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Abstract. The 7 and 15 um observations of selected fields in the Galactic Plane obtained with ISOCAM during the ISOGAL
program offer a unique possibility to search for previously unknown YSOs, undetected by IRAS because of lower sensitivity
or confusion problems. In a previous paper (Felli et al. 2000) we established criteria of general validity to select YSOs from
the much larger population of Post Main Sequence (Post-MS) stars present in the ISOGAL fields by comparing radio and
IR observations of five fields located at [ ~ +45°. The selection was based primarily on the position of the point sources in
the [15]-[7]-[15] diagram, which involves only ISOGAL data and allows to find possible YSOs using the survey data alone.
In the present work we revise the adopted criteria by comparing radio-identified UC HII regions and ISOGAL observations
over a much larger region. The main indications of the previous analysis are confirmed, but the criteria for selecting YSO
candidates had to be revised to select only bright objects, in order to limit the contamination of the sample by Post-MS stars.
The revised criteria ([15] < 4.5, [7]-[15] > 1.8) are then used to extract YSO candidates from the ISOGAL Point Source
Catalogue in preparation. We select a total of 715 YSO candidates, corresponding to ~2% of the sources with good detections
at 7 and 15 pum. The results are presented in a table form that provides an unique input list of small diameter, <6”, Galactic

YSO candidates. The global properties of the sample of YSO candidates are briefly discussed.
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1. Introduction

The first steps of star formation are the pre-stellar and proto-
stellar phases, corresponding to the fragmentation and the grav-
itational collapse of a dense core in a molecular cloud, before a
formed star appears. The IR spectrum of pre- and proto-stellar
cloud cores originates from a very cool dust envelope, and
they are observed in absorption against the diffuse background
at 7 and 15 um (Molinari et al. 1998; Bacmann et al. 2000).
Some of the infrared dark clouds detected by the ISOGAL and
MSX surveys may indeed be the same type of objects (Pérault
et al. 1996; Carey et al. 1998).

The next step is commonly referred to as Young Stellar
Object (YSO), to indicate the phase when the formed star is
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deeply embedded in a thick dusty envelope, or when it is hid-
den by an optically thick disk, remnants of the molecular cloud
from which it was formed. This envelope or disk absorbs all
the stellar radiation, making the YSO undetectable in the vis-
ible range, and re-emits in the IR, thus making it shine as a
bright IR source.

YSOs may have widely different luminosities and masses,
ranging from a fraction of a solar mass to 100 solar masses.
The YSOs associated with the earliest spectral type stars
(earlier than B3) can be searched both in the radio contin-
uum, where the ionised gas of the Ultra Compact HII re-
gion (UC HII) produces free-free emission, and in the Middle
and Far IR (MIR and FIR, respectively), where the dust emits.
Very bright UC HII regions have been extensively studied (see
e.g. Churchwell 1991 for a review) and models have been de-
veloped to explain the Spectral Energy Distribution (SED) and
the spatial morphology of the emission at different wavelengths
(Scoville & Kwan 1976; Rowan-Robinson 1980; Churchwell
et al. 1990; Ivezi¢ & Elitzur 1997; Faison et al. 1998;
Miroshnichenko et al. 1999; Feldt et al. 1999).

YSOs associated with later spectral type stars (later than
B3) can only be detected in the FIR (and sub-mm) thanks to
dust emission, as the radio emission decreases sharply since the

Atrticle published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20020973



http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20020973

972

star doesn’t supply enough Lyman continuum photons. When
the YSO becomes visible in the optical range, with a luminos-
ity in the range ~10 to 10° Lo, it is called Herbig Ae/Be star.
The IR excess comes from a disk, an envelope or a combina-
tion of the two (see e.g. Berrilli et al. 1992; Hillenbrand et al.
1992; Pezzuto et al. 1997). At lower luminosity (of the order
of one L) an evolutionary track is now well established, going
from Class I objects, with considerable IR emission, to class II,
when a T Tauri star becomes visible in the optical range but
is still surrounded by a disk, and finally to class III when the
stellar photosphere becomes visible (André et al. 1993; Lada &
Wilking 1984; Lada 1987; Lada 1999 and Natta 1999 for recent
review papers).

Finally, YSOs with masses in the brown dwarf range have
now been detected in the MIR (Olofsson et al. 1999; Persi et al.
2000; Comero6n et al. 2000). The IR properties of these objects
are similar to those of more massive YSOs, suggesting that also
in these cases the MIR emission is produced by a circumstel-
lar disk (Natta & Testi 2001; Testi et al. 2002). Indeed, even
though the spread of luminosities is very large, all these types
of YSOs show rather similar SEDs in the IR range, because
both the emission mechanism (re-radiation at lower tempera-
ture of the stellar emission absorbed by the dust) and the ge-
ometry of the dust components are similar. Thus the colours
depend mainly on the overall optical depth in the dust but not
on the stellar luminosity (Ivezi¢ & Elitzur 1997). In particu-
lar, the systematic study of nearby star forming regions in the
frame of the ISOCAM guaranteed time program (Nordh et al.
1996; Bontemps et al. 2001 and references therein) have shown
that, especially for low mass YSOs, there is a clear cut between
dusty YSOs of class I and II and the young stars without much
dust (class IIT) at Logo[S 15/S7] = —-0.2,1i.e. [7]-[15] = 1.1.

The ISOCAM observations of the Galactic Plane carried
out during the ISOGAL program offer an unique opportunity
for an unbiased search of YSOs. However, their identification
requires to be able to separate them from the much larger pop-
ulation of Post-MS stars in the Galactic Plane, which also have
some IR excess due to dust in a circumstellar envelope pro-
duced by mass loss, but are in an entirely different evolutionary
stage.

In a previous work (Felli et al. 2000, hereafter Paper II) a
comparison between Very Large Array 3.6 and 6 cm radio con-
tinuum observations (Testi et al. 1999, hereafter Paper 1) and
ISOGAL observations of five Galactic fields at [ ~ +45°, in the
two broad band filters LW?2 (5.5-8.5 um) and LW3 (12-18 um)
was used to establish general criteria that allow the identifica-
tion of YSOs. These criteria were then used to extract the YSOs
from the preliminary lists of ISOGAL sources in those fields.

In the present paper we extend the comparison between
UC HII regions (or massive YSOs) identified in the radio con-
tinuum and ISOGAL observations to a much larger region
of the Galactic Plane covered uniformly with the Very Large
Array at 6 cm by the BWHZ survey (Becker et al. 1994).
The much larger sample of radio-identified YSOs allows a
better refinement of the identification criteria. In Sect. 6 the
revised criteria are then used to extract the YSOs from the
ISOGAL Point Source Catalogue (Omont et al. in preparation;
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Schuller et al. in preparation). Finally, the galactic distribution
and global properties of this sample are briefly discussed.

2. The ISOGAL catalogue
2.1. The ISOGAL data

The ISOGAL survey (Omont et al. in preparation) is a large
set of Mid-IR images, which have been observed with the
ISOCAM camera on board the European satellite ISO, using
filters centred at 7 um (LW2, LWS5 and LW6) and 15 um (LW3
and LW9), with a pixel scale of usually 6" and sometimes 3"
field of view. The spatial resolution of the ISO satellite was ~3"
at7 um and ~6” at 15 um. In total, more than 15 square degrees
of sky have been mapped, mostly in the Galactic disk, with
galactic latitude in the +1° range. A few fields at high galactic
latitude were also included in the survey. Since we don’t ex-
pect many YSOs in these regions far from the Galactic Plane,
they will be used in the present analysis mainly as checks of
the results on identification of YSOs in the Galactic Plane.

A point spread function (PSF) fitting algorithm has been
used to extract the sources from the images (see the ISOGAL
Explanatory Supplement, Schuller et al. in preparation for de-
tails on the used procedures and on the quality checks that have
been achieved). Crowding and blending effects can become sig-
nificant and result in misleading photometry for relatively faint
sources in fields with high source density, therefore strong pho-
tometric cuts have been applied to the initial catalogue of ex-
tracted sources, primarily based on the results of artificial stars
simulations (see Schuller et al. in preparation). Then, a cross-
identification between 7 um and 15 um positions has been done
using a correlation radius of two pixels, to avoid missing iden-
tifications for slightly extended sources, as can be the case for
strong YSOs, for which the 7 yum and 15 um ISOGAL positions
may refer to different peaks.

