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‘ Intermezzo: Stellar Atmospheres in practice

A tour de modeling and analysis of stellar atmospheres throughout the HRD

except for
white dwarfs
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Hot luminous stars:
Massive,
main-sequence (MS)

or evolved, ~10 Rsun.

Strong, fast stellar
winds

1 ':]h

i =1 S
= = o
= ] =

Luminosity (S5un = 1) .

(==
=
b
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Stellar Atmospheres in practice

Some different types of stars...

2R NS

Lero-age main sequence
(ZAMS)

Evolutionary tracks:

G0 solar masses

15 solar masses

2 solar masses

(.4 solar masses

{00 20000 10000 2000
Temperature (Kelvin)

Cool, luminous stars
(RSG, AGB):

Massive or low/interme-
diate mass, evolved,
several 100 (') Rsun.
Strong, slow stellar winds

Solar-type stars:
Low-mass, on or near MS,
hot surrounding coronae,
weak stellar wind

(e.g. solar wind)
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LMU ﬁ:ﬂ Stellar Atmospheres in practice

A tour de modeling and analysis of stellar atmospheres throughout the HRD

Different regimes
require different

key input physics
and assumptions

LTE or NLTE

*Spectral line
blocking/blanketing

*(sub-) Surface
convection

*Geometry and
dimensionality

*Velocity fields and
outflows

124



LMU ﬁ:n

ALSO:
Analysis

of different
WAVELENGTH
BANDS

Is different

(X-ray, UV,
optical, infra-
red...)

Stellar Atmospheres in practice

Spectroscopy and Photometry

Depends on where in
atmosphere light
escapes from

Question: Why is this
“formation depth”
different for different
wavebands and
diagnostics?
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Stellar Atmospheres in practice

Spectroscopy and Photometry (see part 1)

...gives insight into and understanding of our cosmos

requires
« plasma physics, plasma is "normal” state of atmospheres and interstellar matter
(plasma diagnostics, line broadening, influence of magnetic fields,...)
« atomic physics/quantum mechanics, interaction light/matter (micro quantities)
« radiative transfer, interaction light/matter (macroscopic description)
+ thermodynamics, thermodynamic equilibria: TE, LTE (local), NLTE (non-local)
« hydrodynamics, atmospheric structure, velocity fields, shockwaves,...

provides
« stellar properties, mass, radius, luminosity, energy production, chemical composition, properties
of outflows
« properties of (inter) stellar plasmas, temperature, density, excitation, chemical comp., magnetic
fields

INPUT for stellar, galactic and cosmologic evolution and for stellar and
galactic structure

126



LMU

¢ Stellar Atmospheres in practice

LMU

Spectroscopy (see part 1)

‘ﬁ }UV spectrum of the O4I(f) supergiant ¢ Pup

NORMALIZED FLUX
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1650
WAVELENGTH (A)

montage of Copernicus (A < 1500 A, high res. mode, AL = 0.05 A, Morton & Underhill 1977)
and IUE (AA = 0.1 A) observations

UV “P-Cygni”
lines formed In
rapidly accel-
erating, hot
stellar winds

(quasi-)
Continuum

formed in
(quasi-)
hydrostatic
photosphere
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LMU ﬁ Stellar Atmospheres in practice

L I LA AL  E S
G224-81 -

HD 173084 ;
G261-10 h
HD 221950
CD-52°2174 |'|
AN eV
BD-3°2525 n
HD 99383 7 h

T T W
Sun
Illlll‘JIlI]IllJIIJIl‘JIlIJIl
5240 5245 5250 5255 5260 5265

Wavelength [ff’x]

Spectroscopy

Lines and
continuum in
the optical
around 5200 A,
In cool solar-

type stars,
formed in the
photosphere
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Spectroscopy X-rays from

hot stars,

Chandra grating (HET GS/MEG) spectra S _ formed in

- “ ' : shocks in
< on ﬁ h stellar wind
gﬁ?ﬁwmmwwwm{w&u&%wh_ﬁrm T X-rays from

cool stars,

Wavelength (A)

formed in
) hot corona
T, 25
Z 20
2 15
gm U iJ
[
o TR 1L | o
&) 7 8 9 10 11 12 13 14 15 17 18 19 20 21 22 23 24 25

Wavelength (,3\;
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‘ Stellar Atmospheres in practice

LMU

A tour de modeling and analysis of stellar atmospheres throughout the HRD

M ~107...10°Mo /YIr  .\TE or NLTE

Stellar Winds .
nd gp—— N e *Spectral line
-2 part of ' radinively N e blocking/blanketing
course! > o *(sub-) Surface
3 convection

KEY QUESTION: 2 | Geometry and

o 2 dimensionality
}Nhat ptr)cl>v1fes the E oy ] -Velocity fields and
oree able to outflows
overcome gravity? 102 [ -

Effective Temperature (K)
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Stellar Atmospheres in practice

A tour de modeling and analysis of stellar atmospheres throughout the HRD

KEY QUESTION: What
provides the force able to
overcome gravity?

Pressure gradient
in hot coronae of
solar-type stars
Radiation force:
Dust scattering
(in pulsation-levitated
material)
in cool AGB stars
(Hoffner and colleagues)

Same mechanism In cool
RSGs?

Luminosity (L‘/LG)]

M ~107*..10°M_ / yr

106

104

[
=
]

k.

102

Be stars

S —— I

radiatively
driven winds

Swn

M ~ 10"

1t

\
v

A

warm"'

hybrid ©

*hot"

winds

4|\/|O

no coronae?

"cool"
dense

Gslow?) |

winds

winds \
\’—\‘/_
111 -
-—

solar-type

r
flare

stars

30,000

10,000

6,000

3,000

Effective Temperature (K)

LTE or NLTE

*Spectral line
blocking/blanketing

*(sub-) Surface
convection

*Geometry and
dimensionality

*Velocity fields and
outflows
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LMU

A tour de modeling and analysis of stellar atmospheres throughout the HRD

KEY QUESTION: What
provides the force able to

- 4 -8
overcome gravity? M ~ 10 10 M 5 / yr -LTE or NLTE
Radiation force: R "--..__ - 1 ‘,.y —_— -Spectral line :
line scattering in hot, - i . blocking/blanketing
luminous stars :? 0% "Wm"‘\ (slow?)™ -(sub-) Surface
porctofolownpartz 3 i N ] convection
s T L2 W *Geometry and
E N o dimensionality
g W™ ] eVelocity fields and
M =10 MONT e outflows
102 [ e

30:000 . 10,000 6,1.]00. . 3,600
Effective Temperature (K)

Question: How do you think the high mass loss of stars with high luminosities

affects the evolution of the star and its surroundings?
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LMU Stellar Atmospheres in practice

USM

from introductory slides ...

Life
planet systems A
PRy
o =g
<X
~§’ star formation
N proto-

stars
ISM: dust, molecules, gas

stellar evol’
=> red/bl
*x (super)giants

planetary  low siellar

nebulae ses g
G " ' ‘ h
7 W/

#Z
WDJ core ‘collapse

massive stars determine energy -. .,
(kinetic and radiation) and,momentunt
budget of surrounding ISM. .~ *

massive stars have winds with dlfferent
strengths, in dependence of evolutlon
status -

massive stars enrich environment-with
metals, via winds and SNe, determine

chemo-dynamical evolution of Galaxies
(exclusively before onset of SNe 1a) - .

“FEEDBACK”

Stellar Winds from evolved hot and cool
stars control late evolution, and feed the
ISM with nuclear processed material

Feedback

Bubble Nebula
(NGC 7635)
in Cassiopeia

wind-blown
bubble around

" BD+602522

(06.511If)
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A tour de modeling and analysis of stellar atmospheres throughout the HRD

In the following,
we focus on stellar
photospheres

Stellar Atmospheres in practice
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Stellar Atmospheres in practice

From part 1

THWS

(x toew

Summary: stellar atmospheres - the solution principle

> rob lewn od stellar abwmespleres solveck
toq gw, Tegy, abundances
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Heratiou!

® ¢

Solution of differential equations A and B by discretization
differential operators => finite differences

Eq. of radiative transfer (B)
all quantities have to be evaluated on suitable grid

usually solved by the so-called
Feautrier and/or Rybicki scheme
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Stellar Atmospheres in practice

A tour de modeling and analysis of stellar atmospheres throughout the HRD

LTE or NLTE

*Spectral line
blocking/blanketing

*(sub-) Surface
convection

*Geometry and
dimensionality

*Velocity fields and
outflows
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¢ Stellar Atmospheres in practice

LTE or NLTE? (see part 1)

When is LTE valid???

roughly: electron collisions
o«n T"

LTE: T low, n_high
NLTE: T high, n_low

HOT STARS:

Complete model atmosphere and synthetic
spectrum must be calculated in NLTE

NLTE calculations for various applications
(including Supernovae remnants) within the
expertise of USM

>> photoabsorption rates
I (T) xT%, x=1 however:
MLTE-
effects also
dwarfs (giants), late B and cooler in cooler
all supergiants + rest S Bl
1ron mn sun

COOL STARS:

Standard to neglect NLTE-effects on atmospheric
structure, might be included when calculating line
spectra for individual “trace” elements (typically used
for chemical abundance determinations)

BUT: See work by Phoenix-team (Hauschildt et al.)
ALSO: RSGs still somewhat open question
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Stellar Atmospheres in practice

A tour de modeling and analysis of stellar atmospheres throughout the HRD

LTE or NLTE

*Spectral line
blocking/blanketing

*(sub-) Surface
convection

*Geometry and
dimensionality

*Velocity fields and
outflows
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Stellar Atmospheres in practice

Spectral line blocking/blanketing

« Effects of numerous -- literally millions -- of (primarily metal) spectral lines
upon the atmospheric structure and flux distribution
*Q: Why is this tricky business?
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Stellar Atmospheres in practice

Spectral line blocking/blanketing

« Effects of numerous -- literally millions -- of (primarily metal) spectral lines
upon the atmospheric structure and flux distribution
*Q: Why is this tricky business?

- Lots of atomic data required (thus atomic physics and/or experiments)
- LTE or NLTE?

- What lines are relevant?
(i.e., what ionization stages? Are there molecules present?)

Techniques: 4||; |é T 4'! |4l I |3ém\3\ |4l |4l AP\ \al TTTT
Opacity Distribution Functions \ Sl ﬁ} ""’l'-‘*' |
t ol ‘!> i [y

2222222

Opacity-Sampling
Direct line by line calculations

(!
Wb
! |
i 1 \
f
ol
A |
!
- M 2t 3
3¢ agt 23 et
line transitions in FeV

L L e bbb bl [l ]l
55 P DFFG G LR PTDIOOF FGTETH R R D TR PG
Tee i Damignation
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Stellar Atmospheres in practice

Spectral line blocking/blanketing

Back-warming (and surface-cooling)

Numerous absorption lines
“block” (E)UV radiation flux

Total flux conservation
demands these photons be
emitted elsewhere 2>
redistributed to
optical/infra-red

Lines act as “blanket”, whereby
back-scattered line photons
are (partly) thermalized and
thus heat up deeper layers

“Blanket” typically cools
uppermost layers

“‘Blanket” warms deep
layers

Heat (photons) enters
atmosphere from
sub-photospheric layers
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Stellar Atmospheres in practice

UM
Spectral line blocking/blanketing
Back-warming and flux redistribution
...occur in stars of all spectral types

g

.

s

= .

