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RESUMEN

El proplyd 168-326 (LV 1) en la nebulosa de Orién consta de un par de flujos
fotoevaporativos, uno del disco circunestelar de cada miembro de un sistema binario
protoestelar. Los dos flujos colisionan a velocidades ligeramente supersoénicas, for-
mando asi una céscara interproplyd densa acotada por dos choques débiles, mientras
que otras interacciones ocurren entre los dos flujos fotoevaporativos individuales y
el viento estelar de la estrella ionizante §' Ori C. Muestro cémo las observaciones
de la cascara interproplyd permiten acotar adecuadamente la posible geometria del
sistema binario, y ademas investigo hasta qué grado los choques débiles pueden
contribuir directamente a la emisién observada de la cascara en longitudes de onda
visibles y de radio.

ABSTRACT

The Orion nebula proplyd 168-326 (LV 1) consists of a pair of photoeva-
poration flows, one from the circumstellar disk of each member of a protostellar
binary system. The two flows collide at mildly supersonic velocities, producing a
dense interproplyd shell bounded by two weak shocks, while further interactions
occur between the individual photoevaporation flows and the stellar wind from the
ionizing star §* Ori C. I show how observations of the interproplyd shell allow the
geometry of the binary system to be usefully constrained and investigate to what
extent the weak shocks may directly contribute to the observed shell emission at
optical and radio wavelengths.

Key Words: H II REGIONS — HYDRODYNAMICS — BINARIES:

VISUAL — STARS: PRE-MAIN SEQUENCE — STARS:

MASS LOSS

1. INTRODUCTION

The bright proplyds in the Orion nebula are the
result of circumstellar accretion disks around young
low- and intermediate-mass stars of the Trapezium
stellar cluster being externally photoevaporated by
the ultraviolet radiation from the O7V star 6 Ori C
and other high-mass stars found at the center of the
cluster (see O’Dell 2001 and references therein).

Many of the proplyds within a projected distance
of 10” from @' Ori C (corresponding to 6.45x 1016 cm
for an assumed distance of 430 pc) show evidence of
interaction with the stellar wind from the ionizing
star. This takes the form of faint arcs, visible in
optical emission lines (Bally et al. 1998) and mid-
infrared dust emission (Hayward, Houck, & Miles
1994), that lie ~ 1” from the proplyds in the di-
rection of ' Ori C. These arcs have been suc-
cessfully modelled (Garcia-Arredondo, Henney, &

Arthur 2001) as a supersonic two-wind interaction
between the fast stellar wind from the O star and
the dense, transonic photoevaporation flow from the
proplyd, as illustrated in Figure la. The shocked
stellar wind gas is too hot (~ 10® K) and tenuous
(~ 1 em™3) to be directly observable, whereas the
shocked proplyd flow forms a dense (~ 10* cm™?)
shell, observable as an emission line/MIR arc.

The fraction of binary systems among low-mass
stars in the Trapezium cluster has been shown to
be similar to that of the field population (Bate,
Clarke, & McCaughrean 1998; Petr et al. 1998) and
is somewhat lower than that seen in lower-density
star-forming environments such as Taurus-Auriga.
The mean surface density of companions indicates
a roughly uniform distribution of the logarithm of
the binary separation in the range 25-500 AU and
is consistent with ~ 10% of all systems being bina-
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ries with separations in this range. The situation
for larger separations is unclear since the high stel-
lar density in the cluster means that chance super-
positions of cluster stars dominate for separations
> 500 AU. Nonetheless, analysis of proper motion
data (Scally, Clarke, & McCaughrean 1999) suggests
that there may be a real deficit of binaries with sepa-
rations > 1000 AU, possibly the result of disruptions
due to encounters with other stars.

For the closer-in proplyds, the relevant linear
scales range from the accretion disk radii of < 50 AU
up to the ~ 500 AU size of the standoff arcs.
Hence, proplyd binary systems with separations in
this range should show interesting phenomena. For
separations of order 100 AU, the individual accretion
disks would be disrupted, whereas larger separations
may lead to one proplyd shadowing the other or to
hydrodynamic interactions between the two photo-
evaporation flows. A possible example of shadowing
is the proplyd 159-350 (HST 3), in which a small
binary companion (projected separation ~ 200 AU)
seems to cause an asymmetry in the appearance of
the ionization front of the larger proplyd. Evidence
for hydrodynamic interaction is seen most clearly
between the proplyds 168-326 SE and NW, which
comprise the LV 1 system (Graham et al. 2002), also
with a projected binary separation of ~ 200 AU,
but lying much closer to the ionizing star #! Ori C.
Such an interaction is shown schematically in Fig-
ure 1b: an interproplyd shell forms where the two
photoevaporation flows collide and the shocked gas
in this shell must subsequently interact in some way
with the fast stellar wind from 6! Ori C and with the
standoff shells of the individual proplyds. In LV 1,
a region of diffuse emission is seen between the two
proplyds, which presumably corresponds to the in-
terproplyd shell. In addition, the standoff arc shows
a complex asymmetrical structure, attributable to
its interaction with the interproplyd shell. In this
paper we analyse in detail the properties of the in-
teraction region between two proplyd outflows using
semi-analytic techniques, with particular emphasis
on the LV 1 system. A three-dimensional numerical
hydrodynamical simulation of the interaction will be
presented in a companion paper (Henney, Garcia-
Arredondo, & Arthur 2002), which will also consider
the further interactions with the stellar wind from
6' Ori C.

