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ABSTRACT

We discuss early results derived from an algorithm that
automates the detection, cataloging, and analysis of
Extreme-ultraviolet (EUV) “Bright Points” (BP) from
nearly eight years of data acquired by the Extreme-
ultraviolet Imaging Telescope (EIT) on th&olar and
Heliospheric Observatory (SOHO particular, we de-
scribe the temporal and spatial variations of the 1.8x10
EUV BPs observed bOHOto date.

1. INTRODUCTION

We present diagnostics and early results from the on-
going development of an algorithm for the automatic
cataloging and analysis of multiple wavelength observa-
tions of one of the solar corona’s most ubiquitous fea-
tures, “bright points” (see the first references by Vaiana
et al. 1970, Golubet al. 1974 and the review by Har-
vey 1997). The coronal Bright Point (BP), observed at
X-Ray or Extreme-ultraviolet (EUV) wavelengths, has
been associated with small, bipolar magnetic fields in
the photosphere (e.g., Harveyal. 1994b; Pawal 1999;
Sattarovet al. 2002), sites of local magnetic reconnec-
tion in the corona (e.g., Harvest al. 1994a; Shimojo &
Shibata 1999; Kankelborg & Longcope 1999; Broen

al. 2002) and have been used extensively as a marker of
solar differential rotation in the corona (see, for example,
Brajsaet al. 2001 and other work by the same author).
We will show that our ongoing, archival investigation of
BPs is relatively straightforward but yields important in-
formation about behavior of the coronal plasma and its
connection to the photosphere on multiple, physically im-
portant spatial and temporal scales.

Itis presumed that X-Ray and EUV BPs arise by the same
means and are largely similar in spatial exten{5Mm

in diameter) and have the same (roughly) isotropic spa-
tial distribution over the solar disk. The key factor dif-
ferentiating the two is the number of bright points de-
tected; apparently, this is due largely to the tempera-
ture sensitivity of the image being analyzed. The Soft
X-Ray Telescope (SXT) of Yohkoh (e.g., Actat al.

1992) was most sensitive to plasma temperatures between

3 and 10 MK, whileSOHOs Extreme-ultraviolet Imag-

ing Telescope (EIT; Delaboudigieet al. 1995) has three
pass bands with peak sensitivities at wavelengths around -
171A; 1954 and 284 that are dominated by lines from
species with equilibrium ionization concentrations char-
acteristic of 0.9 - 1.0, 1.5 and 2.0 MK respectively. Us-
ing the EIT data archive we are able quantitatively to as-

sess the appearance of BPs in all three temperature ranges

from the launch oB50OHOto the present.

From the start of 1997 EIT has almost continually ob-
served the solar corona in those three coronal passbands,
usually at a pixel scale of 2.6 arcseconds, on two primary
timescales:

- “Synoptic” observations of the corona at a cadence of 6
hours. There are some 12,000+ images of this type
per pass-band to date in the EIT archive.

- “CME watch” observations that comprise of one im-
age every 12 minutes. These observations have been
largely performed using the 195pass band and
there are more than 350,000 images of this type in
the EIT archive to date.

The analysis of the synoptic set of observations allows us
to investigate the appearance of BPs with temperature and
the relative contribution they make to the EUV emission
of the corona at each temperature. We can also compare
the detected synoptic BPs with individual features on the
solar disk, like small bipolar magnetic regions. The CME
watch dataset can be exploited to study the coordinates,
paths taken and lifetimes of individual BPs; these paths
can then used to study moving, quickly-varying, struc-
tures in the solar atmosphere like filaments. Similarly, the
CME watch dataset can be used to infer maps of coronal
differential rotation from the BP paths. Such maps can
then be readily compared to their photospheric counter-
parts. Clearly, there is a lot of physical information in the
EIT image archive that is not easy to extract in a reason-
able time without an automated approach.

