

  universe-10-00153




universe-10-00153







Universe 2024, 10(4), 153; doi:10.3390/universe10040153




Review



Scientific Highlights of the AGILE Gamma-ray Mission



Stefano Vercellone 1,*,†, Carlotta Pittori 2,3,† and Marco Tavani 4,5,†





1



INAF Osservatorio Astronomico di Brera, Via E. Bianchi 46, 23807 Merate, Italy






2



INAF Osservatorio Astronomico di Roma, Via Frascati 33, 00078 Rome, Italy






3



ASI Space Science Data Center, Via del Politecnico, 00133 Rome, Italy






4



INAF-IAPS Roma, Via del Fosso del Cavaliere 100, 00133 Rome, Italy






5



Dipartimento di Fisica, Universitá di Roma Tor Vergata, Via della Ricerca Scientifica 1, 00133 Rome, Italy









*



Correspondence: stefano.vercellone@inaf.it; Tel.: +39-02-72320-509






†



These authors contributed equally to this work.









Citation: Vercellone, S.; Pittori, C.; Tavani, M. Scientific Highlights of the AGILE Gamma-ray Mission. Universe 2024, 10, 153. https://doi.org/10.3390/universe10040153



Academic Editor: Tina Kahniashvili



Received: 31 January 2024 / Revised: 11 March 2024 / Accepted: 21 March 2024 / Published: 25 March 2024



Abstract

:

The  γ -ray sky above a few tens of megaelectronvolts (MeV) reveals some of the most powerful and energetic phenomena of our Universe. The Astrorivelatore Gamma ad Immagini LEggero (AGILE) Gamma-ray Mission was launched in 2007 with the aim of observing celestial sources by means of three instruments covering a wide range of energies, from hard X-rays up to 30 GeV. Thanks to its wide field of view, AGILE set to observe and detect emission from pulsars, pulsar wind nebulae, gamma-ray bursts, active galactic nuclei, fast radio bursts, terrestrial gamma-ray flashes, and the electromagnetic counterparts of neutrinos and gravitational waves. In particular, the fast on-ground processing and analysis chain allowed the AGILE team to promptly respond to transient events, and activate or participate in multiwavelength observing campaigns. Eventually, after 17 years of operations, the AGILE Italian scientific satellite re-entered the atmosphere on 14 February 2024, ending its intense activity as a hunter of some of the most energetic cosmic sources in the Universe that emit X and  γ -rays. We will review the most relevant AGILE results to date and their impact on the advancements of theoretical models.
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1. Introduction


The  γ -ray sky at high energies (HE,   E > 10   MeV) has been investigated since the beginning of the 1960s. On 27 April 1961, the EXPLORER XI (1961) satellite [1] was launched with the aim of producing an all-sky survey at energies above a few tens of MeV.



Despite the very limited number of fairly certain  γ -rays, as the authors note, and no certain sources detected, this may mark the beginning of studies of  γ -ray astrophysics with space satellites1. Figure 1 shows the sky distribution of the 22 photons detected by the EXPLORER XI satellite in its early months.



The first confirmed  γ -ray-emitting regions were detected by the OSO-3 (1967–1969) satellite [2]. OSO-3 reported  γ -ray emission with energies above 50 MeV from the galactic disk with peak intensity towards the galactic center. The first two pointlike sources, Crab and Vela (both pulsar wind nebulae (PWNe)), were detected by the SAS-2 (1972–1973) satellite [3].



A further improvement was achieved with the COS-B (1975–1982) satellite, which detected 25 sources, reported in [4]. We note that only 4 sources were identified: Crab, Vela,  ρ  Oph, and the first extragalactic one, the blazar 3C 273.



Among the SAS-2 and COS-B unidentified  γ -ray sources, one deserves a special mention,  γ  195 + 5, in the Gemini constellation. This may represent the first example of a multiwavelength campaign to identify a newly discovered  γ -ray source, as described in [5]. Nowadays, this source is commonly known as Geminga.



A remarkable step ahead was obtained in the 1990s, with the launch of the Compton Gamma Ray Observatory, hosting on board the EGRET (1991–2000) telescope [6]. EGRET detected more than 270 sources, both galactic and extragalactic. Many of them were unidentified at the time, as reported in the Third EGRET Catalog (3EGC) [7]. 3EGC was instrumental in performing the first population studies of different source types and helped plan observations and target definitions for future HE space missions, e.g., [8] for the study of the  γ -ray AGN duty cycle.



AGILE was a step forward with respect to previous  γ -ray satellites under several aspects. Thanks to its silicon-based  γ -ray tracker, it improved the angular resolution near 100 MeV by at least a factor of 2–3 compared with EGRET. The AGILE field of view (FoV) was about five times larger, improving the transient source detection and obtaining broad-band spectral information by including large FoV detectors in the MeV and X-ray energy ranges. These characteristics, combined with a rapid quick-look analysis of the  γ -ray data and a fast dissemination of results, allowed the AGILE collaboration to provide alerts, stimulating efficient multifrequency programs.



In the next sections, we describe the AGILE Mission, its concepts, and the major scientific results obtained so far. We show how the AGILE Mission has been able to overcome some of the bottlenecks of the previous  γ -ray missions by dramatically improving the ground segment efficiency, which allowed a rapid analysis of  γ -ray data and dissemination of the results. Finally, we would like to note that this review cannot be a compilation of all the AGILE scientific results that the AGILE collaboration obtained during its 17 years of operation.




2. The AGILE Mission


The Astrorivelatore Gamma ad Immagini LEggero (AGILE2) satellite [9] (2007–2024) was a mission of the Italian Space Agency (ASI) devoted to high-energy astrophysics. It was launched on 23 April 2007 by the Indian PSLV-C8 rocket from the Sriharikota ISRO base (India). It ceased its operations on 18 January 2024 and subsequently re-entered the Earth’s atmosphere on 14 February 2024 [10]. The AGILE scientific instrument combined four active detectors yielding broad-band coverage from hard X-ray to  γ -ray energies: a silicon tracker [ST; 30 MeV–50 GeV] [11], a coaligned coded-mask hard X-ray imager, Super-AGILE [SA; 18–60 keV] [12], a nonimaging CsI mini-calorimeter [MCAL; 0.3–100 MeV] [13], and a segmented anticoincidence system [ACS] [14]. Any  γ -ray detection was obtained by the combination of ST, MCAL, and ACS; these three detectors formed the AGILE gamma-ray imaging detector (GRID). The coaligned detectors, the silicon-strip-based tracker, a wide FoV  γ -ray imager, and the fast-reaction ground segment were the AGILE innovative solutions with respect to the previous generation of  γ -ray satellites.



