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Global Oscillation Network Group data reveal that the internal structure of the sun can be
well represented by a calibrated standard model. However, immediately beneath the
convection zone and at the edge of the energy-generating core, the sound-speed variation
is somewhat smoother in the sun than it is in the model. This could be a consequence
of chemical inhomogeneity that is too severe in the model, perhaps owing to inaccurate
modeling of gravitational settling or to neglected macroscopic motion that may be present
in the sun. Accurate knowledge of the sun’s structure enables inferences to be made
about the physics that controls the sun; for example, through the opacity, the equation
of state, or wave motion. Those inferences can then be used elsewhere in astrophysics.

Ohne of the principal purposes of the
Global Oscillation Network  Group
(GONG) project is to determine the in-
ternal structure of the sun. Helioseismol-
ogy is used to model the stratification of
density p and the internal stress that sup-
ports the star, as well as the relation be-
tween them when they are adiabatically
perturbed (I). In the absence of a magnet-
ic field or small-scale turbulence, the
stress is the gradient of the pressure p.
Then perturbations of p and p are related
via ghe adiabatic exponent vy, (2). The
variation of these quantities with position
is determined by seismology and consti-
tutes what we call the seismic structure of
the sun. One must use properties of theo-
retical solar models for inferring other
quantities such as temperature (2). Theo-
retical models also provide a reference
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against which to compare the seismic model.
The traditional manner of inferring the
structure of the sun is to calibrate a theo-
retical model; that is, to adjust a set of
uncertain parameters that specify the model
until a best fit with the data is obtained.
Difficulty arises when the model cannot be
adjusted to fit all the data within the esti-
mated measurement errors, which indicates
a fundamental error in the model. Various
techniques, known as inverse methods,
consider a wider class of possible structures
by relaxing some of the basic assumptions
on which the theoretical models are based
(3). By so doing, one can come closer to
explaining what the data might imply and
hence obtain a representation of the sun
that is in better accord with those data.
Many inverse methods seek differences
between certain aspects of the sun and a
theoretical model. If the structure of the
model is close to that of the sun, the equa-
tions relating the two can be simplified by
linearization. By a sequence of refinements,
it has been possible to produce a model that
in many respects is very close to the sun (4).

Fig. 1. The first two im-
ages depict acoustic ray
paths for modes withn =
20,¢=1(A)andn = 20,
¢ = 2 (B), which have
similar frequencies but
penetrate to different
depths. The extent to
which the structure of the
sun influences their fre-

That model now serves as a reference with
which to compare the sun and as a guide to
interpretation of the differences we find.

Analysis of the frequencies of modes of
oscillation is one means whereby the struc-
ture of the sun can be inferred. One can also
study the shapes of the oscillating distur-
bances—the so-called eigenfunctions—or
one can investigate, over a limited region of
the sun, the propagation of the component
waves that constitute those eigenfunctions
(5). Such studies are best suited to the in-
vestigation of lateral inhomogeneity. Never-
theless, most of the inferences to date have
been obtained from global mode frequen-
cies, and it is accordingly to these that we
restrict our attention in this article.

Seismic Waves

Acoustic seismic waves propagate through
the solar interior along ray paths that are
almost in planes through the center of the
sun (Fig. 1). After reflection at the surface,
the waves propagate downward, to be re-
fracted by the sound-speed gradient back to
the surface, where they are reflected again.
The paths are not closed, so that after many
reflections the waves sample essentially the
entire region outside a central zone of
avoidance and therefore provide a global
diagnostic of that region. Indeed, if there
were no attenuation by dissipation, a single
ray would fill the accessible space. The
waves of particular interest are those whose
frequencies are such that on neighboring
paths the waves are essentially in phase.
This leads to constructive interference and
the formation of a resonant mode of oscil-
lation with a well-defined frequency (6).

For a wave to be observed, the distur-
bance must pass from the interior of the sun
to the photosphere through the ill-under-
stood surface layers that influence the oscil-
lation frequencies in a substantial but partly
unknown way. That influence must be
eliminated from the data.