= 0 .

-20 — - — — — 5000 [Me/H]=0.0 T
L — 8000 _

----------- 7000

_40II|IIII|IIII|IIII|IIII|IIII|IIII
5 4 -1 0 1

_Slcg 1'5_

Fig. 4. The effects of switching off line absorption on the temperature
structure of a sequence of models with logg = 3.0 and solar metallic-
ity. Note that AT = T(nolines) — T(lines). It is seen that the blanket-

ing effects are fairly independent of effective temperature for models
with Tog = 4000.

Back warming in cool stars
(from Gustafsson et al. 2008)

leg H, / [erg/s/em’]

100 1000 10000
lambda [A]

Fig.10. Emergent Eddington flux H, as function of wavelength.

Solid line: Current model of HD 15629 (O5V((f)) with parameters

from Table 1 (Ter =40 500 K, log g=3.7. “model 17). Dotted: Pure

H/He model without line-blocking/blanketing and negligible wind. at

same T4 and log g ("model 27). Dashed: Pure H/He model. but with
Ty =45000 K and log g = 3.9 ("model 37).

UV to optical flux redistribution in hot stars
(from Repolust, Puls & Hererro 2004)
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From Puls et al. 2008

Stellar Atmospheres in practice

Spectral line blocking/blanketing

Back-warming and flux redistribution

...occur in stars of all spectral types

e — T 3 B L B
i Blank
T er i 18l — -~ —_HO Bank h
= 30 ' . -
&, S i s
-.ﬂ.- , i H'.E_— _
b {1 H i
L] =
i = i
=25 - :‘-'1— -
& £
3 . _
r Blank
2.0 __ _____ HO Blank
1 1 1 1 [ 1 o 1 1

3.0 3.2 3.4 3.6 3.B 4.0 4.2 4.4 10 11 12 13
Log & A Log N_ {em™)

Fig.9 Effects of line blanketing (solid) vs. unblanketed models (dashed) on the flux distribution

(log Fy (Jansky) vs. log A (A). left panel) and temperature structure (T{lO‘i K) vs. log n.. right
panel) in the atmosphere of a late B-hypergiant. Blanketing blocks flux in the UV, redistributes
it towards longer wavelengths and causes back-warming.
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UsM

Spectral line blocking/blanketing

Back-warming - effect on effective temperature

A0 T T

RECALL: T -- or total flux (plane- From Gustafsson et al. 2008: Dvars Mat-00 Question: Why
parallel) -- fundamental input Estimate effect by assuming & DM[IM]“ ) does the line
parameter in model atmosphere!  a blanketed model with Tz~ & £ W\ cosemeeneenes Giants [MefH}=-1.0

blocking fraction
increase for very

20

such that the deeper layers
correspond to an unblanketed

10

Line blocking fraction X (%)

. . o)
model with effective cool stars”
temperatureT’eﬁ>Teﬁ N T N I B B A
3000 4000 5000 6000 7000 8000
Ten (K)
4 Fig. 3. The blocking fraction X in percent for models in the grid with
T two different metallicities. The dwarf models all have log g = 4.5 while
— the giant models have logg values increasing with temperature, from
F — G logg = 0.0at Ter = 3000K to logg = 3.0 at Ty = S000 K.
' -1
Tle=(1—X)7Te, (35)

where X is the fraction of the integrated continuous flux blocked
out by spectral lines,

_ 1{;:[!:::11111 - F.»l}dft
J;m antdf’l

T, In cool stars derived,
e.g., by optical photometry

X

(36)
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Spectral line blocking/blanketing

Back-warming - effect on effective temperature

RECALL: Te - or total flux (plane- Previous slide were LTE models. In hot
parallel) -- fundamental input hi h be d .
parameter in model atmosphere! stars, everyt INg has to be done In

NLTE...

A
F =05l

Question: Why is optical
photometry generally NOT
well suited to derive Teff in
hot stars?
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Spectral line blocking/blanketing

Instead, He ionization-balance is typically used
(or N for the very hottest stars, or, e.g., Si for B-stars)

Hel4387 Hel4922 I-lilﬁllﬁﬁ%%% Hel4471 Hel4713 Hell4200Hell4541 Hell6404
e

or

Helll

Simultaneous fits to observed Hel and Hell lines
-— from Repolust, Puls, Hererro (2004)

Back-warming shifts ionization balance toward more completely
ionized Helium in blanketed models, thus fitting the same observed
spectrum requires lower T4 than in unblanketed models i ——

—14L s I I
—4 -3 —2 -1 o] 1

Log lon fraction He

* black — blanketed Teff=45 kK
e red — unblanketed Teff=45 kK
* blue — unblanketed Teff= 50 kK
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Spectral line blocking/blanketing

Instead, He ionization-balance is typically used
(or N for the very hottest stars, or, e.g., Si for B-stars)

Result: In hot O-stars with
Teff~40,000 K, back-
warming can lower the
derived T as compared to
unblanketed models by
several thousand degrees!

(~ 10 %)

Teff (kK)
-~
o
|

2 4 & 8 10
SPECTRAL TYPE

New T scale for O-dwarf stars. Solid line — unblanketed models.
Dashed — blanketed calibration, dots — observed blanketed values
(from Puls et al. 2008)
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Stellar Atmospheres in practice

A tour de modeling and analysis of stellar atmospheres throughout the HRD

LTE or NLTE

*Spectral line
blocking/blanketing

*(sub-) Surface
convection

*Geometry and
dimensionality

*Velocity fields and
outflows
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from part 1

Surface Convection

;L@Q'fl vedlou

-E’}t&rgs{ +rau s'p"cﬂl‘ net o,o,.(y( by rackiation,
however alco by
* waves } net o f{iclent tu typicel

. [\&*‘- conuetioy o wleune, '%rou.“;ﬁeves

* Couvectiou Lhite doacds
Thus S T e &
v. (gh* * E:Qh’u ) = 0 [ T Quagts'»[_.\/dmﬂq“ e bie
abiespheres)
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OBSERVATIONS:
“Sub-surface”
convection in layers
T~160,000 K (due to
iron-opacity peak)
currently discussed
also in hot stars

Stellar Atmospheres in practice

Surface Convection

* H/He recombines in
atmospheres of cool stars
- Provides MUCH opacity
- Convective Energy
transport

Image: SOHO (ESA/NASA)
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LMU ﬁ Stellar Atmospheres in practice

Surface Convection

I > F ™ 4 F ™Y pen Y |
50 Cpserve.d’ voq‘d cqmp;’utgd scqlsr
zjganylationy’ 5 ¥, \ 7

y - L, A ™

Traditionally accounted for by rudimentary
“mixing-length theory (see part 1) in
1-D atmosphere codes

Jlation+MTF

BUT:
« Solar observations show very dynamic structure
 Granulation and lateral inhomogeneity

- Need for full 3-D radiation-hydrodynamics Crddit: B. Stein ™ -
simulations in which convective motions occur
spontaneously if required conditions fulfilled
(all physics of convection ‘naturally’ included)
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Stellar Atmospheres in practice

Surface Convection

Solar-type stars:
Photospheric extent << stellar radius
Small granulation patterns

example: the sun

R = 700,000 km
Ar (photo) = 300 km

R = Ar/R~410%

BUT corona
Ar /R (corona) =~ 3

from part 1

aslongas Ar/R << 1 => plane-parallel symmetry
light ray through atmosphere

Ar[R A
a0

L
lines of constant temperature
and density (isocontours)

significant curvature : o = 3,
spherical symmetry

curvature of atmosphere insigni-
ficant for photons' path : =

examples
solar corona
atmospheres of
supergiants
expanding envelopes (stellar winds)
of OBA stars, M-giants and supergiants

solar photosphere / cromosphere
atmospheres of

main sequence stars

white dwarfs

giants (partly)
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LMU ﬂﬂ Stellar Atmospheres in practice

Surface Convection

Solar-type stars:
Atmospheric extent << stellar radius
Small granulation patterns

9
Box-In-a-star
Simulations

(cmp. plane-parallel approximation)

From Wolfgang Hayek
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LMU ﬁﬂ Stellar Atmospheres in practice

Approach
(teams by Nordlund, Steffen):

Solve radiation-hydrodynamical
conservation equations of
mass, momentum, and energy
(closed by equation of state).

3-D radiative transfer included to
calculate net radiative
heating/cooling g,.4 in energy
equation, typically assuming LTE
and a very simplified treatment of
line-blanketing

.

Qad = 4np [f.l{:f,l—g.i} dA,
Ja

(= 0in case of radiative equilibrium)

Surface Convection

From Wolfgang Hayek
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Stellar Atmospheres in practice

Surface Convection

Sun {(L71009), T=5770 K, logg=4.44
212 x 106 grid paints, 11540 s "
M"itthlﬂE teffen, Hernd Freytag

Ternperature, Tracers

p: uk
! Ty y !
||||||||'||||||‘|‘||"'|'||+1i‘;||||

1000 2000 A000

[Fm]

From Berndt Freytag’s homepage: http://www.astro.uu.se/~bf/
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Stellar Atmospheres in practice

Surface Convection

Fia. 4—Pressure fluctuations about the mean hydrostatic squilibrinm and the velocity field in an =z slics through a gru.nu]a The pressure is high above

the centers of granules, which decelerates the warm upflowing fluid and diverts it horizontally. High pressure aleo occurs in the intergranular lanes where the

motions are halted and gravity pulls the now cool, dense fluid down into the intergranular lanes. Horizontal rolls of high vorticity oceur at the
edges of the intergrannlar lanes. The emergent intensity profile across the slice is shown at the top.

From Stein & Nordlund (1998)
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UsM

Some key features:

Slow, broad upward motions, and
faster, thinner downward
motions

Non-thermal velocity fields

Overshooting from zone where
convection is efficient according
to stability criteria (see part 1)

Energy balance in upper layers not
only controlled by radiative
heating/cooling, but also by
cooling from adiabatic
expansion

See Stein & Nordlund (1998);
Collet et al. (2006), etc

Surface Convection

Simulation

L
=
=
+
=
o
&
9
o |
&
"]

Observed

Fia. 19—C ison of ion as sean in the intensity from the simulations and as observed by the Swedish Vacuum Solar Telescope on
La Palma. The top row shows three simulation images at 1 minute intervals, which together make a composite image 18 x 6 Mm in extent. The middle row
nhows!hnlmagemooﬂndbymmryplu pune tial point-spread function. The bo(mmrowxhow an 18 x 6memu-hshlmugeh om La Palma Note
the similar image and the observed 1 The edge in the k & reduced when
smoothed. lmgmby(rﬂe 1996.pn ate communication) taken in the CH G-band have much more contrast than white light and clearly reveal the edge
brightening of granules.

