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ABSTRACT

We have performed a moderately deep soft X-ray (0.1-2keV) survey of the Galactic plane
using pointed observations with the ROSAT Position Sensitive Proportional Counter (PSPC).
The survey is more than an order of magnitude more sensitive than previous X-ray surveys
near the Galactic plane. The data consist of nine fields each of =~10ks exposure, pointed at
positions on or very close to the Galactic plane (|b] < 0°.3) in the longitude range
180° < [ < 280°. This region has relatively low X-ray absorbing material out to distances of
several hundred pc and presents fewer source-confusion problems than at other longitudes.
The total sky area surveyed was 2.5 deg?; this yielded 93 sources, 89 of which were detected
in the ‘hard’ (0.4-2.0keV) band. Nine sources were detected in both ‘soft’ (0.1-0.4keV)
and hard bands. In the hard band, the survey coverage is =90 per cent for sources
brighter than 0.002 counts™ ' (~ 2x 10~ ergem =25~ "), but falls steeply below this value,
with the weakest sources being ~ 0.001counts '. The median limiting flux is
~0.0013counts ' (~ 13X 10 “ergem 2s!). There are 64 sources with hard-band
count rates > 0.002 counts~'. We present the catalogue of X-ray sources and the number—
flux relations (log N-log S). Eighteen sources have possible identifications from the SIMBAD
data base. We have searched the Tycho-2 and USNO-A2.0 catalogues to find all possible
optical counterparts brighter than ~ 19th magnitude, and attempt to classify these on the basis
of log (fx/fopt) versus optical colour diagrams and near-infrared photometry from the 2MASS
Second Incremental Data Release. Hence, we have found the majority of these sources to be
consistent with being late-type main-sequence stars, as previous studies have proposed from
incompletely identified surveys. Comparison of the measured number—flux relations with
predictions of Galactic (stellar) and extragalactic populations supports the view that the
population of young stars in the plane is denser than previously thought.

Key words: catalogues — surveys — stars: late-type — Galaxy: stellar content — X-rays:
general.

1 INTRODUCTION

Flux-limited surveys are important both in the study of source
populations and in the identification of individual interesting
objects. Using pointed observations from the ROSAT Position
Sensitive Proportional Counter (PSPC), we present an X-ray
source survey of the Galactic plane reaching a factor ~ 5 lower in
flux than previous ‘Galactic plane’ surveys, namely the Einstein
Galactic Plane Survey (EGPS; Hertz & Grindlay 1984, 1988) and
the ROSAT Galactic Plane Survey (RGPS; Motch et al. 1991). The
EGPS was a serendipitous source survey of Imaging Proportional
Counter (IPC) fields at Galactic latitudes |b| < 15°, covering a
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total area of 275 deg?, and detecting 71 X-ray sources above a flux
threshold of ~2x10"Bergem™?s™! in the energy band
0.154.5keV. The median and 90 per cent coverage fluxes were
~7x107" and =~2x107"2ergcm™2s~! respectively. The
RGPS utilizes the ROSAT PSPC All-Sky Survey (RASS) data for
|[pl <20° with a typical limiting flux of a few times
10" B ergem™2s~!. Motch et al. (1991) have presented prelimi-
nary findings based on 225 sources detected in an area of
~200 deg? in the longitude range 108° < [ < 155°. They have also
presented analysis of a sample area covering 64.5 deg® centred on
[ =90° b= 0° in which 128 sources were detected (Motch et al.
1997). The present survey, whilst covering a much smaller area of
sky (=2.5 deg?, 180° < I < 280°, |b| < 0°.3) than either the EGPS
or RGPS, extends more than an order of magnitude deeper in flux,
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Table 1. Observation log. The H1 column density through the Galaxy in each field position is from Stark et al. (1992). The H,
column density through the Galaxy in each field position was found by applying a conversion factor (X-ratio) of 2.0 X 10%° cm ™2
to the CO maps of Dame et al. (1987). The total hydrogen column density was calculated as Ny = Ny, + 2 X Ny, .
Field Obs-Seq RA Dec. 1 b Texp Ny Ny, Nu Notes
No. (hms) (0] ©) ©) (ks) (10*cm ™)
1 900627 54537.6 28 56 10.0  180.00 0.00 952 515 150 81.5 Gal. plane 1
2 200084 615 15.0 1743 41.0 193.10 0.32 941 584 222 102.8  Target=G 104-27
3 900426 642258 0423 17.0 208.00 0.00 1042 627 09.0 80.7 Gal. plane 2
4 900628 702323 —052354.0 219.00 0.00 859 677 112 90.1 Gal. plane 6
5 900380 718290 —131303.0 227.75 —0.13 18.68 61.0 09.7 80.4  Target=NGC 2359
6 900428 723189 —150833.0 230.00 0.00 9.84 692 09.7 88.6 Gal. plane 3
7 200049 72440.1 —-161203.6 231.09 —0.21 8.66 743 06.7 87.7  Target=HD 58343
8 900427 810028 —331656.0 251.00 0.00 10.80 556 062 68.0 Gal. plane 4
9 400329 1024585 —5747005 28439 —0.28 9.00 - 39.7  >794  Target=1E 102457
/N
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Figure 1. Relative positions of our fields along the plane. Each rectangle represents the longitudinal and latitudinal extent of the 18 arcmin radius field centre

used in this survey.

2.1

to ~ 107 “ergem™2s7!, and has yielded 93 sources. Hence it
complements well not only the EGPS and RGPS, but also
ROSAT surveys at similar depths at high Galactic latitudes (e.g.
Hasinger et al. 1993; Branduardi-Raymont et al. 1994; Boyle
et al. 1995).

The longitude range selected for our survey has relatively low
X-ray absorbing material out to distances of several hundred
parsecs, and presents less confusion problems than at other
longitudes. The restriction in latitude essentially removes
scaleheight effects when attempting to interpret the spatial
distribution of sources, since |b] = 0°.3 corresponds to a height
of only 5pc off the plane at a distance from the Sun of 1kpc.
Previous surveys have typically found ~ 80-90 per cent of
identified sources to be active coronae, but left ~ 40 per cent of
detected sources unidentified [although Motch et al. (1997) were
able to identify 98 per cent of sources at a threshold of 0.03
PSPC counts ', =3x 10" Pergem™2s7']. We try to classify
the sources in our (deeper) survey on the basis of X-ray to
optical flux ratios and optical and near-infrared colours, to find
the percentage that are consistent with being due to active
coronae.

The paper is organized as follows. In Section 2 we describe the
data selection and the source-detection method. The determination
of the number—flux relation is described in Section 3. Searches for
optical counterparts are described in Section 4, and the methods
used to classify these are detailed in Section 5. We compare our

results to model predictions in Section 6, and summarize them in
Section 7.

2 OBSERVATIONS
2.1 Data selection

The survey used nine ROSAT (Triimper et al. 1991) PSPC
(Pfeffermann et al. 1986) fields, each of =~10ks exposure, to
sample the Galactic plane at longitudes from roughly 180° to 270°
(the “third quadrant’)." A log of the observations is given in Table
1, while Fig. 1 shows the distribution of the fields on the sky. Five
of the pointings (numbers 1, 3, 4, 6 and 8) were specifically
performed for this programme, while the remaining four data sets
were obtained from the archive.’

The target objects for these latter pointings are noted in Table 1.
The field positions were selected to avoid molecular clouds, strong
(=0.2 PSPC counts™ ') known X-ray sources, bright stars and
supernova remnants (SNRs), all of which might distort the survey.
Each observation was required to have at least 8 ks exposure and to

"'Some workers, e.g. Paresce (1984), refer to this as ‘quadrant 4’ or the
‘fourth quadrant’, while others, e.g. Frisch & York (1983), refer to it as
‘quadrant 3’ or the ‘third quadrant’. Here, we use the term ‘third quadrant’.
2 These were the only archive data sets that fulfilled our criteria when the
data selection for the project was made, in 1994 August. This remains true.
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lie within 0°3 of the Galactic plane. A reasonably uniform
sampling in longitude was achieved for 180° < [ < 250°. The gap
in the region 260° <[ = 270° is due to the Vela supernova
remnant. In order to provide some sampling in this area, we
included in our analysis field number 9, at [ = 284°. The most
heavily sampled region is around / = 230°, with fields 5, 6 and 7.

2.2 Source detection

Our analysis was restricted to the inner 18-arcmin radius of each
field. This utilized the portion of the PSPC field of view (FOV)
with the highest sensitivity and spatial resolution, and avoided
potential problems due to shadowing by the window support
structures. Those fields chosen from the archive also had the
central 3.5-arcmin radius excluded from the analysis to prevent
bias due to the central objects in these fields having been selected
for their ‘interesting’ nature.®> Data intervals with poor aspect
solutions (error =1 arcsec) or high anticoincidence rates (Master
Veto Rate > 170) were also rejected.

Images were made in three photon energy bands: total
(0.1-2.0keV, PI channels 11-202), soft (0.1-0.4keV, PI channels
11-42) and hard (0.4-2.0keV, PI channels 43-202). Each image
had dimensions of 200X 200 pixel?, with each pixel being
15X 15 arcsec?. Sources were detected using the point-source
search program pss.* pss required as input a data image and a
corresponding background map.

The background map (one for each field and for each energy
band) was constructed as follows. The average count rate was
measured within the central 18-arcmin radius of an image. This
was used for a preliminary pss run. Detections made in this first run
with a significance > 4.00 were then subtracted, and the resulting
image smoothed using a 20 X 20 pixel® top-hat function. This was
used as the background model for a second (and final) PSS run
where detections were accepted as X-ray sources if they exceeded a
significance of 4.5¢.

A total of 93 sources was detected; however, most of these (89)
were also detected in the hard band and only 12 were detected in
the soft band (three of which were detected in the soft band only).
Hence most of our work has concentrated on the hard-band results,
with consideration of the soft-band data where appropriate. The
hard-band detections and the hard-band upper limits on the three
soft-only detections are shown in Table 2. Sources detected in the
soft band are shown in Table 3. Also shown in Table 3 are the
hardness ratios for each source, defined as HR = (H — S)/(H + S),
where H and S are hard- and soft-band count rates respectively.

3 THE NUMBER-FLUX RELATION

The detection count-rate threshold is a function of exposure time
and of position in each PSPC field since it depends on background
level and vignetting. The fields in our sample all have a similar
distribution of thresholds, though they differ in detail. Thus each

3 After completion of the analysis it was found that field 9 did not have an
on-axis target, and that the two target sources (compact open cluster
Westerlund 2, and Wolf—Rayet star Wack 2134, at off-axis angles of 7.8 and
8.0 arcmin) had been erroneously included in the survey. The effect of
correcting for these two sources would be a small (<1 per cent) reduction
in survey area and the removal of two sources from the bright
(= 0.03counts™ ') end of the number—flux relation. This would not
change the results of the survey in any significant way.

“pss is part of the UK Starlink ASTERIX X-ray data analysis package (Allan
1992).
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source will have its own associated coverage fraction within the
survey, i.e. the fraction of the survey area within which it could be
detected. Fig. 2 (top) shows the hard-band coverage curve for the
survey. Good coverage is achieved down to ~0.002 counts ™', with
=90 per cent of the survey area being above this threshold. Below
this count rate there is a sharp drop to =20 per cent coverage at
~0.001 counts ™ '. Fig. 2 (bottom) shows the soft-band coverage
curve.

Using the coverage curve it is straightforward to calculate the
corrected number—flux (log N—log S) relation. For a source i, the
fraction f; of the survey area within which the source could have
been detected was computed. That source then contributes 1/f; to
the number—flux relation, which can be found by summing over
the 1/f; values, as shown in Fig. 3.

3.1 Parametrization of the number—flux relation

The coverage-corrected, number—flux relation, for source count
rate S > 0.002counts™!, was fitted with a power law
N(> S) = NoS™¢, after first subtracting an ‘extragalactic’
component. The ‘x2* fit was performed on the differential, binned
form of the distribution, following the prescription of Lampton,
Margon & Bowyer (1976) to compute the confidence ranges.

The best-fitting parameter values and one-parameter 90 per cent
confidence intervals were o = 1.5 (1.1-2.2) and Ny = 20 (13-25)
sources per square degree above S > 0.002counts™!. The joint
normalization—index confidence regions are shown in Fig. 4. The
extragalactic contribution was estimated from published PSPC
high-latitude source counts (Hasinger et al. 1993; Branduardi-
Raymont et al. 1994 — both gave similar results) suitably
attenuated by Galactic absorption (Ny ~ 5X 10*! cm™2, Stark
et al. 1992), as explained in Section 3.2. The estimated
extragalactic contribution to the total Galactic-plane source counts
is a relatively minor one; assuming zero contribution increases the
normalization to Ny =25 (18-32) and has little effect on the
(already rather poorly constrained) power-law index.

3.2 Contribution of extragalactic sources

The modification of the extragalactic number—flux relation by
absorption in our own Galaxy was computed as follows. A
‘Galactic transmission factor’ (Fig) was defined as Fig = C,/C\y,
where C, is the count rate from an extragalactic source after
absorption by the interstellar medium (ISM) of our own Galaxy,
and C, is the count rate for zero Galactic absorption. By
considering a power-law spectrum with typical energy-index
values (1-2) and Ny = 5 X 102'=10%2 cm ™2 (cf. Table 1), the hard-
band F;, was found to lie in the range =~ 0.2-0.3. The nominal
value was taken as 0.3; however, the analysis was also conducted
using 0.2 and 0.0, the latter corresponding to zero extragalactic
source contribution. If the (unattenuated) extragalactic number—
flux relation is Nex(> S) sources per square degree at count rate S,
then, as viewed through the Galaxy, the number of extragalactic
sources per square degree at count rate S will be
N, = Nex(> S'/F ).

