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Abstract

12CO (J=1-0) observations with a resolution of 47 pc made with the
Nobeyama 45-m telescope resolved a super CO cloud in a spiral arm of
M31. The CO cloud associated with a super H 1 cloud extends over 1 kpc
along the spiral arm. The width of CO arm is, however, less than 500 pc,
much narrower than the H 1 arm width of 1-2 kpc. A strong correlation is
found between the surface mass densities of H 1 and H, gases in the super-
cloud. The ratio of the surface density of H, to the total gas density of H1
and H, increases from 0.4 to 0.7 with the total gas density. The result
suggests that the excess of H1 gas over about 10 Mg pc™2 is converted to
H, molecules. These facts give evidence of a transient phenomenon of gases
the in the supercloud.

Key words: CO; Galaxies; H1; M31.

1. Introduction

Elmegreen and Elmegreen (1983) studied giant H 11 regions and H1 clouds in
galaxies to determine the dimension of clouds and star forming regions. They have
noted that coherent star forming region has a size as large as a kiloparsec or more,
and called this large and fundamental structure a supercloud. The small distance to
M31, 690 kpc, is advantageous for the study of the internal structure of such super-
clouds. Many authors have studied optical appearances of spiral arms of M31 (cf.

* Based on observations made at the Nobeyama Radio Observatory (NRO). NRO, a branch
of the Tokyo Astronomical Observatory, University of Tokyo, is a facility open for general use by
researchers in the field of astronomy, astrophysics, and astrochemistry.
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Fig. 1. Contour maps of integrated H 1 emission in each velocity range of the southern
part of M31 reproduced from the H1 data published by Brinks and Shane (1984).
The spatial resolution is 24" x 36" (80 pcx 120 pc). The lowest contour is 500 K km
s~! for (b) and 1000 K km s~! for the others. The contour interval is 500 K kms™!
for (a) and 250 K km s™! for the others. The boxes enclosed by the dashed lines
indicate our investigated regions which are shown in figure 2.

Baade and Arp 1964; Pellet et al. 1978). Brinks (and Shane 1984) have made H 1
observations of M31 with a resolution of 24"’ x 36", 80 pc x 120 pc, at the distance of
M31. The integrated H 1-line emission in the south of M31 shows several large cloud-
like structures with sizes ranging from hundreds to a thousand parsecs tracing the
spiral arms and dust lanes (P and Q in figure 1). The structures recall the super-
cloud as noted by Elmegreen and Elmegreen (1983).

However, since molecular clouds play a crucial role in the star formation process,
a 21-cm H 1 line study is not sufficient to know the nature of the star formation in the
spiral arms. An extensive CO map of the southeastern part of M31 was obtained by
Stark (1985). Ichikawa et al. (1987) have compiled data on H1 and CO observations,
visual extinction, OB associations, H 11 regions, and thermal infrared radiation from
IRAS in the region. They showed that the superclouds form a region of coherent
star formation. The CO distribution is similar to that of H 1 gas and forms cloudlike
structures as large as the super H1 clouds. Recently Boulanger et al. (1984) and
Ichikawa et al. (1985, hereafter referred to as paper I) studied the CO emission in the
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superclouds using large millimeter-wave telescopes with a high spatial resolution.

In this paper we present additional **CO (J=1-0) observations in the superclouds
of M31 with a resolution of 14”. This resolution corresponds to a linear size of 47 pc
at the distance of M31 and is small enough to resolve the spatial and velocity distribu-
tions of the CO clouds. Using the H1 data of Brinks and Shane (1984), we inves-
tigate the correlation of the distribution and surface densities of neutral and molecular
hydrogen gases.