Table 1 shows the main AGILE scientific performance. In addition to these figures, we note that AGILE had the possibility of jointly monitoring celestial sources both in the X-ray and in the  γ -ray energy bands, as well as quickly reacting to fast transients.



The AGILE satellite was in a low-Earth equatorial orbit with an inclination of about 2.5 degrees, with an initial average altitude of about 500 km. AGILE raw telemetry level-0 (LV0) data were downlinked every ∼100 min to the ASI Malindi ground station in Kenya and transmitted, through the fast ASINET network provided by ASI, first to the Telespazio Mission Control Center at Fucino in Italy and then to the AGILE Data Center3 (ADC, Italy), part of the ASI multimission Space Science Data Center (SSDC),   ∼ 5   min after the end of each contact downlink. The ADC is in charge of all the scientific operations: data management, archiving, distribution of AGILE data and scientific software, and user support. Its main activities and architecture are described in [15].



A ground segment alert system allowed the AGILE team to perform the full AGILE-GRID data reduction and the preliminary quick-look scientific analysis for a fast reaction to high-energy transients [15,16].




3. The Crab Nebula


The Crab Nebula (G184.6−5.8) is an expanding remnant of a supernova explosion (SN1054) recorded by Japanese and Chinese astronomers in 1054 A.D., located at an estimated distance of 2 kpc from Earth [17]. The Crab Nebula [18] is a complex pulsar wind nebula (PWN) system, powered by a powerful rotating neutron star, a pulsar of spin-down luminosity  L PSR = 5 × 1038 erg   s  − 1   , and spin period  P  = 33 ms. Observations of the nebula have been carried out at every accessible wavelength, from radio up to very high energy (VHE) [19]. In the last decades, almost all high-energy (EGRET, Fermi-LAT, AGILE) and very-high-energy (H.E.S.S., MAGIC, VERITAS, HAWC, Tibet AS- γ , LHAASO) instruments provided invaluable information up to PeV energies. Moreover, in recent years, the first detection at TeV energies from the Crab Nebula by a dual-mirror Schwarzschild–Couder configuration Čherenkov telescope was reported by the 4 m ASTRI-Horn telescope, operated on Mt. Etna, Italy, and developed in the context of the Čherenkov Telescope Array Observatory (CTAO) preparatory phase [20]. Recently, the Crab was also observed with the Large-Sized Telescope Prototype of the Čherenkov Telescope Array LST-1 [21]. The results of the observations with high significance of the Crab Nebula in the energy ranges 10–100 TeV and >100 TeV were reported by the HAWC Collaboration [22] and by the LHAASO Collaboration using the first 5 months of the hybrid extensive air shower (EAS) half-array LHAASO-KM2A data [23].



Local variations in the inner nebula showing distinctive optical and X-ray features aligned with the pulsar jet (“wisps”, “knots”, and the “anvil”) [24,25,26,27] have been attributed to enhancements of the synchrotron emission produced by instabilities or shocks in the pulsar wind outflow. However, when averaged over the whole inner region, the overall high-energy flux resulting from the unpulsed synchrotron radiation of the Crab Nebula has been considered essentially stable. Concerning the Crab Nebula variability, before 2010, only possible long-term nebular hard X-ray flux changes on a timescale of a few years have been reported. The X-ray variability has been observed to occur with an apparent relative amplitude of a few percent on timescales of ∼3 years [28,29,30]. The Crab was thus regarded as a nearly constant source at a level of a few percent from optical to  γ -ray energies and used as a calibration source, a “standard candle” in astrophysics, up to very high energies [31].



In September 2010, thanks to its rapid alert system [15,16], AGILE detected a fast  γ -ray flare above 100 MeV from the Crab Nebula over a daily timescale (see Flare F7 in Figure 2, left panel) and made the first public announcement on 22 September 2010 [32,33]. This finding was confirmed the following day by the Fermi satellite [34].



The surprising discovery by AGILE of variable  γ -ray emission from the Crab Nebula started a new era of investigation of this system. As a consequence, the 2012 Bruno Rossi International Prize was awarded to the principal investigator (PI), Marco Tavani, and the AGILE team for this important and unexpected discovery. The detailed and exciting story that led to the AGILE discovery has been very well described in the   S c i e n c e M a g a z i n e   article “The Crab that Roared” [37].



The interest in the discovery triggered several prompt multifrequency observations (from radio to TeV). However, no enhancement was detected at any of these energies, indicating that the flaring episode happened only in the  γ -ray band. Moreover, no variations were detected in the pulsed emission, leaving out any interpretation in terms of magnetospheric origin near the Crab pulsar. AGILE had also previously detected a giant flare from the Crab in October 2007 during the initial science verification period of the satellite; furthermore, the first AGILE catalog paper [38] reported that anomalous episodic high-flux values observed from the Crab in 2007 were under investigation. Several major  γ -ray flares from the Crab Nebula were detected by the AGILE-GRID and Fermi-LAT in the following years, with an approximate rate of one every few years (see Table 2), as well as more frequent enhanced  γ -ray weeklong activity of lower intensity (the so-called “waves”, W) [35], as shown in Figure 2, left panel, and as can be seen in [35], Figure 7.



During the flaring states,  γ -ray spectra above 100 MeV have cutoff energies below a few GeVs, and the data are compatible with the observation of a new, almost monochromatic  γ -ray spectral component evolving during the flare [36], as shown in Figure 2, right panel. The  γ -ray flux can increase up to a factor of 8 over timescales of days [39], and drop below the average flux within a similar timescale [40].  γ -ray data provide evidence for particle acceleration mechanisms in nebular shock regions more efficient than previously expected from theoretical models, as discussed in [41] in a recent review.




4. Probes for Cosmic-Ray Acceleration


Understanding the escape of accelerated particles from expanding spherical shocks is a key ingredient to establish a connection between supernova remnants (SNRs) and the origin of galactic cosmic rays (CR). Moreover, SNRs are excellent laboratories to investigate the hadronic scenario as the main emission model in astrophysical sources [42,43,44,45,46,47,48,49]. In this section, we describe a few AGILE results on this topic.



