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Discovered by early astronomers during the Renaissance, the Reiner Gamma formation is one of the most 
well-known lunar surface features. Observations have shown that the tadpole-shaped albedo marking, the so-called 
swirl, found on the Oceanus Procellarum (centred at selenographic coordinates (7.5N, 59.0W)) is co-located with 
one of the strongest magnetic anomalies (LMAs) on our Moon. Understanding better the relationship between the 
LMA and the albedo pattern could have implications for our interpretation of the Moons thermal/geological history 
and to evaluate possible future lunar exploration opportunities. 
We analyse the first fully kinetic iPic3D simulations of the solar wind interaction with the observed 
lunar magnetic field surrounding the Reiner Gamma albedo pattern. Using a Surface Vector Mapping model 
based on Kaguya and Lunar Prospector magnetic field measurements [Tsunakawa et al., JGR 2015], we reproduce a 
surface weathering pattern closely resembling the details of the Reiner Gamma swirl.  We provide strong evidence 
that solar wind standoff is the dominant process for lunar swirl formation. The correlation is best 
when evaluating the proton energy flux rather than the proton density or number flux, favouring a sputtering 
process for surface darkening. The simulated reflected proton flux is in excellent agreement with the in-orbit flux 
measurements from the Chandrayaan-1/SARA:SWIM mission. At 20 km above the lunar surface overhead Reiner 
Gamma we find the maximum reflection rate to be less than 10%.

Figure 1. (above)  
The relative brightness of the Reiner Gamma region (LRO-WAC empirically normalised reflectance) 
compared to the surface magnetic field signature from simulation. 

• The two major components in the magnetic signature are co-located with the brightest albedo markings 
(the head and tail of Reiner Gamma), measuring |B|surface = 487 nT and |B|surface = 150 nT,  respectively. 

Figure 2. (right)  
Comparison of the proton flux moments at the surface with the LRO-WAC empirically normalised 
reflectance image. All panels are normalised to the free-streaming solar wind value away from the interaction 
region. 

• The large-scale features of the Reiner Gamma albedo pattern are recovered. 

• The correlation with the observed brightness is best for the proton energy flux, suggesting that a solar 
wind ion-sputtering process is responsible for darkening the surface.

Figure 3. (top)  
The simulated reflected proton number flux at 20 km altitude 
(approximately 1 km above the density halo of the largest mini-
magnetosphere) compared to Chandrayaan-1 SARA:SWIM 
observations with SZA<60o, normalised to the solar wind number flux 
to the surface.

• We find a maximum of 6.5% (Chandrayaan-1). The equivalent 
number from simulation is 7.4%. 

• Even when observing a relatively small reflection rate, it is possible 
that a magnetised region is almost completely shielded from the 
impinging solar wind plasma. 

Table 1. (above)   
Overview of the brightness/flux ratios surrounding the Reiner Gamma 
albedo pattern (BG=background, OB=outer bright lobes, IB=inner 
bright lobe, DL=dark lanes). 

• The observed brightness ratios agree best with the simulated energy 
flux ratios.

Figure 4. (right)   
3D structure of the magnetic topology and the reflected proton number flux.

• The distribution is non-uniform, both spatially and quantitatively, reaching its highest values 
overhead the mini-magnetospheres where the charge-separation electric fields are greatest. 

• Reflected protons are channeled along certain directions only. 

WAC n nv nv2 nv3 WAC/nv3

BG/OB 0.18 1.53 0.94 0.48 0.46 0.39
BG/IB 0.27 0.18 0.08 0.04 0.22 1.23
BG/DL 0.50 2.61 1.56 0.99 0.65 0.77
DL/OB 0.36 0.59 0.60 0.48 0.7 0.51
DL/IB 0.54 0.07 0.05 0.04 0.34 1.59
IB/OB 0.66 8.5 11.5 11.6 2.09 0.32

   Simulation parameters
mi/me 256 Time step (s) 1.75x10-5

Tsw (eV) 13 (e-), 3.5 (p+) Domain size (km) 200x650x650

nsw (m-3) 3x106 Grid size 144x488x488

vth,e (m/s) 5.6x105 Particles/cell/species 64

vth,i (m/s) 1.8x104 di (m) 1.3x105

vsw (m/s) (-3.5x105,0,0) de (m) 8.2x103

BIMF (nT) (-2.1,0,2.1) λD (m) 1.3x102


