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Abstract. Helioseismology, the study of solar oscillations, the SOHO spacecraft and the groud-based BISOhapIin

has proved to be an extremely powerful tool for the inves-et al, 1996, GONG Harvey et al. 1996 and IRIS fos-
tigation of the internal structure and dynamics of the Sun.sat 1991) networks. The incredible amount of information
Here | will review the present status of helioseismic studiescollected over the past two decades contributed to reach a
and comment on recent results and on prospects for futurdeep knowledge of the internal structure of the Sun, not
investigations to solve the most discussed open questions agnaginable forty years ago. The present paper provides a
sociated with solar structure modelling. general overview of the main achievements in helioseismol-
ogy. Further details can be found in the reviews written by,
e.g. Christensen-Dalsgaai@002, Kosovichev(2003 and

Di Mauro (2003.

1 Introduction

The story began in the early 60’s when Doppler velocity ob-
servations of the solar disk made bgighton et al.(1962
showed clear evidence of the presence of solar surface’s o
cillations with periods of about 5min. These oscillations
were theoretically explained bylrich (1970, and indepen-

2 Helioseismic investigations

SI:he observed solar oscillations correspond to standing
acoustic waves maintained by pressure forces, which form
dently by Leibacher and Stei(1971), as due to standing the class (I)f the P modes_, and to standing surface 9?‘?"“3’
acoustic waves (i.e. p modes) — generated for some not welf'aves: mamtamgd by gravity, known as f mode§. n ?‘dd't"’”’
known reason in the convection zone and maintained by preswe. should mention the proba}ble, although quite dlsgussed,
sure forces — trapped in the solar interior. Few years IatereX'Stence of the internal gravity waves, g modes, which are
more accurate observations carried outgubner(1975 Sensitive to the structure and rotation of the deeper interior of

were able to confirm the theoretical hypothesis about thethe Sun Garda et al, 2007).

global character and the modal nature of the solar oscilla- Oscillations have several advantages over all the other ob-
tions. This unprecedented discovery opened, for the firsServables: frequencies of oscillations can be measured with
time, human eyes to the knowledge of the solar interior and'9" @ccuracy and depend in quite simple way on the equi-
formed the basis for the development of helioseismology.l'br_'um structure of the Sun. In addition, each mode, charac-
Like the geoseismology, which studies the Earth’s interior t€f1zed by a specific frequency and wave number, propagates
through the waves produced during the earthquakes, heliot-hrough a confined region of the Sun, probing the physical

seismology studies the interior of the Sun through the smalPToPerties of the crossed medium, like temperature and com-
quakes detected at the photosphere. position. Thus, it is possible to deduce the internal stratifica-

Since the first observations, several thousands of mode';:l’On and dynamics of the Sun from a sufficiently rich spec-

of oscillation have been identified with great accuracy fromtrum of observed resor)ant.modes. ) ) ]
a number of experiments, including the MDSdherrer et The goal of the helioseismology is to infer the internal

al, 1995 and GOLF (abriel et al, 1999 instruments on properties of the Sun and to understand the physical mech-
anisms which govern the behaviour of our star. This can be

Correspondence tavl. P. Di Mauro pursued by two different strategies: i)"global” helioseismol-
(mariapia.dimauro@iasf-roma.inaf.it) ogy, based on the analysis of mode frequencies, which re-
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- [ ] low investigation on the equation of state and to probe the
, 1 He abundance in the solar envelope, as it was proved by, e.g.

0.004T e ] Kosovichev et al(1992; Dziembowski et al(1992; Basu

and Christensen-Dalsgagb97).

In addition, helioseismology contributed to solve the well
known 'neutrino-problem’: the agreement of the solar mod-
els with helioseismic data strongly suggested that the solu-
tion of the neutrino problem had to be sought not in the
physics of the solar interior but rather in the physics of the
solar neutrino.
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I | Figure 1 shows the relative squared sound-speed differ-
00 o0z o4  os 0.8 Lo ences between the Sun and two recent standard models, as
/R results of the inversion of the data setBgsu et al(1997),
which includes modes with< 100 and in particular very ac-
curate frequencies of low harmonic degree, which allow to
Fig. 1. The relative squared sound-speed difference between thgesolve the solar core. The inversion results for Model S of
Sun a_nd two standard solar models (fr@hristeqsen-DaIsgaard Christensen-Dalsgaard et £.996, shown by empty sym-
and Di Maurg 2007). The open symbols are obtained for Model S 1,4 Fig 1 indicate that the differences between the Sun

of Christensen-Dalsgaard (1996) while the filled symbols are for a dth der dicti ¢ | I t bel
model differing only in the inclusion of turbulent diffusion beneath an € models prediclion are extremely Small, Except below

