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Preface 1

PREFACE

The first workshop and spring school organized by the Department of Astronomy
of the Lorand E6tvos University and Konkoly Observatory was held in 1996 at
Visegrad, Hungary. The second conference of the series followed it six years later
in Budapest. During this six years several new aspects of this field of research
emerged. The mid- and far-infrared detectors of ISO opened new windows on
the great variety of phenomena related to the interactions between stars and
their environment. New types of objects came into the foreground, such as
circumstellar environments of brown dwarfs and very cold cloud cores.

Participants from nine countries, mainly students, attended the workshop,
whose topics embraced a wide scale of phenomena accompanying the life of
the stars, from protostellar winds and disks through the effects of pulsating
stellar atmospheres on the surrounding gas and dust to circumstellar envelopes
of Wolf-Rayet and post-AGB stars.

We hope that the two volumes of ‘Interactions of Stars with their Environ-
ment’ published by Konkoly Observatory will be followed by further issues on
this intriguing and amazing field of astronomy.

We are grateful to the Astronomy Department of the E6tvos Lorand University
for the hospitality during the conference and to the Hungarian Research Found
(OTKA) for the financial support.

These proceedings could not have been published without the financial resources

provided by Dr. L. Szabados and Dr. L.V. Toth (OTKA #T029013 and
#T043773). Their help is highly appreciated.

The Editors



Preface




Star Formation







MULTIVARIATE SEPARATION OF COSMIC
COMPONENTS

L.G. Balazs

Konkoly Observatory of the Hungarian Academy of Sciences
P.O. Box 67, H-1525 Budapest, Hungary
E-mail: balazs@konkoly.hu

Abstract

Observing and storing the photons of the incoming radiation from
the Cosmos typically give a data cube defined by («,d,A). It is easy to
translate this data structure into the formalism of multivariate statistics.
A common problem in the multivariate statistics is whether the stochastic
variables described by observed properties are statistically independent or
can be described by a less number of hidden variables. This is the task
of factor analysis. Forming groups from cases having similar properties
according to the measures of similarities or the distances is the task of
cluster analysis. We demonstrated in three cases how these technics can be
used for separating physically independent cosmic components projected
onto the same celestial area by chance.

1. Introduction: Nature of astronomical information

The information we receive from Cosmos is predominantly in the form of elec-
tromagnetic radiation. An incoming plain wave can be characterized by the
following quantities:

n (direction), A (wavelength), polarization.

These physical quantities determine basically the possible observational pro-
grams:

Position = astrometry

Distribution of photons with A\ = spectroscopy

Number of photons => photometry

Polarization = polarimetry

Time of observation = variability

S oA W=

Distribution of photons in data space = statistical studies
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In the reality, however, not all these quantities can be measured simultane-
ously. Restriction is imposed by the existing instrumentation.

By observing and storing the photons of the incoming radiation typically we
get a data cube defined by (a,d,A). The measuring instrument has some finite
resolution in respect to the parameters of the incoming radiation. Consequently,
the data cube can be divided into cells of size of the resolution. The astronomical
objects can be characterized by isolated domains on the «, § plane. A real object
can be more extended than one pixel in this plane. Each pixel in the «,§ plane
can have a set of non-empty cells according to the different A values. A list of
non-empty pixels can be ordered into a matrix form having columns of properties
(a, d, and the set of As) and rows referring to the serial number of objects. This
structure is called the 'Data Matrix’ which is the input of many multivariate
statistical procedures.

Table 1: Structure of the Data Matrix: m means the number of properties and
n runs over the cases.

a1 0 A A2 0 Am
as Gy A1 A - Aom
Qn O A1 Az - Aam

2. Brief summary of multivariate methods

2.1. Factor Analysis

A common problem in the multivariate statistics is whether the stochastic vari-
ables described by different properties are statistically independent or can be
described by a less number of physically important quantities behind the data
observed. The solution of this problem is the subject of the factor analysis.

Factor analysis assumes a linear relationship between the observed and the
background variables. The value (factor scores) and number of background
variables, along with the coefficients of the relationship (factor loadings) are
outputs of the analysis. The basic model of factor analysis can be written in
the following form:
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V4
Xj:Zaijk+uj ) (]2177m) (1)
k=1

In the formula above X; means the observed variables, m is the number of
properties, p is the number of hidden factors (normally p < m), a;i denotes the
factor loadings, Fj, the factor scores, and u;-s are called individual factors. The
individual factors represent those parts of the observed variables which are not
explained by the common factors.

A common way to solve the factor problem uses the Principal Components
Analysis (PCA). PCA has many similarity with the factor analysis, however, its
basic idea is different. Factor analysis assumes that behind the observed ones
there are hidden variables, less in number, responsible for the correlation be-
tween the observed ones. The PCA looks for uncorrelated background variables
from which one obtains the observed variables by linear combination. The num-
ber of PCs is equal to those of the the observed variables. In order to compute
the PCs one has to solve the following eigenvalue problem:

Ra = Xa (2)

where R, a and A mean the correlation matrix of the observed variables, its
eigenvector and eigenvalue, respectively. The components of the a eigenvectors
give the coefficients of the linear relationship between the PCs and the observed
variables. The PC belonging to the biggest eigenvalue of R gives the most
significant contribution to the observed variables. The PCs can be ordered
according to the size of the eigenvalues. In most cases the default solution of
the factor problem is the PCA in the statistical software packages (e.g. BMDP,
SPSS). Normally, if the observed variables can be described by a less number
of background variables (the starting assumption of the factor model) there is
a small number of PCs having large eigenvalue and their linear combination
reproduce fairly well the observed quantities. The number of large eigenvalues
gives an idea on the number of the hidden factors. Keeping only those PCs
having large eigenvalues offers a solution for the factor model. This technique
has a very wide application in the different branches of observational sciences.
For the astronomical context see Murtagh & Heck (1987).

The factor model can be used successfully for separating cosmic structures
physically not related to each other but projected by chance on the same area
of the sky. We will return to the details later on when dealing with case studies.
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2.2. Cluster Analysis

Factor analysis is dealing with relationships between properties when describing
the mutual correlations of observed quantities by hidden background variables.
One may ask, however, for the relationship between cases. In order to study
the relationship between cases one have to introduce some measure of similarity.
Two cases are similar if their properties, the value of their observed quantities,
are close to each other.

"Similarity", or alternatively "distance" between [ and k cases, is a function
of two X Jl-, X J’“ set of observed quantities (j is running over the properties de-
scribing a given case). Conventionally, if [ = k, i. e. the two cases are identical,
the similarity a(X}, XF) = 1 and the distance d(X!,XF) = 0. The mutual
similarities or distances of cases form a similarity or distance matrix.

Forming groups from cases having similar properties according to the mea-
sures of similarities and the distances is the task of cluster analysis. There are
several methods for searching clusters in multivariate data. There is no room
here to enter into the details. For the astronomical context see again (Murtagh &
Heck, 1987). Typical application of this procedure is the recognition of celestial
areas with similar properties, based on multicolor observations. The procedure
of clustering in this case is a searching for pixels on the images taken in different
wavelengths but having similar intensities in the given colors.

In the following we try to demonstrate how these procedures are working in
real cases.

3. Case studies

3.1. Separation of the Zodiacal Light and Galactic Dust Emission

The IRAS mission covered the whole sky in four (12, 25, 60, 100 um) wave-
lengths. In particular, the 12 and 25 micron images were dominated by the
thermal emission of the Zodiacal Light (ZL) having a characteristic tempera-
ture around 250 K'h. The contamination of the Galactic Dust thermic radiation
by the ZL is quite serious close to the Ecliptic. Assuming that both radiation
are coming from optically thin media the observed infrared intensities are sums
of those coming from these two components. We may assume furthermore the
distribution of the intensity of thermal radiation on the sky coming from the
Galactic component has some similarities when observed at the given wave-
lengths and the same holds also for the ZL. Identifying the radiation coming
from these two physically distinct components with the hidden variables in Eq.
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Table 2: Results of factor analysis. There are two large eigen values indicating
the presence of two important factors. The last two columns of the table give
the aji, factor coeflicients for Eq. (1). (Balazs et al., 1990)

eigenvalue cum. percent. | Variable 1. factor 2. factor
2.4818 62.0 Fis 0.9637 0.2089
1.3910 96.8 Foy 0.9917 0.0458
0.1003 99.3 Fyo 0.3625 0.9044
0.0268 100.0 Fioo 0.0409 0.9819

(1) and the incoming intensity with the observed ones the separation of the
ZL and the Galactic radiation can be translated into the general framework of
factor analysis.

In the case of the IRAS images the R correlation matrix has a size of 4 x 4
by cross correlating the four (12, 25, 60 and 100 pum) images. We selected a field
of 15° x 15° (corresponding to 512 x 512 pixels) in Perseus close to the ecliptic,
containing the California Nebula, IC 348 and the Pleiades.

Solving Eq. (2) for this case we got the results summarized in Tab. 2.
One can infer from this table that there are two large eigenvalues indicating
the presence of two important factors. The last two columns of the table give
the a;i, factor coefficients for Eq. (1). The first factor dominates the radiation
at 12 and 25 pym while the second one does it at 60 and 100 ym. Computing
the factor values from the observed data (the measured 12, 25, 60 and 100 pum
intensities) one gets the two images as shown in Fig. 1, along with the originals
(Balazs et al., 1991).

In order to define regions of similar physical properties we performed cluster
analysis in the {F}; F5} factor plane. These two factors define a two-dimensional
subspace in the four-dimensional color space. The 1-st factor almost fully ex-
plains the 25 micron flux, which is heavily dominated by the Zodiacal Light
and therefore represents its influence in different colors. The second factor, in
contrast, describes the effect of the radiation coming from the galactic dust
which produces most of the 100 micron emission. Performing cluster analysis
altogether 10 regions were defined, however this figure was arbitrary. The result
is given in Fig. 2. The basic features of this plot are the two ’fingers’ point-
ing upwards and nearly horizontally. These ’fingers’ may be identified with the
Zodiacal Light (dominating F}) and the galactic radiation (dominating F5).
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Figure 1: Input IRAS (12, 25,
60, and 100pm) images of the
factor analysis and the resulted
two factor pictures. The co-
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Figure 2. Character plot of regions (clus-
ters) of similar properties in the {Fi;Fa}
factor plane. The identical symbols mean
physically similar regions. The basic
features of this plot are the two ’fingers’
pointing upwards and nearly horizontally.
These ’fingers’ may be identified with
the Zodiacal Light (dominating Factor [)
and the galactic radiation (dominating
Factor 2) (Balazs et al., 1990).

(Balazs et al., 1991).
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Figure 3. Distribution of duster members
in the {F25/F;F60/F} plane. The
coding of dusters is the same as in Fig.
2. The loci of dust low a = 1 radiations
of different temperatures are marked with
crosses. The numbers in parentheses are
the respective temperatures. Note that
the wedge-shaped distribution of symbols
representing real measurements points
towards dust temeratures of about 40K
and 200K (Balézs et al., 1990).
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The dust emission is basically thermal. We computed the total infrared
emission by adding the fluxes in the four bands:

F = Fis + Fys + Fgo + Flioo (3)

Assuming a dust emission law in the form of B(T)/\* where B(T) is the
black body (BB) radiation at T' temperature, A the wavelength and a depends
on the physical properties of the emitting dust, we put @ = 1. However, recent
studies of the far infrared radiation of the ZL with the ISO satellite indicate
nearly BB radiation (Leinert et al., 2002), i.e @ = 0. The specification of «
influences the numerical results obtained, of course, but our goal is only to
demonstrate the link between the statistical procedure and the physical quan-
tities.

The F;/F ratios (i is 12, 25, 60 or 100) depend only on T if a region de-
termined by one characteristic temperature. Supposing the validity of the dust
emission law given above we computed the loci of such regions in Fig. 3, marked
with crosses the sources of different temperatures in the line of sight. As a con-
sequence, the real points in Fig. 3 are not on the theoretically computed line
but deviate from it according to the relative intensity of superimposed sources
of different temperatures. Keeping the same coding of sources as in Fig. 2 one
gets a wedge-shaped distribution of symbols representing real measurements
pointing towards dust temperatures of about 40 K and 200K. This distribution
can be obtained from the superimposed ZL and Galactic sources with these
characteristic temperatures.

4. Separation of HI components in the field of L1780

The next case study refers to L1780, a small dust cloud at a high galactic
latitude. By analyzing the profile of the HI 21 cm line it was difficult to separate
the object from the background since the velocity of the cloud was very close
to those of the background.

The cloud was observed with the 100 m telescope at Effelsberg at 209 posi-
tions in 82 channels. Formulating the problem of separation with the phraseol-
ogy of the multivariate statistical analysis we had 209 cases and 82 properties.

Performing PCA yielded 7 eigenvalues > 1 and they were accepted as signifi-
cant factors. In order to get clear-cut factor pattern we made Varimax rotation.
This procedure makes use of the fact that factors are determined only up to an
orthogonal transformation. Varimax rotation is an orthogonal transformation
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Figure 4: Results of factor analysis in L1780. The factor coefficients are displayed
as functions of the channels calibrated to the velocity in the line of sight. Beside
the strongest factor (FAC1), the main HI background component, those are displayed
which give excess emission in the field of L1780 (FAC2, FAC5, FAC6) (Toth et al.,
1993).

which maximizes the variance of the factor coefficients and usually gives a dom-
inant factor in each observed variables. This dominant factor makes easier to
identify the factors with real physical entities.

Inspecting the pictures obtained from the factor scores we found that FAC2,
FAC5 and FACG6 indicated excess HI radiation that could be associated with
L1780. On the contrary, FAC1, FAC3, FAC4 and FAC7 described the back-
ground. The contributions of the different factors to the channel maps are
displayed in Fig. 4. Summing up the factors related to the cloud gives the
amount of HI associated to L1780 (T6th et al., 1993).

Using the computed factors associated with the cloud we calculated the HI 21
cm spectra in some characteristic positions of L1780 along with the background
as seen in Fig. 5. Note that the difference of the HI spectra across the cloud
(i.e. the difference between he position a and c¢) indicates large scale internal
motions.
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Figure 5: Distribution of the dust in L1780 as obtained from the optical extinction
(AB). The HI spectra in the inserts give velocity profiles at some characteristic parts
of the cloud (a, c) and the background (b), respectively. Note that the difference of the
HI spectra across the cloud (i.e. the difference between the positions a and c indicates
large scale internal motions (Té6th et al., 1993).

5. Multivariate study of the Cepheus Bubble

The Cepheus Bubble was discovered in the IRAS maps (Kun et al., 1987) as
a ring about 10 deg. in diameter around Cep OB2 joining several known star
forming regions (5140, IC1396, S134, etc). The association of the ring with the
star forming regions with known distances (between 800-900 pc) enabled one to
estimate the true geometric diameter to be 140-160 pc. The dust responsible for
the radiation detected by IRAS, however, is only a tiny fraction of the total mass
which is mostly in the form of HI. In order to calculate the mass and internal
kinematics of the bubble one of the best choice was to use neutral hydrogen
observations. The integrated map of the HI channel intensities clearly showed
a ring coinciding with those in the IRAS maps (Fig. 6). We used 43 HI channel
maps of the region from the Dwingeloo HI sky survey (Burton & Hartman,
1994) in the [-38 km/s; +10 km/s] range.

Inspection of the channel maps (Fig. 5), starting at -38 km/s and mov-
ing towards positive radial velocities, revealed a ring structure starting at —30
km /s, becoming dominant in the [-18 km/s; —10 km/s] range and fading away
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afterwards (Fig. 8). In order to separate the HI associated with the Bubble
we performed factor analysis based on PCA which yielded 6 main components
(see Tab. 3). The factor coefficients, similarly to the case of L1780, could be
calibrated for radial velocity and are displayed in Fig. 9. The Figure clearly
shows that each factor dominates a certain velocity range. Usage of the images
made up from the factor scores (Fig. 10) enabled us to identify the factors in
terms of different physical entities of the HI distribution. The main body of
the bubble appeared in factor 2 whereas factor 3 and 5 are strong on the area
where factor 2 is weak. These factors can be interpreted as different slices of an
expanding shell. Identification of the factors with different physical entities of
the neutral hydrogen enabled us to separate the HI associated with the Bubble
and determine its mass and age (Abraham et al., 2000).

6. Conclusions

1. The nature of astronomical information is well suited for multivariate stud-
ies.

2. The typical procedures of multivariate methods (factor analysis, cluster
analysis) can be applied succesfully for studying different structures in the
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14 km/s] range. The ring structure
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in dominance at less negative veloc-
ities (Abraham et al., 2000).
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data cubes.

3. There is no straightforward way to assign physically meaningful objects to
the formal statistical results (actually this is one of the basic problems).

4. Special care is needed to separate "ghosts". In some cases physically
related structures can be splitted into different mathematical structures.

5. The best results can be expected for problems where the basic mathemati-
cal assumptions (e.g. linearity and orthogonality at PCA models) are also
physically meaningful.

6. A basic advantage is the existence of professional statistical packages
(SPSS, SAS, S-plus, etc.)
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Table 3: Results of the factor analysis on the HI data of the Cepheus Bubble. There
are 6 eigenvalues > 1 reproducing 95.4 % of the total variance of the data.

PC Eigenvalue. Pct. of Var. [%] Cum.Pct. [%]
1 20.41 47.5 45.5
2 7.80 18.3 65.8
3 5.87 13.7 79.5
4 3.41 7.9 87.4
5 1.87 4.3 91.8
6 1.56 3.6 95.4
7 0.66 1.5 96.7
8 0.52 1.2 98.1
43 0.00 0.00 100.0

\{' Factor 1
AN

“';

GALACTIC LATITUDE [degree]

Figure 10: Images made up from
the factor scores in the Bubble. The
2nd strongest factor gives the main
body of the ring. Images of factors
3 and 5 are strong on the area where
factor 2 is weak. These factors can

ol e be interpreted as different parts of
S70) AL an expanding shell (Abraham et al.,

108 106 104 102 100 98 96 108 106 104 102 100 98 96 2000
GALACTIC LONGITUDE [degree] )
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LOW-MASS STAR FORMATION INDUCED BY THE
ORION-ERIDANUS BUBBLE

M. Kun!, S. Nikolié?

Konkoly Observatory
H-1525 Budapest, P.O. Box 67, Hungary
E-mail: kun@konkoly.hu
2QOnsala Space Observatory
S-439 92 Onsala, Sweden
E-mail: silvana@oso.chalmers.se

Abstract

During a spectroscopic survey performed with the Nordic Optical Tele-
scope in La Palma we found five classical T Tauri stars in the small, high
latitude molecular clouds associated with the reflection nebula IC2118.
The star-forming clouds are located at the outer boundary of the Orion
star forming region, at a mean galactic latitude of —28°. Their positions
in space and cometary shapes suggest their interaction with the Orion
SFR. Using spectroscopic and near-infrared photometric data we deter-
mined the positions of the newly discovered pre-main sequence stars in
the HRD. Comparison of the results with evolutionary models has shown
that the masses of these stars are between 0.3-0.8 M and their ages are
close to 10° yrs. They are roughly coeval and significantly younger than
the known WTTS of the same region. We conclude that the birth of the
molecular clouds and the stars was probably induced by the interaction
of the Orion-Eridanus Bubble with some small, diffuse high-latitude HI
clouds.

KEYWORDS: ISM: supershells, high-latitude molecular clouds, Orion—
Eridanus Bubble, star formation—stars: pre-main sequence

1. Introduction

The Orion—Eridanus Bubble is a giant supershell blown by the high-mass stars
of the oldest subgroup of the Orion OB1 association, Orion OB1la (Brown et al.,
1995). Its present radius is about 140 pc, and has a mean expansion velocity
of ~40kms—!. It shows up as a fragmented HI shell with angular extent more
than 40°, associated with several Ha loops and filaments, including the Barnard
Loop. The interior of the bubble is filled with low density ionized gas which is
traced by soft X-ray emission and by ultraviolet absorption lines in the spectra
of background stars. This large volume of tenuous gas surrounding Orion OB1
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is often referred to as Orion’s cloak (Cowie, 1982). The total mass of the Hi
shell is estimated to be about 2.3 x 10° Mg, and its kinetic energy is about
3.7 x 105! erg (Brown et al., 1995). The supershell expands into the surrounding
interstellar medium, thereby creating favorable circumstances for induced star
formation. Identification of individual interstellar features associated with the
bubble, hovewer, requires careful study of distances of the objects in question,
because the size of this supershell is comparable with its distance from us.

The reflection nebula IC 2118 near Rigel (Witch head nebula) is a region
associated with the nearest wall of the supershell. Its galactic coordinates are
205° <1 < 210°, —30° < b < —25°. The distance of the nebula from the Sun is
210+20pc (Kun et al., 2001).

In this case the well-known distance of the illuminating star makes it possible
to determine the distance of the illuminated clouds. Molecular clouds associated
with IC 2118 were described by Yonekura et al. (1997) and Kun et al. (2001).
The wind-blown appearance of the bright reflection nebula and the cometary
shapes of the associated molecular clouds suggest that the region is dynamically
influenced by the association Orion OB1: though the main source of illumination
is Rigel, the heads of the cometary clouds point towards the north-east, to
the centre of the association. This morphology suggests the scenario in which
the HI clouds have been compressed from the direction of Orion OB1. The
association, however, is some 150 pc more distant than IC 2118. Therefore the
interaction of these objects is probably mediated by the high pressure of the
bubble surrounding the association.

Objective prism search for Ha emission stars in the region of IC 2118 sug-
gested that low-mass stars might have been born in these high-latitude molecular
clouds (Kun et al., 2001). In this paper we present the results of spectroscopic
observations that confirm the presence of pre-main sequence stars in the molec-
ular clouds associated with IC 2118.

2. Observations

We observed the spectra of stars selected as possible Ha emission objects in ob-
jective prism Schmidt plates in January 2001 with ALFOSC (Andalucia Faint
Object Spectrograph) on the Nordic Optical Telescope in La Palma. Using
grism 8 with a 1 arcsec slit provided a spectral resolution A/AX & 2200 in the
wavelength interval 5800-8300 A. This spectral region contains both the Ha and
the Lit A\6708 lines, crucial for identification of T Tauri type stars, as well as sev-
eral absorption features suitable for spectral classification (Kirkpatrick et al.,
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1991). Spectra of helium and neon lamps were observed before and after each
stellar observation for wavelength calibration. For spectral classification pur-
poses we observed a series of spectroscopic standards. We reduced the spectra
using the standard IRAF routines. Spectral and luminosity classes were deter-
mined using the criteria established by Kirkpatrick et al. (1991) and Martin &
Kun (1996).

3. Results

We found five stars closely confined to the clouds which have shown several
characteristics of pre-main sequence nature, as well as two stars having weak
Ha emission (EW (Ha) <5A) but no Lil absorption. Figure 1 displays the
distribution of the pre-main sequence stars identified during the spectroscopic
survey with respect to the molecular clouds, and Fig. 2 shows their spectra,
normalized to the continuum. Several emission lines attributed to circumstellar
matter can be observed in the spectra, such as the [O1] lines at 6300 and 6360 A,
[N1] at 6583 A, [S11] at 6717 and 6731 A, as well as the emission lines of neutral
helium at 5875 A and 6678 A.
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Table 1: T Tauri stars in IC 2118

2MASS Sp.T. J J—-H H-K W(Ha) W(LI)
0502063—085046 M2IV 10.987 0.782 0.441  —60.72  0.28
0506030—071547 M4V  11.535 0.538  0.285 411  0.03
0506091—071239 M3V ~ 10.888 0.557  0.246 —0.97  0.00

0506535—061712 K7IV  11.182 1.255 0.754 —112.35 0.53
0507115—-061509 MOV  13.009 1.730 1.225  —293.20 1.19
0507301-061015 K5IV 10.839 1.254 0.963 —79.35 0.37
0507306—061059 K7IV ~ 10.127 1.081 0.743 —13.47 0.41

J, H, and K magnitudes of the pre-main sequence stars were obtained from
the 2MASS Second Incremental Survey Catalog (IPAC, 2000). We used these
data to place the stars on the Hertzsprung—Russell diagram. Table 1 shows the
2MASS identifications, spectral types, J, H, and K magnitudes, Ha and Lil
equivalent widths of the new pre-main sequence objects. Figure 3 displays their
positions on the (H — K) vs. (J— H) color-color diagram together with the lines
indicating the position of zero-age main-sequence, the giant branch, direction
of the interstellar reddening and the locus of classical T Tauri stars determined
by Meyer et al. (1997).

In order to place the stars on the HRD their effective temperatures and
bolometric luminosities are to be determined. T.g comes from the spectral
type, according to e.g. Kenyon & Hartmann (1994), whereas Ly, can be de-
termined from the near-infrared photometric data. For this purpose we make
the widely used assumption that the total emission of our target stars in the
J band originates from the photosphere (e.g. Hartigan et al., 1994). Thus the
color index J — H can be written as

J—H=(J—H)o+ Ecs(J—H)+ Eis(J — H),

where (J — H)g is the true photospheric color of the star, Ecs(J — H) is the
color excess due to the emission from the circumstellar disk in the H band, and
Eis(J — H) is the color excess originating from the interstellar extinction in the
H band.

The locus of unreddened T Tauri stars in the H — K vs. J — H color-color
diagram (Meyer et al., 1997) allows us to determine Ejs(J — H), the interstellar
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ALFOSC spectra of Ha stars in IC 2118
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Figure 2: Spectra of the new pre-main sequence stars in IC 2118 in the wavelength
region 58006800 A.
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component of the E(J—H) color excess. The bolometric luminosities of the stars
were derived by using the interstellar extinction law Ay = 2.65 x Eis(J — H),
given by Rieke & Lebofsky (1985) and the bolometric corrections tabulated by
Hartigan et al. (1994).

The positions of our target stars in the HRD are shown in Fig. 4 together
with evolutionary tracks and isochrones given by D’Antona & Mazzitelli (1994)
(model 1). It can be seen that the masses of these stars are in the 0.3-0.8 Mg
interval, and they are grouped along the isochrone corresponding to a mean age
of 10% years, comparable to the age of the youngest subgroup of Orion OBL.

4. Conclusions

We found five classical T Tauri stars in the molecular clouds associated with
IC2118. We estimated their masses and ages, and found them to be nearly
coeval, at a mean age of 108 yrs. Our results suggest that the T Tauri stars
associated with IC 2118 are significantly younger and less massive than most
of the weak-line T Tauri stars discovered by ROSAT (Alcala et al., 1998) in
the Orion-Eridanus region. Both the small, high-latitude clouds and the low-
mass stars in them have most probably been produced by the interaction of the
Orion-Eridanus Bubble with diffuse HI clouds.
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Figure 4: The T Tauri stars of IC 2118 in the HRD. Solid lines indicate the isochrones
and dashed lines show the evolutionary tracks from D’Antona & Mazzitelli’'s (1994)
model 1.
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Abstract

We observed the spectra of Ha emission stars in the molecular cloud
L1251 using the CAFOS spectrograph on the 2.2 m telescope of Calar
Alto Observatory. We found 7 pre-main sequence stars born in the cloud
and determined their spectral and luminosity classes. These spectroscopic
data, supplemented with near-infrared (JHK) magnitudes allowed us to
place these stars in the HR diagram. This paper discusses the evolutionary
status of star formation in LDN 1251.

1. Introduction

Observational studies of dark clouds aimed at finding low mass star formation
and the evolutionary status of young stellar objects have a long history. Obser-
vations of Lynds 1251, a part of the Cepheus Flare, located at 300+30 pc Kun
(1998) from the Sun have shown this region to be forming low-mass stars at high
efficiency. Several Ha emission stars, probable pre-main sequence stars born in
LDN 1251, have been found here (Grasdalen et al. 1973; Kun & Prusti 1993).
In this paper, we present the spectral and luminosity classes for 8 pre-main
sequence candidates. The placement of the stars on the Hertzsprung—Russell
diagram allows a conservative estimate of the age of LDN 1251 as well.

2. Results

We studied the spectra of 8 Ha emission star candidates in the molecular cloud
LDN 1251 and determined their spectral types. Spectral types can be estimated
using the strength of molecular bands and presence of atomic lines. The observed
stars are late-K and M type objects, therefore we set them against G, K, M
standards observed with the same resolution, and Pickles’ (1998) spectral flux
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library data. Spectral types were estimated using the depths of several molecular
bands at A7000-7200 A (Kirkpatrick et al.1991) and the NaTI at A5890 A and
25896 A.

