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Abstract. We present a study of ISOGAL sources in the “intermediate” galactic bulge (|l| < 2◦, |b| ∼ 1◦–4◦), observed by
ISOCAM at 7 and 15 µm. In combination with near-infrared (I, J, Ks) data of DENIS survey, complemented by 2MASS data,
we discuss the nature of the ISOGAL sources, their luminosities, the interstellar extinction and the mass-loss rates. A large
fraction of the 1464 detected sources at 15 µm are AGB stars above the RGB tip, a number of them show an excess in ([7]–[15])0
and (Ks–[15])0 colours, characteristic of mass-loss. The latter, especially (Ks–[15])0, provide estimates of the mass-loss rates
and show their distribution in the range 10−8 to 10−5 M� yr−1.
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– Galaxy: bulge

1. Introduction

ISOGAL is a detailed mid-infrared imaging survey of the in-
ner galaxy, tracing the galactic structure and stellar populations
(Omont et al. 2003). It combines 7 and 15 µm ISOCAM data
with IJKs DENIS data (Epchtein et al. 1994, 1997; Simon et al.,
in preparation). The main goals of ISOGAL survey are to trace
the large scale inner disk and bulge structure using primarily
red giants old stars; to study the corresponding stellar popula-
tions; to trace the age and mass-loss of AGB stars; to deter-
mine the number of (dusty) young stars and to map the star
formation regions through diffuse ISM emission and extinc-
tion. Multicolour near- and mid-infrared data are essential to
analyse these features.

The scientific results of ISOGAL are summarized in Omont
et al. (2003). The analysis of the first ISOGAL field is detailed
in Pérault et al. (1996). The discussion of a small field in the in-
ner bulge (� = 0◦, b = +1◦) (Omont et al. 1999) has confirmed
and characterized the remarkable capability of ISOGAL to
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detect the mass-losing AGB stars. Glass et al. (1999) analysed
the ISOGAL fields in Baade’s Windows of low obscuration to-
wards the bulge. Most of the detected objects towards Baade’s
Windows are late-type M stars, with a cut-off for those earlier
than about M3–M4. In the same fields, Alard et al. (2001) have
determined the general properties of a well defined sample of
semi-regular variables by obtaining the MACHO lightcurves
in V and R for a large fraction (∼300) of the ISOGAL ob-
jects in Baade’s Windows. Recently, Schultheis & Glass (2001)
and Glass & Schultheis (2002) have further investigated the
luminous M-type giants in these Baade’s Windows fields, in
the near-infrared mainly taken from the DENIS and 2MASS
(Skrutskie et al. 1995) surveys.

In this paper, we report the study of nine ISOGAL fields
in the intermediate galactic bulge (−1.5◦ < � < +1.6◦;
−3.8◦ ≤ b ≤ −1.0◦, b = +1.0◦ (Fig. 1); with a total area
∼0.29 deg2) and more than 2300 detected sources. The 15 µm
and 7 µm ISOGAL point sources have been combined pri-
marily with DENIS IJKs data in the ISOGAL–DENIS Point
Source Catalogue which gives magnitudes I, J, K s, [7], [15]
(Schuller et al. 2003) – and also with 2MASS (J, H, K s) and
MSX (mid–IR, Price et al. 2001) – to determine their nature
and the interstellar extinction. Analysis at five near- and mid-
infrared wavelengths of the ISOGAL sources, together with the
relatively low and constant extinction, shows that the majority
of the sources are red giants with luminosities just above or
close to the RGB tip and with a large proportion of detectable
mass-loss. The various colour-colour and magnitude-colour
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diagrams are discussed in the paper, together with values of
the luminosities and mass-loss rates.

The outline of the paper is as follows: In Sect. 2, we
present the ISOGAL and DENIS observations, as well as com-
plementary 2MASS (and MSX) data. Section 3 describes the
cross-identification of the mid-IR ISOGAL sources between 7
and 15 µm bands and then with near-infrared sources. In
Sect. 4, we discuss the determination of interstellar extinction
in the line of sight of the bulge fields using the isochrone fit-
ting. Section 5 presents the derivation of bolometric magni-
tude (Mbol) and luminosity for each star in the bulge fields. In
Sect. 6, we discuss the nature of ISOGAL sources. Section 7
is devoted to the derivation of mass-loss rates based on (K s–
[15])0 colour. In Sect. 8, we consider a preliminary estimation
of the total mass-loss rate in the intermediate bulge.

2. ISOGAL observations and complementary data

ISOGAL observations with ISOCAM (see Césarsky et al. 1996
for a general reference to ISOCAM operation and perfor-
mances) at 6′′ pixel field of view of nine intermediate bulge
fields with good quality of 7 and 15 µm data are used in our
study (see Fig. 1). These observations were performed dur-
ing 1996–1998 at 15 µm (filter LW3: 12–18 µm or LW9: 14–
16 µm), and at 7 µm (filter LW2: 5.5–8.5 µm or LW6: 7.0–
8.5 µm) (Table 1). For all the observed ISOGAL fields, we have
used the data of the ISOGAL Point Source Catalogue (PSC,
version 1) described in Schuller et al. (2003), reproduced, for
our nine fields, in a shortened version in Table 2 available at
CDS1. They were derived with an improved data reduction with
respect to ISO Archive data, with the use of CIA ISOCAM
software and of a special source extraction (Schuller et al.
2003). From the comparison between the different observa-
tions of the field at l = 0◦, b = +1◦, we find very small dif-
ferences between the different filters: LW2–LW6=+0.05 mag
& LW3–LW9=+0.1 mag. Hence, no corrections are applied
in LW6 and LW9 magnitudes to jointly discuss them with the
main LW2 and LW3 data. The total number of sources in the
nine fields are 2232 and 1464 at 7 and 15 µm, respectively,
with a grand total of 2354 sources. The corresponding average
source densities are ∼8 × 103 deg−2 and ∼5 × 103 deg−2 at 7
and 15 µm, respectively (see detailed density for each field as
shown in Table 1). The 7 and 15 µm magnitude limits of the
ISOGAL PSC are given in Table 1 and vary from 8.6 to 9.5
at 7 µm, and from 7.5 to 8.5 at 15 µm. Generally, these ISO
cutoff magnitudes should roughly correspond to a detection
completeness level close to ∼50%, and depend on the source
density, so that these magnitude limits vary by about 1 mag
among the different fields. The histograms of the 7 and 15 µm
total source counts derived from the 6 ′′ ISOGAL observations
are displayed in Fig. 2. This figure also displays the data (avail-
able at IPAC, version 1.2) of the MSX sources detected in these

1 Table 2 contains the catalogue of ISOGAL-DENIS sources
from nine bulge fields with their 2MASS & MSX counter-
parts. The catalogue will be available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strabg.fr/cgi-bin/qcat?J/A+A/403/141.

Fig. 1. The rectangles show the limits of the ISOGAL fields studied in
this paper.

fields (108 at 8 µm, all with [7]ISO < 7.0 and 16 at 15 µm,
all with [15])ISO < 4.5). They show the large difference in
sensitivity and in the number of detected sources between the
two surveys. We have checked the consistency of ISOGAL and
MSX 15 µm magnitudes for the 13 strongest sources (with
[15] < 3.5, in order to avoid the Malmquist bias). The aver-
age difference is [15]ISO–[15]MSX = −0.06 ± 0.43, where the
large dispersion is probably related to the source variability.

In the near-infrared, the data mostly used in this paper
are also those of the PSC of the ISOGAL–DENIS survey.
They are complemented by the 2MASS data (from the Point
Source Catalog of the 2MASS second release available at IPAC
and CDS). However, these 2MASS data do not fully cover
all the nine ISOGAL fields. There are large blank areas (be-
cause of saturating stars) in three fields, so that only about
88% of the total area of the nine ISOGAL fields is covered. All
sources in these 2MASS data have detections in the three JHK s

bands. The DENIS near-infrared data are acquired from the
DENIS survey with special observations of the Galactic bulge
(Simon et al., in preparation) in the three bands, I (0.80 µm),
J (1.25 µm) and Ks (2.17 µm), which completely cover the nine
considered ISOGAL bulge fields. Therefore, we have taken the
more complete DENIS data as the main reference for near-
infrared associations.

