
1. Introduction
The question of conversion of energy from fields to particles is one of the main problems of space and astro-
physical plasmas. At the core of this issue is magnetic reconnection, that converts magnetic energy into thermal 
energy and bulk kinetic energy by altering magnetic field topology. The change in magnetic topology also effi-
ciently mixes plasmas from different origins. It plays a major role in many eruptive processes in space plas-
mas, such as coronal mass ejections (Gosling et al., 1995), solar flares (Shibata et al., 1995), or geomagnetic 
substorms (Angelopoulos et al., 2008). Several studies have focused on understanding which percentage of the 
available magnetic energy is transferred to the different particle populations, for example, electrons and ions, as 
a function of plasma parameters (Haggerty et al., 2015; Yamada et al., 2014). Furthermore, one can investigate 
in which form of particle energy is magnetic energy converted. Using ManetoHydroDynamics and small-scale 
Particle-In-Cell (PIC) simulations, Birn and Hesse (2005, 2010) have showed that most of energy released in 
magnetic reconnection is converted into thermal energy, using kinetic energy as a mediator. Using hybrid PIC 
simulations, Aunai et al.  (2011) shows that most of the energy transfer is converted into ion thermal energy, 
mainly through the enthalpy flux. Eastwood et al. (2013) confirmed with spacecraft observations that the ion 
enthalpy flux is dominant in the partition of energy flux. More recently, Shu et al. (2021) confirmed those results 
using a larger-scale full PIC simulation.

Numerical energy studies until now have focused on energy partition in the presence of a single ion (and some-
times electron) population. This doesn't take into account one of the most characteristic features of collisionless 
plasma: without thermalization via collisions, multiple ion populations can co-exist and distribution functions are 
not necessarily Maxwellian. Such a situation is relatively common. For example, we find several electron popula-
tions in the solar wind (Pilipp et al., 1987), that can scatter into one another only through collisionless processes 
(Micera et al., 2021), or ions of ionospheric origin in the Earth's magnetosphere (Toledo-Redondo et al., 2021). 
Since the presence of multiple populations is such a common occurrence, it is of extreme relevance to under-
stand how the presence of multiple populations of the same species affects energy partition. In addressing this 
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open problem, we select the Earth's magnetosphere as our case study: the presence of multiple ion population is 
attested and has already been the subject of many studies, thanks to the large amount of data available (André & 
Cully, 2012; Dandouras, 2013; Fuselier et al., 2016; Toledo-Redondo et al., 2021). Many works have investigated 
ionospheric ions impact on magnetic reconnection and its reconnection rate (Dargent et al., 2017, 2020; Divin 
et al., 2016; Spinnangr et al., 2021). However, this study is the first to address the impact of multiple population 
on magnetic reconnection energy partition.

In this study, we specifically look at the impact of the ion distribution function on the energy budget of magnetic 
reconnection. We perform two simulations of symmetric magnetic reconnection with the same global macroscopic 
parameters (electromagnetic fields, density, temperature, etc.), but different microscopic ones (shape of the ion 
distribution functions). In the first simulation ions are loaded with a single Maxwellian distribution, while in the 
second one, ions are loaded as a double Maxwellian distributions, therefore simulating a case with two plasma popu-
lations. The first configuration corresponds to the default description of space plasma used in most theoretical and 
numerical studies (Aunai et al., 2011; Birn & Hesse, 2005, 2010; Shu et al., 2021), while the second one describes a 
typical reconnection where cold ions of ionospheric origin coexist with hotter magnetospheric ions. We first look at 
the difference between the two simulations, to see how the magnetic reconnection energy budget is affected by the 
microscopic configuration of the plasma. Then, we focus on the simulation with cold ions and compare the relative 
energy gain of each ion population: which population gains more energy and how is this energy partitioned?

