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AFGL 5142 is a massive star forming region (SFR)
which has multiple outflows on multiple scales. Identifying
the progenitors of the different scale outflows is key to link-
ing together the ejection history of the embedded MYSOs.
However previous attempts failed to unify the formation sce-
nario in AFGL 5142, despite being observed at large, inter-
mediate and small scales - using single dish, compact arrays
and VLBI arrays alike.

The region contains nine millimeter cores (Zhang et al.
2007; Palau et al. 2013), by far the most predominant of
which being MM1 and MM2 which exhibit hot core chem-
istry. MM1 has a mass of about 6.5 M! (Liu et al. 2016)
and houses an embedded massive star as is indicated by
the presence of 6.7 GHz methanol masers which trace an
infalling disk (Goddi et al. 2011). At an angle near per-
pendicular to the disk a centimeter ionized bipolar jet ex-
tends collimated and symmetric, and is traced by groups
of water masers which exhibit expansion motions (Goddi &
Moscadelli 2006; Goddi et al. 2011). About 1′′ to the south,
MM2 also exhibits maser emission and has a mass of about
6.2 M! (Liu et al. 2016), but no centimeter emission or 6.7
GHz methanol masers.

Compact array observations of CO (2−1) (Zhang et al.
2007; Palau et al. 2011), SiO (2 − 1) and HCO+ (1 − 0)
(Hunter et al. 1999) reveal at least four distinct collimated
molecular outflows on 10′′ scales. The most notable of which
being outflows A, B, C (Zhang et al. 2007) and outflow D
(Palau et al. 2011). Several of these outflows intersect both
MM1 and MM2, hindering confident allocation of their pro-
genitors. Single dish observations reveal the presence of arc-
minute scale outflows traced in CO (2 − 1) which also in-
tersect the MM1 and MM2 region (Hunter et al. 1995). The
aforementioned outflows were reported to be propagate pri-
marily in the skyplane. In a recent paper by Liu et al. (2016)
the authors find an extremely wide-angle bipolar outflow
(EWBO), with an opening angle of ∼180◦, driven from the
MM1 - MM2 region for which they favour explanation by a
precessing jet rather than entrainment at wide angles from
a narrow jet.

In this work we pursue new multi-epoch VLBI observa-
tions of water masers in AFGL 5142 concentrating on the
precise kinematics and energetics of the jets. We use our
findings to offer a reinterpretation of the recent history of
jets and outflows in this region and attempt to assign pro-
genitors to each of the known outflows. We also provide a
precise measurement of the annual parallax of AFGL 5142
which we use to re-evaluate some of the physical parameters
involved in the molecular outflows abound in this region.

2 OBSERVATIONS AND DATA REDUCTION

VLBI observations were carried out with VERA (VLBI ex-
ploration of radio astrometry). All observations were con-
ducted in dual-beam mode (Kawaguchi et al. 2000) with
beams centered on the maser target, AFGL 5142, and a ref-
erence quasar, J0533+3451. For both beams, left-hand cir-
cular polarisation signals were recorded to magnetic tapes
at each of the 4 VERA station. Tapes were collected
and correlated using the Mitaka FX correlator (Chikada
et al. 1991), adopting a rest frequency of 22.235080 GHz.
For AFGL 5142 data we used a phase tracking center

Table 1. Summary of observations

Epoch Observation Modified Number of

number date Julian date features

1 21 Apr 2014 56768 12

2 20 May 2014 56797 9

3 2 Oct 2014 56932 17

4 25 Nov 2014 56986 22

5 31 Jan 2015 57053 24

6 29 Mar 2015 57110 29

7 29 May 2015 57171 19

of (α, δ)J2000.0 = (05h30m48s.01733742, +33◦47’54”.56750)
and for J0533+3451 data we set a phase tracking center at
(α, δ)J2000.0 = (05h33m12s.76510600, +34◦51’30”.336995).
Further phase corrections, including more accurate atmo-
spheric models and antennae positions than those used at
correlation, were made and applied post-calibration.

The total correlator bandwidth of 240 MHz was shared
into 16 intermediate frequencies (IFs). One IF was allocated
to the maser data with a bandwidth of 8 MHz and 15.63
kHz channel spacing, providing a 0.12 km s−1 velocity res-
olution. The remaining 15 IFs were allocated to the data
of the quasar reference source - one IF had similar proper-
ties to the maser data while the other 14 IFs had 16 MHz
bandwidth and spacings of 125 kHz. The 15 quasar data IFs
were manipulated into common form and merged - resulting
in almost continuous frequency coverage spanning 232 MHz.

Data reduction was performed using AIPS (Astronomi-
cal Image Processing System), developed by National Radio
Astronomy Observatory. VLBI phase referencing data re-
duction made use of the inverse phase referencing technique,
customised for the dual-beam data of VERA. The technique
was first introduced in Imai et al. (2012) and further devel-
opment, in addition to a guide to its implementation, is given
in Burns et al. (2015).

In short, data reduction involves solving frequency de-
pendant phase terms (group delay) using bright calibrators
in the wider 15 IF data set, while time dependant phase
terms are solved using the narrow but bright line emission
of the maser. Both sets of solutions are then applied to the
reference source, J0533+3451, giving the angular separation
of the maser and reference. Assuming that the reference
source is fixed at its ICRF coordinates we then obtain the
astrometric position of the maser from the measured separa-
tion. Since phase solutions are determined using the maser
we also get self-calibrated quality, astrometrically accurate.
Typically, maser maps achieved rms noise values of 100−200
mJy beam−1.

