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ASTRI: Astrophysics with Italian Replicating Technology Mirrors &1 EEE
Mini-Array
ASTRI-Horn Prototype Array of 9 ASTRI telescopes
INAF-led Project funded by Italian Ministry of INAF-led Project with international partners: Univ. of Sao
Research Paulo/FPESP (Brazil), North-West Univ. (S. Africa), IAC

(Spain), FGG, ASI/SSDC, Univ. of Padova, Perugia and
End-to-end prototype installed and operational on |NEN

Mount Etna volcano (Siclly, Italy)
Being deployed at the Observatorio del Teide (Spain)

First detection of a gamma-ray source (Crab  in collaboration with IAC and FGG-INAF.
Nebula) above 5¢c with a dual-mirror,
Schwarzschild-Couder Chrenkov telescope First 4 years = Core Science, following 4 years of

(Lombardi et al., 2020) Observatory Science. Full Science operation = 2026
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Nanni's fundamental contribution
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Abstract. Over a decade ago, the ASTRI program was initiated with the main purpose of
developing compact wide-field IACT telescopes based on mirrors realized with the cold-
shaping glass replication technology invented by INAF. These telescopes were designed
to serve as a model for the array of small-sized telescopes (55Ts) that would eventu-
ally be deploved at the Cherenkov Telescope Array Observatory (CTAO) southern site in
Paranal, Chile. Nanni Bignami was the brain behind the ASTRI program. He not only came
up with the idea but also coined its acronym, which stands for Asrrofisica con Specchi a
Tecnologia Replicante [taliana (meaning: Astrophysics with Mirrors via [talian Replication
Technology). Later, when he became the INAF President, he provided strong support to
the project that 15 mainly funded by the Italian government and, later on, received further
support from various international partners (including the University of Sdo Paulo/FAPESP,
North-West University/South Africa, IAC, Fundacion Galileo Galilei, and University of
Geneva). The program’s initial noteworthy accomplishment was the implementation of the
end-to-end ASTRI-Horn prototype and its installation at the INAF astronomical site of Serra
La MNave (Sicily, on the Etna volcano slope). The prototype included a novel compact cam-
era based on S1PM sensors. It proved the dual-mirror polynomial optical configuration to
be an aplanatic telescope system according to the design and successfully detected the Crab
Mebula in gamma rays. The next step was the implementation of the ASTRI mini-array that
comprises nine telescopes and is being implemented in Tenerife to study the gamma-ray ‘

sky in the energy band (1-100) TeV. I i
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The Schwarzschild Aplanatic Telescope

1905: Karl Schwarzschild solved the Seidel ‘s equations for spherical

aberration and coma finding a relation between parameters capable to |
make a telescope aplanatic. (Couder 1926 = also correction of N
astigmatism with curved focal plane) Viadimir Vassiliev, UCLA

“For any geometry, 2 aspheric mirrors allow the correction of S| and Sll to
give an aplanatic telescope”

Schwarzschild telescope P

KS: /3.0

b= -13.5 (Hyperbola)
bs,= 1.963 (Spheroid)
FoV:2.8 deg
RMSegge~12"

Technology challenge: Aspherical Optics manufacturing + large secondary mirror



1926: Couder solved the thlrd optics equation for SI SlI, Sl removing
the flat field condition o anasti IIC telescope and a

generalization of Schw
“N aspheric optics allow correcting N Seidel aberrations”
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Couder telescope

bS1= -14.203 (Hyperb()la) ﬂ
He obtained a solution with constrain of b =-0.055 (Spheroid)
» D=2f FoV:3.0 deqa
» Curved field RMSgge~1"

Technological obstacle: Aspherical Optics and alignment
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Mini-Array

From X-ray grazing telescopes to SC Cherenkov telescopes

First empirical Analvical solution RT Polynomial
TEEIAEE focalization y optimization

Kirkpatrick - Baez
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Schwarzschild-Couder
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Segmented reflecting surface
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He’s not fat..just a big-bone guy!
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ASTRI Horn mass of about 24 Tons, reduced to 18 Tons
after an important diet for ASTRI Mini-Array!
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Mirrors production — challenge

M1 panels: cold slumping

(@) Preparation of the integration mold (b) Assembly of the sandwich (c) Curing of the glue

(d) Release of the sandwich (e) Coating of the sandwich () Finishing of the mirror

\ / ) - / ® /

Fig. 1 Conceptual description of the (a)-(f) main steps of the cold-slumping technology.

