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ABSTRACT

The GOLF instrument on board SOHO has been in operation for almost 25 years, but the ageing of the instrument has now strongly
affected its performance, especially in the low-frequency pressure-mode (p-mode) region. At the end of the SOHO mission, the
ground-based network BiSON will remain the only facility able to perform Sun-integrated helioseismic observations. Therefore, we
want to assess the helioseismic performances of an échelle spectrograph such as SONG. The high precision of such an instrument and
the quality of the data acquired for asteroseismic purposes call for an evaluation of the instrument’s ability to perform global radial-
velocity measurements of the solar disk. Data acquired during the Solar-SONG 2018 observation campaign at the Teide Observatory
are used to study mid- and low-frequency p modes. A Solar-SONG time series of 30 days in duration is reduced with a combination of
the traditional IDL iSONG pipeline and a new Python pipeline described in this paper. A mode fitting method built around a Bayesian
approach is then performed on the Solar-SONG and contemporaneous GOLF, BiSON, and HMI data. For this contemporaneous time
series, Solar-SONG is able to characterise p modes at a lower frequency than BiISON or GOLF (1750 uHz versus 1946 and 2157 uHz,
respectively), while for HMI it is possible to characterise a mode at 1686 uHz. The decrease in GOLF sensitivity is then evaluated
through the evolution of its low-frequency p-mode characterisation abilities over the years: a set of 30-day-long GOLF time series,
considered at the same period of the year from 1996 to 2017, is analysed. We show that it is more difficult to accurately characterise p
modes in the range 1680 to 2160 pHz when considering the most recent time series. By comparing the global power level of different
frequency regions, we also observe that the Solar-SONG noise level in the 1000 to 1500 uHz region is lower than for any GOLF
subseries considered in this work. While the global p-mode power-level ratio is larger for GOLF during the first years of the mission,
this ratio decreases over the years and is bested by Solar-SONG for every time series after 2000. All these observations strongly
suggest that efforts should be made towards deploying more Solar-SONG nodes in order to acquire longer time series with better duty

cycles.
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1. Introduction

The first detection of oscillations in the Sun (Leighton et al.
1962; Noyes & Leighton 1963) was possibly the event that for-
ever changed the horizon for the study of the dynamics of stellar
interiors. A few years later, Ulrich (1970) and Leibacher & Stein
(1971) explained those oscillations in terms of global resonant
modes.

The identification of high-degree modal structure in the
observed five-minute oscillations (Deubner 1975), the detections
of the 160-min oscillation by Brookes et al. (1976) and Severnyi
et al. (1976), identified as a possible solar internal gravity mode
(g mode), and claimed oscillations in the solar diameter (Hill &
Stebbins 1975) led Christensen-Dalsgaard & Gough (1976) to
point out that such observations would open the way to obtain-
ing precise inference regarding the deep interior of the Sun.
The helioseismic era really began with Sun-as-a-star observa-
tions of low-degree pressure modes (p modes) by Claverie et al.
(1979) and Grec et al. (1980). Several space missions, namely
the Microvariability and Oscillations of STars (MOST) mission

(Matthews et al. 2000), the Convection, Rotation and planetary
Transit (CoRoT) satellite (Auvergne et al. 2009), the Kepler/K2
mission (Borucki et al. 2011; Howell et al. 2014), and the Tran-
siting Exoplanet Survey Satellite (TESS, Ricker et al. 2015)
opened the path for asteroseismology. Indeed, over the past two
decades, asteroseismology has probed the deep layers of what
now constitutes a very large number of solar-like stars (e.g.,
Garcia & Ballot 2019). Moreover, solar-like oscillations
observed in red giants have allowed us to derive their core rota-
tion rate (Beck et al. 2011; Bedding et al. 2011; Mosser et al.
2011), and the resulting inferences disrupted the landscape of
what was commonly accepted in stellar evolution models con-
cerning angular momentum transport. Combined with previous
results obtained with solar data, these observations have been
puzzling theoreticians over the last decade (see e.g., Mathis
2013; Aerts et al. 2019, and references therein). One of the keys
to the enigma resides in the deep-interior dynamics of main-
sequence stars. It will be possible to set precise constraints on
the core rotation rate of low-mass stars only through the detec-
tion of individual g modes in those stars. Since the first days of
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helioseismology, the Sun has always remained the most obvious
candidate for observing g modes in a main-sequence star with
solar-like pulsations (Appourchaux & Pallé 2013). Indeed, the
fact that we are now able to probe the core dynamics of stars
located hundreds of light years away from the Earth while being
kept in the dark concerning our own star is incredibly frustrating.

Large efforts were undertaken in order to characterise solar
oscillations with high precision. In 1976, Mark-I, the first node
of what would become the Birmingham Solar Oscillations Net-
work (BiSON, Chaplin et al. 1996; Davies et al. 2014; Hale et al.
2016) was deployed in Tenerife at the Teide Observatory. The
International Research on the Interior of the Sun (IRIS) network
(Salabert et al. 2003) operated from 1989 to 1999, and the Global
Oscillations Network Group (GONG, Harvey et al. 1996) began
operating in 1996. However, the culminating event of the golden
era of helioseismology was without doubt the launch of the
Solar Heliospheric Observatory (SoHO, Domingo et al. 1995).
Bringing to space three instruments dedicated to probing the
solar interior, the Global Oscillations at Low Frequency (GOLF)
instrument (Gabriel et al. 1995), the Variability of solar IRra-
diance and Gravity Oscillations (VIRGO) instrument (Frohlich
et al. 1995), and the Solar Oscillations Investigation’s Michelson
Doppler Imager (SOI/MDI) instrument (Scherrer et al. 1995),
SoHO was thought to encompass all the tools needed to unravel
the last mysteries hidden by the core of our star. More recently,
the Solar Dynamics Observatory (SDO, Pesnell et al. 2012) was
launched, including the successor to SOI/MDI, the Helioseismic
Magnetic Imager (HMI) instrument (Scherrer et al. 2012).

At the time when SoHO was launched, GOLF was expected
to deliver an unambiguous detection of g modes. With its sodium
cell and its two photomultipliers, GOLF was designed to per-
form differential intensity measurements over both wings of the
sodium solar doublet. Those intensity measurements allow for an
extremely precise radial-velocity (RV) measurement of the upper
layers of the Sun. Over the years, several individual g-mode can-
didates were reported (Gabriel et al. 2002; Turck-Chieze et al.
2004; Garcia et al. 2011), and a global g-mode pattern was iden-
tified with a 99.49% confidence level (Garcia et al. 2007). The
recent claim of a g-mode detection with GOLF (Fossat et al.
2017) was reviewed by several groups who could not repro-
duce it and have raised serious doubts about the validity of the
methodology (Schunker et al. 2018; Appourchaux & Corbard
2019; Scherrer & Gough 2019).

The Stellar Observations Network Group (SONG, Grundahl
et al. 2007) initiative was conceived with the objective to install
an asteroseismology-dedicated terrestrial network with several
operating nodes in order to maximise the observational duty
cycle. Stellar observations are performed by a robotic telescope,
the light being fed to a high-resolution échelle spectrograph. The
acquired spectra are then reduced to obtain high-precision RV
measurements. The prototype and first node, coupled with the
one-metre Hertzsprung telescope, was built at the Teide Obser-
vatory and began operation in 2014 (Andersen et al. 2016). In
June 2012, as the installation of the telescope was delayed, an
optical fibre mounted on a solar tracker was installed to feed
solar light to the spectrograph during the day (Pallé et al. 2013).
This operation represented the first light of the Solar-SONG ini-
tiative. The approach is aimed at exploiting the fact that the
convective noise is expected to be partially de-correlated at
different wavelengths while the p-mode signal remains coherent,
as highlighted in a short test run with the GOLF New Generation
(GOLF-NG) prototype (Turck-Chieze et al. 2008; Salabert et al.
2009). Independently from the Solar-SONG initiative, Sun-as
-a-star observations were performed with the High Accuracy
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Radial velocity Planet Searcher for the Northern hemisphere
(HARPS-N) spectrograph (Dumusque et al. 2015, 2021). Their
purpose is to increase the precision of RV measurements by char-
acterising and removing the stellar noise injected in the RV sig-
nal using a longer observational cadence, which is not suited for
p-mode observation.

Exploiting the outcomes of the 2012 observation campaign,
the power spectrum of one week of Solar-SONG observations
was compared with contemporaneous GOLF and Mark-I spec-
tra. The power in the 6000 to 8000 uHz region, dominated by
photon noise, was 2.5 and 4.4 times lower than in Mark-I and
GOLF, respectively. A daily low-cadence follow-up has been
carried out since 2017. During the 2018 summer, a high-cadence
(3.5s) campaign of 57 days was carried out in order to evalu-
ate the helioseismic performance of the instrument. First results
of this campaign were presented in Fredslund Andersen et al.
(2019a).

The potential of an échelle spectrograph such as Solar-
SONG to explore the low-frequency regions of the solar power
spectrum can be estimated by considering the instrument’s abil-
ity to detect low-frequency p modes. The purpose of this work is
to complete and extend the previous analyses by assessing Solar-
SONG performances in mid- and low-frequency p-mode ranges,
using the GOLF observations, as well as BISON and HMI obser-
vations, to evaluate the Solar-SONG capabilities.