2. INTERPROPLYD SHOCK IN LV 1

The LV 1 system consists of two proplyds, the
larger being 168-326 SE and the smaller being 168—
326 NW. The UV radiation from #' Ori C drives

a transonic photoevaporation flow from each pro-
plyd and where these flows collide a dense shell
bounded by two weak shocks will form. The in-
teraction between two hypersonic, non-accelerating,
spherical winds, forming an axisymmetric bowshock
structure has been studied by Canto, Raga, & Wilkin
(1996, hereafter CRW) under the approximation
that the interaction region forms a thin, momentum-
conserving shell. The situation with the proplyds is
rather more complicated, not least because the indi-
vidual winds are non-isotropic and hence the result-
ing bowshock will be totally asymmetric. Nonethe-
less, the gross features of the interaction will be sim-
ilar:

1. There will exist a point, termed the stagnation
point, where the shell surface is perpendicular to the
velocity vectors of both winds.! This forms the nose
of the bowshock and its position is determined by the
condition of ram pressure balance: it will be closer
to the less powerful of the two proplyds in terms
of wind momentum flux. The normal to the shell
surface at the stagnation point can be considered
the azis of the bowshock, even though it is not an
axis of symmetry.

2. The shell will curve back toward the less pow-
erful of the two winds. At each azimuth around
the bowshock axis, the shell will tend asymptotically
to a constant opening angle from the axis, but the
anisotropy of the winds will lead to this opening an-
gle varying with azimuth.

I discuss the peculiar 3-dimensional nature of the
proplyd-proplyd interaction in § 3, and show how ob-
served properties of the 168-326 system can be used
to pin down the various angles involved. I then out-
line in § 4 how the 3-d problem can be usefully ap-
proximated as a 2-d problem, for which the formal-
ism of CRW can be applied. In § 5, I concentrate on
the 1-d structure of the shell at the stagnation point,
showing that the cooling zones behind the shocks are
very thin and should contribute very little to the op-
tical/NUV emission as compared with the bulk of
the shocked shell, except in high-ionization emission
lines. Finally, § 6 summarizes the results of the cur-
rent analysis and its bearing on the interpretation of
available observational data.

3. GEOMETRY

The geometry of the interaction between the two
proplyd flows is illustrated in Figure 2. The z-axis is
taken to be the symmetry axis of the larger proplyd,
which is in the direction of the ionizing star 6! Ori C.

1But note that if the photoevaporation flows are not
strictly radial, then there may be multiple stagnation points.
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Fig. 1. (a) The two-wind interaction between the photoevaporation flow and the fast, tenuous stellar wind from the
ionizing star. (b) The three-wind interaction that occurs in the case of binary proplyds. In addition to the standoff shell
between each proplyd and the stellar wind, there is also an interproplyd shell. Furthermore, the gas in this interproplyd
shell will subsequently interact with the standoff shells and the stellar wind at the regions indicated by stars in the
figure.

168-326SE

Fig. 2. Geometry of the proplyd-proplyd interaction zone. Left inset shows viewing orientation. Right inset shows how
in general the stagnation point (black dot) need not lie on the line of centers and the normal, s, to the shock surface
there need not be parallel to r.
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Fig. 3. Observational constraints on angular parameters
of the LV 1 proplyd binary system. Heavy solid lines
show contours in the inclination-azimuth plane of the an-
gle 6 between the binary separation and the proplyd axes
(see Fig. 2), given that its observed value projected in
the plane of the sky is 8’ = 25°. Light shading indicates
the region allowed by the shell foreshortening constraint.
Medium shading indicates the region allowed by inclina-
tion constraints. Dark shading indicates the overlap of
the two regions.