Ha emission and LiI absorption are the most important indicators of youth
of solar type stars. We measured the equivalent width of Ha and Li T A6707 A.
We found that all but one our programme stars show Ha and HfS emission,
and the emission lines show inverse P Cygni profile except in Ha 1. We found
neither Ha emission nor Li absorption in the spectrum of Ha41. This star is
probably a foreground object not related to the cloud, therefore we omitted it
from further studies. Lil absorption was neither detected in the spectrum of
Ha 2 due to the low S/N. We also identified the forbidden lines [OI] AX 6300A
6364A in the spectra of Ha 1, Ha 44 and Ha 45, and [SII] at AX 6717A 6731A in
Ha 1. Hel emission is also present in most spectra. Fig. 1 shows the observed
spectra in the wavelength region 5800-7800 A. The J — H vs. H — K two-colour
diagram is presented in Fig. 2.
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In order to place the stars in the HRD we estimated their effective tem-
peratures and bolometric luminosities. Effective temperatures can be obtained
directly from the spectral types of the stars Hartigan et al. (1994). The J, H and
K magnitudes of the stars were used to determine the bolometric luminosities
with the assumption that the whole flux at 1.25um (J band) comes from the
stellar photosphere. Then J — My = 5logr — 5 + Ay and Mye = Mj + BCj
were used, where r = 300 £+ 30pc is the distance of LDN 1251 Kun (1998),
Ay = 2.635FE;_g is the interstellar absorption in the J band Rieke & Lebofsky
(1985), and BCj is the bolometric correction (Hartigan et al. 1994). The results
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Table 1: Results of spectroscopy and photometry
Ha Sp EW[A] JH HK logTes log(L/Lo) M age
star  +1 [Ho] [Li]] [Mo]  [My1]
1 K5 —96.07 0.24 1.391  0.759 3.643 0.668 0.6 0.2
2 M2<  —42.18 - 1.013 0.619 <3.580 < —0.205 <0.4 0.7
39 MO —5.90 0.35 1.015 0.658 3.580 —0.325 0.4 1
3 K7 —24.35 0.41 - - - -
41 M2 - - 0.440 0.213 - - - -
44 M1l.5 —-12.12 0.30 0.711  0.416 3.553 —0.687 0.4 2
45 M1 —37.22 0.26 0.830 0.503 3.562 —0.445 0.4 1
46 K5 —60.22 0.35 1.107  1.017 3.643 —0.077 0.8 2

of spectroscopy and photometry are shown in Table 1, and the positions of the
programme stars in the HRD are displayed in Fig. 3.

3. Conclusions

We examined basic spectroscopic properties and near-infrared data of 8 pre-main
sequence star candidates in the cloud LDN 1251. We confirmed the pre-main
sequence nature of 7 of them. All the seven pre-main sequence stars are low
mass (0.3-0.8 M) objects, and their spectra show classical T Tauri features.
The Li absorption in the spectra and their positions in the HRD indicate that
they are young objects, having ages of 1-2 million years. By the estimated age
of Ha 46 we think that the cloud is at least 2 x 10® yr old. The inverse P Cygni
profile in the Ha emission (except Ha 1) suggests that gathering of mass from
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Figure 3: The T Tauri stars of L 1251 (crosses) in the HRD. Dotted lines indicate the
isochrones and solid lines show the evolutionary tracks from D’Antona & Mazzitelli’s
(1994) model 1.

the accretion disks has not been finished in the Ha stars yet.
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Abstract

We present results from a near-infrared study of CB 3, CB 34, CB 39 and
CB 54 as a part of an ongoing project, which is set to determine how Bok
globules form, evolve and disperse.

Our observations have revealed the presence of active star formation
in CB 3, CB 34 and CB 54, by the discovery of new knots in the Hy 1-0
S(1) emission line images.

We have discovered no indication of star formation in the Bok globule
CB 39 which may suggest that this globule is in an early stage of evolution.
Meanwhile the globules CB 3, CB 34 and CB 54 are obviously in their
later stages of evolution.

KEYWORDS: infrared: ISM — stars: formation — ISM: jets and outflows —
ISM: clouds

1. Bok Globules

Bok globules are dark patches on the sky against the background of stars,
which have small angular extent and were stated as possible sites of star for-
mation (Bok & Reilly, 1947). This statement has been confirmed recently by
the work of Yun & Clemens (1990), who actually found manifestations of active
star-formation in some globules.

The Catalouge of Northern Bok Globules has been published by Clemens
& Barvainis (1988, hereafter CB88). The average catalogue members are small
(0.7 pc in diameter), with average masses of ~10 Mg and nearby (d <600 pc;
Bok, 1977; Leung, 1985; Launhardt & Henning, 1997). But CB88 contains some
objects (e.g. CB 3, CB 34, CB 39, CB 54, CB 205) which are situated beyond
1kpc and therefore are bigger in size (=2 pc) and larger in mass up to 120 Mg
in the case of CB 205 (Launhardt & Henning, 1997; Huard et al., 2000).

The importance of Bok globules is that they are sites of low-mass star
formation (see Yun & Clemens, 1990; Khanzadyan et al., 2002). This is very
important, because if there are some 10° globules in our Galaxy (Clemens et al.,
1991), and we assume an average lifetime of 106 yrs and mass of 10 M, for them
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(Launhardt & Henning, 1997), then a total mass of 10'° M could be processed
through them during the lifetime of the Galaxy. This leads us to the conclusion
that many field stars including our Sun, as well as T-Tauri stars may find their
origin in Bok globules (Yun et al., 1997; Launhardt & Henning, 1997).

LBG vs. SBG: Large Bok Globules (LBGs) are sites for multiple and
high-mass star formation, which tends to be a continuous process rather than a
relatively instantaneous event like star formation in Small Bok Globules (SBGs)
(Knee & Sandell, 2000; Motte et al., 1998). In LBGs powerful outflows, ejected
from protostars interact with the globule material and are detectable even at
the outskirts. In contrast to SBGs, which are nearby, outflows are not detected
due to low column density and big outflow extent. So by detecting outflows
from LBGs we are able to trace them back to the globule and associate with
protostars (Khanzadyan et al., 2002).

2. Observations and Data Reduction

Observations of Bok globules were carried out during the nights of 7-10 Decem-
ber, 2000 using the Omega Prime (Bizenberger et al., 1998) infrared camera
installed on the Calar Alto 3.5m telescope, Almeria, Spain. Omega Prime is
equipped with a Rockwell 1024 x 1024 pixel HAWAII array detector. It pro-
vides a pixel scale of 0.4 arcsec/pixel and a total field of view of 6.8 x 6.8
arcmin® on the sky. Table 1 summarizes the observations.

Table 1: Log of the observations.

Object R.A. Decl. Observed seeing
Name (2000) (2000) in Filters (arcsec.)
CB 3 00'28™46° +56°42'06" K, Ho 1.5,1.4
CB 34 05h47m02°% +21°00'10" J,H,Ks,H, 1.5,1.4,1.2,1.8
CB 39 06"02m00° +16°31'00"  Kg,Ho 1.7,1.4

CB 54 07h04™m21° —16°23'18" J,H,Ks,H, 1.5,1.7,1.6,1.9

The data reduction and mosaicing proceeded through standard routines us-
ing several IRAF packages. In the later stage several packages from STARLINK
software, such as CCDPACK and KAPPA, has been used for comparison of re-
sults and for correcting the array defects (Khanzadyan et al., 2002).
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Figure 1: The central part of globule CB 3 in Hy + cont. Newly found objects
are labeled by letters a to e. The relative positions of several known sources
are indicated on the image. The total integration time of this frame is 1120
seconds.

3. Results and Discussion

We found new Hy excited objects in CB 3 marked by letters a to e in Fig. 1.
The globule is excluded from the Bok globule study by Launhardt & Henning
(1997) due to its large distance and mass, although it has a mass of ~110 Mg,
whereas CB 34 and CB 205, which are included, have masses of ~80 Mg and
~120 Mg (Huard et al., 2000).

CB 34 displays extremely well aligned chains of knots extending from sub-
millimetre cores till the outskirts of the cloud, where they disappear without
any trace of terminating bow shocks, due to lower density there (see Fig. 2).

CB 39 has several VLA sources in it and does not show any outflow activity
(see Fig. 3), which may suggest relatively early stage of evolution.

The new near-infrared knots in CB 54 prove the active nature of cloud and
indicate the advanced stage of its evolution (see Fig. 4).
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Figure 2: The central part of CB 34 in Hy,. Total integration time of this
frame is 3800sec. Crosses are SMM objects from Huard et al. (2000) and the
asterixs are HH objects and Ha knots discovered by Moreira & Yun (1995).
CB34 VLA1 is marked by a diamond (Yun et al., 1996). The YSOs CB034YC1
and CB034YC1-I (triangles) are from Yun & Clemens (1994). Our discovered
objects are indicated as chains of letters H and N as well as G and T. A further
Q knot has been found — Q5.

4. Summary

CB 3, CB 34 and CB 54 are in advanced stage of evolution. We have discovered
outflows from all of them by detecting their interaction with their environment.
We discovered no indication of active star formation in CB 39, which may
suggest that the globule is in an early stage of evolution.
We suggest to classify CB 3 as a typical member of LBGs and therefore to
connect it to the main evolutionary scenario of Large Bok Globules, if it exists.
Is there any sequence of LBGs and SBGs? Possibly LBGs are separate group
of objects and should be treated apart from SBGs.
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Figure 3: CB 39 in Hs with total integration time of 1120 seconds.
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Abstract

Using the 170 pm ISOPHOT Serendipity Survey (ISOSS) we are searching
for high-mass star forming regions. Our sample consists of cold and lumi-
nous ISOSS sources coinciding with embedded young stellar objects de-
tected by the MSX, 2MASS and IRAS infrared surveys. The large amount
and low temperature of gas and dust, which has not been dispersed, indi-
cates a recent beginning of the ongoing star formation. (Sub)millimeter
and infrared follow-up observations confirmed the early evolutionary stage
in two candidate regions.

KEYWORDS: stars: formation — ISM: clouds, dust — instrument: ISO,
ISOPHOT

1. Searching for the earliest stages of high-mass star for-
mation

Massive stars form in clusters and the initial conditions for their birth are ex-
pected to be found in dense (N(Hs) ~ 10 cm~3), cold (T ~ 15 K) and massive
(M ~ 5000 Mg) molecular cloud cores (Evans et al. 2002). Due to the short
evolutionary time scales of high-mass star formation such objects are rare. Since
the spectral energy distributions of these cloud cores are expected to peak be-
yond 100 pm, far-infrared and (sub)millimeter continuum surveys are well suited
for their identification.

The 170 um ISOPHOT (Lemke et al. 1996) Serendipity Survey (ISOSS,
Bogun et al. 1996) is the largest high spatial resolution survey performed in
the far-infrared beyond the IRAS 100 ym band. In order to discover very
young star forming regions and their parental clouds, we selected luminous and
compact sources with a flux ratio S170um /S100pm > 2 from the ISOSS data base.
These criteria imply a high mass and low temperature of the cold ISM in the
objects. Since the clustered mode of massive star formation commonly involves
young stellar objects of different evolutionary stages, we require the presence of
embedded compact sources with a thermal infrared excess as indicated by the
2MASS and MSX infrared surveys. The latter criterion avoids the confusion
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with cold interstellar cirrus, which becomes severe at 170 um. About 200 sources
have been identified using our method and we present here results from follow-up
observations of two objects.

2. Multi-wavelength follow-up observations of cold ISOSS
sources

36:00:00 |

ep *

SMM1

Declination
Offset Dec (arcsec)

Pl BOSRET. BOS ™
20:29:50 48 0 20 40 60 80 100 120 140

Right ascension Offset RA (arcsec)
Fig 1: 850 pm and 450 pm continuum maps of the two ISOSS sources 20298-+3559
(left) and 04225 (right), overlaid onto a JHK near-infrared composite from 2MASS.
While the 1.5 arcmin ISOPHOT beam provided an integral flux measurement, our
SCUBA observation resolve compact dust condensations (SMM1, SMM2 and SMM3)
surrounded by extended envelopes. Young stellar objects detected by the MSX-satellite
are marked (IRS1 and IRS2). The ellipse indicates the position of a very cold (Tyyst
= 11 K) cloud core in ISOSS20298+-3559.

Ground-based 450 pm, 850 pm and 1.2mm continuum observations with
high spatial resolution have been obtained with the SCUBA bolometer array at
the JCMT on Mauna Kea, Hawaii, and MAMBO at the IRAM 30m telescope
on Pico Veleta, Spain (Fig. 1). The IRAS and ISOPHOT data near the peak of
thermal dust emission in combination with the proper sampling of the Rayleigh-
Jeans part from the SCUBA/MAMBO observations allow a precise color tem-
perature determination of the involved dust components (Fig. 2). In order to
compare the physical conditions derived from our dust continuum, ammonia
molecular line measurements reflecting the gas phase ISM have been performed
at the 100m telescope in Effelsberg. For the characterization of the photosphere
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and circumstellar environment of the embedded young stellar objects, we have
performed spectroscopy with the TWIN spectrograph at the 3.5m telescope on
Calar Alto in combination with diffraction-limited mid-infrared imaging using
MAX at UKIRT on Mauna Kea. Fig. 3 presents our dereddened energy distri-
bution for the source ISOSS20298+-3559-IRS1.

3. IS0OSS20298-+3559 — A young star forming region

Our follow-up observations confirmed the presence of cold and massive molec-
ular cloud cores. The peak column densities, average dust temperatures and
total masses of the central regions of the two sources presented in Fig. 1 are
n(Hs) = 2-10%2cm ™2, Tguse = 16K and M = 120M, for ISOSS20298+3559
and n(Hz) = 3-102em =2, Tyust = 17K and M = 4700M, for ISOSS04186.
ISOSS20298+3559 is associated with an optical dark cloud complex in the
Cygnus X giant molecular cloud (Krause et al. 2002). Several very young
embedded objects have been detected, the most luminous one is the Herbig B2e
star IRS1 (M, = 6.5M) with a luminosity of 2200 L and an age of less than
40000 years as derived from evolutionary tracks. SMM1 and SMM3 are two
candidate Class 0 objects of intermediate mass. The externally heated cloud
core with a mass of 50 Mg, is gravitationally bound and a good candidate for
a massive pre-protostellar core. A star formation efficiency of 14 % was deter-
mined for the region.

4. Outlook

Follow-up observations showed evidence for the low age of star forming regions
with red FIR colors (S170um /Si00um > 2) detected by the ISOPHOT Serendipity
Survey. All objects so far have been selected to contain near- and mid-infrared
sources being signposts for ongoing clustered star formation. We plan to ex-
tend our sample of cold ISOSS sources without evidence for stellar counterparts
but only coinciding with molecular clumps detected by carbon-monoxide 12CO,
13CO and CS line surveys. These objects are expected to be further candidates
for studies of the earliest stages of massive star formation.
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Fig. 2: Spectral energy distribution of
ISOSS20298+3559. The total flux den-
sity is well described by optically thin
thermal radiation of two single temper-
ature modified blackbodies (¢ oc A™%)
corresponding to the cold cloud core
and the warmer envelope with dust
temperatures of Tgyst = 13 £ 2K and
Taust = 19 £ 2K respectively.
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Fig. 3: Dereddened spectral en-
ergy distribution of the Herbig B2 star
ISOSS20298+3559-IRS1. Our model
of the system consists of the stel-
lar photosphere (Kurucz model with
Ters=20000K, log g=4) and an op-
tically thick, viscous accretion disc, in
agreement with the observations ob-
tained with the MPIA 0.7m telescope
and MAX at UKIRT.
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Abstract

We study the physical parameters of the interstellar medium in the
Cepheus Flare Region. We investigated the large scale dust tempera-
ture and density distribution based on COBE DIRBE, IRAS and ISOSS
data. We give optical B band extinction maps of 26 subregions covering
=~ 25 square degrees. We found several opaque spots on the extinction
maps, examined their optical, infrared and radio properties. We selected
the suspected pre-protostellar clouds in order to perform further detailed
studies in the near future. Many of dense clouds we found have very low
DIRBE temperature (T < 15K) and former *CO and NHj; detection.
The majority of the objects seem to be starless, one third of them show
ongoing star formation.

1. Introduction

We intend to gather and analyse multiwavelength data on nearby low mass star
forming regions focusing on the phases when no embedded stellar object is seen.
Low mass star formation is expected in low and moderate mass (from ten to
few hundred solar masses) clouds, in dense (n(Hy) > 103 cm~3) and cold (T ~
10K) cores. These dense cold cloud cores are optically thick for the visible light
and can be identified as obscuring spots on optical images in case of nearby
ones. On the other hand they are optically thin for their own quasithermal
emission, which has a spectral maximum in the far infrared between 100 and
200pum wavelength. This FIR radiation can efficiently cool the clouds and also
helps us to reveal these clouds. In this paper we use the optical extinction and
FIR emission data to explore the clouds of the Cepheus Flare.
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2. Data processing

We used the Lynds Catalogue of Dark Nebulae (Lynds, 1962) to select the most
interesting subregions of the Cepheus Flare, catalogued earlier as dense regions
from optical data. The high resolution parts of our studies were made on these
subregions. We computed the DIRBE FIR colour temperature and optical depth
map of the whole region, defined opaque objects based on extinction maps of
subregions and gave the DIRBE temperature at the position of object defined.
The high resolution IRAS (HIRES) maps were made for all subregions. We
examined the FIR properties of clouds and the relations between FIR and optical
features.

2.1. Optical data

To draw extinction maps in the region we considered 26 selected subregions
having dark optical clouds of LDN catalog. The fields of these subregions are
1x1 degree sized. Extinction maps were computed via performing star counts
(Dickman, 1978) on a 3' grid up to 18 mag using the USNO A2.0 catalog data.

Reference counts for unobscured fields were obtained from the galaxy model
by Wainscoat et al. (1992) using a FORTRAN programme written by L. Balazs.
The actual value of extinction in magnitudes can be obtained according to the

following formula:
1 Niey

where N is the actual count, N,y is the modelled reference count and b is
the slope of the modelled logN (m) function. We defined the clouds as ellipses
surrounding the 2mag contours. We estimated cloud masses by the formula
given by Dickman:

M = (0d)*(Nu, /Av)u Y Al (2)

i

where « is the size of a grid cell in radians, d is the distance to the cloud,
(Nu,/Avy) is the considered ratio of Hy column density and the visual extinction,
p is the average mass of particles in the cloud and Ay is the actual visual
extinction. Distance data were taken form Hilton & Lahulla (1995).

2.2. Infrared data

For infrared studies we used the data of COBE DIRBE at 60, 100, 140 and
240 um, IRAS (HIRES) at 60 and 100 gm and ISOSS at 170 pm.
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The COBE DIRBE maps having low (= 0.7 degree) resolution give the basis
of IRAS data (& 4' resolution) calibration at 60 and 100 ym as well as the dust
temperature and optical depth determination at 100, 140 and 240 um. The
IRAS 60 and 100 um data were used for further calibration to obtain the high
resolution (90") HIRES maps. The fields of high resolution maps are the same
as the extinction map fields. The ISOSS data were calibrated by the DIRBE
data interpolated to 170 um. The interpolation, the temperature and the optical
depth were computed assuming that the dust emission follows a modified Planck
function with g = 2.

We computed 100 and 170 um FIR colour excesses defined as Fig9 =
1100 — -[60/0607100 and E170 = 1170 — 1100/0100,170 using the values of galactic
cirrus fgg_100 = 0.21 and A190_170 = 0.28. These quantities are related to the
actual dust temperatures, which are typically in the 10-20 K range. High colour
excess values are good tracers of cold matter mainly at the longer wavelengths.
This way we obtained high resolution maps of temperature distribution of the
subregions. We computed the the characteristic values of defined quantities for
all of our dense objects.

2.3. Other data

We examined the presence of 12CO clouds from the Nagoya survey (Yonekura et
al., 1997), NH3 detections (Benson & Myers, 1989), YSOs and Ha (Kun, 1998)
emission stars within the boundaries of clouds defined above.

3. Results

Using the method described above we defined 61 dense objects in the region pos-
sessing extinction value greater than 2mag. According to DIRBE data these
objects are cooler than the 18 K cirrus emission; the coldest ones have tem-
peratures below 15 K. The higher resolution FIR colour excess maps also show
low temperatures for our objects. There are some warmer objects with known
embedded heating sources, showing notably high extinction and molecular emis-
sion (e.g. LDN 1174, LDN 1251). We determined the mass of each cloud and
found that they are in the range of ten to some hundred solar masses, which
is expected for low mass star forming clouds. Two third (41) of the objects
defined are apparently starless, half of them (21) are remarkably cold according
to the colour excess maps. Some of them show molecular emission, these are the
best candidates for early phase star forming clouds with no embedded point-like
object.
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4. Conclusions

We studied the multiwavelength features of dark clouds in the Cepheus Flare
region. Our methods allowed us to distinguish between the clouds with ongoing
star formation, staying at an early phase of prestellar collapse and non-star-
forming cloudlets, considering optical and infrared data. We found a number
of early phase star forming cloud candidates without any detectable embedded
point-like object. However, there are areas in the region without any optically
catalogued dense clouds, where the molecular emission in '*CO or the high FIR
excess suggest notably high density and low temperature. This inspires us to
extend the study to the whole area of the region, in order to find a complete
sample of these objects for detailed examination.
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Abstract

We investigated the role of trigger mechanisms in the low mass star forma-
tion process. Star bearing and pre-protostellar cloud cores were searched
as very cold objects of the ISO Serendipity Survey. We compared the
distribution of cold starless cores VCCs to the distribution of FIR loops
found on IRAS images. The distribution of VCCs follows the large scale
ISM density distribution described by the FIR loops. Assuming that the
30pc-200pc scale trigger effects are reflected in the loop/shell structures,
this result suggest a link between these effects and the VCCs.
KEYWORDS: ISM: clouds — dust, extinction — ISM: molecules — Infrared:
ISM: continuum — Surveys

1. Introduction

Our galaxy forms stars on a low enough rate to allow the existence of 10% ISM
in spite of the fact that high fraction of the ISM is stored in Jeans unstable
clouds. As a solution for the Zuckerman-Evans (1974) paradox, all sorts of
support mechanisms were introduced in the 70s. This led to the magnetic field
regulated star formation theory. Numerical simulations late last century showed
that magnetic braking is not an important support for interstellar cloud cores.
Recent observational and modelling evidence suggests that actually there is no
need for support since the clouds indeed collapse almost on free-fall time scale.
This lowers the importance of star formation trigger mechanisms. Ten years ago
those were still thought to be responsible for setting the location and/or timing
and/or efficiency of star formation.

TBased on observations with ISO, an ESA project with instruments funded by ESA Mem-
ber States (especially the PI countries: France, Germany, the Netherlands and the United
Kingdom) and with the participation of ISAS and NASA.
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One of the major unknown factors in theories of star formation is a detailed
observational determination of the initial conditions of the collapse phase that
forms a protostar. The pre-protostellar (or prestellar for short) core phase
(Ward-Thompson et al. 1994) is believed to be the stage of star formation that
precedes the formation of a protostar and hence should represent observationally
the initial conditions of protostellar collapse. Some recent observations have
even indicated that the Initial Mass Function (IMF) of stars may be determined
before the protostellar collapse phase (see eg. Motte et al. 2001). It is thus
important to know whether trigger plays an important role in the early (collapse)
phase of cloud core evolution, prior to star formation.

Tracing trigger in the galactic ISM we use large FIR structures seen widely on
IRAS FIR images. We compiled the first catalogue of FIR Loops which will be
briefly discussed here. It is important to check the distribution of gravitationally
bound starless cloud cores i.e. pre-protostellar cores whether it follows the large
scale ISM density distribution. One has to collect a statistical sample of cloud
cores well sampling both the on-loop and off-loop class. We then compare
the physical parameters of both classes. Comparing the numbers in the two
classes already allows us to draw a statement on the trigger effect of the process
responsible for the creation of the loops. We evaluate the ISO Serendipity Survey
(ISOSS) data which cover 15% of the sky with serendipitous slews observed at
170 pm with the ISOPHOT camera (Lemke et al. 1996) in board of ISO. We
will discuss the parameters of ISOSS cores and their relation to the FIR loops.

2. What we know on low mass star formation

2.1. Tracers and efficiency

We outline important aspects of low mass star formation research, and give
observational examples. First of all we list the most common indicators of recent
low mass star formation. Various observational and theoretical results on the
efficiency of star formation are also given below. Our selection of examples of
low mass star formation is biased towards cases where trigger is apparent or
expected. The trigger is considered strong when the star formation efficiency is
increased.

Tracers of (low mass) star formation:

e Ho emission line stars. Star formation in the L134 complex: fewx10° years
old Ha stars around L1780, whose formation may be triggered by winds
from the Sco-Cen-Lup association (Martin & Kun 1996).
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e TRAS point sources as YSOs. Selection criteria were given by eg. Emerson
(1987), statistical study of the “whole” IRAS Point Source Catalog was
carried out by Prusti et al. (1992). Apparently the YSO distribution is
not random.

e NIR point sources with > 3% NIR excess (Lada 1992)
e bipolar molecular outflows (Bally, 1982, Sato & Fukui 1989)

e cold molecular cloud cores as NH;z (1,1) density peaks. The most cited
NH; survey for dense cores in dark clouds (Benson & Myers 1989) indicates
a physical association of young type IRAS sources and T;, ~ 10K cold,
and n(Hy) > 10*cm—2 dense cloud cores.

e very cold, Ty ~ 10K dust, found in cloud cores eg. in B35 by Lada et al.
(1981) and in L1172 by Ladd et al. (1991).

Regulation of star formation - theory: Most of the molecular clouds in
the Galaxy are Jeans’ unstable, which results in a star-formation rate of 130 <
SFE < 400 Mgyr~! (see, e.g., Evans 1991). But this number is two orders of
magnitude higher than the average Galactic star-formation rate over the last few
Gyr (see, e.g., Scalo 1986). It was generally believed that magnetic fields play
a crucial role in supporting the clouds (Mouschovias & Spitzer 1976; Nakano
& Nakamura, 1978). A magnetized cloud is virial stable when M, > 103Mg.
As it has recently been claimed, magnetic brake (e.g. ambipolar diffusion)
cannot prevent local collapse for much longer than the global free-fall time
(Heitsch et al., 2001). Does turbulence control the star formation? Is there a
still larger scale trigger? Radiation driven implosion (RDI) shapes the clouds:
gas condensations in molecular clouds irradiated by an O star and the cloud will
have a cometary shape after re-expansion in &~ 10%years (recently e.g. Kessel-
Deynet & Burkert, 2002).

Increased efficiency of star formation - observations: The star formation
efficiency (SFE) seems to vary with time and location. Large variations of SFE
were observed in L1630 where all the massive cores contain regions with densities
of at least 10° cm™3. The cores with rich embedded clusters (with high SFE),
tend to be larger (i.e. to have larger areas of detectable CS(J = 5 — 4) emission)
than those without clusters and with low SFE (Lada et al., 1997). It is strange,
however, that in the Rosette molecular cloud a majority (65%) of the high-mass
13CO clumps (M > 450 M) are not associated with any embedded cluster. The
cluster formation may be triggered by the ionization fronts from the nearby HIIT
region associated with NGC 2244 (Phelps & Lada, 1997). The distribution of
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YSOs or embedded like IRAS point sources of the Upper Cep-Cas follows a large
loop shell (Pasztor et al., 1993) YSOs in L1251 indicate 5% SFE and an age
gradient (Kun & Prusti 1993). A shock travelled through L1251 according to
Toé6th & Walmsley (1996). A few times 10° years old Ha stars around L1780 are
related to a slowly expanding old SNR, shell (T6th et al., 1995; Martin & Kun,
1996). Cometary clouds RNO 6 and RNO 6NW with embedded IR point sources
are cases of formation of intermediate mass stars triggered by RDI according to
Bachiller et al. (2002). Star formation propagates with a speed of 1 kms™!, as it
can be inferred from the average separation and age difference of aligned cores
in the Eagle nebula. Cloud P contains “core b”, “core a”, and the NIR source
P1, with an average projected separation of < 0.1 pc. These objects most likely
correspond to a starless core, a Class 0 object, and a Class I object, respec-tively.
The age difference is then roughly 10° yr. The apparent propagation speed is a
little slower than the shock propagation speed of 1.3 kms~—! (White et al., 1999).
Conclusion: Q5 star is triggering star formation in Cloud P.

2.2. Cold interstellar matter

Star formation occurs in dense cores within molecular clouds (e.g. Williams
et al., 2000), although study of such regions was hampered for many years by
their very large optical depths at near-infrared and optical wavelengths. It is
only since the opening up of the far-infrared and submillimetre regimes that
astronomers have been able to study molecular clouds in detail. Density en-
hancements of the interstellar medium far enough from heat sources and sources
of moment can cool efficiently, which leads to collapse. Detailed study of the
cold and very cold phase ISM and many pre-stellar cores is central to our un-
derstanding of star formation.

