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ABSTRACT

Recent HST observations of the Orion Nebula show the presence of compact (~2”) emission-line
objects (“proplyds™) with bowlike morphologies and tails pointing away from the 6'C Ori star. We
model these objects as the result of the interaction between the fast wind from §*C Ori and slow dense
winds from accretion disks around young, low-mass stars, which are photoevaporated by the ionizing
radiation coming from this massive star.

We develop a fully analytic model for this two-wind interaction, which shows that depending on the
value of the dimensionless parameter 1 = Fc,/n,, v2, where c, is the sound speed of the ionized gas, F,,
is the ionizing photon flux impinging on the surface of the accretion disks, and n,v2 is the specific
momentum flux of the wind from 8'C Ori, both “choked” subsonic (low 4) solutions and “free” super-
sonic (high A) solutions can be found. We argue that for the case of §*C Ori, this second supersonic
regime is relevant.

For the supersonic regime, we find that both the properties of the exciting star (§*C Ori) and the size
of the accretion disk that ejects the photoevaporated wind enter the solution only as a direct scaling of
the size of the proplyd. The only physical parameter with a more complex effect on the problem is the
orientation between the axis of the accretion disk and the direction to 6'C Ori.

We finally use this analytic model to produce predicted emission measure maps (which are directly
compared to the HST images of O’Dell & Wen 1994). A good qualitative agreement is found at least for
some of the proplyds observed in the Orion Nebula.

Subject headings: H 1 regions — hydrodynamics — ISM: individual (Orion Nebula) —
ISM: jets and outflows — stars: individual (6! Orionis C) — stars: mass loss

1. INTRODUCTION

Recent observations obtained with the Hubble Space
Telescope (O’Dell & Wen 1994; O’Dell, Wen, & Hu 1993)
show the presence of a number of elongated emission-line
knots in the region surrounding 6'C Ori. Some of these
clumps have positions that coincide with the previously
detected “LV knots” (Lacques & Vidal 1979) or with
“PIGs” (partially ionized globules) detected at radio wave-
lengths (Churchwell et al. 1987).

A possible interpretation of these objects (McCullough et
al. 1995) is that they correspond to the wind from a
compact, molecular core, which is being photoevaporated
by the ionizing radiative field from 'C Ori. Even though
this interpretation is promising, it appears to have two
drawbacks. First, some of the proplyds (e.g., the LV knots)
surround clearly visible stars, while McCaughrean & Stauf-
fer (1994) find that in virtually all proplyds a central young
star is visible in the near-infrared. From this one would
conclude that a high extinction core is not present in these
objects.

Second, the interaction of an initially spherical cloud core
with an incident radiative field (and possibly also with a
wind from the same source) will lead to structures that are
symmetrical with respect to the axis joining the center of the
core and the massive star. However, many of the observed
proplyds have a highly asymmetric shape, and some objects
have partially symmetric structures with axes that deviate
considerably from the direction to the ionizing photons/
wind source.

A natural way to explain such asymmetries is to assume
that the cloud core is aspherical, with a symmetry axis that
is not necessarily parallel to the direction toward the source.
In this scenario, the photoevaporated wind comes from an

accretion disk surrounding a low-mass star (O’Dell et al.
1993; McCullough et al. 1995; Lizano et al. 1996). This
scenario has the advantage of producing a proplyd with a
possibly visible central star (as the flattened nature of the
envelope allows direct lines of sight to the star).

Following this idea, in this paper we develop an analytic
model of the interaction of a photoevaporated wind from an
accretion disk, powered by the ionizing radiative field from
an external source, with a powerful stellar wind from this
source (§ 2). The resulting two-wind interaction can have
very different characteristics depending on the relative
values of the photon and mass fluxes from the external
source. The two resulting regimes are described in §§ 3 and
4. The values of the model parameters that are deduced
from the observations of the Orion proplyds are discussed
in § 5. Finally, a comparison between observed and predict-
ed Ha intensity maps is presented in § 6.

2. GENERAL CONSIDERATIONS

Proplyds are small emitting knots with characteristic
radii ~20-100 a.u. and very large Hoa luminosities ~0.01—
0.1 Ly (McCullough et al. 1995). These general character-
istics can be straightforwardly reproduced with models of
photoevaporated compact clumps or disks.

To a certain extent, the observations of proplyds appear
to favor a “photoevaporated disk ” over a “clump” model
for two reasons. First, several proplyds show a morphology
that is not symmetrical with respect to the direction to 6*C
Ori, considered to be the main exciting source. These asym-
metries cannot be reproduced with a model of the photoe-
vaporation of an initially spherical clump, and are a clear
feature of what is to be expected for the photoevaporation
of a flattened, disklike structure of arbitrary orientation.
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Second, the fact that the embedded stars are optically
visible in some of the proplyds (e.g., in the LV knots) can
also be interpreted as a possible indication of the presence
of a flattened circumstellar structure.

The most striking morphological properties of these
objects are their “tails,” which extend radially outward
from the direction to §*C Ori for up to ~ 500 a.u. from the
“heads” of the proplyds. In order to understand this phe-
nomenon, it is necessary to find a mechanism that can
redirect the photoevaporated wind, which will initially be
streaming toward the source of ionizing radiation, away
from this source.

The two obvious candidates for solving this “confine-
ment problem ” are the radiation pressure of the photoioni-
zing field and the ram pressure of the wind from 6*C Ori. In
order to choose between these two possible confinement
processes, let us present some general considerations, which
are independent of the precise geometry of the photoevapo-
rated structure (applying to both disks and clumps).

Every ionizing photon that arrives to the surface of the
neutral disk (or clump) liberates an ion. If one assumes that
the photoevaporated material is ejected at the isothermal
sound speed of the ionized gas ¢, (~10 km s~ 1), then, in a
steady state,

PoCo
F,~ S 1
o (1)

where F is the ionizing photon flux arriving to the ioniza-
tion front (which, for simplicity, we assume to be perpen-
dicular to the direction toward the photon source), p, is the
density of the photoevaporated wind at this surface, and
m = 1.3my is the average mass per atom or ion. Therefore,
the gas pressure at the base of the photoevaporated wind is
given by

Pgas=pOC(2)szOF0' (2)

The pressure of the ionizing radiation acts on the region
close to the base of the photoevaporated wind (i.e., in the
region close to the ionization front), where the radiation is
absorbed. The radiation pressure has a value

Folhv)y  Fohvg
c ¢

Prad = (3)

where c is the speed of light, and the average energy of the
ionizing photons <hv) = hv,, hv, being the ionization
energy of hydrogen. From equations (2) and (3) we then
obtain

Prad ~ th
mcqycC

=33 x1074. @)

In other words, the radiation pressure acting on the base of
the photoevaporated wind is completely negligible com-
pared to the gas pressure and is thus unable to confine the
photoevaporated wind.

