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Gamma-ray astronomy from ground @ e

VHE Gamma-rays produced in cosmic objects
(AGNs,SNRs,GRBs...) can reach the Earth
unscrambled by magnetic fields.

They interact with Earth atmosphere producing
light that can be detected by IACT (Imaging Air
Cherenkov Telescopes).

; "‘fPho_to'tj;":_
v Array of Cherenkov

telescopes outperform
single telescopes

..+ Neatrino S5 e

s g

VHE - Very High Energy (E £ 30 GeV)

Whipple pioneering Cherenkov IACT arrays in operation
telescope
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} IACT Technique in a nutshell @ marc

IACT — Imaging Air Cherenkov Telescopes
Extensive
Air Shower

Reconstructed
Source Position

e VHE cosmic particles interacts with atmospheric nuclei

* A cascade of subnuclear particles develops

e Ultra-relativistic charged particles emit Cherenkov light

P & * Cherenkov light is focused onto PMT/SiPM cameras

PMT pixcls * Pictures of Cherenkov flash are taken

* From the shape, size and orientation of the images the
nature (gamma or hadron) of the primary particle, its
incoming direction and its energy can be estimated

Cherenkov
Light

Air Shower
Images

e Hh” IACTs takes pictures as many other telescopes do, but
SN

P

Courtesy of MAGIC Collaboration

e Resolution is much lower ~2000 pixels
e Acquisition rate can be much higher ~ 1KHz
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R! CTA Observatory @ nar

*

CTAO Northern Array

* 4LSTs+9MSTs

* 0,25 km2 footprint

* focus on extra-Galactic science

CTAO Southern Array " CTANorth@gl

* 14 MSTs + 37 SSTs (+2 LSTs PNRR) P
* 3 km2 footprint
* focus on Galactic science . ESO, Chile

N\
o

@ CTA South

W

Two arrays -> full sky coverage

15/06/2023 C.Bigongiari




‘MUR! ASTRI

iversita e della Ricerca

ASTRI-Horn
INAF-led Project funded by Italian Ministry of Research

Prototype of the 4-m class telescopes developed in the
framework of CTA Observatory; installed and operational since
2018 on Mount Etna (Sicily, Italy)

First detection of a gamma-ray source (Crab Nebula) with a
dual-mirror, Schwarzschild-Couder Cherenkov telescope
(Lombardi et al., 2020)

h i

/r~ J"‘jJ "’»’ "

Dedicated to Guido Horn D’Arturo, precursor of the
segmented-astfonomical-mirrars-technigue

15/06/2023 C.bigungian
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ASTRI mini-array: array of 9 ASTRI telescopes

INAF-led Project with international partners:
Univ. of Sao Paulo/FPESP (Brazil), NWU (S. Africa), IAC (Spain), FGG, ASI/SSDC, Univ. of
Padova, Perugia and INFN)

Being deployed at the Observatorio del Teide (Tenerife, Spain)
First telescope installed; first camera expected for July 2023
Two more telescopes by the end of 2023. Two more camera in spring 2024

Fully operational in 2025

First 4 years > Core Science projects, following 4 - Observatory
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| R1 Products

Telescopes
and other
Instruments

Where data
are stored:

15/06/2023

MUR' CTAO Core Data flow

Science Alert Generation
Service Products

Bs =0 0) 0k0 wan el MR GRS La: STBNE e Nl

Raw

ACADA DPPS

Data Products

Array Control — ee———————) Data Processing
& Data Acquisition

DLO Products & Preservation
S System

CatA
DL3-DLS Products

On-site
Storage

Bulk Archive

C.Bigongiari

Science-Ready

Data Products SUSS
> Science
CatB&CatC User Support
DL3 Products System

*

. ISTITUTO NAZIONALE

P EPNE

Science
Data Products

CatB& CatC A

DL3-DL6 Products  _ . ]
Science

User

Science Archive



CTAO-North, Canarian island CTAO-South - Chile

e 4 Large Size Telescopes e 14 Mid Size Telescopes 6"(&’1’
* 9 Mid Size Telescopes e 37 Small Size Telescopes ‘\g\ «9 )
\
(1 1314 observation hours per year Qo‘q&\f"
L 20% monitoring and service data Q$
14 GB/s _— 7.5 GB/s o4

