
Galactic Cosmic-Ray Propagation in the 
Inner Heliosphere:  

Improved Force-Field Model

Jung-Tsung Li (OSU)
TeVPA 2022

In collaboration with 

John Beacom and Annika Peter


(arXiv: 2206.14815)

1



Galactic Cosmic Ray Near The Sun

Parker Solar Probe (PSP) Fermi Gamma-ray Telescope

• PSP reaches 0.05 AU from the Sun


• Radial gradients of anomalous CR


• Will provide energy spectrum of galactic CR

• Gamma-ray emission from the Sun


• Galactic CR interaction with solar photon and atmosphere


• Require understanding of CR intensity near solar surface
(Fox et al 2016; Rankin et al 2021, 2022) (Moskalenko et al 2006; Abdo et al 2011; Ng et al 2016; Linden et al 2022)
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1968) as a function of time. The data are for April 1966 when the interplanetary field 
was relatively undisturbed by violent eruptions and high-energy particle-events were 
absent, so that the simple quiet-day picture developed here is applicable. The solid curve 
represents a Gaussian with a half-width of 1.25 days, in reasonable agreement with the 
rough theoretical estimate of 0.5-1 day from the supergranulation or power spectrum. 

In summary, it appears that (a) the supergranulation in the solar photosphere ac- 
counts for much, if not all, of the power at zero wavenumber in the magnetic irregularities 
observed in the solar wind, (b) the power at zero wavenumber represents random walk 
of the lines of force relative to the mean field, {c) the random walk of the field lines 
spreads the energetic solar particles around the Sun, accounting for a good part of the 
observed spread of the particles in solar longitude. The suggested configuration of the 
magnetic field is schematically illustrated in Figure 7. 

Fig. 7.—Schematic illustration of the random walk of field lines in interplanetary space. Field lines 
from the source of particles on the surface of the Sun spread out in solar longitude, and the particle 
density is approximately a Gaussian in longitude at a distance r. Presumably the magnetic lines of force 
elsewhere around the Sun random-walk in much the same way as the lines from the particle source, but 
they are not readily traceable, for lack of energetic particles. 

As mentioned above, this picture fits in very nicely with the observed anisotropies of 
low-energy solar particles and the previously suggested “wet spaghetti^ model. The the- 
ory given here points out that the random walk of the field lines must contribute to iG, 
so that in the observed field K±/K\\ approaches unity, instead of zero, at low particle 
energies. This “isotropy” of the diffusion tensor is closely associated with, rather than 
in contradiction to, the observed high anisotropies of solar particles. This is because the 
largest contribution to K± is due, not to resonant scattering, but to the relatively free 
passage of particles along the random field. 

We finally note parenthetically that if the random walk were much smaller than ob- 
served, so that the ratio Kx/K\\ rc

2/\2 ~ O (10“3), as previously surmised, then the ob- 
served longitudinal width of the distribution of low-energy protons, together with the 
prompt arrival of the protons, would be difficult to understand. This was previously 
pointed out by Fan et al. (1968). 

The long-time relaxation of the energetic particles from isolated flares by diffusion of 
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Solar Modulation 

(Jokipii & Parker 1969)

CR

B-field

Modulation process (short version):

• Solar wind carries magnetic turbulence


• Magnetic turbulence interacts with CR


• CR intensity is reduced as particles propagates toward the Sun

Initial condition: 
• Precise cosmic-ray measurements from AMS, PAMELA, etc


• Magnetic turbulence between Earth and Sun is known (from PSP)

Goal: 
• Simple model of CR intensity at all heliocentric radii < 1 AU

**  Drift effect and charge-sign dependence are not considered in this work
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Force-Field Model

• Full cosmic ray transport equation, in the solar system frame

∂Up

∂t

Convection

+
1
3

∂
∂p (pVsw ⋅ ∇Up)+ ∇ ⋅ (CVswUp) − ∇ ⋅ (κ ⋅ ∇Up) + vD ⋅ ∇Up = 0

Diffusion Drift Momentum lossRate 
change

• 1D force-field model: convection flux balances diffusion flux (Gleeson & Axford 1966)

