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Multi-Messenger Astronomy

\

AGNs, SNRs, GRBs... ' w

Gamma rays -

They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

black
holes

Y &

-
.

V.M  Earth

(Nl

Neutrinos
They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.
air shower

They are charged particles and
are deflected by magnetic fields.

* x

[lceCube Collaboration/NSF]
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Sources In the Universe

Supernova Remnants, SNRs
Active Galactic Nuclei, AGNs

[Artistic impression of an AGN,
APOD 2018-07-16] [HST image of the Crab Nebula]
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Extensive Air Showers

primary y cosmic ray (p, o, Fe ...)

nucleons,
+
K-, etc.

nucleons,
+
K-, etc.

EM shower

[M.N6the]
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IACTS

y -ray enters the
atmosphere

Electromagnetic cascade

10 nanosecond snapshot

Primary y

0.1 km? “light pool”, a few photons per m?.

[CTA Observatory]
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7

IACTS

Photon

CORSIKA simulation of a particle
shower initiated by a photon (left)
and a proton (right) at 100 GeV
each

I 02000 ]
0 30 60
Muon
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Cherenkov Telescope Array (CTA)

|
/

L]

Telescope SST MST LST
Energy range 5-300 TeV 150 GeV -5 TeV 20-150 GeV
Field of view 10.5° 71.5°-7.7° 4.3°

Reflector diameter 4.3m 11.5m 23 m
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Cherenkov Telescope Array (CTA)

Omega configuration:
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Cherenkov

elescope Array (C

A)

Alpha configuration:

e [ e L
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LST Prototype

[CTA Observatory flickr]
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LST Prototype - Readout

Trigger-Backplane DRS4 readout
+

Ethemet Trigger (LO+L1) Slow-Control CW-HV

Preamp

7 PMTs

-Channel 0
gr— J
> Channel 1
- A
N Rol -Channel 2
AL B
Y Channel 3
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LST Prototype — Data Analysis Steps

‘ Data Volume Reduction
— Pixel 42 Pixel 314
Pixel 314 '
[\\J Pixel 42

Pixel 314

# Photons
CaI|brat|on ‘ P

- 20
event energy gammaness ra dec time 15
0] 1500 0.82 83.6 22.1 59024.63123 "

2 400 0.73 83.5 21.9 59024.64183
680 0.92 83.7 22.0 59024.67093 3
0

Reconstruction

Image-Cleaning

event width length -+ size # Photons

0 0.15 0.52 -+ 1253.1
-20
15
IlU
5
o]

2 0.05 0.12 - 321.3
5 0.08 0.19 --- 512.7
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Parametrization

Pulse-

Time / ns

Extraction

Time / ns
35
30
25

-20
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5
Q

RUHR
UNIVERSITAT
BOCHUM

RUB



LST Prototype - Software

ctapipe: Main processing pipeline for low level CTA data — Python
based framework and hosted as an open-source project on GitHub

ctapipe-io-Ist: Plugin for ctapipe, which is able to read LST Zzfits files
and calibrate them to R1-level as needed for the ctapipe tools

aict-tools: Used to apply machine learning tasks for event
reconstruction. It itself uses scikit-learn.

pyirf: Main features include calculation of the Instrument Response
Function (IRF) and sensitivity estimation of the array. Utilized in this
thesis for cut optimization and event weighting

> MC's: Sputh—pointing PROD5 Repository Version
simulations of the northern array -

with 20° zenith angle and 80% ctapipe 0.10.5-2021-03-04

mirror reflectivity ctapipe-io-Ist 0.10.0 — 2021-05-05

aict-tools 0.27.1 - 2021-05-05

pyirf 0.5.0-2021-05-11
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Data Volume Reduction

» Permanent storage of hundreds of PByte/year over a
planned 30-year lifetime will be financially unsustainable.

|l ossless:

Data compression

Lossy:

Low/high gain selection

Suppression of hadronic events

Waveform parametrization

Signal-pixel selection this thesis
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Pixel selection