Question: This does not look much like the traditional 1-D models we’ve discussed
during the previous lecture! — Do you think we should throw them in the garbage?
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Stellar Atmospheres in practice

Surface Convection

USM
_I TTTTTTTT I TTTTTTTTT I TTTTTTTTT I TTTTTTTTT TTTTTTTRFT
[ "'
9000 ;
8000 &

Temperature [K]

Lovvvvvnnn bev v v be e Ma ™y s

:I | I | N N T | I N T I N T I I | | | N N T I
-4 -3 -2 -1 0
Logarithmic optical depth [500nm]

—

Figure 1: The mean temperature structure of the 3D hydrodynamical model
of Trampedach et al. (2009) is shown as a function of optical depth at 500 nm
(blue solid line). The blue dashed lines correspond to the spatial and tem-
poral rms variations of the 3D model, while the red and green curves denote
the 1D} semi-empirical Holweger & Miiller (1974) and the 1D theoretical MARCS
(Gustafsson et al. 2008) model atmospheres, respectively.

In many (though not all) cases, AVERAGE properties
still quite OK:

Convection in energy balance approximated by
“mixing-length theory”

Non-thermal velocity fields due to convective motions
included by means of so-called “micro-" and
“macro-turbulence”

BUT gquantitatively we always need to ask:
To what extent can average properties be modeled by
traditional 1-D codes?

Unfortunately, a general answer very difficult to give,
need to be considered case by case
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LMU ﬂﬂ Stellar Atmospheres in practice

Surface Convection

i . . . . ] For example:
10000 - T 4=4550K logg=1.6 [Fe/H]=—-3 3
- - In metal-poor cool stars spectral lines are scarce
X, 8000 F WIS 3D (Stagger) 1-  (Question: why?),
® | —— 1D (MARCS) ] and energy balance in upper photosphere controlled to
© 6000 <3D> 9 a higher degree by adiabatic expansion of convectively
a i overshot material.
& 4000f -
s In classical 1-D models though, these layers are
2000 - 1 convectively stable, and energy balance controlled only
L S E— — by radiation (radiative equilibrium, see partl).
-4 -2 0 2
109 Tspgam -

Metal-poor red giant, simulation by Remo Collet,
figure from talk by M. Bergemann
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Stellar Atmospheres in practice

Surface Convection

o)

o
o
T

=}
o
w

Relative Intensity

o
o

Relative Intensity

o
o

-10 =5 0 o) 10
Doppler speed in km/s

o
o

E 4
-10 =5 0 <) 10
Doppler speed in km/s V
n .

10, A,

» Line shifts, broadening, intensity contrast

NakeH Aq el woiH

3-D radiation-hydro models successful in reproducing many solar features
(see overview in Asplund et al. 2009), e.g:
Center-to-limb intensity variation

Line profiles and their shifts and variations (without micro/macroturbulence)

Observed granulation patterns
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Surface Convection

Normalized intensity

649.88 649.89 649.90 649.91
Wavelength [nm]

Figure 3: The predicted spectral line profile of a typical Fei line from the 3D
hydrodynamical solar model (red solid line) compared with the observations (blue
rhombs). The agreement is clearly very satisfactory, which is the result of the
Doppler shifts arising from the self-consistently computed convective motions that
hroaden, shift and skew the theoretical profile. For comparison purposes also the
predicted profile from a 1D model atmosphere (here Holweger & Miiller 1974) is
shown; the 1D profile has been computed with a microturbulence of 1 km s~1 and
a tuned macroturbulence to obtain the right overall linewidth. MNote that even
with these two free parameters the 1D profile can neither predict the shift nor
the asymmetry of the line.

affects chemical abundance
(determined by means of line profile
fitting to observations)

One MAJOR result:

Effects on line formation has led to a
downward revision of the CNO solar
abundances and the solar metallicity,
and thus to a revision of the
standard cosmic chemical

abundance scale

Fig. from Asplund et al. (2009) — “The Chemical Composition of the Sun”
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¢ Stellar Atmospheres in practice

Surface Convection

Also potentially critical for Galactic archeology...

...which traces the chemical evolution of the Universe by analyzing
VERY old, metal-poor Globular Cluster stars — relics from the early
epochs (e.g. Anna Frebel and collaborators)
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LMU

Surface Convection

* Giant Convection Cells in the
low-gravity, extended atmo-
spheres of Red Supergiants

*Question: Why extended?
H=a’lg (with a the
iIsothermal speed of sound)

Out to Jupiter...
a’ o la’, ~Te /T, =05..0.6

RSG sun

gRSG / gsun ~ 10_4 I

(see part 1)

Betelgeuse (HST)
Gilliland & Dupree 1996
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‘ Stellar Atmospheres in practice

Surface Convection

Supergiants (or models including a stellar wind):
Atmospheric extent > stellar radius:

Box-in-a-star - Star-in-a-box

(1D: Plane-parallel = Spherical symmetry,
see part 1)

Star to model: Betelgeuse

Mass: 5 solar masses

Radius: 600 Rsun

Luminosity: 41400 Lsun

Grid: Cartesian cubical grid with 1713 points
Edge length of box 1674 solar radii

Model by Berndt Freytag, note the HUGE convective cells visible in the emergent intensity map!!
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LMU ﬁ:ﬂ Stellar Atmospheres in practice

Surface Convection

st35gm04n28: Surface Intensity(11), time{ 0.0)=30.263

o

Star to model: Betelgeuse
Mass: 5 solar masses -
Radius: 600 Rsun

Luminosity: 41400 Lsun

Grid: Cartesian cubical grid with 1713 points
Edge length of box 1674 solar radii

Movie time span: 7.5 years

http://www.astro.uu.se/~bf/movie/dst35gm04n26/
movie.html
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LMU ﬁ:ﬂ Stellar Atmospheres in practice

Surface Convection

st35gm04n28: Surface Intensity(11), time{ 0.0)=30.263 yrs

Extremely challenging,
models still in their infancies. -
LOTS of exciting physics to explore, like

Pulsations

Convection

Numerical radiation-hydrodynamics
Role of magnetic fields

Stellar wind mechanisms

Also, to what extent can main effects be
captured by 1-D models?
For quantitative applications like....
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USM

“@ ANDROMEDA
GALAXY

A
I TRIANGULUM
GALAXY

THE LOCAL
GROUP

s @
& ° »
* MILKY WAY =
GALAXY *

MILKY WAY GALAXY

(many in prep)

Question: Why are RSGs ideal for
extragalactic observational stellar astrophysics
using new generations of extremely large infra-red telescopes?
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Stellar Atmospheres in practice

Important codes and their features ....

Codes FASTWIND WM-basic TLUSTY Phoenix MARCS CO5BOLD
CMFGEN Detail/Surface Atlas STAGGER
PoWR
geometry 1-D 1-D 1-D 1-D/3-D 1-D 3-D
spherical spherical plane-parallel spherical/ plane-parallel Cartesian
plane-parallel (MARCS also
spherical)
LTE/NLTE NLTE NLTE NLTE NLTE/LTE LTE LTE simplified
dynamics quasi-static time-independent hydrostatic hydrostatic or hydrostatic hydrodynamic
photosphere + hydrodynamics allowing for
prescribed supersonic
supersonic outflow outflows
stellar wind yes yes no yes no no
major application hot stars with winds hot stars with hot stars with cool stars, brown cool stars cool stars

dense winds,
ion. fluxes, SNRs

negligible winds

dwarfs, SNRs

comments

CMFGEN also for
SNRs; FASTWIND
using approx. line-
blocking

line-transfer in
Sobolev approx.
(see part 2)

Detail/Surface
with LTE-
blanketing

convection via
mixing-length
theory

convection via
mixing-length
theory

very long execution
times, but model
grids start to
emerge
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LMU ﬁm Stellar Atmospheres in practice

And then there are, e.qg.,

* Luminous Blue Variables (LBVS)
like Eta Carina,

*Wolf-Rayet Stars (WRS)

* Planetary Nebulae (and their
Central Stars)

* Be-stars with disks

* Brown Dwarfs

*Pre main-sequence T-Tauri and
Herbig stars

...and many other interesting
objects

Stellar astronomy alive and
kicking! Very rich in both

Physics
Observational applications
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Chap. 8 — Stellar winds: an overview

8 ;A , F 1 G K M
T T T T T T T T T T
Yy //1//////// 2 L’Lzo‘5°~'o’/ 121 ’/ij_z_/
Pqu
6.0 «On _’ SC" ~-10.0
- #N5 3WI s »” < 8C Cyg
h ot O X bur -‘- aC o wuCep
5089 N & @ 20 ¢ 07378 —~-80
SOf . ‘ Scom " VyCeo
(12072 3keotMe) ® I S
- - o @ 119 Tau
o winds
" _Anén
\ uo94705
B \\ hrIZ6® ..,P« d-a0
Riywe®, .
® \\ Bpea ®a Her
- |
30 5 N E
g\ \H0259431 —420
- \ \  HERBIG =
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o i y A -40
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@ solar type stars (incl. the sun)

@ red supergiants/AGB-stars
("normal” + Mira Variables)

@ hot stars (OBA supergiants,
Luminous Blue Variables,
OB-dwarfs, Central Stars of
PN, sdO, sdB, Wolf-Rayet
stars)

@ T-Tauri stars

@ and many more
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LMU ¢ The solar wind — a suspicion

comet Halley, B . comet Hale-Bopp '
with ,,kink*“ in § R with dust and
tail e R plasma tail (blue)

. .
» .

-

. 4 .

o g
’

g

B
.
e ’ .

» comet tails directed away from the sun

» Kepler: influence of solar radiation pressure (-> radiation driven winds)
e lonic tail: emits own radiation, sometimes different direction

« Hoffmeister (1943, subsequently Biermann): solar particle radiation
different direction, since v (particle) comparable to v (comet)
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ﬁ:ﬂ The solar wind — the discovery

« Eugene Parker (1958): theoretical(!) investigation of coronal equilibrium:

high temperature leads to (solar) wind (more detailed later on)

« confirmed by

« Soviet measurements (Lunik2/3) with “ion-traps” (1959)

e Explorer 10 (1961)

e Mariner Il (1962): measurement of fast and slow flows
(27 day cycle -> co-rotating, related “coronal holes” and sun spots)

F-EDh:Tlcln ITET --..
FIJ“ 1 [ Al

I1 F"{ H' T"l.‘} | |50

TOO| I 4.5

(ol "’——'-.,,.

