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Helioseismology is probing the interior structure and dynamics of the sun with ever- more deeply. However, only waves that 
increasing precision, providing a well-calibrated laboratory in which physical processes travel exactly in the  vertical direction suc- 
can be studied under conditions that are unattainable on Earth. Nearly 10 million resonant 
modes of oscillation are observable in the solar atmosphere, and their frequencies need 
to be known with great accuracy in order to gauge the sun's interior. The advent of nearly 
continuous imaged observations from the complementary ground-based Global Oscil- 
lation Network Group (GONG) observatories and the space-based Solar and Heliospheric 
Observatory instruments augurs a new era of discovery. The flow of early results from 
GONG resolves some issues and raises a number of theoretical questions whose answers 
are required for understanding how a seemingly ordinary star actually operates. 

Helioseislnology has caused a n  explosion 
of interest anii ~ p p o r t ~ n i t y  in  solar anii 
stellar physics. Almost 20 years ago, a t  the  
General Assembly of the  International As- 
tronolnical Union In Grenoble, France, 
there was widesoread incredulitv that even 
the crudest of iAformatioi abou; the  inter- 
nal structure of the sun would ever be ob- 
tained through seismology. Yet now the  
sound speed is knolvn throughout much of 
the solar interior to a precision of about 
0.196, and the density and pressure are 
kllo~v11 to about 1% ( I  ). 

Why should one wish to measure the  
internal structure of a star? Aside from sheer 
curiosity, there is the  intellectual challenge 
of overcornine a hurdle that the  rest of the  - 
scientific comtnunity has consiiiered to be 
insunerable. But there is little scientific rea- 
son for determining, for example, the  den- 
sitv at the  center of the sun to  extrernelv 
high precision. There is, however, good rea- 
son for deterininine the manner in which 
that density varies through the  sun and how 
it is related to  other auantities, for then one 
might ask \vhy those quantities are so relat- 
ed and thereby raise questions of impor- 
tance to physics and astronomy. 

A case in point was the  discovery, with 
the  use of seismology, that the  variation of 
sound speed, and probably temperature, im- 
tnediatelv be~ lea th  the  convection zone was 
incompatible with the  equations that gov- 
ern the transport of energy (2) .  It appeared 
that the  values of opacity com1nonly in use 
for stellar modeling were LIP to 20% too low 
at temperatures between about 2 X l o6  and 
4 X lo6 K. Because the  c o n d i t i o ~ ~ s  under 
which the discrenancv occurred had been so 

L ,  

narrowly specified, it was possible to check 
the  calculations, and a n  error in their for- 

mulation was founii (3). Thus, the  sun had 
been used as a laboratory to  measure a 
physical cluantity under conditions that 
cannot be achieved in a co~ltrolled state o n  
Earth. Moreover, there were important 
ramifications elsewhere in astrophysics, 
which ilnproved aspects of theories about 
various kinds of pulsating stars, such as rec- 
onciliation of the  structure of double-mode 
Cepheids with stellar evolution and expla- 
nation of the  escitation of p Cephei pulsa- 
tions and the  slowly pulsating B stars (4). 

Properties of Seismic Waves 

Although the  sun is opaque to radiation, it 
is transparent to tnechanical seislllic waves. 
These waves are stochastically excited in 
the  turbulent subsurface convective bound- 
ary layer. They propagate t l ~ r o u g l ~  the solar 
interior, and in so doing they are shaped by 
the  properties of the  material through 
w h i c l ~  they travel. Thus, when their signa- 
tures are detestnitled by measuretnent of the 
lnotion of the  atmosphere, which is a reac- 
tion to the  impulses received as the  waves 
are reflected near the  solar surface, informa- 
tion is gathered that relates to the  entire 
region through which the waves have trav- 
eled. Different waves sample different re- 
gions of the  solar interior and therefore 
provide different information. Unraveling 
that information in order to present it in a 
digestible form is a major step in the  process 
of inference. 

For example, consider the paths of two 
acoustic waves (Fig. 1 A )  that are believed 
to be generated by the  turbulence in the  
outermost layers of the  convection zone. T o  
a first approximation, the  paths lie in a 
plane through the  center of the  sun. They 
differ principally by the  angle at which they 
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ceed in reaching the  center. Because there 
are only a few such waves, information 
about the  center of the  sun, where the  
interesting nuclear reactions take place, is 
difficult to obtain. 

