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ABSTRACT

This investigation is an attempt to determine the
conditions under which sporadic mass ejections, called
solar surges, occur in sunspot regions of the solar
atmosphere. High resolution (~0.3 arcsec) on- and off-
band HA filtergrams (passband of % X) of disk solar surges
obtained with the Vacuum Tower Telescope of Sacramento
Peak Observatory have been compared to magnetic data.

The main results are:

1. Of 182 surges observed in eight active centers over 16
different days, 171 extend from Ellerman bombs or clusters

of bombs with sizes of a few hundreds to 5000 km. The surge

appears within minutes ¢f the bomb brightness maximum, and

followsthe bomb evolution in a way suggesting that its

material is squeezed out from the bomb. Eleven surges

originate at the bright kermnels of flares or subflares.

2. Surges constitute clusters of very fine dark (sometimes
bright) filaments about one arcsec or less conmnecting

to Ellerman bomb brightenings.

3. One hundred seventy-eight Ellerman bombs were identified
and studied in one region near disk center (Mt Wilson

18468) and another mear the east limb (Mt wWilson 18522),

The mean durations of bombs at Hg-2 ? were about 13 min

near disk center and 1l min near the limb; these times

increase slightly when we observe closer to the core of

iii
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HK. Eighty-six percent of the bombs in the near-limb
region and 56% in the disk-center region were seen to
be accompanied by ejections of dark material; the ejections
were 3-30 arcsec long. The ejection length appears to be
proportionsl to bomb size times bomb lifetime: 34 sets of
observations in MW 18522 gave a significant coefficient of
correlation of 0.35, consistent with the model suggested
in 1.
4, Analysis of bomb activity along the edge of the light

bridge in MW 18511 did not reveal systematic displacement
with time of the area producing the bombs,
5, Surges tend to occur very near the boundaries of photo-

- spheric magnetic field concentrations; within 7 arcsec
of penumbra-photosphere boundaries, within 3 arcsec of the
edges of pores, within S.grcsec of photospheric bright
network and along light bridge. |
6. Although spot groups of magnetic class @y comstitute

only 3% of all sunspots, 38% of the 16 surge producing
regions were Gy.

7. In two cases where the magnetic maps of the longitudinal
field reveal a satellite polarity, the surge-generating
bomb lies over it; in one other case, it is within 10 arcsec.
8. The presence of a visible satellite spot is not necessary
for surges to occur. Many satellites remain without

bomb and surge activity.
9, A more essential condition is that the satellite polarity
evolves. Three surge producing regions with evolving

magnetic flux were characterized by dimensions of the order
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of 104 km and flux changes by a factor of 10 over a period
of less than 24 hours. The average . change rate of flux
amounted to about 3 x 1015 Mx/s. A fourth region showed
drastic change in the size of pores located within four
arcsec of the surge base.
10. When one evaluates the emf arising from such a flux
change rate, the obtained value of 107 volts is not
sufficient to give rise to any proton event at one A.U.,
if one accepts the criterion given by Zvereva and Severny
(1970).
11, The trajectories of surge threads above 5000 km are
matched by magnetic lines of force calculated in the
current-free approximation. Local currents may be present,
but must have a very small effect on the field geometry.
12. Velocities of four surges with well-known geometry
show an initial accelerating phase up to 10 000-
30 000 km above the surface, followed by a deceleration
phase and return., The deceleration is faster than if
gravity alone is acting; during the falling back phase,
the surge velocity is less than free-fall. A force,
possibly of electromagnetic nature, opposing the motion
is at work.
13. Theoretical models explaining the Ellerman bomb based
on the existence of a neutral point in the magnetic
configuration of evolving satellite polarity have an
observational basis. Dynamic dissipation of magnetic

energy in the vicinity offheutral magnetic line proposed
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by Syrovatsky (1966, 1970) appears as the model most
consistent with observations. The behavior of surge
velocity as a function of height favors the model of
diamagnetic ejection for the acceleration of surge material
(Livshits and Pikel'mer, 1964). A model including both
the energy source and plasma flow at a magnetic neutral
line followed by diamagnetic acceleration after ejection
from the Ellerman bomb area appears the best approach

to explain fully the bomb-surge phenomenon.

Livshits, M. A. and Pikel'ner, S. B.: 1964, Sov. Astronm,
AJ 8, 368

Syrovatsky, S. I.: 1966, Sov. Astron. AJ 10, 270

Syrovatsky, S. I.: 1970, in Dyer (ed.), 'Solar Terrestrial
Physics', p. 119

Zvereva, A. M. and Severny, A. B.: 1970, Izv. Krymsk.

Astrofiz., Obs, 4l-42, 97
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CHAPTER 1
INTRODUCTION

This dissertation describes an investigation of
localized flows of material cal}ed solar surges,
originating in solar active regions, Significant
improvements in resolution and techniques of observation
in the last decade, in particular the beginning of
operation of the Sacramento Peak Vacuum Tower Telescope
and use of the tunable Ho Zeiss monochromator, have
allowed chromospheric features about 200 km in size to be
resolved. Helped by these new aids, this investigation
should bring more light onto the problem of interaction
between dense plasmas and magnetic field and give some clue
about the onset of magnetic instabilities in the solar
atmosphere. The purpose of this work is essentially to
establish the necessary conditions for surges to occur
in solar active centers and outline a phenomenological
model of the surge event.

1.1 PLAN OF THE DISSERTATION

Chapter I provides the basic observational and
theoretical background on solar surges. Chapter II
describes the instrumentation used to obtain the data:
Vacuum Tower Telescope, birefringent filter and Doppler-

1



Zeeman Analyzer. Chapter III deals more directly with the
observational procedure of obtaining on- and off-band HA |
filtergrams and magnetic maps of specific active centers
with surge activity; problems encountered in the data
reduction are also surveyed in the same chapter. Chapter IV
1lists the solar active regions where the main surge events
occured., Chapter V presents results about the surge magnetic
environment. Chapter VI covers the aspect of the dynamics
of surges. Finally, Chapter VII attempts a general inter=
pretation of the bomb-surge phenomenon and singles out the
theoretical model most consistent with the observations.
Gaussian units are used throughout this dissertatiom.
1.2 AN OVERVIEW OF THE SURGE PHENOMENON

The problem of ejection of material in astrophysics has
become a major research area lately. Except for the case
of the solar wind, we can only guess about the nature of
the mechanisms propelling significant portions of stellar
surface plasma into space, The importance of steady flow
relative to sporadic ejections is not known. Investigations
of the solar chromosphere have brought us to realize that
the whole solar surface is bubbling continuously and that
jets of chromospheric material in the form of spicules are
always present. Under favorable conditions such as low
gravity and strong electromagnetic activity, ejective flows
could be a major comtributor to mass loss from stars.

The various mass motions above the photosphere are part
of the general solar prominence activity. Falling material

is observed in loop prominences, arch filaments, coronal



rain and quiescent prominences; whole prominences are

hurled away three or four times a month as in the sudden
eruption of quiescent prominences. Finally, an important
class of ejections from the surface occurs., Different

types of ejections occur in solar active regions and are
distinguished in Table I. The spray and fast ejection are
separated from the surge due to their much higher velocities
indicating a more powerful generating process, the degenera-
tion of their initial continuous shape into numerous clumps,
and the small amount of descending material. An extensive
review of mass motions in the solar atmosphere has been
edited by Ohman (1968).

1.3 OBSERVATIONAL BACKGROUND

The main studies of surges are due to Newton (1942),
Ellison (1949), Giovanelli and McCabe (1958), Gopasyuk
et al., (1963), Bruzek (1969) and Westin (1969). Other
studies dealing with phenomena related to surges, like
Ellerman bombs (Ellerman, 1917) or moustaches have been
done by McMath et al, (1960), Koval (1964, 1965a, b, 1967)
and Severny and Koval (1961).

Conventionally, a surge is the straight or arch-shaped
collimated streamer of material stretching out from a sun-
spot region; surges show as organized threads or knots of
ejected gas and are often followed by an apparently gravity-
induced return to the surface along the same trajectory.
Surges (and sprays) as a class possess the highest velo-
cities of all prominences, attaining several hundred km/s

and even escape velocity. On the disk, surges (also termed
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tactive dark flocculi'), appear in general dark; at their
initial stage, close to the bright Ellerman bomb at the.
base, they may appear bright in Hd. At limb, the surge is
bright; typical features are of high intensity and narrow
shape and move rapidly outward from the solar surface, and
later reverse their direction or fade away. Surges have
been classified by importance, based on their apparent
length as shown in Table II.

Table 11

Sizes of solar surges

Importance Apparent length
R, m (x 10°)
S 5% 35
1 5-10% 35-70
2 10-20% 70-140
3 20-40% 140-280
3" 40% 280

The spike of material tends to grow out rapidly from a
small roundish luminous knot, or Ellerman bomb, with a
diameter of a few secounds of arc having flare brightness
(1 sec of arc =~ 725 km). The spectrum of bombs is charac-
terized by very thin and elongated emission wings emerging
from normal FPraunhofer lines. The phenomenon apparently
takes place in the low chromosphere at depths in the range
0 £ 7% K£0.k (Severny, 1964; Bruzek, 1972). Bomb and flare
light curves are similar, with Ellerman bombs resembling

the bright kernels of well developed flares seen in off-
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band Hx films (Severny, 1968). These knots, whose spectral

properties have been investigated by Koval and Severny
(Koval, 1964 and 1965; Koval and Severny, 1970; Severny,
1956, 1964 and 1968) and by Bruzek (1972) form the base,
possibly even the source of the surge (Bruzek, 1969).

As we will see in chapter V, those bombs generally appear
quite close to large sunspots (generally at the edge of the
penumbra) a few minutes before the surge becomes visible,
Apart from the bomb brightening at its base, the surge is
rather independent of the flare. Because almost all flares
have surges associated with them, there may be some cases
of related events; 1if contemporary to a flare, the surge
may occur before, during or after the 'maint' flare,

Surges originate in region of sunspots, i.e. in places
with strong magnetic field, and flow out from the spots in
& radial direction. Harvey (1969) has observed that
magnetic field intensities in limb surges range between
a few to 150 G. Surges present a general appearance of
being channeled and contained by the field, The fact that
the highest surges contain the weakest fields (Harvey, 1969)
emphasizes that they are probably under magnetic control,
Harvey found also that surges with large line-of-sight
velocities tend to show weaker field strengths than surges
with small line-of-sight velocities. Low importance surges
have a strong recurrence tendency on a time scale of about
one hour a'less (Bruzek, 1969).

The optical spectrum of surges resembles the flare

spectrum rather than the spectrum of normal prominences



(Tandberg-Hanssen, 1963). The emission fades rapidly with
height as to be expected if material is shot up from the
chromosphere and derives its emnergy from below. The co-
existence of low excitation emission lines and coronal lines
in surges (Tandberg-Hanssen, 1959) indicates that physical
conditions are very inhomogeneousj therefore, quantities
such ggiggmperature and density have limited meaning.
Moreover, the presence of a magnetic field in surges can

be expected to introduce significant anisotropies. Al though
complex temperature regimes exist in surges (Tandberg-Hanssen
1963), the electron temperature is assumed to be around

10LP K. The fading of emission features indicates that the
surge is 'less active!' in its upper part than at its base,
as if the plasma relaxed after being shot out (Tandberg-
Hanssen, 1967).

Kirshner and Noyes (1971) have observed a surge at the
1imb in CIITI 977 3 with the Harvard 0S0-6 spectroheliograph.
The kinematic behavior of the surge is the same in CIII as
in H&. The amount of CIII emission ié consistent with a
model in which the CIII ions occupy sheets with thickness
of about 100 km surrounding the cooler Ho emitting threads.
The surge remained visible in the CIII records long after
it disappeared entirely from the Ho film,

Type II and III radio bursts are more likely (by a factor
of two) to occur if the associated flare is accompanied by
a surge (Swarup et al., 1960). This suggests that the

explosion responsible for the surge may generate the much



faster disturbance which produces the radio bursts
(Swarup et al., 1960; Malville, 1962; McCabe, 1971;
Martres et al., 1972). There are a few occurences where
soft X-ray emission has been correlated in time with the
appearance of surges on the sun (Kleczek and Krivsky, 19603
Westin, 19693 Teske, 1971). However, because of poor
resolution, the association of X-rays with bomb-surge events
has not yet been demonstrated. More definite results should
come out from W. Neupert experiment aboard the 050-7; it
provides X-ray observations in the wavelength ranges of
1.8-7 & and 8.3-15 R with a resolution of 20",
1.4 THEORETICAL BACKGROUND
1.4.,1 PHYSICAL STATE OF THE SURGE MATERIAL

The physics of solar prominences in general is poorly
known; results of theoretical considerations are subject
to much discussion still (Tandberg-Hanssen, 1967; Harvey,
1969; Poland and Anzer, 1971; the Capri Symposium reviewed
by Bruzek and Kuperus, 1972; Noyes et al,, 1972).
1l.4.2 THEORIES OF SURGES

The close association between Ellerman bombs and surges
was not known to be so universal before this investigationm.
Therefore, models attempting to explain surges ignored the
energy source of the bomb and theoretical investigationm
dealt mainly with the acceleration mechanisim.

The Ellerman bomb, found at the initial phase of a surge,
is the manifestation of sudden energy release presenting
meny of fhe properties of solar flares (which are 104 to 106

times more powerful); however, there is no reason to equate
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Ellerman bombs and flare kernels seen in off-band Ha films.
It is helpful to keep in mind the mechanisms of energy dis-
sipation used to explain flares and investigate their rele-
vance to bomb-surge events; models aimed at explaining flares
generally consider material ejection only as a secondary ef-
fect or not at all. To explain the sudden energy release of
flares or bombs, many processes have been proposed which use
the sudden transformation of electromagnetic emergy into ther-
mal and mechanical energy of the gas; see Parker (1963), Sweet
(1969), Schmidt (1969) and Syrovatsky (1970) for reviews of
the theoretical aspects and applications to flares.

In attacking the surge phenomenon, two aspects should be
considered: (1) Because the velocity of surges increases
with height, acceleration out of the solar surface is re-
quired; a few models have been proposed and will be consider-
ed in the next paragraphs. (2) The origin and possibly the
source of the surge material at the Ellerman bomb has to be
accounted for and the energy release in the bomb explained;
models must be borrowed from the flare mechanisms and will be
discussed in Chapter VII. A full theoretical approach des-
cribing the whole bomb-surge event is non-existent at present.

Before venturing into the description of the models of
surge acceleration, I shall describe a crucial aspect
of magnetic field configurations present in the solar
atmosphere and fundamental to many dissipative processes.
This is the magnetic neutral line (or point) configuration

jllustrated in Figure 1.1l in Chapter I. Neutral lines or
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Figure 1.1 Neutral points (or lines) in the solar atmosphere
originate from the superposition on the general solar
megnetic field of the bipolaf field of a newly emerged

group having a magnetic moment m. The same situation

arises when a small group emerges near the dominant

parent polarity in an active center (satellite polarity

or polarity reversal). Velocity fields in the photosphere
can convect the fieldlines of opposite field and provide
also the configuration. At N, B = 0; this is called a
neutral X-type point (or simply neutral point) or

hyperbolic null point.
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points may originate from the superposition of the bipolar
field of a sunspot group on the general solar magnetic
field, or from the small polarity reversals found around
the strong poles of sunspot groups. These polarity
reversals, called 'satellite spots' by Rust (1968), present
a polarity opposite to the one of the nearest parent spot.

The significance of neutral lines can be illustrated by
Ohm's law for a moving plasma, which we consider for
simplicity to be isotropic:

i=c@E+1[yxH) 1.1%.
Here ¢ is the plasma cgnductivity, E and B are the electric
and magnetic fields in the laboratory frame, E‘is the
current density, and v the bulk velocity of the plasma. It
is seen from eq. l.1 that because of the high conductivity
(-»>») of the plasma, an electric field simply produces a
drift motion of the plasma with drift velocity v = ¢(E x B)/B?
This is true everywhere except in the vicinity of the point
where B = 0., At that location, the electric field cannot
be balanced by the induction and produces a strong current
in the plasma,

If fields with opposite polarities are brought into
closer contact, by moving photospheric material (Sweet, 1958;
Parker, 1963; Petschek, 1964) or by magnetic buoyancy forces
(Syrovatsky, 1966, 1969), their annihilation and reconnection

* The distinction between B and H disappears for a non

magnetic medium; for material other than ferromagnetic
gsubstances, x differs from unity by only a few parts
in 100 000.
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at the neutral point are enhanced. This enhancement is
further helped by the recession of the reconnected field
out of the zone through Petschek's mechanism (Petschek,
1964) which describes how field dissipates at a neutral
point. In Petschek's mechanism, when two oppositely direct-
ed fields are pressed together (Pigure 1.2), resistive
diffusion at the neutral point annihilates the horizontal
component of the magnetic field and the fieldlines recon-
nect; each fieldline is bent sharply as it emerges from
the diffusion region (Figure 1.3). The reairranged field
geometry resulis in a disturbance which propagates as an
Alfvén wave away from the X-neutral point. Reconnected
fieldlines recede away from the diffusion region. The
mechanism dllows a source of energy due to dissipation at
the neutral point and expulsion of material carried by
the receding fieldlines.

We finally come to the description of models explaining
the surge acceleration phase. The most detailed quantita-
tive mechanism describing surge acceleration was proposed
by Livshits and Pikel'mer (1964); they used diamagnetic
ejection, often called 'melon-seed' mechanism. The model
describes the evolution of a plasma condensation, identified
as the surge, out of strong magnetic field typical of sun-
spot regions.

In a medium where large dimensions and appreciable con-
ductivity prevail, the externmal field will penetrate slowly

into the evolved surge plasma and the external and the
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FPigure 1.2. Two approaching oppositely directed fields as

used in Parker's modification of the Sweet model. At the
neutral point N, fieldlines are broken and recomnect. For
an incompressible fluid, UL = V1, where U is the speed at
which material enters the region through L and V is the

speed at which the fluid escapes through 1.

