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ASTRI: What’s in a name?

Name given by Nanni Bignami

ASTRI - Astrofisica con Specchi a Tecnologia Replicante Italiana
Astrophysics with Mirrors via Italian Replication Technology

ASTRI was born as a “flagship project” funded by the 
Italian Ministry of University and Scientific Research 
with the l aim to design, realize and deploy:

a) an innovative end-to-end prototype of the 4 
meters class wide-field telescopes to be tested in an 
astronomical site (INAF – Catania on Etna Volcano); 
b) a mini-array of telescopes based on the new 
technology, aiming also to early science in the 1-100 
TeV energy window. 

ASTRI will also  pave the way to INAF participation in 
CTA



He’s not fat, he’s just big boned!
Mechanical Structure

Dimensions & Mass
Height of the Telescope (pointing 
horizontally & vertically) 7.5 m & 8.6 m

Radius of free area for Az. 
Movements 5.3 m

Total Mass of the prototype 19000 kg

Tracking & Pointing
Driver Encoder Precision 2 arcsec
Tracking Precision <0.1°
Pointing Precision After Calibration 5 arcsec

105 kg x 172 cm

A&A proofs: manuscript no. aa_paper_optical_quality_ver1

has been carried out using Polaris as a target and included two
phases:

- Alignment of the OS components
- PSF characterization over the entire FoV

3.1. Alignment of the OS components

Active mirror control system (AMC) (Gardiol et al. 2014) of AS-
TRI SST-2M consists of tip-tilt correction alignment mechanism
installed on each individual M1 segment and tip-tilt combined
with translation alignment mechanism installed on monolithic
M2. Each M1 segment has three points mounting with one point
fixed on a ball joint and two others attached to the actuators al-
lowing tip-tilt adjustment in the range of 1.5� with the resolution
of a few arcseconds. Three actuators control the position of M2
permitting 15mm motion along optical axis with the resolution
of 0.1 mm and maximum range of tip-tilt correction of 0.25�. To
align the OS a large size CCD (37 mm ⇥ 37 mm, corresponding
to 1�⇥ 1� in the sky, )3 was placed at the nominal position of
the telescope focal plane pointing the Polaris star. The structure
of Polaris image was then analyzed to deduce alignment correc-
tions for M2 and each individual M1 segment. As described in
section ??, the on-axis image of a point source for the ideal re-
alization of ASTRI SST-2M OS has non-zero PSF and, hence,
has extended image whose structure depends on the alignment
of the OS components. Figure 2 shows the on-axis simulated
structure of such an ideal image in which di↵erent colors denote
the contributions from the three types of M1 segments illustrated
in Figure 1. The alignment procedure consists of moving all the
OS elements to reproduce the structure of the ideal PSF. As a
first step in the alignment process the distance between M2 and
the focal surface were adjusted to match the dimension of the
images of M1 segments of ideal on-axis PSF. Once this distance
is fixed, the tip-tilt corrections were applied to each individual
M1 segment to reproduce its contribution to the ideal PSF. Non-
idealities of the fabrication of figures of individual M1 segments
and M2 as well as M1–to–M2 distance misalignment residual
were not taken into account at this stage. A detailed description
of all alignment procedures undertaken is currently in prepara-
tion (?).
As a second step a smaller size CCD (27 mm ⇥18 mm i.e.
0.5� ⇥ 0.7� in the sky)4 has been mounted on a custom jig de-
signed to allow the positioning of the camera at 7 field angles
on the focal surface: 0�,±1.5�,±3�,±4.5�. A fine tuning of the
tip-tilt corrections of M1 segments was performed at the o↵-axis
position where the PSF dimension is minimized by design. As
shown in 5 this condition corresponds to 3� o↵-axis.

3.2. PSF characterization over the entire FoV

To characterize PSF over the entire FoV we maintained the same
configuration described for the fine-tuning. A typical PSF image
is covering an area with a diameter of about 600 CCD pixels re-
solving reliably details of the substructures in it. For each of the
seven field angles, four frames were acquired with 2.5 seconds
exposure on October 16th, 2016. These images are shown in Fig.
5. A square, representing the dimension of the SiPM pixel, is
over–plotted on each PSF for reference. The energy flux in the
small substructures of the PSF image visible outside the SiPM
pixel area doesn’t exceed a few parts over hundred of the total

3 CCD KAF-09000 is mounted in a Pro Line Fingerlake camera
4 CCD KAI-16050-A is assembled in a SVS-VISTEK GigE camera

Fig. 3. Comparison of D80 as a function of field angle (o↵-axis) be-
tween its ideal (solid curve) and measured at ASTRI SST-2M (dashed
curve) values. SiPM pixel size (dashed horizontal line) and CTA design
requirement (solid horizontal line) are also shown for reference. The
pixel size of the CCD camera used for these measurements has dimen-
sion of about 2 arcsec on the focal plane, which is negligible for the
interpretation of these curves.

Fig. 4. EE parameter measured as function of radial distance for di↵er-
ent angular positions on the focal plane. The vertical lines represent the
SiPM pixel size (thin) and the CTA design requirement (thick).

detected energy flux. To calculate D80 parameter a background
image was acquired on the nearby sky patch without bright stars
in the CCD field and it was directly subtracted from the corre-
sponding PSF image. The D80 values for each o↵-axis position
wer calculated using the total photon flux contained in the sub-
tracted PSF image of the entire CCD field and then plotted in
Figure 3. The obtained values (filled circles on dashed curve) fol-
low a pattern similar to the ideal PSF design (continuous curve)
with an additional aberration due to contributions from manufac-
turing errors of M1 and M2 figures and residual misalignment
of the OS. These contributions are consistent with the estimates
foreseen during ASTRI SST-2M design for uncorrelated compo-
nents and are of about 0.1�.
In summary, the measured D80 values are contained within the
SiPM pixel size (dashed horizontal line) across the entire FoV
and they are well below the CTA requirement (horizontal solid
line). Figure 4 shows the EE values derived from the subtracted
PSF images for each o↵-axis position. The SiPM pixel size
(thick line) is displayed on this figure for reference.
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Polynomial design developed by P. Conconi 



Generalized 
Schwarzschild 
theorem:
4For any geometry 
with reasonable 
separations between 
the optical elements, 
it is possible to 
correct  n primary 
aberrations with n 
powered elements.<  
(1905)

23/02/15 09:27Karl Schwarzschild - Wikipedia, the free encyclopedia
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Karl Schwarzschild

Karl Schwarzschild (1873–1916)

Born October 9, 1873
Frankfurt am Main

Died May 11, 1916 (aged 42)
Potsdam

Nationality German

Fields Physics
Astronomy

Alma mater Ludwig Maximilian University of
Munich

Doctoral
advisor Hugo von Seeliger

Influenced Martin Schwarzschild

Karl Schwarzschild
From Wikipedia, the free encyclopedia

Karl Schwarzschild ([ˈkaʁl ˈʃvaʁtsʃɪlt]) (October 9, 1873
– May 11, 1916) was a German physicist and astronomer.
He is also the father of astrophysicist Martin
Schwarzschild.

