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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 N2H+ 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 N2H+ cores
allowed us to measure the velocity gradient without serious confusion. The derived velocity
gradient ranges from 0.5 to 7.8 km s−1 pc−1. We marginally found that the specific angular
momentum J/M (against the core radius R) of the Orion N2H+ 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 β of rotational to gravitational energy is derived to be β =
10

−2.3±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

Angular momentumJ plays an essential role in the formation of

stars (including binary) and planets (e.g., Bodenheimer 1995).

For molecular clouds and their cores inside, it is observation-
ally found that the specific angular momentumJ/M (angu-

lar momentum per unit mass) increases with increasing radius

R in the power-law relation ofJ/M ∝ R1.6 (Goodman et al.

1993; Goldsmith & Arquilla 1985). It is suggested that the

J/M −R relation is related to the linewidth-size (∆v−R) re-

lation, one of the empirical relations found by Larson (1981)

(Goodman et al. 1993; Bodenheimer 1995). BecauseJ/M =

Iω/M = pRvrot, the J/M −R relation can be expressed as

vrot ∝ R0.6, which is very similar to the power-law form of

the linewidth-size relation. Here,I is the moment of inertia,

vrot is the rotation velocity,ω is the angular velocity, and the

parameterp is equal to2

5
for a uniform density sphere. When

we use the observed linewidth∆v rather than non-thermal or

total linewidth (see Fuller & Myers 1992 for definition), the

linewidth-size relation is expressed as∆v = ARa with a ∼
0.4−0.5, (e.g., Larson 1981; Fuller & Myers 1992; Blitz 1993).

Here,A is a constant or coefficient for the power-law relation

(corresponding to the intercept in the log-log form, log∆v-log

R relationship). The origin of the linewidth-size relation is still

under debate, and many theoretical studies have been carried

c© 2014. Astronomical Society of Japan.
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out. For example, Inoue & Inutsuka (2012) studied the forma-

tion of molecular clouds due to accretion of HI clouds through

magnetohydrodynamic simulations including the effects ofra-

diative cooling/heating, chemical reactions, and thermalcon-

duction, and successfully reproduced the observed linewidth-

size relation. Molecular clouds and their cores are thoughtto be

near virial equilibrium (e.g., Larson 1981; Myers 1983). The

ratio β of rotational to gravitational energy is found to be of

the order of 0.02 for dark cloud cores (Goodman et al. 1993).
Goodman et al. (1993) suggested that theJ/M −R relation

can be explained for virial equilibrium cores ifβ is constant

against the core size.β and the ratioα of the thermal to gravita-

tional energy is thought to affect the core fragmentation process,

which will be related to the frequency of binary and multiple

star formation (e.g., Miyama, Hayashi, & Narita 1984; Tsuribe

& Inutsuka 1999; see also Matsumoto & Hanawa 2003).

Galactic molecular clouds can be divided into two cate-

gories: giant molecular clouds (GMCs) and cold dark clouds

(excluding infrared dark clouds here) (e.g., Shu et al. 1987;

Turner 1988; Bergin & Tafalla 2007). These two categories of

clouds show different ranges of cloud mass, and star-formation

modes: GMCs are most likely associated with cluster star for-

mation including massive stars, while cold dark clouds show

preferentially isolated low-mass star formation. Furthermore,

molecular cloud cores inside these clouds show different char-

acteristics: Warm-temperature, turbulent cores in GMCs and

cold thermal cores in cold dark clouds. It was suggested

that the coefficientA (or intercept in the log-log form) of the

linewidth-size relation differs between cores in these twocat-
egories. Tatematsu et al. (1993) have studied molecular cloud

cores in the Orion A GMC in CSJ =1→ 0, and suggested that

this coefficientA (or intercept) is larger in Orion cores com-

pared with that for cores in cold dark clouds. They argued that

a larger coefficient means that Orion cores have higher exter-

nal pressure and/or stronger magnetic fields. Caselli & Myers

(1995) have also suggested different intercepts (and different

slopes) between GMC cores and cold dark cloud cores using

the Orion A GMC data of Tatematsu et al. (1993) and other

complementary data. Originally, Larson (1981) pointed outthat

the linewidth is relatively small in the Taurus cold dark cloud,

larger in theρ Ophiuchus complex, and even larger in the Orion

A GMC (meaning different intercepts). Tatematsu (1999) com-

pared the linewidth-size relation between “well-defined” Orion
A GMC cores and cold dark cloud cores (see their Figure 7) and