Figure 1.3. Magnetic configuration of the Petschek
dissipation wave mode, (a) magnetic fieldlines prior
to the—formation of standing waves in the Petschek
flare model; diffusion is to predominate within the
dashed rectangle. Resistive diffusion annihilates the
horizontal component leading to the transition shown
in (a) and (b). If the angle in Figure 1.2 is very
small, one can regard the process as one that switches
off the strong horizontal component of the field, A
boundary layer is formed along the limiting line and
the horizontal boundary of the diffusion region

(standing wave-boundary-layer); one quadrant is shown

in (e).
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jnternal field will be non-interacting. An initial con-
densation originating in the strong gpot field is created
by the tangling of lines of force due to velocity fields
in the photosphere where the fieldlines are anchored; dis-
sipation, prominent at X-type neutral points, separates the
condensation from the surrounding field. The assumption
that the initial condensation forms near the photosphere
explains the very high initial density (~1015 cm’3). The
density decreases by 3 X 103 to 104 times in the evolving
condensation. Due to a more or less adiabatic expansion,
the gas cools down. However, instead of dropping by 200
to 500 times, observation shows that the temperature stays
about the same. The authors are unable to supply an effi-
cient heating mechanism and have to assume that the observed
heating may take place only in the skin of the surge. The
presence of a condensation into which the field does not
penetrate from outside will deform the lines of force of the
external field. This gives rise to magnetic forces which
strivesto return the lines of force to their eagrlier posi-
tion, If the external field is mnot uniform, then the result-
ant of the forces acting on all sides will not vanish, and
the upshot will be that the condensation will be forced out
of the region of high field strength.

Livshits and Pikel'mer consider the ejection of a con-
densation under the influence of the. magnetic pressure
gradient in a vertical jet at the solar surface, Their

model predicts a velocity increasing with height for the
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first few 10“ km and then slowing down (Figure l.4a, b).

In the same perspective, Uchida (1969) has proposed a
model to explain the acceleration of chromospheric spicules
which may be extended to surges (see also Pikel'ner, 1969).
Spicules are small jets of chromospheric material appearing
as small scale morphological and dynamical versions of surges.
Uchida first points out that magnetically neutral lines
and/or points, occur along the supergranulation boundaries,
where spicules originate and where the magnetic field is
convected by the supergranule., Dissipation and reconnection
of the magnetic field occur at such neutral lines. The
plasma with thus reconnected magnetic lines of force frozen
in it is accelerated by the melon-seed effect in the exist-
ing strong gradient of the external field. The motion of
such a jet initiated by Petschek's mechanism is followed in
a vertical magnetic tube of varying cross~-section at the
solar surface. TUchida's model has been made relevant to
surges following Rust's finding (Rust, 1968) of a case of
recurrent surges and Ellerman bombs bursting out a region
of a satellite spot. As we saw earlier, a satellite spot
provides a magnetic configuration with a neutral point.

A more qualitative model considering possible configuration
in sunspots which may result in mass ejectioms similar to
surges was suggested by Gopasyuk (1964). Gopasyuk claims
to have found a strong positive correlation between the
occurence of surges and the velocity of rotation of the

spot near which surges originate. He suggests that the
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Figure 1l.4. (2) Dependence of velocity of surges on

height under isotropic expansion for n, = 5x 1015

(bottom curve), 3 x 1017 ana 1015 cm-3. The dashed

curve is the empirical curve provided by observations

of Newton (1942),

(b) Dependence of velocity of surges om height under

the assumptioa of different expansion laws: for isotropic

expansion and n, = 3 x 1015 cm-3 (bottom curve), for a

same initial density in expansion law p~Bz and,o~B‘5/2.
16 -3 5/2

The dotted curve is for n, = 10 cm and P~ .

Figures (a) and (b) were adapted from Livshits and
Pikel'ner (1964).
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rotation of spots would lead to the twisting of magnetic
field leading to a 'sausage instability'. The model remains
silent about Ellerman bombs at the base of surges and does
not prediect the motion of the material. Furthermore, the
amount of rotation of a sunspot is a very elusive quantity
and can rarely be determined unambiguously.

Arguing against magnetic dissipation and reconnection for
accelerating surges, Altschuler et al. (1968) suggested a
non-linear mechanism for surges in which a plasma region of
high electrical conduc%ivity énd macroscopic dimension can
be rapidly accelerated without diffusion of magnetic field.
For the purpose of numerical calculations, they replace the
field near a polarity reversal by magnetic fields of current
loops to reproduce the environment of surges originating at
satellite spots. The relaxation of the magnetic field gene-
rated by two antiparallel coaxial current loops in a incom-
pressible plasma is traced by computer. The results suggest
that plasma in the form of a vortex ring can be expelled at
the Al1fvén velocity from sunspot regiomns. This model has
been expanded further by Lilliequist et al. (1971). The
model not only ignores the associated Ellerman bomb which is
an essential part of the surge phenomenon , but also dismisses
any dissipative process. It does not consider what happens
to the current loops when the reversal of the motion takes
place. Futhermore, the shape of the expelled plasma predicted
by this theory is not supported by surge observations although

ring-like vortices are sometimes seemn at times of flares.



CHAPTER II
INSTRUMENTATION

2.1 THE SACRAMENTO PEAK OBSERVATORY

All the observations for this investigation were taken
at the Sacramento Peak Observatory, located at Sunspot in
southern New Mexico, 105° 19' w 32° 47 N, at an altitude
of 2840 meters. Evans (1967) has given a description of
the observatory. In this chapter, I will describe the
instrumentation used to conduct my investigation.
2,1.,1 THE VACUUM TOWER TELESCOPE

The Sacramento Peak Solar Vacuum Tower Telescope (Figure
2.,1), designed by Richard B, Dunn, is a conglomerate of
innovations adapted from space technology. The instrument
has been described by Dunn (1964, 1969, 1971 a, b). I will
limit myself to a basic description of the telescope,
stressing the elements which account for the improvements
over more conventional instruments.,

The telescope is altazimuth in design. Figure 2.3 shows
a cutaway of the overall structure. Image rotation is
accomplished by rotating the inner tube structure together
with all the auxiliary instruments., Azimuth and elevation
torque motors drive the two mirrors at the top of the tower
to track the sun automatically; the input to the servo is

21



22

*I99ndwod a8y,

03 UOATS oa®B SpPUBUMOD YOTUM UYInoaysl
X0q-pusy 8yl JO au0 ST JI9UI0D 1UYTTI
JI9MOT 98Uy} JaBau SurSusy *BISWBO
WOV wm ¢ aY3} ST 4YITI ayg 03

dog uo ¢{xejued eanjotd 8yl 38 jnoqe
¢3a0d 4Tx9 ayg eao0qB smoys es8TeZ £q
$TTnq J83TFF YH OYL °3Fun TOX3uU00
293TTF oYy ST 3JeT 84T O ‘Jaejued
wo330q ey} 48 smoys gxo0d JUITT oY
‘me38fe FUTMOTA JO3TTJT JUSUTIIOX
T4 PH oTqwung ey °2°z eandtg

€*2 eanftg o8 {edooseTeg

JIOMOJ, TMNOB)\ JIBTOH N8OS O04USWBIOBE

U3 JO MOTA TEOTJGY

*T°2Z eandtyg



23




2k

Figure 2.3. A cutaway of the telescope shows the light
path from the 76-cm entrance window at top past the
instrument table to the 1l63-cm primary mirror at the

foot of the shaft. Sunlight is directed upward to

anyone of the six viewing ports at ground level, The
entire light path is in a vacuum chamber 98 m long at

a pressure of 0.6 mm of mercury (equivalent to an altitude

of 55 km above the earth's surface).
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derived from a photoelectric guider. When clouds intervene
the servos are switched from the photoelectric guider to an
electromechanical coordinate converter of right ascension
and declination to azimuth and altitude, that also generates
the signal for the rotation of the table.

Two flat mirrors are used to reflect the light vertically
downward 96 m to a spherical primery mirror of 163 cm dia-
meter and of 55 m focal length. A vertical instrument axis
gimplifies rotating auxiliary instruments to control image
rotation. To eliminate internal seeing, the entire light
path is kept under evacuated conditiouns equivalent to a
pressure of 0.6 mm of mercurye. The light is reflected back
upwards to ground level by the primary pnirror to form an
image 51 cm in dismeter 2.1 m above ground level. The
theoretical resolution of the telescope is 0.2 sec of arc.
Pilting the mirror 0.56 degree sends thé'light to one of
geveral auxiliary instruments clustered around the six
possible ports of exit for the light beam. The depth of
focus is 0.76 cmj; the primary can be focused 4.9 m up and
2.4 m down from its nominal position to accomodaté small-
aperture lenses placed in the exit window to change £ ratios.
The large size of the primary is necessary to obtain an
unvignetted image of the entire solar disk.

Adequate cooling of the 76 cm aperture glass window has
been one of the toughest problems to be solved by Dunn and
his associates. Distortion of the window by heating of the

sun was most serious mear the supporting edges. The aperture
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had to be diaphragmed down to 51 cm to avoid distortion of
the image; this was the aperture I used most of the time
(theoretical resolution~0.,3"), except for my observations
in late October 1971 when I could use the full aperture.
Circulating a cooled water-glycol mixture around the edge
of the window and cell appears to have solved the heating-
distortion problem (Dunn, 1971b).

An elaborate synchro system connects all the tracking
servos together. Additional servos are required to tilt
and focus the main mirror, to control the size of the iris
diaphragm and to operate the devices on the main table.
While at pfesent, all the servos and the tracking are
external to the telescope itself, the shutters, stepping
motors, dark slides and similar actuators are operated
through the computer,

2.1.2 THE NARROW-BAND BIREFRINGENT FILTER

The birefringent filter is a sharp-band monochromator for
observing the sun in the light of a single line of the
spectrum., The Ho« monochromator in the Lyot-Ohman configur-
ation (also known as a Lyot filter) is designed for ob-
serving the sun in the light of the red line of hydrogen
at 6562.8 X. With the exception of a narrow band with half-
width of 1 or % X, the entire solar spectrum is absorbed by
polarization and interferemnce of the incident solar light.
2,1.2,1 THEORY

The principle of this filter has been discussed by Lyot
(1944) and Evans (1949, 1953). The Lyot filter takes
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advantage of the birefringence of quartz, calcite and

similar materials. If polarized light is passed through a
quartz crystal with the optical axis of the crystal parallel
to the face and at 450 to the polarizer axis, it is split
into two rays, the ordinary and the extraordinary. Because
of the difference in the rate of propagation of the ordinary
and extraordinary waves in the birefringent medium, rotation
occurs. The transmission of an element by of thickness dy,
mounted between polarizers is a function of wavelength only;
for parallel polarizers, it is
tk = cosz'wnk 2.1,
where m is the order of interference or the retardation in
wavelengths, given by
ny = %F (g —w) 2.2,
Here € and w are respectively the extraoridnary and ordinary
refractive indices of the birefringent material. Thus the
quartz rotates the plane of polarization by an amount pro-
portional to its thickness divided by the wavelength, so as
a function of wavelength the system alternately transmits
and absorbs light.
In a typical design, polaroids are sandwiched between
elements whose thickness increases by powers of two, i.e.
de = 257 4y 2.3,
Therefore, the transmission curve of an assembled filter of
k elements is
T = coszﬂrnl cos® 2M7 .ee cos? 2k'¥vnl 2.4,

The characteristics of T as a function of )\ are exhibited



29
in Pigure 2.4 for a simple 3 element sandwich. Curves a,
b and d, represent the transmission of the third, second and
first element individually. Curve e is the transmission of
the three combined., The transmission curve for the whole
filter consists of widely separated narrow transmission
bands, the effective widths of which are the half width of
the maxime due to the thickest element alone (curve d).

It is obvious that the usefulness of the birefringent
filter is enormously enhanced if a transmission maximum can
be adjusted to center on any desired wavelength or can be
tuned continuously off-Ha by many Rngstroms in order to
capture the Doppler-shifted Ho profile of moving material.
This can be accomplished by rotating polarizers in relation
to quarter-wave plates about the optical axis. Following
Evans (1949), let us consider first an element of a simple
filter (Pigure 2.5). Suppose the kth caleite or quartz
element oriented with its y-axis (axis of greatest prin—
cipal index of refraction of a uniaxial crystal) along the
x direction, is followed by a quarter-wave plate with its
¥-axis along theadirection. By proper arrangement, we can
have the vibration emerging from the quarter-wave plate
reduced to a linear vibration at an angle of #n to the
r—direction. We can omit the second quarter-wave plate and
let the light enter a polarizer with its plane of polarization
at angle @ to the r-axis. The transmission of the assembly

becomes

t = c032 rn -f) 2.5,



o+ ——>

~
<IN i
/

il A

/N /

A—>
Pigure 2.4, (i) Birefringent filter of three elements;

a polarizer must precede the elements. (ii) Transmission
curves of elements of (i): curve a is for the thinest
element, and b and d are for elements two and four times
as thick respectively. Curves c¢c and e shows the combined

effect of a-b and a-b-d respectively. (After Evans, 1949)
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wave plate phase shifters. (After Evans, 1949)
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By adjusting p (i.e. by rotating the polarizer) until

n, -@=7 an jnteger, we can set t =1 for any chosen
wavelength.

An adjustable simple birefringent filter consisis then
of a series of units shown in Figure 2.6, each composed of
a polarizer, a birefringent element with its b’-axis at ll-5°
to the axis of the polarizer and a calcite. The three parts
of each unit remain fixed with respect to each other, but
the unit itself must be rotatable around the instrumental
axis. The angle f’r is then the angle between the X—ax:Ls
of the rth quarter-wave plate and axis of the 1mmedlate1y
following polarizer. The birefringent elements have the
ggme thickness as the non-ad justable filter. The trans-
mission of the whole is
T = cos?“('/Tnl-fl) cosz(Tanl-lﬂz)... cosz(ﬂ'zk'lnl—lok) 2.6,

where Oy = 2r'1‘ol.
Since the values of (o are proportional to the powers of 2,
jt is a relatively simple matter to devise a gear train by
which the wavelength of the trensmission band can be
adjusted with a single control knob.
2.1.2.2 THE CARL ZEISS POLARIZATION INTERFERENCE Ha FILTER

The birefringent filter I used was built by the German
firm Carl Zeiss. A description of the apparatus was given
by Haase and Gaenswein (1967) . Pigure 2.7 gives a cross-
section of the filter and Table III lists the details of the
optical system of the filter. The system of 8 elements

results in an effective bandwidth (nalf-width) of % .
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Table III

Optical design of the H-alpha monochromator

Unit Composition  Blank thick- Orientation within Half width in A Angle of
and type of ness of line center of rotation a
crystal crystals (mm) H-alpha during line

shift
1.Unit  Polarizer 0°
Quartz . 38 45° :
Quartz 35 0° - 32A 1a
Quartz 33 135°
Polarizer 90°

2.Unit 2 quartz plates 4 90°
Quartz 14 45° 16A 2a
Polarizer 90°

3.Unit 2 quartz plates /4 90°

. Quartz 14 " 135° ~
2 quartz plates /2 0° 8A 4a
Quartz 14 - 45°
Polarizer 90°

4.Unit  2quartzplates /4 90°
Calcite 15 135° :
2 quartz plates A/2 . 0° 4A 8a
Calcite 15 45°
Polarizer 90°

5.Unit 2 quartz plates A4 90°
Calcite 30 185°
2 quartz plates /2 . 0° 2A 16a
Calcite 30 45° :
Polarizer 90°

6. Unit 2 quartz plates /4 - 90°
Calcite 60 . 135°

_ 2quartzplates /2 0° 1A Ra
Calcite 6.0 45°
Polarizer 90°

7.Unit  2quartzplates /4 90°
Calcite 120 135°
2 quartz plates /2 0° , 05A 64a
Calcite 120 . 45°
Polarizer : 80° .

8. Unit 2 quartz plates /4 90°
Calclte 240 135°
2 quartz plates  4/2 0° 0.25 A -
Calcite 24.0 45°
Polarizer 90° not rotatable

3k
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The first crystal unit of the filter (as seen in the
direction of the light beam, from left to right) is com-
posed of three thin quartz plates (Table III). These are
flanked by two crossed polarizers. Spectroscopically it
results in a fixed passband with g half-width of 32 X. In
order to obtain the desired line shift, the first to the
seventh units are designed so that they can be rotated as
explained above. The rotation of the quarter-wave plate
of the second unit in relation to the second polarizer of
the first unit causes a shift of ¥ 16 R in the bandpass of
the second unit. The following units 3 to 7 also start
with a quarter-wave plate and end with a polarizer permanent-
ly oriented in the unit. Only the polarizer of the eighth
unit is arranged separately. This polarizer can be swung
out of the light path, then making possible to change the
half-width from % to % X; the thickest calcite unit is
spectroscopically ineffective once the polarizer has been
swung out.

The orientation of the different plates and of the
vibration direction of the polarizers (indicated in column
L of Table III) in relation to the preceding and the follow-
ing compomnents is determined only once, Column 5 lists the
half-width of the units and column 6 their speed of rotation;
starting with unit one they follow a ratio 1:2:4 etc. up to
a factor 64 with the seventh unit. Thus a 90° rotation of
unit one (equivalent to a line shift of 16 &) corresponds
to 16 total revolutions of unit 7.

On the entrance side a multilayer interference filter for
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the wavelength Hg is located as a prefilter Vf outside the
main optical component housing (Pigure 2.7). Its half-width
is 60 % and its transmittance 80%. In conjunction with:a
Schott KG heat-absorbing filter, this interference filter
eliminates the undesirable heat radiation of the sun. The
optical components in the housing are embedded in silicone
0il (n = 1.5) providing an oil film between the different
plates. The o0il film also serves to reduce reflection at
the surfaces and hence increases the transmittance of the
filter and improves the optical quality of the solar image.
The relatively high transmittance (43%) of the polarizers
also contributes to an increased total transmittance of the
filter.

Table IV gives a summary of the technical data of the
Zeiss Lyot filter in its version A which I used. My set-up
with the tunable Ho Lyot filter and the 35 mm Acme camera
is shown in Figures 2.2 and 2.8.

2.,1.3 THE DOPPLER-ZEEMAN ANALYZER

The magnetic maps of active regions were taken by
David M. Rust and Ramesh Sinha with the Sacramento Peak
Doppler-Zeeman Analyzer (DZA) during the summer and fall
of 1971. The DZA has been described by Evans (1966) and
its modified version by Dunn (1971c). I will simply state
the principle of operation and keep the discussion of the
problems encountered for the next chapter. Problems related
to the interpretation of magnetograph measurements are

numerous and still being investigated. Detailed discussion



37

Table IV
Summary of technical data of Lyot (Zeiss) filter

Item Unit Type A
Reference wavelength 2 6562.8
Stability of reference +

wavelength 2 -0,03
Half width —- may be § 1

switched to %
Line shifter 2 16
Transmittance for % '

half width and incident -

plane polarized light % 5
Clear apertures of filter

entrance side mm 36

exit side mm 28
Admissible inclinations

of beam

at £ A half width degrees 1.6

at % R half width degrees 2,25
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of related work appears in Howard (1971).

