
Circumstellar discs: What will be next?
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Abstract This prospective chapter gives our view on the evolution of the study of
circumstellar discs within the next 20 years from both observational and theoretical
sides. We first present the expected improvements in our knowledge of protoplan-
etary discs as for their masses, sizes, chemistry, the presence of planets as well as
the evolutionary processes shaping these discs. We then explore the older debris
disc stage and explain what will be learnt concerning their birth, the intrinsic links
between these discs and planets, the hot dust and the gas detected around main se-
quence stars as well as discs around white dwarfs.

Protoplanetary discs

Protoplanetary discs are the discs of gas and dust that surround a significant
fraction of stars with ages less than a few - 10 Myr. The best studied exam-
ples are located in nearby star forming clouds (typically around 150 pc from
the Earth) but evidence of discs is found in more distant clusters and even in
star forming regions in the Magellanic Clouds. Protoplanetary discs are often
termed ‘primordial discs’ in order to indicate that they are composed of mate-
rial from the local interstellar medium which has collapsed into a centrifugally
supported disc around the young star. Their typical gas and dust inventories
(tens of Jupiter masses and tens to hundreds of Earth masses respectively)
imply that at this stage they have sufficient material to form (exo-)planetary
systems. Nevertheless, it is clear that not all the material in protoplanetary
discs is destined to turn into planets. There is good evidence that there are
significant accretion flows from the discs onto their central stars while winds,
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either magnetohydrodynamical or thermal, are likely to play a role in dispers-
ing such discs after a few Myr.

The properties of protoplanetary discs

Disc masses

Currently there is considerable uncertainty about the robustness of the techniques
used to assess disc gas mass. In default of better indicators, the traditional approach
has been to assess dust mass from the mm continuum flux and convert to a total
gas mass by assuming a dust to gas ratio of 1:100 as in the interstellar medium.
This is a questionable assumption since there are a variety of processes that can
drive differential evolution of dust and gas within discs. Direct gas measurements
are however hard: since the infrared lines of molecular hydrogen (the dominant gas
species) are weak and do not trace the bulk of the gas mass (e.g. Pascucci et al.
2013), proxy molecules, particularly CO, are used instead. Although the most abun-
dant isotopologue of CO (12CO) cannot be used as a mass tracer because it is usually
optically thick, the high sensitivity of ALMA permits measurements of the rarer iso-
topologues, 13CO and C18O (Williams & Best 2014) and these are converted into
total gas mass assuming an abundance equal to that in the dense interstellar medium
(Lacy et al. 1994). CO based total gas masses are however much lower than those
obtained from dust measurements and, when combined with measurements of ac-
cretion onto the central star, can imply disc lifetimes much less than the system
age (Manara et al. 2016). While the problem can be partially mitigated by careful
treatment of photodissociation and freeze-out of CO (e.g. Miotello et al. 2014), the
low values of CO based gas mass estimates have been challenged by HD 1-0 line
measurements from Herschel (Bergin et al. 2013) which imply gas masses that are
a factor 3 to 100 higher than those based on CO. Current modelling (Trapman et al.
2017) suggests that carbon depletion is the most likely source of this discrepancy.

This uncertainty about disc gas masses implies uncertainties about the envi-
ronment of forming protoplanets and even the planet formation mechanism. Disc
mass is a crucial discriminant between the two main competing models for gas gi-
ant planet formation (i.e. core accretion versus gravitational instability; Lissauer &
Stevenson 2007; Durisen et al. 2007), since the latter requires disc masses that are
in the region of 10% of the central stellar mass. High resolution imaging (e.g. in
the submm continuum with ALMA) can however provide an alternative tool for as-
sessing whether the conditions for gravitational instabilty are in fact being met (see
Tobin et al. 2016 for evidence of a disc undergoing gravitational fragmentation,
albeit on a stellar rather than planetary scale and Perez et al. 2016 (Fig. 1) for disc
spiral structure which may be interpreted as evidence for gravitational instability in
the disc).

Ultimately, the issue of disc gas mass will not be settled definitively until HD 1-0
measurements become available for a broader range of systems and even then their
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Fig. 1 An example of spiral structure on a scale of 100-200au in the young star Elias 227 obtained
by applying unsharp masking to a high resolution ALMA continuum image (Perez et al. 2016).

interpretation will need a sophisticated modelling effort combined with information
from high resolution mapping in other tracers such as CO. From 2018, further HD
measurements will become available using the HIRMES instrument aboard SOFIA
(Trapman et al. 2017), while there are more distant possibilities of achieving still
higher sensitivity via the proposed SAFARI instrument on SPICA (Roelfsema et al.
2014).

Disc radii

In recent years, it has become possible to measure disc outer radii in both gas (CO
lines) and dust (generally mm continuum). The increased spatial resolution and sen-
sitivity of mm arrays has allowed surveys to sample the diversity of protoplanetary
disc sizes: while the largest discs extend over many hundreds of au (Guilloteau et
al. 2011, 2013) there are other systems for which the spectral energy distribution
as measured by Herschel implies dust only within an au of the star (Bulger et al.
2014). There is also a general trend for discs to be more compact in dust than in

gas (Panic et al. 2009; Pietu et al. 2014), a result that can be readily understood
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in terms of inward radial migration of dust (Birnstiel & Andrews 2014). Indeed
it has recently become apparent (e.g. Pietu et al. 2014) that discs that are faint in
the mm continuum (which had previously been interpreted as having low gas mass)
may instead be merely compact (and thus optically thick in the dust continuum).

Currently there has been little attempt to fit the growing dataset of disc outer
radii into a protoplanetary disc evolutionary scenario. Outer disc radii are important
to planet formation for a number of reasons. First of all, for typical surface density
profiles (Andrews & Williams 2005), the bulk of disc mass is contained at large
radius, even if planets only form in the inner regions of the disc, their natal envi-
ronments are probably re-supplied by flows of gas and solids from large radii. Outer
disc radii also indicate the processes shaping disc evolution, which are important for
the migration of protoplanets in the disc. Protoplanetary discs are often modelled as
conventional viscous accretion discs in which radial inflow in the disc is driven by
redistribution of angular momentum to large disc radii resulting in an increase in
outer disc radius with time (e.g. Hartmann et al. 1998). On the other hand, recent
modelling suggests that the dominant evolutionary driver may instead be large scale
magnetohydrodynamical winds (Bai 2013; Simon et al. 2013) which, in removing
angular momentum from the disc, may instead cause the secular decrease of disc
radius with time. A further complication is that even the rather mild ultraviolet ra-
diation fields in star forming regions are likely to drive significant winds from the
outer regions of discs by photoevaporation (e.g. Facchini et al. 2016) which should
cause shrinkage of disc gas at late times (Clarke 2007; Anderson et al. 2013).

