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Abstract

We suggest that bipolar Hil regions may be the aftermath of collisions between clouds.
Such a collision will produce a shock-compressed layer, and a star cluster can then
condense out of the dense gas near the center of the layer. If the clouds are sufficiently
massive, the star cluster is likely to contain at least one massive star, which emits ionizing
radiation, and excites an Hil region, which then expands, sweeping up the surrounding
neutral gas. Once most of the matter in the clouds has accreted onto the layer, expansion
of the Hil region meets little resistance in directions perpendicular to the midplane of the
layer, and so it expands rapidly to produce two lobes of ionized gas, one on each side of
the layer. Conversely, in directions parallel to the midplane of the layer, expansion of the
H i region stalls due to the ram pressure of the gas that continues to fall towards the star
cluster from the outer parts of the layer; a ring of dense neutral gas builds up around the
waist of the bipolar Hil region, and may spawn a second generation of star formation.
We present a dimensionless model for the flow of ionized gas in a bipolar Hil region
created according to the above scenario, and predict the characteristics of the resulting
free—free continuum and recombination-line emission. This dimensionless model can be
scaled to the physical parameters of any particular system. Our intention is that these
predictions will be useful in testing the scenario outlined above, and thereby providing
indirect support for the role of cloud—cloud collisions in triggering star formation.
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1 Introduction This picture is intrinsic to the perception that spiral
It has long been suspected that collisions between clouds arms are lit up by newly formed massive stars, because

. S . orbit-crowding in the arm increases the chance of cloud-
and/or turbulent streams play a critical role in triggering star

. . o 1 llisions there, and it is intrinsi many other
formation. (We do not wish to distinguish here between a cloud collisions there, and it is intrinsic to many othe

cloud—cloud collision and a collision between two turbulent models that seek to explain why star formation is con-
centrated in specific locations rather than being dis-
tributed throughout the disk of the Milky Way (e.g.,
Stone 1970a, 1970b; Shu et al. 1972; Loren 1976;

Kwan & Valdes 1983, 1987; Roberts & Hausman 1984;

streams; all that we have in mind is an interaction between
two anti-parallel flows that delivers interstellar matter into
a local high-density state, where its self-gravity becomes
important and leads to star formation.)
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Hausman & Roberts 1984; Chapman et al. 1992; Pongracic
et al. 1992; Habe & Ohta 1992; Whitworth et al. 1994a,
1994b, 1995; Turner et al. 1995; Bhattal et al. 1998;
Ballesteros-Paredes et al. 1999, 2006, 2007; Heitsch
et al. 2005, 2006, 2008; Vazquez-Semadeni et al. 2007;
Torii et al. 2011, 2017; Dobbs et al. 2014, 2015; Fukui
et al. 2014, 2015, 2016; Haworth et al. 2015a, 2015b;
Balfour et al. 2015, 2017).

It is also intrinsic to the notion of turbulent fragmen-
tation, whereby, within a molecular cloud, the locations
of star formation are the places where intermittently the
chaotic motions deliver parcels of gas, either directly into a
gravitationally unstable pre-stellar core, or into a filament
that will then guide the gas into such a core (e.g., Klessen
et al. 2000; Heitsch et al. 2001; Klessen & Burkert 2001;
Klessen 2001; Padoan & Nordlund 2002, 2004, 2011;
Bate et al. 2003; Clark et al. 2011; Hennebelle &
Chabrier 2011, 2013; Federrath & Klessen 2012; Bertelli
Motta et al. 2016; Whitworth 2016).

However, robust observational evidence for star for-
mation triggered by collisions between clouds or tur-
bulent streams is hard to obtain. If cloud masses,
sizes, and internal velocity dispersions subscribe to
Larson’s relations [Rcioup ~ 0.1pc(Mcroun/Me)'?,
ocroup ~ 0.2kms™ (Mcroun/M@)'*], the duration of a
collision between two clouds with mass Mcioup is

RCI.OUD

ocroun (10 Mcroup)

fcoLL ~

1/4
~ 0.3 Myr (MCI'OUD> . (1)

Mo

where for simplicity we have assumed that the mean bulk
velocity of a cloud is equal to the internal velocity dispersion
of clouds that are ten times more massive. The time required
to accumulate a gravitationally unstable layer and form

stars is

ao

1/2
G p(Mcroup) o (10 Mcroup) ]
Mcroup )1/8
~14M —_— . 2
yr ( M, (2)

trraG ~ 2 |:

Here we have assumed that the gas in the shock-compressed
layer quickly cools to T~ 10K, and hence has an isothermal
sound speed ap ~ 0.2 km s~!. Whitworth (2016) shows that
this is a good assumption, due to CO line cooling in the
post-shock gas.

