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Late ‘60: first UV spectral observations

ROCKET OBSERVATIONS OF MASS LOSS FROM
HOT STARS*

DONALD C. MORTON
Princeton University Observatory, Princeton, N.J., U.S.A.

Abstract. Rocket observations have shown that the far-ultraviolet resonance lines have P-Cygni
profiles in the spectra of many hot stars, including of and Wolf-Rayet stars and OB supergiants.
Velocity shifts as high as —3000 km sec—1 have been measured for the short-wavelength edges of some
of the lines. Estimates of the rates of mass loss range from 10~8 to 1076 M year—.
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Fig. 1. Densitometer tracing, on an intensity scale, of the far-ultraviolet spectrum of { Orionis,

photographed by Princeton on September 10, 1966. The distribution of intensity with wavelength

includes the unknown response of the spectrograph. Wavelengths increase towards the right from

1140 to 1630 A. The Hi1 line is interstellar, but all the other identified absorption features are cir-
cumstellar with large Doppler shifts to shorter wavelengths.
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Fig. 1. Densitometer tracing, on an intensity scale, of the far-ultraviolet spectrum of { Orionis,

photographed by Princeton on September 10, 1966. The distribution of intensity with wavelength

includes the unknown response of the spectrograph. Wavelengths increase towards the right from

1140 to 1630 A. The Hi1 line is interstellar, but all the other identified absorption features are cir-
cumstellar with large Doppler shifts to shorter wavelengths.
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Only known Theory:

Parker’s Model for the Solar Wind (Parker, E.N.: 1960, ApJ

132, 821)

For O stars => Teff = 10’ K
But at this Temperature C [V - N V - S1 [V Don’t Exist

Destroyed by collisional 1onization
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Lucy & Solomon (1970, ApJ, 159, 870): Wind driven by resonance lines
Obtained only mass loss rates of about 1/100th of the observed values

Castor, Abbott & Klein (1975, ApJ, 195, 157)
Wind driven by an ensemble of lines (scattering)
They obtained a qualitative agreement with the observational values
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Lucy & Solomon (1970, ApJ, 159, 870): Wind driven by resonance lines
Obtained only mass loss rates of about 1/100th of the observed values

Castor, Abbott & Klein (1975, ApJ, 195, 157)
Wind driven by an ensemble of lines (scattering)
They obtained a qualitative agreement with the observational values

The Standard Model
(m-CAK)
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Assumptions:
Stationary - Low viscosity - Spherical symmetry - No Mag. Fields.

From Mass and Momentum Conservation laws:
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Assumptions:
Stationary - Low viscosity - Spherical symmetry - No Mag. Fields.

From Mass and Momentum Conservation laws:

4?1',*'2;]7} =M,

dv o | (//) G/W(l - l’)  linef dv
Ydr p dr - "9 &F T
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Contribution by one line 1 at frequency v,

photon momentum absorbed by line 1
g'ra,d s time mass
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Contribution by one line 1 at frequency v,

photon momentum absorbed by line 1
g'ra,d s time mass

r+dr

v+dv
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Contribution by one line 1 at frequency v,

photon momentum absorbed by line 1
g'ra,d s time mass

r+dr

® o dm = 47r’ pdr

v+dv
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Contribution by one line 1 at frequency v,

L L, (1 —e Tt )dpWIPTH Lol _
& Ll f = I ] — e ).

¢ I c- L
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L Ly (1= 77 )dy™or

Contribution by one line 1 at frequency v,

C

total photon
momentum rate
provided by the
star

L

~(1 —e™ 7" )dv.
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L Ly (1= 77 )dy™or

Contribution by one line 1 at frequency v,

{:\

L

total photon
momentum rate
provided by the
star

~

fraction
absorbed by
one spectral
line in an
outer shell of
thickness dr
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Contribution by one line 1 at frequency v,

/

optical thickness

L Lyl —e 7 )dp™PTE L v L,

{:\

L

total photon
momentum rate
provided by the
star

~

fraction
absorbed by
one spectral
line in an
outer shell of
thickness dr

~(1 —e™ 7" )dv.
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Contribution by one line 1 at frequency v,

optical thickness
S p —_— T WIDTH ' .
ELP,LE. — e 7 dy Ll (I —e ") dv
€\ I L /

total photon

momentum rate fraction

provided by the absorbed by

star one s pectral WIDTH dv
line in an (f.p‘ — Iy —
outer shell of [

thickness dr
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Contribution by one line 1 at frequency v,

optical thickness

/

L L, (1 —e Tt )dpWIPTH Lol _
Lo Ly | — S _E’(.E. — e " )dv.

