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these sites, and the first month of full op-
erations yielded a duty cycle of 89%. The
first diurnal side lobe has been reduced by a
factor of 280 in power (Fig. 2B).

The GONG Instrument
and Data Reduction

The GONG instrument (10) was designed
to observe the Doppler shift of the solar
absorption line of Ni i (at wavelength 676.8
nm) primarily for p modes. Doppler velocity
measurements were chosen because they
typically have a higher ratio of the oscilla-
tory signal compared to other solar process-
es. The actual measurement is of the phase
of the single strongest (on average) Fourier
component in a small portion of the spec-
trum around one absorption line. Such in-
struments are known in the solar commu-
nity as “Fourier tachometers” (I1). In the
optics community, the basic technique is
known as phase-shift interferometry and is
widely used to test the quality of optical
components. All of the instrumental design
goals have been met or exceeded; in partic-
ular, the noise level of the measurements is
two orders of magnitude below the noise
generated by nonoscillatory solar processes.

Each minute, a single site records three
256-pixel by 242-pixel images, a total of
393 kilobytes of information. On average,
1.8 sites observe concurrently, so the aver-
age total data rate for the network is over 1
gigabyte per day. In order to maintain ca-
dence, data must be reduced and archived
at the same overall rate as they are collect-
ed. Many of the processing steps are inde-
pendent, so the computational burden has
been distributed over a network of worksta-
tions. This approach allows parallel process-
ing of several steps and allows data reduc-
tion to maintain cadence with the data
collection (12).

The images are processed, filtered, cali-
brated, and converted to Doppler velocity,
modulation (approximate line strength),
and total intensity images (13). The spher-
ical harmonic decomposition of each
remapped image is estimated up to £ = 250
(14), thereby sampling all of the globally
resonant modes. Time series of the mode
amplitudes obtained simultaneously at dif-
ferent sites are corrected and combined
(15), and the power spectra are computed.
Finally, the frequencies, amplitudes, and
linewidths of peaks in the power spectra are
estimated (16). These parameters are then
used to infer the solar internal conditions.
The GONG network will provide this in-
formation for at least the next 3 years.
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The Current State of Solar
Modeling

J. Christensen-Dalsgaard, W. Dappen, S. V. Ajukov,

E. R. Anderson, H. M. Antia, S. Basu, V. A. Baturin,

G. Berthomieu, B. Chaboyer, S. M. Chitre, A. N. Cox,
P. Demarque, J. Donatowicz, W. A. Dziembowski, M. Gabriel,
D. O. Gough, D. B. Guenther, J. A. Guzik, J. W. Harvey, F. Hill,
G. Houdek, C. A. Iglesias, A. G. Kosovichev, J. W. Leibacher,
P. Morel, C. R. Proffitt, J. Provost, J. Reiter, E. J. Rhodes Jr.,

F. J. Rogers, |. W. Roxburgh, M. J. Thompson, R. K. Ulrich

Data from the Global Oscillation Network Group (GONG) project and other helioseismic
experiments provide a test for models of stellar interiors and for the thermodynamic and
radiative properties, on which the models depend, of matter under the extreme conditions
found in the sun. Current models are in agreement with the helioseismic inferences, which
suggests, for example, that the disagreement between the predicted and observed fluxes
of neutrinos from the sun is not caused by errors in the models. However, the GONG data
reveal subtle errors in the models, such as an excess in sound speed just beneath the
convection zone. These discrepancies indicate effects that have so far not been correctly
accounted for; for example, it is plausible that the sound-speed differences reflect weak
mixing in stellar interiors, of potential importance to the overall evolution of stars and
ultimately to estimates of the age of the galaxy based on stellar evolution calculations.

Stars are born from contracting interstellar
clouds. The initial rapid phases of evolution
are rather uncertain; however, the protostar
eventually settles down to a state where the
forces of gravity and the pressure gradient
approximately balance. The continuing
contraction releases gravitational energy,
which heats up the stellar matter and sup-
plies the luminosity of the early star. Even-
tually, the temperature in the stellar core
gets sufficiently high that the energy re-
leased in the fusion of hydrogen into helium
begins to contribute to the luminosity. Con-
traction stops when fusion produces all of
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the luminosity. The star then enters the very
long main-sequence phase, during which es-
sentially all of the hydrogen in the core is
gradually converted into helium. This phase
occupies the largest fraction of its life, last-
ing about 10 billion years in the solar case.