4 SEARCHING FOR OPTICAL
COUNTERPARTS

We have searched for optical counterparts to our X-ray sources on
the basis of positional coincidence and photometric properties
alone (as in Briggs et al. 2000). We used four on-line all-sky
databases in the following order. First, SIMBAD was searched to
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Table 2. Sources detected in the hard band (0.4-2keV) using the PSs source searching algorithm.
Columns show source number, field in which source is detected, equatorial and Galactic coordinates
(J2000), significance of detection in equivalent Gaussian ¢, count rate and count-rate error
(countks ™ ") and notes. Of the 93 sources detected, four were not found in the hard band. Shown in
this table is the upper limit on the count rate in the hard band for these sources. A letter ‘S’ in the
notes column indicates that a source was detected in the soft band (0.1-0.4 keV) only, whilst a ‘T’
means that the source was detected in the total band (0.1-2 keV) only.

RO F RA Dec. 1 b Signif. Cx * o¢y Notes
(J2000) (deg) o (ctks™h

01 1 05444027 +285735.3 179.871 —0.164 491 20 0.7
02 1 05444122 +284741.3 180.014  —0.247 5.06 28 09
03 1 05444137 42907 37.2 179.731  —0.073 7.00 3.8 1.0
04 1 05444569 +28 5506.3 179917 —0.169 6.11 23 07
05 1 05445762 +285840.4 179.889  —0.101 12.18 53 0.1
06 1 054507.19 42909 31.5 179.753 0.023 99% <0.8 S
07 1 054513.11 +28 43 33.5 180.133  —0.184 7.83 45 0.1
08 1 05452297 +291059.5 179.762 0.084 13.56 89 0.1
09 1 05452727 428 57 46.7 179958 —0.016 5.29 1.6 0.6
10 1 054556.84 +29 07 56.7 179.869 0.163 7.16 37 09
11 2 06142350 +174429.5 192.988 0.144 4.75 1.7 0.6
12 2 06143595 +174910.0 192.943 0.225 6.32 14 05
13 2 06144185 +173409.5 193.174 0.126 10.12 4.9 1.0
14 2 06144227 41743322 193.037 0.202 7.28 2.1 0.6
15 2 06144678 +17 36 48.3 193.144 0.164 5.22 1.5 05
16 2 06151757 +1739294 193.163 0.293 5.24 1.5 05
17 2 06153403 +173755.2 193.218 0.338 5.01 1.1 04
18 2 06154323 41753443 193.003 0.496 5.88 1.9 0.6
19 2 06154751 +17 52 34.1 193.028 0.501 4.84 1.2 05
20 2 06155451 +173459.6 193.299 0.386 6.08 22 0.7
21 2 06160530 +173727.6 193.284 0.444 9.78 42 09
22 2 06162475 +1739574 193.284 0.532 99% <14 S
23 3 06412991 +041956.9 207.944 —0.231 5.03 3.6 1.0 T
24 3 064136.16 +0428554 207.822 —0.139 11.60 6.8 1.1
25 3 06413624 +0431419 207.781 —0.117 7.14 33 0.8
26 3 064150.69 +042008.5 207980 —0.152 13.52 56 09
27 3 06415931 40428479 207.868 —0.054 8.99 32 07
28 3 06421347 +040931.9 208.181 —0.149 4.68 1.8 0.6
29 3 06424514 +042321.8 208.036 0.073 8.36 27 0.7
30 3 06424530 +041840.2  208.106 0.038 10.22 36 0.8
31 3 06430059 +042516.7 208.037 0.145 5.01 1.3 05
32 3 06431150 404 1242.1 208.244 0.089 7.58 35 08
33 4 07012123 —0526424 218906 —0.283 7.34 4.5 1.0
34 4 07012242 —052451.6 218881 —0.264 11.29 7.0 1.2
35 4 07012501 —052222.0 218849 —0.236 6.08 29 0.8
36 4 07015248 —052551.0 218953 —0.161 33.55 232 20
37 4 07015850 —053618.7 219.119 —0.219 14.68 10.6 1.5
38 4 07020587 —0533225 219.090 —0.169 6.14 2.1 0.7
39 4 070230.16 —051040.5 218.799 0.093 6.10 25 08
40 4 07025191 —051416.5 218.894 0.145 13.61 6.7 1.1
41 4 070307.17 —053519.7 219.235 0.041 12.55 8.2 1.3
42 4 07032452 —052729.2 219.152 0.165 5.29 25 0.8
43 5 07173072 —130523.1 227.527 —0.278 6.96 23 0.5
44 5 07173264 —132028.0 227.752 —0.388 7.46 26 0.5
45 5 07173427 —1317472 227716 —0.362 5.04 14 04
46 5 07174139 —132206.3 227.793 —0.370 5.56 1.8 05
47 5 07174324 —1325233 227.846 —0.389 99% <0.5 S
48 5 071749.17 —1315144 227707 —0.288 8.91 1.8 04
49 5 07180563 —125828.3 227491 —0.099 5.97 1.8 05
50 5 07180608 —131837.5 227.789 —0.254 6.48 1.3 04
51 5 071808.13 —131958.1 227.812 —0.257 4.76 1.0 03
52 5 07181083 —132238.5 227.857 —0.268 8.37 1.9 04
53 5 07181213 —1306344 227.623 —0.138 5.31 1.0 03
54 5 071813.02 —132704.1 227.926 —0.295 6.42 22 0.5

© 2001 RAS, MNRAS 326, 1161-1182



Table 2 — continued
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RO F RA Dec. ) b Signif. Cx * o¢y Notes
(J2000) (deg) o (ctks™h
55 5 07181329 —1323548 227.880 —0269 23.13 85 08
56 5 07183849 —1301157 227594 —0.002  6.98 21 05
57 5 07184434 —130647.5 227.687 —0.025 8.84 23 05
58 5 07184847 —125723.4 227.556 0.063 6.06 19 05
59 5 07191030 —131456.1 227.856 0.004  14.55 37 05
60 6 07222508 —151059.3 229933 —0210 5.6l 25 08
61 6 07222987 —1504046 229.841 —0.138 7.16 37 09
62 6 07230523 —151746.1 230.109 —0.121 9.07 27 0.7
63 6 072307.04 —1458413 229.832 0.035 5.31 17 06
64 6 07231456 —145251.2 229.761 0.107 6.05 27 08
65 6 072331.02 —1512206 230.078 0.012 9.20 34 08
66 6 07233320 —151029.9 230.055 0.035 473 12 05
67 7 07234072 —160809.3 230916 —0.392 6.85 36 09
68 7 07240168 —161140.7 231.008 —0346  5.19 14 05
69 6 07240269 —150524.8 230.037 0.179 7.54 26 07
70 6 07240344 —1457161 229.919 0246  4.70 20 07
71 6 07240821 —145929.6 229.960 0.245 5.31 23 07
727 07251836 —161035.1 231.137 —0.067 13.80 70 1.1
73 7 07252141 —1556360 230.938 0.053 7.49 48 1.0
74 8 08092401 —333000.7 251.108 —0232 592 54 17
75 8 08092633 —3320152 250976 —0.137 532 36 1.3
76 8 08092695 —332516.6 251.048 —0.180  6.34 47 15
77 8 08101842 —3306103 250.879 0.143 4.99 24 10
78 9 102259.46 —574241.6 284.128 —0.363 6.26 41 10
79 9 10233883 —575800.1 284.339 —0.532 5.33 31 09
80 9 102343.65 —5738338 284.175 —0252  6.40 34 09
81 9 102350.65 —5757443 284359 —0514 544 28 08
82 9 10235978 —5745348 284268 —0332 27.62 337 26
83 9 10241497 —5739468 284.245 —0232 543 19 06
84 9 10244719 5732548 284245 —0.097  4.80 21 07
85 9 10250152 —5754249 284462 —0384 492 20 07
86 9 10253509 —575050.8 284493 —0294  9.77 3207
87 9 10254558 —5735309 284378 —0.065 10.28 6.7 12
88 9 10255233 —5754000 284.554 0.318 5.97 23 0.7
80 9 10255437 —5737574 284416 —0.089 8.54 36 0.8
90 9 10255513 —5748523 284514 —0243 6829 955 39
91 9 10260340 —5759155 284.621 —0380 2726 293 24
92 9 10260409 —5746386 284511 —0.201 5.34 2207
93 9 102611.14 —5756558 284.615 —0338 12.58 87 13

find potential counterparts over a wide range of wavelengths.
Secondly, we searched the Tycho-2 catalogue (Hgg et al. 2000) for
bright (V = 12) stellar counterparts. Thirdly, the USNO-A2.0
(Monet et al. 1998) catalogue was searched for all possible optical
counterparts detected above the Palomar/ESO/SRC plate limit
(V = 19). Finally, we searched the 2MASS Second Incremental
Data Release (Cutri et al. 2000) for near-infrared counterparts. The
2MASS photometry is more reliable than that found in the USNO-
A2.0 and its three bands allow two-colour diagrams to constrain
better the class of the object. All potential counterparts are listed in
Table 4.

4.1 SIMBAD

We employed a uniform search radius of 35 arcsec around each
X-ray source position. In our fields we would expect this search
region to yield four SIMBAD objects by chance. We find SIMBAD
counterparts to 29 of our sources. Eleven matches are simply with

© 2001 RAS, MNRAS 326, 1161-1182

X-ray sources detected in previous surveys, or in the field 9
observation already presented by Belloni & Mereghetti (1994,
hereafter BM94). No source was matched with more than one non-
X-ray SIMBAD object. BM94 associated two sources with Wolf—
Rayet stars and one with an O7 star. Source 11 was associated with
a compact H region.” Other stars accounted for 13 matches, in

SIRAS 06114 + 1745 : classed as an ‘ultracompact H1 region’ by
Bronfman, Nyman & May (1996); detected as a water maser and considered
to be a star-forming region by Palagi et al. (1993); and noted as ‘nebulous’
and associated with ‘a B-type star that suffers appreciable circumstellar
extinction’ by Cohen, Jones & Walker (1989). It appears extended in optical
and near-IR images [and is proposed as a galaxy by Seeberger, Saurer &
Weinberger (1996) on the basis of this extension], although it is not flagged
as such in 2MASS; instead 12 point sources are detected in the region.
These have peculiar, mostly heavily reddened, near-IR colours and may be
spurious or heavily absorbed stars within the cloud. Several H1I regions are
known to be associated with diffuse X-ray emission produced by hot plasma
(e.g. Carina nebula, Lx ~ 10 ergs™").
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Figure 2. The coverage curves for the survey in the hard (top) and soft
(bottom) bands. These take into account the differences in area between

fields. Good coverage is achieved down to ~0.002 counts™ "' in the hard
band with around 90 per cent of the survey being above this count rate.

addition to two radio sources. All matches were found within
20 arcsec except for the brightest counterpart, a 6th magnitude
K-type giant 31 arcsec from source 81.

4.2 Tycho-2

Tycho-2 (Heg et al. 2000) is a catalogue of the 2.5 million
brightest stars in the sky. It contains astrometric, proper motion

100

N(>C) sources per sq.deg.
10

1073 2x107° 5x107° 0.01

Count rate, C (ct/s)

Figure 3. The hard-band (0.4-2.0keV) number—flux relation, here shown
in integral format, derived from the 89 hard-band sources detected in our
nine PSPC fields. The dotted line shows the raw counts and the solid line
shows the coverage-corrected log N-log S.

and two-band photometric information based on data taken by the
star-mapper on the ESA Hipparcos satellite. The catalogue’s 90 per
cent completeness level is at V ~ 11.5. The Tycho-2 search
yielded all 13 stellar matches made in SIMBAD, and six further
stellar candidates, with no ambiguous cases. Excepting the K-type
giant, and a 12th magnitude star 32 arcsec from source 55, all
matches were made within 20 arcsec of the X-ray source position.
We converted the Tycho raw Vy and Bt band magnitudes to
approximate Johnson photometry using the transformations: V =
V1 + 0.09(Br — V1) and (B — V) = 0.85(Bt — V) (ESA 1997).

4.3 USNO-A2.0

USNO-A2.0 (Monet et al. 1998) is a catalogue of over 500 million
objects, containing astrometric data and the blue and red
magnitudes for each, based on a re-reduction of the Precision
Measuring Machine (PMM) scans of the POSS-I, SRC and ESO
plates. The faintest objects in our region of interest are of 19th
magnitude, and the catalogue is reportedly complete to R ~ 18,
with the proviso that the source is detected on both blue and red

Table 3. Sources detected in the soft band (0.1-0.4 keV) using the Pss source searching algorithm. Columns show
the source number, field in which the source was found, coordinates, significance of detection, count rate and
count-rate error (countks ') and hardness ratio. Hardness ratio (HR) is defined as (H — S)/(H + S) where H is the
hard-band count rate and S is the count rate in the soft band.