The layout of the paper is as follows. Section 2 presents the
solar time series that were used for this work. We also give some
details about the Solar-SONG data reduction method. In Sect. 3,
the peak-bagging of the power spectral density (PSD) obtained
from the time series is described. We use the peak-bagging
results to compare GOLF and Solar-SONG performances in
Sect. 4. Those results and the potential of Solar-SONG are dis-
cussed in Sect. 5. For a comparison, a detailed analysis of BiISON
and HMI data is included in Appendix B.

2. Data acquisition and reduction

A Solar-SONG high-cadence observation campaign took place
between 27 May and 22 July, 2018. Observations were car-
ried out in a fully automatic way and the scheduling was han-
dled by an automation software (“the Conductor”, described in
Fredslund Andersen et al. 2019b). In the work presented here,
we consider only 30 days of observations, spanning 3 June to 2
July, the interval of time with the best set of consecutive days
leading to a 47% duty cycle. This time range yields a good bal-
ance between spectral resolution and windowing effects due to
the low duty cycle.

2.1. GOLF data reduction

Due to a loss in the counting rates measured by the photomul-
tipliers resulting from normal ageing, the GOLF mean noise
level has been increasing over the years (Garcia et al. 2005;
Appourchaux et al. 2018) in the high- and medium-frequency
regions. Above 4 mHz and around 1 mHz, the photon noise
power contribution dominates the PSD. We wanted to compare
Solar-SONG performances not only to what GOLF perfor-
mances are now, but also to what they used to be. We there-
fore selected 22 time series of the same length and all at similar
epochs of the year in order to ensure that in each SOHO position
on its orbit is comparable to what it was during the summer of
2018.

We used GOLF time series calibrated using the method
described in Garcia et al. (2005). GOLF measurements were
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obtained using the instrument’s own time reference and not
the SoHO main on-board time reference. However, on several
occasions the GOLF clock experienced unexpected events that
resulted in time lags (e.g. Appourchaux et al. 2018). VIRGO is
synchronised on SOHO’s main on-board clock. It was used as a
reference to cross-correlate GOLF measurements and correct the
timing issue of the GOLF data.

2.2. Solar-SONG data reduction

In high-cadence mode, the SONG spectrograph acquires a spec-
trum approximately every 3.5 s, with an exposure time below one
second. The acquired spectrum covers 4400 to 6900 A, with a
pixel scale of 0.022 A, over 51 orders. However, for solar obser-
vations, we used an iodine cell to provide precise wavelength
calibration; hence for those observations only 24 orders were
used, covering the 4994 to 6208 A range where the iodine cell
imprint is present. The IDL iSONG (Corsaro et al. 2012; Antoci
et al. 2013) was used to compute the RVs for the solar data. The
method that has been developed over the last few decades con-
sists in dividing each order of the spectrum into so-called chunks
and computing an RV for each of those chunks (see e.g., Butler
et al. 1996). Twenty-two chunks per order were used for Solar-
SONG spectra. For each spectrum, iSONG produces data outputs
denoted as cubes. These cubes are built as 24 x 22 x 27 arrays.
Indeed, 27 parameters are related to each chunk; these include
the identifiers of the chunk (given by the order number and the
rank of the chunk in the order), the computed RV, the photon flux
level, and the observation time.

The iSONG pipeline is able to carry out the data processing
and produces an integrated RV over the chunks, but we introduce
in this paper a complementary code as an open source Python
module called songlib, which is part of the apollinaire!
helio- and asteroseismic library (see Breton et al. in prep. and
Appendix C). The new code is dedicated to obtaining the inte-
grated RV starting from the i SONG cubes. It has the advantage of
extending the original 1SONG abilities by being able to reduce
unequally sampled SONG data (with one spectrum acquired
every ~3.5 s) into regularly sampled velocity measurements. For
this work, we produced data sampled at 20s.

Starting from the cube output provided by the iSONG
pipeline, each day of observation was then reduced individually.
The first step was to integrate the chunk-relative RV to get a one-
dimensional RV vector. Weights were attributed to each chunk
by considering

ey

where o; is the robust standard deviation of the RV measure-
ments of the jth chunk of the ith order. The robust standard
deviation, o, was computed from the median absolute deviation
(MAD) as follows:

MAD

~ ———— ~ 14826 MAD,
D-1(3/4)

@)

where ®~! is the normal inverse cumulative distribution func-
tion evaluated at probability 3/4%. If o; > 1kms™ or oy; <

1" The source code is available at https://gitlab.com/sybreton/

apollinaire

2 See the astropy (Astropy Collaboration 2013, 2018) documen-
tation at: https://docs.astropy.org/en/stable/api/astropy.
stats.mad_std.html

Velocity (m/s)

7.3

7.4 7.5 7.6

Time (days)

7.7 7.8

Fig. 1. Velocity residual showing the remaining trend before application
of the FIR filter on the seventh day of the considered Solar-SONG time
series (10 July 2018).

3ms~!, the corresponding weight was set to 0. We verified that
we obtained the same results with songlib and iSONG. Using
the o7;, the one-dimensional RV vector was computed as the
weighted average of the 528 RV vectors. Considering the rms
of the point-to-point difference of these daily time series (that is
the difference between two consecutive measurements), we com-
puted a proxy u for the spectrograph single-point precision (that
is the typical RV uncertainty related to the acquisition of a single
spectrum). The proxy was taken as the mean of the obtained rms
values

3

1
u= @ff?s Vis1 = Vi)

where v; and v;;; are consecutive RV measurements; we get
0.88 +0.13ms™!.

The second step was to correct and re-sample this vector.
In order to have RV measurements regularly sampled, so-called
boxes of 20 seconds were computed. According to its times-
tamp, each cube was attributed to a box. The mean RV inside
each box was computed. Values beyond three standard devia-
tions were considered as outliers and removed. The same process
was repeated with the remaining values, this time considering
a two-standard-deviation threshold. To get rid of measurements
that would be inconsistent with a longer trend, some outliers
were again removed by considering means over a neighbourhood
of 50 boxes (1000s). Values were again removed in two steps,
the first time if they were outside of eight standard deviations,
the second time if they were outside six standard deviations. The
RV inside each box was computed as the mean of the remaining
cubes values.

The ephemeris velocity (including a barycentric correction),
obtained from the IMCCE Solar system portal®, was finally sub-
tracted from each box measurement. The Julian time noon veloc-
ity value was also subtracted from every measurement so that the
residual velocity after the ephemeris correction is zero at noon
(see Fig. 1).

The last step consists in high-pass filtering and some
final corrections. During the observation campaign, the
alto-azimuthal solar tracker was set to follow a pre-computed
solar ephemeris without any servo correction. This introduced
low-frequency daily fluctuations in the RV measurements,

3 Available at: https://ssp.imcce.fr/forms/visibility
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Fig. 2. Modulus of the transfer function H of the FIR filter applied to
the Solar-SONG time series.

especially around the time of the solar meridian crossing. To
filter out the harmonics that these fluctuations introduce in the
spectrum below 800uHz, we used a finite impulse response
(FIR) filter. The transfer function of the FIR filter is represented
in Fig. 2. The time series were extensively visually inspected
and time intervals with brutal drops of absolute values of the
RV measurements, clearly related to clouds obscuring the instru-
ment line-of-sight, were set to zero at this stage*. Considering
the mean photon flux level, measurements below a threshold of
12000 analog-to-digital units (ADU) were also set to zero. We
finally computed the RV mean values over the entire day. Radial
velocity values beyond 3.5 standard deviation were removed.
The daily RV mean was then computed again, and values beyond
three standard deviations were removed.

Figure 3 shows the GOLF and Solar-SONG time series from
3 June to 2 July and the corresponding PSDs. For the sake of
clarity, in the rest of the manuscript, we only compare Solar-
SONG with GOLF. The analysis and comparisons done with
BiSON and HMI are given in Appendix B. The results obtained
with these last two instruments are qualitatively the same as with
GOLF. The main difference found is between HMI and the disk-
integrated instruments. The p-mode power level observed with
HMI is lower than the others, which is a natural consequence of
integrating the power to mimic full-disk Sun-as-a-star observa-
tions. Figure 4 shows the 1500-2500 uHz and 4000-5000 uHz
regions of the PSD. The time series have been restricted to one
hour and a half in Fig. 5 in order to highlight the presence of
the five-minute oscillations in the signal. Figure 6 presents the
same panels as in Fig. 3 but with the observational window
of Solar-SONG data applied to GOLF time series. Due to the
convolution by the observational window, the power of the p-
mode peaks is redistributed between the main peak and the side
lobes. The 800 uHz cut of the Solar-SONG time series FIR fil-
ter is visible. The comparison of the PSDs in Fig. 6 also clearly
shows that the Solar-SONG mean noise level below 2000 uHz
and above 6000 nHz is lower than the one in GOLF. The GOLF
excess of power at the high-end frequency range of the p modes
is explained by the chromospheric contribution in the sodium
lines used by GOLF (Jiménez-Reyes et al. 2007).

