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ABSTRACT 

After a brief review of the discovery and properties of solar oscillations, 
I summarize the significant advances in our knowledge of the Sun’s 
interior structure achieved by using solar oscillation frequency data. I 
discuss the surprising solar interior rotation profile; the precise 
determination of the convection zone depth, the convection zone helium 
abundance; evidence for diffusive settling of helium during the Sun’s 4.5 
billion year lifetime; and the Sun’s central structure and implications for 
the solar neutrino problem. 

1. Introduction and Background 
Solar five-minute oscillations were discovered in 1960 by Leighton, Noyes, 

and Simon1 from doppler velocities deiived from spectral line profile variations. 
These velocity variations are manifested as waves on the solar surface with peak 
velocities of 1000 m sec-1. They remain coherent for 6-7 periods over spatial 
scales of about 0.05 Ra (Fig. 1). At first these waves were thought to be superficial 
phenomena related ta convection cells near the surface, but were later interpreted 
by Ulrich2 and independently by Leibacher and Stein3 as the interference pattern of 
over 10 million global acoustic (sound, pressure) modes of oscillation, with 
frequencies between 1000 and 5000 pHz (periods -5 minutes), and amplitudes less 
than 15 cm sec-1. The Sun acts as a resonant acoustic cavity that traps these waves; 
they are reflected by the rapidly decreasing density as they travel toward the solar 
surface, and turned around (refracted) by the increasing sound speed as they travel 
toward the solar center. This discovery launched the new research field of 



helioseismology. Researchers made rapid progress m modeling solar evolution and 
pulsations, guided by attempts to match the properties of thousands of solar 
oscillation modes observed to very high accuracy. There are numerous excellent 
review articles (e.g., refs. 4-8) that describe the properties of solar oscillations and 
their usefulness for inferring the Sun’s interior structure. 

DOPPLER VELOCITY 

Fig. 1. Wave packets seen in space- and time-resolved doppler velocity observations of the solar 
disk. These wave packets are actually the superposition of millions of acoustic resonance modes of 
oscillation that undergo constructive and destructive interference (from Toomre6). 

Mathematically, solar oscillations can be described in terms of a set of normal 
modes (eigenmodes), consisting of a radial component, with the radial order It equal 
to the number of nodal points inside the Sun (Fig. 2), and an angular component 
represented by spherical harmonics Yl,&3,<p) (Fig. 3). The angular degree I 
denotes the total number of nodal lines on the surface. Rotation (and to a lesser 
extent magnetic fields) breaks the spherical symmetry of the Sun. For example, for 
the Sun’s slow rotation of about 26 days (angular frequency -0.45 pHz), each mode 
with the same degree I is split into 22+1 frequencies. The absolute value of the 
azimuthal order m, where m= -I, (-I +l), . . ., 0, . . .’ ( I  -l), I corresponds to the 
number of nodal lines through the symmetry axis (Fig. 3). Note (Fig. 2) that 
modes of low angular degree Zpenetrate deep within the solar interior, while modes 
of high degree turn around closer to the solar surface. Thus modes of different I 
can be used to probe different depths in the solar interior; by considering all of the 
modes, we can infer the entire interior structure. 
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Fig. 2. Scaled amplitudes versus radius of solar oscillation eigenmodes. The mode order n gives the 
number of nodes in the solar interior. The g-modes (left) have large amplitudes near the solar core, 
but are evanescent in the convection zone. The p-modes (right) propagate throughout the entire Sun, 
with modes of low angular degree I penetrating farthest into the solar interior (from Toomre6). 

