AN INVESTIGATION OF CORONAL DIMMINGS AND THEIR RELATIONSHIP TO CMESA STUDY OF SOLAR COMPACT TRANSIENT BRIGHTENINGS
Submitted in response to NNH16ZDA001N-HGIO
PI: Barbara J. Thompson (NASA GSFC)   
Co-Is: Michael S. Kirk (Catholic University of America), Nicholeen M. Viall (NASA GSFC), Peter R. Young (George Mason University)

TABLE OF CONTENTS
1.0  EXECUTIVE SUMMARY	1
1.1 Scientific Questions	1
1.2 Proposal Goals	2
1.3 Significance and Connections to Other Heliophysics Efforts	2
2.0  TECHNICAL APPROACH AND METHODOLOGY	2
2.1  Methods to identify and separate solar photon events from magnetospheric particles	4
2.2 Data Plan	6
3.0  RELEVANCE OF THE PROPOSED WORK	6
4.0  PROPOSAL TEAM AND WORK PLAN	6
REFERENCES	8
BIOGRAPHICAL SKETCHES	13
CURRENT AND PENDING SUPPORT	18
LETTERS OF SUPPORT FOR USE OF FACILITIES	19


[bookmark: _Toc276033035][bookmark: _Toc322676262]1.0  EXECUTIVE SUMMARY
Compact brightenings are observed in the coronal holes (Young & Muglach, 2014), active regions (Regnier et al., 2014; Testa et al., 2014), quiet Sun and transition region (e.g. Viall & Klimchuk), flare kernels (Young et al., 2013) and erupting regions (Kirk et al., 2014).  In each case, these sudden, small-scale brightenings provide vital clues regarding the mechanisms of large-scale energy release in the solar atmosphere.  We propose to undertake a survey of compact brightenings in SDO data to characterize and determine the energetics and physical nature of these various phenomena.  
The Solar Dynamics Observatory's AIA ... However, the AIA investigation applies a “despiking” algorithm to all Level-1 data in order to remove brightened pixels that result, primarily, from local particle hits due to SDO's geosynchrous location.  A typical 304Å image, for example, contains over 50,000 “despiked” pixels (0.3%), but the number can be in the millions during storm conditions. As there are over 100 million AIA images, this represents an extensive data set, with an estimated 3x10^12 pixel hits over the c ourse of six years of operation. 
The despiking algorithm, however, does not always distinguish between compact brightenings of solar (photon) origin and particle hits.  Each AIA Level-1 image has an associated “spikes.fits” file containing the removed spike data, so that a user can restore them in an image if some of the spikes were of solar origin (such as the case of the Young et al. 2013 flare kernels and the Young & Muglach 2014 coronal hole jets).   Although the majority (we anticipate >99% at least) of the spikes are “real” particle hits, we propose to isolate and analyze the small fraction of events of solar origin that represents a rich inventory of compact transient solar brightenings.  
We will take a novel approach to the survey by processing the set of AIA "spike" data. The AIA team applies a de-spiking algorithm to remove magnetospheric particle impacts on the CCD cameras, but it has been found that compact, intense solar brightenings are often removed as well (such as the case of the Young et al. 2013 flare kernels and the Young & Muglach 2014 coronal hole jets).  We can mine the spike database without having to process large volumes of full-disk AIA data. We estimate there are over 3 trillion "spiked pixels" over the mission so far, so even if only one in a million is a real event, this is still a large sample.
To decode the nature of the spikes, there are several factors at play:  1) The detectability of the spike against the background solar signal.  Figure 2 demonstrates how a lower background signal increases the odds of spike detection.  Darker regions (coronal holes and off-limb) contain the most spikes in the AIA spikes database. The location of particle hits on the detector should not correlate with solar features; what is impacted is the AIA algorithm's likelihood of identifying a particle hit.  2) Persistence of particle spikes: some particle spikes are not fully cleared from the CCD after one image and can appear in subsequent images.  In this case, the spike will remain in the same pixel(s) for that particular telescope, so identification of a feature in one of the other three AIA telescopes increases the odds that the origin of a persistent spike is from solar photons, and not magnospheric particles. 3) Odds of multiple magnetospheric particles that happen to hit the same place,  4) Multi-thermal sources in AIA images. position on s/c - inner telescopes hit less. 