4.1. W28


W28 is a middle-aged SNR with an age of at least 35,000 years. It is surrounded by molecular clouds [50], located at a projected distance of 10–20 pc from the SNR shell and detected by the High Energy Stereoscopic System (H.E.S.S.) up to several TeVs [51]. AGILE investigated W28 by means of  γ -ray data accumulated during the “pointing observing mode” (2007–2009) [52], when it detected this source with a flux of    F  E > 100  MeV   =  ( 40 ± 11 )  ×  10  − 8     photons   cm  − 2     s  − 1   . Two ingredients are fundamental in this investigation. The first one is an accurate modeling of the diffuse galactic  γ -ray background, as presented in [53]. The second is the multiwavelength study of the region around this source. For this reason, the AGILE collaboration made use of 12CO (  J = 1 → 0  ) molecular line observations taken by the NANTEN telescope, which detected a system of molecular clouds (cloud-N and cloud-S, respectively) associated with W28 [50], complemented with VHE observation by H.E.S.S. [51]. Figure 3 shows the AGILE-GRID data (  E > 400   GeV, Gaussian-smoothed map) with the superimposed 12CO contours (black lines) and the position of W28 (cyan circle).



A broad-band spectral energy distribution (SED) of the nonsimultaneous AGILE and H.E.S.S. data allowed us to model the observed data in terms of hadronic-induced interaction with the two molecular clouds adjacent to the SNR. This model explains the morphological and spectral features detected by both AGILE in the MeV–GeV energy range and H.E.S.S. in the TeV energy range, i.e., the different emission levels between cloud-N and cloud-S, the former being brighter than the latter at MeV–GeV energies, while the opposite occurs in the TeV energy band.




4.2. W44


W44 is a middle-aged (∼20,000 yr) SNR located in the galactic disk at a distance of ∼3 kpc from Earth at celestial coordinates (RA, Dec) = (284.04, 1.22)°. A direct proof that SNRs are the origin of cosmic rays can be given by an unambiguous detection of the  γ -ray emission expected from neutral pion decay in hadronic interactions, which is expected to be more evident at low energies (50–100 MeV), where it can be disentangled from the leptonic emission. In this respect, the AGILE-GRID is an excellent detector for investigating emission at such low energies. In [54] and subsequently in [55], the AGILE collaboration discussed the AGILE data accumulated in the period July 2007–April 2011. The  γ -ray flux for energies above 400 MeV (where the AGILE-GRID angular resolution is optimized for the best performance) is    F  400  MeV   =  ( 16.0 ± 1.2 )  ×  10  − 8     photons   cm  − 2     s  − 1   . Figure 4 shows the first evidence of hadronic cosmic-ray acceleration in the 50–100 MeV energy range. Figure 4 shows the multiwavelength SED of W44 with observations from radio [and references therein] [56] up to TeV [57,58,59]. A model described by a synchrotron, bremsstrahlung, and inverse Compton contributions is shown and constitutes the first evidence of hadronic cosmic-ray acceleration in the 50–100 MeV energy band.




4.3. IC 433


The intermediate-age SNR IC 443, ∼(1–2) × 104 yr, is located near the galactic anticenter (l = 189°.1, b = 3°.0), and at a close distance from Earth, ∼1.5 kpc. During the first 2 years of operation, AGILE-GRID accumulated about 1 Ms of exposure towards this source [60].



Figure 5 shows the AGILE-GRID data and the different sources in the IC 433 region. The AGILE-GRID data show four possible excesses (A–D). The  γ -ray flux above 100 MeV of excess-A is of    F  E > 100  MeV   =  ( 47 ± 10 )  ×  10  − 8     photons   cm  − 2     s  − 1   .



From the AGILE-GRID observations, and from the lack of detectable diffuse TeV emission, it was demonstrated that electrons cannot be the main emitters of  γ -rays in the range 0.1–10 GeV at the site of the strongest SNR shock. The intensity, spectral characteristics, and location of the most prominent  γ -ray emission together with the absence of cospatial detectable TeV emission are consistent only with a hadronic model of cosmic-ray acceleration in the SNR.





5. The Cygnus Region


The Cygnus region (   60 ∘  < l <  90 ∘   ) is a site hosting bright diffuse emission, both transient and persistent pointlike and extended sources. The AGILE-GRID detected several sources in this region [38,61,62]. The most prominent persistent  γ -ray pointlike sources are the three pulsars: PSR J2021+3651 (2AGL J2021+3654), PSR J2021+4026 (2AGL J2021+4029), and PSR J2032+4127 (2AGL J2032+4135). Moreover, three microquasars were detected in this region with variable  γ -ray emission: Cygnus X-1 [63,64], Cygnus X-3 [65,66,67,68], and V404 Cygni [69]. Last but not least, the analysis of the AGILE-GRID data allowed the discovery of a Be-type star with a black hole companion in MWC 656 (AGL J2241+4454) [70]. This region is shining both above a few hundred of GeV [see the H.E.S.S. Galactic Plane Survey] [71] and in the TeV–PeV energy band, as reported in the first LHAASO catalog [72].



Figure 6 shows the AGILE-GRID count map (  E > 100   MeV) centered on the Cygnus region. The positions of the three PSRs and of the three microquasars are marked with black and white crosses, respectively.



Table 3 shows the principal properties of the three microquasars detected by the AGILE-GRID.



AGILE extensive monitoring of Cyg X-1 in the energy range 100 MeV–3 GeV during the period July 2007–October 2009 confirmed the existence of a spectral cutoff between 1 and 100 MeV during the typical hard spectral state of the source. However, on 15–16 October 2009, the AGILE-GRID detected Cyg X-1 at a flux of    F γ  =  ( 232 ± 66 )  ×  10  − 8     photons   cm  − 2     s  − 1    in the energy range 100 MeV–3 GeV [63], which demonstrates that Cyg X-1 is capable of producing episodes of extreme particle acceleration on 1-day timescales.



On the contrary, the AGILE-GRID detected Cyg X-3 flaring events several times in the period February 2008–July 2009 [65,67]. The typical flare has a  γ -ray flux of about one order of magnitude larger than its steady flux,    F  E > 100  MeV  steady  =  ( 14 ± 3 )  ×  10  − 8     photons   cm  − 2     s  − 1   . The  γ -ray flares seem to occur in anticorrelation with hard X-ray emission, during soft X-ray spectral state, and a few days before major radio flares. This picture seems to indicate that quenched states are a key condition for  γ -ray flares [65].



The AGILE “spinning” observing mode4 allowed the detection of a  γ -ray flare from V404 Cygni, after more than a quarter of a century of quiescence, coincident with outbursts in radio, hard X-ray, and soft  γ -ray (continuum and 511 keV annihilation line), as reported in [69] and references therein. The AGILE-GRID detected V404 Cygni on 24–26 June 2015 in the energy band (50–400) MeV with a flux of    F γ  =  ( 4.6 ± 1.5 )  ×  10  − 6     photons   cm  − 2     s  − 1   . The AGILE observations are compatible with a microquasar scenario in which plasmoid ejections in a lepton-dominated transient jet are responsible for the high-energy  γ -ray emission.



