arXiv:2203.03685v1 [astro-ph.SR] 7 Mar 2022

MNRAS 000, 1-11 (2021)

Preprint 9 March 2022 Compiled using MNRAS IATEX style file v3.0

A Multi-Instrument Investigation of the Frequency Stability of
Oscillations Above the Acoustic Cut-Off Frequency with Solar

Activity

K. Kosak!* R. Kiefer!2, A.-M. Broomhall!

1 CFSA, Physics Department, University of Warwick, Coventry CV4 7AL, UK
2 Leibniz-Institut fiir Sonnenphysik (KIS), Schineckstrafie 6, 79104, Freiburg, Germany

Last updated 2015 May 22; in original form 2013 September 5

ABSTRACT

Below the acoustic cut-off frequency, oscillations are trapped within the solar interior and be-
comeresonantyHowever, signatures of oscillations persist above the acoustic cut-off frequency,
and these travelling waves are known as pseudomodes. Acoustic oscillation frequencies are
known to be correlated with the solar cycle, but the pseudomode frequencies are predicted
to vary in anti-phase. We have studied the variation in pseudomode frequencies with time
systematically through the solar cycle. We analyzed Sun-as-a-star data from Variability of
Solar Irradiance and Gravity Oscillations (VIRGO), and Global Oscillations at Low Frequen-
cies (GOLF), as well as the decomposed data from Global Oscillation Network (GONG) for
harmonic degrees 0 < [ < 200. The data cover over two solar cycles (1996-2021, depending
on instrument). We split them into overlapping 100-day long segments and focused on two
frequency ranges, namely 5600—-6800 pHz and 5600-7800 pHz. The frequency shifts between
segments were then obtained by fitting the cross-correlation function between the segments’
periodograms. For VIRGO and GOLF, we found no significant variation of pseudomode fre-
quencies with solar activity. However, in agreement with previous studies, we found that the
pseudomode frequency variations are in anti-phase with the solar cycle for GONG data. Fur-
thermore, the pseudomode frequency shifts showed a double-peak feature at their maximum,
which corresponds to solar activity minimum, and is not seen in solar activity proxies. An, as
yet unexplained, pseudo-periodicity in the amplitude of the variation with harmonic degree [
is also observed in the GONG data.
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1 INTRODUCTION

Helioseismology aims to probe the interior of the Sun by study-
ing the behaviour of the acoustic oscillations, more specifically
p-modes. Parameters of the acoustic oscillations, such as frequen-
cies, amplitudes, and lifetimes, vary with the solar cycle, but the
underlying mechanisms for these variations are still awaiting pre-
cise quantification (see e.g. Broomhall et al. 2014, and references
therein). At (or near) the solar surface, p modes are reflected be-
cause of the sharp drop in density. The radial positions at which they
are reflected depends on frequency, with higher-frequency modes
being reflected at shallower depths than lower-frequency modes.
However, there is an upper limit to the frequencies at which modes
are reflected into the interior, known as the acoustic cut-off fre-
quency (around 5000 uHz, e.g. Jiménez et al. 2011). The acoustic
oscillations have been vastly studied in the case below the acoustic
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cut-off. However, studies of oscillations above the acoustic cut-off
are far more limited in number.

Acoustic oscillations above the acoustic cut-off propagate from
the photosphere to the base of the solar corona as travelling waves.
One would therefore expect a smoothly varying power spectrum
above the acoustic cut-off frequency (Kumar & Lu 1991). Never-
theless, peaks are observed above the acoustic cut-off frequency
in power spectra made from helioseismic data (e.g. Jefferies et al.
1988; Libbrecht 1988; Duvall et al. 1991; Fossat et al. 1992; Garcia
et al. 1998; Chaplin et al. 2003; Jiménez et al. 2005). While oscil-
lations above the acoustic cut-off frequency are not reflected at the
solar surface, they are still refracted in the solar interior, just as p
modes are. Kumar et al. (1990) proposed that these high-frequency
peaks are caused by interference between modes that initially travel
inward from their excitation point, and are refracted in the solar
interior, and modes that emanate outwards from their location of
excitation. In the past, frequencies above the acoustic cut-off have
been referred to as "high-frequency interference peaks" (HIPs) and
"pseudomodes". In our study, we use the term "pseudomodes".
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The in-depth investigation of the pseudomodes holds potential
as an additional tool to understand the solar cycle. One example of
how pseudomodes can contribute is by defining the precise acous-
tic cut-off frequency, which is inversely proportional to the density
scale height. In the past, the acoustic cut-off was identified by see-
ing a drop-off of the p-mode frequencies (Jiménez 2006). Jiménez
(2006) proposed using frequency shifts and bivariate analysis of
the full frequency spread of p-modes and pseudomodes to find the
acoustic frequency to be around 5100 yHz. This study was based
upon unresolved observations from the Global Oscillations at Low
Frequencies (GOLF; Gabriel et al. 1995) and Variability of Irradi-
ance and Gravity Oscillations (VIRGO; Frohlich et al. 1995) instru-
ments, onboard the Solar and Heliospheric Observatory (SoHO).
Also using VIRGO data, Jiménez et al. (2011) found that the acous-
tic cut-off frequency varies in phase with the solar cycle, changing
by around 100-150 uyHz between cycle minimum and maximum.

