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A partially differentiated interior for (1) Ceres 
deduced from its gravity field and shape
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m. t. Zuber3, r. r. Fu4, m. J. toplis5, C. t. russell6, A. Nathues7 & F. preusker8

Remote observations of the asteroid (1) Ceres from ground- and 
space-based telescopes have provided its approximate density 
and shape, leading to a range of models for the interior of Ceres, 
from homogeneous to fully differentiated1–6. A previously missing 
parameter that can place a strong constraint on the interior of Ceres 
is its moment of inertia, which requires the measurement of its 
gravitational variation1,7 together with either precession rate8,9 or a 
validated assumption of hydrostatic equilibrium10. However, Earth-
based remote observations cannot measure gravity variations and 
the magnitude of the precession rate is too small to be detected9. 
Here we report gravity and shape measurements of Ceres obtained 
from the Dawn spacecraft, showing that it is in hydrostatic 
equilibrium with its inferred normalized mean moment of inertia 
of 0.37. These data show that Ceres is a partially differentiated body, 
with a rocky core overlaid by a volatile-rich shell, as predicted in 
some studies1,4,6. Furthermore, we show that the gravity signal is 
strongly suppressed compared to that predicted by the topographic 
variation. This indicates that Ceres is isostatically compensated11, 
such that topographic highs are supported by displacement of a 
denser interior. In contrast to the asteroid (4) Vesta8,12, this strong 
compensation points to the presence of a lower-viscosity layer at 
depth, probably reflecting a thermal rather than compositional 
gradient1,4. To further investigate the interior structure, we assume 
a two-layer model for the interior of Ceres with a core density of 
2,460–2,900 kilograms per cubic metre (that is, composed of 
CI and CM chondrites13), which yields an outer-shell thickness 
of 70–190 kilometres. The density of this outer shell is 1,680–
1,950 kilograms per cubic metre, indicating a mixture of volatiles 
and denser materials such as silicates and salts14. Although the 
gravity and shape data confirm that the interior of Ceres evolved 
thermally1,4,6, its partially differentiated interior indicates an 
evolution more complex than has been envisioned for mid-sized 
(less than 1,000 kilometres across) ice-rich rocky bodies.

The tri-axial shape of Ceres has been determined from Dawn15 space-
craft images obtained during the 1,480-km High Altitude Mapping 
Orbit campaign, which acquired global coverage of Ceres’ surface with a 
resolution of about 140 m. These images have been processed along with 
radiometric tracking data to obtain a three-dimensional shape model 
of Ceres via stereo reconstruction techniques16,17. The resulting volume 
of Ceres is (434.0 ±  1.5) ×  106 km3 with a volumetric mean radius of 
R ≈  470 km. The best-fitting ellipsoidal model of the global shape yields 
the principal semi-axes of ae =  483.1 ±  0.2 km, be =  481.0 ±  0.2 km and 
ce =  445.9 ±  0.2 km, which gives a polar flattening of 0.075 ±  0.001. The 
main reason for the 2-km difference in principal semi-axes ae and be is 
the high topography seen around 47° E and 227° E (Fig. 1a).

The radial offset of the centre of figure with respect to the centre of 
mass of Ceres is a first-order measure of the degree of internal homo-
geneity8. This offset is about 1.0 ±  0.3 km, indicating that there may be 

a small level of internal heterogeneity at the longest wavelength, such 
as variations in the outer-shell density or thickness, or an offset in the 
core location. All terrestrial Solar System bodies for which detailed 
topography is known have centre-of-mass to centre-of-figure offsets in 
the ~ 0–3-km range8,12. Considering that the offset for Ceres is broadly 
towards the high-topography region, it suggests a global-scale variation 
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Figure 1 | Mollweide projection of topography and the Bouguer 
anomaly. a, Ceres topography map (ranging from − 6.5 km to 7.9 km, 
colour scale). b, Bouguer anomaly map (ranging from − 167 mGal 
to 200 mGal, colour scale and numbers on contours). Both maps are 
projected onto a (482 km, 482 km, 446 km) mean ellipsoid (see Methods). 
Projecting onto a geoid does not change the overall trends. Comparing 
both maps reveals a signature of a classic isostatic compensation of 
surface topography; that is, the Bouguer anomaly is inversely correlated 
with topography. This relation points to a decrease of viscosity at depth, 
probably caused by internal thermal gradients1,4.
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in the shell thickness, with a strong outer shell that has retained its 
geometry over geologic timescales, as discussed in more detail below.

