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A Circumstellar Disk Around P Pictoris 

Abstract. A circumstellar disk has been observed optically around the fourth- 
magnitude star p Pictoris. First detected in the infrared by the Infrared Astronomy 
Satellite last year, the disk is seen to extend to more than 400 astronomical units 
from the star, or more than twice the distance measured in the infrared by the 
Infrared Astronomy Satellite. The P Pictoris disk is presented to Earth almost edge- 
on and is composed of solid particles in nearly coplanar orbits. The observed change 
in surface brightness with distance from the star implies that the mass density of the 
disk falls off with approximately the third power of the radius. Because the 
circumstellar material is in the form of a highlyjattened disk rather than a spherical 
shell, it is presumed to be associated with planet formation. It seems likely that the 
system is relatively young and that planet formation either is occurring now around P 
Pictoris or has recently been completed. 

background, a series of ratio and differ- 
ence images were created from normal- 
ized p and a Pictoris image pairs. Use of 
the a Pictoris images to correct for the 
scattered light around P Pictoris is made 
necessary by the relatively large differ- 
ence between the brightness of the atmo- 
spherically scattered light from the star 
and the surface brightness of the disk 
itself. Even with the coronagraph, the 
scattered light from P Pictoris is three to 
five times brighter than the disk over 
most of the observable range. Were this 

To the unaided eye, (3 Pictoris is a 
rather inconspicuous star in an equally 
obscure constellation and, located at far 
southerly declinations, it remains perma- 
nently below the horizon to much of 
Earth's Northern Hemisphere. At a dis- 
tance of 16 parsecs (53 light-years), this 
fourth-magnitude star is considered a 
member, albeit somewhat remote, of the 
immediate solar neighborhood; it is clas- 
sified as a main-sequence dwarf, similar 
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to the sun in an evolutionary sense, but 
with twice the mass and probably ten 
times the luminosity (I). Interest in (3 
Pictoris has increased greatly during the 
past year; observations by the Infrared 
Astronomy Satellite (IRAS) have led the 
IRAS investigator team to the conclu- 
sion that this star is surrounded by a 
cloud of cold, solid material, possibly in 
the form of a circumstellar disk (2). The 
IRAS investigators have also concluded 

not the case, the disk would surely have 
been discovered long ago by using con- 
ventional techniques with optical tele- 
scopes. 

One example of the ratio images is 
shown in Fig. 1. The P Pictoris disk can 
be seen extending radially outward from 
the star, which was positioned behind 
the focal plane mask. The small spots 
appearing in Fig. 1 are positive (light) 
and negative (dark) images of faint field 



stars recorded along with p and ol Pic- 
toris, respectively. The dark vertical and 
horizontal lines centered on the mask are 
10-pm silk monofilaments, which were 
used to support the mask in the focal 
plane. Other light and dark vertical 
stripes are caused by minor defects in 
the CCD chip. From the appearance in 
Fig. 1, one can tell immediately that the 

disk is being presented nearly edge-on as 
seen from Earth, that is, that the plane of 
the disk is within a few degrees of being 
perpendicular to the plane of the sky (6). 
Such a fortuitous orientation contributes 
significantly to the conspicuousness, and 
perhaps even the optical detectability, of 
the p Pictoris disk. 

Because of edge effects around the 

Fig. 1 .  Ratio image (p Pictoris divided by a Pictoris) showing the edge-on circumstellar disk 
extending 25 arcsec (400 AU) to the northeast and southwest of the star, which is situated 
behind an obscuring mask. North is at the top. The dark halo surrounding the mask is caused by 
imperfect balance in the ratioing process. For further explanation, see text. 

Fig. 2. Integrated surface brightness of the p Pictoris disk seen in projection against the plane of 
the sky. The solid and open circles are measured points along the northeast and southwest 
extensions, respectively. Surface brightness is in I (890-nm) magnitudes per square arcsec and 
the radius from the star is given in astronomical units. The dashed and solid lines are computer 
surface brightness from models in which the number density of disk particles falls off inversely 
and with the negative third power of the radial distance, respectively. 

obscuring focal plane mask, we cannot 
make reliable photometric measure- 
ments of the disk any closer to p Pictoris 
than about 100 AU (7). At this distance, 
the far-red disk brightness is approxi- 
mately 16th magnitude per square arc- 
sec, falling off monotonically with in- 
creasing distance from the star (Fig. 2). 
More specifically, the edge-on disk sur- 
face brightness decreases with the 4.3 
power of its distance from p Pictoris; this 
power-law relationship holds remarkably 
well over the range from 100 to 400 AU. 