The histograms of all the DENIS I, J, Ks sources in the
observed fields are shown in Fig. 3. The completeness limit is
close to 12.0 in Ks band, 14.0 in J band and 15.5 in I band, re-
spectively. However, only near-infrared sources with K s <∼ 11.0
are used for near-infrared cross-identifications, in order to limit
the number of spurious associations (see Sect. 3 and Table 1).
Figure 3 also displays the histograms of J, H and K s 2MASS
sources. We have compared the DENIS and 2MASS pho-
tometry of 1963 stars common in ISOGAL–DENIS PSC and
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Fig. 2. 7 and 15 µm source distributions in half magnitude bins. ISOGAL magnitudes are converted into flux densities using the relations given
in Schuller et al. (2003). The dotted lines show the MSX A (∼8 µm) and D (∼15 µm) sources cross-identified with ISOGAL 7 and 15 µm
sources. MSX magnitudes are derived using the zero magnitude flux given by Egan et al. (1999).

2MASS in our nine fields. We find small differences in the av-
erages: KDENIS−K2MASS = −0.00 ± 0.07 and JDENIS−J2MASS =

−0.02 ± 0.09; hence no corrections are applied.
Table 1 shows the used ISOGAL, DENIS and 2MASS ob-

servations in detail. It should be noted that the majority of the
observations were performed on dates with large differences
(from two months to three years), except for 7 and 15 µm ob-
servations performed on the same date in six fields out of nine,
and the DENIS, 2MASS observations performed on the same
date for all sources in their respective bands. Such differences
in dates are comparable to the period of Long Period Variables
(LPVs). One thus expects that the corresponding colours of the
few large amplitude and variables (Miras) may be strongly af-
fected. This uncertainty will propagate through to the final un-
certainties in luminosity and mass-loss as well. From the de-
tailed studies of LPVs in the two Baade’s Window fields (see
Glass et al. 1999; Alard et al. 2001; Schultheis & Glass 2001;
Glass & Schultheis 2002), one can estimate that the variabil-
ity rms error in the near-infrared is �0.3 mag for strong vari-
ables (miras), i.e. most of the strong sources with [15] < 4,
and less than 0.1 mag for most others. In order to reduce
this uncertainty by about a factor

√
2, we have systematically

used: 1) The average of DENIS and 2MASS J and K s mag-
nitudes when available; however, the DENIS sources are sat-
urated at Ks <∼ 6.5, and, for such few strong sources, only
2MASS data are used (Sect. 3); 2) The average of ISOGAL
and MSX 15 µm magnitudes for the few (13) strong sources
detected by MSX with [15]ISO < 3.5.

3. Cross-identification of ISOGAL
and near-infrared sources

In order to perform the association between 7 and
15 µm sources in the ISOGAL PSC, first a global offset be-
tween the two sets of coordinates has been determined, then

Fig. 3. DENIS source counts in I, J and Ks bands in half magnitude
bins (thick continuous lines). Thin continuous lines show the DENIS
sources detected in J and Ks bands. Dotted lines show the 2MASS
sources detected in J, H and Ks bands. The used 2MASS data (2nd re-
lease) contain only sources detected in the three JHKs bands and cover
only ∼88% of the total area of the considered ISOGAL fields. Long-
dashed line shows the average Ks magnitude cut of DENIS sources
(Ks < 11, see Table 1 and Sect. 3) cross-identified with ISOGAL
sources.

distortion coefficients have been computed to correct for the
rotation effects (Schuller et al. 2003). Finally, 7 and 15 µm as-
sociations were searched within a radius of twice the size of the
pixel (2 × 6′′ = 12′′). Only ∼8% (122) of the 15 µm sources
have no 7 µm counterpart. However, out of these 122 15 µm
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Table 1. Log of ISOCAM, DENIS and 2MASS observations in the intermediate bulge fields.

ISOGAL ISOGAL Filter Date of Source 7 and Date of Date of Mean DENIS
Field Obs. ISOGAL densities 15 µm DENIS 2MASS AV KsLim

Obs. at 7 and 15 µm mag IJKs JHKs

(per deg2) limits Obs. Obs.

–01.49–01.00 83801111 LW2 02/03/98 8500 9.03 22/05/99 & 14/08/98 11.8 11.4
32500342 LW3 06/10/96 5231 8.12 08/07/99

+00.00–01.00 84100926 LW2 05/03/98 10607 8.80 01/05/99 16/07/98 8.1 10.5
84100927 LW3 05/03/98 6929 7.93

+01.63–01.00 84101405 LW6 05/03/98 6538 8.61 03/07/98 16/07/98 6.3 10.9
84101406 LW9 05/03/98 3654 7.53

–01.49+01.00 83701309 LW2 01/03/98 9111 8.94 29/08/98 02/07/98 6.0 10.8
32500238 LW3 06/10/96 6556 8.04

+00.00+01.00 83600418 LW2 28/02/98 9259 8.89 18/05/98 02/07/98 6.3 10.6
83600523 LW3 28/02/98 6148 8.00

+01.49+01.00 84001007 LW6 04/03/98 7962 8.65 09/05/99 02/07/98 6.4 10.9
32500239 LW3 06/10/96 6077 7.99

+01.37–02.63 83800913 LW2 02/03/98 6660 9.15 13/09/98 & 16/07/98 1.2 11.4
(Sgr I BW field) 83800914 LW3 02/03/98 4453 8.33 20/06/99
+01.03–03.83 84001115 LW2 04/03/98 5608 9.48 15/09/98 15/08/98 1.5 12.0
(NGC 7522 BW 84001116 LW3 04/03/98 3333 8.51
field)
+00.32–02.17 84100428 LW2 05/03/98 7519 9.14 20/05/98 16/07/98 2.2 11.0

84100429 LW3 05/03/98 4889 8.26

sources, a large fraction (77%: 94 sources) have been associ-
ated with Ks (Ks <∼ 11.0) DENIS or 2MASS sources, which
reflects the incompleteness of weak 7 µm sources. The rms of
the [7]–[15] separations has a small value equal to 1.5 ′′, which
shows the good quality of most of the associations. Indeed,
98% have a quality factor 3 or 4 in the ISOGAL PSC which
warrants almost certainly real association (Schuller et al. 2003),
only 2% have a quality factor 2 which means that the associa-
tion is probably real, but should be considered with some care
(a few doubtful associations with quality factor 1 have been
discarded).

