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Abstract

The Sun’s magnetic field varies on multiple timescales. Observations show that the minimum between cycles 24
and 25 was the second consecutive minimum that was deeper and wider than several earlier minima. Since the
active regions observed at the Sun’s surface are manifestations of the magnetic field generated in the interior, it is
crucial to investigate /understand the dynamics below the surface. In this context, we report by probing the solar
interior with helioseismic techniques applied to long-term oscillations data from the Global Oscillation Network
Group, that the seismic minima in deeper layers have been occurring about a year earlier than that at the surface for
the last two consecutive solar cycles. Our findings also demonstrate a decrease in strong magnetic fields at the base
of the convection zone, the primary driver of the surface magnetic activity. We conclude that the magnetic fields
located in the core and near-surface shear layers, in addition to the tachocline fields, play an important role in
modifying the oscillation frequencies. This further strengthens the existence of a relic magnetic field in the

Sun’s core.

Unified Astronomy Thesaurus concepts: Helioseismology (709); Solar interior (1500); Solar oscillations (1515);

Solar activity (1475)

1. Introduction

The Sun’s magnetic field varies in multiple timescales as
evinced by the emergence and decay of sunspots on the solar
surface. Among these timescales, the 11 yr cyclic pattern,
commonly known as Solar Activity Cycle, is the most
prominent period. Records of solar activity measures such as
sunspot number,”* radio flux,” etc., reveal that the solar activity
has been consistently, though gradually, declining for the last
several solar cycles. These observations also indicate that the
last two activity minima are different from others in recent
times. These are much wider and deeper with more than 60%
spotless days around the cycle minimum. Furthermore, the
galactic cosmic-ray modulation,® which is anticorrelated with
the solar activity, also shows similar trends. A close
examination of the existing database of solar activity
demonstrates that these types of minima were not unusual
until Solar Cycle 19, the strongest cycle observed so far. In
fact, the analysis of tree-ring data revealed an extended period
of extremely low or no activity for several decades in the 17th
and early 18th centuries, known as the Maunder Minimum
(Eddy 1976). There have been a few more periods of low
activity in the past which are consistent with minima of the
Centennial Gleissberg Cycle, a 90-100 yr variation observed
on the Sun. The recent period of low activity is believed to be
among the minima of a Gleissberg Cycle that previously
minimized at the beginning of the 20th century (Feynman &
Ruzmaikin 2011).
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The activity minimum is a major milestone in the solar cycle
when the magnetic field attains its lowest value before it starts
increasing again. Low activity signifies lower probability of
severe space-weather events, e.g., flares, CMEs. This phase of
the activity cycle is as important as the high-activity phase
since it provides a unique opportunity for studying the Sun’s
fundamental properties in the absence of strong magnetic fields.
The magnetic field is generated in the solar interior and the
dynamo responsible for 11 yr cyclic activity in the Sun is
believed to be seated near the base of the convection zone in a
layer called the tachocline. Thus, investigating the changes
occurring in different layers beneath the solar surface with the
progression of the activity cycle is important. This can be
achieved by analyzing the oscillation frequencies that vary in
phase with the surface magnetic activity and exhibit a strong
positive correlation with activity indicators (e.g., Jain &
Bhatnagar 2003, Jain et al. 2009; Salabert et al. 2015; Tripathy
et al. 2015; Simoniello et al. 2016). Though all modes spend
maximum time near the surface due to sharply increasing sound
speed with depth, they still carry important information of the
layers they travel through and may provide crucial information
about the magnetic field in the interior. With the availability of
continuous oscillation data for more than 25 yr, it is now
possible to study changes in more than two solar cycles.
Similar to the Sun, there are stellar activity cycles in many
stars with different periods (Garcia et al. 2010; Chaplin &
Basu 2014), however, the data are not as rich as for the Sun due
to lack of long temporal coverage. Hence, a better under-
standing of the physical processes taking place below the solar
surface during activity cycles is a path forward in asteroseismic
studies.