RO F RA Dec. l b Signif.  Cx * oc, HR * oy
(J2000) (deg) o (ctks™)

06 1 05450719 42909315 179.75318 0.02296 515 46 12 <—0.64

16 2 06151757 +173929.4  193.16395 029364 817 4.6 09 -0.51 0.14
21 2 06160530 +173727.6  193.28400 0.44415 484 3.1 09 0.15 0.18
22 2 06162475 +173957.4 193.28414 053188 626 55 12 <—0.69

24 3 06413616 +0428554 207.82292 —0.13909 874 7.1 12 -0.02 0.12
25 3 06413624 40431419 20778194 —0.11763 499 40 1.1 -0.10 0.18
36 4 07015248 —052551.0 21895326 —0.16154 1975 6.1 12 058 0.07
47 5 07174324 —1325233 227.84553 —0.38908 508 23 0.6 <—040

67 7 07234072 —160809.3 23091691 —0.39249  7.62 58 12 -0.24 0.15
78 9 10225946 —574241.6 284.12897 —0.36381 577 40 1.0 0.01 0.17
91 9 10260340 —5759155 284.62120 —0.38046 742 44 10 0.74  0.05
93 9 102611.14 —5756558 28461527 —0.33847 975 73 13 0.09 0.12

© 2001 RAS, MNRAS 326, 1161-1182
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Figure 4. The two-parameter, normalization and index, power-law fit to
log N-log S. The extragalactic contribution has been subtracted, having
been estimated using the high-latitude source counts from Hasinger et al.
(1993) and allowing for transmission factors of 0.3 (lower, thicker contours)
and zero (upper, thinner contours). Regions of 68, 90 and 99 per cent
confidence are shown.

plates. The PMM has problems in crowded fields, missing some
obvious sources and detecting spurious sources. Excepting fields 5
and 9, the USNO seems unproblematic except for the odd obvious
missed source and spurious detection (of order 1-10 per field). The
centre of field 5 is dominated by the Hir region NGC 2359,
although none of our X-ray sources are in this area, while the west
side of field 9 (closest to the Galactic Centre, and hence most
densely populated) has considerable holes in its USNO coverage
due to the Hir region Gum 29 and the compact open clusters
NGC 3247 and Westerlund 2, the latter housing one of our X-ray
sources.

To keep the number of matches to a reasonable level, we reduced
our search radius to 20arcsec. Previous experience with PSPC
observations in the Hyades (Morley 1998) and the above SIMBAD
and Tycho-2 searches indicate that we would expect to miss <5 per
cent of counterparts. We found at least one USNO-A2.0 match for
all but seven of our 93 sources, although these seven include source
81, with its bright counterpart 31arcsec away, and source 82,
which sits in a very confused region of stars in the heart of the open
cluster Westerlund 2. We re-searched the catalogue using a search
radius of 35arcsec for these five unmatched objects and found
matches for three of them, leaving only sources 19 and 73 without
potential optical counterparts.

The number of matched objects per source varied from zero
to seven, and was field-dependent. The number of objects
expected to fall into our search area by chance varied from <1 in
field 2 to >4 in field 9, chiefly because the star density increases
along the plane from the anticentre direction (fields 1 and 2),
although if we consider only R < 16 this drops to < 1 even in field

© 2001 RAS, MNRAS 326, 1161-1182
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9. In general, we expect multiple potential counterparts to each
X-ray source.

44 2MASS

The Two Micron All Sky Survey (2MASS) (Cutri et al. 2000) is
uniformly scanning the entire sky in three near-infrared bands [J
(1.25pm), H (1.65pum) and Ks (2.17 wm)] for point sources
brighter than about 1 mJy in each band. The Second Incremental
Data Release covers ~ 47 per cent of the sky, including seven of
our fields (fields 3 and 9 are not included), but has holes close to
bright red stars (e.g. in field 2). This catalogue contains astrometric
information and photometric magnitudes in the three bands, and a
cross-correlation with objects in the USNO-A, making it ideal for
following up the USNO search.

Using a 20 arcsec search radius, 185 matches were found, of
which 42 were not coincident (within 5 arcsec) with USNO objects,
including three faint potential counterparts to source 19, thus
leaving source 73 as the only source with no potential optical
counterpart.

5 CLASSIFICATION OF OPTICAL
COUNTERPARTS

We have found more than one potential optical counterpart for
most of our X-ray sources. We have treated each candidate as the
real counterpart and classified it on the basis of its X-ray, optical
and near-infrared photometry, and then made a judgement on the
best classification for the source. Our classification procedure was
as follows.
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Figure 5. Plot of log(fx/fv) versus B —V for all potential optical
counterparts found in the Tycho-2 catalogue. The plotted quantities are not
corrected for reddening or absorption. Numbers refer to the associated
X-ray source. The bold diagonal solid and dashed lines are expected to
bound zones of the diagram containing, respectively, 98 and 90 per cent of
coronal sources (derived from fig. 7 in Stocke et al. 1991). The bold
horizontal line marks the value above which extragalactic sources are
expected to dominate. The bold dot-dashed line indicates the saturation
threshold of log(Lx/Le) = —3 for main-sequence stars.
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Table 4. Possible optical and near-infrared counterparts to X-ray sources detected in this survey. The catalogues and search radii used are described in the text. The columns show: designation (comprising source
number from Table 2 and a letter running in alphabetical order with separation from X-ray source position); position (J2000; from USNO/Tycho-2, SIMBAD or 2MASS, as indicated by column 5); separation from
X-ray source position in arcsec; source of position and optical photometry (U= USNO-A2.0; T = Tycho-2; S = SIMBAD; 2 = 2MASS); optical magnitude (V if photometry is from Tycho-2; R from USNO-A2.0);
optical colour (B — V if photometry is from Tycho-2; B — R from USNO-A2.0); log(fx/f opt) (og(fx/fv) if photometry is from Tycho-2; log(fx/f ) from USNO-A2.0); classification from log(fx/fop) versus colour
diagram (see Figs 5 and 6); J magnitude, / — H and error; H — K and error; flag indicating whether the position on a near-IR two-colour diagram is consistent with an MS star; spectral type [estimated from near-IR
photometry using the MS colours table of Bessell & Brett (1988), unless the luminosity class is given, whereby the spectral type is taken from SIMBAD]; and further notes on the object (see text for details on distance

and luminosity determination; luminosity units are ergs ).

Des. RA Dec. Sep. Ref. Mopt Col. [fx/foptl CL J J—H) (H — Ks) MS Sp. Notes
1 A 05 44 39.70 +28 57 20.2 16.9 U 18.3 1.2 —0.43 E 16.01 0.46 =0.16 0.31 =0.21 Y ?
2 A 05 44 40.88 +28 47 24.1 17.8 U 17.6 1.8 -0.57 E 15.60 0.59 £0.13 0.17 = 0.15 Y ?
3 A 05 44 40.46 +29 07 24.2 17.7 U 14.2 24 -1.79 C 12.01 0.62 = 0.05 0.20 =0.04 Y KM
4 A 05 44 47.62 +28 55 15.6 27.0 U 17.8 1.4 —0.51 E 15.82 0.68 £0.13 0.04 +=0.17 Y KM?
5 A 05 44 57.30 +28 58 35.1 6.7 2 >0.27 16.03 0.65+0.16 0.58 =0.18 Y ?
5 B 05 44 56.31 +28 58 32.3 19.0 2 >0.27 16.48 >0.21 <0.87 N
6 A 05 45 06.04 +29 09 31.9 15.1 U 17.5 1.3 —1.24 N 15.68 044 £0.13 —-0.17+0.22 Y ?
7 A 05 45 12.86 +28 43 37.1 4.8 U 16.6 —0.76 E 15.22 0.43 £0.09 0.08 =0.13 Y GK
7 B 05 45 13.36 +28 43 21.0 12.9 U 17.9 —-0.24 E 15.94 0.85£0.12 0.33 £0.15 Y KM?
7 C 05 45 12.08 +28 43 19.0 19.8 2 >0.20 16.62 >0.65 ?
8 A 05 45 22.60 +29 10 57.1 5.5 T 10.4 0.5 —3.42 C 9.50 0.28 £0.04 0.02 £0.04 Y F8 d~190 pc, log(Lx)~29.6
8 B 05 45 23.55 +29 10 57.6 7.8 U 17.2 0.7 -0.22 E Spurious
8 C 05 45 21.93 +29 10 53.9 14.7 U 14.7 1.8 —-1.22 C 14.52 0.49 =0.07 0.14 =0.07 Y K
8 D 05 45 22.61 +29 10 44.9 15.4 U 16.5 2.1 —0.50 E Spurious
9 A 05 45 27.60 +28 57 53.0 7.6 U 15.5 2.6 —1.65 C 12.66 0.84 =0.04 0.25+0.04 Y M?
9 B 05 45 25.99 +28 57 41.7 17.5 U 13.0 1.1 —2.65 C 11.90 0.44 £0.04 0.13 £0.04 Y GK
9 C 05 45 25.84 +28 57 57.2 21.5 U 15.0 0.9 -1.85 N 15.95 0.54 £0.14 0.54 +0.16 Y
10 A 0545 57.17 +29 07 46.0 11.5 U 13.7 33 -2.01 C Spurious
10 B 05 45 56.23 +29 08 07.2 13.2 U 14.5 1.9 —1.69 C
10 C 05 45 56.17 +29 07 46.4 13.8 T 8.9 1.0 —4.39 C 6.80 0.52 £0.02 0.18 =0.02 Y KOV HD 247187,
d~40pc, log(Lx)~27.8
10 D 05 45 55.41 +29 07 49.9 19.9 U 13.2 34 —2.21 C Spurious
11 A 06 14 23.52 +17 44 32.8 33 2 >—-0.22 >13.92 <1.18 —0.03 £0.08 ?
11 B 06 14 23.85 +17 44 30.3 5.0 2 >-0.22 >14.71 <0.10 0.81 +0.14 ?
11 C 06 14 22.88 +17 44 32.3 9.3 U 13.8 3.2 —-2.30 C 14.93 1.75 £0.08 0.51 =0.05 N
11 D 06 14 23.41 +17 44 39.0 9.6 U 9.9 33 —3.86 C 11.19 0.71 £0.05 0.45 £0.04 Y IRAS 06114+1745, H1 region
11 E 06 14 22.94 +17 44 22.6 10.6 2 >-0.22 16.68 1.41 £0.23 0.72+0.16 N
11 F 06 14 24.24 +17 44 26.8 10.9 2 >-0.22 >15.68 <0.22 0.82 +=0.22 ?
11 G 06 14 24.17 +17 44 37.6 12.5 2 >-0.22 15.33 1.13£0.14 0.71 =0.11 N
11 H 06 14 23.20 +17 44 43.0 14.2 2 >-0.22 14.64 1.19+£0.13 0.75 = 0.09 N
11 1 06 14 23.56 +17 44 13.3 16.3 2 >—-0.22 15.97 1.62 £0.11 1.09 +0.07 N
11 J 06 14 23.61 +17 44 47.4 17.9 2 >-0.22 >14.55 <-0.19 ?
11 K 06 14 22.52 +17 44 41.6 18.5 U 16.8 1.2 —1.10 N 15.22 1.52*£0.15 0.90 =0.11 N
11 L 06 14 22.74 +17 44 45.7 19.5 2 >—-0.22 16.17 1.55*£0.23 2.13+>-0.26 N
12 A 06 14 35.50 +17 49 17.5 9.8 U 14.6 0.9 -2.05 N
12 B 06 14 34.93 +17 49 08.9 14.6 2 >-0.29 15.82 0.59 £0.11 0.16 =0.20 Y KM
13 A 06 14 41.65 +17 34 21.6 12.5 U 13.2 1.0 —2.08 C
13 B 06 14 41.55 +17 33 56.5 13.7 U 13.7 2.4 —1.88 C
14 A 06 14 42.11 +17 43 38.4 6.6 U 11.9 2.1 -2.97 C
14 B 06 14 42.16 +17 43 15.8 16.5 U 16.8 1.9 —1.01 (¢

8911
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Table 4 — continued

Des RA Dec. Sep. Ref. Mopy Col [fx/foptl Cl. J J—H) (H — Kg) MS Sp. Notes

15 A 06 14 47.27 +17 36 59.7 13.3 U 18.3 1.3 —0.55 E

16 A 06 15 16.65 +17 39 33.5 13.8 U 12.9 1.0 —-2.72 C 11.83 0.24 = 0.06 0.03 = 0.06 Y F

16 B 06 15 18.13 +17 39 42.0 14.0 T 9.8 0.6 —4.45 C 8.49 0.34 £0.02 0.05 £0.04 Y G5 GSC 01318-00940,
d~90pc, log(Lx)~28.2