Since the separation, D, of the two proplyds is small
compared with the distance to ' Ori C, I approxi-
mate the two proplyd axes as being parallel. The line
joining the “flow center” of each proplyd? defines an
axis 7, which makes an angle  with the z-axis and
lies in the zz-plane. The normal to the “nose” of
the bowshock defines a further axis, s, which in the
case of two spherical winds would be identical to r,
but in this asymmetric case need not be (see right
inset of figure). The observer’s line of sight (left in-
set of figure) makes an angle ¢ with the z-axis and
lies in a plane at an azimuthal angle of ¢ from the
xzz-plane. It is convenient to also introduce the angle
a (not illustrated) that the line of sight makes with
the s-axis.

In order to make progress with modeling the sys-
tem, it is important to determine as well as possible
the angles 0, a, 7, and ¢. To do this, one can make
use of the several observational constraints as out-
lined below.

2 Although the position of this center is rather ill-defined,
for concreteness in the figure I place it at the center of each
proplyd’s head.

Constraint 1: Projected Value of ¢ The pro-
jected angle ' between the r and z can be measured
to be ~ 25°. From this, the true angle, 6, can be
determined as
sin 4
tanf = . 1
a sin ¢ cot 6’ + cosi cos ¢ (1)

Selected contours of # are shown in Figure 3 as a
function of ¢ and ¢. Note that only ¢ < 180° is
allowed, since ¢ > 180° gives 6’ < 0 (i.e., secondary
counterclockwise of primary as seen from 6! Ori C),
contrary to what is observed.

Constraint 2: Inclination to Line of Sight
The inclination, i, can be constrained in two ways via
comparison with the proplyd 167-317 (LV 2), whose
inclination (i = 50 & 10°) has been well-determined
(Henney et al. 2002). First, spectroscopy of the
[O111] A5007 A line (Henney et al. 1997, Fig. 2a)
shows that the bulk of the emission from the pro-
plyd flows in 168-326 is redshifted by an average of
10-20 km s~* with respect to 167-317. The sim-
plest explanation for this is that ¢ > 90° in 168-326,
leading to the flow from the proplyd heads being
directed away from the observer (the flow is toward
the observer in 167-317). Second, if the peak surface
brightnesses are compared (Henney & Arthur 1998),
then one comes to the conclusion that 168-326 SE
should be ~ 20% more distant from 6' Ori C than
167-317, although its projected position is actually
~ 20% closer. These can be reconciled if sini is
correspondingly smaller in 168-326 SE than in 167—
317, implying ¢ ~ 150°. I hence adopt a conserva-
tive range of ¢ = 130-160° for the inclination of the
168-326 system,® which is shown as a gray box in
Figure 3.

Constraint 3: Foreshortening of the Shell A
noteworthy feature of the HST images of the 168—
326 system is that the emission from the inter-
proplyd interaction zone appears elongated in the di-
rection perpendicular to the projected separation of
the proplyds. It is likely that this elongation is a pro-
jection effect rather than reflecting a real elongation
of the shock/shell since any such elongation would
be expected to be along the axis of the proplyds. If
one assumes that the contours of shell brightness in
the region of the stagnation point are intrinsically
circular, then the aspect ratio of the elongation is
simply cosa.* The relationship between a, i, and ¢

3In which the fact that the reduction in surface brightness
due to internal dust extinction will be greater for larger values
of i has also been taken into account.

4This assumes that sinca is sufficiently small that the
brightest observed part of the shell is that corresponding to
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Fig. 4. Two possible geometrical configurations for the
LV 1 binary sytem allowed by the 3 constraints of §3.
(a) Side-by-side configuration: a < 90° = 6 ~ 90° (b)
Head-tail configuration: a > 90° = 6 ~ 30°. The ob-
server’s line of sight through the stagnation point of the
shell is indicated by a dashed line (in reality the line of
sight is slightly inclined with respect to the plane of the
diagram). In (b) the lower dashed line indicates the line
of sight that is tangent to the shell.

depends on whether or not the bowshock axis (s) is
parallel to the proplyd separation (r). If it is, then
the long axis of the projected elongation will auto-
matically be perpendicular to the projection of r, as
is in fact observed. In this case, one has that

cos o = sin@sini cos ¢ + cos @ cos . (2)

The observed foreshortening is roughly a factor of
3, although it could be greater than this if the shell
around the stagnation point is intrinsically elongated
along the z-axis. This implies a value of a = 70 to
100°, which is shown on the i¢-plane in Figure 3,
together with its overlap with the allowed range of 7.