Cold interstellar matter (CISM) was introduced in the three phase ISM
model of McKee & Ostriker (1977) with density and temperature of n(H) =
42cm~3 and Ty, < 80K and with a volume filling factor of &~ 2%. The CISM as
appears in FIR, is mostly cirrus. At high galactic latitudes it has a temperature
of T; =17.5K (Dwek et al., 1997; Lagache et al., 1998). The ISM gets very cold
at shielded regions, efficiently cooled by FIR and mm-lines. It forms molecular
clouds (Tkin =20K), and starless cloud cores (Tk;, =10K). The dust is also cold
in these clouds and cloud cores. Thus they may be located by excess of FIR
relative to 60um surface brightness. The dust temperature in the very cold ISM
is Ty < 15K (Laureijs et al., 1991; Boulanger et al., 1998; Lagache et al., 1998).
An example of FIR radiation of CISM in other galactic disks is given by Haas
et al. (1998).
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The dust radiation models account for FIR-NIR-optical-UV radiation (e.g.
Desert et al., 1990). They assume three components: PAHs and VSGs (a <
10nm, A < 60um) and large grains (inferred from optical). As simulations
show, the heating-cooling instabilities in clouds may lead to collapse (Clarke &
Pringle, 1997; Burkert & Lin, 2000). The very cold cloud cores are thought to be
the results of such instabilities, and were found to be related to star formation.

IRAS Loops in the 2nd Galactic Quadrant: In order to study the role
of trigger in star formation we have carried out a search for interstellar bubble
tracers i.e. loops. To achieve a high angular resolution we analysed TRAS
maps instead of eg. HI surveys. Due to its low opacity the 100 u radiation of
dust is useful in a search for both diffuse and dense ISM. All IRAS ISSA maps
of the 2nd galactic quadrant were searched for arc-shape bright regions. Our
eye-biased search resulted over 150 loops (loop is a > 60% complete ring with
significant surface brightness excess over its surroundings). These FIR loops
bear point sources of all types. At intermediate galactic latitudes, the surface
density of the TTau-like IRAS point sources is two times higher on the loops
than elsewhere whereas the ISM column density is only 50% higher towards the
loops than elsewhere (see Kiss et al. 2002).

3. ISO observations and data analysis

ISOSS: The coldest cloud cores are believed to be in the phase of thermal
instability induced collapse, and will eventually form low mass stars. The most
relevant recent survey to find these objects is the ISO Serendipity Survey (Bogun
et al., 1996; Stickel et al., 1998; T6th et al., 2000). Below we summarize what
we have to know on ISOSS and the ISOSS very cold cores (VCCs).

ISOSS - the measurement: Slews between pointed observations of ISO were
used to scan the sky with ISOPHOT’s C200 array in a broad wavelength band
centred at 170 um. The slew paths are unpredictable and curved in order to
avoid the forbidden regions near Sun and Earth.

ISOSS Calibration Accuracies (errorbars): Photometric accuracy of 30%
can be achieved (Miiller et al., 2002). Pointing rms < 1’, rms reproducibility
error is < 15% as measured at scan crossings (Stickel et al., 2000).

ISOSS very cold cores (VCC): Besides the ISOSS extragalactic point
source catalogue (Stickel et al. 1998) the galactic FIR objects were also stud-
ied resulting a number of candidate pre-protostellar cores. Very cold (< 15K),
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fairly bright (> 6Jy) ISOSS/IRAS sources were located. Their optical associates
on DSS2 are mostly opaque cloud cores in cloud complexes or in isolated dark
clouds. There are associated NIR point sources seen usually around, but not
“inside”. As mm spectroscopy followups (CO, CS, NH; lines with Effelsberg-
100m, Parkes-64m, IRAM-30m telescopes) revealed, these cold ISOSS sources
are associated with dense parts of molecular clouds. In Chamaeleon (T6th et
al., 2000), the I(170)-excess clouds have To1(dust) < 14 K with a 3% area filling
factor. The I(170) and I(100)c01qa FIR surface brightnesses are well correlated,
and I(170) is correlated up to Ay = 7mag with the NIR based extinction. The
very cold ISOSS sources were found to be cloud cores and thus were named
as very cold cloud cores (VCCs). There are 14 VCCs with T; ~ 12K in the
Cepheus region. these VCCs are inside Ay > 3mag dark clouds, and mostly
associated with Ty;, ~ 10K NH3 cores.

4. Relating very cold cores to FIR loops

The distribution of VCCs, which are candidate pre-protostellar cores, is com-
pared to the distribution of FIR loops (Kiss et al. 2002). The FIR loops are
most likely projections of 3D bubble shells, as shown by a statistical investi-
gation of the apparent shapes. These are the most prominent features of the
nearby (2kpc) interstellar medium on 30-200 pc scales. Thus these shells are
considered to be proper tracers of large scale trigger effects. The investigation
is limited to the 2"? galactic quadrant which is, however, the region with best
sky coverage fraction in the ISOSS database. The resuls of the comparison are:

e 89 VCCs are inside the 2nd Galactic Quadrant

e the VCCs appear within —40° < b < 30° (limited b range)

e the FIR loop shells cover 32% of total sky area within —40° < b < 30°
e 70 of the 89 VCCs (79%) are associated with loops, 34 are on loops

e only 6 VCCs are seen inside a loop and 2 VCCs are far from loops

We conclude that the formation of the ISOSS VCCs is likely triggered by the
same physical processes which formed the large shells seen as FIR loops. Is
it a weak trigger only i.e. modifying the location of otherwhise spontaneous
star formation by moving the ISM into shells, or may the high pressure events
directly trigger cloud collapses? Further investigation of individual VCCs may
answer to this question.
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Abstract

The molecular gas can be photodissociated if it is exposed to intense
far-ultraviolet (FUV) radiation. Intermediate and high mass stars gen-
erate enough flux in the FUV range to produce a significant photodisso-
ciation region (PDR) around them. In order to characterize the PDR
that forms near these regions high resolution infrared and centimeter
wavelength observations are required. Current centimeter-wave tele-
scopes/interferometers offer the required spatial resolution to detect and
to study in detail the PDRs in star forming regions. We present a
short review of observations of PDRs and discuss the particular case of
G111.614-0.37.

KEYWORDs: ISM: HII regions, clouds — Radio lines: ISM — ISM: Individ-
ual objects: G111.61+0.37

1. Introduction

Young massive stars not only form HII regions but also create significant pho-
todissociated regions and the radiation field excites various transitions in the
surrounding molecular material. In the last 25 years many theoretical works
were done on PDRs (e.g. Hill & Hollenbach, 1978; Roger & Dewdney, 1992;
Bertoldi & Draine, 1996; Hollenbach & Tielens, 1997; Diaz-Miller et al., 1998;
Gorti and Hollenbach, 2002). PDRs of young massive stars are simply the in-
termediate region between the HII region and the quiescent molecular gas. For
better illustrate the PDRs produced by young massive stars a simple diagram
is shown in Fig. 1. The ionizing photons form an HII region close to the star,
while the photodissociating photons penetrate more into the cloud generating,
first, a zone where the hydrogen is neutral (HI zone), and then a molecular
excited zone. The carbon is ionized deeper than the HI zone into the cloud.
The PDR ends when all the oxygen is contained in O and CO molecules (for
details about PDRs see the review of Hollenbach & Tielens, 1997).
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Figure 1: Diagram of a pho-
todissociated region formed
around a young massive star
that also forms an HII re-
gion. The PDR starts with
the HI zone where the hy-
drogen is in neutral phase,
carbon is ionized and oxygen
neutral. The zone of ionized
carbon (CII) extends deeper
into the cloud where the hy-
drogen is already molecular
but the oxygen is still neu-
tral. The last zone corre-
sponds to the neutral oxygen
(OI), that goes even deeper
into the cloud, where the
carbon is already contained
in CO molecules. The PDR
CO,H,,0, ends when all the oxygen
molecular cloud is contained in Oz and CO
molecules.

The main coolants of the PDRs are [CII] 158 pm, [OI] 63 pm lines, CO
rotational lines, flourescent Hj lines, dust continuum emission and PAH features.
The FIR and millimetric emission of PDRs are used to determine their physical
parameters (e.g. Liu et al., 2001; Vastel et al., 2001). Because of the low angular
resolution of FIR telescopes (~1 arcmin), it is not possible to study in detail the
kinematic and the spatial distribution of PDR in compact sources (e.g. star-
forming regions). Although the main coolants are in the IR band, PDRs also
emit in the cm wavelength range.

The radio emission of PDRs is detected in the 21 cm HI line, and also in
carbon recombination lines (e.g. Wyrowski et al., 1997; Lebrén & Rodriguez,
1997; Gomez et al., 1998; Wyrowski et al., 2000). The lines at cm wavelengths
are weaker than the IR lines, but with the high spatial and spectral resolution
that can be achieved with radio telescopes/interferometers, the observation of
radio lines are a valuable tool for studying the kinematics of PDRs in compact
sources. An example of a detailed study of the neutral region of the PDR in
a star-forming region was done in G111.6140.37 (Lebron et al., 2001). The
compact HII region G111.61+0.37 was studied in the HI 21cm line (that traces
the neutral region of the PDR), ammonia transitions (1,1) and (2,2) (that trace
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the dense molecular gas) and the recombination line H92« (that traces the HII
region) with the VLA interferometer.

6111
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Figure 2: (a) 1.4 GHz continuum emission in Sharpless 159 (contours). G111.61+0.37
is located in the center of the map. The background image is the red POSS plate of
the region. (b) 3.6 cm continuum emission of G111.61+0.37. The continuum emission
shows a cometary shape distribution.

2. The PDR in G111.61+0.37

G111.61+0.37 (hereafter called G111.61) is a compact HII region in the Sharp-
less 159 region at a distance of 3.1 kpc (Brand & Blitz, 1993). Fig. 2a shows a
continuum map at 1.4 GHz (contours) of the Sharpless 159 region. G111.61
is the brightest source in the region and is associated with the IR source
TRAS 23133+46050. The cometary shape of the continuum emission in G111.61
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(see Fig. 2b) is due to a champagne flow of the ionized gas (Lebrén et al., 2001;
Kurtz et al., 1994).

The photodissociated region in G111.61 was detected in the 21cm line of HI.
The HI spectra of G111.61 shows absorption and emission features (see Fig. 3),
being the absorption ones the most prominent. Nevertheless, the emission fea-
ture is of our particular interest.
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Figure 3: HI 21cm line spectrum of G111.61+0.37.

A contour map of the integrated HI emission between —58 and —67 km s~!

(emission feature) is shown in Fig. 4. The HI in emission (continuous line
contours) is compact (25" = 0.4 pc) and located next to G111.61. The HI
in emission appears to the SE of G111.61. This asymmetry in the emission
distribution is interpreted as a consequence of density gradients in the molecular
gas. Sizes of PDRs have strong dependence on the density of the molecular gas
(Diaz-Miller et al., 1998).

In the case of G111.61 we found dense molecular gas (density > 10® cm—3),
located to the NW of the HII region (see Fig. 5). This dense gas is confining the
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Figure 4: HI 2lcm
velocity-integrated map of
G111.6140.37. The line
emission was integrated
between —58.6 to —68.9
km s !. The continuous
line contours show the
HI in emission, while the
dashed-line contours show
the HI in absorption. The
contour levels are —100,
—50, —25, —12, -9, —6,
—4,4,5 6,7 8 and 9 X
1.1 mJy beam ™.

NH3(2,2)

y

@ 23 GHz Continuum

231538 36

32 30 28
RIGHT ASCENSION (J2000)

Levs = 1.670E+01* (1,2, 3,4, 5)

231534 32 30 28 26
RIGHT ASCENSION (J2000)

Levs = 1.640E-03 * (-4, 4, 8, 16, 32, 64, 90)

Figure 5: NH;3(1,1) and (2,2) velocity-integrated line maps (grey scale) and 23 GHz
continuum map of G111.61+0.37 (contours on right panel). Component D is located
near the HII region and is hotter than the other ammonia clumps. Clump D is confining
the HII region and the PDR in the NW direction.

HII region in the NW direction (Lebrén et al.,

2001). The expected size for a

PDR that developes in a medium of density greater than 10° cm ™3 is <0.03 pc
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(Diaz-Miller et al., 1998). Such small structures could not be detected with the
HI observations dicussed here. No PDR was detected between the HII region
and the dense molecular gas (traced by ammonia), but a prominent HI zone
extends into the low density molecular gas.

The HI emission observed in G111.61 is a clear example of the neutral re-
gion of a PDR in a massive star-forming region. The structure of the PDR
is also shaped by the molecular environs like the HII region. The determined
column density and mass of the HI emission are 5.9 x 102° cm~2 and 0.8 Mg,
respectively (a Te, of 300 K was assumed).

3. Conclusions

In this paper we presented the results of the HI 21 cm line observations of
the star-forming region G111.61+0.37. The neutral zone of the PDR is bigger
than the HII region. The spatial distribution of the HI emission also suggests
a density gradient in the molecular gas. This result is confirmed by ammonia
observations. The spatial resolution that can be obtained in the cm wavelength
range permits the study the PDRs in compact sources.
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Abstract

A new efficient method allowing the reduction of the number of species and
reactions in chemical networks is outlined. We applied it to the UMIST 95
astrochemical database in order to find a subset of species and reactions
governing the evolution of carbon monoxide under conditions, typical of
dense molecular clouds. We succeeded in isolation of such a tiny set for
the pure gas-phase chemistry which gives the reliable estimation of the CO
abundances under a wide range of the gas temperatures, densities, and
visual extinctions. We showed that the reduction is only modest when
gas-grain interactions and surface reactions are taken into account.
KEYWORDS: astrochemistry — stars: formation — molecular processes —
ISM: molecules — ISM: abundances

1. Introduction

Nowadays large progress is achieved in modelling of the chemical and dynam-
ical evolution of various astrophysical environments, like protostellar cores or
protoplanetary disks. Still the coupled self-consistent chemical and dynamical
modelling of such objects is beyond the capabilities of modern computers. The
main reason is that typical chemical networks used in astrophysical simulations
contain hundreds of species involved in thousands of reactions. Their accurate
handling together with hydrodynamical calculations requires enormous compu-
tational efforts.

However, in many cases only a few species are of the main interest for an
astronomer. For instance, the most important species for the evolution of mag-
netized interstellar clouds are few dominant ions, as mainly their abundances
regulate the ionization degree. Then it seems intuitively clear that one may ne-
glect some of “exotic” species, like long carbon chains, in order to speed up the
calculations and still have reasonable estimations on the degree of ionization.



60 D. Semenov

Notwithstanding, the qualitative considerations of this kind require a rigorous
mathematical analysis to be proven.

Ruffle et al. (2002) made a first attempt to apply such a method — objective
technique developed in other scientific community — for the reduction of astro-
chemical networks. They were able to discriminate among about 200 species
only 33 which are necessary to follow the evolution of CO abundances within
accuracy of 30% at t > 10% years in static translucent regions. In the paper of
Rae et al. (2002) the same reduction technique has been applied to identifica-
tion of reduced networks governing the fractional ionization in molecular clouds
under a wide range of physical circumstances. It has been found that one has to
keep about thirty species from the entire set of more than two hundred species
in order to predict the ionization degree without significant errors.

In this paper, we introduce a new reaction-based method of reduction which
allows to reduce simultaneously the number of species and reactions in chem-
ical networks. Using this reduction technique, we perform an analysis of the
UMIST 95 database of chemical reactions in order to select species and reac-
tions that are needed for accurate estimations of carbon monoxide abundances
under conditions of dense molecular clouds. Our special aim is to investigate
the possibility to reduce the chemical networks when complicated gas-grain in-
teractions and dust surface reactions are taken into account beside the common
gas-phase reactions.

2. Chemical Model

The detailed description of our chemical model is given in the paper of Wiebe
et al. (2002). Here, we briefly summarize its main features.

We take into account gas-phase reactions, gas-grain interactions, and dust
surface reactions. The species set and gas-phase reaction rates are taken from
the UMIST 95 database (Millar et al. 1997). Dust surface reactions are adopted
from Hasegawa et al. (1992). The desorption energies of the surface species are
taken or estimated from Hasegawa & Herbst (1993). The gas-grain interactions
include the following physical processes: accretion of neutral species onto dust
grains, their desorption due to the thermal evaporation and cosmic ray heating,
and dissociative recombination of ions on grain surfaces.

Two chemical networks are investigated, namely, the pure gas-phase network
consists of electron, 12 atoms, 137 molecules, and 245 ions (in total 395 species)
involved in 3864 gas-phase reactions and the gas-grain network having additional
148 surface species, 729 gas-grain and 192 dust surface reactions.
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The probability of species to stick on the dust surfaces is assumed to be
0.3 for all ions and all neutral species except for H, He, and Hy. The sticking
coefficient of the atomic hydrogen is estimated from the expression given in
Hollenbach & McKee (1979), Equation (3.7). Sticking probabilities for helium
and molecular hydrogen are assumed to be zero.

We consider the gas density ng = 107 cm™2 and fix gas and dust tempera-
tures to 10 K. No photoprocessing by the interstellar UV radiation is assumed
(Ay > 10). Dust grains are considered as silicate-like spheres having a uniform
size 0.1 micron, density 3 g cm—2, and 10® surface sites for adsorption. Dust is
assumed to constitute 1% of the gas density by mass.

We use well-known “high metal" and “low metal" initial abundances (see, for
instance, Lee et al. 1998). The “high metal" means standard solar composition
with a modest depletion of 2 for S and stronger depletions of ~ 10 — 100 for Si
and metal atoms. The “low metal" values contain additional depletion factors
of 100 for each of these elements. The abundances of He, C, N, O, S, Si, Na,
Mg, and Fe are taken from Aikawa et al. (1996). For P and Cl we take the
values from Grevesse & Sauval (1998) and use the same depletion factors as for
Fe. We suppose that only these atomic neutral species and molecular hydrogen
are present at initial time ¢ = 0.

3. Reaction-based Reduction Technique

The new method of reaction-based reduction allows us to select from the en-
tire network only those species and reactions that are mecessary to compute
abundances of chosen (important) species with a reasonable accuracy.

The basic idea of this reduction technique is to search for the production
and destruction reactions, critical for the evolution of the important species,
and determine their relative importance. It can be done by the analysis of the
sensitivity of the net formation (or loss) rate of given species in respect to the
presence of particular reactions at a certain time.

Below we briefly outline the algorithm of our reduction approach.

First, one runs the chemical model with the full network for certain physical
conditions in order to obtain abundances of all species in the network during
the entire evolutionary time.

Then, important species for which reduction will be made, are specified.
The algorithm estimates weights of all species ws and reactions w, in order
to quantify their significance for the evolution of the important species at a
particular time moment by the following iterative process:
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1. During the first iteration, weights of important species are set to 1 and
weights of all other species and all reactions are set to 0;

2. For the iteration ¢ and the current species s; all relevant formation and
destruction reactions are found and their weights w} are specified as

i

wi(j) = max{wi~(j), —mm @l 6y 1)

> ke (Ong, (1)

l:1aNr(i)

Here k; is the rate of jth reaction, n,, (j) and n,,(j) are the abundances of
the first r1(j) and second r2(j) reactants in the jth reaction, respectively,
N, (7) is the amount of the reactions having s; as a reactant or a product,
and ws(7) is the weight of the species s;;

3. Consequently, a new set of species, those found at that iteration to be
related to the evolution of the important species and not considered in
previous iterations, is formed. Their weights wg are estimated as the max-
imum possible values of the weights w, of the reactions they are involved
in.

The iterations are finished when all species and all time steps are passed.
Then one easily obtains a reduced chemical network from the full network by
choosing only those reactions, that have weights above a predefined cut-off
threshold.

We assume that if there is a difference greater than 30% in abundances of the
important species computed with the full and reduced networks for any time
moment, then the cut-off is readjusted to a new, smaller value, and the last
step is repeated. Utilizing this rather strong selection criterion for the reduced
networks, we preserve ourself from introducing severe computational errors in
abundances of the important species.

4. Chemistry of Carbon Monoxide

We follow the approach described in the previous section to build the gas-phase
and gas-grain reduced networks for CO. The carbon monoxide is chosen as the
only important species to be used with the reaction-based reduction technique.

In the case of the purely gas-phase chemistry in a dense cloud the main
chemical processes for the evolution of CO are the following. At very early
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evolutionary stages, t < 102 years, key formation processes are the neutral-
neutral reactions of oxygen with various light carbon-bearing molecules, like
CH and CH,. Later, CO is formed due to destruction of OCS, H,CO, and CO2
by the cosmic ray induced UV photons. The removal of CO during the entire
evolutionary time is controlled by the cosmic ray ionization and destruction due
to the cosmic ray induced UV photons.

The evolution of carbon monoxide under such circumstances is shown in
Figure 1 (left panel). As can be clearly seen, in the absence of the gas-grain
interactions the evolution of CO is rather simple — its abundance is rapidly
increasing till the chemical equilibrium value of about 10~ (in respect to the
amount of hydrogen nuclei) is reached at ~ 3 10% years. The rest (and most!) of
the evolutionary time the abundance of carbon monoxide remains almost a con-
stant. Remarkably, there is no difference between the high and low metallicity
cases.

Applying our reduction approach, we found that one may keep from the
entire set of 395 species and 3864 reactions only 8 species involved in 9 reactions
in order to accurate estimation CO abundances for all 107 years of the evolution.
The corresponding reduced network is given in Table 1. The size of this network
is so small that the computational time which is needed to solve the relevant
system of the ordinary differential equations (ODE) is negligible, less than a
second. Still the uncertainties of the resulting abundances do not exceed 15%
during the entire evolutionary time.

This extraordinary result demonstrates the power of our reduction technique
and explains why there is no difference between the high and low metallicity
cases. The reason is that the evolution of these 8 necessary species (see Table 1)
depends only on the total amount of H, C, and O available in the gas phase at
t = 0. As the initial abundances of these atoms are exactly the same for both
metallicities, it leads to the nearly identical values of CO abundances for all
0 — 107 years.

It is interesting to examine if such extremely small amount of necessary
species and reactions is caused by merely favorable circumstances or it is due to
the nature of the CO chemistry itself. In the latter case, the relevant reduced
network must reproduce accurately the abundances of carbon monoxide in a
range of the physical conditions.

We discovered that this network is functional within accuracy of 50% under
the following circumstances:

100 em™2 <npg <10 em™3, T <250 K, Ay > 1
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Figure 1: The evolution of CO in a dense cloud computed with the full and reduced
networks in the case of the purely gas-phase chemistry (left panel) and the gas-grain
chemistry involving the surface reactions (right panel). The “HM” and “LM” mean
high and low metallicity cases, respectively. The sizes of the chemical networks are
indicated as “N;x Ny”, where N; is the number of chemical species and Ny is the
number of reactions.

It implies physical conditions, typical of dense and translucent interstellar clouds
and “hot cores” of molecular clouds. Thus one may use essentially the same tiny
set of species and reactions in order to follow the evolution of CO in the case of
the purely gas-phase chemistry in a very wide range of conditions. Compared to
the similar network obtained by Ruffle et al. (2002), that has 33 species involved
in 116 reactions and is valid for ng ~ 10® em~3, Ay =4—10, and ¢ > 10° years
our network is much smaller and still is applicable under a much wider range of
the physical circumstances.

The situation is more complicated from the chemical point of view when
the gas-grain interactions and the dust surface reactions are taken into account.
The accretion of species onto the grain surfaces is efficient at high gas density,
ng = 107 cm—3, leading to significant amount of mantle material. Then the
quantum tunneling of H and Hy and thermal hopping of other atoms and light
molecules drive the rich surface chemistry, which results in production of heavier
species, mostly complex organic molecules. Occasional impulse heating of the
dust grains by the energetic cosmic ray particles returns some of the surface
species back to the gas phase. All these processes alter the gas-phase chemistry
in a high degree.

The evolution of carbon monoxide in this case is shown in Figure 1 (right
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Table 1: Reduced network for CO (DENS model)

1H + CHy; —- CH + H, 6 0+ CH— CO + CH
2H, + C —» CH; + PHOTON 7H, + CRP* - H+ H
3C+CH; - CH+H 8 CH + CRPHOT® - C + H
40+ CH—-CO+H 9CO + CRPHOT - C + O

50+CH, - CO+H+H

2”CRP” is an abbreviation for “cosmic ray particle”,
b>CRPHOT” means “CRP-induced UV photon”

panel). The abundance of the gas-phase CO is increasing at early evolu-
tionary times, till the maximum value of ngo/nm ~ 10~* is reached at
t ~ 103 years. Then, accretion of CO molecules onto the grains becomes ef-
ficient and its abundance in the gas phase is decreasing. The bump on the
curve at t ~ 10* — 10% years is due to the influence of the surface reactions
as they become quite important at these times. Finally, the equilibrium value
nco/nu ~ 10711 is reached after about 10°® years of evolution. Again, as in the
previous case, there is no difference between the high and low metallicities.

Our method of reduction is able to select two sets of 388 species and 1563
reactions for the high metallicity case and 270 species and 798 reactions for the
low metallicity case. The relevant computational speed gains are only about
factors of 3 and 15 for the former and latter cases, respectively. The accuracy of
the predicted CO abundances is better than 15% during the entire evolutionary
time.

The number of necessary species and reactions is high due to perplexity of
the chemical processes in this model. Indeed, the selectivity criterion of the
reduction method recognizes many of the surface reactions to be important, so
they remain in the reduced chemical network. Consequently, it leads to larger
amount of necessary reactions and species compared to the case of the purely
gas-phase chemistry.

There is a large (> 50%) difference between the number of the species found
to be necessary in the high metallicity case compared to the low metallicity
case. The reason is that the reduced networks with smaller amounts of species
cannot be used in the calculations because the relevant ODE systems are too
stiff to be solved in reasonable time. This is a common situation when the
surface reactions are taken into account as they have far too high kinetic rates
compared to the gas-phase chemical reactions.
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5. Conclusions

We have developed a robust technique to reduce the amount of species and
reactions in the chemical networks. It is shown that by utilizing this method
the size of the gas-phase chemical network used to compute CO abundances
in the dense clouds can be significantly reduced. We have found that such
reduction is of no practical use when the gas-grain interactions and the surface
chemistry are taken into account since the relevant computational time gains
are about factors a few only.
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Abstract

In this paper we discuss possible ways to reduce the chemical reaction
network for the situations when the accurate abundances are only needed
for a limited number of species to compute, for example, such dynamically
important factors as the ionisation degree or molecular cooling. We show
that it is possible to reduce the number of reactions and species so that the
computational time in some astrophysically interesting situations will be
reduced by orders of magnitude without appreciable loss of accuracy. For
example, to model magnetised dark clouds, self-consistently estimating
the ionisation degree with the UMIST 95 database, one only needs to
retain about 100 of 395 species with the computational time cut by a
factor of a hundred. In the case of dynamical modelling with changing
density, extinction, UV-intensity, temperature etc., the reduced chemical
network may help to distinguish between feasible and non-feasible tasks.
KEYWORDS: molecular processes — ISM: molecules — ISM: abundances

1. Introduction

One of the main problems of the star formation studies is the absence of eas-
ily detectable emission from molecular hydrogen, which is the most abundant
molecule in molecular clouds that are sites of star formation. Gas motion in
star-forming clouds, pre-stellar, protostellar, and young stellar objects (YSO) is
essentially motion of Hy molecules. Yet we have to infer this motion observing
far less abundant species.

Molecular diagnostics has now developed into effective tool for the investi-
gation of interstellar clouds. It allows to determine physical conditions in the
ISM, may help to elucidate the evolutionary state of different objects (through
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the concept of chemical clock), and even sheds some light on the problem of life
origins (through observations of complex organic molecules). However, species
that are used as tracers for the study of the star formation are not necessarily
well mixed with molecular hydrogen and thus with bulk gas. To relate observed
distributions of trace molecules to that of molecular hydrogen, the modelling of
the chemical evolution of the region under investigation seems to be inevitable.

There are more than 120 species that are known now to exist in the ISM.
As they do not form a closed chemical system, one has to assume that many
other chemical species are present there that are not (yet) observable. A typical
chemical network used in the modelling of the ISM, like the UMIST 95 database
(Millar et al. 1997), consists of hundreds of species and thousands of reac-
tions. Differential equations of chemical kinetics that describe time-dependent
molecule production and destruction rates are usually stiff and require spe-
cial methods of solution, implemented, e.g., in LSODE and DVODE packages.
Solving of these equations is a demanding computational task even for the fixed
relevant physical conditions (density, temperature, extinction, etc.). But in-
terferometric observations that are now becoming abundant allow not only to
determine the chemical composition of a particular object but also reveal its
detailed chemical structure. To confront these data with theoretical predictions
one has to model the chemical evolution at least in several points across the
object with the physical conditions that vary, in general, not only in space but
also in time.