Solar cycle variations in the pseudomode frequencies them-
selves have also been previously detected. Ronan et al. (1994) ob-
served a large (~15 uHz) negative shift in pseudomode frequency
between 1991 (a time of high activity) and 1988 (a time of low ac-
tivity). However, we note that the authors found negative frequency
shifts between activity maximum and minimum at around 4000 uHz
as well, contrary to other observations (e.g. Libbrecht & Woodard
1990). Using VIRGO data, Jiménez et al. (2005) found that the sep-
aration of pseudomodes did not vary with the solar cycle. However,
Simoniello et al. (2009) used GOLF and VIRGO observations for
solar cycle 23 to study the amplitude variation of pseudomodes and
showed the potential of pseudomodes to investigate the solar cycle.
Rhodes et al. (2011) performed a linear regression analysis between
acoustic mode frequency and various measures of solar activity, for
oscillations both above and below the acoustic cut-off frequency. In
agreement with previous studies, Rhodes et al. (2011) demonstrated
that below 5000 Hz p-mode frequencies are correlated with solar
activity. However, at some point between 5000 and 5700 uHz, there
is a switch whereby frequencies become anti-correlated with solar
activity. Furthermore, at even higher frequencies, the correlation
between mode frequencies switches to being positive again. Addi-
tionally, the exact frequency at which these switches from positive
to negative correlation and back again happen appears to depend on
the phase of the solar cycle under consideration.

The observed switch in the parity of the correlation is predicted
phenomenologically by Vorontsov et al. (1998), who modelled the
variation in depth of an acoustic potential, which governs the vertical
propagation of the waves. Vorontsov et al. simulate solar cycle
variation by changing the height of the acoustic potential, which
impacts the acoustic reflectivity of the solar atmosphere. Alternative
models also predict pseudomode shifts that are anti-correlated with
the solar cycle and reach a minimum at around 6000 ¢Hz, including
that of Johnston et al. (1995); Jain & Roberts (1996), who include
magnetic fields in the chromosphere and model the solar cycle
in terms of changes in chromospheric temperature (by more than
1000 K) and magnetic field strength (by 5 G for Jain & Roberts and
20 G for Johnston et al.).

Our motivation is to study the frequency shift of the pseu-
domodes as a function of time compared to the solar cycle. Al-
though, as detailed above, comparisons between cycle minimum
and maximum have been performed previously, to the best of our
knowledge, a systematic study of variations as a function of time
has not previously been performed. In this study, we will compare
the frequency shifts obtained from different instruments/networks
with a proxy for solar activity. The data we used are described in
Section 2. To determine the frequency shift of the pseudomodes we

employ a cross-correlation technique, which is described in Section
3. The results of the study are given in Section 4, where we consider
both unresolved (low harmonic degree) and resolved (intermedi-
ate harmonic degree) data separately. Finally, we finish with some
concluding remarks in Section 5.

2 DATA

The VIRGO instrument, on SOHO, comprises three Sun photome-
ters (SPMs) for measuring the solar spectral irradiance at three in-
dependent wavelengths: 402 nm (blue), 500 nm (green), and 862 nm
(red). Following its launch in December 1996, SOHO was lost for
several months, starting in June 1998. SOHO resumed operations in
October 1998 with the VIRGO/SPM data of the same high quality
as before the "SoHO vacation". Data were produced as described
in Frohlich et al. (1995, 1997); Jiménez et al. (2002). This study
uses the freely available data, (see Data Availability and footnotes
to Table 1 for URLSs), which extend from 1 April 1996 to 30 March
2014 and have a temporal cadence of 60s.