500 ;ﬂ‘ |4D

.sc-o vt - —_— . .
Au g ET Sen! I 5&p1 6 .;apt I Sap'r IG Supl EI

— et

Horuhon I?GE

i h i g 1
= Wﬁﬂﬂ‘ ﬂ_} mjﬁju:z

300 i - — . . M-
Sept 23 Sept 28 0#" 3 Dct 8 TOct 13 Dt 18
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The solar wind — Ulysses ...
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... surveying the polar regions




polar wind:
g fast and thin
ULYSSES/SWOOPS Speed (km s ) o
SEEEE ULYSSES FAST-LATITUDE SCANS equatorial wind:

slow and dense

NEARING SOLAR MINIMUM AROUND SOLAR MAXIMUM

10/2001

GSFC)
MK3 (HAO)
NRL)
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Solar particles
flowr owt easily

Coronal holes . and at high spoads
can kast several
solar rotalions

As they rolate

around hey

produce

recurming Coronal Hole
slams .,

at Earth

ey

25 : R \ #
o ) ! ._-

solar particles
Flows oul slowly
- impedad by
ELUN'S I'I'IEQHE‘HI::
fiald

ﬁﬂ The solar wind — coronal holes

fast wind:

over coronal holes
(dark corona, “open”
field lines, e.g., in
polar regions)

coronal X-ray
emission

=

very high
temperatures

(Yohkoh Mission)
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MU @ The sun and its wind: mean properties

The sun

radius = 695,990 km = 109 terrestrial radii

mass = 1.989 1030 kg = 333,000 terrestrial masses

luminosity = 3.85 1033 erg/s = 3.85 1020 MW =~ 10'8 nuclear power plants
effective temperature = 5770 °K

central temperature = 15,600,000 °K

life time approx. 10 10° years

age = 4.57 10° years

distance sun earth approx. 150 10 km ~ 400 times earth-moon

The solar wind
temperature when leaving the corona: approx.1 10¢ K
average speed approx. 400-500 km/s (travel time sun-earth approx. 4 days)
particle density close to earth: approx. 6 cm3
temperature close to earth: < 10° K
mass-loss rate: approx 10'2 g/s (1 Megaton/s) ~ 10-'*solar masses/year
~ one Great-Salt-Lake-mass/day ~ one Baltic-sea-mass/year
= no consequence for solar evolution, since only 0.01% of total mass lost over total life time
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{ Stellar winds — hydrodynamic description

LMU

Need mechanism which accelerates material beyond escape velocity:

# Pressure driven winds Note: red giant winds still not understood,

# radiation driven winds only scaling relations available (“Reimers-formula”)

remember equation of motion (conservation of momentum + stationarity, cf. Chap. 6, p. 84)

dv 1 dp ext - ;
V—=—-——+9g (in spherical symmetry)

dr p dr

— With mass-loss rate M , radius r, density p and velocity v

M =4zripv, equation of continuity:

and with isothermal sound-speed a conservation of mass

2 2 2
[1_a_\\,d_" N CL g., + 2a” da’ equation of motion:
ra H
v? J dr r’ rdr from conservation of momentum
vel. field grav. radiative  (part of) accel.
accel. accel. by pressure gradient
positive forv>a inwards outwards  outwards

negative forv<a
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LMU Pressure driven winds

UM
(1 az\vdv ~ GM ‘g +2a2 daj
L VZJ dr r? ad r dr
vel. field grav. radiative pressure

accel. accel.

The solar wind as a proto-type for pressure driven winds

. . /
@ present in stars which have an (extremely) hot corona (T ~ 10° K) e

@ with g,~ 0 and T = const, the rhs of the equation of motion changes sign at

GM
r,=—j; Witha(T=1.5-10° K) ~160 km/s,
we find for the sunr, ~3.9R_

and obtain four possible solutions for v/v_ ("c" = critical point)

rlre

# only one (the "transonic™) solution compatible with observations 0 1
# pressure driven winds as described here rely on the presence of a hot corona
(large value of a!)

# Mass-loss rate M =107 M_, /yr, terminal velocity v ~500 km/s
# has to be heated (dissipation of acoustic and magneto-hydrodynamic waves)

# not completely understood so far
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LMU ¢ Radiation driven winds

accelerated by radiation pressure:

(1 a’) dv ~ GM 2a? da’ pressure terms only of secondary order
L B VZJVdI’ T Tk rdr (@ = 20 km/s for hot stars,
%/__J

: . = 3 km/s for cool stars)
important only in

lowermost wind

7 cool stars (AGB): major contribution from dust absorption;
coupling to “gas” by viscous drag force (gas - grain collisions)

M ~107OM g, /yr, Vo, = 20 kmis

#* hot stars: major contribution from metal line absorption;
coupling to bulk matter (H/He) by Coulomb collisions

M ~107°..107° M, /yr, v, ~2,000 km/s

sun
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«Mira Ceti

aviu ravrivius, LoJv)

* brightness variations by 5.5 mag
(from 3.5t09),
corresponding to a factor of 160

‘Walfisc®Cetus). .

Eckhardt Slawi!(")




LMU ﬁ Cool supergiants: The dust-factories of our Universe

dust: approx. 1% of ISM, 70% of this fraction formed
in the winds of AGB-stars (cool, low-mass supergiants)

Red supergiants are located in dust-forming “window”

dwarfs

Temperatur T

transition from gaseous phase to solid state possible only in
narrow range of temperature and density:

gas density must be high enough and temperature low
enough to allow for the chemical reactions:

density p = sufficient number of dust forming molecules required

Material on this and following pages from » the dust particles formed have to be thermally stable

Chr. Helling, Sterne und Weltraum,
Feb/March 2002
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Growth of dust in matter outflow

® .
. . ions, atoms

dust growth
Oe>"

TiO,

+TiO,

(TiO,), — (Ti0,),
M o
T i &
,‘ ©

» decrease of density and temperature
« more and more complex structures are forming
 dust: macroscopic, solid state body,

approx. 107 m (1000 Angstrom), 10% atoms

terrestrial, macroscopic rutile crystal
(TiO,, yellowish)

—2 oty s e,
Q » 1
L&) O

first steps of a linear reaction chain, forming the seed of (TiO,),
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The principle of radiation driven winds

here: absorption by dust

photons
f WIND
% <

S

’ AN

'

total transfer of momentum

p

OBSERVER

dust
dust excited particle
particle dust

1\
- o — @ —>e?_>

T

The photon is absorbed the excess energy
(excitation of is distributed within the
electrons and inner degrees of freedom
vibrations) and radiated away as heat

ﬁﬂ Dust-driven winds: the principle

e star emits photons

» photons absorbed by dust

« momentum transfer accelerates dust

» gas accelerated by viscous drag force
due to gas-dust collisions

acceleration

proportional to number of photons, i.e.,
proportional to stellar luminosity L

= mass-loss rate o« L

dust driven winds at tip of AGB responsible
for ejection of envelope

= Planetary Nebulae

winds from massive red supergiants still
not explained, but probably similar mechanism

184



LMU

4

[km/s]

velocity

log density

0

IIHL”

IIIIIII IHIIIIII'TIH!IIH

—lllllllllllIIIIllllllIllllllllllllll

Illlllll‘llllllllllll

W
(92}

N
(9}

B ] 1 1 1 1 [ 1 1 1 1 [ 1
w

\

|

| -
{(/_
lIIIIllllIII’llllllllljllllll

!
i
|

hi g \
|

|

{ o

llllllllllllllllllllllll,I

\
.
.

|

N Wt
5

15

30 35 40 45 50 55

distance r (Rstar)

snapshot of a time-dependent hydro-simulation of a
carbon-rich circumstellar envelope of an AGB-star.
Model parameters similar to next slide.

10
60

Ig Temperatur T [K]

degree of condensation

star (“surface”) pulsates,
sound waves are created,
steepen into shocks;
matter is compressed,
dust is formed

and accelerated by
radiation pressure

dust shells are blown away,
following the pulsational cycle

= periodic darkening of

stellar disc

= brightness variations
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|
shock fra \ shock frontfl  dark colors: dust shells

velocity

simulation of a

dust-driven wind

(working group E. SedImayr,
TU Berlin)

T=2600K, L=10%L,,
M=1M.,., Av=2km/s

sun?

Earth  Jupiter | o | Nep;tun

Mars Saturn 186
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ﬁ Stars and their winds — typical parameters

Red Blue

The sun AGB-stars supergiants
mass [Mg] 1 1...3 10...100
luminosity [L] 1 104 105...106
stellar radius [Ry] 1 400 10...200
effective temperature [K] 5570 2500 104...5-104
wind temperature [K] 106 1000 8000...40000
mass loss rate [Mg /yr] 10-14 10¢...104 106... few 103
terminal velocity [km/s] 500 30 200...3000
life time [yr] 1010 10° 107
total mass loss [Mg] 104 2 0.5 up to 50%

of total mass
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Massive stars determine energy (kinetic and radiation)
and momentum budget of surrounding ISM
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The principle of radiatively driven winds

Photons
WIND

STAR -
totally transferred momentun
y !
OBSERVER 4
electron o
The photon is absorbed and reemitted again

{i Chap. 9 — Line-driven winds: the standard model

e accelerated by radiation pressure in lines
M ~107..10"° M, /yr, v ~ 200 ...3,000 km/s

@ momentum transfer from accelerated species (ions)
to bulk matter (H/He) via Coulomb collisions

Prerequesites for radiative driving
@ large number of photons => high luminosity
Lo RZ T =>supergiants or hot dwarfs
@ line driving:
large number of lines close to flux maximum
(typically some 10%...10° lines relevant)
with high interaction probability

(=> mass-loss dependent on metal abundances)

@ line driven winds important for chemical evolution of
(spiral) Galaxies, in particular for starbursts

@ transfer of momentum (=> induces star formation, hot
stars mostly in associations), energy and nuclear
processed material to surrounding environment

@ dramatic impact on stellar evolution of massive stars
(mass-loss rate vs. life time!)

pioneering investigations by
Lucy & Solomon, 1970, ApJ 159
Castor, Abbott & Klein, 1975, ApJ 195 (CAK)

reviews by Kudritzki & Puls, 2000, ARAA 38
Puls et al. 2008 A&Arv 16, issue 3 189
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9.1 Radiative line driving and line-statistics

0 A T T S e e [ e
| — Morton & Underhill 1977

' — Howarth (p.c.)
1.5~ At several years

...............

» Observational findings:
massive star have outflows, at least quasi-stationary

= only small, in NO WAY dominant variability of global
quantities (M, v_)

= M, v_,v(r) have to be explained
= diagnostic tools have to be developed
= predictions have to be given
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9.1.1 Equation of motion in the standard model

0
= (with 8_= 0, 1-D spherically symmetric)
t

Hydro-equations 5 .
5 dzr p(r)v(r)=const=M mass-loss rate
a—p+V-(pV):0 continuity equation
t
dv 1 dp
a - _ el ext
—t(,ov)+V-(,f)vv)=—Vp+,oaeXt momentum equation Vdr o(r) dr T,

— (use continuity equation)

0 1 . .
—Vv+(v-V)v=——Vp+a™ equation of motion

KT
p = NKT (equation of state) = ——p =Vvip
pm,

v, isothermal sound speed, # mean molecular weight

Yol

(. vZldv 2v? dv?