Let us now consider the ram pressure of the wind from
0'C Ori. Assuming that the ionizing flux is not attenuated
in the photoevaporated wind, the ratio of the ram pressure
to the radiation pressure can be written as

Phyd — pw Uvzv S
Prad F0<hv>/c

®

where p,, and v,, are the density and velocity (respectively)
of the wind from 6C Ori at the position of the proplyd, and
we take F, equal to the stellar ionizing photon flux F, =
S'*/41rr2, where r is the distance to the star. For the wind
parameters M = 4 x 1077 Mg yr~! (mass-loss rate), v,, =
1000 km s~1, and S, = 7.24 x 10*® s~ (ionizing photon
rate), which appear to be appropriate for 6'C Ori (see § 5),
€ ~ 0.6; i.e., because this wind is radiatively driven, its ram
pressure Py 4 has the same order of magnitude as the radi-
ation pressure. In fact, as discussed in § 5, the ionizing flux
F, that arrives at the ionization front is greatly reduced
mainly by recombinations in the photoevaporated flow, i.e.,
Fy < F . Therefore, the value of € can be larger by 2 orders
of magnitude, implying that the hydrodynamic pressure is
dominant, clearly being the best candidate for producing a
confinement of the photoevaporated wind. Moreover, while
the radiation pressure acts on the base of the photoevapo-
rated wind, the ram pressure instead acts on the surface of
contact between this wind and the wind from 6'C Ori. As
the gas pressure at the base of the photoevaporated wind is
so large, the surface of contact between the two winds will
be spatially quite removed from the photoevaporated
surface. The resulting dilution of the photoevaporated wind
results in a large enough pressure drop so that it can be
confined by the ram pressure of the wind from 6'C Ori. On
the other hand, a radiation pressure confinement cannot
work through such a dilution of the photoevaporated wind,
since the more dilute regions will be optically thin, and will
not receive a substantial amount of momentum from the
radiation field. In the following sections, we will explore in
detail the confinement of a photoevaporated wind from a
disk through the interaction with the wind from 6'C Ori.

3. THE “ CHOKED,” SUBSONIC REGIME

Let us assume that we have an accretion disk around a
young, low-mass star, with its axis aligned with the direc-
tion toward the exciting star (9*C Ori). The exciting star has
two principal effects on the disk:

1. The ionizing radiation field from the exciting star pho-
toevaporates material from the surface of the disk, and

2. The wind from the exciting star exerts a pressure on
the disk that tends to confine the photoevaporated material.

The balance between these two competing processes
determines the structure of the photoevaporated region sur-
rounding the surface of the disk that faces the exciting star.
This balance depends on the value of the dimensionless
parameter,

1= F, cozm
pwvw

defined as the ratio between the product of the photon flux
F, incident on the surface of the disk times the isothermal
sound speed c, of the ionized gas times the average mass per
atom or ion m and the momentum flux of the wind from the
exciting source at the position of the disk p,, vZ2.

It is intuitively clear that for low values of A the wind
from the source will succeed in confining the material
photoevaporated from the disk. This situation is shown
schematically in Figure 1. In this low 4 regime, the photoe-
vaporated material leaves the surface of the disk with a
density p, and a subsonic velocity v; < ¢,. A fully subsonic
bubble of photoionized material is formed, limited on one

) ()
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FiG. 1.-—Confinement of the photoevaporated wind in the low A regime.
The fast wind from 6'C Ori confines the ionized disk material to a sub-
sonic bubble. Symbols are defined in the text.

side by the surface of the disk (which is facing the exciting
source) and on the other side by the curved contact discon-
tinuity that separates the photoevaporated bubble from the
incident wind. Since the adiabatic expansion is negligible,
this confined bubble is isothermal at a temperature of ~10*
K.

The material trapped in the bubble can only escape
downwind (away from the 6'C Ori) in the unbounded
region beyond the outer edge of the disk. In order to allow
this escape of mass, the bubble has to have a radius (on the
equatorial plane of the disk) r, > r,;, where r, is the radius of
the accretion disk. As the bubble is subsonic, the material
that starts to escape freely into the unconfined region down-
wind from the disk will immediately go through a sonic
transition. We can therefore assume that the material leaves
the bubble with a velocity v, = c,.

Further progress can be made by assuming that the flow
is in a steady state, in which every photon that impinges on
the disk results in an ion being photoevaporated from the
disk and eventually leaving the bubble through the region
of exit (see Fig. 1). In other words,

mrgmFo = mrip v, =t — r)peve » (7)

where p, is the exit density (assumed to be uniform across
the exit region, see Fig. 1), and v, &~ c,. We have assumed
that both p,; and v, are constant over the whole surface of
the accretion disk.

Let us also consider the on-axis stagnation point between
the photoevaporated material and the wind from the excit-
ing source. At this point, the material in the bubble has zero
velocity, and a density p, (see Fig. 1). The stagnation pres-
sure is also approximately equal to the ram pressure of the
impinging wind, so that we have

PsCo R Py - ®)
Finally, we can use Bernoulli’s theorem for the stagnation
streamline, which relates the exit conditions (p, and v,), the
stagnation point conditions (p,, v = 0), and the velocity and
density (p; and v,) of the gas that is photoevaporated from
the central regions of the accretion disk. Neglecting gravity,
an issue that we will return to in § 5, the isothermal Ber-
noulli’s theorem then gives

c3 vg
5 teslnpe=cilnp, == +cglnp,, ©)
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where we have set v, = ¢,.

We can then calculate the value of the outer radius r, of
the bubble (see Fig. 1) by combining equations (7)-(9) to
obtain

r, =1+ Ae?)?r,, (10

where the dimensionless parameter A has been defined by
equation (6).

From this equation, it is clear that for larger values of 4,
the photoevaporated bubble grows in size. However, there
is a limit in the value of A allowed in this model, so that
r, ~ r;. In order to see this, one can use equations (7)—(9) to
obtain an implicit equation:

A= M,e M&2 (11

which gives the Mach number M, = v,/c, of the material
leaving the surface of the disk as an implicit function of the
dimensionless parameter A. This equation implies that

A< A, =e 12 12)

and that the maximum value of A is obtained for a sonic,
M, = 1 situation. Note that the solutions with M, > 1 are
unphysical, because in our derivation we have assumed that
we have a fully subsonic, causally connected bubble. From
equations (10) and (12) we also see that the radius of the
bubble (measured along the plane of the disk) is limited to
valuesr, < 2'/%r,.

