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@ Properties of winds of hot massive stars

9 Line-driven wind theory

© Wind hydrodynamic equations

© Radiative force

e Sobolev approximation

B. Surlan (Astronomical Institute Ondtejov)
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Properties of winds of hot massive stars

H-R diagram

@ EXTREMELY LUMINOUS
spectral types A, B, and O;
L2 10% [Lg]

@ HOT - T = 8000 [K]
® MASSIVE - M > 2 [My]
e SHORT LIFETIMES
(~ 10°yr)
e END IN SUPERNOVA
EXPLOSION
@ HAVE WIND

srisgs
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Properties of winds of hot massive stars

Properties of winds of hot massive stars

@ EXTREMELY LUMINOUS

spectral types A, B, and O; Typical parameters for O-type stars
L2 10% L] and their winds
® HOT - Teg 2 8000 [K] | Parameter | Sun [ O-type stars |
@ MASSIVE - M > 2 [My] LI -
©,
@ SHORT LIFETIMES Te[K] 6000
(~ 10°yr) M [M] 1
@ END IN SUPERNOVA total life time [yr] | 10™°
EXPLOSION Twind[K] 10°
@ HAVE WIND MM, yr'T] 10°14
Veolkms 1] 400 (700)
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Properties of winds of hot massive stars

@ EXTREMELY LUMINOUS

spectral types A, B, and O; Typical parameters for O-type stars
L2 10% L] and their winds
® HOT - Ter 2 8000 [K] | Parameter | Sun [ O-type stars |
@ MASSIVE - M >z 2 [Mg] T [Lo] F
©,
@ SHORT LIFETIMES Te[K] 6000
(~ 10°yn) M [Mo] 1
@ END IN SUPERNOVA total life time [yr] | 10™°
EXPLOSION Tuwind[K] 10°
@ HAVE WIND MM, yr'T] 10°14
e TYPICAL M Voo[km s~'] 400 (700)

from 1077 to 107* M,

@ TYPICAL v, - from 200 km s~ (for A-supergiant) to 3000 km s~! (for early
O-stars)
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Wien’s displacement law

Properties of winds of hot massive stars

@ Hot stars emit their peak radiation in the UV wavelength region
Amax T =D

b=029cmK; T =30000K = Amax = 960A

B. Surlan (Astronomical Institute Ondejov)
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Wien’s displacement law

Properties of winds of hot massive stars

@ Hot stars emit their peak radiation in the UV wavelength region

Amax T = b
b=029cmK; T =30000K = Amax = 960A
COPERNICUS, FUSE)

@ The rocket AEROBEE (1965) - it was possible to obtain stellar spectra in the
UV region; the beginning of far-UV stellar astronomy (later IUE,

B. Surlan (Astronomical Institute Ondejov)
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Properties of winds of hot massive stars

Properties of winds of hot massive stars

@ Hot stars emit their peak radiation in the UV wavelength region
Wien’s displacement law

Amax T = b
b=029cmK; T =30000K = Amax = 960A

@ The rocket AEROBEE (1965) - it was possible to obtain stellar spectra in the
UV region; the beginning of far-UV stellar astronomy (later IUE,
COPERNICUS, FUSE)

@ Important result from UV observation: basically all hot stars with initial mass
larger than 15M,, show a high velocity outflow
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Properties of winds of hot massive stars

@ Hot stars emit their peak radiation in the UV wavelength region
Wien’s displacement law
Amax T = b

b=029cmK; T =30000K = Amax = 960A

@ The rocket AEROBEE (1965) - it was possible to obtain stellar spectra in the
UV region; the beginning of far-UV stellar astronomy (later IUE,
COPERNICUS, FUSE)

@ Important result from UV observation: basically all hot stars with initial mass
larger than 15M,, show a high velocity outflow

@ The outer atmospheres of hot stars have plenty of absorp'gion lines in the
ultraviolet, e.g., resonance lines from N V 14 1239, 1243 A, Si IV 14 1394,
1403 A, C IV 24 1548, 1551 A(see Morton, 1967)
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Properties of winds of hot massive stars

Hot stars emit their peak radiation in the UV wavelength region
Wien’s displacement law
Amax T = b
b=029cmK; T =30000K = Amax = 960A

The rocket AEROBEE (1965) - it was possible to obtain stellar spectra in the
UV region; the beginning of far-UV stellar astronomy (later IUE,
COPERNICUS, FUSE)

Important result from UV observation: basically all hot stars with initial mass
larger than 15M,, show a high velocity outflow

The outer atmospheres of hot stars have plenty of absorption lines in the
ultraviolet, e.g., resonance lines from N V 14 1239, 1243 A, Si IV A1 1394,
1403 A, C IV A2 1548, 1551 A(see Morton, 1967)

Massive hot stars are luminous = accelerating force: RADIATIVE FORCE
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Properties of winds of hot massive stars

@ Hot stars emit their peak radiation in the UV wavelength region
Wien’s displacement law
Amax T = b

b=029cmK; T =30000K = Amax = 960A

@ The rocket AEROBEE (1965) - it was possible to obtain stellar spectra in the
UV region; the beginning of far-UV stellar astronomy (later IUE,
COPERNICUS, FUSE)

@ Important result from UV observation: basically all hot stars with initial mass
larger than 15M,, show a high velocity outflow

@ The outer atmospheres of hot stars have plenty of absorp'gion lines in the
ultraviolet, e.g., resonance lines from N V 14 1239, 1243 A, Si IV 14 1394,
1403 A, C IV 24 1548, 1551 A(see Morton, 1967)