GOLF is a resonant scatter spectrophotometer, which is also
aboard SoHO. It measured line-of-sight velocities using the sodium
doublet. GOLF started observing in January 1996, but due to mal-
functions, continuous observations began not until April 1996. Be-
fore SOHO’s vacation, the blue wing of the sodium line was used
for observation, but this was changed to the red wing after the vaca-
tion. It was later switched back to the blue wing mode of operation
on 18 November 2002. To correct for the ageing of GOLF’s two
detectors (PM1 and PM2), the voltage applied to them was adjusted
several times. Table A1 gives an overview of the changes made to
the GOLF instrument. GOLF observations have a cadence of 20s.
Data are processed in the manner described in Garcia et al. (2005)
and recently have been recalibrated by Appourchaux et al. (2018).
We analyse the GOLF time series for the two detectors PM1 and
PM?2 independently, as well as their mean. Start and end dates of
all the time series we used in this work as well as the source of the
data are given in Table 1.

To study the temporal variation of pseudomode frequencies
through the solar cycle, both the GOLF and VIRGO data were
split into segments of 100d in length. The starting point from one
segment to the next is moved by 50d, creating a two-time overlap
between segments.

Jiménez et al. (2005) calculated the response functions for
VIRGO/SPM and GOLF, which characterise the sensitivity of the
instruments as a function of atmospheric height. For VIRGO/SPM,
the red channel response function peaks approximately 10 km above
the height in the atmosphere that corresponds to an optical depth
of unity for a wavelength of 500nm (Hp). Then, the green and
blue channels’ response functions peak a few 10s of km below this
height (with the green response function peaking closer to Hy than
the blue response function). The response function of GOLF peaks
slightly higher in the atmosphere, between 100 and 200 km above
Hy, depending on mode of operation.

The Global Oscillation Network Group (GONG) is a network
of six sites around Earth that aims to constantly observe the Sun
with velocity imagers. We use the gap-filled network-merged 36-day
GONG month time series (mrvmt) from the online GONG archive.
GONG data can be used to study the oscillations above the acoustic
cut-off frequency (e.g. Hill et al. 1996). For GONG, the response
function peaks at a height of about 200 km (Jones 1989), which is
above GOLF’s response function. Spherical harmonic decomposed
time series data of the global helioseismology observations from
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Figure 1. High-frequency part of the periodograms of the first 200 d of three
different time series. Boxcar-smoothing with a width of 10 uHz was applied
in all panels. Top panel: VIRGO Red Channel. Middle panel: GONG [ = 0,
m = 0. Bottom panel: GONG [ = 100, m = 0.

GONG for harmonic degrees 0 < [ < 200 were downloaded cover-
ing 16 June 2001 to 15 May 2021. GONG observations before 2001
used 256 X 256 pixel cameras with a cadence of 60s (Harvey et al.
1998). Since the upgrade, the cameras have 1024 x 1024 pixels at
the same cadence. Because the differences in resolution are hard to
accommodate, we restricted our analysis to start after the network
upgrade, i.e. after 16 June 2001. For each azimuthal order available,
the 36-day month time series were concatenated to yield time series
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Figure 2. Cross-correlation function (CCF) of two segments (first segment
starting on 16 June 2001, second segment starting on 23 February 2015)
from the GONG [ = 10, m = 5 time series (blue) with a Lorentzian fit
(red). The black (dashed) line shows zero lag, while the green (solid) line
indicates the maximum of the Lorentzian, i.e., the frequency shift. CCF was
normalized to its maximum.

Table 1. Start and end dates of the time series used for the analysis.

Instrument Start date End date Source
VIRGO 11 April 1996 30 March 2014
GOLF 11 April 1996 10 April 2018 2
GONG 16 June 2001 15 May 2021 3

which covered about 20 years. As with VIRGO and GOLF data, we
then separated these long time series into segments of 100 d. Again,
the starting point from one segment to the next was moved by 50d,
creating a two-time overlap between segments.

To compare any variation in the pseudomode frequencies with
the level of solar activity, we used the Fg 7 index (Tapping 2013)
as a proxy. The Fjp 7 index represents the solar radio flux at a
wavelength of 10.7cm. The emission on the solar disk at this
wavelength is integrated over one hour to obtain one measure-
ment. The unit of the Fjg 7 index is solar flux units (sfu), with
Isfu = 10722 Wm™2Hz"~!. Broomhall & Nakariakov (2015) con-
firmed that the Fg 7 index is a good proxy to use when comparing
helioseismic data with the level of magnetic activity in the upper
chromosphere and the lower corona. Throughout this paper, the
F1o.7 index was rebinned to match the helioseismic data, thus, it
was averaged over 100 days with a shift of 50 days to the next
segment. To ease comparison, it is included in all figures together
with the measured frequency shifts. The Fy7 was linearly scaled
and shifted to extend from the minimum to the maximum of the
frequency shifts presented in each panel.