C o\ I

total photon

momentum rate fraction

provided by the absorbed by

star one s pectral WIDTH dv
line in an (f.p‘ — Iy —
outer shell of [

thickness dr

- dm =4 7 r’pdr
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Contribution by one line 1 at frequency v,

optical thickness

/

L L, (1 —e Tt )dpWIPTH Lol _
Lo Ly | — S _E’(.E. — e " )dv.

C o\ I

total photon

momentum rate fraction dv/dr
provided by the absorbed by
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Contribution by one line 1 at frequency v,

Dependence on the

Velocity gradient

Th NeOe Ll

Erad (T) cAnr?p
() _Th 1 Vily, —T; 1 dv
&rad —8rad c L (1 — € ) NeTe dr
N _/

—~
FORCE MULTIPLIER
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Contribution from an ensemble of lines
Currently: 4.2 Mega lines, 150 1onization stages (H —Zn),
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atomic data status:
excellent good
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Note curvature
of distr. function

.

Logarithmic plot of line-strength distribution
function for an O-type wind at 40,000 K and
corresponding power-law fit

(Puls et al. 2000, A&AS 141)
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Note curvature
of distr. function

.

Logarithmic plot of line-strength distribution
function for an O-type wind at 40,000 K and
corresponding power-law fit

(Puls et al. 2000, A&AS 141)

n(k,v)dvdk < k“2dk

Mass-loss

Ensemble of lines

line

e

V—
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CAK & m-CAK Models

Castor, Abbott & Klein (1975), Abbott (1982), Friend & Abbott (1986), Pauldrach et al. (1986)
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CAK & m-CAK Models

Castor, Abbott & Klein (1975), Abbott (1982), Friend & Abbott (1986), Pauldrach et al. (1986)

' ar 6
g — Cryr LU, VFv- ,
- dr dr) |W(r)
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CAK & m-CAK Models

Castor, Abbott & Klein (1975), Abbott (1982), Friend & Abbott (1986), Pauldrach et al. (1986)

Eigenvalue
(Mass-loss)

Y 6 (S5 N PR 5 O
g =i CR (= | [ #70-
dr dr W (r)
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CAK & m-CAK Models

Castor, Abbott & Klein (1975), Abbott (1982), Friend & Abbott (1986), Pauldrach et al. (1986)

. Ensemble of lines
Eigenvalue

(Mass-loss) \
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CAK & m-CAK Models

Castor, Abbott & Klein (1975), Abbott (1982), Friend & Abbott (1986), Pauldrach et al. (1986)

. Ensemble of lines
Eigenvalue

(Mass-loss)

. 5 S N\Nar 710
= dr dr Wir)
Changes in
Ionization
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CAK & m-CAK Models

Castor, Abbott & Klein (1975), Abbott (1982), Friend & Abbott (1986), Pauldrach et al. (1986)

Eigenvalue
(Mass-loss)

Correction
Factor

Ensemble of lines

Changes in
Ionization
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CAK & m-CAK Models

Castor, Abbott & Klein (1975), Abbott (1982), Friend & Abbott (1986), Pauldrach et al. (1986)

. Ensemble of lines
Eigenvalue

(Mass-loss)

‘ O
line o VY
( — ’—2 ( i B
Correction Changes in
Factor Ionization
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. 23 *
Mass Conservation . 4rp - pU = M
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. 23 *
Mass Conservation . 4rp - pU = M

dv ldp GM(1 —T)

ol L gline( p 22 np
dr 0 dr = J f dr
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. 23 *
Mass Conservation . 4rp - pU = M

dv ldp GM(1 —T)

p— = g p.—.ng
dr 0 dr = "9 e

Inertia

(Gas Pressure Gravity :
Line Force
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Non-Rotating Solution Schema
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Non-Rotating Solution Schema
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Non-Rotating Solution Schema

Singularity Condition Regularity Condition
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modified-CAK Theory:
Finite Disk Correction Factor

Corr.Factor
—
[ ]
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R*fr
Pauldrach, Puls & Kudritzki

Friend & Abbott
A&A, 164,86, 1986

ApJ, 311,701,1986
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m-CAK: better agreement with observations
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The effect of Rotation in 1D models
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Fig. 4. The dependence of M (dashed) and v, (fully drawn) on v,,, for the

