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PREFACE

The present report describes activities undertaken as part of NAS5-22411
Task II. The objective of this portion of the contract was to analyze a
specific set of solar data generated by the University of Colorado high
resolution ultraviolet spectrometer experiment on 0S0-8, and to report the
results therefrom. The success with which this objective has been met is
reflected in the production of the three articles referred to In the ftext, one
of which has already appeared in print, and the other two of which are in
press. The results of these studies are summarized, and pre-publication
versions of the latter two articles provided in Appendicies B and C.
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1. INTRODUCTION

The following report summarizes a portion of the work performed under
Contract NAS5-2241l, as dictated by the guidelines contained therein.
Contract NAS5-22411 included the obligation to perform three major tasks:

(a) orbital operations of the Lockheed Mapping X~Ray Heliometer

experiment on 0S0-8 (Task Ia)

(b) the analysis and dissemination of data therefrom (Task Ib)

and (c) the analysis of data from Lie liniversity of Colorado high resolution

ultraviolet spectrometer experiment on 0S0-8 (Task II).

The results of Task Ia have been previously reported (Wolfson, Acton, and
Smith, 1978)*, and those of Tack Ib are being described in a concurrent report
(Acton et al., 1980). The present report therefore confines itself to the
activities undertaken under Task II.

Details of the University of Colorado experiment will be found in Bruner
(1977), and in the publications of the Laborat&ry for Atmospheric and Space
Physics listed in the bibliography to this report.

2, SCOPE OF DATA
The high resolution ultraviolet spectrometer experiment gathered a large

volume of data at a variety of wavelengths and in a variety of observing
modes, both stationary and spectroheliographic, as described by Hansen and
Bruner (1979). The portion of this larger data set falling within the scope
of the present analysis effort consists of two parts:
(a) time series of repetitive scans of the C IV 1548A line made with the
spectrograph slit in a fixed position.
(b) time series of repetitive scans of the Si IV 1393A line made with the
spectrograph slit in a fixed positiom.
Both of these are transition—zone lines, the latter being thought to be formed

somewhat lower than the former. Copies of all observing runs performed in
these two modes are available at Lockheed on magnetic tape. 1In the case of
the C IV time series, this consists of approximately 300 orbits épread over a
period of 15 months. In the case of the Si IV time series, approximately 60

orbits are involved.

*(publications developed under this contract are listed in Appendix A; all
other references are listed in the Bibliography).
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3. SOFTWARE DEVELOPMENT AND DOCUMENTATION

The relevant data tapes were reformatted and documented at the University

of Colorado using the procedujyes described by Hansen and Bruner (1979). A
series of additional software programs were developed at Lockheed to perform
the specific tasks required for the present analysis. These programs make use
of the SOL language, which was specially created at the University of Colorado
for the manipulation of the reformatted data (Stern and Klemp, 1976). The
following functions are avallable:
(a) Plot raw data, i.e., the repetitive scans of line profiles.
(b) Remove long~term trends by polynomial fit, thereby removing effects
of orbital motion and detector shift,
(c) Compute moments of each line profile, thereby obtaining discrete time
series of intensity and velocity.
(d) Compute root-mean-square of intensity and velocity fluctuations for
each time series.
(e) Compute and display power spectra of intensity and velocity.
(f) Compute and display cross correlation of velocity and intensity
fluctuations with variable time delay.
(g) Compute and display estimated contributions to the acoustic energy
flux.
(h) Compute noise contributions to velocity field for statistically-
perturbed model intensities.
Programs (a) - {g) were developed and executed on a PDP 11/34 minicomputer
with hardcopy capability. Program (h) was developed on a Commodore 2001
"home" computer purchased by the author for that purpose.
Figure 3.1 provides an example of some of the software capabilities as
applied to a typical orbit of "raw" data. Additional examples may be found in
Appendicies B and C, and in the cited references.
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stages in their analysis (for further details, see Bruner, 1978).
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4. EXTEND OF DATA ANALYSIS

4.1 Carbon IV Data
All 300 orbits of C IV time sequences have been examined in detail.
The line profile sequence of each has been extracted, and hardcopies of same

preserved and catalogued in a series of notebooks. For most, the intensities,
velocities, power spectra and gross—corvelations have also been produced.
These are likewise preserved in the archival notebooks.

4.2 Silicon IV Data I
Only a portion of the Si IV data has yet been examined. A proposal

has been accepted to examine these data in greater depth in a follow-on
contract, NAS5-25906.

5. DISSEMINATION OF REDUCED DATA i

The primary responsibility for the dissemination of reduced data Erom the Vi
high resolution ultraviolet spectrometer experiment liles with the University 1
of Colorado. The present contract carries no additional obligation in this 1
regard, aside from the normal publication and presentation of scientific L

results which is dealt with in the next saction and in Appendices A through C. i

6. PRINCIPAL SCIENTIFIC RESULTS
The principal scientific results obtained during the course of the present

analysis of Carbon IV time series are fully described in the publications

given in Appendix A. Pre—publication versions of those still in press are

provided in Appendicies B and C. The following is a summary of their

conclusions.

6.1 Tran.ient Phenomena in the Transition Zone

In a preliminary study by Bruner and Lites (1979), the
characteristics of 20 short-lived brightenings observed by the high resolution
ultraviolet spectrometer in C IV were examined. During the period of the
present contract, this study has been extended, primarily through the efforts
of collaborators at the University of Colorado, to include: (a) all availahle
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short~lived brightenings in C IV (Seec. 6.1.1), and (b) four major flare events
having simultancous coverage in li=alpha, X-rays, ana microwaves (Sec. 6.1.2).

6.1.1 Short-Lived Ultraviolet Brightenings
The results of the comprehensive study of short-lived C IV
brightenings are presented in the article by Athay, White, Lites, and Bruner

(1980). The events referred to appear to be common features of the transition
zone atmosphere overlying normal solar active regions. For a typical large
region, they ercur with a frequency of about 3 per minute {only a fraction of
which are seen by the spectrometer experiment because of its field of view),
and involve brightenings on the order of a factoxr of 4 which persist over
periods lasting anywhere from the resolution limit of 30 seconds up to 5
minutes or more. In the preliminaxy study, a strong assoc¢iation was found
with red-shifts (i.e., with downward moving material) and a shock wave
mechanism suggested as a plausible mode of production. The new comprehensive
study leans towards the intersrwcation of the brightenings as being density
anhancements associated with the streaming of prominence-like material, the
red-shifted components being the analogue of coronal rain, and the blue
shifted components that of surges.

6.1.2 Flares
The new C IV flare study published by Lites, Bruner, and

Wolfson (1980, Appendix B) draws not only upon the ultaviolet spectrometer
time sequences, but also upon simultaneous X-ray and ground-based H-alpha and
microwave observations (the X-ray effort having been handled under Task Ib of
this same contract). Four events were studied in detail: one from March,
1976, and the remaining three from April, 1978. The present wsults have re-
emphasized the importance of the indications of mass motion discovered in the
preliminary study. Red shifts of 80 km/sec and more are observed in the early
stages of these larger flares. This dynamic instability of the transition-
zone atmosphere is often found to precede the more or less simultaneous onset
of brightening at all wavelengths. The X-ray intensity is found to peak after
the peak of the C IV brightness, and to be preceded by a shift from downflows
to somewhat weaker upflows in the transition=zone. This blue shifted
component at the level of C IV is interpreted as representing an evaporation
of chromospheric material which by filling the coronal loops provides a basis
for the soft X-ray emission
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6.2 The Acoustie Flux in the Transition Zone

Notwithstanding the preceding projects, the primary focug of
sclentific aptivity uuder the present contract has heen on the effort to place
an improved limit on the possible intensity of the flux of acoustic energy
passing through the transition zone and its relevance to coronal heating.

This work is essentially an extenslon of the preliminary study by Bruner
(1978), and the new results are reported in Bruner (1980, Appendix C).

