Seismology of Magnetic Photospheres

C. Lindsey and D. C. Braun
NorthW est Researty Asscciates

[. Intro duction

Sincethe advent of local helioseismology a variety of independertly developed diagnos-
tic techniques have corvergedto suggestthe existenceof relatively large-scale,near-
surface o ws assaiated with active regions. These consisterily show large-scale,near-
surfacein o w into large plages(Gizon, Duvall & Larson 2001;Haber et al. 2004;Zhao
& Kosovichev 2004;Lindsey & Braun 1996), which generally have slightly enhanced
luminosities with respect to the quiet Sun. For sunspots, which are much smaller and
much lessluminous than the quiet Sun, the picture is more complicated. A range of in-
dependertly deweloped seismicdiagnosticsfocusing on horizontal o ws on the outskirts
of sunspots show conspicuous,but somewhatmore compact, near-surfaceout o ws (Du-
vall et al. 1996;Lindsey & Braun 1996; Gizon 2003;Braun & Lindsey 2003;Gizon, Du-
vall & Larsen 2000), roughly consistert with non-seismicdiagnostics, sud as Harvey

& Harvey (1976). Other seismicdiagnostics, more heavily including seismicsignatures
in the magnetic photospheresof the sunspots, suggestsigni cant down o ws beneath
sunspots (Duvall et al. 1996) and near-surfacein o ws (Kosovichev 1996; Zhao & Koso-
vichev 2001,2003).

One of the major dewvelopmerts in local helioseismologyof the late 1990swas the discov-
ery by Braun, Duvall and Labonte (1988) that magnetic regions abosrb seismicwaves.
Another, not obviously related to the rst at the time, wasthe discovery by Duvall et
al. (1996) that phasetravel times for waves propagating into sunspot photospheresare
signi cantly longer than for waves propagating away from them, a phenomenonto which
we refer in this study as\the phaseasymmetry” (seealsoBraun 1997;Lindsey & Braun
2004,2005c). Duvall et al. (1996) proposedthat the phaseasymmetry was the signa-
ture of rapid down o ws beneath sunspots, a thesis developed at length by Kosovichev
1996. Lindsey & Braun (1996) noted concernsrespecting massconsenation, recogniz-
ing that rapid downdrafts combined with near-surfaceout o ws would quickly evacuate
the shallov subphotosphereof the sunspot. Seismicmodeling of active regionshas ad-
vanced considerablyin the decadesince (Zhao & Kosovichev 2001,2003). Howewer, at
this epoch independertly dewveloped seismicmodeling techniques applied to sunspots do
not yet render uniformly consistert results where o ws are the issue,particularly when
massconsenation is included in the context.

In fact, a major componert missing from seismicdiagnosticsof ows in the neighbor-
hoods of sunspots during the term of SOHO/MDI has beena realistic accourt of the

e ects of magnetic elds on seismicsignaturesin active regions. Recert developmerts
in magnetohelioseismologyboth theoretical (Cally 2000;Cally, Crouch & Braun 2003;
Crouch et al. 2005; Schunker, Cally & Donea 2005;Cally 2005) and obsenational (Lind-
sey & Braun 2005a,b;Sdunker et al. 2005), suggestthat phaseperturbations intro-
duced by magnetic forcesin active region photospheresare considerable,and that these
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have major potential implications in active region diagnostics. In our opinion, based
on these dewvelopmerts, a credible accourt of magnetoseismicsignaturesis essetial for
further progressin seismicdiagnostics of active region subphotospheres.The advent of
HMI o ers a golden opportunity to dewelop this aspect of seismicdiagnostics.

In this preseration will focuson the speci c issueof the contribution of magnetic forces
to the phaseasymmetry and implications respecting underlying ows. We will briey
introduce a hypothesisthat the phaseasymmetry is largely the result of phaseperturba-
tions induced by magnetic elds in the photospheresor shallov subphotospheresof ac-
tive regions. We proposethat these phaseperturbations are predominartly the signature
of the medhanism whereby magnetic regionsabsorb a large fraction of the seismicenergy
impinging into them from the quiet Sun at large (Braun, Duvall & LaBonte 1988;Braun
1995). Cerntral to the hypothesisis partial conversion of arriving compressionwavesto
Alfv en wavesthat disappear into the active region subphotosphere.