A cross-correlation algorithm similar to the one used to as-
sociate 7 and 15 µm data has been used to look for DENIS
counterparts to ISOGAL sources (Schuller et al. 2003). The
density of DENIS sources is so high that the DENIS cata-
logues were cut to 36 000 sources per square degree (K s <∼ 11.0,
see Table 1). A search radius of 7′′ was initially used for
the cross-correlation between ISOGAL and DENIS sources,
and the association was limited to DENIS sources detected
in Ks. Figure 4 shows the histogram of positional difference
of ISOGAL–DENIS cross-identified sources in our nine fields.
The rms of the distances of ISOGAL-DENIS association has
a value equal to 1.4′′. About 98% of the ISOGAL sources (ei-
ther 7 or 15 µm) have thus initially an association with a DENIS
source with Ks <∼ 11.0. Even with such a large search radius,
because the proportion of real associations is very large and
only associations with the smallest separation are retained, the
fraction of false associations is expected to remain ∼1%. In ad-
dition, the quality of the associations is characterised by a spe-
cific flag and we have dropped in Table 2 the associations with
the poorest quality (see below). Such a large radius was indeed
needed since, in some cases, real associations have such large

separation, because of the large pixels and undersampling of
ISOGAL, in particular in the cases of blended or slightly ex-
tended sources. This is extensively discussed in Schuller et al.
(2003). About 1% of the ISOGAL sources (23) have a DENIS
counterpart which are saturated (Ks <∼ 6.5, see Fig. 7), out of
which 18 saturated DENIS sources have been replaced by the
2MASS sources (as indicated in Table 2 available at CDS). The
five other sources are not identified in the published 2MASS
fields. Out of these 18 sources, 50% sources are identified as
foreground and taken out of the stars further discussed in the
paper (see text, Sect. 4) and the remaining are shown in vari-
ous figures (see Figs. 8, 9, 11 and 12). Most of the ISOGAL
sources cross-identified with DENIS ones (92%) have a good
quality association (quality flags 4 and 5; see Schuller et al.
2003 for details), 7% sources have more doubtful association
(quality flags 2 and 3) and only less than 1% ones have very
bad association (quality flag 1). For the present study, we have
dropped in Table 2 the sources which have association quality
flag of 1 (15 associations) and those with associated distance
of more than 5′′ (12 associations, mostly with quality flag 2).
The number of contaminating false matches is thus kept well
below 1%. The respective numbers of 7 µm alone, 15 µm alone
and 7+15 µm sources not associated at all with DENIS sources
are 21, 32 and 18. However, most of these 7 + 15 µm sources
are not in the DENIS catalogue because they are too strong and
above the saturation limit; 13 of them are present in the 2MASS
data. Most (18) of the sources of 7 µm alone are also associated
with 2MASS sources with Ks <∼ 11.0, so that the proportion
of 7 µm sources not associated with a near-IR source is negli-
gible (∼0.4%). On the other hand, only four sources of 15 µm
alone are associated with 2MASS sources with Ks <∼ 11.0;
it results in a more important, but still small, fraction (∼2%)
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Fig. 4. Histogram of positional difference (in arcsec) between
ISOGAL and DENIS cross-identified sources. Solid line shows all
ISOGAL/DENIS sources. Dotted line shows the sources having
ISOGAL/DENIS association quality flags 4 and 5. Dashed line shows
the sources having quality flags 2 and 3. Dotted-dashed line shows
the sources having quality flag 1. Associations with quality flag 1 and
those with a distance larger than 5′′ have been finally discarded.

of 15 µm sources without near-IR associations, especially for
the sources detected only at 15 µm (∼23%). The latter could be
young stellar objects (YSOs, Sect. 6.2); however, half of them
have poor quality flags which could be characteristic of the spa-
tial extension of YSOs (Schuller et al., in preparation) or cast
a doubt on the reality of unassociated sources. Finally, taking
into account the 15+12 rejected associations, the percentage
of ISOGAL sources with a near-infrared association is larger
than 97%.

4. Interstellar extinction and foreground disk stars

4.1. Interstellar extinction

The adjunction of DENIS and 2MASS near-infrared data adds
much to ISOGAL data, by providing different and more sensi-
tive colour indices, as well as estimates of the interstellar red-
dening. The Ks/J−Ks magnitude-colour diagrams of DENIS
sources in the bulge fields show a well-defined red giant se-
quence shifted by fairly uniform extinction (see Fig. 5), with
respect to the reference Ks0 vs. (J−Ks)0 of Bertelli et al. (1994)
with Z = 0.02 and a distance modulus of 14.5 (distance to
the Galactic Center: 8 kpc). The near-infrared colours of this
isochrone have been computed with an empirical T eff − (J−K)0

colour relation built by making a fit through measurements for
cool giants (see Schultheis et al. 1998, 1999). We have assumed
that AJ/AV = 0.256; AKs/AV = 0.089 (Glass 1999). The av-
erage value of the interstellar extinction (AV) for each bulge
field is shown in Table 1 and in Fig. 5. The mean AV value
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Fig. 5. Colour-magnitude diagrams (J−Ks/Ks) of DENIS sources in
the ISOGAL intermediate bulge fields. The four isochrones (Bertelli
et al. 1994), placed at 8 kpc distance for a 10 Gyr population with
Z = 0.02 are shown in each figure for AV = 0 mag, for the AV limit
adopted for the “foreground” sources (defined as “F” in top left box),
for mean AV values of the field and for the AV limit adopted for the
“background” sources (defined as “B”), respectively.

for each field has been determined by a Gaussian fit to the
AV distribution.

The DENIS sources with anomalously low values of AV

are probably foreground. They are visible in Fig. 5 in each of
the bulge fields (stars around the isochrone with AV ∼ 0 mag
and stars clearly left of the bulk of the stars grouped around
the isochrone with mean AV of the field). For each field we de-
fine an isochrone “F” (Fig. 5) for which we assume that all the
sources left of it are foreground stars which will be no longer
considered in the following discussions of “bulge” stars.

There are also a number of stars with J−Ks values signif-
icantly larger than the bulk of the other stars in each bulge
field (right of the isochrone defined as “B” in Fig. 5). We
can see three reasons for such an excess in J−Ks: 1) intrinsic
(J−Ks)0 excess induced by a large mass-loss, which should be
accompanied by a large 15 µm excess; 2) excess in AV which
should probably be due to a patchy extinction on the bulge
line of sight (additional extinction from dust layers behind the
Galactic Center for background stars appears unlikely at such
high galactic latitudes); 3) spurious association or wrong pho-
tometry which is rather unlikely for DENIS sources well above
the detection limit.

For the stars with such large values of J−Ks, right of
the isochrone “B” in Fig. 5, we distinguish: a) bright stars,
with Ks < 8, which can be bulge AGB stars with large mass-
loss, for which we again use the mean extinction correction A V

of the field; and b) faint stars, with Ks > 8, for which we
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assume low mass-loss and large extinction and we determine
their specific extinction from J−Ks and the zero-extinction
isochrone as for the bulk of bulge sources.

To summarize, for the following discussions where dered-
dening is essential – colour-magnitude diagrams, luminosities,
mass–loss rates – we have applied the following prescriptions:
We have discarded all sources left of curves “F” in Fig. 5. For
the others, with J and K detections, besides the few exceptions
mentioned above, we have determined their specific extinction
from J−Ks (with Glass 1999 values for AJ/AV and AKs/AV ) and
the quoted zero-extinction isochrone of M giants. For all the
others, especially with no JK associations, we have used the
mean extinction AV of the field (Table 1). The extinction ra-
tios A[7]/AV and A[15]/AV in the ISOGAL bands are still uncer-
tain (Hennebelle et al. 2001; Jiang et al. 2003). We have used
the values A[7]/AV = 0.020; A[15]/AV = 0.025 recommended
by Hennebelle et al. for “disk” fields; however, the extinction
corrections remain small with the low values of AV considered,
and the effects of the uncertainty on A [7] and A[15] are practi-
cally negligible.

4.2. Proportion of foreground and background disk
stars

It is clear that the method discussed above for identifying fore-
ground stars from the value of J−Ks and the inferred extinction,
fails to recognize foreground disk stars located between the last
dust layers and the bulge. Similarly, the extinction gives no
way of distinguishing background disk stars, beyond the bulge,
from bulge stars.

In order to derive an order of magnitude of the proportion of
such foreground and background disk stars, mixed with bulge
stars with similar extinction, one can use any reasonable sim-
ple galactic model for the M–K giants of the bulge and the
disk, e.g. the one by Wainscoat et al. (1992). In Appendix A,
we have thus estimated the approximate fraction of counts ex-
pected from the bulge, the disk r < R0, and the disk r > R0, as
being about 65%, 23% and 12%, respectively, on a typical line
of sight for our fields, l = 0, b = 2◦ (R0 is the distance to the
Galactic Center).

