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Abstract Solitary magnetic structures known as SLAMS (short large-amplitude magnetic structures)
have been considered as essential elements of collisionless shocks with quasi-parallel geometries. Yet the
physics underlying their formation remains an open question. In this paper, we use measurements from
the magnetospheric multiscale mission combined with fully kinetic simulations to study the formation
of SLAMS. We find that gyro-resonance between solar wind ions and right-hand circularly polarized
electromagnetic waves results in magnetic field amplification. Gyro-trapping by the growing magnetic
field builds up the plasma density that further enhances the current and field. The solitary nature of
SLAMS stems from a beat-like magnetic field envelope where the maximum sets the initial location for
nonlinear growth. Our results present a conceptual advance on SLAMS, and may shed new light on the
open question of magnetic field amplification at astrophysical shocks.

Plain Language Summary We integrate MMS measurements and fully kinetic simulations
to investigate the nonlinear processes underlying ultra-low-frequency wave growth and evolution into
solitary magnetic structures known as SLAMS. The understanding gained here presents a conceptual
advance on the formation of SLAMS at planetary bow shocks, and may serve as new insight into how
magnetic fields in the interstellar medium are amplified to create an environment for cosmic ray
production at astrophysical shocks.

1. Introduction

Solitary magnetic structures known as short large-amplitude magnetic structures (SLAMS) have been envi-
sioned to be the building blocks for quasi-parallel shocks by pioneer studies (e.g., Lucek et al., 2008; Schwartz
& Burgess, 1991; Schwartz et al., 1992; Thomsen et al., 1990). Shock observations (e.g., Lucek et al., 2008;
Schwartz et al., 1992; references in Eastwood et al. (2005a) and Wilson (2016)) and simulations (Scholer
et al., 2003; Tsubouchi & Lembeége, 2004) have culminated in a picture that SLAMS develop from electro-
magnetic waves called the ultra-low-frequency (ULF) waves. In particular, particle-in-cell (PIC) simulations
of 1D quasi-parallel shocks with low Mach numbers (~4) indicate that ULF waves can arise at the foreshock
and evolve into SLAMS (Scholer et al., 2003; Tsubouchi & Lembege, 2004). Past work indicates the common
occurrence and importance of SLAMS and ULF waves as well as the dynamical connection between them.
However, the physics underlying the nonlinear wave development into SLAMS is yet to be understood.

In this paper, we use bow shock measurements and PIC simulations to address the long-standing question
of SLAMS formation. The measurements are from NASA's magnetospheric multiscale (MMS) mission. The
mission’s unprecedented high-resolution measurements enable the plasma response to be investigated and
compared with simulation results.

2. Spacecraft Measurements

Two bow shock crossings by MMS will be discussed to provide the ground for simulation and theoreti-
cal analysis. The crossings occur when the interplanetary magnetic field (IMF) is dominated by the com-
ponent along the Sun-Earth line. The reported magnetic fields (128 samples/s) are from the Flux Gate
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Figure 1. An overview of example solitary magnetic structures (SLAMS) and growing ULF waves observed by MMSI1.
(a) The magnetic field amplitude |Bl and plasma density N. (b) The magnetic field vector in GSE. (c) Energy flux (1/
cm®-s-st) of ions from 10 eV to 30 keV. The magnetic field and current densities in the interval marked by the magenta
bar in (b) are shown in (d)-(f) in field-aligned coordinates (where x’ is antiparallel to By; y" and z’ are perpendicular

to By) that are equivalent to the xyz coordinates in PIC (Section 3). The y’ and z’ components of J (calculated from

the curlometer technique (Robert et al., 1998) using the magnetic fields measured by all four spacecraft) and J, .5 are
plotted in the plasma frame.

Magnetometer (Russell et al., 2014), electric fields (32 samples/s) from the double probes in the FIELDS
suites (Ergun et al., 2014; Lindqvist et al., 2014; Torbert et al., 2014), and electron (30 ms/sample) as well as
ion (150 ms/sample) data from the Fast Plasma Investigation (Pollock et al., 2016).

