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ABSTRACT
We present observations with the Advanced Stokes Polarimeter of 11 light bridges in sunspots of

various ages and sizes, all very close to disk center. Full vector spectropolarimetry and a nonlinear least-
squares inversion algorithm allows us to determine not only the vector magnetic Ðeld in the bridges and
host sunspots but also thermodynamic parameters such as continuum brightness, Doppler shifts,
Doppler widths, opacity ratio, and the source function parameters. We can also separate the magnetic
and nonmagnetic components of the spectral signal within each resolution element.

We Ðnd that there is a disruption of the magnetic Ðelds in light bridges, relative both to neighboring
umbrae and to normal, undisturbed penumbrae. This change takes the form of lower intrinsic Ðeld
strength and sparser, more horizontal Ðelds in the bridges relative to umbrae. The magnetic Ðelds in the
bridges remain more vertically oriented, however, than those in undisturbed penumbra. There are sys-
tematic upÑows observed in the bridge plasma relative to the neighboring umbrae, and the evidence
points toward a component that is heated and departs from radiative equilibrium.

In four cases, we follow a light bridge over several days and Ðnd that as the bridges age, they grow
wider and brighter, the Ðelds weaken and become sparser, and the heating increases. We also Ðnd some
evidence that the magnetic Ðeld begins to reorganize itself to accommodate the (now) two azimuth
centers before there are strong signals of a light bridge in the thermodynamic parameters.

This paper presents the Ðrst systematic look at sunspot light bridges with full vector polarimetry and
thermodynamic determination. The results show that there is an intrusion of Ðeld-free, possibly convec-
tive material into an otherwise stable, magnetic sunspot. The departure from stability is seen in the mag-
netic Ðeld orientation prior to its appearance in continuum intensity, and the e†ects of this disruption are
evident beyond the immediate umbral intrusion. The results do not unambiguously determine the physi-
cal mechanism that makes sunspots disappear. However, it strongly points toward a ropelike magnetic
structure through which convection may penetrate when the magnetic Ðbrils separate or around which
Ðeld-free plasma may Ñow. The appearance of Ðeld-free heated material is likely an e†ect, not the cause,
of the sunspot light bridges.
Subject headings : polarization È Sun: magnetic Ðelds È sunspots

1. INTRODUCTION

Considering how well observed sunspots are, it is often
surprising how poorly some of their structures and evolu-
tionary processes are understood. Sunspot dissolution and
disappearance is a phenomena with less immediate impact
than, say, Ñux emergence or the evolution associated with
complicated, Ñare-productive active regions. How a sunspot
““ dies ÏÏ is poorly understood even at the most basic, cartoon
level. The question of whether a sunspot fragments, sub-
merges, is expelled, or di†uses in place is unanswered. Yet in
terms of some long-standing questions in solar physics
(such as the overall solar magnetic Ñux budget or how the
polar Ðeld is generated), the question of a sunspotÏs fate is in
fact more important than how it arrived.

One of the early signatures of imminent sunspot breakup
is the formation of a light bridge : an intrusion, or lane of
bright material that cuts across the umbra of a sunspot

& Loughhead Light bridges ““ show a great(Bray 1964).
diversity in shape, size, and brightness ÏÏ & Lough-(Bray
head p. 89), so of course historically their deÐnitions1964,

1 The National Center for Atmospheric Research is sponsored by the
National Science Foundation.

and categorizations have been numerous and diverse. The
morphological classiÐcations based on their intensity have
essentially been ““ photospheric,ÏÏ ““ penumbral,ÏÏ and
““ umbral.ÏÏ The Ðrst class can refer to a wide separation
between sunspot umbrae that is clearly inhabited by photo-
spheric, granular-looking material. The latter two cate-
gories usually refer to bridges where penumbral-appearing
material cuts across the umbra, the ““ penumbral ÏÏ bridges
being larger than ““ umbral ÏÏ bridges (Muller 1979 ; Bumba
& Suda Bonet, & Va� zquez1983 ; Sobotka 1989 ; Sobotka,

The classiÐcations get confusing when subclasses1993).
based on bridge width in addition to brightness are added

et al. Bonet, & Va� zquez and(Sobotka 1993 ; Sobotka, 1994)
when the classes refer to umbrae of the same (or opposite)
magnetic polarity & Hejna Parkin-(Bumba 1980 ; Ogir,
enko, & Stoyanova & Wang et1985 ; Zirin 1990 ; Sobotka
al. We make no attempt to classify the bridges1994).
studied in this paper a priori, except that none fall into
those categories in which the material observed is clearly
photospheric in nature (i.e., similar in brightness to quiet
photosphere, with easily discernible granulation patterns).
The bridges studied herein have a range of widths, ages, and
intensities and undoubtedly span more than one morpho-
logical classiÐcation boundary. To wit, we simply empha-
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size that the sunspot light bridges referred to hereafter are
those that (1) split umbrae of like polarity, (2) are generally
narrow (¹10 Mm across), and (3) are dominantly of pen-
umbral, not photospheric, intensity

Based on white-light morphology alone, light bridges
may be the result of the coalescence of pores as a sunspot
grows, the bridgesÏ contrast gradually diminishing until a
stable sunspot is formed & Suda de la(Bumba 1983 ; Garcia
Rosa & Wang From snapshot morphol-1987 ; Zirin 1990).
ogy alone, it is almost impossible to tell a bridgeÏs history,
i.e., whether the presence of a bridge signals sunspot forma-
tion or ““ de-formation.ÏÏ Can those bridges associated with
sunspot decline be di†erentiated a priori from those present
during pore coalescence?

Previous studies of light bridges have found that their
magnetic Ðelds are generally weaker and more horizontal
than in the neighboring umbra & Schro� ter(Beckers 1969 ;

et al. Ru� edi, Solanki, & LivingstonLites 1991 ; 1995a,
So far, this is essentially the only systematic Ðnding.1995b).

Redshifts et al. blueshifts &(Ru� edi 1995b), (Beckers
Schro� ter and ““ noshifts ÏÏ et al. have1969), (Ru� edi 1995b)
been found in light bridges relative to the nearby umbrae.
Intensity Ðne structure that may resemble photospheric
granulation et al.(Va� zquez 1973 ; Sobotka 1994 ; Ogir,
Parkinenko, & Stoyanova penumbral dark Ðlaments1985),
and bright grains (Sobotka et al. or both1993, 1994),

A. Tritschler 1996, private communication)(Muller 1979 ;
are found in bridges. Semiempirical models of light bridges
indicate a lower temperature, i.e., the bridge regions are
darker, than the mean penumbra for a moderate range in
optical depth around q\ 1.0 (Sobotka 1989).

One intriguing aspect about light bridges is that whatever
magnetic reconÐguration occurs during their formation, it
is accompanied by short-lived chromospheric Ha bright-
enings Suda, & Ishkov with counterparts in(Bumba, 1981)
the corona Since bridges form within(Shimizu 1996).
regions of like polarity with no reported observations of
intrusions of opposite polarity Ðelds, the standard picture of
reconnection between opposite polarity regions (as associ-
ated with Ñares) is difficult to apply to the bridge magnetic
topology where these brightenings occur.

The major weakness of prior studies has been small
number statistics and/or a lack of vector magnetic Ðeld
data, as commented on in et al. and et al.Lites (1991) Ru� edi

The studies cited so far for the most part have(1995b).
drawn upon white-light photographs and longitudinal mag-
netograph observations, with occasional spectroscopic
observations that sampled a few positions across a light
bridge.

We present here a study of numerous light bridges with
the Advanced Stokes Polarimeter, with which spatial maps
across a sunspot with full spectral and polarimetric cover-
age are made. In we present the observations, some° 2,
details of the inversion procedure, and the interpretation of
its output. In we discuss the physical interpretation of° 3,
the inversion procedure output in order to set the context
for the presentation of the bridge results. In we begin the° 4,
analysis by systematically comparing the light bridges both
with their neighboring umbrae and with undisturbed areas
in the sunspots (i.e., away from the light bridge), without
regard to evolutionary history, age, or morphological
detail. The overall picture of the physical structure of light
bridges is then presented. In the results from are used° 5, ° 4
to examine the systematics (or lack thereof ) in the results, in

the context of the sunspotsÏ histories and evolution. These
approaches lead to a discussion of the physical nature of the
light bridge formation process.

2. OBSERVATIONS

All observational data used in this paper were gathered
with the Advanced Stokes Polarimeter (ASP) at the Nation-
al Solar Observatories/ Sacramento Peak, New Mexico.
The ASP data consist of fully resolved spectra covering 2.5

around two Zeeman-sensitive Fe I lines (jj6301.5, 6302.5)Ó
at 12.6 dispersion, and 230 pixels in the spatialmÓ (0A.37)
dimension. The spectrograph slit is stepped across a region
of interest on the solar disk, with step size chosen by the
observer. All four Stokes parameters (I, Q, U, V ) are
recorded at each wavelength point on two cameras ; the
images from these two cameras are merged to produce data
hypercubes containing x, y, j, I, Q, U, V information. The
details of the ASP optical layout, performance, and cali-
bration can be found respectively in et al.Elmore (1992),

and et al. From these spec-Lites (1996), Skumanich (1997).
trally, spatially, and polarization-state sampled data, we
perform an inversion using the nonlinear least-squares
analysis described in & Lites The HAOSkumanich (1987).
inversion code independently Ðts the Stokes proÐles with
two contribution functions, one from a magnetic modeled
atmosphere and one from a nonmagnetic component dis-
cussed in detail below. It assumes a Milne-Eddington atmo-
sphere and a source function linear with optical depth

where are magnitudes of theSl(q)\ fB0] fB1kq
c
, B0, B1constant and linear terms, is the continuum optical depthq

calong the line of sight, f is a magnetic Ðlling factor and
k \ cos (h) is the viewing angle. The inversion returns
magnetic Ðeld strength (B), inclination and azimuthal angles
(t, f), an e†ective nonmagnetic fraction (a@), the constant
and linear terms of the source function the( fB0, fB1 k),
line-to-continuum opacity ratio the Doppler width(g0),and the line center positions for the magnetic and(*jD),
nonmagnetic components (jmag, jnmag).The inversion procedure from spectral Stokes proÐles to
magnetic and thermodynamic parameters can result in non-
unique solutions owing to noise, improper weighting of the
proÐles, etc. In general, the vector magnetic Ðeld parameters
are much better known than the thermodynamic results,
among which there can be some interplay in the results

& Skumanich However, in the sunspots(Lites 1990).
analyzed, there are no di†erences in the errors for the Ðts
between bridge areas and nonbridge areas. The line proÐles
are not inherently di†erent for the most part (given the s2
restrictions discussed below), and the Ðts were all conÐrmed
visually. Hence, we believe that any trends we present in the
magnetic and thermodynamic parameters will be evidence
of true physical di†erences between the light bridge and the
normal sunspot structure.

