THE ASTROPHYSICAL JOURNAL, 621:L149-L152, 2005 March 10
© 2005. The American Astronomical Society. All rights reserved. Printed in U.S.A.

THE LOCAL HELIOSEISMOLOGY OF INCLINED MAGNETIC FIELDS AND THE SHOWERGLASS EFFECT

H. SCHUNKER,' D. C. BRAUN,? P. S. CaLLY,! AND C. LINDSEY?
Received 2004 November 18; accepted 2005 February 1; published 2005 February 15

ABSTRACT

We present evidence for the dependence of helioseismic Doppler signatures in active regions on the line-of-
sight angle in inclined magnetic fields. Using data from the Michelson Doppler Imager (MDI) on bo&uldhe
and Heliospheric Observatory, we performed phase-sensitive holography in the penumbrae of sunspots over the
course of several days as the spots traversed the solar disk. Control correlations, which comprise a correlation
of the surface wave amplitude with the incoming acoustic wave amplitude from a surrounding region, were
mapped. There is a direct dependence of control-correlation phase signatures on the line-of-sight angle in the
plane defined by the vertical and magnetic field vectors. The phase shift of waves observed along directions
close to the orientation of the magnetic field is smaller than the phase shift observed when the line of sight is
at a significant angle with respect to the field orientation. These findings have important implications for local
helioseismology. The variation in phase shift (or the equivalent acoustic travel-time perturbations) with line-of-
sight direction suggests that a substantial portion of the phase shift occurs in the photospheric magnetic field.
Observations of the vector components of the field may be used to develop a proxy to correct these phase
perturbations (known as the acoustic showerglass) that introduce uncertainties in the signatures of acoustic
perturbations below the surface.

Subject headings. magnetic fields — methods: data analysis — Sun: helioseismology — sunspots

1. INTRODUCTION ing the shallow fields and correcting for their influence when
tempting to view deeper structure.

Considerable progress has been made in recent years in okt _— o
In the presence of a strong surface magnetic field, it is sug-

serving and modeling helioseismic signatures of spatially com- ted that the fast ; iall tod t |
pact sound-speed perturbations and flows in the solar interior.9€St€d that the fast wave Is partially converted 1o a slow mag-

