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SUPPLEMENTAL MATERIAL - ERROR REGIONS IN FIGURE 4

Several quantities in Figure 4 are summed with a coarse timestep ∆tout = 400∆t = 9 ωpe
−1, namely: W⊥,ad,

W⊥ −W⊥,ad, W⊥,HF, W‖,HF, WDC,x + WDC,z, and WDC,y. To check convergence, we downsample each quantity’s
summand by 4 and compute an error δf at discrete time tn as:

δf(tn) = max
{∣∣f(tm)− f1/4(tm)

∣∣ | 0 ≤ m ≤ n} (1)

where f1/4 is the 4× downsampled version of f . Thus δf is strictly non-decreasing with tn. The coarse timestep
integrated quantities are generally well behaved, but WDC,x + WDC,z is a difference of two large quantities and so
accrues more noise. The error regions defined by Eq. 1 are plotted in Fig. 4. We also plot curves with 2, 4, 8×
downsampling in Supplemental Figure 3.

SUPPLEMENTAL MOVIES

Supplemental Movie 1.— Time evolution of Figure 1.
Supplemental Movie 2.— Time evolution of our electron sample, described in the text, traversing the shock front.

The electron particles are plotted over ion density ni, parallel electric field E‖, and the electric field component Ex.
The ion density ni is scaled to upstream density n0, and the electric field components are scaled to upstream motional
electric field magnitude u0B0/c. The E‖ colormap spans [−1,+1] and saturates on small-scale waves, despite being a
wider range than in Figure 3 of the main text.

Supplemental Movie 3.— Time evolution of Figure 3 with additional views of electron sample’s phase space. The
momentum component γβ⊥,1 is the projection along (b̂×−x̂)× b̂, and the component γβ⊥,2 is the projection along

b̂×−x̂. Because the local magnetic field unit vector b̂ mostly orients along ŷ, the components ⊥, 1 and ⊥, 2 roughly
correspond to −x̂ and +ẑ so that (⊥, 1; ⊥, 2; ‖) form a right-handed coordinate system. The E‖ colormap is the same
as in Supplemental Movie 2.

SUPPLEMENTAL FIGURES

Supplemental Figure 1.— Fiducial 2-D simulations are converged with respect to transverse width. Black curves
are fiducial 2-D mi/me = 625 simulations from Figure 2(a). Colored curves are same shock parameters with varying
input my, as defined in Supplemental Table 1. Panel titles have Ms computed differently from the rest of the text:
we assume Γ = 2 for Ms ≤ 5 and Γ = 5/3 for Ms ≥ 7. Most of the varying transverse width simulations are not
listed in Supplemental Table 1.

Supplemental Figure 2.— Like Figure 4(a-c), but now showing electron samples traversing the shock at different
times. At t′ = 0 ωpi

−1, we selected all electrons in the regions x ∈ [5.60, 5.62]c/ωpi, x ∈ [6.00, 6.02]c/ωpi, and so on
with even spacing 0.4c/ωpi to get seventeen electron particle samples of similar volume and number. Curves are as in
Figure 4.

Supplemental Figure 3.— Like Supplemental Figure 2, but now shows the numerical convergence of all quantities
integrated with the coarse timestep ∆tout, namely: W⊥,ad, W⊥−W⊥,ad, W⊥,HF, W‖,HF, WDC,x +WDC,z, and WDC,y.
For each quantity, we increase the sample spacing ∆tout by 2×, 4×, and 8× and plot the down-sampled integration
with progressively decreasing opacity.
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SUPPLEMENTAL TABLES

Supplemental Table 1.— This is a comma-separated value (CSV) ASCII file with input parameters, derived shock
parameters, run duration, and downstream temperature measurements for all simulation runs shown in our manuscript.
The first row is the high-resolution run used in Figures 3–4 of the main text, and the remaining rows are presented
in Figure 2. Below, we define all table columns. We also display the table in human-readable format.

