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Introduction: Peale [1] developed a procedure for 

determining the state and size of Mercury’s core via 
the measurement of the 88-day libration amplitude φ, 
instantaneous obliquity θ, and the gravitational har-
monic coefficients C20 and C22. The orbiters, Messen-
ger [2] and BepiColombo [3], will be capable of mea-
suring the all parameters. A possibility of high preci-
sion measurements of θ and φ by Earth-based radar 
[4], [5] led to re-examination of the final accuracies [6] 
and already resulted in a conclusion that the core of 
Mercury has not yet solidified completely, at least at 
90% confidence [7]. Further improvements from more 
accurate radar observations (up to the limiting accura-
cy) are discussed below in together with the upcoming 
precision measurements by orbiters. An intermediate 
state of the core is not excluded. 

Peale’s Procedure: When the core does not follow 
the 88-day libration of the mantle, the following equa-
tions can be solved for c/mr2, (b – a)/mr2, (c – a)/mr2, 
and cm/c [6]:  

  
                 φ ~ (b − a)/cm ,                                (1) 
 
      f(θ)(c − a)/c + g(θ)(b − a)/c = h(θ) ,            (2) 
  
      С20 = − (c − a)/mr2 + (b − a)/2mr2 ,            (3) 
 
                С22 = (b − a)/4mr2 ,                          (4) 
 

where a<b<c are the principal moments of inertia of 
the entire planet, f,g,h known functions, m is the mass, 
r the radius of Mercury, сm the moment of inertia of 
the mantle (plus crust). A value of cm/c ≈ 0.5 would 
indicate a liquid core [6].  

Goldstone-Green Bank Experiment: It has been 
supposed for a long time that it is impossible to meas-
ure θ and φ from Earth [1]. The myth was dispersed 
after the high precision measurement of both parame-
ters to a relative accuracy of ± 5% by Earth-based ra-
dar [7]. In addition, the experimental confirmation, 
that Mercury is in a Cassini state was obtained. Substi-
tuted into the Peale’s procedure together with the Mar-
iner-10 measurements of C22 and reasonable bounds 
for c/mr2, those data permit the statement that the core 
has not yet solidified completely, at least at 90% con-
fidence. These feats were accomplished by means of a 
sophisticated analysis of the wavefront pattern of radar 
returns from Mercury recorded at two radar antennas 
under conditions of geometry and timing laid out in a 
theory, developed by Holin [4], [5] that has not hereto-

fore been applied in practice. The corresponding high 
precision radar technique, named HSDI, the speckle 
displacement interferometry (SDI) as proposed by Ho-
lin [6], [8], becomes now a very effective tool in inves-
tigation of deep interiors of Earth-like planets, as it 
was originally discussed at the end of the last century 
[14].  

 HSDI: HSDI was created to measure the tangent 
(orthogonal to the line-of-sight) vector projection Ωt of 
the full instantaneous spin vector Ω of a distant mov-
ing object (planet) by Earth-based radar with the high-
est limiting accuracy that can not be overcome by any 
other monochromatic radar different from HSDI in the 
case when the received speckle pattern is apriori un-
known. The HSDI baseline is aligned with the speckle 
displacement direction by means of Earth’s rotation, 
the baselength overcome the speckle diameter by 3 to 
4 orders of magnitude (!), and the observation time in 
each experiment with the chosen baselength (one-shot 
time) is within tens of seconds (the round trip time, ~ 
10 minutes for Mercury, is excluded). The improve-
ment in accuracy with respect to known Earth-based 
radar techniques – crossed baselines observation with 
baselengths comparable to the speckle diameter (Ma-
nasse-Green technique [9], p.56), delay-Doppler imag-
ing ([10], [11], p.164, [12]), interyear interferometry 
(RORI) [13] – is by orders of magnitude. 

The limiting one-shot  HSDI accuracy in Ωt for ter-
restrial planets can be written as [4], [8] 

 
                   σ = lv/πqdRΩt,                               (5) 

 
where σ is the limiting rms (root mean square) for both 
magnitude (relative rms) and orientation (absolute rms 
in radians) of Ωt , l the speckle diameter, v the velocity 
of speckle displacement, d the interferometer base-
length, R the Earth-planet distance, q the output ampli-
tude snr (signal-to-noise ratio), q2 = q0

2TΔf, T is the 
observation time, q0 the input amplitude snr,  Δf the 
effective Doppler echo bandwidth. The limiting accu-
racy Eq. (5) is caused fundamentally by a thermal 
noise in receivers, and can be referred to as Holin’s 
limit (HL).     

