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Absiract

Maasurements of lhe polarization of the "He | D3 multiptet in a praminance allow.

tha mngnetlc fields associaled with lhe prominence Lu e doeduced. 'The ampunt and angta,
ul l.hﬂ Ilneur polarization are governed by the Hanle nHBel, tho detalied, theary of which

is applied.to the Slokes camponents of the Ha | 1)3 emission Lo dorive the associsted veolar,

magnatic flelds, The dapendence _ni the abserved peolarization on Lthe magnetic. flald |a
préd[cltad f'ru'rh rm|ul|n‘n., of Lhe ilB”.Jl‘ll‘H‘l equillbrlum equatians for the He | 03 mt.JIlipIBt.‘
MagnaLic ilalcl vuctm nulullnnn far sach palir af llnoay pulurizallan Stokes profiles r.orrealwn-
'dlng to on observational polnt In a prominence are nol uniquely determined, Navertheless,
physically correct solullons ean usually be idenlified with a plgh confidence Iévai. v Finld

voctars aro moatly ‘close to horizontal and normal io the prominence sutface, magnitudes

ranging from 6 G to 60 G. wilh & mean df 20 G,

1. _Introduction

undérstanding

The key to the  structure
and origin of prominences lies in establishing
their vector magnetic field configuration,

Zeeman-effect magnetograph measurements allow
only thé Tongitudinal ( Mine-of -sight) component
of the field to be measured with reasonab le
accuracy. (+1 G) and with a moderate sensitivify
down to ~1 G, while measurements of the trans-
verse component have . an gstimated sen51t1v1ty
of only
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‘much larger than
~wWithin -

~In - the case of He | 3,

50 G {Leroy, 1979), a_value apparent 1y

typical Ffleld strengths
quiescent prominences. Mofeqver,-_.it
is now generally recognized thal the validity
of such ‘measurements and the accuracy of .
the corresponding derived fields, interpreted
by the Zeeman effect can be severely limited
polarization contributions.
for example, . the
observed circular polarization pesu Tts both
from the Zeeman effect and from level crassing

by resonance

“interference in the Hanle effecf (Landi Degl"

Tnnocenti, 1982). Also, radiative transfer.

effects . in’ commonly used 11nes such as ﬂx
_ substant1ally
Cinterpretation;

comp licate: the magmxm f1e1d



36 Smartt and House

“Polarization due to resonance scattering,
modified by the presence of a magnetic field-
the Hanle effect - is a sensitive and accurate
indicator of the vector magnetic field 1n
a prominence, The Hanle effect occurs in
a weak magnetic field when the Zeeman splitting

is comparable to the natural width of the
component sublayelsy the vresulting partial

degeneracy of the Teva] mixes the polarization
properties of the Zeeman sub-levels,
mixing partially depolarizes radiation and
rearients the plane of polarization of radiaton
undergoing resonange scattering.
of the depolarization depends upon the magnitude
and direction of the field. From the amount
of the depolarization and rotation, one may
deduce the vector magnetic field associated
“with a prominence.
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This

The extent

that .Torm

The Dq (5876 ﬁ) spectral profile has
two well-defined components. The major (blue)
component results from five' transitions,
3303-32392,3 3°0,-2%,, 3%0,-2%,, 3% -2,
and 370, -2 Pl. while the minor {red) component
is a simple triplet, 3301-2390,
an extended wing in the profile. The ‘peaks
are separated by about 0,34 ﬁ. The relative
magnitudes and speectral locations of the
Dy transitions are shown in Figure 1. The
two components of the profile have different
polarization sensitivities to magnetic field
strengths (House "and Smartt, 1979, 1982),

producing

~and if spectrally resolved and isolated by

Gaussian curve fitting, two ihdepéndent measwe -
ments of linear polarization (from the Q
and U Stokes scans) are obtained. A histogram
of linear polarization values, P(1), associated

"with the major component of the profile,
representing - 83 measurements of - quiescent
prominences, 1is shown in Figure 2a. Figure

o 2 {a} » {b}
ok 7] 1 N 1

Ny |

Histograms of . the linear polarizatian,
P, &s observed 'in quliescant prominences
~ corresponding to a) the. major component
‘of the __03 proflle {(P{1)), and b} the minor:

.component of the 'DJ protile (P(2}),
2b is a corresponding histogram of the potari-
zation, 9(2)!‘:0F' “the minor componént  ?9-'

~vealing ‘the sfqnificant?y different ~distri--

bution of P(1) .and P(2), . This difference

in sensitivity produces some redundancy (for "
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perfect data) in the information requ1réd
to deduce the vector field.  Further, Land!
Degl' Innocenti (1982) has completed the

theory of D3 by computing the expected c¢ircular
polarization profile for a given configuration
of the magnetic field vector., The observed
circular polarization V profiles can then
be interpreted. Since the resultant data
from the V profiles are independent, ampigu-
jties intrinsic to interpreting polarimetric
data of prominences in D3 can be resolved.
However, onservat1ona]1y the V component
is freguently noise-dominated and hence unin-
terpretable, Additional advantages of Dy
are that 1t is both optically thin and relati-
vely bright in prominences. Most importantly
however, the statistical equi]ibfﬁum equationé

have been solved in sufficient detail (Bommier
et al.

