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ABSTRACT

We present a new set of high-resolution molecular-line maps of the gas immediately surrounding various
Herbig-Haro (HH) knots of the giant HH flow HH 315 from the young star PV Cephei. The observations,
aimed at studying the entrainment mechanism of the 2.6 pc–long HH 315 flow, include IRAM 30 m maps of
the 12CO (2–1), 12CO (1–0), and 13CO (1–0) lines, with beam sizes of 1100, 2100, and 2200, respectively. We com-
pare the morphology and the kinematics of the outflow gas, as well as the temperature and momentum distri-
bution of the molecular outflow, with those predicted by different entrainment models. With our detailed
study we are able to conclude that jet bow shock entrainment by an episodic stellar wind, with a time-varying
axis, produces most of the high-velocity molecular outflow observed far from the source. In addition, near
PV Cep we find evidence for a poorly collimated, wide-angle molecular outflow and a collimated, wiggling
jet–like molecular outflow. We propose that the poorly collimated component is entrained by a wide-angle
wind and the collimated component is entrained by a variable jet with internal working surfaces. If this pic-
ture is true, then a stellar wind model that allows for the coexistence of a wide-angle component and a colli-
mated (jetlike) stellar wind component is needed to explain the observed properties of the PV Cep outflow.
The wiggling axis of the redshifted molecular outflow lobe indicates that the outflow ejection axis is changing
over time. We find that the timescale of the axis variation shown by the molecular outflow lobe is about a fac-
tor of 10 less than that shown by the large-scale optical HH knots.

Subject headings: ISM: Herbig-Haro objects — ISM: individual (HH 315, PV Cephei) —
ISM: jets and outflows — stars: formation

1. INTRODUCTION

In order to better understand the effects of winds from
young stars on the ambient molecular cloud, it is essential to
study how the wind interacts with its surrounding medium.
The best evidence that winds from young stars interact with
their surrounding ambient gas is the existence of molecular
outflows. Many molecular outflows have masses that are
larger than their powering young star, by a factor of a few
up to an order of magnitude (e.g., Wu, Huang, & He 1996).
It is, therefore, highly unlikely that the mass in CO outflows
comes directly from the forming star and/or the circumstel-
lar disk, and so molecular outflows consist mainly of swept-
up ambient material.

The mechanism by which a wind from a young stellar
object entrains and accelerates the ambient gas, thereby
producing a molecular outflow, is still a matter of debate,
even though several models have been proposed. The three
most popular entrainment models are the turbulent jet
model, the bow shock model, and the wide-angle–wind
model.

In the turbulent jet entrainment model (e.g., Cantó &
Raga 1991; Stahler 1994; Lizano & Giovanardi 1995), the
ambient gas is entrained on the sides of a jet (or wind)
through a turbulent viscous mixing layer formed by Kelvin-
Helmholtz instabilities.

In the bow shock model (e.g., Raga & Cabrit 1993; Stone
& Norman 1993a; Masson & Chernin 1993; Stone & Nor-
man 1994; Suttner et al. 1997; Zhang & Zheng 1997; Smith,

Suttner, & Yorke 1997; Downes & Ray 1999; Lee et al.
2001), a highly supersonic collimated wind or jet propagates
into the ambient medium, forming a bow shock surface at
the head of the jet. The jet carves into the cloud, and the
bow shock moves away from the star, interacting with the
ambient gas, thereby producing a molecular outflow around
the jet. Velocity variations in the jet produce bow shocks
along the body of the jet, also referred to as internal working
surfaces (e.g., Raga et al. 1990; Raga & Kofman 1992;
Cantó, Raga, & D’Alessio 2000), which can also help
entrain ambient gas.

In the wide-angle–wind model (Shu et al. 1991; Li & Shu
1996; Matzner & McKee 1999; Lee et al. 2000, 2001), the
outflow is produced when a momentum-conserving wide-
angle wind from a young stellar object interacts with the
ambient gas. The wind power is dependent on polar angle,
has a constant velocity, and blows into a core with radial
density profile and angular dependence. The ambient
medium is swept up into a shell by a shock at the wind bub-
ble–ambient cloud interface. The molecular outflow is then
identified as the molecular gas in the entrained shell.

In Figure 1 we summarize the expected molecular outflow
characteristics (i.e., gas morphology and temperature,
velocity, and momentum distributions) for these three
entrainment models.

On the observational front, recent high angular resolu-
tion studies of molecular outflows (e.g., Richer, Hills, &
Padman 1992; Bence, Richer, & Padman 1996; Cernicharo
& Reipurth 1996; Lada & Fich 1996; Davis, Smith, & Mor-
iarty-Schieven 1998; Shepherd et al. 2000; Gueth & Guillo-
teau 1999; Yu, Billawala, & Bally 1999, hereafter YBB;
Davis et al. 2000; Lee et al. 2000; Arce & Goodman 2001b)
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have provided important information on the physical
parameters of outflows and the entrainment mechanism.

In Arce & Goodman (2002, hereafter Paper I) we studied
the interaction of the HH 315 flow with its parent cloud on
large scales (see Paper I for a brief description of HH 315).
In this paper, we zoom in on the gas immediately surround-
ing several HH knots and the outflow source (PV Cep), in
order to study the entrainment mechanism of the HH 315
outflow. In particular, we study the temperature distribu-
tion, kinematics, momentum distribution, and morphology
of the outflow gas. The results are then used to compare all
of these observed outflow characteristics with those
expected from different entrainment models. Along with the
information from earlier high-resolution studies, our results
provide important constraints to be considered by future
theoretical entrainment models.

In the following section we will describe the observations.
This is followed by a section where we describe our results.
We later use our results to compare them with the results of
the three molecular outflow entrainment models shown in
Figure 1. Subsequently, we discuss the episodic and wander-
ing (or wiggling) nature of the HH 315 outflow. Last, we
give a summary of our findings.

2. OBSERVATIONS

In order to study in detail the interaction between the HH
315 flow and the surrounding gas, we made high spatial and
velocity resolution observations of the gas around several of
the HH knots in the flow. The data were obtained using the

IRAM30m telescope in Pico Veleta, Spain, in 1999 Septem-
ber. The 12CO (1–0), 12CO (2–1), and 13CO (1–0) lines were
observed simultaneously using three spectral-line SIS
receivers. The spectrometer used was an autocorrelator split
into three parts, each connected to a different receiver. The
J ¼ 1 ! 0 lines were observed with a spectral resolution of
40 kHz and a band width of 20 MHz, and the 12CO (2–1)
line was observed with a spectral resolution of 80 kHz and a
band width of 40 MHz. The telescope beamwidths
(FWHM) at 12CO (1–0), 12CO (2–1), and 13CO (1–0) are
about 2100, 1100, and 2200, respectively. The forward efficiency
(Feff ) and main-beam efficiency (Beff ) of the J ¼ 1 ! 0 lines
are approximately 0.90 and 0.54, respectively, and for the
12CO (2–1) line Feff � 0:86 and Beff � 0:42 (Wild 1999).
Unless it is stated otherwise, the intensity scale of the spec-
tral data from the IRAM 30m is in units of main-beam tem-
perature (Tmb), where Tmb ¼ ðFeff=BeffÞT�

A (Wild 1999;
Rohlfs &Wilson 2000).

The on-the-fly (OTF) mapping technique was used to
map three regions of interests. The telescope in OTF mode
moved across the source at a constant speed of 200 s�1, while
a spectrum was acquired every 2 s. Table 1 lists the center
position and the size of each of the three major regions (see
also Fig. 2). The regions were all scanned in both the right
ascension and declination directions. The separation, in the
direction perpendicular to the scanning direction, between
subsequent rows was 400.

The telescope was pointed to an OFF position, located at
R.A. 20h45m30 94, decl. 67�55046>7 (B1950.0), after every
other row, where it would observe the OFF position for

V T P
d d d

Fig. 1.—Molecular outflow properties predicted by different entrainment models. The rows, starting on the top, show the turbulent jet, jet bow shock, and
wide-angle–wind properties. The columns, starting from the left, show a schematic picture of the stellar wind and the model-predicted molecular outflowmor-
phology, velocity profile, temperature profile, and momentum profile. An underlying density distribution of r�1 to r�2 is assumed for the momentum profiles
shown. There are no explicit estimates of the outflow gas temperature, as a function of distance from the source, for the wide-angle wind driven models. Refer-
ences for the turbulent jet model properties shown here are Bence et al. (1996), Cantó & Raga (1991), and Chernin & Masson (1995). References for the jet
bow shock model properties shown here are Lee et al. (2001), Hatchell et al. (1999), Chernin &Masson (1995), and Cliffe, Frank, & Jones (1996). References
for the wide-angle model properties shown here are Lee et al. (2001) and Li & Shu (1996).
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10–15 s. A temperature calibration was done every 5–10
minutes. Deep observations of the OFF position showed no
significant emission. The different regions were observed
several times to improve the signal-to-noise ratio (S/N) in
the spectra. The raw OTF data were reduced using CLASS.
A baseline was fitted to and subtracted from each spectrum.
The spectral maps of each region were convolved with
Gaussian beams of different sizes, and Table 2 shows the
resultant rms noise for each spectral-line map convolved
with different beams.

