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While gradient and curvature drifts are well-established elements of the propagation of cosmic
rays in the heliospheric magnetic field, their perturbation by the Solar activity-induced large-
scale distortions of dipole-like field configurations even during Solar minima and by magnetic
turbulence is an open problem. Various empirical or phenomenological approaches have been
suggested to quantify these effects so that they can be straightforwardly incorporated in modulation
models covering the 22-year periodicity (including the sign) of Solar activity. These approaches,
however, either lack clear physics-based parametrizations (e.g., in terms of the tilt-angle of the
heliospheric current sheet) or have been shown to be incompatible with measurements (like a
dependence on the normalized turbulence level §B/B). We propose here a new approach to the
treatment of drifts over an entire Solar cycle including maximum periods, which is based on Solar
magnetograms. This not only provides a physics-based approach to the reduction of drifts during
Solar activity maxima but also a treatment that is fully consistent with those MHD models of
the Solar wind and the embedded heliospheric magnetic field that exploit Solar magnetograms as
inner boundary conditions.
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1. Introduction and motivation

Even after many years of research and despite significant progress regarding the modeling
of the transport of energetic charged particles in turbulent magnetic fields it is unclear whether a
combination of current models of the kinetic transport of cosmic rays with magnetohydrodynamic
(MHD) models of the turbulent Solar wind plasma turbulence can satisfactorily explain three-
dimensional (3D) multi-point spacecraft data, as, e.g., presented in [1].

In an attempt to help to clarify this issue, in a series of papers [2—4] we developed a numerical
model suite to investigate the cosmic ray transport in realistic configurations starting from mag-
netograms provided by the Global Oscillation Network Group [GONG, 5] to construct the inner
boundary conditions at the so-called heliobase [6] which we assume to be located at 0.1AU. This
configuration is propagated outward by means of the MHD code CRONOS [7] and taken as an
input for the computation of the cosmic ray transport via Stochastic Differential Equations [8]. As
a closer investigation [3] revealed, a proper treatment of particle drifts is essential. This applies
already to the quiet conditions at Solar minimum and becomes even more critical at Solar maximum
conditions when the configuration is much less regular. In order to fit numerical simulations to
observational data, drifts have, in addition to a proper treatment, to be reduced when Solar activity
is high [see, e.g. 9, 10, and references therein].

Here we briefly present a new method for the drift reduction, which is studied in greater detail
in [4].

2. Traditional models of drift reduction

Particle drifts in the heliosphere, (Vq), are described by the expression [e.g. 11, and references

therein]:
. B
(Va) = V X (KAE) : )]
Here (v4) denotes the pitch-angle averaged guiding center drift velocity and
PB (P/Py)?
KA:qAKA,O_ﬁ% (2)

3B 1+ (P/Py)?

is the modified drift coefficient, where B is the heliospheric magnetic field with B = |§ |. Further
quantities are the ratio of the particle speed to the speed of light, 5, the particle charge, ¢, and the
rigidity, P (with Py = (1/V2)GV). The factor A is the sign of the Solar cycle and takes only the
values 1. It determines the orientation (i.e. direction) and the form of the drift patterns [see 11,
and references therein].

The drift reduction during periods of high Solar activity is usually performed by reducing the
quantity xa o which is unity at full strength. Measures for Solar activity are the tilt-angle [12] or the
level of magnetic field turbulence via the ratio of magnetic field fluctuations and the magnitude of
the magnetic field [e.g., 13, and references therein]. While the latter does not show the periodicity of
a Solar cycle [see 4], so that it cannot map the drift reduction over an entire Solar cycle, reductions
via the tilt-angle are more or less heuristic models, but are able to reproduce observational data.
We follow, thus, the ansatz via the tilt-angle, but try to put it on an improved physical basis.
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Figure 1: The radial magnetic field strength (with sign), B; at the heliobase, which is located at 0.1 AU for
nine selected Carrington Rotations covering the time interval covered here.

