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ABSTRACT

We report 13CO and C*20 line observations and maps in Orion A (L1641) and B (L1630). Together with
already published observations, these data are used to study the line width-map size relation in massive star-
forming regions. The nonthermal component of the line width (Avyy) in Orion cores follows the trend Avyy ~
R? with g = 0.21 + 0.03, significantly different from g = 0.53 + 0.07 found in low-mass cores. These relations
are analyzed in the context of an equilibrium model of a spherically symmetric dense core which incorporates
both thermal and nonthermal (“ TNT ”) motions. The internal consistency of the TNT model and Avy—R data
is shown. We present general formulae for the TNT model and apply them to the observational data. Differ-
ences in the slope and in the intercept of the log Avy;—log R relation between massive and low-mass cores
imply significant differences in density structure, pressure profile, mass infall rate, and probably in the masses
of stars which form. In particular, massive cores are denser and have steeper density profiles than low-mass
cores. Visual extinction values predicted by the TNT model for low mass and massive cores (3.3 and 16 mag,
respectively) are in good agreement with available observational estimates for similar objects. The higher
density and pressure in massive cores lead to values for the infall time for 1 Mg of ~7 x 10* yr, ~6 times
shorter than in low-mass cores. Massive dense cores associated with embedded young stellar objects have
physical properties almost identical to neighboring massive starless cores. Thus, the formation of a star or a
small group of stars does not significantly affect the initial physical conditions of the associated molecular
cloud core. On the other hand, line widths of ammonia cores become narrower as the distance from embed-
ded young stellar clusters increases. In particular, the massive core farthest away from embedded clusters is
mostly thermal and its kinetic temperature is ~10 K, ~2 times lower than the typical kinetic temperature of

massive cores.

Subject headings: ISM: clouds — ISM: kinematics and dynamics — ISM: molecules — stars: formation

1. INTRODUCTION

An important aspect of the physical conditions in star-
forming molecular clouds is the spatial distribution of internal
motions and support. It has long been known that Av,,, the
FWHM velocity width of a line observed in a particular cloud,
and R, the size of the half-maximum (HM) contour map of the
intensity of the same line, correlate from line to line in a given
cloud (Ho et al. 1977; Myers et al. 1978; Snell 1980; Larson
1981), and that for most lines the width is dominated by non-
thermal, supersonic motions. The physical basis of the relation-
ship is still poorly understood, although the line broadening is
probably magnetic in origin (Myers & Goodman 1988;
Goodman et al. 1989). Only recently have enough mapping
data become available to allow comparisons between clouds,
and to interpret the Av,—R relation in terms of models of
cloud structure and evolution.

Fuller & Myers (1992, hereafter FM) reported observations
of 14 low-mass cores, each in lines of NH, CS, and C'80. The
observed line widths follow the trend Avg,, ~ R% with
q = 0.44 + 0.08 for six “starless” cores and g = 0.4 £ 0.1 for
eight cores with associated stars, of median luminosity 2 L.
Thus the slope of the line width-size relation appears indepen-
dent of the presence of associated stars, and the physical condi-
tions underlying this relation can be considered part of the
initial conditions of the star formation process.

According to the small amount of evidence now available,
regions forming massive stars have broader lines, and shallo-
wer line width—size relations than do regions forming low-mass
stars. The slope q on a log-log plot of the nonthermal com-
ponent of the line width Avy; versus the map size R is
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0.65 + 0.08 for the 14 low-mass cores of FM, 0.5 + 0.1 for the
tcore in L1204 associated with the H 1 region S140, and is
0.28 + 0.03 for the core in the p Oph dark cloud associated
with the well-known embedded cluster of some 80 stars (Myers
& Fuller 1992, hereafter MF).

In this paper we present a new well-defined line width size
relation in massive cloud cores deduced from a literature
search on Orion Molecular Cloud cores combined with new
observations in 3CO and C'80 in the same region. Each core
has been mapped in at least three different molecular lines,
NH,(1, 1), CS(2 - 1) or CS(1 —0), and 3CO(1 — 0). These
molecular species trace physical conditions from size scales of a
few hundredths of a parsec to ~1 pc. The same range of
observational data is available for low-mass cores, after the
inclusion of new *3CO observations (Fukui & Mizuno 1992) in
the dense cores studied by FM;; this allows a fair comparison of
physical properties in massive and low-mass cores deduced
from observations, and their interpretation in the context of a
spherically symmetric cloud in hydrostatic equilibrium (HSE)
with thermal and nonthermal motions (the “TNT” model
introduced by MF). Closely related studies have been carried
out by Holliman & McKee (1994), who model the Av-R rela-
tion reported in this paper as arising from pressure associated
with magnetic fields and Alfvén waves.

In § 2 we describe how we selected the sample of massive
cores from the literature and our new observations. In § 3 we
define “size” and “line width” and we present the results of
the literature search and observations. In § 4 the new line
width—size relation in massive cores is shown and compared
with that relative to low-mass cores. Section 5 presents general
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formulae for the HSE model, and its application to the data to
deduce density structure, pressure profiles, and mass infall
rates in massive and low-mass cores. In § 6, we discuss the
effects of embedded stars on the initial physical conditions of
star-forming molecular cloud cores. Section 7 summarizes the
paper.

2. THE SELECTION OF THE MASSIVE CORE SAMPLE

2.1. The Literature Search

The Orion Molecular Cloud is the nearest and one of the
best-studied regions forming massive stars (for a detailed
review, see Genzel & Stutzki 1989). We focused our study on
this region to better define the line width-map size relation in
massive cores. We carried out a literature search on Orion
cores primarily using the Brand & Wouterloot (1991) catalog.
As selection criteria we required that each core has been
mapped at least in two different molecular lines, and that the
half-maximum contour maps significantly overlap in space.
We also restricted the angular resolution (A6) of the selected
maps to values <18 for high-density molecular tracers, such
as CS and NH,, and <2!7 for larger scale maps, such as 13CO
maps. The first A@ upper limit comes from the CS(2 — 1)
survey in Orion B by Lada, Bally, & Stark (1991, hereafter
LBS); the A6 upper limit relative to larger scale maps refers to
13CO(1 — 0) observations in Orion A from Sugitani et al.
(1986, hereafter SFOK).

We did not include the more extended large-scale surveys in
H 1 by Green (1990), in OH by Baud & Wouterloot (1980), in
12CO(1 - 0) by Maddalena et al. (1986), and in H,CO by
Cohen et al. (1983) because of their coarse angular resolution
compared with the well-resolved small-scale tracer maps. We
did not consider cores close to the BN-KL infrared nebula and
the OMC-1 molecular cloud, where the presence of intense UV
fields, strong winds, and outflows driven by massive stars may
strongly affect the structure and physical properties of the sur-
rounding molecular environment.

Finally, we did not include in our analysis interferometric
observations, which concern much smaller size scales than
single-dish observations. VLA maps of NH;(1, 1) have been
done in several high-mass star-forming regions. In particular,
Zhou, Evans, & Mundy (1990, hereafter ZEM) used the VLA
to observe NH;(1, 1) and (2, 2) in NGC 2071 in Orion B. The
region they observed is centered on one of the near-infrared
clusters discovered by Lada et al. (1991) during their unbiased
survey at 2.2 um in Orion B. Therefore the mapped gas is
strongly affected by the embedded young stars which drive a
powerful, well-collimated outflow seen in CO (Snell et al. 1984),
CS (Takano et al. 1984), and HCO™* (Wootten et al. 1984). In
fact, the results of ZEM indicate that the NH; emission is
distributed in a ring about the infrared sources and the dense
core, instead of tracing the dense core. Here the authors are
probably seeing a more evolved phase of a star-forming
ammonia core, when the newly born stars already started the
disruption of the circumstellar cloud. We point out that for the
core size scales studied in this paper, where the effects on
molecular line widths of embedded low- and moderate-
luminosity stars are not significant (see § 6), NH; is indeed a
good tracer of dense gas (densities ~10*-10° cm™3; e.g,
Benson & Myers 1989). Moreover, other well-known tracers of
dense gas, such as HC;N, C;H,, and N,H" give estimates of
line width and size similar to those deduced from NH; maps of
the same objects, both in low-mass (Fuller & Myers 1993;
Benson et al. 1994) and massive (Caselli & Myers 1994) cores.
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In the present study we avoid the analysis of complex
regions, such as OMC-1 or the NGC 2071 cluster region; we
concentrate our attention on star-forming dense cores where
the effects of embedded stars are not yet detectable (see § 6).

Several molecular condensations in L1630 (Orion B) have
been mapped in CS by LBS, in NH; by Harju, Walmsley, &
Wouterloot (1993, hereafter HWW), and Iwata, Fukui, &
Ogawa (1988, hereafter IFO); we have very little information
about C!80 (just two coarse angular resolution maps by IFO:
one in NGC 2071 North and one in NGC 2071) and no avail-
able information about the *3CO distribution with the excep-
tion of a map showed but not discussed by Bally (1989).
Goldsmith et al. (1992, hereafter GMSF) show a 3CO map in
NGC 2071 North obtained with the FCRAO telescope, but
they surveyed a limited region from which we cannot deduce
size because the half maximum contour lies beyond the bound-
aries of the mapped region.

L1641 (Orion A) has been extensively mapped in CS by
Tatematsu et al. (1993, hereafter TUKH), and we have also
ammonia data from Bartla et al. (1983, hereafter BWBR), and
HWW for cores associated with IRAS sources, and from
Cesaroni & Wilson (1994, hereafter CW). 1*CO data are avail-
able from Bally et al. (1987, hereafter BLSW) and SFOK.
Recent '3CO maps in L1641 by Chen, Fukui, & Iwata (1993)
are limited in extent and do not allow estimation of the core
size. Again, in L1641 there are not available C'80 line widths
and sizes of individual cores, although the region has been
mapped in the above molecule by Dutrey et al. (1991). Finally,
if we do not consider the KL nebula and the BN object, a few
single-dish observations of Orion cores have been made in
other molecular lines (e.g., Chen, Fukui, & Young 1992 for
HCO ™) from which we can deduce useful parameters.

To summarize, requiring that each core has been mapped
with good angular resolution in at least two different molecules
we collected 72 Orion cores. Sixteen of them (six in Orion B,
and 10 in Orion A) have been mapped in three or more differ-
ent molecular tracers, but seven out of 16 lack large-scale (~ 1
pc) maps such as in 13CO. The other 56 cores have just two
maps, 42 have been mapped in CS (TUKH), and they are
embedded in '3CO clouds (BLSW; SFOK), and 14 have been
mapped in CS (LBS; TUKH), and NH; (BWBR; HWW; CW).

We decided to include in our sample cloud cores with at
least three maps in different molecular tracers, including small-
scale maps (e.g., in NH3, CS) and larger scale maps such as in
13CO. This criterion is necessary to have a well-defined line
width-size relation, to compare the Av—R relation of individual
cores with each other, and to verify if the general Av-R relation
in massive cores is primarily due to the variation of line width
with size within the cores in the sample rather than to any
core-to-core variation, as it was found by FM for the case of
low-mass cores. Because of the lack of available data in *3CO
and C!'20, especially in Orion B, we decided to map such
molecules in selected parts of L1630 and L1641 containing
cores already mapped in NH; and CS. These observations,
described in the next section, have furnished new large-scale
data for nine cores in Orion B and five cores in Orion A. The
literature search together with our new observations yielded 24
Orion cores, each having at least three maps in different molec-
ular lines.

2.2. Observations
The J = 1 -0 3CO and C*®O observations were made in

1993 April and May at the FCRAO 14 m telescope at New
Salem, Massachusetts. We used the 15 element QUARRY
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receiver (Erickson et al. 1992) with a set of filterbanks each
having 32 channels and a velocity resolution 0.686 km s~ ! at
110 GHz. At this frequency, the typical system temperature
(SSB) was ~600 K. The main beam width at half-power was
50". The data were acquired in position-switching mode and
calibrated using the ambient load vane method. The rms point-
ing error, estimated by observing SiO masers in Orion and
planets, was ~5". The main beam efficiency up to the half-
power point was ~0.45 at the frequencies considered (Patel,
Xie, & Goldsmith 1995). The rms noise in each channel was
typically 0.2 K in }3CO and 0.1 K in C!20.