1 http://irfu.cea.fr/dap/Phocea/Vie_des_labos/Ast/ast_
visu.php?id_ast=3581

2 https://www.ias.u-psud.fr/golf/templates/access.html
3 https://nispdata.nso.edu/ftp/TSERIES/vmt/
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Figure 3. The frequency shifts for VIRGO and GOLF data (coloured data points) with the Fq 7 index (grey line for all panels) as functions of time. Top left
panel: VIRGO Blue Channel frequency shifts (blue data points) with respective 1o uncertainties. Top right panel: VIRGO Green Channel frequency shifts
(green data points). Bottom left panel: VIRGO Red Channel frequency shifts (red data points). Top right panel: GOLF PM1 frequency shifts. Middle right
panel: GOLF PM2 frequency shifts. Bottom right panel: GOLF mean (PM1 & PM2) frequency shifts. In all right panels the frequency shifts are represented

by the yellow data points.

3 METHODS

The periodogram was computed for each of the time series seg-
ments of the data sets described in Section 2. We then restricted
the periodograms to comprise of just the pseudomode frequency
range. We considered two different ranges, namely 5600-6800 pHz
and 5600-7800 pHz. The choice of the 5600-6800 1Hz range was
based on the study of Rhodes et al. (2011), which demonstrated that
one can expect modes in this frequency range to be anti-correlated
with the solar cycle. The 5600-7800 pHz range extends this closer

to the Nyquist frequency of 8333 uHz of time series with a cadence
of 60's. Figure 1 shows the pseudomode range of periodograms de-
termined from the VIRGO Red channel (top panel), GONG / = 0,
m = 0 (middle panel) and GONG / = 100, m = 100 (bottom
panel) time series, smoothed with a boxcar of width 10 uHz. In
the top and bottom panels, clear modulation of the power spectral
density can be observed. These peaks are the pseudomodes we are
investigating here. They are less clearly visible in the middle panel.
From comparison of the top and bottom panel, it can be appreciated
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that spacing between consecutive pseudomodes and their individual
widths are not constant going from the lowest harmonic degrees to
higher harmonic degrees: VIRGO’s Sun-as-a-star observations are
a superposition of all harmonic degrees where only the lowest har-
monic degrees, up to [ < 3, are detectable, while the bottom panel
is for GONG’s [ = 100, m = 100 time series specifically.

To determine whether the frequencies of the pseudomodes
varied with time, we follow the approach of Kiefer et al. (2017)
and Régulo et al. (2016), which was originally used to measure the
frequency shifts of p-mode oscillations from solar-like stars using
Kepler data (Borucki et al. 2010). This method is based on the cross-
correlation between two segments’ periodograms of the time series
under investigation. The reference segment is kept the same for all
calculations and is the following for each instrument: 11 April 1996
—20 July 1996 (VIRGO, GOLF), and 16 June 2001 — 24 September
2001 (GONG). The second segment is then chosen per data set
as described in Section 2. Figure 2 shows such a cross-correlation
function (CCF), produced with GONG / = 10, m = 5. The CCF
is calculated from the reference segment and the segment starting
on 23 February 2015. For this figure, the CCF is normalized to its
maximum value.

To estimate the frequency shift between two segments and its
uncertainty, we employed the resampling approach described in full
detail by Kiefer et al. (2017). The periodograms of both segments
were smoothed using a boxcar smoothing with a width of 10 uHz.
The first segment of each time series serves as its reference point,
as described above. For each segment (reference and segment of
interest), a resampled periodogram was generated. For this, a zero-
mean normal distribution was multiplied with the square root of
the smoothed periodogram. To retain the X% distribution of the
periodogram, this was done for a real and an imaginary instance,
which were then summed and the squared absolute was taken. This
yields a new realization of the periodogram which was again X%'
distributed, just as the original. We did this for 100 realizations (for
both the reference segment and the segments under investigation)
and computed the cross-correlation function (CCF) between these.
A Lorentzian function (solid red curve in Figure 2) was fitted to the
CCF of these 100 realizations. For the fit, the CCF was restricted
to 30 uHz. This avoided contributions from the first sidelobe in
the CCF, yet still well covering the expected range of observable
frequency shifts. The Lorentzian function was optimized with a
non-linear least-square fit (scipy.opTIMIZE.CURVE_FIT). The centre
of the Lorentzian fit was the frequency lag between the two seg-
ments’ periodograms, which we refer to as the frequency shift. It is
indicated by a green solid vertical line in Figure 2. We calculated
the standard deviation of the 100 obtained lags, which was taken as
the uncertainty of the frequency shift. The frequency shift between
each segment and the reference segment was given by the mean of
the 100 realizations in the generated sample.