It is worth mentioning that the epochs of minima preceding
cycle 24 suggested different timings of minima within the
interior. For example, modes traveling down to the solar core
indicated minimum about a year earlier than the reported
activity minimum at the surface (Salabert et al. 2009) while the
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Figure 1. Temporal evolution of frequency shifts (séymbols) for (a) all modes, and the modes with lower turning points in (b) convection zone, (c) radiative zone, and

(d) core. The errors in shifts are of the order of 10

#Hz. An 11 point running mean of the frequency shifts is shown by the solid red line. Vertical dotted lines show

the epochs of minima in frequency shifts. The horizontal lines represent the lowest values of the running mean during MIN 22/23 (brown), MIN 23 /24 (green), and
MIN 24 /25 (blue). The variations in smoothed radio flux are shown by the black dashed line. Background colors depict solar cycles (from left to right) 22 (partial), 23,
24, and 25 (partial) where the boundaries of different cycles are based on the activity minima.

modes confined to the convection zone did not have any
displacement in minimum (Tripathy et al. 2010; Jain et al.
2011). However, all these studies confirmed that the minimum
between cycles 23 and 24 (MIN 23/24) was an extended and
deeper minimum as compared to the minimum at the beginning
of cycle 23 (MIN 22/23). These results were also supported by
numerous studies based on above-the-surface conditions.
Despite observing another deep minimum, not much attention
has been paid so far to the recent minimum preceding cycle 25
(MIN 24/25). In this Letter, we examine the similarities and
differences between the last two activity minima and
investigate the possible scenario that might have led to two
successive peculiar deep minima.

2. Analysis

In this work, we use p-mode frequencies for the individual
(n, ¢, m) multiplets, v,,,,, where n is the radial order, ¢ is the
harmonic degree, and m is the azimuthal order, running from
—{to +¢. The mode frequencies for each multiplet were

estimated from the m — v power spectra constructed from the
time series of individual 36 day period using continuous
Doppler observations from the Global Oscillation Network
Group (GONG; Harvey et al. 1996; Jain et al. 2021). Data
analyzed here consist of 533 36 day overlapping data sets, with
a spacing of 18 days between consecutive sets, covering the
period from 1995 May 7 to 2021 August 29 in 5 minute
oscillation bands in the frequency and degree ranges of
1860 < v <3450 puHz and 0 < ¢< 120, respectively. Thus,
the analysis covers 3 consecutive solar minima, starting about
a year before the minimum of solar cycle 23 and ending about a
year after the minimum of solar cycle 25.

We calculate the change in frequencies with reference to the
guess frequencies that are used in the GONG pmode pipeline
(Hill et al. 1996) for fitting v,,,. Since the frequency shifts
have well-known degree dependence (Jain et al. 2000), the
frequency shift for each mode is corrected for mode inertia
(Christensen-Dalsgaard & Berthomieu 1991). In addition, the
uncertainties in frequency determination are also included
while computing the mean frequency shift, év, which is the
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Figure 2. Same as Figure 1 but for modes with upper turning points in (a) high-v, (b) mid-v, and (c) low-v ranges.

error-weighted mean over all modes. We also compute
weighted errors in év and these are also shown in all figures.
Finally, we take a running mean over 11 points to smooth out
short-term variations (shown by the solid red line in all figures)
and use these smoothed shifts to define the epochs of minima.
These epochs, known as epochs of seismic minimum, are
defined as the periods of lowest value of the smoothed
frequency shifts within 1o errors. Since évis known to vary
with the change in solar activity (Jain et al. 2009) and is best
correlated with the 10.7 cm radio flux, F;, we use radio flux as
a proxy to determine the activity-related changes and the
activity minimum.