We completed four Nyquist sampled maps, three in 3CO
and one in C*80, presented below in the form of contour maps
in Figures 1, 3, and 5.

2.2.1. Orion B

The 3CO contour map of integrated intensity in Orion B is
shown in Figure 1. The three clouds in the figure are NGC
2071 North, NGC 2071, and NGC 2068 going from northeast
to southwest. In NGC 2071 North the !3CO half-maximum
(HM) contour encloses four ammonia cores and one C!%0
core observed by IFO; in the same cloud GMSF observed
HCO™" and CS. Figure 2 shows a composite picture of this
region; for each map the HM contour has been reported. The
C!80 observations have been carried out by IFO using the 4 m
telescope at Nagoya University; they give just a rough estimate
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FI1G. 1.—'3CO(1-0) contour map of integrated intensity in Orion B. The
spectra have been integrated over 7-12 km s~ !; the peak contour integrated
intensity is 17 K km s~ . The contour interval is 3 K km s~ ! and ranges from 5
to 14 K km s~ *. The gray-scale ranges from — 1 to 17 K km s~ ! in equal steps
of 0.2 K km s~ . The three clouds in the figure are NGC 2071 North, NGC
2071, and NGC 2068 going from northeast to southwest.
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of the line width for this cloud (~ 1.8 km s™1). Therefore, to
have a better estimate of Av we observed C'20 in selected
positions of the C'80 cloud mapped by IFO, in the center and
in four positions on the HM contour, as it is shown in Figure 2.
These observations have been made using the 3 mm receiver
recently installed at the 37 m Haystack antenna; using the 17.8
MHz correlator bandwidth the velocity resolution of this
system is ~0.04 km s~ !. The half-power beam width is ~25",
and the main beam efficiency was ~0.2 including the effect of
the radome. The spectra were taken by using overlap frequency
switching for integration times of 50 minutes.

From Figure 2 it is evident that the C'80 line changes its
shape and width across the cloud; the line in the center of the
cloud (spectrum labeled “c”) may be the blending of two com-
ponents with almost the same intensity. The two components
seem to vary inversely in intensity going from northeast
(spectrum a in Fig. 2) to southwest (spectrum d) toward the
clump. In particular, the higher velocity component becomes
very narrow (Av ~ 0.4 km s~ !) in the direction of position “a.”
At the size scales of C'80 maps, this value is unusually low for
massive star-forming regions, in which nonthermal motions
generally dominate over the thermal ones (Myers, Ladd, &
Fuller 1991). It could be interesting to map this region again
with better angular resolution than that achieved by the 4 m
telescope used by IFO and study in more detail the line width
gradient toward NGC 2071 North. From our observations, as
we will show in the next section, we deduced a new and maybe
more accurate value of the line width relative to the C*30 map
in this cloud.

Both in NGC 2071 and NGC 2068 the !3CO HM contour
encloses two cores mapped in NH; (HWW) and CS (LBS). The
cores in NGC 2071 lie in proximity of the infrared cluster
observed in the 2.2 ym survey of Lada et al. (1991). The cores in
NGC 2068 are close to the southern edge of the 13CO HM
contour at ~20' from the infrared cluster embedded in this
cloud (Lada et al. 1991).

2.22. OriB9

Ori B9 is a relatively isolated cloud ~80' southwest from
NGC 2068 and ~40" northeast from NGC 2024 (see Fig. 2 in
LBS). !3CO and C'®0 contour maps of integrated intensity,
obtained at the FCRAO antenna, are in Figures 3a and 3b,
respectively. To have a well-defined estimate of the !3CO half-
maximum contour we extended the map toward NGC 2024,
whose northern edge is shown in the bottom left of Figure 3a;
here the peak contour integrated intensity is 16 K km s~ !, ~2
times larger than in the Ori B9 cloud.

In Figure 4 the HM contours for the 3CO and C!'#0 maps
are shown together with the NH; half-maximum contour
maps from HWW and the associated IRAS sources whose
positions are marked by stars in the figure. The two ammonia
cores have been also mapped in CS by LBS. One interesting
feature in this cloud is that the core at the northeastern edge of
the '3CO HM contour (Ori B9b), associated with IRAS
05405 — 0117 (whose infrared luminosity is 8 L), has the nar-
rowest lines in both the NH; survey of HWW (Av,,,, = 0.29 km
s™!) and the CS survey of LBS (Av,,, = 0.56 km s~ !); the
kinetic temperature, deduced by ammonia observations has
been found ~10 K. The physical properties of this core are
very close to those of low-mass cores (Benson & Myers 1989).
We did not detect any C*80 core in the direction of this mostly
thermal core, perhaps because of the velocity resolution (0.686
km s~ ') of the FCRAO antenna. However, a similar character-
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F1G. 2—Composite view of half-maximum contour maps in '*CO (our data; see Fig. 1), C'80 and NH, (Iwata, Fukui, & Ogawa 1988), CS and HCO*
(Goldsmith et al. 1992) for NGC 2071 North. The C*8O spectra at the indicated positions were observed at the Haystack antenna using the new 3 mm receiver; the
velocity scale is between 0 and 20 km s~ !. The spectrum labeled “c” refers to the central position of the C'®O cloud. The C*80 line is probably the blending of two
components; the higher velocity component becomes unusually narrow (~0.4 km s~ *) toward position “a ”, at the northeast edge of the cloud.

istic has been found by Goldsmith et al. (1992) in NGC 2071
North, where three over four ammonia cores, observed by
IFO, do not agree in position with local maxima of C!80. The
authors concluded that since there was no evidence for a
column density peak in correspondence of ammonia cores, the
most likely explanation is a significant increase of the NH,
fractional abundance. Ori B9 needs to be investigated in more
detail, both for a better understanding of the observed different
morphologies of various molecular tracers, and to analyze in
which particular environments and physical conditions quiesc-
ent dense cores form inside massive molecular clouds, typically
associated with embedded primarily nonthermal cores (see dis-
cussionin § 6).
2.2.3. Orion A

Line widths and sizes for the *3CO and C'80 maps of the
so-called “[-shaped ” streamer in Orion A, north of OMC-1,
have not been published although this region has been mapped

in 13CO by BLSW, Castets et al. (1990), in C'230 by Dutrey et
al. (1991), in CS by TUKH, and in NH; by joining the Bartla et
al. (1983) maps with recent observations by CW. Therefore we
used the FCRAO antenna to map the '*CO emission in this
region of Orion A around six NH; (CW) and CS (TUKH)
cores. The contour map of integrated intensity is shown in
Figure 5. The map has been extended in the south to have a
good estimate of the HM contour for the **CO emission, but,
as we explained in § 2.1, we have not considered cores
close to OMC 1 (centered at a(1950) = 5"32m4653,
0[1950] = —5°24'23"; Bartla et al. 1983), i.e., all the cores
embedded in the southern *3CO condensation in Figure 5.

3. RESULTS

In the following two subsections we describe how we
obtained line width and size estimates for the *3CO and C*30
clouds observed in this work and described in Section 2.2.
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F1G. 3.—a) 13CO contour map of integrated intensity in Ori B9 (the north-
east cloud in the figure). The spectra have been integrated over 7-11 km s™*;
the peak contour integrated intensity for the Ori B9 cloud is 8 K km s™*; the
contour interval is 2 K km s~ ! and ranges from 4 to 8 K km s~*. The gray
scale ranges from —1to 16 K km s~ ! in equal steps of 0.2 K km s~ *. Toward
the southwest, the northeastern edge of NGC 2024 is visible; here the peak
contour flux is ~16 K km s~ . (b) Integrated intensity map in C'®0O(1-0) for
the Ori B9 cloud. The spectra have been integrated over 8 to 10 km s™!; the
lowest contour is at 0.6 K km s™!, the highest is at 2.2 K km s~ ! and the
contour spacing is 0.2 K km s~ *; the peak contour integrated intensity is 2.4 K
km s™*, and it is located very close to the 13CO peak. The gray scale ranges
from —04 to 2.4 K km s™! in equal steps of 0.03 K km s~ !. The C'®0
distribution in this cloud may be undersampled because the line width may be
comparable to the spectrometer resolution (~0.7 km s~ !).

3.1. Line Width Estimates
3.1.1. Mean Line Width

To calculate the mean line width in every mapped cloud we
considered all the spectra inside the corresponding half-
maximum contour, the adopted boundary of the map (see
§ 3.2). For the '3CO and C'®0 observations made at the
FCRAO antenna using the 3 mm QUARRY receiver, every
observed position is associated with a grid of 30 spectra (called
scan) spaced by 25” (for the Nyquist sampling), which cover an
area of ~2/1 x 2/6. Because of the extension of }3CO maps
(average area ~154 arcm?; see § 3.2) each containing an
average number of spectra of ~900, we considered individual
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F16. 4—Overlay of the half-maximum contour maps in !3CO and C*®0 in
Ori B9 (see Fig. 3). Half-maximum contours of ammonia maps (dashed lines)
from Harju, Walmsley, & Wouterloot (1993; HWW) are shown together with
the positions of the embedded IRAS sources, marked by stars. The core associ-
ated with IRAS 05405 — 0117 has the narrowest NH, line width in the HWW
survey, and the narrowest CS line width in the Lada, Bally, & Stark (1991)
survey; its physical properties are very close to low-mass cores (Benson &
Myers 1989).

scans, or groups of 30 spectra, inside the HM contour. If a scan
was located at the boundary of the map, we excluded from the
computation of the mean line width those spectra lying outside
the HM contour. If more than % of the spectra contained in a
“boundary” scan lay outside (inside) the HM contour, we
eliminated (included) the entire scan from the calculation, for
the statistical significance of each scan (see the following
discussion). This choice negligibly affected the final result. The
same method has been applied for the C'30 map in Ori BY.
We calculated the velocity dispersion for each spectrum i con-
tained in the jth scan (o,;;), using the second moment of the
velocity profiles (van Gorkom & Ekers 1991):

n * (N2 /2
Opij = [(<02>i)”2],~ = I:zk=1 ;E:fa,T C;)fl(): 6)<v.>) ]

where T%,(a, 9) is the antenna temperature corrected for atmo-
spheric attenuation, at velocity v,; and position (a, 6), n is the
total number of channels over which the spectra have been
integrated and {v;) is the intensity weighted mean velocity for
the ith spectrum:

(o> = [z !:=1 Thd 5)”ki:| Q)

Z:=1 T4, 6)

This calculation was computed using the NRAO-AIPS soft-
ware package, which furnished the mean value (s,;)) of the
velocity dispersion in each group of spectra, and the relative
dispersion ¢;. Then we calculated the mean line width {(Av)
and the associated error for each cloud multiplying the cloud
mean velocity dispersion ({g,)) and the associated error (g ,,)
by (81n2)"/2, where

» (1)

i

21 Koud/od)
— £j=1\\%;2/0)
O T o)
Oy = [Xier (/]2 @

In equation (3) N is the number of scans inside the HM
contour.
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FiG. 5—'3CO(1-0) contour map of integrated intensity in Orion A-North.
The spectra have been integrated over 5-14 km s~ !. The peak contour flux is
31 K km s~ !; the contour interval is 5 K km s~ ! and ranges from 10 to 25 K
km s~ . The gray scale ranges from —5 to 31 K km s~ ! in equal steps of 1 K
km s~ L. The southern **CO condensation contains the BN-KL nebula, which
we excluded from our analysis together with all nearby cores, whose physical
properties may have been strongly affected by the high dynamical activity in
this region.
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The mean line width {(Av) has been corrected for spectrum
resolution, Av,.,, using the expression:

<Av>cor = [(<AU>)2 - (<Avres>)2] 1z H (5)

where Av,, =0.69 km s~ !. We adopted the values of line
widths calculated from equation (5).

In NGC 2071 North, each C'80 spectral line observed at
the Haystack antenna (see § 2.2.1) has been analyzed using the
Continuum and Line Analysis Single-Dish Software (CLASS),
installed at the Haystack Observatory. We derived line widths,
Av,, relative to each spectrum using the second moment of the
velocity profiles (eq. [1]) multiplied by (8 In2)'/?; then we cal-
culated the mean line width and the associated standard devi-
ation. The method is equivalent to that used for the FCRAO
data. The results are listed in column (9) of Table 1. The table
reports, for each cloud, the telescope used and the observed
molecule in columns (2) and (3), respectively; position of the
peak in the integrated intensity map in columns (4) and (5);
columns (6)—(8) contain integrated intensity, mean velocity cal-
culated from equation (2), and line width of the spectrum at the
peak position, respectively. The relatively low value of inte-
grated intensity for the C*®0O spectrum in NGC 2071 North
reflects the lower beam efficiency of the Haystack antenna in
comparison with the FCRAO (see § 2.2). Columns (9)—(11) list
parameters relative to the HM contour: Av,, the mean line
width (see above); Av,, the line width of the mean spectrum
(see § 3.1.2); R, the radius of the cloud (see § 3.2).

