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Abstract. The flow generated by low-density radiatively driverthe star. It is this aspect of decoupled flows which is examined
winds which decouple their gas and radiation fields is discussédthis paper.
In particular we concentrate on flow which is still bound to The rest of this paper is structured as follows: in Sect. 2 the
the star and can therefore reaccrete. The wind decelerates aftstsics of wind decoupling is examined, and in Sect. 3 hydro-
decoupling and eventually stalls. A shell of gas is generatetynamical simulations of decoupled winds are presented. The
and we find that this shell is unstable and contracts back to thigservational signatures of the shells are presented in Sect. 4
star with periods of hours to days. and a discussion and conclusions are given in Sect. 5.

We find that the pulsating shells may be difficult to observe,
as their emission is variable and the maximum emission,at H
(of ~ 1% of the continuum) occurs over a small fraction of the, Decoupling physics

shell cycle. . : L ' :
There are two ways in which the radiation and matter fields in

@:Iine—driven wind may decouple: ion stripping (PD95, Spring-
mann & Pauldrach 1992) and shock decoupling (PD95, Krolik
& Raymond 1985).

The physics of ion stripping was first noted in the context
of electrical conductivity by Dreicer (1959, 1960) and has its
roots in the basic mechanism allowing optically thick metallic
The winds from hot stars are thought to be generated by radiation lines to mediate the force on a wind. The metallic ions are
pressure on optically thick UV resonance lines, and the theoryaafcelerated via photon scattering off their UV lines. The ions
line-driven flow is very successful in accounting many observéigen share this acceleration with the rest of the wind (hydrogen
wind features (see Castor et al. 1975, Abbott 1980, Pauldraatd helium ions) by a process similar to friction. This frictional
et al. 1986, Kudritzki et al. 1989). interaction depends on the relative drift velocity of the ions

In low density winds, however, there exists the possibilithhrough the rest of the wind. For low drift velocities the force is
that the radiation force and the wind flow may decouple (Springroportional to the drift velocity, however it reaches a maximum
mann & Pauldrach 1992, Porter & Drew 1995 [hereafter PD95}hen the drift and thermal kinetic energies are equal. Beyond
Babel 1996). The decoupling process strips the metallic iothgs the frictional interaction decreases rapidly with increasing
from the rest of the plasma, and as the radiative force on ttieft velocity. Therefore if the ions’ drift velocity does become
flow is mediated by the ions, then the wind receives no furthiarge enough, then as there is little or no frictional interaction
acceleration. The winds which are most likely to undergo thgith the rest of the wind, they may freely accelerate. This leaves
decoupling are B star winds (Babel 1996, PD95), and metalthee rest of the wind with no acceleration, and it will then just be
A star winds (Babel 1995). The frictional interaction betweeacted upon by the gravitational attraction of the central star.
the metallic ions and the rest of the wind may also seriously in- Shock decoupling occurs in a different way. It has been
terfere with the radiative equilibrium (Springmann & Pauldracknown that hot star winds may be unstable to the growth of
1992, Gayley & Owocki 1995). Decoupling radii for low dendinstabilities for some time (Lucy & Solomon 1970, MacGre-
sity winds may be close to the photosphere for B stars (PD3fr et al. 1979, Owocki & Rybicki 1984) although it is unclear
or indeed may be associated with the photosphere on the cakether the winds are inherently unstable or only advectively
of some A star winds (Babel 1995), where there is no regiamstable (see the review by Owocki 1991). If a low density wind
outside the photosphere where a fully coupled wind exists. passes through a strong shock, then the postshock gas may be

The line-driven wind accelerates normally when fully coutoo diffuse to cool radiatively, and so the gas remains in its high
pled to the radiation field, but once decoupled cannot recetesnperature, superionized state (Krolik & Raymond 1985). The
any further acceleration. It is possible that the wind will dewind may decouple from the radiation if the postshock gas re-
couple before it has reached escape velocity, in which case tha@ns out of equilibrium, as the main metallic species respon-
decoupled flow will stall at some radius and fall back towarsible for line-driving have been ionized away (Castor 1987).

