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Abstract

Radio continuum observations at 2.7 and 10 GHz of the star forming
complex M16 revealed a large loop of diameter 122 (60 pc) with a flat
(thermal) spectrum. The loop is likely to be a shell of Hu gas which
expands from M16 toward the south. Optical (Ha) filaments are found
associated with this loop. An H1 shell of diameter 70 pc is found sur-
rounding continuum shell, and is expanding at a velocity of 4 kms™. A
giant molecular cloud is located in contact with the northern edge of the
shell. A stellar-wind-bubble model is proposed for the formation of the
shell, in which the rate of kinetic energy injection from the central O stars
is estimated to be 3.3x10% ergs~* and the corresponding mass-loss rate
2.6 x107°Mg yr=* with an age of the shell of about 7x10°yr. Blocking
by the giant molecular cloud may have caused the one-sided expansion of
the bubble. A relationship of M16 and its bubble to the star forming
complex M17 is suggested.

Key words: H 1 regions; Interstellar matter; Radio emission; Star
formation; Stellar wind.

1. Introduction

Active star forming complexes are often associated with giant shells. A typical
example is seen in the Orion complex, which has the Barnard loop and an H 1 shell
called the Eridanus loop (Reynolds and Ogden 1979). Many similar H 11 rings are
shown to exist in the Large Magellanic Clouds (Elliot et al. 1978). Such a loop

* 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 and astrophysics.
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structure, or a superbubble, may be formed by an intense energy injection from the
central OB stars into the interstellar gas through a high rate of mass loss or supernova
explosions (Weaver et al. 1977; Conti 1978; McCray and Snow 1979; Tomisaka et al.
1981). The shells are defined as a loop on the sky of enhanced H 1, Ha, and/or X-
ray emissions. However, except for the radio continuum study of the Barnard loop
by Reich (1978), few radio continuum detections of such superbubbles are made as
yet because of the difficulty due to very low surface brightness and confusion with the
galactic background radiation (Sofue and Nakai 1983). In fact the Barnard loop
has a diameter of 115 pc and extends over 14° on the sky (Reich 1978).

Study of further examples of such shell structures around star forming regions
in the radio continuum and H 1 and/or CO line emissions will give a useful clue to
investigate the behavior of gases surrounding OB stars and H 11 regions. We may be
able to learn about how the released energy by young massive stars is reduced to the
interstellar gas. In the present paper we report the detection of a giant radio contin-
uum shell associated with the bright H 11 region M16, which is one of the most active
star forming sites in the Sagittarius arm.

2. Radio Continuum Shell

We have noticed a large loop associated with M16 through an inspection of the
radio continuum survey data of the galactic plane at 2.7 GHz recently published by
Reich et al. (1984) (figure 1), and of that of a 10-GHz survey being carried out at NRO.
The observations at 2.7 GHz were made using the 100-m telescope of MPIfR in Bonn,
and the HPBW was 4/3. The 10-GHz observations were made in 1984 using the
45-m telescope of NRO as part of the galactic plane survey, and the HPBW was 2'7.
Details of the observations are given by Reich et al. (1984) and Sofue et al. (1984).

Figure 2a shows a region of 195X 125 centered on G16.4-+0.7 in the radio con-
tinuum emission at 2.7 GHz. In this figure large-scale structures with scale sizes
greater than 0°3 have been subtracted from the original map using the BGF (back-
ground filtering) technique of Sofue and Reich (1979). Therefore, fine ridges and
small-size sources are more clearly enhanced in this figure compared with the original
map which is dominated by the strong galactic background radiation with steep gra-
dient. Figure 2b shows the same but in a gray-scale representation. Figure 3 shows
a 10-GHz map of the same region after smoothing to a HPBW of 4’3, where the back-
ground emission has been again subtracted using the BGF method.

In the figures, in particular at 2.7 GHz, we can see a large loop of radio enhance-
ment. The loop is elongated in the direction parallel to the galactic plane. The
center position is at (I, b)=(1624, 027) (=G16.4-+0.7) and the major and minor diam-
eters are 192 and 099, respectively. Inside the loop we can see two other smaller
loops: one is centered on G16.64-0.8 and the diameter is 028 again slightly elongated
in the direction parallel to the galactic plane. The other is found centered on G16.7+-
0.8 and the diameter is about 025 with its brightest part at G16.5+4-1.0 which connects
itself to the bright arc running from M16 toward SW.