The internal consistency of the photometry is guaranteed
by the use of a fixed PSF to extract all the sources with a
given observational setup (filter and pixel size), and an absolute
flux density calibration has then been performed by comparing
the extracted fluxes with the predicted ones (M. Cohen, private
communication) for four stars in the Hipparcos catalogue with
known spectral types and luminosities, and by comparison be-
tween the ISOGAL and MSX (Price et al. 2001) magnitudes
for a large number of point sources. As a result, the photome-
try should not be biased by more than 0.1 mag, except maybe
0.2 magnitude for the faintest sources in the catalogue, with
a typical standard deviation of 0.15-0.2 mag, and the com-
pleteness level should remain above 50% down to the used
limit magnitudes (see Sect. 2.4.3 and Schuller et al. in prepa-
ration for details). This limit ranges from magnitude 8.2 near
the Galactic Centre to 10.1 in low-density fields at 7 um, and
from 7.0 to 8.8 at 15 um. The corresponding limit flux densi-
ties, using the zero point fluxes as reported in Paper II, range
from 6 mJy to 28 mlJy at 15 ym, and from 8 mJy to 35 mJy
at 7 um, where the effects of crowding are more severe.

The total area covered by ISOGAL is divided into three
types of fields: 1) fields of type A observed only at 7 um, 2)
fields of type B observed only at 15 um, 3) fields of type C
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observed at 7 and 15 um; only in this case a non-detection
in either band can be used as an upper limit, with the excep-
tion of extended sources as explained in Sect. 2.3. The area
covered only at 7 (2.1 deg?) or only at 15 um (2.7 deg?) is
non-negligible with respect to that covered at both wavelengths
(10.7 degz). In the A and B fields the [7]—-[15] colour criterion
cannot be used. Considering that only the reddest sources are
good YSO candidates, we will retain only the C fields where
the red and bright at 15 um sources might be YSOs in our anal-
ysis. The regions of the Galactic Plane covered by ISOGAL are
located in a randomly sampled strip with latitude extension of
about +1° and extending from [/ = —60° to [ = 140°. The distri-
bution in galactic coordinates of the observed fields of type C
is shown in Fig. 1.

2.2. The DENIS data

The sources in the 6 < +2° range have also been associ-
ated with the DENIS database (Epchtein et al. 1994) with a
search radius roughly equal to one ISOCAM pixel. The DENIS
source density has been limited by cuts based on the K; mag-
nitudes, in order to limit the fraction of spurious associations
to a few percents. Most of the DENIS data come from special
dedicated DENIS observations, for which the source extrac-
tion has been performed by the ISOGAL team at Observatoire
de Paris (G. Simon, private communication), and the astrome-
try has been matched with the USNO-A2.0 catalogue, which
has an accuracy of typically 0.25” (Stone et al. 1999). As
the internal astrometric accuracy of the DENIS catalogue is
better than 0.5” (Epchtein et al. 1999), the resulting uncer-
tainty of the DENIS positions should be at most 0.7”. For the
ISOGAL fields within the DENIS coverage, the mid-infrared
astrometry has been tied to the more accurate near infrared
survey. Nevertheless, the cross-identification between ISOGAL
and DENIS sources has shown that the offset between the two
databases can reach 10”, mainly due to the uncertainty in the
position of the filter wheel in ISOCAM, so that the astromet-
ric uncertainty in fields without DENIS counterpart (in galactic
coordinates, this corresponds roughly to / > +35°) can reach
this value. The associations with DENIS data may also be lim-
ited for the brightest sources, because of saturation problem:s,
which occurs at K =~ 6. Such strong sources could not be prop-
erly extracted and included in the DENIS catalogue.

2.3. Intrinsic limitation of the ISOGAL-PSC

One basic limitation to the list of YSO candidates that we shall
present comes from the ISOCAM observations themselves: in
order to avoid saturation effects, the ISOGAL fields were de-
signed to exclude strong IRAS sources. No IRAS source with
F12 um = 6 Iy should be present in the ISOGAL fields observed
with broad band filters LW?2 and LW3 (however, such a condi-
tion has been relaxed in a few regions of star formation and
in the vicinity of the Galactic Centre, observed with the nar-
rower band filters: LW5, LW6 and LW9). Consequently, the
input lists will contain only sources with relatively low flux
densities, not accessible by IRAS, namely from the ~10 mJy
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limit of the ISOGAL data at 15 um to the upper limit quoted
above, and only a few brighter sources (up to 35 Jy at 15 um)
in the ISOGAL fields which were observed with narrow filters.

Another intrinsic limitation of the PSC is that by definition
it contains only point sources and sources with small extension,
while YSOs might also be significantly extended, as it will be
discussed in Sects. 4.2 and 4.3 from the inspection of ISOGAL
images of radio identified YSOs. This may introduce an er-
ror on the 7 and 15 um flux densities of extended YSOs, and
aperture photometry on slightly extended sources has shown
that the PSF extracted magnitude can be underestimated by
about one magnitude. Moreover, sources that cannot be prop-
erly modelled with an unresolved component (i.e. extended
sources) are rejected by the source extraction algorithm and
don’t appear in the PSC.

2.4. Differences in the ISOGAL data used in Paper I

In this section we want to stress the main differences in the
ISOGAL PSC with respect to the preliminary version that we
used in Paper II. Two main improvements have been achieved,
concerning the photometric calibration and the reliability of the
sources, which is related to the applied photometric and geo-
metric cuts.

2.4.1. Photometric calibration

A careful analysis of the biases in the extracted fluxes, mainly
due to a non complete stabilisation of the signal because of
short integration times, and to an incomplete recovery of the
flux density inherent to PSF fitting procedures, as well as an
absolute calibration with standard stars and with other MIR sur-
veys resulted in a correction of all extracted magnitudes by
a constant —0.45 mag offset (see Schuller et al. in prepara-
tion). This means that the colour criterion that we derived in
Paper II is still relevant, but the magnitudes from the present
ISOGAL PSC are 0.45 mag brighter than in the preliminary
version. As we also decided to limit our analysis to bright
YSO candidates, in order to reduce the contamination of our
sample by evolved stars, we will derive new criteria based on
the [7]-[15] colour and on the 15 um magnitude, the latter one
being not directly comparable with the results of Paper II.

2.4.2. Geometric cuts

The ISO observed rasters have saw-tooth shaped edges due to
the different orientations of the raster (along the galactic axis)
and of the individual ISOCAM images (aligned with the satel-
lite axis, which match the equatorial referential). Additionally,
the 7 and 15 um observations of a given field do not perfectly
match. Moreover, the source extraction procedure cannot work
properly for a source too close to the edge of the image, because
it needs a frame of pixels at least as large as the PSF representa-
tion. Therefore, conservative limits have been derived for each
field, given the constraints that the retained area must be com-
pletely observed and at least at 2 pixels from the edges at both
wavelengths, and should be rectangular regions aligned along
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Fig. 1. Galactic map of the ISOGAL FC fields. The graduations along the axis are galactic coordinates, in degrees. The overlaid dotted line
shows the formal limits of the BWHZ survey.

the galactic coordinates. The public version of the ISOGAL outside region, we will limit our analysis to the formal field
PSC contains all the sources inside and outside these limits, limits.
but as the colour criterion cannot be trustfully applied in the
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2.4.3. Photometric cuts

The other drastic difference in the ISOGAL PSC comes from
the results of artificial source simulations (details can be read
in Schuller et al. in preparation) whose purpose was to limit the
published catalogue to reliable sources (this means, to discard
spurious sources and sources with too much biased photome-
try) and to provide a catalogue about 50% complete down to
its faint end. The net result is that about 25% of the extracted
sources have been discarded from the catalogues before the
cross identification between 7 and 15 um took place, this frac-
tion being highly dependent on the source density in the field
and ranging between zero and almost 50%.

3. The BWHZ sample and its FIR properties
3.1. The 6 cm BWHZ Galactic Plane radio survey

BWHZ observed the inner Galaxy (|b| < 0.4°, [ = 350°-40°)
at 5 GHz with the VLA down to a limiting sensitivity
of 2.5 mJy and with an angular resolution of ~4”. Extended
structures (greater than 100”) were filtered out by the instru-
ment and reduction procedure. The same region had also been
observed at 1.4 GHz by Zoonematkermani et al. (1990), Becker
et al. (1990), White et al. (1991) and Helfand et al. (1992) with
a maximum angular resolution of 5”.

The 5 GHz survey resulted in a catalogue of 1272 small
diameter discrete sources of which ~450 were tentatively clas-
sified as UC HII regions using different classification criteria.