Finally, another transient source in the Cygnus region, namely, AGL J2241+4454, was detected by the AGILE-GRID on July 2010 at a flux of    F  E > 100  MeV   ≈ 150 ×  10  − 8     photons   cm  − 2     s  − 1    [73]. The combination of this detection with optical observations allowed the firm discovery of a black hole of (3.8–6.9)    M ⊙   , which orbits the Be star MWC 656, counterpart of AGL J2241+4454 [70].




6. The Crazy Diamond 3C 454.3


The renown flat-spectrum radio quasar (FSRQ) 3C 454.3 (  z = 0.859  ) was originally detected in the  γ -ray energy band by EGRET [74,75]. In 2005, 3C 454.3 underwent a major flaring activity at almost all energy bands and caused the start of a multiwavelength campaign, e.g., [76,77,78]. One interesting piece of evidence is a clear signature of the accretion disk in low states. 3C 454.3 was the first blazar detected in a flaring state by AGILE in 2007 [79]. Subsequently, it also became the brightest  γ -ray source in the AGILE sky above 100 MeV, thus earning the nickname Crazy Diamond because of its prolonged and fast variability, resembling a diamond lit by light.



AGILE performed several multiwavelength campaigns on 3C 454.3, which enabled the study of the different SED and the discussion of innovative theoretical models to account for different flaring activity periods. Between July 2007 and October 2009, a long-term observing campaign [80] was performed during which fast  γ -ray variability (   t  var  γ  ≤ 1   d) was recorded, with almost no time lag with respect to the optical one.



Figure 7 (left) shows the 18-month multiwavelength light curves that display how the radio band presents a markedly distinct behavior from the higher-frequency bands.



Thanks to this long timescale multiwavelength coverage, the AGILE collaboration was able to uncover a slow, nearly constant increase of the 15 GHz flux uncorrelated with other wavebands. This different behavior of the light curves at different wavelengths could be interpreted in terms of a changing of the jet geometry between 2007 and 2008.



On the other hand, as shown in Figure 7 (right), the  γ -ray flare that occurred on 20 November 2010 [81] showed some peculiar behaviors, among which was a  γ -ray-orphan optical flare, which may challenge the model of a uniform external photon field responsible for the high-energy emission. Figure 8 shows three SEDs of 3C 454.3 obtained in November 2010, when the source was in a  γ -ray-enhanced and flaring state [81]. In particular, preflare, flare, and postflare states can be distinguished, with remarkably different  γ -ray flux levels and a Compton dominance reaching up to a factor of 20. The figure also shows, as a comparison, a SED for a very low  γ -ray state for this source obtained 2 years earlier [80]. The AGILE team presented many observational and theoretical results on this source throughout the mission; see [79,80,81,82,83,84,85,86] and references therein.




7. High-Redshift Sources


High-redshift (  z > 2  ) blazars have a SED whose inverse Compton peak usually lies in the MeV–GeV energy range (see [87] for a seminal study of high-redshift  γ -ray sources at   z > 2  ). In a recent paper, [88] considered the extragalactic sources listed in the Fermi-LAT 4FGL-DR2 catalog [89], selected those outside the galactic plane (   | b | >   10 ∘   ), and reclassified them from the spectroscopic point of view. Out of 2980 sources, 1465 have spectroscopically determined redshift, and among them, 102 have   z > 2  . The majority of these high-redshift jetted sources are FSRQ (95, 93%), while BLLAC (5, 5%) and CLAGN5 (2, 2%) are marginal. We focus on two high-redshift sources that have been investigated with AGILE.



7.1. 4C +71.07


The flat-spectrum radio quasar 4C+71.07 is a high-redshift (  z = 2.172  ),  γ -ray loud blazar whose optical emission is dominated by thermal radiation from the accretion disk. In [90], the AGILE collaboration reported on the high  γ -ray activity of this source in the period October–November 2015. AGILE detected two separate flares (F1 and F2) with fluxes    F  E > 100  MeV  1  =  ( 1.2 ± 0.3 )  ×  10  − 6     photons   cm  − 2     s  − 1    between 26 October 2015 and 1 November 2015 and    F  E > 100  MeV  2  =  ( 3.1 ± 0.6 )  ×  10  − 6     photons   cm  − 2     s  − 1    between 7 November 2015 and 13 November 2015, respectively. The AGILE collaboration activated a multiwavelength campaign involving the Neil Gehrels Swift Observatory (Swift) [91] narrow field instruments, the X-ray Telescope [XRT] [92] and the UV/Optical Telescope [UVOT] [93], and the GLAST-AGILE Support Program of the Whole Earth Blazar Telescope [GASP/WEBT] [94], with a coverage from the radio (5 GHz) up to GeV energy bands.



Figure 9 shows the multiwavelength campaign light curves, from the radio to the  γ -ray energy band. In particular, the second and most prominent  γ -ray flare (F2) has a much richer multiwavelength coverage, including the mm and the near-infrared wavelengths.




7.2. PKS 1830−211


PKS 1830−211 is a  γ -ray-emitting, high-redshift (z   = 2.507 ± 0.002  ), lensed flat-spectrum radio quasar (see [95]). Recently, Ref. [96] investigated the  γ -ray flare detected by AGILE/GRID and Fermi/LAT of PKS 1830−211.



Figure 10 shows the multiwavelength light curves from radio (5 GHz) to  γ -ray (  E > 100   MeV). The source reached its maximum flux above 100 MeV (   F  E > 100  MeV   =  ( 2.28 ± 0.25 )  ×  10  − 5     photons   cm  − 2     s  − 1   ) around 24 April 2019 (MJD   = 58597.25 ± 1.0  ), as shown in panel (d). This flux level is unprecedented for this source, and it is one of the largest ever detected in  γ -rays from blazars at redshift   z > 2  .




7.3. SED Comparison


We can now compare the SEDs of these two sources. Figure 11 shows the SEDs for both 4C+71.07 and PKS 1830−211, the latter in different epochs and emission states.



We note that, during the flaring states, both sources are within a factor of about 10 in flux. In particular, the isotropic  γ -ray luminosity for 4C+71.07 at its maximum is    L  γ , E > 100 MeV  iso  ≈ 3 ×  10 49    erg   s  − 1   , while the Eddington luminosity is    L Edd  ≈ 6 ×  10 47    erg   s  − 1   , assuming a black hole mass of    M BH  = 5 ×  10 9    M⊙, as computed in [98]. For PKS 1830−211, the AGILE collaboration similarly obtains    L  γ , E > 100 MeV  iso  ≈ 8.6 ×  10 50    erg   s  − 1   , while    L Edd  ≈ 6 ×  10 46    erg   s  − 1   , where for the latter, the value of the black hole mass reported in [99],    M BH  = 5 ×  10 8    M⊙, was assumed. A notable difference between the flaring and the average state of PKS 1830−211 is the value of the Compton dominance (CD), i.e., the ratio between the inverse Compton and the synchrotron peaks. During the average 2005 state, the CD is of the order of ≈20, rising to ≈100 in 2010 and topping at >200 in 2019. Such high CD values may challenge the canonical one-component emission model, requiring alternative models to explain this remarkable SED, such as the “mirror model” [100,101] or the “jet-cloud interaction model” [86,102].