Approaches:
- Wavelets cleaning
- Deep-Learning

- Tallcuts cleaning

T (m)

10 A

05 +

00

-1.0 4

LSTCam

10  -05 0.0 05 10
X im)
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Pixel selection

Approaches:
- Wavelets cleaning
- Deep-Learning

- Tallcuts cleaning

T (m)

10 +

05 +

00 4

-0.5

=1.0 4

LSTCam

10  -05 0.0 05 10
X im)
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Pixel selection

Approaches:
- Wavelets cleaning
- Deep-Learning

- Tallcuts cleaning

T (m)

10 +

05 +

00 4

-0.5

=1.0 4

LSTCam

10  -05 0.0 05 10
X im)
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allCutsDataVolumeReducer

1) Normal Tailcuts cleaning

LSTCam

10

05 1

T o(m)

0.0 4

—0.5 4

-1.0 -

10  -05 0.0 05 10
X (m)
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allCutsDataVolumeReducer

1) Normal Tailcuts cleaning

2) Iteratively adding
neighbouring pixels above LSTCam
boundary threshold 0

10

05 1

0.0 4

T o(m)

—0.5 4

-1.0 -

10  -05 0.0 05 10
X (m)
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allCutsDataVolumeReducer

1) Normal Tailcuts cleaning

2) lteratively adding
neighbouring pixels above LSTCam
boundary threshold 50

10

05 1

0.0 4

T o(m)

—0.5 4

-1.0 -

10  -05 0.0 05 10
X (m)

RUHR
21 Data Volume Reduction for the LST Prototype | Jonas Hackfeld UNIVERSITAT R U B
BOCHUM



allCutsDataVolumeReducer

1) Normal Tailcuts cleaning

2) lteratively adding
neighbouring pixels above LSTCam
boundary threshold 50

10

05 1

0.0 4

T o(m)

—0.5 4

-1.0 -

10  -05 0.0 05 10
X (m)
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allCutsDataVolumeReducer

1) Normal Tailcuts cleaning

2) lteratively adding
neighbouring pixels above LSTCam
boundary threshold 50

3) At the end: Adding all
neighbouring pixels

05 1

T o(m)

0.0 4

—0.5 4

-1.0 -

10  -05 0.0 05 10
X (m)
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allCutsDataVolumeReducer

1) Normal Tailcuts cleaning

2) lteratively adding
neighbouring pixels above LSTCam
boundary threshold 50

3) At the end: Adding all
neighbouring pixels

05 1

T o(m)

0.0 4

—0.5 4

-1.0 -

10  -05 0.0 05 10
X (m)
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

LSTCam LSTCam
15 50 15 -
10 1
05
E o0
S
-0.5
-1.0
-15 -15
10 -05 00 05 10 10 -05 00 05 10
X (m) X (m)
Time/ns # Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

LSTCam LSTCam
15 50 15 -
10 1
05
E o0
S
-0.5
-1.0
-15 -15
10 -05 00 05 10 10 -05 00 05 10
X (m) X (m)
Time/ns # Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2)
than a threshold

Y (m)

LSTCam

X im)
Time/ns

Y (m)

Iteratively adding all neighbouring pixels with a time difference lower

LSTCam

10 -05 00 05 10

X (m)
# Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2) Iteratively adding all neighbouring pixels with a time difference lower
than a threshold

3) At the end: Adding all neighbouring pixels

LSTCam LSTCam
15 1 50 15 50
10 4 10 -
05 - 05 -
E o0 E o0
> >
-05 -0.5
-1.0 -1.0 -
-15 -15 -
. 10 -05 00 05 10
X (m) X (m)
Time/ns # Photons
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ArrivalTimesDataVolumeReducer

1)  Normal Tailcuts cleaning on # Photons

2) Iteratively adding all neighbouring pixels with a time difference lower
than a threshold

3) At the end: Adding all neighbouring pixels

LSTCam LSTCam
15 | 50 15 -
10 1 10
05 05 -
E o0 E o0
> >
-0.5 -0.5
-1.0 -1.0 -
-15 -15 -
10 -05 00 05 10 10 -05 00 05 10
X (m) X (m)
Time/ns # Photons
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CDVR - ATDVR - Performance