One way to do this is to place the chemical model over the pre-computed
dynamical model. However, it is sometimes necessary to model the chemical and
dynamical evolution of the ISM self-consistently in order to take into account
a feedback that chemistry has on dynamics either through heating and cooling
processes that depend on abundances of certain molecules or through chemically
determined ionisation degree (Ciolek & Mouschovias 1993). This makes the
situation more complicated.

Even in the case of a static cloud or a cloud with the pre-defined dynam-
ics, modelling of its detailed chemical structure is very time-consuming, if one
recalls the number of parameters that can be varied. It seems to be clear that
self-consistent coupling of the full-fledged chemical model to the (more or less)
full-fledged dynamical model is next to impossible, even with ever-increasing
computational power.
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2. Motivation and Reduction Model

While one can only guess if the chosen chemical network contains all the needed
species and all the needed reactions, the natural question to ask is if we re-
ally need all this information. To compare results of chemical modelling with
observational data one usually needs to compute abundances of a few selected
molecules (like CO, NH3, CS, HCN, etc.) without spending much computa-
tional time on the accurate predictions about, say, complex carbon chains. To
model thermal balance in a cloud self-consistently it is in most situations enough
to have accurate abundances of CO which is a major molecular coolant in in-
terstellar clouds (Glassgold & Langer 1973). Ionisation degree is determined
not by the entire species set but only by a few dominant ions that are involved
in a handful of chemical reactions. Intuitively, it seems obvious that in such
cases the number of species and reactions can be significantly reduced. How-
ever, for now attempts to use abridged chemical networks have been mainly
based on a more or less qualitative arguments, without accurate mathematical
consideration (e.g. Gerola & Glassgold 1980; Shematovich et al. 1997; Desch &
Mouschovias 2001).

So, we can formulate the following task: to reduce the number of species
and reactions into a subset that is necessary in a particular situation using
mathematically proven arguments that will ensure reliability of the reduced
network. Ruffle et al. (2002) and Rae et al. (2002) made the first attempt of
this kind found in the astronomical literature. They used methods developed in
different branches of science to reduce networks used in modelling of combustion
processes. They show that it is possible to isolate species and reactions governing
the CO abundance and the ionisation degree at the conditions typical of diffuse
illuminated clouds. Their reduced network for CO contains 33 species involved
in 116 reactions and is valid for ng ~ 10% cm 2 and A, =4 — 10.

In this paper we present a similar approach to the chemical network reduc-
tion and check it for a wider range of physical conditions. We utilise two meth-
ods that we refer to as species-based reduction and reaction-based reduction.
With these two methods we built reduced networks needed to compute electron
and CO abundances for the conditions typical of diffuse (ny ~ 10® cm™3) and
dense (ng ~ 107 cm~2) molecular clouds. We assume no photoprocessing by
interstellar UV photons, implying obscured regions with Ay > 10. We consider
both purely gas-phase chemistry and gas-phase chemistry coupled to the sur-
face chemistry with two different sets of initial abundances usually referred to
as high and low metallicities (e.g. Lee et al. 1998).

We use the UMIST 95 rate file for the gas-phase reactions. Rates for surface
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reactions are taken from Hasegawa et al. (1992) and Hasegawa & Herbst (1993).
As surface chemistry is included here for illustration purposes only, the rate
equation approach is used to model these reactions, even though its validity is
now questioned. Gas-phase network consists of 395 species (including electrons)
taking part in 3864 reactions. All 148 neutral species but helium and molecu-
lar hydrogen are allowed to stick to dust grains where they are involved in 192
surface reactions. Gas-dust connection is realized through accretion and desorp-
tion processes. Desorption energies are taken from Hasegawa & Herbst (1993)
or interpolated from their data.

The species-based reduction rests upon the first part of the Ruffle et
al. (2002) technique and consists of choosing species that are important in a
particular context and then selecting from the entire network only those species
that are necessary to compute abundances of important species with reasonable
accuracy. The analysis is based on sensitivities B; defined in Ruffle et al. (2002)

) p= ¥ (Mo5) 0
' g5 0ni )’

j=1,N’

where n; is the abundance of ith species, N’ is the current number of important
and necessary species,
fi=Gi—L;

is the net rate of the jth species abundance change expressed as the difference
between the net gain G; and loss L; rates, and

9; = max(Gj, L;).

With these definitions, the quantity in parentheses gives the normalised rate
of jth species abundance change due to those reactions only that involve ith
species. B; value thus gives a measure of the relative importance of the ith
species. The important feature of B; values pointed out by Ruffle et al. (2002)
is the clear cutoff between species with large B; and small B;. Before the
first step the reduced set contains only important species. Then B; values are
computed for all species from the full network, and those of them, having B;
above the cut-off threshold, are added to the reduced network, and the process
starts over. If after the current iteration no new species are added to the reduced
network, the process stops.

In the reaction-based method analysis starts from reactions that govern the
abundance of important species. All reactions in the entire network are assigned
weights according to the influence they have on the abundance of an important
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species. Then, only those reactions are selected that have weights above some
cut-off parameter that is selected on the basis of the requested accuracy. Only
those species are included in the reduced network that participate in selected
reactions. Details on the algorithm of the reaction-based reduction are given in
Semenov et al. (2003).

3. Iomnisation Degree

To build the reduced chemical network that could be used to compute ionisation
fraction in molecular clouds we adopted the following approach. First, the model
was computed with the full chemical species set. Then, with the abundances of
all species corresponding to t = 0 — 107 years, we estimated which of them are
needed to estimate the abundances of dominant ions. Finally, we checked the
reduced networks by comparing the ionisation degrees computed with the full
and reduced networks.

In a purely gas-phase chemistry case, at ng = 10° cm™2 and high initial
metal abundances, the dominant ions during most of the computational time
are ST and Mg™. By considering only ionised sulphur as an important species
in species-based approach we can reduce the number of species from 395 to 123
and to achieve the computational speed gain of order of 25, but at the expense
of ~ 20% uncertainty at times approaching 107 years. If we consider both
dominant ions to be important species, the number of species in the reduced set
is 126, and the computational gain is almost the same with the uncertainty less
than 10%. With the reaction-based reduction technique, we choose electron to
be the only important species. In this case the number of necessary chemical
reactions can be reduced from 3864 to 111 and the number of species from 395
to 58. The computational gain exceeds 500.

The low metallicity case is more complicated from the chemical point of
view since in the absence of abundant metals the role of dominant electron
suppliers goes to complex species involved in a more diverse chemistry. At
this low density gas-dust connections are not important again. In the diffuse
cloud case, the dominant ion is Hi most of the time, however it alone does not
determine the ionisation degree with enough accuracy. Errors are negligible at
earlier times when the chemistry is relatively simple, however, after 10* years
the error grows significantly, exceeding a factor of 3 at the end of computation.
To account for later chemistry, one has to take into account another important
ion, HCOT. When these two species are designated as important, errors do
not exceed 15% during entire computational time in the case of species-based
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approach. However, due to the perplexed chemical connections of the two ions,
the species set reduction is only modest in this case. About one hundred species
can be excluded from the set with the reduction of the computational time
by a factor of 3 (if errors like 200% cannot be afforded). The reaction-based
algorithm is better suited for such situation. From the complicated chemistry
involving H;“ and HCOT it is able to isolate 169 most important reactions,
simultaneously reducing the number of species to 73. The speed gain in this
case approaches 500, as in the high metallicity case.

Inclusion of accretion and desorption processes, as well as surface reactions,
into the diffuse cloud model does not lead to any noticeable changes, primarily
because the density is so low that it prevents the effective gas-grain interactions.

When no gas-dust interaction is taken into account, the case of dense cloud
(ng = 107 ecm™3) at high metallicity is qualitatively similar to the low-density
case. The difference between high and low metallicity cases is much smaller for
a dense cloud than for a diffuse cloud. In a denser environment, such chemically
active ions as Hf and HCO™ are much less abundant, and metal ions dominate
the ionisation degree both in high and low metallicity cases. As a result of this
similarity, in a dense cloud reduced species sets are nearly the same both for
high and low metallicity, with similar errors and computational gains.

The situation changes drastically, when gas-dust connection is taken into
account. In high metallicity case, at early stages of the evolution the dominant
ions are the same as in diffuse medium, i.e., metals. However, after 10* years the
metal depletion becomes important, and the dominant ions are H;r and HCOt.
Basically, a dense cloud at high metallicity with accretion and desorption pro-
cesses behaves similarly to the low metallicity diffuse cloud.

In the low metallicity case, which is more diverse from the chemical point of
view, difference between initial and final stages of the cloud evolution (separated
by the moment when depletion takes over) is so prominent that the reduced
network estimated from the final abundances is not valid at earlier phase, at
t < 10* years, leading to a factor of 2 errors, even though it still predicts
later abundances with much better accuracy (less than 20%). In order to take
the two different stages into account, we build the reduced set for two times,
t ~ 10° years and 107 years, and then use the combined set during the entire
time span.

The addition of surface chemistry changes the evolution of the ionisation
degree somewhat, but in the absence of effective desorption mechanisms these
changes are not strong enough to affect the list of necessary species, so that it
is possible to use the same reduced sets as in the case when only accretion and
desorption are taken into account, with similar accuracy and computational
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gain. Both methods are able to remove about two hundred species from the
entire network with the gas-grain interaction (remember that the full network
consists of 542 species in this case). This reduction provides the decrease of
the computational time by a factor of a few. The greatest speed gain (~ 8) in
the model with surface reactions included is achieved with the reaction-based
technique due to its ability to remove not only excessive species but excessive
reactions as well.

4. Carbon Monoxide

Reduction results for CO are more impressive if no surface chemistry is taken
into account. For both metallicities and both cloud densities, the reduced set
consists of no more than 35 species and provides accuracy better than 20%.
Even though we build reduced sets for each of the considered models separately,
it is possible to use a common reduced set for all of them with error less than
100%. This is true both in the case of the purely gas-phase chemistry and in
the case when accretion and desorption processes are taken into account. The
resulting speed gain is very large. In fact, while it takes about 5 minutes to
run the full model, with the reduced network time needed to compute the CO
abundance is lost in technical operations (like input/output etc.).

The reduction is most effective in a dense cloud. The reaction-based method
shows that 8 species and 9 reactions completely determine the CO abundance
when only gas-phase reactions are taken into account (for more details see Se-
menov et al., 2003).

The situation changes drastically again if surface reactions are switched on.
In this case the species-based reduction is less effective. The reduced set con-
tains about 340 species and produces overabundance of CO at later times, when
depletion becomes important. The species-based reduction has the disadvantage
of not being able to include properly surface molecules. To obtain reasonable
results one has to add manually surface species that serve as sinks for surface
CO, that is, CO2 and HCO. The computational gain is only about 2. When sur-
face reactions are taken into account, reaction-based reduction provides modest
computational gain, too, though somewhat larger than species-based reduction,
with more controllable accuracy and without the need of manual corrections.
The speed gain is only about 3 in the high metallicity case, but reaches 16 in
the low metallicity case.

So, the species-based reduction is an effective tool for constructing limited
chemical networks in situations that do not involve surface chemistry. When
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surface reactions are taken into account, species-based reduction is not that
effective and reliable. The reaction-based method gives more impressive results.

5. Conclusions

We show that purely gas-phase chemical networks can be significantly reduced to
compute electron and CO abundances in dark clouds. The computational gain
varies from a few tens up to the point where the computational time needed
for chemical modelling is lost in service operations. If the surface chemistry is
included, both methods are only able to accelerate the computation by a factor
of a few.
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Abstract

We present SEST observations of G345.0141.79 in maser and ‘quasi-
thermal’ lines of CH3OH, lines of SiO, CS and some other shock trac-
ing molecules. For the first time weak methanol maser emission was
detected at frequencies 165.05 and 165.06 GHz. The observed ‘quasi-
thermal’ CH3OH and SiO (2-1) lines display pronounced blue wings con-
fined to the G345.014+1.79(S) position. Velocities of CHsOH and OH
maser features lie well within the wing. So, there is a high probability
that interaction of the wind from the young star with ambient material
is responsible for the creation of masers and production of the blue non-
gaussian wing. Comparison of velocities for ‘quasi-thermal’ and maser
lines shows that the bow shock velocity relative to the bulk of cloud ma-
terial is about 10 kms™*. So, most probably we are dealing with the first
clear example of an ultracompact HII region moving through a molecular
cloud. Modelling of CH3OH ‘quasi-thermal’ emission and consideration
of maser profiles shows that the cloud material is greatly inhomogeneous.
KEYWORDS: stars: formation — ISM: clouds — ISM: molecules — radio
lines

1. Introduction

The southern molecular cloud G345.01+1.79 (hereafter G345) shows various
signs of interaction of young massive stars with their environment.

G345 displays strong emission in methanol (CH3OH), hydroxyl (OH) and
water vapor (H2O) maser transitions (Caswell et al., 1995b; Caswell & Haynes,
1983; Caswell et al., 1983; Braz & Epchtein, 1983). VLBI observations have
shown that the source contains 2 Class II CH30H maser sites, G345(S) and
G345(N), according to Norris et al. (1993) notation. Positions of OH masers
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coincide with those of CH3OH masers in G345(S) (Caswell, 1997; Caswell et al.,
1995b). H,O masers in G345 are situated apart from IRAS point source and near
infrared sources (NIR) (Testi et al., 1994). They presumably correspond to the
sites containing young stellar objects (YSO) at the stages preceding formation
of ultracompact HII regions (UCHII)(Cesaroni et al., 1997). Observations by
Testi et al. (1994) have shown that the G345(S) OH maser site is situated at
the edge of a strong NIR source coincident in position with TRAS16533-4009.
Infrared spectrum obtained by Volk et al. (1991) indicates that this source is
an UCHIIL. Interferometry by Caswell (1997) places CH3OH and OH masers in
G345(S) on the western side of UCHII radio continuum image.

2. Observations

The observations were made in October 1997 and March 1999 with the
SEST(Swedish-ESO Submillimetre Telescope, La Silla, Chile). The molecu-
lar cloud was mapped in SiO(2-1), CH30H 55 — 4x and C34S(5-4) lines. Al-
together 54 positions were observed with a 20" spacing. Direction (a1g950.0 =
16"53™19.7°, §1950.0 = —40°09'46") toward the methanol maser cluster G345(S)
was chosen as a map center. A number of additional lines were observed toward
this position. Full list of observed lines includes 32 lines of CH3OH and the
lines of SiO, HCN, HCO™*, DCN, C348, C33S, C'80, 3CO, H,S, and SO at
frequencies around 80, 86, 88, 96, 110 156, 165, 216 and 241 GHz.

3. SiO

The SiO(2-1) and (5-4) lines peak at Visgr about —15kms™!. They exhibit
asymmetric wing emission extending from about —50 kms™! on the blue-shifted
side to +10kms ™! on the red-shifted side. In the SiO(5-4) spectrum the blue
wing is more pronounced while the intensity of this line is lower. The SiO(2-1)
spectrum towards the map center is shown in Fig.1.

Velocity channel maps for the SiO(2-1) emission over the range —50—
10kms—! are shown in Fig.2. The wing emission in four ranges correspond-
ing to high-velocity and low-velocity blue-shifted wings (—50 — —25kms~! and
—25 — —18kms ™!, respectively), and low- and high-velocity red-shifted wings
(=12 - —8 kms~! and —8 — 10kms™!, respectively) are shown as contour
maps. The distribution of the line core emission (—18 — —12 kms™!) is shown
as a grey scale image in each panel.

SiO emission from the quiescent gas (—18 — —12kms™!) peaks near the
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Figure 1: Non-gaussian wings
in the spectra of SiO (2-1) and
CH3O0H quasi-thermal lines and
weak CH3OH maser lines to-
ward G345(S). Intensity of SiO
(2-1) line is 0.6 K, intensities
of the CH3OH lines are listed
in the table. Spectrum of the
CH30H 5; — 69 AT maser line
is shown by shades of grey

methanol maser cluster G345(N). The low-velocity wing emission (—25 — —18
and —12 — —8kms!) is extended. The emission in the low-velocity blue wing
is more extended and the intensity maximum is located 10" west of G345(N),
while emission in the low-velocity red wing peaks 30" east of G345(N).

The high-velocity blue-shifted wing emission (—50 — —25kms~!) is clearly
concentrated to the western side of the map and the intensity maximum lies
at (20”,20"), i.e., about 30" west of G345(N). Weak high-velocity red-shifted
emission (—8 — 10 kms~!) arises predominantly east of G345(N). Separate blue-
and red-shifted high-velocity wing emission regions suggest the presence of a
bipolar molecular outflow. Its central source is probably located near G345(N)
and its projected position angle in the plane of the sky is close to 90°.
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4. Methanol

Distribution of methanol emission in G345 resembles that of SiO. However,
CH3OH lines are considerably narrower indicating that turbulent motions are
more developed in SiO abundant regions.

CH3OH lines manifest strong and extended non-gaussian wings (see Fig.1).
The blue wing is most pronounced at the map center. Noteworthy that velocities
of components of the brightest CH;OH maser (5; — 69 AT at 6.7 GHz) toward
G345(S) correspond to velocities of the blue wing of the CH3OH and SiO lines
(Fig.1).

One remarkable feature of the G345(S) maser site is that the maser spots
show clear increase in Vi gg with the distance from the center of UCHII (Norris
et al., 1993). Such a velocity pattern corresponds well to the motions of matter
in the wake of the bow shock produced by the movement of UCHII ionizing star
toward the observer (Van Buren et al., 1990; Raga et al., 1997).

Other feature of G345(S) is that maser spots show dramatic increase in the
ratio of fluxes of 6 GHz and 12 GHz methanol maser lines (hereafter F6 and
F12, respectively) with the distance from UCHII center. Indeed, comparison
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Table 1 CH3OH weak maser components of molecular cloud G345.01+1.79
Frequency  Transition Area Visr AVisr A
MHz Kkms—! kms~?! kms~! K
86903.06 72 —63AT  0.46(0.02) -21.82(0.03) 1.33(0.06) 0.33
156488.95 809 —8_1E  4.33(0.13) -19.08(0.10) 3.33(0.22) 1.22
156602.42 25 —30AT  1.32(0.13)  -20.62(0.10)  2.56(0.27) 0.49
156828.51 7o —7_1E 3.06(0.07) -21.78(0.02) 1.76(0.05) 1.66
157048.62 60 —6_1E  3.98(0.12) -21.11(0.05)  2.96(0.11) 1.27
157178.97 50 —5_1E  4.72(0.13) -21.24(0.04) 2.88(0.10) 1.54

(0.12) (0.13)

(0.01) (0.14)

(0.02) (0.23)

(0.14) (1.57)

157246.10 49 —4_1E  3.82(0.12 -21.73(0.04)  2.99(0.13 1.20
165050.19 13, —1oF 0.06(0.01 -22.64(0.06)  0.60(0.14 0.09
165061.16 21 —20F 0.12(0.02 -22.46(0.09)  1.12(0.23 0.10
216945.60 51 —492 E 0.27(0.14 -20.45(0.92)  3.29(1.57 0.08

with spectra from Caswell et al. (1995a,b) show that F6/F12 is about 0.35
for the —23.8 kms~! feature and increases to more than 150 for the —18 kms~!
feature.

From the point of view of Class II CH3OH maser modelling given in Sobolev
et al. (1997a,b) such an F6/F12 behavior for the bright maser spots can be
explained by the increase of UCHII emission dilution, decrease in hydrogen
number density and increase of maser beaming with the distance from UCHII
center. Increase of dilution of UCHII emission with offset is straightforward.
However, the difference in F6/F12 is too big to be explained by this effect alone.
So, we think that the phenomenon is borne by combined action of mentioned
factors. This is likely to take place since the increase of offset from the head
of bow shock is followed by 1) increasing CH3OH column density of less dense
material and 2) increasing ratio of radial to tangential dimensions of emitting
region which brings higher beaming.

In order to elucidate the situation with weaker Class II CH3OH masers in
G345(S) we performed observations of methanol maser candidates.

In the 10 lines listed in the table we detected components with velocities —24 —
~20 kms~! which are about 10 kms~! lower than velocities of the quasi-thermal
methanol lines. At the same time they show good agreement with velocities of
maser features observed in Class IT maser lines (Fig.1). The lines are narrow
and we believe that they are really masers despite their quite low intensities.
Our observations borne clear detection of new weak methanol masers at 165.05
and 165.06 GHz and marginal detection of maser at 216.9 GHz.

Maser modelling presented in Sobolev et al. (1997b) shows that different
maser lines may form in different regimes. This is in accordance with our ob-
servations displaying noticeable difference in the line profiles shown in Fig.1.
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Thus, observations of weaker methanol maser lines indicate that the physical
conditions in G345(S) maser formation region are strongly inhomogeneous.

5. Non-LTE modelling of methanol emission

The LVG modelling of methanol emission at map center position provides much
better fit than the rotational diagram (see Fig.3) indicating that excitation
of methanol lines in this object exhibits great departures from LTE. Moreover,
considerations of the previous sections provide evidence that molecular material
in G345 is greatly inhomogeneous.

So, we dared to make a step further in order to investigate possible variation
of parameters of cloud constituents. In order to do that we applied 2-component
LVG modelling of quasi-thermal emission in methanol lines. Fig. 3 clearly shows
that the 2-component modelling provides much better fit to observational data.
Results of this modelling demonstrate inhomogeneity of molecular material in
G345 and will be described in a separate paper.

Figure 3: Results of LVG
modelling of emission in
'quasi-thermal’ methanol
lines from map center
position. Error bars show
observed intensities; solid
line connects intensities of
rotational diagram; trian-
gles show intensities of the
best 1-component LVG fit
and stars show intensities
\ \ from 2-component LVG
modelling
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6. Conclusions

The G345.01+1.79 cloud was observed in a number of molecular lines. For the
first time a weak methanol maser emission in the lines at 165.05 and 165.06
GHz was detected. Maser component in the 216.94 GHz line was marginally
detected.

Presence of extended emission of shock tracing molecules shows that the
molecular material in the cloud is greatly affected by the passage of shock waves.
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Analysis of SiO line emission indicates possible presence of an outflow.

Consideration of the data on methanol and hydroxyl masers in G345(S)
maser site suggests that these masers are formed in the region affected by the
passage of bow shock borne by interaction of the wind from the young star
moving toward the observer with material of the bulk of the G345 cloud. This
hypothesis explains observed maser spectra and velocity pattern of maser spots.

LVG modelling of methanol line emission and consideration of methanol
maser line profiles show that the molecular material in G345 is greatly inhomo-
geneous.
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Abstract

ISOPHOT, the photometer on-board the Infrared Space Observatory, pro-
vided new photometric and spectrophotometric data on a number of pre-
main sequence stars in the 2.5-200pum wavelength range. We review the
capabilities of ISOPHOT for observing YSOs, briefly report on several
projects related to Herbig Ae/Be, T Tau, and FU Ori-type stars, and de-
scribe our plans for compiling a homogeneous and easy-to-use photometric
catalogue of all young star observations perfomed by ISOPHOT.
KEYWORDS: Star formation: Herbig Ae/Be stars, T Tau stars, FU
Ori stars — Circumstellar matter: accretion disks — instrument: ISO,
ISOPHOT - observations: photometry, spectrophotometry

1. Introduction

In the early phases of their evolution stars are intimately linked to their environ-
ment. The spatial and density structure of their circumstellar disk/envelope can
be traced by thermal emission of the dust component at infrared wavelengths.
15 years after the successful IRAS mission the Infrared Space Observatory (ISO,
Kessler et al., 1996) provided new infrared data on the Young Stellar Object
(YSO) population during its 28 months cryogenic phase.

Four years after the ISO mission, however, only part of this rich database
is published and many observations are still waiting for analysis in the public
ISO Archive*. This is also true for ISOPHOT, the imaging photo-polarimeter
on-board ISO (Lemke et al., 1996). In many cases the original observers stopped
working on their data because (i) the consolidation of the instrumental calibra-
tion took several years (and is still on-going for certain observing modes) and
this timescale did not fit into the publication plan of the observers; (ii) the nec-
essary exposure time per object turned to be longer than was anticipated prior
the mission thus the target list of the proposals had to be cut back seriously.

*www.iso.vilspa.esa.es/IDA
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For some proposals of statistical nature the original scientific goal became un-
realistic and the observers were not interested in analysing a limited number of
individual sources instead of evaluating statistical samples. All these data are
freely downloadable now from the ISO Archive for analysis and publication.

In this contribution we discuss ISOPHOT observations of YSOs, with the
hope of triggering new interest in the analysis of the archive data. First we
review the main technical parameters of ISOPHOT, with special emphasis on
the possibilities which could bring new type of information on YSOs. Then, as
example, I report on several on-going or finalized YSO projects I was involved
in. Finally, future plans are summarized concerning the publication of all YSO-
related ISOPHOT data in a photometric catalogue. This catalogue could also
be of great help in designing observations for future infrared space missions.

2. ISOPHOT’s capabilities for observing YSOs

For a general description of the ISOPHOT instrument we refer to the ISOPHOT
Handbook (Laureijs et al. 2002). In this section we discuss only those instru-
mental aspects which turned to be of special importance for YSO observations.

Photometry: multi-filter observations. The four photometric points of
TIRAS at 12, 25, 60, and 100um were useful in identifying YSO candidates but
were not sufficient to constrain models on morphology, mass and temperature
distribution, heating mechanism and chemical composition. ISOPHOT was
designed to provide SEDs in the 3.6-200um range with much finer spectral
sampling. The observer could select up to 24 filters, some of them centred
on specific wavelengths, e.g. on PAH emission feaures. In practice typically
not more than 4-10 filters were used (with higher preference for the broad-
band continuum as well as the IRAS-compatible filters) due to time limitations.
Because of the large variety of selectable observing modes, detectors, filters, and
apertures, a single accuracy figure cannot be derived for ISOPHOT.

Photometry: spatial resolution. Though the mirror diameters of IRAS
and ISO were identical (60cm), ISOPHOT’s design allowed to reach higher
spatial resolution. It was a great advantage in observations of YSOs which
are often located within dense molecular clumps. ISOPHOT’s higher spatial
resolution at far-infrared wavelengths was crucial to reduce contamination by
the clumps’ emission and obtain more precise photometry of the central source.
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Shortward of 100 micron a series of apertures was available, and the one
matching best the Airy-disk could be selected by the observer. In the 60-105um
range a 3x3 mini-camera could be used, whose pixel size of 43.5"x43.5" was
larger than ideal for matching the PSF (FWHM: 21" at 60um, 37" at 105um),
but it represented a significant improvement compared to the 100 micron detec-
tors of IRAS (3'x5'). At A > 105um a 2x2 camera with pixel sizes of 89" x89"
was available. Its angular resolution — dictated again by the pixel size rather
than by the PSF — was 1.5'x1.5', in the order of the IRAS 100 micron detector.
Unfortunately, in many observations larger than ideal apertures were used and
confusion within the beam remained one of the main limiting factors for the
accuracy of far-infrared ISOPHQOT observations.

There were a number of observations intended to resolve the extended en-
velopes of selected YSOs. Most of these measurements, however, utilized the
PHT32 (oversampled) observing mode which suffered from serious instrumental
problems and is still difficult to calibrate. On the other hand, observations in
other modes were able to measure the size of small extended sources of 30—-60".

Mid-infrared spectrophotometry of YSOs is a good tool to detect — in
addition to the continuum due to photospheric emission or to radiation of the
inner warm part of the accretion disk — broad spectral features like the one of
amorphous silicate around 9.7um, the set of features attributed to PAHs (3.3,
6.3, 7.7, 8.6, 11.3um), interstellar ices towards deeply embedded objects, the
signature of crystalline silicate, etc. The grating spectrophotometer ISOPHOT-
S covered simultaneously the 2.5-4.9um and 5.8-11.6um ranges with a spectral
resolution of about 100, and delivered low-resolution spectra of young objects
too faint for the higher resolution ISO-SWS instrument.

Far-infrared mapping. Star forming regions as well as the environment of
YSOs could be mapped with the two far-infrared cameras. Especially the A >
100pum maps are unique and provide information on molecular cloud structure,
on the initial phases of star formation, and on the distribution of cold dust in
the vicinity of more evolved YSOs.

