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IRAS Serendipitous Survey Observations of

Pluto and Charon

MARK V. SYkes, Roc M. CutRri, LARRY A. LEBOFSKY,

RicHARD P. BINZEL

On 16 August 1983 the Infrared Astronomical Satellite made two separate pointed
observations of Pluto and its moon Charon. Because of the small angular displacement
of the system between the times of measurement, the Pluto-Charon system was
identified as a source in the Serendipitous Survey (SSC 14029+0518). Detections
were made at 60 and 100 micrometers with color-corrected flux densities of 581 + 58
and 721 % 123 millijanskys, respectively. Pluto is best described as having a dark
equatorial band, and brighter polar caps of methane ice extending to +45° latitude, at
most. An upper limit of approximately 9 meter-amagats is placed on the column
abundance of a methane atmosphere on Pluto, which is comparable to recent upper
limits based on independent ground-based spectroscopy.

THERE HAS BEEN A SURGE OF INTER-
est in Pluto in recent years, primarily
because of the discovery of its moon
Charon (I) and the advent of mutual
eclipses between the two bodies as Earth
passes through the projected orbital plane of

Charon (2). These eclipse observations will

allow for accurate determination of the radii
and geometric albedos of Pluto and Charon,
as well as the mapping of darker and lighter
areas on their surfaces. More interest was
generated when a methane atmosphere on
Pluto was reported with a column abun-
dance of 27 m-A (3), on the basis of ground-
based spectroscopy (4). Although more re-
cent ground-based observations and analy-
ses have reduced this value by factors of 2 to
4 (5, 6), a “significant” atmosphere was
reported on the basis of observations made
by the Infrared Astronomical Satellite
(IRAS) during a survey of the sky at thermal
infrared wavelengths (7). In this report we
analyze more sensitive “pointed” observa-
tions made of Pluto by IRAS (8), and
present quantitative limits on the Pluto at-
mosphere by means of infrared observa-
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tions. We conclude that the atmosphere is
thinner than originally thought (consistent
with the recent ground-based observations)
and that surface methane ice is restricted to
ice caps whose locations vary in response to
large changes in subsolar latitude over a
Pluto year (248 Earth years).

Two separate pointed observations were
made of the fields around Pluto on 16
August 1983 at approximately 0430 UT
and 1130 UT, in four broad passbands
centered on 12, 25, 60, and 100 pm. The
images reconstructed from the scans are
shown in Fig. 1, and information regarding
the Pluto-Charon system at the mean time
of observation is given in Table 1. The
IRAS Serendipitous Survey examined the
point sources extracted from nearly all
pointed observation fields that were ob-
served at least twice during the satellite’s
mission. Infrared sources that were found to
lie at nearly the same position and have
similar flux densities in two observations of
the same field were considered “confirmed”
and were compiled in the IRAS Serendipi-
tous Survey Catalog (SSC) (9).

A comparison of Pluto’s ephemeris posi-
tion with all of the SSC sources in the Pluto
AO fields (Table 2) confirmed the identifi-
cation of the brightest source (H) seen at 60
and 100 pm as being the Pluto-Charon
system (SSC 14029+0518) (10). The color-

corrected 60- and 100-pum flux densities are
581 + 58 mJy and 721 * 123 m]y, respec-
tively (11).

Figure 2 shows the Palomar Sky Survey
red-plate image in the region of the pointed
observation field with the approximate loca-
tion and uncertainty box of each source
indicated. Pluto was not overlying any pre-
viously known source that would have con-
tributed to the observed flux at IRAS wave-
lengths. As can be seen in Fig. 1, Pluto-
Charon was detected easily at 60 and 100
um, and only upper limits are available at 12
and 25 wm (Fig. 3) on account of the large
distance between Pluto and the sun. The
thermal flux density (B,) of a blackbody in
radiative equilibrium with sunlight at Plu-
to’s heliocentric distance (T ~ 51 K) would
peak at around 100 um and decrease expo-
nentially at shorter wavelengths. Other
sources found in the Pluto field (Fig. 2)
include two SAO stars (C and D), several
faint galaxies (A, B, E, and F), and two
sources that are likely associated with modu-
lations in the extended infrared cirrus emis-
sion (G and I).

