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Abstract. We employ the JPL long ephemeris DE-102 to study the inertial motion of the Sun for the period
A.D. T60-2100. Defining solar orhits with reference to the Sun's successive close approaches to the solar
system barycenter, oceurring at mean intervals of 19.86 vr, we find simple relationships linking the inertial
orientation of the solar orbit and the amphtude of the precessional rotation of the orbit with the oceurrence
of the principal prolonged solar activity mimma of the current mullemiam (the Wolf, Sparer, and Maunder
minimal The progression of the inertial onentation parameter is conteolled by the 200-vi "great ineguality’
of the motion of Jupiter and Saturn, while the precessional rotation parameter is linked with the 17%vr cyvcle
of the solar inertial motion previously identified by Jose (1963). A new prolonged minimum of solar activity
mav be imminent.

1. Introduction

Solar activity varies with time, but the physical origins of this variability are as vet
unknown. Periodicities of about 11, 22, 60, 80-90, and 180 yr are often reported (Cole,
1973 Currie, 1973; Cohen and Lintz, 1974 ; Kuklin, 1976; Lomb and Anderson, 1980;
Sonett, 1982; Otaola and Zenteno, 1983; Fairbridge and Hameed, 1933 ; Gregg, 1984),
but there appears to be nothing in the physical makeup of the Sun to explain why these
particular periodicities should arise.

The occurrence of a number of prolonged minima of solar activity of the Maunder
minimum type is by now well established (Eddy, 1976, 1983; Stwiver and Quay, 1950a),
but the origins of this form of temporal varability are likewise unknown. In these
episodes sunspot activity is suppressed, though apparently not entirely eliminated, for
periods of 6-12 decades.

One approach to the problem of temporal variability of solar activity has returned
encouraging results. This approach relates changes in solar activity with variations in
the inertial motion of the Sun. The relationships uncovered to date have received little
attention, however, as theory provides no straightforward explanation for the relation-
ships found, and some studies have appeared in small journals and symposia. Thus
there is need for a brief review of both (1) basic features of the solar motion, and
(2) previous results. This is provided in Sections 3 and 4 of this paper.

In the present investigation we are concerned with the relationship, if any, of the solar
motion and long-period fluctuations of solar activity as represented by the principal
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prolonged minima of solar activity of the present millenium. Thus our first concern is
to define the timing of episodes of interest.

2. Record of Solar Variation

In the course of this investigation we will compare periods of high solar activity with
periods of strongly suppressed activity. To this end we have tabulated 11-vr solar cycle
maxima with R,, > 100 from the telescopic record, to represent higher activity periods.
The dates of these maxima are given in Table I. While some authors estimate years of
11-yr cycle maxima for the pre-telescopic period (Wittmann, 1978; Schove, 1983), we
have not included these in our tabulation due to uncertainties in amplitude and timing.

TABLE I
Sunspot maxima, Ry, > 100,
1700 =present
17275 18706
17387 19176
1769.7 19374
17784 1947.5
17881 1957.9
1837.2 1968.9
1848.1 1979.9

The telescopic record includes the Maunder minimum (Maunder, 18%4; Eddy, 1976,
1983). Also notable is the period 1798-1823, characterized by the lowest levels of
activity of the period subsequent to the Maunder minimum. We propose to call this the
*Sabine excursion’, after Sir Edward Sabine, who drew attention to this period of
attenuated solar activity in the course of his investigations in the 1850's.

Information on pre-telescopic solar variability comes from several sources. Many
dated naked-eye observations are found in historical sources, particularly from the
Orient (Clark and Stephenson, 1978; Clark, 1979). Historical sources are also employed
to compile lists of auroral observations (Siscoe, 1980), which provide a valuable (but
imperfect) index of past solar activity.

The longest continuous record of pre-telescopic solar variability is derived from
measurements of the concentration of the isotope '*C in tree rings. Trees incorporate
atmospheric carbon during prowth, recording the concentrations of carbon isotopes
present in the atmosphere at the time. Atmospheric "*C is formed in reactions initiated
by cosmic ray bombardment in the upper atmosphere; the rate of ™C formation
fluctuates inversely with the level of solar activily, and with the moment of the
geomagnetic field. Thus higher '*C production rates correspond to periods of reduced
solar activity.