Key words: hydrodynamics — stars: circumstellar matter —sta
early-type — stars: mass-loss
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1.5

Although both of these processes may in principle occur,
only the former (ion stripping) is considered here as it is more
deterministic — the decoupling radius for shock decoupling C@* s
only be calculated if the star’s X-ray emission (to determine th€
shock velocity) and mass-loss rate are available, whereas forign |
stripping, only the mass-loss rate is required. It should be not€d |
that the decoupling radius is similar in each case (see PD95). i 1 E ]

Forion stripping, the decoupling raditgmay be estimated 0 e 0 bl o
by considering the relative velocity between the ions and the rest , ,
of the wind. As it is this drift velocity which sets the frictional log oM (Mg/yr) log oM (Mg/yr)
interaction then it also de_fines how much_ accele_ration is ir,t_\l-g. 1. Decoupling radii left) and velocity fight) for a 7.5V ,
parted to the rest of the wind. When the drift velocity becom@spr,, | 2x10* K star as a function of mass-loss rate. The escape ve-
comparable to the ions thermal speed, the frictional interacti@gity is 840 km s and the wind terminal velocity is 2260 kn1'.
reaches a maximum beyond which it falls with increasing drift
velocity. At this point the frictional interaction between the ions
and the rest of the wind becomes small and the ions are (neaR§ye Peen calculated for our standard star, and are presented as
free to accelerate out of the wind. This radius is where the m&tfunction of mass-loss rate in Fig. 1.
ter and radiation fields effectively decouple. For a beta-velocity 1€ €scape velocity of the star is 840 km sand so from

2000 |-
1500 |

1000 |-

v (km/s)

500 [

law this yields ig. 1, it can be seen that if the mass-loss rate is less than
10792Mu yr=! (= 6.3 x 1071°M yr—1), then the wind will
Bl 5 (1— Ry [ra)®P~ ' Ty R, decouple andgtill be bound to the star.
M_g
=15x10°Y; Z? InA, (1) 3. Results

(see Springmann & Pauldrach 1992 and also Gayley & Owocgk'll' Analytic considerations

1995) where., 3 is the terminal velocity of the wind measuredfthe radiation and matter fields decouple at a velogity< ves.

in units of 10° km s™1, and the stellar radiug. is expressed then, as noted above, the material is still bound to the star. In

in solar units. Alsay; is the mass fraction of the ion; is the this case the local radial velocity must be calculated for flow

degree of ionization, antf_g = M /10~°My yr—! isthemass in a gravitational field. The radial velocity will decrease until

loss rate derived from UV line profile§y is the temperature the flow stalls at an outer radius which can be estimated by

of the gas in units of 10K and InA is the Coulomb logarithm. equating the change in potential and kinetic energies, leading to

The approach of calculating the ion-stripping radius used to

derive Eq.1 is, however, strictly only valid when the wind is”s _ {R* 1 (R* a2> <Ud>2]

fully coupled. R. |rqa 2\GM, a
Therefore, a more exact calculation needs to be undertaken

including the precise frictional force expression (e.g. see Spri"és_; there is flow still with positive radial momentum behind this

-1

(2)

& Plrac 196, ricr 1568, 1960 Aot TOAT o & el of e ind o beng suppored
fricti | heati i h f the wi ) ) i
rictiona eatlng may increase the temperature of the wind a Sellcanbe supported by the wind at some ra N then

cause decoupling at smaller radii (PD95 noted this fact), the can estimate the maximum total mass in the shell. The sup-
decoupling radii and velocities for a model B2 star have be ' ximd ! ) up

. _ H H 2
calculated assuming isothermality. Temperature profiles of ccﬁﬂrmg :jam Flressgr_l—? r‘t’“ﬁl cl)f thel SIZU'TQ gllas.:ml!r?]% Whe_r tel
pled radiatively-driven winds have been calculated by Dr s the density and 1S the local radial velocity. The oppositely