However, various artifacts and biases have been identified adietoacoustic mode (which IS p“?donf“”a”t'y. acoustic near the
causes for concern in inferences made from observatiofis of SUrface; Crouch 2003) and is directionally influenced by the
andp-modes observed in the vicinity of photospheric magnetic Magnetic field (Cally et al. 2003; Crouch & Cally 2003). The
fields. These include large-amplitude and phase distortions ofdegree to Wh'(.:h .th's_ happgns |s'dependent on the |.ncl|nat|0n
the wave field due to magnetic fields in the photosphere, known©f the magnetic field; a uniform field absorbs acoustic energy
as the “showerglass effect” (Lindsey & Braun 2005a, 2005b), more efficiently when the acoustic wave propagates at an angle
and the effects op-mode absorption in sunspots and plage © the magnetic field direction (Cally et al. 2003; Crouch 2003).
(Braun 1995; Woodard 1997). Helioseismic observations may N @ddition, inclined fields produce photospheric motion that
be corrected for showerglass perturbations, thereby imaging®t Ny single frequency describes an ellipse whose major axis
the underlying active region (Lindsey & Braun 2005a). This is tilted toward the inclination angle of the magnetic field (e.qg.,
is based on a strong correlation between the surface magneti€i9- 1)- The phase for motion along the major axis of the ellipse,
field strength and the phase perturbations. Initial applicationsfr €xample, lags the phase for motion along the minor axis
of this procedure to data from the Michelson Doppler Imager BY ) o )
(MDI; Scherrer et al. 1995) utilize the line-of-sight magnetic A consequence of this elliptical motion should be that the
field as determined from MDI magnetograms (Lindsey & Braun Phase of the observed magnetoacoustic wave varies with the
2005b). viewing angle with respect to the field direction. We show how
In this Letter we explore the implications of the surface Measurements of phase perturbations in sunspot penumbrae
magnetic field in active regions for helioseismic signals emerg- 0bserved at various heliocentric angles on the solar disk allow
ing from below the solar surface. Acoustic holography depicts Us to confirm and quantify this effect. The properties of the
surface oscillations as being caused by upcoming waves fromvelocity ellipse will depend on the magnetic field amplitude
all radial directions and quantifies this in terms of the ingression and the tilt of the field relative to the direction of the incident
(§ 2). In the quiet Sun, the ingression and the actual observedacoustic radiation (Fig. 1).
surface oscillations correlate well (Lindsey & Braun 2004, Using MDI Doppler observations, we examine phase per-
2005a). Our intention is to examine this correlatioside active turbations in the penumbrae of two sunspots, as they rotate
regions, taking particular note of the line-of-sight dependence, across the solar disk. For both sunspots we examine the var-
with the understanding that the difference between the ingres-iation of the observed phase shift with the spatial position
sion and the observed surface velocity field is due to photo- within the penumbrae. To determine the phase shift of the
spheric magnetism. This opens up the possibility of both prob- waves introduced by the field, the correlation between the in-
cident acoustic wave and the surface velocity is computed using
* Centre for Stellar and Planetary Astrophysics, School of Mathematical Sciences,helioseismic holography. Assuming the penumbrae are char-
Mgﬂ?uh U;&Yigﬂty'@?c?ﬁ%nﬁa\s/LCeZ’EO:L] Australia; hannah.schunker@sci.monash gcterized by axisymmetric-inclined magnetic fields, we expect
* l\'lor’thP\Ne'st I%/esea'rch Ass.ocia.tes', Inc., Colorado Research Associatesthat the phase.Shlﬁ WII.I depend.on the aZImUtha.l angle around
Division, 3380 Mitchell Lane, Boulder, CO 80301; dbraun@cora.nwra.com, the sunspot, with the difference in phase shift being the greatest
clindsey@cora.nwra.com. between locations in the penumbra toward and away from disk
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sion (Lindsey & Braun 2004). The computation is confined
to an annulus or “pupil” surrounding the focal point with
inner and outer radiua andb, respectively. The ingression

~ calculated in this way is essentially whshiould result from

tp ]B the incoming agoustic waves propagating from the pupil to
the focal point in the absence of perturbations.

04 To ascertain the effect of a surface anomaly, such as a mag-

netic field, the ingression is correlated with the surface velocity
y signal atr. In the space-frequency domain, the correlation,

~)

Gl /., Cw) = (A(r ¥ (r M), )

solar surface ~ is an example of a “local control correlation” (Lindsey & Braun
N 2005a). Herey represents the temporal Fourier transform of
N the surface disturbancg, » is the temporal frequency, and
H_ represents the temporal Fourier transform of the ingression.
The asterisk denotes complex conjugation, and the angle brack-
ets indicate an average over a positive frequency range  of
1 mHz centered at 5 mHz. The effects of the surface pertur-
bations are quantified by the phase of the correlation,

6¢ = arg C(»)]- ®3)

For the sunspot in Active Region 9026, we used MDI ob-
vertically propagating wavefronts servations spanning 2000 June 3-12 as the spot rotated from
a heliographic angular distance of approximately é8st of
Fic. 1.—Diagram of the effect of an inclined magnetic field on acoustic the central meridian to about B@&est of the meridian. For the

waves. Upcoming vertical waves impinge on the solar photosphere from below ;n5p0t jn AR 9033, we reduced the MDI data obtained be-
with a direction of propagatiork , normal to the surfate; is the projection tween 2000 June 7 and 11.

of the line of sight onto the plane defined by the magnetic field vector, B, and . .
k; and, is the angle betwedp akd . The velocity develops a transverse The full-disk MDI data were analyzed in 24 hr sets. For each

component relative to the vertical as a result of the presence of the inclined day, Postel projections were made, centered near the sunspots.
magnetic field. The resulting motion is described by an ellipse with a major From the temporal Fourier transform, the ingression was com-
axis tilted fromk by an angl@. . .