8. From MeV to TeV


The search for possible very-high-energy blazar candidates was also one of the BeppoSAX legacies, as discussed in [103] and recently updated, taking advantage of the Fermi-LAT all-sky  γ -ray survey applied to the ROMA-BZCAT and sedentary survey samples [104]. Since the beginning of observations of the sky with both imaging atmospheric Čherenkov telescopes and extended air-shower arrays, jetted extragalactic sources started to emerge as a TeV-emitting class. In 1992, the Whipple telescope detected Mrk 421 [105], while a few years later, it also detected Mrk 501 [106]. An important recent result is the detection [107] of FSRQ OP 313 by means of the Čherenkov Telescope Array Observatory (CTAO) large-sized telescope (LST) prototype LST-1 [21]. This source, at a redshift of   z = 0.997  , is the most distant blazar ever detected by a Čherenkov telescope. LST-1 detected OP 313 during a target of opportunity repointing on 11–14 December 2023, with an integrated flux, above 100 GeV, of   ≈ 15  % of the flux of the Crab Nebula in the same energy band.



Currently, the number of extragalactic jetted sources is about 90, as reported by the TeVCat [108] website6. Figure 12 shows the fraction of extragalactic jetted sources divided according to the TeVCat nomenclature.



The majority of TeV-detected extragalactic jetted sources are high-peaked BL Lac objects (HBLs), accounting for more than 60% of the entire sample.



8.1. Search for MeV–GeV Counterparts of TeV Sources


A preliminary yet comprehensive analysis of the MeV-GeV search for AGILE counterparts of TeV extragalactic jetted sources is reported in [109]. The authors focused on the period 9 July 2007–18 October 2009, during which the AGILE satellite operated in the nominal pointing mode. During this period, the satellite was mainly pointed to observe two regions near the galactic plane: towards the Cygnus region (l ≈ 90°) and the Vela region (l ≈ 270°). These observations, therefore, are suboptimal to investigate extragalactic sources. The counterpart search was performed using the maximum likelihood estimator (MLE) described in [110] on the data accumulated in the period MJD (54,290.5–55,122.5). The AGILE collaboration used as input sources those reported in [38,61,66]. When the analysis was performed, TeVCat contained a lower number of sources than the current one, and the analysis was performed on 152 TeV sources.



Table 4 shows the extragalactic TeV sources listed in TeVCat that have been detected by AGILE in the period 9 July 2007–18 October 2009. Among them, there are five HBLs, two IBLs, two LBLs, two FSRQs, and two FR-I galaxies.




8.2. The Multiwavelength View of TeV Sources: W Comae and Mrk 421


In addition to the sources listed in Table 4, AGILE performed multiwavelength studies on some peculiar TeV sources and, among them, W Comae and Mrk 421.



W Comae (  z = 0.102  , IBL) was detected by AGILE on June 9–15 2008 as a follow-up observation [111] of the detection at VHE by VERITAS [112] on 7–8 June 2008 with a flux of    F  E > 200  GeV   =  ( 5.7 ± 0.6 )  ×  10  − 11     photons   cm  − 2     s  − 1   . This value is about three times brighter than the flux detected by VERITAS in March 2008, when the sources were discovered as a VHE emitter [113]. AGILE detected W Comae with a flux of    F  E > 100  MeV   =  ( 90 ± 34 )  ×  10  − 8     photons   cm  − 2     s  − 1   , which was, at that time, a factor of 1.5 higher than any  γ -ray emission detected by both EGRET and Fermi-LAT. A multiwavelength campaign was immediately activated, as reported in [114]. Figure 13 (left panel) shows the almost-simultaneous multiwavelength light curves covering W Comae HE and VHE flare from the radio up to the GeV energy bands from MJD 54622 to MJD 54636. The SED was accumulated during the high-state period MJD 54624–54626, and fit with both a pure synchrotron self-Compton (SSC) model and an SSC plus external Compton (EC) one. The latter model fits the observed data better, in particular the near-infrared bump (see Figure 5 in [114]), suggesting a dusty molecular torus as a possible source of seed photons for the EC component.



Mrk 421 (  z = 0.03  , HBL) is a well-known TeV emitter. AGILE detected Mrk 421 both by means of its onboard hard X-ray detector, Super-AGILE, on 10 June 2008 [115] and in the  γ -ray energy band [116], by integrating in the period 9–15 June 2008. In the period 9–15 June 2008, Mrk 421 reached a flux in the hard X-ray energy band of    F  20 − 60  keV   = 55   mCrab (  ≈  ( 4.9 ± 0.5 )  ×  10  − 10     erg   cm  − 2     s  − 1   ) and a  γ -ray flux of    F  E > 100  MeV   =  42  − 12   + 14   ×  10  − 8     photons   cm  − 2     s  − 1    [117]. Figure 13, right panel, illustrates the Mrk 421 light curves at different energies, showing the broad-band coverage for this flaring event. The X-ray and HE/VHE correlated variability points towards a possible SSC modeling of the SED. In particular, the decreasing trend in the R-band data, not followed by a similar trend in the X-ray energy band, may suggest a scenario in which the inner jet region would produce the X-rays while the outer region can only produce lower-frequency emission; see, e.g., [118,119].



