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ABSTRACT

Context. Shocks produced by outflows from young stars are often observed as bow-shaped structures in which the H, line strength
and morphology are characteristic of the physical and chemical environments and the velocity of the impact.

Aims. We present a 3D model of interstellar bow shocks propagating in a homogeneous molecular medium with a uniform magnetic
field. The model enables us to estimate the shock conditions in observed flows. As an example, we show how the model can reproduce
rovibrational H, observations of a bow shock in OMC1.

Methods. The 3D model is constructed by associating a planar shock with every point on a 3D bow skeleton. The planar shocks
are modelled with a highly sophisticated chemical reaction network that is essential for predicting accurate shock widths and line
emissions. The shock conditions vary along the bow surface and determine the shock type, the local thickness, and brightness of the
bow shell. The motion of the cooling gas parallel to the bow surface is also considered. The bow shock can move at an arbitrary
inclination to the magnetic field and to the observer, and we model the projected morphology and radial velocity distribution in the
plane-of-sky.

Results. The morphology of a bow shock is highly dependent on the orientation of the magnetic field and the inclination of the
flow. Bow shocks can appear in many different guises and do not necessarily show a characteristic bow shape. The ratio of the
H; v = 2—-1 S(1) line to the v = 1-0 S(1) line is variable across the flow and the spatial offset between the peaks of the lines may be
used to estimate the inclination of the flow. The radial velocity comes to a maximum behind the apparent apex of the bow shock when
the flow is seen at an inclination different from face-on. Under certain circumstances the radial velocity of an expanding bow shock
can show the same signatures as a rotating flow. In this case a velocity gradient perpendicular to the outflow direction is a projection
effect of an expanding bow shock lighting up asymmetrically because of the orientation of the magnetic field. With the 3D model we
reproduce the brightness levels in three H; lines as well as the shape and size of a chosen bow shock in OMC1. The inferred bow

inclination and the orientation and strength of the magnetic field fit into the pattern suggested by independent observations.

Key words. ISM: jets and outflows — ISM: lines and bands — ISM: magnetic fields — ISM: molecules — circumstellar matter —

shock waves

1. Introduction

Bipolar outflows are an integral part of star formation. Outflows
from young stars are driven by jets or winds and are frequently
the most dramatic and distinct manifestations of a newborn star.
Outflows sweep away part of the parent envelope of the star and
shock-excite the ambient molecular gas as they propagate from
the star. Down the axis of jets, shocks are often observed as bow-
shaped structures (e.g., Eisloffel et al. 1994; Reipurth & Bally
2001; Nissen et al. 2007; Davis et al. 2009), which suggests that
they form from deflected gas around the leading head of the jet.
The shock excitation of the surrounding cloud induces line emis-
sion that is characteristic of the physical and chemical environ-
ments and the velocity of the impact (Kristensen et al. 2007).
The study of bow shocks reveals information in particular on the
shock velocity and pre-shock density, as well as on the launching
mechanism of the jets and winds from protostars.

In this paper we focus on the molecular hydrogen emis-
sion lines in the near-infrared, rather than on Herbig-Haro bow
shocks, which may be observed in the visible. Shock-excited gas
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emits strongly in several rovibrational H, lines, of which the
v =1-0S(1) line at 2.12 um is the strongest. With the advent of
integral field spectroscopy, it is now possible to map a molecular
hydrogen flow in many emission lines simultaneously. This pro-
vides an excellent foundation for detailed modelling. The mor-
phology of a bow shock projected onto the plane of the sky nat-
urally depends on the viewing angle, but also on the orientation
of the magnetic field. Also we show here that the line bright-
ness and line ratios can change quite drastically with viewing
angle. Thus, in order to model the shocks in detail and extract
the underlying physical conditions convincingly, we need a full
3D model that incorporates the effects of the geometry of the
system.

There are two different approaches to constructing three-
dimensional models of shocks. The first is to perform 3D gas-
dynamic numerical simulations (Raga et al. 2002, 2007; Baek
et al. 2009). This approach can treat more of the physics of the
dynamical evolution of the shock, but it has been limited so far to
single-fluid hydrodynamical or ideal magneto-hydrodynamical
simulations (Raga et al. 2002; Suttner et al. 1997). These do not
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allow us to treat continuous (C-type) shocks where ion-neutral
decoupling occurs. The second approach is to assume a geome-
try of the shock and to treat each element on the bow surface as
a planar shock, i.e., one assumes that the cooling zone remains
thin with respect to the local curvature (Smith 1991; Smith et al.
2003). This approach can treat both C-shocks and discontinu-
ous (J-type) shocks, and it allows a much more refined treatment
of the shock chemistry and cooling at the same time, which is
essential to obtain accurate line emission.

Here we are concerned with predicting line emission maps
of molecular hydrogen in C-type bow shocks. Therefore we use
the second approach. We achieve inclusion of the chemistry and
coupling to the physics, via for example the degree of ionisa-
tion of the gas, by using the multi-fluid 1D model described in
Flower & Pineau des Foréts (2003). This model includes a large
chemical reaction network and solves the full set of magneto-
hydrodynamical equations self-consistently with the chemistry.
The main improvements from similar models by Smith et al.
(2003) are the addition of non-equilibrium ionisation, dissoci-
ation, cooling, the effect of grains on ion-neutral coupling, and
the displacement of post-shock gas parallel to the bow surface.

In this paper we present predictions from the 3D model and
we show an example of how the model can be used to reproduce
observations of a bow shock in Orion. This yields significantly
different results from those of 1D and 2D models (Kristensen
et al. 2007, 2008). The Orion Molecular Cloud (OMC1) is the
closest site of active massive star formation located at a dis-
tance of ~414 pc (Menten et al. 2007). OMC1 harbours pow-
erful outflows originating from the BN/IRc2 complex. One out-
flow in the NW-SE direction has given rise to the fast-moving
so-called “bullets” (Axon & Taylor 1984) and the associated
“fingers” (Allen & Burton 1993). These are dissociative shocks
observed in [Fell] emission with H, bow shocks trailing behind.
A slower outflow (~18 kms™!) is moving in the NE-SW direc-
tion (Genzel et al. 1981; Greenhill et al. 1998; Nissen et al.
2007). The morphology of most of the objects in the slower
outflow SW of BN is clearly bow shaped (Stolovy et al. 1998;
Schultz et al. 1999; Gustafsson et al. 2003; Lacombe et al. 2004;
Kristensen et al. 2007; Colgan et al. 2007). We model one of
these bow shocks, which has been observed with the ESO-VLT
(Gustafsson 2006). The chosen bow shock has previously been
modelled by Kristensen et al. (2008) who created a 2D model by
combining 1D shock models and estimated the physical prop-
erties along the bow shock. They found that the bow shock is
propagating in a homogeneous medium and that shock veloci-
ties are lower in the wings compared to the apex. The predictions
of shock velocity and magnetic field strength agree with obser-
vations (Nissen et al. 2007; Norris 1984; Crutcher et al. 1999).
However, the 2D model fails to reproduce simultaneously the
width of the emission region and the H, brightness. Motivated
by the results of the 2D modelling and the fact that projection of
a 3D bow shell onto the plane of the sky may change both the
width of the emission and the general morphology significantly
we set out to improve the modelling with the present 3D model.

The organisation of the paper is as follows. In Sect. 2 we
describe how the 3D model is constructed. In Sect. 3 we explore
the effects on morphology of the shock and molecular hydrogen
emission brightness of the individual input parameters such as
shock velocity, pre-shock gas density, viewing angle etc.. We
present the predictions of the model of the structure of the H, v =
1-0 S(1) emission, the v = 2—1 S(1) /v = 1-0 S(1) line ratio,
the excitation temperature and the radial velocity for a variety
of physical conditions covering a range relevant to OMCI. In
Sect. 4 we use the 3D model to test whether the underlying shock
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Fig. 1. Geometry of the bow shock model. The bow shock is moving
along the z-axis at an angle, i, to the line of sight which lies in the
z—y plane. The direction of a uniform magnetic field is specified by the
angles 6 and ¢.

conditions can be extracted from observation if only the simpler
1D models are used. A full 3D modelling of the Orion bow shock
is performed in Sect. 5. In Sect. 6 we give a summary of our
conclusions.

2. The model

The method for constructing our 3D model resembles that of
Smith (1991) and Smith et al. (2003) in the sense that the
3D model is built from planar shocks. However, we use a dif-
ferent 1D shock code with a much more extensive chemical net-
work that allows us to follow the non-equilibrium ionisation of
gas and grains across the shock, which in turn influence the C-
shock thickness and temperature through ion-neutral collisions.
The critical velocity for C-shocks also differs between the two
models, as we include a more detailed treatment of H, dissocia-
tion and account for the inertia of charged grains. Furthermore,
our 3D model includes not only the cooling distance along the
shock direction, but also an approximate treatment of the dis-
tance travelled by the cooling gas parallel to the bow surface.
The geometry and the above improvements are described in
more detail in the following sections and in Appendix A.

2.1. Shock geometry

We start out by assuming a geometry of the bow shock (Ravkilde
2007). For reasons of simplicity we assume that the shock profile
is axisymmetric around the direction of propagation (z-axis in
Fig. 1). The shape of the shock profile is parameterised by

B
iz(i),rz‘/xzwz (1)
ro ro

where ry determines the “scale of curvature” of the bow, de-
fined as the radius where z = r, and 8 determines how “pointed”
the shape of the bow profile is. In the following presentation of
model predictions we restrict results to S = 2.0 (a paraboloid).
However g can be varied to match the specific shape of an ob-
served bow shock, as done in Sect. 5.

The shock propagates along the z-axis with velocity vpow
into a homogeneous medium with pre-shock density ny (ng =
n(H) + 2n(H,)) and a uniform magnetic field. The magnetic field
strength scales with density as B = b y/ny( cm=3) uG where b is
the magnetic field scale factor.