J. Astron. Telesc. Instrum. Syst. 014005-4 Jan-Mar 2022 « Vol. 8(1)

 Dimensions and characteristics (radius of curvature) not a problem

* Sandwich structure made them lightweight (~ 8.5 kg)  The mirror is 180 cm in diameter; therefore, too large for

slabs as thin as those used in cold slumping.
* Being 19 mm in thickness, even the M2 mirror produced

with the hot slumping technique has some criticality
(handling)

In collaboration with Media Lario srl, VETROLAMP srl
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ASTRI-Horn results

A&A 608, AS6(2017)

DOI: 10.1051/0004-6361/201731602 tronomy
oEo Astrophysics

First optical validation of a Schwarzschild Couder telescope:
the ASTRI SST-2M Cherenkov telescope

) > M . M e 9 4 5 .
E. Giro'-%, R. Canestrari’, G. Sironi’. E. Antolini®. P. Conconi’. C. E. Fermino®, C. Gargano’. G. Rodeghiero'-®,
- R . )
FE. Russo’. S. Scuderi®, G. Tosti®, V. Vassiliev’, and G. Pareschi’

A&A 634. A22 (2020)
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i Astrophysics

First detection of the Crab Nebula at TeV energies with a
Cherenkov telescope in a dual-mirror Schwarzschild-Couder
configuration: the ASTRI-Horn telescope

S. Lombardi'-%*_ O. Catalano®*. S. Scuderi**. L. A. Antonelli'2, G. Pareschi’. E. Antolini®, L. Arrabito’.
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M. Cardillo'®, E. Cascone'®, A. Costa®. A. D'A¥’. F. D"Ammando'2, M. Del Santo’. V. Fioretti'2, A. Lamastra’.
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Giro et al. 201
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The ASTRI Mini-Array in a nutshell

Mini-Array

The ASTRI Mini-Array in Tenerife The ASTRI Mini-Array in Italy
» Telescope Array & auxiliaries (Observatorio del « Data Centre in Rome
Teide - OT) - Remote Array operation centers

» Local Control Room @THEMIS building (OT)
* On site Data Centre @IAC Residencia (OT)
 Array operation center @IACTEC in La Laguna
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The ASTRI White Book

Mini-Array

Astrophysics

Volume 35, August 2022, Pages 52-68

ASTRI IRF on Zenodo

«ASTRI Project. (2022). ASTRI Mini-Array
Instrument Response Functions (Prod2, v1.0)»
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Astrophysics

II .,\l':\'H‘l" Volume 35, August 2022, Pages 1-42
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The ASTRI Mini-Array of Cherenkov
telescopes at the Observatorio del Teide

S kel Gk e e e e ASTRI Mini-Array core science at the https://zenodo.org/record/6827882#.YtFC
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Mini but not small...

Mini-Array

Largest Imaging Atmospheric Cherenkov Telescopes facility until CTAO will start

to operate

ASTRI Mini-Array expected performance
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Wide FoV (2 10°), with almost

homogeneous off-axis acceptance
Multi-target fields and extended sources
Enhanced chance for serendipity
discoveries



ASTRI Performance - Flux sensitivity with integration with hundreds &

of hours on the same source

Mini-Array

e
<
—
=
|

o
|
A\
%\d\d% - -

—e
<
—
[y}
|

E? x Flux Sensitivity [erg cm?s™]

_m ASTRI MINI-ARRAY 200 hr
= & ASTRI MINI-ARRAY 500 hr
L 1 ! L]

—

o
N
[}

.y

ﬂ—l_._t-l-i_._u—l—i—r‘?—l

v
%
~

=

L -

_—
-'.. —]

0.01 0.10 1.00
Energy [TeV]

10.00

100.00

Expected performance

Sensitivity: better than that of current IACTs (E > a few TeV)

 Extend the spectra of already detected sources and/or
measure cut-offs .

