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Variations in both anomalous cosmic ray (ACR) and galactic cosmic ray (GCR) intensities at the
solar rotation period (~27 days) are often observed, and appear throughout much of 2016 into
2019 during the present A>0 polarity solar minimum. During the previous A <0 solar minimum,
such variations were evident at energies from a few MeV to many GeV from mid-2007 through
late 2008, and were much larger for ACRs than for GCRs at comparable energy. The particle in-
tensities had an inverse power-law correlation with the solar wind speed, intensity peaks occurred
only near alternate crossings of the heliospheric current sheet, and the variations in amplitudes
were larger than typical for an A<0 epoch. The heliospheric environment was unusual compared
with earlier cycles, with lower solar wind dynamic pressure, weaker interplanetary magnetic field
strength, and record-setting GCR intensities. The present high-energy GCR intensities are higher
than ever before reported in an A>0 cycle (although lower than in several A<0 cycles), indicating
that unusual modulation conditions still prevail.

Using high statistical precision measurements from the ACE spacecraft along with neutron mon-
itor data, we present observations of the 27-day intensity variations in both ACRs and GCRs
during the last two solar minima and describe how they depend on particle energy, rigidity, and
spectrum, and on interplanetary conditions such as solar wind speed, magnetic field strength, and
current sheet tilt. We compare the variations observed in this cycle with those in the previous
opposite polarity cycle and discuss implications for particle transport in the heliosphere.
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Figure 1: Daily-averaged values of: (a) the count rate of the Newark neutron monitor, (b)) GCRs from
ACE/CRIS, (c) mostly ACRs from ACE/SIS, (d) the solar wind speed from ACE/SWEPAM, (e) the magni-
tude of the magnetic field from ACE/MAG, and (f) the magnetic field RTN longitude (i.e., tan~! (B /Bg))
from ACE/MAG, for a period with pronounced 27-day variations during the last solar minimum (/eft; [1])
and the present solar minimum (right). Red vertical lines mark peaks in panel (a) spaced by ~27 days.

1. Introduction

For over 80 years it has been known that quiet-time cosmic ray intensities often vary at the
solar rotation period (~27 days synodic, or ~26 days sidereal period) [2]. Such variations have
been observed in many species and energies, in both galactic cosmic rays (GCRs) and anomalous
cosmic rays (ACRs) at energies ranging from several MeV/nucleon to many GeV/nucleon [3], at
heliospheric locations inside of 1 AU [4] to far beyond 60 AU [5], and from the ecliptic plane to
high latitudes ([6] and references therein). (See [7] for a thorough review of this topic). Studies
of these variations may reveal details of particle transport and modulation on a variety of distance
scales within the heliosphere.

The last two solar minima have exhibited unusually low levels of GCR modulation. In the
2009 A<0 minimum, weak interplanetary magnetic fields with low levels of magnetic turbulence
[8] and reduced solar wind dynamic pressure [9] resulted in record-setting GCR intensities [10],
while in the present minimum neutron monitor rates are higher than in any previously measured
A>0 cycle [11]. Both these minima had periods with pronounced 27-day variations: from mid-
2007 through mid-2008 in the previous minimum [1], and from mid-2017 through early 2019 in the
present minimum, as discussed here, and as shown in Figure 1. (Although much larger amplitude
variations in GCR intensities were observed in 2014-2015 [12], this occurred near solar maximum
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Figure 2: Intensities of the ACR and GCR species indicated versus the binned solar wind speed during the
periods 2007/210-2008/150 (left) and 2017/100-2019/36 (right). Dashed lines show power-law fits, with
indices as labeled.

when ACR intensities had not yet recovered, so we do not include this period in our study).

2. Observations

The 27-day variations, when present, appear in both GCRs and ACRs across a wide range
of energies. Figure 1 shows similarities in the time series of neutron monitor rates, lower-energy
GCR measurements from CRIS on ACE, and ACR rates from ACE/SIS during both the previous
and present solar minima. Peaks in the energetic particle rates appear at or near minima in the solar
wind speed, which often occur near magnetic sector crossings since the heliospheric current sheet
(HCS) is embedded in the slow-speed wind. Generally, however, only every other sector crossing
is associated with an intensity peak, as reported by [3] and discussed in more detail in section 3
below.