The new study improves on the earlier one by Incorporating explicitly
the effects of phuton gtatistics which can create the appearance of large
spurious acoustic flux in areas of low intensity, and also by making a sharper
distinction between the upward-propagating, downward-propagating, and

evanescent components of he observed "waves". Upward and downward-directed
components were found in roughly equal numbers. When the noise component is
removed, the limit on the possible net upward flux is found to be threec orders
of magnitude below that which would be required to heat the corona.

7. NEW TECHNOLOGY

Due to the nature of the work, no new technology was developed during the
course of this effort.
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Appendix A

PUBLICATIONS AND PRESENTATIONS OF THE
LOCKHEED 0S50-8 ULTRAVIOLET SPECTROMETER DATA ANALYSIS PROGRAN

L. Primary Publicatlons of Sclentific Results

Bruner, E.C., Jr. (1980): "0S0-8 Observational Limits to the Acoustic
Coronal Heating Mechanism”, accepted for publication in The Astrophysical

Journal.

I, Collaborative Publications

Athay, R.G,, White, O.R,, Lites, B.W., and Bruner, E.C., Jr. (1980):
“Impulsive EUV Burstr Observed in C IV with 0S0-8", Solar Physics, 66, pp.
357-370.

and Wolfson, C.J. (1980): "0s0-~8

Observations of the Impulsive Phase of Solar Flares in the Transition-Zone and

Corona,"” accepted for publication in Solar Physics.

III. Brief or Informal Reports and Prgsentations

Lites, B.W., Bruner, E.C., and Hansen, E.R., "0S0-8 Measurements of
Rapid Downflow in the Transition Zone During the Impulsive Phase of Solar
Flares", presented at the American Astronomical Society Meeting, 26-28 June
1978. Abstract: Bull. A.A.S., 10, 441,

Bruner, E.C., Jr., "Experimental Search for Sound Waves in the

Transition Zone," presented at a University of Hawaii Colloquium, May 1979.

Bruner, E.C., Jr., "0S0-8 Observational Limits to the Acoustic Coronal
Heating Mechanism," presented at the American Astronomical Society Meeting
13-18 January, 1980. Abstract: Bull. A.A.S., 11, 697.
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’ 050~-8 OBSERVATIONS OF THE IMPULSIVE PHASE OF SOLAR FLARES

IN THE TRANSITION-ZONE AND CORONA

Bruce W. Lites, E.C. Bruner, Jr., and

C.J. Wolfson

Accepted for publication in Solar Physics
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ABSTRACT

Several solar flares have been observed from their onset in
C IV A1548.2 and 1-8 R x-rays using instruments aboard 0SO-8.
In addition, mircrowave and Ha flare patrol data have been ob-
tained for this study. The impulsive brightening in C IV is
frequently accompanied by redshifts, interpreted as downflows, of
the order of 80 km s1, The maximum soft x-ray intensity usually
arrives several minutes after the maximum ¢ IV intensity. The
most energetic C IV event studied shows a small blueshift just
before reaching maximum intensity, and estimates of the mass flux
associated with this upflow through the transition-zone are
consistent with the increase of mass {n the coronal loops as
observed in soft x-rays. This event had no observable microwave
burst, suggesting that electron beams did not play a major role
in the chromospheric and transition-zone excitation, ULastly, our
observations suggest that the frequent occurrence of violent

dynamical processes at the onset of the flare are associated with

the initial energy release mechanism.
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INTRODUCTION

In a previous paper (Bruner and Lites 1979, hereafter refer-
red to as Paper I) we reported or impulsive flare-like brighten-
ings of the transition-zone over activ' regions which were fre-
quently accompanied by redshifts measured in the C IV 1548 R
line. The measurements used in Paper I were all taken during the
first nine months of the 0SO-8 mission whien solar activity was at
a very low level. During most of the next 18 months, solar
activity remained low, and the sensitivity of the University of
Colorado (CU) instrument at 1548 R and blueward declined to a
level such as to render it essentially useless at these wave-
lengths. For reasons still not fully understood, near the end of
1977, the instrument recovered much of its earlier short wave-
length sensitivity. This renewed sensitivity allowed us to
resume our observational program to study the dynamical state of
the transition-zone in solar flare events.

In this paper we report on observations of small solar flares
occurring during the period of intense solar activity in April
and May of 1978. These observations are unique in .that the
flares are observed from their onset. Some of the events are
much more energetic¢ than those reported in Paper I, and the
observations indicate that they may result from a different
physical mechanism than that proposed for the original set of
events. We have selected several of the more energetic of these

events for detailed study, with the intent of using all available
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data on these events to understand the relationship of the dynam-
ical processes in the transition-zone to the manifestation of the

flares in the corona and chromosphere.
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OBSERVATIONS

In addition to 0S0-8 observations of the C IV line, we bring
together observations of the soft x-ray emission as mcnitored by
the Lockheed Mapping X-ray Heliometer on-board 0S0-8, ground-
based Ha flare patrol films, and solar microwave radio emission.
Of the more than 30 events observed, we have selected four events

that were well-observed by 0S0O-8 in both x-rays and the ultra-

violet. Table I summarizes these four events.

Bruner (1977) give a description of the University of
Colorado ultraviolet spectrometer aboard 0S0O-8. We monitor the
development of the transition zone flare and its dynamica) state
in the same manner as discussed in Paper I; i.e., we repeatedly
scan the line profile of the C IV 1548.2 R line from blue to red.
We cover a 0.75 & range about the line center with a wavelength
sampling interval at 0.075 R. The experiment repeats the scan at
intervals of either 49.5 or 27.5 seconds. We used the shorter
scan time for some of the later events because the high intensi-
ties observed in the earlier events indicated that better time
resolution could be had with little loss in the quality of the
observed flare profiles. Most of the events were recorded at the
location in the active region of maximum preflare brightness of
the C IV line. This was accomplished by preceding the series of
line profile scans by an emission (EMAX) maximum experiment: a
raster scan over the active region which selects the most intense
location and instructs the spacécraft to point at this position

during the following experiment.
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Examination of these EMAX rasters has shown that the bright-
est area of the active region in CIV was located in the adjacent
plage, not over the sunspot. We have found through examination
of many orbits of data throughout the 3-year 0S0-8 mission that
the sunspots are very seldom the brightest features of active
regions seen in CIV. On the other hand, Foukal, et al. (1974)
have shown that many transition-zone lines were very bright over
two sunspots. We offer the following possibilities to explain
the difference between our results, and the result of Foukal, et
al. First, our raster element size is either 10 x 20 or 20 x 20
arc seconds, or 8 to 16 times the element size of Foukal, et al.
The bright features in the sunspot are quite small in CIII in
their images, and these features may not be much larger in CIV.
This indicates that thd® average intensity over our raster element
size may not compete with the plage intensity. Secondly, sunspot
observations of the CIV line with a 2 x 20 arc second resolution
(Lites, 1980) show a sunspot umbra to be fainter than a nearby
plage by’a factor of 3. Thirdly, low excitation lines (those
formed below 105°K) in the Foukal, et al. data are not greatly

05°K at

enhanced over a sunspot. CIV is formed somewhat below 1
quiet sun densities, and tends to be formed at lower temperatures
as the density increases (Lites, et al. 1980). For these rea-
sons, along with ocur raster images from the EMAX experiments
which allow us to locate our slit within the active region, we

can demonstrate in each case that the slit was located over

bright plage regions.
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The Lockheed Mapping X-ray Heliometer (MXRH) is sensitive to
x-rays with energies from 1.5 - 15 keV and obtains spectral
information by 14 channel pulse height analysis of its six pro-
portional counter detector outputs. It has an angular resolution
of about .2 minutes of arc and can thereby isolate single active
regions, but cannot examine a spatial detail within an active
region. The MXRH has a temporal resolution of about 20 s. A
more complete description of MXRH observations may be found in
Wolfson et al. {1977); instrumental details are given by Wolfson
et al. (1975). The temperatures and emission measures presented
in Table I for the x-ray emitting plasma were obtained under the
simplifying assumption that, after the preflare (i.e., active
region) contribution is removed from the total emission; the
remainder may be considered isothermal. The parameters of the
resultant flare plasma were then determined, on a best fit basis,
by folding theoretical x-ray spectra (similar to those of Tucker
and Koren (1971)) through the MXRH instrument response.

