G-MODE DETECTION: WHERE DO WE STAND?

T. Appourchaux!, B. Andersen?, G. Berthomieu®, W. Chaplin*, Y. Elsworth?*,
L. W. Finsterle®, C. Frohlich®, D.O. Gough®, T. Hoeksema’, G. Isaak?,
1, A. Kosovichev’, J. Provost®, P. Scherrer’, T. Sekii®, and T. Toutain®

!Space Science Department, P.O.Box 299, ESTEC, NL-2200AG Noordwijk
2Norwegian Space Centre, N-0212 Oslo
3Département Cassini, UMR CNRS 6529, Observatoire de la Céte d’Azur, F-06304 Nice
4School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK
SPhysikalisch-Meterologisches Observatorium Davos, World Radiation Center, CH-7260 Davos Dorf
Institute of Astronomy, University of Cambridge, Cambridge CB3 0HA, UK
“W.W. Hansen Experimental Physics Laboratory, Stanford University, Stanford CA 94305, USA
8Solar Physics Division, National Astronomical Observatory of Japan, Mitaka, Tokyo 181-8588, Japan

ABSTRACT

We review the recent developments in determining
the upper limits to g-mode amplitudes obtained by
SOHO instruments, GONG and BiSON. We ad-
dress how this limit can be improved by way of new
helioseismic instruments and/or new collaborations,
hopefully providing in the not too distant future un-
ambiguous g-mode detection.
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1. INTRODUCTION

Since the beginning of helioseismology, much of the
internal structure and dynamics of the Sun has been
revealed. The last island where our powerful tools
start to fail is the solar core, where nuclear reactions
take place. The detection of g modes is still the main
quest in our field. There have been several claims
of g-mode detection (e.g. Delache & Scherrer, 1983;
Thomson et al., 1995). None of these detections has
ever been confirmed. Since the conception of the
SOHO mission, one of the goals of this mission was
to detect g modes. In 1997, following the lack of g-
mode detection by SOHO experimenters, the Phoe-
bus group was formed, with the aim of detecting g
modes. The Phoebus group already reported on its
activity at the Boston meeting (Appourchaux, 1998;
Appourchaux et al., 1998; Frohlich et al., 1998).

In the first section, we report on the latest results
of the Phoebus group related to the upper limit to
the amplitude of g modes. In the second section, we
develop new ideas for lowering the limit that we set.

2. UPPER LIMIT TO G-MODE AMPLITUDES

Several techniques for detecting g modes were de-
scribed by Appourchaux (1998). Two of these tech-
niques have been used on SOI/MDI, GONG, BiSON
and VIRGO data for detecting g modes: a statisti-
cal method and the collapsogramme (m — v averaged
spectra). These two techniques are described in de-
tail by Appourchaux et al. (2000). Here we have just
extracted the main points of this latter paper.

The statistical method is based on the knowledge of
the statistical distribution of the power spectra of
full-disk integrated instruments; namely this is a x>
distribution with 2 degrees of freedom. Appourchaux
et al. (2000) provide a simple formula for the rela-
tive level oqe; for which a peak due to noise has a
10% probability to appear in a 70-pHz bandwidth.
This relative level will depend upon the observing
time (T') because the number of frequency bins in
the bandwidth increases with time. And we have:

Odet = 10 + log(Ty) (1)

where T}, is the observing time in years. This limit
is sometimes incorrectly called the 10-¢ limit; as one
can notice this limit will increase with time. A simi-
lar calculation to that leading to Eq. (1) can be car-
ried out using spectra obtained by making an m — v
averaged spectra: the so-called collapsogramme (Ap-
pourchaux et al., 2000). The advantage of the collap-
sogramme is that it enhances mode multiplets while
reducing at the same time artifacts due to instrumen-
tal effects (Appourchaux et al., 2000). Any technique
aiming at detecting g modes should be able to detect
also low-frequency p modes. Since the low-frequency
p modes have long lifetimes, they can mathemati-
cally mimic g modes. Frohlich et al. (1998) showed
that these two techniques could help to detect these
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Figure 1. Collapsogramme for | = 2 for the LOI
(top), MDI (bottom) resolved data corrected for the
spatial filter function. The 10%-probability level is
indicated; the o estimate is derived from the spectra
smoothed on 62 pHz.

low-frequency p modes.

