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ABSTRACT

This thesis presents observations of the macroscopic line-of-
sight velocity field in the solar atinosphere. The observatons were
made at Mt. Wilson Cbservatory, prim&xily in 1960 and 1961. A
quasi~-periodic vertical oscillatory motion has been detected in the
upper photosphere and low chromosphere. The "average period' of
this oscillation has been determined with some accuracy to be about
300 sec.; there appears to be a slight decrease of period with increasing
altitude. The mean life of a single oscillation {5 about 400 sec. The
"velocity elements' which partake of the oscillation have an appear-
ance very similar to the photospheric granulation of low levels, and
are probably identical to it. The vertical velocity amplitude is about
1/2 km/sec at these levels, and increases with altitude. The horizontal
component of velocity is nearly ac large as the vertical at low levels,
but decreases with altitude, until at higher levels the velocities are
substantially vertical only. The mean diameter of the velocity elements
is only slightly larger than the photospheric granulaticon at low levels,
but increases to many times that size at higher levels.

We also report in this thesis on observations of macroscopic

intensity fields, made concurrently with the velocity observations. A



correlation coefficient butweon intensity and velocity has been found
which appears to decrease monotonically with altitude, from about +0.5
at the lowest elevations observed to about ~0.2 at the highest observed
elevations. An oscillatory behavior of the intonsity field 1s found in

the chromosphere, with roughly the same period as the velocity oscile
lation, and evidently coupled to it. This oscillation may be followed

to considerable altitudes in the chromosphere. ltis apparently absent
in the upper photosphere, however, sven though the velocity oscillation
is quite strong there.

Also discussed are some possible interpretations of the observa-
tions and what they might imply about the structure of the solar atmose
phere. We find that the observed period is close to the 'critical
period'' separating propagating and standing acoustic waves in a gravie
tating atmosphere with the solar values for temperature and gravitae
tional fleld. Several possible explanations for the decrease of period
with altitude are suggested. The amplitude and phase of the temperature
fluctuations accompanying a wave propagating in an atmosphere with
radiative leakage are discussed; this leads to a possible explanation
of the presence of an intensity oscillation at high levels and its absence
at low levels, and of the reversal with altitude of the sign of the cor-
relation coefficient between intensity and velocity.

Some observational problemasa are also discussed, both in the

body of the thesis (Parts I and II) and in appendices.
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I. INTRGCDUCTION

In this thesis we wish to present some res:lts of cbservations
made at Mt. Wilson Gbservatory during the sommers of 1960 and
1361 concerning the macroscopic velocity str.:cture of the line-
forming layers of the solar atmosphere .

Although observations of velocity fields in the solar atmosphere
are by no means new, the techniques ised in this investigation are
somewhat novel. These techniques have in tirn led to the observa- ‘
tion of several new features of the velocity structure of the aolar
atmosphere. This thesis will treat in detail one aspect of these
observations, namely the presence of oscillatory motions in the
sclar photosphere and low chromosphere, with a strongly pre-
dominant period of about five minates,

The new technigue just mentioned was originally developed
by R. B. Leighton (1) in order to measure Zeeman splitting of
Fraanhofer lines; it is easily adapted to the measurement of Doppler
shifts as well, The principle of the method is as follows: two
simultaneous spectroheliograms are taiken, one on either wing of
a spectral line. A Doppler shift of the line causes opposite effects
on the intensity of the two images, whereas all other intensity
effects are essentially the same on the two images., The difference

between the density of the two images, which is obtained by a



photographic asubtraction technique, is then proportional to the
line~of-sight velocity at each point. In using such a technique, one
pays the price of being able to observe Doppler ahifts of only one
line during each observation, whereas a normal spectrogram
records an entire region of the spectrum for each point observed.
However, in return one reaps the compensating reward of a two-
dimensional picture of the velocity structure over an extended area.
Measurements of the statistical properties of such '"velocity spec-
troheliograms'' and of the statistical ime correlation properties of
pairs of such "'spectroheliograms, ' taken at different imes, form
the bulk of the data presented in this thesis.

This paper is divided into four parts, In Partl we shall
discuss the spectroheliograph, its adaptations for the present work,
and certain characteristics of the instrumental rezolution and scat-
tered light which have particular bearing on the present ocbservations.
In Part Il we discuss the method of obtaining the data and reducing
it in the laboratory. FartIll contains a pregsentation of the data
obteined to date concerningthe macroscopic motionsin the solar atmose-
phere, and part IV presenta some possible interpretations of these
results. A major part of the data presented here and some of the

conclusions drawn have already been reported (2).



PARTI1. THE SPECTROHELICGRAPH

The observations described in this thesis were obtained with

the thirteen foot spectroheliograph at the sixty foot solar tower

telescope of the Mt. Wilson Cbservatory. We shall begin this section
with a brief discussion of the spectroheliograph and its operation,

and a description of the auxiliary apphratus which has been intro-
duced, to a large extent in specific connection with the observations
reported in thie thesis, We shall then consider the problem of spatial
and wavelength resclation in the spectroheliograph, followed by a

discussion of scattered light in the instrument.

A. The spectroheliograph

Figure l-la is a schematic diagram of the optical path
traversed by light in the spectroheliograph when set to record
velocity fields. Several auxiliary pieces of apparatis have been
introduced in addition to the normal components of a spectrohelio-
graph. In the order in which they are encountered by the light beam,
these are:

(1) Guider (not illustrated)

An unsilvered plate glass mirror situated several feet above
the entrance slit deflects a small fraction of the incident light to a
photoelectric guider, which keeps the south and west lirnbs of the
solar image stationary to within lesas than 1 second of arc on days of

good seeing.
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Figure 1-1. (a) Schematic diagram of the cptical systera. A:
vertical light-beam of the 65-foot tower telescopa.
B: optical glass beam splitter (moves with spec-
troheliograph). C,C': duplicate images. D: en-
trance slit (19.3 c¢m long). E: double-convex lens
used to adjusi the 'tit" of the speciral lines.
¥: double-concave lens used to adjust the '"curva«
ture'' of the spectral lines. (E and F aleo act as
a field lens for the spectrograph.) G: 'split’
light-beam proceeding toward the collimator lens,
H: diapersed light-beam proceeding from the
camera lens (V and R designate the violet and red
directions along the spectrum). I1,1': plane-
parallel glass blocks, whose equal and opposite
tilt serves to ''shift”’ the spectra of the two images
C,C' equally in upposite directions. J: exit slit.
K, K' monochromatic linage "'strips'' passed by
exit slit. L: photographic plate. M,M" latent
images on photographic plate, built up of succes»
sive '"atrips' by the motion of the spectrohelic~
graph. (b) Diagram of the action of the line shifter,
showing the displaced line profiles. The crosse
hatched sectiona represeat the portion of the line
profiles admitied to the photographic plate L by the
exit alit J.
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Figure 1-1

(Description on facing page (3a) )



(2) Beam Splitter (B in Fig. 1-la)

This instrument, placed in the light path just ahead of the
spectroheliograph entrance slit, creates two identical images side
by side on the entrance slit. Variations in the splitting factor of
the half -aluminized mirror in the splitter nececssitate placinga
neutral step wedge ''compensating filter' in the more intense beam
to eq 1alize the intensities of the two images, Attached to the beam
splitter is a shutter which can cut off the light to each image
simultaneocusly, and which is actuated automatically at the end of
each expesure. Finally, a ''plate indexing circuit’” causes a set of
metal "fingers" to be inserted in the light path just above the slit,
each finger blocking out the light over a small area of the image.
The "'registration marks' thus created on the photographic plate are
in identical positions on each image and aid in placing the two images
in register {or photographic cancellation.

(3) Curvature and Tilt Correcting Lenses (E and F in Fig. l-la)

The double<convex ""tilt" correcting lens and the double-con-
cave ''curvature'' correcting lense are situated just below the entrance
slit. These lenses introduce curvature and tilt to the apectral lines
just sufficient to cancel out the curvature introdaced by the grating
and the combined tilt due to imperfect alignment of the grating system

and to solar rotation. Such corrections are essential for making



velocity observations, due to the requiremcﬁt of extremely precise
positdoning of the spectral line below the second slit.
' (4) Line Shifter (I, I' in Fig. l-la)

The line shifter consists of two glase blocks, situated side by
side below the exit slit. Each glass block transmita light from one
of the two images created by the beam splitter. The blocks may be
tilted equal amounts in opposite directions, thus shifting the spectral
lines at the exit slit by egual and opposite amounts,

For velocity measurements the line shifter is used in conjunce~
tion with the beam splitter in the following way: With the blocks
initially having no tilt, the slitie precisely centered on 2 spectral
line having & symmetrical profile, The blocks are then tilted a pre-
scribed amount, so that the wavelength of light passed by the slit
corresponds to a position on the red wing of the line for one image,
and an equidistant position on the viclet wing for the other image
(Fig. 1-1b). A Doppler shift of the line then moves the line core
toward the slit for one image, and away from the slit for the other,
thereby producing opposite small changes in the total light intensity
passed by the slit to the photographic plate. Thus the contribution
of Doppler shifts to the density of the developed plate at any point is
the small ''"difference signal' between the much larger total densities
of the two images at that point. This difference signal is later separ-

ated from the main density patiern by a photographic "subtraction"

technique to be described later.



(5) Slit Drive Motor (not illustrated)

A slit drive motor has been provided which causes the second
slit to be driven slowly across the profile of & spectral line of
interest. 1t is coupled by a microawitch to the plate indexing circuit
mentioned in (2) in such a way that the registration marks may be
placed on the plate at the instant the second slit is at any desired
predetermined place on the profile. The slit drive motor, coupled
with the plate indexer, is used for velocity calibration purposes, to
record the position of the slit on the profile during the actual observa-
tion and also the slope of the line profile at that point. We shall dis«
cuss the details of its use in the section on observational techniques
in Part Il.

(6) Microscope and Photometer (not illustrated)

In order to achieve accurate velocity measurements in the
way just described, it is essential that the spectral line be straight
and parallel to the slit, and that the position of its center be known
to within about 0.01 mym. The spectral line may be aligned and
positioned to this accuracy by means of a special microscope. Thia
microscope has cylindrical optics which magnify the image of the
slit in one direction and reduce it in the other. Thus the 19 cm slit,
opened to 0. 10 mm is imaged into a2 rectangle 15 mm by 0.5 mm. The
image may be examined with a normal 28 mm eyepiece or deflected into

another fecusing system whichreduces the image toa 10 mmby 0. 2 mm rectang



imaged on & diff.sing screen directly in front of the photocathode

of a 1P21 PM tube. (A 7102 PM tube is substituted for use at wave-
lengths greater than 7000 A, especially the 18542 line of Call.)

The signal from the phototube is amplified and displayed on the meter
of an Eldorado photorneter, or may be recorded on a Varian chart
recorder., A discussion of the use of the microscope and photometer
in setting on a line and adjusting it to parallelism with the ¢lit will

be deferred to Part 11,

B. Resolution of the Spectroheliograph

Puae to the non-zero width of the spectroheliograph slits,
third-orderaberrations of the collimating and camera lenses, and
finite lens and grating resolution, the spectroheliograph degrades the
spatial resolution of the solar image which the 60 foot teléacope
forma on the entrance siit. The wavelength resolution also is de-
graded to a value considerably below the theoretical resolution of
the grating alone, 1t is of interest to obtain quantitative estimates
of the effects of these influencés. both in order to correct the measured
data for resolution loss and in order to recognize and avoid pos~
sibilities of actual misinterpretation of the data,

Consequently, an experimental and theoretical investigation
of the principal soarces of resoclution loss was undertaken, A detailed

discussion of this somewhat complex problem is presented in Appendix



I. Here we shall summarize those results of the investigation which
pertain to the techniques of observation and analysis described in
“art II, to the data presented in Part Ill, and the interpretation of

this data discussed in Part IV,

1. Loss of Resolution Due to Curvature of the Focal Surface of the
Spectroheliograph

Due to the curvature of field produced by the collimating and
camera lenses, the spectroheliograph focal surface at the center
of the second alit is about 9 mm higher than at either end of
the slit. To get the bast compromise focus, the apectrohellograph
is set a0 that the center of each image, located approximately 1/4
and 3/4 of the way along the slit (Fig. 1-1) is in focus while the
edges of each image (located at the center and ends of the slit) are
somewhat out of focus. The resulting loss of apatial resolution at
the edge of each image is about 1-2 sec arc on the sun, or 7-1500 km.
Aside from poor '‘seeing,'’ this is thg largest single source of spatial
resolation loas, Accompanying the loss of spatial detail is loss of
wavelength resolution at the ends of the slit, resulting in a broaden-

ing and smearing of spectral line profilea.

Z. Resolution Loss Due to Finite 5lit Widths
1f the apertares of the f{irst and second slits are equal, the

“tranamittance' of the spectroheliograph for spatial detail of various



sizes relative to the slit-widths has been calculated; the principal
result is a sharp cut-off near sizes comparable to the slit width,
Significant attenuation extende to sizes equal to two or three slit
widtha, Experimental measurements of both wavelengths and spatial
resolution as a function of slit width are presented and discuesed in

Appendix 1.

3. The Effect of Megnfication of the Image of the First 3lit Due to
Grating Dispersion

A direct consequence of Bragg's law % * gin Gi-sin Gd (where

n = spectrum order, D = dispersion, 2 ,,8 = angles of incidence and

i"d
diffraction) is that {f the first slit subtends an angle dei at the grating,

then its monochromatic image at the exit glit subtends an angle
cos®

8 . H
ded = covs, d " 8(\) dt)i B(r) is plotted in Appendix I; for the

spectral regions normally observed, B~1.5.

One important consequence of this magnification is that for a
given exposure, determined by the product of the slitwidths, the
wavelength resolution of the spectroheliograph is best when the second
alit width is the same ay that of the magnified image of the first slit,
i.e., when a,s= Eal where a, and a, are the apertures of the first

and second slit. The best resolution of spatial detail, however,

occurs whan '1 ] az
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4. Loss of Resolution Dues to the Gap between Exit Slit and Plate

The exit slit of the apectroheliograph lies about 0.3 cm
below the level of the photographic plate., The light from the grating
converges to the slit, but diverges again aiter passing through the
slit. Thus the width of the intenasity distribution which strikes the |
plate at any instant ie greater than the slit width. The width 26 of
the distribution is determined by the alit width and the focal ratio of
the optical system., For 0,07 mm slits, and with the 17 ¢m solar
image (the effective focal ratio is then that of the 60 ft telescope)
we find the width to be 28 = 0. 12 mam or 1.1 sec or are, i.a., nearly
twice the slit width, |

As the slits are narrowed in an attempt to attain better epatial
resolution, a width (about 0,04 mm) is reached below which the
resolution actually worsens. This is due to the fact that as the first
slit is narrowed, the diffraction pattern of the slit widens, until
finally the central maximum of the pattern fills the entire collimating
lens. Then the effective focal zatio is the ratio of the collimating
lens aperture to {ts focal length, and i{s about half that of the 60 {t
telescope.

We shall now briefly indicate how the results of the preceding
discussion should affect the observational procedures and the

analysis of data.



11

a) If one wishes to compare obaervations of dtf!erent‘ points
on the sun to each other (8.g. velocities at the center of the disk
and near the limb) care should be taken to place the two different
areas over the same points on the alit, in order to eliminate spurious
results due to changes of spatial and wavelength resolution along the
alit. Otherwise one must correct for these resolution changes.

b) To obtain the best wavelength resolution for a given

a
exposure (a_a_ = const.), the slit should be set such that-;?- =f~ 1.5,

12

However, if one is interested only in spatial resolution, th: slits
should be set such that a =3, In no case should & be less than
about 0,04 mm, for loes of resolution due to the gap between the
second slit and the plate will follow. (In addition, that portion of the
incident light diffracted out of the collimating lens will be lost, thus
decreasing the intensity passing through the second slit. )

e) In analysing plates, one must be aware that the photographic
image contains only solar detail above a certain sizes, of the order

of the slit width, and that in addition there may be amearing of this

detail due to the optical imperfections we have just discussed.

C. Scattered Light

A precise knowledge of the scattered light in the spectro-
hellograph would be very halpful in connection with a number of

obgservational problems. For instance:
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1) Itis interesting to know how solar intensity variations,
i,e., temperatire fluctiations, vary with height in the atmosphere.
In principle this could be determined by analyzing density fluctuations
in spectroheliograms taken in line cores. However, light from the

nearby continuum is scattered into the center of the lines; this light,
which is imaged, reflects intensity fluctuations in the continuum rather
than the line cores, and sach an effect should be aliowed for.

2) Cross-correlation functions of plates taken simultaneocusly
in the core of a spectral line and the nearby continuum yileld a very
large correlation coefficient, For a set of plates taken in the
Cr+~§555 line on a day (" -1-61) of exceptional seeing, for instance,

a correlation coefficient of 0.6, was obtained. To what extent this
is real, i.e., to what extent intensity fluctuations in the Cr+ core
are correlated with fluctuations at lower levels depends, as already
explained, on the amount of imaged light scattered into the line from
the continuums.

The ideal way to measure the scattered light quantitatively
would be with a sodiom absorption tube, to create an absorption line
which is intrinsically black at the center. In the absence of such an
absorption iibe, a few rough measurements have been made which,
although they do not explicidy determine the scattered light, do yield
an order-cf-magnitude estimate. The following separate contributions

to scattered light have been measured: a) ghosts, b) light scattered
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parallel to the spectrum from an Hg emission tube scurce, c)
non-imaged white sunlight scattered perpendicular to the spectrum.

The details of the measurements are reported in Appendix II.
Here we shall merely summarize the results; The imaged scattered
light intensity in the second order is about 11% of the direct intenasity,
due partly to ghosts (3%) and the remainder (8%) to scattering parallel
to the spectrom. In addition, non-imaged scattered light (scattered
perpendicular to the spactrum) has an intensity of several percent of
the direct intensity,

Although these results have an important bearing on observa-
tional work planned for the future, they do not have a significant
eifect on the present observations. Hence we shall not discuss them

further at this point.
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PART II. METHODS OF OB TAINING, REDUCING, AND

ANALYZING DATA

In Part Il we shall first discuss in some detail the actual
processes involved in obtaining the velocity speciroheliograms and
subsequently "cancelling' them photographically to produce Doppler

plates and Dcppler difference or sum plates. Following this we shall

take up a description of the methods of obtaining statistical informa-
tion about the reduced plates from an "autocorrelation device."
Finally, we shall consider the various sources of error which can
enter into the measured statistical properties of the photographic
plates and the extent to which these errors can lead to incorrect

interpretation of the results,

A, The Collection and Reduction of Data

Most of the observational and photographic technigues to be
discussed here have already been presented (1, 2), but in the interest
of completeness we shall repeat the discussion, expanding on some
of the detalls which could be treated only lightly or not at all in the
abovementioned papers.

Cbaervations were taken from mid-May untll mid-September
during the summers of 1960 and 1961, Observations generally began

within twenty or thirty minutes after sunrise (as soon as the image
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brightness allowed and the sun rose far enough above the horizon to
escape low-lying atmoespheric turbulence) and continued as long as
atmcspheric stability permitted (usually between thirty minutes and
two hours). The method of observation is as follows: the spectral

line to be observed is chosen and the slit widths, spectroheliograph
and telescope focus, nominal positions of the curvature aad tilt cor-
recting lenses, and zero correction for the line shifter set. The beam
splitter is positioned with the appropriate order-separation filter

and compensating filter setting, creating essentially identical {mages
side by side on the first slit., The 17 c¢cm solar image is positioned

on the first slit, and the spectral line desired is brought below the
second slit by tilting the grating. Using the microscope and photometer,
the center of the line profile is found photometrically for light enter-
ing each of four different positions along the first slit. If the location
of the center of the profile is found to vary along the slit, corrections
of the curvature and tiit lens settings ae well as the zero position of
the line shifter are made until the line is parallel to the slit to within
at most 0.01 mm along its entire length. The area of the sun to be
observed is selected and the guider is positioned accordingly. Thc
guider is checked to make sure it is operating as sensitively ae pos-
sible for the particular conditions of seeing, brightness, and scattered
skylight. With the solar image in its observing position, the final

position of the entire spectral line is measured, the slit is placed at
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the center of the profile, and the microscope is removed. Using the
line shifter, the spectral line is ofiset by the required amount, in
opposite directions for the two images. This places the opposite’
wings of the profile under each corresponding half of the slit, For
most of our observations the slit is offset to that point on the profile

where the logarithmic slope of the profile is greaiesi, thus

141
I1ax
giving the greatest Doppler sensitivity (p. 25 ). An 8X 10 inch
Fastman Kodak spectroscopic plate of the appropriate emulsion

(11-0 for A <5000 A, IIF for 5000A<A< 6800 A, 1-N for Ca' 8542)

is loaded and placed in position above the second slit. The spectro-
heliograph traverse apeed i{a selected after noting the image bright-
ness on a brightness meter and the exposure is begun. At the end of
the exposure, which for a typical 11 cm traverse requires three to

five minutes, the plate is immmediately shifted to place fresh emulsion
over the slit and a new exposure begun, this time with the spectro-
heliograph travelling in the opposiie direction. Sometimes the setting
of the line shifter is reversed between exposures, thus reversing the
sign of the Doppler shift contribution to each image. The plate indexing
circult is actuated at each end of the image to provide registration

marks for use in later photographic subtraction.

At the end of & sequence of observations, an expanded line

profile is recorded, for later use in calibration. This is accomplished
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in the following way: The shifter is reset to zero and the slit drive
motor is engaged with the micrormeter which positions the second
slit, thus enabling the slit to be driven slowly across the line profile.
A cam, which revolves with the motor and actuates a microswitch
closing the plate indexing circait twice per revolution, is set to close
the indexing circuit when the second slit is in the precise position it
occupied during the obgervation. S5ince the second slit micrometer
moves at 0. 50 mm per revolution, the plate indexer will also be
actuated when the alit is 0.25 and 0,50 mm either side of its position
during the observation, The slit is then backed off some distance
greater than 0.25 mm and a short spectroheliogram is taken, during
which the slit is driven past the spectral line. The result is a greatly
expanded line profile, with index marks at the precise wavelength
occupied by the slit and at wavelengthe corresponding to a distance
0.25 mm either side. The latter rna‘rks. together with knowledge of
the spectrograph dispersion, serve to establish the wavelength scale
of the profile. The line profile serves two purposes: (a) it records’
the exact position of the slit on the line and whether the alignment

of the line and slit was satisfactory, and (b) it yields, after micro-
photometer tracing, the slope of the line profile at the shifter offset
used; this is essential in order to translate transmission variations

on the plate into absolute velocity fluctuations on the sun,
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Aifter ihe observations are made, the plates are exposed at
one edge to a calibrated step wedge source (red for l-F and I-N
emulsions, violet for 11-0), and developed for five (I1-C or 1.N) or
ten {II-F) minutes in full strength D-19, fixed, washed, and drleti.