VIRGO and GOLF take unresolved Sun-as-a-star observations,
hence only low harmonic degrees up to / < 3 can be detected in the
periodogram. Further, the harmonic degrees cannot be separated
as is the case for the resolved observations. In contrast to this,
for the GONG data, time series are decomposed by projection of
spherical harmonics onto resolved observations for each given / and
m. Therefore, for the GONG data, the pseudomode frequency shifts
as a function of time were determined individually for each / and
m. We then averaged the frequency shifts over all available m for
each harmonic degree. Due to symmetry, spherical harmonic time
series contain the same information for +m, thus only one of them
has to be computed from the observations and be considered in the
data analysis. This meant that for any given / and any given time,
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Table 2. Pearson correlation values r, their corresponding p values, Spear-
man’s rank correlation p, and their corresponding p values, between the
instruments’ pseudomode frequency shifts and the F}( 7 index. For GONG,
the individual harmonic degrees and averages over harmonic degrees, which
are presented in Figures 4, 5, and 8 are listed. Independent, rather than over-
lapping in time, frequency shift values were used to determine the correlation
values.

Instrument r p P p
VIRGO Blue 0.34 0.006 0.31 0.02
Green 0.23 0.07 0.21 0.1
Red 0.32 0.01 0.28 0.03
GOLF PMI 0.12 0.28 0.12 0.26
PM2 0.09 0.39 0.08 0.47
Mean 0.14 0.21 0.17 0.13
GONG 0<I<3 -0.06 0.61 -0.10 0.39
1=70 069 <1071 073 <1072
1=187 -0.86 <1021 092 <107%®
0<1<50 074 <1008 082 <107V
51<1<100  -084 <1072 090 <1072¢
101 <I<150 -0.87 <1022 -091 <1028
151 <1<200 -0.87 <1072  -092 <1072

we averaged over a maximum of / + 1 pseudomode frequency shifts.
In the following, we only consider m-averaged frequency shifts.
This is a big advantage for GONG over VIRGO and GOLF, as for,
e.g., [ =100 a total of 101 frequency shift results can be averaged.
We note that we carry out variance weighted averages when either
averaging over azimuthal orders m or subsequently averaging ranges
of harmonic degrees.

We found a correlation between the fill factor of the GONG
segments and the measured frequency shifts. The correlation co-
efficients between the measured shifts and the GONG segments’
fill as a function of harmonic degree is included in Fig. B1. We
performed a linear regression of the shifts of every azimuthal order
m as a function of fill. This regression utilized the Python mod-
ule sTaTsSMODELS’s weighted least squares routine where weighting
with the variance of the measured shifts was used. The resulting
linear slope was subtracted from the shifts and the extrapolated
value at fill= 1 was added. The uncertainties were properly prop-
agated onto the resulting fill-corrected shifts. In the following, all
presented pseudomode frequency shifts have been corrected like
this. Figure B2 shows that the linear regression removed most of the
correlation between shifts and fill. Being space-based, VIRGO and
GONG data typically have > 90% fill. We have thus not accounted
for any correlation between fill and pseudomode frequency shift
measurements.

4 RESULTS
4.1 VIRGO and GOLF

Figure 3 shows the measured frequency shifts for all three VIRGO
channels (left column from top to bottom: blue, green, and red) and
the three GOLF data sets (right column from top to bottom: PM1,
PM2, and their mean). In all panels a scaled version of the Fig 7
index is included (grey curve) as described at the end of Section 2.
For all data sets included in Figure 3 we analysed the frequency
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range 5600-7800 uHz. We also analysed the more narrow range
5600-6800 nHz, but the results were only marginally different from
the ones presented here. We thus focus on the wider range.

The Pearson correlation coefficients r and the Spearman rank
correlation p between VIRGO and GOLF frequency shifts and the
F1o.7 index, as well as their corresponding p values, are presented
in Table 2. There are only marginally significant correlations for
the VIRGO channels with the F( 7 index. Further, against the ex-
pected behaviour (e.g. Rhodes et al. 2011), all correlation values
are positive with the strongest correlation found for the VIRGO
Blue channel with » = 0.34 at p = 0.006. No significant correlation
between the measured pseudomode shifts and the F¢ 7 index was
observed for any of the three GOLF time series. We note in passing
that for the calculation of the correlation values, r and p, as well
as their associated p values, we used independent frequency shift
values throughout this paper.

