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Abstract. ISOGAL is a survey at 7 and 15 um with ISOCAM of the
inner galactic disk and bulge of our Galaxy. The survey covers ~ 22 deg?
in selected areas of the central / = =30 degree of the inner Galaxy. In this
paper, we report the study of a small ISOGAL field in the inner galactic
bulge (I =0°b = -1°, area = 0.033deg’). Using the multicolor near-
infrared data (IJK,) of DENIS (DEep Near Infrared Southern Sky Survey)
and mid-infrared ISOGAL data, we discuss the nature of the ISOGAL
sources. The various color-color and color-magnitude diagrams are
discussed in the paper. While most of the detected sources are red giants
(RGB tip stars), a few of them show an excess in J-K; and K-[15] colors
with respect to the red giant sequence. Most of them are probably AGB
stars with large mass-loss rates.

Keywords.  Stars: AGB and post-AGB — stars: circumstellar matter —
stars: mass- loss - dust - infrared: stars — Galaxy: bulge.

1. Introduction

ISOGAL is the first detailed mid-infrared imaging survey of the inner Galaxy, tracing
the Galactic structure and stellar populations. It combines 7 and 15 um ISOCAM data

with IJK; DENIS survey available for all ISOGAL fields. The main goals of the
ISOGAL survey are:

® to trace the large scale disk structure using primarily red giants (gM) old stars;
* to determine the number of (dusty) young stars;

* to map the star formation regions through diffuse ISM emission and extinction;
* to study the stellar populations and the structure of the bulge.

Multicolor mid-infrared data are essential to analyse these features. ISOGAL
quantifies the distribution of the stellar populations, especially of AGB and other
bright red giants, and young dusty stars mostly of intermediate mass, as well as both
diffuse and dense interstellar material.

The scientific results of the analysis of the first ISOGAL field are detailed in
Perault ef al. (1996). The analysis of a small field in the inner bulge (/ = 0°,
b = +1°) (Omont ef al. 1999) confirms the importance of combining 7 and 15 um
data. It shows the remarkable capability of ISOGAL to detect and characterize
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Table 1. Log of ISOCAM and DENIS observations in the / = 0.0°, b = —1.0° field.

Identification Filter Pixel size Date of observations  Julian date  Remarks
13600430° LW3 6" 01/04/96 24501755 12-18 um
32500354” LW2 6" 06/10/96 24503635 5.5-8.5 um
84100927¢ LW3 6" 05/03/98 24508785 ‘
84100926° LW2 6" 05/03/98 24508785

DENIS¢ LI K, 173" 3" 10/09/96 24503375

“Data used in the present paper.
"These observations have been used for variability calculation.

mass-losing AGB and RGB tip stars. Glass ef al. (1999) analysed the ISOGAL fields
near Baade's Windows of low obscuration towards the inner parts of 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. The ISOGAL results are also summarized in
Omont ef al. (2000).

In this paper, we present the ISOGAL/DENIS data of a small inner bulge field
(area = 0.033 deg’), centered at / = 0°, b = —1°. We have combined the 15 um and
7 um ISOCAM observations with DENIS 1JK, data to determine the nature of a
source and the interstellar extinction. Analysis of the sources at five near- and mid-
infrared wavelengths shows that the majority of the sources are red giants with
luminosities just above or close to the RGB tip. The various color-color and
magnitude-color diagrams are discussed in the paper.

The outline of the paper is as follows : in section 2, we discuss the ISOGAL and
DENIS observations. Section 3 describes the cross- identification of ISOGAL and
DENIS sources. In section 4, we present the color-magnitude diagram of DENIS
sources detected in ISOGAL. The interstellar extinction in the line of sight of the
inner bulge field is described in this section. In section 5, we discuss the nature of
ISOGAL sources based on multicolor near and mid- infrared data. Section 6 shows
the comparison of the two inner bulge fields.

2. ISOGAL and DENIS observations

The 6" ISOCAM* observations for the bulge field (/ = 0°,6 = —1°), mainly used in
this paper, were performed in revolution 841 (5th March 1998) at 15 um (filter LW3,
12 — 18 um) and at 7 um (filter LW2, 5.5 - 8.5 um). We have repeated ISOGAL
observations for this field with a gap of 2 years (Table 1), which were used to check the
photometry, the reliability of detected sources and to identify the suspected variables in
the field. A special reduction pipeline was applied to the ISOCAM data which is more
sophisticated than the standard treatment and devised by Alard ef al. (in preparation).