Quantitative Comparison on MC.:

[ )

First aim: Pixel-Reduction-Faktor of ~47 (~2.5 % of 1855 Pixels left)

Some parameters were kept constant

Set of values for T}, and T¢;,,,. IN a defined interval is drawn by means

of a random selection

Crab Nebula spectrum TailCutsDVR  ArrivalTimesDVR
detected by HEGRA used for = Core-Threshold T, 8p.e. 8 p.e.

weights of gamma events Boundary-Threshold T, ~ Variable 4p.e.

Proton and Helium Minimum core-neighbors 1 1

interpolated spectrum Keep isolated pixels False False
measured by DAMPE used Dilate 1 1

for Weights of proton events Minimum time-neighbors  Not used 1

Time limit Tjpme Not used Variable
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CDVR - ATDVR - Performance
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CDVR - ATDVR - Performance

' i i . i
1.0 A
e | HH |
® o
11 v I I I
. ] xé Y v : - ? ..-h b ® :
o J v ®e o
g 0.81 1 Y I I ! °® ®e,, oo o
o % X ] i( : b é ” : I I
g = i 1 | I I TP ]
= 4 d - Yoy
2 dd 06 1 I l R Y OwWwYy o m
21 I : | £-f vmYw
= o0 I x 1 | I | |
U oo 1 1 1 17p=19 [ [ [
= a4 044 ! x ITb=1.5 1Ttime =5.4 | | To=41
@ om o5 I I I I I o 1o I
b= E sl 1 1 1 1 | 1 ailCuts-ICS 1
= I x i i Tp=2.2j i -® ArrivalTimes-ICS 1
@ 11 : : Tﬁme=2= :Tt#me: L6 - Tailcuts-TPR :
= 024 x I I I I ~¥— ArrivalTimes-TPR |
1 1 X i | i —>¢& TailCuts-FPR |
: H : : : —% ArrivalTimes-FPR |
] ITta'me=9-8 I i 0 1
0.0 | : xnan-um!a :I}x HEX XX MMKK X A AKX
- Il T L e T LA I R L R A R
0 10 20 30 40 50 60 70 80 90

Pixel-Reduction-Factor

[20deg_Proton_Prod5_MC]

RUHR
44 Data Volume Reduction for the LST Prototype | Jonas Hackfeld UNIVERSITAT R U B
BOCHUM



CDVR - ATDVR - Performance

1071 E ]

1072+

1073

10_4§

NN

Step_1 _ATDVR
Step_1_TCDVR
Step_2 ATDVR
Step_2 TCDVR
Step_3_ATDVR
Step_3_TCDVR

[ e

0 20 40 60
Number of Selected Pixels

100
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Crab Observation from 2020-11-21

Run 2988-2992 with ~1.6h Observation time

7-9 million events/file

> Flatfield Events: To reduce effects == 4
of image artifacts from the

detector
> Interleaved Pedestals: Mapping

the NSB .i .i .i
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Crab Observation from 2020-11-21

Pixel selection with the ATDVR:

Lo-2 [ ) 2988 ArrivalTimesDVR
Core-Threshold T, 8 p.e.
Boundary-Threshold T, 4p.e.

107 Minimum core-neighbors 1
Keep isolated pixels False

107 Dilate 1
Minimum time-neighbors 1

10-5] Time limit Ty 2.0

0 50 100 150 200 250 300

Number of Selected Pixels

» Reduction per file from ~97.8 GByte to ~8.5 GByte
> PRF ~ 28

RUHR
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Crab Observation from 2020-11-21

Pixel selection with the ATDVR:

1 Sim
1 Obs
1072
10_3;
10_4§
0 50 100 150 200 250 300

Number of Selected Pixels
[weighted proton MC]
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Pixel selection with the ATDVR:

