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ABSTRACT

We study the problem of a radiative Herbig-Haro (HH) jet which travels
through a slip surface into a region of side-streaming environment. The interaction
with the streaming environment produces an oblique shock that deflects the jet
beam. A simple, analytic model for this shock gives the jet deflection as a func-
tion of the incidence angle and the environment-to-jet ram pressure ratio. We find
that in the case of higher environmental ram pressure, for a high enough incidence
angle, the jet stalls and does not penetrate substantially into the streaming en-
vironment. We present 3D gas dynamic simulations illustrating the jet deflection
and stalling regimes. Possible applications to HH jets showing sudden deflections
in their propagation are discussed.

RESUMEN

Estudiamos el problema de un jet Herbig-Haro (HH) radiativo que pasa a
través de una superficie de contacto a una región de medio ambiente en movimiento
lateral. La interacción con el medio ambiente en movimiento produce un choque
oblicuo que deflecta el haz del jet. Un modelo anaĺıtico sencillo para este choque da
la deflección del jet en función del ángulo de incidencia y del cociente de presiones
hidrodinámicas entre el medio ambiente y el jet. Encontramos que en el caso de
medio ambiente con mayor presión hidrodinámica, para un ángulo de incidencia
suficientemente alto el jet se estanca, y no penetra sustancialmente dentro del medio
ambiente en movimiento. Presentamos simulaciones hidrodinámicas 3D que ilustran
los reǵımenes de deflección y de estancamiento. Se discuten posibles aplicaciones a
jets HH que muestran deflecciones repentinas en su propagación.

Key Words: ISM: jets and outflows — ISM: kinematics and dynamics — stars:
pre-main-sequence — stars: winds, outflows

1. INTRODUCTION

Herbig-Haro (HH) jets sometimes show sudden
changes of direction, which have been generally at-
tributed to collisions with dense obstacles. The best
studied example of this effect is the HH 110 outflow.

HH 110 was discovered by Reipurth & Olberg
(1991). It was soon realized that this object corre-
sponds to a jet which becomes brighter and less col-
limated after a sudden change in direction (Reipurth
et al. 1996; Rodŕıguez et al. 1998). Proper motions
(e.g., Kajdic et al. 2012) and spatially resolved spec-
troscopy (e.g., Riera et al. 2003; López et al. 2010)
can be interpreted in this jet deflection context. This
object has even been compared to laboratory exper-

1Instituto de Ciencias Nucleares, UNAM, México.
2Instituto de Astronomı́a, UNAM, México.

iments of jets deflected by collisions with an obstacle
(Hartigan et al. 2009).

Though HH 110 is the most notable example,
qualitatively similar situations are found in regions
with high spatial concentrations of YSO outflows.
For example, Walawander et al. (2005) found some
notable deflected jets in the Perseus molecular cloud,
and Hayashi & Pyo (2009) in the L1551 dark cloud.
These objects mostly await more detailed studies.

Raga & Cantó (1995) modeled analytically and
numerically (with 2D gas dynamics) the initial de-
flection of a jet by an oblique collision with a dense
obstacle, and suggested that HH 110 might corre-
spond to such a flow. However, at later times the
jet penetrates the cloud, and has a curved trajec-
tory before reemerging (Raga & Cantó 1996), not
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resembling HH 110. 3D simulations of this type of
jet/cloud interaction were presented by de Gouveia
Dal Pino (1999) and Raga et al. (2002).

In the present paper, we study the passage of
a jet through a slip boundary, in which the environ-
ment is stationary (with respect to the jet source) on
one side, and in supersonic sideways motion on the
other side. This situation could represent a jet im-
pacting on a supersonically travelling cloud (which
would be a reasonable scenario in a region with su-
personic turbulence), or on material disturbed by the
previous passage of another YSO outflow.

We first present analytic considerations for eval-
uating the deflection of the jet as a function of the
environment/jet ram pressure balance ratio p and
the incidence angle ϕ of the interaction (§ 2). Find-
ing that there are two regimes (a jet deflection and
a stagnation case), we then compute two 3D simu-
lations illustrating the very different resulting flows
(§ 3). The results are summarized in § 4, and we
discuss the possible application of these models to
observed deflected HH jets in § 5.