Pluto was also observed while IRAS was
in the survey mode (7), but a detection was
made only at 60 pm. The flux density
reported (420 mJy) was much smaller than
the value derived from the SSC (Fig. 3). In
part, this is probably a result of the lower

25 um 60 um

Fig. 1. IRAS observations of the Pluto field taken
in the pointed mode on 16 August 1983. Two
separate scans (top and bottom) were taken ~7
hours apart. Several of the SSC sources are clearly
seen and marked by their letter designations (Ta-
ble 2). Pluto-Charon (R) is seen as a strong source
at 60 and 100 pum but is invisible at the shorter
wavelengths. The only sources seen at 12 pm are
SAO stars. At 100 um, evidence for extended
infrared cirrus emission can be seen.
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Table 1. Pluto-Charon physical data at the time
of the IRAS pointed observations.

Pluto-sun distance 29.87 AU*

Pluto-Earth distance 30.28 AU

Phase angle (31) 1.77°

Pluto-Charon apparent 0.88 arc sec
separation

Pluto-Charon apparent Charon due north
orientation of Pluto

Pluto radius (32) 1145 km

Charon radius (32) 642 km

Phase integral (33) 0.42

Pluto bolometric Bond 0.17
albedo (34)

Charon bolometric Bond 0.18
albedo (34)

*AU: astronomical unit.

Iw’ .
e e
H B
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Flg. 2. The region of the Palomar Sky survey red-
plate corresponding to the field scanned by IRAS.
The more elongated appearance of the field in
Fig. 1 is a consequence of the IRAS detectors
being rectangular with the long dimension in the
cross-scan (east-west) direction. The boxes trace
the uncertainty of the source position. These
boxes are larger for sources I and G, which were
detected only at 100 wm. At the time the plate
was taken, Pluto was not in the field. There were
no underlying sources at Pluto’s location (H) at
the time of the IRAS pointed observations.
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signal-to-noise ratio survey-mode observa-
tions. In addition, the Pluto-Charon system
may have been intrinsically brighter in the
thermal infrared during the AO scans re-
ported here, since they were taken during
the minimum in its visual light curve when a
darker surface (hence larger thermal emis-
sion) is observed.

The “standard thermal model” assumes
that an object can be described by a sphere,
and that each point on the surface of that
sphere is in instantaneous radiative equilibri-
um with incident sunlight. All absorbed
sunlight is reradiated on the daylit side. This
has long been used to describe the thermal
emission of asteroids and is a useful tool in
determining radiometric diameters of such
bodies (12-15). For slowly rotating bodies
or objects with “dusty” surfaces (similar
to the moon), this model works particularly
well because of large temperature differences
between the day and night sides. How-
ever, at large heliocentric distances,
equilibrium temperatures are much colder
and do not change significantly from day to
night. Consequently, the standard thermal
model does not apply to objects in the outer
solar system, such as Pluto-Charon, because
almost as much energy is reradiated from the
night side as the day side. In this case
thermal emission from an airless body is
more accurately described as coming from a
sphere whose surface is in radiative equilib-
rium with the amount of incident sunlight
averaged over an entire rotation (16). If we
assume the observed hemisphere to be uni-
form in its properties (such as albedo and
emissivity), variation in surface temperature
becomes solely a function of latitude, A.
Consequently, this model is referred to as
the “isothermal latitude model.” The tem-
perature is given by

_(Fs « 1/4
T(A) = (R02 'n'(rx cos A) 1)
where
_1-4,
- @)

and Fg is the solar constant at Earth, Rg is
the heliocentric distance of Pluto-Charon, o
is the Stefan-Boltzmann constant, Ay, is the
bolometric Bond albedo, B is the infrared
beaming factor (17), and e is the emissivity
of the surface.

Since Pluto and Charon were not spatially
resolved by IRAS, the physical parameters
such as albedo and surface area cannot be
distinguished between the two bodies on
the basis of IRAS observations alone. A
mean albedo is assumed for both bodies and
the model flux F, expected to be measured
in the nth bandpass by IRAS is given by the
relation:

1'p2 + rCZ w2 w2
Fn=e R? J; f—«/z J;nIZ T(MBA(T)

X cos @ cos? A dPAAAN
where B\(T) is the Planck function,

2h3
B\(T) = 4)

he
)\5[ exp ()\kT(A) ) - l]

and 7p is the radius of Pluto, ¢ is the radius
of Charon, R is the Earth-Pluto distance,
Ta(N) is the relative response of the nth
IRAS bandpass as a function of wavelength
(8), 4 is Planck’s constant, ¢ is the speed of
light, % is Boltzmann’s constant, and ® is the
longitude (the subsolar point is located at
approximately A = 0°, & = 0°).