. o o . . directed pressure generated by the shell is due to the attractive
1989) using a full description of radiative heating and cooling > ™"
( ) g P g g&awtatlonal force of the sta# M. Mgnen/r2,.; WhereMgyen

processes in the wind. Drew's calculations show that the WiIS the shell mass an@ is the gravitational constant. This force
temperature falls below 0I&g only for 2R, , although the e
P i Oy 1or r > N &ots over the surface area of the shieit? . Balancing the

frictional heating from the relative drift of ions through the re . : .

of the wind was not included. Therefore the assumptions mat Y oppositely directed pressures yields

here that the wind temperature is 0.8 (Klein & Castor 1978), Mor2

and that the flow is isothermal is probably not seriously in erra¥/shen ~ GTSM
For all the calculations undertaken in this paper, we use *

a “standard” B2V star which has stellar parameters\hf= Here we have used the mass-continuity equation for spherical

7.5Mg , R, = 4.0Rg , Tesr = 20,000K. The escape velocity flows M = 4712 pv, whereM is the mass-loss rate of the wind.

of th|§ star iSvese = 840 km s™*, and the fully coupled termi- | vy = v/100 km 51 andM _o = M/10—9M® yr=! , then

nal wind velocity isv., = 2.2aves/(1 — ) = 2260 km s~!

(Friend & Abbott 1986), for the line-driving parametet= 0.55  Mgpen 4 rs \2 /M, \ "

(see Castor et al. 1975). The decoupling radii and velocitieg_ "~ 1.2 x 107 M _gve <R@> (M® ) :

@)

(4)
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Note that a distinction has been made between the stalling raddua Numerical hydrodynamic modelling

- and the radius of the shell,.;;. This is because the shell will __ . . . . .
! @l o illustrate the preceeding section’s scenario, a 1D numerical

only appear at the stalling radius if the wind first expands outingo St .
avacuum. If there is any ambient density around the/stas, ydrodynamic simulation has been completed. The computer

then this is swept up into the shell when the wind is “turned on(;Ode utilises the second order Godonuv scheme due to Falle

The evolution of the wind will broadly be composed of sev%?gll)attg dSO|s\'/§ t?ﬁehgg rr?gg%a?:st%?ﬁt;?n(si;g? fll)nremg)l'rs(,:ri Ics)f
eral parts. Initially the wind will be driven into the surroundin u using . ’

! . . : force multiplier, supplemented with the finite-disc correction
medium and will sweep up a shell of ambient gas. This sh @e' . —
will stop expanding Whgn tphe shell and ram pregsures balan riend & Abbott 1986) and the density weighting factor from

The shell then grows as it is receiving gas from the wind (a bott .(1982)' Thoe grid has a spacing of_O.(m5atr —H.
resumably the same rate as the mass-loss rate from the S&%?J_easmg by 1.5% to a maximum spacing of 0%t the
b er radius of 6.7RB, (there are 200 grid points). The outer

Finally the shell becomes too massive to be supported and il
fall back toward the star. boundary allows gas to flow through it freely, whereas the inner

ity fi 12 —3 _
If we assume thap,.,, is small then the shell raditis boundary has the density fixedldt~*“g cm~°, and the veloc

: . N L ity extrapolated from the neighbouring zones. We can expect
h lling radius. Also the wind’s ram pr re in thi : . : .
the stalling radius. Also the d's ram pressure in this Cafchgat after a time the radial velocity at the outer boundary will

is the thermal pressurea?, wherea is the sound speed. For, . . . :

. - become negative and matter will flow into the computational
stalling radii ofr ~ 5R. = 20fy _the shell mass for our domain. This causes the density to rise at the outer parts of the
standard star with amass-loss rate®f®*M yr~" which wil simulati.on and finally lead to gsi nificant ram ressure act-
be supported by the stalling wind M. ~ 3 x 107 %M, . ' y leac ar . pres

i : i __ing on the shell from infalling material. Ultimately this leads
Given rhaf\t the shell mass grows at a ratel6f we find that it ;"6 central star being surrounded by high density, infalling
is stable for a t|me2 . material, completely thwarting even the initiation of the wind!