On the red print of the Palomar Sky Survey (figure 4) we find thin filamentary
nebulosities composing a large loop structure coinciding in position and appearance
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Fig. 1. Reproduction of the G15-G17 region from the 2.7-GHz Bonn survey (Reich et al.
1984). The contour numbers are in units of K 7. Note a loop feature associated with
the H 11 region M16 as indicated with the line.

with the present radio loop. The inner smaller loops are also clearly recognized on
the photograph. The optical emission line maps of this region by Parker et al. (1979)
indicate that the filaments are mostly due to Ha emission. The photographic and
radio appearances of the loop indicate its physical connection to the M16 complex.
The LSR velocities at several peaks in M16 have been measured by H110« re-
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Fig. 2a. Brightness distribution of the M16 shell at 2.7 GHz obtained from the Bonn

survey data (Reich et al. 1984) after background filtering. The contour numbers are
in units of 2.23 X102 W m~2sr~2 Hz"! or 100 mK T,.

combination line observations by Downes et al. (1980). They give V;5z=28.0, 23.5,
and 25.5 kms™!, respectively, at G16.95+0.80, G16.98--0.83, and G16.98-+0.92.
The kinematical distance to M16 is then about 2.8 kpc. If the radio loop is associated
with M16, the major diameter is about 59 pc. This diameter is half that of the Barnard
loop, and is one fourth of the Eridanus loop. The loop ridge is not well resolved
in the present observations, and this leads to an upper limit of the shell thickness
of 3.5 pc, or the line-of-sight depth tangentially through the shell is less than 30 pe.

It is difficult to determine the total flux density of the region contained by the
loop because of the contamination by the strong background radiation. The situation
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(b)
Fig. 2b. The same as figure 2a but in a gray-scale representation.

can be well understood by looking at the original survey map at 2.7 GHz (figure 1).
However, we can determine fairly well the contribution from the loop ridge alone
using the BGF map, which is not disturbed significantly by the background. In the
following we discuss the features appearing on the BGF maps.

The radio spectrum of the surface brightness on the loop ridge as determined from
the 2.7- and 10-GHz BGF maps is flat, which indicates a thermal gas origin of the
loop likely to be a shell composed of H 1 gas. This is consistent with its associated
Ha emission. The excess brightness temperature of the shell ridge at 2.7 GHz is
about 0.2 K at the position G15.8-+0.8, where the outer shell is most clearly seen.
The emission measure (EM ) can be calculated using the formula given by Mezger
and Henderson (1967). By assuming an electron temperature of 10* K for a typical
diffuse H 11 gas, we obtain EM =500 pccm™°. Since the line-of-sight depth is about
30 pc or less, the electron density is about n,=4.1 cm™* or larger. Since the bright-
ness along the outer shell is almost constant over a large range of the loop, we may
very roughly estimate the total mass of the ionized hydrogen involved in the shell;
we take here the diameter along the major and minor axes as 59 pc (122) and 44 pc
(0°9), respectively, and the thickness of 3 pc. Assuming a uniform density of the
order of n,=4 cm™* over the shell, we obtain a total H 11 mass as My =47 R*dRnmy
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Fig. 3. The same as figure 2 but at 10 GHz taken with the 45-m telescope and smoothed
to a HPBW of 4/3. The contour numbers are in units of 1072 Wm~2sr~! Hz ! or 30
mK T;.

with R=(59 pc X 44 pc)/2/2=25 pc and dR=3 pc. Then we obtain My ;=2.5x 10* M.
The thermal energy involved in the shell is approximately E,,=(3/2) R,My ;T=6 X
10*® erg with T=10* K, where R, is the gas constant.

3. HI and CO Gases

In order to see if the present radio continuum loop is associated with atomic and
molecular hydrogen gases and to get information about its motion, we examine pub-
lished H 1 and CO survey data of the galactic plane region.
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Fig. 4. Reproduction of the Palomar red print for about the same region as figure 3,
showing the optical filaments composing a loop structure associated with M16, which
coincides in position and appearance with the radio loop. (© 1960 National Geo-
graphic Society—Palomar Sky Survey. Reproduced by permission of the California
Institute of Technology.)

(i) HI Shell

We make use of the Maryland-Greenbank H1 line survey (Westerhout et al.
1982). To see if the loop is associated with the H 1 gas at a distance of 2.8 kpc, or at
Visr=20-30 km s™!, we make brightness temperature maps at Vyq,=20, 25, and
30kms™*. The maps are shown in figure 5 in the form of contour diagrams. The
strong continuum emission of M16 causes a strong absorption feature near G17-4-0.8,
especially at Vi gz 30 km s™*, which makes it difficult to see the H 1 structure near
MIl6. However, at positions far enough from M16 we can see a looplike structure
surrounding a depression of the H1 emission at around G16.3-+0.6. The H1 loop
is most clearly seen at V;sz=25 and 30 km s~*. Although the lower angular resolu-
tion of the H1 observations (13') gives only a rough idea about the association, the
western ridge seems to coincide with the western ridge of the continuum shell. The
southern and southwestern parts of the H1 loop lie slightly outside the continuum
loop. The major and minor diameters of the H 1loop are 124 (68 pc) and 121 (54 pc),
respectively. The shell ridge is not resolved with the present beam width and this
leads to a shell thickness less than 10 pc.
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Fig. 5. Distributions of H1 brightness temperature around the M16 shell at Vysp=20,
25, and 30 km s~. The contour numbers are in units of 5 K 7.