The largest and most reliable number of identifications are
291 radio sources matching 246 IRAS sources with UC HII re-
gions colours (Wood & Churchwell 1989, hereafter WC89)
plus 17 radio-IR matches with similar colours, slightly outside
the formal survey boundaries, for a total of 308 small diam-
eter radio sources (and 263 IRAS sources). The strict WC89
colour-colour criteria were used for “secure” identification
(Logi0(F60 ym/F12m) = 1.3 and Logio(F2s5 ym/F12 ym) =
0.57) and slightly larger criteria for “candidate” HII regions
(Log1o(F60 yum/F12 ym) = 1.05 and Logio(F2s ym/F12 ym) =
0.25). Also sources that satisfy the WC89 colour-colour crite-
ria as well as that for planetary nebulae but have Fgg ,m > 60 Jy
(or Fep um = 100 Jy using the “candidate” criteria) were clas-
sified as UC HII regions. The situation is summarised in Fig. 2
where the [25-12]-[60-12] and [25-12]-[60-25] colours of
the 263 IRAS sources with one or more radio components are
reported.

Most of the 263 IRAS sources (74%) are in the WC89 box,
a consistent fraction (18%) in the “candidate” region and a mi-
nor fraction (8%) outside. In this last case all sources have at
least an upper limit in one IRAS band. However, we note that
only 159 IRAS sources of the BWHZ sample fully satisfy the
WC89 criteria, i.e. no upper limits at 25 and 60 pm and colours
within the WC89 box.

The fact that more than one compact radio component is
associated with a single IRAS source is not a new finding.
HII regions are usually very structured and often have several
small diameter components all clustered in an area of few tens
of arcsec, i.e. well within the resolution of the IRAS beam.
In some cases they are indeed independent HII regions and in
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Fig. 2. [60, 12] vs. [25, 12] (top) and [60, 25] vs. [25, 12] (bottom) FIR
colour-colour diagrams of all the IRAS sources associated with radio
sources in BWHZ. Circles represent sources classified as UC HII or
candidate UC HII, triangles PNe or candidate PNe, diamonds are un-
classified or ambiguous sources, crosses are low-probability associ-
ation sources (see BWHZ for association and classification criteria);
filled symbols are sources with good fluxes in all three IRAS bands,
open symbols have upper limits in at least one band. In both diagrams:
[, 4] = LoglO(F,{,./F,{/.). In the top diagram, the full line box defines
the boundaries of UC HII regions proposed by WC89, the dotted box
defines the relaxed colour criteria used to classify candidate UC HII
(see text). In the bottom diagram the three labelled boxes define the
regions of the colour-colour plane occupied by OH-IR stars, Planetary
Nebulae and HII regions (Eder et al. 1988; Pottasch et al. 1988).

VLA radio surveys of HII regions (Wood & Churchwell 1989
and Kurtz et al. 1994) the percentage of irregular or multiple-
peaked sources is ~18%, in very good agreement with the
present situation: (308-263)/263 = 17%.

Two other criteria are used by BWHZ to reach the
~450 putable HII regions: the radio spectral index and the
galactic latitude distribution. There are 84 sources which were
observed both at 5 and 1.4 GHz and which have a thermal
spectral index but do not have an IRAS counterpart (out of
220 detected at both wavelengths and with a thermal spec-
tral index). Their galactic latitude distribution peaks toward the
Galactic Plane and further supports their Galactic nature.
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Table 1. Mean FIR to 5 GHz flux ratios.

A/um (LogFrr—LogF’s gu.) o
12 1.86 0.52

25 2.62 0.53
60 3.70 0.51
100 4.05 0.57

Finally, the galactic latitude distribution of all the remain-
ing unidentified radio sources (i.e. without an IRAS counter-
part or with no spectral index information) still shows a clear
excess toward the Galactic Plane and cannot be background ex-
tragalactic sources. This leads to an estimated ~90 additional
thermal Galactic sources, which however cannot be identified
individually with only the BWHZ observations.

3.2. Relation F,.4i0-FFIR

In the present section we examine the expected relation be-
tween radio and MIR flux densities for UC HII regions, both
from observations and theory. This relationship will be needed
in the following as an additional tool to discriminate between
late type stars and YSO candidates in the ISOGAL PSC. For
this purpose we shall use the 263 IRAS sources in the BWHZ
list of UC HII regions. When more than one radio component
is associated with the same IRAS source, we simply added up
the radio flux densities.

Figure 3 shows Fs5 gy, versus Fpr for the 263 IRAS se-
lected UC HII regions of the BWHZ sample. The spread of the
points is very large and comes from the fact that we are mixing
stars of different spectral types, but a general correlation be-
tween the two fluxes can be noted. In two plots, the 12 ym and
100 um, a clear deviation from a linear correlation can also
be noted. In Table 1 we give the mean value at each IRAS
band of the FIR over the radio emission (both in Jy), which
shows a very rapid increase with wavelength up to a maximum
at 100 um (more than four orders of magnitude). The linear
interpolation at 15 um indicates that Fi5 ,m is about two or-
ders of magnitude greater than F's gp,. A similar value was de-
rived by Churchwell et al. 1990 from a model fit of the SED
of G5.89-0.39, a dust cocoon surrounding an O6 ZAMS star.
While this flux ratio is amply compensated by the lower sensi-
tivity of IRAS with respect to radio surveys, with ISO, which
has a sensitivity comparable to that of radio surveys, we should
be able to observe many YSOs which are undetected in the
radio.

The radio emission from a spherical, homogeneous, op-
tically thin HII region is proportional to the stellar ionising
photon flux Np. At 5 GHz, assuming an electron temperature
of 10* K, we have:

Fs Guz/Jy = 1.1285 x 1074 N &[D /kpe] 2

where ¢ is the fraction of N that goes into ionization of the
gas (in an ionization bounded dusty HII region (1 — £&)N., pho-
tons are absorbed by dust), and D is the distance. According
to WC89, ¢ is, on the average, very small, about 16% for a
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Table 2. Mean value of L/Frr D>

Mum  (L/(FrrD?)/Lo Jy™* kpe™ o
12 332.2 444.0

25 32.47 22.86
60 3.339 0.439
100 1.691 0.368

sub-sample of 19 sources for which & was estimated. Such a
small value of ¢ is explained by WC89 as an evolutionary ef-
fect, i.e. the sample selects preferentially young HII regions
ionised by stars with very early spectral type. In fact, dust ab-
sorption in the Lyman continuum increases with electron den-
sity (hence with youth of the region) and is stronger for earlier
spectral type stars (see e.g. Fig. 2 of Felli 1979). However,
a more simple alternative solution for such small values of &
could be the result of missing radio flux density, i.e. that of
extended envelopes surrounding the more compact structures,
which are filtered out in the interferometric observations. This
is probably the most plausible explanation, as also pointed out
by Kim & Koo (2001) from a comparison of radio flux densi-
ties of UC HII regions obtained with high and low resolution.
For our purposes we shall use & = 1.

The FIR emission is proportional to the total stellar lu-
minosity L. In order to derive the constant of proportional-
ity between Fpr and L we use the mean value of the ra-
tio L/(FprD?) for the sources of the WC89 sample that
do not have upper limits in the IRAS bands. The values of
(L/(FprD?)) in the four IRAS bands are given in Table 2.
At 10 um Walsh et al. (2001) from 5 UC HII regions find
(L/(FprrD?)) = 2080 Lo, Jy~! for D = 1 kpc, with a rather large
uncertainty. A linear fit to all these values gives (L/(FprD?)) ~
300 Lo Jy~' kpc™? at 15 um.

The expected values of F5 gy, and Fgr for UC HII regions
ionised by single stars of different spectral type can be derived
from the tabulation of Panagia (1973) which gives N and L
for stars of early spectral type (from O4 to B3); ZAMS values
were used. Ionization of the UC HII region by a stellar cluster
rather than by a single star have also been considered (Walsh
et al. 2001) and the relationships between F's gy, and Frr are
slightly different.

In Fig. 3 we show for the four IRAS bands the expected
relation between the 5 GHz flux density and the FIR flux for
single stars, overlaid on the observed points for the BWHZ
sample. The match with the observations is satisfactory. The
three curves are for Log(D?*/kpc?) = 0, 1 and 2 from top to
bottom. The lower curve (10 kpc) delimits well the lower dis-
tribution of points, an effect due to a combination of the edge
of our galaxy and the sensitivity limits of radio observations.
In the single-star approximation, points above the upper curve
should be closer than 1 kpc.

It is clear from this figure that the observed spread of points
and the shape of the correlation are due to a combination of
different distances, which moves the points along the bottom-
left top-right diagonal, and of the presence of stars of differ-
ent spectral type and luminosity, which moves the points along
the drawn lines. These lines become steeper and closer to the
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represent good IRAS detections, filled triangles sources with an upper limit.

diagonal, and hence the two effect are indistinguishable for
very early spectral types (earlier than O7).

