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A Search for Fragmentation Debris Near Ursa Major Stream Stars
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Accretion models of planet formation and the early cratering history of the solar system suggest
that planet formation is accompanied by a cloud of debris resulting from accumulation and fragmen-
tation. A rough estimate of the infrared luminosities of debris clouds is presented for comparison
with measured 10-um luminosities of young stars. New measurements of 13 F, G, and K main-
sequence stars of the Ursa Major Stream, which is thought to be about 2.7 x 10® years old, place
constraints on the amount of debris which could be present near these stars.

INTRODUCTION

Very little observational evidence has
been set forth to suggest that planets are
forming in the vicinity of young stars. Yet
some theories of accretion of planets from
cool gas and dust require on the order of 10®
years for formation of the terrestrial planets
(Wetherill, 1978; Safronov, 1977) and longer
for the outer planets (Safronov, 1977). The
cratering history of the Moon indicates that
significant accretion in the solar system was
still taking place at least 5 X 10® years after
its origin (Hartmann, 1972). Stars in this
age range may be selected from open clus-
ters whose members formed at approxi-
mately the same time and whose ages can
be decided from evolutionary and kine-
matic studies. For example, the Ursa Major
Stream stars are about 2.7 X 108 years old
(Giannuzzi, 1979) and the Pleiades are
1.5 X 108 years old (Yuan and Waxman,
1977). The accretion process is inevitably
accompanied by fragmentation. Accretion
and fragmentation produce a debris cloud
which radiates predominantly in the infra-
red. This infrared radiation would appear as
an excess on the long-wavelength tail of the
spectrum of the central star (Hartmann,
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1978). We present here a crude estimate of
the wavelength dependence and intensity of
such infrared excesses and observational
results from a small sample of F, G, and K
main-sequence stars from the Ursa Major
Stream.

ESTIMATE OF INFRARED EMISSION FROM A
DEBRIS CLOUD

In estimating the luminosity of the debris
cloud surrounding a star, we will use some
assumptions implicit in theories in which
planets are formed by sweeping up smaller
solid particles in orbit around an already
formed star. Safronov (1969) used this ap-
proach to explain the formation of the plan-
ets. The time required to form the outer-
most planets by this method appears to be
too long, but its application to the terrestrial
planets is an active field and has been re-
viewed recently by Wetherill (1980). The
existence of a debris cloud in the vicinity of
newly formed planets is not necessarily
model dependent because collisions are
likely in any system with a large number of
orbiting objects. The cratering rate of the
terrestrial planets was at least 10® times
greater 4.1 X 10° years ago than it is now
(Hartmann, 1972). This implies a corre-
spondingly higher number density of inter-
planetary particles. The calculations made
here permit an estimate of the total mass of
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such particle distributions based on ob-
served infrared luminosities.

We will examine the debris cloud result-
ing from the fragmentation of planetesimals
in the late stages of planet formation. Since
we have data for only one example, we will
assume that the debris is spatially distrib-
uted like the rocky mass of the solar sys-
tem. This debris is not expected to lie pre-
cisely in the ecliptic plane because of
fragmentation in high-speed collisions.
Thus inclinations to the ecliptic averaging
9.5° or higher like the asteroids (Allen,
1973) are a reasonable expectation. For
convenience we chose a model of debris
that is a composite of eight toroids having
major radii equal to the average distance
from the Sun of each of the planets from
Mercury to Neptune. The mass of debris in
each toroid will be chosen in proportion to
the rocky masses of each of these planets.
Since these estimates are to be applied to
stars on the order of 10® years old, we will
assume that the planets as far out as Jupiter
have accumulated over 90% of their final
mass (Safronov, 1969: Wetherill, 1978) and
that the gaseous component of the nebula
has already dispersed or accreted. The total
mass of the debris is a free parameter which
must be less than 107* M, if the cloud is to
be optically thin. The debris cloud mass for
a given star can be estimated by compari-
son of its observed infrared luminosity with
the luminosities calculated from our model
for various values of the total mass.

