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ABSTRACT

Stars of all evolutionary phases have been found to have excess infrared emission due to

the presence of circumstellar material. To identify such stars, we have positionally correlated

the infrared Mid-Course Space Experiment (MSX) Point Source Catalogue and the Tycho-2

optical catalogue. Near–mid-infrared colour criteria have been developed to select infrared

excess stars. The search yielded 1938 excess stars; over half (979) have never previously been

detected by IRAS. The excess stars were found to be young objects such as Herbig Ae/Be and

Be stars, and evolved objects such as OH/IR (infrared) and carbon stars. A number of B-type

excess stars were also discovered whose infrared colours could not be readily explained by

known catalogued objects.

Key words: circumstellar matter – stars: early-type – stars: evolution – stars: pre-main-

sequence.

1 I N T RO D U C T I O N

The discovery of excess far-infrared (FIR) emission from α Lyrae

by the Infrared Astronomical Satellite (IRAS) by Aumann et al.

(1984) demonstrated for the first time that protoplanetary material

around other stars could be both detected and studied. Further stud-

ies of IRAS point sources revealed that many types of star displayed

strong emission at IRAS wavelengths. This excess is mostly due to

thermally reradiating circumstellar dust or, mostly in the case of

hot Be stars, due to free–free and bound–free emission from their

ionized gaseous discs. Consequently, the IRAS Point Source Cata-

logue (PSC; Beichman et al. 1988) became a much used source for

the search and identification of stars surrounded by circumstellar

material. The use of an IRAS two-colour diagram to systematically

identify evolved stars in the IRAS PSC, was developed and under-

taken by van der Veen & Habing (1988) and Walker & Cohen (1988).

They found that the majority of the infrared (IR) excess stars were

carbon- or oxygen-rich asymptotic giant branch (AGB) stars un-

dergoing mass loss. Other studies by Plets et al. (1997) and Jura

(1999) also discovered giant and first ascent red giant stars with IR

excess.

Another manner of finding objects was to use optical catalogues

and cross-correlate those with the IRAS PSC. Systematic studies,

such as those by Pottasch et al. (1988), Stencel & Backman (1991)

and Oudmaijer et al. (1992), proved very successful in returning all

well-known Vega-type systems and, in addition, uncovering large

numbers of both young and evolved stars alike. For example, the

presence of IR excess became one of the defining characteristics

of pre-main-sequence Herbig Ae/Be stars, and evolved post-AGB

⋆E-mail: ajc@ast.leeds.ac.uk (AJC); roud@ast.leeds.ac.uk (RDO);

sll@ast.leeds.ac.uk (SLL)

stars where the AGB mass-loss phase had ended and the IR ex-

cess traces the cool, detached dust shell; see, for example, the re-

views by van Winckel (2003) on post-AGB stars, Zuckerman (2001)

on dusty discs and Waters & Waelkens (1998) on Herbig Ae/Be

stars.

However, the relatively large beam size of IRAS (45 × 270 arcsec2

at 12 µm and larger at longer wavelengths) meant that regions such

as the Galactic plane could not be studied properly because of source

confusion. In addition, due to its orbit, the IRAS satellite also did

not observe 4 per cent of the sky. These so-called ‘IRAS gaps’ have

never been surveyed in the mid-IR.

The Mid-Course Space Experiment (MSX) satellite carried out

a mid-IR survey of the Galactic plane and other areas of the sky

missed by IRAS using the SPIRIT III instrument (full details in Price

et al. 2001). The sensitivity of SPIRIT III at 8 µm is comparable

to IRAS, but its beam size is approximately 35 times smaller (at

the longest wavelength) and is therefore much less hampered by

source confusion. It discovered 430 000 objects in the Galactic plane

(defined as |b| < 6◦ ), which is four times as many as IRAS detected

in this region of the sky. Moreover, it surveyed the IRAS gaps for

the first time in the mid-IR.

The MSX survey thus provides an excellent opportunity to system-

atically search the Galactic plane and the IRAS gaps for IR excess

stars. The purpose of the present paper is to find optically bright

objects within the MSX PSCs that were previously unknown as

having IR excess. The resulting list can then be used for (optical)

follow-up studies. The methodology we adopt is similar to that of

Oudmaijer et al. (1992). They cross-correlated the optical Smith-

sonian Astrophysical Observatory (SAO) catalogue with the IRAS

PSC, to identify objects with IR excess. The FIR colours immedi-

ately reveal non-photospheric emission if the temperatures are less

than about 200 K while those objects with higher colour temper-

atures are identified by assessing the IR fluxes compared to that
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1112 A. J. Clarke, R. D. Oudmaijer and S. L. Lumsden

predicted from the photospheric optical emission. After a further

selection on spectral type (BAFG – typical for most evolved and

young stars) this search revealed a master sample of 462 objects.

As MSX did not observe beyond 20 µm, it is not readily possible to

find excess objects based on MSX data alone, and we will rely on

computing the IR excesses using additional information to identify

the stars of interest. Rather than use the SAO catalogue, we will

use the much larger optical Tycho-2 catalogue (Hog et al. 2000)

and its accompanying spectral type catalogue (Wright et al. 2003),

which contains more than 350 000 spectral types as a starting point.

To further characterize the IR emission of any objects found, we

will also use data from the Two-Micron All-Sky Survey (2MASS)

catalogue of point sources (hereafter 2MASS PSC; Cutri et al.

2003).

This paper is organized as follows. In Section 2 we describe the

initial input catalogues and the cross-correlation of the Galactic

plane sample in detail. In Section 3 we discuss the properties of

the resulting sample and develop a new method of identifying IR

excess stars. We end with a discussion of the resulting final sample

of excess stars and outline the way it is presented. We also discuss in

Appendix A the application of the excess identification procedure

to the MSX IRAS gap survey and other regions surveyed by the MSX

mission.