We have used these two techniques on BiSON,
GONG, SOI/MDI and VIRGO data. In order to
compare the different instruments, we took into ac-
count the different temporal filters, duty cycles and
geometrical visibilities. Figure 1 shows a collapso-
gramme with its associated 10%-probability level.
From this level, we deduced an upper limit to the
amplitude of g modes of 10 mm s~! and 0.5 ppm at
200 pHz (Appourchaux et al., 2000). These levels
are to be compared with the theoretical predictions
of Andersen (1996) and Kumar et al. (1996), which
are no greater than 0.5 mm s~!. It is quite clear that
other strategies need to be explored in order to have
a successful g-mode detection.

3. ON LOWERING THE LIMIT: THE
PRESENT AND THE FUTURE

There are other possibilities for detecting the g
modes. We know that we have still a long way to
go (at least a factor 20). Hereafter we summarize
the possible orientation that our search will take:

e Other observables: limb measurement
e New (or newer) data analysis techniques

e Longer and additional time series

Hereafter, we describe each direction in more detail.

3.1. Limb measurement

The limb provides two types of observable: a physical
displacement of the surface of the Sun, and a relative
intensity fluctuation.
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Figure 2. 10% probability level of the equivalent ve-
locity amplitude derived from limb displacement mea-
sured by SOI/MDI as a function frequency: (black)
for radial velocity (grey) for total velocity. The con-
tinuous line indicates the upper limit to g-mode am-
plitude as given by Appourchauz et al. (2000); the
dashed line below 100 pHz indicates the extrapolation
of this limit. As the g modes become more and more
horizontal the equivalent total velocity increases more
and more towards lower frequencies (grey curve).

Both types of measurement have been used by
Kuhn et al. (1997) for detecting solar modes. His
work has been the basis of a SMEX proposal to
NASA called SPHERIS which has unfortunately
not been approved (for more on SPHERIS look
at www.ifa.hawaii.edu/users/kuhn/spheris).  The
Phoebus group using SOI/MDI data has been able
to reproduce Kuhn’s finding related to the limb dis-
placement. For instance, Fig. 2 gives the velocity
equivalent to displacement measured on the limb of
the Sun; a similar plot can be found in the SPHERIS
proposal. Unfortunately, if we were to detect the g
modes with the limb displacement only, we would
not be able to go to frequencies lower than 100 pHz
because the g modes becomes more and more hori-
zontal, e.g., there is no limb displacement detectable
(See Fig. 2).

Using intensity fluctuations, Appourchaux &
Toutain (1998) showed that p modes could be
detected in the guiding signals of the VIRGO/LOI
instrument (See Fig. 3). Thanks to their large
amplitude at the limb, the modes could be detected
even with noise levels as large as 10 ppm?/uHz.
The full-disc p-mode amplitudes are typically of
the order of 3 ppm?/uHz at 3000 uHz which are
to be compared with their amplitudes at the limb
ranging from 15 ppm?/uHz to 50 ppm?/uHz. This
amplification at the limb, predicted by Toutain et al.
(1999), has also been observed by Toner et al. (1999)
with SOI/MDI data. This is the amplification
which will be used for detecting g modes with the
PICARD instrument (Damé et al., 1999). PICARD
is an approved CNES mission to be launched in
2002. An amplification factor of 3 to 5 in amplitude
might not be enough to detect the g modes, but
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Figure 8. Power spectrum for the East-West (top)
and North-South (bottom) guiding pizels; o 1 =0, A
l=10l=2 x1=23,0l =4. The frequency
resolution is 54 nHz. The spectra are smoothed to
10 points to enhance the p modes. The maximum p
mode amplitude is 8 ppm. The l > 0 modes in the
East-West pixels have a power about five times higher
than those in the North-South pizels. This difference
cannot be attributed to a scaling error because the
I = 0 modes have the same power above the noise
levels.

we hope that by combining the PICARD data with
other observables (intensity, velocity) we may be
able to detect the g modes.

3.2. New (or newer) data analysis techniques

Numerous techniques for extracting weak signals
from noise have been developed either by the Phoe-
bus group or by other colleagues in the field. Here is
a non-exhaustive list:

e Multitaper spectra

e Random Lag Singular (Cross-) Spectrum Anal-
ysis (RLSSA and RLSCSA)

Multivariate analysis

Use of theoretical g-mode frequencies

Reduction of noise

The multitaper spectra technique is a technique used
in geophysics for estimating the mean spectrum from
a single time series (Percival & Walden, 1993). It
makes use of different tapers that make the result-
ing time series statistically independent. The spectra
are later optimally combined to produce a spectrum
smoother than the original one. This technique is
the starting point for the claim of g-mode detection
made by Thomson et al. (1995). In order to assess

the power of this technique, the Phoebus group ini-
tiated a hare-and-hound exercise with real SOI/MDI
data in which fake g modes were embedded. The re-
sults are so far negative, and only an a posteriori de-
tection has been possible (Thomson, private commu-
nication). The signal-to-noise ratio of the fake modes
was about 1 which shows the limit of the method.

