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Abstract

—\A Fabry-Perot filter was combined with the Sacramento Peak Universa! Birefringent Filter (LBBFY to obtain a
,ﬁltcr system with a 20 millj- -angstrom band pass. Filtergrams were obtained/at disk center in the Cal line at
{ 46162 angstroms under excellent seeing conditions. Wo—haw—uscﬂ.;hxs datato measure line profiles of resolved
@)‘f & granular features and to make maps of the vertical flow associated with the granulation. In this paperwe<—
?) —preseqtensemble average profilestfor bright granular features, dark lanes, up-flows and down-flows. ‘The
results shown here represent only a very preliminary look at the data set. A time sequence of these filtergrams
is currently being processed and will allow much better separauon of effects duc to oscillations from those due

to the granulation. '{jlm //Lfd/ ‘ﬂMU‘IUM el fZ,LU Hdﬁddu %Jﬁw/
(/‘Z/Ui t/ (dc ttf wr’z/’ Finas, 1 /’.‘<

1. Introduction

The problem of measuring the propertics of flows and structures in the solar atmosphere is a question
of obtaining good spatial and spectral resolution simultaneously. Spatial resolution is needed to resolve the
features while spectral resolution is needed to obtain diagnostics of velocities, temperatures, and other
propertics of the gas. Spectrographs provide good spectral resolution, but generally give spatial resolution in
only one dimension, or trade spatial for temporal resolution in two dimensions. Filter systems generally
provide good spatial coverage and resolution, but sacrifice spectral resolution. The developmeat of a very
narrow band filter system has given us the ability to do spectroscopy at very high spatial resolution, with
acceptable temporal resolution for studying many solar phenomena. However, the discrete temporal sampling
of the line does give a changing seeing condition with wavelength. This problem is addressed in the data
reduction method.

In this paper, we apply this new instrumentation to the problem of measuring flows in the solar
photosphere and temperature minimum region as a function of height in the solar atmosphere. The data is
from a preliminary run with the instrument and work is in progress on using time sequences to separate out the
various velocity ficlds in the atmosphere.

Q____.—___—_—__—_‘i
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2. Observations and Reduction

The observations were obtained using a narrow band filter system with a 20 milli-angstrom band pass
(Bonaccini and Smartt, 1988). The Ca 1 line at 6162 angstroms was scanned in 10 milli-angstrom steps, starting
in the blue-wing and stepping towards the red. A total of 71 spectral points were obtained as well as three
poibts in the true continuum to the red of the line. The filtergram at each wavelength consists of 128x128
spatial points, with 03" sampling. The observations were made at disk center. A mean line profile was
obtained by averaging all of the spatial points on each filtergram. A correction factor for each filtergram was
found by adjusting the mean profile to match the 6162 profile from the Jungfraujoch Atlas. The wavelength
reference was established by calibrating the filter at sun center, on the Fe I 5576.099 angstrom line. The tuning
formulas for the filter have been previously determined (Bonaccini and Stauffer, 1988).

Because it takes a minute or so to scan completely through the line, seeing changes occur during the
observation. This introduces image motion and image stretch (local displacements of the image). To remove
these distortions and motions, the destretching algorithm of November (1986) was applied to the data. In this
method, a displacement vector map is found by maximizing the local cross correlation between the data and a
reference frame. These displacements are then applied to the data image using quadratic interpolation. The
process was complicated because the actual structure on the images changes as we scan in wavelength. This
problem was handled by using a temporal, and limited spectral average of the data to define a set of reference
images, and then destretching the individual images with respect to these reference images.

The corrected intensity images are then used to obtain a line profile at each spatial point on the sun.
We have used these profiles to generate velocity maps, vertical velocity slices and to generate ensemble
average line profiles for various bins that depend on either continuum intensity or on velocity deep in the
armosphere.