Data from eight observing runs were used, covering 11
di†erent light bridges in nine sunspots. For most bridges,
multiple observations were available on the same day ; for
four bridges, data were also available a day or two later. In

we list the observational parameters and NOAATable 1,
Active Region numbers of all data which were analyzed

Geophysical Data and in we(Solar 1992È1996), Figure 1,
show the sunspot continuum images. Usually only the data
set with the best overall seeing and that was closest to disk
center is represented in the subsequent tables and Ðgures.
The other data, when available, were used to conÐrm results
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TABLE 1

LIGHT BRIDGES AND THEIR SUNSPOTS

Active Region Time Seeing
Bridge (NOAA) Date (UT) k (arcsec)

1a . . . . . . . 7108 1992 Mar 20 15 :20 0.84 1
15 :51 1.5

1b . . . . . . . 7108 1992 Mar 22 14 :54 0.96 2
2 . . . . . . . . 7192 1992 Jun 11 16 :05 0.92 1

13 :56 1.5
3 . . . . . . . . 7194 1992 Jun 14 15 :08 0.95 1.5
4 . . . . . . . . 7194 1992 Jun 16 15 :52 0.95 1.
5 . . . . . . . . 7465 1993 Apr 4 15 :36 1.0 ¹1

14 :17 1
14 :42 ¹1
16 :54 2

6a . . . . . . . 7548 1993 Jul 23 14 :46 0.94 ¹1
6b . . . . . . . 7548 1993 Jul 24 15 :10 0.88 ¹1

14 :00 1.5
14 :25 1È1.5
15 :02 1
17 :25 2
17 :41 1.5È2

7a . . . . . . . 7597 1993 Oct 13 14 :57 0.84 ¹1
15 :37 1

7b . . . . . . . 7597 1993 Oct 14 14 :29 0.88 1
8, 9 . . . . . . 7722 1994 May 17 15 :23 0.98 ¹1

14 :00 1.5
14 :25 1È1.5
15 :02 1
16 :07 ¹1
17 :25 2
17 :41 1.5È2

10 . . . . . . . 7952 1996 Mar 14 17 :53 0.99 1
11a . . . . . . 7962 1996 May 12 16 :12 1.0 ¹1

15 :20 0.99 1
16 :00 1.0 ¹1

11b . . . . . . 7962 1996 May 13 14 :22 1.0 ¹1
14 :32 0.99 1
14 :45 1
15 :37 1
16 :15 1.5

presented here and are listed after the primary data set. For
example, Bridge 6b was observed for many hours, with rela-
tively good seeing ; the data set at 15 :10 UT was the
primary data set from which the results shown here were
derived, and the remainder for Bridge 6b were used as con-
Ðrmation. The study of the temporal evolution of the
bridges is restricted to daily changes for this study, e.g., the
observations of the same bridge on 1992 March 20 and 22,
labeled Bridge 1a and 1b. Hourly changes in the magnetic
and thermodynamic parameters are generally smaller and
are not considered here. gives some of the basicTable 2
morphological parameters of the bridges and their host sun-
spots, such as the host sunspotÏs age Geophysical(Solar
Data magnetic polarity, and the light bridge1992È1996),
widths.

The requirements for data to be included in this study
were fairly stringent. The light bridges had to be fairly
simple and distinct, and a large portion of the host sunspot
had to be ““ undisturbed ÏÏ for comparison. Seeing had to be
nominally 1A, and k \ cos (h) º 0.85. This last requirement
is for two reasons. First, it has been reported that the
boundary between a bridge and the neighboring umbra is
narrow, of order 1A et al. Observations need(Ru� edi 1995b).
to be close to disk center to avoid confusion that arises if the
line-of-sight radiation propagation vector crosses strongly
varying atmospheres within the height of formation.
Second, at k ¹ 0.85, the V proÐles from midpenumbra
outward consistently show evidence of reversed polarity
within the pixels owing to the coupling of high Ðeld inclina-
tion with a high viewing angle in addition to velocity gra-
dients and the like (see, e.g., & LitesSkumanich 1991 ;

Steiner, & Solanki This is confusion that weBu� nte, 1991).
wish to avoid. Although the HAO inversion code has
recently been upgraded to three components (two magnetic
in addition to a nonmagnetic component), the most

TABLE 2

LIGHT BRIDGES AND THEIR SUNSPOTS : BASIC PROPERTIES

Magnetic AR Age Spot Area SWidthT Width Range
Bridge Polarity (days) (Mm2) (Mm) (Mm)

1a . . . . . . . [ 31] (7067) 722 3.0 0È5
1b . . . . . . . [ 33] 528 4.6 È
2 . . . . . . . . [ 8] 459 5.8 0È10
3 . . . . . . . . ] 25 (7176) 573 3.2 2.3È4.6
4 . . . . . . . . ] 26 (7176) 487 3.7 0È9.5
5 . . . . . . . . ] 8] (7400)a 906 3.0 0È6.5
6a . . . . . . . ] 7] 759 2.4 0È3.8
6b . . . . . . . ] 8] 751 3.0 0È7.4
7a . . . . . . . [ 5] 463 1.8 È
7b . . . . . . . [ 6] 333 2.2 1.4È3.5
8 . . . . . . . . [ 33] (7701)b 1357 3.8 È
9 . . . . . . . . [ 33] (7701)b 1357 5.6 2.4È7.0
10 . . . . . . . ] 3 217 3.9 0È5.3
11a . . . . . . ] 22 (7958) 240 2.1 1.4È4.6
11b . . . . . . ] 23 190 3.6 È

NOTE.ÈIn parentheses, the AR identiÐed from the previous rotation. The ““ ] ÏÏ indi-
cates that the active region was formed prior to arriving at the east limb but could not be
identiÐed with an active region in the previous rotation, i.e., ““ 8] ÏÏ indicates an active
region between 8 and 23 days old. The ages of the individual spots are more difficult to
determine, except that in all cases but Bridge 10, the sunspots themselves appeared,
formed and stable, at the east limb. A ““È ÏÏ in the width range indicates an almost
constant width across the bridge.

a Bridge 5 is part of the active longitude that began with AR 7400, 1993 Jan 12, and
returned as 7420, 7440 and then 7465. The individual spot used here, however, was most
likely not 83 days old, but rather between 8 and 23 days old.

b AR 7722Ïs identiÐcation with AR 7701 might also be AR 7708, which would make it
21 days old (instead of 33]).
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FIG. 1.ÈGray-scale continuum images of the sunspots studied in this paper, and their designations as per with the heliographic scale shown inTable 1,
megameters. Boxes drawn in show the Regions of Interest (ROI) for the light bridge (dark gray box) and for undisturbed areas (light gray boxes). The
horizontal dashed line indicates where our artiÐcial spectrograph slit was placed. For all sunspots, north and east are at random orientations, since the data
were rotated such that the boxes and ““ slit ÏÏ position could be positioned easily. The direction to disk center is shown, and contours indicate the umbral,
transition zone, and penumbral areas on each sunspot (see Fig. 2).

straightforward interpretation comes from the standard
two-component Ðtting. Thus, we restrict ourselves to sun-
spots and light bridges that are close to disk center and
further restrict the studied sunspot areas to those that had
s2(V )/V 2¹ 0.1.

An objective, nonÈmorphology-based deÐnition of a light
bridge is not available in the literature. Indeed, even an
objective manner to deÐne the photospheric/penumbral/

umbral boundaries could not be found in the context of
sunspot studies (although it has been mentioned in the
context of solar irradiance studies ; e.g., et al.Steinegger

and references therein). Since the objective of this1996
study is to determine the physical state of the light bridge, it
behooves us not to use any ad hoc boundaries for the light
bridges and not to use any morphological classiÐcation or
categorization scheme before examining the data. Instead,
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FIG. 1ÈContinued

we utilize large sampling regions that encompass the clas-
sically identiÐable light bridge, along with surrounding
umbra and penumbra. We are explicitly stating with this
approach, that we do not know what is physically
responsible for, or a†ected by, the formation of the bridge.
Hence, we do not draw any boundaries to deÐne the extent
of the light bridge a priori.

We must, however, adopt some deÐnition of umbra and
penumbra to facilitate interbridge comparisons. To do so,
we used the following observation : a histogram of the con-
tinuum intensity consistently showed four distributions

see also et al. Fig. 2). At the bright-(Fig. 2 ; Steinegger 1996,
est intensities is the peak associated with quiet Sun ; the
most probable value for this peak is taken as the mean quiet
Sun intensity used for normalization through the[I

c
(qs)],

rest of the paper. At slightly smaller intensity values, there is
a second peak whose distribution deÐnes the proper pen-
umbra. The minimum between these two, or where the
derivative of the distribution crosses zero, is taken as the
intensity that deÐnes the outer penumbral boundary [0.92

in the example shown]. At the lowest continuumI
c
(qs)

intensities, there is a small peaked distribution ; this rep-
resents the dark umbral cores. At the upper bound of this
distribution, the derivative again crosses zero, deÐning an
intensity level that bounds the dark umbra [0.37 inI

c
(qs)

this example]. Between the dark umbra and the penumbra
is a range of intensities where the frequency is almost con-
stant. This deÐnes a region between the umbra and penum-

bra. Where this Ñat distribution ends and the penumbra
begins is the end of what we deem the transition zone [0.37È
0.70 Its width (both physically and in terms of theI

c
(qs)].

range of intensities in the distribution) varies slightly. These
four distributions in the intensity histograms were always
distinguishable, and the resulting intensity contours are
given in for the example and are also reÑected inFigure 2

We Ðnd this method to be reasonably insensitiveFigure 1.
to the e†ects of bad seeing, and only the width of the tran-
sition zone is in the least a†ected. The same distribution is
visible and the same results are obtained when the seeing is
artiÐcially degraded by rebinning the data by a factor of 5.

The orientation of each bridge relative to solar north was
arbitrary. To ease the analysis process, the data for each
bridge (magnetic Ðeld map, velocity map, etc.) was rotated
by an arbitrary angle such that the light bridge was oriented
roughly along the axis. The bridges as shown inyü Figure 1
have been rotated in this fashion. We indicate the direction
to disk center for reference.

As stated above, we wished to investigate the physics of
the bridges with few restrictions. Hence we deÐned a rec-
tangular region of interest (an ““ ROI ÏÏ) that encompassed
the bridge and surrounding umbra and penumbra. These
ROIs are shown in In addition, we selected addi-Figure 1.
tional ROIs for comparison around undisturbed, nonbridge
areas of penumbra and umbra. These are also indicated in

Between each ROI, the number of umbral, tran-Figure 1.
sition zone, and penumbral points were equalized to about
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FIG. 2.ÈDetermination of region-deÐning isophotes using Bridge 6b as an example. Histogram of the continuum intensity, is shown for the sunspot.I
c
,

The light levels which were chosen to deÐne the umbral core, the umbral-penumbral transition zone, and the outer penumbral boundary are indicated by
vertical dashed lines. Inset : continuum image of Bridge 6b showing the three contours.

10%, so that the e†ects of unequal statistics were mini-
mized. As mentioned above, we also excluded data points
with a º0.1 for the Ðts to U, V ].s2(S

j
)/S

j
2 S

j
\ [Q,

We also wished to compare with previous studies that
positioned a spectrograph slit across a sunspot. To do this,
we chose an artiÐcial ““ slit position,ÏÏ or row, that traversed
the bridge at its approximate center and also included
neighboring umbral region(s). Along this ““ slit,ÏÏ or row, we
can plot magnetic and thermodynamic parameters, similar
to the approach taken by earlier spectroscopic investiga-
tions of these features et al.(Sobotka 1989 ; Ru� edi 1995b).
These artiÐcial slit positions are also indicated in Figure 1.

