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Abstract

We have analyzed the angular momentum of the molecular cloud cores in the Orion A giant
molecular cloud observed in the NoH™ J =1 — 0 line with the Nobeyama 45 m radio telescope.
We have measured the velocity gradient using position velocity diagrams passing through core
centers, and made sinusoidal fitting against the position angle. 27 out of 34 NoH™ cores
allowed us to measure the velocity gradient without serious confusion. The derived velocity
gradient ranges from 0.5 to 7.8 km s~! pc~!. We marginally found that the specific angular
momentum J/M (against the core radius R) of the Orion NoH™ cores tends to be systematically
larger than that of molecular cloud cores in cold dark clouds obtained by Goodman et al., in
the J/M — R relation. The ratio g of rotational to gravitational energy is derived to be g =
10~23+0-7 "and is similar to that obtained for cold dark cloud cores in a consistent definition.
The large-scale rotation of the [-shaped filament of the Orion A giant molecular cloud does
not likely govern the core rotation at smaller scales.

Key words: ISM: clouds — ISM: individual (Orion Molecular Cloud) — ISM: kinematics and dynamics —
ISM: molecules — stars: formation

1 Introduction vrot < R%Y, which is very similar to the power-law form of
the linewidth-size relation. Herd, is the moment of inertia,
vrot 1S the rotation velocityw is the angular velocity, and the
) R _ parametep is equal toZ for a uniform density sphere. When
For molecular clouds and their cores inside, it is obseowati we use the observed linewidthw rather than non-thermal or
ally found that the specific angular momentufil/ (angu- total linewidth (see Fuller & Myers 1992 for definition), the
lar momentum per unit mass) increases with increasing $adiu|inewidth-size relation is expressed Aw — AR® with a ~

H i 1.6
R in the powe_r-law relatl_on off/M o R_ (Goodman et al. 0.4-0.5, (e.g., Larson 1981; Fuller & Myers 1992; Blitz 1993).
1993; Goldsmith & Arquilla 1985). It is suggested that the Here, A is a constant or coefficient for the power-law relation

J/_M ~ e relation is relfched o thg linewidth-size\( — F) re- (corresponding to the intercept in the log-log form, lag-log
lation, one of the empirical relations found by Larson (1981 R relationship). The origin of the linewidth-size relatiansiill

(Goodman et al. 1993; Bodenhe|m§r 1995). Becaljse = under debate, and many theoretical studies have beencarrie
Iw/M = pRuvyot, the J/M — R relation can be expressed as

Angular momentuny plays an essential role in the formation of
stars (including binary) and planets (e.g., Bodenheim®&519
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out. For example, Inoue & Inutsuka (2012) studied the forma-related to the surface density (higher external pressuiéoan
tion of molecular clouds due to accretion of Elouds through  stronger magnetic fields lead to higher surface densityj,itan
magnetohydrodynamic simulations including the effectsaef  has deviations among clouds. It seems that different caegite
diative cooling/heating, chemical reactions, and therota- (or intercepts) of the linewidth-size relation in diffetesate-
duction, and successfully reproduced the observed lirtewid gories of Galactic clouds are well established.

size relation. Molecular clouds and their cores are thotmhe Given that intercept of the linewidth-size relation difer
near virial equilibrium (e.g., Larson 1981; Myers 1983).eTh among Galactic clouds, we wonder whether i@/ — R re-
ratio 8 of rotational to gravitational energy is found to be of lation also shows any difference. Tatematsu (1999) condpare
the order of 0.02 for dark cloud cores (Goodman et al. 1993)the J/M — R relation of the Orion CS cores with that for cold
Goodman et al. (1993) suggested that th@/ — R relation  dark cloud cores derived in NHby Goodman et al. (1993),
can be explained for virial equilibrium cores f#f is constant  and found that the Orion cores may have slightly larggék/.
against the core sizeg and the ratiay of the thermal to gravita- However, their results were not conclusive because of ldagg
tional energy is thought to affect the core fragmentatiatpss, scattering and insufficient linear-scale resolution in rthis
which will be related to the frequency of binary and multiple paper, we re-investigate the difference in th&/ — R relation
star formation (e.g., Miyama, Hayashi, & Narita 1984; Teari by using data obtained inJ¥™ at higher angular resolution
& Inutsuka 1999; see also Matsumoto & Hanawa 2003). toward the Orion A GMC (Tatematsu et al. 2008).HN" and
NH; are thought to trace similar volumes of dense §&s5).

