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ABSTRACT

Using helioseismic holography, we measure acoustic ( -mode) travel-time perturbations, observed within solarp
active regions, as functions of frequency and phase speed. We find evidence for a frequency variation, at fixed
phase speed, of the travel times that has not previously been reported. This variation is not expected from typical
sound-speed models of sunspots, which result from the inversion of travel times and may indicate a significant
contribution to the travel times from structures with vertical scales smaller than about 1 Mm near the solar
surface.

Subject headings: Sun: helioseismology — Sun: interior — Sun: magnetic fields — sunspots

1. INTRODUCTION

The discovery two decades ago that sunspots act as both
absorbers (Braun et al. 1987) and refractors (Abdelatif et al.
1986) of incident solar acoustic waves ( -modes) offered thep
promise of probing the subsurface structure of sunspots
(Thomas et al. 1982). Models of sunspots as perturbations in
the background sound speed have subsequently been con-
structed using observations from a variety of local helioseismic
techniques, including Hankel analysis (Fan et al. 1995), ring
diagrams (Basu et al. 2004), and holography (Lindsey & Braun
2005b). Travel times inferred from time-distance helioseis-
mology have been inverted to model flows and sound-speed
perturbations using Fermat’s principle and the ray approxi-
mation (e.g., Kosovichev & Duvall 1997; Kosovichev et al.
2000; Zhao et al. 2001; Hughes et al. 2005), the Fresnel-zone
approximation (e.g., Jensen et al. 2001; Couvidat et al. 2004),
and the Born approximation (e.g., Couvidat et al. 2006).

However, uncertainty exists about the degree to which sur-
face effects may contribute to the observed helioseismic sig-
natures (e.g., Lindsey & Braun 2005b; Zhao & Kosovichev
2006). Published three-dimensional (3D) inversions of travel
times, to date, do not include any provision for contribution
from the near surface layers, which are not resolved by the
-mode set used in the observations (the typical vertical res-p

olution near the photosphere is around 1 Mm; see Couvidat et
al. 2006). Examples of possible surface effects include strong
perturbations in the sound speed within about 1 Mm of the
photosphere, as suggested by Fan et al. (1995), or contributions
to phase shifts due to mode conversion in magnetic fields (e.g.,
Cally et al. 2003; Crouch et al. 2005). Surface effects resulting
from changes in the upper turning points of modes due to
magnetic fields have also been proposed (e.g., Kosovichev &
Duvall 1997; Chou et al. 2000; Braun & Lindsey 2000; Barnes
& Cally 2001). Schunker et al. (2005) report that helioseismic
phase shifts obtained from seismic holography in sunspot pen-
umbrae vary with the component of the line-of-sight angle
projected into the plane containing the magnetic field and the
vertical direction, implying that a significant component of the
penumbral phase shifts are photospheric in origin.

The observations used in 3D travel-time inversions are typ-
ically made over a single wide frequency bandpass and do not
easily allow the assessment of possible frequency-dependent
surface terms, analogous to those included in one-dimensional
(horizontally invariant) structural inversions performed in

global helioseismology (e.g., Christensen-Dalsgaard et al.
1988) and some ring-diagram analyses (e.g., Basu et al. 2004).
In addition, the formalism for including possible surface effects
(which are likely to be highly variable in the horizontal spatial
dimensions) has not been developed for 3D inversions in local
helioseismology. A strong motivation for undertaking this po-
tentially substantial task would be observational evidence of
frequency variations in observed travel times in magnetic
regions that are not consistent with depth structures resolvable
by current inversions. Some observations (e.g., Chou et al.
2000; Braun & Lindsey 2000; Lindsey & Braun 2004) have
suggested frequency variations, but these were not explored in
the context of identifying the depth of the sources of the travel-
time perturbations. In this letter we report significant frequency
variations in -mode travel times in sunspots as measured fromp
helioseismic holography.