So far, the sun has used up about half of
its hydrogen supply. When the hydrogen at
the center is exhausted, in about 5 billion
years, fusion will continue in a shell around
the helium core. During this phase, the sun
will expand greatly, becoming finally a red
giant. The sun will end as a white dwarf,
comprising much of the original mass but
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with a radius similar to that of the Earth.

In general, a protostellar cloud is likely
to be in some state of rotation, which is
greatly amplified during the contraction
phase. The spin-down to the present state
of slow solar internal rotation, as helioseis-
mically inferred (1), may have involved
material motion or instabilities, leading to
mixing in the solar interior and thus affect-
ing the structure of the present sun; how-
ever, the modeling of these processes is
currently uncertain (2).

Modeling the Sun:
Macro- and Microphysics

The details of solar evolution have been
filled in by means of numerical calculations
of solar models. When describing the ingre-
dients in such calculations, it is convenient
to distinguish between “macrophysics” and
“microphysics.” The latter defines the de-
tailed physical properties of matter in the
sun. Here we discuss the macrophysics, de-
fined as the larger scale aspects of solar struc-
ture, and the assumptions involved in what
might be called standard solar modeling (3).

The structure of a star is a result of a
balance of forces, a balance between the
energy loss at the stellar surface and energy
"generation in the core, and stationary en-
ergy transport between the core and the
surface. The balance of forces, described as
hydrostatic equilibrium, provides a relation
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between the pressure gradient and the grav-
itational acceleration. The force of gravity
is determined by the density distribution in
the star; thus, we must relate density to
pressure (4) through the properties of the
matter and hence the microphysics. More
specifically, the relevant properties of stel-
lar matter are expressed by the equation of
state, connecting pressure p, density p, tem-
perature T, and composition. The latter is
often characterized by the fractional mass
abundances X, Y, and Z of hydrogen, heli-
um, and heavier elements, respectively.

The temperature of the stellar interior is
determined by the energy balance. In much
of the sun, energy transport takes place by
means of radiation and depends on atomic
absorption coefficients, which determine
the opacity of stellar matter (5). It was also
realized early on that radiative transport
may require a temperature gradient so steep
as to lead to convective instability (6); con-
vection then generally dominates the ener-
gy transport. In the sun, this process occurs
in the outer 30% of the radius (7). Because
of the efficiency of convective energy trans-
port, it generally requires a temperature gra-
dient only slightly steeper than adiabatic;
then pressure and density are approximately
related by p = Kp"1, where K is a constant
and y, = (9lnp/dlnp),,, the derivative cor-
responding to an adiabatic change (that is,
one occurring without heat exchange). The
temperature gradient substantially exceeds
the adiabatic value only near the surface
(8), in a thin region that determines K; in
the commonly used mixing-length formal-
ism, K is controlled by a parameter that
measures convective efficiency (9).

In standard solar models, it is assumed
that the solar luminous output derives from
the fusion of hydrogen into helium (10).
The conservation laws of particle physics
dictate that the production of one helium
nucleus leads to the emission of two neutri-
nos. Thus, measurements of the flux of neu-
trinos from the sun can in principle test the
properties of solar nuclear energy genera-
tion. Such measurements have yielded val-
ues substantially below those predicted by
standard solar models; this deficit is the
long-standing solar neutrino problem (11).

The life history of a star is intimately
related to changes in its composition. These
changes can be followed numerically with
sequences of models (12), starting either
during the contraction phase or from a state
of chemical homogeneity. The largest
changes in composition result from the fu-
sion of hydrogen into helium; however,
changes in the chemical distribution of el-
ements as a result of gravitational settling
also play a significant role in determining
the structure of the present sun (13).

