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@ Overview of the course

@ Basic properties of hot massive stars
© Importance of hot massive star research

© signature of stellar mass loss

e How to release the matter from the surface of the star?

e Basic wind types and their driving mechanisms

B. Surlan (Astronomical Institute Ondejov)
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Overview of the course

First block Second block

Hot massive stars and stellar winds  Basic wind theory of hot massive
stars
@ Basic properties of hot massive

stars @ Properties of winds of hot massive
© Importance of hot massive star stars
research

@ Line-driven wind theory

@ Wind hydrodynamics equations
@ The radiative force

@ Sobolev approximation

@ Signature of stellar mass loss

@ How to release the matter from the
surface of the star?

@ Basic wind types and their driving
mechanisms
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Overview of the course

Third block Fourth block

Quantitative spectroscopy of winds Wind inhomogeneities (clumping)
of hot massive stars
@ Small and large scale structure

@ Spectral diagnostics of stellar winds
g ? @ Observational evidence

@ P Cygni line profile formation

@ Photospheric parameters
determination

@ Theoretical predictions
© Wind models with clumping

© Terminal velocity determination © Open questions

© Mass-loss rates determination
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Basic properties of hot massive stars

H-R diagram

@ EXTREMELY LUMINOUS
AND BRIGHT
spectral types A, B, and O;
Lz 10? [Lo]

@ HOT - Teg 2 8000 [K]
© MASSIVE - M 2 2 [Mq]

srisgs
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Basic properties of hot massive stars

Basic properties of hot massive stars

@ EXTREMELY LUMINOUS

AND BRIGHT Typical parameters for O-type stars
spectral types A, B, and O

@ HOT - T > 8000 [K] | Parameter | Sun [O-dypestars |

© MASSIVE - M > 2 [My] M Mo] 1
Ter[K] 6000
L[Le] 1
total life time [yr] 100
Twind[K] 106
MM yr'T] 10-14
Voo[km s~ 1] 400 (700)
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Basic properties of hot massive stars

@ EXTREMELY LUMINOUS

AND BRIGHT Typical parameters for O-type stars
spectral types A, B, and O;
Lz 10 [Lo] | Parameter | Sun [ O-type stars |
@ HOT - Tz 2 8000 [K] M [Mo] 1
® MASSIVE - M 2 2[Mo] %ﬁ]EK] 60100
@ SHORT LIFETIMES - [ _Q] -
(~ 10°yr) total life time [yr] 10
END IN SUPERNOVA Ll s
® EXPLOSION MM yr ] 107
Voo [km s 1] 400 (700)

o VERY RARE

@ SMALL FRACTION OF THE
STELLAR POPULATION
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Basic properties of hot massive stars

@ EXTREMELY LUMINOUS

AND BRIGHT Typical parameters for O-type stars
spectral types A, B, and O;
Lz 10 [Lo] | Parameter | Sun [ O-type stars |
@ HOT - Ts > 8000 [K] M [Mo)] 1
® MASSIVE - M 2 2[My] %E]EK] 60100
@ SHORT LIFETIMES L [Lo] -
(~ 100yr) total life time [yr] 10
END IN SUPERNOVA Ll 10°
® EXPLOSION MM, yr ] 101
Veolkms 1] 400 (700)
e VERY RARE
@ SMALL FRACTION OF THE
STELLAR POPULATION (ALL OF THEM LOSE THEIR MASS |

«40>» AF P> «E» « > = Q>
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. WHAT IS SIGNATURE OF STELLAR MASS LOSS?

» Envelopes around stars (nebula)
Abell 39 - planetary nebula in the constellation of Hercules

(created by WIYN/NOAO/NSF) 4
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WHAT IS SIGNATURE OF STELLAR MASS LOSS?
. .4 B = 3 ol 4 ?