SUPPLEMENTAL TABLE 1: COLUMN DEFINITIONS

• mi me is the ion-electron mass ratio mi/me.

• theta and phi specify the upstream magnetic field orientation, measured in the simulation frame. θ is the angle
between ~B and the x-coordinate axis. ϕ is the angle between the y-z plane projection of ~B and the z-coordinate
axis. To visualize these angles, see Fig. 1 of Guo et al. [1], but note that their ϕB = π/2−ϕ is the complement

of our ϕ. For all our simulations, θ corresponds to the angle between ~B and shock normal. The 2-D simulations
with in-plane ~B have θ = 90◦ and ϕ = 90◦. The 2-D simulations with out-of-plane ~B (i.e., ~B along ẑ) have

θ = 90◦ and ϕ = 0◦. The 1-D simulations with oblique ~B have have θ < 90◦.

• my and mz are the numbers of grid cells along ŷ and ẑ. Our 2-D simulations have mz = 1, and 1-D simulations
have my = mz = 1.

• betap, Ms, Ma, and Mms are the shock plasma beta βp, sonic Mach number Ms, Alfvén Mach number MA,
and fast magnetosonic Mach number Mms. These numbers are derived from TRISTAN-MP input parameters
sigma, delgam, and u0 (defined just below). First, the plasma beta is:

βp =
4γ0∆γi

σ (γ0 − 1) (1 +me/mi)

where γ0 = 1/

√
1− (u0/c)

2
is the Lorentz factor of the upstream flow in the simulation frame. The sonic Mach

number depends on the upstream plasma speed in the shock’s rest frame:

Ms =
ush
cs

=
u0

(1− 1/r (Ms)) cs

and we solve this implicit expression for Ms (and thus also us) using an input u0 and assumed fluid adiabatic
index Γ = 2 (note that Γ enters into both the Rankine-Hugoniot expression for MHD shock compression ratio
r and the sound speed cs). Once Ms and ush are known, MA and Mms are known as well. This procedure for
estimating shock parameters is taken directly from Guo et al. [2].

• sigma is the magnetization, a ratio of upstream magnetic and kinetic enthalpy densities:

sigma = σ ≡ B0
2

4π (γ0 − 1) (mi +me)n0c2
.

• delgam is the upstream plasma temperature, scaled by ion rest energy:

delgam = ∆γi ≡
kBT0
mic2

.

• u0 is the upstream plasma velocity, scaled by speed of light:

u0 ≡ u0/c

Note that sigma, delgam, and u0 are defined using velocity, density, and magnetic field measured in the simu-
lation frame. The ion temperature is measured in the upstream plasma’s co-moving frame, as usual.

• ppc0 is number of particles (both electrons and ions) per cell in the upstream plasma.
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• c omp is the number of grid cells per electron skin depth c/ωpe.

• ntimes is the number of current filter passes.

• dur is the simulation duration in units of upstream ion cyclotron time Ωi
−1.

• Te Ti is our measurement of downstream temperature ratio Te/Ti. As described in the main text, we manually
choose a downstream region that is minimally affected by the left-side reflecting wall and the right-side shock
front relaxation. Our measurement of Te/Ti uses downsampled grid output of the particle temperature tensor;
however, the temperature tensor itself is calculated for each grid cell using the full particle distribution in a 5N

cell region, where N ∈ {1, 2, 3} is the domain dimensionality.

• Te Ti std is the standard deviation of Te/Ti within the downstream region that we consider. Like Te Ti,
downsampled grid output is used for this estimate.

• Te and Ti are the downstream electron and ion temperatures scaled to their respective rest masses; i.e.,
kBTe/(mec

2) and kBTi/(mic
2). We measure all of Te, Ti, and Te Ti in the same manually-chosen downstream

region.

∗ aaron.tran@columbia.edu
† lsironi@astro.columbia.edu
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