(Parker 1965; Gleeson & Webb 1978)

JE (E, r1)
E2 − E2

0
=

JE (E + ΔΦ, r2)
(E + ΔΦ)2 − E2

0

dE
dr

=
Vsw

3κrr

(E2 − E2
0)

E

1. Force-field solution

2. Characteristic eqn

where  is modulation potential energyΔΦ

 is determined from CR resonant interaction with magnetic turbulence κ∥

κrr = κ∥ cos2 ψ + κ⊥ sin2 ψ in the plane, with    in the inner heliosphereκ∥ ≫ κ⊥
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Quasi-linear theory (QLT)

(Jokipii 1966)

κ∥ =
v2

4 ∫
1

μmin,s

(1 − μ2)2

Dμμ
dμ Dμμ =

1 − μ2

2|μ|v (
Ω0,s

|⟨B⟩ | )
2

Vsw (r) EB,xx (fres, r)

rCR
L

λ

: cosine of pitch angleμ

• Quasi-linear theory describes the slow evolution of the particle 
distribution in a weak turbulent plasma back to a marginally stable state.

: magnetic power spectrumEB

: frequency breakfb

distances, and at lower frequencies, a flattening, here compared
to -fsc

1, is present (although this low-frequency range is not the
focus of the present study). Typical ion kinetic scales are at
fsc1 Hz (Duan et al. 2020) so that all of the analysis in this
paper corresponds to the MHD inertial range.

A key diagnostic of the turbulence used to distinguish the nature
of the cascade process is the power-law spectral index α, defined
through µ aE fsc . This was calculated for each magnetic spectrum
in the frequency range 10−2 Hz< fsc<10

−1 Hz and is shown as
a function of radial distance in Figure 2. A clear transition can
be seen from αB≈−3/2 at r≈0.17 au to αB≈−5/3 at
r≈0.6 au. This variation is consistent across all phases of the first
two PSP orbits and has not been observed before, as in situ
measurements have previously only been available for r0.3 au
where the transition occurs. It can be seen that there is some scatter
in the data; this may be in part due to statistical variation but could
also be due to varying solar wind conditions and underlying
parameters that control magnetic spectrum.

Figure 3 shows the trace spectra of the Alfvénic turbulence
variables for the 24 hr period of the day of Perihelion 1, 2018
November 6th, at 0.17 au. The spectra are of the magnetic field in
Alfvén units, m r=b B 0 0 , where ρ0 is the average mass
density, the velocity v, the Elsasser (1950) variables, = z v b,
describing the inward- and outward-propagating Alfvénic fluctua-
tions, and the total energy = + = ++ -E E E E Et b v (note that
the Elsasser spectra are defined with an additional factor of 1

2
such

that they sum to the total energy spectrum). It can be seen that all
fields take a spectral index close to α≈−3/2 in the inertial range

´ -f 2 10sc
3 Hz, until some (in particular -E and Ev) show an

artificial flattening at high frequencies, due to velocity noise.15

This results in an approximately constant Alfvén ratio,
=r E EA v b, and Elsasser ratio, = + -r E EE , through the

measured inertial range (2×10−3 fsc5×10−2 Hz).16

The average values, calculated as the mean of all of the values
within this range, are =r 0.69A and rE=14.6, indicating
highly imbalanced outward-dominated Alfvénic turbulence
with a small amount of residual energy.17

One possibility for the radial variation of the magnetic spectral
index (Figure 2) is that the shallower spectrum near the Sun
reflects a transient stage of evolution, similar to the suggestion by
Roberts (2010) for the steepening of the velocity spectrum
reported for r>1 au. However, even by 0.17 au, there have been
a large number of nonlinear times (see Section 3.5), meaning that
the inertial range should already be in steady state by this distance.
Another possibility is that the spectral index depends on an
underlying parameter, such as the normalized cross-helicity