It is possible to estimate the angle o, (see Fig. 1) of the
surface of the bubble as it intersects the equatorial plane of
the disk by setting the exit pressure p,c2 equal to the ram
pressure of the environment normal to the surface:

p.Cco = p,v2 cos? a, . 13)

Combining this equation with equations (8) and (9), we
obtain that cos o, = e~ /4 or «, = 38°85. A crude estimate
of the shape of the subsonic bubble is obtained by assuming
that it has a quadratic shape of the form

Z_ 0.403[1 — <1>2] , (14)
re re

which gives the height z of the bubble (above the equatorial
plane of the disk) as a function of the cylindrical radius r.
The value of 0.403 = (tan «,)/2 has been chosen so that the
assumed shape has the correct slope on intersection with
the equatorial plane of the disk. This assumed shape implies
a bubble size z, = 0.403[1 + Ae'/2]'/%r, measured along the
symmetry axis (see Fig. 1). Then, this bubble has an aspect
ratio of ~ 1/2 since z/r,is always less than 0.6.

4. THE “FREE,” SUPERSONIC REGIME

4.1. The Disk Wind

Let us now assume that the dimensionless parameter 4
(defined by eq. [6]) has a value A > 1, (see eq. [12]). Under
this condition, the ram pressure of the impinging wind is
not strong enough to confine the photoevaporated wind in
a subsonic bubble. Instead, the photoevaporated wind will
be able to expand supersonically. In this section, we will
derive an approximate analytic description of this freely
expanding wind.

We will assume that the photoevaporated material
enters into an expansion fan (Courant & Friedrichs 1948)
and leaves the disk with a sonic velocity along the sym-
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metry axis,

v,0, 1) =¢q, (15)
and a velocity parallel to the surface of the disk,
r
vr(oa r) = <_>c0 ’ (16)
Ta

which is a linear function of the cylindrical radius r and
becomes sonic at the outer radius r, of the disk (see Fig. 2).

We will furthermore assume that the streamlines of the
photoevaporated wind are straight, so that they are given
by

r=ro(l + z/ry), 17

where r, is the cylindrical radius at which the streamline
crosses the disk, and we have used equations (15) and (16).
From equation (17) it is clear that our wind solution is
confined to a cone with a half-opening angle of 45°.

The isothermal Bernoulli’s theorem along a streamline
can be written as

p 1/2
v, = co[l + 2 cos? aln (;0)] , (18)

where p, is the density at the position of the disk, and « is
the angle between the streamline and the symmetry axis (see
Fig. 2). Note that we are again neglecting gravity.

Also, from the usual mass conservation argument, it is
straightforward to show that the density has to obey the
relation

19

where we have used equation (17).
Equations (18) and (19) can then be combined to give an
implicit equation for the density of the wind:

__poTi 2 po\ |
p= (———rd 2P [1 + 2 cos aln(p)] . (20)

This equation can be solved for p in an approximate way by
first neglecting the logarithmic term in equation (20) to

F1G. 2.—Streamlines of the photoevaporated wind in the high A regime.
Tonized disk material freely expands in a Mach cone of opening half-angle
45°.
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obtain a first approximation,

2
(a)z pOrd 21
PR TR (21)

which can be then inserted into the logarithmic term of
equation (20) to obtain the better approximation:

2 2 -1/2
PoTa {1 + 2 cos? aln [@]} . (22

= (ra+ 2 ]

In the following, we will always use this approximate,
explicit form for the density of the photoevaporated wind.

Finally, equations (18) and (22) can be combined to give
the ram pressure of the photoevaporated wind, in the direc-
tion of the streamlines, at large distances from the disk:

Pvz=,DoCc2)Q2 : 1+ 4 cos? aln(— : 1/2,
R/ cos* « r, tan o

(23)

where we have considered that for z > r;, the spherical
radius R is given by R = z/cos a and we have substituted
equation (21) into the logarithmic term of equation (18).* In
the following section, we will use this ram pressure to calcu-
late the shape of the interface between the photoevaporated
wind and the wind from 6*C Ori.

4.2. The Mach Disk

We will assume that the shape of the interface between
the photoevaporated wind and the wind from 6'C Ori is
determined by the ram pressure balance between the two
winds (in other words, we will neglect the centrifugal and
Coriolis pressures). Let us consider the interaction between
a plane parallel wind of density p,, and velocity v,, with a
radially diverging wind of position-dependent density p and
velocity v.

The condition of ram pressure balance between these two
winds can be written as

pv? cos? 0 = p,,v2 cos? (0 — 0, (24)

where the angles 0 and ' are defined in Figure 3. In terms of
the cylindrical radius r = R sin 0, the ram pressure balance
equation takes the simple form

dr
=TV (29
where
1/2 v R
V= (ﬂ) == 26)
pw Dw rd

and r,is a characteristic radius (in our case, the radius of the
accretion disk) used to obtain a dimensionless form for .
We should note that if we set ¥ = 1 (i.e., for the case of a
spherically symmetric constant velocity photoevaporated
wind), we obtain r = r, 0, which is the well-known solution
found by Dyson (1976).

If we consider the plane that contains the axis of the disk
and the direction to #'C Ori, at large distances from the
disk (i.e., for R > r,) the angles 0 and « (see Figs. 2 and 3) are

! In the above equation, cylindrical and spherical coordinates are mixed
for convenience (see § 4.2).
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Stellar
Wind

Mach
Disk

FiG. 3.—Ram pressure balance between the photoevaporated wind and
the wind from §*C Ori.

related through a = 6, — 6, where 6, is the angle between
the disk axis and the direction to §'C Ori. For this plane,
equation (26) can then be written as

21/2

V= cos? (6, — 0)

r 1 e
X {1 + 4 cos? Oy — 6)In [r—d m]} , (27

where

2
PocCo _ Fomeg

P o
and we have used equation (23). The second equality of
equation (28) is obtained by assuming that the density at the
beginning of the expansion fan is the same as that of the
ionization front (small divergence) and that the ionization
front is D-critical, i.e., the material is released at the sonic
speed.

It is possible to solve equation (25) (with the value of Y
given by eq. [27]) with a method of successive approx-
imations. The first approximation is obtained by setting the
term in braces in (27) equal to 1. Equation (25) can then be
integrated in a straightforward way to give

A2y tan 6
@)(0) = d
0 cos? 6, [1 + tan 6, tan 0] ’ (29)

(28)

which is the equation for a straight line parallel to the
surface of the accretion disk, at a distance z = r/tan (6) =
A2r,/cos? 6, from the disk. From this result, it is clear that
our approximation of large distances from the accretion
disk (under which eq. [23] was derived) is valid provided
that A > 1.

The next approximation to the locus of the surface of ram
pressure balance can be obtained by substituting @ (eq.
[29]) into the right-hand side of equation (27) and consider-
ing that the terms inside the braces are dominated by
the term in In A, as we are considering the 4 > 1 regime
(see above). In order to integrate equation (25) we assume
that the solution has the form r(6) = p(9)r(6), where p(0) is

Vol. 465

a polynomial of degree n in 6. We then find

214)12(1n ) /4, tan 0
cos? fy(1 + tan 6, tan 6)

1 92
x [1 -2 (03 +3 000)] , (30)

where we have considered the solution to order n = 2 in the
polynomial p(f). This solution is plotted in Figure 4 for
different values of the orientation 6, between the disk axis
and the direction to §'C Ori. From this graph it is clear that
the shape of the ram pressure balance surface is approx-
imately straight, since the term in brackets in equation (30)
is only a small correction. This justifies our neglect of cen-
trifugal and Coriolis forces.

