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1 INTRODUCTION

ABSTRACT

Gas density and temperature in star-forming regions around Sh2-235 are derived from ammonia
line observations. This information is used to evaluate formation scenarios and to determine
evolutionary stages of the young embedded clusters S235 East 1, S235 East 2 and S235 Central.
We also estimate the gas mass in the embedded clusters and its ratio to the stellar mass.
S235 East 1 appears to be less evolved than S235 East 2 and S235 Central. In S235 East 1 the
molecular gas mass exceeds that in the other clusters. Also, this cluster is more embedded
in the parent gas cloud than the other two. Comparison with a theoretical model shows that
the formation of these three clusters could have been stimulated by the expansion of the
Sh2-235 Hu region (hereafter S235) via a collect-and-collapse process, provided the density
in the surrounding gas exceeds 3 x 10°cm™, or via collapse of pre-existing clumps. The
expansion of S235 cannot be responsible for star formation in the southern S235 A-B region.
However, formation of the massive stars in this region might have been triggered by a large-
scale supernova shock. Thus, triggered star formation in the studied region may come in three
varieties, namely collect-and-collapse and collapse of pre-existing clumps, both initiated by
expansion of the local H nregions, and triggered by an external large-scale shock. We argue that
the S235 A H i region expands into a highly non-uniform medium with increasing density. It is
too young to trigger star formation in its vicinity by a collect-and-collapse process. There is an
age spread inside the S235 A-B region. Massive stars in the S235 A-B region are considerably
younger than lower mass stars in the same area. This follows from the estimates of their ages
and the ages of associated H 11 regions.

Key words: stars: formation — H 11 regions — ISM: molecules —open clusters and associations:
general.

In our previous paper (Kirsanova et al. 2008, hereafter Paper I) we
presented arguments in favour of triggered star formation around an

Among the various modes of star formation, triggered star formation
attracts a special interest due to an increasing availability of multi-
wavelength observations of expanding shells in the Milky Way
(Churchwell et al. 2006; Simpson et al. 2012). The idea of self-
stimulating star formation is quite old (Elmegreen & Lada 1977).
However, there are still only a few examples of star-forming regions,
where triggering can be inferred more or less reliably (Deharveng,
Zavagno & Caplan 2005; Dewangan et al. 2012). The reason is that
expanding shells often have irregular shapes, so it is hard to deduce
an evolutionary sequence based on morphology alone.

* E-mail: kirsanova@inasan.ru
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extended H 11 region, Sh2-235 (hereafter S235), using both morpho-
logical and kinematical data. S235 is located in the Perseus Spiral
Arm towards the anticentre of the Galaxy at oo = 05"41m33'8
and 8,000 = +35°48'27"0. The region surrounding S235 is a site of
active star formation. Young star clusters in its vicinity were recently
investigated, e.g. by Allen et al. (2005), Klein et al. (2005), Kumar,
Keto & Clerkin (2006), Paper I, Camargo, Bonatto & Bica (2011)
and Dewangan & Anandarao (2011). In Paper I we argued that
the formation of three clusters, located close to the edge of S235,
could have been triggered by an expansion of the H1 region via a
‘collect-and-collapse’ (C&C) process due to gravitational instabil-
ity in a dense material accumulated between the ionization front and
the shock wave. In the present paper we refer to these clusters as
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Figure 1. Star-forming regions around S235. Reference position is a0 = 057413338 and 82900 = +35°48'27”0 in both panels. Distance to S235 is about
1.8 kpc (Evans & Blair 1981), so that 1 arcmin corresponds to ~0.5 pc. Left-hand panel: map of '3CO(1-0) emission from Paper I. A cross marks location of
the exciting star. Levels of grey-scale correspond to 5, 15, 25, 35, 45 and 55K km s~!. Contour levels show an optical image of the nebulae taken from the
Digitized Sky Survey (POSS 2 red filter). The levels correspond to 30, 50, 70 and 90 per cent of the peak value. We removed point sources from the contour
image to show the nebulae clearer. H i regions S235 and S235 A as well as the reflecting nebulae S235 B are marked by arrows. Dashed circles indicate regions
that were observed with the Pushchino 22-m telescope (RT-22). Thick black solid lines outline regions observed with the Effelsberg 100-m telescope. Sizes
of dashed and small solid circles correspond to the FWHP beam sizes of the RT-22 and the Effelsberg telescopes, respectively. Right panel: map of CS(2-1)
emission (grey) and stellar density at 2 um (contours) taken from Paper I. The grey-scale levels correspond to 1, 3, 5,7, 9 and 11 K kms~!. Levels of stellar
density are given from 20 to 60 stars arcmin~> with a step of four stars arcmin~2. An asterisk marks location of JRAS source 05382+3547.

S235 East 1, S235 East2 and S235 Central, following the notation
introduced in Paper 1. Their cross-identification can be found in
Camargo et al. (2011).

The inhomogeneously distributed molecular gas around the S235
Hu region (Heyer, Carpenter & Ladd 1996) complicates an anal-
ysis of the triggering scenario. In Paper I arguments in favour of
triggering were found on the basis of (1) relative positions of the
three embedded star clusters, dense molecular clumps and the Hu
region itself, and (2) kinematics of molecular gas emitting *CO
(1-0) and CS (2-1) lines. It was shown that the young star clusters
S235East 1, S235 East2 and S235 Central are embedded in dense
molecular gas which forms a shell-like structure at the south-eastern
side of S235. Each cluster is embedded in a separate dense clump,
which is clearly visible on a CS (2-1) map. The morphology and
location of the sources and the distribution of the molecular gas
are shown in Fig. 1. Note that S235 is not completely surrounded
by the dense shell. There is some gas emitting in '>CO (1-0) and
13CO (1-0) lines to the north and west from S235 (Heyer et al.
1996). However, the '*CO (1-0) brightness significantly decreases
in these directions, so we had not observed that area during ob-
serving sessions described in Paper 1. Also, the column density of
molecular gas located in front of the Hn region decreases to the
south of S235 as this gas becomes transparent to the optical emis-
sion. In Paper I we proposed that expansion of S235 triggered the
formation of a dense shell and subsequent formation of three young
embedded stellar clusters.

Three kinematic components were distinguished in Paper I that
may represent basic stages of interaction of young stellar objects
with the surrounding medium. The first component that we refer to

as primordial arguably comprises quiescent clumpy gas of the parent
giant molecular cloud G174+-2.5 that has not yet been disturbed by
the expansion of S235. The second kinematic component represents
gas that was entrained in motion and compressed by the expansion
of the Hniregion. This is the gas out of which the young star clusters
have been formed. This gas still partially surrounds them. The third
kinematic component supposedly corresponds to gas blown away
by stellar winds from S235East2 and S235 Central (see Fig. 1,
right panel). It was proposed in Paper I that these two clusters are,
probably, more evolved than S235 East 1.

The star-forming region S235 A-B encompasses both S235 A and
S235B nebulae and is located almost 10 arcmin to the south of
S235 Central. The S235 A nebula is an expanding H 11 region (Israel
& Felli 1978; Felli et al. 1997). Boley et al. (2009) have shown that
S$235 B is a reflection nebula. A water maser was found towards the
region between S235 A and S235 B (Lo, Burke & Haschick 1975)
suggesting that massive star formation takes place there. Stellar
mass estimates by Dewangan & Anandarao (2011) indicate that this
water maser is associated with a young stellar object of high mass.
The S235 A-B region is not located in the compressed shell around
the S235 Hu region. In Paper I we suggested that star formation in
S235 A-B is not related to the expansion of S235.

This paper presents new observational data related to the star-
forming regions S235 East 1, S235 East 2, S235 Central in the im-
mediate vicinity of S235, and to regions around the S235 A and
S235B nebulae. The aim of this work is to determine physical
conditions in these star-forming regions. Ammonia emission was
observed to estimate gas temperature and number density as this
molecule is known to be both a thermometer and a densitometer for
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dense molecular gas (Ho & Townes 1983; Walmsley & Ungerechts
1983). The derived physical structure turns out to be consistent with
our star formation scenario in this region and the inferred evolution-
ary stages of the young embedded star clusters.

2 OBSERVATIONS AND DATA REDUCTION

Ammonia emission was mapped towards the S235Eastl,
S235East2 and S235 Central star clusters as well as towards
S235 A-B and primordial molecular gas at other locations.

2.1 Pushchino (RT-22) observations

We first searched for (J, K) = (1,1) and (2,2) emission
(v = 23.694496 and 23.722631 GHz) towards three selected po-
sitions with the Pushchino 22-m telescope (RT-22, Astro Space
Centre of Lebedev Physical Institute, Pushchino, Russian Academy
of Sciences) in 2006 April. Rest frequencies of observed ammo-
nia transitions were taken from the catalogue of Lovas (1992). We
used an ON-ON observing technique based on beam switching
(Berulis et al. 1983) with a beam throw of 10 arcmin at 23 GHz.
The main beam efficiency was 0.38 and the calibration uncertainty
is estimated to be 10-15 per cent. We used the 50 MHz band of the
Pushchino autocorrelator with 2048 channels. The spectral resolu-
tion was about 24 kHz. The full width at half power (FWHP) beam
size of the 22-m telescope is about 2.6 arcmin which is larger than
the size of the individual sources. Therefore these observations are
suitable to estimate average parameters in the region. The ammo-
nia lines were detected towards the three selected positions, shown
in Fig. 1 with dashed circles. The typical system temperature was
about 150K on an antenna temperature (75) scale. Pointing was
checked twice a day. The values of introduced corrections ranged
from O arcsec to 20 arcsec.