The first event of Table 1 is also listed in Paper I, and we
discuss this event in detail since it seems to belong in the
class of the more energetic events, and it has good HX and x-ray
coverage. Unlike the remainder of the events, Event 1 was meas-
ured in the penumbra of a sunspot. Events 2, 3, and 4 are also
very energetic transition-zone events associated with H g sub-
flares or flares. The various sources of the H g coverage of
these events are given in Table I, along with several observa-
tional parameters of the events in the C IV line, and x-rays.

The rise time listed in Table I is the duration of the impulsive

posd
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brightening phase of the C IV emission. The flare to preflare
brightness ratio (I/IO) given in Table I is the ratio of the
maximum C IV brightness at line center during the event to the
preflare line center intensity. The C IV line broadens drasti-
cally in most of the events and thus makes a determination of the
background intensity difficult with our 0.75 & range. We have
nonetheless made an extrapolation of the line wings to obtain the
time history of the background intensity. The maximum enhance-
ment of the background intensity, I/Io (background) in Table I,
is the result of this estimate. The velocities listed in the
table result from an estimate of the maximum displacement of the
new energy in the C IV line during the impulsive rise in inten-
sity.

Dr. S. Enome has kindly provided us with the history of the
solar microwave emission as recorded at the Toyokawa Observatory
at frequencies from 1000 to 9400 MHz for events 2, 3, and 4.
Event 2 shows no apparent microwave burst, hence we do not plot
the microwave emission in Figure 2. Figures 1 - 4 show the time
evolution of the flare intensities in C IV, soft x-rays, and
microwaves at 3750 MHz. In the following, we discuss some of the

observational implications of the time history of these events.

1
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DYNAMICS OF THE C IV EMITTING REGION

Table I indicates that there are considerable mass motions
associated with the onset of the £lare brightenings in the
transition-zone. Line shifts and intensities are determined in
the manner described in Paper 1I. The largest line shifts are
towards the red, and occur just prior to the steepest rise in
intensity. This result is in accordance with the findings of
Paper I for smaller events. The evolution of the C IV profile
for event 2 is given in detail in Figure 5, where a series of 20
line profiles are displayed. Unfortunately, there are two prob-
lems with these observationg: a telemetry dump occurred during
scan 11 and part of scan 12 causing us to permanently loose these
data, and an error in the wavelength drive shifted the scan range
after profile 16. Fortunately, both of these problems are well

understood and do not severely hamper our understanding cof the

mass motions in this event. Redshifted material appears at
profile 8, and reaches a maximum value of about 90 km s"1 at
profile 10. Figure 5 shows a preflare average profile, and

individual profiles 13 (redshifted material at 65 km s-l), and 14

(entire profile blueshifted by about 10 km s—l). The following

two profile scans (15 and 16) are at the maximum intensity and
the start of the declining phase of the event, respectively.
They are nearly unshifted with respect to the preflare average

profile.
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In Paper I we discussed a spurious distortion of the line
profile that could arise due to measurement of line profiles by
the scanning techniques. The scanning process can introduce
further distortion when both the line shape and background in-
tensity vary by large amounts. We have substantially'corrected
for this problem using the interpolation procedure @iscussed in
Paper I, and we find that the major profile distortluns are solar
in origin, not an artifact of our measurement process. This can
be seen intuitively from Figure 5, where substantial redshifts
develop and persist for several profiles before the intensity of
either the background or the line rises by a large factor. In
addition, the blueshift of profile 14 occurs while the intensity
is still rising when the measurement process would introduce a
redshift. By way of a cautionary note, however, we mention that
we have observed changes in the C IV line center intensity on
time scales as short as 3.5 seconds in other small flare-like
events. Measurements of line profiles in flares should therefore
be made on time scales an order of magnitude faster than we were
capable of with 0S0-8.

Events 1 and 3 show similar evidence for downward motions
prior to and during %the impulsive brightening in the transition
zone, but neither of these events show a blueshift during the
fl;re. The C IV line profile changed so rapidly during the
impulsive brightening of event 4 that meaningful measurements of
the mass flow during the initial phase of this event is not
possible, even with the 27.5 second repeat time of each scan.

Just after the time ©f maximum C IV intensity for event 4, the
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line center is seen to be shifted to the red of the pre-event
line center by about 20 km s'l. This shift gradually returns to
the pre-event value during the 15 minutes following the flare
maximum.

Upon close inspection of the individual C IV profiles during
all the flare events measured in April and May, 1978, one is
struck with the impression that the transition-zone of the
flaring region is dynamically unstable well before and after the
onset of impulsive brightening. The line profiles frequently
show both a dramatic distortion (most frequently to the red) and
a broadening well before the impulse. Brueckner, et al. (1976)
have seen similar instabilities prior to flare activity in active
regions. This characteristic changeavility of the profiles
persists throughout the declining phase, and it may be related to
the dynamic nature to the "steady" solar transition-zone (Athay
and White, 1980) and entirely independent of the flare process.
On the other hand, the flare process may be an energetic occur-
rence of this apparently continual instability of the transition-

zone.
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CORRESPONDENCE OF THE TRANSITION-ZONE EVENTS
WITH THE LOW TEMPERATURE FLARE

Only a small fraction of the background intensity level
measured by the CU 0S0-8 instrument at wavelengths away from the
C IV 1548.2 R 1line is due to true spectral features at this
wavelength. Scattered light in the g&pectrograph, generally
thought to arise from the wavelength range 1700 to 1900 R, domi-
nates the background intensity. The background intensity level
is therefore some measure of the conditions prevailing in the
high photosphere and temperature minimum region of the atmo-
sphere. Chipman (1978) used intensity fluctuations of this
background with the intensity variations in several chromospheric
and transition-zone lines to study wave propagation in the quiet
solar atmosphere. Our repeated scans of the flaring C IV emis-
sion line contain this information as well, since in some cases
the line profile is not precisely centered in the scan, so mea-
surements.are made far enough away from line center that little

¢ IV line radiation is mixed in with the hackground intensity.

fhis is true for event 4 of Table I. Table I gives the degree -

brightening of the background in terms of the pre-event mean for
each of the four events. We note that in all of these events
except the first (recorded over a sunspot), substantial enhance-
ment of the background occurred. To within the time resolution
of the measurements, the impulsive brightening in the background

parallels that of the C IV line.
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In event 2 (shown in Figure 5) the enhancement of the back-
ground intensity is very strong and well-determined. If we
assume that the background intensity is formed in LTE at a tem-
perature of 4600 K, the observed brightening implies an increase
in temperature of 700 K, or more, if the slit ¢overs more area
than the emitting region of the flare. This is a much greater
increase than that found by Cook and Brueckner (1979), however,
they use observations of flaring regions taken well after the
impulsive phase of the flares, and they have no true pre-event
spectrum with which to compare their flare observations. It is
clear from figures 2 and 5 that the greatest eqhancement of the
background occurs before soft x-ray maximum in event 2, The
maximum in soft x-ray £lux occurs at about 23h35m, where the
background intensity level, determined from the off-line~center
scans of the C IV line, has fallen by & factor of 8 below its
maximum value (coincident with the maximum in the C IV line).
Significant heating of the temperature minimum regicn during
flares has also been discussed recently by Machado, Emslie, and
Brown (1978). A 700 K rise in temperature of this region is not
unreasonable in view of their models of the flare atmosphere. It
is important to point out that the scattered light contribution
toLthe background intensity at 1548 ® is not due solely to con-
tinuum, but has a contribution from various chromospheric emis-
sion lines, noteably Si &) and Fe II, in the range 1700 to 1900
g. canfield, et al. (1978) have shown that the power radiated in
the EUV continuum from 1400 to 1960 ! dominates that radiated in

the lines by about a factor of 10 at the time of maximum emission
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of the 5 September 1973 flare. We therefore feel confident in
ascribing the flare-enhanced background radiation to enhancements
near the temperature minimum, not to the chromosphere.

