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4Abstra
t. Line driven winds are a

elerated by the momentum transfer from photonsto a plasma, by absorption and s
attering in numerous spe
tral lines. Line driving ismost eÆ
ient for ultraviolet radiation, and at plasma temperatures from 104 K to 105 K.Astronomi
al obje
ts whi
h show line driven winds in
lude stars of spe
tral type O, B,and A, Wolf-Rayet stars, and a

retion disks over a wide range of s
ales, from disks inyoung stellar obje
ts and 
ata
lysmi
 variables to quasar disks. It is not yet possible tosolve the full wind problem numeri
ally, and treat the 
ombined hydrodynami
s, radiativetransfer, and statisti
al equilibrium of these 
ows. The emphasis in the present writingis on wind hydrodynami
s, with severe simpli�
ations in the other two areas. I 
onsiderthree topi
s in some detail, for reasons of personal involvement. 1. Wind instability, as
aused by Doppler de-shadowing of gas par
els. The instability 
auses the wind gas to be
ompressed into dense shells en
losed by strong sho
ks. Fast 
louds o

ur in the spa
ebetween shells, and 
ollide with the latter. This leads to X-ray 
ashes whi
h may explainthe observed X-ray emission from hot stars. 2. Wind runaway, as 
aused by a new typeof radiative waves. The runaway may explain why observed line driven winds adopt fast,
riti
al solutions instead of shallow (or breeze) solutions. Under 
ertain 
onditions thewind settles on overloaded solutions, whi
h show a broad de
eleration region and kinksin their velo
ity law. 3. Magnetized winds, as laun
hed from a

retion disks around starsor in a
tive gala
ti
 nu
lei. Line driving is assisted by 
entrifugal for
es along 
o-rotatingpoloidal magneti
 �eld lines, and by Lorentz for
es due to toroidal �eld gradients. Avortex sheet starting at the inner disk rim 
an lead to highly enhan
ed mass loss rates.Zusammenfassung. Liniengetriebene Winde werden dur
h Impuls�ubertrag von Photo-nen auf ein Plasma bei Absorption oder Streuung in zahlrei
hen Spektrallinien bes
hleu-nigt. Dieser Prozess ist besonders eÆzient f�ur ultraviolette Strahlung und Plasmatempe-raturen zwis
hen 104 K und 105 K. Zu den astronomis
hen Objekten mit liniengetriebe-nen Winden geh�oren Sterne der Spektraltypen O, B und A, Wolf-Rayet-Sterne sowieAkkretionss
heiben vers
hiedenster Gr�o�enordnung, von S
heiben um junge Sterne und inkataklysmis
hen Ver�anderli
hen bis zu Quasars
heiben. Es ist bislang ni
ht m�ogli
h, dasvollst�andige Windproblem numeris
h zu l�osen, also die Hydrodynamik, den Strahlungs-transport und das statistis
he Glei
hgewi
ht dieser Str�omungen glei
hzeitig zu behan-deln. Die Betonung liegt in dieser Arbeit auf der Windhydrodynamik, mit starken Verein-fa
hungen in den beiden anderen Gebieten. Wegen pers�onli
her Beteiligung betra
hte i
hdrei Themen im Detail. 1. Windinstabilit�at dur
h Dopplerde-shadowing des Gases. DieInstabilit�at bewirkt, dass Windgas in di
hte S
halen komprimiert wird, die von starkenSto�fronten begrenzt sind. S
hnelle Wolken entstehen im Raum zwis
hen den S
halenund sto�en mit diesen zusammen. Dies erzeugt R�ontgen
ashes, die die beoba
hteteR�ontgenstrahlung hei�er Sterne erkl�aren k�onnen. 2. Wind runway dur
h radiative Wellen.Der runaway zeigt, warum beoba
htete liniengetriebeneWinde s
hnelle, kritis
he L�osungenanstelle von Brisenl�osungen (oder shallow solutions) annehmen. Unter bestimmten Be-dingungen stabilisiert der Wind si
h auf masse�uberladenen L�osungen, mit einem breiten,abbremsenden Berei
h und Kni
ken im Ges
hwindigkeitsfeld. 3. Magnetis
he Winde vonAkkretionss
heiben um Sterne oder in aktiven Galaxienzentren. Die Linienbes
hleunigungwird hier dur
h die Zentrifugalkraft entlang korotierender poloidaler Magnetfelder und dieLorentzkraft aufgrund von Gradienten im toroidalen Feld unterst�utzt. Ein Wirbelblatt,das am inneren S
heibenrand beginnt, kann zu stark erh�ohten Massenverlustraten f�uhren.
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6x1 Introdu
tion1Why line driven winds? The study of winds from astronomi
al obje
ts startedwith Parker's work on the solar wind in 1958, one of the landmark theories inastronomy. At present, four important types of hydrodynami
 winds are known inastronomy: the thermal wind from Sun; dust driven winds from red supergiants;line driven winds from blue stars and a

retion disks; and magneto
entrifugal windsfrom a

retion disks, either around stars or in quasars.Thermal winds are a

elerated by gas pressure in a hot 
orona. Parker's break-through idea was that the solar wind 
an be des
ribed as a transsoni
 hydrody-nami
 
ow, instead of a dis
rete parti
le 
ux. Dusty winds are driven by 
ontin-uum radiation pressure a
ting on dust grains in a relatively 
ool environment. Linedriven winds are also driven by radiation pressure, yet, in numerous ultraviolet spe
-tral lines. Finally, magneto
entrifugal winds are laun
hed from a

retion disks, via
entrifugal for
es a
ting along poloidal �eld lines, or Lorentz for
es 
aused by thetoroidal �eld.By 
ontrast to geologi
al winds whi
h are essentially horizontal 
ows 
aused bypressure gradients and the Coriolis for
e, the above four astronomi
al winds dire
tlyoppose gravity, and 
arry away mass and momentum from the 
entral obje
t. Forline driven winds, both the mass loss rate, _M , and the momentum rate, _Mv1 (withterminal wind speed v1), are large. These winds are therefore important in tworespe
ts:Stellar evolution. Hot, massive stars lose a large fra
tion of their initial mass throughwinds, and the winds 
ontrol stellar evolution. Unfortunately, the phases of strongestmass loss, the LBV (luminous blue variable) and Wolf-Rayet phase, are not well un-derstood, and empiri
al formulae have to be used in evolutionary 
al
ulations. TheLBV phase may be 
hara
terized by the star rea
hing its Eddington limit (radiationpressure on ele
trons larger than gravity; Langer et al. 1999).Star formation. Hot stars often reside in environments ri
h of gas and dust. Thestellar wind enri
hes the interstellar medium with metals and triggers (bursts of)star formation (Leitherer et al. 1999). Figure 1 shows an aspe
t of this pro
ess whi
hwas re
ently dis
overed. Shown is a Hubble Spa
e Teles
ope image, where radiationfrom an O7 main sequen
e star may prevent planet formation. The stellar wind isseen blowing o� matter from the protoplanetary a

retion disk.We add more reasons why the hydrodynami
s of line driven winds is an importantand interesting new resear
h area.Spe
tros
opy. Fundamental parameters of hot stars like radius and mass 
an be de-rived from quantitative spe
tros
opy of spe
tral lines forming in their winds (Paul-dra
h, Ho�mann, & Lennon 2001; Kudritzki & Puls 2000; Hamann & Koesterke1998a; Hillier & Miller 1998). Most importantly, the star's luminosity follows fromthe wind-momentum luminosity relation (Kudritzki, Lennon, & Puls 1995). In thenear future, hot, massive stars may 
ompete with Cepheids as primary distan
eindi
ators. Wind hydrodynami
s a�e
ts spe
tral line formation and therefore quan-titative spe
tros
opy in a fundamental way. Observed spe
tral line features whi
h1 Only some key referen
es are 
ited in the introdu
tion.
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Figure 1: NASA press release, April 26, 2001. \Hubble Wat
hes Planetary Nurseries BeingTor
hed by Radiation from Hot Star. Planet formation is a hazardous pro
ess. This snapshot, takenby HST, shows a dust disk around an embryoni
 star in the Orion Nebula being `blowtor
hed' bya blistering 
ood of ultraviolet radiation from the region's brightest star. Within these disks arethe seeds of planets. Eviden
e suggests that dust grains in the disk are already forming largerparti
les, whi
h range in size from snow
akes to gravel. But these parti
les may not have time togrow into full-
edged planets be
ause of the relentless `hurri
ane' of radiation from the nebula'shottest star, Theta 1 Orionis C. In the pi
ture, the disk is oval near the 
enter. Radiation from thehot star is heating up the disk, 
ausing matter to dissipate. A strong `stellar wind' is propellingthe material away from the disk."are indi
ators for time-dependent 
ow features are (we mention only the terms,without going into explanations): bla
k troughs, dis
rete absorption 
omponents,enhan
ed ele
tron s
attering wings, bowed variation 
ontours, variable blue edges,and dis
rete emission 
omponents.New for
e. Line driving is a new hydrodynami
 for
e, and de�nes a new 
lass of`radiating 
uids'. In astrophysi
s, radiation hydrodynami
s is of similar importan
eas magnetohydrodynami
s. The unique quality about line driving is `Doppler tun-ing'. Ea
h spe
tral line 
an absorb photons in a narrow frequen
y band only, itswidth being determined by the thermal speed of ions. After a minute a

elerationof the gas by the line for
e, the Doppler-shifted spe
tral line 
an absorb at bluerfrequen
ies, from the `fresh' stellar 
ontinuum. The ratio of terminal to thermalspeed, whi
h is roughly the maximum Ma
h number, Ma, of the 
ow, is thereforeof order the width of the UV frequen
y band divided by the line width: Ma > 100!By 
ontrast, 
ows driven by 
ontinuum absorption of radiation, the solar wind, andMHD 
ows (if the Ma
h number with respe
t to Alfv�en waves is 
onsidered) haveMa � 10 in their a

elerating regions.New waves. A
tually, Ma � 10 also holds for line driven winds, with respe
t to anew type of line driven or Abbott waves (Abbott 1980). These waves are dis
ussed
ontroversially in the literature, and a stri
t proof of their existen
e is still missing.They may play a 
entral role in the ubiquitous `dis
rete absorption 
omponents'



8observed in unsaturated P Cygni line pro�les (Cranmer & Owo
ki 1996); and theymay drive line driven winds towards a unique, 
riti
al solution.Range of obje
ts. The importan
e of line driving is also 
lear from a list of as-tronomi
al obje
ts whi
h share this 
ow type. Line driven winds o

ur in O andB stars (Lu
y & Solomon 1970), Wolf-Rayet stars (Lu
y & Abbott 1993; Gayley,Owo
ki, & Cranmer 1995; Hamann & Koesterke 2000), 
entral stars of planetarynebula (Koesterke & Hamann 1997), and in A supergiants (Kudritzki et al. 1999).The latter are the opti
ally brightest stars, and are 
entral in extragala
ti
 distan
edetermination. A relatively new idea is that line driven winds are laun
hed froma

retion disks. Relevant 
ases span a huge range, rea
hing from a
tive gala
ti
nu
lei (quasars and Seyfert galaxies; Weymann, Turnshek, & Christiansen 1985)to 
ata
lysmi
 variables (white dwarfs with a late-type, main-sequen
e 
ompanion;Heap et al. 1978) and young stellar obje
ts (bright B protostars; Drew, Proga, &Stone 1998).Intera
tion of line and magneti
 driving. Line driven winds from magnetized a
-
retion disks may show an intri
ate interplay of three driving for
es: the radiative,Lorentz, and 
entrifugal for
e. The assistan
e of line driving may help to over
omeproblems en
ountered with pure magneto
entrifugal driving. This should be rele-vant for a

retion disks in quasars and young stellar obje
ts, where magneti
 �eldsand radiation �elds are strong.After this general motivation, and before we go over to more detailed dis
ussions inthe main text, we give an overview of the results and ideas treated in the following.Wind instability and X-ray emission. Line driven winds are subje
t to a newradiation-hydrodynami
s instability (Lu
y & Solomon 1970). If a 
uid par
el ex-perien
es a small, positive velo
ity perturbation, it gets Doppler-shifted out of theabsorption shadow of gas lying 
loser to the radiation sour
e (the photosphere). Itsees more light and experien
es stronger driving, hen
e, is further a

elerated: anampli�
ation 
y
le results, termed de-shadowing instability. Sin
e the 
ow is highlysupersoni
, perturbations are expe
ted to qui
kly grow into sho
ks.In an important paper, Owo
ki, Castor, and Rybi
ki (1988; OCR from now) 
al
u-lated for the �rst time the unstable 
ow stru
ture numeri
ally, along a 1-D, radialray assuming spheri
al symmetry. The initially smooth 
ow is transformed into asequen
e of dense shells. Sin
e the shells are a

elerated outwards, they are Rayleigh-Taylor unstable and should fragment. In linear approximation, the de-shadowinginstability has no lateral 
omponent (Rybi
ki, Owo
ki, & Castor 1990), and onemay expe
t that the R-T debris maintains a relatively large, lateral s
ale. However,this is presently mere spe
ulation, sin
e 2-D simulations are la
king due to 
ompu-tational limitations. The fragmented shells are separated radially by broad regionsof rare�ed, steeply a

elerating gas. The thin, fast gas is eventually de
elerated instrong reverse sho
ks on the inner, starward (or disk) fa
ing rim of the shells. Theshells propagate outwards at a speed similar to that of smooth, stationary 
ow. Fig-ure 2 shows the evolved wind stru
ture. The origin of X-ray emission in 
loud-shell
ollisions is also indi
ated in this sket
h.The dete
tion of X-rays from early-type stars was one of the major dis
overies ofthe Einstein satellite (Seward et al. 1979; Harnden et al. 1979). For O stars, the
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Figure 2: Expe
ted stru
ture of an unstable, line driven wind. Dense shells fragmentvia Rayleigh-Taylor instability. Fast 
louds 
ollide with the shell fragments, 
reatingX-ray 
ashes.ratio of X-ray and total luminosity is Lx=Lbol � 10�7�1. X-ray temperatures are 106to 107:5 Kelvin, two or three orders of magnitude above photospheri
 temperatures.Early-type stars have no envelope 
onve
tion zones and are thus quite di�erentfrom solar-type stars with 
onve
tion zones, magneti
 �elds, and hot 
oronae. It isgenerally believed that the X-ray emission from hot stars originates in their winds,possibly in sho
ks whi
h result from de-shadowing instability.While this idea is 
onsistent with many observational fa
ts, espe
ially the absen
eof K-shell absorption edges, theoreti
al modeling en
ounters severe problems. In aphenomenologi
al model of strong forward sho
ks in the wind (Lu
y 1982b), Lx wasfound to be a fa
tor of 100 smaller than derived from Einstein data (Cassinelli& Swank 1983). The same problem o

ured for the hydrodynami
 wind models ofOCR, whi
h show an X-ray 
ux de�
ien
y by fa
tors of 10 to 100 (Hillier et al. 1993).Instead of a 
ontinuous X-ray emission from quasi-steady wind sho
ks, we proposeX-rays 
ashes of short duration. These 
ashes o

ur when fast wind 
louds 
ollidewith a dense, 
old shell. The 
louds are 
reated via turbulent ablation from a`mildly' dense gas reservoir lying ahead of the overdense, highly 
ompressed shells.At the wind base, roughly one half of the upstreaming gas is qui
kly 
ompressed intoshells. The remaining gas is available for 
loud formation at larger heights in thewind. The 
louds are a

elerated through empty intershell spa
e, until they 
ollidewith the next outer shell. Time averaged X-ray spe
tra synthesised from thesemodels mat
h Rosat observations well. Variations between individual snapshotsare large, however, in 
ontrast to the observed 
onstan
y of X-ray 
uxes.Sin
e the 
louds are of turbulent origin, we spe
ulate that their lateral s
ale is mu
h



10smaller than that of shell fragments. In future 2-D modeling, X-ray 
ux 
onstan
ymay be a
hieved via angle averaging over independent, radial wind rays, ea
h withits own 
loud-shell 
ollisions taking pla
e.Wind runaway 
aused by Abbott waves. After the dis
ussion in Chapter 2 oflo
alized 
ow features due to de-shadowing instability, we turn in Chapter 3 to theglobal solution topology of steady, line driven winds. The question we pose is: whydo line driven winds from stars and a

retion disks adopt a unique, 
riti
al solution?In a �rst attempt to answer this question, we suppress de-shadowing instability byadopting the simplifying Sobolev approximation in the line for
e. Future work has tounify both aspe
ts, global and lo
al. (A relevant question 
ould then be: 
an lo
al,unstable 
ow stru
ture provide the seed perturbations required for global solutiontransformation?)In their fundamental work on line driven winds, Castor, Abbott, and Klein (1975;CAK from now) showed that the stationary Euler equation has an in�nite number ofpossible solutions. They 
ome in two 
lasses, `shallow' and `steep'. Steep solutionsare supersoni
, and 
annot 
onne
t to the subsoni
 wind base. Shallow solutions failto rea
h large radii, as they 
annot perform the required spheri
al expansion work.CAK 
on
luded that the wind adopts the unique, 
riti
al solution whi
h startsshallow and ends steep, swit
hing smoothly between the 
lasses at some 
riti
alpoint. This de�nes the 
riti
al or CAK solution.Eviden
e mounts that the argument given by CAK is too restri
tive. The questionarises whether the CAK solution is still unique if dis
ontinuities are allowed forin derivatives of 
ow quantities (i.e., kinks). Is the CAK solution a dynami
alattra
tor in the sense of me
hani
al system theory? And how does the transitionbetween shallow and the 
riti
al solution o

ur?Radiative or Abbott waves are the key to answer these questions. We show thatshallow solutions are sub-abbotti
, and Abbott waves propagate inwards towards thephotosphere from any point in the wind. Numeri
al wind simulations published sofar assume pure out
ow boundary 
onditions, whi
h apply if all 
hara
teristi
s leavethe mesh. The standard argument is that the outer boundary is highly supersoni
,at Ma > 100. Instead, we see now that Ma < 1 for Abbott waves along shallowsolutions. We show that, by 
hosing out
ow boundary 
onditions, the numeri
als
heme is for
ed to relax to a super-abbotti
 solution. If the wind is sub-abbotti
(yet, supersoni
), out
ow boundary 
onditions 
ause numeri
al runaway.Abbott waves de�ne the 
hara
teristi
s of line driven winds, and as su
h have to bein
luded in the Courant time step, to prevent numeri
al runaway. This has not bedone so far. A

ounting for Abbott waves in the Courant time step and applyingnon-re
e
ting Riemann 
onditions at the outer boundary, we �nd that the numeri
als
heme 
onverges to shallow solutions from a wide 
lass of initial 
onditions.Will line driven winds in nature adopt a shallow solution? We suggest that this is notthe 
ase, and identify a new, physi
al runaway whi
h drives shallow solutions towardsthe 
riti
al one. This runaway depends on new and strange dispersion propertiesof Abbott waves: negative velo
ity gradients propagate downstream and outwards,as opposed to upstream propagating, positive velo
ity gradients. This asymmetry
auses systemati
 evolution of the wind towards larger speeds. The runaway stops



11when a 
riti
al point forms in the 
ow, and prevents waves to penetrate downwardsto the wind base. This is the 
ase for the CAK solution.A new solution type o

urs with generalized 
riti
al points. If the wind is perturbedin the sub-abbotti
 region below the CAK 
riti
al point, runaway does not stopon the CAK solution. Instead, the wind be
omes overloaded. A new 
riti
al pointforms, showing up as a kink in the velo
ity law at whi
h the wind starts to de
elerate.This is a dire
t 
onsequen
e of overloading, sin
e super-CAK mass loss rates 
annotbe a

elerated through the CAK 
riti
al point. In
reasing the overloading further,negative 
ow speeds result, and a steady solution is no longer possible. Sho
ksand shells form in the wind, and propagate outwards. There is some observationaleviden
e suggesting that the wind of the LBV star P Cygni has indeed a broad,de
elerating region.Winds from a

retion disks. The last, forth 
hapter also deals with a simpleSobolev line for
e, however, in a more 
ompli
ated 
ow geometry. Observationsindi
ate that line driven winds are laun
hed by the ultraviolet radiation �eld in
ertain types of a

retion disks. For example, P Cygni line pro�les from broadabsorption line quasars show terminal speeds of 10% the speed of light (Turnshek1984). The 
ow is rather massive, with mass 
uxes of order one solar mass peryear in luminous quasars. Both fa
ts are suggestive of a line driven wind. However,the ionizing radiation from the 
entral sour
e poses a serious problem. Wind gaswhi
h is not highly 
ompressed or shielded from this radiation be
omes fully ionized,and line driving stalls. Shielding 
ould be provided by a 
old disk atmosphere.The wind is laun
hed verti
ally from the disk, rea
hes large speeds already withinthe atmosphere, and es
apes on ballisti
 orbits after being exposed to the 
entralradiation (Shlosman et al. 1985). Alternatively, dense regions of hot, ionized gas(of unspe
i�ed origin) may o

ur between the 
entral sour
e and the wind (Murrayet al. 1995). This gas may blo
k ionizing X-rays, but 
ould be transparent to UVradiation. The 
ow is again laun
hed verti
ally by lo
al disk radiation, but qui
klybends over and makes a shallow angle with the disk when irradiated by the 
entralsour
e. Numeri
al simulations show that the shielding region may 
onsist of highly-ionized, failed wind (Proga, Stone, & Kallman 2000). Strong observational supportthat winds from broad absorption line quasars are driven by resonan
e line s
attering
omes from \the ghost of Ly�" (Arav 1996).While very fas
inating, line driven quasar winds are still a matter of debate. On theother hand, observational eviden
e for line driven disk winds in 
ata
lysmi
 variables(CVs) is unambiguous (Heap et al. 1978; Krautter et al. 1981). These systems
onsist of a white dwarf and a late-type, main sequen
e 
ompanion. The latter �llsits Ro
he lobe and feeds an a

retion disk onto the white dwarf. Observed P Cygniline pro�les 
learly indi
ate a bi
oni
al out
ow from the disk, not a spheri
al out
owfrom the white dwarf itself (Vitello & Shlosman 1993). In Chapter 4, we dis
ussnumeri
al simulations and a semi-analyti
al model for CV winds. We en
ounter atwo-dimensional eigenvalue problem, for mass loss rates and wind tilt angles withthe disk. The derived mass loss rates are mu
h smaller than was hitherto expe
ted.We dis
uss why the latter expe
tations were overestimates. Still, a large dis
repan
yremains, and it is not yet 
lear why CV disk winds are so eÆ
ient in nature. Possibly,



12magneti
 �elds assist line driving. This leads over to the last topi
 of this writing,magnetized winds.Magneto
entrifugal winds 
ould o

ur in young stellar obje
ts and in quasars. Inthe 
lassi
al model of Blandford & Payne (1982; see Fig. 3 for a realisti
 s
enario),out
ow o

urs along poloidal magneti
 �eld lines. If the magneti
 pressure in thedisk 
orona is mu
h larger than gas pressure, the �eld lines 
o-rotate with the disk.The �eld lines a
t as lever arms and, at in
lination angles < 60 degrees with the disk,
ung the gas outwards. Above the Alfv�en point, ram pressure dominates magneti
pressure in the wind. The gas par
els start to 
onserve angular momentum, andla
k behind the disk rotation. The poloidal �eld gets wound-up into a toroidal �eld.Hoop stresses of the latter 
on�ne the 
entrifugal out
ow to bipolar jets, and jetsare indeed often found asso
iated with young stellar obje
ts (Eisloe�el et al. 2000).There is a large body of literature on the theory of magneto
entrifugal disk winds.Some key referen
es in
lude: Pudritz & Norman (1983; 1986), K�onigl (1989), andHeyvaerts & Norman (1989). An ex
ellent review is K�onigl & Pudritz (2000).