Two-way X-band (8.4 GHz) radiometric range and Doppler track-
ing measurement of the Dawn spacecraft were also acquired and pro-
cessed to obtain the gravity field7. This yields in an estimated mass of  
M =  (938.416 ±  0.013) ×  1018 kg. Combining the mass and volume values 
gives the bulk density of 2,162 ±  8 kg m−3. That density is < 5% greater 
than inferred previously2 owing to updated and more accurate shape 
data. As shown in previous studies1,4, the density of Ceres is much less 
than that of a typical rocky body, such as the Moon or Vesta (~ 3,300–
3,500 kg m−3), indicating a mixture of volatiles and rocky materials.

Gravity science observations also yield a degree-8 gravity field7 
(Extended Data Table 1), with coefficients determined with sufficient 
accuracy up to degree 5 (that is, the magnitude spectrum of uncer-
tainty is lower than the estimated magnitude spectrum), which gives 
a half-wavelength resolution of about 300 km (Fig. 2). The measured 
second-degree, first-order gravity coefficients7—that is, C21 and S21—
are small compared to the other degree-2 coefficients, indicating that 
Ceres is rotating very nearly about the principal axis of the greatest 
inertia, with no measurable wobble18, implying no recent excitation19 
(Extended Data Table 1). This suggests that the orbit of Ceres must have 
been free from substantial impact for many hundreds of thousands of 
years, as expected for an object the size of Ceres, given that it would 
take an enormous amount of energy to create a wobble that would be 
measurable using Dawn’s image data.

In addition, the degree-2 gravity harmonics are dominated by the 
zonal term J2, which is driven by rotational flattening. As Ceres has no 
significant tides, the main force acting to produce departures from spher-
ical symmetry is rotation, and if Ceres were in hydrostatic equilibrium, 
then the only departures from spherical symmetry would be in the form 
of a zonal flattening. That is, all degree-2 spherical harmonics, except  
for J2, should be zero. Following this logic, the measured hydrostatic-
ity matches that predicted within an error of 3%. This hydrostaticity is 

also supported by the degree-2 and -4 coefficients of the Ceres gravity 
field, where their magnitude spectra are dominated by the zonal (that is,  
latitudinally dependent) components, indicating that the gravity field 
has an almost ellipsoidal shape (Fig. 2 and Extended Data Table 1).

In contrast to Vesta, different internal processes are at work on Ceres. 
Whereas the gravity on Vesta is mainly determined by the topography 
on the surface, the gravity of Ceres is noticeably suppressed when com-
pared to the signal predicted by the topography (Fig. 2). The Bouguer 
anomaly map (that is, observed gravity minus the gravity from homo-
geneous Ceres with mean density) shows that low values correlate with 
the high-topography areas, and vice versa, indicating an isostatic com-
pensation of the surface of Ceres (Fig. 1a and b). The presence of topo-
graphic features at all scales20,21 indicates the presence of a strong outer 
shell, while compensation points to a decrease of viscosity at depth that 
is probably thermally controlled1,4. Salts have also been suggested as 
second-phase impurities that could weaken the subsurface and produce 
a few per cent melt, consistent with the emplacement of the mountain 
on Ceres called Ahuna Mons22.

