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Abstract. The interaction between a strong stellar wind carrying no intrinsic angular momentum and
a surrounding disk nebula is investigated. We analyze the shape and stability of the wind-nebula
interface, the strength and direction of the ensuing mass motions and the time scales for nebular
disruption. The resultant time scale is given by Equation (44). The dominant physical process is one
of nebular accretion onto the central star due to turbulent viscosity in the disk. The turbulence will
be driven in the upper layers of the disk by the wind. We note that if the accretion supplies mass for
the wind (after the absorption of stellar energy), then the particle fluxes may undergo a runaway
increase until the energy or momentum flux in the wind is limited by the total stellar luminosity.
This may explain the origin of strong, pre-Main-Sequence winds.

1. Introduction

The primitive solar nebula is believed to have been dispersed by a combination of several
different physical processes. Mass loss during the early stage is probably dominated by the
mechanism of Lynden-Bell and Pringle (1974), in which viscous dissipation of orbital
energy in the nebula results in an inward drift of mass and an outward migration of
angular momentum. Recent evolutionary models for a massive (~ 1 My ) protoplanetary
nebula by Cameron (1978) differ from this in the inclusion of a coronal-type wind that
originates all along the surface of the disk. The mass migration described by Lynden-Bell
and Pringle (1974) presumably occurs as long as mass infall from the surrounding cloud
provides a significant ram pressure to choke off the wind. After this accretion subsides,
wind-driven mass loss from the disk could remove most of the remaining nebula in a few
tenths of a million years.

Lynden-Bell and Pringle (1974) and Cameron (1978) emphasize that the viscous dissi-
pation of orbital energy or the generation of a wind will be significant only when the disk
is highly turbulent. This will occur throughout the early stages of evolution when the disk
is massive and optically thick to cooling radiation. Under these circumstances, turbulence
may be driven by meridional circulation currents in the disk (Cameron and Pine, 1973) or
by convection and dynamical instabilities (Cameron, 1978). Mass infall from the sur-
rounding cloud may also be an important source of turbulence during these early stages.
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After the infall stops and the disk becomes too small to provide an internal source of
turbulence, then a new phase in the disruption of the nebula may begin. Here we investi-
gate a suggestion by Cameron (1973) that the radially directed wind from a central star
can remove a surrounding disk nebula. Although such a wind may be present even during
the early stages of nebular dissipation, it may not play an important role in controiling
nebular evolution until the large-scale turbulence in the midplane of the disk subsides.

Handbury and Williams (1976) stated that the pressure from a radial wind could not
remove a surrounding disk nebula. They suggested that it would only push the nebula out
to some finite distance determined by force balance and the conservation of angular
momentum. However, they assumed that the wind acts on the nebula as a whole and that
the total nebular mass could resist the wind’s pressure by moving from one mean radius
to another, larger mean radius. We show here that the wind induces a small scale outward
mass motion in the top surface layer of the nebula. This mass motion in itself is enough
to create a differential torque in the disk, but it also acts as a source of turbulence and
mixing which lead to additional torques. The result of these torques, as in the Lynden-
Bell and Pringle investigation (1974), will be the steady drift of nebular matter along the
topmost layers of the disk. We show that the wind-induced mass outflow is exactly com-
pensated by the wind’s contribution to an inward drift. Thus our results are essentially in
agreement with Handbury and Williams (1976): it is only the additional drift due to
turbulence which leads to permanent changes in the mass distribution of the disk.

2. Two Surfaces of Pressure Balance

The interaction between a radially directed wind and a surrounding disk nebula will be
similar in some respects to the interaction between the present day solar wind and a
comet (for a discussion of this process, see Biermann ef al., 1967; or Wallis, 1973). A
difference arises because the mean free path from collisions between energetic ions and
neutrals in the wind and the high density nebular gas will be extremely small. We shall be
considering examples of disk nebulae with masses of around 107 M. Charge exchange
reactions between a ~ 100kms™! wind and such a nebula will occur within a few meters
of the nebular surface, and energetic neutrals will be absorbed within hundreds of meters.
The collective plasma effects thought to be responsible for the acceleration of type-l
comet tails (Chernikov, 1974) will be inoperative. The wind will shock at the nebular
interface as it does ahead of a comet, and wind particles will thermalize and collide with
nebular particles behind the shock.