With no knowledge at this time of the 
size distribution or scattering properties 
of the disk particles, or how these pa- 
rameters may change with location 
throughout the disk, we cannot rigorous- 
ly derive either the optical thickness or 
mass distribution within the p Pictoris 
disk. The application of certain simplify- 
ing constraints on both the physical 
properties and size distribution of the 
scattering particles, however, allows 
construction of a model fitting the ob- 
served disk brightness as a function of 
distance and, thereby, the approximate 
optical thicknesses and distribution of 
mass within the disk. We now proceed 
with the assumption that the disk materi- 
al, which is made visible by scattered 
starlight, can be represented by a swarm 
of high-albedo, diffusely reflecting, unit 
density, spherical particles with a parti- 
cle size distribution that is invariant 
throughout the observable disk. In the 
model, the mean particle size is not 
important, provided it is significantly 
greater than the wavelength of light, that 
is, several micrometers. We will demon- 
strate later that this condition is met. At 
each point along the axis of the projec- 
tion of the disk on the plane of the sky, 
the observed brightness is a summation 
of contributions from many points within 
the disk, each with its individual number 
of scattering particles per unit volume, 
n(r), at distance r from the star, and each 
subject to the inverse square law of 
illuminatioh from the star. To further 
facilitate these preliminary calculations, 
we assume that n(r) can also be repre- 
sented by a power-law function of its 
distance from the star, that nonlinear 
terms in the single-particle scattering 
phase function can be ignored, and that 
only single scattering is involved. This 
last condition requires that the disk be 
optically thin, even when viewed in its 
nearly edge-on presentation. 

The solid and dashed lines in Fig. 2 are 
calculated brightnesses from two mod- 
els; the solid line represents a disk model 
in which the number density n(r) de- 
creases as r-3.' and, for comparison, the 
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dashed line shows a case in which n(r)  
decreases linearly with distance from the 
star. The solution in which n(r)  de- 
creases with approximately the third 
power of the distance is based on a disk 
radius of 500 AU and is seen to fit the 
observations quite well. Although 
uniqueness can hardly be claimed for 
any particular model, we conclude that 
the distribution of mass per unit volume 
within the disk must be proportional to 
approximately F3.  The model also pre- 
dicts both the local dimensionless scat- 
tering cross section u(r )  per unit length 
as a function of position within the disk 
and the integrated optical thickness ~ ( r )  
for a chord across the disk, as  shown 
in Fig. 3. Here, u is defined by 
~ T ( x )  = u(x )dx .  The lower curve in Fig. 3 
is the scattering cross section u(r )  per 
astronomical unit within the disk at  dis- 
tance r  in astronomical units from p 
Pictoris. The upper curve is the integrat- 
ed optical thickness ~ ( r )  along a chord 
that passes closest to  the star a t  the 
indicated distance. The values in this 
upper curve support our computational 
constraint that the disk be optically thin 
(T < 0.1) over the observable range. 

Without additional observations, we 
cannot say what happens within 100 AU, 
but we d o  note that if the disk material 
were to continue inward toward p Pic- 
toris and if the adopted scattering prop- 
erties and radial distribution n(r)  were to 
remain applicable, the integrated chord 
through the disk would become optically 
thick (T - 1) at about 15 AU. As the 
geornetry in the images indicates, we are 
viewing p Pictoris through its own disk 
and, therefore, can make some estimate 
of the total radial optical thickness of the 
disk. At the assumed distance of the star 
(1, 7), its brightness is about 0.5 magni- 
tude fainter than the average star in its 
spectral or color classification (8). If this 
difference is statistically significant, it 
would suggest a total radial optical thick- 
ness of about 0.5 and, if the model could 
still be applied to the inner part of the P 
Pictoris system, it would imply that the 
disk extends inward only to about 30 AU 
and that the region within 30 AU is 
relatively clear. It is also important to 
note that multicolor photometry of P 
Pictoris shows no significant reddening 
( I )  and that this is indicative of neutral 
extinction, that is, extinction by particles 
large compared to the wavelength of 
light. This supports one of the model 
assumptions stated earlier. 