2. Simulation Setup
In this paper, we present two two-dimensional (2D-3V) fully kinetic simulations of symmetric magnetic recon-
nection using the implicit PIC code ECsim (Gonzalez-Herrero et al., 2019). The use of a semi-implicit code 
reduces the constraint on the small scale resolution, thus reducing the cost of fully kinetic PIC simulations 
with respect to their explicit counterpart. One can then simulate larger domain, for longer times, or at a larger 
mass  ratio. Both simulations share the same electric and magnetic field, total density, and temperature profiles. 
They only differ by the velocity distribution function of the ions.

All physical quantities are normalized using ion characteristic quantities. The magnetic field and density are 
normalized to B0 (the asymptotic value of the magnetic field in the inflow regions) and n0 (the peak density of the 
Harris sheet), respectively. The masses and charges are normalized to the proton mass mp and charge e, time is 
normalized to the inverse of the proton gyrofrequency 𝐴𝐴 𝐴𝐴−1

𝑐𝑐𝑐𝑐
= 𝑚𝑚𝑝𝑝∕𝑒𝑒𝑒𝑒0 and length to the proton inertial length di = c/

ωpi, where c is the speed of light in vacuum and 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝 =
√

𝑛𝑛0𝑒𝑒2∕𝑚𝑚𝑝𝑝𝜖𝜖0 is the proton plasma frequency. Velocities are 
normalized to the Alfvén velocity 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴  = diωci. Temperatures are normalized to 𝐴𝐴 𝐴𝐴0 = 𝐵𝐵2

0
∕(𝜇𝜇0𝑘𝑘𝐵𝐵𝑛𝑛0) = 𝑚𝑚𝑝𝑝𝜈𝜈

2
𝐴𝐴𝐴𝐴
∕𝑘𝑘𝐵𝐵 , 

with 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴 the Alfven velocity.

The initial configuration for both simulations is an Harris equilibrium with two current layers in the (x, y) plane with 
a half-width of λ = 0.5di that are located at y = Ly/4 and y = 3Ly/4 in a rectangular computational domain of length 
Lx = 300 di and width Ly = 150 di. The lower layer, on which we will focus from now on, is perturbed to trigger magnetic 
reconnection while the upper one is left unperturbed. The peak of the Harris current sheet density is equal to n0 and on 
top of the current layer plasma, we add a uniform background plasma of density nb = 0.2n0. There are nx = 3,008 cells 
in the x direction, ny = 1,536 cells in the y direction and initially 225 ions per cell per ion population and 900 electrons 
per cell per electron population. The first simulation (simulation 1, without cold ions) has two ion populations (layer 
ions + background ions) and same for the electrons. The ion temperature is uniform and equal to Ti = 0.4T0 for all ion 
populations, while the temperature ratio between ions and electrons is equal to Te/Ti = 0.2. In the second simulation 
(simulation 2, with cold ions), the background  ions are split in two populations (hot and cold ions) of equal density 
(nic = nih = nb/2) and with a temperature ratio of Tih/Tic = 500. The average temperature of the background ions 
Ti = (nicTic + nihTih)/nb remains the same as to the first simulation. The other populations are left unchanged. Particles 
of each population are loaded using local Maxwellian distributions. The time step is 𝐴𝐴 𝐴𝐴𝐴𝐴 = 0.002 𝜔𝜔−1

𝑐𝑐𝑐𝑐
 . The mass ratio 

mi/me is 256. We fix ωpi/ωci = c/𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴  = 102.6. The system has periodic boundary conditions in both directions. Energy 
in the simulations is well-conserved, with a total energy loss of ∼3% at 𝐴𝐴 𝐴𝐴 = 150 𝜔𝜔−1

𝑐𝑐𝑐𝑐
 .