Although the values in equations (1) and (2) are only
indicative, it follows that for all but the highest-mass
clouds, the collision will often be over by the time that
any stars form, so it will be hard to confirm a causal link
between the collision and star formation. However, if the
clouds are still colliding when stars have formed, observa-
tional confirmation requires us (i) to find two clouds which

have significant overlap on the sky, and have significantly
different radial velocities, (ii) to infer that the blue-shifted
cloud is behind the red-shifted one, (iii) to look for kine-
matic evidence for the gas in the layer at intermediate veloc-
ities (bridging gas), and finally, (iv) to establish that at
least some of the stars in this direction would not have
formed without the collision. This approach was pioneered
by Loren (1976), and taken up more recently by Torii
et al. (2011, 2017), Fukui et al. (2014, 2015, 2016), and
Haworth et al. (2015a, 2015b). It may be possible to detect
the newly shocked gas in the higher-J lines of molecules like
CO, because these lines play an important role in cooling
the post-shock gas.

A complementary approach is to look for the after-
math of a star-forming collision. Balfour et al. (2015),
Balfour, Whitworth, and Hubber (2017), and S. Balfour
et al. (in preparation) have shown that low-velocity col-
lisions between massive clouds tend to lead to the for-
mation of monolithic star clusters that contain massive
stars. The cluster is located near the center of the shock-
compressed layer, and once a star forms that is suffi-
ciently massive to ionize the remaining gas in the cluster,
the rate of star formation falls abruptly. The development
of the resulting H1l region is strongly influenced by the
surrounding gas distribution, i.e., the shock-compressed
layer, and this is a direct consequence of the cloud—cloud
collision.

If the ionizing star remains close to the “midplane” of
the layer (i.e., the contact discontinuity between the gas and
the two clouds), or if there is more than one ionizing star
and at least one ends up on either side of the midplane,
the H1 region develops a bipolar morphology, with the
two lobes on either side of the midplane where the density
is low and the advance of the ionization front is rapid.
Conversely, in the midplane of the layer, the advance of
the ionization front is slow due to the high density where
it meets gas falling in from the outer parts of the layer.
In fact this build-up of gas at the waist of the bipolar Hut
region may subsequently lead to a second generation of star
formation. Such an H1 region will only appear bipolar if
viewed from directions close to the midplane of the layer; if
viewed from directions far from the midplane, it will appear
like an approximately circular shell, but the brightening at
the edge will be due to the fact that the strongest emission
is concentrated where the ionization front meets the waist
(and not due to limb-brightening of an essentially spherical
shell).

If the ionizing star or stars all end up on one side of
the midplane, the Hil region will be limited to that side
of the layer and will be approximately circular from all
angles; the only major effect of the layer will be to make
the H1i region brighter on the side where the ionized gas is
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being boiled off the layer than the opposite side, and even
this will only be visible from certain viewing angles.

Bipolar H1 regions have been studied in detail by
Deharveng et al. (2015), and clearly show the two lobes sep-
arated by a waist, where neutral gas from the layer appears
to be piling up and fragmenting to form a second generation
of stars, and where the emission measure due to the dense
ionized gas boiling off the inside of the waist is greatest.

Cylindrical H1 regions, which might be cases where the
observer is far from the midplane and therefore sees a ring
of bright emission from the waist, have been reported by
Beaumont and Williams (2010).

More spherical H1 bubbles, some of which may be cases
where the ionizing stars are on one side of the layer, are
commonly observed (e.g., Churchwell et al. 2006, 2007;
Simpson et al. 2012).

