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• DS – All: F. Zerbi
• UTG-I (Opt-IR): A. Fontana
• UTG-II (Radioastronomia): F. Govoni
• UTG-III (Alte Energie): MC
• UTG-IV (Solar System): F. Esposito
• USC-V (Unità Spazio): A. Argan
• USC-VIII (Computing): A. Possenti
• USC-VI (Rit. Ind.): C. Perna
• USC-VII (Bandi competitive): C. Guccione

• N.B: Alte energie = X+Gamma = E>0.1 keV
• Progetti suddivisi in Osservatori Spaziali o Osservatori da Terra, e separati a loro volta in tre

fasi: operativi, in fase di realizzazione e futuri

• In a nutshell, le novità principali degli ultimi 2 anni sono: i) Lancio e successo
di IXPE, ii) Athena-to-NewAthena e swap (tbc) MAR con LISA, iii) PNRR 
(impatto su contributo a CTA), e iv) le schede INAF con (auto)-finanziamenti

Contesto e contenuto dell’UTG-III
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Elenco Progetti spaziali per AE (E>0.1 keV) 
(tratto dai PT 2021/22/23, see also A. Argan for update)
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Strumento Tecnica/Area Periodo Risultati/deliverables attesi Partecipazione italiana PI/Responsabile Finanziamento? FTEs/staff

(stima)

Missioni operanti durante il periodo 2021-2023 (INAF) (ASI/INAF in k€) (INAF)

Chandra X-rays 2023- Osservazioni/Analisi Dati – All X-ray sources, X-ray
surveys, transienti

NASA
PI e co-I INAF di numerosi proposals

- ASI - Teoria e sim
à INAF!

8/55

XMM X-rays, UV-opt 2023- Osservazioni/Analisi Dati – All X-ray sources, X-ray 
surveys, transienti

ESA + Contributo INAF:Co-I EPIC, Calib., PI e 
co-I di numerosi proposals

- ASI - Teoria e sim
à INAF!

14/72

Swift X-rays, UV-opt 2023- Osservazioni/Analisi Dati – All X-ray sources, X-ray
surveys, transienti

NASA-UK-ASI
Contributo INAF: XRT–BAT s/w e data analisi 

Tagliaferri (Brera) ASI
à INAF!

12/72

NuSTAR Hard X-rays 2023- Osservazioni/Analisi Dati – All X-ray sources, X-ray 
surveys, transienti

NASA 
Partecip. INAF  a calib. e data analysis SW

Fiore (OARm) ASI
à INAF!

7/40

INTEGRAL Hard X-rays 2023- Osservazioni/Analisi Dati – All X-ray sources, X-ray
surveys, transienti

ESA + Partecip. INAF:PI IBIS e co-I di ISDC e 
SPI, PI e co-I INAF di numerosi proposals 

Ubertini 
(IAPS)

ASI
à INAF!

5/18

AGILE MeV-GeV e hard
X

2023- Osservazioni/Analisi Dati – All 𝛾-ray sources, 𝛾-ray
surveys, GRBs e transienti

ASI-INAF-INFN
Partecip. INAF: PI

Tavani 
(IAPS)

ASI
à INAF!

7/20

FERMI MeV-GeV 2023- Osservazioni/Analisi Dati – All 𝛾-ray sources, 𝛾-ray
surveys, GRBs e transienti

NASA-INAF-INFN
Contributo INAF: analisi dati, s/w

Caraveo 
(IASF-Mi)

ASI
à INAF!

4/30

IXPE Polarimetria X 2023- Polarimetria X di sorgenti, temporalmente e
spazialmente risolta

NASA, INAF , ASI, INFN Soffitta (IAPS) ASI 20/30

ü On-going observatories, and (hopefully)à>2025 time frame

ü Low cost (<1-2 Meuro/year in total, mostly ASI) but significant man-power (~50 FTEs/200 staff/year) for INAF. 
Now mostly covered with INAF financial resources for research

ü Key (but N.B: open) facilities for GRBs + GW e.m. follow-ups…got new “linfa”, key to keep community alive till new 
future missions (next slides)

ü New entry is IXPE (lanciato nel 12/2021): Outsanding results, has opened a new window in the HE Universe (vedi 
talk di P. Soffitta domani)
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Elenco Progetti Spaziali per AE (E>0.1 keV) 
(tratto dai PT 2021/22/23, see also A. Argan for update)
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Strumento Tecnica/Area Periodo Risultati/deliverables attesi Partecipazione italiana PI/Responsabile Finanziamento? FTEs/per
sone

Missioni future (approvate/in fase di realizzazione) – grande partecipazione INAF (stime)

Athena à

NewAthena

Spec X 2030- Spettri di sorgenti X, riga del ferro, BHs,
cosmologia

ESA. + Partecip. INAF:Co-PI di X-IFU, WP 
WFI, WGs scientifici

Piro (IAPS) ASI+INAF 20/65

ESA CV - M5

Theseus à

ESA M7 sel

X and hard-X,
and IR

2030- GRB and X-ray transients, IR fast repointing
detections

ASI, INAF: PI Amati (OAS) ASI 15/50

ü Future Observatories: Both faced “stops-and-goes”. To be adopted <2027 (launch after ~10 years)

ü High CaC (for ASI) (50-70 Meuro). Significant man-power (~50 FTEs/100 staff/anno) for INAF

ü Observatories for X-ray sources and GRBs/GWs e.m. follow-up. 