2.2 Effelsberg observations

Emission from the (J, K) = (1,1), (2,2), (3,3) and (4,4) ammo-
nia transitions was mapped with the 100-m Effelsberg telescope in
2007 April and October. We observed areas in star-forming regions
around S235 that are bright in the CS (2—1) emission and host young
embedded star clusters. Long integrations were also performed to-
wards locations of primordial gas. The regions observed in ammonia
are shown in Fig. 1 (left panel).

The FWHP of the Effelsberg telescope beam is about 40 arcsec
at 23 GHz. We used an 8192 channel correlator (AK90) split into
eight separate bands with a bandwidth of 10 MHz and 1024 chan-
nels. Thus we were able to obtain data on all four ammonia lines
in two orthogonal linear polarizations simultaneously. The chosen
backend configuration provided a channel spacing of 0.12km s~
(9.77kHz). Observations were done in a position switching mode.
The off-position was chosen to be located outside the giant molec-
ular cloud G174+-2.5 (Heyer et al. 1996) and has offset coordinates
(Aa, A§)=(—15 arcmin, 0 arcmin) with respect to our reference po-
sition of arag0g = 05"41™3338 and 8909 = +35°48'2770. We checked
the telescope pointing every hour. Corrections for azimuth and el-
evation were typically <5 arcsec, but sometimes ~10 arcsec. The
focus was checked after sunrise and sunset. Corrections for focus-
ing were of the order of 1 mm. Data calibration was performed by
observing the calibrators NGC 7027, 3C123 and 3C286. A standard
22 GHz gain curve (Gallimore et al. 2001) was used to account for
a change of the telescope gain with elevation. Absolute and rela-
tive calibration uncertainties were estimated to be 15 per cent and
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5 per cent, respectively. We spent about 12 min of on-time towards
the majority of the positions. Positions of particular interest were
measured twice. The map spacing was chosen to be 40 arcsec. The
system temperature was 200-300K on a Ty, scale. The average
noise level was 0.118 K on a T},,, scale.

Observations of the star-forming region S235 A-B were carried
out in 2007 October. Frontend and backend configurations were
the same as for the previous observations, but the map spacing
was reduced to 20arcsec implying full sampling. The position
of reference for the S235 A-B spectra is a0 = 05"40™5334 and
82000 = +35°41'48'0, the location of the HCO™ (1-0) emission peak
(Felli et al. 2004). It is situated to the south of the S235. The mapped
area is also shown in Fig. 1.

Data obtained with the RT-22 and the Effelsberg telescope
were reduced with the GiLDAS software.! We used GILDAS rou-
tine ‘nh3(1,1)’ to estimate the optical depth 7, ; of the ammonia
(J, K) = (1,1) line. Spectra of other ammonia transitions were fitted
with the ‘gauss’ routine to determine their intensity and width.

3 RESULTS

The standard interpretation of ammonia observations, described by
Stutzki & Winnewisser (1985b), was utilized to determine ammo-
nia column density Ny, and rotational temperature T,. We cal-
culated the gas number density (ny,, essentially, number density of
molecular hydrogen), using equation (2) from Ho & Townes (1983),
towards positions with determined values of 7, ; and NHj excita-
tion temperature 7. Rate coefficients for rotational excitation from
Danby et al. (1988) were used to determine the kinetic temperature
Tyin at positions with known T} If data quality at a certain position
was insufficient to determine 7, i.e. the uncertainty of the value
was higher than the value itself, we did not use corresponding 7 ;
and T estimates for further analysis.

Ammonia spectra, measured with the Pushchino 22-m telescope,
are shown in Fig. 2. Satellites of the NH3(1,1) line are seen towards
all observed positions, while the hyperfine structure of the NH3(2,2)
line is not pronounced. The quality of our spectra allows estimating
Tin towards all young clusters under study. The values are presented
in Table 1. The gas number density could be determined towards
S235 Central because we could determine 7.« towards this position.
Numbers in parentheses in all tables show the values of uncertain-
ties. Table 1 indicates that Ty;, in the direction of S235East1 is
considerably lower than Ty, towards S235 East 2 and S235 Central.
As it was mentioned already, results of observations with RT-22
represent physical parameters averaged over a large area.

With the Effelsberg telescope, we detected NH;(1,1) and
NHj3(2,2) lines towards almost all selected positions, while the (3,3)
transition was detected in 10 of 43 positions. The (4,4) line remained
undetected. Representative NH3(1,1), NH3(2,2) and NH3(3,3) lines
are shown in Fig. 3. The hyperfine structure of NH3(1,1) emission
provides a possibility to determine the optical depth of the line.
The NH;3(1,1) emission lines are optically thin in most of the ob-
served positions. Observational results obtained with the Effelsberg
telescope are presented in Table 2. The signal-to-noise ratio allowed
estimating 7Ty;, towards 37 positions. The gas number density was
estimated in 15 positions. Several positions were identified where
intensity ratios of hyperfine components differ from their LTE val-
ues. This information can be used to put some additional constraints
on the cloud structure (e.g. Section 3.2).

Uhttp://www.iram.fr/IRAMFR/GILDAS
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Figure 2. Spectra of NH3(1,1) and NH3(2,2) emission towards selected
positions, obtained with the RT-22 telescope. The two lines were observed
simultaneously within a single band. Solid lines show spectra fitted with
the GiLpas ‘nh3(1,1)” and ‘gauss’ routines for NHz(1,1) and NH3(2,2) lines,
respectively. All spectra are Hanning-smoothed. For the reference position,
see Fig. 1.

Maps of NHj3(1,1) and NH3(2,2) emission from S235East1,
S235 East 2 and S235 Central are shown in Fig. 4. The overall struc-
ture of the star-forming regions is similar to that outlined by the
CS (2-1) map in Fig. 1. Values of physical parameters in these
star-forming regions are shown in Fig. 5. Estimates of 7, derived
from RT-22 and Effelsberg telescope data are in agreement within
the limits of uncertainties. A spectral map of NH3(1,1) towards the
S235 A-B star-forming region is shown in Fig. 6. Values of Ty, and
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Figure 3. Spectra of NH3z(1,1) (left), NH3(2,2) (middle) and NH3(3,3)
(right) emission towards three star-forming clumps (three rows of spectra
from the top) and primordial gas (bottom) of the S235 molecular complex.
The spectra towards the offsets (—40 arcsec, 40 arcsec), (—120 arcsec,
240 arcsec) and (—320 arcsec, 40 arcsec) correspond to the S235East 1,
S235 East 2 and S235 Central clumps, respectively. The spectra are Hanning-
smoothed.

ny, are also indicated. A complete list of the physical parameters
in all these regions is presented in Table 3.

3.1 S235East1

S235East1 shows the brightest ammonia emission among
S235East1, S235East2 and S235Central. The peak of the
NH;(1,1) emission is located close to the position with offset (Ac,
AJ) = (—40 arcsec,80 arcsec), while the peak of the NH3(2,2) emis-
sion is shifted to the south (Fig. 4) by 40 arcsec. Ammonia lines

Table 1. Observational results and physical parameters derived from RT-22 telescope data. Reference position is

2000 = 05h41m33s.8 and 82000 = +35°48’27’./0.

Offset (J,K) Tmb Width Visr T Tkin n
(arcsec, arcsec) (K) (kms™!) (kms™1) (K) (103 cm™3)
S235 East 1
(—40, 20) (1,1)  0.08(0.02) 3.04(0.29) —20.00 (0.16) - 23.38 (8.44) -
(2,2) 0.04(0.02) 3.47(0.72) —20.31(0.38) -
S235 East 2
(—80,240) (1,1)  0.08(0.03) 2.43(0.47) —19.53(0.20) - 32.25 (20.16) -
(2,2) 0.05(0.03) 3.29(0.98) —20.15(0.38) -
$235 Central
(—350,40) (1,1) 0.15(0.03) 2.24(0.26) —20.40(0.10) 0.98 (0.64)  30.24 (11.58) 0.49
(2,2) 0.09(0.03) 1.88(0.42) —20.62(0.21) -
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Table 2. Parameters of (J, K) = (1,1), (2,2) and (3,3) ammonia lines measured with the Effelsberg 100-m
telescope.

