\

Helioseismology
M. P. Di Mauro

» To cite this version:

M. P. Di Mauro. Helioseismology. Astrophysics and Space Sciences Transactions, 2008, 4 (1), pp.13-17.
hal-00297490

HAL Id: hal-00297490
https://hal.science/hal-00297490
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00297490
https://hal.archives-ouvertes.fr

Astrophys. Space Sci. Trans., 4, 13-17, 2008
www.astrophys-space-sci-trans.net/4/13/2008/
© Author(s) 2008. This work is licensed

under a Creative Commons License. Astrophysics an@pace Sciences
Transactions

Helioseismology

M. P. Di Mauro
INAF-Istituto di Astrofisica Spaziale e Fisica Cosmica-Roma, Italy

Received: 14 November 2007 — Revised: 18 January 2008 — Accepted: 21 January 2008 — Published: 10 April 2008

Abstract. Helioseismology, the study of solar oscillations, the SOHO spacecraft and the groud-based BISON (Chaplin
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-Dalsgaard (2002), 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 by Leighton et al. (1962)
showed clear evidence of the presence of solar surface’s osI;h b 4 sol ilati d di

cillations with periods of about 5min. These oscillations € observed solar oscl ations correspond o s_tan ng
were theoretically explained by Ulrich (1970), and indeper1_acoust|c waves maintained by pressure forces, which form

dently by Leibacher and Stein (1971), as due to standin he class (_)f the P modes_, and to standing surface g_rgvity
acoustic waves (i.e. p modes) — generated for some not we aves, maintained by gravity, known as f modes. In addition,

known reason in the convection zone and maintained by preswe. should mentlpn the proba}ble, although quite d|sgussed,
existence of the internal gravity waves, g modes, which are

sure forces — trapped in the solar interior. Few years later, o . S
more accurate observations carried out by Deubner (1975 ensitive to the structure and rotation of the deeper interior of
he Sun (Gana et al., 2007).

were able to confirm the theoretical hypothesis about the LN
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.Prium structure of the Sun. In addition, each mode, charac-
Like the geoseismology, which studies the Earth’s interior t€/1zed 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 smalProPerties 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';al’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 MDI (Scherrer et The goal of the helioseismology is to infer the internal

al., 1995) and GOLF (Gabriel et al., 1995) instruments onProperties of the Sun and to understand the physical mech-
anisms which govern the behaviour of our star. This can be

Correspondence to: M. 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

, 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-Dalsgaard (1997).

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.

T
1
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8c2/c?

0.000

-0.002 -

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 set by Basu 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 and two standard solar models (from ChriStensen'Dangaarelhristensen-DaIsgaard et al. (1996), shown by empty sym-
and Di Mauro, 2007). The open symbols are obtained for Model Sy, 4 Fig 1 indicate that the differences between the Sun
of Christensen-Dalsgaard (1996) while the filled symbols are for a S -
and the model’s prediction are extremely small, except below

model differing only in the inclusion of turbulent diffusion beneath . .
the convection zone. The vertical error bars correspond to the star'€ Dase of the convection zoneq0Re), 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 Fig. 1, with 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 abundance (Christensen-
of the travel times of the acoustic waves through the interiorDalsgaard and Di Mauro, 2007).
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. Thelar photospheric abundances (Asplund 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 Noels, 1993). 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. Figure 2 shows 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 old (Grevesse and Noels,
evant physics. 1993) and the new (Asplund, 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 by Christensen-and the model substantially increases if the new abundances
Dalsgaard et al. (1985), who reproduced the sound speed pr@re adopted (Montaém et al., 2004). Moreover, as noted in
file in the interior of the Sun. The results, so far, have shownseveral investigations (e.g. Guzik, 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 (from Mondallet al., 2004)  MDI data (Schou et al. 1998). Colours and contours indicate the
differing in using the new solar surface abundances by Asplundisorotation surfaces. The white area indicates the region in the Sun
(2005) and the old solar surface abundances by Grevesse and Noelhere the data have no reliable determinations (from Di Mauro 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', 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 inwards the equator have been studied extensively (e.g. Basu

the centre due to relativistic effects (Elliott and Kosovichev, and Antia, 2003; Vorontsov et al., 2002; Howe et al., 20003,

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 Thesolar 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. 3, which shows a cut of the;e4r ink to the solar cycle, was found by Howe et al. (2000b)

interior of the Sun, where the contours and colour scale indiygar the base of the convective envelope. This variation with
cate the isorotation surfaces (Di Mauro et al., 1998) as detery 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 etal., 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 430 nHz. 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 observedhe 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.g. Spiegel and Zahn, 1992), have beearelative short time because of the large sound speed there.
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Thus, p modes, as opposed to g modes, are not very sensitiiRefer ences

to the features of the core of the Sun. In addition, low-degree

data sets obtained by different instruments are not in mutuaftsplund, M.: New Light on Stellar Abundance Analyses: Depar-
agreement and give conflicting inversion results in the core Tgrezgrlorgégiggg Homogeneity, Ann. Rev. Astron. Astrophys.,
Di Mauro et al., 1998). ey : .