Evidently, the momentum carried by the wind will be rapidly transferred to the
exposed parts of the nebula. This implies that another shock will exist in the nebular gas
(in addition to a shock in the wind itself) wherever the ram pressure from the wind, Py,
greatly exceeds the thermal pressure in the nebula, Py. The relatively low density gas at
great distances above the midplane of the nebula will be shocked by the wind and re-
moved from this position on a time scale of years; this shocked nebular material will
either immediately acquire escape velocity and leave the system altogether, or it may
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accumulate more material on the way out and eventually fall back to the plane of the
nebula as a result of Rayleigh-Taylor instabilities. On the other hand, higher density gas
closer to the midplane of the nebula will not be significantly affected if its thermal pressure
is greater than the ram pressure of the wind. Between these two regimes, there will be a
surface at which the normal component of the wind’s momentum flux balances the thermal
pressure of the nebular gas. Gas which drifts above this surface will be pushed back onto
the nebula by the wind. For a steady, isotropic wind, this surface of normal pressure
balance will be the physical boundary of the nebula, For the more likely case of a variable
wind, the surface will be the nebular boundary only in a time or position averaged sense.

2.1. A SURFACE OF NORMAL PRESSURE BALANCE

The surface of normal pressure balance (SNPB) is where
Pyix, z)sina = Py(x, z) §))

for cylindrical coordinates x, measured along the plane, and z perpendicular to the plane,
and for & equal to the angle between the radius vector to a point (x, z) and the local
tangent to the surface at (x, z), measured in the x plane: ie.,

a=p§—90, 2

where
tan§ = dz/dx, and tan ¢ = z/x. (3)

Using Equations (2)-(3), we may rewrite Equation (1) as a differential equation for
the points z(x) on the surface of revolution using R = (x2 + z%)1/2:

2 P2 1/2 P2 R2 -1
Lzl ARG AT A R )
dx x Py xz P Pg x

The shape of this surface, z(x), depends on the boundary conditions for x, z, and dz/dx
near the central star, and on the variation of wind and nebular pressures with position.

2.2. THE STABILITY OF THE SNPB

The SNPB will be unstable to small perturbations if ripples on the surface grow. The
tendency for this to occur is always present, since the wind will intersect the nebula at
an angle greater than « at the site of any such disturbance, and the total pressure there
will be Py, much larger than Py at the SNPB. If this is the case, then the wind will
penetrate below the SNPB via the propagation of a shock. We may determine whether
such instabilities will be significant by considering a channel that is created in the SNPB
after the propagation of a shock. This channel will be continuously filled in by sonic
motions and by an upward diffusion of the underlying gas. The formation of a surface
instability will be important wherever the shock-clearing rate is large compared to the
rate of sonic fill in. This condition may be written in terms of the shock velocity v, the
sound speed ¢ and density py at the SNPB if we take pyc/4 to be the upward diffusion
flux of nebular particles. Then the instability will occur to a significant degree wherever
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sina > —. (5)
40,
Wind-induced shocks in the nebula will have a velocity of around (Py/py)"?, which is
¢/(sin &)"’? from Equation (1). Condition (5) then simplifies tosin « > 1/16 or a > 3°6.
Wherever the solution to Equations (1) and (4) gives an a which is greater than ~ 3°6,
the SNPB will be unstable against local and temporary penetration by the wind.

2.3. A SURFACE OF MAXIMUM PRESSURE BALANCE

The maximum depth below the SNPB which can be reached by either wind-induced
mass motions or by the wind itself is the depth at which the total pressure from the
wind balances the thermal pressure in the nebula. The surface of revolution where this
balance occurs will be referred to as the surface of maximum pressure balance, or the
SMPB. The equation governing its shape is simply

Py(x,2) = Px(x,2). (6)

We shall refer to the layer between the SNPB and the SMPB as the pressure balance layer,
or the PBL.

3. Wind-Induced Mass Motions and Torques

Matter near the SNPB will absorb the wind’s momentum and move outward. The matter
will in general have some small drift velocity, u, before it absorbs the wind’s momentum,
and then it will rapidly accelerate to a relative terminal velocity 9, in the radial direction.
Here we determine the outbound flux of nebular matter and angular momentum that
results from this motion.