The detailed geometry of the ray paths,
and consequently the values of the resonant
frequencies, are determined principally by
the variation of the sound speed ¢ through
the sun (7). Broadly speaking, the extent to
which any given region of the sun influenc-

quencies is represented by the intensity of the brown and red shading. (C) Is the result of subtraction of the
red shading from the brown, the green intensity representing the sensitivity to the frequency difference. The
greatest intensity is in the region between the lower limits (caustics) of the two ray paths in (A) and (B).
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es the resonant frequency is proportional to
the time spent in that region by an imagi-
nary point traveling with the wave (8). This
is represented in Fig. 1, A and B, by the
intensity of the brown and red shading. The
shading is dense near the surface of the star,
where the wave speed is low. It is also
relatively dense near the edge of the zone of
avoidance, for although the wave speed is
relatively high, the ray density is large be-
cause the imaginary point passes through
the region many times. Indeed, the ray den-
sity is formally infinite at the boundary of
the zone of avoidance, to which the rays are
tangent. This boundary is called a caustic.

The difference between a measured os-
cillation frequency of the sun and that of a
corresponding mode of a theoretical model
can be represented as an average of the
difference between the solar and the model
wave speeds (9). However, the implications
of such averages are not easy to compre-
hend, because they are made up of contri-
butions from many parts of the sun. What
we would prefer is to be told the actual
sound-speed difference 8¢ at each point, but
that is not possible. What is possible, how-
ever, is to be given a sequence of averages,
each of which is localized in space. To
understand how such an average is ob-
tained, consider the difference between the
frequencies of the modes in Fig. 1, A and B:
It provides an average of the sound-speed
difference weighted with the difference be-
tween the corresponding weight functions
(Fig. 1C). The new weight function is
greatest in the vicinity of the caustics, there
having been substantial cancellation else-
where. Thus, the frequency difference pro-
vides localized information about the sound
speed. A sequence of such averages can be
thought of as a blurred representation of the
function dc. More highly localized averages
can be obtained from appropriate combina-
tions of a greater number of frequencies.
With enough modes, one can eliminate the
contribution from the surface, whereas in
Fig. 1C cancellation was far from complete.
Some examples of well-localized weight
functions are shown in Fig. 2A.

One can instead represent the sound-
speed difference in terms of a predeter-
mined set of functions, choosing the linear
combination that best fits the data. Because
the emphasis here is on reproducing the
data, the method is akin to the calibration
of solar models, except that the representa-
tion is not constrained to satisfy the equa-
tions that govern those models. Moreover,
the number of adjustable parameters is typ-
ically much greater. When one has a wide
range of modes such as those in the GONG
dataset, the value of the resulting function
at any point is an average of the actual
sound-speed difference, which is usually lo-
calized in the vicinity of that point (10).

A third technique has the advantage of
not relying on a reference model (Fig. 2B).
If the structure of the sun were known
above the caustic of the shallower mode,
the frequency of that mode could be calcu-
lated. The structure of the more deeply
penetrating wave could be calculated above
the caustic of the shallower mode, and its
frequency would then be calculable in terms
of the unknown sound speed in the thin
region between the two caustics. A mea-
surement of the frequency would therefore
determine the sound speed averaged over
this thin region. From the frequencies of a
succession of modes that penetrate more
and more deeply, it is evident that in prin-
ciple one can build up a picture of the
sound-speed variation (11).

Inferences from GONG Data

In Fig. 3, we plot the square of the sound
speed in the sun against radius 7, obtained
from GONG data, as well as that in a
reference model (12). The agreement is
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Fig. 2. (A) Localized averaging kemels, which
weight averages of sound-speed differences be-
tween the sun and a theoretical reference model.
(B) Portions of the ray paths depicted in Fig. 1A
(blue) and Fig. 1B (red). The dotted circles are the
corresponding caustics.
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close. Only near the base of the convection
zone and in the energy-generating core are
there discrepancies. The former is evident
in the enlargement of the vicinity of the
base of the convection zone (inset, Fig. 3).

The adiabatic stratification in the sun
appears to penetrate about 0.002R more
deeply than in the model (13) (R is the
radius of the sun). Also, the values of u = p/
p, and consequently c? (2), converge quickly
at greater depths (Fig. 4). Part of the differ-
ence in u between the sun and the model
could be associated simply with the fact that
the model convection zone may be too shal-
low. However, the excess u caused by that
property is of lesser magnitude than that in
Fig. 4 and extends more deeply (3). The
small positive value of du/u between 0.3R
and 0.6R might therefore be accounted for in
this way, but the relatively sharp bump be-
tween 0.6R and 0.7R cannot. The decrease
in u locally may indicate that immediately
beneath the convection zone the accumula-
tion of helium, which augments the mean
molecular mass . (2), has been overestimat-
ed in the reference model. This is consistent
with recent computations (14—-17), some re-
sults of which are compared with the sun in
Fig. 5. The bump could in principle have
been produced by an opacity error that drops
abruptly to zero immediately beneath the
base of the convection zone. However, such
a fortuitous occurrence is unlikely.