In order to write an expression for the
total luminosity of the debris cloud, we first
note that the intensity of emitted radiation
at wavelength A from a single spherical dust
particle of radius r, whose distance from
the star heating it is R, and whose distance
from the observer is S, is given by

i, = e\r)B[NT(r,R))reS2, (D

where €(A,r) is the emissivity, B[A,T(r, R)]
is the Planck function, and T is the tempera-
ture of the particle. The emissivity will be
assumed to be 0.5 forr > N2w and &r/A for
r < N2m. For larger sizes, the value 0.5 is a

slight underestimate based on emissivities
of asteroids ranging from 0.98 to 0.6 (Morri-
son, 1977). Calculations of the wavelength
dependence of extinction coefficients by
Leung (1975) for several possible types of
dust particles show long-wavelength behav-
ior ranging from A7! to A%, We examine
only the A1 case since it yields cooler parti-
cles and thus yields a lower value for 10-um
flux for a given set of other conditions. The
temperature is determined by assuming ra-
diative equilibrium between radiation ab-
sorbed from the star on one side of the par-
ticle and radiation emitted by the particle in
all directions. Absorption efficiency and
emissivity are equal at a given wavelength.
Small particles will generally be hotter than
large particles. This happens because the
small ones are not good radiators, since the
peaks of their emission spectra lie in the
wavelength range A > 2mr, where their
emissivities are dropping as A™!. The spec-
trum of absorbed energy from the central
star peaks at shorter wavelengths where the
particle emissivities (and thus absorptivi-
ties) are higher.

In order to integrate Eq. (1) over the
range of particle sizes we must know the
particle size distribution. Dohnanyi (1969)
derived a theoretical expression for the
steady-state distribution of masses of parti-
cles in collision and showed that it matched
the observed distribution of the asteroids
except for the three largest ones. He found
that the number of particles in the mass
range mto m + dmis dN(m) ~ m™*dm and
that @ = 1.837. If we assume that the den-
sity is independent of mass, the correspond-
ing distribution in terms of radii of spherical
particles is dN(r) = constant X r~2dr, where
B = 3.511. The smallest particles will con-
tribute the most to the luminosity so it is
somewhat risky to extend this distribution
law to submicron particle sizes without em-
pirical evidence, particularly since addi-
tional removal mechanisms become in-
creasingly important for the smaller
particles (see Discussion). A synthesis of
information on the size distribution of inter-
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planetary dust grains by Le Sergeant and
Lamy (1980), based on analyses of lunar
microcraters, suggests a two-component
model for grains between 1072 and 103 um
in diameter. They obtain a fit to radii less
than 1 um with 8 = 3.85 but with a shal-
lower slope from 1 to 100 um, gradually
steepening again at larger radii. A rough fit
to their curve can be made with 8 = 3.5
from radii of 0.03 to 10® wm. For purposes
of our estimate the value 3.5 for 8 will be
used with the understanding that this point
should be investigated more thoroughly for
particular models of accretion and fragmen-
tation. It should be emphasized that we are
not assuming a relation between asteroidal
debris and interplanetary dust at Earth’s or-
bit. We view both as collisional debris and
use the fact that the B8 values for their size
distributions are reasonably close to 3.5.
We may now write for the intensity of radia-
tion from a ring of particles at distance R;
from the Sun

1) = [ ™ e NBIN, TUr,R))
'min 2 dN ’R
x G INER) ()
where
d_N(‘;T’R_f) = C;r 3, (3)

C; is determined from the mass of rocky
material in each ring.

We choose one j value corresponding to
each planet starting with 1 for Mercury. In
Table I we list the R;’s for each planet to be
considered and the approximate rocky core
masses M;. Let f; be the fraction of M; that
has not yet accreted in toroid j. Then the
mass of the toroid is

ijj=f

T min

x4 . dN(r,R))

3 wrip ar dr,

4

where p is the density of the dust material.
From (3) and (4) we have
CJ = 3f; M_i/(s'”prmax”z)a (5)

when r ., is much less thanr ... The largest

TABLE 1

PARAMETERS USED FOR DEBRIS-FILLED TOROIDS

Major radius (AU) Rocky mass®

(1078 M)

0.387 0.166

0.723 2.45

1.000 3.04

1.524 0.32

5.20 60

9.54 60

19.18 40 (includes ices)
30.06 49 (includes ices)