Strumento Tecnica/Area Periodo Risultati/deliverables attesi Partecipazione italiana PI/Responsabile Finanziamento? FTEs/per
sone

Missioni future (approvate/in fase di realizzazione) – minore partecipazione INAF (stime)

Hermes Soft Gamma-
rays

2020+ GRB, e mini-satellites ASI, INAF, INFN, Uni Fiore (OAT) ASI few/10s

e-XTP X-rays and Hard
X-rays

2025+ Spettri di sorgenti X ASI, INAF, INFN Feroci (IAPS) ASI 10s/10s

ü ASI missions or bilateral (?), none or little ESA participation. >2025 time frame

ü Potentiallly high CaC (for ASI) (several tens Meuro), but lower for INAF, though significant man-power (~10 
FTEs/20 staff/anno) for INAF.  Observatories for X-ray sources and GRBs/GWs e.m. follow-up
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Elenco Progetti da Terra per AE (E>0.1 keV) 
(tratto dai PT 2021/22/23)
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Osservatori operanti durante il periodo 2022-2024+
Osservatorio Banda Periodo Tipologia/area/sorgenti Partecipazione 

Italiana
PI/Responsabile Finanziamento? FTEs/pers

one

MAGIC TeV à2025 Osservazioni/Analisi Dati – TeV sources, transienti INFN-INAF Antonelli INAF 3/12

• Very low cost (now), and activities to slowdown (up to 2026-27)

• From experiment to Observatory, and pathfinder to ASTRI+ CTA

Osservatori futuri (approvati/in fase di realizzazione)
Osservatorio Banda Periodo Tipologia/area/sorgenti Partecipazione italiana PI/Responsabile Finanziamento? FTEs/per

sone

ASTRI/mini-
array

TeV 2025- Osservazioni di sorgenti >10 TeV, ricerca di
Pevatroni, Osservatorio/esperimento INAF

INAF + consorzio internazional
(Spagna, Brasile, Sud Africa)

Pareschi INAF 30/150

CTA(SST + MST
mirrors+ s/w )

TeV 2027- Osservazioni di sorgenti TeV, ricerca di
controparti TeV di GRB e GW

INAF+INFN+Università+ 
industrie+ consorzio int

INAF-DS INAF/MUR 30/150

CTA+

(+LSTs+etc.)

TeV à2025 Osservazioni di sorgenti TeV, ricerca di
controparti TeV di GRB e GW

INAF+INFN+Università+ 
industrie+ consorzio int

INAF-DS PNRR 15/50

ü ASTRI/Mini-Array: Follow-up of ASTI-Horn, INAF first array at >>TeV energies (>2024). Pathfinder for SSTs/CTA

ü CTA: Observatory (not experiment!) for all TeV sources, and (likely) GRBs/GWs e.m. follow-up, + MM astro

ü High CaC (for INAF) (>50 Meuro): ASTRI MA (~15M€), CTA (>50 M€). Significant man-power (~50 FTEs/100 
staff/anno) for INAF

ü New Entry: Progetto PNRR CTA+ (Obiettivamente una sfida, ma grandissima opportunità scientifica e tecnologica).
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Ø IXPE (key DS persons: AA+FZ; key project persons: PI PS, PM PA)
Ø 4 Rivelatori FM consegnati a NASA, dopo intensa e complicata fase di 

testing/integrazione/calibrazione. Lancio effettuato a dicembre 2021. 
Ø IXPE ha aperto una nuova finestra nelle alte energie. 
Ø Grandi opportunità scientifiche per i ricercatori INAF, risultati outstanding. 

Ø Vedi presentazione di Paolo Soffitta domani alle 
9:30.

Progetti/Attività Principali UTG-III (2023:…)
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Ø Athena-to-NewAthena (key DS person: AA; key project persons: PI LP, PM 
AA/Minervini)
Ø On-going reformulation of Athena (cost reduction by ~30%), and swap della MAR tra LISA e 

Athena (TBC). New MAR is Q1 ~’27. 
Ø ASST (formally) dismantled, two new teams: Mission Reformulation Team (MRT) and Science 

Reformulation Team (SRT). 
Ø MRT will propose NewAthena to ESA SPC by June ‘23. Final decision Nov. ‘23
Ø SRDT will assess “flagship” of New mission

Ø Major simplification for X-IFU: warm cryostat à passive cooling system
Ø Now within original CaC, but reduction of performances: Mirrors: 1.5à1m^2 @1 keV, HEW=9’’; 

X-IFU: 5’à4’ FoV, 2.5à4 eV @7 keV energy res.; WFI FoV ~ unchanged. Con queste
performance ancora flagship mission (ma formalmente TBC da SRDT e ESA Advisory Teams).

Ø Contributo italiano (led by Piro, co-PI dello X-IFU) va ancora bene (è congruo e qualificato).
Ø Supporto ASI per Athena era contratto Athena triennale (fino a ~MAR) con contributo INAF in 

XIFU (~80%), WFI (~15%) ed ottiche/calib (5%). Ora estensione di 3-4 anni per nuova MAR.
Ø Leadership INAF (+ASI) in calibration facility verticale (VERTEX, e BeATRIX) (PM: A. Moretti e B. 