Each member of a pair of images which were exposed simul-
taneously in the manner described above is ideally identical to the
other in every respect except for small denslty variations caused by
Doppler shifts of the spectral line, which produce opposite variations
on the two images. In order to extract this small "'difference signal"
from the much larger main density fleld, a photographic subtraction
technique is used: & negative contact print is made of one of the two
images and developed to unity gamma, such that, when placed in
register on its own positive, a uniform gray field results.® When
placed in register on the other member of the imnage pair, however,
the Doppler signals, being originally of opposite polarity, now reine
force. Thereiore, these two plates when cemented in register show
a aniformn gray field everywhere except where there was a Doppler
shift of the spectral line, and the departure from grayness is propore

ticnal to the magnitude of the shift. Such a Doppler plate exhibits

*The relation between ihe intensiiy I striking any point of - -
a photographic plate and the transmission T at that point on the
developed plate is T = C1l where C and I are functions of exposure and
development time. For a contactprintl < 1/T where T is the
transmission of the plate being printed. Thereforg. if T = 1‘3
T = const. /T_, and the transmission of the original and-its contact
placed in reg?ster is T To = consat,
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many interesting properties and merits detailed study; however, itlis
algo of interest to subtract two Doppler plates in the manner just

described. This yields Doppler sum or difference plates, depending

on whether the line shifter was reversed or left unchanged between
exposures. A Doppler sum or difference plate exhibits departures
from uniform grayness at any point whenever the sum or difference
of the velocity fislds, as recorded at the two times the apectrohelio-
graph scanned that point, is not zero. These two times are separated
by an interval which varies linearly along the plate from nearly zero
(at that end of the image scannod at the end of the first exposure and
at the beginning of the second exposure) to six or eight minutes at

the other end.

(In order to obtain a difference or sum plate from two suce
cessively scanned Doppler plates, each of which consists of a ''sande
wich' of two plates cemented smulsion to emulsion, each Doppler
plate ia first projection printed to unity gamma in order to bring the
image to the surface of 2 plate for further cancellation. During the
projection printing the image is purposely slightly defocuaed by an
amount sufficient to wash out the image of plate grain in the first can-
cellation, but not enough to degrade solar detail significantly. Followe
ing this, the procedure is the same as for a first cancellation: a
contact print of one image is made to unity gamma and superimposed

on the other to bring out the difference signal between the twa plates.)
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B. The Analysis of Data: Autocorrelation and Cross Correlation

Functions and Thelr Interpretation

Az we shall digcuss in Part I}, many of the res.ults obtained
from this investigation are qualitatively apparent after a visual
examination of the plates in various stages of reduction. However,
to obtain quantitative information about the nature of the velocity
structure (e, g. the magnitude of the velocities, the dimensions of
the elements over which the velocity is coherent, the variation of
average velocity with position on the solar disk, etc.), some sort of
more objective measurement procedure is necessary. A traditional
method of analysis would be to make essentially one-dimensional
microphotameter tracings across an area of interest, and with the
help of our velocity calibration procedures, to determine the velocity
profile along the line traced. We are, however, more interested in
the statistical properties of the field, as averaged ever a large area,
than in the velocity as measured at discrete points with the micro-
photometer.

By quite laboricus measurement and analysis procedures it is
possible to obtain statistical information, such as the one-dimensional
autocorrelation function, from a rnicrophotometer tracing. It would
actually be far better to use a two-dimensional autocorrelation function
for statistical analysis, if it could easily be obtained, since the two-

dimensional autocorrelation function averages statistical properties
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over an area rather than along a line. A relatively painlesa method
for obtaining the two-dimensional autocorrelation function directly
has in fact been developed; consequently a very large fraction of our
g.:antitative results has becn obtained from two-dimensional auto-
correlation function techniq:ies.

The two-dimensional autocorrelation (A-C) function of the

transmisasion over a given area A is defined as

@) = &r(?)rﬁ+1)m = (T() TE+E) Y (2.1)
If we write the transmission of the plate a9

T(E)=T_(1+e(¥), (2.2)
where To is the average transmission

T =(T(?)>, (2.3)

then

c(s) = Toz ((1+e(F)(1+e(F+3))), or
(2.4)

Clsy = T 2 (1+ (e (F) 2@ +3))),
where we have noted from equations 2.2 and 2.3 that ( e () ) = 0.
If we define the normalized height of an aatocorrelation function to
be

i - &lo) - Cle) (2.5)

C{) .
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we see from eq ation 2.4 that

H= (%), (2.6)

Thus the height of an A-C function is the mean square percentage

fluctuation of transmisasion of the area over which the mean is per-

formed. 35:milarly, one can obtain the cross correlation (C-C) func-

tion of two different plates with transmissions

Tl(?)sz(l+el(?)). Tz(r)--Tzo(HszG—)). (2.7)
We see that

Cn())leo Tzc(l-f(el(r)czﬁ'i-s)) Yo (2.8)
and

B, = (sl cz). (2.9)

The full width at half maximum (F WHM) of an A-C or C-C
function is 2 measure of the linear size of the elements

in the field. The exact relation between the F WHM and the statistical
properties of the sizes of the elements is a complicated function of
the power spectrum; nevertheless, mathematically amenable trial
functions yield A-C curves with halfwidths which are indeed of the
same order of magnitude as the characteristic size of the elements
contributing to the A-C function.

An A-C function contains mich more information than that

given by its height and width; in fact, one can obtain from it the spectral
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distribution of the statistical field represented by T(x,y), since the
Fourier transform of the A-C function is the absolute square of the
Fourier transformof T(¥) (3). However, all the results reported

here have been obtained by analysis of the height and FWHM alone.

In order to obtain the A-C or C-C function of the transmission
field of a photographic plate, a device (Fig. 2-1) was built to carry
out thé integral involved in equation 2.1 photometrically. To obtain
the A~C function over a given area A of a plate, two coples of the plate
are made which are mirror images of each other, so that they may
be placed in register with their emulsions in contact. We shall refer
to these two plates as a righteleft pair. Cn one plaie, the entire
area except for the afea of interest is masked off, The plates are
fixed to separate frames, which are placed in a holder i;x such a way
that their emulsions are in contact and in regiater. A motor drive slides
one plate slowly past the other. Collimated light ie passed through
the two plates and is brought to a focus on the photocathode of a
photomultiplier tube. At each poiﬁt. the light tfa.nsmitted is pro-
portional to the product ef the transmittances of the two plates at that
point, and the total light collected by the photomultiplier is the integral
of that product over the area of interest. Thus, when the plates are
displaced an amount s in the x-direction and t in the y-direction,
relative to each other, the photomultiplier records C(s,t) (eq. 2.1).

In practice, t is usually zero. The signal C(s,0) from the photo-
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Schematic diagram of the autocorrelation device.

A: 6-v, 4.5 A colled-filament lamp, air-cooled to
reducs convection currents. B: beam deflning stop.
C: gradient-compensating filter, This filter has a
linear density gradient from edge to edge; by adjust-
ing its azimuth, an over-all "dlt" of the A-C curve
may be avoided. D,D': plano-convex condensing
lenses. D renders the light parallel, and D' con-
centrates it upon the photomultiplier cathode. E,

F': fixed mounting frame. F' movable {rame.

G,G'"t circalar plate carriers. These carriers may
be rotated 0°-360° in azirmuth and locked in position.
H,H'" maiched right~ and left~hand plates, emulsion
sides in contact. The plates are fixed to the car-
rier G,G’ so 25 to be in register when the carriers
are concentric and co-azirmuthal. [: aperture astop
which defines the area of integration. J: motor-
driven micromaeter, which slides frame F' slowly
past F. (Motor not shown.)
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Figure 2-1

(Description on facing page {23a) )
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mltiplier i3 amplified and fed into a 0-10 mV chart recorder.

Since the fluctuation of 3(s,0) seldom exceeds 10 percent, C(s,0)
varying between 9 and 10 mV when C(0,0) is normalized to 10 mV,

a2 10x multiplier resistor ia inserted in the circuit, along with a 90
mV bucking voltage. Thus the chart recorder's range is between

90 and 100 mV, and the full scale of the chart represents a 10 percent
change in the asignal. Multliplicaticn by other factors with appropriate
bucking voltages is also sometimes ased.

We shall now discuss how the heights and FWHM of auto-
correlation and cross-correlation carves may be interpreted to yield
quantitative information about the statistical properties of the bright-
ness and velocity fields of the solar atmosphere. A number of basic
assumptions underlie our interpretations. Some of these have more
validity than others; later we shall discuss the question of their
validity in some detail., The basic assumptions and their consequences
are:

1) The presence of a non-zero line~-of-sight component of
velocity over an area sufficiently large to be resolved by the instru-
ment simply shifts the spectral line bodily by an amount A X = -Z— A,
without changing its shape or residual intensity.

2) The slope of the line profile is constant over a wavelength
range larger than any Doppler shifts actually encountered; further-

more, it is opposite for points equidistant from the line core
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on either wing (the line is aymmetric). Assumptions 1) and 2)
imply that a line-of -sight velocity component adds an increment of
intensity to a point on one image which is directly proportional to
the velocity, while it subtracts an equal increment of intensity from

the other image. The fractional increment in intensity is

Al % 19_1__

v
= i ——— ] t -—-1‘ (z.lo)
1 ¢ L a4 c dr 4o
o s o o

where 1(2) is the unshifted line profile, X is the position of the line
core, and 8 is the offset of the line core from the slit. The line
profile (1) is the intrinsic line profile smoothed out by the instru-
mental resclution window; i.e., it is the intensity profile measured
at the plate position by scanning with the second slit.

3) The intensity striking the plate consists of 2 mean intensity
plas small fluctuations about the mean. 1If (x,y) are coordinates on
the plate, I (x,v) =1 G(l + -A—I-»I(-’il—i) ) AI/IO <<}, -?-I- consists of

(&) Q

the Doppler shift contributions

dinl
dx

\ —Z- 2 8 (x,y) (2.11)
plus other contributions whick we lump together into a term B (x,y).

The main contribation to B is due to fluctuations of the solar intensity.

(Ve shall often adopt the working hypothesis that 8 i3 proportional

to a temperature fluctuation. In view of the complexity of the problem

of line formation, this is a rather risky assignment to make; one
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justification will be the rather seclf-consistent picture which emerges
as a result.) We choose the signs of § and ¢ such that & is positive
for upward (approach) velocities when the slit is in the red wing of

the line, and 8 {s positive for increases of intensity., Then

Ir (xo ‘/) e lo(l £ (x. i)+ B(X. Y)) (Z. XZ)

v

where v and v refer to the red and viclet wings of the line. Further,
we assume 5| land |8l i, I_ is chosen such that

(£:48) 0, il.e., (5)={3)

H

9. (xo = (I).)
4) The gamma of the spectroheliograph plate is constant.

Therafore, the transmission T of the plate ia T « IF. From 3),

T = To(l +8+ ﬁ)1 . Because %—I- <« 1, we approximate
Tz'ro(l-!-I‘E £ 6 ), (2.13)

5} In the reduction process, a contact transparenc. of one

inage is exposed and developed to gamma (it is assumed) of exactl,

. . . . |
anit;. Then the transmission of the ¢ontact, Tcroc-—- (Tr) =

»

- v vV
Toc(l + T8+ T°) ! ~ ’I‘oc(l T8 ¥T5), Therefore, when the cone

tact ia placed in register :pon its mate, the single (1¥) cancellation

which results has the transmission

Tlx = To(l + TP 6)‘1‘0‘2(1-?5* Td)= Tlx 0(1 +2l8)

(z.14)

to terms of second order in 8 and §.
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6) Similarly, a double (2X) cancellation, which is prepared

by making a contact print to unity gamma of a singly cancelled
Doppler plate and placing it in register upon a second Doppler plate
taken at a different time, has a transmission (if the shifter was set

30 the first Doppler plate has T __ = Tlx o(l +2r6))

1X

T2x= TlX ‘:,(l +27 «x- Yo tl(x' ')"» T!X oc(lx 2r 5(3‘- Yo tz(xo )’)) or

(2.15)
sz= sz 0(1 + Zf'(ﬁ(x,y,tl) 8 (x.y.tz)) » depending on whether the

shifter was left unchanged (difference) or reversed (sum) between ex-
posures. tl(x, y) and tz(x, y) are the two times of 8canning the point(x,y).

5) and 6) follow from assuming unity gamma of the plates
in the cancelling process and that Iglard i 6 1<< ],

If we accept the preceding assumptions, and if we add the
(non-trivial!) assumption that the outpat of the autocorrelation machine
really is the purported autocorrelation function, we may relate the
height of the curves to the statistical parameters of the solar velocity
and brightness fields, Namely:

1) The root mean square (rms) velocity is determined from

the height of an A-C function of a Doppler (singly cancelled) plate to

be
2 % 8
2% _,c 1 . e _1_ 1 2
(7= U5 g1 ) ) Y FEad T (EH)D) er
ax o (2. 16)
2. % _ ¢ 1 .\
(v = x Fmr B o
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dfnl e 940 T

using equations 2,2, 2.6, and 2. 14 and noting T

d a
dinT « . .
- is found from a microphotometer tracing of the line profile

(sce Section C).
1) The rms sum or difference between the velocity as measured

at two times tl and tz is found in the same way from an autocorrelas

tion curve of a (doubly cancelled) sum or difference plate to be

P4 C i 2 é
g 2 v 1D =S gmar @4 *%) )
dh (2.17)
¢ 1 3
"B TinT My

W o

aA
(Note that the velocities and veloeity differences or sums obtained
are independent of I".)
3) We may also investipgate the yma velocity, the rms intensity
fluctuation, and the correlation between them from autocorrelation
and cross correlation curves of the original spectrcheliograph image

pairs. The A«C and C-C funcrons of the red and vioclet images may

be written:
0 G, (8) = (T _r,y) T fcta,y)) = (DL (roy) T (2 (xte,y)' ),
b) C (8= (T (x,y) T (xts.y)) = ( [Iv(x.y)f[ 1(x+s,y) YY), and

) G, (o) = (T bey)] LT beta)]T) (2.18)
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Using equation 2.5, and dropping terms above the second order in

# and 8, we find

s) nrr=r"‘[((p+a)z)]ar?‘((BzH(a"'Hz(Ba)]

B H_=r’s%es®y 288y (2.19)
o H_=rT(ehH. (8%
Thus,
a) (82 =(H _+H -2H y/arl,
ry vV rv
2 2
b) (B7) =(H" +HW+ZHW)/4F , and (2. 20)

c) (B8)= (H__ -Hw)/:arz

c 1] c 1
Finally, uaingva-{ TinT 6&!’-)1- T TTa 6, we obtain

dx
2 2
a) <vz) = :12 [dinT;di] (Hrr+Hw.2Hrv)'
b) (8% = -;-I-}-z-— (B +H _+2H_),and (2.21)
c) {Bv) = Zcﬁ' .&_{:}:’F (H" - va) .

Note that if cur underlying assumptions are correct, this second
separate method of determining (vz) (eq. 2.21) should agree with
the first one (eq. 2.16). We shall see later that there is actually
significant disagreement between the results of the two methods,
indicating that if we wish to obtain very precise quantitative informa-

tion, we should refine our assumptions and perhaps also our
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techniques of obtaining A-C and C-C curves.

C. Calibration

As we saw in the last section, in order to interpret density
fluctuations on Doppler plates in terms of actual velocities of gases
in the solar atmosphere, we need to know the logarithmic slope of the
line profile as recorded on the photographic plate at the wavelength
of observation, i.e., -1,1; %;__1‘ or didn T/d\. This is accomplished
by tracing the line profile with a recording microphotometer. For
ease of analysis, the microphotometer is used in conjunction with
a curve follower on an x-y recorder, which causes lneT to be plotted
directly, where T is the tranemission of the plate, The micropho-
tometer slits used are long and rather wide, in order to average out
moot‘of the detail of the solar surface which is superposed on the
structure of the spectral line. Typical plots of logeT versus A are
shownin Figure 2-2(a). Also shown are the changes in tranemission
on the original spectrohsliogram pairs for a velocity of 1.0 km/sec.
We see from equations 2. 16 and 2,17 that the change in transmission
on a Doppler plate will be twice as great, while on a Doppler sum

(if the velocity has not changed in the interim) it will be four

times as great,

didn T

- The logarithmic slope of the microphotometer profile, e

as measured at the offset used in the observation, varies from observa-

tion to observation, since the shape of the profile {s sensitively
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a) Profile of Fe6102 and Ca6103. The middle index mark is at the
normal observing position for the violet image of a Ca6103 Doppler
plate. The separation of the index marks corresponds to 0.22 mm.
or 0.36 A at the spectrograph. T = transmission of continuum.
Arrows indicate changes in transmission for v = + 1.0 km/ sec.

b) H-D curves for II-F and II-O plates. H = log, (intensity x
exposure time), D = —log1 (percent transmissions). Zero of H
is arbitrary. Arrows show normal limits of density fluctuations,

Figure 2-2
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dependent upon spectroheliograph slit width, spectroheliograph focus,
gamma of the plate, and mean density of the plate. Thus the line
profile must be measured for each plate reduced.

We see from equation 2. 21(b) that in order to interpret
brightness«caused density fluctuations in terms of actual brightmess
fluctuations on the sun, we need in addition to know I' for the original
spectroheliogram, although velocitz measurements are independent of
'y T is determined from the stepwedge placed on the plate at the
time of observation by a calibrated step light scurce. Typical H-D
curves for the plates used are showninFigure 2-2(b) with mean

densities and limits of density fluctuations also illustrated.

D. Sensitivity and Errors

Most of the quantitative results to be presented in Part I
depend entirely on measured heights and halfewidths of A<C and C.C
curves. Thus for each plate the total output of information rmaay be
contained in one or at most several A-C or C-C curves, which there-
fore represent the sole end product of a rather complex and tedious
observation and data reduction program. {(When the number of fruite
less trips up Mt, Wilson on days of poor seeing, the observational
errors, and blind paths pursued are taken into account, the total
investment of effort per piece of output data leoms rather large.)
Thus it {s well worth while to analyze carefully the nature of the

recorded A-C and C-C functions, and in particular to determine to
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what extent they differ from the "true' A-C and C-C functions for

the sun. We define the ''true’’ functions as those which would be
obtained under perfect conditions--the theoretical spatial resolution
of the telescope, infinitely narrow spectroheliograph slite, no scate-
tered light, no lens aberrations, constant gamma of the plates, no
plate grain, exactly unity gamma in the reduction process, perfect
superposition during cancellation, etc., but with the same wavelength
resolution, and thus deriving {rom the same range of optical depth
which contributes to the actual observations. Unfortunately, the
problem of errorsisso complex that it is useless to attempt to assign
a magnitude to each error source and then combine them into a final
error estimate. We shall in the end have to rely on certain direct
measurements in order to obtain a meaningful quaatitative error
estimnate. Nevertheless, it 13 useful to have in mind the various
sources, in order to recognise the precautions which need be taken
to minimize the errors. To this end we have undertaken to investigate
all significant sources of error and, whenever possible, to make
estimates of their importance by comparison with measurements.
The results of this study are presented in Appendix III. Also in
Appendix IIl we present our best attempts at quantitative estimates of
the limits of error, drawn from actual measurements of some of the
various separate contributions to errors, {rom the standard deviation

of sets of observations of the same quantity, and from internal
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inconsistencies in the autocorrelation curve tracing process. Here
we shall summarise the principal results obtained in Appendix III:

1) Sources of Error

Errors in the final A +.C function may be introduced at any or
all of the stages of observation and reduction. The following list
summarises the errors in the order in which they are introducgd:

a) Errors introduced into the original spectroheliogram pairs

at the time of observation and development of the plates include:
resolution loss due to imperfect seeing, to imperfect spectroheliograph
resolution, and to thirde.order aberrations of the spectroheliograph;
imperfect setting of the spectyoheliograph focus, the curvature and

tlt correcting lenses, or the position of the slit on the spectral line;
nonsconstant I' of the plate; dust streaks; and blemishes on the
emulsion. All of these sources of error except the fir st may be
esssentially eliminated by proper observaticnal, photographic, and
measurement tachnigues. The inevitable presence of resolution loss
requires us to select only plates with the best seeing for statistical
analysia, and to intercompare only plates taken under similar condi-
tions of seeing. We must also make suitable corrections for variations
along the spectrograph slit of spatial and wavelength resolution, when
comparing areas on the same plate but exposed at different points on
the slit.

b) Errors introduced into the first cancellation include non-

unity gamima of the contact print and imperfect registration of detail
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on the two imagee being cancelled. For velocity observations, the
range of density on the original plates is sufficiently small that T may
be kept constant over the entire density range, and by proper choice
of exposure and development times for the contact print its value

may be made very close to unity. It is, however, sometimes impose
sible to achieve perfect registration all over the image, due to third-
order aberraticns of the spectroheliograph which cause unequal
magnification of the two images.

¢) Errors introduced into the second cancellation are similar

to those introduced into the first cancellation, bat somewhat more
serious., The contrast of a first cancellation for a few lines {s suf«
ficiently great that the density range over which ' = 1 on the second
cancellation may in some cases be exceeded. Slow drifts of the
guiding svstem with time are common and may make perfect regis-
tration over the entire plate irnpossible. Distortions of the image
due to seeing fluctuationa compound the problem.

d) Errors in the autocorrelation curve tracing process arise

from the preparation of righteleft prints and from the actual tracing

of the curve. The principal contribution of the former is from imaged
plate grain which was introduced in the original plates and each of

the reduction stages. This may be minimined by slightly defocusing
the image when projection printing the cemented first cancellation

(p. 19), and when prcjecton printing the right-left pairs. Errors
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in the curve tracing process may arise from lack of perfect regis«
tration of the plates in the A-C rn&chine, from improper masking
of blemishes, and from effacts due to the boundary of the area
integrated. Ambiguities in normalization of A-~C and C«C curves
havé not been entirely avoided.

e) Calibration errors, finally, arise from the difficulty of

accurately measuring the logarithmic slope of 2 line profile and
varfations of the profile from point to point on the solar image and

on the spectroheliograph slit,

2) Limits of Error

The combined effects of the numerous sources of error just
listed have been estimated in several ways:

a) '"Noise plates' were obtained with the slit on the same

wing of the spectral line for each image. Thus the velocity field
should be cancelled rather than reinforced in the subtraction process,
leaving only "noise' due to imperfect cancellation, non-unity gamma,
etc. Comparison with normal Doppler plates yields a 'signal to
notse' ratio of about 16 to 1 for rms velocity as measured on Doppler
plates.

b) Measurements of the selfeconsistency of sets of A~C and

C-+C functions indicate that errors of about 20 percent in rms velocity

may be introduced by the reduction and measurement processes.
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¢} Calibration errora have been estimated to be about 10
percent, from the dispersion of repeated measurements of the same
profile, and of different profiles of the same spectral line.

d) The observed dispersion of rneasurements of velocity in

one spectral line is ugually leas than 25 percent.

With the help of the above considerations, we adopt 30-40
percent as a conservative estimate of the "lirnits of error' of the
velocity measured on a Doppler plate. Much of this error is systemse
atic; as we shall discuss later, errors in relative velocities (as
measured for instance at different parts of a spectral line or dif.

ferent points on the sun) are much less.
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PARTIII. THE OBSERVATIONS

We now proceed to a disacuaaion of the observations of timee
varying macroscopic velocity and intensity fields in the solar atmos«~
phere. A number of the observations given her¢ have already been
reported (2) in somewhat less detail.

