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Abstract. Time-distance helioseismology, which measures the time for
acoustic waves to travel between points on the solar surface, has been
used to study small-scale three-dimensional features in the sun, for ex-
ample active regions, as well as large-scale features, such as meridional
flow, that are not accessible by standard global helioseismology. Tradi-
tionally, travel times have been interpreted using geometrical ray theory,
which is not always a good approximation. In order to develop a wave
interpretation of time-distance data we employ the first Born approxima-
tion, which takes into account finite-wavelength effects and is expected
to provide more accurate inversion results. In the Born approximation,
in contrast with ray theory, travel times are sensitive to perturbations to
sound speed which are located off the ray path. In an example calculation
of travel time perturbations due to sound speed perturbations that are
functions only of depth, we see that that the Born and ray approximations
agree when applied to perturbations with large spatial scale and that the
ray approximation fails when applied to perturbations with small spatial
scale.

1. Introduction

Local helioseismology is important as it allows the study of three dimensional
subsurface flows and structures. The time-distance method, pioneered by Du-
vall and coworkers (e.g. Duvall et al., 1993; Kosovichev & Duvall, 1997) uses
cross-correlations between the oscillation signals at different points on the sur-
face to infer the time for an acoustic wave packet to travel between those points.
Numerous studies have employed the time-distance method to probe flows and
structures that are inaccessible using traditional global helioseismology (e.g. Du-
vall et aI., 1997; Giles, 1999 ).

Inversions of time-distance data, inferences of flows and structure pertur-
bations from travel times, are typically done in the ray approximation (e.g.
Kosovichev & Duvall, 1997). In the ray approximation, travel time perturba-
tions are expressed as integrals of perturbations along the geometrical ray path
connecting the two points the travel time is measured for. Ray theory is not,
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Wave Theory Interpretation of Time-Distance Data

Figure 1. Two slices through a Born approximation travel time ker-
nel. The left panel shows a cut in the plane of the ray path. The black
line is the ray path. The right panel is a cut in the plane perpendicular
to the ray path at the lower turning point.
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however, expected to accurately represent the dependence of travel times on per-
turbations with small spatial scale (e.g. Bogdan, 1997; Jensen et al., 2000). The
first Born approximation is an appealing alternative to the ray approximation
as it includes finite-wavelength effects and has been explored in some detail in
the geophysics literature (e.g. Zhao et al., 1998; Marquering et al., 1999). We
have begun to apply the Born approximation to time-distance helioseismology
(Birch & Kosovichev, 2000).

2. Comparison Between the Born and Ray Approximations

Figure 1 shows two slices through a Born approximation travel time kernel,
calculated in the model of Birch & Kosovichev (2000), which gives the sensitivity
of travel time to sound speed perturbations, for points separated by a distance of
22.5°. In the ray approximation the travel time kernel is proportional to a delta
function along the ray path, which is the black line in Figure 1. As has been
seen in the geophysics literature, in the Born approximation, travel times are
most sensitive to sound speed perturbations on a hollow cylinder surrounding
the ray path (e.g. Marquering et al., 1999).

Figure 2 shows two series of calculations of travel time perturbations. For
perturbations with large spatial scale, the right hand panel, the Born and ray
approximations agree. In the left panel the spatial scale of the sound speed
perturbation is reduced by a factor of ten and the two approximations disagree.
The Born approximation, however, agrees with standard normal mode pertur-
bation theory for the case of spherically symmetric sound speed perturbations
(Birch & Kosovichev, 2001).

3. Discussion

We have shown an example travel time sensitivity kernel in the Born approxima-
tion and demonstrated, via a series of forward calculations, differences between
travel time perturbations calculated using the Born and ray approximations.
The ray approximation does not work well when applied to perturbations with
sufficiently small spatial scale.
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Figure 2. Travel time perturbations due to sound speed perturba-
tions in the ray and Born approximations. The left panel is for sound
speed perturbations with Gaussian dependence on radius, with ampli-
tude of 1%, FWHM of 0.24R0 , and varying central radius, Re. In the
right panel the FWHM is reduced to 0.024R0 .

The failure of the ray approximation in some of the example calculations
does not, however, mean all previous ray theory inversion results should be
discarded. Inversions involve averages over many rays; a more detailed look at
the implications of using Born kernels in place of ray kernels is needed. We plan
to calculate sensitivity kernels for flows and to do three dimensional inversions
using Born kernels. This work was supported by NASA grant NAG5-8878.
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