A simple model for H-2 line profiles in bow shocks

Author:
Schultz, Angie; Burton, Michael; Brand, P. W. J. L.

Publication details:

Monthly Notices of the Royal Astronomical Society
v. 358

Chapter No. 4

pp. 1195-1214

0035-8711 (ISSN)

Publication Date:
2005

Publisher DOI:
http://dx.doi.org/10.1111/j.1365-2966.2005.08871.x

License:
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
Link to license to see what you are allowed to do with this resource.

Downloaded from http://hdl.handle.net/1959.4/38569 in https://
unsworks.unsw.edu.au on 2024-03-29


http://dx.doi.org/http://dx.doi.org/10.1111/j.1365-2966.2005.08871.x
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
http://hdl.handle.net/1959.4/38569
https://unsworks.unsw.edu.au
https://unsworks.unsw.edu.au

Mon. Not. R. Astron. Soc. 000, 1-26 ()

Printed 26 June 2004

(MN IAMTEX style file v2.2)

A Simple Model for Hy; Line Profiles in Bowshocks

A.S.B. Schultz!, M.G. Burton! and P.W.J.L. Brand?

LSchool of Physics, University of New South Wales, Sydney 2052, Australia
2 Institute for Astronomy, University of Edinburgh, Blackford Hill, Edinburgh, EH9 3HJ, UK

ABSTRACT

We present a model for empirically reproducing line profiles of molecular hydrogen
emission in bow shocks. The model takes into account bow velocity, dissociation limit,
a cooling function, viewing angle, bow shape and a limited form of extinction. Our
results show that both geometrical factors and shock physics can significantly affect
the profile morphology. In a companion paper we will apply this model to Fabry-Perot
observations of bow shocks in the Orion BN-KL outflow.
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1 INTRODUCTION

Bow shocks are common astronomical structures — they are
found around the Earth and other planets (e.g. Spreiter &
Stahara 1995), around pulsars (e.g. Bucciantini & Bandiera
2001) and runaway OB stars (e.g. Noriega-Crespo et al.
1997), in merging galaxies (e.g. Markevitch et al. 2002) and
planetary nebulae (e.g. Vézquez et al. 2000). They are also
ubiquitous in young stellar outflows, appearing in the form
of Herbig—Haro (HH) objects (see, e.g. Schwartz 1978).

Herbig-Haro objects are emission nebulae formed when
the outflow from a young stellar object impacts on ambi-
ent material, shocking the outflowing and/or ambient gas.
HH objects are usually rather compact (on the order of
1000 AU), appearing as clumps or knots. Well-known HH
bow shocks include HH 7 (Smith, Khanzadyan & Davis
2003), HH 34 (Reipurth et al. 2002), HH 47 (Heathcote et
al. 1996) and HH 1 (Bally et al. 2002).

HH objects are formed by one of three mechanisms: in
the working surfaces of jets (e.g. Mundt 1985); by clumps in
the outflow encountering the ambient medium (“bullets”;
Norman & Silk 1979); or by the interaction of an out-
flow with a clumpy ambient medium (“shocked cloudlets”;
Schwartz 1978). In this paper we examine how line profiles
formed in the latter two mechanisms may vary with geome-
try and shock parameters. (In the case of HH objects formed
from jets, there is the complication of a second shock from
decelerated jet material as well as the the bow shock of ac-
celerated ambient material. Emission from the two shocks
may be difficult to resolve at this time.)

Our impetus for modelling these structures is the study
of the array of H, bow shocks found in the Orion BN-KL
outflow (Allen & Burton 1993; Schultz et al. 1999). These
objects are too numerous and short-lived (with a cooling
time of =~ one year, Allen & Burton 1993) to be the result
of a precessing jet. They may have been produced by “bul-
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lets” ejected from a central source, or have been produced
in situ by Rayleigh-Taylor instabilities as the outflow swept
up the ambient medium (Stone, Xu & Mundy 1995). For
the purposes of this paper, the precise method of bow shock
production is irrelevant. We will treat the bow shocks as
having been created by dense clumps moving through the
ambient medium.

In the present paper we will examine the bowshocks
themselves, studying the effect of bow shape, velocity, view-
ing angle, cooling function, dissociation and extinction on
profiles of shocked emission lines. Our objective in this pa-
per is to use the modelled line profiles to empirically con-
strain the bow shock geometry and the shock physics. In a
subsequent paper we will compare the modelled profiles to
Fabry-Perot observations of Hy line emission in Orion BN-
KL.

2 DESCRIPTION OF THE MODEL

In this model, the bow is divided into elements along the
z-axis (the longitudinal axis of the bow; see Fig. 1), which
are then further divided into elements in ¢, the azimuthal
angle about the z-axis. Each element acts as a thin planar
shock; we do not attempt to resolve the shock front, e.g. in
order to distinguish between J-shocks and C-shocks (which
possess extended shock fronts). The results presented here
use emission from the entire bow surface, although the model
allows the selection of regions of the bow, for modelling of
spatially resolved bows.

The shock is modelled as a steady-state bow moving
through a stationary medium with a velocity Vio.. The z-y
plane is tangential to the apex of the bow, with the y-axis
parallel to the plane of the sky. The origin of the coordinate
system is at the apex of the bow. Fig. 2 shows the geometry
of the bow in the y-z plane.
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Figure 1. Three-dimensional view of the bow shock geometry.
The bow moves at a speed Vj,,, in the negative z-direction; « is
the angle between the observer’s line of sight and the axis of the
bow (the z-axis), fi is the unit vector normal to the bow surface
and ¢ is the longitudinal angle about the axis of the bow.

We define the direction of bow motion to be along the
negative z-axis. The ambient medium impacts the bow sur-
face at an angle ¢, where ¢ = 90 degrees at the apex, and
1) — 0 degrees toward the rear of the bow. The shock veloc-
ity is then the component of the bow velocity in the direc-
tion normal to the bow surface, given by v = Vo sin .
We assume that the shocked gas is “stunned”, i.e. that the
post-shock velocity in the direction normal to the surface is
zero. This is not unreasonable, since in a strong shock the
post-shock velocity of the cooled gas is of order 1/40 of the
pre-shock velocity (HRH 1987; hereafter HRH). We further
assume that the post-shock velocity parallel to the bow sur-
face is unchanged, so that the gas continues to flow along
the bow after it has been shocked. The post-shock gas is
assumed to emit line radiation immediately and then cool.
The post-shock velocity for each surface element is projected
along the line-of-sight axis (see below), and the contributions
from each element added to produce the line profile.