We then treat each element on the bow surface as a planar
shock with local shock parameters. During the passage of the
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shock wave it is only the velocity component perpendicular to
the bow surface, v, , that contributes to the shock and transforms
bulk kinetic energy into thermal energy. Thus, the effective local
shock velocity is

Ubow , )
ré—ﬁ \/,BZ(xz +y2)ﬁ—l +r(2)ﬁ_2

where w = arctan(dr/dz) is the angle between the local tangent
to the bow surface and the z-axis.

The magnetic field acts to cushion the shock and to decouple
the ions from the neutral fluid (Draine 1980). We assume that the
effective field of oblique shocks is the field component parallel to
the shock surface (Smith 1992). Thus bshock = b)), Where bgnock
is the local value of the magnetic field scale factor as defined
above and

Ushock = U1 = Sin(w)vpow =

by = |by+ b, + b2

(ﬁ(x2 +y? PN (xby + yb,) — bZ’jg_l)z " 3
- B2+ g2t 4 | N

2.2. 1D shock model calculations

The planar shocks are calculated using the model described in
Flower & Pineau des Foréts (2003). This model involves, as
mentioned above, a very detailed treatment of the chemistry and
of the atomic and molecular excitation and associated cooling.
Chemical events, described by 1065 chemical processes involv-
ing 136 species, determine critical parameters such as the de-
gree of ionisation in the medium. Elemental abundances are so-
lar and are distributed among gas phase, grain cores and grain
icy mantles following Flower & Pineau des Foréts (2003). Initial
species abundances in the gas phase are derived from a steady
state calculation with a standard H, cosmic ray ionisation rate of
5 x 1077 s7! per Hatom. This determines in particular the ratio
of atomic to molecular hydrogen and the ionisation fraction in
the preshock gas. The PAH abundance is set to npap/ng = 107°.
This has important consequences for the magnetosonic speed of
the charged fluid and therefore the maximum velocity we can
achieve in C-type shocks (Flower & Pineau des Foréts 2003, see
below).

A total of 100 rovibrational level populations of H, are cal-
culated in parallel with the dynamical and chemical variables,
allowing for all radiative transitions and collisional processes
which modify level populations. This includes all relevant ro-
tationally and rovibrationally inelastic collisions with H, He,
H; and electrons and level by level collisional dissociation, as a
function of temperature (Le Bourlot et al. 2002). In dissociative
shocks H; is assumed to be reformed with an energy distribution
proportional to a Boltzman distribution at 17249 K.

Above a critical shock velocity, v, the shock becomes a
J-type shock. The critical velocity is defined as the minimum of
vgis and veps, Where vy 1s the velocity at which H; starts to disso-
ciate (Le Bourlot et al. 2002) and v¢ys is the magnetosonic speed
of the charged fluid. At shock velocities higher than vy the
ionic precursor cannot develop ahead of the perturbance (Flower
& Pineau des Foréts 2003). v.ms s approximately equal to the
Alfven speed in the charged fluid, B/ \/47pcharged; Where pcharged
is dominated by the grains and is limited by the PAH abun-
dance (Flower & Pineau des Foréts 2003). v depends on the
pre-shock density and magnetic field strength. The greater the

component of the magnetic flux perpendicular to the direction
of propagation of the shock, the higher is the maximum velocity
at which a C-type shock can be sustained. v, tends to decrease
at higher density owing to the more efficient H, dissociation.

Given the pre-shock density, bgpock, and vghock, We determine
for each planar shock whether it is a J-type or a C-type shock.
The bow may have a dissociative J-shock cap with oblique C-
shocks along the wings as in Fig. 1, but if B is not aligned with
the bow axis the minimum of b will be located somewhere along
the wings and the combination of v, and b may result in J-type
shocks at that location. Thus, dissociative J-type shocks are not
spatially restricted to the apex. Switch-on shocks that might exist
when the angle between the shock normal and B approaches zero
(Smith 1992; Draine & McKee 1993), that is b, — 0, have not
been treated. When b = 0, the planar shock is always a J-type
shock in our model.

2.3. Cooling distance perpendicular and parallel to the bow

We treat the shock width as resolved when constructing the
3D model. That is, we include the distance travelled by each
parcel of gas as the gas cools, which determines the local thick-
ness of the bow shell. This is necessary for C-shocks which are
much wider than J-shocks. The shock width is mainly deter-
mined by the pre-shock density (see Fig. 8 in Kristensen et al.
2007), with the width changing from a few AU at ny = 107 cm™
to ~1000 AU at ny = 10* cm™~3. The magnetic field scaling fac-
tor, b, also has an impact on the shock width although not as
drastic. Increasing b and thus the magnetic field naturally in-
creases the shock width by introducing a greater magnetic cush-
ioning effect.

We take into account not only the 1D cooling distance in
the shock direction, but also the distance travelled by the cool-
ing gas parallel to the shock front (in the bow reference frame).
In the oblique bow wings, the latter distance is greater than
the 1D cooling distance in the shock direction. This is done
in an approximate way by noting that in C-shocks, the bulk
of H, rovibrational emission, which is emitted at temperatures
T > 1000 K, occurs at velocities close to v,, before the gas
has had time to slow down by more than a few kms~!. Thus, to
build our emission maps, we assume here that the cooling gas
behind each 1D shock is displaced exactly along the z-axis until
T =~ 1000 K. For the purpose of computing centroid velocities
we retain the exact velocity vector. We also neglect the trans-
verse pressure gradients and expansion due to the bow curvature,
with respect to the compressive term included in the 1D shock
models. The accuracy of both approximations is analysed in
Appendix A for various B-field strength and preshock densities.
Note that this z-axis approximation would not be as accurate for
pure rotational emission, which is significant to lower 7.

2.4. Intensity and centroid velocity maps

When all the resolved planar shocks are in place in the 3D model
we rotate the bow by the inclination angle, i, and project it onto
the 2D plane. This yields an image of the bow shock as it would
appear in the plane of the sky. In performing this projection we
make use of the fact that H, emission is optically thin for any
relevant column densities, since the IR quadrupole rovibrational
transitions involved are weak.

The 3D model can produce maps of any of the numerous
output parameters from the planar shock simulations. Thus the
morphology of shocks can for example be studied by displaying
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the H, emission or emission from other species. Furthermore we
can create excitation diagrams or maps of excitation tempera-
tures by calculating maps from different H; lines.

We can also predict the centroid velocity of the H, emis-
sion. The pre-shock gas is assumed stationary relative to the ob-
server and it is only v, that affects the gas. Hence, in the frame
of the observer, the post-shock gas is expanding perpendicular
to the bow surface with velocity increasing with distance from
the shock front. We construct the radial velocity map by taking
the centroid velocity along the line of sight weighted by the lo-
cal Hyv = 1-0 S(1) emissivity. We choose radial velocity maps
because the radial velocity is the observable quantity which has
been reported at 150 mas spatial resolution in Gustafsson et al.
(2003) and Nissen et al. (2007).

In building our maps we also need to truncate the bow
surface at a maximum outer radius in order to limit the map
computing time. We set this maximum outer radius equal to
Ryow = 140 pixels. Both the linear resolution and the radial ex-
tent of our maps are then fixed by the elementary pixel size that
we adopt. Two methods of choosing the pixel size in the model
have been adopted. One approach is to use a specific number
of pixels, numick, to span the thickness of the bow shell, i.e., the
maximum cooling distance of the planar shocks along the bow.
Using this approach we can fix the ratio of the thickness to trun-
cation radius Ryow Of the bow shell, at the expense of letting the
size of the bow shock vary. The other approach is to fix the pixel
size to a specific value. In this approach ny,;cx varies freely and
is determined by the local shock width. Using this method we
fix the map resolution and the maximum size of the bow shock,
Riow, but not the relative thickness to radius. In Sect. 3.1 we
show examples of both approaches. Otherwise, for the rest of
Sect. 3 we have used the second approach and fixed the pixel
size to 5.2 AU. In all predictions, the radius of curvature ry de-
fined in Eq. (1) is 200 pixels, i.e. 1.4 Ry, except in Fig. 4 where
itis 71 pixels = 0.5 Ryow-

3. Model predictions

In this section we present predicted bow shock maps by explor-
ing the effects of the individual input parameters on the models.
The input parameters can be divided into two groups. The first
group, consisting of the pre-shock density, ny, the bow veloc-
ity, Upow, and the magnetic field strength, b, determines in broad
terms the brightness and the thickness of the bow shell. The sec-
ond group regulates, again broadly, the morphology of the bow
shock. This group consists of the orientation of the magnetic
field (6, ¢) (Fig. 1) which fixes the position of the most strongly
emitting shocks on the bow surface and the degree of asymmetry
of the map, the angle of inclination, i, which influences the line
of sight projection, and the geometrical parameters, ry and S,
which determine the curvature of the bow surface and thus how
fast the shock conditions vary along the wings (Egs. (1)—(3)).

The effects of the groups of parameters cannot be entirely
separated. It is, however, instructive at first to view them as two
separate groups. In reality, the pre-shock density, the bow veloc-
ity, and the magnetic field strength will also influence the mor-
phology of the shock since they determine the shell thickness.
However the most significant effect on the shape stems from the
orientation of the magnetic field and the inclination angle. On the
other hand, the orientation of the magnetic field and the inclina-
tion angle also influence the brightness due to projection effects,
but to a lesser degree than pre-shock density, the bow velocity,
and the magnetic field strength, that is, the first group of input
parameters.
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In the following we first explore the effects on brightness
and shell thickness of the first group of input parameters. Then
we illustrate how the second group of parameters changes the
morphology of the bow shocks. We keep 8 constant at § = 2.0
and give a few examples of the effect of the ry parameter.

Unless otherwise stated, we use the emission from the Hy v =
1-0 S(1) line at 2.1218 um to illustrate the morphology of the
projected shocks. This is the strongest NIR rovibrational line of
H, and numerous shocked environments have been mapped in
this line with high spatial resolution. In all figures brightnesses
are given in Wm~2 sr™! and sizes in AU.