Grain growth

An area of recent progress has been the quantification of grain growth in proto-
planetary discs. In the core accretion scenario it is a fundamental tenet that grains
grow from the sub-micron scales of dust in the interstellar medium to scales where
they ultimately coalesce into planetary cores. While it is still unclear whether this
involves direct growth to planetesimal (km scale) bodies or instead the accretion of
(roughly cm scale) ‘pebbles’ (Lambrechts & Johansen 2012), both variants imply
that discs should evidence grain growth. Such evidence has been widely available
through compilation of submm spectral indices which are sensitive to the maximum
grain size in the dust population: if dust grows such that the size scales dominat-
ing the cross section are larger than the wavelength of observation, the opacity be-
comes ‘grey’ and thus the spectral slope of optically thin emission simply follows
the Rayleigh Jeans dependence on wavelength. Steeper spectral indices (more flux at
shorter wavelengths) however imply frequency dependent opacity and hence more
compact grains. While indications of grey opacity (and hence grain growth) in un-
resolved observations of protoplanetary discs have been available for over a decade
(Ricci et al. 2010; Testi et al. 2014), it is only with the superior resolution of ALMA
that it has become possible to conduct this experiment as a function of radius within
individual discs (Tazzari et al. 2016). Pilot studies provide strong evidence that the
maximum grain size declines with increasing radius. It is currently unclear whether
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this indicates more efficient growth of grains in situ in the inner regions of discs or
whether the larger grains in the outer disc have already become decoupled from the
more tenuous gas at large radius and undergone rapid inward radial migration (e.g.
Birnstiel & Andrews 2014). Whatever the evolutionary interpretation of this data, it
is evident that ALMA has the capability to address this issue in much larger samples
in the coming years and that this will provide good constraints on the solid material
available to planet formation at various disc radii. It is however worth noting that
this method cannot be applied in the innermost disc - less than about 10 au - due
both to finite resolution and the impossibility of applying this technique in regions
of the disc that are optically thick in the mm continuum. Finally, although ALMA
promises a spectacular increase in our understanding of grain growth to mm scales,
it will be necessary to go to longer wavelengths in order to constrain grain growth
to larger (> cm) scales: ngVLA and the higher frequency bands of SKA offer the
prospect of probing such large grains in the coming decade.

Disc chemistry

We now turn to the intense efforts in recent years to characterise radial variations in
the chemistry of protoplanetary discs. Here again, increases in resolution and sen-
sitivity will facilitate the assessment of chemical conditions as a function of radius
(rather than simply obtaining disc averaged quantities that are difficult to interpret).
An area that is currently in its infancy, due to the difficulties of removing contam-
inating envelope emission, is the chemical characterisation of the youngest, most
deeply embedded discs (i.e. Class 0/I sources: see below). Here, new theoretical
studies are charting the chemical processing of cloud abundance patterns that are to
be expected during the early phases of disc assembly (Drozdovskaya et al. 2015),
as well as possible chemical signatures of shock heating in self-gravitating discs
(Ilee et al. 2011). Such studies can be confronted with ALMA data (Douglas et al.
2013) and with compositional information on cometary ices in the solar system (e.g.
Le Roy et al. 2015) and will help clarify the initial chemical conditions during the
planet formation era.

Considering the large scale distributions of carbon and oxygen in discs, the main
reservoirs of these elements in discs are in the form of CO, CO2 and H2O, with mi-
nority components in carbide and silicate grains. These species transition between
their solid and gaseous phases at their respective snow-lines which are located, for
typical disc model parameters in solar type stars at ∼ 30au, 5au and 2au. There
has been considerable interest in locating CO snow-lines in protoplanetary discs (as
marked by the steep decline in C18O emission and the associated rise in species such
as DCO+ and N2H+ (Qi et al. 2011; Mathews et al. 2013; Qi et al. 2013, 2015),
partly in order to obtain an anchor point for modelling disc temperature structure,
assuming that the CO snow-line should correspond to a local disc mid-plane temper-
ature of around 20K. This exercise is however somewhat complicated by the fact that
the sublimation temperature of CO can vary according to whether it is in the form
of pure CO ice or mixed CO-water ice (Collings et al. 2004). There is neverthe-
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less the prospect that the location of CO snow-lines in large samples of protostellar
discs will provide one of the most direct insights into the thermal evolution of the
mid-plane regions of protoplanetary discs (Panic & Min 2017).

Apart from their interest as disc thermometers, CO snow-lines mark the region
where most of the carbon in the disc makes the transition between solid phase (CO
ice) and gaseous CO. Inward of the snow-line, around 50% of the oxygen in the
disc enters the gas phase as gaseous CO, while, outward of the water snow-line on
a scale of ∼ 1au, the remainder resides in solid form as water ice.

This division of carbon and oxygen between solid and gaseous phases at vari-
ous radii provides the chemical backdrop for planet formation and may in principle
allow determinations of elemental abundances in hot Jupiters to constrain planet
formation models. The mapping from formation scenario to chemical signature is
however complex and somewhat degenerate. While the division of carbon and oxy-
gen into gaseous and solid forms in various thermal regimes is reasonably well
understood, planet formation involves a complex interplay between the accretion
of gaseous and solid phases along with planetary migration. In addition, elemen-
tal abundances are almost certainly functions of radius on account of the fact that
loosely coupled icy dust grains drift inwards relative to the gas; at the same time this
drift can be impeded by grain accumulation in pressure maxima and near ice-lines
(Ida & Lin 2008). Analysis of elemental abundances of material accreting onto the
star (Drake et al. 2005; Ardila et al. 2013; Kama et al. 2015) provides some ev-
idence that objects with structures where dust accumulates do show evidence for
chemical filtration (i.e. a deficit of elements that are retained in the disc in the form
of grains or icy grain mantles). The relationship between chemical fractionation, re-
solvable dust structures in discs and the chemical composition of planets is clearly
an area that requires more thorough exploration (Madhusudhan et al. 2014, 2016;
Booth et al. 2017).

Overall, chemical studies of protoplanetary discs will derive great benefit from
the fact that the high resolution spectroscopy provided by ALMA in the submm and
METIS in the mid-infrared are well matched in spatial resolution (around 50 mas).
This will permit a spatial dissection of disc chemistry on scales of a few au in the
closest star forming regions and will thus directly access chemistry in the planet
forming regions of discs.

Evidence for planets in protoplanetary discs

There are currently relatively few examples of planets discovered in protoplanetary
discs by the methods that are traditional for older planetary systems: evidently the
large radial optical depth of protoplanetary discs rules out transit methods during
the disc bearing phase. Radial velocity detections are impeded by false signals ow-
ing to the active surface features on young stars, whereas imaging studies need to
contend with the possibility of false positives generated by scattering off clumpy
disc features. The former problem can to some extent be mitigated by near-infrared
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spectroscopic monitoring, allowing starspot signals to be distinguished from plan-
ets: this has led to the first claimed detection of a radial velocity planet in a disc
bearing star (CI Tau, Johns-Krull et al. 2016). At an age of only around a Myr this
provides important evidence that at least some gas giant planets can form and mi-
grate to small orbital radii at a very early stage of protoplanetary disc evolution. It
is currently unclear whether the moderate eccentricity of this planet (∼ 0.3) is to be
understood in terms of pumping by the massive disc or whether it requires the pres-
ence of sibling planets (Rosotti et al. 2017). There have also been several claims of
point source detections in protoplanetary discs which may be interpreted as planets
(e.g. Huelamo et al. 2011; Kraus & Ireland 2012; Quanz et al. 2015; Sallum et al.
2015; Thalmann et al. 2015) though none have been confirmed thus far.

The majority of information about possible planetary systems in disc bearing
stars derives from the effect that such planets have upon the disc. Occasionally this
is in the form of a stable periodic feature in disc spectroscopy as in the candidate
hot Jupiter embedded in the vigorously accreting young stars FU Orionis (Powell
et al. 2012). The majority of evidence is however derived from disc structures im-
aged either in scattered light (where it represents a perturbation of small grains at
several scale heights above the disc) or else in submm continuum (where it instead
represents structure in large grains close to the disc mid-plane).