1981: Landi Degl' Innocenti, 198é)
that 03 may be interpreted with confidence.
Here we vreport on measurements of vector
magnetic fields associated with a quye§cent

20

Aprﬂ19

Spectmhellugrnph images ln HOb
metric

Fm-x, and D

observations were obtalned, ;

3.

Aprll

promingnce, obtained by interpeting spectrally

resolved Stokes scans of 03. For a more
detailed descriptiof’” of this work, refer
to House and Smartt (1982), Athay et al.

(1983) and Querfeld et al. {1984),

2. Observations

The Dy polarimetric observations of

ithe .prominence -discussed here were obtained

on April 19-22, 1978,
Stokes-1 polarimeter
Arcset of Stokes

the HAO/SPO
1980).
profiles, coresponding to
one ohservational point (3.5 arc sec x 10

arc sec), represents 100 spectral scans recorded
in about 20 minutes. The dispersion of the
prominence in both Hy and D3 on four consecutive

using

{Baur et al.

days of observations, a5 well as on April
23, 1s shown in the spectroheliograph images
of Figure 3 (at approximately 14:00 UT),

Note the significant evolution of the prominence
over a four-day period. This prominence occury-
ed in. the S-E,

extending in longitude over

2 22 23

of a Ierga qu]escent prumlnnnua- ui whlch polarl--

19- 22,_1978- A'p_roxlmataly_ na huur aftar

the Iaat image was racordad, ths. prnm|nence Bfuptid, -
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about 75°, and in latitude from approximate 1y
31° to 52 . The Tong axis of the prominence
was inclined by about 30° to the line of sight.
The maximum height was .~ 10° km.  This promi-
nence erupted abruptly soon after 14:00 uT
an April 23. .

A sample of a typical set of four D3
Stokes spectral profiles, intensity, I, linear
polarization, Q and U, and circular polariza-
tion, ¥, is shown in figure 4. The ordinate

Q
u
v
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58746 56756 80766
‘ otk
Fig.4.. A typical set of Stokes profiles In D,

3

units are mi.1_H_onths of the central disk spectral =

brightness.. -The linear polarization degree
(of the major component) is about 2% while
‘the circular polarization is a factor of four
smaller.

10" in polarization, Note that a two-sMt

- magnetograph measurement of V- would be .very

mis leading.
3. Data Processing

Polarimetric observations such as
shown An F1gure 4 -are jnitially smoothed and
f1tted with Gaussians to obtain the re Ievant
"'1'on parameters.:_ As well, they must
_:_n_tgd ‘w1_t_h__ supplementary |

-radial

Instrumental noise levels were below (Q/ D) 1ye0
: u

‘used to obtain plausible, but usually

those

information.,

necessary for their interpretation.

The polarization reference axis assumed

in both the Bommier (1981) and Landi Degl'
Innocenti (1982) statistical equilibrium
solutions lies along the Jocal radius - so

that Q and U must be rotated from the instru-
ment coordinates, E-W geocentric, into the
reference frame. In addition, the
apparent height, h, of the observation above
the 1limb and the dihedral angle, ¥, between
the plane of the sky and the heliocentric
radtus through the observed point are necessary
h and y together give the true height,.

r=(R0 + h) Cosy. The angle x is also needed
to determine the disk-prominence-observer
scattering angle.  The measurement of y s
invariably uncertain. It i best obtained
by tracking a specific point on the prominence
over a period of time. Such a sequence of
observations, 1ideally over several days,
even {if available, has 1limited precision
due to the general evolution in form of all
prominences even on a time scale of a few
hours,

C AN of the amp litudes for I, Q, U and
V are nprma]izéd'_to the intensity to obtain
blue and red values of Q/1, U/I, and V/I,
proporticnal to the integrated strengths
aof the multiplet components, This’ resu]ts
in four linear polarization values (Q/1)
/1),

red!
(U/I)blue’ which are

amb guous _
valyes for field strengths, {B|, and direction
@ ,4), where 8 is the field polar angle measwed
from. the local radius and ¢ is the azimuthal
angle measured around the local radius, w1th
¢= 0° pointing west and ¢ =-90° pointing north.

The remaining data, (V/I)b]ue' and (V' /I)blue
(where V' 1is’ ‘the derivative of V) are used
to reduce the ambiguities - ‘tnherent in the

red?