Figure 3: Realisti
 s
enario for a magneto
entrifugal wind from a quasar disk. Gas
louds are 
entrifugally driven outwards along suÆ
iently in
lined, 
o-rotating mag-neti
 �eld lines. From Emmering, Blandford, & Shlosman (1992).Re
ently, Drew, Proga, & Stone (1998) suggested that line driving 
ould assistmagneto
entrifugal driving in bright young stellar obje
ts (young B stars). The
old a

retion disk is assumed to be illuminated by the hot 
entral star, and eithers
atters the in
ident UV radiation or is itself heated to temperatures resulting instrong UV emission. The disk radiation �eld laun
hes a 
ow. The terminal speedof line driven winds s
ales with the es
ape speed at their base, and is mu
h smaller



13from outer disk regions than from the 
entral star. This s
enario 
ould thereforeexplain the small observed out
ow speeds from 
ertain obje
ts.At the end of Chapter 4, we present explorative 2-D simulations of magnetizedline driven winds. The resulting 
ow dynami
s above a

retion disks with smallEddington fa
tor is rather intri
ate. For realisti
 magneti
 �eld strengths, mass lossrates may be dramati
ally in
reased. We �nd that dominant magneti
 driving is notvia the 
entrifugal for
e along poloidal �eld lines, but via the Lorentz for
e 
ausedby toroidal �eld gradients. This s
enario, 
omplementary to the Blandford & Paynemodel, was proposed by Contopoulos (1995). Still, we �nd that the poloidal �eldis mandatory for in
reased mass loss. A vortex sheet forms in the poloidal windvelo
ity and magneti
 �eld, and 
arries the toroidal �eld to su
h heights that it 
anassist in driving the enhan
ed mass loss through the 
riti
al point (the `bottlene
k'of the 
ow).Mu
h work remains to be done on magnetized line driven winds, in order to under-stand the relevant physi
s and rule out numeri
al artefa
ts. This is the reason whyno paper or preprint on this subje
t is appended to the present writing.
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16CHAPTER 1. THE LINE FORCEx2 Pure absorption line for
e. Sobolev approximationFor one line. Line driven winds stand and fall with the formulation of the radiativefor
e. The for
e due to momentum transfer by absorption and re-emission of photonsin spe
tral lines is termed `line for
e' from now. The basi
 problem in 
al
ulating theline for
e is the in
lusion of s
attering in the wind. The absorbed radiation deter-mines together with parti
le 
ollisions the ionization degree and o

upation numbersof the plasma, whi
h in turn determine the emitted radiation �eld. For a stationaryand smooth 
ow, the feedba
k between radiative transfer and statisti
al equilib-rium of the gas 
an be solved using ALI te
hniques (Cannon 1973; S
harmer 1981;Hamann 1985). However, 
oupling the radiative transfer and thermal equilibrium totime-dependent hydrodynami
s over � 105 time steps (instead of `1' for stationarywinds) and for � 5000 spatial grid points in a highly non-monotoni
 velo
ity law(instead of 50 for smooth 
ow) is not yet possible. Hydrodynami
 simulations haveto severely approximate the radiative transfer and thermal equilibrium of the wind.The line for
e from all driving lines (between 10 and 105) is 
al
ulated from thefor
e on a single line via a power law line distribution fun
tion with two parameters(Castor, Abbott, & Klein 1975; CAK in the following). For dense O supergiantwinds, these parameters are 
onstrained within relatively narrow margins (Gayley1995; Puls, Springmann, & Lennon 2000). The radiative transfer in the remain-ing, `generi
' spe
tral line is further simpli�ed. In Chapter 2, we 
onsider pure lineabsorption and a simpli�ed approa
h to s
attering. In Chapters 3 and 4, Sobolevapproximation is used.The for
e whi
h a
ts on a gas absorbing radiation of intensity I is derived in thetextbooks by Chandrasekhar (1950) and Mihalas (1978). To avoid angle integrals atthe present step, we 
onsider a radial, spheri
ally symmetri
 
ow with 
oordinate r,whi
h is a

elerated by absorption (no s
attering) of radiation from a point sour
elo
ated at r = 0. The line for
e per mass, gl, isgl(r) = gt(r) Z 1�1 dx �(x� v(r)=vth)e��(x;r); (1)where � is the line opti
al depth,�(x; r) = Z r0 dr0�(r0)�(x� v(r0)=vth)) (2)and gt(r) = ���DF�0(r)=
 (3)is the radiative a

eleration if the line were opti
ally thin, � � 1. A Doppler pro�lefun
tion is assumed, �(x) = ��1=2 exp(�x2), with normalized frequen
y variablex = (� � �0)=��D. Here, �0 is the line frequen
y and ��D = �0vth=
 the Dopplerwidth of the line, with 
 the speed of light. For simpli
ity, the thermal speed vthis assumed to be 
onstant. The radial wind velo
ity is given by v, and v=vth in



17the pro�le fun
tion a

ounts for Doppler shifts. In an a

elerating wind, ions 
anabsorb `blue' photons, � > �0, in the line transition �0, sin
e they appear redshifted.Finally, F� is the radiative 
ux per frequen
y interval d� at frequen
y �, and � is themass absorption 
oeÆ
ient of the line, in units 
m2 per gram. For line transitionsto the ground state (resonan
e lines) and to metastable levels, whi
h both dominatethe line for
e, � is to a good approximation 
onstant, as shall be assumed in all thefollowing.In hydrodynami
 wind simulations of the de-shadowing instability, eqs. (1) and (2)have to be 
al
ulated as they stand, by expli
it quadrature over dr and dx (andover angle; Owo
ki, Castor, & Rybi
ki 1988; Owo
ki 1991; paper [1℄). The r and xintegrals are time 
onsuming, sin
e high spatial and frequen
y resolution is required:the thermal band has to be resolved in both r and x. The thermal speed of metalions is a few km/s in hot star winds, whereas the terminal wind speed is thousandkm/s and larger. Hen
e, thousands of frequen
y and spatial grid points are required.The angle integral, on the other hand, is 
heap for stellar wind simulations with ahigh degree of symmetry. A one- or two-ray quadrature may be suÆ
ient. Thisis no longer true for winds above a

retion disks, due to the radial temperaturestrati�
ation of the disk and the 
ompli
ated 
ow geometry (Proga, Stone, & Drew1998; [6℄).Sobolev approximation. In Sobolev approximation, the pro�le fun
tion � isrepla
ed by a Dira
 Æ fun
tion: the wind is assumed to a

elerate so steeply that aspe
tral line is Doppler-shifted into resonan
e with a photon over a narrow spatialrange only. This region is 
alled a resonan
e or Sobolev zone. The quantities �,� and dv=dr are assumed to be 
onstant over the Sobolev zone. By de�nition, vin
reases by a few thermal speeds over the zone.Radiative transfer takes pla
e then on a `mi
ros
opi
' s
ale within the zone, hydro-dynami
s (i.e., 
hanges in � and dv=dr) on a `ma
ros
opi
' s
ale (Rybi
ki & Hummer1978). The fa
t that the wind speed v is neither a truly mi
ros
opi
 nor ma
ros
opi
variable 
auses some diÆ
ulties in our understanding of radiative waves and 
riti
alpoints in line driven 
ows [10℄. A 
hara
teristi
 analysis in Chapter 3 shows that inSobolev approximation, dv=dr and not v is a fundamental hydrodynami
 quantitybesides �.To 
al
ulate the line for
e in Sobolev approximation from a point sour
e of radiation,substitute r ! ~x in the opti
al depth (2), where ~x = x � v(r)=vth. This is allowedfor monotoni
 v(r), and gives �(~x) = �0 �(~x); (4)where �(~x) = R1~x dy �(y), and �0 = ��vth=(dv=dr) is the total opti
al depth of theSobolev resonan
e zone. The line for
e at r is 
aused by lines whi
h absorb at r,hen
e ~x(r) = 0 and �0 = �0(r). Furthermore, ~x � 1 is assumed at the wind base.Substituting x! � in the line for
e integral (1) givesgl(r) = gt(r)b(r); with b(r) = 1� e��0�0 (5)



18the so-
alled `photon es
ape probability.' For � � 1 and � � 1, the line for
e s
alesas � and ��1dv=dr, respe
tively.The expression (5) holds also for the Sobolev for
e when line s
attering is in
luded,and the di�use radiation �eld is fore-aft symmetri
, i.e., the latter does then not
ontribute to the line for
e. We will apply a Sobolev for
e in Chapters 3 and 4.In Chapter 2, we 
onsider the more 
ompli
ated SSF and EISF for
es, whi
h areextensions of the general for
e (1) to the 
ase of line s
attering, using ingredientsfrom Sobolev approximation to 
al
ulate the radiative sour
e fun
tion.For
e from all lines. To 
al
ulate the line for
e from thousands of spe
tral lines,the CAK line distribution fun
tion is used throughout. By assumption, there is nowind-velo
ity indu
ed line overlap, and ea
h photon is s
attered in one line at most.The CAK line distribution fun
tion is given byN(�; �) = 1� 1�0 ��0� �2�� ; (6)introdu
ing two parameters, �0 and �, where 0 < � < 1. Integrating (1) over � and� using (6), the total line for
e be
omes (we keep the symbol gl from the single linefor
e), gl(r) = �(�)�1��0 vth
2 F (r) Z 1�1 dx �(x� v(r)=vth)��(x; r) ; (7)where � is the Gamma fun
tion, F is the frequen
y integrated 
ux, and we intro-du
ed � � �=� (
onstant � for ea
h line), with � 
al
ulated from (2). Insertinginstead for a moment the Sobolev opti
al depth (4), one �nds for the total line for
ein Sobolev approximation,gl(r) = �(�)�0vth(1� �)
2 F (r) �0(r)��; (8)where we rede�ned �0 = �0�vth=(dv=dr) (in order to avoid adding another subs
ript0 to �0). Pre
ise values for �0 (or, equivalently, the CAK parameter k) and �must be obtained from a detailed NLTE treatment of the wind. For the presentpurposes, some universal estimates are suÆ
ient. Puls et al. (2000) derive � = 2=3from Kramers' opa
ity law for hydrogen-like ions; this value should apply for densewinds. In thin winds, � � 1=2 (Pauldra
h et al. 1994). The absorption 
oeÆ
ient�0 
orresponds roughly to the strongest line in the 
ow, �0 = O(108 
m2 g�1) indense winds. Alternatively, �0 
an be expressed in terms of an e�e
tive os
illatornumber Q (Gayley 1995), �0vth�e
 = Q�(�)� 11�� ; (9)where �e is the absorption 
oeÆ
ient for Thomson s
attering on ele
trons. In afully ionized hydrogen plasma, �e = 0:4 
m2/g. For O supergiant winds, Q � 2000(Gayley 1995), from whi
h �0 
an be 
al
ulated.



19x3 S
attering in SSF and EISF approximationFirst time-dependent hydrodynami
 simulations of unstable O star winds by Owo
kiet al. (1988) assumed a pure absorption line for
e like that in (1,2) sin
e the de-shadowing instability vanishes in Sobolev approximation. This led to 
ertain unex-pe
ted results, most notably, that the time-averaged wind does not adopt the CAKsolution, but a steeper solution. (The stationary CAK solution is treated in Chap-ter 3. Until then, it suÆ
es to know that this solution is unique, has a maximummass loss rate, and a 
riti
al point whi
h is not the soni
 point.) The defe
ts of thepure absorption model are still not fully understood (see Owo
ki & Puls 1999 fornew insights), but they vanish when line s
attering is in
luded. (The di�use for
es
ales � vth=v, and vanishes only in Sobolev approximation.) Hen
e, we turn to asimpli�ed treatment of s
attering now.In the `smooth sour
e fun
tion' or SSF method (Owo
ki 1991), a purely lo
al radia-tive sour
e fun
tion from Sobolev aproximation is assumed. The prin
ipal idea goesba
k to Hamann (1981a), and was adopted in the SEI method of Lamers, Cerruti-Sola, & Perinotto (1987). The remaining `formal solution' of radiative transfer isno more 
omplex than for pure line absorption. Espe
ially, the opti
al depth forphotons whi
h are ba
ks
attered to the photosphere is by symmetry related to theopti
al depth for photospheri
 photons. No extra integrals are required in the SSFmethod, and the 
omputational 
osts are pra
ti
ally the same as for pure absorp-tion. The SSF method a

ounts for the important line drag e�e
t (Lu
y 1984),whi
h stabilizes the 
ow via the mean di�use radiation �eld.The next step of sophisti
ation beyond pure absorption and SSF is the `es
ape-integral sour
e fun
tion' or EISF method (Owo
ki & Puls 1996), whi
h a

ounts forthe perturbed di�use radiation �eld. Already linear stability theory be
omes very
omplex when perturbations in the di�use radiation �eld are in
luded (Owo
ki &Rybi
ki 1985). Yet, the basi
 idea of the EISF method is 
lear and straightforward:in spheri
al symmetry, the dire
t radiative for
e due to photon absorption in a singleline is, in
luding now angle integrals expli
itly,ga(r) � h�I�(�)b(�; r)i: (10)Angle bra
kets indi
ate angle averages, � is the 
osine of the angle of a photon raywith the radial dire
tion, I�(�) is the angle dependent, photospheri
 radiation �eld,and b(�; r) is the es
ape probability for dire
tion 
osine � (
f. eq. 1),b(�; r) = Z dx �(x� �v(r)=vth) e��(x;�;r): (11)The di�use or s
attering for
e, on the other hand, isgs(r) � S(r)h�b(�; r)i; (12)with isotropi
 sour
e fun
tion S. For pure s
attering lines in Sobolev approximation,one derives from (5) and the transfer equation (see Owo
ki & Rybi
ki 1985 fordetails) that S(r) = hI�(�)b(�; r)ihb(�; r)i : (13)



20In the SSF method, di�erent expressions are used for the es
ape probabilities inga, gs and in S: in the g's, b is 
al
ulated from the a
tual, time-dependent 
owstru
ture; whereas in S, purely lo
al es
ape probabilities for a smooth 
ow are used.By 
ontrast, in the EISF method b from the a
tual, stru
tured 
ow is used both ing and S. No quantities are introdu
ed in EISF whi
h did not already o

ur in SSF.Still, the 
al
ulational 
ost is mu
h larger in EISF sin
e two spatial integrals arerequired. In the �rst integral, the sour
e fun
tion is 
al
ulated over the whole mesh,the se
ond serves for a formal solution. Furthermore, a quadrature over frequen
yx is required. Owo
ki & Puls (1996) remark that these 3 integrals 
an be redu
edto 2 again for a single spe
tral line; but not for a line ensemble.The EISF approa
h allows for the �rst time to study phase reversal between velo
ityand density 
u
tuations as a 
onsequen
e of perturbations of the di�use radiation�eld. This subtle yet important e�e
t is dis
ussed further on page 30. The simula-tions dis
ussed in detail in the next 
hapter were 
al
ulated using the SSF method.



21CHAPTER 2. UNSTABLE WINDSIt is now believed that line driven winds from single stars show stru
ture in all threespatial dire
tions. In the polar (r�) plane, wind-
ompressed disks may (Bjorkman &Cassinelli 1993; Owo
ki, Cranmer, & Blondin 1994) or may not (Owo
ki, Cranmer,& Gayley 1996) form around rapidly rotating stars. In the equatorial (r�) plane, 
o-rotating intera
tion regions may 
ause `dis
rete absorption 
omponents' (Cranmer& Owo
ki 1996) observed in non-saturated P Cygni line pro�les. Most `simply',however, already in 1-D radial 
ow sho
ks and dense shells develop due to a newhydrodynami
 instability. This instability is the subje
t of the present 
hapter.To give an overview of the �eld, we start with a bibliography of relevant papers.The instability me
hanism is dis
ussed, and results from linear stability analysisare summarized. Be
ause of the 
omplexities of line s
attering, linear theory is not
omplete to the present day. This is not just a mathemati
al 
uriosity, but theorigin of a fundamental debate. Namely, sin
e the Green's fun
tion for the 
aseof pure line s
attering is not yet known, the nature of signal propagation in theseunstable winds is { mysterious. Signal propagation plays a key role in understandinghow the 
ow adapts to boundary 
onditions. The main topi
 of this 
hapter is theevolved, nonlinear wind stru
ture found from numeri
al simulations, and its relationto observed X-ray emission from O stars.x4 The de-shadowing instabilityHistory. A new, radiation hydrodynami
s instability of line driven 
ows was �rstsuggested by Lu
y & Solomon (1970). The me
hanism is similar to one proposed byMilne (1926) for the solar 
hromosphere. Approximate linear stability analysis wasperformed by Ma
Gregor, Hartmann, & Raymond (1979), Carlberg (1980), and Ab-bott (1980). In the former two papers, unstable growth rates were derived, whereasAbbott found a new, marginally stable, radiative-a
ousti
 wave mode. This 
ontra-di
tion was resolved by Owo
ki & Rybi
ki (1984), who showed that the opposingresults apply on di�erent length s
ales. Lu
y (1984) found that the di�use radiation�eld from line s
attering 
auses a drag e�e
t whi
h 
ould prevent the instability.Owo
ki & Rybi
ki (1985) derived that 
omplete 
an
ellation o

urs only 
lose tothe photosphere. A very puzzling result was derived by Owo
ki & Rybi
ki (1986),who showed that Abbott waves do o

ur in absorption 
ows (they shouldn't), butas a pure mathemati
al artefa
t. What are the 
onsequen
es for Abbott waves ifs
attering is in
luded? Rybi
ki, Owo
ki, & Castor (1990) proved that wind insta-bility o

urs in 
ow or radiative 
ux dire
tion only. In lateral dire
tion, line dragstabilizes the 
ow. A linear stability analysis for Wolf-Rayet stars was performedby Owo
ki & Rybi
ki (1991) and Gayley & Owo
ki (1995) in di�usion approxima-tion. They found that unstable growth rates are redu
ed by the multi-s
atteringfa
tor. Feldmeier (1998, paper [5℄) derived that the instability o

urs already inSobolev approximation, if velo
ity 
urvature terms are in
luded. This issue of fore-aft asymmetries when 
rossing the Sobolev zone is addressed in papers by Lu
y(1975; Sobolev vs. Newtonian derivative); Owo
ki & Zank (1991; radiative vis
os-ity) Gayley & Owo
ki (1994; radiative heating), and Owo
ki & Puls (1999; sour
e



22fun
tion depression). First numeri
al simulations of the evolved wind stru
ture weregiven in breakthrough papers by Owo
ki, Castor and Rybi
ki (1988; OCR) for the
ase of pure line absorption, and by Owo
ki (1991, 1992) for line s
attering in SSFapproximation. Poe, Owo
ki, & Castor (1990) suggested that the nodal topology ofthe soni
 point in line driven 
ows 
auses either solution degenera
y or 
onvergen
eto a steep, non-CAK solution. The 
lassi
al paper on steady wind solutions andthe 
riti
al point topology is Castor, Abbott, & Klein (1975; CAK). The issue ofsolution topology is again related to the in
lusion of line s
attering. The perturbeddi�use radiation �eld was treated in linear analysis by Owo
ki & Rybi
ki (1985),and implemented in numeri
al simulations by Owo
ki & Puls (1996) via the EISFmethod. EISF simulations whi
h 
lari�ed deeper aspe
ts of the Sobolev approxima-tion were performed by Owo
ki & Puls (1999). Phenomenologi
al wind sho
k modelsof X-ray emission were suggested by Lu
y & White (1980), Lu
y (1982b), Krolik& Raymond (1985), and Ma
Farlane & Cassinelli (1989). The energy equation andradiative 
ooling in post-sho
k zones was in
luded in hydrodynami
 simulations ofunstable winds by Feldmeier (1995, [1℄), and Feldmeier, Puls, & Pauldra
h (1997,[4℄) suggested X-ray emission from turbulent 
loud 
ollisions. P Cygni lines fromstru
tured, unstable winds were 
al
ulated by Puls, Owo
ki, & Fullerton (1993) andPuls et al. (1994).1 The mi
ros
opi
 me
hanism.2 The basi
 me
hanism of the instability is asfollows. Consider the velo
ity law v(r) of a line driven wind. Be
ause of its widthof a few vth as 
aused by thermal motions, v(r) may be 
alled a thermal band.The thi
kness of the thermal band is 
hara
terized by the Sobolev length, L =vth=dv=dr. This is the natural length s
ale for line driven winds. Instability o

ursfor perturbations with wavelength � < L (we shall, however, �nd below that � > Lis also unstable). An arbitrary, positive velo
ity 
u
tuation +Æv Doppler-shifts a gaspar
el out of the absorption shadow of gas lying 
loser to the star (or the a

retiondisk). The enhan
ed radiative 
ux on the par
el a

elerates it to larger speeds andde-shadows it further. Sin
e the single-line for
e s
ales as gl � e�� , the ampli�
ation
y
le 
an be written as Æv ! �Æ� ! Ægl ! Æv.On
e the par
el got `ki
ked out' of the thermal band, further de-shadowing is im-possible. Carlberg (1980) 
on
luded that the instability should not 
ause observableperturbations of the velo
ity law, but mi
ros
opi
 
u
tuations of order vth only. Thisis 
orre
t for short s
ale perturbations � < L. We shall see below that long s
aleperturbations, �� L, result in �v � vth. It is therefore slightly misleading to say(as is o

asionally done) that the instability generally 
auses short s
ale stru
ture.Milne (1926) des
ribed a runaway pro
ess whi
h he held responsible for the eje
tionof high-speed atoms from the stati
 solar 
hromosphere. The pro
ess is so similarto the de-shadowing instability that we give a quotation from Milne's paper.\An atom whi
h, due to some 
ause or other, begins to move outward from the sunwith an appre
iable velo
ity will begin to absorb in the violet wing of the absorptionline 
orresponding to the same atom at rest, owing to the Doppler e�e
t. It will2 The numbers at the start of paragraphs 
orrespond to the numbers in the �gure on pages 14and 15.