2 I N P U T DATA A N D C RO S S - C O R R E L AT I O N

In order to define an IR excess for the sample stars, we use the MSX

mid-IR catalogue, the optical Tycho-2 catalogue and the near-IR

2MASS PSC. As will be shown later, once the ‘optical’ stars have

been identified, the use of their near-IR magnitudes has marked

advantages over using the optical data alone. Below, we describe

the input catalogues and Galactic plane cross-correlation in detail.

The other MSX catalogue cross-correlations will be discussed in

Appendix A.

2.1 Data sources

The MSX SPIRIT III instrument observed in six photometric bands

between 4 and 21.34 µm, and was most sensitive at 8.3 µm where its

sensitivity was comparable to the IRAS 12-µm band. The MSX mis-

sion surveyed the Galactic plane, IRAS gaps, Magellanic Clouds

as well as some other regions of high stellar density. A major

data product of the MSX mission was the MSX PSC v2.3 (here-

after MSX PSC; Egan, Price & Kraemer 2003), which has a po-

sitional accuracy, σ = 2 arcsec, and a limiting flux at 8 µm

of 0.1 Jy.

As we wish to identify a large sample of new IR excess stars, we

require a sufficiently large and accurate optical star catalogue. For

this reason we used the Tycho-2 star catalogue compiled from data

collected by the Tycho star mapper on-board the Hipparcos astro-

metric satellite. The positional accuracy of Tycho-2 is excellent and

more than required for our cross-correlation purposes. The com-

pleteness limit (99 per cent) of the catalogue is given as 11 in the

V T band, and its limiting magnitude is about 14 in the V T band and

15 in the BT band. Tycho-2 observed objects many times, resulting

in a photometric precision of typically 0.05 mag. Obviously, this

precision becomes worse at the fainter end; for magnitudes around

10–11 the photometric error is 0.1 mag rising to 0.3 mag close to

the detection limits.

The Tycho-2 catalogue does not contain any stars brighter than

B T < 2.1 or V T < 1.9 due to the nature of the data reduction

technique. We used the brighter stars from the first supplement to

the Tycho-2 star catalogue.

Near-IR photometry is taken from the 2MASS PSC, which con-

tains nearly half a billion sources. The survey is complete to mag-

nitude K ∼ 15. The data have relatively bright saturation limits

(K ∼ 3.5), although for K < 8 the 2MASS catalogue lists photom-

etry estimated from radial profile fitting to the wings of the saturated

sources. The photometric accuracy, especially at the fainter end, is

better than that of Tycho-2, and for bright saturated sources com-

parison with previous observations suggests the error is typically

<10 per cent.

Finally, to learn more about the sample, spectral type information

is very important. Wright et al. (2003) compiled all known spec-

tral classifications for Tycho-2 stars, and their catalogue contains

spectral types for 351 863 stars of which 61 472 are in the Galactic

plane (defined here as |b| < 6◦). As might be expected the objects

with spectral types are somewhat brighter on average than the full

sample.

2.2 Positional correlation

We have positionally correlated the Tycho-2 star catalogue and the

MSX v2.3 PSC. For a positional association between a Tycho-2 star

and an MSX source, the separation of the two objects is required to

be less than 6 arcsec, corresponding to a typical 3σ accuracy of the

MSX position. In the case of two stars within 6 arcsec of an MSX

source we have taken the closest.

The deviations of the MSX positions compared to the Tycho-

2 positions in the right ascension and declination directions are

centred at zero with σ = 2 arcsec, indicating that, in a statistical

sense, the Tycho-2 and MSX associations are real. The shape of

the distribution compared well with the similar in-scan and cross-

scan separation distributions shown by Egan et al. (2003). To test

the 6-arcsec cut-off, the correlation was extended out to a radius of

15 arcsec. We found that the majority (90 per cent) of the associations

had separations smaller than 6 arcsec and the distribution showed

that at larger radii the number of associations reached some random

background level. We therefore concluded that 6 arcsec was the

optimum value for the cut-off for positional association.

The MSX–Tycho-2 sources have also been further correlated with

the 2MASS PSC, using a 6-arcsec search radius around the MSX

position. In the case of multiple 2MASS sources within the 6-arcsec

search radius, we have taken the closest match and flagged the MSX

source.

To ensure that all MSX–2MASS counterparts are also Tycho-2–

MSX–2MASS associations, we require the 2MASS source to be

additionally within 0.50 arcsec of the Tycho-2 catalogue position.

Failing to do the latter returns many sources that are either unrelated

to the MSX or the Tycho-2 source and would severely contaminate

the final sample.

We made use of the Infrared Science Archive (IRSA)1 to perform

the 2MASS cross-correlations.

2.3 Photometric constraints

At this stage we made certain requirements of the photometry pro-

vided by the different catalogues for further inclusion in the sam-

ple so the presence of the IR excess is credible/significant. For the

Tycho-2 star catalogue we required that a star be detected at both the

1 See http://irsa.ipac.caltech.edu.
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Figure 1. The magnitude distribution of the Galactic plane sample in the

optical and mid-IR. The optical BT and V T bands are represented by the thick

and faint solid lines, respectively. The MSX 8-µm distribution is indicated

by the dashed line.

BT and V T bands (corresponding to magnitudes of less than 15 and

14 in BT and V T, respectively, according to the Tycho-2 explana-

tory supplement; Hog et al. 2000). For the MSX data we required a

detection in at least one band with flux quality greater than 1 (signal-

to-noise ratio greater than 5). The only constraint we made on the

2MASS photometry is that it must be better than an upper limit (i.e.

not having a U or X flag) at all bands.