rs M, \ . ) Clearly this is an artifact of the outer boundary. After experi-
Ry My mentation, it is found that the outer boundary which illustrates

which for the example above is~ 1hr. The timescales herethe scenario most effectively is a “valve”, i.e. the boundary is

are similar to the flow timescale of the wind (approximatelgfee_'ﬂow when the rad_ial veIoc_ity is greater than zero, b!Jt oth-
R, /v ~ 1hr for a wind speed of 1000 knT$). erwise we set the radial velocity to zero, and the density to a

—30 —3
After this time the shell’s mass will have increased such th&all value (0="g cmr™). L
there is insufficient ram pressure to levitate the shell and sq it | 0rder to examine the effect of differing mass-loss rates on

will fall back to the star. As the shell falls inward, the windn€ flow we prepared five fully-coupled wind solutions as initial
ram pressure increases - both the wind density and the rag@pditions. These have been generated for our standard B2 star.

; ; i—8.3 1
velocity v increase (Mach numbers in radiatively driven flow /€ findthatthe mass-loss rate for this stagis0™" "M yr— .

can be~ 100). However, the increasing mass of the shell As we require differing (and much lower) mass-loss rates to as-

now acting over a smaller area. Hence the effective pressﬁ?és its effect on the decoupled flows, we have reduced the radi-

exerted by the shell inward due to the gravitational attractiGhion force by as much as an order of magnitude. This may

by the central star increases. This pressure of the shell is #feS€eN as & change in metallicity — the radiative accelera-

gravitational force divided by the area of the sh&l,. o r—* tion is proportional to the metallicity raised to the power of
whereas the ram pressureRs., o v/r2. The ratio of these 1 — a (Abbott 1982, Castor et al. 1975). The lowest metal-
fWo pressures is licity model implied is then 0.006 solar. By reducing the line

. force we have generated simulations with have mass-loss rates
Penen _ 8.6 % 102 / M, Mgpen \ (7 ©6) in the range (1.6—4.410" 1M, yr—! (see Table 1). We have
Mg Mg Ro ’ fitted a “beta” velocity law to the first 50 points (upto R3)

Pram M79U2
, i 12 of the initial conditions and find that they are all well fit by
Note that in the decoupled part of the wind- » , and so v = 2100(1 — R./r)°®kms!, although for the models

asMge increases and moves toward the stagigcreases) the i higher mass loss rate falls to 0.73. With this veloc-

ratio above grows. This then implies that the shell can not Re sy cture, we calculate the decoupling velocities and radii

stable (balanced) at any radius, and must fall back to the stals jescribed in Sect. 2. These are presented in Table 1. Note,

Once the shell has contracted to the star, the wind is freg haye assumed that all models have solar metallicity for the

aga:n to expand tok:ts stalling Pﬁ'”t and the cycI? restarts. TRigijjation of the decoupling radii, which may be inconsistent
analyzis predicts that stars with bound decoupled winds Wili, e generation of the initial conditions if the low radiative
inevitably produce periodic structures associated with the W'rb{jcceleration is interpreted as due to a change in metallicity.
However, a word of caution is warranted here: this scenario |, o qer to simulate the decoupled flow, we use these fully
predlcfts that a shell of gas should form a”‘?' coIIapsg onto pled wind structures as initial conditions and simply turn
star with timescales of hours—days. There is a possibility that the ragiation force at the decoupling radius. The flow is

the oppositely directed gravity and pressure gradients as g, ||ated in each simulation for at least ten shell episodes to
shell contracts may break up the shell due to Rayleigh-Taylor

instabilities.

t = 3800, (
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Table 1.Model parameters for the simulationg.andv, are the decoupling radius and velocity respectively. The stalling radiscalculated
from Eq. 2. The shell period and the median maximum emission measure (over several cycles) are listed in Columns 6 and 7.

