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ABSTRACT 

Forty-eight line intensity maps of 16 dense cores in dark clouds are compared, based on observations in the 
13 mm line of NH3 and in the 3 mm lines of CS and C180. The core maps have mean FWHM size 0.15 pc 
(NH3), 0.27 pc (CS), and 0.36 pc (C180). From line to line, the maps are similar in their position on the sky, 
in their axial ratio 0.5-0.6, and in the alignment of their long axes, usually within 20°. Elongation is thus a 
common characteristic of dense cores. Therefore, cores are not generally in isolated equilibrium between self- 
gravity and isotropic random motions. Elongation is evident in cores with and without stars, so it precedes, 
rather than follows, star formation. The typical observed axial ratio can arise from identical oblate spheroids, 
if they are highly flattened, with axial ratio less than 0.1-0.3, or from prolate spheroids, if they are modestly 
elongated, with axial ratio 0.4-0.5. Six of the 16 cores are likely to be prolate because they align with, and are 
integral parts of, more extended structures seen in obscuration and/or CO line emission. The 10 other cores 
have less certain three-dimensional shape. Their elongation cannot generally arise from rotational flattening, 
because they lack the necessary velocity shift in magnitude, direction, or both. Their line widths, column den- 
sities, and sizes are equally consistent with virial equilibrium models of spheres, magnetized or rotating oblate 
spheroids, and finite segments of infinitely long prolate cylinders. The prevalence of prolate cores suggests that 
initial conditions for low-mass star formation should in some cases include prolate geometry. Prolate cores 
cannot be described by isolated equilibrium models, so models of prolate environments, and the development 
of prolate fragments, may be an important part of their description. 
Subject headings: interstellar: molecules — nebulae: structure — stars: formation 

1. INTRODUCTION 

The shape of a molecular cloud core contains information 
on the recent history of the core’s internal and external forces 
and motions. Analysis of core shapes is thus of interest to help 
describe the physical processes that form, maintain, and 
destroy cores, and to identify initial conditions for formation of 
stars. 

A study of 27 dense cores in nearby dark clouds found that 
only four cores have maps in the (J, X) = (1, 1) line of NH3 
with relative elongation greater than a factor 2 (Myers & 
Benson 1983). Elongation was therefore considered to be rela- 
tively unimportant. Analysis of these objects in terms of spher- 
ical models indicates that the core velocity dispersions, 
densities, and sizes are consistent with virial equilibrium or the 
early stages of collapse. Comparison with the incidence of 
nearby T Tauri stars and IRAS sources suggests that such 
cores form low-mass stars (Myers & Benson 1983 ; Beichman et 
al. 1986). The characteristic physical properties of these cores, 
apart from their shapes, have been used in models of several 
aspects of the formation of low-mass stars (e.g., Larson 1984, 
1985; Terebey, Shu, & Cassen 1984; Adams & Shu 1985,1986; 
Lizano & Shu 1989). 

Several recent developments yield a much more detailed 
description of core shape than was previously possible. First, 
some of the maps discussed by Benson (1983) and by Myers & 
Benson (1983) have been enlarged, so that departures from 
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circular shape are more evident; and 14 new NH3 maps of 
dense cores have been completed (Benson & Myers 1989, here- 
after BM). Second, 16 of the cores studied in the ammonia line 
have also been mapped in the 3 mm lines of CS and C180, 
showing significant elongation, usually along a direction well 
aligned with that of the ammonia map (Fuller 1989). Third, 
ammonia maps of cores associated with molecular outflows 
show elongation in 17 of the 21 cases where the cores are 
resolved (Torrefies et al. 1983, 1986; Anglada et al. 1989). 
Fourth, maps of dark cloud filaments in the 13 CO line show 
significant elongation, and alignment of the dark filaments and 
the elongated line map features (Heyer et al. 1987 ; Loren 1989). 

Thus, it is now appropriate to undertake a detailed descrip- 
tion of dense core shapes and to analyze the implications of 
core shapes for core physics. In this paper, we compare maps of 
16 cores in the lines of NH3, C180, and CS presented by BM 
and by Fuller (1989). Our main finding is that the three line 
maps of a core are generally similar in their position, in their 
elongation, and in their orientation, suggesting that elongation 
is a common characteristic of dense cores and not an artifact of 
peculiar excitation, chemistry, or selection, or of insufficient 
sample size. 

This finding implies that most cores cannot be in equi- 
librium solely between self-gravity and isotropic random 
motions. Furthermore, core environments suggest that at least 
six cores in the sample of 16 are prolate, rather than oblate. In 
some cases, prolate geometry is thus an initial condition for 
low-mass star formation. A model prolate core, consistent with 
available data, is a near-equilibrium fragment of a longer self- 
gravitating cylinder, which may be magnetized. 

Section 2 presents the observed core maps and describes 
their shapes; § 3 discusses the observational constraints on 
their possible three-dimensional shapes; and § 4 discusses the 
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consistency of oblate and prolate cores with core environ- 
ments, and with equilibrium and near-equilibrium models. The 
appendix presents equations used in comparing predictions of 
nonspherical models with quantities derived from core obser- 
vations. 

2. TWO-DIMENSIONAL SHAPES OF CORE MAPS 

Figure 1 presents 48 half-maximum intensity contours of 16 
dense cores in nearby dark clouds, as given by BM (NH3 line) 
and by Fuller (1989; CS and C180 lines.) For each core, the 
maps have been reduced to a common scale and center coordi- 
nate. This display format allows comparison from line to line 
of map size, overlap, elongation, and alignment; but it omits 
details of internal structure, such as multiple peaks. These 
details can be seen in the original references. 

The maps were made with FWHM angular resolution 0:75 
(C180), 1.1 (CS), and L5 (NH3), and with sampling interval 1', 
or in a few cases 2\ At the range of core distances observed, 1' 
corresponds to 0.04—0.13 pc. Thus all conclusions about core 
elongation and alignment presented here refer to size scales of 
about 0.1 pc, or larger. The angular coverage of each map 
generally extends 1 or 2 beams beyond the half-maximum 
contour. Therefore the relatively small NH3 maps have less 

coverage than the relatively larger CS and C180 maps. A more 
complete comparison would require enlargement of the 
smaller maps, particularly in cases where a second conden- 
sation might be expected from the structure of the larger map 
(e.g., NH3 in L134A and L1512; CS in L1495). All of the line 
observations were made with spectral resolution near 0.1 km 
s \ so that each spectral line width (0.3-1.0 km s“1) is well 
resolved. All of the line observations were made with bright- 
ness temperature sensitivity near 0.1 K, so that each peak line 
intensity (0.5-2.0 K) is well defined. 