the convection zone. The vertical error bars correspond to the stant-he base of the convection zone{0Re), where the gradi-
dard deviations based on the errors in the mode sets, whereas it of the hydrogen abundance changes abruptly as conse-
horizontal bars give a measure of the localization of the solution. guence of the helium settling. A significant progress can be
achieved, as shown by filled symbols in Figwith the inclu-
sion in the models of turbulent diffusion of helium and heavy
veals large-scale properties of the solar structure and dynanelements at the base of the convective zone in order to smooth
ics of the Sun; ii)“local” helioseismology, based on the usethe step gradient of the hydrogen abundarhristensen-
of the travel times of the acoustic waves through the interiorDalsgaard and Di Maut@007).
between different points on the solar surface, which provides
three-dimensional maps of the sound speed and of the flow§ 1 New solar abundances
in the upper convection zone, to probe local inhomogeneities™
in the sub-surface and surface layers. Here | will concen-
trate on the results obtained by applying techniques of global/ery recently doubts about the accuracy of solar models
helioseismology. Global helioseismology is based on the aphave arisen as a result of new determinations of the so-
plication of two different but complementary strategies. Thear photospheric abundancessplund et al. 2004. Three-
firstis the forward approach which consists in comparing thedimensional NLTE analyses of the solar spectrum have
observed data with the theoretical frequencies computed foghown a significant reduction in the C, N, O and Ne abun-
a stellar model. The second is based on the use of the oldances leading to a ratio @/ X =0.0165 between the sur-
served data to deduce the internal structure and rotation oface abundances of heavy elements and hydrogen, substan-
the Sun by means of data inversion. tially below the previously accepted value 8f X = 0.0245
(Grevesse and Noel$993. These elements make important
contributions to the opacity in the outer parts of the radiative
3 Theinternal structure of the Sun region and hence the reduction in their abundances strongly
affects the structure of the Sun. Fig@dshows sound-speed
During the last decade, several efforts have been made in oinversion results as obtained for two models, calculated with
der to test the correctness of the standard models in view ofhe CLES (Code légeois d’Evolution Stellaire) evolution
the improvements accomplished in the description of the relcode, which adopt respectively the ol@revesse and Nogls
evant physics. 1993 and the newAsplund 2005 elements mixtures in the
The first significant result concerning the application opacity tables. It appears that the difference between the Sun
of helioseismic analysis was obtained Wghristensen- and the model substantially increases if the new abundances
Dalsgaard et a[1985, who reproduced the sound speed pro- are adoptedNlontalkan et al, 2004. Moreover, as noted in
file in the interior of the Sun. The results, so far, have shownseveral investigations (e.gsuzik, 2006, the resulting mod-
that the solar structure is remarkably close to the prediction®ls show a too shallow depth of the convection zone and a
of the standard solar model and that the near-surface regiolower surface helium abundance than the values determined
can be probed with sufficiently high spatial resolution to al- by helioseismic inferences.
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Fig. 2. The relative squared sound-speed difference between thé&ig. 3. Rotation rate in the Sun obtained by inversion of SOI-
Sun and two standard solar models (friviontalban et al, 2004 MDI data (Schou et al. 1998). Colours and contours indicate the

differing in using the new solar surface abundancesAbplund isorotation surfaces. The white area indicates the region in the Sun
(2005 and the old solar surface abundancesrgvesse and Noels where the data have no reliable determinations (fl2inMauro et
(1993. al,, 1998

3.2 The equation of state and helium abundance also studied. It is in fact commonly accepted that the global

dynamo action, responsible for the generation of the solar
The solar plasma is almost an ideal gas, and the first adiag2 yr magnetic cycle, is induced by the strong toroidal mag-
batic exponenl'y, the partial logarithmic derivative of pres- netic fields generated by rotation shear in this thin region.
sure with respect to density at constant specific entropy, is
therefore close to & in most of the interior. 4.1 Temporal variation and the solar cycle
Helioseismic data have been used to derive the differences
between the equation of state of the Sun and that of the modelhe rotation rate inferred by inversion of helioseismic data
and to probe the helium abundance in the solar envelopeshows a complex variation with time, only partly correlated
The results showed that; deviates from 53 in the zones with the solar cycle. Regions of slightly faster and slower
of hydrogen and helium ionization below the surface (e.g.surface rotation, known as torsional oscillations, moving to-
Di Mauro et al, 2002, and at very high temperatures as in Wards the equator have been studied extensively (@apu
the centre due to relativistic effect&l(jott and Kosovichey =~ and Antig 2003 Vorontsov et al.2002 Howe et al, 2000a
1998. 2005. This pattern characterized by flows which are few me-
ters per second slower or faster than the mean solar rotation at
a given latitude, extends from the surface to at lee@2R,
4 The solar dynamics and appears closely linked to the 11-years sunspot cycle. The
. ) . ) origin of these zonal flows is not definitely established.
The inversion results about the internal angular velocity of  Angther temporal variation of the rotation rate, without a
the Sun are summarized in Fig. which shows a cut of the ey link to the solar cycle, was found Blpwe et al (20008

interior of the Sun, where the contours and colour scale indiygar the base of the convective envelope. This variation with
cate the isorotation surfaceBi(Mauro et al, 1998 as deter- 5 period of the order of 1.3yr occurs above and belove the

mined by inversion of data set obtained by SOI-MDI'in 1996 (5chocline and appears more pronounced near the equator.
(Schou et a].1998. o ] ] ~ However, the oscillation seems to have stopped after 2001
The results show that the latitudinal differential rotation (Howe et al, 2007. The possible physical cause of such

observed at the surface persists throughout the convectioq \4riation is unknown, although it could have a magnetic
zone, while the radiative interior rotates almost rigidly at a origin.

rate of about 430nHz. Through the largest part of the con-

vection zone, the angular velocity at low latitude decreasest.2 The rotation of the core

with the radius, while at high latitudes increases inwards.

The near-surface behaviour is consistent with the observed@he problem of inferring the core physics remains one of the
surface rotation rate. The properties of the tachocline, themost important open questions. Only low-degree p modes
transition layer from latitude-dependent rotation to nearly in- are able to penetrate towards the centre, sampling the core for
dependent rotation (e.@gpiegel and Zahrl992, have been a relative short time because of the large sound speed there.
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