Many but not all of the growing compendium of imaged disc structures have
been found in systems that had been previously classified as ‘transition discs’ on ac-
count of their spectral energy distributions: these evidenced missing emission over
a limited range of wavelengths, which suggested the presence of annuli or holes
devoid of dust. For example TW Hydra (see Fig. 3), a system identified as a tran-
sition disc from its spectral energy distribution (Calvet et al. 2002) has recently
been shown to exhibit a wealth of annular structure in near-infrared scattered light
and submm imaging (van Boekel et al. 2016; Andrews et al. 2016). The term
‘transition disc’ reflected the belief that such discs belong to the evolutionary phase
where they make the transition between optically thick protoplanetary disc status to
debris disc phase (see next section). This is now thought to be not necessarily the
case: many so-called transition discs are vigorously accreting and have very high
mm fluxes (Owen & Clarke 2012; Najita et al. 2015), suggesting that they instead
belong to an early evolutionary stage. Modelling of planet carved structures in discs
initially involved only gas (e.g. Lin & Papaloizou 1979), where it was found that
significant perturbation in the gas required rather massive planets (around a Jupiter
mass or above, Crida et al. 2006). It is now well known (Paardekooper & Mellema
2004; Rice et al. 2006; Zhu et al. 2012; Owen 2014; Zhu et al. 2014; Dong et al.
2015; Picogna & Kley 2015) that observable structures in dust can be produced by
much lower mass planets which hardly perturb the gas. For planets more massive
than 20 Earth masses, drag coupled dust is trapped in the pressure maximum in the
disc just outward of the planet and this trapping is predicted to lead to a hole in the
mm dust distribution. Lower mass planets produce an annular dust feature outside
the planet’s orbital radius but no interior hole. Simulations (Rosotti et al. 2016) sug-
gest that dusty structures in discs produced by low mass planets should be detectable
both in the submm continnum with ALMA and in the infrared using either existing
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instruments telescopes such as SPHERE on the VLT or GPI on Gemini or else in
the thermal mid-infrared using future intruments such as METIS on the E-ELT. The
limits of detectability (around 15 Earth masses) are expected to be achieved with
ALMA.

Apart from the annular structures discussed above, several transition discs exhibit
spiral structure in near-infrared scattered light imaging (Muto et al. 2012; Garufi
et al. 2013; van der Marel et al. 2013; Grady et al. 2013; Christiaens et al.
2014; Benisty et al. 2015; Wagner et al. 2015; Garufi et al. 2016; Stolker et al.
2016). Although such spirals have been attributed to the presence of planets, the

interpretation is not straightforward (Juhasz et al. 2015) since the amplitude of
surface density variations produced by planets (typically several tens of per cent at
most) is much less than the amplitude of variation observed (a factor three or more).
Planets may be able to produce the larger amplitude spirals seen in scattered light
through perturbation of the disc vertical scale height, but in this case the amplitude
of spiral structure in the submm is predicted to be much smaller.

It can be expected that the next decade will see a concerted attempt to compare
spirals seen in scattered light and mm continuum and to use these to try and con-
strain the presence of planets in the disc. The largely null results that have emerged
from planet searches in somewhat older (10-300 Myr) discless stars (Biller et al.
2013; Brandt et al. 2014) at large orbital radii (> 50 au) suggest that much of the
structure is likely to be on small scales. Here the high resolution afforded by ELT
class telescopes in conjunction with ALMA will be essential.

Evolutionary processes in protoplanetary discs

Young low mass stars have been traditionally classified according to the slope of
the infrared spectral energy distribution (Lada & Wilking 1984). It is now widely
believed that the resulting classes, which have increasingly steep spectral energy dis-
tributions (i.e. less flux at longer wavelengths) represent an evolutionary sequence
between objects that are strongly disc/envelope dominated (Class O/I) to those that
are - at least approximately - disc-less (Class III). The majority of disc bearing ob-
jects discussed so far, and indeed the bulk of the disc bearing population, belong to
Class II, a stage where the star is clearly visible in the spectrum in the optical but
where there is also clear evidence of emission at longer wavelengths, largely inter-
preted as stellar radiation reprocessed by disc dust. Despite the uncertainties in disc
masses described above, it is very unlikely that the majority of Class II discs are
sufficiently massive for the disc’s self- gravity to be important compared with that
provided by the central star. At the younger (Class 0/I) stage, this is not necessarily
the case. Models for the collapse of protostellar cores (Vorobyov et al. 2013) pre-
dict that discs should pass through an early self-gravitating phase which is hard to
access observationally, both on account of its relative brevity (∼ 105 years) and the
fact that it coincides with a phase when protostellar systems are deeply embedded
in dust. It is only extremely recently that ALMA has started to reveal examples of
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objects that are probably in this stage and which exhibit both massive spiral features
and, in some cases, the formation of fragments (Tobin et al. 2016; Perez et al.
2016) . Such observations provide vindication for the large body of theoretical and
numerical work which predicts that large amplitude spiral structures (and hence the
possibility of disc fragmentation) should be restricted to the outer regions of young
protoplanetary discs (> 50 au) where the ratio of the cooling time to the dynami-
cal time is short (Gammie 2001; Rafikov 2005, 2009; Clarke 2009): see however
Meru & Bate (2011, 2012); Paardekooper et al. (2011); Rice et al. (2014); Young
& Clarke (2015) for a discussion of the challenging numerical issues involved in
modelling protostellar discs during the self-gravitating phase.

In the next decade it can be expected that ALMA will improve our understanding
of the earliest phases of disc evolution considerably. Although this phase is brief, it
is potentially long enough to allow the formation of planets by gravitational instabil-
ity in the outer disc (Durisen et al. 2007). Spiral modes in the disc can affect large
scale redistribution of material in the disc, and spiral shocks can provide suitable lo-
cations for accelerated early grain growth (Rice et al. 2004; Clarke & Lodato 2009;
Booth & Clarke 2016) and chemical processing (Ilee et al. 2011) . High resolution
simulations, with the capacity to resolve the large dynamic range of size scales as-
sociated with ‘gravito-turbulence’ will form an essential theoretical counterpart to
new observational discoveries.

Turning now to the more abundant lower mass discs which dominate the popula-
tion on timescales of Myr, one of the most important evolutionary processes (apart
from planet formation itself) is the redistribution/removal of angular momentum
from orbiting dust and gas. Any such process drives radial flows, redistributing ma-
terial in the disc and causing accretion on to the star. Since protoplanetary discs
are observed to be accreting at rates which imply a significant fraction of the disc
should be lost to the star over a Myr timescale (Hartmann et al. 1998; Manara et al.
2016), it is clear that protoplanetary discs should be considered as accretion discs.
What is not clear, however, is the process driving this angular momentum transfer.
A front running mechanism for angular momentum redistribution in recent decades
has been the magneto-rotational instability (Balbus & Hawley 1991) a linear in-
stability of weakly magnetised discs under ideal MHD that operates in any disc in
which the angular velocity decreases outwards. While this is found to be effective
for moderately ionised conditions (Davis et al. 2010; Simon et al. 2012), Gam-
mie et al. (1996) first pointed out that finite resistivity should limit the effective
operation of the MRI to regions of suitably high ionisation level and that elsewhere
(between ∼ 0.3 and 10− 30au) the disc has an extensive MRI ‘dead zone’; there
has subsequently been considerable interest in linking the low levels of magneto-
hydrodynamical turbulence in or at the boundaries of such zones with conditions
conducive to planet formation (Regaly et al. 2013; Hu et al. 2016) and to examin-
ing how low effective viscosity in such regions affects the accretion and migration
history of planetary cores (Matsumura et al. 2007; Hasegawa & Pudritz 2013).

Recent years have seen the first attempts to characterise the level of magnetohy-
drodynamical turbulence in discs using spatially resolved observations of molecular
line emission (Flaherty et al. 2015; Teague et al. 2015). The analysis involved is
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highly delicate in that the signature of turbulence in line profiles depends on be-
ing able to accurately subtract away the line profile that is expected from thermal
broadening and Keplerian shear alone. Turbulent levels are found to be low but it is
presently unclear whether they contradict the predictions of MRI generated turbu-
lence.