Several investigators have published curves representing the time-variability of the
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concentration of atmospheric "*C for the period 6000 B.C. - present, based on multiple
measurements performed at different labs, and repeated employment of different source
materials (Suess, 1980; Klein er al., 1980, 1982; Neftel er al,, 1981; Damon and Linick,
1986). These show substantial agreement. Still for remote times a number of factors
introduce uncertainties (Barton et al., 1979; Stuiver and Quay, 1980a, b; Siegenthaler
etal., 1980; Lazear et al., 1980; Klein er al., 1982; Stuiver, 1982, 1983; Damon and
Linick, 1986; Stuiver and Pearson, 1986). While the precision of measurements and
chronologies is improving, concensus on the magnitude and timing of earlier Maunder
minimum type excursions is yet to be attained.

A periodicity of between 150 and about 200 yr is an important feature of the
radiocarbon record (Damon, 1977; de Jong et al., 1979; Stuiver, 1980; Suess, 19580;
de Jong and Mook, 1980; Neftel et af., 1981; Pearson ef al., 1983; Sonett and Suess,
1984; Sonett, 1984; Suess, 1986; Damon and Linick, 1986). These variations were first
noted by de Vries (1958); their association with solar activity was demonstrated by
Stuiver (1961). The amplitude and period of these “Suess wiggles’ varies depending on
the record, the analysis procedure, and interval of time evaluated {Sonett, 1984).

In the present investigation we consider only the most recent part of the radiocarbon
record, which currently represents the most reliable portion for purposes of identifying
past fluctuations of solar activity. We plan to extend the analysis to the earlier portions
of the record at a later date.

TABLE 1T
Prolonged sunspot minima

Maunder minimum 1645-1712
Spirer minimum 1411-1524
Wolf minimum 12811347

Legend: Starting and ending dates are yvears of 11-yr
sunspot cycle minima, bracketing the prolonged
minimum, from the observational record for the
Maunder minimum and after Schove (1983) for the
Spirer and Woll minima.

Table II lists the adopted dates of inception and termination of the principal
prolonged minima of solar activity of the current millenium. These episodes have been
recognized in the radiocarbon record, in auroral observations, and in the catalog of early
telescopic and pre-telescopic sunspot observations. The starting and ending dates are
years of 11-yr sunspot cycle minima bracketing the episode, from the observational
record for the Maunder minimum and as estimated by Schove (1983) for the Sporer and
Wolf minima. Some authors note in addition an earlier episode near A.D. 1020, termed
the “Oort minimum’ (Stuiver and Grootes, 1980; Eddy, 1983). This episode was,
however, significantly shorter (2040 yr?) and weaker (Stuiver, 1986) than the Wolf,
Sptirer, and Maunder minima.
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3. Inertial Motion of the Sun

The center of gravity of a thrown dumbbell describes a regular arc, while the weighted
ends undergo complex gyrations. Similarly the barycenter of our solar system follows
a relatively regular path as we orbit the galactic center, while individual solar system
bodies, particularly the Sun, describe complex orbits about the barycenter. The bary-
center is the origin of the solar system inertial frame (the fundamental coordinate system
of Newtonian dynamics).
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Fig. 1. Solar barycentric orbit A.D. 1990-2013. The solar system barycenter is the origin. The equator and
equinox of 1950.0 provide the reference coordinate system in the JPL ephemeris DE-102. Here the reference
plane parallels the equatorial plane of the Earth, with the vernal equinox T at right ascension & = 07
{0 hours), Distances marked on the axes are in wnits of 10~* AU (1.496 = 10° km). The solar radius
R, (= 6959 x 10° km) is shown for comparison. Points on the curve give the position of the center of the
Sun, relative to the barvcenter, at 200 day intervals. The starting and ending points of the curve are the
peribacs of April 1990 and November 2013 (Julian dates 2448 000=2 456 600), The apobac (time of maximum
orbit radins) is denoted on the curve by [l]. The axsym (defined in Section 5) is a measure of the orientation
of the orbit in inertial space.

Figure 1 shows the path of the center of the Sun relative to the solar system barycenter
for the period from 18 April, 1990 to 3 November, 2013. The points on the curve give
the Sun position at time intervals of 200 days. The units marked on the axes are in
AU x 10~ *(1.496 x 10° km). The coordinates are from the JPL long ephemeris
DE-102 (Newhall er al., 1983).