Hao flare patrol images are of significant value to this
study, since they allow us to visualize the response of the
chromosphere to the flare energy release, and to estimate the
fractional area of the 030-8 CU slit covered by the flare.
Figure 6 shows the development of event 1 in the Ha chromo-
sphere. The Hoa event commenced at nearly the same time as the
C IV brightening, and we can see the event develop as a small,
intense brightening at the edge of the sunspot and a more diffuse
brightening at about 30 arcseconds from the edge of the sunspot.
The 050=8 CU slit was positioned across the brightening near tlre
sunspot.. The final two photographs in Figure 6 are taken off-
band in H g , and they demonstrate the possibility of redshifted
(downflowing) material in the chromosphere near the time of flare
maximum. The geometry of Figure 6 suggests that the Ho flare was
confined to the footpoints of a magnetic flux loop with one end
rooted in the sunspot.

Figure 7 presents a flare patrol image of event 2, with a
superimposed orientation of the 0S0-8 CU slit. The Ha sequence
og_photographs for event 2 shows brightening on~- and off-band

h 20™ ur. Table I lists the fractional

starting at about 23
filling of the slit by Ha flare. Although we were not able to
obtain actual photographs of events 3 and 4 in Hao , we estimate

the slit filling factor from data given in the Solar-Geophysical

Data. The effective areas of the chromospheric flares, also

22
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given in Table I, acte derived both froin Ha photographs and

Solar~Geophysical Data. It appears that the chromospheric en-
hancement, as well as the enhancement at the temperature minimum
in these events, starts at about the same time as the impulsive

brightening in C IV,

-

a3
53

14




P

COMPARISON OF THE TIME DEVELOPMENT OF THE FLARES
IN THE TRANSITION-ZONE AND CORONA

In Figures 1-4 we present the time history of the flare soft
x-ray emission along side of the development in the C IV line and
microwaves at 3750 MHz for each of the events. From these four
events (with the best observational coverage), and 7 others
a observed duriry the same period in both x-rays and C IV that are
| not discussed in this paper, a similar pattern seems to prevail.
The ﬁdllqwing are general characteristics of the pattern:

1) Thé appearance 9f redshifted material in the transition-
zone preceeds by one or two minutes, or occurs simultaneously
with, the rapid rise in soft x-rays. In event 3; however, the
rise in x-rays starts about 30 seconds before the initial rise in
‘ C IV intensity. The MXRH views the entire flare area, whereas
the CU instrument may sense only a small fraction of the flare.
For this reason, an onset of flare brightening observed in C IV
prior to the x-ray onset is significant, whereas the opposite
case may not be significant, since the C IV events are quite
energetic and hence are undoubtedly associated with detectable X-Yays.

2) The C IV intensity always reaches a maximum before the
sogt Xx-rays, It appears that the initial rise in the transition-
zone intensity approximately follows the derivative of the soft
x-ray rise phase of the flare. To illustrate this property in
Figure 8, we plot the differential of the x=-ray flux along with
| the C IV intensity for events 2, 3, and 4. The time development

¢ of the derivative of the x~ray flux parallels the C IV intensity

15
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during the rising phase very closely in events 2 and 4, while
event 3 has already been mentioned as an exception to this rule.

3) The microwave bursts, when they occur, start at the same
time as the brightening in the C IV line. The microwave bursts
exhibit a more impulsive rise than either C IV or the soft x-
rays. The relationship between the brightenings in the EUV and
the soft x-ray and microwave bursts has been well observed pre-
viously (see Svestka 1976 for a review), but these events have
significant dynamical processes in operation before the onset of
the bulk of the coronal emiss:ion.

4) Two of the four events show a peak x-ray temperature
during the impulsive rise in the transition-zone line, and well
before the maximum in x-ray flux. This behavior has been noted

by Datlowe, et al. (1974).
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SOME PHYSICAL PROPERTIES OF THE FLARING REGIONS
AS DERIVED FROM THE OBSERVATIONS

In Paper I, the brightenings in C IV were consistent with the
physical picture of a shock front passing downward through the
transition zone. This mechanism is probably not in force for the
events that we report in this paper, for the degree of brighten-
ing is far too great for the velocities present. We are likely
to be observing a situation where a certain volume of the chromo-
sphere is beinq raised to transition-zone temperatures. In all
of the C IV profiles observed in these 4 events, none shows a
self-reversal, thus we infer that the lines are not extremely
optically thick, and that the large increase in intensity results
from a high density of the C IV plasma in the flare. If the C IV
line does not have great optical depth, and if most of the emis-
sion comes from a temperature region close to the ionization peak
of C I% then Lites, Hansen and Shine (1979) demonstrated that the

electron pressure Py is given approximately by

é; dynes cm™2 (1)

P & 20
e To Vr

o iH

where T is the integrated C IV line intensity, T, is the minimum

line~center optical depth in any direction, and Vo is the total
line broadening velocity (turbulent plus thermal). The above
expression assumes a temperature of 6 x 104 K, but the function
is rather slowly varying with temperature over a reasonable

temperature range for C IV. We see from (l) that if the absence

17




of a self-reversal implies v _ < 1, we may derive a lower limit to

o]

Pe from the observations. In Table I we list these limits for

P and implied limits for N, at a temperature of 6 x 104 K. The

e
absolute integrated line intensities for these events are taken
at the maximum intensity for C IV, and they were obtained by the
same method used by Lites, Hansen, and Shine (1979).

If we consider that the blueshift of event 2 represents an
evaporation of chromospheric material into the flare coronal
loops, we can obtain a lower limit to the total mass flux evap-
orated by knowing the flare area. Assume that the area of the
flare that is participating in the evaporation in the transition
zone is equal to that of the off-band Ha kernel from the flare

patrol photographs: 3.2 x 1017 cmz. Using the lower limit to the

1 for a
13

density given in Table 2, and a velocity of 10 km s~
duration of 40 seconds, one obtains that at least 1.5 x 10
grams are evaporated into the corona.

We now postulate that the increase in the soft x-ray emission
of event 2 is due largely to the same evaporated chromospheric
material. Datlowe, et al. (1974) deduced a similar physical
picture for flare x-ray plasmas upon the time dependence of the
temperature and emission measure of a large number of x-ray
events. The onset of the rapid increase in the x-ray flux is
se;n in figure 2 to correspond to the occurrence of the blue-
shifted profile. Given the emission measure for the coronal

flare plasma, one may estimate the total coronal mass involved in

the flare. The emission measure is defined as

13
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E=N§V,

where N, is the electron density and V is the emitting volume.
The proton number density is approximately equal to the electron

density, so
E Ry Ne M/mpp

where M is the x~ray emitting coronal mass and m_ is the proton

P
mass. If we assume pressure equilibrium between the transition-
zone and corona in the flare plasma, we set a lower limit to N_ >

2.9 x 102 em™? at a temperature of 15 x 10°

K. This implies M ¢
4.0 x 1014. Note that this relationship resulted without any
assumption abocut the flare volume. Typical flare densities in
the corona are larger than our lower limit by as much as two
orders of magnitude. A quite reasonable flare density of 6 x
1010 would cause the derived coronal mass to agree with the mass
estimated to flow through the transition-zone. Similgrly,
transition-zone densities greater than our lower 1limit would
force better agreement between the coronal and transition-zone

masses.
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SUMMARY AND DISCUSSION

We have observed the chromospheric, transition-zone, and
cqronal response to the solar flare energy release for the entire
time history of several small flares. We summarize the observa-
tional results in the following:

1) The impulsive brightening of the C IV transition-zone
line is wusually preceded by rapid downflow of material at mea-
sured velocities of 80 km s or more.

2) This dynamic property of the transition-zone often pre-
cedes the soft x-ray impulsive brightening.

3) The time series of C IV profiles before, and continuing
after in some events, frequently show evidence of rapid mass
motions (usually redshifts).

4) The rapid brightening in the C IV line is accompanied by
an attendant rapid brightening in the background intensity,
implying significant energy input to the temperature minimum
region during the impulsive phase of the flares.