3. Results
3.1 Intensities and Velocities Through the Line

Figure 1a shows the intensity images at several positions in the spectral line from the blue to the red
wing. Figure 1b shows similar velocity maps (line bisector position maps) observed at various points in the
Ene. All intensities are placed on the same scale as the Jungfraujoch Atlas, thus dark means darker than the
atlas profile and bright means brighter than the atlas profile at a given wavelength. Bisectors were found at
equally spaced intensities based on this same scale, thus, at a given intensity we may or may not find a bisector,
depending upon the strength of the line at the point on the sun. The velocity maps bave had a local spatial
average, gencrated from a velocity map near the line core, removed to suppress the effects of the S minute
oscillations. Although this does not completely suppress the oscillations, it helps make the granular flows
easier to see (Keil, 1980).

These maps reveal a number of interesting features. The amplitude of the velocity fluctuations
decreases as we go from the line wings into the linc core (i.c. with beight). The spatial size of velocity and |
intensity features increases with height (depth in the line) with only a few of the granules still visible near line i
core. The correlation between the velocities seen in the line wings and the continuum intensity is about 0.6, i
which is somewbat Jower than normally observed value of 0.8-0.9 (Canfield and Mehltretter, 1973). This may *;
result from the time delay in scanning the two sides of the spectral line for each velocity determination which 9
permits a pumber of features to evolve so that the bisector maps in the wings represent a composite of 1
features. The strongest down-flows tendrf to be concentrated in a few large dark features, while the dark
lanes showed a down-flow of 200-400 ms™ (unrestored for instrumental and atmospheric smearing).

“
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Figure 1b. Dopplergrams at several selected bisector levels are shown. The bisector level is shown above each
Dopplergram starting from a level of 73% of the continuum intensity of the Jungfraujoch Atlas profile (upper-
left) and ending at a level of 23% (Jower-right). Each frame covers fn area approximately 30°x30". The
images are plotted on a scale from +2.5 kms™ (bright) to -2.5 kms™" (dark) where down-flows (redshifts) are

1 positive and up-flows (blueshifts) are negative. Thus granular up-flows appear as dark features and
‘ intergranular spaces as bright lanes.
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Of particular interest are the flows associated with an apparently exploding granule and large dark
pore, both of which can be seen in the lower center portion of the continuum frames in Figure 1a. Figure 2a is
a blow-up of the intensity maps in a region surrounding the exploding granule at various wavelengths through
the line while Figure 2b shows the associated velocities at several bisector levels. A dark core has formed in the
center of the granule as seen in the blue wing of the line. By the time the scan reaches the red wing (50sec) the
surrounding bright regions appear to have expanded. A strong up-flow is associated with the entire granule,
including the dark core. Apparently, the core of the granule has cooled before the associated flow has
decreased.

Figures 3a and b are identical to Figures 2a and b, except a region surrounding the dark pore is shown.

The pore is seen to bave a strong up-flow in its center, surrounded by strong down-flows. The pore appears to
clongate in the core of the line with a small bright feature appearing in the lower left side of the pore. The
velocity field maintains its shape with height (depth in the line), with a decreasing amplitude. The velocity
profile of the pore could explain why some authors report up-flows and others down-flows in this type of
feature. Placcment of the spectrograph slit can effect the resultant measurement.

32 Vertical Slices

Figure 4 shows an image of the continuum intensity (above), along with maps of intensity and velocity for a
vertical cross section through the data. The cross section was taken along a horizontal line shown on the
figure. The intensities are from 30 wavelength steps to the blueward side of the line core. Ti.c vertical
velocities were generated by measuring the bisector point at 33 equally spaced intensity levels through the line.
The five minute oscillations have been suppressed by removing a local mean velocity which was obtained by
averaging over regions of 10°x10" on the line center images. The vertical axis of the slices represents equally
spaced bisector levels, not true heights in the atmosphere. The bottom edge of the velocity slice is ragged
because we measure cach of the line profiles relative to the mean profile, and we take our intensity steps with
respect to the mean profile. Part of the profiles are brighter and part darker than the mean. Up-flows are
shown as dark (negative velocities) and down-flows as bright in the figure. Some of the up-flows appear to
spread with height.