« Much better angular resolution
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Off — Axis Behavior
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The ASTRI Mini-Array — Synop

Mini-Array

ASTRI Mini-Arra MAGIC VERITAS H.E.S.S. HAWC LHAASO
Location 28° 18" 04" N |28° 45" 22" N 31°40' 30" N 23°16" 18" S 18°59 41" N 29° 21" 31” N
16° 30" 38” W |17° 53’ 30" W110° 57" 7.8” W 16° 30" 00” E 97° 18" 27" W 100° 08" 15" E
Altitude [m] 2,390 2,396 1,268 1,800 4 100 4 410
FoV ~ 10° ~ 3.5° ~ 3.5° ~ 5° 2 sr 2 sr

Angular Res. | 0.05° (30 TeV) |0.07° (1 TeV) 0.07° (1TeV) 0.06° (1TeV) 0.15°@ (10 TeV) (0.24-0.32)°® (100 TeV)
Energy Res. | 12% (10TeV) | 16% (1 TeV) 17% (1TeV) 15% (1TeV) 30% (10TeV) (13-36)% (100 TeV)®
Energy Range| (0.3-200) TeV [(0.05-20) TeV (0.08-30) TeV (0.02-30) TeV'@ (0.1-100) TeV (0.1-1,000) TeV




Observing Strategy

ASTRI will study gamma-ray sources at E >>1 TeV

LOW FLUX!
=» Need for deep exposures

Strategy:
Focus on a few sky fields with long integration time

Normalized Integral Sensitivity

But with features acing-up our sleeve

- Large FoV

— Several sources in the FOV
- Observations with moonlight

— Increases avalil. time ~50-80%
- Large Z.A.

— Increase Aeff @ high energies
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—g—ASTRI mini-array (50 h), E > 2 TeV
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MAGIC (50 h), E > 290 GeV
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ASTRI VS LACT / LHAASO: A HIGH COMPLEMENTARITY!



ASTRI LACT

29°21 27.6 N
100° 08" 196 W
4400 m
YES
8X4 =32

8° -0.2°

Location 28° 17 60" N
16° 30" 21" W
Altitude 2400 m
Monsoon NO
Number of Telescopes 9

Field of View & Pixel Size & 10.5° - 0.2°
Number of pixels

Muon anticoincidence NO
Angular resolution @30 3 arcmin (constant
TeV across the FOV)
Energy Resolution 10-15 %
Flux Sensitivity extended O E-11 cgs (9
sources (Crab spectrum) telescopes)
Monsoon NO

YES
6 - 8 arcmin

10-20 %
E-12 cgs (8 telescopes)

YES



DAYS OF PRECIPITATIONS
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Observation duty-cycle Mi,,i_,

Gain Factor with Moon-light

Moonless Night Hours 1565 h 2.0
Fraction of clear nights (cloud coverage <207%) 0.79 G
Fractional loss due to bad weather 0.04 He
Fractional loss due to “Calima” 0.07 S 1e
Average Annual Observation Time 1104 h E 14

12

1.0 |

b 5 10 15 20 25 30 35 40

Setting 15 NSB as limit » AAOT~2000h .. > ® * = > ~_

Extra exposure

0 5 10 15 20 25 30 35 A0
NSE [ x Dark ]
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ASTRI follow up of LHAASO Sources

Pillar-1

Pillar-2 Q
LHAASO Sky @ >100 TeV 77

-20° limit
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Crab Nebula

T nrversa oo
e Many of the LHAASO
sources are still unidentified

Dec=60" Dec=50 Dec=40" Dec=30 Dec=20" Dec=10" ec=0° Dec=-10°
LHAASO J2226+6087 LHAASO J2032+4102 LHAASO J1956+2845 LHAASO J1908+0621 LHAASO J1843-0338 LHAASO J1825-1326

o \ \ \ W o PWNe and Halos up to PeV

energies?
o Few SNRs and YSO?