Helioseismicsupport for a magnetically induced phaseasymmetry has largely emerged
from three major dewelopmerts:

(1) the recognition (seeCally 2000)that inclined magnetic elds are particularly e -
ciert in coupling low-degreep-modesto Alfven modes. This is an important consid-
eration in our understanding of how magnetic regions absorb p-modesso e cien tly
in the 2{5 mHz spectrum.

(2) the recognition of a feature in maps of the phaseof the \lo cal ingressioncortrol cor-
relations" called the \p enumbral phaseanomaly" (Lindsey & Braun 2005a), refer-
ring to conspicuousseismicphaseadvancesthat generally mark regionsof inclined
magnetic eld, sud assunspot penumbrae.

(3) a strong dependenceof Doppler seismicsignatureson the vantage of the obsena-
tions with respect to the relative azimuth of the magnetic eld when both the mag-
netic eld and the vantage are oblique. We refer to this vantage dependence,dis-
covered by Schunker et al. 2005 (seealso Schunker, Braun & Lindsey 2005) by the
term \inclined magnetic phaseparallax,” or simply \phase parallax" when the mag-
netic corntext is clearly established.

. Mo de Coupling and Absorption of p-Mo des by Photospheric Magnetic
Fields

A great deal of modern agnetohelioseismologyof active regionshas beenmotivated by
theoretical e orts (Spruit & Bogdan, 1992;Cally & Bogdan 1992,1997; Cally, Crouch
& Braun 2003;Crouch et al. 2005;Cally 2005and others) to explain the absoption
of acoustic wavesby magnetic regions. A major breakthrough in those e orts wasthe
recognition by Cally (2000) of the importance of inclined magnetic elds. Discrimina-
tion of magnetically induced phaseshifts from those introduced by thermal perturba-
tions and o ws hassimilarly bene tted from attention to the peculiarities of seismic
signatures of wavesarriving into photospherespermeatedby inclined magnetic elds.
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Plane of Displaced Medium

Figurel. Inclinedmagnetictensionforcesintroducedvertical compessionaldisplacemenin
the simplecaseof a uniform medium.

The basic coupling force between compressionwaves and Alfv en waves, and also the
restoring force for the Alfv en wavesthemselwes,is magnetic tension:

fr = ;B 1)B; 1)

where B is the magnetic eld vector. In the caseof wavesarriving into a magnetic pho-
tospherefrom directly below, propagating vertically into a region of inclined magnetic
eld, ft hasa substartial horizontal componen, asillustrated by the diagram in Fig-
ure 1.

Theseforcesintroduce a substartial horizontal perturbation into photospheric motion
that without a magnetic eld would be purely vertical. Where the function of the cou-
pling force is to transfer energyfrom a vertical compressionwave into an Alfv en wave,
the horizontal motion for any given frequencyis substartially phaseshifted with respect
to the vertical, resulting in motion following an elliptical trajectory, asillustrated by
Figure 2.



Figure2. Diagramillustrating the elliptical motion of a mediumin an inclined magnetic
eld, representedby vecta B, in respnseto vertically propagatingcompessionwaves,rep-
resentedby vertical wave vecta k.

Where the seismicsignature is determined by a line-of-sight Doppler measuremen this
elliptical motion results in a signature whosephaseis strongly dependert on the direc-
tion (seevectors®, and &, in Fig 2) from which the motion is obsened with respect to
the inclination of the the magnetic eld, B. Becausethe tension force for an inclined
magnetic eld hasa vertical componert, it introducesa similar phaseshift into the verti-
cal componernt of the motion with respect to that of the displacemen an incoming com-
pressionwave would exert in a photospheric medium cortaining a weak or null magnetic
eld.

IIl. The Penumbral Phase Anomaly

The penumbral phaseanomaly (Lindsey & Braun 2005a,b)refersto a conspicuousad-
vancethat invariably characterizesthe phase, , of the seismicsignature of wavesar-
riving into a photospherepermeatedby a substartially inclined magnetic eld. An ex-
ample is shown in Fig 4 for a complex active region crossingthe meridian near disk cen-
ter. A secondexample similar to that of Fig 3 is shonn for a small isolated sunspot in
Fig 4. The isolated sunspot, while it o ers not nearly the statistical weight of the com-
plex region shown in Fig 3, hasthe advantage of cleanliness,in that the pupil (annu-

