area as the line.

* By describing a - 2;
line with its EW o

all individual  __t
spectral in- - M'
formationis = |
lost o

0.2 |

{},D:
_ 15

LMU Wavelength (A%
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[1I.111. Curve of growth

Curve of growth (1)

. = o R e R R Sl - N e ]

« Remember I
=

=€

o~ KPS

 Where p is the density of the absorbers
* |f we double the number of atoms absorbing
— we double the optical depth

* How does this change the line if we step forward
in T

LMU
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Curve of growth (2)

[I.11l. Curve of growth

* With only Doppler broadening the Iiné evolves

like this...

1 A
AA
: - [(AA)=—— e
« Showing a Doppler profile VPiAX,
- [ [
] — 1 1
0.8 - .8 F 9.8 F |
h.6 - B B.6 _|
0.4 .4 F 0.4 F ~
.2 - .2 B.2 _|
5.4 ———
ol —
L G | b9 —— _|
’ ’ | | ISQ
LMt 6562 6562 6562 6562.5 6563 6563.5 6564
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Curve of growth (3)

» With only Lorentzian profile (pressure damplng)
things look a bit different

[I.11l. Curve of growth

T e W i

2
| a A
o i ila @ (AA)= a= y
Showing the profile ©- = A
[ [
! W e 1k .
2.3 .8k 0. g L i
2.6 6 F g 6 L i
@.4 4 o 4 L i
@.2 2k g o L i
6.4 ——
20 ———
2+ 2+ o L 49 ——
| | ISE]
LML 5062 5062 6562 6562.5 6563 6563.5 6564
ﬁw frank@grupp-astro.de Frank Grupp — Spectral synthesis basics Slide 70


mailto:frank@grupp-astro.de

LM

Curveorgrowth (4)

* |[n a direct comparison

- Doppler leads to “boxy” strong lines

- Lorentz to “V-shaped” strong lines

[I.11l. Curve of growth

B e T A S e T ]

| [
1 _— 1 |
b.8 - . B
9.6 .6
b.4 - L4
9.2 .2
41
20 —
- % 40 —— .
80 ——
| | | |
Lok Eobe .t 6Ehee EoEe .o Eo63 EoE3.5 Eotb4d
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[1I.111. Curve of growth

Curve of growth (4)

L i i T i e ity R e R W T I S e ]

» Both line types together lead to a complex shape

» Lets look at three regimes for this complex line
shape:

- Few aborbers: W~N

» The equivalent with changes linear with the number of
absorbers

- Many absorbers, transition region
between Doppler and collisional regime:

W ~+1n(N)
- Saturated lines, collision dominated
W~y N
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[1I.111. Curve of growth

Curve of growth (5)

i i S R it TR ™ W (T e e T oy T e R e e SRR

* The curve of growth

T

log (W/A)

W ~\In(N)

W~N_ . 1

13 14 15 16
log NF (X /S000R)

11

Figure 9.22 A general curve of growth for the Sun. (Figure from Aller,
Atoms, Stars, and Nebulae, Revised Edition, Harvard University Press,

L Cambridge, MA, 1971.)
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[1I.111. Curve of growth

Curve of growth (6)

L i i T i e ity R e R W T I S e ]

* For a long time curve of growth analysis have
been the primary way to determine element
abundances

* Knowing f, Ce and A and measuring W the only
unknown Is
N, the number A4
of absorbers

 With better data
the method has L

become out-
dated u : 5 : :

log Nf (X /5000R)

log(W/A\)

Figure 9.22 A general cury rom Aller,

i) B, e N bailice |Og(Nf)()\/5OOOA) ity Press,

Cambridge, MA, 1971.)
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* And the story goes on....

(osMoLoGy MARCHES ON

- —
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