Cbservations of solar velocity fields were attempted in the
fashion described in Part II on virtually every clear morning from
June through September of 1960 and 1961, The seeing was considered
good when a resolution of a few seconds of arc was attained; only
rarely was one-second resolution encountered. The principal
observations made were Doppler difference and sum scans with
various time lags in lines of differing strengths, and scans in the
core of certain chromospheric lines, The lines most often employed
were, in order of increasing strength, Fetl02, Ca6103, Ba+4554,
Na5896, Mg5173, Ca+3933. Ca+8542 and Ho6563. Roughly 32
percent of the observations, those with the best image quality or
having some particialar property of interest, were reduced. 3ome
of the reduced plates were analyzed only visually; the others under-
went measurements, in various stages of the reduction process, on
the autocorrelation machine described in Part 1I and {for line profile
calibrations) on the recording microphotometer in Robinson Labore-

atory.
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We shall begin by presenting the results of observations of
the instantaneous line-of-sight velocity field--the size of the
elementa of the field, the magnitude of the line-of-sight velocities,
and the variations of these parameters with height in the solar atmos-
phere and with position on the disk, We shall then present evidence
" for a quasi-oscillatory variation in time of the velocity at every point.
We shall evaluate the ""average period' of this oscilktion and see how
it varies with altitude, and also investigate the "lifetime" of the
oscillation, Next we shall turn to the intensity (brightness) fluctu-
ationsa of the oscillating elements and discuss evidence for a correlation
between brightness and velocity. We shall see that this correlation
varies in a regular way with altitude. Finally, we ghall find that at
higher elevations the intensity fleld also undergoes a quasi-oacillatory
variation., We shall evaluate the 'average period'' of this variation,
its change with altitude, and the phase relation between the brightness
and velocity oscillationa.

In this part we shall content curselves with presenting only
the observational resulta, deferring all speculations as to their
interpretation or their interrelationships to the Discussion in Part

1v.
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A. The Instantaneous Velocity Field

A singly cancelled Doppler plate of the inner wing of a
mediume-strong spectral line, such as Ca6103, exposed over the
center of the solar disk, reveals a velocity '"granalation'’ pattern
sornewhat similar in size and appearance to that of the ordinary
photospheric granulation as seen with poor resolution. (Fig. 3-1(a)).
Indeed, the qualitative sirnilarity between the two patterns, as well
a3 the small separation of at most a few hundred kilometers between
the line«forming region at v~ ,005 o .05 and the photospheric
granulation at v ~0.5 leads us to suspect that they are intirnately
connected. The aimilarity of the appearance of the velocity field
to the white-light granalation is largest for the lowest-lying lines,
i.e., those closest physically to the photospheric granulation. As
one observes stronger and stronger lines, formed at higher and
higher levels in the atmosphere, the size of the ''granules'’ in the
velocity field increases tc many times that of the photospheric
granules and magnetic fields in plages begin to inhibit the velocity
field (Fiz. 3-1(b)). Finally, in the high Hv chromosphere (Fig.
3-1(c,d)), the gas motions seem to bear nc apparent relation to the
photospheric granulation far below,

For each of the spectral lines observed, a namber of Doppler
plates have been obtained and reduced, and their autocorrelation

(A-C) curves obtained as described in PartII. Typical A-C curves
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Figure 3=1. Singly cancelled Doppler plates:
(a) Cabl03, A\= 0.1A; darker areas receding.
(b) Na5896, A\= 0.1A; darker areas receding.
(c) Hab563, A\= 0.35A; darker areas approachinge
(d) Hab563, A\= 0,7A; darker areas approachinge
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for six of the spectral lines studied are illustrated in Figure 3-2,
Comparison of the various curves with each other shows that both
the height (i.e., mean square velocity) and width (i.e., the size of
the elements of the velocity field) increase as we progress from
weaker to stronger lines. The average rms velocity for each of the

lines has been determined with the help of 2 number of such A-C

< Hi’

2x  dtn T/dx

where H i3 the height of the A-C function and d4n T 1is the loga-
: dA
rithmic slope of the line profile, measured at the position of the slit

functions, using the relation (vz\ = (see p. 27)

on the line wing. Table I liats the rms vertical velocity for the dif-
ferent lines as averaged from a number of measures of different

plates from different obiervations.

Table Il
4 2 &

Line Offset No. of sets of No. of v

(A®) observations measures (km/sec)
Fe6102 .10 3 18 41 £,04
Cabl03 .10 4 23 .43 2,06
Ba%4554 .07 1 4 .50
Nab589¢6 .11 3 20 .56 %,07
Ca*ss42 .23 1 2 1.8
Ho 6563 .35 1 2 1.6

Deviations shown are rms deviations from the mean of a number
of measurements of various areas on several different plates, sach
plate taken on a different day. As shown in column three, the
measurements for the lines Bat4554, Ca+8542. and Hx 6563 were
each made on plates from a aingle set of observations, and hence
for these lines we have no estimate of probable errors duas to seeing
and calibration variations.
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Alao listed in Table I are the number of different seta of
observations contributing to the average, and the number of A-C
curves obtained. (In each set of cbservations, several plates may
have been taken and on each plate several 4-C co.fves were oftan
run over different areas, or scanned in different directions.) Devie-
ations shown are rms deviations from the means; most of the contri-
butions to these deviations are due to certain factors which vary
from plate to plate and day to day. Chief among these are: (a) sesing
variations, with consequent variations in resolution of the solar
velocity field, and (b) velocity calibration erroras, different for each
set of observations.

Table Il shows the results of attempts to explore the velocity
structure within individual spectral lines by taking plates at different
offsets. For each line, although the individual velocities are subject
to the errors just mentioned, the relative sizes of the velocities are
neaarly free of such errors: (a) The effect of slow seeing variations
is essentially eliminated by exposing an entire set of images with
different offsets from a line during a single obaervational sequence,
and also by arranging the order of taking the images such that an
image at every offset immediately precedes and follows an image at
every other offset. (b) Since all images are part of the same observa-
tHonal sequence, the calibration is the same for all. The remaining

variations which contribute to the rms deviations shown in Table I
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*
Table I1

Variation of Velocity within Spectral Lines

Line Cftset (A) (vz)k {km/sec)
( 0.13 0.35 + 0.01
( .10 .37 % .01
Feb102 ( .o .40% .01
( .04 .49% .01
( 013 .43i .01
( .10 .40F .02
Caelos ( .o 43% .01
( .04 453 .05
( o 1 42+ .01
( .14 .41F .01
Na5896 ( .1 .48%F .0l
( o.08 0.49 ¥ 0.01

* Eight measurements were made of four different images for
each offset. Deviations shown are rme deviations from their
mean. The values of the velocities disagree with those in
Table I because they refer to only one set of observations,
while entries in Table I show the average of several sets of
observations,
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are mait;ly due to photographic and instrumental noise in the A-C
curve tracing process. In addition, there are probably small
systematic errors remaining due to errors in measuring the differ«
ence in velocity calibration between different parts of a line profile.
Neverthelesa, it is felt that these measurements do indicate a tendency
toward higher velocities in the core of a line than in its wings.

We conclude from Tables I and II therefore that there is a
definite trend toward the increase of verdcal velecity with height
in the apper photosphere and low chromosphere, beth from line to
line and within lines. This finding i3 in substantial agreement with
that of other investigators (4,5,6). It should be pointed out that the
velocities listed in Tables 1 and 1I, being rms velocities averaged
over areas containing both quiescent ané moving elements, do not
represent typical velocities of & moving element. Indeced, if we
anticipate the reaults of the discussion in Part IV and associate the
motions with the presence of bright photospheric granules directly
below, we find from estimates (7) of the fraction of the photosphere
covered by bright granules that approximately one«third of the atmose
phere directly above is in motion. The figure of 1/3 also agrees
with the estimate by Evans and Michard (8) of the fraction of the
vertical velocity field undergoing oscillatory motion at any one time.

Thus typical velocities within individual moving elemente might be
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about /3 times as large as given in Tables I and Il. The observed
velocities listed in Tables I and Il are plotted, with their probabls
errors, in Figure 3-3. The absciesa is the height above v = 0,003
at which the varions velocities are observed. The actual assignment
of a height of formation to a given part of the profile of a given line
is of course an exceedingly complicated matter. In Figure 3«3, and
elsewhere in this paper, we define the height 2z of formation to be
the height where the emergent intensity I(A) as measured by the

residual intensity of the line is equal to the black bedy source function

2 he/AkT
! -1
Zrbe (e -1)

AS

ature prevailing at height . Thuie, if r is the residual intensity

Bh (1) = . T =T(z) is the egilibrium temper-
expressed ay a {raction of the continuum intensity, I{}) tBK(T(z)) = er(Te)
(Te ia the 'effective temperature’’ of the sun.). z is then determined

ethkTe 1
for each value of residual intensity by solving r = =——=——  for

ehv/ kT"-l

T(z) and using an atrnospheric model (we used the model given by
Allen (7)) to determine z. This crude approximation cannot avold
giving incorrect absolute heights, especially in the chromosphere
where the continuous opacity is much less than the line opacity and
where the source function becomes complicated through scattering
and the absence of local thermodynamic equilibriamm. Nevertheless,
the ordering of the lines which it suggests is probably approximately

correct; the exact placement of the lines will not seriously affect the

interpretations which will result from the observations.
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Figure 3-3. (v )a‘r versus height of formation for upper photospheric
lines,

Solid figures: Data from Table I,

Open figures: Data from Table II, normalized to agree
with Table I at offsets common to the two tables.
(See footnote to Table II.)
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We conclude our discussion of the instantaneous line~-of-sight
velocity field by an observation about the effect of the relatively
strong magnetic fields in plage regions on the velocities. On plates
taken in Ca 6103 and Na 5896, the rms velocity is reduced in size in
plage regions, and the velocity structure is diffuse in appearance.
(Cf. Fig. 3-1(b).) We are apparently seeing an inhibition of the
motion due to the magnetic fields, The inhibition appears greatest
both in magnitude and spatial extent in Na 5896. Figure 3+4 illustrates
A-C curves corresponding to plage areas and non-plage areas on the

Na 5896 Doppler plate of Figure 3-1(b).

B. S.ze of the Elements of the Velocity Field

It has already been mentioned that the elements in the small
scale Doppler field vary in size from somewhat larger than that of
the photospheric granulation at levels immediately above the granu-
lation to several times the photospheric granulation at the level of
the NaD line. It is somewhat difficult to describe this variation pre-
cisely, due to the fact that the apparent cell size depends strongly -on
the image gquality of the plate being studied. Thereiore, a collection
of measurements of half-widths of A-C curves of singly cancelled
Doppler plates will exhibit large variations between data from different
sets of observations; the variations are con;siderably larger than half.

width variatione of different areas on the same plate. Neverthelesa,
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Figure 3-4. A-C curves of Na5896 velocity field, (a) outside
plage and (b) inside plage. Plate is that
illustrated in Figure 3-1(b).
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by studying only those plates for which the seeing was exceptionally
good, we find enough self-consistency in the different half-widths for
given lines to have some confidence in the rather large variations

of apparent cell zize from line to line.

Figure 3-5 shows as crosses a plot of the full width at half
maximum of A-C curves of Doppler plates of various spectral lines.
The c:.;.rves which were meaaured are similar to those llustrated in
Figure 3-2, Also shown as dots are half-widths of A«C functions of
the original images taken on sither wing of the line. Each cross or
dot represents the average of a number of A-C acans over several
different areas on a set of plates from a single obaervational sequence.
The ordinate is the half-width in units of km on the sun; the lines are
arranged along the abscissa in the same way as Figure 3.3, In view
of the fact that the total change in altitude of line formation between
the Fe 6102 line and the Na 5896 line is probably not more than a few
hundred km , i.e., less than the order of ;'nagnitude of the aize of
the cells themselves, the more than doubling of their size in such a
distance as implied by Figure 3-5 is a very significant change.

It also appears from Figure 3-5 that the size of the velocity
field for Fe 6102 and Ca 6103 is very nearly the size of the photospheric
granulation field, as photographed in green light by the granulation

camera at the 60 foot tower.® This is acarcely surprising in view of
® An exact comparison of the sizes of the elements in the two fields is
impossible since the granulation camera has far better instrumental
resolution than does the spectrobeliograph.
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the close physical association of the velocity field at that altitude
with the granulation field directly below. It should be pointed out
that although all of the points on the figure represent plates of unusual
image quality, the average image quality for Fe 6102 and Ca 6103
considerably surpasses that of the other lines. Therefore, the dif-
ference in half-width between these two lines and the higher lying
lines represents an upper limit, and the true difference is quite
probably somewhat less.

A few upper chromosapheric lines are also included in Figure
3.5, The half-width for theze lines representa a characteristic size
of the velocity fleld at thias altitude, but it should be recalled that this
field is apparently uncorrelated with the granalation or the velocities
at lower levels. Rather it is to be associated with the veloeity struce
ture of the ''chromospheric mottling" visible on ordinary spectrohelio-
grams, and discussed by DeJager (5). The size of this chromospheric
velocity detail appears to remain roughly constant from the levsl of

Na 5896 to the level of Ho ,

C. Variation of Line-of-3ight Velocity with Position on the Solar Disk

Near the center of the solar digk (€= 0, cos®= 1) the observae~
vional line~of-aight coincides with the local Mﬂ. and thus the
Doppler shift technique is sensitive to only vertical, rather than
horizontal, velocities. Near the limb of the sun (8= 90°, cos® = 0),
the linewof-sight coincides with a local horizontal line, and the situ-

ation is reversed: only horizontal velocities can be detected.
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Therefore, an analysis of the variation of line-of-sight velocity with
cos 8 will ylield information on the relative sizes of the horizonfalv
and vertical components of the veloecity field.

For the lines Fe6l102, Catl03, and Na5896, such an analysis
has been made. The plates used for this pur’pose included areas on
the sun from the center nearly to the limb, and furthermore had
exceptional image quality, On all of the plates the Doppler granuhﬁon
can be observed to well past 8 a 45°, In regions whers 8 i3 larger
than about 30°, there is some danger of confusing the Doppler granue
lation with the long-lived large cells of primarily horizontal motion
discussed by Leighton et al, (2). However, the great difference in
size between the two velocity fields does permit a separation of their
contributions to the overall velocity field.

The method of analysis in all three lines wae to mask off all
the area on the singly cancelled plate except that within an annulus
(p,dp ) of width dp = d(Rsin6~0.03R centered at p= R 3in®, For each
value of ¢, two A<C curves were run, one perpendicular to the limb,
the other parallel. The heights of these A~C curves were measured
with respect to a baseline chosen to intersect the A-C curve C(s)
at a distance % s' from the central peak, where s' corresponds to
3 sec of arc (2400 km) for the Ca and Fe plates, and 7 sec of arc
(5600 km) for the Na plate. This choice of baseline includes most of

the contribution of the small-scale velocity field (2000 km for Fe and
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Ca; 3500 km for Na) to the autocorrelation' peak, yet eliminates most
of the contribution of the large convective cells, whose size is
measured (2) to be 14000 to 18000 km.

The velocity is derived from the height of the A-C curveﬁ
measured in the above fashion by dividing the square root of the height

by the logarithmic slope of the line profile as measured separatsly for

2 + [ Hé p ” ,
each value of p: (v ) (p) = YIS O (5ee eq. 2.16, p. 27.)
dx

The slope of the line profile is determined by two factors:
(1) the slope of the intrinsic solar profile, which decreases from
center to limb of the sun, and {2) the curvature of the focal surface
for spectral lines at the spectroheliograph, which causes the apparent
slope of the line profile to decrease from the center to edge of the
selit. The latter effect actually considerably exceeds the former and
therefore the profile should be measured at the appropriate distance
along the slit. On the plates used, however, the position on the slit
varies over the annulu; (p,dp) of integration; at each value ¥ of selar
latitude the distance x along the slit from that point on the slit which
scanned the center of the disak is given by x * pcos¢. Since a sig-
nificant range of latitude was covered in the image, we measured

the profile at that point % which was the average position on the slit

of points in the annulus: 2(p) = ..ﬂ...ur :" d
jd¢

To analyze the contribution of the horizontal and vertical

components of velocity to the line-of-sight velocity, let us consider



50

the velocity field statistically to have a distribution function {(v),

i.e., if we assign to each resolvable element in the field a point

(vx' v v‘) in velocity space, the density of points will be f(vx. vy,vz).
Taking the z-axis to be in the direction of the local vertical, and

the x-3 plane to contain the line of sight, inclined at an angle & to

the z=axie, we see that

v =v gin® +v cosl, (3.1)
I x z
Then
?
v sz zainzﬁ-rv“cosze-bv ain 28, (3.2)
/ x z 2

from which we determine
{v z) 2 fv..at(v)dv dv_dv ., (3.3)
f v ‘ X y =
1f we make the plausible assumption that

f(v:. vy.vz) = f(-v‘. vy.vz) (3.4)

we have

(v, 2y 2 JanZ sin’e f(v)e 34 f vsz cos’® £(v) a3y

(3.95)
@ ninze (vxz) + coaze (sz)

(It should be noted that this result is independent of any correlation
between horizontal and vertical velocities; our assumption in equation
3.4 causes such correlations to cancel out in the averaging process of

the A-C function integration.) If we now write

coszﬂﬂ w, sinze 2 lew , (3.6)
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equaticn 3.5 becomes
<V||2)'=\v((\.f 2')-<v z))+v2=aw+b . (3.7)
% x X

Therefore, we see that any velocity distribution f(_g) should
vield a linear relation between mean square line-of-sight velocity
and ws= cosZB. The w= 0and w= 1 intercepts should be the mean
square horizontal and vertical velocities, reapectively.

Accordingly, the measured line-of-3ight mean square velocity,
(v ”2) %(9). has been plotted versus w = coazs . This plot is shown
in Figure 3-6. Also shown are the straight line least~-square fits to
the data, ¢ vf) ¥ =a+bw, We may read the best fits to the mean
square vertical and horizontal velocities from the intercepts at w = 1
and w = 0 (center and limb), respectively. The data for 0 <8< 54°*
were used in the least-sqaare fit, weighted equally. The paramseters
a and b and the corresponding values of mean square horizontal and

vertical velocity, as well as their ratio, are listed in Table 1l for

the lines investigated.

Table III

Mean square horizontal and vertical velocities, determined from
variation of ( V| ©) with w= cos®; ( Vy Yz=aw+b., & and bare
determined from least square fits of the data plotted in Fig. 3-6.

. 2 ¢ 2
2 IR v.5yrev b
Line a(im/sed blkm/sed (:tm/sec)” (kn/sec) h v
Fetl02 .25+.02 .094.04 .254.02  .344.06  .73+.16

Ca6103 .13+4,01 .08+.01 .13+.01  .21+.02  .62+.04
Na5896 -.04+.03 .51+.04 -, 04+.03  .47+.05 -.09+.08
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The individual magnitudes of the horizontal and vertical
velocity components listed in Table IIl do not have any more validity
than any of the individual measures which contributed to Table I, for
both are subject to calibration errors in the line profile measures
and to the image quality on the particular plate analyzed. However,
the ratio_of the horizontal to the vertical velocity components, given
in the last column, should bs independent of calibraticn errors and
of variations in image guality. Therefore, except for poasible
instrumental effects which vary from center to limb, and which we
shall shortly discuss, the last column should repreaent with somse
reliability the actual situation on the sun. This situation, as implied
by the table, is that in the lower lying levels of formation of the Fe
and Ca lines, presumably immediately above the level of the photo-
gpheric granulation, the horizontal component of mean square velocity
is nearly as large as the vertical. However, at the level of formation
of the Na 5896 line, at least saeveral hundred km above the granulation,
the velocities are substantially vertical only. Part of the change in the

ratiois due to theincrease of vertical velocity with height which we
have already encountered (p. 43 ), but it appears also that the hori=
zontal velocity decreases with height. The deviations in the measured
values for Feb6102 and Cab6103 are sufficient to mask any difference
between those two lines,

There are four factors which might complicate the above inters

pretation of the data, and which must be examined. They are:
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1} As described in Part], the spatial resolution is somewhat poorer
near the ends of the slit than near its center due to the curvature of
field of the spectroheliograph. This might cause measured velocities
tobe too low near the edges of the cancelled image, because there the
smaller velocity elaments are less well resolved.

2) Since the cell size might be expected to drop off toward the limb
due to foreshortening, and since the resolution worsens as the cell
size decreases, the measured velocities might be too low near the
Hmb.

3) The horizontal motions in the large cells, being not completely
separated from the small-scale field, might contribute to the measured
small~scale field in an amount which increases toward the limb.

4) Due to the rise of height of formation of a2 spectral line near the
limb, coupled with the obaerved incresae of velocity with height,

the observed velocities might be slightly too high near the limb.

Due to a fortuitous combination of circumstances, none of
these considerations affect our major conclusion, which is that al-
though the velocity field has & sizeable horizontal component at lower
levels, this is much less or even essentially disappears at the higher
level of the Na 5896 line. The first three factors can only act to make
the observed decrease of horizontal velocity with height smaller than
the true decrease, and the fourth is negligible. We 2ee this in the

following way:
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1) Because the Fe and Ca Doppler cells are smaller in size than the
Na cells, the decrease in measured velocity near the edges of the
image due to curvature of field in the spectrohsliograph will be
greater for the Fe and Ca lines than the Na line.
2) For the same reason, the decrease in resolution due to fore-
shortening near the limb muet decrease the measured velocities in
the Na line less than those in the Fe or Ca lines.
3) Because the size of the Na Doppler cells is more than twice the
sizse of the Ca and Fe Doppler cells, it is more difficult to separate
the Na small scale field from the Na large cells than to make a similar
separation for Fe and Ca. Therefore, the influeance of the large cells,
i.e., the increase of measured velocity toward the limb, will be
greatest for Na.
4) The height of formation of a spectral line increases significantly 7
toward the lirnb only {f there is a large temperature gradient. At
the level of observation, the solar temperature is approaching a
minimum, and the gradient is small enough that the change of height
of formation with p is unimportant (6).

| The only remaining qualification necessary is to note that
our conclusion=-~that although the horizontal and vertical components
of the velocity fiald are comparable at lower levels, the horizontal
component decreases with altitude while the vertical component |

increases, until the velocities are substantially vertical at higher
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levels~-is based on only three plates. More observations are hadly
needed to put this conclusion on firmer ground. The observations,
however, are in agreement with other observers, notably Evans
and Michard (6), who also find that there is 2 marked increase of
vertical velocity with altitude, with a concomitant slight decrease

of horizontal velocity.

D. Oscillatory Motions as Revealed by the Time Dependence of the

Velocity Field

1t will be recalled that a2 fluctuation in transmission at any
point of a Doppler difference (or sum) plate is directly proportional
to the difference (or sum)} of the velocities a;t that point as observed
at two times separated by 4t, where At varies linearly from nearly
zero at one end of the image to several minutes at the other end.
Thus the mean square fluctuations of transmission, which are quali.
tatively appreciated as "contrast,' and which may bes quantitatively
measured as the height of an A-C function of the transmission field,
are related to the correlation of the velocity field with itself after a
time interval At.‘ If there were no time corrslation of the velocity
field, i.e., if the velocity at 3 point were a random function of
time, the contrast would be uniform all over the plate. If (as origine

ally expected) the velocity at a point gradually evolved in timme with a

& If the transmission of a Doppler plate 13 (eq. 3.8) T

(1 + 8(x,y,x)}) the transmisaion of the Doppler sum Er di!?onncc
plate is (eq. 3.9) ‘I‘D s T' (146(x,y,t{x))) and the mean square
fluctuation of transimission’is (eq. 3.10) H, = 2( Gz(x.y)) +

208 (x,y.t)8 (xoy,t+41)) . Equation 3.10 results from equation 3.9
if we assume statistical stationarity in time.
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lifetime v for changes in velocity comparable to the velocity itseld,
the time correlation would decrease with a lifetime v, and in a
Doppler difference (sum) plate, the ''contrast’” would increase
{decrease) with the same lifetime. It would be reasonable to expect
the lifetime v to approximate the ohserved lifetime of a few minutes
for decay of the time correlation of the photospheric granulation
field.