lus drawn in lower left corner of Fig 3a) of the holographic projection is securelyfree of
strong magnetic regionswhen the focusis in a strong magnetic region. As before, the
region of relatively strong B3 (Fig 4c) manifests a conspicuoussignature in (Fig 4d).
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Figure3. The penumbyal phaseanomalyin NOAA AR98870bservedn 2003Apri| 4{5.
Framea: MDI continuumintensit. Frameb: MDI line-of-sightmagnetogram,in units of
kG. Framec: squae of the horizontal magnetic eld derivedfrom the line-of-sightmagne-
togram assumingthat the magnetic eld is the gradientof a potential, in units of (kG)?.
Framed: 4.5{5.5 mHz ingressioncontrol carrelation phaseovera 27 hr 44 min period, in
radians. Annulusdrawn into lower right carner of upper left frame shavs dimensionsof the
pupil the holographicprojection of arriving waves.

12 a) Intensity b B(los 50
1.0
0.8
. 0.0
0.4 P
; . -1.0
.0 -2.0
1.2
0.0
0.8
-1.0
0.4 20
0.0 3.0

100 Mm F———

Figure4. The penumbal phaseanomalyin NOAA AR98960bservedon 2003 April 11. See
caption of Fig 3 for details.



The consistert negative signaturesthat invariably mark in inclined magnetic photo-
spheresstrongly suggest,but do not prove, that the penumbral phaseanomaly is directly
causedby magnetic forcesthemseles. Given our limited understanding of the physics
of magnetic subphotospheresit is ertirely possiblethat inclined magnetic regionstend
to be attached to sound-speedanomaliesor o ws a few Mm beneaththat causethe
obsened phaseshifts instead of the photospheric magnetic elds themseles. However
magnetic forceshave seismicproperties that distinguish them from those we understand
to characterize sound-speedanomaliesand o ws more than a few hundred km beneath
the surface,and helioseismicdiagnostics can be fashionedto capitalize on these.

V. Phase Parallax

We apply the term \inclined magnetic phaseparallax" to describe a strong apparert de-
pendenceof the phaseof line-of-sight Doppler signaturesof wavesarriving in a photo-
spherepermeatedby an inclined magnetic eld. This e ect was rst reported by Schun-
ker et al. (2005a,b)and recertly con rmed by Zhao & Kosovichev 2005. The impetus
that motivated Scunker et al. wastheir expectation of the elliptical motion conceptu-
ally illustrated in Fig 2 as a responseto magnetic tension forcesin regionsof inclined
magnetic elds. As explained above, this would render the line-of-sight Doppler signa-
ture of photospheric motion in responseto wavesof a particular frequencyarriving from
the outlying quiet Sun signi cantly dependert on the angle from which it is viewed.

The ideal diagnostic whereby to verify sud a phaserelation would be stereo Doppler
helioseimologyof inclined magnetic elds, and this should be recognizedas a major po-
tential of an HMI on a the European SpaceAgency's Solar Orbiter, preserily planned
for launch in 2015. Pending the possibility of a direct stereophasecomparison, Schunker
et al. applied ingressioncortrol correlation phasestatistics to a cortrolled selection of
active regionsat various distancesand directions from disk certer to securethe vantage
dependenceindirectly. They found a clear, consistent acceruation of the negative signa-
ture in towards the limbward penumbra. This e ect is unmistakable in correlations
basedon relatively high-frequency holographic projections. Figure 5, above, shows the

e ect for the small active region whoseingressioncortrol correlation phaseis mapped in
Fig 4. When the sunspot is near disk certer, the penumbral phaseanomaly appearsas a
roughly symmetrical annulus of enhancednegative in the perumbra (Fig 5d). When
the active region is near the limb, this signature is heavily accenuated towards the limb
(Fig 5c), hencethe term \parallax," to characterize the apparert motion of the certroid
of the signature as a responseto the shift in vantage.

The e ect shavn in Fig 5 could conceiably be a result of statistical uctuation, either
acoustic or magnetic, in any single case. However, Schunker et al. (2005) examined con-
trol correlation phasemaps for a substartial selectionof active regions, including some
for which Stokes magnetic obsenations were available, and the statistics of phaseparal-
lax in their study was overwhelming.
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Figure5. Phaseparallaxin AR9896(seeFig 4). Top row: continuumintensity. Bottom row:
control carelation phase, . Left column: sunswt 65 from disk center,toward eastlimb,
4.5 days befare meridianpassage .Right column: sunspt crossingthe meridian2 south of
disk center. Arrows shaw the directiontoward disk center. The length of eacharrow is a
tenth of the distancealongthe great circle from the centerof the active regionto disk cen-
ter.

