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Abstract. We present millimetre-line imaging of the GalactiaiHegion Sh 104. We show that it is surrounded by a ring
of molecular gas and dust. Four large molecular condensations are regularly spaced around the ring. These condensations |
themselves fragmented and contain several massive dense cores. A deeply embedded cluster is observed in the near IR towe
the largest condensation. It contains at least one massive star ionizing an ultra-compegtdd. The Sh 104 region is a good
illustration of the “collect and collapse” model for star formation triggered by the expansion ofiaedion.
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1. Introduction of the Hu region Sh 104 (Sharpless 1959). An ultracompz

The expansion of an H region may trigger star formation in(UC) Hi1 region, ionized by a deeply embedded cluster, l

; . at its periphery. This cluster is possibly a second-general
various ways (see the review of EImegre_en 1998 anq ref uster, whose formation has been triggered by the expan:
ences therein). As an Hregion expands with supersonic ve-

; - -~ ~of Sh 104. We present new molecular observations of this
locity, dense neutral material accumulates between the ioni

) ; . ?6n, and discuss the possible origin of the observed mass
tion front and the shock front which precedes it on the neut%la formation P 9

side; this decele_ratlng shocked layer may becomg u_nstab!‘e AN%rhe molecular observations and thek photometry of the
fragment on various time scales to form stars. This is the “col-

lect and collapse” model. first bronosed by Elmeareen & La&éuster will be fully presented and discussed in a forthcomi
(1977), in WhiF():h' ' prop y 9 paper, hereafter Paper Il, and a model for the star format

triggered by Sh 104 will be presented in Paper .

— The layer may be unstable on a short time scale, of the or-
der of the internal crossing time. The resulting stars are not
massive, and should be observed, later on, moving ahead o
the swept-up layer. Sh 104 is a 7 diameter, optically visible H region, whose

— The layer may also be unstable, on a longer time scajfiain exciting star is an O6V with a visual extinction of 4.7 me
to gravitational collapse along its length. The fragmentgrampton et al. 1978; Lahulla 1985). The LSR velocity of tl
are massive enough to form massive stars or clustesfized gas is-0 km s (Georgelin et al. 1973). The distanc
(Whitworth et al. 1994), which should be observed in thg Sh 104 is 4 + 0.5 kpc (see Paper I1).
direction of the parental layer. Sh 104 is a thermal radio continuum source (Israel 197

IJ;igure 1 shows the radio map obtained by Fich (19¢

Presentation of the region

It has been shown that, statistically, the more luminous p a 1.46 GHz, with a resolution of Z40Sh 104 exhibits a shell

tostellar objects tend to form in molecular clouds adjacemg?grphology both at optical and radio wavelengths, with t
H1t regions (Dobashi et al. 2001), hence the search we exciting star at the centre of the shell. Sh 104 is a low d¢

carrying out for deeply embedded massive stars and clusteg . . .
at the peripheries of H regions. We present here the cas® Ht region. For the assumed distance, the mass of i
’ ized hydrogen is-450 Mg, (Israel 1977). A non-resolved ther:

Send gfprint requests tol. Deharveng, mal radio source lies at its eastern border, at1Z0559,
e-mail:1ise.deharveng@oamp. fr +36°45'39” (J2000), according to the NVSS Source Catal
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frequency switching mode and subsequently added to the ob-
served spectra. The final map has a size dfX185 and is
almost fully sampled. CO fluxes are given in units of antenna
temperaturd , scale). The emission of the other tracers being
limited to the denser regions, and with a much smaller extent,
we adopt the main-beam scale for brightness temperatures.

Figure 2 presents the CO emission integrated over three
velocity intervals. It shows that the CO material forms a ring
which entirely surrounds the H region. The CO brightness
is highest at the border of the ionized region, and lies in the
range 17-27 K.

The emission of the denser material was observed using
the standard heterodyne receivers in the lines of CS, HCO
13CO and G®0. Figure 2 shows that the dense gas is mainly
concentrated in four large fragments, separated from each other
by 4.3t0 6.7 pc.

The brightest fragment is found in the direction of the clus-
ter. Its dimensions are about13pc x 1.5 pc (based on the
contour at 20% of the peak'®D(1-0) intensity). From the
CO data, we estimate a gas kinetic temperature3d K in
_ ) _ ) ~_ the fragment. The mass of molecular material inside the frag-
Fig. 1. Composite colour image of the Sh 104 region. The emission m‘em is estimated by integrating the flux of th#0(1-0) line;

the dust appears in red (MSX survey, band A), and that of the ionizgdy in g that the levels are populated according to LTE and
gas in turquoise (DSS2-red survey); the yellow contours correspond,to

the radio continuum emission at 1.46 GHz (Fich 1993). The field si at the line is optically thin, we derive a mass of 6K for

is 128 x 12'8; north is up and east is to the left. The yellow rectangl € fragment and a mean density of 3100¢m .
shows the field of Fig. 3. Integrating the total flux of thé*CO(1-0) line over the

whole shell, and assuming the line to be optically thin with

an average excitation temperature of 20 K, the total mass of
(Condon et al. 1998). This UC Hiregion coincides with the material amounts to 600d.,.
IRAS 20166-3636 source discussed below. As can be seen in Fig. 2, each fragment consists of several