The maps themselves were produced using the CLEAN
method of Högbom (1974). Masers were identified from the
maps using an automated SAD routine in AIPS, employing
a detection signal to noise cutoff of 7. Following common
maser nomenclature, a ‘spot’ refers to an individual maser
emission peak, imaged in a single spectral channel - while
a maser ‘feature’ refers to a collection of spots which are
considered to emanate from the same physical maser cloud.
Maser spots are grouped into features when they associate
with the same spectral feature and found within 1 mas of
another spot in that same feature. The astrometric positions
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Figure 1. PdBI maps at 1.3 mm in a field of view of 20′′ (∼primary beam) in diameter. Top left: I22172N. Contours are −4, 4, and 8 times the rms noise of the map,
0.55 mJy beam−1. The synthesized beam, shown in the bottom right corner, is 0.′′47 × 0.′′38, P.A. ∼ 26.◦0. Top right: I22134. Contours are −4, 4, and 8 times the
rms noise of the map, 0.33 mJy beam−1. The synthesized beam is 0.′′56 × 0.′′49, P.A. ∼ 40.◦8. Green contours correspond to the 3.6 cm emission tracing a UCHII
region and are −4, 4, 8, and 16 times 30 µJy beam−1 (Sánchez-Monge 2011). Bottom left: I22198. Contours are −4, 4, 8, 16, and 32 times the rms noise of the map,
2.0 mJy beam−1. The synthesized beam is 0.′′43 × 0.′′39, P.A. ∼ 27.◦1. Bottom right: A5142. Contours are −4, 4, 8, 12, 16, 20, and 24 times the rms noise of the map,
2.8 mJy beam−1. Noise is limited by the dynamic range and phase noise. The synthesized beam is 0.′′52 × 0.′′36, P.A. ∼ 12.◦0. In all panels the red contour corresponds
to the identification level of 6σ .
(A color version of this figure is available in the online journal.)

Table 1
Parameters of PdBI 1.3 mm Continuum Observations

Source Phase Center Synth. Beam P.A.

α(J2000) δ(J2000) (′′×′′) (◦) rmsa

I22172N 22:19:08.60 +56:05:02.0 0.47 × 0.38 26 0.48
I22134 22:15:09.23 +58:49:08.9 0.56 × 0.49 41 0.33
I22198 22:21:26.78 +63:51:37.6 0.43 × 0.39 27 2.0
A5142 05:30:48.02 +33:47:54.5 0.52 × 0.36 12 2.8

Note. a rms noise in mJy beam−1.

3. RESULTS
3.1. 1.3 mm Continuum

In Figure 1, we present the cleaned images of the four regions
observed with the PdBI in configuration A (hereafter, PdBI-A).
Sources above 6σ (with σ being the rms noise level) were

identified in the final cleaned images and are listed in Table 2.
In order to confirm that the 6σ identifications in the cleaned
images are also well detected in the uv-plane, in the uv-plane we
fitted a Gaussian or a point-like source to the strongest source
identified in the cleaned map and subtracted the fitted source
from the observed visibilities (uv-plane). Then, in the residual
visibilities we fitted the second strongest source identified in
the cleaned map, etc. All the identified sources (in the cleaned
map) were detected in the uv-plane with an S/N larger than 10
(except for I22134, for which S/N in the uv-plane was >4.6),
giving us confidence on the identification method. The position,
flux densities, and sizes of each source were determined from
the fits of a Gaussian or a point-like source in the uv-plane.
These parameters are listed in Table 2 together with an estimate
of the mass for each millimeter source.

In the I22172N field we detected four sources: three faint
point sources and a strong extended source, MM2, which is
elongated roughly in the north–south direction, with a size of
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Figure 9. Maser distribution and line of sight velocities in the
NW bowshock.

Figure 10. Maser distribution in the FS bowshock.

the star requires further deep observations to provide vital
context for this very unusual finding.
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FIG. 1.ÈDistributions of number density, temperature, and pressure in logarithmic scale at 650 yr in the steady jet simulation. The vectors show the
velocity structure. The solid line plotted over the number density is the shell shape calculated from a ballistic bow shock model derived by Ostriker et al.
(2001). The gray-scale wedges along the right-hand side indicate the values for the gray-scale images. The z-axis is along the jet Ñow axis, and there is an
assumed circular symmetry about the z-axis.

by Suttner et al. (1997). In their simulations, there is a sig-
niÐcant fraction of molecular hydrogen in the shell. There-
fore, if molecular cooling were included in our simulation,
the temperature of the shell would actually be lower.
Regions of the shell with temperatures lower than a few
hundred kelvins can be identiÐed with the observed CO
molecular outÑow, whereas regions of the shell with tem-
peratures above 1000 K will produce the observed bowH2shock.