puted and correlated to the surface Doppler signal (egs. [1] and
3]). The pupil size ia = 20.7 Mm anth = 43.5 Mm for the
ner and outer radus, respectively. At a frequency of 5 mHz,
is pupil selectp-modes with spherical harmonic degreés ( )

center. For one of the sunspots, vector magnetograph data ar
also available, and subsequently the orientation and strengtqh

of the magnetic field can be directly assessed. and radial orderr() between{ ~450 if = 5) and( ~ 700
(n = 4). Simple analysis of the acoustic dispersion relation near
2. PROCEDURE the surface reveals thedtn ~ 2rvR_/c€ ,whdkg s the solar

Helioseismic holography reveals subsurface features of the'@diusm is the propagation angle from vertical, anis the local
Sun based on the observations of surface velocity (e.g., LindseySound speed. At 5 mHz, and in the given rangef ofoty ~
& Braun 2000). The procedure infers the amplitudes of acoustic 10 indicating a primarily vertical propagation.
waves propagating through a focal point located at horizontal

positionr and depthz. The domain of the focal point (focal 3. RESULTS
plane) is a surface of constant depth. For this study the focal Tq identify the existence of a line-of-sight variation in the
plane is raised to the surface, allowing a comparison of the hhase shift, we plot the correlation phase, , against the az-

surface velocities with acoustic waves propagating up to the jmythal angleg, around the penumbra (see Figs. 2 and 3). The

surface through the interior. The amplitude of incoming waves inner and outer radii of the penumbrae for both spots were

at positionr, depthz, and timet is called the ingression, determined from MDI continuum images; these are 7.3-16 Mm
for AR 9026 and 10.1-18.9 Mm for AR 9033.

) The azimuthal angle is defined &s= 0°  toward the west
H(nzt)= [dt and increases in an anticlockwise direction. Figure 2 shows the
correlation phase as a function éf determined within the
201 oy 4 / penumbra of the sunspot in AR 9026 on 3 separate days, as
8 L<rr,<b drr G (Ir=rlzt= ., the sunspot rotated across the disk. Figure 3 shows the results

obtained in the penumbra of the sunspot in AR 9033 on 2 days.
(2) Vertical lines in each panel represent the azimuthal direction
toward disk center. The offset of the mean from zero is con-
which in this Letter is calculated & = 0 . The Green’s sistent with previous measurements of the phase of control
function G_ represents the subsurface disturbance att( )correlations within the sunspot penumbra near disk center
resulting from a unit acoustic impulse originating at surface (Lindsey & Braun 2005a), consistent with a travel-time de-
coordinatest(, 0,t" ). We use a Green'’s function derived in crease with respect to the quiet Sun.
a wave-mechanical formalism, including effects for disper-  What is how observed for the first time is a clear cyclic var-
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3 = Fic. 3.—Same as in Fig. 2, but for the sunspot in AR 9033 when the spot
ob ©) 2003 Jun 10 2 is (a) near the east limb (with a heliocentric distance of)&nd b) closer
B :IIIﬂI’IInIIIxI:I I TzrxTIIIIITITI E to disk center (with a heliocentric distance of’R3

1 ’z;1111111;111111

v > 66 largely correspond to an increasing distance from the
_180 120 60 o 60 190 180 center Qf the sunspot. The mean magnetic field §trengths in the
¢ (deg) three bins are 1900, 1400, and 600 G, respectively. We have
Fic. 2.—Correlation phaség , in the penumbra of the sunspot in AR 9026 assumed, SuppOLtGd rllargely by avalla.?le “ne_OfI_Sl.ght '}/thl
plotted against azimuthal angiefor three positions of the spota) the spot magnetpg(ams, that there W"’.‘S no signi 'Can_t evolution of the
is near the east limb with a heliocentric distance of &®m disk center, magnetic field in the sunspot in AR 9026 during the 9 days of
(b) the spot is near the central meridian with a distance dfa disk center, observations.
and €) the spot is near the west limb at a distance ¢t 38e horizontal lines We defined. as the ang|e of the Iine-of-si@ht from vertical
p 1