An inertial coordinate frame for the solar system is one which originates in and moves
with the barycenter, but which is otherwise ‘fixed in space’. The x - y plane of the
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DE-102 is the Earth equatorial plane of 1930.0, with I" = vernal equinox (conventional
origin of celestial longitudes and right ascension values). The 1950 equatorial plane is
inclined by more than 23° to the ecliptic, which in turn has a small inclination to the
invariable plane. In a previous investigation (Fairbridge and Sanders, 1987) the
unmodified JPL equatorial Sun coordinates were employed in producing plots such as
that of Figure 1. To check whether any significant distortion of the path was introduced
by this choice, one of us (J5) has written a microcomputer program to replicate the JPL
output, using formulae from Clemence (1953) and Van Flandern and Pulkkinen (1979).
This program reproduces the JPL output over the time period of this study with errors
typically in the range 0-3 x 10-% AU, and also resolves the solar motion relative to
ecliptic and invariable planes. Comparisons show that the distortion introduced by
using the equatorial reference plane is negligible for purposes of this investigation.

The solar motion is driven by the changing configuration of the planets. The giant
planets Jupiter, Saturn, Uranus, and Neptune are primarily responsible, and of these
Jupiter and Saturn play a dominant role. More than 86%; of total solar system anguolar
momentum is concentrated in this pair. The 19.86-yr synodic period of Jupiter and
Saturn (from one heliocentric conjunction to the next) is in consequence reflected most
prominently in the inertial motion of the Sun; the Sun’s motion is ‘locked on’ to this
‘Saturn—Jupiter lap cycle’ (SJL). Recognizing this relationship, Fairbridge and Sanders
(1987) defined individual solar orbital cvcles with reference to successive close
approaches to the barycenter, which recur at mean intervals of 19.86 yr. In Figure 1
these close approach times, termed “peribacs’, are the starting and ending points of the
path plotted. Other definitions of a solar orbital cycle are possible; Landscheidt (1983)
for instance employs the time of greatest separation of the Sun and barycenter,

The solar motion differs from the Keplerian motion of planets and satellites in
important ways. For instance, the velocity is largest when the distance separating the
Sun and the barycenter is greatest (Figure 1). And, the solar orbital angular
momentum L, with a magnitude = 10%° kg m* s~ !, may vary by an order of magnitude
over a period of = 10 years (Blizard, 1981).

Table I11 lists definitions of several dynamical quantities which will be referenced in
the discussion to follow.

4. Previous Investigations

The question of a planetary influence on solar activity has a long history, beginning with
investigations by Wolf and Carrington in the mid-1%th century (Ferris, 1969). A number
of workers present evidence of a relationship of solar activity and the positioning of
planets (de La Rueer al., 1872; Schuster, 1911; Nelson, 1951, 1954; Bigg, 1967). Others
note a close correspondence of sunspot periodicities and planetary orbital period
resonances (Burean and Craine, 1970; Bagby, 1975; Wood, 1973; Muarth and
Schlamminger, 1979; Blizard, 1981).

The hypothesis of a planetary fidal influence on solar activity is understandably
regarded with skepticism, as the tidal forces at the surface of the Sun are about 10'*

€ Kluwer Academic Publishers = Provided by the NASA Astrophysics Data System



196 E. W. FAIRERIDGE AND J. H. SHIRLEY
TABLE III
Dynamical functions

Ro={x+ y* + 227 Distance from Sun's
center to solar system
barycenter (Jose, 1963)

=i+ pr e )2 Velocity (Jose, 1965)
= VY 3% = 2§07 + (2% - 227 + (&§ — #5072 Radius of curvaiure of
Sun's path (Jose, 1963)

F=p¥ Angular momentum about
the instantaneous center
of curvature (Jose, 19635)

dP/dr ’ Rate of change of P
(Jose, 1965)

Lo=[{p2—zi)? + (2% — x2P + (x§ = px)?]2 Angular momentum about
solar system barycenter
(Jose, 1965)

T=t=dLjdr Rate of change of angular

momentum about barycenter
[‘torgue’) (Jose, 1965)

dTfde = d®Ljde* Rate of change of T
{Landscheidt, 1983)

(measures impulses of L)

Iy
AL = J- ) de Time-integral of torgue
"’ {Landscheidt, 1981)

Note: Other functions are listed in Pimm and Bjorn (1969), Wooed and Wood (1965}, and Jose
(1965),

times smaller than the solar gravity there. While some investigators have reported
correlations of planetary tides and solar activity (Suda, 1962; Takahashi, 1968; Wood,
1972), others have reported null results {Dingle et al., 1973; Okal and Anderson, 1975;
Smythe and Eddy, 1977). The analysis by Okal and Anderson (1975) is particularly
convincing; these authors computed the full tidal problem for the Sun, finding no
relationship of solar activity and tidal potential.