In [1], we detrended the data by subtracting 27-day running averages from the daily averages
to remove the longer-term variations in solar modulation. We compared the detrended Newark
neutron monitor data with the detrended solar wind speed, density, dynamic pressure, magnetic
field strength, and rms variation of the magnetic field, and found the best correlation with the solar
wind speed, as in earlier studies by others [4].

Binning the ACE GCR and ACR data in 50 km/s solar wind speed bins (using solar wind
speeds from ACE/SWEPAM) reveals that the energetic particle intensities vary inversely with solar
wind speed as power laws (Figure 2), with steeper slopes (and thus greater amplitudes of the 27-
day variations) for the ACRs than the GCRs. Although the slopes tend to be slightly shallower
in the present A>0 solar minimum compared with the previous A<0 solar minimum, the largest
difference in Figure 2 is for 7.3—10 MeV/nucleon ACR oxygen, and here the slopes differ by only
~1.7c. The slopes (and amplitudes of the 27-day variations) become smaller for ACRs at higher
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Figure 3: Indices of the power-law fits of the intensity of ACE/CRIS GCRs versus solar wind speed (see
Figure 2) as a function of atomic number (panels (a) and (c)) at the energies indicated, or rigidity (panels
(b) and (d)), for the previous solar minimum (panels (a) and (b)) and the present minimum (panels (c) and
(d)). Linear fits, their slopes, and uncertainties, are shown in (red).

energies (as shown in more detail below in Figure 4) or for species such as He that are a mixture of
both ACRs and GCRs at these energies [13].

Using the high-statistics dataset made possible by ACE/CRIS, we examine the variations of the
GCRs for 13 different elements in Figure 3. All these elements have very nearly the same power-
law index when plotted vs solar wind speed, at least in the energy interval measured by ACE/CRIS.
There is essentially no significant dependence on either element or rigidity in CRIS (the variation
in rigidity differs from perfectly flat by only ~1.66 in the recent solar minimum, and this is the
strongest dependence in Figure 3). The average of these indices in the previous solar minimum is
—0.075+£0.006, and in the present solar minimum is —0.07740.006, so the GCR intensity variation
with solar wind speed does not seem to have changed from the last A< minimum to the present
A>0 minimum. The overall average index across both minima is —0.0764-0.004, which represents
an intensity variation of 5.44+0.3% for a factor of two change in the solar wind speed.

Changes in the energy spectra between high and low solar wind speeds are illustrated in Figure
4. Within statistical fluctuations, above ~100 MeV/nucleon the intensities of GCR N, O, and Ne
are ~5% higher in the slow wind than during the high-speed streams, as expected from the indices
presented and discussed in Figure 3. ACR N, O, and Ne, however, all have larger amplitude 27-day
variations that grow with decreasing energy to a value of ~50-60% in the 2007-2008 solar mini-
mum and to ~30% in the present minimum. Thus, although the amplitude of the GCR variations
is similar during the past two minima, that of the ACR variations is substantially less now than in
the previous minimum.

3. Discussion

In our earlier work [1], we found that the energy dependence in the ACR amplitudes can
be empirically reproduced by mixing of high-amplitude ACRs with low-amplitude GCRs. There
we used the carbon spectrum to estimate the amount of GCR background mixed with the ACR
oxygen. Assuming both ACR O and GCR O have energy-independent amplitudes (of 55% and
5%, respectively), simple mixing of the two results in the solid curve in the lower left panel of
Figure 4, which provides a reasonable match to the data.
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Figure 4: Energy spectra (top panels) from ACE/SIS (8 lowest energy points, larger symbols) and
ACE/CRIS (7 highest energy points, smaller symbols) for O (squares), N (diamonds), and Ne (triangles)
during the previous solar minimum period (leff) and present solar minimum (right). For each element and
time interval two spectra are shown, one for periods when the solar wind speed was >550 km/s (lighter
dashed curves) and one when the speed was <350 km/s (darker solid curves). (The average solar wind
speeds in these two speed intervals were 613 and 316 km/s during the first period, and 593 and 326 km/s
during the second). Ratios of the spectra at the two solar wind speeds are plotted in the bottom panels. The
solid curve in the lower left panel illustrates the energy dependence expected just due to mixing of ACR and
GCRs, while the thick dashed curve uses the formula from [14, 15] as described in the text.

