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Abstract. Debris discs around stars were first discovered by IRAS, the Infrared Astronomical
Satellite in 1983. For the first time material orbiting another star than the Sun, but distinct from
a circumstellar envelope, was observed through its far infrared emission. This major discovery
motivated astronomers to investigate those discs by further analysing the IRAS data, using
ground-based telescopes for the hunting of exoplanets, developing several projects using ISO,
the Infrared Space Observatory, and now exploiting IDA, the ISO Data Archive. This review
presents the main ISO results, statistical as well as individual, on debris discs in orbit around
pre-main-sequence and main-sequence stars.
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1. INTRODUCTION
Discs around stars appear during the early stages of stellar evolution. About
4.6 Gyr ago, the Sun - like any other star - formed in a local contraction of
an interstellar cloud of molecular gas and dust. During its first few million
years the Sun was surrounded by a warm rotating disc of gas and dust that on
one hand fed material onto the forming star and on the other hand led to the
formation of comets, planets and planetesimals, asteroids and other objects.
This kind of warm disc is also found around other pre-main-sequence stars,
such as T Tauri stars, Herbig Ae/Be stars and ZAMS stars (Robberto et al.
1999). They contain some original interstellar dust, are optically thick and
extend to a few AU. After a few 107 years, the warm inner part of the solar
disc was dissipated while a cooler debris disc remained in the outer part of the
newly formed solar system. Such a disc contains mainly interplanetary dust
resulting from collisions, is optically thin and extends up to a few hundred
AU. It is such a debris disc that was first discovered by IRAS (Aumann et
al. 1984) around Vega, α Lyr, one of the best calibrated and extensively used
photometric standard in the visual range, then found to radiate more midand far-infrared emission than its photosphere can produce, and also around
α PsA, ε Eri and β Pic. A systematic search for Vega-like discs in the IRAS
survey led to several other identifications but was not very conclusive due to
the limited sensitivity (Backman & Paresce 1993, Plets and Vynckier 1999).
As follow-up of IRAS, several surveys were undertaken with ISO (Kessler et
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al. 1996; Kessler et al. 2003). The most unbiased was obtained by Habing et
al. (1999, 2001) but others concentrated on stars in open clusters (Spangler et
al. 2001), G dwarfs (Decin et al 2000), or selected MS stars (Fajardo-Acosta
et al 1999). Several case studies on the most ISO observed discs are also
presented: Vega and β Pic (Heinrichsen et al. 1998, 1999), ρ1 Cnc (Dominik
et al. 1998), HD 207129 (Jourdain de Muizon et al. 1999), five Vega-like
stars including α PsA (Fajardo-Acosta et al. 1997). Finally ISO spectroscopic
observations evidenced the presence of amorphous and crystalline silicates,
forsterite, PAHs (Meeus et al. 2001, Bouwman et al. 2001) and molecular
hydrogen (Thi et al. 1999, 2001a, 2001b) in the discs of several pre-mainsequence stars . See also two more general reviews on the subject by Lagrange
et al. (2000) and Zuckerman (2001).