The tilt-angle is defined as the maximum extent of the Heliospheric Current Sheet (HCS) from
the equator in northern (ay) and southern (ags) directions. These can be obtained from the Wilcox
Solar Observatory (WSO) [see 14, and the respective website for the full data from 1976 until today:
http://wso.stanford.edu/]. Below, we will define tilt-angles in a somewhat different way.

The HCS separates regions of negative and positive polarities and is crucial when modelling
heliospheric drifts [11, and references therein]. Another important quantity is the sign, A, of a
Solar cycle, which is defined as A = —1/+1 if the magnetic field in the northern hemisphere is
negative/positive. The magnetic field in the southern hemisphere has in this picture the opposite
sign. This, however, applies only to periods of low Solar activity when the magnetic field is
essentially dipolar.

Figure 1 shows the magnetic field configurations, called *'magnetic field maps’ in the following,
obtained from GONG maps as described in [2] for several Carrington Rotations (CR) from Solar
minimum (A < 0) in the year 2007 via Solar maximum, where the polarity changes in mid-2013 [4]
and back to Solar minimum conditions (A > 0) in 2021. The grid resolution is 1° in both longitude
(¢) and latitude (¢}). While the sign can clearly be defined for the first and last panels, the situation
in between is as unclear as is the exact determination of the time of the polarity change, i.e. between
which CRs the sign of the cycle changes. In order to improve the situation we intend to generalize
the quantity A, so that (i) it covers the entire interval from —1 to +1 and (ii) the drift reduction at
high Solar activity can be self-consistently taken into account.
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3. The new model

We begin with a new definition of the tilt-angle based on the magnetic field maps and define
a new sign, which we call the "topological sign’, o for each CR individually, so that the change of
sign can be located in time. This definition takes into account the extent of the HCS, i.e. interval
[90° — an, 90° + as], indicated by the black horizontal lines in each panel of in Figure 1.

The northern and southern tilt-angles, an and as, are defined, as mentioned above, as the
latitudical extent of the HCS and may be computed either via the distance of each point of the
magnetic field map [see 4] to the HCS or by averaging the sign of the magnetic field, g, at the
heliobase, B;, in longitude:

B.(1, ¢)

) 3
1B.(9. o) =
(q:(9, 90)><p- “4)

(%, )
0:(1)

The tilt-angles are simply the first and last point in latitude when travelling from the north pole
(¥ = 0°) to the south pole (¢ = 180°):

aN 900 - ﬁmin
as = Umax —90°. )

This gives the maximum extent of the HCS over all longitudes, as can be seen in Fig. 1. Locally,
i.e. as a function of longitude, this extent may be smaller, giving the values ﬁmin(go) > Pmin and
Omax(¢) < 9max at a given longitude, ¢, which are needed for the definition of o;. These angles
provide the definition of an inner part Fimin (p) <V < 5max (¢) for each longitude and an outer one,
consisting of the regions ¥ < Jmin(¢) and & > Fpax(¢). If the magnetic field is dipolar with only
one change of the sign of B,, the inner part collapses (first and last panel of Fig. 1), otherwise it is
the latitudinal extent of the ’substructures’ in the remaining panels, defined as regions with more
than HCS crossing at a given longitude. Figure 2 gives the new tilt-angles (gray area and thick
lines) together with the observed ones by the WSO (thin lines). The counter gives the number of
longitudes with more than one HCS crossing.

There is an obvious correlation between high tilt-angles and high Solar activity, defined here
as the complexity of the magnetic topology of the magnetic field maps, i.e. regions where the
inner sign contributes together with the longitudinal extent of this region, visualised by the color.
Moreover, this Figure shows that the newly defined tilt-angles in most CRs exceed the WSO values
which are limited to 75°, not only during periods of high Solar activity. Note also the small period
of enhanced activity in CRs 2238 and 2239, which is visible in both the WSO and newly computed
tilt-angles.