The shapes of the maps were characterized in two similar 
ways. The methods are described in more detail, and their 
results are given, in BM and Fuller (1989). Each NH3 line 
intensity map was fitted by a two-dimensional Gaussian, yield- 
ing the center position, major axis orientation, and FWHM 
length of the major and minor axes. Each axis length was 
corrected for beam broadening by subtracting the FWHM 
beam diameter in quadrature. The axial ratio p is the ratio of 
corrected minor and major axis lengths. Each CS and C180 
line intensity map was used to find the position of the centroid. 
Then the second moments of the map were calculated with 
respect to the centroid, and the matrix of the moments was 
diagonalized to find the principal axis directions. The axis 

mm!tG= 2 mmT= l^OHn^of^ ^ =JUllUneSfr°m BenSOn & ^<1989>’and in *he 3.0 
cross indicates an associated star. ’ ( )• or each map, North is up. East is left, and the linear scale 0.2 pc is indicated. A 
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lengths were obtained from the intersection of the axis direc- 
tions and the HM intensity contour. The correction for beam 
broadening was negligible, since in comparison with the NH3 

data, the beam sizes are smaller by a factor 1.3-1.8, while the 
map sizes are larger by a factor — 2. 

Each of these methods of shape description is based on all of 
the map data, not just that of a single contour. The choice of 
the HM contour as a fiducial size is arbitrary in that the 
contour at, say, 0.8 or 0.2 of the maximum could also be used. 
But the HM contour is a good choice in the sense that for most 
of the maps presented here it is nearly the largest, and therefore 
the best resolved, contour. 

The uncertainties in the map axis orientation and axial ratio 
were estimated by numerical simulations which match the 
observed maps in the ratios of axis lengths, of signal to noise, 
and of size to resolution. These simulations show that the stan- 
dard deviations in axial ratio, <rp; and in position angle, <r0, are 
typically 0?04 and Io when p = 0.3; 0?04 and 5° when p — 0.5; 
and 0?1 and 14° when p = 0.7. As p increases, the contours 
become more nearly circular, and the position angle uncer- 
tainty (Tq increases, as expected. For p > 0.7, ae exceeds 14°, so 
that 9 is too uncertain for useful comparisons of position angle. 

Inspection of Figure 1 shows one prominent difference and 
three prominent similarities among the three line maps of each 
core. The maps differ in their size: the average over the maps of 
the geometric mean diameter of the FWHM contour of NH3 
emission, typically 0.15 pc, is about half that for CS, 0.27 pc, 
and the diameter for CS is typically about 0.8 of that for C180, 
0.36 pc. The relative sizes of the NH3 and C180 maps can be 
understood in terms of the relative densities of collision part- 
ners (H2 molecules and He atoms) needed to excite the lines: 
~1 x 104 cm-3 for NH3 and -2 x 103 cm“3 for C180. In 
this picture, the denser gas traced by both the NH3 line and the 
C180 line is surrounded by less dense gas traced only by the 
C180 line. The CS maps, however, are inconsistent with this 
picture: the density needed for CS line excitation exceeds that 
for C180 by a factor of -200, yet the CS and C180 map 
diameters typically differ only by 10%. These issues are dis- 
cussed further by Fuller (1989) and by Zhou et al. (1989). 

The maps are similar, first, in their location on the sky: the 
NH3 contour is essentially surrounded by the CS and C180 
contours in 13 of 16 cases. It extends beyond the CS and/or 
C180 contour by about 20% of its enclosed area in two cases 
(LI 152 and L1400G), and it is completely excluded by the CS 
contour in one case (L1495; but improved map coverage may 
reduce this discrepancy, as discussed above). Further, the CS 
contour is enclosed by, or has substantial overlap with, the 
C180 contour in all but two cases : L234, where about 30% of 
its enclosed area is excluded by the C180 contour; and LI495, 
where about half of its enclosed area is excluded by the C180 
contour. 

Second, the maps are similar in their relative elongation: 
their axial ratios have mean + standard error of the mean 
0.55 ± 0.04 for NH3,

4 0.59 ± 0.05 for CS, and 0.49 ± 0.05 for 
c18o. 

In three cases the map contour has a prominent spur that 
makes an ellipsoidal model a relatively crude approximation 
(C180 in L260 and L234; CS in L1400G); nonetheless, these 
three maps also have substantial elongation, and we include 
them in our statistical sample. 

4 These statistics are for the cores in Fig. 1, a subset of the BM sample. For 
all 41 cores in BM, the mean ± standard error is 0.59 ± 0.03. 

I APA I (deg) 

Fig. 2.—Number distribution of the absolute difference in long axis posi- 
tion angle for 21 map pairs of cores, where the maps have well-defined position 
angles. Most map pairs are well aligned. 

Third, the maps are similar in the orientation of their long 
axes, from line to line for each core. In six cores, the CS and 
C180 contours are nearly identical, thereby defining essentially 
the same long axis; in nine cores, the CS and C180 contours 
differ in size, but have similar shape and orientation. In one 
core, L1495, the orientations differ substantially. The NH3 axis 
orientations are not as well determined as for CS and C180, 
because the NH3 maps have fewer data points and coarser 
angular resolution than do the CS and C180 maps. Yet the 
alignment of a NH3 map axis and the axes of the larger maps is 
generally good, when the NH3 map is elongated enough to 
have a well-determined direction. To quantify the relative 
alignment of elongated maps, the 48 map contours in Figure 1 
were modeled as ellipses, and those 36 with axial ratio less than 
0.7 were judged to have a well-determined position angle. 
Among these 36 maps are 21 independent pairs, such as the 
NH3 and C180 maps of LI535. For these 21 map pairs, Figure 
2 shows the number distribution of the angle between the long 
axes. Eighteen of the 21 pairs are aligned within 30°—a far 
greater fraction than would be expected to arise by chance. 

In summary, the 16 dense cores in Figure 1 show significant 
similarity from line map to line map in their position on the 
sky, in their relative elongation, and in their orientation. We 
note that their spectral line profiles also have significant 
overlap from line to line for each core, further supporting the 
idea that all three maps are sampling largely the same volume 
of colocated gas. Together, these similarities suggest that the 
typical dense core has an elongated distribution of its total 
column density, with axial ratio 0.5-0.6, over size scales 0.1-0.3 
pc. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
91

A
pJ

. 
. .

37
6.

 .
56

1M
 

Vol. 376 
564 MYERS, FULLER, GOODMAN, & BENSON 

3. THREE-DIMENSIONAL SHAPES OF CORES 

If a dense core has an elongated distribution of column 
density, its distribution of number density cannot be spher- 
ically symmetric. This departure from spherical symmetry 
implies that the simplest and best known model of isolated 
core equilibrium—self-gravity against random motions— 
cannot account for observed core shapes (BM). To better 
define the forces needed to break spherical symmetry, it is 
necessary to constrain the three-dimensional shape which cor- 
responds to the elongated maps described above in § 2. 

The two-dimensional core maps on § 2 may arise from a 
variety of three-dimensional structures. To allow a more defi- 
nite conclusion, we assume that the observed core maps are 
projections on the plane of the sky of spheroids, that is, geo- 
metrical figures constructed by rotating an ellipse about its 
major axis (prolate spheroid) or about its minor axis (oblate 
spheroid). Each such spheroid has nested surfaces of constant 
density, assumed to have identical shape. The shape of a spher- 
oid is described by the axial ratio q, the ratio of the smaller and 
larger of the principal axes of a constant-density surface. The 
projection of the spheroid on the plane of the sky has nested 
contours of constant column density. These contours are then 
ellipses of identical shape. This shape is described by the pro- 
jected axial ratio p, the ratio of the smaller and larger principal 
axes of an ellipse of constant column density. Because of fore- 
shortening, p >q. 