The Sh 104 region appears as a most remarkable objectgaghly circular subunits, or “cores”, with a typical diameter
band A of the MSX Survey (Egan et al. 1999). This band co¥f 0.4—0.6 pc (from CS(3-2)), marginally resolved at 2 mm
ers the 6.8-10.8m range with an angular resolution ©20”.  (and 3 mm). Observations of thé¥D(2—1) line show that the
Figure 1 shows a complete emission ring surrounding the idilagment associated with the IRAS source is composed of three
ized region. Band A contains the 7.7 and 8.6um emission cores separated by about 0.8 pc (Fig. 3). The stellar cluster
bands, often attributed to polycyclic aromatic hydrocarbofiss between two of these cores (at about f®dm the cen-
(PAHSs). This is most probably the origin of the band A emigre of the north-eastern core). Their physical properties, as de-
sion ring surrounding the Sh 104 ionized region. Continuufived from the G20 observations, are very similar. The average
emission due to small grains at high temperature may also cgas column density is-38.5 x 10'® cm2, which implies core
tribute to the band A emission. masses of 70 to 108@,. From the G20 data, we find an aver-
An MSX point source lies in the direction of the dust ring. Iage H density of~10* cm™2 inside the cores.

is resolved, with a HPBW (corrected for the instrumental PSF) For the same cores, a large-velocity gradient analysis of
of 21”7 (0.41 pc). This MSX point source coincides with thehree CS transitions shows that the density of the emitting
IRAS point source IRAS 2016@B636 Lir ~ 3x 10* Lo). A gas isn(Hz) = 1.6-2.8 x 10°cm2 and the average column
near-IR cluster lies in the direction of this source. This clustgensityN(CS) ~ 10 cm 2. Adopting a standard abundance
is most probably the exciting cluster of the UQiHegion, and [CS}[H,] = 10°°, we derive a mass of 49.,.
therefore contains at least one massive star (see Paper Il). We

obtainedJHK images of this cluster at the CFHT 3.6-m telez1r Di . d USi
scope in October 2002. . Discussion and conclusions

The existence of a molecular ring surrounding the ionized
gas, and the presence, around this ringfoofr dense frag-
ments regularly spaced, provide strong evidence in favour
The molecular material associated with Sh 104 was obsengddthe “collect and collapse” model. This configuration al-
with the IRAM 30-m telescope in September 2002. Thiews us to reject the following hypotheses concerning the
12C0O(2-1) line emission was mapped at’Iresolution with formation of the cluster: i) spontaneous collapse of a pre-
the HERA 9-channel heterodyne array in the “on-the-flyxisting molecular clump; ii) collision of the compressed layer
mode. We adopted a reference position locatedeaSt of the with a pre-existing molecular clump; and iii) collapse of a
exciting star. The emission at this position was observed rimolecular postshock core formed in the compressed layer

3. Molecular observations and results
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Fig. 2. First three panels maps of the?CO(2-1) velocity-integrated emission. The velocity interval is marked on each panel. Ir
[-7;-2] kms? panel the lowest contour as well as the contour step is 5 Kknfaer the [-2;+2] panel the first contour and contour in
terval are 10 Kkm; for the [+2;+8] km s* panel the contours levels are at 5, 10, 15, 20, 30 and 40 KknC®ordinates are theffsets
in arcseconds with respect to the field centre &12045°, 3646 00" (J2000). The white “star” marks the position of the exciting star. T
yellow rectangle in the upper right panel shows the field of Fid.®ver right panel distribution of the CS(21) flux integrated between3

and+5 km s (red contours). First contour and contour interval are 0.3 K kmEhe contours are superposed on the DSS2-red frame of Sh

propagating in a supersonic turbulent medium (Elmegreen etdiell swept up when an Hregion expands into an infinite, uni:
1995) — in which case the fragments would be randomly Iéerm, neutral medium. The fragment properties are insensi
cated. The cluster is most probably a second-generation cligsthe rate at which ionizing photons are emitted by the cen
ter, resulting from the fragmentation of the swept-up layer dséar; they depend primarily on the preshock dengigyand —
to gravitational instabilities developing on the long time scalgery strongly — on the féective sound speed in the postshoc
t~ 0.5(Gpo)‘% ~ 1-3 x 10° years for an HI region expand- gas,as. However, with this model, no pair of values@fandas
ing in a medium of densityy = 10° to 17 cm3, respectively. can simultaneously reproduce the number of fragments
The fact that the cluster is still observed in the direction of theerved in Sh 104 (fougndtheir individual masses{700M).
compressed layer reinforces this interpretation. We have therefore developed a new model for Sh 104.
Whitworth et al. (1994) have estimated the characteristics In the new model, a massive star is formed near the cel
of the fragments formed by gravitational instability in the dens# a molecular cloud of finite extent. TheiHregion, which
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The mean density of the fragments observed around Sh 104
is high, ~3100 cm®; for T ~ 30 K, their Jeans length is
~0.65 pc. Thus this structure itself must fragment into sev-
eral cores separated by some 0.65 pc. Such dense cores are o
served in the fragment associated with the cluster. Due to their
high density, star formation must proceed rapidly in these dense
cores (7x 10* years for the observed density ak20° cm™3).

This is most probably the origin of the observed embedded
cluster. The other three fragments observed at the periphery of
Sh 104 are potential sites of massive-star formation.

The Sh 104 region appears as the prototype of massive-star
formation triggered by the expansion of aniiegion. Thanks
to its very simple morphology, Sh 104 is particularly helpful
for understanding this sequential star formation mechanism.
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