concluded that the intercept is clearly different, but the power-

law index is not so different. Further evidence of variationof

intercept was obtained toward the Galactic Center, where the

intercept is even larger than that for Orion cores (Tsuboi &

Miyazaki 2012). Heyer et al. (2009), Ballesteros-Paredes et al.

(2011), and Traficante et al. (2016) have also shown that the

coefficient (or intercept) of the linewidth-size relation is highly

related to the surface density (higher external pressure and/or

stronger magnetic fields lead to higher surface density), and it

has deviations among clouds. It seems that different coefficients

(or intercepts) of the linewidth-size relation in different cate-

gories of Galactic clouds are well established.

Given that intercept of the linewidth-size relation differs

among Galactic clouds, we wonder whether theJ/M −R re-

lation also shows any difference. Tatematsu (1999) compared

theJ/M −R relation of the Orion CS cores with that for cold
dark cloud cores derived in NH3 by Goodman et al. (1993),

and found that the Orion cores may have slightly largerJ/M .

However, their results were not conclusive because of largedata

scattering and insufficient linear-scale resolution in pc.In this

paper, we re-investigate the difference in theJ/M −R relation

by using data obtained in N2H+ at higher angular resolution

toward the Orion A GMC (Tatematsu et al. 2008). N2H+ and

NH3 are thought to trace similar volumes of dense gas (§3.5).

In this work we adopt a distance of 418±6 pc for the Orion

A GMC, based on the work of Kim et al. (2008), as the best esti-

mate rather than 450 pc used in Tatematsu et al. (2008). At this

distance, 1′ corresponds to 0.122 pc. We correct the core radius

(in pc) and core mass of Tatematsu et al. (2008) decreasing by

6.5% and 12.5%, respectively.
Table 1 lists the N2H+ cores in the Orion A GMC from

Tatematsu et al. (2008). The kinetic temperatureTk is calcu-

lated from the rotation temperature from NH3 observations of

Wilson et al. (1999) and by using the conversion given in Danby

et al. (1988). In general, N2H+ core positions do not match

NH3 observed positions, so we take the value of the nearest

NH3 position. The total linewidth∆vTOT , including both ther-

mal and non-thermal contribution, is calculated by usingTk and

by correcting for the difference of the mean molecular mass

(2.33 u) and the mass of the observed molecule (N2H+, 29

u) (Fuller & Myers 1992). The core massM is taken from

Tatematsu et al. (2008), which was obtained by assuming lo-

cal thermodynamic equilibrium (LTE) and corrected for the dis-

tance revision. The virial massMvir is defined as 210R (pc)
∆v2TOT for a uniform density sphere (MacLaren et al. 1988).

The virial parameterαvir is defined as the ratio of the virial

massMvir to the core massM , and its average for Orion N2H+

cores is 0.79±0.61 (logαvir = -0.21±0.31). They are not far

deviated from virial equilibrium. The blank in theTk column

means that we do not have a good nearest NH3 counterpart.

The blank in theM column (and then∆vTOT , Mvir, andαvir

columns) means either noTk value or failure in the N2H+ hy-

perfine fitting to restrict the optical depth.
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2 Data and Method

We use the data of N2H+ J = 1 → 0 cores (Tatematsu et al.

2008) obtained with the 45 m radio telescope of the Nobeyama

Radio Observatory (NRO).1 The half-power beam width of

the telescope was 17.′′8±0.′′4, and the spacing grid employed

in mapping observations was 20.′′55. The spectral resolution

was 37.8 kHz (∼ 0.12 km s−1). The core radiusR is >∼ 25′′ or

0.05 pc, which is thought to imply the detection limit in the ob-
servations. Details of the observations and examples of N2H+

spectra can be found in Tatematsu et al. (2008). It is known that

N2H+ traces the quiescent gas, and is less affected by deple-

tion (Bergin et al. 2001; Bergin et al. 2002) or by star-formation

activities such as molecular outflows (e.g., Womack, Ziurys, &

Sage 1993). Therefore, this molecular line is one of the best

molecular lines to be used for this study. On the other hand,

in warm gas (temperature> 25 K), N2H+ will be destroyed by

evaporated CO (Lee, Bergin, & Evans 2004; Tatematsu et al.

