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Shortly after its discovery in 1984, the
Beta Pictoris disc was recognised as

a possible site of past, ongoing or future
planet formation. It has since been
observed extensively, from the X-ray
domain to centimetre wavelengths

by many ground- and space-based
telescopes. The disc has become a
remote laboratory to study the physical
and chemical characteristics of debris
discs. Recently, we were able to detect
a companion orbiting the star at a
distance comparable to that of Saturn
in our Solar System. The § Pic system
thus offers a unique opportunity to
study giant planet properties and
planet/disc interactions. We present a
short — and necessarily incomplete —
review of the main discoveries made

in this fascinating system over three
decades of observations, a number of
which were achieved with ESO tele-
scopes.

The debris disc, its gas and kilometre-
sized bodies

One of the most challenging topics in
astronomy today is certainly to under-
stand how planetary systems, with all
their complexity (planets, comets, dust
and gas) form and evolve. Even though
sketches of the formation of the Solar
System have been developed and simu-
lated since the late 1960s, additional
examples of planetary systems were
lacking to explore their possible variety.
The discovery of infrared (IR) excesses
associated with T Tauri stars and then
with main sequence stars were the first
steps in the study of star and planet
formation. In 1984, IRAS measured IR
excesses associated with a few main
sequence stars that were attributed to
cold dust, perhaps related to planet for-
mation (Aumann, 1984). Shortly after,
Smith & Terrile (1984) imaged the dust
around one such star, a young (12+§ Myr)
and close (19.3 = 0.2 pc) A5V star B Pic
(note that at that time, its age was rather

estimated to be 200 Myr, and its distance
16 pc). The dust distribution revealed a
flat, edge-on disc, detected between 100
and 400 astronomical units (au) from

the star. The B Pic disc became a proto-
type of the debris discs that contain sub-
stantial amounts of grains, short-lived
against destructive (collisions) or removal
(radiation pressure, Poynting—Robertson
drag) processes and therefore needing
replenishment through collisional cascade
or evaporation from large, kilometre-sized
bodies down to micrometre-sized grains.

Debris discs trace the stages of planetary
system evolution where solid bodies sig-
nificantly larger than primordial dust are
present (see Lagrange et al. [2000] for an
early review). Since 1984, the B Pic disc
has been extensively observed from opti-
cal to millimetre wavelengths (see Fig-
ure 1). Briefly, optical and near-IR obser-
vations have provided high spatial re-
solution, scattered light images tracing
small grains; thermal data provided by
medium resolution images have demon-
strated the presence of hotter dust, while
(sub-)millimetre images have traced larger
grains, and consequently, the parent
bodies as well. Thanks to all these obser-
vations, we now have a schematic view
of the disc (Augereau et al., 2001; Wilner

et al., 2012), in which the parent kilo-
metre-sized bodies are mainly located in
a narrow (10-20 au) wide ring at about
90-100 au (planetesimal disc). Collisional
cascades produce small grains detected
out to several hundreds of au because

of the radiation pressure of the star, while
an additional component of hotter dust

is also needed to account for the IR data.

Shortly after the discovery by dust imag-
ing, circumstellar gas was detected in
absorption using high spectral resolution
optical spectrographs and in the ultra-
violet with the International Ultraviolet
Explorer (IUE) satellite. The first optical
data were obtained in late 1984 with the
high resolution Coudé Echelle Spectro-
graph (CES) at the Coudé Auxiliary Tele-
scope (CAT) on the ESO 3.6-metre tele-
scope at La Silla (Hobbs et al., 1985;
Vidal-Madijar et al., 1986, see Figure 2a).
Repeated observations with CES and
IUE revealed important infalls of high
velocity ionised gas (a few tens to a few
hundreds of km/s), packed in clumpy
structures with sizes smaller than that of
the star (e.g., Lagrange et al.,1988),
attributed to evaporating comets grazing
the star. Intensive monitoring of these
gaseous infall events in the late eighties/
early nineties as well as detailed modelling

Figure 1. Images of the
B Pic disc at various
wavelengths: a) optical
observations with Las
Campanas 2.5-metre at
890 nm obtained in
April 1984 (from Smith &
Terrile, 1984); b) mid-
infrared observations at
12 pm with the ESO
3.6-metre and TIMMI
(from Lagage & Pantin,
1994); c¢) near-infrared
coronagraphic imaging
in J-band with ESO
3.6-metre and the
Adonis instrument (from
Mouiillet et al., 1997);

d) near-infrared Ks-band
images with VLT and
NACO (Lagrange et al.,
2012a).
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Figure 2. a) Early Ca 1 spectrum of  Pic
(Hobbs et al., 1985): The stable gas produces
a deep and narrow component at the bottom
of the rotationally broadened stellar line.