@ The rocky core masses for the outer planets were
chosen on the basis of calculations by Grossman e? al.
(1980) for Saturn and Jupiter and by Hubbard and Mc-
Farlane (1980) for Uranus and Neptune. Average dis-
tances from the Sun and masses of terrestrial planets
are from Allen (1973).

particle radius, r,,, is chosen to be 50 km
to correspond roughly to the radii of the
particles which produced the largest impact
craters on the Moon (Wetherill, 1975).
Larger planetesimals are suggested by
some accretional theories (Greenberg,
1979), but it is not clear that they should be
included in the distribution of debris frag-
ments. For the density we choose 4 g/cm?,
which is at the upper end of the range 2-4 g/
cm?® given by Brownlee er al. (1973). The
smallest particle radius, r ;,, is assumed to
be in the range 0.01 to 0.1 um on the basis
of lunar microcrater size distributions (Le
Sergeant and Lamy, 1980).

The total intensity is just the summation
over j of I(A,j). A convenient way to ex-
press the result is the ratio, I'(A), of the de-
bris cloud intensity to that of the central
star. Using Eqgs. (2)-(5) and the Planck
function for a star of temperature 7* and
radius r*, we have

) = 2 3f;MJ[B(k, T*)rfsﬂ'prmaxlm]_l
j=1

X f ™ e\, ) BN, T(r, R)]r'5dr.  (6)

min

This expression is valid only for an opti-
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cally thin cloud in which the particles are
not shaded by each other. The cross-sec-
tional radii W; of the toroids have not yet
been discussed. For our purposes it is suf-
ficient to use the average temperature,
T(r,R;), for all particles of radius r inside
the toroid j. The larger W; is, the more ma-
terial that can be placed in the toroid with-
out making it optically thick. An idea of a
reasonable value of W/R; can be obtained
from the average inclination of asteroid or-
bits, 9.5°, or the spatial distribution of the
zodiacal cloud which extends tens of de-
grees from the ecliptic.

Since debris near Saturn and the planets
farther out contributes little to the wave-
lengths observationally available to us, and
since Jupiter and the terrestrial planets
formed in comparable times in accretion
theories (Wetherill, 1978, Safronov, 1969),
f; was assumed to be the same for allj val-
ues in the evaluations of I'(A) considered
here.

Table II is a list of several values of
I'(10.5 um) evaluated numerically. As one

TABLE [I

CALCULATED FLux FROM DEBRIS CLOUD RELATIVE
TO CENTRAL STAR AT 10.5 um FOR VARIOUS
CHOICES OF MINIMUM DuUsT PARTICLE RADIUS,
DeBRIS CLOUD MASS, AND STAR TYPE

" min f fIM; Central  T(10.5 um) AM,
(pm) (107 M) star

type
0.01 0.1 22 G2v 3.7 1.7
0.01  0.01 2.2 G2v 0.37 0.34
0.1 0.01 2.2 G2v 0.25 0.24
1.0 0.01 2.2 G2v 0.10 0.10
0.01  0.01 2.2 FOV 0.49 0.43
0.01  0.01 2.2 F2v 0.44 0.40
0.01  0.01 2.2 F5V 0.40 0.37
0.01  0.01 2.2 Fé6V 0.39 0.36
001  0.01 2.2 F8V 0.39 0.36
0.01  0.01 2.2 GOV 0.38 0.35
0.01  0.01 2.2 G8V 0.35 0.33
0.01  0.01 2.2 K2V 0.30 0.28

Note. Column 1, 7y, , is the minimum particle radius in wum.
Column 2, f, is the fraction of the final planetary rocky mass
that has not yet accreted. Column 3, fZM,, is the total mass of
the debris cloud. Column 4 is I'(10.5 um) which is the debris
cloud 10.5-um flux divided by the 10.5-um flux of the central
star. Column 5, AM y, is the decrease in magnitude (i.e., bright-
ening) caused by the presence of the debris cloud.
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F1G. 1. Calculated spectra of debris clouds.

would expect, smaller values of r,, make
the debris clouds easier to detect. We note
that ifr;,is 0.01 pm and f;’s = f = 0.01 that
a significant enhancement, 0.34 magnitude,
in the 10.5-um brightness of a G2V star is
predicted. Even if r;, is 0.1 um the en-
hancement is a detectable 0.24 magnitude
whenf = 0.01. In calculating I'(10.5 wm) for
various stellar types we used effective star
temperatures given by Johnson (1966) and
luminosities and radii interpolated from val-
ues in Allen (1973). If all other parameters
are kept constant, the ratio I'(10.5 um) var-
ies from about 1.3 times that of the Sun for
FOV stars to 0.8 times that of the Sun for
K2V stars. These estimates do not take into
account differences in spatial distribution of
the debris which could affect the luminosity
ratios considerably.