Certain absorption lines in the solar spectrum are
magnetically sensitive in that they may be divided into
components by the proper use of polarizing optics. The
guarter-wave plate and polarizing beam splitter, in
conjunction with the spectrograph produce two spectra that
are called the right and left circularly polarized compo-
nents of the light. In the presence of a longitudinal
magnetic field, each polarized line profile (the two O
components) is displaced from its unperturbed position
by an amount equal to

tAN= 467 x 1007 X E B 2.7,
where B is the field intensity in gauss, X\ the wavelength
in ﬁngstroms and g the mean Landé splitting factor.
Reversing the direction of the magnetic field vector will
reverse the signs of polarization. The Doppler-Zeeman
Analyzer gives a measure of the displacement of the o
components which is related to the intensity of the lon-
gitudinal component of the field, i.e. the line-of-sight
component,

The purpose of the magnetograms is to provide a
detailed magnetic map of the longitudinal field of
active regions in order to reveal peculiarities in the
magnetic field where surges tend to originate. All the
magnetograms were taken with the irom linmes listed in
Table V. Magnetograms were supplemented by recordings

from Mount Wilson Observatory in the form of large scale
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magnetograms and visual Zeeman measurements of maximum
field intensity in sunspots. Good sunspot observations

are a very useful substitute for incomplete magnetograph

data.
Table V
Iron lines for magnetic field recording
' multiplet excitatigs potential g
5250.2 Fel 1 0.12 3.0
6173.3 Fel 62 : 2.22 2.5
6302.5 Fel 816 3.69 245

6336.8 Fel 816 3.69 2.5




CHAPTER III
OBSERVATIONAL PROCEDURE AND DATA REDUCTION

3,1 OBSERVING ELLERMAN BOMBS AND SURGES
3.1.1 OBSERVING PROCEDURE

Although I was assigned specific observing runs, I
tried to arrange my schedule to coincide with the
presence of promising active regions on the solar surface.
Obviously, I chose the regions most susceptible to have
surge activity: any young, complex or developing regiom
ig a good prospect; however, as any observer of solar
activity has experienced to his despair, there are mno
general rules in this game. Choice of a specific region
must be made because the camera field of view encompasses
only a 18 x 24 mm frame out a solar image 215 mm in dia-
meter; this represents a regiom of 117 000 km x 155 000 km
(1.8 x 1010 kmz) or 160 x 214 arcsec (34 200 arcsecz). To
catech good events, one needs to be alert all the time to
be ready to move to a more promising region. One has to
be careful not to move without adequate reasonj false
alarms are numerous and one risks missing the beginning of
everything. The best region is one which has already
produced one or more Surges in the preceding hours.

Ly
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I set up the camera with the Zeiss Ho, filter to scan
continuously the profile of the Balmer Ho hydrogen line,
for recording line-of-sight displacements of moving material
in the chosen active region. The amount of line shift
produced by material moving at line-of-sight velocity v is
given by AMX = v/c, where AXis the amount of displacement
from the rest wavelength.'k due to material moving with
velocity v; ¢ is the light velocity. The control unit
attached to the Zeiss filter (Pigure 2.2) allowed 8
channels, i.e. the passband of either % or 3+ % could ve
moved to eight positions across the Ha profile between
163, 1 generally used the % ? passband (corresponding
to a velocity dispersion of 1l.4 km/s) in the following
sequence: -2 R (92 xm/s), -1 3/8 R (63), -7/8 2 (%0),
-5/8 ® (28), %o K, +5/8 K, +7/8 ? and +1 3/8 %. Figure
3.1 shows the position of the passband across the solar
photospheric Ha profile. This range might look narrow but
it proved to be sufficient for the majority of cases;
surge velocities reach about 150 km/s. At Hy 6562.8 )1
the displacement is about 46 km/s/x. Moreover, because of
rapid changes at the base of the bomb structure, good time
resolution (which in practice‘goes as the inverse of the
filter range) is essential.

The computer was programmed to control the whole pro-
cedure. A sequence 20 sec long includes the time
necessary for the profile scanning and for coming back to

the starting point. The program was designed for a total



b3

*BUOJ0O o] pu®B axaydsomOIYd oy} UT seanjeay pajFrys-aerddoq Yo3BO 03 JIIpJI0

ut a1tyoxd YWH ay4 580408 paddags (umoys ST w z Jo npcﬂzlwaws pusqsssd ayg)

pusqssed J93T11F au3 JO uotgptrsod ayg UYrTM otyoxd Yy aetos 8yl °*T°€ mnswﬁm._

Q0 Q
= 00 Vo &
M S N
s KO @ WK g ¢
A N1 N N
- ZENOEN N PN
N, N \/
\ v it
B N N
L/ N L ~
— y "~ A |4
N N :
- /| 4BRZEEN
™ N
L //\\ /A 1 N
- 4 V\ ﬂ L "~
- A
| s ., 1



Ll
of 2000 loops (40 000 sec of ruming time) or sequences.
Following the command to start a full sequence allowing a
total time of 20 sec, the Acme camera receives a pulse of
0.1 sec to be armed, followed by a length of time of 0.3 sec
to allow the camera to complete its operation cycle. The
camera aperture is controlled by a specific voltage gset at
the corresponding channels on the Zeiss control unit (Figure
2.2). The filter passband moves %o the next position in
the Ho profile and so on. The result of this is a continuous
sweeping of the Ha line at 8 different positions every 20 sec.

The recording film was KODAK Solar Plare Patrol Film
(Estar base) type S0-392. It has a fine-grain, high
contrast panchromatic emulsion with extended red sensi-
tivity peaking in the region of HX. By printing on 16 mm
ilm the How2 % frames, then the Ho-l 3/8 £, ete., I
obtained cinematographic sequences at given wavelength
shifts, corresponding to known line-of-sight velocities.
3.1.2 SEEING EFFECTS ON PILTERGRAMS

The problem of seeing is ome affecting any investigation
dealing with the study of fine gtructure in the solar
atmosphere. Seeing is caused by very small differences in
the refractive index of air from ome point to another.
These differences correspond to demsity variations that
are due to small temperatures fluctuations from place to
place. Air-temperature fluctuations of a few tenths of a
degree are typical in the lowest km of atmosphere and

larger differences occur closer to the surface due to the
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heating by the sun. A fundamental property of these
thermal variations is their linear scale. Direct measure-
ments have confirmed that a whole spectrum of turbulence
(mm up to tems or hundreds of meters) exists in the earth's
atmosphere (Young, 1971).

The main effect of seeing is to smear filtergrams; it
can result in a slight reduction of contrast or in a total
blurring. It may be that only portions of the field of
view are blurred. Filtergrams taken only seconds apart
reveal that periods of bad and good seeing can succeed each
other very rapidly. It is easy to reject pictures
degraded by bad seeing because its effect is so obvious.
Normally, one observes when seeing is at least fair, i.e.
when features of the order of one sec of arc, €.8. photo-
spheric granules, can be resolved, However, often one
needs to keep observing spectacular events through periods
of relatively bad seeing with the hope of recording a few
frames during short periods of fair seeing. As we will
see in section 3.2, the effect of seeing om magnetic
mapping is not as easily detectable.

Periods of good-to-excellent seeing (i.e. better than
one sec of arc) at Sacramento Peak Observatory occur
regularly during the early mornings of summer months
(May to September); those periods start gemerally about
half an hour after sunrise and last at most for 2 to 3
hours. Summer being the rainy season in the Southwest

(with almost daily showers or thunderstorms), these
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periods of fair seeing apparently correspond:to the larger
thermal inertia of the atmosphere due to the higher water
content. Observations have proven that the Vacuum Tower
Telescope achieves its theoretical resolution (0.2 sec of
arc) during the finest geeing periods; this remains possible
in solar astronomy because of the short exposure times
required (=0.1 sec).
Seeing induced errors affecting the interpretation of

filtergrams are the following:

a) a chain of small dot features takes the appearance of
a continuous fuzzy filament;

b) decrease in contrast of small bright features; Ellerman
bombs, for example, may be completely washed out;

¢) smearing of thread-like structures into a solid sheet
structure;

d) impossibility of jdentifying the base of dark features
near the umbra of spots or pores;

e) impossibility of sketching the fine structure at the
base of surges near the Ellerman bomb;

f) doubling of features in parts of the frame;

g) spurious positionm, size and morphological time changes
of small features like pores.

3.1.3 INTERPRETATION OF DOPPLER EFFECTS ON FILTERGRAMS
The tunable Huvbirefringent filter allows one to step

the passband across the whole profile of Hx in order to

monitor the line-of-sight velocity of Doppler-shifted

features in the solar atmosphere. This is based on the



L7
reasonable assumption that the large shifts 0% ) en-
countered in the solar atmosphere are caused by bulk motion
of matter. This is also implied by the fact that a
typical sequence of 8 filtergrams taken across H« within
20 sec reveals a surge profile which is highly asymmetrical
with respect to Ha 6562.8 ® in the presence of large shifts.
No other mechanism is known to achieve such large asymmetry
in the absorption profile of Fraunhofer lines in the solar
spectrum. The presence of such moving features is confirmed
by the observation of features with velocities perpendicular
to the line of sight comsistent with the observed Doppler
shifts.

The observed Doppler width is related to the temperature

T and microturbulent velocity v by the following equation

é_g,,:_l_\fzg_yfvi‘ 3.1
N © m

In active prominences like surges, low resolution spectra

show the hydrogen lines as Very broad, with Gaussian pro-
files often corresponding to values of A)u/)\ between
=l -
1x 10 and 2 x 10 4. The higher value would give a
5

broadening temperature in excess of 2 x 10° X which is
unreasonable, A value of vy = 60 km/s would account for
this amount of broadening. High resolution spectra and
filtergrams reveal the presence of a '"multi-stream' type
of flow in surges (Figure 5.17 as an example).

In the first approximation, from the Doppler shift of

area of maximum darkness in off~band Ha filtergrams, one

can deduce the mean velocity of the material absorbing
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radiation from below at the corresponding wavelength shift.
The observed intensity coming from point (x,y) in the

filtergram can be written

I Oux,y) = I, Oux,y) exp (- (0\,x,3))

To (A= Y)
+ XS (A ,x,¥,T) exp [-70\,x,y)) dr 3.2,

where 7(0) = (A oxp LO-D?/AN3) 3.3,
with Alpgiven by eq. 3.1. Io(N\,x,y) denotes the intensity
entering the surge from below, 7°(X,x,y) is the optical
depth, 7; (A,x,y) the optical thickness of the surge along
the line of sight, S(\,x,y,7) is the source function at
an optical depth amd ho= 6562.8 (1 + ¥) where v is the
tmacroturbulent' velocity of the surge ;aterial. The
observed filtergram results from the convolution of the
observed profile I, with the filter passband transmission
function. The point to emphasize is that the first term
on the RHS of eq. 3.2 is strongly dependent on wavelength
due to the fact that all surge motion takes place above the
chromosphere responsible for the Ho« rest profile. This
implies that if maximum darkness of a feature is seen at
Hx-5/8 3, its bulk velocity may differ slightly from its
inferred value through the Doppler shift from the filter
passband center. This applies mainly in the area of the
steepest part of the profile, i.e. for filtergrams taken
between + and 3/4 R from the center of Ha.

A critical difficulty in interpreting off-band filter-

grams lies in distinguishing between real motion of material
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and visibility changes. Visibility is defined as
V= (Igax - Inin)/ (Ipax + Imin) L

Because it is slowing down or accelerating, & knot or a

thread of material is shifted to another wavelength where

jits visibility increases. The reality of moving material
is ascertained:

a) by choosing moving features in the earliest stages of
ejection when most of the material is moving in unison
and is uncontaminated by differentially moving gas
arising from successive bursts;

b) by outlining the velocity curve as a function of height
or distance from the origin for all wavelengths of the
same wing of Hoj all points if measured simultaneously
in time should fall roughly along a same curve if re-
presenting real motion; motion wrongly derived from
changes in visibility reveals strong discrepancies
between the given wavelength shifts.

It is known that the tip of a surge tends to fade at

its peak due in part to visibility changes, but also to

possible heating by the corona. Although one must be care-

ful in measuring velocities of ¥nots at the peak of a

surge trajectory, the problem is not as critical for theore-

tical interpretations as velocity measurements done very

near the base of the surge.

3.2 INTERPRETATION OF FIELD MEASUREMENTS IN MAGNETIC REGIONS
Rust (1972) has investigated in some detail the proce-

dure and problems involved in mapping evolving active centers
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with the Doppler-Zeeman Analyzer (DzA). Most of his
discussion is relevant to this work; I will summarize
his main points furthere.

The DZA was designed to give rapid and precise mapping
of the magnetic fields in active regions. 1In the DZA, two
spectra are formed simultaneously one above the other. The
top one is analyzed for the right-handed circularly polarized
component and the lower for the left-handed component, The
DZA simply measures the displacement of the spectral line
relative to its average position by balancing the light
passing through a slit on each side of the line. An un-
balance causes an error signal that is amplified in a servo
loop to drive a torque motor that, in turnm, rotates 2 cube
of glass until the signal is nulled. The amount of rotation
of the cube, and thus the displacement of the line, is
measured. If one assumes that the profile 1is symmetrical
and regular, the DZA gives independent measurements of the
central wavelength of the right-circularly polarized and
left-circularly polarized profiles, corresponding to the
tR' channel signal and the 'L' channel signal respectively
in the DZAj otherwise, only the position of midway between
equal intensity points is given. The Zeeman signal
(proportional to A)) is the difference in the L and R
channel signals.

Because the instrument measures the right-circularly
polarized and left-circularly polarized components of the

1ine independently, it does not gaturate in strong fields,
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where the Zeeman splitting is comparable with or larger than
the line width as it happens in the Babcock magnetograph.
In the Babcock magnetograph, two fixed slits transmit the
light from the steepest position of the line profile to
photomultipliers. An electro-optical modulator alternately
transmits only left-handed and right-handed circularly
polarized light. If the light comes from a region of
appreciable longitudinal field, the L and R component are
separated; the signal is the alternating difference as
the modulator alternates L and R light and gives an output
signal proportional to the difference.

The apparent rest position of the spectral line changes
slowly during DZA observations; this is due to thermal and
gravitational shifts in the spectrograph. A fitting
technioue removes most of the zero drift. 1In setting up
to observe, one has to be careful to center an active
region completely and to provide broad bands of Quiet sun
around the edges. Thus, in finding the zero point of the
magnetic scale, one assumes that the regions of smooth
magnetic signal are regions of zero field, and that there
are no broad plateaus of elevated fields. The many recent
papers on the fine structure of the solar field indicate
that this procedure is valid (see Stenflo, 1971). Usually,
the empirically determined zero level does not vary by
more than 5 G from map to map, even when the active region
is shifted around in the scan area. The DZA is calibrated

by measuring the line shifts produced by solar rotation.
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The recording of magnetic changes associated with
activity has proved to be an extremely elusive task due to
poor spatial resolution, noise, and seeing effects which
mimic field variations very easily; see recent comments by
Michard (1971) and Rust (1972). Moreover, Sweet (1971)
remarked that it is possible for the emerging and reentering
flux to change connectivity without changing the observed
longitudinal field; measurement of the transverse component
is needed to record the complete change. Quantities like
total flux |F | + [F_| or net flux |F,| - |F_| of a whole
active region have been used to detect changes which might
be associated with flare occurence. Most observations
have led to negative results and the few positive ones can
be explained by calibration variations. For example,
veriation in the zero point by slightly more than % @
could account for a total flux change of 1021 Mx in a
typical size map of an active region. Comparison of
magnetograms from day to day must also take into account
the apparent change of flux which is explained by the
change in aspect angle, since a region moves on the
average 13° per day.

In my investigation, I searched for changes of small
magnetic features (<20") on the magnetic maps takenm with
a scanning aperture of 5"x5" or 6"x6", Those have been
known to be associated with some flares (Ribes, 1969;
Michard, 1971 and Rust, 1972). The study of small magnetic

structures is not critically dependent on calibration error
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contrary to flux measurements involving a whole active
region. However, the evolution of these small magnetic
structures must be studied over the period of a few hours
and seeing effects may mimic flux variations because the
source of an intense magnetic field responsible for those
small features may be of the same size as the seeing disk.
Mapping of active regions with the DZA is done with a
scanning aperture normally larger than the seeing disk; the
procedure uses for example an aperture of 3"x6" and the
reduction program draws a map where the measured net flux
over two successive measurements is averaged (i.e. 6"x6"),
Therefore, the magnetograph does not resolve magnetic
features less than six arcsec; it does not give the exact
value of the field at one point but rather the net average
field over the area of 4350 square km seen by the scanning
aperture. Therefore, small magnetic features may actually
be much stronger and with sizes smaller than 6", Also,
'‘valleys', which are regions of minimum magnetic field
strength but of the same polarity as the parent spot,
may be unresolved polarity reversals. Bad seeing conditioms
smear the magnetic maps by smoothing steep gradient and
hills of strong fields (just as the optical image loses its
contrast) and mimic weakening of these gradients (if seeing
deteriorates) or strengthening of those features (if seeing
improves) as illustrated in Figure 3.2. Therefore, in
analysing successive magnetograms, one must monitor three

or four apparently steady magnetic features similar in size
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Pigure 3.2, Magnetic maps in the line of Fel 6302.5 of
region MW 18501 taken by R. Sinha with the DZA onm 25 July
1971. Seeing conditions were poorer at 1551 UT (bottom
map) than earlier at 1358 UT; this led to a smoothing out
of sharp features and gradients. Negative fields in
particular do not appear as intense and are more spread
out at 1551 UT. For example, the average positive and
negative fields were +36 G and -43 G respectively at

1358 UT and +32 G and -37 G at 1551 UT. This magnetic
smearing corresponds to contrast reduction and blurring
observed in filtergrams at pericis of bad seeing.
Contours levels are 10 ¢, *¥20 @, f40 ¢, ... Solid
contours enclose positive field; dashed contours

enclose negative field. This applies to all magnetic

maps shown in this dissertation.



55

N men Gy =T

P TR

’ ~\\\s e

h
L e dd

Cd L
ot Lot

‘g™

D)
W
‘.,
", n
P \\llv
it e
1S4
o NN s —u
el RN SIS, N,
vy LY T AN R NV
[CRNPPLEIE CLL LR Sl B "
pVisT e s [ M) A
‘NL.el ’ Veals

O aperture

S

1551 UT




56
and field intensity in order to demonstrate the variability
of eritical features. Comparison with optical images taken
at the same time near the magnetograph site may help in
evaluating the general quality of the seeing. It is also
important to have a large number of maps over a period of
a few hours; changes based on the comparison of two or three
maps are unreliable., It takes on the average 5-10 min to
mgp an active region; therefore, different portions of the
scan are affected differently by the seeing condition or
by light cirrus clouds.