In this work we adopt a distance of 418 pc for the Orion
gories: giant molecular clouds (GMCs) and cold dark °|OUdSAGMC, based on the work of Kim et al. (2008), as the best esti-
(excluding infrared dark clouds here) (e.g., Shu et al. 1987\ 0 rather than 450 pc used in Tatematsu et al. (2008). #\t thi
Turner 1988; Bergin & Tafalla 2007). These two categories Ofdistance, Acorresponds to 0.122 pc. We correct the core radius

clouds show different ranges of cIouq mass,_and star-foomat (in pc) and core mass of Tatematsu et al. (2008) decreasing by
modes: GMCs are most likely associated with cluster star for g £, 14 12.5%, respectively.

mation including massive stars, while cold dark clouds show 1,16 1 jists the NH*
preferentially isolated low-mass star formation. Funthere,
molecular cloud cores inside these clouds show differeat-ch

Galactic molecular clouds can be divided into two cate-

cores in the Orion A GMC from
Tatematsu et al. (2008). The kinetic temperatiizeis calcu-
lated from the rotation temperature from Nldbservations of
acteristics: Warm-temperature, turbulent cores in GMG$ an \uison et al. (1999) and by using the conversion given in Banb
cold thermal cores in cold dark clouds. It was suggested,; 5 (1988). In general, ™ core positions do not match
that the coefficientd (or intercept in the log-log form) of the NH3; observed positions, so we take the value of the nearest
linewidth-size relation differs between cores in these tabt NH; position. The total linewidti\vror, including both ther-
egories. Tatematsu et al. (1993) have studied moleculadclo mal and non-thermal contribution, is calculated by usiagind
cores in the Orion AGMC in C3 =1 — 0, and suggested that by correcting for the difference of the mean molecular mass
this coefficientA (or intercept) is larger in Orion cores com- (2.33 U) and the mass of the observed moleculgHN 29
pared with that for cores in cold dark clouds. They arguet thau) (Fuller & Myers 1992). The core mas¥ is taken from

a larger coefficient means that Orion cores have higherexter-l-aternatsu et al. (2008), which was obtained by assuming lo-

nal pressure and/or stronger magnetic fields. Caselli & Blyer cal thermodynamic equilibrium (LTE) and corrected for tie d
(1995) have also suggested different intercepts (andreifte tance revision. The virial mas¥,, is defined as 21@ (pc)

slopes) between GMC cores and cold dark cloud cores usin%v%OT for a uniform density sphere (MacLaren et al. 1988).
the Orion A GMC data _Of_ Tatematsu et al. (199_3) and otherrpg yirig| parametery.,;, is defined as the ratio of the virial
complementary data. Originally, Larson (1981) pointedtbat massM. ;. to the core mass/, and its average for Oriond¥i™

the linewidth is relatively small in the Taurus cold darkwlo .. is o 790.61 (Ioga,:, = -0.21+0.31). They are not far
larger in thep Ophiuchus complex, and even larger in the Orion deviated from virial equilibrium. The blank in tH&, column

A GMC (meaning different intercepts). Tatematsu (1999) €om o< that we do not have a good nearest; NbLinterpart.
pared the linewidth-size relation between “well-definediod The blank in theM column (and them\vror, Moy, andav;

A GMC cores and cold dark cloud cores (see their Figure 7) an%olumns) means either rifi, value or failure in the NH*
concluded that the intercept is clearly different, but toever-
law index is not so different. Further evidence of variatadn
intercept was obtained toward the Galactic Center, wheze th
intercept is even larger than that for Orion cores (Tsuboi &
Miyazaki 2012). Heyer et al. (2009), Ballesteros-Paredes. e
(2011), and Traficante et al. (2016) have also shown that the
coefficient (or intercept) of the linewidth-size relatiahighly

hy-
perfine fitting to restrict the optical depth.
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2 Data and Method interpolation. Figures 1 and 2 show examples of P-V diagrams

We use the data of M J =1 — 0 cores (Tatematsu et al.  (b) Next, we measure the velocity gradient mainly using the

2008) obtained with the 45 m radio telescope of the Nobeyamayaf (509%) intensity peak contour through careful visuahiec-
Radio Observatory (NRO): The half-power beam width of tion, assuming solid body rotation.

the telescope was 18404, and the spacing grid employed _ _ '
in mapping observations was&5. The spectral resolution (b1) We check whether the half intensity peak contour is
was 37.8 kHz £ 0.12 km s°!). The core radius? is > 25" or confused by another core or not. If it is not confused, we de-
0.05 pc, which is thought to imply the detection limit in the-o termine the velocity gradient line by using the minimum and
servations. Details of the observations and examples,6ffN ~ maximum velocities of the half intensity peak contour.

spectra can be found in Tatematsu et al. (2008). It is knoanh th (b2) If the half intensity peak contour is symmetrical with

N.HT traces the quiescent gas, and is less affected by deplef'espect to the velocity gradient line, we adopt it.
tion (Bergin et al. 2001; Bergin et al. 2002) or by star-fotio

activities such as molecular outflows (e.g., Womack, Ziu&ys (b3) If the half intensity contour is not smooth (i.e., ireeg
Sage 1993). Therefore, this molecular line is one of the beslar, distorted, or wavy shape) near the minimum or maximum
molecular lines to be used for this study. On the other handyelocity point, we try to determine the velocity gradiemigiso

in warm gas (temperature 25 K), NoH™" will be destroyed by  that the half intensity contour looks symmetrical to thelin
evaporated CO (Lee, Bergin, & Evans 2004; Tatematsu et al.