2014a).

Cores in the Orion A GMC are much more crowded com-

pared with cores in dark clouds. If we use the core number

surface density of H13CO+ cores (Ikeda et al. 2007; Onishi et

al. 2002), the Orion A GMC and the Taurus molecular cloud,

which is a crowded example of cold dark clouds, have 5 and 0.2

H13CO+ cores per pc2, respectively, with a difference of the

order of 25. Therefore, core identification and measurementof

the velocity gradient are more difficult in the Orion A GMC.

We measured the velocity gradient as follows.

(a) We draw four position-velocity (P-V) diagrams (position

angles PA = 0, 45, 90, and 135 degrees) passing through the

core center.2 We use the isolated hyperfine component N2H+

J = 1 → 0, F1, F = 0, 1→1, 2, which is the line less affected

by neighboring satellites (Caselli, Myers, & Thaddeus 1995),

to avoid confusion. Because the data was taken only on a regu-

lar grid (rather than on-the-fly mapping observations), thenum-

ber of actually observed positions along the strip line depends

on PA. Interpolation would introduce method-dependent uncer-

tainties that we want to avoid. The interval of actually observed

positions is 20′′ for PV diagrams at PA = 0◦ and 90◦, and 28.′′28
(= 20

√
2′′) at PA = 45◦ and 135◦. The average HWHM radius of

N2H+ cores in Orion A GMC by Tatematsu et al. (2008) is 39′′.

If we draw PV diagrams at PA = 26.◦57 (=arctan(0.5)), 63.◦43,

116.◦57, and 153.◦44, the interval of actually observed positions

is 44.′′72 (= 20
√
5′′), which is larger than the average core ra-

dius. Then, only PV diagrams at PA = 0◦, 45◦, 90◦, and 135◦

contain a sufficient number of observed positions along strips.

In summary, we prefer to use the strip line passing through ac-

tually observed grid positions, to reduce uncertainties caused by

1 Nobeyama Radio Observatory is a branch of the National Astronomical

Observatory of Japan, National Institutes of Natural Sciences.
2 PV diagrams will be available through the website

http://alma.mtk.nao.ac.jp/ kt/kt-e.html

interpolation. Figures 1 and 2 show examples of P-V diagrams.

(b) Next, we measure the velocity gradient mainly using the

half (50%) intensity peak contour through careful visual inspec-

tion, assuming solid body rotation.

(b1) We check whether the half intensity peak contour is

confused by another core or not. If it is not confused, we de-

termine the velocity gradient line by using the minimum and

maximum velocities of the half intensity peak contour.

(b2) If the half intensity peak contour is symmetrical with

respect to the velocity gradient line, we adopt it.

(b3) If the half intensity contour is not smooth (i.e., irregu-

lar, distorted, or wavy shape) near the minimum or maximum

velocity point, we try to determine the velocity gradient line so

that the half intensity contour looks symmetrical to the line.

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

contours. If their minimum and maximum velocities are fitted

by another velocity gradient line, and if 60%, 70%, and 80%

contours are more symmetrical with respect to this velocitygra-

dient line, we adopt it. The velocity gradient line does not nec-
essarily pass through the core center, but we allow this if the

candidate contour looks like an oval rather than a dogleg or very

irregular shape as a whole.

We have measured the velocity gradient in 27 cores (out of

34 cores) without serious confusion with other cores/emission

features spatially and in velocity.

(c) We fit a sinusoidal curve to the diagram of velocity gra-

dient against PA through non-linear least-squares fitting.The

amplitude of the sinusoidal function provides the intensity of

the velocity gradient, while the angle at which the maximum

is found, describes the position angle of the velocity gradient.