4. ISOGAL counterparts to BWHZ sources

In this section we will use the comparison of the ISOGAL-
PSC data with the radio continuum 5 GHz survey of BWHZ to
check the criteria developed in Papers I and II to separate in the
ISOGAL-PSC the YSOs from the much larger population of
Post-MS stars. The comparison with the radio survey will allow
to refine the criteria to select relatively luminous YSOs, those
capable to ionise the surrounding material, and to produce a
detectable radio continuum flux.

The design of the Galactic Plane coverage in the BWHZ
and ISOGAL surveys were bound to very different instrumen-
tal and scientific constraints. The radio survey was aimed at the
complete, and uniform coverage of a large longitude and nar-
row latitude range of the portion of the inner Galactic Plane
visible from the Very Large Array, with the aim of detect-
ing a complete sample of young massive stars, through the

radio continuum emission of the surrounding ionised gas. As
a byproduct, a significant number of planetary nebulae, super-
nova remnant and a minor fraction of radio stars and back-
ground radio sources were detected. The ISOGAL survey was
mainly designed to study the galactic distribution and prop-
erties of late type, Post-MS stars, exploring a large longitude
range, but with non-continuous, non-uniform and uneven sam-
pling of the plane. Additionally, saturation limits of the ISO de-
tectors forced to systematically avoid bright MIR sources (see
Sect. 2.3). The different area coverage of the two surveys is ex-
emplified in Fig. 1. A comparison of the two samples should
check that no bias is introduced by the different sampling, ex-
cept for the obvious note that bright sources will be absent from
the ISOGAL dataset.

4.1. BWHZ sources within ISOGAL fields

Of the 1272 sources in the BWHZ sample 138 fall within the
boundaries of the ISOGAL fields considered in this paper (see
Sect. 2). Most of these radio sources are unclassified, except
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for 3 supernova remnants (SNR) or candidate SNR, 34 sources
with a high probability of being associated with IRAS sources,
and 4 additional lower probability IRAS associations (BWHZ).
Most (29) of the sources associated with IRAS sources are clas-
sified as UC HII or candidates UC HII by BWHZ, one is a plan-
etary nebula (PN) and only 4 could not be classified. Among
the radio sources not associated with IRAS counterparts (hence
unclassified), the majority is expected to be UC HII without far
infrared counterpart due to the incompleteness of the IRAS-
PSC in the Galactic Plane (BWHZ). Following the discussion
of BWHZ and the survey of Fomalont et al. (1991) at the sen-
sitivity limits of the radio survey we expect a contamination of
background extragalactic radio sources of ~23%, and 1-2% of
unclassified non-UC HII Galactic objects (radio stars, pulsars,
planetary nebulae, etc.). Thus, among the 138 radio sources
within ISOGAL fields, ~35 of the 100 that are unclassified are
not expected to be YSOs (UC HII regions).

In Fig. 4 we show the IRAS colour-colour plots of the IRAS
sources associated to BWHZ sources and within the ISOGAL
fields. Here we just point out that it appears an unbiased ran-
dom subsample of the total shown in Fig. 2. The numbers of
sources in the various classes are not significantly different
from what expected by scaling the original sample to the area
in common between the two surveys.

4.2. Comparison of BWHZ sources
with the ISOGAL PSC

In order to identify possible mid-infrared counterparts of the
BWHZ sources, we decided to use the criterion of positional
coincidence. Given the large number densities of ISOGAL
sources, especially in the inner regions of the Galaxy, the re-
sult of this correlation and the reliability of the radio-ISOGAL
source association, or, alternatively, the number of spurious
associations is expected to be a strong function of the toler-
ance in the positional coincidence. The approach we decided
to follow is to define a tolerance, or searching radius, based
on the characteristics of the radio sources we are interested
in, UC HII and candidates, which also constitute the vast ma-
jority of the radio sample. Formal positional uncertainties in
the radio and ISOGAL source lists are rather small, generally
less than 2", however, source physical properties, rather than
positional uncertainties need to be used to set the association
criteria. UC HII regions in the 5 GHz sample are generally
extended (see BWHZ), with typical sizes up to 15”. Moreover,
the radio continuum and MIR observations of UC HII regions
are not expected to trace exactly the same material, the lat-
ter being sensitive to the YSOs circumstellar dust as opposed
to the ionised gas of the former. The comparison of near in-
frared and radio continuum studies of compact HII regions has
shown that at the resolution of a few arcsec the radio contin-
uum and infrared peaks may be separated by several arcsec-
onds (Testi et al. 1995, 1998; Watson et al. 1997; Feldt et al.
1998; Walsh et al. 1999, 2001). For these reasons we decided
to use a rather large association distance (15””) and to check
the reliability of the associations by comparing the properties
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Fig. 4. Same as Fig. 2, but for the sources within the ISOGAL fields.

of the real BWHZ/ISOGAL-PSC matches with the results of
extensive random simulations.

The details of the random samples realizations and analysis
are discussed in Appendix A. The main results of this analy-
sis are that, with the association radius we adopted, we could
expect a fraction of false associations that can be up to ~50%.
This probability, however is a strong function of not only the
association distance, but also of the mid-infrared brightness and
colour of the associated sources. In practice the vast majority of
the “real” radio sources are found to be associated with sources
that have mid-infrared properties clearly different from those
of ISOGAL sources associated to the random samples. More
quantitatively, only a relatively small fraction (~19%) of the
ISOGAL sources that we have associated with BWHZ sources
do not meet at least one of the high reliability criteria discussed
in Appendix A.

Of the 138 BWHZ sources within ISOGAL fields 96
can be associated with ISOGAL-PSC sources within the
adopted association distance. Of the classified radio sources
26 out of the 29 UC HII regions (or candidate) and the only
PN in the sample are associated with an ISOGAL source.
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None of the radio sources classified as SNR is found to be as-
sociated with an ISOGAL point source. In Fig. 5a we show
the ISOGAL ([7]-[15], [15]) colour magnitude diagram for
the ISOGAL sources with good detection in both filters (65
of 96 sources). Filled circles represent UC HII or candidate
UC HII; the triangle marks the only PN in the sample; small
open circles are unclassified radio sources, either non associ-
ated with IRAS sources, low probability associations or with
ambiguous FIR fluxes and colours (see BWHZ). Sources with
association distance greater than 8" are marked with a cross.
We note that the filled source in the lower-left of Fig. 5a has

also IRAS colours well outside the WC89 box, its classifica-
tion as candidate UC HII (BWHZ) is rather dubious.

In Figs. 5b and S5c we also show the colour-magnitude dia-
gram of all the ISOGAL sources within the BWHZ survey re-
gion and of all ISOGAL sources with |b| > 3° (excluding those
in the Magellanic Cloud). The high latitude fields were chosen
because we do not expect that they contain a significant num-
ber of young stellar objects (if any at all). In the figure we also
show the lines defining the criteria devised in Paper II to select
YSO candidates (dashed lines) as well as the revised criteria
that we will adopt in this paper (see Sect. 5).
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With respect to Paper II, an important additional constraint
that is available with the public version of the ISOGAL cat-
alogue is the near infrared photometry from the DENIS sur-
vey (Epchtein et al. 1994), for all ISOGAL fields in the south-
ern hemisphere (see Sect. 2.2). In Fig. 6a we show the (K—
[71, [7]) colour-magnitude diagram for all the ISOGAL sources
with good detections at K and [7], and associated with BWHZ
sources. The symbols have the same meaning as in Fig. 5a, the
PN does not have a DENIS counterpart, even if it is within the
fields with DENIS data, so the triangle is missing from the fig-
ure. Sources with upper limit at K (including the PN) are shown
with arrows. In Figs. 6b and ¢ we show similar diagrams for all
the ISOGAL sources within the BWHZ survey area and all the
high latitude ISOGAL fields (excluding the Magellanic Cloud).

As shown by the comparison between Fig. 5a and
Figs. 5b, c, the radio selected UC HII fall preferentially in the
top-right part of the ([7]-[15], [15]) plane and form a sub-
sample of ISOGAL sources with distinctly different colour-
magnitude properties with respect to the much larger popula-
tion of Post-MS stars, which are overwhelmingly concentrated
in the lower-left region of the plane. As a countercheck, in
the high latitude fields (Fig. 5c), where no UC HII are ex-
pected, almost all ISOGAL sources are located in the lower-
left part of the plot. Sources marked with crosses in Fig. 5a,
which, as discussed in the Appendix, have a lower probability
of being true radio-ISOGAL associations, populate uniformly
the colour-magnitude diagram, supporting the hypothesis that
a good fraction of these sources are not UC HII. Similar con-
clusions can be drawn from a comparison between Fig. 6a and
Figs. 6b and 6¢. Also in the (K—[7], [7]) colour-magnitude plot,
the well identified UC HII populate a distinct part of the plot
with respect to most of the ISOGAL sources.