23therefore be exposed to more intense radiation, and the atom will be a

eleratedoutwards. It will therefore move still further out into the wing, where it will beexposed to still more intense radiation, and so on, until it eventually 
limbs out ofits absorption line."Note that Milne des
ribes a plasma instability for single ions, whereas the de-shadowing instability is a hydrodynami
 instability for 
uid par
els. The otherdi�eren
e is between a stati
 atmosphere and a wind.2 Linear instability for absorption lines. Owo
ki & Rybi
ki (1984) gave the�rst, full derivation of instability growth rates. For long s
ale perturbations �� L,the imaginary growth rates turn into a real dispersion relation for Abbott waves(or, in the older literature, `radiative-a
ousti
 waves'). The derivation given inequations (1) to (30) of Owo
ki & Rybi
ki (1984) is very 
ompa
t. Hen
e we referto this paper, and quote only some results. Starting point of the derivation is the linefor
e from a point radiation sour
e, eqs. (1, 2). Perturbations Æv enter in both pro�lefun
tions �(x). After substitution from spatial to frequen
y variables; applyingSobolev approximation for the mean 
ow; and introdu
ing harmoni
 perturbationsÆv(r) � exp(ikr) obeying WKB approximation, one arrives at the perturbed linefor
e (a subs
ript 0 refers to the mean 
ow),ÆglÆv = iK!0�0 Z 1�1 dx �(x)e��0�(x) Z 1x dx0�(x0)e�iK(x0�x): (14)Here, !0 = gt=vth, �0 = �0�0vth=(dv0=dr), K = kL (the wavenumber in units of theSobolev length, L), and �(x) as above. The perturbed line for
e depends on thepro�le fun
tion �. Using an ingenious integration tri
k, Owo
ki & Rybi
ki (1984)solved the double integral analyti
ally for �0 � 1, where it be
omes independent of�. The result is ÆglÆv = !b ik�b + ik (�0 � 1); (15)where (introdu
ing an opa
ity � = ��),!b = !0 �(xb); �b = �0 �(xb); (16)and the blue edge frequen
y xb is de�ned by�(xb) � 1=�0: (17)For short s
ale perturbations, k !1 and Ægl=Æv = !b. This implies instability, sin
ethe phase shift between velo
ity and for
e perturbations is 0. In the limit k ! 0,on the other hand, Ægl=Æv = ik!0=�0. With 90 degrees phase lag between velo
ityand for
e perturbations, this 
orresponds to marginally stable waves: Abbott waves.For long s
ale perturbations with �nite �, one has (slightly) unstable waves. Againfrom (15), the growth rate drops as (L=�)2 for �� L.



243 Ma
ros
opi
 linear instability: 2nd order Sobolev. Instead of going throughthe above, `exa
t absorption' analysis, Abbott (1980) applied Sobolev approximationto the mean 
ow and to velo
ity perturbations. He �nds marginally stable waveswhi
h are not a�e
ted by the instability. This is odd sin
e we saw above thatlong s
ale waves, � � L, are unstable, if only at redu
ed growth rates. But for� � L, Sobolev approximation should apply. Indeed, instability o

urs in se
ondorder Sobolev approximation, in
luding 
urvature terms d2v=dr2 [5℄. The se
ondorder Sobolev opti
al depth � is found to be,�(~x; r) = �0(r) ��(~x) + vth2v0 �v00v0 (r)� �0� (r)���(~x)� 2~x�(~x)�� ; (18)with �0 as before, and primes indi
ating spatial derivatives. Using (18) to 
al
ulateÆ� in the perturbed line for
e one �nds unstable Abbott waves, with growth rate� (L=�)2. Despite the di�erent approximations made in the two approa
hes, thelatter growth rates agree to within 20% with those of Owo
ki & Rybi
ki (1984).Equation (18) o�ers an intuitive understanding of the wind instability at large per-turbation wavelengths, whi
h 
omplements the pi
ture of par
els being ki
ked outof the thermal band des
ribed earlier (see Fig. 1 in [5℄). When the velo
ity lawexperien
es a small upward bend, v00 < 0, the opti
al depth is redu
ed (we assumethat v0 averaged over the resonan
e zone is left un
hanged). This implies an in-
rease in line for
e, gl � e�� . The `elevated' region is a

elerated to larger speeds.This means it gets further elevated, and �v00 grows further. An ampli�
ation 
y
le�Æv00 ! �Æ� ! Ægl ! Æv ! �Æv00 results. The 
orresponding argument holds for adepression +Æv00.4 Nonlinear steepening: a �rst look at evolved wind stru
ture. We 
analready at this stage predi
t some features of the evolved wind stru
ture, beforegoing into details of hydrodynami
 simulations. A depression in v(r) as 
onsideredin the last paragraph will eventually 
ause the mean velo
ity gradient v00 to be
omesmaller (assumed above to be left un
hanged). Sin
e �0 � 1=v00 in
reases, the bluewing frequen
y xb be
omes more negative, and the growth rate !b � �(xb) dropssteeply. The depression region will not evolve (`depress') further. Depression regionswill always remain 
lose to the stationary 
ow. On the other hand, elevations ofthe thermal band will 
ontinue to grow until the 
ow be
omes opti
ally thin and nofurther de-shadowing is possible. In the nonlinear regime, fast gas overtakes slow gasahead of it, and the velo
ity law evolves a triangular sawtooth shape. The jumps inthe `shark �ns' de
elerate the gas, hen
e, are reverse sho
ks. The robust morphologyof the wind velo
ity law, whi
h shows up in most numeri
al simulations, is therefore:a sawtooth pattern of steep, a

elerating regions and pronoun
ed reverse sho
ks.5 How large are the sho
k jumps? Whereas short s
ale perturbations � � Lsaturate at the mi
ros
opi
 level of a few vth (Carlberg 1980), large s
ale perturations� � L give velo
ity jumps of order v1, the wind terminal speed. Overall, a shorts
ale, noisy stru
ture (vth) is superimposed on a large s
ale, 
oherent tilt of the windvelo
ity law [5℄.



256 S
attering: the line drag e�e
t. We 
onsider an e�e
t whi
h proves thefundamental importan
e of line s
attering, and that the pure absorption line 
asemay be a degenerate limit (Owo
ki & Rybi
ki 1986). Lu
y (1984) found that lines
attering, via a so-
alled line drag e�e
t, may prevent wind instability! The originof the e�e
t is simple. A wind par
el may again experien
e a perturbation +Æv.The par
el leaves the absorption shadow of gas lying 
loser to the star, leading toinstability. However, the par
el experien
es also a stronger, ba
ks
attered radiation�eld from larger heights, be
ause it is Doppler-shifted into resonan
e with faster gasfurther out. Hen
e, the inward push grows. Assuming a plane-parallel atmospheri
slab and that the star �lls a hemisphere, and furthermore that s
attering is fore-aftsymmetri
, one shows that the dire
t and di�use for
e perturbations in an opti
allythi
k line 
an
el exa
tly. We leave 
onsideration of the outward pointing di�usefor
e from gas lying at smaller height than the perturbation site to the reader.For spheri
ally symmetri
 
ow, the instability growth rate is ba
k to 50% of itspure absorption line value at one stellar radius above the photosphere, and rea
hes80% of the absorption value at large radii (Owo
ki & Rybi
ki 1985). Still, the linedrag e�e
t is of great importan
e both numeri
ally, preventing fast growth at theinner boundary, and in nature, with regard to the mu
h-spe
ulated `photospheri

onne
tion', i.e., whether wind stru
ture grows from photospheri
 perturbations oris wind intrinsi
 (Henri
hs 1986; Henri
hs et al. 1990).x5 Evolved wind stru
tureAfter de
ades of fas
inating and frustrating mathemati
al resear
h on nonlineargrowth of 
uid instabilities (Landau equation, bifur
ation, 
haos & 
atastrophes),
omputers have shown a pragmati
 way into evolved, unstable 
ow via dire
t, time-dependent simulations. In this and the next se
tions, we dis
uss the stru
ture offully developed, unstable line driven winds. To model the evolution of the instability,a standard Eulerian grid 
ode is used. For the pure hydrodynami
s part, we 
odeda program following the detailed, te
hni
al des
riptions given in Hawley, Smarr, &Wilson (1984), Norman & Winkler (1986), Reile & Gehren (1991), Stone & Norman(1992a,b). Some of the te
hniques are also summarized in [1℄. The applied te
h-niques 
omprise: `
onsistent' adve
tion (Norman, Wilson, & Barton 1980) usingvan Leer (1977) or `pie
ewise paraboli
' interpolants (Colella & Woodward 1984)on 
ontrol volumes of staggered grids; non-re
e
ting Riemann boundary 
onditions(Hedstrom 1979; Thompson 1987, 1990) ; tensor arti�
ial vis
osity (S
hulz 1965);pressure predi
tor (Norman & Winkler 1986).As for the radiative line for
e, I followed Owo
ki et al. (1988) whi
h in
ludes te
hni
alsubleties like line-list 
uto�; a S
huster-S
hwarzs
hild photospheri
 layer to preventunstable growth 
lose at the inner boundary; and the stri
t one-sidedness of thedire
t for
e. The SSF method for treating the di�use radiation �eld is des
ribedin Owo
ki (1991, 1992), an unpublished draft from 1990, and in Owo
ki & Puls(1996). Ex
ept for one workshop paper (Owo
ki 1999), all simulations publishedso far are in radial dire
tion only, assuming spheri
ally symmetri
 
ow. CPU timerequirements for 2-D wind instability simulations are huge. The present work is noex
eption, and deals with spheri
al symmetri
 simulations only.



267 The basi
 entity of wind stru
ture. Figure 4 (taken from paper [1℄) shows theevolved wind stru
ture. The pronoun
ed features are: (1) broad rarefa
tion regionsof a

elerating gas; this gas is (2) braked in strong reverse sho
ks, and fed into(3) narrow, dense shells. (4) The shells propagate into gas whi
h remains 
lose tostationary initial 
onditions. If forward sho
ks o

ur at all at the outer shell edges,they are weak.As a seed perturbation for wind instability, a 
oherent photospheri
 sound waveof period 5,000 se
 and pressure amplitude 1 per
ent is introdu
ed at the innerboundary of the model. The wave period determines the spa
ing of wind shells.Namely, the perturbation wavelength in the photosphere, � = aT = 0:009R� (withsound speed a, period T , and stellar radius R�), is stret
hed in the a

elerating 
owby a fa
tor v1=a = 90. Indeed, the shell distan
e far out in the wind is 0:8R�, 
f the�gure.8 Subshells and overtones. Figure 4 of paper [1℄ shows that 50 (!) overtonesof the photospheri
 sound wave 
an be 
learly distinguished in the wind. Thereis no indi
ation of sto
hasti
ity at all in the wind, hen
e the stru
ture is stri
tlydeterministi
. This is rather unexpe
ted from glan
ing at the velo
ity law between2 and 5R�, in whi
h region the wind appears to be rather 
haoti
 (not meant inthe new, te
hni
al sense of the word). Up to these heights, 
ollisions o

ur betweenmultiple shells per photospheri
 ex
itation period. As noted in [1℄, these sub-shellsare related to non-linear steepening and harmoni
 overtones. The dynami
al detailsare still not 
lear. Figure 4 shows the mass loss rate in the wind as fun
tion of radiusand time. After initial transients have died out, the wind settles to a limit 
y
le. Perphotospheri
 perturbation period, three subshells are 
reated and mutually 
ollidewith ea
h other up to around 3R�.9 Two-stage instability. Even for these periodi
 models the de-shadowing insta-bility is suÆ
iently deli
ate that new details be
ome visible when model parametersare varied. Figure 5 below shows a run whi
h di�ers from the above one mainly by ashorter perturbation period of 1,000 se
onds (besides this, it was performed 7 yearslater). The di�eren
e is marked. In the new model, sub-shell 
ollisions terminatealready around 2:5R�. Afterwards, the sho
ks de
ay qui
kly, out to 6R�. Between7 and 9R�, new sho
ks o

ur, whi
h was not the 
ase in the old model.How 
an new sho
ks o

ur after the instability went into saturation, and left a fullydeveloped 
ow? What happens here is a se
ond stage of the instability. We notedabove that negative velo
ity perturbations saturate qui
kly, and the wind remains
lose to stationary initial 
onditions in regions ahead of pronoun
ed shells. Looking
losely at the region from 4 to 6R� in Fig. 5, one sees a growing velo
ity perturba-tion: in the evolved wind stru
ture, eventually the pseudo-stationary regions be
omeunstable, too, via se
ondary perturbations. We expe
t that the latter are related toovertones. The new perturbations steepen into new sho
ks. The sho
ks a

elerate,overtake and merge with the `old' sho
k front from the �rst growth phase of theinstability. This 
reates a single, strong sho
k.10 Lamb ringing. Introdu
ing 
oherent sound waves as instability seeds allows tostudy the ultimate fate of linear perturbations from harmoni
 stability analysis. But
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Figure 4: Wind mass loss rate as fun
tion of radius and time. After initial transientshave died out, the wind settles to a limit 
y
le. Per photospheri
 ex
itation period,three subshells are 
reated and mutually 
ollide.how relevant are 
oherent perturbations physi
ally? Below we shall argue that, tounderstand the observed X-ray emission from hot star winds, one has to refrain fromperiodi
, 
oherent perturbations and 
onsider random ones instead. Still, relatively
oherent perturbations may be expe
ted from stellar pulsations. They 
annot bemodeled in 1-D simulations, where only pressure or p modes (sound waves) 
an beex
ited. Internal gravity waves or g modes 
annot propagate verti
ally through anatmosphere, sin
e lifting a planar atmospheri
 layer does not give a buoyan
y for
e.Interestingly, 
oherent atmospheri
 perturbations do a
tually not require an externalpiston like stellar pulsations, but 
ould be ex
ited intrinsi
ally in the atmosphere:an atmospheri
 resonan
e frequen
y exists, Lamb's a
ousti
 
uto�.As the reader may already get weary of de
e
tions from the straight path broughtabout by `unexpe
ted' hydrodynami
 e�e
ts shooting in from left and right, we adda histori
al note, trying to emphasize the importan
e of the a
ousti
 
uto�. Lambbuilt on earlier work by Rayleigh (1890), who �rst derived the dispersion relationfor sound waves in an isothermal barometri
 density strati�
ation. Rayleigh failedto see the physi
al relevan
e of the frequen
y !a = a=2H de�ned by atmospheri
parameters (a the sound speed, H the s
ale height). Only after the dete
tion ofa single-frequen
y, atmospheri
 response after the big Krakatao vol
ano eruption,Lamb realized the importan
e of !a as an atmospheri
 resonan
e. His argument
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Figure 5: Snapshot of an O supergiant wind velo
ity law and density strati�
ation. Aperiodi
 sound wave of 5,000 se
 period is applied as photospheri
 seed perturbationfor the de-shadowing instability. Dots show individual mesh points. The numbersin the upper panel refer to the sub-shells per ex
itation period. Taken from [1℄.(Lamb 1908), whi
h is far from trivial, 
an be found on p. 544 of his `Hydrodynami
s'(1932). Espe
ially, he proves that in an isothermal atmosphere, a white-noise soundspe
trum evolves into a one-spike spe
trum, the spike lo
ated at the a
ousti
 
uto�period. The a
ousti
 
uto� is therefore indeed a resonan
e.The a
ousti
 
uto� was held responsible for the 5 minute os
illations of Sun (S
hmidt& Zirker 1963; Meyer & S
hmidt 1967). But the appropriate a
ousti
 
uto� periodis 3 to 4 min, not 5 min. Ulri
h (1970) developed the alternative and 
orre
t theorythat the 5 min os
illations 
orrespond to a
ousti
 waves trapped in a resonan
e
avity rea
hing from the deep solar interior to the top of the 
onve
tion zone. Thisestablished the �eld of helioseismology. Deubner (1973) observed a photospheri
subsignal of 3 min period, where the wave trains are 
orrelated with the appearan
eof bright granules. These granules are thought to stru
k the photosphere from below,and ex
ite Lamb ringing. For a review on solar 5 minute os
illations, see Stein &
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 growing

stage 1

stage 2

shock
merging

perturbation

Figure 6: Snapshot of the wind velo
ity law, assuming a photospheri
 sound wavewith period 1,000 se
. Two stages of unstable growth are seen. In the se
ond stage,perturbations grow within the quasi-stationary gas ahead of dense shells, and leadto se
ondary sho
ks.Leiba
her (1974).Simulations of line driven winds from O stars show a self-ex
itation of the atmo-sphere at the a
ousti
 
uto� frequen
y. Its `perturbing' in
uen
e on the outer windstru
ture was o

asionally noted in the literature (e.g., Blondin et al. 1990), but nottra
ed ba
k to its physi
al 
ause. We 
lose this ex
ursion by expressing our beliefthat `Lamb ringing' 
ould be responsible for rather 
oherent trains of pronoun
edshells in hot star winds.11 Reverse sho
ks. Reverse sho
ks o

ur be
ause the instability steepens thevelo
ity law of the wind, and the fast gas is eventually de
elerated. As a reminder,we add here the distin
tion between reverse and forward sho
ks: forward sho
ksovertake slow gas and a

elerate it. In any referen
e frame, the sho
k is faster thanboth the pre- and postsho
k gas. Forward sho
ks o

ur in explosions. Reversesho
ks, on the other hand, de
elerate fast gas. The sho
k is slower than the gas onboth sides. A reverse sho
k o

urs if a supersoni
 stream hits a wall or an obsta
le.