4. The topological sign

When Solar activity is low, CR drift forms "onion’-like loops with an orientation depending on
the sign of the magnetic field. When Solar activity increases (see the middle panels of Figure 1)
substructures of opposite direction might form close to the equator, resulting in inner loops with
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Figure 2: The newly computed (the gray area, surounded by thick lines) and WSO tilt-angles (thin lines).
The color gives the number of longitudes with more than one HCS crossing. The extension of the colored

bars gives the region in which these multiple HCS crossings occur, i.e. the ’inner’ region.

opposite direction compared to the outer ones, and the entire drift pattern is some kind of super-
postion of these two. In order to incorporate this into the definition of o}, we define the signs of the
inner and outer parts separately and eventually combine them into one single value for each CR.
The sign of the outer part is defined as:
1 ~ ~
O-t,out(@) = 5 (‘Ir(ﬁmin((;o) = L¢) = g(Umax() + 1, 90)) . (6)

and gives the same values as the quantity A above for the diopolar case.
The sign of the inner part vanishes if 1‘7mm(<p) = 5max(go), i.e. the HCS collapses. Otherwise,

we compute the center, Jcen(¢) between these angles and define the two averages:
7§cen(‘/’)

2 4(0,9)
ﬂmin (‘P) (7)

ﬁcen(so) - ﬁmin(so) +1
5max(‘P)

qr,min(So)

5 Qr(ﬁ, (p)
Deen(p) (8)

5max(¢) - 5cen(‘/7) +1

Qr,max(()o)
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Figure 3: The newly computed tilt-angles together with the topological sign, oy. The extension of the boxes
is the mirrored larger value of an and as.

The inner sign is defined similarly as the outer one and reads

1
O'Linn(()o) = E (er,min(()o) - qr,max((;o))a 9

and the entire sign is eventually

Oy = <0'L0ut(‘/7) + W(SO)O-Linn(()D»ga (10)

with the weight w(¢) = (Jmax(@) — Omin(¢))/180°. The newly defined sign, o7 is consistent with
the previous definition via the quantity A, i.e. it is -1 (+1) during quiet times of the A < 0 (A > 0)
cycle, but is able to indicate slight topological deviations, e.g. in the CRs 2161 and 2168 in Fig. 1.
The polarity changes at some point between these two quiet states and is essentially zero, when
the north and south poles have the same polarities (CRs 2136, 2137 or 2147, in Fig. 1). Figure 3
shows the newly computed tilt-angles an and ag together with oy, where the black boxes indicate
the (mirrored) larger of the two, so that the asymmetry can be seen, in particular around CRs 2150
to 2170, when an > as. As Figure 3 shows, the sign of the cycle actually changes during high Solar
activity, and a closer inspection [see 4, for details] reveals that it changes between CRs 2139 and
2140 (cf. Figure 1), where o jumps from -1 (0.928) to +1 (0.916), when the tilt-angles reach values
close to 90°, i.e. much larger than the WSO tilt-angles which are limited to 75°, where observational
aspects arising from the tilt of the Solar rotation axis of 7.25° should be taken into account [see 4,
for details].
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5. Summary and conclusions

We introduced new quantities in order to characterize the topology of the Solar magnetic field
at the heliobase which is located here at 0.1AU. First, we newly defined the (northern and southern)
tilt-angles as the maximum extent of the heliospheric current sheet, based on the magnetic field
maps obtain from observed GONG maps. These values exceed the values obtained from the WSO,
in particular during high Solar activity.

The main goal was to construct a quantity that maps the reduction of cosmic ray drifts during
high Solar activity on the one hand and generalizes the quantity A giving the polarity of a Solar
cycle during a given Carrington Rotation on the other hand.

In order to do so, second, we defined an outer and an inner region around the HCS, where
the latter region collapses when the configuration of the magnetic field maps is dipolar at a given
longitude. The newly defined sign, oy, consists of the outer and inner signs averaged over longitude
in order to reflect the possibly complex structure of cosmic ray drift patterns.

By using this new quantity, the topological sign o7, it is now possible to model the scaling down
of cosmic ray drift during periods and to self-consistently determine the sign for each Carrington
Rotation during a Solar cycle. In this way it was possible to determine that the sign of the current
Solar cycle occurs between CRs 2139 and 2140 in mid-2013, when the newly defined tilt-angles
reach values of almost 90°.
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