3. RESULTS

3.1. The Region Surrounding HH 315B and HH 315C

Large-scale CO maps of the outflow associated with PV
Cep (Levreault 1984; Paper I) show that the region sur-
rounding the optical knots HH 315B and HH 315C (region
hh315b+c) is the area where most of the emission from the
northern (mostly blueshifted) outflow lobe resides (see Fig.
2). In this section, we present high spatial resolution maps
of hh315b+c, which show the structure of the outflowing
gas in detail and its spatial relation with the HH knots.

3.1.1. 12CO (2–1)Emission

Figure 3 shows 12CO (2–1) velocity-integrated maps of
the hh315b+c region, observed with the IRAM 30 m tele-
scope, for 10 different velocity ranges. The emission with the

most blueshifted velocities is shown in Figure 3b, and the
emission with the most redshifted velocities is shown in Fig-
ure 3l. Notice that not all velocity integration ranges have
the same width. The different ranges of integration were
chosen to group different channels with similar 12CO (2–1)

TABLE 1

Regions Mapped with the IRAM 30 Meter Telescope

Center Position

Region Name �B1950.0 �B1950.0

Region Size

(arcmin)

hh315b+c ........ 20 44 49.4 67 52 49 5.2� 4.2

hh215............... 20 45 26.4 67 46 13 2.2� 4.2

hh315e ............. 20 45 59.6 67 40 31 2.3� 2.3

Note.—Units of right ascension are hours, minutes, and
seconds, and units of declination are degrees, arcminutes,
and arcseconds.

67:40

67:45

67:50

67:55

20:46 20:45

PV Cephei

HH 315B

HH 315C

HH 315D

HH 215

HH 415

HH 315E

HH 315F

1 pc

hh315e

hh215

HH 315A hh315b+c

α (1950)

δ(
19

50
)

Fig. 2.—Wide-field H�+[S ii] (optical) CCD image of the HH 315 giant
HH flow, from RBD. The dashed boxes denote the areas mapped with
OTF mapping at the IRAM 30 m telescope. The name given to each region
is shown at the bottom of each region. We also show selected contours of
the large-scale blueshifted (gray) and redshifted (black) 12CO (2–1) outflow
gas (based on Fig. 1 of Paper I). In certain places the contours are cut so
that features in the optical image may be seen better. The position of the
HHknots and the position of PVCep (the outflow source) are also shown.

TABLE 2

rms Noise and Velocity Resolution of Spectral-Line Maps

RegionName Molecular Line

Beama

(arcsec)

�vb

(km s�1)

rmsc

(K) Where Used

hh315b+c ........ 12CO (2–1) 21 0.22 0.62 Fig. 3
13CO (1–0) 21 0.22 0.20 Fig. 5
12CO (2–1) 24 0.22 0.50 Figs. 11 and 13
12CO (1–0) 24 0.22 0.28 Figs. 11 and 14; mass estimatesd

13CO (1–0) 24 0.22 0.16 Mass estimatesd

hh215............... 12CO (2–1) 14 0.11 0.78 Fig. 6
13CO (1–0) 14 0.11 0.28 Fig. 7
12CO (2–1) 24 0.11 0.49 Fig. 12
12CO (1–0) 24 0.11 0.31 Figs. 12 and 16; mass estimatese

13CO (1–0) 24 0.11 0.18 Mass estimatese

hh315e ............. 12CO (2–1) 21 0.11 0.69 Fig. 10

a Size of OTFmap convolution beam. The size of each pixel in each map is always half the size of the con-
volution beam.

b Velocity resolution (width of velocity channel).
c Maximum rms (inTmb units) of all pixels not at the edge of the map.
d Outflowmass estimates of the hh315b+c region are shown in Table 3.
e Outflowmass estimates of hh215 region are shown in Table 4.
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emission structure. The gray objects shown in each velocity
map panel represent the position of the different S [ii] knots
in the region, as presented by Gómez, Kenyon, & Whitney
(1997, hereafter GKW).

The highest velocity (most blueshifted) CO outflow emis-
sion is shown in Figure 3b. The gas at these velocities is con-
centrated at the position of the HH 315B optical knot. The
lowest (plotted) contour of integrated emission shows wing-
like extensions that point toward the position of the outflow
source (PV Cep). The shape of the contours at these high
velocities is suggestive of a bow shockmorphology.

At slightly lower (less blueshifted) velocities, the outflow
gas is concentrated along the main HH 315B optical knot
(see Figs. 3c and 3d ). The gas emission surrounding HH

315B in Figures 3c and 3d is mainly concentrated south of
the emission peak in Figure 3b and has an elongated mor-
phology toward the position of PV Cep. This is consistent
with a picture where the highest velocities are at the head of
the shock (Fig. 3b), where the gas is currently being
entrained, and the slower wake of previously entrained gas
is found behind the head of the shock (emission in Figs. 3c
and 3d near HH 315B).

The most striking feature of the velocity maps shown in
Figure 3 is the bow shock–like (or shell-like) structure of the
12CO (2–1) emission, coincident with the bow shock–like
HH 315C optical knot. The head of the CO shell coincides
with the region of brightest optical emission from HH 315C
and has wings, on both sides of the head, that point in the
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Fig. 3.—Velocity-range–integrated intensity maps of the 12CO (2–1) emission surrounding the blueshifted optical knots HH 315C and HH 315B (i.e., the
hh315b+c region; see Fig. 2). The velocity range of integration is shown in the upper left corner of each panel. The starting contour and the contour steps are
given in brackets at the lower right corner of each panel in units of K km s�1. The gray silhouettes represent the S [ii] knots in the region, fromGKW. The opti-
cal knots are identified in panel a. Panel a also shows the IRAM 30 m beam at the 12CO (2–1) frequency (1100) and the linear scale assuming a distance to PV
Cep of 500 pc. In panel gwe show the position from where the spectra, shown in Fig. 4, are taken. Each letter in panel g represents the position of the spectrum
shown in the panel (in Fig. 4) with the same letter.
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general direction of PV Cep. Hereafter we will refer to this
structure as the HH 315C CO shell. The HH 315C CO shell
is observed at different outflow velocities (see Fig. 3), and at
the slowest (less blueshifted) outflow velocities it has a width
of about 0.4 pc (see Figs. 3h and 3i). The positional coinci-
dence of HH 315C and the outflowing CO shell, in addition
to the bow shock structure of both the optical knot and the
CO outflow, is highly suggestive that these are two different
outflowmanifestations from the same ejection episode.

It is interesting to note that even though HH 315C is
expected2 to have a velocity of �100 km s�1, the outflowing
gas associated with the HH 315C CO shell has radial out-
flow velocities of no more than �5 km s�1 (which at most
could indicate maximum true space outflow velocities of
about 30 km s�1, if we assume that the angle between the
flow axis and the plane of the sky is about 10�). The dispar-
ity between the velocity of optical HH knots and the velocity
of their corresponding CO outflow has always been a puz-
zle. In a momentum-conserving interaction one would
expect the more massive component to end up with a slower
velocity than the less massive component. So, the apparent
disparity between optical and molecular outflow velocities
could be explained if the optical flow is much less massive
than the molecular outflow (which is what is expected). In
addition, it could be that the HH object originally had a
larger velocity (the usual 100–200 km s�1), but it has decel-
erated as it interacts with the ambient medium to velocities
closer to 30–50 km s�1—much like the giant HH flow HH
34 (Devine et al. 1997; Cabrit & Raga 2000). If such is the
case, then the apparent disparity between optical and CO
outflow velocity would be much less (almost negligible). We
will not be sure of the exact kinematics of HH 315C until
spectra and proper motions are measured for this optical
knot. Independent of the kinematics of the HH 315C optical
knot, what is really important to the discussion of this paper
is that the morphology of the outflowing molecular gas in
the hh315b+c region, along with other factors discussed
below, strongly suggests that the molecular outflow is bow
shock driven.

In Figure 3j we show the 12CO (2–1) integrated over the
velocities between 1.01 and 1.89 km s�1. The ambient cloud
velocity in this region is 1.5 km s�1 (see Paper I), and so
most of the ‘‘ ambient ’’ cloud is found at this velocity range.
In Figure 3k we plot the 12CO (2–1) integrated over the
velocities between 1.89 and 2.55 km s�1. This velocity range
also includes emission from ambient cloud gas, since the gas
emission shows an extended, cloudlike, morphology. In
both Figures 3j and 3k, the density gradient of the cloud is
clearly seen; the cloud’s edge is in the east, and the density
increases toward the west. At these ambient velocities, there
is an increase in the column density at the position of the dif-
ferent small knots that comprise the HH 315C knot. In
addition, the 12CO (2–1) contours near the HH 315C knots
curve, following the bowlike configuration of the optical
knots. Thus, we see that the HH 315C CO shell structure is
also detectable at ambient cloud velocities—evidence that
the HH 315 flow has altered the ambient gas distribution at
distances as far as �1.5 pc from the source (see Paper I for
more on this).

The 12CO (2–1) map integrated over the range of 2.55 km
s�1 < v < 3:65 km s�1 (Fig. 3l ), which is redshifted with

respect to the ambient cloud velocity of the region, shows a
‘‘ clump ’’ of emission coincident with the HH 315C optical
knot. Similar to what is seen in the other (blueshifted) veloc-
ity-integrated maps in Figure 3, the 12CO (2–1) intensity
contours curve, following the bowlike arrangement of the
HH 315C optical knots. This redshifted emission is presum-
ably outflowing gas accelerated by the ‘‘ back side ’’ of the
shock front associated with HH 315C.