5) Near the maximum brightening of C IV, we have observed a
reversal from a downflow to an upflow of material in the most
energetic C IV event observed. We interpret this as evidence for
chgomospheric evaporation, and the amount of material seen to

evaporate is consistent with the added emission in the coronal

loops as observed in soft x-rays.

)
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6) The impulsive Hq chromospheric enhancement seems to start
at the same time as the brightening in C IV, to within the time
resolution of the observations for which we have coordinated
data.

7) Soft x-ray emission always peaks well after the maximum
of C IV, and the C IV impulsive brightening during the initial
phases of the flares resembles the time derivitive of the x-ray
flare.

8) Impulsive microwave emission, when it accompanies an
event, seems to start at the same time as the initial rise in the
C IV emission,

The observational evidence presented here appears to indicate
that the 1initial, impulsive release of flare energy directly
causes, or is the result of, rapid and short-lived downflows in
the transition-zone. If the microwave bursts are caused by gyro-
synchrotron radiation from particle beams (and the bursts that
occur do have significant circular polarization), then in at
least one event (event 2) particle beams do not seem to be inyol-
ved. We suspect that the particle streams are the result of the
flare energy release, and are not the cause of the heating in the
transition 2zone and lower. The time behavior of the soft x-ray
eg}ssion seems to be a result of the filling of the coronal loops
with evaporated material as a result of rapid heating of the

chromosphere to transition-zone and coronal temperatures.

-\
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Pigures 1 - 4.

Figure Captions

The time dependence of the flare brightening in C
IV (top curves), soft x~-rays, and microwave flux
at 3750 MH, (where applicable) is given for the
1976 March 30, and 1978 April 6, Apri) 11, and
April 15 events respectively. Also shown are the
time developments of the x-ray flare emission
measure (dashed curves) and temperature as de-
rived from best fits of theoretical spectra of an
isothermal plasma to the x-ray spectra. Uncer-
tainty estimates expected due to photon counting
statistics are given near the minimum and maximum
intensity and flux of C IV and x-rays in figure
1. In figures 2-4, the uncertainties near maxi-
mum of the flare are too small to plot, but they
scale as the square-root of the respective inten-
sity or flux. We have no estimation of the
uncertainty in the microwave data, and uncertain-
ties of the x-ray temperature and emission me:

ure depend on the validity of the model assumed

for the flare plasma.
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Figure 5.

Figure 7.

The time series of C IV line profiles (5a) |is
given for event 2, The profile in 5b is the
preflare average of the first six profiles shown,
and the dashed vertical lines in 5b, 5¢, and 5d
give the line~center position of the preflare
average., The profiles in figures 5c (profile l?)
shows a redshifted component of 65 km s}, and
the profile in 5d (profile 14) is blueshifted by

about 10 km s~%

relative to the preflare average.
The intensity scales are uncalibrated, and are

given in photon counts per 4-second gate time.

Ho flare-patrol sequence for event 1. The slit
of the 0S0-8 CU instrument was located over the
brightening seen just inside %the sunspot. Aall
photographs are taken on-band, except for these
labeled 21.40 UT Blue and 21.41 UT Red, which
were taken with the filter shifted 0.5 R to the

blue and red, respectively.

Ha flare patrol photograph of event 2 taken at

h 26™ 21° on 1978 April 6. The long dimension

23
(20 arcseconds) of the CU 0SO-8 slit lay between
the tips of the arrows. The other dimensions of
the slit had an effective width of about 2 arc-
seconds. The flare was a compact and short-lived

event in Hg.
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Figure 8.

ERE LX)

The differential of the x~ray flux (solid curve)
is plotted along with the C IV intensity (linear
scale-dashed curve) as a function of time for
events 2, 3, and 4. The normalizaiton of both
quantities is arbitrary, and the time scale is

given in minutes from C IV maximum intensity.
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Event

Date

Start Time,
UT(C IV)

McMath Plage
Region

Disk Positiony

Ha Flare Type
(Source)

Area (sz)

Fraction of
050-8 Slit
Covereg by
Flare(™)

I/I_ (C IV)

0

I/Io
Redshift

)

Total Line
Broadening
Velocity
(Km 5*5)4

Maximum

{(km s 1

Risetime at C 1V

Bvent ()

Integra‘ted4

Intensit
(Erg cT“ s
Ster )

-1

28

(Background)

30 March 1976
2139

14179
0.7

Subflare
(USAF~Ramy,
p.R‘)

7.6 x 1017

0.45
5.4
1.0

45

35

100

2.8 x 103

RS T

b AN i, vs o o bk o e e

6 April 1978 11 April 1978

2317 0409
15221 15221
0.9 0.5
Ha Flare
Subflare 1§
(USAF-Soon (™)
Network, White
Sands, N.M,)
3.2 x 1017(%3) 5.5 x 1018(%)
C IV Flare
0.48 1.0
40.1 14.6
16. 5.2
90 60
37 25
300 90
5.4 x 10° 5.9 x 109

i

15 April 1978
081l

15235
0.9

Bright Sgbflare
(")

1

1.6 x 1018 ¢4

1.0
71.
10.9

>20

50

80

5.4 x 10




Maximum
Intensity _,
(Erg ¢ s

T g 21

I Ster 2 ) .5 x 10 .1 x 10”7 .3 x 1077 5.3 x 107/

@
@
-

X Electron
Pressure -3

(dynes cm 7) 0.04 6.0 0.47

v
v
K%
{v
(8]
(=]

l Electron
Densities
)

(em 10

11 5.6 x 10 > 2.5 x 1

ol

5 x 107 7 x 10

v
v
v

X-Ray Flare

Maximum
Intengity
(1-8 ll

(Exrg s ) 1.2 x 1024 24

25

e o]

.7 x 10 2.3 x 10

preflare
Maximum
Temperature
(108 6K)

I/ z
pax 3.2 4.1 8.4 88 é

e - A

12 15 18 19

Maximum Emlsgi?n 5 1047 47

Measure (cm 048 1.0 x 1049 L

V]

.4 x 1

F lprom SOLAR GEOPHYSICAL DATA

2Off-band Ha Kernel Size

3Dex:ived from Hq Images and Spacecraft Pointing Data

4Taken at Maximum Intensity

EFS )
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DIFFERENTIAL OF X-RAY FLUX OR CI¥ INTENSITY (ARBITRARY SCALE)

Event 3

O = a= =0 -O'—OC-O—-O--Q -0

TIME (min)

LML Laa




e e e A S R T N T B 2 " ati o Al 2 o i i o k& e w

L}
Appendix €

0S0~8 OBSERVATIONAL LIMITS TO THE ACQUSTIC

CORONAL HEATING MECHANISM

E.C. Bruner, Jr.

Accepted for publication in The Astrophysical Journal




0S0-8 Observational Limits to
the Acoustic Coronal Heating Mechanism

E.C. Bruner, Jr.
Lockheed Palo Alto Research Laboratory
Received 1979 October 22

ABSTRACT

An improved analysis of time vesolved line profiles of the C IV resonance
line at 1548% has been used to test the acoustic wave hypothesis of Solar
Coronal Heating. It is shown that the observed motions and brightness fluc-
tuations are consistent with the existence of acoustic waves. Specific
account is taken of the effect of photon statistics on the obgerved velocities
and a test s devised to determine whether the metions represent propagating
or evanescent waves. It is found that on the average, about as much energy is
carried upward as downward such tht the net acoustic flux dengiry is statis-
tically consistent with zero. The statistical uncertainty :. this null result
is three orders of magnitude lower than the flux level needei to heat the

coronae.