Over 1.3x16 EUV BPs have been identified in individ-
ual EIT images and cataloged. (This large figure does not
factor in the lifetimes of those BPs. Using our tracking
algorithm, we have followed more than 5¥1BPs over
multiple images.) In the 195 CME watch dataset from
January 1997 to date, of which some 97% (within/.£§

are associated with small magnetic bipoles (Hamies.
1993, 1994a, 1994b; Harvey 1997 and more references
by the same authors). By monitoring the number and lo-
cation of quiet-Sun BPs in this fashion, we can draw some
preliminary conclusions about the behavior of BPs in the
EIT data archive:

There is a very weak dependence of the quiet-Sun BP
number with the solar cycle; with possible double
peaks in 2001 and 2003.

- This dependence would appear to be contradicted by
the fact that the quiet-Sun BPs are uniformly dis-
tributed over the solar disk throughout this period,
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Figure 1. SOHO/EIT 195 image (left) and SOHO/MDI line-of-sight magnetogram (right) from January 1, 1997. The
outermost dashed line shows the @R5boundary of the detection algorithm. In the left panel the closed solid black
contours designate areas that have background intensities above two-thirds of the mean value of the image; these contours
designate active regions. The locations of the detected bright points are shown as asterisks (black: quiet-Sun - white:
active region). In the right panel the inner dashed line designates the th&@.606undary and the BP color identification

is reversed.

agers, but especially those on the Solar Dynamics Obser-
vatory (SDO).

and show little correlation with the equatorial mi-
gration of the activity belts over the same period.

- There is a strong dependence in the number of BPs de-
tected with the pass band with which we are observ- 2.
ing; typically the “coolest” EIT pass band (141
Fe IX/X) has approximately 100 more BPs than are A great deal of research has been carried out on the topic
present in the “hottest” pass band (284e XV) of automated X-Ray BP detection from Yohkoh SXT im-
at a given time. This simple fact indicates a tem- ages in recent years (e.g., Hara & Nakakubo-Morimoto,
perature dependence in the generation mechanism 2003). Likewise, Brajsa and colleagues (e.g., Brajsa
of BPs, but we note that speculation on this pointis al. 2002) have developed a method of EUV BP detection
beyond the scope of this paper. in SOHOEIT images. The BP detection algorithm we
propose (Mclntosh & Gurman 2004) is a variant of the
former, written in the Interactive Data Language (IDL),
which exploits certain aspects of the latter and consists of
the following recipe:

THE DETECTION ALGORITHM

- These are relatively simple diagnostics; when the BP
information is placed in a simple query database we
can then track individual BPs and monitor their life-
times from creation to extinction. Although it ap-
pears that the lifetimes of quiet-Sun BPs do not vary

significantly with time, that of BPs originating in 1. Take the raw EIT FITS file and perform the stan-

active regions appear to slowly decay in the rising
phase of the solar cycle, however we must note that
this lengthy analysis is only complete until the end
of 2000.

In the following sections we will discuss the BP detec-

tion

algorithm itself (Sect. 2.) and the scientific analy-

sis permitted as a simple by product of its application
(Sect. 3.). In the final section (Sect. 4.1) we will discuss
the next step; application of the outlined BP detection al-
gorithm and database to the next generation of EUV im-

dard reduction steps outlined in the EIT User Guide.
These steps involve dark current subtraction; degrid-
ding; filter normalization; exposure normalization;
response correction; removal of vignetting and stray
light.

. Perform an additional step taken to further reduce

the visibility of the grid pattern on the resulting im-
ages following poor removal in Step.1The grid is

IMore information on the grid and this degridding tool will be pro-
vided in McIntosh & Gurman (2004).



then eventually responsible for a regular pattern of
(over-)detected BPs that are coincident with its ver-
tices. We use thedgelet method (combination of
Radon and Wavelet transforms; Do & Vetterli 2003)
to isolate the grid pattern in phase space, remove its
residual, and the artifact BPs from the image.

. Remove the remaining bright spikes (predominantly
cosmic-rays) in the data with a two-dimensional (15
x 15 pixel) median filter. This filtering process is
important for estimating the background intensity of
EUV for step 4.