2.4 Galactic Plane

The MSX PSC (v2.3) Galactic plane |b| � 6◦ survey (including

the plane regions of the IRAS gaps) contains 431 711 sources. After

cross-correlation with the Tycho-2 optical star catalogue, we are left

with 35 044 (≈8 per cent) associations which meet our photometric

constraints. The bulk (≈75 per cent) of these Galactic plane sources

were only detected at the most sensitive MSX band A (8.28 µm). The

further correlation of the MSX–Tycho-2 sources with the 2MASS

PSC search found 33 495 (95 per cent) counterparts. A small fraction

of these (3 per cent) had multiple 2MASS sources within the MSX

search area; in these cases we cannot rule out the possibility that the

MSX source is actually a nearby optically invisible 2MASS source

rather than the Tycho-2 star. A clear example of this is the B-type

star HD 93942 (the object with K–[8] ≈ 8 in Fig. 4, later) which

is in close proximity to a very red (optically invisible) carbon star.

In the near-IR there are two 2MASS sources within 6 arcsec of the

MSX source position. Although the MSX flux is most likely from the

carbon star, it is difficult to determine which of the 2MASS sources

is the correct association. As we cannot objectively remove these

sources, we flag them.

Using the magnitude distribution of the sample (see Fig. 1)

we estimate the sample is complete to magnitude 8 in V T, 11 in

BT and 5 in MSX Band A (or [8] hereafter).2 This makes it the

most complete IR sample of optical stars in the Galactic plane to

date. Of the 35 044 Tycho-2–MSX sources described above, about

2 The MSX fluxes are converted to magnitudes using zero-point fluxes from

Egan et al. (2003), which is 58.49 Jy at 8 µm.

a third, 12 783, are listed in the Tycho-2 spectral type catalogue.

A smaller fraction of these, 7443, have two-dimensional spectral

types.

2.5 Comparison with IRAS

To ascertain how many of our sources have previously been detected

with IRAS and hence estimate how many objects in our final sample

are new identifications, a positional correlation of the MSX–Tycho-

2 sources with the IRAS PSC (Beichman et al. 1988) has also been

undertaken. We used the VizieR3 catalogue access tool to search the

IRAS PSC around the MSX positions of our MSX–Tycho-2 associ-

ated stars. For the correlation we used a circular search radius of

45 arcsec, typically corresponding to three times the major axis of

the elliptically shaped IRAS 1σ positional uncertainties (Beichman

et al. 1988).

Of the 35 044 MSX–Tycho-2 sources, 9473 were found to be

within 45 arcsec of an IRAS source. We therefore conclude that the

majority of any IR excess stars in this paper are new identifications

and previously unstudied.

3 R E S U LT S F O R T H E G A L AC T I C P L A N E

In the following we first discuss the properties of the sample using

colour–colour diagrams, and then continue with the identification of

excess stars. In order to do this, we first derive a relationship between

the near-IR colours and the MSX 8-µm magnitude for normal stars.

We concentrate on the largest MSX catalogue, that of the Galac-

tic plane, and briefly discuss the selection from the other samples

later.

3.1 General properties

Fig. 2 shows a (BT–V T, V T–[8]) colour–colour diagram4 which

is the MSX analogue to the well-studied diagnostic IRAS (B–V ,

V–[12]) diagram (e.g. Waters, Coté & Aumann 1987a, hereafter

WCA).

The left-hand panel, containing all objects, shows a main band

with increasing spread around it towards redder colours; the ob-

jects with known spectral types are plotted in the right-hand panel.

Not surprisingly, this subsample is on average brighter, and a large

number of objects has dropped out, allowing us to recognize a well-

defined band in the plot. The larger spread evident in the full sample

is thus mostly due to larger photometric errors.

This diagram is a good diagnostic to identify IR excess stars, as

originally described by WCA. Normal stars follow a well-defined

sequence, while objects with excess 8-µm emission are readily iden-

tified by their deviating V T–[8] colours. This is also observed here;

the ‘main band’ of stars follows a more or less well-defined relation

and is accompanied by objects located above this relation. These

are the IR excess stars; the majority of stars in the Tycho-2-MSX

sample are not IR excess stars but normal stars.

3 See http://vizier.u-strasbg.fr.
4 On each diagram the magnitude and direction of a typical interstellar ex-

tinction vector are indicated and calculated using the following assumptions.

For the mid-IR wavelengths (λ > 5 µm) we have used the MSX filter aver-

aged astronomical silicate data (Draine & Lee 1984) as derived by Lumsden

et al. (2002). For the near-IR wavelengths (λ < 5 µm) we adopt an ex-

tinction law that varies as λ−1.75. For the optical bands we have used the

standard optical AV = 3.1[E(B –V )] extinction relation.

C© 2005 RAS, MNRAS 363, 1111–1124
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1114 A. J. Clarke, R. D. Oudmaijer and S. L. Lumsden

Figure 2. Optical–mid-IR colour diagram of the sources. The horizontal axis denotes the Tycho BT–V T colours, while [8] represent the MSX 8-µm magnitude

(see text). The left-hand panel shows all 35 030 MSX sources with a Tycho counterpart. The right-hand panel shows the 12 778 objects with known spectral

types. Note that this (brighter) sample shows a smaller spread around the main band. For comparison, a reddening vector is also shown.

O B A F

0 1 2 3

G

0 1 2 3

K

0 1 2 3

M

0 1 2 3

CGCS

Figure 3. Optical and mid-IR colour diagram showing the different regions occupied by different spectral type stars. The spectral type is shown in the lower

right-hand corner of the respective panel. The samples consist of 125 O-type stars, 1003 B stars, 718 A stars, 943 F stars, 2288 G stars, 6495 K stars and 1099

M stars. Stars with CGCS identifications are also shown. The luminosity class of the stars is represented by the following symbols: squares, I, II; circles, III,

IV; times symbols, V; with unclassified stars indicated by a dot. The intrinsic colours of dwarf stars (see text for details) together with the extinction vector to

indicate the degree of reddening of the sample are also shown in the upper left-hand panel.