As an additional check on the reliability of the UC HII re-
gion nature of the ISOGAL sources associated with BWHZ
sources, we can check whether the [15] mag are consistent with
those predicted for UC HII of a given radio flux. In Fig. 7 we
show the radio flux-[15] relation for the BWHZ sources as-
sociated with ISOGAL sources with good 15 um detections.
In the same figure we also show the expected relation for op-
tically thin, spherical and homogeneous UC HII, derived in
Sect. 3.2. The theoretical expectation is shown for several dis-
tances ranging from 1 (dotted) to 30 kpc (solid). The vast ma-
jority of BWHZ radio sources classified as UC HII or candidate
UC HII (black circles in Fig. 7) are in good agreement with
model predictions, as opposite to the unclassified radio sources
associated with faint ISOGAL sources which fall well below
the 15 pum brightness expected for UC HII. These sources
would be consistent with the models assuming large extinc-
tion values (exceeding 150 mags in the visual), which are not
unreasonable for star forming regions, but would imply [7]—
[15] colours much larger than observed (see Fig. 5b). We be-
lieve that in most of these cases either the radio source is not
an UC HII or the ISOGAL source associated with the radio
source is not physically related with it (i.e. is a spurious as-
sociation). In Sect. 4.1 we estimated that ~35 of the BWHZ
radio sources are not YSOs, thus it is not surprising that a
fraction of ISOGAL sources associated with BWHZ sources
show infrared properties inconsistent with those expected for
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Fig.7. Radio continuum flux density versus [15] magnitude for the
BWHZ sources associated with ISOGAL sources with good 15 um
detections. The symbols are as in Fig. 5. The stars connected with
lines show the predictions for optically thin, spherical, and homoge-
neous HII regions following the prescriptions of Panagia (1973) and
the ratios between Fs,, and L as derived in Sect. 3.2. The lines corre-
spond to different distances from the Sun: 1 (dotted), 5 (short dashed),
15 (long dashed), and 30 kpc (solid).

YSOs. These sources should be disregarded when defining the
selection criteria to identify YSO candidates in the ISOGAL
database.

4.3. MIR morphology of UC HII

In Figs. 8 and 9 we show the 15 um images of the UC HII
and candidate UC HII (BWHZ) with (26 sources) and without
(3 sources) an associated ISOGAL-PSC source. In each panel
the cross marks the position of the radio peak (from BWHZ).
Almost always the 15 um image reveals a slightly extended
nebulosity, in agreement with the resolved radio structure of
the UC HII regions.

As discussed earlier, the slightly extended MIR and radio
structure of the YSOs amply justifies the choice of a rela-
tively large association distance. In Fig. 10 we show, for the
26 UC HII regions associated with an ISOGAL source, the dis-
tance between the radio and MIR positions as a function of the
radio size. Radio sources with large diameter all have larger as-
sociation distances compared with the small diameter sources.

In Fig. 11, the 15 um flux density of the 26 UC HII are
compared with those at 12 um from IRAS. There is a generally
good correlation between the two values, but, on the average,
the 15 yum flux densities are smaller than the 12 um ones. This
effect could be produced by nearby point sources, unresolved
in the IRAS beam, and/or by the extended nature of the YSO,
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that could be partly filtered out by the ISOGAL point source
reconstruction routines.

5. The selection criteria

In Sect. 4 and Appendix A we have shown that radio-IRAS
selected UC HII and candidate UC HII regions are reliably as-
sociated with a class of ISOGAL sources that occupy a well
defined region of the ([7]-[15], [15]) and (K—-[7], [7]) colour
magnitude diagrams. This in itself does not guarantee that all
ISOGAL sources with the same colour-magnitude characteris-
tics are YSOs. In Paper II, also using the results from Paper I
and from Testi et al. (1997), we showed that all the three
sources with [7]-[15] > 1.8 and [15] < 4.5 (after correcting
for the offset discussed in Sect. 2.4.1) were bright YSOs. In
Paper II we also used theoretical and empirical arguments to
show that the region of the ([7]-[15], [15]) colour-magnitude
plane to the right of the dashed line drawn in Fig. 5 is expected
to suffer by a very low contamination from Post-MS stars.
Unfortunately, if we wish to extract a list of YSO candidates
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Fig.11. ISOGAL 15 pm flux density versus IRAS 12 um flux density
for the 26 UC HII associated with an ISOGAL-PSC source.

from the entire ISOGAL database, the criteria developed in
Paper II will have to be revised. Compared to the [ = +45°
field discussed in our previous studies, the ISOGAL fields close
to the Galactic Centre are affected by a much larger line-of-
sight extinction, which has the effect of moving sources toward
fainter [15] magnitudes and slightly larger [7]-[15] colours
(see the extinction vector shown in Fig. 5b), with the net effect
of contaminating the region expected to be occupied by low
flux density YSOs with heavily reddened Post-MS stars. For
this reason we decided to restrict the search for YSOs only to
the high flux density sources, i.e sources with [15] < 4.5 mag
(S15 = 330 mJy) and [7]-[15] > 1.8. Let us stress that such
ISOGAL sources are much more luminous than all YSOs stud-
ied by the ISOCAM Team group in nearby star forming re-
gions. For instance, a source with S;5 > 330 mly, even at the
moderate distance for ISOGAL of 1.6 kpc, is more luminous
than all sources detected with ISOCAM in p Oph (d = 160 pc)
by Bontemps et al. (2001).

For the fields with DENIS observations it is possible to
use the near infrared magnitudes to add confidence to the
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identification of the sources as probable YSOs. As shown
in Testi et al. (1997), such YSOs are expected to have
K—[15] > 9, and, consequently, K—[7] larger than 4-7 (de-
pending on the value of [7]-[15], see Fig. 5a). Since most of
the K-band sources associated with radio sources are proba-
bly fake associations (see Appendix A), and even for reliable
associations the interpretation of the near-infrared data is com-
plicated by the effect of extinction, we will not use the con-
straint based on DENIS data to select the YSO candidates. In
the final YSO candidates table (Table 3) we will report whether
the field has been observed at K and if the source has a K—[7]
colour exceeding 4 and [7] < 6. The flag Sp is set equal to “1”
for sources satisfying these ISOGAL-DENIS confidence crite-
ria, to “0” for sources not satisfying the criteria, and to “~1" for
sources within fields not covered by the DENIS survey. Since
bright, saturated stars cannot be extracted from the DENIS sur-
vey (see also Sect. 2.2), we have checked the original DENIS
images for all the ISOGAL sources with [7] < 6 without a
DENIS counterpart in the catalogue. Indeed, for seven sources
we either found a very bright, saturated counterpart (in 4 cases)
or an extended near infrared source (3 cases). For these pecu-
liar sources, in Table 3 instead of the DENIS magnitudes we
report an “S” (for saturated sources) or an “E” (for extended
sources).

To check the reliability of the selection criteria and the con-
tamination from non-YSOs, we compare with the colours of
sources in the high galactic latitude fields and with the near-
infrared spectroscopic survey of Schultheis et al. (2002). In
high galactic latitude fields, we only find one object falling in
the candidate selection boxes. Since in these fields we do not
expect to find a significant number of luminous YSOs, but we
still expect late type Post-MS stars, they provide indirect evi-
dence that the number of evolved stars selected by our criteria
should be small. This is also confirmed by recent near-infrared
spectroscopic observations of ISOGAL YSO candidates to-
ward the inner regions of the Galaxy by Schultheis et al. (2002),
who found strong contamination from Post-MS stars at faint
[15] magnitudes and bright K magnitude, but not within our
revised selection boxes shown in Figs. 5 and 6. However, these
spectroscopic observations did not address the reddest OH/IR
stars which contaminate the YSO box, as discussed in Sect. 6.1.

The selection criteria have been defined to avoid as much
as possible the contamination from Post-MS stars. This neces-
sary requirement has important implications on the efficiency
of the selection criteria. As shown in Fig. 5 a non-negligible
fraction of the ISOGAL sources associated with radio-BWHZ
identified YSOs to the left of the [7]-[15] = 1.8 line is rejected
from our selection criteria. As discussed in Sect 4.2 a fraction
of these are expected to be false associations, especially those
with blue colour and high [15] magnitude. Considering as good
only the ISOGAL-BWHZ matches with [15] < 4.5 and reject-
ing only the BWHZ source known to be associated with a PN,
our selection criteria reject ~30% of the bona fide radio se-
lected YSOs.