3. INTERPRETING THE DATA

3.1. T he Magnetic Vector
Even though the intrinsic magnetic Ðeld strength B and

the two directional angles t and f are returned by the inver-
sion code, the transverse Ðeld componentÏs direction is
unsigned. To resolve this 180¡ ambiguity, two methods were
used : the interactive ““ AZAM ÏÏ procedure (written in the
Interactive Data Language by P. Seagraves ; et al.Lites

essentially uses a radiant point chosen close to the1995)
sunspotÏs center along with continuity arguments to resolve
the ambiguity. This is supplemented, when required, by
selecting the azimuth closest to that of a potential Ðeld
calculated using the line-of-sight Ðeld as a boundary condi-
tion. While this algorithm may be problematic for highly
sheared Ðelds, or sunspots viewed close to the limb, in
general the light bridges and their host sunspots studied
here had fairly simple magnetic structures and were close to

disk center. The second method is an iterative technique
et al. that minimizes the angle(CanÐeld 1993 ; Leka 1995)

di†erence between neighboring vectors and minimizes
either the vertical current or the divergence of the Ðeld
according to Ðeld strength criteria. (The latter results are
also identical, for these simple spots, to that from the
““ simulated annealing ÏÏ algorithm; TheMetcalf 1994.)
ambiguity-resolved magnetic vector B and other output
data (e.g., line center position, etc.) were projected then to a
local tangent plane, i.e., to an apparent k \ 1.0 viewing
angle, and interpolated on to a grid with approximately 0A.5
square pixels. Henceforth, all vector angles (i.e., c, /) are in
the heliographic frame, i.e., as if one were looking down
upon the sunspot.

3.2. Magnetic Filling Factor
The ““ scattered ÏÏ light fraction, a, is speciÐcally the frac-

tion of a pixel Ðlled with an unmodeled nonmagnetic signal.
That is, the total intensity, is a combination of the calcu-Ij,lated model signal and light scattered into theIjmod
resolution element, presumably from a nonmagnetic photo-
sphere. In general, we may consider the model to be given
by

Ijobs\ Ijmod]aIjscat ,

where

Ijmod\ fIjmag] (1[ f )Ijnmag ,

with etc.), and (1[ f ) is theIjmag \F( o B o, t, f, g0,B0, B1,fraction of the resolution element Ðlled with a Ðeld-free
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model atmosphere The line proÐle is constructedIjnmag. Ijscatas an average over pixels that have a polarization fraction
below an arbitrary threshold, typically 0.4%. Since the
HAO inversion procedure does not di†erentiate fromIjscatin terms of the model parameters, what the code trulyIjnmag

is a value a@, i.e.,returns2
Ijobs\ fIjmag] (1 [ f )Ijnmag] aIjscat

\ fIjmag] a@Ijscat ,

where

a@\ (1 [ f )(Ijnmag/Ijscat) ] a .

Note that where f is unknown. Inter-fIjmag \ Ijmag( fB0, fB1)ested readers are referred to Grossmann-Skumanich,
Doerth, & Lites for a full discussion. Unless(1992)
otherwise stated, the plots, results, and discussion refer to a@.

3.3. Doppler Shifts of andIjmag Ijnmag
The observed solar photosphere is not stationary, and the

signals from the vertical component of any bulk Ñow will be
detected as a Doppler shift. The results from the inversion
code allow us to determine separately the line center posi-
tion of and and respectively), althoughIjmag Ijnmag (j0mag j0nmag,
the latter has signiÐcantly larger uncertainty. Throughout
(unless noted), we use the umbral as the reference wave-j0mag
length (using either the mean of multiple points or the value
at one point, depending upon application). Some of the
observed Doppler shifts are undoubtedly inÑuenced by
““ noise ÏÏ in the form of acoustic oscillations and Evershed
Ñows. However, we note the following points. First, the
Evershed e†ect is most prominent in the outer, brightest
penumbral regions ; in the analysis of the light bridges, we
incorporate data from all intensity ranges. None of the
results for the bridges relies solely on points in the brightest
intensity bin or on farthest distances from the umbra.
Second, while we cannot Ðlter for oscillation signals owing
to the stepping-slit nature of the instrument, we note that
velocity signals from magnetized plage and sunspot penum-
brae have an rms less than 0.3 km s~1 et al.(Title 1992).
Since our velocity measurements average over space and/or
time, any observed trends are the average over the oscil-
lation signals. Additionally, the oscillation periods are gen-
erally short compared to the time to acquire a magnetic
map. Hence, oscillation signals may increase the width of
the distributions of observed Doppler Ñows but should not
a†ect their median values. Third, we note that the results for
the bridges presented below are not a function of k \ cos (h)
or of whether the umbral reference is limbward or diskward
of the bridge or normal areas. Fourth, for spots with multi-
ple observations on the same day, we Ðnd that the results
are statistically the same, to the limit of the uncertainties.

3.4. Utilizing the Source Function

3.4.1. T he Ratio B1/B0
The inversion codeÏs use of a linear source function with

continuum optical path, Sl(q) \ fB0] fB1kq
c

(Skumanich

2 Those familiar with the HAO inversion code will note that a@ is
actually referred to as a within the code and its outputs. One reason for this
notation is to distinguish this e†ective scattered light fraction from the
force-free parameter used later.

& Lites implies that the ratio removes the Ðll1987) fB1/fB0factor and normalizes the two constants, which allows a
direct interpretation of the source functionÏs gradient. That
is, this ratio holds implications for the relation between the
radiation Ðeld and the emergent mean intensity as a func-
tion of optical depth. We can use this ratio to compare the
state of atmosphere with an atmosphere known to be in
approximate radiative equilibrium, i.e., the sunspot umbrae
(where the strong magnetic Ðelds suppress convection). We
Ðnd that for the sunspot umbrae in these data, the average
ratio similar to what is found with otherB1/B0 \ 2.1 ^ 0.5,
ASP observations (e.g., Lites & Marti� nez PilletSkumanich,

Hence, if becomes signiÐcantly larger than 2,1994). B1/B0the source function is steeper with depth, which implies that
the radiation Ðeld is heating the region in excess of what is
required for radiative equilibrium (see the discussion in

° 13, and ° 2).Kourgano† 1952, Mihalas 1978,

3.4.2. Determining Temperature from the Source Function

The inversion code returns the source function as a Ðtted
parameter of the nonlinear least-squares procedure. Since
for these sunspots, k B 1, we can use the Eddington-Barbier
relation, which states that the ““ emergent intensity is charac-
teristic of the value of the source function at about optical
depth unity along the line of sight ÏÏ We Ðrst(Mihalas 1978).
compute the Ðtted continuum intensity for the magnetic
component, and correct it for magneticI

c
mag \ fB0] fB1kÐlling fraction f by assuming f \ 1.[a@. We then normalize

the ASPÏs intensity units to the intensity at a nearby contin-
uum wavelength (3.11] 1014 ergs cm~2 s~1 sr~1 cm~1 at
j \ 6306.0 & Neckel This emergent intensityÓ; Labs 1968).
is then equated to the Planck function, and the relevantBl,temperature for q\ 1, is calculated. The temperaturesT

Blfall within the range of recent umbral and penumbral
models, K et al.3500 ¹T

Bl
¹ 5500 (Collados 1994 ; del

Toro Iniesta, Tarbell, & Ruiz Cobo The resulting1994).
temperatures may not be accurate on an absolute scale ;
however, constructing a detailed sunspot model is not the
goal. This analysis enables us at least to make comparisons
between structures within a given ASP data set.

3.5. Doppler W idth *jD
The HAO inversion code returns a value assigned to the

Doppler width, This is a measure of the e†ective line*jD.
width and includes the true Doppler width of the line, along
with unresolved velocity e†ects such as microturbulence. It
is limited in the inversion by theoretical temperature
bounds to lie between 20 and 60 The implied tem-mÓ.
perature in the transition zones and umbrae in allT*jDsunspot data fell between K, but up to3061 ¹T*jD ¹ 4500
B15,000 K within penumbral boundary.

We can quantify the microturbulence, however, since we
have the independent measure of the temperature T

Bldescribed above. We can then estimate the microturbulence
velocity, m, by

m \
C 2k
mFe

(T*jD [ T
Bl

)
D1@2

. (6)

The implied microturbulence velocity m distributions
always peaked ¹1.0 km s~1 (with B0.3 km s~1 width).
This is higher than the B0.2 km s~1 microturbulence veloc-
ity from recent sunspot umbral et al. the(Collados 1994 ;
““ cool ÏÏ model) and penumbral Toro Iniesta et al.(del 1994)
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models. However, it is consistent with the values inferred
if one simply compares to the umbral and penum-T*jDbral temperatures derived in these two models. That is,

implies 0.2¹ m ¹ 0.5 km s~1.T*jD [ TmodelsThe variation within an ASP data set of was larger*jDthan the variation in The former is likely dominated byT
Bl

.
m and the (unresolvable) physics within it. That is, m varies
too widely to be simply subtracted from in order to*jDdetermine a reliable Instead, we take the DopplerT*jD.width as a measure of unresolved velocity distributions,
relying upon for temperature analyses.T

Bl

3.6. L ine Strength g0
The parameter returned by the HAO inversion code isg0the line-to-continuum opacity ratio and contains informa-

tion about the state of the atmosphere in the line-forming
region. A smaller value of indicates a depopulation of theg0lower energy state, most likely due to enhanced ionization
(e.g., in the quiet Sun, where empirically seeg0B 10 ;

et al. Conversely, if is larger, it impliesSkumanich 1994). g0that there are more absorbers available to the incident radi-
ation Ðeld where the jj6301.5, 6302.5 lines are formed, i.e., it
is in a cooler, less ionized state. Hence, a change in g0between structures gives us information about the heating
of the atmosphere in those structures.

4. RESULTS

4.1. Morphology of Bridges
In the bridges studied here are shown in contin-Figure 1,

uum intensity images and reÑect the conventional wisdom
of the wide morphological variety that bridges can have. As
varied as they are in these images, they are all intrusions of
essentially penumbral-brightness material into the umbra,
with like magnetic polarity on either side of the bridge. The
sizes of the host sunspots (listed in as the areaTable 2
within the outer penumbral brightness level) vary widely.
The average width of the bridges varies, although because
we limit ourselves to the penumbral-brightness bridges that
are still clearly associated with one umbral system, the
average widths stay fairly small, under 10 Mm. This average
width can be a difficult number to assign, since we are also
considering what might be termed ““ intrusions ÏÏ in addition
to bridges that fully split the umbrae. Again we are not
classifying the bridges a priori on the basis of white-light
morphology, save that we do not consider the widest
bridges comprised of material essentially indistinguishable
from normal photosphere. We do not exclude bridges on
the basis of small width or incomplete umbral separation.
In the right-hand column, however, we give theTable 2,
range of widths within the bridge area between umbrae, and
unsplit umbrae are indicated there.