The larger value of the degree-2 zonal harmonic calculated assuming 
a homogeneous Ceres with mean density, as compared to the observed 
J2 is most easily (but non-uniquely) interpreted as evidence for a den-
sity gradient, with lower-density material near the surface. A first step 
towards interpreting these data are to assume a two-layer structure, 
that is, a core and a shell. By invoking the Radau–Darwin approxi-
mation10,23,24, based on the observed degree-2 gravity coefficients 
together with the assumption of hydrostatic equilibrium, we compute 
the normalized mean moment of inertia of Ceres of 0.37, which is 
large compared to those of the bodies expected to have experienced 
full differentiation, such as Ganymede (~ 0.31)25, and is more compa-
rable to those of Titan (~ 0.34)26 and Callisto (~ 0.36)25. The latter two 
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Figure 2 | Ceres gravity and error magnitude spectra of normalized 
spherical harmonic coefficients7,8. The observed Ceres gravity field 
(blue) shows a much lower signal than do uniform-density two-layer 
models (cyan). This becomes more apparent when the hydrostatic 
component is removed (dashed lines), showing that the gravity of Ceres 
is strongly suppressed, probably owing to isostatic compensation. The 
uniform-density Ceres gravity is based on a two-layer model with a  
280-km spherical core with a constant 2,900 kg m−3 density (that is,  
CM-class chondrites13) and a constant outer-shell density of 1,950 kg m−3. 
In contrast, the gravity field of Vesta (red) is mostly driven by the 
topographic signature of the surface (yellow)8. The Ceres gravity field is 
well determined for coefficients up to degree 5 (that is, the magnitude 
spectrum of uncertainty is lower than the estimated magnitude spectrum).
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Figure 3 | Ceres core and shell densities computed by numerical 
integration of Clairaut’s equations of hydrostatic equilibrium9. The core  
density values (solid blue line) and the shell density values (dashed red 
line) comprise the family of possible two-layer models for Ceres as a 
function of core radius. Typical values of grain density13 are shown for 
H-chondrite (black circle), unaltered carbonaceous chondrite (CO or CV 
chondrites; green circle), moderately to extensively altered CM chondrite 
(blue circle) and pervasively altered CI chondrite (red circle). A band 
of ± 100 kg m−3 is shown for the latter two examples to take account of 
potential variability in density within a given group. Assuming that the 
interior of Ceres is made up of CM-class chondrites (that is, 2,900 kg m−3) 
yields a core size estimate of about 280 km and a mean outer shell of 
thickness about 190 km and a density of about 1,950 kg m−3. Assuming that 
the interior of Ceres is made up of highly altered CI-class chondrites (that 
is, 2,460 kg m−3) yields a core size estimate of about 400 km and a mean 
outer-shell thickness of about 70 km and a density of about 1,680 kg m−3.
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are believed to maintain large non-hydrostatic anomalies that could 
mask actual information on their density profiles27. However, Ceres is 
a fast rotator and its moment of inertia is less affected by non-hydro-
static anomalies27, so the derived moment of inertia is expected to be 
representative of the interior of Ceres. Therefore, the magnitude of J2, 
combined with the hydrostatic assumption, does reflect a central mass 
concentration. With these assumptions, we estimate the density and 
thickness of the inner and outer layers of Ceres from the observations 
by numerically integrating Clairaut’s equations of rotational equilib-
rium to third order9. These approaches yield a family of solutions for 
core radius versus core density (Fig. 3). If the radial density variations 
are monotonic, then the actual density profile must fall within the enve-
lope provided by the core and shell density curves (Fig. 3). The numer-
ical solution, coupled with the assumption that the shell density cannot 
be less than 930 kg m−3 (that is, pure water ice), indicates that the den-
sity of the inner core cannot be less than about 2,400 kg m−3. This value 
is slightly lower than the grain density (that is, the zero-porosity density 
value) inferred for the most altered (and least dense) carbonaceous 
chondrites13, that is, 2,460 kg m−3, which yields an outer-shell thickness 
of about 70 km and density of about 1,680 kg m−3 (Fig. 3).

