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Abstract

The first Section of this paper(In’croduction,)describeg the important sig.nifican ce of the meas-
urement of the solar vector magnetic fields (in particular the transverse comoponcnt), the re-
quirements for instrumentation and the basic principles of vector magnetographs, Then it intro-
duces the instruments of birefringént filter-based and spectrograph-based, The Magnetic Field Tel
tscope of the Beijing Astronomical Observatory and the vector magnetograph of the Okayama
Astrophysical Observatory are taken as examples, respectively. The merits and shortcomings of
these two iypes of instruments are compardd_ At the end of this Scction the problems including
calibration etc, arc bricfly described. The third Section Presents a short description of the basie
principles of Stokesmeters and then describes the methods of derivation of the information of
vector magnetic fields with the profiles of Stokes paramcters, A brief ifitroduction of the Stokes
polarimetry is given in the fourth Section, Finally, the fifth Section is}a chort summary of the

main contents of the present paper,
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1. Introduction

1. Important Significance

It is well known that magnetic observations are of great importance to solar
physies. The sun, billions of stars and extragalactic systems, and interstellar media
as well as the ionosphere of the earth are all composed of plasma. Their physical
conditions, kinematics and variabilities have close relations with the magnetie
fields. E. N. Parkes, a notable American astronomer, remarked that the origin of
the disturbances of the universe is magnetic fields, without which the universe
would become quiet and monotonially dull. As a matter of fact, a variety of solar
activities have inseparable relations with magnetic fields. Since the discovery of the
sunspot magnetic fields by G.E.Hale in 1908, a large number of instruments and a
series of methods of measuring the solar magnetic fields have been developed by
astronomers of several generations.

Nowadays we are in the phase of three-dimensional or vector magnetic field
measurements. There have been already sophisticated instruments and methods for
the measurement of the longitudinal (or parallel to the line of sight) components.
The big task is to measure the transverse (perpendicular to the line of sight) com-

ponents. The reason why the transverse magnetic field in the solar active regions

1100/

(@

ggss82888

./‘J‘.-\v'r_‘\"

10 20 30 40 60 60 70 80 90 100

a9 .

107

102050405050709&190100

Fig. 1 Distribution of the transverse field intensity and nonpotentiality along the neutral line,
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should be measured can be stated as follows.

(1) The relation between flares and magnetic fields

Early in the 1950s, Severny'! et al. made systematic investigations on the vari-
ability of photospheric magnetic fields before and after the occurrence of a flare,and
advanced the neutral point theory which, however, led to much controversy'®.
Before long, Hagyard!®! observed vector magnetic fields of four flares using the
vector magnetograph of the Marshall Space Flight Center (MSFC). She defined the
sheer angle as the difference between the potential field azimuth of the photosphere
and the observed transverse azimuth, i.e., AO=®p—- P, and considered this quan-
tity representing nonpoteniiality. Because the potential field is the magnetic field
with minimal energy storage, A® can be used to represent the degree of twisting of
the magnetic fields and its energy storage. She also found that four flares app_ared
in the vicinity of the neutral line of the magnetic fields, where both A® and the
transverse field intensity B. increase to maximum. The values are A®>85° and B,
"'1000G The results she obtained for the active region AR 4711 on February 8, 1986
are shown in Figure 1. The abscissa scale in the figure indicates the length of the
neutral line of the magnetic field, and © indicates the place of the flare occurrence.

Hagyard emphasizecli- that both A® and B. can be obtained only by means of
transverse field observation. Therefore, the relation between flares and magnetic
fields is mainly the relation concerning with transverse fields. Hence it is readily
understandable that there were a variety of different, and even contrary results
concerning the relation between flares and magnetic fields, because only longitudinal

fields could be measured by means of the magnetographs in the 1950s. For details see

Photo@_hem

Fig. 2 A neutral current sheet S,



92 R oEs FRa R ol 11 %

reference [2]. As a matter of fact, the energy storage processes, such as the extru-
ding press and sheer of magnetic fields, are related mainly to transverse fields.