4.2. L ight Bridges versus Umbrae
We compare the bridge regions and neighboring umbra

by simulating how one would observe them with a spectro-
graph slit positioned across the bridge. In weFigure 1,
present two examples, Bridges 8 and 10. Nine parameters
are considered, three magnetic and six thermodynamic. The
magnetic parameters are the intrinsic Ðeld strength (B) and
its deviation from the absolute local vertical (*c\ c for
c¹ 90, *c\ 180 [ c for cº 90), and the nonmagnetic frac-
tion (a@). The thermodynamic parameters are the continuum
intensity relative to the average quiet Sun continuum(I

c
)

intensity the Doppler shift of the magnetic[I
c
(qs)] ; (*j0mag)

component (km s~1 relative to the nearby umbra) ; theIjmag
Doppler shift of the unmagnetized component(*j0nmag) Ijscat(km s~1, relative to the same umbral reference point) ; the
Doppler width of the magnetic component in(*jD, mÓ) ;
the temperature inferred from the source function in(T

Bl
,

K) ; the ratio of the linear term to the constant term in the
source function with dependencies on Ðlling factor(B1/B0),and viewing angle removed ; and the line-to-continuum
opacity ratio For this analysis, the plots cut across the(g0).light bridges at their approximate midpoints, and across
neighboring umbral regions, as indicated in ForFigure 1.
guidance, lines indicate the positions of the local umbra
(dotted) and the bridge (dashed) for this slice, according to
continuum intensity. This may or may not be the same
position as might be deÐned by, for example, Ðeld strength
or Doppler width.

4.2.1. Magnetic Parameters

The results are systematic for the most part. The contin-
uum intensity is, of course, greater in the bridge than in the
umbra, although this di†erence is less in some bridges, as
illustrated with Bridge 10. This is not surprising since the
intrusion in Bridge 10 stays at the same intensity level as the
transition zone, while Bridge 8 has truly penumbral bright-
ness material. The gradient in the normalized intensity

from umbra to bridge, of order 0.2 Mm~1, is littleI
c
/I

c
(qs)

di†erent from the normal umbral/penumbral boundary.
This is seen by the fact that the width of the transition zone
does not change appreciably in most bridge ROIs (see Fig.

relative to the normal ROIs.1)
The magnetic Ðeld strength in the bridges is lower than in

the umbra, usually by at least 500 G. The two extreme cases
are shown in with 300 G in Bridge 10 to over 1200Figure 3,
G in Bridge 8. There were always sections of the bridges
that showed gradients in the magnetic Ðeld strength of 500
G Mm~1 and in some cases a factor of 2 larger (Bridges 1b,
6b, 7b, and 8). These values are lower than a previous study,
which observed a gradient of 2000 G Mm~1 in the infrared

et al. The average gradient in the magnetic(Ru� edi 1995b).
Ðeld strength from the umbra to the bridge center through
the transition zone was of order 250 G Mm~1, however,
and is not signiÐcantly di†erent from the normal bridge/
penumbra transition zones.

The nonmagnetic fraction a@ increases within the bridge
relative to nearby umbrae. In the two examplesFigure 3
again show the extremes, an increase of 0.1 in Bridge 10,
and an increase by over 0.4 in Bridge 8. On the whole, the
bridges showed gradients of a@ of order 0.2 Mm~1, which
was always larger by B0.1 Mm~1 in the bridge ROIs than
in the same umbra-to-penumbra transition in normal ROIs.

The deviation of the magnetic Ðeld vector from local ver-
tical, *c, is larger in the bridge regions compared to the
umbra, usually by at least 10¡. That is, the Ðelds in the
bridges are more horizontal than umbral Ðelds, as shown in

for Bridges 8 and 10. The maximum inclination isFigure 3
usually not at the bridge midpoint in these slices. Rather, in
all but two bridges, it is o†set by 0.5È1 Mm toward a neigh-
boring umbra. et al. inferred steep gradientsRu� edi (1995b)
in the inclination angle (of order 15¡ Mm~1) in the umbral/
bridge boundary of a broad light bridge. While there are
places in almost all bridges studied here where the gradient
of the inclination vector between umbra and bridge reaches
20¡È30¡ Mm~1, the average is of order 10¡ Mm~1 in the
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FIG. 3.ÈData for a spectrograph slitÈlike cut across Bridges 8 and 10 and their host sunspots. Vertically we plot the continuum intensity, magnetic Ðeld
strength, nonmagnetic Ðlling fraction, angular departure from vertical, Doppler shift of the magnetic component, Doppler shift of the nonmagnetic
component, Doppler width, temperature derived from the source function, ratio of linear to constant terms in the source function, and last, the line opacity
fraction. Vertical lines indicate the approximate midpoints of the bridge (dashed) and local umbra (dotted) for this slice ; velocities are plotted relative to the
umbral point. The positional coordinate (Mm) for both Bridges is indicated for comparison with The formal errors from the inversion are plotted forFig. 1.
each parameter except the continuum intensity.

bridge ROI transition zones. This is 2¡È5¡ Mm~1 greater
than the gradient of *c between umbra and penumbra in
the normal ROIs.

It is impossible to appreciate fully the magnetic Ðeld azi-
muthal angle, /, with a slice across the sunspot. In Figure 4
we show the horizontal component of the magnetic Ðeld,
with the continuum-intensity contours as deÐned in and° 2
as shown in The examples of Bridges 8 and 10Figure 1.
summarize the situation for all 15 bridge observations. The
azimuthal angle in and around the light bridge deÐnes two
azimuth centers, each centered on the nearby umbra. The

center of the bridge can thus be identiÐed as where the
azimuthal angle of the magnetic Ðeld is almost parallel to
the long axis of the bridge. In Bridge 8, this e†ect is strong
enough to resemble an X-type neutral point. In Bridge 10,
the e†ects is much weaker, although the horizontal Ðelds
bunch together and have a more orientation in the vicin-yü
ity of the bridge than in the rest of [e.g., in theFigure 4
(x, y) \ (15 Mm, 17 Mm) vicinity]. To some extent, this
alignment of the azimuth with the bridge, and the diver-
gence of the azimuths along the bridge axis, is observed in
all bridges. It is strongest in Bridges 1a, 1b, 7a, 7b, 8, 9, and
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FIG. 4.ÈHorizontal Ðeld component in and around Bridges 8 (left) and 10 (right). Contoured continuum intensity has identical contour levels to Fig. 1.
Maximum vector shown is 1500 G (Bridge 8) and 1200 G (Bridge 10). Scale in megameters for these subimages is shown for comparison with Fig. 1.

11b, weaker in Bridges 2, 4, 5, 6b, 10, and 11b, and weakest
in Bridges 3, 6a, and 11a.

4.2.2. T hermodynamic Parameters

Shifts of the line center position of the magnetic com-
ponent relative to the umbral line center positionIjmag

indicate the relative line-of-sight Ñows in the magne-(*j0mag)
tized plasma at the height of formation of the two spectral
lines. Since these sunspots were all >30¡ of disk center, it
represents the vertical Ñows to a fair degree. In Figure 3,
both Bridges 8 and 10 show 0.3 and 0.1 km s~1 blueshifts
respectively, relative to the umbra. This is fairly representa-
tive. In similar slices, nine of the bridges show blueshifted,
or upÑowing, material (1a, 3, 6b, 7a, 7b, 8, 9, 10, 11b) relative
to the umbra with speeds ranging from 0.3 to 0.4 km s~1.
Five bridges show redshifted material (1b, 2, 4, 6a, and 11a)
at similar speeds, and Bridge 5 shows little Doppler shift.
The shear in the Ñow, as measured in the gradient of this
relative Doppler shift, averages 0.1 km s~1 Mm~1 between
umbra and bridge, although it can reach twice that at dis-
tinct locations in each bridge ROI. This is not signiÐcantly
di†erent from the average and the range of shear in the
Ñows in normal ROIs.

The Doppler shift of the scattered light com-*j0nmag
ponent is also plotted relative to the nearby umbra inIjscatFor Bridges 8 and 10 there are apparent down-Figure 3.
Ñows of almost 0.5 km s~1, although it is also readily appar-
ent that the errors in this parameter are signiÐcantly larger
than those in It must also be cautioned that the line*j0mag.
position of the nonmagnetic fraction of a line proÐle in a
sunspot umbra is not a well-deÐned quantity. Hence, while
fully two-thirds of the observations of the light bridges
(Bridges 1a, 1b, 2, 3, 4, 6a, 6b, 8, 9, 10, 11a, and 11b) have
redshifts relative to ranging from 0.1 to 1.0 kmIjscat(umbrae)

s~1, it is best to compare this parameter to a di†erent Ðdu-
cial, as discussed below.

The bridges systematically show a value signiÐcantly*jDabove the inversionÏs 20 lower limit. Only Bridges 5, 6a,mÓ
and 6b fail to show this increase above the umbral values.
On the other hand, in at least four bridges, the increase is of
order 10 in these slices. On average, the gradient in themÓ
Doppler width is less than 10 Mm~1 in both bridge andmÓ
normal ROIs, with little di†erence between the two.

The temperature derived from the source function is
always higher in the bridge regions than in the umbrae. This
is somewhat expected given the increased continuum inten-
sity in the bridges, although whether it is a truly higher
temperature or simply sampling the temperature at a
higher, hotter physical layer is undetermined here.

We see in that the umbral values for the ratioFigure 3
are close to 2, as discussed above for regions in radi-B1/B0ative equilibrium. In the light bridges, the is at least aB1/B0factor of 2 larger, except in Bridges 5, 6a, 11a, and 11b. The

gradient of this parameter through the transition zone gen-
erally agrees between bridge and nonbridge regions, averag-
ing 1È2 Mm~1. This is a clear signal that the light bridges
have a signiÐcant departure from radiative equilibrium.

Every bridge except Bridge 6a shows a decrease in ing0the bridges compared to the umbrae. The bridge values
generally agree with umbral and penumbral values given in

& Skumanich and et al.Lites (1990) Skumanich (1994).
They also agree with nonbridge penumbral regions of the
host sunspots with similar Ðeld strengths. The gradients in

are \20 Mm~1 in both the bridge and nonbridge ROIs.g0This relative reduction of is also indicative, then, ofg0increased heating in the bridges relative to umbral regions.
A summary for the bridge/umbra comparison results is

given in However, instead of a slice through theTable 3.
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TABLE 3A

LIGHT BRIDGE VERSUS NEARBY UMBRA

Bridge I
c
(U) I

c
(B) B (U) B (B) a@(U) a@(B) *c(U) *c(B) o J

z
o (U) o J

z
o (B)

Number [I
c
/I

c
(qs)] [I

c
/I

c
(qs)] (G) (G) (degrees) (degrees) (mA m~2) (mA m~2)

1a . . . . . . . 0.28 0.76 2607 1586 0.03 0.25 14 23 7.9 15.7
1b . . . . . . . 0.38 0.80 2450 1644 0.04 0.34 10 31 7.0 27.1
2 . . . . . . . . 0.40 0.80 2236 1624 0.10 0.33 8 38 6.8 8.7
3 . . . . . . . . 0.34 0.73 2367 1703 0.05 0.20 11 24 5.8 7.9
4 . . . . . . . . 0.40 0.72 2145 1573 0.07 0.19 10 26 7.4 9.2
5 . . . . . . . . 0.29 0.52 2354 1837 0.02 0.05 13 13 6.6 5.7
6a . . . . . . . 0.19 0.43 2566 2378 0.03 0.06 18 34 6.0 8.2
6b . . . . . . . 0.25 0.57 2443 2056 0.03 0.14 20 30 6.5 19.5
7a . . . . . . . 0.38 0.79 2031 1510 0.07 0.19 13 18 6.6 13.4
7b . . . . . . . 0.45 0.85 1844 1436 0.08 0.32 13 9 9.2 35.0
8 . . . . . . . . 0.17 0.71 2936 1794 0.04 0.33 10 20 7.1 47.5
9 . . . . . . . . 0.21 0.85 2841 1350 0.04 0.27 8 19 7.1 12.5
10 . . . . . . . 0.45 0.61 2097 1704 0.06 0.11 8 16 7.0 6.5
11a . . . . . . 0.40 0.59 2075 1878 0.05 0.08 13 13 8.7 18.3
11b . . . . . . 0.36 0.66 2159 1865 0.04 0.10 14 28 13.9 25.6