Inspection of Figure 3 show that the combination
of constraints 2 and 3 allows the determination of the
azimuth of the line of sight to be ¢ = 25-55°. This
means that it is the smaller proplyd that lies in front
of the interaction shell (as seen from the Earth) and
the larger proplyd that lies behind it. There remain
two broad possibilities for the angle, 8, between the
binary separation and the proplyd axis: in the first
possibility @ < 90°, which implies that one sees the
stagnation region of the interproplyd shell from the
direction of the smaller proplyd. From constraint 1,

the stagnation point rather than a limb-brightened rim. This
is probably the case here, since otherwise the interproplyd
shell would be expected to appear much sharper than it does
(see below).

this then implies a value of 6 in the range 60-90°—
in other words, the two proplyds lie roughly side-by-
side as seen from the ionizing star and the interac-
tion is between their flanks. The second possibility
is that a > 90° and one is seeing the interproplyd
shell from the direction of the larger proplyd. This
would imply € = 30-45° so that the larger proplyd is
behind the smaller one as seen from the ionizing star,
with the head flow of the larger proplyd interacting
from behind with the tail flow of the smaller one.
These two possible configurations are illustrated in
Figure 4.

It is apparent from Figure 4b that there are two
problems with the head-tail configuration (o > 90°).
First, the stagnation point of the interproplyd shell
would be seen to lie in between the tip of the tail
of the smaller proplyd and the head of the larger
one, whereas this does not seem to be the case from
the observations. Instead, the interproplyd shell is
seen to lie in projection just behind the head of the
smaller proplyd and to be superimposed on its tail,
which is consistent with Figure 4a, but not 4b. Sec-
ond, for a > 90° the line of sight lies outside the
“bowshock cone” so that there will be a point on
the shell that is tangential to the line of sight (lower
dashed line in Fig. 4b). This would produce a sharp
limb-brightened arc that is not seen in the observa-
tions (see discussion of constraint 3 above and fur-
ther discussion in Graham et al. 2002). On the other
hand, the fact that the position of maximum bright-
ness of the shell is slightly displaced from the line
connecting the two proplyd heads (Graham et al.
2002) argues that 6 cannot be exactly 90°.

In Graham et al. (2002), Fig. 9, the techniques of
§ 4, below, are extended somewhat in order to pro-
duce simulated emission images of CRW-type bow-
shocks in which the 8 parameter (and hence asymp-
totic opening angle) is allowed to vary with azimuth.
It is shown that in this case, the ridge of emis-
sion between the proplyds can have a curved aspect
when seen from within the bowshock cone, some-
thing which does not occur for cylindrically symmet-
ric bowshocks (Graham et al. 2002, Fig. 8). This
lends further support to the deductions in this sec-
tion concerning the value of «.

It is therefore likely that the true configuration of
the LV 1 system is close to that depicted in Figure 4a.
For definitiveness, I adopt canonical values of 8 =
80°, ¢ = 150°, ¢ = 25° in the discussion that follows.

4. REDUCTION TO 2 DIMENSIONS

In order to make further progress with the analy-
sis of the inter-proplyd shell it is prudent to consider
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168-326SE

Fig. 5. Equivalent two-dimensional problem for the interaction of two proplyd outflows.

a reduced cylindrically-symmetric problem that can
be treated in two dimensions rather than three. This
will capture the most salient features of the inter-
action while greatly reducing the complexity of the
calculation.

The reduced two-dimensional problem is illus-
trated in Figure 5: the proplyds are replaced by two
spherical ionization fronts (IFs) separated by a dis-
tance D and having radii Rir a, Rir,B and densities
at the IF Nip A, Nip . The index A refers to the
larger proplyd (168-326SE) and the index B to the
smaller proplyd (168-326N'W). The ionized outflow
from each proplyd is assumed to be isothermal with
an initial Mach number M of unity at Ryr and an ac-
celeration law that can be approximated by a power
law over the radial range of interest: M(z) = Az?,
where x = R/Ryr. The exact result for a spherical
isothermal transonic flow (Dyson 1968) is reasonably
well-fit on the range x = 2-4 (accuracy < 2%) with
A=191,a=0.325

In the real proplyd, the density at the IF is
highest on the proplyd axis (Ng) since this receives
direct perpendicular illumination from the ionizing
star. The density declines around the cusp of the
head and along the tail, as has been demonstrated
by STIS observations of the NUV CIII doublet ra-
tio in the proplyd 167-317 (Henney et al. 2002,
Fig. 11). Since the proplyd photoevaporation flow is

5Note, however, that this approximation fails badly outside
its stated range of application.