It is very important to distinguish between planetary tidal studies and studies relating
to the solar orbital motion. The solar motion plotted in Figure 1 is a phenomenon
bearing little or no relationship to solar tidal variations. The accelerations of the solar
motion (Wood and Wood, 1965) are orders of magnitude larger than the tidal accelera-
tions.

Arriaga (1955), Wood and Wood (1965), Jose (1965), Pimm and Bjorn (1969), and
Landscheidt (1981, 1983) present evidence of a relationship linking the solar motion and
solar activity. OF these the studies by Jose (1965) and Landscheidt (1981, 1983) are of
particular interest.

Jose (1965) studied the solar motion for the years 1653-2060, comparing this with
the record of solar activity to 1964. He found a remarkable correspondence of curves
of the rate of change of solar orbital angular momentum (dL/dr) and the rate of change
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of angular momentum about the instantaneous center of curvature (dP/dr) and sunspot
numbers. In addition he noted a fundamental repetition period of 178.7 yr in the curves
for R, p, dL/dt, and dP/d: (Table IIT}; his curves for 1655-1833 are remarkably similar
to those for 1833-2012.

Landscheidt {1981) noted that the largest fluctuations of dL/dr take place when the
Sun’s center passes near the barycenter. He calculated the strength of these impulses
{AL, Table IIT) and found a relationship linking successive strong impulses with the
phase of the 80-90 yr secular Gleissberg cycle of solar activity since 1700 (Landscheidt,
1981, Figure 2). He noted in addition a correspondence in time of the strongest impulses
and prolonged solar activity minima identified in the 8000-yr '*C curve published by
Eddy (1977).

Landscheidt (1983) later employed the less cumbersome d7/dt to identify the times
and amplitudes of impulsive changes in the solar motion. Cross correlation of yearly
values of dT/dr and sunspot numbers yielded sipgnificant positive correlation at 11, 22,
and 31 yr. Sunspot numbers lag the d7/d¢ curve by about 5.5 yr. And, the extrema of
the smoothed curve correspond to maxima of the 80-90yr Gleissberg cycle
(Landscheidt, 1983).

The relationships of solar motion and solar activity described by Jose (1965) and
Landscheidt (1981, 1983) are not perfect. Jose speculated that the polarity of cycles 20
and 21 might be the same; this was not observed. While he suggested that the period
around 1978 might be anomalous, he failed to predict the strong activity maximuom that
occurred. Landscheidt’s (1981) calculated AL shows no strong impulse at the time of
the Wolf minimum (1281-1347} of solar activity.

Perfect agreement of the calculated function and solar activity is only to be expected
when all relevant physical interactions are accurately quantified. This is not the case in
these studies, where no physical interactions within the Sun are considered. The degree
of correspondence found linking the solar variation and the solar inertial motion is in
this light remarkable.

5. Experimental Rationale and Definitions

Jose (1965) identified a fundamental repetition cycle in the solar inertial motion with
a duration of 178.7 yr. This cycle is potentially of considerable interest, as periodicities
of this length are found both in the post-1715 observational record of solar activity and
in the 10000-yr *C record preserved in tree rings. The endpoints of the Wolf, Spérer,
and Maunder minima are also separated by about 180 yr.

The investigation by Jose (1965) covered only a little more than two complete cycles.
While he suggested that the solar motion in previous cycles would be very similar, there
are reasons to expect some differences. While Jupiter and Saturn exert the largest
influence on the solar motion, the effects of Uranus and Neptune are not negligible; and,
the configuration of these differs with each successive 179-yr repetition (Jose, 1965,
Figure 3).

The present investigation has two primary objectives. First we wish to address the
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