@ Massive hot stars are luminous = accelerating force: RADIATIVE FORCE
@ Lucy & Solomon (1970) - winds can be driven by absorption of radiation in
spectral lines
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Line-driven wind theory

@ Initial idea - electromagnetic radiation carries momentum that can be
transferred to matter in the process of light scattering

B. Surlan (Astronomical Institute Ondejov)
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Line-driven wind theory

@ Initial idea - electromagnetic radiation carries momentum that can be
transferred to matter in the process of light scattering

@ Milne (1924, 1926) and Johnson (1925, 1926) - material can be ejected from
the star by the absorption and scattering of the radiation

> «E» = wvae
October 16, 2013 5/22
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Line-driven wind theory

@ Initial idea - electromagnetic radiation carries momentum that can be
transferred to matter in the process of light scattering

@ Milne (1924, 1926) and Johnson (1925, 1926) - material can be ejected from
the star by the absorption and scattering of the radiation

@ Milne (1926) - Doppler effect is important for the line radiative acceleration.
The force acting on selected ions due to absorption of photons can exceed
gravity and ions then can leave the surface of the star
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Line-driven wind theory

@ Initial idea - electromagnetic radiation carries momentum that can be
transferred to matter in the process of light scattering

@ Milne (1924, 1926) and Johnson (1925, 1926) - material can be ejected from
the star by the absorption and scattering of the radiation

@ Milne (1926) - Doppler effect is important for the line radiative acceleration.
The force acting on selected ions due to absorption of photons can exceed
gravity and ions then can leave the surface of the star

@ Modern studies of hot stars’ winds were stimulated mainly by UV
observations
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Line-driven wind theory
o

Initial idea - electromagnetic radiation carries momentum that can be
transferred to matter in the process of light scattering

observations
o

Milne (1924, 1926) and Johnson (1925, 1926) - material can be ejected from
the star by the absorption and scattering of the radiation
Milne (1926) - Doppler effect is important for the line radiative acceleration.

The force acting on selected ions due to absorption of photons can exceed
gravity and ions then can leave the surface of the star
Modern studies of hot stars’ winds were stimulated mainly by UV

B. Surlan (Astronomical Institute Ondrejov)

Pioneering works of Lucy & Solomon (1970) and Castor, Abbott, & Klein
(1975, CAK) serve as a basis for present hot star wind theory
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Line-driven wind theory

Principle of radiative line-driving

Hot star winds are accelerated via a two-step process:

@ The photons are scattered in lines of ions of heavier elements (e.g., C, N, O,
Ne, Si, P, S, Ni, Fe-group elements etc.)
@ physical process: momentum and energy transfer by absorption and scattering

@ The outward accelerated ions transfer their momenta to the bulk plasma of
the wind (hydrogen and helium - mostly passive component)
e physical process: Coulomb collisions

«O0» «F» «
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The principle of radiatively driven winds

Principle of radiative line-driving

@ The light scattering in lines of heavier
elements
Wi o Photons transfer (part of) their momentum
to heavier ions and electrons by line
— scattering
N @ photon is absorbed by an ion
A
I NP R
/

A%
<. e @
nudeus

The photon

isabsorbed  and

Teemitted again

from homepage of Joachim Puls

B. Surlan (Astronomical Institute Ondejov)
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The principle of radiatively driven winds

Principle of radiative line-driving

WIND

@ The light scattering in lines of heavier
elements
RN

A

totally transferred momentum

electron

@ energy of the photon is “transformed” into
BE &

o Photons transfer (part of) their momentum
scattering
excitation energy (photon is destroyed)
OBSI;RVER A \y‘
(o)~ ®
The photon

to heavier ions and electrons by line

@ photon is absorbed by an ion

isabsorbed  and  reemitted again

from homepage of Joachim Puls

B. Surlan (Astronomical Institute Ondejov)
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Line-driven wind theory

Principle of radiative line-driving

The principle of radiatively driven winds

WIND

@ The light scattering in lines of heavier
elements

o Photons transfer (part of) their momentum
to heavier ions and electrons by line
scattering

OBSERVER

@ photon is absorbed by an ion
{otalty ransterved momentuma

A

electron

@ energy of the photon is “transformed” into
excitation energy (photon is destroyed)
@ momentum is transferred to the ion
& 9

A

o= @—~(2\~@®

The photon isabsorbed  and

Teemitted again

from homepage of Joachim Puls
B. Surlan (Astronomical Institute Ondejov)
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Line-driven wind theory

The principle of radiatively driven winds

Principle of radiative line-driving

OBSERVER

WIND

totally transferred momentum

A

electron

S /@ %<ﬁ”’f - \O

The photon

is absorbed

and

from homepage of Joachim Puls

B. Surlan (Astronomical Institute Ondejov)

Teemitted again
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@ The light scattering in lines of heavier
elements

scattering

o Photons transfer (part of) their momentum
to heavier ions and electrons by line

@ photon is absorbed by an ion
@ energy of the photon is “transformed” into
excitation energy (photon is destroyed)

@ momentum is transferred to the ion

@ electron “falls” back to its ground state or to a
different, low-energy orbit
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Line-driven wind theory