The rate 8M (in grams per second) at which nebular material leaves a comoving annular
ring with radius x and width 6x is determined by the conservation of momentum in the
wind:

8Muv, = Py cosa4nR?6Q @)
for solid angle
x8xsing
0 = ———— 8
2R? cos B ®)

subtended by the annulus, and for R = (x? +2%)2. The outflow rate per unit length
along the flow is thus

81;1 _ 2mxsin a cos a Py ©)

ox Vg cOS

If the outflow mixes with underlying material after traversing some distance Ay < x
measured relative to the drift, then the total outbound flux relative to the drift is
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Do M
2mx &x

Fwind - (10)

The values of A and v, depend on the stability of the SNPB and on the amount of mixing.
If the SNPB is unstable to local shocking, then the high density post shock gas which may
accumulate at the SNPB will continuously fall down to the SMPB, where it stops due to
pressure balance, Tt is not supported in the z direction at the SNPB so it falls because of
its higher density. The fall time is roughly x/z, for orbital velocity v, = (GM/x)"'* using
G and M for the gravitational constant and stellar mass. The mixing length of each
shocked element will then be ~ v,x/v,, and the outflow velocity will be ;. The average
values of Ao and v, will be less than these if the SNPB is only slightly unstable. It is
interesting to note that vx/v, is comparable to the depth of the PBL (cf., Equation
[15]).

If the SNPB is stable against local shocking, then material at the top of the nebula will
gradually move outward (at subsonic velocities), at first conserving angular momentum.
This will result in an ever increasing difference between the tangential component of the
orbital velocity of the outflow and the circular velocity of the underlying material.
Viscous friction acts to equalize these velocities, and the specific angular momentum of
the outflowing matter increases while the underlying material experiences a decelerating
torque. If mixing is not severe, then the maximum radial excursion of this material will
be determined by the balance between centrifugal, gravitational and wind-derived forces
at the SNPB. For turbulent viscosity v and for density, column density and depth of flow
Pon, 0p, and Az, the viscous damping length for motion along the outflow becomes
A = 0;A2(vy + u)(onv) L. If viscosity is relatively low, e.g., A < x, then the maximum
radial excursion determined by force balance is Apax = X¥0/0,. For highly viscous flow,
e.g. A < x, the outflow will continuously pick up angular momentum through viscous
interactions with the underlying material; force balance will then occur after a much
larger radial excursion, equal to AZ,./A. We find that for a 1072 M nebula surrounding
a solar mass star and with v ~ U5 Az, Ay, is typically much larger than A and A2 /A
will be the same order of magnitude as x.

The Kelvin-Helmholtz instability will occur over a much smaller length than Ay,
however. This instability will grow at the interface between the outflow and the under-
lying nebula as a result of the relative motion of these two fluids. It will become important
after the outflow moves a distance comparable to its own thickness, which is A ~ Az
~ 0¢/Pn < Nmax. Thus the outflow will continuously mix with underlying material,
making Ao ~ Az. The terminal velocity, v,, will be regulated by viscous friction and by
the production of sound waves. The outflow will be severely damped if vy is close to the
local sound speed, so we might expect 9, < c. If in fact Ao is comparable to the depth
of the outflow, Ao ~ Fyina/(Wopyn), then Equations (1), (9) and (10) give v ~ ¢ for
typically small angles a and 8.

With continuous mixing on a small scale Ay, the outbound flux of angular momentum
at the top of the nebula is
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Pying = Fwindhc (11)

for specific angular momentum #, = (GMx)"?. The torque per unit length in the radial
direction that is exerted on the underlying material by the outflow is then — 3(2mx®504)/
ox.

4. Turbulence in the Pressure Balance Layer

Although the entire layer between the SNPB and the SMPB is susceptible to penetration
by the wind, only the topmost part of this layer will take part in the forced outflow
if the SNPB is stable. The depth of the outflow may be estimated from the fraction f
(which is a function of x), equal to the ratio of the column density involved in the flow,
0 ~ Fina /%o, to the total column density in the PBL, denoted here by oe:

Z(SNPB)
oo= | @ (12)
2(SVMPB)
Since
GM:
Py(1 —sin ) = 7105 (13)

in hydrostatic equilibrium withz < x, we have for typically small drift velocitiesu < vy,
v oz
= N —5sina. 14
f 0 U% X2 sin & ( )
Here we have set cos @ = cos § = 1 and sina < 1 for the small angles involved. From
our model calculations of Section 6, we obtain Aq/z ~ 0.3, z/x ~0.2, v,/vs ~ 30,
sina~002atx~1AU,sof & 0.2.
The rest of the PBL will be turbulent with characteristic length equal to the depth
of the PBL, which is :

A\, = z(SNPB) —z(SMPB). (15)

The wind will not induce turbulence below the SMPB because the gas density there is
too large to allow any significant motion after it absorbs the wind’s momentum. The
turbulent velocity, v,, will be determined by the local sound speed; a value of v, ~¢/3
(Cameron, 1978) will be used in Section 6.