Salmaso). Ritorno industriale importante verso l’Italia (10-15 M€ di fondi ESA).

Progetti/Attività Principali UTG-III (2023-…)
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Progetti/Attività Principali per UTG-III (2023-…)
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Ø ASTRI – Mini-Array (key project persons: PI GP, PM SS)
• Consorzio Internazionale (Spagna, Brasile-San Paolo, Sud Africa, Svizzera, etc.) con 

INAF capofila (+ Univ. Perugia e Padova).
• Primo Array CherenkoV (9 SST-like) ad E>>10 TeV che funzionerà a Tenerife

(Nord, e non sito sud in Cile) come “Osservatorio/Esperimento” per almeno 3 anni. 
• Offre grandi opportunità perché: 

Ø Pathfinder per SSTs in CTA-S 
Ø Grandi opportunità scientifiche visti i risultati recenti di LHAASO a Nord.
Ø Crescita scientifica e tecnologica per personale INAF. 
Ø Dopo 3 anni potrà, volendo, diventare parte di CTAO-Nord

• Team: Emanazione del prototipo ASTRI-Horn @ OACT (in funzione su Etna), ma in 
realtà collaborazione internazionale con IAC, Brasile, N-W University, Svizzera, etc.

• Project Office @ full-speed su attività e bandi per: Sensori, Camere, Strutture, 
Infrastrutture, s/w on-site e off-site. 

• Prima luce sub-array 2023, full array 2024/25
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Progetti/Attività Principali per UTG-III (2023-…)
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Ø CTAO (key DS persons: MC+FZ; key project persons: SSTs (PI Tagliaferri, PM Trois); LSTs 
(PI Antonelli, PM Busatta); Mirrors (Pareschi))
• CTA è diventato una realtà da quando Money Matrix è stata definita nel Giugno 

2021. Quindi tutte voci del cost-book sono associate ad 1 o + IKCs. L’Italia contribuisce 
per ~60 M€ dei oltre 300 M€ del progetto (di cui ~80 M€ della Germania).

• Il progetto si sta trasformando da CTA@gGmbH ad CTAO@ERIC (con HQs@ Bo). 
• Nuovo DG (Stuart Mc Muldroch) nominato ad inizio 2023, e preso servizio da Aprile. 

Nuovo ERIC operativo da Settembre 2023. 
• Per INAF attività/contributi principali sono:
• SSTs: (Resp. Tagliaferri, PM Trois): INAF lead del consorzio SSTs (15 Istituti da 9 paesi diversi). Impegno 

per costruire 37 strutture per CTA-S. (+5 dal PNRR, vedi dopo). Briding phase e product review terminate, 
e successful, in pre-CDR, CDR in Q1 ‘24, e produzione da Q2 ’24. Fine dell’AIV in ~’27

• MSTs/mirrors: (Resp. Pareschi) Agreement per contribuire a mirrors per MST-N: 2 set già prodotti+ 3 
autorizzati in MM + 4 in CTAO seconda fase. Strategico per presenza a La Palma (vicino al Mini-Array)

• LSTs: (Resp. Antonelli). Proposta (approvata dal LST SC) di entrare ufficialmente nel consorzio LST 
effettuata in 11/2020 (~4 FTE/anno di cui ~2 non-staff), con inizio 2021. Strategico per scienza 
transienti, e contributi già in ottica convergenza in CTA…contributo “esploso” poi con CTA+/PNRR, grazie 
a quello INAF oggi è l’IKC lead in CTAO, e siamo già da oggi co-PI della collaborazione LST (inc. Nord).
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Progetti/Attività Principali per UTG-III (2023-…)
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Ø ACADA (Resp. Bulgarelli): s/w on-site. Responsabilità RTA e controllo telescopi.

Ø DPPS + SUSS: (Resp. Lucarelli): s/w off-site: DPPS (data reduction), SUSS (Data analysis) -
TBC, 1 Data Center (con INFN). Contributo ASI(SSDC) per archivi m-w TBC

Ø MC sim + Calibrazioni: (Resp. Bigongiari + Mineo

• 5 Ricercatori INAF approvati, ed operativi, come Secondments (<3 FTEs/anno) per CTAO-
PO, il cui tempo verrà riconisciuto come IKC (quindi accesso a KSPs).

Ø Scienza: (Resp. Vercellone): Meeting AVENGe a fine Maggio per discutere di opportunità 
KSPs a valle di IKCs INAF e INFN a CTAO.