There is another reason why it is diffi- 
cult to obtain i~l format io~l  about the  sun's 
central core from acoustic waves. T h e  
arnount by which the  properties of a wave 
are influenced by a given region is propor- 
tional to the  time the wave speniis in that 
region. I11 the hot central regions, the  sound 
speed is relatively high, so the  influence o n  
the  wave is small. Therefore, in order to 
infer properties of the  core, extremely pre- 
cise measurements of the  wave properties 
must be made. This entails long continuous 
observations. T h e  situation is rather differ- 
ent  from that o n  Earth, because the  speed of 
seismic waves in the Earth does not increase 
dralllatically with depth. 

Internal gravity waves depend o n  nega- 
tive buoyancy to provide the  restoring 
force, and therefore, unlike acoustic waves, 
they cannot propagate through the  convec- 
tion zone. Consequently, only a slight ves- 
tige of a gravity wave reaches the  surface, 
making it difficult to detect. Indeed, n o  
internal gravity wave has yet been unam- 
biguously seen. Gravity waves are potential- 
ly valuable diagnostic tools, however, be- 
cause (as is evident from Fig. 1B) they 
penetrate to  the  center of the  sun. More- 
over, in contrast to acoustic waves, their 
properties are lnost strongly infliienced by 
the  central regions. It is therefore of the  
utmost importance to try to detect and 
measure these waves. 

T h e  response of the  photosphere to the  
superposition of all the seismic waves re- 
selnbles lnotions at the surface of the  ocean. 
O n e  of the ways of analyzing the  motion is 
to  decotnpose the  wave field into normal 

Fig. 1. (A) Ray paths within the sun for two acoustic 
waves, w th  the shallower wave of degree i' = 100 
and order n = 8 and the more deeply penetrating 
wave with i' = 2 and n = 8. The path of an internal 
gravity wave, which is confined to the deeper inte- 
rior, is shown in (B) for i' = 5 and n = 10. 
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modes by projection onto theoretical eigen- 
functions, the spatial variation of each of 
which is approximately proportional to a 
spherical harmonic (Fig. 2). Spherical har- 
monics are identified by their degree, t ,  
which is an integer characterizing the total 
horizontal wave number; and by the azi- 
muthal order, m, which is also an integer 
and is a measure of the component of t in 
the direction of varying longitude. The 
temporal variation of the projection coeffi- 
cients is then Fourier-analvzed to reveal a 
discrete set of frequencies, each corre- 
sponding to an overtone labeled with an 
integer n, called the order of the mode, 
associated with different radial variation 
of the eigenfunction of oscillation such 
that frequency v increases with n. 

Because the projection does not cover 
the entire solar surface, the spherical har- 
monics are not orthoeonal. and conse- - ,  

quently there is contamination of the signal 
from neighboring spherical harmonics. 
Those contaminating modes have different 
temporal frequencies, and therefore, in 
principle, their influence might be removed 
in the temporal domain. Such removal re- 
quires that continuous data be gathered 
over a long period of time to provide accu- 
rate, sharp power spectra with essentially no 
temporal sidelobes. It was to satisfy this 
requirement that the Global Oscillation 
Network Group (GONG) observatories 
were set up. 

Observation of Seismic Waves 

Observation of solar oscillations is a chal- 
lenging task. The velocity amplitude of a 
typical acoustic (P) mode is on the order of 
1 cm s-', with an associated relative bright- 
ness variation of about and the theo- 
retically predicted amplitudes of gravity (g) 
modes are at least 10 times smaller. The 
oscillations are recorded by measurement 
either of the Doppler shift of a spectrum 
line or of the intensity of the optical radi- 
ation. The measurements must be made 

over a long period of time in order to de- 
termine oscillation frequencies to the high 
precision that is necessary for making useful 
inferences about the solar interior; and they 
also must be uninterrupted, because gaps in 
the data produce confusing spurious peaks 
in the oscillation power spectrum, which 
hinder subsequent analysis. The first at- 
tempts to obtain such observations were 
made at the South Pole during the austral 
summer (5); later, data from several mid- 
latitude sites were combined. But those ob- 
servations were spatially unresolved, com- 
bining light from the entire visible surface of 
the sun as though it were a distant star, 
which limited detectabilitv to onlv those 
few modes of oscillation whose wavelengths 
are comparable with the diameter of the sun. 

GONG consists of six identical Doppler 
imaging instruments, distributed around the 
Earth. It has been established with the sup- 
port of the National Science Foundation in 
order to make almost continuous observa- 
tions of a wide variety of modes of the sun. 
In addition, the European Space Agency 
(ESA) and NASA have recently launched 
the Solar and Heliospheric Observatory 
(SOHO) spacecraft, which carries (among 
other instruments) three different helioseis- 
mological experiments (6) to observe the 
sun continuously from a halo orbit near the 
sun-Earth Lagrangian point Ll (7). 