The region to the right of the dashed line in Fig. 5a and
below [15] = 4.5, which was used in Paper II to select low
flux density YSOs in the I = +45 fields, suffers from a con-
tamination of reddened post-MS stars that is too large to allow
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a reliable identification of YSOs towards the inner regions of
the Galactic Plane. For this reason we will not use it for the
purpose of this paper. With this choice we loose the low flux-
density non-radio emitting YSOs (corresponding to 90% of the
YSOs selected in Paper II).

In Paper II we have also included as possible YSOs those
sources without detection at 7 um for which the lower limit
to the [7]-[15] colour would select them as YSO candidates.
The vast majority of these sources (called “candidate YSOs”
in Paper II) had [15] > 4.5. To increase the reliability of the
identification only sources with good detections at 7 and 15 ym
are considered in the present paper.

6. The catalogue of bright YSO candidates

The selection criteria that we derived in the previous section
imply that we will restrict to the bright ([15] < 4.5) YSO can-
didates. This is necessary to reduce to the minimum the number
of spurious Post-MS sources in the catalogue, but implies that
we will limit the catalogue to high mass YSO candidates plus
a fraction of nearby intermediate mass YSOs.

The catalogue is presented in Table 3 (available only in
electronic form at the CDS). All sources are detected at 7 and
15 um and satisfy the selection criteria based on the [15] mag-
nitude and [7]-[15] colour defined in Sect. 5. For each source
we also report the DENIS magnitudes and the ISOGAL-
DENIS association quality flag (ajp), from the ISOGAL cat-
alogue if the field has been observed by DENIS or “~1” oth-
erwise (see Omont et al. in preparation and Schuller et al. in
preparation for details). We also report a flag (Sp) that spec-
ifies whether the source satisfies the ([7], K—[7]) confidence
criteria (see Sect. 5), the flag is set to “1” if the source satisfies
the criteria, to “0” if it does not satisfy the criteria, or to “~1" if
the field is not covered by the DENIS survey.

6.1. Contamination from post-MS stars

As noted in Sect. 5 and Appendix A, the colour cutoff [7]—
[15] > 1.8 has been introduced to avoid the contamination
by the overwhelmingly large population of post-MS stars in
the YSO candidates catalogue. Clearly, the sharp cutoff used
represent a trade-off between low-contamination and high-
efficiency in selecting YSO candidates. Following the discus-
sion in Glass et al. (1999) and Alard et al. (2001), all the post-
MS stars brighter than our [15] selection threshold are expected
to be high mass-losing AGB stars (with perhaps a few post-
AGB stars). The vast majority of AGB stars in our Galaxy
are oxygen-rich, and practically all of them are O-rich in the
inner Galaxy where are located most of the ISOGAL fields.
Most of the reddest and more extincted of these are expected to
be OH/IR stars (Pottasch 1993). Thus, to obtain an evaluation
of the contamination from post-MS stars in our YSO candi-
dates catalogue, we can compare our selection criteria against
OH/IR stars surveys. We can also use the longer wavelengths
information provided by the MSX mission (Price et al. 2001)
for the brightest ISOGAL sources.

Two catalogues of OH/IR stars in the central degree around
the Galactic Centre are given by Lindqvist et al. (1992) and by
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Sjouwerman et al. (1998). In Fig. 12a, we show the positions
of the ISOGAL associated (with a 9” search radius; Ortiz et al.
2002) OH/IR stars in the [15] vs. [7]-[15] diagram (open cir-
cles) superimposed on the distribution of all ISOGAL sources
within the limits of both OH/IR surveys. As can be seen in
this figure, nearly one half of the OH/IR stars fall within our
YSO candidate selection criteria. Nevertheless, it should be
noted that the variability of this kind of stars and the non si-
multaneity of the 7 um and 15 um observations can increase or
reduce the observed [7]—[15] colour (for instance, the variabil-
ity can account for one magnitude in [7]-[15] for the reddest
OH/IR sources). As opposite, only 17% of the ISOGAL YSO
candidates within the OH/IR stars survey area are associated
with an identified OH/IR star. Of course, the OH surveys cannot
be complete, and it is known that some post-MS sources with
infrared colours similar to OH/IR stars do not display OH emis-
sion, so that this fraction is probably underestimated, allowing
that 20-25% of the selected YSO candidates are probably very
red post-MS stars.

Finally, additional information can be provided by the
MSX survey (Price et al. 2001), which has a sensitivity about
3 mag less deep than ISOGAL, but goes to longer wavelength,
with bands D and E, centred at 14.65 and 21.34 um respec-
tively. A detailed analysis of the MSX counterparts of ISOGAL
sources will be the object of a forthcoming paper, but we can
already show in Figs. 12b and c the different locations in the
D-E vs. [7]-[15] colour-colour diagram of the ISOGAL se-
lected YSO candidates and the MSX and ISOGAL associated
OH/IR stars. Only a small fraction (29%) of the OH/IR stars
have a D-E colour greater than 1.3 (4 of these 7 sources have
a bad quality detection in one or the other band), and none of
these stars has [7]-[15] greater than 1.8. An association with
MSX sources with a 10” search radius of the 715 ISOGAL se-
lected YSO candidates results in 433 associations. Then, only
222 MSX sources have been detected in the D and E bands,
129 of which (58%) have a D-E colour greater than 1.3. It
seems from Fig. 12c¢ that about 50% of the ISOGAL YSO
candidates with D-E lesser than 1.3 are proved post-MS stars;
then, we find that about 20%, and maybe 30-35%, of our sam-
ple should be contaminated by post-MS stars.

This comparison shows that a lower contamination, in the
direction of the Galactic Centre, could be obtained using a
more conservative [7]-[15] cutoff, at the price of a reduced
efficiency in YSO candidates selection. For example, a cutoff
of [7]-[15] = 2.5, would result in a lower efficiency in recover-
ing the bona fide radio selected YSOs (see Sect. 5 and Fig. 5a),
but the expected contamination in the Galactic Centre region
would drop to <10%.

6.2. Global properties of the YSOs for the entire
ISOGAL survey

Using our selection criteria, we extracted a total
of 715 YSO candidates from the ISOGAL-PSC, corre-
sponding to ~1% of all entries in the PSC or ~2% of the
sources with good detections at 7 and 15 um. From our
sample of 715 YSO candidates, 525 (73%) have a DENIS



M. Felli et al.: Galactic YSOs. II.

985

I L I L I L I LI I T I

150 -+
& I " I
) L i
= I I
o'
3 100
S
)
()
(9]
5
o 50
n L

0

150 -+
2 i i
) i i
D' R R
(=2 - |
e 100
a i i
) L i
)]
o i i
bl
pon
[}
7p]

-0.5 0 0.5 1

Galactic Latitude

T T T T T T T T T T T T T T T T

ISOGAL Candidate YSO
- Bright ISOGAL no-YSO -

IRAS WC89

ISOGAL Candidate YSO
- ISOGAL All
IRAS NON-WC89

0 100

0 5

Galactic Longitude

Fig. 13. Galactic distribution of the bright YSO candidates compared with other ISOGAL sources and IRAS-selected samples. All ISOGAL
histograms have been corrected for the uneven sampling of the Plane normalising each bin by the area effectively observed. Bins for which
the ISOGAL survey covered less than 0.02 deg® have been set to null values. Top panels: the distribution of YSO candidates is compared
with the distribution of bright ([15] < 4.5) ISOGAL sources with [7]—[15] < 1.8 (dotted line) and with the distribution of IRAS sources
satisfying the WC89 criteria for UC HII regions (grey filled histogram); all distributions are normalised to have the same integral as the YSO
candidates distribution. Bottom panels: the distribution of the YSO candidates is compared with the distribution of all ISOGAL sources and of
all IRAS sources which do not satisfy the UC HII criteria. In both cases the IRAS sources are extracted only in the region: —65° </ < 140°,

-3°<bh <3

K counterparts, and 78 (15%) have K — 15 > 8. Since most
K non-detections should have K-15 greater than 6-8 (de-
pending on the exact limiting magnitude for DENIS-ISOGAL
association), we can estimate that 30-35% of the YSO
candidates have K — 15 > 8.