3.2 Excess as a function of spectral type

To further investigate the properties of the sample, we plot the

colour–colour diagrams for each spectral type in Fig. 3. The sample

is broken down into the spectral types O–M while a set of carbon

stars, taken from the Catalogue of Galactic Carbon Stars (CGCS;

Alksnis et al. 2001), is also shown. Where known, dwarfs (lumi-

nosity class V), giants (IV–III) and supergiants (I–II) are indicated

by different plot symbols. As a guide for the intrinsic colours of

main-sequence stars in Fig. 3 we show the median V T–[8] colours

of B0 to M0 dwarf stars taken from Cohen, Hammersley & Egan

(2000), plotted against the intrinsic B–V colours of these stars given

by Schmidt-Kaler (1982), which are corrected for Tycho photom-

etry using the transformations given in the Hipparcos and Tycho

catalogues (1997).

The earlier-type stars are dominated by main-sequence stars,

while giants constitute the majority for the later-type objects as the

dwarfs are too faint to be detected in both optical and IR catalogues.

The transition between dwarfs and giants is visible as the relative

paucity of sources at BT–V T ≈ 0.75.

A separate bifurcation is also visible at BT–V T ≈ 1 in Fig. 2. The

upper sequence consists of reddened supergiants while the lower

sequence consists of giants (and some dwarfs). This separation of

luminosity classes (beginning at early G type) was first noted by

C© 2005 RAS, MNRAS 363, 1111–1124
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Figure 4. Near–mid-IR (left) colour diagram of MSX–Tycho-2–2MASS sources (33 485), with (centre) spectral type (12 452) and (right) the colours of known

sources (not necessarily in our sample). The excess cut-off line is shown in the left panel (see text for details). The symbols in the right-hand panel indicate the

type of objects: asterisks, a Be-type star from our sample; times symbols, an OH/IR star; squares, a Herbig Ae/Be star. A dot indicates an optical carbon star.

O B A F

G K M CGCS

Figure 5. Near–mid-IR colour diagram showing the different regions occupied by different spectral type stars. The spectral type is shown in the upper

left-hand corner. The samples consist of 120 O-type stars, 937 B stars, 672 A stars, 885 F stars, 2219 G stars, 6406 K stars and 1086 M stars. Stars with CGCS

identifications are also shown. The luminosity classification of the stars is represented by the following symbols: squares, I, II; circles, III, IV; times symbols, V.

Unclassified stars are indicated by a dot. The intrinsic colours of dwarf main-sequence stars (see text for details) together with the extinction vector to indicate

degree of reddening of the sample are also shown in the lower-right panel.

Cohen (1987) in the IRAS V–[12] diagram. A property apparent for

all spectral types is that the non-excess stars span a much wider

BT–V T range than the intrinsic colours for the respective types sig-

nal. This is due to the presence of a large interstellar reddening

at low galactic latitudes, and is illustrated by the reddening vector

indicated in the diagram. The main bands defined by non-excess

stars per spectral type are parallel to the extinction, and correspond

to values up to AV ∼ 5. Often the reddest objects are supergiants,

which is also consistent with reddening; the objects with the largest

extinction are presumably at the largest distances and therefore have

to be intrinsically brighter.

For the B-type stars, and also, but less obvious, for the O stars due

to the lower number of stars involved, the colour diagram is dom-

inated by two bands which are both populated by main-sequence

stars. The lower band contains normal, non-excess objects, and the

upper band is populated by a large number of excess stars, many of

which are Be stars. The excess emission is explained by free–free

emission from the ionized gas in the circumstellar disc (Water, Coté

& Lamers 1987b). The relative number of A-type excess stars is

much smaller, and seems to consist of dwarfs and supergiants in

roughly equal numbers. There would seem to be a special class of

A-type stars around BT–V T = 1.5, where these seem to branch off at

a different slope than the other A-type stars. It appears however that

these objects have colours similar to K-type stars and the most likely

explanation for this is that their spectral types are misclassified or

that they are binaries with a K-type counterpart.

C© 2005 RAS, MNRAS 363, 1111–1124
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1116 A. J. Clarke, R. D. Oudmaijer and S. L. Lumsden

The F-, G- and K-type stars have fewer excess objects. The M star

sample shows a distinct upturn. As already noted by WCA, for these

cool objects, the optical colours probe the Wien part of the spectral

energy distribution and show hardly any dependency on temperature

any more. The 8-µm band is sensitive to spectral features, such

as molecular bands, and therefore shows a strong gradient. This

particular colour diagram is thus not a useful diagnostic to identify

M stars with IR excess.

Perhaps unsurprisingly, the carbon stars follow a similar band as

the M stars. However, the relatively large photometric uncertain-

ties of these faint stars mean they sometimes appear at much bluer

colours than would normally be expected.

It is important to highlight a significant difference with previ-

ous studies here. WCA, in particular, but also Oudmaijer et al.

(1992), used optical catalogues with brighter cut-offs – the Bright

Star Catalogue (Hoffleit & Warren 1991) and the Smithsonian As-

trophysical Observatory star catalogue (SAO Staff 1966) with lim-

its V = 7 and 9–10, respectively – than used here. The deeper

Tycho-2 sample inevitably contains a large fraction of (heavily)

reddened stars, which is aggravated by the fact that we observe in

the direction of the Galactic plane. It can be seen in the upper-

left panel of Fig. 3 that the extinction vector is non-parallel to the

‘normal star’ relation. This gives heavily reddened normal stars

V T–[8] colours similar to excess stars. Moreover, the fainter, nu-

merous, Tycho-2 stars have comparatively large photometric errors

(as indicated by the large spread in Fig. 2), making it harder to

recognize excess emission from the optical-IR colour–colour dia-

gram. It is therefore not trivial to properly identify stars with excess

from the Tycho-2–MSX data alone. Therefore, to make headway,

we need to go to wavelengths where the extinction will be less – the

near-IR.