Polarimetry. For completeness we mention the polarimetric capability of
ISOPHOT which was used only occasionaly for young stellar objects. An ex-
ample for such a programme which searched for polarization towards NGC 7538
TRS9, HH 100 IR, and L1551 TRS5 at 25 micron was presented by Wright &
Laureijs (1999).



88 P. Abrahdm

Simultaneous SED. The possibility to observe the full 3.6-200um SED and
obtain mid-infrared spectrophotometry quasi-simultaneously (within a timescale
of 1-2 hours) was important for some projects looking for temporal variation of
the infrared emission. As an example we refer to Sect. 3.4 where photometric
observations of five FU Ori-type stars are presented.

3. ISOPHOT observations of young stars

A number of ISOPHOT observing programmes were initiated to obtain detailed
SEDs of young stars. The results are usually compared with model predictions;
first of all with the expected spectral shape of a geometrically-thin, optically-
thick circumstellar disk (AFy oc A=%/3). Deviations from this shape are inter-
preted in terms of structural changes in the circumstellar matter: deficiency
at near-infrared wavelengths may indicate an inner hole while a too high far-
infrared flux (which is typically the case) is the signature of a flared outer disk
or of an envelope. Low-density gaps dynamically cleared by companions cause
dips in the SED at the corresponding wavelengths.

3.1. Far-infrared photometry of Herbig Ae/Be stars

Herbig Ae/Be stars represent the pre-main sequence evolutionary phase of inter-
mediate mass (2-8 M) stars. We observed 7 of these stars to deduce the struc-
ture of their circumstellar matter from the SEDs (Abraham et al. 2000). Since
Herbig Ae/Be stars are often embedded in dense molecular clumps ISOPHOT’s
higher spatial resolution at far-infrared wavelengths was crucial to reduce con-
tamination by the clumps’ emission. Fig. 1 presents our results for two stars.

The SED of LkHa 233, composed of ISOPHOT and IRAS photometry as
well as data from the literature, can be described by a power-law in the 5-
60pum range. The peak of the SED was predicted at around 100um by the
earlier IRAS measurement, but our 90um photometry showed that the larger
beam of IRAS was contaminated at this wavelength and the circumstellar region
of LkHa 233 contains mainly material warmer than 90K (see Fig.1). A high
resolution ISOPHOT scan at 150um (not presented here) supports this result
by detecting only the clump with no indication for the star. These results fully
support a geometrically thin accretion disk model for LkHa 233 as proposed by
Leinert et al. (1993).

The other Herbig Ae/Be star, MWC 1080, shows a completely different SED:
the flux density is constant in the mid-infrared but the spectrum exhibits a
steep raise starting between 20 and 25um as revealed by the ISOPHOT data
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Figure 1: Spectral energy distributions of 2 Herbig Ae/Be stars. Diamonds:
ISOPHOT; dots: UKIRT/MAX; triangles: IRAS; small plus signs and asterisks:
ground-based and KAO observations of small beam size; large plus signs and asterisks:
ground-based and KAO observations of large beam size (from Abraham et al. 2000).

points at these two wavelengths. The strong emission peak centred at 100pum
has been thought to originate from the circumstellar region of the star. The
typical temperature of the emitting material, however, is almost the same in the
large 3' beam of ISOPHOT and in the smaller ~20" aperture used in several
KAO and SCUBA observations. The lack of temperature gradient towards the
central source indicates that the heating of the emitting dust is independent
of MWC 1080, and is more likely due to the embedded cluster of stars seen
on K-band images around the Herbig star. Thus models of the circumstellar
structure of MWC 1080 do not have to reproduce the far-infrared peak of the
SED which is to a large extent unrelated to the central source. The true far-
infrared spectrum of MWC 1080 at A > 20um cannot be determined from our
observations because it would require a significantly higher spatial resolution
than available at the moment.

3.2. Circumstellar structure of T Tauri stars

In an on-going project we are studying 34 T Tauri-type stars by analysing their
3.6-200pum SEDs composed of 8-12 ISOPHOT photometric bands. More than
half of the sample consists of binary stars. Our goals are twofold: (1) taking
advantage of the unprecedented filter coverage of ISOPHOT we determine a
detailed SED and compare it with models, e.g. the ones proposed by Chiang &
Goldreich (1997); (2) in a young binary system the evolution of the circumstellar
disks may depend on the separation and the orbits of the components. Sorting
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the binaries in our sample according to the separation of their components and
looking for systematic changes in the shape of their SEDs we could shed some
light on the size and structure of the circumstellar disks in binary systems. Since
the flux density of T Tau stars typically varies within one order of magnitude
in the whole infrared range, this comparison requires photometric accuracies
around 10% which is a challenge even to the present calibration of ISOPHOT.
On the other hand contamination in the beam is less problematic than in the
cases of Herbig Ae/Be stars, since T Tau stars are usually not able to heat up
their environment creating an extended emitting area around the source.

In Fig. 2 we present some preliminary results. The SED of AK Sco, a binary
system, is an example for a rather typical case: the infrared excess emission
follows a power-law in the 15-60um range and peaks around 60um. At longer
wavelengths the emission drops quickly demonstrating the lack of a significant
amount of cold dust in the system. The environment of MWC 863 is probably
different from that: the emission peak at 20um indicates a higher average dust
temperature, i.e. the outer part of the accretion disk seems to be completely
missing. The SED of LkHa 332-20 is virtually very noisy. However, the high
flux around 10um originates from a strong silicate emission feature, and the
alternation of peaks and dips at 25, 60, and 100um are reproduced by the earlier
IRAS data, too. Thus the relatively low 60um emission might be a signature of
a low-density ring in the disk.
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Figure 3: Mid-infrared spectrophotometry of 3 YSOs. T Tau exhibits a strong silicate
absorption at 10um, probably due to the infrared component T Tau-S. CU Cha, an
AQ-star, emits enough UV photons to excite PAH molecules. In HD 163296 the weak
emission feature at 11.3um on top of the strong 10um amorphous silicate emission was
also observed by ISO-SWS and is attributed to the presence of crystalline silicate.

3.3. Mid-infrared spectrophotometry of YSOs

During the ISO mission the ISOPHOT-S subinstrument performed about 90
observations on YSOs. We are working on an atlas including all these measure-
ments. The atlas will contain 23 observations of embedded objects, 26 spectra of
T Tau stars, 17 intermediate-mass pre-main sequence stars, as well as repeated
observations of several FU Ori, EX Lup, and UX Ori-type objects. Fig. 3 shows
three spectra as examples.

3.4. Evolution of FU Ori-type stars as seen by ISOPHOT

An FU Ori outburst is defined as a dramatic increase in the brightness of a
T Tauri-type star (AV=4-6 mag). Since the phenomenon is connected to the
circumstellar medium (probably caused by the increased accretion rate) the
infrared emission spectrum is also expected to change during and after the
outburst. The wavelength dependence of the change — which has never been ob-
served before — provides crucial information on this physics of the phenomenon.

We studied 5 FU Ori stars and compiled their SEDs from the ISOPHOT
data supplemented with other (2MASS, MSX, etc.) observations performed
during the ISO mission (1995-98). These SEDs were compared with 15 years
earlier ones derived from the IRAS photometry as well as from ground-based
observations carried out around 1983. In 3 cases no difference between the
two epochs was seen within the measurement uncertainties, but in one case the
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shorter wavelength part of the spectrum (A < 20um) has decreased by a factor of
2, and in the 5th case a marginal fading was observed. The definite case (V1057
Cyg) shows wavelength-independent fading below 20um, indicating that the
energy source of the inner part of the disk is more re-processed starlight than
accretion luminosity. We plan to analyse also similar observational sequences of
several other FU Ori and EX Lup type stars.

4. Future work

At Konkoly Observatory we plan to collect and publish all YSO observations
of ISOPHOT in a photometric catalogue which, together with the ISOPHOT-S
spectral atlas, could be part of ISOPHOT’s heritage in the field of star forma-
tion. In the catalogue also size of the objects and predicted confusion noise will
be included. The database will serve as input catalogue for proposals for future
infrared instruments like SIRTF and Herschel.

Acknowledgements

This work has been partly supported by Hungarian Research Fund (OTKA T037508).
P.A. acknowledges the support of the Bolyai Fellowship.

References

Abraham, P., Leinert, Ch., Burkert, A., et al., 2000, A&A 354, 965

Chiang, E.I., Goldreich, P., 1997, ApJ 490, 368

Kessler, M.F., Steinz, J.A., Anderegg, M.E., et al., 1996, A&A 315, L27

Laureijs, R.J., et al., 2002, The ISO Handbook Vol. IV, ESA SAI-99-069/Dc, Ver.2.0
Leinert, Ch., Haas, M., Weitzel, N., 1993, A&A 271, 535

Lemke, D., Klaas, U., Abolins, J., et al., 1996, 1996, A&A 315, L64

Wright, C.M., Laureijs, R.J., 1999, ESA-SP 435, 49



MID-INFRARED OBSERVATIONS OF BROWN DWARFS
AND THEIR DISKS: FIRST GROUND-BASED
DETECTION

D. Apail?, I. Pascuccil’?, Th. Henning'?, M.F. Sterzik?, R. Klein?,
D. Semenov?, E. Giinther*, B. Stecklum*
! Max Planck Institute for Astronomy
Konigstuhl 17, Heidelberg, D-69117 Germany
E-mail:'apai@mpia-hd.mpg.de
2 Astrophysical Inst. and University Obs. Jena
Schillergésschen 2-3, D-07745 Jena, Germany
3 European Southern Observatory
Alonso de Cordova 3107, Vitacura, Casilla 19001, Santiago 19, Chile
4 TLS Tautenburg
Sternwarte 5, D-07778 Tautenburg, Germany

Abstract

We present the first mid-infrared (MIR) detection of a field brown dwarf
(BD) and the first ground-based MIR measurements of a disk around a
young BD candidate. We prove the absence of warm dust surrounding
the field BD LP 944-20. In the case of the young BD candidate Cha Ha2,
we find clear evidence for thermal dust emission from a disk. Surprisingly,
the object does not exhibit any silicate feature as previously predicted.
We show that the flat spectrum can be explained by an optically thick
flat dust disk.

KEYWORDS: accretion, accretion disks — circumstellar matter — stars:
individual (LP 944-20, Cha Ha2) — stars: low-mass, brown dwarfs

1. Introduction

Brown Dwarfs (BDs) occupy the substellar mass domain. Having masses lower
than 75 Mjyp, they are unable to burn hydrogen steadily. Although their pres-
ence has been already predicted in the sixties by Kumar (1963), their low lu-
minosity delayed their discovery until 1995, when Nakajima et al. (1995) an-
nounced the first detection of a BD orbiting the nearby M-dwarf star G1229A.
Recently, the large-scale near-infrared (NIR) surveys 2MASS and DENIS — com-
plemented by optical data — substantially increased the number of known field
BDs. Additionally, deep NIR surveys of star-forming regions revealed hundreds
of young BD candidates.
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In spite of the rapidly growing number of known BDs (Basri, 2000), we do
not know if they form like planets or like stars. Proposed scenarios include
the straightforward star-like formation via fragmentation and disk accretion
(Elmegreen, 1999), the ejection of stellar embryos (Reipurth & Clarke, 2001)
from multiple systems and the formation in circumstellar disks like giant planets.
The presence of disks and their properties are crucial in distinguishing between
the various scenarios: a truncated disk (size of a few AU) would support the
ejected stellar embryo hypothesis, a non-truncated one is the sign of stellar-like
accretion, while BDs formed like planets should have no dust around them.

In the case of BDs, NIR data are not necessarily a good tracer of disk
emission because they are strongly affected by molecular bands of the cool BD
atmosphere. Since the emission of warm (100 - 400 K) circumstellar dust peaks
around 10 pm, mid-infrared (MIR) excess emission — arising from dust grains
close to the star — is the best tool to search for circumstellar disks. The MIR
regime is best accessed by space-born telescopes, the last of which was the
Infrared Space Observatory (ISO), operating between 1995 - 1998. However,
the majority of BDs has been discovered too late to be targeted by ISO.

Up to now, only few BDs with MIR excess are known. These objects, iden-
tified in the ISOCAM archive, are located in the Cha I or in the p Ophiuchi
star-forming regions (Persi et al., 2000; Comer6n et al., 1998). Their substel-
lar nature has been deduced from comparing NIR and optical measurements to
evolutionary models (Comeron et al., 1998, 2000).

Natta & Testi (2001) proposed a model based on scaled-down disks around
pre-main-sequence stars to explain the measured spectral energy distributions
(SEDs).

In this paper we present results from our TIMMI2 MIR imaging campaign.
Our aim was to detect MIR excess emission and thus to probe the presence of
warm circumstellar dust around BDs. We targeted seven very close field BDs of
various ages and a young BD candidate in the Cha I star-forming region. Our
observations are the first data in the wavelength region of the silicate feature.

2. Observations

We carried out deep MIR, observations with the 3.6m/ESO Telescope at La Silla
(Chile) using the TIMMI2 camera (Reimann et al., 2000) in 2001 November and
December. The targets were seven field BDs and a young BD in the Cha I star-
forming region. From the closest field BDs, we selected those which seemed to
be the youngest based on their brightness and spectral type.
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We used the 9.8 um filter, where the instrument is the most sensitive, to
search for disk emission. In the case of the detected field BD we also com-
plemented the 9.8 ym measurement with 5 and 11.9 pm observations; the BD
detected in the Cha I region was also observed at 11.9 ym. We applied long
exposure times (typically 2 hrs in each filter) in order to reach the ~10 mJy
sensitivity limit of the instrument. Extensive testing of the pointing accuracy
shows a typical error not larger than 1.5” towards the Cha I star-forming region.
This excludes any confusion with other sources.

3. Results

3.1. Field Brown Dwarfs

Among the seven targeted nearby field BDs, only the object LP 944-20 could
be detected. The 3 ¢ upper limit of the flux density for the other sources is
15 mJy at 9.8 um. As one of the youngest (475-650 Myr) and closest (5 pc)
field BDs (Tinney, 1998), LP 944-20 was the most promising of our targets.
Based on its optical spectrum, its spectral type is equal to or later than M9V
(Kirkpatrick et al., 1997). Its classification as a BD has been confirmed by the
presence of lithium in its photosphere (Tinney, 1998). Excellent atmospheric
conditions and a long integration time led to the first detection of a field BD
in the MIR. The fluxes measured at 5, 9.8 and 11.9 ym are 39 mJy, 24 mlJy,
and 22 mJy, respectively. These measurements correspond to more than 5 o
detections in each filter. We estimate a photometric error smaller than 15% for
each measurement.

3.2. Cha Ha2

In contrast to the older field BDs, we found clear evidence for excess MIR
emission in the case of the much younger (2 - 4.5 Myr) BD candidate Cha Ha2.
The observed fluxes are 17+2 and 214+3 mJy at 9.8 and 11.9 um, respectively.
The object is close to or in the substellar domain, depending on its exact age
(Comerdn et al., 2000). There is some evidence that Cha Ha2 is actually a close
binary with the components in the substellar domain (Neuh#user et al., 2002).
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4. Discussion

4.1. Field Brown Dwarfs

The non-detection of the six field BDs proves the lack of significant amount
of warm dust around older field BDs. These data clearly show that the disk
dissipation time is below a few 100 Myr, consistent with recent measurements
of BDs in the young o Orionis cluster (Oliveira et al., 2002). Even the detection
of the closest target, the 475-650 Myr old LP 944-20, confirms this hypothe-
sis. Compared to a simple blackbody with T,=2300 K, R,=0.1 Rg, D=5 pc
(Tinney, 1998), it is clear that our measurements show no MIR excess, but the
photospheric flux of the BD itself.

4.2. Disk Models for Cha Ha2

o TIMMIZ ___ Flat disk+star

Figure 1: Modelled spec-
tral energy distribution of a
flat and a flared disk com-
pared to the observations.
Asterisks: ISOCAM mea-
surements at 6.7 and 14.3
pm (20% error bars), while
the squares are our TIMMI2
measurements at 9.8 and
11.9 pm (15% error bars).

« Iso Flared disk+star

Log(vF, :D*) [Le]
|

Modelling the MIR excess emission of Cha Ha2 lead to a surprising result:
the SED, plotted in Fig. 1 could be explained by an optically thick, flat disk
but not by a T Tauri-like flared one. Fig. 2 shows the schematics of the two
different models. A detailed description of the modelling is given in Pascucci et
al. (2002).
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Flared Disk Model

Figure 2: Cross sections of
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5. Summary

Our ground-based measurements represent a new way of probing the properties
of disks around BDs, exploring their spectral energy distribution and therefore
constraining model prescriptions. We prove the absence of the previously pre-
dicted silicate emission feature in the case of the face-on disk around the young
BD-candidate Cha Ha2, one of the three known BD-candidates with MIR, ex-
cess. An optically thick flat disk provides a perfect match to our data. Because
no evidence for disks around older field BDs could be detected, disk dissipation
times must be shorter than a few 100 Myr. Our results suggest that newborn
BDs have disks like young, low-mass stars, but also indicate unexpected differ-
ences in their disk geometry. A detailed description of this work can be found
in Apai et al. (2002).
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Abstract

We conducted mid-infrared observations of the brown dwarf candidate
Cha Ha2. We find that the predicted silicate feature does not appear in
its spectral energy distribution (SED). In order to interpret the lack of this
feature, we carried out analytical calculations adopting both flared and
flat disk geometries. We show that, independently of the chosen param-
eter set and chemical composition, the flared disk model cannot explain
the measured fluxes. On the contrary, the SED emerging from a flat disk
fits well the observations.

KEYWORDS: accretion, accretion disks — circumstellar matter — stars: in-
dividual (Chamaeleon Ha2) — stars:low mass, brown dwarfs

1. The importance of Brown Dwarf disks

Brown Dwarfs (BDs) occupy the substellar mass domain. Having masses lower
than 75 M j,p, they are unable to burn hydrogen steadily. In spite of the rapidly
growing number of known BDs (Basri, 2000), we do not know if they form like
planets or like stars. Proposed scenarios include:
> star-like formation via fragmentation and disk accretion (Elmegreen, 1999)
> ejection of stellar embryos from multiple systems (Reipurth & Clarke, 2001)
> formation in circumstellar disks like giant planets.
The presence of disks and their properties are crucial in distinguishing between
the various scenarios: a truncated disk (size of a few AU) would support the
ejected stellar embryo hypothesis, a non-truncated one is the sign of stellar-like
accretion, while BDs formed like planets should have no dust around them.
Since the emission of warm (100 - 400 K) circumstellar dust peaks around
10 pm, mid-infrared (MIR) excess emission - arising from dust grains close to
the star - is the best tool to search for circumstellar disks. Up to now, only few
BD candidates with MIR excess have been identified in the ISO archive, all of
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them located in the Cha I star-forming region (Persi et al., 2000). Their spectral
energy distribution (SED) have been interpreted by Natta & Testi (2001) using
a model based on scaled-down disks around pre-main-sequence stars. They
followed the Chiang & Goldreich disk geometry which has been rather successful
in describing SEDs of T Tauri and Herbig Ae/Be stars (Chiang & Goldreich,
1997).

Flared Disk Model

2z
Opt. Thick Disk

‘ Line Of Sight }

Superheated Layer

Karown Duart / Figure 1: Cross sections of
the flared and the flat disk
model. The shaded area rep-

resents the optically thin su-

perheated layer in the flared
disk. This region is the
Opt. Thick Disk ‘ source of the silicate emis-
Brown Dwart sion feature. The flat disk
lacks this disk atmosphere.

2. The flared disk model

The main assumption of the Chiang & Goldreich model is the flaring of the disk,
which introduces a superheated surface layer, called the disk atmosphere (see
Fig. 1). The major components of this model are: the star, the optically thin
disk atmosphere and the optically thick disk interior. In the MIR the stellar
radiation is well approximated by a black body, while the optically thick disk
emission is given by a power law F, o< A\>/3. A simple analytical formula (Natta
et al., 2000) is used to describe the optically thin disk atmosphere, which is
producing a strong silicate emission around 9.6 pm (Si-O stretching mode).

3. Towards the flat disk model

We observed the BD candidate Cha Ha2 at 9.8 and 11.9 ym using the TIMMI2
camera at the 3.6m/ESO Telescope at La Silla, Chile. Since we find the same
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Figure 2: Upper panel: Modelled SED of a flared disk using two different silicate
grain sizes. The silicate feature appears in emission for small 0.1 pym grains. The
squares and the stars are measurements from TIMMI2 and ISO. Lower panel: Best fit

model for an optically thick flat disk. The parameters of the model are as follows: D=
160 pc, T, = 2550 K, M, = 0.08 Mg, L. = 0.035 Lo, Rin = 4.5 Ry, Rout = 100 AU.

flux densities at the peak and on the wing of the feature, we exclude the presence
of any silicate feature. This contradicts the prediction of Natta & Testi (Natta
& Testi, 2001). We find that changing the disk geometry (inner and outer
radii, scale height, inclination) is insufficient to fit the flared model. Altering
the optical properties (or composition) of the dust grains has a stronger effect:
the absence of the silicate feature could be explained by the lack of this dust
component or the presence of large grains (radii larger than 5 pym). However,
we stress that the power law continuum, predicted by the flared model, does
not fit our data.

A much simpler and more straightforward solution is the assumption that
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the BD is surrounded by an optically thick flat disk. We assume a power law
disk with a surface density of ¥ &« R™3/?2 and a temperature of T o« R™3/4,
typical of reprocessing and viscous disks (Shu, 1990). Since this disk is entirely
optically thick, its SED is independent of the dust properties. The model does
not show any feature. The continuum of a power-law flat disk has the observed
slope. In Fig. 2 we compare the measurements with model predictions.

4. Conclusion

We prove that the lack of the silicate feature in the SED of the BD candidate
Cha Ha2 cannot be explained by a T Tauri-like flared disk geometry. Our calcu-
lations show that an optically thick flat disk model reproduces the observations.
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Abstract

We investigate the interaction of an external UV radiation field with pro-
tostellar disks of low-mass stars using 2D radiation hydrodynamical sim-
ulations. The disks are gradually destroyed via photoevaporation as the
UV photons heat the gas in the outer layers of a disk to thermal escape
velocities. Beside the UV flux and the luminosity of the stellar wind from
the central star, the evolutionary state of the star-disk system at the onset
of the external illumination determines the size and the form of the ion-
ized envelope and the resulting spectral appearance of the object. Disks
irradiated before one free-fall time after the collapse of the parental molec-
ular cloud lose much of the associated material during the first 10* yr of
evolution. The star-disk systems remain extremely small in comparison to
star-disk systems first irradiated at later evolutionary phases, where the
central objects are more massive and much of the clouds mass is already
bound in the accretion disk. These results suggest that an early UV illu-
mination favors the formation of low-mass cluster members.

KEYWORDS: circumstellar matter — hydrodynamics — HII regions — line:
formation — radiative transfer — stars: formation

1. Numerical Methods

We follow the evolution of protostellar disks under the influence of an exter-
nal radiation field (Fig. 1.) by means of a 2D radiation hydrodynamics code.
The code assumes axial symmetry and solves the hydrodynamical equations on
nested grids (Yorke & Kaisig, 1995). The transfer of direct UV photons is calcu-
lated along lines of sight centered at the star located outside the computational
domain. Diffuse UV photons originating from the recombination of hydrogen
into the ground state and from scattering on dust grains are treated with the
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flux-limited diffusion approximation. Simultaneously, we determine the ioniza-
tion of hydrogen and carbon. A detailed description of the code is given in
Richling & Yorke (1998, 2000).

massive star

EUV radiation

(>13.6eV)

Figure 1: The ionizing radi-

HI/HII front FUV radiation ation of a massive star inter-
""""""""" (6-136eV) acts with a protostellar disk

.-=~" (circumstellar - el nearby. Both UV compo-
Cl/ClI front alisi nents are important.

In a second step, we use the density and temperature distribution of the
gas and the velocity field obtained with the hydrocode to calculate emission
line maps, continuum maps and spectral energy distributions via a ray-tracing
procedure (Kessel et al., 1997). These diagnostic radiative transfer calculations
allow us a direct comparison with observations.

2. Ionized Envelope and Micro-Jets

The calculations start with star-disk systems resulting from collapse simulations
(Yorke & Bodenheimer, 1999). After the initial launch of a neutral disk wind
by FUV photons, the carbon ionization front envelopes the densest parts of
the disk. The hydrogen ionization front is prevented from reaching the disk
surface by the interaction with the neutral wind and finally forms an envelope
with the typical head-tail structure (Fig. 2a). This structure is the natural
outcome of our self-consistent simulations and its properties are comparable to
the proplyds observed in the Orion Nebula. The size of the ionized envelope and
the photoevaporation rate of the disk depend on the distance from the ionizing
star. Disks exposed to a UV radiation field are expected to survive no longer
than several 10° years (Hollenbach et al., 2000; Richling & Yorke, 2000).

If we consider an isotropic stellar wind emerging from the protostar within
the disk, we are able to reproduce another feature of proplyds. The spherically
symmetric stellar wind is hydrodynamically focused into a jet due to the pressure
of the neutral disk wind. The opening angle of the counter-jet is wider, because
the neutral wind on this side of the disk shadowed from direct UV photons is
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Figure 2: Density distribution, velocity field (arrows), hydrogen ionization front (black
contour lines) and carbon ionization front (white contour lines) of a protostellar disk
illuminated by an external UV radiation field. a) without a stellar wind b) with an
isotropic stellar wind of 100 km/s.

less powerful. The jet changes the form of the ionized envelope as shown in
Fig. 2b. In the corresponding emission line maps, the finger in the ionization
front appears as a spike emerging from the objects head resembling the micro-
jets extending from several proplyds in the Orion Nebula (Fig. 3).

3. The Evolutionary State of the Protostellar Disk

Table 1: Starting models: Model t/10*yr t/tg 14/AU M,/Mg
Elapsed time ¢ since the begin- Y 107 0.5 130 0.64
ning of collapse, disk radius r4 M 240 1.2 640 0.94
and 1.mass of the protostar M* O 438 2.9 1700 1.14
are given.

Massive stars evolve relatively fast and reach the main-sequence when low-
mass cluster members may still be in earlier phases of evolution. In order to
investigate the effect of UV illumination during earlier phases of a protostel-
lar collapse we used three star-disk models at different evolutionary phases all
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Figure 3: First row: Observed emission line maps of the proplyd HST 2 in M42 (Bally
et al., 1998, Fig. 7a). Second row: Calculated emission line maps of the numerical
result shown in Fig. 2b. The length of the object is ~ 1500 AU which is about twice
as large as HST 2.

resulting from a single collapse simulation of a 2 Mg, rotating molecular cloud
(Table 1).

Fig. 4 shows continuum maps of the three models after 5 x 10* yr of external
UV illumination. In the first row are 2 ¢cm radio maps of the whole object.
They trace the free-free emission of the dense ionized gas around the head-tail
envelope. In the second row are 100 pym maps of an inner part of the domain
as indicated in the radio maps. They show the dust emission of the disk itself.
The evolution of the mass and the radius of the disk are shown in Fig. 5.

Model Y is younger than one free-fall time of the parental molecular cloud
core. Most of the material in its environment is ionized and swept away with
the ionized wind during the first 10* yr of the evolution. Only a small object
remains which will be photoevaporated relatively quickly. The older the starting
model the larger is the ionized envelope and the length of the tail. Since the
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Figure 4: Continuum maps of the models Y, M and O (see Table 1) after 5 x 10*yr
of external UV illumination.

photoevaporation rate depends on the surface of the disk, model M will survive
longer than model O because model O has a larger disk radius during the first
10% yr of evolution.
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Figure 5: Evolution of mass and radius of the disk.
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4. Conclusions

The photoevaporating disk model can explain the observed features of proplyds,
e.g. the head-tail structure, the stand-off of the ionization front and the appear-
ance of micro-jets. Photoevaporation is an important disk dispersal mechanism
with a time scale of several 103 yr which is an upper limit for the time available
for planet formation.

The evolutionary state of the protostellar disk at the time when the external
UV illumination begins also determines the size and the spectral appearance
of the resulting object. UV irradiation during early phases of a protostellar
collapse removes the material that otherwise would be accreted onto the disk
and finally onto the protostar itself. Thus, an early UV illumination favors the
formation of low-mass cluster members and possibly is a mechanism for brown
dwarf and brown dwarf disk formation.
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Abstract

We present a study of the whole sample of the Herbig Ae/Be stars ob-
served with the spectrometers on board of the Infrared Space Observatory
(ISO/ESA). These objects have been studied not only by means of their
infrared continuum emission but also with respect to all the available pho-
tometric data, collected from the optical region to the radio wavelengths.
The global spectral energy distributions (SEDs) have been compared with
the results of radiative transfer calculations, that have been made in the
framework of a circumstellar (CS) model. The results of the selection of
the best models allow us to infer on the relationship between the geometry
of the CS matter distribution and the evolutionary stage of these objects.
KEYWORDS: stars: pre-main sequence — circumstellar matter — infrared:
stars

1. Observations, data reduction and results

The ISO data archive has been searched for Short Wavelength Spectrometer
(SWS) and Long Wavelength Spectrometer (LWS) observations related to Her-
big AeBe stars (HAeBe stars hereinafter). We found 36 objects (out of 108 stars
recognized in Thé et al. (1994)), which are listed in Table 1.