In Fig. 1 spectra determined from the
product of I'(A) and the Planck function for
a solar-type star are plotted. The relative
contribution of the cloud increases at longer
wavelengths, but the total intensity drops
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rapidly at wavelengths longer than about 10
[78

OBSERVATIONS

The observational approach was to mea-
sure the N-magnitudes (corresponding to
the 8.5- to 13.5-um band) of all F, G, and K
main-sequence stars of the Ursa Major
Stream for which sensitivity was adequate
to detect a debris cloud of 2 x 107° M or
smaller. The stars were selected from Ro-
man’s (1949) list of probable members. The
N-magnitudes were then compared with
their known visual magnitudes and with
Johnson’s (1966) V-N values for normal F,
G, and K main-sequence stars. Detections
of infrared excesses (V-N greater than
Johnson’s values) were to be followed up
by circular variable filter (CVF) spectro-
photometry to determine the spectral shape
of the excess in the range 8.5 to 13.5 um.

Most of the photometric measurements
were made with a liquid helium-cooled
Si: As photoconductor using either of two
cooled broad-band filters in the 8.5 to 13.5-
pm atmospheric window. The observations
of y Lep A and B were made ina 1-um band
centered at 10.5 pum using Si: Bi photocon-
ductors. The measurements were calibrated
against the flux measured from standard
stars a Tau or a Boo through a similar air
mass.

For a Tau the N-magnitude was assumed
to be —2.98 and for a Boo, —3.26. These
values are averages of magnitudes at 11 wm
obtained by Gillett et al. (1971) and Gehrz
and Woolf (1971). The spectrum of « Boo
was shown by Hackwell (1972) to follow a
blackbody quite well throughout the range
8.5 to 13 um, so use of its 11-um magnitude
as a calibration in any of the three band-
widths used in our measurements is a rea-
sonable assumption. The same spectral be-
havior can be expected for @ Tau which is
also a K giant. Most of the observations
were made with the NASA/Univ. of Ar-
izona 60-in. telescope at Mt. Lemmon. Sev-
eral additional measurements were made
with the 120-in. Shane telescope of the Lick

Observatory. No significant infrared ex-
cesses were found for any of the Ursa Ma-
jor Stream stars observed. Those for which
we could set N-magnitudes or upper limits
on V-N within 1.7 of the normal are listed
in Table III. The spectral types and visual
magnitudes were taken from the Yale Cata-
log of Bright Stars (Hoffleit, 1964). At least
five stars on the list are members of double
star systems. n Cor Bor has two compo-
nents of equal brightness and spectral type.
It is the only star system of the 13 observed
which appears to have a detectable excess,
but even this is less than two standard devi-
ations from normal. The results may be
summarized by noting that 1o upper limits
of 0.3 magnitude or less can be put on
N(normal)-N(measured) for 6 of the stars
and of 1.7 magnitudes or less for all 13. The
quality of the measurements varies consid-
erably from star to star even though several
attempts were made on each one. We con-
sistently measured higher noise for objects
with large negative declinations such as «
Crv and y Lep. Observing near the north-
ern limit (+60° declination) of the Mt. Lem-
mon telescope also yielded higher noise,
evidently because of air currents rising
from the warm room which is located on the
north side of the observatory. Measure-
ments performed under improved observ-
ing conditions, or with larger telescopes,
will undoubtedly reduce these limits fur-
ther.

DISCUSSION

Before the observational results can be
compared with the values in Table II to
yield upper limits on the debris cloud
masses, three points should be discussed:
(1) the uncertainty in r, in Eqgs. (2), (4),
and (6), (2) the uncertainty in the normal N-
magnitudes, and (3) the opacity of the de-
bris clouds.