Subject Headings: line profiles = Sun: coroma — Sun: spectra
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Introduction

In an earlier study (Bruner, 1978), 0S0-8 observations of the transition
zone line of C IV at 1548 A were used as a diagnostic with which to search for
evidence of wave motion in the svlar atmosphere. The study showed that while
such evidence could occasionally be found, the observed rms particle veloci-
ties implied an upper limit to the flux of acoustic waves that was inadequate
to account for coronal heating. An independent study by R.G. Athay and 0.R.
White (1978), based on measurements of the Si II line width and model atmos-—
phere calculations reached a similar conclusion. A third investigation by
Bruner and McWhirter (1979) used measurements of the average width and sym-
metry properties of the AL548R carbon IV line together with various theo-
retical arguments to set upper limits on the flux of acoustic and Alfven
waves. It also failed to support the acoustic heating hypothesis. Athay and
White (1979) have computed average power spectra of the fluctuations in the
C IV line intensity and position uging 8 more extensive data get than the one
analyzed by Bruner (1978). They were able to establish the existence of
statistically significant wave motions in about 20% of the obsarvations, but
again found the flux to be inadequate for coronal heating.

The purpose of this paper is to place still more stringent upper limits
on the acoustic energy flux hy taking specific account of two effects. These
are 1) the contribution of photon statistics to the observed rms velocity
signal and 2) the possibility that an observed wave may contain both propaga-

ting and evanescent components.

The Effect of Photon Statistics

Consider the noise problem first. 0S0-8 velocity studies consist of sets

of repeated line profile measurements carried out at a f£ixed pointing position
on the solar disk. The spectrometer accepted an angular field of 1 x 20 arc
seconds. Since the 0S0-8 spectrometer ic a single channel instrument (Bruner,
1977), the wavelength drive must be scanned across the line once for each
profile measurement. In the cpse of the Carbon IV experiments, each scan
sampled eleven wavelengths spausd at 0.075A intervals. Integration times at
each wavelength were either 4 or 2 seconds and the times required to scan the
profile once were 49 and 27 seconds, respectively. Observing periods were
limited by orbital mechanics to a maximum of one hour, permitting about 70
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profile measurements to be made in the 49 second mode and about 130 in the 27
second mode. In the material to follow, I will refer to the 49 second obser-
vations as data set 1 and the 27 second observations as data set 2.

Apalysis of the data was based upon the computation of the zeroth moment

1)

n
© LN,
. g 4
Ml<J) = ? 2)
N
PR

which gives a measure of the line position relative to the start of the
scans In this notation, Nij is the observed photon count at the ith wave-
length in the jth measurement of the profile. The value of n is 1l.

In the absence of both photon noise and fluctuations in the source, the
profile would be counstant; that is, for a given 1, the values of Nij would be
the same for all j and the variances of M, and M; would be zero. Since photon
counting is a statistical process, there will be fluctuations in the measured
Nij's cf the order of fﬁ;} even in the case of a constant source. Since the
Nij's appear with different weignts in the numerator and denominator of the
defining expressions for the moment, statistical fluctuations in the Nij's

w(ll produce non zero variances in the moments.

I have used a monte-carlo technique to evaluate the photon noise contri-
bution to the rms velocity signal for the intensity levels and line widths
appropriate to the Carbon IV studies. Artificial Gaussian profiles of the

form

N = B+ A EXP [~(6-1)2/uw?] 3)
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were generated, where A represented the amplitude, B the stray light back-
ground in the spectrrmeter and w was adjusted to give a full width at half
intensity of about 2.5 sampling intervals. Each profile was centered on the
O0th wavelength point. The profiles were then perturbed at each wavelength
with random numbers whose expectation values were the square roots of the
respective intensities. The profiles were analyzed in blocks of 64 with the

aid of the moment representations defined . bove.

The computations were carried out on a Commodore 2001 computer using the
system supplied random number generator. The generator was seeded with the
instantaneous value of the system clock in order to improve the uniformity of
tlie random number distribution. The uniformly distributed numbers were con-
verted to a gaussian distribution via the Box-Muller transform (Dahlquist and
Bjork, 1974). The background level was taken to be 40 vounts for the 49 sec
data and 20 counts for the 27 sec data. Amplitudes ranged from ten to several
thousand. The whole series of computations was run several times in order to

evaluate the uncertainties in the size of the photon noise contribution.

The results of the numerical simulation are shown in Figure 1. As one
would expect, the fainter profiles show a larger spurious velocity signal than
the brightest ones. The rms value ox the npise produced velocity signal
ranges from about 400 m/sec for the brightest profiles observed by 0S0-8 to
about 5 km/sec for the faintest. The noise velocity is well represented by
the expregsion

log o(u) = A_+ A log(H ) + A, <1og<ﬁo))2+A3 (1og(ﬁo)>3 4)

1

where o(u) is the standard deviation of the line position expressed as a

velocity and
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is the total number of photons counted per channel in the average line pro=-
file. The value of K is 64. The expression was derived by fitting a third
degree polynomial to the data of Figure 1 using the method of least squaves.
The intensity uncertainties derived from the simulation vary as the square
root of the total photon count in the average line profile, again as one would

expect.

In Figure 2, the noise predictions are compared with the earlier analysis
of data set 1 (Bruner, 1978). Although observed velocities exceed the pre-
dicted nolse contributions at all intensity levels, much of the velocity
signal at the low intensity end of the distribution is seen to be due to
photon noise, as suggested in the earlier work. In the case of the inten-
sities, however, the variances in the observed intensities are larger than
those predicted from photon statistics at all intensity levels. This is in
agreement with the results of Athay and White (1979) and implies that the
fluctuations are inherent in the sun itself. Such fluctuations are, indeed,

expected 1f acoustic waves are present,

Noise Corrections

In order to correct the observed velocities for the effect of noise, I
have assumed that the intrinsic line position fluctuations and those due to
photon noise are statistically independent and combine in quadrature. That

is,

) 6)

where v is the observed standard deviation in line position o. the standard

obs n
deviation expected from photon noise, and o; that due to solar atmospheric

motions. This may be rearranged as
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where the values u, are to be determined from the empirical expression derived
from the monte-carlo simulation. In those cases where vy ? Yobs? the value of

gy is take to be zero.

The results for data set 1 are shown in Figure 3. It is scen that the
systematic trend of increasing velocities at low intensities has been largely
eliminated, although the observations showing the largest wms velocities were
found in the quiet network (where intensities are small). The average velo=
city for the 28 quiet sun observations of data set 1l was 2.3 % 0.3 km/sec.
The average for all 44 observations in data set 1 was 2.2 & 0.2 km/sec. The
uncertainties quoted in each case are the standard deviations in the mean
computed from the corrected data; no estimate of systematic error has been
included.

Similar results were obtained for data set 2. The rms velocities, beforve
and after noise correction are plotted in Figures 4 and 5 as functions of the
corresponding observed intensities. Here again, we see that the systematic
dependence of the observed velocity on intensity is primarily due to the
effect of photon counting statistics. The corrected rms velocity for the mean
of all 164 observations of data set 2 was 0.65 km/sec & 0.59 km/sec. This
value is probably too low as a result of overcorrection for photon noise.

Many of the observations were made later in the mission when the sensitivity
and hence the background contribution to the noise were lower. An independent
calculation in which the correction was knowingly underestimated gave a result
of 1.6 + 0.7 km/sec for this data set. This value may be taken as an upper

limit to the rms velocity determined from this data set.

Consistency Test for Waves

We turn now to the question of whether observed fluctuations in the line
position and intensity corrvespond to acoustic waves and, if so, whether the
waves are propagating energy. The presentation will be in two parts. In the
first, I will show that the orbital averages of the observed intensity and
valocity modulations are consistent with the presence of acoustic waves. 1In
the second, I will use the cross correlation computed betwen intensity and
velocity to estimate the average acoustic power density transmitted by the
waves. This calculation corrects for the effects of non-propagating (standing

or evanescent) wave modes.
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The question of character of the waves was considered by Noyes and
Leighton (1963) in their analysis of vscillations in the photosphere and low
chromosphere. Thelr treatment compared the measured cross correlation between
intensity and velocity fluctuations to the phase shifts predicted by the
acoustic-gravity wave equation under the assumption that the intensity f£luc~
tuations were primarily caused by temperature modulation of the atmosphere by
the waves. In computing the temperature fluctuations, they considered heating
by conduction from hot granules, by adiabatic compression of the waves, and
cooling by radiative losses. The presence of multiple heating terms had the
effect of introducing a phase shift between the velocity and intensity modu-—
lations. This work was successful in predicting the main features of the
observed dependence of phase on the height of formation of the line. The
predicted phase shift for a propagating wave approached zero at the top of the
chromosphere.