A viable model of the present sun, of
one solar mass and at the inferred solar age,
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should have the proper radius and luminos-
ity, as well as the observed surface ratio of
heavy elements to hydrogen. These basic
properties can be determined fairly accu-
rately: the mass is M, = 1.989 X 10*? g, the
solar radius is Ry, = 6.96 X 10'° cm, and
the solar luminosity is L, = 3.846 X 10*
erg s ! (14). The chemical composition is
known from spectroscopic observations,
with the important exception of helium;
the present surface abundance yields an
abundance ratio between heavy elements
and hydrogen of Z/X = 0.0245 =+ 0.005
(15). The age of the sun, since the onset of
core hydrogen burning, is estimated at (4.52
+ 0.04) X 10” years (16). The correct
values of the radius and luminosity can be
obtained by adjusting the initial helium
abundance and a parameter characterizing
the near-surface convection (17). Also, the
initial heavy-element abundance is gener-
ally chosen to obtain the observed surface
value in the model of the present sun.

Given the microphysics, the preceding
description provides a well-defined proce-
dure for computing standard models in ac-
cordance with the known overall properties
of the sun. On the other hand, it involves
several significant simplifications, which
might compromise the resulting models. It
neglects possible macroscopic motion in the
solar interior, which would change the
composition profile; such motion might re-
sult from instabilities associated with the
slowdown of rotation or convective over-
shoot into the stable region beyond the base
of the convection zone (18). Also, it ne-
glects large convective velocities just below
the top of the convection zone, which give
rise to a turbulent pressure contributing as
much as 10% of the total pressure (19).
Finally, it neglects mass variations even
though mass loss or accretion may have
taken place during the core hydrogen-burn-
ing phase of solar evolution (20).

The discrepancy between the predicted
and measured neutrino fluxes could in prin-
ciple indicate problems with the standard
models. Also, although the solar distribu-
tion among the heavy elements is typically
similar to the composition of the early solar
system as estimated from meteoritic abun-
dances, lithium is depleted by a factor of
about 150 relative to the estimated initial
abundance, and beryllium is also somewhat
lacking (15). This depletion is likely to
have been caused by nuclear burning,
which, in the case of lithium, requires mix-
ing down to a temperature of around 2.6 X
10° K. Yet, in standard solar models the
temperature never reaches this value at the
base of the convection zone, and the pre-
dicted depletion of lithium is at most a
factor of 4 (21). Thus, the observed low
lithium abundance is evidence either for
mixing well beyond the convection zone at
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some stage of solar evolution or for mass loss
to an extent sufficient to expose depleted
material. As a reference standard solar mod-
el, we use Model S, computed with the
global parameters described above (22).

Some Properties of
Solar Oscillations

Models of solar evolution must be checked
against observations. The extensive and
accurate measurements of the solar 5-min
oscillations provide key tests of even sub-
tle features of the models. The solar 5-min
oscillations (23) consist of a large number
of modes that each extend in the radial
direction from the surface to the inner
turning point, whose distance r, from the
solar center is a function of v/(€ + 1/2),
where v is the frequency and € is the
degree of the mode. Modes of low degree
penetrate almost to the center of the sun
(Fig. 1), whereas higher degree modes are
trapped closer to the surface. The modes
observed with the GONG network, of de-
gree between 0 and about 250, span a
range in r, between the center and 0.98R,,
essentially permitting resolution of solar
structure and rotation throughout this
range (1, 24).

In almost the entire solar interior, the
thermal time scale is so long, compared
with the periods of oscillation, that the
oscillations can be regarded as adiabatic.
Thus, the relative perturbations in pressure
and density, when following the motion,
are related by the adiabatic exponent v,. To
the extent that this relation holds, the os-
cillations are purely mechanical, with fre-
quencies determined by the variation of p,
p, and -y, with radius. The adiabatic approx-
imation breaks down near the surface. Here
the full energy equation for the oscillations
must be considered, including the perturba-
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Fig. 1. Radial variation of the eigenfunction for
three modes of similar frequency v but differing
degree €. The red curve shows a mode of degree
¢ = 0 and frequency v = 3310 pHz, the green
curve is for £ = 20, v = 3375 uHz, and the blue
curve is for £ = 70, v = 3405 pHz. The quantity
plotted reflects the distribution of energy in the
modes and hence their sensitivity to solar struc-
ture. The arrows indicate the locations of the as-
ymptotic tuming points r,, determined by the fre-
quency v and ¢ from the relation c(r)/r, = 2wv/(€ +
1/2) (63), c being the adiabatic speed of sound.
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tion in the radiative flux and the highly
uncertain perturbation in the convective
flux; thus, although nonadiabatic calcula-
tions may indicate the magnitude of the
resulting effects on the frequencies, a de-
tailed application to the analysis of the
observations is not yet possible (25).