If the observed morphologies of bipolar and cylindrical
H1i regions are indeed due to massive stars located in dense
layers, it is tempting to conclude that these dense layers
were produced by cloud—cloud collision, and that the same
collisions triggered the formation of the massive stars (and,
presumably, their lower-mass siblings too). They consti-
tute a “smoking gun,” pointing to a recent cloud—cloud
collision.

In the present paper we pursue this idea further by
building a toy model for the flow of ionized gas in a bipolar
H1 region formed in this way, and generating maps of the
resulting free—free emission, along with recombination-line
profiles from different characteristic sight-lines through the
region and maps of the mean, standard deviation, skew-
ness, and kurtosis of recombination lines, with a view to
identifying discriminating observational signatures.

In section 2 we introduce the parameters describing the
model. In section 3 we derive the differential equations con-
trolling the flow. In section 4 we describe the procedure for
generating maps and line profiles. In section 5 we present
and discuss the results. In section 6 we summarize our main
conclusions.

2 Model parameters

We define the model with reference to a three-dimensional
(3D) Cartesian frame, (x, y, z), hereafter the configuration
frame, with associated unit vectors (i, i, 1A<). The underlying
configuration of the ionizing star, the layer, and the Hu
region has cylindrical symmetry about the z axis, so we
also define

w = (x> + y*)'2. (3)

The configuration also has reflection symmetry about the
z = 0 plane (see below).

A star is positioned at the center of the coordinates and
emits ionizing photons, isotropically, at a rate N,c.

Except in the vicinity of the star, there is a semi-infinite
plane-parallel layer of neutral gas with midplane z = 0 and
half-thickness Z; in other words, the layer is confined to
|z| < Zo. For simplicity, we assume that the density in the
layer is uniform, po, and so the surface density of the layer
is So = 2 Zopo.

In the immediate vicinity of the star, there is a circular
hole in the layer, where the gas is ionized and flows away
towards z = to0.

The main ionization front (essentially the part that is
illuminated directly by the star) is cylindrically symmetric
about the z axis, and—in any plane containing the z axis—
has a semi-circular cross-section, so that it is convex as seen
from the star. The center of curvature of this semi-circular
cross-section is at distance Wq from the star, so the main
ionization front is located at

Wo—20 < w < Wy,
) i (4)
zz[ZO—(Wo—w)] .

The secondary ionization front (essentially the surfaces
of the plane-parallel layer, where these are only illuminated
by diffuse radiation) is located at

w > Wo,

gz = :i:Z(). (5)

3 The flow of ionized gas

We assume that the number-flux of protons off the ioniza-
tion front is given by

NI = nll(s/g)uzcn’ (6)

where 7y is the density of protons at the ionization front,
and ¢y >~ 12kms™! is the isothermal sound speed in the
ionized gas; basically this means that the ionization front
is always D-critical. We also assume (i) that the flow of
ionized gas stays normal to the ionization front (i.e., it does
not respond to tangential pressure gradients), (ii) that the
flow is time-independent, and (iii) that gravitational forces
are negligible.

3.1 Radial flow from a cylindrical ionization front

We treat the flow of ionized gas close to the main ionization
front as if the ionization front were semi-cylindrical. For
purely radial flow off a cylindrical ionization front, we can
introduce a new variable, 7, which is the distance from the
center of curvature of the nearest part of the ionization
front. The ionization front is at 7 = Zo, so the equation of
continuity becomes
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ru(r)v(r) = Zonu(5/3)*en = Aé/éL, (7)

where Acyy is defined here purely for mathematical conve-
nience. The equation of motion then becomes

Lde_ 2odv_dviidon) 4 (L)
AcyL dt — AcyL dr dr Cdr \r2n?
2 2 dn 2¢k dn
=" (***z) = Aoundr
If we now define dimensionless density, xcyL = n/ny,

12

dimensionless velocity, veyr = v/(5/3)Y? ¢y, and dimension-

less position, & = r/Zq , this equation reduces to

dXCYL __ xcyr (&) (9)

di £[1—-38x2,.(8)/5]

and must be solved numerically, with boundary condition
xexn(=1)=1. (10)

From equation (7), the dimensionless velocity is given by

1

ExcyL(é) (1)

veyL(€)
Using equations (9)—(11) we obtain a universal solution for
the dimensionless density and velocity in a cylindrical radial
flow, as functions of the dimensionless radius. This solution
can be scaled to any values of 7y, ¢jj, and Z¢ that we choose
to adopt.