2.1. SLAMS Formation Under Anti-Sunward IMF

Intense magnetic fluctuations (Figures 1a and 1b) are generated at the terrestrial bow shock, as the IMF
turns quasi-parallel to the shock normal before 5 UT on November 23, 2017. The plasma density in the
upstream solar wind is 4.1 cc (average from OMNI 0454 to 0510 UT). The averaged IMF from OMNT is used
as the upstream magnetic field B, = 2.7 (—0.942, 0.327, 0.075) nT, about 20° from —xgsg. The Alfvén Mach
number M, ~ 12, ion beta ~ 1, electron beta ~ 3, and the magnetosonic Mach number ~ 6. The angle be-
tween B, and the shock normal is 35° (based on a shock model (Farris et al., 1991)). The location of MMS
is GSE [13.2, 7.2, 2.6]Rg at 5 UT, approximately 0.1Ry from the bow shock MMS exited at ~0450 UT (not
shown).

The solitary magnetic structures with both highly enhanced magnetic field strengths (I1Bl) and plasma den-
sities (N) shown in Figure 1a are the primary subject of investigation. These structures are consistent with
those known in the literature as SLAMS (e.g., Schwartz & Burgess, 1991). The purpose of calling them
solitary structures will become clear by the end of the simulation section. We will use the two terms inter-
changeably in this paper.

Examples of SLAMS and their preceding low-frequency electromagnetic waves (ULF waves) presented in
Figure 1 suggest that SLAMS and ULF waves are dynamically connected, as envisioned by past observation
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(e.g., Lucek et al., 2008; Schwartz et al., 1992) and simulation studies (Scholer et al., 2003; Tsubouchi &
Lembege, 2004). The waves (and those in Section 2.2) belong to the 3 s ULF category that is right-hand cir-
cularly polarized with respect to B, and propagates earthward in the spacecraft frame (Hobara et al., 2007;
Le et al., 1992) (to be further discussed later). The three components of the magnetic field show growing
quasi-sinusoidal waves in the beginning of the interval, followed by a series of SLAMS with intense B, and
B, exhibiting a time scale similar to that of the ULF wave. The |Bl and N variations are positively correlated
for both ULF waves and isolated SLAMS. Most SLAMS in the shown interval contain a sharp bipolar B,,
which are likely to be further compressed into thin current sheets that are conducive to magnetic reconnec-
tion (Bessho et al., 2019, 2020; Gingell et al., 2019, 2020; Wang et al., 2019, 2020a).

For every SLAMS, correlated with the amplified |Bl and N is the energy-flux enhancement of ions with
energies both below and above the solar wind energy (~1 keV), extending from approximately a hundred
eV or below to above 10 keV (Figure 1c). The SLAMS sandwiched by the solar wind population at 1 keV are
solitary magnetic structures.

The SLAMS and ULF wave in Figure 1 propagate antisunward in the spacecraft frame, based on timing anal-
ysis of the magnetic fields measured by the four spacecraft. The propagation directions of the SLAMS ob-
served during 04:56-05:11 UT are 4-37° from —xgsg, and the speeds range from 137 to 219 km/s in the space-
craft (cruising away from the Earth with a speed of a few km/s) frame, corresponding to 5-8V, (V4 = 33 km/s
is the Alfvén speed) going upstream in the background solar wind (SW) frame (V,, ~ 420 km/s along —x¢sg),
approximately in the reported range of 1-6V, for smaller amplitude SLAMS (e.g., Mann et al., 1994). The
scale size along x (or along propagation) is ~1,000-3,000 km ~ 10-30d;, consistent with previous SLAMS
observations (e.g., Lucek et al., 2008). The ULF wave at 045440-045510 UT propagates with a phase velocity
(Vi) of 340[—0.91, 0.36, 0.21] km/s in GSE, approximately 12° from the background magnetic field (taken
from 04:54 UT), and 25° from —xgsg. Transforming the spacecraft frame V,, to the plasma frame (defined by
the bulk velocity of all ions at 04:54 UT) which lies between the solar wind and the spacecraft frames due to
the inclusion of ions streaming back (backstreaming) toward the Sun, the phase velocity is 10 km/s (0.3V)
earthward and the polarization is right handed.

The peak Bl in the large-amplitude ULF reaches 12 nT and steepened ULF 16 nT (Figures 1a, 1b, and 2a).
Both exceed the defining criterion of SLAMS (IBI/B, > 2, (Schwartz et al., 1992)). However, we will refer to
them as large-amplitude and steepened ULF waves, as they are intermediate stages to the solitary magnetic
structures (the isolated structure with intense IBl and N enhancement at 0456 UT and thereafter).