TABLE 3B

Bridge *jmag(B[ U) *jnmag(B[ U) *jD(B) *T
Bl(B[ U) B1/B0(U) B1/B0 (B) g0(U) g0(B)

Number (km s~1) (km s~1) (mÓ) (K)

1a . . . . . . . 0.03 [0.05 27.4 784 1.8 4.2 30.7 9.4
1b . . . . . . . [0.04a 0.05 24.8 715 1.5 3.3 29.2c 6.5
2 . . . . . . . . 0.08 [0.27 25.7 726 2.4 5.6 36.1 11.0
3 . . . . . . . . [0.02 0.20 25.8 532 2.4 4.7 29.4 10.6
4 . . . . . . . . 0.07 0.13 28.9 473 2.6 4.3 48.1 9.4
5 . . . . . . . . 0.17 0.17b 20.1 380 1.6 3.1 41.2 33.8
6a . . . . . . . [0.10 0.32b 20.0 850 1.2 2.2 24.6 25.5
6b . . . . . . . [0.26 0.24b 20.5 783 1.4 3.7 24.5 17.4
7a . . . . . . . [0.15 [0.27 26.6 538 1.6 4.3 28.1 10.0
7b . . . . . . . [0.10 0.11 26.6 597 2.5 4.8 30.6 7.2
8 . . . . . . . . [0.24a 0.48 20.7 1064 1.0 5.6 11.6 10.4
9 . . . . . . . . [0.13a 0.02 29.8 1080 1.2 5.2 13.9 6.1
10 . . . . . . . [0.35 0.12 23.7 239 2.2 3.1 36.2 16.0
11a . . . . . . 0.17 0.01 21.8 173 1.9 2.8 41.9 14.8
11b . . . . . . [0.02 0.18b 20.4 270 1.7 2.9 29.3 18.4

NOTE.ÈErrors are as follows : B : ¹2%; a@ : ¹0.02 ; *c : ¹2¡ ; mA m~2 ; ¹0.04 km s~1 ; ¹0.2 kmJ
z
: pJzB10 *jmag : *jnmag :

s~1 ; ¹2 K; ¹0.01 ; ¹5. For \0 correspond to blueshifts in*jD : mÓ; *T
Bl :¹ 100 B1/B0 : g0 : *jmag(B[ U), *jnmag(B[ U)

the bridge relative to the umbral reference.
a Error : ¹0.08 km s~1.
b Error : ¹0.5 km s~1.
c Error : 13.2.

data, we averaged over a 3] 3 pixel region in the approx-
imate geometric center of the bridge and similarly over a
3 ] 3 pixel region centered on the darkest umbral area.
Therefore, the areas used may not correspond exactly to
those in the slices in and the values entered inFigure 3,

are an average, instead of a single value. A bridgeTable 3
separates two umbral regions that are unlikely to be identi-
cal ; we used results for the darker umbra for this compari-
son. The table reÑects what is shown in and theFigure 3
above discussion. There are obvious trends such as
increased brightness and decreased magnetic Ðeld strength
in the light bridges. The nonmagnetic fraction is higher in
the bridges, and the Ðelds are generally more horizontal.
The Doppler shift of the magnetized plasma is more likely
to be blueshifted than not, relative to the mean umbral
position. The Doppler shift of the nonmagnetized plasma is
referenced here to the mean umbral This parameterj0mag.
now shows a similar tendency, with two-thirds of the
bridges showing blueshift, although the errors are higher for
this parameter (as evident from Since the tem-Fig. 3).
peratures derived from the source function are not the result
of sophisticated modeling e†orts, we list only the tem-

perature di†erence between the umbra and the bridge. It is
above 500 K for the majority of the bridges. The Doppler
width of the Ðtted magnetic component shows a substantial
range, however it stays below 30 i.e., under the valuesmÓ,
found for penumbral regions and for quiet sun (Skumanich
et al. The di†erence implies an increased m1994). TjD [ T

Blof order 1 km s~1 for most bridges relative to their umbrae.
The ratio of the slope to the constant term in the source
function, is usually around 2 in the umbrae but risesB1/B0,
signiÐcantly above that in the bridge regions. The line
strength is lower in the bridges than the umbra, exceptg0for Bridge 6. These latter two results also generally agree
with the results for penumbrae in et al.Skumanich (1994).

4.3. L ight Bridges versus Undisturbed Areas
4.3.1. Magnetic Parameters

In we present scatter plots of the same param-Figure 5
eters as analyzed above, but instead of a slice across the
light bridges, we compare the parameter in question over
the entire ROI for bridge versus nonbridge umbral and pen-
umbral regions. These ROIs contain umbral-, transition
zoneÈ, and penumbral-brightness points and cover a fairly
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FIG. 5.ÈScatter plots of the magnetic and thermodynamic parameters as a function of continuum intensity (left-hand column) and Ðeld strength (right-
hand column) for Bridge 8. Points in undisturbed ROIs are gray asterisks ; bridge ROI points are black diamonds. The boundary-deÐning isophotes for
umbral cores, transition zone, and penumbra are indicated by dashed vertical lines in the plots. (a) Field strength B vs. continuum intensity (b) vs. B ;I

c
I
c
; I

c(c, d) nonmagnetic fraction a@ vs. B ; (e, f ) deviation of the inclination angle from the local vertical *c vs. B ; (g, h) Doppler shift of the magneticI
c
, I

c
,

component relative to the mean umbra vs. B ; (i, j) Doppler width of the magnetic component vs. B ; (k, l) temperature derived from the source*j0mag I
c
, *jD I

c
,

function vs. B ; (m, n) ratio of the constant to linear source function terms vs. B ; (o, p) line strength parameter vs. B.T
Bl

I
c
, B1/B0 I

c
, g0 I

c
,

large area. Hence, even more so than in the previous
analysis, using the entire ROIs does not a priori deÐne the
light bridge boundaries. Rather, we are comparing what is
di†erent about material in and around a light bridge com-

pared to nonbridge regions. This analysis allows us to
examine to what extent the existence of a bridge inÑuences
the structure and thermodynamics beyond the immediate
umbral intrusion.
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FIG. 5ÈContinued

The magnetic Ðeld strength in most bridge ROIs is
similar to normal regions, a narrow function with respect to
continuum intensity levels with a large spread in brighter
areas and a rise in strength with decreasing intensity which
is almost linear. The plots of o B o versus (the example ofI

cBridge 8 is shown in are qualitatively similar toFig. 5a)
those in previous studies (see, e.g., et al.Lites 1993 ;

Thomas, & Lites even including theStanchÐeld, 1997),

small upturn away from linearity at the darkest portions of
some umbrae. We also plot the reverse, versus o B oI

c
(Fig.

for comparison with the plots below and following5b)
et al. Upon closer inspection, for allSkumanich (1994).

bridges except 6a, the points in the bridge ROIs take a
di†erent functional form than the normal ROIs. In Figures

and the majority of the bridge points have a lower5a 5b,
Ðeld strength than the nonbridge points in the umbra and
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transition zone, and the upturn from linearity is sharper in
the bridge ROI. Between the bridge and nonbridge points of
penumbral brightness, however, there is no signiÐcant dif-
ference in the o B o versus relation. For other bridges, againI

cthe functional form of the relation is di†erent for the bridges
and normal areas, but the overall decrease in Ðeld strength
seen in Bridge 8 is not general. The o B o versus function inI

cundisturbed areas is very consistent from spot to spot,
whereas the functional form for this relation in light bridges
di†ers spot to spot.

The nonmagnetic fraction a@ is also a fairly tight function
of in the umbra and transition zone for normal ROIs (e.g.,I

cfor Bridge 8 ; As expected, it shows a large range inFig. 5c).
the penumbra. As a function of magnetic Ðeld strength (Fig.

the nonmagnetic fraction is again tight in strong-Ðeld5d),
areas, and varied in low-Ðeld areas, for the normal ROI.
From these two plots, however, it is obvious that there is a
much larger spread in the bridge toward higher a@ values in
the transition zone and penumbra, with a similar spread to
higher a@ values in areas with 1000È2000 G Ðelds. This e†ect
is strong in all bridges except 6a, 10, and 11a.

The inclination of the magnetic Ðeld with respect to the
local vertical line is signiÐcantly di†erent between light
bridge and undisturbed penumbral regions. Figures and5e
5f show this distinctly for Bridge 8, again as a function
either of continuum intensity or Ðeld strength. In normal
regions, there is an expected multivalue function at higher
intensities and lower Ðeld strength, corresponding to the
range of Ðeld inclinations in the outer penumbra. As the
brightness decreases toward the umbra, the Ðelds become
more vertical, and the range is narrowly deÐned in the ROIs
of undisturbed parts of the sunspot (a similar relation was
found in et al. Systematically, however,StanchÐeld 1997).
the Ðelds in the bridge area are closer to vertical than the
nonbridge penumbrae. This e†ect is strongest in the tran-
sition zone and for Ðeld strengths 1500È2000 G in Bridge 8 ;
in the other bridges, the bridge Ðelds are always more verti-
cal than normal areas, although the e†ect may be strongest
at higher or lower intensities and/or Ðeld strengths. Only
Bridge 6a is an exception, showing little di†erence between
normal and bridge areas. The more vertically oriented Ðelds
in bridges relative to nonbridge penumbrae contrasts with
the Ðnding that the bridges had more inclined Ðelds in com-
parison with their neighboring umbra.

4.3.2. T hermodynamic Parameters

Doppler shifts in sunspots are always tricky to inter-
compare owing to the e†ects of the Evershed Ñows in and
around the penumbra, as well as systematics including
waves and viewing angles. The scatter plots in Figures 5g
and show the Doppler shift of all points in the ROIÏs5h
relative to the average umbral line center position of Ijmag.
Negative velocities indicate a blueshift for the given element
relative to the umbral reference. At higher intensities and
lower Ðeld strengths in both bridge and normal ROIs, there
is a large range in velocities owing to the Evershed e†ect,
combined with the varying magnetic inclination and
viewing angles across the image. In the darker and stronger
Ðeld parts of the ROI, there is a redshift in the bridge com-
pared the mean umbral position, but little di†erence
between the bridge and the nonbridge points otherwise.
Eight bridges (2, 3, 6a, 7a, 7b, 8, 10, and 11b) showed no
distinct overall shift in the bridge points relative to the non-
bridge points for the full continuum intensity or magnetic

Ðeld ranges of the sunspots. Bridges 1a, 1b, 5, and 9 have
overall blueshifts in the bridge compared to the nonbridge
points, and Bridges 4, 6b, and 11a show an overall redshift.