2. ISO surveys
2.1. G ENERAL

STATISTICS

Habing et al. (1999, 2001) proposed to determine the incidence of Vega-like
debris discs in a distance limited sample of main-sequence stars. The stars
were carefully selected from Johnson & Wright (1983) who computed farinfrared fluxes for 93% of the 2150 stars in the “Woolley catalog of stars
within 25 pc from the Sun”. After rejecting all stars either too faint for ISO
at 60 µm or for which an infrared excess would be ambiguous to interpret as
a disc, their final selection consisted of 84 main-sequence stars of spectral
types from A to K. Within this range, no spectral type was privileged. The
stars were measured with ISO at 25, 60, 90 and 170 µm in a total observing
time of 65 hours.
Based on ISOPHOT (Lemke et al., 1996; Laureijs et al., 2003) C100 33
minimaps at 60 µm, Habing et al. (1999, 2001) found that 17% of the stars in
their sample do have a disc. Lachaume et al. (1999) determined the age of the
84 stars. It appeared that all stars younger than 300 Myr have a disc, 70% of
the stars younger than 400 Myr still have a disc but this is the case for only
8% of the stars older than 1 Gyr. Thus it seems that most stars arrive on the
main-sequence surrounded by a disc, and for the majority of them the disc is
dissipated within a few hundred Myr (Figure 1). The decay of the discs is attributed to the destruction and escape of planetesimals; indeed the collision of
planetesimals is a good source of dust, necessary to replenish the disc because
dust particles disappear on a much shorter timescale relative to the lifetime of
the discs. The timescale of the dissipation of the disc corresponds to the end
of the heavy bombardment phase in the Solar System, which is identified by
dating the cratering on the Moon, Mercury, Ganymede and Callisto. Craters
are due to impacts from planetesimals and this bombardment appears to have
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Figure 1. Cumulative distribution of stars with an infrared excess, as a function of the index,
sorted by age. X-axis is rank at the bottom and age at the top of the figure. Y-axis is the
number of stars up to that rank which have a disc. Each dot on the figure represents a star of
the sample. For each star with an infrared excess, Nex increments by one. The two segments
of a continuous straight line correspond to the perfect situation in which most debris discs are
no longer detectable after 400 Myr (from: Habing et al. 2001).

stopped about 4 Gyr ago (Shoemaker & Shoemaker 1999, Morbidelli et al.
2001). Thus the timescale of 400 Myr would not trace, properly speaking, the
disappearance of the dust discs, but the termination of the production of dust
by collisions of planetesimals, hence the drastic reduction in the occurence of
these larger bodies (Jourdain de Muizon et al. 2001).
Using 25 µm ISOPHOT data on 81 stars from the Habing et al. (2001)
sample, Laureijs et al. (2002) found that 5 stars (6%) have an infrared excess
that can be attributed to a disc of dust temperature between 50 and 120 K.
The 5 stars are younger than 400 Myr, thus indicating that warm debris discs
are relatively rare and concern the younger stars only. The survey confirms
that there seems to be an absence of detectable amounts of dust close to the
stars (D  20 AU). From a survey of 38 main-sequence stars using IRAS and
ISOPHOT data, Fajardo-Acosta et al. (1999) found no star with a significant
excess at 12 µm, and a fraction of  14% excess stars at 20 µm. However, this
fraction is difficult to interpret since the ISOPHOT data in their study were
inconclusive and the detections needed confirmation. The absence of 12µm
excess indicates that the discs are not warmer than 200 K. Finally Jourdain de
Muizon & Laureijs (2005) found 3 more excess stars at 60 µm and one more
at 90 µm by exploring the ISOPHOT chopped data which had been obtained
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at an early stage in the ISO mission but were later replaced by minimaps (see
Habing et al. 2001).
2.2. G STARS
Decin et al. (2000) studied the incidence of the Vega phenomenon around
G dwarfs. The stars were selected from the CORALIE sample (planet-search
programme around stars closer than 50 pc and of spectral type from F8 to M1,
excluding giants and faint cool dwarfs). Only southern stars were considered
and the main selection criteria were observability and detectability by ISO
at 60 µm. Confused systems such as multiple stars and those against a high
cirrus background were rejected. Finally, this ISO programme consisted of
69 stars, 34 of which were effectively observed and results are given for 30
of them (ISOPHOT minimaps at 60 µm).
Of the 30 G dwarfs in Decin et al. (2000), 5 (17%) have a debris disc and
4 out of these 5 are older than 3 Gyr. This is in good agreement with Habing
et al. (2001) who have 21 G dwarfs in their sample and find than 4 (19%) of
them have a debris disc; 3 out of these 4 are older than 5 Gyr (they are part
of their 8% stars older than 1 Gyr and which still have their disc, see Sect.
2.1). However, 2 of the excess stars in Decin et al. (2000) have fractional
luminosities of their disc comparable to the disc of β Pic which was a unique
case so far, whereas the others and all the discs around G stars in Habing
et al. (2001) are between one and two orders of magnitude fainter. Also no
correlation was found between the existence of a disc and a planet around the
stars of the Decin et al. (2000) sample.
Thus for both groups of authors, about 18% of the G stars do have a disc
and about 80% of these discs are around G stars older than 3 Gyr. Why do G
stars appear to keep their discs longer than A, F or K stars is not yet understood. Around the Sun, the zodiacal light and the Kuiper Belt are probably
some remnants of the earlier disc.
2.3. S TARS