3. Results

Previous studies based on the helioseismic data suggest that
the epochs of seismic minima preceding cycle 24 varied with
depth below the surface while no such depth dependence was
found at MIN 22/23 (e.g., Jain et al. 2011). To investigate if
these results were unique for MIN 23/24 or if a similar trend
continued in the previous minimum as well, the temporal
variation of év for different layers below the surface is displayed
in Figure 1. The top panel shows the variation of all modes
covering the entire interior while lower panels display variations
in three distinct layers; 0.7 < r;/Rg < 1.0 (convection zone),
0.3 < r;/Rs < 0.7 (radiative zone), and 0.0 < r,/Rg < 0.3 (core)
where 7, is known as the lower-turning-point radius defined by
the following relation,

e VIT+D

2T v

1)

rl':

here c is the sound speed which increases sharply with depth. A
higher value of 1// \/( [(l + 1)) denotes a smaller value of r,,
hence a greater depth.

As demonstrated in the figure, the overall trends in all the
panels are similar though the magnitudes are different. Further,
we see that the amplitude of évis higher in cycle 23 than in
cycle 24. This is consistent with the solar-activity-related
variation measured above the surface. In addition, the relative
depths at all three minima reveal that the oscillation frequencies
during MIN 22/23 were not as low as these were during two
other minima. Moreover, depths of the seismic minimum
during MIN 23/24 and MIN 24/25 were comparable. The
overplotted scaled variation of F(, calculated over the same
period as the frequency shifts and smoothed with an 11 point
running mean, also supports these inferences. The difference in
the depths of minimum during MIN 22/23 and MIN 23/24
was also reported earlier (e.g., Jain et al. 2011; Broomhall 2017)
and our results are in agreement with those studies.

It is further seen that all these epochs in the convection zone,
as identified in Figure 1(b), agreed with the activity minima.
However, the seismic minima in the lower two panels,
displaying the changes in radiative zone and core, occurred
about a year earlier than the activity minima during both MIN
23/24 and MIN 24/25. In fact, there was a double seismic
minimum in the radiative zone that was reported earlier by Jain
et al. (2011). It is important to note that during the last two
consecutive extended minima, the deeper layers experienced
minimum earlier than the observed activity minimum at the
surface. These findings clearly suggest complex dynamical
changes within the interior and demonstrate that the changes
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Figure 3. Temporal evolution of frequency shifts (symbols) near 3 solar minima for the modes with lower turning points in convection zone in three frequency ranges
as marked in the leftmost panel of each row. An 11 point running mean of the frequency shifts is shown by the solid red line. The horizontal lines represent the lowest
values of the running mean during MIN 22/23 (brown), MIN 23 /24 (green), and MIN 24 /25 (blue). The errors are smaller than the size of the symbols and shown by
black. While boundaries of two background colors in each panel represent the activity minimum as marked on the top of each column, vertical dotted lines show the

epochs of minima in frequency shifts.

occurring in deeper layers may not be consistent with those in
the convection zone all of the time. This is not surprising as
differential rotation patterns are the typical characteristics of
convection zone while a rigid body rotation has been inferred
in the radiative zone (Thompson et al. 1996).

We also examined the variability in near-surface layers that
started around the maximum of cycle 23 as reported by Basu et al.
(2012). For this, we divide all of the data into three frequency
bins: 2920 < v < 3450 uHz  (high-v), 2400 < v <2920 uHz
(mid-v), and 1860 < <2400 uHz (low-v), and display the
temporal variation of évin each frequency bin in Figure 2. Note
that these frequency ranges are same as used by Basu et al. (2012)
and represent depth near the surface from which modes are

reflected back into the Sun. This radius is generally referred to as
the upper-turning-point radius. Modes in lower-v range reflect
back deeper inside the Sun than the other two ranges. We find that
the seismic minima at MIN 22/23 in all frequency ranges
occurred at the same time in early 1996 which also coincided with
the activity minimum. Similarly, all seismic minima at MIN 23/
24 also agreed with the activity minimum. However, during the
latest minimum, ie., MIN 24/25, we notice deviations in the
epochs of seismic minimum from the activity minimum. While it
coincided with the activity minimum (Figure 2(a)) for high-v
range, the modes in mid- and low-v ranges (Figures 2(b) and (c))
sensed minima in early 2019 which is about a year prior to the
activity minimum. This is puzzling since we find discrepancy in
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MIN 24/25 only, not in MIN 23/24 as reported by Basu et al.
(2012). It is worth mentioning that the mode sets are very different
in both studies. While modes used in this study provide
information about the entire interior, Basu et al. (2012) used
low-£ (<3) modes from the integrated-light observations and the
characteristics of these modes are sensitive to the core dynamics
only, hence the comparison is not straightforward.