3.2 Radial flow from a spherical ionization front

We treat the flow of ionized gas at large distances from
the main ionization front as if the ionization front were
spherical. For purely radial flow off a spherical ionization
front of radius Zo, the equation of continuity becomes

rur)v(r) = Z2nu(5/3) Pen = Agny s (12)

where Agpy is again defined purely for mathematical conve-
nience. The equation of motion then becomes

2 @ _ 21} @ . d(UZ/ASPH) . i 1
Agpu dt — Agu dr dr T odr \rtn?
(A 2y 2ddn
r’nr  r*ud dr Aspyn dr
If we again define dimensionless density, xspp = 7/ny,

12

dimensionless velocity, vepy = v/(5/3)"%¢cy , and dimen-

sionless position, & = r/Zo, this equation reduces to

dxsen _ 2xsen(£)

= , 14
d& £[1— 384 xu(8)/5] (14

and must be solved numerically, with initial condition
xseu(§ =1)=1. (15)

From equation (12), the dimensionless velocity is given by

1
vspn(€) =

e 16
&2 xspr(€) (16)

Using equations (14)—(16) we obtain a universal solution
for the dimensionless density and velocity in a spherical
radial flow, as functions of the dimensionless radius. This
solution can be scaled to any values of ny, ¢, and Zo that
we choose to adopt.

3.3 The net flow of ionized gas

In order to merge these two solutions, for the flow close
to and far from the main ionization front, we introduce a
factor

¢p=1—ct (17)

with ¢, = Wo/Zo. For &€ « ¢, (i.e., r € Wo), ¢ < 1; for
&> ¢, (e, > Wo), ¢ ~ 1. Then equations (9) and (14)
can be combined to give

dxror _ (1 + ¢)xtor(£) (18)
dé £[1-382(1+ 9&2) x3or(6)/5]
1
vror(§) = m (19)

In this way the approximately radial/cylindrical flow near
the ionization front (i.e., § < ¢, or r < Zo) merges smoothly
into the approximately radial/spherical flow far from the
star (i.e., &€ > ¢, or 7 > Zo). The density in the flow is now
given by # = ny x to1, and the velocity by v = (5/3)*cyvror.

Each point, (x, y, z), in the H1 region, is intercepted by
the flows off two points on the main ionization front. We
obtain the total density by summing contributions from
these two flows, and the net velocity by summing their
momenta. We then have the density and velocity fields
throughout the H1 region, Viz.

w = (x + )", (20)
r=[(Wo—w?+2]", (21)
r=[(Wo+w)?+22]", (22)
A [x(W(;— w) y(W(;— w) z]’ 23)
3y = 11 [x(W(:Uer)’ y(W(z;w)’z]’ (24)
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r 7
n(x, y, 2) = ny [XTOT(WL)) + Xtor (WZO)} s (25)
( ) 5 172 71 + %) -1
V(X = | = C J— =
, Y, % 3 | XTOT A XTOT Wo
X " il e
— v -
XTOT Wo TOT Wo 1
9 T2\ &
o | —— )y | —— . 26
+X101<W0> U101<W0> ez] (26)

Although these formulae for merging the two regimes
(near to, and far from, the ionization front) are rather arbi-
trary, we argue that this is unlikely to corrupt the results
significantly, since the emission measure is dominated by
the ionized gas close to the ionization front, where the flow
must approximate well to radial/cylindrical symmetry.

4 The transport of continuum and line
radiation

To generate intensity maps and line profiles for this config-
uration, we define a suite of viewing angles, 9, relative to
the symmetry axis, (k); the direction to the observer is then
defined by the unit vector
eops = [sin(6), 0, cos(6)], (27)
so positions R = (X, Y) on the plane of the sky through the
ionizing star correspond to positions in the configuration
frame, (x, y, z), given by

x = —cos()Y, (28)
y=X (29)
z=sin(9) Y. (30)

To construct a map of the free—free emission, in the
optically thin limit, we divide this plane into square pixels,
and compute the emission measure through the center of
each pixel, R, = (X,, Y,), i.e.,

s=+4Wo
SMPZ ﬂz(Rp+éO]>,55) ds.

s=—4Wp

(31)

It is straightforward to scale this integral for a particular
system to give the free—free intensity at any wavelength
where the free—free emission is optically thin. For a partic-
ular system it is also straightforward to adjust the integral
so that it allows for the free—free emission being optically
thick at low frequencies.