It can easily be shown that off the plane containing the
disk axis and the direction to 8'C Ori, the curvature of the
ram pressure balance surface is also small. Therefore, the
shocked region between the photoevaporated wind and the
wind from 0*C Ori is approximately planar and parallel to
the surface of the disk and lies at a distance

211431721 7)1y,
= cos? 0,

r(6) =

) G1

from the accretion disk (see eq. [30]).

4.3. The Flow along the Mach Disk

Let us now assume that the ram pressure balance surface
is given by the planar solution described in the previous
section. As is shown in Figure 5, this planar surface is
limited radially by the 45° half-opening angle cone to which
the photoevaporated wind is circumscribed (see § 4.1). In
this way, the shock in the photoevaporated wind can be
described as a planar “ Mach disk.”

In this section, we will consider the postshock flow (of the
photoevaporated wind), which moves away from the z-axis
along this Mach disk. From equations (18) and (22) it is
possible to determine the density and the spatial velocity

4 L T T L T T I T T T
L \ ﬂ
2 _
. i ]
r 8,=60°

0 # .

_ } \ 8,=40° -
L 8,=20° -
L 6,= 0° .

_2 1 1 1 1 1 1 I 1 1 1
-2 0 2 4

F1G. 4.—Shape of the Mach disk for different values of the inclination
angle 0, between the normal to cicumstellar disk and the direction to §'C
Ori. Values of 6, of 0°, 20°, 40°, and 60° are shown. It can be seen that the
Mach disk is nearly flat in each case. The coordinates x’ and y’ are in units
of AY2(21n A)!/4r,, see eq. (30).
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FiG. 5—Gas flow in the Mach disk, illustrating the quantities that
enter into egs. (32)—(34).

just upstream of the Mach disk. Through the usual mass
and momentum conservation equations, and noting that
the pressure of the postshock gas has to be equal to the
normal ram pressure p,, vZ cos® 0, of the wind from 6'C
Ori, one can show that in the 4 > 1 regime the outward
velocity v, along the Mach disk (see Fig. 5) is given by

272 22 (v
o = 2D (1), ()

where the distance D between the accretion disk and the
Mach disk is given by equation (31). The width h of the
shocked photoevaporated wind layer (see Fig. 5) is found to
have a value

__3
" 8In4
which is independent of the cylindrical radius r. The density

of the shocked layer p; is also independent of r and can be
found from the pressure balance condition to be

h D, (33)

0, V2 cos? 0,

P = (34)

€5
From equation (33), we see that for large A the shocked
layer has a width h < D (i.e,, the layer is thin). Also, from
equation (32) we see that at the edge of the Mach disk (i.e.,
for r = D) the radial velocity of the shocked material is
highly supersonic. In this model, a thin sheet of material
is thrown off the edge of the Mach disk at a supersonic
velocity.

This radially expanding sheet of material does not have
support from the photoevaporated wind (which is confined
to a 45° opening angle cone; see § 4.1), but it clearly con-
tinues to interact with the wind from 6*C Ori (see Fig. 5).
The resulting effect is that this flow has to curve backward
and eventually become approximately parallel to the direc-
tion pointing away from 6'C Ori. This curving flow is
described in detail in the following section.

4.4. The Bow Shock Wings

From equation (32), we see that the flow leaving the edge
of the Mach disk has an initial velocity

2712(in A)1/2

Vo =v(r=D)= 3 Co -

(35)
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Also, from simple geometrical arguments one sees that the
initial angle &, of this flow with respect to the direction
pointing away from 6'C Ori is given by

(1 — sin? ¢ sin? 0,)/?

sin ¢ sin 6,

tan 6, = , (36)
where ¢ is the azimuthal angle measured around the axis
pointing from the disk to §*C Ori (with ¢ = 0 correspond-
ing to the plane containing v, and the disk axis).

Figure 6 shows a schematic diagram of the flow leaving
the edge of the Mach disk. It is possible to obtain the curved
path of this flow from Newton’s second law,

pha = p,v2 sin? §, (37

where p is the density, h is the initial width of the curved
sheet, and the acceleration a of the material is given by

a=rvik,

= d*x/dy* (38)
[1 + (dx/dy)*]>*”

with x being the curvature of the path. In deriving equation
(38), we have considered that the tangential forces along the
curved path are small (because the flow is highly super-
sonic), so that the tangential velocity remains constant (with
a value equal to v,, see eq. [35]). The x- and y-coordinates
describing the path of the flow are defined in Figure 6.

We will now assume that the path of the material ejected
from the edge of the Mach disk curves over a distance that
is much smaller than the radius D of the Mach disk. Under
this approximation, the flow can be treated with a plane-
parallel approximation, under which the product phv, will
be constant along the curved sheet. Equations (37) and (38),

then, give
>x 1 dx"\*|'?
o I N )

where we have defined dimensionless coordinates y' = y/D
and x’' = x/D, and the characteristic length L is given by

v2 h 1

The somewhat surprising result shown in the second equal-
ity is obtained by substituting the appropriate values from
equations (31) and (35). The fact that this characteristic
length is 1/12 of the radius of the Mach disk clearly justifies
the plane-parallel assumption made for deriving equation

wing |- x =

stellar
, -4——— wind

Mach disk

F1G. 6.—Gas flow leaving the edge of the Mach disk. The initial injec-
tion angle with respect to the fast wind direction is J,. The coordinates x
and y, used in describing the subsequent motion of the gas (eqs. [37] and
[38]), are indicated.
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(39). This equation can then be integrated in a straightfor-
ward way to obtain

. Y -t 1 1
X = L{cosh I:L sinh <tan 50)] sin 60}' 41)

In this way, we have derived a full description of the flow
resulting from the interaction of the wind from 6*C Ori and
the material ejected from the edges of the Mach disk. Even
though the geometry of the problem is somewhat compli-
cated, from equations (36), (40), and (41) it is possible to
construct the three-dimensional surface composed by the
Mach disk and by the “bow shock wings” formed by the
material ejected sideways from this disk.

Examples of such surfaces are shown in Figure 7 for dif-
ferent values of the angle 6, between the disk axis and the
direction to 6'C Ori. From this figure, we see that the
picture developed in §§ 4.1-4.4 is actually valid only for
values of 0, not larger than ~60°. For larger values of 6,
the “bow shock wing” will start to intersect the photo-
evaporated wind cone, giving rise to a pattern of sideways
shocks, which we have not attempted to explore.

Finally, we should note that in the high-A regime most of
the physical parameters of the model enter only through a
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scaling of the radius D of the Mach disk. Moreover, the
shape of the shocked surface written in units of D depends
only on the orientation angle 6, between the disk axis and
the direction to §'C Ori.