As can be seen from the right column of panels in Figure 3,
the GOLF pseudomode frequencies appear to drift throughout the
time series. We included solid vertical grey lines in these panels,
which indicate the times at which either the mode of operation of
the GOLF instrument was changed, or the voltage applied to its
detectors was increased to counter the effects of ageing. A list of
dates of these events is included in the Appendix in Table A1l. We
propose that the observed pseudomode frequency drift is not of
solar origin, but due to these instrumental alterations and possibly
also due to the decreasing signal-to-noise ratio as the instrument
aged.

4.2 GONG

To compare GONG data to the VIRGO and GOLF data, we initially
consider only the low-degree modes. As shown in Figure 1, there
is little evidence in the / = 0 spectrum for pseudomodes. For the
other low degrees, specifically / = 1,2, we also do not see any signs
of pseudomodes in the GONG data. Figure 4 shows the average
frequency shift for the 0 < / < 3 modes. It is again unsurprising
that no significant systematic variation in time is observed. The
correlation coefficients between the averaged frequency shifts for
0 < I < 3 and the Fjp7 index are r = —0.06 with p = 0.61
and p = —0.1 with p = 0.39. Note that the averaging of a mere
ten azimuthal orders entering the shifts in Figure 4 reduced the
uncertainties of the frequency shifts compared to those of VIRGO
or GOLF, where the different modes are combined into just one
time series.

‘We now consider the higher degree modes, for which pseudo-
modes were clearly visible in the periodograms (see bottom panel of
Figure 1). Figure 5 shows the pseudomode frequency shifts observed
for two example harmonic degrees, [ = 70 (top panel) and / = 187
(bottom panel). A scaled version of the F'jg 7 index is included for
comparison to the solar cycle (solid grey curve). The behaviour of
the pseudomode frequency shifts is similar in both cases. The [ = 70
frequency shifts show slightly larger uncertainties compared to the
[ = 187 mode, which is primarily caused by the lower number of
azimuthal orders m that enter the weighted average. The correlation
coeflicients for the / = 70 mode with the F( 7 index are r = —0.69
at p < 10710 and p = —0.73 at p < 107!2. Even though the har-
monic degree is only moderately high, the pseudomode frequency
shifts are very significant and are clearly in anti-phase with the so-
lar cycle at a very high confidence level. This becomes even more
significant for the shifts of the / = 187 mode, which was chosen
here as it is the harmonic degree with the strongest anti-correlation

GONG O =/=3

1.5

Frequency Shift (uHz)

-2.01

2003 2006 2009 2012 2015 2018
Year

Figure 4. Frequency shifts as a function of time averaged over harmonic
degrees ! = 0, 1, 2 for the frequency range 5600-6800 pHz (red data points).
The grey line is a scaled version of the Fj( 7 index for comparison.
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Figure 5. Frequency shifts obtained from GONG observations as a function
of time (red). Frequency shifts were calculated using the frequency range
5600-6800 uHz. The Fjp 7 index is plotted for comparison (grey). Top
panel: Harmonic degree / = 70. Bottom panel: Harmonic degree [ = 187.

with the Fj7 index are r = —0.86 at p < 1072! and p = —0.92 at
p <1072,

The amplitude of frequency shifts observed in both the / =
70 and [ = 187 cases is ~ 2 uHz, which is larger than typically
observed for high-frequency p modes, but not inconsistent with an
extrapolation of the trend whereby the magnitude of the frequency
shift increases with mode frequency (e.g. Broomhall 2017). This
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Figure 6. Frequency shifts for GONG [ = 70 (top panel) and [ = 187
(bottom panel) for the frequency range 5600-6800 pHz as a function of the
F 10.7 index.

is interesting as p-mode frequency shifts are associated with an
internal, near-surface magnetic field but pseudomode frequency
shifts are more likely to be associated with an atmospheric magnetic
field. Rhodes et al. (2011) have found frequencies of modes above
the acoustic cut-off frequency react more strongly to changes in
solar activity. We can thus confirm their finding.