Hydrodynamic simulations have been presented by many
authors (e.g., Blondin et al. 1989, 1990 ; de Gouveia dal Pino
& Benz 1993 ; Stone & Norman 1993a, 1993b ; Biro & Raga
1994 ; Suttner et al. 1997 ; Smith et al. 1997 ; Downes & Ray
1999) using di†erent cooling functions and di†erent
resolutions. Some of the simulations are at higher
resolution than this work and thus show much more small-
scale structure. However, the overall shape and size of the
shell structure in higher resolution simulations presented
elsewhere, and also computed by ourselves, is similar to the
results we present here, indicating that the underlying kine-
matics is not much di†erent. We will further discuss the
e†ects on the shell owing to di†erent numerical resolution
later in this section. The goal of this paper is to study the
overall large-scale kinematics of the shell in comparison to
CO observations. Detailed high-resolution studies of pro-
pagating jets necessary for understanding small-scale fea-
tures in and optical observations are presented in theH2papers referred to above.

The velocity of the material in the shell is almost perpen-
dicular to the shell surface. However, the velocity of the
material in the cocoon is mostly parallel to the jet axis,
indicating that the material in the cocoon comes mostly
from the jet. The shell structure is corrugated because of the

variations in the diameter of the jet as it propagates,
induced by interaction with shocked material in the cocoon
(e.g., Blondin et al. 1990). At higher resolution, the shell is
more corrugated, but the overall structure is still the same
(see the discussion in next paragraph).

Figure 2 shows the number density, temperature, and
pressure along an axial cut through the head of the jet. The
jet shock and bow shock are clearly seen in the temperature
and pressure distributions. The shocked ambient material
and jet material are compressed by the shocks so that the
number density peaks between the two shocks. The
maximum temperature is 104 K at the shock fronts. The
immediate postshock temperature is whereT

s
\ 3m6 v

s
2/16k,

is the average mass per particle, or about 105 K form6
c \ 5/3. For a strong shock, the postshock speed is about
one-fourth of the shock speed (for c \ 5/3). The immediate
postshock cooling length can be approximated as (see
Blondin et al. 1990)
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, (4)

where and are the shock velocity and postshockv
s

n
snumber density. Since the density increases rapidly toward

the interface (contact discontinuity) of the two shocked
layers, the cooling rate actually increases rapidly toward the
interface. For a postshock number density from 104 to 106
cm~3, the cooling length owing to ionic cooling varies
between 1013 and 1011 cm. This length is not resolved in our
simulation ; therefore, the postshock temperature drops to
104 K immediately behind the shocks. The cooling length
behind the shocks in the simulation is thus constrained by
the numerical resolution, giving a length of about 1015 cm.
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FIG. 8.ÈDistribution of number density in logarithmic scale at 390 yr in the isothermal steady wind simulation, with vectors showing the velocity
structure in the shell. The solid line is the shell shape calculated from the momentum-driven shell model. The gray-scale wedge along the right-hand side
indicates the values for the number density.

and Li & Shu (1996b) derived the shape and kinematics of
the swept-up shell by considering mass and momentum
conservation in each angular sector. In their calculations,
the wind mass added to the shell is not included. Following
the same approach, we rederive the shape and kinematics of
the shell including the wind mass added to the shell below.
The mass (ambient mass ] wind mass) and momentum
Ñuxes added to the shell per second per steradian are
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where is the mass Ñow into the shell and is the shellM
s

v
svelocity. Since the ambient material has a density varying as

r~2, the dilution of the wind ram pressure is exactly com-
pensated as the outÑow expands away from the source,
resulting in a swept-up shell which proceeds outward with a
constant velocity along any radial line (Shu et al. 1991 ;
Masson & Chernin 1992). Therefore, is constant andv
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Substituting equation (13) into equation (15) and solving for
we havev
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where The shell structure is then given byg
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The maximum width of the shell can also be found at angle
assin h \ [2 ] (o

a0/o
w0)1@2]~1@2
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for and v \ 0. Since the length of the shell isW
w

? r
w

B
the width-to-length ratio is about andv

w0 t, (o
w0/o

a0)1@4
constant with time. The ratio of the total longitudinal
momentum Ñux to the total transverse momentum Ñux in
the shell can be expressed as
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)/([1 ] S1`a2 log S1`a`1
S1`a~1) ,

(19)

where In our simulation,a \ (o
w0/o

a0)1@2. (o
w0/o

a0)1@4 B
and R B 4.5 ; therefore, the wind-driven shell is elon-0.22

gated in the polar direction.
The solid line in Figure 8 indicates the shell shape calcu-

lated from the momentum-driven shell model. As can be
seen, the model provides a good Ðt. Owing to Ðnite thermal
pressure gradients, the shell in the simulation is a little
larger than the model. Figure 9 shows the transverse veloc-
ity, and the longitudinal velocity, along the shell, withv

R
, v

z
,

solid lines indicating the predicted velocities from the
model. Again, the model provides a good description of the
velocity structure. The transverse velocity increases from
zero at the source and then decreases to zero at the tip,
while the longitudinal velocity increases linearly with dis-
tance. In contrast to the jet simulation, the transverse veloc-
ity vanishes at the tip because the thermal pressure is
negligible in the isothermal simulation at such a low tem-
perature.