In Figure 4 we show several sample 12CO (2–1) spectra
from the hh315b+c region. It is interesting to note the dras-
tic differences between spectra from regions very close to
each other. Also, notice that the outflow emission is not a
smooth low-level wing at blueshifted velocities. Instead, it is
made of different velocity (spectral) components, which
sometimes are stronger than the ambient cloud component.

3.1.2. 13CO Emission

The 13CO emission in the HH315b+c region has less com-
plicated velocity structure than the 12CO emission. Similar
to what is observed in the large-scale map (see Fig. 3 in
Paper I), the 13CO (1–0) emission at velocities greater than
1.5 km s�1 in this region is very weak (Tmbd0:6 K), and
hence most of the 13CO emission in this region is blueshifted
compared to the cloud’s ambient velocity. In Figure 5 we
show three different 13CO velocity-integrated intensity
maps. The different ranges of integration were chosen to
group different channels with similar 13CO (1–0) emission
structure.

The 13CO vaguely follows the 12CO bow shock structure
associated with HH 315C. Both the north and the south
bow shock wings are clearly present in 13CO emission, yet
there is very little 13CO emission at the location of the bow
shock apex. The north and south 13CO bow wings are spa-
tially coincident with the 12CO bow wings with similar
velocities. We do not detect any 13CO emission associated
with the high-velocity gas surrounding the HH 315B knot.
The structure of the high spatial resolution 13CO is consis-
tent with our original hypothesis (Paper I) that the blue-
shifted northern lobe of the HH 315 molecular outflow has
‘‘ pushed ’’ aside gas, creating a shell-like structure at its
edges, which is dense enough (ne500 cm�3) that it is
detected in 13CO (1-0) emission.

3.1.3. Mass

In Table 3 we list the mass for each of the velocity ranges
shown in Figure 3. The mass was obtained using our high-
resolution (IRAM 30 m) 12CO (1–0) and 13CO (1–0) data,
with the procedure described in Paper I. The only difference
in the procedure is the use of the average excitation tempera-
ture (�TTex), given in Table 3, to estimate the outflow mass of
a given velocity range (rather than using Tex ¼ 10:5 K for
all velocities). Notice that the mass of the ambient cloud
velocity range (1.01 km s�1 < v < 2:55 km s�1) is approxi-
mately the same as the sum of the rest of the velocity ranges.
This implies that in this region the outflow mass is approxi-
mately the ambient cloud mass. We first noticed this with
our large-scale COmaps (Paper I), and its importance is dis-
cussed there.

3.2. The Region Surrounding HH 215 and PVCep

The other region studied at high resolution with the
IRAM 30 m telescope is the area surrounding the outflow
source, PV Cep. This area is where most of the southern

2 Most, but not all, HH objects have been found to have velocities
between 100 and 200 km s�1 (Hartigan et al. 2000; Reipurth & Bally 2001).
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(redshifted) outflow resides (see Fig. 2). In addition, the area
observed also covers the area north of PV Cep where the
chain of five optical knots that make up HH 215 have been
detected (GKW). We call this whole area the hh215 region.
We note that in this region, the central ambient cloud veloc-
ity is vamb; south ¼ 2:5 km s�1 (see Paper I), and so outflow
velocities in the hh215 region are defined as the observed
velocity minus 2.5 km s�1.

3.2.1. 12CO (2–1)Emission

In Figure 6 we show the integrated intensity, over four
different velocity ranges, of the 12CO (2–1) in the hh215
region. Notice that not all velocity integration ranges have
the same width. The different ranges of integration were
chosen to group different velocity (spectral) channels with
similar 12CO (2–1) emission structure.

The most blueshifted velocity range in which we detect
12CO (2–1) emission in this region is shown in Figure 6a.
The blueshifted molecular outflow emission in this velocity
range (�0.15 km s�1 < v < 0:74 km s�1) is concentrated at
the source and north of it. The emission detected south (and
southeast) of the source in Figure 6a is from another cloud
in the same line of sight (cloud X) that we detect in our
large-scale 12CO and 13CO maps (see Figs. 2 and 3 in Paper
I). The blueshifted 12CO (2–1) outflow emission in Figure 6a
is very poorly collimated—unlike the outflowing redshifted
emission discussed below—nor does it show the nice bow
shock structure observed in the hh315b+c region.

In Figure 6b we show the (blueshifted) 12CO (2–1) inte-
grated emission over the velocity range between 1.62 km
s�1 < v < 2:06 km s�1. We do not include an integrated
velocity map for velocities between 0.74 and 1.62 km s�1,
since at these velocities the 12CO is dominated by the emis-
sion from cloud X all through the mapped region and so no
outflow features are observed. The velocity range in Figure
6b includes velocities as close as �0.5 km s�1 to the central
ambient velocity of 2.5 km s�1, so there is some ambient
cloud emission contribution to the 12CO (2–1) emission at
these velocities. The contours were chosen to show the
brightest features. It can be seen that the emission peaks

near the position of PVCep and extends north with a fanlike
structure (with an opening angle of �90�). This wide-angle
structure does not resemble any cloud structure observed in
our large-scale maps. Thus, we believe that the emission
north of PV Cep in Figure 6b comes from the slowest,
detectable (blueshifted) outflow emission in the hh215
region. This slow outflow gas has a morphology that is con-
sistent with it being entrained by a wide-angle wind. We fur-
ther discuss this in x 4.3.3.

The emission south of PV Cep in Figure 6b is ambient
cloud emission, which we easily identify with a structure
seen in our large-scale maps. Notice that this emission south
of PV Cep in Figure 6b delineates the walls of the cavity
cleared by the redshifted outflow lobe (Figs. 6c and 6d). This
cavity is also observed in our large-scale map, and we dis-
cuss its importance in Paper I.

Between velocities 2.06 and 3.16 km s�1, the detected
12CO (2–1) comes from (extremely optically thick) ambient
emission, which shows no (or very little) structure. The
slowest detectable redshifted outflow emission is at v � 3:2
km s�1, and it is easily identified as outflow gas from the
obvious non-cloudlike morphology of the gas emission.

The redshifted outflow gas shows a very peculiar struc-
ture, very different from the wide-angle blueshifted outflow
emission discussed above. At the lowest redshifted velocities
(Fig. 6c) the 12CO (2–1) integrated intensity peaks at the
position of PV Cep and has a cometary-like extension
toward the east and a collimated (jetlike) extension toward
the south. The east-west cometary-like structure is clearly
detected only at the velocities between �3.2 and 5.2 km s�1

and extends farther than the eastern limits of our map. We
believe that this cometary-like structure is associated with
the motion of PV Cep through the cloud (see A. A. Good-
man & H. G. Arce 2002, in preparation). The north-south
structure seen in Figure 6c extends about 1<75 (�0.25 pc)
and resembles a curving (or wiggling) CO jet, with an east-
ward bent at�10 south of PV Cep.

At high (redshifted) outflow velocities (see Fig. 6d) we
detect a north-south 12CO structure similar to the one seen
in Figure 6c. About 5000–6000 south of PV Cep there is a
‘‘ bump,’’ where the collimated north-south structure

TABLE 3

Mass at Different Velocity Ranges in hh315b+c

Velocity Rangea

(km s�1)

�TTex
b

(K)

Mass

(M�)

Momentumc

(M� km s�1)

Kinetic Energyc

(1043 ergs)

�15.27< v<�10.43........ 21.7 0.01 0.14 1.94

�10.43< v<�6.03.......... 18.6 0.03 0.25 2.27

�6.03< v<�3.39 ........... 17.8 0.05 0.30 1.76

�3.39< v<�2.29 ........... 15.4 0.07 0.30 1.26

�2.29< v<�1.19 ........... 13.0 0.17 0.53 1.64

�1.19< v<�0.09 ........... 11.0 0.76 1.52 3.10

�0.09< v< 1.01 .............. 10.5 2.88 2.65 2.69

1.01< v< 1.89d................ 10.5 3.92 . . . . . .
1.89< v< 2.55d................ 10.5 1.31 . . . . . .

2.55< v< 3.65 ................. 10.5 0.58 0.77 1.08

a Velocity ranges are the same ranges as the ones in Fig. 3.
b Average excitation temperature at the given velocity range, using eq. (1), except

for last four rows, where �TTex ¼ 10:5 (from Paper I).
c Radial component only. Value not corrected for the inclination angle (i) of the

outflow axis with respect to the plane of the sky. If correction is to be done, we rec-
ommend i � 10�.

d Ambient cloud velocity range.
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widens. As discussed later (x 4.3.2), this bump is most prob-
ably due to the entrainment of the ambient gas by a red-
shifted counterepisode of HH 215. South of the bump the
jetlike structure continues, and it ends about 20 (�0.29 pc)
south of PV Cep, slightly further south than the north-south
structure in Figure 6c.

3.2.2. 13CO Emission

In Figure 7 we show three different velocity-integrated
intensity maps of the 13CO (1–0) emission in the hh215 area.
Similar to the other velocity-integrated maps presented
here, the ranges of integration were chosen to group differ-
ent velocity (spectral) channels with similar 13CO (1–0)
emission structure.