(2) The neutral current sheet S and reconnection of magnetic fields

It is shown in Figure 2 that there possibly exists a neutral current sheet S be-
tween two dipolar magnetic regions ), and D,. The vertical current intensity can be

obtained from formula j,= 4% %z—”-—- %%’-)by calculating the transverse components

B: and B,. Hence it is essential to measure the transverse fields in order to investigate
the neutral current sheet and the reconnection of the magnetic fields possibly occurred
there!1.

(3) Theory of the force-free field

Low!®! suggested that the linearity or non-linearity of the force—free magnetic
fields in solar_local regions can be distingushed by means of vector magnetograms.

The important significance of the measurement of the vector magnetic fields
(especially transverse components) can be seen from the above-mentioned examples,

2. The Requirements for Instruments

What we have to do is measuring the three elements of the vector magnetic
field intensity B, the angle y between magnetic line of force and line of sight, and
the azimuth x of the transverse field (Figure 8). Harvey!® suggested at the confer-
ence “Measurements of Solar Vector Magnetic Fields” in 1984 that the accuracy of
polarization measurements should be 107* or better if an aceuracy of 10G for B and
of 0.1 rad, or approximately 6°, for both y and y are required. Detailed require-

ments for instrumentation are listed in Table 1.

Table 1. Instrumentation for the Measurements of Solar Vector Magnetic Fields

Item accuracy remarks observed remarks instrumentation
number of
points
spatial 0.05 scale height 40003000 covering telescope
resolution of photosphere an active >1im
(AX,AY) region
spectral 3x10° to resolve 20 points covering spectrometer
resolution the structure per line X one line of a large
(AJAR) of spectral 6 lines and a range waveband
line of altitude
temporal the time for 1 to resolve high sampling
sensitivity 10s acoustic wave the oscilation. rate
to cut across and activity
xory in the active
region
sensitivity
for I,Q/I, ~10°* accurate 104 appropriate high sampling
U/1,v/I measurement of dynamic range rate

vector magnetic
fields
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Rust and O'byrne[” repeated these z‘
requirements at the conference “Solar
Polarimetry” in 1990. They thought that at
present no instrument in the world can meet
all the requirements, and only LEST and
THEMIS now under construction are ex-

pected to approach them.In addition, it is

considered that an ideal approach is tofly

2 1m telescope and vector magnetograph

for high-altitude observations on board a

spacecraft or balloon.

3. The Essence of Difficulties Fig. 3 The magnetic field vector.

Why is the measurement of vector magnetic fields (especially transverse fields)
extremely difficults There are a variety of causes. Stenflo!®#' pointed out that the
essential reason lies neither in instrumentation nor in theoretical analysis. Actually,
there are in the solar magnetic fields fine structures which are by far unresolved by
the current instruments and have effects on the longitudinal and transverse measure-
ment in quite different ways. Therefore, it is the effect of fine structures in the
vector magnetic field measurement that is very difficult to remove. Here we give
the following explanations. .

For a spectral line exhibiting the normal Zeeman effect, the intensities of the

two circularly polarized components o, and o, in the longitudinal magnetic field are
Losp =3 (T£V), @

where 7 and ¥, and Q and ¥ which will appear below, are all Stokes parameters of
the spectral line. For weak field approximation (WFA), i. e, for Zeeman splitting
(A)p) smaller than Doppler width (A).D) we can obtain from the above formula

Three polarized components o,, 0, and n appear in the transverse magnetic
field.
Their intensities are

Iz,a=—;-(IiQ)- ()

Again under the WFA condition, from this formula we have

21 04 o1
0= - Leana| e+ YL Je - S S @

A similar formula can be obtained for the parameter U. From (2) and (4) we
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can realize that the parameter J/ representing the circular polarization is propotional
to Ahs, while the parameter Q (or V) representing the linear polarization is propo-
tional to (Ah,,)’ It is considered that J/ is proportional to the magnetic flux dedsity
and Q(U) to the magnetic energy density because Alp is propotlonal to B. In recent
years, a large number of observations show that there are very complex' fine strge-
tures in the solar magnetic fields, which have dist'iucﬂy different effects on the
magnetic flux density (aB) and magnetic energy density (aB%). (For ‘instance, ina
region with magnetic fields of mixed polarities, the magnetic flux densitiés may
mostly cancel each other out, while the magnetic energy demsities will rémain the
same.) Therefore, the effects of fine structures on ¥ and Q (or U) will also be dif-
ferent. ' 0