. Form an image of the EUV background intensity
(Zpack) from data (;p,qge) USING25 x 25 pixel box-
car smoothing. To estimate the intensity of en-
hanced EUV regionsi{;ss), subtraction ofly,x
from Limage is done: Igiry = limage — Iback-
Since there is significant EUV brightening around
and above the limb (where the line-of-sight optical
length is large) we limit the BP search area to be
within a circle with radius of 0.9%2,.

. Calculate the noise leveh\({,, ;) of the background
data I, from the EUV photon statistical noise
Al (Poisson counting statistics;;, = /Limage)
dark noise Alz,-1x, noise of visible stray light
dataAIStmy, asAlyger, = [AIPhQ + Afdaer +
Alray°]Y/?. The dark noise error is estimated from
the ratio of subsequent dark images and the stray
light error is computed in the EIT reduction pack-
age. We anticipate that the counting errors are dom-
inant in this calculation.

. Estimating the significance &f; s ; we calculate the
“deviation” image:o = Igf¢/Alpack. We then de-
fine a BP candidate as a region in this image where
o exceeds 3. In this process extremely small and
large bright areas cannot be rejected and so we have
to add some restrictions for BP shape and size.

. We regard a group of spatially neighbor pixels that
satisfy Step 6 as a single BP and we must differen-
tiate between them. We use the following BP shape
selection rules:

a) The ratio of horizontal width to vertical width of
BP shall be in a range of 0.4 - 2.5. This elimi-
nates very large conglomerate points satisfying
Step 6.

b) The BP shall occupy more than 40% of the prod-
uct of its horizontal and vertical widths. This
rule eliminates the smallest, spike-like, BPs.

. Once detected, we number the BP and make an en-
try in a database constructed with a simple, Open
Source, multi-platform-compatible database man-
agement code (MySQL), and store the basic quan-
tities of the BP, such as location, area, and area inte-
grated intensity.

Figure 1 shows the application of the BP detection algo-
rithm to and EIT 198 image (left panel) from January
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Figure 2. Variations of EUV Quiet-Sun Bright Point num-
ber from 1996 to 2004. These BP numbers were obtained
from the SOHO/EIT four times daily synoptic observa-
tions and each dot represents the daily average number
of BPs. The orange points indicate the number of BPs
that are coincident in all three EIT coronal pass bands
images at any one time.

1, 1997. The detected BPs are shown as asterisks (black;
quiet-Sun - white; active region). As a contrast, we also
show, in the right panel, the overlay of the detected BPs
on the SOHOMichelson Doppler Imager (MDI; Scher-

rer et al. 1995) line-of-sight magnetogram. We note that
118 of the 125 BPs (within 60% aR; inside the in-

ner black dashed circle) are associated with small photo-
spheric magnetic dipoles.

To quantify the temporal behavior of the BPs present in
the database we must perform the accurate “mapping” of
one image’s BPs to those of the next. This mapping pro-
cedure explicitly allows the decoupling of different BP
timescales and thus provide evidence to investigate the
physical mechanisms that are likely responsible for the
production of BPs. To this end we have written “wrap-
ping” algorithms for the database that continually mon-
itor the state of the present image and compare it to the
previous one to automatically connect the pairs of images
and the BPs identified therein. This is through the ap-
plication of a “fuzzy” photospheric differential rotatién
scheme based on that detailed by Newton & Nunn (1951).

3. SUBSEQUENT BP ANALYSIS

There is a wealth of scientific understanding that can be
made from the simple examination of the BP database. In
this section we will demonstrate some of the very simple
scientific diagnostics that are outlined above and will be
readily available from the BP database. These diagnostics
will probe a temporal domain that spans from minutes to
years and a spatial domain that spans from the resolution
of the observations to hundreds of megameters. These

2The “fuzzy” adaptation of the photospheric rotation allows for a
little difference, or slip, between the corona and photsphere.