IN OPEN CLUSTERS

Spangler et al. (2001) used ISOPHOT to observe a total of 148 stars, of which
87 young (50–700 Myr), nearby (d < 120 pc) main-sequence stars in open
clusters (α Persei, Coma Berenice, Hyades, Pleiades, UMa) of spectral type
A to K, 41 T Tauri stars in the clouds Chamaeleon I, Scorpius and Taurus (d 
140 150 pc), and a sample of 19 isolated young nearby field stars (d < 60 pc)
and another field star. They obtained ISOPHOT chopped observations with
the C100 detector at 60 and 100 µm or raster at 60 and 90 µm. The goal was
to determine an evolutionary sequence for circumstellar disc characteristics,
hence their choice of well-studied clusters in which stellar ages are fairly
well defined. Although spectral types span the range A to K the authors gave
a preference to solar-type stars and priviledged spectral types F and G in
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their star selection. They detected 36 stars, of which 33 show evidence for a
far-infrared excess, i.e. 22% of their hole sample. More than one third were
already thought to have an IR excess in their IRAS data, the rest are new ISO
detections. These latter consist of 13 cluster stars, 5 young field stars and one
other field star, with an ISO excess emission at 60, 90 or 100 µm. Among
the main-sequence excess stars, spectral type F clearly dominates. Given the
sample size of the statistics, the 22% excess stars in Spangler et al. (2001) is
not too far from the 17% in Habing et al. (2001) or in Decin et al. (2000). The
difference is most likely due to the selection criteria, the sample of Habing et
al. (2001) being the most unbiased and homogeneous. Discs around T Tauri
stars are closer to accretion discs (optically thick) and are not properly called
debris discs (optically thin) like those around main-sequence stars. We only
mention them in this ISO review because they are precursors of the debris
discs but they cannot be treated equally when defining the incidence of debris
discs.
A convenient parameter to describe systems exhibiting excess emission
from circumstellar discs is the fractional excess luminosity, fd = Lex =L ,
where Lex is the luminosity of dust and L is the stellar bolometric luminosity.
Although Lex is not easy to estimate as it requires to know the complete
infrared spectrum of the excess, it can be done approximately using both
the IRAS and ISO data. A very interesting result of Spangler et al. (2001)
is how the IR excess evolves with time. They established that the fractional
excess luminosity fd decreases with stellar age according to the power law
fd ∝ (age) 1 76 . This is compatible with a collisionally replenished disc as
suggested in Habing et al. (2001). Spangler et al. (2001) claim they do not see
evidence for an abrupt cessation of the debris disc phenomenon as reported in
Habing et al. (2001). It is indeed not obvious from their Figure 1, but in fact
27 out of their 33 excess stars (82%) are younger than 400 Myr, and the other
6 are between 400 and 625 Myr. This is in perfect agreement with Habing et
al. (2001). It is clear that debris discs are mostly found around young stars.
Spangler et al.’s sample is biased towards young stars anyway. All excess
stars in their sample are younger than the end of the late heavy bombardment
on the Moon.
Robberto et al. (1999) present preliminary results on 97 very young stars
in 5 open clusters, 3 of which are in common with those in Spangler et al.
(2001), namely Chamaeleon, α Per and Pleiades, and they are all younger
than 300 Myr. Using ISOPHOT with the C100 detector at 60 µm and P2
detector at 25 µm they detected only 4 stars, i.e 4.1% of their hole sample.
The 4 stars detected are all T Tauri stars in the Chamaeleon I cluster; 3 of
them are classical T Tauri stars which are still in the accretion phase (there
are only 6 such stars known in this cluster) and the fourth one is probably in
the transition phase. Their results show that the transition from an optically
?