Here we consider only adiabatic oscil-
lations and generally treat convection ac-
cording to the simple mixing-length pre-
scription, neglecting effects of turbulent
pressure; it is then straightforward to com-
pute numerically precise frequencies for a
given solar model (26). Although the ap-
proximations undoubtedly introduce er-
rors in the treatment of the model and
oscillations in the near-surface region, it is
possible to analyze the observed frequen-
cies in a way that largely separates the
likely effects of these errors from those of
errors in deeper parts of the model. The
near-surface effects on the frequencies
have two properties: they depend on fre-
quency because of the detailed nature of
the mode in this region, and they depend
on the turning-point position, because
modes trapped near the surface involve a
smaller part of the sun, and hence are
easier to perturb, than modes penetrating
to the deep interior. The latter effect can
be eliminated by suitable scaling with the
mode inertia (27). It appears that near the

surface, the properties of the modes de-
pend little on degree (Fig. 1); so, there-
fore, does the influence of the near-surface
effects (28).

Frequency differences (Fig. 2A) between
models using alternative treatments of the
upper part of the convection zone and those
using the normal mixing-length treatment
show that the scaled difference is indeed a
function of frequency alone. The differenc-
es (Fig. 2B) between the GONG mean
frequencies and frequencies of the reference
Model S largely share the same property.
This result confirms that the dominant com-
ponents in the model errors belong to the
near-surface region. Although the nature of
the errors is uncertain, their effect has
roughly the same magnitude and frequency
dependence as those illustrated in Fig. 2A.

A closer look at the frequency differenc-
es in Fig. 2B reveals a division into two
branches, suggesting that there is also a
dependence on the depth of penetration of
the modes. If one subtracts a smooth func-
tion of frequency fitted to the data and plots
the residual against the turning-point radius
7, (Fig. 2C), there is a sharp jump in the
residuals at an r, that corresponds to the
region just below the convection zone. In-
version of the frequency differences does
indeed reveal a localized sound-speed differ-
ence at this point (24).
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scaled by Q,,, = E,,/Eo(v,,¢), Where
E,(v) is the inertia of radial modes,
interpolated to the frequency v (27).
(A) Differences for three modifica-
tions of the near-surface region of
solar models, relative to a normal
mixing-length model: blue points
result from an alternative treatment
of the convective flux (64); green
points are based on inclusion of tur-
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Properties of the Solar Plasma

The aspects of the microphysics most acces-
sible to helioseismic investigation are the
equation of state and opacity. The interior
of the sun is a plasma: it is essentially neu-
tral close to the photosphere, becomes par-
tially ionized in roughly the outer 20,000
km, and is nearly fully ionized from there
down to the center. The high accuracy of
helioseismic data carries the promise of
probing the properties of this plasma under
conditions that have not yet been achieved
in the laboratory. In the absence of exper-
imental data, solar models are based on
theoretical calculations of the equation of
state and opacity, which can then be tested
against the helioseismic data.

The simplest model is that of a mixture
of fully ionized nuclei and electrons obeying
the perfect gas law. However, an ideal equa-
tion of state can be more general by includ-
ing deviations from the perfect gas law, due
to ionization, radiation, and degenerate
electrons (29). Departures from ideality
arise from dynamical interactions between
the components of the plasma. One mea-
sure of the nonideality is the ratio between
the average potential energy resulting from
the Coulomb interaction and the kinetic
energy of particles (30). Although the solar
plasma is only slightly nonideal, the devia-
tions from nonideality can be studied in
detail because of the observational con-
straints afforded by helioseismology.

The equation of state. There are two basic
approaches to realize nonideal equations of
state: the so-called chemical and physical
pictures. In the chemical picture, one as-
sumes that the notion of atoms and ions
still makes sense, and ionization is treated
like a chemical reaction (31). A simple
example is the EFF (Eggleton-Faulkner-
Flannery) formulation (32), which has seen
widespread use in stellar modeling. One of
the more recent realizations is the Mihalas-
Hummer-Dippen (MHD) equation of state,

in which modifications of atomic states are
expressed in a heuristic and intuitive way,
by the probability that the state is occupied
as a function of the parameters of the sur-
rounding plasma (33).

