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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—! 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 10~¢ 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.




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

132, 821)

For O stars => Teff = 107 K

But at this Temperature C [V - N V - S1 [V Don’t Exist

Destroyed by collisional 1onization




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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The Standard Model
(m-CAK)




Assumptions:
Stationary - Low viscosity - Spherical symmetry - No Mag. Fields.

From Mass and Momentum Conservation laws:




Assumptions:
Stationary - Low viscosity - Spherical symmetry - No Mag. Fields.

From Mass and Momentum Conservation laws:

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

dv  ldp GM(1-T)
dr  pdr r
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Contribution by one line 1 at frequency v,

photon momentum absorbed by line 1
g'r'a,d - time mass
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Contribution by one line 1 at frequency v,

optical thickness
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Contribution by one line 1 at frequency v,

optical thickness

/

L L, (1 —e Tt )dpWIPTH Lol _
Z 2wl ~ = — (1 — e )dv.

c- L

total photon
momentum rate fraction

provided by the absorbed by

star one s pectral WIDTH dv
line in an 1/ m—
outer shell of (:
thickness dr
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Contribution by one line 1 at frequency v,

optical thickness

/

L Ly (1= 77 )dy™or
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total photon
momentum rate fraction

provided by the absorbed by

star one s pectral WIDTH dv
line in an 1/ m—
outer shell of (:
thickness dr

dm =47 r’pdr
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Contribution by one line 1 at frequency v,

optical thickness

/

L Ly (1= 77 )dy™or

N

total photon
momentum rate fraction

provided by the absorbed by

star one s pectral WIDTH dv
line in an 1/ m—
outer shell of (:
thickness dr

dm =47 r’pdr




Contribution by one line 1 at frequency v,

Dependence on the
Velocity gradient

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




Distribution of Line Sttenghts at 40 kK
' ' AN (k) k> kg, = 0,649 ——-—

Note curvature
of distr. function

| 4
Jog (hne srength k)

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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n(k,v)dvdk < k*2dk

Distribution of Line Sttenghts at 40 kK
. i : 2

ek £l @ 0840 —— Ensemble of lines
Mass-loss

Note curvature
of distr. function

| 4
Jog (hne srength k)

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)




CAK & m-CAK Models

Castor, Abbott & Klein (1975), Abbott (1982), Friend & Abbott (1986), Pauldrach et al. (1986)
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Eigenvalue
(Mass-loss)
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Ensemble of lines

Eigenvalue
(Mass-loss)




CAK & m-CAK Models

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

Ensemble of lines

Eigenvalue
(Mass-loss)

Changes in
Ionization




CAK & m-CAK Models

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

. Ensemble of lines
Eigenvalue

(Mass-loss)

Correction Changes in
Factor Ionization




CAK & m-CAK Models

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

. Ensemble of lines
Eigenvalue

(Mass-loss)

dv

glme _ ,_2 CF r.v. (7

Correction Changes in
Factor Ionization
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. 2 i
Mass Conservation - drrcpy =M.




Mass Conservation s 47r;'2 PU = z\./l |

() . nE
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Mass Conservation . L 7r;'2 pU = z\./l |

dv ldp GM(1—-1)

- dv
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Inertia

y NE

(Gas Pressure Gravity :
Line Force




Non-Rotating Solution Schema




Non-Rotating Solution Schema

Singularity Condition

0 , ,
—F(u,w,w') =10
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Non-Rotating Solution Schema

Singularity Condition Regularity Condition

9 d r ,) oF N oF 0
O ) —Tt\uUu.w. w f— — — A = _
ow' F(u,w,w') =0 du 0, w, ' ow




-Theory
/
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* = luminosity class I or f
o = luminosity class X -1
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CAK Theory:

*Qualitatively acceptable agreement
with the observational values
*Theory weak assumption:

Point Star approximation
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modified-CAK Theory:
Finite Disk Correction Factor

()