Ø Outreach (Resp. Wolter): Gruppo INDACO (team di ~10 persone) per communicazione e 
divulgazione per ASTRI e CTAO. Team fino a 10 persone (2-3 FTEs/anno)

Ø LST-1 already working, LST-2 to 4 within 2024, MST Pathfinder in CTAO-
S, MST1-9 within ‘26-’27 (NB: ASTRI1-9 within 2024), SSTs within ‘28
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• Project: CTA+ (PNRR)
Ø PNRR Proposal approved in June 2022: 71.5M€ to be spent in 30 

months (KO in 01/01/2023) 😱😱
Ø Main contribution is to enhance CTAO-S, opening/strengthening transient 

science in CTAO South i.e.:
a) CTAO-S baseline + 2 LSTs (major effort) 💪 (PI: Antonelli)
b) CTAO-S baseline + 5 SSTs (PI: Tagliaferri)
c) + Multi-ni follow-up enhancements:

i. VST polarimeter (PI: Schipani)
ii. TNG fast photometer (eSIFAP, PI: Ambrosino)
iii. Fast vlbi radio (PI: Giroletti)
iv. Stellar Intensity Interferometry (for ASTRI; PI: Zampieri)

d) + R&D new detectors for Cherenkov telescopes or complementary
e) + science & outreach in Italy and HQs (Resp.: Zanin, Comastri)

Progetti/Attività Principali per UTG-III (‘23-’25)
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• A/two Huge opportunity/ies for INAF/Italian technologists, and 
scientists:

Ø CTAO: Italy being major contributor, providing the 37 (+5) SSTs, the 2 
LST-S (extra ~50 M€ of IKC) and host of the HQs à main player with 
important access to KSPs time (KSPs=GPS, EGS, Gal. Center, etc.)

Ø CTA+: LSTs mean 10s-100s GeV i.e. allow the “gamma-ray transients” 
window. Access already granted for the North, in 2-3 years also for 
CTAO-S. Also multi-ni facilities will open new windows for follow-ups.

Ø NB: ASTRI MA is synergic, and pathfinder, to CTAO and CTA+ 
contributions!

CTAO and CTA+ - Conclusions
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All in all, INAF future perspectives for high energy astrophysics

From my perspective, the future opportunities (say, for the youngests…) are:

• On-going missions (XMM, Integral, Agile, Swift, Fermi). In particular new multi-messenger opportunities, 
Large and Legacy Programs, etc. 
Could last until 2028, or so….great learning/formative opportunity.
Fondamentale supporto INAF per ricerca di base (PRIN INAF, MUR, etc.) + contrattoni ASI per Analisi Dati AE

• IXPE: First X-ray polarimeter. NASA mission with very strong italian participation 
(science+tech). Launched in Dec 2021. Provides outstanding HE data.

• NewAthena: From XRISM (First X-ray micro-calorimeter; ESA call for 8% of time; Pathfinder to 
Athena’s X-IFU) to Athena (X-IFU+WFI) to NewAthena (NewX-IFU+NewWFI) which has still 
very strong INAF participation, and still next X-ray Great Observatory of the ‘30s 
(N.B: XRISM-to-XIFU guarantee time offered by XRISM Japanese GT to X-IFU collab.). Vertex+Beatrix

calibration facilities are a new opportunity to INAF/ASI.

• ASTRI-MA/CTA: From MAGIC, to ASTRI Horn, to ASTRI MA, to the CTA Observatory. Starts now, 
expect CTAO fully operational in >5 years from now.

• A great BOOST to CTA from the PNRR: CTA+ (+ 2 LST-S, +5 SST-S, + multi-ni facilities updates+ extras)

• Others (already approved, minor): Einstein Probe, Hermes Pathfinder (2020s+)

• Others (not yet approved, but major): THESEUS, eXTP, Hermes (>2025)

13
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Grazie per la vostra
attenzione
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Conclusions

Ø CTAO will start hard-work construction end of this year (except LSTs 
which started already)

Ø PNRR is admittedly a “crazy” project (for us), but a great scientific and 
programmatic opportunity

Ø Athena/NewAthena has shown how “Space is hard, very hard”, but now 
situation recovered, keep your fingers crossed to obtain a European X-
ray Observatory flagship mission (after XMM, last chance)

Ø While wayting for CTA and then Athena:
Ø End of 2023/2024: Early observations with ASTRI-MA (3 then 9 tel.)
Ø August 2023: Launch of XRISM. End of the year: XRISM2XIFU Guaranteed Time!! Stay 

tuned with INAF scheda (for travel support)
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• Project:
Ø Money Matrix in May 2021 defined the project: CTA-N, CTA-S, HQs

Ø Italy contributes 60 M€ (out of ~310 M€), second only to DE (~80 M€)

Ø Layout baselined (Phase A):
a) CTAO-N (La Palma): 4 LSTs + 9 MSTs (NB: ASTRI MA in Tenerife 

with 9 SSTs)
b) CTAO-S (Chile, Paranal): 14 MSTs + 37 SSTs 

CTAO Status (i/iii)
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• Project: The first (open) Observatory in the TeV energy range

CTAO Status (ii/iii)

Will revolutionise the TeV science and community, 
and expect the unexpected!
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Breakthrough Science expected from both ASTRI Pathfinder and 
CTA (first worldwide gamma-ray Observatory) (II/III)
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ASTRI Mini-Array Core Science

Figure 12: Galactic Center region: HESS (green points) and
ASTRI Mini-Array (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. The ASTRI spectral points and their
error bars are obtained from the distribution of 100 simulations.
See text for more details.

