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Reflected light from sand grains in the terrestrial zone
of a protoplanetary disk
William Herbst1, Catrina M. Hamilton2, Katherine LeDuc1, Joshua N. Winn3, Christopher M. Johns-Krull4,
Reinhard Mundt5 & Mansur Ibrahimov6

In the standard model of terrestrial planet formation, the first step
in the process is for interstellar dust to coagulate within a proto-
planetary disk surrounding a young star, forming large grains that
settle towards the disk plane1. Interstellar grains of typical size

0.1 mm are expected to grow to millimetre- (sand), centimetre-
(pebble) or even metre-sized (boulder) objects rather quickly2.
Unfortunately, such evolved disks are hard to observe because
the ratio of surface area to volume of their constituents is small.
We readily detect dust around young objects known as ‘classical’ T
Tauri stars, but there is little or no evidence of it in the slightly
more evolved ‘weak-line’ systems3. Here we report observations of
a 3-Myr-old star, which show that grains have grown to about
millimetre size or larger in the terrestrial zone (within 3 AU) of
this star. The fortuitous geometry of the KH 15D binary star sys-
tem allows us to infer that, when both stars are occulted by the
surrounding disk, it appears as a nearly edge-on ring illuminated
by one of the central binary components. This work complements

the study of terrestrial zones of younger disks that have been
recently resolved by interferometry4–6.

Figure 1 shows two views of the geometry of the KH 15D system
according to our present interpretation. We adopt an updated ver-
sion of model 3 of ref. 7 for all quantitative discussion. KH 15D is
known to be a pre-main-sequence binary system with an age of
,3 Myr and a distance of 760 pc (refs 8–10). It consists of 0.6M[
and 0.7M[ stars (designated A and B, respectively7; M[ is the solar
mass) in an eccentric orbit (e 5 0.6) with a period of 48.37 days. Its
orbit is inclined to a circumstellar disk that extends to ,5 AU (ref. 11);
precession of the disk is causing an occulting edge to advance across
the orbit of the binary, as shown in Fig. 1b11,12. The precession time-
scale for the disk is ,1,000 yr, and it must either be warped11 or flared
(or both) to cause both the foreground occultation and the back-
ground reflection. It is not known where, within this ring, the occult-
ing edge is actually located—it could be at the inner or outer edge or
at the high point of a warp somewhere in between. See Fig. 6 of the
model paper7 for a sketch of the possibilities.

For the past decade, only one star (A) has appeared above the disk
edge, undergoing a dramatic ‘sunrise’ and ‘sunset’ every orbital cycle.
During this time interval, the brightness of the system as measured at
Earth has depended primarily on only one variable, namely the eleva-
tion (D) of star A above (or below) the ‘horizon’ defined by the edge
of the occulting screen as projected on the plane of the sky. We
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Figure 1 | Schematic drawings showing our interpretation of the geometry
of the KH 15D system. a, b, Drawings showing a three-dimensional (3D)
view (a) and a sky view (b). Only the part of the system to the right of the
solid line in b is visible, owing to the opaque screen. The elliptical orbits of
stars A and B are shown, as is the occulting edge, which advances from left to
right. At present, the screen is just intercepting the outer edge of the orbit of
star A, so that for a while, neither star will be seen above the occulting screen.
The inner disk radius is located at 0.6 AU, which is approximately the location
of the 3:1 orbital resonance that defines it according to dynamical models16.
The outer disk is located at 5 AU, based on the precession timescale of
,1,000 yr (refs 7, 11). The important difference between this model and
others is that the reflected light is now recognized to come from evolved
solids, probably of millimetre size, that have condensed in the terrestrial
planet formation zone of this pre-planetary disk. Disks like this have long
been hypothesized to exist as an intermediate step between the gas-rich,
dust-laden disks seen around classical T Tauri stars and the so-called ‘debris’
disks seen around older stars such as b Pictoris17 that contain dust due to
fragmenting collisions between metre- or kilometre-sized planetesimals. The
KH 15D disk is remarkably dust-free, and represents an intermediate stage
between a classical T Tauri star disk and a debris disk. Although not depicted
here, there is still some gas in the disk, as evidenced by weak accretion
signatures, including forbidden lines of sulphur and oxygen and extended
emission wings to hydrogen lines18,19.
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measure D in units of the radius of star A (1.3R[ < 109 m; R[ is
the solar radius). Figure 2 shows the system brightness at 0.80mm
wavelength, as a function of D, during the last four years (ref. 13; K.L.
et al., manuscript in preparation). For D . 1, the full disk of star A is
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Figure 2 | Brightness variation of KH 15D with elevation of star A. Abscissa
units are radii of star A (1.3R[ < 109 m). Dashed lines show the points
where the screen first contacts the limb of the star (D 5 1), where the star is
half obscured (D 5 0) and where it is just fully obscured (D 5 21). Inset,
behaviour after occultation on a modified scale for clarity. The rise in
brightness that occurs for elevations below 26 is due to the influence of star
B, which is closer to the screen edge than star A at those orbital phases. The
solid line is a ‘proof-of-concept’ model of the light curve discussed in more
detail in Supplementary Information. It represents a fifth-order polynomial
fit to the predicted flux of the system based on the expression:

Flux(D) 5 exp[2t(A)] 1 1.37exp[2t(B)] 1 C1frefl(D) 1 C2

where frefl(D) 5 Vring(A) 1 1.37Vring(B), and Vring is the solid angle sub-
tended by the top of the disk (as a fraction of 4p sr) as seen from the relevant
star. The luminosity of star B is 1.37 times that of star A7,20,21. The disk is
modelled as a flat ring of inner radius 0.5 AU and outer radius 5 AU (refs 11,
16). The exponential factors account for transmitted light, where
t 5 1.46 2 1.46D. The parameters C1 and C2 were chosen to roughly fit
the data by eye and have the values C1 5 2.0 and C2 5 0.02 for this ‘proof-
of-concept’ model. Physically, C1 controls the relative amount of phase-
dependent scattered light and depends on the geometry, albedo and phase
function of the particles. C2 allows for a small amount of invariable scattered
light. The maximum solid angle subtended by the top of the disk in our
model is 0.43 sr for star A and 0.10 sr for star B.
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Figure 3 | Spectral variation of KH 15D with elevation of star A. Shown are
cross-correlation functions of KH 15D spectra with a K7 V synthetic
spectrum over the spectral range 0.644–0.645mm. The telescopes and
instruments used were the 10 m Keck I telescope and HIRES echelle
spectrometer, the UV–visual echelle spectrograph on the European
Southern Observatory’s 8.2 m Very Large Telescope, and the 6.5 m Magellan
II telescope and the MIKE echelle spectrometer. The spectral region includes
several photospheric lines, primarily due to Ba I, and is not affected by
emission lines or terrestrial features. The vertical dashed lines indicate the
radial velocity of star A (or B, for the mid-eclipse spectrum) based on our
model7,22. The dashed-dotted lines show the expected velocity of the reflected
component if the mirroring particles had the systemic velocity of

18.65 km s21 and were located directly behind the star from our vantage
point. When D . 21, the light from KH 15D is dominated by star A (upper
row, left three panels). When star A is fully occulted from our vantage point
(middle and bottom rows), but still visible to the reflecting particles on the
top side of the back of the disk (26 , D , 21), it is the reflected light from
star A that contributes to the system’s light and produces the red-shifted
radial velocity component. The spectrum in the upper-right panel was
obtained near mid-eclipse in 2004, at a time when D ; D(A) 5 27.6 and
D(B) 5 27.2. Hence, star B, which is also brighter, would be the expected
source of most of the system’s light in our model, and its velocity and
predicted reflection component are shown.
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visible and the system’s flux is determined by its brightness; for
11 . D . 21, the star is partly occulted; and for D , 21, it is fully
occulted. As Fig. 2 inset shows, while the total light from the KH 15D
system plummets precipitously in the interval 11 . D . 21, it also
continues to depend on D even after full occultation (D , 21).

In earlier studies, the system’s visibility after full occultation has
been attributed to haloes of scattered light around each component
or around the system as a whole7,14. Analysis of high-resolution
spectra of the system when faint now paints a different picture.
Figure 3 displays the cross-correlation functions of a number of
high-resolution spectra with a K7 V synthetic spectrum. The spectra
show a single strong peak at the radial velocity of star A for D . 21,
but become double-peaked after full occultation, with one peak cor-
responding to star A and the other to a red-shifted component. The
radial velocity of the second component does not match star B, which
is also far below the horizon at these times (see Fig. 1) and heavily
obscured. We propose that the second peak is reflected light from the
part of KH 15D’s disk that is behind the stars from our vantage point.
Star A is moving towards the Earth (relative to the systemic velocity
of 118.65 km s21) during both ingress and egress, so its reflection
from a mirror behind the star would appear to be moving away from
us (red-shifted). During mid-eclipse, it is star B that is more elevated
with respect to the obscuring edge and we may see its direct light
(very dimly) and its reflection, as the upper-right panel in Fig. 3
shows. We find good agreement, especially during ingress, between
the predicted radial velocities according to this interpretation and the
observed velocities of the red-shifted components.