2014a). L . . )
contours. If their minimum and maximum velocities are fitted

Cores in the Orion A GMC are much more crowded com- . . . .
. I .I ! W by another velocity gradient line, and if 60%, 70%, and 80%
pared with cores in dark clouds. If we use the core number

contours are more symmetrical with respect to this velapi
surface density of HCO" cores (Ikeda et al. 2007; Onishi et y P ity

i dient line, we adopt it. The velocity gradient line does netn

al. 2002), the Orion A GMC and the Taurus molecular cloud, . .
L essarily pass through the core center, but we allow thiseif th
which is a crowded example of cold dark clouds, have 5 and 0.2

. candidate contour looks like an oval rather than a dogle \%
H'#CO" cores per pt, respectively, with a difference of the . geenr
. e irregular shape as a whole.
order of 25. Therefore, core identification and measurement
the velocity gradient are more difficult in the Orion A GMC. We have measured the velocity gradient in 27 cores (out of
We measured the velocity gradient as follows. 34 cores) without serious confusion with other cores/eimiss
(a) We draw four position-velocity (P-V) diagrams (positio features spatially and in velocity.
angles PA = 0, 45, 90, and 135 degrees) passing through the
core centef. We use the isolated hyperfine componentN

(b4) We also check the 60%, 70%, and 80% intensity peak

(c) We fit a sinusoidal curve to the diagram of velocity gra-
dient against PA through non-linear least-squares fittige

J=1—0, Fi, F =0, 1-1, 2, which is the line less affected litude of the si idal funci des the intensit
by neighboring satellites (Caselli, Myers, & Thaddeus 1995 ampitu e_ ° e_smusm .a unction provi e_s © nten ]
the velocity gradient, while the angle at which the maximum

to avoid confusion. Because the data was taken only on a regu- found. d ibes th i le of th locity
lar grid (rather than on-the-fly mapping observations), - IS_ ound, describes the position angie o ) © vg oct y gar !

- - Figures 3 and 4 show examples of the sinusoidal fitting. The
ber of actually observed positions along the strip line delge

on PA. Interpolation would introduce method-dependeneunc velocity gradient on the positioh-velocity diggram for baA
tainties that we want to avoid. The interval of actually abed ©, 45’_ 90, and .135_degrees) |s_plotted twice at PA and PA +
positions is 20 for PV diagrams at PA =0and 90, and 28’28 180" with opposite signs for gradients.
(=20v/2") at PA =45 and 135. The average HWHM radius of Table 2 lists the result of the measurements. TheiN
N2H™ cores in Orion A GMC by Tatematsu et al. (2008) i$'39  core number is taken from Tatematsu et al. (2008). A veloc-
If we draw PV diagrams at PA = 267 (=arctan(0.5)), 6343,  jty gradient of “0” means that we cannot measure the gradi-
116°57, and 15344, the interval of actually observed positions ent at each PV diagram because it is too smallis the ra-
is 4472 (= 20/5"), which is larger than the average core ra- tjo of rotational to gravitational energy (s§8.2). The blank
dius. Then, only PV diagrams at PA =,045°, 90°, and 135 in the V Grad columns means that the velocity gradient is not
contain a sufficient number of observed positions alon@stri  measurable without confusion. The blank in theolumn in
In summary, we prefer to use the strip line passing through acTable 2 means that the core mass was not accurately estimated
tually observed grid positions, to reduce uncertaintiessed by in Tatematsu et al. (2008). The average physical parameters
velocity-gradient measurable cores dtg = 9.5+4.3 K, Av =
! Nobeyama Radio Observa‘\tory is a- branch of the NaFionaI Astronomical 0.82+-0.44 km §1, R =0.082:0.026 pc, and// = 42428 M.
Observatory of Japan, National Institutes of Natural Sciences. . . .
The velocity gradient derived for 27 cores ranges from 0.5 to

2pv  diagrams will be available through the website
http://alma.mtk.nao.ac.jp/ kt/kt-e.html 7.8kms*'pc!, andits average is 2441.6 km s ! pc .
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Fig. 1. Position-velocity diagram for NoH™T core 7. The abscissa is the LSR Fig. 2. Same as Figure 1 but for NoH™ core 26.
velocity (km s~1) corresponding to NoHt J =1 — 0, Fy, F =0, 1—1, 2.
The thick dashed line shows the velocity gradient measured through visual

inspection. et al. (1993) to the HWHM radius (FWHM/2R in our study.
Goodman et al. (1993) also corrected the radius for the tele-
3 Results and Discussion scope beam size (deconvolved size). If the velocity gradien
B ) ) vrot/ R is coOnstant againsk, J/M increases a®? from the
3.1 Specific Angular Momentum against Radius definition. Therefore, we dividg/M listed in Goodman et al.
We define the specific angular momentumyas! = Iw/M = (1993) by a factor of four for consistency. The rafiof rota-