Meanwhile, a recent change in direction has been provoked by simulations which
include other non-ideal MHD effects in addition to resistivity. In particular, it has
been found that disc regions that were considered to be beyond the traditional MRI
dead zone are subject to strong damping of magneto-hydrodynamical turbulence
by ambipolar diffusion (Bai & Stone 2013; Simon et al. 2013; Bai 2013). This
suppression of the MRI is so effective that accretion cannot be driven at observable
levels unless the disc is threaded by a net vertical field. In this case, however, it
is found that instead of small scale magnetoturbulence driving angular momentum
transport in the disc plane, angular momentum and mass are instead removed in the
form of a large scale magnetohydrodynamical wind. Currently, this conclusion is
based on local (shearing box) simulations and a clear goal for the next decade is to
establish the reality or otherwise of such flows in global simulations (Zhu & Stone
2017).

If this picture of large scale magneto-hydrodynamic winds turns out to be correct
then it will prompt a paradigm shift concerning our understanding of secular disc
evolution and would imply, for example, that discs shrink rather than grow with time
and that in principle a significant fraction of disc gas could be ejected rather than
being accreted onto the star. Currently efforts to test this scenario observationally
are in their infancy and over-lap with efforts to test models for photoevaporation
(see below).

The disc bearing (Class II) lifetime of protoplanetary discs is typically in the
range of a few Myr (Haisch et al. 2001; Fedele et al. 2010). The subsequent evolu-
tionary stage (Class III) is compatible, from the point of view of the spectral energy
distribution, with being essentially disc-less - not only is there no evidence for ac-
cretion on to the star, but the lack of near-infrared excess goes hand in hand with
undetectably low levels of far infrared and submm emission (Duvert et al 2000;
Cieza et al. 2013). For solar mass stars, this places upper limits on the quantity of
mm size dust of less than a few earth masses, which is around an order of magnitude
higher than the quantities (see Fig. 2) of such dust detected in the youngest debris
discs (Panic et al. 2013). Likewise, CO is not detected in non-accreting T Tauri stars
(Hardy et al. 2015), implying that the disappearance of disc dust is correlated with
the dispersal of its gas also. It is still unclear what processes drive disc clearing (i.e.
effect the change from Class II to Class III status) but one thing that has become
obvious is that it cannot be achieved by a simple viscous draining of material on
to the star: an extrapolation of observed disc masses and accretion rates in Class II
sources would imply that they would then lose their infrared excess over hundreds
of Myr and would spend the majority of that period with the colours of optically
thin infrared emission. This is contrary to the observational situation (Ercolano et
al. 2011; Koepferl et al. 2013), where discs are either largely optically thick in
the infrared (although with some transition discs evidencing cleared inner regions
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Fig. 2 The evolution of the mass of dust in mm sized grains from the protoplanetary to the debris
disc phase, with data colour coded according to the spectral type of the central stars. Protoplanetary
and debris discs are well separated in terms of age and dust mass but note the higher upper limits
on detectable dust masses in young systems given the typical distances to star forming clouds Panic
et al. (2013).

in their spectral energy distributions: see earlier) or else essentially disc-less. Some
process, acting on a timescale that is a small fraction of the typical disc lifetime, is
responsible for achieving this final dispersal (see Alexander et al. 2014 for a review
of possible dispersal mechanisms).

It is currently unclear how transition discs fit into this evolutionary scenario. At
the time that they were first identified, first through anomalous spectral energy distri-
butions and then subsequently via targeted imaging, they were believed to represent
a minority class, constituting around 10−20% of all Class II objects. Objects with
such cleared inner regions were thus seen as short-lived immediate precursors of
disc final clearing. While this picture may still have some merit it has become com-
plicated by the recent insights provided by spectacular images such as the ALMA
Science Verification Data on HL Tau (ALMA Partnership 2015) which shows pro-
nounced annular structures in a disc (see Fig. 3) which showed no signature of
partial clearing in its spectral energy distribution and which moreover - from its
high accretion rate - is thought to be a young system. This unexpected evidence of
structure in a disc not previously identified as a transition disc has opened up the
possibility that the majority of Class II discs may turn out to be similarly structured,
in which case such structure (whether produced by a planet or some other agent) is
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Fig. 3 This famous ALMA 1.3 mm continuum image (ALMA Partnership 2015) of annular dust
rings in HL Tau (left) is remarkable in that its spectrum had given no grounds to suspect the
presence of such structure. This raises the possibility that many young discs may contain such
structure. The panel on the right is a simulation by Dipierro et al. (2015) in which three sub-Jovian
mass planets are located at 13,32 and 69au.

not an indication of imminent disc dispersal. Ongoing high resolution imaging pro-
grammes with ALMA based on an unbiased sample of Class II discs will do much
to clarify the incidence and nature of dusty structures in protoplanetary discs.

Meanwhile there are further ways of exploring the mechanism for disc dispersal
through examining the evidence for disc winds. Such winds may represent the MHD
winds described above or else photooevaporative winds driven by ultraviolet/X-ray
radiation, either from the central star or the star forming environment. The theory of
photoevaporation is well developed compared with that of MHD winds (see Clarke
et al. 2001; Alexander et al. 2006; Owen et al. 2010, 2012; Gorti et al. 2015,
in the case of evaporation by the host star and Johnstone et al. 1998; Adams et al.
2004; Facchini et al. 2016 for photoevaporation driven by neighbouring higher mass
stars). Photoevaporative winds are predicted to be a significant sink of mass at radii
beyond a few au and to be important agents of dispersing the last remnants of disc
gas at late evolutionary stages of protostellar disc evolution. The narrow components
of a number of optical and near-infrared lines in protostellar discs (such as NeII and
OI) can be explained by photoevaporation models (Alexander 2008; Ercolano &
Owen 2011) . To date there has been no similar exploration of the observability of
MHD winds, in part on account of the lack of self-consistent global models and in
part because of the observational difficulty of disentangling the signatures of such
winds (which can launch from the inner disc at hundreds of km s−1 ) from that of
similarly high velocity outflows associated with jets.

Mapping at cm wavelengths using the VLA or e-Merlin can potentially provide
observational constraints on the rate of mass loss in ionised flows since imaging
in the free-free continuum can be used to map the distribution of extended ionised
gas around protostellar discs. Currently the resolution attainable (10s of au) offers
the possibility of distinguishing between photoevaporative winds driven by EUV
radiation and the denser conditions produced in the more vigorous X-ray driven
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winds. Such observations will also be confronted with the predictions of global
MHD wind models as these become available.

Debris discs

Debris discs are the circumstellar discs found around main sequence stars.
They are made up of asteroids, comets, dust and gas, all of which may be
interspersed within a planetary system. Planetesimals in these systems collide
and are ground down to dust that is readily detectable through the infrared (IR)
excess it creates. Thousands of such debris discs are known and for around a
hundred, we have been able to make a resolved image of these discs. Many of
these planetesimal belts are cold (T . 100K) and observed in the far-infrared
(as such, they may be considered analogues to the Kuiper belt in our Solar
System). However, dust very close to its host star (T & 300K, analogous to the
Solar System’s zodiacal cloud) is also observed around a significant fraction
of stars. In addition, gas is detected in a growing number of debris discs.
Moreover, dust and gas are also observed around the oldest stars that had time
to transform into white dwarfs.