Figure 7a shows the most blueshifted 13CO emission in
the hh215 area, at velocities between 1.73 and 2.28 km s�1.
The velocity range is very narrow (only 0.55 km s�1 wide),
and the velocities are close to the central ambient gas veloc-
ity (2.5 km s�1). The blueshifted 13CO integrated intensity
map (Fig. 7a) shows a clearV-shaped structure with its apex
at the position of PV Cep. As shown in Figure 8, this 13CO
structure is coincident with the optical reflection nebula
north of PV Cep (Cohen et al. 1981; Gledhill, Warren-
Smith, & Scarrot 1987; Levreault & Opal 1987; Neckel et al.
1987; Scarrot, Rolph, & Tadhunter 1991; Reipurth, Bally,
& Devine 1997a, hereafter RBD; GKW) and encloses the
wide-angle 12CO (2–1) blueshifted outflow seen in Figure
6b. Thus, it appears that 13CO in this velocity range traces
the limb-brightened walls of a wind-blown cavity. We dis-
cuss this further in x 4.3.3.

The other two velocity-integrated intensity maps of 13CO
(1–0) (Figs. 7b and 7c) come from redshifted velocities (com-
pared to the ambient cloud velocity of 2.5 km s�1). The

13CO integrated intensity emission in Figure 7b resembles
(and coincides with) the east-west cometary-like structure in
the 12CO (2–1) integrated intensity map in Figure 6c. In
addition to the east-west structure, there is a low-emission
north-south elongation, which partly coincides with the
north-south 12CO (2–1) jetlike structure in Figure 6c and
extends only �1<3 (0.18 pc) south of PV Cep. Figure 7c
shows the most redshifted 13CO emission in the hh215
region. At these velocities the 13CO emission is very weak
compared to the other velocities shown, and the maximum
emission is just south of PV Cep.

In Table 4 we list the mass for each of the velocity ranges
shown in Figure 6. The mass was obtained using our IRAM
30 m 12CO (1–0) and 13CO (1–0) data, using the procedure
described in Paper I (with Tex ¼ 10:5 K for all velocity
ranges). In Figure 9 we show sample 12CO (2–1) and 13CO
(1–0) spectra from the hh215 region.
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TABLE 4

Mass at Different Velocity Ranges in hh215

Velocity Rangea

(km s�1)

Mass

(M�)

Momentumb

(M� km s�1)

Kinetic Energyb

(1043 ergs)

�0.15< v< 0.74 ....... 0.01 0.03 0.06

1.62< v< 2.06 .......... 0.94 0.43 0.23

3.16< v< 4.15 .......... 1.31 1.25 1.28

4.15< v< 6.46 .......... 0.27 0.30 1.51

a Velocity ranges are the same ranges as the ones in Fig. 6.
b Radial component only. Value not corrected for the inclination

angle (i) of the outflow axis with respect to the plane of the sky. If cor-
rection is to be done, we recommend i � 10�.
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3.3. The Region Surrounding HH 315E

The sensitivity of our observations in the hh315e region is
similar to that of the other regions (see Table 2). So, if the
column density of the outflowing CO gas in the hh315e
region were similar to that of the other regions, then out-
flowing CO should be easily detectable. But, even though
HH 315E is the counterknot of HH 315B—where we detect
CO with the highest blueshifted outflow velocities—we do
not detect any outflow emission in the region surrounding
the optical knot HH 315E.

In Figure 10 we show an average 12CO (2–1) spectrum of
the hh315e region. The spectrum does not show any red-
shifted low-level wing, or another velocity component red-
shifted from the ambient emission, as might be expected for
a redshifted CO outflow lobe spectrum. Instead, the spec-
trum shows mainly ambient gas emission from the cloud
associated with PV Cep (the ‘‘ PV Cep cloud ’’), which peaks
at v � 2:5 km s�1 (see Paper I). The bump in the spectrum
seen at blueshifted velocities is due to ‘‘ contaminating ’’
emission from another cloud in the same line of sight. We fit
a double Gaussian to the average spectrum, and from the fit
we obtain that the PV Cep cloud component (centered at
�2.5 km s�1) has a width (FWHM) of �0.8 km s�1. Even if
we fit a single Gaussian, the resultant velocity width is 1.1
km s�1.

A 12CO (2–1) spectrumwith such a narrow velocity is usu-
ally observed in quiescent ambient gas clouds rather than in
regions affected by stellar outflows. HH knots are shocks
arising from the interaction of a high-velocity flow of gas
ejected by a young stellar object and the ambient medium.
Thus, we know that the outflow mass ejection responsible
for the HH 315E optical knot is interacting with its sur-
rounding medium because HH 315E is detected. It is strange
that even though the column density of the ambient (molec-
ular) gas in the hh315e region is more than the column den-
sity of the ambient (molecular) gas surrounding HH 315B,
we see no evidence of outflow-cloud interaction in our CO
spectra. One possible explanation is that the relatively high
CO column density observed is all (or mostly) due to CO in
front of HH 315E and that HH 315E is interacting only with
atomic gas behind the PV Cep cloud.

4. ANALYSIS AND DISCUSSION

4.1. Temperature Distribution

We use our 12CO (1–0) and 12CO (2–1) data in concert to
study the excitation temperature (Tex) across the mapped
regions. We then use the estimate of the temperature varia-
tions in our map to discern between different molecular out-
flow entrainment models. Since estimating the excitation
temperature of optically thick (� > 1) gas is very unreliable
(see, e.g., Fig. 5 in Hatchell, Fuller, & Ladd 1999), we will
try to estimate the excitation temperature only of optically
thin (� < 1) CO gas. And so, to obtain our temperature esti-
mates, we will use the optically thin approximation and the
following equation (Bachiller & Tafalla 1999):

R21=10 ¼ 4e�11=Tex ; ð1Þ

whereR21=10 is the
12CO (2–1) to 12CO (1–0) line ratio.

We warn that equation (1) is only exact in the optically
thin limit (�5 1). Using equation (1) with gas with an opac-
ity as low as � � 0:1 would lead to an underestimation of
the real excitation temperature. If � � 0:1, the discrepancy
stays within 20% for CO line ratios lower than 2.5, but for
line ratios higher than 2.8, the error in Tex exceeds 40%. In
any case, it is still true that for any given opacity, the higher
the line ratio, the higher the excitation temperature. So even
though equation (1) does not give a perfect estimate for
�e0:01, we can still use it to investigate the relative temper-
ature distribution.
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4.1.1. The hh315b+c Region

To estimate the excitation temperature of the outflow gas
in the region surrounding the optical knots HH 315B and
HH 315C, we used velocity-integrated maps of the 12CO (2–
1) and 12CO (1–0) lines. For each velocity-integrated map,
we produced a map of the line ratio (R12=10) and then a map
of the excitation temperature, using equation (1). Five gray-
scale maps ofTex are shown in Figure 11 (the velocity ranges
of integration are the same as Figs. 3b–3f ). Gas with veloc-
ities close to the ambient velocity is optically thick, and so
we do not obtain an estimate of Tex for gas at those veloc-
ities. For each gray-scale temperature map, we superim-
posed the 12CO (2–1) velocity-integrated intensity contours.
We obtain a value of Tex only for pixels with an S/N of at
least 5, in both 12CO (2–1) and 12CO (1–0). We masked (set
Tex ¼ 0) the low-S/N pixels and those (few) that gave
unphysical negative values of Tex.

In all panels of Figure 11, there is a discernible trend in
which there is a temperature increase in regions with high-
velocity outflowing CO emission. That is, whereas
Tex ¼ 10:5 K for ambient cloud velocities (see Paper I),
Tex > 11 K for outflowing gas. In addition, the average Tex
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938 ARCE & GOODMAN Vol. 575



increases with outflow velocity (see also Table 3). This tem-
perature distribution is consistent with the temperature dis-
tribution expected for a molecular outflow formed by bow
shock (prompt) entrainment. Analytical and numerical jet-
driven bow shock models show that the temperature of the
accelerated gas that forms the molecular outflow should be
higher than the ambient gas. In addition, the temperature is
also expected to rise with increasing outflow velocity (e.g.,
Hatchell et al. 1999; Lee et al. 2001).

It should be noted that the warmer outflowing gas
observed does not come directly from the shock cooling
length behind the shock front. Bow shock–driven outflow
models predict that the outflowing gas is heated as a conse-
quence of the acceleration (i.e., increase in kinetic energy) of
the gas driven by the momentum-conserving interaction
between the bow shock and the ambient medium (see
Hatchell et al. 1999 for more on this). Another possible
source of heating near an HH object may be the UV radia-
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tion from the jet shock (see Wolfire & Königl 1993; Taylor
&Williams 1996).

4.1.2. The hh215 Region

The 12CO gas detected (at most velocities) in the hh215
region is moderately optically thick (� � 1; see Paper I), and
so estimates of the excitation temperature are very unreli-
able. Hence, we study the relative temperature distribution
by studying the spatial distribution of the CO line ratio
(R21=10).

The map of the CO line ratio of the blueshifted outflow
gas in the hh215 region does not show any significant struc-
ture and hence is not shown. The only clear trend in this
map is that there is an increase in R21=10 at the position of
the source, implying there is an increase in temperature at
the position of PV Cep.

In Figure 12 we plot the average line ratio along the axis
of the redshifted molecular outflow lobe. To do this, we
determine the average value of R21=10 over the width of the
jetlike outflow lobe, for each row of pixels, and then plot it
as a function of declination offset from the source. The line
ratio shown in Figure 12 has a maximum at the source posi-

tion, then it decreases with distance from the source up to
about 3600 south of PV Cep. At about 6000 south of the out-
flow source position, R21=10 reaches a local maximum. Far-
ther south, along the outflow lobe axis, the CO line ratio
stays approximately constant.