Indeed, stars of the actual bulge and of the central disk are
indistinguishable in our analysis. We should thus consider as
really foreground and background, only disk stars outside of
the bulge radius R1 = 2 kpc of Wainscoat et al. (1992). Their
fractions are only about 14% and 6% respectively. However,
part of the foreground stars have already been identified from
the low value of their extinction (Sect. 4.1) and taken out of
the stars further discussed below. Their number is 110, i.e.
about 8% of the total.

To summarize, one may expect that the sample of ISOGAL
sources further discussed below contains about 6% of fore-
ground disk stars, 6% of background disk stars, and 88% of
central stars within the bulge limits – ∼70% of bulge stars
and ∼18% of central disk stars. However, these percentages
must be considered as indicative since they vary with the galac-
tic coordinates and they result from approximate estimates with
a sketchy axisymmetrical bulge model.
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Fig. 6. Approximate relation between bolometric correction, BCK ,
versus x = (Ks–[15])0 (BCK = 2.982 + 0.0962x−0.1653x2 +

0.1499x3−0.04173x4 + 0.003351x5) derived using the BCK values
from Frogel & Whitford (1987) (open circles) and Groenewegen
(1997) (open squares) (see in the text).

5. Luminosities

After dereddening (Sect. 4.1), the bolometric magni-
tudes (Mbol) are derived for the stars using the bolometric
corrections (BCK) and a distance modulus of 14.5. We have
used an approximate relation (Fig. 6) between BC K vs. (Ks–
[15])0 to derive the bolometric corrections for the ISOGAL
sources by combining the BCK values derived as follows from
Frogel & Whitford (1987) and from Groenewegen (1997). For
(Ks–[15])0 < 3, we have used 24 ISOGAL Baade’s Windows
sources (shown by open circles in Fig. 6) which are common in
Frogel & Whitford’s (1987) catalogue with a value for BC K , to
derive the average curve displayed in Fig. 6. We have extended
this curve for (Ks–[15])0 > 3 from the approximate relation
between BCK vs. (K–[12])0 for IRAS AGB stars proposed
by Groenewegen (1997). For this purpose, we have used an
approximate empirical relation between y = (K–[12]) 0 and
x = (Ks–[15])0 – namely, y = x − (x/7)3 – derived from
the modelling of infrared emission of nearby oxygen-rich
AGB stars (Groenewegen, private communication). The
BCK values from Groenewegen (1997) are shown as open
squares in Fig. 6. However, they have been slightly rescaled
by adding 0.25 mag to match them with Frogel & Whitford’s
values for (Ks–[15])0 <∼ 3. Finally, a polynomial fit has been
performed between BCK and x = (Ks–[15])0 (see caption
of Fig. 6). We have checked that such a simple approximate
determination of Mbol agrees within a few tenths of magnitude
with an elaborate integration of all DENIS and ISOGAL flux
densities along the method of Loup et al. (in preparation).

The luminosity of each star is derived from Mbol using the
classical relation, L(L�) = 10−(Mbol−4.75)/2.5, and is available
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Fig. 7. Histograms showing bolometric magnitudes and luminosities
of the sources in ISOGAL bulge fields. Solid lines show all ISOGAL
sources detected at Ks and 15 µm. Dotted lines show the sources hav-
ing ISOGAL/DENIS association quality flags 4 and 5. Short-dashed
lines show the sources having quality flags 2 and 3. Long-dashed ver-
tical lines indicate the bulge RGB tip (Mbol ∼ −3.5; L � 2000 L�).

in Table 2. Figures 7a, b show the histograms of bolometric
magnitudes and luminosities of the sources in ISOGAL bulge
fields. These distributions are clearly incomplete below the lu-
minosity of the bulge RGB tip. One should keep in mind that
for ∼12% of the sources, the luminosities thus derived are
wrong because their distances are significantly different from
the bulge distance, either foreground or background on the line
of sight. This will spuriously broaden the luminosity distribu-
tion. In particular, most of the sources appearing with very
large luminosities are probably foreground stars with smaller
luminosities. In addition, even for the other sources within the
“bulge” limits (6–10 kpc), the difference in distances with re-
spect to 8 kpc induces a spread by about one magnitude (but
with an rms <∼ 0.2 mag because the distribution is very centrally
peaked). Other uncertainty terms, to be combined in quadra-
ture, include the residuals to the BCK fit and the BCK calibra-
tion (rms <∼ 0.2 mag), uncertainties in the K and 15 µm pho-
tometry (rms <∼ 0.2 mag), deredddening for large extinctions
(rms < 0.2 mag), variability (rms ∼ 0.2 mag for strong vari-
ables, <0.1 mag for others). The combined rms uncertainty for
the luminosity of bulge sources is thus probably less than 0.4–
0.5 mag.

6. Nature of the ISOGAL sources

Figures 8, 9 and 11 show the (Ks–[15])0/[15]0, (Ks–[15])0/Ks0

and [7]–[15]/[15] colour-magnitude diagrams of ISOGAL
sources, respectively. The first two diagrams are more directly
related to the luminosity and mass-loss derivations (Sects. 5
and 7), and luminosity and mass-loss rates estimate are dis-
played in Figs. 8 and 9. However, such derivations rely on
a good extinction correction of K s magnitudes. On the other
hand, the diagram [7]–[15]/[15], which depends little on ex-
tinction, provides a straightforward view of the nature and the
amount of dusty sources of various classes. It even allows a
direct measure of the mass-loss rates, but with less sensitivity,
especially for the largest and the smallest ones.

Figures 8, 9 and 11 are very similar to the same diagrams
in Omont et al. (1999) for the field at l = 0, b = +1◦ (see also
Glass et al. 1999). One can distinguish three main classes of

Fig. 8. [15]/Ks–[15] magnitude-colour diagram of ISOGAL sources
with DENIS/2MASS counterparts. The open circles show the sources
having ISOGAL–DENIS association quality flags of 4 and 5. The
crosses show the sources having association quality flags of 2 and 3
(see the text). The filled hexagons display the ISOGAL sources asso-
ciated with 2MASS counterparts (since the DENIS sources [Ks ≤ 6.5]
are saturated, they have been replaced by the 2MASS sources). The re-
maining saturated DENIS sources (which have no published 2MASS
counterparts) are shown by filled squares. The bright ISOGAL sources
associated with 2MASS sources (which have no DENIS counterparts)
are shown by open triangles. Sources without 7 µm associations are
displayed by filled circles. The filled triangles show the ISOGAL
sources associated with 2MASS sources but having no DENIS coun-
terparts. The IRAS sources are shown by open squares. However
the four very red IRAS sources I1–4 (Table 3) are outside the lim-
its of the figure. The asterisks show the sources detected at 8 µm in
the MSX survey which are associated with strong ISOGAL sources
([15] < 4.5 mag). Among them the dark ones are those associated with
the MSX D (15 µm) sources ([15] < 3.5 mag). The curves from bot-
tom to top represent the luminosity estimates from 500 to 20 000 L�,
respectively (see Fig. 5). Various regions discussed in the text (see
Sect. 6) are indicated with boundaries as dotted lines. The approxi-
mate scale of mass-loss rate displayed at the top of the figure is derived
from Eq. (1) given by Jeong et al. (2002) (see Sect. 7).

sources, corresponding to three regions delimited in Figs. 8, 9
and 11.

There are first, a number of stars with luminosity
(<2000 L�) and colours [(Ks–[15])0 < 1] and [7]–[15] con-
sistent with dustless stars on the RGB close to its tip, which is
at K0 ∼ 8.0 as quoted by Frogel et al. (1999)2, which corre-
sponds to Mbol � −3.5 and L � 2000 L�. Their spectral types
should be ∼M3–M5 (Frogel & Whitford 1987; Glass et al.
1999), which corresponds to colour (K s–[15])0 � 0.71−0.78
with Teff � 3600−3400 K, respectively.