An actual Doppler difference plate i’. shown in Figure 3-7(a).
It {s seen that the behavior of the contrast is quite different from
that just described. Near At = 0, the contrast does increase wiﬂ;
dt, but at At~ 150 sec it reaches a maximum, and decreases toa
minimum near 4t = 300 sec. This is followed by another maximum
and minimum of contrast at 4t~ 450 and 600 sec, respectively, on
plates whose scanning speed is sufficiently slow to permit observation
of these longer time lage.

The existence of 8 minimum of contrast on a Doppler differ-

ence plate, i.es., 8 minimum in the mean square velocity difference,

at 4t~ 300 sec, 600 sec, otc., can only mean that the velocity fleld
tends to repeat itself after this time. Thus we conclude that the
vertical velocity field contains a strong quasi-oscillatory component,
with an "average period'" T of about five minutes. The fact that the
contrast at the 4t ~300 sec minimum is only slightly greater than that
at At ~0 sec leads ue to suspect that the oscillatory component may

constitute the major part of the vertical velocity field .
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Figure 3-7. (a): Doppler Difference Plate, Ba+4554, 7-1-61.

(b) Heights of A-C curves averaged over long narrow areas whose
width is bounded by vertical lines at bottom of plate. Time lag
increases from left to right.
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Figure 3-7(b) shows the heights of A-C functions integrated
over long narrow areas with the long axis parallel to the siit, {.e.,
areas where At~ counst. The height of the A-C functions is &
quantitative measure of the mean square ﬂuct}mttcn of velocity,
and of the time correlation of the velocity fields.

A Doppler sum plate is illustrated with the corresponding
plot of mean square fluctuation of transmission in Figure 3-8. The
contrast and mean aquare fluctuation is seen to pass through a mini-
mum at 8t~ 150 sec and a maximum at 8t~ 360 sec. The fact that
the sum of the velocity fields after one~balf period of the oscillation
is very nearly zero (as evidenced by the low contrast of Figure 3-8(a)
and the low mean square velocity amplitude in Figure 3.8(b) for
At~ 150 sec) leads us to conclude with some confidence that prace

tically the entire vertical velocity field is oscillatory in nature.

E, Determination of the Average Period of the Oscillation and Its

Variation with Altitude

Experience with preliminary estimates of the oscillation
period on twenty plates taken in the Ca6103 line in 1960 has shown
that rough visual estimates of the position of minimum contraast on
the Doppler difference plates vield remarkably consistent results for
the average period. Not only are different visual estimates self-
consistent, but they also agree closely with the minimum of the

corresponding time correlation curve (Figs. 3-7(b), 3-8(b))obtained
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Figure 3-8, (a): Doppler Sum Plate, Ba+4554, 7-1-61,

(b) Heights of A-C curves averaged over long narrow areas whose
width is bounded by vertical lines at bottom of plate. Time lag
increases from left to right.
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with the A-C machine. Therefore, for the purpose of a more detailed
investigation of the average period and its variation from line to iine,
it was decided to use visual estimates, which give results similar to
those from the much more laborious A-C curve tracing process.
Because of the simplicity of the visual estimation method, a large
number of plates could be analyzed without an impractical expense

of labor.

Although it is difficult on a single plate to determine the posi.
tion of minimum or maximum contrast precisely (indeed the position
of minimum or maximum contrast may not be well defined), itis
relatively easy to determine it to within perbaps + 10% of the distanece
to the At~ 0 end of the image; the standard deviation of a single
estimate from the mean of many estimates of the period usually turns
out to be between 5 and 10 percent. A set of n independent observae.
tions will produce a mean whose standard deviation from the popu-
lation mean is 2 times as large. For example, each of the 20
visual oburva{il:mn of 1960 Cab103 plates reported by Leighton et al.
(2) had a standard deviation of about 5 percent, leading to a period
estimate with a standard deviation of one percent. The massive
statistics offered by estimates from many plates allows us to
extract relatively precise numbers from a collection of relatively
imprecise individual measures.

Therefore, a systematic visaal study of many plates of
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different spectral lines was undertaken, in order to determine the
average period more precisely and to search for variations from line
to line. The lines Fel02, Cab103, Mg5528, Ba't4554, Na5896,
Mg5173, and Ca*8542 were studied. All plates cbtained in 1960 and
1961 which satisfied the following basic criteria were selectad:

(a) good image quality, (b) location of the minimum or maximum to
be measured not too near the limb of the sun or the end of the plate,
(c) good centering of the spectral line, (d) relatively free of sunspote
and plages, and (e) no large guiding errors. The selected platee
included both sum and difference pairs, with widely varying scanning
apeeds.

All of the plates underwent a first cancellation, and the
individual cemented image pairs were projection printed. A contact
print was made of one pair and this was superimposed on the other
to form a second cancellation. This second cancellation was not
cemented, in order that the observer be allowed to bring the two prints
in and out of register at will. (This freedom is of some help in
estimating the minimum of contrast when the plates are in register,
as the contrast decreases sharply at a minimum and nowhere else
a8 the plates are brought into register.)

On each plate, independent estimates of the position of all

minima and maxima ocbserved were made by three observers
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separately (R. B. Leighton, G. W. Simon and R. W. Noyes). These
observations were made without prior knowledge of the scanning
speed or time delay between successive spectroheliograph scans;
thus there was no way of knowing ahead of time the value of At to
which any estimate corresponded.

In addition, the observers accompanied each estimate with a
welighting factor, equal to 1, 2, 3, or 4. These purely subjective
waighting factors served to separate the estimates into groups of
different reliabllity, and reflected auch things as the degree of can~
cellation at 2 minimum or reinforcement at a maximum, the sharp-
neass with which the minimum or maximum was approached from
either side, whether there were sunspots or plages in the region of
minimum or maximum, whether the minimum or maximum occurred
too close to the limb of the sun or to the edge of the plate, etc.

For each estimate, the value of that fraction of a period to

which it pertained (g. T, -‘?: » etc.) was calculated by the equation

-‘-‘-éxtD( -3— + %)-rb. where D is the distance from the At~ 0 end
1 a
of the plate to the estimated minimum or maximum, v, and v_ are

1 2
the velocities of the spectroheliograph during the two scans, and
4 is the time which elapsed between the scans. The individual
estimates for the various lines are plotted in Figure 3-9.

nT

For each line, and each value of n, the estimates of "y

within each weight group were averaged and their standard deviations
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found. It was noted that iﬁ almost every case the groups with higher
weights had a smaller standard deviation than those with lower weights,
thus verifying that the weights were indeed mcaningful. In the veory
few cases where a group with a lower weight alsc had a lower standard
deviation, it was combined with the next higher group, reaveraggd.
and a new standard deviation obtained. This was also necessary be-
cause in these cases the individual groups usually had only a few mem-
bers, and thus the individual standard deviations were not meaningful.
Tsllowing this procedure, the grand average of the results from each
weight group was obtained using as weighting factors the reciprocals.
of the square of their standard deviations (9). The standard deviation

n,

of the entire set was computed using —!3 =¥ -1-2- i=1, 2, 3, 4,
o i s, |

where o, is the standard deviation of the ith group, which contains

n, estimates. If tij is the jth estimate in the ith weight group,

aiz = ;:-i-r ;‘ (tij - ;i)z. The results of this procedure are given in

Table IV, and are graphed for T/2 and T in F‘iguré 3-10.

The first impression from ‘Figures 3-2 and 3-10 is that the period
is roughly the same for all lines observed. The scatter of the individual
estimates shown in Figure 3-9 seems to mask possible variatons of
average period from line to line. However, examination of Table IV
reveals that the average period for the two lines Ca 6103 and Na 5896 &s

remarkably well -determined, due to the large number of estimates

made. (A good indication of the reliability of a particular average,

aside from its standard deviation, is the total weight Z W, lHated in
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TABLE IV

Estimates of Average Velocity Period for Various 3pectral Lines

Time No. of No. of Average
Interval Line Plates Estimates YW Time o
(sec) {sec)
T/2 Febl02 10 29 68 151.5 2.2
Ca6103 30 88 255 157.7 1.3
Mg5528 6 16 39 163 4
Bat4554 10 29 92 142 2
Na5896 20 57 198 157.0 1.5
Mg5173 4 12 27 138 2
T Fe6l02 5 10 22 289 6
Caé6l03 31 77 191 296.1 1.3
Mg5528 6 17 48 303 2
Bat4554 8 22 59 288 3
Na5896 20 55 186 285.8 1.5
Mg5173 4 12 31 285 4
3T Cabl03 7 14 34 432 6
2 Mg5528 3 4 4 431 16
Bat4554 5 14 27 431 9
Na5896 16 46 125 439 3
Mg5173 4 10 23 425 5
2T Cabl03 6 11 21 583 9
Bat4554 2 3 3 590 30
Na5896 12 22 33 588 4

Mg5173 3 4 5 567 10
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column five of Table 1V, {.e., the sum of the weights aasigned to the

individual estimates.) The average period for Ca 6103 i3 296 sec;
for Na 5896 it is 286 sec. This implies a slight but definite decrease
in average period from the weaker and lower-lying (6103) line to the

stronger and higher -lying (5896) line, i.e., a decrease of period with

height. 3uch a conclusion {s borne out by the other lines studied: the
higher-lying (Ba 4554, Mg 5173.‘and Na 5896) lines tend to have a shorter
average pesriod T than the lower-lying(Fe 6102, Ca 6103, Mg 5528) lines.
We shall briefly discuss three apparent exceptions to this ten-
dency: (a) Mg 5528 is slightly stronger than Ca 6103 and therefore might
be expected to have a shorter period instead of a longer period, 2s obe-
served. The average period, however, is based only on two sets of
observations, and lacks good confirmation. Furthermore, we have
already mentioned that the exact ordering of‘unas with altituda by their
strength or residual intensity is an uncertain procedure. (b) Fe 6102,
which, because it is conaiderably weaker than Ca 6103 and has a higher
excitation potential, is almost certainly formed at a lower level, has
nevertheless a shorter average period than Ca 6103, Itis also very
difficult to observe the oscillation for longer than one period in this line;
i.e., the "lifetime’ of the oscillation may be shortex at this level than
at higher levels (See Fig. 3-12, next section)., Ferhaps this could be
due to such a low-lying line being more closely assoclated with the
turbulent motion of the granulation, which would destroy the periodicity.
- As we shall see later (p. 95 ), a rapid decay of the oscillation will
cause the observed average period to be too short. (c) For the longer

time intervals -3-%‘ and 2T, the trend of periocd with height seems, {f
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anything, to be reversed. But we see {rom Table IV that our statistics
are not reliable enocugh to justify any conclusion for these longer time

intervals.

Finally, we should note that the ''average'' period we have meas-

ured is the period of the spatially averaged time correlation functon of
" the velocity fleld. The amall dispersion of the measures of this period

should not be taken to imply that the dispersion of the oscillation period

of individual elements in the velocity fields is also amall. The present
measurements can make no statement about the period of individual
elements, except that they combine to form a well-defined average

period which seems to decrease with height.

F. Lifettme of the Cacillation

The oscillatory motions have been followed through at least three
full periods on Doppler difference plates made with very slow scanning
speeds, However, the amplitude of the ozcillation of the time correla-
tion function appears to decay rather rapidly with time delay At, and it
is difficult to follow the oscillation for more than two or three cycles
on a normal difference or sum plate.

For large time delays, it is desirable to analyse a Doppler dife.
ference or sum plate for which the time delay is constant over a large
area, in order to obtain better statistics. Therefore, sets of difference
plates were scanned in the Same direction, separated by various time
intervals. Because the two images were scanned in the same direction
at the same speed, the time delay i3 constant over the entire plate.

Sets of such scans were obtained for the lines Fe 6102, Ca 6103,
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and Na 5896, with time delaya of At s %" T, %1:.. **+ where

T = 296 sec. A-C curves of Doppler diifermce plates in Cab103 with
various time 'delo.y- are graphed in Figure 3-11.

In Figure 3-12(a) the peak heights of such A-C curves are shown
as & function of time delay 8¢, expreaécd in units of the period T.
It is seen that the chaeracteristic maxima and minima of the oscillation
may be followed out to &t least three periods.

1f we assume that the peak height of the A<C function varies
sinasocidally in ¢t with a period of five minutes, and with an exponenti-
ally decaying amplitude, we may estimate the mean life v of this
"damped oscillation" by expressing the height of the A«C function as

~&t/t -aT/"

H(At) = Ae (1 -coswhAt) = Ae {1 « cos nm.’l') (3.11)

where n is the number of oscillations, T s tho ﬁetiod. and t is the
mean life. of the oscillation. |

Figure 3-12(b) shows semilog plots of | H ( % T)-H (2.?. T
for the data of Figure 3-12(a). From the slopes of the two lines
shown, which correspond to mean lives of 320 and 440 sec, we
canclude that the data for the three lines Fe6102, Ca6l03, and
Na5896 are all cc;naistent with a mean life t ~380 sec.

We should point out that two sources can contribute to the
decay of the time correlation function: a) actual loss of energy in
the cscillating alements, i.e., damping, and b) changes of phase of
the osctllating elements, which destroy the correlation. | We shall

discuss this point again later.
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Figure 3-11. A-C curves for Ca6103 Doppler difference plates for
which the time delays are constant over the entire
plate and have the values T/2, T, 3T/2, 2T. These
curves show that at integral periods the curves are
both less high and narrower than at half-integral
periods.
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G. Relative Sizes of Oscillatory and Non-Oscillatory Components

of the Velocity Field

From Figure 3-11 it is apparent that the full width at half
maximam (FWHM) of the A-C cirves of Doppler difference plates
is greatest for time lags of 1/2T and 3/2T, {.e., when the oscillatory
fields reinforce. Doppler sum A-C curves exhibit the greatest
FWHM at time lags of T and 2T, again when the oscillatory fields
reinforce.

This behavior suggests that the size of the elements of the
oscillatory velocity field is greater than the size of non-oscillatory
elements. When on a Doppler sum or difference plate the oscillatory
fields reinforce, they dominate the velocity sum or difference field,
and the larger FWHM of the A-C curve is therefore primarily due
to them. On the other hand, when the time lag is such that the
oscillatory components cancel, the short-lived and none-periodic
components dominate, and the smaller FWHM of the A-C curve is
therefore primarily due to these components.

We have already seen (p. 57 )that almost the entire contri-
bution to the rms velocity is oscillatory. Thus we may conclude that
the elements of the oscillatory field are larger both in size and in
velocity amplitude than the non-oscillatory comﬁonants. A part,
but certainly not all, of the '"'non-oscillatory corpponent“ is actually

photographic '"noise’' --grain, spurious signals due to imperfect
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cancellation, etc. -~which is masked by the much larger oscillatory
component when the latter reinforces. We may take the observed
variation of halfwidth {llustrated in Figure 3~ 11 to be an upper

limit to the true situation it represents.

H. The Brightness-Velocity Correlation

It will be recallied that the two original epectroheliograph
images which are cancelled to bring out the Doppler field are identical
except that one was exposed on the red wing of the spectral line and
the other an equal distance from the core on the violet wing. When
two such images exposed on the wings of the Ca6103 line are compared
with each other, a striking difference between them i3 immediately
apparent. Although both images were exposed over the same area at
the same time, and show identical detail, the image exposed on the
red side of the line invariably has more ''contrast’' than that exposed
on the violet side; i.e., light areas ars lighter and dark areas are
darker. This effect is illustrated in Figure 3-13. We interpret the
contrast difference in Ca6103 as being due to a local correlation
between brightness and velocity, such that brighter-than-average
areas tend to be aesociated with upward velocities, and darker aroai
with downward velocities: On the red side of the line, the variations in
the light transmitted by the slit resulting from the local Doppler shifts
and variations due to intrinsic brightness fluctuatione tend to reinforce,

while on the violet side of the line they tend to cancel. The offect is
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Figure 3-13, Simultaneous spectroheliograms taken (a) on the red
wing and (b) on the violet wing of the line Ca 6103, The greater
""contrast'' of image (a) implies a positive correlation between
increased brightness and upward velocity.
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80 marked that even a previously uninformed obsarver can easily
identify to which side of the line each image corresponds.

The line Fe6102 shows a brightness-velocity correlation of
the same sign as Cab6103. This line is somewhat weaker than Ca6103
and has a higher excitation potential, and hence is formed at a lower
level in the atmoasphere.

A weaker correlation, but of the same sign, is also found in
the strong NaD, (15896) line wing for offsets greater than about
0.15 A from the line core. Howevar, plates taken less than about
0.12 A from the line core show a reversed correlation: at these
heights brighter-than-average areas are associated with downward
velocities, Observations {in Mg 5173 and Ca+8542 show that thol cor-
relation remaine reversed for still higher levels in the atmosphers.

These conclusions can be drawn from visual inepection, as
just described, but we may also analyse the situation quantitatively
with autocorrelation techniques. Figure 3-14 ashows A~C and C-C
curves of imnages taken near the center of the solar disk, on the red
and violet sides of the lines Fe 6102, Ca 6103, Ba'4554, Ne5896, and
Ca+8542. The height of the peak of sach A-C curve gives the mean
square transmission variation on the plate, which is a quantitative
measure of the '"contrast.’’ The lines are arranged in order of
increasing altitude in the solar atmmosphere. It is seen that for curves
(a-d) the red side of the line has the higher A-C height, while for (e)

and (f) the violet side has the higher A-C height, in agreement with

the visual observations just discussed.
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Figure 3-14. A-C curves of original plates exposed on the violet {(—)
and red (----) sides of various spectral lines. Also
shown (bottom curve of each group) is the C-C curve
between the images on the two wings of each line,
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We may use the measured heights of the A«C and C-C functions
illustrated in Figure 3+14 to achieve an analytic separation of the
mean square brightness fluctuation from the mean square velocity
fluctuation, and to investigate their correlation. Recalling equation

2.21 (p. 29),

2 12
a) (vz> .. [ !T}aj (Hrr *H -2 i‘!”)

N 2 “din
b) (Bz) ® ;;-IF-— (Hn tH +2 HN) (2.21)

c ]
A Sy revc SR

we obtain for these gquantities the values listed in Table V. Further,
we may define 2 correlation coefficient C between the brightness and

velocity to be
H -H

(8v) 2L e XX
b 3 2_' . (’o 12’
( ﬁz)i { VZ)% ’r(Hrr * va) -H,, 18

Ce

The values of C calculated in this manner are listed in the sixth
column of Table V.

As we have pointed out in Part ll, some internal inconsistency
appears when one compares (vz) as calculated by equation 2.21
above with the same quantity as calculated from singly cancelled
Doppler plates in the normal fashion (eg. 2.16, p. 27 ). The
source of the inconsistency is quite possibly the C-C curves, the
heights of which appear in general to be too low. This question is
discussed in more detail in Appendix IIl. Here we simply wish to
estirnate to what extent such errors would affect the values of the

correlation coefficient just obtained.
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&
Table V
% 812 % al
Offset using using
Line A) (km a l) = mz)é * “'B_) (3.12)) (3.13))
(ko 8 lL
Fe 6102 .10 .39 . 039 . 005" .38 .34
Ca 6103 .10 .43 . 048 .0103 .50 .38
Bati554 .07 .61 .068 .0166 .38 .42
Na 58?6 . l'i ° 35 0053 . 9022 ™ lZ P 13
Na 5896 .11 .50 . 045 . 0051 .. 28 .37
ca¥ssaz .23 120 .048 -.0070 .12 -

(x30%)  (+30%) (#30%)  (F20%)  (+20%)

* Data for each spectral line were cbtained from measurements of
plates taken during a single set of observations. 3uch sets of measure~
ments ares usually self-consistent to within 10%. However, systematic
and random errors which vary from day to day arise {rom numerous
sources; these errors may be correlated or uncorrelated in the vari-
ous colunms of the table. The uncertainties indicated &t the foot of
each column represent our best provisional estimates, based upon

our experience with many plates reduced under similar condlitions,

but are not to be considered as independent statistical errors in the
usual sense.
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From Appendix III we find that the four quantities K". Hw.
Hrv’ and “cc (where r, v, and ¢ refer to the images on the red and
violet sides of the spectral line and to the cancelled image) contain
redundant information about the three quantities (Bz) ' (vz) » and
(Bv). We may thus determine the correlation coefficient C using

only the three A-C curve heights Hrr’ Hw. and Hcc:

H -H
C = rr bA4 z § (3. 13)
[a(H!'l'* HVV) - HCC] HCC

In this equation we have eliminated the C-C curve height
Hrv’ which, as we have said, may be somewhat too low, If we cal-
culate C by equation 3. 13 rather than aquation 3.12, we get the values
listed in the last column of Table Y. Comparison of the last two
columns gives an indication of the self-consistency of the technique.
We see that although there is some uncertainty {n the individual
values, the general trend from line to line is about the same.

The conclusions we may draw from Table V are:
1) There is & strong positive correlation between brightness and
upward velocity at low elevation, which decreases with altitude through
zoro and becomes negative for lines in the upper photosphere and
chromosphere. »
2) The amplitude of the intensity fluctuation appears to remain about
the same or to increase alightly with altitude.
3) The velocity appears to increase with altitude, in the same way

as we have already cbserved from ocur analysis of single canecelled plates.
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In Figure 3-15{a<c) we have plotted the values of (vz)/b .

(53>§ » and C from Table V for the various spectral lines studied.
The lines are arranged along the abscissa in order of increasing
residual intensity, in the fashion described on page 44.

The fact that in the photosphere the rising material is brighter
(. e., hotter) than average and the mmﬁg material is darker (i.e.,
colder) than average suggests that there is a net flux of energy upward
in the photosphere. As we have already mentioned, the statement
that intensity fluctuations in spectral lines are proportional to teme
perature fluctuations in the region of line formation is an extremely
crude approximation, especially in the chromosaphere. Nevertheless,
it is interesting to svaluate the flux observed at various heights in
the atmosphere on the basis of this assumption,

The energy tafansportc& upward per second per cmz at sny
point in the aolar atmosphere consiats of a part due to bodily trans-
port of heat, a part due to work done by pressure, and a part due to

bedily transport of kinetic energy:

E-;%p-%v*?vi'épv’:%ipv-ﬁﬁpv’ (3. 14)

The last term may be written as ‘va(% vz)dv % Pv(-}—)z;

s
since the velocity of sound v in the solar photasphare is about
6 km/sec, while v~ §km/sec, the last term is negligible compared

to the first.
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The spatial average of the energy flux is then
i X R
AJ‘r.(x.y)(a,».m(xa:)-»;-}r(sw)'--?_x = (pTv) (3. 15)

If we write T = 'ro + 4 T and note that mass conssrvation requires

(pv) =0, equation 3. 15 becomes

RT
(E) a;—’f-l- -;-? (ov-}:,-?— ) (s. 16)
[+]

If we further write p = bt Ap and neglect third degree correlations

between the small quantities 4p, 4T and v,

X Re T Ary. X 2L
<E)‘Y-l o o (vT >=Y'1 PO(VT ). (3.17)
" o o
AT Al :
We now set =z ~l(l)-r R (3.18)

where I is the residual intensity of the spectral line,

= 1 -ﬁ- ’ and .
a(r) m BT BA(T) (3.19)
-iCe.
B, (T) = £(2) (e "“""'-.1)'l . , (3. 20)

For T = 6000*°K and 4500 A < A < 8500 A, we iind 5.5 > a(A) > 2.9.
In Figure 3-1%d, e} we have plotted é‘i’? and the up@ard flux for the
various lines, which we have calculated using equations 3.17-3.20
and the values of ;?- listed in Table V.