® Envelopes around stars (nebula) o *

& Interstellar medium (star clljsters) P : : A :

- PLEIADES - open star cluster containing-middle-aged hot. B-t)W,tars located in the constellation

: of Taurus (cclor-‘éomr{osite.image from the Digitized Sky Survey) '_ »
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WHAT 1S SIGNATURE OF STELLAR MASS LOSS?
- - : :

- -

® ignvelopes around stars_(nébu{é
. Interstellar medium (
© Heavier elemen

Crab nebula
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?
WHAT IS SIGNATURE OF STELLAR MASS LOSS?
@ envelopes around stars (nebula)

@ interstellar medium (star clusters)
@ heavier elements (C, N, O, Fe, . . .)

B. Surlan (Astronomical Institute Ondejov)

«A0>» 4F» «E» « > = Q>
WINDS OF HOT MASSIVE STARS October 9, 2013 13/28



How to release the matter from the surface of the star?

How to release the matter from the surface of the star?
WHAT IS SIGNATURE OF STELLAR MASS LOSS?
@ envelopes around stars (nebula)

@ interstellar medium (star clusters)
@ heavier elements (C, N, O, Fe, . . .)

Where do heavier elements come from? = Fusion reactions in stars

How did heavier elements get into the interstellar medium? = Must be a way in
which the stars loss their mass

B. Surlan (Astronomical Institute Ondejov)
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?
@ spherically symmetric outflow
@ equation of motion

o ov_ _10p_
ot or

p or
@ p - density

@ v - radial velocity

duv(r, 1) _ Ou(r, 1) N dr(t) ou(r, 1)
dt ot dt  or
N——
@ p - pressure
@ g, - external acceleration

B. Surlan (Astronomical Institute Ondejov)
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?

@ spherically symmetric outflow
@ equation of motion
Ov ov

1 0p GM,
—tv == & - ——= - —
ot or —— p or r
—_— external — —
total acceleration gas gravitational
acceleration pressure acceleration
gradient
acceleration
@ p - density
@ v - radial velocity
@ p - pressure
@ g. - external acceleration
«A0>» 4F» «E» « > = Qe
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?
@ spherically symmetric outflow

@ equation of motion - stationary d/d(¢) = 0, i.e time-independent

p or r2
cen be
neglected

@ p - density

@ v - radial velocity
@ p - pressure

B. Surlan (Astronomical Institute Ondejov)
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?
@ spherically symmetric outflow

@ equation of motion - stationary 9/d(t) = 0

dv 1dp GM,
V— =gy — —— —
dr & p dr r2

B. Surlan (Astronomical Institute Ondejov)
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How to release the matter from the surface of the star?

spherically symmetric outflow
equation of motion - stationary 9/d(¢) = 0, isothermal T(r)=T=const.
@ a*dp GM,

ideal gas equation of state

@ kg - Boltzmann const.

@ mpy - mass of hydrogen

@ u - mean molecular weight per free gas particles

@ isothermal speed of sound (const. for isothermal outflow)

kgT
a= —_—
mygu

B. Surlan (Astronomical Institute Ondrejov) WINDS OF HOT MASSIVE STARS October 9, 2013 14/28
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?
@ spherically symmetric outflow

@ equation of motion - stationary, isothermal
@ integration from R, to oo

B. Surlan (Astronomical Institute Ondfejov)
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?

@ spherically symmetric outflow

@ equation of motion - stationary, isothermal
@ integration from R, to oo

B. Surlan (Astronomical Institute Ondejov)
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?

@ spherically symmetric outflow

@ equation of motion - stationary, isothermal
@ integration from R, to oo

p=ap;

1 1 r GM.,
yh 5 [edr-dnle
R.

R.

~——

cen be
neglected

B. Surlan (Astronomical Institute Ondejov)

«A0>» 4F» «E» « >
WINDS OF HOT MASSIVE STARS

E DA
October 9, 2013 14/28



How to release the matter from the surface of the star?

How to release the matter from the surface of the star?

@ spherically symmetric outflow

@ equation of motion - stationary, isothermal
@ integration from R, to oo

p=ap;

1, 1, r GM,
V0 = 3% = fgedr— R
R.