He provided the first exact solution to the Einstein field
equations of general relativity, for the limited case of a
single spherical non-rotating mass, which he
accomplished in 1915, the same year that Einstein first
introduced general relativity. The Schwarzschild solution,
which makes use of Schwarzschild coordinates and the
Schwarzschild metric, leads to a derivation of the
Schwarzschild radius, which is the size of the event
horizon of a non-rotating black hole.

Schwarzschild accomplished this triumph while serving in
the German army during World War I. He died the
following year from the autoimmune disease pemphigus,
which he developed while at the Russian front.

Asteroid 837 Schwarzschilda is named in his honor.
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Life

Vladimir Vassiliev recovered the configuration for Cherenkov telescopes. Thanks!



X-ray telescopes: Polynomial
2010: Conconi et al. applied polynomial solution to design an X-ray telescope with a resolution of 5’’ on a field of
1°

6

Study for WFXT

Conconi et al. 2013, arXiv:0912.5331
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Addio al premio Nobel per la fisica
Riccardo Giacconi

Aveva 87 anni. Insignito del Nobel per la fisica nel
2002, Giacconi è da tutti riconosciuto come padre e
fondatore dell'astronomia a raggi X. A lui si deve la
scoperta di Scorpius X-1, ma anche il lancio del
satellite Uhuru della Nasa

(foto: Roberto Serra/Iguana Press/Getty Images)

Dopo aver mostrato al mondo il cuore violento dell’Universo, è scomparso a

San Diego, a 87 anni e due mesi di età, l’astrofisico Riccardo Giacconi, di

origini italiane e naturalizzato statunitense. La notizia è stata confermata,

per primo, dall’Istituto nazionale di astrofisica (l’Inaf). Giacconi è noto

soprattutto per aver vinto nel 2002, insieme a Raymond Davis Jr e Masatoshi

Koshiba, il premio Nobel per la fisica, grazie ai suoi contributi pionieristici

nel campo dell’astronomia basata sui raggi X

VIDEO

(https://www.wired.it/author/gdotti/)

di Gianluca Dotti

(https://www.wired.it/author/gdotti/)

Giornalista

scientifico

(https://www.wired.it/author/gdotti/)

10 DEC, 2018
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Polynomial design of SC grazing incidence

optics elaborated by P. Conconi (2010), after

first Riccardo’s suggestion (1991) …and many

interaction with him
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ASTRI SST-2M prototype end-to-end

• Test of new technologies

• Test of the dual mirror approach 
for Cherenkov astronomy

• Development of a new camera 
(entarily developed in INAF!) with 
low data rate and consumption

• Debug of the entire system! è
increase of reliability for array 



Mirror replication technology

2. Design and Prototyping 2.1 Design
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22 – Main steps of the panel manufacturing process. From top-left, clockwise: mould realization; front glass is
made to adhere by vacuum suction to the mould; the epoxy resin structural adhesive is spread on the glass; the Aluminium
honeycomb is positioned and the back glass foil is added on the top. The resin is made to polymerize with the proper curing
cycle and the sandwich is finally released and coated.

few samples. For the ASTRI-SST-2M prototype both solutions have been produced in order to better
evaluate the two technologies during operation in Serra La Nave.

Even though the dielectric based coating appears to cut off sharply at wavelengths shorter than 350nm,
somewhat longer than the specification value of 300 nm, we nevertheless decided to install it in the
prototype telescope for its value as a demonstrator of the technology. 

 

Figure 2.23 – Left side: simulated (dotted blue curve) and measured (black curve) of dielectric based coating. Right side:
Simulated curves (dotted curves) and measured one (Black curve) for metallic coating.

The cut-off at 350 nm will be mostly compensated by the higher efficiency of the Silicon photomultipliers
at theshorter wavelengths, so that we expect only minor reductions in sensitivity.

We have designed a shipping crate in order to ship M1 mirrors safely. Two crates, that can fit on a
standard wooden pallet, are large enough for the shipping of a complete set of M1 mirrors.

CTA Construction Project
SST-2M ASTRI TDR

Page 29 of 134 SST-TDR/140530 | v.1.3 | 16 May 2015



Segmented reflecting surface

Tenerife, 13 Nov 2019 9

JWST, reflecting suface cost: è
2 M$/m2 ASTRI, reflecting surface cost: 

è 0.002 M$/m2

Credits: NASA



ASTRI - HORN: Inauguration

Inauguration of the prototype @ INAF-Catania mountain station in Serra La Nave placed
at 1725 meters on the Etna volcano

24th September 2014



ASTRI - HORN: Dedication to Horn D’ArturoASTRI	dedication	to	Horn	d’Arturo,	the	father	of	the	segmented	mirrors		

10th of November 2018
Dedication of ASTRI prototype telescope to Guido Horn 
D’Arturo inventor of the segmented astronomical mirrors
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CITIROC ASIC

10

The ASTRI Camera

M. Fiorini SST Meeting, Amsterdam 4-5 June 2014

PDM: CITIROC ASIC

The first batch of CITIROC 
ASICs is ready

INAF has the Intellectual 
Property of the design 

CITIROC is available as:
• LQFP160 case
• Naked die 4.1 x 4.1 mm2

Weeroc + INAF
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ASTRI Prototype: PSF across the field of view

FoV
position 

(deg)

D80 
(mm)

4.5 6.72

3.0 6.32

1.5 7.28

0.0 6.86

-1.5 6.32

-3.0 5.50

-4.5 6.90

SiPM pixel linear dimension: 
7 mm ® 11.2 arcmin



ASTRI - HORN: ASTRI camera first Cherenkov Light

25th of May 2017
First Cherenkov light with the ASTRI camera

1500

0

A dedication to Nanni!
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Data Analysis with astripipe

ASTRI SST-2M prototype, December 2018

15

ASTRI – Horn: Crab Nebula Detection

Observations between 5th and 11th december 2018

Energy threshold ~ 3.5 TeV

1
5

First detection of a 
Gamma Ray Source 

with a IACT dual-
mirror telescope!!!

NON = 360, NOFF = 233, NEXC = 127, NORMON/OFF=0.9

sLi&Ma = 5.4



ASTRI mini-array: The next step of the program
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The ASTRI mini-array will be a new pathfinder of the arrays of Cherenkov telescopes

• INAF commitment with the Italian government and international partners (University of Sao

Paulo/FPESP - Brazil, North-West University - South Africa)

• Dedicated funding

• It will composed by 9 ASTRI telescopes, evolution of the ASTRI-Horn prototype successfully

implemented and tested

• It will deployed at the Teide Observatory (Canary Islands) in collaboration with IAC

Credits: M. Leone



Cherenkov light and pool versu energy

Radial profile of Cherenkov light originated from an electromag-netic shower initiated by a gamma ray:

~103

~100



The ASTRI mini-array @Tenerife
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13/11/19 08:00ASTRI: a new pathfinder of the arrays of Cherenkov telescopes — English
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You are here: Home › INAF News › ASTRI: a new pathfinder of the arrays of
Cherenkov telescopes

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

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

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.