Comparing Figure 8 with Figure 1, we see that the wind-
driven shell is wider than the jet-driven shell, although the
wind and jet both have the same mass-loss rate in the simu-
lations. The width-to-length ratio for the jet-driven shell is

and decreases with increasing z2(3bc
s
/v

s
)1@3 o R

j
/z o2@3

(Ostriker et al. 2001). The width-to-length ratio for the
wind-driven shell, on the other hand, is and(o

w0/o
a0)1@4

independent of z. Therefore, even with optimized ambient
medium stratiÐcation most favorable for narrow outÑows in
the wind model and wide outÑows in the jet model, the
wind-driven shell always becomes wider than the jet-driven
shell beyond a certain distance of z ; in our case, this occurs
at about 30R

j
.

4.4. PV Diagrams and MV Relationship
Figure 10 shows PV diagrams for the shell material cut

along the outÑow axis at three inclinations, with lines indi-

FIG. 9.ÈTransverse velocity, and longitudinal velocity, of thev
R
, v

z
,

shell material. The solid lines indicate the velocity calculated from the
momentum-driven shell model.
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FIG. 3.ÈComparisons of the velocity structures of the shell material
between the steady jet simulation and ballistic bow shock model. Panels (a)
and (b) show the velocity structures for the simulation and model, respec-
tively, in the bow shock frame plotted over the pressure distribution of the
simulation. Panels (c) and (d) show the velocity structures for the simula-
tion and model, respectively, in the observerÏs frame plotted over the
density distribution of the simulation. In panels (b) and (d), the open arrows
are calculated with the velocities of the newly swept-up material, and Ðlled
arrows are calculated with the mean velocities of the shell material from
the model.

parable to the 8 km s~1 sound speed at 104 K as predicted
by the ballistic bow shock model. The transverse velocity of
the outer shell swept-up ambient material is nearly the same
as the mean transverse velocity of the material already in
the shell. Therefore, except near the tip, the dashed and
solid lines both match the transverse velocity of the simula-
tion reasonably well. As for the longitudinal velocity, the
solid line (representing mean matches the high velocityv

z
)

better than the dashed line, while the dashed line
(representing newly swept-up material) matches the low
velocity better than the solid line. This is because mixing is
more complete near the jet head so that the high velocity is
similar to the mean velocity. However, there is almost no
mixing in the wing. In addition, the material from the
working surface partly Ñows into the cocoon, further
reducing the mixing. The velocity of the shell material in the

FIG. 4.ÈComparisons of the transverse velocity and longitudinal veloc-
ity of the shell material in the steady jet simulation (images) with the
ballistic bow shock model (lines). Solid lines are calculated with the mean
velocity of the shell material. Dashed lines are calculated with the velocity
of the newly swept-up material.

wing is thus similar to that expected for newly swept-up
material.

Overall, the simple ballistic bow shock model is a good Ðt
for the shell shape and the transverse velocity of the shell
material. Since the material from the working surface partly
Ñows into the cocoon as it moves up the shell and the
mixing of the newly swept-up material with material
already in the shell is not complete, the model provides only
lower and upper limits for the longitudinal velocity of the
shell material. The lower limit is set by the velocity of the
newly swept-up material, whereas the upper limit is set by
the mean velocity of the shell material. If the numerical
resolution were much higher so that the shear layer between
the swept-up and shell material were resolved, mixing might
be increased. Moreover, if molecular cooling were included
to lower the thermal pressure in the shell, then there would
be less material Ñowing into the cocoon. In that case, the
shell material would have a higher forward velocity. Pre-
vious simulations that include molecular cooling (e.g.,
Smith et al. 1997 ; Downes & Ray 1999 ; et al. 1999)Vo" lker
indeed show the shell material that has higher forward
velocity than that in our simulation.

3.4. PV Diagrams and MV Relationship
In our simulation, only a simpliÐed treatment of radi-

ation cooling is included, and moreover, the cooling length
in the shell is often not resolved. Therefore, the temperature
of the shell material cannot be used to calculate line emis-
sion. Instead, our kinematic diagnostics are based on the
mass rather than the line emission. Since we identify the
shell in the simulation as the molecular outÑow (Lee et al.
2000), we focus only on the shell kinematics and thus
exclude the jet and cocoon material from our calculations.
Since the density contrast between the shell and cocoon
material is large (see Fig. 1), we can deÐne a boundary
between the shell and cocoon material and mask out the
cocoon and jet material. Unavoidably, a little cocoon
material close to the shell will be included in our calcu-
lations ; however, the mass contribution of that cocoon
material is small.

Figure 5 shows PV diagrams for the shell in the simula-
tion cut along the outÑow axis at three inclinations (i) to the
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FIG. 8.ÈDistribution of number density in logarithmic scale at 390 yr in the isothermal steady wind simulation, with vectors showing the velocity
structure in the shell. The solid line is the shell shape calculated from the momentum-driven shell model. The gray-scale wedge along the right-hand side
indicates the values for the number density.