“recombination-dominated” (see Henney 2001), the
combination NZRyp is directly proportional to the
incident ionizing flux and is hence the same for both
proplyds. In general, the relation between the peak
density Ny and the appropriate equivalent spheri-
cal density Nip will be different for the two proplyds
since it depends on their relative positions. However,
in the case of the side-by-side configuration (§ = 90°)
discussed above then Nip/Ny will be approximately
equal for the two proplyds. Hence, in this special
case (which was shown in § 3 to be close to the likely
configuration for the LV 1 system) one has

Nwrp (RIF,B)1/2
Nipa  \Rira '

4.1. Location of the Stagnation Point

The interaction between the two flows will give
rise to a shell bounded by two weak radiative shocks
as shown in Figure 5. If the distance of the shell
from the center of each proplyd is denoted by Rs a,
Rs B, then ram pressure balance along the axis gives
the following condition at the stagnation point

Rs a—2 Rs a—2
Nir A ( A > = Nir B ( B ) . @)

Rir A Rir B

(3)

Combining this equation with equation (3) and using
the fact that Rs o + Rs g = D, one finds the result

RS,A o 1 RS,B o pn (5)

D 14+p" D 14pv’
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where p = Rip g/Rir,a and n = (3 —2a)/(4 — 2a) ~
0.70. Since p < 1 by definition and n is positive,
one has that Rsp/Rs Ao = p" < 1, implying that the
stagnation point of the shell lies closer to the smaller
proplyd. On the other hand, zsp/zsa = p" 1 > 1,
so that the shell lies a greater number of IF radii
from the smaller proplyd than from the larger one.

4.2. Shape of the Shell

The wings of the interaction shell will curve back
toward the smaller proplyd, forming a shape that
can be determined by considering momentum bal-
ance in a hypersonic thin shell (Wilkin 1996; CRW).
Strictly speaking, two of the assumptions of the for-
malism presented by these authors are not satisfied
in the present case: first, that the colliding winds are
non-accelerating and, second, that, thermal pressure
forces in the shell are negligible. However, since the
acceleration of the wind is only gradual over the ra-
dial range of interest and given the drastic simplifica-
tions involved in the formulation of the 2-d problem,
the CRW results should give a satisfactory approxi-
mation to the shape of the shell despite the violation
of the first assumption. The second assumption does
not affect the shape of the shell, but only the prop-
erties of the gas inside it, and is discussed further in
the following section.

Comparison of equation (5) with CRW’s equa-
tion (27) shows that CRW’s 3 is equivalent to my
p~2". The shell shape is then given by their equa-
tion (26) and, in particular, the asymptotic half-
opening angle 0., of the far wings of the bowshock
shell is given by

B — tan o = ﬁ (6)
Alternatively, one can carry out a similar analysis to
CRW but for two infinite aligned cylindical winds,
rather than the spherical winds assumed by those
authors. This may be a closer approximation to the
interaction between the winds from the proplyd tails.
In such a case, one finds

(B 1>
0o =cos ' [ Z— . 7
) e
The difference between the two cases is illustrated
in Figure 6, where it can be seen that for cylindrical
winds the wings of the interaction shell are slightly

more swept-back for a given § than in the case of
spherical winds.

4.3. Density and Thickness of the Shell

The analysis of CRW considers only the surface
density of the shell and does not allow one to sepa-
rately determine the volume density and thickness.

180 ; : — _
cylindrical winds

170 spherical winds ------- E

160

150
140
130
120
110
100

90

0,, (degrees)

Fig. 6. Asymptotic opening angle, 0., of the interaction
shell as a function of the ratio of momentum-loss rates
in the two winds, 3. Results are shown for the cases
of spherical winds (dashed line) and cylindrical winds
(solid line). Only values of 3 < 1 are shown; results for
[ > 1 can be obtained by employing the transformation
B —1/8, 0 — 180° — 0.

Nevertheless, these quantities are straightforward to
calculate at the stagnation point. The density jumps
by a factor of M? across an isothermal shock, which
means that the shell density on the axis is given by

Ny = Nip Az a Ma, (8)

where M = Az{ 5 is the proplyd flow Mach number
just before the shock. Note that by equation (4) the
same equation holds with A replaced by B through-
out. By carrying out a small-angle expansion, equa-
tion (30) of CRW can be used to determine the sur-
face density at the stagnation point. Combining this
with equation (8) and converting all quantities to my
notation gives the shell thickness® at the stagnation
point as

3 1 1 \* (RsaR:B
ho=-D ATSBY (9
07y (MA+MB>( D2 ) )

However, as mentioned above, the CRW -calcula-
tion assumes hypersonic flow velocities everywhere,
whereas in the proplyd case the flow will be sub-
sonic in a significant portion of the shell, which re-
duces the value of the shell thickness somewhat from
that given in equation (9). This is because pressure
gradients assist the acceleration of the gas along the
shell, hence reducing the surface density with respect
to the hypersonic case. A solution in the general

6Following CRW, this result assumes full mixing across the
contact discontinuity of the shell. If there is no mixing, then
the result is slightly different, but only significantly so if Mp
differs greatly from M, which is not the case here.
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case is difficult, but in the simpler case where p =1
and M = Mp then by considering mass and mo-
mentum conservation in the shell, including thermal
pressure terms, one finds that the thickness of equa-
tion (9) must be multiplied by a correction factor

2[1+ 1+ 18/Mi)1/2}_1.