33 Average Line Profiles

In spatially unresolved measurements of photospheric line bisectors, the correlation between velocity
and temperature fluctuations associated with fine-scale solar granulation produces the well known convective
blue-shift and distinctive C-shape of the bisectors (see for example the review by Dravins, 1982).
Unfortunately, using the observed, spatially unresolved bisectors to deduce properties of the granulation does
not lead to unique models. Temperature distributions, velocity gradients and correlation betweea velocity and
temperature all influence the shapes. High spatial resolution measurements of line profiles can help
distinguish between the various possible models.

Spatially resolved line bisector shapes can be used as tracers of the gradient of the vertical flow in the
atmosphere. Steep velocity gradients should produce highly asymmetric bisectors. The relationship between
bisector shape and velocity gradient is complicated by other factors such as the temperature distribution,
velocity temperature correlations and spatial resolution of the observations. In order to reveal any trends
betweea the flows and the bisector shapes, we have averaged profiles together based on cither the observed
flow or observed brightness deep in the atmosphere, i.c. where the granulation pattern is most obvious.
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Figure 2b. This figure is similar to Figure 1b, except it shows the Dopplergrams for the expanded area
around the exploding granule shown in Fxgurih The images are again plotted from +2.5 ks
(redshifted, bright on the image) to -2.5 kms™ (blueshifted, dark on the image).
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Figure 2a. This figure is similar to Figure 1a, except it shows an expanded view of a region surrounding an
exploding granule. The region shown is approximately 10"x10".
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Ca t 6162 - Intensity Scan
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Figure 3a. This figure is similar to Figure 1a, except it shows an expanded view of a region surrounding a
dark pore. The region shown is approximately 10°x10".
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Figure 3b. This figure is similar to Figure 1b, except it shows the Dopplergrams fo: the expanded area
around the dark pore shown in Figure 3a. The images are plotted from +2.5 kms™ (redslnftcd., bright on
the image) to -2.5 kms~ -1 (blueshifted, dark on the image).
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Figure 4. Intensity (middle) and vertical velocity (bottom) are shown for a vertical cross section through the
data. The location of the cross section is shown on a continuum intensity map (top). The cross section passes
through both the dark pore and the exploding granule. The intensity cross section is scaled from 1.16 (bright)
to 0.82 (dark) times the continuum of the Jungfraujoch Atlas profile. Contours are at 0.86, 0.90, 0.94, 0.97,
1.01, 1.05, 1.09, and 1.12. The velocity cross section is scaled between 1.5 (down-flow, bright on the ﬁgurf)
and -1.5 kms™! (dark on the figure). Contours are at -1.15, -0.83, -0.5, -0.16, 0.16, 0.5, 0.83, and 1.15 kms™1.
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Figure 5. Average line profiles are shown for four velocity bins. Bin limits are given in ms'l. One wavelength
step is 10 mA. Bins are based on the velocity level observed in the line wings at the 0.75% intensity level.
Negative velocity is downward (blue shifted) and positive velocity is upward (red shifted). The vertical lines

represent the rms variation of the individual profiles.

The upper figures in Figure 5 show mean line profiles obtained by averaging all of the line profiles
whose velocity deep in the atmosphere fell between 0 and <1000 ms™™ and -1000 and -2000 ms™" (up-flow) and

the lower fi

¢s show the result of averaging all of the profiles between 0 and +1000 ms™) and +1000 and

+2000 ms™" (down-flow). The xX’s are the computed line bisectors at equally spaced intensity levels. The
extent of the vertical lines with which the profiles are drawn, are obtained by adding and subtracting the rms
variation of the individual profiles from the mean. The average profiles from up-flows have brighter wings and
blueward leaning bisectors while the down-flow profiles have darker wings and redward tilted biscctors. The
down-flow bisectors tend to have more curvature, perhaps caused by the fact they come from darker regions
and are thus influenced more by scattered light from the bright regions. The bisectors discussed below are all

obtained from similar mean profiles using different binning criteria.
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Figure 6. Bisectors of bin averaged line profiles are plotted for several bins separated by 200 ms1. Bin limits
are given in ms™". The total number of profiles averaged into each bin is also shown.