2. ANALYTIC CONSIDERATIONS

Let us consider the problem of a steady jet flow
emerging from a stationary environment into a re-
gion with a moving environment. For the sake of
simplicity, we assume that the jet emerges at an an-
gle ϕ with respect to the (infinitely narrow) envi-
ronmental velocity shear surface, and that the plane
containing the jet and the environmental velocities
is perpendicular to this shear surface. This situation
is shown schematically in Figure 1.

In a cut through the midplane of the flow, two
oblique shocks are formed: one of them refracting
the jet beam, and the other one deflecting the flow-
ing environment. These shocks lie at angles β and α,
respectively, with respect to the environmental shear
layer (see Figure 1). The velocities behind these two
shocks (vjr and var) are parallel, forming a deflected
environment/jet flow. For the case of a 2D prob-
lem, the two shocks are straight, and we will assume
that this is also a reasonable approximation for the
mid-plane of a cylindrical jet/plane shear layer in-
teraction.

The postshock flow velocities form angles α1 and
β1 > with the shock surfaces. The tangents of these
angles are inversely proportional to the compression
in each shock, so that for the highly radiative HH
flow case (in which the compressions have typical
values of ≈ 100) they will have values ≪ 1. It is
therefore a good approximation to set α ≈ β (see
Figure 1).

Fig. 1. Schematic diagram showing an interface (dashed
horizontal line) between a stationary environment (be-
low) and a streaming environment (above) of velocity va.
A jet (of velocity vj impacts on the interface at angle ϕ.
Two shocks are formed: one that deflects the jet (at an
angle β to the interface) and a second one that deflects
the environment (at an angle α). The contact disconti-
nuity separating the deflected jet and environmental gas
lies in between these two shocks. The deflected environ-
ment has a velocity var and the deflected jet a velocity
vjr, both parallel to the shocked environment/jet contact
discontinuity. The jet beam goes through a deflection
δ = ϕ− α. The xz-reference system used in the numeri-
cal simulations (in which the jet travels along the x-axis)
is shown with the arrows in the center left region of the
schematic diagram.

With this condition, the balance between the two
post (strong) shock pressures is:

ρjv
2
jn = ρav

2
an , (1)

→ sin2(ϕ− α) = p2 sin2 α , (2)

with

p =

√
ρa
ρj

va
vj

, (3)

where ρj and ρa are the densities and vj and va the
velocities (with components normal to the shocks van
and vjn) of the jet and the environment, respectively.
Clearly, p is the square root of the environment-to-jet
ram pressure ratio. From equation (2) we then ob-
tain the shock angle α as a function of the incidence
angle ϕ:

tanα =
sinϕ

p+ cosϕ
. (4)

In the α1, β1 ≪ 1 high compression approxima-
tion, the deflection angle between the impinging (vj)
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Fig. 2. The α (solid lines) and δ (dashed line) angles (i.e.,
the angle of the jet shock with respect to the environmen-
tal shear layer and the jet deflection angle, respectively,
see Figure 1) as a function of the incidence angle ϕ. The
results shown in the three frames correspond to p = 0.5,
1 and 2 (see equation 3). For p = 1, α and ϕ coincide.

and refracted (vjr) jet velocities is δ = ϕ−α (see Fig-
ure 1). Using equation (2) we then obtain:

tan δ =
sinϕ

1/p+ cosϕ
. (5)

The shock angle α and the deflection angle δ (equa-
tions 2 and 5, respectively) are shown as a function
of p and ϕ (see equation 3) in Figure 2. Using equa-

Fig. 3. The displayed curves correspond to α as a func-
tion of ϕ for p = 0.1, 0.2, .... 1, 1/0.9, 1/0.8, 1/0.7, ...
1/0.1 for (top to bottom curves) or to δ as a function of
ϕ for 1/p = 0.1, 0.2, ... 1, 1/0.9, 1/0.8, 1/0.7, ... 1/0.1
(top to bottom curves). The thick, central straight line
is the p = 1 solution.

tion (5) we can now calculate the velocity of the de-
flected jet:

vjr = vj cos δ , (6)

see Figure 1.
It is clear that α and δ switch their values under

a p → 1/p transformation (see equations 4 and 5), as
can be seen in Figure 2. This property is an expected
result due to the symmetry of the jet/streaming en-
vironment interaction (see Figure 1).