For J-shocks the stunning assumption provides a good
approximation for calculating the emission because the cool-
ing length is relatively small (=~ 10 AU) and unresolved.
Most of the compression of the gas (which is of the order
of the square of the Mach number) takes place before any
emission occurs. For C-shocks the assumption is less good,
for compression takes place within the drag length, which
can be up to 100 times longer than in the J-shock case.
This places the C-shock width at about the current limit of
spatial resolution in sources as nearby as Orion.

The flux I in each element is assumed to be propor-
tional to nov.”, where ng is the hydrogen number density.
Since we are not adopting a physical size for the bow in this
model, we set no = 1. The parameter p is the cooling func-
tion index, which is a measure of how much of the energy
of the shock goes into the excitation of a single molecular

Figure 2. The geometry of the bow shock in the in the y-z plane,
showing v, the angle between Vy,,, and the tangent to the bow
surface This is also the angle between the y-axis and the normal
to the bow surface.

A- Observer

Figure 3. The geometry of the bow shock in the in the z-2z plane,
showing the viewing angle, a.

line. The cooling function index has an upper limit of 3;
this would be its value if all the energy of the shock went
into excitation of a single H, line (since KE o v®) — or was
shared equally between several lines — and not into excita-
tion of other species, grain destruction, etc. We take 1 as our
lowest value for the cooling function, although in principle
it has no lower bound. See § Al for further details.

There are two cases when the emitted flux is set to zero:
when vy > Viim, the dissociation speed of the shock; and
when v < Vierm, below which velocity the shock is not
strong enough to produce excited vibrational states of Ho.
We assume Vierm = 5 km s~ ! (see Burton, Hollenbach &
Tielens 1992).

Fig. 3 shows the relationship of the observer to the bow.
The z-axis is defined such that the observer’s line of sight
lies in the z-z plane, making an angle o with the z-axis. The
observed radial velocity of a bow element is given by

vp = Viow[cos Y(sinasin ¢ cos ¢ + cosacosyp) — cosa], (1)

where the radial velocity direction is defined in the conven-
tional manner, with negative velocities toward the observer
(see §A2 for the derivation of Eqn. 1).

The line profile is produced by summing the flux from
all bow elements having a radial velocity v, (actually each
vy is a small range of velocities; see §A5), and plotting I
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vs v;. The resulting curve may be treated with Gaussian,
Lorentzian, or triangular smoothing, or left unsmoothed.
All the curves shown here have been smoothed with a
Lorentzian of 14 km s™' FWHM in order to compare the
models with our Fabry-Perot observations (see Paper II).

The model is subject to certain limitations. Most of
the chemistry and physics of the shock is expressed by the
cooling function index, p, which determines how much of the
shock energy goes into producing a single emission line (see
§3.3). In reality, of course, the kinetic energy is released as a
wide variety of atomic and molecular lines, as well as in grain
heating and destruction. For other lines, or species, different
values of p may be appropriate. Comparison of our empirical
model with observations will indicate the permitted range
of the cooling function index.

Since we do not adopt specific physical shock parame-
ters, we cannot make flux comparisons between models, or
use observed fluxes to constrain models. Comparisons be-
tween basic profile morphologies can still be made, as can
comparisons of the effects of our modelled parameters. It
is the purpose of this paper to show how these influence
the observed line profile, and thus empirically constrain the
quantities which produce it. In particular, we examine the
effects of orientation, bow speed, bow shape and differen-
tial extinction on the line profile. We also investigate the
sensitivity of the profile to gas cooling mechanism.

3 MODEL PARAMETERS

We have examined the results of this model for changes in
the following parameters:

e Viow = 50,100, 150 and 200 km s~—*

The bow speed is simply the speed of the bow through the
medium. See §3.1.

e parabolic, cubic, Raga and HRH “Shape A” bow
shapes:

Cubic : z = R?
Parabolic : z = R?

Raga: z=~R> + 73ﬂR4;
where v = 0.42 and 8 = 1.84

HRH “Shape A” : z = yR”> + v*BR";
where v = 0.42 and 8 = 13.5

In each case z is the distance along the longitudinal axis of
the bow and R is the bow radius at that distance. The shapes
are shown in Fig. 4 (see also Fig. 14) and are described more
fully in §3.2.

e cooling function index p =1, 2 and 3

In our model the flux I « v P, where we have termed p
the cooling function index. This parameter encapsulates the
shock physics, indicating the amount of shock energy which
results in a particular molecular transition. The resultant
line emission from this transition radiatively cools the gas
(see §3.3). When compared with observed line profiles, our
model can be used to constrain the permitted values of p,
and therefore evaluate the merits of various shock cooling
models. This can be done by calculating the effective value of
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Figure 4. A comparison of the four bow shapes.

the cooling index for a particular line in a particular model,
then examining whether the model profiles for that index
resemble the observed profile.

e viewing angle a = 0, 30,60 and 90 degrees

This is the angle (in the z-z plane) of the axis of the
bow with respect to the observer’s line of sight. An a of 0
degrees means the bow is viewed head on; at & = 90 degrees
the bow is viewed from the side. See §3.4.

We also investigated the effects of dissociation (§3.5),
comparing bows with no dissociation to those with a disso-
ciation velocity of 50 km s™!, which is typical for C-shocks
(Draine, Roberge & Dalgarno 1983). Local conditions might
increase the dissociation velocity, however; Smith, Brand,
& Moorhouse (1991) examine a model for C-shocks in dense
gas with high Alfvén speed where the dissociation speed can
be as large as 200 km s~ !,

Finally, we examined two extinction cases: no extinc-
tion, and total extinction within the bow (§3.6). The latter
case assumes that the “far” side of the bow — that is, those
portions hidden from the observer — suffers complete extinc-
tion. Comparison of these extreme cases allows the assess-
ment of the effects of partial extinction on line profiles. The
effects of foreground extinction are not considered.

The complete results are shown in Figures 5 through 8.
Each figure contains profiles for a single bow shape. Each
of the four subfigures (a) — (d) within a figure presents the
results from a single Vio,. A row of plots within a subfigure
shows the effects of « increasing from left to right (a =
0,30, 60,90), with the plots in each row having a common
value of p. The value of p increases going from top to bottom
in a subfigure (p =1, 2, 3).

All plots show intensity on the y-axis and velocity on
the z-axis. The velocity range is the same for all plots within
a subfigure, since they are all at the same V0. The curves
have been normalised to the value of the highest peak in each
plot. Therefore intensities can be legitimately compared only
within the curves in a single plot. The velocities have been
normalised t0 v/Viouw.

