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The Problem

How do we compare models and observations In
order to constrain the frequency of energy
deposition in active region loops?

To answer this question, we need:
1. Model of Coronal Plasma and Resulting Emission
2. Multiple Diagnostics of the Heating Frequency

3. A Quantitative Measure of the “distance” Between Modeled
and Observed Diagnostics
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Single Loop Models Multi-Loop Models 3D MHD
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Reduced representation of data that preserves signatures of heating frequency

“Cool” EM Slope: EM « T“
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Jordan (1975,1976); Cargill (1994); Cargill and Klimchuk (2004); Cargill (2014)
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Reduced representation of data that preserves signatures of heating frequency
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2. Diagnostics—EM Slope

Table 3.2 Summary of observational and modeling studies that have used the emission
measure slope, 4, as a diagnostic for the underlying energy deposition. The approximate
range of observed slopes is 2 S a S 5. Adapted from Table 3 of Bradshaw et al. (2012).

Reference Type Slope (a) Temperature
range [K]|
Warren et al. (2011) observation 3.26 100-100°
model 2.17
Winebarger et al. (2011) observation 3.2 100106
Tripathi et al. (2011) observation 2.08-2.47 10°2-106->
2.05-2.72
Mulu-Moore et al. (2011a) model® 1.6-2 106—TpeakC
2-2.3
Warren et al. (2012) observation 1.7-4.5 100-100°
Schmelz & Pathak (2012)  observation 1.91-5.17 100-T )
Bradshaw et al. (2012) model 0.81-2.56 100-Teqr®
Reep et al. (2013) model 0.88-4.56 100-T peqi’
Cargill (2014) model 2-8 To—10%68
Del Zanna et al. (2015b)  observation" 44404 106-3 x 10°
4.6 04

2 DEM(T,) computed from background-subtracted observations.
b Intensities were modeled using photospheric (first row) and coronal (second row) abundances.
© Theqr varied from 1056 K to 10° K.

d Tyeqr varied from 1063 K to 1068 K.
© Tpeqk varied from 10°% K to 1073 K.
£ Tpeqx varied from 10%%° K to 106 K.

& 1 is computed for 12 different values of Ty between 10°and10°? and averaged.
B The slope was computed in every pixel of active region NOAA 11193 once when it first appeared
(first row) and then again after one rotation (second row).

Barnes PhD Thesis (2019)
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Table 3.2 Summary of observational and modeling studies that have used the emission
measure slope, 4, as a diagnostic for the underlying energy deposition. The approximate
range of observed slopes is 2 S a S 5. Adapted from Table 3 of Bradshaw et al. (2012).

Reference Type Slope (a) Temperature
range |K]

Warren et al. (2011) observation 3.26 100-100°

model 2.17
Winebarger et al. (2011) observation 3.2 10°-106~
Tripathi et al. (2011) observation 2.08-2.47 10°2-106->
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Mulu-= b 6 C

Bra
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2 DEM(T,) computed from background-subtracted observations.
b Intensities were modeled using photospheric (first row) and coronal (second row) abundances.
© Theqr varied from 1006 K to 1008 K.
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© Tpeqk varied from 10°% K to 1073 K.
f Tyeax varied from 105% K to 105> K.

& g is computed for 12 different values of Ty between 10°and10%?° and averaged.
B The slope was computed in every pixel of active region NOAA 11193 once when it first appeared
(first row) and then again after one rotation (second row).
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Table 3.2 Summary of observational and modeling studies that have used the emission
measure slope, 4, as a diagnostic for the underlying energy deposition. The approximate
range of observed slopes is 2 S a < 5. Adapted from Table 3 of Bradshaw et al. (2012).

Reference Type Slope (a) Temperature
range [K]|

Warren et al. (2011) observation 3.26 106-10°-6

model 2.17
Winebarger et al. (2011) observation 3.2 100=109-2
Tripathi et al. (2011) observation 2.08-2.47 10°2-106->
2.05-2.72
Muluy- b 6 c

Bra

Reep et al. mode : : peak

Cargill (2014) model 2-8 To—10068

Del Zanna et al. (2015b)  observation® 4.4+ 0.4 10°-3 x 10°
46+ 04

2 DEM(T,) computed from background-subtracted observations.

b Intensities were modeled using photospheric (first row) and coronal (second row) abundances.

€ Tpeqr varied from 10°° K to 105 K.
d Tyeqr varied from 1063 K to 1068 K.
© Theqr varied from 10°% K to 1073 K.
£ Tpeqx varied from 10%%° K to 106 K.

& a is computed for 12 different values of Ty between 10°and10%%> and averaged.
B The slope was computed in every pixel of active region NOAA 11193 once when it first appeared
(first row) and then again after one rotation (second row).