The principle of radiatively driven winds

Principle of radiative line-driving

OBSERVER

WIND

totally transferred momentum

A

electron

S /@ %<ﬁ”’f - \O

The photon

is absorbed

and

from homepage of Joachim Puls

B. Surlan (Astronomical Institute Ondejov)

Teemitted again
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@ The light scattering in lines of heavier
elements

to heavier ions and electrons by line
scattering

@ photon is absorbed by an ion
)

o Photons transfer (part of) their momentum

energy of the photon is “transformed” into

excitation energy (photon is destroyed)
momentum is transferred to the ion

electron “falls” back to its ground state or to a
different, low-energy orbit
@ a “new” photon is emitted
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Line-driven wind theory

Principle of radiative line-driving

The principle of radiatively driven winds

@ The light scattering in lines of heavier

elements
Wi o Photons transfer (part of) their momentum
to heavier ions and electrons by line
— scattering
N @ photon is absorbed by an ion

@ energy of the photon is “transformed” into
excitation energy (photon is destroyed)

@ momentum is transferred to the ion

@ electron “falls” back to its ground state or to a

{otaly transterred momentum different, low-energy orbit
/} A @ a “new” photon is emitted
OBSERVER AN @ the ion is accelerated into the opposite
F N direction of the photon
.M.,.,.
= POR
‘The photon is absorbed and Teemitted again

from homepage of Joachim Puls
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B. Surlan (Astronomical Institute OndFejov) WINDS OF HOT MASSIVE STARS October 16, 2013 7122



Principle of radiative line-driving

The principle of radiatively driven winds

@ The light scattering in lines of heavier

elements
Wi o Photons transfer (part of) their momentum
to heavier ions and electrons by line
— scattering
N @ photon is absorbed by an ion

@ energy of the photon is “transformed” into
excitation energy (photon is destroyed)
@ momentum is transferred to the ion
@ electron “falls” back to its ground state or to a
{otaly transterred momentum different, low-energy orbit
/} A @ a “new” photon is emitted
OBSFRVER . @ the ion is accelerated into the opposite
direction of the photon
.M.,.,.

@ resulting net-acceleration of the ion due to
A= () o and amisio’

absorption and emission is the vector-sum of
\ both accelerations

‘The photon is absorbed and Teemitted again
from homepage of Joachim Puls
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Principle of radiative line-driving

The principle of radiatively driven winds

WIND
e
AN
[ ——
/} A

OBSERVER

decmm

/@\ (. - -
nunlcus

The photon

\

isabsorbed  and  reemitted again

from homepage of Joachim Puls

B. Surlan (Astronomical Institute Ondejov)

@ The light scattering in lines of heavier

elements

o Photons transfer (part of) their momentum
to heavier ions and electrons by line
scattering

WINDS OF HOT MASSIVE STARS

photon is absorbed by an ion

energy of the photon is “transformed” into
excitation energy (photon is destroyed)
momentum is transferred to the ion

electron “falls” back to its ground state or to a
different, low-energy orbit

a “new” photon is emitted

the ion is accelerated into the opposite
direction of the photon

resulting net-acceleration of the ion due to
absorption and emission is the vector-sum of
both accelerations

only the outward directed acceleration due to
absorption processes survives

> < > =
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Principle of radiative line-driving
@ The light scattering in lines of heavier
elements
a0 ‘ photon
wind

e momentum of an ion after absorption of

, hy
my, = mv, + —

e increase of velocity

e momentum of an ion after emission of
photon

h 7

’’ /
mv, = mv, — — cos A
B. Surlan (Astronomical Institute Ondejov)
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wind

Principle of radiative line-driving

@ The light scattering in lines of heavier
elements

frame

o frequency of absorbed photon in observer

y=vo(1+ )
c
frame

o frequency of emitted photon in observer

U/
Vi=vo(l+-5)
c

B. Surlan (Astronomical Institute Ondejov)
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Line-driven wind theory

Principle of radiative line-driving

@ The light scattering in lines of heavier
elements

o velocity of the ion after absorption and
re-emission

hvy v hvg v
W =v+— (1+—=)— — (1+-ZL)cosd
mc c mc c

w L e forv< cand hvy < ¢
v’ |

h
Aur = U;’ —-v, = ﬁ (l - COS/D
mc

o forward scattering (cos4 =1) = the
momentum does not increase

@ backward scattering (cos1 = —-1) = the
momentum increases by 2hvy/c

@ re-emission of photons is in random
direction

«O0» «F» «
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Principle of radiative line-driving

@ The light scattering in lines of heavier
elements

o velocity of the ion after absorption and
re-emission
/ h
0 =+ (1 ) ﬁ(u
nmc

)cos/l
e forv< cand hvy < ¢

0
Av, =0V —v, = — (1 —cos )
mc
o the mean transfer of momentum
/2
hVQ 1 /’lVo
(1 =cosA)2rsinAdA =
—7r/2
B. Surlan (Astronomical Institute Ondfejov)

C

WINDS OF HOT MASSIVE STARS

«O0» «F» «

> «E» =

A
October 16, 2013

8/22



wind

Principle of radiative line-driving

@ The light scattering in lines of heavier
elements

o line scatterings are of bound-bound type,
i.e., line transitions

e the wind acceleration is due to
RADIATIVE LINE DRIVING

B. Surlan (Astronomical Institute Ondejov)
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The principle of radiatively driven winds

Principle of radiative line-driving

WIND

OBSERVER

A

totally transferred momentum

electron

A -

@ Momentum transfer by Coulomb coupling
e

o the outward accelerated ions transfer their

momenta to the bulk plasma of the wind
(basically H and He) via Coulomb
collisions