Within each of these plots, a heavy solid line represents
a model with no dissociation and no extinction; a dashed
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Figure 5. Line profiles illustrating changes in viewing angle a and cooling function index, p, for a parabolic bow. Heavy solid line: no
extinction, no dissociation; light solid line: extinction, no dissociation; dashed line: no extinction, dissociation with Vy;,,,=50. The panels
(a) and (b) are for bow speeds of 50 and 100 km s~1, respectively. Each grid is comprised of 12 plots. Across the page « increases from
0 to 30, 60 and 90 degrees; down the page the values of p are 1, 2 and 3.
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Figure 5. (continued) As in the previous page, but for bow velocities of 150 and 200 km s~! in panels (c) and (d), respectively. Heavy
solid line: no extinction, no dissociation; light solid line: extinction, no dissociation; dashed line: no extinction, dissociation with V;,, =50.
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Figure 6. As in Fig. 5(a) and (b), but for a cubic bow. Heavy solid line: no extinction, no dissociation; light solid line: extinction, no
dissociation; dashed line: no extinction, dissociation with Vy;,,=50.
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Figure 6. (continued) As in the previous page, but for bow velocities of 150 and 200 km s~! in panels (c) and (d), respectively. Heavy
solid line: no extinction, no dissociation; light solid line: extinction, no dissociation; dashed line: no extinction, dissociation with V;,, =50.
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Figure 7. As in Fig. 5(a) and (b), but for a Raga bow. Heavy solid line: no extinction, no dissociation; light solid line: extinction, no
dissociation; dashed line: no extinction, dissociation with Vy;,,=50.
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Figure 7. (continued) As in the previous page, but for bow velocities of 150 and 200 km s~! in panels (c) and (d), respectively. Heavy
solid line: no extinction, no dissociation; light solid line: extinction, no dissociation; dashed line: no extinction, dissociation with V;,, =50.
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no dissociation; dashed line: no extinction, dissociation with Vy;,,=50.

© RAS, MNRAS 000, 1-26



H, Line Profiles in Bowshocks 11

a=0 o =30 o = 60 o =[]90

0.8

0.6

04

0.2

0.8

0.6

04

0.2

0.8 -

0.6 -
p=3

0.4 -

0.2 -

\
I A IO L)

1 -1 -05 0 05 1

a=0 o =30 o = 60 o =[]90

0.8 -

0.6 -
r=1

0.4 -

0.2 -

0.8

0.6

04

0.2

0.8

0.6

04

0.2

-1 -05 0 05 1 -1 -05 0 05 1

(d) Viow=200

Figure 8. (continued) As in the previous page, but for bow velocities of 150 and 200 km s~! in panels (c) and (d), respectively. Heavy
solid line: no extinction, no dissociation; light solid line: extinction, no dissociation; dashed line: no extinction, dissociation with V;,, =50.
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Figure 9. A comparison of profiles of moving and stationary bows
at a = 30 degrees (solid lines) and 180 — a = 150 degrees (dashed
lines). The profiles are for an HRH A bow with Vj,, = 50 km s~1
and p = 2. Moving bow profiles are shown in heavy lines (both
solid and dashed); stationary bow profiles in light lines.

line signifies that Vi, = 50 km s_l, with no extinction;
and a light solid line represents a model with extinction,
but with no dissociation. The x-axes of the profiles have
been normalised to the bow speed to facilitate comparison
between models.

We have chosen to omit the case of Vi, = 50 km s~
with extinction from these plots, for the sake of clarity. The
effects can easily be extrapolated from the other three pro-
files (an example is shown in Fig. 17).

Figures 10, 11, 13, 15 and 16 illustrate the effects of
changing a single parameter while holding the others con-
stant. These will be discussed further in their respective sec-
tions, below.

The profiles presented here are for a bow moving in a
stationary medium, at viewing angles 0 < a < 90 degrees
(that is, toward the observer). Bow shocks retreating from
us can be modelled by setting 90 < a < 180 degrees. The
model will also accommodate the case of a stationary bow
impacted by a moving medium at a velocity Viind = —Viow
(that is, in the positive z-direction).

These cases are illustrated in Fig. 9 for an HRH A bow
with View = 50 km s™! and p = 2. The solid lines represent
bows with orientation angles of & = 30 degrees, the dashed
lines bows with a = 150 degrees. Heavy lines (both dashed
and solid) represent moving bows in a stationary medium,
while the light lines represent stationary bows in a moving
medium.

The profiles produced by a retreating bow with an ori-
entation angle « are those of an advancing bow at 180 — «,
reflected about v, = 0. This can be seen from Eqn. A9 when
cos a is substituted by cos(180 — a) = —cos a.

Profiles produced by a stationary bow are the profiles
of a moving bow at the same orientation, shifted redward
by Viwind cOs @, as is obvious from Eqns. A7 and A9.

1

3.1 Effects of the Bow Velocity Vi,

The effects of increasing velocity on the profiles are complex,
and vary considerably with bow shape (see Fig. 10). An in-
crease in bow speed broadens the profile (this is not readily
apparent in Fig. 10, because each profile has its velocity axis
normalised to its own bow speed). Increasing velocity also
tends to lower the strength of the blue wing relative to the
central peak, because at low velocities a greater proportion
of the bow surface has v; < 5 km s_l, below which molec-
ular hydrogen emission is not excited. As the bow speed in-
creases, emission from the high-velocity gas at the apex also
increases, but the bow surface area over which low-velocity
gas emits increases faster, thereby strengthening the core of
the profile over the wing.

The effects of bow velocity are dependent upon the
value of p; at p = 3 the flux at the apex often dominates
over the effects of the increased emitting area. See §3.3 for
more details.

3.2 Effects of Bow Shape

Our model compares four different bow shapes, which are
shown in Figure 4. The bluntness at the apex and radius at
the “tail” are the primary factors controlling the shape of
the line profile. The greater the apex bluntness, the higher
the shock velocity (v1 = sin) there. A larger radius at the
tail means a larger contribution from weakly-shocked gas.

The Raga shape was found by Raga & Bohm (1985),
who examined possible bow shapes formed around spherical,
rigid bodies moving supersonically through a homogeneous
medium. The formulation we use was developed by HRH.
Their expression assumes a specific size for the spherical
body of 8.4 x 10*® cm (560 AU), which is not unreasonable
for a Herbig-Haro object.

HRH Shape A is used in many of the shock models
of HRH, who found that it reproduced their observed line
profiles (which were from atomic species, rather than H»).