We show in figure 6 velocity-latitude diagrams of H1 brightness temperature,
T,(b, v), for the region containing our object, 158 </<16°6 and 1:3>b6>0°. We
used again the data of Westerhout and Wendlandt (1982). We find a remarkable shell
on the b—v plane at /=1620 to 16°4, particularly at /=16°2. The shell is composed
of two sharp ridges at V;sp=24 and 32 km s~* with a deep hole centered on Vygp=
28 km s~! and b=0°6. Figure 7 shows the cross sections of the shell at b=026 for
[=15°8, 16°2, and 16°6. From these figures we can see that the shell is expanding
at V,.,—4kms™! (half the velocity difference between the higher and lower velocities)
along the line of sight on (/, b)=(16°2, 026), and the velocity dispersion in the shell
is about c=4 km s~!. Assuming a constant expansion velocity, the age of the shell is
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Fig. 6. H1 Ty(b, v) diagrams at /=15%8 through 16°6 obtained from Westerhout and
Wendlandt](1982). The contour numbers are in units of 1 K 75,
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Fig. 7. H1 line profiles along h=0°65 at /=15?8, 16°2, and 1626.
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Fig. 8. Integrated intensity map of the 12CO (J=1-0) line emission made from the Columbia
survey (Dame 1984). The contour numbers are in units of K km s~*.

estimated to be t=7x10° yr. The column density of the shell toward this position
is calculated (e.g., Kerr 1968) to be about Ny ~1.5x 102 cm™? by taking the excess
of the peak brightness temperature as 20 K and the velocity width of 4 kms~!. If
the shell has a uniform radial column density of this amount, the total H1 mass is
estimated as about My ;=10*M}, and the H 1 number density in the shell is larger than
5cm~® The kinetic energy of the shell due to the expanding motion is then about
E,=(1/2) M, V2,,=2 % 10* erg, where M,,,=Mpy ;+Mu . The kinetic energy is com-
parable to the thermal energy of the H 11 gas in the shell. The present energy amount
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Table 1. Radio shell associated with M16.

Center position ..............c.cvuuunn. 1=16°%4, b=027
...................... R. A. (1950)=18215"3, Decl. (1950)=—1424

Distance .........oviiiiiiiiiiiiiienann 2.8 kpc

Major diameter (continuum/H1) ........ 122 (59 pc)/124 (68 pc)

Minor diameter (continuum/H1) ........ 099 (44 pc)/1°1 (54 pc)

Shell thickness (continuum/HI1) ......... <3 pc/<10pc

Radiospectrum..............covvuennn. Flat (thermal)

Visr of Hishellcenter ................ 28 kms~?

Expansion velocity .................... 4 kms~?!

Velocity dispersion in shell ............. 4kms™!

Age (=radius/expansion velocity) ....... 7x108 yr

Hirdensity ....ovovveiiniinneneennnnn. =4cm™3

Hidensity ........covivviviniinnnn. =5cm™3

HIImass ...oovueiineiniiinennennnens 2.5x103Me

Himass ......cviiiiiiiiiniiiid i, ~10*Me

Total Mmass .....cveveeneneennnrunennns ~10*Mg

Kinetic energy of shell ................. ~2x10* erg

Thermal energy of shell ................ ~6x10* erg

and expansion velocity are much smaller than those obtained for the Orion-Eridanus
shell (Reynolds and Ogden 1979) and for H 1 supershells (Heiles 1979).

(ii) CO Gas Distribution

We make use of the Columbia 2CO-line survey (Dame 1984) to construct CO
intensity maps in order to compare with the H 1 and continuum maps. Figure 8 shows
the distribution of CO intensity integrated between Vigr=20 and 30 km s~ in the
form of a contour map. We find two dense clouds associated with M16 and M17
at G1740.5 and G15—0.7, respectively. However, the association of the molecular
gas with the radio shell is not clear from this figure. We note that the giant molecular
cloud G1740.5 is located in contact with the northeastern edge of the shell. This
fact suggests that the expansion of the shell is blocked by this cloud in the NE side
and the ejected material from M16 has been directed toward SW to produce a shell
asymmetric with respect to the energy injection center.