-Q, U 1nterpretation
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3.1. Hanle Effect ques for He I D3

Bommier et al, (1981) and Landi Degl'
Innocenti (1982) have independently constructed
Hanle effect c¢odes for the magnetic field
interpretation of prominence Stokes- profiles
in He I D3.

From the Stokes profiles, the observa-
tional parameters of 1ntensity and the corres-
ponding two-dimensional Tinear polarization
vectors for both the blue and red components
of the D, multiplet, as well as values for
h andy , are employed in the interpretation,

Essentially two sets of equations must

be salved. The first relates the denéity{
matrix components of the atomic system to
the properties. of the- incident radiation

field and the second describes the -properties
of the emitted radiation in terms of the
density matrix An 1nversion procedure,
incorporating a transformat1on from the coordi-
nate system used conventional1y in. the theory
“to-that of the instrument, is :then used to
determine corresponding magnetic field values.

The Bommier code simplifies the computational

proceaure by calculating the field for a
Teight of 50 arc sec and scaling this value
for any given observational height,
the Landi Degl' Innocenti code computes B
in increments of 10 arc sec in height, and
interpolates between heights. The Landi
Degl" Innocenti code . also incorporates an
1hterpretat10n of Stokes V-profile. data,
which pnnéists of an independent dintensity-
~Tike .component, ${A), and a Zeeman component,
§6/6) (Landi Degl' Innocenti, 1982).  This
interpretation proves. to be_cruicd1 in sifting
out a single value for the ,magnetic field
from a typical set of solutions, as discussed
in Section 4 below. Since the Bommier code
T was aVa11ab1e 1n'7a fully- deVé1oped form,
1t was used almost exclusively for the resu]ts
:_reported here '

“that  satisfy the

‘and where Q

whereaas .

sift out invalid solutions.

The presenca

4. Results
4.1. Multiple Solution and $ifting Procedures

verified that synthetic
linear polarization data, wsed as input,
esult in unique magnetic field vector solu-
tion, or at most a symmetrical pair of solu-
tions. The ambiguity is “intrinsic to scatte-
ring polarization in the presence of a.magnetic
field {see Landi Degl® i 1982).
observational data are used
multiple-valued solutions are generally produced
fundamental regquirement
that a vector magnetic field predicted hy
one component of the D3'prof11e'1s also predic-
ted by the other. The inversion procedure
of the code searches for the best solutions
basad on th1s criterion,

It has been

Innocenti,
Howaver, when

in terms .of a so-
called d1stance funct1on D, where

- A0y (au,-')-n

= (Qitheo - Qiobs)[f, the summa-
tion index runming on the .two components of
Da.line. The ]ack of uniqueness apparentiy

result  .from residual nqise, “spatia)- and -
temporal averaging -and ' imprecision in the
geometrical parameters, all inherent in the

observational data.

have been used to
~ The most straight
forward is where the V-profile is well defined.
Theoretical V-profiles can be constructed
from the 1linear polarization solutions . and
compared  with the observed profiles.  This
procedure gan be -sufficient to

- Various procedures-

1solatef the

correct solutfon. ~ As pointed out  in. the
previous sectlon, the V-profile consists
of a component prpportiona? to intensity

and a Zeeman ' component, proportional to the

derivat1ve of the 1nten51ty, the two components

denoted here by V. and V'_
of V'
1ong1tud1na1

respectjve]y,
therefore is evidence

of a. component of. the f1e1d
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and its absence that the field 1s very nearly
transverse.,  Further, the signs
V and V' can be compared for self-consistency
for a given set of B,‘h and X, and many solu-
tions rejected on this basis. As an extension
f this procedure, polarization maps for
Q, U, ¥ and V', for both components, so-called
altitude diagrams, have been prepared. = These
are contour maps of polarization ona 6, ¢
plane for a given B, h, x set. By intercom-
paring a set of corresponding’ maps, inadmiss-
ible selutions can be readily identified.

By such methods, it is frequently found

that all tentative solutions can be eliminated
except a symmetrical pair. The correct direc-
tion can. then be identified, at least with

modest .confidence, by comparison. with photo-

spheric ‘magnetic fields. -Uncertainty arises

primarily from the possible substantial evolu--

tion of a field distribution between the
time of the prominence observations and that
of the magnetograph record.” Finally, self-
consistency provides a further, general check
on the validity of a set of solutions represen-
ting measurements - in  the same prominence,
especially if such measuhements are repeated
on twe or more days. '

4.2. Summary of Magnetic Field‘Sulutions.

_ The prominence measurements distuésed

here constitute a- particularly useful s

in that the profiles are genera1ly of good
“quality (36 of 44 of the observed points

are 1nterpretab1e in the linear polarization)

and extend over four consecut1ve days, during

which time the prominence gradua?Iy evolved
in furm and systematically increased in he1ght
S1nce thlS prom1nence was relatively high
and exten51ve and was -observed over. a four-
.day per1od, gstimates of h and * x  could- be

of Q, U,y - vector

" Flg.5.