5. THE VALUE OF THE DIMENSIONLESS PARAMETER 1

In order to calculate the dimensionless parameter A (eq.
[6]) one needs to know the incident photon flux at the
ionization front F, and the stellar wind parameters of the
exciting star M,, and v,. We obtain the former following
Pastor, Canto, & Rodriguez (1991), who included the effect
of dust absorption of the ionizing photons in the photo-
evaporated flow, and write

Fo=F, e ™% _ f(zngagr,, 42)

where F, (=n, ¢,) is the flux of ionizing photons that arrive
at the D-critical ionization front. The first term on the right-
hand side of equation (42) represents the flux of ionizing
photons from the exciting star (F, = S*/47rr2) after attenu-
ation by dust in the star’s stellar wind and in the photo-
evaporated disk wind itself, with dust extinction optical
depths of 7,, and 7, respectively. For the density distribution
of our photoevaporated wind (eq. [22]), and assuming 0, =

ApAMLAAAN
[}

Fic. 7.—Shape of the bow shock wings for various angles 6, between the disk normal and the direction to 8'C Ori
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0, one can write Tty ~ 0,7, Where o, is the dust extinction
cross section per hydrogen atom in the Lyman continuum
(assumed to be 2.0 x 10~ 2! ¢cm?). In this approximation, we
make no distinction between true absorption and scat-
tering.

The second term on the right-hand side of equation (42)
represents those photons lost through ionization of the gas
in the photoevaporated wind, which in equilibrium must
balance the recombinations in this wind. Here, oy = 2.6
x 10713 ¢cm3 s ! is the Case B recombination rate and
f(z,) is a factor that takes into account the variation in both
the gas density and the dust optical depth with height in the
photoevaporated wind. Unlike in the case considered by
Pastor et al. (1991),whose b(t9) exp (—13) corresponds to
our f(z,), we can find an analytic expression for this factor
under the reasonable approximation that the vast majority
of the recombinations occur in the base of the wind, before
the gas has undergone significant acceleration. In this case,
we find f(to) = 14 *{td — 27o + 2[1 — exp (—10)]}, which
can be further crudely approximated as f(to) ~ (3 + 7o) ..
This latter approximation is exact in the limits 7, = 0 and
7o — 00, With a maximum error of less than 10%.

Figure 8 (upper panel) shows the resulting dust optical
depth as a function of distance of the proplyd from the
exciting star 0'C Ori, which is assumed to be of spectral
type O7 V (Conti 1973) with an ionizing photon rate $, =
7.24 x 10*8 s~! (Panagia 1973) and with t,, = 0. The pho-
toevaporated disk is assumed to have a radius of r; = 15
a.u. The vertical dotted lines in the figure indicate the rough
limits of the observed distances of the proplyds from §'C
Ori (0.01-0.2 pc). It can be seen that the dust extinction in

TO
log, o)
800 | : =
600 |- o= ]
A o - = DT
400 _ = L
- _ -~ -
200 1 _ = :
O J :/. PR TSN S TR SN W N SH SR ST S N S S S I
0 0.05 0.1 0.15 0.2

r (parsecs)

FiG. 8.—Dust optical depth (upper panel), logarithmic gas density at the
ionization front (center panel), and the parameter A (lower panel) as func-
tions of distance from the proplyd to 6'C Ori. Dashed lines indicate the
dust-free case (t, = 0). Vertical dotted lines delineate the range of distances
at which the proplyds are found.
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the photoevaporated wind is only important for proplyds
quite close to the exciting star (<0.05 pc). Dust in the wind
of 1C Ori itself (z,, # 0) cannot be ruled out a priori, and its
likely effect on A will be discussed further below.

The center panel of Figure 8 shows the logarithm of the
density of the gas leaving the ionization front at the base of
the photoevaporated wind. The solid line is calculated from
equation (42) and includes the effects of dust, whereas the
dashed line shows the density that would obtain in the
absence of dust (t, = 0). Since, for the parameters con-
sidered here, one finds that F, < F,, the density in the
dust-free case is given to a very good approximation by
ny =~ [38,/(@nogr)]*?r L.

For the wind parameters of §'C Ori, we use M, =4
x 1077 Mg yr~1, v, = 1000 km s !, obtained by Howarth
& Prinja (1989) from measurements of UV resonance lines.
Although this seems to be the most reliable estimate, it is in
conflict with the Ha measurements of Leitherer (1988),
which imply a stronger wind (M,, = 7.5 x 1077 Mg yr ™,
v,, = 1650 km s~ 1). Also, both these estimates give a M,,/v,,
ratio that is a factor of 2 lower than the one implied by
equation (24) of Panagia & Felli (1975) given the detected
free-free emission of 0.49 mJy at 3.5 cm (Menten & Reid
1996). Thus, we note that the uncertainty in the momentum
flux of the stellar wind means that A could be a factor of ~3
less than we have assumed.

The resultant value of A as a function of distance from
6'C Ori is shown in the lower panel of Figure 8. The solid
line is with dust and the dashed line is without dust. In the
dust-free case, A varies approximately linearly with distance
as A ~ 50(r/0.01 pc). The effect of dust is to decrease 4, with
the maximum reduction being by about a factor of 2 and
occurring for the proplyds closest to 6'C Ori. One can see
that, for the parameters of §'C Ori, A > 1, and the model
discussed in § 4 applies. In this model, the radius of the
Mach disk is given by D in equation (31). Figure 9 shows as
a solid line the value of D as a function of the distance to
6'C Ori in arcsec for disk sizes r, = 20 a.u. and 6, = 0. The
filled triangles correspond to the proplyd sizes measured at

1000 71—
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Fic. 9.—Proplyd size D as a function of distance to §'C Ori. Solid line
shows model prediction for r; = 20 a.u. Filled symbols are measured from
HST images at the 50% contour (triangles) and 10% contour (hexagons).
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the 50% intensity contour (FWHM) directly from the Ha
images of O’Dell & Wen (1994). These FWHM sizes are
smaller than D because the photoevaporated winds (and
possible the central stars) are much brighter than the Mach
disk. Therefore, we also show, by filled hexagons, the sizes
of the proplyds measured perpendicular to the direction to
6'C Ori at the contour corresponding to 10% of the peak
intensity. This should be a truer measure of D and indeed
can be seen to be in reasonable agreement with the theoreti-
cal prediction. No correction has been made for projection
effects in this or in the following graph, so, assuming an
isotropic distribution of proplyds with respect to 6*C Ori,
the real distances will be on average (median) 15% larger
than indicated.