@ The light scattering in lines of heavier
elements

isabsorbed  and

Teemitted again

from homepage of Joachim Puls

B. Surlan (Astronomical Institute Ondejov)
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Line-driven wind theory

Principle of radiative line-driving

The principle of radiatively driven winds

WIND

@ The light scattering in lines of heavier
elements

@ Momentum transfer by Coulomb coupling

o the outward accelerated ions transfer their
aly entanes moment momenta to the bulk plasma of the wind
4 (basically H and He) via Coulomb
oo AN collisions
A dctron \ o the total wind is accelerated outward
I NPORIEN O
Ve _

from homepage of Joachim Puls

B. Surlan (Astronomical Institute Ondejov)
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Line-driven wind theory

Principle of radiative line-driving

The principle of radiatively driven winds

WIND

OBSERVER

totally transferred momentum

A

A

L e
= (o)
/

<. @
nudeus
The photon

isabsorbed  and

Teemitted again

from homepage of Joachim Puls

B. Surlan (Astronomical Institute Ondejov)
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@ The light scattering in lines of heavier
elements

@ Condition for the Coulomb coupling to be
efficient

@ Momentum transfer by Coulomb coupling

1s <y

@ 1 [s] - characteristic time for slowing
down heavier ions by collisions

@ 14 [s] - time takes the heavier ions to gain
a large drift velocity with respect to H and
He

@ first shown by Lucy and Solomon (1970)
and improved by Lamers and Morton
(1976)
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Line-driven wind theory

Principle of radiative line-driving

The principle of radiatively driven winds

WIND
-
R
o)
V3 \
OBSERVER

,/ \y;

@G /@: <.j“ ;\@\

The photon isabsorbed  and  reemitted again

from homepage of Joachim Puls

B. Surlan (Astronomical Institute Ondejov)
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@ The light scattering in lines of heavier
elements

@ Momentum transfer by Coulomb coupling

@ Condition for the Coulomb coupling to be
efficient

A T3?
03052 e
s Z2 m(1=0.0221nn2)

@ A - mass of charged particles (in units of
mpy)

@ Z - charge (in units of the electron

charge) due to interaction with H*, He**
and electrons

@ 1, - the electron density
@ for winds with

108 <n, <102 = (1-0.022Inne) ~ 0.5

«O0» «F» «

> «E» = wvae
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Line-driven wind theory

Principle of radiative

The principle of radiatively driven winds

WIND

totally transferred momentum

A
\

OBSERVER

decmm
nunluus

The photon

isabsorbed  and

Teemitted again

from homepage of Joachim Puls

B. Surlan (Astronomical Institute Ondfejov)
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line-driving

@ The light scattering in lines of heavier
elements

@ Momentum transfer by Coulomb coupling

e Condition for efficient Coulomb coupling

Uth
Iqg =

8i

2kpTe
Uth =
mHA f

@ Ay - atomic mass for field particles
(A = 1 for protons)
@ gi-

acceleration of the absorbing ions
@ T, - temperature of the wind
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Line-driven wind theory

Principle of radiative line-driving

The principle of radiatively driven winds

WIND

totally transferred momentum
|
OBSERVER
electron

)@\=/@ A B \@\

The photon

isabsorbed  and  reemitted again

from homepage of Joachim Puls

B. Surlan (Astronomical Institute Ondejov)
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@ The light scattering in lines of heavier
elements

@ Momentum transfer by Coulomb coupling

e Momentum transfer from photons to ions

d(mv re* F
) _ Amp gi = — f—
dr m, " ¢
=7 (7)
@ (ne?/mec)f - cross section for absorption
@ ¥,, - flux at distance r from the star at
the frequency of the line vy
o 7 = L; /AnR2 - flux at surface of the
star

> «E» = wvae
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Line-driven wind theory

Principle of radiative line-driving

The principle of radiatively driven winds

@ The light scattering in lines of heavier
elements

@ Momentum transfer by Coulomb coupling
o e Condition for efficient Coulomb coupling
4
Ly Te Z%c e\
0 -1/2
< —— \2kgmy | — A
x 4nr’ne  0.61 B (mecf) 4
=3.6x107°
(1)
totally tnijmcd momentum
onen N ® Ar=1,f=0.1,andZ=3
N ® Te = 0.5T¢y, Lj Te = 5.26 X 107'2L,;
A O=(2\~® ressx en
“The photon isabsorbed and  reemitted again
from homepage of Joachim Puls

U

B. Surlan (Astronomical Institute Ondejov)

5.9x10'

o for hot stars this is satisfied
WINDS OF HOT MASSIVE STARS
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Line-driven wind theory

Principle of radiative line-driving

The principle of radiatively driven winds

@ The light scattering in lines of heavier
elements
© Momentum transfer by Coulomb coupling
e e hydrogen and helium are mostly passive
components of the wind (inefficient for
< wind driving)
T
|
-SBORTE -®
= o —( @ \— (0@
Ve —

isabsorbed  and

Teemitted again

from homepage of Joachim Puls
B. Surlan (Astronomical Institute Ondejov)
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Line-driven wind theory

Principle of radiative line-driving

The principle of radiatively driven winds

@ The light scattering in lines of heavier
elements

© Momentum transfer by Coulomb coupling
AN

e hydrogen and helium are mostly passive

OBSERVER

components of the wind (inefficient for
wind driving)
o metal lines are responsible for the line
driving

A

electron

pﬁ%\= /@ - <.f - \@

The photon

isabsorbed  and

Teemitted again

from homepage of Joachim Puls
B. Surlan (Astronomical Institute Ondejov)
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Line-driven wind theory