If the distribution of true axial ratios q is known, and if the 
distribution of symmetry axis directions in space is also 
known, one can predict the expected distribution of projected 
axial ratios for the prolate and oblate cases. Conversely, given 
the observed distribution of p, one can infer information about 
the expected distribution of true axial ratios qa if the cores are 
oblate, or the expected distribution of true axial ratios q if 
they are prolate. The probability distributions which relate p 
and qp, and p and q0, have been discussed by Fall & Frenk 
(1983), among others, in the context of estimating the three- 
dimensional shapes of elliptical galaxies and globular clusters. 

We assume for simplicity that the spheroidal cores are either 
all prolate or all oblate, and that the cores are identical, except 
for the orientation of their symmetry axes in space, which has 
an isotropic distribution of probability. For both the oblate 
and prolate cases, the probability density with respect to p falls 
monotonically from its maximum value at p = q to its 
minimum value at p = 1. For a given value of q, the oblate 
distribution is more nearly uniform, while the prolate distribu- 
tion is more concentrated near p = q. 

The mean of the NH3, CS, and C180 distributions of p is 
asymmetric in the sense expected from a single value of q, but 
its asymmetry is not pronounced enough, suggesting that a 
distribution of values of q is needed, concentrated near 
Q = <P>- However, the data are too few to define this distribu- 
tion clearly. Instead we idealize the problem further and 
compare the mean observed axial ratio <p> with the values 
expected for oblate and prolate model spheroids. Integration 
over the distributions given by Fall & Frenk (1983) yields 

<P> 
(l-<Zo2)1/2 In 

<lo 
for oblate spheroids, and 

(i) 

<p> =   
(1 - q2

P)
m arccos qp 

for prolate spheroids. 

(2) 

i i i i i i i 1 1 1 r 

 1 ^ 1 \ 1 ^ I L i i I 
o 0.2 0.4 0.6 0.8 l.o 
MEAN PROJECTED AXIAL RATIO <p> 

Fig. 3—Plots of the axial ratio q of an ensemble of identical spheroids 
having an isotropic distribution of symmetry axis orientations, against <p>, the 
mean of their distribution of projected axial ratios, for prolate and oblate 
spheroids. The heavy vertical lines show observed values of <p> for the 16 
cores mapped in spectral lines of NH3, CS, and C180. Vertical shading shows 
the range of observed values. Heavy horizontal lines show model values of q 
required for consistency with the observed values of <p>. Horizontal shading 
shows the range of allowed values of q for each shape: for oblate spheroids, 
<0.1-0.3, indicating substantial flattening; for prolate spheroids, 0.4-0.5 indi- 
cating modest elongation. 

Figure 3 shows plots of qp and qQ versus obtained from 
equations (1) and (2). It shows that for both prolate and oblate 
spheroids, the mean projected axial ratio is at least as great as 
the true axial ratio. For prolate spheroids, the projected axial 
ratio is only slightly greater than the true ratio, while for oblate 
spheroids, the projected ratio is substantially greater than the 
true ratio. These properties can be understood by noting that 
the projected axial ratio ranges from q, when the projected 
short and long axes equal the true short and long axes, to 
unity, when the symmetry axis lies along the line of sight. 
Thus the mean projected ratio contains no contributions 
smaller than q, so (p) must equal or exceed q. Moreover, for 
the same true axial ratio q, oblate spheroids have a larger mean 
projected ratio (p> than do prolate spheroids, because the 
contribution of projected axial ratios near unity to the mean 
projected ratio has a greater weight for oblate than for prolate 
spheroids. 

Figure 3 also shows the mean axial ratio observed for the 
NH3, CS, and C180 cores described in § 2. The range of means 
is about twice the standard error, so we adopt this range as 
representative of the observed core axial ratios. Comparison of 
this range with the curves in Figure 3 indicates that if the cores 
are modeled as prolate spheroids, their true axial ratio must be 
qp = 0.4-0.5; but if they are oblate, their axial ratio q0 ranges 
from less than 0.1 to 0.3. (Formally, when (p) is as low as 0.49, 
as derived from the C180 maps, (,p) is inconsistent with any 
oblate spheroid; but the standard error implies some likeli- 
hood that <p> is slightly greater than 0.50, so we write the low 
end of the range of q0 as <0.1.) This result implies that if 
observed cores are prolate spheroids, their necessary relative 
elongation is relatively modest; while if they are oblate, their 
required relative flattening is much more extreme. 
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The foregoing model assumes that all the prolate spheroids 
have the same axial ratio, and that all the oblate spheroids 
have another identical axial ratio. If, as seems more realistic, 
each type of spheroid has a distribution of axial ratios, the 
difference between prolate and oblate axial ratios required for 
consistency with observations will probably be reduced. 
Nevertheless, this result suggests that a significant number of 
dense cores may be prolate, rather than oblate. This model also 
assumes that all orientations of the spheroid symmetry axis are 
equally probable— which could be false if many of the cores 
were in the same complex, and if their long axis directions were 
correlated. But then their projected long axis directions would 
also be correlated, whereas inspection of the five maps of 
Taurus cores in Figure 1 shows no significant correlation 
among the axis directions. 

4. DISCUSSION 

4.1. Comparison with Other Observations 

The description in § 2 is based on the substantial similarity 
in position angle and axial ratio among maps of NH3, CS, and 
C180 line emission in 16 dense cores. However, this degree of 
similarity is not always evident when other cores and/or other 
lines are considered. The emission in lines of CS, C180, NH3, 
SO, C3H2, and H13CO+, mapped in L183 by Swade (1989), 
illustrate this point. There the CS and C180 maps have similar 
location, size, axial ratio, and major axis orientation along a 
SE-NW line. However, the NH3 map is elongated in the N-S 
direction so that its southern emission peak coincides approx- 
imately with those of CS and C180, while its northern peak lies 
outside the lowest CS and C180 contours. In this property the 
NH3 map resembles the C3H2 and H13CO+ maps. Thus the 
NH3 map disagrees with the CS and C180 maps, but agrees 
with two others in its long axis orientation. 

These displacements in map contours from lines of one mol- 
ecule to another probably reflect molecular abundance varia- 
tions. They appear not to occur at random, but rather in 
groups of lines, so that the spatial variation within a group is 
smaller than from group to group. These variations make it 
especially desirable to compare a relatively large sample of 
core maps before drawing conclusions about their character- 
istic shapes. 

The general consistency of core maps from line to line for the 
dense cores discussed here contrasts with the diversity of core 
maps seen toward regions of massive star formation. This 
diversity is marked when the spatial resolution is comparable 
to, or finer than, the typical resolution 0.05 pc in Figure 1. For 
example, Hat Creek interferometer maps of the Orion molecu- 
lar cloud show strong emission from the Kleinmann-Low 
nebula in 3 mm lines of HC3N, CH3OH, OCS, and S02; but 
0.05 pc away, “ continuum source 1 ” shows emission only from 
HC3N and CH3OH, and not from OCS and S02 (Plambeck 
1988). The increased map diversity in regions with massive 
stars is generally attributed to increased variation in molecular 
abundance, due perhaps to the relatively large role of shocks 
and ionizing photons in regions with massive stars. 