3.1.2. Line Width of the Mean Spectrum

We computed the line width relative to each cloud mapped
at the FCRAO antenna using another method: all the spectra
contained inside the half-maximum contour have been aver-
aged together, to obtain the mean spectrum; then we calcu-
lated the line width of the mean spectrum following the second
moment analysis described in the previous section. Similarly,
the C'80 spectra obtained at the Haystack antenna toward
NGC 2071 North have been averaged together to obtain the
mean spectrum and the corresponding line width. The results
(Av,) are listed in column (10) of Table 1. The uncertainties in
the measured values of the line width of the mean spectrum
have been estimated applying the error propagation formula to
equation (1). The variables affected by error in equation (1) are
T*.(, 6), whose uncertainty is given by the rms of the noise of
the spectrum (AT,,,). Eliminating the subscripts i and j from
equation (1), and propagating the errors, the uncertainty on o,

TABLE 1
LINE WIDTHS AND SIZES OF ORION CLOUDS OBSERVED AT THE FCRAO AND HAYSTACK ANTENNAS

MaP PEak HM CoNTOUR
[T%dv Visa

REGION TELESCOPE  MOLECULE  R.A.(1950)  Decl. (1950) (Kkms™!) (kms™!) Ap,, Av, Av,® R
NGC 2071 North...... FCRAO 13Co 05245™069 00°41'14"4 10.5 9.21 2.31 1.34 £ 003 1374002 706
NGC 2071 North...... Haystack Cc!®0 05 45 06.9 00 3911.0 0.7 9.12 1.18 1.13+ 005 122+001 498°
NGC2071.............. FCRAO 13co 0544 18.4 00 2159.3 16.6 9.36 2.31 1724+ 002 216+002 901
NGC 2068.............. FCRAO 13co 0544 13.3 00 08 35.8 16.8 10.20 1.98 146 +£0.02 167+001 745
OriBY....coevvennennnn FCRAO 13Cco 05 39 58.3 —012155.1 8.7 9.12 1.83 1.27+0.05 1414+003 492
OriB9 ......coveennnn FCRAO Cc'®0 05 39 58.3 —012157.7 24 9.10 1.16 069 +£0.07 096 +008 2.04
Orion A North ........ FCRAO 3co 0532 43.3 —050057.6 22.1 10.77 2.14 167+ 003 200+002 531

* Av, and Av, are the mean line width and the line width of the mean spectrum, respectively (see § 3).
b The size of the C'20 half maximum contour map in NGC 2071 North is from Iwata, Fukui, & Ogawa 1988.
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(0,,) is given by

A rms
Ogp = 20, N<T*> {zk 1 [(Uk <U> 2]2}1/2 (6)
where {T%) = (Q.¥-; T%J)/N is the mean antenna temperature
of the line, and N is the total number of channels over which
the spectra have been integrated.

From Table 1 we note that Av, is always bigger than Av,,
with the only exception being NGC 2071 North. This general
tendency may reflect the existence of velocity gradients across
the clouds; in this case the mean spectrum will result broader
than individual spectra because it is the result of the sum of
spectra at different mean velocities. In this work, we adopted
the line width values calculated with the first method (i.e., the
mean line width, Av;), which is more frequently used in the
literature.

Table 1 shows how much the dispersion in the centroid
velocity affects the evaluation of line widths at the size scale of
C'80 and '3CO clouds, but data are not available to allow the
same analysis for the smaller NH; cores. We estimate this
effect by analyzing ammonia observations in the S140/L.1204
molecular cloud made by Ungerechts, Walmsley, & Win-
newisser (1986, hereafter UWW). UWW list intrinsic NH; line
widths and LSR velocities at each observed position of the
S140 map. We grouped the observed positions of their map in
crossed grids of five spectra, and we calculated the dispersion
in the centroid velocity in each group of spectra. This disper-
sion is a good measure of the change in the centroid velocity
across the beam at the center of the grid. Comparing this dis-
persion with the dispersion of the mean profile in each group,
we found that the dispersion in centroid velocity is only
7%—22% of the intrinsic NH; line width. Since this dispersion
in centroid velocity adds in quadrature to the profile disper-
sion to give dispersion of the larger scale profile, the likely
increase in width is at most a few percent. If this result can be
extrapolated to massive ammonia cores in general, we could
conclude that the dispersion in the centroid velocity gives no
significant contribution on line width, at the size scales of
ammonia cores.

3.2. Size Estimates

The radius of each cloud “i” (R;) has been calculated from
the area A; inside the HM contour divided by n [R;=
(A4;/m)'/*]. The choice of the half-maximum contour for calcu-
lating the size of each cloud has been made to have a unique
definition applicable to every cloud in our massive cores
sample, which contains our data as well as data from the liter-
ature (see § 3.3). The results are listed in column (11) of Table 1.
Linear sizes of the whole sample have been calculated
assuming a distance of 400 pc for Orion B (LBS) and 450 pc for
Orion A (TUKH). We did not map NGC 2071 North in C'20,
therefore the size of this cloud has been adopted from IFO,
where the authors give the linear size of the major and minor
axes of the cloud; in Table 1 we report half of the arithmetic
mean of the two axes, after correcting for the distance from the
cloud adopted by IFO ( = 500 pc). The choice of the arithmetic
mean of the two cloud axes, instead of the geometric mean
used in previous works (e.g., MF), has been made to have
consistency with literature data (see § 3.3).

In the case of Orion A North, whose 13CO contour map is
shown in Figure 5, we identify two main molecular conden-
sations: one in the north, containing four ammonia cores

LINE WIDTH-SIZE RELATION IN MASSIVE CLOUD CORES 671

mapped by CW and the Orion Molecular Cloud 2 (OMC 2);
the other condensation (southern part of the map) peaks in
integrated intensity at the position of the BN-KL nebula. The
HM contour relative to the northern condensation ([ T%dv =
11.1 K km s~ 1), extends over all the mapped region, 1nclud1ng
also the southern condensation. However, considering the inte-
grated intensity variation along the map for a fixed value of
right ascension, and looking at the gray-scale map, we note a
depression in integrated intensity at a declination of about
—5°12'. This valley in the integrated intensity map may be
explained considering two blended clouds. From the inte-
grated intensity profiles along the cloud we conclude that the
northern 3CO cloud in Orion A North (Fig. 5) reaches the
HM level toward south at 6,(1950) ~ —5°13’". We therefore cut
the map at this value of declination and included in the compu-
tation of the Orion A North size the area north of §, and
limited by the HM contour. The uncertainty in the position of
the cut does not significantly affect the estimate of the cloud
size; for example, considering an error of 1 in d, (0, = 6, + 1),
the corresponding uncertainty in the computation of R is ~
0:25, or ~5% of the estimated value, which is negligible for the
purpose of this work.

3.3. The Massive Core Sample

From the literature search and our observations we found 24
cores with at least three maps in different molecular lines and
good estimates of line widths and sizes. The sample of massive
cores is reported in Tables 2A and 2B. Columns (3)—(5) of
Table 2A give positions and velocities (Vi s) of each core, in
order of declination, based on ammonia observations; column
(6) reports names of known clouds in which the cores are
embedded or known stellar objects associated with the core. In
Table 2B line widths and sizes of cores in every molecular line
tracers are listed; in column (2) there are core names; in
column (3) the mapped molecules and the corresponding tran-
sitions are listed; linear sizes R relative to HM contour maps
are in column (4); in column (5) we report the corresponding
nonthermal components of the line widths (Avyy) for the mean
molecular mass m = 2.33 amu; references for each observ-
ational data are reported in column (6). For the calculation of
Avyr we assumed a kinetic temperature as given by HWW or
CW,; otherwise we used Ty = 18 K (see § 4). For the CS cores
observed by LBS we calculated the size at the HM contour
starting from the radius at the 5 ¢ level and the peak intensity,
given by LBS, and assuming for each core a Gaussian shape.

Our method in determining the size of a cloud (see § 3.2)
differ from some of the methods used by other authors in the
literature. In particular, TUKH reported the radius of each CS
core as half of the arithmetic average of linear extents (FWHM
in the peak intensity) on position-velocity (P — V) diagrams (for
each core candidate, TUKH made four P—V diagrams
passing through the CS(1-0) peak position); the value obtained
has then been corrected for broadening due to the telescope
beam. Other authors (Pastor et al. 1991; Anglada et al. 1989;
SFOK) give the major and minor axis of the FWHM map and
we calculated the arithmetic mean in analogy with TUKH. If
we apply this method to our maps we find values of radii R’
which do not differentiate by more than 10% the R values
listed in Table 2B, the only exception being NGC 2068 where
R’ = 1.14 R; this discrepancy is mostly due to the irregular
shape of the region (see Fig. 1) in comparison with the other
clouds mapped in this work (see Figs. 1, 3, and 5) where the
greatest shape irregularities are limited to small boundary
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TABLE 2
A. MaAsSIVE CORE POSITIONS AND VELOCITIES?

LsR
Number Name RA.(1950)  Decl. (1950) (kms™?!) ID® Reference
1...... Ori Bl 05844™5959 00°40'40” 9.3 NGC 2071 North 1
2 ... Ori B2 05 44 54.6 00 3920 94 NGC 2071 North 1
3. Ori B3 05 45 02.6 00 3840 9.7 NGC 2071 North 1
4 ... Ori B4 05 45 10.6 00 3720 9.2 NGC 2071 North 1
5. Ori BS 05 44 52.5 00 1948 9.3 NGC 2071 2
6 ...... Ori B6 05 45 03.2 00 1908 9.2 NGC 2071 2
7 ...... Ori B7 05 43 33.8 —00 1048 10.2 NGC 2068 2
8 ...... Ori B8 05 43 33.8 —00 1448 104 NGC 2068 2
9 ... Ori B9 05 39 55.5 —012124 9.1 . 2
10 ...... Ori Al 05 33 01.0 —05 0042 119 ON 1 3
11 ... Ori A2 05 32 50.3 —05 0242 11.1 ON 2 3
12 ...... Ori A3 05 32 58.3 —05 0522 11.2 ON 3 3
13 ...... Ori A4 05 32 57.0 —05 0922 11.7 ON § 3
14 ...... Ori AS 05 32 58.6 —05 1142 11.2 OMC 2 4
15 ... Ori A6 05 32 45.3 —05 2907 9.2 2
16 ...... Ori A7 05 32 41.6 —05 3800 8.3 OS 4/5 3
17 ...... Ori A8 05 32 29.6 —05 4800 7.6 OS 6 3
18 ...... Ori A9 05 33 52.7 —06 2402 7.1 L1641-North 2
19 ...... Ori A10 05 33 03.7 —06 28 53 8.7 HH 34 5
20 ...... Ori All° 05 33 48.8 —06 5023 8.4 HH 1-2 6
21 ... Ori A12 05 36 20.9 —07 0243 33 L1641-Center 2
22 ...... Ori A13 05 36 18.2 —07 0243 4.7 2
23 ... Ori Al4 05 36 55.1 —07 2754 4.6 H 4-255 2
24 ... Ori A1S 05 37 31.6 —-07 3119 4.8 L1641-S3 2

Note.—Cores have been listed in order of declination.

* Positions and velocities refer to NH; data.

® ID shows if the core is contained in a known cloud or associated with a known stellar object.

¢ For Ori A11 we use CS data because no ammonia observations have been published.

REFERENCES.—(1) Iwata, Fukui, & Ogawa 1988; (2) Harju, Walmsley, & Wouterloot 1993; (3) Cesaroni &
Wilson 1994; (4) Bartla et al. 1983; (5) Anglada et al. 1989; (6) Tatematsu et al. 1993.

areas which do not significantly affect the final value of the

cloud size.