The observed ULF wave is circularly polarized with the wave B, lagging behind B, by about 90° (Figures 1d
and 2b), described by B, ~ iB, and as right-hand polarized in the spacecraft frame. The ULF wave satisfies
the gyro-resonant condition with the solar wind ions (Gary, 1991) with a resonant velocity of 400-520 km/s
(based on @ — k -V,,, = —@,;), within one V, (30 km/s based on OMNI T; of 5 eV) from the solar wind ion
bulk velocity along k (382 km/s). In-depth analysis of the ULF waves and their interaction with ions is re-
ported in a separate publication (Wang et al., 2020b).

To gain insight into the ion dynamics during growing ULF waves and SLAMS, the ion velocity distribution
function (summed over vy, and v,) in the v, space is presented in time series (Figure 2d). Note that the con-
vection along x enables the translation from time to x. As such, Figure 2d can be viewed as x-v, phase space
and changes in the convection velocity (e.g., the ULF wave has a larger x velocity toward the Earth than
SLAMS) stretch or compress the spatial variations in x.

The growing B,, being transverse to the background magnetic field gyro-turns the particles, resulting in
one to multiple gyro-reflections (these we term gyro-trapping) within the enhanced |B| region and leading
to density buildup. One example is marked at the steepened ULF wave (gray dotted line at ~045526 UT) in
Figure 2. The amplitude of B,, increases by approximately a factor of four from the minimum to maximum,
and the density by a factor of 2. Gyro-trapping enhances the density, which in turn contributes to enhance-
ments of the current and field. This picture is supported by tracing all particles (not shown) at density (and
IBl) peaks during SLAMS formation in our PIC simulation.

The backstreaming ion phase space density (PSD) increases as the large-amplitude ULF wave continues to
be amplified (Figures 2d-2f). As illustrated by example v,—v, distributions (Figure 2g), the addition of a cold
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Figure 2. Zoom in view of the first few SLAMS and the preceding ULF waves. (a) The magnetic field amplitude |BI
and plasma density N. (b) Magnetic field components B, and B,. (c) Electric field components E,,,. (d)—(f) Time series
of the reduced ion velocity distributions in v, v,, and v,. Electron bulk velocities are overplotted as white dots. (g) Ion
distribution functions in v,—v, showing the evolution of the solar wind and backstreaming ions. All vectors are in GSE.
The magenta vertical dashed line indicates the time where the plasma conditions are taken to guide our simulation
parameters, while the gray line marks an example where the solar wind V. is largely gyro-turned to V.

and dense population (likely due to solar wind ions reflected off a growing structure that passed by MMS)
boosts the backstreaming ion PSD at the steepened ULF. Moreover, the overall ion distribution becomes
hotter and more diffuse, as solar wind and backstreaming ions undergo multiple gyration and mix. Right
at the transition from growing ULF to the first solitary structure is a brief moment (marked by a magenta
vertical line) when the backstreaming ion PSD is more intense than before and the solar wind ions are ap-
proximately at their upstream state: V; ~ —420 km/s, V}, ~ V, ~ 0, while the electron flow V,, (white dots)
is ~—200 km/s (approximately the ion bulk flow, not shown). For the marked time, n,/N = 0.4, V-V, is
14V, along —B, (approximating B, to be along —x¢sg), where n, and V), are the density and bulk velocity of
backstreaming ions. In the plasma frame, V), along —B, is 8.4V,. The SW ion f~1, T}/ Ty, = 100, T,/ Ty, = 3.6.
This state of the plasma inspires the parameters for our PIC simulations (Section 3).
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Figure 3. Evolution of the ULF wave into SLAMS observed with a colinear MMS spacecraft configuration. The
spacecraft separation along xgsy, is illustrated in (a). The magnetic field components B, and B, from MMS 3 (b), 4 (c), 1
(d), and 2 (e), in the order of distance from earth farthest to nearest. (f) Electric field components from MMS 2. (g) The
reduced ion velocity distribution (colorbar in Figure 2d) in v,. The stars call out an example growing B, peak as it travels
by the four spacecraft.