@ Two cases:

o if acting force is large enough

00

GM,
fge dr >

R.
R,

B. Surlan (Astronomical Institute Ondejov)
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?
@ spherically symmetric outflow
@ integration from R, to oo

R.
R,
@ Two cases:

e if acting force is large enough
o sufficiently high initial velocity v,

| =
<
S
\%

@ condition for energy: Ex + Ep > 0

B. Surlan (Astronomical Institute Ondejov)
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?

@ spherically symmetric outflow
@ integration from R, to oo

1, 1, f GM.,
—Uy — =V = dr -
V=TT & R.
R.
@ Two cases:
e if acting force is large enough
o sufficiently high initial velocity v,
2GM.
Uy = Vgsc = R
@ vegc - €SCape velocity

B. Surlan (Astronomical Institute Ondejov)
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?

@ spherically symmetric outflow
@ integration from R, to oo

R.
R,
@ Two cases:

e if acting force is large enough
o sufficiently high initial velocity v,

2G M.
Vo = Vesc = T
@ vesc - €SCape velocity

@ speed of the particles must be sufficiently large

12 -1/2
(MNP (R,
Vesc = 620kms™ | —
Mo Ro
B. Surlan (Astronomical Institute Ondejov)

WINDS OF HOT MASSIVE STARS

«A0>» 4F» «E» « > = Q>
October 9, 2013 14/28



How to release the matter from the surface of the star?

How to release the matter from the surface of the star?

1. STELLAR WINDS - continuous outflow of particles (neutral or charged gas)
ejected from the upper atmosphere of a star
o CORONAL STELLAR WINDS - driven by gas pressure due to a high
temperature of the gas (solar-type stars)
o DUST DRIVEN STELLAR WINDS (continuum driven winds) - driven by
absorption of photons by dust grains (cool luminous stars)

o LINE DRIVEN STELLAR WINDS - driven by absorption in spectral lines (hot
massive stars)

«A0>» 4F» «E» « > = Q>
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?

1. STELLAR WINDS - continuous outflow of particles (neutral or charged gas)
ejected from the upper atmosphere of a star
o CORONAL STELLAR WINDS - driven by gas pressure due to a high
temperature of the gas (solar-type stars)
o DUST DRIVEN STELLAR WINDS (continuum driven winds) - driven by
absorption of photons by dust grains (cool luminous stars)
o LINE DRIVEN STELLAR WINDS - driven by absorption in spectral lines (hot
massive stars)
2. EXPLOSION PROCESSES

@ Supernova explosion
@ Supernova-like explosion (LBV)

«A0>» 4F» «E» « > = Q>
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How to release the matter from the surface of the star?

How to release the matter from the surface of the star?

1. STELLAR WINDS - continuous outflow of particles (neutral or charged gas)
ejected from the upper atmosphere of a star
o CORONAL STELLAR WINDS - driven by gas pressure due to a high
temperature of the gas (solar-type stars)
o DUST DRIVEN STELLAR WINDS (continuum driven winds) - driven by
absorption of photons by dust grains (cool luminous stars)
o LINE DRIVEN STELLAR WINDS - driven by absorption in spectral lines (hot
massive stars)
2. EXPLOSION PROCESSES

@ Supernova explosion
@ Supernova-like explosion (LBV)

o MASS-LOSS RATE - M [Mg yr'1]
e Stationary spherically symmetric wind

M= dé{v[[* = 4nr?p(r)u(r)

e TERMINAL VELOCITY - v [kms™] ve = v(r — o)

0> 4F» «E» « > = Q>
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Basic wind types and their driving mechanisms

Basic wind types and their driving mechanisms

@ CORONAL WINDS - the supersonic outflow of electrically charged particles
(mainly electrons and protons) from the solar CORONA

B. Surlan (Astronomical Institute Ondejov)
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Basic wind types and their driving mechanisms

Basic wind types and their driving mechanisms

@ CORONAL WINDS - the supersonic outflow of electrically charged particles
(mainly electrons and protons) from the solar CORONA
@ SIGNATURES

Halley’s Comet

L. Biermann, 1950 - the "corpuscular” radiation from the Sun may play an important role in forming the radially
B. Surlan (Astronomical Institute Ondejov)

pointing comet tails
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Basic wind types and their driving mechanisms