Each core in Table 2 has been mapped in at least two small-

size-scale molecular tracers, basically NH, and CS, and in
13CO. The only exception is Ori A14 whose *3CO line widths
and sizes have not been measured; we included this object in
our list because it has three well-resolved maps. However, the
line width-size relation of Ori A14 will not be individually
significant because of the lack of information at scales larger
than a few tenths of a parsec.

4. THE LINE WIDTH—SIZE RELATION

All the data listed in Table 2B have been used to find the line
width-map size relation in massive cores. In Figure 6a the
nonthermal component of the line width is plotted versus the
corresponding size for the cores in Table 2B. Different symbols
represent different molecules. The dashed horizontal line is the
estimated thermal part of the line width of the molecule of
mean mass, calculated assuming a kinetic temperature Ty = 18
K, typical of massive cores. In fact, the average kinetic tem-
perature in the HWW sample of ammonia cores in Orion is
16 + 5, whereas the average Ty for ammonia cores in Orion A
mappedbyCWis18 + 2K ;finally,consideringtheammoniacores
inoursample(see§ 3.3)whereestimatesofkinetictemperatureare
available, and averaging the values we find Ty~
18 K. Then we assume Ty = 18 K as the average value of
kinetic temperature in Orion massive cores. The best-fit
straight line for the data in Figure 6a is

log Avny(km s™1) = (0.23 + 0.03)
+ (021 + 0.03) log R(pc) # =056, (7)

where Z is the linear correlation coefficient.

In Figure 6b the Avy;—R relation for eight low-mass cores in
Perseus, Taurus, Orion, Ophiuchus, and Cepheus mapped in
NH;, CS, and C!80 (FM) is reported. To the data presented
by FM we added new '3CO observations (Fukui & Mizuno
1992), marked by diamonds in Figure 6b. The inclusion of
13CO data furnished larger scale information, and increased
the range of observational data to a size comparable with that
relative to massive cores (0.03 < R <1 pc). For consistency
with the massive core sample, in Figure 6b we did not include
the other six cores studied by FM for which *3CO data are not
available. The dashed thermal line has been -calculated
assuming Ty = 10 K, typical temperature of low-mass cores
(Benson & Myers 1989). The new line width—size relation in
low-mass cores has a slightly smaller slope than found by FM:

log Avyg(km s™1) = (0.18 + 0.06)
+(0.53+ 0.07) log R(pc) # =081. (8)

Comparing Figure 6a with Figure 6b it is evident that the
slope of the line width-size relation in massive cores is shal-
lower than in low-mass cores; another clear difference is the
radius at which the best-fit to the data in Figure 6 crosses the
thermal line, which we call 71 (see § 5). In massive cores, oyt
is ~ 15 times smaller than in low-mass cores. This implies that
in massive cores nonthermal motions dominate over thermal
ones at all observed size scales and probably at smaller ones,
whereas in low-mass cores nonthermal motions become
evident in all lines whose emission is extended over more than
~0.1 pc. Looking at Figure 6 we can see that ammonia cores
(open circles) play a crucial role in determining the difference
between massive and low-mass cores.

In Figures 7 and 8 the line width-size relation in individual
massive and low-mass cores, respectively, is shown. To make a
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TABLE 2—Continued
B. MassivE CORE LINE WIDTHS AND SIZES
R Avyr R Aoy -
Number Name Molecule (pc) (kms~')  Reference Number  Name Molecule ()  (km S_:) Reference
1. OBl  '*CO(1-0) 082 133 1 12 OriA3  CO(1-0 070 166 1
C®0(1-50) 058 1.13 1,2 CS (1-0) 0.14 0.81 7
CS(2-1) 0.40 1.70 2,3 NH, (1, 1) 0.09 0.77 8
NH, (1, 1) 004 067 2 3. OriA4 BCO(1-0 070 1.66 1
2 . Ori B2 13CO (1 -0) 0.82 1.33 1 Cs(1-0) 0.20 1.92 7
C'®0 (1-0) 0.58 1.13 1,2 NH; (L, 1) 0.10 0.87 8
cS2-1 0.40 .70 2.3 14 ... OriAS  ¥CO(1-0 070 1.66 1
NH; (1, 1) 0.08 118 2 CS (1-0) 0.18 1.32 7
3 OriB3  13CO(1-0) 082 1.33 1 NH, (1, 1) 0.04 097 9
C'0(1-0) 058 113 1,2 15 ... OriA6  ¥CO(1-0) 050 198 10
CS(2-1) 0.40 L.70 2,3 CS (1-0) 0.11 097 7
NH6(+1, 1) 0 g.(ll‘i i-gg g 3 NH, (1, 1) 0.08 147 6
1 ) | s .
HCO™ (10 16 ...... OriA7  3CO(1-0) 045 1.19 10
4. OriB4  13CO(1-0) 082 1.33 1 CS (1-0) 029 0.87 7
C*0(1-0) 058 1.13 1,2 NH, (1, 1) 0.12 0.87 8
CS(2-1) 040 1.70 23 17 OriA8  13CO(1-0) 059 279 1
NH, (1, 1) 012 077 2 cs (1£»6)' S+ :
5. Ori BS 13CO (1-0) 1.05 1.71 1 NH; (L, 1) 0.09 138 8
CS2-1) 0.09 2.12 5 18 ...... Ori A9 13CO (1 - 0) 0.85 2,69 11
NH; (1, 1) 0.04 0.98 6 CS (1-0) 0.22 175 7
6...... OriB6 3CO(1-0) 105 171 1 NH, (1, 1) 009 0.98 6
HCO* (1-0) 0.8 193 12
s@e-1 021 146 > HCN (1-0) 010 099 13
NH, (1, 1) 0.10 0.77 6 - -
...... Ori 13 0 03 . 1
7 e OiB7  B3CO(1-0) 087 145 1 1 i AIO cscg a o S+ A - 5
Sa-0 061 160 4 NH, (1, 1) 020 073 14
cS(2-1) 045 143 5
NH, (1, 1) 0.09 0.67 6 2 ... OrAll  'CO(1-0) 063 2.89 11
CS(1-0) 023 1.74 7
8 ...... Ori B8 13CO (1 -0) 0.87 145 1 cS(2-1) 0.35 1.25 15
CS (10 0.61 1.60 4
G E2 - 1; 0_25 143 s 2 .. OriAl2  13CO(1-0) 068 1.69 1
3 NH, (1, 1) 0.04 0.88 6
9 ... OriB9  3CO(1-0) 057 1.26 1 HCO* (1-0) 004 095 12
18,
col-0 024 067 ! 2 ... OriAl3  BCO(1—-0) 068 1.69 1
cS(2-1) 021 1.39 5 CS (>0 016 148 7
NH, (1, 1) 0.07 0.57 6 NH, (1 1) 005 066 6
10 ...... OiAl  3CO(1-0 070 1.66 1 23 ... OriAl4  CS(1-0) 027 1.37 7
CS(1-0) 0.14 1.00 7 NH, (1, 1) 0.05 0.88 6
NH; (1. D 0.09 118 8 HCO™* (1-0)  0.05 2.20 12
1 ... OriA2  13CO(1-0 070 1.66 1 2% ... OriAlS CO(1-0) 075 239 11
CS(1-0) 023 1.74 7 CS (1-0) 023 115 7
NH, (1, 1) 0.10 0.87 8 NH, (1, 1) 0.17 1.09 6

REFERENCES.— 1) This work ; (2) Iwata, Fukui, & Ogawa 1988; (3) Goldsmith et al. 1992; (4) Pastor et al. 1991; (5) Lada, Bally, & Stark 1991; (6) Harju, Walmsley,
& Wouterloot 1993; (7) Tatematsu et al. 1993; (8) Cesaroni & Wilson 1994; (9) Bartla et al. 1983; (10) Sugitani et al. 1987; (11) Bally et al. 1987; (12) Chen, Fukui, &

Yang 1992;(13) Fukui et al. 1988;(14) Anglada et al. 1989; (15) Heyer et al. 1986.

more consistent comparison, only those cores where at least
NH,;, CS, and !3CO are available have been considered. From
the massive core sample we therefore excluded Ori All, and
Ori Al14. We also excluded HCO* data which is available for
only three of the remaining 22 cores. This line generally shows
line widths significantly broader than ammonia lines (e.g., in
Ori A9), suggesting that this species is probably tracing more
turbulent gas than the (1, 1) inversion transition of ammonia.
In Figure 7, those cores differing from each other only in
ammonia data (i.e., where multiple ammonia cores are embed-
ded in the same CS and **CO HM contours) have been plotted
in the same diagram (see Ori B1-4, and Ori B7-8). Different
thermal (dashed) lines in Figure 7 reflect the different observed
values of kinetic temperatures. If temperature values were not

available from literature, we assumed T, = 18 K, as already
discussed. The intercept b and slope g of individual best fits to
the data in Figures 7 and 8 are listed in Table 3 (cols. [2] and
[3], respectively), together with the associated errors. The
errors are generally large because of the small amount of data
in each core. The temperature of ammonia cores are listed in
column (4). Column (5) reports riny, the radius at which the
thermal and nonthermal component of the line width are
equal. In columns (6) and (7) there are two parameters of the
TNT model which will be discussed in the next section. In
column 8 the column density of the TNT cloud along a line of
sight 0.1 pc away from the cloud center is reported (see § 5.1.2).
Comparing Figure 7 with Figure 8, and looking at Table 3,
we note that massive cores generally tend to have shallower
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calculated the mean values ({b), and <{q)), and associated Log R(pc)

errors (05, and o) of these two prarameters, both for
massive and low-mass cores. We point out that these results
will reflect an average property of individual cores, therefore it
allows to verify if the line width increases with map size from
line to line within single cores. From the calculation of {(b) and
{q) of low-mass cores, we eliminated L1535 and L255 because
of their peculiar steep slopes. These two objects cannot be
modeled as TNT spheres as we will see in § 5.1.1. The results
are shown by the following relations:

log Avn(km s71) = (Kb) + 0.4y) + (K@) £ 0¢g) log R(pc)
= (0.26 + 0.01) + (0.21 £+ 0.01) log R(pc) ,

for massive cores
= (0.11 + 0.04) + (0.51 + 0.06) log R(pc) ,

for low-mass cores

The above numbers are identical, within the errors, to those
reported in equations (7) and (8), for massive and low-mass
cores, respectively. This proves that the general line width-size
relation is mainly due to the variation of line width with size
within the cores in the sample rather than to any core-to-core
variation, as indicated by FM.

FiG. 7—Line width-size relation for indvidual massive cores in Table 2.
Best fits are listed in Table 3. Symbols are the same as in Fig. 6. Dashed lines
define the thermal line width for each core, accounting for the relative kinetic
temperature. Multiple ammonia cores embedded in the same 3CO, and CS
cloud have been included in the same diagram, as in the case of Ori B1-4, and
Ori B7-8.

5. “TNT” MODELS OF MASSIVE AND LOW-MASS CORES
5.1. Hydrostatic Equilibrium Models

5.1.1. Velocity Dispersion and Density

The model which includes thermal and nonthermal motions
(TNT) in a spherically symmetric system in hydrostatic equi-
librium (HSE) has been introduced by Myers & Fuller (1992).
The thermal velocity disperion o inside the spherically sym-
metric core is spatially uniform, whereas the nonthermal com-
ponent gy increases with radius r as a power-law, as indicated
by observations. The total one-dimensional velocity dispersion
g is given by adding in quadrature the two components:

0'2 =O'%-+O'r2q’r‘ (9)

The radius at which g1 and oy are equal is called ring. For
r < rrny the TNT core reduces to the singular isothermal
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FiG. 8—Line width-size relation for individual low-mass cores. Symbols
are as in Fig. 7. Best fits to the data are reported in Table 3. The slope in the
individual line width-size relation is generally steeper than in massive cores
(see Fig. 7), as in the general relation shown in Fig. 6.

sphere (SIS; Shu 1977) where the dependence of density on
radius r goes like r~2; at r > royy MF found that the core
density and pressure in the TNT model are larger by a signifi-
cant factor and have shallower gradients than do SIS values,
leading to a better agreement with observations. MF applied
the TNT model to the core in L1204 associated with the H 11
region S140, and found that the nonthermal component of the
line width in L1204 follows the trend Avyy ~R? where
q =0.5+0.1. This value of g is significantly different from
what we found in Orion, where g ~ 0.2 (see eq. [7]); therefore
we consider here a more general version of the MF model, not
restricted to ¢ = 3, and apply this model to the new line width—
size relations in massive and low-mass cores (see § 4).