[image: Universe 10 00153 g013] 





Figure 13. Left panel: W Comae multiwavelength light curve covering the HE and VHE flare from the radio up to the GeV energy bands. The x-axis is the date in MJD. Panel (a): VERITAS  γ -ray (  E > 200   GeV) light curve. Panel (b): AGILE-GRID  γ -ray (  E > 100   MeV) light curve. Panel (c): 2–10 keV Swift-XRT (circles) and XMM-Newton (squares) X-ray light curves. Panel (d): Swift-UVOT (UVW1: squares; UVM2: downward-pointing triangles; UVW2: upward-pointing triangles) light curves. Panel (e): GASP/WEBT R-band light curves. Panel (f): radio light curve (circles: UMRAO 14.5 GHz; triangles: Metsähovi 37 GHz). Downward-pointing arrows indicate 99% C.L. upper limits. Right panel: Mrk 421 multiwavelength light curve covering the HE and VHE flare from the optical up to the GeV energy bands. The x-axis is the date in MJD. Panel (a): R-band GASP/WEBT optical light curve. Panel (b): RXTE/ASM (2–12 keV) daily binned light curve and Swift/XRT (2–10 keV) light curve (blue triangle). Panel (c): Super-AGILE (20–60 keV, blue triangles;   1   Crab  = 0.2   photons   cm  − 2     s  − 1   ) and the Swift Burst Alert Telescope [BAT,][15–50 keV] [120] (empty black squares;   1   Crab  = 0.29   photons   cm  − 2     s  − 1   ). Panel (d): MAGIC, VERITAS (  E > 400   GeV, empty black squares, and black circles, respectively), and AGILE (  E > 100   MeV, blue triangles); the horizontal dashed line marks the 1 Crab flux level at   E > 400   GeV. Panel (e): hardness ratio computed using the Super-AGILE (or Swift/BAT) and RXTE/ASM data for each day. Vertical dashed lines represent two distinct time periods, P1 (6 June 2008) and P2 (9–15 June 2008). Further details are available in [W Comae] [114] and [Mrk 421] [117]. 
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9. Gamma-ray Bursts and Multimessenger Astrophysics


An important contribution of the AGILE team has been to alert the community for short timescale (seconds/minutes/hours) transients, such as gamma-ray bursts (GRBs), through dedicated channels, such as the General Coordinates Network7 (GCN) and the Astronomer’s Telegram8 (ATel), and to perform the follow-up of gravitational wave (GW) events, cosmic neutrinos, fast radio bursts (FRB), and other bursting events.



The efficient real-time analysis (RTA) system developed for the AGILE space mission to detect transient sources on short timescales has been presented in [121]. Two types of pipelines were implemented. The first one executed automated analyses as soon as new AGILE data were available, sharing the detection of sources with the community (more than 90 automated notices have been sent to the GCN since May 2019). The other pipeline reacted to external science alerts (GRBs from other missions, neutrinos, GW, etc.) to search for electromagnetic counterparts in the AGILE data. The AGILE alert system is also considered a heritage for the development of future RTA systems of the next generation of space and ground-based  γ -ray observatories. Here, we present a short summary of selected results.



9.1. The AGILE-GRID View of GRBs and the Exceptional GRB 221009A


Following the EGRET seminal detections of GRBs above a few tens of MeVs in the early 1990s, in 2008, AGILE detected its first GRB with photons of energy above several tens of MeVs [GRB 080514B] [122]. The hard X-ray emission observed by Super-AGILE lasted about 7 s, while the emission observed by the AGILE-GRID above 30 MeV had almost twice the duration (at least 13 s). Prior to AGILE, such behavior regarding a possible longer-lasting high-energy component had only been hypothesized from a few other GRBs observed with EGRET. However, EGRET measurements were affected by instrumental deadtime effects, resulting in only lower limits to the GRB intensity. Thanks to the small deadtime of the AGILE-GRID and the unique simultaneous hard X-ray/ γ -ray AGILE capability, for the first time, it could be assessed that the arrival times of the high-energy photons detected with the AGILE-GRID do not coincide with the brightest peaks seen in hard X-rays. Three high-energy photons are concentrated within 2 s at the beginning of the burst, while the next ones arrive only when the X-ray emission has returned to a level consistent with the background (7 s after the beginning of the burst). This implies a rapid time evolution of the  γ -ray to X-ray flux ratio, although a quantitative assessment of this variability is hampered by the small statistics.



The AGILE and Fermi satellites have since then increased the sample of GRBs detected at  γ -ray energies above 100 MeV to a couple of hundreds [123] with a rate of ∼10–17 GRBs per year. Most of them are are long bursts with typical prompt durations above 2 s, probably associated with stellar explosions of massive stars. However, they still represent a small fraction (<5%) of the GRB samples detected in the X-ray band.



AGILE and Fermi also contributed to the detection of short GRBs, characterized by durations below 2 s, which are usually spectrally hard compared to the average properties of GRBs and are believed to be associated with the coalescence of neutron star binaries. While Fermi detected the first short GRB in the  γ -ray energy band, GRB 081024B [124,125], AGILE contributed to the science of short GRBs with the detection of GRB 090510 [126] (also observed by Fermi [127]), which provided the first case of a short GRB with delayed  γ -ray emission. Indeed, Ref. [126] reported a delay of 0.2 s between the AGILE-GRID data with respect to the AGILE-MCAL ones (see their Figure 2). The short GRB 090510 is now considered a reference for potential electromagnetic  γ -ray emission that could be associated with a gravitational wave event, and its light curve has been used as a possible high-energy template counterpart of GW events [128,129].



Now, this interesting and unexpected finding that for some GRBs the GeV emission starts with a delay after the MeV emission has become an often revealed trait. GRB 190114C was the first GRB with delayed emission ever detected above 300 GeV, a breakthrough discovery reported by MAGIC [130]. The sub-MeV/MeV data of the prompt and early afterglow emissions of GRB 190114C as detected by AGILE and Konus-Wind have been presented in [131]. In that AGILE paper, the first ∼200 s of the early afterglow of GRB 190114C have been carefully analyzed, and a previously unnoticed flux temporal break near T0+100 s was identified. Such a break is incompatible with the commonly assumed adiabatic evolution of a fireball in a constant-density medium, and it has been tentatively interpreted as a consequence of radiative evolution of the early afterglow from a fireball expanding in a wind-like circumburst medium.



Among the exceptional events observed, the long-duration GRB 221009A needs to be mentioned, as it was the brightest and most energetic GRB ever recorded, hence named brightest of all time or the “BOAT”. During this unprecedented event, AGILE detected an extraordinary incoming flux of hard X-ray and high-energy  γ -ray photons.



Figure 14 shows the AGILE-GRID sky count map accumulated during the first 48 h after the GRB 221009A onset. The BOAT clearly outshines all other  γ -ray sources active at that time. The high-energy emission has been observed with an almost-continuous time coverage, from ∼200 s up to ∼20 ks after the GRB onset [132]. AGILE observations provide crucial flux and spectral  γ -ray information regarding the early phases of GRB 221009A, during which emission in the TeV range was reported together with the first detection of photons above 10 TeV from GRBs [133]. The AGILE data suggest a dramatic transition between prompt and afterglow emission with a peculiar phase of coexistence of MeV and GeV emissions with very different spectral properties. A general review on the main discoveries about GRB science can be found in [134].




