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Above: The most recent shape models of Psyche [6] reveal a non-
spherical world of dimensions 279 x 232 x 189 km.

#2550

Psyche, one of the largest objects in the asteroid belt, is hypothesized to be the
exposed metal core of a planetesimal. This idea is largely driven by 3 attributes
of Psyche inferred from telescopic observations:

1. High density, [e.g., 1–3]
2. High thermal inertia, 120 J m-2 K-1 s-0.5 [4]
3. Radar albedo consistent with metal [5, 6]

Any model of Psyche’s structure must match these observations. We also note a
4th observation of potential importance, the detection of orthopyroxene [7].

These attributes are consistent with the planetary core hypothesis, but there are
two observations that may complicate this idea. We address them here.

Complication 1: 
Water/hydroxyl detection

Predictions for Psyche 
(the mission)

Left: Detection of 
water or hydrated 
minerals from [8].

Recent spectroscopic analysis [8] has revealed an absorption feature
characteristic of water or hydrated minerals. What does this signature imply
about Psyche’s composition?

Complication 2: 
Potential lower density
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Figure 3a-d. LXD spectra of asteroid (16) Psyche obtained during two nights in December 2015. 
These spectra show 3-µm absorption features. The gray bars on each plot mark wavelengths of 
strong absorption by water vapor in Earth’s atmosphere. The band depths were calculated using 
the methods described in sections 2.4 and 2.5. 

Table 2. 3-µm band analysis showing spectra of Psyche to exhibit an absorption feature around 3 
µm spectral region. A 1% uncertainty was added to our calculated 3-µm band depth uncertainty as 
described in section 2.5. 

Observation Date Mid. UTC 3- µm Band 
Depth (%) 

Dec 08, 2015 (set 1) 11:08:44 2.84±1.37 
Dec 08, 2015 (set 2) 12:15:15 3.04±1.21 
Dec 08, 2015 (set 3) 13:20:44 3.26±1.29 
Dec 09, 2015 (set 4) 14:14:40 2.72±1.81 

 

 LXD spectra of Psyche corresponding to four different rotation phases are shown in Figure 
4. These data have been combined with the average NIR spectrum of Psyche obtained by Sanchez 
et al. (2016) with the IRTF, so we cover the full wavelength range from ~ 0.7 to 4.2 µm. For each 
rotation phase, shape models of Psyche are also shown. The three-dimensional shape models of 
Psyche were created with the SHAPE software package (Magri et al. 2007), using data obtained 
by Shepard et al. (2016), which include Arecibo delay-Doppler radar observations and adaptive 
optics images from Keck and Magellan. A detailed description of the procedure can be found in 
Shepard et al. (2016) and Sanchez et al. (2016). 

Possible Solution: infall of carbonaceous material
One source of hydration that directly
addresses the spectroscopic detection of [8]
and is consistent with Psyche as a planetary
core is exogenic infall of hydrated material,
as observed on Vesta [9] (right).

Possible Solution: endogenic or exogenic ice
Psyche’s density is too high for ice to be a large component of its volume, but
localized ice, perhaps delivered by comets, may cause the detections of [8].
We test this possibility using thermal models to quantify ice stability.
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Even with Psyche’s high thermal inertia [4], Psyche’s high obliquity prevents
any portion of its surface from attaining low annual-average temperatures
(upper left). Ice is not stable anywhere on Psyche’s surface (1 m of ice
sublimates away in 250 years), and sublimated ice escapes Psyche quickly
via Jeans escape (upper right).

Conclusions
1. The water/hydroxyl detection on Psyche [8] is consistent with

the planetary core hypothesis. It is most simply explained
through exogenic infall of carbonaceous material, which we
consider most likely. Alternatively, it may be explained with
buried ice. This scenario is easily testable with NASA’s
upcoming mission [15], as such ice would be detectable in the
upper meter by the mission’s gamma ray and neutron detector
at the south pole.

2. Psyche’s bulk density is high, but likely not as high as the grain
density of metal. An interior structure in which Psyche has a
rocky mantle and a metal interior may plausibly explain the
observations. Such a structure invokes an additional
complication of requiring large impacts to excavate metal
ejecta, but does not require macroporosity.

Other compositions for Psyche, such as mesosiderites, may be
possible and warrant study; we have not considered them here.

Overall, the idea of Psyche as the exposed core of a differentiated
planetesimal is plausible, but so are other structures. It is clear
that Psyche is not a “normal” asteroid, and each plausible
structure would supply fundamental information about the early
solar system and/or planetary interiors, yielding great scientific
return from the upcoming mission.