Figures 3 and 4 show examples of the sinusoidal fitting. The

velocity gradient on the position-velocity diagram for each PA

(0, 45, 90, and 135 degrees) is plotted twice at PA and PA +

180◦ with opposite signs for gradients.

Table 2 lists the result of the measurements. The N2H+

core number is taken from Tatematsu et al. (2008). A veloc-

ity gradient of “0” means that we cannot measure the gradi-

ent at each PV diagram because it is too small.β is the ra-

tio of rotational to gravitational energy (see§3.2). The blank
in the V Grad columns means that the velocity gradient is not

measurable without confusion. The blank in theβ column in

Table 2 means that the core mass was not accurately estimated

in Tatematsu et al. (2008). The average physical parametersof

velocity-gradient measurable cores areTex = 9.5±4.3 K,∆v =

0.82±0.44 km s−1, R = 0.082±0.026 pc, andM = 42±28M⊙.

The velocity gradient derived for 27 cores ranges from 0.5 to

7.8 km s−1 pc−1, and its average is 2.4±1.6 km s−1 pc−1.
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PA = 0 DEG PA = 45 DEG

PA = 90 DEG PA = 135 DEG

Fig. 1. Position-velocity diagram for N2H+ core 7. The abscissa is the LSR

velocity (km s−1) corresponding to N2H+ J = 1 → 0, F1, F = 0, 1→1, 2.

The thick dashed line shows the velocity gradient measured through visual

inspection.

3 Results and Discussion

3.1 Specific Angular Momentum against Radius

We define the specific angular momentum asJ/M = Iω/M =
2

5
Rvrot for a uniform density sphere. Because the moment

of inertia I is proportional to massM , J/M can be derived

without using the mass estimate. In figure 5, we plot the spe-
cific angular momentum against core radius. The core radius

R of Orion cores is measured asR =
√

S/π, whereS is the

area within the half intensity contour, and then corrected for the

telescope beam size (Tatematsu et al. 2008). The data of cold

dark cloud cores are taken from Goodman et al. (1993). To

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

tions for physical parameters. We therefore convert the geomet-

rical mean of two-dimensional FWHM diameter in Goodman

PA = 0 DEG PA = 45 DEG

PA = 90 DEG

PA = 135 DEG

Fig. 2. Same as Figure 1 but for N2H+ core 26.

et al. (1993) to the HWHM radius (FWHM/2)R in our study.

Goodman et al. (1993) also corrected the radius for the tele-

scope beam size (deconvolved size). If the velocity gradient

vrot/R is constant againstR, J/M increases asR2 from the

definition. Therefore, we divideJ/M listed in Goodman et al.

(1993) by a factor of four for consistency. The ratioβ of rota-

tional to gravitational energy is calculated consistently. Table 2

lists the results.

Figure 5 shows that Orion cores are mostly located above
the least-squares fit of cold dark cloud cores. The results of

linear least-squares fitting are:

log J/M (cm2 s−1) = 21.31±0.07 + 1.24±0.38 log (R/0.1 pc)

(1)

for Orion cores,
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Fig. 3. Sinusoidal fit to the velocity gradient fit against PA for N2H+ core 7.

log J/M (cm2 s−1) = 21.15±0.05 + 1.65±0.20 log (R/0.1 pc)

(2)

for cold dark cloud cores. The number of Orion N2H+

cores located below the least-squares fitting for cold dark cloud

cores is relatively small. Tatematsu (1999) showed very similar

results for Orion cores using the CSJ = 1-0 mapping data of

Tatematsu et al. (1993). The power-law index is less certainin

Orion cores compared with cold dark cloud cores, because of a

narrower core radius range. If we assume a power-law index

of 1.65 obtained for cold dark cloud cores also for Orion cores,

we obtain

log J/M (cm2 s−1) = 21.35±0.05 + 1.65 log (R/0.1 pc)

(3)

for Orion cores. To confirm the results of these fits, we

now only use cores withR ≥ 0.05 pc andvrot ≥ 0.08 km
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Fig. 4. Sinusoidal fit to the velocity gradient fit against PA for N2H+ core 26.

s−1, which are the approximate detection limits in the velocity

gradient measurement in Orion, for both Orion cores and

cold dark cloud cores. The beam-deconvolved radiusR =

0.05 pc corresponds to 24.′′6, which is 1.4 times the telescope

beamsize, and 1.2 times the grid spacing of the observations.