2 Ru,,; for a uniform density sphere. Because the momentt_ional to gravitational energy is calculated consisterigble 2

of inertia I is proportional to mass/, J/M can be derived lISts the results.

without using the mass estimate. In figure 5, we plot the spe- Figure 5 shows that Orion cores are mostly located above
cific angular momentum against core radius. The core radiushe least-squares fit of cold dark cloud cores. The results of
R of Orion cores is measured &= +/S/m, whereS is the linear least-squares fitting are:

area within the half intensity contour, and then correctedie

telescope beam size (Tatematsu et al. 2008). The data of coldg J/M (cm* s™*) = 21.31-0.07 + 1.24-0.38 log (R/0.1 pc)
dark cloud cores are taken from Goodman et al. (1993). Tq1)

do an appropriate comparison, we need to use common defini-

tions for physical parameters. We therefore convert thenggo  for Orion cores,

rical mean of two-dimensional FWHM diameter in Goodman



Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 5

< 15 < 2

8} [$)

%
r 215

‘n 1 ‘n

IS € 1

< 45 =

= ' = 05

g £

<5E 0 o 0

% & 05

o -05 - 4 o

> 1 - 4
£ g

O -tr 7 O

o) o -15 - =
— —

L 15 | | | Ll 2 | | |

> 0 90 180 270 360 > 0 90 180 270 360

PA (DEGREE) PA (DEGREE)
Fig. 3. Sinusoidal fit to the velocity gradient fit against PA for NoHT core 7. Fig. 4. Sinusoidal fit to the velocity gradient fit against PA for NoH™ core 26.

log J/M (cm? s7') = 21.15£0.05 + 1.6%:0.20 log (?/0.1 pC) -1, which are the approximate detection limits in the velocity
2 gradient measurement in Orion, for both Orion cores and
cold dark cloud cores. The beam-deconvolved radius
for cold dark cloud cores. The number of OrioreH" g o5 pc corresponds to 28, which is 1.4 times the telescope
cores located below the least-squares fitting for cold diankdc beamsize, and 1.2 times the grid spacing of the observations
cores is relatively small. Tatematsu (1999) showed verylaim  \we measure the velocity gradient by using the minimum and
results for Orion cores using the CB= 1-0 mapping data of  mayimum velocities on both sides with respect to the core
Tatematsu et al. (1993). The power-law index is less ceain anter. The difference between the minimum and maximum
Orion cores compared with cold dark cloud cores, because of gg|gcities is 2ur0t, Which corresponds to a length of twice
narrower core radius range. If we assume a power-law indexne nalf intensity peak radius. We can measure the velocity
of 1.65 obtained for cold dark cloud cores also for Orion spre itference 24,., at half intensity peak down to 2.5 times

we obtain the instrumental resolution(0.12 km s'!), and the detection
log J/M (cm? s7') = 21.35£0.05 + 1.65 log R/0.1 pc) limit is approximatelyv,., = 0.08 km s*. Figure 7 shows the
(©)) J/M — R relation. The results of linear least-squares fitting are:

for Orion cores. To confirm the results of these fits, welog J/M (cm® s™') = 21.38+0.06 + 1.23-0.42 log (R/0.1 pc)
now only use cores wittR > 0.05 pc andv,,; > 0.08 km  (4)
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for Orion cores,

log J/M (cm? s™') = 21.24+0.05 + 1.38-0.23 log (/0.1 pc)
©)

for cold dark cloud cores. It seems that Orion cores have
systematically largey/M than cold dark cloud cores, although
the difference is marginal. This trend is similar to what we
see in the linewidth-size relation (Tatematsu et al. 1993)r
result may imply that non-thermal motions (turbulence) are
related to the origin of angular momentum. Orion cores and
cold dark cloud cores have a similar slope 1123) in Figure

7, but their values are shallower than the value of 1.6 found
by Goodman et al. (1993) and Goldsmith & Arquilla (1985).
This could be the result of a narrow core radius range after th
restriction. In general, least-squares fitting tends tovigeo

a shallower slope, if data scattering is large. Considerse ca
wherez and y are positively correlated. We fit-y data to

a formulay = ax + b, and then fit again the data with the
expressionr = cy + b. We will obtainc ~ 1/a if x andy are
well correlated (the correlation coefficient is close totyni

If data is very scattered (the correlation coefficient is lma

a will be smaller thanl /c. This is because least-square fitting
minimizes “vertical distances” between the observed goint
and the fitted points. By narrowing the core radidgange,
scattering becomes larger. This explains why Orion cores/sh

a shallower slope in Figure 5, and why the slope of cold dark
cloud cores becomes smaller in Figure 7. If we fix the slope
to 1.65 for both the Orion and cold dark cloud cores above the
Orion core detection limits (Figure 8), we obtain

log J/M (cm? s71)
(6)

21.41-0.05 + 1.65 log R/0.1 pc)

for Orion cores,

log J/M (cm? s™') = 21.23t0.05 + 1.65 log R/0.1 pc)
)

22.5

--0=-ORION A GMC CORE
—e— COLD DARK CLOUD CORE
T

pc

for cold dark cloud cores.