Principle of radiative line-driving

The principle of radiatively driven winds

OBSERVER

WIND

@ The light scattering in lines of heavier
elements

@ Momentum transfer by Coulomb coupling

totally transferred momentum

A

decmm

(. — —
nunll:us

The photon

is absorbed

and

from homepage of Joachim Puls

B. Surlan (Astronomical Institute Ondfejov)

Teemitted again

WINDS OF HOT MASSIVE STARS

e hydrogen and helium are mostly passive
components of the wind (inefficient for
wind driving)

o metal lines are responsible for the line
driving

o if transfer of momentum between metallic

1976)

and passive wind component is efficient
treated as one component (Castor et al

the wind is well-coupled and can be

«O0» «F» «
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Principle of radiative line-driving

The principle of radiatively driven winds

@ The light scattering in lines of heavier
elements
@ Momentum transfer by Coulomb coupling
e hydrogen and helium are mostly passive

- components of the wind (inefficient for
< wind driving)

o metal lines are responsible for the line

driving

o if transfer of momentum between metallic
s s i and passive wind component is efficient,
’ the wind is well-coupled and can be

treated as one component (Castor et al.,

‘ electron )
w= @ (e~ ® 1976) .
/ - N\ o if the transfer of momentum is inefficient,

The potan RS-, the wind components may decouple
(Springmann and Pauldrach, 1992,
from homepage of Joachim Puls Krticka and Kubat 2000)

WIND

OBSERVER *
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Wind hydrodynamic equations

Wind hydrodynamic equations

Single-fluid treatment, neglecting viscosity and forces due to electric and magnetic
fields

@ equations of the continuity

at+V-(pv)=0

B. Surlan (Astronomical Institute Ondejov)
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Wind hydrodynamic equations

Wind hydrodynamic equations

Single-fluid treatment, neglecting viscosity and forces due to electric and magnetic
fields

@ equations of the continuity

ap B
E-FV'(pU)—O

@ equations of motion (momentum)

ov 1
—+@-V)v=—-Vp+
G T VIv=—"Vp g

e v =u(r, ¢t) - velocity field
@ p = p(r,t) - mass density
e p = p(r,1) - gas pressure

° g, - external acceleration; ge, = ggray + &rad

«A0>» 4F» «E» « > = Q>
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Wind hydrodynamic equations

Wind hydrodynamic equations

Single-fluid treatment, neglecting viscosity and forces due to electric and magnetic
fields

@ equations of the continuity

dp
L iv. =
o +V.-(ov)=0

@ equations of motion (momentum)

ov 1
> +@-V)v= —;Vp+gex

e v =u(r,t) - velocity field

@ p = p(r,t) - mass density
e p = p(r,1) - gas pressure
e g, - external acceleration;

8ex = ggrav + 8rad
@ energy equation

@ an approximate solution of the energy equation is allowed (see Klein and Castor,
1978)

o T, is approximately constant with radius and slightly less than T, i.e.
isothermal wind (O 4FrCEr 42> = DAX
B. Surlan (Astronomical Institute Ondrejov) WINDS OF HOT MASSIVE STARS October 16, 2013 12/22



Wind hydrodynamic equations

Wind hydrodynamic equations

Assumption: stationary and spherically symmetric wind
@ equations of the continuity

td, o
r—za(pvrr)—o

@ afterintegration = total outward mass flux, i.e. M

. dM,
M = O =4 p(r)v.(r) r* = const.

B. Surlan (Astronomical Institute Ondejov)
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Wind hydrodynamic equations

Wind hydrodynamic equations

Assumption: stationary and spherically symmetric wind
@ equations of motion (momentum)

% ldp

P p ar — 8grav 1 8rad

o ggav = GM./r* (G - the gravitational constant)

o the gas pressure p is given by an ideal gas equation of state

_ pkeT _
Hmy

- isothermal speed of sound (const.)
kg - Boltzmann’s constant

my - the mass of a hydrogen atom
4 - the mean molecular weight of gas particles

a2

«O0» «F» «
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Wind hydrodynamic equations

Wind hydrodynamic equations

Assumption: stationary and spherically symmetric wind
@ equations of motion (momentum)

dv, a

p— = — 4
o ar p dr 2 " Erad

® ggav = GM./r* (G - the gravitational constant)
o the gas pressure p is given by an ideal gas equation of state

_ pkBT
Himy

a - isothermal speed of sound (const.)
kg - Boltzmann’s constant

my - the mass of a hydrogen atom
u - the mean molecular weight of gas particles

aZ

«O0» «F» «
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Wind hydrodynamic equations

Wind hydrodynamic equations

Assumption: stationary and spherically symmetric wind
@ equations of motion (momentum)

o0 dv,_ 2d,o pGM
"dr

r dr

frad
o fyav = pGM./r* - gravitational force
@ fiaq - radiative force

o the gas pressure p is given by an ideal gas equation of state
@ a - isothermal speed of sound (const.)