As can be seen in Figs. 1 and 2, the 
circumstellar disk around P Pictoris ex- 
tends to at  least 400 A U  and, according 
to the model, possibly to 500 AU;  this is 

more than ten times the mean distance 
from the sun of the most remote known 
planet within our own solar system (9). 
The disk also becomes geometrically 
thicker with increasing distance from the 
star. When allowances are made for the 
finite resolution of the image ( lo) ,  we 
find a geometrical thickness of about 50 
AU at  a distance of 300 AU; this implies 
that the orbits of most of the disk parti- 
cles are inclined 5" or less to the plane of 
the system. Such small orbital inclina- 
tions to the invariable plane are typical 
of the major planetary bodies within our 
own solar system, and because the orbits 
of these larger bodies are not easily 
perturbed, they tend to retain the memo- 
ry of those inclinations which existed 
early within the solar protoplanetary 
disk. As the solar system has evolved, 
smaller bodies such as comets and aster- 
oids have been perturbed into orbits of 
higher inclination. The perturbing mass- 
es within the inner part of the solar 
system have been the planets, primarily 
Jupiter and Saturn, while farther out the 
most likely candidates have been passing 
stars and giant molecular clouds (11) .  
However, the probability of one star 
passing sufficiently close to another to  
disturb particles at distances of only a 
few hundred astronomical units is van- 
ishingly small over the lifetime of P Pic- 
toris system (11).  Therefore, without a 
detailed knowledge of the existence of 
large bodies or their distribution within 

r ( A U )  

Fig. 3. Model-dependent values for the local 
dimensionless scattering cross section per as- 
tronomical unit in the p Pictoris disk (bottom 
curve) and the integrated optical thickness 
along a chord that passes through the disk 
(top curve), as a function of radius r. For the 
top curve, r is the distance at which the chord 
passes closest to the star; R is the edge of the 
disk in the model. 

the (3 Pictoris system, we cannot esti- 
mate the time scale for stirring up the 
orbital elements of the observed disk 
particles. Nevertheless, the retention of 
nearly coplanar orbits in the P Pictoris 
disk is a qualitative argument in support 
of its being a relatively young system. 

The composition of the P Pictoris disk 
is not known from the data presently 
available, but part or nearly all of its 
mass might be in the form of small grains 
composed of silicates, carbonaceous ma- 
terial, and ices, primarily water ice. Mo- 
lecular hydrogen might also be expected, 
but only the solid disk material is visible 
in our images, and the same would be 
true of the IRAS observations (2 ) .  In 
addition, we consider the possibility that 
part of the visible mass is in the form of 
relatively large particles in the kilometer 
range, as  would be expected if the P 
Pictoris system contained some radial 
distribution of comet nuclei. For  this size 
distribution, we again use a power law, 
dn(a)  ~ - ~ . ' d a  (12),  where dn(a)  is the 
relative number of particles having a 
diameter between a and a + d a ;  the up- 
per and lower limits of the particle size 
distribution are somewhat arbitrarily 
taken to be 10 km and 10 pm, respective- 
ly. Without additional observational 
data, we cannot distinguish among vari- 
ous characteristic particle sizes (micro- 
meters to kilometers), or other distribu- 
tions such as a power law. It is possible, 
however, to  estimate the total mass and 
angular momentum in the disk beyond 
100 AU both for grain size particles, say 
10 pm, and for the power-law distribu- 
tion given above. For  these two exam- 
ples, the estimates of the mass of the 
disk from 100 to 500 AU are 4 x loz5 and 
lo3' g, respectively; the corresponding 
values for angular momentum are 
4 x and lo5' g cm-* sec-'. Thus, 
for the two models, the estimates of the 
total mass in the disk from 100 AU 
outward are 0.01 and 200 Earth masses 
and of the total angular momentum are 
2 x lo-' and 5 x times the rota- 
tional angular momentum of P Pictoris 
itself (13).  