2.2. SLAMS Formation Under Sunward IMF

In this section, growing ULF waves evolving into SLAMS are captured by the four co-linearly configured
MMS spacecraft separated by hundreds of kilometers, sufficient to track the evolution of the structure. The
ULF steepening into SLAMS discussed in the previous section is registered by MMS in a tetrahedron forma-
tion with a spacecraft separation of 22 km on average, not allowing monitoring of the structure evolution.
For the colinear case, M, ~ 10.5 and the position of MMS 3 is GSE [14.2, 0.2, 1.5]Rg at 1159 UT on February
22,2019. The IMF is 4.1[0.9, 0.4, —0.2] nT, ~26° from +xgsg.

The observed magnetic fields are approximately circularly polarized with B, leading B, by ~90° (Figure 3),
described by B, ~ —iB; and as right-hand polarized in the spacecraft frame (IMF dominated by B, > 0).
Magnetic field components registered by the four spacecraft indicate growing ULF waves and eventually
evolving into SLAMS at the MMS3 location as well as further downstream observed by the other three
spacecraft hundreds of kilometers apart along the propagation direction (Figure 3a). The upstream magnet-
ic field (4.1 nT) has been amplified by more than a factor of 10 (Figures 3c-3e). The ion reduced distribution
function in v, indicates intensification of the backstreaming ion PSD as well as V, decrease and heating of
the solar wind ions at SLAMS (Figure 3g), similar to the features in Figure 2d.

The structure speed in the spacecraft frame decreases as the magnetic field grows, consistent with the trend
of decreasing speeds from ULF waves to SLAMS observed in the first event, previous studies, and our PIC
simulations. The propagation directions determined by the Minimum Variance Analysis (MVA) of magnet-
ic fields measured by MMS 3, 4, 1, and 2 are k; = [—0.694, —0.715, —0.085], k, = [—0.841, —0.521, —0.146],
k, = [-0.884, —0.449, —0.128], and k, = [—0.945, —0.272, —0.182] in GSE. These angles indicate that the
propagation is more aligned with X as the structure propagates toward the Earth and as it grows. The prop-
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agation speeds are 374 (MMS3-4), 360 (MMS4-1), and 207 (MMS1-2) km/s, based on the spacecraft separa-
tions (spacecraft pairs indicated in the parentheses following the respective speeds) along x¢sx and the cor-
responding time delays from the magnetic field correlation analyses for the interval 11:58:38-11:58:45 UT.
The bulk V; along xgsg is 353 km/s, smaller than the V}, determined by MMS3-4 and MMS4-1, indicating
that the wave propagates earthward and the polarization is right handed in the plasma frame. The gyro-res-
onant velocity is 427-513 km/s (based on analysis of MMS3 magnetic fields from 11:58:23-34 UT), within
one thermal speed (31 km/s) from the solar wind velocity along k (406 km/s).

To summarize the observations, both MMS events show isolated SLAMS developed from ULF waves that
are (1) right-hand polarized and propagate earthward in the plasma frame and (2) gyro-resonant with a
significant subset of the solar wind ions. The presented SLAMS properties (characteristic time scales and
waveforms) differ from the structures known as shocklets (e.g., Le & Russell, 1994) which are in part as-
sociated with 30 s ULF waves (e.g., Hoppe & Russell, 1983) that gyro-resonate with backstreaming ions
(Eastwood et al., 2005b).

3. Particle-in-Cell Simulations

This section presents results from a proof-of-concept simulation to demonstrate that isolated SLAMS devel-
op from an initial condition informed by the MMS observation discussed in Section 2.1: two counterstream-
ing ion populations with equal drift speeds with respect to the electrons; the SW population at V;,, = —10V;
the backstreaming population at ¥, = 10V ;; the temperature ratio 7, / T,,, =100; 7, / T,,, = 2;n, / ng,, = ;2
uniform background B, = (—0.067,0,0)mec / |e| d,, where m, is the electron mass, c is the speed of light, e is
the electron charge, and d, is the electron inertia length. Other parameters are: the mass ratio m; / m, = 100,
electron plasma to cyclotron frequency ratio ,, / @, = 15, and SWion beta S, = 1. The n;, / n,, used here
is higher than that in prior studies (e.g., Gary, 1991) and can be reduced by increasing V, while keeping
nV, / [( ny, + ng,,) /)’SWVA] (the backstreaming ion current in the plasma frame) the same or slightly lower for

SLAMS with enhanced N to form. The simulation, conducted using the VPIC code which solves a system of
relativistic Vlasov-Maxwell equations (Bowers et al., 2008), has one spatial and three velocity dimensions.