In order to understand the sources of this discrepancy, we
further restrict modes on the basis of both lower and upper
turning points. For this purpose, we divide the entire data into 3
major groups, i.e., convection zone, radiative zone, and the
core, and each group is further divided into 3 subgroups of
frequency intervals described earlier. Results for each major
group are presented in Figures 3—-5 where we display changes
at low activity periods of the solar minimum only. It is
interesting to note again that there was no discrepancy between

seismic and activity minima at MIN 22/23, however, an
anomaly existed for other two minima which are discussed
below.

For modes confined to the convection zone only, it is evident
from Figure 3 that the seismic minima for modes with the
upper turning points in the top two near-surface layers
coincided with the activity minimum. However, modes that
reflected back from the shallower layer (bottom row) exhibited
seismic minimum in early 2019 contrary to the activity
minimum in late 2019. For the modes with 7, in the radiative
zone only, which means that all these modes carried additional
information from the radiative zone, the results are presented in
Figure 4. From the bottom two rows, we note that the seismic
minimum at MIN 24/25 occurred earlier than the activity
minimum. During MIN 23/24, shown in the middle column,
both seismic and activity minima were in agreement (middle
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Figure 5. Same as Figure 3 but for the modes with lower turning points in core.

row); there was a deviation for the low frequency range
(bottom row). This deviation is similar to that obtained for MIN
24 /25 shown in Figure 3. On further lowering r; to the core and
using modes refracting back from this region only, we find
deviations in seismic minima during MIN 24 /25 for all three
frequency ranges (Figure 5). Note that the modes in the lower
two frequency ranges did sense an early seismic minimum
during MIN 23/24 while these multiple epochs of minimum
were not seen at MIN 22/23. It should be noted that the
uncertainties in frequency determination tend to increase in
deeper layers. Therefore, we have used smoothed, error-
weighted mean frequency shifts for robust determination of the
epochs of seismic minima.

Thus, contrary to more than one epoch of seismic minimum
sensed by the different layers in the deep interior as well as in
near-surface layers during MIN 23/24 and MIN 24/25, the

seismic minimum at MIN 22/23 was aligned with the activity
minimum in all cases. This hints that the variability of magnetic
fields below and above the convection zone are not ideally
coupled. Although the near-surface layers are also going
through continual changes that support the argument put
forward in several papers on the thinning down of magnetic
layers near the surface (Basu et al. 2012; Howe et al. 2017; Jain
et al. 2018), these are not solely responsible for different
epochs of the seismic minimum.

4. Discussion and Conclusions

It is evident that the layers from which a propagating wave
reflects back into the Sun or refracts toward the surface
have significant influence on the timing of seismic minimum.
Ever since the variability in oscillation frequencies has been
discovered, a large number of studies confirmed that the
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magnetic field is primarily responsible for changing frequen-
cies. To explore the origin of the different timings of seismic
minimum, we consider three major sources of magnetic fields
inside the Sun: (i) a megagauss (strong) field located at
tachocline that is primarily responsible for the dynamo
mechanism (Dziembowski & Goode 1989; Parker 2009) and
the 11 yr cyclic variation in solar activity, (ii) a weak field at
the core that plays a crucial role in the generation of 22 yr
magnetic polarity cycle (Sonett 1983; Mursula et al. 2001) and
is believed to have been present in the Sun since its formation
(Cowling 1945), and (iii) another weak field generated in
NSSL, primarily due to small-scale dynamo action but random
and short-lived (Vogler & Schiissler 2007), can contribute too
(Broombhall et al. 2012; Simoniello et al. 2013). All three fields
can play important roles in contributing to the variation in
oscillation frequencies and the multiple seismic minima—the
first two (namely items (i) and (ii)) in a systematic way, and
item (iii) in a more random way. Only a detailed modeling in
the future can shed more light on the relative contributions of
these three fields.