Subsurface ice may cause
detections via sublimating
molecules that adsorb to the
surface before being lost.
Starting from an initial condition
of ice near the surface, we allow
sublimation of ice to occur over
Gyrs. Results (left) show that
ice would retreat 10s of cm to
10s of m into the subsurface
over 4 Gyr.

Estimates of Psyche’s density
vary widely (right), and not all
are consistent with the grain
density of metal. The most
recent density estimate [6] is
4500 ± 1400 kg/m3. The
density is almost certainly
higher than Vesta’s, implying a
large metal component in
some capacity.

Possible Solution: A metal world with macroporosity
A density of 4500 ± 1400 kg/m3 is consistent with Psyche as an Fe-Ni core, but with 25–
60% porosity throughout. It is unclear if Psyche’s mass allows such high porosity to exist,
as it is near the value for which porosity is expected to be efficiently compressed away
[10]. More work is needed for Psyche’s specific parameters to resolve this question.

Possible Solution: Psyche as an exposed lower mantle
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Fig. 10. Illustration of two depressions on Psyche. The topography has been color coded to show the dynamic elevation (see text); values > 0 km are saturated in pink to 
emphasize the depressions. The views are centered on the longitude and latitude given at the top of each figure, and these approximate the position of each feature. The left 
figure shows the wider and shallower depression (D1); the dashed circle is 67 km wide. The right figure is centered on the smaller but deeper depression (D2); the circle is 
53 km in diameter. We assign uncertainties of ± 15 km (approximately one triangular facet) for each diameter estimate. 
highs, such that the downslope flow of loose regolith will generally 
move away from these areas and towards the poles and orthog- 
onal longitudes. On an asteroid one or two orders-of-magnitude 
smaller than Psyche, this increased erosion on the ends of the 
body would gradually shorten it, thus causing an increase in the 
body’s rotation rate (to conserve angular momentum) and push- 
ing it closer to its “optimum” state with respect to topography, 
slopes, and erosion rates. On a body the size of Psyche, however, 
it is highly unlikely that this mechanism will occur on a timescale 
short enough to have any significant effect. The occasional large 
impact will have a much more significant effect on changing the 
asteroids shape and moving regolith over the surface in the form 
of ejecta ( Richardson and Bowling, 2014 ). Nonetheless, it is notable 
that despite this, Psyche is still relatively close to its optimum spin 
state for its shape and density. 
4.4. Radar albedo, reflectivity, and composition 

Using the calibrated echo power spectra from 2005 and 2015, 
we estimate Psyche’s mean OC radar albedo to be ˆ σOC = 0.37 ± 0.09. 
This is nearly three times higher than the mean MBA S- and 
C- class radar albedos of 0.14 ± 0.04 and 0.13 ± 0.05, respectively 
( Magri et al., 2007a ), and suggests that the near-surface of Psyche 
has a high bulk density, probably as a result of an enrichment in 
Fe-Ni. Using our model, we can calculate the radar cross-section of 
Psyche at each observation epoch and determine the radar albedo 
as a function of longitude ( Fig. 13 ). Although there are gaps, the 
plot shows that Psyche’s radar albedo is generally between 0.3 and 
0.4. However, at longitudes between 0 ° and 40 ° corresponding to 
the mass-deficit region, there is a significant jump in radar albedo 
to ∼0.5. There also appears to be a radar albedo minima at the an- 
tipode of the bright region, between longitudes of 180 °-230 °. Be- 
cause we have corrected for the projected area of Psyche at each 
point, these changes are not due to a simple increase or decrease 
in the available reflective surface area. 

The radar albedo is a relatively blunt assessment of reflectiv- 
ity because it does not account for variations in surface structure. 
As an example, consider two asteroids of identical material and 
overall visible area, but one smooth and spherical and the other 
roughened and irregular. Intrinsically, the two have the same radar 
reflectivity, but the roughened asteroid will look brighter because 
more energy will be reflected back to the receiver as a result of 
its roughened and/or irregular shape. The relationship between in- 
trinsic Fresnel reflectivity, R , and radar albedo, ˆ σOC , is given by 
( Mitchell et al., 1996 ) 
ˆ σOC = gR (9) 
where g ≥ 1 is the gain factor. For the cosine scattering model we 
adopted for Psyche, the gain can be estimated from ( Mitchell et al., 
1996 ) 
g = 2 ( C + 1 ) 

2 C + 1 (10) 
We found C = 3.5 to work well, giving g = 1.125. 
This may be a good approximation to the overall gain of an 

asteroid, but it is almost certain that gain varies as the asteroid 
rotates and presents different aspects to the radar. Because the 
SHAPE software internally calculates the reflectance for each facet 
of the model (and thus the overall gain), we allowed it to rescale 
the strength of each spectrum separately to estimate a best value 
of R for each run. 