.

LHAASO J210845157 LHAASO J2018+43651 LHAASO J1929+1745 ASO J1849-0003 LHAASO J1839-0545

70 60
Galactic longitude (deg)

1 Galactic latitude (deg)
S OO A RDON S OB O® O

-
o

e Source confusion?



ASTRI Science

Example of possible soures

: . Name Type Req. Exposure (Hrs
Pillar 1: The origin of CRs P 9. Exposure (Hrs)
Tycho Snr SNR 400
I Gal. Center Diffuse 260
- PeVatrons VER J1907 B 500
G106.3+2.7 / \ 200
- CRs Propagation B, ‘ v-Cygni Large 500
W28 _ 500
| M82 exposure time |00
- Pulsar Wind Nebulae 1 crab _ _ 300
| Geminga . IS required /500
Pillar 2 : Cosmology and Fundamental | ic 310 Radio gal 10-500
Physics M87 Radio gal 10-500

| Mkn 501 Blazar 5-500
' 1ES 0229+200 Blazar 200-250
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Cygnus OB2 region after LHAASO

A Messy situation...

Galactic Latitude (deq)

10 #

un
1

o
1

|
o)
I

_10 .l

Cyg OB2

: )
LH 31+4127
@ """"" 600 TeV - 1 PeV
I

400 TeV - 600 TeV

® >1Pev

90

85 80 75 70
Galactic Longitude (deg)
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The data challenge of the Cygnus region

We simulated a survey of the Cygnus region, adopting 15 pointing
positions along the Galactic longitude in the [60-85 deg] range.

All the known sources (eg from 3rd HAWC catalogue + LHAASO) and
the Galactic diffuse component (from Gaggiero et al.) were simulated.

400
- 350

- 300

Background map of the region,
brightness indicates regions of higher exposure

150

100

50

80° 70° 60°
Galactic Longitude

Excess map of the region,
brighter points indicate source or diffuse emission
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Cygnus OB2 region after LHAASO

<i> Total Exposure 200 hr

Mini-Array

3000

ol A1E J1951+293
J2043+443 5

@ J2006+340 O
O Ap= 19554284
-1 e O {
= M (::)

Ny
65

6 6 18 30 41 77 89 ¥

ASTRI Mini-Array simulations of the Cygnus region mini-survey. Sky map units are counts/pixels. The simulations combined 50
different pointings, at the same Galactic latitude and spaced by 0.4° in Galactic longitude, from (I, b) = (64, 0) to (I, b) = (84, 0),
and lasting 4 h hours each, respectively.

Third HAWC Catalog of very high-energy y-ray sources. Thirteen of them fall inside the area considered and were simulated
according to their published spectral parameters.

Ten of these very high-energy sources are always significantly detected by the ASTRI Mini-Array, even at the shortest (50 h)
exposure time. The ASTRI Mini-Array wide FoV (~10- in diameter) and the stable off-axis performance will allow us to

Investigate this region with a single pointing and prolonged exposure, performing a more accurate morphological measurement
on the core region of the bubble discovered by LHAASO.