Since the magnetic activity during MIN 22 /23 was not weak
compared to the other two minima, we postulate that this period
was dominated by the strong fields generated in the tachocline
region while other two weak fields did not contribute
significantly. As a result, both seismic and activity minima
occurred around the same time irrespective of the regions
where the modes traveled. However, the polar field strength
decreased significantly in cycle 23 which led to a weak cycle
24. For the modes confined to the outer 30% of the interior with
no influence from the region below the tachocline, NSSL
remained magnetically strong during both MIN 22/23 and
MIN 23/24, and exhibited seismic and activity minima around
the same time. However, this scenario changed during MIN
24/25 when the modes sampling the upper layers at a depth
approximately below 625 km (corresponding to 2400 uHz)
showed disagreement with the surface activity. This must have
contributed to an early seismic minimum and suggests a
disparity between magnetic fields located in the tachocline and
the near-surface layers. Moreover, fields generated in the
tachocline were not strong enough to reduce the influence of
weak fields in the near-surface shear layers. These inferences
also support the findings of Kiefer & Roth (2018) where
authors suggested that the magnetic field affects the multiplet
frequencies in a way that depends on the location and the
geometry of the field inside the Sun. By comparing theoretical
and observed shifts, they concluded that strong tachocline
fields cannot be solely responsible for the observed frequency
shifts over the solar cycle and a part of the surface effect in
frequencies might be attributed to magnetic fields in the outer
layers of the Sun.

Furthermore, if the combination of tachocline and NSSL
fields is alone responsible for changing the oscillation
frequencies with time, similar results would have been obtained
for all three depth zones. But the scenario is different for
regions below the tachocline, particularly for modes with r; in
the core where we find better agreement with Basu et al.
(2012). This clearly hints that the fields located below
tachocline also play an important role in the dynamics of the
solar interior. The effect of relic (primordial) magnetic field
was already discussed in Gough & Thompson (1990) and
several subsequent studies but it was never fully understood
due to lack of observational evidences. It is also believed that

Jain et al.

the relic field does not vary significantly with time and survives
for thousands of years. As far as the cycle pattern is concerned,
Dikpati et al. (2006) showed that a regular cyclic dynamo can
also be the origin of magnetic fields in the solar radiative
tachocline and interior below. There is a possibility that the
cyclic pattern of these fields in conjunction with the primordial
field senses a minimum earlier than the tachocline dynamo.
During the extended periods of low activity, their influence is
visible in the modes reflecting back from these regions. In
addition, these might be too weak compared to the magnetic
field in tachocline, thus their influence is not recognized in
stronger cycles. Sonett (1983) had also suggested that a steady
poloidal field at or below the base of the convection zone
would impart a bias to the solar cycle.

Since the continuous helioseismic observations sampling the
entire interior are available only for the last two solar cycles
including 3 minima, such studies cannot be carried out for other
weaker cycles and deep minima at the beginning of the 20th
century. Nevertheless, MIN 23/24 and MIN 24/25 are two
consecutive minima that provide stronger evidence on the
influence of relic magnetic field in the magnetism of deeper
layers and finally on the solar oscillations. It would be
interesting to track the conditions in cycle 25 and the minimum
thereafter for better comprehension of dynamical changes in the
solar interior.

Data were acquired by GONG instruments operated by
NISP/NSO/AURA/NSF. NCAR is sponsored by the NSF
under cooperative agreement 1852977. This work is supported
by the NASA-DRIVE Center grant 80NSSC20K0602.
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