Furthermore, under the WFA condition, the longitudinal field intensity (B, =
Beosy) can be derived from ¥ and the transverse field intensity and azimuth X can
be derived from Q and U. In doing so, the following formulae can bé used!!®,

2
Q=Cy (J:’n’sin\()2 costhéé‘%(-z\i,

3 2
U =Co (Bsiny)* sin2x-22)-, N

V= Cy(B oosy) L0,

whe're C¢, Cy, and Cy are constants, which can be determined by calibration. It can
be seen from the above expressions that the effects of fine structures on the longitu-
dinal and transverse field measurements are different. Hence thesé effects are
difficult to remove.

It is also worth mentioning that from (2) and (4) we have V'ocAldg,, while Q (or
U)cc(Ahg)®. Therefore, the measuring error for Q (or U) is much larger than that
for V'« As a result, the measuring error for the transverse fields is much larger than
that for the longitudinal one. In addition, both angles v and ¥ should be determined
for measuring the transverse fields.” The variability of % should be considered
because of the effect of Faraday rotation. The direction of the transverse magnetic
foree line can not be judged directly from observation, and that is the so-called
180-degree ambiguity. In a word, the measurement of transverse fields is much. more
difficult than that of longitudinal fields. What is the most difficult is just the most
important. This can be said to be the challenge of the nature to the mankind.

£

2. Vector Magnetographs

Since the first vector magnetograph of the Crimean Astrophysical ‘Observa-



' il R 4

torytt’**! was constructed in early 1960, there have been a dozen of such instruments
in use. They can be divided into instruments of birefringent filter—based and
5pectrc'g;ra.phbas&d. The principles of?these two types of instruments are similar,
although their performances are quite different. ]
. Principles
When the light of a solar image formed by the telescope travels through a pola-

rizing analyzer, beams of different polar1zat1on states are obtained. The light axis
of thei—-—wave plate ‘in the analyzer has an azimuth angled, and the voltage

changes of the modulating crystal (KD*P) give rise to a phase delay 8. Different
combinations of the Stokes parameters, such as [+Q, 1+U and I+V, can thus be
obtained by changing Q and d. Then all the parameters can be determined by these
combinations, and the three elemeants B, vy and x can be evaluated simultaneously by
using (B) or other similar formulae. By doing so, on point-by—-point basis on the
solar image vector magnetograms can be mapped by computer.

The Magnetic Field Telescope!’® of the Huairou Solar Observatlon Station of
Beijing Astronomical Observatory uses a filter to separate the emission in megneto-
sensitive spectral lines. The half width of transparency of Fel A 5324 and H, are
0.15 4 and 0.124 , respectively. The vector magnetograph!!* of the Okayama Astro-
physical Observatory in connection with a spectrograph with focal length of 10
meters are used for observation in Fel A 5250. These two instruments are filter—~based
and spectrograph-based, respectively. Besides, the vector magnetograph at the Big
Bear Solar Observatory, MSFC and Johns Hopkins University (JHU) of the United
States are all filter—based. While the vector magnetograph of Mees Solar Observa-
tory (MSO) of Hawaii University in the United States, Potsdam Observatory in
Germany, Sayan Observatory in Russia, and the modified instrument at Crimean
Astrophysical Observatory are all spectrograph-based. These two types of instru-
ments have merits and shortcomings themselves, because different methods are
adopted of intercepting the radiation of magneto-sensitive line from a wide range of

spectral wavelength range.