9.2. AGILE and Other Transients


The AGILE space mission, with its fast ground segment alert system and its unique observing capability to cover about 80% of the sky in ∼7 min in the so-called “spinning observing mode”, provided crucial contribution in follow-up observations of multiwavelength and multimessenger transients, such as gravitational wave events, cosmic neutrinos, and fast radio bursts.



A detailed report on these significant results that involved all AGILE payload instruments (GRID, MCAL, and AC system) on timescales ranging from sub-milliseconds to tens to hundreds of seconds goes beyond the scope of this paper. In this section, we briefly present a list of AGILE main publications on these topics.



	
AGILE and GWs: AGILE follow-up observations have provided in general the fastest response and the most significant upper limits above 100 MeV on all GW events detected by the Ligo–Virgo–Kagra Collaboration up to now [129,135,136,137].



	
AGILE and neutrinos: AGILE published results from follow-up observations of IceCube neutrinos range from the first (still unconfirmed) tentative discovery of a  γ -ray precursor in 2017 [138] to the systematic search for transient  γ -ray sources temporally and spatially coincident with ten high-energy neutrino IceCube events published up to August 2018 [139], and the AGILE detection of the flaring blazar TXS 0506+056 in 2017, following the most interesting neutrino event detected to date [140].



	
AGILE and FRBs: FRBs are millisecond radio pulses originating from powerful sources of unknown origin at extragalactic distances. AGILE observations in a multiwavelength context provide important constraints on the prompt (millisecond and hundreds of millisecond timescales) emission in the sub-MeV–MeV range. AGILE also studied the persistent long timescale  γ -ray emission above 30 MeV from repeating FRBs [141,142,143,144]. A breakthrough in FRB science happened in 2020, with the AGILE detection of an X-ray burst from the galactic magnetar SGR 1935+2154 [145], an important finding that supports magnetar models and sheds light on the understanding of the physical mechanism of FRBs.






AGILE also produced important results on terrestrial gamma-ray flashes and solar flares, with the publication of dedicated catalogs, as described in Section 10.





10. The AGILE Legacy: The Catalogs


In this section, we present a summary of the main AGILE catalogs published at the time of writing (January 2024). Our goal is to provide a centralized source of information, which allows the reader to easily access online catalogs and their references, as reported in Table 5. The AGILE catalogs cover both celestial (including GRBs and solar flares) and terrestrial events (TGFs). This shows the AGILE versatility, which, thanks to the information collected by its detectors, could detect steady, flaring, and transient events from 20 keV up to 30 GeV.




11. Conclusions


The AGILE mission has been a first of its kind. It was selected by ASI as the first among the small mission programs in 1998. It was the first HE mission to have a hard X-ray monitor on board. For the first time in the  γ -ray energy range, a fast ground segment allowed the dissemination of flaring events and the activation of the target of opportunity observations with other observatories. AGILE provided the first evidence of hadronic cosmic-ray acceleration in supernova remnants. For the first time, a  γ -ray mission devoted to the observations of the sky became an asset in the study of terrestrial  γ -ray flashes. Last, but not least, AGILE discovered, for the first time, flux variability in the Crab Nebula, previously considered to be a “standard candle” in the energy range (0.1–10) GeV. This discovery allowed the AGILE team to be awarded in 2012 with the Bruno Rossi Prize9 of High Energy Astrophysics Division of the American Astronomical Society.



After 17 years of thriving operations, the AGILE Italian scientific satellite re-entered the atmosphere on 14 February 2024, thus ending its intense activity as a hunter of some of the most energetic cosmic sources in the Universe that emit X and  γ -rays [10]. With AGILE’s re-entry, the in-orbit operational phase comes to a close, but a new phase of scientific work on the satellite legacy data archive opens.



Currently, only Fermi-LAT is acquiring  γ -ray data. In the future, ASTROGAM, a proposed observatory space mission dedicated to the study of the nonthermal Universe in the photon energy range from 0.3 MeV to 3 GeV [153,154], could provide important information not only above a few hundreds of MeV but also at lower energies. Furthermore, the Compton Spectrometer and Imager [COSI] [155] should be launched in 2027. It is designed as a soft  γ -ray survey telescope sensitive in the 0.2–5 MeV energy band, performing studies of  γ -ray polarization.
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Abbreviations


The following abbreviations are used in this manuscript:



	3EG
	third EGRET catalog



	ACS
	anticoincidence system



	ADC
	AGILE data center



	AGILE
	Astrorivelatore Gamma ad Immagini LEggero



	AGN
	active galactic nuclei



	ASI
	Agenzia spaziale Italiana



	ATel
	Astronomer’s Telegram



	BH
	black hole



	C.L.
	confidence limit



	CLAGN
	changing-look AGN



	COSI
	Compton spectrometer and imager



	CR
	cosmic ray



	CsI
	cesium iodide



	CTAO
	Čherenkov Telescope Array Observatory



	EAS
	extensive air shower



	EC
	external Compton



	EGRET
	Energetic Gamma Ray Experiment Telescope



	FR
	Fanaroff–Riley galaxies



	FoV
	field of view



	FRB
	fast radio burst



	FSRQ
	flat-spectrum radio quasar



	FWHM
	full-width half maximum



	FWZI
	full-width zero intensity



	GASP
	GLAST-AGILE Support Program



	GCN
	general coordinates network



	GRB
	gamma-ray burst



	GRID
	gamma-ray imaging detector



	GW
	gravitational wave



	HBL
	high-peaked BL Lacs



	HE
	high energy



	HMXB
	high-mass X-ray binary



	IBL
	intermediate-peaked BL Lacs



	LAT
	large area telescope



	LBL
	low-peaked BL Lacs



	LST
	large-sized telescope



	LMXB
	low-mass X-ray binary



	MCAL
	mini-calorimeter



	MJD
	Modified Julian Day



	NS
	neutron star



	PI
	principal investigator



	PSR
	pulsar



	RTA
	real-time analysis



	SA
	Super-AGILE



	SED
	spectral energy distribution



	S/N
	signal-to-noise



	SNR
	supernova remnant



	SSC
	synchrotron self-Compton



	SSDC
	space science data center



	ST
	silicon tracker



	TGF
	terrestrial gamma-ray flashes



	WEBT
	whole-earth blazar telescope










Notes


	
1

	

We do not discuss here the large number of balloon-based instruments.






	
2

	

http://agile.rm.iasf.cnr.it/ (accessed on 18 March 2024).






	
3

	

https://agile.ssdc.asi.it/ (accessed on 18 March 2024).






	
4

	

On 2009 November 4 the AGILE scientific operations were reconfigured following a malfunction of the unique rotation wheel. See, https://agile.asdc.asi.it/news.html#115 and https://agile.asdc.asi.it/news.html#117 (accessed on 18 March 2024). Since then, the satellite started operating in a controlled “spinning observing mode”, with the solar panels pointing at the Sun and the instrument axis sweeping the accessible sky with an angular speed of about 0.8 deg   s  − 1   . In spinning mode AGILE was able to survey a large fraction (about 80%) of the sky each day.