First, we convert the flux densities (in
millijanskys) of the IRAS observations to in-
band fluxes (in watts per square centimeter)
so that the satellite data can be directly
compared to the model fluxes (18). From
the ratio of the IRAS fluxes in the 60- and
100-pm bands and Egs. 1 and 3 we deter-
mine that a = 1.467¢'7. The uncertainty of
a is defined by the range of values needed to
reproduce the range of uncertainty in the
IRAS flux ratio. Using this value of « in Eq.
3, and equating the numerical result to the
observed flux in the 60-um and 100-um
bands, we can constrain the projected sur-
face area of the Pluto-Charon system

3)

Table 2. Serendipitous Survey Catalog sources in the Pluto AOs. Flux densities (in millijanskys) were
derived from the AO flux grids 8184 and 8219, which are point source filtered versions of the intensity
grids in Fig. 1 (9). These values have not been color-corrected. Uncertainties listed are derived from the

median noises of the two AO fields.

jocfl?t FlZum FZSu.m F6()u_m F|00l‘»m Name Notes
A =66 =128 239 =12 =224 14019+0456  Faint galaxy
B =66 =128 138 = 12 318 £ 35 14019+0520  Faint galaxy
C 124 + 10 =128 =81 =224 14021+0501  SAO 120271
D 203 £ 10 =128 =81 =224 14024+0536  SAO 120277
E =66 =128 109 = 12 =224 14026+0513  Faint galaxy
F =66 =128 78 £ 12 =224 14028+0455  Faint galaxy
G =66 =128 =81 308 = 37 14028+0542  Possible cirrus
H =66 =128 540 = 11 721 = 36 14029+0518  Pluto-Charon
I =66 =128 =81 246 = 37 14038+0552  Possible cirrus
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Fig. 3. (A) Color-corrected IRAS monochromat-
ic flux densities of Pluto-Charon (@) (and hori-
zontal bars with downward-pointing arrows) are
compared with flux densities derived from the
isothermal latitude model (O) and a 51 K rapidly
rotating blackbody (solid line). At 60 and 100
pm the model and observed flux densities overlap
each other. At 12 and 25 pm, the model flux
densities are 0.15 and 20 m]y, respectively. A 20
upper limit (V) at 22.5 um of 42 m]y was
obtained by Rieke and Ricke (35) from the
Infrared Telescope Facility (Hawaii) in 1982.
Error bars on the model points reflect the propa-
gation of the uncertainty from the IRAS data at
60 and 100 pm. These points are independent of
ground-based determinations of the radii and
albedos of the system. Model flux densities, with
the assumption of Pluto methane ice caps, and
ground-base derived parameters listed in Table 1,
nearly overlap the values of the isothermal latitude
model. Maximum flux densities derived from the
Pluto ice cap model are 0.06 mJy (12 wm), 26
mjy (25 pm), 597 mJy (60 pm), and 738 mJy
(100 pm). (B) The 60- and 100-pm IRAS flux
densities (@) are shown on an expanded scale for
comparison with the survey coadd flux reported
by Tedesco et al. (7) (O) and the maximum flux
density (434 mJy) obrtainable from a Pluto model
assuming a thick atmosphere (>300 m-A) over a
pure methane ice surface. Charon is described by
the isothermal latitude model with parameters
shown in Fig. 4. The dashed line is the corre-
sponding 100-um flux density (512 m]y) for the
thick atmosphere model. In this latter case, model
parameters can be adjusted to improve the pre-
dicted 100-pwm flux, but only at the expense of the
60-pm flux.