In considering the ultraviolet transition zone lines, the situation is
somewhat different. The most important factor controlling the intensity
fluctuations is the electron density, rather than the electron temperature
(Lites and Hansen, 1978). The relevant lines are optically thin and densities
are sufficiently low that only collisional excitation and radiative de-exci-

tation need be considered. The collisional excitation rate is

2 8k

2 T* _Ix
C a A Ne n v, va, T exp( T ) 8)

12

where T* = hu/k i1s the excitation temperature. A is the abundance of Silicon
relative to Hydrogen, « is the fraction of Silicon IV relative to all stages
of ionizatdion, N, is the electron density, k is Boltzmann's constant, and Mgy
is the mass of the electron. o, is the ionization cross section at threshold

and “ﬁ‘ao2 is the area of the first Bohr orbit.

In the presence of acoustic waves, the collisional excitation rate is
modulated, due to the instantaneous changes in pressure and temperature. In
the case of low amplitude adiabatic waves, the pressure modulation may be
shown to be

4P

— = Y
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where P is the pressure, a is the adiabatic constant, u is the disturbance
velocity of the wave and

S 10)

is the sound velocity (Lamb, 1945). The pressure modulations will produce

fluctuations in the electron density and temperature of

SNe u
T "< 1)
e
and
ST -1y 4
= = (D < 12)
respectively.

The result of these perturbations on the c¢ollisional excitation
rates will be to produce a modulation in the collision rate of#*#¥#&*

§C
12 u T* _ - u
T, - 25 + (5 -1/2) (v - 1) 3 13)

where the first term is the result of the density fluctuations and the second

is due to temperature changes. For the Carbon IV lines at 1548 and 15504, the

values of T and T* are both about 100,000°K so that their ratio is near

unity. For these lines, assuming adiabatic waves, the contributionn of the

density term to the modulation exceeds that of the tewperature term by a

factor of 6. This is in sharp contrast with the situation in the~visib1e,

where the temperature fluctuations are the dominant effect (Noyes and
Leighton, 1963).

In defining Equation 13, I have assumed that the ionization balance of

carbon does nut change as a result of the wave perturbations.
for two reasons.

This was done
First, the temperature fluctuations are expected to be small
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- only about 3% for waves with a velocity amplitude of 2 km/sec (based on the
adiabatic case calculations prepared for Bruner and Lites, 1979) -so that a
ma jor restructuring of the atmosphere 1s not expected. If the process 1s not
adiabatie, the temperature fluctuations are likely to be even smaller. The
second point is that if the ionization balance does change dynamically, then
the intensity modulation for a given wave amplitude will be greater. Thus,
neglect of the effect will overestimate the pressure amplitude and hence the

reported acoustic flux. Since we are interested in f£inding an upper limit to
the flux, this 1s not troublesome.

The linear approximation is fairly good when the intensity modulation is
below about 0.1, but breaks down at higher levels due to the formation of
shocks. Bruner and Lites (1979) used the Rankin-Hugoniot relations to predict
the intensity modulation produced by shocks giving rise to a range of distur-
bance velocities. Their curve is reproduced in Figure 6 together with the

results of the linear calculation and the observations of data sot 1.

The trend of the observations is in fairly good agreement with the pre-
dicted relation for sound waves, but it is seen that most of the observed
velocities fall below the curve. This 1is to be expected, since in general the
waves will be propagating at some angle to the line of sight. If on the
average, the waves are observed at a 45 degree angle with respect to the line
of sight, the expected velocities would be lower by a factor of the square
root of 2. If the predicted curve is adjusted downward by this factor, it is
seen to fall right in the middle of the observed distribution. It 1s clear
that the observations are consistent with the existence of acoustic waves, at

least as far as the orbital averages are concerned.

The Cross Correlation Test for Propagation

We turn now to the question of the energy transperted by the waves. The
instantaneous value of the acoustic flux density is the product of the over-
pressure and the disturbance velocity. The average power density will be the
expectation value of this product computed over a suitable time interval
(either an integral number of periods, or a time large compared to the longest

period present)

;T u(t) $P(t)dt. 14)

0
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If u and 4P are in phase, then the expectation value will be finite. Tf they
ara 90° out of phase, as in an evanescent or standing wave, then the‘expac—
tation value will vanish. If u and oP are measured independently (as they are
in the 0S0-8 data), then this Zlux caleculation is rigorous regardless of
whether or not the waves are propagating or whether they are periodic.
Moreover, the sign of the expectation value will tell whether the energy is
propagating toward or away from the observer.

An equivalent expression for the flux is

SP < wP 2
v = P u, (=) ; : 15)
0 rms Po e < ul 3¢ SPz >)1/2

where the quantity in square brackets is the cross correlation function of u

and SP computed for zero lag. In terms of the observed intensity, the expres-
sion becomes

T 1 -1
g = P y[2+(s==-F)((y~=-L] " u
0 T2 ms (< u2 3¢ §12 >)L/2

rms

provided that the waves are either adiabatic (y = 5/3) or completely iso-
thermal (y = 1). For intermediate cases, a phase shift will be introduced
between the density and temperature fluctuations with the result that the
intensity and pressure fluctuations will be out of phase. Under these condi-
tions, the cross correlation would need to be calculated for a lag other than
zero. The effect 1s not a serious one for the ultraviolet lines, since the
density effect dominates. The worst case phase error of tan™! 1/6 would oceur
if the pressure and temperature variations were in qudrature. Ignoring the

phase shift would result in a cosine error of less than 2% in the cross cor-
relation.

In computing the flux densities from data set 1, I assumed pressures of
0.2 dyne cn™? For the quiet regions and 2 dyne em™? for active regions
(Withbroe and Noyes, 1977). The rms velocities and intensity modulations were
computed after first subtracting a third degree polynomial to correct for the
effects of orbital motion and changing temperature gradients (Bruner, 1978).
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The cross correlations were computed Erom the cross power spectra, using a
fast Fourler transform algorithm (Bracewell, 1965). I arbitrarily chose the
adiabatic case, which leads to fluxes about 40% larger than for isothermal

waves.

The results of the analysis of data set 1 are summarized in Figure 7 and
Table 1. FEach entry represents one orbit of observations lasting about 1 hour
and is identified by the file name under which the data are stored in the 0S0-
8 archives (Hansen and Bruner, 1979). Absolute intensities were assigned
based on a calibrativn rocket experiment conducted by G.J. Rottman (1976).

The rms velocities have been corrected for photon noise as discussed in the
first part of this paper. The intensity modulations, however, have not and as

a consequence, are too large by an average of about 10%.

The sign convention in both the cross correlation and the acoustic £lux
density is such that positive values indicate that increased brightness cor-
relates with red shifts, corresponding to wave propagation away from the
observer. Both positive and negative values are found with about equal fre-
quency. The magnitudes of the cross correlations vary from less than 1% to
72%, with the overall average being about 16%. The flux densities in the
quiet region observations range from zero {observed rms velocity less than
predicted noise contribution) to 6.2 x 103 erg cm~2 sec”l. A number of
examples of evanescent wave motions are seen in which the rms velocity is
substantial, but the cross correlation is low. The average net flux for all
28 quilet reglon observations (taking account of the sign) is
+0.54 x 103 % 0.32 103 erg em? sec™l. The corresponding average for the 16
active region obsrvations was -1.8 x 103 & 6.8 x 103 erg em? sec™!. The
reported uncertainties are the standard deviation in the mean. The net
acoustic flux density in the quiet region is, at best, marginally significant
while that for the active regions is statistically indistinguishable from

ZerO0.