«O0» «F» «
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Radiative force

Radiative force

@ fiaq - force due to a radiation field at a point r

frad(r) = % fdv 95 (x(r,v) I(r,v, k) — n(r,v))kdQ
v=0 Q=4rn

@ y, - absorption coefficient
e 1, - emission coefficient
e [, - radiative intensity

@ k - unit vector of the direction of the radiation propagation

@ For isotropic emissivity, the integral over all angles vanishes as well as the
second term, and x(r, v) can be factored out of angular integration

«O0» «F» «
B. Surlan (Astronomical Institute Ondejov) WINDS OF HOT MASSIVE STARS

> A E»

E DA
October 16, 2013 14/22



Radiative force

Radiative force

@ fiaq - force due to a radiation field at a point r

fas) = 3 [y § tmviokan =7 [ rema
C
v=0 Q=dn v=0

@ y, - absorption coefficient
e I, - radiative intensity

@ k - unit vector of the direction of the radiation propagation
e ¥ - radiation flux

F(r,v)= 56 I(r,v, k) kdQ

Q=4r

«A0>» 4F» «E» « > = Q>
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Radiative force

Radiative force

@ Total radiative force

Jrad(r) = foont(r) + |}gé(7’)
@ feont(r) - force due to continuum opacity
o fi%(r) - force due to an ensemble of spectral lines
@ Continuum opacity

@ continuum processes: atomic free-free and bound-free transitions and scattering
on free electrons

e continuum opacity due to free-free and bound-free processes can be neglected
in the winds of O and B type stars

@ scattering of free electrons (Thomson scattering) - the main contributor to the
continuum opacity

«O0» «F» «

> «E» = wvae
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Radiative force

@ Radiative force

[e]

Sraa(r) = %f/\/(r, v)dy 9§ I(r,v, k) kdQ =

00

1
v=0 Q=4r

" f/\{(r, VYF (r,v)dv

v=0
@ Radiative force due to radiation scattering on free electrons
Xth
Jeont(r) =

c(’) f dv 95 (v, k) kdQ =

Xthc(") f?—'(r,v) _ne(omlL
v20  QSan 0

e [°is "direct" continuum intensity from the stellar surface
@ xi - the Thomson scattering opacity

4nric

Xtn(r) = ne(r) o
@ o = 6.65 x 1072 cm? - the cross-section for Thomson scattering
@ 1, - the number density of free electrons
o L=4nr f?“_(r, V)
0

B. Surlan (Astronomical Institute Ondejov)

«A0>» 4F» «E» « > = Q>
WINDS OF HOT MASSIVE STARS October 16, 2013 15/22



Radiative force

@ Radiative force

00

Jrad(r) =

00

f)((r v)dv 96 I(r,v,k)de:lf)((r VYF (r,v)dv
v=0

Q=4r

v=0
@ Radiative force due to radiation scattering on free electrons

Jeont(r) = Xth( )

f 9§I°(rvk)de X‘“()
v=0

Q=4n

fy_.( _ne(nomlL

4rrc

o Ratio between the force due to the light scattering on free electrons and the
gravitational force - Eddington factor (luminosity-to-mass ratio)

re — f;:ont —
f;;rav
o ['; — 1-the Eddington limit

B. Surlan (Astronomical Institute Ondfejov)

e
_ T en L

dncGM
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Radiative force

Radiative force

@ Radiative force

(e

Srad(r) = é f)((r, v)dv 9§ I(r,v, k) kdQ = % f/\((r, VYF(r,v)dv
v=0

Q=4r

v=0
@ Radiative force due to radiation scattering on free electrons

Jeont(r) = Xthc(r) fdv 96 I°(r,v, k) kdQ = Xin(r)

C f 7:(r ’ V) = ( ) h
v=0 Q=4rn 0

4nric
@ comparison with the gravity force
n
.= fcont — OTh ﬁTer)L
© Jorav drcGM

-1
(L (M
[.=1075=]|—
Lo/ \Mo
B. Surlan (Astronomical Institute Ondejov)
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Radiative force

Radiative force

@ Radiative force

(e}

frad(r) = %f)((r, v)dv 99 I(r,v, k) kdQ =

1
v=0

c f/\((r, VYF (r,v)dv
Q=4r

v=0
@ Radiative force due to radiation scattering on free electrons

Jeont(r) = Xthc(r) de §

I°(r, v, k) kdQ = X“‘T(r) f F(r,v)
v=0 Q=4r 0

_ ne(r) omh L
4nrlc

o radiative force due to the light scattering on free electrons is important, but it
never exceeds the gravity force

B. Surlan (Astronomical Institute Ondejov)
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Radiative force

Radiative force

@ Radiative force

00

1
Jraa(r) = — f x(r,v)F (r,v)dv

v=0
@ Radiative force due to line transition

2

_ me s n;(r) B
x(r,v) = ngtftj( P

m
€" lines

e ¢;;(v) - line profile; ftzﬁij(v)d’/ =1

0
@ fi; - oscillator strength
e n,(r), nj(r) level occupation number
e g; - statistical weight of the level

B. Surlan (Astronomical Institute Ondejov) WINDS OF HOT MASSIVE STARS
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Radiative force

@ Radiative force

00

1
Jraa(r) = — f x(r,v)F (r,v)dv

v=0
@ Radiative force due to line transition

x(r,v) =

Zglfj

(I’l (1) n](r)) ¢1]( V)
lmev 8i 8j

f (nl(r) nj(r)
Z gl ij
MeC lines 8i 8j

) ¢ij() F (r,v)dv

Sine(r) =

@ lines influence on F (r,v)

e assumption: #(r, v) constant for frequencies corresponding to a given line,
V= V,'Y_,'

B. Surlan (Astronomical Institute Ondfejov)
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Radiative force

@ Radiative force

00

1
Jraa(r) = — f x(r,v)F (r,v)dv

v=0
@ Radiative force due to line transition
@ maximum force

2
e
max -
line (r) -

ni(r)

n;(r)
—_— ]—)‘F(r, Vij)
lines i gj
e v;; - the line center frequency
@ neglect of n;(r) < n;(r)

oL, = 4’ F (r,vi))