3012 Rarefa
tion regions. The rarefa
tion regions and reverse sho
ks in numeri
alwind simulations are quasi-stationary. Seen from a 
omoving frame, they 
hangeonly little. Rarefa
tion regions 
an therefore, to a good approximation, be iden-ti�ed with (pat
hes of) `steep' wind solutions (Owo
ki, priv. 
omm.; Feldmeier etal. 1997
). This type of solution to the stationary Euler wind equation will bedis
ussed in the next 
hapter.If a stationary rarefa
tion region is to feed gas into a shell through a reverse sho
k,a gas sour
e must exist. Rarefa
tion regions lie dire
tly above depression regionsof the velo
ity law (negative Abbott half waves). Here, the 
ow does not evolve,but maintains the initial 
onditions. The depression region extends inwards, to theouter edge of the next shell.13 Conta
t dis
ontinuity. Assuming a Sobolev line for
e and zero sound speed, a
onta
t dis
ontinuity separates the rarefa
tion and depression regions. The velo
itylaw is 
ontinuous there but has a kink. Using terminology only introdu
ed onpage 44, the wind jumps from the 
riti
al, initial 
onditions to a steep solution.Be
ause of sub
riti
al mass 
ux in the latter, a density dis
ontinuity o

urs at the
onta
t dis
ontinuity. Gas 
annot penetrate through a 
onta
t dis
ontinuity, hen
ewe are still left without gas sour
e to feed the next outer shell.Any dis
ontinuity in a derivative of the 
uid variables v and � propagates at 
har-a
teristi
 speed (Courant & Hilbert 1968). Indeed, the 
onta
t dis
ontinuity movesat sound speed. Yet, sin
e a = 0, it moves along with the 
uid. Allowing for �nitesound speed instead, the `gate opens' and the rarefa
tion region eats slowly intothe depression. Constant mass 
ux is maintained through the rarefa
tion region.The situation is sket
hed in Fig. 6, whi
h also shows earlier and later stages in theevolution of the instability. Figure 7 shows results from a numeri
al simulation.14 Forward sho
ks and EISF noise. We 
ome to what may at �rst seem a rathersubtle, te
hni
al issue. The 
entral importan
e of line s
attering to line driven windhydrodynami
s will, as we hope, be
ome 
learer throughout the subsequent dis-
ussions. Owo
ki & Rybi
ki (1985) derived from linear stability analysis that theperturbed di�use radiation �eld turns anti-
orrelated density and velo
ity 
u
tua-tions into 
orrelated ones. Anti-
orrelated 
u
tuations steepen into reverse sho
ks,
orrelated 
u
tuations steepen into forward sho
ks. In SSF, only the mean di�useradiation �eld is treated, and photospheri
 perturbations evolve into reverse sho
ks.If, on the other hand, the perturbed di�use radiation �eld is in
luded, the phaselag between velo
ity and density perturbations may be inverted, and strong forwardsho
ks may o

ur instead of reverse sho
ks. This argument was �rst made by Puls(1994), and stimulated development of the EISF method.Owo
ki & Puls (1999) proved from EISF simulations, whi
h in
lude the perturbeds
attered radiation �eld, that forward sho
ks are not important in the unstable wind.EISF and SSF wind stru
ture are essentially identi
al, and are both dominated byreverse sho
ks. The reason is that phase reversal o

urs only for short s
ale 
u
tua-tions below the Sobolev length (Owo
ki & Rybi
ki 1985). Short s
ale perturbationssaturate at velo
ity amplitudes of order vth (see page 22). Correlated perturbationsand forward `sho
ks' (if at all) appear therefore as short s
ale, small amplitude noise
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Figure 7: Evolution of winds stru
ture from the de-shadowing instability(s
hemati
).superimposed on the long s
ale, large amplitude tilt of the thermal band leading toreverse sho
ks.15 Are shells en
losed by forward sho
ks? Furthermore, forward sho
ks are notrequired to en
lose the shells on their outer edges, to prevent them from expandingaway. The argument is simple (Feldmeier et al. 1997
): shells are geometri
ally thinand 
onsist of subsoni
 post-sho
k gas. Hen
e, their internal sound 
rossing timeis small 
ompared to the 
ow time, and hydrostati
 equilibrium 
an be assumed.A

ording to the equivalen
e prin
iple, the outward dire
ted a

eleration of theshell by the line for
e is indistinguishable from an inward gravity binding a stati
atmosphere. Hen
e, the shells are held together without the ne
essity of outerforward sho
ks.16 Shell densities. This same argument 
an be used to estimate shell overdensitieswith respe
t to smooth, stationary gas densities. The inner-shell gas expands viathermal pressure. This thermal pressure and shell a

eleration de�ne a (`gravita-tional') s
ale height, H, whi
h measures the shell thi
kness. We approximate theline a

eleration by v21=nR�, where v1 is the wind terminal speed and n is `a few';hen
e, H = nR�a2=v21. Assuming that all gas from within a rarefa
tion region ofaverage thi
kness �=2 (� being the perturbation wavelength) is fed into the shell;and that � � R� for the longest perturbations whi
h 
an still grow into saturation,the overdensity, o, of shell gas with respe
t to stationary wind gas be
omes,o � �2H = 12n �v1a �2 : (19)For v1=a � 100, this is of order � 103, in good agreement with numeri
al simula-tions. At large radii, radiative a

eleration of the shell 
eases, and H grows. The
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Figure 8: How the rarefa
tion zone eats through the mass reservoir. The plot showssubsequent snapshots of wind density (logarithmi
) as fun
tion of radius (linear).No s
ales are given on the axes, sin
e the same stru
tures o

ur for small or largeperturbation periods, at small or large separation between pronoun
ed shells. Thedotted lines show the underlying, stationary wind model. The gas reservoir aheadof dense shells is una�e
ted by instability, and has pra
ti
ally stationary densities.shells should have expanded away, and the wind be homogeneous again by 30 to100R�. This, too, agrees with numeri
al simulations, see Fig. 6 in [4℄.17 Inner shell velo
ity law. At �rst surprisingly, the velo
ity law has a negativegradient inside shells (Owo
ki 1992; [3℄). This is also true for solar wind shells(Simon & Axford 1966). The reason is that the velo
ity law inside the shell re
e
tsthe gas history. Gas lying 
lose to the outer shell edge was sho
ked earlier thangas lying near the inner edge, 
lose to the reverse sho
k. The shell velo
ity law is
lose to a stationary CAK velo
ity law, whi
h means that the shell is 
onstantlya

elerated on its traje
tory. With the gas velo
ity at the reverse sho
k in
reasingin 
ourse of time, a negative velo
ity gradient results inside the shell.



33x6 Wind stru
ture and line profilesMotivation. Quantitative spe
tros
opy of UV and opti
al lines (espe
ially of H�,Puls et al. 1996) allows to determine mass loss rates, terminal speeds, and metalabundan
es of the wind. All this information (plus the stellar radius) 
ows into thewind-momentum luminosity relation, from whi
h the stellar luminosity is inferred(Kudritzki et al. 1999). The premise is that hot stars will in the near future be
ome aprimary distan
e indi
ator of the same quality as Cepheids. It is therefore importantto understand the in
uen
e of wind stru
ture on line formation.P Cygni lines from 1-D, stru
tured wind models. Puls et al. (1993, 1994)
al
ulated P Cygni line pro�les for resonan
e lines from winds stru
tured by thede-shadowing instability. Radiative transfer in the highly non-monotoni
 velo
itylaw is solved for by iterating the sour
e fun
tion, to a

ount for multiple resonan
elo
ations (Rybi
ki & Hummer 1978). The resulting line pro�les agree well withpro�les from stationary wind models. This is at �rst surprising, given the `largeamount' of stru
ture in the wind, 
f. Figures 4 and 5, and Figure 8 below. Thereason for the agreement is that most of the mass in the unstable, stru
tured windstill follows a smooth, CAK-type velo
ity law. The reasoning is a
tually more sub-tle, and we refer to Puls et al. (1993) for an in-depth dis
ussion. Some of thedi�eren
es between line pro�les from stationary and unstable, time-dependent windmodels resemble observed variability features like bla
k troughs, narrow absorption
omponents (NACs), and blue edge variability.Observed line variability, and ideas of its origin. Besides X-ray emission,whi
h is dis
ussed further below, the major observational eviden
e for pronoun
ed
ow stru
ture in winds from hot stars 
omes from variability in opti
al and UVspe
tral line pro�les. We give a brief, phenomenologi
al overview of variabilityfeatures. The books edited by Mo�at et al. (1994) and Wolf et al. (1999) are goodentry points in the large body of literature.Of 
entral importan
e are DACs (dis
rete absorption 
omponents), found in unsat-urated P Cygni line pro�les of OB stars, and so-
alled dis
rete wind emission ele-ments, observed in 
at-topped emission line pro�les from W-R stars (Mo�at 1994;L�epine & Mo�at 1999) and O supergiants (Eversberg, L�epine, & Mo�at 1998). TheDACs 
ome in 
ompany of `bowed variation 
ontours' or simply `bananas' (Massaet al. 1995). DACs are pure absorption phenomena, while bananas are modula-tive. Bananas are explained by dense spiral-arm stru
tures in the wind (Owo
kiet al. 1995; Fullerton et al. 1997), similar to CIRs (
o-rotating intera
tion regions)in the solar wind. Their period is an even divisor (2 or 4) of the rotation period.The origin of the DACs was �rst supposed in the de-shadowing instability, but thiswas later ex
luded (Owo
ki 1994). Then CIRs were suspe
ted as their origin, butthey 
an only explain the mu
h faster bananas. Hen
e, DACs remain enigmati
.A promising idea is that Abbott waves 
ause velo
ity plateaus in the wind whi
hlead to enhan
ed absorption and DACs (Cranmer & Owo
ki 1996). Interestingly,velo
ity plateaus and not density enhan
ements were the �rst idea to explain DACs(Hamann 1980). Dis
rete wind emission elements, on the other hand, are thought



34to be 
aused by 
ompressible blob turbulen
e. Whereas turbulen
e in in
ompress-ible 
uids leads to an eddy 
as
ade, supersoni
 or 
ompressible turbulen
e leads toa sho
k 
as
ade. The eddy 
as
ade is dire
t, with big eddies feeding energy intosmall eddies. The sho
k 
as
ade, on the other hand, is inverse: strong, fast sho
ksovertake weak, slow sho
ks, and merge with them into one strong and fast sho
k.Hen
e, energy is transferred from small to large s
ales. A 
onne
tion may existbetween this 
ompressible turbulen
e and the wind 
louds thought to be responsiblefor X-ray emission from hot stars. This is dis
ussed in the following.Wind 
lumping. Terminal speeds and mass loss rates are the 
entral parameters ofline driven winds. They determine the metal entri
hment of the interstellar medium,and the star formation rate in starbursts. Furthermore, wind mass loss determinesthe evolution of hot, massive stars. And �nally, knowledge of wind parameters al-lows to derive stellar luminosities and distan
es, a matter of prime importan
e inastronomy. Hen
e, reliable measurements are needed for v1 and _M . However, themass loss rates of Wolf-Rayet stars, and probably also of O supergiants, are funda-mentally a�e
ted by instability-generated 
ow stru
ture. This was �rst realized byHillier (1984), who introdu
ed wind 
lumpiness to explain observed ele
tron s
atter-ing wings of emission line pro�les in Wolf-Rayet stars. The line 
ore depends linearlyon gas density, whereas the wings develop with density squared. Hen
e, line wingsare pronoun
ed in 
lumped winds. Quantitative pro�le �ts indi
ate that the windgas only �lls 10 to 30 per
ent of the available volume around the star (Hamann& Koesterke 1998b). This leads to a redu
tion of mass loss rates for W-R starsby fa
tors of 2 to 4, 
learly demonstrating the importan
e of hydrodynami
 windstru
ture for quantitative spe
tros
opy of hot stars with winds. This redu
tion inthe formerly tremendous mass loss rates of W-R stars also opened the way to new,quantitative modeling of their winds being radiatively driven (Lu
y & Abbott 1993;Springmann 1994; Gayley et al. 1995; Gr�afener, Hamann, & Koesterke 2000).x7 In
luding energy transfer18 Radiative sho
ks. Wind sho
ks are radiative sho
ks, 
onsisting of a narrowvis
ous layer in whi
h the gas is heated, and a subsequent 
ooling zone in whi
h thegas 
ools again by radiative losses. So far we assumed impli
itly that radiative 
ool-ing is very eÆ
ient in the wind, and that sho
k 
ooling zones are narrow. Radiativesho
ks 
an then be viewed `from far' as isothermal sho
ks, sin
e both heating and
ooling o

urs on mi
ros
opi
, unresolved length s
ales. In this approximation, asolution of the energy equation in the wind is not required. This is the reasoningwhi
h led OCR to undertake isothermal wind 
al
ulations.However, the numeri
al simulations dis
ussed above make the assumption of isother-mality questionable at 
ertain heights above the photosphere, and isothermalityseems not justi�ed a posteriori. We found that the wind gas is highly rare�ed atthe end of a rarefa
tion region, before it undergoes the reverse sho
k transition.EÆ
ient radiative 
ooling 
annot be assumed. To �nd a self-
onsistent wind stru
-ture in
luding the e�e
ts of radiative 
ooling (possibly on long s
ales), Cooper &Owo
ki (1992) in
luded radiative 
ooling in numeri
al wind simulations for the �rst



35time. This led to the strange, unexpe
ted results of unresolved 
ooling zones, andall sho
ks were still isothermal. As the numeri
al mesh was 
hosen suÆ
iently �neto resolve 
ooling zones, the 
on
lusion was that the latter got somehow 
ollapsed.Adve
tive di�usion. We o�er in this and the next paragraph two alternativeexplanations for 
ooling zone 
ollapse. The explanations are slightly te
hni
al, andthe reader primary interested in the main physi
al argument may want to skip twoparagraphs ahead. { Owo
ki (1993, private 
ommuni
ation; see also Cooper 1994)explained sho
k 
ollapse by adve
tive di�usion. This is a manifestation of Field's(1965) lo
al thermal instability. Consider a propagating temperature jump, i.e., a
onta
t dis
ontinuity. Di�usive errors of the adve
tion s
heme spread the jump overa few grid points. The gas at intermediate temperatures 
ools better than hot gas:in pressure equilibrium, 
old gas is denser than hot gas, giving more 
ollisions andstronger 
ooling. The broadened jump is sharpened again by the di�erent 
oolingrates, and thereby gets slightly shifted into the hot gas. The jump introdu
es newdi�usive errors, and the 
y
le repeats. Adve
tive di�usion should o

ur within thevis
ous sho
k layer, whi
h is spread out over � 3 grid points by arti�
ial vis
osity.The sho
k front `eats' then through its own 
ooling zone. This argument assumesthat errors pile up, as they indeed do at a 
onta
t dis
ontinuity where always thesame gas is lo
ated. But this is not the 
ase in a sho
k transition, where gas passesthrough. A detailed 
al
ulation shows that only a slight modi�
ation of the 
oolingzone results from adve
tive di�usion, but no 
ollapse [1℄.19 Os
illatory thermal instability. Besides Field's lo
al thermal instability, ase
ond, global thermal instability o

urs in radiative sho
ks. This instability wasfound in numeri
al simulations of a

retion 
olumns onto white dwarfs (Langer etal. 1981, 1982) in magneti
 (AM Her) 
ata
lysmi
 variables. The linear stabilityanalysis is due to Chevalier & Imamura (1982), and the instability me
hanism isexplained in detail in Langer et al. (1982), Gaetz, Edgar, & Chevalier (1988), andWu, Chanmugam & Shaviv (1992). The instability is of os
illatory type, and 
ausesperiodi
 
ontra
tion and expansion of the 
ooling zone. The 
ontra
tions are strong,and a �ne grid is required to resolve them. On a 
oarse grid, the 
ontra
ted zonedrops at some point below grid resolution, and an isothermal sho
k remains [1℄.Obviously, there is no thermal instability for an isothermal sho
k: the sho
k will notre-expand, and the 
ollapse is permanent. We add as a side remark that os
illatingradiative 
ooling zones show ri
h dynami
s. For example, tiny 
ondensations withinthe 
ooling zone 
an grow into se
ondary sho
ks and propagate through the 
oolingzone (Innes et al. 1987).Altering the 
ooling fun
tion. We assume in the simulations below that radiative
ooling is parameterized in power law form, � = A�2T Æ (units erg s�1 
m�3). Theparameter Æ is derived from �ts to 
al
ulated 
ooling fun
tions (Cox & Tu
ker 1969).Global thermal instability o

urs for Æ � 1=2. We �nd that the above 
oolingzone 
ollapse is prevented when an arti�
ial, stable exponent Æ > Æ
 is used at lowtemperatures, as is demonstrated in Fig. 6 of [1℄. Typi
ally, assuming Æ = 2 atT < 5 � 105 K prevents 
ooling zone 
ollapse in wind simulations. X-ray spe
traof O stars, in whi
h we are primarily interested, indi
ate temperatures between 106



36and 107:5 K. Hen
e, X-ray emission should be largely una�e
ted by the modi�ed
ooling fun
tion.20 Sho
k destru
tion. How does radiative 
ooling in
uen
e the wind stru
ture?What happens at intermediate and large radii in the wind, when radiative 
ooling
eases to be eÆ
ient in rare�ed gas undergoing a reverse sho
k transition? Usingthe above method, we �nd in [1℄ that isothermality is a good approximation forO supergiant winds out to � 5R�. At these radii, reverse sho
ks are suddenlydestroyed, in marked 
ontrast to their gradual de
ay in isothermal 
al
ulations,whi
h 
ontinues out to � 20R�. A dire
t 
omparison is made in Figures 1 and 10of [1℄.21 Sho
ks be
oming adiabati
. The reason for sho
k destru
tion is the deple-tion of intershell gas. Radiative 
ooling be
omes ineÆ
ient, and the 
ooling zonesbroaden as they be
ome adiabati
. This drives the sho
k front through the rar-efa
tion region, towards the next inner shell. Sin
e the sho
k propagates into thepresho
k gas, the postsho
k temperature raises, whi
h makes radiative 
ooling evenmore ineÆ
ient, pushing the sho
k further into the gas. A
tually, this is the veryme
hanism of the global thermal instability of Langer et al. (1981). Eventually, thesho
k merges with the next inner shell (this may 
reate forward sho
ks, 
f. page 40).Tenuous, hot gas at temperatures > 107 K �lls the whole spa
e between shells.Why does sho
k destru
tion o

ur so suddenly around 5R�? At this height, thegas reservoir ahead of a shell, whi
h remains �rst at stationary 
onditions, is usedup, i.e., was fully fed into the next outer shell. Further sub-shells { we term them`
louds' in the following, for reasons whi
h will be
ome apparent { 
annot o

ur inbetween shells. These 
louds propagated outwards and pushed ahead of them theadiabati
 sho
k front whi
h tried to expand in the opposite, inward dire
tion. On
ethe 
louds 
ease, the sho
k front 
an expand freely through empty intershell spa
e,leaving hot, thin gas.22 Outer 
orona. Volume �lling fa
tors of hot gas at 106 to 107 K 
an almost rea
hunity between 5R�, the lo
ation of sho
k destru
tion, and 20R�, where hot gas hassigni�
antly 
ooled by adiabati
 expansion [1, 4℄. In winds from OB supergiants, X-ray emission from this low density gas is negligible. It is still possible that an X-rayemitting, outer 
orona o

urs in thin winds from B stars near the main sequen
e.Here, the �rst strong wind sho
k 
an heat large fra
tions of the gas. UV line pro�lesshow indeed that the 
old wind vanishes before it rea
hes terminal speed (Lu
y &White 1980; Hamann 1981b).x8 X-rays and 
louds23 Clouds. The sub-shells or 
louds are not quite the a

idental, se
ondary featureas whi
h they were treated so far (
f. se
ondary sho
k formation on page 26.) Wewill argue in the following that 
louds are a primary agent in explaining X-raysfrom hot, massive stars [4℄. We distinguish from now on stri
tly between shells (orshell fragments) and 
louds. Shells (shell fragments) are instability generated, highlyoverdense as 
ompared to stationary wind densities, and have probably large lateral



37s
ale even after Rayleigh-Taylor fragmentation (
f. the sket
h in Figure 2). Clouds,on the other hand, are turbulen
e-indu
ed, have roughly stationary wind densities,and, if turbulen
e is approximate isotropi
, a tiny lateral s
ale.Hillier et al. (1993) estimated that OCR wind models should fail by one or twoorders of magnitude to produ
e the observed X-ray emission from hot stars. Thereason is the low density of sho
k heated gas immediately behind the reverse sho
k.The gas density lies orders of magnitude below stationary wind densities. Note thatX-ray emission, as a 
ollisional pro
ess, s
ales with the density squared. We found in[1℄ that large-amplitude, periodi
 perturbations in the photosphere lead to 
haoti
wind stru
ture, whereas stri
tly deterministi
 
ow results from low-amplitude per-turbations (
f. Figures 10 and 12 in [1℄). We spe
ulated, therefore, that random orturbulent boundary perturbations, still of small amplitude, 
ould lead to an `a
tive'wind showing enhan
ed X-ray produ
tion. This is indeed the 
ase, and 
louds arethe means of enhan
ed X-ray emission. For random boundary perturbations, wind
louds are prevalent, far above the level of a few `overtone' sub-shells in models with
oherent base perturbations (Figure 4). Clouds are dense and 
ollide with shells,leading to strong X-ray emission.24 Langevin boundary 
onditions. To mimi
 photospheri
 turbulen
e, a velo
-ity perturbation, u, is applied on the inner simulation boundary [4℄. The perturba-tion ful�lls the Langevin equation for a 
ontinuous Markov 
hain, du=dt + u=t
 =�(t). This equation is integrated in time-forward manner. The 
orrelation time, t
,is a free parameter. We 
hoose a value not too far from the a
ousti
 
uto� period. �is the sto
hasti
 for
e, with a white-noise 
orrelation fun
tion. The for
e amplitudeis the se
ond free parameter, typi
ally 
hosen at 30% the speed of sound. This is wellbelow the limit of measured turbulent velo
ity dispersion in hot star atmospheres(Conti & Ebbets 1977). The power law index of this turbulen
e model is �2, nottoo di�erent from the Kolmogorov index �5=3 for eddy turbulen
e. Some 
lassi
papers on the Langevin equation are 
olle
ted in Wax (1954).

Figure 9: Clouds, marked with �lled 
ir
les, in a snapshot of the density strati�
ationin an O supergiant wind.



3825 Cloud ablation. We expe
t that the average time interval between the passageof two dense shells is not too di�erent from the a
ousti
 
uto� period. Clouds,on the other hand, are ex
ited at mu
h shorter periods. They form in the densegas ahead of a shell, i.e., in the de
elerating part of a harmoni
 perturbation whereunstable growth qui
kly saturates. The birth density of 
louds is the stationary winddensity, and they roughly maintain this density until 
ollision with the next outershell. In Fig. 8, 
louds are marked expli
itly in a snapshot taken from a numeri
alsimulation. Figure 9 shows the 
loud dynami
s, their propagation through emptyrarefa
tion regions between shells, and 
ollision with the latter.