16 C 06 15 18.65 +17 39 38.1 17.7 2 >-0.28 14.14 0.30 £0.13 0.31 £0.13 Y

17 A 06 15 34.62 +17 37 57.0 8.6 U 17.6 1.9 —0.98 C 15.54 0.76 = 0.09 0.19+0.13 Y KM

17 B 06 15 34.33 +17 37 39.5 16.3 U 16.1 1.6 —1.58 C 14.44 0.61 £0.05 0.12+0.07 Y K

17 C 06 15 33.05 +17 38 04.5 16.9 U 12.6 0.5 —2.98 C 11.79 0.17 £0.04 0.10 = 0.05 Y F

18 A 06 15 43.53 +17 53 50.3 7.4 U 13.7 1.4 —2.30 C 12.69 0.44 £0.04 0.04 £0.04 Y GK

18 B 06 15 43.08 +17 54 01.2 17.0 U 16.0 2.0 —1.38 C 13.63 0.75 £0.05 0.19 = 0.05 Y M?

19 A 06 15 47.27 +17 52 43.4 9.9 2 >-0.39 16.29 0.75*+0.15 0.02 £0.23 Y M?

19 B 06 15 46.97 +17 52 26.9 10.5 2 >-0.39 15.39 0.75 £0.08 0.17 £0.10 Y M?

19 C 06 15 47.75 +17 52 46.7 13.1 2 >-0.39 15.60 0.75 = 0.08 0.21 =0.11 Y M?

20 A 06 15 53.52 +17 34 54.6 15.0 U 18.0 14 -0.50 E 16.24 0.50 £0.16 0.29 +=0.26 Y GKM?

20 B 06 15 53.75 +17 34 44.4 18.7 2 >—0.10 16.26 0.71 £0.14 0.40 =0.21 Y M?

21 A 06 16 05.34 +17 37 33.7 6.1 2 >0.17 16.45 1.00 £0.17 0.22+0.21 N

21 B 06 16 04.30 +17 37 31.7 14.9 U 17.9 1.3 -0.27 E

21 C 06 16 06.12 +17 37 16.6 16.1 2 >0.17 16.84 1.07 £0.23 >0.20 ?

21 D 06 16 04.89 +17 37 46.0 19.4 T 114 0.3 -3.33 C 10.32 0.31 £0.05 0.01 =0.05 Y F8 d~300 pc, log(Lx)~29.7

22 A 06 16 23.75 +17 40 13.9 21.8 U 16.1 2.6 —1.39 C 12.71 0.59 £0.05 0.31 =0.05 Y M

23 A 06 41 30.86 +04 19 57.1 14.3 U 154 0.9 —-1.23 N

23 B 06 41 30.70 +04 20 08.4 16.6 U 18.4 1.5 —0.13 E

23 C 06 41 30.95 +04 20 05.0 17.5 U 15.5 2.2 -1.29 C

23 D 06 41 31.03 +04 20 02.4 17.7 U 16.6 1.3 -0.85 N

24 A 06 41 36.07 +04 28 53.0 3.8 T 8.7 0.3 —4.22 C F411T HD 48031,
d~250pc, log(Lx)~29.7

25 A 06 41 35.71 +04 31 50.5 11.7 U 12.4 0.4 —2.57 N

25 B 06 41 36.04 +04 31 27.8 14.5 U 18.7 0.9 —0.05 E

26 A 06 41 50.79 +04 20 09.0 1.5 U 15.7 0.6 -1.02 N

26 B 06 41 50.9 +04 20 10 3.5 S >0.30 Radio, [SCR92] 207.98-0.15

26 C 06 41 49.66 +04 20 09.5 15.4 U 17.1 2.8 —0.46 C

27 A 06 41 59.13 +04 28 47.2 2.7 U 15.0 1.9 —1.55 C

27 B 06 41 58.90 +04 28 29.2 19.7 U 17.4 1.8 -0.59 E

28 A 06 42 13.04 +04 09 26.4 8.4 U 16.7 1.8 —-1.12 C

28 B 06 42 13.66 +04 09 22.7 9.7 U 15.6 0.4 —1.56 N

29 A 06 42 45.26 +04 23 29.1 7.0 T 9.7 0.4 —4.21 N GSC 00155-03305

29 B 06 42 45.74 +04 23 15.0 11.2 U 13.8 2.6 —2.10 C

30 A 06 42 44.45 +04 18 50.2 16.1 U 18.6 1.0 —0.06 E

31 A 06 43 00.15 +04 25 15.7 6.6 U 12.7 14 —2.85 C

31 B 0643 11.37 +04 12 57.1 16.6 U 16.6 1.0 -1.29 N

32 A 0643 11.20 +04 12 45.9 5.8 U 13.7 0.9 —2.02 N

32 B 0643 11.37 +04 12 57.1 15.1 U 18.6 1.0 —0.06 E

33 A 07 01 20.93 —0526 54.0 12.4 U 12.7 1.5 —-2.32 C 11.86 0.42 £0.03 0.10 = 0.03 Y GK

Koa.ans auv)d 211o0]D0) TVSOY
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Table 4 — continued

Des. RA Dec. Sep. Ref. Mopt Col. [fx/foptl CL J J—H) (H — Ks) MS Sp. Notes

34 A 07 01 23.02 —-0524 523 8.9 U 16.7 0.4 -0.53 E 15.07 0.31 £0.07 0.26 =0.10 Y

34 B 07 01 22.66 —05 24 39.8 12.3 2 >0.39 14.50 0.37 £ 0.05 0.08 = 0.08 Y

34 C 07 01 21.52 —0524 53.6 13.6 2 >0.39 16.26 >2.22 ?

34 D 07 01 21.43 —052457.1 15.8 U 14.3 1.2 —1.49 N 12.59 0.61 =0.03 0.07 £0.04 Y

34 E 07 01 22.54 —0524 34.1 17.6 U 12.2 1.3 —2.33 C 12.19 0.29 £0.04 0.06 = 0.04 Y FG

34 F 07 01 22.17 —0524 329 19.1 U 15.3 14 -1.09 N 15.34 0.49 =£0.09 0.17 = 0.14 Y

35 A 07 01 26.11 —052226.0 17.0 U 16.3 1.5 —1.06 N 15.94 0.75+0.12 0.07 =0.18 Y

35 B 07 01 24.76 —052239.0 16.6 T 9.7 0.9 —4.17 C 8.12 0.46 =£0.04 0.14 £0.04 Y K1 GSC 04822-00365,
d~50pc, log(Lx)~28.0

36 A 07 01 52.30 —052557.9 7.4 U 11.9 1.0 —-1.92 N 10.59 0.43 £0.03 0.12+0.03 Y GK 2E 0659.4-0521

36 B 07 01 51.38 —-052601.5 19.5 U 17.9 0.5 0.48 E 16.43 0.74 £0.18 0.30 =0.24 Y KM?

37 A 07 01 58.32 —053619.8 2.9 U 17.4 1.7 -0.07 E

37 B 07 01 58.93 —05 36 33.0 15.7 U 17.6 0.4 0.01 E

38 A 07 02 05.04 —053320.8 12.5 U 16.3 1.1 —1.21 N 14.66 0.66 = 0.05 0.10=0.07 Y KM

38 B 07 02 05.21 —053334.5 15.5 2 >—0.13 16.50 0.54 £0.21 >-0.13 N

38 C 07 02 06.40 —0533 383 17.7 U 17.9 1.0 -0.57 E 16.70 0.73 £0.23 >0.39 ?

38 D 07 02 05.70 —053303.0 19.6 U 17.9 0.8 —0.57 E 15.81 0.74 £0.10 0.16 = 0.15 Y KM?

39 A 07 02 31.00 —05 10 50.4 16.0 U 16.0 1.0 —-1.25 N 16.01 0.12*+0.34 0.77 =0.38 N

39 B 07 02 31.24 —051035.2 17.0 U 18.0 1.0 —0.45 E 16.16 0.52 £0.15 0.20 =0.24 Y

39 C 07 02 31.08 —051051.8 17.8 U 15.8 0.9 —-1.33 N 14.72 0.41 £0.06 0.16 = 0.09 Y GK?

40 A 07 02 51.67 —0514 07.8 9.4 U 18.9 0.1 0.33 E 16.66 0.76 £0.21 1.26 £0.19 N

40 B 07 02 52.62 —051421.6 11.7 U 18.0 0.4 -0.03 E 15.99 0.29 £0.17 0.21 =0.25 Y

40 C 07 02 52.26 —0514 27.7 12.3 U 18.8 0.1 0.29 E

40 D 07 02 51.24 —05 14 24.8 12.9 U 17.3 1.5 —0.31 E 15.94 0.57 £0.13 0.12 +0.21 Y KM?

40 E 07 02 52.91 —05 14 20.3 15.3 U 19.2 0.0 0.45 E

40 F 07 02 51.14 —05 14 06.2 15.5 U 18.6 0.7 0.21 E 16.08 0.59+0.14 0.29 +=0.20 Y KM?

41 A 07 03 07.50 —053523.3 6.1 U 12.6 1.2 -2.10 C 10.81 0.60 = 0.04 0.09 = 0.04 Y K

41 B 07 03 06.56 —053518.4 9.2 U 17.2 1.2 —0.26 E 14.82 0.70 £ 0.06 0.17 =0.07 Y

41 C 07 03 08.44 —-053517.3 19.2 U 17.0 1.2 —-0.34 E 14.55 0.69 = 0.05 0.18 =0.07 Y

41 D 07 03 08.39 —0535279 20.0 U 17.6 0.6 —0.10 E 16.03 0.27 £0.17 0.31 =0.26 Y

42 A 07 03 24.15 —052737.1 9.6 U 16.3 14 —1.13 C 15.70 042 *0.23 —-0.13+0.30 Y

42 B 07 03 25.16 —052731.5 9.8 T 9.9 0.9 —4.17 C 791 0.57 £0.04 0.12 =0.05 Y K4 BD-05 1938,
d~40pc, log(Lx)~27.7

42 C 07 03 23.73 —0527 345 12.9 2 >—0.05 16.49 0.86 +0.28 0.25+0.25 Y

42 D 07 03 25.16 —0527 384 13.2 2 >—0.05 12.36 >-223 <2.64 ?

42 E 07 03 24.64 —05 27 10.6 18.7 U 16.6 1.9 —1.01 N

43 A 07 17 31.04 —130529.0 7.6 U 17.6 0.6 —0.64 E 15.60 0.48 =0.09 0.01 £0.19 Y GK??

43 B 07 17 29.87 —130527.8 13.2 U 17.0 0.8 —0.88 N 15.48 0.49 £0.10 0.10+0.15 Y GK?

43 C 07 17 29.97 —130514.0 14.3 2 >—0.08 16.22 0.78 £0.14 —0.06 +0.27 Y

43 D 07 17 31.58 —13 05 38.5 19.9 U 18.3 0.4 —0.36 E 16.06 0.45*0.15 >0.37

44 A 07 17 32.75 —132023.6 4.7 U 12.6 2.4 —2.60 C 13.05 0.31 £0.05 0.07 = 0.05 Y FG

44 B 07 17 32.06 —132029.4 8.6 U 11.9 2.9 —2.88 C 10.06 0.86 =£0.03 0.20 = 0.04 Y

OLTI

‘I 32 K210 [



T8I1-1911 ‘9T€ SVININ 'SV 100C @

Table 4 — continued

Des RA Dec. Sep. Ref. Mopy Col. [fx/foptl Cl. J J—H) (H — Kg) MS Sp. Notes
44 C 07 17 32.71 —1320 13.6 14.4 U 14.7 0.5 —-1.76 N 15.14 0.01 £0.16 0.31 =0.19 N
44 D 07 17 32.20 —132041.3 14.8 U 16.9 1.4 —0.88 N 16.03 0.38 £0.17 0.28 =0.25 Y
44 E 07 17 32.62 —132011.7 16.3 2 >—0.04 14.39 0.35 £0.07 0.25 +0.09 Y
44 F 07 17 33.53 —132017.0 17.1 U 16.1 1.8 -1.20 C 13.75 0.72 £0.04 0.20 = 0.05 Y M?
44 G 07 17 32.00 —13 20 10.6 19.7 U 16.9 0.7 —0.88 N 15.83 0.64 £0.11 —-0.19+0.22 Y
45 A 07 17 34.06 —131737.6 10.1 U 15.4 0.8 —1.76 N 14.44 0.23 = 0.06 0.14 = 0.09 Y F?
45 B 07 17 33.46 —1317 58.5 16.3 U 16.0 1.3 —1.52 N 14.47 0.62 = 0.06 0.11 =0.07 Y KM
45 C 07 17 35.51 —131743.1 18.6 U 15.7 0.7 —1.64 N 14.46 0.36 = 0.07 0.13 =0.09 Y G?
46 A 07 17 41.53 —132209.4 33 U 16.8 0.2 —-1.07 N 14.86 0.37 =£0.07 0.13£0.10 Y GK?
46 B 07 17 42.51 —132202.5 16.9 U 18.2 0.9 —0.51 E 16.31 0.65 £0.17 >—1.07 N
46 C 07 17 40.22 —132203.6 17.4 U 18.0 1.1 -0.59 E 16.17 0.23+0.22 >0.39 ?
47 A 07 17 42.58 —132527.7 10.6 U 18.2 0.1 —1.06 N 16.31 0.48 £0.20 >-0.17 N
47 B 07 17 43.79 —132515.6 11.1 U 16.2 14 —1.86 C 13.68 0.69 = 0.04 0.15 = 0.05 Y KM
47 C 07 17 44.41 —132520.2 17.3 U 14.8 0.7 —2.42 C 13.74 0.33 £0.04 0.06 = 0.06 Y FG
47 D 07 17 43.08 —132542.1 19.0 U 154 0.7 —2.18 C 13.95 0.34 £0.04 0.07 = 0.06 Y FG
48 A 07 17 49.47 —13 15234 10.1 U 17.9 14 —0.64 E 16.60 0.58 +£0.24 0.48 =0.32 Y
48 B 07 17 49.08 —131525.0 10.7 U 15.8 0.5 —1.48 N 14.43 0.38 = 0.06 0.04 =0.09 Y GK
48 C 07 17 48.01 —13 15 10.1 17.5 U 17.6 1.0 -0.76 E 16.00 046 =£0.15 0.20 =0.26 Y
49 A 07 18 06.27 —125832.4 10.2 U 12.0 14 —-2.99 C 11.10 0.25 £0.04 0.05 = 0.04 Y F
49 B 07 18 04.59 —12 58 30.4 15.3 U 17.9 0.7 —0.63 E 16.07 0.46 +0.17 >0.80 ?
49 C 07 18 05.42 —12 58 43.7 15.7 U 17.4 0.9 —-0.83 N 15.76 0.72*x0.11 0.35*+0.15 Y
49 D 07 18 06.67 —12 58 20.8 16.9 2 >-0.19 15.71 0.57 £0.12 0.20 =0.18 Y
50 A 07 18 06.00 —13 18 35.6 2.3 2 >—-0.32 14.31 0.65 £0.05 0.13 = 0.07 Y KM
50 B 07 18 06.40 —1318 359 5.0 2 >-0.32 11.68 0.19 £0.04 0.17 = 0.04 Y F?
50 C 07 18 05.80 —13 18 48.5 11.7 U 17.3 0.4 —1.00 N 15.63 043 *£0.12 —0.05+0.20 Y
50 D 07 18 06.91 —131843.4 13.5 U 14.3 1.9 —-2.20 C 12.63 0.70 £0.04 0.08 = 0.04 Y KM
50 E 07 18 05.54 —13 18 23.2 16.3 2 >-0.32 16.04 —0.13 +0.35 >1.09 ?
50 F 07 18 06.12 —13 18 20.7 16.8 U 17.4 1.1 —-0.96 N 16.31 0.84 +0.18 >0.76 ?
50 G 07 18 05.30 —13 18 24.8 17.0 U 13.8 0.9 —2.40 C 14.37 0.42 +0.06 0.03 =0.08 Y GK
50 H 07 18 05.20 —1318 23.1 19.2 2 >—0.32 14.78 0.16 = 0.09 0.24 +0.17 Y
51 A 07 18 07.78 —132011.4 14.2 U 17.7 0.7 —-0.97 N
51 B 07 18 08.27 —1320 16.0 15.2 T 11.4 0.8 —3.94 C 9.87 0.48 +0.04 0.04 =0.03 Y K1 d~115pc, log(Lx)~28.2
51 C 07 18 07.25 —1319453 18.1 U 16.5 0.6 —145 N 14.88 0.28 =0.07 0.32+0.10 Y
51 D 07 18 06.90 —1319 52.7 18.7 U 17.9 0.9 -0.89 N 16.43 0.82+0.19 0.08 =0.28 Y
51 E 07 18 08.74 —131941.1 19.2 2 >—0.45 15.77 0.59 =£0.12 0.03 =0.19 Y
51 F 07 18 09.38 —131951.2 19.5 U 16.8 0.3 —1.33 N 14.93 0.51 £0.06 —-0.10+0.12 Y
51 G 07 18 07.51 —132015.9 20.0 2 >—0.45 16.28 >1.49 ?
52 A 07 18 11.18 —1322454 8.6 U 14.4 1.9 —2.00 C 12.23 0.63 £0.04 0.25 +0.03 Y M
52 B 07 18 11.35 —1322279 13.0 U 17.7 0.8 —0.68 E 15.88 0.46 +£0.13 +0.24 Y
52 C 07 18 09.91 —1322484 16.6 U 18.0 0.6 —0.56 E 16.33 0.82 £0.16 0.17 = 0.25 Y
52 D 07 18 12.02 —132233.2 18.2 U 18.0 1.0 —0.56 E 16.49 >0.44 ?
53 A 07 18 12.57 —13 06 18.3 17.3 U 15.9 0.9 —-1.70 N 14.37 0.41 £0.05 0.06 =0.07 Y GK
53 B 07 18 11.25 —130622.2 17.7 2 >—0.46 16.11 0.43+0.17 >0.86 ?
54 A 07 18 13.78 —132712.2 13.7 2 >—0.12 15.89 0.33+0.36 >1.15 ?
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Table 4 — continued