The histograms of the 7 and 15 um source counts derived from the 6” ISOGAL
observations are displayed in Fig. 1. In order to ensure a reasonable level of
reliability, completeness and photometric accuracy, we presently limit the discussion
of ISOGAL data to sources brighter than 8.5 mag (8mly) for LW3 sources and
9.75 mag (11 mly) for LW2 sources (the fluxes and magnitudes used are defined in

*See Cesarsky et al. (1996) for a general reference to ISOCAM operation and performances. Table 1
shows the available ISOGAL and DENIS observations in detail.
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Figure 1. LW2 and LW3 source distributions in half magnitude bins. Solid lines indicate the
number of detected sources in 1998 observations. Dotted lines indicate the number of detected
sources in 1996 observations. Dashed lines show the limits ([7] = 9.75 and [15] = 8.5) of the
sources discussed in the paper.
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Figure 2. DENIS source counts in I, J, K bands in half magnitude bins.

Omont et al. 1999). The source counts in this fiedd are thus 488 and 291, respectively
in LW2 ([7] < 9.75) and LW3 ([15]) < 8.5). Thisis close to the confusion limit of 25
pixels [6" x 6" per source for LW2, The source densities are 15 10* deg™® and 8.8
107® deg™® for LW2 and LW3, respectively.

The near-infrared data used in this paper were acquired in the framework of the
DENIS survey, in a dedicated observation of a large bulge field (Smon et al. in
preparation), simultaneously in the three usual DENIS bands, Gunn-I (0.8 um), J
(1.25 um) and K (2.15 um). The region of the bulge field, which covers the ISOGAL
field presented in this paper, was observed in September 1996. The histograms ofthe
DENIS K, J, I sources are shown in Fig. 2. The completeness limit (due to
confusion) is close to 11.5 in the K, band and 14 in the J band.
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3. Cross-identification of ISOGAL and DENIS sources

The cross-correlation between ISOGAL and DENIS sources has been made, which
provides the multicolor data. This allows us to discuss the nature and properties
of individual sources. Firstly, we have cross-correlated the ISOGAL LW2/L.W3
sources. The search radius was fixed at a large value, 3.6", for LW3/LW2 associations
in order not to miss associations. The chance of spurious association with an LW?2
source is then ~ 4%. Secondly, because of the very high density of DENIS sources,
the search radius was reduced to 3.2"” for the DENIS/ISOGAL associations.
Nevertheless, the density of the DENIS sources is so high that the chance of spurious
associations remains ~ 7% for K, sources with K, < 10. The rms of the offsets
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Figure 3. Color-magnitude diagram (J-Ks)/Ks for all DENIS sources in the field. An
isochrone (Bertelli et al. 1994), placed at 8 kpc distance, is shown for a 10 Gyr population
with Z = 0.02. The near-infrared colors of this isochrone have been computed with an
empirical Ty, - (J-K), color relation built by making a fit through measurements (see
Schultheis et al., 1998, 1999) and Ng et al. (in preparation). The labels A, B, C, D identify the
isochrones shifted by Av of 5.3, 6.0, 7.8 and 9.6, respectively.
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of matched sources are ~ 1.7" and ~ 1.5" for LW3/LW2 and ISOGAL/DENIS,
respectively.

Thus, a substantial fraction of the ISO sources have been identified with DENIS
sources. Out of a total number of 488 LW2 sources, 359 (74%) are matched with a
K, < 10 source, 353 with a JK; source and 221 with an IJK_ source. Out of 291 LW3
sources ([15] < 8.5), 251(86%) are matched with an LW2 source, 219 (75%) with a
K,(<10)/LW2 source, 215 with aJK /LW2, and 133 with an IJK,/LW2 source. The
number of LW2/LW3 sources without K, or LW3/K sources without LW2 is small,
32 and 24, respectively.

Table 2 gives a catalogue of bright ISOGAL sources ([7] < 7.0), with three-band
DENIS associations and identification of foreground sources and of candidate
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Figure 4. Color-magnitude diagram (J-K)) /K for DENIS sources with [7] or [15]
counterparts in the field. Filled circles represent the foreground sources with consistent data in
the other diagrams. Suspected variables are indicated additionally by large open circles. The
labels A, B, C, D and isochrones are as described in Fig. 3. The main sequence dwarf (HD
161908 : A9V) is denoted by HD. The M-type star in the catalog of Riharto et al. (1984) is
denoted by M.
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variable stars. We consider that DENIS values are saturated when K, < 7,J <8 and
| <9. The corresponding values are shown by .S in Table 2. The cross-identified
sources with SIMBAD are also shown with spectral type and IRAS name. The
complete catalogue will be available at CDS, Strasbourg, within a few months.