Since we can spatially resolve the solar disk, we can obtain the frequencies of 
modes from degrees I = 0 through -1000. The discovery of nonradial oscillations 
in the Sun has also prompted searches for nonradial oscillations in Sun-like stars, 
and initiated the field of asteroseismology. For other stars, only frequencies of 
low-degree modes ( I  = 0, 1, 2, and maybe 3) can be measured from photometric 
variations, since for these modes amplitude variations averaged over the entire 
unresolved disk may not fully cancel out. 
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In addition to the pressure (p-) modes, theory also predicts another class of 
global nonradial modes, the gravity (g-) modes, with periods of about 40 minutes. 
For these waves, the restoring force is gravity instead of pressure. Gravity modes 
are complementary to p-modes, in that they have large amplitudes near the solar 
core (Fig. 2), while only a few of the lowest-degree p-modes reach the core. The g- 
mode frequencies would therefore be extremely useful for probing the solar core, 
and addressing the important questions of the core rotation rate and neutrino flux 
problem (see below). However, gravity modes cannot propagate through the solar 
convection zone, and in spite of many claims, their existence has not been 
confirmed observationally. The lowest-degree gravity modes may have enough 
amplitude near the solar surface to eventually be detectable by long time-series 
space-based observations, for example by the SOH0 spacecraft launched in 
November 1995 (see papers by A. Kosovichev and E. Fossatt, these proceedings). 

Fig. 3. Doppler velocity contours for some eigenmodes of solar oscillation. The angular degree I 
gives the number of nodal lines on the solar surface, and the azimuthal order rn gives the number of 
nodal lines through the symmetry axis (from Toomre6). 

2. Methods of helioseismology 
There are two common approaches to using solar oscillation frequency data 

to understand solar interior structure: the forward method, and the inverse method. 
In the forward method, we evolve a solar model incorporating a given set of 
constitutive physics (opacities, equation of state, nuclear reaction rates, convection 
treatment, etc.) from the zero-age main sequence to its present age of -4.5 Gyr, 
iterating on the initial helium abundance and convection treatment parameters until 
the final model has the observed solar luminosity and radius? We then compute the 
oscillation frequencies of the model, and compare them with observed frequencies. 

. 



Since low-degree modes are sensitive to the entire solar structure, while the highest- 
degree modes probe only the solar surface, the differences between observed and 
calculated frequencies for modes of varying 1 are used as guides/clues to 
deficiencies in the input physics. We then try to improve the model physics, and 
calculate new models and frequencies, hopefully improving the agreement and 
gaining insight into the sensitivity of the model structure to uncertainties in input 
physics. The forward method has been used to guidelvalidate improvements in the 
equation of state and OpacitieslO, as well as to highlight the importance of diffusive 
settling of helium and heavier elementsll. 

In inversion methods,12~13 weighting functions (kernels) are formulated, 
based on solar models, that describe how the oscillation frequencies depend on the 
integral average of a particular property of the solar interior. Mathematical 
techniques are then used to invert the integral to recover the property of interest. 
Both differential and absolute methods are used. In the differential method, the 
deviation between the actual Sun and a reference solar model is derived, whereas in 
absolute methods, as the name implies, the property of interest is recovered 
independently of a reference model (except as the model enters into deriving the 
kernels). The inverse method has the advantage that it potentially recovers the 
actual run of a property in the solar interior, and highlights the exact location and 
magnitude of deficiencies in the structure of a model. Inversion techniques have 
been developed to derive such properties as the solar rotation rate, sound speed, and 
adiabatic index rl as a function of depth and latitude. 

3. Recent observations 
Solar oscillations have been observed using single- or multi-site ground-based 

observatories (e.g. GONG, BISON, IRIS), and space-based instruments (SOHO, 
IPHIR) (see papers by E. Fossatt and J. Liebacher, these proceedings). Some recent 
compilations of solar p-mode observations are given in refs. 14-17. Observational 
uncertainties are generally a few tenths of a microhertz for the lowest-degree ( I  < 
5) modes, less than 0.1 pHz for intermediate-degree modes ( I  < loo), and a few 
pHz for high-degree modes. Long time-series observations from ground-based 
networks and space promise further improvements in precision. The observational 
uncertainties are already significantly smaller than the discrepancies between 
observed frequencies and those predicted by standard solar models, so they are 
extremely useful in guiding improvements to solar modeling. 