3.1. Density

We start out by investigating the effect of the pre-shock density
on shock size and appearance in Fig. 2. The pre-shock density is
varied between 10*—10° cm™ while the other input parameters
are kept constant at vpow = 40 km st b =35, B = 2.0. The in-
put parameters are chosen to resemble the physical conditions of
OMC1 as found by Kristensen et al. (2008) by 2D shock mod-
elling. The figure consists of two parts. In the left-hand column
we fix the pixel size to 1/100 of the maximum cooling distance
of the associated planar shocks so that our bow truncation radius
is 1.4 times the cooling length. The relative thickness to size of
the bow is thus the same in all three models, and the thickness is
also small compared to the radius of curvature ry taken here as
1.4Rpow Since the shock width decreases with increasing density
(see also Kristensen et al. 2007) the pixel size and the size of the
bow shocks are determined by the pre-shock density. The pixel
size decreases from 142 AU at ny = 10* cm™, to 27.5 AU at
ng = 10° cm™3 and to 5.2 AU in the ng = 10° cm™ model. The
bow truncation radius is 140 times larger. The peak brightness
in the bow shock increases with increasing density and the emis-
sion in the wings becomes relatively stronger at high densities
compared to the apex brightness. This arises because a change
in the shock velocity in high density systems has a smaller effect
on the brightness of the v = 1-0 S(1) line than at low densities.
At high densities, lower J and v levels may become more nearly
thermalized and increasing the shock velocity leads to popula-
tion spread among a greater range of levels (Kristensen et al.
2007).

In the right-hand column of Fig. 2 we have fixed the pixel
size to 41.5 AU and thus fixed the outer truncation radius and the
curvature radius of the bow shock to the same values of Ry =
5900 AU and ry = 8300 AU, respectively, in all three models.
Thus, the relative thickness to radius of the bow shell varies due
to variations of shock width. At ng = 10* cm™ the shock width
is very large compared to the radius of curvature and the bow
structure is hardly visible. At ny = 10° cm™3 the bow shell is
thin and the bow structure is clear. And at ny = 10° cm™ the
shock width is so small that it is barely resolved using the pixel
size adopted. From Fig. 2 it is clear that the appearance of a bow
shock changes dramatically if the ratio of the shock width to bow
radius changes.

In observational data the pre-shock density can be estimated
by studying the width of the emitting region as well as the bright-
ness. This has been discussed at length in Kristensen et al. (2008)
in which, in 2D models, the observed shock width was found to
be a valuable constraint on the physical conditions.
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Fig. 2. Brightness in Wm™2 sr™!, size and thickness in AU of a series of shocks as a function of pre-shock density. From top to bottom, the pre-shock
density is 10°, 10°, 10* cm™. The shock is seen edge-on, i = 90°, with the apex at (0, 0). The magnetic field is perpendicular to the flow direction
and in the plane of the sky (6 = 0, ¢ = 0). Other constant input parameters are vpo,, = 40 kms™', b = 5, 8 = 2.0, ry = 200 pixels. The colour scale
is linear. Left column: the ratio of shell thickness to pixel size is fixed. Therefore the truncation radius Ry, varies proportionally and the ratio of
thickness to radius is the same in all three models. Right column: the pixel scale and bow radius are fixed whereas the ratio of shell thickness to

bow radius varies.

3.2. Bow velocity

Figure 3 shows the effect of changing the bow shock velocity,
Ubow- Here b, ny, B, and ry are kept constant. The bow shock gets
brighter when the propagation velocity is increased. In addition
a larger part of the wings contributes to the emission. The model
with vpew = 60 kms™! illustrates the result when the velocity
increases beyond the critical velocity for which C-shocks can
be sustained. When the velocity at the apex is higher than the
critical velocity for the given density and B-field, J-shocks are
present at the apex. Thus we have a dissociative cap with very
little H, emission. The C-shocks along the wings are bright and
due to projection effects H, emission is found everywhere in the
inner region behind the apex. Only the apex region itself shows
weak H, emission.

3.3. Magnetic field scaling factor

In Fig. 4 we see the effect of changing the numerical value of
the magnetic scaling factor b, while keeping the other parame-
ters constant at ng = 10° cm™>, vpow = 40 kms™?, B = 2.0, and
ro = 71 pixels = 0.5 Rpow = 370 AU. When b increases, the

shock width increases while the H, brightness decreases. This
arises because the magnetic pressure is higher. The shock dis-
sipation and the thermal energy production are therefore spread
over a greater distance resulting in a larger extent of the H, emis-
sion zone and a lower temperature and excitation (see e.g. Draine
1980). When b = 1, the shock at the apex exceeds the maxi-
mum allowed speed for a C-shock at the chosen value of ny =
10° cm™ and the bow apex has a dissociative cap with little
H, emission as in Fig. 3 for 60 kms~'. The C-shocks along the
wings are very narrow with shock widths of 24 AU. They are just
resolved at the chosen pixel scale (5.2 AU). The critical veloc-
ity of C-shocks increases when they are embedded in stronger
magnetic fields. Therefore, there are no dissociative caps in the
models with b = 5 and b = 8. The shock width — as defined
as the region where the temperature is >1000 K — at the apex
is 258 AU in the b = 5 model. At b = 8 the shock width at the
apex increases to 305 AU and the wing emission is weak since
the effect of the shock wave is damped substantially by the high
magnetic field. At higher magnetic fields, the bow shock is rela-
tively thicker and the emission, while weaker, is relatively more
concentrated toward the symmetry axis and apex region.
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Fig. 3. Brightness, size and morphology as a function of bow velocity.
From top to bottom the velocity is 60, 50, 40, and 30 km s~'. The shock
is seen edge-on, i = 90°, with the apex at (0, 0). The magnetic field is
perpendicular to the flow direction and in the plane of the sky (8 = 0,
¢ = 0). Other constant input parameters are ny = 10° cm™, b = 5,
B = 2.0, rp = 200 pixels = 1040 AU. The colour scale is logarithmic.
At 60 kms™! the shock velocity at the cap exceeds the critical velocity
and the cap becomes dissociative.

The effect of the curvature radius rp may be seen by compar-
ing the model with b = 5 in the middle panel of Fig. 4, where
ro = 0.5Ryow = 370 AU to the model with ng = 10° cm™ in
Fig. 2 left column, where ry = 1.4Rpo, = 1040 AU. ry is the
only parameter that differs between the two models. When ry
is smaller (Fig. 4 middle panel) the bow structure is narrower
and the strength of the shocks decreases faster along the wings.
In fact, reducing 7y is equivalent to shrinking the bow, with all
shock parameters remaining the same.

3.4. Direction of magnetic field with respect to shock
propagation

We now turn to the second group of input parameters and show
how the direction of the magnetic field with respect to the flow
direction affects the morphology of the H, emission from a bow
shock. The direction of the magnetic field is fixed by two angles:
the “obliquity” 0, defined so that 90° — 8 is the angle of B from
the z-axis, and the “rotation” angle ¢ of the projection of B on
the x — y plane (see Fig. 1).
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Fig. 4. Brightness and thickness as a function of the magnetic field scal-
ing factor, b. From top to bottom, b = 8, 5, and 1. The shock is seen
edge-on, i = 90°, moving along the y-axis with the apex at (0, 0).
The magnetic field is perpendicular to the flow direction and in the
plane of the sky (8 = 0, ¢ = 0). Other parameters remain constant
at ny = 10° cm’, vpow = 40 kms™', B = 2.0, ry = 71 pixels = 370 AU.
The colour scale is linear.

The obliquity angle 6 of the magnetic field with respect to the
bow shock axis has a large impact on the 3-dimensional as well
as the projected morphology. This is due to the variation of b
across the bow profile. When the direction of the bow propaga-
tion is at an angle to the direction of the B-field, then one side
of the bow will experience a b which is different from that on
the opposite side of the bow. On the side which faces into the
direction of the B-field, the value of b will be lower than on
the opposite side. This results in brighter, thinner shocks than on
the opposite side of the bow, introducing an asymmetry in the
brightness distribution.

In Appendix B, the changing morphology is illustrated in de-
tail. There, the standard model (ng = 10° cm?, vpow = 40 kms™!,
b=35,8=20, rp = 1040 AU) is displayed at six angles of in-
clinations, four different values of 6 and seven values of ¢ (see
Fig. 1). Here we discuss a limited number of examples and refer
to Appendix B for a more extensive view. Note that models with
¢ and 180° —¢ are identical under reflection in the 2nd axis of the
images, except for ¢ = 90° at certain inclinations (see below).

The left column of Fig. 5 illustrates the effect of chang-
ing the angle 6 in our standard bow shock model, that is, with
ng = 10% cm?, vpow = 40kms™', b =5, =2.0, ry = 1040 AU.
Here the inclination is i = 50° and ¢ = 0° (ie. magnetic field
in the x — z plane). When 6 = 0° (bottom panel), the B-field is
perpendicular to the shock propagation axis and since ¢ = 0°
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Fig. 5. Left: morphology change as a function of the magnetic field direction 6. From top to bottom, 6 = 90° (parallel to the direction of shock
propagation), 60°,30°,0° (perpendicular to the direction of shock propagation). The shock is moving at an inclination of i = 50°, the position of
the apex is projected onto (0, 0). Other parameters remain constant at ny = 10° cm?, vpow =40 kms™!, b =5, B =2.0, 9 =200 pixels = 1040 AU,
¢ = 0°. The colour scales are logarithmic. Right: brightness ratio of the H, v = 2—1 S(1) line to the v = 1-0 S(1) line of the models in the left

panel.

the value of b is symmetric with respect to the yz-plane. The
projected emission from the bow shock is therefore symmetric
across x = 0. When 0° < 6 < 90° (exemplified by 6 = 30°
and 6 = 60°, middle panels of Fig. 5), the projected B-field runs
from lower-left to upper-right of the image, therefore b is lower
on the negative side of the x-axis, where the inclined B-field is
more perpendicular to the bow surface, than on the positive side.
Thus, the planar shocks and the resulting emission are strongest
on the left-hand-side in the figure and the bow shock appears
asymmetric. An extreme example may be found for the model
with 6§ = 60°. A “hole” with little H, emission is found along
a part of the wing (projected into the region around (—300 AU,
100 AU)). This is where the B-field is close to perpendicular to
the shock surface and b ~ 0. The planar shocks are therefore

J-type shocks which are associated here with much weaker H;
emission than C-shocks!. When 6 = 90° (top panel of Fig. 5),
the B-field is parallel to the bow axis, and the apex region is
inhabited by dissociative J-shocks with weak emission, produc-
ing a hole towards (0,0) in the image. The distribution of b
is now axisymmetric about the bow axis. However, due to the

! In our standard model the emission from J-shock regions is orders
of magnitude weaker than the emission from the surrounding C-shocks.
However, the relative strength of the emission in J- and C-shocks is
dependent on the pre-shock density, the b-value, and the bow velocity
(Kristensen et al. 2009, in prep.). Thus, bow shocks exist for which
the brightness from the J-shocks is comparable to that of the C-shocks.
That is, dissociative regions in a bow shock do not always produce a
large decrease in H, emission.
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bow inclination of 50° to the line of sight and the resulting limb-
brightening, the projected brightness distribution is not axisym-
metric about (0,0) and the H, emission peak appears projected
ahead of the apex.