Models where the molecular outflow is formed by turbu-
lent mixing of the ambient gas along the sides of a jet or
wind predict that the gas temperature should have a maxi-
mum temperature at (Cantó & Raga 1991) or very close to
(Lizano & Giovanardi 1995) the position of the source and
decrease monotonically with distance from the source.
Entrainment models where the gas is accelerated solely by
the leading bow shock in a jet predict that the gas tempera-
ture should be minimum at the outflow source and increase
toward the head of the bow shock, where the gas tempera-
ture peaks. Therefore, the gas temperature distribution
implied by our measurements ofR21=10 is not entirely consis-
tent with an outflow entrained by the leading jet bow shock
or by a turbulent mixing layer along the sides of a jet.

One alternative explanation is that the outflow is
entrained by a time-varying (pulsed) jet. A time-varying jet
will have internal bow shocks (usually called internal work-
ing surfaces) along its axis (see, e.g., Raga et al. 1990; Stone
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& Norman 1993b; Lee et al. 2001), and the gas temperature
should increase at the head of each internal shock. Thus,
each local increase in the CO line ratio could arise from the
local increase in temperature expected at the head of each
internal bow shock. In this picture, the increase in line ratio
6000 south of PV Cep could be due to the redshifted counter-
knot of HH 215(1)—presumably also responsible for the
bump in the integrated intensity of the redshifted molecular
outflow lobe (see Fig. 12). We further discuss this in x 4.3.2.
The increase in temperature at the source position could
arise from an unresolved internal working surface very close
to PV Cep.

4.2. Kinematics andMomentumDistribution

Studying the velocity and momentum distribution of the
molecular outflowmay help us distinguish between different
entrainment models. It also helps us better understand how
young stellar outflows interact with the ambient gas.

4.2.1. Kinematics of the hh315b+c Region

In Figure 13 we show a 12CO (2–1) position-velocity (p-v)
diagram of the hh315b+c region. This p-v diagram was con-
structed by rotating our image of the hh315b+c region by
43� and summing the 12CO (2–1) spectra at each row of
pixels.

Figure 13 clearly shows that the velocity peaks at the posi-
tion of HH 315B and decreases toward the position of the
source. This velocity distribution, where the velocity peaks
at the shock head and decreases toward the outflow source,
is consistent with models of bow shock–entrained molecular
outflows. For these models such velocity structure is a natu-
ral consequence of the fact that the highest (radial) velocities
are found at the head of the bow shock while the velocity
decreases toward the wings.

Lee and coworkers’ recent analytical (Lee et al. 2000) and
numerical (Lee et al. 2001) studies show detailed p-v dia-
grams of wide-angle wind driven molecular outflows. Their

results indicate that the p-v diagrams of wide-angle wind
driven molecular outflows have noticeable differences com-
pared with the predicted p-v diagram for bow shock–
entrained molecular outflows (see Fig. 1 for a schematic
illustration of this). We do not see any indication in Figure
13 of a structure similar to that shown in the p-v diagrams of
Lee et al. (2000, 2001) for wide-angle wind driven molecular
outflows.

Figure 13 shows that the highest outflow velocities are at
the head of the shock (i.e., HH 315B) and that the rise in
velocity associated with HH 315B is restricted to a limited
region of no more than 10000 (�0.2 pc). This indicates that
most, if not all, of the entrainment is taking place at the head
of the HH 315B shock. Thus, we totally discard turbulent
entrainment along the sides of a jet (or wind) as the mecha-
nism responsible for the outflowing gas associated with the
HH 315B optical knot, and we suggest that bow shock
entrainment is responsible instead.

North of HH 315B, there are two more local peaks in the
velocity (see Fig. 13). Both of the velocity peaks come from
outflowing gas associated with the HH 315C molecular bow
structure. The northernmost local velocity peak is coinci-
dent with the brightest optical emission in HH 315C, which
is also the head of the optical bow shock. The other local
peak in velocity associated with HH 315C (at a distance of
�10000 from HH 315B in Fig. 13) comes from outflow gas in
the wings of the HH 315C CO bow (see Figs. 3c and 3d). As
discussed above, a bow shock–entrained molecular outflow
should have the peak velocity at the head of the shock, and
no local peak in velocity is expected at the bow wings. The
velocity structure of the outflowing gas associated with HH
315C does not resemble the velocity structure of a wide-
angle wind driven molecular outflow either (see Lee et al.
2000, 2001). Turbulent entrainment is again discarded since
the head of the shock does not show the slowest velocities in
the outflow, as predicted by turbulent jet models. Although
the kinematics of the molecular outflow associated with HH
315C are not entirely consistent with bow shock entrain-
ment, other pieces of evidence presented here suggest that
bow shock entrainment is still the best candidate (see x 4.3.1
for further discussion).

4.2.2. MomentumDistribution in the hh315b+c Region

In order to study the momentum distribution of the blue-
shifted outflowing gas surrounding HH 315B and HH315C,
we constructed a momentum map of the region. The map
was produced using the technique to estimate mass
described in Paper I. With this method we obtain a map of
the outflow mass for each position pixel and velocity chan-
nel ðx; y; vÞ. We multiply the mass at each ðx; y; vÞ by the
(radial) outflow velocity corresponding to the given velocity
channel (vout ¼ v� vamb; north) to obtain the line-of-sight (or
radial) momentum at each pixel and channel. By integrating
(summing) over velocity channels ½

P
mðx; y; viÞvout; i ¼

Pðx; yÞ�, we obtain a momentum map over a given velocity
range.

We stress that we are considering only the line-of-sight
(or radial) component of the outflow momentum. In order
to obtain the true momentum one needs to assume an incli-
nation angle (i) between the flow’s axis and the plane of the
sky. By comparing the p-v diagram of the hh315b+c region
(Fig. 13) with the p-v diagram of modeled bow shock–driven
outflows (e.g., Lee et al. 2000, 2001; Smith et al. 1997), it
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appears that 0� < i < 30� in the hh315b+c region. In addi-
tion, the precession model of GKW estimates that HH 315
has an inclination to the plane of the sky of about 10�. Thus,
a value of i � 10� seems adequate for HH 315. For the pur-
pose of the entrainment mechanism studied in this paper, it
is not important to correct the momentum by the inclination
angle. However, if the true outflow momentum (and kinetic
energy) is desired, we recommend that a value of i � 10�

should be used.
In Figure 14 we show the momentum map of the

hh315b+c region, integrated over the velocity range�15.27
km s�1 < v < �0:09 km s�1. The bowlike structure of the
outflowing gas associated with HH 315C is clearly seen in
the momentum map. In this structure the bow wings show
more momentum than the head of the bow. In addition, the
southwestern wing has considerably more momentum than
the northeastern bow wing. The maximum momentum in
Figure 14 is nearly coincident with the brightest optical
emission in HH 315B, and it is surrounded by a region of
relatively high momentum extending south and extending
east of the momentum peak. This extension traces the bow
wings of the HH 315BCO bow shock, similar to what is seen
in the HH 315CCO bow shock, but at a smaller scale.

In a bow shock–driven outflow model the outflowing gas
velocity peaks at the head of the bow shock. The momen-
tum (p ¼ mv), on the other hand, is dependent on the under-
lying ambient cloud mass distribution (Chernin & Masson
1995). If a bow shock from a stellar wind mass ejection were
to interact with an ambient gas with a perfectly uniform
density distribution, the resultant molecular outflow
momentum would peak at the head of the bow shock. This
is not the case for HH 315C. As discussed in x 3.1, in this
region there is a gradient in the ambient cloud density (seen
in the ambient CO emission; see Figs. 3j and 3k), which
increases from east to west. This explains why the southwest
bow wing has more momentum than the northeast bow
wings. Near both southwest and northeast bow wings the
gas is denser than the gas at the head of the bow structure
(we detect only 13CO emission near the HH 315C CO bow
wings; see Fig. 5), thus the increase in momentum along the

bow wings with respect to the bow head. We conclude that
the momentum distribution of the HH 315C molecular bow
structure can be explained by the bow shock entrainment of
ambient gas with a nonuniform density distribution.

The momentum distribution of the outflowing gas associ-
ated with HH 315B follows what is expected for a bow
shock–entrained outflow in a relatively flat ambient density
distribution. As can be seen in Figure 3, the outflowing gas
associated with HH 315B is constrained to a small area sur-
rounding HH 315B, and the ambient cloud density is
approximately constant within that area. In Figure 14, the
momentum peaks practically at the presumed bow shock
head, and the momentum decreases away from the head,
along the wings, toward the direction of the outflow source.

4.2.3. Velocity Distribution in the hh215 Region

Similar to hh315b+c, we studied the velocity distribution
of the hh215 area by constructing a position-velocity dia-
gram of the 12CO (2–1) emission. The p-v diagram, shown in
Figure 15, was made by summing all spectra over the width
of the hh215 area at each different row of pixels, resulting in
a declination-velocity diagram.

There are several interesting features in the hh215 p-v dia-
gram. The redshifted gas shows two distinctive velocity
peaks; one is coincident with the position of PV Cep, and
the other is �6000 (0.15 pc) south of PV Cep. Most of the
slow redshifted velocity coincident with the outflow source
position comes from the east-west cometary-like structure
seen in Figure 6c. We believe that most of this structure is a
result of the motion of PV Cep through its parent cloud (see
A. A. Goodman & H. G. Arce 2002, in preparation). So,
most of the slow redshifted gas at the position of PV Cep is
not related to the HH 315 outflow. Thus, we consider only
the redshifted gas south of PV Cep as being part of the
outflow.

