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Discussion Points

1)  A potential threshold: By integrating ion fluxes  >10 keV across multiple instruments (Figure 1, 3), we identify a 
consistent threshold: at both shocks, steepened foreshock compressive structures fully form when the suprathermal 
ion density reaches  ∼ 1% of the background solar wind density.

2) Observational biases: The perceived difference in foreshock compressive structure occurrence is largely 
observational. Solar missions traverse the shock rapidly, providing only a brief "spatial cut" that misleadingly 
suggests structures are rare or absent. In contrast, planetary observations provide long "time histories”, near the 
planetary bow shock, which misleadingly suggests an overabundance and extended range of structures.

3) Implications: These findings show that quasi-parallel shock physics is universal across Heliospheric environments. 
To fully decouple these spatial and temporal ambiguities, future mission proposals and concepts such as Plasma 
Observatory (POa)  and MAKOSb are essential to assess dynamics that current capabilities are unable to resolve.

Geometric Challenge

Earth's Bow Shock: A curved, quasi-
stationary obstacle. Reflected ions are 
magnetically connected for long durations, 
allowing ample time for observations to be 
taken showing waves to grow and steepen 
into complex structures.
IP Shocks: Planar and propagating structures 
moving rapidly (∼800 km/s) through the solar 
wind. The interaction time for wave growth is 
limited by the shock's motion, potentially 
restricting the foreshock development and 
limiting our observation capabilities. 
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Foreshock 1D Spatial 
Distribution

Collisionless Shocks: Powerful particle 
accelerators found universally. In our solar 
system, they manifest as planetary bow shocks 
or Interplanetary (IP) shocks driven by CMEs. 
Quasi-Parallel Regime: Occurs when the 
angle between magnetic field and shock’s 
normal vector is less than 45°. This creates a 
foreshock filled with ULF waves. 
Process: Near the shock, these waves 
become non-linear and steepen, evolving into 
foreshock compressive structures (FCS).
While well-observed at planetary bow shocks, 
this process has not been systematically 
studied at IP shocks. We compare two shocks 
of similar Mach numbers to evaluate their 
foreshock structures (1) Earth’s Bow Shock 
with MMS and (2) an IP Shock using Solar 
Orbiter. Figure 1 Timeseries of 

collisionless shock and foreshock 
observations by Solar Orbiter 
(RTN) and MMS (GSE). Panels 
display magnetic field, plasma 
density, bulk ion velocity, and ion 
fluxes (suprathermal and low-
energy). Shaded areas denote 
different plasma environments. 
Bottom panels detail foreshock 
structures and minimum variance 
analysis hodograms. Vertical 
dashed lines mark shock 
crossings.

Figure 3 Magnetic field and 
suprathermal particle properties 
plotted against distance (𝑑!) along 
the shock normal for (a) Solar 
Orbiter (IP shock) and (b) MMS 
(bow shock). Upper panels display 
magnetic magnitude |B| and 
normalized suprathermal density; 
lower panels show magnetic 
variability σ(B). Red shaded regions 
highlight compressive structures 
observed at ∼25−50 𝑑! 	 upstream.

Figure 2 Magnetic field Power Spectral 
Densities (PSDs) comparing Solar Orbiter IP 
shock (a) and MMS Earth bow shock (b) 
environments. Spectra contrast close foreshock, 
far foreshock, and background solar wind (See 
Figure 1) against theoretical turbulent slopes. 
Vertical lines indicate local ion cyclotron 𝑓"#) and 
expected ULF wave frequencies; panel (b) 
additionally marks an ion scale whistler peak.

Spectral Signatures: As ULF waves steepen 
nonlinearly, they act as localized transient 
shock fronts, generating high-frequency 
dispersive whistler waves at their leading 
edge. In magnetic Power Spectral Density 
(PSD) plots, these waves manifest as a 
distinct secondary peak above the ion 
cyclotron frequency. The presence of this 
"whistler peak" indicates that foreshock 
structures have reached full nonlinear 
evolution; its absence suggests the observed 
wavefield is not fully developed or lacks such 
developed structures.
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