To investigate the anti-correlation between the F¢ 7 index and
the pseudomode frequency shifts of these two harmonic degrees
further, we plotted one directly against the other. Figure 6 shows
this for / = 70 in the top panel and for / = 187 in the bottom panel.
From these two panels, it can be appreciated that the correlation
between the frequency shifts and solar activity is not strictly linear.
Thus, for all harmonic degrees and degree ranges considered here
and in the following we find |r| < |p|, see Table 2. From the bottom
panel of Fig. 6 it can be seen that the slope of the shifts is steeper be-
low Fjp.7 < 80 than it is for values 80 < Fjg7 < 160. For [ = 187,
the slope decreases even further for even higher values of Fig 7.
A similar saturation of mode frequencies with increasing levels of
magnetic activity was found for solar p modes by Rabello Soares
(2019). This may be symptomatic of the fact that acoustic oscilla-
tions appear to be more sensitive to small variations in magnetic
field through solar minima than other activity proxies, such as Fg 7
(Broomhall 2017). We detect no clear indication of hysteresis in the
pseudomode frequencies over the observed time period as has been
observed for solar p modes of low harmonic degree (Jimenez-Reyes
etal. 1998) and intermediate degree (Tripathy et al. 2001; Jain et al.
2012). There is also no evidence of a difference in behaviour be-
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Figure 7. Frequency shifts as a function of time and harmonic degrees for
10 < 1 < 200. Top: frequency range of 5600-6800 pHz. Bottom: frequency
range of 5600-7800 pHz.

tween the two different cycles, which has been observed for p modes
(Howe et al. 2018).

Figure 7 displays the pseudomode frequency shifts as a func-
tion of time for 10 < [ < 200. The mean of the lowest harmonic
degrees is less well determined due to their smaller number of
azimuthal orders. We excluded them here as they would distort
the colour bar and impair the presentation of the higher harmonic
degrees. The top panel uses the more narrow 5600-6800 uHz fre-
quency range and the bottom panel uses the wider range of 5600—
7800 uHz. This way, we can directly compare them and see if we
detect any changes in the behaviour of the upper end of the pseudo-
mode frequency range.

In both panels, it is clear that across all / pseudomode fre-
quencies increase starting from the maximum of solar cycle 23 (in
2001) going into the minimum between cycles 23 and 24 (around
2009). At around the time of this minimum, a double peak feature
is clearly visible across all / plotted but is not evident for all indi-
vidual / as can also be appreciated from the two panels of Figure 5.
This feature coincides with the minimum in the Fjq 7 index, where
very little short term variation is observed. It is, however, very rem-
iniscent of the double maximum often seen in solar cycle proxies,
which is sometimes referred to as the Gnevyshev Gap and has been
associated with the quasi-biennial oscillations (e.g., Bazilevskaya
et al. 2014). Here, the double peak feature is of unknown origin,
but, as far as we can tell, is not a result of any noise or artefact in
calculating the frequency shifts.

There is a clear striation in the shifts through all / that becomes
wider at higher /. The range of frequency shifts observed appears
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to be relatively constant over all /, with a slight tendency towards
larger amplitudes over the cycles for higher /. Comparing the two
panels, we see that the overall observed pattern of shifts is the same
for both frequency ranges. The double peak feature at the extended
minimum is clear in both panels. The overall amplitude of the shifts
is somewhat larger in the bottom panel. The horizontal striations
are also visible for both frequency ranges.

Since we see similar behaviour for both ranges, all remaining
figures for the GONG data will be from the frequency range 5600—
6800 pHz. Similarly, since Figure 7 only varies slowly with /, we
averaged over different ranges in [: 0 < [ < 50, 51 < [ < 100,
101 < I < 150, 151 < I < 200. The results are shown in Figure
8. As expected from Figure 7, all four panels are visually similar.
In all four panels, the pseudomode frequency shifts are clearly anti-
correlated with the solar cycle. The double peak feature is most
prominent in the low-/ data. However, the error bars are marginally
smaller for the high-/ data (again because of the larger number of
m components, which were averaged). The correlation coefficients
of all four averages with the Fq 7 index are listed in Table 2. The
strongest correlation is found for the 151 < [ < 200 average with
r=-087atp <10 B and p = —0.92 at p < 10729,

Figure 9 shows the Pearson and Spearman correlation coeffi-
cients between pseudomode frequency shifts and the Fjg 7 index
over the complete range of harmonic degrees 0 < [ < 200. The
correlation coefficients are negative for all / > 2 fa, highlighting
the anti-correlation between the frequency shifts and the solar cy-
cle. As mentioned earlier, the strongest anti-correlation is found for
[ = 187. One interesting behaviour of the correlation is that for
25 < 1 < 200 a periodic behaviour is evident. This is most likely
related to the striations seen in Figure 7. There is also the possi-
bility that this feature is related to the leakage matrix or the noise
properties of GONG. This could be easily tested by repeating our
analysis with data from either SOHO/MDI or SDO/HMI.