 (
It is for these reasons that forward modeling and Bayesian statistics are so fundamental to this project: Bayes Theorem allows us to fold the many sources of ambiguity into our analysis, and allows us to compute the probability of the various
 factor
s contributing to the observed properties of a particular cluster of spikes.
)

 (
Figure 1. 
Number of AIA despiked pixels per 16-megapixel 
image
 for the year 2011. Wavelengths are offset by multiples of 50,000 to enhance visibility.  
)[image: ::::data:AIA:SPIKES:2011summaryplot_resample.jpg]
[bookmark: _Toc276033037][bookmark: _Toc322676264]1.1 Proposal Goals
Solar compact brightenings can be separated into five broad categories: 
1) Nanoflares/picoflares:  Nanoflares produce transient brightenings due to changes in the transition region and chromosphere either from thermal conduction, and/or from direct heating from particle beams. Picoflares, the small-scale tail of the nanoflare distribution, provide essential clues regarding the contributions of small flares to the total coronal energy balance.  From the statistics on these transition region/chromospheric brightenings we will place an upper limit as to where (e.g. only in active regions, or also in the quiet Sun) and how often picoflares occur, and how often particle acceleration is produced by picoflares. 
2) Sequential Chromospheric Brightenings (SCBs) are identified by their Hα signatures and are closely associated with coronal mass ejection. Kirk et al. (2016) find that SCBs illuminate the magnetic restructuring during a flare or filament eruption that extends well beyond the active region.  Kirk et al. (2014) further characterized these fleeting emissions in 1600, 1700, and 304 Å images, yet the full coronal intensity profile of SCBs remains unclear. A comprehensive study of bright points in the AIA channels will place SCBs in context against similar phenomena throughout the corona and help illuminate the impact of coronal eruptions on the solar disk. 
3) EUV Bright Dots: A major discovery of the High Resolution Coronal Imager (Hi-C, Kobayashi et al., 2014) were "sparkles," or EUV bright dots (EBDs), which are short, small brightenings in sunspot penumbrae and at the edges of active region.  Mention IRIS Tian et al. 2014; We will strive to determine whether there is any AIA counterpart to the Hi-C/IRIS EBDs.
4) Flare kernels:  We will investigate any systematic associations with type of flare/ compact vs. eruptive, etc. 
5) Jets:  Jets can exhibit flare-like brightenings at their footpoints (Young & Muglach 2014) that can be flagged as spikes. A survey of such events will reveal how often this intense energy release occurs in coronal holes and how often it is tied to jet production.

Science Questions!!

[bookmark: _Toc276033038][bookmark: _Toc322676265]1.3 Significance and Connections to Other Heliophysics Efforts
This proposed study is timely because of several factors. the results of this study will facilitate the design of future compact spectro/photometers that can be launched on a CubeSat, smallsat, or as a supplemental sensor on a larger spacecraft. 
[bookmark: _Toc276033042][bookmark: _Toc322676266]2.0  TECHNICAL APPROACH AND METHODOLOGY
As a test case we have chosen 14-15 February 2011. These two days were notable for multiple flares and CMEs (most from Active Region 11158) and a southern equatorial coronal hole extension, yet overall had a small background magnetospheric particle flux, and the average number of spikes per image was relatively low (Figure 1).  The smaller particle flux minimizes the chance of coincident particles hitting the same location and is therefore an ideal opportunity to begin development of the photon-origin spike detection algorithms.  
 (
Figure 2
.
 Left:  AIA 193Å image taken at the midpoint of the 48-hour sampling period (14-15 February 2011).  AR11158 was active with flares, CMEs and jets, while ARs 11160-62 were less active. The region "X" shows the location of the bright point illustrated in Figure 5. Right:  "Heat map" of all AIA 193Å spike locations integrated over the 
48 hour
 period (14,383 total images). 
 The AIA despiking algorithm is more efficient at finding spikes in darker regions than in brighter regions. 
)[image: ::::data:AIA:SPIKES:20110214_15_heatmap_193_labeled_x.jpg]
Note:  many of the "hot pixels" on the detector, are removed in another step, right?  Some particle spikes are persistent to remove 
Triple hits:  combination of spike algorithm/detectability and physics 
Event selection:  The project will start by isolating periods of low local particle flux, to minimize the cases of coincident particle hits.   For an average of 50,000 spike pixels per image, the chance of a spike appearing in the same pixel for two consecutive images is .0009%, which is 151 pixels in a 16-Megapixel image. The value for three consecutive images is less than one pixel, indicating that the most 3-image events can be considered solar event candidates.    Searching consecutive same-wavelength images has the disadvantage of a 12-second separation in time (so transient brightenings of < 30 seconds will not be identified), but it initially avoids having to co-register the images across different wavelengths.  The advantage of using different wavelengths is that their exposures may overlap (AIA has four telescopes), so a very brightening of a few seconds can be captured in multiple images.  Therefore, the initial search will be in same-wavelength consecutive images, but will be expanded to multi-wavelength as the algorithms are refined.
We will also begin our initial analysis with images that overlap with Hi-C rocket flights.  One of the exciting results of the Hi-C the discovery of “sparkles,” which are short, small brightenings at the edge of the active region; they are also known as EUV bright dots (EBDs). Individual EBDs have a characteristic duration of 25 s with a characteristic length of 680 km (2-3 AIA exposures and 1 AIA pixel).   A preliminary search (193 Å only) of AIA spikes during times of Hi-C “sparkles” did not indicate that the spikes were of solar origin, but other wavelengths may show otherwise.