(weighted by its mean surface emissivity) to
be eApc = 4.3%{:¢ x 10° km?. With the
total surface area of the system derived from
Table 1, this value for the projected area
yields emissivity values of € = 0.7970%. By
comparison, most surfaces have emissivities
between 0.9 and 1.0 (19). The low values
we obtain for the emissivity might arise
from the presence of methane ice on Pluto
(20), which is thought to have a low emis-
sivity (21). The distribution of this methane
ice will be discussed later. From Eq. 1, the
nominal subsolar temperature of both Pluto
and Charon is 59 K. A nominal beaming
factor of B = 0.72, which is derived from
Eq. 2 and the values for o and ¢, is compara-
ble to the value of 0.75 derived for asteroids
but smaller than the value of 0.86 derived
for the icy satellites of Jupiter and Saturn
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(15). These latter values are based on obser-
vations made of asteroids and icy satellites at
10 and 20 pm. The beaming factor should
get closer to unity (indicating a weaker
effect) at longer wavelengths for a cratered
topography (22). A stronger beaming effect
for Pluto-Charon at 60 and 100 um would
indicate unusual surface topography, per-
haps deep grooves over most of the surface.

The model of Trafton and Stearn for
Pluto, in which a methane atmosphere
which exceeds 7 cm-A over a thick methane
ice surface, results in a globally isothermal
surface (21). The thermal flux expected from
such an object is given by

2
- = RN NG

where

(5)

Fo o 14
T ( R@Z 4a ) (6)
One consequence of an isothermal surface is
the removal of the effect of infrared beaming
(there being no temperature differences be-
tween shadowed and sunlit surfaces). Thus,
in Eq. 2, B = 1. Diameters and albedos for
Pluto and Charon were taken from Table 1.
Charon’s beaming factor was allowed to
vary from 0.72 to 1.0. Since water ice is
likely to be a significant component of Char-
on’s surface and methane ice is depleted
(23), we assume an emissivity of 0.9 for
Charon.

For each combination of Charon thermal
properties, the emissivity of Pluto was var-
ied from 0.1 to 1.0 in order to attempt to
reproduce the in-band fluxes observed by
IRAS and thereby constrain the surface tem-
peratures and atmospheric column abun-
dance. In each case the predicted fluxes fell
short of the IRAS 60-pm flux by greater
than 2.5 standard deviations regardless of
the resultant thickness of Pluto’s armosphere
(Fig. 3). We thus conclude that the Pluto
atmosphere is not thick enough to isother-
malize the planet’s surface. If the atmospher-

Fig. 4. The Pluto methane

ic column abundance falls below 7 cm-A,
the temperature distribution converges onto
that of the isothermal latitude model. How-
ever, for a pure methane ice surface, this also
requires subsolar temperatures lower than
48 K, since the methane column abundance
is a sensitive function of temperature. This
conflicts with the result of the previous
isothermal latitude model, which requires a
nominal equatorial temperature 11 K warm-
er, in order to reproduce the IRAS pointed
observations.

The last model we discuss assumes that all
of the methane on Pluto is located in polar
caps, leaving an equatorial band depleted in
methane. This allows us to invoke the warm-
er temperature required by the previous
IRAS-constrained isothermal latitude model
while also maintaining an areal coverage of
methane, which is known to be present on
the surface (20). The caps are assumed to be
isothermal (24) and symmetric about both
poles. Each cap spans the same amount of
latitude, and is expected to have a higher
albedo and lower emissivity than the equa-
torial region. This region is described by the
isothermal latitude model as is Charon. Its
thermal properties (B, €) are assumed to be
the same as Charon’s, since Charon is also
methane-depleted (23) and the composition
of the two bodies should be similar if they
formed at the same location of the solar
nebula. That is, we expect water ice to be a
significant component of the equatorial sur-
face (25). We also require that the area-
weighted average albedo of Pluto be equal
to the value in Table 1. An additional im-
posed condition is that temperatures be
continuous across methane ice cap bound-
aries.

As the caps extend to lower latitudes,
their temperature increases, and the column
density of a possible methane atmosphere
also increases. We assume that Pluto’s equa-
torial band and Charon have the same emis-
sivity of 0.9 (from arguments given above)
and a beaming factor that is allowed to vary

ice cap model with model -
results and parameters need-
ed to minimize the latitude
of the cap boundary and Y
maximize the atmospheric
column abundance, p. Ay, is
the bolometric Bond albe- |
do, B is the infrared beam- 1}
ing factor, € is the emissivi-
ty, Tss is the subsolar tem-
perature, and T,, is the
temperature over the ice
caps. The relative radii of
Pluto and Charon are to
scale, but their separation at
the time of the Serendipi-
tous Survey observations is
not.