2. CO Observations

The additional observations of J=1-0 line of *CO were made in 1985 February
using the 45-m millimeter-wave telescope at the Nobeyama Radio Observatory (NRO).
The half-power beam width of the telescope was 14’ at this frequency. A He-cooled
receiver with a Schottky barrier diode mixer with a single side band was employed
and provided a system temperature of 7=600 K. Data was collected by an acousto-
optical spectrometer with 2048 channels of 250-kHz resolution. This corresponds to
a velocity resolution of 0.65 km s~* at 115 GHz. The efficiency of the main beam and
the aperture of the antenna at 115 GHz was about 0.3 and 0.25, respectively. The
telescope was operated in a position-switch mode. The calibration of the data was
accomplished by referring to an ambient temperature absorber in front of the receiver.
Each point was observed for about one hour. We checked the temperature scale by
observing at the reference position, P13, of paper I and Orion A. The pointing
accuracy was checked every two hours by measuring the 43-GHz SiO maser line of

T | T T
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(a) P (b) Q

Fig. 2. Positions of CO observations in super H 1 clouds (a) P and (b) Q, superposed on
the contour map of the H 1 emission integrated between —604 km s~*and —356 km s™1,
The unit of the contour level is in K kms~! The size of the circles shows the beam
size. The small and large circles correspond to our observations (paper I and the
present paper) with a 47-pc resolution by the 45-m telescope and those of Boulanger
et al. (1984) with a 100-pc resolution by the Onsala 20-m telescope, respectively. Filled
and hatched circles represent the region where CO emission was detected.
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EY And and confirmed to be within 10”. We observed 8 points in P and 8 points in
Q. The newly observed points and those of paper 1 are shown in figure 2 with
circles. The circles of 14" and 33" in diameter superposed on the integrated H 1
intensity contours of Brinks and Shane (1984) represent the spatial resolution of
our observations and that of Boulanger et al. (1984), respectively. Filled and hatched
circles designate the points where the CO emission was detected. X and Y are the
directions of the major and minor axes of M31 following the coordinates of Brinks and
Shane (1984).

3. Results

The newly observed CO emissions are displayed in figure 3, where the velocity
resolution is reduced to 1.3 km s~!. The velocity is given by heliocentric value. The
observational results are summarized in table 1.

Table 1. Observational results.

Observed Position’ T,* Orms V peax
point (da, 43) (K (K) (kms~1)
P15 ........... (—49”, 166") 0.13
Pl6........... (—40 ,154) 0.09
P17 ........... (=31 ,142) 0.34 0.10 —515
P18 ........... (—22,130) 0.13
P19 ........... (—13 ,118) 0.39 0.12 —520
P20 ........... (— 4,106 ) 0.12
P21 ........... ( 5, 9%) 0.11
P22 ........... (- 2,123) 0.46 0.12 —469
Ql ........... ( 17, 25) 0.11
Q2 ........... ( 0, 0) 0.17
Q3 ........... (—17 , =25) 0.17
Q4 ........... (=34, -50) 0.17
Q5 ........... (—50,-75) 0.11
Q6 ........... ( 90, 56) 0.42 0.10 —449
Q7 ...l C75, 9) 0.10
Q8 ........... ( 45, -38) 0.11

t Offset position from P4 (a050=023821751, 01950=+40°21739""; paper I) for P and offset
position from Q2 (a5, =02387247%3, 5,950= +40°26"38"") for Q.

Table 2. Quantities for the observed emission features.

Velocity

Observed range <V>co 4V < VZCI‘} sz T *dV Ny, om,
point V1, Vo) rot JVy
(km s~ (kms™Y) (kms™Y) (kms™!) (Kkms™1) (102°cm™2) (Mg pc™?)

P17 ...... (—533, —488) —512 17 —11 13.2 10.7 17
Pl19a ..... (—527, —514) —521 S —16 4.7 3.8 6
P19 ..... (—513, —504) —508 4 —12 3.1 2.5 4
P22 ...... (—475, —467) —471 2 —22 4.3 3.5 6
Q6 ...... (—466, —429) —447 11 + 8 7.9 6.4 10