4. Helioseismology results 

4.1. Interior rotation profile 
Figure 4 shows recent inversion results of Korzennik et al.18 for the solar 

interior rotation at radii > 0.6 Ro. The rotation appears to be constant on 
cylindrical contours for latitudes < 30°, and constant on cones for latitudes between 
30" and 60'. While near the surface the equatorial regions rotate considerably 
faster than do higher latitudes, there is a transition to nearly solid-body rotation for 
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radii 0.4-0.6 Ra (Fig. 5). Several groups (e.g. Elsworth et al.19 and Tomczyk et 
a1.20) have used low-degree modes to derive the rotation rate in the deep solar 
interior. The solar core rotation rate is difficult to derive due to the small number 
of modes that penetrate to the solar center, and the relatively larger observational 
uncertainties for these frequencies. Contrary to predictions from models of solar 
angular momentum evolution21, there is no evidence for large velocity gradients; 
or for a core that is rotating with an angular velocity several times faster than the 
surface. - -  - . . .  .~ 
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Fig. 4. Contours of constant angular velocity derived from solar oscillation inversions (from 
Korzennik et d.18). The interior rotation is constant on cylinders near the equator, and constant on 
cones at higher latitudes. 
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4.2. Convection zone base radius 
Prior to the advent of helioseismology, the depth of the solar convection zone 

was known only roughly, because it is sensitive to details of the equation of state, 
opacities, and composition. Solar oscillation frequencies can determine the 
convection zone depth very precisely, because the radial derivative of the sound 
speed changes abruptly at the convection zone base. Christensen-Dalsgaard et a.l.22 
use differential sound speed inversions to locate the position of this discontinuity at 
0.713 k 0.003 Ro. Guzik and Cox11 find that the convection zone base radius that 
optimizes agreement between observed and calculated frequencies for modes that 
probe this region of the Sun is 0.712 & 0.001 Ro. Recent studies23924 indicate that 
there is little evidence for convective overshooting below the base of the convection 
zone, and that any overshoot region must be smaller than 0.1 pressure scale heights 
(-0.001 Ro). Now that we know the convection zone depth, we can use this 
information as an additional constraint on model physics, such as opacities below 
the convection zone. At the sharp boundary of the convection zone base, the 
temperature is 2.2 million K, which is too cool to destroy lithium. This means that 
we need a mechanism other than convective overshooting to explain the depletion of 
surface Li by a factor of -100, and Be by a factor of -2, from their (presumed) 
primordial values (see paper by S. Vauclair, these proceedings). 
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Fig. 6. W=(r2/Gm) (dc2/dr) versus r/Rg, where c is the adiabatic sound speed, for a reference 
standard solar model (dashed curve), and from solar data as determined by differential inversions 
(solid curve) (from Christensen-Dalsgaard et al.22). The sharp discontinuity in W at 0.713 k 0.003 

is used to locate the convection zone base. 

4.3. Convection zone helium abundance 
Since the surface of the Sun is too cool to exhibit spectral lines of helium, we 

cannot accurately measure the photospheric helium abundance. However, the 
ionization of helium at temperatures between 50,000 and 300,000 K in the solar 
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convection zone affects the equation of state enough that small  changes in the helium 
abundance noticeably affect the oscillation f~quencies. For example, changing the 
helium mass fraction (Y) from 0.24 to 0.27 changes the frequency of some high- 
degree modes (-1=400) by up to 7 pHz.28 Various groups13,25-28 determined the 
convection zone helium abundance using low, intermediate, and high-degree p- 
modes, and a variety of inversion techniques. They find Y values between 0.232 
and 0.256, with some dependence on the equation of state used in the reference 
solar model. This value is about 10% less than the initial Y of 0.27-0.28 needed in 
solar evolution models to match the luminosity at the present solar age. Solar 
evolution models incorporating diffusive settling of helium relative to hydrogen 
(due to both gravity and the steep temperature gradient) predict exactly this 
composition change due to helium settling out of the convection zone during the 
Sun’s lifetime29. The sound speed of solar models that incorporate element 
diffusion agrees better with the actual sound speed in the solar interior derived 
from oscillation inversions, especially near the base of the convection zone, where 
diffusion produces a steep composition gradient.11~30 

4.4. Central conditions, and implications for the solar neutrino problem 
We have long sought a’means of independently verifying the Sun’s central 

evolution models. Standard solar models predict a significantly greater neutrino 
flux from energy-generating nuclear reactions than has been observed by neutrino 
detection experiments to date. This discrepancy has lead to numerous suggestions 
for modifying the solar core structure, e.g., mixing, opacity reductions, or the 
presence of weakly-interacting massive particles (WIMPS) that transport thermal 
energy from the core. Solar oscillations are a promising means of fimally obtaining 
direct information on the structure of the solar core. 