The physical picture provides a system-
atic method to include nonideal effects. An
example is the equation of state underlying
the OPAL opacity project (34). It starts out
from the grand canonical ensemble of the
basic constituents (electrons and nuclei) of
a system interacting through the Coulomb
potential. Configurations corresponding to
bound combinations of electrons and nu-
clei, such as ions, atoms, and molecules,
arise naturally as terms in cluster expan-
sions. Any effects of the plasma environ-
ment on the internal states are obtained
directly from the statistical-mechanical
analysis, rather than by assertion as in the
chemical picture (35).

The first obvious nonideal effect is a
direct result of the Coulomb force be-
tween charged particles. Because of the
long-range nature of the Coulomb force,
this effect is usually described as a screen-
ing of the positive charges by surrounding
electrons. It corresponds to an effective
attraction between particles. Another
nonideal effect results from the interac-
tion between bound particles and is com-
monly referred to as pressure (or density)
ionization. These nonideal effects have to
be included in an equation of state of
helioseismic precision. Simple equations
of state fail to account for pressure ioniza-
tion because they usually do not assign a
radius to atoms and ions, thus allowing
recombination at high densities, such as
those found in the solar center (36). Only
by treating atoms and ions as extended
species can the spurious recombinations
be prevented. Even so, a significant frac-
tion of He* ions might in principle sur-
vive at the solar center (37), which could
affect solar structure at a level detectable
by helioseismology.

Fig. 3. (A) Relative differences, at
fixed radius, in -y, (dashed curves)
and squared sound speed (solid
curves) between two pairs of mod- 0.02
els: red, amodel computed with the
EFF equation of state (32) minus a
model computed with the MHD for-
mulation (33); blue, differences be-
tween a model computed with the
OPAL equation of state (34) and the
MHD model. (B) Corresponding fre- 0.02
quency differences between the
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curves) and the OPAL and MHD -0.04 L 15 L L L
models (upper set) for modes of de- g 9‘,%5 e ! 3 (183 qu4) 2
gree 0, 20, . . ., 200. Points of the .
same degree have been connected
by lines coded in color according to
the color bar in Fig. 2.
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Helioseismology may probe important
effects of the equation of state through the
decrease in v, caused by ionization, partic-
ularly in the second ionization zone of he-
lium (lying at a depth of about 15,000 km),
which is sufficiently deep to be largely un-
affected by the near-surface uncertainties
(38). Here the response of v, to ionization
provides a test of the equation of state and
a measure of the helium abundance Yg in
the solar convection zone. Determinations
of Yy, are sensitive to uncertainties in the
equation of state; recent values tend to be
around Yg, = 0.24 (39).

Helioseismology has clearly shown the
effect of the leading-order Coulomb correc-
tion in the solar data (40). The differences
between sound speed calculated with the

" EFF and MHD equations of state are only a

few percent (Fig. 3A, red, solid lines); they
closely reflect the changes in v,, which in
turn is intimately linked to the ionization
processes in the gas. The resulting frequen-
cy differences (Fig. 3B) are huge, compared
with the intrinsic accuracy of the observa-
tions [see figure 3 of (41)). It is this sensi-
tivity that made immediately obvious the
improvements resulting from the inclusion
of Coulomb effects.

Beyond the first-order contribution,
things become much more subtle. The lead-
ing-order correction overestimates the
whole Coulomb-pressure effect; at suffi-
ciently high density, it causes the total gas
pressure to become nonsensically negative.
Chemical-picture equations of state, such as
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Fig. 4. Differences relative to the reference Model S
of (A) squared sound speed ¢ 2 and (B) density p in
four models based on various approximations to
the physics. Solid lines: EFF equation of state (32)
with Cox and Tabor opacities (44). Dashed lines:
MHD equation of state (33) with Cox and Tabor
opacities. Dot-dashed lines: MHD equation of state
with OPAL opacities (34). Double-dot-dashed
lines: MHD with OPAL opacities again, but includ-
ing settling of helium and heavy elements.
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MHD, need a switch-off device to prevent
negative pressures. In contrast, the OPAL
equation of state does not suffer from such
problems: it contains systematic terms be-
yond the leading-order Coulomb correction.