?

:
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thick disc (or accretion disc) to an optically thin one (or debris disc) occurs on
a timescale of  10 Myr, with a transition phase lasting less than  0.3 Myr.
2.4. R E - ANALYSIS

OF THE ABOVE SURVEYS

Greaves and Wyatt (2003) have addressed the issue of the incidence of debris
discs among A- and G- type main- sequence stars from the various published
ISO surveys and some IRAS discs (about 200 stars). Their analysis shows a
much higher detection rate of debris disks towards A stars (9/20 hence 45%)
than G stars (11/180 hence 6%), and this big difference in disc detection rate
applies even when stars of similar age are considered. From the observations,
disc lifetime is estimated to about 0.5 Gyr and may occur at any time during
the main-sequence life of the star. Disc lifetime and high occurrence of discs
among A stars were two conclusions already reached by Habing et al. (2001),
but they are now also verified on a much larger sample. The fact that A stars
have a much shorter lifetime and a larger disc mass than G-stars, implies the
disc lifetime is a much higher fraction of the star lifetime in A stars than in Gstars and thus it is not surprising that A stars discs are more often seen than in
G stars and also often seen in the first half of the A star lifetime (i.e. younger
than 500 Myr). The disc mass scans a range of about 100, decline with time
is slow and follows a power law not steeper than t 1 2 . The conclusion that
the debris disc lifetime can take place at any time during the main-sequence,
and not necessarily at the beginning of the stellar life, would account for the
existence of a few detected debris disks around some old G stars. According
to the models (Kenyon & Bromley 2002a, 2002b), perturbing planetesimals
can form slowly at large orbital radii as late as a few Gyr, thus producing
dust by collisions and replenishing a disc, but the same models cannot really
explain the more or less constant disc duration of about 0.5 Gyr. Also based
on the various ISO surveys, the age dependence of the Vega phenomenon has
been studied observationally and theoretically respectively by Decin et al.
(2003) and Dominik and Decin (2003). Decin et al. (2003) have critically reexamined the stellar age estimates from the existing ISO surveys. Two aspects
are to be considered: i) the time dependence of the disc dust mass, measured
by fd the fractional (i.e. disc/star) luminosity and ii) the incidence of debris
discs versus stellar age. Decin et al. (2003) came to the conclusion that there
is no clear trend in the time dependence of fd , in particular no power-law
with an index of  2 (e.g. Spangler et al. 2001), but rather a large spread
irrespective of stellar age. However, for a given stellar age, the maximum fd is
about 10 3 (upper cut-off). They also identify a few cases of very young stars
with intermediate or small excess (i.e. below the lower cut-off for fd which
is about 10 5 ), and they conclude that Vega-like stars are more common in
young stars that in old stars, a conclusion which had already been reached
by Habing et al. (1999). The results of Decin et al. (2003) are in agreement
=
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with Habing et al. (1999, 2001) who had the most unbiased sample of the
ISO Vega-like studies (see Sect. 2.1). They differ significantly from those of
Spangler et al. (2001), but that could be explained because the latter studied
mainly stars in clusters, thus of similar age and evolution pattern, hence the
rather steep power law they could derive for fd versus time. Dominik and
Decin (2003) have tried to provide a coherent theoretical picture of the various ISO observations of debris discs. On one hand, without replenishment,
the dust in a debris disc should disappear in few thousands years under the
Poynting-Robertson effect, i.e. a drag on interplanetary particles caused by
their interaction with solar (respectively stellar) radiation, which causes the
particles to lose orbital momentum and spiral into the Sun (respectively star).
On the other hand the discs last much longer than a few thousands years
and some of them are seen in old stars, thus the dust must be replenished. The
model must account for both the existence of the disc at a given stage of stellar
evolution and also the disc evolution (from its formation to its dissipation).
The former needs an accurate knowledge of stellar ages, the latter an accurate
estimate of fd . According to Dominik and Decin (2003) the ISO observations
can be explained by a simple model of collisional cascades, completed by
some stirring in the case of high mass discs (cf. Kenyon & Bromley 2002b). In
a collisional cascade scenario where collisions occur with constant velocities,
the decrease of the amount of dust can be described by a power law of index
-1 and this applies to all observed debris discs. In the case of very low mass
discs (about 10 3 M , practically unobserved so far), the slope of this power
law can be of the order of -2. In a scenario where the collisional cascade is
continuously stirred (because the collision velocities increase with time), the
power law slope can be steeper than -1.
3. Case studies
A few stars were observed rather extensively and with several ISO observing modes or instruments because they were particularly interesting cases.
The best examples are α Lyr (Vega), β Pic, α PsA (Fomalhaut), ρ1 CnC and
HD 207129.
3.1. V EGA