Offset , K) Tmb Width Visr T
(arcsec, arcsec) (K) (kms™1) (kms™1)

S235 East 1, ref. pos. apo0 = 05"41M33%8, 82000 = +35°48'27/0

0, 160 (1,1) 0.55 (0.17) 2.14 (0.28) —21.39 (0.10) -
2.2) <020 - - -
(3.3) <020 - - -
0,120 (1,1) 0.77 (0.18) 2.34(0.25) —20.90 (0.11) -
(2.2) <0.18 - - -
(3.3) <0.20 - - -
0, 80 (1,1) 0.77 (0.20) 1.95 (0.21) —19.95 (0.09) -
(2.2) 0.17 (0.16) 378 (1.11) —18.97 (0.63) -
(3.3) <0.20 - - -
0,40 (1,1) 0.50 (0.19) 152 (0.22) ~19.37 (0.11) -
(2.2) <0.18 - - -
(3.3) <0.20 - - -
—40, 160 (1,1) 0.52 (0.18) 1.06 (0.43) —20.70 (0.09) -
2.2) <0.19 - - -
(3.3) <0.20 - - -
—40, 120 (1,1) 1.16 (0.17) 2.30 (0.14) —20.87 (0.07) 0.16 (0.09)
(2.2) 0.41 (0.08) 2.42(0.21) —20.78 (0.09) -
(3.3) 0.21 (0.08) 3.59(0.38) —20.17 (0.17) -
—40, 80 (1,1) 2.38 (0.16) 1.95 (0.08) —20.20 (0.03) 0.41 (0.19)
(2.2) 0.37 (0.08) 2.22 (0.68) ~20.10 (0.20) -
(3.3) <024 - - -
—40, 40 (1,1) 1.87 (0.06) 1.97 (0.03) ~19.62 (0.01) 0.29 (0.08)
(2.2) 0.67 (0.06) 2.21(0.10) —19.56 (0.04) 0.10 (0.07)
(3.3) 0.31 (0.09) 2.43 (0.30) ~19.57 (0.13) -
—80, 120 (1,1) 0.23 (0.21) 2.69 (1.08) —14.31 (0.51) -
2.2) <033 - - -
(3.3) <0.20 - - -
—80, 80 (1,1) 0.53 (0.18) 1.54 (0.31) —19.78 (0.11) -
(2.2) <021 - - -
(3.3) <0.20 - - -
—80, 40 (1,1) 1.10 (0.11) 1.73 (0.07) -19.21 (0.03) 0.29 (0.21)
(2.2) 0.45 (0.08) 1.81 (0.19) -19.14 (0.07) -
(3.3) <024 - - -
-80,0 (1,1) 1.27 (0.18) 1.27 (0.09) -19.06 (0.04) -
(2.2) 0.49 (0.08) 1.11 (0.23) -19.20 (0.10) -
(3.3) <0.24 - - -
5235 East 2, ref. pos. a0 = 03141M338, 82000 = +35°48/2770
—40, 240 (1,1) 0.67 (0.19) 1.68 (0.19) —21.14 (0.09) -
(2.2) <0.17 - - -
(3.3) <0.20 - - -
—40, 200 (1,1) 0.61 (0.06) 1.91 (0.10) -21.24 (0.04) -
(2.2) 0.19 (0.05) 1.58 (0.36) 21.35 (0.12) -
(3.3) 0.07 (0.03) 2.22 (0.49) -20.84 (0.16) -
—80, 200 (1,1) 0.55 (0.11) 1.78 (0.16) -20.96 (0.06) 0.60 (0.44)
(2.2) 0.23 (0.08) 1.89 (0.37) -20.66 (0.14) -
(3.3) <0.10 - - -
—80, 240 (1,1) 1.33 (0.34) 1.27 (0.12) -21.28 (0.12) -
(2.2) 0.37 (0.14) 1.31 (0.31) -21.32 (0.10) -
(3.3) <0.30 - - -
—80, 280 (1,1) 0.97 (0.10) 1.48 (0.09) -21.37 (0.03) -
(2.2) 0.30 (0.06) 1.18 (0.21) -21.10 (0.08) -
(3.3) <0.18 - - -
—120, 200 (1,1) 0.90 (0.16) 1.34(0.18) -21.13 (0.07) -
(2.2) 0.48 (0.07) 0.84 (0.18) -20.96 (0.05) -
(3.3) <0.15 - - -
—120, 240 (1,1) 1.58 (0.30) 1.19 (0.12) 21.10 (0.04) -
(2.2) 0.49 (0.06) 1.44 (0.20) -21.19 (0.08) -
(3.3) 0.14 (0.07) 1.61 (0.98) 21.39 (0.38) -
—120, 280 (1,1) 1.13 (0.16) 1.47 (0.15) -21.00 (0.05) -
2.2) <0.16 - - -

(3.3) <0.16 - - -
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Table 2 — continued

Offset J, K) Tmb Width Vise T
(arcsec, arcsec) (K) (kms™1) (kms™!)
—160, 200 (1,1) 0.18 (0.07) 1.42 (0.40) -20.99 (0.16) -
(2,2) 0.17 (0.06) 1.56 (0.25) -20.90 (0.10) -
(3,3) 0.16 (0.04) 0.44 (0.25) -20.90 (0.06) -
§235 Central, ref. pos. aagoo = 05"41™3338, 82000 = +35°48'27/0
—280, 80 (1,1) 0.75 (0.13) 1.44 (0.12) —19.97 (0.05) -
(2,2) 0.33 (0.09) 1.47 (0.34) —19.90 (0.11) -
(3.3) 0.18 (0.11) 0.98 (0.42) —19.92 (0.20) -
—280, 40 (1,1) 0.35 (0.10) 2.84(0.12) —20.26 (0.11) 0.98 (0.67)
(2,2) 0.23 (0.11) 1.24 (0.43) —20.81 (0.19) -
(3,3) <0.20 - - -
—320, 80 (1,1) 1.12 (0.17) 1.46 (0.10) —20.08 (0.04) 1.05 (0.35)
(2,2) 0.50 (0.05) 1.54 (0.17) —20.01 (0.07) —
(3.3) <0.15 - - —
—320, 40 (1,1) 1.45 (0.08) 1.13 (0.03) —20.18 (0.01) 0.90 (0.12)
(2,2) 0.45 (0.07) 1.24 (0.09) —20.08 (0.04) -
(3,3) 0.11 (0.06) 1.56 (0.48) —20.00 (0.19) -
—320,0 (1,1) 0.35(0.17) 2.03 (0.50) —18.95 (0.24) -
0.38 (0.17) 1.40 (0.35) —21.01 (0.17) —
(2,2) 0.16 (0.15) 1.41 (0.66) —20.27 (0.35) -
(3.3) < 0.16 - - -
—360, 80 (1,1) 0.53 (0.17) 2.41(0.28) —20.23 (0.12) -
(2,2) <0.18 - - -
(3.3) <0.18 - - —
—360, 40 (1,1) 0.53 (0.11) 2.24 (0.19) —20.42 (0.08) -
(2,2) 0.25 (0.09) 2.22(0.28) —20.26 (0.11) -
(3.3) < 0.10 - - -
—360, 0 (1,1) 0.56 (0.16) 0.82 (0.19) —18.65 (0.07) -
0.28 (0.16) 2.41 (0.58) —20.78 (0.25) —
(2,2) <0.14 - - —
(3.3) <0.17 - - -
—400, 80 (1,1) 0.42 (0.17) 3.06 (0.38) —21.52(0.17) —
(2,2) <0.17 - - -
(3,3) <0.20 - - —
—400, 40 (1,1) 0.93 (0.13) 1.66 (0.17) —21.56 (0.06) -
(2,2) <0.18 - - —
(3.3) <0.20 - - -
—400, 0 (1,1) 0.79 (0.20) 2.55(0.23) —20.80 (0.09) 0.61 (0.45)
2,2) 0.20 (0.18) 1.44 (0.51) —21.17 (0.31) -
(3,3) <0.20 - - —
—440, 80 (1,1) 0.37 (0.16) 1.54 (0.42) —21.73 (0.15) -
(2,2) <0.11 - - —
(3.3) <0.11 - - —
—440, 40 (1,1) 0.61 (0.16) 1.87 (0.21) —21.70 (0.09) —
(2,2) <0.09 - - -
(3,3) <0.15 - - -
—440,0 (1,1 0.54 (0.16) 1.46 (0.20) —21.00 (0.07) 1.07 (0.69)
(2,2) 0.09 (0.06) 1.68 (0.80) —20.70 (0.33) -
(3.3) <0.18 - - -
—480, 80 (1,1) 0.98 (0.08) 1.07 (0.06) —21.84 (0.02) 0.52 (0.17)
2,2) 0.50 (0.08) 1.34 (0.12) —21.68 (0.05) -
(3,3) 0.12 (0.10) 2.05(1.16) —21.72 (0.42) -
Primordial gas, ref. pos. aono = 05"41™3358, 82000 = +35°48'2770
—600, —150 (1,1) 0.46 (0.05) 1.10 (0.09) —17.43 (0.03) -
(2,2) 0.11 (0.05) 0.64 (0.16) —17.29 (0.08) —
(3,3) 0.15 (0.03) 0.51(0.22) —17.29 (0.08) -
—600, 0 (1,1) 0.32 (0.09) 1.69 (0.20) —16.82 (0.09) -
(2,2) 0.17 (0.09) 1.36 (0.34) —17.11 (0.14) -
(3.3) < 0.10 - - -
—200, 400 (1,1) 0.21 (0.08) 0.67 (0.27) —20.72 (0.08) -
(2,2) <0.06 - - —
(3,3) <0.08 - - —
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Table 2 — continued

Physical conditions around S235 1599

Offset
(arcsec, arcsec)

(. K)

Tinb
X)