3.2 Ratio of Rotational to Gravitational Energy

Fig. 5. J/M — R diagram for 27 Orion cores (open circles) and cold dark
cloud cores (filled circles). The error bar represents uncertainties in mea-
surements of the velocity gradient. The dashed and solid straight lines are
computed using a linear least-squares program for Orion cores and cold dark
cloud cores, respectively. Thin straight lines delineate approximate detection
limit for Orion cores: R = 0.05 pc, and v,.,+ = 0.08 km st

The ratio3 of rotational to gravitational energy is defined as

(1/2)Iw® _1pw’R®

P=4GMZ/R " 2q GM

(for a uniform density spherg,= %

andp = 2) (Goodman et al. 1993). We derived the logarithm of
[ to be—2.3+0.7 for Orion N;H™ cores (without the restriction
above). This is smaller than the value of the logarithmgsof
of —1.9+0.7 for cold dark cloud cores. Note thatfor cold
dark cloud cores differs from that in Goodman et al. (1993) du
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Fig. 6. Same as Figure 5 but the best-fit line for Orion cores is obtained by Fig. 7. Same as Figure 5 but we use only cores with R > 0.05 pc and
fixing a slope (power-law index) of 1.65 obtained for cold dark cloud cores. Urot > 0.08 kms™1t.

3.3 Properties of GMC Cores

GMCs are likely to have deeper gravitational potentials due
to different definitions ofR. If we take the virial mass/y;. to their larger masses compared with cold dark clouds (e.g.,
instead of the core mass, we obtain the logarithndd be  Turner 1988). GMCs have larger pressure than cold dark
—2.0£0.6 for Orion NoH™ cores. Taking into account a factor clouds (e.g., Myers 1978; Turner 1988). This may mean
of two uncertainty in the absolute estimate of the core mass, that GMCs have higher ratios of molecular to atomic gas £Blit
conclude thafs is similar between Orion and cold dark cloud & Rosolowsky 2006). Higher external pressure for cores will
cores. We wonder how depends on the core mass for Orion lead to larger non-thermal motions (turbulence or MHD wave)
cores. Figure 9 plot® against the core mask/. It seems in cores (Chieze 1987). It seems that molecular clouds are
that 5 decreases with increasing core mass. It may mean thainly slightly supercritical, in various cloud scales frofouds
rotation is more important in low-mass cores. However, it isto cores (Crutcher 2012), and GMC cores will tend to have
likely that this result is affected by the detection limiedause  stronger magnetic fields. Therefore, GMC cores will havgdar
( is proportional taM/ ~* and also because cores have core radiiintercepts in the power-law relation of the linewidth-sizda-
and specific angular momenta close to the detection limhe. T tion (Tatematsu et al. 1993). If we assume that turbulence or
thin line in Figure 9 represents the detection limit by usivg magnetic fields play an important role in the origin of the-spe
0.05 pc and,.: = 0.08 km s°*. cific angular momentum, this might explain why GMC cores
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Fig. 8. Same as Figure 7 but least-squares fitting is made by fixing the slope Fig. 9. The ratio 3 of rotational to gravitational energy is plotted against the
to 1.65. core mass M. The thin straight line represent the approximate detection

limit calculated by using R = 0.05 pc and v,..+ = 0.08 km s—1.

tend to have larger specific angular momentim/.

Another possibility is that the large overall specific amgul overall Orion A GMC for the first time, deriving a value of
momentum in the Orion A GMC (Imara & Blitz 2011), com- 0.135 km s' pc™'. The velocity gradient was observed along
pared with other GMCs, results in a high&f)M . If the global  the elongation of the filamentary GMC, and they pointed out
specific angular momentum is related to the local specificang that the implied rotation is in the direction opposite to the
lar momentum on scales of molecular cloud cores, cores in th&alactic rotation. Blitz (1990) found that the typical ategu
Orion A GMC might have larger specific angular momentum momentum of Galactic GMCs is less than half that of the Orion
than those in other GMCs. It is suggested the Orion A GMCA GMC. The origin of the GMC velocity gradient is discussed
has a large angular momentum because it accompanies the ricim detail by Blitz (1993), Imara & Blitz (2011), and Imara et
est OB associations (Blitz 1990). The same mechanism magl. (2011), including possibilities of the gradient intied from
work for Orion cores. the galaxy, that inherited from the parent interstellar imed

(H1 clouds), the sweeping action of the stellar associatiom, th
) ) influence of magnetic fields including magnetic breaking.(e.
34 Comparlson W'th Global Structqre, Global Field 1978), and so on. Tatematsu et al. (1993) found that the
Velocity Gradient, Core Elongation, and [-shaped filament of the Orion A GMC shows a velocity gra-
Molecular Outflow dient not only along the filament but also across the filament.
Kutner et al. (1977) measured the velocity gradient alory th The latter observed in th6CO J = 1 — 0 emission is~ 2—4
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km s~! pc!, which is 20-40 times larger than the gradient

along the filament. We wonder how the velocity gradients of
molecular cloud cores inside are.