‘ 67 PB/year ‘ 36 PB/year

15/06/2023 C.Bigongiari 8
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DATA Compression @ mar

& 0 SN

Required Data Volume Reduction ratio: 50

CTA NORTH

14 GB/s
S—
Raw data (DLO)

Device ctr. data

TO BE TRANSFERRED, PROCESSED, REPLICATED

CTA SOUTH

7.5 GB/s 0.28 GB/s — _

Raw data (DLO) 2 PB/year 3 PB/year New
to1/50 Event data data
10ME/> 0.15 GB/s

Device ctr. data I

:

15/06/2023 C.Bigongiari 9
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‘MUR' CTAO Data flow

Science Alerts from Other Observatories

N

Dynamic
Scheduling &
Telescope
Control

N

Internal Science Alerts

Real-Time &

Observation
Planning

Proposal
Handling

Next-Day Data
Processing

Data
Acquisition
& Reduction

On-Site
Storage

15/06/2023

Science Alerts

Final Data
Processing
& Simulations

Bulk

e &

C.Bigongiari
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Other
Observatories

el

Users
(Scientists)
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The telescopes on the two CTA
array sites will produce
hundreds of petabytes (PB)
per year of raw data. They will
be written after compression
to a few PB per year to the off-
site data centres for further

processing and storage.
Additionally, a few tens of PB

of simulated data will be
produced and processed.

Cumulative data to be archived (TB)

sEEEEEEEEE



‘MurR! Data reduction & analysis

ersita e della Ricer

Machine Learning

—

Energy
Reconstruction

Sample 025

CT100 (NectarCam), event 0000087212 CT100 (NectarCam), event 0000087212

NectarCam

¥ position (m)

¥ position (m)

Application of Image |
i . . Stereo
Calibration Processing ) -
R And Feature Reconstruction :
Time-Integration Extraction \
Particle
Classification
K ‘-3
Big Data - - Simulation come
* - P into play
- T
- o D
15/06/2023 C.Bigongiari
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L 2

I e {1
Simulation come .. N o
into play - -
Instrumental
Responses &
Performance

o Metrics
/'

Optimization

Discrimination SaencF
~, EventlList
Generation

)

Science-Ready data Products
further processed with
Science Tools (GammaPy)
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\ CTAO - Computing model ONA DDDDD

edellaRices

SOFTWARE DEVELOPMENT COMPETENCE CENTERS

rrrrrrrrrrrrrrrrrrrrrrrrr T * Adistributed ICT infrastructure.

REC? ‘Vma:l} ’S | T{? ’lRF{} ’MC {}C X {3} [;"] « Based on the data centres’ IT equipment,
E& | ' hosting the CTA distributed applications
= based on DPPS, SUSS and SOSS software.
ey o= \IPWD .« Data Centres interconnected by Wide
| — L N . Area Networks (WANSs) in a redundant
creiss | CE“JS"L _1'/;& topology (10 Gbps bandwidth).
Ot?;grsg;gry ’ : To SCIENCE i‘ 1??-‘ DC4 ; H
o B8 R0 J) N e Connected to the two CTA array sites
ocam oo T ig (CTA-North, CTA-South) for data transfer
II . ~_ ig e (Minimum of 2 Gbps bandwidth).
e IB‘B ssT * CTA applications and WAN networks
South  North { centrally controlled and monitored by the
SDMC team.

15/06/2023 C.Bigongiari 12
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Iniversita e della Ricerca ’ DI ASTROFISICA

Data pre-processed onsite will be
transferred to 4 Data Centers
where they will be further reduced
and stored

Off-site ICT

North South
Site Site

1
DataCentre 4 2 Gb/ S 1 ) .
- * PICin Barcelona, Spain
1
DataCentre 2 : DPPS Authentication & SUSS
Authorization
DataCentreZ - BDMS wHhorizat Portal «  DESY in Zeuthen,
1 Management
DataCentre 1 - Germany

1

CTAO network / Monitoring Ticketing
tools System

*  Swiss National

(l
10 Gb/s : Supercomputing
1 o
i DPPS Centre (CS(;S) in
- Suss Workload Lugano, Switzerland
E scheduling Management
i %" INAF/INFN in Frascati,
1
| suss ltaly
i Proposal SUSS Science
1 . .
i Handling Archive * SDMC in Zeuthen,
1
-