3. Energy Budget Analysis
3.1. Methodology

In this study, we split the total energy into different contributions: the magnetic energy density WB = B 2/2μ0, the 
electric energy density WE = ϵ0E 2/2, the bulk kinetic energy density of each population (subscript s, with s the 
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population) 𝐴𝐴 𝐴𝐴𝑠𝑠 ≡ 1∕2𝑚𝑚𝑠𝑠𝑛𝑛𝑠𝑠𝜈𝜈
2
𝑠𝑠 , and the thermal kinetic energy density of each population us ≡ 1/2 Tr(Ps) (where 

Tr(Ps) is the trace of the full pressure tensor Ps). Note however that in our area of interest WB ≫ WE, so the elec-
tromagnetic energy can be approximated as the magnetic energy. The Eulerian evolution of these quantities is 
governed by the following equations:

𝜕𝜕(𝑊𝑊𝐵𝐵 +𝑊𝑊𝐸𝐸)

𝜕𝜕𝜕𝜕
+ ∇ ⋅𝚷𝚷 = 𝑆𝑆𝑚𝑚 (1)

𝜕𝜕𝜕𝜕𝑠𝑠

𝜕𝜕𝜕𝜕
+ ∇ ⋅ (𝜕𝜕𝑠𝑠𝐯𝐯𝑠𝑠) = 𝑆𝑆𝑘𝑘𝑠𝑠 (2)

𝜕𝜕𝜕𝜕𝑠𝑠

𝜕𝜕𝜕𝜕
+ ∇ ⋅ (𝐪𝐪𝑠𝑠 +𝐇𝐇𝑠𝑠) = 𝑆𝑆𝜕𝜕𝑠𝑠 (3)

where Π = E × B/μ0 is the Poynting flux, qs the heat flux vector and Hs = usvs + Ps · vs the enthalpy flux. Sm, 𝐴𝐴 𝐴𝐴𝑘𝑘𝑠𝑠 
and 𝐴𝐴 𝐴𝐴𝑢𝑢𝑠𝑠 are the energy source terms, which result from the transfers between the different forms of energies, and 
whose sum over all plasma species and magnetic energy equal to zero due to the total energy conservation. They 
are respectively equal to Sm = −J · E for the magnetic energy source term, 𝐴𝐴 𝐴𝐴𝑘𝑘𝑠𝑠 = 𝑛𝑛𝑠𝑠𝑞𝑞𝑠𝑠𝐯𝐯𝑠𝑠 ⋅ 𝐄𝐄 − (∇ ⋅ 𝐏𝐏𝑠𝑠) ⋅ 𝐯𝐯𝑠𝑠 for the 
bulk kinetic energy density source terms and 𝐴𝐴 𝐴𝐴𝑢𝑢𝑠𝑠 = (∇ ⋅ 𝐏𝐏𝑠𝑠) ⋅ 𝐯𝐯𝑠𝑠 for the thermal kinetic energy density source terms. 
The energy source terms are located on the right-hand side of the equations, while on the left-hand side we have 
two components: the local time evolution of the energy density and the local divergence of this energy density flux.

In this study, we are interested in the conversion of magnetic energy into kinetic energy by magnetic reconnec-
tion. Given the importance of the demagnetization of electrons and ions in the onset of magnetic reconnection, 
we focus our work on the ion demagnetization region. We integrate the different terms of Equations 1–3 over an 
area centered on the reconnection X point and whose area 𝐴𝐴  (depicted on Figure 1a) encompass the ion diffu-
sion region. The area corresponds to a rectangle with side's size of 20 × 6 di. Given that the area 𝐴𝐴  size has to 
be constant while the size of the diffusion region is not, we arbitrarily fixed this area as the smaller rectangle 
encompassing the region of increased J · E centered on the X point and with corners matching as much as possi-
ble with the separatrices, for simulation 1 and 𝐴𝐴 𝐴𝐴 = 144.5 𝜔𝜔−1

𝑐𝑐𝑐𝑐
 . Therefore, the upper and lower sides of this area 

roughly correspond to the inflow boundaries of the diffusion region, while the left and right sides are the outflow 

Figure 1. Panel (a) Out-of-plane magnetic field Bz from simulation 1. The blue box indicates the area 𝐴𝐴  of interest for the 
energy budget. The black lines represent the in-plane projection of the magnetic field lines. The red cross gives the position of 
the X point. Panel (b) Reconnection rate of simulations 1 and 2. Reconnection rate is here calculated as the normalized time 
derivative of the magnetic flux Φ in the simulation plane (x, y) calculated at the X point.
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boundary of the diffusion region. Note that to compare simulations, the area 𝐴𝐴  is kept identical in simulation 2, 
despite a slightly larger hot ion diffusion region.