( It is only very recer)nly, after the analysis of 10 years of ASpI.und’ M., Grevesse, N., sauyal’ A 3., A”end.e prieto, C., and
data collected by GOLF, that the detection of one g mode Kiselman, D.: Line formation in solar granulation.IV.[Ol], O |

X 8 ) and OH lines and the photospheric O abundance, Astron. Astro-
was finally announced by Gaecet al. (2007). According phys., 417, 751-768, 2004.

to Garda et al. (2007) only models characterized by a corepasy, S. and Antia, H. M.: Changes in solar dynamics from 1995 to
rotation faster than in the rest of the radiative zone are able 2002, Astrophys. J., 585, 553-565, 2003.
to reproduce the frequency of such a g mode. This still need8asu, S. and Christensen-Dalsgaard, J.: Equation of state and he-
to be confirmed. lioseismic inversions, Astron. Astrophys., 322, L5-L8, 1997.
Basu, S., Christensen-Dalsgaard, J., Schou, J., Thompson, M. J.,
and Tomczyk, S.: The Sun’s Hydrostatic Structure from LOWL
5 Conclusions Data, Astrophys. J., 460, 1064-1070, 1996.
Basu, S., Christensen-Dalsgaard, J., Chaplin, W. J., Elsworth, Y.,
Despite such overall success, helioseismology has not yet ex- Isaak, G. R., New, R., Schou, J., Thompson, M. J., and Tomczyk,
hausted its resources, since helioseismic results clearly sug- S-: Solar internal sound speed as inferred from combined BiSON
gest further refinements of the solar models. To reach the @ndLOWL oscillation frequencies, Mon. Not. Roy. Astron. Soc.,

required sensitivity and frequency resolution, several heIio—Chi?ji'n Zl\t\?_JZSéislv?ngH Y. Howe. R.. Isaak G. R.. mcLeod. C. P
seismology experiments have been already planned to op- Miller, B. A.. van der Raay, H. B., Wheeler, S. J., and New, R.

erate on-board of satellites and will soon be deyoted to the Licon Performance, Solar Phys., 168, 118, 1996.
measurements from space: SDO, Solar Dy_na_mlcs ObserVetfhristensen-Dalsgaard, J.: Helioseismology, Rev. Mod. Phys., 74,
tory (http:/sdo.gsfc.nasa.gov/), a NASA mission to under-  1973-1129, 2002.

stand the variation of the solar magnetic field, the dynamicalchristensen-Dalsgaard, J. and Di Mauro, M. P.: Diffusion and
processes and their impact on Earth (launch 2008); PICARD Helioseismology, in: Stellar Evolution and Seismic Tools for
(Thuillier et al., 2003), a CNES mission to study the Earth  Asteroseismology - Diffusive Processes in Stars and Seismic
climate and Sun variability relationship (launch 2009); SO, Analysis, edited by Straka, C. W., Lebreton, Y., and Mon-
Solar Orbiter (Marsden and Fleck, 2007), an ESA satellite teiro, M. J. P. F. G., EAS Publications Series, 26, 3-16, 2007.

to study the polar regions and the side of the Sun not visi-Christensen-Dalsgaard, J., Duvall, T. L. Jr., Gough, D. O., Har-
ble from Earth (launch 2013); DinaMICS (G#a@nd Turck- yey, .J. W., and Rhodes, E. J. Jr. : Speed of sound in the solar
Chieze, 2006), to study Dynamics and Magnetism from the interior, Nature, 315, 378-382, 1985.

Christensen-Dalsgaard, J.,appen, W., Ajukov, S. V., Ander-
Internal core to the Chromosphere of the Sun, a French son, E. R., Antia, H. M., Basu, S.. Baturin, V. A.. Berthomieu, G.,

prolgct nOF y.et.planned for Iaunch. ) Chaboyer, B., Chitre, S. M., Cox, A. N., Demarque, P., Donatow-
Finally, it is important to mention the existence of a New iz J. Dziembowski, W.'A., Gabriel, M., Gough, D. O., Guen-
European initiative, the European Helio- and Asteroseismol- ther, D. B., Guzik, J. A., Harvey, J. W., Hill, F., Houdek, G.,
ogy Network HELAS, funded as a Coordination Action by Iglesias, C. A., Kosovichev, A. G., Leibacher, J. W., Morel, O.,
the European Commission under the Sixth Framework Pro- Proffitt, C. R., Provost, J., Reiter, J., Rhodes, E. J., Rogers, F. J.,
gramme for 2006-2010. HELAS, which is led by ten ma- Roxburgh, I. W., Thompson, M. J., and Ulrich, R. K.: The current
jor research groups from nine European countries, offers the state of solar modeling, Science, 272, 1286-1292, 1996.
unique opportunity to facilitate the exchange of knowledgeDeUbner' F. L.: Observations of low wavenumber nonradial eigen-

and the coordination of research in helio- and asteroseis. r&OdeS OIfVIth;SUl_r"’lAStr(.)n'Alsuof’hys];" 4t4’ ?71;3'7?’ 1973' "
mology through international conferences, smaller meetings, | Viauro, M. . el_o.se|smo og,y. a tantastic fool fo probe the
interior of the Sun, in: The Sun’s surface and subsurface. Inves-

staff eXChang,e and _a strong plan for the dlsser_mnatlon of the tigating shape and irradiance, LNP 599, edited by Rozelot, J. P.,

latest results in the fields of helio- and asteroseismology. Fur- Springer, Berlin-Heidelberg, 31-67, 2003.

ther information can be obtained through the HELAS websitep; Mauro, M. P., Dziembowski, W. A., and Pateérnl.: Rotation

http://www.helas-eu.org. of the solar interior: New results by helioseismic data inver-
sion, in: Structure and Dynamics of the Interior of the Sun and
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