Because of SDO’s geosynchronous location, the AIA investigation applies a “despiking” algorithm to all Level-1 data in order to remove brightened pixels that result, primarily, from local particle hits.  A typical 304Å image, for example, contains over 50,000 “despiked” pixels (0.3% of total image pixels), but the number can be in the millions during storm conditions. As there are over 100 million AIA images, this represents an extensive data set, with an estimated 3x10^12 pixel hits over the course of six years of operation.  

     (
Figure 3
. 
 Images showing the location of "triple-hit" (i.e. three consecutive images to eliminate odds of coincident particle hits) spikes in AIA 193Å, 211Å and 171 Å images ranging from 14 February 2011 00:00UT (dark indigo) to 16 February 2011 00:00UT (bright red).  Black:  no triple hits.   The 193Å off-limb pixels were processed to determine how often particle hits persist beyond two images; elimination of these "sticky" particles requires multi-wavelength analysis (Figure 5).
)[image: ::::data:AIA:SPIKES:20110214_15_triplematches_multiwav.jpg]


 (
Figure 4
.  
Active Region 11158 in AIA 193Å, during a period of heavy eruptive flaring and CME activity.
  The red dots indicate the location of all AIA "triple-hit" pixel spikes within one hour of the image time.   The spikes within the active region correspond to flare kernels and EUV penumbral bright dots, while the spikes to then north of the active region tend to appear in the region of post-eruptive dimming to the north of the AR, and appear to be the coronal counterpart to Sequential Chromospheric Brightenings. No triple-hit spikes were found in the quiet sun regions to the south of the AR. 
)[image: :scb_figure_across.jpg]
The despiking algorithm, however, does not always distinguish between compact brightenings of solar (photon) origin and particle hits.  Each AIA Level-1 image has an associated “spikes.fits” file containing the removed spike data, so that a user can restore them in an image if some of the spikes were of solar origin (such as the case of the Young et al. 2013 flare kernels and the Young & Muglach 2014 coronal hole jets).   Although the majority (we anticipate >99%) of the spikes are “real” particle hits, we propose to isolate and analyze the small fraction of events of solar origin that represents a rich inventory of compact transient solar brightenings.  
 (
  
Figure 5
. 
Michael's cool shit.
  Notice that there is a real magnetospheric spike in the 335 
image
 too.  Draw an arrow to help people see it. 
)[image: ][image: ][image: ]
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Analysis