Des. RA Dec. Sep. Ref. Mopt Col. [fx/foptl CL J J—H) (H — Ks) MS Sp. Notes

54 B 07 18 13.74 —132715.8 15.7 U 14.1 14 —2.08 C 13.36 0.60 = 0.04 0.12+0.04 Y K

55 A 0718 12.96 —1323585 6.1 S —0.20 Radio, [CGN 99] 7

55 B 07 18 13.68 —132403.0 10.0 U 17.3 0.8 —0.20 E 15.43 0.53 =0.09 0.34£0.13 Y

55 C 07 18 15.24 —13 24 08.1 31.5 T 12.4 0.3 —2.63 N 11.88 0.10 £0.04 0.03 £0.04 Y A8 d~1000 pc, log(Lx)~31.0,
prob. too luminous for spectral type

56 A 07 1838.67 —13 01 29.6 14.2 U 18.9 0.4 -0.17 E 16.41 0.71 £0.20 0.46 £0.25 Y

56 B 07 18 37.35 —130110.3 17.4 U 17.8 0.8 —0.61 E

56 C 07 18 37.29 —13 01 20.8 18.1 T 11.9 0.3 —3.44 C 10.59 0.31 £0.04 0.11 £0.04 Y GO d~3207pc, log(Lx)~29.5,
Tycho colour suggests earlier type

57 A 0718 43.66 —13 06 49.7 10.2 U 17.3 1.0 —0.78 E 15.69 0.49+0.13 0.32+0.19 Y

57 B 07 18 43.23 —13 06 52.7 17.0 6] 16.3 23 -1.18 C 14.69 0.72 £0.06 0.22£0.08 Y KM

58 A 07184758 —-125721.7 13.2 U 19.0 0.0 —0.18 E

58 B 07 18 49.40 —12 57335 16.9 U 15.0 0.5 —-1.78 N 13.62 0.26 = 0.05 0.13+£0.06 Y FG

58 C 07 18 48.42 —125705.2 18.2 2 >-0.18 16.08 0.69 £0.17 >0.38 ?

58 D 07 18 48.18 —125742.1 19.2 6] 18.3 0.6 —0.46 E 16.58 0.70 £0.24 0.26 £0.33 Y

59 A 07 19 10.52 —13 15015 5.9 T 9.8 0.9 —4.03 C 8.11 0.50 = 0.03 0.11 £0.04 Y G8III HD 57083,

d~630pc, log(Lx)~30.3

59 B 07 19 10.85 —13 14533 8.5 U 16.8 1.9 —0.76 E Spurious

59 C 07 19 09.43 —13 15 09.0 18.1 U 16.2 1.0 —1.00 N

60 A 07222478 —151054.3 6.7 2 >-0.05 15.97 0.48 £0.14 0.46 +0.18 Y

60 B 07 22 24.60 —151107.0 10.4 2 >-—0.05 16.73 0.84 = 0.21 0.57+0.24 Y

60 C 07 22 25.48 —151046.3 14.2 2 >-—0.05 16.15 0.59 £0.15 0.13£0.23 Y

60 D 07 22 26.28 —151106.2 17.5 T 11.1 0.1 —3.25 C 10.65 0.04 =0.03 0.04+£0.03 Y AS GSC 05966-01399,

d~760pc, log(Lx)~30.3,

poss. too luminous for spectral type

60 E 07 22 25.19 —151119.2 20.0 U 18.5 —0.1 —0.25 E 16.47 0.71 £0.19 0.38 £0.23 Y

61 A 07222946 —150410.3 8.2 U 15.5 2.6 —1.28 C 12.76 0.62 =0.04 0.27 £0.04 Y M

61 B 07 22 29.08 —1504 10.2 12.7 2 >0.12 16.56 >3.06 ?

61 C 07 22 29.70 —1503 45.6 19.2 U 15.7 1.7 -1.20 C 14.31 0.69 £ 0.05 0.10 £ 0.06 Y KM

62 A 072306.53 —151747.8 18.9 6] 16.8 1.7 —0.90 N 15.71 0.56 =0.12 —0.12+0.21 Y KM?

63 A 07230731 —145839.2 4.4 U 12.9 1.0 —2.65 C 12.76 0.27 =0.04 —0.02 £0.05 Y F

63 B 07 23 07.57 —14 58 41.9 7.6 2 >0.21 15.07 0.69 =0.15 0.09 £0.19 Y

63 C 07 23 06.50 —14 58 33.2 11.3 U 16.6 0.9 -1.17 N 14.80 0.66 = 0.06 0.05 £0.08 Y KM

63 D 07 23 06.71 —14 58 51.9 11.6 U 17.5 0.9 —0.81 E 15.50 0.58 £ 0.10 0.12+0.14 Y KM?

63 E 07 23 08.12 —14 58 41.6 15.6 6] 13.4 1.8 —2.45 C 11.60 0.66 £ 0.03 0.21 £0.04 Y M

64 A 07231464 —145249.8 1.8 2 >-0.02 14.72 0.38 £0.13 0.11 £0.14 Y FGK?

64 B 07 23 13.91 —14 52457 12.2 T 8.7 0.6 —4.62 C 7.51 0.23 £0.05 0.12+0.05 Y KOIII+ HD 58032, d~400 pc,

log(Lx)~29.7, poss. RS CVn

64 C 07 23 14.44 —1453 042 13.1 U 14.4 2.8 —1.86 C

64 D 07 23 15.47 —14 52439 15.1 U 15.7 1.7 —1.34 C

64 E 07 23 15.66 —14 53 00.2 18.2 2 >-0.02 16.31 0.56 =0.21 0.69 £0.24 N

65 A 072331.12 —151219.0 2.1 U 10.9 1.0 —3.15 C 10.26 0.25 £0.04 0.04 £0.04 Y F

65 B 07 23 30.37 —151226.2 10.9 U 154 1.6 —1.35 C 16.09 >1.22 ?
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Table 4 — continued

Des. RA Dec. Sep. Ref. Mop Col. [fx/fopt] CL J J—H) (H — Ks) MS Sp. Notes

66 A 07233391 —151025.6 10.8 T 9.9 0.9 —4.47 C 8.37 0.47 =0.04 0.14 = 0.04 Y K2 GSC 05966-00677,
d ~ 50pc, log(Lx) ~ 27.6

67 A 072340.61 —16 07 54.5 14.9 U 15.5 2.6 —1.30 C 12.76 0.59 £0.04 0.28 +0.04 Y M

68 A 072401.10 —16 11 54.1 15.7 U 17.2 1.6 —1.04 N

68 B 07 24 02.07 —16 11 55.7 16.0 U 16.7 1.4 —1.24 N

68 C 07 24 02.98 —16 11 36.2 19.2 U 16.7 0.6 —1.24 N

68 D 07240135 —1611214 19.9 U 142 -0.7 —2.24 N

69 A 07240211 —1505 14.7 13.1 8] 18.1 —0.1 —0.39 E 16.48 >-0.54 N

70 A 07240324 —14 57 07.7 8.9 2 >-0.16 15.57 048 £0.11 —0.04 £0.31 Y

70 B 07 24 03.22 —14 57 04.9 11.6 U 15.1 1.1 —-1.72 N 14.78 0.49 £0.07 0.06 £ 0.10 Y K

70 C 07 24 03.45 —14 57 29.6 135 U 17.1 1.6 —0.92 N 13.44 0.63 +0.04 0.25+0.05 Y M

70 D 0724 04.33 —14 57 24.7 15.5 U 13.9 1.2 —2.20 C 13.67 0.20 = 0.05 0.07 = 0.05 Y F

71 A 0724 08.08 —14 59 294 1.8 8] 18.5 0.4 —0.29 E

71 B 07 24 08.39 —14 59 344 5.5 U 19.2 —0.2 —0.01 E

71 C 07 24 07.63 —14 59 36.4 10.8 U 16.0 0.5 —1.29 N 15.03 0.55+0.08 0.05%0.13 Y KM

71 D 07240793 —14 59 144 15.7 U 15.1 1.0 —1.65 N 14.15 0.32+£0.05 0.07 = 0.08 Y FG

71 E 07 24 07.21 —14 59 22.6 16.1 U 16.2 0.8 —1.21 N 15.28 +0.12 0.41+0.18 N

71 F 07 24 07.15 —14 59 37.5 17.2 0] 16.8 0.4 —0.97 N 15.64 0.08 £ 0.16 0.61 =0.22 N

71 G 0724 08.83 —14 59 13.2 18.7 U 16.9 0.8 —0.93 N 15.83 0.29 +0.14 0.20 +0.23 Y

72 A 07251858 —16 10 22.9 12.6 8] 16.7 1.2 —0.53 E 16.01 0.52+0.16 >-0.36 N

72 B 07 25 17.35 —16 10 41.9 16.0 U 18.9 1.0 0.35 E 16.52 >-0.80 N

72 C 07 25 18.21 —16 10 53.8 18.9 2 >0.39 16.71 >1.18 <0.14 ?

73 - >0.23 U No optical or

near-IR counterpart

74 A 080924.27 —3329 539 7.5 U 17.8 1.2 —0.20 E

74 B 08 09 23.46 —3330123 135 U 17.9 2.3 —0.16 E

74 C 08 09 24.13 —3330155 14.9 U 18.0 1.8 —0.12 E

74 D 0809 24.98 —33 30 09.6 15.2 T 12.2 0.6 —2.92 C 10.96 0.32+£0.04 0.09 = 0.04 Y G2 d~320pc, log(Lx)~29.8

74 E 08 09 25.20 —333003.4 15.2 2 >0.28 15.92 0.23 £0.18 >1.06 ?

74 F 08 09 24.42 —332945.1 16.4 8] 15.3 0.2 —1.20 N 14.59 0.18 £0.07 0.14=0.10 Y F

75 A 0809 26.36 —3320174 22 U 17.8 0.7 —0.38 E 16.59 >0.44 ?

75 B 08 09 26.54 —332011.1 4.9 U 18.0 1.8 —0.30 E

75 C 08 09 27.32 —3320 104 133 U 17.2 0.7 —0.62 E 16.05 0.38+£0.16 >0.73 ?

75 D 08092520 —332018.5 13.6 T 12.2 0.2 —3.08 N 10.81 0.20 = 0.04 0.02 = 0.04 Y F2 CD-32 4913,
d~580pc, log(Lx)~30.2,

poss. too luminous for spectral type

75 E 08 09 25.11 —3320 10.6 16.0 2 >0.10 16.07 0.23+0.24 >1.31 ?

75 F 08 09 25.23 —3320 06.7 16.2 2 >0.10 15.86 0.28 +0.17 >0.51 ?

75 G 08092581 —332034.7 20.5 U 15.3 0.9 —1.38 N 15.25 0.38 £0.11 0.13+0.14 Y

76 A 080927.28 —332509.9 79 U 16.6 0.6 —0.73 E 15.58 0.50 = 0.10 —0.13£0.20 Y ?

76 B 08 09 26.03 —332507.6 14.6 U 17.8 0.9 —0.25 E

76 C 08 09 28.14 —332514.38 15.0 0] 18.0 2.1 —0.17 E

76 D 0809 25.46 —332510.8 19.6 U 17.0 1.1 —0.57 E 15.62 0.64 +0.11 0.04 +0.17 Y KM?

76 E 08 09 28.39 —332525.1 19.9 U 17.9 2.5 —0.21 E
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Table 4 — continued