Far-IR emission from debris disc dust is found around stars of all spectral type.
Detection rates are around 20% for A-K spectral types, with some evidence for a
fall-off in rate toward later spectral types (Eiroa et al. 2013; Thureau et al. 2014).
The debris discs that are detected are much more massive than our Solar System’s
Kuiper belt. There are few dust detections for M-stars, but this does not mean that M
stars do not have discs, since the low luminosity of such stars reduces the detectabil-
ity of any emission in the current surveys. The improved sensitivity of future far-IR
missions (like SPICA) offers the potential to discover more discs around these late-
type stars. The paradigm to explain the observed cold dust emission is that the dust
is produced from a reservoir of big planetesimals that slowly depletes and grinds
down to dust in a process known as a collisional cascade. This is supported by the
(on average) lower infrared emission from older stars. The size of the biggest bodies
composing the belt is not well-known but should be large enough (at least a few km
in diameter) for the belt to collisionally survive for billions of years as observed (i.e.
& 10km, Löhne et al. 2008). These discs can be considered as the left-overs of the
planet formation process, most of which occurred in the protoplanetary disc phase
described in the previous section. As such debris discs provide information on the
outcome of the planetesimal and planet formation processes that went on at earlier
epochs.
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Birth of debris discs

There are still many unknowns as to the origin of debris discs and the different steps
from the protoplanetary disc phase (see previous section) leading to their creation
(see Wyatt et al. 2015, for more detail). For example, it is not yet clear if the plan-
etesimals that replenish the dust seen in debris discs are already present early on in
the protoplanetary disc phase (e.g. in the rings observed in HL Tau or TW Hydrae,
see Fig. 3). Our ignorance is driven by the difficulty of detecting the planetesimals,
but also by a lack of understanding of how to overcome the bouncing barrier (Blum
& Münch 1993) and radial drift (Weidenschilling 1977) that otherwise prevent sub-
µm sized dust in protoplanetary discs growing beyond cm in size. One solution is
that planetesimals form through gravitational instabilities in dense regions of the
protoplanetary disc, perhaps at locations where dust density has been enhanced by
the streaming instability (an instability in which dust grains concentrate into clumps
owing to gas drag leading to their gravitational collapse, Chiang & Youdin 2010;
Johansen et al. 2014). This may mean that planetesimals form at favoured locations
in the protoplanetary disc (e.g., near snow-lines, Schoonenberg & Ormel 2017), or
just outside the gaps carved by planets or in spirals of gravitationally unstable discs
(see Fig. 1). However, since the streaming instability is enhanced when the gas is
depleted relative to the dust (Carrera et al. 2015), it is possible that planetesimals
are preferentially formed late on, while the disc is in the process of having its gas
dispersed by photoevaporation (Carrera et al. 2017).

These different possibilities make different predictions for the radial location and
radial width of the region in which planetesimals would be expected to form which
can be compared with the observed properties of debris discs. Studies of nearby
debris discs around main sequence stars with a range of ages tell us that planetes-
imal belts can be present at up to ∼ 200au, but the known debris belts are more
commonly closer in at ∼ 40au. They are also often in belts that are radially narrow
dr/r = 0.1 (e.g., HR 4796, HD 181327, Fomalhaut; see Fig. 4), although there are
examples of broad belts too dr/r > 1 (e.g. β Pic, see Fig. 5), and systems with belts
at multiple radii (e.g. Ricci et al. 2015). These observations already provide distri-
butions that can be used to constrain models of planetesimal formation, though such
comparisons are only just beginning to be made. However, high resolution imag-
ing of a larger sample of debris discs with ALMA, and later with the coming radio
array SKA, will provide better constraints on the location and width of the planetes-
imal belts in these systems (which is usually inferred indirectly from the emission
spectrum or shorter wavelength data).

Studies of young associations (e.g., the TW Hydra association, or the β Pic mov-
ing group) allow to probe the properties of debris discs straight after their formation.
These show a diversity of disc radii and widths that is not significantly different to
that of the discs of older main sequence stars. Thus, there is no evidence for an in-
crease in disc radius with age (Najita & Williams 2005) as expected in models in
which a debris belt only becomes sufficiently luminous to be detectable once suf-
ficient time has elapsed for planetesimals to grow into Pluto-sized objects (which
takes longer further from the star, Kenyon & Bromley 2008). However, there are
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relatively few debris discs known at this early epoch, and further studies of de-
bris discs close to the transition are needed to assess if there is any evolution other
than the decrease in brightness expected from collisional grinding. With the help
of ALMA and future potential missions such as SPICA, or a 10m-aperture far-IR
surveyor (such as the one proposed by NASA called the Origins Survey Telescope)
it will be possible to identify and characterise debris disc dust levels in nearby star
forming regions.

The evolution of the debris in the transition phase is poorly constrained at present,
yet the dynamics of this transition can result in observable (i.e., testable) phenom-
ena. For example, the dispersal of the protoplanetary disc may sweep the remain-
ing mm-cm sized dust into belts (Alexander & Armitage 2007) that, assuming this
mass does not coalesce into planetesimals, would be both luminous and short-lived.
Sweeping can also occur through interaction with planets that formed closer in,
since these may undergo migration shortly after formation (Wyatt 2003; Capobianco
et al. 2011) or be scattered into an outer planetesimal belt. Bright rings of µm-sized
dust can also be created without in situ planetesimals through the action of gas drag
on such small dust (Takeuchi & Artymowicz 2001). This simply requires an inner
planetesimal belt and a substantial gas disc, and may possibly explain the two nar-
row rings seen in scattered light at 100s of au in HD 141569 despite mm-sized grains
not being detected at these locations (White et al. 2016). Again, further observations
of systems in the late phases of protoplanetary disc evolution, or in the early stages
of debris disc formation, will help to understand this transition.

Fig. 4 Two ring-like debris discs: left) HD 181327 observed with HST (Schneider et al. 2014);
right) Fomalhaut observed with Herschel (Acke et al. 2012).

Another property of the known debris discs is that their planetesimals must col-
lide at high enough velocities to create significant quantities of dust. Since collision
velocities are expected to be low in a protoplanetary disc due to damping by gas
drag, there must be some process that stirs the planetesimal belt. Possibilities in-
clude that the planetesimals inherit a large velocity dispersion from their formation
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process (e.g. Walmswell et al. 2013), or from some other (as yet undefined) aspect
of protoplanetary disc evolution, or dispersal causes them to end up with a large
velocity dispersion as soon as the protoplanetary disc has dispersed. Stirring could
also occur after protoplanetary disc dispersal; e.g. the planetesimals could be born
with a low velocity dispersion resulting in their growth into Pluto-sized objects that
stir the disc (i.e., self-stirring, Kenyon & Bromley 2001; Kennedy & Wyatt 2010), or
an interior planetary system could stir the disc (Mustill & Wyatt 2009). Population
studies of debris discs are inconclusive as to the origin of the stirring, but detailed
investigations of individual systems allow constraints to be set within the context of
the different scenarios on, say, the mass and orbit of the perturbing planet, or the
surface density and initial planetesimal sizes for a self-stirred disc.

Such detailed studies of individual discs can also provide information on the
level of stirring. For some systems the vertical height of edge-on discs suggests a
low level of stirring (< 5%, e.g. AU Mic, Krist et al. 2005), while a sharp outer edge
in others suggests likewise (Thébault & Wu 2008). Herschel also discovered a pop-
ulation of cold debris discs (Eiroa et al. 2013) that are best explained as unstirred
debris belts of planetesimals that are 10s of metres in size that evolve very slowly
but producing low quantities of dust (Krivov et al. 2013). However, the possibility
that the emission from these cold discs arises from background galaxies still needs
to be unambiguously ruled out (Gáspár & Rieke 2014), perhaps by confirming that
the emission is co-moving with the stars in question. Overall, high resolution stud-
ies of larger numbers of discs are required to determine the stirring level and its
dependence on other properties of the system.