The ground-based GONG and space- 
based SOHO programs are complementary. 
From space, it is possible to observe with 
high spatial resolution, free from distortion 
by atmospheric turbulence, which is essen- 
tial for studying dynamic processes in the 
solar convection zone. Moreover, global 
variations in intensity and Doppler velocity 
can be followed accuratelv to detect lone- " 
period gravity waves in the deep interior. 
The ground-based programs have the ad- 
vantage of enabling one to study the oscil- 
lation modes from sites where instruments 
can readily be visited and upgraded, and 
such programs could last longer than a solar 
cycle, if so desired. The deployment of the 

Fig. 2. Doppler velocities of solar p modes, with red and blue denoting the line-of-sight component of 
velocity, which is primarily radial, as shown for modes of degree C = 20 on the solar disk in (A) for a 
sectoral mode with m = 20 and in (B) for a tesseral mode with m = 16. For the latter mode for order n = 
14, (C) shows, in a cut along a rneridional plane, the eigenfunction of the density perturbation, scaled so 
as to accentuate the amplide in the deep interior, which would otherwise not be visible. 

GONG instruments was completed in Oc- 
tober 1995; however, a network of three 
observatories -has been operational since 
June 1995. SOHO was launched in Decem- 
ber 1995 and began normal uninterrupted 
observations in April 1996. 

Even as the lame international GONG " 
and SOHO projects proceed, there contin- 
ues to be a need for com~lementaw and 
correlative observations, some with a longer 
temporal baseline and some detecting oscil- 
lations at different heights in the solar at- 
mosphere. Examples of the former are the 
Birmingham Solar Oscillation Network 
(BiSON) and International Research on 
the Interior of the Sun (IRIS). which view . ,, 

the sun as a star (8). Examples of the latter 
are the Doppler or intensity imaging being 
carried out by the Mount Wilson-Crime- 
an-Kazakhstan mini-network, the low- and 
intermediate-degree experiment (LOWL) 
operated by the High Altitude Observatory, 
the high-degree helioseismometer (HDH) 
operated by the National Solar Observatory 
(NSO) at Kitt Peak, the Taiwanese Oscilla- 
tions Network, and the continuing NSO- 
Bartol-NASA observations being made 
with HDH from the South Pole (9). 

The articles following in this issue sum- 
marize the GONG project: how the data are 
being analyzed and what we know about the 
sun's internal structure and its angular ve- 
locity from the first GONG data. Not all the 
findings are new, but they are now much 
more robust, partly because they have been 
established from almost continuous data sets 
and partly because in every case several in- 
dependent analyses have been carried out. 
An analysis of the state of the convection 
zone, for example, sheds light on the equa- 
tion of state of the dense ~lasma. The in- 
ferred stratification of the radiative interior 
confirms that gravitational settling of heli- 
um and heavier elements has a substantial 
influence on the solar structure; however, 
the extent of the settling appears to have 
been overestimated in the theoretical 
models. This suggests the presence of a 
weak mixing layer immediately beneath 
the convection zone. in which motion is 
predicted to be driven by the rotational 
shear inferred to be present in the interfa- 
cial layer between the convective and radi- 
ative regions. Such mixing might explain the 
anomalously low abundance of lithium ob- 
served in the photosphere. There is also an 
unexplained region of rotational shear in the 
outer layers of the convection zone. 

Helioseismological Inferences 

Early inversions determined the variation of 
sound speed with radius (2); subsequent, 
more refined inversions have provided the 
density and pressure as well. They have 
permitted an investigation of the pressure- 

SCIENCE VOL. 272 31 MAY 1996 



dens~t j  relat~on 111 the convect~ve zone, a m ~ l ~ t u d e  modes w ~ t h  lo\\, frequen~v \v111 REFERENCES AND NOTES 
partic;llarly in and beneath the seconct ion- 
ization zone of helium where entropy is 
unifcmn. The or i~ ina l  motivation was to 

emerge from the noise. Our vikws of the 
1 D. 0 .  Gough et a/ Science 272 1296 (1 996). 
2. T. L. Duva Jr. eta/. Nature 31 0 22 (1 984). 
3. C. A, glesias. F. J Rogers B. G. Wilson, Astrophys 

J 397 717 (1992). 
4 P Moshaik J. R. Bucher. A. Maroln, ihid. 385 685 

(1992); M. K i rakds M. F. El Eid W. Gatzel, Mon 
Not. R. Astron. Soc. 255, 1 p (1 992) P. Moshak and 
W A. Dz~embowski, Astron. Astrophys. 256, L5 
(1992); W. A Dzembowski and A. A. Pamyatnyhk, 
Mon Not. R. Astron. Soc. 262 204 119931: W. A. 