Model logioM Meyr™!) r4(R.) wq(kms?!) r.(R.) logicEM period (hr)
A —-9.35 1.27 590 3.50 56.0 27.8
B —9.46 1.26 568 3.09 55.7 20.8
C —9.59 1.23 522 2.39 55.1 14.6
D —9.68 1.20 447 1.82 54.6 8.9
E —9.78 1.17 378 1.53 54.1 6.6
Lo L 4
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Fig. 3. Time resolved attributes of the shell for Model A. Posititopf

and velocity (niddlg of the shell in time through a shell episode. The
lower panelshows the total emission measure of the wind structure.
The solid dots indicate the times of the corresponding panels in Fig. 2.

erence. The first panel shows the dense shell forming at a radius
of 3.5R, . The shell's mass increases{tal.8 x 10~ M, ) un-

tilits weight is large enough to overcome the wind ram-pressure,
and so it contracts toward the star (at around 5hrs later — the sec-

Fig. 2. Numerical hydrodynamic modelling of a the formation and evgyp g panel of Fig. 2). The shell gains mass and falls faster with

lution of a spherical shell (Model E). The dotted line is the steady,

fullyime (panels 3 and 4), finally collapsing onto the star just before

coupled starting condition. The plots are labelled in time (in hours\_))7hrS Once the shell makes contact with the star. the wind is
The radiation force was set to zero at radii larger than R.27 ) '

again free to accelerate to decoupling. This process sweeps up

some of the material left behind by the previous cycle’s con-

ensure thatthe initial conditions have no effect on the subsequiatting shell and a new shell is generated moving outwards

flow.

(the lower two panels of Fig. 2). The whole cycle takes around

Part of the simulation’s results for model A are shown i@8hrs. Although the timescale for the shell growth is very sim-
Fig. 2 — the panels of velocity (left) and density (right) are ldkar to our previous estimate, the timescale for the whole cycle
belled with the time in hours (the starting point for the time has ~ 1day for this star. The periods for the shell episodes for the
been shifted to coincide with Fig. 3). All the models have qualdifferent models are shown in Column 7 of Table 1.
tatively the same behaviour with only the physical scales chang- We have calculated the emission measure=EN| n2dV/
ing from model to model. The first couple of cycles have ndtvheren, is the electron density, and is the volume of the
been shown to remove any start-up transients. The dotted lisksll) for the simulations. The median maximum value for the
on the panels are the starting condition described above as aeefission measure from all the simulated cycles is shown in
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Column 6. Fig. 3 shows how the radius, velocity, and emission [ '~~~ =~ 77T o]
measure changes with time through a shell episode. We have [ 7
identified the shell at the point where there is a local maximue | 4 |
in density (when the shell is close to the star it becomes diffe- |
cult to identify unambiguously and so these points have be@rg2 i
left out of Fig. 3). The wind initially sweeps up the ambientga§ | 9
creating a low density-contrast shell. In this phase the shell§s |
decelerating from the decoupling radius, and moving out in rg- il
dius. Finally the shell comes torest(= O atr ~ 3.5R, ),and % .| i
it starts to gain mass. The emission measure starts to incregse;
significantly during this time. When it cannot be supported any
longer the shell starts to fall back toward the star, finally coming
into contact with the star at a velocity of around -500 km.s %8t Iy
Al of the simulations produce very similar plots except the ' log,,(r, /R.) '
scalingintime and position are different. We find that the stalling
radii are very similar to those predicted using Eq. 2 (Table Ei,g. 4.The Iog-_log re|a_1tionship be_tween the period of she_II epi_sodes
Column 3). P and the stalling rac_ilus of the.wmd from Eq. 2. T?? straight line
The period for initial shell growth has already been shown {%the least-squares fit to the poins:= 3.22(r, / K. ) " hours.
be dependent on the mass-loss rate via the stalling radius (Eq. 5)
which is, in turn, set by the decoupling radius. As the mass; andn,, are the electron and proton number densitiescgfig
loss rate increases, the decoupling velocity/radius increases {sé¢fee Hx recombination coefficient &96 x 10~* cm® s~! as-
Table 1), and so the stagnation radius (at which the shell fornssiming Case B recombination at 20,000 K (Osterbrock, 1989).
also increases. We expect that the scaling relationships in Assuming that the emission is optically thin then the shell pro-
shell-growth timescale (Eq. 5) is similar for the timescale of ttduces a flat-topped emission profile with a range in wavelength
shell episode as a whole, although the time for shell growgfiven by the velocity of the shell. When the shell is close to the
is only a fraction of the shell cycle. Hence we expect that tistar, then the star occults the far side of the shell and so curtails
period should be proportional to the stalling radius squardtie maximum blueshifted emission. If the angle between the
In Fig. 4 the logarithmic period-stalling radius relationship ipole and a point on the shellésthen emission from that point
displayed. We have performed a least-squares fit to the ab@/B®oppler shifted by
data and find that the periad is related to the stalling radius v
via P = 3.22rL7 which is close to the expected scaling. WéA = Af sin ¢ (7)