It is shown below that My ~ Mg ~ 3 for the LV 1
system, giving a correction factor of ~ 0.7, which is
not far enough from unity to justify a more elaborate
calculation.

4.4. Application to 168-326 and Comparison with
Observations

For the larger proplyd (168-326SE), the ioniza-
tion front radius has been found to be Ripa =
6.3 £ 0.6 x 10* cm (Henney & Arthur 1998) by
model-fitting to the Ha brightness distribution of the
head. For 168-326NW application of this technique
is more problematic since its head is barely resolved
with the HST, but one finds Rip g ~ 3 x 10 cm,
which implies a ratio: p =~ 0.5. This is consis-
tent with the fact that the length of the tail of the
smaller proplyd (as seen on the HST NI image) is
roughly half that of the larger proplyd. The pro-
jected distance between the centers of the heads of
the two proplyds can be measured to be 0.42”, or
D’ =2.71 x 10'® cm. This is related to the true sep-
aration D by D’ = Dsin «, where « is the angle be-
tween the line of sight and the s-axis given by equa-
tion (2). From constraint 3 of § 3, it was found that
cosa ~ 0.3 so that D ~ 1.05D" ~ 2.84 x 10'® cm.

The peak ionized density of 168-326SE has also
been determined as Ny = 2.33 + 0.04 x 10 cm—3
(Henney & Arthur 1998; Garcia-Arredondo et al.
2001) but due to the side-by-side configuration the
appropriate value for Nip o will be somewhat less,
as discussed at the start of this section. For 167—
317 (Henney et al. 2002), the IF density at the
head/tail boundary was found to be roughly 0.2N,
and I will use the same value here, giving Nip A ~
4.6 x 105 cm ™3 and hence from equation (3) Nip p ~
3.3 x 10% em 3.

From equations (5)—(9) one can then derive the
following parameters for the interaction shell:

R, R,
A 062, =B =038, (10)
Ton = 2.8, Tep = 3.4, (11)
My =27, Mg =238, (12)

Ny =0.34Njp A = 1.6 x 10° em™®,  (13)

ho = 0.065D = 1.8 x 10'* cm, (14)
B =264, 0. =63-73° (15)

From the HST and MERLIN images (Graham
et al. 2002) one can measure Rg o /D = 0.65+0.05, in
good agreement with equation (10). Equation (14)
predicts a shell thickness corresponding to an an-
gular size of ~ 0.03”, which is not resolvable with
current instruments. This supports the argument in
§ 3 that the fuzzy appearance of the shell is due to it
not being seen tangentially (see also Graham et al.
2002).

From equation (15) the bowshock shape of the
shell is predicted to be very blunt and with rather
wide-angle wings. This is supported by the general
appearance of the shell, which is very flat and with
a roughly uniform brightness that in the nose region
falls off only slowly away from the axis.

Combining equations (13) and (14), one can cal-
culate the perpendicular emission measure of the
shell to be

NZho = 4.52 x 10** cm ™, (16)

which, assuming a pure recombination spectrum
from gas at 10* K, implies a shell Ha surface bright-
ness of

10

SHa = 239> 107 phots cm ™2 st st (17)

cos

The observed surface brightness of the shell (af-
ter correcting for foreground dust extinction with
Taust = 1.16, O’Dell & Yusef-Zadeh 2000) is Su =
7.6 x 10! phots cm™2 s~! sr~!. Hence, a value as
low as cosa ~ 0.05 is required if the recombination
spectrum from the shell is to account for all the ob-
served brightness. This is significantly lower than
was suggested in § 3, but could be consistent with
the observational constraints if the stagnation region
were intrinsically elongated along the direction of
the proplyd tails. Alternatively, emission from the
shocks that bound the shell could enhance the emi-
sion. This is considered in the following section.

5. SHOCK EMISSION VS. SHELL EMISSION

In the previous section, it was assumed that the
physical state of the gas in the interproplyd shell was
just the photoionization equilibrium state at ~ 10* K
that obtains elsewhere in the nebula. However, im-
mediately behind each of the two shocks that bound
the shell, the gas temperature will be raised due to
the thermalization of the pre-shock kinetic energy,
which will result in enhanced emission as this excess
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thermal energy is radiated away and the gas returns
to its equilibrium state (see Figure 7).