05f-star
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The effect of Rotation in 1D models
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The eftect of Rotation in 1D models

Friend & Abbott
ApJ, 311,701,1986

mrw mmmrarer s e w e 1w W mmTAms T T M AWy RS m A wmmegm Teswew me mwwa g

become very large. We were unable to find solutions for larer

rotational velocities, mainly because of numerical difficulties
involving the finite disk factor when the effective escape speed
falls below some critical value. In a study of Be star winds, Poe
and Friend (1986) have pushed the rotational velocity closer to
the breakup value, and they find that the mass-loss rate does

.501D

506 F.X. deAraujo,J. A. de Freitas Pacheco and D. Petrini

x=0.7 respectively. We have encountered severe numerical
difficulties for models with ¥ =0.8. When we used a=0.56
r<5R, but for the a = 0.4 model we could not find the local-
ization of the critical point. Somewhat analogous problems

267.

1994MNRAS.
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with Rotation: Revisited

Mass Conservation . dmripr =M
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with Rotation: Revisited

Mass Conservation . dmripr =M

v— = p,— , NE
dr p dr 12 r Cdr

dv ldp GM(1-T) v3(r) . [ dv
= i e
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with Rotation: Revisited

Mass Conservation . dmripr =M

— = —— 5 H =il
"dr p dr P r\ d

Inertia /
Gravity Centrifugal Line

Gas Pressure force Force

dv ldp GM(1—=T) vi(r) ,im(‘ dv )
’ =i /
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Changing of variables Equation of Motion
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Changing of variables Equation of Motion

—R,
U = .
=
7
W= —,
a
, dw
W :
du
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Changing of variables

U=

a
,dw
W :

du

—R,

\
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Changing of variables

—R,
g = :
T
5
Ww=—
a
,dw
W :
du

\

Equation of Motion

Fu.w.w') =0

Fu,w,w') = (

1 dw 2
WE—I—A + + amu

— C'CFg(u)(w)™° (w @) =0
du
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Changing of variables

—R,
g = :
T
5
Ww=—
a
,dw
W :
du

\

Equation of Motion

Fu.w.w') =0

) 1 dw 2
Flu,w,w') = wd— + A + + a Dtu
u

— C'CFg(u)(w)™° (w @) =0
du

GM(1-T)

A j esCc
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Changing of variables

—R,
g = :
T
5
Ww=—
a
,dw
W :
du

\

Equation of Motion

Fu.w.w') =0

w2 diu

) ] dw 2 )
Fuww)=(1l —-— |w—HF A4+ —+ a,,u
u
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with the influence of the ROTATION...

—R, )
U :
#

5
WO, FE
a

, dw
w=—,
du
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with the influence of the ROTATION...

—R, )
U :
r
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Y = w w'

Z =w/uw'
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with the influence of the ROTATION...
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U 2

] /
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with the influence of the ROTATION...

—R, )
U= :
/ - /
. Y =ww
w=—, .
a ' ycoid
Ao Z =wlw
w = —,
du
: 2 DL g (. 7—=0/2 va—6/2
V7 ¥ u+azu —C fi(u, Z)glu) 27} 4 = ()

Y —2Z/it+a2,Z —C'fas(u,Z)g(u)Z7°2Y*2 =0
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Without any Approximation!
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Without any Approximation!
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Without any Approximation!

and
2 .._.)Z 9 — . — “-) ‘)
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VA u? ‘ u
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R(u, Z) =0 < singular point location
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R(u, Z) =0 < singular point location

/ -
Urot/ Ubkup = 0.5
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R(u, Z) =0 < singular point location
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Astronoms

Thursday, March 3, 2011



/ -
Urot/ Ubkup — 0.5
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CAK y m-CAK
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CAK y m-CAK (Slow solution) with different
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Applications of the Slow solution

Rotation:
Ble] Supergiants
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Applications of the Slow solution

Rotation:
Ble] Supergiants
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Ble]-Supergiant star

R 126 ! /
305 lo* le] £ la /
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from Zickgraf 1986
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woization (CIX efc)

bi~stadility
o it

slew | ve=Wkn/s)
n (ML Fell etc)

Proposed by Lamers &
Pauldrach (1991)

Vink et al. (1999)
Theoreticaly showed:
Bistability Jump
T=25,000K

due to Recombination of
Fe IV to Fe 111
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Observational determination of the Bistability Jump
Lamers, Snow & Lindholm, AplJ, 455, 269, 1995
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From Markova & Puls 2008 (see also Crowther et al. 2006) Log (Test)
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m-CAK