In Fig. 13 we show the galactic distribution of the sample
of YSO candidates (solid histograms with error bars), selected
with the criteria discussed above. The histograms have been
corrected for the uneven sampling of the ISOGAL survey (see
Sect. 2), i.e. the counts in each latitude or longitude bin have
been corrected for the area effectively observed in that bin by
ISOGAL. The error bars are poissonian errors on the source
counts in each bin corrected for the same area factor. The area
covered in each bin ranges from ~2.8 to 0.02 sq deg, bins with
smaller coverage are set to null values.

In the top panels of Fig. 13, the histograms for the
YSO candidates are compared with the distribution of bright
([15] < 4.5) ISOGAL sources with [7]-[15] < 1.8 (i.e. rejected

from our selection criteria), corrected for the observed area
in the same way as the YSOs, and with the distribution of
IRAS sources satisfying the WC89 colour criteria for UC HII.
The latitude histogram shows that the selected YSO candidates
have a distribution highly peaked on the Galactic Plane (as ex-
pected for young sources), and very similar to the distribution
of IRAS-selected UC HII regions (grey full histogram). The
bright ISOGAL sources rejected by our colour selection cri-
terion (dotted histogram) show a broader latitude distribution,
confirming our expectation of a substantial contamination from
evolved stars. The longitude distributions show a clear peak of
the YSO candidates toward the Galactic Centre, a similar peak
is missing in the IRAS-selected UC HII because of confusion
problems in the densest regions of the Galaxy. The incomplete-
ness of the IRAS sample of UC HII was also noted by BWHZ.

The bottom panels of Fig. 13 show the comparison between
the distribution of ISOGAL YSO candidates and the distribu-
tions of all the ISOGAL sources (including sources detected
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only at 7 um, dotted histogram) and of all IRAS-PSC sources
on the Galactic Plane that do not satisfy the WC89 criteria
for UC HII regions. The comparison shows that while the
YSO candidates are highly concentrated on the Galactic Plane
and towards the Galactic Centre, the other two samples show a
much broader distribution, as expected for evolved objects.

As a word of caution, we wish to stress that the ISOGAL
database suffer of potential biases induced by the observational
strategy. As already noted above, the survey deliberately avoids
bright IRAS sources, and bright star forming regions, in a non-
uniform way: close to the Galactic Centre, narrow band filters
were used, and the IRAS flux limit criterion to avoid saturation
was relaxed. Moreover, given the patchy coverage of the Plane
out of the immediate surroundings of the Galactic Centre, small
features in the / and b distributions of Fig. 13, such as the slight
asymmetry of the b distribution or the small peaks in the [ distri-
bution, are not reliable. Some of these features may be caused
by the sparse sampling of the ISOGAL survey, for instance, the
small peak at [ ~ 15° may be related to the M16 star forming
region, which was deliberately covered by one of the ISOGAL
rasters.

7. Conclusions

In this work we have extended and brought to its conclu-
sion the problem, already approached in Paper II, of iden-
tifying YSO candidates from the much larger population of
MIR sources (predominantly Post-MS stars) found during the
ISOGAL mapping at 7 and 15 um of selected regions of the
Galactic Plane with ISOCAM.

The selection criteria proposed in Paper II, and verified
there from the coincidence of ISOGAL selected bright YSOs
with thermal radio continuum sources, have now been tested
against a much larger sample of radio-IRAS identified YSOs in
the Galactic Plane, by cross-correlating ISOGAL sources de-
tected at 7 and 15 pym with the list of UC HII regions from
the VLA 5 GHz Galactic Plane survey of BWHZ. A statis-
tical simulation has been implemented to establish the relia-
bility of the radio-ISOGAL cross-correlation as a function of
various parameters. The results confirm that ISOGAL sources
with an associated radio-loud YSO occupy a well defined re-
gion of the ([7]-[15], [15]) colour-magnitude diagram and that
this region is relatively well separated from that occupied by
the much larger population of Post-MS stars. A similar seg-
regation of the radio identified YSOs detected also at K-band
occurs in the (K—[7], [7]) colour-magnitude diagram. However,
the near infrared criteria cannot be used for the entire ISOGAL
catalogue since the DENIS observations only cover the fields
located at 6 < 2°. Additionally, most of the K-band sources
associated with radio sources are probably fake associations
(see Sect. 5 and Appendix A), and even for reliable associa-
tions the interpretation of the near-infrared data is complicated
by the effect of extinction. Therefore we retained the near in-
frared information only as “confidence criteria” for the sources
for which there are available data.

With the aim of providing a more reliable list of YSO candi-
dates throughout the Galactic Plane observations of ISOGAL,
following the indications of the comparison with the large
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sample of radio identified YSOs, we have revised the selec-
tion criteria adopted in Paper II, which have been restricted
to [15] < 4.5 and [7]-[15] > 1.8, with the additional con-
fidence criteria of [7] < 6 and K — [7] > 4. This choice is
motivated by the fact that for larger [15] magnitudes, toward
the inner regions of the Galactic Plane, the contamination from
reddened Post-MS stars becomes too large to obtain a reason-
able list of candidates. The application of those criteria to the
entire ISOGAL catalogue (only fields observed both at 7 and
15 um were considered) has produced a list of 715 YSO can-
didates, which represent ~2% of the total number of ISOGAL
point sources detected at both wavelengths. All the three bright,
point-like YSOs identified in Paper II are reselected using our
new criteria (and the revised ISOGAL-PSC). The galactic dis-
tribution of the selected sources is strongly peaked on the
Galactic Plane, as expected for very young sources, and show
a clear peak close to the Galactic Centre. Our results confirm
previous suggestions by BWHZ that the IRAS sample of mas-
sive YSOs selected using the WC89 criteria is severely limited
by confusion in the inner regions of the Galaxy.

Since the separation between YSOs and Post-MS stars in
the colour-magnitude plane uses by necessity a sharp func-
tion, we expect a contamination of non-YSOs in our list of
candidates of at least 20%, as well as we expect that we may
have missed some YSOs. Using our selection criteria we re-
cover ~70% of the radio-identified YSOs. The limitation to
bright YSOs ([15] < 4.5) is particularly needed in the ISOGAL
fields close to the Galactic Centre, where large line-of-sight
extinction is expected, and the contamination from reddened
Post-MS stars at high [15] magnitudes is particularly high. This
restriction could be released in less extincted regions, such as
the [ = +45° fields discussed in Paper II. In high-extinction
fields, a lower contamination fraction could be obtained by
increasing the [7]-[15] cutoff limit, at the price of a lower
YSO selection efficiency.
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Appendix A: Reliability of the ISOGAL-BWHZ
samples association

In order to quantitatively estimate the reliability of the associa-
tion between ISOGAL point sources and BWHZ radio contin-
uum sources, we performed a detailed test of ISOGAL sources
associated with random samples. The random samples were de-
signed to mimic the galactic distribution of the BWHZ sam-
ple. For this purpose we limited the BWHZ sample to the for-
mal survey boundaries (—10° < [ < 40° and |b| < 0.4°),
which implies a reduction of the BWHZ sample to a total
of 1171 sources. The galactic distribution has been approxi-
mated by a constant function of the longitude and a combi-
nation of a constant plus a Gaussian in latitude. The parame-
ters of the Gaussian and constant distribution were chosen to
fit the observed sources distribution. Using a long periodicity
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Fig. A.1. Galactic latitude and longitude distributions for the BWHZ and the random samples. In all panels, the solid histogram shows the
distribution for the BWHZ sample, the dotted histogram is the average of all the random samples, the gray area shows, for each bin, the region
containing 90% of the random realizations. The top panels show the distributions for the entire samples, the middle panels those of the sources
within the ISOGAL fields, and the bottom panels those of the sources with an associated ISOGAL source. The unlabelled panels to the right of
the distributions in the middle and bottom rows show the rates of sources within ISOGAL fields corrected for the area covered by the ISOGAL
field in each latitude and longitude bin and the association rates respectively.

pseudo-random number generator (Press et al. 1992) we gen-
erated 10000 samples of 1171 sources distributed within the
boundaries of the BWHZ formal survey. The random samples
were then correlated with the ISOGAL database following the
same criteria as for the real BWHZ sample and using an asso-
ciation radius of 15”.