hadronic population assuming a pure hadronic model as ori-
gin of the �-ray emission. We did this by fitting simulta-
neously the HESS, MAGIC (MAGIC Collaboration, 2020)
and ASTRI Mini-Array simulated data with the NAIMA pack-
age, as we did for Tycho. The best-fit model for 100 hr of
ASTRI Mini-Array estimates an upper limit for the proton
spectrum cut-o� above 1 PeV, with a 95% lower limit of 0.22
PeV. The constraint can be improved in 260 hr of ASTRI
Mini-Array exposure: 95% lower limit for a cuto� at 1 PeV.
The latter results are shown in Fig. 12 and they indicate that
the best-fit is mainly guided by the ASTRI data points be-
cause of their small error bars, especially at energies above
10 TeV; the same is true also in the remaining spectra dis-
cussed in the next sections. The MAGIC telescope location
is very similar to the ASTRI Mini-Array one; consequently,
the MAGIC result indicates that high-zenith angle observa-
tions are particularly rewarding in this context. They allow
larger e�ective area in the highest energy range, with respect
to low zenith angle observations, confirming that even from
the Teide site ASTRI Mini-Array will play a great role for
the understanding of the GC region.

4.1.3. Other Possible PeVatron Candidates
Immediate Objective – Among other PeVatron candidates
we present here the most promising TeV sources: VER -
J1907+062 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 exhibited VHE emis-
sion corresponding to Ì 80% of the Crab Nebula flux at 20
TeV and an upper limit on the intrinsic source extension of
2.6°. The VERITAS observations (about 62 hr of useful ex-
posure) show strong di�use TeV emission, whose origin is

not firmly established. VER J1907+062 has been detected
also by HAWC (2HWC J1908+063) up to Ì 100TeV with a
relatively flat spectrum and no evidence of a cuto� (HAWC
Collaboration et al., 2019a). According to Aliu et al. (2014),
the emission in the northern region of VER J1907+062 has
probably a hadronic origin due to the SNR G40.5*0.5. In
this scenario, protons accelerated at the shock front collide
with target protons of the surrounding ISM, producing TeV
photons via neutral pion decay. From the analysis of the
spatial distribution 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 with peaks of the TeV emis-
sion from VER J1907+062. Observations at very high en-
ergy, with increased spatial resolution with respect to HAWC,
can firmly constrain the origin of the emission from the north-
ern region of VER J1907+062, thus confirming its Pevatron
nature.

VER J2227+608 (Acciari et al., 2009) is associated with
the SNR G106.3+2.7 and is a potential target of 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 �-rays
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 their low an-
gular resolution. The VHE morphology can be well super-
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 Mini-Array. These observa-
tions would firmly constrain the hadronic origin of the VER
J2227+608 emission.

VER J1907+062

Observing Time, Pointing Strategy, Visibility and Sim-
ulation Setup – VER J1907+062 is observable from the
Teide site for about 400 hours per year with a zenith angle
between 0°and 45°and 170 hr per year with a zenith angle be-
tween 45°-60°, in moonless condition. To better understand
what spectral constraints we can achieve within the range
of observation times available, we simulate the source for
100, 200, 500 hours 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.In terms of the spectrum, instead of adopt-
ing the VERITAS results, we made the conservative choice
of describing it as a power-law with an index of 2.33, reflect-

S. Vercellone et al.: Preprint submitted to Elsevier Page 13 of 68

ASTRI Mini-Array Core Science

Figure 10: Tycho SNR: �-ray data from Fermi-LAT (green, 84 months), VERITAS (orange, 147 hr) (Archambault et al., 2017)
and ASTRI Mini-Array simulations (red). Left: 300 hr of observations. The blue lines show the PL fit with cut-off energies of
0.18, 0.28, 0.63 PeV (corresponding to 95, 90 and 68% of confidence levels). Right: 500 hr of observations. The blue lines show
the PL fit with cut-off energies of 0.51, 0.79, 2.82 PeV (corresponding to 95, 90 and 68% of confidence levels)

from the present upper threshold of 40 TeV to 100 TeV, and
beyond, could firmly confirm the likely Pevatron nature of
the source and constrain the parent hadronic population up
to the PeV range (see e.g., Rodríguez-Ramírez et al., 2019).

Observing Time, Pointing Strategy, Visibility and Sim-
ulation Setup – The GC is observable from the Teide site
for about 180 hr per year in moonless conditions, at a maxi-
mum culmination angle of Ì57°. We investigated the spec-
tral constraints achievable in 100 hr, 260 hrand 500 hr of
observation (the second exposure time is the same used by
HESS in H. E. S. S. Collaboration et al. 2018a). For the
aims of the present analysis, we use the spatial and spec-
tral characterization of the inner Galactic ridge emission ob-
tained from Ì 260 hr of H.E.S.S. observations (H. E. S. S.
Collaboration et al., 2018a). The template model describes
the GC di�use emission as a combination of three spatial
components taken as Gaussians of di�erent widths and nor-
malizations and all centered at Galactic coordinates l = 0°
and b = 0°. The brightest component, accounting for about
half of the total emission, is associated with the dense gas
environment, mostly present along the inner Galactic ridge
(Ì 150 pc extension); the second component is much more
compact (Ì 15 pc width); the third, fainter, component shows
di�erent widths in longitude (around 140 pc) and latitude
(30 pc). The components have all the same spectral shape: a
power-law with photon index of 2.28 and no cut-o�. Over-
imposed to the di�use emission, two bright point sources
HESS J1745-245 and HESS J1746-285 were also taken into
account and simulated for self-consistency (H. E. S. S. Col-
laboration et al., 2018a). We used Gammapy v0.17 for data
simulation and analysis, following the same approach dis-
cussed for Tycho. We made 100 simulations from the sky-
model described above, in the energy range 0.5–199 TeV,
adopting the IRF background model and without taking into
account the energy dispersion.