Links between debris and planets

There are currently ∼ 40 systems known to host both a debris disc and a planet
(Marshall et al. 2014; Moro-Martı́n et al. 2015). Since both debris discs and planets
are thought to form in protoplanetary discs, it might be expected that the properties
of these two components should be correlated somehow, for example because the
protoplanetary disc properties that are favourable for forming planets might also be
conducive for the formation of planetesimals. However, early studies found no such
correlation (e.g. Bryden et al. 2009), which was attributed to the fact that the known
debris discs are typically located at a few 10’s of au, while planets are typically
much closer in. More recently tentative evidence has been found for a correlation
between the presence of low-mass planets detected in radial velocity surveys and
debris (Wyatt et al. 2012; Marshall et al. 2014), and a possible anti-correlation with
giant planets which could more easily scatter any debris that would remain (Ray-
mond et al. 2012). It is also notable that most of the systems with planets that have
been directly imaged at � 5au also have debris discs, the most famous being β Pic
(see Fig. 5) with a ∼ 7MJup planet at ∼ 9au (Currie et al. 2013), HR 8799 with 4 de-
tected planets sandwiched between inner and outer debris belts (Marois et al. 2008,
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2010; Matthews et al. 2014; Booth et al. 2016), and Fomalhaut with a narrow debris
ring and an eccentric planet (Kalas et al. 2013).

Fig. 5 β Pic’s debris disc and planet. This is a composite image in the near-infrared for which the
ADONIS instrument on ESO’s 3.6m telescope was used to observe the outer part of the disc and
the inner part is seen using the NACO instrument on the VLT. The detected planet β Pic b is at a
projected distance of ∼ 9au and has a mass about 7 times that of Jupiter. ESO/A.-M. Lagrange et
al.

Our understanding of the links between debris and planets could be extended on
two fronts, by using statistical methods to identify correlations between the proper-
ties of a system’s debris disc and its planetary system, and by using resolved images
of debris discs to characterise the way in which planets interact with debris and
to identify planets that could not have been detected otherwise (and to learn about
their formation history). The current statistical studies mentioned above are limited
by the small number of detections, both of debris and of planets. This will improve
significantly with future far-IR missions that can detect debris around more distant
stars (and so increase the number of known debris discs) as well as detect debris
discs down to fainter levels approaching that of the Solar System’s Kuiper belt. A
variety of exoplanet detection techniques will also increase the number of known
exoplanets. For example, Gaia is expected to discover at least 20,000 planets (more
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massive than Jupiter with periods out to several au) within 500pc (Perryman et al.
2014), meaning that 1000’s should be discovered in systems with a bright debris
disc, the closest of which will be known from Herschel surveys (out to 20-50 pc),
a distance limit which can be extended in future far-IR surveys. Upcoming transit
missions will also be able to detect small Earth-like planets in edge-on systems:
TESS is expected to detect ∼ 2000 planets (among which 500 will have a radius
smaller than twice the Earth, Sullivan et al. 2015), and PLATO is expected to de-
tect 100’s of earth-like planets and 1000’s greater than Neptune (Rauer et al. 2014).
Some of these systems will have constraints on their debris disc from far-IR surveys,
but these are also good candidates to search for correlations with hot dust co-located
with the planets (see next section).

If there are planets in a system hosting a debris disc then it is inevitable that
the planets’ gravitational perturbations will impose structure on the debris disc. It
is known that planet-disc interactions can create detectable asymmetries: clumps
(Wyatt 2003), offsets (Wyatt et al. 1999), warps (Augereau et al. 2001), gaps (Shan-
non et al. 2016), spirals (Wyatt 2005). Our understanding of the variety of features
that planets can produce is also growing; e.g., planets can also create scattered-disc
analogues (similar to the one in our Solar System mostly populated by icy minor
planets at > 30au) and mini-Oort clouds that are potential outcomes of planetary
systems (see Wyatt et al. 2017). Thus observations of such features in debris disc
images can provide evidence for planets that would otherwise be undetectable. For
instance, in β Pic (see Fig. 5), the detected planet was first hypothesised because
of the observation of a warp in the β Pic dust disc (Mouillet et al. 1997). Another
example is the growing number of detections of eccentric discs, which is thought
to be due to the presence of eccentric planets secularly forcing the disc to become
eccentric over long timescales (Wyatt et al. 1999; Lee & Chiang 2016).

In the coming years the number of features observed in debris discs will grow
as new instrumentation becomes available. ALMA is already providing images of
structures in the parent planetesimal belts of some systems. The small inner working
angles, high-resolution and contrast of new instruments such as SPHERE or GPI
are also providing scattered light images that reveal new structures not foreseen by
models with no easy interpretation (e.g. AU Mic, Boccaletti et al. 2015). Scattered
light imaging capability will continue to improve with JWST, WFIRST and the
ELT, and thermal imaging capabilities will improve with ALMA, JWST and SKA.
A multi-wavelength approach is particularly crucial to test models for the origin of
a given structure, since the interpretation of a given feature is often degenerate (e.g.
Wyatt 2006). For example, a dust and gas clump like that seen around β Pic (Dent
et al. 2014; Matrà et al. 2017a) can arise from resonances with a planet or from a
single massive collision at 10’s of au (Jackson et al. 2014; Kral et al. 2015), although
in this case the breadth of the gas clump rules out a giant impact origin (Matrà et al.
2017a).

Unambiguously identifying debris disc structures with known planets is impor-
tant to test and further refine our understanding of planet-disc interactions (e.g. The-
bault et al. 2012) and the processes of their formation and evolution. This gives a
much better handle on the origin of these structures (linked to planets or not) and
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allows us to better constrain debris disc models and refine some of the physics used
in these models. While this is challenging because the planets are often hard to find
with other methods, the brightest planets can be detected in direct imaging, the ca-
pabilities for which are improving with the same instrumentation used to image the
disc (i.e., JWST, WFIRST, ELT). Even if detections of low mass planets (i.e., Nep-
tunes) in the outer regions (i.e., > 5 au) of specific systems may remain challenging,
our understanding of the frequency of such planets will be transformed by the mi-
crolensing surveys of EUCLID and WFIRST, and this will significantly inform our
interpretation of debris disc structures.

Debris in the middle of planetary systems

While most debris discs are made up of a cold belt at 10’s of au, we know of the
existence of many two-temperature debris discs that are mainly probing systems
with multiple belts such as the Kuiper belt and the Asteroid belt in our Solar Sys-
tem (Kennedy & Wyatt 2014). Dust within a few au of its host star is also observed
around a large fraction of systems irrespective of the existence of a cold outer belt.
When this dust is warmer than around 300K it is referred to as an “exozodi” in ref-
erence to the zodiacal dust in our Solar System that surrounds the innermost planets
and goes all the way to a few solar radii. We distinguish hot dust (up to ∼ 2000K,
very close to the host star) and warm dust (∼ 300K, in the habitable zone of the
system) from an observational perspective as the former is observed in the near-IR
and the latter in the mid-IR. Current near-infrared interferometry studies have de-
tected hot dust around > 10% of stars (Ertel et al. 2014), with surprisingly little
dependence on the properties of the host star or its outer debris belt. Mid-infrared
photometry has shown that bright warm dust (brighter than around 10% of the stel-
lar photospheric level at 12µm) is relatively rare around old nearby stars but more
common around young stars (Kennedy & Wyatt 2014). However, mid-infrared in-
terferometric techniques show that lower levels of dust (at the 0.1% above photo-
spheric level with the Keck Interferometer Nuller) may correlate with the presence
of an outer debris belt (Mennesson et al. 2014).