and Li & Shu (1996b) derived the shape and kinematics of
the swept-up shell by considering mass and momentum
conservation in each angular sector. In their calculations,
the wind mass added to the shell is not included. Following
the same approach, we rederive the shape and kinematics of
the shell including the wind mass added to the shell below.
The mass (ambient mass ] wind mass) and momentum
Ñuxes added to the shell per second per steradian are
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where is the mass Ñow into the shell and is the shellM
s

v
svelocity. Since the ambient material has a density varying as

r~2, the dilution of the wind ram pressure is exactly com-
pensated as the outÑow expands away from the source,
resulting in a swept-up shell which proceeds outward with a
constant velocity along any radial line (Shu et al. 1991 ;
Masson & Chernin 1992). Therefore, is constant andv
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Substituting equation (13) into equation (15) and solving for
we havev
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The maximum width of the shell can also be found at angle
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for and v \ 0. Since the length of the shell isW
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constant with time. The ratio of the total longitudinal
momentum Ñux to the total transverse momentum Ñux in
the shell can be expressed as
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where In our simulation,a \ (o
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and R B 4.5 ; therefore, the wind-driven shell is elon-0.22

gated in the polar direction.
The solid line in Figure 8 indicates the shell shape calcu-

lated from the momentum-driven shell model. As can be
seen, the model provides a good Ðt. Owing to Ðnite thermal
pressure gradients, the shell in the simulation is a little
larger than the model. Figure 9 shows the transverse veloc-
ity, and the longitudinal velocity, along the shell, withv

R
, v

z
,

solid lines indicating the predicted velocities from the
model. Again, the model provides a good description of the
velocity structure. The transverse velocity increases from
zero at the source and then decreases to zero at the tip,
while the longitudinal velocity increases linearly with dis-
tance. In contrast to the jet simulation, the transverse veloc-
ity vanishes at the tip because the thermal pressure is
negligible in the isothermal simulation at such a low tem-
perature.

Comparing Figure 8 with Figure 1, we see that the wind-
driven shell is wider than the jet-driven shell, although the
wind and jet both have the same mass-loss rate in the simu-
lations. The width-to-length ratio for the jet-driven shell is

and decreases with increasing z2(3bc
s
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/z o2@3

(Ostriker et al. 2001). The width-to-length ratio for the
wind-driven shell, on the other hand, is and(o

w0/o
a0)1@4

independent of z. Therefore, even with optimized ambient
medium stratiÐcation most favorable for narrow outÑows in
the wind model and wide outÑows in the jet model, the
wind-driven shell always becomes wider than the jet-driven
shell beyond a certain distance of z ; in our case, this occurs
at about 30R

j
.

4.4. PV Diagrams and MV Relationship
Figure 10 shows PV diagrams for the shell material cut

along the outÑow axis at three inclinations, with lines indi-

FIG. 9.ÈTransverse velocity, and longitudinal velocity, of thev
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shell material. The solid lines indicate the velocity calculated from the
momentum-driven shell model.
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shock at R@ with postshock speed wouldv(R@) \ v
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have components at position R given by w
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observerÏs frame ; here Since sin h@h@ 4 [arctan (dz/dR) o
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is a secularly increasing function of R@, increasesw
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R@ increases from just outside to R, for Ðxed R. That is,R0the more recently a Ñuid element has joined the shell Ñow
from the ambient medium, the larger its transverse and the
smaller its longitudinal velocity would be at any point R, in
the absence of mixing.

To obtain explicit solutions, we now relate the shell input
Ñows and to more basic quantities character-M0 0, P0 0z

, P0 0Rizing the jet and ambient medium. First, we note that for a
strong shock, the bow shock speed is related to the jet speed

and ratio of jet to ambient density byv
j

g 4 o
j
/o v

s
B v

j
(1

] g~1@2)~1. The radius of the WS can be approximated as
As shown in Figure 3 of Lee et al. (2001), onlyR0 B R

j
.

shocked ambient material Ñows into the shell from the WS;
therefore, the mass Ñow is just equal to the Ñow of ambient
material into the WS, The input longitudinalM0 0 B nR

j
2 ov

s
.

momentum Ñow because in the shock frame, theP0 0z
B 0,

ejected Ñow from the WS has no preferred forward or back-
ward direction.

Estimating the transverse momentum Ñow is slightly
more subtle. Just inside the bow shock, the shocked
ambient gas cools rapidly down to D104 K, after which
point the radiation slows because the cooling curve drops
precipitously as the gas recombines. The shocked Ñow from
the ambient medium interfaces (in a contact discontinuity)
with the shocked jet gas at the center of the WS; in a steady
state and with negligible mixing, all of the streamlines enter-
ing the WS from either side must bend away from the axis
and exit on their respective sides of the bow shock/jet shock
interface. The pressure is highest closest to the axis, with the
transverse pressure gradient accelerating gas radially to
eject it from the sides of the WS.

The ejection velocity from the WS must be on the order
of the sound speed at the temperature 104 K. To see whyc

sthis is so, consider adiabatic Ñow with c \ 5/3 starting from
low-velocity v and high-pressure P and accelerating by
pressure gradient forces until the ram pressure far exceeds
the thermal pressure. By BernoulliÏs theorem, which
demands the constancy of the ejec-(12)v2 ] [c/(c [ 1)]P/o,
tion speed would thus be where is the isother-DJ5c

s
, c

smal sound speed (kT /k)1@2 at the initial temperature of the
Ñow. Here k is the mean molecular mass, which we take as

for neutral gas.2 To the extent that cooling reduces1.3m
pthe enthalpy term and that the Ñow does not reach the

maximum possible speed, the outÑow velocity from the WS
would be somewhat lower. We therefore expect a transverse
momentum Ñow from the WS on the order of J5M0 0 c

s
\

where the value of at 104 K is 8 km s~1. To2.2noR
j
2 v

s
c
s
, c

stest this estimate, we have directly measured the transverse
momentum Ñux in our simulations with varying andv

j
R

jand also Ðt the shell shapes and kinematics parameterized
by the momentum Ñux (see below and Lee et al. 2001).
Writing we have found that b \ 3.8È4.4P0 0R