An initial estimate for Mercury and the Goldstone-
Green Bank interferometer near inferior conjunctions 
(q0

2 ~ 22, l ~ 3 km, Δf ~ 100 Hz, T ~ 30 s, d ~ 3000 
km) was ([14], p.7) 

 
             σ ≈ 0.75·l/qd ~ 3·10-6.                          (6) 
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Substitution of q0
2 ~ 20, l ~ 1 km, Δf ~ 200 Hz, T ~ 5 

s, d ~ 3000 km from [7] into Eqs. (5),(6) gives σ ~ 
2·10-6 for a single measurement which is even better 
than the initial estimate Eq. (6).  

Measurements by Orbiter and Radar: Messen-
ger [2] is going to measure C20 and C22 to ~ 1% (rms) 
or better but θ and φ to ~ 10% only [6]. Both (b – a) 
and (c – a) can be determined to ~ 1%, c/mr2 to ~ 10%, 
and cm/c to ~ 15%. From here, Messenger in alone is 
capable to distinguish a liquid core (cm/c ≈ 0.5) from a 
completely solidified core (cm/c = 1) very reliably, at 
100% confidence. Most probably Messenger will not 
improve substantially the current rms achieved by ra-
dar in θ and φ but it can detect possible anomalous 
mistakes, if still present. BepiColombo [3] will lead to 
further improvements in accuracy and reliability. 

After 18 measurements the final rms was ~ 3·10-5  
in θ and ~ 10-5 in φ [7], i.e. the accuracy in each radar 
experiment was about an order of magnitude behind 
HL, and HSDI potentially suggests the improvement in 
knowledge of θ and φ to ~ 1% and better, comparable 
to that for C20 and C22.  

Unfortunately, variations in θ from planetary per-
turbations comparable to a few arcseconds limit desir-
able rms to a few %. 

Intermediate State of Mercury’s Core: When so-
lidifying the core step by step starts to follow the 88-
day libration of the mantle. In general Eq. (1) can be 
written as 

  
                 φ ~ (b − a)/cL ,                                (7) 
 

where сL is the equivalent moment of inertia of the 
librating part of Mercury. For сL/c < 0.5 (the value 0.5 
is here approximate) Mercury’s core-mantle boundary 
(CMB) can be considered to be purely liquid with сL ≈ 
сm , which allows a high precision determination of the 
extent of the core using Eq. (1). When 0.5 < сL/c < 1, 
CMB can be in its intermediate state (IS), where the 
core partially follows the 88-day libration of the man-
tle with сL ≠ сm (сm<сL<c). In that case сL can be de-
termined from Eq. (7) to high precision after mea-
surements of φ and (b – a). To determine сm from сL 
additional information is desirable. Finally, when сL/c 
≈ 1, CMB completely solidifies.      

For φ ≈ 60″, С22 = (1±0.5)·10-5, and с/mr2 = 0.325 
– 0.380 (see [7], [8] and references there in), where m 
and r are the mass and radius of Mercury, the value 
сL/c can be estimated as сL/c ≈ 0.3 ± 0.15, which indi-
cates a liquid CMB at 80% - 85% and IS at 15% - 20% 
confidence. The current value φ ≈ 36″ leads to сL/c ≈ 
0.5 ± 0.25 ([7], Fig. 4) indicating a liquid CMB at ~ 
50%, IS at 40% - 45%, and a solidified CMB at 5% - 
10% confidence. The magnetic field of Mercury is 

consistent with both a liquid and intermediate CMB as 
well.         

Conclusion: Radar measurements of the ratio сL/c 
show that at 90% - 95% confidence the core of Mer-
cury has not yet solidified completely, where at ~ 50% 
confidence the core-mantle boundary is purely liquid, 
and at 40% - 45% confidence the core partially follows 
the 88-day libration of the mantle. At 100% confi-
dence the orbiters, Messenger and BepiColombo, can 
determine the state of the core and its extent to high 
precision in case of pure liquidity in the format of 
Peale’s procedure. Radar potentials can improve the 
final accuracies. In an intermediate state of the core 
additional information is desirable.     
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