4 The exhaustive list of corrections can be found at: https:
//gitlab.com/sybreton/apollinaire/-/blob/master/
apollinaire/songlib/interval_nan.py
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3. Peak-bagging method

Woodard (1984) showed that the PSD follows a y? law with two
degrees of freedom. Assuming that the frequency bins are inde-
pendent of each other, the corresponding likelihood function is
given by

koo S,
L(S:.6) = 1_1[ 500 P [‘S(viﬁ)] ’

where S denotes the limit spectrum parametrised by a set 6 of
parameters and S, is the observed spectrum evaluated at a given
set of k frequency bins v;.

“

3.1. MCMC procedure

Fits were processed using a Bayesian approach through the
use of Markov chains Monte Carlo (MCMCs, Sokal 1997; Liu
2009; Goodman & Weare 2010). The MCMCs properties were
exploited to evaluate the shape of the posterior probability dis-
tribution of our model, using

P(8x|0)p(6)
0Sy) = ————, 5
peIS x) () (&)

where p(S,|0) is the likelihood £(Sy, 8), p(6) the prior probabil-
ity and p(S,) a normalisation factor. In practice, only the numer-
ator p(S,|0)p(0) of the posterior probability distribution is sam-
pled by the MCMC. In this work, all priors p(6) have been taken
as uniform distributions.

The MCMCs are sampled with the emcee’® (Foreman-
Mackey 2016) implementation through the apollinaire®
(Breton et al., in prep.) peak-bagging library, which has been
designed to perform analysis of both astero- and helioseismic
PSDs, from stellar background profile characterisation to indi-
vidual p-mode characterisation. In this work, in order to ensure
their convergence, MCMCs have been sampled considering 500
walkers and 2000 iterations, with the 200 first iterations being
discarded as burned-in to avoid biasing the sampled distribution.
Consequently, each sampled MCMC is composed of 900 000
points after the discarding step. The uncertainties o, and o_
over each parameter were computed considering the 16th and
84th percentiles of the sampled distribution (which approximates
the standard deviation in the case of a Gaussian distribution).

Our fitting strategy is the following. First, a global back-
ground model was adjusted to the PSD. In the second step, the
PSD was divided by this background model to obtain a spec-
trum with a S/N scale (the so-called signal-to-noise spectrum)
that we used to fit the p modes. Solar-oscillation modes can be
modelled as randomly excited and damped harmonic oscillators
(Goldreich & Keeley 1977; Goldreich & Kumar 1988). There-
fore modes were fitted using a Lorentzian profile, by odd (£ =
{1,3}) and even (¢ = {0, 2}) pairs; that is, for each pair of modes,
we performed the fit considering a segment of the spectrum that
contains only those modes. The Lorentzian profile equation is
given by

Hn,{’

1 4(V*Vn,€)2 ’

+
rn X4

Ln,f(va Ynls Hn,£’7 rn,f) = (6)

where v, is the central mode frequency, H, , the mode height,
and I, » the mode width. Due to the low resolution of the spec-
trum, we did not include splittings or asymmetries in our model.

> The module documentation is available at: https://emcee.
readthedocs.io/en/stable

® The module documentation 1is available at:
//apollinaire.readthedocs.io/en/latest
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Fig. 3. Top panel: complete Solar-SONG (orange) and GOLF (black) time series from 3 June to 2 July 2018. Bottom left: corresponding PSDs.

Bottom right: zoomed-in view of the p-mode region.
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Fig. 4. GOLF (black) and Solar-SONG PSDs in the 1500-2500 uHz
(top) and 4000-5000 uHz (bottom) regions. The blue line marks the n =

16, £ = 0 mode, which was fitted in the Solar-SONG PSD but not in the
GOLF PSD.

We also did include a flat background parameter, b, to take into
account any residual local background contribution in the fitted
window. For a given pair, our p-mode model M,(v) is therefore
described by the following equations for even and odd pairs,
respectively:

M,(v) = L,o(v, Vn0, Hn0,Tno) + Luc12(V, Vi1 2, Hoo1 2, Tuc12) + b,
Mn(v) = Ln,l(v7 VY1, Hn,17rn,1) + Ln—1,3(V, Vn-13, Hn—l,37rn—1,3) +b.
@)

Following Toutain & Appourchaux (1994), we fitted the
natural logarithm of the height and width parameters.
Hence, for each pair of modes, we fitted seven parameters:
{vno,log Hyo,l0g 0, Va-12,l0g Hy—12,10g 12,0} for even
pairs and {v,1,logH,1,logl1,v,-13,10g Hyo13,l0g 13, b}
for odd pairs.

The background for the GOLF spectrum was fitted con-
sidering the sum of one Harvey profile (Harvey 1985) and a

— GOLF
Solar-SONG

VWN V

Time (hours)

|
_ O P, N W s

Velocity (m/s)

| |
w w

|
S

1.5

Fig. 5. One hour and a half of the Solar-SONG (orange) and GOLF
(black) RV time series. The Solar-SONG time series is sampled at 20s
and the GOLF time series is sampled at 60s.

high-frequency noise parameter, P, according to the following
equation:

B, A,v.,v,P) = +P, ®)

A
)
with A the amplitude, v, the characteristic frequency and y a
power exponent. The four parameters that we fitted are therefore
A, v, v and P. Since the Solar-SONG time series were filtered
with a high-pass filter, set to an 800-uHz cutoff frequency, we did
not fit any background on the spectrum and, in order to estimate
the signal-to-noise spectrum, we only divided the PSD by the
mean value of the high-frequency noise (above 8§ mHz).

In this work, each fitted MCMC was double-checked using
the corresponding corner plots. Fits for which we did not learn
anything from the priors were rejected, that is, fits where the
marginalisation over each parameter of the sampled posterior
probability distribution still has a uniform distribution shape.
After this first step, for each fitted mode we computed a proxy
of the natural logarithm of the Bayes factor, In K, related to
the rejection of the null hypothesis, HO (Kass & Raftery 1995;
Davies et al. 2016). In our case, the HO null hypothesis is the
absence of mode. For each fitted mode, we selected a given
number, N, of sets of parameters among the values explored by
the MCMC sampling. Those sets of parameters were selected
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region.

Table 1. Interpretation of the In K values.

InK Interpretation
<0 Favours HO
Otol Not worth more than a bare mention
1to3 Positive
3t05 Strong
>5 Very strong

by regularly thinning the MCMC in order to conserve the
same parameter distribution in the thinned chain. For each set
of parameters, the corresponding model likelihood, which was
computed with a spectrum model including modes, was com-
pared to the HO likelihood (which was computed with a spectrum
model without modes). Defining Ny as the number of times the
model likelihood is greater than the HO likelihood, we have

Nu1

InK ~In—-. 9
n n— ©

The main interest of the thinning step is to save computing time.
In the work presented here, we thinned the MCMC from 900 000

to 9000 sets of parameters. The interpretation of the In K is given
in Table 1.

3.2. Accounting for the observational windows

Since the Solar-SONG project is still a single-site ground-based
instrument, its observational duty cycle is constrained by the
day-night cycle. The consequence of the gaps in the time series
is the convolution of the PSD by the Fourier transform of the
window function (e.g. Salabert et al. 2002, 2004; Garcia 2015).
Therefore the PSD does not follow a y? with two degrees of free-
dom statistics, as the bins in the PSD are no longer independent
of each other.

However, as mentioned by Gabriel (1994), the formula-
tion of the likelihood that takes into account time series with
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gaps Appourchaux et al. (1998) is impracticable to use. As
a consequence, the y? likelihood has to be used as a good
approximation.

In order to take into account the effect of the window func-
tion in the PSD, we used an ad hoc correction to our model. First,
we defined the observational window vector W as a boolean vec-
tor of the same length as the actual time series. Considering a
given time stamp, the value of W is 1 if the RV value at this time
stamp is non-zero and 0 otherwise. The Fourier transform of this
window function, W, was then computed (see Fig. 7). The peaks
above 1% of the height of the zero-frequency peak in |[W|> were
selected in order to modify Eq. (7) as follows:

Ma) = 3 Lno o + 6vis o, To)+ (10)
%
L, 2(v,vp1p + 5Vk,aan—1,2,rn—1,2)] +b,
Mo) = | Ena 0 vaa + v, Has T+
%
Ly 13(v, V13 + 6V, aan—l,.%rn—l,S)] +b, (11

where 6v; is the frequency of the kth selected peak in |W|*> and
ay is the ratio between the height of the kth selected peak in |W|?
and the sum of the heights of all selected peaks.

The comparison of the structure of the n = 21 even pair
in GOLF data, with and without the Solar-SONG-like observa-
tional window, is shown in Fig. 8. The method presented above
enables the mode profile to be accurately modelled when the
observational window has daily gaps. It is also interesting to note
that one of the ¢ = 0 side-lobe power excesses lies very close to
the ¢ = 2 central frequency, and reciprocally for one of the £ = 2
side lobes.