Basic wind types and their driving mechanisms

@ CORONAL WINDS - the supersonic outflow of electrically charged particles
(mainly electrons and protons) from the solar CORONA

@ SIGNATURES

Aurora Borealis

G s s L ———
United States Air Force, photo by Senior Airman Joshua Strang
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Basic wind types and their driving mechanisms

Basic wind types and their driving mechanisms

@ CORONAL WINDS - the supersonic outflow of electrically charged particles
(mainly electrons and protons) from the solar CORONA

o EXPERIMENTAL VERIFICATION - observations by LUNA-1,2, 3 (1959),
VENERA 1 (1961), MARINER ITI (1962), ULYSSES (1990), SOHO (1995)
e varies in density, temperature, and speed over time and over longitude

(v ~750 kms™!)

e two components: the slow solar wind (v ~400 kms™!); the fast solar wind

e concentration (r= 1 AU) ~ 1077 particles m™3; M~ 2 x 107" Mg yr™!

B. Surlan (Astronomical Institute Ondejov)
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Basic wind types and their driving mechanisms

Basic wind types and their driving mechanisms

@ CORONAL WINDS - the supersonic outflow of electrically charged particles
(mainly electrons and protons) from the solar CORONA

@ EXPERIMENTAL VERIFICATION - observations by LUNA-1,2,3 (1959),

VENERA 1 (1961), MARINER ITI (1962), ULYSSES (1990), SOHO (1995)
e varies in density, temperature, and speed over time and over longitude
(v ~750 kms™!)

e two components: the slow solar wind (v ~400 kms™!); the fast solar wind

e concentration (r= 1 AU) ~ 1077 particles m™3; M~ 2 x 107" Mg yr™!

WHAT DRIVES THE SOLAR WIND?

GAS PRESSURE DUE TO HIGH TEMPERATURE OF CORONA

B. Surlan (Astronomical Institute Ondejov)
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Coronal wind

@ Root mean square speed of particles of ideal gas

/3kT
Urms = -
my
o T - temperature

@ my - the mass of hydrogen

B. Surlan (Astronomical Institute Ondejov)
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Coronal wind

@ Root mean square speed of particles of ideal gas

/3kT
Urms = -
myg
o T - temperature

@ my - the mass of hydrogen
o If

*
Sun only through their thermal motion

s ~ Uesc | the particles would be able to escape from the surface of the

B. Surlan (Astronomical Institute Ondejov)
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Coronal wind

@ Root mean square speed of particles of ideal gas

/3kT
Urms = -
myg
o T - temperature

@ my - the mass of hydrogen
o If

the particles would be able to escape from the surface of the
Sun only through their thermal motion
Upms = 12km s™! < vege

@ However, the typical temperature of surface layers of the Sun is 6000K =

B. Surlan (Astronomical Institute Ondejov)
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Coronal wind

@ Root-mean-square speed of particles of ideal gas

/3kT
Urms = -
myg
o T - temperature

@ my - the mass of hydrogen

° If

Sun only through their thermal motion

s ~ Uesc | the particles would be able to escape from the surface of the
Upms = 12km 87! < vege

@ However, the typical temperature of surface layers of the Sun is 6000K =

What accelerate particles of the Sun?

WINDS OF HOT MASSIVE STARS
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Total Solar Eclipse 2010




ing a total eclipse by probes

Total Solar Eclipse 2010




= observable in optical only during a total eclipse by probes
© large and sparse '
© identification of emis

(Ca XIl, XIll, Fe, Ni XV

Total Solar Eclipse 2010 © 2010 Miloslav Druckmiiller, Martin Dietzel, Shadia Habbal, Vojtech Rusin




© observable in optical only during a total eclipse by probes
© large and sparse :
© identification of emissi

(Ca XIi, XIil, Fe, Ni XV

< highly ionized iron, Fe XI(W. Grotrian 1939, B. EdIéni
= temperature o )at®na should be of the order
T=10° — 10° K = rms Dkm s!

blar Eclipse 2010 © 2010 Miloslav Druckmiiller, Martin Dietzel, Shadia Habbal, Vojtech Rusin
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large and sparse

identification of emissiol _ ly. i iz ed ,"I,en,ts

(Ca X, Xill, Fe, Ni XVI ... onitr G —
> highly ionized iron, Fe !