Table 1: The observed sample of HAeBe stars

LkHa 198 Z CMa He 3-1191 WW Vul
V376 Cas HD 97048 HD 150193 BD +40°4124
Elias 3-1 HD 100546 CoD -42°11721 LkHa 224
AB Aur HD 104237 HD 163296 PV Cep
MWC 480 TRAS 12496-7650 MWC 297 HD 200775
HD 34282 HD 141569 MWC 300 V645 Cyg
HD 36112 HD 142666 TY CrA LkHa 234
CQ Tau HD 144432 R CrA LkHa 233

MWC 137 HR 5999 HD 179218 MWC 1080
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The SWS spectra we discuss here were taken in the range 2.3—45 ym with low
resolution (A/AX ~ 250) and a typical field of view increasing with wavelength
from 14" x 20" to 20" x 33" (De Graauw et al., 1996), while the LWS spectra
were obtained in the range 43-196.7 um, A/AX ~ 200, (Clegg et al., 1996). In
the LWS spectral range the instrumental beam size is ~ 80" so that in some
cases (12 objects) the observations were carried out also at an off-source position
to account for the contamination due to the local background.

The raw SWS and LWS data were processed using version 10 of the off-line
pipeline, which produced series of repeated spectral scans, each composed of
12 and 10 subspectra for SWS and LWS, respectively. These correspond to
different spectral ranges, that are arranged to be partially overlapping. The
data were further reduced and analysed in subsequent steps:

e removing bad points (glitches, residual detectors responsivity drifts);

e averaging of the many scans obtained on each subspectrum;

e removing of the low-frequency fringes, whose presence affects particularly

the LWS spectra (Swinyard et al., 1998).

e smoothing of averaged spectra (SWS only).

Whenever possible, the off-source LWS spectra were subtracted from the cor-
responding on-source data. Notwithstanding accurate data reduction, the sub-
spectra obtained appear in many cases not perfectly overlapping together, prob-
ably because of the variation of the beam size with the wavelength (De Graauw
et al., 1996; Swinyard et al., 1998). In Fig. 1. we show examples of two reduced
source spectra.
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2. Model calculation and comparison with observations

The SEDs emerging from CS envelopes have been computed by means of a
model based on a spherical geometry of the circumstellar environment. The
model is characterized by a density distribution n(r) around a central star and
by the presence of an HII region whose radius is determined by the ionizing
luminosity of the central star. A temperature profile T'(r) is also considered for
the dust component while for the gas we assumed 7' = 10* K in the HII region.
The gas emission processes considered in the radiation transfer are: free-free,
free-bound and electron scattering, while for the dust component the emissivity
is computed on the basis of the “astronomical silicate” defined by Draine & Lee
(1984). Cases with a modified dust emissivity (at A > 20pm) have also been
computed to take into account the fact that in star forming regions the average
dust grain size can be larger than in the diffuse IS medium and consequently
the opacity can be described by a k oc A™# law; in our case, 3 = 1.2, 0.8, 0.6
(see Pezzuto et al. (1997) for a more complete model description). In addition
we also consider:

1) the possible presence of cavities in the CS envelope as can be evacuated
by the strong stellar wind associated with the PMS phases;
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2) the possibility of two different density distributions describing the inner
and outer parts of the envelope, respectively.

A large set of synthetic spectra has been computed; for each object we searched
for the best fit with the observed fluxes. Such a comparison, made by means of a
“chi square like” method, allows the selection of the best models for each object.
In doing this we considered not only the spectral fit but also the consistency of
the model fluxes with the spectral type estimated for the star, the distance, and
the observed visual absorption. An example of the results obtained is presented
in Table 2. and shown in Figure 1..

Table 2: Fit parameters and correspondent observables

Source B q p no Spectral type Ay (mag) Distance (pc)
(em—3) Cale. Obs. CS IS Obs. Calc. Obs.

V376 Cas 1.2 0.5 0.8 3-10° B5 B5 4 2.5 2.9-5.2 724+32 600
(1) (3,4) (3)

MWC 480 0.6 0.6 1.3 3-10'° A3 A3 1 0 0.25-04 101+5 131
(2) (5,6) (5)

NoTes: V376 Cas was fitted with a simple spherical model, MWC 480 with a model considering
also two polar cavities.

REFERENCEs TO THE TABLE: 1. Herbig & Bell (1988); 2. Jaschek et al. (1991); 3. Hillenbrand et al.
(1992); 4. Pezzuto et al. (1997); 5. van den Ancker et al. (1998); 6. Miroshnichenko et al. (1999).
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Abstract
Various aspects of the relation of classical Cepheids and inter- and cir-
cumstellar matter are summarized. Emphasis is given to the question of
mass loss from Cepheids and to the role of these pulsating variables in
revealing the recent star formation history in their neighbourhood.
KEYWORDS: Cepheids, reflection nebulae, Stars: chromospheres

1. Introduction

Classical Cepheids are fundamental objects in astronomy. Being regular ra-
dial pulsators, a number of relationships exist between their physical and phe-
nomenological properties. One of them, the period-luminosity (P-L) relationship
is instrumental in establishing the cosmic distance scale. In addition to their
cosmological role as primary distance indicators, Cepheids serve as astrophysical
laboratories for studying structure of post-main sequence stars, hydrodynam-
ics of stellar atmosphere of supergiants, and for checking evolutionary model
calculations.

Since Cepheids fall into the mass range of 4-12 M, their evolution is rather
fast. When they enter the instability strip of the HR diagram and perform
radial oscillations, they are old enough that no close connection with the rem-
nants of the star forming cloud is expected, but still too young that mass loss
characteristic of late stages of stellar evolution can be expected. Study of mass
loss is, however, an interesting topic of Cepheid research for various aspects:

— The circumstellar matter results in reddening and dimming the brightness
of the Cepheid, therefore a due extinction correction has to be applied when
determining the absolute magnitude of the individual Cepheids.

— The effect of pulsation on the outer region and the atmospheric structure also
deserves study. The question is whether the structure of the pulsating atmo-
sphere is different from that of non-pulsating stars located at the same point of
the HR diagram.

— Cepheids are unique objects in the sense that their mass can be determined
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by various methods, each of them being independent of the others. When com-
paring the mass predicted by the stellar evolution theory with the mass values
determined from various characteristics of stellar pulsation, the evolutionary
masses used to be notoriously and significantly larger than the others implying
a major mass loss before and/or during the Cepheid phase of evolution (see
Cox (1980) for a review). This discrepancy was finally resolved when the new
radiative opacities were calculated (Rogers & Iglesias, 1992), but the mass loss
from the pulsating atmosphere has remained an important and unsolved issue.

2. Mass loss from Cepheids — multiwaveband studies

According to the theoretical calculations pulsation may result in significant mass
loss for Cepheids, predicting mass-loss rates 7x10~% and 2x10~7 Mg yr—! , for
5 and 7 Mg stars respectively (Willson, 1988). Moreover, Willson & Bowen
(1984) pointed out that while the star is in the Cepheid phase, mass loss could
prolong its lifetime within the instability strip by as much as 5-50 times.

Is there any evidence of mass loss during or prior to the Cepheid phase?
The most convincing evidence for mass loss would be the direct detection of
the escaped matter. Assuming Pop. I chemical composition, about 1-2% of
the mass should be in a form of heavy elements which can form dust grains.
These grains could be detected in the IR-region. Several Cepheids show modest
mid-IR excess, mainly at 25 um which could arise from dust with temperatures
near 150 K. For these stars the IR excesses are consistent with mass-loss rates
of 1078 — 107° My, yr—!, which is really a very low value (McAlary & Welch,
1986). The analysis of the IRAS data also showed that the infrared excess is
independent of the pulsation period. This implies that the mass-loss process is
largely independent of the size or effective temperature of the Cepheid.

If the outflowing material is hot enough, the ionized matter can be detected
by observing its radio emission. VLA observations of 5 very bright Cepheids
gave no positive detection at 5 GHz, only resulted in upper limits of the ra-
dio radiation, from which upper limits for the ionized mass-loss rates could be
derived (Welch & Duric, 1988). These upper limits are an order of magnitude
smaller than the calculated values. If Cepheids are indeed losing mass at a rate
as high as predicted theoretically, the material must not be ionized.

In addition to the presence of infrared excess, stellar wind may be observed
by blueshifted absorption features in lines such as Ha, CaIl H&K and Mg IT h&k.
The broad emissions of the MgII resonance lines are particularly sensitive indi-
cators of circumstellar absorption. IUE long-wavelength spectra provide suffi-
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ciently high resolution in the 2800 A region to be able to resolve discrete absorp-
tion components. Unfortunately, there are only five classical Cepheids bright
enough that could be observed by the IUE in high resolution mode (Schmidt &
Parsons, 1984a). The profile of the Mg ITh&k line of ( Geminorum shows two
distinct high-velocity blueshifted components near the surface escape velocity
which persists for most of the pulsation cycle (Deasy, 1988). The UV spectrum
of the 35-day Cepheid | Carinae indicates a mass outflow whose velocity exceeds
the escape velocity at the surface. Deasy calculated a mass-loss rate of about
10719 M, yr~! for ¢ Gem, and 3 times larger value for 1 Car.

3. Chromospheric emission in Cepheids

It is an obvious task to search for possible differences between the outer regions
of pulsating and stable stars appearing at the same location of the H-R diagram.

As to the chromosphere, the question is whether the observable emission is
due to a solar type chromosphere or it is caused by a pulsational shock that
propagates through the upper atmosphere of the Cepheid. Shock-induced emis-
sion is expected during and just after the brightness maximum because this is
the phase when the shock reaches the outer layers of the stellar atmosphere. In
the case of a solar type chromosphere the heating is due to some mechanical
flux originating in the convection zone, therefore the emission of this origin is
more probable during the coolest phases of the pulsational cycle.

The profiles of the MgII lines in solar-temperature stars are complex and
composed of several components. The high-resolution IUE-spectra of Cepheids
often show double emission features separated by the circumstellar absorption
component (Schmidt & Parsons, 1982, 1984a.b). The general trend in the tem-
poral variation of the total flux of h and k lines is that MgII turns on rather
suddenly and then declines during most of the cycle. The fact that some MgII
absorption components move differently from the photosphere supports the view
that they originate at least several tenths of a stellar radius above it. The chro-
mosphere of Cepheids is heterogeneous over the stellar surface and is likely
composed of a number of rising and falling columns. The available data are,
however, insufficient to decide whether the chromospheric activity is the result
of internal convection or it is caused by a shock generated by the pulsation.
In any case, for some Cepheids blueshifted chromospheric UV-lines have been
observed (Schmidt & Parsons, 1984a) indicating velocities exceeding the surface
escape velocity (about 100 km/s).

Hot corona can be studied by X-ray observations. At the sensitivity level of
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Einstein, no X-ray emission was detected from three bright Cepheids, 6 Cephei,
B Dor, and { Gem (Bohm-Vitense & Parsons, 1983). A decade later, { Gem was
reobserved with the more sensitive equipment on board of ROSAT (Sasselov,
1994). No X-ray flux was detected at the upper limit five times lower than
previously observed, indicating that classical Cepheids do not have any hot
plasma in their upper atmosphere. This means that chromospheric heating is
possible in the Cepheid atmospheres but the global envelope pulsation inhibits
coronal heating.

4. Cepheids in reflection nebulae

Two classical Cepheids — RS Puppis and SU Cassiopeiae — are connected with
reflection nebulae (van den Bergh, 1966). RS Pup is embedded centrally in
such a nebula while SU Cas is displaced from the neighbouring nebula but the
Cepheid together with some other field stars illuminate the dust particles in their
vicinity. These two Cepheids are particularly important because the embedding
or nearby reflection nebula offers an independent means for determining their
distance, therefore the P-L relation can be calibrated.

A thorough investigation of the region around SU Cas revealed additional
reflection nebulae near this Cepheid and from the study of the stars in this region
a loose association was discovered (Turner & Evans, 1984). The core group
members are at a distance of 258 £ 3 pc and have ages of about 120 million years.
The derived luminosity for SU Cas is in agreement with the luminosity obtained
from the P-L relation assuming fundamental mode pulsation. It is intriguing,
however, that the trigonometric parallax determined from the Hipparcos data
places SU Cas at a distance of 433 pc (but the uncertainty is about 100 pc).
Moreover, from their Baade-Wesselink analysis, Milone et al. (1999) concluded
that SU Cas is pulsating in the first overtone mode.

The reflection nebula surrounding RS Puppis is circularly symmetric around
the centrally placed Cepheid. The nebular arcs in these concentric ring struc-
tures are higher density regions of reflecting material. In his pioneering study,
Havlen (1972) searched for and was able to point out the brightness variations
of several nebular features due to the light echo corresponding to the 41.4 day
periodicity of the stellar pulsation. The nebulosity varies with the same period
as the Cepheid but with a phase delay, owing to the finite light travel time
across the nebulosity. It should be emphasized that his study was based on
photographic observations, and in spite of the limited accuracy and sensitivity,
Havlen could follow the effect of the light echo of the Cepheid on the brightness
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of the dust cloud.

The phase difference between the stellar and the nebular variations depends
on the linear dimensions of the nebulosity, and a comparison of the linear and
angular sizes allows a geometrical determination of the distance to the Cepheid.
It would be high time to repeat this study using CCD detectors which are more
sensitive and allow to carry out more precise photometry.

In addition, Mayes et al. (1985) pointed out that significant variability is
expected in the surface brightness distribution of the reflection nebulosity at
IR wavelengths due to variable heating accompanying the effective temperature
changes of RS Pup over a pulsation cycle. This infrared echo of the Cepheid
variability in the surrounding nebulosity offers a similar but independent method
for distance determination. Unfortunately this method has not been applied in
practice in lack of dedicated far-infrared observations of this region.

The discrete rings around RS Pup must reflect the nature of the mass ejection
process because it is difficult to explain such structure in terms of continuous
mass-loss mechanism. The spacing between the successive rings is fairly reg-
ular: about 20,000 AU (Deasy, 1988). This is consistent with the regularly
repeating phases of intense mass loss from RS Pup whose mass is about 12 M.
Havlen (1972), however, pointed out that regularly ejected bubbles contradict
the generally accepted stellar evolutionary models.

Later calculations performed by ? showed that pulsationally driven mass
loss — even if it is small — reduces the rate of the period change for all masses.
According to their evolutionary models mass loosing Cepheids spend more time
in the instability strip. A mass loss rate of 10~7 Mg, /yr results in 2-5 times longer
crossing time for a 5 Mg Cepheid, and the rate of period change decreases by
a similar factor. Fernie (1984) compared the observed secular period changes
of Cepheids with the theoretical values predicted by the evolutionary models of
Becker et al. (1977). The observed changes are consistently smaller than the
theoretical values which may be evidence of weak mass loss during the Cepheid
phase.

5. Effects of binarity on the behaviour of the Cepheids

Presence of a companion may have important consequences on the circumstellar
region around the Cepheid. It is known from the evolutionary models that epi-
zodes of intense mass loss may occur during evolution of binary stars (Hilditch,
2001). The effects of the companion, however, have been usually neglected in
the Cepheid research in spite of the fact that more than 60 per cent of the
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classical Cepheids belong to binary or multiple system (Szabados, 1995).

For example, it is difficult to separate the free-free emission in the mid-
IR produced by the hot chromosphere surrounding a Cepheid from the free-
free emission which occurs in binary systems consisting a Cepheid and a hot
companion where the emission is generated by the stellar wind in the vicinity
of the hot component.

Among the key issues related to Cepheids in binaries one can mention search-
ing for traces of current or pre-Cepheid mass loss. Further important problems,
e.g. calibration of the P-L relation, theoretical and observational study of pe-
riod changes or possible nonradial modes excited by the companion, and search
for white dwarf companions are not related to the circumstellar matter.

6. Cepheids as tracers of recent star formation history

Cepheids also serve as indicators of star formation occurred in the recent past.
Here I refer to two examples. 1. Evidence of propagating star formation in the
Large Magellanic Cloud based on the period distribution of Cepheids. 2. The
other example shows how the motion of the interaction point of two spiral arms
in M31 can be followed with using Cepheids.

About 1800 Cepheids have been analysed based on the data obtained by
the MACHO microlensing experiment (Alcock et al., 1999) by comparing the
theoretical and observed period-frequency distributions. The main factors that
determine the period distribution of Cepheids in a galaxy are: the star forma-
tion rate, the initial mass function, metallicity of the galaxy, stellar evolution
prior to and during the Cepheid phase, and the location of the instability strip.
Evolutionary tracks indicate when a star of a particular mass will be at a given
position in the H-R diagram. Pulsation models give the position of the insta-
bility strip, and the pulsation period of the star within the strip.

It has been revealed that a significant burst in star formation occurred one
hundred million years ago. During the last 10® years the central region of this
star formation moved from SE to NW along the bar of the LMC. From the
regional period distribution of Cepheids Alcock et al. (1999) concluded that the
metal content does not change along the bar of the LMC. They were also able to
deduce the time scale of the star formation from the period distributions, they
derived the mid-epoch and the duration of the star formation epizodes along
the bar.

Taking into account the distance of the LMC (assuming a value of 50 kpc),
even the velocity could be calculated at which the star formation peak has been
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propagating in the bar. It took about 40 million years to reach the northern
end of the bar from the southern one, which can be converted into a velocity of
about 100 km/s. This large velocity is an independent evidence supporting the
finding that star formation was triggered tidally during the last passage of the
LMC close to the Milky Way about 150 million years ago.

The star formation history in the superassociation NGC 206 in the An-
dromeda nebula was studied by comparing the neutral hydrogen emission map,
the location and distribution of blue stars and the Cepheid variables (Magnier et
al., 1997). It has been pointed out that NGC 206 is located at the intersection of
two spiral arms, suggesting that the interaction between spiral arms is respon-
sible for the enhanced level of star formation. The motion of the interaction
point can be followed from the distribution of Cepheids. In that study Cepheids
were used as age indicators, based on the relationship: log A = 8.4 — 0.6log P ,
where A is the age of Cepheids in years, P is the pulsation period in days.

It is noteworthy that Cepheids are much more frequent in the regions south of
NGC 206 where the number ratio of Cepheids/blue stars exceeds 0.5, while in the
bulk of the galaxy the ratio of Cepheids to blue stars (for which B—V < 0.2 mag)
is smaller than 0.2. These blue stars represent the upper part of the main
sequence, where stars with ages younger than 30 million years are found.

This difference in number ratio of Cepheids to blue stars can be explained in
terms of a region in which star formation is enhanced. In the southern part of
M31 the star formation activity has moved during the past ~100 Myr relative
to the spiral arm structure seen today. According to this explanation, NGC 206
represents the most recent phase of the enhanced star formation.

The motion of the enhanced star formation can be calculated from the dis-
placement of the region with amply occurring Cepheids relative to NGC 206
and their age difference. Assuming a typical age of 90 Myr for the bulk of these
Cepheids, 30 Myr for NGC 206, and an angular distance of 0.15 degrees between
the centers of the two groups of different ages, which corresponds to ~1900 pc
at the distance of M31, the relative velocity is about 32£15 km/s.
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Abstract

The bright supergiant and suspected binary star 89 Herculis is studied
with help of infrared and optical spectroscopy. The high-resolution sodium
D profiles suggest multiple velocity structure of circumstellar clouds. As-
trophysical parameters are derived by fitting model spectra in the infrared
region. Our results are in agreement with the recently emerged view of
the system based on radio and infrared observations. We also discuss
photometric and radial velocity variations concluding that pulsations are
barely detectable in velocity data. This behaviour is likely to be caused
by the spectral line profile distorsions due to circumstellar envelope.
KEYWORDS: stars: semireqular stars — stars: individual: 89 Her

1. Introduction

89 Her = V441 Her = HD 163506 = IRAS 1753442603 is a bright (V = 5.43 mag)
supergiant star of spectral type F2Ibe. This star shows a light change due to
semiregular pulsation (SRd type) with P=65d and A < 0.1mag. Both the
period and the amplitude of the light curve are unstable. So far there is no
widely accepted explanation of the mechanism that drives this variability. As
many other supergiant stars, 8 Her has circumstellar dust shells due to episodic
mass loss. Changes in these shells with time can presumably be revealed by the
average brightness of the star. The photoelectric V light curve was analysed
with Fourier and wavelet methods earlier (Szatméary and Kiss 1997).

The radial velocity practically does not vary with the photometric period,
although Percy et al. (2000) found a broad peak in the frequency spectrum at
60-70 days. 89 Her is a spectroscopic binary with P,,=288d.

According to the commonly accepted view of 89 Her, it is a post-AGB star
which evolves to a central star of a planetary nebula. The observed circumstellar
envelope proves this scenario. This envelope was ejected a few thousand years
ago, although there are some signs (mainly spectroscopic pieces of evidence) that
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sudden mass-losses occured in the last few decades too. On the other hand, the
physical properties of the star are very uncertain. Neither its mass nor luminos-
ity are known with acceptable accuracy. We obtained near-infrared spectra in
the Ca-triplet regime. Fitting the hidrogen Paschen-lines with ATLAS9 models,
we have obtained Teg = 6000 K and logg=0.5, as a preliminary result. This
may confirm the supergiant status of the star.

The period study has revealed a 288 day variation in the light curve which is
probably caused by the orbital motion: the varying distance means varying op-
tical path in the circumstellar cloud. This periodicity cannot be detected in the
color curve, hence the cloud in the line-of-sight is very homogeneous. The or-
bital parameters of the 89 Her system (Waters et al. 1993) are: Po,, = 288.36d,
e=0.189, K=3.09kms™ !, a; sini =12x10%km, f(Mz)=0.0008 M. If we as-
sume a mass of 0.6 M, for the primary, the most probable mass of the secondary
is between 0.08 and 0.15 M. Adopting a luminosity for the primary of 3000 Lg,
the radius is about 43 R, for an effective temperature of 6500 K.

2. Spectroscopic observations

High resolution optical spectroscopy was carried out on eight nights in 1996
and three nights in 1997 at the David Dunlap Observatory. We used the 1.88 m
telescope equipped with the echelle spectrograph. The studied wavelength re-
gion was between 6200-6600 A in 1996 and 5860-6660 A in 1997. The resolution
(A/AX) is about 30000, while the typical S/N ratio is around 150-200.

A sample spectrum is shown in Fig. 1. The studied wavelength range covers
the strong sodium D doublet and the Ha line. The latter shows very charac-
teristic P Cygni-profile, usually attributed to a strong stellar wind. Other P
Cygni-profiles are present, too, while the spectrum is fairly rich in very narrow
emission lines. Several absorption lines make the spectrum partially similar to
that of the “normal” stars. The general appearance suggests that even in the
optical ranges the star is barely visible through the circumstellar nebula.

A question arises: how can we derive stellar radial velocities from such spec-
tra? There are very few pure absorption lines originating in the stellar pho-
tosphere, the majority of spectral lines is disturbed by one or more emission
components. It looks almost impossible to separate stellar and circumstellar
contributions. Therefore, we conclude that earlier radial velocity data from
medium-resolution spectra should be carefully re-analysed.

Some interesting conclusions are based on simple comparisons of different
spectral lines. First, we compare the strongest sodium doublet and the Ha line
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Figure 1: A sample spectrum of 89 Herculis taken in 1997. Note the different scaling
of the vertical axes in different subpanels.

(Fig. 2). The two components of the doublet have very similar substructures.
They are likely to originate in discrete circumstellar shells with different ex-
pansion velocities. The close similarity to the velocity structure of the Ha line
strengthens the idea that the weaker components of the doublet originate at
89 Her indeed, not in the intervening interstellar matter. One can identify a
shell with vey, ~85km s~!, while a weaker feature is unambiguously present
with Vexp ~#140km s~1.

Second, two metallic P Cygni-profiles were compared with a pure Si II ab-
sorption line and sodium D1 line. It is interesting, that the emission components
of the P Cygni-profiles coincide with the minimum of the absorption line, while
the sodium D is displaced relative to all lines by more than +10kms™!.

Finally, three narrow emission lines are compared (Fig. 2). The radial veloc-
ities of the emission peaks are in very good agreement, however, the seemingly
pure emission lines have companion absorption components at ~—120kms~!.
Our conclusion is that the optical spectrum of 89 Her is extremely complex
due to the presence of circumstellar matter. A future investigation should ad-
dress the various components of the whole system (a pulsating post-AGB star,
a secondary companion of unknown nature, a thick circumstellar nebula with
discrete velocity structures) and their contributions to the observed spectrum.
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Figure 2: Left: A comparison of the strongest spectral lines. A main expansion
velocity of 85 kms ™ is suggested by the absorption minimum of the hydrogen P Cygni-
profile and the secondary components of the sodium doublet. A weaker feature is also
present at —140 kms~!. Right: A comparison of three seemingly pure emission lines.
Although the absorption features look similar, the Fe I 6498 and Ti I 6546 lines are in
that spectral region which is strongly affected by the atmospheric telluric lines.
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STELLAR DRIVEN FLOWS IN MULTI-PHASE MEDIA
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Abstract

After a brief overview of the evolution of flows driven by winds and ex-
plosions in single phase media, we briefly describe some of the features of
mass injection. We then describe recent work on mass injection into wind-
blown bubbles and supernova remnants. We make some final remarks on
shocks in multi-phase media.

1. Introduction

Most flows in diffuse astrophysical sources are driven by the injection of mass,
momentum and energy. This injection can be impulsive e.g. flows driven by
stellar explosions such as novae and supernovae or can be continuous e.g. flows
driven by stellar winds and radiation fields. Of course these are not mutually
exclusive and in some situations, this distinction is not clear cut. So, for exam-
ple, a sequence of impulsive events (e.g. supernovae) may often be reasonably
approximated as a continuous wind with a mean power of the supernova energy
divided by the characteristic time between explosions.

The literature on these flows is vast and just a very few classic papers are
mentioned here. Flows driven by the action of stellar UV radiation were classi-
fied by Kahn (1954); supernovae induced flows were studied by Shklovskii (1962)
and flows driven by fast stellar winds by Pikel'ner (1968). We will here deal
only with the latter two types of flow. A useful overview of a variety of problems
associated with shock propagation has been given by Bisnovatyi-Kogan & Silich
(1995).

2. A brief overview of the evolution of flows in single phase
media

2.1. Supernova remnants

In the initial free expansion phase, a forward shock is driven into the supernova
site surroundings at velocity V,; = constant, so the shock radius Rs o t, where
t is the time. An accelerating reverse shock propagates into the supernova
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ejecta. When the mass swept up by the forward shock is O(10) times the
ejected mass, the remnant enters the Sedov-Taylor stage of evolution in which
only the forward shock remains. Radiation losses are negligible and the remnant
evolves with time as R, o t2/%, V, o t~3/5. Eventually, radiation losses remove
thermal energy from all except the very hot interior and the remnant enters
the ‘pressure-driven snowplough’ regime during which Ry o t%/7 and V,
t~5/7. Depending on circumstances, the hot interior may eventually cool and
the resulting ‘momentum-driven snowplough’ evolves as Ry o t1/4, V, oc t—3/4,
A very comprehensive overview of supernova remnant evolution is given by
Truelove & McKee (1999).

2.2. Wind driven interactions

As in the supernova driven interaction, there are two shocks generated, a forward
one into the ambient gas and a reverse shock into the ejecta (i.e. the wind).
However, the continuous wind means that the reverse shock never collapses onto
the stellar surface and the ‘two-shock’ flow pattern first described by Pikel’ner
(1968) moves outwards in the stellar frame. The flow depends largely on the
thermal behaviour of the shocked wind. If this wind behaves adiabatically, the
outwards shock is driven by the pressure of the shocked wind and the flow is
often referred to as ‘energy’ driven. In that case the outer shock evolves as R
t3/5 V, o< t—2/5. On the other hand, if the shocked wind cools quickly, the flow
is driven by the wind momentum and, unsurprisingly, is then referred to as
‘momentum driven’. In that case the outer shock evolves as Ry o t'/2, V,
t~1/2. The type of flow that occurs is determined effectively by the wind velocity.
Roughly for wind speeds less than 100 kms~! or so momentum driven flows occur
and energy driven flows occur if the wind speed is higher (e.g. Dyson, 1984).
So, at least in single phase media, the very fast (> few hundred kms~—!) winds
from stars such as OB stars, Wolf-Rayet Stars and planetary nebula nuclei set
up energy driven flows. Winds from YSOs (Young Stellar Objects) which are
slower (~ hundred kms~!) produce either momentum driven flows or energy
driven flows since the transition is extremely sharp (Dyson, 1984). Flows can
evolve from one type into another dependent on temporal variations in wind
power output and/or spatial variations in the ambient density. A thorough
treatment is given by Koo & McKee (1992a) and Koo & McKee (1992D).
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3. Why study flows in multi-phase media?