We investigate how the velocity gradient of cores is dis-
tributed in the Orion A GMC. Figure 10 shows the orientation
of the velocity gradient on the ™ map. In figure 11, we
plot the histogram of the position angle of the velocity dgrad
ent. We define PA =if the core has a velocity gradient from
south (negative velocity) to north (positive velocity). érgra-
dient across the filament is a twisting motion with respect to
Orion KL (Tatematsu et al. 1993). In the north of Orion KL,
the eastern side of the filament has a more redshifted wlocit
while in the south of Orion KL, the eastern side of the filament

has a more blueshifted velocity (see their figure 3). In our PA 6

definition, PA of the velocity gradient is about 90 degrees in v 5

the north of Orion KL and about 270n the south of Orion B 4 .
KL. N2H* cores 1-18 are located in the north of Orion KL § 7

and NbH™ cores 18-34 are located in the south of Orion KL

(Tatematsu et al. 2008). There is no clear relation betwieen t 2 /

filament rotation across the filament and the core velocigigr 1

ents. We conclude that the filament rotation across the fitame 0

does not likely govern the core rotation. The global velocit 0 60 120 180 240 300 360
PA (DEGREE)

gradient direction along the GMC elongation for the Orion A
GMC, which is much smaller than the gradient across the fila-
ment, corresponds to PA 330° in our definition. The velocity
gradients of cores are not significantly related to the dlghe
dient. It seems that the origin of the specific angular momen-
tum is not a simple top-down collapse from larger structcés
Imara & Blitz 2011 for H cloud-GMC comparison).

We wonder whether the velocity gradient is related to the
core elongation. If rotation is dominant in core supporésth
will be positively correlated. We plot the orientation oétblon- Fig. 11. Histogram of the orientation (position angle) of the velocity gradient
gation against the orientation of the velocity gradient gufe  for the Orion cores.
12. The PA of the core elongation is measured by using the half
intensity contour on the four position-velocity diagranasging  core elongation, but we do not see such a peak. This is nigtural
through the core center, and fit the sinusoidal curve on the co understood, becaugeis small.
size-PA diagram (Table 3). We failed to measure the core-elon  Next, we discuss the relationship among the orientation of
gation in eight cores (out of 27), because they are almosticir  the velocity gradient, that of the molecular outflow, and thfa
lar or far from elliptical (irregular). In these cases, alation = magnetic fields. Matsumoto & Tomisaka (2004) have studied
is blank in the table. Core elongation has a deficit for PA = 60 the relationship between the magnetic field direction amd th
to 120°. Figure 13 shows the histogram of the PA of the coreresulting orientation of outflows/jets theoretically. Vheon-
elongation. This means that cores having an elongatioreperp cluded that outflows tend to be aligned with magnetic fields of
dicular to the global filament are rare. In figure 14, we plet th the parent cloud. Molecular outflows in the OMC-2/3 region
histogram of the angle between the velocity gradients amatel were studied by Aso et al. (2000), Yu et al. (2000), Shimajiri
gations of the cores. There is a decrease of cores with the vest al. (2008), and Takahashi et al. (2008). In addition, we in
locity gradient perpendicular to the core elongation. Heeve  clude a molecular outflow associated with Orion-S obseryed b
it could be due to selection effects, since it is harder to-meaSchmidt-Burgk et al. (1990). We list molecular outflows Ydri
sure the gradient across the elongation due to limiteduésaol ing source names from Chini et al. 1997 and Nielbock et al.
Except for this depression, there is no clear tendency letwe 2003) and their lobe orientation from Takahashi et al. (2008
the velocity gradient and the core elongation. Rotatignslip-  in Table 3, and they are also plotted in figure 12. “Outflow”
ported oblate cores will show velocity gradients paraltetiie  column in Table 3 lists only outflows with measurable lobe di-
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Fig. 12. Orientations of the elongation and the outflow lobe are plotted Fig. 13. Histogram of the core elongation for the Orion cores.

against the orientation of the velocity gradient.

could be different (e.g., Goodman et al. 1993). We used N
rections. We wonder if magnetic field orientation is related  opservations for Orion cores, while Goodman et al. (1993)
any of the above orientations. Poidevin etal. (2010) havevsh  ysed NH for cold dark cloud cores. In general;N* and
the distribution of the magnetic field orientation for the OM  NH; show rather similar distributions, compared with other
2/3 region. They concluded that no correlation is evident be mplecules such as CCS, CS!®*0, and C7O (e.g., Tafalla et
tween the relative orientation of jets or outflows and the mag |, 2002; Aikawa et al. 2001 for L1544 and other starless cold
netic field. The PA of the magnetic fieldis 135 near MMS2  gark cloud cores). Therefore, we expectHN and NH; to
and MMS7, while it is~ 90" near MMS9. Due to the limited  trace similar volumes. On the other hand, Hotzel, Harju, &
number of outflows having well-defined orientations, it isha \waimsley (2004) reported changes in the abundance ratio of
to reach any clear conclusion, but at least we can say thabwe d\Hj to N,H*. In the future, it is desirable to check our result by
not see any very strong correlation among these orienatfon  sing the same molecular line, the same core identificaiod,
Tables 2 and 3. velocity gradient measurement method with comparablatine

spatial resolutions in pc.