Figure 3.3 illustrates the response curve of the DZA to
magnetic field for different inclination angleszf of the
field with respect to the line of sight. The response of
the magnetograph remains linear up to field strengths of
at least 1000 G (depending on the inclination of the field
vector). At larger field intensities, the DZA gives a
stronger response than expected from the cosx law for a
longitudinal magnetograph; this is due to the fact that
the components of the spectral line are separated by such
a large distance from the unshifted 7r-component, that the
DZA is no longer influenced by the unshifted component.
Thus, for large fields the DZA gives a signal which reaches
1.5 times the predicted value for 2000 G and Y= 75° (Pigure
3.3); a field of 4000 G would be recorded at almost that
level for any inclination of the field since for strong
fields, the DZA measures the total field, regardless of

its orientation. This explains why the DZA shows the
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Figure 3.3. Response curve of the Doppler Zeeman Analyzer
to magnetic fields for different inclination angles. The
straight lines extending into dotted liﬁes are the expect-

ed responses for a longitudinal magnetograph.



58

strong fields of sunspots in outstanding ‘'relief! even
at large heliographic angles.

In Babcock-type magnetographs, the discrepancy between
measured magnetic flux in different lines is explained by
the temperature sensitivity to magnetic field strength of
those lines (Harvey and Livingston, 1969); temperature
effects appear most critical in weak fields. 3Because
it measures the spacing between the unperturbed and
the circularly polarized perturbed profile (not the
intensity difference as the Babcock magnetograph), the
DZA is less sensitive to such effects; nonetheless it
gives values of magnetic flux about 10-20% lower with
the line of Pel 5250.2 than Fel 6302.5 X. Pigure 3.4 a
and b shows two magnetograms taken successively with the
DZA in these two different lines; Table VI lists the
fluxes measured in the two lines.

Studies by Rust and Sinha (1971, unpublished) indicate
much higher fields when deduced from photographically
recorded Zeeman splitting of magnetically sensitive lines
than from DZA measurements; the discrepancy may reach a
factor of two. Because of the higher resolution and lower
light scatter of the photographic method, this is due to
the compactness of spot fields. Thus the DZA tends to
smooth out sharp field peaks, but the flux measurements
maintain an accuracy within 25% of the true value (Rust,

1972).
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Magnetic flux in region MW 18594 (10/23/1971)

Fel 5250.2 Fel 6302.5

Time 2024 UT 2058 UT
Maximum field 1326 G 1590 G
Minimum field -1463 G ~1639 G
Average (+) field 55.5 G 69.6 G
Average (-) field -72.5 G -82.1 G
Average absolute field 64,0 G 76.0 G

B 1,188 E 22 Mx 1.46 B 22 Mx

+
r

|F+| - IF-I

-1.552 E 22 Mx
-3.637 E 21 Mx

-1.789 E 22 Mx
-3.235 E 21 Mx




CHAPTER IV
OBSERVATIONS

Table VII lists the main surge events I investigated.
These surges occured in eight active centers over 16 days
out of 28 different active regions I observed on 42 days
between June and October 1971 (see Appendix II1). The
table also lists active centers MW 18235 (6-7 December
1970) and MW 18479 (27 June 1971) for which Dr. R. B, Dumnn
kindly provided me with his observations, The first column
gives the Mount Wilson identification number of the active
centers and their coordinates on the sun. The second
column gives the Mount Wilson magnetic class of the
active center for the same day it was observed;

Appendix I presents the details of this classification
and the percentage of occurence of the different classes.
It is interesting to note that the (¥ class which has a
frequency of 3% among all groups, enters 6 times out of
16, i.e. 38%, for the surge producing regions listed in
this table. The @y class is characterized by a general
bipolar configuration but the dividing line between
polarities is mnot well marked. Furthermore, region

MW 18468 which was @p on 29 June when it produced its

jmportance 2 surge subflare associated surge, had moved

63
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to @y class on 30 Junme. Column three gives the date and
time during which I used the Hg Lyot filter, The fourth
column refers to the number of surge main events observed.
I emphasize that surges are constituted of clusters of
fine threads more or less independant; several ejective
threads, not necessarily simultaneous, generally form a
single surge event., The importance of the surges as
defined in section 1.3 (Table II) is listed in the
following column.

Column six summarizes the observed peculiarities in
the magnetic field distribution or sunspot pattern
which may be related to the observed activity. EMS,
APS and LIGHT BRIDGE are used as key words in Table VII
in order to characterize the magnetic environment and
nistory of the surge events. The statement EMS stands
for 'evolving magnetic structure' characterizing a region
of the order of 104 km across (less than 20") where
magnetic field distribution and intensity is observed
to change significantly over a period of less than 24
hours; chapter V deals with the problem of identifying
EMS. APFS (Arch Filament System) describes a system of
very low arch shaped prominences associated with rising
flux tubes which 1ift the chromospheric material upward
where it flows back downward along the flux tubes (Bruzek,
1969); AFS are associated with the very first few days of
young active regioms. £ and p refer respectively to the

following and preceding portioms of the active center.
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Light bridges are structures of bright (same as quiet
photosphere) material crossing the umbra of some spots.

Column seven includes some remarks about the surge
activity. Finally, column eight specifies the nature
of the brightening associated with the base of the
surge: B (Ellerman bomb), F (Flare of importance 1 or
greater) and SF (Subflare); the distinction between
Ellermsn bomb and flare brightening will be discussed

in section 5,1.3.
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Table VII
Recorded bomb and surge activity

Mt Wilson Magnetic Time of No. of Importance
region class observations events of surge
18235 12/6/1970 1 2
£66 M1k ey AT
18235 12/7/1970 1 1
E55 Nl Y 1604-1620 UT
18479 6/27/1971 1 1
E80 510 cp 1406-1541 UT
18479 6/29/1971 1 1
E55 S12 BY 1518-1549 UT

1640-1739 UT
18468 6/29/1971 1 2
W13 N15 AP 1550-1638 UT
18468 6/30/1971 2 S
W27 N15 1 15531627 UT
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Table VII

Recorded bomb and surge activity

Magnetic environment

.

Associated
brightening

Surge activity

An area of (+) flux,
1600 G, present in the
leading (~) portion dis-
appears during the 6-7
Dec. interval. More (-)
flux emerges at the west
end of light bridge.
EMS, LIGHT BRIDGE

No spot visible at -2 X;
location develops spots
in the following days.
EMS

Ellerman bomb near a (=)
spot. A pore (+1200 G)
located in the (-) f
portion has disappeared
on 30 June when region
has developed stronger
(-) £. EMS

Surge from bombs located
near (-) pores in the

f (~) portion. The day
after, regions reveals
new (+) flux in the area
surrounded by subflare.
Surge comes from bright
kernel near (-) pores.
EMS

7 small surges seen in
the developing (+)
portion of center. AFS

Subflare and surge SF
activity in a

broad bridging
penumbral region

in the p spot on

7 Dec,

Surge from intense B
brightenings

visible as 10 bombs
at -2 A.

Surge stretches B
from the bomb,

Surge with spect-
acular thread
structure. Bright-
est Hx kernel lays
over 5 (+) pores.

p (+,-) portion has
a dozen of small
surges with APS.

SF, B

Surges discrimina- B
ed from AFS by

higher visibility

in the blue wing

of H« at the feet

of APS near disk
center.
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18511
E62 S15

18511
w18 S13

18522
E77 S10

18522
E63 S10

18538
E58 513

18538
E42 513

o7

«p

P

oxp

ey

Gy

7/25/1971
1502—1622 oT
16#5-1715 UT

7/31/1971
1258-1542 UT

8/3 /1971
1355-1528 UT

8/4/1971
1311-1416 UT

8/19/1971
1514-172L ©T

8/20/1971
14#9{1706 UT

6

3%, 3, 1



Surges from consecutive Surges are dark or B
bursts of bombs located partly bright fila-
along the edge of light ments extending from

bridge adjacent to bombs. Full arch
strongest polarity structure visible
umbra (+) spot. around 1505 UT.

LIGHT BRIDGE

Small surges from Small arch-shaped B
bombs (no visible pore surges from bombs

related) west of double in (+) portiom
spot, in the prolonged connected with (=)
direction of light evolving magnetic
bridge. Small (=) flux polarity. Bombs
emerged through the (+) within 10" of ems,
portion west of pores

and disappeared on

1 Aug. EMS, LIGHT

BRIDGE?

Nothing peculiar Many spectacular B

visible in spot pattern sprays and surges

or magnetic configuratiom out of region ahead
single visible spot.

Region develops f(-) Intense bomb B, SF

portion, A few pores activity with

have made their ejections. Most

appearance., EMS spectacular event
probably an eruptive
prominence,

Relatively quiet large See Big Bear SO B

group with surge from show movie., Bright-

disturbed penumbra in enings along edges

p spot and a the end of light bridge in

of light bridge in the P spot.
f spot. No satellite

spot visible, LIGHT

BRIDGE.

Bomb and surge activity B
along and at the end of
light bridge of p spot.
Surge coming from pen-
umbral filaments instead
of being radially directed
are parallel to the
border; the change may
reveal a major modifi-
cation of the transverse
component of the magnetic
field. LIGHT BRIDGE, EMS?
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18538
w90 513

18594
E26 N10

18594
El7 N10

18594
EO05 N10

18594
w05 N10

18594
w80 N10

@p

gt

ér

8/30/1971
1é36{1736 uT

10/19/1971
194622049 TT

10/20/1971
1418-1538 UT
1916-2030 UT

10/21/1971
1345-1455 UT

10/23/1971
1347-1kko UT
1900-2055 UT

10/27/1971
1403-1527 UT



Surges on west limb
common state of
chromospheric acti-
vity above relative-
ly quiet group.

Subflare with small

surges in region of

rising opposite polarity
in f portion of group. EMS

Small surges and bright-
enings in region of
'‘missing' penumbra ahead
of p spot.

Small surge coming from
region of satellite
polarity trailing f
portion. Coverage in-
sufficient for change
study.

Surge and bomb activity 3 homologous

in weakening satellite surges during the
(-) polarity, south of second period of
£ (+§ spot. Appearance observing; surges

gnd disappearance of originate at cluster
pores observed along of bombs

flux c&gnge rate

3 x 102 Mx/s. EMS

Bombs and small ejections
along light bridge in the
p spot. LIGHT BRIDGE



CHAPTER V
RESULTS I. THE SURGE ENVIRONMENT

5,1 THE RELATIONSHIP BETWEEN Ho BRIGHTENINGS AND EJECTIONS
5,1.1 INTRODUCTION

The spike of dark or bright material of a surge always
tends to grow out rapidly from a small compact knot with a
diameter of a few arcsec or less. The knot may reach flare
intensity within 5-10 min, These bright knots or Ellerman
bombs (Ellerman, 1917), whose spectral properties are of the
same kind as 'moustaches' investigated by Severny and Koval
(1961) and by Koval (1964, 1965a, b, 1967), form the base
and possibly the source of the surge (Bruzek, 1969). This
is confirmed by the fact that almost every surge I studied,
extends from Ellerman bomb brightenings which appear at the
initial phase of the surge (Figure 5.1). DMcMath et al. (1960)
were the first to confirm the identity between Ellerman
bombs and moustaches.

Table VIII shows the relation of the surges I studied
with the Hx brightenings located at their bases. The table
summarizes the surge activity recorded in 8 active centers
occuring on 16 different days. The table 1is biased for the
larger importance surges; the contribution of normal active
regions to small size ejections is based mostly on a detailed

72
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Figure 5.1. (i) At top, regions MW 18479 (BE43 S1l1) in
the background and Mw 18476 (E40 S14) in the foreground
at 1525 UT on 29 June 1971. (ii) At bottom, regionm

Mw 18594 (W20 NO8) at 1931 UT on 23 October 1971.

The arrows point to Ellermar bombs with associated
ejections of different sizes. Both filtergrams are

at He-7/8 X.
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study of only two active centers (MW 18468 and 18522) so
that the real contribution of bomb associated surges is
much higher than shown., Therefore, most surge activity is
related to Ellerman bombs. The largest surges (importance
3 and 3% may be related to flares only; however these
events might be classified as sprays as are the two Imp 3
objects of Table VIII, In 6 of 7 cases of surges related
to subflares, the ejecta originated from a bright Ha kernel
of the flare; however, most bright kermels of flares were
not ejection producers.

| Table VIII

Surge relationship to Ha brightenings (number)

Surge From From From
importance flare subflare Ellerman bombs
S 1 1 155

1 1 L 12

2 0 2 L

3 1" 0 0

3* 1* 0 0

* August 3, 1971 events; most likely sprays

Curves showing how surges develop just after bombs or
subflares appear in Figure 5.2: the dark ejection appears
near the maximum brightness phase of the bomb and stretches
to maximum extent while the bomb fades away. ‘The close
relationship between bombs and surges suggests that there

exists a physical link between the two phenomena; I have



FPigure 5.2. Relationship between bomb and surge development.
The vertical scale refers to relative intensity for bombs
and relative extent for surges., 1In the case of 29 June
1971, the flaring is a subflare while in the other events
they are bombs with shorter lifetimes., Actually, most

peaks of bomb activity in MW 18511 and 18594 are composed

of a few brief bomb flashes; surge threads develop from
these flashes (Figure 5.1). Bomb lifetimes were measured

at Ho-2 R. Maximum extents are 30 000 km for the 25 July
1971 surge veil, and about 100,000 km for the 23 October and
29 June 1971 surges; bomb intensity at Ho=2 X ranges

roughly from 80% of the close-by continuum at minimum

to 105% at maximunm.
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therefore investigated in some details the properties of
bombs in two active regions: MW 18468 (29_June 1971) near
disk center and Mw 18522 (4 Aug. 1971) near east limb,
respectively @p (bipolar, main spot preceding) and &p
(unipolar, faculae following) in the Mt Wilsom magnetic
classification of sunspot groups (see Appendix I).
5.,1.2 OBSERVATIONAL

Engvold and Maltby (1968) found the intensity mexima
(about 5-10% above the local continuum) in profiles of
bombs to occur in the range 0.5-2.0 R off Hx with strong
central absorption. Bombs are hardly visible in the core
of Ha because of interposing chromospheric material.
Bombs being best visible off-Hut0 X, I used high resolution
observations (~1/3") obtained with a Lyot birefringent Ho
f£ilter having a tunable bandpass of 3 X. Table IX lists
relevant data about the regions studied and the Lyot filter
sequence used. Bomb activity in MW 18468 was associated
with a small developing region with an arch filament system
and emerging opposite flux in the leading portion of the
group. In region MW 18522 near east 1limb (Pigure 5.3),
the eastern portion of the active center was in its
emerging phase., Table X lists the regions with their
bomb distribution. The difference between the total
number of bombs and those measured (columns two and three)
is due to bombs present at the beginning of the film and
others st%ill active when the film finished. Homologous

bombs (fourth column) refer to two or more (up to five)
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Figure 5.3. Piltergrams at Hx+7/8 % (top) and Hu-2 2
(bottom) of region MW 18522 {E65 S10) on 4 August 1971,
1345 UT, About 20 Ellerman bombs are visible in the
upper filtergram; some of the brightest bombs also
appear at Hx-2 K. Notice the numerous pores in the
following portion of the active center. The solar limb

can be seen in the upper left corner.
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events originating within less 2" of the same positiom.
5.1.,3 ANALYSIS AND RESULTS

Engvold and Maltby (1968) pointed out the problems of
identifying bombs. How does one distinguish between
Ellerman bombs and bright points in the photospheric net-
work or subflares when observing at Hx? DBombs are only
rarely visible at Het0 R while subflares are brightest
there. One also differentiates the bomb from the subflare
by its compactness; filtergrams of subflares reveal their
wiggly structures like lightning strokes. Photospheric
bright points appear dimmer than bomb brightenings and
do not undergo impulsive brightening.

I found relatively little difficulty in identifying
bombs at more than % 2 from Ha*0o 2. The analysis was
facilitated by running the 16 mm film at high speed through
a varisble speed projector. I searched for points with
brightness fluctuations of the order of a few minutes. I
took as the bomb duration the measured time between the
first impulsive brightening and complete dimming to sur-
rounding brightness. Finishing times are not as well
defined as are starting times; as mentioned by Vorpahl and
Pope (1972), some bombs tend +to pulsate; others do not just
disappear, but tend to a minimuﬁ and flare again later. For
those cases, the time of minima was defined as finishing
time. Only six of the 75 bombs in MW 18522 and one of the
103 in MW 18468 could be seen at Hx*0 . In genmeral,

absorbing material obscured completely the bomb locatiomns;
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at best they coincide with extended diffuse plage rmission.

Results about the lifetimes and the locations of bombs
are presented in the form of block diagrams in Figures 5.4,
5.5 and 5.6 and in Tables XI and XII. Time delays in Figure
5.6 are evaluated with respect to starting and ending times
at Ha-2 R. The reasons for choosing -2 % as reference are
its reliable timing and its large sample size, The 'error’
bars in the curves (Figure 5.5) of mean durations as a
function of wavelength shift are evaluated from the timing
discrepancy of bomb starting and finishing times (third and
fourth columms of Table XI); they represent the mean deviation
of three or four repeated measurements for each of a dozen
of representative bombs., Table XII lists the mean durations
of Ellerman bombs as function of their locations; the shorter
mean duration by about 20% in pore associated bombs is sys-
tematic and probably significant statistically and physically.
The close association between bombs and the outer edges of
penumbrae (within 7"), pores (within 2-3") and the photo-
spheric network (within 5") implies the association of bombs
with the boundaries of magnetic field concentratioms.