Practically every diffuse astronomical source consists of ‘cool’ clumps embedded
in a ‘hot’ substrate. These include stellar envelopes ejected in the late stages
of stellar evolution, molecular clouds and star forming regions and the nuclear
regions of active galaxies. Mass from the clumps can be picked up by the global
flow initiated by any of the mechanisms above and the resulting dynamics,
physics and chemistry of this global flow are thereby altered. The back reaction
on the flow may also affect the mass injection mechanism.

There are several ways of injecting material into a flow. The photoevapora-
tion of clumps depends on the presence of an ionizing radiation field. Conduction
from cool clumps to the hot substrate may occur; depending on circumstances
the inverse may also happen. Clumps can be shredded when overrun by shock
waves and the clump material added to the global flow. Finally, simple hydro-
dynamic ablation via the Bernoulli effect may also happen.

A wide variety of problems involving mass injection have been studied in
the literature. A far from exhaustive (though biased) selection includes: the
internal dynamics of Wolf-Rayet nebulae (e.g. Hartquist et al., 1986; Arthur et
al., 1993, 1994, 1996); ultra-compact HII regions (e.g. Dyson, 1994; Dyson et
al., 1995; Lizano et al., 1996); planetary nebula jets (Redman & Dyson, 1999);
supernova remnants (McKee & Ostriker, 1997).

4. The scales involved in mass-addition

There is a distinct hierarchy of spatial scales involved in the mass-pick up pro-
cess. On the smallest scales, mass is accelerated in boundary layers towards
full integration with the global flow. Because the global flows are directional,
there is the tendency for the accelerated material to be stretched in the flow
direction-these are the intermediate scale ‘tail’ features. The integration of the
swept-up material into the global flows takes place on these scales. Finally, the
largest scale is the flow itself. Provided there is suitable diagnostic emission or
absorption, these various structures can be investigated in astronomical sources
giving information on processes that are either difficult or impossible to study
under terrestrial laboratory conditions.
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5. Remarks on tails

Tail features are interesting for (at least) two reasons. Firstly they provide some
of the most intriguing examples of morphology (e.g. the tails in the Helix Nebula
NGC 7293, and those of the Orion PROPLYDs). Secondly, it is over these scales
in which the integration of the picked up material into the global flow finally
takes place and the efficiency of this integration (i.e. the coupling between the
global flow and the picked up material) depends on the tail morphology. Very
clearly, there is much better coupling if the tails are broad rather than thin,
although the number of clumps per unit volume also plays a role. It is worth
noting here that all the work discussed later assumes that the mass injection
and assimilation into the global flow occurs over length scales much shorter than
those associated with the global flows. Thus the likely coarse grain nature of
real flows is ignored.

There are in fact several ways of generating visible tail structures. Although
we are here concerned with real tails (in the sense that they contain real moving
material), what appear observationally to be tails can be formed by the shad-
owing of radiation fields (e.g. van Berkblom & Arny, 1972; Canté et al., 1998).
The hydrodynamic formation of tails has been discussed on a phenomenological
basis by Dyson et al. (1993). These authors considered the way gas liberated
from a long-lived source interacted with a uniform stream of gas. There are in
principle four possible basic interactions since the source and stream gas can be
subsonic or supersonic. Dyson et al. (1993) concluded that wide tails are gener-
ated whenever a supersonic stream interacts with either subsonic or supersonic
source material or a subsonic stream interacts with supersonic source material.
They thus suggested that long thin tails are produced only if a subsonic stream
interacts with subsonic source gas. This statement needs the caveat that in ad-
dition, any viscous energy dissipation in the tail must be balanced by radiative
cooling (Hartquist et al., 1996).

This basic premise has been supported by numerical calculations (Falle et
al., 2001) which looked at the interaction of subsonic and supersonic streams
with subsonic source material. The wind was assumed to behave adiabatically
and the stream gas isothermally. The subsonic-subsonic interaction gave a long
thin tail.

An important related problem under study is the interaction of winds with
distributed sources and the question of whether a global shock is formed or
whether individual shocks occur around individual sources. Some important
work has been done on the interaction of global shocks with multiple clumps
(Poludnenko et al., 2002), but in these calculations, the clumps are destroyed
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by the shocks.

Since the forms of intermediate scale structures depend on the Mach numbers
of the global flows, and they in turn determine the coupling between the source
and the flow, it is clear that self-consistent flows really need to be studied. In
the next sections we will consider a step in this direction by investigating the
flows that can be produced with distributed mass loading terms.

6. Mass injection into stellar wind driven flows

Pittard et al. (2001a) and Pittard et al. (2001b) have constructed similarity so-
lutions that describe adiabatic wind-blown bubble evolution with mass loading.
Although similarity solutions are rather specialised, they do give some insight
into the problems they attempt to describe. The basic equations are the usual
conservation of mass, momentum and energy with an appropriate mass injection
term added to the continuity equation, specified according to the mode of mass
injection.

For conductive (saturated Spitzer) injection, the volume mass injection rate
is proportional to T5/2 where T is the temperature. For hydrodynamic ablation,
the prescription given by Hartquist et al. (1986) is used. In this, the mass
injection rate is proportional to M?, where v takes the value of 0 if the flow
is supersonic relative to the clumps and 4/3 if the flow is subsonic. M is the
flow Mach number. We specify the inter-clump density as p = por®. A spatial
dependency of the mass injection is included through a term r*.

In the case of hydrodynamic ablation, the similarity variable
is  x=rQUVOGNE-L/G+N=2/G+N)  and  for  conductive  injection
x = rQY/(IO+NE-1/(10+X)(~7/(10+X)  Here, () is the constant of propor-
tionality in the mass injection term, E is the energy injection rate and t is the
time. In the usual way, the coupled partial differential conservation equations
reduce to a set of ordinary differential equations. In order to do this, there is
the requirement that A = (28 — 5)/3 in the ablation case and A = (5 + 75)/3
in the conductive case.

To summarise the results:

i) Hydrodynamic ablation. Substantial mass loading of wind-blown bubbles
occurs over a wide range of A. If A < —2, the bubble mass is larger than
that of the swept up shell. The profiles of the flow variables are significantly
altered under conditions of large mass loading. In contrast to cases with
little mass loading, the density and temperature increase and the velocity and
Mach numbers drop. As expected, mass loading of the wind strongly reduces
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the Mach number of the inner shock (c.f. Williams et al., 1995). Indeed the
wind can mass-load sufficiently to go through a sonic point and thus avoid a
termination shock altogether. Importantly, depending on circumstances, the
flow may have anything from none to several sonic points. (Note that the mass
loading is determined so as to be self-consistent with the Mach number of the
local flow).

ii) Conductive evaporation. As before, substantial mass loading can occur
over a wide range of A. Here though the bubble mass is larger than that of
the swept-up shell if A > 4. With high mass loading, the average density of
the shocked region is larger, the deceleration of the flow is shallower and the
temperature of the shocked wind rapidly decreases. The shocked wind region
can be entirely subsonic, entirely supersonic or have one or sometimes two
sonic points. For a given value of A and ratio of the radii of the inner and outer
shocks, there is a maximum value of the mass loading that can occur.

These solutions give some idea of the complexities produced when mass
injection occurs in stellar wind driven bubbles. It is clear that the effects of mass
injection are such that the results on bubble dynamics and evolution obtained
from calculations in smooth media (e.g. for planetary nebulae) should be viewed
with caution.

7. Mass injection into supernova remnants

As in the case of stellar wind driven bubbles, by far the majority of investigations
do not include the effects of mass addition. Cowie et al. (1981) numerically mod-
elled the effects of a supernova explosion on medium where discrete clouds are
embedded in a lower density substrate. The cloud material is thermally evap-
orated into the remnant. There have been various similarity solutions derived
where, as above for the wind-blown bubbles, clouds are treated as continuously
distributed mass injection sources. McKee & Ostriker (1997), Chiéze & Lazareff
(1981) and White & Long (1991) assumed that conductive evaporation drives
mass injection. (Dyson & Hartquist, 1987) assumed that material is hydrody-
namically ablated into remnants according the prescription given in Section 6.
Arthur (1994) made a preliminary numerical study of the effects of hydrody-
namic mass loading due to hydrodynamic ablation on supernovae remnants in
the adiabatic case. Arthur & Henney (1996) used numerical simulations of mass
loaded supernova remnants to explain the excess soft X-ray emission in bubbles
in the Large Magellanic Cloud.

Mass loaded supernova remnants are important in a variety of contexts. A
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remnant propagating inside a molecular cloud propagates through a multiphase
medium with a complex structure partly determined by the interaction of the
progenitor star or neighbouring stars with the cloud. The range of the remnant
in the cloud is a significant factor in the importance of the remnant for e.g.
sequential star formation. On larger scales, the collective effects of supernova
explosions drive galactic superwinds (e.g. Chevalier & Clegg, 1985; Heckman
et al., 1990; Suchkov et al., 1996) showed that the superwind in the starburst
galaxy M82 must be mass loaded to account for the observed X-ray emission.
This necessary mass injection can be supplied by conductive or ablative cloud
evaporation in the core of M82 (Hartquist et al., 1997). The ranges of individual
remnants are affected by mass loading; clearly these in turn affect the global
wind dynamics. Quite accurate approximations, confirmed by appropriate nu-
merical modelling, are available to describe remnant evolution in smooth media
(Cioffi et al., 1988; Truelove & McKee, 1999, and references therein). These
approximations represent unified solutions for remnant evolution in the early
(Truelove & McKee, 1999) and later (Cioffi et al., 1988) stages. Such solutions
have the convenient property that only one simulation need be performed for
each regime to determine the evolution of all remnants with the same form of
initial ejecta and ambient medium density. In principle these solutions could
be used to study problems where multiple supernova events occur and where it
would be inconvenient to model each individual event. Since, as noted above,
mass loaded remnants are important in a variety of contexts, it is useful to have
similar approximations available for the mass loaded case.

Dyson et al. (2002) have calculated the evolution of supernova remnants in
which mass loading takes place by hydrodynamic ablation. A related calculation
where mass loading takes place by conductive evaporation has been made by
Pittard et al. (2002). The basic equations are as in Section 6 with the addition
that radiative cooling (assumed to be collisional ionization equilibrium cooling)
is added to the energy equation.

In all cases studied, once mass loading becomes significant, the internal struc-
tures of remnants deviate appreciably from the structures of standard remnants
with no mass loading. The distribution of the remnant energy between thermal
and kinetic also changes from that of standard remnants.

In the case where mass injection is hydrodynamic, most significantly, the
ranges of supernova remnants (defined at the time they have retained 50% of
the initial explosion energy), are strongly influenced by the mass added. For
example, a remnant that is heavily mass loaded can affect less than 1% of the
volume which would be affected by a standard remnant with the same energy
and evolving in a medium with the same ambient density. Clearly ranges are
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very seriously affected. It is worth noting that there are significant differences
between the evolution of remnants where the prescription for mass loading of
Hartquist et al. (1986) is used and where a constant (i.e. Mach number inde-
pendent) injection rate is assumed only once cooling has occurred. Up to this
stage, the differences, given the uncertainties in the physics, are negligible.

The situation is very different when mass addition takes place by thermal
evaporation. The reason is straightforward; this latter mass injection is very
temperature sensitive and the internal temperature structure can change dra-
matically spatially and temporally during remnant evolution. Moreover, con-
ductively driven mass loading has a built in limitation mechanism. Mass addi-
tion tends to result in lower temperatures that reduce the mass loading rates.
Once the interior temperatures of remnants drop below about 107K, mass addi-
tion rates decrease very sharply. Thus the main differences between these mass
loaded models and standard models occur in the earlier stages of evolution. The
later stages, where swept up gas dominates in either case, are rather similar.

The main differences between the ablation and conductively loaded remnants
are that at late times, the former are dominated by added mass and most of
the energy is thermal; the latter are dominated by swept up mass and kinetic
energy. Ablation loaded remnants evolve more quickly and reach all dynamical
stages earlier than conductively loaded remnants. At any given age, they tend
to be more massive and smaller than equivalent remnants that are conductively
mass loaded.

8. Discussion

Although the effects of mass addition to flows have been studied at some level
for over two decades, it is evident that an enormous range of investigations still
remains. In part, this is due to increasing observational data (e.g. on super-
winds) which demand the inclusion of mass loading for their interpretation. In
part there are fundamental processes associated with mass injection and the
assimilation of the injected mass into global flows that remain badly under-
stood. For example, there is evidence that clumps in molecular clouds may be
magnetically supported but little work has been done on the photoionization of
magnetised clouds. There are even more basic problems that need elucidation.
Williams & Dyson (2002) have made a study of the structure of shock waves in
two-phase media where simple assumptions were made for the dynamical cou-
pling between a tenuous hot phase and a dense cool phase. The results, even
for these simple models, show very important changes from standard shocks,
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since the ‘shocks’ now are resolved regions where the two components interact.
Another important question is what determines whether global shocks are set
up in flows or whether individual shocks around injection sources predominate.
Mass loaded flows will continue to provide gainful employment for astronomers
and astrophysicists for some time.
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Abstract

The time of protostellar wind breakout may be determined by the evo-
lution of the infalling flow, rather than any sudden change in the central
engine. I examine the transition from pure infall to outflow, in the context
of the inside-out collapse of a rotating molecular cloud core. I have fol-
lowed numerically the motion of the shocked shell created by the impact
of a stellar wind and infalling gas. These fully time-dependent calcula-
tions include cases both where the shell falls back to the stellar surface,
and where it breaks out as a true outflow. Assuming a wind launched
from the protostellar surface, the breakout time is determined in terms of
the parameters describing the wind (Mw, V) and collapsing cloud core
(ao, Q). The trapped wind phase consists of a wind sufficiently strong
to push material back from the stellar surface, but too weak to carry the
heavy, shocked infall out of the star’s gravitational potential. To produce
a large-scale outflow, the shocked material must be able to climb out of
the star’s gravitational potential well, carrying with it the dense, swept-up
infall.

KEYWORDS: circumstellar material-ISM: jets and outflows—stars: mass-
loss—stars: pre-main-sequence

1. Introduction

Because essentially all known protostellar or pre-main sequence objects show
evidence of winds, jets, or outflows, the current thinking is concentrated on a
picture of simultaneous infall and outflow, in which infall and accretion occur to-
wards the protostellar equatorial regions, and a wind breaks out along the poles
(e.g. André et al., 1993). Yet early thinking on the stages of young stellar evo-
lution identified a phase in which infall directly strikes the protostellar surface,
with no outflow present (Shu et al., 1987), no clear examples are known of such
protostars. In this contribution I consider limits on the timescale for purely-
accreting objects in the context of the standard model of inside-out collapse
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from a molecular cloud core. The mathematical formulation is a generalization
of Wilkin & Stahler (1998), dropping the assumptions of normal force balance
and quasi-stationarity to permit full time-dependence and dynamical expansion
(or collapse).

2. Description of the Infall, Wind, and Protostar

The inside-out collapse of a singular, isothermal sphere yields a mass accretion
rate M; = 0.975a3/G at the center (Shu, 1977). Here ao is the isothermal
sound speed in the cloud core. At the origin is a protostar whose mass grows
linearly in time M, = M;t, where t is the time since the start of collapse. In
the presence of initial, solid-body rotation, the infall is distorted, and accretion
occurs preferentially onto the circumstellar disk (Ulrich, 1976; Cassen & Moos-
man, 1981; Terebey et al., 1984). The natural length scale of the distortion is
the centrifugal radius R..,, which grows as 3. I turn on a wind at the stel-
lar surface, of radius R, and numerically determine whether it can halt infall
and escape. At early times, R, < R. and the accretion is nearly isotropic,
making breakout of the wind difficult. At late times, when R..,, > R., escape
becomes easy along the poles.

For simplicity, the wind is assumed isotropic and of constant speed V,,, and
mass-loss rate M,. The wind and infall collide supersonically, and a shocked
shell forms. Low speeds imply rapid cooling and a geometrically thin shell. The
dynamics of such time-dependent, thin shells has been discussed in detail by
Giuliani (1982). I include the inputs of mass and momentum from infall, the
wind, and the gravitational force due to the protostar.

3. The Trapped Wind Stage

For a given evolutionary time and ratio a = My, / M;, T determine the minimum
wind speed necessary to break out of the infalling flow. Fig. 1 shows an example
calculation of a shell that fails to escape and falls back to the star. In this case,
a modest increase in wind speed dramatically changes the outcome, permitting
breakout of the shell from the infall region. I solved the problem in dimensionless
form, which reduces the parameter space from six (R., My, Vi, @0, Q, t) to
three dimensions (nondimensional time 7, wind speed v, and «). As a result,
the parameter space has been fully explored. Fig. 2 shows the critical wind speed
for breakout. When the wind ram pressure exceeds the infall ram pressure at
the stellar surface, the wind may initially push the shell upwards. But if the
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Figure 1: Time-evolution of a failed outflow. The solid curves show the initial rise,
while dotted curves show the subsequent recollapse. The protostellar age since core
formation is 3.8 x 10* years. The shapes correspond to equal time intervals of 0.016
years. The size of the centrifugal radius is indicated by the disk. Lengths are in cm
on the left and bottom axes, and in units of the stellar radius on the remaining axes.

wind speed is less than the critical speed, the shell stalls and falls back. This is
the trapped wind stage. In Fig. 3, its duration is the time between the dashed
(ram pressure balance) curve and the solid one (critical wind speed) for a given
ratio o = Mw/M,'.
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crit

log v

log T

Figure 2: Minimum breakout wind speed versus evolutionary time. The three loci
correspond to three ratios, «, of the wind mass loss to infall accretion rate. For a
given «, the region above the curve corresponds to breakout, while that below the
curve corresponds to recollapse. The power-law increase in v..;; at early and late
times is associated with the increasing gravitating mass of the protostar.

4. Discussion

The results of Figs. 2 and 3 may be easily scaled to apply to anisotropic winds,
by comparing to an equivalent, isotropic wind having the same mass and mo-
mentum loss rates along the z-axis. Indeed, at early times, the evolution is
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Figure 3: Critical wind speed for breakout (solid curves), in units of the free-fall
(escape) speed, as a function of evolutionary time. The corresponding a-values are
shown, as well as the wind speed necessary for ram pressure balance at the stellar
surface (dashed curves). Assuming wind launch conditions Vi, /Vese = const. (i.e.
following a horizontal line in this figure), evolution begins at the left edge of the plot
with the wind unable to advance beyond the stellar surface until the line intersects
the appropriate dashed curve. Then the “trapped wind” phase lasts until the line
intersects the corresponding solid curve for breakout. For example, for V., /Vese = 1.6,
we follow a horizontal line at log(Vi/Vesc) = 0.2. The trapped wind phase begins at
t &= 19000 yr, while breakout occurs only at ¢ =~ 38000 yr, indicating a substantial
duration for the trapped wind stage.
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primarily determined by the momentum loss rate of the wind in this direction.
At late times, it is the wind speed rather than momentum loss rate that deter-
mines breakout. It is hoped that these semi-analytic results will inspire more
detailed exploration of this problem with fully radiative hydrodynamic simula-
tions. The existing literature (e.g. Frank & Noriega-Crespo, 1994) on this is not
immediately comparable because they have used a different density law which
is self-similar, unlike that of Cassen & Moosman. Moreover, I argue that initial
conditions with wind velocity much greater than the critical velocity are un-
physical, as such a strong wind would have broken out at an earlier time, unless
the wind itself evolves strongly with time.

Strong collimation of wind by anisotropic infall is not seen in the current
calculations, although further exploration of this issue is forthcoming. I note
that numerical simulations demonstrating strong collimation due to the circum-
stellar density asymmetry (e.g. Delamarter et al., 2000) have assumed a much
more asymmetric density field than that used here.
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Abstract

The interaction between a stellar wind and its surrounding ISM can create
HI cavities or bubbles. In particular, WR 6 shows a very large ovoidal
HI bubble around it, whose shape cannot be explained in terms of the
standard interstellar bubble theory and may require an anisotropic wind.
‘We have studied this possibility using 3.6-cmn VLA observations. We found
no firm evidence supporting that WR 6 has a strong anisotropic wind.
We conclude that our results are consistent with a classic thermal wind.
Under this assumption we have determined the source size, its brightness
temperature and its mass loss rate.

KEYWORDS: Radio Continuum: Stars — Stars: Wolf-Rayet, Individual
(WRG6) — Stellar Winds

1. Introduction

Strong winds from massive stars are moving supersonically with respect to the
ambient gas, creating a so-called bubble or cavity. Because of their strong stellar
winds Wolf-Rayet stars are the best candidates to form an HI cavity around
them. Some studies have been carried out to examine the HI distribution around
WR stars and to analyze the dynamics and energetic interactions between their
stellar wind and the interstellar medium.

Arnal & Cappa (1996) examined the distribution of HI around WR, 6. They
concluded that the HI bubble is not expanding and that if the standard hydro-
dynamic stellar wind-blown bubble theory is to be retained in its original form,
the most likely explanation is that the central star has a non-isotropic stellar
wind.

2. Observations

We present four sets of observations taken with the Very Large Array (VLA) at
3.6-cm. The first observing run was carried out on July 25, 1996. At this epoch
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the array was in the D configuration giving the lowest angular resolution. The
next three observing runs were made on November 25, December 21, 1996 and
on January 12, 1997. During these epochs the array was in the A configuration
giving an angular resolution of ~ 02. The amplitude and phase calibrators
were the same for all runs, 1328+307 and 0646-306, respectively. Bootstrapped
flux densities for the phase calibrator as well as for WR 6 obtained from each
observing run are shown in Table 1.

Table 1: Derived Flux Densities

0646-306 WR 6
Observing Run S, S,
[Tyl [mJy]
July 25, 1996 0.804 £ 0.006 1.56 £ 0.03

November 26, 1996 0.867 + 0.005 1.62 £ 0.03
December 21, 1996 0.875 £ 0.005 1.35 £ 0.03
January 12, 1997 0.880 £ 0.004 1.38 £ 0.03

The data analysis and reduction were performed using AIPS and following
the standard VLA procedures for editing, calibrating and imaging.

3. Discussion

The presence of an anisotropic wind in WR 6 is important because it could
be or could have been in the past related to the elongated HI bubble observed
by Arnal & Cappa (1996) at a large scale. It was then important to resolve
angularly the source both to detect any possible deviation from the spherical
symmetry and to measure the brightness temperature that could help determine
if the source has a classical thermal wind. Unfortunately, since the source is not
clearly resolved in any of the data sets and it is fairly weak, it was not possible
to determine its dimensions directly from our 3.6-cm maps (see Fig. 1).
However, White & Becker (1982) have shown that it is possible to determine
the size of a source directly from the u,v data, assuming a spherically symmet-
ric source. Besides, Escalante et al. (1989) have shown that for a marginally
resolved wind source the observed flux density depends linearly on the projected
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DECLINATION (B1950)

Figure 1: VLA CLEANed 3.6-cm mabps for the three high resolution data sets. The
maps were obtained with an intermediate (u,v) data weight (ROBUST=0). In all three
maps the source appears practically unresolved (see beams at right bottom cormer).

baseline separation. Thus, it is possible to determine the source size by mak-
ing a linear fit to the data in the w,v plane and furthermore to determine its
brightness temperature from the same fit. A least squares fit was applied to the
real part of all our high angular resolution data using the following equation:

V() =S5, (1-Ab) 1)

where b is the projected baseline separation, given in wavelengths, S, is the
total flux density, and A is the fitted slope. In our case we have obtained the
following values for the slope and the total flux density: A = 4.6 £ x10~7 and
S, = 1.52 + 0.03 mJy. Thus, the angular diameter of the source within which
half of the flux density is originated can be obtained from the equation:

[Q] =1.19x10° 4 (2)

"
while the brightness temperature is obtained from the relation:

o] =[] [l [ @

Both relations were derived by Escalante et al. (1989). Then using these
expressions we obtained the angular size and the brightness temperature for
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WR 6: 8 = 0”06 £+ 0”01 and Tg = 9000 & 2500°K. The angular size
corresponds to a dimension of ~ 100 AU at an assumed distance of 1.8 kpc.
As we can see, the brightness temperature value is consistent with a classical
thermal wind. Additional evidence comes from the spectral index a = 0.8 £ 0.2,
obtained from the average of our observations and the 6-cm value of Hogg (1982).
Finally, we have obtained the mass loss rate, M = 2.8 + 1.0 x 1075M, yr~1,
using the formulation of Panagia & Felli (1975) and a terminal wind velocity of
2700 km s1.

Then, regarding the main goal of our study, we have not found any firm
evidence supporting the possibility of WR 6 having an anisotropic wind, at
least one that is evident at scales of 0!'2 or larger. Therefore we cannot provide
evidence for a relation between an anisotropy in the stellar wind and the ovoidal
shape of the HI cavity. Instead, our data appear consistent with an isotropic
thermal wind. Besides, comparing the four flux densities that we have (Table 1),
we found no clear evidence for large variability (< 15%), in approximately 6
months.
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Abstract

We present the results of a multiwavelength study of a large, expanding
shell around the Cas OB5 association. Based on the analysis of HI, CO
and infrared data the main parameters of the shell were determined. We
estimated the total mass in the shell to be = 7.5 x 10°Mg.

KEYWORDS: ISM:bubbles-ISM:individual(Cas OB5)

1. Introduction

It is well known that large shell-like structures are relatively common in the
disk of spiral galaxies. While the formation of medium size bubbles can be
explained by the influence of a single SN event or the stellar wind of massive
stars, the size of the largest galactic structures are exceeded by a few orders of
magnitude than that created by single event. It is established that these large
shells are formed by the energy release of massive stars in OB associations, may
be created by impacts of high velocity clouds or its energy input may connect
with Gamma-Ray Burst events.

In the last decades several neutral hydrogen shells were investigated appar-
ently related to galactic OB associations (e.g. Cep OB2 (Kun et al., 1987);
Orion OB1 (Brown et al., 1995); Perseus OB1 (Cappa & Herbstmeier, 2000)).
In our study we investigated the ISM in the vicinity Cas OB5. In this area
a large elongated HI shell was found by Fich (1986) with a center position
of 1 = 117.5°,b = 1.5°. It was suspected that some SN events occured
in the pre-rarified medium of the HI shell and these supernovae actively en-
gaged in enlarging the HI shell. Schwartz (1987) found a far infrared ring
(1 = 118°,b = 2°,diameter = 5°) close to the HI shell defined by Fich. Us-
ing the diffuse infrared emission originating from this region Kiss et al. (2003,
in prep.) identified a far infrared loop GIRL 117401 at a position similar to
Schwartz’s. We used HI, CO and infrared data to determine the important
parameters of this shell.
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2. HI data analysis

In order to study the distribution of HI gas in the environment of Cas OB5, we
analyzed the HI emission in the region 108° < b < 127° and —7° < b < 9° over
the velocity interval from —100kms™! to +30kms~!. The data were obtained
from the Leiden—Dwingeloo HI survey (Hartmann et al., 1997).

Our investigation revealed a large HI shell in the velocity range
[-60kms~! < v < +3kms~!] surrounding the OB association. The projected
image of the loop extends to ~ 8.5° in both directions. In Fig. 1 we display
the distribution of the neutral hydrogen emission integrated within the velocity
range above.

o

Galactic Latitude [deq]

125 120 15 110
Galactic Longitude [deg]

Figure 1: The integrated HI emission map through the velocity range —60kms™!

to +3kms™*. The displayed Sharpless HII regions are indicated by circles, whose
diameter show the mean angular extent of the objects. The star symbols denote the
members of the association while the filled circles and triangles mark the SNRs and
pulsars respectively
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On the basis of the distance to Cas OB5 and HII regions (Sharpless, 1959)
encircling the structure we applied a distance of 2.5kpc for the shell. We as-
sumed that the HI emission is optically thin. After the removal of the back-
ground we determined the mass of the HI shell by summing up the column
densities of the individual points associated with the shell. This yielded a mass
of Mgp, ~ 6.3 x 10°Mg. The approaching side of the shell is twice as massive
twice as the receding one. This feature sets the true systemic velocity of the cen-
ter of the expansion to visr ~ —38kms~! and provides a momentum-weighted
expansion velocity (Abraham et al., 2000) of ves ~ 20kms!.