To construct the recombination line profile at a partic-
ular pixel, p, we assume the configuration has zero systemic
velocity, and define a suite of discrete radial velocities, v,
regularly spaced with separation, Av, in the range, —4¢y; <
v, < +4cy. For a line having rest frequency, v, the inten-
sity at the corresponding frequency v, = vo(l — v,/c) is
given by

s=+4Wo

nz(Rp—i—éoBSs) i (32)
Vo

I,

WY(v,) ds.

s=—4Wp

Here, the constant of proportionality depends on the phys-
ical parameters of the configuration and the particular
recombination line being considered. ¥ (v) is the 1D distri-
bution of random microscopic velocities. For the purpose
of illustration we assume a thermal distribution, so

1 p(-{v_[v(R,,woBss)-a]}z)

ex
(27)1/2 ¢y 2ck

¥(v) =

(33)

To construct maps of the mean radial velocity, its stan-
dard deviation, skewness, and kurtosis, we need, for each
pixel, the first four moments of the radial velocity along the
corresponding line of sight:

My, =Y (Igv]) Av. (34)
q
It is then straightforward to compute the mean radial

velocity, its standard deviation, skewness, and kurtosis.

5 Results

We configuration  with
¢, = Wo/Zo = 5. This means that the ratio between
the distance from the star to the nearest points on the

present results for a

ionization front and the thickness of the layer is

(Wo — Zo)

27 =2,

(35)
and we note that—due to the assumption of optical
thinness—this ratio is the only parameter that we need
to specify. We consider two representative viewing angles,
0 = 4626 (closer to the pole) and 6 = 7128 (further from
the pole).

Figure 1 shows the emission measure map [equation
(31)] from viewing angle 0 = 4626. At high frequencies
where the free—free emission is optically thin, this map can
also be read as representing the free—free emission. The
dominance of the dense gas boiling off the ionization front
is clear. We note that the drop in the gas density away from
the ionization front is not simply due to the divergence of
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OPTICALLY THIN FREEFREE INTENSITY MAP

n
4.
- "23" -
A
o
N
<~ © 1 10
>
n
|
-5 0 5
X/z,

Fig. 1. Optically thin free-free emission-measure map for a configuration
with Wo = 5Zp, viewed at angle 6 = 46°6 to the axis of symmetry. The
units are arbitrary, and the gray-scale is linear. The coordinates of the
frame are scaled to Zp. The numbers mark the lines of sight along which
the recombination line profiles illustrated in figure 2 are obtained.

the flow, but also due to the acceleration of the material as
it flows down the density gradient.

Figure 2 shows the line profiles [equation (32)] at the
representative points marked with numbers 1 to 10 on the
emission measure map shown in figure 1. The profiles are
displaced relative to one another to reduce confusion, and
the dashed line marks the direction of the displacement; the
solid circle on each profile marks the point at zero velocity.

RECOMBINATION LINE PROFILES

4
T

I, (arbitray units)

2
T

w=v,)e/v,ey

Fig. 2. Recombination line profiles from the lines of sight marked on
figure 1. The profiles are displaced parallel to the dashed line, to reduce

confusion, and the zero-velocity point on each profile is marked with a
filled circle.

(a) MEAN OF RADIAL VELOCITY

(b) STANDARD DEVIATION OF RADIAL VELOCITY

————r————
o - -
NO
~N°r 1
>
[Te]
O L i
1 1 1
-5 ] 5 -5 0 5
X/ z, X/ Z,
(c) SKEWNESS OF RADIAL VELOCITY (d) KURTOSIS OF RADIAL VELOCITY
T T T
o i
o
N
~N°er T
>
0| 4
i
1 1 1
-5 0 5 -5 0 5