In Figure 6 line bisectors measured from ensemble averages of the line profiles based on velocity bins are
plotted. Average line profiles are computed by averaging together all profiles from spatial points whose
velocity deep in the photospbere (as measured by the bisector shifts observed in the far wings of the line) fall
into a given velocity bin. The range covered by each bin is shown in the figure. These ensemble average
bisectors are much less C-shaped than bisectors obtained from spatially unresolved line profiles. The strong.
blueward tilt of the up-flow bisectors can be explained by a granular flow that decreases with increasing beight
in the atmosphere, with a mean scale height of about 200-250 km. The down-flow bisectors are best fit with a
down-flow that increases with increasing depth in the atmosphere, with a similar scale height to the up-flow,
combined with about 10-20% scattered light from the up-flow regions.

Because the correlation between velocity and intensity was not 100%, bisectors from line profiles that were
averaged into bins that depend on the intensity in the continuum were also computed and are shown in Figure
7. The average line profiles were computed by averaging together all profiles from spatial points whose
intensity in the continvum falls into a given brightness bin. The range covered by cach bin is again given in the
figure. While the bisectors obtained from these ensemble average profiles are similar to those obtained by
velocity averaging, they show several differences. The most striking differences are the smaller scatter of
bisectors near the core and the reduced tilt of the bisectors. Many features, such as exploding granules and
dark pores where several lanes intersect, have bisectors which show a wide range of shifts and tilts. Thus,
mean profiles based on intensity bins include regions of both up-flow and down-flow, which probably explains
most of the differences between the two sets of bisectors.
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Figure 7. This figure is similar to Figure 6, only the profiles are binned based on the intensity in the coatinuum.

4. Discussion and Conclusions

As noted in the abstract, these data represent a very preliminary look at the observations. We plan to use
the temporal variation of the filtergrams to remove the oscillations and look more carefully at the vertical
flows. We also plan to observe in several more lines spanning from the deep photosphere into the
chromosphere. We feel this type of narrow-band, two-dimensional spectroscopy holds great promise for
understanding convective overshoot in the atmosphere.
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Discussion

F. Deubner: I wonder whether you considered the possibility that the strong upward
motion you observed in the center of a pore might be the instantaneous phase of a
large amplitude oscillation?

P. Tamblyn: This is certainly a possibility. We have a time sequence, but have not
yet analyzed it. We are currently reducing this data and will compute the temporal
behavior of the motions.

S. Solanki: Could the weak correlation between downflow velocity and dark inter-
granular lanes which you find be due to a difference between the times at which the
filtergrams used to derive the brightness and the velocity were taken?

8. Keil: The intensity map that is used to bin the profiles is from the nearby continuum
and is taken about 1 sec after the line is scanned. To scan from one wing to the other
takes about 1 minute. The velocity map from which the profiles were binned is from
the deepest bisector level (i.e. closest to the wings of the line). Thus the velocity map is
obtained from two images taken almost a minute apart. Seeing bas been removed from
the two images, however, part of the granulation pattern will have changed. Therefore
some of the observed velocities (bisector positions) will be smeared. Partially because
of this, the velocity binning and the intensity binning do not produce identical profiles.
However, the velocity map from the deepest bisector levels (in the wings) correlate well
with the continuum intensity image. Our bisectors are much more reliable near the
line core where the temporal separation between the intensity images is smaller.