We measure the velocity gradient by using the minimum and

maximum velocities on both sides with respect to the core

center. The difference between the minimum and maximum

velocities is 2vrot, which corresponds to a length of twice
the half intensity peak radius. We can measure the velocity

difference 2vrot at half intensity peak down to 2.5−3 times

the instrumental resolution (∼ 0.12 km s−1), and the detection

limit is approximatelyvrot = 0.08 km s−1. Figure 7 shows the

J/M−R relation. The results of linear least-squares fitting are:

log J/M (cm2 s−1) = 21.38±0.06 + 1.23±0.42 log (R/0.1 pc)

(4)
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for Orion cores,

log J/M (cm2 s−1) = 21.24±0.05 + 1.30±0.23 log (R/0.1 pc)

(5)

for cold dark cloud cores. It seems that Orion cores have

systematically largerJ/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).Our

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 (1.2−1.3) 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 the

restriction. In general, least-squares fitting tends to provide

a shallower slope, if data scattering is large. Consider a case

wherex and y are positively correlated. We fitx-y data to

a formula y = ax + b, and then fit again the data with the

expressionx = cy+ b. We will obtain c ∼ 1/a if x andy are

well correlated (the correlation coefficient is close to unity).

If data is very scattered (the correlation coefficient is small),
a will be smaller than1/c. This is because least-square fitting

minimizes “vertical distances” between the observed points

and the fitted points. By narrowing the core radiusR range,

scattering becomes larger. This explains why Orion cores show

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 (cm2 s−1) = 21.41±0.05 + 1.65 log (R/0.1 pc)

(6)

for Orion cores,

log J/M (cm2 s−1) = 21.23±0.05 + 1.65 log (R/0.1 pc)

(7)

for cold dark cloud cores.

3.2 Ratio of Rotational to Gravitational Energy

The ratioβ of rotational to gravitational energy is defined as

β=
(1/2)Iω2

qGM2/R
=

1

2

p

q

ω2R3

GM
(for a uniform density sphere,q = 3

5

andp = 2

5
) (Goodman et al. 1993). We derived the logarithm of

β to be−2.3±0.7 for Orion N2H+ cores (without the restriction

above). This is smaller than the value of the logarithm ofβ

of −1.9± 0.7 for cold dark cloud cores. Note thatβ for cold

dark cloud cores differs from that in Goodman et al. (1993) due
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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 vrot = 0.08 km s−1
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Fig. 6. Same as Figure 5 but the best-fit line for Orion cores is obtained by

fixing a slope (power-law index) of 1.65 obtained for cold dark cloud cores.

to different definitions ofR. If we take the virial massMvir

instead of the core mass, we obtain the logarithm ofβ to be

−2.0± 0.6 for Orion N2H+ cores. Taking into account a factor

of two uncertainty in the absolute estimate of the core mass,we

conclude thatβ is similar between Orion and cold dark cloud

cores. We wonder howβ depends on the core mass for Orion
cores. Figure 9 plotsβ against the core massM . It seems

thatβ decreases with increasing core mass. It may mean that

rotation is more important in low-mass cores. However, it is

likely that this result is affected by the detection limit, because

β is proportional toM−1 and also because cores have core radii

and specific angular momenta close to the detection limits. The

thin line in Figure 9 represents the detection limit by usingR =

0.05 pc andvrot = 0.08 km s−1.
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2
 s
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Fig. 7. Same as Figure 5 but we use only cores with R ≥ 0.05 pc and

vrot ≥ 0.08 km s−1.