The effect of shape change, keeping all other variables
equal, is to increase the strength of the blue wing relative to
the core in the following sequence: parabolic, Raga, cubic,
HRH A (see Fig. 11). The reason for this can be seen in
Figure 4. Except for the case of a ~ 90 (when the bow is
seen from the side), the bluest emission will come from the
region of the strongest shocks, that is, the apex of the bow.
Therefore, the relative strength of the blue wing is controlled
by how rapidly the angle ¢y — the angle between V0, and
the tangent to the bow surface, which approaches 90 degrees
near the apex (see Fig. 2) — decreases with increasing z.
When 1 is small, the shock is weak and the emission is low,
Since Vshock = V1 = Vhow sin). For the case of HRH A, ¢
decreases more rapidly than in the other bow shapes; hence
a larger portion of the HRH A bow contributes relatively
little to the resulting profile.

We see from Fig. 4 that ¢ decreases less rapidly as one
moves from cubic to Raga to parabolic bows. The profiles
of the parabolic bow are significantly different from those
of the other bow shapes studied, because of that shape’s
much more gradual curvature. In this case, 1 remains non-
negligible at large z, which means that gas far behind the
apex will still be weakly shocked and there will be a large
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Figure 10. Variation in line profiles as the bow speed varies (V0 =50, 100, 150 and 200 km s~1). All profiles within a single plot are
normalised to a common peak intensity, and the velocity axes are normalised to the bow speed in each case. The models display a range
of illustrative parameter sets, and the particular bow shapes and values for cooling indices, viewing angles and dissociation limits are
indicated in each plot.
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area contributing appreciably to the profile at low radial
velocities.

While the blue wing is not as prominent in the Raga
bows as in the cubic or Shape A bows, it is broader. Fig. 4
shows that the Raga bow has a greater surface area at the
apex, where the radial velocities are high. For this reason,
it exhibits a broader blue wing which merges with the line
core. This is seen in Figs. 11(b) and 11(d).

Parabolic bows are dominated by the emission toward
the tail of the bow, which results in simple, single-peaked
profiles. In Paper IT we will show that such profiles do not
fit the observed Orion BN-KL data well.

Fig 12 shows the four bow shapes colour-coded for
radial velocity; the shadings represent bows with Vjo, =
200 km s™' at viewing angles o = 0, 30, 60, and 90 de-
grees. The colour scale at the bottom indicates the relation
of colour to v, /Vpow. The bows are all drawn on the same
scale, and have all been truncated to a length of z = 3 to
highlight the “interesting” emission near the apex (see §A4
for the significance of truncation of the bows). Note that
most of bow surface emits at low radial velocity; the rela-
tive contribution of this low-velocity gas to the final profile
will depend upon the cooling function index, p (see §A1).

The figure shows that the area of highest radial velocity
(represented by dark blue) in the parabolic bow is localised
to a region very near the apex, and falls more gradually with
z than it does in the other bow shapes. This is consistent
with the more gradual slope of the parabolic bow’s surface.
The other bow shapes have a much more extended region of
high-velocity gas, especially the Raga shape. As can be seen
in Fig. 4, the Raga bow has a larger apex area than the other
shapes. This causes the radial velocity to remain high for a
relatively large distance behind the apex, and accounts for
the “bridge” betweeen the blue wing and zero-velocity peak
in Raga bow profiles (see, e.g. the low-alpha, p = 3 profiles in
Figs. 7(c) and (d), and compare them to cubic bow profiles
with the same parameters in Figs. 6(c) and (d)).

3.3 Effects of the Cooling Function Index p

The effect of increasing the cooling function index, p, is to
increase the relative contribution from the regions near the
apex of the bow (see Fig. 13). This is because the intensity
increases as v ?, where v; = Vjousine. Again, @ is the
angle the velocity vector makes with the tangent to the bow
surface, which approaches 90 degrees at the apex.

The effect on the line profiles can be dramatic. As p
increases, there is a sharp increase in the strength of the the
blue wing relative to the core, since a comparatively large
amount of emission comes from the apex of the jet — the
region with the highest shock velocity. This is true for all
profiles where o < 90 deg.

These effects are most easily observed at high velocity,
e.g. in Fig. 13(a) or 13(d). As p increases (while keeping «
constant), the blue wing becomes more pronounced, finally
becoming (in the case of 13(a)) stronger than the core at
p = 3. Compare Fig. 13(a), with Vo, = 200 km s~ ! to
Fig. 13(c), which shows the same model except that View
has been set to 50 km s™*. The increase in blue wing with
p is less dramatic in the lower-velocity case.

Figure 14 illustrates the dependence of flux on p for the
four bowshapes. The top plot in each subfigure shows the

flux per unit area (Vu’:mdsinpd)7 where in this case Viou =
50 km s™') — normalised to the flux at the apex of the bow
— vs z for the three values of p. The lower plot shows the
variation of the area element dA with z (the total flux in
an element is I = fdA; see §A1). Note that for three of the
shapes, dA actually decreases with z in a region at the head
of the bow; this is an indication of the rapid decrease in .
As can be seen from Figs. Al and A2, a steep decrease in
¥ (and therefore ds) can offset the increase in R, causing
dA to decrease with z. Each of the plots is carried out to
Z = Zterm, the length a bow attains before the Vierm of
5 km s™' is reached (see §A4).

The three bows at the side of each plot also display
the variation of flux with z. Each bow element is coloured
with its unit flux, normalised to the unit flux at the apex;
the colour scale indicates the correspondence between colour
and normalised flux. The lengths of the bows (distorted
somewhat by the viewing angle) reflects zierm (the cubic,
Raga, and HRH A bows are reproduced on a common scale;
the parabolic bows are roughly 2.5 times larger than de-
picted here, on that scale).

The bow shapes supplement Figs. 11 and 13 by pre-
senting the same information in a more visual form. For
example, as p increases, the increasing contribution by the
emission at the apex is demonstrated by the increasingly
sharp transition between the blue/green areas (representing
high intensity emission) and the red areas (representing low
intensity emission). The relatively small apex and large tail
of the parabolic bow accounts for its simple, wingless pro-
files. The shallower slope of the Raga bow apex (relative to,
e.g., the cubic bow) is responsible for its higher flux levels
between the blue wing and the zero-velocity peak.

In Paper II we will show that profiles with dominant
blue wings are not observed in BN-KL.

3.4 Effects of the Viewing Angle «

The line profile is also sensitive to changes in « (see
Fig. 15). The blue wings of profiles which exhibit them lie
at —Vpow cosa. When a = 0 (i.e. the bow is viewed head
on) the peak of the wing will fall at a velocity —Vjou; the
velocity of the peak will move toward zero velocity with in-
creasing a, up to a = 90 (i.e., the bow is viewed from the
side; see e.g. Fig. 15(d)). At that point the profile is sym-
metrical about v = 0 as long as there is no extinction (see
§3.6).