The differences between the MHD and
OPAL equations of state (Fig. 3) are much
smaller than those for the EFF case, re-
flecting the fact that both MHD and
OPAL contain the leading Coulomb ef-
fects. However, the frequency changes are
still much higher than the observational
uncertainty; although simple inspection of
frequency differences between observa-
tions and models do not reveal the effects
of the equation of state at this level of
detail, such effects are quite evident in
more sophisticated analyses (42, 43).
These reveal, for example, that MHD is
superior to a simpler formulation involv-
ing just the Coulomb correction to the
EFF equation of state. Also, there is some
evidence from sound-speed inversion that
the OPAL equation of state provides a
better fit to the sun than MHD.

Opacity. The opacity of stellar material
controls the energy flow through a star and
ultimately its luminosity. Early opacity cal-
culations were based on hydrogenic approx-
imations and related simplifications of the
physics (44). From the beginning of the
1970s, it was noticed that some problems
with the calculated properties of variable
stars, particularly period ratios of Cepheid
stars, could be solved by increasing the in-
terior opacity (45). As a result, two opacity
efforts using quite different approaches were
undertaken. The OPAL group showed that
earlier opacities grossly underestimated the
bound-state contribution from iron; the im-
provements led to the increase of the total
opacity required to model Cepheid stars
successfully (46). Results from the parallel
Opacity Project (47) are in surprisingly
good agreement with OPAL, providing a
level of confidence. Introduction of these
new opacities has led to the solution of a
number of long-standing difficulties in
modeling stars and stellar pulsations (48),
without introducing problems.

Before the new opacity results were
available, it was noted that a modest in-
crease of 10 to 20% in the opacity just
below the bottom of the convection zone
could improve the agreement of calculated
p-mode frequencies with solar observations
(49). Such an enhancement of the opacity
in this region was obtained by OPAL, main-
ly as a result of the effect of the improved
equation of state on the ion balance, and
led to substantial improvements in the
agreement with helioseismic data (50).

The calculations have increased the
opacity for the solar center, requiring an
increase in initial helium abundance from
about 0.24 to about 0.27 to calibrate the
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model (51). Interestingly, in models with
helium settling, this enrichment results in a
present surface helium abundance of around
0.24, roughly consistent with the helioseis-
mically inferred values (39). We note, how-
ever, that there is a recent controversy
about collective plasma corrections to the
solar-center opacity (52).

Progress in Solar Modeling

In the last decade there have clearly been
major efforts directed toward improvements
in the physics of the solar interior. To illus-
trate their effect on models of the sun, Fig.
4 shows relative differences between models
computed with various approximations to
the physics and the reference Model S. The
latter model appears to be a relatively good
approximation to the sound-speed and den-
sity structure of the sun (24). Four models
are shown, differing in the equation of state
and capacity relations, and whether or not
gravitational settling was included. It is ev-
ident that the MHD equation of state im-
proves the sound speed in the convection
zone. Also, the OPAL opacities substantial-
ly improve the structure of the radiative
interior, as does the inclusion of gravita-
tional settling; indeed, it is striking that the
latter effect is as large as that resulting from
use of the OPAL tables rather than those of
Cox and Tabor (53). To put these differ-
ences in perspective, we note that accord-
ing to the inversions in (24), ¢? in Model S
differs from that observed for the sun by no
more than 0.5%, and the error in the mod-
el’s density is below 2%.

Model S shares with other standard solar
models predicted fluxes of solar neutrinos in
substantial excess of the measured values
(11). This excess might suggest that no so-
lution of the neutrino problem can be found
by modifying the computation of solar mod-
els while at the same time preserving agree-
ment with the helioseismic data, thus per-
haps strengthening the case for a solution
involving the properties of the neutrinos
(54). There are also arguments independent
of the details of solar models which suggest
that new physics is required if the four op-
erating solar neutrino experiments are cor-
rect (55). It should be realized, however,
that helioseismology provides no direct in-
formation on the neutrino production,
which depends primarily on temperature
and composition: these quantities are not
probed by the oscillation frequencies (56).