4. Interstellar extinction

The adjunction of DENIS near-infrared data adds much to ISOGAL data, by
providing different and more sensitive color indices, as well as estimates of the
interstellar reddening. The K, /J-K; magnitude-color diagram of all DENIS sources in
our field (Fig. 3) shows a bulge red giant sequence shifted and broadened by a non-
uniform extinction of Av = 7.8 =2 magnitude with respect to the reference K vs
(J-K)o of Bertelli e al. (1994) with Z = 0.02 and a distance modulus of 14.5
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Figure 5. J-K /K-[7] color-color diagram of LW2 sources with DENIS counterparts. All
symbols are as in Fig. 4.
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(distance to Galactic Centre 8 kpc). We have assumed that A4, /4, = 0.256;
A /A, = 0.089; A4, /A, = 0.027 ;A /A, = 0.014 (Glass et al. 1999). Most of
the extinction should thus be associated with interstellar matter outside of the bulge.

The ISOGAL sources with anomalously low values of A, are probably foreground.
They are visible in Fig. 4, which shows the subset of the K, /J-K sources of Fig. 3,
which were also detected at longer wavelengths. The sources located left of line
A(Ay < 5.3) are almost certainly foreground, while those to right of line B(4y, > 6.0)
are very probably in the "bulge", and the case is uncertain for those between lines 4
and B. The J-K| excess of the sources much redder than line D is probably most
related to larger extinction rather than to exceptionally large intrinsic J-K; excess.
This is demonstrated by the values of K, -[7] and K-[15], which remain characteristic
of low mass-loss rates (except for the exceptional case of # 450, Table 2, there is also
a group of bright stars (K, < 8) close to line D [#54,87,91,147,137] with a
moderate intrinsic J-K; excess and a relatively strong excess at 15 um, with the
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Figure 6. JKgKs -[15] color-color diagre?n of LW3 source with DENIS counterparts. All
symbol ae as in fig. 4.
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characteristics of relatively large mass-loss similar to miras). Such a large extinction
could correspond either to parchy dust within the bulge or to background stars.

5. The nature of the ISOGAL sources

About 35 stars (~ 10% of the ISOGAL sources with DENIS counterparts. LW2/JKy),
which lie to the left of the line A(A, ~ 5.3) in Fig. 4 are probably foreground stars, in
front of the main line of sight extinction. About haf of the foreground stars are
probably red giants with practically no extinction and that their number is much
larger in this fidd (b= —1°) compared to the other bulge fidd (b =+1°,
Omont et al. 1999). This may be because of the dust layers which are relatively
fa away in b= —1° direction. The other foreground stars with intermediate
extinction look rather similar to the situation of b = +1° (Omont et al. 1999) and are
perhaps at distances comparable to that of the dust layers.

[15]

-1 0 1 2 3 4
K,~[15]

Figure 7. [15]/K<[15] magnitude-color diagram of ISOGAL sources with DENIS
counterparts. Symbols are as in Fig. 4.
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Figure 8. [15]/[7]-[15] magnitude-color diagram of ISOGAL sources. Symbols are as in Fig.
4. The IRAS source is shown by 1.

The J-K, /K;-[7] and J-Ks/K-[15] color-color diagrams are shown in Figs. 5 and 6.
While the range of J-K; values is restricted to ~ 0.5 mag for most of the sources, K-
[15] ranges from 0.3 to 2.5 for the bulk of the sources (with an extension up to 4
magnitudes for a few sources). The colors [7]—[15] and K,-[7] (Figs. 8 and 10) also
display large ranges of excess, although somewhat smaller than for Ko-[15]. More
than half of the sources under discussion have observed K,-[15] colors redder than
~ 1, and very red [7]—[15] colors. Only the presence of the circumstellar dust can
explain such a large excess. These data suggest that these are intermediate AGB stars
or RGB tip stars with low and high mass-loss rates as discussed below.