Our reflection model also accounts well for the shape of the light
variations during full occultation, as we now discuss (see Supplemen-
tary Information for additional details). The inclination of the orbit
to the ring means that, viewed from a point on the ‘top surface’ (that
is, the surface visible from Earth) of the back side of the ring, only one
star is fully visible at any time and its height above the local horizon

depends on the orbital phase. We assume that the brightness of the
system is proportional to the solid angle subtended by the top of the
ring as seen from the illuminating star. We also allow for a transmis-
sion component to the light, as required by the spectra. From
simultaneous photometry obtained on three nights when we could
separate the direct and reflected light, we can estimate the optical
depth (t) of the occulting screen as a function of D. These data show
that t 5 2.9 at D 5 21 and that it increases roughly linearly with D, as
one would expect. The reflection is assumed to come from a flat ring
with inner and outer radii of 0.5 AU and 5 AU, respectively; a repre-
sentative model light curve is shown as the solid line in Fig. 2 inset. It
reproduces the shape of the observed light curve quite well, in par-
ticular the brightening that occurs for D , 26 owing to the fact that
star B has risen to become the illuminating star.

The data and our interpretation also permit us to derive con-
straints on the size of the grains that constitute the obscuring/reflect-
ing disk. Figure 4 shows how the colour of the system changes during
full occultation in the optical and near-infrared (Fig. 4a and b,
respectively). Importantly, there is no evidence for reddening, which
implies that the ring particles are significantly larger (by at least a
factor of 20) than those in the interstellar medium14. Immediately
after star A ‘sets’ (D , 21), some light from that star is still visible
through the occulting part of the disk, allowing a measurement of the
optical depth along that path length, which provides a further size
constraint on the grains. In our model, the screen optical depth (t)
can be expressed as t 5 64MR22r21r21(L/T), where M is the total
mass of obscuring particles (in Earth masses), R is the disk radius (in
AU), r is the grain radius (in mm), r is the density of a grain (in
g cm23), L is the path length of the radiation through the obscuring
medium, and T is the disk thickness. Our data show that t 5 2.9 at
D 5 21, so for representative choices of r 5 3 and L/T 5 0.05, we
obtain r < S, where S is the mass surface density of the disk in Earth
masses per square AU. Using our own Solar System as a guide, we may
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Figure 4 | Colour variation of KH 15D with elevation of star A. a, The V 2 I
colour of the Cousins system (ref. 13; K.L. et al., manuscript in preparation),
with effective wavelengths at 0.55 mm and 0.80 mm, respectively;
b, comparison of brightness in J (1.26mm) and H (1.66mm)23. Error bars,
61 s.d. In the optical range, KH 15D has a stable colour before the beginning
of the eclipse (D . 1), becomes steadily bluer during eclipse (1 . D . 21)
and maintains the bluer colour during the phases when reflected light
dominates (D , 21). In the near-infrared, there is also a transition to a bluer
light during the reflection phases. The solid line shows the average colours
out of eclipse. The blueness is consistent with what one might expect from

unweathered silicates having particle sizes significantly larger than in the
interstellar medium24. Relatively blue spectral response is characteristic of
some asteroidal material found in the Solar System, such as eucrites
(pyroxene plus plagioclase feldspar). We further note that the shape of the
albedo function is not consistent with scattering from grains of interstellar-
medium size nor is the fact that most of the scattered light clearly arrives by
back-scattering, not forward scattering. Finally, note that there is no
evidence of reddening of the direct light of either star at any phase; the
occulting screen shows no evidence of submicrometre-sized dust.
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infer a grain size for this path length through the disk of roughly
1 mm. Interestingly, this is characteristic of chondrules, the glassy
spherules that are a primary component of the most primitive
meteorites found in our own Solar System15.

The most uncertain parameter in our expression for t is (L/T), and
this could be larger than the value of 0.05 we adopt, which would
increase the inferred size of the grains. Our derivation (see Sup-
plementary Information) assumes that the grains are uniformly dis-
tributed through a cylindrical volume of thickness T, where T is
determined from the projected extent of the obscuring material on
the plane of the sky. A more realistic picture may be that the grains are
concentrated into a thinner structure, which is tilted, warped, corru-
gated and/or flared in such a way that its footprint of obscuration on
the sky is much larger than its physical thickness. In this case
L/T . 0.05, and one might have a disk composed of pebbles.
Furthermore, if there were a vertical gradient of grain size within
the disk, we would expect to be measuring the smallest grains present,
as they would have the largest scale height. For both of these reasons,
we consider our estimate of ,1 mm to be characteristic of the smal-
lest grains that could be present in the disk; the bulk of the disk might
consist of even larger grains.
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