The basic assumption of spherically symmetric clouds is not
correct, because of the observational evidence that many cores
and clouds have axial ratio a = 0.4-0.5 (Myers et al. 1991).
However, our main purpose is to estimate how inclusion of the
observed nonthermal motions changes the density structure
from that of a spherical, isothermal cloud. Furthermore, asp-
herical clouds have been studied in detail by Bertoldi &
McKee (1992) during their analysis of pressure-confined
clumps in magnetized molecular clouds. Their expression (A9)
gives the gravitational energy of an ellipsoidal cloud with a
power-law density distribution. Using this expression we can
calculate the gravitational energy ratio (g) between a spherical
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cloud of radius R and an ellipsoidal cloud with the same
density distribution and geometric mean radius. The semi-
major axis is then R/a'/2, and the semiminor axis is R a!/%. We
obtain g = 0.59 and g = 0.44 when the axial ratio a is 0.5 and
0.3, respectively. The average density of the cloud, propor-
tional to the square root of the gravitational energy, decreases
from the spherical case by ~10%, and is then only weakly
dependent on the cloud shape. Therefore, our use of spherical
models is sufficient to estimate density structure in moderately
aspheroidal clumps and clouds.

We start from the equation of HSE (Chandrasekhar 1939;
MF). If o5 ¢(r) increases approximately as #4, and o is spatially
uniform, the equation of HSE can be solved for a density law of
the form:

2

= GT -2 4
) =5 o G XD, (10

where p is an adjustable parameter, approximately equal to
2 — 2gq for a certain range of g (see MF); x = r/r,, and r, is the
radius where the density components which vary as r 7 and
r~2 are equal; m is the mass of the molecule of mean mass, and
G is the gravitational constant. If nonthermal motions vanish,
equation (10) reduces to the density law for a single isothermal
sphere.

Substituting equation (10) and the expression of the kinetic
pressure P atr,

P(r) = mn(r)[o7 + o¥a(r)] , (1)

in the equation of HSE, we obtain the general expression for
the velocity dispersion in the HSE model:

8 —5p+p* _ X2~
ofr(x) = 0'2< P_ +C
A e G- -1
1
e
where C is independent of r:
2 _ 2 2
e[S 2 s
or P3G —p) or
x(2=2p)
fomex o (13)
Goni—p |

In equation (13) 0., = ONT(Tmax)> A0 X1y = Frmax/To> With 7y
greater than or equal tor; p > 0,and p # 1, 3. The cases p = 0
and p = 1 are particular cases which must be solved by intro-
ducing the specific value of p in equation (10). MF considered
the case p = 1. The assumed value of r_,, is 10 pc and the
corresponding o,,,,, value of oy at r,,,,, is given by substitut-
ing ., in the empirical Avy—R relation, solving for Avyr, and
then dividing by (81n2)!/2. If g,,,, is calculated with the above
method, 7, in the model can assume any value; in particular
we could limit the calculation to r,,, = 1 pc, the upper limit in
the observed size range. In this case, the properties of the cloud
for r < 1 pc will result the same as if we choose r,,,,, = 10 pc.
The model results which lie outside the observed range of size,
must be regarded as a numerical extrapolation.

The relation between r, and ryp is obtained by setting
ont(*rnt) = 07 In equation (12), where Xy = Finr/to- If We
know, from the data, the slope and the intercept in the Avy—R
relation, and the value of ryny, We can vary r, and p until
equation (12) reproduces the observed line width—size relation.
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TABLE 3
LINE WIDTH-SIZE RELATION FOR INDIVIDUAL CORES

Core b q T ITNT P To N o oN
(K] [pc] [pe]

Massive Cores

OnB1 0172008 023%011 18 194x10-7 16 284x10~7 11 4
OriB 2  0.14+0.07 0.04+£0.12 18 1.15x10~%° 1.9 8.70x10"1° 29 15

OriB3  0.14+0.08 0.08+0.13 18 2.82x10~° 1.8 3.42x10"° 24 12
OriB4  0.1740.10 0.25+0.19 18 2.65x10~2 1.5 4.29x10"2 11 5
OriB5  0.2740.21 0.11+0.21 15 1.40x10~° 1.8 1.71x10"° 23 18

OriB6  0.26+£0.12 0.30+0.18 16 2.00x10~2 1.4 3.59x10~2 13 5

OriB7  0.25+0.05 0.38+£0.08 14 4.06x10"2 1.3 826x10"2 8 1
OriB8  0.26+0.06 0.47+0.10 15 7.68x10-2 1.2 1.88x10"! 6 1
OriB9  0.2040.19 0.36+0.25 14 4.68x10~2 1.3 947x10~2 7 4
OriA 1  0.24+0.10 0.20+0.12 21 7.02x10~3 1.6 1.03x10"2 17 4
OriA 2 0.32+0.17 0.31+0.24 19 1.92x10-2 1.4 344x10~2 14 6
OriA 3 0.2840.04 0.40+0.05 18 5.22x10-2 1.3 1.13x10"! 8.7 0.4 4
OriA 4  0.32+0.23 0.2840.32 23 1.77x10"%2 1.5 2.85x10"2 16 9
OriA 5  0.2540.01 0.19+0.01 24 6.81x10~% 1.6 9.97x1073 20 5
OriA 6  0.35+£0.22 0.26+0.26 33 1.99x10~%2 1.5 3.21x10"%2 21 9
OriA 7 0.1140.11 0.2040.18 15 1.35x10=2 1.6 1.98x10"2 9 2
OriA 8  0.43+0.24 0.33+0.35 17 9.55x10~3. 1.4 1.72x10~2 17 11

2.35x1072 1.2 5.60x10"% 13
461x107%2 12 1.08x10"* 5

OriA 9  0.48+0.07 0.44+0.10 17 2
2
2.20x10"3 1.55 3.37x10"3 18 3
5
1

OriA 10 0.28+0.39 0.43+0.57 13
OriA 12 0.29+0.07 0.22+0.07 13
OriA 13 0.34+0.15 0.35+0.18 18
OriA 15 0.44+0.05 0.55+0.08 12

2.44x1072 1.3 4.94x10"%2 13
4.29x10-2 1.15 1.31x10"! 6

— N B D = O T B W R O O WD 00 O

Low Mass Cores

7.82x1073 87 1.9 1.4
8.13x10"' 2.7 0.5 0.3
6.19x10"' 2.9 0.2 0.2
1.78x10"! 3.7 0.7 0.5
3.11x10"' 26 0.3 0.4

5.34x10~° 1.6
1.73x10"! 1.0
1.94x10-1 1.1
6.91x10"2 1.2
6.45x10"2 1.1

B35 0.084+0.10 0.19%+0.17 10
B5 0.124£0.19 0.62+0.40 10
L1152 0.04+0.06 0.55+0.10 10
L1262A  0.2440.16 0.51+0.17 10
L1489 0.414+0.19 0.64+0.17 10
L1535 0.61+0.23 0.93+0.23 10
L255 0.40+0.02 0.914+0.02 10
L43B 0.20£0.09 0.54+0.10 10 9.51x10~2 1.1 3.03x10~! 2.7 0.1 0.1

Notes.—The massive core observational data are detailed in Tables 1, 2A, and 2B. The
low-mass core data are detailed in Fuller & Myers 1992 and Fukui & Mizuno 1992. The
column density N has been calculated at b = 0.1 pc(see § 5.1.2). The errors associated with the
column density calculation [o5 and oy ], reflect the dispersion in the Avy-R relation and not
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the observational errors.

Once the values of r, and p giving best-fit to the line width-size
relation are found, they are introduced in equation (10) to
determine the density profile for a specific class of cores. The
hydrostatic equilibrium model parameters for massive and
low-mass cores are summarized in Table 4; the intercept b and
the slope ¢ in the log Avyr—log R relation are listed in columns
(3) and (4), respectively; columns (5)—(7) report rynt, p, and r,,
respectively. Column (8) reports the column density N (see
§ 5.1.2). The same quantities are listed in columns 5 to 8 of
Table 3 for individual cores.

The TNT model described by equations (9)—(13) was able to
fit all the cores listed in Table 3, but in a small number of cases
the best-fit model parameters are physically unrealistic. When
the slope g of the line width-size relation is very shallow
(g < 0.15, as for Ori B2, Ori B3, and Ori BS), the nonthermal
component of the velocity dispersion resembles an isothermal
gas at a temperature different from that of the thermal com-
ponent (in the present case, hotter than the thermal
component). Thus the values of 7, and ryyy are very small, and
not well determined. When the slope is very steep (g > 0.7, as

TABLE 4
MoODEL PARAMETERS FOR TYPICAL MASSIVE AND Low-Mass CORES

Type Number FINT o N®
of Core of Cores b q (po) p (Po) (102! cm™?)
Massive ........ 22 0.23 + 0.03 0.21 + 0.03 6.89 x 1073 1.6 1.01 x 1072 1572
Low-Mass...... 8 0.18 + 0.06 0.53 + 0.07 9.92 x 1072 1.1 3.08 x 10! 31152

* band q are the intercept and the slope, respectively, in the log Avy—log R relation (see egs. [7] and [8]).
® The column density N has been calculated at a projected distance b = 0.1 pc from the center of the cloud (see § 5.1.2);
the associated errors reflect the dispersion in the Avy,—R relation.
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for L1535 and L255), the model can satisfy the equilibrium
requirement of a negative pressure gradient only by forcing r,
to exceed the range of observed map sizes. Then all the
observed radii lie in the zone where the density is dominated by
the thermal component, even though their corresponding line
widths may be dominated by nonthermal motions, and the
pressure gradient is negative, but nearly zero. This situation is
probably unrealistic, because even a 10% uncertainty in the
observed line width will allow the pressure gradient to be posi-
tive, violating the basic model assumption. Such solutions are
formally correct, but not robust against a small variations in
the data. We consider them unlikely to be realistic.

In Figure 9 we compare the density profiles in 24 massive
and eight low-mass cores calculated starting from the line
width-size relations in equation (7) and (8), respectively, and
solving the equations of the TNT model. The dispersion in the
calculation of the density profiles, represented by the lines
marked +1c¢ and — 1o, reflects the dispersion in the Avyt—R
relations, which has been calculated considering the general
expression:

1

3=‘m L i—b—qx),
where o, represents the error associated with y = log Avyy(km
s~ 1), in the relation y = b + gx, where x = log R(pc); N is the
number of data points (x;, y;) in the y — x relation. For values
of R smaller than ~0.3 pc and greater than ~ 1 pc, indicated in
Figure 9 by dashed lines, the model results are based on
extrapolation beyond the range of observational data (see Fig.
6). The light density profiles indicate singular isothermal
spheres at 10 and 18 K, respectively.

In Figure 9, massive and low-mass cores have significantly
different density profiles. As we can see from Table 4, the non-
thermal component of the density profile is steeper (oc ™) in

ag

+1o
massive TNT

Log n(cm™)

+1o

TNT low mass
-1lo
2 -
~ \\:\§!
\\\

L Y

0 L L n L | L s L s
-2 -1 0 1

Log R(pc)

F1G. 9.—Density profiles in massive and low-mass cores obtained from the
empirical Av-R relation, and assuming a spherical symmetric cloud in hydro-
static equilibrium. The dispersion in the calculation of the density profiles
(lines marked + 1 o) reflects the dispersion in the Av-R relaion. The contin-
uous lines trace the density profiles into the size range where the observational
data are available (see Fig. 6). The thin lines refer to singular isothermal
spheres at 10 and 18 K, where n(r) oc 2. The nonthermal component of the
density profile goes like r~*-® in massive cores and r~!*! in low-mass cores.
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massive cores than in low-mass cores (oc r~*'1), and in the
observational range the density is higher in massive cores by a
factor of ~5. Both TNT core models depart from the SIS
result, especially in the massive case where the difference is
evident also at small size scales; in effect all the cores in Table
2B have thermal velocity dispersions which are negligible if
compared with the nonthermal part at size scales traced by
NH; as well as by 13CO. Figure 6a illustrate this phenomenon:
almost all the ammonia data lic above the thermal line, and
rent IS ~ 6 times smaller than the radius of the smallest core in
our sample. In Figure 9, low-mass cores are close to the 10 K
SIS line until their size exceeds a few tenths of a parsec. Conse-
quently all ammonia data in Figure 6b lie below the thermal
line.