AND

β P IC

The most detailed ISO studies of the discs around these two prototypes of debris discs are found in Heinrichsen et al. (1998, 1999). They are summarized
in Table 1.
Based on the 25 µm ISO data, the authors argue that the disc around β Pic
is in fact much more massive than the cool dust derived from the ISO 60 µm
emission. They suggest that there is some warm dust (300 to 500 K), extension of the inner disc seen in the optical, and a significant amount of cool
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Table I. ISOPHOT results on Vega and β Pic
ISOPHOT

Vega

β Pic

High resolution
scans

60µm (P32/C100)

25, 60 µm

Disc resolved

Yes: face-on

Yes: edge-on

Distance

7.8 pc

19.3 pc

Disc radius

86 AU at 60 µm
140 AU at 90 µm

84 AU at 25 µm
140 AU at 60 µm

MultifilterPhotometry

25, 60, 80, 100, 120,
150, 170 & 200 µm

4.85,7.3,11.3,12.8,16,25
60,80,120,150&170 µm

Adopted
dust emissivity

Q(λ) ∝ 1=λ1:1

Q(λ) ∝ 1=λ

Dust mass
in disc

1

Reference

5  10



3M

1:0

3:3  10



2M

Habing et al. 2001:
1:3 13  10 4 M

Habing et al. 2001:
1:2 12  10 2 M

Heinrichsen et al.1998
Proposal: Walker

Heinrichsen et al.1999
Proposal: Heinrichsen

dust in addition to that seen by ISO. The star could be surrounded by a large
‘Oort’ cloud of comets.
Walker & Heinrichsen (2000) present ISOPHOT-S spectra (from 6 to 12 µm)
of 12 Vega-like stars including the four ‘prototypes’ (Vega, β Pic, Fomalhaut
and ε Eri) in search for silicates and PAHs features in debris discs. They
found silicate dust emission towards two stars (HD 144432 and HD 139614),
emission from carbon-rich molecules towards two others (HD 169142 and
HD 34700) and emission from both towards HD 142666. For all their other
stars, including the four ‘prototypes’, either only the photosphere is seen at
these mid-infrared wavelengths, or some thermal featureless excess. The authors also present preliminary ISOPHOT maps at 60 and/or 90 µm, thus giving
some insight in the extent and structure of the discs. The authors argue that
the discs could be in the early stage of planet formation. However they give
no accurate information on stellar age, hence the question: “Are the above
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features emitted by dust in a debris disc or in a much younger and thicker
envelope or disc?”.
3.2. α P S A
Fajardo-Acosta et al. (1997) have obtained P32 maps with ISOPHOT-C100
at 60 µm, with a spatial resolution of about 3000 for six Vega-type systems. At
60 µm there is no excess emission detected towards α CrB, σ Her or α Cen.
There is a marginal detection of extended emission, out to  800 AU or 3000
from the star γ Oph. Only α PsA in their sample shows a convincing excess
emission in the range  3000 to 8000 i.e.  210 to 560 AU, confirming the
IRAS temperature of 58–75 K and suggesting grains up to 10 µm in size.
They estimate a dust mass of  (2–6)10 3 M . A comparison with β Pic
shows that both discs are similarly extended at 60 µm (400 AU for β Pic vs.
560 AU for α PsA).
3.3. ρ1 C N C