Crab Observation from 2020-11-21

107 [ Step_1 Obs 109, 1 Sim
— 1 Step_2_Obs 1 Obs
—T [ Step_3 _Obs
_ [ Step_1_Sim _
1072 Step_2 Sim 10724
[ Step_3_Sim
1073/ 10—4]
—4 | o . _—|:_
10 10—6_ H
10751 | . . . . . . . . . . [ ]
0 20 40 60 80 100 5 10 15 20 25 30
Number of Selected Pixels Number of Islands
[weighted proton MC]
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Crab Observation from 2020-11-21

Pixel selection with the ATDVR:

Approaching MC distribution of selected Pixels per image:

« AdaptT,=10and T, =5
« Use interleaved pedestals for dynamic pixel thresholds

Toed = Upea T 2.5 * Oped

* Use Tpeq If T, I1s below Ty

RUHR
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Crab Observation from 2020-11-21

Pixel selection with the ATDVR + adaptions:

1071y
LR £ Sim 4l B [ Step_1_Obs
C—J Obs 8 4 107° [ Step 2 Obs
] () Obs_10_5_ped — Step:3:0bs
1021 [ Step_1_Sim
i - Step_2_Sim
107 [ Step_3_Sim
1073
: 10-3] -h._.:ga}“tﬂ-;
10~ U=
: 1074 - T
0 50 100 150 200 250 300 0 20 40 60 80 100
Number of Selected Pixels Number of Selected Pixels
10° 1 sim
[ Obs_8_ 4
[ Obs_10_5_ped
102 . ;
» Reduction per file from ~8.5 GByte
10~4 tO ~6.8 GByte
» PRF~ 42
10-6
0 5 10 15 20 25 30 i
Number of Islands [Welghted prOton MC]
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Impact on Higher Level Analysis

« ©2%-Plot verification whether the analysis chain performs correctly
* Observations: Crab Nebula from 21.11.2020

* ArrivalTimesDVR

» Tailcuts Cleaning (8 | 4)

* DL2 processed with aict-tools (ctapipe processed MCs for RF

training) ArrivalTimesDVR
* Not optimized parameters COEIMTEE O [ S E
Boundary-Threshold T, 4p.e.
. . . Minimum core-neighbors 1
» Should have no difference by definition =
Keep isolated pixels False
Dilate 1
Minimum time-neighbors 1
Time limit T¢jpme 2.0

RUHR
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Impact on Higher Level Analysis

Without DVR

160
140
120
100
801
60 1
40
20

Source: Crab, ty, = 1.64h 1 ON
62, = 0.04deg?, OFF

max

Non =393, Noir =290, a=0.33
Nexe =296 £ 21, Sijgma = 18.0

62 / deg?

0.2 0.4 0.6 0.8 1.0

With DVR

1601
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60 1
40 1
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Source: Crab, ty, = 1.64h 1 ON
62, = 0.04deg?, OFF

max

Non =393, Noir =290, a=0.33
Nexe =296 £ 21, Sijgma = 18.0

0.2

0.4 0.6 0.8 1.0
62 / deg?

[Crab Observation from 21.11.2020]
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Impact on Higher Level Analysis

With Adaptions for DVR and cleaning:

5001 !

Source: Crab, t,ps = 1.64h C—1 ON
62 =0.04deg?, OFF
i Ngn=1225, Ny = 1086, a = 0.33
4001 ¢ Nexc =863 + 37, Siigma = 28.7

3001 |!
2001 |

1001

0 : I T T
0.0 0.2 0.4 0.6
62 / deg?

0.8

1.0

[Crab Observation from 21.11.2020]
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Summary

« TCDVR and ATDVR were tested and compared with MC data —
perform equally well

* For PRF of 46: 0.83 ICS and 0.016 FPR on weighted simulated
proton showers

« Employing ATDVR with same thresholds on Crab Nebula
Observation: PRF of 28 and reduce data from 97.8 GByte to 8.5
GByte

* Increase PRF to 42 and decrease file size to 6.8 GByte with
adapted thresholds

- Verifying used analysis chain by comparing ©4-Plots with and
without DVR-step and detecting Crab Nebula with 18c

« Detection increased to 28.7¢ by using adapted cleaning
thresholds
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Outlook

* Apply TCDVR to Crab Observations and compare it to the results
obtained by the ATDVR

« Impact on higher data levels for different image cleaning
algorithms

« Another way must be developed to include the interleaved
pedestals events

« Vary other parameters

 Different benchmark criteria are needed (e.g. robustness,
computation time, complexity etc.)