Fig.6.  Latitude-longitude plat of fleld

abtaineq w1th more . confidence than for typ1ca1'

The complete set of magnetic field
solutions. are 'presented "1in Figure
5. The dashed outline of the: prqminence;
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Vactor field orienlations and positions

in the 19-22. April,- 1970 quiescent promi-

nenee,. The number sels are field strength,

B (gauss), lhe .polar sngle, . 8 (degrees),

mensured . from- the jocal * radius, and

the ezimuthal angle, ¢(degrees), argund

lhe loeal radlus, Zaro aszimuth polpts
© wast, +909 points north,

1mprecise becéuse of the changing form of
the ‘prominence - over ‘the four-day period,

115 intended to"give simply a general frame
of reference,

Note the tendency tor
values of B[ to occur in. the
prominence and that most
above-average values

large
leg of the
of ‘the remaining
occur in- the  centrai

part of the bulk of the praminence, The

mean value is 23.8 G.

Figure 6 s a Jlatitude-tongitude plot
of field vectors for the same data set of
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vectors

for  the - 19-22  April, 1978 'prominance,
- Arrows  are propottional - to the field
atrength, Surface magnetograph polarlllas :

ate shown,
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Figure 5. The length of the arrows are propor-
tional to the field strength. The dashed
ine represants an approximate outline of

the prominence as seen as a filament, The
plus and minus signs indicate the surface
magnetograph polarities, With some marked
exceptions, the tendency for the horizontal
camponent of the field vector to lie close
to 90* from the 1long axis ,of the prominence
- 1s obvious.

5. Comments

above that
3.5 arc sec
by 10 arc sec, is large compared to the fine
threads of emitting material, ~1 arc sec or
émal]er, that are sometimes observed in 'high
resolution images of prominences. If such
threads represent corresponding fine-scale
magnetic structure, vrather than simply
being evidence of thermal instabilities,
the observed mean polarization would be
larger than that representative of the magnetic
elements and the magnitude of the deduced
magnetic field values would he correspondingly
reduced, Implicit in the procedure for magnetic
field derivation then 1is the assumption that
" the magnetic field {s homogeneous over
the polarimeter 'angular aperture.  But even
if the magnetic field is uniform over the
field sampled by the polarimeter, line of
sight contributions are
mixture of field

It has been pointed out
the polarimeter field aperture,

components, which would

result in a diminution of observed polarization
and an increase to.an unknown degree of inferred

field strengths. The  further assumption

that the prominence material is  effectively
stationary during the period of observation -
is also not wnecessarily valid, and if so,

_the effect {s also to 1increase the inferred
- field strengths,

likely to have a

Conclusion

Stokes polarimeter spectral profiles.
of He I 03, representing many observational
points within a quiescent prominence, have
been interpreted using a detailed quantum-
mechanical  theory of resonance polarization
for the D3 meltiplet.  The multiple set of
solutions obtained when the linear polarization
information alone s wused can be reduced,
generally to a symmetric pair, when the full,
generalized -theory 1s applied - that interprets
also the weak circular polarization StoKes
profile. In most cases a unique solution
can be found through additional information
available from disk field polarity.

Most of the derived magnetic field
vectors are close to horizontal -and near
normal to the prominence surface, with some
extreme exceptions, thus generally supporting
the Kippénhahn-Schlutef (1967) model. The
values obtained for the magnetic field vectors
are thought to be mostly'accurate representa-
tions of the actual prominence fields, a
mean for this prominence of 24 G,
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DISCUSS10N:
BHATTACHARYYA: (1) Mow do you calculate
the strength of the magnetic field? Are

there any calibrations from laboratory measure-
ments?

SMARTT: (1) The -strength of the magnetic
f1e1d. is calculated by applying the theory

of the Hanle effect for He I D

observed polarization.
faboratory verification.

BHATTACHARYY A« {2) Cannot one measure the
field in prominences by Zeeman method?

SMARTT: (2) Earlier attempts to measure
magnetic field strengths in prominences based
on the Zeeman effect, one now recognized
as being invalid due to the dominence of
the Hanle effect in the magnetic field regime
appropriate for prominences, and especially
so for lines which are not optically thin
in prominences.

line to the
There has been no

VINOD KRISHAN: Have there been any attempts
to produce analytic functional forms of the
magnetic field from the derived numbers?

SMARTT: So far, we have obtained only the
vector magnetic field functions. We pilan
to investigate statistical relationships
of the cumulative data and  especially to
use this information to try to understand
the observed morphology of quiescent prominences,