= le— = — + a

vZ | dr r dr

(assumption here: vf ~T known)

GM

r2

line

aext(r) - _ (1—F) + g;r:;zcont(r) + gRad(r)

Thomson(r)
=—-Rf9 __~_ constis Eddington factor,
ggrav(r)

corrects for radiative acceleration due to Thomson scatte::Lrglrig



coso, =1

isotropic reemissionL <AP>= !

<cos Hout> =0

= g

rad

(AP)y,

9.1.2 Principle idea of line acceleration

)

|

> (ap)

__alllines

At Am

At Am

C

n

a) scattering of continuum light in resonance lines

=P -P

in out

AP

radial
h
= Z(Vin cos Qin o Vout COS eout)

absorption reemission

b) momentum transfer from metal ions (fraction 10-3)
to bulk plasma (H/He) via Coulomb collisions
(see Springmann & Pauldrach 1992)

= velocity drift of ions w.r.t. H/He is compensated by
frictional force as long as vp/vy, <1
(linear regime, “Stokes” law)
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T
. ; J _
R;m ~ G(x;) X; = /A, ———— A, isreduced mass
v, (prot)
CHANDRASEKHAR FUNCTION
03— — — : -
I
I
ozt e .
Y
= ~
S I ‘
Al | f‘uuawcu./ |
|
0 i i " 1] " 2 L 2 ! 2 " 2 1 L : s 2 ! 1 " " i
0 1 2 3 4 5

X

Fig. 1. The Chandrasekhar function G(x) which gives the [rictional force
on test particles by field particles of unit density for an inverse square law
of Coulomb interaction. The variable x is essentially the ratio of the
velocity of the test particles in the rest frame of the field particles to the
thermal velocity of the field particles (see text). The limiting cases are
G(x)~xfor x<1 and G(x)~x"? for x> 1

from Springmann & Pauldrach (1992, A&A 262)
see also Owocki & Puls (2002, ApJ 568)

approximate description (supersonic regime)

by linear diffusion equation

d ion GM w . .
Vien = Vien = Oraa — —5— — — W drift velocity
dr r T,
d GM w
Viurk 7 Vouk = - ——+— bulk = H/He,
dr r T

bi

7z relaxation time between collisions

in order to obtain one-component fluid,

Vv dVion —v dvbulk
ion — Ybulk
dr dr
-1
(1 1) P

__ion _ o tot tot . tot -

:W_gRadL + J ~ YRad T gRadZ
Tip Ty ion

tot = bulk + ion, Z is metallicity

M
for low p ~ — and/or low Z — drift large — runaway
Vv

e.g., winds of A-dwarfs, Babel et al. 1995, A&A 301
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v(l vildv 2vi dv? GM A—T)+ g™
_ R _ _ _ +
L vzjdr r dr r? Rad

supersonic approx., v > v, pressure forces negligible

dv. GM
V— +

. = L-T)=gns |dzrip

- dv -
M—+4zGM QL-T)p =4zr’pg J'dr

dr .

s

M (V. —){) + 47[GMS(1_F) ]osepdr = [ gpudm
e R,

wind
—_—

TTH

L line ZAP

Se=0rylp, =8, ————, Qggy

* 47cGM  AMAt
: L1-T AP
Mv  + — Toy = Z
c T At

9.1.3 The single scattering limit/multi-line scattering

Mv, 1-T c >, AP

o0

L/c r L At

< momentum loss

of radiation field

Now so-called S(ingle) S(cattering) L(imit), SSL

assume that each photon is scattered once somewhere

) . ) hv.
in the wind, with AP = —°
c

L(v)

hv

number of photons per time and dv is dv

"performance number" or wind efficiency
/ momentum rate
needed to support
ssL o wind against gravity
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S
20 o
Fo
L, © ¢
> o
< T
-0
S
.
L)
S R
4( 30 20 O
R 5
loge (1IN KK

Wind efficiencies for Galactic OBA supergiants. The
actual efficiency might be smaller, due to neglected
wind clumping.

From Markova & Puls 2008

NOTE:Wolf-Rayet stars have much larger wind-
efficiencies (n =0(10)), due to higher Mdot
(and also I" and t are larger).

— Single-scattering not sufficient to provide enough

radiative acceleration
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MU Y, Multi-line scattering

Friend & Castor (1983)

T Abbott & Lucy (1985)
/ / e . — Monte Carlo Method
S B . Puls (1987)
/ / / . \ not very efficient in OB-star winds
/ / / /

\ Lucy & Abbott (1993)

| explain large wind-efficiencies of WR winds due
| to multi-line scattering in stratified ionization
, equilibrium

TELLAR

CORE

“~\ ‘\ NN __ I Springmann (1994)

NN P /] Gayleyetal. (1995)

\ \ AN ~___-" / / /

\ N\ N _ - / /
N AN ~ _ - // /
\\ h ~ T - /
~ ™~ -7 /

from Abbott & Lucy (1985) Throughout following slides WR case not considered

» assume that each line can be treated separately, i.e.,

AP = > AP'/line

lines i

no interaction between different lines

= don’t misinterpret this assumption (“single-line
approximation”) with SSL!!!
= n(SL)>n(SSL)
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The photon-tiring limit

UsM

W hat is the maximum mass-loss rate that can be accelerated???

e mechanical luminosity in wind at infinity is

(v GM ) - (vi o vi) 2GM
Lying = — + =M| —+—=| withv =
2 R 2 2 R
e maximum mass loss, if L . =L, = L(w) =0, star becomes invisible
M 2L,
" Vozo + VESC
MmaXVoo 2C
= nmax = =
Lic (v, )
v, |1+ —
VOO

typical values: v_ ~ 2000...3000 km/s ~=0.01c, v, /v =1/3 — 7 . =200

M .+ (Owocki & Gayley 1997) is maximum mass-loss rate when wind just escapes

the gravitational potential, withv_ — 0

N 2L* M@ L* R MO M@ R
M. = = 0.032 5 = 0.0012 r,—
Y yr 10°L, Ry, M yr Ro

1-R/r

v
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crucial point of the problem
line 47[ line
9 rag Z——Ideudu[;c (ro)l, (rou) -
cp 2
absorbed

— (in single-line approximation)

2r p : _
=— d d C(rou)l(r,
Qrag = —— 2 [ dv [ pdu 7, (r )1 (ru)

lines i |ine _1

« two quantities to be known
» force/line in response to y,
» distribution of lines with y, and v

The force per line

* super-simplified
 simplified: Sobolev approximation
« “exact”:
» comoving frame, special cases
» observer’s frame, instability

9.1.4 Calculation of the line force

%)]

emitted
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MUl Y, Super-simplified theory

One line with transition freq. v,

interaction with line at v, when comoving frame frequency of photon velocity A
Vim =l e == = - -
starting at R, with v, is equal to v, AV{ | }radius shell with Ar
= 2
(finite profile width neglected, interaction probability = 1) i ==t ) Am = Anripar
[
v, v(r) . . 1ol
Veme = Vs — ——— =.v, (Doppler shift, radial photons, x=1, assumed) .
C
<& 1 1
obs VO 1 Vin = Vobs /LZ'_JW\ Aobs
Vg =V —V, () Av,,, photosphere at R.
scattering at larger v requires 'bluer' photons
obs Vo |
Ve =V, —V,(r)
c J
VO
= Av, . =—Av
C
Number of photons in interval [vfbs,v;bs = + Avobs] per unit time
N Av L Av AP
= = (gRad = )
At hv,,, AtAm
hv LAv 1
ORaa = L = (Av=-"Av)
hv,.. Am ©
_LyvyAv 1 dv| 1

¢’ Ar dzrip |dr|rip
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Why g,.q4 dv/dx ?

A
shell of matter with spatial extent Ar, v dv v(r)
] dv
and velocity v, +| — | Ar
dr ),
absorption of photons at v, = dv _lme_w1tht_rans1t1;n _______ !
. frequency v, at begin ! v, +dv,
in frame of matter AV and end of shell Vops + Av,)=vy T =
1 : ¢
photons must start at higher (stellar) _, :iy Y
. . . 2 s anss 0 :obs 0 c
frequencies, are "seen" at v, = Sv A oy, (dbrdr), ar
; = Av, =V, =V —T————
in frame of matter because of Doppler-effect. ' —1| c C o
L r
! Ar i
Let Av be frequency band contributing to A I ! (d_V)
. _ v i Codr v(r)
acceleration of matter in Ar ! i
dv l | i
The larger —, ! :
dr A ! i
14 : 1
e the larger Av i : ;
e the more photons can be absorbed i
e the larger the acceleration | F— '
Av:z . dv, . (d;illdr)2 Ar v
dv | i -
: : >
grad o —— :-I—.-: r
dr AT

(assuming that each photon is absorbed,
i.e., acceleration from optically thick lines) 200
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Lv,Av 1

2

g, (onelineat v,) =
ad ’ ¢’ Ar 4rxr?

Assumption was: each photon is scattered

Then: g, independent of cross-sections, occuption numbers etc.

only dependent on hydro-structure and flux distribution

What happens if interaction probability < 1?

interaction probability =1-e ", with optical depth ¢
T>1 prob =1

<1 prob =7

Now: division in two classes

optically thick lines, 7 >1 —>— prob =1 (saturation, independent of 7)

optically thin lines 7 <1 —=— prob=r

= g, (optically thin line) = 7 - g, (optically thick line)
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\ n-v(r) @ (Ve ) Profile function
s = A

Note: ‘first’ interaction at highest CMF-freq., ‘blue’ edge

‘last’ interaction (final reemission) at ‘red’ edge

TRICK of Sobolev approximation (Sobolev, 1960; developed
around 1945)

in the resonance zone (width ~ 2 times 3 v;;,), assume ‘macro’-
guantities such as opacity, source-function and density to be
constant or perform Taylor expansion

account at least for v and dv/dr

then, all integrals of radiative transfer can be performed
analytically and are exact within the assumptions

The validity of the SA can be checked by comparing the scale-
length of the macro-quantities with the co-called Sobolev length,
which is the scale length associated to the line-profile:

From dv/dr Lg = vy, we find Lg = [d(V/vy, ) / dr]?