Solitary structures with amplified |Bl and N (Figure 4a) are developed from the initial electromagnetic
waves. These waves are polarized as B, ~ iB, (B, lagging behind B, by ~90°, Figures 4e-4f), and classified as
right-hand polarized in the plasma frame. Bipolar and tripolar pulses (Figure 4b) resemble those observed
by MMS (Figures 2 and 3). Electric field components both transverse (E,,) and longitudinal (E,) to the prop-
agation are generated (Figure 4c), consistent with those observed by MMS (Figures 2c¢ and 3f). A negative
E, pulse associated with an SLAMS developed from ULF waves has been produced in a shock simulation
(M4 =4) (Tsubouchi & Lembege, 2004). Negative E, plays a role in reflecting the backstreaming ions toward
—x, and hence increasing the ion thermal spread, as seen in our PIC simulations (Figure 4d) and MMS ob-
servations (e.g., the SLAMS at ~0457 UT in Figures 2c-2d).

The waveforms of B, from earlier times exhibit a beat-like envelope feature (Figures 4e—4f) similar to that
observed by MMS (Figure 1d). The |Bl peaks of the envelopes set preferred locations for wave growth. Hence,
the magnetic field amplification is not uniform for the initial waves, but focuses on isolated spots. The den-
sity enhancement and negative E, start to develop at the maximum of the wave envelope as the B, ~ iB,
mode grows (Figure 4g). The exact cause of the envelope requires investigations beyond the scope of this pa-
per. We note that the ratio between the sound speed and the Alfvén speed exceeds one for most of the MMS
interval (Figure 1d), within the regime unstable to the beat-mode parametric instability (Hollweg, 1994).

The dominant wave mode leading to the solitary magnetic structure is in gyro-resonance with the solar
wind ions in our simulation. This mode is known in the literature as the nonresonant mode because it
does not gyro-resonate with the backstreaming ions (e.g., Gary, 1991; Weidl et al., 2019a, 2019b). Before
the formation of solitary structures at tw,; ~ 14, the wave propagates at V,, = —5V, with a wave number of
kd; ~ —0.18. The cyclotron resonant velocity is V,,, = V,,, + @,; / k = —10.6V,, within one SW ion thermal

speed (1V,) from the SW ion bulk velocity of —10V}, satisfying the gyro-resonant condition (Gary, 1991).
The gyro-resonance with SW ions and wave properties is consistent with results from a linear dispersion
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Figure 4. Examples of solitary magnetic structures from a PIC simulation. (a) The magnetic field amplitude and
plasma density (N). (b) Magnetic field components Byy,. (¢) Electric field E,, and the x component of —V, x B. (d) The
ion phase space x-v,. Data in (a)-(d) are taken from f@,; = 16.5 (labeled as t in a). (e)~(f) show B, at f@,; = 15.5 and
13.5, respectively. (g) Ex and N showing the maxima of the wave envelopes set isolated locations for field and density
amplification. (h) The y components of J and J, g5 (f)-(h) are from ¢—3.

solver which predicts the maximum growth rate at —x propagation, right-hand polarization, kd; ~ —0.19,

and ¥V, =V + 0y / k = =101V,

The ion phase space x-v, (Figure 4d) shows that at SLAMS, the SW ions are heated and their bulk V, has
been reduced to approximately the electron bulk flow (V,, ~ 0), just as observed by MMS (Figure 2d where
the V., ~ —200 km/s in the spacecraft frame). The upstream edge of the SLAMS (e.g., at x/d; ~ 705 in Fig-
ure 4d) marks the most probable gyro-reflection point of the SW ions, according to particle tracing using
PIC fields. The backstreaming ion thermal speed is the same as V}, initially in our simulation. The more
isotropic, hot, and diffuse ion population develops at the downstream (left) edge of SLAMS (Figure 4d) as
a product of backstreaming ions reflecting off SLAMS, different from the process discussed in prior work
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that suggested diffuse ions as a precondition for SLAMS formation (Dubouloz & Scholer, 1993; Giacalone
et al., 1993).