The height and shape of the blue wing will vary with
Vbow, p and the bow shape (compare Fig. 15(c) to 15(d),
which have the same parameters except for the shape). The
effects of the change in a on a profile can be substantial
when the profile is dominated by high-velocity emission from
the apex of the bow. See, e.g., Fig. 8, and note that the
change in profile with « is much more pronounced for higher
values of p. Compare this with Fig. 5, where the changes
due to « are more modest. The profiles of parabolic bows
are dominated by low-velocity gas from the rear of the bow,
while those of the HRH A bows are dominated by high-
velocity gas from the apex of the bow. Fig. 15(a) shows that
even in the parabolic case the line peak shifts slightly, from
negative velocity to zero as a changes from 0 to 90 degrees.

When 90 < a < 180 (i.e. when the bow is pointed away
from the observer), the results are the same except that the
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Figure 11. Variation in line profiles as the bow shape varies (parabolic, cubic, Raga and HRH A). All profiles within a single plot
are normalised to a common peak intensity, and the velocity axes are normalised to the bow speed in each case. The models display a
range of illustrative parameter sets, and the particular values for bow speed, cooling indices, viewing angles and dissociation limits are

indicated in each plot.

profiles are reflected symmetrically about zero velocity (i.e.
the wings are red rather than blue; see Fig. 9).

3.5 Effects of the Dissociation Limit Vy;,,

We have examined two dissociation cases: no dissociation,
and dissociation at a limiting velocity of 50 km s™*. In Figs. 5
through 8 the dissociation case is shown as a dashed line. In
plots where there is no dashed line (e.g. for cases with a = 0,
p = 1), dissociation has little effect on the profile. Figure 16
shows the effect of increasing Vjiy,. The Vi, = 200 km st
case is equivalent to no dissociation.

The effect of dissociation is to eliminate emission from
the part of the bow where v, is greatest, i.e. the region
around the apex. For a < 90, the most obvious result is
the suppression of blue wings; when a = 90, both red and
blue wings are suppressed. The main effect of dissociation,

© RAS, MNRAS 000, 1-26

therefore, is to simplify the profile; the lower the dissociation
velocity, the more simple and symmetrical the profile. We see
very few such simple profiles in our observations of the bow
shocks in Orion BN-KL. This will be discussed in Paper II.

Figure 16(b) clearly shows the suppression of the blue
wing, and when compared to the no-dissociation case (the
solid line), illustrates the fraction of emission coming from
the head of the bow. As may be expected, this fraction is
large for larger values of p, since the intensity is proportional
to v' . Figure 16(c) illustrates the suppression of both wings
when a = 90. Dissociation is more readily apparent in the
profiles for bows which are viewed face-on than for those
viewed from the side.
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Figure 12. A colour-coded representation of the radial velocity of the emission for the four bow shapes, with Vj,, = 200 km s~
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viewing angle a = 0, 30, 60, and 90 degrees. The bows are all drawn on the same scale, but truncated to a length of z = 3. The colour

scale at the bottom shows the relationship of colour to vy /Vioy-

3.6 Effects of Extinction

Finally, we have studied two extreme cases of extinction:
no extinction, and total extinction within the bow. This as-
sumes dust within the hollow bow completely blocks emis-
sion from gas not directly visible to the observer. For exam-
ple, at a = 30, some small part of the “far” side of the bow,
near the apex, is directly visible, and only emission from
this portion is not blocked. Extinction cannot be properly
treated without adopting specific physical bow parameters,
such as size, but examining the two extreme cases gives an
indication of how partial extinction will affect observed line
profiles.

Figures 5 through 8 show the effects of extinction as
profiles drawn in a light solid line. These effects can be most
easily seen in high-velocity cases at p = 3, such as 6(d) or
7(d), simply because the shape of the profiles allows the ex-
tinction curve to be seen easily. The extinction effect varies,
of course, with a. Extinction has no effect at « = 0, when the
bow is head on, because all the bow surface is directly ob-
served. At low viewing angles (e.g., & = 30) the effect begins
to be noticeable as a slight decrease in intensity at the red-
dest velocities. At these small angles, the blocked emission
from the back side of the bow is at low (positive) velocities,

and low intensities, so its absence does not change the profile
very much. The suppression of the positive-velocity emission
increases with increasing «; at @ = 90, the entire red wing of
the profile is eliminated. (Our curves show a small amount
of emission at positive velocities because of the smoothing
that has been applied.)

While the case of extinction with dissociation has been
omitted from Figs. 5 through 8, an example of its effects
is presented in Fig. 17. The effect of extinction alone for
this model is a reduction in the zero-velocity gas while the
blue wing remains prominent; the effect of dissociation alone
is a drastic suppression of the blue wing, leaving a simple,
single-peaked profile. The results of adding extinction to the
dissociation model is therefore a simple profile centred at
low negative velocities, in which the emission from the zero
velocity gas has been suppressed.

4 CONCLUSIONS

We have presented a simple model for H line profiles in bow
shocks moving through a stationary medium at a velocity
Viow- The model takes into account the effects of bow speed,
bow shape and viewing angle. We also examine changes in
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Figure 13. Variation in line profiles as the cooling function index varies (p = 1, 2 and 3). All profiles within a single plot are normalised
to a common peak intensity, and the velocity axes are normalised to the bow speed in each case. The models display a range of illustrative
parameter sets, and the particular bow shapes and values for bow speed, viewing angles and dissociation limits are indicated in each

plot.

the cooling function index, p, which accounts for the amount
of energy released into the emission line. In addition, we in-
vestigate the effects of dissociation, and of extinction within
the bow.

More specifically we find that:

e An increase in bow velocity broadens the line profile by
moving the blue wing further from the core.

e The cubic, Raga and HRH A bow shapes give generally
similar line profiles. The Raga bow profiles tend to exhibit
a “bridge” of emission between the blue wing and line core,
because of its larger apex area and more gradual curvature
there. Profiles of parabolic bows are markedly different, due
to the contribution from a large area of weakly-shocked gas
at the rear of parabolic bows.

e An increase in the cooling function index, p, increases

© RAS, MNRAS 000, 1-26

the strength of the blue wing relative to the core and can
lead to dramatic changes in line profiles.

o Generally, the profile narrows with increasing « as the
blue wing moves closer to the core. At a = 90 degrees (i.e.,
the bow is seen side-on), the line profile becomes symmetri-
cal about zero velocity. The peak of the blue wing, which
is produced by shocked gas at the bow apex, will lie at
—Vhow COs v

e Dissociation suppresses the emission from gas with the
highest shock velocity (i.e., near the apex of the bow), thus
weakening the blue wing of the profile for bows with low
values of @. When the bow speed is much larger than Vi,
the effect of dissociation is to eliminate the blue wing alto-
gether, thus producing a very simple profile. This effect is
particularly pronounced when the cooling function index is
high.

e Total extinction within the hollow bow will tend to sup-
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Figure 13. (continued) Variation in line profiles with cooling function index, p.

press the red portions of the profile, leaving (in many cases)
an asymmetric profile shifted toward the blue.

