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Disentangling the Sun’s Impact

on Cosmic Rays

An instrument on the International Space Station has revealed new

information about how the Sun’s magnetic field affects cosmic rays on

their way to Earth.

By R. Du Toit Strauss and N. Eugene Engelbrecht

alactic cosmic rays (GCRs) are highly energetic

charged particles that are produced through various

acceleration mechanisms in astrophysical objects such
as supernova remnants. These particles propagate through the
Galaxy and can reach the heliosphere, a region dominated by
plasma originating from the Sun. Within the heliosphere, GCRs
interact with the turbulent plasma environment in a way that
decreases their flux, causing them to diffuse in space and to
lose energy [1]. Most of the impact of this “solar modulation” on
GCRs is independent of particle charge. But GCR drift is also
influenced by large-scale gradients in, and curvatures of, the
heliospheric magnetic field and by the current sheet—a tenuous
structure that separates the heliosphere into regions of

Figure 1: Anillustration of the predominantly diffusive motion of
Galactic-cosmic-ray protons (red) and electrons (blue) in the
heliosphere for different magnetic-polarity cycles (top: A> 0,
bottom: A <0, where A denotes the polarity of the cycle). The gray
regions represent the heliospheric current sheet.

Credit: R. D. Strauss et al. [3]

opposite magnetic-field polarity [2]. These effects are charge
dependent and lead to differences in how GCR electrons and
protons propagate on their way to Earth and throughout the
Solar System (Fig. 1). The Alpha Magnetic Spectrometer (AMS)
Collaboration has now measured these differences with
unprecedented accuracy [4], allowing scientists to probe the
fundamental physics of GCR transport in the turbulent
heliosphere.

The solar modulation of GCRs changes over time because of an
11-year solar-activity cycle and a 22-year cycle in the polarity of
the heliospheric magnetic field (Fig. 2). The progression of the
activity cycle can be observed through the sunspot number—an
index that quantifies the abundance of dark spots associated
with regions of high magnetic-field strength on the Sun’s
surface. Higher sunspot numbers indicate more-intense solar
activity. These two cycles affect the number of GCRs detected
on Earth by instruments called neutron monitors.

The polarity cycle is defined as positive (denoted by A > 0) when
the northern solar magnetic field is directed away from the Sun,
and as negative (A <0) when this field is pointed toward the
Sun. During the A> 0 cycle, positively charged particles drift
toward the Sun along the heliospheric polar regions, while
electrons mainly drift along the heliospheric current sheet in
the equatorial regions (Fig. 1). When the polarity cycle switches,
however, these behaviors are swapped [5]. Astrophysicists
understand this global drift picture qualitatively, but many
unanswered questions remain on the quantitative drift effects.
One key question is how turbulence in the heliospheric
magnetic field disrupts the drift process [6].
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Figure 2: The top panel shows the solar-activity cycle as observed
through the sunspot number. The shaded regions represent times
of peak activity. The AMS Collaboration [4] used data taken during
the indicated period. The middle panel shows the GCR count rate
recorded at the Hermanus neutron monitor (NM) in South Africa,
with the Sun’s magnetic-polarity cycles (A< 0 and A>0) indicated.
The bottom panel shows the sign and magnitude of the northern
(N) and southern (S) solar magnetic fields that define the polarity
cycles. Data sources: top panel, Royal Observatory of Belgium;
middle panel, South African Neutron Monitor Program; bottom
panel, Wilcox Solar Observatory.

Credit: R. D. Strauss and N. E. Engelbrecht

Observing these charge-dependent effects is problematic
because the fluxes of oppositely charged particles must be
measured simultaneously and with high precision. Previous
studies relied mostly on comparing different polarity cycles. But
this method led to ambiguous results because GCR transport is
also influenced by time-dependent changes in heliospheric
plasma. Essentially, no two solar cycles are exactly alike, and a
meaningful comparison of cosmic-ray transport between them
would require identical solar-modulation conditions.

The AMS Collaboration used a detector onboard the
International Space Station to precisely measure daily fluxes of
GCR electrons and protons between 2011 and 2021. The
researchers analyzed both long- and short-term changes in the
relationship between these two fluxes. They discovered that on
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long timescales, this relationship shows hysteresis, which, as
usual, indicates a system with memory. Drift effects lead to
differences in the transport speed and direction of electrons
and protons through the heliosphere because these particles
propagate on different timescales. As a result, oppositely
charged particles are stored differently from each other within
the heliosphere [7]. The long-term changes in the flux
relationship can be understood in terms of the solar-activity
and magnetic-polarity cycles. But the short-term changes are
probably related to transient solar phenomena, such as coronal
mass ejections, that need to be investigated in more detail.

These results will allow GCR drift effects—and especially the
turbulence-induced disruption of such effects—to be
investigated with unprecedented accuracy. Additionally, some
aspects of the findings challenge contemporary understanding
of GCR transport. For example, these results show, for some
time intervals, recurrent 27-day flux variations that are larger at
higher particle energies. In contrast, theory predicts that these
variations should disappear at such energies. Furthermore, the
recurrent electron-flux variations on short timescales represent
a strong observational constraint on models for the
time-dependent solar modulation of GCRs.

Reproducing these precision measurements for both GCR
electrons and protons using solar-modulation models will lead
to valuable insights into the mechanisms governing the
transport of these particles. Once these transport processes are
fully understood, progress can be made on achieving the “holy
grail” of solar-modulation studies: the ability to accurately
predict the GCR flux and its associated radiation levels in order
to safeguard human exploration of the Solar System.
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