The discrepancy in the core is the third
prominent feature. Most secure is the neg-
ative region of dufu between about 0.1R and
0.2R, which implies that the variation of u
itself is flatter than in the model (see Fig.
3). Once again, this would be a symptom of
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Fig. 3. The dashed curve is the square of the
spherically averaged sound speed in the sun. The
solid curve corresponds to a standard theoretical
model. The magnitudes of the slopes of the
curves are lower immediately beneath the con-
vection zone, where the temperature gradient is
too small to drive the instability. The inset shows
that the convectively unstable region of relatively
high slope extends somewhat more deeply into
the sun than it does in the model.
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there being too steep a composition gradi-
ent in the model. The density inversion
(Fig. 4) is consistent with this interpreta-
tion: The regions of relarively steep positive
slope in 8p/p in the core and immediately
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Fig. 4. Relative differences du/u (A) and dp/p (B)
between the sun and the standard model with
gravitational settling of helium and heavy elements
(8), where u = p/p.
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Fig. 5. Relative differences du/u between u in the sun and in various theoret-
ical models. The theoretical models are (A) a model with weak mixing (75),
presumed to be generated by rotationally induced turbulence; (B) a similarly
mixed model (76); and (C) a model with mass loss (77). In order to produce a
homogeneous comparison, the inversions are of the frequency differences v,
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beneath the convection zone imply that the
magnitude of the (negative) gradient of
density is too high in the model (18).

A certain amount of turbulent mixing
reduces the discrepancy immediately be-
neath the convection zone (Fig. 5, A and
B). We have constructed models with
somewhat different helium redistribution
that reduce the discrepancy further, but this
does not imply that mixing is necessarily
the solution. A model that also well repre-
sents the sun near the base of the convec-
tion zone (Fig. 5C) has no such mixing but
instead suffers mass loss during the course of
its evolution. The upward flow of material
into the convection zone, and subsequently
out into the solar wind, counteracts the
settling of helium, leaving a smaller helium
concentration between 0.6R and 0.7R. We
estimate the helium abundance to be 0.248
+ 0.005 in the convection zone where the
stratification is adiabatic. This value is sim-
ilar to previous estimates (19).

Deviations from spherical symmetry split
the degeneracy of the mode frequencies
with respect to azimuthal order m. The
component of the splitting that is odd in m
is produced by those aspects of rotation that
depend on odd powers of the angular veloc-
ity ), whereas the even component is pro-
duced by everything else (including phe-
nomena such as centrifugal force, which
depend on even powers of () and which
cannot distinguish east from west). Here we
consider only the even splitting, leaving
discussion of rotation to (20).

We determine the component of the
deviation from spherical symmetry that is
axisymmetric about the rotation axis. Only
processes that produce a deviation in the
wave propagation speed, or a distortion to
the shape of the cavity within which the
waves propagate, influence the frequencies
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of the modes. Wave speed can be modified
by sound-speed deviations and by a magnet-
ic field, or the wave can be advected by the
component of large-scale material flow in
meridional planes (21). Unfortunately, one
cannot distinguish between them by seismic
frequency analysis alone (22). Therefore,
we simply express the outcome of our anal-
ysis as a scalar wave-speed variation. Inver-
sions are carried out in a manner analogous
to those for the spherically averaged struc-
ture, except that now the latitudinal depen-
dence of the waves must be taken into
account (23).

The only significant aspherical variation
is confined to a shallow layer immediately
beneath the solar surface (Fig. 6). This find-
ing is consistent with previous inferences
(24). Moreover, the variation of wave speed
with latitude is very similar to the bright-
ness temperature of the solar atmosphere,
which confirms previous findings (24). The
wave-speed variation (Fig. 7) is less well
resolved than the spherically averaged
sound speed (Figs. 3 through 5) and is
therefore less reliable. This is because it
depends on very small frequency differenc-
es, which are of order 0.1 mHz, rather than
on the full mode frequencies. As GONG
continues, the results will improve. Howev-
er, the precision will be limited by the
structural changes that the sun undergoes in
the course of the solar cycle.