The values of A calculated in this section and shown in
Figure 8 could be overestimates for two reasons. First, there
is the possible extinction due to dust in the wind of #*C Ori.
There exists some evidence for the existence of grains in the
wind-swept cavity around 0'C Ori from scattering studies
in the ultraviolet (Patriarchi & Perinotto 1985) and optical
(Leroy & Le Borgne 1987). The total line-of-sight extinction
to 61C Ori is E(B—V) = 0.32 mag (Bohlin & Savage 1981),
which, based on the Orion extinction curve (Cardelli &
Clayton 1988), implies an optical depth in the Lyman con-
tinuum of tgyy =~ 3. However, the dust-gas ratio in the
cavity around 6'C Ori is much reduced (Mathis et al. 1981),
consistent with most of the extinction occurring in a fore-
ground screen, possibly the neutral lid (as suggested by
O’Dell, Walter & Dufour 1992, based on a comparison of
Hp and 21 cm maps of the nebula). It would therefore be
surprising if the Lyman optical depth between 81C Ori and
the proplyds were much larger than unity, so the reduction
in A due to this mechanism should not be by more than a
factor of 2. In fact, in the absence of mass loading of the
stellar wind (see § 8), the effect must be even smaller than
this. Even assuming a normal dust-to-gas ratio outside the
dust destruction radius r, (assumed to be where the equi-
librium dust temperature exceeds 2000 K), one finds for a
wind of constant mass flux and with parameters appropri-
ate to 0*C Ori that the dust optical depth through the wind
in the Lyman continuum is only 7,, ~ 0.06.

Second, the model developed in § 4 neglects gravity,
which is only valid for those parts of the circumstellar disk
where the sound speed greatly exceeds the local escape
speed. The critical radius at which these speeds are equal
can be calculated to be r, = 17.8M a.u.,, where M, is the
mass of the central star in solar masses. As will be seen in
§ 7, r. is not much smaller than the disk radii r, derived from
our model fits. However, the effects of gravitational deceler-
ation can be roughly accounted for in a simple-minded
fashion by using an effective area for the base of the disk
wind, equal to n(r} — r?), rather than the full area of the
disk. This will lead to a reduction of A by a factor of ¢ = 1
— (r,/ry)*. For the model fits of § 7, ¢ has a typical value of
0.5, so we conclude that the combined effects of the gravita-
tional deceleration and the extinction in the wind of 61C
Ori may reduce A to as little as 5 for the proplyds that lie
closest to 6*C Ori. Even in such a case, we expect the high-1
calculation of § 7 to be the appropriate one.

Finally, Figure 10 shows as solid hexagons the Ha lumi-
nosity of the proplyds in units of the solar luminosity versus
the distance to 6'C Ori in arcsec taken from Table 1 of
McCullough et al. (1995). The solid lines show the lumi-
nosity of proplyds models including the contribution from
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Fic. 10.—Dependence on distance to 6*C Ori of the Ha luminosity of
the proplyds measured by McCullough et al. (1995) is compared to our
model predictions for two different sizes.

the photoevaporated wind for different disk sizes (r, = 20
a.u. and r; = 60 a.u., respectively). The dashed lines corre-
spond to the emission of the photoevaporated winds alone.
As will be shown in the next section, the photoevaporated
winds are the most luminous part of our models. From this
graph one can see that the observed luminosities of the
proplyds can be accounted for by photoevaporated winds
from disks with radii in the range 20 a.u. <r; < 60 a.u.

6. MODEL PREDICTIONS FOR EMISSION-LINE IMAGES

In calculating the emission of our models, we assume that
the photoevaporated wind, Mach disk, and bow-shock
wings are all isothermal at a temperature of ~10* K. This is
a reasonable assumption, since the thermal balance of the
gas will be totally dominated by the photoionizing radi-
ation field of 6!C Ori and it can be shown that the energy
input from the wind of 6*C Ori can only make a negligible
contribution to the proplyd luminosities. Hence, the emiss-
ivity in a given line is only proportional to the square of the
electron density, and hence to p?, since the gas is always
fully ionized. With the further assumption that the emission
is always optically thin, images in a given line (say Ha) just
reflect the distribution of the emission measure | n? dl.

The relative contributions of the three components of the
flow are now considered. By integrating the emissivity over
the emitting volume of the photoevaporated wind and of
the Mach disk, one finds that the ratio of the luminosities of
these two components is given by

& = 4_D ~ ﬂ 1/2 1/4

L.~ 3, cos O A2(log A)ME . 43)
Since, according to the previous section, appropriate values
of A are of order 30, this ratio should be quite large, of order
10. This calculation has ignored the occultation of the base
of the wind by the circumstellar disk, which will occur
whenever the vector from the proplyd to 8C Ori is directed
away from the observer. However, due to the divergence of
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FiG. 11.—Raw emission-line images of our models with 4 = 10. Each image is labeled with the value of «, f, and 0, (see Fig. 13). The flux scale (in arbitrary
units) is shown on the right.
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FiG. 12—Same as Fig. 11, but for 4 = 30
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O Star

To
Observer

Photoevaporated
Wind

Circumstellar  swept-back
Disk Wings

Fic. 13.—Geometry of the models, showing the orientation angles «
and B, together with the disk inclination angle 6. The shock in the wind
from 'C Ori is not shown for clarity.

the wind, this will never reduce the wind luminosity by
more than a factor of about 2 unless A is quite small.
Turning now to the contribution of the swept-back wings
to the total emission, it is found that this is very sensitive to
the assumptions made regarding the nature of the gas flow
in the wings, in particular to how fast the thickness of the
back-flowing gas layer increases with distance. As a simple
approximation, we ignore the curvature of the wings and
allow the gas to expand laterally at the sound speed. This
leads to a thickness that increases linearly with distance
along the wing at a rate inversely proportional to the Mach
number of the gas. The gas density in the wings is then
calculated by mass conservation, treating the velocity along
the wings as a constant. The resultant emission measure
decreases with distance along the wings to begin with, but
eventually increases again when the thickness of the wings
becomes comparable with their cylindrical radius. This is
because the gas that approaches the axis is compressed to
high densities by the convergent nature of the flow. This
convergence occurs at a downstream distance of ~6-9D fo

© American Astronomical Society * Pr0v1ded by the

A = 10-300. If such a convergence occurs, then shocks will
form and the flow will no longer be at all well described by
our simple model. Notwithstanding these complications, we
can calculate the luminosity of the portion of the wings
where the emission measure is still declining (i.e., before the
convergence on the axis becomes important) and derive the
ratio of wing to Mach disk luminosity as L,,/L,, ~ 3.

Hence, in general, the models predict a core-halo type
morphology for the proplyds, with a central peak of emis-
sion, corresponding to the photoevaporated wind, sur-
rounded by more extended, fainter emission from the Mach
disk and wings, possibly with a further knot of emission
downstream where the wings converge on the axis. Figures
11 and 12 show images of our proplyd model, calculated for
A =10 and 30, respectively, for various values of the angle
0, between the disk normal and the direction to 8'C Ori,
and for various orientations with respect to the observer.
The intensity scale of the images is logarithmic, spanning
several orders of magnitude (see key to each figure) so that
both high- and low-intensity features can be seen. Figure 13
illustrates the geometry of the models. The observer inclina-
tion angle a is the angle between the line of sight and the
line joining the Proplyd to 61C Ori. The observer azimuthal
angle f is the angle between the normal to these two lines
and the plane that contains the normal to the circumstellar
disk and the line joining the Proplyd to 6'C Ori. The tech-
nique use to calculate the images is described in Henney
(1996).