To investigate this periodicity and the striations seen in Figure
7 further, we plotted time slices through Figure 7. The left panels
of Figure 10 show one example, namely 28 May 2009, for both
frequency ranges. Again, owing to their larger uncertainties and
less well-defined shift, we left out the lowest harmonic degrees. In
this case, we left out / < 3. A quasi-periodicity as a function of / is
clearly visible in both panels, but the periodicity appears to be non-
stationary. Therefore, we also performed a wavelet analysis with a
Morlet mother wavelet. The results are shown in the right panels of
Figure 10. The cross-hatching indicates the cone of influence, while
the red solid line indicates the 95% significance level based upon a
white noise assumption. The lowest colour level shown is at 80%
significance. A statistically significant period is observed in both
frequency ranges, with the significant periodicity extending over a
wider range of / in the lower frequency range (5600-6800 uHz). It
is also clear from Figure 10 that the periodicity increases with /,
supporting the apparent pattern seen in the left-hand panels of Figure
10. Although we show only one time period here, this behaviour is
typical of all time periods. Such a periodicity has not been observed
before and is not predicted by pseudomode frequency shift models
(e.g. Jain & Roberts 1996; Vorontsov et al. 1998). It is, therefore,
imperative that its existence is verified in independent data such as
that obtained by Michelson Doppler Imager (MDI), which is also
onboard SOHO and the Helioseismic and Magnetic Imager (HMI)
on the Solar Dynamics Observatory (SDO).

5 SUMMARY

We used time series data from VIRGO, GOLF and GONG to mea-
sure the frequency shift variations in relation to the solar cycle
for solar acoustic oscillations above the acoustic cut-off frequency
(pseudomodes). Pseudomodes frequency shifts were not detected
at a significant level in the VIRGO, GOLF, or low-degree GONG
data. However, they were observed for intermediate-degree GONG
data.

We examined two different frequency ranges and found that
the behaviour for both ranges of pseudomodes 5600-6800 pHz and
5600-7800 uHz was similar with the more narrow range giving
slightly more significant results. As expected, we found that the
frequency shifts are in anti-phase with the solar cycle (Rhodes et al.
2011). We also found a double-peak feature in the pseudomode fre-
quency shifts at solar minimum. Further analysis needs to be done to
explain the origin of this feature. There is a periodic behaviour in the
pseudomode frequency shifts as a function of /. Wavelet analysis of
the shifts as a function of harmonic degree at one point in time shows
that the period of this quasi-oscillation of the shifts in harmonic de-
gree does increase for larger /. This feature was unexpected and such
(quasi-)periodic behaviour is not predicted by any of the models for
the impact of magnetic fields on pseudomode frequencies. It should
be noted that, as we were unable to detect systematic and significant
pseudomode frequency shifts in the VIRGO and GOLF data, we are
limited to the GONG data set and so the presence of this feature and
the double-peak feature should be looked for in other intermediate-/
data to verify whether it is solar in origin.
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DATA AVAILABILITY

The data sets were derived from sources in the public domain:
The Fjo7 solar proxy is available online ftp://ftp.seismo.
nrcan.gc.ca/spaceweather/solar_flux/; GONG data can
be obtained from https://nispdata.nso.edu/ftp/TSERIES/
vmt/; GOLF data can be found at https://www.ias.
u-psud. fr/golf/templates/access.html; VIRGO data can
be downloaded from http://irfu.cea. fr/dap/Phocea/Vie_
des_labos/Ast/ast_visu.php?id_ast=3581.
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APPENDIX A: GOLF SUPPLEMENTAL INFORMATION
APPENDIX B: ADDITIONAL PLOTS

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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Table A1. Changes made to the GOLF detectors and their mode of operation indicated in Figure 3.4

Date Event

16 February 1996 Increase of voltage applied to the detectors?

16 March 1996 Increase of voltage applied to the detectors?

17 October 1997 Increase of voltage applied to the detectors
25 June 1998 Switch from blue wing mode to red wing mode

12 May 2000 Increase of voltage applied to the detectors
18 November 2002 Switch from red wing mode to blue wing mode

22 April 2005 Increase of voltage applied to the detectors

06 March 2014 Increase of voltage applied to the detectors

“ The dates and events are documented in more detail on the instrument website: https://www.ias.u-psud. fr/golf/templates/index.html
b Not indicated in Figure 3.
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Figure B1. Top panel: Spearman rank correlation p between pseudomode frequency shift and the fill factor of the GONG segments over all /. Bottom panel:
Pearson correlation coefficient » between pseudomode frequency shift and the fill factor of the GONG segments over all /.
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Figure B2. Same as Fig. B1 but after the linear fill correction to the shifts described in Section 3 was applied.
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