2. OBSERVATIONS AND ANALYSIS

Helioseismic holography (HH) is a method based on the
phase-coherent imaging of the solar interior acoustic field by
computationally extrapolating the surface acoustic field into
the solar interior (Lindsey & Braun 1997, 2000). Here HH is
performed in the wavenumber-frequency (Fourier) domain
(e.g., Lindsey & Braun 2000), which facilitates the selection
of a set of fixed frequency bandpasses with widths of 1 mHz
centered at frequencies , of 2, 3, 4, and 5 mHz. To facilitaten0

comparisons of these observations with time-distance analyses,
the analysis in this letter consists of what are termedlocal
control correlations (Lindsey & Braun 2005a). These are di-
rectly comparable to center-annulus time-distance correlations
(e.g., Duvall et al. 1996; Braun 1997). In the Fourier domain
the HH control correlations are described by a phase pertur-
bation , which is related to an equivalent travel-time per-df
turbation by . Here we consider themean travel-dt p df/2pn0

time perturbations (relative to nearby quiet-Sun travel times)
determined from and averaged over the ingression and egres-
sion control correlations made with a full annular pupil.

A 27 hr duration of full disk Dopplergrams with a 1 minute
cadence, obtained from the Michelson Doppler Imager (MDI;
Scherrer et al. 1995) on board theSolar and Heliospheric Ob-
servatory (SOHO), were used in this study. The data set starts
on 2002 April 1, 21:01 UT, and includes several sunspot groups
(NOAA ARs 9885, 9886, 9887, and 9888) within a 60� by 60�
Postel-projected area. To ensure the relevance of the results to
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TABLE 1
Phase Speed Filter Parameters

Filter
Pupil Radii

(Mm)
w

(km s�1)
dw

(km s�1)
n0

(mHz)

A . . . . . . 3.5–7.7 12.9 1.3 5
B . . . . . . 7.7–11.8 15.7 2.2 4, 5
C . . . . . . 11.8–16.0 20.2 3.2 3, 4, 5
D . . . . . . 16.0–20.2 26.3 4.2 3, 4, 5
E . . . . . . 20.2–27.1 33.6 4.5 2, 3, 4, 5
F . . . . . . 27.1–34.1 39.4 2.4 2, 3, 4, 5
G . . . . . . 34.1–41.1 43.5 2.5 2, 3, 4, 5
H . . . . . . 41.1–48.0 48.5 3.5 2, 3, 4, 5
I . . . . . . . 48.0–55.0 54.2 3.5 2, 3, 4, 5
J . . . . . . . 55.0–61.9 59.5 2.9 2, 3, 4, 5

Fig. 1.—(a) MDI intensity, (b) line-of-sight magnetogram, and (c–h) sample
maps of the mean travel-time perturbation covering a portion of the region
studied and showing sunspot group AR 9885. Panelsc andd show travel-time
maps for filter C at 3 and 4 mHz, respectively (see Table 1). Panelse–h show
the travel-time maps for filter E at 2, 3, 4, and 5 mHz, respectively.

time-distance analyses and models, we employed narrow an-
nular pupils and corresponding phase-speed filters to the data
sets. The phase-speed filters, designated A–J, were of the form
prescribed by Couvidat et al. (2006) with central phase speeds

, widths , and pupil radii as indicated in Table 1. The -w dw f
mode was filtered out, and some filter/frequency combinations
were not used due to the failure of any -mode ridge to intersectp
the filtered domain. The HH analysis was performed in the
eikonal approximation (Lindsey & Braun 2000), and the data
were corrected for small effects due to reduced oscillatory am-
plitudes in magnetic regions (Rajaguru et al. 2006) by dividing
the signal in each pixel by its rms value over the frequency
bandpass.

3. RESULTS

3.1. Frequency Variations at Fixed Phase Speed

Some sample maps of mean travel-time perturbations are
shown in Figure 1. In general, there are significant perturbations
that appear closely related to the surface magnetic flux density
(see § 3.2). Although most maps show travel-time reductions
in magnetic regions, there are significant travel-time increases
observed with some of the smallest annuli (and phase speeds).
What is surprising is the amount of variation among maps made
with the same phase speed but different frequencies. For most
filters (i.e., D–J) the travel-time perturbations show a general,
and substantial, increase in strength with higher frequencies
(e.g., Figs. 1e–1h). For filters B and C, the travel-time pertur-
bations actually switch sign in sunspot umbrae, from positive
values (relative to quiet Sun) at lower frequencies to negative
values at higher frequencies (e.g., compare Figs. 1c and 1d).
The distinction appears to be whether the filter/frequency-band-
pass combination is dominated by -modes (resulting in pos-p1

itive travel-time perturbation in sunspot umbrae) or modes with
higher radial order (which show negative perturbations
throughout active regions).