Des. RA Dec. Sep. Ref. Mopt Col. [fx/foptl CL J J—H) (H — Ks) MS Sp. Notes
77 A 0810 18.00 —3306 11.1 5.4 6] 17.0 0.8 —0.87 N 15.26 0.53+£0.08 0.26 +0.12 Y ?
77 B 08 10 18.35 —33 06 00.8 9.5 U 17.9 1.2 —0.51 E 16.45 0.26 =0.26 >0.25 ?
77 C 08 10 19.41 —3306 12.1 12.5 U 14.7 1.6 -1.79 C 12.05 0.69 £0.04 0.26 £0.04 Y M
77 D 08 10 17.17 —33 06 05.9 16.3 U 18.0 2.4 —0.47 E
77 E 08 10 19.97 —33 06 10.7 19.5 6] 17.6 1.0 —0.63 E 16.02 0.51 +0.15 >0.28 ?
77 F 08 10 17.66 —3305523 204 U 17.9 2.5 —0.51 E 15.98 0.69+0.13 0.37+0.18 Y
78 A 10 22 59.10 —574244.0 3.7 U 17.9 0.6 —0.28 E
78 B 10 23 00.43 —5742422 7.8 U 16.5 1.7 —0.84 N
78 C 10 22 58.43 —5742373 9.3 U 14.0 2.4 —1.84 C
78 D 10 23 00.09 —574232.2 10.6 U 16.3 0.8 -0.92 N
78 E 10 23 00.82 —57 42335 13.6 U 15.6 1.1 —1.20 N
78 F 10 22 59.77 —57 42559 14.6 U 17.1 0.5 —0.60 E
78 G 10 22 59.16 —57 43 00.5 19.0 U 15.3 0.9 —1.32 N
79 A 10 23 38.96 —57 58 05.0 5.0 U 12.4 0.3 —2.60 N
79 B 10 23 39.87 —57 57 44.7 17.5 U 16.5 0.7 —0.96 N
80 A 10 23 44.50 —57 38 31.6 6.9 T 9.1 0.1 —4.35 C o7 HD 90273, prob. highly reddened
80 B 10 23 44.49 —573847.5 15.3 U 17.1 —4.2 —0.68 E Spurious
81 A 1023 51.90 —57 58 01.7 20.0 U 13.9 4.2 —2.05 C
81 B 10 23 50.64 —57 57 14.1 30.2 T 6.3 1.5 —5.54 C K411 NSV 4846, d~180 pc, log(Lx)~29.0,
beyond coronal dividing line
82 A 10 23 58.1 —574549 S Open cluster Westerlund 2
83 A 10 24 14.75 —573951.7 52 U 17.7 2.4 —0.69 E
83 B 10 24 14.35 —57 39 43.6 59 U 16.9 1.2 —1.01 N
83 C 10 24 12.77 —5739423 18.2 U 17.7 2.0 —0.69 E
84 A 10 24 46.80 —57 32 58.8 5.0 U 16.4 0.7 —1.16 N
84 B 10 24 48.32 —573250.2 10.2 6] 14.3 0.7 —2.00 N
84 C 10 24 47.55 —5732373 17.8 U 17.7 1.7 —0.64 E
84 D 10 24 45.42 —573306.2 18.2 U 17.7 1.2 —0.64 E
85 A 1025 01.16 —57 54295 5.4 U 17.4 1.9 —0.78 E
85 B 10 25 01.91 —57 54344 9.9 U 17.7 2.1 —0.66 E
85 C 10 25 01.38 —575413.3 11.6 U 15.0 0.5 -1.74 N
85 D 10 25 03.00 —57 54 21.1 12.3 U 14.1 0.8 -2.10 N
85 E 10 25 02.87 —57 54 38.6 17.4 U 16.4 0.8 -1.18 N
85 F 1025 01.52 —57 54439 19.9 U 15.9 0.9 —1.38 N
86 A 10 25 34.78 —57 50 40.3 10.8 U 17.6 0.5 —0.50 E
86 B 10 25 37.00 —575043.9 16.7 U 15.3 0.0 —1.42 N
87 A 10 25 45.65 —573534.8 39 6] 17.6 1.9 -0.19 E
87 B 10 25 44.95 —573526.7 6.6 U 16.2 0.4 —0.75 E
87 C 10 25 45.32 —57 35 40.1 9.4 U 16.1 0.7 -0.79 E
87 D 10 25 46.67 —5735225 12.2 U 14.6 1.9 -1.39 C
87 E 10 25 47.53 —573529.8 15.7 U 17.2 0.3 —0.35 E
87 F 10 25 47.55 —573522.1 18.2 U 16.6 2.3 —0.59 E
87 G 10 25 43.79 —57 35 18.6 19.0 U 16.6 1.2 —0.59 E
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Table 4 — continued

Des RA Dec. Sep. Ref. Mopy Col. [Fx/f opt] Cl. J J—H) (H — Ks) MS Sp. Notes
88 A 10 25 53.51 —57 53 57.8 9.7 U 14.7 1.4 —1.81 C
88 B 10 25 51.66 —57 53 50.5 10.9 U 17.9 1.2 -0.53 E
88 C 10 25 53.70 —5753494 15.2 U 17.0 -0.2 -0.89 N
88 D 10 25 54.13 —57 54 05.9 15.5 U 17.6 -0.5 —0.65 E
88 E 10 25 52.27 —57 54 15.9 15.9 U 15.8 0.3 —1.37 N
88 F 10 25 53.93 —5753454 19.4 U 17.2 1.5 -0.81 E
89 A 10 25 53.36 —573757.5 8.1 U 17.0 0.1 —0.69 E
89 B 10 25 53.85 —573804.7 8.4 U 17.2 0.6 —0.61 E
89 C 10 25 52.92 —573748.7 14.5 U 17.6 0.7 —0.45 E
89 D 10 25 56.05 —573747.6 16.6 U 124 3.2 —2.53 C
89 E 10 25 55.64 —57 38 10.8 16.8 U 16.9 1.4 -0.73 E
89 F 10 25 52.34 —573807.9 19.4 U 18.0 1.7 -0.29 E
89 G 10 25 56.82 —57 37 56.9 19.7 U 14.0 -2.0 —1.89 N
90 A 10 25 54.20 —57 48434 11.6 U 16.0 -0.5 0.33 E
90 B 10 25 56.51 —57 48434 14.1 U 11.6 1.4 —1.43 N WR WACK 2134, log(fxfop) high

for early-type star
90 C 10 25 56.25 —57 49 04.7 15.3 U 17.8 0.7 1.05 E
90 D 10 25 53.23 —57 48443 17.1 U 17.8 0.7 1.05 E
90 E 10 25 53.45 —57 49 04.6 18.2 U 17.6 0.1 0.97 E
91 A 10 26 02.91 —=575911.1 59 U 17.7 24 0.50 E
91 B 10 26 04.37 —57 59 19.1 8.5 U 17.7 1.0 0.50 E
91 C 10 26 03.10 —575927.1 11.8 U 14.0 0.9 —0.98 N
91 D 10 26 03.10 —575927.1 14.0 U 17.8 1.5 0.54 E
91 E 1026 01.42 —57 59 05.9 18.4 U 18.0 1.1 0.62 E
92 A 10 26 05.01 —57 46 37.1 7.5 U 17.0 —0.1 —-0.91 N
92 B 10 26 03.44 —57 46 28.4 11.5 U 15.7 -0.2 —1.43 N
92 C 10 26 02.54 —57 46 29.8 15.2 U 17.9 1.0 —0.55 E
92 D 10 26 06.18 —57 46 372 16.8 U 14.7 14 —1.83 C
92 E 10 26 04.83 —57 46224 17.2 U 11.9 1.2 -2.95 C
92 F 10 26 03.34 —57 46 57.2 19.6 U 12.6 1.9 —2.67 C
93 A 10 26 09.98 —57 56 59.6 10.0 U 17.8 1.2 0.01 E
93 B 10 26 10.77 —575645.4 10.8 U 17.8 1.5 0.01 E
93 C 1026 11.18 —57 56 43.9 11.9 U 17.7 2.0 -0.03 E
93 D 10 26 12.08 —57 57054 12.2 U 17.1 1.2 -0.27 E
93 E 10 26 12.60 —57 56 45.8 15.3 U 15.0 1.5 —1.11 N

Koa.ans auv)d 211o0]D0) TVSOY

GLTI



1176  J. E. Morley et al.

T T T T T T T T T T

EXTRAGALACTIC ZONE ;®©20

log[fy/fg]

(B-R)

Figure 6. Plot of log(fx/fr) versus B — R for all potential optical
counterparts to X-ray sources in field 2 found in the USNO-A2.0 catalogue.
The plotted quantities are not corrected for reddening or absorption. The
coronal and extragalactic boundaries and the saturation threshold are
indicated using the same bold lines as in Fig. 5. Fine dot-dashed lines join
candidate counterparts to the same X-ray source. A filled circle indicates
the counterpart found deepest in the coronal zone, or the brightest
counterpart where there is no coronal counterpart.

5.1 X-ray to optical flux ratio

We have an optical magnitude (either V from Tycho-2, or R from
USNO-A2.0) for the majority of our candidate counterparts and
can compute upper limits (R > 19) for those found only in
2MASS, enabling us to calculate the X-ray to optical flux ratio for
each candidate. This parameter is useful in attempts to identify and
classify X-ray sources.

To convert X-ray count rate Cyx (units: PSPC hard-band
counts™}) to flux fx (units: erg cm 2571 in the nominal energy
band 0.4-2keV, we assume

fx=10x10""¢y,

and for the optical (V-band) flux, fy (units: erg cm 257! Afl),
logfy = —0.4my — 8.43

(e.g. Allen 1973). Hence

log(fx/fv) = log(Cx) + 0.4my — 5.52,

where logfy is now integrated over the 890 A V-band width. The
calculation for the POSS-I E (red: Ay = 6500A) plate flux is very
similar:

logfr = —0.4mp — 8.65.
Hence
log(fx/fr) = log(Cx) + 0.4mg — 5.05,

where logfz is now integrated over the approximately 500 A
E-plate band width.

Extensive X-ray surveys, e.g. EMSS (Stocke et al. 1991) and
RGPS (Motch et al. 1998), have found that, except at the high end
of the flux distribution, the soft X-ray source populations are
dominated by two classes: active coronae and active galactic nuclei
(AGN). These surveys have also found that these two classes of
objects are readily separated on the basis of their X-ray to optical
flux ratios. In general, AGN have log(fx/fv) > —1 while active
coronae have log(fx/fv) < —1. Furthermore, active coronae show
a saturation limit of X-ray luminosity at ~ 10> of their bolometric
luminosity so that earlier-type stars have more stringent limits
upon their X-ray to optical flux ratio. This is well demonstrated in
the EMSS results (Stocke et al. 1991, fig. 7), which plot log(fx/fv)
versus (B — V). We have formed approximate 90 and 98 per cent
upper limits for coronal sources from this figure, which can be used
to discriminate between coronal and non-coronal sources. Note
that the EMSS boundary does not directly reflect the saturation
limit of active coronae. If we calculate log(fx/fyv) for saturated
main-sequence (MS) stars from bolometric corrections (Schmidt-
Kaler 1982) and plot this against (B — V) (using MS colours of
Johnson 1966) we find this ‘saturation boundary’ crosses the
EMSS boundary at spectral type ~ KO and has a much shallower
slope until the M-type stars, when it steepens to a similar slope as
the EMSS boundary, below which the saturation boundary remains
by approximately one dex. This implies that a fraction of the EMSS
sample (~ 5-10 per cent) was detected while emitting above their
nominal saturation limit, and we may expect some fraction of our
sources also to be active coronae emitting above this limit, but still
to be contained by the EMSS boundary (see Fig. 5).

5.1.1 Tycho-2

Given the flux limit of our survey and the magnitude limit of
Tycho-2, we would expect all the counterparts found in this
catalogue to be stars, and the majority of these to be active coronae.
We have plotted these on a diagram of log(fx/fv) versus (B — V)
to verify this and perhaps identify cases in which the Tycho-2 star

0.5

1 1
! -0.4 -0.2 0 0.2 0.4 0.6 0.8

Figure 7. Near-infrared two-colour diagram for N-type sources (as
classified in Figs 5 or 6), found in the 2MASS Second Incremental Data
Release. Open circles indicate non-detections in the Kg band. The bold line
shows the main-sequence (MS) locus of Bessell & Brett (1988), while the
bold dashed line shows the same locus reddened by absorption of Ay = 2.
This reddening vector is also shown. We used the dot-dashed box to define
objects that were consistent with being MS stars. Note that the majority of
these objects are consistent with being MS stars.
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is inconsistent with being an active corona (and hence is probably
not the actual identification of the X-ray source).

Note that the EMSS and saturated boundaries assume zero
absorption in the X-ray and optical and hence zero reddening,
while we have plotted the observed reddened magnitudes and
absorbed fluxes. Since the ratio of X-ray to optical flux is little
affected by absorbing columns with Ny < 10! cm™2, and the
optical absorption dominates over the X-ray attenuation for higher
columns, we expect a plotted point to lie at higher log(fx/fv) than
its intrinsic position (Briggs et al. 2000). However, B — V also
increases with increasing absorption, and the slope of the
reddening vector in the diagram is shallower than the slope of
the EMSS boundary, so we do not expect any true coronal source to
fall outside the ‘coronal zone’. If we assume a reasonable
absorption (Ay = 1.5magkpc™!), we estimate that the most
luminous coronal source (Lx =~ 103! ergs™!) could not be detected
in our survey through a column higher than ~ 4 X 10?! cm~2,
implying a shift in log(fx/fv) of no more than 0.5, and much
smaller for less luminous sources. The mean error in the PSPC
count rates is 25 per cent, which corresponds to *0.1 in
log(fx/fv), and the Tycho-2 photometric errors of = *=0.1 mag
give errors of =0.04 in log(fx/fv).

