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Imaging in Astronomy &
Astrophysics
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Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Wavelength (m) 10° 1072 107° 0.5x10° 1078 10719 10712

Approximate Scale
of Wavelength
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Frequency (Hz)
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COLD GAS: Radio waves reveal
regions of gas cool enough for
CO, molecules to-exist.
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COOL STARS: Infrared shows
smaller cool red stars that
make up most of the galaxy.

comes from stars around the

| size ofthe Sun.
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SOLAR STARS: Optical light H
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HOT STARS: Ultraviolet shows
the larger hot blue stars that

are less frequent in galaxies.
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HOT GAS: X-rays are emitted
from the hottest regions of
gas where atoms are ionized.
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First, an introduction to the sun










“ The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.
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The combination of
plasma, magnetic fields,
and differential rotation is
the key to the structure
and dynamics of the sun.












An Introduction to Solar Data




Disk Images (Visible, UV, EUV, X-ray)
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SDO/AIA 1700 2010-12-09 01:52:08 UT




10,000 K

SDO/AIA 1600  2010-12-09 01:52:18 UT
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SDO/AIA 171 2010-12-09 01:50:01 UT



SDO/AIA 193 2010-12-09 02:06:20 UT



SDO/AIA 211 2010-12-09 01:49:50 UT
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SDO/AIA 335 2010-12-09 01:49:33 UT



SDO/AIA - 94 2010—12—-09 01:49:51 UT



SDO/AIA 131 2010-12-09 01:50:47 UT



Magnetic Field

SDO/HMI Quick—Look Magnetagram: 2010.12.09_01:53:15_TAl



Coronographs
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Indirect Imaging (Radio, X-ray,
Gamma-ray
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So What? Why Do We Care?
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Milky Way plane
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It’s not all bad.




Break




Image Processing for Science

The goal of image processing in heliophysics is to
gain physical insight on the system.

How do flares erupt?

How big are coronal holes?
Where will magnetic field emerge?
What do active regions have in common?

What is signal and what is noise?

How do loops oscillate?




Types of Helio-Image Processing

*This is not an exhaustive list, just a discussion.

Three main categories:
— Feature Segmentation and Classification

Measurement

— Multi-Scale Processing



A Spectrum of Algorithms

PIXEL

Generalized across:
= Wavelength Filter

= On/Off Disk
= Telescope

GENERALIZED SPECIALIZED

Specialized for:
= Wavelength Filter
= Solar Feature
» Physical Model




Feature Segmentation and
Classification

 Spatial Possibilistic Clustering Algorithm
>SPoCA

 Active Contouring Without Edges
> ACWE

» Solar Monitor Active Region Tracking
>SMART




PIXEL

A
SPoCA
 |dentification of Active Regions and GeneraLizeo <€ 3> SPECIALIZED
Coronal Holes
« Designed to produce a catalog of events wHOL!MAGE

seen in EUV images.

HPCM2 DivExpTime,ALC,DivMedian
cleaning: 6(a/s)

aggregation: 32(a’/s)

projection: sinuosidal

min size: 1500(a/s)?

Active Regions Identified
with SPoCA

AIA 171A 2011-01-02T23:00:01.34

« Spatial Probabilistic clustering
of pixel intensities.

* Uses Fuzzy C-Means (FCM)
algorithm for segmentation.

C. Verbeeck, V. Delouille, B. Mampaey, and R. De
Visscher: Astronomy and Astrophysics, 2014; 561, A29.



PIXEL

GENERALIZED J s SPECIALIZED

* |dentification of the boundary of
Coronal Holes.

WHOLE IMAGE

e Create a self-consistent measurement
across wavelength and mission.

HFCM DivExpTimaALC ThrivMax80, Tak bqr'

Cleaning: (NN orona Holes Identified

prjecion; SO with ACWE * Active contouring segmentation
' g using an energy-minimization
technique.

* Incorporates contextual
information beyond intensity to
determine a boundary.

M. Valluri, L. E. Boucheron, R. T. J. McAteer: Solar
Physics, 2016; in press.

AlA 193A 2010-05-17T720:00:02.09




PIXEL

SMART

GENERALIZED <@

« Segments and tracks magnetic active
regions across solar magetograms. Y

WHOLE IMAGE

« Fully automated to run independently of user input.

 Utilizes an iterative thresholding,
smoothing, and subtraction method
to create a consistent result.

« Tracked using a mathematical
model for solar rotation.

P.A. Higgins, PT. Gallagher, RT.J. McAteer, D.S.
Bloomfield: Advances in Space Research, 2011; 47, 2105.




Data Assimilation and Modeling

 Air Force Data Assimilative Photospheric
Flux Transport

> ADAPT

* Heliospheric Data Integration
>HSDI

* Optical Flow 3D
>OpFlow3D

L] 80 100 120
Horizental (x1000km



Latitude

ADAPT
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PIXEL

GENERALIZED <€

Incorporate real-time magnetic field
measurements into a model of the global field.