Figure 5 clearly shows that dissociative J-shocks are not con-
strained to the apex region of a bow shock. They may also be
found along the wings depending on the direction of the mag-
netic field () and the geometry of the bow surface (8 parame-
ter). Another result is that the peak brightness increases with 6.
This is because the value of b decreases at the apex where the
highest vgnock 1 found and the associated planar shocks become
stronger. The models in Fig. 5 can be seen at other inclinations
in Appendix B.

The effect of changing the “rotation” angle ¢ can be seen
in Fig. 6 for which § = 30°. This corresponds to rotating the
bow with respect to the observer, without changing the overall
3D distribution of by and shock brightness on the bow surface
(fixed by 6).

The case ¢ = 0°(3rd panel from top) is the same as dis-
cussed in Fig. 5: the emission is strongest to the left from the
observer’s viewpoint, where x is negative in Fig. 1. As ¢ be-
comes negative, the B-field rotates in towards the observer, while
the strongest planar shocks (b lowest) rotate back to the bow
side facing away from the observer. They experience more limb-
brightening, since the rear part of the bow is more tangential to
the line of sight. When ¢ = —90°, the B-field is in the yz-plane
and points towards the observer, therefore the emission is sym-
metric with respect to x = 0 and is strongly limb-brightened. In
contrast, when ¢ is positive (bottom panel), the brightness de-
creases since the strongest emission is now on the side of the
bow shell facing towards the observer and is thus projected onto
a larger area. Note that because of these differences in limb-
brightening, maps with ¢ = —90° and ¢ = 90° are not identical at
inclinations different from edge-on (exceptif = 0° or 6 = 90°),
as shown in Appendix B.

3.5. Inclination

The projected morphology of a bow shock naturally also de-
pends on the angle at which it moves with respect to the ob-
server. Figure 7 displays our standard shock with parameters
nyg = 10% cm?, vpow = 40 kms™, b = 5,8 = 2.0, ry = 1040 AU,
6 = 30° ¢ = 30° at four different inclinations. The appar-
ent aspect ratio of the dimensions of the shock changes sig-
nificantly when the inclination changes. The emitting region
becomes broader as the inclination angle decreases. When the
shock is seen edge-on (i = 90°) the bow structure is very appar-
ent and the apex is clearly distinguishable by a narrow ridge of
strong emission. As the inclination decreases the strong emission
ridge gradually disappears. Ati = 30° the strong emission region
is more circular and it is distinct from the projected boundary of
the bow shock. At i = 0° the bow shock is seen face-on and the
peak emission is located in the centre of the emission region.
The brightness increases when the inclination increases because
the line of sight traverses a larger number of parcels containing
post-shock gas.

From Figs. 5-7, as well as from the numerous examples
shown in Appendix B, it should be evident that the direction of
the magnetic field and the inclination to the line of sight have a
very marked influence on both the morphology of a bow shock
and its appearance to the observer. Small changes in the angles
of magnetic field with respect to shock propagation can lead
to very different shapes and bow shocks with the same intrin-
sic shape can produce a large number of different observable
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Fig. 6. Morphology change as a function of the magnetic field direction
angle ¢. From top to bottom, ¢ = —90°, —45°,0°, and 45°. The shock is
moving at an inclination of i = 50° and the position of the apex is pro-
jected onto (0, 0). Other parameters remain constant at ny = 10° cm’,
Upow = 40 kms™', b = 5,8 = 2.0, ry = 1040 AU, 6 = 30°. The colour
scale is logarithmic.

emission morphologies. The peak emission may not necessarily
be associated with the apex of the bow shock. The peak can be
located in front of the projected apex as in Fig. 5 (top left) or dis-
placed along the projected wing as in Fig. 6 (second from top).
The combination of 6, ¢ and i determines the exact location. For
a full exploration of 6, ¢ and i we again refer to Appendix B.
We therefore reach an important conclusion. A menagerie
of shapes of shocked H, emitting regions greets the observer in
Orion and elsewhere. This is nicely exemplified by the very high
spatial resolution data for OMCI presented in Lacombe et al.
(2004) obtained with the VLT/NACO adaptive optics system. In
images presented there and elsewhere (e.g. Nissen et al. 2007)
the presence of rounded structures which are not at all of bow


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912977&pdf_id=6

M. Gustafsson et al.: 3D model of bow shocks

1-0 S(1) brightness (W m ™ sr ~

)

1.0e-03

1.0e-05 1.0e—-04

600
400
200

-200
—400

—-600

AU
o

-600 -300 O 300 600

800
600
400

-200

AU
o

-400

-600 -300 O 300 600

600
400

200 “:600

AU
o

-200

-600 -300 O 300 600

500
400
300
200
100

AU

(

1=90°

0
-100

-600 -300 O
AU

300 600

Fig.7. Morphology change as a function of the inclination angle, i.
From top to bottom, i = 0° (face-on), 30°,60°,90° (edge-on). The po-
sition of the apex is projected onto (0, 0). Other parameters remain con-
stant at ng = 10° cm?, vyow = 40 kms™', b =5, 8 = 2.0, ry = 1040 AU,
6 = 30°, ¢ = 30°. The colour scale is logarithmic.

form, quite symmetric bow-like forms and asymmetric or highly
asymmetric but roughly bow-like forms are encountered. This
variety of shapes can be attributed very largely to the phenomena
which we describe here. Thus broadly speaking we can state that
the somewhat confused appearance of shocked zones could be
due to shocks moving at a variety of angles to the observer and
to the direction the magnetic field. This arises rather naturally in
a large cone-angle outflow from a massive star-forming region
such as OMCl.

3.6. H> emission line ratios

Observationally, the H, v = 2—1 S(1) line is often used together
with the v = 1-0 S(1) line to infer the excitation temperature
and hence the shock conditions. The two lines are the bright-
est Hy lines from the v = 2—1 and v = 1-0 vibrational bands,
respectively, and hence the easiest to observe.

In the planar shock models the Hy v = 2—1 S(1) line peaks
further downwind than the v = 1-0 S(1) line and is emitted in
a thinner layer because the excitation to the upper level takes
place over more restricted physical conditions (Kristensen et al.
2007). This means that the ratio of 2—1 S(1) to 1-0 S(1) emis-
sion changes across the bow shell and that projection effects can
further alter the relative distribution. Thus a range of values of
the line ratio will be present in every model.

In the right column of Fig. 5 we show the line ratio corre-
sponding to the models in the left column. These differ only by
the direction of the magnetic field. The first thing to notice is
that the line ratio changes significantly between the four models
and that a large range of values is associated with any particular
model. In the model with 6 = 0° the line ratio ranges between
0.02 and 0.069, whereas the line ratio varies between 0.02 and
0.51 when 8 = 60°. At the peak of v = 1-0 S(1) emission the
line ratio is 0.038 at & = 0°, 0.066 at & = 30°, and 0.13 in the
6 = 60° and 6 = 90° models. High line ratio values above 0.2 are
usually only seen in J-shock regions as is also evident in Fig. 5
— for example around (-300 AU, 100 AU) in the 8 = 60° case
— or in Photon Dissociation Regions (PDRs). Here we see that
bow shocks can give almost any value depending on the angle of
view and magnetic field orientation. The high values are a result
of both high values of the line ratio in the planar shock models
and projection effects in the 3D model. The J-shocks in the dis-
sociative regions are very narrow (a few pixels in the model) and
often much weaker compared to the C-shocks that populate the
rest of the bow shock. This makes them very sensitive to line of
sight projection. If the line of sight traverses a tail of a C-shock
within the bow the line ratio may be altered significantly.

Secondly, we notice that the peak in line ratio is not coin-
cident with the peak of the v = 1-0 S(1) emission. The line
ratio is very sensitive to the shock conditions and decreases with
decreasing strength of the v = 1-0 S(1) emission (Kristensen
et al. 2009, in prep.). That is, the v = 2—1 S(1) line emission
decreases faster than the v = 1-0 S(1) line emission when the
shock becomes softer. Thus, the v = 2—1 S(1) emission is less
extended along the wings and it is emitted in a thinner layer than
the v = 1-0 S(1) emission. In short, it is more concentrated to-
wards the location of strong shocks. When the bow shock is in-
clined to the line of sight the peak of the line ratio will be found
close to the projected location of the strong shocks, whereas the
peak of v = 1-0 S(1) emission may be found displaced from
this due to limb-brightening. For example, in Fig. 5 lower left
corner, the v = 1-0 S(1) emission peaks at (0 AU, —90 AU) due
to limb-brightening, whereas the line ratio peaks at (0, 0), which
is the projected position of the bow apex. Thus, the relative posi-
tion of the peak of v = 1-0 S(1) emission and the v = 2—1 S(1)/
v = 1-0 S(1) line ratio is very useful for determining the incli-
nation in observations of bow shocks.