Germany

15/06/2023 C.Bigongiari 13
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‘MUR! ASTRI Data Flow & Data levels @ nac

stero dellUniversita e della Ricerca < DI ASTROFISICA

. Cherenkov Camera Pre-Proces(sing: all Cherenkov raV\// data
: : converted in FITS data format (adopted as common 1/0 data
EVTO-RAW / CALO-RAW ] : DPS functional de5|gn format for each DPS subsystem);
_ Cherenkov Camera (Cherenkov data processing)
Pre-processint . . . . . .
e . Calibration Software: generation of suitable calibration
| DLO-FITS | factors for Cherenkov data calibration;
_ | Calibration Software
Stereo Event Builder —>
. Stereo Event Builder: identification of stereoscopic,
“3 ~ \:| :’Siw'g—:ﬂ'-wise Cherenkov events induced by the same extensive air shower;
A || [cmmsssssomyome ] [ astrical | <—
0 R — . 0 .
w S P Array-wise . Cherenkov Data Pipeline: end-to-end Cherenkov data
: _ EVTia \:| IZ' data reduction (A-sciSoft software package) up to high-level
[ el image Gosnngaraneorzaionaraming | | astricleanpar | science-ready data (DL3) and standard scientific products
R —
[ oL . (bLafs)
: = > Calibration (DLO = DL1)
[ ture s soovrosmamconomsionion | | astrirecos” | <— [JUON ,
] ——— T e | | > Reconstruction (DL1-> DL2)
e | [ DLtc E=E= data > Selection (DL2 = DL3)
[ wmosmomtsemremams ] | astrimer | <— > Science’ (DL3 5 DL4/5)
EVT2a | :' o a— » *external Science Tools:
e | astrirecor | <«— [IGB ALY s SEBO; Gammapy and ctools
L A= ARRAY LUT1/2 ; IRF2
; = . 2 end-to-end scientific data processing levels:
- _ | astriana |(— IRF2 h rt-t . [ (f " tf ) K [ k)
L ﬁ _ Single-Tel-wise Pipeline: ° short-term pipetine (for scientitTic quiCck-Loo
- EVT3/GTI/ IRF: i . . .
I— é | s%!s | T rorepeee® . long-term pipeline (for consolidated products)
SCIENCE PRODUCTS l I I I l Arrigl/j-.ruglsoepzlofal‘llne:

CDP Breakdown stages ; I/0O data ; Basic Functionalities ;

15/06/2023 C.Bigongiari 14
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GBl/day GBlday | TOT MAX (AVG)
|Archive/DB Units MAX AVG [TBlyr]

Bulk Archive (only RAW) 51172 5582 604 (91)*
Bulk Archive 15680
(DLO FITS + pipe products)® 1710 1853 (278)
Science Archive 250 200 ~35 (-25)
Swap-tmp Loc.Repo® 200
Simulation Archive (MC)” 100
Quality Archive 33 24 3.9 (3.9)
Log / Monitor / Alarm Archive 54 27 ~20 (~-10)
System Configuration DB 5 4 ~0.6 (~0.5)
CALDB 0.2-0.4 (TBD)
Performance DB 0.5-1.0 (TBD)
Interferometry Instrument (SI3) 1200 (?7?)

hot-storage TOTALS: 5405 786 ~640 (~120)

cold-storage Backup ~16000 1737 ~1873 (~290)

15/06/2023

Considering:

* Packet dimension 13kB x 9 telescopes
*  Worst Case:

* 1.0 kHz trigger rate

* 11hr acquisition/dd
* Average Case:

e 150kHz trigger rate

* 8hr acquisition/dd

Optimal HD Space - ~0.75 PB (hot+mc)/y
Optimal Tape Space - ~1.15 PB (cold + hot+mc )y

Not including interferometry data !

C.Bigongiari 15
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\10Gbps © ‘
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Tot ~10k cores

py el — Tape Lib.
g Arch | Archive |}
l\\ rchive \ g rchive ;‘

: T OGbps
a
Archs m. é [LtaGnd
Science Tools "@LHC-One \_ 1BisS.Co.