These results were conÐrmed when the analysis was per-
formed using histograms rather than scatter plots (again
separating the bridge from nonbridge ROIs). The Doppler
shift distributions for are either blueward of, or*j0mag
showed little shift relative to, the nonbridge ROI distribu-
tion. All but three had distributions blueward of the mean
umbral line reference. The shifts of the nonmagnetic com-
ponent had prohibitive uncertainty and scatter to add any
information to this analysis. Nonetheless, we conclude that
the light bridges predominantly show upÑowing, blue-
shifted material, relative to the mean umbra. They do not,
however, show any trend when compared to the nonbridge
regions as a whole.

We examine the Doppler widths statistically in Figures 5i
and In the darkest, strongest Ðeld portions of the5j.
sunspot, the values fall to 20 and in the penumbralmÓ,
regions generally rises to 30È45 in agreement with*jD mÓ,

& Skumanich The versus andLites (1990). *jD I
c

*jDversus B are similar in the bridge and undisturbed areas,
except that we see a tendency for larger Doppler widths in
the transition zone intensity or medium Ðeld strength areas
for the bridges than the nonbridge ROIs. In the bridges, the
upturn from 20 to penumbral-like values occursmÓ
““ earlier ÏÏ than in undisturbed ROIs for 13 of 15 bridges (all
except 4 and 6a), i.e., in the transition zone instead of the
penumbra, or at medium instead of low Ðeld strengths. This
implies a temperature and/or microturbulent velocity
increase to penumbral values in some parts of the bridge
region even though the intensity and magnetic Ðelds are still
closer to umbral values.

The comparison of versus and versus o B o for theT
Bl

I
c

T
Blbridge and nonbridge ROIs in Bridge 8 are shown in

Figures and The former is included only for complete-5k 5l.
ness, since it essentially shows how well the observed con-
tinuum intensity agrees with the model atmosphere
continuum intensity. The agreement here is excellent, which
is expected. The latter plot, of versus o B o, shows a muchT

Bldi†erent distribution for the bridge and nonbridge ROIs,
but similar to versus o B o In all but the veryI

c
(Fig. 5b).

highest Ðeld strengths, the bridge points are cooler by 100È
300 K, compared to points in normal regions at the same
Ðeld strength. This is true in parts of the umbra, the tran-
sition zone, and the penumbra. We Ðnd similar relations in
six of the bridges (1a, 1b, 4, 5, 8, and 9) with weak or incon-
sistent di†erences in the other bridges.

The versus and versus o B o plots are shown forB1/B0 I
cBridge 8 in Figures and 5n. Again, the former carries5m

little information since the source function essentially
deÐnes the intensity, and the tight correlation between the
source function terms and is expected. As a function ofI

cthe magnetic strength, however, the bridge and normal
ROIs agree at high Ðeld strengths, with a fairly narrow
range around 2. There is a larger spread in both normal and
bridge ROIs between 1000È2000 G. The even greater
spread in the bridgeÏs range in this example is repre-B1/B0sentative of the case for two-thirds of the bridges (1a, 1b, 2,
4, 5, 7a, 7b, 8, 9, and 11b).

The line strength parameter is also intimately tied tog0the Ðt to the intensity, and one must carefully interpret the
plot of versus What is most signiÐcant is thatg0 I

c
(Fig. 5o).

in the plot of versus o B o the bridge pointsg0 (Fig. 5p),
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depart from the nonbridge points in the 1500È2500 G
range. There is a conspicuously large number of points in
the bridge that have larger values of than the normalg0points have. After noting this, we can translate this depar-
ture to and observe that it occurs in the transitionFigure 5o
zone exclusively. An umbra and/or transition zone depar-
ture of the bridge points from the nonbridge points occurs
in 12 of 15 bridges (all but Bridges 3, 6a, and 7b). The higher
values of in some bridge ROIs relative to undisturbedg0ROIs indicate a lower heating when compared to regions of
similar intensities and Ðeld strengths.

4.4. E†ects of Scattered L ight and the True Magnetic
Filling Factor

It must be noted that the observed increases in the non-
magnetic fractions and the decreased intrinsic Ðeld
strengths are likely not from gross e†ects of scattered light,
for the following reasons. First, the inversion procedure
simultaneously represents the observed proÐle with two
components, one each representing magnetized and
unmagnetized plasma, the latter represented by a scattered
light proÐle. The magnetic parameters and the e†ective
nonmagnetic fraction are Ðtted independently, which yields
the true Ðeld strength. This enables us to separate areas
which have high Ðeld strength and high nonmagnetic frac-
tion (see, e.g., Lites, & Skumanich fromMarti� nez, 1997)
those of intrinsically low Ðeld strength (see, e.g., et al.Lites

and hence to separate decreases in intrinsic Ðeld1995)
strength from increases in the nonmagnetic fraction.
Second, light bridges are situated between umbrae, and
there is no reason to expect large amount of scattered
unmagnetized light in these pixels relative to other umbral
pixels, other than that due to the bridge itself. The e†ect of
scattered polarized light, on the other hand, would be to
introduce a polarization signal where there should be none.
In this case, the introduced signal would come from the
neighboring umbrae, with Ðeld strengths generally over 2
kG. To test this, we utilized a recent upgrade of the HAO
inversion code that uses two magnetic components in addi-
tion to the nonmagnetic component and examined bridges
1a and 6b. We found that the bridge regions still showed a
reduced magnetic Ðeld strength relative to the umbral
regions of at least 500 G and that any strong Ðeld com-
ponent (i.e., more than 2000 G) was limited to a few percent
of the total magnetic Ðlling factor. In any case, the presence
of scattered polarized light would have the e†ect of an over-
estimation of the Ðeld strength. Hence, we believe that the
regions in light bridges do indeed have lower Ðeld strengths
and smaller magnetic Ðlling fractions (larger a@ values) than
umbral areas.

We can actually use the observations of a@ from Figure 3,
and three assumptions to determine the true mag-Table 3,

netic Ðlling factor f. Recall that the nonmagnetic fraction a@
includes the true magnetic Ðlling fraction f, the fraction from
scattered light a, and the ratio of the nonmagnetic to
scattered-light intensities, Our threeIjnmag/Ijscat 4R.
assumptions are as follows : (1) This ratio R is unity, since
using any other value would indicate some knowledge of
the intrinsic nonmagnetic proÐle and the structure of the
atmosphere a priori, which we do not have ; (2) that the true
magnetic fraction f is unity in the darkest parts of the
umbra ; and (3) the scattered light fraction in the bridges is
no larger than in the umbrae themselves. Taking Bridge 1a
as an example, a@ averaged over 9 pixels in the umbra is 0.03

and averaged over 9 pixels in the bridge is 0.25 (see Table 3).
If we assume Ðrst then the scattered light frac-fumbra\ 1.,
tion a \ 0.03. Application of this to the bridge and
assuming R\ 1 gives us f \ 1.0] [(a [ a@)/R]\ 0.78. This
implies that 22% of the material in the light bridge is non-
magnetic. Thus, not only are the Ðelds intrinsically weaker
in the light bridges, but they are also sparser. There is a
sizable fraction of Ðeld-free plasma in the resolution ele-
ments. The generality of this statement for the bridges will
be discussed later.

4.5. Electric Currents and Implied Field Disruption
The simplest magnetic spot structure is that due to a

buried dipole, in which case not only is $ Æ B \ 0 satisÐed
but also $ Â B \ 0. Such a simple Ðeld approximates many
sunspots that are round and simple, with Ðelds vertically
oriented at the center umbral regions, and fanning away in
the penumbral regions (e.g., in et al. In suchLites 1993).
sunspots, the large-scale ““ twist ÏÏ of the Ðelds is negligible,
which indicates a potential or current-free conÐguration.

Deviations from a potential conÐguration indicate an
increase in stored magnetic energy, such as has been associ-
ated with solar Ñares & Severny et al.(Moreton 1968 ; Leka

DrielÈGesztelyi et al. SpeciÐcally, devi-1993 ; van 1994).
ations in the transverse Ðelds from a potential conÐguration
produce ““ twist,ÏÏ i.e., or$ Â B \ k0 J D 0, $

h
Â B

h
\ J

zsince we can not measure dB/dz with these data. This calcu-
lation was performed for all bridges using a four-point
di†erencing scheme speciÐcally(Fan 1991 ; Leka 1995),
using an approximation for the horizontal magnetic Ñux,
i.e., where f\ 1.0] (a [ a@/R), where R is$

h
Â fB

h
,

assumed unity and a is estimated as per ° 4.4.
It is readily apparent that for the most part, the sunspots

studied here had simple structures, save for the existence of
a light bridge. None of the bridges used in this study were
part of d-spot regions, the spots as a group had little overall
““ twist ÏÏ morphologically, and all of the sunspots (except
Bridge 11bÏs sunspot) had average currents below 10 mA
m~2, or just above In the bridges, the results1p

Jz
(Table 3).

were more varied. For example, current densities of almost
100 mA m~2 (over are present in a portion of Bridge10p

Jz
)

8, while only a few small patches with current density 40 mA
m~2 are present in the Bridge 9 region. As mentioned(3p

Jz
)

in there are also steep gradients in the magnetic Ðeld° 4.2.1,
strength at the umbral/bridge boundaries. These gradients
average 250 G Mm~1 but range up to 1000 G Mm~1 in
some areas, corresponding to current densities of 80 mA
m~2 in the latter case. Such high current densities are
similar to what one Ðnds in d-spots (see, e.g., Leka 1995 ;

& SemelSkumanich 1996).
Hence, calculating gives a quantitative measure to theJ

zdisruption of the horizontal magnetic Ðelds (see In° 4.2.1).
most cases, the sunspots as a whole have negligible current
as do their penumbrae (to our instrumental and seeing-
restricted resolution). However, in nine of the 15 bridge
regions, the Ðelds deviate signiÐcantly from a potential con-
Ðguration. In some cases, this disruption is of the same
order as found in large Ñare-productive active regions.

alone, however, does not tell you the direction of theJ
ztwist relative to the Ðeld direction, and can be large inJ

zregions where the azimuthal angle of the horizontal Ðelds is
not well known (i.e., in weak-Ðeld regions but also in
sunspot umbrae). One can instead employ the force-free
parameter a deÐned for Ðeld-aligned currents by
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FIG. 6.ÈHistograms of the value of the force-free parameter a (Mm~1) in the bridge ROI (black) and undisturbed ROI (gray) for Bridges 8, 10. Each
histogram has been normalized to show the fractional distribution.

$ Â B \ aB, or as the This quantity isratio3 a 4 J
z
/B

z
.

negative if the Ðeld and current are antialigned and is better
deÐned in areas of moderate Ðeld strength. We have used
this parameter a in two ways. First, one can determine a
value of a that characterizes the sunspot as a whole by
minimizing the di†erence between observed transverse
magnetic Ðelds and those from constant-a force-free Ðelds
computed over a range of a. For the sunspots studied here,
this was never above 0.1 Mm~1 and was usually around
0.05 Mm~1, i.e., close to the a \ 0 potential state. In con-
trast, d-spot regions routinely show values of this average a
above 0.5 Mm~1, a factor of 10 greater et al.(Leka 1996 ;

& Semel Again, the host sunspots are notSkumanich 1996).
complicated structures overall.