3.3 Properties of GMC Cores

GMCs are likely to have deeper gravitational potentials due

to their larger masses compared with cold dark clouds (e.g.,

Turner 1988). GMCs have larger pressure than cold dark

clouds (e.g., Myers 1978; Turner 1988). This may mean

that GMCs have higher ratios of molecular to atomic gas (Blitz

& Rosolowsky 2006). Higher external pressure for cores will

lead to larger non-thermal motions (turbulence or MHD wave)
in cores (Chièze 1987). It seems that molecular clouds are

only slightly supercritical, in various cloud scales from clouds

to cores (Crutcher 2012), and GMC cores will tend to have

stronger magnetic fields. Therefore, GMC cores will have larger

intercepts in the power-law relation of the linewidth-sizerela-

tion (Tatematsu et al. 1993). If we assume that turbulence or

magnetic fields play an important role in the origin of the spe-

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

to 1.65.

tend to have larger specific angular momentumJ/M .

Another possibility is that the large overall specific angular

momentum in the Orion A GMC (Imara & Blitz 2011), com-

pared with other GMCs, results in a higherJ/M . If the global

specific angular momentum is related to the local specific angu-

lar momentum on scales of molecular cloud cores, cores in the

Orion A GMC might have larger specific angular momentum

than those in other GMCs. It is suggested the Orion A GMC

has a large angular momentum because it accompanies the rich-

est OB associations (Blitz 1990). The same mechanism may

work for Orion cores.

3.4 Comparison with Global Structure, Global
Velocity Gradient, Core Elongation, and
Molecular Outflow

Kutner et al. (1977) measured the velocity gradient along the
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Fig. 9. The ratio β of rotational to gravitational energy is plotted against the

core mass M . The thin straight line represent the approximate detection

limit calculated by using R = 0.05 pc and vrot = 0.08 km s−1.

overall Orion A GMC for the first time, deriving a value of

0.135 km s−1 pc−1. The velocity gradient was observed along

the elongation of the filamentary GMC, and they pointed out

that the implied rotation is in the direction opposite to the

Galactic rotation. Blitz (1990) found that the typical angular

momentum of Galactic GMCs is less than half that of the Orion

A GMC. The origin of the GMC velocity gradient is discussed

in detail by Blitz (1993), Imara & Blitz (2011), and Imara et
al. (2011), including possibilities of the gradient inherited from

the galaxy, that inherited from the parent interstellar medium

(HI clouds), the sweeping action of the stellar association, the

influence of magnetic fields including magnetic breaking (e.g.,

Field 1978), and so on. Tatematsu et al. (1993) found that the
∫

-shaped filament of the Orion A GMC shows a velocity gra-

dient not only along the filament but also across the filament.

The latter observed in the13COJ = 1→ 0 emission is∼ 2−4
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km s−1 pc−1, 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 N2H+ map. In figure 11, we

plot the histogram of the position angle of the velocity gradi-

ent. We define PA = 0◦ if the core has a velocity gradient from
south (negative velocity) to north (positive velocity). The gra-

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 velocity,

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

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

the north of Orion KL and about 270◦ in the south of Orion

KL. N2H+ cores 1-18 are located in the north of Orion KL

and N2H+ cores 18-34 are located in the south of Orion KL

(Tatematsu et al. 2008). There is no clear relation between the

filament rotation across the filament and the core velocity gradi-

ents. We conclude that the filament rotation across the filament

does not likely govern the core rotation. The global velocity
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 global gra-

dient. It seems that the origin of the specific angular momen-

tum is not a simple top-down collapse from larger structures(cf.

Imara & Blitz 2011 for HI cloud-GMC comparison).

We wonder whether the velocity gradient is related to the

core elongation. If rotation is dominant in core support, these

will be positively correlated. We plot the orientation of the elon-

gation against the orientation of the velocity gradient in figure

12. The PA of the core elongation is measured by using the half-

intensity contour on the four position-velocity diagrams passing

through the core center, and fit the sinusoidal curve on the core

size-PA diagram (Table 3). We failed to measure the core elon-

gation in eight cores (out of 27), because they are almost circu-

lar or far from elliptical (irregular). In these cases, elongation

is blank in the table. Core elongation has a deficit for PA = 60◦

to 120◦. Figure 13 shows the histogram of the PA of the core

elongation. This means that cores having an elongation perpen-

dicular to the global filament are rare. In figure 14, we plot the
histogram of the angle between the velocity gradients and elon-

gations of the cores. There is a decrease of cores with the ve-

locity gradient perpendicular to the core elongation. However,

it could be due to selection effects, since it is harder to mea-

sure the gradient across the elongation due to limited resolution.