The peak in velocity, �0.15 pc south of PV Cep, is coinci-
dent (within the 1100 beam of the telescope) with the ‘‘ out-
flow clump ’’ (or local maximum in the outflowing CO)
south of PV Cep, seen in the 12CO (2–1) velocity-integrated
map shown in Figure 6d. A peak in outflow velocity coinci-
dent with the position of an outflow clump has been attrib-
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uted, in other outflows, to be evidence for bow shock
(prompt) entrainment from a mass ejection episode (e.g.,
RNO 43, Bence et al. 1996; HH 300, Arce & Goodman
2001b).

We believe the optically undetected redshifted counter-
knots of the HH 215 chain of knots (see Fig. 6) are responsi-
ble for the entrainment of the redshifted outflow gas south
of PV Cep. Each of the three major blueshifted knots of HH
315 (knots A, B, and C) have a redshifted counterknot (see
Fig. 2), and for each of the three redshifted-blueshifted knot
pairs, the distance from PV Cep to the blueshifted knot is
the same (within 10%) as the distance from PV Cep to the
corresponding redshifted counterknot (RBD). One would
reasonably expect the same for the HH 215 knots, and so we
believe that the rise in velocity �0.15 pc south of PV Cep is
produced by the (unseen) counterknot of HH 215(1). It is
very probable that optical observations have not detected
HH knots in the corresponding location south of PV Cep
because of the high extinction in this region.

As discussed in x 3.2, we detect a wide-angle blueshifted
outflow emission north of PV Cep, in the hh215 region. In
the p-v diagram (Fig. 15), the blueshifted gas shows a Hub-
ble-like velocity distribution; the slowest blueshifted veloc-
ity (detached from the ambient cloud emission in the p-v
diagram) is at �0.1 pc north of PV Cep, and the average
blueshifted outflow velocity increases with distance from

the source, off our map limits (see Fig. 15). Given the limited
coverage of the area, we cannot conclude if such velocity
distribution is consistent with a bow shock–driven outflow
model or a wide-angle wind driven molecular outflow
model.

4.2.4. MomentumDistribution in the hh215 Region

As discussed in x 3.2, we are unable to estimate the total
mass and momentum from the blueshifted outflow gas just
north of PV Cep (in the hh215 region) because of contami-
nation from the emission from another cloud in the same
line of sight. This hinders our ability to compare the total
blueshifted momentum with that expected by different
entrainment models. Hence, we do not consider it here.

One the other hand, we can study the outflowmomentum
distribution of the redshifted lobe. In Figure 16, we plot the
average momentum along the redshifted outflow axis, using
a momentum map integrated over the velocity range of 3.16
km s�1 < v < 6:46 km s�1. This plot was constructed by cal-
culating the average momentum at each horizontal row of
pixels along the north-south axis of the outflow and then
plotting the average momentum as a function of distance
from the source. In order to avoid redshifted emission not
associated with the redshifted outflow lobe (i.e., the comet-
ary-like east-west structure), we averaged the momentum
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over a restricted area, which includes only the north-south
redshifted jetlike outflow structure (see Fig. 16). The aver-
age momentum along the redshifted lobe axis has a maxi-
mum at the source position, and it decreases with distance
from the source. This momentum distribution is very similar
to that predicted by Chernin & Masson (1995) for an out-
flow consisting of material swept-up by a jet bow shock
traveling through an ambient cloud with a density gradient
proportional to r�a, where 1 � a � 2. In this model the out-
flow momentum decreases with distance from the outflow
source because the ambient cloud density decreases with dis-
tance from the young star. The ambient density of the PV
Cep cloud (as implied by the integrated intensity 13COmaps
of the cloud in Paper I) monotonically decreases with dis-
tance from PV Cep in the region where we detect the red-
shifted jetlike outflow feature. Therefore, the bow shock
entrainment model of Chernin &Masson (1995) can be used
to explain the momentum distribution along the axis of the
redshifted outflow lobe in the hh215 region.

4.3. Bow Shocks, Jets, andWide-AngleWinds

The temperature distribution, the kinematics, the
momentum distribution, and themorphology of the outflow
gas may all be used to deduce the most likely entrainment
mechanism responsible for the molecular outflow. In this
section we summarize our results and discuss which are the
most likely entrainment mechanisms that accelerate the
molecular gas of the outflow associated with PV Cep.

4.3.1. BlueshiftedCO Bow Shocks in HH 315C and HH 315B

In Table 5 we list the properties of the outflow gas associ-
ated with HH 315B. The morphology as well as the temper-

ature, velocity, and momentum distributions of the outflow
gas are all consistent with bow shock entrainment models.
Thus, we conclude that the outflow gas associated with HH
315B is bow shock driven.

In Table 6 we list the characteristics of the molecular out-
flow gas associated with HH 315C. Some of the properties
listed are consistent with both bow shock and wide-angle–
wind entrainment. As discussed below, HH 315 is an episo-
dic outflow, in which HH 315C and HH 315B come from
consecutive episodes. The mass ejection episode responsible
for HH 315B entrains the ambient gas with a bow shock, so
the same is expected for HH 315C. It is highly unlikely that
two consecutive mass ejection episodes interact with the
environment through two different mechanisms. Thus, we
suspect that the outflow gas associated with HH 315B and
that associated with HH 315C are both produced by the
bow shock entrainment of an episodic jet.

We note that there is still the possibility that the underly-
ing stellar wind that produces the outflow in this area is
technically not a jet bow shock but a very collimated angle-
dependent wind. How a wide-angle wind interacts with the
ambient gas depends on the angular distribution of the wind
force (e.g., Matzner & McKee 1999 and references therein).
If the wind force is highly concentrated on the pole, then the
wind would essentially be jetlike. This jetlike wind would
interact with the ambient medium very much like a bona
fide jet. Thus, outflows created by a highly collimated angle-
dependent wind and outflows created by a jet show very
similar morphologies and velocity and momentum distribu-
tions—any differences would be indistinguishable by our
observations. Thus, a very collimated angle-dependent wind
and a bona fide jet will produce practically the same entrain-
ment mechanism.

TABLE 6

Comparison of Molecular Outflow Associated with HH 315C and Results from Entrainment Models

Consistent withModel?

Parameter Description Figure Turbulent Jet Bow Shock Wide-AngleWind

Morphology........ Large and wide shell-like (or bowlike), with wings extending

in direction of outflow source

3 No Yes Yes

Temperature ....... Tex of outflow greater than ambientTex,

also increase inTex with velocity

11 No Yes No

Velocity .............. Double-peaked velocity distribution 13 No No No

Momentum......... Higher in bow (shell) wings due to underlying

ambient density distribution

14 No Yes Yes

TABLE 5

Comparison of Molecular Outflow Associated with HH 315B and Results from Entrainment Models

ConsistentwithModel?

Parameter Description Figure Turbulent Jet Bow Shock Wide-AngleWind

Morphology........ Small bowlike, with wings extending

in direction of outflow source

3 No Yes No

Temperature ....... Tex of outflow greater than ambientTex,

also increase in Tex with velocity

11 No Yes No

Velocity .............. ‘‘ Spurlike ’’—maximum velocity at position

of HH 315B (shock head)

13 No Yes No

Momentum......... Maximum at bow head 14 No Yes No
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4.3.2. The RedshiftedCO Jet South of PVCep

The properties of the redshifted molecular outflow lobe
(south of PV Cep in the hh215 region) are listed in Table 7.
The redshifted outflow gas in this region shows a clear jet-
like (very collimated) structure that extends south of PV
Cep (see Fig. 17). Turbulent entrainment has been proposed
as an attractive model to explain other molecular outflows
with similar highly collimated morphologies (e.g., HH 211,
Gueth & Guilloteau; NGC 2024, Richer et al. 1992). But, as
can be seen in Table 7, the morphology is the only character-
istic of the redshifted outflow lobe that is consistent with
turbulent jet entrainment models.

Bow shock entrainment by a variable jet with internal
working surfaces seems to better explain our results. A
major internal working surface at �6000 (0.15 pc) south of
PVCepmay naturally explain all of the following character-
istics that are seen there: (1) the local increase in outflow gas
column density (i.e., outflow clump or hot spot) seen in Fig-
ure 6d; (2) the slight rise in the CO line ratio (Fig. 12); and
(3) the peak in outflow velocity (Fig. 15). We thus conclude
that the redshifted outflow gas south of PV Cep has most
likely been entrained by a variable jet with internal bow
shocks.

The chain of optical HH knots that form HH 215 is also
highly suggestive of a variable jet morphology. The average
axis of HH 215 is coincident with the general north-south
axis of the redshifted molecular outflow lobe south of PV
Cep (see Fig. 17). The HH 215 knots show a wiggling pat-
tern somewhat similar to the redshifted outflow lobe axis
(see Fig. 17). In addition, HH 215(1)—the brightest knot in
HH 215—is �5500 north of PV Cep. Thus, we strongly
believe that the redshifted molecular outflow is entrained by
the counterjet of HH 215 and that the features observed
�6000 south of PV Cep are produced by the counterknot of
HH 215(1).