Several groups have used inversion methods to determine the central density 
and temperature. Kosovichev (these proceedings) finds that the solar core 
temperature may actually be slightly higher than standard solar models predict, 
which would exacerbate the neutrino problem. Dziembowski et al.31 fmd that the 
central pressure/density ratio is very close to that of the standard model, with the 
necessary correction in the direction that would also increae the neutrino flux. 
Antia and Chitre32 considered a generous central opacity uncertainty of 20% in 
their solar models, and find an allowed solar central temperature range of 15.6 -t- 
0.4 million K. Even the lower bound on this temperature produces 4.6 solar 
neutrino units in the Chlorine experiment, nearly double the observed rate. 

The frequency spacing 6,,r between the lowest degree modes of order n and 
degree 1, and n-1 and 1+2, is a sensitive test of solar central structure. Elsworth et 
a133 compare the observed and calculated frequency spacing of 1=0 and 2=2 modes 
for standard solar models with and without helium settling, and find that the 
standard model is in excellent agreement with observations (Fig. 7). The 6 , , ~  
average over n values 11 through 26 is 4 0  pHz. In contrast, the average 6 , , ~  for 
solar models that include enough core mixing or energy-transporting particles to 

- temperature (-15.8 million K) and density (-160 g cm-3) predicted from standard 
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solve the neutrino problem is either too high (-12 pHz for the mixed-core models) 
or too low (-8 pHz for the WIMP models), and these models are ruled out by low- 
degree p-mode observations. Any nonstandard solar model proposed to solve the 
neutrino problem must pass this stringent helioseismological test. 

ii 16 21 26 

n 
Fig. 7. Measured 6,,,1 versus order n compared with calculated 6n,i for standard solar models without 
(solid line) and without (dashed line) diffusive helium settling (from Elsworth et d.33). 

5. Frontiers 
There are still many unanswered questions in helioseismology under active 

research. Inversion techniques are being developed to map the two-dimensional and 
even three-dimensional structure and dynamics of the Sun34335. Researchers are 
trying to understand the structure of the superadiabatic region at the top of the solar 
convection zone36, derive the location and strength of global magnetic fields by 
using data on the -0.5 pHz variation of frequencies with the solar cycle37938, study 
convective flows near the surface35, and understand mode excitation and damping. 
There are still unresolved problems, such as the slower-than-expected rotation rate 
of the solar core, the solar neutrino deficit, and the depletion mechanism for solar 
surface lithium and beryllium. 

6.  Conclusions 
Because we have determined the frequencies of thousands of solar p-modes to 

very high accuracy, we can probe solar interior structure and constrain model 
physics very well. Driven in part by comparisons with theoretical models, we have 
significantly improved the physics of the standard solar model, in particular 
opacities, equation of state, and inclusion of helium and element settling. We are 
applying the physics validated in solar models to evolution and pulsation studies of 
other stars. We have successfully used solar oscillations to determine the solar 
interior rotation profile, the. convection zone helium abundance, the convection 
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zone depth, and to xule out many nonstandard solar model solutions to the neutrino 

The frequencies of the standard solar model now agree reasonably well with 
observationsg, and only fine adjustments are required to achieve perfect agreement. 
We now worry about such seemingly small points as the thiid decimal place in the 
convection zone base location or initial helium abundance, opacity uncertainties of a 
few percent, or differences of a few tenths of a percent in the pressure equation of 
state. The larger remaining discrepancies are mainly attributable to differences 
between theoretical models and the .actual Sun near the surface. We note that, 
especially for the surface regions, we may not be able to distinguish between several 
physical descriptions that produce the desired change in model structure. For 
example, adjustments in low-temperature opacities, convection treatments, or 
radiation transport methods in optically thin regions can produce similar effects. In 
these cases, it will be important to have observational clues from other stars, or 
experimental data, to validate our physical models. 

‘ problem. 
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