This is an important step forward for the ASTRI Collaboration among INAF, the
Universidade de Sao Paulo in Brazil and the North-Western University in South
Africa, including now the prestigious Spanish institution.
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INAF and IAC Representatives on the Teide Observatory site

ASTRI (Astrofisica con Specchi a Tecnologia Replicante Italiana), was born in 2011
as a Flag-ship Project of the Italian Ministry for Education and Research (MIUR) in
order to establish a new and innovative end-to-end technology dedicated to the
implementation of Cherenkov imaging telescopes  for high energy astrophysics. The
project was again funded in 2015 in order to finalize a collection of up to nine
telescopes to be operated as an array.  This option, already foreseen in the original
Project, and denominated “ASTRI Mini-Array”, is now prone to be implemented on
an adequate observing site, and launched towards an authoritative “early science”
by using the technique of Cherenkov telescopes arrays.

ASTRI-Horn prototype telescope, which is installed since a few years at the
astronomical INAF site on the slopes of the Etna Mount in Sicily

The first ASTRI prototype was installed at INAF Serra La Nave Observatory in Sicily,
and was inaugurated in 2014. Subsequently dedicated to Guido Horn d’Arturo, the
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Mast
structure with
only three
legs

M2 bus
modified

AMC radially 
mounted for an 
easier mirrors 
integration

ASTRI Pre-production activities: Design Consolidation

Prototype Pre-production

Scheduled production of the first telescope 
for the end of the year



ASTRI mini-array: Site design

20

Site ready to host the first telescope in one year
ASTRI-1

ASTRI-2
ASTRI-3

ASTRI-5

ASTRI-4

ASTRI-6
ASTRI-7

ASTRI-9
ASTRI-8



Remote CTRL rooms

Data Analysis & Archive

ASTRI mini-array: The physical layout 
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Array @ OT

On-Site ICT @ OT
CTRL room @ OT

CTRL room @ IAC

10 Gbit 10 Gbit

• It will be developed in order to be operated, after the commissioning phase, remotely.

• Data analysis will be performed off-site (3 TeraBytes/night)



Science Operations 1/2

• During the first  years of operations the ASTRI mini array will be 
run as an experiment and not as an observatory

• The ASTRI Science team will develop a strategy to concentrate 
the ASTRI observational time on a limited number of programs 
with clearly identified objectives. This will produce an 
observation schedule that will span several months at a time. 

• No real time analysis of the data is foreseen but only a data 
quality check. Data analysis policy adopted will then be next 
day processing. 
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Science Operations 2/2

• No array trigger (stereo trigger) will be implemented at the site. Any search 
for Cherenkov events detected in coincidence by more than one telescope 
will be performed via software off-line at the Rome Data Center.

• No subarray operation is foreseen for the ASTRI mini array.

• Night Science operation is controlled from a control room located in La 
Laguna @ IAC (possibly also from TNG and Italy, TBC), so no people are 
required to be present at the mini array site during the night. A control 
room will be also available at the mini array site at the Themis Observatory 
(TBC) and will be mainly used during commissioning and science verification 
or in case of other special activities.



ASTRI mini-array: mini but not small…
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Science at very high gamma ray energy in the northern hemisphere!

Expected performance:
• Sensitivity: better than current IACTs (E > 10 TeV):

• Possibility to extend the spectra of already detected sources and/or measure cut-

offs

• Possibility to characterize the morphology of extended sources at the highest VHE

• Energy/Angular resolution: < ~10% / < ~ 0.1° (E > ~ 10 TeV)
• Wide FoV (3 ° diameter in gamma rays 5% sens), with homogeneous off-axis 

acceptance
• Optimal for multi-target fields, surveys, and extended sources

• Enhanced chance for serendipity discoveries



ASTRI mini-array: energy resolution
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ASTRI Mini-Array Core Science

rays in each estimated-energy bin (21 logarithmic bins be-
tween 10*1.9Ù 0.01 TeV and 102.3Ù 200 TeV) and in each
o�-axis bin (10 linear bins between 0° and 5°). The defini-
tion of the energy bins are compliant with the usual prescrip-
tion adopted in the CTA Consortium (Acharyya et al., 2019).
However, it should be noted that the response function of
the ASTRI Mini-Array are meaningful above Ì0.5 TeV, be-
cause of the energy threshold of the system. The final IRFs
include e�ective collection area, angular resolution, energy
dispersion, and residual background rate1, as a function of
the energy and o�-axis angle.

2.3. The ASTRI Mini-Array Performance
2.4. On-axis performance

In order to obtain the on-axis performance the MC point-
like gamma and di�use background samples (see Tab. 1)
were used. In Fig. 2, 3, and 4, the main on-axis perfor-
mance quantities are displayed, in the energy range between
10*1Ù 0.1 TeV and 102.5Ù 300 TeV, considering five loga-
rithmic energy bins per decade. Above a few TeV, the en-
ergy resolution is of the order of 10%, while the angular res-
olution is better than Ì4 arcmin, reaching a minimum value
of 3 arcmin (0.05°) at Ì10 TeV. The di�erential sensitiv-
ity in 50 hours of observations surpasses the ones achieved
by the present IACTs (H.E.S.S., MAGIC, and VERITAS)
for energies above a few TeV (Acharyya et al., 2019). In
Fig. 5, the integral sensitivity (expressed in Crab Nebula
Units, C.U. (Aharonian et al., 2004)) for sources with a Crab
Nebula-like spectrum above a given energy threshold (5 per
decade) for 50 hours of observations is depicted. The inte-
gral sensitivity of the system is Ì1.5% and Ì15% of the Crab
Nebula flux above an energy threshold of Ì2 TeV, Ì30 TeV,
respectively.

,
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Figure 2: On-axis energy resolution of the ASTRI Mini-Array
as a function of the energy between Ù 0.1 TeV and Ù 300 TeV.

,
1For the computation of the residual background rate, the background

events were reweighed in order to match the experimental fluxes as mea-
sured by the BESS Collaboration (Sanuki et al., 2000) for protons and by
the Fermi-LAT (Ackermann et al., 2010) and H.E.S.S. (Aharonian et al.,
2008a) Collaborations for electrons, respectively.
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Figure 3: On-axis angular resolution of the ASTRI Mini-Array
as a function of the energy between Ù 0.1 TeV and Ù 300 TeV.
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Figure 4: On-axis differential sensitivity (multiplied by energy
squared) of the ASTRI Mini-Array for 50 hours of observations
as a function of the energy between Ù 0.1 TeV and Ù 300 TeV.