Except for this depression, there is no clear tendency between

the velocity gradient and the core elongation. Rotationally sup-

ported oblate cores will show velocity gradients parallel to the
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Fig. 11. Histogram of the orientation (position angle) of the velocity gradient

for the Orion cores.

core elongation, but we do not see such a peak. This is naturally

understood, becauseβ is small.

Next, we discuss the relationship among the orientation of

the velocity gradient, that of the molecular outflow, and that of

magnetic fields. Matsumoto & Tomisaka (2004) have studied

the relationship between the magnetic field direction and the

resulting orientation of outflows/jets theoretically. They con-

cluded that outflows tend to be aligned with magnetic fields of

the parent cloud. Molecular outflows in the OMC-2/3 region
were studied by Aso et al. (2000), Yu et al. (2000), Shimajiri

et al. (2008), and Takahashi et al. (2008). In addition, we in-

clude a molecular outflow associated with Orion-S observed by

Schmidt-Burgk et al. (1990). We list molecular outflows (driv-

ing source names from Chini et al. 1997 and Nielbock et al.

2003) and their lobe orientation from Takahashi et al. (2008)

in Table 3, and they are also plotted in figure 12. “Outflow”

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

against the orientation of the velocity gradient.

rections. We wonder if magnetic field orientation is relatedto

any of the above orientations. Poidevin et al. (2010) have shown

the distribution of the magnetic field orientation for the OMC-

2/3 region. They concluded that no correlation is evident be-

tween the relative orientation of jets or outflows and the mag-
netic field. The PA of the magnetic field is∼ 135◦ near MMS2

and MMS7, while it is∼ 90◦ near MMS9. Due to the limited

number of outflows having well-defined orientations, it is hard

to reach any clear conclusion, but at least we can say that we do

not see any very strong correlation among these orientations in

Tables 2 and 3.

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 ba-

sis of observations with different molecular lines, the results
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Fig. 13. Histogram of the core elongation for the Orion cores.

could be different (e.g., Goodman et al. 1993). We used N2H+

observations for Orion cores, while Goodman et al. (1993)

used NH3 for cold dark cloud cores. In general, N2H+ and
NH3 show rather similar distributions, compared with other

molecules such as CCS, CS, C18O, and C17O (e.g., Tafalla et

al. 2002; Aikawa et al. 2001 for L1544 and other starless cold

dark cloud cores). Therefore, we expect N2H+ and NH3 to

trace similar volumes. On the other hand, Hotzel, Harju, &

Walmsley (2004) reported changes in the abundance ratio of

NH3 to N2H+. In the future, it is desirable to check our result by

using the same molecular line, the same core identification,and

velocity gradient measurement method with comparable linear

spatial resolutions in pc.
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Fig. 14. Histogram of the angle between the orientation of the velocity gra-

dient and core elongation for the Orion cores.

4 Summary

We have analyzed the specific angular momentum of molecu-

lar cloud cores in the Orion A giant molecular cloud using the

N2H+ data of Tatematsu et al. (2008). We have measured the

velocity gradient using four position velocity diagrams passing

through the core centers with PA = 0, 45, 90, and 135 degrees,

and made a sinusoidal fitting on the velocity gradient-PA di-

agram. By comparing theJ/M −R relation, we marginally
found that the Orion N2H+ cores have systematically larger

J/M than cold dark cloud cores of Goodman et al. (1993). The

logarithm of the ratio of rotational to gravitational energy is log

β = −2.3± 0.7 and−1.9± 0.7 for Orion N2H+ cores and cold

dark cloud cores, respectively. The large-scale rotation of the
∫

-shaped filament of the Orion A GMC does not likely gov-

ern the core rotation at smaller scales. During the analysis, we

also found that cores elongated perpendicular to the large-scale

filament are rare.