The star ρ1 CnC is among the first 10 stars found to host a planet. In 1996,
following the news of a planet around ρ1 CnC, a special set of ISO observations was requested and carried out to search for a disc. The star ρ1 CnC was
observed with ISOPHOT at 25 µm (PHT03), and at 60, 90, 135 and 170 µm
(PHT22). Dominik et al. (1998) found an excess of 170  30 mJy at 60 µm.
They interpreted it as a debris disc located at about 60 AU from the star and
containing at least 4  10 5 M of dusty material. The star is a G8V, slightly
metal-rich, located at a distance of 12.5 pc from the Sun. From CaII H and K
lines, its age was estimated to be 5 Gyr. Butler et al. (1997) detected the presence of a planet of period 14,65 days, implying a semi major axis of 0.11 AU.
The inferred mass is M2 sin i = 0:84MJup . The far-infrared ISO excess was
interpreted as a disc after any other possible origin had been examined and
eleminated (companion M5, planet, cirrus knot in the background). The farinfrared spectrum of the excess is best fitted using cometary icy dust grains
from the dust model by Li & Greenberg (1997) as seen in Figure 2 of Dominik
et al. (1998). These observations brought the first evidence of the coexistence
of a disc and a planet around a star other than the Sun.
3.4. HD 207129
This solar-type (G2V) star is particularly interesting because of its cold debris
disc, maybe one of the coldest observed so far. It caught the attention of
Jourdain de Muizon et al. (1999) when they found a clear excess not only
at 60 µm, but also at 170 µm in their ISOPHOT-C200 data. Additional discretionary ISO observations were requested and obtained to get a more complete
infrared spectrum of the disc. Based on the independent measurements of the
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CaII K line made by two groups of authors (Pasquini 1992 and Henry et al.
1996), Lachaume et al. (1999) determined a stellar age of 4.7 Gyr similar to
that of the Sun, adopted by Jourdain de Muizon et al. (1999) and Habing et
al. (2001). Zuckermann & Webb (2000) argue that the star is a member of
the Tucanae stream and must be as young as the Tucanae association (10–
50 Myr) which is located at  45 pc. That is 3 times further than HD 207129
which is located at 15.6 pc from the Sun, according to the Hipparcos Catalogue (Perryman et al. 1997). This significantly weakens the possibility of
its belonging to the Tucanae stars. In any case the age of the star is less of
an issue if it is young because it would then strengthen the case of Habing
et al. (1999, 2001) that debris disc is the privilege of young stars (less than
400 Myr). HD 207129 is indeed one of the few puzzling exceptions in their
study.

Figure 2. The infrared excess toward HD 207129. Comparison between two different dust
compositions. The dashed line indicates a Draine & Lee (1984) interstellar grain model, the
solid line a Li & Greenberg (1997) cometary dust model. The two cases differ most around
30–40 µm, but they both fit the remaining far-IR excess equally well (from: Jourdain de
Muizon et al. 1999).