2. Comparison Between the Two Types of Instruments

The merits and shortcomings of the two types of instruments are; (1) The
filter—based instrument can take a complete magnetogram over a large range of region
on the solar disk at a time, while the spectrograph-based instrument needs scanning
point-~by—point (or scanning various regions of the solar disk using the full height of
a slit), Therefore, the temporal resolution of the former is much better than that of
the latter, (2) The fact that the bandwidth of transparency of the filter is not nar-
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Fig.6 A point-to-point comparison of MSFC and MSO.,

tow enough results in a large deformation of the profiles of the Stokes parameters,
and the intensity decreases significantly. Hence the former instrument is not good
for accurate and quantitative observations. This case can be shown by the two sets
of profiles of Cal ) 6122 in Figure 4. Figure 5 shows the deformation of the profiles
and the decrease of the intensity caused by the filter of the JHU vector magneto-
graph. The cause is readily understandable. The half bandwidth of transparency of
the filter is 0.167 & . Taking this value as the half—width of the instrumental profile,
the spectral resolution is only 3.7 x10* for the above-mentioned spectral line. How-
ever, solar spectrographs generally have a spectral resolutions of some 10—30 x 10*.
In order to compare the two types of vector magnetographs, Ronan et al.!!s),
made a point-to—point comparison of the observational data for the same active
region obtained at the same time with the two instruments of MSFC and MSO, which
belong to two types respectively. The: results indicate, (1) The longitudinal field
intensities are in good consistency; (2) There are systematic errors in the trans-
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verse intensity, the MSO value being smaller than the MSFC ones;, (3) The angles
v are roughly consistent with each c;ther; (4) The angles have systematic errors,
However, they are approximately consistent with each other after correction for the
Faraday rotation. The results are shown in Figure 6.

3. The Faraday Rotation

Using the observing data taken with vector magnetograph of the Okyama
Observatory, Makita'® justified the existence of Faraday rota_tion in the transverse

fields of sunspots. Hence the observed azimuth angle 4>=% tan~! (%) of polariza-

tion plane is not equal to the azimuth X of the transverse field. Well? caleu-
lated the variation of ¢ from line center to wings effected by Faraday rotation using
the numerical solution of Stokes parameter transfer equation (Unno-Beckers' equa-
tions). This is shown by the curve ABCPO in Figure7, where the dot line is the
curve of ¢ angle variation predicted by Makita. In the vicinity of the line center, we
have ¢>>x, and we should not take the observed ¢ as x- Instead, we should make
Faraday rotation correction as mentioned above. The observations of MSO show
that the ¢ angles measured at the line center and in line wings are different and on
the average may differ by about 10°. Ronan et al. explicitly pointed out that this is

a result of the Faraday rotation.

o
g 10°U
o' ¥

Fig.T The effects of Faraday rotation on the angle ¢.

4. The Sense of Arrowhead of the Transverse Fields

Having determined the intensities and azimuth of the transverse fields, the 180-
degree ambiquity of the magnetic field vector should be considered. Krallt!® sugges-
ted the following criterion, : _
B,-vB,<0, (6)
This impies that the directions of increase and decrease of B, and yB, are the same.
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Wu Linxiang and Ai Guoxiang!"® remarked that (6) is not always valid, and the
correct criterion should be

+ B,[A(B.cosf) + A(B.sinf)]<0, )
where 0 is the intersection angle between the magnetic force line of transverse fields
and the x—axis.

5. Calibration

How can we reduce magnetic field intensity from the signals given by the mag-
netographe This is the assignment of calibration. Solar rotation was used for calib-
ration in the early years. However, this method is inaccurate because the sun has
differedtial rotation and its rate changes with the depth of the atmosphere. The
results of calibration made for various latitudes and with different spectral lines may
differ greatly.

The calibration is a difficult subject because of the existence of instrumental
polarizition and noise in the signal. In recent y€ars, theoretical calibration is cur-
rently adopted. Firstly, the magnetic field intensity is calculated by means of the
spectral formation theory in the magnetic field and a suitable atmosphere model.

For example, reference [7] gives the following formulae under the WEFA condition

V=- M;Bcosy-g%, (8)
. (RaBsiny \*d[ Sy
Q_( 2 ) d\ Alorr (9

where d/d) is the slope of the spectral line profile, Ah,ss is the difference in wave-
Igngth between the bandwidth of transparency of the filter and line center, and p,
is the magnetic moment of the atomic transition. Having obtained these quantities,

the relation between V' ~B, and Q~B. can be established, and that is the calibra-
tion. This method takes into consideration the actual observation and uses relatively

accurate theoretical caleulations, and so it is comparatively reliable.