Heliographic Distribution of EIT 195A Brightpoints at Central Meridian [+/- 5 arcseconds]
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Figure 3. Distribution (number density) of the heliographic latitudes of quiet-Sun BPs that are visible in a narrow region
(+/- 5 arcseconds) about the solar central meridian in 295IT synoptic images from 1996 through 2004; the large part

of solar cycle 23.

diagnostics will not suffer from the statistics of small-
numbers. From Fig. 2 and the work of Hara & Nakakubo-
Morimoto (2003), we would expect many more than 180
BPs to be present in the coronal plasma in any one EIT
image, over the course of a day120 images at a 12
minute cadence) there will be more than 21600 individ-
ual BPs detected; over eight years this number would be
above 10. Of course, not all BPs are truly individual and
many of them track across the solar disk for tens of hours
to days. Likewise, some of the detected BPs in any image
will be much shorter-lived.

With the mapping wrapper algorithms in place we can
discuss two particular varieties of BP diagnostic that can
be recovered from the database:

- Variation diagnostics. Over scales of tens of minutes
to years we can easily look at the number of BPs
present in any image and their spatial distribution.
These diagnostics are useful when looking for likely
variations of BP number over the solar magnetic cy-
cle, for example, providing evidence of direct physi-

- Motion diagnostics. As BPs are tracked over the Sun’s
rotation period of 28 days we can construct maps of
coronal differential rotation (cf. Brajset al. 2001).
These will be easily to compare to their photospheric
counterpart and their variation from one solar rota-
tion to the next will be simple to assess. Using these
maps we can investigate the “stiffness” of the corona
(or difference in coronal rotation) relative to that of
the photosphere. We can also measure the lifetimes
of individual BPs directly and investigate whether or
not their lifetimes vary as a function of where they
occur in the atmosphere (e.qg., in or near to a coronal
hole or filament). Similarly, we will be able to look
at potential variations of the BP lifetime over fixed
temporal scales over the solar magnetic cycle; any
possible variation in BP lifetimes would likely point
to the mechanism by which energy is injected into
the corona, say, for example the local reconnection
rate (c.f. Shimojo & Shibata 1999; Kankelborg &
Longcope 1999).

A number of useful diagnostics can be recovered from the

cal connection between coronal processes and those automated detection and cataloging of EUV bright points

from dynamo interactions in the solar interior. Like-
wise, on smaller timescales (minutes to hours) we
can investigate the appearance and variation of BP
numbers and locations with individual solar features
(coronal holes, filaments, etc) and identify BP ap-
pearance with regions of possible local magnetic re-
connection in the solar atmosphere. The latter is par-
ticularly important when we can detect BPs across
many (wavelengths) temperatures in the solar atmo-
sphere (e.g., for EIT at the synoptic cadence).

in the SOHOarchive in this manner, simply as a byprod-
uct of the accurate detection and tracking process. In the
following subsections we briefly illustrate some diagnos-
tics on the database of EIT BPs.

3.1 BP Number Variation with Time and Space

By detecting and cataloging the properties of individual

BPs present in each EUV image we can monitor the spec-
tral, spatial and temporal variations in the total BP num-
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Figure 4. Accumulated statistics of BP lifetimes; the in-

stance shown is for the first three months of 2000. Clearly
there is a bimodal distribution between the active region
and quiet-Sun BPs.

ber throughout th&&OHOarchive. Fig. 2 shows an ex-
ample application of the daily mean quiet-Sun BP num-
ber variation from the EIT synoptic observations from
late in 1996 to October of 2003. There are four syn-
optic images taken by EIT at regular six-hour intervals,
in EIT's three coronal pass-bands. From the dots cor-
responding to BPs detected in the coolest (queA171
sensitive to_Fe IX/X at 1MK) to those from the hottest
(yellow 2843; Fe XV at 3MK), we can see that there is

a significant difference in the number of BPs detected on
each day and over the seven plus years of observations
considered. Hara & Nakakubo-Morimoto (2003) found
that there were, on average, 150 quiet Sun X-Ray BPs
(with an increase of-100 in active regions near solar
maximum in 2001). The similarity in the number of BPs
detected at 5 MK with SXT by Harvegt al. (1993) and
Hara & Nakakubg-Morimoto (2003), and the number we
find in Fe XV 284 represents a good consistency check
of our BP detection method. The fact that we see this
consistency in the hotter coronal plasma but an increas-
ing BP number in the cooler coronal plasma sampled at
171A and 193 hints at a strong temperature dependence
of the BP production mechanism or radiative dissipation.