The observational evidence that cir- 
cumstellar material around p Pictoris 
takes the form of a highly flattened disk 
rather than a spherical shell implies an 
almost certain association with planet 
formation. Although there is no direct 
evidence to support the existence of a 
planetary system around P Pictoris, the 
disk material itself represents a potential 
source for planet accretion. The disk 
material visible in the observations, of 
course, extends well beyond the regions 
within a few tens of astronomical units of 
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the star where planets might be expected 
to form. The disk might consist of outly- 
ing debris remaining after an inner accre- 
tionary phase, but it might also include 
inner material ejected outward by plan- 
ets already formed. It  is estimated that 
the time required for planet formation is 
relatively brief; lo8 years is a character- 
istic time scale (14). This, however, is 
much longer than 3 x lo6 years, the time 
required for a two-solar-mass star to  
reach the main sequence following its 
collapse from a cloud of gas and dust 
(15). Thus, as  a main-sequence star of 
indeterminate age, p Pictoris may or may 
not have been in existence long enough 
to have formed a system of planets. 
However, we have already concluded 
that the disk mass does not extend in- 
ward to regions of high optical thickness, 
and this would imply a mechanism for 
depleting material within a few tens of 
astronomical units around the star. Two 
likely mechanisms are the Poynting-Rob- 
ertson effect (16) and accretion of the 
depleted material into planetary bodies. 
Using our assumed mass and luminosity 
for p Pictoris (I),  we find that particles 
smaller than 100 p,m could be removed 
from the region within 30 A U  of the star 
over an interval of lo7 years and that 0. l -  
cm particles could be depleted in lo8 
years. Furthermore, over an interval of 
slightly more than 10' years, 10-p,m par- 
ticles could be totally depleted from all 
regions out to the visible limits of the 
disk. However, small particles can also 
be replenished by mechanisms such as  
collisions between larger particles or by 
the ejection of cometary material, as has 
been suggested to explain the u Lyrae 
(Vega) circumstellar material (17). Since 
we do not know the details of the source 
mechanisms, we cannot predict the evo- 
lution of the distribution of small parti- 
cles (0.001 to 0.1 cm) from the region 
within a few tens of astronomical units 
from p Pictoris. Larger particles, howev- 
er,  could be removed only through the 
planetary accretion process; this is just 
what happened within a volume of simi- 
lar size in our own solar system. 

We do not know the age of p Pictoris, 
only that it must be younger than its 
main-sequence lifetime of approximately 
lo9 years (15). As stated earlier, howev- 
er,  the nearly coplanar, low-inclination 
orbits of the disk particles are an indica- 
tion of a stellar system that has not yet 
evolved much beyond zero age on the 
main sequence. It is tempting to specu- 
late, therefore, that we may be witness- 
ing ongoing planetary formation around 
p Pictoris or, alternatively, that we are 
viewing the distant detritus of an already 
extant but young system of planets. Fur- 

ther observations of B Pictoris and stud- 
ies of other circums;ellar disks may be 
helpful in determining what role, if any, 
is played by remote circumstellar materi- 
al in the formation of planetary systems. 

Both infrared and optical instruments 
are useful in searching for circumstellar 
material. Infrared instruments generally 
have far less angular resolution than op- 
tical ones but, because they observe 
reradiated energy in the thermal infra- 
red, emission from circumstellar materi- 
al tends to  stand out against the relative- 
ly weak, long-wavelength radiation from 
the star itself. At great distances from 
the star, however, circumstellar material 
becomes too cold to  be detected by 
infrared techniques. Optical instru- 
ments, on the other hand, see only scat- 
tered starlight, and thus tend to work 
best in the same spectral region in which 
the star radiates most of its energy. This, 
of course, limits the ability of optical 
instruments to see material close to  the 
star itself, but their ability to detect 
circumstellar material a t  large distances 
is limited only by angular resolution and 
by the contrast of the material's surface 
brightness against the sky background. 
In the case of p Pictoris, as  we have 
already noted, the optical detection ex- 
tends to twice the distance of the infra- 
red. 

The IRAS investigators have found 
excess thermal radiation from a surpris- 
ingly large number of nearby stars, sug- 
gesting that circumstellar material may 
be commonplace in the galaxy. Tele- 
scopes with optical coronagraphs, oper- 
ating both from Earth's surface and later 
from space, should be able to  image 
many of these circumstellar shells or 
disks and thereby determine their mor- 
phology and spatial distribution of mate- 
rial. Such studies may shed new light on 
the formation and evolution of planetary 
systems. 
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