The model has a number of limitations. We are not con-
straining the bow to a specific physical size, and therefore
do not include the gas density in our models. This means
that we cannot directly compare flux measurements between
different parameter sets, or to observations.

Presently, most of the chemistry of the model is bound
up in the cooling function index, p, a crude indicator of the
amount of kinetic energy which is translated into line emis-
sion. In reality, p would vary over the shock front as a func-
tion of temperature and density, as well as the composition
of the medium. Likewise, the dissociation velocity will not
be uniform throughout the shock, but will vary with density
and magnetic field.

The present method of modelling extinction demands that
the material within the bow be thick enough to completely
obscure emission from the far side of the bow. In order to

correctly model the extinction, we would have to adopt a
specific size and density distribution for the bow.

The model may readily be extended to examine bow
shocks which are spatially resolved, in order to compare the
relative emission from different parts of the same bow shock.
Current observational data are not sufficient to examine this,
but as integral field units are developed to study emission
lines at high spatial and spectral resolution, and proper mo-
tion measurements constrain the 3D motions, such a com-
parison may be warranted in the future. A special case —
truncation of the length of the bows — is discussed in §A4.

In Paper II we will compare our models to data obtained
from Fabry-Perot observations of the bow shocks in the
Orion BN-KL outflow. We will find that most of the ob-
served bows are fit best by models with higher Vj,,, with no
dissociation, and lower values of p.
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Figure 14. An illustration of the variability of flux and element area with distance along the bow, z, for a parabolic bow (a) and a cubic
bow (b), both with Vj5, = 50 km s~!. The upper plot shows the variation with z of the flux per unit area, normalised to the flux per
unit area at the apex. The three curves represent the three values of the cooling index, p. The lower curve plots the variation in bow
element area dA with z. The three coloured bows illustrate the bow shape, with colour indicating the level of the normalised flux per
unit area. The scale at the bottom shows the relation of colour to unit flux. See text for further details.
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Figure 15. Variation in line profiles as the viewing angle, «, varies (a = 0 (face-on), 30, and 60, and 90 degrees (side-on)). All profiles
within a single plot are normalised to a common peak intensity, and the velocity axes are normalised to the bow speed in each case.
The models display a range of illustrative parameter sets, and the particular bow shapes and values for bow speed and cooling index are
indicated in each plot.
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bow speed in each case. The bow speed for all bows is 200 km s~!. The models display a range of illustrative parameter sets, and the
particular bow shapes and values for cooling index and viewing angle are indicated in each plot.

REFERENCES

Allen D.A, Burton M.G. 1993, Nature, 363, 54

Bally J., Heathcote S., Reipurth B., Morse J., Hartigan P.,
Schwartz R. 2002, AJ, 123, 2627

Bucciantini N., Bandiera R. 2001, A&A, 375, 1032

Burton M.G., Hollenbach D.J., Tielens A.G.G. 1992, ApJ,
399, 563

Draine B.T, Roberge W.G., Dalgarno A. 1983, AplJ, 264,
485

Hartigan P., Raymond J., Hartmann L. 1987, AplJ, 316,
323 (HRH)

Heathcote S., Morse J.A., Hartigan P., Reipurth B.,
Schwartz R.D., Bally J., Stone J.M. 1996, AJ, 112, 1141

Noriega-Crespo A., van Buren D., Dgani R., 1997, AJ, 113,
780

Markevitch M., Gonzalez A.H., David L., Vikhlinin A.,

Murray S., Forman W., Jones C., Tucker W. 2002, ApJ,
567, 27

Mundt R., 1985, in Black D.C., Matthews M.S., eds, Pro-
tostars and Planets II. Univ. Arizona Press, Tucson, p.
414

Norman C., Silk J. 1979, ApJ, 228, 197

Raga A.C., Bohm K.-H., 1985, ApJS, 58, 201

Raga A.C., Bohm K.-H., 1986, AJ, 92, 119

Reipurth B., Heathcote S., Morse J., Hartigan P., Bally J.
2002, AJ, 123, 362

Schultz A.S.B., Colgan S.W.J., Erickson E.F., Kaufman
M.J., Hollenbach D.J., O’Dell C.R., Young E.T., Chen H.
1999, ApJ, 511, 282

Schwartz R.D. 1978, ApJ, 223, 884

Smith M.D., Brand P.W.J.L., Moorhouse A. 1991, MN-
RAS, 248, 730

Smith M.D., Khanzadyan T., Davis C.J., 2003, MNRAS,

© RAS, MNRAS 000, 1-26



V=100, Raga, p=3, =60

1
No dissociation ]
No extinction -
0.8 —
= — = Extinction B
0.6 Vim = 50 .

No extinction

------ Extinction

-1 -05 0 0.5 1

Figure 17. The effects of extinction and dissociation are illus-
trated using a Raga shape with Vj,,, = 100 km s~ !, cooling index
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ciation, heavy solid line; extinction with no dissociation, dashed
line; no extinction with dissociation at Vj;,,, = 50 km s~!, light
solid line; extinction with dissociation at V};,,, = 50 km s—1, dot-
ted line. Other model parameters are as indicated. All curves are
normalised to the peak of the no extinction, no dissociation curve,
and the velocity axis has been normalised to the bow speed.
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APPENDIX A: MATHEMATICAL APPENDIX

In our model the bow shape is divided into a number of
elements in z, the longitudinal axis of the bow, and ¢, the
azimuthal angle about the z-axis. The flux, I, and radial
velocity v, of each element are calculated by the methods
given below in §A1 and §A2, respectively.

Because the mathematics are more easily visualised for
a stationary bow in a moving medium, Figs. A3 and A4
illustrate this case. The results in the main body of the paper
are for a moving bow in a stationary medium.

If the user chooses to include the effects of extinction,
some elements on the “far” side of the bow will not be visi-
ble to the observer. The extinction routine (§A3) determines
which elements are obscured and omits them from the cal-
culations.

The results in the main body of the paper are for bows
which have reached a length z¢erm, the point where the shock
velocity has become so low that hydrogen molecules are no
longer excited. We assume this velocity to be 5 km s™*. In
8§A4, we discuss the effects on the line profile if the bow is
truncated to a length z < Zierm.