3 SPECIALIZED

\

WHOLE IMAGE

Retain and propagate magnetic field measurements into the future.

Uses localized Kalman Filtering to integrate the
Model and Observations.

Creates an ensemble of results that are folded together to
better model the real conditions.

Model Prediction

Observations

ADAPT Integration
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C. Nick Arge, Carl J.
Henney, Josef Koller, C.
Rich Compeau, Shawn
Young, David MacKenzie,
Alex Fay, and John W.
Harvey: AIP Conference
Proceedings, 2010; 1216,
343.



HSDI

PIXEL

3 SPECIALIZED

GENERALIZED <€

* Integrates observations from 7 different
cameras into one coherent measurement.

« Observes and maps solar eruptions from their
source to the earth.

* Relies upon physical models of how light scatters
off of particles to cross-calibrate images.
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WHOLE IMAGE

Makes use of
consistent feature
morphology to
calibrate against in
situ measurements.

. DeForest, T. A. Howard, and
D. J. McComas: The Astrophysical

A / / 4U:
STEREO-A:12/11,/08 12:40:00 AM Journal, 2013; 769, 43




PIXEL

OpFlow3D

GENERALIZED <@ 3 SPECIALIZED
« Tracks features the motion of various
solar features using optical flow
techniques. \
WHOLE IMAGE
Ao actors from ObElow3D « Utilizes the different emission
heights of the plasma to efficiently
. estimate plasma motions.
i « Based upon discrete Fourier
g/ transforms of the spatial and

: temporal derivatives of the image.

« Mathematical formalism scalable
to any solar data set.

Neal Hurlburt, Steve Jaffey: Earth Science
Informatics, 2015; 8, 959.



N-S (arcsec)

Multi-Scale Processing

« Wavelet & Curvelet Applications
* Multi-Dimensional Scaling

> MDS
 Blind Noise Statistics

IRIS SJI 22-Jun-2015 18:36:06 UT
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FWHM = 980 + 70 km FWHM = 163 + 18 km
C 18:36:06 UT d 18:36:07 UT

40 60 80 100 120 140

E-W (arcsec)
From Jin et al.: Nature 2016; 6, 24319.



PIXEL

Wavelets and Curvelets

« Have been used for the last ~20 years GENERALIZED == SPECIALIZED
in solar physics data analysis.

* Pipeline implementation for edge and WHOLE Imace
feature enhancement.

* Recent efforts include: CME
edge detection, coronal loop
oscillation enhancement, and
helio-seismic applications.

« Curvelets are generally better
suited to a solar image
environment than wavelets.

Gallagher, P.T,, C. A. Young, J. P. Byrne, and R. T.
McAteer: Advances in Space Research, 2011; 47, 2118.

EUVI A (195): 20100801 000530 UT




MDS

PIXEL

GENERALIZED <@

« Seeks to associate solar phenomena
to similar events throughout time.

« Has the goal of producing an intelligent content
cataloging and retrieval.

3 SPECIALIZED

Y

WHOLE IMAGE

« Uses 10 parameters to form a feature vector across a 128 x 128 grid.

» Correlates vectors using an 18-parameter dissimila
Support Vector Machines.

rity matrix and

J. M. Banda, R. A. Angryk, P.

C. H. Martens: Solar Physics,
2013; 288, 435.



PIXEL

Blind Noise Statistics

 Noise estimation and removal without GENERALIZED <@ 3> SPECIALIZED
a ground truth image.

» Evaluates contemporary noise estimation and Wi e
mitigation techniques for the solar environment.

« Spatial and temporal frequency analysis is used to compare
the effect of noise mitigation on solar features.

Original Noise Mitigation

« All solar features and
pixel noise are
fundamentally linked in
both space and time.

M. S. Kirk, J. Ireland, C. A. Young,
W. D. Pesnell: Astrophysical

' ' Journal, 2016; in prep.




Current State of Helio
Image Processing

All scales (both space & time) exist in solar imaging,.

Current techniques are seeking to answer a Science
Question (physics).

Looking for ways to process Iarge amounts of data

Solar images represent
unique challenges.

We always see unexpected
features.




Future Challenges for the Field




Big Data




Solar Dynamics Observatory

Daniel K. Inouye Solar Telescope




Solar Dynamics Observatory (SDO)

10 Wavelengths every 12 s
16 MPixel cameras
 ~2TB/day

 ~0.7 PB/year




Daniel K. Inouye Solar Telescope (DKIST)

* Achieve the highest resolution
possible of the solar surface

* Image features ~20km

* 4 meter telescope (1.6 m current)

 ~50TB/day

 ~5PB/year




Large Synoptic Survey Telescope (LSST)

e Survey the entire sky every 3 days
e Create a complete 3D map

* 8.4 meter telescope

e 3.2 Gigapixel Camera
 ~50TB/day

 ~5PB/year




Multi-Instrument/Multi-
Spacecraft Integration
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Let's talk!