(—452, —440) —446 5 + 8 5.1 4.1 7

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System



N.S*

61

76 TII 6TLT 91— 6C £CS— O6v— ‘9ss—) (gL “ 6T """ SId
I'6 I'11 Y0LT 6 — LE 667 — (Lsy— ‘9gs—) (1 9°8 “ L'Th) """ " ¥Id
¥6 Al 1! 9LLT In— v €05 — (Lsy— ‘obs—) (¥'8 “6IH)" """ ¢id
0b 6 b L8TT 6 1T 8- (Lsy— ‘66v—)
9% 9°¢ LOET € 1T £7S— (66— ‘95s—) (s'8 ‘€T " CUd
0°¢ 09 ELPT L 1T 98— (Lsy— ‘€05—)
¥'s 9°9 1091 0g— T €76 — (€0s— ‘9¢s—) (€8 “1'TH" """ " 1Id
[ ¥'S 0ZET €1 1T 8r— (6¥v— ‘66v—)
09 €L 08LI Yo— 1T 61— (66v— 9¢s—) (1'8 “0°TH """ " 0ld
I's €9 ¥Ts1 €1 ST YLy — (ccv— ‘66v—)
€€ 0t 766 w€c— L1 61— (66v— ‘pps—) (88 “ 8T """ 6d
- 6 09 85T 91 (<4 Ly — (cev— ‘66v—)
= 8¢ 9% 8711 67— LT 61— 66v— vbs—) (9'8 ‘LT """ 8d
8 8¢ 9y 8TI1 01 L1 8y— (197~ “66v—)
v I's 9 PIST Ie— |4 €75 — (66v— ‘¢ss—) ('8 ‘st "L d
2 6'¢€ 8'¥ €917 (41 LT 8h— (197 — ‘66v—)
i €S $'9 ¥8ST 67— 1T £CS— (66v— ‘tsS—) (T8 ‘v """ 9d
m L€ Sy 2011 o1 LT 98p— (19— ‘66v—)
9°¢ 89 LSOT LT— LY €75 — (66v— ‘tsS—) (0'8 “TW """ s d
76 Tl 8€LT - 6C 116— (Q9y—‘96s—) (8L “1'TY) """ v d
S'8 701 (4354 PI— 6C SIS— @y— 09s—) (sL ‘0w """ ¢d
'8 66 10+C - €€ SIS— @Ly— 69s—) (€L “8I) """ Td
6¢ L'y 0STT 14! L1 w8y— (6vh— ‘66v—)
LS 0L 8691 LT |4 £CS— (66v— 95s—) (S0'8 ‘S TH " "I d
(z-0d ®p) (z-1d z0T) G_swyy) (s wy) (s uy) (;-s umy) (s wry)
4 Ca 1) ¢) yurod
THp THN APL M AR 14 THCAD oguel FuonIsog PaAIsSqO
4 KJIDO[IA
“UOISSTWD 1 [ 2y) Jof sannuend) °¢ 9[qQel
3
Z

''6€ 7T [SVd.l86T

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System



N.S*

[Vol. 39,

‘(4861) dueyS pue sYULIg SUIMO[[O] SIBUIPIOOD 4

LT €€ 808 T |14 £Sh— Wey— ‘oLb—) (€01 L've) """ 80
6V 09 124! € — €€ LSY— Wey— ‘Los—) (oI 8¢e) """ LO
9 8L 6061 r4 €€ £Sh— Wr— ‘66v—) (66 “ 0°€€) """ 90
€S ¥'9 1961 6 — Sy 8Ly — Weh— ‘ccs—) (6 “1°9¢) """ SO
19 VL 0181 7 — LE oLy— 8Zr— ‘Los—) (€6 9°68) """ O
¥'9 LL $881 r4 €€ 99— @zr— ‘cos—) (€6 “1's9) """ €O
L9 '8 SL61 9 [v4 19— €ev— 06v—) (€6 “9¥e) """ 7O
L 88 SEIC S 6C 19%— (€ev— ‘c0s—) (6 “1°¥E) """ 10
hig 8¢ 9’y 911 ST €€ 8Ly — (Levy— ‘V6v—)
s 8 8¢ Fad! 9C— 1T 61S— er— ‘8bs—) (¥'8 ‘6 " " Tid
m 8'¥ 8¢ 0Iv1 0T 6T oLy — (8Tr— ‘v6v—)
S ST '€ I1SL ST— |14 SIS— r6v— ‘0vs—) (88 “ ¢¢p) " " ©tored
: vy €S €621 8I ST LY — (Ler— ‘vev—)
= 9°¢ v 9901 Lt— 1T 61S— 6b— ‘8ps—) (¢°8  Teh) " " 0ud
6'€¢ 8P 8911 1T ST YLy — (LEv— “V6¥—)
8 6°'S oyl vZ— LT 61S— er— 8¥s—) (€8  TEP) " """ 6ld
ve Ty 0201 8T €€ oLy — (€cv— ‘v6v—)
9°¢ 89 7591 ST— 1T €T — F6v— 8Ps—) (08 “ I'¢p) " """ 8Id
v's 9'9 2191 0— 1T €75 — (€0s— ‘tss—) (8L “0¢p) """ L1d
9°L €6 L9TT S1— €€ 615— 8Ly— ‘8¥s—) (S9°L “‘AO'¢eh) " """ 91d
(;-od ®p) (z-wd 4;01) G-_sury 3)) (s uny) (z-swy) G_s ) (;-s uny)
14 ¢4 1) P.¢) yurod
THy TEN AP M WIA—-TEC LD AV TECAD o3uel *UONISOJ PRAIdSqQ
‘4 AIID0[9A
(penunuo)) ‘¢ 9[qEL
n/O.