6.25

Barnes PhD Thesis (2019)
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Reduced representation of data that preserves signatures of heating frequency
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Viall and Klimchuk (

335-193 335171

400 EREER
1.0 ;
0.8 300 EETEN

0.6 &
&

0 500

Pixel

1000 1500

— 94,171
94,211
——— 335,171
L —— 211,193

—— 193,171
- —— 171,131

t[s]

—2000

—1000 0 1000 2000

™ [s]
See talk by Viall

100 200 300 400 O

& hes N y
° T A -
y ; e A L
2 ko 5 T 3 Ct '.;j_,,.: S .
3 4 F 1 e . i - A
" ; ' A
& e \%. ‘
° - ) e
{ Ju E ! E -
A Y : Bl
i b | Vo i, ;
° ¥ .5 \ 1 Y & 3
\ T A
CREiLr wF ONy ¥ ¥
e ,"'h:‘-;_:‘" o ‘N‘ 3 . e = -
o 4 TR L . P : v
=% 4 " i ]
0 - \ 1 OO R § L 4 f
O s T s
— : ot FJ ¥ -
o N 4 PR ol - .
, = s y ) ?
0.2 0 AT L
- -

1 ONIEn R .
100 200 300 400 O

Pixel

2012

100 200 300 400

335-131

Pixel

-6000 -3000 -1500 O 1500 3000 6000

Time Lag (s)
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2. Diagnostics— Iime Lag

Viall and Klimchuk (2013)
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Viall and Klimchuk (2013)

Steady Emission Time Lags Diffuse Emission Time Lags
1.0 TT [T T T[T T T [T T T[T T T[T T [ Trr[T17T 1.0 L J | J | J L
- 1 08| -
% 0.8 — ~ = -
s [ 1 06 —
c 06— — _
= [ 7 04 —
© _ —
] = = _
~ 04 |— _ —
s 041 71 02F -
O - - -
S 02— 1 0.0 S
O r 211-193 . / 7
N 94335  335-211 1 02f< / [
0.0 Hrsspitanstniaingueaonalioniboiniiiimieg [N
TIIlllIlllllllllllllllllllllT_.4 l I I I I I | |
—6000 —4000 -2000 O 2000 4000 6000 —2000 0 2000
Time Offset (s) Time Offset (s)

Bradshaw and Viall (2016)

Control Model Intermediate Frequency Train High Frequency Train




Cross Correlation Value

1.0

0.8

0.6

0.4

0.2

0.0

Steady Emission Time Lags
IIIllIlllllllllllllllllllll

| -

211-193
94-335

Illlllllllllllllll

335-211

TlllllIlllllllllllllllllllllT

—-6000 —-4000 —-2000

2000 4000 6000

Time Offset (s)

Bradshaw and Viall (2016)

Intermediate Frequency Train

Control Model

Viall and Klimchuk (2013)

Diffuse Emission Time Lags

1.0

0.8

0.6

0.4

™~

Time Offset (s)

High Frequency Train

Cross correlation value

2. Diagnostics— lime Lag

Winebarger et al. (2016)
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2. Diagnostics—Other

Hot Plasma Event Detection
L - U Ugarte-Urra and Warren (2014)

1025
1924
1023
1022

10

5000 loops

Emission Measure

DN s™

10— 01:00 02:00 03:00 04:00 05:00 06:00 01:00 02:00 03:00 04:00 05:00 06:00
Start Time (22—-Apr-2012 00:00:26) Start Time (22-Apr-2012 00:00:26)
& 107
c _ T T _ :
° 1078 2 5 Events (#11) = 2 15F
% Q 4 o f
@ —_ g — B
(O] - 3§ = 10_
= 27 - > N
c 107E X 0E N3 -
S a o)) 3 o Of
g Co1e coTr
E | ol s el DR IV PP EPRAE APt ANSACSVAREN =
::; Time [h]
102 LES
5.6

“ | ) :g#:l'empelrature (K). I I I See pOSter by Plowman
See talk by Winebarger See talk by Warren



3. Quantitative Comparisons of Models and Observations




3. Quantitative Comparisons of Models and Observations

d(x) = [M(x) = O]



3. Quantitative Comparisons of Models and Observations

Model diagnostic
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Some distance metric < Observed diagnostic
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3. Quantitative Comparisons of Models and Observations

Y (arcsec)

Y (arcsec)

280
260
240
220

280
260
240
220

Allred et al. (2018)
EUNIS Fe X1 338.3

Sim. Fe XII 338.3

700 600 650
X (arcsec)

650
X (arcsec)

600

EUNIS Fe XVI 335.4

700

Sim. Fe XVI335.4

700 600 650
X (arcsec)

650
X (arcsec)

600

See talk by Schonfeld

700

14

12

10

Normalized Intensity 94 A

Tajfirouze et al. (2016)