Cinematographic analysis also reveals a close relation-
ship between bombs and the ejection of dark or bright material,
Ejections in the form of moving threads 3-30" long connecting
to bombs were investigated at each wavelength near Haj; these
ejections always appear within minutes of the bomb bright-
ness maximum. I classified ejection as associated with a

bomb if I could detect at one or more of the six wavelength
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Figure 5.4. Histograms showing the distribution of
Ellerman bomb durations per interval of two minutes for
regions MW 18468 near disk center (see Figure 5.17)

and MW 18522 near east limb (see Figure 5.3). The
dashed arrow indicates the median and the full arrow
the mean. There are no data for -7/8 R (w 18522)

and +7/8 & (MW 18468) because of a technical difficulty
in printing the original film on 16 mm, No Ellerman
bomb could be identified at Hut0 & in Mv 18468.
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Figure 5.6. Histograms of time delays between bombs
at Hx-2 R (reference wavelength) and at other wave-
length shifts near Hx for starting and finishing
times. Bombs tend to start at about the same time
at all wavelengths near H« and to finish later

(then -2 ) at these wavelengths., Events with
negative (positive) delays start or finish earlier

(later) than their corresponding events at Ho-2 3.
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Mean durations (min) of Ellerman bombs at various locations a

edge of edge of in bright isolated
penumbra pore photospheric
network
MOUNT WILSON 18522
4 of total U40% 149 Lo% 6%
-2 % 12 (26) 8 (6) 10 (22) 11 (&)
-13/8 3 11 (20) 9 (7) 11 (22) 14 (&)
-5/8 & 18 (16) 13 (4) 18 (11) 10 (3)
*o 2 32 (1) 9 (1) 36 (k) - (0)
+5/8 16 (19) 7 (5) 2l (11) 22 (1)
+7/8 8 14 (23) 13 (5) 15 (20) 17 (&)
+13/8 & 12 (25) 10 (10) 13 (28) 14 (4)
MOUNT WILSON 18468

% of total 20% 25% 55% k

-2 3 10 (13) 10 (16) 16 (34)

-13/8 8 15 (12) 13 (15) 16 (33)

-7/8 & 12 (11)  1b (12) 17 (31)

-5/8 % 15 (6) 16 (12) 18 (28)

+5/8 & 16 (8) 14 (7) 16 (28)
+13/8 & 14 (11) 11 (12) 15 (35)

8 The number in brackets indicates the sample size.

b

disk center.

The photospheric network camnot be distinguished at
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shifts an associated ejective feature following within a few
minutes the appearance of a bomb. In MW 18522, 65 (86%)
Fllerman bombs were seen to be followed by a small ejection
and 58 (56%) in MW 18468, The largest number of ejecta were
seen at -5/8 & in MW 18522, Very few appeared at -2 2. 1In
MW 18468 ejections are visible as frequently at -2 % as at
any other wavelength shift, reflecting the high velocity of
those features (at least 100 km/s).

5.1.,4 DISCUSSION

Mean durations of bombs at disk center are larger by
about 20-30% than near the limb; the lifetimes as a function
of wavelength near Hx vary less at disk center than near the
1imb (Pigure 5.5 and column five of Table XI). However,
1lifetimes are about the same at 3/U ? from the core of Ha
for both regions. This reflects the fact that the Ellerman
bomb is a low chromosphere phenomenon. While bombs general-
1y have a triangular or elongated shape at large heliocentric
angles, they are almost exclusively point-like objects mnear
disk center; this indicates an elongation of the bombs normal
to the surface. The bomb lifetime distributions and means
are in agreement with the lifetime range (1.5-20 min) quoted
by Severny (1964).

In view of the relationship of bomb with ejection of
dark material, the observed delays (Figure 5.6) as a function
of wavelength shift imply an asymmetry of the bomb Ho profile
which may evolve throughout the bomb duration. The possi-

bility that motion of absorbing material between the observer
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and the bomb might explain in part the asymmetric line
profiles of moustaches has been suggested by Koval (1964,
1965), Engvold and Maltby (1968) and Bruzek (1972). But
the problem of asymmetry remains complex (Severny 1964,
1968; Koval and Severny, 1970).

This study is limited in the following respects:

(1) This analysis deals with transient Hx brightenings with
light fluctuations shorter than the observing period,
i.e. less than one hour; McMath et al., (1960) mention
events lasting for hours. Because of the crude visual
method, an ambiguity remains in distinguishing between
emission grains in the photospheric network and Ellerman
bombs seen in off-band filtergrams (see Bruzek, 1972).
Still, events longer than 30 min are exceptional (Figure
5.4).
(2) Very short bursts less than a few tensf;econds in
duration appear numerous at the limit of resolution.
I had an event lasting 20-40 s in MW 18522 and one lasting
50-75 s in MW 18522. Better time resolution is needed to
explore those events,

Bombs accompanied by ejections were generally resolved
and could be measured in a very rough manner; in some
cases, it was hard to differentiate between a large bomb and
a cluster of two or three smaller bombs. I measured the
bomb dimensions near its brightness maximum on enlarged
prints (1.7 mm/arcsec) of region MW 18522 at Ho+7/8 R; I

took into account the various shapes of bombs by establish-
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ing the size of a bomb brightening as the product of its
largest axis by its smallest. The size of the brightening
as I defined it cannot be considered to be the physical
size of the bomb without assumptions. However, it provides
a direct way for grading bomb 'sizes! in order to relate
the importance of a bomb with other properties like the
length of the associated ejection.

The frequent association of bombs with dark or bright
ejecta remains a most interesting feature of bombs., The
high rate of occurence (86%) in MW 18522 of accompanying
ejections suggests that the two phenomena are closely
linked., The smaller percentage (56%) in MW 18468 near
disk center is probably due to the large Doppler shift of
ejecta and to the less favorable geometry for detectionm.
The thread-like shape of these ejecta is suggestive of
magnetic control, making them appear as small scale versions
of the larger surges investigated by Roy (1973).

To investigate a possible relationship between the size
of the ejection and the properties of its associgted bomb,
I calculated the correlation coefficient (Pearson's coef,)
for 34 sets of observations in MW 18522. Correlation
coefficients were found to be (i) r = 0.26 between ejection
size and bomb size; (ii) r = -0.14 between ejection size
and bomb lifetime; (iii) r = 0.35 between ejection size and
bomb size times bomb lifetime. The only significant corre-
lation is the one between the ejection apparent length and

the size times lifetime of the associated Ellerman bomb,
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For the 34 pairs of observations, the probability is less
5¢ that the value r)» 0.34 will occur by chance, The
gsignificant positive correlation between the apparent length
of the ejection and bomb size times bomb duration is consistent
with a model where the surge material is squeezed out from
the bomb itself.
5.2 THE MAGNETIC ENVIRONMENT OF SOLAR SURGES

In the following paragraphs, I discuss various photosphe-
ric sunspot patterns and magnetic configurations associated
with surges. Most configurations fulfill, although on a
smaller scale, the criterion of 'structures magnétiques
évolutives' or evolving magnetic structures (EMS) intro-
duced by Martres et al. (1968).
5.2.1 SURGES AND SATELLITE POLARITIES

The best known type of surge-generating regiomn is the
satellite spot imbedded near the penumbra of a larger
opposite polarity spot (Gopasyuk et al., 1963; Rust, 1968).
However, because most magnetograms have relatively poor
resolution (~10"), satellite spots often remain invisible,
The only clue for some disturbing agent is the vanishing
penumbral structure or the complexity of the penumbral
filament alignment. For example, Figure 5.7 gives the
number of bomb locations and Ellerman bombs per sector of
20° within four arcsec on either side of the penumbra-
photosphere border around the main spot of MW 18522 (4 Aug.
1971: 1311-1416 UT); the largest number of bombs and bomb

locations (shaded) is found in the sector coinciding with
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Figure 5.7. Distribution of bombs and of their
locations along the penumbra-photosphere boundary

of the main spot of MW 18522 (Figure 5.3); the number
of bombs and of bombs locations (shaded) per sector
of 20O is graphed. Maximum corresponds to an area

of disturbed and missing penumbra.
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a portion of missing and disturbed penumbral filaments. The
larger number of bombs with respect to bomb locations is
due to the proliferation of homologous events. In Figure
5.9 of region MW 18538 (20 Aug. 1971), the penumbral fi-
laments of the leading spot are parallel to the spot border
instead of being oriented radially as usual; it may indicate
gsome perturbing magnetic structure or velocity field perhaps
related to the surge activity. Moreover, it may be a good
case where the major change in field configuration affected
the transverse component. Figure 5.8 shows the same region
the day before; the surge bases then apparently do not
coincide with any visible satellite spot. Comparison of
Figures 5.8 and 5.9 reveals that the penumbral structure
of the leading spot (northern side) evolved drastically.

Conversely, not every satellite spot shows activity.
Some of them (in Figure 5.11, region E for example) are
relatively inactive, indicating that a peaceful equilibrium
has been established with the master polarity. Therefore,
the existence of a satellite is not a sufficient condition
for bomb and surge activity. As we will see, change in the
surface flux appears to be required in the form of evolving
magnetic structures. Naturally, young developing regions
provide ideal conditions, explaining their well known
association with surge production. Figure 5.10 shows a
case among many of an arch filament system (APS) in
MW 18468 where I detected sporadic little surges along the

same trajectories as the AFS; om 30 June, I detected seven
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Figure 5.9. Region MW 18538 (E42 S13) on 20 August
1971, 1634 UT, The views are at Hx-1 3/8 2 (1eft)
and -5/8 2 (right). The arrow points to penumbral
filaments with an orientation making a sharp angle
to the undisturbed radial direction at the base of
ejections in the leading spot. The filtergram at
-5/8 ® includes only the right end of the filter-
gram at -1 3/8 K. The same region on the preceding

day is shown in Figure 5.8.

Figure 5.10. Region MW 18468 (W27 N15) on 30 June
1971, 1559 UT. This view of the arch filament system
(AFS) at Hx+5/8 £ shows some ejections (arrows) taking
place along the dominant falling flow of the arch
filaments. These little surges are easily detected
because of their foot maximum visibility on the blue

side of HX contrary to the AFS feet,
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small bombs which were followed by ejecta over a period of
only 34 min and on 29 June, 14 over 48 min.

Region MW 18594

Although some small surges are associated with AFS, I
find a larger number of more spectacular ones near evolving
satellite polarity coinciding with compact spots or pores;
the epithet 'evolving' applies to an area showing magnetic
flux change by a factor of 10 or more over & period of less
than 24 hours.

The magnetic fjord of opposite negative (-) polarity
intruding in the following parent positive (+) polarity
of MW 18594 (PFigure 5.11) was the site of many homologous
surges on 23 Oct. 1971, Figure 5.12 displays phases of the
activity observed in Ha between 1412 UT and 2100 UT. The
off-band filtergrams taken at Ho-2 R reveal the photospheric
pattern. Some magnetograms for the same period are included
in Figure 5.13; these maps are enlarged sections of the more
complete maps such as the one of Pigure 5.11 and show the
satellite polarity and its immediate surroundings.

The satellite (-) pole, south of the big (+) spot,
corresponds to the seat of bomb and surge activity. This
island of negative flux coincides with pores which mate-
rialized in the photosphere earlier, between 1500 UT and
1900 UT; however, the magnetograph resolution is too low to
decide which pore is which polarity. Ha filtergrams obtained
around 1412 UT show some activity indicating that (-) flux

has started to emerge, but none of the pore is yet visible.
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Figure 5.13. (a) Magnetogram of the following
portion of MW 18594 (W07 NO2) at 1428 UT on

22 October 1971 before the intense bomb ané surge
activity of the 23 October.

(b) Time sequence of ﬁagnetograms of MW 18594 on
23 October 1971 showing the boxed region of
Figure 5.11 where activity is concentrated.

Notice the weakening of the negative magnetic
flux of the satellite polarity D. Contours follow

the same conventions as Figure 5.1ll.
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The magnetograms of Figure 5.13 show the size and

strength of the (-) satellite pole D (Figure 5.11)

dwindling with time. PFigure 5.1l4 gives the value of

the flux with respect to time of the satellite D located

at the bomb site in MW 18594; as comparison, the fluxes of

four other poles identified as A, B, C and E on the magnet-

ic map of Figure 5.l1l1 are given. These apparently stable

comparisons were chosen because the magnitude of their per-

turbation in the surrounding field is similar to region D.
The field intensity between contour levels i and i+l

is by definition, Bi< B.sBi+l, where B; = 10 G, B, = 20 G ,

33 = 40 G, etc. The flux corresponding to the longitudinal

component of a feature of area A is given by

A

I have approximated the average flux over the area

enclosed by two adjacent contours where A; 1s the area

th

enclosed by the i contour, by

Fi = Afae1)-3) 2B+ Bin 3.2,
2

Therefore, the total flux through an area of one polarity is

Fo= 21: Af(ie1)-3) x B * Biyy 53
2

While the absolute value of the maghetic flux in the
comparisons stayed roughly the same at about 50 x 1019
Maxwells (Mx) in region A, and about 16 x 1019 Mx in
regions B, C and E, it droped from 2.8 x 1019 Mx to mo

measurable flux in region D within three hours. This
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Figure 5.1%., Time behavior of the positive flux
in comparison region A and E, of the negative flux
in comparison regions B and C and of the negative
flux in the satellite region D (regions located

in Pigure 5.11) of MW 18594 on 23 October 197l.
The phase of the main bomb flashes recorded
between 1900 and 2100 UT is shown. The error

bar results from the imprecision in evaluating

the surface enclosed by isogauss lines. Notice
change of scale between top and bottom partis of

the figure.
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corresponds to a changing rate of 3 x 1015 Mx/s. The change
measured in region D is only 5% of the flux in region A, and
20% of the flux in regions B, C and E. Pigure 5.14 shows
that the flux in region A did stay constant only within
20 x 1019 Mx. Between 1900-2200 UT, the flux stayed
constant within 2-3 x 1019 Mx in region C and increased
by about 4-6 x 1019 Mx in regions B and E. Seeing smear-
ing may be respoﬁsible for part of the flux weakening in
region D. Since a parallel increase in flux is measured
in regions B and E, the dissolution of the satellite spot
D is probably real. The last map in Figure 5.13 b at
2138 UT shows at the satellite location a relaxed confi-
guration not unlike the one at 1428 UT on 22 Oct. 1971, the
day before (Figure 5.13 a).

From the quality of filtergrams made simultaneously to
the magnetic maps, it appears that the seeing quality was
fair over the observatory; off-band Hx views show the gra-
nulation implying that the seeing disk was then probably
smaller then the magnetograph gcanning aperture of 5wxs5",
Despite possible smearing by seeing and problems discussed
in section 3.2, I comsider that the series of magnetograms
of Figure 5.13 represent a candidate for a relatiomship
between activity and magnetic flux variations.

Figure 5.15 gives the value of the longitudinal field
along a roughly north-south line passing through the
satellite polarity. The rather sharp (+) peak south of

the satellite remains identical throughout the seguence,
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Figure 5.15. Time behavior of the longitudinal

field component versus position along a roughly north-
south line crossing the evolving (-) satellite
polarity south of the parent (+) spot in Figure

5.13b. The shaded area represents the negative

field of the satellite.
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except for 5 maps (1725, 2010, 2024, 2042 and 2124 UT) where
seeing might have smeared it. The distribution of the lon-
gitudinal field as a function of position shows more clearly
than maps the slow dissolution of the recorded («) flux as
time goes on. Since the identation in the (+) region
remains strong, it means that smaller unresolved tiny (=)
features may still be present but weaker. At the top of
Figure 5.15, I have indicated the values of the longitudinal
field gradient in G/km corresponding to the different slopes
in the graph By vs position. The field gradient on the side
of the big spot north of the satellite gets smaller with
time; it corresponds to the location of most intense bomb
activity. It also reflects the weakening of the (-) in-
clusion followed by the straightening of the boundary
neutral line. Finally, strongest support for possible
change comes from the appearance and increase in size of
pores, between 1400-2100 UT. This brings evidence without
which magnetograms would have only a marginal value in de-
monstrating rather small scale change over a period of a
few hours.

The following spot of MW 18594 shows a subflare accom-
panied by surge ejections on 19 Oct. 1971 (Figure 5.16).
Comparing the magnetograms of 19 and 20 Oct., one sees that
in the magnetic depression of the local (+) field, mew flux
has made its way to the surface. Table XIII summarizes
data on four evolving satellite magnetic structures asso-
ciated with bomb and surge production; the reader should

refer to Table VII for more detzils on the activity.
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Figure 5.16. Magnetogram of region MW 18594 on
19 October (E26 N10) and 20 October (E17 wn10)
1971. The shaded area on 19 October corresponds
to a subflare with surge activity overlapping

a developing satellite polarity. Contours follow

the same conventions as Figure 5,11,
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Table XIV gives the magnetic gradient near surge bases
deduced from magnetic maps available at about the time of
bomp-surge occurences., From these fragmentary data, no
definite statement can be made about the behavior of gra-
dients except for what I said about the well documented
case of the 23 Oct. 1971 homologous surges in MW 18594
(Figure 5.15). The first three cases in Table XIV refer
to events maybe originating in magnetic structures much
smaller than the magnetograph resolution. On the other
hand, the value of the gradient may have nothing to do with
surge occurence; the figures themselves given in the table
can be found on any magnetic map of active regions with no
surge occuring near them. However, in three out four cases,
the gradient along a line going through the surge base is
stronger than along a line through a location 5" away on
either side of the surge base. The existence of a very
steep gradient on a scale of the order of 100 km cannot be
ruled out,

Region MW 18468

Not related to any satellite spot as such, the disk
surge which occured in region MW 18468 on 29 June 1971
featured activity associated with evolving magnetic
structure. The non-availability of magnetic maps brought
ne to inspect sunspot pictures which revealed changing
magnetic fields. TFigure 5.17 displays Ha filtergrams of

the event at 1551 UT, six minutes after subflare maximum.
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Table XV

Surge base distance of nearest active features (arcsec)

Surge Mt Wilson From edge From penumbra From From
T meslon oTpome B er’ " trifge nework
6/29 18468 3
6/29 18479
6/30 18468
7/25 18511 1
7/31 18511 1-4
8/ 18522 2 7 3
8/19 18538 2
10/19 18594 2
10/20 18594 2
10/21 18594 2
10/23 18594 2-L 2
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The horseshoe-shaped brightening, characterized by two
intense kernels at either end, is still visible. The large
surge originates at the one end of the brightening located
near two small (-) pores. Although the flare encompasses a
rather large area of the chromosphere, the most conspicuous
ejective flow appears within 4" of the small pores. Study
of the original 35 mm and of the 16 mm cinematographic copy
reveals that each dark thread connects back to the surface
at a bomb-like feature, The movie also discloses tiny e-
jections above the eastern kernmel of the flare, where the
Ha-2 % (Pigure 5.17) shows five tiny pores, having (+) po-
larity on Mt Wilson sunspot drawings; the ejections look
poorly contained and their flare brightness implies high
densities or temperatures,

Inspection of Mt Wilson sunspot drawings of MY 18%68
discloses the sunspot evolution on 29-30 June in the
area where the flare and surge took place; the point of
maximum flare brightness on 29 June lies over an area of
increasing (+) flux (1000 G up to 1800 G) while the two
(-) spots between which most of the surge filaments were
anchored, show sizeable shrinking and drop in intensity
(<1400 G down to -1000 G) (Figure 5.18). The Hx filter-
gram (Figure 5.17) reveals in the region of the subflare
the typical disturbed chromospheric structure associated
with emerging new flux of opposite polarity.
52,2 SURGE ACTIVITY IN LIGHT BRIDGES

Surges originating from inside spots took place along
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Pigure 5.18. Filtergrams of region MW 18468 on
29-30 June 1971 at He-2 X. Magnetic field values
in hundreds of Gauss are from Mt Wilson sunspot
visual field measurements and refer to maximum
intensity. 29 June (1551 UT) is at top; 30 June
(1554 UT) is at bottom. North is at top; east is

at left. The dotted line is the position of the

‘dividing line (neutral line) between positive and

negative magnetic fields in the region as extra-
polated from the sunspot field measurements and

the chromospheric structure at Ha+0 2.



oot
4]
~J

30 JUNE



128
light bridges; not a single case arose directly from the
umbra. Although they rarely produce spectacular events,
some light bridges are apparently rich producers of bright-
enings followed by ejections of all sizes. Table XVI lists
cases of regions where bomb-surge events arise along light
bridges. The reader is referred to Table VII for more
details.