The Galactic Center — a challenge in a challenge

': ;4 "'.:V .5. .:-
| Srate 3
g N \'..E:: : ;‘.":'3\

Mini-Array

It is a complex region harbouring several potential
sources of particle acceleration

It can be observed by the ASTRI Mini-Array also at high
zenith angles

Current IACTs detected non-variable emission with no
significant cut-off up to a few tens of TeV

ASTRI Mini-Array assets
* the large FoV will allow us to map the whole GC
region in a single observation

* the excellent angular resolution could help us to
identify any HE source among several candidates

—&— HESS

—&— MAGIC
—&— ASTRI 260h
— Best Fit
-=— 68%

== 90%

Galactic Center Region

H

o
A
=

E2 Flux [erg cm? s71]

H

o
b
[N

1071 10° 10? 102 10°
Energy [TeV]

Spatial and spectral characterization of the inner Galactic
Ridge emission @ (HESS Collab., 2018)

HESS, MAGIC and ASTRI spectra fitted with a proton
population with a cut-off power-law with E_, = 120 PeV

Exclude a cut-off in proton pop. below 3.5 PeV, 2.0
PeV, and 1.7 PeV at 68%, 90%, and 95% C.L.
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AASTED

Mini-Array

The mini-array @Teide: the adventure starting!

ASTRI: a new pathfinder of the arrays of
Cherenkov telescopes

On June 12nd 2019, in La Laguna (Tenerife, Spain) Prof. Nichi D’Amico, President of
the Italian National Institute for Astrophysics (INAF), and Prof. Rafael Rebolo Lopez,
Director of the Instituto de Astrofisica de Canaries, signed a Record of
Understanding to enter a detailed negotiation on a technical and programmatic

basis aimed to install and operate the ASTRI Mini-Array at the Observatorio del
Teide

12 June 2019

INAF and IAC Representatives on the Teide Observatory site
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The ASTRI Mini-Array @ the Teide observatory AETER

Mini-Array

ASTRI-7
Weather Station 1

-

“ ASTRI-6

ASTRI-1

Control Room

bd

Transfenmger Station

ASTRI-4 AT

Telescope

ASTRI-3

: a
Transformation ‘ o
R

station

Weather station 2

£
ASTRI-1 |
ASTRI-2
Slooh Teide
Observatory. (STO)

o ASTRI-8
Data Centre

Observatorio ° |

Astronomico del Teide " »

% Wl 7 .
P Weather station 1
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Mirrors alignment: identification

Mini-Array

A. Ghedina, SPIE Astronomical Telescopes + Instrumentation, 3
18/07/2024 3
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ASTRI latest achievements

wi Mini /
File Expent Help
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The ASTRI Camera

Mini-Array
| E!fi,}g‘ii ~« SIPM: 7x7 mm? , 50% PDE, bias voltage down to 30V Hamamtsu

» CITIROC ASIC by Weeroc/INAF - Peak detection technique —
store the signal proportional to the charge injected in the pixel and
time of arrival

* Variance technigue — signal proportional to photon flux —» NSB
measurements & camera astrometric calibration

« Data produced by a telescope 50 GByte/hour — all data transfer
to offsite data centre in 15 min

 — No need for onsite pre-processing, data storage and array
stereo trigger — simplified onsite ICT and operational software

In collaboration with CAEN spa + EIE GROUP srl + Nuclear Instruments srl



Mini-Array

CREDITS: Dal Ben spa and EIE GROUP srl




ASTRI Mini-Array: Status

Mini-Array

Two telescopes (ASTRI-1
and 3) at the site

ASTRI-1 complete with

P Camera

} OﬂSlte ICT at the site

Three cameras in production

S Further telescopes shipped or to be shipped soon

A. Ghedina, SPIE Astronomical Telescopes + Instrumentation, 18/07/2024



The other 8 telescope structures are under completion

iy oo -TT,'» i rT;ﬁr v

e e el

CREDITS: Dal Ben spa and EIE GROUP srl



The ASTRI Camera
-l 1 T

=t
L

[ |, Wil vams | ~ + SiPM: 7x7 mm?2 , 50% PDE, bias voltage down to 30V Hamamtsu

» CITIROC ASIC by Weeroc/INAF - Peak detection technique —
store the signal proportional to the charge injected in the pixel and
time of arrival