We integrate over the area 𝐴𝐴  the different terms of Equations 1–3. From the source terms, we get the energy gains 
associated with each source:

𝐸𝐸𝑚𝑚(𝑡𝑡) =
∫


𝑆𝑆𝑚𝑚(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑡𝑡)𝑑𝑑𝑥𝑥𝑑𝑑𝑥𝑥 (4)

𝐸𝐸𝑘𝑘𝑠𝑠 (𝑡𝑡) =
∫


𝑆𝑆𝑘𝑘𝑠𝑠 (𝑥𝑥𝑥 𝑥𝑥𝑥 𝑡𝑡)𝑑𝑑𝑥𝑥𝑑𝑑𝑥𝑥 (5)

𝐸𝐸𝑢𝑢𝑠𝑠 (𝑡𝑡) =
∫


𝑆𝑆𝑢𝑢𝑠𝑠 (𝑥𝑥𝑥 𝑥𝑥𝑥 𝑡𝑡)𝑑𝑑𝑥𝑥𝑑𝑑𝑥𝑥 (6)

From the integration of the source terms, we get information on how the magnetic energy is distributed between 
the thermal and bulk kinetic energy of the different populations. In the steady state approximation, that is, 
∂/∂t = 0, those terms are equal to the integration over the whole contour 𝐴𝐴  of the flux terms on the left-hand side 
of the Eulerian equations, that is, 𝐴𝐴 𝐴𝐴𝑖𝑖(𝑡𝑡) = 𝜙𝜙

𝑖𝑖
(𝑡𝑡) for i ≡ m, ks, us with:

𝜙𝜙

𝑚𝑚(𝑡𝑡) =
∫


Π(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑡𝑡) ⋅ 𝐝𝐝𝐝𝐝 (7)

𝜙𝜙

𝑘𝑘𝑠𝑠
(𝑡𝑡) =

∫


(𝐾𝐾𝑠𝑠𝐯𝐯𝑠𝑠)(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑡𝑡) ⋅ 𝐝𝐝𝐝𝐝 (8)

𝜙𝜙

𝑢𝑢𝑠𝑠
(𝑡𝑡) =

∫


(𝐪𝐪𝑠𝑠 +𝐇𝐇𝑠𝑠)(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑡𝑡) ⋅ 𝐝𝐝𝐝𝐝 (9)

The physical meaning of this equality is that the difference between the energy fluxes that enter and exit the area 
through the contour 𝐴𝐴  is equal to the energy gain/loss of the corresponding energy source. In the case of our 
simulations, we never reach a steady state because of the motion of the X point along x (Dargent et al., 2016). 
Given that the area 𝐴𝐴  position is linked to the X point position, the box itself is not static in the simulation frame. 
Therefore, to correct for this drift, all the values in the rest of the paper are calculated in the reference frame of 
the X point. The X point position is calculated by looking for the position of a saddle point in the magnetic flux. 
In case of several saddle points, the one with the smaller flux value is designed as the dominant X point.

3.2. Energy Partition in Simulations With and Without Cold Ions

In Figure 1b, we can see the comparison of the reconnection rates with time in both simulations. The reconnection 
rate is the normalized electric field along z (i.e., reconnection electric field) at the X point. However, we are using 
the time derivative of the magnetic flux in the simulation plane (x, y) dΦ/dt instead, which is identical to Ez for 
2D simulations (Pritchett, 2008; Shay et al., 2001). We can see that the reconnection rate (Figure 1b) remains 
quasi unchanged between the simulations. This is consistent with previous works on cold ions that conclude that 
the presence of cold protons has no impact on the magnetic reconnection rate (Dargent et al., 2017, 2020; Divin 
et al., 2016; Tenfjord et al., 2019), except when mass loading the system (Dargent et al., 2020) or changing the 
plasma β (Zaitsev et al., 2021).