Note: always required: v > vy, = Vgo,,¢/NM; m mass of absorbing ion

Calculating the optical depth:
The Sobolev-approximation (SA)

general definition

Ayar (5 [ xdn)
Cc

res.
zone

e — I 20(r) (v — v,
R«

first assumption: y (r) = constin resonance zone at r,

- 0 pv(r)
= Z-Vubs = XL(ro)J. qo(vobs — Vo )dr
R«
3 v (r)
V =Vos Vo
c
d
2nd assumption: (dﬂv) = const in resonance zone
r
d(uv
o dy o - Lo AUy
c dr |
s - P . c . ;L(ro)}”o K ' .
o=y ()| e(v)———=dv' =———— | o(v)dv
S L [ d(uv)] d(uv) [O
VO
dr J dr |,
P
r° =M optical depth in Sobolev theory,
Vobs d(uv)
dr .
T A\ . wuv(r)
i with r, from v, —v, —
t_g |
@ S

1Y

To
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Within Sobolev theory, all radiation field related

quantities can be calculated, e.g.,
J = IJV¢(v)dv, H =IHV¢(v)dv and

4 y(r) —
— H (r).
p(r)

gRad (r) =

After a number of intelligent manipulation, one finds
(see, e.g., Rybicki & Hummer 1978, ApJ 219)
4z 7(r)1’ (1-exp(-z°(u,1)))
ad = N A
e pn2;, 7% (u.1)

I, (1)

2

*

R
with cone-angle u, = ,[1— [—J , core intensity | _(u),
r

7 (D)A 7. (1A
and Ts(ﬂ,r):m(r) 0 _ 212,
d(uv) [,uzdv/dr+(1—,uz)v/r]
dr

Forr>>R (i.e., 4, =1), this is the same as derived from

super-simplified theory (incl. interaction probability),

4z gy (1-exp(-r*@n)) 1

~ = dul =
I B e 2!” ul, (1)
4z z(r) (1-exp(=2° (1)) L
c p(r) z°(r) '
o 1 S
_am F(0) g LTOPCTO))
c p(r) ;L(r)ﬁo 167 °r?
=)
Lv,dv 1 .
= x(1—exp(—z(r
9rt =7 4y anr7m ( p(-z°(r)))
1 . . i
— optically thick lines, 7 >1
1 dv | p
~——Lvi—1 |

T 4zrict " dr |z _ o

— optically thin lines, 7 <1
[ p
2. ()4,

and z°(r) =
dv/dr

To calculate the total line acceleration, we

have to sum over all contributing lines!
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Line acceleration from a line ensemble

Iraa (1) =D G (1) + > g, (r) =

thick thin
. |
dv 1
= |Zvai—V—+Z .—”—I
4zric’ | & thin ,0
I(1
ZuA kp(r ( A
g = Zuh _ kip(r) | precisely: k, 10 S
dv/dr  dv/dr L PSeVm)
T optical depth of line in Sobolev theory
- o.n (r)4, _
k. is line strength ~ ————— o, cross section,
p(r)

n, lower occup. number of line transition
k. roughly constant in wind!!!

Which line strength corresponds to ‘border' 7, =17

k dv/d

dv/dr ol
( )
= g;O;d(r) = 47”‘202} K, Z Lv, + L, vk, I
L ki> kl ki< k1 )

optically thick  optically thin

depends on hydrostruct. depends on line-strength
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Energyicm’ )

Millions of lines ....

Fa_W

25107

o107

=
o
A
=]

1.04107

5.0%907

[
' 'p 'p 'E!

| |
F'3'3"'H 1 %P PR DR PG AR T

Term De=ignation

... are present

... and needed!

tot
g Rad

thin
gRad

thick

Rad

= Z g;{ad’

all lines

=Lyv k, Kk

v 1

V.

dv/dr
Yo,

XA
(x —
Yo,
oC Livvik1

(line-strength)
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Jog (dN(k)) / dk,)

The line distribution function

pioneering work by Castor, Abbott & Klein (CAK, 1975):

from glance at Clll atom in LTE, they suggested that ALL line-strengths follow a power-law distribution
first realistic line-strength distribution function by Kudritzki et al. (1988)
NOW: couple of MI (Mega lines), 150 ionization stages (H — Zn), NLTE

Distribution of Line Strenghts at 40 kK
T T T

a~2/3

T T x=2 T
ANk 7 dk; = k7, e = 0,649

Note curvature
of distr. function

0

! !
L 2

4
log (line strength k)

dN (k)

=k*? «~0.6..0.7
dk

+ 2nd empirical finding:
valid in each frequential
subinterval

dN (k,v) = =N, f (v)dv k“ 2dk

Logarithmic plot of line-strength distribution function for an O-

type wind at 40,000 K and corresponding power-law fit

(see Puls et al. 2000, A&AS 141)
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Force/line + line-strength distribution

tot
= G (1) = 47rr2c2

|
|

\

i

k

k.> k

1 1

ky

NOIL(V)V f(v)dv

1 z vai + L V'k'
>

k ax

klj'
k

)
I_>
ki<k1 )

© 0

)
[ LODvAN (kv + ”L(v)vde(k,v)J:

ky

K™ 2dk+J'k k“?dk

4rric?
1 1 1, 4
k,—k&* =k
| _t-al ___a_l p |
1 Ko
a(l-a)?
= final result
const
géoatd( ) = - K very ‘strange’ acceleration,
Arxr non-linear in dv/dr
dv/dr 4z , dv NOIL(V)Vf(V)dV
k1 = —IryVv const = >
P M dr cC'a(l-a)
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LMU ¢ The force-multiplier concept

= neglected so far
— non-radial photons (p = 1 justified only for r >> R)
— ionization effects (have assumed that n/p = const throughout wind)

» line-force expressed in terms of Thomson acceleration

9ras _ Moty with "force-multiplier”
ggrav

—-a o o o
S.V.,. p n dv . (n n
M (t) =k e th —& | CF(r,v,—) =Kk, t “| = | CF =k_,. k| —=| CF
CAK(dv/dr W dr caK W AT lw

- 2z

t

Abbott 1982 Pauldrach, Puls & Kudritzki 1986

Keak a0 "force-multiplier parameter”, with o ionization parameter,

CAK 1975 0(0.1) under O-star conditions

t = kl‘1 optical depth in Sobolev-approx., if line-strength identical with

strength of Thomson-scattering (=s,) [correctly normalized]

-3

n. electron density in units of 10" cm

E

W = 0.5(1-4,) dilution factor of radiation field

CF "finite cone angle correction factor™, correction for non-radial photons
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T Lv)vf(v)dv
5 \ N

k — th 0
eAK L c a(l-a)

if everything has been correctly normalized.

for O-stars, k-, Is of order 0.1

= Kcak Can be interpreted as the fraction of photospheric flux
which would be blocked if ALL lines were optically thick, divided by a.

a different parameterization has been suggested by Gayley (1995).
Both parameterizations are consistent though.

for line-driving in hot, pure H/He winds (first stars) one can show that
a+d=1,ie., 06=0.33.

for all subtleties and further discussion, see Puls et al. 2000, A&ASS 141.
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first hydro-solution developed by CAK 1975, ApJ 195,
improved for non-radial photons and ionization effects
by Pauldrach, Puls & Kudritzki 1986, A&A 164 and Friend
& Abbott 1986, ApJ 311

had equation of motion

( vZldv 2v? dv? ot
Vil-—|—= -—+a (r)
v® ) dr r dr
ex GM rugcon ine
a®'(r) = - = (L-T)+ g 2" (r) + gp(r)
e L, for ‘normal’ winds
gRad(r): f ._Zkl
r
2
revdv/dr dv -
= f=1*f(r,v,—,M) if all subtleties included
M /(4r) dr
All together
(. vildv  GM 2 dv?: feL(m)

2V . . )
vil-— —@-T)+ — +—
\Y} dr r r dr r 4

9.2 Theoretical predictions for line-driven winds

non-linear differential equation

has ‘singular point’ in analogy to solar wind

Vit >>Vg (100... 200 km/s)

solution: iteration of singular point location/velocity,
integration inwards and outwards
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(see also Kudritzki et al., 1989, A&A 219)

* supersonic — pressure terms vanish
* radially streaming photons — f (4w)* — const

dv GM const-L - __, , dv_,
V— = > (1—1“)+—2M (r'v—)
dr r r dr

= y+A=const-L-M’“y“ = vy is constant

d
with A=GM (1-T), y-= rzv_dv
;

graphical solution (Cassinelli et al. 1979, ARAA 17,
Kudritzki et al. 1989)

i > X i €= X%¢

Mdot too small A+y Mdot OK  A.y

S:f[x)y°t

Cfixc)y®

) I
<

for unique solution, derivatives have to be EQUAL!

9.2.1 Approximate solution

y+A=const-L-M ye equation of motion
and equality of derivatives

1=const-L-M “ay“" atcritical pointy,

M —a 1 l-a
const-L.-a " °

in equation of motion at critical point
1 . 1

y.+A=—y,_, e,y l-—)=-GM(1-T)
o (94

o !
yo=——GM(@-TI)=y
l-«o

finally ...
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Scaling relations for line-driven winds (without rotation)

1 1

M o« No L (M (1-T))

eff

1—-—
a'

scaling law for M

, dv o
rev = GM (1-T)
dr l1l-a«
— Integration between «© and R,
(r) " R, / 0.5 for approx. solution, "CAK-velocity law"
v(r) =v — , =
- r 0.8 (O-stars) ... 2 (BA-SG), see next slide
1 L
a Y2 2GM (1-T) )2 _
vV, = scaling law for v _
l-« L R, J

—> Vv, = 2.25 V... Ifallsubtleties included

l1-«o

o exponent of line-strength distribution function,

I Eddington factor, accounting for acceleration by O<acx<l

Thomson-scattering, diminishes effective gravity large value: more optically thick lines
N+ number of lines effectively driving the wind o’ = a—0, with & ionization parameter,
(x Kcak), dependent on metallicity and spectral type typical value for O-stars: a’ = 0.6
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NOTE consistent solution

Fromy, =y = const follows from the

* inclusion of finite cone-angle and
(ng/W)° term:
Pauldrach, Puls & Kudritzki (1986) and

CAK velocity law

1

R, )2
v(r)=v,_ (1— J
r

k, o 1 .
s T ey = const! Friend & Abbott (1986)
v/dr vy
* this basically explains why resonance li ' « major effect

* generalized velocity law Y no Ionger constant,

o from consistent solution

o from ‘B-velocity law’ steeper slope in subcritical,
, flatter slope in supercritical wind
R. .
v, [1-—1 , t =0.8...1.3 .. :
vir) V”( r j In most cases - critical point closer to photosphere
G TR ' e : — lower Mdot, larger vinf

... consistent solution
of complete equation
—- B=0.8 velocity law 102
+ photospheric structure
(see Santolaya Rey,
Puls, & Herrero, 1997,
A&A, 488)
with same mass-loss rate
and terminal velocity as
in consistent solution

“Cooking recipe” by Kudritzki et al.
(1989, A&A 219)

« very fast calculation of Mdot, vinf for given

107

=¥ ' P PPN | ! sanal
0.001 0.010 0.100 1.000 10.000 100.000 1000.000

Zi force-multiplier parameters

10
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9.2.2 The wind-momentum luminosity relation (WLR)

use scaling relations for Mdot and v.,, calculate
modified wind-momentum rate

Le (M @-T))"
R1/2

M VOO Rj./Z o N;I_f/fa' LIWI

Mv, o N, L' (M@-T))

eff
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¢ 9.2.2 The wind-momentum luminosity relation (WLR)
UM

LMU

= use scaling relations for Mdot and v.,, calculate

modified wind-momentum rate

2

la' la' - '
tat He since (a'~ —
3

eff

Mv RI/?a N

- 1 » stellar winds

log (M v_R.’?) ~ —log L + const(z, sp.type) contain info
a' about

stellar radius!!!