Turbulence in the PBL will be driven in part by Kelvin-Helmholtz instabilities, and
in part by occasional wind-driven shocks at the nebular surface. The primary source of
energy for this turbulence must be the wind. Most of the wind’s energy will be radiated
away at the shock in the wind’s flow, but the rest will induce both the outflow and the
turbulence. The power dissipated per unit length in the radial direction by the turbulent
viscosity involved with the outflow is ~ 2mx(v,\o/2x) times the viscous stress, pyvdv/dz,
with dv/dz = v,Ao(2xAz)!. The viscous forces supply energy to sound waves and to
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turbulence throughout the PBL. The rate at which energy is dissipated by the turbulence
per unit length in the radial direction is approximately 2mxpy ;. The ratio of the energy
source to the energy dissipation rate is (v,A,)* (20;x)7%, obtained to order of magnitude
by setting 6./pyn ~ Az ~ A; and v ~ v, A,. This ratio is slightly dependent on the nebular
model, but for a typical case studied in Section 6 it is greater than 1. Similarly, one can
show that the energy dissipated by the turbulence anywhere in the PBL is the fraction
v, divided by the wind speed, or ~ 1072 times the energy available in the wind.

The viscous stress due to turbulence will be pyv times the local rate of shear in the
circular velocity (Lynden-Bell and Pringle, 1974). The outbound mass and angular
momentum fluxes measured in comoving coordinates are, respectively,

Fys = 0, (16)

d
D5 —x? O¢ VE; ('UC/X). (17)
These are evaluated in the frame of reference that moves at some velocity u along with
the gradual drift of the material in the PBL. They also refer to each half of the disk, i.e.,
plus or minus z, so the total fluxes in the entire nebula would be twice as large. For

simplicity of notation, we set
Vv = f)\zvt, (]8)

where { absorbs all of the physics involved with the viscous momentum transport. For
v, ~¢/3, ¢ might range between 0.3 (Schwarzschild, 1959; Cameron, 1978) and ~ 1073
(Lynden-Bell and Pringle, 1974).

5. -Torques, Drifts and Nebular Evolution

The negative gradients of 2mx times the above angular momentum fluxes are equal to
the torques on the material in the top layer of the nebula. These torques lead to a slow
drift of matter in the PBL and to a permanent change in the distribution of surface
density along the entire disk. Here we determine the drift velocity and the equation of
evolution.

Consider again a differential annulus (x, §x) in the PBL. The mass and angular momen-
tum contained in 8x are, respectively,

oM = 2mx o, Ox, 19
8L = 27x 0. h, 6x. {20)

Their comoving time derivatives are

D a
EaM = —§x ‘a;zﬂwaind, (21)
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g 8L = —8x % 22x(Pying + Duis)- (22)
The rate at which matter is deposited by the wind itself is less than D6M/Dt by the
factor vp/v,, < 1, so we ignore it here. The angular momentum carried by the wind
is also assumed to be negligible.
The drift velocity u may be determined by differentiating 8L = 6Mh, by parts, by
using the fact that %, is time invariant for each x and that D/Dtr = 9/dt + ud/ox. We
find after substitution from Equations (19)-(22) that

F_; 3 0
uz__mi‘__f_ Z.}_xl’ (23)
Oc X0, \2 ax
where
Y = N Oc0;. (24)

This drift takes place only in the PBL.

The total radially directed mass flux relative to the star, Fiy, is the sum of the mass
flux from the drift, oz, and the mass flux relative to the drift, Fymq. For each half of
the disk, we obtain

y oy

The time rate of change of mass column density at a fixed position x is the negative
divergence in cylindrical coordinates of the absolute flux

0, 3 0y 0%y
— =3 | — =+ = 6
at § (Zx dax  ox? (26)

If there is no independent process of evolution for the part of the disk below the SMPB,
then do/0t = 200./0t, and Equation (26) describes the evolution of the entire disk
above or below z = 0. We note that there is no contribution to 90/9¢ from the wind
so that Ay and ¢, are insignificant as long as they are relatively small.