4. Solar-SONG compared to GOLF

Considering the 30-day contemporaneous series, we are able to
fit modes in the Solar-SONG spectrum at lower frequencies than
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Fig. 7. Power spectrum |W|? of the window function W, normalised to
one at zero frequency.

in GOLF (even when considering the GOLF time series with
full duty cycle). Indeed, the lowest-frequency fitted Solar-SONG
mode isn = 11, £ = 1 at 1749.67 + 1.36 uHz, while for GOLF
itisn = 14, € = 1 at 2156.57 + 0.86 uHz. All the fitted fre-
quencies are superimposed onto the échelle diagrams shown in
Fig. 9. The side lobes of the £ = 0 and ¢ = 1 modes appear
clearly in the middle and bottom panel. It should be stressed
that several ¢ = 3 frequencies could not be fitted when applying
the Solar-SONG-like window to GOLF, although those modes
were successfully fitted in the real GOLF spectrum and in the
Solar-SONG spectrum. Figures 10 and 11 show our estimates
of the fitted modes height, H, and width, I, as a function of fre-
quency. At high frequency, as already visible in Fig. 6, the height
of the modes observed by GOLF are larger due to the chromo-
spheric contribution to the solar sodium doublet. Most of the
width values are in agreement within the error bars, except for
¢ = 1 modes, where Solar-SONG-observed widths seem over-
estimated below 3 mHz, although the fitted values remain com-
patible within the error bars with what we have measured with
GOLFE.

Another interesting aspect of the comparison between the
two instruments is the inability of the code to fit the n = 16,
¢ = 0 mode in the GOLF spectrum; this same mode is well char-
acterised using Solar-SONG. In the top panel of Fig. 4, it appears
that during the time of observation, this mode was less excited
than its £ = 0 and ¢ = 1 neighbours, making it more difficult
to detect with both instruments. The mode structure is also diffi-
cult to distinguish from the surrounding noise in the GOLF PSD,
while the S/N appears to be higher in the Solar-SONG PSD.
This can be explained by both the higher level of noise in the
GOLF PSD and the different spatial sensitivity of GOLF in its
single-wing configuration. As shown by Garcia et al. (1998) and
Henney (1999), the sensitivity of GOLF depends on the obser-
vation wing (blue or red) and on the time of the year (due to the
non-zero orbital velocity). Thus, excited modes can have differ-
ent amplitudes in GOLF than in other instruments with a homo-
geneous response window.

We include in the appendix (see Tables A.1-A.3) all the fitted
mode frequencies, heights, and widths, as well as their uncer-
tainties and the corresponding value of In K. We note that the
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Fig. 8. Sections of power spectra for the GOLF time series (fop) and
the same GOLF time series truncated by the Solar-SONG observational
window (bottom), centred around the n = 21 modes for the even pair
(in black). The profiles corresponding to the fits are shown in red.

smallest frequency uncertainty estimates are comparable to the
spectral resolution of 0.39 uHz

Based on the total power in the 1000-1500 uHz region of the
GOLF data, Appourchaux et al. (2018) showed evidence of an
increase in the noise at low frequency over the past two decades,
noise that is due to the instrument photon noise and the con-
tribution of solar convection to the RV signal. This increase is
most likely due to the ageing of the two photomultipliers, of
the entrance window, and of the interference filter, as already
pointed out by Garcia et al. (2005) based on the increase in
instrumental photon noise between 1996 and 2004. It is straight-
forward to verify, considering the 2018 observing campaign,
that the mean power density in the 1000-1500 uHz region is in
favour of Solar-SONG. This value is 29.1 m>s2Hz™! versus
104 m?> s> Hz™! for GOLF. We note that the same comparison
in the 5000-6000 uHz region yields 14 m?s~2Hz"! for Solar-
SONG and 103 m?>s~>Hz™! for GOLF.

The top panel of Fig. 12 shows the mean power density in
the 1000—1500 uHz region for each 30-day GOLF time series
considered in this work (see Sect. 2.1). The middle panel shows
the ratio between the mean power density in the 2000-3500 uHz
region and the mean power density in the 1000—1500 uHz region.
The bottom panel shows the same ratio for the 1700-2200 uHz
region, which is the lowest-frequency region where we were able
to fit modes for Solar-SONG. In each panel, the value we obtain
with the Solar-SONG time series is also represented.

The temporal evolution of the mean power density in the
1000-1500 uHz region unveils evidence that the Solar-SONG
noise level in this region is comparable to, if not smaller than
what it was for GOLF in the instrument’s best years. The power
decrease observed from 1996 to 1999 can probably be linked to
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mode frequencies are represented in black.

the minimum of magnetic activity reached at this time. After this
date, ignoring some yearly modulations, the mean power density
in this frequency region increases continually.

Concerning the mean power density ratio between 2000 and
3500 uHz, for the 2018 time series we obtain a 9.8 ratio for
Solar-SONG versus 3.6 for GOLF. However, we note that in the
first years of GOLF operations, this value was much higher (13.6
in 1996). During the year 2000, it reached the Solar-SONG level
and then kept on decreasing.

In the 1700-2200 pHz region, we find a maximal ratio of
1.16 for GOLF (in 2001) and 0.9 in 2018, while we have 1.3
for Solar-SONG. To help visually assess the signification of
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this difference in ratio, we represent in Fig. 13 the normalised
PSD of the 1700-2200 uHz region for GOLF (considering the
time series with a Solar-SONGe-like window) and Solar-SONG.
The normalisation was performed by dividing each PSD by its
median value in the 1700-2200 pHz region. With this normal-
isation, it appears that, in this specific region, most of the p
modes have a relative height that is higher in Solar-SONG than
in GOLF. These elements combined with our ability to fit sev-
eral modes for Solar-SONG in this frequency region therefore
strongly suggest that the S/N is also in favour of Solar-SONG in
this frequency range.

The second step of this GOLF yearly evolution analysis was
to consider the mode orders for which, considering the 2018
GOLF series, we were not able to provide mode parameters but
for which some modes were fitted considering Solar-SONG data.
With Solar-SONG, we were able to fitthe n = 11, £ = 1 mode
while for GOLF we had to stop at the n = 14, { = 1 mode. We
therefore decided to perform our peak-bagging process for odd
and even pairs of order 11 to 14 on each GOLF 30-day series.
The results are summarised order by order and degree by degree
in Fig. 14. The mode frequency variations are related to the mag-
netic solar activity (Woodard & Noyes 1985; Palle et al. 1989).
Modes that are not represented in this figure could not be fit-
ted or the uncertainty on fitted frequency was above 2 uHz. The
n =11, £ = 1 could not be fitted in the considered GOLF series
after 2005. For this order, we were not able to fit any £ = 2 or
¢ = 3 modes. The only mode we were able to fit almost every
time until 2018 is the n = 14, ¢ = 1. It should be recalled that
for such short time series, our ability to fit a given mode is not
only dependent on the instrumental S/N but also on the exci-
tation state of the mode. This explains why for certain 30-day
series, some modes could not be fitted despite GOLF instrumen-
tal noise not increasing drastically or being even lower. It should
be noted that this GOLF performance analysis over time is only
valid for 30-day-long time series. By considering longer GOLF
time series, it is of course possible to obtain much better con-
straints for the mode parameters in the frequency region consid-
ered in Fig. 14 (see e.g., Salabert et al. 2015, which used 365-day
long GOLF time series to probe the p-mode temporal frequency
variation).

5. The future of Solar-SONG: Discussion and
conclusion

In this work we have presented a new reduction pipeline for
Solar-SONG data. We compared the contemporaneous GOLF
(as well as BiSON and HMI) and Solar-SONG observations by
performing a peak-bagging analysis with a Bayesian approach.
On the one hand, by studying the PSD of the Solar-SONG data,
we were able to identify modes at lower frequency than in the
GOLF PSD. On the other hand, we evaluated the effect of the
ageing of GOLF on its performance by considering the yearly
mean power evolution in the 1000 to 1500 uHz region with
30-day-long series. For each considered series, the mean power
density was above the mean power density obtained in 2018 with
Solar-SONG. However, the GOLF global p-mode power density
ratio in the 2000-3500 uHz region was above the Solar-SONG
level from 1996 to 1999. This power density ratio decreased over
the years. In 2018, the Solar-SONG power density ratio was
almost three times higher than the GOLF power density ratio.
Considering the 1700-2200 uHz region only, the Solar-SONG
power density ratio appears higher than the GOLF power den-
sity ratio at any time.



S. N. Breton et al.: No swan song for Sun-as-a-star helioseismology

N \ l l l ‘ 1072 l 1073 l l [
I 1 e 1 i i
. [ [ ]| 00 l 1074
b= | 111073 i
(=]
g
105
10~ -
1=0 1=1 107 1=2 1=3
2000 2500 3000 3500 107 2000 2500 3000 3500 2000 2500 3000 3500 2500 3000 350

Frequency (uHz)

Frequency (uHz)

Frequency (uHz)

Frequency (uHz)

Fig. 10. Heights, H, of the fitted mode for GOLF (black), GOLF with the Solar-SONG window (grey) and Solar-SONG (orange) spectra. The
horizontal position of the markers has been slightly shifted for visualisation convenience.