2 As quoted in footnote 2 of Omont et al. (1999), we neglect the
small difference of K−Ks ∼ 0.04, for such stars.
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Then, a whole sequence of sources display luminosities
slightly above the RGB tip (2000–5000 L�) and colours with
a weak 15 µm excess [1 < (Ks–[15])0 < 2], characteristic
of small amounts of dust and thus of weak mass–loss; they
were called “intermediate AGB” stars by Omont et al. (1999).
The Ks0 magnitude range from the base to tip of the sequence
(Fig. 9) corresponds to M spectral types from about M6 to M8–
M9 (Frogel & Whitford 1987; Glass et al. 1999). It is known
from Alard et al. (2001) that they are semi-regular variables
with relatively short periods and weak amplitudes.

Finally, less numerous sources, in the top right corner of
Figs. 8 and 11 ([15]0 < 4.5, (Ks–[15])0 > 2, ([7]–[15])0 >∼
1.3), may have larger luminosities and super–wind mass–loss
characteristic of Miras (see Glass et al. 1999; Alard et al. 2001;
Omont et al. 1999). Most of them are detected at 8 µm in the
MSX survey (Price et al. 2001) as seen in Table 2.

6.1. Brightest and reddest ISOGAL sources

We have identified 16 IRAS sources within the fields of Table 1.
They are associated with 15 bright ISOGAL stars ([15]0 <∼ 6.0).
Table 3 shows the brightest and reddest ISOGAL sources with
IRAS and MSX associations when available. These sources are
shown by open squares in Figs. 8, 9, 11 and 12. Out of these
15 sources, the four brightest ones ([15]0 < 1.5) are denoted
by “I1–4” in Table 3 and Figs. 9 and 12. These four sources
visible in Figs. 9 and 11 are not shown in Figs. 8 and 12. All
of them have extremely red values of (K s–[15])0 characteris-
tic of large amount of dust. Their [12]–[25] IRAS colours are
characteristic of AGB stars and not of young stellar objects or
post-AGB stars. They are thus probably AGB stars with very
large mass-loss rates, >10−5 M� yr−1 (see Sect. 7 and Table 3).
Table 3 displays approximate values of their bolometric fluxes
computed from an integration of their available flux densities,
either following the prescriptions of Loup et al. (in preparation)
or from a more approximate integration when (K s–[15))0 is too
large to use Loup et al’s method. All of them correspond to
large values of bolometric luminosities if the sources are at the
Galactic Center distance. Such luminosity values are consistent
with the very large mass-loss rates and both quantities point out
to relatively large values of the initial mass. However, it is not
clear whether these stars belong to the central bulge/disk or to
the foreground disk (the four of them have |b| � 1). Their large
intrinsic colours make it very difficult to determine their in-
terstellar extinction. Their following individual properties may
help to decide about their bulge membership:

– I1 – It is the brightest 15 µm source and its ISOGAL mag-
nitudes are uncertain because of saturation. It belongs to the
most extreme class of OH/IR stars with a massive cold circum-
stellar envelope as shown by its exceptional [12]–[25] colour
and strong 10 and 18 µm absorption bands in the IRAS LRS
spectrum (IRAS Science Team 1986). The radial velocity and
the very large bolometric flux point to a foreground disk object.

– I2 – The bolometric flux favours bulge membership.

– I3 – It is also an OH maser, but its radial velocity and
relatively small bolometric flux point to bulge membership.

– I4 – The bolometric flux and the blue [7]–[15] colour
favour foreground disk membership.

Three other stars with very red [7]–[15] colours (Fig. 11)
are also listed in Table 3. Their nature – AGB, post–AGB, PN,
YSO – is uncertain, and they are not detected by MSX. We
have also added an IRAS source, YY, with no ISOGAL point
source counterpart:

– I5 – From its position in the [7]/[7]–[15] diagram, it could
be either a young stellar object (YSO) or an AGB star (Schuller
et al., in preparation). However, its non detection at 12 µm to-
gether with the large value of the ratio S 25µm/S 15µm ∼ 6, and its
small bolometric flux could indicate a young stellar object (or
a planetary nebula).

– AY – Again, from its position in the [7]/[7]–[15] and
Ks0/(Ks–[15])0 diagrams, and from its bolometric flux, it could
be a YSO or an AGB star.

– Y – It could appear as a good YSO candidate. However,
its ISOGAL magnitudes could have been affected by the track
of the saturated star I1 in the ISOGAL images. Its completely
anomalous colour (Ks–[7])0 = −0.15 also points to a wrong
7 µm magnitude.

– YY – This source, IRAS 17423–3048, is probably a mas-
sive YSO from its IRAS 25–60 µm flux densities. It has no
convincing association in the ISOGAL-DENIS PSC, although
the ISOGAL–DENIS–MSX source displayed within bracketts
in Table 3 is within the limits of a possible association. On the
other hand, there is some extended emission at its position in
the 15 µm ISOGAL image.

6.2. Other detected sources

All other IRAS detected sources have [12]–[25] colours in-
dicative of AGB stars. The fact that there are practically no
other stars in Fig. 11 meeting the criteria ([7]−[15] > 1.8 with
[15] < 4.5) for credible young star candidates defined by Felli
et al. (2000, 2002), is not surprising in such high galactic lati-
tude lines of sight.

As quoted in Glass (1999), much of the scatter (∼1 mag)
seen in the “AGB sequence” of Figs. 8 and 11) may be due to
the distribution in the depth of the bulge and the central disk
(Glass et al. 1995). Furthermore, in Figs. 8 and 9, it seems
unlikely that there is in addition an anomalously large num-
ber of stars far above this sequence by up to ∼1.5 mag. Such
stars with anomalously bright ISOGAL magnitudes with re-
spect to their colours, appear more clearly in the [7]–[15]/[15]
colour/magnitude diagram of Fig. 11. It seems that most of
them could not be bulge AGB stars with very high luminosity,
because of the age of the bulge population and of the low mass-
loss rates deduced for most of them from (K s–[15])0 or [7]–
[15]. Most of them are probably foreground AGB stars with
moderate luminosity and mass-loss. Their population and the
distribution of the values of the 15 µm magnitude excess with
respect to the bulge sequence look in rough agreement with the
proportion and the distance distribution expected for the disk
foreground stars (Sect. 4). Similarly, most sources which lie
below the main bulge AGB sequence in Figs. 8, 9 and 11, are
likely background disk AGB stars.
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Table 3. Catalog of brightest and reddest ISOGAL sources. Data for each source are displayed in two lines, with the ISOGAL standard name
(e.g. ISOGAL-PJ173812.5-293938) and the IRAS name if any. In order to make the easy comparison with ISOGAL 7 and 15 µm magnitudes,
[7] and [15], and IRAS flux densities (in Jy) at 12 and 25 µm, S12 and S25, MSX intensities are given in magnitudes for bands A (∼8 µm)
and D (∼15 µm), and in flux densities (in Jy) for bands C (∼12 µm) and E (∼21 µm).

Name (ISOGAL–P..) l J Ks [7] [15] AV V1
LSR S12 S25 L2 Ṁ Id.