3.5 Dependence on the Employed Molecular Line

Lastly, we discuss how our result could depend on selected
molecular lines. If we analyze the velocity gradient on the b
sis of observations with different molecular lines, theuftss
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We wish to thank an anonymous referee for very valuable

constructive comments that have significantly improvedtiee
sentation of the paper.
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Table 1. NoH* cores in the Orion A GMC

No. R. A. (J2000) Dec. (J2000) T} Visr Av Avror R M Myir  Quir
h m s ° L K kms! kms! kms! pc M, Mg
1 5 35 06.2 -4 54 24 11.1 0.65 0.05 0.049
2 5 35 06.1 -4 56 07 11.2 0.62 0.03 0.088 22
3 5 35 294 -4 58 31 30 12.3 1.310.10 1.50 0.083 39 39 1.02
4 5 35 198 -5 00 53 16 11.3 0.570.01 0.79 0.084 43 11 0.25
5 5 35 26.8 -5 01 13 22 11.5 0.#90.05 1.01 0.059 10 13 1.33
6 5 35 254 -5 02 36 24 111 0.510.02 0.83 0.099 47 15 0.31
7 5 35 267 -5 05 00 28 11.6 0.470.01 0.85 0.091 41 14 0.33
8 5 3 323 -5 06 02 34 11.8 0.7440.04 1.07 0.049 12
9 5 35 239 -5 07 25 26 11.9 0.860.04 1.10 0.098 47 25 0.53
10 5 35 267 -5 10 09 28 11.3 1.230.02 1.42 0.095 57 40 0.7
11 5 35 226 -5 10 09 11.7 0.620.02 0.052 9
12 5 3 227 -5 12 32 28 11.0 0.930.02 1.17 0.104 77 30 0.38
13 5 3 212 -5 14 36 19 10.8 0.620.02 0.86 0.094 39 14 0.37
14 5 35 0838 -5 18 41 24 9.0 0.620.03 0.91 0.083 21 14 0.68
15 5 35 158 -5 19 26 30 9.9 1.310.02 1.50 0.111 117 53 0.45
16 5 35 089 -5 20 22 8.6 2.060.09 0.105
17 5 35 103 -5 21 25 8.1 1.8 0.05 0.074
18 5 35 061 -5 22 46 7.4 2.060.14 0.057
19 5 35 129 -5 24 10 61 6.6 2.120.07 2.37 0.072 85
20 5 35 047 -5 24 13 26 8.6 1.920.10 2.03 0.043 38
21 5 35 157 -5 25 54 55 8.2 1.150.06 1.52 0.062 13 30 2.4
22 5 35 143 -5 26 56 40 8.8 1.420.07 1.92 0.074 57
23 5 35 020 -5 36 10 24 7.3 0.320.01 0.74 0.115 59 13 0.22
24 5 35 048 -5 37 32 16 8.8 0.720.03 0.90 0.083 41 14 0.34
25 5 34 56.6 -5 41 39 3.7 0.480.03 0.084
26 5 34 577 -5 43 41 24 7.1 0.410.03 0.78 0.062 8
27 5 34 563 -5 46 05 24 55 1.110.08 1.29 0.074 20 26 1.27
28 5 35 0838 -5 51 57 16 7.0 0.380.05 0.66 0.081 8
29 5 35 00.7 -5 55 40 8.0 0.40 0.05 0.062
30 5 35 09.0 -5 55 41 34 7.5 0.640.04 1.01 0.052 6 11 1.77
31 5 35 128 -5 58 06 16 7.6 0.830.09 0.99 0.083 17
32 5 3 281 -6 00 09 7.3 0.350.04 0.157 67
33 5 36 124 -6 10 44 34 8.2 0.620.06 1.00 0.057 11 12 1.05
34 5 36 247 -6 14 11 21 8.2 0.920.16 0.072
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Table 2. Velocity gradient, angular momentum of the Orion A GMC NoH* cores