Also, the p = 1 case (equal jet and environmental
ram pressures, see equation 3) produces the straight-
forward result:

δ = α = ϕ/2 , (7)

deduced from equations (4-5).
In Figure 3, we show α (or δ) for a number of

different p (or 1/p) values. Two families of solutions
(having values of either 1 or 0 for ϕ = 180◦) are
separated by the linear, p = 1 solution (see equation
7).

It is clear that for p < 1 there is a maximum pos-
sible value δm for the jet deflection (see Figures 2 and
3). From equation (5) it is straightforward to show
that this maximum occurs for an incidence angle

cosϕm = −p , (8)

and has a maximum deflection

tan δm =
p√

1− p2
. (9)

Figure 4 shows these two angles as a function of p.
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Fig. 4. Maximum jet deflection angle δm and incidence
angle ϕm at which the maximum deflection occurs as a
function of p.

Another interesting feature of the jet deflection
is that for p > 1 one can have δ > 90◦. For

cosϕs = −1/p , (10)

the jet flow has a stagnation (δ = 90◦) at a shock per-
pendicular to the jet flow (this result being straight-
forwardly obtained from equation 5). Figure 5 shows
ϕs as a function of p.

For ϕ > ϕs, we have deflections δ > 90◦. This
corresponds to a regime in which the jet is deflected
into a direction that goes against the streaming en-
vironment. Because this occurs only in the p > 1
regime of high environmental ram pressure, this de-
flected material will quickly slow down and remain
close to the jet/streaming environment interaction
region. This “stalled jet” regime is explored below
with a gas dynamic simulation.

Finally, we note that the mixed jet/streaming en-
vironment flow emerging from the two-flow interac-
tion region has an environment to jet mass ratio

raj =
ρavan
ρjvjn

=

√
ρa
ρj

, (11)

the second equality being a direct result of the ram-
pressure balance condition (see equation 1). As the
flow travels away from the interaction region (shown
in Figure 1), more environmental mass is incorpo-
rated into the beam of the curved flow.

3. NUMERICAL SIMULATIONS

3.1. The Two Computed Models

In order to illustrate the general characteristics of
jet flows interacting with an environmental velocity
shear, we have calculated two models:

• M1: a cylindrical jet with initial radius rj =
1016 cm, density nj = 103cm−3, temperature

Fig. 5. Incidence angle for jet stagnation ϕs as a function
of p.

Tj = 100 K and velocity vj = 100 km s−1

emerging from a stationary environment of den-
sity nb = 500 cm−3 and temperature Tb =
200 K into a flowing medium of velocity va =
30 km s−1 (with a density na = 103 cm−3 and
temperature Ta = 100 K) at an incidence angle
ϕ = 60◦.

• M2: the same jet, but emerging from a sta-
tionary environment of density nb = 500 cm−3

and temperature Tb = 200 K into a flowing
medium of velocity va = 50 km s−1 with a den-
sity na = 104 cm−3 and temperature Ta = 10 K
at an incidence angle ϕ = 150◦.

For model M1, the p parameter (the square root
of the streaming environment to jet ram pressure ra-
tio, see equation 3) is p1 = 0.3. From Figure 3, we
see that for this value of p and for the ϕ = 60◦ inci-
dence angle of this model, we expect a jet deflection
of ≈ 30◦.

For model M2, we have a p parameter p2 = 1.58.
From Figure 5, we see that for this value of p, the
minimum incidence angle for jet stagnation has a
ϕs ≈ 129◦, so that the ϕ = 150◦ incidence angle of
this model should lead to the formation of a stag-
nated jet flow.

3.2. The Numerical Setup

We have used a 3D version of the yguazú-a code
(described in detail by Raga et al. 2000, and ex-
tensively used over the last two decades) with a
5-level binary adaptive grid of maximum resolution
= 3.9 × 1014 cm along the three Cartesian axes.
This results in a resolution of the jet diameter with
≈ 51 grid points.