4. Wave Growth and Polarization

MMS observations and PIC simulations discussed in the previous sections indicate that the right-hand
circularly polarized electromagnetic wave propagating in the the solar-wind direction in the plasma
frame grows to large amplitudes and develops into solitary magnetic structures. In this section, we point
out the connection between the observed wave growth and polarization based on an approximate rela-
tionship between the current density J perpendicular to B, and the electron E X B drift current density
Jorp =eNE x B/ |B|2. Electrons are magnetized and follow the E X B drift. If ions are also magnetized, the
net E X B drift current would be zero. The unmagnetized ion dynamics leads to a finite E X B drift current
as well as a current perpendicular to E X B. MMS measurements show that the transverse component of J
leads J, g by a small phase shift for the quasi-sinusoidal part of the ULF wave interval (up to ~045512 UT
in Figures 1d-1f). Similar phase relationships are observed in the second MMS event (not shown) and PIC
simulations (Figure 4h).

Consider the setup in Section 3, the fields can be written as E(t) :[O,Ey(t)e"kx,lz"z(t)e”‘"} and
B(1) =[BO,1§ (t)e™,B. (t)e”“} The wave fields and the current density are related through the
Maxwell equations: 6,l§y(z)(t) = iikEz(y)(t) (the minus sign is for the component in the parenthe-
ses) and ,quy(Z) = $isz(y). The phase of J is ahead of J, g by less than 7/2, enabling us to write
@J 2y = Jopxpy(-p Where @ = ag +ia; is a complex number with both ag > 0 and a; > 0. Combining

N ~ . . . . . .
atyy = Jopxpy(z) * i%EZ( ») with the two Maxwell equations, we obtain a set of differential equations,
- . B, -~
9 - iy

0{sz0
B = +ik = =+
r 2ot (1) = HkE () (1) = 12208 = 2000

éz(y). The equations can be arranged into the following

2
form for the two polarizations: 6£Bi (1)=7i a]]i] By B, where B, (t) = B, +iB,. The growth solution is
4 eN ny ’
2 2
B, ~ e "7 where o = ark”"By >0and y = k" By > 0 for By < 0 (note: e < 0). For B, > 0, the growth
eN 11 eN 1y

solution is B_(¢) = B, — iB..

The above discussion connects the observed J-J, s phase relationship with the polarization of the growing
wave. For the first MMS event and the PIC simulation with a background magnetic field B, < 0, the ULF
wave exhibits a B, ~ iB;, polarization, corresponding to the B, solution, while for the second event, B, > 0,
and the growing wave has a polarization B, ~ —iB,, corresponding to the B_solution.

5. Summary, Discussion, and Conclusion

In summary, we integrate MMS measurements and PIC simulations to investigate the formation of solitary
magnetic structures known as SLAMS in the shock literature, and achieve the following new understand-
ing: (1) Gyro-resonance between solar wind ions and right-hand circularly polarized electromagnetic waves
results in magnetic field amplification, (2) gyro-trapping by the growing magnetic field builds up the plasma
density that further enhances the magnetic field growth, (3) high amplification of the magnetic field occurs
at discrete (isolated) locations at the IBl maximum of the wave envelope where the initial density enhance-
ment and longitudinal electric field develop. Our work points out new directions for future research, for ex-
ample, the origin of the beat-like wave envelope and the plasma dynamics associated with the longitudinal
electric fields.

The nonresonant mode found to dominate the magnetic field amplification in our study corresponds to the
Bell instability in astrophysics (e.g., Bell, 2004; Weidl et al., 2019a; Zweibel & Everett, 2010). A long-stand-
ing open question concerns whether the primary instability mediating the magnetic field amplification
resonates or does not resonate (Bell instability) with the backstreaming ions at supernova remnant (SNR)
shocks. Our results show that the dominant mode gyro-resonates with the solar wind ions, presenting a
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case for the background-gyro-resonant character of the Bell instability (Weidl et al., 2019a), and may bear
implications to the SNR shocks as the essential physics of magnetic field amplification is established to be
qualitatively the same for shocks with the Alfven Mach number 5-500 (Caprioli & Spitkovsky, 2013, 2014a,
2014b).

In conclusion, our work addresses the nonlinear processes underlying ULF wave growth and evolution into
isolated SLAMS. The understanding gained here presents a conceptual advance on the formation of SLAMS
at planetary bow shocks, and may serve as new insight into how magnetic fields in the interstellar medium
are amplified to create an environment for cosmic ray production at astrophysical shocks.
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tion at https://zenodo.org/record/4257050. Computation resources supporting this work were provided by
NASA HECC and NSF Frontera.
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