In all the models, the three emission components (wind,
Mach disk, and wings) can be clearly seen. The ringlike
appearance of the photoevaporated wind in some of the
images is due to the occultation of the base of the wind by
the stellar disk. All the models shown are inclined such that
the observer sees the nonilluminated side of the circumstel-
lar disk.

7. COMPARISON WITH OBSERVED Ha IMAGES

In Figure 14, we compare the models with Ha images of
11 proplyds observed with the Wide Field and Planetary
Camera 2 (WFPC2) of the HST (C. R. O’Dell 1995, private
communication). We have labeled the different proplyds fol-
lowing the notation of O’Dell & Wen (1994). For each
proplyd, the top panel shows the observed image, which has
been rotated so that the positive horizontal axis points
toward 0'C Ori and from which the nebular background
has been removed. The middle panel shows a model image,
scaled to the same size as the observations and smoothed by
convolution with a Gaussian of FWHM 0723, so as to simu-
late the instrumental profile of WFPC2. The bottom panel
shows the integrated brightness profile of the proplyd
(histogram) together with that of the model (solid line). This
brightness profile is calculated for each point along the
horizontal axis by integrating the intensity along a line
parallel to the vertical axis. The instrumental profile is
shown by a dashed line in each case. The parameters of the
model fits are shown in Table 1. The model fits shown are
only meant to be illustrative, since an exhaustive search of
parameter space was not performed (for example, only two
values for 4, 10 and 30, were considered). However, several
interesting conclusions can be drawn from the fits.

7.1. The Proplyd Heads

It is rather difficult for our models to produce the

crescent- shzﬁed head that is seen in several of the sources
ASA Astrophysics Data System
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TABLE 1
MopEeL Fits To PrROPLYD Ha IMAGE

OTHER NAMES®

MODEL PARAMETERS®

QuaALiTy oF FIT

ProprLYD* HST VLA LV A 0, o B ry Head Wings
158—-323...... 11 5 30 20 90 0 9.4 Good Moderate
163—-317...... 7 3 20 40 110 80 16.2 Good Moderate
158 —326...... 10 6 10 0 130 0 174 Good Good
158 —-327...... 4 13 6 10 20 90 0 25.1 Good? Good
167-317...... 6 2 30 20 130 40 21.5 Bad Bad
176 —325...... .. 2 e 30 40 130 0 10.5 Moderate Moderate
159-350...... 3 9 30 0 110 0 25.7 Good Bad
170—337...... 2 4 10 20 130 0 30.5 Good Moderate®
180—331...... .. 19 30 20 130 0 14.8 Moderate Moderate
177—341...... 1 1 30 30 140 0 233 Bad Goodf
171-340...... 11 10 40 170 0 271 Moderate Moderate

2 Coordinate-based designation (O’Dell & Wen 1994).
® HST: O’Dell et al. 1993. VLA : Felli et al. 1993. LV: Laques & Vidal 1979.

© @, o, and B in degrees; r; in a.u.

4 Luminosity of model photoevaporated wind reduced by factor of 5.

¢ Model with nondiverging wings.
f Model wings converge on axis.

(158 —326, 176 —325, and 177—341). This is because the
most luminous part of the model is the photoevaporated
wind, which produces an emission peak some way back
from the Mach disk. Note, however, that exactly this type of
morphology is seen in one of the sources (159 —350). For
the case of 158 —326, it is found that a satisfactory fit can be
obtained by arbitrarily reducing the emission from the pho-
toevaporated wind by a factor of 5. Such a reduction could
be a result of additional absorbing material (dust or neutral
gas) around the base of the wind, although this solution is
admittedly ad hoc. The fit could possibly be further
improved by including the small curvature of the Mach disk
(see § 4.2). For 177 —341, no such an adjustment is attempt-
ed, and hence, the fit to the proplyd head is rather poor.
Note that the possible contribution of the central star itself
to the flux in the Ha filter is not included in the model
images.

7.2. The Proplyd Tails

Since the tails of the proplyds are fainter than the heads,
their morphology is less reliably determined by the observ-
ations, especially in those objects seen superimposed on a
strong, highly inhomogeneous background (158—323,
158 —326, 158—327, 159—350). Additionally, the calcu-
lation of the tail morphology and emission is the least
certain part of our dynamic model (see § 6). As a result of
both these factors, we would ascribe less significance to the
success or failure of the model fits in the tail region.

These caveats aside, there seem to be significant simi-
larities and differences between the observations and the
model fits. On the positive side, the models can easily repro-
duce both single- and double-tailed morphologies, as seen
in the observations. On the other hand, the single tails seen
in the observations generally lie on the horizontal axis
through the proplyd center, whereas, in the models, they are
more often to one side (e.g., 158 —326). Also, although the
observations show a steady decrease in the brightness of the
tails as one moves further back from the head, in many of
the models the brightness sharply falls just behind the
central peak, followed by a flat plateau of constant bright-
ness wings. The model fits to 158—323, 163—317,

167—317,159 —350, 180—331, and 177 — 341 all suffer from
this deficiency, which is most easily seen in the integrated
intensity profiles (bottom panels). In the case of 170—337,
however, a much better fit to the integrated intensity profile
is obtained by adopting a model in which the gas in the
swept-back wings is confined to a thin layer, instead of
expanding toward the axis, as in the canonical model
However, there is little justification for this, and the result-
ant two-tailed morphology is not observed in the object.

An interesting feature of the 177 —341 image is the bright
knot that appears at the “end” of the tail. This is very
similar to the behavior of our models if we adopt a smaller
cutoff radius for the convergence of the wings on the axis
(see discussion in § 6). It results from the lateral inward
expansion of the back-flowing wings and, although we have
not attempted to model this, would be expected to result in
a shock, followed, possibly, by a jetlike flow directed along
the axis away from 6*C Ori. It is fascinating to note that
such a “jet” is indeed observed (O’Dell & Wen 1994) to
leave 177—341 in this direction, extending all the way
toward the region near HH 203, nearly 2’ away.

Although the proplyd 171—340 is very different in
appearance from the other members of our sample, showing
a more nearly circular morphology, we find that it can be fit
reasonably well with our model if the inclination angle « is
high. This would also imply that the actual distance of this
proplyd from 6'C Ori is some 5 times larger than the pro-
jected distance of 20”, which may account for the low lumi-
nosity of this object (see Fig. 10).