IRAS Name b msxA msxD msxC msxE

(deg) (mag) (mag) (mag) (mag) (mag) (km s−1) (Jy) (Jy) 104 L� (M� yr−1)

J173812.5-293938 −1.5 11.75 8.16 5.26 2.89 6.3 0.32 4.9 × 10−6 AY

1.0

J174122.7-283146 −0.1 >14.16 11.80 3.47 1.54 8.9 −51.0 2.0 4.3 0.89 3.2 × 10−5 I3

17382-2830 1.0 3.69 1.87 2.5 4.7

J174458.5-271442 1.4 12.83 10.80 0.90 −0.51 6.1 −12.3 15.0 51.3 8.87 4.1 × 10−5 3I1

17418-2713 1.0 1.21 −1.28 31.2 80.3

J174506.1-271516 1.4 10.92 8.67 8.43 5.84 5.4 0.16 2.9 × 10−7 Y

1.0

J174522.9-271109 1.5 >15.88 12.50 2.65 1.42 8.0 4.5 4.9 3.67 3.6 × 10−5 I4

17422-2709 1.0 2.74 1.23 4.6 5.7

(J174533.2-304943) 1.6 (11.13) (7.64) (6.66) (6.13) (11.9) 1.6: 0.66 YY

17423-3048 −1.0 (6.07)

J174548.6-304312 −1.5 >15.26 10.14 4.38 1.58 12.3 3.4 5.3 0.17 1.7 × 10−5 I2

17426-3042 −1.0 3.67 1.85 2.7 4.2

J174939.4-292723 0.0 12.31 9.85 6.34 4.16 7.6 2.5 0.12 8.1 × 10−6 I5

17464-2926 −1.0

1 Value comes from OH maser detection.
2 If one assumes a distance of 8 kpc.
3 The ISOGAL magnitudes and Mbol of I1 are uncertain because the ISOGAL flux densities are above saturation limits of the detectors.

There are a few stars (Fig. 9) with large values of K s–[15])0

(>1) below the RGB tip. But their case is not clear. Only a
few of them have values of ([7]–[15]) 0 > 0.6. Most of the
sources have poor photometry because they are close to
the 15 µm detection limit or of poor association quality. In
the following discussion, we will drop the most doubtful cases,
i.e. all stars with Ks0 > 9.0 (Fig. 9). The nature of the few re-
maining cases is unclear. A number could be background stars
with large mass-loss. Additional observations are required to
confirm the nature of these sources and to exclude the possibil-
ity of spurious associations with the Ks sources. However, such
a 15 µm excess could be an indication that some RGB stars
close to the RGB tip have a significant mass-loss, as found in
globular clusters by Origlia et al. (2002).

The 28 sources detected only at 15 µm (Sect. 3) are ab-
sent from all colour–magnitude diagrams. However, they re-
main candidates for YSOs or Planetary Nebulae, especially for
half of them with relatively good quality flags. The strongest
one, ISOGAL–PJ1753178–280433, [15] = 5.88, is identified
in SIMBAD as a Planetary Nebula JaSt 90 (van de Steene &
Jacoby 2001).

Figure 12 shows [7]/Ks–[7] magnitude-colour diagram of
ISOGAL sources. The [7]/Ks–[7] diagram seems to be the best
criterion for the detection of large amplitude LPVs (Glass et al.
1999; Schultheis et al. 2001). The region of high mass-loss
AGB stars ((Ks–[7])0 > 1, [7]0 < 7) is explicitly drawn in
this diagram.

7. Mass-loss rate (Ṁ) determination

It is generally agreed that the colour (K–[12]) 0 (where [12] is
the magnitude corresponding to the IRAS 12 µm flux density)
is a good indicator of the mass-loss rate Ṁ of AGB stars (see
e.g. Whitelock et al. 1994; Le Bertre & Winters 1998; Jeong
et al. 2002). It is clear that (Ks–[15])0 should be an equally good
gauge of Ṁ, with a slightly different calibration. However, the
relation between Ṁ and (Ks–[15])0 or (K–[12])0 directly de-
pends on the nature of dust and on the gas-to-dust ratio. For
instance, there is evidence from the preliminary analysis of the
ISOGAL CVF data of a few of these AGB bulge sources that
their dust is dominated by alumina for low and intermediate
mass-loss rates (Blommaert et al. 2001 and in preparation). In
addition to further analysis and observations of mid–IR spectra,
an essential element for the accurate calibration of the relation
between Ṁ and (Ks–[15])0 is the detailed theoretical analysis of
mass-loss physics, dust formation and radiative transfer, such
as performed by Jeong et al. (2002 and in preparation). The
latter is based on a consistent time dependent treatment of
hydrodynamics, thermodynamics, equilibrium chemistry and
dust formation. Such a theoretical modelling is presently the
only way to infer the gas-to-dust ratio and the mass-loss rates
for such bulge sources in the absence of any direct mea-
surement of the mass of circumstellar gas and even of the
expansion velocity. As they quote, the relation derived be-
tween Ṁ and (K–[12])0 by Jeong et al. (2002) gives sub-
stantially higher mass-loss rates than the empirical relation of
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Fig. 9. Ks0/(Ks–[15])0 magnitude-colour diagram of ISOGAL sources
with DENIS/2MASS counterparts. The symbols and the curves are
same as shown in Fig. 8. The red IRAS sources of Table 3 are denoted
by “I” (see text). They are also MSX D sources associated with the
strong 15 µm sources. The RGB tip (Ks0 ∼ 8.0) is shown as dotted
line. The other two regions are the same as in Fig. 8.

Le Bertre & Winters (1998) (Fig. 13). On the other hand, the
agreement is better with the empirical values of Whitelock et al.
(1994) derived from the classical prescription of Jura (1987)
giving Ṁ from far-infrared emission (Fig. 13). Here, we will
apply the explicit relation between Ṁ and (K–[15])0 derived
by Jeong et al. (2002),

logṀ = −6.83/(K–[15])0 − 3.78 (1)

with Ṁ in M� yr−1 (Fig. 13).
Alternatively, one could also infer Ṁ from (Ks–[7])0 or

from [7]–[15]. Deriving Ṁ from [7]–[15] (Alard et al. 2001)
has the advantage that the latter quantity depends very little
on the extinction. However, this method is less sensitive since
[7]–[15] varies little. On the other hand, (K s–[7])0 has a low
sensitivity for small mass-loss rates, but could be conveniently
used for large ones.

It is important to notice that there may also be an appre-
ciable uncertainty in the determination of mass-loss rates from
(K–[15])0 for strongly variable stars where we have only sin-
gle epoch measurements of Ks and [15], and at different epochs
for Ks and [15] (Table 1). As quoted, this uncertainty is re-
duced by taking the average of DENIS and 2MASS K s val-
ues and of ISOGAL and MSX 15 µm magnitudes. One can
thus estimate that the global rms uncertainty on (K s–[15])0 re-
mains smaller than 0.3–0.4 mag, except for the weakest sources
(Ks0 > 9.0, see Sect. 6.2). However, because of the rapid
variation of Ṁ versus (Ks–[15])0 (Fig. 13), the correspond-
ing observational uncertainty on Ṁ ranges between a factor ∼2
for its largest values >10−6 M� yr−1, and ∼5 for the smallest
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Fig. 10. Ks–[15] colour distribution of ISOGAL sources. The mass-
loss scale at the top of the figure are same as shown in Fig. 8. The
full line histogram represents the stars of all nine fields of our sample
(Table 1). The dashed line represents stars in the fields with |b| ≥ 2◦.

ones <10−7 M� yr−1. Such values do not include the model un-
certainty in the relation between Ṁ and (Ks–[15])0.

8. Total mass-loss rate in the bulge

Figure 14a shows the number distribution of mass-loss
rates (Ṁ) of ISOGAL sources in the bulge as a function of Ṁ
from Eq. (1) along models of Jeong et al. (2002). Figure 14b
displays the corresponding values of the average total mass-
loss rate per square degree and per 0.5 bin of log Ṁ. It should
be remembered that the number of sources is incomplete for
Ṁ <∼ 10−7 M� yr−1. It is not excluded that still lower mass-loss
rates, Ṁ < 10−8 M� yr−1, contribute a little to the integrated
mass-loss in the bulge, because of the very large number of
stars with 1 <∼ (Ks–[15])0 <∼ 2 (Fig. 10), where such 15 µm
excess, if real, still shows the presence of circumstellar dust.