b) In addition to the centred stable circum-
stellar line, variable redshifted Ca Il is also
observed (Vidal-Madjar et al., 1986); from
CES data. ¢) Simulations of the redshifted
absorption produced by an evaporating
comet grazing the star as illustrated on the
small upper panel (from Beust et al., 1990).
d) Resolved Na | emission observed in the 3
Pic disc with VLT UVES; the gas is shown

to be on a Keplerian orbit (Brandeker et al.,
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(e.g., Beust et al, 1990, see Figure 2c)
strengthened the “falling evaporating
bodies” (FEB) scenario which still holds
after more than 20 years of observations.
On the contrary, there is still no consen-
sus concerning the explanation for the
stable gas around the star, seen either in
absorption or in emission, in particular
species that are expected to be very
short-lived because of photodissociation,
photoionisation or radiation pressure,
such as CO, Cl, etc (Lagrange et al.,
1998; Roberge et al., 2000; Brandeker et
al., 2004; Nilsson et al., 2012; see Fig-
ure 2d). In any case, the total amount of
gas in the B Pic system is significantly
smaller than that around younger (a few
Myr) systems such as Herbig stars or T
Tauri stars, in agreement with the estima-
tions of primordial disc dissipation time-
scales of about 3—-6 Myr.
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Early indications of planets in the p Pic
system

The presence of planets in the f Pic disc
had been suspected since the 1990s
from several independent considerations:
— The mere presence of short-lived dust,
produced by destruction (collision,
evaporation) of kilometre-sized bodies
indicated that at least the building
blocks of planets were already present
in the system. The gravitational pertur-
bation of a giant planet on cometary-
like bodies was found to be the best
explanation for the observed rate of
comet infall. Dedicated simulations
concluded that such a planet (a giant
planet) should be located within 10 au
of the star (Beust & Morbidelli, 2000).

— The presence of a relative void of mate-
rial in the inner parts of the disc was
also attributed to the sweeping up of
material by planets. This generic mech-
anism has also been invoked in other
instances, but no dedicated modelling
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has been done to our knowledge for
the B Pic disc.

— Photometric data recorded at the Swiss
telescope in the early eighties on 3 Pic
(which used to be regarded as a photo-
metric standard) were re-analysed in
the nineties and revealed that intriguing
variations had occurred on 10 Novem-
ber 1981. Explanations involving either
a multiple giant cometary tail or a trans-
iting planet were proposed to account
for the observed variations (Lecavelier
et al. [1997] and references therein);

— Thermal infrared data show inhomoge-
neities in the disc: belt-like structures
or clumps that could be due to sculpt-
ing by planets located in the gaps (see
Freistetter [2007] for more detail). In
particular, the latter, a 2-5 Jupiter mass
planet at about 10 au, was proposed
by Freistetter (2007);

— In the late 1990s the Hubble Space
Telescope (HST) and ESO 3.6-metre
Adonis adaptive optics high spatial res-
olution data at optical/near-IR wave-



lengths revealed the presence of an
inner warp in the scattered-light
images, extending up to a few tens of
au (Burrows et al., 1995; Mouillet et
al., 1997). Dynamical simulations
allowed us to show that a massive
companion on a slightly inclined orbit
with respect to the outer disc mid-
plane could explain the warp, provided
its mass (M) and separation (a) fulfilled
a constraint on Mxa? (Mouillet et al.,
1997; Augereau et al., 2001).

Figure 3. NACO L-band
images of 3 Pic b are
shown: in 2003 (left)
with star-planet separa-
tion ~ 400 milliarcsec-
onds; in 2009 (right) with
separation ~ 300 milli-
arcseconds. From
Lagrange et al. (2009;
2010).

None of these considerations proved that
planets were indeed present, however
altogether they formed a very indicative
set of clues.

A giant planet at about 9 au

Using NACO on the VLT, we detected

a faint source about 0.4 arcseconds
northeast from the star, roughly along the
disc direction, in data taken in November

2003 (Lagrange et al., 2009, see Fig-

ure 3). Its apparent magnitude of L' = 11.2
indicated that, if bound to the star, it had
a temperature of ~ 1500 K and a mass
of about 8 M+ according to the hot-
start planet models from the Lyon group
(Baraffe, 2003). We had to wait until
autumn 2009 to see this object again,
this time 0.3 arcseconds southwest from
the star and to confirm that it was indeed
bound to the star (Lagrange et al., 2010).
In the meantime, the companion had
travelled about half an orbit behind the
star. Subsequent NACO monitoring
allowed us to resolve the orbit of g Pic b
(Chauvin et al., 2012) and constrain the
semi-major axis of the planetary orbit

to the range 8-12 au, most probably at
8-9 au, that is within the orbit of Saturn
in the Solar System (Figure 4). p Pic b is
then located in the region where, accord-
ing to current formation models, and
given the star age and mass, giant plan-
ets can have formed in situ by core
accretion, like the giant planets of the

Figure 4. Ks-band Image of § Pic b in
April 2010 (from Bonnefoy et al., 2011)
is shown (upper left). The astrometric
monitoring of B Pic b relative to p Pic
is reported in the lower plots. The pre-
dictions for the position of B Pic b in
case of a background source are
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Solar System, rather than by disc gravita-
tional instability (the latter mechanism
being rather inefficient at a few au).