The origin of exozodi dust is uncertain at present (see the review by Kral et al.
2017b, for more details). The high luminosity and temperature of the hot dust de-
fies easy explanation, because its collisional depletion at its inferred proximity to
the star prevents its accumulation. One of the proposed explanations involves mag-
netic fields trapping nano-grains (Rieke et al. 2016), underlining that the physics in
these highly collisional and hot systems may vary from typical colder belts. Warm
dust that can be at larger distance from the star is easier to explain. For young stars
(< 100 Myr) with dust within a few au, the favoured explanation is in a massive
collision, which like the Moon forming collision with Earth is expected in the late
stages of planetary formation (e.g. Kenyon & Bromley 2006; Raymond et al. 2009;
Jackson & Wyatt 2012). Thus warm dust detections provide a way of probing on-
going planetary formation (e.g. Lisse et al. 2009), an interpretation which is sup-
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ported by photometric variations (on <1yr timescale) in the infrared (see Fig. 6,
Meng et al. 2014, 2015). However, for older stars (> 100 Myr), such giant impacts
are expected to be rare, and collisional depletion precludes detectable levels of warm
dust having its origin in an in situ asteroid belt (Wyatt et al. 2007a). Instead the ob-
served warm dust could be supplied from an outer planetesimal belt, either through
Poynting-Robertson drag that transports the dust inward (van Lieshout et al. 2014;
Kennedy & Piette 2015), or through the scattering in of planetesimals by interac-
tion with planets resulting in exocomet activity (Bonsor et al. 2014; Faramaz et al.
2016). These possibilities are supported by the aforementioned correlation of bright
mid-infrared excesses with outer belts. For warm dust that is sufficiently far from the
star, these can be explained as extrasolar analogues to the asteroid belt (e.g. Geiler
& Krivov 2017). A new generation of models (e.g., Kral et al. 2013), along with the
new observations of this phenomenon (discussed below), will eventually unravel the
origin of these excesses.

Regardless of its origin, this dust is a valuable probe of the innermost regions of
planetary systems where habitable planets are located. However, it is also a poten-
tial hindrance to the direct detection of Earth-like planets in the habitable zone; e.g.,
even a small amount of dust (10-20 times brighter than our faint zodiacal cloud)
could severely hamper detections (Defrère et al. 2010). As such, there is currently
much effort in trying to characterise dust in the habitable zone of nearby stars down
to much lower levels; e.g., the NASA HOSTS survey is using the LBTI nulling inter-
ferometer to search the nearest stars for mid-infrared excesses down to 0.05% above
the photospheric level (Defrère et al. 2016), with the aim of identifying exozodi-free
targets that are most suitable for future searches for Earth-like planets. While LBTI
provides limited information on the spatial distribution of any exozodi that it finds,
it may provide the first hints of the clumpy structures expected as dust interacts with
an inner planetary system (Shannon et al. 2015). JWST also has the potential to de-
tect the asymmetric dust distribution expected to persist for Myr from giant impact
debris (Kral et al. 2015), and to search for any photometric variability. Future direct
imaging missions such as WFIRST will also provide the very small inner working
angle (0.1”), high resolution and constrast needed to resolve these Solar System
analogues, a capability which will be further improved upon by ELT. Second gener-
ation VLTI instruments such as GRAVITY and MATISSE (together with the current
PIONIER) will lead to multi-wavelength measurements over a large range of dust
temperatures (see Fig. 7) that may reveal a connection between the hot and warm
dust and will explore dust properties through the potential detection of spectral fea-
tures (e.g. the 3 and 10µm silicate features, Ertel et al. 2012). VLTI in the southern
hemisphere complements the LBTI in the north but is not as sensitive. A new con-
cept instrument on the VLTI using nulling interferometry (to get rid of the stellar
contribution) may be built in the future to improve the high constrast capabilities
needed to detect these excesses. In the distant future, improved constraints would
be possible with space-based infrared interferometry (e.g. Fridlund 2004; Labeyrie
2016).

Other novel ways are also being proposed to probe hot and warm dust. For ex-
ample, small dust clumps embedded in exozodis whose IR-excesses cannot be de-
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tected by current instruments can mimic an Earth-like astrometric signal (Kral et al.
2016a), though can be distinguished from a planetary signal by multi-wavelength
observations. Variability on timescales of at least as short as one year has also been
found for some hot exozodis (Ertel et al. 2016); characterising this variability is the
first step to understanding its origin. Polarisation measurements may also be used to
find new exozodis (e.g. Marshall et al. 2016). The detection of falling evaporating
bodies (through high-velocity gas absorption lines) may also be a good tracer for
the presence of hot dust (Beust & Morbidelli 2000; Welsh & Montgomery 2015;
Eiroa et al. 2016). Dips and dimming in the light-curves of nearby stars, such as
that already detected by Kepler (Boyajian et al. 2016), which may be detected more
commonly by PLATO, may have its origin in transits of exocomets in front of the
star, thus providing another way of probing planetesimal and dust in the inner re-
gions of planetary systems.

Fig. 6 Flux decrease at 4.5 (red) and 3.6µm (blue) in the P1121 debris disc over more than 2 years.
The solid lines are fit to the data assuming an exponential decay (Meng et al. 2015).

Gas in debris discs

Gas has been discovered around a growing number of main sequence stars, old
enough for their protoplanetary gas discs to have dispersed via accretion, photoe-
vaporation or MHD winds (see previous section on evolutionary processes in pro-
toplanetary discs). Molecular CO has been detected in the submm in more than 10
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Fig. 7 Wavelength coverage of the second-generation VLTI instruments (and PIONIER) compared
to the wavelength range in which blackbody dust emission from hot exozodiacal dust peaks (Ertel
et al. 2015).

debris discs and is often co-located with its planetesimal belt (e.g. Zuckerman et al.
1995; Zuckerman & Song 2012; Moór et al. 2015b; Greaves et al. 2016; Matrà et
al. 2017a). Atomic carbon and oxygen (e.g. Roberge et al. 2014), as well as metals
(Nilsson et al. 2012; Hales et al. 2017), have also been detected in a few systems and
seem more extended than CO. Atoms have been detected both with the space-based
telescopes HST and FUSE through UV absorption lines (Roberge et al. 2000, 2006),
with Herschel through far-infrared emission lines (Cataldi et al. 2014; Brandeker et
al. 2016), and in the submm (Higuchi et al. 2017). Most of these observations can
be explained by a model in which CO is produced from volatile-rich solid bodies
located in the debris belts (as first proposed by Moór et al. 2011; Zuckerman &
Song 2012), which then photodissociates quickly into C and O that evolve by vis-
cous spreading (Xie et al. 2013; Kral et al. 2016b, 2017a). The implication is that for
most (but not all) systems there is no requirement for primordial gas to be retained
from the protoplanetary disc phase, and any debris disc with icy planetesimals will
create second generation CO, C and O gas at some level. As such, measurement of
these gaseous components provides a way to infer the composition of the exocomets
from which the gas was created (Matrà et al. 2015; Kral et al. 2016b; Marino et al.
2016; Matrà et al. 2017b).

To understand the exact dynamics of this gas, its origin, and what we learn from
its observations for the planetary system as a whole, a bigger sample of gas detec-
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tions is required. In the immediate future, ALMA is predicted to provide at least
15 new CO detections and 30 new CI detections (see Fig. 8). CI observations are
particularly promising, since in addition to being more readily detected than other
species, this component spreads viscously all the way to the star potentially enabling
resolved imaging of gas disc structures created by close in giant planets. The next
generation of far-IR missions, such as SPICA, are predicted to enable detection of
at least 25 new systems in CII and ∼15 in OI (Kral et al. 2017a), while a 10m far-IR
space telescope could result in > 100 CII gas disc detections, > 50 systems with OI
detected, some of which potentially resolved. The expected level of OI gas depends
strongly on the amount of water released together with CO from the planetesimals,
since this provides extra oxygen in the gas disc from the photodissociation of H2O.
This illustrates how gas observations can provide an estimate of the CO/H2O ratio
on exocomets that could be compared to Solar System values (i.e., leading to the
taxonomy of exocomets). The secondary gas generation process is also expected
to create hydrogen (Kral et al. 2016b), accretion of which onto the star has been
confirmed observationally for β Pic (Wilson et al. 2016), with similar detections
possible in other systems. The combination of CO and CI or CII detections will
lead to a better understanding of the gas dynamics in these discs, by providing es-
timates of the disc viscosity and ionisation fraction with which to test theories for
how angular momentum is transported in the discs (e.g. Kral & Latter 2016).