3.7. Excitation temperature

In this section we investigate the spatial variation of the exci-
tation temperature measured from a number of H, lines. The
excitation temperature is the temperature that reproduces the ob-
served line ratios assuming local thermodynamic equilibrium,
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Fig. 8. Example of an excitation diagram from the 3D model in a region
where the gas is not completely thermalized. The v = 1-0 band and
the v = 2—1 band do not line up. Both bands are well fitted individual
by the same excitation temperature of 2600 K (dotted and dashed line,
respectively), but with an offset. If both bands are included in the fit (full
line), the resulting excitation temperature of 1900 K is lower than if only
one band is used. The input parameters of the model are ny = 10° cm™>,
Uhow = 40kms, b =5, =20, ry = 1040 AU, 6 = 30°, ¢ = 0°, and
i=50°.

LTE. Under LTE -conditions the column density of the
level (v, J) is

N, tot

= ﬁgw exp(—E, ;/T) 4)

Nv,J

where Ny is the total column density, Z(T) is the partition func-
tion, g, s is the degeneracy of the level, E, ; is the level energy
expressed in Kelvin and 7 is the excitation temperature.

Here we calculate the excitation temperature map from maps
of the 12 strongest H; lines in the K-band (v = 1-0 S(0)-S(3),
Q(1)-Q4) and v = 2—1 S(0)—S(3)). Other lines could have been
included as well but the chosen lines constitute the set of lines
that can be expected to be detected from integral field spec-
troscopy observations in the K-band (bewaring of atmospheric
absorption). At every position in the plane of the sky we find
the excitation temperature by fitting to the column densities in
Eq. (4). Shock models show that the gas is not in general ther-
malized. This has the result that lines from the v = 1-0 band do
not line up with lines from the v = 2—1 band, with the v = 2—1
band being offset from the v = 1-0 band. This is illustrated in
Fig. 8. Each band by itself is well fitted by a straight line and
the temperatures (7, = 1-0, T, = 2—1) from the fits are nearly
identical. If both the v = 1-0 and v = 2—1 band are used in the
fit the excitation temperature is ~700 K lower than T, = 1-0 or
T, = 2—1. The excitation temperature shows the same trend of
decreasing or increasing temperature regardless of which band
of the two is used.

The degree of thermalization depends on the gas density,
while collisions generate local thermodynamic equilibrium and
LTE is therefore more closely achieved in high density gas.
Whether the gas reaches LTE also depends strongly on the den-
sity of atomic H, as it is more efficient than H, at collisionally
exciting vibrational levels. In our models the initial H/H, ra-
tio is fixed at a value determined by the ambient cosmic ray
rate. Thermalization would be increased if the pre-shock gas was
partly dissociated by previous shocks or by a far-ultraviolet field.
We do not consider this possibility here to limit the number of
free parameters.

We use the v = 1-0 band to extract the excitation tempera-
ture (Fig. 9) of the models displayed in Fig. 5. In the models in
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Fig. 9. Excitation temperature as a function of the magnetic field direc-
tion 6. Spatial variation of the excitation temperature of H, derived from
ro-vibrational lines in the v = 1-0 band. The model parameters are the
same as in Fig. 5. The colour scale is linear.

Fig. 9 the excitation temperature is ~2300—-3300 K and the tem-
perature is highest in the part of the bow shock where the planar
shocks are strongest. This is either at the projected position of the
apex or the part of the wings facing toward the magnetic field.
The structure of the excitation temperature is the same as that of
the v = 2—1 S(1)/v = 1-0 S(1) line ratio for the same reasons as
discussed for the line ratios. In parts of the dissociative regions,
the excitation temperature is very low, which is unexpected since
J-shocks are associated with high temperatures. The low temper-
ature stems from the fact that we use only lines from the v = 1-0
band to calculate the temperature and thus effectively calculate
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Fig. 10. Centroid radial velocities as a function of inclination and magnetic field direction. From top to bottom 6 = 60°,30°,0°, and from left to
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the rotational temperature of the v = 1-0 band. In the J-shocks
used here the rotational temperature of the v = 1-0 band is lower
than that of the v = 2—1 band as well as the vibrational tempera-
ture, in contrast to C-shocks as discussed above.

3.8. Radial velocity structure of bow shocks

The radial velocity structure of bow shocks is of considerable
interest for comparison with observational data. With integral
field spectroscopy and Fabry-Perot interferometry (Gustafsson
et al. 2003; Nissen et al. 2007) it is now possible to obtain 2D
maps of the radial velocity of many shocked regions. The veloc-
ity information obtained from both integral field spectroscopy
and slit-spectroscopy is often also utilised via position-velocity
diagrams (e.g., Takami et al. 2006, 2007).

We have calculated the radial velocity as described in Sect. 2
and maps of centroid velocities of the standard model moving
at certain angles to the B-field and line of sight are displayed in
Fig. 10 for ¢ = 30°. The blue-shifted radial velocity is naturally
at a maximum when the bow shock is viewed face-on (right-
hand column in Fig. 10) and the post-shock gas from the apex
is moving in the radial direction. The shock velocity at the apex

is 40 kms~! in these models, but the bulk of the emitting post-
shock gas is moving at lower velocities of ~9—15 kms~'. The
velocity of the post-shock gas is higher when 6 = 60° than when
6 = 0°. That is because as 6 increases, the magnetic field is closer
to the bow axis and the b; component decreases. The shocks
are thus narrower and the hot H, emitting gas reaches veloci-
ties closer to the shock speed in the observer’s frame. When the
shock is moving at an angle i > 0° to the line of sight the radial
velocity decreases and the peak velocity is offset from the peak
brightness. The maximum velocity is found behind the maxi-
mum brightness within the body of the projected bow shock.

Since we use the centroid radial velocity, where the velocity
of each parcel of gas is weighted by the corresponding emission,
the velocity structure is very dependent on the location in the
line of sight of the emitting gas and may become highly asym-
metric. In Fig. 10, ¢ = 30°. Therefore, when 8 > 0° the emis-
sion is brighter (lower by) on the left hand quadrant of the front
side of the bow. When the bow shock is seen edge-on (left col-
umn), the emission is therefore dominated by blue-shifted fea-
tures. In the model with 6§ = 60° (upper left corner in Fig. 10)
the dissociative region is also located in the advancing side of the
bow, but the emission there is so weak that the C-shocks in the
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receding wing are found to dominate the emission. This explains
the small patch of redshifted velocities around (—200, 100) AU
inside the dominantly blueshifted region.

When 6 = 0° and ¢ = 30°, the emission is equally strong
in the left hand side of the advancing wing and in the right hand
side of the receding wing, and weak on the opposite sides. When
such a bow is seen edge-on (lower left corner of Fig. 10), the pro-
jected emission map is thus symmetric and the centroid veloci-
ties are blueshifted to the left and redshifted to the right of the
axis of propagation. This is the same structure as expected from
a rotating flow, although the structure clearly does not arise from
rotation. Rather, it arises purely from the fact that the emission
from the expanding post-shock gas in the bow shock is not cylin-
drically symmetric around the propagation axis due to the oblig-
uity of the magnetic field from the bow axis. This result shows
that any search for rotating outflows needs to be conducted with
care and any interpretation must include the effects of the mag-
netic field on the ambient medium. A velocity change in the out-
flow perpendicular to the outflow direction may be a projection
effect in an expanding outflow lighting up asymmetrically.

4. Comparison of 1D and 3D models

The emission structure of a bow shock is determined by geome-
try, bow velocity, pre-shock density of the ambient material and
the magnetic field. When using shock models to reproduce ob-
servational data, we are in many circumstances only interested
in extracting the bow velocity, and the density of the ambient
medium, because that is related to the thrust in outflows from
young stars and the driving mechanism of these outflows. In this
case we only need to recover the shock conditions at the apex of
the bow and it might seem a little excessive to use a 3D model
instead of a much simpler 1D model.

In this section, we simulate observations from long slit spec-
troscopy of the apparent peak of the bow shock, and spatially un-
resolved observations of the bow shock, in order to test whether
these can be used together with 1D models to recover the sim-
ulated shock conditions convincingly. That is, we use the simu-
lated brightness maps of a 3D bow shock to extract the H, bright-
ness from the apparent peak of the model as well as the average
projected H, brightness from the whole bowshock. We compare
these to the H, excitation diagram from the 1D shock at the
apex of the 3D model, in which the bow shock conditions are
imprinted.

We use our standard 3D model with 6 = 0°, ¢ = 0°, seen at
an inclination of i = 50° (see Fig. 5 lower left panel) as a test
case and extract the simulated observable brightness from this.
In Fig. 11 we compare the extracted column densities to those
of the 1D apex shock of the 3D bow model. First, we notice that
the column densities at the brightness peak of the 3D model are
higher than the column densities in the 1D apex shock by a fac-
tor of 1.5-3. The position of the peak emission ((0, —80) AU in
Fig. 5 lower left panel) is limb brightened as the line of sight tra-
verses a large amount of gas in the bow wing. On the other hand,
the averaged column densities from the 3D model are lower than
the column densities in the 1D apex shock since they are aver-
ages over the full extent of the bow shock where the brightness
is greater than 10% of the peak. Furthermore, the column densi-
ties of the apparent apex deviate more from the 1D apex shock,
both in terms of absolute values in the v = 1-0 levels and in the
difference between the v = 1 and the v = 2 levels, than the aver-
age column density of the 3D model. We thus expect that using
the average column densities of the shocked emission to fit the
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Fig. 11. Deviations in column density of H, levels of the 3D model
with respect to the 1D shock in the apex. The column densities of the
emission peak in the 3D model (+ —signs) are higher than those of the
1D apex shock, whereas the average column density of the 3D model
is lower (diamonds). The column densities of the emission peak deviate
more from the 1D shock, both in terms of absolute values and in the
difference between the v = 1 and the v = 2 levels, than the average col-
umn density of the 3D model. The model parameters are ny = 10° cm?,
Uoow = 40kms™!, b =5,8=2.0,r, = 1040 AU, 0 = 0°,¢ = 0°, i = 50°.

initial shock conditions gives a better match than using the peak
of emission.