Memorandum of Understanding
INAF —— INFN

1J/UV/ 2ULD

Virtual Organization in Data Grid

~520 kEuro

_|+1PB

{1500 cores

C.DIguIIEIdl
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~MUR! ASTRI - Computing resources @ mer

* Storage:
* 3PB @ OAR
* 1PB @ LNF
* Tape library for cold storage

 CPU
* 400 cores @ OAR Ready

* 1500 cores @ LNF ~Ready
¢ ~10000 cores

16
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¢ Mur! ASTRI - Simulation Chain @ mar

L3 DI ASTROFISICA
CORSIKA
Heck, D. et al., Report FZKA 6019 (1998)
e —

CORSIKA output

Simulation of:

« gamma and background (p, e", He,...) species
« Zenith and Azimuth angles

* Telescope positions in the array

+ Geomagnetic field (@ array site)

» Atmospheric density profile

« Atmospheric extinction (€ MODTRAN®)

Sim telarra:
! — * Ray Tracing (€ Mirror reflectivity)
Berniohr, K, Astropart. Phys. 30, 143-158 (2008) * SiPM response (€ PDE Single Photo Electron Response)
« Camera Electronics (€ SlowShaper)
L » Trigger (€ FastShaper)
e —

Sim_telarray output

15/06/2023 C.Bigongiari
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ASTRI-MA simulation

2

. ISTITUTO NAZIONALE

DI ASTROFISICA

Second massive production of simulated events for ASTRI-MA: ASTRI-MA-Prod?2

PARTICLE Emin Emax Spectral Zenith Azimuth Number of Number of Number of
[TeV] [TeV] Slope [deg] [ded] Simulated Simulated Simulated
Runs Showers per Showers
Run
GammaPointlike -1.5 2000 0 20 180 2 x 2000 10000 4 x 107
GammabDiffuse 0.1 330 -1.5 2400 10 20 180 2 x 10000 20000 4 x 108
Electron 0.1 330 -1.5 2400 10 20 180 2 x 5000 20000 2 x 108
Proton 0.1 600 -1.5 2400 10 20 180 2 x 50000 20000 2 x10°
TOTAL 134000 2.64 x 10°
Production CORSIKA CORSIKA CPU Sim_telarray Sim_telarray CPU
storage [TB] [10°HS06hours]? | storage [TB] [10°HS06hours]
ASTRI-MA-Prod1 | 34 16.3 1.0 1.6
ASTRI-MA-Prod2 | 62 31.2 1.9 3.0
15/06/2023 C.Bigongiari 18
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©>mMurR! CTA - Simulations Prod5b ® nar

STITUTO MAZIONALE
* ST e

CPU days used by Site Runnmg JODS by Site
34 Weeks from Week 39 of 2020 to Week 21 of 2021
34 Weeks from Week 39 of 2020 to Week 22 of 2021
LCG.PRAGUE-CESNET.cz 7,000 -
LCG.DESY-ZEUTHEN.de
6,000 +
M LCG.DESY-ZEUTHEN.de 104977.3
B LCG.PRAGUE-CESNET.cz 75516.7
LCG.GRIFfr 60717.7
LCG.IN2P3-CC fr 50467.8
ARC Prague.cz 38099.0 5,000 |
O LCG.LANCASTER uk 271953
B LCG.LAPPfr 16023.0
@ LCG.FRASCATLit 15315.5
B LCG CNAFit 14018.0 (%]
IRIEf B ARC.CEAfr 63682 QO 4,000
W LCG.CYFRONET.pl 3049.7 o
@ LCG.CIEMAT.es 13205 =
LCG: CN“: ml;n(':ﬂ:m,pl 7\31 ;
3,000
LCG.FRASCATLit
LCG.LAPPT 2,000 -
LCG.IN2P3-CC fr
LCG.LANCASTER uk
ARC.Prague.cz 1,000
Generated on 2023.06-15 06:50:39 UTC
0 / \ - —
Nov 2020 Dec 2020 Jan 2021 Feb 2021 Mar 2021 Apr 2021 May 2021
P d5b | t . CTE d t Max: 7,192, Average: 1,578
o a S a SS e p O u C o B LCG.DESY-ZEUTHEN.de 27.6% [ LCG.LANCASTER.uk 59% M LCG.CYFRONET.pl 0.9%
B LCG.PRAGUE-CESNET.cz 19.4% @ LCG.CNAFit 3.7% @O LCG.CIEMAT.es 03%
B LCG.GRIFfr 13.8% [O LCG.FRASCATLit 3.7% @ Multiple 0.0%
B LCG.IN2P3-CC.fr 11.0% @ LCG.LAPPfr 35% M LCG.CAMK.pl 0.0%
@ ARC.Prague.cz 8.6% M ARC.CEAfr 14%