The elongation of ammonia maps of cores presented in § 2 is 
generally consistent with the elongation reported by Torrefies 
et al. (1983, 1986) and Anglada et al. (1989), in that nearly all 
resolved cores are elongated by a significant factor, with the 
axial ratio for 19 cores having mean ± standard error of the 
mean 0.58 ± 0.05. The difference between means of the Torrel- 
les et al. sample and the BM sample is therefore statistically 
insignificant. 

The consistency of axial ratios for these two sets of ammonia 
maps implies that the core axial ratio does not depend signifi- 
cantly on the differing properties of stars and stellar winds in 
the two samples. For the 21 BM cores having no star within 
one FWHM map diameter of the map peak, and for the 20 
cores having a star within one map diameter, the axial ratio 
has mean ± standard error 0.59 ± 0.03 in each case. Thus, pre- 
sence or absence of an associated star makes no difference to 
the mean axial ratio of the core. Similarly, comparison of the 
samples of Torrefies et al. (1983,1986) and Anglada et al. (1989) 
and of BM indicates no significant difference in mean axial 
ratio for cores with and without CO outflow, and no signifi- 
cant difference for cores with associated stars of low 
(0.3-30 Lq) or high (30-104 L0) luminosity. Thus, for the cores 
considered here, core elongation is unlikely to be a conse- 
quence of star formation or outflows, as is sometimes sug- 
gested. Rather, core elongation would seem to be an initial 
condition, which precedes star formation. 

A comparison of map overlap similar to that in § 2 was 
carried out by Zhou et al. (1989) for 10 cores, seven of which 
are also presented in this paper. As in § 2 most of the maps 
show significant overlap of their half-maximum contours. 
Zhou et al. also point out that the peak positions of the NH3 
and CS maps of a core generally differ by l'-2'. 

4.2. Core Environments 
Perhaps the most decisive consideration for determining 

characteristic core shapes is the structure of the extended gas 
and dust associated with many cores. For the 16 cores dis- 
cussed in this paper, we have carefully examined the Palomar 
Sky Atlas red prints to estimate the size, shape, and direction of 
elongation of the associated visible obscuration. This visible 
obscuration extends from the visually opaque region (where no 
background stars are visible) to the lightly obscured periphery 
of the dark cloud, where the visual extinction is about 1 mag, 
and where it is difficult to separate the cloud from its back- 
ground. For 14 of the 16 cores, the visually opaque obscuration 
is approximately coincident with the location, relative elon- 
gation, and long axis orientation indicated by the maps in 
Figure 1. For the other two cores, in B5 and L1495, the opaque 
obscuration is too extended and complex in shape to allow a 
match to the core maps. Of the 14 cores with coincident 
opaque obscuration, their more extended obscuration can be 
divided into three groups: 

1. Isolated globules.—These six objects (L1489, L1512, 
L134A, L63, LI 152, L1262) have visible obscuration 1-3 times 
the extent of the opaque obscuration. Their elongation has 
about the same axial ratio and direction as indicated by the 
core maps. They appear unconnected to any other obscur- 
ation, although two are located near the western (LI489) and 
eastern (LI 512) edges of the Taurus complex. 

2. Parts of complex filaments.—These five objects (LI498, 
L1400G, LI535, L234, L260) lie in filamentary structures 
whose overall length is 10-30 times that of the individual dark 
cloud that contains the core. The filaments are “complex” in 
that they contain faint multiple branches (LI498), or in that 
their obscuration is not continuous, but rather has distinct 
gaps. Such segmented structures were called “ globular 
filaments ” by Schneider & Elmegreen (1979). In their notation, 
L1535 is GF 16 E; L234 is GF 3 Bb; and L260 is GF 3 C3. 

3. Parts of simple filaments.—These three objects (B35, L43, 
LI251) are highly elongated continuous structures, with rela- 
tively little branching or segmentation. Their length is again of 
order 10 times that of the core map, and the direction of core 
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Lynds 43 

Fig. 4—Maps of line intensity from the simple filamentary cloud Lynds 43, 
in 12CO and 13CO (Elmegreen & Elmegreen 1978); C180 and CS (Fuller 
1989); and NH3 (Benson & Myers 1989). Each map has uniform contour 
intervals. The maps show similar orientation over more than a decade of size 
scale. 

elongation lies along the direction of the filament. Other exam- 
ples are given in Table 1 of Schneider & Elmegreen (1979), who 
call them “ undifferentiated filaments.” 

These three types of structure indicated by visual obscur- 
ation are also evident in some maps of emission from the 1 ^ 0 
rotational lines of 12CO and 13CO. Figure 4 shows the simple 
filament L43, in contours of emission from lines of 12CO, 

CO, C180, CS, and NH3. As one progresses from the smal- 
lest map (NH3) to the largest map (12CO), the orientation of 
the long axis remains approximately constant. But the long 
dimension grows faster than does the short dimension, so the 
half-maximum contour of the NH3 map has projected axial 
ratio p ~ 0.5, while that of the 12CO map has p ~ 0.1. Other 
small-axial-ratio filaments are evident in 13CO maps in 
Ophiuchus (Loren 1989) and Taurus (Ouvert, Cernicharo & 
Baudry 1986; Heyer et al. 1987). These 13CO filaments closely 
match the structure seen in visual obscuration. 

There is little doubt that the simple filaments with projected 
axial ratio p~0.1, surrounding some cores, are prolate 
objects. Figure 3 shows that an ensemble of identical oblate 
spheroids cannot have a typical value of p much lower than 0.5, 
while prolate spheroids have no such limit. An isolated elon- 
gated dark lane might be considered as a rare instance of a 
highly flattened sheet seen nearly edge-on. But the presence of 
several such lanes in Taurus, Ophiuchus, and other regions, 
with nearly parallel orientations on the sky, makes such an 

oblate interpretation very implausible. Indeed, dark cloud fila- 
ments are almost always considered prolate. For example, 
Jones & Herbig (1979) modeled the extinction in Taurus as 
arising from 28 prolate cylinders. 

Since a simple filament with axial ratio near 0.1 is almost 
certainly prolate, its elongated segments seen in molecular line 
maps are probably also prolate, if their long axes are approx- 
imately aligned with that of the filament. The segments are 
then simply prolate pieces of the filament. Similarly, a complex 
filament with axial ratio near 0.1 is almost certainly prolate, 
and its separated segments are probably also prolate if they are 
elongated and approximately aligned with the axis of the 
parent structure. The elongated segments could plausibly be 
oblate, if their long axes were perpendicular to that of the 
filament, as in a stack of coins. Such a situation is expected if 
magnetized prolate cores collapse along their field lines (e.g., 
Tomisaka, Ikeuchi, and Nakamura 1988a, b; hereafter 
TINa, b; Lizano & Shu 1989). However, molecular line obser- 
vations of well-defined perpendicular segments have not been 
reported, and most of the elongated segments in the photo- 
graphs presented by Schneider & Elmegreen (1979) are more 
nearly parallel than perpendicular to the long axis of the 
parent filament. 