(Kudritzki, Lennon & Puls 1995)

= (at least) two applications

(1) construct observed WLR, calibrate as a function of
spectral type and metallicity (N4 and o’ depend on both parameter)

— independent tool to measure extragalactic distances
from wind-properties, Teff and metallicity

(2) compare with theoretical WLR to test validity of radiation driven wind theory
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Milky Way
31 I I I
o-- OI _
=
; 30 te --- early Bla A
2 |o- mid Bla 325 D
EE‘ 29 |+ - Ala e f__."/_g.,-*" .
] ay=ces
'E = AP
T 281 T e -
- F -
% e ' ,QE)Q.‘ 7
S R7F e -
_'O/'O
26 ! | .
4.5 5.0 5.5 6.0 6.5
log(L/Le)

Modified wind momenta of Galactic O-, early B-, mid B- and A-supergiants as a function of luminosity, together
with specific WLR obtained from linear regression. (From Kudritzki & Puls, 2000, ARAA 38).
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Simple, however interesting argument
(cf. Puls et al., 2000, A&ASS141)

Remember
dN (k 2
( )OC—ka_z, kOC nabs e f
dk L m.c
—

cross section

for resonance lines k ~ f
(lower level = ground state of ion)

The most simple case: The hydrogen atom

'Kramersformula' for resonance lines, from Q.M.

3

f(Ln) = —2 (1_ij 1.c

3\/5” 2 3 n_s

n

(summed over all contributing angular momenta)

9.2.3 Why a =~ 2/3?

Number of lines until principal quantum numbern__ :

N (nmax) = rlmax -1 5p -
f(n )= < 3 4p T
max 3p -
( \% 2p —
nmax = -
L F (N ax) J g-)f’;lmple: 4 resonance
lines until n=5

1

N(f>f(n,))=C*(f(n,)) s -1

= number of lines with f-values larger than a given one

= distribution function

dN
df

— o f 2

4
powerlaw, compare with

dN

- _ka—Z

dk

2
— ==
3

= inclusion of other (non hydrogenic) ions (particularly
from iron group elements) complicates situation

= general trend: o decreases !

217



LMU @ 9.2.4 Predictions from line statistics

Let Z be the (global) abundance relative to its solar value, i.e., solar comp. is Z =1

= number of effective lines

. Variation of Mdot(z)
scales (roughly) with Z1- ~107] — ‘
« more metallicity => more lines sl ]
: ){////,/.f"""' .
T ool Teff = 40kK T ]
= consequence =P Gopes0.56
both mass-loss and wind-momentum S S }
should scale with -
e , _ OO0 T Teff = 10kK ]
Z* =~ ~NJZ fora,a' = 2/3 (O-type winds) - ¥ slope=1.35
. —3.50L \ \ ‘ ‘ L P ‘ \ ‘ ‘ ‘ L
.. 2" for a,a' = 0.4 (A-type winds) 10 05 0.0 0.5

metallicity z (log)

= example for Z=0.2 (= SMC abundance)

- Mdot (40kK) factor of 0.45 decrease adapted from Puls et al., 2000, A&ASS 141

» Mdot (10kK) factor of 0.09 decrease
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ﬁ Predictions from line statistics

= Differential importance of Fe-group and lighter elements
(CNO)
« cf. Pauldrach 1987; Vink et al. 1999, 2001; Puls et al 2000; Kriticka 2005

 lines from Fe group elements dominate acceleration of lower wind

— determine mass-loss rate Mdot

« lines from light elements (few dozens!) dominate acceleration of outer wind
— determine terminal velocity v,,

0.7 ¢

| AzV 238 ]
0.6 |

JO

05

04 f

frad /frad

_ 03[

From Kritcka, 2005
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9.2.5 Theoretical wind-models

Tyr  9(R.)
R, zZ

hydrodynamics

M= 4mripy
d‘u dp1l

Yar T T dr P p T 9rad— 9

const.
9rad = Jcont + Z frulng —

fj’ I (v )pdpdy

[

[ /74”\ ‘”1

n; 3, (Rjj+C;)+ni(Rip+Cip) =

rate equations uations

|

v

equation of radiative transfer

— 2
(Sp—Iv)ky = Pﬁ_fg_}_l p’ Oy

synthetic

spectra

J" ?g i ar T _ﬁ
22 mj(Rji+Cj)+np(Rei+Chi)
J ié L] \
"y energy equation
L—' (9rad—9)r’pv =
B [, 1. 2 rad diss
o [ew (307 + 1) +77 (mred 4 mies)]
M,‘U(f)

Pauldrach (1987) and
Pauldrach et al. (1994/2001): “WM-basic”

consistent hydrodynamic solution, force-
multiplier from regression to NLTE line-
force

NLTE, since strong radiation field and low
densities

150 ions in total (= 2 Megal.ines),
reduced computational effort due to
Sobolev line transfer

since 2001, line-blocking/blanketing and
multi-line effects included

From Pauldrach et al (1994)

(see also Pauldrach et al. 2001 for inclusion of line-

blocking/blanketing)
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M

= Vink et al. (2000/2001)

Monte-Carlo approach following Abbott & Lucy (1985):

« derive (iterate) Mdot from global energy conservation

%M (v +v2 )=L(R,) - L()

input: vm,vesc,/i',L(R*),I\/'Ii
calculate via Monte-Carlo: L, («)

calculate new estimate: M .., from L (), update occupation numbers, calculate L, , (o)

iterate until M, converges

» occupation numbers: NLTE, with Sobolev line transfer
« advantage: precise treatment of multi-line scattering

« disadvantage: only scattering processes can be considered,
no line-blocking/blanketing in NLTE

= Krticka & Kubat (2000/2001/2004), Krticka 2006

« similar approach as Pauldrach et al., but

— disadvantage: no line-blocking, no multi-line effects
— advantage: more component description (metal ions + H/He)
— allows to investigate de-coupling in stationary wind-models

= Kudritzki (2002, based on Kudritzki et al. 1989)

«  “cooking recipe” coupled with approx. NLTE, very fast
— allows for depth-dependent force-multiplier parameters
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21" | theoretical rates 27500 — 50000 K
s oL i
o= i +‘_t_.+ J
;)8 i W# i
— - -+ -

+— #_f%++
I g -
= | o '
~ - _
~— i T+ .,
R ,.,
_6 I i i i i i i I 1 i | I i 1 i 1 1 i L L 1 I i | i i P i | L ]
4 5 S} /

log (L/LG))

Theoretical wind-momentum rates as a function of luminosity, as calculated by Vink et al. (2000). Though
multi-line effects are included, the WLR concept (derived from simplified arguments) holds!
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30

M
w

log {modWMR)

N
Co

27

26

WLR for Galactic O—stars, Puls et al 96

T

| ! I |
Vink et al., 2000, A&A 382

Results from WM-Basic )

@ lIIlIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIII|~‘-IIIIIlII

5.0 LSS 6.0
log (L/Lsun)

From Puls et al. 2003 (IAU Symp. 212)
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9.2.6 Predictions from hydrodynamical models

OB stars:

Vink et al. (2000): “Mass-loss recipe” for solar abundances

in agreement with independent models v_ « z°*

— by Kudritzki (2002), with

— by Puls et al. (2003), using WM-Basic (A. Pauldrach and co-workers)
— by Krticka & Kubat (2004)

Vink et al. (2001):

Krticka (2006):

M oc z°% for O-stars,

M oc z°° for B-supergiants

M o« z°%% for O-stars

\

o0

oC

z

0.06
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ﬁ Summary Chap. 9

radiative line acceleration:
dv

dv )
9,4 € d_ for optically thick lines, o (—j for ensemble of lines
r

dr
Doppler-effect!

scaling relations for line-driven winds

Voo oC Vesc
1 1
. — .. 1=
M oc L*M __“

eff

R, .,
v(ir)=v, (1-—)
r
wind-momentum luminosity relation (WLR)

1

logMv_(R/R,)? = xlogL/L, + D

* mass-dependency vanishes or weak, since 1/x= a'=0.6 (for OB-stars)
+ offset D (and, to a lesser extent, slope x) depend on spectral type and metallicity

predictions from theoretical models
+ metallicity dependence
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{‘ Chap. 10 Quantitative spectroscopy

LMU The exemplary case of hot stars
@ Alternative set of parameters

Determine atmospheric parameters from observed spectrum L. M. R or

L, M, T or
Required T logg R ...
T4 1090, R, Y, Mdot, v, (+ metal abundances) _ _
(R stellar radius at T, = 2/3) @ interrelations

L =4zR’0, T,

B " eff

also necessary
Viad (rgdial yelocity) _ _ g
v sin i (projected rotational velocity)

GM

@ Useful scaling relations

Given If L, M, R in solar units, then
@ reduced optical spectra (eventually +UV, +IR, +X-ray) 109 ,

@ A/AA, resolution of observed spectrum R. = ﬁ S8zl =l

@ Visual brightness V )

@ distance d (from cluster/association membership), partly rather insecure log g = log (ﬂ .2.74 .104\

o NLTE-code(s), "model grid" L : J

V. =yR.g(-T)-1.392-10"

1. Rectify spectrum, i.e. divide by continuum (experience required
fysp y (exp f ) =sT'/g-1.8913.107"°

e ' eff

2. Shift observed spectrum to lab wavelengths (use narrow stellar < —0o 41 +1,.Y,,
lines as reference): © 14y,

\ P with I, number of free electrons
Ao = Aops (1— L"} v, assumed as positive if object moves away from observer He

¢ per Helium atom

(e.g.,=2, if completely ionized) 226
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¢ HD209975 (09.5 Ib) ¢
her SilV ' | NIl E
T,D:— =
- Q.8 —
rectified aeE E
optical spectrum, g 4Fi I Lo , P : -
("blue™ and "red") 4coo 4100 4200 4300 4400 4500
corrected for v, Hel/Hell HS Hell Hy Hel Hel
of the late O-SG
19 Cep 15 CIV/SiIV =
Hydrogen — 0:8F =
...... Helium | 9.6 =
---Heliumn  fE—o - — - EE— :
4500 4600 4700 4300 4900 o0
- Hell Hell Hel HpB Hel
in "red":

“strategic” lines to
derive atmospheric ,
parameters in hot .