Table XVI
Surge activity in light bridges

Region Date Surge

) importance
MW 18235 12/6/1970 1

MW 18235 12/7/1970 1

MW 18511 7/25/1971 2, 1

MW 18538 8/19/1971 1

MW 18538 8/20/1971 S

MW 18594 10/27/1971 S

Region MW 18511

Because of its well-defined behavior, I describe the
activity in MW 18511 in some detail. The region kept about
the same spot configuration for all the time it spent on
the disk. Nevertheless, activity happened in the neighbor-
hood of the double umbra spot (+) during disk passage.,

The surrounding area was dominated by the appearance and
disappearance of many pores every day between 25-31 July
1971. On 25 July, there was intense surge activity along
the 1light bridge which splits the spot. A veil of surges
(Figure 5.19) shot up from the eastern edge of the light
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bridge. Between 1500-1715 UT, six bursts of arrowhead-
shaped brightenings, only a few thousands km long were seen
as far as H«-2 X; out of them, bright but mostly dark fila~-
ments stretched out above the double umbra. Curiously most
surge-generating bombs (~80%) appeared along the edge of the
light bridge adjacent to the umbra with the strongest field,
although all bombs were seen at various places along both
edges of the bridge. At times, more then a dozen bombs
decorated the edges. Around 1540 UT, a brief brightening
appeared along the chromospheric structure commecting the
bridge to the eastern portiom, which the Mt Wilson large
scale magnetogram indicates as (-) polarity. Om 26 July,
three pores of (-) polarity with maximum field strength of
-800 G had emerged east of the double umbra spot.

5.2,3 A CASE OF ERUPTIVE FLARE: MW 18522

4 most disturbing fact about surge and spray production
ig provided by region MW 18522, which produced five flares
on 3 Aug. 1971: 1355, 1550, 1857, 1913 and 1928 UT., I
recorded completely the first event which occured just
ahead at the single visible sunspot of the region and
which was accompanied by a spectacular eruption (Figure
5.20) fulfilling most of the characteristics of flare
sprays stated by Smith (1968)., Iater events were similar
although less grandiose., The point to stress is that
absolutely nothing peculiar is noticeable in the spot on
3-4 Aug. 1971 when the center produced eruptive flares

like a machine gun! It implies that very small scale
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Pigure 5.20. PFiltergrams of a flare spray in its
jnitial phase in region MW 18522 near the limb
(E77 S510) on 3 August 1971 (1406 UT) at Ho-7/8
(top) and HaxO ® (vottom).
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features (< 200 km) may trigger major perturbations, or
that ejection of material from flares, such as sprays, has

nothing to do with magnetic satellites at all.

Summarizing the material presented so far, one sees that
surges and their associated bombs originate very near the
boundaries of strong magnetic field concentrations. 1In
cases where detailed magnetic mapping is available, magnetic
flux changes were seen to occur at an average rate of about
100 Mx/s over area roughly 101'P km gcross.

5.3 LINES OF FORCE

I computed magnetic lines of force using the Schmidt
analysis (Schmidt, 1964) of the potential field approxi-
mation; the method has been described in detail by Rust
(1966, 1970), Harvey (1969), Rust and Roy (1971) and
Roy (1971, 1972). The Schmidt analysis, which assumes
that there exists no electric current above the photo-
sphere, computes magnetic field intemsities above the
photosphere by taking the measured longitudinal component
of the field near the center of the disk asiboundary con-
dition. Each point of the magnetic map corresponds to a
unique fieldline which is integrated from the equationm
E X dg = 0, where QE is an element of length along the
line. Fieldline calculations are intended to test whether
the current-free approximation remains valid in evaluating
coronal fields when surges take place. It also provides a

rough estimate of the field intensity at various distances
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along the surge trajectory (but maybe not in the surge
material itself). Moreover, calculated fieldlines proved
to be an almost indispensable tool for constructing
the corrected space geometry of surge trajectories. Foot-
points for computed fieldlines are set on the magnetograms
to coincide with the observed bases of surge filaments.
Generally, the surge filaments follow closely trajectories
determined by the magnetic lines of force computed from a
potential field (Table XVII); this confirms the results of
Rust (1968) and Harvey (1969) and indicates that the current-
free analysis is an adequate tool to investigate coronal
magnetic fields; if the current-free fieldlines nearly fit
the trajectories of surges, the true fieldlines cannot be
much different in shape. At low heights (<5000 km) calcul-
ated fieldlines fail to match the complex structure of the
surge material which appears in emission. This is probably
due among others to the following causes:
(1) The computation method assumes a flat distribution of
monopoles situated at the photospheric level; in reality,
one should expect to have sources in the chromosphere which
violate the approximation (Dravins, 1972).
(2) The low resolution of the magnetic map smooths out
small-scale features; this leads to calculated lines
of force less intricate than the real ones must be, At
heights greater than 1OLP km, the field configuration is
mostly determined by the strongest features of the under-

lying spots (Rust and Roy, 1971) and agreement is fair,
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In his comprehensive observational survey of active
prominence magnetic fields, Harvey (1969) found the pola-
rization signals of surges to be very noisy; he inter-
preted this as due to the complex nature of the field., 1
believe the field structure is no more complicated than in
any other prominences; indeed the large scale field
structure appears much more orderly, since with loop
prominences (Roy, 1972), no other prominence is better
fitted with potential fields than surges. Table XVII
summarizes the results of calculated current-free lines
of force compared to observed surge trajectories;

Figures 5.21-5.24 show some examples, For the 25 July
1971 surge veil (Figure 5.21), I used a magnetogram taken
when the double umbra spot was at E15 S15 (29 July), and
for the 23 Oct. 1971 surges (Pigure 5.22), the following
spot of MW 18594 was at W20 NO8. Since the region needs
to be at the center of the disk for the measured longitu-
dinal field to coincide with the normal component of the
field, this step leads to underestimate the normal compo-
nent by about 30%; moreover the geometry of the computed
fieldlines may be slightly distorted. The homologous
surges of 25 July and 23 Oct., 1971 followed exactly the
same trajectories indicating that the main field responsible
for collimating the ejected plasma remained unchanged. On
20 Oct. 1971 (Figure 5.23), the calculated fieldlines de-~

scribe a full arch closing back about 100" away south
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of the following polarity main spots. The surge threads
about 40" long originate slightly ahead of the leading spot
of Mw 18594,

Curiously, Harvey (1969) measured different field strengths
in three homologous surges, i.e. 87 £ 15, 40 £ 15 and 17 *+ 6
gauss., An explanation is that Harvey may have measured
different threads of a surge which appeared in the same
projected position in the sky or that the surge differential
dynamics may have affected his time-averaged polarization
signal: I found that surge material often moves in comple-
tely opposite directions in ad jacent channels separated
by a few seconds of arc, a scale unresolved by the magnet-
ograph. Stenflo (1968) has shown how multi-stream' models
where streams are assigned different velocities, areas,
intensities and magnetic fields, lead usually to observed
average field strength smaller than the true average field
strength,

I have been able to reproduce a set of fieldlines with
a neutral point overlying the satellite polarity of Mw
18594 on 23 Oct. 1971. Obviously, the set of current—free
fieldlines of Figure 5.24 has only a qualitative value.
But it points out the relationship between intense bomb
and surge activity and the probable existence of a neutral
point as suggested by Rust (1968). This configuration is
of extreme importance for theoretical considerations.

discussed in section 1.4.2.
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5.4 TRIGGERING OF INSTABILITIES IN THE SOLAR ATMOSPHERE
If each thread of the surge connects to a tiny bomb
somewhere in the chromosphere, what mechanism triggers
their almost simultaneous flaring? Some threads are
squeezed out of isolated bombs earlier or later as lonely
ejected filaments, but most of the surge ejection occurs
in phases., Figure 5.25 illustrates this by showing the
successive bursting of surges along the light bridge in
region MW 18511 (Figure 5.19); the number of dark surge
threads longer than 10 arcsec versus time emphasizes that
four main events occured during the 40 min period. Because
of the more or less solid sheet appearance of surges at
maximum visibility, the actual number of threads may be
greater than shown by a factor of 1.5 or 2 for frequency
values larger than 10, It explains why low resolution and
wide passband filters tend to show surges as huge growing
tongues which distend and retract coherently. A surge is

actually a phalanx of jets less than one arcsec across

originating at a set of bombs in the low chromosphere,

triggered outward more or less simultaneously. Neverthe-

less, the chain reaction of bomb brightenings remains
unexplained,

I have also investigated whether Ellerman bomb producing
areas tend to travel in a systematic pattern. For MW 18594
five bomb producing locations apparently stayed stationary
within one arcsec; some finer structures apparently 'moved’

in a definite pattern; because they appeared as well in
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the red and the blue wings of Hyx, they are likely to be
some excitation fronts. Figure 5.26 shows the position of
Ellerman bombs along the light bridge in MW 18511 as a
function of time; bomb producing areas present no systema-
tic displacement along the light bridge over periods longer
than four minutes; at times 15 min and 30 min.in Figure
5.26, velocities of 0.017 arcsec/s (12 km/s) over a
period of 100 s can be deduced; most of the small shifts
are probably due to the birth or disappearance and
shrinking of bombs. One should note that in the sunspot
region, the Alfvén velocity is about 11 km/s for a field
intensity of 2000 G and a photospheric density of
2.7 x 10~7 g/cmB.

I have not been able to determine if the field or
photospheric changes are progressive or sudden, nor if
sudden changes correlate with bomb activity. The phase
of the most intense chromospheric activity is apparently
shorter (a few hours) than the period (about 20 hours)
over which satellite polarities are seen to evolve. It
is interesting that the flux change rate recorded with
bomb-surge activity amounted to 1 - 3 x 1015 Mx/s, a
value also obtained by Ribes (1969) and Rust (1972) for
flare activity associated with evolving magnetic features.
Either this is fictitious because we are simply measuring
noise inherent to magnetic recording or, more probably,
as the quality of the observations indicates, the flux

change represents real magnetic energy dissipation
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Pigure 5.26, Position of Ellerman bombs or of clusters of
bombs along the light bridge in MW 18511 as a

function of time; t, is 15092k UT, 25 July 1971,

Slopes with their corresponding displacement

velocity in arcsec/sec are given in the lower

left corver; 10 km/sec (roughly the Alfvén velocity

in the photosphefe under a magnetic field of 2000 G)
corresponds to 0,014 arcsec/sec under no projection

effect,
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associated with evolving satellite spots. Since 1 volt=
108 CGSM, according to Maxwell's equation the emf induced
in reéion MW 18594 by the flux change rate AF/ At =
-3 X 1(9"5 Mx/s is
(§rE ds = - 1070 AR/ Nt 5.4,
If AF/ At is expressed in CGSM units (Mx/s), then
é}E ds = 3 X 107 volts.

Since Ribes, Rust and I find a similar value for AF/ Nt
in evolving satellite polarities, it may represent &
threshold in the electric field for flaring break-down
to happen in the solar atmosphere. On the other hand,
the given emf is an order of magnitude or more smaller
than the values given by Zvereva and Severny (1970) for
proton emitting regions. Those authors have concluded
that the 107 volts also calculated for small flares are
below the critical value for generating hard particles.
It explains why surge events are not associated with
proton emission detectable at one A.U.
5.5 ENERGY RELEASED THROUGH MAGNETIC FLUX CHANGE

Surges and bombs take place in regions of evolving
gsatellite polarities in some cases. In MW 18594, with
detailed magnetic coverage, the (=) flux diminished by
2.5 x 1019 Mx over a period of 140 min, i.e. a rate of
3 x 1015 Mx/s. If 2.5 x 1017 Mx of megative flux dis-
appears, one should expect a parallel weakening of
positive flux. However, it remains much easier to detect

such a change in a small gatellite spot than in the large
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parent spot with extensive regions of strong field totalling
a net flux of about 1022 Mx.

The available magnetic energy demnsity given by a change
in the magnetic field is

AE = B%ni - B%in 5e5.
B~ Br

One needs to assume something about the height in the
atmosphere above the photospheric magnetic polarity to
get the total output. This is hard to determine; certainly
a good portion of the chromospheric levels is involved,
Let us assume that the annihilated flux extended upward
to a height of 2000 km. In MW 18594, the change involved
an average field change of 40 G to zero over an initial
area of 6000 km square

Ving ¥ AE ~ 5 x 1027 ergs 5.6,
(The true field change was probably larger over a
smaller area). Therefore, at least 1027 ergs were
available for each of three surge events in MW 18594,
The nature of Ellerman bombs points out that this release
is usually impulsive (over about 10 min). PFrom the data
provided by Severny (1964), the bomb thermal energy content
can be calculated assuming a particle density of

- L
ng, = 1013 cm 3 end T = 10 K,

N kT x Volume = 1.4 x 1027 ergs 5.7

for one Ellerman bomb of the size seen in MW 18594;
there were three of these large bombs and a few smaller

ones, The energy content of a bomb which develops é large
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surge is of the same order of magnitude as the energy
available from the magnetic annihilation. The amount of
flux annihilated is measured from the longitudinal com-
ponent of the field only; therefore, the true total amount
of energy is likely to be larger. For smaller and more
common events, like those studied in section 5.1, the
energy content is about 1026 ergs due to their smaller
volume (Bruzek, 1972). We find the total energy required
to produce a surge from an estimate of the kinetic energy
of the outward moving material. The velocity of surges is
sbout 100 km/s. The 23 Oct. 1971 surges in MW 1859
consisted of a 10LP km wide sheet of surge filaments of the
order of 103 ¥m in diameter and extending up to 5 x 10“ km
from their associated bombs., The density in surges has

11 .na 10t om> (Tandberg-

been estimated to be between 10
Hanséen, 1967; see Table I) assuming a uniform distribution
of the material. As we saw, large demsity fluctuations
occur from inter-thread to thread regioms. I assume the
lowest value for the density in a uniform sheet. The
kinetic energy of the surge is then

4 Ww? = 5 X 1027 ergs 5.8.
These energies (eqs. 5.7 and 5.8) are of the same order
megnitude and comparable to the vanishing magnetic

energy (eq. 5.6).



CHAPTER VI
RESULTS IIE VELOCITY CURVES OF SOLAR SURGES

6.1 SOME PROBLEMS

I measured the velocity of five different surges in
regions MW 18511 (25 July 1971), MW 18594 (23 Oct. 1971)
and SPO 2768 (31 May 1971). The measurements were done
with superposed grids by following the position of the
tops of surge threads with time. The center of the asso-
ciated Ellerman bomb was taken as the origin, The position
of another reference point, generally a small pore, was
followed in order to remove spurious motions caused by
geeing and image jumps. Plots of position of the top
of surges as a function of time appear in Figure 6.1,
Points were obtained for as meny wavelength shifts as
possible; although the surge can be visible over a spectral
range of 2 % in a same wing of Ha, the contrasts of surge
features vary greatly with wavelength.

Problems in interpreting moving material in filter-
grams were discussed in section 3.1,2. Changes in
visibility tend to be most crucizal in the first few
thousand km from the bomb where the containing magnetic
field often presents a sharp bend causing the moving
material to appear or disappear suddenly. It is almost
impossible to track down unambiguously motion of material

155
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Figure 6.,1. Position as a function of time of surge
t ops. (a) MW 18511 (25 July 1971), ejection A;
to (-2 %) 151336 vz, %, (-7/8 %) 151512 UT,

to (-5/8 &) 151400 UT and t_ (-3 R), 151436 ur.

(b) Mw 18511 (25 July 1971), ejectiors B and B';

t, (-7/8 2) 152200 UT, t, (-5/8 %) 152030 UZ.

(e¢) MW 18594 (23 October 1971); the surge filaments
are inclined by 20-25° with respeet to the solar
surface; t, (-2 &) 190900 UT, t, (-1 3/8 %)

1908 UT, t, (-7/8 %) 190600 UT and t_ (-5/8 2)
190620 UT. (d) Bright surge on the limb at position
angle 80° in SPO 2768 (31 May 1971). Hand-fitted
curves go through the points.

The error bars represent the uncertainty on the
position of the tip of the surge thread followed:
(i) even under good seeing the tip is not perfectly
sharp but slightly diffuse; (ii) under bad seeing,
the uncertainty is obviously larger; (iii) or the
dark tip of a surge thread may be preceded by a
diffuse or well defined independent knot whose
visibility varies with time; for this case, I
consider the center of the knot as the 'tip', and
the error bar deline ates the whole knot. These

comments apply to Figure 6.3 also.
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within 5 000 km of the bomb,

An important aspect is obtaining the full velocity vec-
tor. This is possible when one knows the exact geometry
of the surge; the full vector is deduced from one velocity
component and the trigonometric parameters; in section 5.3,
I matched surge trajectories with current-free lines of
force computed in three dimensions; such calculations
provided geometrical models for the surge configurations
in MW 18511 and MW 18594, For the veil of surges of MW
18511 and the surge of SPO 2768, I assumed the surge fi-
laments to be normal to the surface; they were actually
inclined by about 0-15° from the normal. The average
inclination angle of 20° with respect to the surface of
the surges in MW 18594 was taken into account. Extra-
polated line-of-sight velocities from the measured normal
line~of-sight velocities were entirely consistent with
the observed Doppler shifts of the same features.