These considerations indicate that cores in simple filaments 
(B35, L43, and L1251) are most certainly prolate; and cores 
having approximately the same orientation as the complex 
filaments to which they belong (L234, L1535, L1400 G) are 
probably prolate. These six cores have maps slightly more 
elongated than the others—another indication that they are 
prolate: they include the four smallest axial ratios in the 
sample, p = 0.20-0.28. Furthermore, the eight other elongated 
cores in Figure 1 that lack filamentary extensions in visual 
obscuration are not necessarily excluded from being prolate— 
rather, they lack decisive evidence. 

The cores identified as prolate in this paper join several 
other cores having evidence of prolate shape. TMC-1 
(Churchwell, Winnewisser, & Walmsley 1978) and TMC-1C 
(Benson & Myers 1983) are each elongated in NH3 and C180 
maps, with axial ratio ~0.2, and each of their long axes is 
approximately parallel to the long axis of the dark cloud that 
contains them, Heiles Cloud 2. Also, the “Orion ridge” lies 
along the axis of the much more extended Orion A cloud seen 
in lines of 12CO and 13CO (Genzel & Stutzki 1989). As more 
molecular line maps are made in regions with filamentary 
large-scale structure, it is likely that more examples of prolate 
cores will be found. 

Another aspect of core environments is the direction of 
optical polarization of background stars, generally attributed 
to the alignment of elongated dust grains by the ambient mag- 
netic field. This direction is known for some of the cores in the 
present sample. Unfortunately, this knowledge does not help 
decide between oblate and prolate shapes, because either shape 
can have its symmetry axis along the magnetic field, as dis- 
cussed in § 4.3. Furthermore, some dark cloud filaments that 
are clearly prolate are well aligned with the local direction of 
optical polarization, such as L1755, while others are nearly 
perpendicular, such as B216, and still others lie at intermediate 
angles (Goodman et al. 1990a). Therefore, the contribution of 
optical polarization directions to the question of core shapes is 
at present inconclusive. 

4.3. Comparison with Equilibrium Models 
We have compared three observable core properties—size 

R, line width Av, and column density N—with predictions of 
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TABLE 1 
Equilibrium Models of Isothermal Cores with Various Shapes 

A. (Sphere (p = 1) 

NH3 Core* C180 Coreb 

/ n (104 cm-3) n (104 cm"3) 

0    ir/5 3.7 1.4 
1   2jt/9 3.4 1.3 
2   k/3 2.2 0.86 
2 (SIS)  it/2 1.5 0.58 

B. Rotating Oblate Spheroid (p = 0.5) 

NH3 Core* C180 Core8 

e,ot/«.i,em "c/»o / n (104 cm-3) iw, (km s"1) «(104 cm-3) Fshif, (km s'1) 
0.15  1.49 300 0.41 13 0.73 5.2 1.09 
0.18   0.99 10 0.49 9.3 0.73 3.6 1.09 
0.23  0.54 3 0.78 4.6 0.74 1.8 1.10 
0.26  0.34 2 1.10 2.9 0.75 1.1 Ml 

C. Magnetic Oblate Spheroid (emag/c,herm = 1. P = O-5) 

NH3 Core* C180 Core8 

nJnQ f n (104 cm-3) (pG) n(104cm“3) Bu (pG) 

0.18  100 0.51 9.0 14 3.5 13 
0.23  2 1.02 3.5 15 1.3 14 
0.25  10 0.57 5.8 14 2.3 13 
0.27  5 0.67 4.6 14 1.8 13 

D. Finite Segment of an Infinite Prolate Cylinder 

NH3 Core3 C180 COREb 

q P f n (104 cm-3) B^inG) n (104 cm“3) B^{nG) 

0.4  0.5 0.88 1.5 6.2 0.56 11 
a Assuming representative values Ad = 0.49 km s -1 and R = 0.075 pc. 
b Assuming representative values Ad = 0.73 km s"1 and R = 0.18 pc. 

stable, self-gravitating, isothermal equilibrium models of cores 
having either spherical, oblate, or prolate shape. These com- 
parisons are summarized in Table 1 and in Figure 5. They 
indicate that the three observable quantities are mutually con- 
sistent with each of the equilibrium models; they do not clearly 
favor one shape over another. 

We define the core radius R for a map in a particular line as 
the geometric mean of the largest and smallest radii of the 
half-maximum intensity contour. Note that this R is half that 
used in Myers & Benson (1983), BM, and some other papers. 
We make this change in notation to compare measured and 
model radii more conveniently and accurately. The core line 
width Ap is the expected FWHM of the distribution of line-of- 
sight velocities of the particle of mean mass, m = 2.33 amu. We 
obtain Ap from the observed FWHM of a line, Apobs, emitted 
by molecules of mass mobs, according to 

Ap2 = Ap2
bs -I- 8In2/cT(m"1 - m~bl), (3) 

where k is Boltzmann’s constant, and T is the kinetic tem- 
perature. The motions in Ap are assumed to be random and 
isotropic, exerting a supporting pressure. Since the nonthermal 

contribution to Apobs varies from line to line, Ap also varies 
from line to line. 

We define N as the mean column density of gas within the 
HM contour of a particular map. We obtain N from the C180 
data of Fuller (1989) by adopting an excitation temperature of 
10 K for the observed transition and for the partition function. 
We adopt a linear relation between C180 column density and 
visual extinction as in Fuller’s Table'4.5. We assume the usual 
relation between hydrogen gas column density and dust extinc- 
tion (Bohlin, Savage, & Drake 1978), and we assume that the 
interstellar gas contains 10% He. The typical ratio of iV(C180) 
to N is then 2.0 x 10“7. We obtain N from the NH3 data of 
BM in a manner similar to that for C180, as explained by BM, 
and by constraining the intercept of the linear relation between 
N and the NH3 column density so that the mean value of N 
derived from the NH3 data for the 16 clouds in this paper is the 
same as the mean value of N derived from the C180 data. The 
typical ratio of iV(NH3) to N is then 1.5 x 10“7. As BM do not 
report the mean NH3 column density within the HM contour, 
we multiply the peak NH3 column density within a map, from 
their Table 7, by 0.67, a correction factor derived from the 
mean and peak C180 column densities given in Fuller (1989). 
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^IG- LoS"Iog comparison of C180 and NH3 dense core data with equi- 
librium models for various core shapes. The horizontal axis shows the mean 
column density over a core N, based on observed column density of C180 
(circles) or NH3 (squares). The vertical axis shows Av2/R, where At? is the 
FWHM line width of the particle of mean mass, based on the line width of 
C O or NH3i and R is the HWHM size of the C180 or NH3 map. Data 
points based on NH3 and C180 observations of the same core are joined by a 
solid line. Each equilibrium model is indicated by a solid line of unit slope, 
with a break near the center of the figure to avoid confusion with the data 
points. For the spherical and oblate spheroidal models, several possible cases 
were considered (see Table 1). The resulting range of intercepts is indicated by 
a dashed vertical line joining the solid lines of largest and smallest intercept. 
The models for spherical cores, oblate rotating cores, oblate magnetic cores, 
and segments of prolate cylinders all fit the data within its scatter. 