X/ Z,

X/ z,

Fig. 3. Maps of (a) the mean, (b) the standard deviation, (c) the skewness, and (d) the kurtosis of the radial velocity of recombination lines emitted
from a configuration with Wp = 52, viewed at angle 6 = 46°6 to the axis of symmetry. All gray-scales are linear. The mean and standard deviation
are normalized to (5/3)'/2¢y, and the corresponding gray-scale ranges are, respectively, (—1.0, +1.0) and (0.0, 1.5). The skewness and kurtosis are
dimensionless and the corresponding gray-scale ranges are, respectively, (—7.0, +7.0) and (0.0, 20.0).
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OPTICALLY THIN FREEFREE INTENSITY MAP

-5

-5 0 5
X/ z,

Fig. 4. Asfigure 1, but viewed at an angle 6 = 71°8 to the line of sight, and
the numbers now mark the lines of sight along which the recombination
line profiles illustrated in figure 5 are obtained.

Although some of the line profiles illustrated in figure 2
are distinctive, in a real source with marked departures
from the symmetries assumed here it would be hard to look
for these. We have therefore computed maps characterizing

(a) MEAN OF RADIAL VELOCITY

-5 0 5
X/ 2z,

(c) SKEWNESS OF RADIAL VELOCITY

-5 0 5
X/,

the statistical properties of the radial velocity of recom-
bination lines, on the principle that these may contain a
more robust signature of the velocity field characterizing
our model. These are presented in figure 3, which gives—
reading from left to right and top to bottom—maps of (a)
the mean, (b) the standard deviation, (c) the skewness, and
(d) the kurtosis of the radial velocity of the ionized gas.

RECOMBINATION LINE PROFILES

10
T

I, (arbitray units)

W=vp)e/voey

Fig. 5. As figure 2, but for a viewing angle 6 = 71°8 from the axis of
symmetry, and from the lines of sight marked on figure 4.

(b) STANDARD DEVIATION OF RADIAL VELOCITY

T T T
ok i
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~°r E
>
w | 4
i
" 1 " " " " 1 1 "
-5 0 5
X/ 2z,
(d) KURTOSIS OF RADIAL VELOCITY
T T T
w - .
o
N
~°r b
>
[N i
|
1 1 1

-5 0 5
X /Z,

Fig. 6. As figure 3, but from lines of sight at angle 6 = 7178 to the axis of symmetry.
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The same information is given for the same configura-
tion (Wo/Zo = 5) but viewed from an angle 6 = 7128,
further from the axis of symmetry, in figures 4, 5, and 6.
Again, the optically thin free—free emission map highlights
the ring-like concentration of ionized gas at the waist of the
bipolar H1 region, and the line profiles are in places dis-
tinctive, but it would seem that the radial velocity statistics
(mean, standard deviation, skewness, and kurtosis) offer
the best chance of establishing the flow pattern in the
ionized gas.

6 Conclusions

We have developed a model for the formation of a bipolar
H1 region following a collision between two clouds. The
collision is presumed to lead to the formation of a shock-
compressed layer, and a star cluster then condenses out near
the center of the layer. At the same time the layer contracts
laterally, feeding additional material towards the cluster.
Provided the cluster includes at least one ionizing star that
stays near the midplane of the layer, or more than one star
with at least one on either side of the midplane, the H 11
region excited by the stars expands rapidly in the directions
orthogonal to the layer, to produce a bipolar H1 region;
in the plane of the layer expansion of the H1 regions stalls
where it meets the ram pressure of the in-falling gas from
the outer reaches of the layer.

With a view to testing this hypothesis, we have devel-
oped the computational machinery required to generate
maps of free—free continuum emission and recombination
line profiles, from configurations characterized by the net
ionizing output of the star cluster, NLyC, the thickness of the
layer, 2Z¢, and the radius of the ionized hole in the layer,
Wo — Zo.

We illustrate this capability for a representative con-
figuration, in which, provided we assume the emission is
optically thin, we only need to specify Wo/Zo = 5. We
show that free—free maps are useful to trace the waist of
the bipolar H1 region, and we suggest that it may be eas-
iest to analyze the dynamics of the ionized gas by mapping
the mean, standard deviation, skewness, and kurtosis of the
radial velocities of radio recombination lines.

We are planning an observational program to look for
these signatures in known bipolar H1i regions.
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