It may be argued that r.;, should be
about 0.5 to lum because radiation pres-
sure would tend to blow such particles out
of the solar system. Calculations by Soter
et al. (1977) show that for a limited range of
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TABLE III

URSA MAJOR STREAM STARS OBSERVED IN 8 to 13-um BAND

NGR No. BS/HR Other \4 Type Normal Meas. Measured N limits
name N N
1o lower lo upper
94 4931 78 UMa 493 PRV 4.0 3.7 o
10 — HD 115043 6.74 G2V 5.3 4.1 3.6 5.5
23 235 ¢? Cet 5.2 F8V 39 2.7 ®
29 330 80 Psc 5.53 F2v 4.6 33 o
106° 1983 yLep A 3.6 F6Vv 2.5 2.4 x
106° 1982 yLlep B 6.15 K2V 4.1 4.6 ©
110 2047 x! Ori 441 GOV 3.06 3.16 2.82 3.66
201 4623 a Crv 4,03 F2v 3.10 1.8 %
236 5365 18 Boo 5.41 F5IV-V 4.34 4.3 o
243 5544 £ Boo 4.54  G8V 2.87 2.6 2.5 2.7
246 5634 45 Boo 4.92 F5vV 3.85 3.26 2.76 4.19
2494 5727,8 n Cor Bor 49 G2V 3.54 2.96 2.66 3.38
306 7172 11 Aql 5.24 F8IV 4.0 4.3 39 4.7

2 Double star, both components in field of view.

® Part of double star system. Components resolved and measured separately.

particle sizes, about 0.05 to 0.5 pum, the
radiation repulsive force exceeds the force
of gravitational attraction for magnetite,
graphite, and iron. [See Burns et al. (1979)
for a more complete discussion.} For many
other materials, including quartz, water ice,
obsidian, and andesite, the radiation force
does not exceed gravity at any particle size,
although it would enable some particles
with high kinetic energies to escape that
would otherwise have remained in orbit.
Thus one would expect a deficit of such par-
ticles. The empirical distributions of Le
Sergeant and Lamy (1980), in fact, show an
inflection in the interplanetary grain num-
ber versus size distribution curve in the
neighborhood of 1-3 um which may be re-
lated to depletion mechanisms. In a system
in which fragmentation is still taking place
on a large scale, replenishment of small par-
ticles may largely eliminate the deficit. In
any case we have partially compensated for
the paucity of particles in the vicinity of 1
pm radius by underestimating the number
at shorter wavelengths by using 8 = 3.5.
Thus we feel justified in using 7y, in the
range 0.01 to 0.1 um. Particles smaller than

0.01 um make a negligible contribution to
the infrared luminosity because they are ab-
sorbing inefficiently (¢ = m/A) throughout
the spectral range where the Sun emits
most of its energy. For example, it we re-
duced r p, from 0.01 to 0 in the first exam-
ple of Table II, the ratio I'(10.5 um)
would rise from 3.7 to 4.3.

The normal values of N in Table III are
based on the V-N values of Johnson (1966)
and extrapolations based on effective tem-
perature and the Planck radiation law. Pos-
sible uncertainties and the expected spread
in these values are not well established.
This is not a serious problem for the ap-
proach described here because suspected
infrared excesses would be examined with
4% CVF spectroscopy. One Ursa Major
Stream system, ¢ Boo, was studied this
way in the range 8.5 to 13.5 um. It was
found to have a spectrum consistent with
the sum of two blackbodies at the effective
temperatures and relative luminosities of its
component stars.

In applying Eq. (6) we must be careful to
restrict the f; to values small enough so that
the inner particles do not shade the outer
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ones enough to significantly lower their
temperature. This requires that we calcu-
late the opacity in the ecliptic plane from
the center of the toroid system to the out-
side. The cross-sectional area of all the
(spherical) particles in toroid j is

a= [ DGR )

min
Using Eqgs. (3), (5), and (7) we have
A; = 0.75f;M/(4pr max 2 ro'®). (8)

The cross-sectional area of the toroid of
major radius R; and minor radius W; as seen
from the central star is about 4wR;W;. The
average opacity is thus A;/(4#R;W;). The
ratio of the diameter to the average thick-
ness is 4/w. Consequently the diametrical
opacity is

7 = A/(mR;W)). )]

We let

W; = R; tan 2i, (10)

where 1 is the average inclination to the
ecliptic of the asteroids, 9.5° (Allen, 1973).
If we assume f; = 0.1 for all j, r,, = 0.01
pm, .. = 50 km, and other values from
Table I and the first example in Table II,
then 2; 7; = 0.25. It is clear that our present
treatment is restricted to f; < 0.1, particu-
larly for the interior orbits which have the
greatest shading effect. Greater opacity
would mean lower temperatures for the
particles and a less than linear increase in
luminosity with f;.