J_I_Illlll TTT

stars G5 I I I I |
—p 0.4 E i ; ! ! i
5300 &40 G500 Hao _ alalale! &700 BECC
Hell HayelEngtinin Hel/Hell
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remember equivalent width W, = I

line

area of profile under continuum, dim[W,] = Angstrom or milliAngstrom, mA

H

cont

- H line (/1)

H

cont

dA = j (1-R(4))d4,

line

corresponds to width of saturated profile (R(4) = 0) with same area

1.2
1.0

0.8
0.6
J.4

0.z
Ry

H_gamma (4340.5)

ew, = 1,984

4084 4086 4[}8?4090 4092 4054

intermediate line

1.2
1.0

0.8
0.6
0.4

0.2
Ry

<4— strong line

NIl (4379.2)

ew, = 130 ma

4374 4376 45?8fESD 4382 45854

weak line
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material
moves
towards obs.
-> higher freq,

to
observer

Use weak metal lines

to derive v sin i:
Convolve theoretical line
with rotational profile.

Convolve finally with
instrumental profile
(~ Gauss) according
to spectral resolution

Silv, wsini=10 km/s

o e e

o | RS R LI 0 1] o

A0

1.10E
1,00
0.90E
0.80
0.7CE =
4084 4036 4038 4090 4992 4994

Silv, vsini=110 km/s

24 4086 4088 4090 44992 4094

1.00 F- e,

Q.92
0.96

0.94F

M, vsini=200 km /s, resol=4000

T2g
1.0F
0.8F
0.6 F
0.4 ; : : :
4084 4026 40382 4090 40972 4094

Determine projected rotational speed v sin |

Silv, wsini=50 km/s

Sl

1.10E
1,00
0.90E
0.80
0.7CE =
4084 4036 4088 4090 4092 4994

, vsini=110 km /s, resol=4000

M, vsini=105 km /s, resol=4000

1.00 - ofig,

BR=1)
086

0.94F

45374 45376 4378 4330 4332 4334 45374 45376 4378 4330 4332 4384

material

moves Convolution with rotational and instrumental
away from : _ _

obs. profile conserves equivalent width!!!

-> |lower freq.
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Hy-log g and T

HG: series A, log Q = —14.00C0C

e S o . S S P B S B . 2 S M. o
s0F g o

L N\ ¥
>*r . *—

s y
3.0 / ~
25E-% -]

AR G NN R I L e A A el I DN ] Lo M e L M e
zoxiot 25x10% 3ox10% 3s5x10* 4ox10t 45x10* s,

Iso-contours of equiv. widths for Hy (from model grid),
for solar Helium abundance and (very) thin winds

to derive T, loggand Y,

ox1o*

at least 3 lines have to be fitted in parallel

(if no wind is present):

Hy defines log g

usually, wind emission
has to be accounted for

(for given T ) (profiles shallower)

Hell/Hel define T, (for given log g)
absolute strength of He lines define Y,

emergent profile

emergent profile

emergent profile

4320 4330 43404350 4350 4370¢
lambda {A)

o

-

<
T

0.680

6520

6540 8GBQ 63580 ©80C
lambda {4)

H_Gamma

1.0
0.80F

0.80F
Q.70F

0.60F
0.508&

1.00
0.90F
0.80F

0.70F

emergent profile

0.60F

0.50
4520

4840 4BBO0 4380 4900
lambda {4)

degeneracy of profiles:
(almost) identical lines for
T, =40,000 and log g=4.0
and

T, =25,000 and log g=3.2

€

1.00
0.80F

0.80F

0.702—

emergent profile

0.60F
0,50

431043

20 4330 43404350 4350 437G

4520

4340 4BB0 4380 4900

lambda {4)

0.80

—3.61 J 7

H_Alpha

6520

6340  8G5B0 6580 €800
lambdo {A)

lambda {4)

wings of Balmer lines
(Stark-broadened)

react strongly on electron-
density (as a function of 1)
=> perfect gravity indicator
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Coarse fit - anaIyS|s of equwalent widths

log q = —12.8000
) L B P SR TR G A
5 .132H_»:| -
™ 8'Hell4200 g
- 5:Hel4338 T
[ SHeliabad 3
401 ChelssE6 i
i 7iHel4822 |
3.5 % _
30 =
i Max. lines = B ]
| -
T T TTT e oa P
zox10®  zsx10t zox0t 3sx0t 4oxi0t 4sx0t sox10
Fit diagram for 'Y, = 0.1 (best fit at log Q = -12.8)

Measured equivalent widths

Balmer lines Hel Hell

Hy 1.99 4387 0.32 4200 0.25

Ho 1.33 4471 0.86 4541 0.31
4922 0.46 4686 0.27

Note: Ha and Hell 4686 mass-loss indicators

Result: T ~30,000K, logg~ 3.0..3.2,
Y.~0.10..0.15logQ~ -12.8

Iog q = —128000

4.5 T3
3 I-La

1:H
d:Hell4200
S:Hel4388
G:Hel4471
SiHell4541
10:Hel46E8
7:Hel4522

4.0

3.5

3.0

Max. lines = 5

>

25 -

Ss gin i i e R E G D g I 5 e O
4 zox10®  z2sx10t zoxiot zsx0* soxi0* 4sx0* soxi0
Fit diagram for Y, = 0.15 (best fit at log Q = -12.8)

Fit diagram constructed from model grid with

20,000 K < T,
2.2 <log g <4.5with Alog g =0.25
-14 <log Q < -11 with Alog Q =0.3,Y,,, =

Note: Wind parameters can be cast into one quantity

I -
09Q =

For same values of Q (albeit different combinations of

< 50,000 K with AT = 2,500 K

Mdot, v_ and R..), profiles look almost identical!

4

0.10, 0.15, 0.20
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LMU ¢ P Cygni profile formation and v,

N PPLIC R T in CMF
Vars =Vo| 1+ = |1 g line frequency in

DOPPLER-EFFECTI!I

photons . .
e uv(r)y>0: v, >v, blueside

uv(r)<0: v, <v, redside
star
OBSERVER .

¥

ot

Vm Vmax _VO ﬂ“mm
= :1—
" C C Vv Ao
absorpgion emission
i | NOTE: Absorption/Reemission in
1 + N /] > atomic = fluid frame
/\ - atv=v, tAv, Av<y_ -V

vim O vm 0 —v m

Note: interpretation of v,,,, = v, (wind) requires
large interaction probability ~ 1-exp(-1),i.e.,
! optical depth T must be large at large radii and
)\ low densities ????

P Cygni profile

vm 0 -—v_n
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photons
; 5 wind
—% star
OBSERVER
C
absorpgion emission
i i
1 RRVAE
vim O i _ vm O —v_nI
P Cygni profile
| )\
1
vm 0 -—v_n

Flux

Vv =

obs

ﬂﬂ P Cygni profile formation and v,

v(r
Vv, {l+ b )j; v, line frequency in CMF

Cc

DOPPLER-EFFECTI!

uv(r)y>0: v, >v, blueside
uv(r)<0: v, <v, redside
Vm — Vmax _VO =1— ﬂ“min

C v, An

Sk —68 137 CIV vinf=3200,/3400,/3600 km/s

O3111(f) (LMC)

1 1
15680 15685

t
1530 1535 1540

J ~ 3,480 km/s
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EMERGENT PROFILE

N

o

—_

—_

Determination of
terminal velocity from
UV-P Cygni profiles

1

]

0
X in VMAX units

EMERGENT PROFILE

hd209975

z

PR R  TS R T T P T T N TR T N T TRNY M AR ) P R R R
1300 1400 1500
WAVELENGTH IN ANGSTROMS

Silv

= 1.00

X in VMAX units

EMERGENT PROFILE

observation with IUE
(International Ultra-

violet Explorer)
no longer active

= 1.00
= 2050

~

0
X in VMAX units
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MU ¢ Fine fit - detailed comparison of line profiles

HD209975 (09.5 Ib)

12FT T T T R
=y K | : : : | | H H pd
1.0y a
___ Hydrogen 0.8 | u ;\‘ \‘ J -
...... Helium | o.6F ‘ . : ‘ s
- - -Helium Il 4000 4100 4200 4300 4400 4500
Hel/Hell Ho Hell Hy Hel Hel
1.2

indicated lines
used for fits 1.0

0.8
derived parameters 22 : : ' :
4500 4600 4700 4800 4900 Saco
Hell Hell Hel Hp Hel

T =31,000K
logg=3.17 5 :
log Q = -12.87 e & ] ::| I =
YHe: 010 e E g ROV ;““\ f/' I ‘r’ E
B=1.0 0.8 =

P 0.5E : . . : -
with v, = 2050 km/ s 6300 6400 ssocHell Ho 6800 8700 BECO
we have Hell wavelength (A) Hel/HEII

log(M/R.®°)=-7.9
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2 IF you know the distance and have theoretical fluxes

Determination of stellar radius —
If It cannot be resolved

@ IF you believe in stellar evolution

7 use evolutionary tracks to derive M from (measured) T andlogg =>R

#* transformation of conventional HRD into log T, - log g diagram required

7 problematic for evolved massive objects, "mass discrepancy":
spectroscopic masses (see below) and evolutionary masses not consistent,
inclusion of rotation into stellar models improves situation

@|F you believe in radiation driven wind theory

(from model atmospheres), proceed as follows 7 use wind-momentum luminosity relation

V =-25log [ 7,S,d2 + const

filter

S, spectral response of photometric system

absolute flux calibration
V =0 corresponds to 7, =3.66-10"° ergs™ cm™ A™ at 4, =5,500 A outside earth's atmosphere

2, isophotal wavelength such that [ 7,S,d2 ~F(2,) [ S,d2, [ S,d2 ~2895 for Johnson Vfilter

filter filter filter

R | J K 1
£ o
= fsAE ~ M (
%l |
[ AT ]
- € B e
const = —2.5l0g(3.66-10°-2895) = —12.437 A o OF I
S
(RR, Y 1 f4 1
—* L ( /‘J\\ Ll
MV i _25log| L SunJ '[ fﬂsﬂdl | t ConSt 35 30 25 20 15 1.0 05 0
L 10 pC filter +«— A [um?]
5|0gR — 29 553 + (V M ) IKOTOO 4()’00 5(;00 70;)0 10‘000 20(;00A
* ' theo Y

if R, in solar units, M, the absolute visual brightness (dereddened!) and

Vieo —2.5l0g [ 4H,S,d2 with H, the theoretical Eddington flux in units of [erg s™ cm™ A”]
- 236
filter
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remember relation between M,,and V (distance modulus)

M, =V +5(1—-logd)—-A,, d distance in pc, A, reddening

d from parallaxes (if close) or cluster/ association/ galaxy membership (hot stars)
(note: clusters/ assoc. radially extended!)

For Galactic objects, use compilation by
Roberta Humphreys, 1978, ApJS 38, 309 and/or
lan Howarth & Raman Prinja, 1989, ApJS 69, 527

Back to our example

HD 209975 (19 Cep): M, =-5.7
check: belongs to Cep OB2 Assoc., d ~ 0.83 kpc
V=511,A,=117 =>M,,=-5.65 0K

From our final model, we calculate V,, . = -29.08 => R =174 R__

Finally, from the result of our fine fit, |og(M/Rj'5)=—7.9 ,wefind M =0.91-10° M_ _/yr

sun

Finished, determine metal abundances if required,
next star ....
but end of lecture ...
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