4 bnoR
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s
c
s
,

for jet radii and velocities in the ranges R
j
\ (2.5È5) ] 1015

2 Falle & Raga (1993) and Biro & Raga (1994) have made related
arguments, conÐrmed by simulations, for estimating the speed of material
ejection from internal shocks in jet beams.

cm and km s~1. These values of b are slightlyv
j
\ 120È240

larger than the above estimate ; the di†erence may be
accounted for by the facts that (1) the pressure of the
shocked jet gas adjoining the shocked ambient gas within
the WS helps in part to accelerate the shell, and (2) the
ambient material just outside the WS also passes through a
relatively perpendicular (rather than oblique) shock, main-
taining a nonnegligible pressure in the shell at radii slightly
larger than and correspondingly raising the total trans-R

jverse momentum Ñux delivered to the bow shock shell.
With the above substitutions for and weM0 0, P0 0R
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The shape is given by
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which at a large distance from the head of the jet
approaches a cubic law,3 z B [(R/R

j
)3(v

s
R

j
)/(3bc

s
).

In Figure 2, we give an example of the shape of the bow
shock shell, together with the observer frame vector Ðelds
for the mean shell velocity and the velocity of the(v6

R
, v6

z
@ )

newly swept-up shell material For this Ðgure, we(u
R
, u

z
@ ).

take the value of the ratio for the range ofbc
s
/v

s
\ 0.5 ;

observed jet velocities, the range of this ratio would be
D0.2È0.6. In Figure 3, we display the values of the various
shell velocity components as seen from the observer frame
for the same model.

At large distance R, the component velocities of the newly
added material approach andu

R
] bc

s
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j
2/R2

That is, the transverse velocity ofu
z
@ ] (bc

s
/v

s
)2(R
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/R)4v
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.

newly added material is the same as the existing mean value
of the transverse velocity, while the longitudinal velocity of
newly added material is smaller than the mean longitudinal
velocity by the inverse of the large factor (v

s
R)2/(bc

s
R

j
)2.

The ratio of the mean velocity components has a small,
constant value The newly shocked material,v6

R
/v6

z
@ \ bc

s
/v

s
.

3 A similar asymptotic o z o P R3 law was previously obtained by Wilkin
(1996) in his solution for the shell shape in the ““ tail ÏÏ of a stellar wind bow
shock for a star moving with constant velocity through a uniform medium.
This is consistent with expectations that the speciÐc geometry of the trans-
verse momentum source is not important for the far-Ðeld solution.
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R@ increases from just outside to R, for Ðxed R. That is,R0the more recently a Ñuid element has joined the shell Ñow
from the ambient medium, the larger its transverse and the
smaller its longitudinal velocity would be at any point R, in
the absence of mixing.

To obtain explicit solutions, we now relate the shell input
Ñows and to more basic quantities character-M0 0, P0 0z

, P0 0Rizing the jet and ambient medium. First, we note that for a
strong shock, the bow shock speed is related to the jet speed
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] g~1@2)~1. The radius of the WS can be approximated as
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shocked ambient material Ñows into the shell from the WS;
therefore, the mass Ñow is just equal to the Ñow of ambient
material into the WS, The input longitudinalM0 0 B nR
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momentum Ñow because in the shock frame, theP0 0z
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ejected Ñow from the WS has no preferred forward or back-
ward direction.

Estimating the transverse momentum Ñow is slightly
more subtle. Just inside the bow shock, the shocked
ambient gas cools rapidly down to D104 K, after which
point the radiation slows because the cooling curve drops
precipitously as the gas recombines. The shocked Ñow from
the ambient medium interfaces (in a contact discontinuity)
with the shocked jet gas at the center of the WS; in a steady
state and with negligible mixing, all of the streamlines enter-
ing the WS from either side must bend away from the axis
and exit on their respective sides of the bow shock/jet shock
interface. The pressure is highest closest to the axis, with the
transverse pressure gradient accelerating gas radially to
eject it from the sides of the WS.

The ejection velocity from the WS must be on the order
of the sound speed at the temperature 104 K. To see whyc

sthis is so, consider adiabatic Ñow with c \ 5/3 starting from
low-velocity v and high-pressure P and accelerating by
pressure gradient forces until the ram pressure far exceeds
the thermal pressure. By BernoulliÏs theorem, which
demands the constancy of the ejec-(12)v2 ] [c/(c [ 1)]P/o,
tion speed would thus be where is the isother-DJ5c

s
, c

smal sound speed (kT /k)1@2 at the initial temperature of the
Ñow. Here k is the mean molecular mass, which we take as

for neutral gas.2 To the extent that cooling reduces1.3m
pthe enthalpy term and that the Ñow does not reach the

maximum possible speed, the outÑow velocity from the WS
would be somewhat lower. We therefore expect a transverse
momentum Ñow from the WS on the order of J5M0 0 c

s
\

where the value of at 104 K is 8 km s~1. To2.2noR
j
2 v

s
c
s
, c

stest this estimate, we have directly measured the transverse
momentum Ñux in our simulations with varying andv

j
R

jand also Ðt the shell shapes and kinematics parameterized
by the momentum Ñux (see below and Lee et al. 2001).
Writing we have found that b \ 3.8È4.4P0 0R