Since the acting force on the surge is not constant,

I fitted a smooth curve by hand through the points of
position of tops vs time. Thereafter, I deduced the
velocity vs height (or vs distance from the bomb center)
from the slope of the fitted curves; these curves are
shown in Figure 6.2, The same procedure was repeated for
the descending phase or returning phase of surges (Figures
6.3 and 6.4)., Rough values of the net acceleration,

Bopr in km/s? are indicated along the various phases of

the evolving surge: (i) the fast ascending phase, (ii) the
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Pigure 6.2, Velocity vs height (or distance from the
associated bomb for MW 18594) curves for the ascending
phase of surges are determined from the slopes of the
hand-fitted curves of Figure 6.1, The dashed curves are
deceleration curves expected for solar gravity braking
after the surge has reached its maximum velocity.
Deceleration is stronger than solar gravity (-.27 km/sz)
alone in the two surges of MW 18511 (a2 and b) and in one
surge of MW 18594 (c). Only for the limb surge of
SPO 2768 (d) is the braking portion fitted by a gravity
force only. The curves fitted through the points cor-
responds to an acting net specific force as indicated
along the curves V vs height. The acceleration is in
xm/s%; a (+) sign indicates that the acceleration is
directed outward from the sun,

The 'dip' in the curve of MW 18594 (c) at about
Lo 000 km is probébly real because it is also present
during the returning phase of the surge (Figure 6.4 c¢);
for this event, the dashed curve represent the
deceleration for v, = 150 km/s and g, sin 8, where
0 = 200, angle of the surge with the surface.

Projection effects due to the inclination of the
surge to the normael to the line of sight have been
taken into account in deducting the velocities from

Pigure 6.1,
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Figure 6.3. Returning phases of surges; curves of
position of surge tops vs time. (a) MW 18511, ejection A:
t, (+5/8 R) 152220 UT, t, (+7/8 1) 152120 UT.

(b) MW 1859%: t, (+5/8 %) 201200 UT, t_ (+7/8 1)

201200 UT and to (+1 3/8 X) 201130 UT; in this last

case, five different threads were measured to

complete the curves.
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Pigure 6,4. Velocity as a function of height curves
determined from curves in Figure 6.3, for the surge
returning phases. Smaller accelerations than free-fall .
(dashed curves) are observed in two out of three cases.
MW 18594 (b) shows a falling velocity larger than free-
fall! This may be due to a wrong interpretation of the
geometry added to visibility problems, If real a
reasonable interpretation is not easy; the ascending
phase of the same surge (Figure 6.2 c) was affected

by a larger than gravity braking,
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decelerated ascending phase and (iii) the return phase.
6.2 THE ASCENDING PHASE

The fast ascending phase is the characteristic phase
where solar surges rush out from the bomb region. The
solid curves fitted through the points of velocity vs
height in Figures 6.2 and 6.4 correspond to values of acce-
leration shown along the different portions of the curves.
The outward acceleration takes place over a range of
0-50 000 km depending on individual surges, with a mean
acceleration (ggpp) Of 1.2 km/sz, i.e. more than 4 times
the solar gravity and opposite in direction; see Table
XVIII. The general behavior of surge velocify indicates

Table XVIII

The ascending phase of surges

Region Beff Surge maximum Maximum  Height at
2 apparent length velocity max. velocity
(km/s*) (lam) (km/s ) (lm)
MW 18511 +2.10 50 000 150 7 000
Mw 18594  +1.18 80 000 175 20 000
SPO 2768 +0.24 100 000 170 50 000

a slow initial acceleration rapidly increasing at a few
thousand km above the bomb., The reality of an initial slow
acceleration before the rush phase remains uncertain due to
the difficulty in obtaining reliable velocities. However,
the surge gains momentum progressively outside the associated
Ellerman bomb itself., There is some evidence that the
acceleration changes through time; I will return to this

at the end of the chapter.,

The second phase, the ascending decelerated phase, takes
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place after the surge has reached a velocity of 100-175
xm/s at a height of 7 000 - 50 000 km (Table XVIII). A
characteristic of this phase is the stronger deceleration
than if gravity alone were acting. The possibility of the
material becoming optically thin near the top because of
expansion could mimic a fast slowing down; however, the
width of surge threads remains remarkably constant with
height and any expansion would need to occur along the *
thread. The sharp drop in velocity at large heights could
also be due to the disappearance of the material beconing
excited by the hot ambient corona. This is also ruled out
from the observation in the Hw red wing of the surge
material returning to the surface along the same path
slightly later, and showing still very strong contrast;
it appears that very little material 'boils off' of the
surge tip. The strong deceleration is probably rezl.
6.3 THE DESCENDING PHASE

Obviously from Figures 6.3 and 6.4, the acceleration
toward the solar surface of returning material remains less
than solar gravity, i.e. one does not have free-fall! A
gimilar behavior was observed by Newton (1942) during the
falling back phase of surges. Furthermore, Jefferies and
Orrall (1965) and Roy (1971) observed that the velocity of
falling material in post-flare loop prominences is also
less then free-fall., However, in the case of MW 18594,
falling velocities are larger than free-fall although

braking was observed during the ascending phase (Figure 6.2).
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Because of the large scatter in the points of Figure 6.4,
this behavior remains difficult to analyse. One should
keep in mind the possibility that the braking may not
always be acting.
6.4 INTERPRETATION

Apparently, we are in the presence of a common behavior
of active prominence material moving in a strong magnetic
field. 1In addition to gravity, a force is acting which
opposes the motion of the surge material (except during the
initial uprushing phase). Moreover, the acting acceleration
la| = |8ere| - |go| is proportional to the velocity of the
surge as depicted in Figure 6.5.

A surge moving into the corona, is not travelling in a
vacuum but is ploughing its way through a medium having a
finite energy density due to the thermal pressure of the
gas. Could the gas pressure in the corona provide a resist-
ance able to slow down the moving material of surges or
loop prominences? One can look into this by comparing
first the energy density in the flow of surge falling

2

material, % myv™ N, to the thermal energy demsity in the

low corona, N kT. These are respectively about 100 ergs/

em® and 1 erg/cm3 for surge density and velocity of 1012
cm-3 and 100 km/s, and coronal density and temperature of

of 1010 em™> and 106 K. Second, because of the large scale

height of the solar corona (~50 000 km above active region)
the thermal energy demsity of the gas diminishes by only a
factor of 3 or 4 over the height of a typical surge.
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Figure 6.5. The net braking force is proportional
to the velocity and directed against the motion.
This diagram was constructed by using two ejections
in MW 18511 (two rising and one falling phases),
two ejectioms in MW 18594 (one rising and oume
falling phases), ome ejection in SPO 2768 (ome
falling phase). The braking is acting as soon

as the surge has reached its velocity maximume.
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Therefore, at the top of a surge 50 000 km high, the thermal

energy density due to the gas pressure will amount to about
4+ erg/cm3; if the surge keeps about the same density with
height, its velocity will need to be less than 5 km/s for
the coronal energy density to be greater than the kinetic
energy density of the flow. Because the kinetic energy
density increases as v2,'on1y the material at the very end
of the surge tréjectory will be compressed by the coronal
gas pressure. As seen in Figurés 6.2 and 6.4, the slowing
down is observed acting at velocities much larger than 10
km/s. Thence, I conclude that the thermal energy content
of the coronal gas should not affect the surge motion by
an observational amount in general.

Viscosity-type forces in the form of momentum exchange
between surge threads moving in opposite directions along
the same magnetic tube could perhaps imitate an opposing
force; but it is hard to provide a continuous effect; the
force is also acting on 'virgin' ejections where such mo-
mentum exchange should hardly be present because of no
antecedent ejection. The force of a magnetic pressure is
directed upwards (direction of weakening field) and cannot
explain the braking during the ascending phase of the surge.
The braking could be due to theeffect of producing shocks
in front of the flow in the existing tenuous coronal matter
ahead of the flow. However, shock production may not be
a heavy burden when the momentum of the flow greatly

exceeds the pressure difference (Uchida, 1969). The braking
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force would not then show the positive correlation with
velocity as observed in Figure 6.5; the solar acceleration
of -.27 km/s2 was removed to obtain the absolute values of
the braking force. The terror' bars refer to the range in
velocity of the corresponding acceleration for the fitted
curves of Figure 6.2.

The best candidate is the Lorentz force

c

d is the electric current density and B the magnetic flux
density. Since the electrical conductivity in the surge
plasma is large but not infinite, motion perpendicular to
a magnetic field is resisted by induction drag.

The magnetic energy density B /87 remains much larger
than the surge kinetic energy density %e:v at all heights;
typical values at a height of 5 000 kn are B /8##'4 x 104
ergs/cm3 for B=1 000 G, and %€>v ~ 10 ergs/cm for n~1012
cm."3 and v=50 km/s; at about 50 000 - 100 000 km where the
surge reaches its maximum velocity, these values 400 ergs/cm
for B=100 G and 50 ergs/cm3 for v=100 km/s. Movies of
solar surges, where the material falls back to its source
along an extensive arch illustrate the control of the
magnetic field over the material. It is likely that the
field not only controls the direction of the surge but
also affects significantly its dynamics whenever it deviates
only slightly from a potential or force-free configuration.

Large scale surge trajectories are metched excellently
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by current-free lines of force arising from the photospheric

sources (section 5.3; Pigures 5.21, 5,22 and 5.23). The
magnetic energy is potential since there may not necessarily
be a direct interaction between the prominence material and
the field on a bulk scale; therefore no work can be done on
the material. To accomplish the work of slowing down surges,
the field must have some fine scale structure. Perturbations
in the 'potential' field may arise from local electric
currents as following:

1. Fieldlines are mot infinitely rigid; the weight (and/or
thermal pressure) of the traveling surge material creates

a small dip along the supporting current-free fieldlines.
This distortion corresponds to a local electric current

source

j=_c VYxh 6.2.

Lar
A slight twist of the magnetic lines of force anchored
in the photosphere can assume a helical force-free con-
figuration in the absence of material. However, injection
of the rapidly moving surge may introduce local current
sources,
2. Miero-instabilities between an internal surge magnetic
field and the supporting coronal field may be sources of
electric currents.

The most immediate model for a force opposing material
motion is to postulate the existence of a magnetic field

normal to the direction of the surge motion generating a
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Lorentz force. The velocity vector v is not exactly

parallel to B due to dynamic or gravity deformation. One

divides g\into a component.§o parallel to v and a component

b perpendicular (Figure 6.6). Because of good agreement

between observed structures and potential calculations,

the b component must amount only to a fraction of B, so

that morphologically ékand go are almost identical.
Material moving through a magnetic field experiences a

drag due to 2 X g, where g‘is induced by the relative motion

v x.g/B. If the induced current does not modify the field

significantly, then

m c

olq

and if forces other than j x.E are ignored for the moment,

the equation of motion is

9%%=%(§“x§)=%(VXB)XB 6.h.

m L] o)
c

In the presence of a magnetic field, the conductivity is

a tensor with components parallel and perpendicular to the
magnetic field direction and perpendicular to both the
magnetic field and to the component of the electric field

normal to the magnetic field direction, i.e.

0'°= U= .lg'u’ X 108 T3/2 €,3.U. 6’5’
In/\

0= g /(1 +a*7) 6.6,

G=a, wr/(1 +4'7) 6.7,

where w is the Larmor frequency of the electrons and 7~ the
collision period for electrons, For typical values of the

conductivity in surge material, see Appendix II. When the
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Pigure 6.6. Model with braking due to the Lorentz

force, £ =1 :1 x b, arising from the surge material
flowing witfl velocity ¥y, in a direction normal to a
small component b of the magnetic field. The
induced electric current is j = 07 E, where oy is
the conductivity of the material normal to the

magnetic field B,
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conductivity is anisotropic, the relative motion between
the prominence material and the magnetic field is a
difficult problem (Piddington, 1954).

Figure 6.6 depicts a possible configuration of alocal
field component g, responsible for the retarding force in
in a surge where the dominant field configuration“];'o may
be determined by photospheric sources. The ¢ component
to be used is then mainly O; because the current §‘= g E
will exert the net force (£4x|§) =jx R\# 0, where E is
roughly normal to B. 1In reality the situation may be much
more complex; see Ferraro and Plumpton, Magneto-Fluid
Mechanics (1966), p. 206.

Equation 6.4 shows that the acting force should be
proportional to the velocity of the surge material normsl
to.a. This is the behavior shown in Figure 6.5 where the
retarding force per unit mass,|geff| - |g0|, is roughly
proportional to the velocity; a v2 dependence would still
be consistent with Figure 6.5.

What is the value of b required to account for the
observed retarding force? From eq. 6.4, one has

b2 =8 02 6.8.

vV 0

The electrical conductivity ¢ perpendicular to the field

10

B is of the order of 10 e.8.u. (Appendix II), assuming

a density of 10'12 g/cm3 and T = 104 K. PFrom Figure
6.5, with v = 100 km/s and a = bt x 10" cm/sz, b~0.01 G.

This value gives to the field an unnoticeable twist
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amounting to a fraction of the field strength due to the
photospheric sources which supply many tens of gauss up to
50 000 km above sunspot regions. From the point of view

of the magnetic field configuration in the corona at the
location of the surge, the current-free approximation
remains valid and a most useful tool. When one considers
the dynamics of a surge in detail, small non force-free
effects may no longer be negligible because of the large
ratio (Bz/8n0/(%(:v2). This behavior is probably character-
istic of surges well locked in strong active region field

wi th closing magnetic fieldlines. Surges and sprays occur-
ing in open field configuration (McCabe, 1971; Kirshner and
Noyes, 1971) may present an outward acceleration up to much
higher levels. The nature of the magnetic environment (ME
to KE density ratio) is perhaps determinant for the dynemics
of surges and sprays.

The qualitative agreement between curves of velocity vs
height of surges and the predicted velocity under diamagnetic
acceleration calculated by Livshits and Pikel'ner (1964)
is fair; compare Figure 1.4 with Figures 6.2 and 6.7. The
observations bring support to the mechanism of the ‘melon-
geed' effect. Still better data points along the fast
ascending phase should be obtained; a combination of good
spectra and current-free fieldline calculations providing
the geometry is the most promising approach for that critical
gsection of the velocity curve,

Ejection B in MW 18511, for example, behaves very much
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like the bottom curve of Figure 1.4 b (diamagnetic acce-
leration) under the assumption of isotropic expansion and
n, =3 x 1030 op=3 as shown in Figure 6,7; obviously, one
needs to neglect the braking which is unaccounted in Livshits
and Pikel'ner computations, Tﬁe diamagnetic ejection model
could possibly reproduce all ejection velocities by slightly
varying conditions such as the initial density, the expansion
law and by including a braking force.

Six successive bursts of Surges were observed in MW 18511
between 1503-1715 UT. of these, I have velocity curves
for the 2 nd (A) and 3rd (B) ejections. The first ejection,
already in progress, was seen as a fully developed arch,
revealing the much higher initial kinetic energy of the
Surges compared to A and B, allowing it to escape from the
magnetic potential well of the parent sunspot. Figure 6,2
also reveals that ejection A (2nd) was more energetic than
ejection B (3rd); therefore, in the case of MW 18511, the
Successive bursts of surges are correspondingly wesker,
If the ejection mechanism is diamagnetic acceleration which
depends on the intensity of the magnetic gradient, the
weakening of surge kinetic énergy with time may reflect

the weakening with time of the local magnetic field gradient.



CHAPTER VII
INTERPRETATION AND CONCLUSIONS

7.1 A PHENOMENOLOGICAL MODEL FOR SOLAR SURGES

The occurence of surges in sunspot light bridges and
within a few arcsec of edges of a pore or of the penumbra-
undisturbed photosphere boundary implies that a strong
field (01000 G) and/or a steep gradient is necessary for
surges to occur. If associated with any detectable
magnetic feature, surges are characterized by the presence
of an evolving satellite polarity surrounded by flux of
opposite polarity. The presence of a satellite is not
sufficient; change in the surface flux is required in the
form of evolving magnetic features., Evidence from the
events taking place in regions Mw 18235, 18468, 18511,
18538 and 18594 indicates that surge activity is favored
in regions where the magnetic flux of a satellite polarity
changes significently over a period shorter than a day;
this local flux increase, if occuﬁéng near low strength
poles, may be paralleled by the weakening of the opposite
sign polarity (MW 18468). Because the relevant magnetic
flux changes are small, they probably can be detected
only if the ratio AF/F is significent, i.e. in relatively

small flux regions like satellites. The common gbsence
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of strong opposite polarity at the origin of surges implies
that their production does not require a high concentration
of satellite flux but only enough magnetic 'fuel' to supply
the surge kinetic and radiative energy. In order to colli-
mate the flow and to squeeze out the energetic material, a
pre-existent strong field is the needed matrix. After the
occurence of a surge, one may notice a simplification of
the boundary (neutral line) between the two regions of
opposite polarity: MW 18235, MW 18468 and MW 18594 (23 Oct.
1971). This apparent stabilization is not general. Because
surge activity is an indicator of emerging flux, the result-
ing configuration may end up being more complicated than
before, e.g. MW 18594 on 19-20 Oct. 1971,

A relationship between the occurence of surge and
evolving sunspot patterns was also found by Martres and
Soru-Escaut (1971) who studied events similar to the
surges described in this dissertation; however, they
found these ejections to be seldom associated with flare
occurence., This seems to contradict my finding that every
single surge followed the evolution of an Ellerman bomb at
its base. The observations of Martres and Soru-Escaut are
affected by low resolution; most bomb brightenings show
best as tiny points away from the H« core., If the chromo-
spheric features identified by Martres and Soru-Escaut are
small surges identical to those I observed at high resolu-
tion, then the relationship between the occurence of surges

and the birth or further development of gn active center
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is confirmed. In summary, the presence of surges appears
to be related to changes in the photospheric magnetic field
distribution at sunspot locationms.

As new flux is brought to the surface by buoyancy,
annihilation and reconnection probably occur. Annihilation
at the neutral point can heat the gas through joule heating;
this may be the bomb flash, Perhaps a mechanism related to
the reconnection of fieldlines or to a pressure gradient
accelerates the heated material into a surge. The whole
process appears to be similar to the rocket nozzle (Figure
7.1). The bomb acts as the seat of highly random motion of
hot plasma. Close to the top of the chromosphere, the motion
is converted into direcﬂ@flow. The dominant surrounding
field provides the containing force and perhaps the varying
cross-section for the flow to expand and accelerate.

The lesson taught by region MW 18522 which produced the
flare spray of 3 Aug. 1971, is that one should be very
careful not to overinterpret or to rely heavily upon present
longitudinal magnetic field data. The dynamics of specta-
cular phenomena must be determined by the evolution of very
small scale magnetic features where the importance of dissi-
pative processes is far from negligible. The dissipationd
a magnetic field is described by the dissipative term of

the MHD induction equation

3B = +H V'B 7.1,
3t

vwhich is a diffusion equation, with the magnetic diffusivity
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DIVERGIKG TUBE
PROVIDED BY THE
COLLIMATING MAGKETIC

ACCELERATED
DIRECTED MOTION

------------ Alfvénic point (?)