3.2. Spatial Relationships with Surface Flux Density

The travel-time perturbations are nonlinearly related to the
surface flux density and in general exhibit one of threeBtot

types of behaviors illustrated in Figure 2. The smallest phase-
speed filter (A, which is only used at 5 mHz) is unique in that
it shows a positive travel-time perturbation which increases
with (Fig. 2a). The other two -dominated filter/frequencyB ptot 1

combinations (B at 4 mHz and C at 3 mHz) show a negative
, which decreases with increasing , and an abrupt reversaldt Btot

to positive at flux densities typical of sunspot umbrae (e.g.,dt
Fig. 2b). All other combinations show a decreasing (e.g.,dt

Fig. 2c). The relationship of with with all filters isdt Btot

consistent with predominately near-surface perturbations but
does not rule out subsurface perturbations, which may very
well correlate with surface flux.

3.3. Consistency with a Deep Sound-Speed Proxy

The mean travel-time perturbations from each filter anddt
frequency combination were averaged over several sunspot um-
brae in the observed field. The fractional travel-time pertur-
bations ( , where is the mean group travel-time of thedt/t tg g

modes within the filter) are shown in Figure 3a as functions
of the phase speed . There is a general decrease of the strengthw
of the umbral average of with increasing for pupils D–dt/t wg

J; however, the systematic frequency variations are clearly vis-
ible over this trend. We do not attempt to directly model the
travel-time observations obtained here. Instead, we compare a
subset of the observations, the umbral averages, with expec-
tations from a proxy sound-speed perturbation based on pre-
vious travel-time inversions. The solid colored lines indicate
the fractional travel-time perturbations expected for rays orig-
inating in the center of a cylindrical sound-speed perturbation
that is horizontally uniform out to a 15 Mm radius and that
has a specified depth dependence. This dependence was se-
lected by trial and error to provide a reasonable representation
of the data at 3 mHz while preserving the general features of
recent time-distance inversions (e.g., Kosovichev et al. 2000;
Jensen 2003; Couvidat et al. 2006). Our proxy is defined by
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Fig. 2.—Scatter plots of against the total magnetic flux density (es-dt Btot

timated from the MDI line-of-sight magnetogram assuming the magnetic field
is the gradient of a potential). For clarity, only 1 out of 15 points is plotted.
The vertical bars indicate the range of�1 standard deviation about the mean
over bins equally spaced over the logarithm of the flux density. The three
cases shown are representative samples of the types of variations observed:
(a) shows the results for filter A at mHz, (b) shows filter C at 3 mHz,n p 50

and (c) shows filter E at 4 mHz.

Fig. 3.—(a) Mean travel-time perturbations, averaged over all sunspot um-
brae in the four spot groups observed, divided by the group travel times as
functions of the phase speedw, where the orange, red, green, and blue symbols
indicate results for , 3, 4, and 5 mHz, respectively. The open circlesn p 20

indicate the filter and frequency combinations which are dominated by the
-mode. Horizontal bars indicate the range of present within the filter andp w1

frequency bandpass, and the vertical bars indicate the standard deviation of
the mean. The colored lines indicate the predicted values computed from a
sound-speed proxy (see text), where the colors indicate the same as then0

observations. (b) Fractional travel-time perturbations as a function of the in-
verse of the mean mode mass.

the difference, , between the sound speed inside the cylinderdc
and a background sound speed, , from a solar model (Chris-c
tensen-Dalsgaard et al. 1996), wheredc p 1.9 exp [�(z/20

, and is the depth.2 2 �1Mm) ] � 2.3 exp [�(z/5 Mm) ] km s z
This gives a fractional perturbation at the pho-dc/c p �0.06
tosphere and a positive perturbation below depths of 2 Mm,
with a maximum at 5 Mm. Mean travel-time per-dc/c p 0.08
turbations were computed in the ray approximation (Kosovi-
chev & Duvall 1997) using frequency-dependent ray paths
(Barnes & Cally 2001). A recent comparison between ray-
approximation- and Born-approximation-based inversions for
sound speed (Couvidat et al. 2006) suggests that the ray ap-
proximation may be sufficient to treat sound-speed perturba-
tions of the type considered here, although this has not been
established over the entire frequency range employed in this
study. It is clear that the predictions of the proxy do not match
the observed travel times for frequencies other than 3 mHz.
For pupils E–J, the 5 mHz data are consistently underestimated
by the model by about a half, while the 2 mHz data are over-
estimated by about a factor of 2. It is likely that the agreement
of the proxy predictions and the observations at any given
frequency could be improved with a different choice of the
sound-speed variation. However, no simple adjustments of the
proxy at depths comparable to the lower turning points of the
modes can explain the large systematic frequency variations
that are observed.