Figure 10: Clouds, marked with +, �, M, �, and �, are ablated from the gas reservoirahead of a pronoun
ed shell, propagate through the rarefa
tion region, and 
ollidewith the next outer shell. Compare with Fig. 8 on page 32.A model 
ase: � Ori. The O9 supergiant � Ori is a standard obje
t for X-ray observations from O stars. Most re
ently, it was the �rst O star for whi
h



39an X-ray line spe
trum was taken with the Chandra satellite. With ex
ellentRosat observations available at the time (1996), we made � Ori the test 
ase forthe turbulent-
loud s
enario. Figure 13 in paper [4℄ shows a snapshot of the windstru
ture of � Ori. The X-ray spe
trum from this snapshot is shown in Fig. 14 ofthe same paper. The spe
trum is 
al
ulated using a formal integral approa
h on the1-D, time-dependent wind. K-shell opa
ities are assumed for 
old gas, Raymond-Smith emissivities for hot gas. The model 
ux is only a fa
tor of 2 or 3 below theobserved one, but not by fa
tors of 10 to 100 as estimated by Hillier et al. (1993)from OCR models.26 Cloud-shell 
ollisions. Strangely then, Figure 15 in [4℄ shows that all the X-ray emission arises from a single sho
k at 4:5R�. The gas density in this sho
k liesbetween �1 dex of the stationary wind density, far higher than in the rarefa
tionregion. What happens at this lo
ation? Figure 17 in [4℄ shows that a 
ollision ofa fast 
loud with a dense shell takes pla
e at this time, at this radius. The �gureshows also that any appre
iable X-ray emission from the wind is due to 
loud-shell
ollisions.27 X-ray 
ux 
onstan
y. From Fig. 17 in [4℄ it is also evident that no more thanone or two 
loud 
ollisions take pla
e at any time. This leads to strong variability ofthe X-ray 
ux, �1 dex around mean in spheri
ally symmetri
 models. By 
ontrast,observed X-ray 
ux variations for � Ori are a mere few per
ent. We expe
t thatspheri
al symmetry is a very poor approximation for turbulent stru
tures. A realisti
wind model should instead 
onsist of independent radial 
ones, ea
h with its own
loud-shell 
ollisions taking pla
e. A few thousand su
h 
ones would guarantee theobserved 
ux 
onstan
y.28 X-ray variability. There are only few dete
tions of X-ray variability so far.Bergh�ofer & S
hmitt (1994) report on an episodi
 raise in the Rosat X-ray 
ountrate of � Ori. This gained wide attention, for example in the s
ien
e se
tion of theNew York Times. The possible origin for the raise in 
ount rates is the breakthroughof a dense shell through an X-ray photosphere. The event was found in one energyband only. Oskinova et al. (2001) propose observations at higher signal-to-noise, todete
t di�erent variability levels in soft and hard bands. This would allow to test
ertain aspe
ts of the sho
k model.Bergh�ofer et al. (1996) �nd periodi
 X-ray variability in � Pup, whi
h maybe 
ausedby absorption of X-rays in a 
o-rotating intera
tion region (a spiral arm) in the wind.Oskinova (2001, priv. 
omm.) �nds other examples of periodi
 X-ray variability inASCA observations of O stars. We re
ently proposed a long (180 kse
) observationof the O star � Per with the Chandra satellite, to �nd �rst signatures of X-ray linevariability. The reason for this expe
tan
y is that this star has amongst the shortestre
urren
e time s
ale for DACs (Kaper et al. 1999; de Jong et al. 2001).O stars observed with ROSAT. Dedi
ated Rosat observations are available for42 stars in the spe
tral range from O3 to O9. These data were analyzed assuming a2-
omponent wind, 
onsisting of 
old, X-ray absorbing gas and a random ensemble ofX-ray emitting sho
ks. Density and temperature strati�
ations of radiative 
oolingzones behind sho
ks are in
luded in this approa
h (Chevalier & Imamura 1982; [3℄).



40These postsho
k strati�
ations allow to redu
e the number of free �t parametersto the observations from 4 (Hillier et al. 1993) or 3 (Cohen et al. 1997) to 2 (see[3℄). Appli
ation of a simpli�ed version of the method is des
ribed in Kudritzkiet al. (1996). We �nd there that the s
atter in the Lx=Lbol relation for O stars issmaller than from Einstein data. We 
urrently try to de
ide whether this s
atteris 
aused by a dependen
e of Lx on a se
ond wind parameter, besides Lbol.29 Adiabati
 shells. Paper [3℄ also 
ontains an analyti
 treatment of outer, adi-abati
 sho
ks, whose 
ooling length is not small 
ompared to the wind s
ale. Wefollow there a 
lassi
 paper by Simon & Axford (1966) on solar wind shells.30 Forward sho
ks, again. We dis
uss in the appendix of [3℄ that sho
k destru
-tion as des
ribed above 
an be mimi
ked by a simple numeri
al test. Instead of
al
ulating a fully stru
tured wind model using an unstable line for
e, we 
onsidermultiple adiabati
 shells in a 
ow expanding spheri
ally symmetri
, and at 
onstantspeed. The merging of reverse sho
ks with the next inner shell leads there to a trainof forward sho
ks. Hen
e, it is presently not quite 
lear whether insuÆ
ient radiative
ooling 
auses sho
k destru
tion or sho
k transformation (reverse to forward). Thisquestion is of some relevan
e sin
e, for the O supergiant � Pup, soft X-rays originatefrom very large radii, far above the lo
ation of the �nal 
loud-shell 
ollisions (Hillieret al. 1993; S
hulz et al. 2000).Future work on X-ray emission. What determines the azimuthal s
ale of shellfragments and 
louds? This is presently the most pressing question. The demandon 
omputer time is huge for 2-D hydrodynami
 modeling of the wind instability.One has to employ 
omputational tri
ks, like using a spe
ially designed mesh fora 3-ray radiative transfer (Owo
ki 1999) or 2nd order Sobolev approximation [5℄.Both methods have their 
aveats: the spe
ially designed mesh stret
hes too stronglyas fun
tion of radius, and instability generated stru
ture may `fall between themesh nodes'. For 2nd order Sobolev approximation, in
lusion of nonlo
al 
ouplings(shadowing of one shell by another) may be impossible (Wegner 1999).Another major question is: why are X-rays from O stars universal? Why doesthe intri
ate wind hydrodynami
s and radiative transfer lead to a simple Lx=Lbol =10�7? And why does universality break down for thin winds from B stars (Cassinelliet al. 1994) and for Wolf-Rayet stars (Baum et al. 1992; Wessolowski 1996; Igna
e,Oskinova, & Foullon 2000)?31 Symmetri
 X-ray lines. With the laun
h of the X-ray satellites Chandraand Xmm, observations of X-ray lines from O stars has be
ome possible. Firstobservations of O stars led to the unexpe
ted result that X-ray emission lines in� Ori und � Pup (the usual suspe
ts) are symmetri
 and almost not blue-shifted(S
hulz et al. 2000; Kahn et al. 2001; Waldron & Cassinelli 2001). The line width isroughly half the terminal wind speed. These results are puzzling if X-rays originateindeed in a dense wind, where one expe
ts di�erent opti
al depths for photons fromthe front and ba
k hemisphere of the star, resulting in asymmetry or e�e
tive blue-shift of the line pro�le. However, Owo
ki & Cohen (2001) have re
ently shown thateven in a homogeneous wind, observed line symmetry 
an be partially attributed tolow instrumental resolution. Even better, re
ent Chandra observations of � Pup



41\show blue-shifted and skewed line pro�les, providing the 
learest eviden
e that theX-ray sour
es are embedded in the stellar wind" (Cassinelli et al. 2001).This should be the �nal `out' for 
oronal models of X-ray emission from O supergiants(Hearn 1972, 1973; Cassinelli & Hartmann 1977). Coronal model were pra
ti
allyex
luded due to missing K shell absorption (Cassinelli & Swank 1983; Cohen etal. 1997) and the missing green 
oronal iron line (Baade & Lu
y 1987). Re
ently,however, 
oronal models gained again some attention (Waldron & Cassinelli 2001).We plan to perform line-synthesis 
al
ulations in a 
lumped wind, where almost allgas is 
on�ned to narrow shell fragments. If the lateral s
ale of the fragments isnot too small, photons from the stellar ba
k hemisphere may es
ape to the observerby passing between neighboring shells (
f. Figure 2). Furthermore, on the ba
khemisphere one looks onto the X-ray emitting, inner rim of the shell; whereas on thefront hemisphere, the sho
k is hidden behind a dense, absorbing shell. Both e�e
ts(lateral es
ape between neighboring shells; inner shell rim emission only) level o�di�eren
es between the red and blue line wing.32 Clouds and EISF stru
ture. We add another te
hni
al remark. The turbulentwind 
louds des
ribed above and in [4℄ have short length s
ales of a few mesh pointsonly. They were 
al
ulated using the SSF method, whi
h does not a

ount for theperturbed di�use radiation �eld. On short s
ales, the latter may turn anti-
orrelated
u
tuations like 
louds into 
orrelated ones. Future EISF simulations are thereforevital to the 
loud model. To a
hieve proper resolution of the thermal band, anadaptive mesh te
hnique will be used.X-rays in stationary wind models. The fo
us of the present work is on windhydrodynami
s, with a highly simpli�ed treatment of NLTE (using a power-lawline list; and treating one resonan
e line only) and radiative transfer (using Sobolevapproximation, SSF, or EISF). The 
omplementary viewpoint: full NLTE and radia-tive transfer, and assuming parameterized hydrodynami
s is of 
entral importan
efor quantitative spe
tros
opy of hot stars. Pre
ise UV 
uxes from OB stars are re-quired to 
alibrate the wind momentum-luminosity relation (Kudritzki et al. 1999);to determine ionizing 
uxes in H ii-regions (Sellmaier et al. 1996); and for populationsynthesis in starbursts (Leitherer et al. 1999) and in blue galaxies at redshifts z > 3(Steidel et al. 1996). In synthesising UV 
uxes, the full statisti
al equilibrium prob-lem of the wind is treated, however, assuming stationary 
ow (Pauldra
h et al. 2001,and literature therein). To explain the observed `superionization', in
lusion of X-rays is still required (Pauldra
h et al. 1994, Ma
Farlane et al. 1994). The sho
ksare treated in parameterized form, on a underlying, monotoni
 velo
ity law. Fur-thermore, in
lusion of an arti�
ally high mi
roturbulen
e is ne
essary to reprodu
eobserved UV line pro�les (Hamann 1980). In future 
al
ulations on stru
tured windmodels, mi
roturbulen
e and sho
k strength will no longer be independent, free pa-rameters, but will both appear as 
onsequen
e of wind hydrodynami
s. Lu
y (1982a,1983) and Puls et al. (1994) showed that bla
k troughs in saturated P Cyg pro�les,so far explained by mi
roturbulen
e, indeed result from an instability-generatedvelo
ity law.



42High mass X-ray binaries. Neutron stars or bla
k holes whi
h orbit an O orB supergiant a
t as point-like probes in the wind. Bondi-Hoyle a

retion of thesupersoni
 wind turns the 
ompa
t obje
t into a strong X-ray sour
e whi
h ionizesa large volume of the wind gas. Line driving stalls in this overionized region, and adense wake forms via the Coriolis for
e. The beautiful and intri
ate wind dynami
sis dis
ussed by Blondin et al. (1990) and Blondin, Stevens, & Kallman (1991). Thepresen
e of the dense wake 
an be infered from asymmetries of X-ray light
urves atingress and egress. For the system Vela X-1, the azimuthal extent of the wake is
onsistent with the observed asymmetry [2℄. Kaper, Hammers
hlag-Hensberge, &Zuiderwijk (1994) suggest that observed, short-term variability of X-ray light
urvesis due to 
u
tuations in the wind velo
ity as 
aused by the de-shadowing instability.Hen
e, high-mass X-ray binaries are another test 
ase to diagnose line driven 
owstru
ture.



43CHAPTER 3: RUNAWAY WINDSx9 Solution topologyWe turn now to a simpler level in our des
ription of line driven wind hydrodynami
s,and 
onsider the simplest line for
e possible, in �rst order Sobolev approximation.The wind is then no longer subje
t to de-shadowing instability. We 
onsider whyline driven winds from stars and a

retion disks adopt a unique, 
riti
al solution outof an in�nite number of possible solutions, the latter falling into two 
lasses: shallowand steep.This unique solution is de�ned as follows (Castor, Abbott, & Klein 1975): it startsin the photosphere as the fastest possible, shallow solution, and 
rosses at some
riti
al point smoothly and di�erentiably to the slowest, steep solution. From alla

elerating wind solutions, this is the one with maximum mass loss rate. Shallowsolutions are dis
arded as global wind solutions be
ause they break down at largeradii, be
oming imaginary there. Steep solutions, on the other hand, are everywheresupersoni
. They 
annot 
onne
t to the wind base whi
h is assumed to be subsoni
,and are also dis
arded as global wind solutions.There are indi
ations that this reasoning is too restri
tive (see paper [6℄): (1) Shallowsolutions break down around 300R�. Why then do time-dependent hydrodynami
simulations whi
h extend out to 10R� always adopt the 
riti
al solution, instead ofremaining on shallow initial 
onditions? (2) Spheri
al expansion work, as a thermo-dynami
 e�e
t, s
ales with the gas temperature and sound speed. It is not inherentto line driving. (3) For line driven winds from a

retion disks, neither shallow northe 
riti
al solution rea
h in�nity, be
ause the disk 
ux drops o� steeper than diskgravity [6℄. Unavoidably, the wind has to de
elerate at large heights. This is unprob-lemati
, sin
e the wind speed is above the lo
al es
ape speed, both for the 
riti
aland for suÆ
iently fast, shallow solutions. (4) On
e the wind is allowed to de
eler-ate in 
ertain regions, an initially shallow solution 
ould jump to the de
eleratingbran
h when the speed is larger than the es
ape speed, and rea
h in�nity. Windde
eleration is also dis
ussed by Koninx (1992) and Friend & Abbott (1986), thelatter authors modeling velo
ity laws of rotating O star winds.A simple wind model. We 
onsider now a simple model for line driven windswhi
h allows to dis
uss the above questions in detail. The model is used in numeri
alsimulations [8, 9, 10℄ to study wind runaway 
aused by Abbott waves. In Sobolevapproximation, the line for
e s
ales asgl � Z d! n In���1 �nvn��: (20)The integral is over solid angle, n is the unit dire
tion ve
tor, and I is the frequen
y-integrated intensity of the radiation �eld. A CAK line distribution fun
tion is as-sumed, and we adopt � = 1=2 for simpli
ity in the following. Furthermore, thevelo
ity gradient is taken out of the integral, assuming that the gradient of the 
owspeed in 
ow dire
tion gives the main 
ontribution. This is equivalent to the CAK



44point star approximation. Assuming 1-D, planar geometry,gl(z) � Fp��1�v=�z; (21)with frequen
y-integrated, radiative 
ux F in z dire
tion. We assume that F is
onstant, but g(z) may be an arbitrary fun
tion. Constan
y of both F and g leads tosolution degenera
y for zero sound speed (Poe et al. 1990). If the disk is extended andisothermal (the latter is a bad approximation), F is indeed 
onstant at suÆ
ientlysmall z. For g we 
hoose g(z) = GMq2 z=q1 + (z=q)2 ; (22)whi
h roughly resembles e�e
tive gravity (gravity minus 
entrifugal for
e) 
lose toa thin a

retion disk. M is the mass of the 
entral obje
t, q is the footpoint radiusin the disk. Note that g(0) = 0. Furthermore, the sound speed is set to zero, whi
hturns the Euler equation into an algebrai
 equation in vv0. Note that the Sobolev linefor
e is independent of vth, and therefore of a. The 
ontinuity and Euler equationbe
ome, C � _�+ (�v)0 = 0; (23)E � _v + vv0 + g � ~Kpv0=� = 0: (24)Dots indi
ate temporal, primes spatial di�erentiation. The 
ux was absorbed into~K. The Euler equation was divided through by GM=q2, whi
h means that speed ismeasured in units of the lo
al Kepler speed, pGM=q, height in units of q, and timein units of a Kepler 
ow time through a distan
e q. We keep the symbols v, z, andt also for the normalized quantities. For a stationary wind, the 
ontinuity equationbe
omes �v = 
onst. We introdu
e m = �v=�
v
 and w0 = vv0. Subs
ripts 
 referto the 
riti
al or CAK solution, to be introdu
ed shortly. The Euler equation turnsinto, w0 + g �Kpw0=m = 0; (25)For stationary winds, m and w0 repla
e � and v as fundamental hydrodynami
variables.Shallow and steep solutions. At ea
h z, (25) is a quadrati
 equation in pw0,with solutions pw0 = K �pK2 � 4gm2pm : (26)Solutions with `�' are termed shallow, solutions with `+' are termed steep. ForsuÆ
iently small m, shallow and steep solutions are globally de�ned. At the 
riti
alpoint of the 
riti
al solution, termed z
 from now, the square root vanishes, andtwo globally de�ned shallow and steep solutions merge. By de�nition, m = 1 forthe 
riti
al solution. For m > 1, shallow and steep solutions be
ome imaginary ina neigborhood of z
. In this region, gravity g over
omes line driving � K. Thesefailing winds are termed overloaded [8℄. We may also allow for v0 < 0, by introdu
ingpjv0j in the line for
e. This expresses that the Sobolev for
e is blind to the sign of



45v0. A single de
elerating bran
h results from this generalization. Figure 11 showsthe `solution topology' of the quadrati
 equation (25) in the zw0 plane (see alsoFig. 3 in CAK; Fig. 3 in Cassinelli 1979; Fig. 4 in Abbott 1980; Fig. 1 in Bjorkman1995; and Fig. 6 in [6℄).

Figure 11: Solution topology of the equation of motion (25) for stationary winds.The right panel shows a

eleration solutions, the left panel de
elerating ones. Forthe latter, pjw0j=m was assumed in the line for
e. Note the saddle point at x =1; w0 = 1=2, whi
h is the CAK 
riti
al point for Abbott waves.From (26), the 
riti
al point is a saddle point of E in the zw0 plane (Bjorkman1995). Note the important di�eren
e that the soni
 points for the solar wind andthe Lavalle nozzle are saddle points in the zv plane instead. The 
riti
al point be-ing a saddle, the shallow solution with m = 1 has a dis
ontinuity in v00 at z
. Thisdis
ontinuity is avoided by swit
hing to the steep solution. Dis
ontinuities in deriva-tives of the fundamental hydrodynami
 variables lie on 
hara
teristi
s (Courant &Hilbert 1968). Chara
teristi
s are spa
e-time 
urves along whi
h Riemann invari-ants or wave amplitudes are 
onstant, or 
hange a

ording to an ordinary, not apartial di�erential equation. Indeed, the 
ow be
omes super-abbotti
 at the CAK
riti
al point (Abbott 1980).The 
onstant K 
an be expressed in terms of 
ow quantities at the 
riti
al point.Setting the square root in (26) to zero gives, for m = 1,K = 2pg
; (27)where g
 = g(z
). Sin
e the 
riti
al point is a saddle of E in the zw0 plane, �E=�z
 =�E=�w0
 = 0 holds. The latter (`singularity') 
ondition leads to w0
 = g
. The former(`regularity') 
ondition leads to dg=dz
 = 0, hen
e the 
riti
al point 
oin
ides withthe gravity maximum. This reveals the role of the 
riti
al point as bottlene
k ofthe 
ow. For height-dependent F , g=F 2 determines the nozzle fun
tion instead. IfF and g are 
onstant, the 
riti
al point degenerates, and ea
h lo
ation z be
omes
riti
al (for zero sound speed). Inserting k and w0
, the general, stationary wind



46a

eleration be
omes, w0 = g
m(1�p1�mg=g
)2: (28)The velo
ity law v(z) is found by (analyti
 or numeri
al) quadrature of w0 = vv0.x10 Abbott wavesSin
e Abbott waves are of 
entral importan
e in the following, we derive them inthree di�erent ways: by dispersion analysis [9℄; 
hara
teristi
 analysis [10℄; andGreen's fun
tion analysis [10℄. The �rst and last are ne
essarily linear, but the
hara
teristi
 analysis holds for arbitrary wave amplitudes. This should not mask thefundamental limitation of our approa
h: a derivation of Abbott waves in
luding lines
attering in any approximation (SSF, EISF) going beyond Sobolev approximationwas not given so far, due to mathemati
al 
omplexities.Dispersion relation. For all wind solutions, K = 2pg
 holds. Inserting this intothe time-dependent Euler equation,_v + vv0 = �g +p2�
v
 v0=�: (29)We 
onsider small harmoni
 perturbations on a stationary wind solution �0, v0 (notne
essarily the 
riti
al solution), � = �0+�1 exp[i(kz�!t)℄, v = v0+v1 exp[i(kz�!t)℄.Linearizing the 
ontinuity and Euler equation gives,��i !v00 + i�+ 1� �1�0 + (i�� 1) v1v0 = 0; (30)1q0 �1�0 + ��i !v00 + 1 + i��1� 1q0�� v1v0 = 0; (31)where � � k v0=v00 and q0 = p2m0w00 were introdu
ed. Setting the determinantof the system to 0 gives the dispersion relation !(k). In the WKB approximation,� � 1, the phase speed and growth rate of the downstream mode (subs
ript +)be
ome, in the observers frame,v� = Re(!+)=k = v0; Im(!+) = ��: (32)The small damping term �� is of no further 
onsequen
e. In the 
omoving frame,the wave speed is 0 in this zero sound speed limit: the downstream mode 
onsistsof sound waves. For the upstream or (�) mode,v� = Re(!�)=k = v0�1� 1=q0�; Im(!�) = 0: (33)This new wave type is 
aused by radiation pressure, and is termed an Abbott wave(after Abbott 1980). For shallow solutions, q0 < 1, and Abbott waves propagatetowards smaller z: shallow solutions are the analog to solar wind breezes. For steepsolutions, q0 > 1, and the waves propagate towards larger z. At the 
riti
al point,m = 1, w0
 = g
, and q0 = 1, hen
e the 
riti
al point is a stagnation point for Abbottwaves. At smaller (larger) radii, the waves propagate towards smaller (larger) z.