6. Results of Model Calculations

6.1. THE MODEL

We apply the above results to highly simplified model nebulae in order to estimate the
time scales for their evolution. We consider a disk with a mass My of around 1072 My,
The local gas temperature is taken to be (cf. Hills, 1973)

T(R) = (—L——)m 27)
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for stellar luminosity L, and Stefan-Boltzmann constant ogp. The isothermal sound
speed in molecular hydrogen is then ¢(R) = (kT/u)? for u = 2.36my.
The equation of hydrostatic equilibrium in the z direction requires that

Py GMz

% =3 PN (28)
Since pyy = Py/c?, this admits of the solution
2,02 x 1/2
Py(x,2) = Pyo(x) exp {‘ Co(;)z [l - (E) ]} , (29)

where Pyo and ¢, are the local pressure and sound speed in the midplane of the disk.
The pressure in the midplane is determined by the total column density, since

2(SNPB) Pytx. 7)
X,z
=2 g, 30
ow =2 [ Nt (30)
0
In the appropriate limit of z < x, we have to a good approximation
v? z?
Py(x,2) = Pyolx) exp T2E €2Y)
and
v,2(SNPB)| |
Pyo(x) = co(x)0e(x)o(x) [(270”236 erf (C—l(n——)) ; (32)
2V %cox
where
, 8
erf (@) = i e P dp. (33)
0

The total mass in the nebula, My, the stellar luminosity, L, and the column density o(x)
define the nebular model. The maximum nebular extent in the initial state is x,,, , where

My = f 2mxa(x) dx. (34

0

The pressure from the wind is taken to be

My vy

Pe®R) = 2

(33)
for stellar mass loss rate My, and for a wind velocity vy that is constant, as it is to a
good approximation in the case of the present day solar wind forx < 1 AU.

The surface of normal pressure balance may now be found from Equation (4) for any
set of boundary conditions near the star. We assume arbitrarily that the nebula starts at
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some X = X < Xmax, a0d solve for z at x,; to be such that Py = Py. The initial
slope of the interface at this point (x, z) is then — x/z from Equation (4). Other values
of z(x) along the SNPB may be found by a predictor-corrector method. The slope turns
positive within the fractional distance ~ 1077 of x;,, and we are not likely to be seriously
affected by the highly unrealistic conditions at the inner nebular boundary. Model calcu-
lations with x; = 5, 10, and 20 R, differ in evolutionary time scale by less than 1%.
Typical solutions for the SNPB and the SMPB are shown in Figure 1. Figure 1a compares
a high-pressure wind with a low-pressure wind, and Figure 1b shows solutions z(x) for
nebulae with different masses, as discussed below.

The parameters which specify the wind were chosen to make the energy flux in the
wind equal to a fraction of the stellar luminosity, L. Three cases studied were

. L
My = (1.0,0.1,001) X —-. (36)
0.5 vy
3 T T T T T T T
(a) ‘ _ P
——— Myvys 2% 10%%dyn 7
— MwVw: 2% lOzedyn
©
X
£
o
~ " 1 CASE (1)
- 0.5 CASE (2)
2L 10"Ms (.25 CASE (3) SNPB
vaw= 2% IOZden
[
0

Fig. 1. Wind-nebula interfaces showing height z of the nebulae as a function of radial distance
x, measured along the plane. The Surfaces of Normal Pressure Balance (SNPB) and the Surfaces
of Maximum Pressure Balance (SMPB) are indicated. A surface density distribution of the form
o(x) = x~! has been used. Figure (a) shows the interfaces for two values of the wind pressure; the
solid line corresponds to the case where the energy flux in 2 400 km s~ wind equals 1 Lq; the dashed
line has a wind pressure that is one-tenth as large. In both cases, the nebular mass was taken to be
107* M, within a radius of 50 AU (7.5 X 10*% cm). Figure (b) shows the interfaces for nebulae with
different masses in the same maximum radius of 50 AU, The strong value of the wind pressure was
used in each case.
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The highest value of My corresponds to the case where the particle luminosity equals
the photon luminosity. Apparently, such a high particle luminosity is observed for
Lick Ha120 (Herbig, 1962), for which L > L. With L = Lgand vy = 400kms™,
the present day wind speed, the value of My corresponding to this maximum loss rate
is 5 x 10 gms™, or 0.079 M in 10° yr.

Although My and vy independently specify the wind parameters, only the combi-
nation My vy that occurs in the expression for Py affects the structure of the wind-
nebula interface and the nebular evolution. If My has its maximum value as given above,
and vy = 400kms™!, then Myvy = 2 x 10% dyn. Figure la shows two cases, one
where My vy equals this maximum value, and another where My, vy is one-tenth as large.
We note that z for a given x increases and that A; decreases with decreasing My vy .