CPU = 127 M HS06 hours
Storage = 1700 TB. HS06 = HEP-Spec06 Benchmark

15/06/2023 C.Bigongiari 19



finistero dell'Un

MU\R Take home messages @ mar

« New generation IACT arrays are ready to go
— LST1 taking data and performing science at CTAO-North site
— First ASTRI-MA telescope deployed at Teide site
— CTAO ERIC ready in September 2023
— ASTRI-MA fully operational in 2025

« Expected data flows ~100PB/1PB per year for CTA/ASTRI
— To be processed
— To be stored

« INAF deeply involved in both projects

15/06/2023 C.Bigongiari 20
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© Mur! Characteristics of CTA telescopes @ nas

ISTITUTO NAZIONALE
’ DI ASTROFISICA

Large-Sized ‘ " 5
Telescope Medium-Sized Telescope (MST) Small-Sized Telescope (SST)
(Lsm) | Flashcam NectarCam sct
Required energy range [PINEER Y 80 GeV - 50 TeV. 1TeV -300 TeV

Energy range (in which
subsystem provides JPXNICEERLEINCY 150 GeV - 5 TeV

5TeV - 300 TeV
full system sensitivity)

Number of telescopes 0(South) 37 (South)
(alpha configuration) [IERPATTSS AE) | O 0(North)
Optical design Parabolic Modified Davies-Cotton ~ SMarzschild- Schwarzschild-Couder
Primary reflector
iametor 23.0m nsm 9.7m 43m
Secondary reflector » .
diameter S =0
Effective mirror area
(including shadowing) i .o g 22
Focal length 28m 16m 56m 215m
Total weight N4t 82t 80t 7.5t
Field of view 43 deg 7.7 deg 79 deg 76deg 8.8deg
Number of pixels in
Cherenkov camera = uED 5 228 2088
Pixel size (imaging) 041 deg 018deg 018 deg 0.067 deg 016 deg
Photodetector type PMT PMT pMT SiPM SiPM
Telescope readout T
event rate (before VNNV 7.0 kHz >35 kHz 0.6 kHz
array trigger for MSTs AR
SSTs) Lo

Three different-size telescopes, large size telescopes LST,
. . . point in the;ky 20s 90s 90s

medium size telescopes MST, and small size telescopes SST. ST

Two different kinds of MST are under development. roiningpreision IR 7 i

Positioning time to any

<7 arcseconds

Observable sky Any astrophysical object with elevation > 24 degrees

15/06/2023 C.Bigongiari 22



MU\R Expected Data acquisition rates PR

Miistero dellUniversita e della Ricerca L 2

According to detailed Monte Carlo simulations the expected event rates for CTAO
telescopes are:

* LSTs 15 KHz
* MSTs 9 KHz
* SSTs 0.6 KHz

~2000-pixel cameras
Readout of roughly 60-100 ns with 0.25-1 GHz sampling

ASTRI-MA telescopes  0.15 KHz

2368-pixels cameras
Just two float per pixel

15/06/2023 C.Bigongiari 23
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MUR! Data levels description @ mar

Ministero dell'Universita e della Ricerca DI ASTROFISICA

e Level O (DLO): raw data from the hardware/software data acquisition components that are permanently
archived;

e Level 1 (DL1): telescope-wise reconstructed data (reconstructed shower parameters per telescope).
Specific to ASTRI data model, the following sub-data levels are defined:

— Level 1a (DL1a): telescope-wise calibrated data;
— Level 1b (DL1b): telescope-wise cleaned and parameterized data (telescope-wise image parameters);

— Level 1c (DL1c): telescope-wise fully reconstructed data (telescope-wise energy, arrival direction,
particle identity discrimination parameters per telescope)

e Level 2 (DL2): array-wise reconstructed data (reconstructed shower parameters per event).
Specific to the ASTRI data model, the following sub-data levels are defined:

— Level 2a (DL2a): array-wise merged data (array-wise event parameters);

— Level 2b (DL2b): array-wise fully reconstructed data (array-wise energy, arrival direction, particle
identity discrimination parameters per event)

e Level 3 (DL3): reduced data (selected list of events plus corresponding instrument response functions);
e Level 4 (DLA4): science data (high-level scientific data products);

e Level 5 (DL5): observatory data (legacy observatory data and catalogs).