47For shallow solutions with m0 � 1 and w00 � w0
, Abbott waves propagate inwardat arbitrary large speed. Wave propagation along shallow solutions was not treatedso far in the literature, as a 
onsequen
e of Abbott's (as it appears now: erroneous)postulate that \a line driven wind has no analog to a solar breeze." (Abbott 1980)Abandoning steep solutions. Steep solutions are super-abbotti
 everywhere,and 
annot 
ommuni
ate with the wind base. Hen
e, their mass loss rate 
annot
onverge to an eigenvalue. Numeri
al simulations show indeed that steep solutionsare stable to almost any perturbations [9℄. The perturbations are adve
ted to theouter boundary and leave the mesh. Steep solutions are in the following of not mu
hinterest. Still, they may have physi
al signi�
an
e, and we en
ountered them alreadybefore: the quasi-stationary rarefa
tion regions in time-dependent simulations of thede-shadowing instability are steep solution `pat
hes'.Chara
teristi
 analysis. The above dispersion analysis holds for linear waves.We turn now to a 
hara
teristi
 analysis for arbitrary amplitudes. The equations ofmotion for arbitrary g are written as,C(�; v) = _� + v�0 + �v0 = 0; (34)E(�; v) = _v + vv0 + g(z)� 2�pv0=� = 0; (35)with � � pg
�
v
. C and E are brought into adve
tion form without further approx-imation. A �rst-order system of partial di�erential equations is 
alled quasi-linear ifit is linear in all derivatives of the unknowns (� and v here). Usually, 
hara
teristi
sare de�ned for quasi-linear systems. Equations (34, 35) are not quasi-linear, due tothe presen
e of pv0. Courant & Hilbert (1968) show that 
hara
teristi
 dire
tions,a, for general, nonlinear systems are given by�����aC _� + C�0 �aC _v + Cv0�aE _� + E�0 �aE _v + Ev0 ���� = 0: (36)The symbol a, so far reserved for the sound speed, refers now to any 
hara
teristi
speed. The distin
tion should be 
lear from the 
ontext. For quasi-linear systems,the matrix in (36) be
omes independent of di�erentials _�, v0, et
. For the present
ase, however, �����a + v �0 �a + v � �=p�v0���� = 0; (37)or, in the observers frame,a+ = v; a� = A = v � ��v0 ; (38)with Abbott speed A. For small perturbations,A = v (1�pg
=mw0) = A0; (39)with A0 from the dispersion analysis above. To bring the hydrodynami
 equationsinto 
hara
teristi
 form [10℄, the system must be made quasi-linear, by applying the



48following tri
k (Courant & Hilbert 1968): the Euler equation is di�erentiated withrespe
t to z, and a new variable f = v0 is introdu
ed,_f + vf 0 + f 2 � �pf� �f 0 � f �0� � = �g0: (40)This equation is linear in _f and f 0. The new system 
onsists then of the 
ontinuityequation, the Euler equation (40) for f , and the de�ning relation f = v0. Re-bra
keting (40) and multiplying by �,� _f + �Af 0 + �f 2 + �pf�f�0 = ��g0: (41)Repla
ing �f using the 
ontinuity equation,��g0 = � _f + �Af 0 � f _�� �v � �pf�� f�0= � _f + �Af 0 � f _�� Af�0 (42)= �2 (�t + A�z) f� :The 
hara
teristi
 (or adve
tion) form of the Euler equation is therefore,(�t + A�z) v0� = �g0� : (43)We assume that WKB approximation applies, i.e., that the temporal and spatialderivatives on the left hand side are individually mu
h larger than the right handside, hen
e, the latter 
an be negle
ted. In a frame moving at speed A, the fun
tionv0=� is then 
onstant, and 
an be interpreted as a wave amplitude propagating withspeed A. The Sobolev opti
al depth is proportional to the inverse of v0=�, whi
hindi
ates that Abbott waves are indeed a radiative mode. Introdu
ing f = v0 in the
ontinuity equation, the latter is already in 
hara
teristi
 form,(�t + v�z) � = �f�: (44)Sin
e it 
ontains no derivatives of � or f , f� is an inhomogeneous term. The Riemanninvariant, �, is no longer 
onstant along the v 
hara
teristi
: WKB approximation,whi
h would mean �0=� � v0=v, does not apply. Sin
e � s
ales with gas pressure,this mode 
an be identi�ed with sound waves.Green's fun
tion for Sobolev line for
e. Finally, we derive the Green's fun
tionfor Abbott waves in Sobolev approximation. The Green's fun
tion gives the responseof the wind to a lo
alized, delta fun
tion perturbation in spa
e and time, and is
omplementary to the harmoni
 dispersion analysis of Abbott (1980) and Owo
ki &Rybi
ki (1984). Sin
e lo
alized perturbations 
onsist of many harmoni
s, a Green'sfun
tion des
ribes wave interferen
e. This is 
learly seen for water waves, whose



49Green's fun
tion is known from Fresnel di�ra
tion in opti
s (Lamb 1932, p. 386).For simpli
ity, we 
onsider a single, opti
ally thi
k line only, with Sobolev for
e,gl(z) = A �v(z)�z : (45)Density � was absorbed into the 
onstant A. We assume WKB approximation toapply (slowly varying ba
kground 
ow), and 
onsider only velo
ity perturbations:the Abbott wave amplitude v0=� from 
hara
teristi
 analysis is not annihilated bythis restri
tion. The linearized Euler equation for small perturbations is��tÆv(z; t) = Ægl(z; t) = AÆv0(z; t): (46)The Green's fun
tion problem is posed by spe
ifying as initial 
onditions,Æv(z; 0) = Æ(z � z0): (47)The solution is obtained by Fourier transformation with respe
t to z. We use the
onventions, for an arbitrary fun
tion F (bars indi
ate Fourier transforms),�F (k; t) = Z 1�1 dz e�ikz F (z; t); F (z; t) = 12� Z 1�1 dk eikz �F (k; t): (48)Fourier transforming (46) gives��tÆv(k; t) = ikAÆv(k; t): (49)The right hand side was obtained by integration by parts, assuming Æv(�1; t) =Æv(1; t) = 0. This will be shown a posteriori. The solution of (49) isÆv(k; t) = beikAt; (50)with 
onstant b. Fourier transforming the initial 
onditions (47),Æv(k; 0) = e�ikz0 = b; (51)hen
e, Æv(k; t) = eik(At�z0): (52)Finally, Fourier transforming ba
k to z spa
e,Æv(z; t) = 12� Z 1�1 dk eikzeik(At�z0) = Æ(z � z0 + At): (53)The delta fun
tion perturbation propagates without dispersion towards smaller z,at a speed �A. Also, Æv = 0 at z = �1, as assumed above. A is the Abbott speed,as is seen by inserting a harmoni
 perturbation, Æv = Æv ei(!t�kz), in (46), giving forthe phase and group speed, !k = d!dk = �A: (54)



50The result that a delta fun
tion peak propagates without dispersion at speed �A
ould have been foreseen from the phase speed of linear Abbott waves: v� is inde-pendent of �, hen
e no dispersion o

urs and no wave interferen
e between di�erentharmoni
s. The Green's fun
tion, G, is de�ned by,F (z; t) = Z dz0G(z � z0; t)F (z0; 0); (55)with some arbitrary fun
tion F , implyingG(z; t) = Æ(z + At): (56)We have shown that the phase, group, 
hara
teristi
 and Green's fun
tion speed forAbbott waves all agree.The situation seems 
lear, but isn't.No Abbott waves for pure absorption. In a landmark paper, Owo
ki & Rybi
ki(1986) derived the Green's fun
tion for pure absorption line 
ows subje
t to the for
e(1,1). Taking the Sobolev limit in this Green's fun
tion, upstream propagatingAbbott waves are found.But this is impossible sin
e, for pure absorption, photons propagate only downstreamand an upstream radiative mode 
annot exist. Indeed, the bridging law (Owo
ki& Rybi
ki 1984) whi
h is used in deriving this Green's fun
tion is the sum of adelta fun
tion term, expressing de-shadowing instability, and a Heaviside fun
tion,expressing downstream shadowing of wind ions 
aused by velo
ity perturbations.To derive Abbott's upstream mode from this downstream-only bridging law is a
ontradi
tion.The resolution was given by Owo
ki & Rybi
ki (1986), who demonstrated that twolimits do not 
ommute in the Green's fun
tion analysis: the Sobolev limit � ! 1for long perturbation wavelengths; and the 
ontinuum limit Pk ! R dk in Fouriertransforms of lo
alized fun
tions. Taking the Sobolev limit �rst, their eqs. (C1, C2)give the same Green's fun
tion for inward propagating Abbott waves as we derivedabove, G(z; t) = Æ(z + At). If, instead, the 
ontinuum limit is taken �rst (theireqs. B10, C3, C4) and only then the Sobolev limit,G(z; t) = 1Xn=0 (At)nn! � ddz�n Æ(z): (57)Formally, this is the Taylor series expansion of a delta fun
tion, G(z; t) = Æ(z+At).The paradox is burried and resolved at this point. The latter equation expressesÆ(z+At), whi
h is peaked at z = �At, in terms of derivatives of Æ(z), whi
h vanishexa
tly at z = �At for t > 0! The series (57) must be taken as it stands. Applying(57) to an arbitrary initial perturbation F (z0; 0) using (55),F (z; t) = 1Xn=0 (At)nn! dnF (z; 0)dzn : (58)



51Hen
e, F (z; t) is 
onstru
ted from F (z; 0), F 0(z; 0), F 00(z; 0), F 000(z; 0), et
. alone,from pure initial 
onditions at the lo
ation z under 
onsideration. No paradoxo

urs, there are no Abbott waves, only lo
al information is used. The Abbottspeed A is a mere 
onstant, without deeper physi
al signi�
an
e.In
luding s
attering. To the present author, this indi
ates that a bigger frameexists whi
h 
ontains the spe
ial 
ase of pure absorption, and gives physi
al mean-ing to A. This is a
hieved when s
attering is in
luded. Indeed, numeri
al Green'sfun
tion experiments for SSF and EISF for
es show an upstream propagating Ab-bott front (Owo
ki & Puls 1999). However, due to mathemati
al diÆ
ulties, theGreen's fun
tion for 
ows driven by line s
attering was not derived analyti
ally sofar. And some authors doubt the physi
al relevan
e of Abbott waves and the CAK
riti
al point at all, suggesting that they are artefa
ts of the Sobolev approximation(Lu
y 1998). Using an ingenious argument, Lu
y (1975) avoided the 
riti
al pointsingularity (0/0) in a numeri
al quadrature of the Euler equation. He used di�er-ent numeri
al representatives for dv=dr in the adve
tion term and in the Sobolevline for
e. The argument is that dv=dr in the adve
tion term is a true di�erential,whereas dv=dr in the line for
e means the velo
ity di�eren
e over the �nite Sobolevzone. We adopt here the standpoint: in numeri
al simulations whi
h apply theSobolev, SSF, or EISF approximation, Abbott waves must be a

ounted for in theCourant time step and (outer) boundary 
onditions. Yet, the physi
al relevan
e ofAbbott waves remains to be stri
tly proven by a Green's fun
tion analysis in
ludings
attering.Courant time step and outer boundary 
onditions. In simulations publishedso far, Abbott waves are not in
luded in the Courant time step, but only soundwaves are. We saw above that Abbott waves de�ne the upstream 
hara
teristi
sof line driven winds. Therefore, they determine the numeri
al time step. If notproperly a

ounted for, Abbott waves 
ause numeri
al runaway.Furthermore, out
ow boundary 
onditions are assumed in the literature on theoutermost mesh point. All 
ow quantities are extrapolated from the interior meshto the boundary. This is wrong for sub-abbotti
 shallow solutions, for whi
h Abbottwaves enter through the outer boundary. Applying out
ow 
onditions may drive thesolution to the 
riti
al one, whi
h is super-abbotti
 at the outer boundary, hen
e
onsistent with out
ow extrapolation [8℄.To maintain shallow solutions, on the other hand, an outer boundary 
onditionmust be applied instead of extrapolation. When Abbott waves are in
luded in theCourant time step and non-re
e
ting boundary 
onditions are used, we �nd thatshallow solutions are numeri
ally stable [9℄. Non-re
e
ting boundary 
onditionsannihilate any in
oming waves (the boundary 
ondition is: `no waves'). Even initial
onditions whi
h depart strongly from a shallow wind, e.g., a linear velo
ity law,
onverge to a shallow solution.We now turn the argument around: on
e numeri
al stability of shallow solutions isa
hieved, this allows to expli
itly introdu
e 
ow perturbations on the interior mesh(away from boundaries) in a 
ontrolled way, and to study their evolution, espe
iallystability. We �nd that a new runaway me
hanism exists, whi
h is 
aused by Abbott



52waves [8, 10℄. In older simulations whi
h applied out
ow boundary 
onditions anddid not a

ount for Abbott waves in the Courant time step, this physi
al runawaywas totally outgrown by numeri
al runaway, and therefore not dete
ted.Negative velo
ity gradients. The new, physi
al runaway o

urs in regions wherethe wind de
elerates, v0 < 0. The Sobolev for
e is `blind' to the sign of v0. Allwhat 
ounts is the relative Doppler shift between neighboring gas par
els, whi
hdetermines the width of the Sobolev resonan
e zone. The Sobolev line for
e isthen generalized to gl = 2�pjv0j=�, where � = 1=2 is still assumed. However,
ow de
eleration implies a non-monotoni
 velo
ity law, and multiple resonan
eso

ur. The in
ident light is no longer given by the photospheri
 
ux alone, and the
onstants K in (25) or 2� above be
ome velo
ity dependent. Rybi
ki & Hummer(1978) generalized Sobolev theory to a

ount for non-monotoni
 velo
ity laws. Whileintrodu
ing interesting, non-lo
al aspe
ts to Abbott waves (a
tion at a distan
e!),the method of Rybi
ki & Hummer is not analyti
ally feasible, and we do not 
onsiderit further here. Instead, besides the purely lo
al for
e gl � pjv0j we also 
onsidergl � pmax(v0; 0): all in
ident light is assumed here to be 
ompletly absorbed atthe �rst resonan
e. The true line for
e should lie between these extremes.For gl �pjv0j, the Euler equation has 
hara
teristi
 form(�t + A�z) v0� = �g0� ; where A = v � �p��v0 (59)is the Abbott speed in the observers frame. The upper resp. lower sign applies forv0 > 0 resp. v0 < 0. Therefore, if the 
ow swit
hes from a

eleration to de
eleration,Abbott waves turn from propagating upstream (� 
hara
teristi
) to propagatingdownstream (+ 
hara
teristi
).For gl �pmax(v0; 0), the 
hara
teristi
 Euler equation for v0 < 0 is,(�t + v�z) v0� = �g0� (v0 < 0): (60)Sin
e the line for
e vanishes, this is just the ordinary Euler equation at zero soundspeed. The upstream Abbott wave turns here into an upstream sound wave. Notethat a reversal into a downstream (Abbott) wave does not o

ur. We 
on
lude thatfor both types of line for
e, regions v0 < 0 
annot 
ommuni
ate with the base atz = 0. Abbott (and sound) waves whi
h originate in these regions propagate onlyoutward.x11 Abbott wave runawayFigure 10, whi
h is taken from [8℄, shows runaway of a shallow wind velo
ity lawwhen a sawtooth-like perturbation of amplitude Æv and period T is applied at a �xedposition z = 2 (at one mesh point) at all times. The amplitude Æv is suÆ
ientlylarge that negative v0 results.The sequen
e of events whi
h lead to runaway should be as follows [8, 10℄: duringthe half-period of negative velo
ity perturbations, the slope v0 < 0 is to the left (at
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Figure 12: Abbott wave runaway for a shallow wind velo
ity law (upper panel), andstable Abbott wave propagation along the 
riti
al CAK solution (lower panel). The
riti
al point lies at x = 1.smaller z) of the slope v0 > 0. Regions with v0 < 0 propagate outwards, regionswith v0 > 0 inwards. Hen
e, the two slopes approa
h and annihilate ea
h other,leaving an essentially unperturbed velo
ity law. In some more detail: the sawtoothperturbation Æv is established via many small, roughly 
onstant dv � Æv appliedover many time steps dt� T . During the negative half wave �Æv, at ea
h time stepdt, �dv is applied, and largely annihilates itself during the subsequent `adve
tion'step of the numeri
al s
heme. The total velo
ity perturbation after T=2 is not theperturbation amplitude Æv, but roughly 0! Opposed to this, over the half-periodT=2 when Æv > 0, the slope v0 < 0 is to the right of the slope v0 > 0. The two slopesmove apart. The gas in between gets rare�ed (is `stret
hed') at roughly 
onstantspeed. (This 
orresponds to a 
entered rarefa
tion wave.) At the next time step,dv is 
reated atop of this region. Over the half-period T=2, the full perturbationamplitude Æv builds up.This is shown in the �gure: the negative half wave of the sawtooth annihilatesitself, leaving an unperturbed velo
ity law; the positive half wave is ex
ited at theintended amplitude, and spreads upstream and downstream throughout the wind.Asymmetri
 evolution, or runaway, of the wind velo
ity towards larger speeds resultsover a full period. Note that the runaway is not 
aused by wave growth, as in a
uid instability, but by missing negative velo
ity perturbations to 
ompensate for



54positive perturbations.The same runaway is also found by introdu
ing a train of sawtooth-like perturbationsin the initial 
onditions, and let them evolve freely, without introdu
ing furtherperturbations at later times. This is shown in Figure 5 of paper [10℄. Neighboringslopes approa
h and separate in the way des
ribed above, whi
h leads to asymmetri
evolution of the wind velo
ity law towards larger speeds.x12 Overloaded windsGeneralized 
riti
al points. The runaway stops when Abbott waves 
an no longerpropagate inwards, after a 
riti
al point formed in the 
ow. If the perturbationsour
e is lo
ated above the CAK 
riti
al point, the wind undergoes runaway until itrea
hes the CAK solution. The perturbation site 
omes to lie on the super-abbotti
portion of the velo
ity law. Phases v0 > 0 and v0 < 0 of the perturbation 
y
le
ombine then to a smooth, outward-propagating Abbott wave, as shown in the�gure.The perturbation sour
e is not required to lie at �xed z. Even when moving outwardswith the lo
al wind speed or faster, it 
an ex
ite Abbott waves whi
h propagateinwards in the observers frame, and therefore alter the whole inner 
ow.For 
oherent perturbations below the CAK 
riti
al point, runaway does not ter-minate at the 
riti
al solution [8℄. The perturbation site is sub-abbotti
 on the
riti
al solution, and Abbott waves 
an further penetrate to the wind base. Thewind evolves towards a velo
ity law whi
h is steeper than the 
riti
al one. The windbe
omes overloaded, m > 1. The runaway 
ontinues until a generalized (non-CAK)
riti
al point, za, forms as a barrier for Abbott waves.What are these generalized 
riti
al points, za? To see this, we set the (stationary)Abbott speed (39) to zero, Aa = va(1 �pg
=mw0a) = 0, giving mw0a = g
. Thisshows that the square root in the solution for w0 in (28) vanishes, and a steep andshallow solution merge. Besides at the CAK 
riti
al point, this happens only alongoverloaded winds, when a shallow solution bends ba
k towards smaller z on thesteep bran
h. Below this lo
ation, the Euler equation has two real solutions, aboveit has two imaginary solutions. Physi
ally, this means that in the proximity of theCAK 
riti
al point, whi
h is the bottlene
k of the 
ow, the line for
e 
an no longerbalan
e gravity, and the wind starts to de
elerate. The two real solution bran
hesreappear at some height above the 
riti
al point.Stationary overloading: kinks. Therefore, at za the wind jumps to the de
el-erating bran
h, v0 < 0. In Sobolev approximation, the jump is sudden and 
ausesa kink in the velo
ity law. Sin
e v0 < 0 on the de
elerating bran
h, Abbott wavespropagate outwards beyond za, hen
e za is a wave barrier [8℄.We have arrived at the somewhat strange 
on
lusion of a stationary solution withkinks. As mentioned before (page 30 and 45), kinks and other high-order (or weak)dis
ontinuities of hydrodynami
 variables lie on 
hara
teristi
s, i.e., move at 
har-a
teristi
 speed. This is true for the present kink, whi
h moves at 
hara
teristi
Abbott speed Aa = 0.



55Time-dependent overloading: sho
ks and shells again. Sin
e z
 lies at thegravity maximum, already small super-CAK mass loss rates 
ause broad de
elerationregions. In pra
ti
e, for mass loss rates only a few per
ent larger than the CAKvalue, the de
eleration regime is so broad that negative speeds result. Stationarysolutions are then no longer possible, as upwards streaming wind gas 
ollides withfalling gas. For a periodi
 perturbation sour
e in the wind, numeri
al simulationsshow the o

uren
e of a train of sho
ks and shells in the wind, whi
h still propagatesoutwards. This is shown in Fig. 8 of [10℄.Does overloading o

ur in nature? The dis
ussion so far is idealized sin
e itassumes 
oherent perturbation sour
es in the wind. Perturbations with a �nite lifetime should still lead to `pie
ewise' runaway, ea
h perturbation lifting the wind to aslightly faster, shallow solution. The wind waits on the new, stable shallow solutionuntil the next perturbation lifts it further.The outer wind seems to be the natural seat for runaway perturbations, sin
e v0 < 0is easily ex
ited on the outer, 
at velo
ity law. We spe
ulate that in nature, runawayperturbations are most prevalent above the CAK 
riti
al point and drive the windtowards the 
riti
al, not an overloaded solution [10℄. In support of this we add thatnot even the strong de-shadowing instability leads to signi�
ant wind stru
ture belowthe 
riti
al point, whi
h 
ould a
t as runaway perturbation towards an overloadedsolution.Still, there remains a slight 
han
e that overloading o

urs in real winds. Mostnotably, Lamers (1998, private 
ommuni
ation) reports on a broad region in thewind of the luminous blue variable P Cygni, whi
h is indi
ative of 
ow de
eleration;and therefore, possibly, of overloading.Instability vs. runaway. We 
lose this 
hapter with a brief summary of the`driving agents' of wind dynami
s in the last two 
hapters: de-shadowing instabilityand Abbott wave runaway. The de-shadowing instability is a true 
uid instability(an ampli�
ation 
y
le) whi
h a
ts on in�nitesimal velo
ity perturbations. Evenperturbations of short duration will lead to pronoun
ed, non-linear 
ow stru
turewhi
h is adve
ted outwards with the wind. In Sobolev approximation, the instabilityo

urs from se
ond order on (in
luding velo
ity 
urvature terms). Abbott waverunaway, on the other hand, requires �nite amplitude perturbations, sin
e v0 < 0 isrequired. There is no ampli�
ation 
y
le, but only a kind of perturbation `�ltering'as 
onsequen
e of the asymmetry of the line for
e with respe
t to the sign of v0.Negative velo
ity perturbations annihilate themselves, and give way to systemati

ow a

eleration towards the 
riti
al solution. The runaway requires persistentperturbations. Yet, it o

urs already in �rst order Sobolev approximation.We should also mention that the present, hydrodynami
 runaway is not related tothe plasma runaway 
aused by fri
tional de
oupling of line driven metal ions anddragged-along protons (Springmann & Pauldra
h 1992). Still, a 
onne
tion mayexist between these two runaways: Krti
ka & Kub�at (2000) report that fri
tionalde
oupling in thin winds may a
tually be prevented by the wind jumping to a slowsolution with shallow velo
ity gradient. Issues of Abbott wave propagation andmultiple solution bran
hes be
ome again interesting in these two-
omponent 
uids.



