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The integration of kinetic effects in fluid models is important for global simulations of the Earth's 
magnetosphere. In particular, it has been shown that ion kinetics play a crucial role in the dynamics 
of large reconnecting systems, and that higher-order fluid moment models can account for some of 
these effects. Here we introduce a ten-moment model for electrons and ions, which includes the 
off diagonal elements of the pressure tensor that are important for magnetic reconnection. Kinetic 
effects are recovered by introducing a nonlocal heat flux closure, which approximates linear Landau 
damping in the fluid framework. The closure is tested using the island coalescence problem, which 
is sensitive to ion dynamics. \Ve demonstrate that the nonlocal closure is able to self-consistently 
reproduce the structure of the ion diffusion region, pressure tensor and ion velocity without the need 
for fine-tuning of relaxation coefficients present in earlier models. 

l\-fognetic reconnection is a change in topology of the 
magnetic field lines in a plasma [l], often followed by the 
conversion of stored magnetic energy to the kinetic en
ergy of accelerated particles. It is believed to play an im
portant. role in many laboratory and astrophysical plasma 
processes, including sawtooth crashes in tokamaks, solar 
flares, magnetic substorms in the Earth's magnetosphere 
and coronal mass ejections [2-6]. 

For reconnection to take place, the motion of the 
pla.5ma must decouple from the magnetic field lines. In 
collisionless environments such as the magnetosphere, 
this takes place in the electron diffusion region, and due 
to the kinetic scales involved, cannot be described purely 
by resistive magnetohydrodynamic (i\rlHD) models such 
as the Sweet-Parker model [7, 8]. For large scale global 
numerical studies of the magnetosphere, which are cru
cial for accurate space weather prediction, the use of fluid 
models is common due to the computational cost involved 
in simulating the large domains involved. Thus, the de
velopment of extended fluid models incorporating colli
sionless effects is desirable for capturing the physics of 
reconnection in large systems. 

The major issue with fluid models is the closure of the 
hierarchy of fluid equations obtained by taking moments 
of the kinetic equation. vVhile increasing the number of 
moments allows more information about the distribution 
function to be captured [9], a choice must be made as to 
when to close the equations and how to treat the highest 
moment. Most closures of the moment equations involve 
an expansion in small Knudsen number in the collisional 
regime, and attempts have been made to use these models 
to simulate magnetic reconnection [10-13]. 

However, in the collisionless case, kinetic effects such 
as phase mixing are present and cannot be captured by 
these fluid closures [14, 15]. Instead, approximations can 
be made by introducing collisionless clamping coefficients 

by expressing the highest moments in terms of lower mo
ments. Unlike the collisional case, the closure coefficients 
can be complex and are nonlocal in space [14, 15]. W hile 
these models have been used extensively in studies of 
fusion plasmas [16, 17], they have not been applied to 
studies of magnetic reconnection. 

In this paper we describe the self�consistent implemen
tation of a fluid closure using the ten-moment equation 
system without any adjustable parameters. We evolve 
the full pressure tensor for both electrons and ions, which 
is necessary to balance the reconnection electric field in 
collisionless reconnection [18, 19], and close for the heat 
flux using a three-dimensional extension of the Hammett
Perkins closure [14]. vVe perform simulations of the island 
coalescence problem, in which the existing Hall MHD 
fluid model does not reproduce the kinetic result due 
to the absence of important ion physics [20, 21]. We 
demonstrate here with the collisionless fluid model that 
the wider ion diffusion region can be reproduced with
out the fine tuning of a free parameter as was previously 
required [21]. While the strong system-size scaling of 
the reconnection rate in kinetic and hybrid (kinetic ion, 
fluid electron) simulations is not completely reproduced 
for larger scales, the new closure successfully captures 
the ion-scale structures such as agyrotropy which are not 
accounted for consistently by earlier fluid models. 

The ten-moment equations are derived by taking mo
ments of the kinetic equation 

(1) 

where P;j and Qijk are the second and third moments of 
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