= temperature of
T=10° - 106K¢v -

@tona should be of the order
Dkms!

fia Habbal, Vojtech Rusin
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> highly ionized iron, Fe

(Ca XIi, XIlI, Fe, Ni XVI'. '

= temperature of t
T=10° - 10°K =0

Total Sol:

Eclipse 2010




© large and sparse ;
© identification of emission |
(Ca XII, XIlll, Fe, Ni XVI ... “C
© highly ionized iron;, Fe
= temperature of t
T=10° — 10° K = Urme
+ 1958: E. Parker - de! ped the theory on the supersonic $
base on fact that 10° .
= The hot corona prov act gravity and
accelerate a “solar wi '
© Imbalance bétween t
interstellar medium wi
a supersonic solar w




> large and sparse
+ identification of emission lini

h |ghly |on|zed elements

T=10° - 105K = vyms

© 1958: E. Parker -
base on fact that

accelerate a “solar. .

Imbalance between t
interstellar medium i as into
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Basic wind types and their driving mechanisms

Parker’s solar wind theory

Assumption: isothermal spherically symmetric wind
@ The continuity equation

op 190 ,
*r,_Z =0
o T Ral Py
@ The equation of motion
ov . o ,0p pGM
- v— = —a®? £ _
Lo TP oy o r
@ p(r) - density
e u(r, 1) - radial velocity
@ a - isothermal speed of sound
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Basic wind types and their driving mechanisms

Parker’s solar wind theory

Assumption: stationary, isothermal spherically symmetric wind
@ The continuity equation

2 —
ﬁa(r pv)=0
@ The equation of motion

oL 2% _pCGM
dr dr r?

o p(r) - density

@ u(r, 1) - radial velocity

@ a - isothermal speed of sound
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Parker’s solar wind theory

Assumption: stationary, isothermal spherically symmetric wind
@ The continuity equation

8p 1
6t r2d

(l’ pv) =

0 = M=4nr’pv
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Basic wind types and their driving mechanisms

Parker’s solar wind theory

Assumption: stationary, isothermal spherically symmetric wind
@ The equation of motion

o _@d_GM
dr p dr 2
@ density gradient expressed by a velocity gradient (follows from equation of
continuity)
1 dp Idv 2
pdr  wvdr r
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Parker’s solar wind theory

Assumption: stationary, isothermal spherically symmetric wind
@ The equation of motion
dv 24> GM

L 5, 5
v(v a)dr r r2

@ critical point = v(r)=a or dv/dr=0

Te = —

@ singularity at the point where v(r) = a - sonic point = dv/dr - 0 orr=r,

@ for isothermal wind r; > ry (ry - bottom of the isothermal region) and the
critical point coincides with the sonic point

@ The only solution which can have a positive velocity gradient at all distances
is the one that goes through the critical point - Critical solution

«A0>» 4F» «E» « > = Q>
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Parker’s solar wind theory

Assumption: stationary, isothermal spherically symmetric wind
@ The equation of motion

1
- -
v

,dv 2a* GM
a)y—=—-—
dr r r2
@ Direct integration yields the general solution
2 2 4
Frny=> -l -4 - =c
a a re re
@ C - integration constant
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Parker’s solar wind theory

vice
T r 1T 11 1 11T | T T 1 11 rrrr | T I 1 1 117 11T
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Parker’s solar wind theory

Solution topology
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Basic wind types and their driving mechanisms

Coronal Heating Problem

@ Temperature stratification of solar atmosphere
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Coronal Heating Problem

@ Temperature stratification of solar atmosphere
o the temperature increases very steeply from chromosphere to the corona
is required to power the corona

e corona has very low density = only a small fraction of the total solar radiation
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Basic wind types and their driving mechanisms

Coronal Heating Problem

@ Temperature stratification of solar atmosphere

o the temperature increases very steeply from chromosphere to the corona
e corona has very low density = only a small fraction of the total solar radiation
is required to power the corona

@ How the energy is transported up to the corona, and what mechanism is
responsible for the transport?