The magnitude-color diagrams [15]/K,-[15] and [15]/[7]—[15] are shown in Figs. 7
and 8, respectively. Characteristic values of the colors and magnitudes corresponding
to the two ends of the intermediate AGB sequence are given in Table 3. The
magnitude of the lower end of the sequence coincides with the ISOGAL sensitivity
at 15 um, which is almost exactly that of the tip of the bulge RGB (K, ~ 8.2,
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Figure 9. K,/K-[I15] magnitude-color diagram of ISOGAL sources detected both in LW2
and LW3, with DENIS counterparts. The approximate position of the RGB tip (taking into
account the interstellar extinction in this field) is shown by the solid lines at K; = 8.9
(K,~ 8.2, Tiede etal. 1996) and K, = 8.7(K, ~ 8.0, Frogel ezal. 1999). All symbols are as in
Fig.4.

Tiede ef al. 1996; K, ~ 8.0, Frogel et al. 1999). This K, magnitude range, 7.6 - 8.3
(Table 3), corresponds to M spectral types from M6 to M9 (Frogel & Whitford 1987
& Glass ef al. 1999). This sequence of stars is described as "intermediate-AGB
mass-loss sequence” (Omont et al. 1999).

From the SIMBAD data base, we have identified five sources in this field. [RHI84]
10-714 (M2), [RHI84] 10-733 (M2) and [RHI84] 10-745 (M4) are M-type stars in
the catalogue by Riharto ef al. (1984). These sources are denoted by "M" in Fig. 4.
HD 161908 is an early main-sequence star with spectral type A9V. It is denoted by
"A" in the figures. IRAS 17464-2926 with S,; .S = 0.77 and [7]-[15]= 2.13 is
denoted by "1" in Fig. 8.

In order to investigate the variability in this field, we have compared the repeated
observations performed with 6" pixels, at two different dates (a gap of 2 years) with

Sum*~12 pum
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Figure 10. [7] /K;-[7] magnitude-color diagram of all LW3 sources with DENIS counter-

parts. Filled asterisks represent sources without a detection at LW3. All other symbols are as in

Fig.4.

Table 3. Values of colors and magnitudes for the base and the tip of the mass-loss AGB

sequence in the magnitude-colors diagrams in Figs. 7, 8 and 9.

K-15)  [THIS) (1] K, (K -[1SD)y Ko My Myl L(Lo)
Tip 23 1.3 60 83 1.7 76 —69 =39 2884
Base 0.5 0.0 85 9.0 -0.1 83 —62 32 1514
@With a distance modulus of 14.5 (D = 8 kpc).
® With the K bolometric correction My, - My = 3.0 (Groenewegen 1997), which yields M, ~ Ky — 12.2 in

this field.

both LW2 and LWS3 filters (Table 1). Only a bright source has been considered for the
variability, where there is a 3o difference in one band. The sources selected in this
way are displayed with special symbols in various figures. The repeated DENIS
observations will also be used to look for the variable stars in all the inner bulge fields

(Schultheis et al., in preparation).
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6. Comparison with bulge (/= 0°,b = +1°) field

We have compared the results of the bulge field (present paper) with another
ISOGAL bulge field at / =0°b = +1°, area = 0.033 deg’. This field was
analysed in detail and the results published in the paper by Omont ef al. (1999).
3" ISOCAM observations are mainly used in this paper. However, the same field was
also observed with ISOCAM in revolution 836 with 6" pixel size at LW3 and LW2,
respectively (see Table 1 by Omont et al. 1999). To make a direct comparison
between the two (b = — 1° & b = +1°) inner bulge fields, we have also analysed the
6" data of b = +1° field. A detailed evaluation of 6” ISOCAM data of a few inner
bulge fields including the » = +1° will be presented elsewhere (Ojha ef al., in
preparation).

The bulge field at b= — 1° seems to suffer more extinction (by ~ 2 magnitudes)
and is more patchy compared to b = +1° field. The source density in both LW2 and
LW3 filters is higher (by a factor of ~ 1.2) in b = -1° than in b = +1° field. The
density of foreground stars is larger in b = — 1° field by a factor of 1.5 compared to
b =+1° field. The density of foreground ISOGAL sources with DENIS JK
counterparts is 1061 per deg’ in b = — 1° field, while it is 697 per deg’ in b = +1°
field. The origin of such differences is not entirely clear.

7. Conclusion

We have shown that the combination of near-infrared (DENIS) and mid-infrared
(7 and 15 um ISOGAL data allows reliable detection AGB and RGB tip stars. We
conclude that most of the ISOGAL sources detected both at 7 and 15 um in the inner
bulge field are intermediate AGB stars or RGB tip stars with low and high mass-loss
rates. The sequence in various color-magnitude diagrams is well coincident with the
late M AGB sequence, from M6 to M9, just above the RGB tip.
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