,

2.5. O�-axis performance
The o�-axis performance quantities were derived con-

sidering the MC di�use gamma sample, along with the dif-
fuse background samples (see Tab. 1). All samples were di-
vided in 5 source o�-axis bins between 0° and 5°. In Fig. 6, 7,
and 8, the main o�-axis performance quantities are display
for each o�-axis bins (left plots), in the energy range between
10*1Ù 0.1 TeV and 102.5Ù 300 TeV, considering five loga-
rithmic energy bins per decade. In the same figures (right
plots), the ratio between the o�-axis performance quantities
with respect the one achieved in the first considered o�-axis
bin are also shown. Remarkably, the o�-axis performance
worsen down to Ì50% of the on-axis performance at 5°, al-
lowing the system to reach an unprecedented performance
over a wide field of view of several squared degrees. This
performance represents a key feature of the system, which is
particularly important for observations of extended sources,
large sky-surveys, and possible serendipity discoveries.

,

S. Vercellone et al.: Preprint submitted to Elsevier Page 5 of 61
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Figure 5: On-axis integral sensitivity of the ASTRI Mini-Array
for sources with a Crab Nebula-like spectrum for 50 hours of
observations as a function of the energy threshold in the range
between Ù 0.1 TeV and Ù 300 TeV.

,
,

2.6. Impact of the di�erent ASTRI Mini-Array
layout at the Teide observatory

As already discussed, the ASTRI Mini-Array will be de-
ployed at the Teide Observatory, in the Canary Island of
Tenerife. While the main single-telescope components will
be basically the same as the ones considered in this work,
the overall array layout (henceforth, Teide layout) will dif-
fer, to some extent, from the one shown in Fig. 1 (hence-
forth, Paranal layout). In order to get a preliminary estimate
of the possible impact on the performance, a dedicated MC
production of only point-like gamma-ray events was pro-
duced, considering the same shower parameters as shown
in Tab. 1 and a realistic, although preliminary, Teide lay-
out. Then, some comparisons of basic quantities at trigger
level between the two layouts were performed. The main
outcomes of such comparisons were:

• The trigger energy threshold of the Teide layout is
Ì40% lower than the one achieved by the Paranal lay-
out.

• For energies above Ì1 TeV (up to the highest ener-
gies), the e�ective collection area of the Teide layout
is Ì80% of the Paranal layout one. For energies below
Ì1 TeV, instead, the former quantity becomes signif-
icantly higher than the latter.

• In the entire energy range, the average multiplicity (i.e.
the average number of telescopes that give trigger for
a given event) of the Teide layout is always higher (up
to Ì30%, depending on the energy) than the one of the
Paranal layout.

All the above mentioned results are likely due to the some-
what more compact configuration of the Teide layout with
respect the Paranal layout. Assuming that the di�erences be-
tween the two layouts at the trigger level propagate, on a first
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Figure 6: Top: Off-axis energy resolution of the ASTRI Mini-
Array as a function of the energy between 10*1Ù 0.1 TeV and
102.5Ù 300 TeV for 5 source off-axis bins between 0° and 5°.
Bottom: Energy resolution ratios with respect to the energy
resolution achieved in the first considered off-axis bin (from 0°
to 1°). The ratio is calculated so that higher values correspond
to better performance. The dashed, thin red line represents the
50% performance drop.

approximation, almost invariably at the higher analysis level,
one can estimate that the performance of the ASTRI Mini-
Array at the Teide observatory (for low zenith angles and
energies above Ì1 TeV) should not di�er more than Ì20%
from the one presented in Sec. 2.4 and 2.5. The actual dif-
ference in performance will be fully characterized once the
complete MC production of the ASTRI Mini-Array at the
Teide Observatory will be accomplished.

3. ASTRI Mini-Array Core Science
The ASTRI Mini-Array will start deploying the first tele-

scopes on-site starting from late 2021 (??). Commissioning
and preliminary observations will begin in 2022 (??). We
plan to devote the first two or three years on specific science
topic, with the aim to provide robust answers to a few well-
determined open questions. In particular, we will take ad-
vantage of the wide field of view (Ì 10˝) to simultaneously
investigate more than one source during the same pointing
and to study complex Galactic regions, such as the Cygnus
region or the Galactic center, where the di�use emission and
the high number of sources need careful data analysis. We
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Table 6
Summary of the performance of the current main imaging atmospheric Cherenkov telescope arrays and water Cherenkov
detectors. References. ASTRI Mini-array: this work. MAGIC: Aleksić et al. (2016). VERITAS: Holder et al. (2006) and
https://veritas.sao.arizona.edu. H.E.S.S.: Aharonian et al. (2006a). HAWC: Abeysekara et al. (2017c,b). LHAASO: Cao
(2010). Notes. (a): as a function of the event size. (b): w.r.t. on axis at 3°. (c): w.r.t. on axis at 2°. (d): for ZA g 35 °.

ASTRI Mini-Array 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®® W 110° 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 9.6° Ì 3.5° Ì 3.5° Ì 5° 2 sr 2 sr

Angular Res. Ì 0.07° (10TeV) 0.04° (1TeV) 0.08° (1TeV) < 0.1° (0.2–1)°(a) Ì xx° (10TeV)

Energy Res. (10-15)% (10 TeV) 17% (1TeV) 10% 30% (10TeV) xx% (10TeV)

Energy Range (0.6-200)TeV (0.85-30)TeV (0.2-30) TeV (0.1-100)TeV (0.1-1,000)TeV

Sensitivity Drop 50%(a) < 40%(b) Factor > 5(c) Factor > xx(d)

for extended sources investigating both their VHE emis-
sion at the very edges and the spectral properties in
di�erent regions of the source.

• Since we can plan well in advance our observing strat-
egy, we can choose a few scientific targets and devote
to them very long (>>50 hrs) exposures.

8.2.3. HAWC and LHAASO
The HAWC array (Abeysekara et al., 2013) has been in-

augurated on 2015 March 20 on the flanks of the Sierra Ne-
gra volcano near Puebla, Mexico. To record the particles
created in cosmic-ray and gamma-ray air showers, the HAWC
detector will use an array of water Cherenkov detectors (WCDA).
In this technique, the detector is used to sample air-shower
particles at ground level by recording the Cherenkov light
produced when the particles pass through tanks full of puri-
fied water. HAWC is located in the northern hemisphere, its
performance in terms of the highest achievable energy range
make it an excellent reference for the ASTRI Mini-Array.

The LHAASO array is similar to HAWC, but combines
both

We can summarize the possible ASTRI Mini-Array syn-
ergies with respect to HAWC as follows.

• The low energy threshold HAWC (˘200 GeV) and the
wider energy range of the ASTRI mini-array (about or
beyond 100 TeV) will allow us a direct comparison of
scientific data (spectra, light-curves, integral fluxes)
of those sources which could be simultaneously mon-
itored.