B. Surlan (Astronomical Institute Ondejov)
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Radiative force

@ Radiative force

00

1
Jraa(r) = — f x(r,v)F (r,v)dv

v=0
@ Radiative force due to line transition

@ maximum force: comparison with gravity

max

line (r) _ Lez Lvivi
fya(r)  AmpGM &2 lsz (T
e v;; - the line center frequency
o neglect of n;(r) < n;(r)
° LVf:j

= 4nr?F (r,vi))

B. Surlan (Astronomical Institute Ondejov)
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Radiative force

@ Radiative force

00

1
Jraa(r) = — f x(r,v)F (r,v)dv

v=0
@ Radiative force due to line transition

@ maximum force: comparison with gravity

Jing' ") _ 5 i ) Vi Lig)
fgrav(r) fines 7 T (1) L
ne* f;;
agij =

Vi,j m,c
e hydrogen: mostly ionised in the stellar envelopes = n;(r)/n.(r) very small =
negligible contribution to radiative force

@ neutral helium: n;(r)/n.(r) very small = negligible contribution to radiative force
@ ionised helium: very small contribution to the radiative force

B. Surlan (Astronomical Institute Ondfejov)
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Radiative force

@ Radiative force

00

1
Jraa(r) = — f x(r,v)F (r,v)dv

v=0
@ Radiative force due to line transition

@ maximum force: comparison with gravity

Jine () _ oy () iy L)
fgrav(r) & o n(r) I
ne?
oij =
Vi jMeC
e heavier elements (Fe, C, N, O
fimax/ foray UP o 10°

): large number of lines, o;/omn ~ 107

o radiative force may be larger than gravity (for many O stars f;
Abbott 1982, Gayley 1995) = stellar wind

max

maxf foo ~ 2000
B. Surlan (Astronomical Institute Ondfejov)
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Radiative force

Radiative force

@ Radiative force

00

1
Jraa(r) = — f x(r,v)F (r,v)dv

v=0
@ Radiative force due to line transition

x(r,v) =

lme s

fnne(r)— ngl ”(nl(r) n;(r)

) ¢ij(V) F (r,v)dv
lines 0 8i 8j

e the main problem: the line opacity (lines may be optically thick)
@ necessary to solve the radiative transfer equation

Z 8 fi (" w_ "’g@) 6(%)
8i J

B. Surlan (Astronomical Institute Ondfejov)
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Sobolev approximation

Sobolev approximation

@ Sobolev (1947) developed approach for treating line scattering in a rapidly
accelerating flow

@ This approximation is valid only if the velocity gradient is sufficiently large

@ Due to the Doppler shift, the geometrical size in which a line can absorb
photons with the fixed frequency is so small that y1. and p change very little

@ The profile function can be approximated with a 6-function that is sharply
peaked around the central line frequency

@ “Sobolev length”
Uth __P v

dv/dr dop/dr ~ dv/dr

S =

e H - atypical flow variation scale
@ p/(dp/dr) and v/(dv/dr) - the density and velocity scale length
e simplification of the calculation of fine possible

«A0>» 4F» «E» « > = Q>
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The radiative transfer equation

Assumptions: spherical symmetry, stationary (time-independent) flow

_/JZ F)
o I(r, 1, v) = (e, w, v) = x(r, 1, v) I(r, i, v)

0
u—I(r,u,v) +
or r

@ frame of static observer

@ i =cosé

@ I(r,u,v) - specific intensity

@ x(r,u,v) - absorption (extinction) coefficient

@ 7(r, 1, v) - emissivity (emission coefficient)

@ problem: x(r, u, v) and n(r, u, v) depend on u due to the Doppler effect
@ solution: use comoving-frame (CMF)

«A0>» 4F» «E» « > = Q>
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Sobolev approximation

CMF radiative transfer equation

Assumptions: spherical symmetry, stationary (time-independent) flow

1—p* 8

po 1) + 2 gy = Y (1
or ro ou c

2

, Mrdu(r)) o _
u +@ ar )El(r,#,‘/)—
n(r,v) = x@,v)I(r,u,v)

@ x(r,u,v) and n(r, u,v) do not depend on u

@ neglected aberration, advection (unimportant for v < ¢)

B. Surlan (Astronomical Institute Ondejov)
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Sobolev approximation

CMF radiative transfer equation

The Sobolev transfer equation (Castor 2004)

)
— I(r,u,v —I(ry,v)—vv(r) 1—,u +urdv(r) —I(r,u,v)—
cr v(r) dr
T](r,V)_X(r,V)I(r,,U,V)
o possible when X222 1y, 1, v) > L1(r, u,v)

B. Surlan (Astronomical Institute Ondfejov)
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Sobolev approximation

CMF radiative transfer equation

Solution of the transfer equation for one line
vu(r) ,u r do(r)
cr v(r) dr

) —1(r,p,v) = n(r,v) — x(r,v) I(r,u,v)

@ line absorption and emission coefficients

2
e
x(r,v) =

_T f;j(”f(’) nr )) 64,) = x1() 1)
mec 8i
n(r, ) = 2hv et

nglj ”]( )

¢ZJ(V) XL(r)SL(r)¢z](V)
xL(r) = 4 ngj(n(r) 20

8i gj)

«O» «F P> «=» 4«
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Sobolev approximation