* Variance technigue — signal proportional to photon flux —» NSB
measurements & camera astrometric calibration

« Data produced by a telescope 50 GByte/hour — all data transfer
to offsite data centre in 15 min

 — No need for onsite pre-processing, data storage and array
stereo trigger — simplified onsite ICT and operational software

In collaboration with CAEN spa + EIE GROUP srl + Nuclear Instruments srl
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ASTRI latest achievements
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Observation duty-cycle Mi,,i_,

Gain Factor with Moon-light

I
=

Moonless Night Hours 1565 h

Fraction of clear nights (cloud coverage <207%) 0.79 Gemi
Fractional loss due to bad weather 0.04 ' //M_
0.07 _ -

Fractional loss due to “Calima”

=
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I_I
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350 hrs of Data

220 hrs = Crab Data
— Wobble angles =0.5, 1.5, 2.5,3.5, 4.5
— ZA=5-60
— Dark Sky and Moonlight (phase =0-0.6)

130 hrs = OFF pointings data
— ZA=1
— ZA =20 AZ =0, 180 degrees
— ZA=40AZ=0,90, 180, 270 degrees
— ZA=60AZ=0,90, 180, 270 Degrees

Variance and Sky Quality Monitor

Calibration data
®

single run SkyMap (22 minutes

Galactic latitude

-8.000 -7.000 -6.000 -5.000 -4.000 -3.000 -2.000

-9.000

33

Single run SkyMap (22 minutes)

188.000 187.000 186.000 185.000 184.000 183.000 182.000 181.000

Galactic longitude

Mini-Array

3.7 4 44 4.7 5.1 5.4 5.8

6.2



Py
4

Direct monitoring of the sky Mini-Array

RUN 808 FRAME 600

Thanks to the variance channel, the sky

is simultaneously monitored using the e
variance channel.

r 50
Magnitude Limit : ~ 8
with integration of 1 second 40

, WD.50p090

HIP26248 HIP25539

HIP26640

30

HIP26396 HIP24822

HIP25695

20

10
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Direct measurement of the night-sky background

NSB
(V Band)
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180

\/
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v o|®
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Fixed-60-000

Fixed-60-180

00.“..."
e *p
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-2 -1 0 1
Time since 00:00 UTC [hr]

.

OffFixed-40-090

.000..

Crab Wobble

. 3

ASTES

Mini-Array
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Crab Events (very rough analysis)

Exposure 77 hr
Excesses 1124.8
Rate 14.543 hr-1

Rate tot ~21 hr-1
Li&Ma 19.647 sigma

(gammaness >0.85)

26°

24°

20°

18°

80°

82°

84°
RA [deq]

86°

Mini-Array

% crab
«  pipeline

88°
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ASTRI-1 Gamma- ray PSE Mini-Ar?éy

Gaussian + Background Crab PSF

—— Gauss+bkg

sigma = 0.16 deg M
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ASTRI Mini-Array: Timeline

Site Infrastructure completed

First telescope ASTRI-1 accepted October 2023

First camera on ASTRI-1 delivered at end of July 2024

Data taking for commissioning of ASTRI-1 completed in February
2025

On site ICT delivered in October 2024

Second telescope (ASTRI-3) integrated in January 2025 =»
ASTRI-3 acceptance tests ongoing

Mini-Array

Three telescopes (ASTRI-2, 4 and 6) will be integrated at site from
beginning of May ‘25 (already shipped to Tnerife)

ASTRI-5 and ASTRI-7 will follow in June 25

Second Cherenkov camera ready to be shipped end of May 25
Two more cameras by fall of 2025

Scientific operations will start with a partial array in 2025 (4

telescopes by the end of the year) _ -
Mini-Array completed in 2026 Eager to collaborate with existing and future gamma-

ray facilities! (MAGIC, HESS, VERITAS, HAWC,
LHAAZO/LACT, CTAO, SWGO...) :




-Array

ini

M

ASTRI Summer plans
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