It is interesting to note that although the outflow gas in
the hh315b+c region (Fig. 3) and the redshifted outflow in
the hh215 region, south of PV Cep (Fig. 17), are both pre-
sumably entrained by the same mechanism, they have very
different morphologies. The source of this seeming inconsis-
tency is apparent from the morphology of the optical HH
315 flow. Similar to other HH flows (e.g., HH 34 [Reipurth
et al. 1986; Devine et al. 1997] and HH 111 [Reipurth, Raga,
& Heathcote 1992; Reipurth et al. 1997b; RBD]), the HH
objects that make up HH 315 increase in size the further
away they are from the outflow source. We should expect

the redshifted counterknots of HH 215, south of PV Cep, to
be as compact and small as HH 215. Therefore, the red-
shifted gas south of PVCep has a jetlike appearance because
it is most probably entrained by a continuous (unresolved)
chain of small bow shocks that have a jetlike appearance.

TABLE 7

Comparison of Redshifted Molecular Outflow Lobe South of PV Cephei and Results from Entrainment Models

ConsistentwithModel?

Parameter Description Figure Turbulent Jet Bow Shock Wide-AngleWind

Morphology........ Jetlike, with wiggling axis 17 Yes Yes No

Temperature ....... OutflowTex greater than ambientTex, with local maxima at

source position and�6000 south of source along axis

12 No Yesa No

Velocity .............. Velocity peak at source and�6000 south of source 15 No Yesb No

Momentum......... Maximum at source, general decrease with distance from source 16 No Yesc No

a Consistent with bow shock entrainment by several internal working surfaces, each responsible for the rise in temperature.
b Consistent with bow shock entrainment by several internal working surfaces, each responsible for the rise in velocity. Note, most of the low-velocity red-

shifted emission at the source position is not due to the PVCep outflow.
c Consistent with bow shock entrainment with an underlying ambient density gradient of r�a, where 1 � a � 2.
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On the other hand, the transverse size of the bow shock
responsible for the blueshifted outflow associated with HH
315C is larger than the shocks associated with HH 215, and
so the CO outflow bow shock–like structure produced is
very well resolved by our observations.

4.3.3. Evidence for a BlueshiftedWide-AngleWind North
of PV Cep

The blueshifted 12CO and 13CO gas just north of PV Cep,
in the hh215 region, shows a wide-angle structure. The 13CO
integrated emission has a V-like structure that encloses the
blueshifted emission seen in 12CO (see Fig. 8). In addition,
the 13CO V-structure coincides with the walls of the optical
conical reflection nebula. Thus, we are confident that the
observed blueshifted 13CO structure traces the limb-bright-
ened walls of a wind-blown cavity. This structure is similar
to that observed in the inner regions of the B5–IRS 1 out-
flow (Langer, Velusamy, & Xie 1996; Velusamy & Langer
1998; YBB).

Approximately coincident with the cavity axis lies the
HH 215 chain of knots. These optical knots trace gas that
has recently been excited by a very collimated wind—which
seems to be very different from the wide-angle wind respon-
sible for the V-shaped cavity. One explanation that could
explain the observations is that there are two different wind
components in the northern (blueshifted) lobe close to PV
Cep: (1) a collimated ( jetlike) wind responsible for the HH
215 knots and (2) a wide-angle wind responsible for the
poorly collimated blueshifted 12CO immediately north of
PV Cep and the 13CO V-shaped structure. A similar two-
component wind is observed in the inner region of the B5–
IRS 1 outflow (see YBB).

There is evidence that a ‘‘ dual-wind component ’’ is also
present in the southern (redshifted) lobe of the outflow asso-
ciated with PV Cep. As discussed above, the collimated out-
flow lobe south of PV Cep is most probably produced by a
variable jet (the counter jet of HH 215). We do not detect a
wide-angle wind in the redshifted lobe south of PV Cep, but
optical observations of the region close to PV Cep (Gledhill
et al. 1987; Levreault & Opal 1987; Neckel et al. 1987; RBD)
have detected a fan-shaped reflection nebula south of PV
Cep, similar to the reflection nebula north of PV Cep (see
Fig. 8). It is very probable that the redshifted molecular gas
emission of the wide-angle wind south of PV Cep is ‘‘ hid-
den ’’ under the optically thick ambient cloud emission of
the region.

If the above picture is correct, a model that allows for the
coexistence of both a wide-angle and a very collimated wind
is needed to explain the outflow from PV Cep, similar to the
B5–IRS 1 outflow (YBB). So, we believe, as YBB do for B5–
IRS 1, that the sum of all the observations of the PV Cep
outflow near the source can be best described with a two-
component–wind model (like that of Hirose et al. 1997) or a
single-wind model in which the wind splits into a very colli-
mated (axial) component and a wide-angle component (like
the X-wind model of Shu et al. 1995 and references therein;
see also Shang, Shu, &Glassgold 1998).

Alternatively, as proposed to us by the anonymous ref-
eree, the wide-angle cavity could be a result of the episodic
and precessing nature of the HH 315 flow. Sideways splash-
ing from each HH flow episode could, in principle, slowly
burrow through the ambient gas, creating a wide-angle cav-
ity without the need of invoking another (wide angle) wind

component. Although it is possible that a wide-angle cavity
could be formed in such a way, we find that this picture does
not entirely fit the observations of PV Cep. For example,
sideways splashing from the HH 315C, B, and A episodes
would have helped formed a cavity with an axis tilted
toward the west, unlike the observed nice V-shaped cavity
with an almost perfect north-south axis. Also, the V-shaped
cavity is unlikely to have been produced solely by the side-
ways splashing of the HH 215 episode since the cavity
extends more toward the north than the HH 215 chain of
optical knots. Thus, we prefer a wide-angle–wind compo-
nent in order to explain the existing observational data. Fur-
ther kinematic studies of the molecular gas near PV Cep
should help clarify the nature of the wide-angle cavity.

4.4. Episodicity and AxisWandering of the HH 315 Flow

4.4.1. Episodicity

Previous optical studies have pointed out the possible epi-
sodic nature of the HH 315 giant HH flow (GKW, RBD).
The optical evidence for the episodicity of HH 315 comes
from the fact that each of the three major HH knots in each
lobe is about 0.35 pc from each other, with noHH-like emis-
sion between them. An HH knot is produced by the shock
arising from the interaction of a high-velocity flow of gas
ejected by a young star and the ambient medium. In HH
315, the HH knot pairs C-F, B-E, and A-D (see Fig. 2) are
thought to arise from three different mass ejection episodes.

Our millimeter-line data show further evidence for the
episodic nature of the HH 315 flow. The outflow gas sur-
rounding the HH 315B and HH 315C knots has a spatially
discrete structure (Fig. 3) that shows a shell-like or bowlike
structure at the position of each of the two knots. At the
head of each of these shell-like structures there is an increase
in outflow velocity (Fig. 13). A velocity increase at the posi-
tion of the optical HH knots A, B, C, and D is also observed
in the large-scale 12CO (2–1) p-v diagram of the HH 315 out-
flow (Fig. 13 in Paper I). Such morphology and velocity dis-
tribution in the molecular outflow gas is not expected if the
underlying stellar wind responsible for the creation of the
molecular outflow were made of a continuous constant flow
of ejected mass. The multiple CO shell structure and the
peak molecular outflow velocity at the head of the shock
(the position of the HH knot) are better understood if the
molecular outflow from PV Cep is formed by a wind with
sporadic episodes of copious mass loss (see also Arce &
Goodman 2001a).

4.4.2. Wandering Ejection Axis

The fact that the ejection axis of HH 315 changes over
time has been well established by the optical images of the
flow, where it is clearly seen that the HH knots trace an S-
shaped path. Tracing a line from PV Cep to the location of
each knot, it is seen that each major knot has a different
position angle on the sky. Each mass ejection should travel
in a straight line after being ejected by the young star, unless
it collides with a dense clump that could change its trajec-
tory. Our large-scale molecular gas maps (Paper I) do not
show any evidence for dense clumps that could have per-
turbed the ballistic trajectory of any ejection. Thus, the HH
knots in HH 315 are at different angles with respect to PV
Cep, because PV Cep’s angle of ejection is changing over
time (i.e., wandering or precessing). GKW have successfully
reproduced the morphology of the HH 315 flow with a sim-
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ple precession model, assuming a jet velocity of 200 km s�1,
a precession cone with full opening angle of �45�, an incli-
nation to the plane of the sky of �10�, and a precession
period of about 8300 yr. A. A. Goodman & H. G. Arce
(2002, in preparation) show that a westward motion of PV
Cep, in addition to a time-varying ejection angle, explains
the position of the HH knot pairs (A-D, B-E, and C-F) with
respect to the source better than models without transverse
source motion.

In addition to the ‘‘ precession ’’ (or change in ejection
angle) traced by the optical HH knots, our millimeter CO
data for the redshifted outflow gas in the hh215 region show
signs of a small-scale time-varying ejection angle. In Figure
17 we show the integrated intensity contours of the red-
shifted gas in the hh215 region, integrated over the velocity
range where we detect outflow emission. We made east-west
intensity cuts for all pixel rows, for the extent of the north-
south (jetlike) outflow structure. Most of the cuts show
Gaussian-like intensity profiles, so we fitted a Gaussian to
each cut and obtained the position of the Gaussian centroid
from each fit. In Figure 17, the thick black solid line plotted
over the intensity contours indicates the position of the inte-
grated emission centroid (obtained from the Gaussian fit)
along the length of the redshifted CO jetlike structure.
Assuming that the emission centroid indicates the position
of the outflow axis, we can state that the axis varies in direc-
tion over time (it wiggles). Similar wiggling morphology has
been detected in optical HH jets (e.g., Heathcote et al. 1996)
and other molecular outflows (Davis et al. 1997).