Further imaging at Ks (Bonnefoy et al.,
2011; see Figure 4) and at 4.0 pm (Quanz
et al., 2010) led to mass estimates for

B Pic b similar to those deduced from
L’-band data, again using the hot-start
models (Baraffe, 2003). It has to be
stressed that the mass determination of

42 The Messenger 150 — December 2012

B Pic b, as well as those of all other im-
aged planets, relies on model-dependent
brightness—mass relationships. So far,
the hot-start models have been used; they
assume that the giant planet is formed

by the collapse of a gaseous cloud and
that the energy released from accretion is
entirely converted into heat. The young
planet is therefore still quite hot during its
first 100 Myr, and within the reach of
detection by current/forthcoming imag-

ers, whereas more mature (and colder)
counterparts would not be so easily
detected. Whether these hot-start mod-
els could apply to planets formed by core
accretion is obviously questionable.

A first attempt to model core accretion
was made by Marley et al. (2007), assum-
ing significant loss of energy during the
accretion shock of the gas onto the
planet core. This resulted in initial internal
entropies much lower than assumed so
far and, consequently cooler young giant
planets, much less luminous at young
ages. However, according to this model,
all 12-Myr-old giant planets would be
much fainter than p Pic b. Recent, more
detailed studies (Mordasini et al., 2012;
priv. com.) indicate that the observed
luminosity of f Pic b could be compatible
with a planet formed with small energy
loss during this gas accretion shock.
Clearly, current evolutionary models to
predict the properties of giant planets still
need some tuning; they also need calibra-
tions, i.e. measurements of planet fluxes
and independent (astrometric, veloci-
metric) measurements of their masses.
To possibly constrain the mass of  Pic b,
we analysed high precision HARPS data
collected over eight years since 2003
(Figure 5, top panel) and found that the
dynamical mass of  Pic b is less than
10, 12 and 15.5 M, if orbiting at 8, 9
and 10 au respectively (Lagrange et al.,
2012a). These results illustrate how
crucial the combination of radial velocity
data and direct imaging might be.

Disc—planet interaction

A subsequent question is whether the

f Pic b planet can explain the character-
istics of the disc morphology and, in
particular, its inner warp. Using the con-
straints derived from our 2001 dynamical
studies, and taking into account the
updated mass and age of the system, we
found that indeed it could, provided it
orbited on a slightly inclined orbit. We
recorded new data in which the disc and
the planet could be seen simultaneously
(to minimise astrometric uncertainties)
and that allowed us to conclude that the
planet is not orbiting in the plane of the
outer disc, but most probably in the
warped part of the disc (Lagrange et al.,
2012b). Finally, order of scale considera-



tions show that p Pic b could also be
responsible for the FEBs at the origin of
the replenishment of the disc gas phase,
but new modelling is still needed to
ascertain this point.

Future work

An unprecedented set of data has been
gathered on the p Pic system over some
28 years and remains unique in several
aspects. The disc provides the opportu-
nity to study, in great detail, the physical
and chemical characteristics of sites

of ongoing, or recently completed, plane
tary formation. Knowledge of the system
has improved a lot, but at the same time
many questions are still unanswered.
What is the origin of the stable gas in the
system? What do the dust and gas tell
us about planet formation? In that con-
text, a very valuable piece of information
is also expected from ALMA, as indicated
by the spectacular (yet uncalibrated) test
image. How did g Pic b form? Are there
other planets in the system, as expected
if the observed dust rings/clumps are
indeed due to planets? Our exploration of
the planet content will significantly im-
prove in the future thanks to forthcoming
VLT/SPHERE and Gemini/Gemini Planet
Imager high resolution instruments,

and to the combination of the results with
radial velocity or astrometric data (see
Figure 5, bottom panel).

 Pic among other debris discs

B Pic is, so far, the most studied example
of the debris discs. Such discs are
favourable places to search for planets,
especially those around young stars,
such as B Pic, as the planets are
expected to be brighter than their older
counterparts and, unlike younger sys-
tems, most of the primordial material has
been expelled, or has accreted into
planets, and therefore does not set a limit
on planet detection. Discs with peculiar
structures such as rings with sharp
edges or asymmetries and spirals, possi-
bly shaped by planets, are thought to

be even more interesting targets, even
though we know that other physical
effects not involving planets can also lead
to the formation of such structures
(Takeuchi & Artymowicz, 2001; Lyra &
Kuchner, 2012). It is remarkable however
that all the stars (as yet only three exam-
ples are known) around which relatively
close (= 120 au) planets have been
imaged are surrounded by debris discs:
Fomalhaut (Kalas et al., 2008); HR8799
(Marois et al., 2010) and p Pictoris.
Thanks to instruments offering increased
spatial resolution and/or sensitivities
(VLT/SPHERE, the European Extremely
Large Telescope and the James Webb
Space Telescope), planet searches

will become possible for an increasing
number of targets, allowing a wider
exploration of the diversity of planetary
systems and their formation processes.
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Image of the Galactic H il region Sharpless 2-292
(also known as RCW 2 and Gum 1) taken with the
MPG/ESO 2.2-metre telecope and the Wide Field
Imager. The main source of ionisation of the nebula
is the central bright Be star HD 53367. The ionised
gas is visible in Ha. emission and other filters of this
composite image were B, V and R. Further details
can be found in Release es01237.
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