5235 A-B, ref. pos. aag00 = 05"40™53%4, 82000 = +35°41'4870

0,40 (1,1 0.47 (0.22)
(2.2) <0.18
(3.3) <0.18
0,20 (11 1.12 (0.22)
(2.2) 0.56 (0.17)
(3.3) 0.79 (0.40)
—40,0 (1,1) 0.05 (0.03)
0.08 (0.03)
(2.2) <0.13
(3.3) <030
0,0 (1,1) 2.07 (0.13)
(2.2) 1.50 (0.21)
(3.3) 0.73 (0.09)
40,0 (1D 0.70 (0.21)
(2.2) 0.23 (0.15)
(3.3) <030
20,—20 (1,1 2.71 (0.24)
(2.2) 0.84 (0.20)
(3.3) 0.72 (0.37)
0,—20 (LD 3.25 (0.20)
(2.2) 0.90 (0.13)
(3.3) 0.78 (0.25)
—20,—20 (1,1) 0.55 (0.21)
(2.2) 0.40 (0.20)
(3.3) 0.39 (0.38)
0,—40 (1,1 3.35 (0.24)
(2.2) 0.66 (0.17)
(3.3) 0.44 (0.32)
0,—60 1.1 2.84 (0.23)
(2.2) 0.61 (0.18)
(3.3) 0.38 (0.26)
—20,—60 (1,1 1.70 (0.20)
2.2) 0.77 (0.30)
(3.3) 0.50 (0.27)
20,—60 1,1 2.40 (0.25)
(2.2) 0.72 (0.33)
(3.3) 0.73 (0.33)
0,—80 (1,1 2.61 (0.19)
(2.2) 0.48 (0.13)
(3.3) 0.45 (0.24)
0,—100 1.1 1.74 (0.21)
(2.2) 0.65 (0.27)
(3.3) <0.20
0,—120 (1,1 0.47 (0.13)
(2.2) 0.20 (0.17)
(3.3) <0.18

Width Visr T
(kms™!) (kms~!)

2.25(0.81) —16.42 (0.28) -
2.12(0.21) —16.61 (0.10) 0.67 (0.54)
1.95(0.37) —16.29 (0.15) -
1.84 (0.74) —16.60 (0.27) —
2.36 (0.81) —23.38 (0.35) -
2.42 (0.55) —16.58 (0.23) —
2.17 (0.07) —16.83 (0.03) 0.33 (0.17)
2.35(0.15) —16.90 (0.07) —
2.70 (0.27) —16.83 (0.11) -
1.96 (0.38) —15.94 (0.15) —
2.85(0.80) —16.28 (0.38) —
2.14 (0.10) —16.70 (0.05) 0.276(0.223)
2.01 (0.26) —16.72 (0.12) —
3.06 (0.70) —16.29 (0.31) -
1.98 (0.08) —16.84 (0.03) —
2.26 (0.29) —16.87 (0.10) -
2.35(0.51) —17.16 (0.24) —
2.29 (0.60) —16.05 (0.31) -
4.29 (1.04) —15.99 (0.40) —
2.10 (1.21) —17.17 (0.62) -
1.83(0.08) —16.56 (0.03) —
2.96 (0.43) —16.03 (0.17) -
5.88 (1.25) —15.15 (0.63) —
2.29 (0.10) —16.07 (0.04) —
1.68 (0.32) —16.10 (0.14) —
2.02 (0.79) —16.04 (0.47) —
2.20(0.17) —15.91 (0.08) -
1.84 (0.38) —16.36 (0.18) —
2.62 (0.99) —15.18 (0.45) -
1.96 (0.13) —16.24 (0.05) —
2.64 (0.89) —16.33 (0.28) -
2.28 (0.69) —16.44 (0.24) —
2.16 (0.08) —16.01 (0.03) 0.48 (0.18)
3.03 (0.34) —15.63 (0.16) —
2.48 (0.86) —15.94 (0.30) -
2.49 (0.17) —15.95 (0.07) —
3.80 (0.68) —15.58 (0.28) —
3.74 (0.58) —16.01 (0.27) —
2.00 (0.80) —17.24 (0.39) —

in this clump are optically thin. The observed linewidth is
~2kms~!, which is larger than the thermal linewidth for ammonia
emission (0.2—-0.7 km s~! for Ty, from 20 to 200 K). So we can infer
the presence of non-thermal motions in this clump. Such ammo-
nia linewidths are typical for massive star-forming regions (Jijina,
Myers & Adams 1999; Wienen et al. 2012). Radial velocities of
the NH;3(1,1) line centres are in the range from —19 to —21 kms ™!,
being redder than Vi in the S235 East 2 and S235 Central clumps.

3.2 S235East2

Unlike the other two clumps in the dense shell around S235,
this region represents only a modest enhancement of ammonia

emission. Spectra of ammonia towards the emission peak at (Ac,
AS§) = (—120 arcsec, 240 arcsec) are shown in Fig. 3. The spatial
distribution of the stellar density is shifted relative to the ammo-
nia NH3(1,1) emission and partially coincides with the patch of
warm gas at (—160 arcsec, 200 arcsec; see Fig. 5). The ammonia
lines are optically thin, so lower values of Nyy, and ny, in this
clump in comparison with the other clumps are expected because of
lower brightness of ammonia emission. In contrast to S235 East 1,
there are no ammonia lines centred at —19 kms~'. The emission is
shifted bluewards here. Linewidths exceed thermal values, as in the
S235East 1 clump.

There are regions in this clump, where the NH3(1,1) line shows
signatures of a non-LTE excitation. One of such regions is found
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Figure 4. Maps of NH3(1,1) (grey) and NH3(2,2) (contours) emission to-
wards the embedded clusters in the S235 complex. Levels of grey-scale
correspond to 1.0, 3.0, 5.0, 7.0 and 9.0K km s~!, contours correspond to
0.25, 0.50, 0.75, 1.00, 1.25 and 1.50K km s~!. For the reference position,
see Fig 1.

towards the (Aw, Ad) = (—80 arcsec, 280 arcsec) position. To
describe the anomaly, we follow Longmore et al. (2007) and define
Qhyp as aratio of intensities of an outer left (F; = 0 — 1) to an outer
right (F; = 1 — 0) satellite
Ton(F1 =0— 1)
Top(F1 =1 0)
Similarly, for the inner satellites

_ Tmb(Fl =2 1)
P =1 (F =152 @

and for the sum of right and left satellites
Tmb(Fl =0— 1) + Tmb(Fl =2 1)

Vhyp = . 3)
Ton(Fi=1— 0+ Tw(F =1—2)

In our case, Bhyy < 1 and ypyp < 1, namely, Byy, = 0.52 & 0.22
and ypy, = 0.66 & 0.20. Radiative transfer modelling of ammonia

M
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Figure 6. Spectra of NH3(1,1) emission towards the S235A-B region.
Offsets are given with respect to a0 = 05"40™m53%4 and Sy000 =
+35°41'480. Values of Ty, (in K) and gas number density (in units of
103 cm™3) are given in the upper right and upper left hand sides of the
NHj3(1,1) main component, respectively. Asterisks denote values with un-
certainties exceeding 40 per cent.
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Figure 5. Physical conditions in the embedded clusters around S235. Left panel: Ty, (grey) and NH3(1,1) emission map (contours). The contours correspond
to 1.0, 3.0,5.0,7.0 and 9.0 K kms~!. Levels of grey-scale are given from 10K to 25 K with a step of 2.5 K. Right panel: stellar density map taken from Paper I
(contours) and Nnp, distribution (grey). Contours are the same as in Fig. 1 (right panel). Levels of grey-scale are given for 1013 to 2 x 10" em~2 with a step

of 5 x 10'3 cm™2. For the reference position, see Fig. 1.
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Physical conditions around S235 1601

Table 3. Physical parameters of molecular clumps related to star formation.

Offset N(L1) N(2.2) N(3.,3) Tux ot Tiin n(Ha)
(arcsec, arcsec) (108 em™2) (10 cm™2) (103 em™2) (K) (K) (K) (103 ecm™3)
8235 East 1, ref. pos. axp00 = 05M41m3338, §2000 = +35°48'2770

0,160 2.49 (0.52) - - - - - -

0,120 4.94 (0.63) - - - - - -

0,80 4.17 (0.58) 0.76 (0.23) - - 18.69 (3.90) 21.20 (4.42) -

0,40 4.17 (0.43) - - - - - -
—40,160 1.12 (0.41) - - - - - -
—40,120 8.05 (0.51) 1.40 (0.24) 0.80 (0.63) 10.54 (4.23) 18.37 (1.93) 20.73 (2.18) 18
—40, 80 19.75 (10.76) 1.39 (0.93) - 8.36 (2.21) 16.82 (3.25) 18.57 (3.58) 19
—40, 40 15.40 (5.30) 2.43 (0.81) 1.05 (0.38) 9.24 (1.63) 24.96 (4.34) 31.53 (5.48) 19
—80,120 1.42 (0.86) - - - - - -

—80,80 1.25 (0.45) - - - - - -

—80,40 5.85(0.27) 0.89 (0.17) - 7.02 (2.74) 17.36 (1.76) 19.31 (1.95) 13

—80,0 4.92 (0.35) 0.72 (0.22) - - 17.13 (2.72) 18.99 (3.02) -
$235 East 2, ref. pos. aono = 05"41™3388, 82000 = +35°48'2770