Figure 11: Residual map of the GC above 3 TeV and for 260hr
of exposure. The color bar represents the residual per pixel in
terms of (data-model)/model units.

Analysis Method – We fitted each dataset with the tem-
plate sky-model, leaving only the spectral parameters of the
GC di�use emission free to vary. The distribution of the
100 best-fit parameters allowed us to estimate the power-
law spectral parameters as photon index and di�erential flux:
� = ± and N1TeV = (±) ù 10*12 TeV*1 cm*2 s*1, � = ±
andN1TeV = (±1)ù10*12 TeV*1 cm*2 s*1, and � = ± and
N1TeV = (±1) ù 10*12 TeV*1 cm*2 s*1, for 100 hr, 260h
and 500 hr, respectively. In Fig. 11, we show a residual
map (defined as (data-model)/model) obtained for the 260
hr exposure time and selecting only events above 3 TeV. As
expected, the source and its morphology is clearly detected
in 260 hr of exposure.

Also in this case, we estimated the cut-o� energy of the
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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, about 0.15° at 10 TeV. (b): see Qiao et al. (2019). (c): considering the
contribution of H.E.S.S.-II telescope unit (de Naurois, 2017).

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. 0.05° (10TeV) 0.07° (1TeV) 0.07° (1TeV) 0.06° (1TeV) (0.15–1)°(a) Ì 0.2°(b) (10TeV)

Energy Res. (12)% (10 TeV) 16% (1TeV) 17% (1TeV) 15% (1TeV) 30% (10TeV) 60% (10TeV)(b)

Energy Range (0.3-200)TeV (0.05-20) TeV (0.08-30) TeV (0.02-30)TeV(c) (0.1-100)TeV (0.1-1,000)TeV

8.2. High- and Very High-Energy Observatories
Table 6 shows the performance of the current main imag-

ing atmospheric Cherenkov telescope arrays (IACTs: H.E.S.S,
MAGIC and VERITAS) and water Cherenkov detectors ar-
rays (WCDAs: HAWC and LHAASO).

Figure 41 shows the ASTRI Mini-Array di�erential sen-
sitivity compared with those of current very high-energy imag-
ing atmospheric Cherenkov telescope arrays. The integra-
tion time is 50 hr. The di�erential sensitivity curves come
from Aleksi� et al. (2016) (MAGIC), the VERITAS o�-
cial website5, and Holler et al. (2015) (sensitivity curve for
H.E.S.S.–I, stereo reconstruction).

Figure 42 shows the ASTRI Mini-Array di�erential sen-
sitivity compared with those of current very high-energy WC-
DAs in the northern hemisphere. The integration times are
200 hr and 500 hr for the ASTRI Mini-Array and about 1 yr
for WCDAs, respectively. The di�erential sensitivity curves
come from Abeysekara et al. (2017d) (HAWC), and di Scias-
cio and Lhaaso Collaboration (2016) (LHAASO). We note
that the 507-day HAWC di�erential sensitivity curve corre-
sponds to about 3000 hr of acquisition on a source at dec-
lination of 22°within its field of view (Abeysekara et al.,
2017d). Given the very small number of pointings that are
planned for the ASTRI Mini-Array, the two di�erent sensi-
tivity curves correspond to a deep observation on a specific
sky region at the end of the first year of operations (200 hr)
and to the typical observing time accumulated on a particu-
lar target of interest at the completion of the “Pillar” obser-
vational time-frame (3–4 years, 500 hr), prior to the “Obser-
vatory” phase.

8.2.1. MAGIC, VERITAS and H.E.S.S
The H.E.S.S. array (Aharonian et al., 2006a) is currently

the most sensitive IACT in the southern hemisphere, thus
being a natural reference for the ASTRI Mini-Array in the
study of, e.g., the Galactic Center (see also Section 4.1.2).

5https://veritas.sao.arizona.edu

H.E.S.S. performed an outstanding survey of a large fraction
of the Galactic plane, detecting both known and still uniden-
tified sources (see H. E. S. S. Collaboration et al., 2018b,
and references therein).

