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Introduction: The Moon once possessed a core 

dynamo, operating from at least 4.25 Ga [1, 2], until 
perhaps as recently as ~2 billion years ago [3]. How-
ever, there are numerous unsolved problems regarding 
the origin and history of this dynamo. For example, 
lunar sample studies suggest the dynamo generated 
Earth-strength surface fields of ~50 µT [4]. Such 
strong fields are quite difficult to explain based on 
current theories of dynamo generation [5].   

Another puzzle we present here is that the ratios of 
stable isotopes found in the solar wind appear to have 
remained largely unchanged over the last several bil-
lion years, based on implanted ions found in ancient 
lunar samples [6]. However, one would expect the ear-
ly lunar dynamo field to have blocked many species 
from reaching the surface, or at least preferentially 
blocked the lightest isotopes, such that the ancient rati-
os should be skewed toward increased abundances of 
heavier species. The early magnetic field could also 
have an effect on volatile accumulation at the poles, if 
those volatiles originated from solar wind interactions 
with oxygen in soils [7]. To gain insight into these 
problems, we present the first plasma simulations of 
the early lunar magnetosphere, using solar wind condi-
tions expected for the ancient sun at 2.6 and 3.9 Ga [8]. 

Methods:  We use a three-dimensional, self-
consistent hybrid plasma model [9] to study the early 
solar wind interaction with a dipole magnetic field that 
produces 0.5, 2, and 5 µT equatorial surface fields, Bo. 
These fields are low compared to those inferred from 
lunar samples, but they are more than adequate to pro-
duce magnetospheric effects (for comparison, Mercu-
ry’s present surface field is ~0.3 µT).  

The hybrid simulation models ions as discrete par-
ticles and electrons as a charge neutralizing fluid, with 
upstream solar wind parameters characteristic of the 2 
and 0.7 Gyr epochs taken from the model of [8] 
(equivalent to 2.6 and 3.9 billion years ago, respective-
ly). For these epochs, mean plasma parameters at 1 AU 
determined by [8, V. Airapetian, pers, comm.], are: 
density ρ =  30 cm-3 and 100 cm-3, mean solar wind 
speed u = 550 km/s and 700 km/s, and interplanetary 
magnetic field strengths of 30 nT and 50 nT, respec-
tively. These correspond to solar wind ram pressures of 
15 and 82 nPa, approximately 7 and 38 times the pre-
sent-day value at 1 AU. Our initial simulations use an 
axial dipole field with no higher order terms, oriented 
in the +Z direction (+X points towards the Sun, +Z  

towards ecliptic north, and +Y completes the right-
handed set). The interplanetary magnetic field is mod-
eled as solely in the +Y direction. All simulations are 
run to steady-state. 

 
Figure 1. The plasma density of the lunar paleomagne-
tosphere for a surface field strength of 2 µT. 

Particle precipitation results: Figure 1 shows the 
lunar magnetospheric plasma density for Bo = 2 µT. 
For this field strength, a full magnetosphere develops 
around the Moon, including a bow shock at 4 lunar 
radii upstream, a magnetosheath that diverts plasma 
around the central magnetosphere, a magnetospheric 
cavity surrounding the Moon, and trapped ion popula-
tions in belts downstream of the Moon. Solar wind 
plasma is able to partially access the surface through 
the magnetospheric cusps in polar regions. Simulation 
results for the 0.5 and 5 µT cases show similar magne-
tospheric morphologies. 

A consequence of the presence of a lunar paleo-
magnetosphere is shielding of both the solar wind core 
ions (H+ and He++), but also the heavier minor ions 
present in the solar wind [e.g., 10]. Importantly, the 
interaction of these heavy ions with the lunar paleo-
magnetosphere depends not on the mass but on the 
charge-to-mass ratio (q/m). Solar wind ions have q/m 
between 1 (H+) and just under 0.1 (e.g., Xe10+). Thus, 
one would expect the lower charge-to-mass ratio spe-
cies to be less effectively shielded than their higher 
charge-to-mass ratio counterparts. 

To quantify the shielding of solar wind ions by the 
lunar paleomagnetosphere, we use a backwards Liou-
ville particle tracing routine. This routine traces ions 
from the lunar surface backwards in time until they 
either strike the lunar surface or reach the simulation 
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boundary. Ions that reach the simulation boundary are 
assigned a phase space density from the upstream solar 
wind distribution while ions that strike the lunar sur-
face are assigned zero phase space density. Figure 2 
compares preliminary results for the precipitation of 
solar wind H+ ions for the 0.5 µT paleomagnetosphere 
with the flux expected with no paleofield. Much of the 
lunar surface is shielded from precipitation, with solar 
wind H+ only able to access the surface in longitudinal 
bands at high latitudes and at all latitudes near 180° 
longitude (the lunar nightside). Overall, the surface is 
subjected to only ~4% of the solar wind H+ flux that 
would be expected in the absence of a paleomagneto-
sphere. Thus, even a weak paleomagnetosphere can 
drastically shield solar wind surface access. Continuing 
simulations will quantify the access of lower charge-
to-mass solar wind ions to the surface. 

 
Figure 2. The surface flux of H+ ions  for Bo = 0.5 µT. 

Field enhancements: For both of the epochs stud-
ied, we find field compressions due to the solar wind 
ram pressure of a factor ~2.5 compared to the vacuum 
dipole, consistent with the ~2.4 enhancement for 
Earth’s magnetic field (Fig. 3) [11].  The surface field 
enhancement is negligible, but under stronger solar 
wind conditions, the magnetopause could be pushed 
closer to the surface.  Figure 3 illustrates that field en-
hancements up to a factor of ~2 persist for ~0.5 lunar 
radii inside the magnetopause. Since the magnetopause 
distance scales like (ρu2)1/6 [11], our modeling results 
suggest the magnetopause to be within 0.5 lunar radii 
of the surface under paleo solar wind conditions of, for 
example, ρ = 200 cm-3 and u = 4,000 km/s, for a 2 µT 
field. Such speeds can be attained in modern CME 
events, but it is not clear if such conditions were ever 
attained in the solar wind at 3.9 Ga. Stronger dynamo 
fields would result in magnetopauses at greater dis-
tances (scaling like Bo

1/3). 

Even if the magnetopause was once closer to the 
surface, the lunar night side would not witness field 
enhancements. Thus, in an ideal scenario, the time-
averaged field recorded by surface rocks cooling for 
more than half the paleo lunar day (e.g. ~5 days) might 
be a factor ~1.50 higher (with shorter cooling times 
recording stronger or weaker enhancements). Applied 
to 50 µT fields inferred from paleomagnetism, this 
would reduce the dynamo field to ~33 µT, which when 
combined with other uncertainties [12], could drive the 
value into the realm of field strengths predicted by 
modeling. Interestingly, high obliquity excursions dur-
ing the Cassini state transition once pushed the subso-
lar point to mid-latitudes [13], potentially exposing 
surface rocks to continuous magnetospheric compres-
sion effects (i.e. closer to the maximum enhancement 
of ~2.5).  Obviously, there is still much work to be 
done to understand the origins of lunar fields. 

 
Figure 3. Lunar paleomagnetopauses for two different 
solar wind cases, for a surface dynamo field of 2 µT. 

Conclusions:  Our initial simulations of the lunar 
paleomagnetosphere have shown that H+ ions are 
mostly blocked from the surface, and field enhance-
ments of a factor ~2 could reach the surface under cer-
tain ideal solar wind and dynamo conditions. 
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