In Figure 2a, we can see the relative kinetic energy gains of ions (i) and electrons (e), with 𝐴𝐴 𝐴𝐴′
𝑘𝑘𝑘𝑘𝑘

= 𝐴𝐴𝑘𝑘𝑘𝑘𝑘∕|𝐴𝐴𝑚𝑚| and 
𝐴𝐴 𝐴𝐴′

𝑢𝑢𝑢𝑢𝑢 = 𝐴𝐴𝑢𝑢𝑢𝑢𝑢∕|𝐴𝐴𝑚𝑚| . By construction, 𝐴𝐴
∑

𝑠𝑠

(

𝐸𝐸′
𝑘𝑘𝑘𝑠𝑠

+ 𝐸𝐸′
𝑢𝑢𝑘𝑠𝑠

)

= 1 , as all the magnetic energy loss (Em < 0) is converted into 
particle energy gains (Eu/k > 0). The results at the early times 𝐴𝐴

(

𝑡𝑡 𝑡 30 𝜔𝜔−1
𝑐𝑐𝑐𝑐

)

 are not relevant for our reconnection 
study, as magnetic reconnection is not fully developed and the area 𝐴𝐴  hosts several other dynamics (current layer, 
early reconnection shock, etc.). Figure 2a tells us how the magnetic energy is converted into different forms of 
kinetic energy for the different particle populations. For these plots, we do not discriminate between hot and 
cold ions and look at all ions together. We first observe that the curves are very similar for simulations 1 and 2, 
meaning that the energy partition between magnetic field and electron and ion population as a whole is not signif-
icantly impacted by the splitting of ions into several different populations. For 𝐴𝐴 𝐴𝐴 𝐴 30 𝜔𝜔−1

𝑐𝑐𝑐𝑐
 , the curves are roughly 
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constant, with the exception of t ∼ 105 in simulation 1, due to the X point shift. The gains mainly go to the heating 
of ions (54% and 47% of the magnetic energy in average in simulation 1 and 2, respectively, for 𝐴𝐴 𝐴𝐴 ∈ [30, 140] 𝜔𝜔−1

𝑐𝑐𝑐𝑐
 , 

red curves). The rest is divided between the electron thermal energy gains (19% and 24%, light blue curves), ion 
kinetic energy gains (15% and 14%, blue curves) and electron kinetic energy gains (12% and 14%, green curves). 
These results are summarized in Figures 3b and 3c. We see that most of the energy from magnetic reconnection 
goes into ions and especially into ion heating (Aunai et al., 2011; Eastwood et al., 2013; Haggerty et al., 2015; 
Shu et al., 2021; Yamada et al., 2014) We observe some differences between the two simulations, which will be 
further commented upon Section 3.3. In Figure 2b, we see the energy fluxes 𝐴𝐴 Φ

𝑖𝑖
 , with i ≡ m, ks or us, through the 

contour 𝐴𝐴  for both simulations, that is, both the inflowing and outflowing fluxes. As expected, more magnetic 
energy flows in than out 𝐴𝐴

(

Φ

𝑚𝑚 < 0
)

 , while it is the opposite for the other fluxes. We also see on Figure 2b that 
𝐴𝐴 Φ

𝑡𝑡𝑡𝑡𝑡𝑡
=
∑

𝑖𝑖
Φ

𝑖𝑖
 , is non-zero most of the time. Given that ∑iEi = 0, 𝐴𝐴 Φ

𝑡𝑡𝑡𝑡𝑡𝑡
= 0 means either that we are at steady state 

or that the time derivative terms are balancing each other. We observe the same relative importance of each 
component for both plots. The decrease in time of the inflowing magnetic flux (i.e., the free magnetic energy 
density, black curve) is observable on Figure 2b1, correlated with the decrease of the outflowing flux for all the 
other components. This is the consequence of the slow decrease in time of the reservoir of plasma to reconnect, 
as the total plasma in the box is constant. The consequence is a slow decrease of both density and magnetic field 
that reduces the magnetic flux without much impact on magnetic reconnection.