5.1.2. Pressure, Mass, and Column Density

The pressure in massive and low-mass cores, based on equa-
tion (11), is shown in Figure 10. At the size scales of ammonia
cores (r < 0.1 pc) the pressure in massive cores is more than
one order of magnitude bigger than in low-mass cores, and it
remains significantly bigger inside the observed range of core
sizes.

The mass interior to r is given by integrating equation (10)

over radius:
x3-#
. 14
T3 p) (19

2
M(<r) =220 <x

Using expression (14) we can calculate the average column
density, defined by

M
vy, ==,

(15)

Starting from the line width-size relations for massive and
low-mass cores (eqgs. [7] and [8], respectively), and using equa-
tion (15) we calculated the corresponding value of (N),.
Taking into account the dispersions in the two best fits shown
in Figure 6, at r = 0.1 pc we find (N), = 1.4%3:7 x 1022 cm 2

-8 — ——
LS,
\,
F \\\ +1o 1
‘\ . / massive TNT 1
o ]
T ]
g N
© 1
a0 ]
—
KA
[}
N,
N,
S ~11 AN -
A N
F +1o \\\
I TNT low mass \\\ \\\
—12 + Iy AN X
L - S, j
S-S J
Neo--
thermal Sa 1
F \\:
—_ 13 1 1 1 1 1 1 L L 1 n 1 1
-2 -1 0 1

Log R(pc)

F1G. 10.—Pressure profiles for massive and low-mass cores in the TNT
model. Symbols are the same as Fig. 9. Massive cores have a significantly
greater pressure than low-mass cores, in particular at the size scales of
ammonia cores (r ~ 0.1 pc).
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for massive cores, while for low-mass cores (N}, = 3.475%
x 102! cm~ 2. In terms of visual extinction these values are
Ay = 151§, and 3.6 54 mag, respectively.

These values of extinction appear consistent with represen-
tative observed values for low-mass and massive cloud cores,
but an accurate comparison requires model estimates of the
extinction at a given projected distance from the peak, rather
than the mean extinction within a sphere. Therefore we calcu-
lated the visual extinction at a projected distance b from the
center of the TNT cloud. If the projection of r along the line-of-
sight is specified by z [z = (r> — b?)'/?], we obtain the column
density at a projected distance b from the center of the cloud
[N(b)] by integrating equation (10) along z:

N(b) = 2f

0

Zm:

axn(z)dz

r Z nax I dz
. =No[go arctg b + g IJ; W:I (16)

Here N, = 62/(nmGr,) is the column density of the thermal
component at b = nry/2, provided b < z,,,,,. If p = 1 (the case
studied by MF), we obtain

R

N(b) = NOI:%O arctg % +1In (5'—"%” L)
If p # 1, expression (16) has been integrated numerically. Using
equation (16) and limiting the integration at z,, = (R2,,
— b*)'2, where R,,, is the average radius of the 1°CO half-
maximum contour in the sample of massive and low-mass

cores, we obtain, for b = 0.1 pc:

max*

ATNT = 1672 mag in 22 massive cores ,
AN = 33%0-2 mag in 8 low mass cores .

For low-mass cores, the value of visual extinction calculated
with the TNT model (3.3 mag) is very close to the value found
by Cenicharo & Bachiller (1984, hereafter CB) from star counts
for 38 dark clouds in Taurus and Perseus at radius 0.1 pc
(A} =42 + 1.0 mag). For massive cores, no systematic study
like that of CB is available. However, in the well-studied
massive core associated with IRAS 05338 — 0624 (Ori A9, no.
18 in Table 2A), infrared colors indicate that 19 embedded
sources have A, with mean 4 standard deviation 20 4+ 10 mag
(Strom, Margulis, & Strom 1989). Thus the TNT model esti-
mates of extinction (eq. [16]) are in good agreement with avail-
able observational estimates for similar objects, and also with
the TNT model estimates of the mean extinction within a
sphere (eq. [15]). In contrast, equation (16) indicates that infin-
ite isothermal spheres at 18 and 10 K would have 4, = 7.3 and
2.2 mag, significantly lower than the corresponding observed
and TNT model values.

It is also interesting to note that from star count studies,
Cernicharo, Bachiller, & Duvert (1985) found a density struc-
ture of low-mass cores in Taurus and Perseus which follow the
trend n(r) ~ r 7, with p = 1.3 4 0.2. This result applies only for
sizes larger than a few 0.1 pc, where nonthermal motions domi-
nate, as we found in § 4. Therefore we can compare the density
structure of the Taurus and Perseus complex of dark clouds,
deduced from star counts, with the nonthermal component of
the density profile of low-mass cores calculated with the TNT
model. Our result is p = 1.1 (see Table 4), which coincides
(within the errors) with that found by Cernicharo et al. (1985).

In the Appendix, we use the TNT model to predict the varia-
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tion of line width with projected radius for a single density
tracer. We show that a line width-size relation should also be
observed by using a single species, although the slope is shallo-
wer than starting from different density tracers, especially for
low-mass ammonia cores. We also show that the line width—
size relation predicted by the TNT model is consistent with the
observed line width—size relation used to fix the parameters of
the model.

5.2. Infall Models

The above picture can be related to the infall properties of
massive and low-mass cores. Following MF, we assume that
the free fall of each radial layer of the TNT core is triggered by
an “expansion wave” traveling outward at the local sound
speed, as in the “inside-out” collapse of the SIS whose exact
similarity solution was found by Shu (1977). Therefore, the
time that all the mass within r[ M(<r)] takes to collapse to the
origin, called the infall time ¢, is the time ¢, for the expan-
sion wave to reach r, plus the time ¢, for the gas at r to free
fall to the origin: t¢=t., + t.on- MF used the term
“accretion time” (t,..) instead of “infall time.” Here we use t;
to avoid confusion with the accretion time, which is also used
to indicate the accretion of a star through the circumstellar
disk. The expression for t,,, is simply found by integrating
(ro/o)dx in between 0 and x, where ¢ is given in equation (9)
(see eq. [16] in MF). A general expression for ¢, valid for
every value of p, is

7[7‘3/2
226M(<nN]?°

where G is the gravitational constant, and M(<r), the mass
interior to r, is given by equation (14).

In Figure 11 the accreted mass M, given by equation (14), is
plotted versus time from the start of infall, ¢, ¢, for massive and

tcoll(r) = (1 8)

—-

Log M(Mg)

+1o
low mass TNT
1o

L P TSR |
4 5 6 7
Log ting(yr)

FI1G. 11.—Accreted stellar mass M as a function of the infall time in massive
and low-mass cores. Symbols as in Fig. 9. The lines become dashed to mark the
values of the mass enclosed in a sphere of radius equal or less than “R_.”
where R, ;. indicates the lowest value of the core radius available from observ-
ational data (shown in Fig. 6); therefore the dashed part of the diagram rep-
resents a numerical extrapolation to the observed physical properties in dense
cores. The higher density and pressure in massive cores lead to values for ¢t
~ 6 times shorter than in low-mass cores.
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low-mass cores. The change in the lines from continuous to
dashed ones marks the values of the mass enclosed in a sphere
of radius equal to “ R,,;,,” where R, indicates the lowest value
of the core radius available from the observational data shown
in Figure 6. The higher density and pressure, and the smaller
ront iN massive cores lead to values for t;,; ~6 times shorter
than in low-mass cores. The time to accrete 1 My is ~7 x 10*
yr for the massive case, value close to the star formation rate
calculated by Hodapp & Deane (1993) for the small but dense
cluster of young stars in L1641 North, one of the objects in our
sample. In low-mass cores, the time to accrete 1 M is
~4 x 10% yr. From Figure 11 it is once again evident that the
SIS model is not appropriate to describe massive cores; at
T¢ = 18 K the infall rate for a purely thermal core is
~5x%x107¢ Mg yr~!, ~3 times smaller than using the TNT
model. In contrast, the infall rate in low-mass cores almost
coincides with a purely thermal core at 10 K, which is
2x 1075 Mgyr!

The higher infall rate found in massive cores is mostly due to
their primarily nonthermal nature; also at the smallest size
scale of the cores in the sample listed in Table 2B the non-
thermal motions dominate. This shortens the infall time, com-
pared with the mostly thermal low-mass cores, because the
expansion wave propagates faster, so it triggers the collapse
more rapidly, and because each radial layer is denser for the
massive cores than for the low-mass cores. Thus, it is impor-
tant to determine the source of the turbulence present in
massive cores, in particular at the size scales traced by NH ;.

6. EFFECTS OF EMBEDDED STARS AND STAR CLUSTERS

6.1. Individual Stars and Small Groups

The physical properties of molecular cloud cores, which we
are studying now, may be influenced by the interaction of
already formed young stellar objects with the surrounding
environment. This could be the case especially for the Orion
Molecular Cloud which is a well-known active star-forming
region, and where stellar winds and outflows may contribute to
maintain the amount of energy and pressure observed in Orion
dense cores.

Myers et al. (1991) analyzed 61 NH; dense cores with
embedded IRAS sources and concluded that stellar winds
alone cannot be responsible for all the observed nonthermal
part of the line width, even in cores with luminous stars; they
suggested that a mechanism independent of whether the star is
present. FM supported this point finding a well defined corre-
lation between the observed nonthermal line width and size
(Av,,s oc RY, with ¢ = 0.4 4 0.1) both in six starless low-mass
cores, and in eight cores with an associated star. Therefore,
nonthermal motions are part of the initial conditions of the
star formation process in such regions on the size scale of
observed NH; cores.

Myers & Fuller (1993) estimated the effect of stellar winds
and outflows on the velocity dispersion of the core gas,
assuming that a fixed fraction of the wind momentum flux is
coupled into turbulent motions in the core. They found that
the wind contribution to the total velocity dispersion exceeds
the thermal contribution for L, > 400 L, but in no case does
the broadening due to winds dominate the total dispersion on
the size scale of observed NH; cores.

To better compare individual cores we considered the 22
cores in Table 3 where NH;, CS, and !3CO observations are
available (see § 4). In Table 3 the coefficients b and g of the
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Avyr—R relation, are listed for every individual massive and
low-mass core (see also Figs. 7 and 8 which show the line
width-size relation for the individual cores). Eight of the 22
massive cores are associated with an embedded IRAS source:
Ori B6, Ori B89, Ori A6, Ori A9-12, and Ori Al5. The
far-infrared luminosities (Lgz) can be found in HWW, with the
exception of the IRAS source in Ori A10, whose luminosity is
reported by Anglada et al. (1988), and the one in Ori A11 which
is reported by Heyer et al. (1986). Ori B5, Ori B7, and Ori A13
are starless cores, as defined by HWW: they do not contain
any IRAS source in their HM contour and have been found
close to ammonia cores with embedded stellar objects, during
the HWW survey. In the other cores, the association with an
IRAS source is less clear, and we did not consider these cases
for the following discussion. The luminosity of IRAS sources
associated with low-mass cores are listed in BM.

From Table 3 and Figure 7 we note a big variety in the
relation between the nonthermal part of the line width and the
size especially of individual massive cores, despite of big errors
associated with some of the best fits. To estimate the possible
influence of the presence of embedded stars in the Avy;—R
relation, we considered the relation between the coefficients b,
q, and L, where available. Accounting for the errors associ-
ated with b and g, we found very weak correlations between the
two quantities. We conclude that from the available data no
correlation between the shape of the line width—size relation in
a cloud and the luminosity of the embedded stellar object is
evident.