''6€ 7T [SVd.l86T

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System



. 57N

.39..

1987PASJ. .

No. 1} CO and H1in M31 63

i T T

tpllﬁd' NU L“ “H"MWU T

TaA=1.0K
P22 ﬂ{] -‘L
] 1 1 |
-550 ~500 -450 =550 -500 ~450

velocity (kms-1)

Fig. 3. Newly observed CO emissions for the points in superclouds P and Q listed in
table 2. The velocity is given by heliocentric value. The velocity resolution is reduced
to 1.3kms™1,

For the CO emission, we derived by the same procedure as in paper I the mean
velocity (¥)¢o, the full velocity width at half intensity 4V, the face-on column density
of molecular hydrogen N(H;), and the face-on surface mass density ¢(H,) in the range
V, and ¥V, presented in the second column from the integrated intensity of the observed
CO emission. The results are presented in table 2. We also derived the same data
for H1 emission line from Brinks and Shane (1984) at the same positions as our CO
observations (table 3). The face-on surface density of neutral hydrogen, ¢ (H 1), was
calculated from the integrated brightness temperature assuming that H 1 emission is
optically thin.

4. Discussion and Conclusions

4.a. Size of a CO Cloud Complex in Superclouds

The largest super H 1 cloud P has an apparent size of 500 pc x 1 kpc (see figure
1). The mass of hydrogen is estimated to be M(H1)=~2x10" My and M(H,) =
3% 10°® Mg by Boulanger et al. (1981). From figure 2, a CO cloud complex in P is
found to extend over 1 kpc as long as the H 1 cloud; this may be called a super CO
cloud. The distribution of the surface densities of molecular and neutral hydrogen
gases as a function of the galactocentric distance R across P is shown in figure 4. From
this figure, we can confirm that the width of a super CO cloud is less than 500 pc,
much narrower than the width 1-2 kpc of the H1 cloud, although the H1 width has
been slightly smeared out due to the larger beam size. The CO observations with
a resolution of 100 pc of Boulanger et al. (1984) have also supported this result. The
narrow width suggests a transient phenomenon of gases in the supercloud.

We have observed 8 points in Q, which is less massive than P. The CO emission
was detected only at the bright H 1 region, BA 297. No indication of CO emission
was found at the place of the highest density of H1 in Q, but this result is reasonable,
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Fig. 4. Distributions of the face-on surface densities of H 1 (Brinks and Shane 1984) and H,
(paper I and the present paper) across supercloud P as a function of the galacto-
centric distance R. The bars in the corner represent the spatial resolution in the R
direction and the typical observational error in the integrated intensity.

because the H 1 density is much smaller than that of P. This result will be discussed
in section 4c.

4.b. CO Emission in H 11 Regions

Our CO observations in paper I covered only a part of large and bright Hu
regions. In the present paper, we have observed CO at two bright and small H 1
regions, i.e., BA 313 (X=43.1S, Y=84E) and BA 297 (X=33.0S, Y=9.9E) (Baade
and Arp 1964), which are associated with superclouds P and Q at the outer edges, re-

minor axis (arcmin)

40S 42S 44S

major axis (arcmin)

Fig. 5. Comparison of the CO emission region, H 11 regions (Pellet et al. 1978), and the
contours of 25-ym emission obtained by IRAS (Habing et al. 1984) in supercloud P.
The three grades of shading for the H 11 region follow the intensity levels of Pellet et al.
(1978). The unit of 25-ym emission is 4.2x 1072 W m~2sr~!. The meaning of the
symbols for CO emission is the same as in figure 2.