3. Stokesmeters

This is a new type of instrument and also known as the Stokes _pola-rizer. The
instrument firstly uses a polarized light analyzer to get the intensities of four Stokes
parameter, and then the four profiles of Stokes parameters can be obtained by rota-
ting a grating and scanning in a range of a certain magneto—sensitive line. Figure §
shows a set of profiles observed. The complete information of vector magnetic fields
can be obtained by analyzing these profiles.

Nowadays the best Stokesmeters in the world are Stokes—-I"*"1, Stokes-II'?!! jand
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Fig. 8 Profiles of Stokes parameters.

the. Advanced Stokes Polarimeter!®®! developed successively at the High Altitude
Observatory in the United. States. A solar spectrum telescope is under installation
at Yunnan Astroniomical Observatory, and it is also a Stokesmeter.

It is quite a formidable task to derive vector magnete field information from the
profiles of Stokes parameters. The reason is that the profiles are formed by the
polarized radiation in the solar atmosphere through a complex transfer process. A
variety of factors should be treated, such as the inhomogeneity of atmosphere and
magnetic fields, re-emission mechanism of radiation, magneto-optical effect, and
deviations from thermodynamic equilibrium etc. There has been a long period of in-
vestigation.on these problems by scientists at the High Altitude Observatory. Early
in 1977, Auer, Heasley and House'®®’ suggested the AHH program. They fit the
observed profiles of Stokes to the Unno algebraic solution and selected values of

magnetic field intensity and direction. In other words, they derived the magnetic
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field informatiqn from observed profiles by inversion. Landolfi, Landi Degzl'Inno-
centi and Arena'®! improved the method, because Unno's algebraic solutions is
rather crude. They took into account the magneto—optical effect,line wing damping,
inhomogeneity of magnetic field etc. and established the ALL program. Using the
nethod, Arena!®® investigated the megnetic and velocity fields of sunspots. He used
(1) the ratio of absorption coefficient of line center to continuum absorption coeffi-
cient, (2) Akz, (8) Akp, (4) v, () x (6) damping constant, (7) source function
and (8) wavelength of line center, all togather eight parameters, to evaluate the
values of the parameters at various places in the spots with observed profile and the
least square inversion.

Landi Deg'Innocenti!® summarized six methods of the evaluation of vector
magnetic field from Stokes profiles, one of which was founded by us'*”. He called
it “technique of characteristic quantity”. It contains three steps. (1) evaluating B
from the difference between the maximum of ¥ profile (Fma) and the wavelength of
line center, (2) evaluating vy from V.., and (3) evaluating x from the value of Q
profile at line center. We have obtained fairly good results in processing the obser-

ved data from Okayama Astrophysical Observatory. For details see[28].

4. Stokes Polarimetry

This is a new field of research under rapid development in recent years. It deals
with Stokes profile, tackles the nature of unresolved fine structures in the magnetic
fields (i.e., magnetic element or magnetic tubes), and characterizes their parame-
ters (for instance, filling factor, true magnetic field intensity, the temperature
density and velocity of the motion of material within the magnetic the tubes) and
their variations with the depth. Combined analysis of two or more lines arerequired
for reducing and even eliminating the effects of the a‘tmosphere model ete.

An important method is the “line ratio technique”. It uses two selected lines
with similar formation process,for instance Fel A 5 247,06 and A 5 250.22. They are
both from the first multiplet of the neutral iron atom with similar intensities and
excitation potentials. The only distinct difference is the Lande splitting factors,
which are g =92.0 and 3.0, respectively. According to formula (2) and the principles
of Zeeman effect, we have VotV 5247 =8:2. However, V profiles taken by scanning
a bright plage indicate that the ratio is nearly unity. The reason is that the mag-
netic fields in the plage are stronger, and hence the approximate formula (2) under
WFA condition is no longer true. Therefore, more terms should be taken in the

Taylor expansion for more accurate calculation. Stenflo took a series of values of B,
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and calculated the ratios of theoretical J/ parameters using a lot of different values
of AL. A comparison of these ratios with the observed results are shown in Figure 10.
It follows that the magnetic field intensity is some 1500G, much larger than the
value usually adopted. The essential point of this method is to evaluate B by means

of the ratio of V" parameter of two lines and thus the effects such as filling factor
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are canceled out.