The significance of the measured upper
limits on 10-um flux may be judged by com-
parison with the calculated infrared ex-
cesses AM in Table II. As noted previ-
ously, lower limits on N-magnitude (upper
limits on 10.5-um flux) of 0.3 below the nor-
mal N values were measured for 6 stars and
of 1.7 or less for all 13 stars. From Table II
we note that a 0.34 magnitude excess corre-
sponds to a debris cloud of mass 2.2 x 107¢
M (f = 0.01) forr 4, as high as 0.01 um for
a G2V star. An excess of 1.7 magnitudes
corresponds to roughly 10 times as massive

a debris cloud. It should be emphasized
that the debris cloud mass-to-star fiux ratio
depends on our choice of r,, (varying as
Fmax %) as seen from Egs. (4), (5), (6), and
onthe size distribution parameter, 3= 3.5.In
the case of asteroids, this distribution pa-
rameter is constant for sizes up to approxi-
mately r ., = 200 km (based on masses up
to 5 x 10*® kg) according to Dohnanyi
(1969). As noted previously, we used 7, =
50 km for fragmentation debris on the basis
of observed lunar crater sizes. Larger ob-
jects are not considered here to be part of
the debris cloud. Their mass constitutes the
fraction 1-f of total planetary mass that has
already accreted.

Since the stars listed in Table III are 2.7
X 108 years old (Giannuzzi, 1979), the ap-
parent lack of debris clouds can be consid-
ered to place an upper limit on the time
scale of planetary accretion. Theories of
gas-free accretion predict time scales on the
order of 10® years for accumulation of the
terrestrial planets (Wetherill, 1980). Sa-
fronov’s (1969) approach yields 99% accre-
tion in 1 X 10® years for Earth, and 99% in
3 x 108 years for Jupiter. In the calculations
for Table II, typically 20% of the luminosity
came from the Jupiter toroid, 30% from the
Earth toroid, 40% from the Venus toroid.
Thus the debris in the terrestrial region
dominates the luminosity. Consequently,
our measurements for the Ursa Major
Stream are not capable of ruling out gas-
free accretion of planets, but appear to de-
crease the range of possible time scales (6 X
107 to 6 x 108 years for 98% accretion) dis-
cussed by Safronov (1977) to less than 2.7
X 108 years. It would be highly desirable to
extend this type of measurement to a youn-
ger set of stars such as the Pleiades. This
will be much more difficult than the present
study because of the greater distance. So-
lar-type stars in the Pleiades are about 5
magnitudes fainter than the stars studied in
this work (Crawford and Perry, 1976).

CONCLUSIONS
The measurements summarized in Table
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IIT place model-dependent upper limits on
the mass of rocky debris that can be present
in the vicinity of the stars listed. The actual
mass limits depend on the particle size dis-
tribution and the spatial distribution of the
particles. Using reasonable assumptions
based on our knowledge of fragmentation,
crater sizes, and removal mechanisms in
the solar system, it appears that an N-mag-
nitude excess of 0.34 magnitudes places an
upper limit of 2.2 X 107¢ M, (1% of the
rocky mass of the planets) on the mass of
the debris cloud for a solar-type star. Six of
the thirteen stars studied fell below this
limit. Similarly the upper limit of 1.7 for the
N-magnitude excess on all the stars in Table
III corresponds to 22 x 107 M or 10% of
the rocky mass of the planets surrounding a
solar-type star. Such limits may be useful in
evaluating the extent to which planet for-
mation is taking place in the vicinity of
young stars. The existence of observational
data lends impetus to the application of
more sophisticated models to evaluate the
luminosity of the debris clouds produced in
different theories of planet formation. It is
hoped that the observations will extend to
solar-type stars in the Pleiades in order to
study an earlier time period when more dust
may be present.
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