7.3. Derived Model Parameters

The derived parameters for the model fits are listed in
Table 1. Since the fits are by no means unique, they should
not be taken too seriously. It is interesting to note, however,
that all the models have an orientation angle o > 90°,
implying that the proplyds are all nearer to the observer
than 6'C Ori. This is a consequence of the fact that in
models with & < 90° there is no occultation of the photoe-
vaporated wind by the circumstellar disk and, as a result,
the photoevaporated wind is too bright to give a good fit to
the observations. However, reducing A below 10 (the lowest
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value used in the models) may allow satisfactory fits to be
obtained for a« < 90°. This is not attempted here since
A = 101is already at the low end of the allowed range for our
analytic model (see § 5). The second orientation angle f§ (see
Fig. 13) was set to zero in most of the fitted models, since the
variety of morphologies shown by models with f = 0 is not
greatly less than the variety shown by all models (see, for
example, Figs. 11 and 12, where the first two columns show
models with f = 0).

The inclination angle of the circumstellar disk 6, can be
seen to take a range of values <40°. Models with 6, > 40°
tend to be too asymmetrical to fit the observations well. As
mentioned in § 4.4, our treatment of the proplyd wings is
only valid for 6, < 60°. For inclination angles larger than
that, the swept-back wings would interact with the photoe-
vaporated wind in a complicated way that cannot be cap-
tured by our simple model. However, one would expect the
qualitative appearance of the proplyds to be similar.

The disk radii r; shown in Table 1 are in the range 10-30
a.u. While the top end of this range is feasible for circumstel-
lar disks around low-mass stars, the lower end is rather
troublesome. Indeed, for three of our sample, 158 —323,
167—317, and 159 —350, the derived r, is smaller than the
critical radius r, derived in § 5 (where we take the stellar
masses from McCaughrean & Stauffer 1994, assuming an
age of 3 x 10° yr). In such cases, the assumptions behind
the photoevaporated wind model developed in § 4.1 are no
longer even approximately valid. A wind solution would
still be possible, but the effect of gravity would move the
critical point away from the base of the wind, greatly
reducing the mass-loss rate. This would probably push the
system into the “choked” subsonic regime (§ 3), even for
quite large values of A. Hence, the model fits to these three
proplyds are invalid, since the fitted parameters undermine
the model assumptions.

8. CONCLUSIONS

In this paper, we have developed a two-wind interaction
model for the compact emission-line objects (proplyds) in
the Orion nebula. In this model, the ionizing radiation from
6'C Ori drives a photoevaporated flow from the surface of
accretion disks around young low-mass stars and this flow,
in turn, interacts with the fast stellar wind from 6'C Ori.
The dynamics of the two-wind interaction has been calcu-
lated analytically, subject to various simplifying assump-
tions, and the emission properties of the models have been
derived and compared in a detailed fashion with HST
observations.

The models are found to show a broad qualitative resem-
blance to the observed morphologies of the proplyds (§ 7),
although detailed comparison reveals some significant dif-
ferences. The basic head-plus-tail appearance is well repro-
duced, but the morphology of the head region of the models
is typically of the core-halo type, as opposed to the bow
shock or arclike appearance of many of the observations
(which can only be reproduced in the models by ad hoc
adjustments to the relative brightnesses of the model
components). Both double- and single-winged tails are seen
in the models, as in the observations, although the models
are typically more asymmetric. It is found (§ 5) that the
observed Ha luminosities and sizes of the proplyds, as well
as the dependence of these quantities on the distance
between the proplyd and §'C Ori, can be well reproduced
by the models, although the required circumstellar disk
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radii are somewhat larger than those inferred from the
detailed fits of § 7.

High-resolution long-slit spectroscopic observations in
the vicinity of the proplyds (Meaburn 1988; Meaburn et al.
1993; Massey & Meaburn 1993) reveal high-speed emission
components in the [O m1] A5007 line, reaching velocities of
order 100 km s~! with respect to the bulk of the nebular
emission. Although the brightest of these features, mainly
associated with particular LV knots, are redshifted
(receding), more sensitive observations (Massey & Meaburn
1993) also reveal an impressive complex of blueshifted
(approaching) features with the curious property that the
maximum velocity decreases with distance from 6'C Ori.
Given the fact that the derived parameters of our model fits
suggest that the proplyds may all be on the near side of §'C
Ori (a = 90°, see § 7.3), then it would seem that this latter
population of blueshifted features could be due to the emis-
sion from the proplyd wings. However, counting against
this hypothesis is the fact that of the three proplyds
(158 —323, 163—317, and 167—317) common between our
sample (see Table 1) and the above observations, in two
cases the high-velocity emission is predominantly red-
shifted. The true situation is undoubtedly complicated, but
it would be interesting to establish whether the majority of
the observed emission features can be explained by the
proplyds without having to posit a separate population of
high-velocity jets.

One component that has been neglected in the calcu-
lations of the emission from our model has been the bow
shock in the wind of #*C Ori. It would be comforting to
associate this bow shock with the arclike features seen in the
HST [O ur] images between some of the proplyds and 61C
Ori, but two arguments stand in the way of such an identifi-
cation. First, by comparison with highly supersonic flows
past blunt bodies (Van Dyke 1982), the standoff distance
between the Mach disk in the photoevaporated wind and
the bow shock in the wind from #*C Ori should be very
small. Second, for such high velocities as are expected for
the 6'C Ori wind, the postshock ionization state would be
very high and little [O m] emission would be produced.
However, if the 'C Ori wind were to be modified by the
hydrodynamic or photoevaporative ablation of clumps
(Hartquist et al. 1986; Arthur, Dyson, & Hartquist 1993;
Lizano et al. 1996), then the wind velocity could be substan-
tially reduced before shocking against the proplyds. This
mass loading would circumvent both of the above objec-
tions, increasing the standoff distance due to the decreased
Mach number and augmenting the emission of optical lines
in the postshock region due to the reduced postshock tem-
perature. It should also be noted that, since mass loading
conserves the momentum flux in the wind, the analysis of
§§ 3 and 4 would be unaffected. Although such a hypothesis
remains unproven, it is perhaps worthy of further
investigation.

In summary, we feel that the model presented in this
paper, although somewhat crude, is moderately successful
in explaining the observed shapes of the proplyds. The basic
idea for explaining emission-line knots in H 11 regions, that
of the photoevaporation of neutral material, is certainly not
new and can be traced back as far as Dyson (1968). Indeed,
the idea that the source of this neutral material may be
circumstellar disks around low-mass stars has also been
entertained in many previous works (Churchwell et al.
1987; O’Dell, Wen, & Hu 1993; Stauffer et al. 1994; McCul-
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lough et al. 1995). However, we believe that this is the first
time that the consequences of such a model have been
worked out in any detail and certainly the first time that
detailed comparisons with the morphology of individual
proplyds have been made. A more stringent test of this
model, or any other, would be a detailed comparison with

high-resolution emission-line spectroscopy of the proplyds.
Such work is in progress.

We are extremely grateful to R. O’Dell for sending us his
unpublished HST observations, and we thank J. Cant6 for
useful discussions.
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