In order to facilitate plotting, the radial velocity range
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as
dp =
dR
dz
R
¥ 4

Figure A1l. Illustration of area calculations. The length segment
ds is swept through an angle d¢ to give the surface area dA of a
bow segment.

of each bow is divided into a number of bins. This number
can have an effect on the final profile, as described in §A5.

Al Flux

The flux in an element is T = fdA, where dA is the area of
an element, and f is the flux per unit area in that element.

The derivation for the size of the area element is illus-
trated in Fig. Al. The line element ds, at a radius R above
the z-axis, is swept through an angle d¢ to give the area dA:

dA = Rdsdé (A1)

The length element ds is assumed to be small enough to be
approximated by a straight line, as shown in Fig. A2. This
line is tangent to the bow surface at the position R, and
makes an angle ¢ with the z-axis such that tan¢y = %.
The length of ds, then, is just dz/cost, where the value of
dz is chosen by the user. The final expression for dA is given

by

_ Rdg¢dz _ RdRdg (42)

cos v sin v
remembering that R is a function of z which depends on the
chosen bow shape.

The flux per unit area, f, is given by f = nov, ?. As
explained in §2, p is the cooling function index, which is a
measure of how much of the shock energy goes into produc-
ing a single emission line. In the current model, ng is set to
1. Therefore, f =v = V2, . sinP4, which yields

win

dA

inP
I=V? Rdpd-2Y

win. cos w . (A3)

A2 Radial Velocity

Although the profiles we have presented all involve a bow
moving through a stationary medium, the mathematics is
more easily understood in terms of a stationary bow in a
moving medium. The conversion to a moving bow then in-
volves a simple change of reference frame, as seen below in
Eqn A9.

The stationary bow is struck by a wind with velocity
Vwind, moving in the positive z-direction (see Fig. A3). At
the bow surface, Vwind is resolved into components normal
to the bow, v = Vyina siney i, and tangential to the bow,

V|| = Vwina cos® t, where fi and t are the unit vectors in
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¥/ | dR

dz

Y bow z

Figure A2. Calculation of the length of the segment ds.

the directions normal and tangential to the bow surface,
respectively:

fl=—costcosp i—cosesing j+siny k, (A4)
and
f =sintcosd i +sinesing j+ costp k. (A5)

It is important to remember that ¢ is defined as being mea-
sured from the positive z-axis toward the positive y-axis.

We assume that v becomes zero in the post-shock gas
(see §2), so that the only remaining gas velocity is v|. The
radial velocity, therefore, will be the component of v which
lies along the line of sight. The unit vector, &, along the line
of sight is given by

a=sina i+cosa k, (A6)

where « is the angle the line of sight makes with the z-axis.
The observed radial velocity will then be

vr = A Vyinacost) t
Viwind €08 ¥ (sin asin ¥ cos ¢ + cos a.cos p)). (A7)

Again, this is for the case of a stationary bow in a mov-
ing medium. If instead the medium is at rest and the bow
is moving, we must add the speed of the bow along the line
of sight

Vr = A Viina o5 t + Vpow - 4, (A8)

where Vpow = —Vwind ﬁ, since the bow is travelling in the
—z direction. Therefore the radial velocity for a moving bow
in a stationary medium is

vp = Vipina[cos ¢ (sin asin 1) cos ¢ + cos a cos )
—cosal]. (A9)

A3 Extinction

In the extinction case we assume total extinction within the
bow — that is, we discard the emission from all bow elements
which are not directly visible to the observer. When a = 0,
the bow is face on, so all of it is visible and no emission is
discarded. When a = 7/2, exactly half the bow is visible,
that half for which ¢ = /2 to 37 /2. For all other values of
a, the range of visible ¢ depends on z and a.

Fig. A4 shows the appearance of the bow to an observer

Figure A3. Illustration of vectors for the v, calculations. The
y-axis has been omitted for clarity.

when a = 30 degrees. Only those elements which are visi-
ble in the figure will be computed when a has this value.
The portion of the bow which will be discarded is shown in
Fig. A5, in which the bow and observer are viewed from a
position on the positive y-axis. The elements to be discarded
are shown in black (the view is symmetrical about the z-z
plane).

The region of the bow which is hidden begins where the
line of sight is tangent to the bow surface, where & -1 = 0.
We must find ¢iqn, the value of ¢ where this occurs.

0 = a-n
= —sin @ cosY oS Pran + COS xSin P
COS Ptan = tany cot «

or
Ptan = Arccos (% cot a) (A10)

There are two solutions to this equation: ¢tan and 27— ¢ran.-
These angles mark the points on the bow where & = §. All
elements whose ¢ values fall outside this range are discarded.

We see in Eqn. A10 that ¢tqr is a function of z. There-
fore, in addition to depending upon ¢, the location of the dis-
carded elements depends upon z. Bow elements are not dis-
carded unless they fall outside the range ¢ron — 27 — dtan,
and their z-coordinate is z > z¢an-

In order to determine z¢4,, we return to Eqn. A10. Since
the cosine of any angle cannot be outside the range =+1,
there are regions on the bow where there is no solution to
Eqn. A10; the entire bow is visible in these regions. We must
find the point where there first is a solution for Eqn. A10.

This point, zten, can be found by setting cos ¢ean = 1.
For the parabolic bow, for example:

dR
an =1 =cota — All
cos ¢ cot & —— o (A11)
therefore
dR 1
tanae = — = — A12
dz Z=Ztan 2R Z=2Ztan ( )
_ 1
- 2\/ Ztan
so that finally
2
Ztan — C0t4 a~ (A13)
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Figure A4. Bow from the viewpoint of the observer when a = 30
degrees.

Vwind

L Sammam:

- W e

A

Figure A5. Bow and observer from the positive y-axis, showing
blocked region of the bow when a = 30 degrees and extinction is
used. The thick line at viewing angle « represents the observer’s
line of sight and is tangential to the bow.

The value of z4n is used to set the range of ¢ values
for which intensities will be calculcated. When z < zign, ¢
will step from 0 — 27; otherwise the allowed values of ¢ are
Ptan —> 2T — Pran. Fig. A6 displays the change in z:,, and
Ptan @S @ increases.

4

Figure A6. As in Fig. A5, but for a = 15, 45 and 75 degrees.
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A4 Truncation of the Bow

As explained in §2;, we have assumed that the gas will no
longer be excited once v, falls below Viepm = 5 km s™*. The
distance along the bow axis where this occurs, z = Zterm,
depends on Vjoy and bow shape. It is important to ensure
that the chosen bow length is not less than this distance,
if we wish to examine the emission from the entire bow.
The value of zterm can be found by setting vi = Vierm =
Viow Sin?. Since tan ¢ = ‘é—f:

‘/term = %ow sin (arctan @)
dz

Z= Zterm
dR
= Viow ———— (A14)
14 (45)?
z Z = Zterm
where ‘;—f is a function of z dependent upon bow shape.