More specifically, we can summarize the possible AS-
TRI Mini-Array improvements with respect to other IACTs
as follows:

• We extend the di�erential sensitivity up to several tens
of TeV and beyond, an energy range barely accessible
to current IACTs. This will allow us to investigate
possible spectral features at VHE, such as the pres-
ence of spectral cut-o�s or the detection of emission
at few tens of TeV expected from galactic PeVatrons
(see Section 4.1)

• Because of the rather flat performance response over
a wide FoV of several squared degrees, we will have a
better sensitivity at E>10 TeV for extended sources in-
vestigating both their VHE emission at the very edges
and the spectral properties in di�erent regions of the
source. In order to provide a comparison of the typical
o�-axis performance between the currently operating
northern IACTs and the ASTRI Mini-Array, in Fig-
ure 43 we show the integral sensitivity for the MAGIC
Telescopes (Aleksi� et al., 2016) and the ASTRI Mini-
Array, as a function of the source o�-axis and above
an energy threshold of 290 GeV and 2 TeV, respec-
tively. These energy thresholds typically provide the
best integral sensitivity of the two considered systems.
Note that, for each system separately, the integral sen-
sitivity values shown in the plot are normalized to the
best achieved one. It is worth mentioning that a de-
crease in performance similar to the MAGIC one af-
fects H.E.S.S. too. In this case, the relative acceptance
for gamma rays is roughly uniform for the innermost
2° of its 5° FoV, and drops toward the edges to 40% of
the peak value at an o�-axis angle of about 2° (Aha-

S. Vercellone et al.: Preprint submitted to Elsevier Page 40 of 68

ASTRI Mini-Array Core Science

0.01 0.10 1.00 10.00 100.00
10-13

10-12

10-11

10-10

0.01 0.10 1.00 10.00 100.00
Energy [TeV]

10-13

10-12

10-11

10-10

E
2
 x

 F
lu

x 
S

e
n
si

tiv
ity

 [
e
rg

 c
m

-2
 s

-1
]

M
A
G

IC
 50 hr

VERITAS 50 hr H.E.S.S. 50 hr

ASTRI MINI-ARRAY 50 hr

Figure 41: ASTRI Mini-Array differential sensitivity compared with those of current imaging atmospheric Cherenkov telescope
arrays. See text for details.
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Figure 42: ASTRI Mini-Array differential sensitivity curves for two different typical long-term deep pointings compared with those
of current water Cherenkov detector arrays. See text for details.
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Figure 43: MAGIC and ASTRI Mini-Array normalized integral
sensitivity above 290 GeV and 2 TeV, respectively, as a function
of the source off-axis angle. See text for details.

ronian et al., 2006a).

• The ASTRI Mini-Array is most sensitive in an energy
regime where very low gamma-ray fluxes are gener-
ally expected, because of the intrinsic energy depen-
dence of the astrophysical spectra or because of the
possible presence of spectral cut-o�s, and eventually
because of the severe EBL absorption for distant extra-
galactic sources. These reasons make long exposures
(>>50 hrs, as described in Sections 4 and 5) necessary
to get the statistics needed to achieve source detection
and valuable scientific results. Moreover, for the first
three years, the ASTRI Mini-Array will be operated
as an experiment and not as an open observatory, al-
lowing to focus on a few selected targets.

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

augurated on 2015 March 20, on the flanks of the Sierra
Negra volcano near Puebla, Mexico. To record the parti-
cles created in cosmic-ray and gamma-ray air showers, the
HAWC detector will use an array of water Cherenkov detec-
tors. 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
purified water. HAWC is located in the northern hemisphere,
its performance in terms of the highest achievable energy
range make is an excellent reference for the ASTRI Mini-
Array.

The LHAASO array (located in the Daochen site, Sichuan
province, P.R. China, Bai et al., 2019) is similar to HAWC,
but it combines an array of water Cherenkov detectors with
an array of wide field-of-view Cherenkov telescopes.

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

• As shown in Figure 42, the energy range of the ASTRI
Mini-Array (from a few hundreds of GeV to 100 TeV
and beyond) has a wide overlap with those of HAWC

and LHAASO, allowing us a direct comparison of sci-
entific data (spectra, light-curves, integral fluxes) of
those sources which could be simultaneously moni-
tored.

• 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 some months
of pointings.

• The region near the Galactic Center will be accessi-
ble by all the facilities. Thanks to the wide field of
view of the ASTRI Mini-Array (about 10°in diameter)
a large portion of the sky will be investigated simulta-
neously, so that the ASTRI Mini-Array can study, by
means of deep observations, sky “hot-spots” detected
by HAWC and LHAASO, similarly to the ones iden-
tified by the MILAGRO (Atkins et al., 2003) experi-
ment.

• HAWC demonstrated to 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.

8.2.3. Swift, AGILE and Fermi
The Neil Gehrels Swift Observatory (Swift hereafter, Gehrels

et al., 2004), AGILE (Tavani et al., 2009) and Fermi (At-
wood et al., 2009) provide an invaluable complement to the
ASTRI Mini-Array observations, thanks to their large field
of view and surveying capabilities, joined with a rapid dis-
semination system of transient events. Both Swift and Fermi
have been successfully ranked in the last NASA Astrophysics
Senior Review of Operating Missions, with the suggestion
of prolonging these missions up to 2022, when a new Senior
Review will be held6. The AGILE satellite has been recently
prolongued up to at least 31 May 20227, with possible fur-
ther extensions. Since the ASTRI Mini-Array science oper-
ations will start in 2023, all these major wide field-of-view
facilities should be still operational.

Comment: TO BE COMPLETED

8.3. Expected legacy products
Comment: TO BE WRITTEN

9. Conclusions
Comment: TO BE WRITTEN
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Examples of H/W projects for High Energies (from PT 2017-2019, to be updated)
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Attività R&D Obiettivi Ente finanziatore / 
Progetto di riferimento

Ruolo INAF Milestones 2017-2019 FTEs/
pers.