There is no significant asphericity (Figs.
6 and 7) beneath » = 0.9R. Therefore, we
find no evidence for a deeply seated thermal
perturbation or magnetic field. If there were
a field concentrated in a layer of thickness
0.1R, say, as some dynamo theorists have
postulated (25), we could set an upper
bound to its average intensity over that
layer of a few tens of teslas. That bound is
not inconsistent with dynamo models (25).
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- v, — (v, — vo), where v, is solar frequencies, vy is the frequencies of the
standard solar model used in Fig. 4, and v,,, and v, are frequencies computed
with the same computer code with and without mixing (or mass loss), respec-
tively. Thus, they represent the effect incorporating mixing (or mass loss) into
the reference model used in Fig. 4.
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We have made two suggestions that
might possibly account for the discrepancies
in the sound speed: mass loss and material
mixing. Both require that material now in
the convection zone was previously at high-
er temperature. That could have caused the
light chemical elements Li and Be to have
been partially destroyed by nuclear reac-
tions. Both possibilities have been proposed
before to explain the observed Li and Be
deficiencies in the atmospheres of the sun
and other similar stars; now we have evi-
dence that one of them might be correct.
The model in Fig. 5C has lost 10% of its
mass, most of it in the first 10° years, and it
reproduces the observed Li deficiency in the
solar photosphere. However, there are also
plausible mechanisms for material mixing,
including weak convective overshooting
(26), nonlinear wave transport (27), rota-
tionally induced shear turbulence (28), and

| e
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Sound speed perturbation (8¢/c)
Fig. 6. Effective sound-speed deviation from the
spherical average.
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Fig. 7. Relative sound-speed deviation from the
spherical average, plotted against radius, at the
equator (continuous curve), latitude 45° (dotted
lines), and the poles (dashed lines). Thick lines
represent the expected solutions; thin lines devi-
ate from those solutions by *+1SD of the estimat-
ed data errors.

Ekman circulation (29). Distinguishing the
different possibilities. will require a more
highly resolved picture of the transition at
the base of the convection zone (30), includ-
ing the shear in the angular velocity (20).

The discrepancy in the energy-generat-
ing core might also be a symptom of mac-
roscopic motion, which transports the prod-
ucts of the nuclear reactions from their sites
of production. That would modify the neu-
trino emission rates and thereby change the
status of the solar neutrino problem, despite
evidence that at least part of the problem
lies in elementary-particle physics (31). It
would also lengthen the life expectancy of
the sun, by replenishment of spent hydro-
gen fuel. The implications are far-reaching;
for example, if other stars behave similarly,
the conflict between the age estimates for
globular clusters and some lesser age esti-
mates for the universe would be exacerbat-
ed. Such motion would also transport angu-
lar momentum and would therefore leave a
signature in the variation of angular veloc-
ity in the core.
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Splitting of the sun’s global oscillation frequencies by large-scale flows can be used to
investigate how rotation varies with radius and latitude within the solar interior. The nearly
uninterrupted observations by the Global Oscillation Network Group (GONG) yield os-
cillation power spectra with high duty cycles and high signal-to-noise ratios. Frequency
splittings derived from GONG observations confirm that the variation of rotation rate with
latitude seen at the surface carries through much of the convection zone, at the base of
which is an adjustment layer leading to latitudinally independent rotation at greater depths.
A distinctive shear layer just below the surface is discernible at low to mid-latitudes.

On the time scale of stellar evolution, the
sun is a middle-aged star. The observed
surface rotation rates of young solar-type
stars are up to 50 times that of the sun. It is
therefore believed that the sun has been
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losing angular momentum over its lifetime
through its magnetized wind, thereby grad-
ually spinning down its outer convection
zone and probably the bulk of its interior.
The effectiveness of the overall spin-down
of the star is difficult to estimate from stellar
evolution theory, because delicately bal-
anced circulations and instabilities that
would tend to mix the interior—and mag-
netic fields that may retard or modify such
processes—must be taken into account (I).
This has led to suggestions that the sun
might still have a rapidly rotating core,
perhaps highly magnetized, reflecting its
primordial past. The apparent deficit of
neutrinos coming from the sun’s energy-
generating core has also prompted ideas for
readjusting the chemical composition and
stratification in models of the nuclear-burn-
ing core, and such adjustments have impli-
cations for the mixing of angular momen-
tum in that region (2). Tracking of surface
features has shown that the sun does not
rotate as a solid body: it rotates once in ~25
days near the equator and in ~33 days near
the poles. Further, the rotation rate of sun-
spots at low and mid-latitudes is somewhat
faster than that deduced from Doppler shifts
of the surface plasma; this finding suggests
that the magnetic fields of the spots may be