15/06/2023 C.Bigongiari 24



£2Mur! CTAO Data Processing Categories

Data Product Systematic
Purpose Results
Category Errors

Sensitivity

*

. ISTITUTO NAZIONALE

& SIETene

Responsible Responsible
(DLO—DL3) (DL3—DLY5)

Fast alerts and

Category-A Realtime operator In seconds High Low
feedback
Category-B  Next-Day  , roposal Bynext Medium Medium
Monitoring evening
Category-C Final Publication By next month Low High
L A most once .
Category-C+ Reprocessed Publication per year Lower Higher

CTA will have at least 3 data categories, likely 4

15/06/2023 C.Bigongiari

ACADA

DPPS

DPPS

DPPS

SUSS

SUSS

SUSS

SUSS

25
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¢ Mur! CTAO - Archives

Control and
Acquisition

Real-Time
Data
A Processing

Next-Day
Data
Processing

Final Data
Processing

Status and Reporting
o o

C.Bigongiari
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. ISTITUTO NAZIONALE

’ uuuuuuuuuuuuu

Archives are in the centre of science
operations from begin to end
Archiving of data at different levels
(DLO-DL3, DL5, DL6)

Archiving of metadata linked to the
different levels, including provenance
information

Additional information:

— Proposals and Schedules

— Status information

— Monitoring and engineering data

26
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~Mur! CTAO South connection to Europe @ mar

SSSSSSSSSSS

Current route at 10 Gbps via USA (will stay as redundant route) Future route at 100 Gbps (BELLA-S project originally
8 planned end of 2020) to GEANT in Europe
¢ I‘
atant )

(O cLara

..............
. Latin American and

European NREN
communities

www.bella-programme.eu

DFN fer o SGARR ofar ) @moee Ocuana  S¥300s ReNnmr wnowen e RN
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_MUR' CTAO North connection @ mar

Ministero dell Universita e della Ricerca <* DI ASTROFISICA

UCA PoP RedIRIS PoP

RedIRIS PoP

Landing Point
Submarine Cable
Buried Fiber

Backup Capacity (10G)

Pigyingia ge Bants Cruz ge Tenerite

15/06/2023 C.Bigongiari 28
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Mi rsita e della Ricerca DI ASTROFISICA

 The ASI-SSDC (Space Science Data Center):

— Wide experience as MWL data center, both for low-level data products (AGILE
data center, Fermi-LAT/SWIFT/... data mirror center) and high-level data, data
products and catalogs.

— Data and data products integrated in a fully MWL environment (MMIA:
Multi-Mission Interactive Archive).

— Possibility to perform cross-catalog searches between resident and
external catalogs.

— Powerful tools to extract SED of sources and modelisation.

— VHE catalog products from literature already integrated in the TeVGeV
Catalogue.

— Proposed to host also DL4 data from CTA

15/06/2023 C.Bigongiari 29
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"A ASTRI - Archives @ o

* O ASTROFISICA

ASTRI Mini-array Archive System

S e > plays a central role in the whole observing life-cycle of the
Project @ array
T \ > shall guarantee long-term data preservation and access
X ? e > shall manage: observation plans; science data;
Science User A\ best SBs

monitoring/alarm/logging data; system configurations

Event List, Archive
IRF, Manager
Science -
\ Tools

2 separated physical units (10 Gbit/s connected):

\
=

Dissemi g
e / Data On-Site Archive System:
Acquisit . . .
. on > @ Teide Observatory (Tenerife, Spain)
= X > Archive System for temporary storage (~1 week) and services
il e e Mornitor Startup > On-site ICT
Quick-lo ng & Shutdown
ok sann Abort
Observation Array Status Oﬁ'Site Archive System:
Data Processing Siatls il > @ Rome (ltaly)
> Archive System for long-term data storage and services

. Tion oo > Off-site ICT = ASTRI Data Center
— Direct process-to-process data flow Observation Execution AoD
— Control flow
"""" To archive

Interaction with actors

15/06/2023 C.Bigongiari 30