When we plot the 19 Tycho-2 sources on this diagram (Fig. 5),
only the counterparts to sources 55 and 75 fall outside the coronal
zone. Both are within the errors, noted above, of the boundary, but
we note that the candidate for source 55 is one of the two found
more than 20 arcsec from its X-ray source.

5.1.2 USNO-A2.0

We encounter two problems in performing the same test using
USNO photometry. First, the blue and red magnitudes are
photographic magnitudes that only roughly approximate to
Johnson B- and R-band magnitudes. Fields 1-7 are covered by
POSS-I O and E plates, while the southerly fields 8 and 9 are
covered by the SRC J and ESO-R F plates, although the
photometric solutions in the USNO-A2.0 catalogue do not account
for bandpass differences between the two sets of red or blue plates.
Therefore, we use the POSS-I bandpasses here. Humphreys et al.
(1991) determined the colour transformations O — B and E — R as
functions of B — V and V — R respectively. O — B is a very weak
function of B — V and has the small range of 0-0.2 for mid- and
late-type stars (B — V > 0), which is within the quoted USNO-
A2.0 photometric errors, so we make the approximation O = B. E
can be transformed using the relation

E—R=—0.011 + 0.148(V — R) + 0.058(V — R)*

for —02<V —R<1.7. The relation is flatter at redder
colours.

We transformed the coronal boundary by using this relation and
the mean intrinsic colours for main-sequence stars (i.e. V — R
versus B — V) measured by Johnson (1966). We converted the
extragalactic boundary by applying the measured mean (V — R)
for a sample of bright radio galaxies (Machalski & Wisniewski
1988) of +0.91 (£0.12), shifting the boundary to log(fx/fr) =
—0.8. Secondly, the USNO photometry is not well constrained.
The reported accuracy is =0.2 mag, but there are a number of
cases where we see discrepancies much greater than this. While
this does not strongly affect the accuracy of log(fx/fr), it can make
the B — R colour unreliable. This is a strong motivation for using
the 2MASS catalogue for photometric information where
available.
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We plotted the counterparts on a diagram of log(fx/fr) versus
B — R, one field at a time, and classified each according to the
region [‘extragalactic’ (E), ‘coronal’ (C) or ‘neither’/‘no man’s
land’ (N)] into which it fell. We only show the diagram for field 2
here (Fig. 6), as the many potential counterparts in some fields
make the diagrams very crowded. Many candidates fell in the
‘extragalactic’ zone, which is not unexpected: while we expect
most true AGN to be so heavily absorbed as to be undetectable in
the optical (V ~ 19-24), many faint background stars that fall into
the error circles by chance and are not associated with a detected
X-ray source should fall in this region of the diagram. A
surprisingly high number of bright counterparts fell into ‘no man’s
land’. The only sources we expect to find in this region are the
easily absorbed white dwarfs and the comparatively sparse
accreting binaries.

Accepting the BM94 identification of three sources with (non-
coronal) early-type stars, 50 sources were found to have ‘coronal’
candidates, one of which SIMBAD reveals to be a compact H11
region. Considering the brightest candidates to the remaining
sources, 25 were classed ‘no man’s land’, 12 ‘extragalactic’, with
three unidentified.

The larger-than-expected number of ‘no man’s land’ objects
may be due to (a) a fainter counterpart being the correct
identification, (b) an unrecognised population of low fx X-ray
sources or (c) inaccurate (too blue) colours in the USNO-A2.0
catalogue. Fainter counterparts would mean higher log(fx/fr)
and point to an unreasonably large number of extragalactic
detections. We have used 2MASS near-IR colours to indicate
whether candidates are consistent with being MS stars, and
hence highlight unusual objects or inaccurate B — R values.

5.2 Near-infrared two-colour diagram

We plotted all 2MASS potential counterparts on a J — H
versus H — Kg diagram, upon which we superimposed an
empirical locus for MS stars (from Bessell & Brett 1988°%) and
defined a box region (from consideration of the quoted photo-
metric errors) within which objects could be considered consistent
with being MS stars’ (Fig. 7). The 2MASS data have given some
insight into whether objects that fell into the ‘N’ region of
the log(fx/fr) versus B — R diagram did so because of errors in
the USNO colours, or because they are not coronal sources. Of
the 14 sources whose brightest and/or reddest counterparts fell
in ‘no man’s land’ and were covered in the 2MASS Second
Incremental Data Release, seven have near-IR colours consistent
with being MS stars and log(fx/fr) values consistent with active
coronae, strongly suggesting that the errors are in the USNO
colours and most of the ‘N’ class sources are actually coronal (see
Fig. 7).

For objects within photometric error of the MS locus and
with oy_y = 0.1, we have estimated the spectral type by
comparing primarily J — H and secondarily H — Kg colours (not
accounting for any possible reddening — the reddening vector
for Ay = 2 is shown in Fig. 7) to the MS near-IR colour tables

6Fortuitously the 2MASS colours are well matched to the Bessell & Brett
colours.

"The locus for giant stars does not diverge from the MS locus until K5III,
which is beyond the coronal dividing line (Ayres et al. 1981; Haisch &
Simon 1982), so we do not expect to exclude any X-ray emitting giant
sources. This box region is consistent with the spread observed by Finlator
et al. (2000), with an allowance for reddening equivalent to Ay = 2.
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Table 5. Criteria for defining spectral
type via 2MASS colours [adapted from
the colour tables of Bessell & Brett
(1988)]. The effects of reddening are
not included. Note that the class
labelled ‘km?’ has J — H lower than
M-type stars but H — K higher than
K-type stars. This could be due to
reddening or to scatter in J — H or
H — Kgs. These objects have been
tentatively classed with the M-type

stars in Fig. 8.

Spectral type J—H H - Ks
A 0.00-0.10 <0.15
F 0.10-0.30 <0.15
G 0.30-0.40 <0.15
K0-K2 0.40-0.50 <0.15
K2-K7 0.50-0.80 <0.15
km? 0.50-0.60 >0.15
M 0.60-0.80 >0.15
M >0.80 >0.15

of Bessell & Brett (1988).% The classification criteria are shown
in Table 5. Candidate counterparts to source 11 (the H1 region)
have been excluded. The sample includes 83 potential counterparts
to 47 X-ray sources. Fig. 8 shows the distribution of this sample by
estimated spectral type. A crude attempt has also been made to
weight each counterpart according to its likelihood of being the
correct identification for the X-ray source. This judgment was
made on the bases of optical brightness (probability that an object
of that brightness would appear within 20 arcsec of an X-ray source
position by chance alone) and log(fx/fop:) versus estimated
spectral type. Each candidate was given a weighting from O to 1 in
grades of 0.2 such that the sum of weightings for all candidates to
any particular X-ray source was 1. The resultant distribution
among spectral types is shown in Fig. 8 using a dashed line. There
are no major differences between the total and weighted
distributions. K-type stars are the most frequent counterparts. We
estimate that ~ 12 sources are M-type stars, although the
photometric selection criteria of the sample do bias against the
least-luminous spectral type.

To investigate the USNO colours further, we took all the matches
within 2 arcsec between 2MASS and USNO-A2.0 catalogues in a
single field, estimated spectral types exactly as above, and
compared the distribution of USNO colour for each spectral type
with the expected range of these colours. F stars peaked ~ 0.2 mag
lower than the expected minimum, but had a long tail extending to
B — R ~ 3. G stars peaked ~ 0.5 mag lower than expected, with a
sharp low cut-off at 0.2 and a steady slope to ~ 3.5. This indicates
that the mean for F and G stars is actually much higher than
expected, although the rms scatter is 1 mag. The K-star distribution
was more Gaussian, with a peak and mean within the expected
range, with rms spread of 1 mag. The M-star distribution was also
more Gaussian-like, with a mean in the expected range and rms
scatter of 0.7 mag, and a fairly sharp lower cut-off around 1.3. The
expected effect of reddening is for the true spectral type to be
earlier than estimated, yet for B — R to be still higher than
appropriate for the estimated spectral type. Heavy reddening may

8 Finlator et al. (2000) conclude that spectral types cannot be accurately
estimated from 2MASS colours alone, although stars later than K5 are well
separated from those earlier than G5.

20
—

Number of counterparts
10

Spectral Type

Figure 8. Histogram of spectral types estimated by comparison of 2MASS
photometry to the MS near-IR colour tables of Bessell & Brett (1988). The
classification criteria are shown in Table 5. Only objects within photometric
error of the MS locus and oy = 0.1 are included in the sample of 83
candidates to 47 X-ray sources. The solid line includes all 83 counterparts;
the dashed line is weighted such that each X-ray source contributes 1 to the
sample (see text for details).

explain the long tails on the F and G distributions. While this
indicates that objects certainly may have colours that are
significantly too blue for their spectral type, it does not point
towards a systematic trend.

We have estimated the X-ray luminosity of those sources with
counterparts in the Tycho-2 catalogue that have published spectral
types or spectral types estimated from well-constrained 2MASS
colours (oj—y = 0.1). A distance modulus (not corrected for
absorption) was calculated for each star using the absolute
magnitudes of Schmidt-Kaler (1982), which was converted into a
distance used to calculate the (0.4-2.0keV) X-ray luminosity from
the hard-band flux listed in Table 2. These estimated distances and
luminosities are listed in the final column of Table 4. The neglect of
absorption in this procedure may underestimate the true
luminosity, but this should be a small problem in the hard band.
The high luminosity of source 55 [log(Lx) ~ 31.0erg cm 2s1if
55C is the counterpart rules out this late A-type star as a candidate
(recall it was also > 30 arcsec from the source position).

The bulk of 2MASS galaxies in off-plane directions are found
with 0.2 = (H — Ks) = 0.6 and 0.6 = (J/ — H) = 0.9 (Cutri et al.
2000). As the typical column through the Galaxy in each field of
Ny ~ 102 cm™2 implies Ay ~ 5mag, we would expect any
galaxies among our counterparts to sit well above and to the right
of the MS locus. None of our ‘extragalactic’ candidates actually
occupies this part of the two-colour diagram, which suggests that
they are chance associations with stars rather than the true optical
counterparts, which must be fainter and hence have higher
log(fx/fr). Indeed, many of the ‘extragalactic’ candidates have
2MASS colours consistent with MS stars (see Table 4).

5.3 Hardness ratios

We calculated hardness ratios HR = (H — S)/(H + S) for all 12
sources detected in the soft band (see Table 3). Previous surveys
have found such ratios useful in distinguishing between sources of
different types (e.g. Motch et al. 1998; Haberl & Pietsch 1999;
Haberl et al. 2000). Unabsorbed coronal sources typically have
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Besancon

XCOUNT (Doubled SFR, Hi RS CVn)
XCOUNT (Doubled SFR, Lo RS CVn)
XCOUNT (Constant SFR, Hi RS Cvn)
XCOUNT (Constant SFR, Lo RS CVn)
Extragalactic sources

N(>C) sources per sq.deg.
10

1072 2x107° 5x107> 0.02

ROSAT PSPC Hard—band Count rate, C (count/s)

Figure 9. Measured and predicted Galactic plane log N-log S relations.
From top to bottom, the curves are: (a) our measured, coverage-corrected
log N-log S; (b) prediction of the Besancon model (Guillout et al. 1996a)
corrected for hard band; (c)—(f) predictions of the XCOUNT model, with two
different assumptions for the star formation rate in the last 10° yr and two
different assumptions for the density of RS CVn binaries (see Section 6);
and (g) estimated contribution from extragalactic sources using a Galactic
transmission factor of 0.3 and the high-latitude measurements of Hasinger
et al. (1993).

HR ~ 0, but can have values significantly higher (if they are
heavily absorbed, or flaring) or lower (if they have intrinsically
cooler coronae). The hardest source is the flaring source 91. The
softest source detected in the hard band is source 16, whose most
likely counterpart is the 10th magnitude (possibly G type) star GSC
01318-00940. Three sources were detected only in the soft band.
Hot white dwarfs (WDs) are typically very soft sources, but their
flux is easily absorbed so they cannot be seen to great distances in
heavily obscured regions like the Galactic plane. None of our soft
sources has a counterpart with the blue colours expected of a WD,
although an X-ray emitting WD could be hidden by an optically
brighter companion. Sources 6 and 47 may be such systems,
although source 22 is not. We have estimated the only counterpart,
22A, to be a mid-M dwarf. While the X-ray source is much softer
(HR = —0.69) than a typical active dM star, such as 67A (which is
very similar photometrically (see Table 4) but has HR = —0.24),
the dM star is too faint to hide a hot WD in the system.

5.4 Classifying sources

In the crowded region of the Galactic plane, it is nearly impossible
to determine the correct counterpart to each X-ray source without
good-quality spectra of the candidates, which would require an
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extensive optical observing programme. However, we seek to test
the hypothesis that the majority of X-ray sources in the Galactic
plane are due to coronal emission from late-type stars. Therefore, if
there is any object in the X-ray source’s error circle that we may
classify as ‘coronal’, we consider that source to be consistent with
being coronal. Our classification procedure is as follows.