3.2 Tracking BPs: BP Lifetimes

Employing a simple algorithm on the BP database we are
able to “link” the BPs in a chain from one image to the
next, and so on; from creation to extinction monitoring
their lifetimes. Of course, monitoring the progression of
BPs across the disk allows us to correlate their appear-
ance with prominent solar features (coronal holes, fila-
ments, etc) and to investigate the latitudinal (differential)
dependence of coronal rotation compared to that of the
photosphere; using the three EUV passbands we can in-
vestigate the differences with temperature as well. Like-
wise, by carefully studying the variations in the distribu-
tions of BP timescales we will be able to look at vari-
ations in coronal energy deposition rate over relatively
short timescales and as an effective function of tempera-
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Figure 5. From the first quarter of 1997 until the last
guarter of 2000 we have tracked and monitored the life-
times of BPs. We show the variation in the mean quiet-
Sun (red) and active region (green) BP lifetimes derived
from distributions like those presented in Fig. 4. As a
solar cycle reference we also show (blue) the smoothed
sunspot number.

ture in the atmosphere (cf. Harvey et al. 1993; Kankel-
borg & Longcope 1999). In Fig. 4 we show the distribu-
tion of BP lifetimes over the first quarter of 2000. This
distribution appears to be weakly bimodal and we have
identified the lifetimes of active region (green Gaussian
fitted curve; mean value of 5.2 hours) and quiet-Sun (red
Gaussian; mean value of 29.2 hours) BPs.

In Fig. 5 we show the variations of the BP quarterly mean
lifetimes (the error bars reflect the deviation of the distri-
butions) from 1996 until the end of 2000. While it ap-
pears that the mean quiet-Sun BP lifetimes appear to be
fairly constant over this period at29 hours the active
region BP lifetimes appear to decay slightly on the ris-
ing phase of cycle 23. We note, however, that the actual
downward trend is consistent with a constant value 6f
hours within the error bars. Clearly, we need to continue
the analysis and compute BP lifetimes that map out the
remainder of cycle 23. It is as yet unclear if this variation
is merely a selection effect (e.g., very few active region
BPs in 1996) of if it is actually tied to the mechanism that
drives the appearance of active regions and magnetic flux
turnover and reconnection; the dynamo.

4. CLOSING REMARKS

We have demonstrated a method to automatically detect
EUV bright points and applied it to the archive of EIT
data from the launch d8OHOto the present and is dis-
cussed at significantly greater length in Mcintosh & Gur-
man (2004). In applying this method we have produced
a database of all the detected BPs that allow us to track
their appearance, in space, time and in three (relatively
narrow) temperature regions. There are many fundamen-
tal diagnostics of the solar corona over the current solar
cycle that are simple byproducts of BP cataloging, those
demonstrated above are only a small subset.



4.1 Further Work

Going beyond the relatively small EIT data archive,
the impossibility of manual interpretation of the corre-
sponding data expected from Solar Dynamics Observa-
tory (SDO) is manifest: the Atmospheric Imaging Array
(AIA) will obtain 4096 x 4096-pixel images in at least six
wavelengths likely to show bright points, every ten sec-
onds - [2 x wavelengths * 16 x pixels * 72 x cadence]
more than a 2,000-fold increase over the maximum EIT
data rate. Fortunately, EIT’s eight-plus years of observa-
tions provide an invaluable “training set” of data objects
that will mimic those of AlA, in particular. The relatively
small volume of thesOHOimage data archive makes it

reasonable to develop and implement an automated data

analysis agent that is ready for implementation upon the
launch of SDO and can yield some guideline results from
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ison with those of cycle 24. For a limited period of time,
the analysis oSOHOand SDO EUV data will be cou-
pled and will be entirely complementary provided that
that former is still operational. Also, given the increase
in the capacity of computing hardware, t8S®&HOSDO
BP database will be updated in real time.

We should note that the EIT BP database will
become available on the EIT webpage at GSFC
http://lumbra.nascom.nasa.gov/eit/.
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