However, because of the very steep distribution of the
number of sources versus (Ks–[15])0 (Fig. 10) and the rapid
variation of Ṁ versus (Ks–[15])0 (Fig. 13), the error in (Ks–
[15])0 due to strong variability makes the contribution of
the corresponding bins larger than in reality. Therefore, in
Figs. 14b, d, we have reduced the contributions of the three
bins between 10−7 and 3 × 10−6 M� yr−1 by factors 1.4, 1.2
and 1.1, respectively, as shown in Figs. 14a, c. However, we
have not corrected the bins below 10−7 M� yr−1, because the
incompleteness of detections of such stars could compensate
for this effect.

It is difficult to fully appreciate the uncertainty in the data
of Figs. 14a, b. There are various sources of observational un-
certainty: errors in Ks–[15])0 and their uncertain correction,
bulge membership, Poisson error due to the small number of
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Fig. 11. [15]/[7]–[15] magnitude-colour diagram of ISOGAL sources
detected in the ISOGAL fields. The open circles show the ISOGAL
sources having 7/15 µm association quality flags of 3 and 4. The
crosses show the sources having association quality flags of 2.
The filled hexagons display the associations with 2MASS (since
the DENIS sources [Ks ≤ 6.5] are saturated, they have been re-
placed by 2MASS). The remaining saturated DENIS sources (which
have no 2MASS counterparts) are shown by filled squares. The bright
ISOGAL sources associated with 2MASS sources (which have no
DENIS counterparts) are shown by open triangles. The filled trian-
gles show the ISOGAL sources which have no available DENIS nor
2MASS counterparts, mostly because of saturation or non observa-
tion. The asterisks show the sources detected at 8 µm in the MSX
survey which are associated with strong ISOGAL sources ([15] <
4.5 mag). Among them the dark ones are those associated with the
MSX D (15 µm) sources ([15] < 3.5 mag). The IRAS sources are
shown by open squares and the brightest ones are denoted as “I” (see
text). Sources with larger luminosities and super-wind mass-loss char-
acteristic of Miras are inside the boundaries shown as dotted lines.
Other two regions are same as in Fig. 8.

sources with large Ṁ, incompleteness of detections of stars
with small Ṁ, etc. They could combine to give a substantial er-
ror, but probably smaller than a factor two. However, the major
source of error is probably still the calibration of the relation
between Ks–[15])0 and Ṁ, which depends on dust properties
and the dust–to–gas ratio. Its modelling depends on complex
stellar properties and remains difficult despite the spectacular
progress achieved by Jeong et al. (2002).

It is seen in Fig. 14b that the contribution to the integrated
mass-loss per bin of log Ṁ is dominated by mass-loss rates
larger than 10−6 M� yr−1. It is even possible that the four stars
I1–4 with (Ks–[15])0 > 6, Ṁ >∼ 10−5 M� yr−1 (Table 3), con-
tribute for about half the total. But their belonging to the bulge
is not fully established (see Sect. 6).

Numerical values for the integrated mass-loss are displayed
in Table 4. First are values for mass-loss per square degree aver-
aged over all nine fields of Table 1, with and without including
the contribution of the four stars I1–4, respectively. Since it
is difficult to decide whether such stars belong to the central

Fig. 12. [7]0/(Ks–[7])0 magnitude-colour diagram of ISOGAL sources
with DENIS/2MASS counterparts. The open circles show the sources
having ISOGAL-DENIS association quality flags of 4 and 5. The
crosses show the sources having association quality flags of 2 and 3
(see the text). The filled hexagons display the ISOGAL sources asso-
ciated with 2MASS counterparts (since the DENIS sources (Ks ≤ 6.5)
are saturated, they have been replaced by the 2MASS sources). The
remaining saturated DENIS sources (which have no 2MASS counter-
parts) are shown by filled squares. The bright ISOGAL sources asso-
ciated with 2MASS sources (which have no DENIS counterparts) are
shown by open triangles. Sources without 15 µm associations are dis-
played by filled circles. The filled triangles show the ISOGAL sources
associated with 2MASS sources but having no DENIS counterparts.
The asterisks show the sources detected at 8 µm in the MSX survey
which are associated with strong ISOGAL sources ([15] < 4.5 mag).
Among them the dark ones are those associated with the MSX D
(15 µm) sources ([15] < 3.5 mag). Stars I1–4 are outside of the figure
limits with (Ks–[7])0 between 4 and 10 (see Table 3). The region of
high mass-loss AGB stars ((Ks–[7])0 > 1, [7]0 < 7) is drawn in the
upper right corner (see Fig. 9 of Omont et al. 1999).

bulge/disk or not (Sect. 6.1), we also give the same quantities
for the three fields with |b| > 2◦ where such stars with very
large values of Ṁ ((Ks–[15])0 > 4) are absent (see Fig. 10).
The corresponding distribution of mass-loss rates are displayed
in Figs. 14c, d. In the absence of stars with (Ks–[15])0 > 4, it
is seen that the relative contribution of large mass-loss rates
to the integrated mass-loss seems smaller. However, the total
number of relevant stars with (Ks–[15])0 > 2 is about four
times smaller in the three fields with |b| > 2◦ than in the to-
tality of the fields. Therefore, while there are only four stars
with Ṁ > 10−5 M� yr−1 in the totality of the fields, one cannot
consider that their absence in fields with |b| > 2◦ is statistically
significant.

Such results seems to show that the relative contribution of
stars with low mass-loss rates (Ṁ < 10−6 M� yr−1) is more
important in the mass return to the interstellar medium for the
old bulge population, which is more predominant at |b| > 2 ◦.
Even the stars with Ṁ < 10−7 M� yr−1 may have a significant
contribution.
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Fig. 13. Mass-loss rate (Ṁ) as a function of colour. For X = (Ks–
[15])0, Eq. (1) recommended by Jeong et al. (2002, JWBS02) is used.
For X = (K–[12])0, the three curves drawn are derived from Jeong
et al. (2002) with log10 Ṁ = −7.69/(K–[12])0) − 3.40, Whitelock
et al. (1994, WMF94) and Le Bertre & Winters (1998, LBW98),
respectively.

It is not clear whether the stars with very large mass-loss
rates, Ṁ >∼ 10−5 M� yr−1, which are probably younger with
a relatively large initial mass, may have an essential contri-
bution, as it seems the case for the solar neighbourhood (see
e.g. Le Bertre et al. 2001). It would be interesting to make a
detailed comparison with the solar neighbourhood. However,
in addition to the question of bulge membership of stars with
such large mass-loss in our sample, it is difficult to make a pre-
cise comparison with the recent work of Le Bertre et al. (2001)
because their sample is not as complete for stars with low mass-
loss as for large mass-loss ones.

We may assume the value of Eq. (A.8) for an approximate
average bulge projected mass density at the average position
l = 0◦, |b| = 2◦ for our fields, from the model of Wainscoat
et al. (1992) – ΣBu(0, 2) � 5.7×107 M� deg−2. We infer a rough
value for the total (bulge + disk) projected mass density of �8×
107 M� deg−2, by assuming the same disk/bulge ratio, 30/70, as
for the stellar counts estimated in the conclusion of Sect. 4.2.
The derived integrated mass-loss rate per unit stellar mass is
thus about 0.4–1.0× 10−11 yr−1.