We see that there appears to be an upward flux of ~ 3 wﬁttlcm;
in the solar photosphere, which, however, decreases with increasing

altitude, due both to the decreasing brightnessevelocity correlation
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and the decreasing pressure with altitude. At chromospheric levels
the calculated flux is negative. The question arises whether this
reversal of {lux is an erronenus reault of our assumption about the
relation between temperature and residual intensity, or whether it is
indeed real. If it is real, some sort of dumping of energy into the
atmosphere at about the level of the NaD line is suggested. We shall
discuss this guestion further in Part 1V,

We shall now return briefly to the cross-corrvrelation curves
shown in Figure 3-14 in order to make two additional remarks:

a) With the exception of Ca+8542. the height Htv of the central
peak is poasitive for low-lying lines and negative for high-lying lines.
Since Hrv ox BZ- & 2. we conclude that on plates exposed in lowe-lying
lines, the intensity-induced fluctuations are greater than the velocity-
indiaced fluctuations; whereas the sitiation is reversed for higher
lines. In the chromospheric Ca+8542 line, however, the intensity
fluctuations again predominate, presumably die to 2 decrease of
velocity sensitivity in this line along with the appearance of the large-
scale chromospheric emission pattern,

b) The C-C curves Crv(:}) for Ba 4554 (AA= 0.0, A), and
Na 5896 (A r = 0.17 A) have a pronounced \/\/shape. This implies that
there is positive correlation at small displacernents s (about 2000

km on the 3 in) but negative correlation at larger displacements (about

8000 km). Since
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C () = (L1 +80y)+ o y)1TH ¢ Blx+ 8,y) - E(x+a,y)] )
= 1 +0(B(x,y) B(x+a,y)) T{6(x,y) 6{xt+ts,y)), (3.21)
this behavior suggests that the sise ol the slements of the velocity

field is greater than that of the elements of the intensity field.

I. Oscillations in the Chromospheric Btilhmoss Field

As we have just discussed, the presencs of a brightnesa-
velocity corrvela.tion whiéh {s positive in the lower solar atmosphere
and reverses sign at higher elevation has led us to suspect an upward
flux of mechanical energy in the lower regions, which dissipates itself
at higher levels. Inasmuch as the flux {8 closely assocliated with the
oscillatory motionsg, it seems reasonable to expect a periodic heating
of the chromosphere. Therefors, oscillatior;s in the intensity of the
small-scale chromospheric structures were sought in plates taken in
the cores of the chromospheric lines Na 5896, Mg 5173, Ca+3933.
Ca+8542. and Hy. The plates used were "'brighmess difference’’
plates. These plates are sets of normal spectroheliograms (the
beam splitter and line shifter are not used) in which an area of the
sun is scanned successively in opposite directions. Pairs of consecu~
tive acans are then '"subtracted” photographbically in the usual way.

If the line is well centered on the slit, the intensity should be inde-
pendent of the velocity field, and should vary only with the residual

intensity of the line. For this last statement to be explicitly true,



we require that the width of the line core over which the profile re-
mains at its minimum be larger than the spectroheliograph slit.
While this ia true for most of the lines listed, there might be some
question about the relatively sharp Na 5896 line. Howeaver, examin-
ation of the profile of Na 5896 recorded with the same slit width uped
for brightness difference plates shows that a velocity of & km/eec
will change the transmission of the plate at that point by leas than
one percent. (If the siit were accidentally offset by 422 0,01 A,
about the maximum tolerated error, the change in transmission due
to a # km/sec velocity would be about 3 percent. These numbers
should be compared with the 15 percent change in intensity observed
due to a ¥ km/sec velocity when the slit is offset to the steep part
of the line profile for Doppler measurements., We see that the size
of the transmission fluctuations contributed to a ""brightness' plate
in Na 5896 by velocity field is a factor of at least five smaller than
that contributed to each image of a Doppler plate, and at least ten
times smaller than that contributed to a cancelled Doppler plate.
(The factor of 2 is included because of the doubling of the velocity -
induced fluctuation in a Doppler cancellation.) For the other lines
studied, the velocity-induced fluctuations are even less.

In spite of this loas of velocity sensitivity, however, a

relatively strong secondary minimum of contrast ia observed in the

brightness difference plates. This is observed not only in plates
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exposed in the Na 5896 line, but also on those exposed in Mg 5173,
Ca+3933. and Ca+3542. The Ca*3933 plates have been taken in the
core and also at various positions on the line wing. The slope of the
line wing for 03*3933. however, is so small that there is negligible
Doppler senaitivity. In several cases, for Na 5896, Mg 5173, and the
Cu+3933 wing, the minimum of contrast after one period is nearly

as pronounced as that for a normal Doppler difference plate. There-
fore, due to the relatively good cancellation even when the Doppler
sensitivity is very low (indeed essentially zero for Ca+3933). we

feel confident that the brightness oscillation ocbserved is truly due

to variations in residual intensity rather than to a pure Doppler shift
of the line profile,

Table V1 lista the values for the period derived from visual
observations of these lines. The method of analysis of the visgual
estimates is the same as that for the oscillation period estimates.

It is seen that the period is considerably shorter for the chromospheric
brightness oscillation than for the velocity oscillations at somewhat
lower levels. In Figure 3-16 we have plotied the determination of
average period versus the rnean height of emission (the height where
the optical depth in the line is unity) of these various chromospheric
lines as given by DeJager (10). Also in the figure we have included

our earlier measurements of average velocity period.
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TABLE V1

Estimate of Average lntotisiqr Period for Various Spectral Lines

Time No. of No. of Average
Interval Line Plates Estimates TW Time ]
(sec) (sec)
T/2 Na5896 7 17 53  130.5 1.6
Mg5173 3 6 20 142 )
Ca18542 3 7 13 103 4
Ca 3933
Ar=.83A 1 2 4 124 4
.58 A 1 2 4 115 4
L50A 1 2 4 120 10
L35A 1 2 5 130 3
.10A 1 1 1 95 -
T Na5896 7 15 44  257.5 4.2
Mg5173 3 6 20 281 5
Cat8542 6 8 200 15
Cat3933
Ar=.83 A 1 2 7 262 10
.58 A 1 2 7 265 20
.50A 1 3 5 238 20
35A 1 2 6 262 10
LA0A ) 2 3 174 10
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As can be seen from the fourth and fifth celumns of Table
V1, the reliability of the brightness period determinations is (oxcobt
for the case of Na) vastly inferior to the velocity period determina-
tions. This is due both to the paucity of ohservations and to their
inaccuracy, i.e., to their large :taﬁdnrd deviation. Nevertheless,
it appears that we may draw two conclusions: (1) the period of the
brightness oscillation is somewhat shorter than that of the velocity
oscillation, even when the observations are made at approximately
the same level, and (2) there i3 a tendency for the brightness oscil-
lation period to decrsase with altitude, in the same way as the
velocity oscillation period. The second conclusion must be regarded
_as tentative only, in view of present observational uncertainties.

A third conclusion may be drawn from the visibility of the
minimum contrast on brightness difference plates. The minimum of
contrast is much easier to see and identify on brightness difference
plates exposed in the core of Na 5896, the core of Mg 5173, an& the
wing of CaX (for offsets from the core 41> 0,2 A) than on similar
platee exposed in the core of CaK or Ca*8542. Careful search of
brightness difference plates in Hy reveals no sign of a periodicity.
This suggests that the brightness period is more predominant in the
chromosphere below 3000 km than above that level, and that by the
time the altitude of Ho (5000 km) {s reached, the brightness oscillation

has entirely disappeared.
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Finally, we shall report on preliminary attempts to detect
the brightness oscillation at levels lower than that of the Na 5896
core. The best way to accomplish this would be to take brightness-
difference plates in the cores of photospheric lines. Lacking such
plates, the following method was used: Doppler difference plates
exposed in the photospheric lines Fe 6102, Ca 6103, and Na 5896
were recancelled in order to bring out the brightness field rather
than the velocity field. As is seen from equition 2,13,this is accom-
plished by adding, rather than subtracting, the density on the two
members of an image pair. When such a photographic addition was
performed to obtain the brighiness field and the brightness difference
between two successive plates obtained, only a very weak, although
definite, cancellation was observed in the Na 5896 line (AL = 0.16 A),
and no sign of a brightness oscillation was observed in the Fe 6102 or
Ca 6103 lines. Instead, for the latter lines a uniform decay of the
time correlation was observed, with a time constant of a few minutes.

The above should not be accepted as conclusive evidence that
the brightness oscillation disappears in the photosphere, in view of
the fact that only three plates were analyzed (the photographic reduc-
tion process involved in preparing & photographic addition rather than
a subtraction is very tedious). Nevertheless, there is soms encour-

agement in the agreement with direct observations of the granulation
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immediately below, which reveal no sign of a periodicity in bright-
ness (11). A search for brightness oscillations in the cores of upper
photospheric lines, as well as HB, Hy, and H8, is presently under

way.

J. QObservations of the Phase Relation between the Velocity and

Brigxmau Oscillations

On one occasion (August 1, 1961) a normal Doppler scan of
the sun was made in the Na 5896 line, with salits offset 0.16 A from
the line core, immediately followed by a return scan in the core.
Also, a scan in the core at a later time was immediately followed
by a normal Doppler scan with slits offset 0.08 A from the core.
This offered two opportunities for obaserving the time correlation
between the brightness and velocity field by searching for a minimum
in contrast in the difference between the consecutive Doppler and core
brightness plates. Such a minimum was sought and actually found;
the cancellation was rather weak, but definite. The time delay and
the Doppler polarity were such that the cancellation implied a negative
correlation between the two fields; arsas with increased intensity were
associated with velocities of receasion about 270 sec later, and
velocities of recession were followed by incresased intensity about
295 sec later. This implies that the brightness oscillation leads the

velocity oscillation by about 163°., The result that the two oscillations
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are anticorrelated is in good agreement with the negative brighiness=

velocity correlation already found at the elevation of the NaD line

core and inner wing.
We must qualify the result above by noting that uncertainties
in identifying the minimurn of contrast might allow the phase by which
the intensity leads the velocity to be anywhere between aboat 150° and
175°%, Also, it should be mentioned that the plates taken in the core
and in the line wing refer to somewhat different elevations; the core
is formed at a rather higher altitude. The exact difference is of course
exceedingly uncertain, butif as a first approximation we assign a height
of formation to the core based on the measured residual intensity, as
described on page 44, we find the difference of height between the caore
and the average offset (AN = .12 A) for these measurements to be
bh~ 100 km. If we assume that we are observing an acoustic wave
propagating upward at the sound speed Vs ~ 5 %-Si' » then disturbances
at the altitude of the core should lag disturbances at AL = .12 A by
~ 20 sec. Therefore, we conclude that at the latter elevation the in-
20

tensity should lead the velocity by about 163°® + 300 360°* ~ 187°, or,

equivalently, it lags the velocity by 173°.

The rather large uncertainty in this measurément should not be
anderrated. We have roughly calculated the phase lag in the face of
sinch uncertainties only because the phase relations between temperature
and velncity have a great significance in any theoretical interpretation of
the observations. In the discussion, to which we chall now turn, we

shall come back to this point and consider it farther.
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PART IV. DISCUSSION

A. Introduction

The possibility that oscillatory motions might be present in
the solar photosphere and above has been recognized at least since
the mid 1940's. About that time it became apparent that in the low
chromosphere there is a reversal of the temperature gradient,
and that above that point the temperature climbs steeply to attain a
valae of 1«2 % 106'}( in the corona. The f1ix of none-radiative energy
required to maintain such an extreme temperatire inversion has been
estimated (12, 13) to be irom one to several watts per square centi~
meter, Biermann (14) in 1946 and Schwarzchild (15) in 1948 inde-
pendently suggested that the required non-thermal energy flux might
be sapplied by acoustic waves generated by turbuleat mnotion in the
granalation at the top of the convection zone, propagated through the
convectively stable upper photosphere, and finally dissipated as heat
in the chromosphere and corona. As the acoustic wave travels upward
through regions of decreasing density, its amplitude should increases,
and if at higher altitides the material velocity becomes comparable
to the soand velocity, the acoustic waves will be tranaformed into
shock waves with accompanying dissipation.

The theoretical problem of an accustic wave prupagating in a
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gravitating atmosphere was attacked as early as 1845 by Laplace (16),
followed in 1890 by Rayleigh (1) and in 1908 by Lamb (18). These
studies have been extended and applied to low frequency acoustic
wavea generated in the earth's atmosphere by meteor impacts (19)
and atomic explosions (20). Since the already mentioned work of
Biermann and Schwarzchild, a number of authors have analysed the
propagation of acoustic waves in the solar atmosphere (21, 22, 23, 12).
The present observations have provided the firat direct
evidence of the actual presence of such an acoustic wave in the solar
atmosphere. In the short time since the first announcement of the
observations, corroborating evidence has appeared from several
other obsarvers. Evans and Michard (8) at the Sacramento Peak
Cbservatory have obtained time lapse spectrogram sequences at
single points on the solar surface, and have found evidence for the
oscillation simultaneously in different spectral lines. They also
have observed the brightness oscillation in the cores of stronger
lines, as well aa phase relations between velocity oscillations at
different altitudes and between the brightness and velocity oscillations
at the same altitude (24). Howard (25) at Mt. Wilson has observed
a 300 sec periodicity in the velocity time-correlation function, as
well as a 380 sec decay time of the function, by using the Badbcock
magnetograph set in the Doppler mode. Deubner (26) reports similar

results from the Fraunhofer Institute's magnetograph in Anacapri.
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In any theoretical analysis of an acoustic wave propagating
vertically through an isothermal atmosphere with gravitational
acceleration g and scale height H (the vertical distance in which

1 ,
the density and pressare drop by a factor Py ). a critical fregquency

®, appears, which is of the order of ﬁ ; we shall see that if the
H | _

expanaions are isothermal (y= 1), w, = 2/g/H . For the solar

photosphere, g = 104' 44 c¢m/sec, and at v = 0.5, H~ 120 km (7).

This yields a critical period Tc L 262 zec. The striking agree-

®
ment with our observed oscillation period strongly suggcs‘ts that we
are actually observing the motion of material in a vertical gravi;
tational-acoustic wave.

While our observations therefore provide gratifying conﬁrma-
tion of long-standing theoretical predictiona, they also seem to raise
some new questions. Chief among these is the problem of under-
standing how the particular frequency we observe ia singlcd out,
and what its precise value can tell us about the structure of the solar
atmosphere. The fact that the period depends on altitude suggests
that it is probably not a normal mode of the atmoaphere, but is
determined by local conditions which vary with height. The presence
of an oscillation in the intetisity field raises questions about the
thermodynamic character of the acoustic wave, which have often been

neglected, The variation of amplitude of the oscillation with height

shoald tell us something about the energy dissipatiocn and reflection
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of the wave, Finally, the three-dimensional properties of the wave
(variation of size of the oscillating elements with height, the relative
sizes of the elements of the intensity and velocity fields, and the
ratio of horizontal to vertical velocities) need explaining.

It is not within the scope of this thesis to present a full-scale
discussion of the above questions. Neavertheless, it is possible to
present a rather simplified picture of the mechanisi behind the
oscillation; such a picture has been found to retain the overall quali-
tative features of the obaervations we have just reported, at the
sacrifice of more detailed agreement between theory and observations.

We shall now discuss such a simplified mathematical descrip-
tion of the wave and try to use it to see how the atmoesphere can single
out a predominating frequency., Next we shall consider variocus
mechanisms by which this frequency can change with height, Finally,
we shall devote some time to the question of radiative thermal
relaxation in the solar atmosphere, in an attempt to understand the
observed rms intensity fluctuations, the brightness~velocity correla-
tion, the oscillations of the intensity field, and the phase between the

intensity and velocity oscillations.

B. The Wave Equation

In order to make a guantitative treatment of oscillations in
the solar atmosphere at all tractable, certain simplifying approxi«

mations must be made. Firast, we shall restrict ourseives to small



86

perturbations of the static conditions, i.e., we consider linearized
solutions to the hydrodynamic equations. This we realize already
removes us somewhat from reality, for the total excursion of a typical
element during an oscillation period, 2 :f- (for v = v, €os wt) is about
50 km for the observed values of » and (vz) Q. This distance is a
large {raction of a scale height, and thus any small element of the
gas travels back and forth between regions of rather different pressure
and density. In addition, we shall neglect viscosity, heat cvonducﬁon.
magnetchydrodynamic effects, and radiation. (The first two are indeed
negligible, and the third is negligible in the photosphere but not in the
chromosphere. The last is nowhere negligible. We shall shortly
try to consider some of its effects separately.)

With these approxim#ﬂona. we may write down the usual

hydrodynamic relations for perturbed quantitiss in terms of the

velocity and the unperturbed gquantities:

'
%{- + V- (pO.V_) = 0 (continuity) (e.1)
5 ,
s (poz) =p'g «VP' (momentam conservation) (4.2)
SE'
Pt P PLYVE =X/ P v+g- (o v) (energy (+.3)
conservation)
P'=y R T'+ Re p' (equation of state) (4. 4)
op B o ‘
1 P
E= 15 (4.5)
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where P = Po + P!, etc., and Po is the equilibrium pressurs, etc.

For a layered atmosphere, where g = -g L and Po = Po(:).

p= po(z). these equations may be combined to give a general equation
vy P _(z)

ERON

O

.

2
for the perturbation velocity u = v/c , where ¢ (s) =

z \,

4 2 dH dH

;‘!‘, -c V(V-g)ﬂy-l-%-@]gkv'gﬂl -.% =) 8Vs,
2 2

+{.§_{§_’3+%¥i (%{ -lg]gu = 0 (4.6)

) ' 2
In this equation H(z) is the (variable) scale height Po(') s &2 .

e

This general equation is rather complex; it may be reduced somewhat
if we further idealize and restrict ourselves to the isothermal case

(c = constant, H = constant):

2
53 -czV(v"_\g-t(y-l)ge‘ Vest g U, =0 (4. 7)

a2

Unfortunately, even this simplified case presents problems, for in
general the flow wiil not be irrotational unlesa v= 1. As will shortly
be seen, however, in the photosphere radiative leakage is so fast
compared to the oscillation pericd that temperature perturbations
are unable to build up, and the expansions and compressions are
essentially isothermal., Therefore, in the photosphere the effective
value of gamma is in fact nearly unity. If we set y= 1 in equation

4.7, we obtain the irrotational equation
. i
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8zu

...,-cz vz_\l§g v‘u'aﬂ.
8t

(4.8)

Although we can scarcely expect exact agreement with observations
from equation 4.8, the solution should have at least qualitative
similarity to the actual situation. The complications we are omitting
will certainly alter the details, but the basic description of an
acoustic wave propagating under the influence of a gravitational fleld
is contained in equation ¢.8.

To diacuss this equation we first note that since the flow is
irrotational u is the gradient of a velocity potential @ . Subatituting
u= Ve into equation 4.8, we see that the three equations contained_

there reduce to one equation with the same appearance:

2
9—-§ -cZ vz<p *3%3 = 0 (4.9)
ot _ .

For convenience we write this in dimensionless units, settingc = 1
2 ‘
and g = 2, hence H ,E; ® %

2
g——gﬁ- .vzq)+322 a (4.10)
Bt ] :

This equation i¢ separable, and the solution ts easily found to be

[ E_-s_ -ﬂkts

‘ i
o{r,t) = e erer A(k) e e d7k (4. 11)

where
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X (1) » 14K (4.12)

and A(k) is determined from the {nitial or boundary conditions in the
usual way., If the boundary condition is, for instance, that there be
an oscillating voloéity potential on the plane z = 0, i.o.‘.

¢(s=o0,t) = Aocos ét. then the chponu is one dimensional, and

i(k(o )z - © t)
9 (2,1) = Acez e o’ "% (4.13)

de | 1 :
gating wave. The group velocity —2 = = s 0r in real units

dk
2 o
THD - in

0 c o % .
vg . - c whcro’ L / A is the eritical {requency and

c i3 the sound velocity ¢ = /LE- + The amplitude of the oscillation,
/28

A= Aocz » increases with altitude as the wave encounters regions

! ® I>1, k (mo) is real, and we have just an upward propa=-
[} i3 -
O

of leas and leas density. This behavior is to be expected since the
kinetic snergy per unit volume, which is proportional to QAZ. should

remain constant as the wave propagites upward. Since p~ c-‘,H

we must have A ~ ‘*sIZH .
i !mo | <1, Ko o) is imaginary, and a standing rather than
propagating wave is set up: -
| -m -n sb iot |
e(z,t) = Aoe e e (4. 14)
where » = /1 - «troz « Now the amplitude does not increase fast

enough to conserve energy denaity with altitude, because the wave

attenuates rather than propegates. In the limit of sero frequency,
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n = 1, and the amplitude remains constant, i.e., the atmosphere
is simply bodily translated upward.
If we assume cylindrical symmetry and separate the differential

equation in cylindrical coordinates, we have in place of equation 4.11

: a tke i /1 + kZ+ ‘Z t
olp.a,ty se [T A(x,2) e J (1) e drgda (4. 15)
The integral in equation 4. 15 may be carried out in closed form 'only
for certain forms of the function A(k,2). Typical thres-dimensional
solutions corresponding to localized, rather than plane, sources at

t = 0 are given below:

2
0, T< 0
' 2
o(pz,t) = s 3.(v) o T 2 = tzo r (4. 16)
1 2
e T >0
O.Tz‘f 0
oz, th= o () (4.17)
r
wlp,z,t) = (4.18)

z
e Jo( /l - az tz-za) Ko (2p),t > =

from the above examples, it is seen that in general the response
to a localized impulse at t = 0 13 zero until a time R/c8 has elapseed,
where R is the distance from the nearest part of the source to the

response point and c, is the sound velocity. Thereafter a Bessel
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f nction "oscillaton' J ( tzorz) sets in with decaying amplitude.
n

The Beasel function has a period which for large times becomes the

. The amplitude again

varies with 2 as es. or in phy sical units eﬁlm.

critical period 2n, or in physical units anH

We shall now further restrict ourselves to motion in the
vertical, or z-direction, only, and attempt a somewhat more detailed
treatment. The restriction to one dimension is not 2larming, in |
view of the cbservational evidence that, at least at the level of the
Na589¢ line, velocities arae primarily vertical,

It is well at this point to list again the basic assumptions which
underlie the following treatment. These are:

1) Small amplitudes (linear behavior)

2) No losses due to heat conduction, viscosity, radiation,

or magnetic fields

3) lsotherm atmoasphere

4) Isothermal expansions { v = 1)

5) One-dimensional motion
In view of the crudity of each of these assumptions, we shall be con-
tent to seek in the squations only a rather qualitative understanding
of the wave propagation mechanism.