PixDD Prototipo SDD per raggi X di bassa energia (0.5-10 keV) per spectral-
timing ad alto throughput

TECNO-INAF / eXTP
(CNSA)

PI Ottobre 2017: Relazione e rendicontazione finale TBD

COMPASS Prototipo di polarimetro Compton basato su cristalli scintillatori di
nuova generazione e lettura SiPM, per la banda hard X

TECNO-INAF PI Ottobre 2017: Relazione e rendicontazione finale ?

XGS Prototipo rivelatore a larga banda (1 keV – 10 MeV) basato su cristalli
scintillatori e lettura con SDD per la rivelazione e misura spettrale di
GRBs e transienti di AE.

TECNO-INAF / THESEUS 
(ESA)

PI Ottobre 2017: Relazione e rendicontazione finale ?

HERMES Prototipo rivelatore hard X / 𝛾 (20 keV-10 MeV) per micro e mini
satelliti: studio ad alta risoluzione della struttura temporale di GRBs per
localizzazione e studi di quantum-gravity. Rivelatori SDD e/o SiPM.

TECNO-ASI / HERMES CoI, Resp. 
sviluppo 
detector

Maggio 2017-18: Riunioni Avanzamento

Febbraio 2019: Riunione Finale

Geant4 Sviluppo di un simulatore user-friendly basato su Geant4 ESA CTP/AREMBES PI Presentazione finale risultati 2018
Micro cal. TES Analisi criticita' su sviluppo antico criogenica basata su TES ESA CTP/optimization of 

european TES array
WP leader Presentazione finale risultati 2019

Micro cal. TES Soluzioni per lo sviluppo di anticoincidenza criogenica basata su TES
oltre la baseline di ATHENA

UE H-2020/AHEAD PI Presentazione finale risultati 2019

NTD Ge Micro-cal. 
Detectors

Test di rivelatore di raggi X a microcalorimetro per lancio su pallone
stratosferico

ASI PI ?

High 
perf. 3D CZTe for X 

and 𝛾-rays

Prototipo innovativo di rivelatore segmentato 3D basato su CdZnTe
orientato a rivelatore di piano focale per lenti di Laue.

INFN Termine 2019

Athena: optical
filter for X-ray

instrumentation

Sviluppo e caratterizzazione di prototipi di filtri sottili di grande area per
gli strumenti scientifici a bordo della missione ATHENA

ESA, HS FOILS Subcontract
con Univ. di 

Palermo

Termine 2019

SIMPOSiuM Sviluppo software per disegno ottico e simulazione prestazioni delle
ottiche della missione per raggi X ATHENA

ESA/ATHENA PI Review 2° anno (set 2017)+ Review 3° anno 
(2018)+ Presentazione finale (2018)

SPIRIT Sviluppo delle shell più interne delle ottiche per raggi X di Athena ESA/ATHENA Resp. di WP Prototipo, (2017)+ Calibrazione in raggi X (2018)

Tecnologie del 
Vetro per le 

ottiche in raggi x di 
prox gen

Sviluppo di shell sottili superpulite e tecnologia slumping “a freddo” per
ottiche innovative per astronomia in raggi X

ASI/bando tecnologico
2014

PI 2017: prototipi di ottiche prodotte per slumping a
freddo di segmenti in vetro e loro calib. in raggi X +
2017/2018: prototipi di ottiche a shell chiusa sottile
prodotte per polishing diretto e loro calib. in raggi X

BEATRIX Sviluppo di facility di calibrazione in raggi X compatto per gli specchi di
Athena

ESA/Athena
AHEAD/H2020

PI 2018: prod. del modulo ottico per la parallelizzazione
del fascio X + 2019: facility presso Merate

CTA/ASTRI Sviluppo dei prototipi E2E dei telescopio per il mini-array ASTRI MIUR/Astronomia
Industriale/CTA

PI 2018: 3 prototipi strutture + 2019: 9 telescopi
funzionanti sito in Cile di CTA

A ”Spin-off” participation 
to BabyIAXO (?) (From 

technology, to 
international project, to 

Nobel Prize?)
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Spin-off participation to BabyIAXO?

20

INAF (OaB, resp. Tavecchio, PM: Marta Civitani)

i)+ ii): CaC ~300 k€, 4 FTEs (2 already staff) for ~2.5 years
If only ii) à No h/w cost, little man-power OAB
iii): CaC ~ 50-200 k€, 2 FTEs
All: CaC<0.5 M€, 2-3 years time, 5-6 FTEs.

Great science (Nobel!?) return possible for a little/focused investment.
Science team (lead Tavecchio) could be at least ~10 people (presented 
at RSN in Dec. 15th). Large and transverse interest. Not clear how/if this
could be an INAF (tech+science) project. Suggestion?

CASTà BabyIAXO (10 x sensibility!)

i) Grow slumped glasses of 
OAB around NuSTAR core

and/or

ii) Manage use of spare 
XMM mirror (OK from ESA)

and/or
iii) Calibration of the Detector System
(@IAPS): In aria (zero h/w cost) or 
under vacuum (ADAM spin-off, cost 
~200 k€)

+ Science&Sim WP 
(mandatory)