/7N

|59
o
L
°
w 10
i
| =
o
O

o
[e+]
1

04 0.2 0
R*fr

Pauldrach, Puls & Kudritzki

Friend & Abbott
Apd, 311,701,1986 A&A, 164,86, 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 Friend & Abbott

05f-star ApJ, 311,701,1986

Pauldrach et al.
A&A, 164,86, 1986
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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

become very large. We were unable to find solutions for larger
rotational velocities, mainly because of numerical difficulties
involving the finite disk factor when the effective escape speeg
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

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

.501D

x = 0.7 respectively. We have encountered severe numerical
difficulties for models with y =0.8. When we used a =0.56

—We TIanaged [0 00l t1e SOTUTtoNS D7 Uit & CeT tall Tagius

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.




with Rotation: Revisited

Mass Conservation - darfpo =M




with Rotation: Revisited

Mass Conservation - A py =M.

dv  ldp GM(1—-T) wvi(r) ./ dv
V= T+ 9 "\ P e

) — =
dr p dr r? r

dr




with Rotation: Revisited

Mass Conservation - A py =M.

V—— = — — + ¢
dr p dr 12 r g dr

/ L

: Centrifugal
Gas Pressure Gravity force

dv ldp GM(1—=T) v(r) nnc< dv )
o _ + | P —— s NE




Changing of variables Equation of Motion
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Changing of variables Equation of Motion
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Changing of variables

Equation of Motion
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with the influence of the ROTATION...
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with the influence of the ROTATION...
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with the influence of the ROTATION...
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with the influence of the ROTATION...

= w W
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Without any Approximation!




Without any Approximation!
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Without any Approximation!
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R(u, Z) =0 < singular point location




R(u, Z) =0 < singular point location
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Urot / Ubkup — 0.5
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Urot / Ubkup — 0.5
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CAK family
of singular points
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CAK family
of singular points
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Applications of the Slow solution

Ble] Supergiants




m-CAK

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

One set for polar latitudes and
other set for equatorial latitudes

* Fast and Slow solution (m-CAK)

« Rotation parameter (2
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Line-Force Parameters

Stellar Parameters
Tor = 25000 K,

M/M, = 17.5 30000 |0.65] 0.06 0

L/Ls = 10° 17500 {0.45] 057 O

form Pelupessy et al. (2000)

T |K] a k o)

form Pelupessy et al. (2000)

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 Zickgraf et al. (1986).

Star AI/.:\ MS -‘“Il[el 1-"1-51'[1"-111 S : ] |0{l.,' GJef¥ I rr:ul Imro'. Urot [km S . ] Uerit [kln S l]

Hen S22 52 35 0.72 098 056 042 240 318

R 82 2 0.65 098 032 066 224 283
R 50 : 30 40 0.15 099 040 059 204 277

form Zickgraf (1998)
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Fig. 3. m-CAK model: density (in gcm™) 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 Q = 0.7, 0.8, 0.9, 0.99 are
in continuous-line, the higher is Q. the higher is the density.
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density contrast

Observational

values
/

r/R*_l

Fig. 4. m-CAK model: density contrast versus /R, — 1, dashed-line is
for Q = 0.6 and continuous-line are for 2 = 0.7, 0.8, 0.9, 0.99. The
higher is €, the higher is the density contrast.
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“2D” Wind

nichel Curé

ESAC, 4-08-2010 Universidad de Valparaiso
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“2D” Wind
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Disk Aperture Angle
HD 206165

Q=0.85




HD 206165

- - [ [} W [ £ F3
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13 colors photometry

2-mass
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13 colors photometry

7 -mass IRAS Fluxes
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13 colors photometry

7 -mass IRAS Fluxes




Time dependent

Hydrodynamic
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ZEUS-3D
CAK model
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ZEUS-3D
m-CAK model

o= 085

X

Fig. 36. Condiciones iniciales propuestas por Madura,

Owocki & Feldmeier (2007)




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

* Winds from B[e] Supergiants (outflowing disk)

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

* 2D-calculations

» Observations (constrains to theory)
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