4. Discussion

The structure of the shell observed here agrees with that predicted by the “stellar
wind bubble” model (Weaver et al. 1977; McCray and Snow 1979; Tomisaka et al.
1981): the innermost region of the shell is a cavity dominated by a stellar wind from
early-type stars and is bounded by a shocked H ur gas. The Hu shell thus formed is
observed as the thermal radio emission loop. The outermost region is further
surrounded by a cooled H 1 shell consisting of swept interstellar material. Tomisaka
et al. (1981) have shown through their numerical simulation that the shell radius,
Ry, of such a wind bubble is given by

Ry(pc)=17.5(L,/10% erg s~1)°-2%(n cm™%)~°-2°(¢/10° yr)**° ,
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Fig. 9 Schematic illustration of the relationship of the optical, radio-continuum, and H 1
shells to the star forming sites M16 and M17 and to the associated molecular clouds.

where L, is the ejection rate of kinetic energy from the central OB stars in a strong
wind phase, or L,=(1/2)M, V2 with M the mass-loss rate and V,, the initial wind
velocity, n is the number density of ambient material, and ¢ is the age of the shell.

With the estimated age of 7x10°yr, the radius of Rz=60 pc, which is an ap-
proximate distance to the farthermost part of the shell from the M16 core, and an
assumed ambient gas density of n=1 cm~3, we obtain L,=3.3x10*® ergs~*. Taking
a typical wind velocity as ¥,=2000 km s~* (Conti 1978; Tomisaka et al. 1981), we
have M,=2.6x10"¢Mg yr~'. This amount of mass loss is close to a typical mass-
loss rate of an O star in an active wind phase (Conti 1978). Thus the formation of the
M16 shell may be naturally attributed to a giant stellar wind bubble being driven by
the mass loss from one or a few O stars in the core of the M16 complex. The total
kinetic energy ejected from the stars is evaluated as E =L, t~7x10* erg. The total
energy involved in the shell at present is about E=E, -+ E,, ~10* erg, and therefore
only a small fraction of the ejected energy has been given to the heating and accelera-
tion of the shell.

The M16 shell seems similar in size and appearance to the Barnard loop (Reynolds
and Ogden 1979; Reich 1978). However, the difference between the two is that the
Barnard loop surrounds the Orion complex in a rather circularly symmetric way,
while the M16 shell is located on one side of the exciting stars and seems to expand
towards the south only. The asymmetric expansion may be due to blocking by the

“giant molecular cloud lying at (/, 5))=(17°, 0°5) on the NE edge of the shell as seen

in figure 8.

In figure 9 we illustrate the schematic relationship of the optical, radio, and H 1
shells and the molecular clouds associated with the M16 complex. The figure shows
also the position of the M17 star forming region and its associated molecular clouds,
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which are located at about the same distance as M16 from the sun (2.5 kpc).
Elmegreen (1980) suggests that a molecular cloud at /=13°, which contains a far-IR
source (region III in his term), may be a future star forming site next to M17 and will
make a string of “beads” of star forming sites with M16 and M17. We note that
there exists another H 11 region, NGC 6604, to the north of M16 at about the same
angular distance to M17. In fact the Ha photograph of Parker et al. (1979) of this
region reveals a string of three H 11 regions, NGC 6604, M16, and M17, from north
to south along a line inclined by about 20° with the galactic plane. These three H i1
regions are in the order from more extended to compact and therefore from an older
(NGC 6604) to a new (M17) star forming site with M16 in between. If we include
the possible “future” star forming site (region III), we may have a long string of beads
of star forming activity in the Sagittarius arm from /=13° through /=19° over 6° on
the sky or over a projected distance of 300 pc.

The alignment in the order of the age from older to younger suggests that there
may have been a sequential star forming activity along this long string. The initial
star formation took place in NGC 6604, which triggered the star formation in M16,
then M17, and further in region III possibly in the future. For the triggering mecha-
nism we propose that a shock front due to a stellar-wind (or supernova) bubble prop-
agates through a less dense ambient medium, not penetrating through the dense
molecular cloud itself: the shock hits from outside a dense part of another cloud on
the string and promotes farther condensation of gas fragments (Woodward 1975),
which leads to a next star formation there. The M16 shell may be an example of
such a shell directing toward the next star forming site. We suggest that M17 was
excited by another shell which had expanded from M16 in the more past: the shell
formation could have occurred several times at a single star forming site, as is readily
indicated by the multiloop structure in the M16 shell. Such a multi-shell/bubble
formation may possibly occur due to a “breathing” of the star forming activity in the
course of a local sequential propagation of star formation (Elmegreen and Lada
1977) toward the dense inner part of the parent molecular cloud.
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