• At time of the ASTRI Mini-Array operation, HAWC
will have performed a few years of operation, accu-
mulating a sensitivity that, on selected sources, could
be reached by the ASTRI mini-array in a few months
of pointings.

• The region near the Galactic Center will be accessible
by both the ASTRI Mini-Array and HAWC. Thanks
to the wide field of view of the ASTRI Mini-Array
(9.6˝ in diameter) a large portion of the sky will be
investigated simultaneously, so that the ASTRI Mini-
Array can study, by means of deep observations, sky
“hot-spots” detected by HAWC, similarly to the ones
identified by the MILAGRO (Atkins et al., 2003) ex-
periment.

• HAWC is be able to detect intense flares from a large
portion of the sky (Abeysekara et al., 2017d), allowing
us to promptly re-point the ASTRI mini-array to any
observable flaring source.

• The high-energy boundary of both HAWC and the AS-
TRI Mini-Array will allow us to study the VHE (E>10 TeV)
emission from extended source such as SNR and PWN,
and to investigate the presence of spectral cut-o�s.

8.3. ASTRI Mini-Array expected legacy products
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Synergies with current VHE Northern Arrays:
• Observations of HAWC and LHAAZO sources with higher angular/energy resolution
• Simultaneous observations with MAGIC and LSTs will be possible

Core science program in the first ~2/3 years (detailed strategy under definition):
• Restricted number of targets/deep exposures (>~ 200 h) ® strong scientific cases
• Galactic sources: wide FoV ® multi-target fields
• Extragalactic sources: survey of a few promising targets at > ~10 TeV scale
• Fundamental physics: studies on LIV, EBL, Axion-Like Particles, …
• Science beyond VHE astronomy also envisaged ® Stellar Intensity Interferometry

Crab Nebula spectrum up to 
100 TeV in ~100 h
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Table 2
List of selected �-ray sources relevant for the study of CR origin, observable from the Observatorio del Teide and studied
with ASTRI-MA simulations

Name RA Dec Type Zenith Angle1 Visibility2 Flux3(1 TeV) Index Section

(deg) (deg) (deg) (hr/yr) (10*13 TeV*1cm*2s*1)

Tycho 6.36 64.13 SNR 35.8 410+340 1.71 2.28 4.1.1

Galactic Center 266.40 -28.94 Diffuse 57.2 0+180 36 2.32 4.1.2

eHWC 1907+063 286.91 6.32 SNR+PWN 22 400+170 0.85(7 TeV) 2.33 4.1.3

SNR G106.3+2.7 337.00 60.88 SNR 32.6 460+300 1.15 (3 TeV) 2.29 4.1.3

�-Cygni 305.02 40.76 SNR 12.5 460+160 20 (whole SNR) 2.37 4.2.1

12 (hot-spot)

W28/HESS J1800-240B 270.11 -24.04 SNR/MC 51.6 0+300 7.5 2.4 - 2.55 4.2.2

Crab 83.63 22.01 PWN 6.3 470+170 * * 4.3.1

Geminga 98.48 17.77 PWN 10.5 460+170 * * 4.3.2

M82 148.97 69.68 Starburst 41.4 310+470 2.02 (no CO) 2.2 4.4

2.74 (w CO)
1This is the culmination angle reachable at Teide from the source.
2Maximum available hours of visibility in moonless conditions calculated for one year of observations and for two zenith angle
intervals [0-45°]+[45°-60°].
3 Flux and index are the one of the input model used in the simulation. See the text for the references.
* For these sources, we adopted an input model not previously reported in literature. See text for more details.

(see § 7.2.3 for uncertainties concerning the chemical com-
position at the knee). It is worth noting that alternative sce-
narios, where the knee is explained as a change in the propa-
gation regime of particles (Giacinti et al., 2014), require even
larger maximum energies

Among the known SNRs, no PeVatrons have been clearly
identified until now. Typical remnants show a power law
spectrum with a cut-o� energy at E ø 10TeV. Possible ex-
ception are the Tycho’s SNR and few composite remnant as-
sociated to pulsars. In fact, HAWC (Abeysekara et al., 2020)
has recently detected several sources with �-ray emission
above 100 TeV. The majority of them could be PWNe like
the Crab nebula, but some sources are also associated with
SNRs, probably in collision with dense molecular clouds.
The hadronic or leptonic nature of their emission must be
clearly disentangled to consider these sources as possible
hadronic PeVatrons.

Indeed, theories of particle acceleration at SNRs begin
to encounter problems at a few hundred TeV (Gabici et al.,
2016) and PeV energies seems to be reachable only in quite
extreme conditions (Bell et al., 2013; Cardillo et al., 2015).
Given this di�culty, one should look also for other possible
candidates. In the last years, the H.E.S.S. telescope showed
�-ray emission from the region around the GC with a power-
law photon spectrum up to 10–30 TeV without a clear cut-
o� (HESS Collaboration et al., 2016; H. E. S. S. Collabora-
tion et al., 2018a). Recently, MAGIC Collaboration (2020)
also reported new observations which confirmed the di�use

emission up toÌ 50 TeV of the GC region. A deeper analysis
of spatial and spectral characteristics of this emission found
strong similarities with �-ray emission detected in some stel-
lar cluster as Westerlund 1 or Cygnus Loop (Aharonian et al.,
2019). Such a finding could be pointing towards a paradigm
shift, where other sources, like massive stellar clusters, may
substantially contribute to the Galactic CRs in addition to
SNRs.

In this context, the ASTRI-MA will provide a fundamen-
tal contribution with its unprecedented sensitivity at E >
10TeV, helping to unveil whether SNRs or other classes of
sources are the long sought PeVatrons. In the present work
few most likely hadronic sources will be analyzed: the Tycho
SNR, the region around the GC and two composite sources
from the HAWC catalogue, VER J2227+608 and VER J1907+062.

4.1.1. Supernova Remnants: Tycho
Immediate Objective – Tycho is one of the youngest known
SNRs. The presence of synchrotron X-ray filaments at the
shock location implies a strong magnetic field of the order
of hundreds of �G (Ballet, 2006), a necessary condition to
reach very high energies. Its �-ray spectrum is ◊E*2.3 and
multiwavelength studies (Morlino and Caprioli, 2012) clearly
point towards an hadronic origin of this emission. VERITAS
data (Park and VERITAS Collaboration, 2015) are not able
to rule out a cut-o� above 10 TeV, but they have large error
bars due to the faintness of the source (F < 0.01% Crab).
Only unprecedented large e�ective area and sensitivity, as
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Examples of Galactic sources that will be investigated 

with the ASTRI Mini-Array.

The ASTRI Mini-Array will allow us to explore the almost 

unexplored region above a few tens of TeVs.