—40, 240 2.79 (0.47) - - - - - -
—40, 200 3.42 (0.17) 0.43 (0.11) - - 16.06 (1.91) 17.56 (2.09) —
—80, 280 4.36 (0.22) 0.48 (0.09) - - 15.39 (1.34) 16.69 (1.45) -
—80, 240 5.17 (0.65) 0.66 (0.20) - - 16.17 (2.83) 17.69 (3.10) —
—80, 200 6.46 (4.92) 1.81 (1.45) - 3.91 (0.69) 23.31 (9.64) 28.56 (11.81) 3
~120, 200 3.45(034) 044 (0.15) - - 16.15(2.67)  17.68 (2.92) -
—120, 240 5.64 (0.37) 0.97 (0.15) 0.23 (0.20) - 18.42 (1.30) 20.81 (1.47) -
—120, 280 5.08 (0.40) - - - - - -
—160, 200 0.94 (0.12) 0.35 (0.10) 0.11 (0.04) - 27.44 (2.65) 36.45 (3.52) -
$235 Central, ref. pos. aagoo = 05P41™3338, 82000 = +35°48'2770
—280, 80 3.48 (0.28) 0.54 (0.19) 0.17 (0.12) - 19.56 (2.40) 22.48 (2.75) —
—280, 40 1237 (929) 243 (2.37) - 330(035)  19.40 (6.80) 2225 (7.79) 1
—320, 80 20.80 (7.20) 2.85(1.43) — 4.35 (0.40) 22.94 (4.26) 27.92 (5.19) 4
~320, 40 16.10(230)  1.50(031)  038(023)  5.14(024)  1897(1.19)  21.61 (1.34) 6
—320,0 2.56 (0.93) 0.13 (0.20) - - 13.49 (10.67) 14.32(11.34)
—360, 80 2.44 (0.60) - - - - - -
—360, 40 3.59 (0.36) 0.62 (0.22) - - 18.33 (3.79) 23.65 (4.35) -
-360, 0 3.55(0.89) - - - - - —
—400, 80 2.56 (0.75) - - - - - -
—400, 40 4.12 (0.37) - - - - - -
—400, 0 11.96 (9.38) 0.76 (0.95) - 4.42 (1.01) 12.72 (3.16) 13.41 (3.33) 5
—440, 80 1.89 (0.41) - - - - - —
—440, 40 2.95 (0.45) - - - - - -
—440,0 8.87(5.84)  8.29(7.23) - 3.52(0.38) 1440 (337)  15.44 (3.62) 2
—480, 80 8.71 (3.20) 1.84 (0.70) 0.52 (0.49) 5.14 (0.66) 30.27 (7.46) 43.04 (10.62) 5
Primordial gas, ref. pos. aagpo = 05P41™3338, 82000 = +35°48'2770
—600, —150 1.52 (0.09) 0.45 (0.15) 0.07 (0.03) - 22.66 (2.18) 27.44 (2.65) -
—600, 0 1.66 (0.23) 0.38 (0.14) - - 20.75 (5.48) 24.33 (6.42) -
—200, 400 0.49 (0.11) - - - - - -
S§235A-B, ref. pos. axpp0 = 05M40m53%4, 82000 = +35°41'4870
0,40 1.55 (0.84) - - - - - —
0,20 19.26 (16.64) 3.26 (2.58) 4.06 (4.28) 4.92 (1.31) 26.06 (13.28) 33.63(17.14) 5
—40,0 0.51 (0.11) - - - - - —
0,0 21.07 (12.76) 5.83 (3.53) 2.71 (1.62) 10.18 (3.22)  37.68 (17.27)  66.09 (30.40) 16
40,0 3.50 (0.49) 0.72 (0.42) - - 19.80 (7.80) 22.86 (9.00) -
20,—20 22.31 (23.34) 2.35(2.24) 2.70 (2.64) 13.72 (7.80) 19.66 (7.56) 22.64 (8.71) 51
0,—-20 18.60 (0.70) 2.22(0.41) 1.79 (0.84) - 21.86 (1.49) 26.12 (1.78) —
—20,—-20 3.87 (0.80) 1.91 (1.07) 0.80 (0.74) - 33.26 (12.70)  51.41(19.63) -
0,—40 13.78 (0.67) 2.17 (0.60) 2.50 (2.05) - 18.01 (1.92) 20.22 (2.15) —
0,—60 19.55 (0.83) 1.12 (0.34) 0.75 (0.55) - 14.73 (1.30) 15.85 (1.40) -
—20,—60 10.59 (0.83) 1.56 (0.56) 1.28 (0.79) - 22.50 (2.90) 27.17 (3.51) —

20,—60 14.05 (0.81) 2.09 (0.95) 1.63 (0.70) - 25.45 (2.78) 32.36 (3.54) -

0,—80 26.43 (11.61) 2.30(1.11) 1.58 (1.01) 9.49 (2.05) 18.38(3.08) 20.76(3.48) 23

0,—100 11.41 (0.83) 2.73 (1.23) - - 21.38 (6.14) 25.35(7.28) -

0,—120 1.39 (0.77) 0.45 (0.25) - - 25.27 (7.10) 32.10 (8.40) -
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line formation in a medium with systematic velocity gradients was
performed by Park (2001). He showed that the case of ypy, < 1
is realized in a cloud with inward motion. Therefore, it is possible
that the NH;(1,1) hyperfine intensity anomaly at the offset position
(Aa, Ad) = (—80 arcsec, 280 arcsec) is created by the line-of-sight
velocity gradient in the region emitting in NHj lines. This case can
correspond either to remaining inward motion or deceleration of
outflowing gas with distance from the cluster which is typical for
expanding flows.

3.3 S235 Central

Ammonia emission in this clump has several peaks. The spatial dis-
tribution of NH3(1,1) is different from that of NH;(2,2) as shown
in Fig. 4. In some positions the optical depth of ammonia is close
to unity in contrast to lower values encountered in S235 East 1 and
S235East2 (see Table 2). Spectra towards the strongest peak of
NH;(1,1) emission at (Aa, AS) = (—320 arcsec, 40 arcsec) are
shown in Fig. 3. Radial velocities obtained from Gaussian fits
range from —19kms~! to —22kms~!. The scatter in radial ve-
locities between different parts of S235 Central is higher than that
in S235 East 1 and S235 East 2. Widths of ammonia lines are also
super-thermal here.

A hyperfine intensity anomaly is possible around the position
with the offset (Aa, AS)= (—320 arcsec, 40 arcsec) as can be seen
in Fig. 3. The significance of the deviation is about 1.5 sigma. Here
we have apy, = 1.33 £ 0.21 and By, = 0.84 £ 0.11, that is, the
case of apyp > 1 and By, < 1, which was explained by Matsakis
et al. (1977) and Stutzki & Winnewisser (1985a). According to
these studies, several small (in comparison to the beam size of
the Effelsberg telescope at 23 GHz, i.e. 40 arcsec) dense clumps
contribute to the observed NH3(1,1) line. Individual clumps should
have linewidths of about 0.3-0.6kms™' which leads to selective
trapping in the hyperfine components of the far-infrared (J, K) =
(2, 1) — (1,1) transition via Doppler shift.

3.4 Quiescent primordial gas

We have obtained ammonia spectra towards three positions where
primordial gas is supposed to be located. It can be seen from Fig. 4
and Table 2 that the brightness of NH3(1,1) and NH;3(2,2) lines
is significantly lower there in comparison with ammonia emission
from the dense clumps. The spectra towards the (—600 arcsec,
—150 arcsec) position are shown in Fig. 3. Linewidths exceed ther-
mal values, so non-thermal motions exist in the primordial gas, too.
Radial velocities of line centres exceed —18kms~!, that is, lines
from the dense clumps are shifted blueward relative to those from
primordial gas. The primordial gas is quite warm, with Ty, of about
27 K. Nyu, is about 2x 10" cm~2 there.

3.5 S235A-B

The brightest peak of ammonia emission in the entire S235 area
is found towards the star-forming region S235 A-B. Spectra of
NH;(1,1) emission are shown in Fig. 6. The Hu region S235A
itself is located to the north from (0 arcsec, O arcsec) position
at Fig. 6 (reference position is ooy = 05"40™53%4 and S99 =
+35°41'48/0), with offset (Aa, A8) = (0 arcsec, 34 arcsec) (see
also Fig. 1). The vicinity of the S235 A and S235B nebulae is
only partially covered by our data, mainly consisting of spectra
along the north—south direction. It allows investigating the gra-
dient of physical parameters along the major axis of the region.
Ammonia emission in S235A-B is optically thin (Fig. 2).

Linewidths exceed thermal values. Radial velocities are redshifted
relative to those in S235 East 1, S235 East 2, S235 Central and are
similar to velocities of the primordial gas.

4 PHYSICAL STRUCTURE OF THE
STAR-FORMING REGIONS

4.1 Summary of densities and temperatures

The ammonia emission in the entire S235 area is very non-uniform.
It consists of several bright clumps that generally coincide with
peaks in stellar density and emission of other molecular tracers.