3.3 Near-infrared

To reduce the impact of extinction on the IR excess star selection,

we show the near- and mid-IR colour equivalent to Fig. 2 in Fig. 4.

The K–[8] range spanned by the normal stars is much smaller than

the V T–[8] range because we now probe the Rayleigh–Jeans tail of

the spectral energy distribution for all stars. The H–K colour range

is small for the same reason, while the reddening is less severe –

typically E(H–K ) = 0.22 E(B–V ). Most of the objects beyond

H–K > 0.5 suffer from reddening, and also objects with excess

emission at K give rise to red H–K colours.

To understand and describe the features of the colour diagram,

we have also plotted the colours of known objects (Fig. 4) which

have been observed by MSX (but are not necessarily part of the

Tycho-2 sample). The objects plotted are from the following cat-

alogues: optical selected carbon stars from Alksnis et al. (2001),

OH/IR stars (AGB stars with large mass-loss rates) from Chen-

galur et al. (1993), Herbig Ae/Be stars from Thé, de Winter &

Perez (1994) and the Be-type stars extracted from our own Tycho-2

sample (which were found to agree with the mid–near-IR colours

of all known Be stars as compiled by Zhang, Chen & Yang

2005).

The distribution of B stars with excess in Fig. 5 shows a clearly

defined band of excess stars with K–[8] < 2 and a more diffuse

distribution of stars with greater excess emission, which is further

complemented by a large number of excess stars without spectral

classification (see Fig. 4).

It is immediately apparent from Fig. 4 that only the B stars with

K–[8] < 2 can be explained by the properties of the known Be stars.

The remaining objects with greater excess emission are therefore

very interesting; we discuss in Section 5 the possible nature of these

objects.

The two branches beginning at H–K = 0.50, with gradients

roughly equal to the reddening vector, are clearly associated with

the carbon and OH/IR stars. The OH/IR stars also have a slightly

greater (1 mag) K–[8] colour, presumably due to their higher mass-

loss rates over these optically selected carbon stars. The Herbig

Ae/Be stars all show excess emission and are heavily reddened, due

to their surrounding circumstellar material.

Spot checks on stars with H–K < 0 revealed the majority have

saturated K-band magnitudes, and therefore their colours are just

affected by the resulting error bar. The objects with K–[8] < −0.50

are, in general, variable stars and binaries.

Although we plot the same number of objects in Figs 2 and 4,

the excess stars are more easily distinguishable than in the optical

diagram. In addition to the reduced extinction, this is also the case

because of the smaller photometric error bars involved, validating

the use of near-IR colours.

The distribution over spectral type is shown in Fig. 5. All features

described for the optical (Fig. 3) are present, but much more promi-

nent. It is clear that the near–mid-IR two-colour diagram is a much

better tool for the selection of IR excess stars, due to the removal of

the strong extinction effect and the better photometric accuracy of

2MASS for the optically fainter objects. We therefore proceed with

this colour diagram to identify IR excess stars.

3.4 H–K , K –[8] relation for normal stars

To identify stars with excess 8-µm emission, we first need to know

the photospheric contribution for all stars at this wavelength. To

derive this, we adopt the iterative procedure used by WCA for IRAS

sources. This involves dividing the sample into H–K colour bins

(0.01 mag width in our case) and calculating the mean (K –[8])av

and standard deviation σ of the bin. By eliminating the outliers

(defined as deviating by more than 2σ from the mean), this process

was repeated until the (K –[8])av no longer changed significantly

with further iterations.

The procedure was only run over the intrinsic main-sequence

near-IR colours given by Koornneef (1983) (H–K = −0.05. . .

0.45). This step essentially removes the heavily extincted sources,

whose IR colours are heavily distorted by reddening. The final

(K –[8])av values could then be well fitted by the following straight

line:

(K –[8])photo = 0.41(H–K )∗ + 0.05. (1)

This photospheric relation was extrapolated to cover the entire

range of (H–K) colours spanned by the sample stars. Using this

relation and the intrinsic main-sequence near-IR colours quoted by

Koornneef (1983), we derive a relationship between the spectral type

of a star and its K–[8] colour (as shown in the lower-right panel of

Fig. 5).

4 T Y C H O - 2 S TA R S W I T H I N F R A R E D E X C E S S

In this section we select the excess stars. We first discuss the more

numerous 8-µm excess stars, and then discuss excess at the other

MSX wavelengths.

4.1 Stars with warm dust: excess 8-µm emission objects

To calculate the IR excess emission of the stars in our sample we

follow Oudmaijer et al. (1992), who used the relationship between

C© 2005 RAS, MNRAS 363, 1111–1124
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Stars with infrared excess 1117

Figure 6. Excess K–[8] E(K –[8]) distribution of sample; the negative excess distribution is mirrored through E(K –[8]) = 0 to illustrate the asymmetry of

the distribution. The right-hand panel shows the percentage of excess stars as a function of E(K –[8]) emission. The excess definition threshold is also shown

at 0.40 mag.

the photospheric colours in the optical and IRAS 12 µm for normal

stars. With the expression of the intrinsic K–[8] colour for nor-

mal stars already in hand, it is trivial to compute the excess 8-µm

emission. Expressed in magnitudes this is done by E(K –[8]) =

(K –[8]) − (K –[8])photo.