Kristensen et al. (2007) presented a grid of 1D shock mod-
els, which can be used to find the best fitting model to a set
of H, brightnesses. The average brightness of the inclined bow
shock is best matched by a 1D model with ny = 10° cm?,
Ubow = 45 kms~!, and b = 7.5, whereas a fit to the brightnesses
of the apparent apex yields a model with ng = 5 x 10° cm?,
Ubow = 44 kms~!, and b = 10. This is to be compared to the val-
ues of the 3D bow shock model we used (our standard model),
ng = 10° cm?, vpow = 40 kms™!, and b = 5. As expected the
best match to the shock conditions of the original 3D bow shock
model is found by using the average brightness calculated over
the whole extent of the projected bow shock. When we use the
H, brightness from the apparent apex both the pre-shock den-
sity and the magnetic field scaling factor are significantly over-
estimated. This result shows that it may be difficult to obtain the
true shock conditions with data from longslit spectroscopy that
only covers the apex region of a bow shock if the shock is in-
clined to the line of sight. If observational data is to be compared
with 1D shock models it is best to use the average brightness.

5. Reproducing observations

The real value of a 3D bow shock model is the ability to
model observations realistically. The Herbig-Haro objects HH7,
HH211,HH212, and HH240 have previously undergone detailed
3D modelling (Smith et al. 2003; O’Connell et al. 2004, 2005;
Smith et al. 2007) by means of the 3D bow shock model of Smith
et al. (2003). In this section we show an example of how our
3D model can be used to model a bow shock observed at sub-
arcsecond resolution in the Orion star forming region.

5.1. Observational constraints and previous modelling

The bow shock in question is found in the Orion Molecular
Cloud 1, Southwest of the BN object, Source I and the IRc2 com-
plex. It is part of a blue-shifted outflow system originating in the
vicinity of Source I (Nissen et al. 2007, and references therein).
It is located at the coordinates 20”5 W and 6”’S of TCCO0016 (see
Kristensen et al. (2008) for a finding chart) and has previously
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been studied extensively. The great amount of information that
is available concerning this object constrains the outputs of the
3D model, which makes the object a good test case.

The magnetic field strength in the OMCI region has been
inferred from several observations. Zeeman measurements show
that the magnetic field is ~3 mG near IRc2 (Norris 1984) and
that it is of the order of 0.3 mG 24" North of IRc2 (Crutcher et al.
1999). Chrysostomou et al. (1994) estimate the Alfven velocity
by measuring the dispersion of polarization angles tracing the
magnetic field direction. From this they find that b ~ 7 for a
turbulent velocity of 1 km s™'.

Kristensen et al. (2007, 2008) have previously modelled the
shock with 1D and 2D shock models respectively. Kristensen
et al. (2007) found that a 1D shock with velocity ~35-40 kms™!
and pre-shock density of ngy = 7.5 x 10* cm™ could re-
produce the brightness of the v = 1-0 S(0) and S(1) lines.
Using a 2D edge-on model and higher resolution data to repro-
duce the brightness and emission width along the bow wings,
Kristensen et al. (2008) adjusted the shock parameters to a ve-
locity ~50 kms~!, pre-shock density of ny = 5 x 103 cm™ and
b = 4.8. This corresponds to a magnetic field strength at the
apex of ~3.4 + 0.5 mGauss. From the variations in modelled
shock velocity and magnetic field strength along the wings of
the bow shock they calculated the position angle of the flow to
be ~224° + 3° and the position angle of the magnetic field to be
~132°+16°. From this, they concluded that the magnetic field is
oriented tangentially to the apex. The direction of the magnetic
field is consistent with measurements of polarized light that in-
dicate that the magnetic field has a position angle of ~140° (e.g.
Hough et al. 1986; Chrysostomou et al. 1994; Simpson et al.
2006; Tamura et al. 2006). While the 2D model is successful in
estimating the direction of the magnetic field it is not capable
of simultaneously reproducing the width of the emission and the
brightness. The width is underestimated by ~50% for the best
conditions specified in Kristensen et al. (2008).

Using the GriF FP interferometer on CFHT Nissen et al.
(2007) measured radial velocities of H, emitting in the
v = 1-0 S(1) line. They measured a peak radial veloc-
ity of =36 kms™!, that is, the object is moving towards us
at 36 + 1 kms~'. Recent proper motion studies performed by
Cunningham (2006) indicate that this object has a proper mo-
tion of 41 + 10 kms~!. The full 3D velocity of this object is
then ~55 + 10 kms™' and the angle with respect to the line of
sight is ~50° + 10°. Therefore, one expects limb-brightening ef-
fects that are not taken into account in the 2D edge-on model of
Kristensen et al. (2008).

We use here the same data set as Kristensen et al. (2008)
for the 3D modelling (Fig. 12). These data were obtained in
Dec. 2004 at ESO-VLT with the NACO Fabry-Perot interferom-
eter. Scans were made of the v = 1-0 S(1) and S(0) lines as well
as the v = 2—1 S(1) line. The brightness of the three lines was
extracted by line-fitting for all spatial positions. The full data re-
duction has been described in Gustafsson (2006) and Kristensen
et al. (2008). The spatial resolution is ~0”13 or 60 AU at the
distance of OMC1, while the pixel size is 11 AU.

5.2. Fitting procedure

The 3D model has 8 free parameters (see Table 1) and it is very
time consuming to do a large grid-based search of the model that
best reproduces the observations if all parameters are included.
Therefore, we start by doing some manual exploration in order to
limit the parameter space. To facilitate the comparison between
observations and model we first rotate the observations so that

the flow is moving along the z-axis as in the models. Kristensen
et al. (2008) estimated the required rotation by fitting a parabola
to the ridge of peak emission and found that a rotation of 55°
provided a minimum y? value. We adopt this result and rotate the
observations clockwise by 55°. Fitting a power-law to the ridge
of peak emission yields initial values of the ry and 8 parameters
of 400 AU and 1.7, respectively (see Eq. (1)). These estimates of
ro and B assume that the bow shock is seen edge-on. Therefore
they may require later adjustment.

Second, we seek to constrain the inclination angle and the
direction of the magnetic field. The morphology of the observed
flow helps to constrain the inclination. The emission region is
relatively broad with extended emission behind the apex. The ap-
parent apex (the location of peak emission) is, however, clearly
distinguishable and the emission falls off more quickly in front
of the apex than behind. From the results described in Sect. 3.5
and the figures in Appendix B it is clear that extended emission
behind the apex together with a rapid decrease in emission in
front limits the inclination angle to 30° < i < 60°. As an ini-
tial value we use the inclination angle indicated by the velocity
observations of i = 50°.

Third, we run a mini-grid of 3D models with different val-
ues of 6 and ¢, which define the orientation of the magnetic field
with respect to the shock motion. The goal is to find the direc-
tion of the magnetic field that reproduces the morphology of the
observed flow, namely the location and the degree of asymme-
try of the bright emission. We use the results of Kristensen et al.
(2008) as the initial input parameters of the 3D model. We cal-
culate a 3D model with ng = 5 X 10° cm™3, vpow = 50, b = 5,
B =1.7,r =400 AU and i = 50°. We explore 8 = 0°, 15°, 30°,
and 45° and let ¢ vary between 90° and 270° in steps of 30°. We
adopt the same pixel size as in the observation, that is, 11 AU.

In order to compare the morphology of the observations and
the models we consider only emission stronger than a third of the
peak v = 1-0 S(1) emission, Iy.x /3. This emission level traces
the asymmetry of the emission (see Fig. 5) while being above the
noise level in the observational data. The asymmetry of the outer
boundary of the I;,,x/3 emission is determined by 6 and ¢. By
contrast the inner boundary behind the apex is set by the width of
the planar shocks which is given by the combination of ny, vpow
and b. For the moment we seek only to constrain 6 and ¢, and
therefore we consider only the contour of the outer boundary. We
calculate the deviation between the outer boundary of the Ii,ax/3
emission of the observations and the models in the mini-grid.
The minimum deviation is found at 6 = 15° and ¢ = 180°.

Fourth, we run a new mini-grid where 3, ry, ny, Upow and b
are varied and i = 50°, = 15° and ¢ = 180° are kept constant.
The values used in the mini-grid are:

B =1517,1.9,

@ = (rp/11 AU)! =0.02-0.18, in steps of 0.02,

ny = 10%,5x 10%,10° cm™,

Ubow = 30,40,50,60 kms™!

b=1,2,3,4,5,6.

We calculate both the v = 1-0 S(1) and the v = 2—1 S(1) emis-
sion map and fit both to the observations. The v = 1-0 S(0)
emission map was not used in the fit in order to reduce the com-
putation time. This is the last step in the fitting recipe and we

now seek to reproduce both the brightness of the H; lines and the
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Fig. 12. Brightness of a bow shock in OMCI1 observed at ESO-VLT and the corresponding radial velocity map from Nissen et al. (2007) (upper
row) compared to the best fit 3D model (lower row). The observational data has been rotated clockwise by 55°. The colour scales are linear.

brightness distribution of the observed flow. To this end we ex-
tract five vertical slices from the observations and find the peak
brightness and FWHM of the brightness profile in each slice for
both the v = 1-0 S(1) and the v = 2—1 S(1) lines. Each slice
is 5 pixels = 55 AU wide, they are separated by 3 pixels, and
we place one slice on the bow axis, one to the left of the bow
axis and three to the right. In the same way we slice up the
models and extract peak values and FWHM of the brightness
profiles. We then use a y” analysis to determine how well the
models reproduce the observations. For each model we calculate
¥ = Z(W)2 where Xmodel and Xops refer to the modelled
and observed properties, respectively, and o ops is the observed
uncertainty. The parameters of the best fit model, that is, the
model that minimises X2’ are summarised in Table 1. As a fi-
nal check we run models with the best fit parameters of 8, ry, ny,
Ubow and b and different values of 7, 6 and ¢. We do this to ensure
that the fitted combination of 3, ry, ny, pow and b does not cause
the morphology to be better fitted by a different inclination angle
and magnetic field direction. This is not the case.