The infrared excess around HD 207129 is shown in Figure 2. The star
emits approximately 1:1  10 4 of its luminosity longwards of 25µm. The
excess emission is explained by assuming a disc of dust-like material equivalent to 2  10 2 M . The dust temperature ranges from 10 to 50 K, which
makes it the coldest debris disc around a Vega-like star known to date. The
dust distribution in the disc presents a circular hole at a distance of  400 AU
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from the star. This hole should be filled within 10 3 of the stellar age by
particles spiralling inward because of the Poynting-Robertson effect unless
an agent sweeps it clean. It could thus be explained by the presence of one or
more planets.

4. Dust and gas composition of the discs
Debris discs are essentially made of dust particles and larger bodies; however,
these latter cannot be detected by ISO. In addition, the younger discs may still
have a significant gas component. Before ISO, any attempt to trace the gas
via CO molecular bands was unsuccessful. Direct measurement of H2 with
ISO–SWS (de Graauw et al. 1996) has made a real break-through toward
understanding the gas composition of very young discs.
4.1. D UST

COMPOSITION

Amorphous silicates (r<1 µm) were detected in the ISOPHOT-S spectra of 9
classical T Tauri stars in the Chamaeleon I dark cloud (Natta et al. 2000). They
discuss a model which explains the origin of this material in a hot, optically
thin surface layer of a disc around the star, i.e in the disc atmosphere.
Crystalline silicates were detected by van den Ancker et al. (2001) toward the pre-main-sequence (B9.5Ve, A0II-IIIe or AOV ?) star 51 Oph, using
SWS01 and LWS01 (Clegg et al. 1996; Gry et al., 2003) full scans. The solidstate bands and energy distribution indicate that the dust has formed recently;
it is a very young disc, not a debris disc. Other emission bands from hot gas
( 350 K) such as CO, CO2 , H2 O and NO dominate the 4–8 µm spectrum.
Both these gas and dust bands are unusual for a young star and are more
typical of evolved AGB stars, although 51 Oph does not seem at all to belong
to that class. The authors explore various possibilities for the nature of 51
Oph, among them a recent episode of mass loss from a Be star, the collision
of two gas-rich planets and the accretion of a solid body as the star expands
at the end of its short main-sequence life.
A variety of crystalline silicates, forsterite (Mg2 SiO4 ), has been found
toward the star HD 100546. Malfait et al. (1998) present SWS01 and LWS01
full scans of this isolated Herbig Ae/Be star. Forsterite is present in the micrometeorites and interplanetary dust of our Solar System. The ISO spectrum
of HD 100546 is very similar to that of comet Hale-Bopp published by Crovisier et al. (1997). The amount of forsterite in the disc of HD 100546 is
equivalent to 1013 comets Hale-Bopp, strengthening the hypothesis by Grady
et al. (1997) that the disc around HD 100546 contains a huge swarm of comets
similar to the Oort cloud in the Solar System. Crystalline silicates have also
been found in several other comets such as P/Halley. Malfait et al. (1998)
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argue that the crystallisation process occurs during the early phases of disc
evolution around young stars.
The ISO-SWS and -LWS spectra of an additional 14 isolated Herbig Ae/Be
stars are presented in Meeus et al. (2001). These stars are believed to be the
more massive analogs of T Tauri stars; they are seen as the progenitors of
Vega-like stars (Waters & Waelkens 1998). Meeus et al. (2001) obtained a
variety of mid-infrared spectra ranging from the amorphous silicates (as in
the M supergiant µ Cep) to the crystalline silicates (as in comet Hale-Bopp).
The variations in the shape of the 8–14 µm part of the spectra indicate the
prominence of one or the other form of silicates. Four out of the fourteen stars
have no silicates. In most silicate stars in their sample, crystalline silicates are
present; this is confirmed by the shape of the 15–28µm ISO–SWS spectra of
the stars. PAH bands are also identified toward half of the stars, and all features are superposed on a near-IR to mid-IR continuum excess. The authors
interpret the continuum in term of disc geometry: an optically thick, geometrically thin, power-law component and an optically thin flare region (black