β Pictoris is so far the only system for which we have spatially resolved images
(using VLT/UVES) of the metals (such as NaI, FeI and CaII, Brandeker et al. 2004),
which are shown to extend inwards to at least ∼10au. The high angular and spectral
resolution of UVES should be used on other targets in the future to detect more
systems with gas. This technique was first used in Olofsson et al. (2001) and the
model by Zagorovsky et al. (2010) can be used to make predictions of the different
emission line fluxes expected. These new gaseous systems could then be followed-
up with more detailed UVES/CRIRES or ALMA observations. This will enhance
our understanding of the origin of metals and how they dynamically evolve in these
gas discs.

Other novel ways of observing gas around main sequence stars could be through
detecting rovibrational CO lines with the JWST as was already done from the
ground for β Pic (Troutman et al. 2011). HI or OH may also be detectable with
future radio telescopes such as SKA (Aharonian et al. 2013) or the next genera-
tion VLA (Carilli et al. 2015). For systems that are edge-on, using UV absorption
lines (e.g. Roberge et al. 2000) could also enable us to detect new systems with
gas. Systems showing the presence of falling evaporating bodies (similar to comets
on sun-grazing orbits) through high-velocity gas absorption lines (e.g. Kiefer et al.
2014b,a; Montgomery & Welsh 2012) should be edge-on and may be promising tar-
gets for future UV absorption line surveys targetting circumstellar gas (which would
benefit from a new generation UV surveyor).

The CO mass for some systems seems likely high enough that it cannot be ex-
plained with a secondary gas scenario; the gas in these systems may be of primor-
dial origin and may still contain H2 that (together with CO) shield CO from being
photodissociated (e.g. in HD 21997, Kóspál et al. 2013). In the future it will be
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Fig. 8 CI mass (in M⊕) as a function of distance to Earth (d) from the secondary gas model of
Kral et al. (2017a). Planetary systems with gas detections are labelled with their names. If CI is
already detected the label is in blue (black otherwise). The CI mass for β Pic derived from Kral
et al. (2016b) is shown as a green point. The red points are predictions from the model. The red
downward arrows show systems with grains that are warmer than 140K, which may not be able
to keep CO trapped on solid bodies. The purple points show predictions from the model when the
observed CO mass is used rather than the CO mass predicted from LIR/L?. Detection limits at 5σ

in one hour are shown for APEX (in orange) and ALMA (in green) at 370 (dashed) and 610µm
(solid). The thin lines are for LTE calculations and thick lines for more realistic NLTE calculations
(see details in Kral et al. 2017a).

important to identify these primordial gas systems. Understanding why these sys-
tems evolved differently from others of similar age will provide vital clues on the
transition from the protoplanetary to the debris disc phase (see previous section)
and on the origin of debris discs themselves (see previous subsection on the birth
of debris discs). A promising way to identify systems with secondary origin (rather
than primordial) is to measure an optically thin CO or CI line ratio (with ALMA for
instance) to check that the gas is out of LTE (Matrà et al. 2015), i.e. to show that the
disc does not contain the abundant H2 colliders expected in a protoplanetary disc
(Matrà et al. 2017a).

White dwarf polluted discs

Practically all known planet host stars (including our Sun) will evolve into white
dwarfs (WD). Spectra show that the atmospheres of ∼ 30% of WD are polluted by
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metals which should not be present due to the short sinking times (Koester et al.
2014). The best explanation for this pollution is that it comes from the tidal disrup-
tion of planetesimals originally residing in a cold outer belt, which may have been
dynamically perturbed by surviving planets (Farihi 2016; Veras 2016). This is sup-
ported by the fact that roughly 2% of WDs also show an IR-excess consistent with
circumstellar rings of dust orbiting close to the tidal disruption radius for these stars
(Bonsor et al. 2017). Moreover for one system (WD 1145+017), regular occulta-
tions of the star suggest the presence of planetesimals close to the tidal disruption
(Roche) limit (Vanderburg et al. 2015). In addition to the absorption lines that are
characteristic of WD pollution, gas emission lines are observed for ∼10 WDs, in-
ferred to originate in gas that is both very close to the WD and varies with time (see
Fig. 9).

Despite a growing body of observational evidence, our understanding of the pro-
cesses leading to the accretion of planetesimals is poorly understood. Nevertheless,
observations of WD pollution provide key constraints on the mineralogy of rocky
exo-planetary material. This is because photospheric metal abundances should trace
the bulk composition of accreted planetesimals (Zuckerman et al. 2007). For exam-
ple, by providing key ratios such Mg/Si for the accreted planetesimals, WD pollu-
tion measurements provide strong evidence for differentiation in planetary building
blocks (Jura & Young 2014), which supports models for planet formation (e.g. Bon-
sor et al. 2015; Carter et al. 2015). Such measurements also provide a potential
opportunity to search for signatures of geological processes (e.g. plate tectonics)
in exo-planetary systems, and complement the on-going programs to detect terres-
trial planets over the next decade (see subsection on the links between debris and
planets).

For now, ∼15 WDs have at least five detected pollutant elements in their at-
mospheres (Jura & Young 2014). This number is set to triple in the next decade
from current and on-going observational programs on HST and VLT (X-shooter),
but would benefit greatly from a new FUV mission. Ground-based observations
can reveal Ca (as well as Fe, Mg and Ni) abundances for large samples of WDs.
Such large WD samples are currently being provided by SDSS, but over the next 5
years Gaia will identify ∼200,000 WDs brighter than 20th magnitude within 300pc.
Spectroscopic follow-up (e.g., with DESI/4MOST/WEAVE) expects to find 1000’s
of polluted WD (300 are known today), providing abundances for Ca and/or Mg.
Moreover, after Gaia DR2 (expected April, 2018), we should be able to determine
the ages for a large fraction of the > 104 WDs found to a precision of 1-2%. This
will help to constrain whether the accretion rates, abundance patterns or IR-excesses
observed depend on the WD cooling age. Finally, after Gaia’s final data release and
comparative analysis of double WDs and WDs in open clusters, we should be able
to derive absolute ages for a large fraction of WDs to ∼2% accuracy (von Hippel et
al. 2015).

Cross correlating these newly detected WDs from Gaia and the AllWISE cata-
logue might lead to detections of IR-excesses around these farther WDs. Follow-up
of infrared excesses with JWST/MIRI will also provide direct information on the
dust mineralogy that can be compared with abundances found with UV spectra. De-
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tection of the outer planetesimal belt that is feeding the accretion has been elusive
because these belts are expected to be cold (Farihi et al. 2014). However, this may
be possible with the potential SPICA mission (see Fig. 11 in Bonsor & Wyatt 2010).
In the next 5 years, Gaia will also provide the first real insights into the population
of planets around evolved stars (Silvotti et al. 2015) for which there are currently
few detections so far (Xu et al. 2015). Although Gaia can only detect (greater than)
Jupiter mass planets, the presence or absence of a correlation between these planets
and WD pollution will constrain how WD pollution arises.

The detection of transits blocking the star-light from the polluted white dwarf
WD 1145+017 has opened a new window onto the origin of WD pollution and the
future detection of similar objects (possible even with relatively modest ground-
based telescopes), but presumably in greater abundance with PLATO, will revolu-
tionise our understanding of the fate of planetary systems. Continued monitoring
of variability in polluted WDs (gas, dust and transits), coupled with detailed mod-
elling, will improve our understanding of how planetary material is accreted onto
WDs.

Fig. 9 An intensity distribution in velocity space of the Ca II triplet which models the line profiles
observed in SDSS J1228+1040, obtained from Doppler tomography (Manser et al. 2016).
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Moór, A., Kóspál, Á., Ábrahám, P., et al. 2015, MNRAS, 447, 577
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