Ceres, however, is large enough that carbonaceous chondrite material 
would undergo some thermal metamorphism at depth1,4, accompanied 
by the migration of salt species upon mild heating5. Advanced met-
amorphism, a scenario that would imply an early time of formation 
involving a substantial amount of 26Al, would partially dehydrate the 
core material of Ceres, driving off some of the volatiles and increasing 
the core density. On the other hand, incomplete aqueous alteration of 
the original igneous minerals may also lead to relatively higher core 
densities. Assuming that the density of Ceres’ deep interior may be 
approximated by that of CM chondrites13 (that is, a grain density of 
2,900 kg m−3), which have undergone advanced aqueous alteration, 
the numerical solution leads to a core size estimate of approximately 
280 km. This corresponds to a mean outer-shell thickness of 190 km 
and a density of about 1,950 kg m−3 (Fig. 3). The high shell density 
may reflect the redistribution of elements from the rock to the vola-
tile phase as a consequence of aqueous alteration, enriching the shell 
in salt compounds4,9,28 or it may reflect an enrichment of the outer 
shell in silicate material, as in the muddy mantle model6, or both. The 
potential enrichment of Ceres’ shell in salts is further supported by the 
direct detection of sodium bicarbonate and ammonium compounds at 
the Occator crater on Ceres14 as well as geological observations21. The 
modelled shell density reaches a maximum of 1,970 kg m−3 for a fully 
anhydrous core (3,500 kg m−3). However, full dehydration of the core 
is not expected, on the basis of thermal models4,6.

Overall, the geophysical observations acquired by the Dawn space-
craft, and inferred constraints, demonstrate that Ceres has undergone 
physical and chemical differentiation. This is consistent with the 
observed surface mineralogy suggesting that Ceres went through a 
phase of aqueous alteration14 following the melting of its volatile phase. 
These results resolve an enduring uncertainty on the nature of Ceres’ 
interior concerning the relative likelihood of the undifferentiated3 and 
fully differentiated models4—both of which can now be ruled out. The 
departure from a fully differentiated interior reflects the role of water 
in moderating thermal evolution, as well as formation after several 
half-lives of 26Al. This contrasts with Vesta, which accreted earlier, lost 
most of its water and experienced substantial internal differentiation29. 
The internal structure of Ceres presented here, combined with other 
Dawn observations14,20–22,30, will help to constrain Ceres’ physical and 
chemical evolution, and provide critical insight into the differentiation 
of other large ice-rich rocky bodies.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Data set from the Dawn mission. The data arc considered in this study starts on  
4 February 2015, just after the time when the Framing Camera (FC) image  
resolution exceeded that of the Hubble Space Telescope, and ends on 24 October 
2015, which is the end of the High-Altitude Mapping Orbit (HAMO) phase. The 
orbit radius for each phase is about 14,000 km (Approach), 4,860 km (Survey), 
and 1,940 km (HAMO). Although the best image and gravity data come from the 
HAMO phase (that is, the lowest altitude considered in this study), higher-altitude 
data are also used since they are helpful for determining long-wavelength features.

The Dawn spacecraft is equipped with a primary and a back-up framing cam-
era with image resolution of 93 μ rad per pixel30; the FC2 camera (primary) was 
used during the data arc considered here. A total of about 4,300 images were taken 
during this period with image resolution in the range 0.14–7.79 km per pixel. The 
camera bore-sight almost always points to nadir, and thus, the image resolution 
strictly depends on the altitude; however, we note that the incidence angle (that is, 
the angle between the camera bore-sight and the Sun direction) is also important 
for shape determination16,17.

The Dawn telecom subsystem is capable of X-band (8.4 GHz) uplink and 
downlink compatible with NASA’s Deep Space Network stations for the gravity  
science investigation. The range and Doppler data acquired by the Dawn spacecraft 
measure the distance and line-of-sight velocity of Dawn relative to a Deep Space 
Network station, respectively. The radio tracking was continuous except for when 
Dawn was thrusting to lower its orbit. There were no ion-thrust interruptions 
during the Survey and HAMO phases.

The radio data and landmarks derived using the stereo-photoclinometry tech-
nique are then processed to determine global parameters of Ceres through an 
orbit determination process11. The root-mean-square residuals of the processed 
range, Doppler, and imaging data were 0.5 m, 0.02 mm s−1 (60 s integration time), 
and 0.2 pixels, respectively.
Ceres shape determination. An accurate shape model is crucial for understand-
ing the geophysical nature of Ceres. Using the images acquired during the science 
phases, a stereo-photoclinometry method was applied to construct a three- 
dimensional shape model of Ceres. The stereo-photoclinometry technique is dif-
ferent from a conventional stereo method in the sense that stereo uses parallax 
in overlapping images and photoclinometry estimates slopes from changes in 
brightness with variations in illumination and view angles, allowing construction 
of high-resolution topography and albedo maps16.