V. Magnetohelioseismology in the Adv ent of HMI
V.1 Implications respecting subphotospheridhermal anomaliesand ows.

Magnetohelioseismologyhas already given us what we clearly perceive as major insight
into the long standing problem of how magnetic regionsabsorb seismicwaves. However,
what is now quite imposingis the broader implications, which include the needfor a
realistic account of magnetoseismicsignaturesin diagnostics of thermal anomaliesand

o0 ws beneath magnetic photospheres. Magnetic forcesthemselhesare thought to be
signi cant only in the upper few hundred km of the subphotosphere(Lindsey & Braun
1996). Howewer, the phaseshifts that characterize phaseparallax, if we understand them
correctly, introduce a vantage-dependert phaseasymmetry of the sameorder as the en-
tirety of that discovered by Duvall et al. (1996). It should be borne in mind that the
magnetic forcesthat introduce the horizontal motion to which we proposeto attribute
the phaseparallax have a vertical componert aswell as a horizontal one (Fig 1). Phase
parallax should therefore be regardedas only a single manifestation, i.e. just the vantage
dependence,of the magneticseismicsignature at large. A careful study of the e ects of
magnetic elds on helioseismicwavesis therefore neededto addressthe formidable prob-
lem of separating magnetoseismicsignaturesfrom those introduced by o ws.

V.2 Luminosity Driven Flows?



At this point we regard evidenceof signi cant magnetoseismicsignaturesto be unavoid-
able. This includes both symmetric and antisymmetric phaseshifts, the latter of which
are particularly pertinent to the question of rapid down o ws beneath sunspots. At this
point the proposition that something like the entirety of the phaseasymmetry can be at-
tributed to magnetically-induced phaseshifts remains hypothetical and a major object
of both theoretical and obsenational interest for the advent of HMI. If this hypothesis
is borne out by careful physical modeling and obsenational analysis, evidencefor signif-
icant near-surfaceout o ws from sunspots will very likely becomeregardedas both con-
siderableand consistert. This would support a generaltheory of ows in the convection
zonedriven by magnetically imposedluminosity variations at the overlying solar surface.
A clear understanding of the dynamics of o ws in magnetic subphotospheress therefore
crucial to our understanding of the function of luminosity perturbations instigated by
active regionsin driving massive ows in the convection zone.

V.3 What is neadad from HMI

The foregoing developmerts could hardly comeat a more opportune time to qual-

ify magnetoseismologyof active regionsas a major issuefor the advent of the HMI.

HMI will be a major improvemert over the SOHO-borne MDI (Scdherrer 1995), which
that revolutionized local helioseismologyin Solar Activit y Cycle 23. What is particu-
larly neededfor this undertaking is high-quality Doppler and magnetic observationsof
sunsmts, and the resourcesfor detailed theoretical modeling of the physicsof magnetic
forces over a realistic range of photospheric and subphotosphericconditions. The for-
mer includes as realistic an accourt of scattered light in the instrument asis practical
and an understanding the e ects of contamination of the sunspot spectrum by molecu-
lar lines. With theseaccommalations, the HMI will greatly facilitate the developmert of
magnetohelioseismologyand related helioseismicand other solar resear@, sud as model-
ing active region subphotosphereswith a credible accourt for the e ects of photospheric
magnetic elds on helioseismicsignatures.

To date, no model of ows in active region subphotospheresexplicitly includesthe pos-
sible in uence of magnetic elds in producing trave-time asymmetriesby any of the sev-
eral mechanismsthat have beenproposedand discussedover the years. The inclusion
of expliciti magnetic e ects in forward modeling e orts, the rapidly growing maturity of
theories of MA G wavesand absorption, and the availabiltiy of high-performancecom-
putes make this a great opportunity th facethis challenging problem head-on. A careful
re-examination of seismic o w diagnosticswith a practical accourt of magnetoseismic
signatures should therefore be a major part of the HMI sciertic program. The stakes
include a realistic grasp of the structure and dynamics of magnetic subphotopsheresas
well as a credible perspective into the function of surface-instigated o ws, extrapolated
deepinto the convection zone,in the maintenance of the variation in solar irradiance
over the solar activity cycle.

We bene tted greatly from consultation with Dr. Paul Cally and Graduate Student
Hannah Sdunker at Monash University and Dr. Ashley Crouch at the University of
Montreal. This poster contains results from researt that was supported by grants from
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