n 

solar interior will become more refined, and 
we will be able to assess the extent to which 

determine the helium abundance, with the 
use of the deviation from the perfect-gas 
law produced by partial ionization (10). 
However, in the course of that investigation 

the sun can be described by a standard the- 
oretical model. We will learn more about 
the solar core and whether or not it is spher- 
ically svmmetrical, which will have i rn~or-  

it was revealed that the equations of state 
for solar modeling were inadeauate and that 

, ,  
tant implications for the solar neutrino 
problem (14). Solar neutrinos are produced 
by nuclear reactions in the central energy- 
generating core and can be detected on 
Earth. However, all detectors built so far 
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have found fewer ne~~t r inos  than hact heen 
predicted. Helioseisrnology has provided 
strong evidence that the neutrino deficit 
cannot be explailled by adjusting the s t r ~ ~ c -  
ture of a standard model of the sun. Perhaps 
the deficit is a result of transitions from one 

convection zone was s~~bstantially lo\ver 
than what was reuuired in the radiative in- 
terior for reproduction of the observed lumi- 
nosity, which drew attention to the imnor- 

type of neutrino to another (15). Neutrino 
transitions are of great interest to narticle 

tance of gravitational settling of helium and 
heavier elements (1 2) .  It is encouraging that 
explicit improvements in the physics yield 
solar models that, on the whole, agree rnore 
closely with the data. Yet the agreement is 
not perfect, and, as the follo\ving articles 
describe, the form of the residual discrepan- 

L-,l~ysicists, particularly in relation to the cte- 
velonment of Grand Unified Theories. The 
establishment of neutrino transitions would 
mean that neutrinos have mass and might 
therefore constitute a s~~bstantial part of the 
dark matter in the universe. 

Helioseisrnology %.ill also contribute to 
cies suggests the presence of interesting dy- 
namic oheno~nena such as nleridional circu- 

ascertaining what causes the 22-year cycle 
of magnetic activity. This phenomenon re- 
sults from the complicated interaction be- 
tween rotation, turbulent convection, and 

lation, shear-induced turbulent mixing, and 
mass loss in the course of solar evolution. 

The sun's rotation is another issue to 
which helioseisrnolotrists have been able to 

the magnetic field. Most of our knowledge 
about the nhvsics of the solar cvcle will 

devote attention. For decades, astrophysi- 
cists had argued over the extent to which 

& ,  

come from accurate measurements of the 
internal differential rotation and global as- 
phericity and their temporal and spatial 
variations. The  high-resolution data from 
S O H O  offer the opportunity to study the 

the solar i l n d  torque, which continually 
slo\\~s do\vn the rotation of the convection 
zone, is transmitted to the core. How much 
higher is the angular velocity at the sun's 
center than at its surface? Helioseismolo~v 

internal structure and dynamics of active 
regions and individual sunspots. By using 
techniques to ana1y:e the wave field locally, 
we will measure important properties of the 
convection zone, such as the large-scale 
velocitv and temnerature fluctuations and 

c 7  8 

has shown that most of the radiative inte- 
rior rotates auite slowly, more slowlv even , , 
than the p11;ltosphere near the equitorial 
plane (13). The implied quadrupole mo- 
ment .J2 of the sun's gravitational potential, 
coupled with planetary radar ran,' wng mea- 

the structure of at least the near-surface 
magnetic field, and how they all vary with 
time. W e  thus hope to learn how the sun's 
magnetic field is maintained and modified 
and what causes the sun's radiation to 
change with the solar cycle. For such stud- 
ies. data that cover a substantial fraction 

surements, is consistent with general rela- 
tivity. Subsequent, more sophisticated he- 
lioseismological analyses have led to de- 
bates about the extent to which the differ- 
ential rotation of the convection zone is 
consistent with ideas in dynamo theory, and 
whether it varies with time. A severe diffi- 

of the 11-year sunspot cycle will be re- 
quired. The  results will have practical i n -  
plications for the National Space Weather 
Protrram. In addition, accurate inferences 

culty in the analysis has arisen from the 
interference between rotational solitting 
and diurnal influences on the observations; 
G O N G  and SOHO are essentially free from 
such dis t~~rbing confusion. 

about how pressure and density are related 
in the convection zone will tnake possible 
f~urther investigations of the equation of 
state. And by studying the variation of 
an l~ l i tude  and ohase of the oscillations, Future Developments 
we will learn more about how the oscilla- 
tions are excited and scattered and how As data continue to accrue, frequencies will 

be detertnined more accurately and lo\\,- they dissipate. 18 March 1996; accepted 9 May 1996 
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