indicate the meaw¢ averaged over the entire penumbra for each day. The . . . . P
vertical lines indicate the azimuthal direction toward disk center. The error projected into the plane containing the magnetic figland

bars represent the standard deviation of the mean over bins of five measureth€ vector ngrmal to the ph.otosph(_are (Fig. 1). We expect Fhat
ments iné. the phase shift between the ingression and the surface amplitude

depends on the magnitude and inclination of the field as well
o o ) ) as the projected line-of-sight anglg . The full vector magnetic
iation of the phase shift with azimuthal angle in the penumbrae field allows us to study the dependence of the phase shifts on
of both sunspots. Moreover, the variation appears to be relatedthe line-of-sight angle, independent of assumptions of the field
to the direction toward the center of the disk, in the sense thatsymmetry. Figure 5 shows the variation &f with ~ for the
the correlation phase is closest to zero toward disk center, andhree bins ofy, to get a general idea of the behavior with
deviates most substantially away from zero in the direction away increasing inclination (or magnetic field strength).
from disk center. We interpret this variation&  as caused by  There is a significant variation df with, , apparent in
a change in the line-of-sight direction with respect to the mag- Figure 5. There is more scatter in the top panel, suggesting
netic field. The cyclic variation is also evident at frequencies of that there is more noise in the correlation for points in higher
3 and 4 mHz. With a spreading penumbral magnetic field that magnetic field regions (e.g., closer to the sunspot umbrae).
is roughly axisymmetric, we assume that when the sunspot isHowever, the variation od¢ is seen for all inclinations, with
near the limb (Figs. 2 and Z; Fig. 3a), the line of sight is  the greatest range for the strongest fields. We interpret the
significantly more aligned with the field in the direction toward variation of the phase in Figure 5 as evidence that the phase
disk center than for the direction away from disk center. When shift introduced by inclined magnetic fields depends on the

the spot is closer to disk center (Figh @nd 3), the variation  |ine-of-sight angle, consistent with the concept that the wave
of the line-of-sight angle with respect to the field lines is more
constant withé. This is consistent with observations that show

significantly less variation af¢  witl§ when the spots are near 2500 F

disk center. Figures 2 and 3 show that the phase of the correlation E

is heavily dependent on the azimuthal direction around the spot 2000 E - Tarox E

and therefore the angle between the line-of-sight and magnetic E T rx * ;:* % e

azimuths. — g LR AR ]
Data from the Imaging Vector Magnetograph (IVM) at the % 1500F a5 ‘;}% E

University of Hawaii Mees Solar Observatory (Mickey etal. & g el S8 ]

1996) are available for AR 9026 that provide the orientation __ 2 Lo %w%f&o:o?:gx 3
and strength of the surface magnetic field in the sunspot. The = 1000¢ T Xy 5 E
IVM observations were made during a 28 minute interval start- 2 o o fixﬁ ;‘;s .

ing at 18:29 UT on 2000 June 5. Rotation and scaling were 500 & < &ggxxxj v 3
applied to align the IVM data to the line-of-sight MDI mag- 2 X 3 ?‘ix
netogram. The sunspot is shown to have an azimuthally spread- g R ]
ing magnetic field but is not entirely symmetric. Figure 4 ex- OO e ‘2Jo - ‘4‘0' - 6‘0 8‘0 100

hibits the relationship between the magnetic field inclination,
v, and the magnetic field strength in the penumbra of AR 9026.
An inverse relationship between inclination and field strength  Fic. 4—Magnetic field strength vs. inclination for the sunspot penumbra
is obvious. From the tight correlation in Figure 4. it is difficult i AR 9026 determined from the IVM on 2000 June 5. The different symbols
. . o ' . ..1- divide the region into three bins of magnetic field inclinatigrk 42° astér-

to independently determine the variation of the phase shift with iy """ 66 (giamonds), and > 66 (nult crosses). In general, the
both field stren_gth _and 'nC“nat'_On- Consequently, we divide the progression from the upper left portion of the distribution to the lower right
penumbra region into three bingi< 42 42° <y <66° , and portion represents an increasing distance from the center of the sunspot.
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4. CONCLUSIONS