4 bnoR
j
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s
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s
,

for jet radii and velocities in the ranges R
j
\ (2.5È5) ] 1015

2 Falle & Raga (1993) and Biro & Raga (1994) have made related
arguments, conÐrmed by simulations, for estimating the speed of material
ejection from internal shocks in jet beams.

cm and km s~1. These values of b are slightlyv
j
\ 120È240

larger than the above estimate ; the di†erence may be
accounted for by the facts that (1) the pressure of the
shocked jet gas adjoining the shocked ambient gas within
the WS helps in part to accelerate the shell, and (2) the
ambient material just outside the WS also passes through a
relatively perpendicular (rather than oblique) shock, main-
taining a nonnegligible pressure in the shell at radii slightly
larger than and correspondingly raising the total trans-R

jverse momentum Ñux delivered to the bow shock shell.
With the above substitutions for and weM0 0, P0 0R
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The shape is given by
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3
AR
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which at a large distance from the head of the jet
approaches a cubic law,3 z B [(R/R

j
)3(v

s
R

j
)/(3bc

s
).

In Figure 2, we give an example of the shape of the bow
shock shell, together with the observer frame vector Ðelds
for the mean shell velocity and the velocity of the(v6

R
, v6

z
@ )

newly swept-up shell material For this Ðgure, we(u
R
, u

z
@ ).

take the value of the ratio for the range ofbc
s
/v

s
\ 0.5 ;

observed jet velocities, the range of this ratio would be
D0.2È0.6. In Figure 3, we display the values of the various
shell velocity components as seen from the observer frame
for the same model.

At large distance R, the component velocities of the newly
added material approach andu

R
] bc

s
R

j
2/R2

That is, the transverse velocity ofu
z
@ ] (bc

s
/v

s
)2(R

j
/R)4v

s
.

newly added material is the same as the existing mean value
of the transverse velocity, while the longitudinal velocity of
newly added material is smaller than the mean longitudinal
velocity by the inverse of the large factor (v

s
R)2/(bc

s
R

j
)2.

The ratio of the mean velocity components has a small,
constant value The newly shocked material,v6

R
/v6

z
@ \ bc

s
/v

s
.

3 A similar asymptotic o z o P R3 law was previously obtained by Wilkin
(1996) in his solution for the shell shape in the ““ tail ÏÏ of a stellar wind bow
shock for a star moving with constant velocity through a uniform medium.
This is consistent with expectations that the speciÐc geometry of the trans-
verse momentum source is not important for the far-Ðeld solution.

Transverse velocity 
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Conclusions	
  #1	
  

MYSO outflows driven by collimated jets w/ bowshock���
(Similar to low mass YSOs)���
	


Small contribution from disk wind?	


���
Bowshock physical parameters: ���
Jet width: 5-10 AU	


Jet velocity ≈ 50 km/s	


Momentum rate ≈ 	
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6 R. A. Burns

Figure 5. Combined view of 22 GHz water masers (filled circles) observed with VERA in 2010 (this work), 22 GHz water masers
(asterix) observed with the VLBA in 2004 (Goddi & Moscadelli 2006) and 6.7 GHz methanol masers (triangles) observed with the EVN
in 2004 (Goddi et al. 2007). The inset shows the trajectory of maser feature B, with error bars derived from the astrometric uncertainty.
The trajectory of feature B and proper motions of other masers are all converted to the YSO frame. The black asterix symbol indicates
the approximate origin of the episodic ejections, estimated from least-squares fitting of ellipses to the VERA maser data.

We calculate the momentum rate (force) of the jet via
the expression used by Goddi et al. (2011):

Ṗoutflow = 1.5× 10−3 V 2
10 R2

100 (Ω/4π) n8 [M" kms−1 yr−1]. (1)

In which V10 is the jet velocity in units of 10 km s−1,
R100 is the radial distance of the masers from the driving
source in units of 100 AU, Ω is the opening solid angle of the
jet and n8 is the volume density of ambient gas in units of 108

cm−3. The following parameters used in the calculation were
derived from our observations of the N.W. maser bowshock;
v = 14 km s−1, R = 112 AU, Ω = 0.07 sr. We calculate the
momentum rate of the N.W. maser jet to be Ṗ = 2.02×10−5

n8 M" km s−1 yr−1. Regarding the ambient density, n8,
we consider values in the range 107 − 109 cm−3 which are
simulated initial ambient densities suitable for producing
masers in shocks (Kaufman & Neufeld 1996). We arrive at
a range of momentum rates between Ṗ = 10−6 to 10−4 M"

km s−1 yr−1.
Finally we note a shallow, yet well structured velocity

gradient across the N.W. bowshock masers (see Figure 9).
This could be interpreted as a flattened and expanding ejec-
tion or as rotation of entrained material about the jet axis
- a widely sought phenomenon in the context of massive
star formation. Our data show that AFGL 5142 MM1 has
potential as a target for future rotating jet investigations.

4.1.3 Combined VERA, VLBA and EVN view of AFGL
5142 MM1

AFGL 5142 has been observed by by three different VLBI
arrays; the VLBA (Goddi & Moscadelli 2006), the EVN
(Goddi et al. 2007), and VERA (this work). These are pre-
sented in Figure 5.