A plot of R versus longitude is shown in Fig. 14 , and the earlier 
global pattern in radar reflectivity is still evident: Psyche is more 
radar reflective between longitudes 15 ° and 40 °. The decrease at 
the antipode is not as dramatic as in the radar albedo plot, but 
still suggestive. Psyche’s mean reflectivity is R = 0.32 ± 0.06, with a 
range of R = 0.27 to 0.44. 

Ostro et al. (1985) provides an empirical relationship between 
radar reflectivity and bulk density (see also the discussion in 
Shepard et al. (2010) ) given by 
ρ = 8330 ( R + 0 . 13 ) (11) 

Above: Shape models [6] reveal the presence of two craters.  
Here, we call them ”Id” and “Ego.”  They have diameters 53 
± 15 and 67 ± 15 km respectively. 

Perhaps Psyche is volumetrically
dominated by a core, but still retains
the lower mantle from its original
differentiated planetesimal (left).
Because there is evidence for metal on
the surface, we invoke large impacts
excavating core material. In order for
this idea to be plausible, the lower
mantle layer must be thick enough to
lower the density from that of metal to
4500 ± 1400 kg/m3, but thin enough
such that impacts can penetrate.

Our calculations (right)
suggest a 10 km thick lower
mantle layer overlying a
metal interior yields an
appropriate density. Can
impacts penetrate such a
layer? The craters Id and
Ego have diameters 53 ± 15
and 67 ± 15 km. Perhaps
there is a larger, yet to be
detected crater “Superego,”
or perhaps the lower mantle
layer has heterogeneous
thickness.

The lower mantle layer provides a natural explanation for the detections of orthopyroxene
[7] and hydrated minerals [8]. We note that there is another object in the solar system,
the KBO Haumea, that is thought to represent a lower mantle exposed from destructive
impacts on the basis of density estimates and surface properties [14].
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Many of the nuances we raise relating
to Psyche’s structure will be answered
with the upcoming NASA mission to
Psyche [15]. The spacecraft will have
three instruments: a gamma ray and
neutron spectrometer, a multispectral
imager, and a magnetometer.
Additionally, radio science will
determine the gravity field.

The gamma-ray/neutron spectrometer
should be sensitive to hydrogen at
depths of 10s of cm. Our modeling
shows that if any ice is present, it will be
at those shallow depths at the south
pole and only at the south pole.
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bilities. The detector is rigidly clamped in a hermetically sealed Al capsule pressurized with
clean, dry nitrogen. The capsule is thermally isolated by nested thin, low-emissivity shields
suspended on Kevlar strings and is cooled to an operating temperature in the 85–95 K range
by a mechanical cryocooler attached to an external passive radiator that rejects its heat to
cold space. The capsule is equipped with two Zener diodes capable of annealing the Ge
crystal up to 358 K (85◦C) or higher. A plastic scintillator anticoincidence shield (coupled
to a photomultiplier tube) surrounds the Ge detector on its sides and back, for rejection of
cosmic-ray background. In addition to survival heaters on the sensor housing having fixed
on and off temperatures, the cooler compressor is outfitted with a heater with its tempera-
ture regulated under instrument control. Electronics includes low-voltage and high-voltage
power supplies, cooler power and Ge temperature regulation, annealing power and tem-
perature regulation, uncooled preamplifiers, shaper amplifiers, high-speed analog-to-digital
converters (ADCs), field-programmable gate arrays (FPGAs), and a microprocessor.

Figure 3 shows a photograph of the complete GRS on a test stand just prior to installation
on the spacecraft. The electronics box is seen in the foreground with the sensor housing
behind it. The Ge preamplifier box is seen attached to the sensor housing in front in the
photo, with the Ge high-voltage (HV) filter box attached to the sensor housing in back. The
passive radiator (which is always oriented facing outer space, away from the planet and

Fig. 3 Photograph of GRS flight
unit on a test stand, prior to
mounting on the spacecraft.
Major visible exterior parts of the
instrument are labeled. For scale
reference, the electronics box
dimensions are approximately
10 cm × 10 cm × 18 cm

Above: MESSENGER’s
gamma ray spectrometer
[16], from which Psyche’s
is based upon.

The gravity science from the Psyche mission should be able to detect
the two-layer structure we hypothesize, if it exists. Detection of deep
craters that may plausibly excavate material ~10 km deep would
support the hypothesis.

Arguably, the most valuable measurement the mission will make to
resolve the issues we raise is a high-precision density measurement.