The main issue is to decide on where to choose the cut-off for

inclusion into the final sample of IR excess stars. In Fig. 6 we

show a histogram of the excesses in magnitudes. The distribution of

E(K –[8]) is asymmetric about zero. The negative excesses show

a Gaussian shape. The positive side also displays an underlying

Gaussian distribution, with a large non-Gaussian tail that con-

tains the excess stars. The Gaussian shape on the negative side

is explained simply by the width of the observed sample in the

H–K K–[8] colour diagram. The width (FWHM = 0.20) in this

case is dominated by the photometric error in the MSX 8-µm flux

(5–20 per cent) rather than the intrinsic scatter of normal non-excess

stars.

We can now derive the fraction of objects with excess 8-µm emis-

sion. By using the negative excess distribution (assumed to be sym-

metric around zero) as an estimate of the non-excess distribution,

Figure 7. Optical–mid-IR and near–mid-IR colour diagrams showing the J–[8] and K –[21] colours for hot and cold excess emission, respectively. In the left

panel, a square indicates a star with excess J–[8] emission but normal K–[8] colours; the rest of the sample is indicated by a dot. The right panel shows the

K–[21] colours for cool excess identification. Stars detected at 21 µm but not at 8 µm are indicated by an asterisk; stars detected at both 8 and 21 µm are

indicated by a dot if they show excess at 8 µm, or a times symbol if they do not.

we can calculate the percentage of excess stars as a function of

E(K –[8]). This is shown in Fig. 6. The percentage of excess stars is

zero for the negative side (by definition) and rises relatively quickly

to 100 per cent at E(K –[8]) = 0.80. We choose to have at least an

80 per cent probability of IR excess in our sample. This corresponds

to a E(K –[8]) cut-off of 0.40 mag.

Using these criteria we identify 1830 8-µm excess stars in our

sample, around half of which (965) are not within 45 arcsec of an

IRAS point source and are therefore new identifications. We also

identify one excess star which was too bright to be included in

the Tycho-2 catalogue (and hence was picked up in the Tycho-2

supplement), the well-known Be star γ Cas.

4.2 Stars with hot dust: K-band excess emission objects

It should be noted that the above procedure selects objects that have

excess 8-µm emission relative to the K band. An object surrounded

by only hot dust will not be selected as its 8-µm emission has a sim-

ilar K–[8] colour as a cool C- or M-type star. Indeed, the intrinsic

C© 2005 RAS, MNRAS 363, 1111–1124
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1118 A. J. Clarke, R. D. Oudmaijer and S. L. Lumsden

K–[8] colour for a 1000–2000 K blackbody is about ∼0.5, and it

may well be that such objects will not be selected as their observed

K–[8] colour seems to all intents and purposes ‘normal’. We there-

fore need to identify K-band excess stars separately.

We investigated several ways to identify such objects and found

the best method is to use V T–J, J–[8] colours as shown in Fig. 7.

This avoids the problem of having the large error bars we encoun-

tered in the optical BT–V T colours and includes objects with excess

even at the H band. It is extremely rare for hot dust to be responsible

for J-band excess. Indeed, checks on a random sample of J excess

emission objects revealed them to be uncatalogued binary objects,

where the J emission is due to a bright cool secondary. We iden-

tify the K-band excess stars using a similar iterative procedure as

for the K–[8] colours and we derive the following relation for the

photospheric contribution:

(J–[8])photo = −0.025 + 0.420(VT–J ) − 0.021(VT–J )2. (2)

The excess J–[8] colour distribution showed that the probability

of excess reached 80 per cent at a E(J–[8]) = 0.60 mag and this is

where we placed the excess cut-off. This method of excess identi-

fication returned only 68 per cent of the K–[8] excess sources and

a further 95 stars which do not have excess compared to K at 8 or

21 µm. Interestingly, only nine were not observed by IRAS, possibly

because the hot excess stars are relatively IR bright.

4.3 Stars with cool dust: 21-µm excess emission objects

Stars such as post-AGB stars surrounded by a cool detached dust

shell may not show any distinguishing excess emission at 8 µm. We

therefore wish to use the longer wavelength MSX bands to identify

such sources in our sample. The previous searches for cold excess

objects (e.g. Oudmaijer et al. 1992) made use of the IRAS FIR

colour–colour diagram to identify excess if temperatures are less

than 200 K (indicating that IR emission was not photospheric). A

similar approach with MSX is hampered by the reduced sensitivity of

MSX at longer wavelengths. Indeed, very few sources (2 per cent)

in the sample are detected (i.e. flux quality greater than 1) in ev-

ery band. As a compromise we will use the K–[21] colour (see

Fig. 7) to identify cool excess objects. This has the further advan-

tage that stars detected exclusively at 21 µm are not removed from

the sample as they would be if we relied on a multi-MSX colour

diagram.

Figure 8. Temperature class distribution of the entire MSX–Tycho-2 sample (left) and percentage of stars with excess emission as a function of spectral type

(right).

Fig. 7 shows the K–[21] colours, of all sources with a flux qual-

ity greater than 1 at 21 µm, plotted against H–K. Objects that are

found to display 8 µm excess emission are indicated by a dot,

while those not detected at 8 µm or not found to have excess

are indicated by larger plot symbols. It is immediately apparent

that the majority of the cool excess objects also have excess 8 µm

emission.

Of the stars without 8-µm excess only a few have K–[21] colours

significantly different from the rest of the sample (the majority of

which are M giants). All sources that are detected at 21 µm but

are not detected in the more sensitive 8-µm band show cool excess

emission. To determine the excess cut-off we have used the median

V–[25] values published by Cohen (1987) and converted to K–[25]

using the appropriate V–K colours from Koornneef (1983). As the

[21] and [25] bands both probe the molecular absorption bands of

the cool M-type giant stars, we may assume that the K–[25] and

K–[21] colours are roughly comparable. We therefore define the ex-

cess cut-off to be the 3σ deviation from the intrinsic K–[25] colours

of giants. Hence we select stars with cool IR excess if they have

H–K < 0.1 and K–[21] > 1 or K–[21] > 3 at H–K > 0.1, as shown

in Fig. 7. Using these criteria we identify 13 cool IR excess stars

which do not have excess 8-µm emission, five of which do not have

IRAS counterparts.