56CHAPTER 4: DISK WINDSLine driven winds from a

retion disks are a relatively new resear
h area, withquantitative modeling starting in the mid 80ies (Shlosman et al. 1985; Weymannet al. 1985). Disk winds are fas
inating be
ause of the ri
hness of their environ-ments, in
luding quasars, Seyfert galaxies, 
ata
lysmi
 variables, and protostars. Inthese environments, high-energy parti
le pro
esses, magneti
 �elds, 
oronae, jets,a

retion-dominated adve
tion, 
ompa
t obje
ts, hot boundary layers, and dust for-mation play important roles.Theoreti
al modeling of line driven disk winds is still in its infan
y. In the present
hapter, we treat �rst a simple, analyti
 model [6, 7℄ for line driven winds from
ata
lysmi
 variables. Observational eviden
e for line driving is almost unequivo
alin these obje
ts. In later se
tions, we dis
uss winds from magnetized a

retiondisks, mainly aimed at young protostellar obje
ts and 
ata
lysmi
 variables. Here,interplay of three driving for
es (
entrifugal, Lorentz, and line for
e) leads to anintri
ate wind dynami
s.x13 Analyti
al model1-d des
ription, 
ux and gravity. We set up a simpli�ed, 1-D model for station-ary, line driven winds from thin a

retion disks (no self-gravity) in 
ata
lysmi
 vari-ables (CVs). These systems 
onsist of a white dwarf and a late-type main-sequen
e
ompanion, the latter �lling its Ro
he lobe. We 
onsider �rst non-magneti
 sys-tems (DQ Her 
lass), where the a

retion disk should (almost) rea
h the 
ompa
tobje
t. The 
learest indi
ation of line driving 
omes from the fa
t that dwarf no-vae develop P Cygni line pro�les during outburst (Krautter et al. 1981; Klare etal. 1982; C�ordova & Mason 1982). Hen
e, the disk radiation �eld and wind are
ausally 
onne
ted.A number of approximations is made. First, we assume that the disk is geometri
allythin, a plane of zero width indeed. We assume that the basi
 CAK formalism(Sobolev line for
e; statisti
al line distribution fun
tion) applies for these obje
ts.Our 
entral assumption is that ea
h heli
al wind traje
tory lies in a straight (yet,not verti
al) 
one. This is sket
hed in Figure 13.A realisti
 approximation for the temperature run with radius q in the disk is T �q�1=2 (Horne & Stiening 1985; Rutten et al. 1993), slightly shallower than the famosT � q�3=4 of Shakura & Sunyayev (1973). We assume that the disk is opti
ally thi
k,and that the radiation �eld at ea
h radius is that of a bla
k body. The radiative
ux, F, above a disk with T � q�1=2 
an be derived in 
losed form in 
ylindri
al
oordinates [6℄,F(r; z) = (Fr; Fz) = �I(r; 0) r2 zr2 + z2 ��3r2 � z2 � q22rpB � rz2 + r2 lnC; 3z2 � r2 + q22zpB � zz2 + r2 lnC�����rdq=rwd ; (61)
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Figure 13: Flow geometry in a semi-analyti
 model of line driven winds from a
-
retion disks in 
ata
lysmi
 variables. The heli
al streamlines are assumed to lie instraight 
ones. Only the velo
ity 
omponent vl along the 
one is solved for. Thetilt angle, �, of the 
one with the disk is a fun
tion of radius, and is derived as aneigenvalue.where rwd is the white dwarf radius, rd the outer disk radius, andB = (r2 + z2 � q2)2 + 4z2q2;C = (z2 � r2)q2 + (z2 + r2)2 + (z2 + r2)pBq2 : (62)The 
ux iso
ontours are shown in Figures 3 and 4 of [6℄. We adopt again the (`radialstreaming') approximation that only velo
ity gradients along the 
ow dire
tion areimportant. A qualitatively new feature of disk winds is their run of e�e
tive gravitywith height, i.e., gravity after subtra
tion of the 
entrifugal for
e. In the disk plane,e�e
tive gravity is zero due to Kepler balan
e. E�e
tive gravity in
reases linearlywith height, rea
hes a maximum, and drops o� with r�2 far from the disk. Theexa
t formula is given in equation (9) of [6℄.At �rst, it was thought that the existen
e of a gravity maximum makes a standardCAK 
riti
al solution for disk winds impossible, and that ionization gradients haveto be in
luded (Vitello & Shlosman 1988; [7℄). The argument was that, be
ause ofzero e�e
tive gravity in the disk, a too large mass is laun
hed. Higher up in thewind, the line for
e 
annot 
arry the gas over the gravity hill, and the gas falls ba
kto the disk. From the dis
ussion in the last 
hapter we see why this argument doesnot apply. While the 
riti
al point (at �nite height) is indeed the bottlene
k of the
ow, Abbott waves 
an adjust the disk (whi
h is the wind base) to the 
orre
t,maximum possible mass loss rate.Wind tilt angle as an eigenvalue. In the terminology of the Lavalle nozzle, thee�e
tive `area fun
tion' along a wind ray is f 2=g, if � = 1=2. Here, f and g are the



58radiative 
ux and e�e
tive gravity, respe
tively, normalized to their footpoint valuesin the disk. The tilt angle, �, of the straight wind 
one (with length 
oordinate l)with the disk midplane is found as a se
ond eigenvalue, besides the mass loss rate.For ea
h disk ring, the 2-D eigenvalue problem is posed as,d _M = Cmax� minl f 2g : (63)Here, d _M is the mass loss rate from the ring, and C is a 
onstant. We sear
h forthe maximum mass loss rate with respe
t to �, whi
h 
an be driven through thebottlene
k. Hen
e, the minimum must be taken with respe
t to l. Equation (63)de�nes a new saddle point in the l� plane, besides the standard CAK saddle in thelw0 plane.Iso
ontours of f 2=g above an a

retion disk are shown in Figures 6 and 9 of [6℄.Opposed to the stellar wind 
ase, the solution topology is rather intri
ate here,with multiple saddles and extrema. This is a familiar situation for 
ompli
ated areafun
tions, and is also en
ountered when one allows for energy and momentum inputat �nite height in the solar wind (Holzer 1977).We �nd that the a

retion disk wind undergoes a rather sudden transition, at about4 white dwarf radii in the disk, from steep tilt angles of only 10 degrees with thedisk normal, to tilt angles of 30 to 40 degrees with the normal. The overall windgeometry is shown in Fig. 10 of [6℄. The wind is strongly bi-
oni
al everywhere,whi
h is one of the main dedu
tions from kinemati
 model �ts to observed P Cygniline pro�les (Shlosman & Vitello 1993).Mass loss rates. The mass loss rate from the disk is obtained by integrating overall rings. For � = 1=2, this 
an be written as,_M = 
1(g)
2(f) Q� L
2 : (64)Here, L is the disk luminosity, and L=
2 is the mass loss due to a single, opti
allythi
k line (the photon mass 
ux!), Q � 2000 is an e�e
tive os
illator strength(Gayley 1995), and � is the disk Eddington fa
tor. The 
orre
tion fa
tors 
1 and 
2a

ount for the run of gravity and radiative 
ux. 
1 = 
2 = 1 gives the mass lossrate from a point star. For a thin a

retion disk, we �nd in [6℄ that 
1 = 3p3=2.This is larger than unity sin
e 
entrifugal for
es assist in laun
hing the wind. 
2 hasto be 
al
ulated numeri
ally, and is also � 1.We en
ounter the problem that mass loss rates from the above formula are one to twoorders of magnitude smaller than values derived from P Cygni line �ts ([7℄; Vitello& Shlosman 1993; Knigge, Woods, & Drew 1995). Here, the values for _M obtainedfrom �tting were already revised downwards, for the following reason. In the originalline �t pro
edure, individual disk rings were assumed to have a bla
kbody spe
trum(as we did above). The strong Lyman 
ontinuum, however, leads then to largeionization rates, whi
h must be balan
ed by large re
ombination rates, or large _M .If realisti
 spe
tra (Long et al. 1991, 1994) with suppressed (or missing) Lyman
ontinua are used instead, _M 
an be redu
ed by roughly one order of magnitude,while maintaining the ionization parameter.



59Still, there remains the dis
repan
y noted above, between 
al
ulated and observa-tionally dedu
ed mass loss rates. One possible resolution of this problem is thatdistan
es and luminosities of CVs are systemati
ally underestimated (Drew, Proga,& Oudmaijer 1999). Furthermore, the all-de
isive parameter Q was so far only 
al-
ulated for dense O star winds. The di�erent spe
tral shapes of a

retion disks, andionization e�e
ts like the bistability jump (Pauldra
h & Puls 1990) may 
ause largerQ values in a

retion disks than in O stars. The strongest 
andidate, however, forresolving the dis
repan
y is the usual suspe
t: magneti
 �elds.x14 Numeri
al modelThe analyti
 model dis
ussed so far is one dimensional, assuming straight wind
ones. First time-dependent, numeri
al 2-D simulations of line driven winds froma

retion disks were performed by Proga, Stone, & Drew (1998). Their windrays are surprisingly straight in the polar plane (rz plane), and mass loss ratesagree well with the above values. A new result from numeri
al simulations isthe o

uren
e of wind streamers. The wind above the disk is stru
tured into al-ternating dense and rare�ed regions. The dense streams propagate radially out-wards, with a speed relative to the disk whi
h is proportional to the lo
al Keplerspeed. During this motion, the angle between dense streamer and disk be
omesever shallower. This is shown in Fig. 14. A movie 
an be found at internet URLhttp://www.astro.physik.uni-potsdam.de/�afeld). The o

uren
e of alternat-ing dense and rare�ed regions is most probably related to mass overloading.

Figure 14: Dense streamers in a line driven wind above a 
ata
lysmi
 variable disk(log density, dense regions in bla
k). The white 
one around the disk axis is a nearlygas free region with very fast par
els.



60x15 Magnetized line driven windsWe turn to a

retion disks whi
h are threaded by external magneti
 �elds. This
ould be the 
ase in CVs (so-
alled polars or AM Her systems), young stellar obje
ts(YSOs), and quasars. Our present simulations aim at the �rst two 
lasses of obje
tsonly. The results are still preliminary, and mu
h work remains to be done. Themodels were 
al
ulated using the publi
ally available Zeus 2-D MHD 
ode (Stone& Norman 1992a,b), augmented by an own, Sobolev line for
e routine (Feldmeier,Drew, & Stone, in preparation).Boundary 
onditions. The out
ome of numeri
al hydrodynami
 simulations de-pends strongly on the applied boundary 
onditions. We must, therefore, dis
ussboundary 
onditions in some detail. The reader interested mainly in results on diskwinds may skip over the next few paragraphs, to the se
tion entitled `magnetizedwind s
enarios'.For the present dis
ussion, we 
hose again 
ylindri
al 
oordinates (in the 
ode, how-ever, spheri
al 
oordinates are used, to avoid stair
asing of the stellar surfa
e). Onthe polar axis, anti-re
e
ting boundary 
onditions are used. Empiri
ally, one �ndsthat above the `dark star' (both in CVs and YSOs, stellar UV 
uxes are negligible),an essentially gas-free 
one forms near the polar axis. The highly rare�ed gas inthe 
one is a

elerated to large speeds (a `steep' CAK solution is adopted), andthe Alfv�en speed, vA = B=p4��, is very large in this 
one. Both e�e
ts limit theCourant time step. To avoid e�e
tive stopping of the 
ode, we let an arti�
ial, ver-ti
al ram pressure jet originate on the star (Krasnopolsky, Li, & Blandford 1999).Along the stellar surfa
e and the outer mesh boundary 
ir
le, in
ow resp. out
owboundary 
onditions are 
hosen. Note that out
ow boundary 
onditions are wrong
lose to the disk plane, below the Alfv�en surfa
e, and exert arti�
ial for
es on thewind (Ustyogova et al. 1999). Future work has to a

ount for this.Remains the disk itself. The inner disk stru
ture is not resolved in our simula-tions (a
tually, zero sound speed is assumed), hen
e the disk is a simple, planarboundary. Given are a total of 7 hydrodynami
 �elds: �; vz; vr; v�; Bz; Br; B�, minusone 
onstraint, divB = 0. Hen
e, 6 wave modes result: 2 poloidal and 2 toroidalAlfv�en waves, and 2 magnetosoni
 waves (up- and downstream mode in ea
h 
ase).Some of these waves are modi�ed by the radiative line for
e. For simpli
ity, however,we keep their above names, with the one ex
eption of the fast magnetosoni
 mode,whi
h is termed a magnetoabbotti
 mode from now on.By assumption, the disk shall be supersoni
, subabbotti
, and subalfv�eni
. Then 1poloidal, 1 toroidal Alfv�en mode and the slow magnetosoni
 mode enter the meshfrom the disk, and 1 poloidal, 1 toroidal Alfv�en mode and the fast magnetoabbotti
mode enter the disk from the mesh. Hen
e, 3 extrapolations 
an be applied onthe disk boundary, and 3 boundary 
onditions must be spe
i�ed. For the poloidal
omponents of the gas speed and magneti
 �eld, we follow largely Krasnopolsky etal. (1999). Here, spe
ial 
are is taken to avoid kinks when magneti
 �eld lines enterthe disk. These kinks would 
ause arti�
ial 
urrents and for
es. We do not followKrasnopolsky et al. (1999) in 
ase that gas falls ba
k to the disk. In 
ontrast totheir reasoning, this should only a�e
t the slow magnetosoni
 mode.



61Remain the toroidal �elds v� and B�. With regard to the toroidal Alfv�en mode,one extrapolation and one boundary 
ondition have to be applied. We �x v� to bethe Kepler speed. This avoids dramati
 events of sub-Keplerian gas falling towardsthe 
entral obje
t, whi
h are en
ountered when v� is left free (U
hida & Shibata1985; Stone & Norman 1994). B� is extrapolated. This 
auses a problem, sin
eLorentz for
e terms � �(rB�)=�r o

ur in the Euler equation for v�. For B� 6= 0,v� does generally not agree with the Kepler speed. We pro
eed by postulatingB� � 1=r in the disk (Ouyed & Pudritz 1997a,b). Whereas the latter authors leavethe toroidal disk �eld 
onstant at all times, we 
al
ulate, at ea
h time step, �B� asaverage of B� on the �rst mesh row above the disk. Within the disk (boundary),we set B� = �B�R=r, where R is a free parameter.This introdu
es an in�nite signal speed, sin
e averaging B� over the whole disk sur-fa
e, at ea
h time step, implies instantaneous 
ouplings. Still, the above pro
edureworks well empiri
ally, and B� evolves smoothly in both r and z dire
tion. By
ontrast, simulations assuming B� = 0 in the disk 
rash.Magnetized wind s
enarios. As should be 
lear from this lengthy dis
ussion,B� is of 
entral importan
e in our simulations. We do not assume a magneti
allydominated, 
o-rotating, for
e-free 
orona a priori. If a strong, line driven 
ow islaun
hed from the disk, the angular-momentum 
onserving gas par
els may insteaddrag the magneti
 �eld along, building up a strong toroidal �eld.There exist two 
omplementary, magneto
entrifugal wind s
enarios. In the modelof Blandford & Payne (1982), rigid poloidal �eld lines in a 
o-rotating 
orona a
tas lever arms transferring angular momentum to the gas. There a
t no Lorentzfor
es in the laun
hing region of the wind. In the model of Contopoulos (1995), onthe other hand, verti
al gradients of a toroidal �eld, B�, 
ause non-vanishing 
url(pointing towards the 
entral obje
t), and a Lorentz for
e rotB��B� whi
h pointsverti
ally upwards, see Figure 15. The generation of dominant, large s
ale toroidal�elds in disk-plus-
orona simulations is treated in Miller & Stone (2000) and Elstner& R�udiger (2000).Model 1: a pure Lorentz wind. First, we 
onsider a pure Contopoulos s
enario.The disk has an Eddington fa
tor of 10�2, whi
h is appropriate for CVs and YSOs.The poloidal �eld is set to zero. A temporally 
onstant, toroidal �eld whi
h dropso� as r�1 is 
hosen in the disk. Note that a pure toroidal �eld has no Alfv�en point.Physi
ally, it is still meaningful to assume that the 
ow is superalfv�eni
, in that aninitially poloidal �eld got wound-up, above the Alfv�en point, into the toroidal �eld.Therefore, both B� and v� are now �xed in the disk. The toroidal �eld strength istaken from model 2: the present model 1 serves mainly as a simple referen
e framefor the more intri
ate model 2. From the 
al
ulation we �nd that just above the disk,the verti
al Lorentz for
e is a few times larger than the line for
e. Hen
e, the windis essentially magneti
ally laun
hed, i.e., a Contopoulos 
ow. Still, the mass lossrate is almost exa
tly that of a non-magneti
 model dis
ussed in the last se
tion.The explanation is simple: sin
e the 
ow starts superalfv�eni
, the CAK 
riti
alpoint is the only 
ow bottlene
k, and determines the mass loss rate { whatever for
elaun
hes the wind.
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Figure 15: Two basi
 s
enarios for magnetized disk winds, laun
hed either bypoloidal (left) or toroidal (right) magneti
 �elds. To apply the right-hand rulein the latter 
ase, a 
onstant B�;0 should be added to the toroidal �eld, whi
h leavesthe 
url unaltered.Model 2: magneti
 eddies. Next, we 
hose a purely line driven models from theforegoing se
tion as initial 
onditions (regularly spa
ed, dense streamers alternatingwith rare�ed regions). A poloidal magneti
 �eld is swit
hed on slowly, assumingexponential growth. The �eld is initially axisymmetri
, Br = 0. However, the�eld lines get tilted in time and get wound-up, 
reating Bz and B� 
omponents.Typi
ally, we �nd toroidal �elds whi
h, at the rim where the a

retion disk tou
hesthe stellar surfa
e, are 20 times stronger than the poloidal �eld. For a not-too bigdisk, B� is still the dominant �eld 
omponent at the outer disk rim, only droppingo� as r�1. With B� dominating, one expe
ts that the mass loss rate is still the oneof model 1. Instead, it is 20 times larger!The reason is apparently the following. In model 2, the B� bulge or wedge abovethe disk rea
hes to signi�
antly larger heights than in model 1. The Lorentz for
e
an assist then in over
oming the 
riti
al point, and the mass loss rate in
reases.Why is the B� bulge broader in model 2? This model shows a pronoun
ed vortexsheet in the toroidal magneti
 �eld and gas speed, as is shown in Fig. 11. The eddiesare shed-o� from the disk-star rim, and 
arry the B� 
omponent to larger heightsabove the disk than in model 1. Indeed, the B� bulge extends now to the top of thespinning eddies.The plasma gun, and other open questions. What is the origin of the vortexsheet? It is known from plasma physi
s that toroidal �elds are often unsteady andundergo periodi
 
y
les of �eld build-up and unloading. This is 
alled a `plasmagun'. We spe
ulate that this is the origin of the present �eld eddies, too. Futurework has to 
larify this issue.Other issues whi
h shall be addressed in future work are: 1. Will a Contopouloswind still form when a Blandford & Payne wind is laun
hed right from model start?Instead of an initially axisymmetri
 �eld, tilt angles > 30 degrees with the disknormal shall here be assumed for the initial, poloidal �eld. 2. In present simulations
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Figure 16: Eddies in the poloidal magneti
 �eld above an a

retion disk with smallEddington fa
tor. The unit ve
tor at the top right 
orresponds to 1 Gauss.the Alfv�en surfa
e `dives' periodi
ally into the disk before it rea
hes the 
entralstar. This seems to be related to the shedding-o� of magneti
 eddies. 3. Riemannboundary 
onditions shall be applied along v�; B� 
hara
teristi
s, instead of theabove, rather arti�
ial boundary 
onditions averaging B� over the disk.As was already mentioned, the present models are �rst steps only. They seem,however, to keep the basi
 premise that magneti
 �elds 
an lead to in
reased massloss rates in disk winds. These models shall also help to 
larify whether magneti
�elds 
an provide 
on�nement of line driven quasar winds, in order to prevent over-ionization by 
entral sour
e radiation (deKool & Begelman 1995); and whetherline driving 
an over
ome problems with laun
hing magneto
entrifugal winds froma

retion disks. The latter problems were dis
ussed in an important paper by Ogilvie& Livio (1998).