« General reference and training datasets for benchmarking must
be defined
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Backup TCDVR — ATDVR

TCDVR:

ATDVR:
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Backup — MC simulation properties

Diffuse Gamma Point-like Gamma Proton Elektron
Energy/TeV 0.005 - 50 0.005-50 0.001 - 100 0.005-5
Zenith angle/° 20 20 20 20
View cone/° 6 0 10 6
Spectral index -2 -2 -2 -2
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Backup — Quality Cuts

Parameter Criteria
intensity > 50
leakage 1 _intensity <0.2
leakage_2_intensity <0.2
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Backup — Energy Estimation

103 The 20 most important features
timing_intercept
morphology_num_pixels
hillas_r 4 31—
timing_slope A HH
10° area{ W
log intensity 1 {3
hillas_intensity
L)
=——
00—
=
]
=
0
Ik
i
]
I
H
0=

intensity_mean

leakage_pixels_width_2 4

10t hillas_length -
hillas_width 1

intensity_area

hillas_length_uncertainty |

timing_deviation

l0g10(Egst / TeV)

T ' " T 10° concentration_cog -
-2 -1 0 1 hillas_skewness -
l0g10(Erue / TEV) hillas_kurtosis
concentration_core -
Bias and Resolution leakage_intensity_width_2
_— —  bias leakage_pixels_width_1
3.0 —  resolution 0.0 0.1 0.2 0.3 0.4 0.5 0.6
= resolution_guantiles Feature importance
2.5
20{
1.5
1.0 —
0,5 1 ___
—_—:_;.__
0.0 T -
10-2 101 10° 10!
Etrye / TeV
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Backup — Origin Reconstruction

c 1.0 —
3.5 Mean area under curve: 0.9173 = 0.0005 3 .
1.01 »
3.0 y L 0.8 —
. 108 g
. 0.8+ © —
259~ o s
. 3 =1
£ © ] 0.61 +_‘_,—0——.-_._
\ﬁ 2.0+ 102 S 0.64 <
o = Single CV ROC Curve 2 -1 ~0 A1
& ] ) —— Mean ROC curve 10 10 10 10
2 1.5 =}
3 2 0.4 1
? E = ——
1.04 N 10! g 0 e ——
) 0.2 = -
- S 0 -
‘ i ‘ 100 0.04 g —
1 2 3 0.00 025 050 0.75 1.00 g —
|displmc / m false positive rate =14 -+
1072 10t 10° 10!
Etrye / TV
Feature Importance sign Feature Importance |disp|
timing_slope timing_intercept o HH
hillas_skewness 4 — T timing_slope 4 -
hillas_length Rl peak_time_std H =
intensity_std q HEFH hillas_length_uncertainty - h
elongation HE— intensity_mean - e
timing_intercept 4 #lE= hillas_length - o
hillas_length_uncertainty |  HlEA intensity_std [}
peak time std 4  HI= elongation |
intensity_mean § =l hillas_skewness 4 |
concentration_cog 4 HE hillas_kurtosis{ |
log_intensity_area HE— concentration_cog 4 fi*
hillas_kurtosis 4 Hk log_intensity area4 |
log_intensity {  Hhe hillas_width 4 |
hillas_intensity {  Hk areaq |
area- HiH log_intensity 4 i
hillas_width 1 H} hillas_intensity |
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Feature importance Feature importance
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true positive rate

62

Backup — Background Separation

Mean area under curve: 0.8422 + 0.0009

1.0

0.8

Single CV ROC Curve
— Mean ROC curve

0.00 025 050 0.75 1.00
false positive rate
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