Since we are dealing with one-dimensional motion, it is as
easy to derive the velocity field Qz(z.t) e u(z, t} as the potential (s, t),
and gince our observations are of ve}ocity fields themselvas, we .u:o

the one-dimensional form of equation 4.8 (eetting c = 1, g = 2h
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2 L2

bu_ 8,8 .4, (4. 8a)
- N O%
dat oz

This has the general solution

z ikz iok)t
n=ze ' Alk)e e dk (1. 11a)

where

(132 = k3 +1 (4. 12)

We shall now let the initial condition be that there is a
localized region of upwarde-moving material at z = 0 (this i5 the same

problem treated by Lamb (18)%):
fz,0) = aoé (z) (4. 19)

(Thie initial condition might correspond physiczally to the sudden
appearance of a bright granile at the photosphere, which is thought

of as 'breaking the suriace'’ like a bubble rising to the surface of a
ligald, causing the "interface' to move upward like 2 piston (Fig. 4-1).

3ince the scale size of a granule is perhaps

"REVERSING
100 to 1000 km, and the lires at which we }

observe the response of the atmosphere are
located not more than a few hundred km /
above the gran.alation "asurface,’ the

approximation of one-dimensional motion

is not totally inappropriate.) rig. 4-1

#] am indebied to Professor R. F. Chriaty for pointing out this
reference.



923

Our initial condition (eq. 4.19) leads to

Alk) = Yo, (4. 20)
2n o
and
o 2 ‘ «© |
u . J' ikg i/k +1¢ uo z
u = Re = @ e e Ak 3 - coskzcou}kﬂtdk
2 «C0 . i

Using the Bateman Tables of Integral Transforms (27),

Oyt <z
u=
z &
c-é--ﬂl(/toal)n- aJ(t-a)-—-—-—-—,t:b:
t 1
Z 2
(4. 22)
22 2
In real units the displacement is £ (=, t)-LHa " =/ HJo (ﬁ-—%--'-ii ).
4H 4H

This is plotted for several values of s in Figure 4-2. It is seen as

expéctcd that the onset of the oscillation occuars only after a time

delay Y ® {_— s and that the amplitude increases aa e'lm. ‘Although

for long times the motion approaches a periodic oscillation with
period ‘ﬂgi. » ndependent of altitude, the period of the first few

oscillations depends on z, and is shorter for oacillations at higher =z,
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C. Possible Mechanisms for the Decreaase of Average Period of the

Velocity Oscillation with Altitude

We ;hall now turn our ﬁtuntion to the probliem of the variation
of average period of the oscillation with height in the salar atmos-
phere. There are several attractive poseibilities for sxplaining the
decrease of period with height. Among them are:

1) The intrinsic period {s constant with alﬁ.tué..- but the
"“decay time' of the oscillation, which modifiea the observed pericd,
does vary with height.

2) The atmosphere attenuates iroqucngios below the critical
frequency » = & \/é; . As the wave progresses to higher altitudes
there is greater attenuation of low frequencies, causing the average
period to decrease. We have 5ust seen (Fig. 4-2) the effact of this
attenuation on the response to an impulsive source at the base of the
atmosphere.

3) In the solar atmosphere the scale height (which determines
the critical period for an isothermal atmosphere to be T, =4n /g )
is not constant, If the observed period is determined primarily by
local conditions at that height, it should vary with height in the '-amc
way as JH . |

4) We shall see later that as a wave progresses upwud.‘ it
passes out of the region where it unde.rgoos {sothermal expansions
into a more nearly adiabatic region. Thias causes the speed of sound

and the critical frequency to increase.
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We shall now discuss these separate possibilities in turn.

1) Change of Decay Time of the Time Correlation Function with Height

We shall assume for simplicity that the time correlation
function is of the form

A/
C(a)=o cos(n8 ), (4. 23)

A Dbeing the time lag. Then the maximum time correlation occurs

where% =20, orcotwd = e, ({. 24)

For a given @, the smaller T is, the smaller will be the period bmx'
We shall assume @ {s the same for all lines and find the values of ¥
necessary to yield the observed periods for the various lines. The
value of w used was chosen in the following way: The line (Ca6103)
with the best determined period, T * 296 + 2 sec, was chosen. The
observations reported in Part 1II indicate that the decay time for

the oscillation in Ca6103 is about 380 sec. Solving cot{ = (296 sec)] e

l. or Te -(z-:g- = 302 sec. Using

-a{380 sec) yields w = ,0208 sec
» = 0,0208 aeéd. we find the values of T necessary for the varioue

lines listed in the following table:

Line Observed Average Period (sec) ¥ (sac)
Febl02 289 170
Cabl03 296 380
Mg5528 303 -2310
Ba4554 288 160
Na5846 286 140
Mg5173 285 130

Na5896 core

(intensity oscillation) 258 3
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However, actual observations of decay of the ascillation in Na5896,
which indicated a decay time of 320-440 sec , seem to rule out any
decay time as short as 140 sec, and a decay time as short as 40 sec
in the intensity oscillation of the Na5896 core would completely sup-
press the oocillation. Therefors, we conclude that the mechanism
for decreass of averags period with altitude cannot be simply a

decrease of decay time of the oscillation with altitude.

2) The Atmosphere as a High Pass Filter; Attenustion of F'requencies

Liess than c)c

We have alr sady observed that due to the dispersive pfopartioo
- of an iscthermal gravitating atmosphere, the responss of any point

in the atmosphere to & velocity impulee directly below is a quasi-
oscillatory motion. Further, we found that the "period'' of the first
few cycles depends on the separation s of the source and the
response point; namely, the ""period' decreases with incrensing &

- (Pig. 4-2).

This behavior actually can be predicted without solving the
problem of an impulse source: we have seen that the dispersion
relation for an isothermel one-dimensional atmosphere ia kz 2 wz-l

in dimensionless units (c:z ﬂ-g- e ZH = 1). Thias means that all

frequencies |o 1< 1 are attenuated rather than propagated (Pig. 4-3).
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Figure 4-3. Attenuation A versus o for isothermal oscillations
in a gravitating atmosphere.

To the extent that the granulation produces a speciram which con-
tains significant amplitude in the attenuated frequency range, the
response will vary with thickness of the filter traversed by the
signal, i.e., the height. Namely, because the lower frequencies
are attenuated, the predominant frequency of the transmitted signal
will shift to higher frequencies at higher altitudes.

As we see from Figure 4-3, the attenuation for very low
frequencies will reduce their amplitude by a factor 1/e in a distance
Az = 1, or in real units, Az = ZH, The scale height in the region of
line formation is 100 to 120 km, which means that the "attenuation
length' is 200 to 250 km for very low frequencies. Such a distance
is approximately what we estimate to be the distance from the
""granulation zone' to level of formation of the upper photospheric

and lower chromospheric spectral lines. Thus significant attenuation
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is possible in the observed height range.

We should also note that in the photosphere our observed
average psriod of about 300 sec is somewhat longer than the critical
period i-‘:- ~ 260 sec. Thus & considerable fraction of the energy in
the fraqu:ncy spectrum appears to lie in the range o <a<yp ¢ There~
fore, the attenuation of these frequencies should indeed have a larvge
effect on the average frequency.

Finally, we may recall that the chromospheric hesting occurs
with an average period of 200 to 260 sec, i.e., shorter than the
critical period. This irnpliea that the oscillationa below the critical

frequency must not extend far up into the chromothetc.

3) The Variation of Scale Height H = ?—g with Alﬁtude

We have ao;n (p. 89 ) that the critical frequency for vertical
propagation in an isothermal atmosphc;r. is givenby o _ = jg .
Because of the decrease of the temperature with altitude in the
region of observation, the acale height decreases also, and henéo
the critical frequency increases with ﬂﬁtuﬂc. Figure 4-4 is a2 plot
of the scale height H = in-g and of the V"cridcal period" -?- 2 417/% ’
ver sﬁn altitude, using scale heights derived from models :Y Allen (7)
| and Kuiper (28). We see that the critical period decreases with altitude
in the upper photosphere .~ by about 15 sec per hundred km.

If the value of the periodicity we observe is determined

primarily by the local properties of the atmoaphere at the level of
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Figure 4-4. (a) Scale height H = P/p g, versus height h above T = 0, 003,

using models of Kuiper (28) and Allen (7). (b) Crtical
period T, = 4n,/H/g, using average scale height from (a).
Also shown are observed periods from Figure 3-10,
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llne; formation, then the trend in period will {follow the trend of the
"local' critical period. Itis, however, impossible to predict the
exact variation without undertaking to solve directly the complete
problem of a pulse propagating vertically through a layered atmos-

phere.

4) The Effect of Adlabaticity of the Acoustic Wave at Higher Altitudes
We shall see (p. 101) that for an acoustic wave of five~ |

minute period, while the wave expansions are isothermal at low

altitudes, they become more nearly adiabatic at higher altitudes. If

one considers the case of cne-dimensional motion withy # 1, the

critical frequency becomes m,® %/Ei;i . Thus, if we consider changes

of both scale height and "effective v'' with height, the eritical period

will decrease as fg » i.6., somewhat faster than {llustrated in

Figure 4-3. Ag before, in order to get a quantitative estimate of

this effect we would have to solve the problem of 2 layered atmos-

phere in full.

D, The Variation of Opeity with Altitude and Its Possible Effects

on the Ogciliation

'As we have mentioned earlier, in the solar Mcpher- the
lifetimne of a temperature perturbation is 30 short compared to the
observed oacillation period that the oscillation may be conlidcred
to be isothermal. This may easily be seen by an order of magnitude

calculation: Let there be a temperature perturbation & T, at optical
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depth unity. The excess internal energy per unit volume is % Nkat.
The energy absorbed and emitied per unit volume per second is as-
sutned to be 4xpo T4 and 4xpo(T + 4 ‘I‘)‘. reapectively, where the
absorption coefficient » is evaluated at optical depth unity. Equat-

ing the rate of change of internal enerjy per unit volume to the excess

of absorbed over reradiated energy flux, we have %Nk dg--é-r =
L
-lérpo'l‘q'-f‘—:-r . Notingthato"l‘4~ e »pH=al, where H
T e 2
4aR
is the scale height, and NkT = P, we ses that
L T L 32 L oxp
AT dt 3 4w Rz NkT
o} (4. 25)
8L 1 8 L 1
L]
3 AR 2 NHkT 3 “Roz PR
. L 10
where P and H are to be evaluated at v= 1, Using e 6.2x10

erg/cmzscc. P= 104 v.ismlt.:m2 » and H = 100 km, we find -g- = 0,15
sec. |

This number is to be compared with -’i- ~ 50 sec from our
observations. The fact that the radiative decay time -é' is so mueh
faster than the "wave compression' time :ﬁl_ implies that there is no
chance for a temperature perturbation to be created by the compres-
sion, i.e.,, the oscillations are {isothermal.

Nevertheless, the observations of a brightness oscillation at
higher altitude, which is apparently connected with the velocity

oacillation, suggest that the behavior is far from isothermal at
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these elevations. Accordingly, the radiative relaxation time 1/8
was calculated for various altitudes, from the photospheric model

of Allen.(7), using

B(z) = 0(s)o (z) . (4. 26)

3 klmy

This relation follows immediately from the relations leading up to
equation 4, 25, if we use x(s) and 'I‘(n) directly. It has aleo been
discussed by Spiegel (29) and Krasberg and Whitney (390).

Figure 4-5 presents the results, which show that the radiative
decay time f;- increases from~ 1 sec at v = 1 to about 25 sec in the
upper photosphers where 1~ 0,01, This latter height is probably
about where the Na5896 line wing is formed; the fact that here the
decay time -g- is roughly half as large as -%- impilies that the oscilla-
tion will be non«isothermal at this altitude.

We may investigate acoustic wave propagation vertically in
an isothermal gravitating atmosphere with radiative leakage by
solving the usual ohe-dtmonsional linearized equations for small
motions. We shall consider an isothermal atmosphere with temper-
ature ’I‘O and scale height H, and use a Lagrangian description of
the motion, We let £ be the vartical coordinate and £ (g, t) the (small)
displacement from equilibrium of a particle whose equilibrium
position ia 3. Then the position of that particle is £ + £(a,t) ® x(s, ).

We let p(2,t), P(a,t) and T(e,t) be the state variables at the position

-~
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Figure 4-5. Semilog plot of radiative decay time 1 versus height
z above v = 0.003. Q: using equation 4. 26 and data
from Allen (7). 0: from Krasberg and Whitney (30),
Table II.
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x(z,t) of the particle., The linearized equations of continuity and of

state are then:

et wo () (19 58) = pfn) (1o B, ang (4.27)

P(z, 1) = P_(z) (1+-?-+ L P(z)(l--d--rg(z 1) (4. 28)
0 O

where

po(z) © po(o) a'z/H and Po(z) = Po(o) e'zlﬂ (4. 29)

are the equilibrium values of density and pressure, and where

O(z. t) ae;‘ré""z'!‘tl‘ . (4030)
o
The equation of momentum conservation is
- A
ootm) Lt o LEHED L (o) g, (4.31)
v O
ot
or
2 2
g € . o9 1 i
P (z) -7 Q-P(z) 1--4-'--‘2- +-(}-; - ﬁ+ H ;-; -—] p(a)g.
ot vz
(4.32)
b (z)
The zero-order terms OH and -po(s) g on the right hand

side cancel, because Po = p  gH for hydrostatic equilibrium. I
P

we write COZ = -p—? » €guation 4,32 reduces to
o
2 2, «c?
oe 2 5t o of 2, 8¢ 8
" ‘o “H B T ‘o ' ‘H)sa" (4.33)
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We may note thay if there is no radiative leakage (% - 0), the

(1 ° Y) s conzt,, OF

expansions are adiabatic, and we have Tp
9=(v-l)%£=-(v~1)-g-§ . (4.34)

Putting this in equation 4. 33 yields

8t (4. 35)

which ie the correct adiabatic relation for ane dimensional motion
(cf. equation 4.7, previous aection). On the other hand, if the ex-

pansions are iscthermal, ¢ = 0, and equation 4,33 reduces to

2 2 c & |
4 o
g_‘_czf__%‘,_g__‘i_; = 0, independentofy . This is the
ata O 83“ H oz

case where radiative leakage i3 30 fast compared to compression
timmes of the wave that ternperature perinrbations do not have an
opportunity to build up, i.e. §_ -+ . The mathematical behavior is
the same a3 if there were no socurce of temperature perturbation; i.e,,
if vy were equal to 1.

For finite rates of radiative decay, o < -?— < o0 , we expect
the temperature to be governed by an equation

2

¢
%:.ag-(y.x)i—:—- . (4. 36)
dz0¢

The first term on the right-hand side of equation 4.36 describes
the relaxation tendencies of the atmosphere; i.e., & temperature

perturbation & decays at a rate proportional to the perturbation. The



104

sacond term describes the adiabatic heating due to the rate of ¢come-

1/
pression Ty -g—;’ ) by the wave. For the equation to be valid we

must assurne that the atmosphere is optically thin, in order that the
second~order radiation effects be negligible, i.e., in order that the
perturbed alemeni does not abaorb radiation different from the equi-
librium. value because of the presence of neighboring perturbations.

Now if we assume that

. Fimt e?” and 6 = Be-t- bt o3 (4.37)
Fm Ae
we find that, for a solution of equations 4.33 and 4. 36 to exist,
.
q = l 1 i\/cE‘—l—uj— "‘Z' l . (40 33,

B4 iy
and

B-*% qA. (4. 39)

lere we have set c QZ 2 2H = % = 1 as before. The first term of
eqiation 4,38 vields the exponential inéreaae of velocity amplitude
with height which we have already encountered, and whick was nec-
essary to conserve kinetic energy per unit volume for propagation
withoat losses or reflection. We sée that if $ = 0 or o in equation
4.38, that Re(q) = 1; i.e,, the amplit:de increases with height in
the way already discussed. ¥For o £ <o, however, there ia ;a cone-

trib ition to Re(q) from the second term in equation 4,38, causing the
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amplitude to increase with height either faster or slower than in the
lossless case. This corresponds to dewnward or upward propagating
waves, respectively,. wWe choose the solution for ipward propagating

waves:

-i't ¢z . /3 ein 2 Y
S se ° qg1+l\/a3-i\(w w -1 (‘1'40)
, -int gz y - 1) in
8= Be e , B = T gA (4.41)

The complex qnantity g = 1 = +» (v, 8) is ploited in Figure ¢-6 for
various values of +and B. From Figure 4-6 we see that:

a) 1f 5 = w (isothermal oacillations) there is a critical
frequency below which x 1is real and negative, i.e., below which
there is attenaation bat no propagaiion. Above the critical frequency

is imaginary, and there is propagation but no attenuation. The
critical frequency P e has the valae "o T 1, or in physical units,
e ® -2%{ « This i3 the behavior we have already encountered in cur
earlier iacthermal treatment,

b) If B= o (adiabatic cacillations) the behavior is the same,

]

except that the critical frequency has shifted to UL
c) For intermediate values of 3, as » increases from gzero

to infinity, »(®,B) follows 2 path in the complex plane from -1 to

-1
io - L-g-/—-é— £ . The imaginary part of » is the wave number for

2y
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propagation, and the negative real part is the attenuation. This
attenuation is due partly to the presence of standing wave components
and partly to radiative losses.

Figure 4-7 is a plot of the total attenuation versus = for
several values of radiative decay time -Bl- o The large attenuation for
~ less than the isothermal eritical frequency, P 1, is the same
attenuation due to standing wave components which we have encountered
in the isothermal case (cf. Fig. 4-3, p. 97 ). For higher fre-
quencies the attenuation is due to radiative losses.

The fact that for each value of B there is a value of < for
which the damping is a minimum might suggest that such differential
damping might single out the least damped frequency from a white
noise spectrum introduced at 2 = 0. The broadness of the minimum
in damping as shown in Figure 4-7, however, precludes very sharp
filtering in the distance between 2 = 0 (the top of the convection sone,
at v~ 0.5) and z = 1 to 2 (the line formation region at 7 = 0,05 to
0. 005; in real units ¢ = ZH to 4H, or 250-5300 km).

We shall now examine the oscillation of temperature described

by equation 4.41 (p. 105 ). From this equation we see thet the

amplitude, relative to the velocity amplitude, ia
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and that the phase by which the temperature oacillation lags the

velocity oscillation is given by

a2 Nel et (40“3)

where

1

q= re!®  and ¢t =tan (4. 44)

gl I

The amplitude and phase of the temperature are plotted versus B
for various values of +in Figure 4-8. For later use we have also
shown on the abscissa the values of z to which the different values
of B correspond,

Ve see from Fligure 48 that the amplitude is small for low
frequencies or short radiative decay times, and large for high
frequencies or long radiative decay times, as we should expect.
Concerning the phase, we see that: (a) for high frequencies (- <o ,
-2 3) the temperatare and velocity are in phase. This is the usual
result for an adiabatic wave propagating in an atmosphere without
gravity. (b) For very low frequencies (v<< 1, w'< 8), the temperature
lags the velocity by 180°., For = m® 1, the temperature lags the

velocity by 90° for 3~ 0 (adiabatic) and by 180°* for 8~ w (isothermsl),

E. Tkhe Thermal Properties of the Oscillation

In this section we shall iry to apply the results of the preced-
ing analysis to our observational data. We shall begin by briefly

summarizing the data already presented in Part Il concerning the
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oscillation relative to the velocity oscillation, plotted
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which these values of B/w. exist (middle axis).
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brightness-velocity correlation and the periodicity of the brightness
field.

It will be recalled that a brightness-valocity correlation was
observed with a2 correlation coefficlent which decreases apparently
monotonically with height from about 40,5 in the lower photosphere
through zero and to about -0, 2 at the highest elevation where the
velocity oscillation can be detected. The reverse of sign appears to
occur at an elevation spanned by the heights of formation qf the outer
and inner Na5876 line wing. The brightness field alone exhibits a
time correlation function which decays monotonically with a "half-
life'! of a few minutes at lower altitides, but which oscillates with a
period of about 260 aseconda at the altitude of the Na589¢ line core.
The oscillation of the brightness field may be followed to considerably
higher altitudes, and exhibits a period which appears to decrease
slowly with increasing altitude. At the altitude of the Na589%6 line,
the oscillation in the core appears to be roughly 180° out of phase with
the velocity oscillation. Finally, the rme amplitude of the brightnesas
fluctuations seems to increase rather slowly with altitude in the
photosphere. In the chromosphere, the amplitude of the brightness -
oscillation (as distinct from the non-oscillatory chfomospheric mottling)
appears to decrease with altitude, until above the leve] of the Ca+3933

core, the periodicity is no longer observed at all.
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In the following discussion of the interpretation of these
obgervations, we shall make the assumption that increased brightness
in the spectral line is proportional to an increase in temperature at
the altitude of observation. We emphasize again that this assumption
is at most only approximately valld, for the source function in a
given line may be a rather complicated function of temperature, gas
and electron pressure, the excitation potential of the lower state of the
transition, and the ionization potential. The last two parameters in
particular vary from line to line even at the same altitude. Never-
theless, o.r crude assamption is probably adequate for a rough
gualitative treatment. In addition, the fact that the brightness fluc-
tuations and their ccorrelation with the velocity vary rather smoothly
with height through the atmosphere suggests that they reflect a
property of the atmosaphere itself rather than of the particilar line
being studied.

The positive brightness-velocity correlation observed at lower
levels has been reported esarlier by several authors (31, 32), and may
be interpreted as being due to the close association of low-lying
atmcspheric levels with the granulation itself, i.e., with the top of
the convection zone. Because the granulation transports heat by
convection, the rising material is hotter, or brighter, than average,
while falling material is cooler.

In actuality, the motions in the convectively atable atmosphere
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even immediately above the granulation do not mimic the temper«
ature fluctuations of the granulation exactly; we observe an oscillatory
motion in the spectral lines, while there ia no sign of any periodicity
in the time correlation of the photospheric granulation field (11).
Also, as we bave reported on page 79 we see no sign of a periodicity
in intensity of the speciral line at these elevations. Nevertheless,
it is not hard to see how the time correlation function between a
decaying velocity oscillation and a non-oscillator; decaying temper-
ature perturbation may still be positive. For in.stance. the heating
die to the appearance of bright granule may cause an increase of
pressure which lifts the atmosphere directly above, initating the
velocity oscillation; the first motion {8 upward, and due to the decay
with time of the oscillation amplitude, as well 2z granulation-induced
temperatire perturbation, the firat motions contribute more to the
time averaged correlation coefficient than subseqient motions,
yielding a net positive correlative coefficient.

At higher levels, however, the heating of the atmosphere due
to the granale should be lessened because of the decreased solid
angle subtended by the granule, and thus the rms amplitude of granu-
lation-induced fluctuations may be expected to decrease with height.
(In addition, the heating of higher layers will be delayed by the longer
relaxation time, causing the gran:ﬁation-induéed temperature fluc-

tuations to be less well correlated with the velocity.) The fact that
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we observe, if anything, an increass of rms temperature variation with
height suggests another source of temperature fluctuation; our observa«

tion that there is an oscillatory component to the brightness field even
when no oscillation has been detected in the granulation gives strength
to this suggestion. In addition, the observations that this oscillation is
approximately out of phase with the velocity oscillation, i.e., is nega-
tively correlated with it, explain how this second source of brightness
fluctuation, when it overrides the first, can cause the total brightness-
velocity correlation coefficient to become negative.