In the two simulations, the jet is injected along
the x-axis, and the environment has two regions, an
upper one of density na, temperature Ta and velocity
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Fig. 6. Results obtained for model M1 (see the text) after a t = 2000 yr time-integration. The left panel shows the
zx-midplane density map (given in g cm−3 by the bar at the right of the frame), and (white) arrows with lengths
and directions corresponding to the local flow velocities. The three right panels show column density maps (given in
1019 cm−2 by the bar at the right) computed assuming θ = 0, 30 and 60◦ angles between the x-axis and the plane of
the sky (as shown on the top of the three panels). The z- and x-axes are given in units of 1017 cm. The color figure can
be viewed online.
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Fig. 7. Results obtained for model M1 (see the text) after a t = 2000 yr time-integration. The three panels show the
density stratifications on yz-cuts (see Figure 6) at three different values of x (1, 2 and 3× 1017 cm), as labeled on the
top of each frame). The color figure can be viewed online.

va (in the xz-plane) directed obliquely at an angle
of 90 − ϕ, anticlockwise with respect to the z-axis
(where ϕ is the incidence angle of the jet with re-
spect to the environmental velocity slip line). There-
fore, the velocity shear region separating the lower
(stationary) and upper (moving) regions of the envi-
ronment is parallel to the y-axis and inclined on the
xz-plane.

In the simulations, inflow boundaries are applied
on the yz-plane within the rj = 1016 cm cylindrical
jet beam and along the z = 0 plane, where the flow-
ing environment is injected in the upper region of the
domain. The remaining edges of the computational
domain are treated as outflow boundaries.

The gas dynamic code integrates the continuity
equation, the three momentum and the energy equa-
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Fig. 8. The same as Figure 6 but for model M2. The color figure can be viewed online.

tions, together with a rate equation for neutral H
(which includes collisional ionization and radiative
recombination). The parametrized cooling rate of
Raga et al. (2002) is included in the energy equa-
tion. The gas in all of the computational domain is
initially neutral, with a seed electron density coming
from singly ionized C, allowing the gas to become
collisionally ionized in the hot, post-shock regions.

The simulations are started with the jet beam in
contact with the slip boundary, and are integrated in
time until an approximately stationary flow configu-
ration is obtained. The resulting flows are presented
in the following subsection.

3.3. The Deflected Jet and the Stalled Jets

Figure 6 shows the flow resulting from model M1
after a 2000 yr time-integration. The first panel
shows an xz-cut through the middle of the jet beam,
displaying the density stratification and the flow
field. The other three panels show the column den-
sity calculated for three orientations (θ = 0, 30 and
60◦) between the z-axis and the plane of the sky.

We find that the jet shows the deflection shock of
our analytic model, and that after the end of the de-
flection shock, the locus of the jet beam curves due
to the ram pressure of the streaming environment,
The column density maps (three right panels of Fig-
ure 6) show that the deflected flow has a curved,
collimated jet morphology for all chosen orientation
angles (including the more head-on, θ = 60◦ obser-
vational perspective).

The curved jet beyond the deflection shock is the
jet/sidewind interaction regime that has been stud-

ied by Cantó & Raga (1995), in which the jet devel-
ops a “plasmon shaped” cross section. This plasmon
cross section is seen in the yz-density cuts shown in
Figure 7, corresponding to planes perpendicular to
the initial direction of the jet flow.

Figure 8 shows the flow resulting from model
M2 after a 2000 yr time-integration. The mid-plane
density stratification shows that the jet terminates
at a shock with a complex, time-dependent shape.
The post-shock material forms a series of clumps or
eddies that are advected by the impinging environ-
ment, forming a turbulent trail.

The column density maps show that this turbu-
lent trail has a complex 3D structure, with consider-
ably higher column densities when observed in more
head-on directions (see the θ = 60◦ frame of Fig-
ure 8). The complexity of the structure is illustrated
by the yz-density cut (taken at x = 1.38× 1017 cm)
shown in Figure 9.

4. SUMMARY

We developed an analytic model (§ 2) of a radia-
tive jet going through an environmental shear sur-
face. We obtain a full solution in the limiting case
of high compression in the two radiative shocks pro-
duced in the interaction.