@ several different mechanisms of powering the corona have been proposed:
e acoustic waves

fast and slow magneto-acoustic waves
Alfven waves

slow and fast magneto-acoustic surface waves
current (or magnetic field) dissipation
microflares/transients

mass/particle flows and magnetic flux emergence
“magnetic carpet”
@ There is no definite answer to this question yet
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Dust driven winds

@ Luminous cool stars (L = 10* — 10° L) also have stellar winds. Important for
e stars with 0.4 M, < My < 8 M, (AGB stars - L < 10* L, and giant)
o stars with M, > 8 M, (supergiant - L < 10° L)
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Dust driven winds

@ Luminous cool stars (L = 10* — 10° L) also have stellar winds. Important for
e stars with 0.4 M, < My < 8 M, (AGB stars - L < 10* L, and giant)
o stars with M, > 8 M, (supergiant - L < 10° L)

@ Stars have high luminosities = the outer atmosphere can be driven by
strong radiation field from the stellar surface
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Dust driven winds

@ Luminous cool stars (L = 10* — 10° L) also have stellar winds. Important for

e stars with 0.4 M, < My < 8 M, (AGB stars - L < 10* L, and giant)
o stars with M, > 8 M, (supergiant - L < 10° L)

@ Stars have high luminosities = the outer atmosphere can be driven by
strong radiation field from the stellar surface

@ Radiative driving occurs because of absorption of photons by dust grains that
can form in the outer atmosphere

«A0>» 4F» «E» « > = Q>
B. Surlan (Astronomical Institute Ondrejov) WINDS OF HOT MASSIVE STARS October 9, 2013 23/28



Basic wind types and their driving mechanisms

Dust driven winds

@ Luminous cool stars (L = 10* — 10° L) also have stellar winds. Important for

e stars with 0.4 M, < My < 8 M, (AGB stars - L < 10* L, and giant)
o stars with M, > 8 M, (supergiant - L < 10° L)

@ Stars have high luminosities = the outer atmosphere can be driven by
strong radiation field from the stellar surface

@ Radiative driving occurs because of absorption of photons by dust grains that
can form in the outer atmosphere

@ Radiation force due to the absorption of radiation on dust particles can
accelerate the wind -“Continuum driven wind”
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Basic wind types and their driving mechanisms

Dust driven winds

@ Luminous cool stars (L = 10* — 10° L) also have stellar winds. Important for:

e stars with 0.4 M, < My < 8 M, (AGB stars - L < 10* L, and giant)
o stars with M, > 8 M, (supergiant - L < 10° L)

@ Stars have high luminosities = the outer atmosphere can be driven by
strong radiation field from the stellar surface

@ Radiative driving occurs because of absorption of photons by dust grains that
can form in the outer atmosphere

@ Radiation force due to the absorption of radiation on dust particles can
accelerate the wind -“Continuum driven wind”

@ Pulsations contribute to the acceleration
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Basic wind types and their driving mechanisms

Dust driven winds

@ Luminous cool stars (L = 10* — 10° L) also have stellar winds. Important for:
o stars with 0.4 M, < My < 8 M, (AGB stars - L < 10* L, and giant)
o stars with M, > 8 M, (supergiant - L < 10° L)

@ Stars have high luminosities = the outer atmosphere can be driven by
strong radiation field from the stellar surface

@ Radiative driving occurs because of absorption of photons by dust grains that
can form in the outer atmosphere

@ Radiation force due to the absorption of radiation on dust particles can
accelerate the wind -“Continuum driven wind”

@ Pulsations contribute to the acceleration
@ 0~10-30kms!
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Basic wind types and their driving mechanisms

Dust driven winds

@ Luminous cool stars (L = 10* — 10° L) also have stellar winds. Important for:
o stars with 0.4 M, < My < 8 M, (AGB stars - L < 10* L, and giant)
o stars with M, > 8 M, (supergiant - L < 10° L)
@ Stars have high luminosities = the outer atmosphere can be driven by
strong radiation field from the stellar surface