0.1<e<0.4

B=1.
0.79> Ay > 0.27
543K > Tcap >526K

.
£=0.9

B=0.72
0.03 <Ay <015 |
59.2K > Tgg > 57.3K |

1.0

.

9.2m-A>p>34mA
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from 0.72 to 1.0. Methane ice cap emissivi-
ties are varied from 0.1 to 1.0. Once the cap
emissivity is fixed along with noncap and
Charon emissivity and beaming, and the
lower latitude of the caps, the bolometric
Bond albedos of the caps and equatorial
band are determined. Combinations of the
above variables are rejected if albedos calcu-
lated are negative or greater than unity, or if
the caps are darker than the equatorial band.

When the beaming factor is near its lower
value and cap emissivities have values be-
tween 0.1 and 0.4, the IRAS fluxes are
reproduced to within 3%, whereas the low-
est allowable latitude for the caps is found to
be =45°. The calculated albedos and tem-
peratures for the methane ice caps and equa-
torial band, given the above range of param-
eters, are shown in Fig. 4. A maximum
atmospheric column density of 9.2 m-A is
determined, if we assume the emissivity of
methane ice to be 0.1. Higher emissivities,
latitudes, and beaming factors result in a
lower column abundance (26). We have also
considered the effect of Pluto’s variation in
albedo with rotational phase and find no
significant change in the ice cap model
results (27). The 9.2 m-A upper limit deter-
mined here is somewhat lower than the
estimate of 15 £ 5 m-A by Cochran and
Sawyer (6) and is greater than Buie and
Fink’s upper limit of 5.5 m-A (5).

The existence of ice caps on Pluto with a
darker equatorial band is qualitatively con-
sistent with the “spot” models of Marcialis
(28) and Buie (29). Both models, although
not unique solutions, have dark equatorial
spots, the largest of which was nearly cen-
tered on Pluto’s disk at the time of the IRAS
observations reported here. Both posited
bright polar caps as one means of explaining
the secular dimming of the system. The
present methane ice caps, by our model,
exist as a consequence of the greater insola-
tion at the equator, and a thin enough layer
of methane ice that it sublimates at equatori-
al temperatures on time scales very short
compared to a Pluto year. Because of the
large obliquity of the system (86°), the poles
actually receive more insolation than the
equator, averaged over a Pluto year. Thus,
we expect the distribution of methane ice on
Pluto’s surface to change significantly as the
subsolar latitude varies during the Pluto
year. When the subsolar latitude is +86°, all
methane ice should be located on the “dark”
pole, hidden from terrestrial view. Conse-
quently, future “spot” models may have to
consider the case of nonstatic ice caps whose
coverage varies with time; it would be of
great benefit to the interpretation of Pluto-
Charon observations if laboratory spectros-
copy of methane ice is undertaken at visual
and far-infrared wavelengths (30).
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A Transgenic Mouse Model for Human
Neurofibromatosis

STEVEN H. HINRICHS, MICHAEL NERENBERG, R. KAY REYNOLDS,
GEORGE KHOURY, GILBERT JAY*

Human T-lymphotropic virus type 1 (HTLV-1) has been associated with the neurolog-
ic disorder tropical spastic paraparesis and possibly with multiple sclerosis. The tat
gene of HTLV-1 under control of its own long terminal repeat is capable of inducing
tumors in transgenic mice. The morphologic and biologic properties of these tumors
indicate their close resemblance to human neurofibromatosis (von Recklinghausen’s
disease), the most common single gene disorder to affect the nervous system. The high
spontaneous incidence of this disease, together with the diverse clinical and pathologic
features associated with it, suggests that environmental factors may account for some
of the observed cases. Multiple tumors developed simultaneously in the transgenic zat
mice at approximately 3 months of age, and the phenotype was successfully passed
through three generations. The tumors arise from the nerve sheaths of peripheral
nerves and are composed of perineural cells and fibroblasts. Tumor cells from these
mice adapt easily to propagation in culture and continue to express the tat protein in
significant amounts. When transplanted into nude mice, these cultured cells efficiently
induce tumors. Evidence of HILV-1 infection in patients with neural and other soft
tissue tumors is needed in order to establish a link between infection by this human

retrovirus and von Recklinghausen’s disease and other nonlymphoid tumors.