No. V Grad V Grad PA (fit) V Grad (fit) Vrot JIM 8
PA=0 PA=45% PA=9C PA=135

kms~Lpe=!  kms~lpe=!  kms~lpe=l  kms—!pe—l ° kmstlpc! kms! cm’s?
1 0 1.26 2.19 2.52 10045 4.8 254+0.2 0.12+0.01 7.4E+20
2 -0.69 0 0 3.05 143.8 17.1 1.8+ 0.5 0.16+0.05 1.7E+21 7.6E-03
3 -0.96 1.26 1.1 -0.19 878255 0.9+ 04 0.07£0.03 7.6E+20 9.3E-04
4 0 -0.78 -1.1 0.44 2373 17.9 0.8+£0.2 0.07£0.02 7.2E+20 7.3E-04
5
6 0.27 0 -0.96 0 286- 23.4 0.5+£0.2 0.05+0.02 6.0E+20 4.0E-04
7 -0.96 -1.16 -0.41 0.68 198434 1.2+0.1 0.10+£0.01 1.2E+21 1.9E-03
8 6.44 0 -2.06 -3.88 332485 5.2+ 0.7 0.26+0.04 1.6E+21
9 -5.07 -7.85 -5.89 0.68 22461.9 7.8+0.2 0.77+0.02 9.3E+21 9.5E-02
10 1.64 1.74 -1.64 -3.2 33257.8 29+ 04 0.27+0.04 3.2E+21 9.7E-03
11 1.23 0.63 0 0 149 12.2 0.9+ 0.2 0.05+0.01 3.0E+20 9.7E-04
12 2.33 0 -1.78 -0.53 3214 16.3 17405 0.18+0.05 2.3E+21 3.3E-03
13 -0.69 -0.78 -2.47 0 2478 13.8 1.6+0.4 0.15+0.04 1.8e+21 4.5E-03
14 1.92 2.81 0 -1.55 101 6.8 254+ 0.3 0.21+0.03 2.2E+21 1.3E-02
15 -0.96 -0.29 -1.78 -1.02 2604 14.5 144+ 0.3 0.16+0.04 2.1E+21 1.8E-03
16 0.96 -3.97 0 1.16 216F 14.5 144+ 0.3 0.15+0.03 1.9E+21
17 2.33 0 0 -4.75 3294124 3.3+ 0.7 0.24+£0.05 2.2E+21
18
19
20 1.03 -7.37 0 3.39 2034 29.7 3.6£19 0.16+£0.08 8.4E+20
21 0 -6.4 0 -1.74 240.3 23.4 3.3+ 13 0.20£0.08 15E+21 1.6E-02
22
23 1.1 1.45 0 0 25.8 10.2 1.2+0.2 0.13+0.03 1.9E+21 2.6E-03
24 -4.93 -2.23 0.27 5.14 16744.1 524+ 0.3 043+0.03 4.4E+21 2.9E-02
25
26 0.96 -0.78 -1.37 -1.55 296:63.4 1.6+£0.1 0.10+0.01 7.7E+20
27
28 -0.69 0 0.62 1.94 136 8.3 14+ 0.2 0.11+0.02 1.1E+21
29 2.47 1.65 2.47 0 45 84 25+ 04 0.16+0.03 1.2E+21
30 0.96 4.46 1.58 1.45 61810.2 3.3+06 0.17£0.03 1.1E+21 1.9E-02
31 -0.82 -3.78 -2.88 -1.55 250:23.9 35+ 0.2 0.29+0.02 3.0E+21
32 -0.96 0 0 1.45 152.# 10.8 1.2+ 0.2 0.18+0.04 3.5E+21 6.0E-03
33 -0.96 0 -3.7 -1.07 2674179 22+ 0.7 0.13+£0.04 8.9E+20 6.3E-03
34

Womack, M., Ziurys, L.M., & Sage, L.J. 1993, ApJ, 406, L29

Yu, K. C., Billawala, Y., Smith, M. D., Bally, J. & Butner, H. M2000,

ApJ, 120, 1974
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Table 3. Position angle of the core elongation and the associated molecular outflow for Orion A GMC NoH™ cores

No. Elongation PA  Angle between V Grad and Elongation  Outflow Outflow PA
1

2 155.2+ 4.3 11.4

3 1709+ 7.1 83.0 OMC-3 SIMBA a, SIMBA ¢ 50
4 131.2+ 6.7 73.9 OMC-3 MMS2 90
5

6 153.7+ 4.5 a7.7 OMC-3 MMS7 90
7 OMC-3 MMS9 80
8 123.7+5.9 28.7

9 164.6+ 0.8 60.0 OMC-2 FIR1b 160
10 OMC-2 FIR3 30
11 36.1+ 16.9 21.2

12 34.7+ 4.0 73.3 OMC-2 FIR6b 60
13 36.7+ 4.2 31.1

14

15 6.0+ 4.2 74.7

16 172.5+ 3.4 44.2

17 153.8+ 0.6 4.4

18

19 Orion-S 35
20 9.4+ 184 13.7

21

22

23 17.3+ 1.8 8.5

24 416+ 75 54.5

25

26 149.1+ 4.1 325

27

28 159.8+ 3.7 23.8

29

30

31

32 18.2+ 13.2 455

33 130.3+ 5.4 42.9

w
s