The bolometric radiative flux of this “shock emis-
sion” will be equal to the kinetic energy flux 0.5pv3
through the shock. Adding the contributions from
the two sides gives

Fahock = 0.5mci Nip oz  aMa (Ma + Mg), (18)

where m ~ 1.3my is the mean mass per nucleon and
co ~ 12 km s! is the photoionized sound speed. In-
serting appropriate values from the previous section
then gives Fyhock = 1.63 erg ecm™2 s~ for the LV 1
system.

For comparison, the bolometric luminosity from
the shell is given by

Faent = N2hoAs, (19)

where Ag is the cooling coefficient (erg cm?® s71)
of the equilibrium gas. To evaluate Ag for the
LV 1 shell, T used the photoionization code Cloudy
(Ferland 2000) to calculate a model for an opti-
cally thin shell of the appropriate density located
at the appropriate distance from #' Ori C. The
Cloudy model predicts that the shell electron tem-
perature is T, = 9760 K, that 99.9% of He is He™,
and that ~ 99% C, N, and O are in the doubly-
ionized state. The predicted cooling coefficient is
Ay = 3.3 x 107%* erg cm® s™!, with major coolants
being the optical [O1I1] 5007,4959 A lines (46% of
total) and H bound-free continuum (15%). Inserting
this value in equation (19) together with the value
for the emission measure from equation (16) gives
Finen = 14.92 erg cm~2 s71, which is nearly an or-
der of magnitude higher than Fgock-

It is straightforward to show that, apart from ge-
ometrical factors, the principal functional dependen-
cies of Fynen and Fypock are

Fyhenn < Fi (D/Rip) ™7, (20)

Fanoek o< FUg) (D/Rie)** ™2, (21)

where F, is the ionizing flux from the exciting
star and Uj,y, is the ionization parameter: Ui, =
F./(cNir). At larger distances from the IF, the ve-
locity law of the proplyd flow becomes flatter and
a = 0.0-0.3 is appropriate, giving the ratio of the

two fluxes as
5
F 1 D
hock N ( ) 7 (22)

Finent Uion \ RiF

where § = 1.0-1.6. Hence, for proplyds of a given
size the shock emission becomes relatively more im-
portant for larger binary separations D and also for

larger distances d, from 6* Ori C (since Uso, o< d 1 if
Ry is fixed). For both of these cases, however, the
absolute value of Fypock is actually reduced rather
than increased, as can be seen from equation (21)
since a < 1 and F} d*_2.

Although I have shown that the bolometric emis-
sion from the equilibrium shell dominates that from
the shocks, the shock spectrum will be different from
that of the shell and hence the shocks could make
an important contribution to the strengths of some
emission lines. In order to quantify this, it is neces-
sary to consider the shock structure in more detail.
Shocks in fully photoionized regions have a some-
what simpler structure than shocks in neutral gas
and so published shock models cannot be used un-
changed. The emission from a classical shock can be
conceptually divided into 4 zones (Cox & Raymond
1985; Draine & McKee 1993): a pre-shock radia-
tive precursor, an immediately post-shock ionization
zone, a cooling zone, and a recombination zone.” For
weak photoionized shocks, however, only the cooling
zone is important: there is no precursor to speak
of because the radiation from the shock is negligi-
ble compared to the ambient radiation. Also, colli-
sional ionization rates in the post-shock gas are in
the main unimportant compared with the photoion-
ization rates, so the ionization and recombination
zones are also absent.

The general structure of the flow variables along
the symmetry axis of the bowshock shell is illus-
trated schematically in Figure 7. The approximately
isothermal proplyd flow accelerates from the sound
speed up to a Mach number Mg at the position of
the shock. If the number density and temperature
immediately before the shock are Ny, Ty, then the
Rankine-Hugoniot conditions give the values imme-
diately after the shock to be (Landau & Lifschitz

1982
) M2 43\
= (£ (23)
4
Ny =————>N, 24
1 1+3M0_2 0, ( )
1
I&zfggwﬁ—l)@+3wgﬂib (25)

For instance, using My = Ma = 2.7 from equa-
tion (12), one obtains M7 = 0.54, N; = 2.83N, =
5.77 x 10* em™3, Ty = 3.13Ty = 30,500 K, so that
the density and temperature jump across the shock
are both roughly a factor of 3.

The emission from the cooling zone behind the
shock can be crudely approximated as the emission

"The last three may overlap to some extent.
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Fig. 7. One-dimensional structure of the interaction
zone. The transonic flow accelerates away from the pro-
plyd IF (unshaded region), passes through a shock af-
ter which it cools (light shaded region) until it has re-
turned to the photoionization equilibrium temperature
(dark shaded region).
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from a homogeneous layer with density N; and tem-
perature T and with a width equal to the cooling
time teoor = 3kT1/ (N1A1) multiplied by the imme-
diate post-shock velocity vy = My (T1/To)%cy ~
11.5 km s~!. In order to estimate the cooling co-
efficient A; in the cooling zone I calculated an-
other Cloudy model, identical to that mentioned
above except that the electron temperature was ar-
tificially maintained at T, = T;. The result was
A1 = 4.46 x 1072 erg cm? s7!, giving a cooling
time teool = 4.9 x 10% s and a cooling zone thickness
heool = 5.64 x 10'2 cm. Although the OIII opti-
cal lines are still significant coolants in the cooling
zone (20% of total), they are now supplanted in im-
portance by the CIII NUV (28%) and FUV (26%)
lines.