In recent years, Title et al'®®), carried out high spatial resolution observations
of the solar magnetic fields by using adjustable filter developed ai Lockhead Labo-
ratory, with the highest resolution of 0.8—0.5 arcsecond. We mention here only
their polarization diagram of active region on the solar disk for two lines of Al B 247
and 5250. Using the above-mentioned line ratio technique, they acquired that the
intensity of magnetic elements in the line formation region is approximately 1000G,
while in the region of continuum spectrum 2 000G. For detail see reference[30]-

Stenflo et al. derived the change with altitude of B in the magnetic flux tube
from the variations of twin—peak distance of the I/ profile. He also determined the
direction of the motion of material in the magnetic flux tube from the change of the
asymmetry of V' profiles on the solar disk. For details see references [8]and[9].

The essence of difficulties for vector magnetic fields measurements is the unre-
solved fine structures in the solar magnetic fileds, as described in the first section
of the text. The effect of such structures on the I radiation is difficult to remove.
However, it is reasonable to consider that the polarization radiation represented by
parameters Q, U and V are originated in magnetic elements and has in principle no
relation with the intermediate region. Hence analyzing the profiles of I, Q and V/,
especially comparing the lines with approximately similar formation conditions, the
above-mentioned difficulties could mostly be overcome. This is just the advantages
of the polarimetry. We believe that this new branch of science is promising.

Now that we have given a brief description of Stokes polarimetry, the following
is some complementary remarks about it.

(1) The results of investigation on solar magnetic fields using the new branch
of science by Stenflo et al. has given rise to some controversy. In interpreting the
magnetograms diagram taken from Big Bear Solar Observatory, Zirin argued that
there indeed exist fine structures in the solar magnetic fields, but the magnetic ele-
ments are not so small as Stenflo says,and also the magnetic fields are not so strong.
Zirin concluded in a book!s!! “After we have criticized the Stenflo's model, on
quatitative grounds, there is no doubt that qualitatively it is correct,and it was this
model that focussed our interest on the discrete magnetic elements.” We should also
mention that in the international conference on “The Magnetic and Velocity Fields
of Solar Active Regions” held in September 1992, Stenflo and Zirin had interesting
and friendly face—to-face debates. As a result, they had fundamentally consistent
points of view on the fine structures of solar magnetic fields. The large quantitative
difference of their results is only caused by different ways of investigation, with

emphysis on observation or on theoretical analysis,
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(2) The discussions in our text are solely based on the Zeeman effect. However,
in recent years, the theory of the Hanle effect has gradually matured and begun to
play an eminent role in the measurements (for instance see[82]), and begun to be
known in the measurements of solar vector magnetic fields. The Hanle effect origi-
nates in resonant scattering of bound electrons in the magnetic field and the radia-
tion of solar prominences is just the scattered radiation of solar solar photosphere.
This is the reason that not a few solar physicists have obtained some interesting
results by measuring the vector magnetic fields of solar prominences on the basis of
Hanle effect. Because of the limited space, we only present an important question
raised by Leroy, the so-called “vertical structure paradox”. The fine structures of
quiescent prominence mainly appear vertically, while the magnetic vector of promi-
nence lies in the horizon, that is, parallel to the solar disk. According to magneto-
hydrodynamics, if the plasma of the prominence is frozen in the magnetic field, the
distribution of the fine structures of prominence should be in consistency with the
magnetic fields,and therefore the phenomenon described above is difficult to under-
stand. It is considered that there may be something mysterious with the magnetic

fields in prominences.

5. Summary

1. Both the importance and difficulties of the measurment of the solar vector
magnetic fields are concentrated in the measurement of the transverse fields.

2. The essence of difficulties is that the fine structures of the solar magnetic
fields are unresolvable by the current instruments. These structures have different
effects on the longitudinal and transverse fields.

3. The approach to overcoming the difficulties is to develop Stokesmeters and

to undertake the research on Stokes polarimetry.
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