5.3. Modelled versus observed maps

The brightness maps of the v = 1-0 S(1), the v = 1-0 S(0)
and the v = 2—1 S(1) lines from the observations, as well as
the associated radial velocity map from Nissen et al. (2007) are
compared to the best fit model in Figs. 12 and 13. The brightness
of the model is in good agreement with the observations. The
modelled brightness of the v = 1-0 S(1) line is about 30% too
high compared to the observations, whereas the v = 2—1 S(1)
brightness is underestimated by a factor of two. Note that the fit
to the v = 2—1 S(1) brightness could be improved by increasing
the H/H, ratio. This would create more collisions and thereby
LTE conditions would be more closely achieved. However, we
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Table 1. Model parameters of the model that best reproduces the
observations.

Parameter Best fit model
ny (cm™) 10°
Ubow (kln Sil) 50

b 3

B 1.7
ro (AU) 610
6(°) 15
¢ ) 130
i(°) 50

Notes. H/H, = 4.1 x 107.

fix the H/H; ratio by the cosmic ray rate. This is in contrast to
Smith et al. (2003) who use the H/H, ratio as a free parameter.
The v = 1-0 S(0) brightness, which was not included in the fit,
is only ~ 8% lower than the observation.

The width of the shock as well as the general morphology of
the flow is also very well reproduced for all three emission lines.
From Fig. 13 it is evident that the observed and modelled con-
tours of 20%, 50% and 80% of the maximum brightness agree
to a great extent. The asymmetric tail of emission extending
towards the upper right corner is also well reproduced by the
model. The ability of the 3D model to reproduce simultaneously
the brightness and the width of the emission is a substantial im-
provement over existing 1D and 2D shock models.

The radial velocity in the model peaks at the same posi-
tion as the observed velocities, that is, behind the apex. This is
very encouraging and confirms that at least the inclination of the
model is correct. The modelled velocities are, however, lower
than the observed by ~20 kms™! towards the apex. A possible
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Fig.13. Contours of brightness and radial ve-
locity from the observations (blue) and the
model (red). The contour levels in the three
brightness plots are 0.2, 0.5, and 0.8 times the

explanation may be that the apex region contains an additional
contribution from a Mach disk, as mentioned in Kristensen et al.
(2008).

We find that the magnetic field is oriented at a small angle
6 = 15° from the tangential plane of the apex. This is consistent
with the results in Kristensen et al. (2008), who found that the
magnetic field is tangential to the bow apex. With ¢ = 180° and
i = 50°, we predict that the B-field projected in the plane of the
sky makes an angle of 78° from the bow axis, ie. a PA angle of
55 + 78 = 133° from North after correcting for the rotation ap-
plied to the bow image. This is in excellent agreement with the
results in Kristensen et al. (2008) and with polarization measure-
ments that indicate a PA ~ 140° in this region (e.g. Hough et al.
1986; Chrysostomou et al. 1994; Simpson et al. 2006; Tamura
et al. 2006). The b = 3 value of our best fit model is lower than
the b = 4.8 estimated by Kristensen et al. (2008) and the scaling
factor b =~ 7 inferred by Chrysostomou et al. (1994), but we note
that the latter was estimated in a slightly different region (south-
east of Irc2) and could be uncertain by a factor 2. For our pre-
shock density of 10° cm™3, b = 3 corresponds to a magnetic field
strength of ~1 mG. We then predict a line of sight component of
+0.16 mG for ¢ = 180° and i = 50°. In comparison, Zeeman de-
tections range from 0.3 mG to 3 mG around Irc2 (Crutcher et al.
1999; Norris 1984). Since bowshocks bright in H, will tend to
be found preferentially in areas of lower magnetic field strength,
the agreement is again quite good.

Thus, with the 3D model we can simultaneously reproduce
the brightness levels in three H; lines as well as the shape and
size of the emitting region. The radial velocity map of the model
is in qualitative agreement with the observed. Furthermore, the
predicted magnetic field direction is in excellent agreement with

maximum brigthness. In the plot of radial ve-
locity the contours delineate —20, —15, —10,
—5,and 0 kms™L.

the observed one while the scaling factor b, and amplitude of
the magnetic field appear consistent with the range of observed
values.

6. Concluding remarks

We have presented a three-dimensional model of interstellar bow
shocks propagating in a homogeneous molecular medium with
a uniform magnetic field. The model is constructed by associat-
ing a one-dimensional planar shock with every point on a three-
dimensional bow skeleton. Improvements over previous work
are the inclusion of a highly sophisticated chemical reaction net-
work, which is essential for predicting realistic emission bright-
ness, and a (simplified) treatment of motion parallel to the bow
surface.

With the 3D model we can predict the projected morphology
in the plane of the sky of a bow shock moving at an arbitrary in-
clination and with a magnetic field inclined at an arbitrary angle.
In this paper we have focussed on rovibrational molecular hy-
drogen emission, but emission maps of atomic species and other
molecular species can also be predicted. To limit the number
of free parameters, we assume here that the preshock ionization
and the atomic H fraction are set by the cosmic ray flux, i.e. the
preshock gas is assumed well screened from any far-ultraviolet
source.

The shock width depends primarily on density, with increas-
ingly narrower shocks for higher density. The appearance in the
plane of the sky of a bow shock changes dramatically if the ratio
of the shock width to the curvature of the bow shell changes.
If the shock width is large compared to the local radius of
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curvature, the emission region is very compact and the bow
structure is not discernible.

The magnetic scale factor, b = B(uG)/+/ny/cm=3, also
strongly influences the shock width. When b increases, the
shocks get softer and more extended. When the propagation ve-
locity, vpow, 18 increased the shocks become stronger and a larger
part of the wings lights up. If vy is increased above the criti-
cal velocity at which a C-shock can be sustained for the given
density and b-value, a dissociative cap inhabited by dissociative
J-shocks develops.

The morphology of the emission from a bow shock is highly
dependent on the orientation of the magnetic field and the incli-
nation of the flow. The planar shocks are strongest on the part of
the bow surface that faces towards the magnetic field, where the
parallel field strength b, is lowest. The result is that the morphol-
ogy can be highly asymmetric. Together with inclination effects
this means that bow shocks can appear in many different guises
and they do not necessarily — or even generally — show a charac-
teristic bow shape. Thus broadly speaking we can state that the
somewhat confused appearance of shocked zones in star form-
ing regions could be due to shocks moving at a variety of angles
to the observer and to the direction of the magnetic field.

J-shocks may also be found in the part of the wing of the
bow where b ~ 0 leading to a shock velocity in excess of the
critical velocity. The molecular hydrogen emission from disso-
ciative shocks is often much weaker than that from C-shocks.
Thus, dissociative regions in the bow may show up as depres-
sions in the brightness. Depressions due to dissociative caps at
the apex, mentioned above, can appear behind a leading ridge of
emission if the bow shock is not moving in the plane of the sky.

The Hy v = 2—1 S(1) line is emitted efficiently under more
restricted physical conditions and therefore in a thinner layer
than the v = 1-0 S(1) line. The ratio of the two lines is therefore
variable across the flow, and the spatial offset between the peaks
of the lines may be used to estimate the inclination of the flow.

We have also computed centroid radial velocity maps of
bow shocks. The radial velocity is naturally maximum when
the shock is seen face-on and decreases when the inclination in-
creases. The radial velocity peaks behind the brightest region
of the bow shock when the flow is seen at an inclination differ-
ent from face-on. Under certain circumstances the radial velocity
of an expanding bow shock can show the same signatures as a
rotating flow. In this case a velocity gradient perpendicular to
the outflow direction is a projection effect of an expanding bow
shock lighting up asymmetrically due to the orientation of the
magnetic field.

Using the 3D model we have tested whether it is possible
to infer the underlying shock conditions at the bow apex by fit-
ting 1D models to line brightnesses extracted from the projected
maps. Our results indicate that the apex shock conditions are
better retrieved if the average line emission over the bow is used
in the 1D shock fit, rather than the line emission at the bright-
ness peak. The former can be obtained by spatially unresolved
observations, while longslit spectroscopy can supply the latter.

Finally, we have demonstrated the ability of the 3D model
to reproduce observational data on a small-scale bow shock in
Orion. With the 3D model we can reproduce the brightness levels
in three H; rovibrational lines, as well as the asymmetric shape
and the thickness of the emitting region. Previous modelling in-
volving 1D and 2D models has not been able to reproduce both
the brightness and the shock width — and naturally not the ap-
pearance of the shock to the observer. The radial velocity map
of the 3D model is in qualitative agreement with observations
and the predicted direction and strength of the magnetic field
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Fig. A.2. The angular displacement in degrees (see Eq. (A.8)) of the
peak v = 1-0 S(1) H, emissivity from the z-direction, for the same
models as in Fig. A.1.

fit into the pattern suggested by polarization maps and Zeeman
splitting.

The 3D model thus enables us to determine the shock con-
ditions with an accuracy that was not previously possible with
1D or 2D shock models. Furthermore, it allows us to estimate
the viewing angle and the direction of the magnetic field with
respect to the shock propagation in addition to density, shock ve-
locity, and magnetic flux density. These capabilities are crucial
for studying the physics and geometry of outflows in star form-
ing regions and for understanding the role that magnetic fields
play in shaping the observed H, features.
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Appendix A: Validity of our approximations

In the 3D model, we include the displacement of the postshock
gas parallel to the bow surface in an approximate but internally
self-consistent way, through several assumptions that we discuss
below.
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Fig. A.3. The radial displacement (see Eq. (A.7)) of the peak v =
1-0 S(1) H, emissivity from the z-axis, for planar shocks along a bow
with ny = 10° cm™, vpow = 40 kms™!, and various values of b. Only
models with T,ax > 1000 K are displayed.
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Fig. A.4. The angular displacement in degrees (see Eq. (A.8)) of the
peak v = 1-0 S(1) H, emissivity from the z-direction, for the same
models as in Fig. A.3.
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Fig. A.S. The relative error in the z-position (see Eq. (A.11)) of the peak
v = 1-0 S(1) H, emissivity for the same models as in Fig. A.1.