» Bistability line force parameters (T, =25,000K):

one set for polar latitudes and
other set for equatorial latitudes

e Fast (polar) and Slow (equatorial) solutions
(m-CAK)

» Rotation parameter 2
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Line-Force Parameters

Stellar Parameters

Teg = 25000 K,

MMy = 17.5 30000 |0.65] 0.06 0

Lils = 10° 17500 1045) 057 0O
o =

form Pelupessy et al. (2000) form Pelupessy et al. (2000)

I'|K] a 1§ 0

Table 17. Escape velocities, effective gravity and rotational velocities derived from v [Vese = 1.3 and stellar
parameters given in Tab. 14, My 45 values are from Zickgrafet al. (1986).
Sta: ‘\I/ \ ».'-1.\ "‘l'.-bl‘ '."\l'[}"lll ') I -. I( ,;': .’l"l? l- ].l.‘ltl I‘Yﬂ? "ld)l [1::1: t-' S '.c rit Il:lll f' ' ] S?
HenS22 32 35 60 0.72 098 056 042 240 318 0.75
R 82 30 20 53 0.65 098 032 066 224 283 0.79
R 350 45 30 40 0.15 089 040 059 204 277 0.74

SR form Zickgraf (1998)
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10-° 10° 104
r/R,-1

Fig.3. m-CAK model: density (in g¢cm™) versus r/R, — 1. Polar den-
sity 1s in dotted-line: equatorial density for £ = 0.6 (fast solution) is
in dashed-line and equatorial densities for = 0.7, 0.8, 0.9, 0.99 are
in continuous-line, the higher is €2, the higher 1s the density.
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density contrast
Observational

values
////’

109 102
r/Ra_l

Fig. 4. m-CAK model: density contrast versus r/R, — |, dashed-line is
= 0.7, 0.8, 0.9, 0.99. The

for = 0.6 and continuous-line are for €2

higher 1s €, the higher 1s the density contrast.
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“2D” Wind
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Disk Aperture Angle
HD 206165

Q=0.85

e
S 8 &8 8 & B8 8 8 8
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Applications of the Slow solution

Rotation:
Be Stars
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Rotating Stars OBJECTS
Be-Star

fast vz 07 wmvs)
hish ionzation ICIX efe.)
low density

o it
Ty =3
T
.
slow |vz= WL an/s)
lew lonization (M1 Fell ef¢

from Lamers & Pauldrach 1991
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Stellar Parameters

Bl V star

Teir = 25,000 K
log g = 4.03
R/Rs = 5.3

Line-Force Parameters

k 0.3. a 0.5.and 6

0.07.

Velodty

Density

o~
F &
. e
//
- = ’-”._'_,.—'"
i~
/ e m——
.g“'_'—n—'_'_—-‘ A A A A - — A
-1 09 08 07 06 05 04 023 -02 -0 0
u=-R*/r
\

-06 05 04 03 -0.2 -0.1 0
u=-R"*/r

09 08 -0.7
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Von Zeippel Effect - Gravity Darkening

Rotational Velocity =3
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Oblate Disk Correction Factor

9
o O ¥

X cos @ sin @ dfdo

- ’ '...J," 8((,,) o
1+ o)
e Dy = — / /
: / 1+(7(0s~()

\ | Unl‘.'l e'(d) 1+0'
@1 7o = — / / )
\ 0 1 + 0 cos

1% 160
X cos @ sin @ (— dl'do
df’

7))
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2.5

20

1.5

1.0

Oblate Disk Correction Factor

-1.0

-0.8

-0.6

—R./r

-04

-0.2

0.0
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Oblate Disk Correction Factor
Velocity field

a = 0.4 and § = 0.07 aa=0.55and § =0.15

2000 [

5 E i
; 1000 s 1000f

1500 |-

500 [

2000 [

1500 |-

500 |-
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10° [

10" -

Oblate Disk Correction Factor
Density contrast

w = 0.99 and § = 0.07.