First, an a priori shape model is gridded with overlapping maps. For each map, 
a set of images with visibility of the map location is extracted, ortho-rectified 
and projected onto the a priori shape model. Each image was evaluated before 
inclusion in the model. Saturated images were discarded, in particular the over- 
exposed images acquired by the navigation team for the purpose of a star-based 
pointing solution. Images with high phase angles were not dismissed out of hand, 
but were evaluated in the model and later discarded if they consistently failed to 
register with any maps, especially with higher-resolution maps that were created 
later. Registration outliers between image data and existing maps were addressed 
individually, and very little data was deleted (< 1%). Registration errors were 
adjusted by hand to provide a better a priori location for the automated process. 
Occasionally, it was necessary to reduce the allowable ratio of image resolution to 
map resolution to prevent older, lower-resolution images from softening the map.

Once all images are registered, a brightness model for each image is constructed 
based on a reflectance function, slope and local geometry, and solar and camera 
geometry. Note that the reflectance model used in this study is the same model 
used for the Vesta phase of the mission. This model is phase-dependent and has 
produced map renders that are visually similar to the source image data. A least-
squares fit is then made between each brightness model and its projected image 
to estimate the local slope and relative albedo. Finally, the topographic slopes 
are integrated to construct local heights and all maps are combined to produce a 
global shape. The centre of each map is often called a landmark or a control point. 
Since landmarks are fixed points relative to Ceres, landmarks in an image can be 
used to triangulate the position of Dawn.

The main error sources for stereo-photoclinometry are the uncertainties in the 
spacecraft position and camera pointing direction, which are difficult to separate. 
This is mainly because the image data alone are not sensitive enough to deter-
mine the radial position of the camera. Also, it is difficult to identify systematic 
errors in the long-wavelength topographic variation when combining maps to 
create a global three-dimensional shape. We resolve these errors by combining 
the optical data with radio data to better constrain the spacecraft and landmark 
positions through an orbit determination process. The Doppler data measure the 
line-of-sight velocity of Dawn relative to a Deep Space Network station extremely 
accurately, which is very sensitive to the radial distance, especially for low altitudes. 
Overall, shape determination is an iterative process of stereo-photoclinometry and 

orbit determination until the solution converges, and we note that it is crucial to 
combine both processes to minimize potential systematic errors.

Given a three-dimensional shape, it is often helpful to determine a best-fit ellip-
soid for various geophysical interpretations. We first note that the shape model we 
determine is with respect to the centre of mass, and there are several different ways 
for computing a best-fit ellipsoid (Extended Data Table 2). The best fitting method 
for geophysical interpretation is where we estimate nine parameters, that is, three 
semi-principal axes (ae, be and ce), the orientation angles of the three principal axes 
(θe, φe and ψe), and the three-dimensional centre of ellipsoid (cx, cy and cz). Note that 
the orientation angles and the Cartesian centre of ellipsoid are defined with respect 
to the Ceres body-fixed frame, which is co-aligned with the frame where the gravity 
field is determined. The unit vectors along the three principal axes are defined as:
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The best-fitting method results in the principal semi-axes of (483.1 km, 481.0 km,  
445.9 km), which gives a polar flattening of  ( + )/ − / ( + )/ = .[ a b 2 c] [ a b 2] 0 075, 
with the ellipsoid major axis along the (47.4° E, 0.1° S) direction (Fig. 1a).

Another useful definition of a best-fitting ellipsoid is where the principal axes 
directions are fixed with respect to the Ceres body-fixed frame and only the princi-
pal axes and ellipsoid centre are computed (Extended Data Table 2). The resulting 
principal semi-axes are (482.0 km, 482.1 km, 445.9 km), which we approximate as 
(482 km, 482 km, 446 km). We call this case the mean reference ellipsoid and used 
it to make Mollweide projections of topography and the Bouguer anomaly (Fig. 1a 
and b). In both cases, the mean volumetric radius is about 470 km, and both show 
that Ceres’ shape is almost spheroidal (that is, ae ≈  be).
Ceres gravity and rotation determination. The external gravitational potential 
of Ceres that attracts the motion of the Dawn spacecraft can be modelled using a 
spherical harmonic expansion7:

∑ ∑λ φ φ λ λ=
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where G is the universal gravitational constant, M is the mass of Ceres, R is the 
reference radius of Ceres (470 km), Pnm are the associated Legendre functions, 
and Cnm and Snm are the un-normalized spherical harmonic coefficients (the cor-
responding un-normalized zonal harmonics are Jn =  − Cn0). The un-normalized 
spherical harmonic coefficients are related to the normalized spherical harmonic 
coefficients as follows: ( ) = ( )C S N C S, ,nm nm nm nm nm , where the normalization 
factor Nnm is defined as:
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Here, δ0m represents the Kronecker delta function. For degree-2 coefficients, 
the normalization factors are =N 520 , = /N 5 321 , and = /N 5 1222 . The grav-
itational acceleration of an external point mass—defined by the latitude φ, longi-
tude λ and radius r—is given by the gradient of this potential. Since the gravity 
field of Ceres perturbs Dawn’s orbit, both gravity field and rotational parameters 
can be estimated by accurately tracking the spacecraft motion.

The gravity field is modelled in a Ceres body-fixed frame, and its inertial ori-
entation in the International Celestial Reference Frame is modelled using {α, δ,  
W0 +  ΩΔ t}, where α represents the spin-pole right ascension, δ represents 
the spin-pole declination, W0 represents the prime-meridian angle (170.65°),  
Ω represents the rotation rate, and Δ t represents the time elapsed since J2000. 
The resulting estimates give the pole right ascension, α0 =  (291.421 ±  0.007)°, and 
pole declination, δ0 =  (66.758 ±  0.002)°. Note that W0 was chosen such that the 
small crater on Ceres named Kait defines the 0° longitude position, which is not 
aligned with the principal axes frame defined by the gravity field. The accuracy of 
the rotation rate estimate, based on the data acquired up to the 1,940-km-radius 
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mapping orbit, is comparable to the value obtained by light-curve analysis2, that 
is, Ω =  (952.1532 ±  0.0001)° per day.
Moment of inertia from the Radau–Darwin relation. The degree-2 gravity coeffi-
cients provide five constraints on the moments and products of inertia of the body7:

= − ( + )/J MR I I I 22
2

33 11 22

= =C MR I I21
2

13 31

= =S MR I I21
2

23 32

= ( − )/C MR I I 422
2

22 11

= / = /S MR I I2 222
2

12 21

If Ceres were in a state of principal axis rotation, the product of the inertia terms 
I13 and I23 would be zero, and this would yield C21 =  S21 =  0. From the results in 
Extended Data Table 1, the principal-axis rotation of Ceres is nearly confirmed. 
We note that it is possible to find a principal-axis coordinate system in which 
C21 =  S21 =  S22 =  0 is satisfied. From the observed gravity field, the principal semi-axes  
directions are = − ° °p { 24 E, 0 N}1 , = ° °p {66 E, 0 N}2 , and = ° °p {0 E, 90 N}3 ,  
so that the only non-zero coefficients would be J2 =  264.99 ×  10−4 and 
C21 =  2.383 ×  10−4.

The dimensional form of the rotational potential can be written as 
Φ Ω φ= R cosrot

1
2

2 2 2 . The non-dimensional, degree-2 component of this potential 

is = Ωq R
GM

2 3
, and the corresponding hydrostatic flattening is λ( / ) =J R R q2 eq , where 

Req ≈  482 km represents the mean equatorial radius and λ is a dimensionless scale 
factor. We measure the hydrostaticity of Ceres by computing a ratio between non-
zonal degree 2 coefficients and J2 (that is, + /C S J22

2
22
2

2), which yields an error 
of about 3% and it would be reasonable to assume that Ceres is in hydrostatic 
equilibrium. For a body in hydrostatic equilibrium, the only force resisting tidal 
or rotational deformation is the body’s own gravity, which depends upon the radial 
density profile. The Radau–Darwin relation yields an explicit relationship between 
λ and the polar moment of inertia, and hence provides an additional constraint 
for the full moment of inertia23,24.