Using a force field modulation model, the energy dependence of the fractional change in GCR
and ACR counting rates, c, is given by Ac/c = —3CA¢ /BK(P), where f3 the particle velocity, K (P)
the diffusion coefficient as a function of rigidity, A¢ the change in the modulation parameter, and
C the Compton-Getting factor [14, 15]. If the particle spectrum is a power-law in kinetic energy
E with index 7, then C = (2 — ay)/3, where o = (E + 2Ey)/(E + Ep) where Ej is the rest mass
energy. Taking K proportional to P’ as in [14], evaluating these formulae, and normalizing to 10
MeV/nucleon ACR oxygen results in the dashed curve in the lower left panel of Figure 4, which
is essentially the same as the simple mixing curve derived above. These formulae yield a small
mass-dependence for the amplitude of the ACR intensity variations which is not inconsistent with
the large statistical uncertainties of our data. (As we reported in [1], if the amplitude for ACR O is
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Figure 5: HCS latitude in the corona at central meridian as a function of time (a) during the 2008 A <0 solar
minimum and (b) during the present A>0 solar minimum, using coronal field map data from the Wilcox
Solar Observatory.

55%, the predicted amplitudes for N and Ne would be 59% and 49% respectively).

The underlying contributions to the 27-day variations are not entirely clear. Drift effects cre-
ate a latitudinal intensity gradient about the HCS in both ACRs and GCRs [16], which might be
expected to produce intensity variations as the tilted current sheet rotates past an observer [17, 18].
Indeed, significant correlations between the local latitudinal gradient and the amplitude of the 27-
day variations have been reported [19], but since intensity variations often show a 27-day period
even when the HCS is crossed twice per solar rotation, more than just the latitudinal gradient must
be involved. Some studies using high time resolution find that quiet-time cosmic ray intensity de-
creases coincide with stream interface crossings and appear unrelated to sector boundaries [7, 20],
while others employing superposed epoch analysis over many years report that cosmic ray inten-
sities peak at sector boundaries [21, 22]. For both the 1975 and 1996 A>0 solar minima, Reames
and Ng [3] found peak cosmic ray intensities at north-to-south (outward-to-inward polarity) HCS
crossings with minima at south-to-north crossings, while the phase in the intervening A <0 mini-
mum was unclear. As shown in panels (f) of Figure 1, in the 2007-2008 period we find that peaks
appear at outward-to-inward heliomagnetic polarity HCS crossings, which represent south-to-north
crossings heliographically during this A<O0 interval. Curiously, during the present A>0 minimum,
the phasing of intensity peaks with sector crossings seems to transition from outward-to-inward
(north-to-south) in late 2017 to inward-to-outward (south-to-north) by early 2019, suggesting that
the polarity or direction of the HCS crossing is not fundamentally important to the phasing of the
variations.

We have previously noted [1] that the shape of the HCS is usually asymmetric, resulting in
a more abrupt change in heliomagnetic latitude when crossing the sheet in one direction and a
slower transition in the other (Figure 5). In 2007-2008 south-to-north HCS crossings were more
gradual, keeping the HCS near the ecliptic longer than during the more rapid north-to-south cross-
ings. During A<O particles drift inward along the sheet, and the solar wind speed and there-
fore outward convection is lower at the sheet, so the gradual HCS crossings should favor higher
particle intensities, as observed. However, it was the shorter, abrupt HCS crossings that seemed
to be favored during the 1996 A>0 minimum in the Reames and Ng [3] study, while the pat-
tern in the present minimum is less clear, particularly in late 2018, when there was not much
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difference in the abruptness of the crossings (Figure 5). Perusal of Hinode XRT images (at so-
lar.physics.montana.edu/HINODE/XRT/) seems to suggest that the dominant polar coronal hole
was in the south in 2008, but in the north in late 2017, with some growth in the southern hole by
late 2018. It seems likely that the key factor in determining which of the two HCS crossings per
rotation leads to an increase in particles, and which to a decrease, is simply a question of whether
the observer is crossing out of the hemisphere with the dominant coronal hole (and thus into slower
solar wind and higher particle intensities) or into it.
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