One notes that there is a difference by a large factor in the
average mass-loss per square degree between the fields with
|b| > 2◦ and those with |b| < 1.5◦. This factor is 5 and 12,
without and with the contribution of stars I1–4, respectively
(Table 4). On the other hand, since the bulge projected mass
density varies as [b2+(�/1.6)2]−0.4 from the model of Wainscoat
et al. (1992) (see Eq. (A.7)), the corresponding ratio for the av-
erage projected mass density is only �2 for the bulge. It should
be �3 when one takes into account the disk contribution. A pos-
sible explanation is that the fields closer to the Galactic Center
contain a larger proportion of younger stars than in the outer

Table 4. Integrated mass-loss (M�/yr/deg2) in the “intermediate”
bulge, from Eq. (1) (Jeong et al. 2002) with Ṁ > 10−8 M� yr−1.

with I1-4† without I1-4†

All fields 8.1 × 10−4 3.7 × 10−4

Fields with |b| > 2◦ 1.2 × 10−4 1.2 × 10−4

Fields with |b| < 1.5◦ 1.4 × 10−3 5.9 × 10−4

† Stars with Ṁ >∼ 10−5 M� yr−1 whose bulge membership is uncertain
(Table 3 and Sect. 6.1).

bulge (Frogel et al. 1999), which, in particular, contribute more
to the large mass-loss rates. However, a deeper discussion, with
more elaborate Galactic models and a better identification of
foreground sources, will be necessary to well establish and
quantify these properties.

9. Conclusion

We have analysed in detail the AGB population in the available
ISOGAL “intermediate” bulge fields (|l| < 2◦, |b| ∼ 1◦−4◦).
We have confirmed that the combination of near-infrared and
mid-infrared (7 and 15 µm) ISOGAL data allows reliable de-
tection of AGB stars above the RGB tip with a determination of
their luminosity (providing that they belong to the bulge) and
mass-loss rate. We conclude that almost all the ∼1300 ISOGAL
sources detected both at 7 and 15 µm on the line of sight of the
bulge are AGB stars or RGB tip stars. A large proportion of
these AGB stars have appreciable mass-loss rates, as shown
by the excess in (Ks–[15])0 and ([7]–[15])0 colours, charac-
teristic of circumstellar dust emission. We have performed a
preliminary determination of mass-loss rates from (K s–[15])0

from recent theoretical modelling by Jeong et al. (2002) which
are in agreement with Whitelock et al. (1994) for (K–[12]) 0.
For the bulk of our sample, and especially at |b| ∼ 1 ◦, the to-
tal mass returned to the interstellar medium is dominated by
mass-loss rates larger than 10−6 M� yr−1. However, four stars,
out of ∼2000, have mass-loss rates >∼10−5 M� yr−1. They could
dominate the mass return to the interstellar medium if they all
belonged to the bulge, which is still unclear. In the more outer
bulge, |b| > 2◦, the contribution of large mass-loss rates seems
less important.

Appendix A: Numbers of foreground
and background disk sources

In order to derive an order of magnitude of the proportion of
foreground and background disk stars, on the line of sight of
the observed bulge fields, one can use any reasonable sim-
ple Galactic model for the distribution of contributing stars,
e.g. the one by Wainscoat et al. (1992). We have quoted that
practically all bulge sources detected by ISOGAL are M gi-
ants later than about M3. Background detected stars should be
even later M giants, while the great majority of foreground disk
sources are K or early M giants. It would be straightforward,
but tedious, to determine the proportion of foreground and
background disk stars in any given magnitude bin, on various
lines of sight, by direct numerical integrations of the Galactic
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Fig. 14. a) Distribution of mass-loss rates (Ṁ) of ISOGAL sources inferred from (Ks–[15])0 in the nine bulge fields, derived from the formula
of Jeong et al. (2002), Eq. (1). The dotted line includes a tentative correction for the spurious counts due to the error in (Ks–[15])0 and the very
steep count distribution, as described in the text. b) Average total mass-loss rate per square degree and per 0.5 bin of log (Ṁ) as a function of Ṁ
after this correction. The contribution of stars I1–4, Ṁ >∼ 10−5 M� yr−1, is shown by a cross. The arrow shows the incompleteness on the data
for the smallest mass-loss rates. c) and d). Same as a) and b), but limited to the three fields with |b| > 2.

distributions of the various classes of stars – especially red gi-
ants – of Wainscoat et al. However, we take advantage of the
simple behaviour of the giant luminosity function to make an
approximate analytical integration. The K–M giant luminos-
ity function is roughly proportional to L−1 (see e.g. Frogel &
Whitford 1987). At the point (r, z) in the direction (�, b), with
b 
 1 and z = rb, the number of such giants per unit volume
and absolute magnitude bin dMi is ρg(r, z) × fi(Mi)dMi where
fi(Mi) is approximately proportional to 10 Mi/2.5. The number of
stars per unit volume at point (r, z) contributing to the observed
magnitude bin dmi, with Mi = Mi − 2.5 log(r/10pc)2, is thus
proportional to r−2 × ρg(r, z). The number of counts per unit of
solid angle Ω (e.g. deg2) in a magnitude bin in the direction (�,
b), is then proportional to

∫
r−2 ρg(r, z)Ω r2dr ∝

∫
ρg(r, z) dr. (A.1)

We have therefore integrated the density models of Eqs. (4)
and (5) of Wainscoat et al. (1992) for the disk and the bulge,

respectively, on a typical line of sight for our fields (e.g. l = 0,
b = 2◦). For the disk,

ρgD(r, z) = ρ0g exp
[−(R − R0)/h − |z|/hz

]
(A.2)

where ρ0g is the disk density of red giants in the solar neig-
bourhood, R is the distance from the Galactic Center within
the plane, R0 = 8.5 kpc is the distance from the Sun to the
Galactic Center, h = 3.5 kpc and hz = 325 pc for the gi-
ants. For r < R0, R−R0 = −r; r > R0, R−R0 = r−2R0; and
at b = 2◦, z/hz = r/(9.3 kpc). The integrations of Eqs. (A.1),
(A.2) over r along the line of sight (�, b), from 0 to R 0 and
from R0 to∞, respectively, are straightforward, yielding, in the
direction � = 0, b = 2◦, NF ∝ 20ρ0g for the disk counts with
r < R0, and NBk ∝ 12ρ0g for the disk counts with r > R0.

For the bulge,

ρgB(r, z) = 3.6 × ρ0g x−1.8 exp (−x3) (A.3)

where

x =
√

R2 + (1.6z)2/R2
1

=

√
R2

0[�2 + (1.6b)2] + r′2/R2
1 (A.4)
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where R1 = 2.0 kpc is the bulge “radius”. However, for the
small values of � and b in the considered fields, most of the
integral of ρgB(r, z) comes from bulge points with x 
 1.
Therefore, the term exp (−x3) may be neglected in Eq. (A.3).
In the direction � = 0, b = 2◦, the bulge counts are thus propor-
tional to

3.6 × ρ0g

∫ +∞
−∞

x−1.8dr′ (A.5)

or

3.6 × ρ0g R1(R0/R1)−0.8[b2 + (�/1.6)2]−0.4

×
∫ +∞
−∞

(y2 + 1)−0.9dy (A.6)

yielding for the bulge counts, in the direction � = 0, b = 2 ◦,
NBu ∝ 57ρ0g.

With this model, on the line of sight � = 0, b = 2◦, one
thus expects to find about 65% of bulge sources, 22% of disk
sources with r < R0, and 13% of disk sources with r > R0,
among the ISOGAL detected sources.

Remark. Similar integrals intervene in the computation of
the total stellar mass column densities Mcd =

∫ +∞
0
ρg(r, z) dr,

yielding, with this model:

McdBu(M� kpc−2)

= 100 × ρM0(M� kpc−3) ×
[
b2 + (�/1.6)2

]−0.4
(A.7)

for the mass column density of the bulge, where b and � are
expressed in degrees. ρM0 is the stellar mass density in the so-
lar neighbourhood expressed in M� per kpc3. We will adopt the
value of Chabrier (2001) ρM0 = 4.5 107 M� kpc−3. Since most
of the bulge sources are close to the Galactic Center, one can
directly infer the projected bulge mass per solid angle unit, e.g.
per square degree. For instance, in the direction � = 0, b = 2 ◦,

ΣBu(0,2) ≈ 5.7 × 107 M� deg−2. (A.8)
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