The results from simple models predict that the upcoming
acoustic wave interacts with the magnetic field so that at the
surface the velocity vector is somewhat aligned with the mag-
netic field direction. The correlation phase, which expresses
the effect that the magnetic field has had on the incoming wave,
e clearly varies with with an amplitude that depends on the

e heliocentric distance of the sunspot from disk center. The sense
is that there is a significantly smaller phase shift when ob-
serving along the direction of the magnetic field, compared to
when the field is perpendicular to the line of sight. The effect
is confirmed by plotting the correlation phase against the pro-
jected line-of-sight angle. The strength of the effect is depen-

g E dent on the magnitude and/or inclination of the magnetic field,

-3k = there being apparently less variation with  for weaker or more
—100 -0 0 50 100 inclined fields. The next step is to determine the velocity ellipse
6. (deg) of the wave motion from these data and to compare the results

FiG. 5.—Correlation phasé¢ ) in the penumbra of the sunspot in AR 9026 Wwith simple models.
plotted against projected angle  for different values of magnetic field incli-  These findings have obvious and important implications for
nations as |nd|cated. Measurements for‘the days 20_00 June 3-12 are '”C'“dedunderstanding and modeling the showerglass effect, and for in-
The three different panels represent different portions of the penumbra, as . . L .
shown in Fig. 4. The top panel shows< 42 , where the mean field strength terpretation Of, local hellosel_smlc S'gna!s around and beneath
(B) = 1900G, the middle panel showd2 <y <66° , whef®) = 1400 G, sunspots, particularly those inferred using observations of the
and the bottom panel shows-66" ,whéB = 600  G. The horizontal dashed velocity field inside the spots. It is noteworthy that the variation
lines indicate the mean value &  for each panel. The error bars indicate the gf the phase shifts with viewing angle around sunspot penum-
standard deviation of the mean over bins of 20 measuremefifs in brae, for waves between 3 and 5 mHz, represents an equivalent

variation of phase travel times on the order of 30 s. This is

. . . comparable to travel-time perturbations inferred from several
velocity does in fact have a significant component along the o5 helioseismic methods in sunspots that have been interpreted
direction of the magnetic field vector near the surface. The a5 supsurface variations of sound speeds or flows extending
previous discussion of the variations &  withshown in several megameters beneath the photosphere (Kosovichev et al.

Figures 2 and 3 is consistent with this interpretation. For the 2000). However, the existence of variations of the phase shift
points plotted in the middle panel of Figure 5, the inclination with the line-of-sight angle suggests a photospheric magnetic

of the magnetic field is around &0Thus, asg, varies from  origin for much, and perhaps most, of the wave perturbation.

—60° to +60°, we are observing at an angle with respect to Observations of the vector components of the photospheric fields
the field ranging from+12C° to 0 as we move around the might be used to correct these phase perturbations analogous to
sunspot penumbra. the procedures described by Lindsey & Braun (2005a, 2005b).

Local helioseismic measurements at 5 mHz offer the advan-These results certainly suggest that helioseismologists studying
tage of finer spatial resolution than similar analyses performedthe subsurface structure of active regions consider and include
with waves at lower temporal frequencies. For several of the details of the magnetic field, including the geometry, in their
MDI data sets discussed above, we repeated the analyses witRodels.

1 mHz-wide frequency bandpasses centered at 3 and 4 mHz.

The results show a similar variation of the phase of the control  Many thanks to K. D. Leka for providing the high-quality
correlations with line-of-sight angle. The amplitude of the phase- VM data provided by the Mees Solar Observatory and to Aaron
shift variation appears to scale roughly with temporal frequency. Birch for useful discussions. D. C. B. and C. L. are supported
For example, where Figure&3hows a peak-to-trough amplitude by the National Aeronautics and Space Administration through
of about 1 radian at a frequency of 5 mHz, the corresponding the “Living With a Star” and “Sun-Earth Connection” SR&T
amplitudes at 3 and 4 mHz are approximately 0.5 and 0.7 radiansprograms and by the National Science Foundation through the
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