The distribution of column density in the model nebulae were taken to be either of
the form

o(x) = o,(x/1 AUYT? 37
or e
o(x) = og exp (— éx—%,) (38)

The case we discuss in detail will have v = 1,x,., = 50 AU. We shall also consider
the three nebular masses

My = (10,05,025)x 1072 My . (39)

for which o, = 260, 130, and 65 gmcm ™2, respectively, if ¥ = 1. Figure 1b shows the
SNPB and SMPB for these nebular parameters, and for My vy = 2 x 10% dyn. For the
two low-mass nebulae, the wind pressure exceeds the nebular pressure even in the mid-
plane for sufficiently large x. We draw the portions of the SMPB which have negative
slope as dashed lines. In these outer regions where Py(x) > Pyo(X), we expect that the
turbulence driven in the upper layers by the wind will penetrate all the way to the mid-
plane. However, in what follows, we shall not give any evolutionary time scales or other
results for the region where Pg (x) > Pyo(x).

The shape of the wind-nebula interfaces for a Gaussian distribution of surface density,
or for y # 1 are not shown here, but they are similar to those in Figure 1. In the case of
a Gaussian distribution, the values of x where Py (x) > Pyo(x) is slightly larger than xg,
which equals 1.1 x 10" ¢m for My = 1072 Mgand o(1 AU) = 260 gm cm ™2, because
the surface density drops rapidly after this point.

6.2. EVO_LUTIONARY TIME SCALES

A large uncertainty in the values of Fy,; and d0/d¢ arise because of the unknown value of
¢. For greatest simplicity and practicality of application, we give the derived fluxes and
evolutionary time scales in terms of ¢. Figure 2 shows the quantity

4Py

3¢

47 (O.Sy +xal), (40)
dx
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Fig. 2. The total rate of mass motion in gms™ along both Pressure Balance Layers (at plus and

minus z) is shown relative to a coefficient of turbulent viscosity, ¢. The radial distance, x, measured

along the plane, is in cm. A surface density distribution of the form o(x) « x™* has been used. The

influence of the pressure in the wind or the nebular mass (within 50 AU) is shown. The anomaly at
Xmin = 10Rg is an artifact of our simplified boundary condition near the central star.

which is proportional to the total mass moving through a cylinder of radius x per unit
time. Figure 3 shows the time scale

15¢0 3 9y  3p\?
= "2 = 05¢|——=+—=2]| . 41
T 90,z 050 (2x ox  ox? (1)

The factor 0.5 arises because d0./d¢ in Equation (41) represents the evolutionary rate
in each half of the disk, while the total column density, o, has been measured for the
whole disk.

We see from Figure 2 that the rate of mass motion is relativety insensitive to My, but
that it depends strongly on My vw. We also obtain the interesting result that Fy; is
approximately constant with x for y = 1. This means that dc/9¢ is proportional to x ™!
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and relatively independent of My, and that 7 is almost independent of x for x > X,
and Py (x) <€ Pyo(x), as shown in Figure 3a. Thus ¢ increases at a rate that is approxi-
mately constant with time, and the form of the mass distribution for an initial vy = 1
power law will be invariant during this evolution. In this simplified analysis, the nebula
will evolve by becoming thicker and by shrinking so that x,,, « (1 + ¢/7)". As in
Lynden-Bell and Pringle (1974) the angular momentum in the disk will end up in a small
amount of mass at a very large distance from the central star.

¥ T T T T T T T

{a) Power Law, y = (b) o (IAU)=260gm cm™2
14 My 1 My = 2 % IOzedyn T
'OZMG’ 1.0 Power Law, y =0.5
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N ] v 4
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t t t 1 t t
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Fig.3. The evolutionary time scale, in seconds, is shown relative to the coefficient of turbulent
viscosity, ¢. The radial distance x along the plane is in cm. Figure (a) compares the time scales for
nebulae with different masses and for two different wind pressures. A surface density distribution
of the form o{x) «x™* has been used, for which the time scale is relatively independent of x. Figure
(b) compares the time scales for nebulae with different distributions of surface density but with the
same value of o at 1 AU and with the same wind pressure. Power laws of the form o(x) = x~7 were
used with the indicated values of v, as was a Gaussian distribution with a standard deviation of
1.1 X10' cm, thereby giving the nebula a mass of 10°? M. From this we determine that the evol-
utionary rate, do./at, is proportional to x~*, as explained in the text. The anomaly at Xmin = 10Re
is an artifact of our simplified boundary condition near the star; it has been suppressed in Figure (b).