3.3. Relative Energy Transfer to Cold and Hot Ions

After comparing the two simulations with and without cold ions, we are now comparing the energy transfer 
to the ion populations in simulation 2. In Figure 3a, we plotted the relative kinetic energy gains of each ion 
populations ions (ions il from the initial Harris current layer, hot ions ih and cold ions ic), with 𝐴𝐴 𝐴𝐴′

𝑘𝑘𝑘𝑘𝑘
= 𝐴𝐴𝑘𝑘𝑘𝑘𝑘∕|𝐴𝐴𝑚𝑚| 

and 𝐴𝐴 𝐴𝐴′
𝑢𝑢𝑢𝑢𝑢 = 𝐴𝐴𝑢𝑢𝑢𝑢𝑢∕|𝐴𝐴𝑚𝑚| . We first see that ion layer's curves quickly go to 0, which proves that the ions present in 

the initial current layer are quickly pushed away into the exhausts of magnetic reconnection. Once skipping the 
early times 𝐴𝐴

(

𝑡𝑡 𝑡 30 𝜔𝜔−1
𝑐𝑐𝑐𝑐

)

 , we can consider that only the inflowing plasma remains. This is why, in Figure 3c, we 

Figure 2. Panel (a1 and a2) relative energy gain of each kinetic source over the area 𝐴𝐴  for simulation 1 and 2, respectively. 
Panel (b1 and b2) energy density fluxes through the contour 𝐴𝐴  for simulation 1 and 2, respectively. 𝐴𝐴 Φ

𝑡𝑡𝑡𝑡𝑡𝑡
 is the sum of all the 

other component.
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didn't plot the values for Harris layer's ions (il). In Figures 3b and 3c, we averaged the values of Ej and 𝐴𝐴 Φ

𝑗𝑗
 over 

𝐴𝐴 𝐴𝐴 ∈ [30, 140] 𝜔𝜔−1
𝑐𝑐𝑐𝑐

 , for j ∈ [m, ke, ue, ki, ui] (simulation 1) and j ∈ [m, ke, ue, kic, uic, kih, uih] (simulation 2), respec-
tively. We also provide the energy partition, that is, E′ = Ej/|Em|, above the bars for sources that gain energy. In 
these histograms, we first observe that the differences between the averaged Ej and 𝐴𝐴 Φ

𝑗𝑗
 are small (smaller that the 

standard deviation), confirming that despite not reaching a steady state, temporal variations are still small enough 
to allow to draw meaningful conclusions from our analysis. The first simulation shows larger standard deviation, 
which are mainly due to the plasmoid-induced variation of the curve observed around 𝐴𝐴 𝐴𝐴 = 105 𝜔𝜔−1

𝑐𝑐𝑐𝑐
 (see Figure 2). 

The only term whose difference between Ej and 𝐴𝐴 Φ

𝑗𝑗
 is larger than the standard deviation is the electron bulk kinetic 

energy. This feature, already observed in previous works (Shu et al., 2021), is further developed in Section 4.

When looking at hot and cold ions in Figure 3c, we notice that the majority of converted energy goes into the 
hot ion thermal energy (31% in Figure 3c, vs. 16% for cold ions), even larger than the electron thermal energy 
(24%), despite having only half the density of the electrons. On the contrary, when looking at the bulk kinetic 
energy gains, cold ions get more energy than hot ions (10% vs. 4%). By summing the curves for kinetic and ther-
mal energy gains, we get that 35% of the energy goes to hot ions, 26% to the cold ions and 39% to the electrons. 
Therefore, the energy transfer per particle (nic = nih = ne/2) from magnetic reconnection benefits mainly the most 
energetic ions, then the low energy ions and finally the electrons. Note that in simulation 2, once normalized by 
density, we see that the energy transfer is more efficient toward ion populations than toward electrons.