ASTRI Mini-Array will be fundamental to resolve the 

particle acceleration in these sources.
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the ones of the ASTRI-MA, could give more constraints on
the spectrum at TeV energies, in order to confirm the Peva-
tron nature of Tycho.

Observing Time, Pointing Strategy, Visibility and Sim-
ulation Setup – The Tycho SNR is a very faint source in
the �-ray band and it is observable from Teide for about
400 hr per year between zenith angle 0-45°and about 350 hr
per year at angles >45° above horizon, in moonless con-
ditions. We investigated the minimum exposure time re-
quired to detect possible proton emission at about 1 PeV.
In order to analyse this source with ASTRI-MA, we mod-
eled the SNR following Archambault et al. (2017), which
describes the source with a simple power law with an in-
dex of about 2.3, without a cut-o�. We simulated the Ty-
cho SNR as a point-like source, for several exposure times.
We used Gammapy v0.17 (e.g. Deil et al., 2017) for data
simulation and analysis. We simulated the source following
the procedures described in Romano et al. (2018, 2020) and
used in several more CTA publications (Chernyakova et al.,
2019; Tavecchio et al., 2019; Landoni et al., 2019; Lamas-
tra et al., 2019). Using the Gammapy simulator (contained
in the MAPDATASETEVENTSAMPLER class), we generated
source and (instrumental) background events in the 1–199
TeV energy range, adopting for Tycho a sky model with the
spectral and morphological properties described above. We
did not include the energy dispersion for the simulation in
order to avoid a further degree of complexity in our anal-
ysis. In addition, to increase the signal-to-noise ratio, we
simulated the source at an o�set angle of Ì 1.5°, because
the background is particularly significant at the center of the
ASTRI-MA field of view. To reduce the impact of random
variations between individual realisations, we performed a
set of N = 100 statistically independent simulations. We
then fitted the simulated data with a maximum likelihood
analysis (FIT function in Gammapy), adopting the same tem-
plate model of the simulation.

Analysis Method – Following the above approach, we started
from this best-fit model to calculate (again with a maximum
likelihood model fitting) the source flux in several energy
bins in the 1–199 TeV energy range (using the FLUXPOINTES-
TIMATOR function in Gammapy). For each energy bin, we
also estimate the corresponding test statistics (TS, Cash, 1979),
which defines the source significance. We calculated the dis-
tribution of TSs and we deemed a flux point “significant”
when the mean of the TS in that energy bin was higher than
9. In such cases, we estimated source flux and its uncertain-
ties for each energy bin by determining the mean flux and
standard deviation of the 100 simulations’ distribution. In-
stead, when the TS distribution was not significant in a given
energy bin, we calculated a 95 % confidence level upper limit
on fluxes from the distribution of the simulated fluxes. From
the distributions of the best-fit spectral parameters obtained
in each of 100 simulations, we estimated a di�erential flux
of F1TeV = (1.9 ± 0.4) ù 10*12 TeV*1 cm*2 s*1 and a spec-
tral index � = 2.29± 0.09, for 500 hr of exposure. In Fig. 9,

Figure 9: Tycho SNR: Spectrum (red points) and best fit
model (blue line and light-blue shadow) obtained with 500 hr
of observations.

Figure 10: Tycho SNR: �-ray data from Fermi-LAT (green),
VERITAS (orange) (Archambault et al., 2017) and ASTRI-MA
simulations (red) for 500 hr of observations. The blue lines
show the PL fit with cut-off energies of 0.46, 0.73, 3.4 PeV
(corresponding to 95, 90 and 68% of confidence levels).

we show the 500 hr average spectrum obtained from the 100
realizations. If the Tycho SNR was a Pevatron, ASTRI-MA
will be able to detect its �-ray emission at 100 TeV.

As next step, we tried to constrain the �-ray spectrum of
the source taking into account the ASTRI-MA data in com-
bination with lower energy ones collected by Fermi-LAT
and VERITAS (Archambault et al., 2017). In this way, we
would be able to cover Tycho �-ray emission on six order of
magnitude (from Ì 100 MeV up to Ì 100 TeV ). We used
the NAIMA package (Zabalza, 2015) to fit simultaneously
Fermi-LAT and VERITAS observations with the ASTRI-
MA simulated data (see Fig. 10).

We modeled the �-ray emission in a purely hadronic sce-
nario, produced by proton population following a power-law
distribution with a high energy cut-o� due to energy losses.
Considering flux, PL index and cut-o� energy as free pa-
rameters, we obtained as best fit a value of the energy CO
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Figure 12: Galactic Center region: HESS (blue points) and
ASTRI-MA (260 hr; red points) spectra fitted with a proton
population with a best fit cut-off at 50 PeV (black solid line).
The blue, green and red solid lines indicates the 68% (20 PeV),
90% (0.9 PeV) and 95% (0.8 PeV) confidence level for the cut-
off, respectively.

rewarding in this context as they allow higher e�ective area,
with respect to low zenith angle observations, at the high-
est energy range, confirming that even from the Teide site
ASTRI-MA will be a great role for the understanding of GC
region.

It is clear that ASTRI-MA can contribute in a very crit-
ical way to confirm the Pevatronic origin of the �-ray emis-
sion from the di�use region around the GC.

4.1.3. Other Possible PeVatron Candidates
Immediate Objective – Among other PeVatron candidates
we present here the best promising TeV sources: VER J1907+062
(also known as eHWC 1907+063) and VER J2227+608 (also
known as SNR G106.3+2.).

VER J1907+062 was discovered by the MILAGRO col-
laboration (Abdo et al., 2007) which reported an emission
corresponding to Ì 80% of the Crab Nebula flux at 20 TeV
and an upper limit on the intrinsic source extension of 2.6°.
VERITAS observation (about 62 hr of useful exposure) shows
a strong TeV di�use emission, which origin is not firmly es-
tablished. VER J1907+062 has been detected also by HAWC
(eHWC 1907+063) up to Ì 100TeV with a relative flat
spectrum and no evidence of a cuto� (HAWC Collaboration
et al., 2019a). According to Aliu et al. (2014), the emis-
sion in the northern region of VER J1907+062 has a proba-
bly hadronic origin due to the SNR G40.5*0.5. In this sce-
nario, protons accelerated at the shock front collide with tar-
get protons of the surrounding ISM, producing TeV photons
via neutral pions decay. From the analysis of the spatial dis-
tribution of the 12CO in the vicinity of the SNR G40.5*0.5,
Duvidovich et al. (2020) found molecular clouds that match
the eastern, southern, and western borders of the remnant
and partially overlap peaks of the TeV emission from VER
J1907+062. Observations at very high energy, with increased
spatial resolution with respect to HAWC, can firmly con-

strain the origin of the emission from VER J1907+062 north-
ern region, thus confirming its Pevatron nature.