Figure 3b shows 7(x) for cases where ¥ # 1 and for a Gaussian distribution. We find
that 7(x) is approximately proportional to xY~ ! so that

00
” & x (42)



274 BRUCE G. ELMEGREEN

for a wide range of vy in a power law distribution and for the approximation y = 0 for
Xx < Xxg in the case of a Gaussian. This may be understood from simple arguments since
(a) o, is roughly independent of x from Equation (13) with z/x constant as in Figure 1,
and (b) the ratio o,/0 is given by

20, _ - erf | gz (SMPB) |

= =~ A\ aexp (—a?z?
v exflaz (SNPB) | = 4R a7

(43)
At Py sin o V2 erf (az) cg? 07!

IR

fora = v,(2"2x¢o)™, where we have used a Taylor series expansion of the error func-
tion and Equations (31) and (1). Typically az S 1 so erf = 1 and A, scales with c2
(Py sin a)7!; then y « x¥* (sin «)™'. We find that sin « varies roughly as x*2 near
1 AU, so y is approximately proportional to the first power of x. Equation (42) follows
immediately from Equation (26).

It is convenient to parameterize 7 in terms of powers of the independent variables
My, vy, My, L, Xmin and Xp,y. The lack of significant dependence of the results on
Xmin has already been mentioned, as well as the fact that My, and vy enter only as the
product My vy . The extent of the nebula does not influence the results at x < X,5.y,
but the value of o(x) does, so a dependence of 7 on My [Xayx arises.

We have calculated 7 at 1 AU for a ¥ = 1 power law, for the three mass loss rates
given in Equation (36), for the three nebular masses in Equation (39), for v = 400
and 100kms™, and for L = Lg. To a good approximation, the evolutionary time scale
at 1 AU may be written in all cases as

050 _ r(1AU) _

do./ot 3t
C10x10™7s  (My/1072 Mg \1¥7 2021 [ ppyp, |13 s w
3¢ Xmax/50 AU 2 x 10% dyn

We have also calculated values of 7(1 AU)/3¢ for two stellar luminosities, Lg and 10 L,
with all other parameters the same. This allows for different nebular temperatures. We
find that although v, scales with L%, sin « scales with a similar power of L, and 7 is
nearly independent of L.

The dependencies of 7 on My/Xmax and Myvy follow from its variation with ox?
(A\:0.v,)™" from Equations (24) and (26). From Equations (34) and (13) we have that at
1AU, 0 & My/Xpmax and 6, © My 0y, respectively, while the results of our calculations
give a A, proportional to (My /X max) ™ (My 0y )% ® at 1 AU,

We may also derive the total mass given off by the wind in a nebular disruption time.
We obtain the useful ratio

MwT o 4 - -1 Xmax -1 T 0.25
sony - 129 (400kms-l) 50AU | |10'2s (45)
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for 7 at 1 AU evaluated from Equation (44). We see that for typical wind and nebular
parameters and for { ~ 0.1, the wind must radiate an amount of gas (into 4 7 steradians,
as assumed) that is roughly equal to the mass in the nebula. Since the nebula subtends
a solid angle equal to 4 7sin 8 (c¢f. Equation (3)), the total mass of the wind absorbed by
the nebula in a disruption time will be sin 6 My7. From Figure 1, sin § = 0.2 so the
nebula will absorb more mass than its loses if

~ MwT

R 5 (46)

If the wind is very weak or if the magnitude of the turbulent viscosity is small, then the
nebula could evolve so slowly that it picks up more mass from the wind than it loses via
inward drifts. For the wind and nebular parameters used here, e.g. My ~ 1072 My,
Xmax ~ SOAU, vy ~ 400kms™ and My, ~ 5 x 10 gms™, ¢ would have to be less
than 1/60 for this to occur. For one-tenth the mass loss rate, ¢ would have to be less than
~1/30.

6.3. FEASIBILITY OF NEBULAR DISRUPTION

The insensitivity of Myw7(3 {My)™ to 7 in Equation (45) allows one to readily estimate
the feasibility of a wind’s disruption of a surrounding disk nebula in a case where the
wind’s pressure varies with time. For typical vy and { ~ 0.1, the wind must give off a
total amount of mass that is comparable to the mass in the nebula. For example, rapid
mass loss during a short-lived T-Tauri phase will disperse a surrounding disk nebula to
the same extent as will a weaker wind that sheds the same amount of gas over a pro-
portionally longer time. Of course, this is subject to the constraint of inequality (46).
It is reasonable to expect that a strong stellar wind that sheds some 0.1 M, will contri-
bute to the disruption of a comparable amount of mass in a disk nebula. Whether the
wind alone leads to the final disruption of the nebula depends primarily on the total
mass lost from the star after the time when other processes creating turbulence in the disk
subside.