A.1. z-axis approximation

First, we use the fact that H, rovibrational emission in C-shocks
occurs before the gas has slowed down significantly and assume,
for constructing our emission maps, that the post-shock gas of
the individual planar shocks flows along the z-axis in the cooling
region. We keep, however, the exact value of its velocity vector
to compute maps of centroid radial velocities. Since the stream-
lines are approximated as cylinders, our neglect of adiabatic

o[ T

Az /z

Fig. A.6. The relative error in the z-position (see Eq. (A.11)) of the peak
v = 1-0 S(1) H, emissivity for the same models as in Fig. A.3.
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Fig. A.7. Characteristic 1D velocity variation scale for planar models
with b = 5, Vpow = 40 km s7!, and various pre-shock densities. Only
models with T > 1000 K are displayed.
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Fig. A.8. Characteristic 1D velocity variation scale for planar models
with ng = 10° cm™, vyow = 40 kms™!, and various values of by. Only
models with T > 1000 K are displayed.

expansion terms versus the 1D compression in the 1D models
remains internally self-consistent. We refer to this as the “z-axis”
approximation.

In reality, the velocity, v, posi, perpendicular to the shock sur-
face of the post-shock gas decreases after the shock, while the
velocity, vy, parallel to the shock surface remains constant. Thus,
the post-shock streamlines are curved. For a planar shock, the
position of the post-shock gas with respect to the entrance point
at a time, ¢, is given by
p(t) = tyyuy +d(Ou . = topewt, + (d() — tv )u (A1)
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Fig. A.9. The standard shock with 8 = 0° (magnetic field perpendicular to the bow axis) seen at different inclinations (fop to bottom) and different

azimuthal ¢-angles (left to right). The bow parameters are ny = 10° cm?,

logarithmic.

where d(?) is the distance travelled by the post-shock gas at time ¢
in the planar shock model. ) and u, are unit vectors parallel and
perpendicular, respectively, to the shock surface; and we have
used that

Upowll; = Ul + 0 U, . (AZ)

The radial offset of p(¢) from the z-axis is then

r(@®) = pt)-u, = (d() -t )u, -u, (A.3)
= (v, —d(1))cos(w) > 0, (A4)

where w = arctan(dr/dz) = arctan(v, /v) is the angle between
the local tangent to the bow and the z-axis. Similarly, the exact
position in the z-direction is

A0 = pt) - uz = topow + (d(1) —tv Ju, - u; (A.5)

Z
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Uhow = 40kms™', b =5, 8 = 2.0, ry = 1000 AU. The colour scales are

= topow + (d(£) — t0,) sin(w). (A.6)

We can estimate the accuracy of the z-axis approximation by
looking at the radial displacement of the peak of the H, emissiv-
ity from the z-axis, which is simply

(A7)

and at the geometrical “distortion” it introduces in our bow im-
ages, which we measure as the angular displacement between
the position of the peak of the H, emissivity and the z-axis,
given by

AQ = arCtan(r(tpeak)/Z(tpeak))~

These two quantities are plotted in Figs. A.1 and A.2, respec-
tively, as a function of v, for planar models along a bowshock

A”peak = r(tpeak)7

(A.8)
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Fig. A.10. Same as Fig. A.9, but with 6 = 30°.

with by = 5, vpow = 40 km s7L, and various preshock densities.
Note that v, is maximum at the apex and decreases along the
bow wings, until the temperature is too low to emit significantly
in rovibrational H; lines (7' < 1000 K).

The radial displacement Arpey (Fig. A.1) is highly depen-
dent on the pre-shock density since its value depends on the cool-
ing distance. However, the maximum value is generally smaller
than the pixel size used in the models displayed in this paper.
The effect of using the z-axis approximation is thus insignifi-
cant. The biggest effect is found in the right hand side of Fig. 2
in the model with nyy = 10* cm™3. The pixel size is here 41.5 AU,
which means that by using the z-axis approximation we misplace
the peak H, emissivity 4 pixels in the r-direction. Even in this
case, however, the distortion introduced in the map morphol-
ogy is very small, because the angular displacement from the

brightness (W m ~ sr ~

200
0
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AU

vertical, AQ (Fig. A.2) remains low at <5° all along the bow
shock, for all values of preshock densities.

The effect of a lower b on Arpea and AQ is illustrated in
Figs. A.3 and A.4 respectively, in the case ny = 10° cm™.
Since the value of the radial displacement depends on the dis-
tance travelled by the post-shock gas, it decreases in shocks with
a lower b, where the cooling distance is shorter. At the same
time, the distortion angle AQ of the peak emission region from
the vertical is virtually unchanged and remains small ~5° for
by > 1. In the case where b, = 1, the shock becomes J-type
when v, > 33 kms~! due to H, dissociation. The bulk of rovi-
brational H, emission is then emitted at much lower velocities
and higher compression than in C-shocks, and the angular de-
viation increases dramatically to 40°. However at the same time
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Fig. A.11. Same as Fig. A.9, but with § = 60°.

the cooling distance also shrinks dramatically, so that the offset
from the vertical is completely negligible.

We conclude that the z-axis approximation does not intro-
duce a significant distortion of the bow emission morphology for
the parameter range and map resolution explored in this paper.

A.2. Stretching along the z-axis

In building our 3D model, we also assumed that the position
along the z-axis streamline is stretched uniformly to reach a
full cooling distance of (d? ool + dﬁcool)'/z, where d co0 and
djcool = ooy are the distance travelled by the post-shock gas
at time 7., (Where T = 1000 K) perpendicular and parallel to
the shock surface, respectively. The rationale behind is that the

local velocity gradient dV,(¢)/dz remains unchanged from the
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1D case, consistent with our use of the 1D temperature and emis-
sivity distribution.

In other words, we use the following expression for the ap-
proximate position of the post-shock gas along the z-axis:

Zapprox (1) = d(1)/ sin(6), (A.9)
where the “stretching factor” 1/ sin ¢ is defined as
d d
sin(é) — L,cool — L,cool (A 10)
2 2 2 0242
dJ_ cool dl cool dJ_ cool || tcool

In order to estimate the accuracy of this approximation we look
at the exact position z(f) of the peak H, emissivity along the

z-axis, given in Eq. (A.6), and calculate the relative error
Azpeak _ Zapprox(tpeak) - Z(tpeak) ) (A1)
Zapprox([peak)

Zpeak
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Fig. A.12. Same as Fig. A.9, but with § = 90°. A single column is shown
since the result does not depend on ¢ (the magnetic field is parallel to
the bow axis and the shock is thus axisymmetric).

This quantity is displayed in (Fig. A.5) for various preshock den-
sities and by = 5. The relative error in z,eax first increases as we
move away from the bow apex (decreasing v, ), and reaches a
maximum value, before it decreases as we move further along
the wing. The error never exceeds 15% and the approximation
gets better at lower densities.

The same graph in shown in (Fig. A.6) for lower values of
by and a pre-shock density ng = 10° cm™. The relative error
on z tends to increase at lower b-field, but it does not exceed
35% in C-shocks. This is a rather high value but corresponds to

<3 pixels in our standard model. Furthermore, as with A(rpeax),
the absolute error A(zpeax) in AUs actually decreases at lower
b and would not be resolvable with current instruments (this is
even more true for the J-shocks). Therefore this approximation
also seems acceptable for our range of parameters.

A.3. Minimum scale of curvature

When using the output of 1D shock models, we are ignoring the
effect of the bow geometry on the velocity, density, and tem-
perature of the post-shock emitting material. Several effects will
be present: first, since the streamline is not exactly vertical, the
emitting material is moving in cones rather than cylinders and
thus will suffer some adiabatic expansion. However we have
seen that the angle is very small in the region of rovibrational
H, emission (a few degrees, see Figs. A.2 and A.4) therefore
this effect can be neglected. Second, the bow curvature makes
the shock speed and postshock pressure vary along the shock
surface, introducing a transverse thermal and magnetic pressure
gradient across streamlines. Calculating such a complex effect is
outside the scope of the present paper. However we expect that it
would remain small with respect to 1D shock compression if the
local radius of curvature of the bow (determining these trans-
verse gradients) is much larger than the characteristic scale of
velocity (i.e. pressure) variation in the H, emission zone of the
1D shock, given by
ry = (Upeak - UJ.)/(an/ds)(tpeak)s (A.12)
where (dV,,/ds) is the velocity gradient in the 1D shock model
at the peak of H, line emissivity.

This characteristic scale is plotted along a bow of speed
40 km s~! for various preshock densities in Fig. A.7, and for
various by in Fig. A.8. Like the cooling distance, the scale varies
almost inversely with ny, dropping from 3000 AU to 60 AU for
ny = 10*~10° cm™ when by = 5, and decreasing in proportion
to by for a fixed density (when the shock is C-type). All the bow-
shock models presented in this paper (in particular those fitted
to the OMC1 bowshock) have values of r that exceed this char-
acteristic scale for the relevant ny, suggesting that the 1D ap-
proximation may be approximately valid, especially in the bow
wings.

Appendix B: Effect of magnetic field direction
and viewing angle

Here we show in detail how the magnetic field direction and
the inclination to the line of sight affect the morphology of the
projected emission of our standard bow shock model. The stan-
dard model has the following input parameters: ny = 10° cm?,
Ubow = 40 kms™', b = 5,8 = 2.0, ry, = 1000 AU. Figure A.9
displays the effect of changing the “rotation” angle ¢ from +90°
to —90° (left to right) and the inclination i from 0 to +90° (top to
bottom) when 6 = 0° (magnetic field perpendicular to the bow
axis). Figure A.10 shows the same for § = 30° and Fig. A.11
the same for 8 = 60°. The case of 8 = 90° is illustrated in
Fig. A.12, which contains a single column since the result does
not depend on ¢ (magnetic field parallel to the bow axis). Note
that maps for ¢ > 90° can be deduced from the map with
¢r = 180° — ¢ by applying mirror symmetry with respect to
x = 0. Similarly, maps for ¢ < —90° can be deduced from the
map with ¢ = —(180° + ¢).
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