4. Discussion
This study sheds new light on the distribution of the energy gain between hotter and colder ions, in the (quite 
common) cases when the ion distribution is composed of different populations with different temperature. 
We focus in particular on the case of symmetric magnetic reconnection. Regarding total kinetic energy gain 
(kinetic +  thermal), the hot ions gain more energy than cold ions. In both cases, most of the energy goes to 
thermal rather than kinetic energy gain. But the proportion of energy that goes to the thermal (resp. bulk) kinetic 
energy is quite different for both populations: while 87% of the hot ion energy gain is thermal kinetic, this is 
only the case of 61% for the cold ions. If we consider all the ions, 76% of the energy gain is thermal kinetic. The 

Figure 3. Panel (a) relative energy gain of each kinetic source for each ion population over the area 𝐴𝐴  in simulation 2. The black line is drawn at 𝐴𝐴 𝐴𝐴 = 30 𝜔𝜔−1
𝑐𝑐𝑐𝑐

 . Panel 
(b) Energy gain E over the area 𝐴𝐴  and energy density fluxes 𝐴𝐴 Φ through the contour 𝐴𝐴  averaged over t ∈ [30, 140] for each source of energy in simulation 1. Standard 
deviation are plotted using error bar. Above the bars are the percentages of magnetic energy transferred to each term, that is, E′ = E/|Em|. Panel (c) Same as panel (b), 
but in simulation 2.
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major implication of this result is that, for the cases we studied, the particles in the tail of the velocity distribution 
function gain more energy than the ones in the core of the distribution. This also means that the entropy rises 
significantly faster for the hotter ion population compared to the cold population. This open lot of possibilities 
for the studies of non-Maxwellian distributed plasmas, such as with κ-distributions. Now, these results open two 
questions: why do hot ions gain more energy, and why is the ratio of bulk to thermal energy gain different for the 
two ion populations?

To answer the first question, it is interesting to look at the source terms of total kinetic energy, that is, 
𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐴𝐴𝑘𝑘𝑡𝑡 + 𝐴𝐴𝑢𝑢𝑡𝑡 = 𝐉𝐉𝑡𝑡 ⋅ 𝐄𝐄 . In principle, hot and cold ions have the same density and drift velocity in the inflow-

ing plasma, and therefore the same current density. However, they decouple in their respective demagnetization 
region, and, due to the difference in temperature, the hot ion demagnetization region is larger than the cold ion 
one. Therefore, the charge separations (and associated current density) related to demagnetization covers a larger 
area for hot ions with respect to colder ions and the energy source term Stot,h is in average positive on a larger 
surface. Of course, several factors mitigates the efficiency of the energy transfer. First, in the cold ion demagnet-
ization region, Stot,c > Stot,h due to a higher density of cold ions. Second, the amplitude to the electric field is not 
constant through the diffusion region and tends to be weaker on the edges (where only hot ions are demagnetized) 
compared to the center. Those two reasons make the cold ion energy conversion more efficient in the cold ion 
diffusion region, but they are not enough to compensate the fact that the hot ion diffusion region is approximately 
twice larger.

Looking at the source terms, we can also understand why, in proportion, hot ions get more thermal energy than 
cold ions. The thermal kinetic energy source term 𝐴𝐴 𝐴𝐴𝑢𝑢𝑠𝑠 depends linearly on pressure, and therefore on temperature. 
Considering that the density and velocity of each ion population remains roughly similar everywhere, the higher 
value of 𝐴𝐴 𝐴𝐴𝑢𝑢𝑠𝑠 relatively to 𝐴𝐴 𝐴𝐴𝑘𝑘𝑠𝑠 for hot ions is due to their higher temperature.