(i) Coronal. A candidate is classed ‘coronal’ if: (a) it falls in
the coronal zone of the Tycho-2 log(fx/fv) versus B —V or
USNO-A2.0 log(fx/fr) versus B — R diagram and any available
2MASS photometry does not rule out an MS star; or (b) it falls in
the ‘no man’s land’ region of the log(fx/fr) versus B — R diagram
and 2MASS photometry is consistent with that of an MS star.
Where there is no ‘coronal’ candidate, we have taken the
classification of the brightest candidate in the error circle.

(ii) Extragalactic. A candidate is classed ‘extragalactic’ if: it
falls in the extragalactic zone of the log(fx/fr) versus B — R
diagram or appears in 2MASS only. Note that the most active late-
type stars may be counted as extragalactic if their USNO colours
are erroneously blue, but the 2MASS colours should discriminate
between the galaxies and the latest-type stars, and any candidates
we misclassify in this way must be emitting above their nominal
saturation threshold. It is possible that embedded objects, such as
protostars, may also be erroneously included in this class. There
are several objects around the H 11 region associated with source 11
that are seen only in 2MASS with very red colours; these are
possibly embedded objects, but unlikely to contribute to the X-ray
flux of source 11, as the H11 region is too distant.

(iii)) No man’s land candidates are those that fall into that region
of the log(fx/fr) versus B — R diagram and have either no or non-
MS 2MASS photometry.

(iv) Other classifications (e.g. early-type stars, and H1I regions)
come from SIMBAD, while Unidentified sources are those for
which we could find no potential counterpart.

5.5 Comparison with previous surveys

The results of this classification method are: 64 (69 per cent)
coronal sources, 14 (15 per cent) ‘extragalactic’ sources, 10 (11 per
cent) ‘no man’s land’, 4 (4 per cent) ‘other’ sources and 1 (1 per
cent) ‘unidentified’. These fractions are unchanged by considering
the 90 per cent complete sample with count rates greater than
0.002 counts ™. When we consider that some of the extragalactic
and many of the ‘no man’s land’ sources may turn out to be
coronal, this result is consistent with extending an order of
magnitude fainter in flux the Motch et al. (1997) finding that 85 per
cent of the X-ray sources brighter than 0.03 PSPC counts ™' in the
Cygnus region of the Galactic plane are due to active coronae. The

Table 6. The relative contribution of each stellar population to the stellar X-ray
source counts predicted by various XCOUNT models. Main-sequence stars are
modelled in three age ranges: young (0.01-0.1 Gyr), intermediate (0.1-1 Gyr) and
old (>1Gyr). A count-rate threshold of 0.002 PSPC count s~ ! has been applied.

Stellar Percentage of predicted stellar X-ray sources
population Constant SFR Doubled SFR
HighRSCVn LowRSCVn HighRSCVn Low RS CVn

Young 20.8 28.9 28.7 354
Intermediate 24.7 342 33.9 41.9

Old 154 214 10.6 13.1
Giants 1.7 2.4 1.2 1.4

RS CVn 373 13.3 25.6 8.1
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results of our survey are also consistent with earlier high-flux X-ray
surveys in the Galactic plane. The ROSAT ‘glance’ towards the
Perseus Arm (Motch et al. 1991) concluded that = 50 per cent of its
observed sources were coronal in origin whilst = 10 per cent were
extragalactic, with 40 per cent remaining unidentified. M stars
accounted for =20 per cent of the identified coronal sources and
could account for a significant fraction (~20 per cent) of the
unidentified sources. We have estimated M dwarfs to comprise
~ 25 per cent of the 47 sources in our survey that have coronal
counterparts with 2MASS photometry good enough to estimate
spectral types. The EGPS (Hertz & Grindlay 1984, 1988) provided
similar results, though with a higher extragalactic proportion,
probably as a result of their harder energy band.

A number of the coronae seem to have been detected while
emitting above their nominal saturation limits. We have taken only
those coronal sources for which we have published spectral
classifications (SIMBAD) or have estimated spectral types from
well-constrained (oy—g = 0.1) 2MASS colours, and compared
their log(fx/fr) values with those expected for saturated
[log(Lx/Lyo1) = —3] coronal MS stars of the same spectral type.
The log(fx/fr) values expected from saturated [log (Lx/Lpo)) =
—3] coronal MS stars are fairly insensitive to spectral type (and
B—R) at —1.7 to —1.8 up to early M-type stars, when they
increase rapidly to —1.3 at MS5. We have found that 11 (17 per cent)
of the 64 sources we have classified as coronal were emitting at a
higher log(fx/fr) than predicted for a saturated source, 7 (11 per
cent) by at least 0.5 dex (a factor of 3). If any ‘extragalactic’ and
‘no man’s land’ sources are actually coronal, most of these must
also be emitting above their nominal saturated limits. This suggests
that a significant proportion of our detected sources may be active
coronae caught while flaring. This is reasonably consistent with the
conclusions of Fleming et al. (1995) that approximately one
quarter of solar-type stars and half of dMe stars in the EMSS were
detected while flaring. Source 91 was actually seen to flare during
the observation. It was undetected in the first half of the exposure
time, but rose by a factor of at least 30 in ~ 15ks to become the
third brightest source in the survey. Its log(fx/fr) value increased
from less than —1.0, where it would fall into the coronal zone, to
+0.5, where it climbs well into the extragalactic zone.

6 COMPARISON WITH MODELS OF
CORONAL CONTRIBUTIONS TO X-RAY
SOURCE POPULATIONS

Numerical models that predict the log N-log S of stellar sources
found in flux-limited X-ray surveys have been produced, based on
Galactic structure models and the observed X-ray luminosity
functions (XLFs) of various classes and ages of stars. Fig. 9
compares our observed number—flux relation for the hard band to
those predicted by two such models. Such comparisons between
these models and survey results can reveal irregularities in the local
stellar formation rate (SFR) and inconsistency with the assumed
spatial distribution of the sources, particularly the youngest stellar
population, which is the most X-ray active, and particularly at low
Galactic latitudes.

The xcoUNT model (Favata et al. 1992) is based on the Bahcall
& Soneira Galactic structure model, and adopts different
scaleheights for three age ranges of star (Micela, Sciortino &
Favata 1993). Einstein IPC XLFs are used for each different age
and spectral class of star. The Bahcall & Soneira model is derived
from optical star counts, which are insensitive to the age
distribution of the stellar population, whereas the X-ray source

counts are strongly dependent upon the number of young stars.
Discrepancies between optical and X-ray counts are expected to be
strongest near the Galactic plane, where the young stars are most
concentrated. Even at high Galactic latitudes, an overabundance of
‘yellow’” X-ray emitting stars has been found (cf. Hodgkin & Pye
1994; Sciortino, Favata & Micela 1995), indicating the existence of
a young local population not included in the standard Bahcall &
Soneira model. It has thus been shown that X-ray counts can put
useful constraints on the star formation rate (Micela et al. 1993).

We initially used the XCOUNT model for a constant SFR to
predict the number of stellar sources in our survey region. In the
PSPC hard band, for the total area of 2.5 degz, we derived
predictions for the log N-log S curves for main-sequence (F—M)
stars, giants and RS CVn’s. A large source of uncertainty exists due
to the spatial density of RS CVn'’s being poorly defined. The full
range of densities obtained from Favata, Micela & Sciortino (1995)
(3.14% 1073 = 1.22 X 10*pc™®) was used for the modelling.
Following Micela et al. (1993) we derived a prediction of 22-31
(9-13deg™?) stellar sources above 0.002 counts”!. This is
approximately half the 44-54 (69-85 per cent of the 64 hard
sources detected in our survey) sources with count rate
>0.002counts ' that are coronal following our classification.
The relative contribution of each stellar population to the predicted
number of X-ray sources is shown in Table 6.

This shows that a constant stellar birthrate XCOUNT model
underpredicts the coronal contribution to the log N-log S on the
Galactic plane. However, the XCOUNT predictions can be
reconciled with our observations by assuming that the stellar
birthrate has doubled during the last billion years, without any
changes on the scaleheights. Under this assumption, leaving
unchanged the contribution of active binaries, the XCOUNT model
predicts 36-44 (14—18 deg™?) coronal sources that compare better
with the observed number of coronal sources. We note that such a
change in the stellar birthrate is not unrealistic since it would
increase only by 10 per cent the total number of stars in the Galaxy,
for an age of the old stellar population in the range 1-10 X 10° yr,
with a small effect on optical number counts.

In the soft band XCOUNT predicts 2-3 stellar sources above
0.0025 counts™! for a constant SFR, and 34 in the case of a
doubling of the SFR in the last billion years. These numbers
compare well with the 4-5 likely coronal sources (cf. Tables 3 and
4) out of the 11 detected in the soft band above the limiting rate
(0.0025 counts ') corresponding to 90 per cent completeness of
our survey.

Guillout et al. (1996a) have produced a model based on their
Besancon evolution synthesis model which self-consistently
computes the variation of scaleheight with age, assuming a
constant SFR. As in XCOUNT, a similar three age ranges are
defined, within which each spectral class has its own XLF. The
more recent ROSAT PSPC XLFs are used for most classes. The
scaleheight of the two younger populations is approximately half
that applied in XCOUNT, and hence the density on the Galactic
plane is almost doubled. In order to make a comparison with our
observation, we have used the results in table 4 of Guillout et al.
(1996a), which however are computed in the ROSAT broad-band
(0.1-2.4keV). Since, for a source of a given X-ray luminosity, the
broad-band count rate is higher than the hard-band count rate, we
have to ‘rescale’ the Guillout et al. results into the hard band. The
rescaling is however spectrum-dependent; assuming emission from
a single-temperature coronal plasma with log7 = 0.7 and
Ng = 2% 10%, a hard rate of 0.0020 counts ' will translate into
a broad rate of 0.0025 counts™ ', while for the same temperature
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and Ny = 4 % 10%, a hard rate of 0.0020 counts™! will translate
into a broad rate of 0.0022 counts™'. Scaling the Guillout et al.
results on the basis of the above considerations, we predict about
16 and 17.3 coronal sources per square degree. Predicted coronal
source numbers tend to decrease with the softening of the source
spectrum, because of the different bandpass.

Thus the Besangcon model with a constant SFR produces results
that are similar to those obtained with XCOUNT doubling the SFR in
the last billion years, and both models have similar ability to
reproduce the source counts found in our surveys. However, the
Besangon model prediction does not include a population of RS
CVn-like binaries, which could provide a significant contribution
to the coronal log N-log S in the Galactic plane (cf. Fig. 9).

While our data allow us to conclude that the density of young
stars in the plane is higher than previously thought (e.g. Basu &
Rana 1992), they alone cannot constrain the scaleheight of the
young stellar population. The increase of young star density is
supported by recent discoveries of nearby young stellar
associations through Hipparcos proper-motion measurements
(e.g. Tucanae Association, ~ 10Myr, at 50pc; Zuckerman &
Webb 2000) and through identification of X-ray sources (e.g.
Horologium Association, ~ 30 Myr, at 60 pc; Torres et al. 2000),
which suggest that there has been an increase in the SFR in the
solar neighbourhood in the last 10-100 Myr. The Gould Belt
structure also suggests a recent, local ‘large-scale’ episode of star
formation (Guillout et al. 1998). Based on our results we can rule
out the cases in which the young stellar population is characterized
either by large scaleheight and constant SFR (underpredicting the
number of coronal sources) or small scaleheight and higher local
mean SFR in the last billion years (overpredicting the number of
coronal sources) — the first case being the ‘standard’ XCOUNT
discussed above, the second one being the Besancon model with an
increasing SFR (Guillout et al. 1996b). Hernandez, Valls-Gabaud
& Gilmore (2000) have used Hipparcos data to show that the local
SFR may be episodic, rather than following a continuous trend.

7 SUMMARY

We have performed a soft X-ray survey of the Galactic plane that is
more than an order of magnitude deeper than previous X-ray
surveys near the Galactic plane. A sky area of 2.5deg” was
surveyed, yielding 93 sources, 64 with hard-band (0.4-2.0keV)
fluxes >2x 10 ¥ergem 257!, On the basis of log(fx/fopt)
versus optical colour diagrams (USNO-A2.0 and Tycho-2) and
near-IR photometry (2MASS), we found 69 per cent of the sources
to have counterparts consistent with being coronal sources, with 15
per cent consistent with extragalactic sources, 10 per cent
inconsistent with either of these two classes, 4 per cent to be early-
type stars or H1i regions, and 1 per cent to have no nearby optical
or near-IR counterpart (R < 19, J < 16).

These results are in agreement with conclusions from earlier
high-flux X-ray surveys in the plane, such as the EGPS and the
RGPS, that the majority of sources are consistent with late-type
stars, and indicate that active coronae remain the dominant
population of X-ray sources more than an order of magnitude
fainter in flux than the sensitivity limits of previous studies.

A significant percentage (10-20 per cent) of ‘coronal’ sources
were detected while emitting above their nominal saturated limit
[log(Lx/Lvo1) = —3], consistent with Fleming et al’s (1995)

’The direction of the present survey is largely outside the Gould Belt
structure discovered by Guillout et al. (1998); only field 9 lies within it.
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conclusion that 25 per cent of solar-like stars and 50 per cent of
dMe stars were detected while flaring.

Our data allow us to rule out models of stellar X-ray counts in
which the young stellar population is characterized either by large
scaleheight and constant SFR or small scaleheight and increased
SFR in the last billion years. The observed count can be
equivalently explained with the XCOUNT model by assuming an
SFR doubled in the last billion years and including the contribution
of active binaries, or with the Besangon model with a constant SFR
but without including the contribution of active binaries, which, on
the other hand, could provide a significant contribution to the
coronal number count in the Galactic plane.

Our results support the view that the population of young stars in
the plane is denser than previously thought, and highlight the
ability of flux-limited X-ray surveys to map the young stellar
component of the Galaxy.
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