10! 10! 10! 10! 1
1 il i Fi ]
{‘ I I 118 Hﬁ 100 {
T LRI i |
g ' 100 H ' 1071
Z 107! | 107!
g 1072
1072 1072
1073
10-1
1=0 1=1 1=2 1=3
_3 : -3 -4
1075600 2500 3000 3500 2000 2500 3000 3500 0 2000 2500 3000 3500  ° 2500 3000 350
Frequency (uHz) Frequency (uHz) Frequency (uHz) Frequency (uHz)
Fig. 11. Same as in Fig. 10 but for mode widths, I'
2 20.0 T — T
T — =0 — ¢=2
DN L
émo ° SA?I::SONG oo ° 17.5p — ¢=1 =3
A 80 ¢ 15.0
g °e
) L]
g 60 L ?125
g' PR 0 ® e ® -
g 40 Lee® ° ﬁ 10.0
(ﬂ,«) 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 g
\Z ’5 7.5 4
14— 4
LT T 5.0 I
\ i !l il
g Ell) o0 o 2.5 ” ' l l l ( i
é é 8 * °
o ‘e ° ool unwuwnh A . mull el ad b i
an 6 )
2K o0 1700 1800 1900 2000 2100 2200
VIV 00, o Frequency (uHz)
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 . . 3 .
Fig. 13. GOLF (with a Solar-SONG observational window, black) and
R 13 Solar-SONG (orange) normalised PSDs between 1700 and 2200 uHz.
E[F12 The normalisation has been performed by dividing each PSD by its
g %H °o median value in the 17002200 uHz region. The frequencies fitted in
glg | e °° the Solar-SONG spectrum are marked by vertical lines with a colour-
Slg10 o °e © ° . coding related to the mode degree: blue, red, light blue, and pink for
(720 (%2] .
VIV oo ¢ ® 6,0 o° o £=0,1,2, and 3, respectively.

°
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Date (year)

Fig. 12. Top: mean power density in the 1000-1500 uHz region of
the considered 30-day GOLF and Solar-SONG PSDs. Middle: mean
power density ratio computed as the ratio between the mean power
in the 2000-3500 pHz p-mode region and the 10001500 uHz region.
Bottom: mean power density ratio computed as the ratio between the
mean power in the 1700-2200uHz region and the 1000-1500 uHz
region. The dotted yellow line represents the value obtained with Solar-
SONG during the 2018 campaign (represented by the yellow dot).

We then performed another peak-bagging analysis on
these series, focusing on the low-frequency p modes (below

2200 uHz) for which we were able to provide more precise mode
frequencies for Solar-SONG but not for GOLF in the 2018 com-
parison. We were able to provide frequencies for many of these
modes in the first years of SOHO’s operations. However, after
2005, the decrease in S/N reduced the number of modes we were
able to fit inside each subseries.

Despite its ageing, GOLF remains an invaluable asset for
helioseismology. It has been almost continuously collecting data
over the last 25 years and will carry on in its mission in the years
to come. However, the promising helioseismic measurements
obtained during the Solar-SONG 2018 summer high-cadence
run show the potential of longer observations with a better duty
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Fig. 14. Fitted mode frequencies and uncertainties for
yearly GOLF 30-day series (black). The uncertainties on
mode frequencies fitted within the Solar-SONG spectrum
are represented in orange for the purpose of comparison.
The white tick signals the median value of the fitted dis-
tribution. For both instruments, only modes with an uncer-
tainty below 2 uHz are represented.
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cycle. This second condition can only be achieved if other SONG
nodes are available. Presently, a new node of the SONG network
is being commissioned at the Mt. Kent Observatory in Queens-
land, Australia. Performing observations with both Australian
and Canarian SONG nodes would allow a significant improve-
ment in the time series duty cycle, although it would still be nec-
essary to continue extending the SONG network in order to reach
a constant duty cycle above 80%.

In order to improve the S/N of the low-frequency regions of
the Solar-SONG PSD, the solar tracker used for the 2018 obser-
vation campaign should also be modified. The current Solar-
SONG setup uses an azimuthal commercial mount, which is
not optimal for stability in frequency regions below 800 puHz.
Indeed, the daily Earth-motion RV residual that appears in Fig. 1
creates a high-amplitude harmonic pattern in the PSD if the
low-frequency trend of the Solar-SONG time series has not
been properly filtered out with the FIR filter. It should be noted
that the servo guidance was not active during the 2018 cam-
paign. The solar tracker followed the Sun’s motion using only
a pre-computed ephemeris. However, we noticed during a short
test run performed in 2019 that turning on the servo intro-
duced additional low-frequency trends to the RV signal. In order
to overcome this limitation and to extend the scientific objec-
tives of the Solar-SONG initiative, funding was obtained for
a new project, baptised Magnetrometry Unit for SOLar-SONG
(MUSOL), which plans to upgrade the Solar-SONG Teide node
with both an equatorial mount that will allow improved guidance
and a new polarimetric unit. Indeed, the dipolar and quadrupo-
lar components of the solar global magnetic field can only be
measured by detecting the weak polarisation signal induced in
some spectral lines by the Hanle effect. Long-term and continu-
ous solar observations with this new polarimetric unit should in
principle be sensitive enough to measure the dipolar component
of the global solar magnetic field and its variation along the solar
activity cycle (see Vieu et al. 2017).
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Appendix A: Fitting results for GOLF and Table A.1. Continued.
Solar-SONG

The full summary of the GOLF and Solar-SONG fits performed not (sz; (mzs‘szz‘{j)[ (szF) ik

for this work is presented in this section. Table A.1 presents

the mode parameters obtained with GOLF, Table A.2 the mode 260 371214107 114x 1073 BT 4091212 56

parameters obtained with GOLF when applying a Solar-SONG- 25 3 376294713 695x107° jé:giigzz 0.007045 044

like window and Table A.3 the mode parameters obtained with 26 1 3776.70%0%  2.15x 107 t?;?*}ﬁii 563119 >6

Solar-SONG.

Table A.1. Parameters of the modes fitted in the GOLF spectrum. Table A.2. Same as Table A.1 but for the GOLF spectrum obtained with

the series multiplied by the Solar-SONG-like window.
n ¢ v H I' Ik
(uHz) (m’s~>uHz™") (uHz) n £ v H I Ink

141 2156567501 7.87x 1074 1126007 091034 56 (H2) (mzsfzf‘HZ*lq) (uHz)
14 2 2217257397 675%107° jgggi}gj 0.0070%8  0.16 141 2156.62713)  122x 1072 2107 0.057002 > 6
15 0 2228577631  6.00x107° jgggiigﬁ 0.007040  >6 14 2 221678737 326x107* i?:ééiiﬁii 0.01071 050
151 229230103 144 x 1073 2IXI0CE 508 56 150 222828%32)  448x 107 +3SXICE 0054105 > 6
16 1 242561%04) 112 1073 2T8I0T0 19096 5 15 1 229262703 127x 107 fé‘l’iiig;z 12544 >6
16 2 248579%03%  8.96x 1074 #2810 374180 59 16 1 2426087040 1471073 #6107 oprl72 > 6
170 249623%03)  8.52x 1074 HIS0xI0T ggnt 56 16 2 24849171¢)  142x107 jfjgi:gig L06*1 56 1.72
16 3 2540.76*03% 498 x 107 fiﬁ?iiigj 0.77r5% 233 170 249671000 931x 107 5 00 0.24*59) > 6
171 255896%03  7.41x 1073 20100 781030 56 171 255899%01% 4,63 x 1073 2xI0 g o041 56
172 2619.30%02)  7.01x 1073 21100 9741058 56 17 2 2619.0370%  7.76x 1073 jé:ggi:gj 048232 1.97
180 262042103 226x 1073 HXI0C g 340086 180 263051138 3541074 IIXI0T 02 56
173 267506159  1.44x 107 2011070 g 00304 097 18 1 2693697016 732x 1073 00Xy 3:03 56
18 1 2693391018 1.65x 1072 S1XI0H g egr0dt 56 18 2 275427%0%1 570 1073 30T 84088 390
18 2 2754447020 1.07x 10721207 087104 s 6 190 2764.99%04%  5.00x 1073 IS0 gl 56
190 2764351020 7.60x 1073 HHIOICT g gor0ds 56 18 3 281130711  2.60x107° j;;gi:gj 0.00703>  1.06
18 3 2811521047 4.97x 1074 2301070y syridl 56 19 1 2828251030 7.71x 1073 HASIOT g 4008 56
19 1 2828.1970%  136x 1072 t;;‘;Ei}SI? 0.887043  >6 19 2 2889.99%011 6941073 RUXIOT g 4ot 86 56
19 2 2889.57*027 641 x 1073 TIXICE 1451080 56 200 2899281031 6.52x 1073 BEAOT 1 001068 56
20 0 2898947018 946107 HI1XI0T 0705043 56 19 3 204646%03  140x 1073 FI2XI0T ggell0 584
19 3 2946687032 1.08x107° jgfgiigj 2728140 > 6 20 1 2962957018 1.18x 1072 i§:2§i183§ 1467046 >6
20 1 296301703 1.80x 1072 23X 064050 56 202 3024147035 1501072 S0, LIBTGE > 6
20 2 3024.697030  7.55x 107 HUIXI0T 1555071 56 210 3033.667078 261X 1072 130T 0567037 > 6
210 3033767018 243x 1072 H2XI00 0787041 > 6 20 3 308276°08) 1221073 A0 3434192 570
20 3 3082847045 133x 107 TLIXI0T o74nis 6 21 1 3098647011 1.67x 1072 HIOXI0T g 34048 56
211 309837103 2.09x 1072 BOXI0T 094049 56 212 3159.6470%  421x107 jfﬁgi:gig 222M3,  >6
21 2 3160007035 6.12x 107 HLOXIOT g ogr08y 56 220 31683075 163x1072 R0, LOSGE  >6
220 3168267010  241x107 f?ﬁ:éiigj 0.86*0%  >6 213 321870793 112x107? j}:?gﬁgji 0.087088 2,04
2103 320781707 981x 107 X0 308+l 56 21 3BA2GE L03x 10 EIN0, 23455 > 6
221 3233027030 154x 1072 TIOXI0T 677062 56 222 329579735, 266x 107 1AM, 424150 481
222 329547703 673x 107 M9 95402 56 230 330416705 2.00x 107 tg;ggi}gig 0.7919%5  >6
230 3304001033 118 x 1072 HHOXI0T 50l o6 23 3336 248x 1077 1A, 00055 110
223 335327704 391x107* j‘]‘;gﬁgj 370728 3.75 231 336836703 8.39x 107 b0 301707 >6
231 3367997031 942107 77X 5531000 56 23 2 342081709 328107 HISXIOT saprisr 4
23 2 343096707 387x107? j;gi}gj 3247172 >6 24 0 3438407032 3.89x107° j;ggi:gjg 21039 >6
24 0 343861704 584x107° jgj;‘ggj 20152 >6 233 3489347070 137x 1070 OO 059705 2.10
233 348945108 645x 107 HOXI0T 304255 56 241 350499703 402 107 X g gy 56
241 350445704 527107 BT 3494109 56 24 2 3566217021 876 107 fiﬁggilgé L1256
24 2 3566.53702%  7.12x107° j}gggj 0857092 >6 250 3574017 138x 1070 AP 3.061308 > 6
25 0 35S 17ax 107 LIS gosist L 243 3626407190 1.65x 107 HIOXI0T000+038 028
24 3 362670119 240x107* f%ﬁi{gj 1817425 187 25 1 3639761033 2.90x 107 HITIXIOT 3 qpeleT 56
25 1 364023104 208x 107 2IXI0T 340470 56 25 2 3703817113 138x 1073 H1II0T 463:23 275
25 2 370351TH0S 130x 1073 HSOXI0T 4761209 56 26 0 371276703 256x 1073 jggﬂgj 0.82752 6