also find that the maximum emission measure follows the same . . . .
scaling with radius. whereu;, is the velocity of the shell, andlis the speed of light.

Combining this with the expression fgr and integrating the
volume emitting at the same wavelength, we derive the emission
4. Observable signatures as

The total mass in the shell will typically be the wind mass- ha?inenp 2 c “1,-1y —1
s e : = ——=——ridr | — ) ergs st hz (8)
loss rate multiplied by the total lifetime of the shell. Timescalés 2 v

of ~day have been found from the previous section, yielding We assume that that star is emitting as a black-body and

maximum shell masses 8.1 ~ 10713-10712 M, . Clearly . )
such a low mass will not have a large influence on the grocs%lculate the fraction of the black body flux the shell emits (of

observational properties of the star. The most obvious effect g r>€ N aeal star.there'|s also photosphe'nc apsgrpﬂon). After
decoupling is that the maximum wind velocity will be observed" M€ simple manipulation we find that this ratio is
to be lower than the terminal velocities from theoretical studies — (ehv/kT _ 1) 3 afgf EM
a phenomenon which has been known observationally for sofRe= 4 3 477]3* 20, (9)
time (Grady et al. 1987). ] ] )

Would the shell give rise to any variation in the lines of th¢here the symbols have their usual meanings. This extra com-
star? Clearly there would be no change in the UV line profil@9nent extends over a wavelength range
until the shell radius becomes less than the decoupling radius. 5
Here the maximum edge velocity will decrease as the shell fg/qos 1Y 1 (R* ) <A< Ao (1 n E) (10)
toward the star. However, the occurs only over a small fraction c c
of the time of the whole cycle.

It may be possible that the shell may provide a varying comhere), = 6563 A is the central wavelength of the line.
ponent to the hydrogen lines. Let us assume that the shell is We have calculated the extra component gffer Model A
always optically thin and calculate the excess emission,at Hand present it as a time series in Fig. 5. The grey scale is linear
This is simplyj = hua‘}i neny/4mergem 3 s—! st™! where  with a range of 0-1% of the continuum with the the darkest tone

Ts
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80 T T From our analyzis we conclude that these shells may be ob-
i servable in a line monitoring campaign, with the largest emis-
sion coming from stars with winds which decouple close to the
escape velocity. These stars will also have the longest period
L 4 for the shells making it more probable that the shell can be
S observed.

60 = B It is worthy of note that this process of reaccretion will

- g change the metallicity in the outer layers of the star over a long
time period. As it is only the metals which become unbound,
then their abundance decreases with time in the outer layers
- B when the shells reaccrete. In a future study we will address
the case of rotating winds which may be applicable to classi-
o — cal Be stars as these stars do seem to have small mass-loss rates.

time (hours)
N
o
\
\
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