⟨ · ⟩ ⟨ ⟩/s d d d d= +b v b v2c
2 2 or normalized residual energy

⟨ · ⟩ ⟨ ⟩/s d d d d= ++ - + -z z z z2r
2 2 . Measurements at 1 au

(Podesta & Borovsky 2010; Chen et al. 2013; Wicks et al.
2013; Bowen et al. 2018b) have shown that αB depends on both
of these quantities, taking a value of ≈−3/2 when ∣ ∣s » 1c or
∣ ∣s » 0r and steeper otherwise. To test this, the radial variation of
sc and sr was calculated from 6 hr averages (with intervals
containing heliospheric current sheet crossings removed; Szabo
et al. 2020), and the results are shown in Figure 4. The direction of
B was “rectified” (Bruno et al. 1985; Roberts et al. 1987) with
respect to the average sign of Br over the interval so that z+

corresponds to outward-propagating Alfvénic fluctuations and z−

to the inward-propagating ones. There is significant scatter, which
reflects the varying solar wind conditions, but it can be seen that
on averagesc decreases with increasing r (from≈0.8 to≈0.3) and
sr is roughly constant at ≈−0.2.18 Therefore, the measurements
are consistent with the previous dependence of αB on sc at 1 au,
although this does not seem to be related to a change in residual
energy.

Figure 1. Magnetic field power spectrum, EB, at different heliocentric
distances, r, over the first two PSP orbits. Several power-law slopes are
marked for comparison. A turbulent inertial range is present at all distances,
with a flattening at low frequencies. Deviations at high frequencies ( fsc0.3 Hz)
are partly due to digital filter effects.

Figure 2. Variation of the magnetic field spectral index, αB, with heliocentric
distance, r, in the MHD inertial range (10−2 Hz< fsc<10−1 Hz). The black
dots show the spectral index measurements, and the red line is a 10-point
running mean. The horizontal dotted lines mark the theoretical predictions −3/2
and −5/3.

15 The −3/2 velocity spectrum extends down to the ion kinetic scales during
the short periods when SPC was operating in flux angle mode, which has a
lower noise level (Vech et al. 2020).
16 Note, however, that Parashar et al. (2020) report times in which the level of
imbalance appears not to be constant through the inertial range.

17 Pressure anisotropy can sometimes lead to significant modifications of the
Alfvén ratio (Chen et al. 2013), although these were not found to be important
here due to the low β.
18 See McManus et al. (2020) for details of the local properties of sc and sr
measured by PSP at perihelion.
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The Astrophysical Journal Supplement Series, 246:53 (10pp), 2020 February Chen et al.

(Chen at al 2020)

1/f inertial

fb

• PSP measurement of magnetic power spectrum (Chen et al 2020)


A. Turbulence evolution down to 0.17 AU


B. Frequency break    which separates 1/f range and inertial 

range turbulence

fb
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Diffusion Coefficient
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  rigidityR :

Circle and triangle: measurements of CR proton, from Palmer 1982

Measured mean free path is approximately 2 times 
higher than QLT result, known as Palmer consensus
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(See also Bieber et al 1996)



Modulation Potential Energy
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Small modulation potential increase for Ekin ≲ 10 GeV

Magnetic spectrum (   v.s. inertial) matters1/f
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Cosmic-Ray Energy Spectrum
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Modulation in the inner heliosphere is modest

 reduction of intensity from 1 AU to 0.1 AU≈ 10 %

Blue line: this work

Blue line: this work



Radial Gradient
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3.8 ± 5 [%AU−1]

0 ± 5 [%AU−1]

• Measurements

• This work

Standard QLT

Standard QLT ×
1
2

(McDonald et al 1977)

(McDonald et al 1977)

(Marquardt & Heber 2019)
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(motivated by Palmer consensus)
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Conclusion

• A simple force-field model provides a good result for inner-heliospheric modulation when 
a realistic magnetic turbulence is incorporated in the diffusion calculation
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• Drift velocity and heliospheric current sheets are not incorporated in the force-field model.

Require a comparison between force-field solution and a full numerical results of 
Parker’s transport equation

• Main takeaway: solar modulation is modest from 1 AU to 0.1 AU

• Application in the study of solar gamma-ray