The combined view of VLBI maser observations of
AFGL 5142 depicts a prototypical disk-jet system; a struc-
ture ubiquitous in low mass star formation and becom-
ing increasingly encountered in MYSOs with well studied
cases including Orion Source I (Hirota et al. 2014), IRAS
20126+4104 (Moscadelli et al. 2011; Chen et al. 2016). Wa-
ter masers trace a narrow episodic jet which emanates at an
angle near perpendicular to the protostellar disk traced by
6.7 GHz methanol masers - a transition exclusive to MYSOs.

Maser Feature B, detected in this work only, exhibits
a curved trajectory and lies close to the likely position of
the star as was inferred independently by the center of kine-
matics of the 6.7 GHz methanol masers (Goddi et al. 2007),
the center of kinematics of the VLBA water masers (Goddi
& Moscadelli 2006) and the concentric ellipses fit to VERA
water masers - presented in Section 4.1.1. Non-linear mo-
tion implies the application of force - whether it be gravi-
tational or magnetically dominated we expect the maser to
be in close proximity to the central object. We pursue a full
decomposition of the trajectory of this maser in a future
publication targeting the central < 100 AU region.

Overall, the features highlighted by the joint VLBA,
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Figure 5. Combined view of 22 GHz water masers (filled circles) observed with VERA in 2010 (this work), 22 GHz water masers
(asterix) observed with the VLBA in 2004 (Goddi & Moscadelli 2006) and 6.7 GHz methanol masers (triangles) observed with the EVN
in 2004 (Goddi et al. 2007). The inset shows the trajectory of maser feature B, with error bars derived from the astrometric uncertainty.
The trajectory of feature B and proper motions of other masers are all converted to the YSO frame. The black asterix symbol indicates
the approximate origin of the episodic ejections, estimated from least-squares fitting of ellipses to the VERA maser data.

We calculate the momentum rate (force) of the jet via
the expression used by Goddi et al. (2011):

Ṗoutflow = 1.5× 10−3 V 2
10 R2

100 (Ω/4π) n8 [M" kms−1 yr−1]. (1)

In which V10 is the jet velocity in units of 10 km s−1,
R100 is the radial distance of the masers from the driving
source in units of 100 AU, Ω is the opening solid angle of the
jet and n8 is the volume density of ambient gas in units of 108

cm−3. The following parameters used in the calculation were
derived from our observations of the N.W. maser bowshock;
v = 14 km s−1, R = 112 AU, Ω = 0.07 sr. We calculate the
momentum rate of the N.W. maser jet to be Ṗ = 2.02×10−5

n8 M" km s−1 yr−1. Regarding the ambient density, n8,
we consider values in the range 107 − 109 cm−3 which are
simulated initial ambient densities suitable for producing
masers in shocks (Kaufman & Neufeld 1996). We arrive at
a range of momentum rates between Ṗ = 10−6 to 10−4 M"

km s−1 yr−1.
Finally we note a shallow, yet well structured velocity

gradient across the N.W. bowshock masers (see Figure 9).
This could be interpreted as a flattened and expanding ejec-
tion or as rotation of entrained material about the jet axis
- a widely sought phenomenon in the context of massive
star formation. Our data show that AFGL 5142 MM1 has
potential as a target for future rotating jet investigations.

4.1.3 Combined VERA, VLBA and EVN view of AFGL
5142 MM1

AFGL 5142 has been observed by by three different VLBI
arrays; the VLBA (Goddi & Moscadelli 2006), the EVN
(Goddi et al. 2007), and VERA (this work). These are pre-
sented in Figure 5.

The combined view of VLBI maser observations of
AFGL 5142 depicts a prototypical disk-jet system; a struc-
ture ubiquitous in low mass star formation and becom-
ing increasingly encountered in MYSOs with well studied
cases including Orion Source I (Hirota et al. 2014), IRAS
20126+4104 (Moscadelli et al. 2011; Chen et al. 2016). Wa-
ter masers trace a narrow episodic jet which emanates at an
angle near perpendicular to the protostellar disk traced by
6.7 GHz methanol masers - a transition exclusive to MYSOs.

Maser Feature B, detected in this work only, exhibits
a curved trajectory and lies close to the likely position of
the star as was inferred independently by the center of kine-
matics of the 6.7 GHz methanol masers (Goddi et al. 2007),
the center of kinematics of the VLBA water masers (Goddi
& Moscadelli 2006) and the concentric ellipses fit to VERA
water masers - presented in Section 4.1.1. Non-linear mo-
tion implies the application of force - whether it be gravi-
tational or magnetically dominated we expect the maser to
be in close proximity to the central object. We pursue a full
decomposition of the trajectory of this maser in a future
publication targeting the central < 100 AU region.

Overall, the features highlighted by the joint VLBA,
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Conclusions	
  #2	
  

AFGL 5142-MM1:���
���

Unusual (non-linear) proper motion in one water maser 
feature near the MYSO.���
���
Interpretation not yet conclusive.���
Further observations needed to explain it.	
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Figure 9. Maser distribution and line of sight velocities in the
NW bowshock.

Figure 10. Maser distribution in the FS bowshock.

the star requires further deep observations to provide vital
context for this very unusual finding.
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Levs = 2.003E+02 * (1, 2, 4, 8, 16, 32, 64, 128,
256)
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