CMF radiative transfer equation

Solution of the transfer equation for one line
vi(r) L2+ ,u_zr do(r)
cr v(r) dr

0
) 3y L) = x1(r) ¢S L(r) = IGr 1, )

@ introduce a new variable

00

y= f¢ij(v')dv'
@ where

4

e y = 0: the incoming side of the line
e y = 1: the outgoing side of the line

B. Surlan (Astronomical Institute Ondejov)
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Sobolev approximation

CMF radiative transfer equation

Solution of the transfer equation for one line
vu(r) ! —,112 N ,u_zr do(r)\ 0
cr v(r) dr

a—yl(r, Ms¥) = xL(r) ¢i;(V)(S L(r) = I(r, 1, )
@ assumptions:

e variables do not significantly vary with r within the “resonance zone” =
; i d

o fixed r, Pl

e vV—oY

@ integration possible

B. Surlan (Astronomical Institute Ondejov)
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Sobolev approximation

CMF radiative transfer equation

Solution of the transfer equation for one line

1) = L()e ™ + S 1 — 77

@ the Sobolev optical depth in spherical symmetry

_ xe(rjer
T =

vov(r)(l -+ “—zrm)
@ the boundary condition is I(y = 0) = I.(u)

o(r) dr
o ris given by the slope = 7~ (

@)“
dr

B. Surlan (Astronomical Institute Ondejov)
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_Sobolevapproximation |
Radiative force

the radial component; force per unit of volume

(e8]

1
Jrad(r) = . f x(r, V) F(r,v)dv

0

e

Jrad(r) = % f)((r, V) dvggl(r, v, k)k dQ

0

00

1

2
mm=§fMM%Mwamuwz

0

-1

1 1
2
Srad(r) = ”XTL(r)fdyf,ul(r,,u,v)d/l
0

-1

B. Surlan (Astronomical Institute Ondejov)
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Radiative force

the radial component; force per unit of volume

1
Jrad(r) = ZNXL(V) fdyf I (u) ey 4§, (1 — e_T(Il)y)] udu
-1
@ where the Sobolev optical depth is

xi(rcr
d
o) (1 - 42+ 550

() =

@ no net contribution of the emission to the radiative force (S is isotropic in the

CMF)
1

frad(r) = 27TXL(r) fd fﬂl (We T(u)\dlu

-1

«A0>» 4F» «E» « > = Q>
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Radiative force

the radial component; force per unit of volume

1
2 1 — e 7wy
faar) = XD f W) ———du
c )
-1

@ inserting

(1)

xr(rer
vou(r) (1 —u?+

wr M)
o(r) dr

1
foo) = 2250 [t [14400)] {1 - exp |-
3

xe(r)cr

d
vou(r) (1 + /,tza'(r))]} K
_ Ldv(r) B
o(r) = v(r) dr
Sobolev (1957), Castor (1974), Rybicki & Hummer (1978)

B. Surlan (Astronomical Institute Ondejov)
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Radiative force

@ Optically thin line

|
Srad(r) = w f,u 1.() [1 +/120'(r)] {l —exp [—
-1

xu(r)er
e Optically thin line

d
vou(r) (1 + ,UZO'(I’))]} H

xu(r)cer
vou(r) (1 + 2o (r)) <l
xr(r)cr N xr(r)cr
Jaalr) = 1 = exp [_va(r)(l +ﬂ2<f(r))] -
|

vou(r) (1 + p2o(r))
. 2
Jraa(r) = - fﬂ Io(u) xr.(r) du

B. Surlan (Astronomical Institute Ondejov)
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Sobolev approximation

Radiative force

@ Optically thin line

1
_ 2mvou(r) 2 _ _ xu(r)er
Jraa(r) = —a fu I.(u) [1 +u o‘(r)] {1 exp [ You(n (1 +uza(r))]} d
-1

1

2.
s = 2 f 1 1) x ()

-1

1
Jrad(r) = = x(r) F(r)

c

o optically thin radiative force proportional to the radiative flux 7 (r)

o optically thin radiative force proportional to the normalised line opacity x.(r) (or
to the density)

o the same result as for the static medium

«A0>» 4F» «E» « > = Q>
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Radiative force

@ Optically thick line

|
Srad(r) = w f,u 1.() [1 +/Jzo'(r)] {l —exp [—
-1

xc(r)cr

d

vou(r) (1 + 20 (r) ]} a
xr(r)er S

vou(r) (1 + p2o(r))

Jrad(r) ~ 1 —exp [—

xr(r)cr ~1
vou(r) (1 + p2a(r) |~

1
2
faar) = 2020 f ple) 1+ 2] du
rc
-1

B. Surlan (Astronomical Institute Ondejov)
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Sobolev approximation

Radiative force

@ Optically thick line

1
) = T2 [t [1 4 st
rc
|

e neglect of the limb darkening:

o,u*le—%

L(u) = { éc = const.

s

[Ty
1

M <
e f =2n f,ulcdyzﬂ%lc
M

vou(r) F (r) 1R,

frao(r) = === 1+ o (0|1 - 575
rc 2r

B. Surlan (Astronomical Institute Ondejov)
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Radiative force

@ Optically thick line

fraa(r) = 21T

1+ 1 lR—
o(r) _2r2)

o) = r do(r) B

) dr
@ large distance from the star: r > R,

fraa(r) = 270 2D
;

2

@ optically thick radiative force proportional to the radiative flux F(r)
@ optically thick radiative force proportional to dv(r)/dr

@ optically thick radiative force does not depend on the level populations
(opacity) or the density
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