HILE HUMAN T-LYMPHOTROPIC

virus type 1 (HTLV-1) has been

associated with the development
of lymphoma and leukemia in humans, less
than 0.1 percent of individuals who have
antibodies to the virus develop lymphoid
malignancies and do so only after a long
latency period (1). The clinical and morpho-
logic features of the disease are varied and
may involve the skin and bone as well as the
lymphoid system (2). Recent studies have
suggested that HTLV-l-induced disease
may be accompanied by neurologic symp-
toms (3-5).

A previously obscure syndrome termed
tropical spastic paraparesis (TSP) affects the
nervous system and has been epidemiologi-
cally linked to infection with HTLV-1
through detection of antibodies in serum
and cerebral spinal fluid (3). The characteris-
tic symptoms in patients with TSP from the
Caribbean appear to be related to the central
nervous system with gradual develop-
ment of spastic paralysis as well as facial
nerve paralysis and selective sensory deficits
3). A similar disorder termed HTLV-1-
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associated myelopathy (HAM) has been de-
scribed in patients from Japan (4). Serologic
and low stringency hybridization data have
provided evidence of HTLV-1-related anti-
gens and sequences in patients with multiple
sclerosis (MS) (5). Thus clinical evidence
would suggest that HTLV-1 may be neuro-
tropic as well as lymphotropic.

The zat gene of HTLV-1 under the con-
trol of its own long terminal repeat (LTR) is
capable of inducing two phenotypes in
transgenic mice in the absence of other viral
genes (6). Tumors arose in all three founder
mice (designated 6-2, 6-7, and 8-4) which
survived longer than 3 months, an observa-
tion that is consistent with tumor develop-
ment being unrelated to the site of integra-
tion of the transgene. On the basis of their
spindle cell morphology, the tumors were
thought to be of mesenchymal derivation.
Most of the tumors were benign, although
in some cases malignant features were seen.

We analyzed the offspring from two of
the original three founder mice (6-2 and 8-
4), as well as those from the more recently
derived 12-2 founder. The tumor phenotype

was faithfully transmitted to 30 of 30 F,
transgenic progeny mice and was successful-
ly carried into the F, and F; generations.
Tumors first appeared between 90 and 130
days of age. They were usually located on
the ears, nose, legs, or tail (Fig. 1A). Most
tumors began as small discrete nodules,
which became confluent or multinodular as
they enlarged. The largest tumor that we
have observed was on the tail, and it mea-
sured approximately 1 ¢m in its greatest
dimension; it had a high mitotic index and
extended to the surrounding connective tis-
sue, features we interpreted as consistent
with a malignant transformation. Granulo-
cytic infiltration occurred in all large and
small tumors, despite little or no evidence of
tumor necrosis.

Primary tumors expressed concentrations
of the tat protein that were several times
higher than any normal tissue, as revealed by
Western blot analysis. Isolated tumor cells
placed in tissue culture expressed tat in the
nucleus, as demonstrated by indirect immu-
nofluorescence (Fig. 2). Tissue culture cells
that produced the tat protein have been
passaged at least ten times and have grown
tumors in five of five nude mice.

Three of four females from the F; and F,
generations of the 6-2 lines were noticeably
different from their male counterparts. They
expressed the 74z gene as shown by immuno-
blot analysis of tail extracts, but did not
show external signs of tumor development.
Nevertheless, they succumbed to progres-
sive wasting and death by 3 months of age.
At autopsy, all three animals showed tumors
of the cranial nerves (two animals) or nerve
ganglion (one animal). In one of these ani-
mals, the intracranial tumor had its origin in
the left fifth cranial nerve ganglion (Fig.
1B). In that particular case, the right fifth
cranial nerve showed no evidence of tumor.
Histologically, the tumor was composed of
elongated, spindle-shaped cells admixed
with ganglion cells. No evidence of exten-
sion into the brain was seen. A second
tumor was found in the cranial foramen, but
its site of origin could not be determined.
The remaining two females had diffuse in-
volvement of a plexiform type of the extra-
cranial nerves V and VII. Coronal sections
from one of these mice demonstrated exten-
sive tumor involvement of the nerve as it
passed to the right of oral cavity and tongue,
while the nerves on the left side appeared
normal (Fig. 1C).

Since the tumors from these three animals
suggested a close association with nerve, we
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