In those locations within the northern clumps (S235East1,
S235East2 and S235 Central), where physical parameters can be
determined, ammonia column density varies from ~10' cm~2 to
2 x 10'* cm™2. The value of Nng, towards the primordial gas loca-
tions is about 10'* cm~2 (solid circles in Fig. 1). Temperatures over
the same area vary from 13 to 43 K. Temperature distribution ap-
parently does not follow any simple pattern, with ‘warm’ and ‘cold’
spots being generally intermixed with each other. In S235 Central
and S235 East 2 clumps high temperature spots are located at their
respective inner boundaries, in relative isolation. While this arrange-
ment may be indicative of gas heating by UV emission from S235,
heating by internal sources is also possible. For example, the warm
spot in S235 East2 at (—160 arcsec, 200 arcsec) is situated only
~1 arcmin off a bright millimetre continuum source (Klein et al.
2005), while the warm spot in S235 East 1 at (—40 arcsec, 40 arcsec)
may have appeared due to illumination from IRAS 05382+4-3547.
Also, abrupt Ty;, changes observed in the studied clumps may be an
indication of unresolved embedded heating sources. Were the Hu
region entirely responsible for gas heating, we would expect warm
regions to be smoother and more extended.

The brightest NH3(1,1) emission in the three clumps, embedded
in the molecular shell around S235, comes from gas in S235 East 1.
This gas is in average denser and colder than gas in the other clumps
of the shell. An ammonia column density Nyu;~2 x 10 cm~2 is
found towards the NH;(1,1) peak in S235 East 1. This high column
density corresponds to low T, (about 19 K) and high gas volume
density (about 2 x 10* cm™3 towards the centre of the clump).

There is no notable emission and column density peak in
S235East 2. The Nyy, distribution is smooth with values of about
a few times 10'* cm~2 at nearly all the observed locations. Unlike
S235 East 1, the highest column density in S235 East 2 corresponds
to relatively high temperature, but in other locations within the
clump Ty, values are low. The gas volume density is only deter-
mined at the location of the highest column density and is nearly an
order of magnitude lower than in S235 East 1.

S235 Central contains at least two dense subclumps (Fig. 5) with
column densities of about 10'* cm™2 (Central W) and 2 x 10'* cm ™2
(Central E). The greatest column density in S235 Central ex-
ceeds that in S235East1 despite emission here being fainter as
effects of the optical depth could be important in S235 Central
[7(1,1) ~ 1 at the emission peaks]. Even higher values of Nyy, can
be expected in the densest part of S235 Central because of effects
of self-absorption.

The volume density in the dense subclumps is 4-6 x 103 cm™
and an order of magnitude lower (~5 x 10?cm™?) in the region
between them (see Table 1). We note again that the actual density
can be higher because of the optical depth effects. Asin S235 East 2,
the location with the highest Nyy, in S235 Central is quite warm,
with Ty, being above 25 K. The lowest temperatures in the shell are
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found in the southern part of S235 Central, where the peak of CO
emission is observed.

The highest values of Ti;, and ny, among all the star-forming
regions around S235 are found in S235 A-B (see Table 3 and Fig. 6).
The value of Ty;, decreases from more than 50 K at the water maser
position (0, 0) to 16 K at the position 1 arcmin to the south, and
then rises again to 30 K at the position 2 arcmin to the south. The
value of T,,, = 37 K towards the water maser is consistent with that
of the CH3CN(5-4) transition (Felli et al. 2004). The maximum gas
density is found in about 20 arcsec to the east from the centre of the
S235 B nebula (see Fig. 1 for location of the S235B in S235 A-B
star-forming region, and Fig. 6 for the spectra). Here ny, is larger
by a factor of 2 than the density in the densest part of S235 East 1
(5.1 x 10*cm™3 and 1.9 x 10* cm~3, respectively). Gradients of
Tiin, ny, and Nyp, in the north—-south direction, that we found,
reflect the large-scale structure of the star-forming region to the
south of S235 B. Gas temperature rises as we move southward from
S235 B to the region with bright HCO™ and '*CO emission (Boley
et al., in preparation). Young star cluster and H i1 region S235 C are
located there (beyond our maps).

4.2 Radial velocities of the molecular gas

In Paper I, discrimination between the quiescent undisturbed gas
and gas which has been compressed by the shock from the expand-
ing Hu region was made on the basis of gas kinematics reflected
in CS (2-1) and '3CO (1-0) emission. Specifically, the ‘red’ Vi,
range (from —15kms~! to —18 km s~!) represents quiescent undis-
turbed primordial gas. The range from —18kms~! to —21 kms™!
(hereafter the ‘central’ range) corresponds to gas compressed by
the shock from expanding S235 Hu region. The ‘blue’ range from
—21kms~! to —25kms~! presumably corresponds to gas expul-
sion from the embedded young star clusters driven by combined
effect of the cluster stars.

Ammonia emission supports this picture. Radial velocities of
NHj lines in the dense molecular clumps S235 East 1, S235 East2
and S235 Central mostly belong to the ‘central’ range, while Vi
values from the primordial gas are about —17kms~', that is, be-
long to the ‘red’ velocity range. These velocities are consistent with
Vir of 3CO (1-0) and CS (2-1) emission lines which have higher
optical depths. Radial velocities of ammonia lines towards the star-
forming region S235 A-B are similar to velocities of the primordial
gas and belong to the ‘red’ range. This is consistent with our sug-
gestion from Paper I that star formation in S235 A- B is independent
of the expansion of S235. In summary, the overall kinematic struc-
ture of the S235 environment, suggested in Paper I, is confirmed by

optically thin ammonia emission. This is illustrated in Fig. 7 where
we show *CO and ammonia velocities determined from Gaussian
fits as a function of offset in RA (note that in both panels we
only show data for positions where ammonia emission is present).
The two subclumps in S235 Central apparently have distinct av-
erage velocities, namely, about —20kms~! for S235 Central E
and about —21kms~! for S235 Central W.

Apart from the three velocity components, yet another kinematic
feature found in Paper I is a velocity shift between '*CO (1-0) and
CS (2-1) lines in S235 East 1 (Fig. 8a), reaching about 2kms~! in
line wings. As both CS and NHj trace dense gas, we may expect a
similar velocity difference between '*CO (1-0) and ammonia lines,
and it indeed exists. While both these molecules trace dense gas,
the spatial distributions of carbon-bearing molecules and nitrogen-
bearing molecules differ (Pirogov et al. 2007) due to the difference
in the chemical evolution of these molecules. An example of the
shift of NH;(1,1) and '*CO (1-0) lines towards the (—40 arcsec, 40
arcsec) offset position is presented in Figs 8(a) and (b) along with
the *CO (1-0) versus CS (2-1) shift. Both *CO (1-0) -CS (2-1)
velocity shift and '*CO (1-0) —-NH;(1,1) velocity shift presumably
indicate the relative motion of a dense clump in S235 East 1 and its
outer envelope. NH3(1,1) and CS (2-1) line profiles are also slightly
shifted relative to each other, but in this case the shift is seen mostly
in the red wings of the lines (Fig. 8c). To show the shifts more

Tob (K)
o

Tonp (K)

o - . ©
S N I

I
o

P Y T Y S
24 22 20 18 -16 -14 24 -22 20 -18 -16 -14 -24 22 20 -18 -16 -14
Vig, (km sec)

Vigr (km sec) Vigr (km seg)

Figure 8. Scaled CS (2-1), 13CO (1-0)and NH;3(1,1) spectra towards the
(—40 arcsec, 40 arcsec) position (top row) and the difference between the
corresponding spectra (bottom row). (a) 3CO (1-0)- 0.09 and CS (2—
1), (b) 3CO (1-0)- 0.06 and NH3(1,1), (c) CS (2-1)- 0.7 and NH3(1,1),
(d) 3CO (1-0)- 0.09 —CS (2-1), (e) '3CO (1-0)- 0.06 —NH;3(1,1), (f) CS
(2-1)- 0.7 —NHj3(1,1). For the reference position, see Fig. 1.
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clearly, in panels of Figs 8(d)—(f) we display a channel-by-channel
subtraction of 3CO (1-0) —CS (2-1) and ammonia spectra, scaled
as indicated in the caption. The shifts '3CO (1-0) versus CS (2—
1) and '3CO (1-0) versus NH; are smaller than the widths of the
13CO (1-0), NHzand CS (2-1) lines themselves and are comparable
to the thermal width for molecular gas at the temperature of 20-30 K
(0.3-0.4kms™").

While the '*CO (1-0)-NHj line shift is most clearly seen to-
wards the (—40 arcsec, 40 arcsec) position, it is not a unique feature
of this location. '*CO (1-0) and ammonia lines are somewhat dis-
placed relative to each other at other locations as well. To quantify
this shift, we subtracted ammonia line centre velocities (main com-
ponent) from '*CO (1-0) line centre velocities as determined from
Gaussian fits. A shift like this has been analysed previously in sev-
eral star-forming regions. In particular, Walsh, Myers & Burton
(2004) looked for motions of dense cores [in the NoH™ (1-0) line]
with respect to their more rarefied envelopes [using *CO (1-0) and
C'30(1-0)] towards a sample of low-mass star-forming cores. Very
small velocity differences (less or about 0.1 kms~') were found,
so Walsh et al. (2004) concluded that isolated low-mass cores gen-
erally do not move ballistically relative to their surrounding en-
velopes. Similar analysis for regions of massive star formation was
performed by Wienen et al. (2012). They discussed relative motions
in several high-mass cold clumps based on observed '*CO (1-0) and
NHj; lines and mentioned some trends that can be compared to our
results.