@ Radiative driving occurs because of absorption of photons by dust grains that
can form in the outer atmosphere

@ Radiation force due to the absorption of radiation on dust particles can
accelerate the wind -“Continuum driven wind”

@ Pulsations contribute to the acceleration
@ 0~10-30kms!
@ Doppler effect is not important
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Dust driven winds

Assumption: isothermal spherically symmetric wind

@ The continuity equation

op 190 ,

— 4+ == =0
o TR Py
@ The equation of motion

ov ov ,0p pGM
P TPV = a ot -

+
or or r2 L 8rad

radiation force
@ p(r) - density
e u(r,t) - radial velocity
@ a - isothermal speed of sound
@ gnq - radiation acceleration
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Dust driven winds

Assumption: isothermal spherically symmetric wind, stationary
@ The continuity equation

d ,
—2—(r pv)=0
@ The equation of motion
vdv —
P p =

) dp PGM
dr

+ P 8rad
2
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Dust driven winds

Assumption: stationary, isothermal spherically symmetric wind
@ The continuity equation

1

r2 dr

(Ppv)=0 = M=4nrpv=const.
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Basic wind types and their driving mechanisms

Dust driven winds

Assumption: stationary, isothermal spherically symmetric wind
@ The equation of motion

dv 2dp GM
V— =
dr

2 1dv 1dp
-+ - —+-—=
r vdr pdr

@ density gradient expressed by a velocity gradient (equation of continuity)
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Dust driven winds

Assumption: stationary, isothermal spherically symmetric wind
@ The equation of motion

l(UZ_az)@ = 2_az_ GM
v dr

—5 T 8rad
r r
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Dust driven winds

Assumption: stationary, isothermal spherically symmetric wind
@ The equation of motion

1
- - @
v

GM
2 — —
4 )dr B Erii
@ wind is typically cold, a*> < GM/r

[ d
r2 gra

= negligible
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Dust driven winds

Assumption: stationary, isothermal spherically symmetric wind
@ The equation of motion

dv GM
2 2
— — —_— =+
p (v a )dr 2 8rad
@ sound point: v = a

GM
8rad = —5

o the radiation force is equal to the gravitational force
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Dust driven winds

Assumption: stationary, isothermal spherically symmetric wind
@ The equation of motion

1, L, dv GM
— — —_— =+
p (v a )dr 2 8rad
@ sound point: v = a
GM
8rad = 5
@ subsonic wind: v < a

GM
8rad < —5~

o the radiation force is lower than the gravitational force (close to the star)
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Dust driven winds

Assumption: stationary, isothermal spherically symmetric wind
@ The equation of motion

1, L.dv GM
- -a)—=-——+
v (v a )dr 2 8rad
@ sound point: v = a
_GM
8rad = 2
@ subsonic wind: v < a
GM

@ supersonic wind: v > a

GM
8rad > —

o the radiation force is greater than the gravitationalque{(%r}fr‘o
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Basic wind types and their driving mechanisms

Radiation force in presence of dust

Spherically symmetric case

[c]

1
Jrad = P 8rad = ; fX(r,V)F(V,V)dV

0

@ f,.q - radiation force

@ g4 - radiation acceleration

@ y(r,v) - opacity (absorption coefficient)
@ F(r,v) - radiation flux

«A0>» 4F» «E» « > = Q>
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Basic wind types and their driving mechanisms

Radiation force in presence of dust

Spherically symmetric case

00

1
8rad = — fk(r, v) F(r,v)dv
C

0

@ « = x(r,v)/p - changes depending on r only due to changes in the relative
concentration of dust
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Basic wind types and their driving mechanisms

Radiation force in presence of dust

Spherically symmetric case

PO [ Fy
8rad = — f Kk(r,v) o) d
0
® F(r) = [ F(r,v)dv - total radiation flux
0
@ F(r,v)/F(r) - depends only on frequency
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Basic wind types and their driving mechanisms