ENERGY SOURCE
PROVIDED BY THE

RANDOM MOTION
ELLERMAKX BOMB

Figure 7.l1. Phenomenological model of surges using

the analogy of the rocket nozzle.
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y = cz/(hwwr). From dimensional analysis, one sees that y
has the dimensions of (Lz/T) where L is a length comparable
with the e-folding length of the field and T is the
characteristic relaxation time. Thus we may set

T = byro 1? 7.2.
c
The rate of dissipation follows a L-z law; thence it is

very likely important at small scales. For example,
changes in the sunspot configuration of an sctive center
occur in a time of the order of a few days (~106 sec). If
one applies the diffusion equation to small features of the

3

order of 100 km in size, i.e. 10 times smaller than sun-
spots, the characteristic relaxation time becomes of the
order of 1 second; this allows a much faster rate of
energy dissipation.

Activity along light bridges in spots is apparently
associated with small features, This view is strength-
ened if we accept the presence of bombs as evidence for
small scale opposite polarity features. Magnetic buoy-
ancy forces could bring up some flux right through the
sunspot at a weak resistance point such as a light bridge.
The emergence of magnetic flux at the surface of the sun
is explained by the mechanism of magnetic buoyancy proposed
by Parker (1955); an horizontal magnetic flux tube in an
electrically conducting atmosphere is buoyant and tends
to rise., The magnetic buoyancy force is proportional
to Bg (B; is the flux tube internal field) and is maximum

when B,, the external field, is the smallest., This explains
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why emergence of secondary flux ropes (possibly associated
with satellite polarities) may occur at weak points in the
active center magnetic field, such as a region of missing
penumbral filament or light bridges where I observe much
bomb and surge activity apparently related to emerging
flux., Recall that Beckers and Schrbter (1969) found field
intensities to be 300 G weaker in light bridges than in
the surrounding penumbra.

7.2 PROPOSED MECHANISM
7.2,1 SUMMARY OF CRITICAL OBSERVATIONAL ASPECTS
(1) Except for three uncertain cases (beginning of surges
not observed and one case where dark material origina-
tes some 10" off the nearest bomb with apparently no con-
nection with it), some 180 surges ranging in size between
3"=-200" are anchored to Ellerman bombs or to bomb-type
brightenings ranging in size between a fraction of an
arcsec and 5 arcsec.
(2) The short lifetime of Ellerman bombs (~12 min), in
which 1026-1027 ergs of thermal energy is liberated,
necessitates a mechanism with sudden energy release. 1In
the well documented homologous bomb-surges of 23 Oet. 1971,
the thermal energy of the bombs, the kinetic energy of the
surges and the energy available through changing magnetic
flux are of the same order of magnitude, 5 x 1027 ergs.
(3) Surges appear within 5-10 min after the bomb starts.
(k) Thirty-four sets of observations in a region near the

limb gave a significant positive correlation between
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the size of the ejection and the size times the lifetime
of its associated Ellerman bomb.
(5) Surges and their associated bombs originate within 7"
of the boundaries of strong magnetic fields. The
compact nature of Ellerman bombs reflects the work of a
containing force, probably a suitable magnetic configuration.
(6) In four cases, magnetic flux as revealed by the intensity
and size of magnetic contours and sunspot patterns under-
lying the activity, changes preceding and during the time
of the bomb-surge event. The flux change rate averaged
about 1 - 3 x 1015 Mx/s in three cases,
(7) This changing flux occured at the location of satellite
magnetic polarities; the satellite represents a region
of roughly 10" having a polarity opposite to the dominant
surrounding field. Because of the low resolution of the
magnetograph, polarity reversals may be considerably
stronger and of much smaller size. The magnetic field
configuration is that of a neutral-X (or hyperbolic null)
point or line with evolving magnetic flux locally (Figures
1.1 and 5.24). The mere existence of a satellite is not
sufficient; the satellite must evolvel
(8) Sufficient non-force-free effects act on the moving
surge to affect its dynamies; on the other hand, the
field morphology does not deviate much from a current-free
configuration because the magnetic energy demsity remailus
many times greater than the kinetic emergy density of the

surge for the five events I studied.
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(9) Velocity curves of four surges with well-known geo-
metry show an initial accelerating phase up to
10 000 - 30 000 km above the surface, followed by a
deceleration phase and return. The deceleration is faster
than if gravity alone is acting; during the falling back

phase, the surge velocity is less than free-fall.

The similarity in the development ‘'and structure of
bomb-surge events of all sizes suggests that a single
mechanism is responsible for the phenomenon. The major
drawback complicating the generalization of large surge
features to smaller events, arises from the poor resolution
of magnetic data; magnetic structures at the root of most
importance 1 and S surges remain generally unresolved., I
will assume that bomb activity is a signature of emerging
flux opposite to that already present with annihilation
and realignment of magnetic field going on. This is in
part justified by the observations of section 5.1l. The
model must then ineclude the following features:

(1) Evolving magnetic satellite flux imbedded in strong
opposite sign field whose configuration acts as a

collimating and possibly accelerating force;

(1ii) onset of a plasma or MHD instability with the impulsive
release of energy in a time of a few tens of seconds;

(iii) the Ellerman bomb rooting the surge must be an

integral part of the phenomenon,
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7¢2.2 SELECTION OF A MECHANISM

Two basic approaches are possible and are briefly dis-
cussed in the following.
7+2.2,1 MODEL I: PASSIVE MAGNETIC FIELD

The energy is stored in non-magnetic forms such as
excess gas pressure (Carmichael, 1964; Sturrock, 1968),
or pressure of accelerated protons trapped in a closed
magnetic field (Elliot, 1969). An instability of some
sort arises and the energy is released through the rupture
of the field, This approach suffers from a crucial defi-
ciency: there is no observational evidence for acecumulation
of the energy before the Ellerman bomb or the flare.
7¢2.2,2 MODEL II: MAGNETIC ENERGIZATION

The energy is extracted from the electromagnetic energy
reservoir through mechsnisms converting magnetic energy into
thermal energy and mass motion, The energy comes from the
excess above a purely potential magnetic energy. Two magnet-
ic configurations can produce such an excess:
A, Because

B%/8ry n kT and B8y pov? 7.3

in the chromosphere and low corona, we have (Z; ﬁ) x B=0
and the excess energy may be contained in one (Alfvén and
Carlqvist, 1967) or two (Gold and Hoyle, 1960) isolated
force-free twisted tubes of magnetic flux, However, these
configuration were shown to be unstable from the beginning

(Syrovatsky, 1969a).
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B. A more successful approach uses the excess energy

related with the appearance of strong currents in a
plasma embedded in the potential magnetic field (Syrovatsky
1966, 196%b, 1970). If equations 7.3 are fulfilled in
the genesis of such a region, it is natural to connect
the deformation of the field with changes in its sources,
like protruding new magnetic flux such as evolving sgtellite
polarities. This is the approach which is supported ob-
servationally by the best documented bomb-surge events
studied in section 5.2. The coming sections summarize
the main aspects of the dynamic dissipation of magnetic
energy in the vicinity of a neutral line as proposed by
Syrovatsky (1966, 1969b, 1970). |
7.2.,3 FORMATION OF A CURRENT SHEET

If neutral points (see section 1.3.2) are present in
the initial potential magnetic field as suggested by the
observations reported in Table XIII and by Rust (1968),
Syrovatsky's mechanism leads to the formation--of current
sheets *. Literature is abundant for explaining the ap-
pearance and behavior of current sheets: Giovanelli 1946,
1947, 1948; Sweet, 1958; Dungey, 1958; Petschek, 196k;
Syrovatsky, 1966, 1969a, b, 1970; Baum, 1971; Stevenson,
1971, 1972.
* Current sheet formation at hyperbolic nulls has been
considered for flare mechanisms by connecting the flare
with a strong current near the mneutral line of the
magnetic field. Because of less stringent requirements,

it seems that it is even more applicable to the bomb-
surge phenomenon.
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The originality of Syrovatsky's approach (Syrovatsky
1966, 1969b, 1970) is to study numerically the energy
dissipation and the mass motions at a neutral line above
an evolving polarity reverssl. The field responsible for
the polarity reversal emerges as a bipolar feature; one
polarity mixes with the identical parent polarity while
the opposite forms the reversal. Syrovatsky represents
the magnetic field configuration near a neutral line
(assumed to be a Straight line directed along the z axis
going through the neutral point in Figure 1.1) by a vector
potential which is also function of time.

Evolving satellite polarities correspond to a change of
the sources of the magnetic field which produces a change
in the vector potential propagating to the neutral line in
the form of a wave; this wave propagates with the Alfvén
velocity and rearranges the field in conformity with a
new value of the potential (Figure 7.2). A uniform electric
field arises in the vicinity of the neutral line; it produces
a drift motion of plasma outside the neutral line and strong
electric currents near this line. In a few seconds, the
disturbance reaches the neutral line and creation of a
current sheet follows (Sweet, 1958; Dungey, 1958; Syrovatsky
1966, 1969). The flow is such that the current density A,
plasma density n and specific current density g/h go to
infinity in a finite time.

This unstable configuration may be grasped schematically

from Figure 7.3 showing the direction of the electromagnetic
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Figure 7.2, A change in the photospheric sources under-
lying a field configuration with a neutral line (Figure
1.1), propagates upward as a converging cylindrical wave
near the neutral line (Syrovatsky, 1970). Syrovatsky
assumes that the neutral line coincides with the z-axis;
the piéture is symmetrical with respect to x- and y-axes.
The magnetic fieldlines and the forward and back wave
fronts are shown. The values of the vector potential A,
used by Syrovatsky, at a given magnetic line of force
are given. The change in the field potential gives rise

to a very strong current at the neutral line.



Figure 7.3; The direction of the electromagnetic
force, f=1 “J" X “]yB‘, near a neutral point N in an
c

evolving magnetic configuration.
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force at an hyperbolic null point. Electric currents are
perpendicular to the paper. The gas must flow in the same
direction as the acting force which stretches the gas in
the vertical direction. Because of frozen-in conditions
(this breagks down at the neutral point where lines of force
can be regarded as broken and reconnected), the principal
axes of the magnetic field (the two straight lines inter-
secting at ¥ in Figure 7.3) rotate toward each other. The
current density increases because Xx ;3_ increases. There-
fore, & small initial current density causes motion which
in turn increases the current density. The current density
reaches the breakdown level where a discharge happeus.

To solve the general boundary problem for a given change
in the field outside the vicinity of the neutral line, one
must integrate the full system of MHD equations. Results
of such numerical integration by Syrovatsky (1969) are
shown in Figures 7.l and 7.5. Syrovatsky also obtains
the width of the current sheet which is of the order of the
dismeter of the regiom of curulation, i.e. only a few
hundred km. In a region of this radius near the neutrel
line, the magnetic field is nearly uniform with a strength
of a few hundred gauss and its sign changes abruptly inside
the current sheet. Applying the relations given by
Syrovatsky (1970) to the bomb-surge activity in MW 18594,
one obtains that the surplus of magnetic energy over the
energy of the initial potential field ranges between

1026—1028 ergs, depending the parameters used; this is
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Figure 7.4. Example of numgrical computations of
MHD flow. The values of the vector potential A,
used by Syrovatsky (1970), at a given magnetic line
of force are shown near the circumference. The
regions of compression and of rerefaction of plasma
are shown by double and single hatching respectively;
for comments on the presence of a rarefaction zone,

see Sweet (1969).

Figure 7.5. The behavior of the plasma at a neutral
line as implied by Figure 7.4 is shown here in more
detail. A current sheet develops at the place of the
initial neutral line (Figure 1.1) following changes in
the field sources at the photospheric level (after
Syrovatsky, 1970). The arrows show the direction of
the plasma flow initiated by the interaction between
the strong current and the magnetic field, Double
hatching denotes the predicted location of the high
density plasmaj Yo and f% are the thickness and the
width of the sheet and are of the order of 103 km and
1 m respectively depending on the physical conditions

used in the model.
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consistent with the values quoted in section 5.5.

The existence of strong plasma turbulence in the current
sheet (Syrovatsky 1966, 1969 a, b, 1970; Friedman and
Hamberger, 1969) facilitates the rapid heating of the
plasma. This could explain the many extreme spectroscopic
properties of Ellerman bombs, The core of bombs is probably
very hot (10 K) as predicted by theory and suggested by
some possible observed emission of soft X-rays (Teske, 1971).
Many Ellerman bombs observed near the limb reveal a very
thin hair-shaped core 2-3 arcsec long and shout %-1 arcsec
wide; one wonders if those might not constitute the caler
envelopes of discharges at a neutral line. Thermal conduc-—
tivity along magnetic lines of force can heat adjacent
cooler regions giving rise to line emission. It would
explain the crowding of Ho emission along the neutral lines
delineating the satellite polarity. Indeed I observed He
brightenings at the points where lines of force conmnect to
the surface in the satellite of Mw 18594,

Figure 7.6 shows the numerical calculations of Stevenson
(1972) illustrating the lateral steepening of the pressure
profile in a region of hyperbolic null as time prozgresses.
The isobaric contours are consistent with the evolving
shape of the fast growing phase of Ellerman bombs, before
surge material erupts from the bomb. PFrom the analysis of
line asymmetries in a time sequence of spectra of a few
Ellerman bombs, Severny (1968) suggested the presence of

an initial expansion phase at 200 km/s; after a few minutes
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Pigure 7.6. Numerical calculations by Stevenson

(1972) showing the steepening magnetic (a) and
gas (b) pressure profile as time increases. The
abscissa is the distance from the hyperbolic null
point in arbitrary units; ten units is the distance

to the boundary of the numerical model.
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the asymmetry shifts to the red wing, indicating a motion
reversal, as if the bomb 'deflated!.

In brief, theories of the development of current sheets
at a neutral point above an evolving polarity reversal
provide figures of the right order of magnitude and explain
qualitatively the sudden energy release, the positional
and morphological evolution of the Ellerman bombs or bomb-
type brightenings in the low chromosphere associated with
surge producing regions.

7.2.4 PLASMA FLOW NEAR THE MAGNETIC NEUTRAL LINE

Syrovatsky's (1966, 1969a, b, 1970) and Stevenson's
(1971, 1972) numerical work produce near the current sheet
steep gradients of the magnetic field, plasma density and
velocity as well as intermittent areas of plasma condensa-
tion and rarefaction. Syrovatsky has investigated a case
of emerging flux in the form of a bipolar group in an in=-
homogeneous field. Figure 7.5 depicted the situation and
the properties of the plasma flow near the zero line;
from this, one can infer that material will appear to
emerge near the top of the bomb to flow downward as well
as outward (Figure 7.7). The outward flow is the surge.
The downward flow remeins hard to idemntify observationally;
its material probably remains hot when compressed by the
field and mixes with the bomb emission; it could be in part
responsible for the red asymmetry of the later phase of
Ellerman bombs, Otherwise, one could visualize the field

acting as a container of the hot gas, a kind of magnetic
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Figure 7.7. Development of a plasma flow at the

location of an evolving satellite spof as implied
by Syrovatsky's numerical calculations. The
large arrows show the direction of the ejected
material. One expects most of the flow to move
upward instead of downward because of the

favorable magnetic gradient.'
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trench, and the pressure becoming co great to rupture the
field at the weaker top; the gas could burst out el ong the
collimating extermal field as implied by Stevenson's work,
After the motion of the plasma flow has been initiated
by heaiing at the current sheet, observations require a
mechanism of acceleration which provides strong momentum
gain in the collimating field of the parent polarity to
account for the observed increase in velocity with height.
Curves presented in Chapter VI best support the mechanism
of diamagnetic ejection proposed by Livshits and Pikel'mer
(1964), and included in spicule models (Uchida, 1969;
Pikel'mer, 1969)., These were described in some detail.
in Chapter I. Let us recall that Stevenson (1972) could
not reproduce the Petschek type of flow out of the neutral
point region through recession of reconnecting fieldlines;
if this proves correct, acceleration by 'sling-shot' effect
of relaxing recomnected fieldlines would not be dominant.
Diamagnetic acceleration requires a strong magnetic gradient
which is observed; it also needs a very hot initial conden-
sation which is provided by intense heating in the asso-
ciated current sheet possibly responsible for the associa-
ted bomb,
7.3 FUTURE INVESTIGATIONS
(1) 1Investigate in detail the evolution of Ellerman bomb
and surge base fine structures and compare them to
detailed high resolution magnetic maps.

(2) Determine the electron density in surges.
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(3) Establish the correlation between the energy of the
associated Ellerman bomb, surge and obtain more values
and rate of change of satellite magnetic flux.
(4) BEstablish the correlation of evolving satellite
polarity position in the active center with their
production of bomb-surge events,
(5) Obtain time sequences of spectro:sicopic observations
of Ellerman bombs at intervals of 10 sec or less.,
(6) Obtain surge velocity curves in the first 5 000 km
above its associated bomb,
(7) Establish the correlation of the explosive phase of
Ellerman bombs with soft X-ray emission and Type III
radio events. |
(8) 1Investigate the time and spatial behavior of surges
in the EUV and X-ray region as well as their optical
counterpart.

(9) Compute theoretical curves of velocity vs height
assuming diamagnetic ejection plus a braking force
directed against the motion, to match the observed velocity

vs height curves of the surges of Chapter VI.

(10) Study the velocities in the photosphere that accompany
the emergence of satellite spots. Determine whether

material motions compress the fields or push opposite

polarities together.
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Magnetic classification of sunspots x
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Main class Finer subdivision Percentage
' occurence
Symbol Description
Unipolar X Distribution of faculae
symmetrical around spot 15
«p Spot followed by faculae 28
olf Spot preceded by faculae 3
Bipolar 3 Preceding and following
spots of approximately
equal area 11
er Preceding spot is the
principal member of group 29
et Following spot is the
principal member of group 10
Gy Bipolar characteristics
present, but dividing line
between polarities not
well marked 3
Complex Y Polarities irregularly
distributed 1

* after Tandberg-Hanssen, 1967
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APPENDIX II

Electrical conductivities in surges

Parame ter i ii iii
L Ly L
T 10 K 10 X 10 K
n 1011 om™3 1012 cm'3 1012 cm."3
B 10 G 10 G 100 G
Oo 1013 esu 1013 esu ' 1013 esu
agi 6 x 109 esu 7 xlo11 esu 8 xlo9 esu .
11 12 11

g3 2.5 x 10 esu 3 x 10 esu 3 x 10 esu
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