First, Wienen et al. (2012) found that '*CO linewidths are as a
rule broader than widths of NHj; (1,1) lines. This holds in our study
as well, for both CO and CS lines, even though at a smaller scale,
as clumps that we have observed are less dense and more com-
pact. Ammonia (1,1) linewidths range from 1 to 3kms~!, while
3CO and CS linewidths are in average 20-30 per cent larger and

extend to 3.5kms™! (Fig. 9, top row). Among positions with high
column density, the only one with a wider ammonia line and nar-
rower CO and CS lines is the position (—280 arcsec, 40 arcsec) in
S235 Central E. Apart from this, all the gas clumps seemingly follow
the same pattern in ‘width versus width’ plots.

This is not true in the case of line velocity differences. In
S235East 1 lines of a low density tracer ['*CO (1-0)] are shifted
relative to higher density tracers [CS (2-1) and NH3], as we noted in
Paper 1. The maximum shift between '*CO (1-0) and CS (2-1) line
profiles is about 0.5kms~! which is a bit higher than the thermal
velocity and significantly lower than the linewidths (Fig. 9, bottom
left, filled circles). With respect to '*CO (1-0)-NH3, some regular-
ity is seen in S235East 1: larger ammonia linewidths correspond
to higher velocity differences between '*CO (1-0) and ammonia
(Fig. 9, bottom right, filled circles).

In S235 East2 and S235 Central E, there is almost no difference
between '*CO and CS line velocities, and the difference between
13CO and NH; line velocities is much smaller than in S235 East 1
(but also positive). In S235 Central W the difference between CO
and ammonia velocities is close to zero, and CO—CS difference is
notably negative.

The analysis performed by Wienen et al. (2012) has shown that
supersonic velocity differences are typical of high-mass clumps,
unlike low-mass star-forming regions, where velocity differences
between low- and high-density tracers are mostly subsonic. Our
data show a mixed picture. While the CO—CS difference is at best
mildly supersonic (in S235 East 1 and S235 Central W), CO—NHj3;
differences exceed the sound speed more significantly, reaching al-
most 1 km s™! in $235 East 1. The important difference between our
results and Wienen et al. (2012) results is that CO—NH3 differences
that we measure are positive at almost all locations where ammo-
nia emission is observed. A possible explanation is that Wienen
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et al. (2012) studied large-scale regions. In this case, the velocity
differences can be related to chaotic motions of individual dense
clumps within a low-density medium. We study individual clumps
themselves, so our results are, probably, better explained in the
‘core-to-envelope’ paradigm. More specifically, as we relate gas
clumps to star clusters, they may represent gas expelled from the
clusters, with different lines tracing denser and less dense parts of
an expanding envelope.

In Paper I we argued that S235East 1 is the youngest cluster
in the northern part of the S235 region. The ammonia data are
in qualitative agreement with this suggestion. The ammonia lines
being blueshifted with respect to CO indicates the presence of a
significant gas velocity gradient along the line of sight. An outflow in
the region is not well developed and contains considerable amounts
of weakly processed gas. This gas is mostly in molecular form and
displays considerable variability in the outflow kinematics with the
distance from the cluster. Molecular gas is observed in projection on
to the cluster, so the difference in velocities of molecular lines which
trace regions with different kinematics is well pronounced. It arises
due to both chemo-dynamical processing of the gas in a propagating
shock and ionization front (see e.g. Kirsanova, Wiebe & Sobolev
2009) and also due to line excitation details. Ammonia emission
arises in the dense gas that has been swept up from the cluster
by the combined action of young stars and now moves towards
the observer. CO emission forms in less dense regions and attains
significant optical depth much closer to the observer. The more red-
shifted CO velocity component may trace the deceleration of the
expanding outflow or leftovers of the parent gas clump which are
still moving towards the S235 East 1 cluster.

The absence of a similar velocity shift towards S235 East2 and
S235 Central E is also consistent with our suggestion that clusters
embedded in these clumps are actively losing leftover molecular
gas that shows up observationally as '3CO (1-0) and CS (2-1)
emission in the ‘blue’ range. At this later evolutionary stage any
initial kinematical structure, including velocity shifts between var-
ious molecular tracers, has probably been destroyed. It must be
noted that while both these clumps possess CO and CS emission
in the blue range and are somewhat displaced relative to corre-
sponding clusters, otherwise they are kinematically different. The
S235 East 2 clump is very quiescent, with small linewidths that do
not differ much from one direction to another. On the other hand,
S235 Central E is more disturbed showing both wide and narrow
lines, sometimes in adjacent directions.

Kinematic properties of S235 Central W are harder to interpret as
it differs from the other clumps in a couple of aspects. First, this is
the coldest clump among those covered with our observations. Also,
in the other clumps CS and ammonia line positions are generally
consistent with each other, in the sense that CO—CS and CO—NHj3;
velocity differences are either both close to zero (in S235 East 2 and
S235 Central E) or both positive (in S235 East 1). In S235 Central
W velocities of CO and NH; are similar, but CS emission is shifted
significantly bluewards relative to CO emission. This difference
does not fit into our simple picture and craves for more data.

5 STAR FORMATION TRIGGERING AROUND
S235

5.1 Sizes and triggering time-scales

In Paper I we proposed that both the C&C process and compression
of pre-existing clumps could be responsible for the star forma-
tion in this region. Here we re-consider this suggestion using S235

Physical conditions around S235 1605

Table 4. Parameters of S235 and S235A
used for calculation of characteristics of the
triggering process.

Parameter S235 S235 A
Sion 571 104826 104802
Txin(K) 25 34

o (cm ™) 5% 1023 x 10> 5x 103
Radius (pc) 2.032 0.099:39

parameters derived from our ammonia observations. Specifically,
we compare our results with predictions of a theoretical model by
Whitworth et al. (1994) to investigate the history of star forma-
tion around S235 and to determine main characteristics of a C&C
process: time, when fragmentation of a dense shell starts (fs,,),
the radius of the shell (Ry,;) at this moment and mass (Mj,g) of
the fragments. We also calculate the radius of an initial Stromgren
sphere, R(0), (Dyson & Williams 1997). Then we relate these val-
ues to parameters of S235 and S235 A in order to estimate ages
of the Hu regions. Given the clumpiness of matter, surrounding
both regions, the model of Whitworth et al. (1994) should be ap-
plied with care, and our conclusions can only be considered as
approximate.

To use the relations from Whitworth et al. (1994), one needs to
specify some parameters. To calculate the speed of sound in the
undisturbed medium, we adopt 25K as a typical temperature for
S$235 and 34 K as a typical temperature for S235 A. The gas number
density in the undisturbed medium is supposedly equal to the density
of primordial gas for S235 and to the density of surrounding gas for
S235 A. Several values of nj are considered for S235. The lowest
one, 500cm™3, is an average large-scale value measured with the
RT-22 (see Table 1). The observationally motivated upper limit is
taken to be 3 x 10 cm~3 which is a reasonable value for the region
of $235 according to Evans & Blair (1981) (their ‘—17kms™""
cloud). We also consider a higher value of 7 x 10° cm~ to find the
density at which the estimated H 11 region age becomes comparable
tO tirag. The flux of hydrogen-ionizing photons (S0,) was taken from
Sternberg, Hoffmann & Pauldrach (2003) in accordance with the
spectral types of ionizing stars which are 09.5 in S235 (Georgelin,
Georgelin & Roux 1975) and B0.5 in S235 A (Thompson, Thronson
& Campbell 1983).

Distance estimates D to S235 vary from 1.6 to 2.0kpc. We
adopted an intermediate value 1.8 kpc (Evans & Blair 1981) for
our estimates. The angular size ¢ of S235 is 380 x 450 arcsec’
in accordance with radio continuum measurements (Israel & Felli
1978). Thus, the linear radius of S235 is constrained by values
from 1.5pc (D = 1.6kpc, ¢ = 380 arcsec) to 2.2 pc (D = 2.0kpc,
@ = 450 arcsec). We adopt 2 pc as a representative value for S235.
The angular size of S235 A is 20 arcsec (Israel & Felli 1978),
so its linear radius is between 0.08 and 0.10pc. All the adopted
parameters for S235 and S235 A are summarized in Table 4. Re-
sults of a comparison with calculations based on Whitworth et al.
(1994) are given in Table 5. In the last row we present an Hu
region age, estimated using equation (4) from Whitworth et al.
(1994). Adopted sizes are listed in Table 6.

The fragmentation radius Ry, coincides with the actual linear
radius of the S235 Hu region within a factor of 2 only for ny of
3 x 10°cm™ or greater. So, it is possible that triggering of star
formation in S235 East 1, S235 East2 and S235 Central by a C&C
process took place in the recent past if the density in the surrounding
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Table 5. Estimated characteristics related to a C&C process for
the parameters derived for S235 and S235 A.

Value S235 S235A
no 5x102 100 3x10° 7x10% 5x10°
R,(0)(pc) 0.7 0.4 0.2 0.1 0.1
Rirag(pc) 9 6 3 2 3
trag (Myr) 3 2 2 1 1
Mirae(M@) 200 150 90 60 140
Age (Myr) 0.3 0.4 0.6 1 0.004

Table 6. Sizes and masses of dense gas in the young clumps.