In general, however, a is not constant within a sunspot
group, or even within a single sunspot CanÐeld, &(Pevtsov,
Metcalf For the sunspots studied here, the variation1994).
of a values is greater in light bridge regions than not. This is
shown in again using Bridges 8 and 10 as exam-Figure 6,
ples. The ROIs for the bridges and nonbridge areas are
again used here for the comparisons. For all bridges, the
distributions of a in both normal and bridge ROIs are cen-
tered very close to 0.0. Within the bridge ROIs, however,
there is often broader distribution of a (e.g., Bridge 8). This
is most signiÐcant in Bridges 1b, 2, 4, 6a, 6b, 7b, 8, 9, and
11a. In the other bridges (e.g., Bridge 10), the change is less
pronounced.

Calculating indicates once again a disruptiona 4 J
z
/B

zof the magnetic Ðelds in the bridge areas, especially when
compared to the host sunspot in its entirety. This parameter
is useful in addition to simply calculating since aJ

z
,

nonzero value implies a disruption of both the horizontal
and vertical magnetic Ðeld components in the light bridges.
Although the degree of di†erence between bridge and non-
bridge areas is small, it is distinctive in those bridges with
substantial magnetic Ðeld deÑections (e.g., Bridge 8). Simi-

3 a is not the scattered light fraction!

larly, it is extremely small or undetectable in those bridges
with little disruption, (e.g., Bridge 10).

4.6. Summary
There are distinctions that can be made between bridges

and umbrae regardless of morphology. Bridge intensities
are higher than in the umbra ; this is what historically
deÐnes a light bridge. The magnetic Ðelds are weaker and
more inclined than umbral Ðelds. The ÐeldsÏ azimuths are
aligned to the long axis of the bridge, which e†ectively
deÐnes two separate azimuth centers for each resulting
umbra. The nonmagnetic fraction is higher in the bridges
than in the umbrae, as are the Doppler widths and their
implied microturbulent velocities, while is lower. Theg0deviation from radiative equilibrium in the bridges, mani-
fest by in these data, might be a step toward theB1/B0 ? 2
other extreme, convective equilibrium. This is especially
interesting given that it is statistically probable that there
are upÑows in the bridge area relative to the umbrae.

The comparison of the entire bridge ROI with the undis-
turbed ROIs conÐrms some of these trends and brings
others to light. The bridges do not generally follow the same
relation of o B o to as the undisturbed areas and are gener-I

cally less inclined, especially in areas of reduced Ðeld
strengths and penumbral-like intensity. The nonmagnetic
fraction is higher in the bridge ROIs for a range of inten-
sities and Ðeld strengths. The bridge regions show mixed
Ñows relative to the normal nonbridge areas, although they
still show predominantly blueshifts relative to the umbra.
The bridges can be cooler by a few hundred degrees than
nonbridge penumbral areas, and this combined with the
smaller values in the bridges versus nonbridge areas gen-g0erally conÐrms the semiempirical model results of Sobotka

although the generality of this will be discussed(1989),
further below.

It is obvious that these trends vary in magnitude from
bridge to bridge. With some parameters, the e†ects are
subtle in some bridges and more pronounced in others. We
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now have the general trends ; below, we will examine the
variations and investigate the causes behind them.

4.7. T he L ight Bridge as a Magnetic Canopy
The evidence presents the following picture : Ðeld-free

plasma intrudes into the extant magnetic structure from
below, as a physical separation is introduced between the
umbrae. In stable sunspots with one umbra, the Ðelds fan
out from the umbral/penumbral boundary as dictated by
$ Æ B \ 0, forming a magnetic canopy at the penumbral
edge. When a light bridge is present, the Ðeld lines from
these two umbrae will also attempt to fan up and out. They
are blocked by the Ðeld lines of their neighbor, however,
and are forced more vertical than the normally diverging
Ðelds from single umbrae. This, in e†ect, forms a magnetic
canopy above a nonmagnetic bridge, similar to that illus-
trated in This canopy structure and theParker (1979c).
implied magnetic Ðeld conÐguration explains the weaker
magnetic Ðeld strength in the bridges, similar to the weaker
Ðeld strengths observed in outer penumbrae et al.(Lites

It also explains the smaller observed vertical gradient1993).
in the longitudinal Ðeld strength, above a broad lightdB

l
/dz,

bridge, relative to the gradient observed for the neighboring
umbra et al. In addition, this canopy or mag-(Ru� edi 1995a).
netic arcade structure is also consistent with the larger
chromospheric line-of-sight Ðeld strength found above a
light bridge compared to normal penumbra et al.(Ru� edi
1995b).

The formation of this canopy is necessarily accompanied
by a reconÐguration of the magnetic topology. As discussed
in the Ðeld azimuths begin to reorganize in the nar-° 4.2.1,
rowest of bridges, which creates a concentration of mag-
netic Ðeld aligned with the bridge axis. As the bridge widens
and a separatrix is formed between the now distinct
azimuth centers. This is a dramatic topological change. The
existence of separatrices has been put forward as a context
in which to study magnetic reconnection and Ñares (see, e.g.,

DrielÈGesztelyi et al. This may be the context invan 1994).
which the reported chromospheric and coronal transient

brightenings occur. A detailed model, however, is(° 1)
beyond the scope of the present work.

5. DISCUSSION : VARIETY AMONG LIGHT BRIDGES

AND ITS CAUSE

5.1. Deviations from the Trends
The generalities of the magnetic Ðeld morphology and the

thermodynamics in the sunspot light bridges have been
summarized above. There is a spread in the degree to which
the bridges di†er from umbral values for all parameters. To
investigate the cause for this variability, let us Ðrst clarify
which bridges show these e†ects strongly, which weakly.

In we represent the di†erences between theTable 4
bridges in terms of how they behave relative to the umbra
and undisturbed ROIs. All of the analysis methods
described above are used to produce this summary. The
limits below or above which a bridge is deemed to have a
strong or weak e†ect is almost arbitrary ; nonetheless, these
thresholds are listed in for each parameter.Table 4

It is apparent that some of the bridges, most noticeably
those that are predominantly of penumbral intensity (as
deÐned in are stronger in most categories. BridgesFig. 2),
1a, 1b, 7b, 8, and 9 have large changes in Ðeld strength, large
nonmagnetic fractions, large vertical currents, and hence
have Ðeld azimuths that fully and clearly diverge along the
bridge toward the two distinct umbrae as Bridge 8 does

Bridges 5, 7a, 10, and 11a have small drops in the(Fig. 4).
Ðeld strength, small nonmagnetic fractions, and show the
incipient azimuth alignment similar to the example of
Bridge 10 (Fig. 4).

5.2. Correlations with Bridge W idth
The degree to which bridges were distinct from the

umbrae and penumbrae varied noticeably among our
examples. This prompted us to search for correlations
between the bridge results and their morphological charac-
teristics. Since the host sunspots covered a range of sizes
and ages we Ðrst investigate correlations with bridge width.

TABLE 4

STRENGTH OF RELATIVE BRIDGE PARAMETERS

o*T
Bl oa

I
c

d o B o a@ d*c d/ o J
z
o *jmag ¹ 0 *jD º100 K(P) B1/B0 dg0Bridge ºTZ º500 G º0.2 º10¡ Diverged º20 mA m~2 wrt umbra º25 mÓ º500 K(U) º3 º15

1a . . . . . . . X X X x X x X X x X X
1b . . . . . . . X X X X X X X x x X X
2 . . . . . . . . x X X X x x X X x
3 . . . . . . . . x x x X X X x
4 . . . . . . . . X x x x X x X X
5 . . . . . . . . x x x x
6a . . . . . . . X x x
6b . . . . . . . X x X x x x x X x
7a . . . . . . . x x x X x X x
7b . . . . . . . X x X x X X X X X X
8 . . . . . . . . X X X x X X x X X x
9 . . . . . . . . X X X X X x X X X X x
10 . . . . . . . x x x x x x
11a . . . . . . x x x x X
11b . . . . . . X x X x X

NOTE.ÈX: strongly follows trends discussed in text, by being strongly above or below threshold given for that parameter in the table ; e. g., ““ºTZ ÏÏ
refers to whether the bridge is predominantly of penumbral or transition zone brightness. x : weakly or barely makes the threshold. No entry : does not meet
the threshold. Whether a bridge meets or does not meet the arbitrary threshold is determined from Tables and the analysis (scatter plots, etc.) discussed2, 3,
in the text. A ““ d ÏÏX refers to the change between umbra and bridge.

a The threshold listed is a double requirement ; that the inferred bridge temperature be 500 K or more hotter than the umbral temperature and*T
Bl100 K or more cooler than the nonbridge penumbral areas.
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TABLE 5

CORRELATION COEFFICIENTS WITH BRIDGE WIDTH

Ic o B o d o B o a@ *c d*c *jmag *jD *T
Bl B1/B0 g0

0.41 [0.32 0.54 0.48 0.39 0.60 [0.35 0.33 0.40 0.45 [0.31

NOTE.ÈdX : the di†erence between umbral and bridge values were used for the correlation.

The results are presented in utilizing the range ofTable 5,
bridge widths available.

We searched for correlations not only in the bridge
parameters but also in the di†erence between bridge and
umbral parameters in some cases. For example, there is a
weak negative correlation between the Ðeld strength in the
bridge and width, but a stronger positive correlation
between the di†erence between the bridge and umbral Ðeld
strengths and bridge width. This means that the range of
bridge Ðeld strengths probably reÑects the range in umbral
Ðeld strengths and that the range itself is only part of the
story ; the change in Ðeld strength from what the stable,
mature spot value was (and still is, in the umbra) is more
strongly a function of how wide the bridge is.

We Ðnd reasonably strong correlation with bridge width
of the nonmagnetic fraction a@, the magnitude of theI

c
,

blueshift the deviation from radiative equilibrium*jmag,indicated by and the temperature increase in theB1/B0,bridges over neighboring umbrae There is a similarT
Bl.correlation coefficient for the inclination angle *c and for

the Ðeld strength decrease o B o with increasing width. The
Doppler width has a smaller correlation with bridge*jDwidth, as does However, we Ðnd a stronger correlationg0.between the inclination angle di†erence between the bridge
and umbra, d *c, and similarly with the di†erence between
bridge and umbral Ðeld strength d o B o. These last two, along
with the strong presence of a change in the Ðeld azimuths

signals that the magnetic morphology in sunspots(Table 4),
is extremely sensitive to the presence and width of the
bridge, possibly more sensitive than the thermodynamic
parameters.

These correlations imply one of two things. In one sce-
nario, homogeneous nonmagnetic material occupies a
larger fraction of the wider bridges. Hence, an increase in

and decrease in for example, indicates an increase in*jD g0,the Ðlling fraction of this heated material. On the other
hand, changes in these parameters with bridge width could
indicate an actual change in the regionÏs thermodynamics,
the presence of the heated, nonmagnetic plasma gradually
overwhelming any suppressive action the presence of the
magnetic atmosphere may have on heating, upÑows, etc.