7. Speculations on the Origin of T-Tauri Winds

If inequality (46) is not satisfied, then the nebular mass will decrease with time as the
nebula accretes onto the central star. In that case there arises the interesting possibility
that a small fraction of the accreting nebular mass will pick up energy near the star and
get blown out with the wind. One of thé important results of the present work is that
the accretion rate of the nebula onto the star,i.e., ~ My/7, is proportional to the wind’s
mass loss rate, varying approximately as My if vy is fixed. This dependence could be
one-half of a system with positive feedback. If a small fraction of the accreting mass were
continuously channeled back into the wind, then the accretion rate and the mass loss rate
would iteratively increase to the point of saturation, when the maximum possible energy
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or momentum flux in the wind is attained. Thus the final destruction of a disk nebula
and the creation of a very strong wind may be intimately related.

It is also evident that a young star could appear to be losing a large amount of mass
in the form of a wind, whereas the material could actually be coming from a surrounding
disk nebula. This alternative to extreme mass loss from the star itself could have import-
ant implications for pre-Main-Sequence evolution. The stellar mass could even increase
during the disk accretion-wind phase.

8. Final Stages of Evolution

In the evolutionary process just described, much of the nebula will be accreted onto the
central star, a small amount of mass will carry the disk’s angular momentum out to large
distances, and a small amount may leave the system altogether if it joins the wind. How-
ever, as soon as Py(x) > Pyo(x) for all x, then the interaction between the wind and the
nebula will begin to differ from what we have described. Wind-driven shocks will occur
throughout most of the nebula with a mixing length equal to either A, or U,x/7, as
discussed in Section 3.1. The nebula will be completely turbulent and it will continue to
evolve as described here (but with z(SMPB) = 0) until the mixing length becomes com-
parable to the nebular radius. Then the wind can push out the remaining gas all at once.
Presumably, this will be the final stage in nebular disruption. From Equations (32) and
(35), we see that Pgy(1 AU) > Pyo(1 AU) if 6(1 AU) < 10gmem™2 or if My < 1073
Mo, assuming My vy = 2 x 10% dyn. Furthermore, the mixing length will be the same
size as the nebulaif v, = v, orif o(1 AU) ~ 1072 or Myy ~ 1076 M,

9. Summary

The disruption of a disk nebula by a stellar wind occurs as a result of wind-driven turbu-
lence in the top layers of the disk. The outward motion that is directly induced by
pressure from the wind will be exactly compensated by the wind’s contribution to an
inward drift of the top layer. Turbulent viscosity also contributes to the drift of the
top layer, but this contribution leads to a permanent change in the nebular surface
density. The net result is an inward drift of most of the original mass in the nebula.

We have analyzed the structure and stability of the wind-nebula interface, the strength
and direction of all mass motions, and the time scales for nebular evolution. An approxi-
mation for this time scale, showing its dependence on the nebular mass, the pressure in
the wind and a coefficient, {, for turbulent viscosity, is given by Equation (44). The
results showed that the total amount of mass given off by a strong wind in the nebular
disruption time will be comparable to the mass in the nebula. This simple relationship
(Equation [45]) allows one to readily estimate whether a wind can disrupt a surrounding
disk nebula.

We have also discussed the interesting possibility that some of the influx of nebular
material (resulting from the viscosity-induced drift) may absorb energy near the star
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and turn around to join the wind. If this is possible, then there will be two important
consequences: The rate of nebular accretion onto the star and the mass loss rate in the
wind will be mutually dependent, creating a system with positive feedback. The particle
fluxes may then undergo a runaway increase until the limit of energy or momentum flux
in the wind is attained. Thus the destruction of a disk nebula and the creation of a strong
wind may be related, and the energy flux in the wind may have a natural tendency to
become saturated at a value controlled by the stellar luminosity.

The second consequence follows immediately, namely that the mass lost from a young
stellar system during a T-Tauri phase may originate in a disk nebula and not in the star
itself. Thus the total amount of material given off as a radially directed wind could be
quite large, without seriously affecting the internal structure of the star.
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