The foregoing procedure assigns the same total column 
density N to two line maps of the same core, rather than the 
more common practice of dividing each tracer-molecule 
column density by an abundance ratio based on other observa- 
tions. We adopt the present procedure because it is based on 
the same premise as the abundance-division method and is 
probably more accurate. Abundance determinations are 
usually based on star counts or color excesses to determine the 
visual extinction, and thus the total column density in a region. 
The abundance is then the ratio of the molecular column 
density derived from the tracer line observations, to the total 
column density. If such an abundance determination were 
made for each core, each tracer-line observation of that core 
would by definition correspond to the same total column 
density. Such abundance determinations are available only for 
a few regions; they show some variation from cloud to cloud, 
and they also have uncertainty due to sampling and measure- 
ment error. Therefore we use a method which enforces the 
equality of total column density and minimizes the propaga- 

tion of error from the abundance determinations in other 
clouds. 

One could also obtain N from R and from the density of 
collision partners needed for NH3 line excitation, but this 
method gives a dispersion in values of AT larger than that based 
on the adopted method. 

For each of 42 NH3 cores and 14 C180 cores, Figure 5 
shows the quantity (Av)2/R plotted against AT in a log-log plot, 
in order to compare the observed data with predictions of 
equilibrium models of various shapes. A similar plot was pre- 
sented by Keto & Myers (1986). The plot format is convenient 
because equilibrium model predictions appear as straight lines. 
The NH3 and C180 data in Figure 5 show no significant trend, 
with each group of points ranging from about (Av)2/R = 0.6 to 
5 km s 2 pc 1, and with N = 2-16 x 1021 cm-2. The C180 
data show somewhat greater scatter at the high end of the 
column density range. 

All of the equilibrium models considered here require 

(At’)2 

—= 8 In 2mG Nf, (4) 

where G is the gravitational constant, and where the dimen- 
sionless quantity / depends on the model. Table 1 gives the 
value of/for each model considered, and Figure 5 shows the 
range of values of/for each shape. The following paragraphs 
and the Appendix describe how/and the other entries in Table 
1 are obtained. 

For a sphere whose density n varies with radius r as r \ 
equality of the kinetic energy and gravitational potential 
energy terms of the virial theorem implies 

. 71 3 — s 

while for a singular isothermal sphere (hereafter SIS; Shu 
1977),/= n/2. Figure 5 shows that spherical models with s = 0, 
1, and 2, and the SIS model, all have reasonable agreement 
with the observed values of Av, N, and R. Table 1A also lists 
the mean density n over a model core with At> = 0.49 km s"1 

and R = 0.075 pc, typical for NH3 cores, and with At; = 0 73 
km s and R = 0.18 pc, typical for C180 cores. We obtain 
this mean density from the geometry of a sphere and from 
equation (4), 

n= — = 3 /M2 

” 4R 321n2mGf \RJ ' (6) 

The resulting values, n = 2-4 x 104 cm"3 for NH3 cores 
and 0.8-2 x 104 cm 3 for C180 cores, are in good accord with 
excitation requirements (BM; Fuller 1989). On the other hand, 
these spherical models are inconsistent with the typical elon- 
gated core map shape, as discussed in § 3. 

To compare the observed data with rotating oblate core 
models, we use the axisymmetric, nonmagnetic, self- 
gravitating, isothermal core models of Kiguchi et al. (1987; 
hereafter KNMH), which extend the earlier work of Stabler 
(1983). These calculations indicate that stable, centrally con- 
densed structures can have substantial flattening. We consider 
the 11 KNMH models with oblate shape, stable equilibrium, 
and true axial ratio q = 0.15-0.30, as required by the results of 
§ 3. Calculation of/is explained in the Appendix. Table IB lists 
four representative cases. The range of/corresponds to varia- 
tions m the relative rotational energy erot/etherm, and in the 
degree of central concentration, also listed in Table IB. As with 
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the spherical models, this range of oblate models agrees with 
the line width, size, and column density data shown in Figure 
5. Also, the model mean density listed in Table IB agrees 
within uncertainty with that needed for line excitation in the 
typical NH3 and C180 core. 

However, these rotating models also predict a continuous 
shift in the line center velocity along the projected long axis. 
We list in Table IB the magnitude of this shift from one edge of 
the core map to the other, t>shift, whose calculation is explained 
in the Appendix. The expected values of t;shift are 0.73-0.75 km 
s-1 for NH3 cores and 1.09-1.11 km s"1 for C180 cores. 
Velocity shifts in these ranges, and in the long axis direction, 
are occasionally seen in NH3 and C180 cores (Goodman et al. 
1990b; Fuller 1989), such as in L43 and LI251. But they are 
relatively rare in core observations, suggesting that rotation is 
not common enough to explain the characteristic elongation of 
core maps. A similar conclusion was found by Arquilla & 
Goldsmith (1986), who found that only three of eight clouds 
studied in the J = 1-0 line of 13CO have significant evidence 
for rotation. 

To compare the observed data with oblate magnetic core 
models, we use the nonrotating isothermal models of TINa, b, 
which extend and complement earlier work by Mouschovias 
(1976a, b), Nakano (1984) and Lizano & Shu (1989). Like the 
rotating models of KNMH, these magnetic models of TINa, b 
show that highly flattened, stable equilibrium configurations 
are possible. We consider TINb models 5a-5e, which have 
q = 0.15-0.30 and stable equilibrium. These models assume 
equal magnetic and thermal energy density. Figure 5 shows the 
range of values of /, calculated as explained in the Appendix. 
Table 1C lists four representative cases spanning this range in/, 
corresponding to a range in central concentration of a factor of 
50, also detailed in Table 1C. The mean densities are similar to 
those for the spherical and oblate rotating models. The line-of- 
sight component of magnetic field strength at the core bound- 
ary, suitable for comparison with measurements of the Zeeman 
effect, is calculated according to expression (All). The resulting 
values of NH3 and C180 cores, 13-15 //G, are not excluded by 
the few available measurements of magnetic field strength in 
low-mass cores. Goodman et al. (1989) found By = 
19 ± 3 //G in the dark cloud Barnard 1, using a beam large 
enough to enclose the HM intensity contour of OH line emis- 
sion. Using the observed values of Av and R for that cloud, and 
the model parameters corresponding to q = 0.25 in Table 1C, 
equation (All) predicts B|| = 11 juG. However, many more 
measurements are needed to properly test the predicted values 
°f B||. 

In contrast to the oblate equilibrium models considered 
here, no prolate equilibrium model exists, unless the pressure 
along the symmetry axis significantly exceeds the pressure per- 
pendicular to the symmetry axis—a situation difficult to 
envision physically. Instead, we consider a finite segment of an 
infinitely long cylinder, which has stable and unstable equi- 
librium solutions, for magnetized gas having uniform tem- 
perature and Alfvén speed, with magnetic field direction along 
the cylinder axis (Stodolkiewicz 1963). The nonmagnetic iso- 
thermal cylinder (Ostriker 1964) is then a special case with zero 
Alfvén speed. For comparison with observations we define the 
projected bl/2 as the value of b where the column density is half 
its maximum value. We consider a segment whose length along 
the axis is 5.0b 1/2. We choose this length because it corre- 
sponds approximately to an axial ratio q = 0.4, which is the 
value indicated in § 3 for a prolate spheroid that matches the 

observed projected ratio p = 0.5. This length also has physical 
significance because it is characteristic of the fastest growing 
unstable mode of axial fragmentation of the cylinder (Larson 
1985; Bastien 1983; Stodolkiewicz 1963; Rouleau & Bastien 
1990). Thus prolate cores might be consistent with marginally 
unstable fragments of longer cylinders. 