VER J2227+608 (Acciari et al., 2009) is associated with
the SNR G106.3+2.7 and it is a target of potential great inter-
est for two main reasons: it is a SNR with one of the high-
est TeV fluxes (5% in Crab units) and shows a hard spec-
trum (photon index � = 2.29) with no detected cut-o� up
to 10 TeV. The remnant G106.3+2.7 is extended and shows
two compact and close-by regions: the “head” formed by
the SNR shock, which also contains the bright pulsar PSR
J2229+6114, powering a PWN, and an elongated, fainter,
“tail” region, which contains VER J2227+608. It is worth
noting that both MILAGRO (Abdo et al., 2007, 2009) and,
very recently, HAWC (Albert et al., 2020) detected �-ray
from the remnant’s region (up to Ì 100TeV in the case
of HAWC) although no clear association with a specific re-
gion of SNR G106.3+2.7 is possible, due to the low an-
gular resolution. The VHE morphology can be well over-
imposed on the molecular gas images as traced by 12CO ra-
dio maps, thus suggesting a potential hadronic origin. We
show here the main constraints on the spectral shape (close
to 100 TeV) which would be obtained with an exposure of
Ì 200 hours with the ASTRI-MA. This would firmly con-
strain the hadronic origin of the VER J2227+608 emission.

VER J1907+062/eHWC 1907+063

Observing Time, Pointing Strategy, Visibility and Sim-
ulation Setup – VER J1907+062 is observable from the
Teide site for about 400 hour per year with a zenith angle
between 0°and 45°and 170 hr per year with a zenith angle
between 45°-60°, in moonless condition. To better under-
stand which spectral constrain we can achieve within the
range of observation times available, we simulate the source
for 100, 200, 500 hour of exposure time. We simulated VER
J1907+062 as a di�use source, with the morphology taken
from Aliu et al. (2014) and at a position 1° o�-axis from the
pointing position. The spectral model is a power-law with
an index of 2.33 according to Abeysekara et al. (2017b).

The simulations were performed with the ctools (Knödlseder
et al., 2016, v. 1.6.3)2 analysis package. We followed the pro-
cedures detailed in Romano et al. (2018, 2020) described in
Sec.4.1.1. The spectra of the sources were calculated in sev-
eral energy bins. In each bin we first used the task ctobssim to
create event lists based on our input models, and then ctlike

to fit a power-law model by using a maximum likelihood
model fitting. To reduce the impact of variations between
individual realisations, we performed sets ofN = 100 statis-
tically independent realisations (see, e.g. Knödlseder et al.,
2016). We simulated the source with an exposure of 100,
200 and 500 hours. For each exposure, we considered seven
energy bins logarithmically spaced between 5 and 190 TeV.

Analysis Method – The normalisation and photon index
parameters of this power law were free to vary while the
pivot energy was set to the geometric mean of the boundaries

2http://cta.irap.omp.eu/ctools/.
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5.1. TeV observations and constraints on the
extra-galactic infrared background light (IR
EBL)

Scientific Case The EBL not only is an important radiative
constituent of the local universe, but also o�ers critical con-
straints on all astrophysical and cosmological processes tak-
ing place during the formation of cosmic structure. Unfortu-
nately, the only spectral region where its direct measurement
has been possible is the sub-millimeter band (200 < � < 900
�m), where the local foreground emissions are minimal. At
all shorter wavelengths, from the mid-IR to the far-IR, where
the IR background intensity is maximal, these measurements
are prevented by the overwhelming dominance of local emis-
sion from both the Galaxy and the Solar System. This is par-
ticularly the case over the wide wavelength interval from 3
to 300 �m, an unfortunate occurrence because deep observa-
tions with infrared space and ground-based telescopes have
revealed that this spectral region is very rich in astrophys-
ical and cosmological information. Very luminous sources
at high redshifts have been detected and identified, which
are interpreted as clearly tracing major episodes of the for-
mation of galaxies, AGNs and quasars, when dust present
in the interstellar and circum-nuclear media absorb optical-
UV light and re-radiate it in the far-IR. Unfortunately, IR
telescopes can only observe a few of the most luminous of
them at high z, because of confusion and sensitivity limi-
tations, and the bulk of the population cannot be detected.
For these reasons, the information registered in the IR EBL
would make a very important contribution to the understand-
ing of the processes of cosmic structure formation, particu-
larly those related to the build-up of stellar populations and
metals in galaxies (e.g. Madau and Dickinson, 2014; Berta
et al., 2011; Franceschini et al., 2001).

So far, observations with Cherenkov observatories have
helped in constraining the EBL in the spectral range from
the UV to the optical and near-infrared, thanks to the accu-
rate monitoring and detection up to a few TeV energies of
low- and high-redshift blazars. This portion of the EBL in-
cludes only half of the total light, is dominated by star-light
from low-z quiescent galaxies, and misses the most impor-
tant phases of galaxy and stellar formation when the infrared
emission dominates, that are registered in the IR EBL.

Immediate Objectives The goal of the proposed ASTRI
Mini-Array observations is to monitor a few local AGNs in
the northern hemisphere to characterize their VHE spectra
as accurately as possible up to the highest energies. These
spectra will manifest the exponential absorption e�ects of
the interactions of the VHE source’s photons and the low-
energy EBL ones. We have recently discussed (Franceschini
et al., 2019) various source populations, essentially blazars
and radio-galaxies that might be best suited to the above pur-
poses. Factors to take into account for this analysis are that
to constrain the EBL at the longest wavelengths we need to
observe gamma-rays at the highest energies, from the usual
relation:

�max Ù 1.24 ù ETeV [�m] (1)

Figure 22: The upper panel reports the e⌧ extinction factor
for photon-photon interaction on EBL at the IC 310 source
distance. Bottom panel reports data-points for two stages of
the source, a flare in blue and high-state in red, together with
best-fitting curves including EBL extinction. The green points
mark the ASTRI Mini-Array 50 hours 5� limit and the red
dashed line is the foreseen LHAASO 5-yrs sensitivity.

At the same time, this also implies that only VHE pho-
tons from the most nearby sources could be detected from
Earth, because absorption is a strong function of energy and
distance. It turned out that, even under the most extremely
favorable conditions of huge emission flares, extremely high-
energy emitting blazars are not very useful for our purpose
because they are much too distant (> 100 Mpc the nearest
ones, Mkn 501 and Mkn 421). Observations of more local
VHE emitting AGNs, like low-redshift radio galaxies (M87,
IC 310, Centaurus A), or local star-bursting and active galax-
ies (M82, NGC253, NGC1068) are better suited and will po-
tentially allow us to constrain the EBL up to � = 100�m. As
an illustration, we report in Fig. 22 the case for one of the
most interesting potential targets, compared with approxi-
mate sensitivities of various IACTs. The green curve corre-
sponds the sensitivity limitations of ASTRI Mini-Array for
50 hours total integration at 5�. The other curves denote the
achievable limits by other observatories, as indicated.