A27, page 13 of 21



A&A 658, A27 (2022)

Table A.2. Continued. Table A.3. Continued.
n ¢ v H r InK n v H r InK
(uHz) (m%s~2uHz™") (uHz) (uHz) (m%s~2uHz 1) (uHz)
25 3 3762.9513% 853x10°° j§:§g§}8:2 0.0070:17 -0.09 23 3 3489.57*045  9.40x 107 jg;i}gj; 2037082 >6
26 1 3778.16%0%  221x107° iZZEiiSi 4207152 >6 241 3504937020 244x 107 HDXOT 45700 > 6
24 2 3566337 5.92x107 fglﬁéiigig 33246 2.69
25 0 35743175 593 x 1074 rLI6XI0T g 3gaat 269
243 362645120 459% 1074 BEtone 6.21*322 >6
Table A.3. Same as Table A.1, but for Solar-SONG spectrum. -1.45 . ‘é‘?ﬁi}gj :: :;Z
25 1 363953703 1.27x10 j3:68x1073 4250158 >6
L ¢ ) " r K 25 2 3704.25f3flg§ 1.52 x 10:2 jﬁgiigj 5.56%2‘? -0.10
(uHz) (mls~2uHz ) (uHz) 26 0 3710297 766X 107 I 4TS 041
11 1 1749.70+1,38 1.29 x 10—4 +9.50x107> 4.82+6'68 >6 25 3 376277t:§8 114 x 10_4 i??ziigj Olltgﬁ 1.54
~0.64 ~647x10°3 214 26 1 3776.6817  8.64x 1074 H1EC0T 714700 401
120 1821747038 2.05x 107* 230A0T 1597 2.84
121 1884921020 550x 107 i%:é?i}Siz 0737431 5.09
+0.12 -3 +1.11x10~ +0.44
22 1946‘35;%;3 83 1074 Ryl 0'09;2;82 2 Appendix B: Comparison with HMI and BiSON
130 1956.0254% 193 x 107 #HI070 5 501298 5.97
133 2137997950 529x107 tiﬁiiigi 5837150 3.85 Here, the study of the contemporaneous HMI and BiSON 30-
14 1 2156.88%039  2.99x 1074 jf:?éiigjj 2257003 546 day series (spanning from from 3 June to 2 July) is performed
15 0 2228847028  842x 107 332383 2.04+0:89 >6 gnd compared to .the Solar-SONG data similar to what was done
143 22731208 254x10 iﬂéiiSﬁi LIOFN 56 in Sect. 3. The BiSON subsgrles are extre}cted fr9m7the Jgnuary
15 1 2291961022 70 x J0-4 +5.54x107¢ | 78+060 -6 197§ to March 2920 op.tlm.lsed-fo.r-ﬁll time series’, while .the
02 _, Preao e considered HMI time series is obtained from the ¢ = 0 reduction
152 23520955 198x10 -9.06x10~4 1447055 >6 of the HMI full-disk Dopplergrams® (Larson & Schou 2015).
160 23621155 5.98x 1078 TS0, 1O8NE  >6 The duty cycle of the complete BiSON series is 63.5% while
16 1 242513%042 665x 1074 261070 3084133 56 it is 100% for HMI. For each instrument we did two analyses,
16 2 2484.81*12°  1.10x1073 j;giigj 2247357 2.69 one with the original duty cycle and the other using the Solar-
17 0 2496327937 1.94x 1073 i}?iiigii 1.83+104 >6 SON G obsqrvatlongl w11}dow function (that is by simply multl-
163 LI 32000 ey 3 e R el of the considered BISON time sertes s signit
171 255899555 351x10 z tiégiﬁi; L60i§§2 >0 icantly below 90%, we used the method described in Sect. 3.2
1720 26192255 977X 107 ts:oziw:g 09575 343 to fit the PSD of this time series, similarly to what was done
18 0 26302273 872x 107 UK, 3251 >6 for all the time series with the Solar-SONG observational win-
173 26753743 1.16x107? tZgéiigiﬁ 184107 >6 dow. Table B.1 compares the mean power value in the 1000-
18 1 2693407017 5.83x 1073 SOOI 540040 5 1500 uHz region and the power ratio in the 2000-3500 uHz and
18 2 27549603 126x1072 jégiiigj; 1.05+949 >6 1700—22q0 uHz regions as explained in Sect. 4. Figure 3.1 shows
190 2765.04*0%  9.13x 1073 1?338? 0865047 56 the four échelle diagrams. HMI- and BiSON-fitted heights and
18 3 2811244046 7635 10~4 X104 3365156 56 widths are represe'ntegi together with the value;s fitted for GOLF
ot e o and Solar-SONG in Figs. B.2 and B.3, respectively. All the fitted
191 2828025, 59510 -1.71x10-3 L% >6 parameters, uncertainties and the corresponding In K are sum-
19 2 288039704 8.61x 107 HR0, 234708 >6 marised in Tables B.2, B.3, B.4, and B.5, respectively.
20 0 2899.11703¢  5.04x107 f;iéi}gi 071505 >6 We note that the mode heights in HMI are significantly lower
19 3 2947.19%93¢  1.84x1073 jgﬁzggj 2447083 >6 than for the other instrqments, .which is expected as we con-
20 1 2963.07701¢  1.11x 1072 i?iiiigj 137937 >6 51dereq only the ¢ = 0 time series. Fo.r bgth HMI and BiSON,
20 2 3024125030 2.13x 1072 LTA0T 707060 56 the ratio between the mean power density in the 2000-3500 uHz
2l 0 3033.63703% |31 x 102 24102 () g0+0.73 -6 region and the mean power deqsﬁy in .the 1000-1500 pHz region
oz 8780 R is close to the 9.8 value obtained with Solar-SONG and well
203 308299%5,  124x10 -3.75%1074 364 g 0g >0 above the 3.6 value of GOLF in 2018. The ratio between the
201 3098547505 LISx10720EN 0, 13855 >6 mean power density in the 1700-2200 uHz region and the mean
20 2 315098%03)  1.03x 102 7RA0T 166%0T) >6 power density in the 1000-1500 uHz region is also similar for
22 0 316833703  1.05x107? jiégiigj 1137933 >6 the four %nstruments: 1.3, 0.9, 1..1, and 1.0 for Solgr-SQNG,
23 3218-43f8ji? 2.00 x 10-3 féjé?,i}ﬁj 2-09f8j% >6 GOLF, BiSON, and EMI, res%)ectlvel}l;.l The.chagﬁtlariisattlorr} }?f
21 323319002 692x 1073 2TAVT 950106 56 mo_dei lbe}OV_V 6700% z is only P(;SS%ttedusmgd . a a;: oef
22 2 329556072 523x1073 tmi}gg 4301190 541 llq6g6 73,+ 0—1 A “E;) ;a;xf(a)lls)tgirr(l)gir y fitted, and a frequency
230 3304197030 9.55x 1073 ST 099109 >6
223 3352787081 8.19x 107 HAXIT g gH 56
231 336858020 7.37x1073 323283 1.76+0%2 >6 L Av?llalgl.e on theilBI;iON websi(t? at:rtal/timeseries
252 MI0PE 534x107 20T 609l® 026 tIPi//bLson.ph.bham.ac.uk/po
240 34385855 108107 fi'ﬁ?iigf 0.14%51, 026 http://jsoc .stanford. edu/HMI/Dopplergrams.html
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Table B.1. Mean power and mean power ratios for each considered instrument.