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System



. 57N

.39..

1987PASJ. .

No. 1] CO and Hi1in M31 65

spectively. We have detected CO emissions on these H 1t regions (P22 and Q6). Blitz
(1985) has surveyed the CO emission line in bright H 11 regions in M31. He also
detected CO emission in BA 297 with T*=0.14 K. Comparing with their result,
we can show the existence of GMCs with a mass of (1-5) X 10* M, in BA 297 of Q and
in BA 313 of P. However, we can see in figure 5 that the strong CO emission regions
avoid the H 1 region complexes. Contours of 25-um emission observed by IRAS
(Habing et al. 1984) are also shown in figure 5. The spiral armlike feature of 25-um
emission can be seen overlapped with the superclouds (figure 5). Although the spatial
resolution of IRAS is too low—900 pc in the direction of the major axis and 150 pc
in the direction of the minor axis at the distance of M31—to discuss the spatial dif-
ference between the CO and 25-um emitting regions, the 2.5-um emission suggests the
existence of massive young stars embedded in the supercloud. To investigate the star
forming activity in the molecular clouds, infrared observations with a much higher
resolution should be made.

4.c. Correlation of CO and H 1 Line Emissions

H 1 emission at P has two velocity components at the mean radial velocities of
—3520 km s~* and —480 km s~ with the velocity difference reaching about 40 km s,
Figure 6 shows the contours of the H 1 emission intensity at ¥=—519 km s~* and V=
—478 km s™1,

The distribution of two components is considerably different, as can be seen in
figures 1 and 6. These two components are not due to the warp of H1 disk (Brinks
and Burton 1984). The central velocity of the warped disk at the position of P is
about —450 km s™* and the projected mass density of neutral hydrogen is negligible
compared to that of the —480-km s~* component. Figure 7 compares the H 1 profiles

I T li I I I T
6E ]
c
e L.
o
8
1]
= 8E
M
5 e
£
£ A
10E - N T -
25
C l | ! | ! L

408 428 4485

major axis (arcmin)

Fig. 6. Comparison of the CO emission region and two velocity components of H1 emis-
sion in supercloud P. The contours are at —519 km s~ (full lines) and —478 km s~*
(dashed lines) (Brinks and Shane 1984) in units of brightness temperature. The
meaning of the symbols for CO emission is the same as in figure 2.
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Fig. 8. Correlations between observed surface densities ¢(H1) and ¢(H;). The open
circles and the triangles show our observations with the 45-m telescope in superclouds P
and Q, respectively (paper I and the present paper). The crosses represent the obser-
vation in P by Boulanger et al. (1984) with the Onsala 20-m telescope.

and the velocity ranges of the observed CO emissions. This figure shows that most of
the CO emissions seem to be associated with the —520-km s~! component of H1. We
note that the CO velocity, ~ —510 km s, is slightly larger than that of H1. Recalling
the direction of rotation in this region, we note that the CO velocity is delayed from
that of H1.

Figure 8 gives the correlation between the surface density of H, and the total sur-
face gas density of H1 and H, in superclouds P and Q. A clear dependence of ¢(H.,)
on the total gas density ¢(H 14-H,) can be seen. The ratio of ¢(H,) increases from 0.4
to 0.7 with the total gas density. The result of Boulanger et al. (1984) with a 100-pc
resolution gives smaller ratios and shows no clear correlation, which may be due to
a dilution of the CO intensity in the larger beam. Figure 8 can be interpreted in the
following way. The face-on H 1 surface density is nearly constant (~10 Mg pc~?)
within the supercloud as seen in figure 4. Therefore, figure 8 suggests that all the
mass in excess of about 10 Mg pc~? is converted into molecular gas. This result
and the narrow width of the CO arm give evidence of a changing state of gases in the
superclouds.

The authors wish to express their hearty thanks to the staff of the Nobeyama
Radio Observatory for the help in the observations. They thank Dr. E. Brinks for
making the H1 data available in the form of magnetic tapes. The data processing
was carried out on a FAcoM-M200 at NRO, and on a FAcomM-M382 at the Data Proc-
essing Center of Kyoto University.
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