body component). Bouwman et al. (2001) got a further detailed insight into
the 6–14 µm spectrum of these stars in order to study the silicate grain processing. The 10 µm silicate profile is modelled using three components: silica
(SiO2 ) responsible for the 8–9 µm blue shoulder in the silicate band, forsterite
contributing to the 11.3 µm feature, and amorphous olivine with two typical
grain sizes of 0.1 and 2.0 µm. They identify two causes for the observed shift
in peak position of the silicate band: i) a change in average grain size from
small (0.1 µm) to big (2 µm), as a result of the depletion of small grains in the
inner region of the disc, due to coagulation and other effects, ii) a change in
grain composition from amorphous silicate to a mixture of amorphous and
Mg-rich crystalline silicate (forsterite) which could be the result of thermal
annealing in the inner regions of the disc. However crystallisation occurs on
a longer timescale than coagulation. There is no correlation between dust
composition and disc geometry.
4.2. G AS COMPOSITION : H2
Before ISO, any attempt to detect a gas component in Vega-like discs had
been unsuccessful or inconclusive (see e.g. Liseau 1999). The classical method
of tracing molecular hydrogen by observing CO, widely applied in the interstellar medium, did not seem to help. Thi et al. (1999) discovered molecular
H2 in the ISO–SWS spectra of the T Tauri star GG Tau. The detection of
two pure rotational lines at 17.035 and 28.218µm provided a direct measure
of the total amount of warm molecular gas in the disc around the star. The
same group (Thi et al. 2001a, 2001b) found H2 lines in the SWS spectra of
4 T Tauri stars (spectral type K to M), 7 Herbig Ae stars (spectral type A to
F), and 3 main-sequence stars including β Pic (spectral type A to F). Their
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data suggest the presence of warm gas (T  100 200 K), which mass ranges
from  10 4 M up to 8  10 3 M , around all the stars they observed. This
mass corresponds to 1%–10% of the total disc mass inferred from millimeter
continuum observations, and a much higher fraction in the case of debris
discs. Additional CO observations show that CO is not a good tracer of the
gas in circumstellar discs. The amount of CO gas is likely strongly affected by
photodissociation due to the stellar and interstellar ultraviolet radiation in the
surface layers of the disc and freeze-out onto grain surface in the midplane.
Direct measurement of H2 leads to a gas-to-dust ratio of  100 in the debris
discs of β Pic and HD 135344, similar to the interstellar medium ratio. The
bulk of the gas around pre-main-sequence stars is cool (T  20 80 K), while
the warm gas (T  100 200 K) may constitute the major gaseous component
of debris discs around main-sequence stars, thus providing a reservoir for the
formation of Jovian planets.

5. Conclusion and open questions
The ISO Data Archive has not yet been fully exploited as far as debris discs
and their precursors are concerned. Several aspects of disc evolution are not
well understood. Why and how do most discs disappear after a lifetime of
about 400 Myr ? Why do some stars keep a disc for much longer, up to
several Gyr ? Do discs coexist with planets ? Is it systematic, and if not,
what conditions lead to a disc-planets or disc-only system ? Does it depend
on the stellar spectral type ? Which physical and chemical processes occur
during the evolution of a disc ? Although the ISO data has already provided
partial answers to some of these questions, it is clear that our picture is still
incomplete. Beyond the IDA, space projects such as Spitzer and the Herschel
Space Observatory do and will follow up ISO observations of debris discs.
Spitzer has a similar wavelength range as ISO but a higher sensitivity; it is
able to probe deeper and, hence, perform similar kind of statistics as ISO but
on a larger volume around the Sun, thus expected to detect photometrically
hundreds of debris discs. Some preliminary Spitzer results on the few brightest discs also address the structure of the discs, dust grain composition, and
search for substellar companions. Herschel will open a new window since it
extends to the submillimeter range. This will allow to trace the cold component of the discs such as the dust located in the Kuiper Belt, the Oort cloud
and still further from the star.
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