The RLSSA technique has been developed by Varadi
et al. (1999). It is derived from techniques used in
geophysics. It seems to be a powerful technique as
shown by Varadi et al. (1999) but it seems that its
main drawback lies in the considerable amplification
of noise which can be mistaken for signals (Varadi
et al., 1999). A modification to the RLSSA tech-
nique (RLSCSA) has been also developed by Varadi
et al. (2000); it uses data from different instruments
to detect the solar modes. Using the latter tech-
nique, Bertello et al. (2000) claimed to have found
low-degree low-frequency p modes, at frequencies as
low as 535 pHz.

Assuming that the modes are predominantly coher-
ent over the observing time, we have used the Mul-
tivariate Spectral Regression Analysis (MSRA) to
search for coherent structures in the signal (Koop-
mans, 1974; Appourchaux et al., 2000). The basic
assumption is that low-order, low-degree p modes
and g modes will have lifetimes that are significantly
longer than the observing time. The VIRGO SPM
blue channel and the MDI full-disc signal were used.
From each of the time strings, three strings consist-
ing of consecutive thirds of the data were generated
(about 1200 days in total). In order to maintain
the phase between the different strings, we set the
unwanted values in the original time string to zero.
With the MSRA algorithms the coherent signal of
these three parts of the full time string was calcu-
lated. This was carried out for the MDI and SPM
data independently. Thereafter the correlated part of
the SPM and MDI signals was calculated. Figures 4
and 5 show the results in two regions where low-
degree low-order p modes are expected. For these
regions there are seemingly interesting signals close
to the expected frequencies. However, if we look at
the frequency interval from 500-1000 pHz, we find
as many significant peaks far away from theoretical
frequencies as close to them.

An artificial way of reducing the detection limit is to
reduce the window over which we want to detect the
mode, e.g., by looking in a window centred around
theoretical g-mode frequencies. Denison & Walden
(1999) provided a simple formula to derive the num-
ber of peaks that one can find in a power spectra
given a list of given frequencies and a window around
these frequencies. It is written as follows:

N = N(1 = (1 — pges)*™M™ ) (2)

where NV} is the number of frequencies guiding the
search, pget is the probability level needed for identi-
fying a peak and N,, is half the window size in units
of bins. When (2Ny, + 1)pget is much smaller than 1,



we can rewrite Eq (2) as:
N = Ni(2Ny + 1)Pdet ®3)

This simple formula is quite useful to realize that
the number of identified peaks will increase with the
size of the window. This is the drawback of such
a method: spurious peaks will be detected in this
manner that are likely to be wrongly identified as
g modes. Here we should remind the reader, that
theoretical p mode frequencies had been in error of
a few tens of pHz until it was realized that the error
came from our inability to model properly the surface
of the Sun (Christensen-Dalsgaard, 1990). Caution
and scepticism is the name of the game.

There are other interesting techniques which we will
not discuss here such as the one developed by Garcia
et al. (1999). It makes use of a higher sampling
time for creating 2 (or more) independent time se-
ries. There are other interesting schemes, such as the
one making use of the properties of supergranulation.
The solar rotation causes the supergranulation to en-
ter and leave the observing window. A way to reduce
the resulting noise would be to have a window fol-
lowing the rotation in a region close to the centre
of the solar disk where the supergranulation noise is
weaker than at the limb.

Two techniques that we described (RLSCSA and
MSRA) make extensive use of different signals for
extracting weak signals. There is no doubt that the
combination of more than 2 signals could consider-
ably lower our detection limit. Observables such as
radial velocity, intensity fluctuation, limb displace-
ment and/or brightening are polluted by different
source of noise such as supergranulation and active
regions that produce different signatures. This is also
an interesting direction to proceed for the future.

3.3. Longer and additional time series

At the very minute that we are writing this pa-
per, new data are being acquired either from the
SOHO spacecraft and from the various helioseismic
networks around the world. Unfortunately, the im-
provement in the detection limit does not go down
like 1/+/T but more like log(T)/+/T. This is due to
the probability limit which needs to be kept constant
(Appourchaux, 1998). If we were to do otherwise it
would mean that we would lower our probability level
and accept more peaks that would likely be due to
noise. Therefore, the decrease is bound to be lower
than expected.