For this prolate model, we list in Table ID values of/ n, and 
By calculated according to equations (A15), (A17), and (A18). 
As for the oblate models, these values agree reasonably well 
with the data considered here, as shown in Figure 5. The line- 
of-sight field strength for a core with p = 0.5, q = 0.4, and 
typical line width and size revealed by NH3 data is 6 pG; for 
C180 data, 11 pG, and for the OH data reported by Goodman 
et al. (1989) for Bl, 14 pG. Thus, among the four models con- 
sidered, the sphere can be ruled out on the basis of map shape, 
and the rotating oblate spheroid can be ruled out on the basis 
of velocity shift. Neither the magnetic oblate spheroid nor the 
magnetic prolate cylinder segment can be ruled out by the 
equilibrium models in this section. 

For the cores likely to be prolate because they are parts of 
more extended filamentary clouds, the cylinder segment model 
discussed here appears consistent with core shape, and with 
equilibrium relations among Au, N, and R. However, the 
segment length may present a problem : if the cylinder is to be 
stable, it must be infinitely long; if it has a length consistent 
with observations, it is unstable. In the absence of retarding 
forces, it should then collapse on a dynamical time scale. In 
that case, such segments might not be expected to be as 
common as is indicated by the analysis of § 3. Further studies 
of the dynamical evolution of cylindrical structures are needed. 

4.4. Implications 

The foregoing results suggest that at least six of the 16 cores 
studied here have prolate shape. The remaining 10 cores have 
less certain shapes. If they are typically oblate, they are prob- 
ably highly flattened, with typical axial ratio q ~ 0.2, and they 
are probably supported magnetically rather than rotationally 
in the radial direction. If some of the 10 cores with uncertain 
shape are prolate, they join the six more likely to be prolate in 
having the following properties: (1) They are modestly elon- 
gated on the 0.1 pc size scale, with typical axial ratio q ~ 0.4. 
(2) Their shape is inconsistent with models of isolated equi- 
librium between gravity and rotation, or between gravity and 
magnetic pressure. (3) Their shape, velocity dispersion, column 
density, and size are consistent with those of an axially 
unstable fragment of a self-gravitating, isothermal cylinder. 
(4) If the core is magnetized along the symmetry axis with 
uniform Alfvén speed, the line-of-sight component of the mag- 
netic field is typically 6-11 juG—a value that appears consis- 
tent with the few relevant measurements and upper limits now 
available. 

The prevalence of prolate cores carries several implications 
for our understanding of core evolution and the physics of star 
formation. Prolate cores are known with and without young 
embedded stars, and some prolate cores are parts of much 
larger structures, with few stars. Thus prolate shape is evi- 
dently not a consequence of star formation. Rather it appears 
that prolate shape is an aspect of the “ initial conditions ” of the 
formation of some stars. These initial conditions may also need 
to account for the forces giving rise to the prolate geometry— 
presumably some combination of gravitational, magnetic, and 
fluid forces. If the prolate core is aligned with an energetically 
significant magnetic field, the calculations of TIN and of 
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Lizano & Shu (1989) predict that the core will develop an 
oblate condensed structure as matter travels toward the center 
of mass along field lines. If this predicted outcome occurs, it 
must occur at a later time or on a smaller size scale than is 
indicated by the current observations. 

Prolate initial conditions may favor the formation of binary 
stars—long a difficulty of models based on spherically sym- 
metric initial conditions. Rouleau & Bastien (1990) find from 
numerical simulations that a self-gravitating polytrope with 
cylindrical symmetry will collapse into two fragments, which 
then fall toward their common center, provided the initial axial 
ratio is less than 0.6 and the initial ratio of gravitational to 
thermal energy is greater than a value between 1 and 2, 
depending on the polytropic index. Related ideas are also dis- 
cussed by Boss (1988) and Zinnecker (1984,1989). 

A tendency for the axis of a molecular outflow to lie nearly 
perpendicular to the long axis of its associated ammonia core 
has been noted by Torrefies et al. (1983, 1986) and Anglada et 
al. (1989). Many authors have interpreted this tendency by 
assuming that the core is oblate. Then the outflow axis is 
approximately aligned with the symmetry axis of the core, as 
expected if the outflow axis direction is tied in a causal way to 
the magnetic or rotational axis of the oblate core. But this 
picture changes if the core is prolate: then the outflow emerges 
approximately perpendicular to the symmetry axis, and it is 
less clear how, or whether, the outflow direction is tied to 
large-scale core properties. This latter situation is well illus- 
trated by the outflow in L43. The projected outflow direction is 
clearly perpendicular to the direction of core elongation 
(Mathieu et al. 1988), and the elongated core is very likely 
prolate, as demonstrated by Figure 4 of this paper. 

5. SUMMARY 
The main points presented in this paper are : 
(1) Forty-eight line intensity maps of 16 dense cores in dark 

clouds are compared, based on observations in the 13 mm line 
of NH3 and in the 3 mm lines of CS and C180. 

(2) The geometric mean FWHM size of a core map differs 
from line to line: the average sizes in this sample are 0.15,0.27, 
and 0.36 pc for the NH3, CS, and C180 lines, respectively. The 
core maps are similar from line to line in their position on the 
sky, in their axial ratio, typically 0.5-0.6, and in the direction of 
their long axes, which are usually aligned within 20°. These 
points of similarity suggest that elongation is a common char- 
acteristic of dense cores. 

(3) Core elongation in the present sample does not differ 
significantly between cores with and without embedded stars: 
evidently, elongation is a condition prior to star formation, 

and not a consequence of star formation. The elongation 
typical of the present sample is also typical of 19 resolved cores 
having molecular outflows from embedded stars of low and 
intermediate mass, studied by Torrefies et al. (1983, 1986) and 
by Anglada et al. (1989). 

(4) The map overlap, elongation, and alignment from line to 
line in the present sample of low-mass cores constitute closer 
agreement than is evident between maps of cores associated 
with OB stars, perhaps due to shocks, ionization, and photo- 
chemical effects near OB stars. 

(5) The characteristic elongation of dense cores implies that 
models of equilibrium between self-gravity and isotropic 
random motions are incomplete, although the typical core 
appears close to equilibrium if a characteristic size is taken as 
the radius of an equivalent sphere. 

(6) The observed elongation of dense cores in projection is 
modeled as arising from a group of either prolate or oblate 
spheroids. The spheroids are identical except for the orienta- 
tions of their symmetry axes, which are distributed iso- 
tropically. To match the typical core, oblate spheroids must be 
highly flattened, with axial ratio less than 0.1-0.3, while prolate 
spheroids must have modest elongation, with axial ratio 0 4- 
0.5. 