Effectively investigating three trillion events requires clever filtering and classifying techniques in order to make sense of the data. We will divide the analysis of this dataset into four phases: 1-Classification, 2-Distribution, 3-Association, and 4-Forward Modeling. Each of these phases will benefit from the unique contributions from individual team members and multiple phases can be advanced simultaneously.
1. Classification will begin with the separation of events to investigate for further physical insight from the particle hits.  True particle hits, the vast majority of the spikes in the database, will be classified according to their location on the CCD and physical position on the spacecraft. The distribution of particle hits will help create a statistical model of incident particles based upon the orbital location of SDO and position of the CCDs with respect to that orbit.
The spikes that have multiple image coincidence (co-temporal in more than one wavelength or consecutive images in the same wavelength) will be considered candidate "solar" events.  Within each of these spikes, we will measure the duration, magnitude in all wavelengths, location, and spatial size. We will then derive two secondary measurements: a time-lag between wavelengths and a temperature curve.  Evolution time-lags between wavelengths will be calculated using the same techniques as Viall et al (2012). Associating the time lag by the characteristic temperature of each wavelength will provide a first-order measurement of the temperature evolution of the spike.
 (
Figure 6
.  
Peter's Jet
)
Each physical spike will have the six parameters measured. This will allow us to apply a hierarchical clustering algorithm to group similar spikes into categories and link them with physical significance. We will use a minimum energy cluster linking criteria to determine the most likely association between events.
2. Distribution analysis will begin with the commonalities found within clusters and between clusters.  We will then utilize ancillary data sources to give the spike clusters physical context.  Using resources such as the Heliophysics Events Knowledgebase (HEK) system, we will locate coronal features and dynamic events that are spatially and temporally proximate to each spike, such as coronal holes, active regions, and quiet sun.  This manual association of HEK events to spike clusters will allow us to use our discretion to determine the appropriate physical events to tag to each cluster.
From the combination of the physical measurements derived for each spike and the solar events assigned, we will use a consensus clustering technique to further refine the categories of spike clusters. Consensus clustering is a Bayesian statistical technique to associate data points together where a distance between measurements is not available. In this case there may be no metric to define the difference between a spike associated with quiet sun or coronal hole. Consensus clustering will allow us to further refine the spike clusters by adding context to the measurement.  
3. Association of spikes to complementary data will rely upon the contextually derived clusters.  We will manually associate spike clusters to HMI to provide magnetic field measurements for select clusters. If a magnetic measurement is deemed useful to our analysis, we will map the location of each spike onto a co-temporal magnetogram and determine the underlying magnitude.
Similarly, we will give special attention to spikes that are coincident with data taken with the Hi-C, IRIS, and EIS missions. Both Hi-C and IRIS missions have significantly higher resolution than AIA with limited fields of view. Spikes identified with complementary Hi-C, IRIS, or EIS data will be individually inspected to identify plasma flows or other transients.
4. Forward Modeling of spike clusters will strive to create a statistical prediction of the origin of a spike based upon a subset of physical parameters. The goal is to associate the physical understanding gleaned from consensus clustering and complementary data into a statistical framework. To accomplish this task, we will first create a Markov Chain model of the spike database. Then using a Monte Carlo sampler we will create artificial populations of spikes and refine the Markov Chain to reproduce the statistical distributions we observe in AIA. The Markov Chain Monte Carlo (MCMC) technique will allow us to identify the key measurements of any new spike to conclusively classify its origin. A robust MCMC model will also provide us a method for predicting missing physical measurements of a spike given the parameters of similar events.  
SPOCA reference - uses Markov Chain model too. 
Note forward modeling!!  Allows for ambiguities in the possible temperature of AIA images, also can build in population of coincidental particle hits. 

[bookmark: _Toc322676268]2.2 Data Plan
We have informed the SDO Joint Science Operations Center at Stanford University about our data request for the entire spike database, and have received positive feedback. We will retrieve the database in its entirety through download or physically mailing a hard disk to their servers. 
The software packages developed in this project (clustering, MCMC, etc) will be made publically available through an online project hosting website (e.g. GitHub). As software is prototyped, this approach will provide access control, task management, version control, and bug tracking for each software package. Once the software is to the point of initial release, the project will smoothly transition into public access of software. We will also supply a catalog of classified events for further research outside this project.  
[bookmark: _Toc276033044][bookmark: _Toc322676269]3.0  RELEVANCE OF THE PROPOSED WORK
[bookmark: _Toc276033046]This proposal addresses topics relevant to the SDO Science Goal #4 (Collaborative Studies of Solar Eruptive Events), and Heliophysics Decadal Survey Goals #1 (Determine the origins of the Sun’s activity and predict the variations in the space environment) and #4 (Discover and characterize fundamental processes hat occur both within the heliosphere and throughout the universe).  
[bookmark: _Toc322676270]4.0  PROPOSAL TEAM AND WORK PLAN
[bookmark: _Toc276033048]Event selection:  The project will start by isolating periods of low local particle flux, to minimize the cases of coincident particle hits, and we will first require persistence in three consecutive images.   For an average of 50,000 spike pixels per image, the chance of a spike appearing in the same pixel for three consecutive images is less than one pixel. Our second task will be to identify brigthenings in different wavelengths. 

We will also begin our initial analysis with images that overlap with Hi-C rocket flights.  One of the exciting results of the Hi-C the discovery of “sparkles,” which are short, small brightenings at the edge of the active region; they are also known as EUV bright dots (EBDs). Individual EBDs have a characteristic duration of 25 s with a characteristic length of 680 km (2-3 AIA exposures and 1 AIA pixel).  


Step-2:  Make it clear that I don’t get squat from SDO for science stuff.
Step-2:  There will of course be a bias towards detectale spike events, that doesn't necessarily represent the full range - need to make sure that our conclusions do not make the assumption that we’re seeing everything. Forward modeling & Bayesian statistics help with this.

Dr. Young provided the main de-spiking software routine used for the SOHO/CDS and Hinode/EIS projects, and he was the first to identify the importance of “re- spiking” for SDO/AIA data in studies of flare kernels and coronal jets (Young et al. 2013; Young & Muglach 2014). 

Thank Dick Shine, AIA, team, JSOC for help in consultation, reinforce that we have good people helping.
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