Solar-SONG GOLF BiSON HMI

(PSDy1000-1500ut12) (m?.s*Hz)

{PSD2000-3500.#21)

(PSDy1000-15004Hz1)
(PSDy1700-2200,:Hz]

{PSDy1000-15004#21)

29.1 104 40.9 5.0
9.8 3.6 10.6 10.9
1.3 0.9 1.1 1.0

Notes. The mean power is computed in the 1000-1500 uHz region. The mean power ratios are computed considering the 2000-3500 uHz and
1700-2200 uHz regions. The values are given for the 30-day time series spanning from 3 June to 2 July.
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Fig. B.1. Echelle diagram for BiSON (top left), BiSON with a Solar-SONG-like observational window (fop right), HMI (bottom left) and HMI
with a Solar-SONG-like observational window (bottom right). Fitted modes frequencies are represented in black.
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Table B.2. Parameters of the modes fitted in the BiSON spectrum.

n v H I InkK
(uHz) (m?s2uHz™") (uHz)
122 1946317015 520% 107 ii?éiigj 0.14739 229
131 2021104088 1.24x 1074 20%I070 5661236 56
132 2081.79%080  220x 1074 HEXI0T 9 go2i2 373
14 1 2157227037 477x 107 j;j;ggjj 0.9970718  >6
14 2 2217.607020  132x107? ti;?éiiSZi 0.53*92>  >6
150 222839%0%  7.99x 1074 HTIXICE o702 56
14 3 227021*181 148 %107 f’ﬁiigj 3.067328 234
Y -3 )
15 1 2292023070 1.60x 1072 FL9%A07 0851032 > 6
15 2 2351951089 3.52x 1074 O0I0TH 556180 440
—4 +230x1073 '
16 0 2363.02703%  7.07x107 jﬁ:ggggj 1207014 >6
15 3 240672703 277 x 1074 2707 31913280 3.62
4 19, -4 )
16 1 242537704 9.84x 107 jjf)i}gf 130707 >6
162 2485.03%09]  9.60x 107* FLOBA0T 23113 > 6
_ -3
170 2495907077 8.26x 107* *140%07 1.98*[0L > 6
16 3 254045%038  7.69x107* jj-gfggj 1167231 372
17 1 2558697023 4.87x107° ti:?iiiﬁii L1673 >6
_ —2
172 2619.0870%2  9.25%1073 jj‘:géiigg 06973  >6
18 0 262037702 2.23x 1077 40T 1487100 > 6
17 3 2676407128 486x 107 j‘]‘»ggggj 3914249 447
18 1 2693641015 118 x 1072 0TI o047 56
18 2 275442103 850x 1073 T2 gpr06l 56
_ -2
19 0 276430702 7.85x107° ii:ié’i}&i 0.8470%  >6
18 3 2812437087 831x 1074 *000<07  3.9971%  >6
19 1 2827.8370%  147x107? féf%iigj 0.92%93%  >6
19 2 2889.63'03  11Sx 1072 FLIXICE gy o5H0 56
033 -3 +8.81x103 0.83
20 0 2898827030  5.62x 107 80T L1608 >6
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Table B.2. Continued.
n ¢ v H I' InK
(uHz) (m?s2uHz™) (uHz)

193 2047.011%03% 276107 HLTIXITE 300+l 56
20 1 296322%030  8.64x1073 jgj;i:gj 19170%  >6
20 2 302461330 1.05x 1072 HLOXIT 714082 56
210 303356703 167x 107221107 096103 > 6
20 3 3082817040  4.17x107? fﬁggiigj 2087020 >6
21 1 3098.64701%  346x1072 i?:?éiiﬁii 087703 >6
21 2 316029703 877x 1073 X0 64r088 6
220 316822703 217x 1072 29T gggHa% 56
21 3 321834708 2.66%107° jﬁgﬁgj 2797157 >6
221 32330203 728x 107 BT 3001087 56
22 2 329543103 551x 107 B0 360414 56
230 330407703 842x 107 HLAXIOT i 56
223 3353.08°032  9.21x107* fiﬁiiifgj 5801120 >6
23 1 3368297031 828x107? ii;?éiiSii 226702 >6
23 2 343010704  4.80x107° j‘l‘giiigj 226708 >6
240 34386608 3.06x 1073 ffj%ilgj 374718 >6
23 3 3488.870%  1.23x1073 j_;:(l);i}gj 2987 >6
24 1 35045604 3.16x107 j;j;i}gj 4007140 >6
24 2 3567.02708)  3.63x107° fﬁggiigj 48670 >6
25 0 3575.6970%  9.86x 107 F1IXI0T p658M 56
243 3626287190 618 x 107 RO 654008 56
25 1 3639.81*03  251x107° jf:(l)fé:gj 293180 >¢6
25 2 3704877047 1.72% 1073 jjé;i:gj 6.11M134  >6
26 0 37113073 283x10™* féﬁégiigj 0237335 >6
25 3 3762507160 3.95x 1074 23100 5661166 333
26 1 377749707 1.44x1073 j;gfﬂgj 548+ >6
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Table B.3. Same as Table B.2 but for the BiSON spectrum obtained Table B.3. Continued.
with the series multiplied by the Solar-SONG-like window.

n v H I Ink
(uHz) (m%s2uHz ™) (uHz)
121 188454702  516x 107 j;jgi}gjl 0.147088 > 6
122 194526*18  265x107* j;g}gj 1567319 221
130 1957.927993  131x1073 j}:ggﬁgj 0.047031  >6
132 2081.88*17  1.89x 1074 BIXICE 06333 130
340 -2 )
14 1 215775708 1.05x 1077 20T 0,058 > 6
142 221728733 6.02x 107 EXI0T 0074108 0,97
15 0 222895704 1.13x107° j:(')gggj 0.6970%  >6
14 3 227240703 142x1073 j»g;ﬁgj 0.147039 271
151 2291.92*017 198 x 1073 F12XI0T g 534038 56
15 2 235197:03 1251073 221XI070 g 044096 307
15 3 2405497071 179x 1073 HHOI0TE 0085030 23
16 1 242580*030 131x1073 j;jji{gj L1378 >6
16 2 2484507037  227x107? i?'83§i8?§ 1347190 226
171 2558691021 427x 1073 H3XICE o103 56
172 261891303 7.36x 1073 tLIXI0T g g57060 503
18 0 2630207132 242x107° j;j;‘ggj 040709 >6
_ -3
173 267532707, 1.01x 1072 FLIA0T 233400 > 6
18 1 2693.60%039  6.69%x1073 j‘z‘ﬁi}gj 1361048 >6
18 2 275427:061  9.68x 1073 20XI0CT 551008 56
-2
190 2764617060 7.74x 1070 *1T80° 0 0.687102 > 6
-3
18 3 2811817070 1.56x 1073 *L7x07 212838 >6
-3
19 1 2828007070 8.38x 1077 VT 1471090 > 6
19 2 2889.05%03  822x 1073 XI5 041075 56
20 0 2899.17:09 478 x 1073 jf;g}gjg 0381416 56
0.37 -3 +1.84x10™ 0.96
19 3 2047127037 353x 1073 AP0 2387050 > 6

n v H I Ink
(uHz) (m%s2uHz™") (uHz)

20 1 2963.15%02  1.15x 1072 j§:§g§:3j§ 1487049 >6
20 2 302453702 1.61x1072 féﬁggifgj L13%%  >6
2100 3033587047 1.68x 1072 27XI0T 951086 56
20 3 308254708 3.13x 107 HMIXIT 34500 56
21 1 309857013 2.13x1072 ié:SiilBi 097704 >6
21 2 3160.08%02  9.34x1073 t?:‘;éilgii 168705 >6
220 3168.08707  1.88x107? tZ:ZZi}Si 0.6203%  >6
213 320858107 410x 107 73X agri2 56
221 323323704 691x1073 jf:§§§:3j§ 37570 >6
22 2 3295.00707%  6.23x1073 f;ééi:gj 386713 >6
230 3304261030 7.08x 107 210D g e9rl7e 56
2203 3352851050 172x 107 X0 573207 56
23 1 3368587031 1.02x 1072136107 76106t 6
23 2 342983047 555x 1073 j;?iﬁiij 192295 4.66
24 0 3438520047 2.92% 107 jﬁi}gj 406730, >6
233 3489181030 245x 107 18I0 5 o3l B 56
241 3505117040 3491073 *IXI0T 375403 6
24 2 3566407038 4.56x 1073 f?j?fi:gj 3647070 > 6
25 0 357419700 625x107 féﬁiiifgj 0.06%32%  >6
24 3 3627157082 7.70x 107 fiﬁﬁiigj 6.117140 252
25 1 3639307075 171x 107 HIEXIOT g7 56
25 2 370443707 162x 107 H08XI0T 6 04t1 3 20
260 3710907135 127x 1074 HISXI0T g o1+ad8 203
25 3 3762.71%35%  627x107° jgzgjé:gj 0.02743 053
26 1 3777068088 124x 107 HOXIOT 5904142 56

A27, page 19 of 21



A&A 658, A27 (2022)