In the previous section we determined the amplitude and phase
of the temperature oscillation associated with 2 wave of frequency w,
travelling vertically through an {sothermal atmosphere, with a radiative
decay time E;l' which is independent of z. Now as we have already seen
{cf. Fig. 4-5), B actually varies throughout the height of the aolar at-
mosphere; indeed, § may change by‘ an order of magnitude in a distance
considerably less than a wavelength of the propagating wave. Never-~
theless, it seemns reasonable to expect as a first approximation that the
amplitude and phase will be appropriate to some average radiative decay
time characteristic of the height of observaton.

Proceeding in this spirit, we then find that at low levels the
amplitude of the temperature oscillation for frequencies of interest ie
extremely small due to the rapid radiative relaxation time. Only when
B and v become comparable does the temperature oscillation become
significant. Figure 4-9 shows the values of 6 ® é’i’? predicted for the

different heights of observation and for the observed frequency,

w ~ 0,85, from the data in Figure 4-8(a). Also plotted in the figure are
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vtha observed values of é’i‘? . The difference batween the two curves
represents the direct heating by the granulatioan. Itis seen that at the
level of the Na 5896 line wing, the difference goes to nero, i.e., all the
 temperature fluctuations could be supplied by the quasi-adiabatic heat-
ing of the wave. 4

1f we examine the phase of the temperaturs oscillation with re-
spect to the velocity oncilhtién. as portrayed in 4«8(b), we see that for
our observed {requency, {u~0. 85, the phase lag varies from ~180° inthe
photosphere to~110°{n the low chromosphere. At the level of the Na58%6
line wing the phase lag should be ébout 140° . This is to be compared

with our observed lag of about 170°,
One other observational point is available for comparison with

the simple picture we have drawn: Evans and Michard (24 ) have deter-
mined the phase lag betwesn the temperature and velocity oscillations

. in the low chromospheric line Fe5171 to be about 30°. The oscillation
period which they measure for thi.s line is about 275 sec, giving a
dimensioﬁlou frequency w~0.9. Thus from Figure 4-8(b) we wouidpru

dict 2 phase lag of about 115°,

We interpret the discrepancies between the above obaservations
and our expectations to be due to the extreme over-simplifications we
have allowed in deriving this qualitative description of the thermal
properties of th§ oscillation. We can scarcely expect such a picture
to produce detalled agreement with observations. Nevertheless, it does
have the appesl that it seems to explain the otherwise very puszling re-
versal of the brtghtness&olocity correlation in the low chromosphere.
We have already implied how this might come abéut.. and now we shall
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spell it out explicitly:

If the compressions associated with the velocity oscillation
were the only source of heating, the brightness-velocity correlation
coéfﬁcient C would be simply C = cos ¢ where ¢ is the phase angle
between the two oscillations. C would vary between «1.0 and 0.0
as the height varies from the granulation up into the chromospheres.
The combined effects of direct heating by the granulation and quaai.-
adiabatic heating by the oscillation will create & correlation coefficient
which is positive at low-lying levels where the granulation heating
predominates. As one proceeds to higher levels, the granulation
heating decreases and the oscillatory compressional heating increases,
causing the negatively correlated oscillatory brightness field to pree-
dominate, and therefore causing the net correlation coefficient between
brightness and velocity to become negative.

Finally, we have evaluated the kinetic energy per unit volume,
ﬁﬁ (vz) » at various elevations, using the observed mean square
velocities, and densities from Allen's model (7). Our results are
graphed in Figure 4-10. If there were no losses or reflections, we
should obtain a horizontal line. If there are radiative losses only, we
may calculate'the values of m and § which would give rise to the

observed energy loss. The graph of energy versus height shown in
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Figure 4-10 can be approximately fitted by a curve

-1.25 2, Since p~ e.z’ (by choice of the unit of =

0375 (This, of course, agrees

Es=fp { vy~ e
as ‘z}ﬁ ), we must have (vz)b-»
with our earlier graph of observed rms velocity versus height (rig.
3«3, p. 432 ).) Therefore, to match the observed decrease of

kinetic energy we would need to have 1 + Re(x) =0.375,0r Re{x) =-0. 625.

From Figure 4-6, we find the value of radiative decay time ?;’ nece

essary to achieve this for various values of  to be:

av/wc 1/8 (sec)
1 125
0.9 54
0.8 - 17

We may conclude that if most of the energy is in a froqhancy
interval slightly less than the critical frequency (as we seem to
observe), then reasonable values of radiative decay time could indeed
provide the observed losses of energy. |

We now summarise our discussion by presenting the foilowing
simplified picture of the temperature fluctuations in the solar atmos=
phere:

The tevoperature field consists of & non-oscillatory and an
oscillatory part. The non-oscillatory part, which predominates at
lower altitudes, is just the direct heating by hot granules imnmediately

below. Because in the initial stages of a granule life the heating is
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greatest and becauae the first motion induced on the atmosphere is
upward, this non-oscillatory brightness field exhibits a positive
correlation with velocity. The correlation is espacially strong in
layers immediately above the granulation. At higher levels, which
are not so closely coupled with the granulation, this correlation
presumably decreases., Also the heating by granules decreases with
increasing height due to the increased distance from the granules,
and above a certain level a second source of atmospheric heating,
which incresses rather than decreases with height, bocom‘a more
important. The second source of heating is the quasi-adiabatic com~
pression of the velocity waves, and dapcndak on the ratio of the
radiative relaxation time to the oscillation period, The radiative
relaxation time increases with glﬁtudc. causing the amplitude of
thermal oscillation to increase also. The thermal oscillation lags
the velocity oscillation by between 90° and 180°, thus introducing a
negative brightness«velocity correlation at high altitudes. In addition,
the combination of the two intensity fields causes a net rma intensity
fluctuation which increases rather than decreases with altitude.
Losses and reflections, however, seem to prevent the wave from
penetrating above a&.mt the level of the Ca+3933 line core (& ~ 3000
km).

This picture, being based on a very much simplified model of

the thermal properties of the atmosphere, cannot avoid being wrong in
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the details. Whether it will be found to be correct even approximately
will depend very much on future observations, especially of the phase
and amplitude relations between the brightness and velocity oseilla-

tions. At present, it can be accepted only as a reasconable hypothesia,

based on a rather limited number of observations.

F. Conclusion

In this thesis we have reported on the {irst direct observation
of the presence of vertical acoustic waves in the solar atmosphere.
We have measured the average period of the oscillatory wave motions
with some accuracy and have seen a variation of this period with
altitude. In the chromosphere we found a periodic change of intensity
accompanying the velocity oscillation, and we have attributed this
to the quasi-adiabatic heating by the compressional wave. Also we
found a correlation coefficient between intensity and velocity which
varies in a regular way throughout the atmosphere. We have tried
to understand the temperature variations and their correlation with
velocity in terms of the thermodynamic properties of an acoustic
wave propagating in an atmosphere with radiative leakage.

Much remains to bs done, both observationally and theoretic~
ally. The chief observational questions suggested by the present
investigation are:

1) What is the actual frequency spectrum at each altitude?

Which frequencies represent standing waves, and which represent
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travelling waves, i.e., what is the critical frequency?

2) The time lag between the effects of the wave at low altitudes
and at high altitudes should be thoroughly {nvestigated. Also the
phase relations between the intensity and velocity oscillation will teld
much about the propagation characteristics of the wave. A superd
start on these probleams has already been made by Evans and Michard
at Sacramento Peak (24).

3) The amplitude of both the velocity and intensity oscillations .
should be more carefully determined for different altitudes, in order
to clear up the problem of energy transport by the wave. Also, the
"decay time' of the oscillation for separate frequencies should be
measured. Following the time history of ths velocity oscillation at
individual points may indicate whether the motion can be represented
by a decaying sine wave or whether it has a more complicated be-
havior. Also, such measures should determine to what extent the
decay of the oscillation of the velocity time correlation function is
due to actual damping, uﬁd to what extent it is due to changes of
phase. Howard has already made some obaservations of this typé
with the Babcock magnetograph, set in the Doppler mode (25).

4) The three-dimensional properties of the wave should be
more thoroughly investigated. What can one say about waves propa=
gating at an angle with the vertical? What svidence can we find of

horizontal as well as vertical propagation of the wavea? 1s the
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apparent difference in size between the elements of the velocity field
and of the intensity field real? How reliable is our observation that
the horizontal velocity cvomponent essentially disappears at high alti-
tudes? Can we elucidate th§ apparent spreading-oat of tﬁe waves as
they progress upward, as implied by the increase of size of the cio-
ments of the velocity field with height? |

5) The oscillatory motions should be followed up into the
chromosphere as far as possible, with special attention being paid to
>the energy transport properties of the wave. In the medium and
upper chromosphere we should look for the interaction of magnetic
fields with the waves. What is the relation between the acoustic wave
and the solar spicules? Are ihe latter simply the high altitude
extension of the acoustic waves, for instﬁnce? Might the most
energetic spicules be generated by interaction of acoustic waves and
magnetic fields? We have seen that magnetic fields in plage regions
damp out the wave; what is the effect of the magnetic fields associated
with the ''chromospheric emission network' on the écoustic waves?
What, if any, is the connection betweaen the acoustic waves and the
large~scale, rapidly-changing velocity pattern found in the He 1line?

The obseryational problems attendant upon investigating such
questions are manifold , but none of thermn seem insurmountable,
given proper refinement of existing techniques, both spectrographic

and spectroheliographic,
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The chief theoretical questions which suggest themselves are

1) The discussion we have just presented greatly needs refin-
ing. Jdeally, of course, the full differential equation of motion,
allowing for the variation of equilibrium temperature and radiative
decay time with height, for the three-dimensicnal properties of the
wave, for more realistic initial conditions, etc.,, should be investigated.
A less ambitious line of approach might be to introduce velocity fields
with various frequency spectra at z = 0 and examine the time correlation
function of the response at different values of 2z, Krasberg and Whitey
(30) have idealized the 2tmosphere as divided into parallel slabs of
different temperature and absorption coefficients, and investigated
the thermazl relaxation properties at different points in the atmiosphere.
Perhaps the propagation of a thermal-acoustic wave through such an
atmosphere can be investigated in a similar fa;hion.

2) 1t would be interesting to investigate what the observations
can tell us about the equilibrium structure of the solar atmosphere
itself, If we could derive the criticel frequency from our cbservations
and similar ones, we could use it to determine better the acale height
H = ?—g . In turn, this will lead to 8 more accurate picture of the
variation of temperature T and molecular weight 11 in the atmosphers.
Perhaps observations of phase lags between the velocity or intensity

oscillations in different lines will help to determine better the relative

heights of formation of these lines. Many of the parameters we
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observe~-velocity amplitude, average period, brightneas-velocity
correlation, average size, etc. ~-vary in a regular way through the
atmosphere; both a relative and an absolute ordering of heights of
formation might be possible through the use of such data.

3) Finally, our observations may have some bearing on the
very difficult problem of support and heating of the chromosphere and
corona. Especially relevant are the questions of mechanical energy
flux into the chromosphere and corona versus reradiation and
conduction back down to lowesr levels, of the interaction between
acoustic waves or shock waves and hydromagnetic waves, and the
whole problem of the origin and life history of spicules. Much work
has, of course, been done on these problems (12, 13, 23), but hope-

fully cur observations may suggest some new approaches.
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APPENDIX I. RESCLUTION OF THE SPECTROHELIOGRAPH

In this appendix we shall diecuss some cbservations and

theoretical studies of loss of resolution in the Mt. Wilson l3-foot

spectroheliograph,

A number of factors contribute to a degradation of the reso-
lution of the solar image between the initial image formed at the
entrance slit and the final monochromatic image laid down on the
photographic plate above the second slit. In approximate order of
decreasing importance, these are: (1) The curvature of the focal
surface of the collimating lens-camera lens system, (2) the geo-
metrical smearing of the image due to the non-zero width of the
entrance and exist slits, (3) the gap between the exit slit and the plate
. emulsion, and (4) finite resclving power of the lenses and grating.

We shall now discuss these separate factors in turn.

(A) Curvature of the Focal Surface of the Spectroheliograph

One of the third order aberrations in the camera and collim-
ating lens is curvature of the focal aurface of the image of the second
slit; the focal length is shortest for the rays making the largest angle
with the axis of the system. Figure Al-l{(a) represents a plot of
the focal surface as measured visually and photographically at the

spectrohsliograph for various wavelengtha. The diameter of the
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Figure Al-1. (a) Focal surface at spectroheliograph exit slit. X =
coordinate along slit. Numbers give diameter of circle
of confusion atthe slit in sec arc. (b) Logarithmic slopes
of line profiles, measured at different points on actual
plates. Variation in slope is partly due to variation of in-
trinsic profile from center (C) to limb (L). Dashed lines
indicate the approximate effect of slits alone.
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resultant circle of confusion of the image at the slit is 2lso plotted
in the figure, for the case where the lenses are set to give the best
focus at points midway between the ends and the center of the slit,

The curvature of the focal surface has a deleterious effect on
spectral line resclution as well as the reasolution of spatial detall on
the image. Figure Al-1(b) is a plot of the slope dfn T/d\ of the line
profiles for Febl102, Ca6103, and Na5896 at the offsets from the line
cores usually used, versus distance from the center of the slit.

From the data presented in Figure Al-1 we see that there
can be a loss of resolution of as much aw several seconds or arc at
the edges of an image, if the center is in focus, and also a degradation
of the line profile, It should also be noted that when two images,
exposed side by side on the slit, are cancelled, a portion exposed
near the center of the slit is placed in register with a portion exposed
near the end of the slit; one must be on guard against interpreting
differences of detail at corresponding points of the image as reflecting
a property of the sun before investigating the possible results of

unequal resolaution.

(B) Resolution Lioss Due to Finite 5lit Widths

The total energy E(y, 2) received by a point (y, z) of the photo-
graphic plate when the spectroheliograph is set at a wavelength A

will be a ''smeared-out' reproduction of the monochromatic intensity
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I{(y,%,) ) striking the corresponding point of the solar image at the
first slit. The geometrical smearing due to the two slits, each of
width a, may be easily calculated (Fig. Al-2). If the spectrohelio-
graph scans at velocity v, the intensity Ky, s, t) below the second slit
at any time is found by integrating over the range in x occupied by the

first slit at that instant:

vt + %
y,e.t) = | I (xoz,2+ [(y - vt) = 8(x - vt) 1D) &x
N a
Vt - -2'— (Alo l)
oL cos &
D is the dispersion of the spectrograph, and 38 = dift = fne

Bne %

is a factor which takes care of the magnification of the monochromatic
image of the slit along the spectrum dus to the grating (Fig. Al-3).
The total energy received by a point on the plate is the integral of

the intensity I(x,z,t) over the time that the second slit is passing it:

1¥a/2 pralz 2
Ely,z)= | ¥ Iy,z,edaes | Y ?'Io(x.z.k+[y‘-vt-3(x-vt)])dxdt

y1oal2 2l 7 8
v v 2 (Al.2)

E(y) is displayed for various simple one-dimensional inputs
I(x,2) in Figure Al-4,

A more realistic case, representing the decomposition of the
spatial intensity and velocity field into its Fourier componenta A(k)

and v(k), would have, if the second slit were situated on the wing of a
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Figure Al-2.Geometry of spectroheliograph slits. (a) slit coordinates

1.0

at t=0 and t=tj. V = velocity of spectroheliograph.

(b) Monochromatic image at exit slit of entrance slit, at
time t} and wavelength A ;. Image magnified by B due to
grating dispersion. (c)Image (®) at(y;,z]) of source
(O) at (x),2;), at the wavelength A ; + Dly-B(x1-V))-vy ],
where D = dispersion.

3000

4600 5600 6600 7000 8000

A IN SECOND ORDER (A)

Figure Al-3.Magnification B at the exit slit of the monochromatic

image of the entrance slit, plotted versus \.
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Transmittance T = [ T
are defined on p. 125,
size of image detail to the slit width.

+T2]

where T, and TZ

Abscissa is the ratio of the
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spectral line whose profile had the logarithmic slope il- % = {- .

an "input’ function

U, 2, 0) =1 (1+ [A(k) e ' 22 a®i)(1e 5"“"2"’""‘) D,.’;.r:.(é‘..‘) PEE g4

(Al.3)

Carrying out the operaiions involved in equation Al.2, we find the

“response'’ to be

2k a
r .y sin r(x}
-"-2 E(y,g)= 1+ !‘LA(Q»(% ) | 5] e &L d21_<_
a ¢ k a 2
(x )
2
k a
a ] ' al sin|—
x x 2
ain cos -
81) aD » [‘z iker rzj _a 2
rst 5 alk) = - X_ d k
x 2
2  a
_—
Y72
]
W(k") A ((54»1&.')'! oinz[kx+kx a 2 2
+{TA(k..=...-5e 2 d'k d"z' (Al.4)
T k_+k_' 1
xz X a ]

From this rather complicated result we may make the following

cbservations:

2
k

= are not transmitted at all throagh

AT

a) Spetial wavelengths A =

the spectroheliograph.
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b) If the second slit is set in the continuum (A = w), the inpat is
1+ "A(ﬁ) e L33 4 daic_ and the outpat is

> sin | x iker 2 . \ .
1+ A(_li) H e -~ = d k. We deline tke "iransmitiance func-

kxaz
(=)

tion" to be

2 rc a}
sin x
Tl(g_c_) » 2 (~1.5)
kxa 2
(=-)

c) If the spectroheliograph is set on the wing of 2 spectral line,
the same transmittance function operates on the velocity field, as
shown b, the second half of the second term of equation Al, 4.
d) The third term of eguaticn Al. <4 gives the influence of the spectral

line slope on the intensity field. We define the transmittance function

TZQ{_) as
sin kxa/Z)

3in l:kan €os rxq . —
P N - m— —— ~ 3 . . . o
T,(x) = 2 2 x . Er)ab o (als
k a 2 -3 ?
’x~
2

TR
———e
2

The net transmittance of the zolar intensity ficld A(k) is

, 5 2
T = (le +T_%) % this is plotted in Figare Al-5, for the Na5896

54+ 1 ap
line with 0,07 mm slits, for which E....__... =

3 = 259 mes the valae 0,8,

e) The last term gives the inflience of the velocity field on the
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brightness field and vice versa. Since typical maximum values for
A(k) and ﬁg)— -% are fo nd to be leass than 0.1, this is a second order
ef'ect and may be neglected.

It should be noted that for amall spatial wavelengths a Doppler
cancellation dees not fully cancel out the brightness field. In the
discussicn on photographic reduction in Part 11 (p. 26 ), we find
that the transmisesion of 32 Doppler cancellationis T = ‘:g%—:-} .;r |
where [ is the conirast of the original plate. (Since the second slit

is set equidistantly on either wing of a spectral line, A is opposite

for the two images.) From equation Al.4 we see that this is approxi-

mately
sinz r____xa}
Lnd - ,
¥ 1482 f"’(k) B ot K g2 (A1.7)
A R L X -
(=x%)
X
(‘inl:k'vca}
ein{kﬁj cosrxd] - 2
+ y : < .
+zra lE-EfA(k) 2 2 ) xxa ik 5—42
2 A k a ao—— L3
X P
2 .k a
i x

-
b

For low-lying lines, as we see in Part1ll (p. 68 ff), the intensity

contribation A(k) is larger than the velocity coniribution Jﬂ_"c %‘ .

Whenever the "seeing’ ie sufficiently good that elements of the order
of the slit widths are resolved, the second term can become comparable
to the first and could ca:se considerable error. Actually, for almost
all the plates analyzed in this thesis, the resolation loss die to 'seeing"

and third-order aberrations made this effect negligible.
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The finite slit widths will, of course, have a great effect on
wavelength resolution as well as spatial resolution. Actial measure-
ments of the line profile of the line Hg 4358 were made at Mt, Wilson
to examine experimentally the effect of slit width on spectral line
resolution. A low pressure ¥ig emission tube, which prod.uces for
all practical purposes infinitel, sharp spectral lines, was used in
the third order. The results of photometric profile measirements
are shown in Figure Al«6, The cbserved halfwidth of each profile is
very close to ﬁal + 3, where a, and a, are the slit widths., We
shall see immediately why this is so.

Figure Al-7 shows the slopes of expanded line profiles of the
Ca6l03 line, recorded in the same way as for an act:al obgervation
(Partll, p. 16 ). These slopes are a measare of the wavelength
resolution of the instrument. We see that the resolation g ts pro-
gressively better with decreésing slit width until 2 width (abo:t 0.05
mm) ia reached'beyond whicl; the resolution actually worsens. (We
shall discuss this behavior more thoroughly in the next section,) Alsc,
it appears that the resolution is somewhat better if the first slit
haz width 0.04 mm and the aecond 0. 06 am, rather than if both have
width 0. 0% mm, although both combinations pass about the same
amount of light. (The effect is actually not very pronounced in Figure
Al-7, due to the loss of resclation we have just menticned when the

first slit becomes less than 0.0% mm.,
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0.5l I |7 [ l | | |

-0.5 ’ 0 +0.5
' y (mm)

Figure Al-6. Profile of Hg4358 emission line in 3rd order.
Second slit width a, = 0.0]1 mm , first slit width a,

‘varies as shown. The half-width is approximately
B@l ta,~ Ba1 for large first slit widths.

Dispersion D = 0.90 A/mm.
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We may calculate the values a 1 and a, for the first and second
slit widths which give the best resolution, subject to the condition
that all combinations pass the same amount of light; i.e., aa, = const.

Referring to Figure Al-8 and remembering that the monochromatic

image of the first slit is expanded by the ratio B at the second slit,
m (P2 te))y

we see that il y Thus we wish to minimize Bal + 8,
a
aubject to the condition alaa = constant. Thie leads to ;-;- =8 .
i

A

A
Then the resclution n ] mal ~ 20000 for 0.07 mm slits,

We shall see in the next section that if a, < ~ 0.05 mm, loss
of wavelength and spatial resolution occurs for other reasons. This
is probably why the increzsed resolution for 0.04 mm and 0. 06 mm
slits is not more marked in Figure Al-7; the effect is, howsver, -

very eagy to observe visually at the spectroheliograph.

{C) Loss of Resolution Due to the Gap between the Exit 5lit of the

Spectroheliograph and the Plate

The gap between the aeéond slit and the photographic plate is
about 3 mm, which i3 large compared to typical slit widths of 0.07
mm., Thus the width of the intensity distribution which strikes the
plate may be considerably greater than the slit width. As is seen
from Figure Al-9, the width 22 of the distribution is given by
2t = bg + a, where a is the slit width, b is the gap between slit and

plate, A is the width of the light beam at the camera lens, and S is
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the lens-to-image distance. When the specircheliograph acans acroas

&
the plate, the integrated intensity at a pointis E = I Ix + 3,0(8)d 8 ;

-8
spatial detail is smeared over an interval 28 . Similarly, wavelength
detail is smeared through 2 window AA = %— » where D is the dis-

persion. Inserting the values = 60 (the focal ratio of the 12 inch

»iu

telescope lens, which determines the aperture stop for the 7 inch
.image) b = 0.3 cm, and a = 0,007 cm, we find 26 = .12 mm, l.e.,
nearly twice the slit aperture. (In 1960, when the plate was mounted
1.0 cm above the slits, the width 28 {for 0.07 mm slits wae 0.24 mm,
more than three times the slit width! The incresse in resolution on
1961 plates conasequent to decreasing the slit-to-plate gap was quite
noticeable. )

The presence of a slit-to-plate gap explains another pusszling
phenomenon. As the slits are narrowed, the resolution gets pro-
gressively better until a critical slit width is reached, beyond which
the resolution worsens (Fig. Al-7). The explanation is that at this
critical slit width the diffraction pattern of the first slit has broadened
out until the central maximum fills the entire aperture of the five-
inch collimating lens. Then the focal ratio of the telescope lense no
longer defines the effective aperture of the camera lens, which instead
becomes the full five-inch aperture. If we use the value S = 12,5 ft
and A = 5 in., we find 3. 30 and the resolution window 26 becomes

A
(again for a 0.07 mm second slit) 0.17 mm. The slit width at which
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the central maximum of ths diffraction pattern occupies the entire
S-inch collimating lens may be calculated (and observed at the tower)
to be about 0,04 mm., This agrees well with the experimental data

on the effect of slit width on resolution (Fig. Al-7).