In Figure 18a we plot the presumed trajectory of the jet
axis, traced by the 12CO (2–1) velocity-integrated intensity
centroid. It can be seen in Figure 18a that the points trace a
sine-like path with a slope. We fit the centroid path with a
straight line, and we then subtract the fit to the points and
show the result in Figure 18b. A sine wave was subsequently
fitted to the slope-corrected points (see Fig. 18b). Notice
that the points at the peaks and valleys (of the sinusoidal
trace) increasingly deviate from the sine fit, the farthest
away from the source. This behavior, where the axis traces a
cone (projected on the plane of the sky) rather than a cylin-
der, is suggestive of a ‘‘ precession cone ’’ expected for a flow
with a quasi-periodic time-varying ejection axis (due to pure
periodic precession or to a quasi-periodic random wander-
ing of the ejection axis).

Assuming that the sinusoidal appearance of the red-
shifted lobe comes from a purely periodic precession in the
ejection axis, we may use the ‘‘ wavelength ’’ (� � 28; 820
AU) of the sine fit made to the points in Figure 18b to obtain
a precession period. If we assume a jet velocity of 200 km
s�1 (the same as GKW and RBD), we then obtain a preces-
sion period (T ¼ �=vjet) of�680 yr.

Tidal interactions between binary components and a cir-
cumstellar disk is one possible mechanism that could induce
precession on a young star. Terquem et al. (1999) give an
approximate expression for the precession period of a disk
around a young star in a binary system, where the disk sur-
rounds only the primary star. The expression is given in
terms of the primary mass (Mp), the mass ratio of the two
stars, the disk radius (R), and the binary separation (D).
Observations show that if PV Cep has a binary companion
it must be less than 50 AU apart (Leinert, Richichi, & Hass
1997). We can use equation (1) in Terquem et al. (1999) and
solve for the binary separation, to see if a precession period
of �680 yr is possible for a binary system with a separation

of less than 50 AU between its members. If we assume PV
Cep is the primary star with a mass of 4 M� (Fuente et al.
1998), a primary-to-secondary mass ratio of about 0.25, and
a 15 AU disk radius, then a binary separation of �21 AU
would be needed to drive a precession with a period of 680
yr. Even if we were to change our assumptions to a primary-
to-secondary mass ration of 1 and a disk radius of 25 AU,
the binary separation would be 43 AU. Thus, it is possible
that the wiggling of the jet is due to precession of the outflow
source induced by tidal interactions between PV Cep, a yet
undetected binary companion, and PV Cep’s circumstellar
disk.

The precession period of �680 yr, from our observations
of the wiggling redshifted CO outflow lobe, is about a factor
of 12 less than the precession period obtained by GKW
(from modeling the trajectory traced by the optical HH
knots in HH 315). This apparent difference in precession
period seems to indicate that (1) the precession period is
changing over time or (2) there are two different mecha-
nisms that are responsible for the different apparent preces-
sion-like motions.

Theoretically, the ejection of a third companion in a hier-
archical triple system could lead to the formation of a
tighter binary (see Reipurth 2000 for more details). But, in
the case of PV Cep the tightening of the binary system
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would have to occur in a very short timescale of 2000 yr.3 In
addition, it is extremely coincidental that we would be
observing PV Cep right at the moment after the tightening
of the binary system. Thus, it is unlikely that this scenario
applies to PV Cep. It seems more likely, then, that the large-
scale axis wandering is due to some other (unknown) mech-
anism. Some other possible mechanisms that could produce
precession-like motions of the outflow ejection axis are
changes in the outflow source’s magnetic field orientation or
a precession-like motion induced by tidal interactions of
multiple stellar companions and their circumstellar disks.

In summary, we may explain the short-timescale axis
wandering observed in the HH 315 outflow by circumstellar
disk precession. However, it is highly unlikely that the same
mechanism is responsible for the large-scale axis wandering.

5. SUMMARY

We observed, at high velocity and spatial resolution, the
molecular gas surrounding several knots of the giant Her-
big-Haro flow HH 315 from the young star PV Cep. The
observations were aimed at studying the interaction
between the HH flow and the ambient gas. The data
obtained include simultaneous observations, at the IRAM
30 m telescope, of the 12CO (1–0), 12CO (2–1), and 13CO (1–
0) molecular lines. The three regions observed include (1) an
area surrounding two blueshifted knots (HH 315C and HH
315B) about 0.9–1.2 pc northwest of PV Cep; (2) an area
that includes the gas surrounding the outflow source, the
HH 215 blueshifted optical knots �0.05–0.15 pc north of
PV Cep, and the collimated redshifted molecular gas south
of PV Cep; and (3) an area surrounding the redshifted opti-
cal knot HH 315E, about 0.9 pc southeast from the outflow
source. The main points derived from our study can be sum-
marized as follows:

1. We find that the blueshifted outflow gas in the region
surrounding HH 315B and HH 315C has clearly been accel-
erated by bow shock entrainment of an episodic jet. The
molecular outflow gas shows a spectacular bow shock–
shaped morphology, which has a width of about 0.4 pc at
the slowest outflow velocities. The head of the CO outflow
bow structure coincides with the position of the bow-shaped
optical knot HH 315C. There is also blueshifted molecular
outflow gas coincident with the optical knot HH 315B that
exhibits a structure suggestive of a bow shock morphology.
A bowlike structure coincident with each knot and the fact
that both the excitation temperature and the velocity of the
outflow gas show peaks at the position of the head of each
bowlike structure are both consistent with an outflow
formed by two different bow shocks. Each of these two bow
shocks was formed by a different mass ejection episode,
where HH 315C is the ‘‘ leading jet head ’’ of the HH 315
giant flow and HH 315B is a shock formed by a subsequent
mass ejection episode.

2. Near PV Cep (within 0.3 pc), the observational data is
highly suggestive of the coexistence of a wide-angle wind
and a collimated (jetlike) wind. The blueshifted 13CO inte-
grated emission shows a V-shaped morphology with an
opening angle of �90�, which is coincident with an optical
reflection nebula. The blueshifted 12CO has a fanlike mor-
phology that fills the cavity delineated by the 13CO V-
shaped structure. We suggest that the 13CO traces the limb-
brightened walls of a wide-angle wind blown cavity. Along
the axis of the wide-angle blueshifted 12CO outflow lie the
previously detected optical knots HH 215. These small
knots delineate the collimated component of the blueshifted
wind north of PV Cep.
3. We find that the redshifted molecular outflow lobe

south of PV Cep is most likely entrained by a variable jet
with several internal working surfaces (bow shocks). The
redshifted outflow has a collimated wiggling jet–like appear-
ance, with an ‘‘ average ’’ north-south axis, which extends to
about 0.3 pc south of PV Cep. The momentum distribution
is consistent with jet bow shock entrainment in an ambient
medium with density decreasing with distance from the
source. Also, the velocity and temperature distribution of
the molecular outflow gas are consistent with its being
entrained by a jet with several internal bow shocks. We
show that the same (bipolar) mass ejection episode responsi-
ble for the blueshifted HH 215 optical knots (north of PV
Cep) is also responsible for the entrainment of the redshifted
outflow lobe. There has been no optical detection of the red-
shifted counterjet of HH 215 because of the heavy extinction
in the region south of PV Cep.
4. We find that the wiggling observed in the redshifted

CO outflow lobe near PV Cep is most probably due to a
time-varying ejection axis. Assuming that the wiggling is
due to precession of the outflow source, and a jet velocity of
200 km s�1, then the precession period is 680 yr. This is
about a factor of 10 less than the precession period deduced
from the large-scale optical HH flow. We may explain the
short-timescale axis wandering observed in the redshifted
molecular outflow lobe by precession induced by tidal inter-
actions between (undetected) binary companions and a cir-
cumstellar disk. However, it is highly unlikely that the same
mechanism is responsible for the large-scale axis wandering.
5. We do not detect any outflow emission in the region

surrounding the HH 315E optical knot. The CO spectra in
this region has an FWHM width of only �1 km s�1 and
shows no evidence of outflow–ambient gas interaction. It is
puzzling to find such a narrowCOwidth in a region presum-
ably affected by a stellar outflow. It is probable that all of
the CO observed in the direction of HH 315E is in front of
HH 315E (on the same line of sight) and that HH 315E is
interacting mainly with atomic gas behind the molecular
cloud.

We would like thank John Bally and Charlie Lada for
their helpful comments on this work, and we are grateful to
the National Science Foundation for supporting this effort
through grants AST 94-57456 and AST 97-21455.

3 This is the approximate timescale between the eruptions responsible
for the HH 215 chain of knots and the HH 315A-D knot pair (see Fig. 2),
assuming vjet � 200 km s�1.
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Terquem, C., Eislöffel, J., Papaloizou, J. C. B., & Nelson, R. P. 1999, ApJ,
512, L131

Velusamy, T., & Langer,W. D. 1998, Nature, 392, 685
Wild, W. 1999, The 30m Manual: A Handbook for the IRAM 30m Tele-
scope (St-Martin-d’Hères: IRAM)

Wolfire, M.G., &Königl, A. 1993, ApJ, 415, 204
Wu, Y., Huang,M., &He, J. 1996, A&AS, 115, 283
Yu, K. C., Billawala, Y., & Bally, J. 1999, AJ, 118, 2940 (YBB)
Zhang, Q., & Zheng, X. 1997, ApJ, 474, 719

No. 2, 2002 ENTRAINMENT MECHANISM OF PV CEP OUTFLOW 949