HWW mapped in ammonia several cores with embedded
stellar objects and in some cases they found other starless cores
close to that associated with the IRAS source. Comparing the
average observed NH; line widths in cores associated with a
young star ({Avgps«a,) With the average observed NH; line
widths in the nearest starless cores [{Av s Dsuariess], S€Parated
by at most 0.5 pc, we obtain an almost identical result:

<Avobs>slar =079 kms~! .
<Avobs>star1ess =074 kms !,

In fact, some of the starless cores studied by HWW have NH,
line widths broader than the nearby core with an embedded
IRAS source. In Figure 12 we compare the Avy—R relation for
the eight massive cores in Table 3 associated with an IRAS
source, with the Avy—R relation in the three massive starless
cores as defined by HWW (Ori BS, Ori B7, and Ori A13) The
best-fit to the data are

log Avny = (0.30 + 0.05)

+(032+£006)logR, #=0.74, (19)
for massive cores with stars, and
log Avnr = (0.23 £ 0.09)
+(020+£010)log R, #2=057, (20

for massive starless cores. The two relations are very similar
considering the relatively high dispersion of the second one,
primarily due to the small amount of data used. The simi-
larities in the empirical Avyr—R relation imply similarities in
physical properties for the two categories of cores (see § 5).
Taking into account the uncertainties in equations (19) and
(20), there is no significant difference between the line width—
size relation for massive cores with and without stars, and
therefore no significant difference in their derived density pro-
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F1G. 12—Line width-size relation in (@) eight Orion massive cores associ-
ated with an IRAS source, and (b) three starless cores in Orion. Dashed lines
represent the thermal part of the line width of the molecule of mean mass,
assuming temperature 18 K. The two relations do not show any significant
difference.

files, pressure profiles, or mass accretion rates. The FIR lumi-
nosities of the IRAS sources in our sample of massive cores do
not exceed 200 Ly, and most of them are below 50 L. The
only exception is the IRAS source associated with Ori A6,
where Lgg = 3700 L. For this particular case we note from
Table 2B that the ammonia core in Ori A6 has the broadest
ammonia line widths of our sample. The luminosity of this
embedded source may be high enough to increase the total
dispersion of the associated core.

IRAS sources associated with four objects listed in Table 3
have been imaged in the near infrared (H and K’ bands) by
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Chen & Tokunaga (1994): Ori A9, Ori A10, Ori A12, and Ori
A15. In the first three cases, small groupings of near-IR
sources, the so-called stellar density enhancements (hereafter,
SDEs; Chen 1992), have been discovered. However, the pres-
ence of SDEs do not seem to have particular effects in the
individual line width-size relations (see Table 3).

We conclude that the presence of an individual star or a
small group of stars with luminosity less than 200 L does not
significantly influence the line width—size relations, and the
derived physical conditions of the associated molecular cores
in our sample.

6.2. Clusters

Lada et al. (1991) completed a 2.2 um survey in the L1630
molecular cloud, where the authors identified four young
embedded stellar clusters associated with NGC 2071, 2068,
2064, and 2023. We used these data to study the effects of
stellar clusters on nearby dense cores. Five cores of our sample
are in the area surveyed by Lada et al. (1991): Ori B5-6, and
Ori B7-9. Another core, close to Ori B9 (Ori B9b) mapped in
NH; by HWW and CS by LBS is contained in the area sur-
veyed at 2.2 um; this core, discussed in § 2.2.2 for its physical
similarities with a low-mass core, is not in Table 2B because it
has been mapped just in two different molecular lines, and it is
close, but not overlapping, to the *3CO half-maximum contour
observed in the Ori B9 cloud (see Fig. 4).

As a first attempt we analyzed how the line width of the
ammonia cores are affected by the presence of a nearby stellar
cluster; in this case we also included Ori B9b. In § 4, we
noticed how ammonia data are important for determining the
shape of the line width—size relation, with the strongest differ-
ence between massive and low-mass cores being the predomi-
nance of nonthermal motions over the thermal ones at the size
scales traced by NH; (see Fig. 6). Therefore any relation which
includes the observed mostly nonthermal line widths (Av,y,) of
ammonia lines in massive cores should be reflected in the cor-
responding line width-size relation. In Table 5 cores con-
sidered in this analysis are reported; the observed NH; line
widths are in column (2); the intercept b and the slope ¢ in the
Av-R relation are in columns (3) and (4), respectively; the
correlation coefficient of the Av—R relation is in column (5); in
column (6) the star cluster closest in projection to each core is
listed; columns (7) and (8) report the number of sources with
magnitude at K less than 14, in each cluster, as it was found by
Lada et al. (1991), and the corresponding luminosity Ly at 2.2
um. In column (9) there is the projected distance between the
peak of the ammonia emission in the HWW maps and the
center of the closest cluster, defined by Lada et al. (1991) as

TABLE 5
EMBEDDED STAR CLUSTERS AND NEARBY MASSIVE CORES

Av, (NH3) Closest Number Lg® Distance

Core Name (kms™?) b q R Cluster of Sources® (Lo) (pc)
OriBS....... 1.0 027+021 0114021 045 R 0.51
OriB6...... 08 0264012 030+018 086 _}; NGC 2071 105 61> 10 0.80
OriBT..... 0.7 0254005 038+008 096 s 2.12
OriBS...... 06 026 £006 047 £ 0.10 0.96} NGC 2068 192 kel 2.54
OriBY..... 06 020+0.19 036+025 071 s 415
Ori BOb*...... 0.3 0281036 075+045 086 } NGC 2024 300 24 x 10 5.05

2 Number of sources with my < 14 in each cluster (from Lada et al. 1991).

® Luminosity estimates of the clusters at 2.2 um (see text).

¢ The line width-size relation has been found assuming this core associated with the Ori B9 !*CO cloud (see § 2.2.2).
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F1G. 13.—(a) Observed line width of ammonia cores (HWW) vs. the projected distance between the peak of the ammonia map and the center of the closest star
cluster, in Orion B; (b) relation between the integrated intensity of *CO emission at the peak of the same cores and the projected distance from the center of the
closest cluster. The information regarding the stellar clusters is provided by the 2.2 um survey (Lada et al. 1991). (c) Relation between the integrated intensity of *3CO
emission, proportional to the cloud column density, and the observed line width of embedded ammonia cores. The correlation in the figures appear strong, indicating
the importance of stellar clusters in the energy balance of nearby molecular cloud cores.

the peak position in the surface source density distributions.
We estimated the luminosity Ly from the cumulative K dis-
tributions determined by Lada et al. (1991) for each cluster in
Table 5. From these distributions the number of objects in
each magnitude bin can be derived. Once we know the magni-
tude my of an object, the estimate of its flux (Fg) is straightfor-
ward. Adding together the fluxes at K of each star in the cluster
we find the total flux and then the total specific luminosity of
the cluster at K (Lg) listed in Table 5. These specific lumi-
nosities L/Lg ~ 10% are much greater than the luminosities of
the embedded IRAS sources in the cores in L1641 and L1630,
generally 30-100 L.

Figure 13a shows the relation between Av,,, for ammonia
cores and the projected distance D from the closest cluster; the
best-fit to the data is

Avgp(km s™1) = (097 + 0.07)
— (0124 002D, #=—093. (21)

The correlation between these two quantities is very strong:
the observed line width of ammonia cores in Orion B, which is
primarily nonthermal, as shown in Table 2B, linearly decrease
as the distance from a star cluster increases. In Figure 13b the
relation between the integrated intensity of '3CO emission
(Ico) at the peak of NH; maps of the same ammonia cores, and
the projected distance from a star cluster is shown. The best-fit
to the data is given by

Ico(K km s™1) = (10.7 + 1.2)
—(12+04)D(pc), &= —083. (22)

The quantity I, is proportional to the column density at the
position considered; therefore it is related to the quantity of
matter surrounding the dense ammonia core. Relation (22)
indicates that column density of gas traced by !3CO, which
encloses NH; cores, decreases as the distance from a star
cluster increases. Equations (21) and (22) imply a relation
between I, and the observed line width of ammonia cores: the
lower the 3CO column density, the narrower the line widths of
the embedded NH; cores. This is shown in Figure 13c, where
from the best-fit to the data we derive Icq = (1.1 + 1.7) + (9.8
+ 2.5)Av,,,, with a correlation coefficient Z = 0.89. We point
out that these relations are based on a relatively few points,
and that we also examined the dependence of NH; column
density on distance and found no significant correlation.

Thus the distance from a young stellar cluster appears to be
important in determining the amount of turbulence and pres-
sure inside dense cores. This can be due to mechanical and
radiative energy, converted in nonthermal motions, which star
clusters furnish to the surrounding molecular cloud cores. This
energy, in particular the flux of UV photons driven by the
embedded cluster, may also lead to higher fractional ionization
in the molecular cloud, increasing the coupling between mag-
netic fields and the gas.

It is interesting to note that the average NH, column density
[{N(NH3)>] of ammonia cores considered in our analysis, and
given by equation (15), does not correlate with the observed
NHj; line width. As equations (21) and (22) show, the amount
of molecular material surrounding the core seems to play a
more important role in determining the nonthermal broaden-
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ing of ammonia lines (see Fig. 13). We can speculatively assume
that star clusters may be responsible for the relatively big
amount of nonthermal motions and pressure present in nearby
massive cores; the gas traced by '3CO, less dense and more
uniformly distributed than ammonia, could act as an energetic
link between the cluster sites and the surrounding cores.

As we already mentioned, the average density as well as the
velocity dispersion in CS cores mapped by Tatematsu et al.
(1993) decrease toward the southern part of L1641, therefore
increasing the distance from the Orion Nebula, a powerful
source of kinetic energy that could drive turbulent motions in
the surrounding molecular gas. This scenario has been also
considered by Tatematsu et al. (1993) to explain the change in
core properties within the Orion A cloud. Another observative
evidence of the importance of star clusters in the energy
balance of nearby molecular cloud cores could be the line

. width-size relation found by MF in L1688, a core in the p Oph

dark cloud associated with an embedded cluster of some 80
stars, essentially a low-mass star cluster with a few massive
stars (Wilking, Lada, & Young 1989). In L1688 the nonthermal
component of the line width follows the trend Avyy oc RY,
where g = 0.28 + 0.03, which is very close to the value of ¢
found in Orion cores (¢ = 0.21 + 0.03). Therefore, also in this
case, the embedded star cluster may have affected the initial
structure of the associated core, driving turbulent motions,
which have been observed through supersonic molecular line
widths at large as well as at small-size scales (Myers et al. 1978;
MF).

If star clusters are responsible for changing the energetic
contents of nearby star-forming cloud cores, the more quiesc-
ent dense cores which lie relatively far from the cluster may be
representative of an earlier generation of cores which led to the
formation of the stellar population today observed in Orion.
As an example, the mostly thermal core Ori B9b (see § 2.2.2)
closely resembles a typical low-mass core: the kinetic tem-
perature deduced from ammonia observations is 10 K, the
NH, line width is ~0.3 km s™* (HWW), and the TNT model
applied to this core yields density, pressure profiles, and mass
accretion rates very similar, within the errors, to low-mass
cores, with the nonthermal part of the density profile (eq. [10])
following the trend n(r) oc r 7, with p=1.1 (p = 1.1 in low-
mass cores; see Table 4). However, this core is ~ 25 times more
massive (the NH; core has a mass M = 380 M ; HWW) than
a typical low-mass core (M ~ 15 M, ; Benson & Myers 1989).
Ori B9b may be a good candidate to form a group of low-mass
stars.

A speculative outline of the cluster history might include the
following elements. Consider a massive quiescent cloud which
is forming a stellar object. It is possible that after the accretion
of a few tenths of a solar mass, the onset of stellar winds and
outflows, driven by the young star, started to release mechani-
cal energy into the surrounding cloud core. Because of the
large amount of circumstellar mass, the energy input from the
central source will gradually increase the internal core pressure
and drive turbulent motions without dissipating the core.
Whereas quiescent thermal cores can easily smooth out pres-
sure fluctuations, the increased turbulence in the massive cir-
cumstellar core may promote fragmentation of the medium,
with a possible formation of a small group rather than a single
star.

The second generation of cores formed in this model circum-
stellar cloud would have initial physical conditions character-
ized by higher internal pressure and turbulence than the
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original star-forming core. Therefore such cores will have
shorter mass accretion times and could form other massive and
low-mass stars in timescales of a few times 10° yr. To form
low-mass stars in massive and turbulent cores the infall must
be halted in ~ 10° yr (or less) after its onset (see Fig. 11). This
can probably happen in less massive cores embedded in the
cluster cloud, because of the effects of stellar winds and out-
flows (Lada 1985; Fukui et al. 1986) whose pressure dis-
turbances propagate in a time shorter than t.,,, the travel time
of the expansion wave (MF).