4. DISCUSSION

The past decade has seen major advances in modeling and
interpreting the travel times measured in and around sunspots.
It appears, however, that the strong frequency variation of the
measured travel times presented here cannot be explained using
standard assumptions, i.e., standard ray-approximation-based
forward modeling applied to sound-speed models that are typ-
ical of published 3D inversion results. One possible explanation
for the discrepancy between the models and the data is that
the models do not include surface effects. It is premature to
estimate how inferences about subsurface structure will likely
change when these effects are incorporated into modeling ef-
forts, and we do not attempt such modeling here. However, a
rough assessment of the importance of surface effects may be
made by examining the dependence of observed travel-time
perturbations with mode mass. Perturbation theory applied to
global p-mode frequencies (e.g., Christensen-Dalsgaard et al.
1988; Libbrecht & Woodard 1990) predicts that the contribution
to the fractional frequency perturbations due to surface effects
is some function of frequency divided by the mode mass ,Mnl

which is defined as the ratio of mode kinetic energy to the
square of the velocity evaluated at a height near the photo-
sphere. In local helioseismology we expect a similar functional
form for the travel-time perturbation resulting from a phase
shift in an unresolved layer near the surface. This follows from
the asymptotic equivalence of a fractional frequency pertur-
bation of ap-mode with the perturbation experi-dn /n dt/tnl nl g

enced by a wave packet consisting of a range of modes about
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the same and . In the limit that the contributions of surfacen l
effects to the travel-time perturbations are substantially greater
than structural contributions, we might expect the observed
perturbations to exhibit frequency and mode-mass dependences
consistent with this relation.

Figure 3b shows for the same umbral averages showndt/tg

in Figure 3a, as a function of the inverse of the mode mass,
averaged over the range of radial order and angular�1AM S nnl

degree present in the filter and frequency bandpass The model
mass is evaluated at 50 km above the photosphere (the choiceMnl

of this height does not substantially affect the observed trend).
There is a striking, nearly linear, correlation (with negative slope)
of the umbral travel-time perturbations with for modes�1AM Snl

with , although there is a hint of a separate, linear relationn 1 1
(with a positive slope) for the -modes as well. A somewhatp1

tighter linear relation can be achieved by multiplying the abscissa
by a slightly decreasing function of frequency. The nonlinearity
of the trend may also reflect the failure of to adequately�1AM Snl

describe the physics of the surface perturbation, the presence of
deeper structural contributions to , or systematic errors in thedt
observations. Nevertheless, we suggest that the general trends
shown in Figures 3a and 3b are sufficient to demonstrate that
surface effects may contribute significantly to the observed
travel-time perturbations. We wish to emphasize that the findings
presented here do not necessarily demonstrate thatp-mode travel-
time perturbations are entirely superficial in origin.

Similar trends to those shown in Figure 3 are also exhibited
by travel-time perturbations averaged over pixels in both the
penumbrae and in plages. Two of the three -dominated mea-p1

surements switch sign in both penumbrae and plage (see §§ 3.1
and 3.2) but continue to exhibit smaller (absolute) perturbations
than compared with other measurements with either a similar

or mode mass. In other words, the measurements consis-w p1

tently show anomalous (outlier) behavior in essentially all rep-
resentations of the data considered. An important outstanding
question is whether this anomaly reflects some particularphysical
property of -modes or systematic uncertainties (e.g., due to thep1

use of very small annuli within sunspots).
An important caveat to our conclusions is that the accuracy

of the ray approximation (or, for that matter, the Born approx-
imation) has not been assessed over the frequency range em-
ployed in this study. However, what should be evident from
the results shown here is the importance of successfully mod-
eling both the phase-speed and frequency dependence of the
observations (and of understanding the anomalous behavior of
the -modes), in as much as is practical, in order to havep1

confidence in the applicability of the models to the solar in-
terior. In conclusion, these findings strongly suggest that sig-
nificant improvements in the modeling of the subsurface struc-
ture of sunspots and magnetic regions in the Sun with
helioseismology are likely to be made with the consideration
and inclusion of surface effects due to magnetic fields.
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