The close agreement between the struc-
ture of the models and that of the sun has
been achieved without any explicit adjust-
ments of the models to match the observa-
tions, although much of the improvement in
the physics has been motivated by the avail-
ability of the highly precise helioseismic
data. Rather, the agreement results from
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incorporation of the best current description
of the properties of the solar interior, includ-
ing gravitational settling. Such agreement is
a striking demonstration of our ability to
mode] at least the gross features of the inte-
rior of a star. It is interesting that the im-
provements have taken place solely in the
microphysics. However, Fig. 2C and the re-
cent GONG results (24) demonstrate that
there remain subtle differences, indicating
the existence of physical effects that have
not been taken into account. Although
these differences arise in part from remain-
ing inadequacies in the microphysics, it is
tempting to speculate that we are also seeing
effects of errors in the macrophysics and
other simplifications of the calculations; a
likely candidate is material mixing. Investi-
gation of such effects will require full use of
the data from helioseismic experiments such
as GONG, combined with a wide range of
investigations of properties of other stars.
Particularly promising is the emerging pos-
sibility of extending seismic investigations
to stars other than the sun (57).
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The Solar Acoustic Spectrum
and Eigenmode Parameters

F. Hill, P. B. Stark, R. T. Stebbins, E. R. Anderson, H. M. Antia,
T. M. Brown, T. L. Duvall Jr., D. A. Haber, J. W. Harvey,
D. H. Hathaway, R. Howe, R. P. Hubbard, H. P. Jones,
J. R. Kennedy, S. G. Korzennik, A. G. Kosovichev,
J. W. Leibacher, K. G. Libbrecht, J. A. Pintar, E. J. Rhodes Jr.,
J. Schou, M. J. Thompson, S. Tomczyk, C. G. Toner,
R. Toussaint, W. E. Williams

The Global Oscillation Network Group (GONG) project estimates the frequencies, am-
plitudes, and linewidths of more than 250,000 acoustic resonances of the sun from data
sets lasting 36 days. The frequency resolution of a single data set is 0.321 microhertz. For
frequencies averaged over the azimuthal order m, the median formal error is 0.044
microhertz, and the associated median fractional error is 1.6 X 10~5. For a 3-year data
set, the fractional error is expected to be 3 X 1076. The GONG m-averaged frequency
measurements differ from other helioseismic data sets by 0.03 to 0.08 microhertz. The
differences arise from a combination of systematic errors, random errors, and possible

changes in solar structure.

Several million resonant acoustic normal
modes (eigenmodes) of the sun are excited
stochastically in the subsurface turbulent
layer. The frequencies v, amplitudes A, and
characteristic widths I" of such modes, as a
function of radial order n, spherical har-
monic degree €, and azimuthal order m,
form the basic data from which helioseismic
inferences about the solar interior are
drawn. The GONG project currently esti-
mates these eigenspectral parameters for
about 250,000 normal modes every 36 days,
with the potential to estimate parameters
for more than one million modes. Here we
discuss solar oscillation spectra and random
and systematic errors in the estimated mode
parameters and compare GONG mode fre-
quency estimates to those derived from
three other experiments.

The amplitudes of solar oscillations are
sufficiently small that linear oscillation the-
ory is an excellent approximation. None-
theless, there are numerous statistical prob-
lems in estimating the mode parameters
from the surface motions of the sun as ob-
served by the GONG instruments. These
problems include estimating the geometry
of the images of the solar disk, estimating
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the modulation transfer function (MTF) of
the instrument and atmosphere, estimating
systematic and stochastic components of
the observational noise, optimally combin-
ing observations obtained at different sites
into coherent time series, dealing with miss-
ing observations, and estimating parameters
of a three-dimensional power spectrum and
their errors and covariances. Because we
observe only a portion of one side of the
sun, some power leaks across spatial fre-
quencies; this leakage makes it difficult to
separate modes and distinguish splitting
caused by the solar structure from that of
artifacts of the observation and reduction
process. The sun changes on time scales of 1
month, so common statistical prescriptions,
based on frequency resolution and variance,
for partitioning the years of data into short-
er time series and combining their spectra
do not apply directly; other methods are
necessary. Similarly, the stochastic nature
of the excitation process could be exploited
to improve eigenspectral estimates, and sta-
tistical properties of the excitation process
are interesting themselves. Our knowledge
of the solar interior will become more pre-
cise as improved statistical techniques, tai-