_ N\ a=2.5 T7=500 N=’IW

s a=2.5 T7=500 N =100

o~ N\ a=2.5 7=500 N=10 N
a=2.5 T7=50 N =1000
- x=2.5 T7=50 N =100

N =10 N

| a=15 T7=500 N =1000 0

i =15 7=500 N =100 \
. P a=15 7=500 N =10 A

- /\\ a=15 7=50 N =1000 ~
. a a=15 7=50 N =100 ﬂ

| A a=15 7=50 N=10 ::7%

lllllllll‘lllllllll‘lllllllll‘lllll

0 1000 2000 3000
Time [s]

x=25 T=

Normalized Intensity 335 A

NNNWNNNNN‘NNNNWNNNX‘XXXXXWX[N‘NNNNL

a=2.5 7=500 N =1000

VUW

Wing

? a=2.5 7=500 N =10

a=25 7=50 N =1000 .
_ =<

W _
=2.5 7=50 N =100
WW

=15 7=500 N =1000
/___/\wm

/\ \_/ P

x=15 T7=500 N =100

a=15 7=50 N =1000

- =15 7=50 N =100 ]

=15 7=50 N =1

lllllllll‘lllllllll‘lllllllll‘lllll%

0 1000 2000 3000
Time [s]




Modeling Emission from NOAA 1158

- Trace 5000 field lines from

o potential field extrapolation —— High —— Intermediate ~ —— Low
S| HMILOS Magnetogr#,m —
‘T b3 : I(n 25 |
- Simulate T(t), n(t) of each field
line using the two-fluid EBTEL &5}
o model o
S5 =l
£ 3 K
© : O
2 1 - Discrete events on each |
= strand with frequency, 2
O = 41
S oy [ <1 high freauency = 1| | \ L |
Q. ' ) , \
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© 1.5
5
; - Waiting time proportional to = '°
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Warren et al. (2012), Barnes et al. (2016a)



Modeling EM Slopes from NOAA 1158

Synthesize emission from 6
AlA EUV channels for all
frequencies

Compute EM(T) using
method of Hannah and
Kontar (2012)

Helioprojective Latitude
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Modeling Diagnostics from NOAA 1158

, &

Will Barnes @wtbarnes_ - 9h v
Just in time for @coronal_loops9, our paper on modeling signatures of nanoflare
heating has been accepted to ApJ! The preprint is available on the arXiv now:

arxiv.org/abs/1906.03350. Relevant code and notebooks available here:
github.com/rice-solar-phy...
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Observed Diagnostics from NOAA 1158
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Observed Diagnostics from NOAA 1158
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Comparing Models and Observations

- Question: With which heatin
° 14> Tog 335 Toa 171> ***» MAX G5 335, MAX G5 171, *** }

pi<U

model are the observations most
consistent?
- Classification problem—decision tree
- 31 total “features” (EM slope, 15 time
lags, 15 maximum cross-correlations
- 3 discrete classes: high,
iIntermediate, low
- Model results = training data p; < V

- Observations = unlabeled data
- Combine multiple decision trees in a

random forest

Hastie et al. (2009), James et al. (2013)



Comparing Models and Observations

EM slope only
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Comparing Models and Observations

EM Slope, Time Lag,

Low _ .
Maximum cross-correlation
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Looking Forward

- Constraints on heating properties with multiple diagnostics

- Quantitative comparisons between models and data

+ Understand distribution of frequencies across active region
- How does the distribution of frequencies over multiple active regions”?

- How does the distribution of frequencies vary with age?
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- Publications

- Barnes, W. T., Bradshaw, S. J., Viall, N. M., 2019, “Understanding Heating in
Active Region Cores through Machine Learning |. Numerical Modeling and
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2. Diagnostics of Heating Frequency

Reduced representation of data that preserves signatures of heating frequency

Warren et al. (2011) Warren et al. (2012)
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3. Quantitative Comparisons of Models and Observations




3. Quantitative Comparisons of Models and Observations

Marsh et al. (2018)

Delay Map
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- Single loop modeled with EBTEL

- Varied duration, magnitude, heating rate

- Computed likelihood between modeled and
observed NUSTAR and FOXSI-2 HXR spectra

Duration (s)




Computing Intensities

P(s,t) = ), P;R.(})
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Mason an d Monsignori Fossi (1994), Bradshaw and Raymond (2013), Del Zanna and Mason (2018)



Computing Intensities
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Computing Intensities

Nonequilibrium
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Computing Intensities

Nonequilibrium
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Computing Intensities

Nonequilibrium
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Modellng Emission from NOAA 1158
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Observed Intensities
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Random Forest—Data Preparation

1. Flatten all images (all frequencies) into “data” and “feature” matrices
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2. Split model data (Xmoder) into training (2/3) and test set (1/3)
3. Train random forest on training set
4. Evaluate trained model performance on “unseen” test data

5. Classity observed pixels using trained model (and map back to coordinates)



Random Forests

- Question: With which heating
model are the observations most
consistent?

- Single decision tree = “weak learner”
- Combine multiple decision trees in a
random forest

- Robust, efficient, easy to train
+Train on subsets of data, split on
subsets of total features

+ 500 total trees, maximum depth of 30

Breiman (2001), Hastie et al. (2009), Pedregosa et al. (2011)
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Probability Maps—EM Slope Only
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Probability Maps—EM Slope Only
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Gini Index
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