(7) Six cores (L43, B35, L1251, L234, L1535, and L1400G) 
are likely to be prolate, because they appear to be integral 
parts of more extended structures, which in turn are almost 
certainly prolate because of their extreme elongation. Several 
other well-known cores are likely to be prolate for similar 
reasons. 

(8) The 10 other cores studied here have less certain shape. 
They are unlikely to be rotationally flattened, because they 
generally lack shifts in line center velocity across a map with 
sufficient magnitude, direction, or both. 

(9) Core line widths, map sizes, and column densities are 
generally consistent with equilibrium models of spheres, rotat- 
ing or magnetic oblate spheroids, and finite segments of infi- 
nitely long prolate cylinders. This comparison alone does not 
favor one shape over another. 

(10) Prolate core geometry may represent an initial condi- 
tion for some cases of low-mass star formation. This condition 
cannot be described by a simple model of isolated equilibrium. 
The six cores in this sample believed to be prolate are generally 
consistent in line width, column density, and minor axis size 
with an equilibrium model of an infinitely long prolate cylin- 
der. Their major axis sizes are consistent with estimates of the 
wavelength of the fastest-growing mode of axial fragmentation 
of the cylinder. On the other hand, if such fragments were to 
collapse dynamically, prolate cores formed by this process 
might not be as prevalent as the observations suggest. 

APPENDIX 

FORMULATION OF NONSPHERICAL EQUILIBRIUM MODELS TO ALLOW COMPARISON WITH 
OBSERVED DENSE CORE PROPERTIES 

fo™l^ninn?ZherfCaieqUÍ1ÍbKr m0df1S considered ln § 43 Predict the values of dimensionless variables. These require formulation m terms of other variables in order to compare with quantities derived from observations. This Appendix describes the 

s ^l/' and Äll’ presented in Tables 1B-1D, and compared with observations in § 4.3 and Figure 5 As defined in 
nnmhírH ^ COefricient of the lmear relation between (Ad)2/R and N in the equilibrium equation (4). The quantity n is the mean ber density over a core, within an observationally defined boundary. The quantity yshift is the magnitude of the^hift in line-of- 
sight velocity between opposite ends of the projected long axis of an oblate, rotating core. The line-of-sight component of magnetic 
field strength, B „, is evaluated at the projected core boundary, for an oblate, magnetized core, and for a finite segment of an infinitely 
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long prolate cylinder. In this appendix, we give expressions for each of these four quantities in terms of model parameters, the axial 
ratios p and q, and the quantities Av and R, derived, respectively, from the observed line width and map size, as described in § 4.3. 

The oblate rotating core models of KNMH present measures of core mass, shape, and radius for various values of the ratio of 
rotational and thermal energy, erot/6therm, and the ratio of central to boundary density. To obtain/we need expressions for At;, N, 
and R. We assume 

(At;)2 = 8 In 2c; 
2 
s ’ 

where cs is the isothermal sound speed. We take 

N = ■ 
M 

nmpa 

(Al) 

(A2) 

where M is the mass within the core boundary, N is the mean column density within the projected core boundary, m is the mean 
molecular mass, and a is the semimajor axis (which for an oblate object is also the projected semimajor axis). The core size 

R = ap1/2 = bp~112 (A3) 

is the geometric mean of the projected semimajor and semiminor axes. Then from equation (4), equations (A1)-(A3), and the 
definitions of KNMH, 

/= 7rp1/2xRM , (A4) 

where xRM is the dimensionless radius-to-mass ratio in the eighth column of KNHM Table 3. The mean density n is obtained from 
equation (4) and the geometry of an oblate spheroid, giving 

3p3/2 /AjV 
32ln2qfmG\R/ 

Equation (6) is then a special case of equation (A5) with p = q = 1. To obtain i;shift, we have by definition 
l'shifC = 2vrot sin i, 

where vrot, the characteristic rotation speed at the core boundary, is 

Vrot = 2CS 

following KNHM Figures 7b and 8b. The inclination i between the symmetry axis and the line of sight is given by 

• 2 • 1 - ?" sm ‘ = 737’ 

based on the geometry of an ellipse, rotated about its major axis. Combining equations (Al), (A6), (A7), and (A8), 

^shift 
2 1 2\ 1/2 

In 2 1 
Aí; . 

(A5) 

(A6) 

(A7) 

(A8) 

(A9) 

We assume p = 0.5, typical of observed values, and take values of q equal to the inverse of the KNMH parameter / (not to be 
confused with the parameter/in this paper). 

The oblate magnetic core models of TIN present measures of core mass and radius in tabular form, and of core shape and of the 
ratio of present to initial radius in graphical form. Our estimates are based on TIN Table 3 and Figure 5, for which kinetic and 
magnetic energies are equal, and for which the dimensionless initial radius xR equals 4.8. We obtain/using the same procedure as 
for the oblate rotating core models; in this case 

/= 47t2p1/2 , (A10) 
XM 

where xM is the dimensionless mass in TIN Table 3, and yR is the dimensionless equatorial radius of the lowest density contour in 
TIN Figure 5. The mean density over the core is obtained from equations (A5) and (A10). We obtain Bn from the assumed equality 
of kinetic and magnetic energies, according to 

Bn 
XrJr (At))2 

8 In 2 R 
cos i, (All) 

where cos i is obtained from equation (A8). We estimate q for each of the TIN models from the shape of the outermost density 
contour in TIN Figure 5. As before, we take p = 0.5, typical of observed values. 

The magnetized prolate cylinder model of Stodolkiewicz (1963) gives the density structure along a radial line perpendicular to the 
symmetry axis in terms of the sound speed cs and the Alfvén speed vA, each of which is assumed spatially uniform : 

n(r) = no 
(1 + Ar2)2 ’ 

(A 12) 
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where 

A = 
n KimriQ 

2cs
2 + vi ’ (A 13) 

.“«."s iir 

,Asrsry is mcltó at aMe ',o ,he iin'of sw‘— 

(Ay)2 = 8 In l( cj + — (A 14) 

"? °r,der t0 b® consistent with equation (A13). This assumption implies a magnetic contribution to the line width as well as to the 
t0 the Hne WÍdth ÍS n0t neCeSSary iD ^ but aPPears justified by available e^enerÄ 

p112 cos i 
•1 _ (1 _ 2-2/3)i/2 • (A15) 

of p and P = 0 5 m aCCOrd Wlth the observatlons in § 2, and q = 0.4 in accord with the observations and the model in § 3. In terms 

 2 , P -2-l 
1 (A 16) 

baRvd^tlief0metr?' °f.an
u

eIllpS
i
e as for the oblate case (e<l- tA8])’ but rotated about its minor axis for the present prolate case y calculation similar to that of equation (A5), the mean density within is 

n = 
2 - 21/3 

/ Ay 
Sn\n2mGp \ R (A 17) 

fieldTs^iven by0”8 ^ ^ (A14)’ ^ the definition of the Alfvén sPeed «a, the line-of-sight component of the magnetic 

Bl = 
21/3 _2“i/3 

Ín2 r^-c
2¥: 

[sin 2 SJV 
'AíA2 cos2 i 
Rj pG (A 18) 
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