Table B.4. Parameters of the modes fitted in the HMI spectrum

n ¢ H
I' InkK
(m*s~2uHz™") (uHz)
11 0 1686731014 199 x 104 +244x107%  (j )7+0.25
01 1749.09%0.19 ~1.75x10~4 210,06 >6
9.09 1.54 x 10~4 +419x1074 484039 ¢
-9.5 -5 N —
112 1810201923  434x107° 1580 0 213233 339
-3.6 ] ol .
120 1822269010 429 104 S90S o 6+8';§ )
—3.45%10~4 10 >
12 1 1884.73*023 484 x107° 50310 0 56+8I;§
2 2 19 016 ~3.35x103 =9 047 >6
46.32 3.02%x 1074 +5.04x1073 0.14+039
3 0 19 oo ~2.54x10~4 o001 >6
57.03 1.87 x 1075 +423x1074 ) ¢/+1.88
31 2000947015 ~1.34x10-3 84lyy;  >6
0.94 2.66 x 104 +376x107° ) 45+0.47 6
~1.86x10~4 e
13 2 208297014 261 x107* 50 0 19+8125
“ o 2 e —2.14x10~4 70,16 >6
093.65 2.15 x 1075 +469x107* 5 ()7+1.98 6
—2. -5 I >
14 1 2156.89%92  1.86x 107 578104 0 75+8222
14 2 221763702 “rioaod O7oa >0
.63 1.35 x 10~4 +3:89%107 | H+0.69 -6
-7.2 -5 e
15 0 2228.15%016  330x10™ a0 0 48+g§8
15 1 229201702 Savaes 040 >0
.01 574 x 104 +244x107° () 734047 >6
—3.30:; —4 N —
15 2 235200008 6475 10-5 TOS o gm0 g
-2. - Y >
6 0 23630303 14lx 104 oIS ysel g
7. -5 Y >
15 3 2407897118 1.84x 10-5 9710 g 59+?'2? )
-5. -6 D75 >
6 1 242506702 361 x 104 00 0@ o
~1. -4 9220, >
16 2 24857302 2adx 10-4 A0 | g0 .
—1. —4 VS >
170 2495957031 26 % 10-4 OO | 461090 .
—1.08x10-4 40 >
16 3 254031%080  276x 107 S0 6 33+?I§3
7 1 25 e ~7.18x106 22_1.96 >6
58.69 1.30 x 1073 +289x107 4 (43+0.49 6
—6. —4 JO_ >
17 2 261030017 230 103 HORI0T  0ee0ds o6
-1 -3 -00_ >
18 0 2629421038 277x 107 25104 23 1+?§§ 6
—1.14x10~4 L0, >
173 2675.00040 103 x 104 THOMI o 34016 .
4. -5 %0, >
18 1 2693.32+010  443%x1073 a0 0 60+8:§§
18 2 2754.49%019 Depaos 0% >0
.49 2.98 x 10~3 +6:30x107 ) 78+0.41
19 0 2764344020 “rwaoy 78 >0
.34 1.38 x 1073 +343x1073 () g3+0.51 6
18 3 281170%02 2 i SR
. 77 x 104 +7:07x107*
0 ot 0~92f8j;(5) >6
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Table B.4. Continued.
n ¢ v
H I Ink
(WHz) (m’s?uHz™')  (uHz)
19 1 2827 +0.21 — —3
821020 251 x 1073 HIIXI0T 01047 56
19 2 2889.531024 169 x 103 +283x1073 %
-023 : ~7.84x10~4 1237039 >6
20 0 2898.801020 160 x 103 +499x107 03
-0.19 ’ ~9.06x104 07305  >6
19 3 2046524033 307 x 04 +422x107 0
-0.30 : ~137x10~4 1'55togg >6
20 1 2962891021 332 x 103 +590x107 o
-0.21 ' ~1.61x1073 L0708 >6
20 2 302462102 156 x 1073 +1:83x107 ®
2027 . T GOm0t 1.66*8’29 >6
21 0 3033741015 647 x 103 +197x10°2 o5
-0.16 ’ ~3.91x10-3 0‘53+8'36 >6
20 3 308268704 175x 1074+ 84:1:5(8)
2l 1 300827702 3.84x 103 SIS 1 ggrods 9
-0.21 : ~1.87x1073 1'O6+(0)'28 >6
21 2 3159.851032 944y [0~ +1:02x1073 07
-0.31 : ~3.89x104 1‘90+8'79 >6
20 316835017 462x 107 H120xI02 g 207041
213 32175273 126x107* vl 3.49;(1):22 3
221 323284702 299x107° ;g‘;;‘&}gi 1.341(1@; "o
22 2 3295717938 7.01x107* o 3.22;(‘)32 3
230 33039793 136107 SRS g g
23 335282708 6.62x107 S5 3.61:(2):2? .
21 33BOIDT 172100 S0 gu0is >0
-028 oo 182758 >6
23 2 3430.18°043 938 x 10~ +145xI07 o
-0.32 ’ ~433x1074 152459 >6
240 343774493 577x 107 +422x1074 3 12+1:18 6
23 3 3489.13*03  1.01x10™* o 2.55;}:(3)3 .
w1 st gsexio AN Suth g
24 2 356657038 551x 107 ettt 2'181(173 ~°
25 0 3STARDT  211x 10 AI0S 354190 o
-0.68 ’ Soexios o1 3% >6
243 36265309 4.57x 1075 20107 ¢ 06131
25 1 364028080 365 10 20D 5 o019 7
~0.42 ’ ~1.23x10-4 3.20%59; >6
25 2 370418109 139x 1074 B3I s g5e13
0 s o TR it g
05 3 376286147 454 10-6 TR 0 00w097 >
26 1 37636080 187 10 om0 0005 003
367 87 x 104 *+6:38x107
0.61 Homles  6%41%  >6




Table B.S. Same as Table B.4 but for the HMI spectrum obtained with
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the series multiplied by the Solar-SONG-like window.

n v H r InK
(uHz) (m?s~2uHz™") (uHz)

11 174895%01%  1.01x 107 #11910% 0702082 > 6
112 1810417038 9.0 x 1075 574100 0524049 250
121 188478703 276x 1075 HHOTXI0T o 74% 56
122 19464401 244107 0107 0134036 254
131 202082703 6.07x 1075 *786107 0 g7+05 56
133 213606559 647 x 1075 826100 036707 1.97
141 21566802 7.38x 1070 x0T g8 56
15 0 2228331020 158x 10721200 3008 56
151 2292.08'01%  3.04x 107231070 099:040 > 6
15 2 235208%0%  3.07x 107 130T 090708 3.69
160 2362.69'25)  1.63x 1074 1608107 g o4l 56
16 1 242522703 248 x 1074 12100 177503 56
170 2496.18%02)  453x 107 800 170109 > 6
17 1 2558827017 8.82x 10733200 1351040 > ¢
17 2 261916752 149x 107 #120X107 0254038 115
18 0 2630127931 578 1074 *H4I0T 18180 56
173 267532104 9.94x 107 TIA0T 5100l 56
18 1 269347:01%  129x 107 1700 1 0p:038 56
18 2 2754.85'0#  9.37x 107 HleI0OT 74070 56
19 0 276513703 1.39x 1073 H16107 1 9gH070 56
18 3 281162702, 272x 107+ ofl 3 s
19 1 282813018 131x 10750700 63104 > 6
19 2 288917073 7.60x 107 #3100 976+ 1% > 6
20 0 2899.29*03 929 x 1074 230T g7l 56
19 3 204688703 2.52x 107 HLAXIOT 9p6H09s 56
20 1 2963.09%01 2.53x 1073 L0 1803 56
20 2 3024117927 2.68x 107 20T 126405 56
20 0 3033767042 2.39x 1073 BT 1gH0% 56
20 3 3081.56*0% 180 1074 *TISIOT 500198 5.97
20 1 3008.60°316 249 x 1073 H1ANI0T 1414082 56
21 2 3159.62%03 929 x 107 410 951094 6
220 3168.28°0%  2.15x 107 2807 7408 56
21 3 3207.63707 149 x 1074 MBI 5 g5el80 56
221 323300703 131x 1073 HXI0T 286071 > 6
222 3205927081 419 x 1074 HIEXI0T 5904139 4,04
230 3304247027 1.68x 1073 BOXI0T 094712 s 6
223 33524603 126x 107 BT o ggel 56
231 3368597015 176 x 1073 #SXI0T 674045 56
232 342973704 6.85x 1074 LI 1791405 408
240 3437.90°072  535x 1074 20T 384t 56
233 3480167077 100X 1074 *II0T 3 023 446
241 3504997043 581x 107 RO 406t 56
24 2 356627103 587x 1070 2977290 56
25 0 35T3TIRLE 2.62x 10746700 19330 56
24 3 36272570%  6.89x 1075 PO 0,630 177
25 1 3639.98*0%1 234 1074 ISIOT 578t 56
25 2 3703972 149 x 1074 IS0 o3BT
26 0 371092F1% 189 x 1074 #3I0T 634+1B 56
25 3 3762927141 9.86 x 1070 HXICT 000018 0.16
26 1 3777401078 160 x 107 20T 60410 56

Appendix C: Solar-SONG data reduction module

The reduction process described in Sect. 2 can be per-
formed with the songlib submodule of apollinaire. The
standard_correction function has been designed to process
the 1SONG cube outputs. The default settings of the function
arguments are the ones that have been used to obtain the data
used in this paper.
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