In Figs. 23 to 25 we report detailed simulations of the
VHE section of the SED of a few proposed targets, in partic-
ular IC 310 and M87, for which we show data-points from
current observations. The last figure reports observations
of the blazar Mkn 501 during the famous 1997 outburst. A
similar event taking place during the ASTRI Mini-Array op-
erations would obviously make an interesting target, in spite
of the large distance of the source compromising the detec-
tion at the highest energies. Similar considerations might
apply to the other low-redshift blazar Mkn 421. In all cases
the spectra should be observable up to at least 30 TeV for
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Discrimination of the photon-induced 
and proton-induced cascade spectra 
with the ASTRI Mini array for the 
1ES 0229+200 E-HBL

γ- γ opacity for a blazar at redshift z = 0.14. Black solid line is the 
expected optical depth for standard γ- γ interaction with the EBL 
while the coloured lines are the expected depth in the presence of 
quantum gravity effects at various orders.

Observation of a few blazars will allow to investigate acceleration processes, to 
discriminate emission mechanisms (leptonic/adronic), transparency of the region (related 
to neutrinos and UHECR)
Furthemore the same object could be used for studies of EBL or fundamental physics as 
hadron-beam, axion-like particles or Lorentz invariance violation.

CREDITS: F. Tavecchio/ F. Lucarrelli /INAF Milano - Roma
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Figure 27: Upper panel: VHE spectrum of Mkn 501 measured by HEGRA during the extreme outburst in 1997 (red triangles).
The black solid curve reports an intrinsic cut-off power-law spectrum absorbed by interaction with EBL. The magenta long-dashed
line shows the observed spectrum assuming mixing of photons with ALPs (from Galanti et al. 2020). The dashed curves report the
observed spectrum assuming an intrinsic cut-off power-law spectrum and LIV occurring at different energy scales (from Tavecchio
and Bonnoli 2016). Lower panel: as above for the case of 1ES 0229+200. For the LIV case we consider the intrinsic spectrum
described by an unbroken (short dashed) or a broken (dotted) power law (see Tavecchio and Bonnoli 2016 for details). In both
panels the orange and blue thick lines show the expected sensitivity of the ASTRI Mini-Array for 50 hours and 200 hours of
exposure.

opacity is strongly reduced, allowing the unimpeded prop-
agation of VHE photons from cosmological distances. The
powerful gamma-ray beam of blazars, potentially extending
up to several tens of TeV, is the natural probe for such e�ects
(e.g. Tavecchio and Bonnoli, 2016; Biteau et al., 2020). The
detection of galactic sources at energies exceeding 100 TeV
o�ers a complementary powerful diagnostic tool for LIV
studies. The method is based on the fact that, if LIV holds,
photons above a certain threshold (related to the energy scale
of LIV) quickly spontaneously decay after their emission.
Quite remarkably, this kind of test probes a di�erent sector
of the LIV parameter space interesting for the opacity test
(decay occurs in the superluminal LIV, opposite to the sub-
luminal case probed by cosmic opacity). The two methods
(photon decay and reduction of the cosmic opacity) can thus
be used in a complementary way. Due to the huge absorp-
tion caused by the interaction with the EBL, only galactic
sources are accessible in this energy range. Particularly in-

teresting appear a handful of sources recently detected by
HAWC (Albert et al., 2020). In HAWC Collaboration et al.
(2019b) quite strong constraints on the LIV energy scale, im-
proving by almost two order of magnitude previous results.
Given the strong dependence of the LIV energy on the en-
ergy of the detected photons (ELIV ◊ E3), a large sensitivity
around 100 TeV and a great accuracy in the reconstruction
of the photons energy is critical.

Immediate Objectives We propose to use the unprecedented
sensitivity of the ASTRI Mini-Array at energies above 10
TeV to perform tests of the Lorentz Invariance Violation
(LIV) in both subluminal and superluminal sectors. In the
first case (subluminal) the main goal of the proposed obser-
vations is the identification of deviations in the spectra of
Mkn 501 and 1ES 0229+200. In particular, for LIV the ex-
pected signal would correspond to an excess of photons at
energies around 30 * 50 TeV (the exact position depend-
ing on the energy scale of LIV), hardly explicable within
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Figure 38: Images of the two detected events. The size is here calculated summing image-pixels greater than 6ṗe.

Table 5
Summary Table.

Target ClassRA (J2000)DEC (J2000)Obs. time ZA MoonStrategy, analysis, notes
IAU Name [deg] [deg] [hr] [deg] [%]

Crab pulsar PSR 83.64 22.02 36 any
PSR J1023+0038PSR 10.40 0.64 600 any

Results are shown in Figure 41. A 36 hrs observation of
the Crab pulsar with an ASTRI telescope would provide a
100-bin pulse profile with a S/N per bin of Ì20. As for PSR
J1023+0038, 600 hours are needed to obtain a 16-bin pulse
profile with a S/N per bin of Ì4.

7.3.4. Analysis Method
To perform timing analysis of optical data, the photon

arrival times are referred to the barycenter of the Solar Sys-
tem and, if necessary, corrected for the binary motion (as
e.g. for PSR J1023+0038). To measure the pulse profile,

the data are then folded with the proper spin period of a pul-
sar. To avoid significant phase drift of the profile, the spin
frequency of the Crab pulsar should be determined with an
accuracy of Ì10*7 Hz and that of PSR J1023+0038 with an
accuracy of Ì 3 ù 10*8 Hz4. To achieve such an accuracy
one needs accurate ephemeris from the radio and/or the op-
tical band.

Specific equipment and methods are required for acquir-
ing, reducing and analyzing data taken in the optical timing

4Phase drift due to the spin frequency derivative can be neglected for
the simulated observations.
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ASTRI Miniarray envisages the scientific

potential of Stellar Intensity Interferometry for

achieving optical imaging with resolution of

~100 microarcseconds.

CREDITS: L. Zampieri – INAF Padova
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Schedule

ID Task Name Start Finish Duration

0 ASTRI Mini-Array Wed 22/06/16 Thu 13/10/221647 days
1 Infrastructure Mon 09/03/20 Fri 23/07/21 360 days
9 Telescopes Wed 22/06/16 Thu 13/10/22 1647 days

80 Software Thu 04/07/19 Wed 24/08/22820 days
87 Environmental Monitoring SystemMon 06/04/20 Fri 11/12/20 180 days
90 Calibration System Mon 04/05/20 Fri 17/09/21 360 days
94 Atmospheric Characterization 

System
Mon 08/06/20 Mon 

17/01/22
421 days

101 On Site Integration & VerificationMon 05/04/21 Thu 15/09/22 379 days

M J S N J M M J S N J M M J S N J M M J S N
Half 1, 2019 Half 2, 2019 Half 1, 2020 Half 2, 2020 Half 1, 2021 Half 2, 2021 Half 1, 2022 Half 2, 2022

Title: ASTRI mini-array schedule
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