107! 10° 10! 10?
r/R,— 1

. 103

| ]01

103

10" |

w=0.99 and § = 0.15

w

a=0.45
a=0.55 |

| | | |
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/R, — 1

103
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Applications of the Slow solution

Changes 1n 10on1zation: (OB)A Supergiants
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Mv, ox ——

NGC3621

Astronomical Institute Ondrejov, 2-3-2011 Hichel Cure

Universidad de Valparaiso
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Ha dependence on the mass loss rate

HD

o T T T
.4 —
-
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— fi b -
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PR =z mle—~ i
|.Omg====" ',.\.Wﬂ_ S ST
'\ur'\m\\//‘ -~ |
':.' , 6 P P S RS
6520 6540 6560 BLH80 B&OO

Figure} H, line profile of the O 5 Ia f+-supergiant HD 14947 compared with line fits as outlined
by Puls et al (1996), adopting 10, 7.5, and 5.0 = 10— Mg/vear. respectvely, for the mass-loss
rate. From Endrirzki (1998).
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Figure 3 H_ line profile of the exreme A-supergiant 41-3654 (A 31a-0) in the Andromeda Galazy
W31 tzken with the Eeck HIRES specioceraph compared with two unified medel calculations
adopting f=3, vy, = 200 km/'s and M = 1.7 and 2.1 = 10~ Mo /vear. Note the P-Cygni profile
shape of H, . From McCarthy et al (1987).
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Milky Way

31 [
He== OI )
=
&~ 30|e-- early Bla B 4
& |o-—- mid Bla g% g o
> T .
e 29 o Ala 0. e —
3 gz
S L @ Y
S 28F o i
i 2Tk S
E AN - S
an +_ ’/'J’O
o 27 <8 -
".O/‘ :-‘
26 \ | |
4.5 5.0 5.5 6.0 6.5
log(L/Lg)
TABLE 2 Coefficients of the wind momentum-himyinosity
relationship for AB-supersiants and O-stars of the solar neighborbood
Sp. tvpe Log Dy X o’ |
Al 1422 £ 241 264 £ 047 038 £ 007
MidEI 1707 £ 105 195020 031 £ 003
e ) ol Earlly B 1 2124 £ 138 134 025 075 £ 013
ﬂ o1 20,69 + 104 151+ 018 0.66 £ 0.0
O, v 1987 £ 121 15T+ 021 0t 400

Radiative Transport models
do not use velocity (density)
profile from CAK Hydrodynamic.

Instead: beta-profile
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Mv., « —=LY= OB Supergiants
1/2
R,
N T T T T T T T T T T T TTTY
Teff > 27 kK 0-5Gs? ‘|
30F —— Teff <22 kK :
A ]
152236 1
: * ]
2F 190603 1
é ! ¢ U .
© .
g .f :
=~ 28F 3
L 2 O o
: predicted
27F Mdot for cool 5 E
- BSGs too large?’ :
ﬁ ——
26 VAR PURE SRR SR TN SN NN WY SN NN SN SN S SN T SN S W -

o
()
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log L

From Markova & Puls 2008
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A-Supergiant Models

Achmad, Lamers & Pasquini, A&A 320,196, 1997
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A-Supergiant Models

Achmad, Lamers & Pasquini, A&A 320,196, 1997
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Fig.2. Theoretical (dashed line) and observational (red solid line)
WML -relationship by Kudritzki et al. (1999). Theoretical data (black

circles) has been obtained from new slow wind models with

Q=04
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solid line)

Q=04
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Fig.3. Relation between V./V.. vs V.. corresponding to polar Vesc
(black circles) and equatonal (black tnangles) slow solutions. Down-
tnangles and crosses (red symbols) represent the observational data
taken from Verdugo et al. (1998b): the crosses indicate terminal ve-
locities obtained from saturated PCygm UV lines whereas the down
e triangles correspond to values determined by means of discrete ab-
. sorption components; up-trniangles (green) correspond to terminal ve-
ﬂ locities from Kudritzki et al. (1999); squares (blue) represent the mea-
surements provided by Achmad et al. (1997) with their error estimates.
The slow wind solution follows the same trend of the observations

340
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Time dependent
Hydrodynamic
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Time dependent
Hydrodynamic
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ZEUS-3D
CAK model
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ZEUS-3D m-CAK model
Fast Solutions

Velocity Profile

w=00

w=05
w=0.6
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ZEUS-3D m-CAK model
Slow Solutions

Velocity Profile

years

.......
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Slow wind solutions may solve some of the
problems from massive stars hydrodynamic:

* Winds from B[e] Supergiants (outflowing disk)
e Winds from BA Supergiants (WML relationship)
e Classical Be Stars (Gravity Darkening)

Future Work

« Time dependent Calculations (bifurcation, oscillation,
clumping?)

 2D-calculations

 Observations (constrains to theory)
* Magnetic Fields

Thursday, March 3, 2011




F 1IN

Thursday, March 3, 2011