Table 1 shows the predicted perpendicular sur-
face brightnesses for various observationally impor-
tant emission lines and 5 GHz radio continuum for
the equilibrium shell model and the sum of the two

TABLE 1
PREDICTED SURFACE BRIGHTNESSES?

Shell Shocks
Ha 3.13 0.023
[N1I] 6584 A 9.8x107% 2.7x10~*
[O 111] 5007 A 6.82 0.56
[C111) 1909 A 0.24 0.23

5 GHz free-free®? 4.7x107° 2.8x 1077

aUnits: 10'° photons cm™2 5% sr 1.

PUnits of vF, (cgs).

shocks. Only for the CIII lines do the shocks make
a significant contribution. For O III the shock con-
tribution is about 10%, roughly the same as for the
bolometric luminosity (as would be expected since
O1II is a major coolant). For Ha and radio free-
free continuum, the shocks contribute less than 1%
of the emission. This is due to the fall in the emissiv-
ity of both these processes with increasing temper-
ature, which suppresses the emission in the hotter
post-shock cooling zone. The NII emission is virtu-
ally non-existent from either shock or shell, a direct
result of the extremely low abundance of N* in the
models.

6. SUMMARY AND DISCUSSION

In the previous sections I have first shown how
a combination of observational constraints, together
with a minimal set of assumptions, can allow one to
tie down the complicated 3-d geometry of the LV 1
interacting proplyd binary system. Second, I have
shown how, using these results and a slight general-
ization of the CRW momentum-conserving bowshock
formalism, one can construct a 2-d approximation
that allows one to calculate such properties as the
density, thickness, and asymptotic opening angle of
the interproplyd shell. Third, I have constructed 1-
d shock models of the stagnation zone of the bow-
shock and investigated the relative contributions of
the post-shock cooling zone and the equilibrium shell
to the emission by various observationally interesting
processes. The general scheme of the paper has been
to start with the full geometrical complexity of the
problem but with little physics, then to gradually
add more physics while simultaneously simplifying
the geometry.

Although in general the results of the present
modeling are in agreement with the observations,
there are two areas where puzzling discrepancies
arise. First, the 5 GHz radio emission from the inter-
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proplyd shell was found by Graham et al. (2002) to
be much brighter than that predicted from thermal
free-free emission at 10* K, given the observed Ha
emission. There, it was argued that the observations
could be explained if all the Ha and radio emission
from the shell were to come from gas that was sub-
stantially hotter (> 20,000 K) than the photoionized
equilibrium value. However, in this paper (§ 5) it is
shown that the high-temperature zone behind the
shock is very thin and contributes essentially noth-
ing to either the Ha or 5 GHz emission from the
interaction zone.

The second discrepancy concerns the optical
[NII] 6584 A emission from the interaction zone,
which was shown in § 5 to be almost non-existent.
This is because the column density of the shell is so
low as to make it optically thin to He Lyman contin-
uum photons, with the result that Nitrogen is pre-
dominantly ionized to N**. Nonetheless, HST PC
images of LV 1 (Bally et al. 1998) clearly show that
the interproplyd shell is visible in the f658n filter,
albeit fainter with respect to the proplyd cusps than
for Ho or [O IT1]. One possible explanation would be
that the inter-proplyd shell were so closely aligned
with the proplyd axes that the ionizing radiation
only struck it glancingly, allowing a significant N
population to be present. It will be possible to test
this hypothesis by means of hydrodynamic simula-
tions (see below). Alternatively, the f658n filter may
be passing significant amounts of Ha or continuum
emission, although the published filter calibration
constants (O’Dell & Doi 1999) would argue against
this.

In order to test some of the simplifying assump-
tions that were necessary in the current paper, we
are carrying out 3-dimensional hydrodynamic sim-
ulations of the LV 1 binary system (Henney et al.
2002). In addition, these simulations include the fast
wind from ' Ori C and will allow us to investigate
the external interaction regions marked by stars in
Figure 1b, which were impossible to incorporate into
the current analytic framework. Comparison with
the shape of the deformed standoff bowshock seen in
this system will provide independent constraints on
the geometry to those discussed in § 3.
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