64Outlook and A
knowledgmentsWith the book \Foundations of Radiation Hydrodynami
s" by Mihalas & Miha-las re
ently being added to the Dover series of 
lassi
al s
ien
e texts, there seemsno further need to motivate \radiating 
uids" (a term 
oined by Mihalas & Miha-las). In astrophysi
al hydrodynami
s, radiation and magneti
 �elds are of similarimportan
e.Radiation hydrodynami
s splits into two bran
hes, a

ording to whether the 
owis driven by photon absorption in the 
ontinuum or in spe
tral lines. The former
lass in
ludes 
ows with Thomson s
attering on free ele
trons and `dusty winds'.The latter 
lass in
ludes winds from hot stars and a

retion disks, and is subje
t ofthe present writing. A simple, analyti
 approximation for the line for
e gl from apoint sour
e of radiation is found by assuming a power law line list and validity ofthe Sobolev approximation, giving gl � F ���1dv=dr��, with radiative 
ux F and0 < � < 1. Thus, gl depends non-linearly on the velo
ity gradient dv=dr and matterdensity �, and represents a truly new, hydrodynami
 for
e.New waves (termed Abbott waves) and a new instability (termed de-shadowinginstability) result from this new for
e, and are dis
ussed in Chapters 3 and 2, re-spe
tively. Abbott waves 
ould be responsible for shaping the velo
ity law of linedriven winds, by 
ausing a runaway towards the 
riti
al 
ow solution of Castor etal. (1975). The de-shadowing instability, on the other hand, is responsible for theformation of strong sho
ks and dense shells in the wind, and is probably the originof observed X-ray emission from O stars; initial doubts after �rst Chandra X-rayline observations seem to be over
ome. In Chapter 4, we gave a �rst glan
e at arather new area in line driven wind hydrodynami
s: a

retion disk winds, and wedis
ussed the interplay between radiative, Lorentz, and 
entrifugal for
es.What 
ould be interesting topi
s for future work? With regard to the de-shadowinginstability, all simulations so far are one-dimensional (with one puzzling ex
eption),and two-dimensional hydrodynami
 models are urgently missing. Line synthesis
al
ulations using 2-D hydrodynami
 models will allow to test our understandingof X-ray line formation and 
ertain aspe
ts of UV line variability. With regard toAbbott waves, the 
ontroversy whether they are an artefa
t of Sobolev theory isat present only partially over
ome by post-Sobolev, numeri
al simulations. A stri
tderivation of the Green's fun
tion in presen
e of line s
attering is missing. Finally,with regard to disk winds, some 
entral questions are the in
rease in mass lossrates by 
ombined magnetoradiative driving; magneti
 
ow 
on�nement to preventover-ionization by 
entral sour
e radation; and the amount of external disk vis
osity
aused by the wind.With all these questions still being unanswered, line driven wind hydrodynami
sappears to be a promising �eld for future resear
h.And now enough has been said (Aquinas, Sum. Theol., p. II.1, q. 114, a. 10). Almost.It is my pleasure to thank Janet Drew in London, Wolf-Rainer Hamann in Potsdam,Rolf-Peter Kudritzki in Hawaii, Colin Norman in Baltimore, Stan Owo
ki in Newark,Adi Pauldra
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him Puls, and Christian Reile in Muni
h, and Isaa
 Shlosmanin Lexington for many stimulating dis
ussions, at bla
kboards and in restaurants.



65LiteratureAbbreviations of journals were adopted from the Astrophysi
s Data System.Abbott D.C. 1980, ApJ, 242, 1183Arav N. 1996, ApJ, 465, 617Baade D. & Lu
y L.B. 1987, A&A, 178, 213Baum E., Hamann W.-R., Koesterke L., & Wessolowski U. 1992, A&A, 266, 402Bergh�ofer T.W. & S
hmitt J. 1994, S
ien
e, 265, 1689Bergh�ofer T.W., Baade D., S
hmitt J., et al. 1996, A&A, 306, 899Bjorkman J.E. 1995, ApJ, 453, 369Bjorkman J.E. & Cassinelli J.P. 1993, ApJ, 409, 429Blandford R.D. & Payne D.G. 1982, MNRAS, 199, 883Blondin J.M., Kallman T.R., Fryxell B.A., & Taam R.E. 1990, ApJ, 356, 591Blondin J.M., Stevens I.R., & Kallman T.R. 1991, ApJ, 371, 684Cannon C.J. 1973, ApJ, 185, 621Carlberg R.G. 1980, ApJ, 241, 1131Cassinelli J.P. 1979, ARA&A, 17, 275Cassinelli J.P. & Hartmann L. 1977, ApJ, 212, 488Cassinelli J.P. & Swank J.H. 1983, ApJ, 271, 681Cassinelli J.P., Cohen D.H., Ma
Farlane J.J., Sanders W.T., & Welsh B.Y. 1994,ApJ, 421, 705Cassinelli J.P., Miller N.A., Waldron W.L., Ma
Farlane J.J., & Cohen D.H. 2001,ApJ, in pressCastor J.I., Abbott D.C., & Klein R.I. 1975, ApJ, 195, 157 (CAK)Chandrasekhar S. 1950, Radiative Transfer, Dover, New YorkChevalier R.A. & Imamura J.N. 1982, ApJ, 261, 543Cohen D.H., Cassinelli J.P., & Ma
Farlane J.J. 1997, ApJ, 487, 867Colella P. & Woodward R.P. 1984, J. Comp. Phys., 54, 174Conti P.S. & Ebbets D. 1977, ApJ, 213, 438Contopoulos J. 1995, ApJ, 450, 616Cooper R.G. 1994, Ph. D. thesis, Univ. DelawareCooper R.G. & Owo
ki S.P. 1992, ASPC, 22, 281C�ordova F.A. & Mason, K.O. 1982, ApJ, 260, 716Courant R. & Hilbert D. 1968, Methoden der Mathematis
hen Physik II, Springer,BerlinCox D.P. & Tu
ker W.H. 1969, ApJ, 157, 1157Cranmer S.R. & Owo
ki S.P. 1996, ApJ, 462, 469deJong J.A., Henri
hs H.F., & Kaper L. 2001, A&A, 368, 601deKool M. & Begelman M. 1995, ApJ, 455, 448Deubner F.-L. 1973, IAU Symp., 56Drew J., Proga D., & Stone J. 1998, MNRAS, 296, L6



66Drew J., Proga D., & Oudmaijer R.D. 1999, in: Variable and Non-spheri
al StellarWinds in Luminous Hot Stars, eds: Wolf B., Stahl O., & Fullerton A.W.,Springer, Berlin, p. 140Eislo�el J., Mundt R., Ray T.P., & Rodriguez L.F. 2000, in: Protostars and PlanetsIV, eds: Mannings V., Boss A.P., & Russell S.S., Univ. of Arizona Press,Tu
son, p. 815Elstner D. & R�udiger G. 2000, A&A, 358, 612Emmering R.T., Blandford R.D., & Shlosman I. 1992, ApJ, 385, 460Eversberg T., L�epine S., & Mo�at A.F. 1998, ApJ, 494, 799Feldmeier A., Norman C., Pauldra
h A., et al. 1997
, ASP Conf. Ser., 128, 258Field G.B. 1965, ApJ, 142, 531Friend D.B. & Abbott D.C. 1986, ApJ, 311, 701Fullerton A.W., Massa D.L., Prinja R.K., Owo
ki S.P., & Cranmer S.R. 1997, ApJ,327, 699Gaetz T.J., Edgar R.J., & Chevalier R.A. 1988, ApJ, 329, 927Gayley K.G. 1995, ApJ, 454, 410Gayley K.G. & Owo
ki S.P. 1994, ApJ, 434, 684Gayley K.G., Owo
ki S.P., & Cranmer S.R. 1995, ApJ, 442, 296Gayley K.G. & Owo
ki S.P. 1995, ApJ, 446, 801Gr�afener G., Hamann W.-R., & Koesterke L. 2000, ASPC, 204, 215Hamann W.-R. 1980, A&A, 84, 342Hamann W.-R. 1981a, A&A, 93, 353Hamann W.-R. 1981b, A&A, 100, 169Hamann W.-R. 1985, A&A, 148, 364Hamann W.-R. & Koesterke L. 1998a, A&A, 333, 251Hamann W.-R. & Koesterke L. 1998b, A&A, 335, 1003Hamann W.-R. & Koesterke L. 2000, A&A, 360, 647Harnden F.R., Branduardi G., Elvis M., et al. 1979, ApJ, 234, L51Hawley J.F., Smarr L.L., & Wilson J.R. 1984, ApJS, 55, 211Heap S.R., Boggess A., Holm A. 1978, Nature, 275, 385Hearn A.G. 1972, A&A, 19, 417Hearn A.G. 1973, A&A, 23, 97Hedstrom G.W. 1979, J. Comp. Phys., 30, 222Henri
hs H. 1986, PASP, 98, 48Henri
hs H., Gies D.R., Kaper L., et al. 1990, in: Evolution in Astrophysi
s, IUEAstronomy in the Era of New Spa
e Missions, p. 401Heyvaerts J. & Norman C.A. 1989, ApJ, 347, 1055Hillier D.J. 1984, ApJ, 280, 744Hillier D.J., Kudritzki R.P., Pauldra
h A., et al. 1993, A&A, 276, 117Hillier D.J. & Miller D.L. 1998, ApJ, 496, 407Holzer T.E. 1977, J. Geophys. Res., 82, 23Horne K. & Stiening R.F. 1985, MNRAS, 216, 933



67Igna
e R., Oskinova L.M., & Fullon C. 2000, MNRAS, 318, 214Innes D.E., Giddings J.R., & Falle S.A. 1987, MNRAS, 226, 67Kahn S.M., Leutenegger M.A., Cottam J., et al. 2001, A&A, 365, L312Kaper L., Hammers
hlag-Hensberge G., & Zuiderwijk E. 1994, A&A, 289, 846Kaper L., Henri
hs H., Ni
hols J., & Telting J. 1999, A&A, 344, 231Klare G., Wolf B., Stahl O., et al. 1982, A&A, 113, 76Knigge C., Woods J.A., & Drew J.E. 1995, MNRAS, 273, 225Koesterke L. & Hamann W.-R. 1995, A&A, 299, 503Koesterke L. & Hamann W.-R. 1997, A&A, 320, 91K�onigl A. 1989, ApJ, 342 208K�onigl A. & Pudritz R.E. 2000, in: Protostars and Planets IV, eds: Mannings V.,Boss A.P., & Russell S.S., Univ. of Arizona Press, Tu
son, p. 759Koninx J.P. 1992, Ph. D. thesis, Univ. Utre
htKrasnopolsky R., Li Z.Y., & Blandford R. 1999, ApJ, 526, 631Krautter J., Vogt N., Klare G., et al. 1981, A&A, 102, 337Krolik J.H. & Raymond J.C. 1985, ApJ, 298, 660Krti
ka J. & Kub�at J. 2000, A&A, 359, 983Kudritzki R.P., Lennon D., & Puls J. 1995, in: S
ien
e with the VLT, eds: WalshJ. & Danziger I., Springer, Berlin, p. 246Kudritzki R.P., Palsa R., Feldmeier A., Puls J., & Pauldra
h A. 1996, in: R�ontgenstrahlungfrom the Universe, eds: Zimmermann H., Tr�umper J., & Yorke H., MPE Re-port 263, Gar
hing, p. 9Kudritzki R.P., Puls J., Lennon D.J., et al. 1999, A&A, 350, 970Kudritzki & Puls J. 2000, ARA&A, 38, 613Lamb H. 1908, Pro
. Lond. Math. So
. (1), xix, 144Lamb H. 1932, Hydrodynami
s, Dover, New YorkLamers H.J.G.L.M., Cerruti-Sola M., & Perinotto M. 1987, ApJ, 314, 726Langer N., Gar
ia-Segura G., & Ma
Low M.M. 1999, ApJ, 520, L49Langer S.H., Chanmugam G., & Shaviv G. 1981, ApJ, 245, L23Langer S.H., Chanmugam G., & Shaviv G. 1982, ApJ, 258, 289Leitherer C., S
haerer D., Goldader J.D., et al. 1999, ApJS, 123, 3L�epine S. & Mo�at A.F. 1999, ApJ, 514, 909Long K.S., Blair W.P., Davidsen A.F., et al. 1991, ApJ, 381, L25Long K.S., Wade R.A., Blair W.P., Davidsen A.F., & Hubeny I. 1994, ApJ, 426,704Lu
y L.B. 1975, Memoires So
iete Royale des S
ien
es de Liege, 8, 359Lu
y L.B. 1982a, ApJ, 255, 278Lu
y L.B. 1982b, ApJ, 255, 286Lu
y L.B. 1983, ApJ, 274, 372Lu
y L.B. 1984, ApJ, 284, 351Lu
y L.B. 1998, in: Cy
li
al Variability in Stellar Winds, eds: Kaper L. & FullertonA.W., Springer, Berlin, p. 16



68Lu
y L.B. & Solomon P.M. 1970, ApJ, 159, 879Lu
y L.B. & White R.L. 1980, ApJ, 241, 300Lu
y L.B. & Abbott D.C. 1993, ApJ, 405, 738Ma
Farlane J.J. & Cassinelli J.P. 1989, ApJ, 347, 1090Ma
Farlane J.J, Cohen D.H., & Wang P. 1994, ApJ, 437, 351Ma
Gregor K.B., Hartmann L., & Raymond J.C. 1979, ApJ, 231, 514Massa D., Fullerton A.W., Ni
hols J.S., et al. 1995, ApJ, 452, L53Meyer F. & S
hmidt H. 1967, Zeits
hrift f�ur Astrophysik, 65, 274Mihalas D. 1978, Stellar Atmospheres, Freeman, San Fran
is
oMihalas D. &Mihalas B.W. 1984, Foundations of Radiation Hydrodynami
s, Dover,New YorkMiller K.A. & Stone J.M. 2000, ApJ, 534, 398Milne E.A. 1926, MNRAS, 86 459Mo�at A.F. 1994, RvMA, 7, 51Mo�at A.F., Owo
ki S.P., Fullerton A.W., & St-Louis N. (eds) 1994, Instabilityand Variability of Hot-Star Winds, Ap&SS, 221Murray N., Chiang J., Grossman S.A., & Voit G.M. 1995, ApJ, 451, 498Norman M.L., Wilson J.R., & Barton R.T. 1980, ApJ, 239, 968Norman M.L. & Winkler K.H. 1986, in: Astrophysi
al Radiation Hydrodynami
s,eds: Winkler K.H. & Norman M.L., Reidel, Dordre
ht, p. 187Ogilvie G.I. & Livio M. 1998, ApJ, 499, 329Oskinova L.M., Igna
e R., Brown J.C., & Cassinelli J.P. 2001, A&A, in pressOuyed R. & Pudritz R.E. 1997a, ApJ, 482, 712Ouyed R. & Pudritz R.E. 1997b, ApJ, 484, 794Owo
ki S.P. 1991, in: Stellar Atmospheres: Beyond Classi
al Models, eds: Crivel-lari L., Hubeny I., & Hummer D.G., Reidel, Dordre
ht, p. 235Owo
ki S.P. 1992, in: Atmospheres of Early-Type Stars, eds: Heber U. & Je�eryS., Springer, Berlin, p. 393Owo
ki S.P. 1994, Ap&SS, 221, 3Owo
ki S.P. 1999, in: Variable and Non-spheri
al Stellar Winds in Luminous HotStars, eds: Wolf B., Stahl O., & Fullerton A.W., Springer, Berlin, p. 294Owo
ki S.P. & Rybi
ki G.B. 1984, ApJ, 284, 337Owo
ki S.P. & Rybi
ki G.B. 1985, ApJ, 299, 265Owo
ki S.P. & Rybi
ki G.B. 1986, ApJ, 309, 127Owo
ki S.P., Castor J.I., & Rybi
ki G.B. 1988, ApJ, 335, 914 (OCR)Owo
ki S.P. & Rybi
ki G.B. 1991, ApJ, 368, 261Owo
ki S.P. & Zank G.P. 1991 ApJ, 368, 491Owo
ki S.P., Cranmer S.R., & Blondin J.M. 1994, ApJ, 424, 887Owo
ki S.P., Cranmer S.R., & Fullerton A.W. 1995, ApJ, 453, L37Owo
ki S.P. & Puls J. 1996, ApJ, 462, 894Owo
ki S.P., Cranmer S.R., & Gayley K.G. 1996, ApJ, 472, L115Owo
ki S.P. & Puls J. 1999, ApJ, 510, 355



69Owo
ki S.P. & Cohen D.H. 2001, ApJ, in pressParker E.N. 1958, ApJ, 128, 664Pauldra
h A. & Puls J. 1990, A&A, 237, 409Pauldra
h A., Ho�mann T., & Lennon M. 2001, A&A, in pressPoe C.H., Owo
ki S.P., & Castor J.I. 1990, ApJ, 358 199Proga D., Stone J.M., & Drew J. 1998, MNRAS, 295, 595Proga D., Stone J.M., & Kallman T.R. 2000, ApJ, 543, 686Pudritz R.E. & Norman C.A. 1983, ApJ, 274, 677Pudritz R.E. & Norman C.A. 1986, ApJ, 301, 571Puls J., Owo
ki S.P., & Fullerton A.W. 1993, A&A, 276, 117Puls J., Feldmeier A., Springmann U., Owo
ki S.P., & Fullerton A.W. 1994,Ap&SS, 221, 409Puls J., Kudritzki R.P., Herrero A., et al. 1996, A&A, 305, 171Puls J., Springmann U., & Lennon M. 2000, A&AS, 141, 23Rayleigh J.W. 1890, S
ienti�
 Papers, vol. III, Dover, New York 1964, p. 335Reile C. & Gehren T. 1991, A&A, 242, 142Rutten R.G., Dhillon V.S., Horne K., Kuulkers E., & Van Paradijs J. 1993, Nature,362, 518Rybi
ki G.B. & Hummer D.G. 1978, ApJ, 219, 654Rybi
ki G.B., Owo
ki S.P., & Castor J.I. 1990, ApJ, 349, 274S
harmer G.B. 1981, ApJ, 249, 720S
hmidt H. & Zirker J. 1963, ApJ, 138, 1310S
hulz N.S., Canizares C.R., Huenemoerder D., & Lee J.C. 2000, ApJ, 545, L135S
hulz W.D. 1964, J. Math. Phys., 5, 133Sellmaier F., Yamamoto T., Pauldra
h A., & Rubin R.H. 1996, A&A, 305, L37Seward F.D., Forman W.R., Gia

oni R., et al. 1979, ApJ, 234, L55Shakura N.I. & Sunyaev R.A. 1973, A&A, 24, 337Shlosman I., Vitello P., & Shaviv G. 1985, ApJ, 294, 96Shlosman I. & Vitello P. 1993, ApJ, 409, 372Simon M. & Axford W.I. 1966, Planet. Spa
e S
ien
e, 14, 901Springmann U. 1994, A&A, 289, 505Springmann U. & Pauldra
h A. 1992, A&A, 262, 515Steidel C.C., Giavalis
o M., Pettini M., Di
kinson M., & Adelberger K.L. 1996,ApJ, 462, L17Stein R.F. & Leiba
her J. 1974, ARA&A, 12, 407Stone J.M. & Norman M.L. 1992a, ApJS, 80, 753Stone J.M. & Norman M.L. 1992b, ApJS, 80, 791Stone J.M. & Norman M.L. 1994, ApJ, 433, 746Thompson K.W. 1987, J. Comp. Phys., 68, 1Thompson K.W. 1990, J. Comp. Phys., 89, 439Turnshek D.A. 1984, ApJ, 280, 51U
hida Y. & Shibata K. 1985, Publ. Astron. So
. Japan, 37, 515



70Ulri
h R. 1970, ApJ, 162, 993Ustyugova G.V., Koldoba A.V., Romanova M.M., Che
hetkin V.M., & Lovela
eR.V. 1999, ApJ, 516, 221Van Leer B. 1977, J. Comp. Phys. 23, 267Vitello P. & Shlosman I. 1988, ApJ, 327, 680Vitello P. & Shlosman I. 1993, ApJ, 410, 815Waldron W.L. & Cassinelli J.P. 2001, ApJ, 548, L45Wax N. 1954, Sele
ted Papers on Noise & Sto
hasti
 Pro
esses, Dover, New YorkWegner M. 1999, Diploma thesis, Univ. Muni
hWessolowski U. 1996, in: R�ontgenstrahlung from the Universe, eds: ZimmermannH., Tr�umper J., & Yorke H., MPE Report 263, Gar
hing, p. 75Weymann R.J., Turnshek D.A., & Christiansen W.A. 1985, in: Astrophysi
s ofA
tive Galaxies and QSOs, ed: Miller J., OUP, Oxford, p. 333Wolf B., Stahl O., & Fullerton A.W. (eds) 1999, Variable and Non-spheri
al StellarWinds in Luminous Hot Stars, Springer, BerlinWu K., Chanmugam G., & Shaviv G. 1992, ApJ, 397, 232



71Appended Papers
[1℄ Feldmeier A. 1995, A&A, 299, 523[2℄ Feldmeier A., Anzer U., B�orner G., Nagase F. 1996, A&A, 311, 793[3℄ Feldmeier A., Kudritzki R., Palsa R., Pauldra
h A., Puls J. 1997, A&A, 320, 899[4℄ Feldmeier A., Puls J., Pauldra
h A. 1997, A&A, 322, 878[5℄ Feldmeier A. 1998, A&A, 332, 245[6℄ Feldmeier A., Shlosman I. 1999, ApJ, 526, 344[7℄ Feldmeier A., Shlosman I., Vitello P. 1999, ApJ, 526, 357[8℄ Feldmeier A., Shlosman I. 2000, ApJ, 532, L125[9℄ Feldmeier A., Shlosman I., Hamann W-R. 2001, ApJ, submitted[10℄ Feldmeier A., Shlosman I. 2001, ApJ, submitted