5 D I S C U S S I O N

In this paper we have searched for stars with IR excess in the com-

bined Tycho-2, 2MASS and MSX catalogues. This resulted in a

grand total of 1938 excess stars, of which 979 were not detected by

IRAS and are thus newly discovered objects.

5.1 Distribution over spectral type

In Fig. 8 we show the number of Tycho-2–MSX stars as a function of

temperature class. Alongside we also show the percentage of these

stars which were found to have excess emission.

We find that the percentage of excess appears to decrease with

effective temperature and that the hotter stars (O, B and A) and

very cool (M) have a much higher percentage of excess stars

than the F, G and K classes. However, it is interesting to note

that the number of Tycho-2–MSX stars detected shows the exact

C© 2005 RAS, MNRAS 363, 1111–1124
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Stars with infrared excess 1119

opposite behaviour, indicating that a strong selection effect may be

present.

A comparison of the Tycho-2–MSX sample with the entire Galac-

tic plane Tycho-2 spectral type catalogue shows that we detect a

higher fraction of G and K type compared to other spectral types.

The most obvious source of this effect is the sensitivity of the MSX

satellite. For example, the photospheric emission at 8 µm for all but

the brightest O-, B- and A-type stars may be below the detection

threshold of MSX; we only detect the excess and bright non-excess

stars (which are relatively few) thus leading to a higher fraction of

excess stars for these spectral types.

5.2 B-type stars with infrared excess

The high fraction (30 per cent) of excess in B-type stars is surprising,

as the fraction of Be-type stars in the Bright Star Catalogue is well

known to be 15 per cent (Coté & van Kerkwijk 1993). We also noted

earlier that there exists a large group of B-type (with and without

spectral classification) excess stars with colours that are significantly

different to the known Be stars. The nature of these objects is not

altogether obvious.

Their H–K colours are quite blue, indicating that these are indeed

B-type stars. The normality of the H–K colour indicates that they

do not have a great deal of K-band excess. The absence of excess in

the K band would seem to lead us away from a free–free emission

explanation for these excesses and indicates that these stars are un-

related to the Be stars immediately below them in Fig. 4. The objects

are also not particularly reddened, ruling out heavily dust embed-

ded objects and implying the surrounding dust must be relatively

optically thin.

We are therefore looking for an optically thin thermally radiating

dust mechanism for these stars. Possibilities include: hot post-AGB

stars with an optically thin cool detached dust shell, reflection neb-

ulosities, giant stars heating the surrounding interstellar medium

dust, weak H II regions and Vega-type stars surrounded by a close

warm disc of dust.

To resolve the situation we have looked at the spectral energy dis-

tributions of the subsample with IRAS detections. We have shown

that the objects with intermediate K–[8] colours (2–4) are Herbig

stars, Be stars, reflection nebulae and post-AGB stars. The ob-

jects with larger K–[8] colours were found to be predominately

objects such as post-AGB stars, H II regions and a number of galac-

tic cirrus contaminated fields (some possibly also heated by giant

stars). We did not find much evidence for Vega-type disc systems.

To complement this we also inspected Galactic Legacy Infrared

Mid-Plane Survey Extraordinaire (GLIMPSE; see Benjamin et al.

2003) images for the small number (≈10) of these stars which were

within the survey region. The GLIMPSE images mostly showed

these objects to be stars within diffuse emission regions and/or

associated with star-forming regions. These objects would benefit

from ground-based optical follow-up observations to better con-

firm their nature and to further understand this region of the colour

diagram.

5.3 Presentation of the data: data tables

We publish in hard copy (see Table 1) the stars which were not

detected by IRAS (and therefore should be new identifications),

which have full spectral type information and excess K–[8] >

0.75 mag and/or excess emission at other bands. The entire sample

(including the other regions discussed in Appendix A) is published

in the on-line version of this paper (see Tables S2, S3, S4 and S5).5

A machine readable format will also be made available at CDS

Strasbourg.6

5.4 Final remarks

To identify stars with IR excess emission we have positionally cor-

related the MSX PSC with the Tycho-2 star catalogue. We found

that a near–mid-IR colour diagram had marked advantages over an

optical–mid-IR colour diagram in selecting these objects, specifi-

cally in reducing the strong line-of-sight extinction experienced in

the direction of the Galactic plane. Using the derived colours of

normal stars, selection criteria were developed to identify excess

emission sources from the colour diagram. The criteria produced a

sample of 1938 stars in the Galactic plane, just over 50 per cent of

which were determined to be new identifications of IR excess (i.e.

not previously detected by IRAS).

The majority of the excess stars were found to be hot stars; a high

(30 per cent) fraction of B-type stars with excess was discovered.

The IR excesses for a number of these B-type stars were found to be

much greater than those of the known Be sample. The known objects

in this group were found to be a mixture of Herbig stars, post-AGB

stars, reflection nebulae and stars contaminated by galactic cirrus.

The other regions surveyed by MSX were also searched for

IR excess stars and the same selection criteria were applied (see

Appendix A). We publish the entire excess sample on-line (see

Table S2) and the brightest new identifications of excess stars in

the Galactic plane, in Table 1. These lists should provide a good

starting point for future ground-based follow-up observations.
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Stars with infrared excess 1121
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Waters L. B. F. M., Coté J., Aumann H. H., 1987a, A&A, 172, 225 (WCA)
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A P P E N D I X A : OT H E R M S X C ATA L O G U E S

The MSX satellite observed a number of regions in addition to the

Galactic plane and the IRAS gaps. These were generally regions

of high source density that were labelled as confused by IRAS and

included the Magellanic Clouds, several star-forming regions and a

number of extended objects such as galaxies. We have undertaken

a search for excess stars in the IRAS gaps and all of the above re-

gions except the galaxies. The results of these searches are discussed

below.