(D) Resolution of the Lenses and Grating

The theoretical resolution of the spectroheliograph lenses is
about 1 sec arc, or 0.02 mum at the slits. The effective grating reso-
lution is ‘aii ~ 75000, Therefore, the loss of resclution by these l
elements is far less than that due to the finite slit widths, the curvae-
ture of field of the spectrograph, or the gap between exit slit and

plate. We need not consider it further.
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APPENDIX I, GHOST3 AND SCATTERED LIGHT

in thie appendix we report on several measurements made
at the 13-ft. spectrcheliograph at Mt. Wilscn in order to determine

ghost and scattered light intensities.

(A) Ghosts

Figure A2-1 illustrates the profile of the Hg4358 line in the
third order, with its two strongest Rowland ghosts. This was
measured photometrically at the spectroheliograph, using a low
pressure mercury vapor tube as a source. Itis seen that the ghost
intenaity is about 3.1 percent. Thus the third order contribution of
the ghosts to the scattered light is about 6 percent. Since the ghost
intensity varies as to the square of the order, it is about 3 percent
in the second order and 0.7 percent in the first order.

There is also an indication of the presence of a weak Lyman
ghost, situated about 170 A to the red of the spectral line, with
relative strength .01 percent in second order and , 02 porcent in third

(B) Light Scattered Parallel to the Spectrum

Figure A2-2 illustrates a scan through the visible range of

the emission spectrum of a low pressure Hg lamp. In Figure A2-3
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Profile of Hg4358 in the third order, with its two
strongest Rowland ghosts. The ghost intensity is

about 3. 1% of the intensity of the principal line.

4 1is the displacement along the spectrum at the

exit slit. A\ =Dp, where D = dispersion = 0,94 A/mm.
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Figure A2-2. Hg spectrum as measured at the 60 ft. tower. Note
the Lyman ghosts (G) about 170 A to the red of the
strongest lines,
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Figure A2-3. Scattered light from Hg5461, expressed as percent
of the central intensity. Note ghosts (G).
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the light from the A 5461 Hg line was isclated from the others by a
filter; the ratio of scattered light to non-scattersd light was found by
integrating the intensity over the wavelaength interval not covered by
the imaged apectral line itself and comparing this with the integrated
intensaity of the spectrel line. The ratio was found to be about 8
percent, This scattered light is exclusive of the ghosts already
mentioned. 1f the ecattering function is roughly independent of X,

the contribution to any wavelength of light scattered along the spectrum

would be expected to be about 8 percent.

(C) Light Scattered Perpendicular to the Spectrum

Light which is scattered perpendicular to the spectrum will
be non-imaged and thus will create a rather unifiorm background
brightness. The ratio of the light scattered to any point on the alit
from all other points on the slit (except those within + 1.0 mm of the
point of intereat) to the direct, non-scattered intensity, is plotted
versus position on the slit in Figure A2+.4. Figure A2<5 shows how
the scattered intensity for a point of the center of the slit is made up
of contributions from all other points on the slit, The magnitude of
the light scattered perpendicular to the spectrum {s surprisingly high.
Since it is white light, however, it is cut down very much by the order

separation fliters customarily used.
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Light scattered perpendicular to the spectrum to various
points on the slit.(a)unimaged sunlight on entrance slit;
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solar image centered at position X on slit.
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Light scattered perpendicular to the spectrum from an
aperture 1.0 cm long at various positions X on the
entrance slit into an aperture 1.0 cm long centered at
X = 0 on the exit slit. Ordinate: Percent of direct
intensity.
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We conclude that the total imaged extraneous light in the second
order is in the neighborhood of 11 percent, of which 3 percent is due
to Rowland ghosts and the rest to scattering., Further, a component
of several percent is scattered perpendicular to the spectrum. These
observations are useful only for order-of-magnitude estimates; if it
become 2 neceasary to have morae quantitative information, a sodium
abgorption tube might be used to create an intrinsically black line

at the second alit.
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APPENDIX 111, ERRCR ANALYSIS

In this appendix we shall first try to list all the significant
sources of "error,' i.e., deviations of the measured A-C and C-C
functions from the '"true'’ functions defined on p. 32 , Secondly,
we shall also obtain a quantitative estimate of the limits of error of
the measured functions, based on measurements of several of the
separate contributions to errors, on standard deviations of sets of
observations of the same quantity, and on internal inconsistencies

in the relation between A-C and C-C functions of original and cancelled

plates.

{A) Sources of Error

In the {ollowing discussion we shall group the various sources
of error by the stage of the observation and data reduction in which

they appear.

1. Errors Introduced into the Initial Spectroheliogram Pairs

a) lmperfect telescope and spectroheliograph resolution and loss of
resolution due to atmospheric turbulence
The above effects contribute to a smearing out of the small-
scale details of the photographic field in all stages of cancellation;
all features below a eritical size, dependent on sf»ectroholiograph
settings and the seeing at the time of observation, are effectively

unresolved. Therefore, one ahouid specify a ""cut-off*' spatial
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fraquency, i.e., the observed limits of resolution. This may be only
estimnated by an examination of the plates for the smallest detail
visible. (The beet resolution yet attained, with fine seeing conditions
and accurate adjustment of the spsctroheliograph, ie perhaps one
second of arc.) In gsome cases in connection with this thesis, where
direct comparison of heights of A-C functons from different types of
observations was made, the observations were staggered in such a
fashion that each type of obaervation immediately preceded and fol-
lowed each other type, in an effort (o mitigate the effects of slow
changes in the seeing.

A particular hasard may be encountered when ocne compares
A«C curves of plates taken on either half of the spectroheliograph
alit, and purporting to be identical except that they were taken on
opposite wings of the spectral line. In fact, there may be anotber
difference between them which must also be considered: because
corresponding points on the two images are at different distances from
the center of the slit, the distance of the emulsion from the curved
focal surface of the spectrograph is in general different for correspond-
ing points on the two images. Thus at a point on one image the focus
will be better than at the corresponding point of the othezr image (see
p. 120f). Furthermore, the distance between the heights of the focal
surface for correaponding points on the images varies aloﬂg the slit,

so the diffarence in quality of focuas is depondom'; on position along the



136

slit. Since both the height and halfwidth of A-C and C-C functions
are sensitive to changes in focus, any comparison of these quane-
tities between plates taken on either sigle of a spoctrnl line must be
carefully anﬂ}zed for errors of this sort.

b) Plate grain

If no piecautim: are taken to min_imize the sffect, plate grain
can contribute considerable error in the height of an A-C function,
although, of course, it has no effect on C-C functions bcﬁucn dif-
ferent plates. PFigure A3-1(a) illustrates the A+C function of the grain
en 2 uniformly fogged 2-F plate of the type used for most of our
observations. The plates used in the A-C machine to trace this curve
were made from a fogged 2-F plate, with the grain in the sharpest
possible focus. The height of the peak, 1.5 percent, is comparable

‘to typical heights of A-C functions of original non~cancelled images,
and thus could introduce significant errors. In addition, it should be
noted that additional plate grain is added at each stage of the can-
cellation, so that the errors could thersby be compounded.

Therefore, during the projection printing of the first cancel-
lation and of all right-left pairs, the image iu'vory slightly defocussed,
just enough to wash out the grain but not destroy the detail, (From
Figure A3-1{a) we see that the grain size is about 400 km on the solar
image, while significant detail is usually several thousands of km in

size.) Figure A3-1(b) is the same as As-i(a), but with the grain
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Figure A3-1. (a) Plate grain on a fogged II-F plate, in sharp focus.

(b) Same, but slightly defocussed during the printing
of the right-left pair. This is the normal procedure
for actual observations.
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thrown out of focus in this manner. We see that if such precautions
are taken, errors dus to plate grain are essentially eliminated.
¢) Smallescale nonuniformities: defects in the emulsion,streaks due

to dust on the slits, sunspots, etc

The above all represent sources of error in the A-C function
which ¢an be eliminated by proper maaking of the plate. (Sincs an
A-C function is independent of the shape of the area over which it is
integrated, the area {s stmply chosen not to include regions which
contain defects.)

d) Large-scale nonuniformities

These include nonuniform development or deying of the plate,
shadows of the compensating filter, and sffects of nonuniform slit
width. Generally these imperfections are on 2 scale many timea that
of the selar detail, and do not affect the shape of the central peak of
the A<C or C-C function. Large-acale variations may produce a
tilt in the function near the central peak, but this can be removed
with the gradient-compensating filter (Fig. 2~1).

e) Incorrect setting on the spectral line

Imperfect setting of the aecond slit on the n'pect.ral line may
lead to the superposition of spactroheliograms taken at different
heights of line formation into a singly cancelled Doppler plats. However,
the photometric techniques of setting on the line usually prevent errors

in positioning of more than about 0,01 mm, i.e., 1% percent of the
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slit width for 0.07 slits, ao such effects are negligible in the majority
of plates; thersefore, by judicioue selection of plates to be analysed,
thie source of error can be effectively eliminated.

2. Further 3ources of Error Introduced at the First Cancellation

a) Imperfect registration of detail on the two images being cancelled

The effect of imperfect registration is to broaden the peak of
an A<C function and reduce its height in regions where the trans-
misasion fluctuations at corresponding points on the two images are
positively correlated; in regions of negative correlation the (negative)
height will be increased (i.e., the anti-correlation will decrease) and
the peak broadened. Imperfoct registration may arise from inaceur-
acies of alignment of the two images in the rather delicate cancellation
operation; even if perfect alignment were achieved at one point in the
image, other points might be out of alignment due to third order
distortion in the spectroheliograph {especially the case for 1960
plates, before corrections were introduced into the curvature and tilt
lenses which essentially eliminated this problem).
b) Non-unity gamma in the photographic reduction procedure

If T for the contact print used in a Doppler cancellation is
not exactly unity, a fraction of that part of the intensity field which is
not due to Doppler shifts will survive the cancellation (see p. 18).
If ' =1 +¢, it can be shown that the transmission of the cancelled

print is



139

TaT(1-28 +e(34+8), | (A3.1)

through terma of firstorder in 8§ and 8. & is the (small) variation
of transmission on sach original plate due to Doppler shifts, and is

- opposite in sign on each plate; £ i» the (small) vartation of trans-
mission due to all other effects, and is the same on each plate. The
helght of an A-C curve of the cancelled plate described by equation

A3.1 may be calculated (see p. 22 ) to be
2 2
H=4(5)+2e ({(8"Y-(88)) (A3.2)

through terms of second order. Thus, if (B8) is smeall (We have
soen {(p. 69 ) that for some lines (B3) is as small as -0.2 62))
and if ¢ is not small compared to 1, errors canm result from neglecting
the term in ¢.

The gamma of the cancellation prints is controlled by exposure
and development times; and it may be checked by superposition of the
contact print on its own original. The prints are redone if there is
significant departure from & uniform gray field in such a superposition.
The superposition of the print of the stepwedge (p. 18 ) on itself
indicates the range over which the gamma is easentially unity. It is
felt that for moat of the plates reduced, the value of gamma lies
between about 0.95 and 1.05, i.e., |~ |5 0.05 however, for some of
the more contrasty second cancellations (especially the Na5896 line

+
and Ba 4554), the contrast is so great that the range of density is
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exceeded over which gamma is essentially unity. In these plates,

significant errors might be introduced through the above process.

3. Additional Errors Introduced at the Second Cancellation

When a second cancellation is made betwesn Doppler plates
taken at different times, more errors of the kind already described
can enter. Non-unity gamma will have eifects similar to those men-
tioned in the last section; in addition, as we have juat mentioned in
the last paragraph, it is somewhat more difficult to achieve unity
gamma over the required density range in a second cancellation
because of the greater contrast of Doppler plates over original
spectroheliogram pairs. Finally, two new effects contribute to
imperfect registration of the two Doppler plates at this stage. These
are: (a) Drifts in the guider (usually caused by an increase of image
brightness with a concomitant change in the guider's null position
during the course of an exposure) cause the entire image to be dis-
placed by amounts which vary with time; in addition, the guider may
not be operating sensitively encugh to keep the image stationary to
the required accuracy during the exposure. (b) Even if the guider were
to hold the west and gsouth limbs of the sun stationary, distortions of
the image from imperfect seeing would cause relative displacement

of points on the disk.
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4. Errors in Preparing Right-Left Pairs, and in Tracing A-C and C-C

Curves
L e Y

The usual requirements that slight defocussing of the image occur
and that I" = 1 hold at this final photographic stage also. In the actual
tracing of curves there are three main hasards:

a) lmproper registration of the images in the autocorrelation device.
The one~dimensional A-C or C-C functon C(s) is essentially a "slice"
out of the two-dimensional function C(s,t), where t = 0. tis zero
cs;ly {f the plates come into registration at one point during the tra-
verse; if this does not happen, the slice will miss the center of the
central peak, and since the gradient of C(s,t) is generally very steep
near (0,0), a large decresse in the height of the curve will result,

b} Improper m;nkiug of blemishes, sunspots, etc. This has already
bean discussed on pags 137.

¢) Boundary effects. The averages involved in an A-C or C-C funce
tion are meaningful only if the area of integration iz essentially the
same for all displacements 8. This requires that the dimension of
the field in the direction of the displacement be many times the maxi-
mum displacement. This is not always possible, because the maximum
displacement of interest, namely that for which the two plates are
uncorrelated, and which determines the normalizing function C{w),

may be s significant fraction of the area on the image being studied.
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Further, large-scale nonuniformities, e.g., darkening at the edge

of the fmage due to vignetting, limb darkening, or nonuniform
development, contribute a spurious normalization when they enter

a3 ond effects, which is different from the normalization over most

of the image. Therefore, it is often impossible to trace an A-C or
C«C curve out to the point where it becomes essentially flat and where
C(oo) can be unambdiguously evaluated. The normalization is then
ill-defined, and it may be rather difficult to find a satisfactory scheme
for normalizing all curves in the same way. The procedure most often
used in cases where the normalization {s ambiguous is to arbitrarily
define C(a0) to be that height where the curve intersects the ends of

a baseline of predetermined length, centered at s = 0. The length

of the baseline is ideally chosen to b& very small compared to the
length of the area integrated over in the direction of displacement, so
that end effects are negligible, yot long compared to the size of detail
of interest on the plate. Thus the main contribation to the pesk liss
above the baseline,

5, Calibration Errors

a) Nqn-linanrity of the line profile

We assume in our analysis of Doppler plates that the velocity -
induced transmission fluctuations are directly proportional to the
velocity. This requires both that the fluctuations be small and that

no Doppler shift bs over a wavelength interval greater than the linear
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range of the line profile. If the slope of the expanded profile as
traced on the microphotometer is constant over a range R from the

position at which the slit was set, then the maximum velocity which

v
may be observed without error is given by - % + Using the

measured line profiles to determine the maximum range R of cone
stancy of the profile slope, we find the value of ‘me for the come

monly ueed lines to be as follows:

‘l:f.e- Offset (A) R(A) Vmu(km/ sec)
Fe 6102 0.10 0.04 2.0
Ca 6103 .10 .04 2,0
Na 3896 .11 .06 3.0
Ba 4554 .07 .03 2.0
Mg 5173 11 .04 2.5
Ha 6563 .45 .30 5.0
Ca 8542 0.23 0.12 4,2

We see from comparison of these velocities with the observa-
tional data presented in Part Il that non-linearities in the profile
contribute negligible erzrors. For Doppler shifts near the limit of
the range of linearity of the profile, more serious errors would
probably result from the different depths in the sclar atmosphere of
contribution to the intensity of the two images, due to the different
offsets from the core,

b) Errors in measuring line profile slopes

Because & certain amount of solar intensity detail survives
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the smearing by the long microphotometer aperture, the messured
profile is somowhat dependant upon the part of the sun scanned by

the microphotometar. In addition, the irregularities introduced into
the line profile by solar spatial detail cause the slope of the recorded
profile to be not perfectly defined. From experience with measuring
the same profile several Hines, and measuring different micro-
photometer traces of the profile on one plate, we conclude that errors

due to the above sources may sometimes be as great as 10 percent.

(B) Limits of Error

We shall complete this appendix by attempting a quantitative
estimate of the influence of the various scurces of error mentioned
above., Empirical estimates have been made by the following two
methods:

a) "Noise plates."”

Doppler plates were exposed in the usual fashion, except that
the slit was on the same wing of the spectral line for each of ths two
images. (This is accomplished by setting the line shifter to zero
and displacing the alit by the required distance from tha line core.)
Thus, in & first cancellation, the Doppler signal, being the same on
the two plates, should cancel out, leaving only ''noise'’ due to errors
in registration, non-unity gamma in the reduction process, plate
grain, and development and emulsion nonuniformities. Right-left

pairs were made in the usual manner, and the A-C curves traced.
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In addition, a second cancellation between two such ''nolse’’ plates
was made in order to bring out some of the errors involved in a
Doppler sum or difference. Unfortunately, since moust of the errors
in the second cancellation are dependent on the contrast of the first,
which is nearly zero for nolse plates, this is not a very reliable
method for estimating noise in second cancellations., Figure A3-Z
llustrates an A-C curve for 2 singly cancelled Ca 6103 noise plate,
and for comparison a normal singly -cancelled Ca 6103 Doppler plate.
The height of the A-C curve for the noise plate corresponds to a
velocity of about 0. 11 km/sec. This velocity is therefore about the
limit of sensitivity of the procedure. Since the 'haight of the A-C
carve of nolae is about 13 percent of the height of the A-C curve of
the Doppler plaie, the ratio of ''signal to noise'’ in { vz) is about

8 to 1, or about 16 to ) in ( vZ)‘é . Since the noise plate was roduceé
in precisely the fashion used for Doppler plate , the noise we have
measured {s a combination of that due to plate grain, errora in set-
ting on the spectral line, imperfect registration of detail in the cane~
cellation, non-unity gamma in the cancellation, non-constant gamma
of the original plate, and A-C procedure errors,

b) Self-Consistency of A-C and C~C Functions

We have already indicated in Part Il (p. 29 ) that there are
two different ways of determining rms velocity: from an A-C function

of a Doppler plate, and from the A«C functions of each original image
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Figure A3-2. (a) A-C curve of ''noise' plate for Ca6103, in which
the velocity signal was suppressed by exposing both
images on the same wing of the line.

(b) Normal Ca6103 Doppler plate for comparison.
"'Signal to noise'' ratio is 8 to 1 in the A-C curve
heights, or 16 to 1 in the rms velocities.
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pair, in conjunction with the C-C function of the two members of the
pair. The two methods should a;gree. if'pur ,aszs:;iix;;;;iona listed on
page 21 are valid. The amount of disa’éreefnent will provide usz with
an estimate of the errors in the reduction and A -C measurement
procedures,

In order to make a gquantitative self-consistency check, A-C
and C«C curves were made frorﬁ all possible combinaticns of the
image from the red wing of a line, the corresponding one’from the
violet wing, and their Doppler cancellation. If we refer {o thess
three ima_gés by the letters, r, v, and ¢, respectively, and to the
heights of the A-C and' C«C curves hetween two images i and j as
Hij' we may arrange these heights in a 3¥3 matrix

Hrt I“Irv Hrc

H= H H B

vr v ve

o H | 91
cr cv cc

The diagonal members of the matrix are the A-C heights of the red,
violet, and cancelled images. The off-diagonal members, which are
the C~C heights, are symmetric; Crv = Cvr' etc,. MNow wa may write

the transmission of red and viclet images as

I =T, (1L +8"+ ') and (A3.3)
o

= w2t
T, =T, (Q+a -z (A3.4)

(&)
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This is perfectly general; any two functione may be broken up into
a symmetric and anti-symmetric part. (For the sclar Doppler plates,
we would have B's '8, 4'2T'Ss, where B, 6§, and ' are defined on

page 25 .) The cancelled plate has the transmission
T

Tc- -,-r-z =(l+5'+8)(1+48'-8Y, or

A4

'rc=1+za'+ze'2-aa‘a'+o(s'3. ) (A3.5)

From equations A3.3, A3.4, and A3, 5, we find, keeping terms through

the second order in 8 ' and 4' and labellingr, v, ¢, &as 1, 2, 3,

2 2 .2 2
Hy, = (e +89)") H,, = (8" &) Hy, = 20(85")y +(8'™) )
2 , 2
: a' _ at 9wty o \
H, = H, sz-«., 89 7Y H23=2[<85) (8]
2
Hy = Hyy Hy, = Hyg Hyg=a (8D

We see that the third row of the matrix ig the difference betweon the

first two rowa, Also,

H,, oH  +H -2 =4 (8% . (A3.6)

33 11 2 12
Measgured values of the matrix H, listed in percent, for various

spectral lines, are as followas:

a) Fe 6102, 6-14-61 b) Ca 6103, 6+17+61
1.86 0.64 0.8 3.63 0,33 2.47
00 64 lc 35 -0- 41 0- 33 lo 58 01004

9. 82 -0.41 10 30 n 204? .lo 04’ 30 30



148

c) Ba'4s54, 7-1-61 d)  Na 5896, 8-1-61
5‘ 65 -°¢ 53 5. 15 2. ? i -10 55 -
-0.53 3.05 -3.40 -1.55 4.74 -
5.15 <3.40 (.35 - - 12,75

Exarnination of the values listed above reveals that they do
not satisfy the self-consistency requirements just discussed. If
the A-C values H

1 H 2° and H33 are taken to be correct, then

1 2
the measured C-C curve heights are in general too low by from 10
percent to 50 percent. This could be due to the presence of residual
noise, uncorrelated on the red and violet images, and therefore not

contributing to H but contributing to the A-C functions. Alter-

12°
natively, the values H“. le. and sz might be correct, in which
case H 33 is usually 10 percent to 40 percent too high, We note that

the uncertainties appear to be systematic, i.e., there is a trend
toward the same type of inconsistencies on the different sets of plates.
From this study we conclude that the reduction and measure-
ment process may introduce systematic errors of perhaps as much as
20 percent in the root mean square velocities (40 percent in A-C
function heights),
The numbers just quoted, along with our previous estimates
of 10 percent uncertainty due to calibration errors and perheps 10
percent uncertainty due to cancellation noise, imply that the final value

for the velocities may be uncertain by as much as 30 to 40 percent.
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This is actualiy somewhat larger than the spread of observed values
for velocity in the same line from different plates, which iz usually
less than aboat 25 percent.

Therefore, we conclude this appendix by adopting 30 to 40
percent as 2 rather conservative esatimate of the '"'limits of error”

of the velocity measured on @ Doppler plate.
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