3. Molecular gas in the shell

Heyer et al. (1998) found several large voids of CO emission in the integrated
intensity images produced by the FCRAO CO Survey of the Outer Galaxy and
demonstrated that there is no extended emission within these voids at a level
> 50mK. One of the most prominent voids is centered at 1 = 117.6°,b = 0.0°
and coincides with the Cas OB5 shell.

In order to estimate the molecular gas mass in the shell we used the Outer
Galaxy Survey Cloud Catalog compiled by Heyer et al. (2001). To find the
clouds associated with the structure we cut the HI data cube for subsequent
5kms~! wide slices and searched for clouds in the given velocity range in the
shell area. In the velocity interval v < —20kms~! the CO emission originates
from the Local Arm therefore we did not consider these clouds in the following,.

Using the parameters of the associated clouds (Heyer et al., 2001) and based
on the assumption that these clouds have the same distance as the shell we
were able to derive the mass of the molecular shell. We estimate the total
molecular gas mass to be ~ 1.2 x 10°Mg. It should be noted that this method
has significant uncertainties since the CO 1-0 line is usually optically thick in
molecular clouds.

4. Infrared data

The Cas OB5 shell can be identified in the COBE/DIRBE maps of this region.
In order to determine the dust mass in the shell we used the 100 and 240um
COBE/DIRBE data. Assuming v? emissivity law we calculated the dust surface
density following the method by Hildebrand (1983). The total cold dust mass
of the structure was derived by summing up the surface density values of the
appropriate COBE/DIRBE pixels. This resulted in 9.5 x 103M,.
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5. Summary

We investigated the ISM in the vicinity of the Cas OB5 association based on
HI, CO and infrared data, and we identified a large shell at each different wave-
length. The whole structure is at a distance of 2.5kpc and is about 190 pc in
radius. The expansion velocity of the shell is ~ 20kms~'. The total swept up
mass is ~ 7.5 x 10°Mg,
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Abstract

We present our recently developed 3-dimensional chemodynamical code
for galaxy evolution. It follows the evolution of all components of a galaxy
such as dark matter, stars, molecular clouds and diffuse interstellar matter
(ISM). Dark matter and stars are treated as collisionless N-body systems.
The ISM is numerically described by a smoothed particle hydrodynamics
(SPH) approach for the diffuse (hot) gas and a sticky particle scheme for
the (cool) molecular clouds. Additionally, the galactic components are
coupled by several phase transitions like star formation, stellar death or
condensation and evaporation processes within the ISM. As an example
here we present the dynamical, chemical and photometric evolution of a
star forming dwarf galaxy with a total baryonic mass of 2 x 10°Mg.
KEYWORDS: computational methods: SPH, chemodynamics — evolution of
galazies: dwarf galazy evolution

1. Introduction

Since several years smoothed particle hydrodynamics (SPH, Monaghan, 1992)
calculations have been applied successfully to study the formation and evolution
of galaxies. Its Lagrangian nature as well as its easy implementation together
with standard N-body codes allows for a simultaneous description of complex
dark matter-gas-stellar systems (Navarro & White, 1993; Mihos & Hernquist,
1996). Nevertheless, until now the present codes lack processes that are based
on the coexistence of different phases of the interstellar medium (ISM), mainly
dissipative, dynamical and stellar feedback, element distributions, etc. We have
therefore developed a 3d chemodynamical code which is based on our single
phase galactic evolutionary program (Berczik, 1999, 2000).
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Figure 1: Radial distribution of the cumulative mass (left) and the surface
density (right) for the different components in the central region of the model
galaxy after 1 Gyr.

This code includes many complex effects such as a multi-phase ISM, cloud-
cloud collisions, a drag force between different ISM components, condensation
and evaporation of clouds (CE), star formation (SF) and a stellar feedback (FB).
This code is a further development of our single phase galactic evolutionary
program (Berczik, 1999, 2000) including now different gaseous phases. The
more detailed description of the new code and the full list of the interaction
processes between all gaseous and stellar phases will be presented in a more
comprehensive paper by Berczik et al. (2002). Here we just briefly describe
some basic features and effects.

In our new (multi-phase gas) code we use a two component gas description
of the ISM (Theis et al., 1992; Samland et al., 1997). The basic idea is to add
a cold (10? — 10* K) cloudy component to the smooth and hot gas (10* — 107
K) described by SPH. The cold clumps are modelled as N-body particles with
some “viscosity” (Theis & Hensler, 1993) (cloud-cloud collisions and drag force
between clouds and hot gas component). The cloudy component interacts with
the surrounding hot gas also via condensation and evaporation processes (Cowie
et al., 1981; Koppen et al., 1998). In the code we introduce also star formation.
The “stellar” particles are treated as a dynamically separate (collisionless) N-
body component. Only the cloud component forms the stars. During their
evolution, these stars return chemically enriched gas material and energy to
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Figure 2: Temporal evolution of the mass (left) and mass exchange rate (right)
for the different components of the model galaxy.

both gaseous phases.

2. Basic ingredients of the code

For the parametric description of the cold clumps in the code we use the mass vs.
radius relation for clouds based mainly on observations and also some theoretical
work in this direction (Larson, 1981; Solomon et al., 1987; Maloney, 1990):

Ml

ha =50 -\ [ {5eng

pcC

This parametrization has already successfully been applied for the descrip-
tion of the cloudy medium of the ISM in Theis & Hensler (1993) and Samland
et al. (1997).

The basic mechanism for the mass exchange between “cold” and “hot” gaseous
phases is a condensation vs. evaporation (CE) of the cold cloud clumps. In our
code we follow the prescription of these processes using the model proposed in
Cowie et al. (1981) and Koppen et al. (1998). In this model the basic parameter
controlling the process of CE is oy, which gives the ratio between a typical
length scale of electron thermal conduction and the cloud size (compare also
McKee & Begelman (1990); Begelman & McKee (1990)). If the cloud is small
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or has a high temperature the conduction length may exceed the cloud size
(00 > 1) and conductive evaporation is limited by saturation. On the other
hand, if the temperature of the cloud becomes very low or its size very large,
the cooling length scale becomes shorter than the cloud size and condensation
substitutes evaporation. For simplicity and as in Cowie et al. (1981) we just
use here oy = 0.03 as transition value from evaporation to cooling, although
a more detailed physical description should invoke the cooling or field length
(McKee & Begelman, 1990; Begelman & McKee, 1990). In total the rate at
which “cold” clouds evaporate their own material to the surrounding “hot” gas
or acquire mass by condensation from the surrounding gas is

0.825 - T5/2 hel agl oo < 0.03 Condensation
= —27.5 - T2 by @ 0.03 <09 <1.0 Evaporation
—27.5 - T2 by @ 065/8 og > 1.0 Saturated Evap.

dmcl
dt

where we have used ® = 1 (no inhibition of evaporation by magnetic fields) and

Thot(K) 2 1
1.54 - 107 ® nper(cm—3) ha(pc)

[

In our model the first important dynamical effect in the list of interactions
between the two gaseous phases is cloud dragging (DRAG). For this reason we
use the prescription proposed in the papers by Shu et al. (1972); Bisnovatyi-
Kogan & Sunyaev (1972):

dpcl

prali CprAG - ThZ Phot | Ve — Vhot | (Vel = Vhot)

The drag coefficient Cprag represents the ratio of the effective cross section
of the cloud to its geometrical one wh? and is set to 0.5. A value of order unity
for Cprag has the physically correct order of magnitude for the forces exerted
by a pressure difference before and after a supersonic shock wave (Courant &
Friedrichs, 1998).

The second important dynamical effect during the evolution of the cloudy
medium is a cloud wvs. cloud collisions (COLL). These processes can also signif-
icantly reduce the kinetic energy of the cloudy system. As a first approach for
these processes we assume that in each collision the colliding clouds lose only
10 % of their kinetic energy.

Stars inject a lot of mass, momentum and energy (both mechanical and
thermal) into the galactic system through supernova (SN) explosions, planetary
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nebula (PN) events and stellar wind (SW). The gas dynamics then strongly
depends on the star formation (SF) and feedback (FB) processes.

Stars are supposed to be formed from collapsing and fragmenting cold
gaseous clouds. Some possible SF criteria in numerical simulation have been
examined (Katz, 1992; Navarro & White, 1993; Friedli & Benz, 1995). In our
code we use the “standard” Jeans instability criterion inside the cloud particle,
with randomized efficiency for SF. As a first step we select the cloud particles
with:

I

G Pcl

Next, we calculate the maximum SFR from the whole Jeans mass Mj con-
verted from the cloud to star particle during the Tg time inside the Jeans volume

ha > AJ = ca

Vi:

b _ My 4 [5G

it~ v, 3V g P

where: 7§ = /5%~ We set the actual SFR in each current act of SF by
randomizing these maximum SFRs:

dp« dp™*

— = RAND (0.1 + 1.0) - ——

dt ( ) dt

Every new “star” particle in our SF scheme represents a separate, gravita-
tionally bound star formation macro region i.e. Single Stellar Population (SSP).
The “star” particle is characterized by its own time of birth ¢sp which is set
equal to the moment of particle formation. We assume that in the moment of
creation the “star” particle, the individual stars inside our macro “star” particle
are distributed according to the Initial Mass Function (IMF) by Kroupa et al.
(1993).

During the evolution, these “star” particles return the chemically enriched gas
to surrounding “gas” particles due to SNII, SNIa, PN events. As a first approach,
we consider only the production of 10 and 56Fe. The “star” particles return to
ISM also the energy due to the SW, SNII, SNIa, PN processes. The total energy
released by “star” particles is calculated at each time step and distributed (in the
form of thermal energy) between the neighbouring (Ng = 50) “gas” particles.

The code also includes the photometric evolution of each “star” particle,
based on the idea of the SSP (Bressan et al., 1994; Tantalo et al., 1996). At
each time step, absolute magnitudes: My, Mg, My, Mg, M1, Mk, My and
Mpgor are defined separately for each “star” particle. The spectro-photometric
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Figure 3: Temporal evolution of the metallicities (left) and their radial distribu-
tion after 1 Gyr (right). Individual metallicities of newly born stars are marked
by dots.

evolution of the overall ensemble of “star” particles forms the Spectral Energy
Distribution (SED) of the galaxy.

As a test of our new code, we calculate the evolution of an isolated star
forming dwarf galaxy. The initial total gas content of our dwarf galaxy is 2 x 10°
Mg (80 % “COLD” + 20 % “HOT” which is placed inside a fixed dark matter halo
with parameters rg = 2 kpc and py = 0.075 Mg /pc® (Burkert, 1995). With
these parameters the dark matter mass inside the initial distribution of gas
(20 kpc) is ~ 2 x 101° M. We set the initial temperatures on 10*K for the
cold gas and on 10° K for the hot gas. For the initial gas distribution we use a
Plummer-Kuzmin disk with parameters a = 0.1 kpc and b = 2 kpc (Miyamoto
& Nagai, 1975). The gas initially rotates in centrifugal equilibrium around the
Z-axis.

We choose the dwarf galaxy as an appropriate object for our code, because
in this case even with a relatively “small” number of cold “clouds” (~ 10%) we
achieve the required physical resolution for a realistic description of individual
molecular clouds (~ 105 Mg) as a separate “COLD” particle. In the simulation
we use Nyo; = 10* SPH and Neogq = 10* “COLD” particles. After 1 Gyr more
than 10* additional stellar particles are created.
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3. First results

After a moderate collapse phase the stars and the molecular clouds follow an
exponential radial distribution, whereas the diffuse gas shows a central depres-
sion as a result of stellar feedback (Fig. 1). The metallicities of the galactic
components behave quite differently with respect to their temporal evolution as
well as their radial distribution (Fig. 3). Especially, the ISM is not well mixed
at any stage.

In Fig. 1 we present the mass and surface density distribution of the different
components in the central region of the model after 1 Gyr of evolution. In the
region up to = 2 kpc the baryonic matter dominates over the DM. The surface
density of the stars can well be approximated by an exponential disk with a
scale length of 0.55 kpc. In the distribution of hot gas we see a central “hole” (=~
1 kpc), as a result of gas blow-out from the center mainly due to SN explosions
but not for the cold gas. This result disagrees with the model by Mori et al.
(1999) where a density hole is caused by their single gas-phase treatment.

In Fig. 2 we present the evolution of the mass and the mass exchange rate
of the different components. The SFR (i.e. dMgrtar/dt) peaks at a value of
1 Meyr—! after 200 Myrs. Afterwards it drops to 0.2 Muyr—! within several
hundred Myrs. After 1 Gyr the stellar mass has already reached 5 x 10® M.
Another interesting feature is the behaviour of the hot gas phase mass exchange.
After the initial violent phase of condensation an equilibrium is established
which gives a hot gas fraction of about 10% of the total gas mass.

The metal content of the diffuse gas and the clouds differ significantly over
the whole integration time (Fig. 3). Due to SNII and SNIa events, the metallic-
ity of the hot phase exceeds that of the clouds by almost one order of magnitude.
The clouds mainly get their metals by condensation of the hot phase. The cen-
tral metallicity plateau (up to 1 kpc) of the cold component is explained by
the fact, that condensation of metal-enriched material does not work efficiently
in that region. This signature agrees well with the observed abundance homo-
geneity in dlIrrs over up to 1 kpc (e.g. in I Zw 18: Izotov, 1999). Moreover,
the conditions in the centre lead mainly to evaporation of clouds which also
prevents the mixing with the metal enriched hot gas.
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MIiLKY WAY PARAMETERS BY THE RESULTS OF
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Abstract

The results of N-body experiments modelling the disc of our Galaxy are
presented. We used the suggestion, that the disc at all radii is on the
threshold of gravitational stability. This suggestion sets some limits on
dynamic and kinematic parameters of the main subsystems of the Galaxy
(disc, bulge and halo). In the solar neighborhood the upper bound of
surface density is calculated as 58 Mg /pc®. We came to the conclusion,
that the local minimum of the rotation curve in the region 6kpc < r <
10 kpc is not the result of mass distribution, but may arise from local
dynamic processes or another factors, that can cause non-circular motion.
Using the observed stellar velocity dispersion and suggesting that the bar
in the Milky Way is long-living, we conclude that the central maximum on
the rotation curve cannot be explained by the strongly concentrated core
of the bulge. The best agreement between model parameters and observed
data is reached for an exponential scale length of the disc of 3 kpc. The
total disc mass does not exceed My = 4.5 - 10!° M. The relative halo
mass in the sphere » < Rg = 8 kpc should exceed 80 % of disc mass.
KEYWORDS: galazies: Milky Way, N-body, bar, rotation curve

1. Some problems of Milky Way

Rotation curve is one of the most important characteristics of any galaxy. Stars
rotate more slowly than gas (Vi < V45, where Vj,s(r) is the rotation velocity
of gas and young stars and V,(r) relates to the old stars’ component). Circular
rotation curve V,(r) is a parameter that enables us to obtain the distributions
of gravitation potential and mass. There are many papers presenting rotation
curves of stellar and gaseous components of the Milky Way, obtained from obser-
vations (Fig.1). Different rotation curves were obtained for various populations
of the galactic disc: CO, HI regions, H,-emission regions, classical cepheids,
OB-associations, planetary nebulae and AGB-stars (different symbols and lines
in the Fig. 1).
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Two major features are common for most of them: 1) local depression of
the rotation velocity in the region 6kpc < r < 10kpc (local minimum of V (r));
2) inner maximum of the rotation velocity near to the centre (r ~ 0.3 kpc).
These features may be caused either by mass distribution, or by some dynamic
factors.

Spiral galaxies usually consists of two main components: a spherical sub-
system (halo, bulge, core) and a disc subsystem (stellar and gaseous discs).
Photometric data allow us to model each S-galaxy as disc+bulge system only,
but the flatness of the rotation curve at far periphery enforce us to include a
halo. If we use rotation curve only for modelling mass distribution of a galaxy,
there will be a variety of models, because there is a well known ambiguity in
interpretation: we can take low-mass disc and massive halo and bulge or low-
mass spherical subsystem and massive disc, the observed rotation curve will be
equally well explained in all these cases.

Photometric data give us radial and vertical scales for the distribution of
brightness in disc and bulge, but there are some other parameters (like unknown
M/ L ratio), that give us a freedom for choosing the optimal model for mass
distribution. The ambiguity disappears if we assume that the stellar disc of
the galaxy is near the threshold of gravitational stability and has a minimum
(for this stable state) stellar velocity dispersion ¢,. So if we have constructed
dynamic model, which would explain observed rotation curves of gas and stellar
discs, dispersion of stellar velocities and other observed structural parameters
(for example, height scale, scale length), it is possible to calculate the masses of
disc and halo separately.
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2. Dynamic simulation of Milky Way

Figure 2: The results of dy-
namic simulation. (a) The
evolution of Fourier-
harmonics amplitude of
the bar-mode in models
with different core scales r..
The decrease of amplitude
at small r. indicate the
bar decay. (b) The radial
distributions of velocity and
velocity dispersion in the
best model

We used dynamic modelling of N-body, using Tree-code (10° + 5 - 10° particles)
and Particle-Particle algorithms (N = (1 + 4) - 10*). We studied the dynamic
evolution of the self-gravitating 3D-disc, weakly unstable initially, which was
embedded into the potential of the “rigid” spherical subsystem (halo, bulge,
core). During the evolution there is a disc heating (increasing of the velocity
dispersion) from the initial unstable state. The disc comes to the stationary state
at the end of evolution. For this model disc, which possesses a minimum value of
stellar velocity dispersion at a given radius, we compare all its parameters, like
surface density, radial, vertical and azimuthal dispersions, disc scales of height
and length with the observed ones. In particular, we came to the conclusion,
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that if we try to explain the central maximum of Milky Way rotation curve (see
Fig.1) by presence of the concentrated core, it would be impossible to create
a long-lived bar (Fig.2a) in this dynamic model. The physical mechanism of
bar destruction in the presence of a concentrated core is similar to activity of a
central massive black hole (Hasan & Norman, 1990).

The presence the of local dip in circular rotation velocity V, in the region
r ~ 6+ 10 kpc contradicts observed kinematic data of the ratio of velocity dis-
persions ¢,/c, = 1.58 (Dehnen & Binney, 1998) and the results of our dynamic
simulation.

The dynamic model that best satisfies the data sets of observations, gives
the following parameters of the main components: bulge with mass M, <
1.2-10'° Mg and scale of core 7. > 200 pc; disc with full mass My = 4.4-10'° M
and surface density in Solar neighborhood o < 58 M /pc?, radial scale 3 kpc
and scale height zo = 0.5 kpc; halo with the relative mass p = My /M, > 0.87
at 7 < Rp and pu > 1.6 at 4 radial scales (~ 12 kpc). The ratio between the
circular velocity of the disc component Vcdi“ and the complete circular velocity
V. at the radius r = 2.2L = 6.6 kpc is equal to V,%*¢/V, = 0.73.
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Abstract

The maximum-likelihood analysis is applied to space velocities of 113 clas-
sical Cepheids with periods longer than 9 days, 89 young open clusters
with ages less than 40 Myr, 102 blue supergiants, 200 HII-regions and 150
HI radial velocities. We used the distance scales of objects balanced by the
statistical-parallax technique. The kinematic properties of young subsys-
tems have been derived (solar motion components, velocity-ellipsoid axes).
The rotation curve is constructed from radial velocities of all objects on
the galactocentric distances 2-14 kpc for short (Ro = 7.5 kpc) and long
(Ro = 8.5 kpc) distance scale.

KEYWORDS: Galazy: kinematics, rotation curve, open clusters, Cepheids,
blue supergiants, HI, HIT

1. Introduction

The parameters of the Galactic rotation curve were determined by many au-
thors, but it should be pointed out that these parameters depend first on
the correctness of the adopted distance scale of objects under study. Objects
with known distances — classical Cepheids, open star clusters (OSC), and OB-
associations — allow the rotation curve to be determined only out to heliocentric
distances of 4-5 kpc, whereas HI and HII kinematic data allow constructing the
rotation curve over a wider interval of galactocentric distances. The main prob-
lem of using the hydrogen data is that the distances of giant molecular clouds
(GMC) and, consequently, those of HII-regions, are determined from their sin-
gle hot exciting stars whose distance scale is prone to random and systematic
errors. Therefore, our goal is to refine the distance scales of young subsystems
and to construct the rotational curve of our Galaxy.
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2. Observational Data

Our sample included 89 young OSC with logT < 7.6 and heliocentric dis-
tances determined by Dambis (1999) by fitting Kholopov’s (1980) ZAMS with al-
lowance for evolutionary deviations based on Geneva-group isochrones (Maeder
and Meynet 1991). The radial velocities of cluster members were determined
by Glushkova based on published data and can be found in the paper by Ras-
torguev et al. (1999). The proper motions of clusters were computed from
those of their member stars found in the HIPPARCOS catalog (Baumgardt et
al. 2000).

We also used 113 classical Cepheids with periods P > 9? and heliocentric
distances computed using the fundamental-mode period-luminosity relation of
Berdnikov et al. (1996): (Mxk)r = —5.46™ — 3.52™log P in accordance with
the procedure described therein. An earlier statistical-parallax analysis (Ras-
torguev et al. 1999) showed that the sample of Cepheids with shorter periods
is not homogeneous in terms of pulsation mode and may be contaminated by
first-overtone pulsators. We used published Cepheid radial velocities and HIP-
PARCOS proper motions. Young OSC and long-period Cepheids make up a
kinematically homogeneous reference sample consisting of 176 and 142 objects
with radial velocities and proper motions, respectively, including 124 objects
with space velocities.

We performed a separate analysis of a blue supergiant sample consisting of
102 stars with heliocentric distances tied to the OSC distance scale (Dambis
1990). The proper motions of supergiants adopted from the HIPPARCOS cata-
log, and radial velocities from the catalogs of Barbier-Brossat and Figon (2000)
and WEB (Duflot et al. 1995).

Brand and Blitz (1993) published the distances and radial velocities for a
total of 206 HII-regions. We selected 203 of these objects with spectroscopic or
photometric distances inferred from their exciting stars. The radial velocities
of HII-regions were determined from the CO (2.6-mm) radio lines of their asso-
ciated molecular clouds. We did not include three HIl-regions in the final list
because of their large residual velocities relative to the provisional rotation-curve
solution. The catalog mentioned above also gives standard errors of individual
distances and line-of-sight velocities.

We adopted 150 tangent-point radial velocities of HI clouds from Fich et
al. (1989). Note that published HI and HII radial velocities are traditionally
corrected for the solar motion relative to the standard apex assumed to coincide
with the local standard of rest (LSR), and therefore we first converted them into
heliocentric radial velocities.
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3. Method of Analysis

We used the techniques of maximum-likelihood and statistical parallax (includ-
ing its simplified version) to compute the kinematic parameters and refine the
distance scales involved. See Murray (1983) for a description of the principal
ideas of the statistical-parallax method used in this paper. The tangential ve-
locity of a star is computed from its proper motion and distance and therefore
depends on the adopted distance scale, whereas radial velocities are distance
independent. The distance scale factor is defined as p = r,/r¢, where r, is the
adopted distance and r; is the true distance. The gist of the method consists of
reconciling the fields of radial and tangential velocities in terms of some model of
the field of systematic motions and ellipsoidal distribution of residual velocities.

The residual velocity of a star can be written in the following form:
AV = Vs — Veun — V5o, where Vs is the observed space velocity; Vg,
is the mean heliocentric velocity of the sample studied; V., is the contri-
bution of Galactic differential rotation. Residual space velocities are usu-
ally assumed to have a three-dimensional normal distribution: f(AV) =
(277)_3/2 |L,,1,3|_1/2 {-05AVT x L} x AV}, where the matrix of covariance
Lops contains the ellipsoidal velocity distribution, errors of distances, ra-
dial velocities and proper motion and influence of errors of distances on the
systematic velocities. We inferred the unknown parameters by using the
maximum-likelihood method or in other words by minimizing the function

N
LF = — Y In f(AV). To compute the parameter errors we used the method

i=1
proposed by Hawley et al. (1986).

The simplified version of the statistical-parallax technique (as used, e.g.,
by Feast et al. 1998) based on reconciling the kinematic parameters inferred
separately from radial velocities and proper motions. Thus it is well known
that Oort’s constant A inferred from proper motions is much less sensitive to the
adopted distance scale than is the value of the same constant inferred from radial
velocities. This allows not only the kinematic parameters to be determined but
also the distance scale of objects under study to be refined. When refining the
distance scale by reconciling the values of Oort’s constant A we set p = 1.

4. Results and Discussion

First, we applied the maximum-likelihood method to our sample of Cepheids
and OSC. Because the galactocentric distance of Sun Ry and the distance scale
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are correlated with each other, we performed our computations with two most
commonly adopted values — Ry = 7.5 and 8.5 kpc. We determined the angular
velocity of galactic rotation from space velocities of Cepheids and OSC and then
used it to construct the Galactic rotation curve based on the radial velocities of
all objects considered. The dispersion of the inferred absolute magnitude is equal
to opr = 0.15™ for sample of Cepheids and OSC and oy = 0.38™ for sample of
blue supergiants. It should be noted that the study of the kinematics and space
distribution in the disk of other galaxies showed the exponential decrease of
surface brightness and velocity dispersion with galactocentric distance (Bottema
1993). But the real accuracy of the computed rotational curve allows us to get
rid of this effect.

Table 1 lists the distance scale factors for our samples estimated by the
statistical-parallax technique and its simplified version. We analyzed the prob-
lem of systematic differences between the distance scale factors given by this
two methods. One hundred numerical simulations have shown that the distance
scale factor is on the average equal to 1 from both methods and p; and p- are
correlated with each other. We cannot unambiguously choose between the two
approaches to the distance scale refinement. It is logical to associate the short
and long distance scales with Ry = 7.5 and Ry = 8.5 kpc. In other words
p=096 > Ry = 7.5 kpc and p = 0.84 — Ry = 8.5 kpc for Cepheids+0OSC
sample and p = 1.09 - Ry = 7.5 kpc and p = 0.97 — Ry = 8.5 kpc for the blue
supergiants sample.

Table 1. Distance scale factors estimated by the statistical-parallax technique (p1) and
by simplified version (p2).

Ry, p1, | pe, P, | po,
kpc | Cepheids+OSC | Supergiants
7.5 0.86 0.96 1.09 0.97
8.5 0.84 0.97 1.09 0.97
errors | +£0.05 | +0.09 | +0.08 | +0.16

The only way to match the distance scales of HII and stars is to compare
the first derivatives of angular velocities inferred from radial and space ve-
locities for gas and stars, respectively. In the result p = 0.95 for Ry = 7.5
kpc and p = 0.90 for Ry = 8.5 kpc. The good agreement between mean
heliocentric velocity components of different young-object samples allows us
to construct the rotation curve over a sufficiently wide interval of galacto-
centric distances, 2 — 14 kpc, using radial velocities of both stars and gas
(see Fig. 1, 2). The resulting local centroid velocity and Oort’s constant A
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Figure 1: Galactic rotation
curve V(R) for the short
(Ro = 7.5 kpc) and long
(Ro = 8.5 kpc) distance
scales

Figure 2: Galactic rota-
tion curve V(R) for the
short distance scale (Rp =
7.5 kpc) with young-object
data points ("+" - HI, "x"
- HII, "o" - Cepheids+OC,
"x" - blue supergiants)

are equal to V(Ry) = (206 + 10) kms™!, A = (17.1 & 0.5) kms~'kpc~! and
V(Ro) = (226 +12) kms™!, A = (15.4+0.6) kms~'kpc~! for the short and long
distance scale, respectively. We computed the velocity ellipsoid axes separately
for Cepheids and OSC, supergiants and gas (see Table 2). We see that the axial
ratio of the Cepheids and OSC velocity ellipsoid obeys closely to the Lindblad
formula, whereas for the gas o, ~ o,.
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Table 2. Heliocentric velocity components and velocity ellipsoid axes for the young
object sample (* - fixing parameters).

Oy, Oy, Tw*, uo, Vo, Wo*,

kms™ kms ! | kms! | kms ! | kms ! | kms?
Cepheids+0OSC | 13.30 7.59 7.55
errors +1.79 +0.41 —
Supergiants 14.17 10.00 5.13

€errors +0.51 +2.12 — —9.17 —12.98 | —7.25
HII 6.71 7.19 5.0
errors +0.60 0.93 —
HI 6.60 6.05 5.0

errors — +0.34 — +0.48 +0.78 —
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