Radiation force in presence of dust

Spherically symmetric case

Fo) [ F,
8rad = —— f K(r,v)
c (
0

v

) d
F(r)

flux mean

opacity x(r)

® F(r) = [ F(r,v)dv - total radiation flux
0

@ F(r,v)/F(r) - depends only on frequency

1
8rad = — K(NF(r)
C
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Basic wind types and their driving mechanisms

Radiation force in presence of dust

Spherically symmetric case

Fo) [ F(r,
8rad = % f Kk(r,v) ;Zr‘)/) dv
0

flux mean
opacity x(r)
® F(r) = [ F(r,v)dv - total radiation flux
0

@ F(r,v)/F(r) - depends only on frequency

1
8rad = Z’_((r)F(r)
@ L=4nrF(r)

k(r)L
8rad = A2
drric
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Dust driven winds

Assumption: isothermal spherically symmetric wind
@ The equation of motion

| 5. dv GM

— — — =+

p W —a )dr 2 8rad
8rad =

k(r)L

4rric
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Basic wind types and their driving mechanisms

Dust driven winds

Assumption: isothermal spherically symmetric wind
@ The equation of motion

1 d
-’ - az)—v
v

G (- o)
ar 2

" 4xcGM

Ty(r) = Kk(r)L

4dncGM
@ I',(r) - ratio of radiative acceleration and gravity
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Dust driven winds

Assumption: isothermal spherically symmetric wind
@ The equation of motion

I, ,d_ GM ()L
v W -a )dr TR (1 47TCGM)
k(r)L
Ty(r) = —2=
an) 4dncGM

@ subsonic part of the wind: T;(r) < 1
@ sonic point: Ty(r) =1
@ supersonic part of the wind: T'y(r) > 1

= close to the star (in the atmosphere) there is a little dust, at larger distances
leads to its condensation = T,(r) increases with radius
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Dust driven winds

The necessary conditions for driving winds with dust

@ Transfer of momentum from photons to dust grains.
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Dust driven winds

The necessary conditions for driving winds with dust
@ Transfer of momentum from photons to dust grains.
@ The momentum coupling between the grains and the gas (drag force). The
driving is produced by the drift of the grains through the gas.

o sets a lower limit on the mass loss rate that can be driven (1077 M, yr'1)
@ sets a limit to the speed of a dust driven wind
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Dust driven winds

The necessary conditions for driving winds with dust
@ Transfer of momentum from photons to dust grains.
@ The momentum coupling between the grains and the gas (drag force). The
driving is produced by the drift of the grains through the gas.

o sets a lower limit on the mass loss rate that can be driven (1077 M, yr'1)
@ sets a limit to the speed of a dust driven wind

@ The transition to supersonic flow does not occur very close to the star. There
is a dust free extended photospheric region which lies below the dust
condensation radius.
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Dust driven winds

The necessary conditions for driving winds with dust
@ Transfer of momentum from photons to dust grains.
@ The momentum coupling between the grains and the gas (drag force). The
driving is produced by the drift of the grains through the gas.
@ sets a lower limit on the mass loss rate that can be driven (1077 M, yr'1)
@ sets a limit to the speed of a dust driven wind

@ The transition to supersonic flow does not occur very close to the star. There
is a dust free extended photospheric region which lies below the dust
condensation radius.

@ Radiation field and T determine whether grains form, and at what distance
from the star. Density of the dust forming region determines the mass loss
rate of the wind.
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Dust driven winds

The necessary conditions for driving winds with dust

Transfer of momentum from photons to dust grains.
The momentum coupling between the grains and the gas (drag force). The
driving is produced by the drift of the grains through the gas.

o sets a lower limit on the mass loss rate that can be driven (1077 M, yr'1)

@ sets a limit to the speed of a dust driven wind

The transition to supersonic flow does not occur very close to the star. There
is a dust free extended photospheric region which lies below the dust
condensation radius.

Radiation field and T determine whether grains form, and at what distance
from the star. Density of the dust forming region determines the mass loss
rate of the wind.

Properties of dust opacity determine the transition to supersonic flow and
radiative acceleration.
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Line-driven winds

AT THE NEXT LECTURE
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