The formation of stars in the cluster cloud will continue to
release kinetic energy into the molecular cloud in the form of
observed nonthermal motions and microscopic turbulence.
However, the effects of this expanding “energy input” will
decrease as the distance from the center of the cluster increases
(see eq. [21]) because of the continuous losses of energy which
is converted in nonthermal support of molecular cloud cores
along the propagation path and because of the density gra-
dient of the cluster cloud. This implies a decreasing star forma-
tion efficiency and an increasing fraction of low-mass stars as
we move away from the cloud center.

7. SUMMARY

The results presented in this paper are based on molecular
line maps from which FWHM line widths and half-maximum
contour sizes have been determined. The sample of massive
cores studied in this work has been collected from the liter-
ature. We observed *CO(1 - 0) and C!80(1 — 0) lines in
selected cores already mapped in NH; and CS, and where
relatively large-scale information was not available. The
observational data range from R ~ 0.03 pc to R ~ 1 pc, where
R is the radius of the half-maximum contour map. The same
observed range is available for low-mass cores, after adding
new 13CO data to the sample studied by FM. The analysis of
massive core physical properties and the comparison with low-
mass cores yield the following conclusions:

1. In massive cores: (a) the nonthermal component of the
line width (Avyg) follows the trend Awnyoc R, where
g =021 + 0.03, value significantly lower than in low-mass
cores where g = 0.53 + 0.07; (b) the estimated value of ryyr,
the radius at which the thermal and nonthermal components
of the line width are equal, is ~7 x 1073 pc, ~15 times
smaller than in low-mass cores; (c) nonthermal motions domi-
nate thermal motions at all observed size scales, and, in partic-
ular, at the size scales ~0.1 pc traced by ammonia maps, where
low-mass cores are primarily thermal.

2. Atradius r = 0.1 pc, massive cores (a) have typical density
of 2 x 10* cm ™3, ~5 times higher than low-mass cores, and
have steeper density profiles than low-mass cores; (b) have a
column density of ~1.5 x 1022 cm ™2, 5 times bigger than low-
mass cores; (c) have internal core pressure of ~2 x 107 1° ergs
cm ™3, 20 times higher than in low-mass cores. The higher
density and velocity dispersion in massive cores lead to values
of infall times for 1 M of ~7 x 10* yr, ~6 times shorter than
in low-mass cores.

3. Only one massive core, Ori B9b, which has not been
included in our sample because of lack of data, shows mostly
thermal ammonia line widths and kinetic temperature ~ 10 K.
This core resembles a typical low-mass core. But Ori B9b is
more massive than the typical low-mass core by a factor ~25.
It has enough mass to form a small stellar group.

4. Visual extinction values of low-mass and massive cores
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predicted by the TNT model (3.3 and 16 mag, respectively) are
consistent with available observational estimates for similar
objects.

5. Physical properties of neighboring starless cores are not
significantly different from dense cores associated with embed-
ded young stellar objects, typically having luminosity <200
L. Thus, physical conditions observed in dense cores can be
considered part of the initial conditions of the star formation
process.

6. The observed line width of ammonia cores in Orion B
and the column density of the surrounding *CO gas both
decrease as the distance from the nearest star cluster increases.
These trends suggest that luminous (L/Lg > 10%) embedded
clusters may influence their nearby gas and cores increasing
their velocity dispersions through their mechanical and radi-
ative luminosity, and perhaps through changes in cloud pres-
sure.

LINE WIDTH-SIZE RELATION IN MASSIVE CLOUD CORES 683

7. The TNT model is able to reproduce observed trends in
the line width-size relation, proving the internal consistency of
model and Av-R data.
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APPENDIX A
CONSISTENCY OF TNT MODEL WITH LINE WIDTHS AND MAPS OF SINGLE AND MULTIPLE LINES

In § 4 we showed the line width-size relations in massive and low-mass cores (egs. [7] and [8], and Fig. 6). As we already pointed
out, each core included in the previous relations has been mapped in at least three different molecular tracers of gas density. The line
width of the mean molecule increases as the density drops from n ~ 10* cm ~3 (value traced by NH,) to n ~ 10° cm ™3 (value traced
by !3CO). This effect can be seen more clearly from Figures 7 and 8, where the Avy;—R relations of individual cores are shown.

Starting from this observational evidence we then deduced the variation of density and pressure with the radius of the cores,
modeled as TNT spheres, i.e., spheres in hydrostatic equilibrium where the velocity dispersion accounts both for thermal and
nonthermal motions of the gas particles (eq. [9]).

Starting from the TNT models (§ 5) we now test the self-consistency of the TNT model and the data it uses. We make predictions
about the variation of observed line widths of a single species as a function of b, the projected distance from the center of the cloud.
Assuming Gaussian molecular lines, we can write the density profile as a function of b and v,, the velocity component of the
observed molecular species along the line-of-sight, in the form (see eq. [10] and § 5 for an explanation of the symbols):

2

g _ _
n(z,v,)=F:nr(2’(x 24 x P

1
exp [—v2/26%)], (A1)
2no
where x = r/ry, = [(b*> + 22)/r2]/?; o is given by equation (9) and oy = c(b? + z%)?* (c is known from observations). Note that this
“density profile ” n(z, v,) has dimensions of density per unit velocity. At the peak of the line (v, = 0), expression (A1) becomes

n(z, 0) = 27{2’3'”3 (x"2+x77) ;m . (A2)
Integrating equation (A1) along the line-of-sight z, we obtain the column density as a function of b and v, :
N, v) = L "z, v.)dz . (A3)
At the peak of the line:
N(b, 0) = L " n(z, Oz, (Ad)
where
Zmax = (R} = b?)112 (AS)

In the equation (A5), R, is the “ boundary radius,” defined to be 2 times the half-maximum radius of the map in the observed species
(NH,, CS, C'80, or 13CO). The density at the boundary radius, n,, can then be found from equation (10), substituting »n with n, and
r with R,. The values of derived boundary densities and radii for low mass and massive cores are listed in Table 6. The density values
reported in Table 6 are less by a factor 4-50 than the critical densities, calculated by equating the collisional excitation rates to the
corresponding transition Einstein A-value, and assuming optically thin emission. This difference reflects the effects of line optical
depth and unresolved structure inside the map.
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TABLE 6
BOUNDARY RADII AND DENSITIES FOR MASSIVE AND Low-MaAss CORES

n, R,
(cm™3) (pc)
MOLECULE Low Mass Massive Low Mass Massive
NH; ooovieennne 1.4 x 103 53 x 103 0.16 0.18
C¥0orCs*...... 3.5 x 10? 9.6 x 10? 038 . 0.50
BCO .o 7.1 x 10* 1.7 x 102 1.2 1.44

2 C!8Q data have been used for low mass cores. For massive cores we use
CS data, because of the lack of C'®0 data in our massive core sample (see
Table 2B).

To find the model FWHM line width Av at a certain value of b, we define v, ,,, by
N(b5 vz,l/l) - l
N(b, 0) 2°

The above expression has been solved numerically (for b/R, = 0.1, 0.2, ..., 0.9) integrating equations (A3) and (A4) and taking the
ratio. From equation (A6) we obtain v, y,,, then Av = 2 v, ;. Av is the line width of the mean molecule; to find the line width of the
observed species i we use the expression:

(A6)

N2 2 m — ml'
Avp (i)* = Av® + 81n 2(kT)< —" ) , (A7)
where m = 2.33 amu is the mass of the mean molecule. For each species i, a relation between log Av, (i) and log b has been found
using a least-squares fit to the model data. The intercept b’ (not to be confused with the projected radius b) and slope g of the log
Av,,(i)-log b relation are listed in Table 7. The listed numbers give the predicted variations of line width with projected radius for
the three molecular tracers.

We note from Table 7 the shallow slope in the variation of ammonia line width in low-mass cores, g = 0.33, as compared with the
slope of the fit to all data, g = 0.44, which coincides with the value of q found by Fuller & Myers (1992) in low-mass cores. Although
observed NHj line widths are predicted to increase with the projected radius b, we expect to see a shallower slope g than in the
Av,p b relation found from different density tracers. From Table 7, we see that this is a general trend, with low-mass ammonia cores
being the extreme case. This is probably due to the fact that at the size scale of low-mass ammonia cores, the nonthermal
contribution to the velocity dispersion is small (see § 4). Moreover, the thermal velocity dispersion does not depend upon radius, as
we initially assumed. Therefore, the resultant variation of NH, line width with projected radius is small and significantly shallower
than the general Av b relation where different density tracers have been used.

We now consider how closely the TNT model can reproduce the observed Avy—R relations (see Fig. 6 and eqgs. [7] and [8]), and
how the Avy—R relation depends upon the value of projected radius chosen to delineate the map contour.

To answer these questions we first calculate nonthermal line widths starting from the previously calculated line width of the
molecule of mean mass Av, using the expression:

Avi; = Av? — 81n 2(%) . (A8)
Following the method used for observed line widths, expression (A8) has been applied to all values of Av calculated from (A1) for
b/R, =0.1,0.2,...,0.9, and for each value of critical density. Figure 14 gives a global picture of model results. All the data calculated
with the above method are plotted together for massive (Fig. 14a) and low-mass (Fig. 14b) cores. Each species has its own symbol.
The filled symbols mark the value of Avy(i) at which b = 0.5 R,. Thin lines are least-squares fits to all the data points in the figures;
the corresponding values of b’ and g are in Table 8 (fourth row). The model best-fit line is compared with the best-fit to the observed
data points (dashed lines) shown in Figure 6 (see egs. [7] and [8]). Note the close agreement between the predicted and observed fit.

TABLE 7

INTERCEPT AND SLOPE OF THE Av,,,-b RELATION
IN MassIVE AND Low-Mass CORES

Low-Mass MASSIVE

SPECIES b q b q
NH; ...ooenns 0.04 + 0.01 0.33 + 0.01 0.20 0.15
C®0orCS...... 0.12 + 0.01 0.37 £ 0.01 022 0.16
B3CO ..evnene 0.20 041 + 0.01 0.24 0.16
Total.............. 0.18 + 0.01 0.44 + 0.01 0.24 0.18

Note—Negligible errors (< 0.005) are not reported in the table.
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FI1G. 14—Nonthermal line widths of NH,, CS, C*80, and !3CO as a function of projected radius b, for (a) massive and (b) low-mass cores, as predicted by the
TNT model (see Appendix). For each species, Avy, values have been calculated for b/R, = 0.1, 0.2, ..., 0.9, where R, is the boundary radius. Straight lines represent
least-square fits to the model data in the figures. Dashed lines are best-fit lines to the observed data points shown in Fig. 6. Note the close agreement between the fit to
model and observed data. The intercept and slope of the best-fit lines are listed in Table 8. Filled symbols mark the value of Avyy at which b = 0.5 R,.

In Table 8 we report intercepts b’ and slopes g of the log Avyr—log b relations in low-mass and massive cores, found by
least-square fits to the model data. In Table 8 we also list b’ and q relative to least-square fits to only three data points: one for each
density tracer at a specific value of b/R,. We note that all values of b’ and g reported in Table 8 are consistent with the corresponding
intercept and slope found from the observed relations (shown for comparison in the last row of Table 8). This proves the consistency
of the TNT model, which is able to reproduce observed trends in the line width—size relation. Moreover, we see from Table 8 that the
Avy1—R relation should not depend upon the assumed definition of core radius, as long as the same definition is applied to all
molecular tracers. Our choice of the half-maximum map contour as radius of the core is therefore a valid one. Although it is an
arbitrary choice, choosing a different contour level would not affect the conclusions of this paper.

In a future paper, we plan to include excitation and optical depth effects in our model. Then, the TNT model can be used to make
more accurate predictions about the spatial distribution and line width of the emission from each molecule.

TABLE 8
INTERCEPT AND SLOPE OF THE Avnp-b RELATION IN MASSIVE AND Low-Mass
CORES
Low Mass MASSIVE
b/R, b q b q

02 .o, 0.29 £+ 0.01 0.54 + 0.01 0.27 + 0.01 0.21 + 0.01
05 ..ooiiins 0.23 £ 0.01 0.54 + 0.02 0.25 0.21

08 ..oiiiinins 0.19 + 0.01 0.52 + 0.01 0.24 0.21
Total .......... 0.20 + 0.01 048 + 0.01 0.24 0.19 + 0.01
Observed...... 0.18 + 0.06 0.53 + 0.07 0.23 +£0.03 0.21 + 0.03

Note.—Negligible errors (< 0.005) are not reported in the table.
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