In computing the flux for data set 2, I took the pressure to be propor=-
tional to the average intensity of the C IV line following the work of Haisch

2 to about 4

and Linsky (1976). Pressures ranged from about 0.2 dynes cm
dynes em™2. Again, the cross correlation function showed downward propagation
about as frequently as upward, with magnitudes of the correlation ranging from

0 to about 0.65. The results are plotted in Figure 3. The net flux, average
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over all 164 observations, was 0.14 x 103 £ 0.28 x 103 erg en™? sec™! directed
downward. Here again, the uncertainty in the mean exceeds the net flux, so
that the latter is statistically consistent with zerwv.

Discussion

The energy requirement to maintain the Solar Corona against energy losses
due to radiation, conduction, and the solar wind has been estimated to be in
the range 2 - 6 x 107 erg em™% sec™! (see, for example, Athay, 1976). In the
earlier analysis of data set 1 (Bruner, 1978) ai upper limit on the acoustic

energy flux passing the transition zone was found to be 7 x 104 erg em™2 sec”
which is too low by about a decade to heat the corona. This upper limit
was based on a 3 km/sec velocity amplitude, the assumption that it represented

upward propagating waves, and the assumption of 8 independently moving emis-
sion elements in the 1" x 20" field of view. Athay and White (1979) used a

3 km/sec rms velocity with somewhat different assumptions to derive an upper
limit of 2 x 103 erg em™2 sec™l. The noise corrections of the present paper
show that the rms velocity should be revised downward to at most 2.2 km/sec

(less for data set 2), which reduces both estimates of the upper limit by

about a factor of 2.

Much more significant, is the observation that acoustic waves appear to
propagate downward about as frequently as upward at transition zone heights so
that the net observed flux is effectively zero. The statistical uncertainty
in the mean of 300 erg cm'2 sec™! gives the largest upward acoustle flux that
could be admitted by these data and is three orders of magnitude too low to
explain coronal heating. This observation appears to be catastrophic to the

acoustic wave hypothesis.

I should point out that in the presence of noise we may expect the cross
correlation function to be reduced, resulting in an underestimate of the
energy flux. A detalled evaluation of the factor by which the sensitivity is
reduced has not been made. However, it should be no smaller than 0.3 which is
the peak absolute value of the cross correlation curve averaged over all
orbits. If the cross correlation was seriously reduced by noise, thenone
would expect low values of the reported flukx tobe preferrentially associated
with low intensities. Inspection of Table I and Figures 7 and 8 show that
this 1s not the case; rather, both low and relatively high levels of acoustic

flux density can be found at all intensity levels.
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Conclusions

In summarizing this work, I would like to make the following points:

1. A detailed evaluation of the photon noise contribution to the flue~
tuations of the observed posltion of the 1548 line has confirmed that the
previously c¢bserved rise in rms velocity with decreasing intensity is largely
due to photon statistics. After correction for photon noise, the best esti-
mate of the average (rms) velocity 1s in the range 1~2 km/sec, rather than the
3 km/sec value reported earlier by Bruner (1978) and by Athay and White
(1979). The average value refers to a field of view of 1 x 20 arc sec which
will usually contain multiple emission elements that may move with independent
phase (Bartoe and Brueckner, 1975; Brueckner, 1979). This value is
appropriate for both active and quiet regions.

2. A consistency test comparing the expected level of rms velocity for a
given intensity modulation showed that the observed fluctuations are consis-
tent with the presence of acoustic waves.

3. A propagation test incorporating the cross correlation between inten-
sity and velocity fluctuations has been introduced to determine whether
observed motions correspond to propagating waves. Examples of both propa~
gating and evanescent waves are found in the data, as well as reglons that
were quiescent at the time of observation.

4. Application of the cross correlation test revealed both upward and
downward propagating waves with about equal frequency. On the average, the
upward and downward fluxes tend to cancel such that the net acoustic flux
density is statistically indistinguishable from zero.

5. The upper limit to the acoustic flux available for coromnal heating,
based on the statistics of the flux measurement, is three orders of magnitude
too low to heat the corona. Although this limit may be too severe because of
the neglect of muitiple emission elements, it appears to be extremely unlikely
that the required energy could have been masked by this effect.
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Figure Captions

Figure 1., Spurious velocity signals introduced by "« ton counting
statistics. The diamonds are the results from a Monte Carlo simulation;
the smooth curve is the adopted noise funstion used in correcting the
experimental data. This curve is applicable to data set 1,

Figure 2. Predicted spurious velocity signal (solid line) compared with
observations of Data Set 1 (triangles). It is scen that much of the
observed velccity signal at low intensity levels is due to the effect of
photon counticg statisticy.

Figure 3. Data Set 1 after correction for photon noise.

Figure 4. Data Set 2, Spuricus velocity predictions compared to
observations.

Figure 5. Data Set 2 after corrxection for photon nolse. Observations

falling below the predicted noise level are reported with zero velocilty.

Figure 6. Consistency test for the presence of acoustic waves. Observed
rms velocities from Data Set 1 are plotted against observed values of rms
intensity modulation. The circles correspond to quiet region observa-
tions and the squares to active regions. The curves show the predicted
relationship between rms velocity and intensity modulation if the distur-
bances are due to acoustic waves. The curves should define the upper
boundary of an observed distribution, since the direction of waves pro-
pagation will not, in general, be along the line of sight-

Figure 7. Acoustic Flux Densities computed from the observations of Data
Set 1.

Figure 8. Acoustic Flux Densities computed from the observations of Data
Set 2.
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TABLE 1
cIv Acoustic
*
In:engicy Intensity RMS Velo_city Cross Flux ngs.‘tzl
File Photons cm “sec” ‘ster” Modulasion km sec Correlation erg e “gec
A05176 1.47 x 1014 .140 2,02 ».12; »,5;3
A05185 2,74 .077 312 .g:;o L8
WL éﬁi 500 b ~l038 198
207322 . . . 038 B
A08047 1,36 .110 32, .ggi ;gi
AD8C50 1,22 .088 1,38 191 R
A0B051 0.75 .186 2,13 -2 693
A08052 1.30 .078 1.79 -213 S
AD4O4L 1.94 .152 5.57 .(5)91 6180
A03759 1.17 .130 2,25 091 80
A04157 1.09 ,190 6.09 357 900
¥ A03647 1.61 . 089 1.43 .?ga b
S AD5151 0,69 .218 2,55 =12 o
g A03762 1,61 .083% 1.% -.020
B 703649 1.12 .116 0.94 -.025 -39
£ A03825 1,54 . 146 2.24 -.1§9 :igg
2 A09190 0.98 ,152 2,27 -,026 2
&  a05142 0.90 .150 1.07 0% 78
AD3791 1.00 .165 2,46 ,056 352
404039 1.11 .148 2.80 051 0
404071 1.15 152 5.12 ,22 248
410920 0.60 ,110 0.0 .ng 0
AD5170 1.28 .099 1.3 -.15 00
A0520% 2,46 .103 1,70 122 .
A07324 1,22 .119 2,97 .190 b
A10919 0.92 .086 0,0 -.113 s
405157 0.83 .141 3.30 ,225 soc
405163 0,84 .101 1,22 -171 -361
14 3 440 £0.5 x 10°
A09831 1,70 x 10 . 289 3 4
A08720 2.42 .090 1.43 212 -39
A09357 1.80 .097 1.67 ';n BT
406390 7,49 .110 1.74 .72 &1
% A0S5658 3,66 .095 1.56 007 0.1
& A04514 7,76 .055 1,15 .06 0.
2 06301 2,07 ,057 .65 L241 -§;
2 A04519 13,5 . 207 2.1‘7 -, 054 ns
= A03662 5.76 .182 1.91 ,080 .
2 A03651 6.7 ,222 2,45 ,007 0. 54
G a01% 1,57 .057 1.75 .019 0.26
= 9 1,60 -.155 -0.39
A05596 2.06 .10 5 9
A06237 1.09 .269 3.51 -.61 2.8
A06299 1,73 .101 2,25 .160 5.2
A06322 2.39 .072 \54 019 o.11
06303 5.38 .082 1.45 .012 .
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