For given values of the dimensionless parameter
p (equal to the square root of the streaming envi-
ronment to jet ram-pressure ratio, see equation 3),
we find expressions for the jet deflection angle δ (see
equation 5) and the angle α between the interac-
tion shocks and the environmental shear surface (see
equation 4) as a function of the incidence angle ϕ
(see Figures 1, 2 and 3).
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Fig. 9. Density yz-cut at x = 1.38 × 1017 cm obtained
from model M2 (see the text) after a t = 2000 yr time-
integration. The color figure can be viewed online.

Two interesting results are that:

• for p < 1 (higher jet ram-pressure), there is a
maximum possible jet deflection angle δm (given
as a function of p by equation 9, and shown in
Figure 4);

• for p > 1 (higher environmental ram-pressure),
one has deflections δ > 90◦ (i.e., the jet is de-
flected in a direction against the flowing envi-
ronment) for incidence angles ϕ > ϕs (with ϕs

given by equation 10, and shown in Figure 5 as
a function of p).

The interactions with ϕ > ϕs correspond to stalled
jets, in which the post-interaction shock jet is
stopped and then entrained by the streaming envi-
ronment.

In order to illustrate the “deflected” and
“stalled” jet interaction regimes, we computed two
3D simulations with values of p (see equation 3) and
incidence angle ϕ (see Figure 1) clearly placing the
flows in each of these two regimes. These simula-
tions are described in § 3, and the results are shown
in Figures 6-9.

We find that:

• the deflected jet regime leads to a clean deflec-
tion of the jet beam (from a vertical, to an
oblique direction in the panels of Figure 6), and
at larger distances (beyond the end of the jet
deflection shock) by a curved jet locus resulting
from the continuing interaction of the deflected
jet with the streaming environment;

• the stalled jet regime shows an abrupt end of
the jet flow at the position of the environmental
shear, followed by a turbulent structure in which
the stalled jet material is incorporated into the
environmental flow (see Figures 8 and 9).

We are not aware of an observed HH jet deflection
that could be in this latter regime.

5. CONCLUSIONS

We have presented analytic and numerical mod-
els for a radiative jet that travels through an envi-
ronmental shear surface, which divides an internal
region around the jet source (which shares the mo-
tion of the jet source) and an external region with a
non-zero velocity (with respect to the jet source).

This flow configuration could correspond to dif-
ferent situations. For example:

• the case of an internal region that is denser than
the external region could correspond to a jet
emerging from a dense core (containing the jet
source) into a lower density, streaming environ-
ment;

• the case of a lower density internal region and
a denser external region could correspond to
a narrow jet meeting a broader outflow (e.g.,
a spatially extended molecular outflow), or a
dense cloud in motion relative to the jet source.

These two cases are relevant for regions with many
bipolar jet systems, such as the L1551 cloud (e.g.,
Hayashi & Pyo 2009), the Perseus molecular cloud
(Walawander et al. 2005) and NGC 1333 (Raga et
al, 2013), some of which show several jets with sud-
den changes in projected direction. Both jet-cloud
and jet-molecular outflow collisions are possibly oc-
curring.

Our present model is also relevant for the case
of the remarkable HH 110 deflected jet system (e.g.,
Kajdic et al. 2012). This object has been modeled as
an oblique collision of a jet with a dense cloud (e.g.,
de Gouveia Dal Pino 1999; Raga & Cantó 2005).
Raga et al. (2002) carried out a more extended nu-
merical exploration of the jet/cloud collision problem
and obtained deflected jets that qualitatively resem-
ble HH 110. They noted, however, that for reason-
able jet/cloud density contrasts it was not possible
to maintain the jet deflection at the cloud surface
for a long enough timescale, as the jet starts boring
through the cloud.

The addition of a relative motion between the
jet source and the cloud directly solves this prob-
lem. The models of the present paper show that this
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relative motion results in an approximately station-
ary jet deflection, which will last until the collision
region reaches the edge of the cloud. The relative
jet source/cloud motion is probably the missing ele-
ment in all of the models that have been previously
calculated for the HH 110 flow.
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