In Fig. A.1 we show the galactic distribution of the BWHZ
sample (solid histograms) the average distribution of the ran-
dom samples (dotted histograms) and, for each bin, the shaded
region represent the range covered by 90% of the random real-
izations. The top panels show the distributions for all sources
within the formal survey boundaries, the middle panels for the
sources within the ISOGAL fields, and the bottom ones the
distributions for the sources associated with ISOGAL sources.
The histograms illustrate that the simple functions used to de-
scribe the galactic distribution of the BWHZ sample represent
areasonably accurate approximation. Nevertheless, one should
note two features in the BWHZ distributions that are not rep-
resented in the random samples: a five peaks modulation in
the latitude distribution and a small, narrow peak at [ ~ 0°
in the longitude distribution. The five peaks in the latitude dis-
tributions at b = 0.0°, £0.16°, £0.32° correspond to the five
centre positions of the BWHZ pointing rasters, where the sen-
sitivity of their observations is higher, while the peak at the
Galactic Centre is probably a real feature of the radio sources
distribution. For the purpose of the random simulations we de-
cided to ignore these two features, as a proper reproduction of
the latitude and longitude distributions would require a proper
modelling of the BWHZ sensitivity throughout their observed

region (see their Fig. 1), the modelling of the radio sources
luminosity function and their longitude distribution. The com-
plexity and uncertainties of such detailed modelling go far be-
yond what is needed for our purpose. A possible effect of the
neglected features combined with the uneven distribution of the
ISOGAL fields is a moderately higher number of radio sources
within ISOGAL fields in the real BWHZ sample with respect
to the random samples, due to the crowding of ISOGAL fields
near the Galactic Centre position (see Fig. 1). The histograms
of the galactic distribution of sources within ISOGAL fields
and of sources associated with ISOGAL sources show a num-
ber of features which are probably related to the peculiar dis-
tribution of radio (and random) sources and the uneven sam-
pling of the Plane by ISOGAL observations. To check whether
the number of sources within ISOGAL fields and the number
of sources associated with ISOGAL sources are a function of
galactic position one has to properly correct for the number
of radio (and random) sources per coordinate bin and for the
area covered by the ISOGAL survey in each particular bin.
These corrected “rates” of sources within ISOGAL fields and
of sources associated with an ISOGAL source are also shown
in Fig. A.1 (the histograms have null values in longitude bins
not covered by ISOGAL fields). These histograms show that,
within the noise and once appropriately corrected, the rates
are constant as a function of galactic position. A clear fea-
ture is that the rate of BWHZ sources associated with ISOGAL
sources is higher than the average rate for the random samples.

In Fig. A.2 we present, for the 10000 random samples, the
distributions of the number of sources within ISOGAL fields
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(left), number of sources associated with at least one ISOGAL
source (middle), and number of ISOGAL sources which can
be associated with each BWHZ (or random) source using an
association radius of 15” (right). The corresponding values for
the BWHZ sample are also shown. As expected, due to the ef-
fect of the uneven ISOGAL sampling and the small peak at
[ ~ 0° in the BWHZ sample, the number of BWHZ sources
within ISOGAL fields is marginally higher than for the random
samples. Quantitatively, the number of BWHZ sources within
ISOGAL fields is 134, 7% more than the median and barely
within the third quartile of the random realizations. The higher
rate of ISOGAL sources associated with BWHZ with respect
to the random sources shown in Fig. A.1 and noted above is
also clearly visible in the second panel of Fig. A.2, the asso-
ciation rate with the real sources is almost double than with
the random sources. Finally, the third panel of Fig. A.2 shows
that, within the selected association radius (15”), as much as
15% of the radio sources can be associated with more than one
ISOGAL source. The fraction of multiple associations in the
BWHZ sample is consistent with the random simulations sug-
gesting that multiple associations are not real ones, or that there
is no crowding of ISOGAL sources close to the radio positions
on the association radius scale.

The distribution of the distances between the radio source
and associated ISOGAL source is reported in Fig. A.3. The
BWHZ sample is shown as a solid histogram, the average of
the random samples as a dotted histogram and, for each bin,
the grey region shows the location of 90% of the random re-
alizations. The figure shows, as expected, that the number of
random associations increases steadily with the association dis-
tance. The BWHZ sample has most of the associations for dis-
tances less than 7 arcsec, where, in each bin, it clearly displays
an excess of associations with respect to the random samples.
For larger distances the association rate of the BWHZ sample
is essentially indistinguishable with the expectations from the
random samples. To quantify the excess of associations in the
BWHZ sample with respect to the random expectations, for
each distance bin we defined a reliability figure as the differ-
ence between the number of BWHZ sources and the average
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Fig. A.3. Distribution of the distances between radio source and asso-
ciated ISOGAL source, solid histogram for the BWHZ sample, dot-
ted histogram for the average of the random samples, the shaded area
shows, for each bin, the range covered by 90% of the random realiza-
tions (ordinate axis on the left). The stars show the reliability figure
for each bin, computed as described in the main text (ordinate axis on
the right).

of the random realizations normalised to the number of BWHZ
sources in that bin (the figure is set to zero if the random asso-
ciations are more than the BWHZ ones). With this definition,
for each bin the reliability figure gives the expected fraction
of “real” (i.e. non-random) associations in the BWHZ sample.
The reliability is plotted in Fig. A.3 as open stars, and shows
that for distances less than approximately 7" the contamina-
tion from random associations is always expected to be less
than 25%, above 8" the number of associations in the BWHZ
sample is indistinguishable from those of the random realiza-
tions. These results are consistent with simple association prob-
ability calculations based on the average densities of ISOGAL
sources reported in the ancillary tables of the ISOGAL public
catalogue (Omont et al. in preparation, Schuller et al. in prepa-
ration).

As discussed in Sect. 4.2, the above conclusions consider
only one aspect and may be misleading if taken alone: the
chosen association distance should also take into account the
physics of the sources. A better test can be performed on
the brightnesses and colours of the ISOGAL sources associ-
ated with the BWHZ and the random samples. In Figs. A.4a
and A.4b we show the distributions of the ISOGAL 15 um
magnitudes and [7]—[15] colours. The definition of the sym-
bols is the same as for Fig. A.3. In this figures we also show,
as a dashed line, the histogram of the magnitudes and colours
of all the ISOGAL sources within the formal BWHZ survey re-
gion, normalised to the total number of sources in the average
of the random samples. As expected, the dotted and dashed his-
tograms are nearly identical. In summary, the BWHZ sources
are mostly associated with bright and red sources, which are
a minority of the ISOGAL sources, while the random samples
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Fig. A.5. As Fig. A4 but for the [7] mag, K—[7] colour, and (K—[7], [7]) colour-magnitude diagram.

are mostly associated with the much larger population of faint
bluer sources. As a consequence, the reliability figures show
a sharp transition in both plots, suggesting a very high prob-
ability of non-random associations for sources brighter than
[15] ~ 5 and redder than [7]-[15] ~ 1.5 and a comparably
low probability for fainter and bluer sources. The same result is
shown in a different graphical form in Fig. A.4c, where the av-
erage colour-magnitude diagram produced from the sources as-
sociated with the random simulations is compared with the po-
sition of the sources associated with the BWHZ sample. Most
of the ISOGAL sources associated with the BWHZ sample fall
in a region of the diagram where one would expect very few
random associations, confirming that most of the associations
between ISOGAL sources and BWHZ radio sources are not
chance coincidences.

In Fig. A.5 we show similar figures for the [7] mag, K—
[7] colour, and (K—[7], [7]) colour magnitude diagram. While
the [7] mag shows a similar trend as the [15] or [7]-[15] colour,
with most of the ISOGAL sources associated with the BWHZ
sources populating the low-probability region of the plot, the
situation is less clear for the K—[7] colour. Most of the sources
with a good K magnitude in the catalogue populate the region

expected for random associations, and a few sources populate
the region of the plot with high reliability of being non-random
associations. As discussed in Sect. 4.2, we believe that this is
a consequence of the nature of the infrared sources reliably as-
sociated with BWHZ sources: these are characterised by very
red colours, and in many case are not detectable at K by the
DENIS survey. Consequently, most of the ISOGAL sources
with a good K magnitude plotted in Fig. A.5 are probably fake
ISOGAL-BWHZ associations, as confirmed by the high value
of the [7] mag and the large association distance (see Sect. 4.2).

Combining all the results of our simulations, we conclude
that the ISOGAL sources with the highest probability of be-
ing reliably associated with a radio source are those with bright
[15] mag and large [7]-[15] colours. The (K—[7], [7]) colour-
magnitude diagram can be used as an additional indication of
a good association if the particular ISOGAL field has been
observed by DENIS and if the source is not detected or is
very faint at K. To offer a more quantitative estimate for these
reliability criteria, in Figs. A.4c and A.5c we mark with a
dashed line the region of the colour-magnitude diagrams where
the product of the reliability figures for both magnitude and
colour exceeds 80%. ISOGAL sources associated with BWHZ



990

sources above and to the right of the lines have the highest reli-
ability of being true associations, and should be used to derive
the infrared properties of radio sources.
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