5.3. L ight Bridges : Changes with T ime
Sunspot light bridges can be stable for days, even though

they are identiÐed with the breakup of the sunspot itself. In
this section, we examine the changes observed in the various
magnetic and thermodynamic parameters as these bridges
age. Four bridges were observed over more than one day :
Bridges 1, 6, 7, and 11. From Tables and and2, 3, 4, Figure

we see that the changes in the bridges as they age are1,
systematic and predictable.

It is obvious that the bridges are wider in the latter of
each pair of observations (i.e., Bridges 1b, 6b, 7b, and 11b),
either widening the intrusion or completing the umbral split

This is accompanied by an increase in the(Fig. 1 ; Table 2).
continuum intensity in the bridges themselves At(Table 3).

the same time, the total sunspot area decreases (Fig. 1 ;
Table 2).

The magnetic Ðeld strengths in the bridges are smaller in
the later observations and the nonmagnetic frac-(Table 3),
tions increase with time (Tables and Accompanying3 4).
this enhanced ““ sparseness ÏÏ in the Ðelds is an increase in the
inclination away from vertical (Tables and In addition,3 4).
as the bridges widen, the horizontal components of the
Ðelds become more strongly divergent evolving(Table 4),
from a weak alignment of the azimuthal angles along the
axis of the bridge (as in Bridge 10 ; toward a structureFig. 4)
that resembles an X-type neutral point (as in Bridge 8 ; Fig.

the Ðelds along the bridge becoming clearly associated4),
with their closest neighboring umbra. This is reÑected in the
increased vertical current density for each of the later
observations (Table 3).

The Doppler shift becomes more blueshifted in Bridges 1,
6, and 11 as a function of age. In addition, the(Table 3)
degree to which the bridge material departs from radiative
equilibrium is slightly higher in the later observations for
three of the bridges, as is the evidence for increased heating
(i.e., a decrease in (Tables and The temperatureg0 3 4).
di†erences are not as consistent, however.

These trends are all consistent with the conventional
wisdom that the formation of a bridge inside a stable
sunspot indicates sunspot decay. This is further supported
by the almost full disappearance of sunspot 11Ïs penumbra
by 1996 May 14, and of the remnant remaining pores by
May Similarly, Bridge 6bÏs ““ intrusion ÏÏ develops to a16.4
full umbral split on July 25 (unfortunately k approached
0.7). In this case, the degree to which the observation of the
bridge in Bridge 6a represents ““ prebridge ÏÏ observations is
a fair explanation for Bridge 6aÏs weak agreement with the
trends discussed above (see Table 4).

On a di†erent note, there have been very few studies in
which merging pores have been followed through
coalescence to the formation of stable sunspots. Two studies
have suggested, however, that the walls or boundaries
between the constituent pores are preserved and are in fact
the sites where light bridges later develop de la(Garcia
Rosa & Wang Unfortunately, these1987 ; Zirin 1990).
studies have been made only with white-light or longitudi-
nal magnetogram data that carry some morphological
information but little information on the physical condition
in the most interesting regions.

In this study, one of the light bridges was actually not
formed during a sunspotÏs demise but is rather part of the
coalescence process. Throughout, we have analyzed Bridge
10 as if it were no di†erent from the others, and it has
proved to be a good representative for the other narrower,
darker bridges. Bridge 10Ïs sunspot is in fact only 3 days

4 Bridges 2 and 3 also showed marked decrease in penumbral and
umbral area over the subsequent few days, although they rotated o† the
visible disk before completely disappearing, and unfortunately no addi-
tional ASP data were available
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old, and Ñux was still emerging in the active region on
March 14. As summarized in this light bridgeTable 4,
shows weak changes in Ðeld strength, Doppler width, etc.,
even though it is by no means the narrowest or darkest
bridge of the 15 observations. This implies that the process
of formation and dissolution may be indistinguishable with
snapshot data acquisition. This is also a hint that sunspot
formation is a physical process which mirrors the sunspot
dissolution process. With only Bridge 10 for study, the
results are at this time just a hint.

5.4. L ight Bridges : W hy?
The evidence and arguments presented above clearly

show that the light bridges are Ðeld-free upÑowing plasma
underneath an arcade of magnetic Ðeld lines that are forced
to converge locally over the intrusion. This picture does not,
however, indicate why there are these intrusions into
sunspot umbrae in the Ðrst place. Thus, we must address the
causal relationship question : is there an inherent fragmen-
tation of the magnetic structure that allows the heated
plasma to appear between the fragments? Or does the non-
magnetic material penetrate and break up the sunspot?

In Tables and (and in the full analysis that they3 4
represent), there is evidence that the magnetic Ðeld reorga-
nizes before there is a strong bridge signal in the thermody-
namics. The Ðeld changes precede the increase in intensity,
Doppler width, etc. The Ðeld strengths in light bridges show
drops of a few hundred gauss even in narrowest, darkest
bridges where the increase in the source function gradient
and the increased temperature are not strong.

We present the following scenario as the physical cause
for the formation of a light bridge. The basic magnetic
structure is a bundled Ñux rope (Parker its1979a, 1984),
““ strands ÏÏ or Ñux tubes held in close proximity by hydrody-
namic drag (Parker and/or twisting and1978, 1979b)
kinking Longcope, & Fisher(Piddington 1978 ; Linton,

& Fisher These strands, when they1996 ; Longcope 1996).
Ðrst emerge, form the pores that coalesce in to the mature
sunspot. At some point in the Ñux systemÏs rise from the
subphotosphere into the corona, the tension forces lessen or
di†erential curvature increases (or some other nonequilib-
rium comes in to play), and the same strands unravel. This
overall morphological picture is consistent not only with
the observed formation process of sunspots but also with
the magnetic reconÐguration that precedes the formation of
a full light bridge. It is also consistent with the pore auton-
omy from coalescence to subsequent sunspot breakup
reported by de la Rosa In the context of thisGarcia (1987).
unraveling, Ðeld-free plasma can then penetrate between the
Ñux strands, at that point enhancing the dissolution process
of the sunspot as a whole.

The alternative is that an anomalous surge in the sur-
rounding plasmaÏs convection works its way into an other-
wise stable structure ; i.e., there is some local, preferred
change in the plasma Historically, penetrativeb \ p0/8nB.
convection or some local instability (see Choudhuri 1986)
has been viewed as perhaps the reason light bridges are
formed. With the results of this study, we conclude that it is
rather the end e†ect.

6. CONCLUSIONS

It has been suspected that the formation of a light bridge
in a sunspot begins with an alignment of umbral dots,
which are themselves localized sites of convection penetrat-

ing through or between magnetic elements in a sunspot
& Schro� ter(Beckers 1969 ; Muller 1979 ; Parker 1979c ; Lites

et al. While the mechanism behind any alignment1991).
and widening process is not yet clear, we can convincingly
make the case here for the appearance of convecting, Ðeld-
free plasma in sunspot light bridges, with the following
arguments.

First, the derived magnetic Ðlling factor f, when corrected
for scattered light, is substantially lower in light bridges
than in the nearby umbra. Often more than 20% of the
material in the light bridge is nonmagnetic. The Ðeld in the
bridge, even beyond the immediate umbral intrusion, is
sometimes more Ðlamented even than nonbridge penum-
bral regions. The strong correlation of the nonmagnetic
fraction a@ with bridge width supports these Ðndings well ;
the wider a bridge, the more nonmagnetic material can pen-
etrate, and the smaller the magnetic Ðlling factor.

Second, the thermodynamic parameters indicate heating
from below the jj6301.5, 6302.5 q\ 1 surface. The decrease
in and the increase in the inferred temperature implyg0, T

Bla hotter, more ionized atmosphere than is present in the
sunspot umbrae. These have similar correlation coefficients
with bridge width. The parameter in the bridges is moreg0consistent with the ranges observed in the unmagnetized
quiet Sun around the sunspots than the umbral values (see
also et al.Skumanich 1994).

Third, the parameter has the strongest correlationB1/B0with bridge width of the thermodynamic parameters. As
discussed above, an increase in this parameter above about
2.0 indicates (in these data) a departure from radiative equi-
librium. This may imply that the region is convecting. In
addition, since the increase in is arguably dominated by*jDunresolved velocity Ðelds, the systematically higher
Doppler widths and implied microturbulence (m) values
imply a more turbulent atmosphere in the bridges than in
the umbrae, as might be expected if convection was
occurring. The increases in the and parametersB1/B0 *jDas bridges widen implies that the material strays farther
from radiative equilibrium, instead of there simply being an
increase in the nonmagnetic Ðlling factor.

Fourth, most of the bridges showed blueshifted, or
upward-moving, material relative to the umbrae. The most
straightforward answer for the source of this upÑow would
be if the bridges contained convecting material that contrib-
uted to an overall average blueshifted signal, as the quiet
Sun does. There are examples of redshifts in the data, and
they may be caused by downÑows associated with cooling
fronts or other processes a†ecting hot, unmagnetized
plasma in the vicinity of a cool magnetic Ñux system. For
the bridges as a whole, however, convecting plasma is a
simple explanation for this and the other three points listed
above.

Referring to light bridges, & Weiss statedThomas (1991)
that these ““ lines of weakness facilitate the eventual breakup
of a spot. However, they do not seem to be an essential
feature of its structure. ÏÏ This statement may not be consis-
tent with the physical structure of light bridges presented
here. The magnetic Ðeld lines in light bridges take the form
of a magnetic canopy, above the Ðeld-free intrusion that
appears with the umbraÏs separation. Above this forming
bridge, the normally diverging Ðeld lines from the two
umbrae are forced to converge above this nonmagnetic
intrusion ; hence, their more vertical orientation than in the
undisturbed penumbra. If a sunspotÏs magnetic Ðeld is an
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essential feature of its structure, then the ÐeldÏs rearrange-
ment in the vicinity of a light bridge must also be such an
essential feature.

We see evidence for the reorganization of the Ðelds to a
canopy-like structure above the Ðeld-free intrusion. This is
manifest by an alignment of the azimuthal angles along the
bridge axis and away from a strictly potential Ðeld conÐgu-
ration. Quantitatively, this is seen with stronger vertical
currents in the bridges than in the sunspot umbra or in
nonbridge penumbra and a wider distribution of the force-
free parameter in the wider bridges. The ÐeldÏs reorganiza-
tion occurs prior to a strong thermodynamical signature.
Hence, we argue that the underlying cause for bridge forma-
tion is structure inherent in the magnetic Ñux system. If the
sunspot is not monolithic but rather has a structure of a
rope or otherwise bundled system of discrete Ñux tubes,
there are already the inherent ““ lines of weakness ÏÏ between
the individual Ñux strands, and the Ñux rope is inherently
susceptible to disruption.

We see some correlation of bridge width with continuum
intensity, nonmagnetic fraction, Ðeld strength decrease,
temperature, and the indicators of increased heating and
signatures of radiative equilibrium departure. We also

observe that the bridges grow wider with maturity. There-
fore, the observed correlations are truly functions of a
bridgeÏs age, and may indicate the sunspotÏs evolutionary
state, and perhaps even how soon it will disappear.

The details of sunspot dissolution must still be studied
further. With this presentation of the full vector magnetic
Ðeld structure and thermodynamic parameters in sunspot
light bridges, we now have a clear picture of their structure,
their relation to the umbra and to the rest of the undis-
turbed sunspot. We also present the Ðrst steps toward fully
understanding how, and possibly why, these bridges form.
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