A positional correlation of the non-plane (|b| > 6◦) MSX

catalogue sources with the Tycho-2 star catalogue found 5898

(68 per cent) MSX sources within 6 arcsec of a Tycho-2 star. The

non-plane MSX catalogue contains both the IRAS gap (Appendix

A1) and the Large Magellanic Cloud (LMC) surveys. We discuss

the LMC stars separately in Appendix A2 and define these to be

within a 14◦ square (272◦, −26◦ to 286◦, −40◦) around the LMC’s

galactic coordinate position. Of the non-plane sample, 753 (12 per

cent) were within 45 arcsec of an IRAS source. A small fraction (20

per cent) of these IRAS associations are LMC stars.

A1 IRAS gaps

5364 MSX–Tycho-2 IRAS gap stars are identified. 66 per cent (3522)

of these have spectral type information and 5215 have 2MASS coun-

terparts. A near–mid-IR colour diagram is shown in Fig. A1. Al-

though much less reddened, the H–K K–[8] colours are similar to

the Galactic plane sample. The same excess determination process

was applied to the IRAS gaps, and we identify 95 (87 warm and

eight hot) IR excess stars in this region. 22 of these excess stars

were found to be within 45 arcsec of an IRAS source; these were

found to be at the edges of the IRAS gap regions.

The star with large excess is the variable star ST Pup; the other

stars with excesses fall neatly into the groups we have previ-

ously discussed for the Galactic plane. These stars are published in

Table S3.

A2 Magellanic Clouds

The LMC was found to contain 534 MSX–Tycho-2 sources; of these,

523 have 2MASS counterparts and 333 have spectral type informa-

tion. An H–K K–[8] colour diagram of the sample is shown in

Fig. A1. These stars are mainly G, K and M giant type stars. How-

ever, a comparison of MSX and 2MASS observations of the LMC by

Egan, van Dyk & Price (2001) indicated that the spatial distributions

of these stars are more likely galactic foreground objects rather than

LMC stars. We identify 24 warm excess stars, 10 of which were

within 45 arcsec of an IRAS source. The LMC IR excess stars can

be found in Table S4.

The excess stars are nearly all supergiants; the objects with

H–K > 0.70 are well-known Be supergiants, and their extreme H–K

colours are a result of strong K-band excess from the star’s hot dust

disc. Interestingly, the colours of the Be supergiants overlap with the

Herbig stars observed in the Galactic plane (see Fig. 4). The stars

with blue H–K < 0.2 colours and large excesses are young massive

stars. The lower excess stars are late-type stars with circumstellar

material and the well-known luminous blue variable, S Dor.

A correlation of the Small Magellanic Cloud (SMC) MSX mini-

catalogue (containing 243 sources) with Tycho-2, yielded 55 asso-

ciations. 54 of these stars have 2MASS counterparts and 42 have

spectral types. An H–K K–[8] colour diagram of the SMC sample

is shown in Fig. A1. We identify four excess stars (four warm). Of

these, none was detected by IRAS. The excess stars found in the

SMC were known or suspected late-type supergiants. The SMC IR

excess stars are listed in Table S5.

A3 Star-forming regions outside the Galactic plane

Here we discuss only the regions that are outside the Galactic plane,

and hence are not part of the Galactic plane survey discussed earlier.
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Figure A1. Near–mid-IR colour diagram of the IRAS gaps (5215 stars; left), the LMC (squares; 523 sources) SMC (asterisks; 54 sources; centre) and the

non-Galactic plane star-forming regions observed by MSX (right). In the right-hand panel, the different regions are indicated by the following symbols: times

symbols, G159.6–18.5; triangles, G300.2–16.8; squares, Orion nebula (A and B); circles, Pleiades; asterisks, S263. The excess cut-off is shown in all the

diagrams by a dashed line.

The following star-forming regions were imaged during the MSX

mission (see Kraemer et al. 2003, for full details).

The Orion nebula (A and B), the H II region S263, the IRAS

loop G159.6–18.5 associated with the Perseus molecular cloud,

the Pleiades star cluster and G300.2–16.8, an isolated cloud in

Chamaeleon associated with IRAS 11538–7855. We have searched

the MSX Point Source mini-catalogues associated with each of the

regions for Tycho-2 and 2MASS counterparts. The searches found

160 MSX–Tycho-2–2MASS sources in Orion, 41 in S263, 53 in

G159.6–18.5, 51 in the Pleiades and 54 in G300.2–16.8.

We show the K–[8] H–K colour diagram for these star-forming

regions in Fig. A1. The majority (78 per cent) of the IR excess stars

in the star-forming regions are found in the Orion nebula. In the

star-forming regions we identify 51 excess stars (46 warm, four hot,

one cool). Of theses sources, approximately 80 per cent were within

45 arcsec of an IRAS point source. The excess stars tend to split into

the Herbig stars with H–K > 0.5 and variable stars of Orion type

H–K < 0.5. The IR excess stars found in the star-forming regions

are in Table S6.

S U P P L E M E N TA RY M AT E R I A L

The following supplementary material is available for this article

on-line.

Table S2. The entire Galactic plane sample of Tycho-2 stars with

IR excess.

Table S3. IRAS gap Tycho-2 stars with IR excess.

Table S4. LMC Tycho-2 stars with IR excess.

Table S5. SMC Tycho-2 stars with IR excess.

Table S6. Tycho-2 stars with IR excess in star-forming regions

(SFRs).
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