If we denote the principal moments of inertia as I11 <  I22 <  I33, where I33 repre-
sents the polar moment of inertia, and their dimensionless counterparts as:
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then we can write the Radau–Darwin relation scaled to the volumetric radius  
R as27:
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Solving for the dimensionless scale factor λ =  0.41 and applying it to the above 
Radau–Darwin relation yields the dimensionless polar moment of inertia as 
c =  0.39. If we ignore the small C21 and S21 terms, the remaining principal moments 
of inertia can be approximated as:
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From this relation, we get the remaining constraint for solving for the full  
moment of inertia matrix in the form of the mean moment of inertia 
= ( + + )/ = .I I I I MR3 0 3711 22 33

2.
The recovered value differs from that of a uniform-density sphere, which has 

a dimensionless polar moment value of c =  0.4. The resulting principal moments 
of inertia are I11 =  0.36MR2, I22 =  0.36MR2 and I33 =  0.39MR2, and the products 
of inertia (that is, I12, I13 and I23) are effectively zero. Considering that Ceres has 
a relatively high polar flattening, the mean moment of inertia would be a better 
representative of its average interior structure. Thus, we use the mean moment 
of inertia of Ceres when comparing its level of mass concentration instead of the 
polar moment of inertia which was used to represent the interior of Ganymede, 
Titan and Callisto25,26.
Numerical solutions of hydrostatic equilibrium assumptions. We investigated 
a model of a two-layer Ceres interior based on forward modelling and the assump-
tion that Ceres is in hydrostatic equilibrium. In this method, the ellipsoidal shape 
(ah, bh and ch) and the gravity coefficient J 2

h are computed for a two-layer model 
under the assumption of hydrostatic equilibrium. To reach an accuracy of tens of 
metres, it is necessary to solve numerically the Clairaut’s equations of rotational 
equilibrium at third order9. We apply a third-order model9 to a grid of interior 
models, varying the core density between the bulk density and 4,000 kg m−3 and 
the core radius between 190 km and 470 km (Extended Data Fig. 1). For compar-
ison, the solutions coming from an alternative approach27 are also superimposed 
(Extended Data Fig. 1).
Code availability. We have opted not to make the code available because it is 
based on well-known theories for orbit and shape determinations, as described 
in Methods.
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Extended Data Figure 1 | Range of values for the degree-2 zonal gravity 
coefficient for Ceres. We assume a two-layer model for Ceres and vary the 
density and radius of the core by solving Clairaut’s equations of rotational 
equilibrium at third order9. The best-fitting solution for J2 =  264.99 ×  10−4 

(blue line) is compared with the direct approach of Gao and Stevenson27 
(red line), which generally shows a good agreement except at high core-
density values. The white area at the upper right corresponds to solutions 
with shell density below 900 kg m−3.
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extended data table 1 | Gravity spherical harmonic coefficients of Ceres7

The observed un-normalized coefficients Cnm and Snm up to degree and order 8 (named CERES08A) are computed from Dawn’s tracking data. The parameters σ Cnm
 and  σ Snm

 represent the  

uncertainties of Cnm and Snm, which are computed by multiplying the formal standard deviations by a factor of six to account for potential systematic errors. The last two columns show  
the un-normalized spherical harmonic coefficients derived from topography assuming a homogeneous Ceres with mean density, denoted with an asterisk.
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extended data table 2 | Various best-fitting ellipsoid estimates of the shape of Ceres with respect to the centre of mass

Here, ae, be and ce represent the three principal semi-axes, θe, φe and ψe represent the orientation angles of the three principal axes, and cx, cy and cz represent the three-dimensional Cartesian centre 
of the ellipsoid. Note that the orientation angles and the Cartesian centre of the ellipsoid are defined with respect to the Ceres body-fixed frame as defined by the gravity field. The first case shows the 
result by fitting all nine parameters, which is the best-fitting method for geophysical interpretation. The second case represents the mean reference ellipsoid, which was used for Mollweide projections 
(Fig. 1a and b). The RMSe column shows the root-mean-square error of each fit, which shows that there is an improvement of about 100 m in estimating the orientation or the centre of the ellipsoid.
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