Solving Eqn. Al4 for z yields zterm. For example, for the
parabolic bow

1

‘/term = ‘/boszl (A15)
1+ (2\/2)2 o= 2
so that
1 ‘/bow 2
erm = —|(—)° —1]. Al
“ iy, (A16)

The effects of bow truncation on the line profile can be seen
in Fig. A7. In both plots, the light solid line represent the
profile expected from a bow which has been allowed to ex-
tend out to z¢erm; the other profiles are for bows which have
been truncated before reaching this point. The effect of bow
truncation is to reduce the contribution from low shock-
velocity gas at the tail of the bow. This is more important
at lower values of p, where the contribution from the tail
is greatest. Especially in the parabolic case, truncation can
change a simple profile into a double-peaked one, as seen in
Fig. A7.

Fig. A8 shows the relative sizes of the four bow shapes
when the bows have been allowed to extend to z¢erm for
Viow = 100 km s~!. Because of its comparatively gradual
decrease in v, zterm is much larger for parabolic bows than
for the other bow shapes, especially when Vi, is large.
This means that parabolic bows extending to zte,rm have a
large fineness ratio (length/maximum diameter) compared
to the other shapes. The large fineness ratio exhibited by
the parabolic bow in Fig. A8 is not seen in astronomical bow
shocks, and the ratio will increase with increasing Vio. (the
latter is true for the other shapes as well). Therefore, if the
observed bow shocks are found to have bow speeds greater
than = 50 km s~', some process must truncate them to a
length less than zterm, and this must be taken into consid-
eration when interpreting line profiles. The values of zierm
and fineness ratios for the four bow shapes and standard
values of Vo are shown in Table Al.

A5 Binning

As described above, the bow is divided into a number of
elements in both ¢ and z. The velocity range of the resultant
profile (which is taken to be 4V44,,) is also divided into bins
of width dv, a value chosen by the user. As I; and v, are



26 Schultz, Burton & Brand

V=200, Parabolic, p=1, a=30, no dissociation V=200, HRH A, p=2, a=30, no dissociation
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Figure A7. Variation in line profiles with decreasing bow length for parabolic (a) and HRH A (b) bows, with other bow parameters
as indicated. In each case the light solid line indicates the profile expected from a bow of length z¢erm, the point at which v, falls to
Vierm = 5 km s~!. BEach curve is normalised to its own peak intensity, and velocity axis is normalised t0 Vjgq-

Table A1l. Values of 2¢erm and fineness ratio (f.r. = zterm/maximum
diameter) for the four bow shapes and standard values of Vjpq,.

Vbow Parabolic Cubic Raga HRH A
(km s 1) Zterm [-T Zterm f-T- Zterm [T Zterm [f-T-
50 24.8 2.5 6.0 1.6 7.3 1.5 3.6 1.4
100 99.8 5.0 17.2 3.3 179 2.8 8.9 2.7
150 224.8 7.5 31.6 5.0 30.3 4.1 15.2 4.0
200 399.8 10.0 48.7 6.7 44.1 5.4 22.1 5.2

Parabolic
Cubic

Raga

HRH A

Figure A8. A comparison of the sizes of the four bow shapes
when the bows are of length zterm, for Vi, = 100 km s—L.

calculated for each element i, the value of I; is added to the
velocity bin which contains v;,,. This is done to limit the
size of the output, and to facilitate plotting. As we will see,
the number of elements calculated can run into the tens of
thousands, at minimum.

The choice of the number of ¢ elements (nphimazx),
the size of the z elements (dz), and the width of the velocity
bins (dv) can have a significant effect on the line profile. The
effect of quantisation in the algorithm employed may result
in numerical errors if these quantities are poorly chosen.
Fig. A9 shows the effect of increasing the size of dv, keeping
the size of the ¢ and z elements constant. The profile is
(relatively) smooth at dv = 4.0, but becomes coarser as
dv increases, although the general morphology of the profile
remains unchanged. We have chosen dv = 2.0 for our models

(to which a 14 km s™' smoothing has been applied), and do
not find that the profile changes for smaller values.

It is a different matter for the case of dz. Fig. A10 shows
the effect of increasing dz from 0.1 to 0.002, while nphimaz
is held constant at 1000 and dv is held constant at 2.0 km
s L. The profile is again relatively smooth for dz = 0.005,
but exhibits structure for dz = 0.02, and has divided into a
series of peaks for dz = 0.05.

The profile is much less sensitive to changes in
nphimax. Fig. A1l shows that the profile remains largely
unchanged when nphimax is decreased from 100 to 30. It
is only when nphimax is further decreased to 10 that the
profile is materially altered.

The reason for these effects is the relation between dv
and dz or d¢. When the size of the element is large, emission
from areas of the bow with a relatively large range of v, will
be placed in a single velocity bin, v;. The emission from the
next z-element will then be placed in a second bin, v;, whose
velocity is much greater than v;. All the bins between v; and
v; will be empty. This produces the “quantised” effect seen
in Fig. A10.

The effect is more pronounced for z than for ¢ because
v, depends more strongly upon ¢ (which is to say, ultimately
on z) than upon ¢ (see Eqn. A9). The effect of the choice of
dz is seen most strongly at low values of «, when the profile
is dominated by emission from the apex of the bow. This is
also where the value of ¢ changes rapidly.

On the other hand, the results of the choice of nphimax
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are most pronounced as « approaches 90 degrees, as can be
seen from Eqn. A9:

vr = —Viinasin? e fora=0

= Vuwinacosysingcos¢  for a =90 (A17)

The dependence of v, on ¢ is greatest when « is large, note
that Fig. A1l is for a bow with o = 90 degrees, rather than
a = 0 degrees as in Fig. A10.

Both variables have their greatest effect for p = 3, when
the intensity depends on sin® ). The models presented in this
paper use dz = 0.002 and nphimaz = 1000. We did not find
that increasing the number of elements materially changed
the appearance of the profiles.
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Figure A9. Effect of the change in dv from 16.0 to 4.0 for an HRH A bow with Vj,, = 200 km s~ !, p = 3, @ = 0 and with no

dissociation or extinction.
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Figure A10. Effect of the change in dz from 0.005
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Figure A11. Effect of the change in nphimaz from 100 to 10 for an HRH A bow with Vj,,, = 200 km s~1, p = 3, @ = 90 and with no

dissociation or extinction.
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