We wish to thank an anonymous referee for very valuable

constructive comments that have significantly improved thepre-

sentation of the paper.
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Table 2. Velocity gradient, angular momentum of the Orion A GMC N2H+ cores
No. V Grad V Grad PA (fit) V Grad (fit) vrot J/M β

PA = 0◦ PA = 45◦ PA = 90◦ PA = 135◦

km s−1 pc−1 km s−1 pc−1 km s−1 pc−1 km s−1 pc−1 ◦ km s−1 pc−1 km s−1 cm2 s−1

1 0 1.26 2.19 2.52 100.5± 4.8 2.5± 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 87.9± 25.5 0.9± 0.4 0.07± 0.03 7.6E+20 9.3E-04

4 0 -0.78 -1.1 0.44 237.3± 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 0.68 198.4± 3.4 1.2± 0.1 0.10± 0.01 1.2E+21 1.9E-03

8 6.44 0 -2.06 -3.88 332.4± 8.5 5.2± 0.7 0.26± 0.04 1.6E+21

9 -5.07 -7.85 -5.89 0.68 224.6± 1.9 7.8± 0.2 0.77± 0.02 9.3E+21 9.5E-02

10 1.64 1.74 -1.64 -3.2 332.5± 7.8 2.9± 0.4 0.27± 0.04 3.2E+21 9.7E-03

11 1.23 0.63 0 0 14.9± 12.2 0.9± 0.2 0.05± 0.01 3.0E+20 9.7E-04

12 2.33 0 -1.78 -0.53 321.4± 16.3 1.7± 0.5 0.18± 0.05 2.3E+21 3.3E-03

13 -0.69 -0.78 -2.47 0 247.8± 13.8 1.6± 0.4 0.15± 0.04 1.8E+21 4.5E-03

14 1.92 2.81 0 -1.55 10.1± 6.8 2.5± 0.3 0.21± 0.03 2.2E+21 1.3E-02

15 -0.96 -0.29 -1.78 -1.02 260.7± 14.5 1.4± 0.3 0.16± 0.04 2.1E+21 1.8E-03

16 0.96 -3.97 0 1.16 216.7± 14.5 1.4± 0.3 0.15± 0.03 1.9E+21

17 2.33 0 0 -4.75 329.4± 12.4 3.3± 0.7 0.24± 0.05 2.2E+21

18

19
20 1.03 -7.37 0 3.39 203.1± 29.7 3.6± 1.9 0.16± 0.08 8.4E+20

21 0 -6.4 0 -1.74 240.3± 23.4 3.3± 1.3 0.20± 0.08 1.5E+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 5.14 167.1± 4.1 5.2± 0.3 0.43± 0.03 4.4E+21 2.9E-02

25

26 0.96 -0.78 -1.37 -1.55 296.6± 3.4 1.6± 0.1 0.10± 0.01 7.7E+20

27

28 -0.69 0 0.62 1.94 136± 8.3 1.4± 0.2 0.11± 0.02 1.1E+21

29 2.47 1.65 2.47 0 45± 8.4 2.5± 0.4 0.16± 0.03 1.2E+21

30 0.96 4.46 1.58 1.45 61.8± 10.2 3.3± 0.6 0.17± 0.03 1.1E+21 1.9E-02

31 -0.82 -3.78 -2.88 -1.55 250.2± 3.9 3.5± 0.2 0.29± 0.02 3.0E+21

32 -0.96 0 0 1.45 152.7± 10.8 1.2± 0.2 0.18± 0.04 3.5E+21 6.0E-03

33 -0.96 0 -3.7 -1.07 267.4± 17.9 2.2± 0.7 0.13± 0.04 8.9E+20 6.3E-03
34
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Table 3. Position angle of the core elongation and the associated molecular outflow for Orion A GMC N2H+ cores
No. Elongation PA Angle between V Grad and Elongation Outflow Outflow PA

◦ ◦ ◦

1

2 155.2± 4.3 11.4
3 170.9± 7.1 83.0 OMC-3 SIMBA a, SIMBA c 50

4 131.2± 6.7 73.9 OMC-3 MMS2 90

5

6 153.7± 4.5 47.7 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± 18.4 13.7

21

22

23 17.3± 1.8 8.5

24 41.6± 7.5 54.5

25

26 149.1± 4.1 32.5

27

28 159.8± 3.7 23.8

29

30
31

32 18.2± 13.2 45.5

33 130.3± 5.4 42.9

34