Physical Maas Mty

Cluster Angular Mo
size (pc)  (Mg)

size (arcsec)

S235East 1 50%70 0.4x0.6 250 -
S235 East 2 60x110 0.5x1 100 0.4-0.6
S235 Central E 50x60 0.4x0.5 40 0.9-1.5

5235 Central W 50x20 0.4x0.2 12 0.9-1.5

medium is close to the upper limit of the range that is indicated by
our observations (typically about 3—5 x 10° cm™> towards non-peak
positions). In this case, star-forming clumps should have masses of
about 50-100 M.

Itis interesting that the projected distance from the exciting star of
S235, BD 4-35°1201 (Georgelin et al. 1975), to S235 A and S235B
is close to Ryye for ng ~ 3 x 10° cm~3. However, as already men-
tioned, the star-forming regions S235 A-B are located outside the
common dense envelope that contains S235 East 1, S235 East 2 and
S235 Central. The outer boundary of the S235 H1 region is about
two times closer to S235 East 1 and S235 East 2 than to S235 A (see
Fig. 1). A bright bubble of the S235 photon dominated region on
Spitzer-IRAC images does not have a common border with S235 A.
Therefore, the formation of S235 A and S235 B exciting stars could
not have been triggered by the expansion of S235. This conclusion
is confirmed by Dewangan & Anandarao (2011). They found that
young stellar objects in the star-forming region S235 A-B are about
10-20 times older than YSOs in S235 East 1 and S235 East 2. Ages
of embedded clusters around S235 and in S235 A-B were also es-
timated by Camargo et al. (2011) to be 3 £ 2 Myr. However, the
low accuracy of these results precludes them from being used to
elucidate the star formation history in the area.

A central star in S235 A has a spectral type close to that of the
star in S235. Its ionizing power is only about two times smaller.
Therefore, the much smaller size of S235 A suggests that it is
much younger. Note, however, that S235 A expands in a medium
with increasing density (see Table 3 and Fig. 1). Specifically, in
S235 A ny, is about 5 x 10° cm~* towards the position with offset
(Aa, A8)= (0 arcsec, 20 arcsec) (see Fig. 6) and ~16 x 10° cm™3
towards the position with offset (Ax, A§)= (0 arcsec,0 arcsec).
Remember that the H 11 region S235 A itself is located at (0 arcsec,
34 arcsec). Given this, it is hard to estimate an actual age of S235 A.
If we take the lower value of ny, ~5 x 10° cm™3 and assume a
uniform density distribution, we can estimate the minimum possi-
ble age of S235 A, using formulae from Whitworth et al. (1994).
The adopted physical size of the S235 A Hu region is close to R (0)
and significantly smaller than Ry, (see Table 5). If we again use
equation (4) from Whitworth et al. (1994), we obtain an age of
only 4000 years for S235 A. The upper limit of ny,, quoted above,

increases this value by a factor of 2. Anyway, the estimated age of
S235 A is significantly smaller than #,,. So, even though S235 A
expands into a highly non-uniform medium with increasing density,
and our age estimates are very uncertain, it is definitely too young
to trigger star formation in its vicinity by a C&C process. The dense
shell around S235 A seems to be just at the beginning of formation.
Currently, S235 A can trigger star formation only if it encounters
some pre-existing dense clumps.

Triggered star formation may actually arise in three varieties in
the studied region. Apart from the C&C mechanism and compres-
sion of pre-existing clumps by the shock front around an H 11 region,
triggering by external shocks is also possible. It is important to note
that the star formation in the area is not coeval. Our age estimates
for the S235 and S235A Hu regions differ quite significantly. An
age spread is seen even within the S235 A-B cluster itself. There
are three currently known massive stars in the S235 A-B area: the
exciting stars for S235 A, S235 B (Israel & Felli 1978; Boley et al.
2009) and MIR-AB from Dewangan & Anandarao (2011) (‘s5’
source; see their table C8). All of them are considerably younger
than lower mass stars in the same area. Ages of the lower mass stars
in the cluster are about 10°-10° years (Dewangan & Anandarao
2011), while an H,O maser indicates a very recent high-mass star
formation episode (Felli et al. 1997). This is supported by its asso-
ciation with the young strong HCO™ outflow (Felli et al. 2004). The
age of the S235 A H uregion is ~4000 years only. Ages of MIR-AB
and the exciting star in S235B are ~3000 and ~40000 years, re-
spectively (Dewangan & Anandarao 2011). The age spread indicates
that there were multiple star formation episodes in the vicinity of
S235 A-B.

The high-velocity gas feature FVW 172.8+1.5 probably repre-
senting an old supernova remnant (Kang, Koo & Salter 2012) could
be responsible for some of the episodes. It was found by Kang
et al. (2012) that there is H1 emission with positive (from +25
to +20kms~') and negative velocities (from —28 to —25kms™!).
These negative velocities are consistent with the velocities of the
molecular gas in the vicinity of S235. It means that the possible
supernova is located beyond the giant molecular cloud G1744-2.5
and star-forming regions S235 and S235 A-B (5235 C also) belong-
ing to it. We see optical emission from the H i1 region S235 slightly
obscured by interstellar gas and dust. So, S235 is situated at the
near edge of the giant molecular cloud. The formation of S235 can-
not be triggered by that supernova. The optical extinction towards
S235 A is about 10 mag (Krassner, Pipher & Sharpless 1979). So,
this region is more deeply embedded in the molecular gas. Stream-
lining of the S235 A-B star-forming region by the shock from the
supernova as was modelled for example by Kimura & Tosa (1993)
could be responsible for formation of those young stars in $235 A-
B whose age is less than about 0.3 Myr [age of the proposed SN
remnant from Kang et al. (2012)].

5.2 Masses of gas and stars in the young embedded clusters

Our data allow us to estimate gas masses of the dense clumps (see
Table 6). Here we assumed that the clump borders correspond to
positions where Nu, is equal to a half of the maximum value
given in Table 3 for a particular clump. The gas mass is derived
from n(H,) values given in Table 3. To calculate My, /Mgy, stel-
lar mass estimates for main-sequence and pre-main-sequence stars
in S235East2 and S235 Central from Camargo et al. (2011) are
used.

We noted above that S235 East 1 is the densest clump in the vicin-
ity of S235. Apparently, it is also the most massive clump in the
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S235 area. My, in S235 East 1 is higher than M, for any consid-
ered value of ny, (Table 5). No stellar mass estimate is given for
S235 East 1 in Camargo et al. (2011) but by analogy with other clus-
ters we may assume that it is comparable to the gas mass. In other
words, the total mass of S235East 1 (gas+stars) significantly ex-
ceeds the estimated mass of an average dense shell fragment formed
due to the C&C mechanism. Thus, the formation of S235 East 1
looks more like a result of a contraction of a pre-existing molecular
clump.

Total masses (gas+stars) of S235East2 and S235 Central are
lower. We have seen previously that our age estimate for S235
is comparable to fg,, only if the density of the surrounding gas
is relatively high. In this case, clumps having appeared due to
fragmentation of the shell should have masses of the order of
50-100 M. Masses of S235East2 and S235 Central E fall into
this range, while the mass of S235 Central W is somewhat lower. It
must be kept in mind that our mass estimates are quite uncertain, in
particular, because the stellar component and the gas component in
S235East2 and S235 Central are displaced relative to each other.
But still, order-of-magnitude mass estimates — tens of solar masses
for S235 East 2 and S235 Central E (versus hundreds of solar masses
for S235 East 1) — indicate that the C&C mechanism may have been
responsible for the formation of S235East2 and S235 Central E.
As we mentioned above, the status of S235 Central W is uncertain.

Mass is not the only parameter that distinguishes S235 East 1
from the other two clusters. The gas clump associated with this
cluster is the only one of the considered clumps where lines of var-
ious molecular tracers are noticeably shifted relative to each other.
Also, it lacks the blue CO and CS emission component that is present
in S235 East 2 and S235 Central clumps. All these differences hint
at the different evolutionary track for S235 East 1 in comparison to
S235 East 2 and S235 Central (or, at least, to S235 Central E).

6 CONCLUSIONS

We describe ammonia observations towards star-forming regions
around S235 and present maps of NH3(1,1) and NH3(2,2) emission.
The dense gas content in young embedded clusters S235 East 1,
S235East2, S235 Central, as well as in the star-forming region
S235 A-B is investigated. We determine temperature, ammonia col-
umn density and gas number density towards the clusters. Gas kine-
matic structure and physical parameters suggest that at least two
(58235 East 2 and S235 Central) of the three clusters nearest to S235
have been formed via triggering by a C&C process if the density of
the surrounding gas exceeds 3 x 10° cm™>. The embedded cluster
S235 East 1 could have been formed as a result of an interaction of
the shock front from S235 with a pre-existing dense clump. The
new observations are consistent with our previous conclusion that
S235East 1 is at an earlier evolutionary stage than S235 East2 and
S235 Central. Parameters of the dense gas towards S235 A imply
that this H 11 region expands into a medium with increasing density.
The S235 A Hiregion is too young to trigger star formation around
itself by a C&C process. However, it can trigger formation of stars
in pre-existing clumps. External large-scale shocks could have been
responsible for shaping the S235 A-B star-forming region.

CO, CS and NHj lines are shifted relative to each other in
S235 East 1. A shift between CO and NHj lines confirms our con-
clusion from Paper I that there is a relative motion between dense
and diffuse gas in this object. We note also that star formation in
S235 A-B is not coeval. Massive stars in the region are considerably
younger than the lower mass stars in the region.

Physical conditions around S235 1607
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