Regarding the comparison between the simulations, we observed no important differences between the energy 
budgets. It appears that electrons gains a little more energy in average in the simulation with cold ions (see 
Figures  3b and  3c), but the averaged energy gain difference 𝐴𝐴 Δ𝐸𝐸𝑒𝑒 = ⟨𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 2

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
− 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 1

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
⟩ ≈ 0.17 between the 

two simulations is smaller than the standard deviation of Ee,tot in both simulations (𝐴𝐴 𝐴𝐴
(

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 1
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

)

≈ 0.25 and 
𝐴𝐴 𝐴𝐴

(

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 2
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

)

≈ 0.21 ). This is also true for ions, with ΔEi ≈ −0.25 for 𝐴𝐴 𝐴𝐴
(

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 1
𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖

)

≈ 0.57 and 𝐴𝐴 𝐴𝐴
(

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 2
𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖

)

≈ 0.59 . 
Thus, the difference in the energy partition doesn't seem significant enough. Previous studies showed that for 
identical macroscopic parameters, the presence of cold ions has no impact on the reconnection rate (Dargent 
et al., 2017, 2020; Divin et al., 2016). With this work, we addressed the still open question of the impact of cold 
ion on the global magnetic reconnection energy budget: the energy budget is also unaffected by cold ions, as long 
as the global parameters are unchanged. And the main recipient of the energy transfer is by far the ion thermal 
energy density (Aunai et al., 2011; Shu et al., 2021).

Finally, we remark on the difference between 𝐴𝐴 Φ

𝑘𝑘𝑘𝑘𝑘
 and Ek,e in Figure 2, for both the simulations without and 

with cold ions: Ek,e is quite larger than 𝐴𝐴 Φ

𝑘𝑘𝑘𝑘𝑘
 . The two terms are not expected to be equal in the absence of 

steady-state, and in fact a significant difference between 𝐴𝐴 Φ

𝑘𝑘𝑘𝑘𝑘
 and Ek,e has already been observed in other works 

(Shu et al., 2021), with a negligible 𝐴𝐴 Φ

𝑘𝑘𝑘𝑘𝑘
 being consistent with observations (Eastwood et al., 2013). In our case, 

at least part of the difference between the two terms seems to be due to the numerical resolution we use in our 
simulation. Since we are using a semi-implicit code (hence, we are not forced to solve electron-scale processes 
out of stability considerations), we have decided to under-resolve electron scales, dx ≈ 0.1di = 1.6de, in order to 
make large-scale, high-mass ratio simulations computationally affordable. This is routinely done in cases where 
the focus is on ion-scale processes (Lapenta et al., 2017). In such cases, it is expected that processes not fully 
resolved (here, electron-scale processes) are simulated qualitatively rather than quantitatively, see for example, 
the discussion in Innocenti et al.  (2015). A test simulation was performed based on simulation 1 with higher 
resolution (but for a shorter time, out of computational cost considerations): the Ek,e term reduces, without signif-
icantly affecting the other values.

5. Conclusions
We showed that for identical macroscopic parameters, the energy partition in magnetic reconnection does not 
depend significantly on the velocity distribution function (in our case, Maxwellian or double Maxwellian) of 
the inflowing plasma. Taking advantage of the discrimination we operated between hot and cold ions in the 
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double-Maxwellian plasma simulation, we show that, for identical density, the hot ions population gains more 
energy than the cold ion population. We conclude that energy transfer from magnetic to kinetic energy in the 
context of magnetic reconnection is more efficient for more energetic particles, that is, the tail particles get 
more  energy than the core particles of the plasma distribution. Finally, we also show that the distribution of 
kinetic energy between bulk and thermal energy density depends directly on the temperature of the inflowing 
plasma: the hotter the plasma, the higher the thermal energy gain.

The conclusions of this paper open perspectives for the whole domain of non-Maxwellian distribution plasmas. 
A mostly unchanged global energy budget for magnetic reconnection means that most of the results obtained 
for Maxwellian plasma can be applied to non-Maxwellian plasma. The fact, however, that the shape of the ion 
distribution function changes at the end of the simulation as a result of different rates of energy transfer between 
cold and hot ions may affect secondary processes, not address in this work. Furthermore, the results obtained in 
this paper are tied to heating and acceleration processes occurring in the diffusion region of magnetic reconnec-
tion. Future work is required to understand if this fundamental new results can be extended to other heating and 
acceleration processes.

Data Availability Statement
The simulation results are generated from ECsim simulation model, as described in Section 2. The simulation 
data for the figures in the study can be downloaded from https://doi.org/10.5281/zenodo.7639110.
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