As we mention, other observables may be needed
to detect the g modes. Unfortunately, other space-
based data exist in the field that have not been in-
cluded yet, such as GOLF data for instance.
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Figure 4. The upper panel shows as a function of fre-
quency (in pHz)as a function of frequency (in puHz)
the coherent part of the three consecutive thirds of the
SPM (black) and MDI (grey) signals, respectively.
The lower panel shows the correlation of the coher-
ent parts of the SPM and MDI signals shown in the
upper panel. There is a theoretical | = 0,n = 3 at
585.5 nHz.
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Figure 5. The upper panel shows as a function of fre-
quency (in pwHz) the coherent part of the three con-
secutive thirds of the SPM (black) and MDI (grey)
signals, respectively. The lower panel shows the cor-
relation of the coherent parts of the SPM and MDI
signals shown in the upper panel. There is a theoret-
icall = 0,n =8 at 1263.5 pHz.

4. CONCLUSION

The upper limit to g-mode amplitudes has been set
at 200 pHz to 10 mm s~! in velocity, and to 0.5
ppm in intensity; this is the so-called 10% probability
limit. We have not given up yet on finding g modes.
Other observables such as limb measurements will
be used to achieve this goal. They will come either

265



from the current SOI/MDI instrument or from ac-
cepted missions such as PICARD. New data analysis
techniques are being or need to be developed. These
new techniques will rely more and more on a com-
bined search using different data sets from different
observables. Last, but not least, longer time series
and data still out of reach may help to improve the
situation.

The Phoebus group still has faith that the goal will
be reached. Unlike the search for the Holy Grail, it
is not the road for reaching the goal that matters,
but the goal itself. Nevertheless, the road may pro-
vide interesting social and scientific meetings that
will nicely pave the way to the core of the Sun.

ACKNOWLEDGMENTS

SOHO is a project of international collaboration be-
tween ESA and NASA.

REFERENCES

Andersen B.N., 1996, A&A, 312, 610

Appourchaux T., 1998, In: Korzennik S., Wilson
A. (eds.) Structure and Dynamics of the Inte-
rior of the Sun and Sun-like Stars, 37, ESA SP-
418, ESA Publications Division, Noordwijk, The
Netherlands

Appourchaux T., Toutain T., 1998, In: Provost J.,
Schmider F.X. (eds.) Sounding Solar and Stellar
Interiors, TAU 181, Poster volume, 5+, Kluwer
Academic Publishers, Dordrecht

Appourchaux T., Andersen B., Chaplin W., et al.,
1998, In: Korzennik S., Wilson A. (eds.) ‘Struc-
ture and Dynamics of the Interior of the Sun and
Sun-like Stars, 95, ESA SP-418, ESA Publications
Division, Noordwijk, The Netherlands

Appourchaux T., Frohlich C.; Andersen B., et al.,
2000, ApJ, 538, 401

Bertello L., Varadi F., Ulrich R.K., et al., 2000, ApJ
Letters, 537, L143

Christensen-Dalsgaard J., 1990, In: TAU Colloqg. 121:
Inside the Sun, 305

Damé L., Hersé M., Thuillier G.., et al., 1999, Ad-
vances in Space Research, 24, 205

Delache P., Scherrer P.H., 1983, Nature, 306, 651

Denison D.G.T., Walden A.T., 1999, ApJ, 514, 972

Frohlich C., Finsterle W., Andersen B., et al., 1998,
In: Korzennik S., Wilson A. (eds.) Structure and
Dynamics of the Interior of the Sun and Sun-like
Stars, 67, ESA SP-418, ESA Publications Divi-
sion, Noordwijk, The Netherlands

Garcia R.A., Jefferies S.M., Toner C.G., Pallé P.L.,
1999, A&A, 346, L61

Koopmans L., 1974, The Spectral Analysis of Time

Series, Academic Press, Inc., London, United
Kingdom

Kuhn J.F., Bogart R., Bush R., et al., 1997, In: TAU
Symp. 181: Sounding Solar and Stellar Interiors,
vol. 181, 103

Kumar P., Quataert E.J., Bahcall J.N., 1996, ApJ
Letters, 458, L83

Percival D.B., Walden A.T., 1993, “Spectral analysis
for physical applications”, Cambridge University
Press

Thomson D.J., Maclennan C.G., Lanzerotti L.J.,
1995, Nature, 376, 139

Toner C.G., Jefferies S.M., Toutain T., 1999, ApJ
Letters, 518, L127

Toutain T., Berthomieu G., Provost J., 1999, A&A,
344, 188

Varadi F., Pap J.M., Ulrich R.K., Bertello L., Hen-
ney C.J., 1999, AplJ, 526, 1052

Varadi F., Ulrich R.K., Bertello L., Henney C.J.,
2000, ApJ Letters, 528, L53