	
5

	

We note that changing-look AGN, CLAGN, are sources changing from one type to another, and vice versa.






	
6

	

http://tevcat.uchicago.edu/ (accessed on 18 March 2024).






	
7

	

https://gcn.nasa.gov/ (accessed on 18 March 2024).






	
8

	

https://www.astronomerstelegram.org/ (accessed on 18 March 2024).






	
9

	

https://head.aas.org/rossi/rossi.recip.html#AB (accessed on 18 March 2024).
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Figure 1. The  γ -ray sky as seen by the EXPLORER XI satellite. The x-axis is the RA (deg); the y-axis is the Dec (deg). The shaded stripe represents the galactic plane in celestial coordinates. The blue dots mark the position of the 22 detected  γ -rays. The circles are proportional to the scanned time length in that particular region of the sky. From [1]. 
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Figure 2. Left panel: decomposition of the multiyear Crab light curve in “waves” (W) and “flares” (F) according to [35], represented with exponential fits (see Table 1 in [35] for detailed fitting parameters). The x-axis is the date in MJD; the y-axis is the flux in units of photons   cm  − 2     s  − 1   . Right panel: AGILE (filled squares) 48 h averaged data of the September 2010  γ -ray flare. The black line represents the 48 h averaged synchrotron emission model of the September 2010 flare summed with the standard nebular emission. The dashed red curve shows the flaring component averaged over 48 h. Open circles mark the standard average Crab Nebula spectrum, modeled by the dashed black curve. The green bow tie marks the X-ray data. Further details in [36]. 
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Figure 3. AGILE-GRID data (  E > 400   GeV, Gaussian-smoothed map) with the superimposed 12CO contours (black lines) and the position of W28 (cyan circle). The grid represents celestial (RA, Dec) coordinates. Cloud-N and cloud-S are located at (RA, Dec) = (270.4°, −23.4°) and (RA, Dec) = (270.2°, −24.1°), respectively. Further details are available in [52]. 
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Figure 4. W44 SED. Red, blue, cyan, and pink points represent the radio, AGILE-GRID, Fermi-LAT, and TeV data, respectively. The yellow curve shows the neutral pion emission from the accelerated proton distribution. The green curves show the electron contribution by synchrotron (dashed curve), bremsstrahlung (solid curve), and inverse-Compton (dotted curve) emissions. The red curve marks the total  γ -ray emission. See [54] for model details. 
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Figure 5. Left panel: AGILE  γ -ray intensity map above 400 MeV centered on IC 443. White contour levels mark the  γ -ray intensity. The green and black circles mark the 95% error boxes of the EGRET (3EG J0617+2238) and Fermi-LAT (0FGL J0617.4+2234) sources, respectively. The position of the TeV source associated with IC 443 is marked by a yellow circle and ellipse that give the 95% confidence level error boxes determined by MAGIC and VERITAS. The X-ray Chandra source CXOU J061705.3+222127 is marked by a cyan circle. Right panel: optical image of IC 443 (Palomar Digitized Sky Survey) superimposed with the AGILE  γ -ray intensity contours above 400 MeV (same as the left panel). Further details are reported in [60]. 
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Figure 6. AGILE-GRID count map (  E > 100   MeV) centered on the Cygnus region. The positions of three PSRs and of the three microquasars are marked with black and white crosses, respectively. [G. Piano, Priv. Comm.]. 
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Figure 7. Left panel: 3C 454.3 light curves at different energies, covering about 18 months of monitoring. Data from [80]. Right panel: from top to bottom, AGILE (  E > 100   MeV), Swift/XRT (2–10 keV), Swift/UVOT (  w 1  ,   m 2  ,   w 2  ), and GASP-WEBT (R) light curves obtained during the November 2010 flare. Data from [81]. 
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Figure 8. SED of the flat-spectrum radio quasar 3C 454.3 accumulated during the November 2010 flare in colors, data from [81] compared with a SED accumulated during a particularly low  γ -ray state during fall 2008 in black, data from [80]. 
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Figure 9. Multiwavelength light curves for the observing campaign on 4C+71.07. Panel (a): GASP-WEBT 5 GHz (cross sign), 37 GHz (triangles), 86 GHz (diamonds), and 228 GHz (squares) data [Jy]. Panels (b–h): K, H, J, I, R, V, B bands (open squares, [mJy]). Panels (g–l): Swift/UVOT v, b, u,   w 1  ,   m 2  ,   w 2   bands (open circles, [mJy]). Panel (m): Swift/XRT 0.3–10 keV observed flux [  10  − 11    erg   cm  − 2     s  − 1   ]. Panel (n): AGILE/GRID (circles) and Fermi-LAT (squares) data (  E > 100   MeV, [  10  − 6    photons   cm  − 2     s  − 1   ]). The gray-dashed areas mark the time intervals F1 (MJD 57,321.0–57,327.0) and F2 (MJD 57,333.0–57,339.0) used to accumulate the almost simultaneous SEDs. Data from [90]. 
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Figure 10. PKS 1830−211 multiwavelength light curves. Panel (a): radio (7, 8.3, 15, 25.5) GHz [Jy]. Panel (b): IR (H-band, K-band [  10  − 13    erg   cm  − 2     s  − 1   ]). Panel (c): X-ray [  10  − 11    erg   cm  − 2     s  − 1   ]. Panel (d):  γ -ray (E > 100 MeV [  10  − 7    photons   cm  − 2     s  − 1   ]) data. The shaded areas correspond to the major  γ -ray flares F1, F2, and F3, when the spectral energy distributions were computed. Arrows mark   3  σ   upper limits. Data from [96]. 
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Figure 11. Comparison of the 4C+71.07 and PKS 1830−211 SEDs. Only the sum of different emission components is reported. Data drawn from 4C+71.07 (2015) [90], PKS 1830−211 (2005) [97], PKS 1830−211 (2010, three distinct states) [95], and PKS 1830−211 (2019) [96]. 
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Figure 12. Fraction of jetted sources detected above ≈100 GeV by imaging atmospheric Čherenkov telescopes and extended air-shower arrays according to the TeVCat nomenclature. Data from the TeVCat website. 
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Figure 14. Sky count map above 100 MeV in galactic coordinates of the AGILE-GRID  γ -ray detector during the time interval [   T 0  ,  T 0  + 48   hr]. The  γ -ray source associated with GRB 221009A is shown inside the green circle. The darkened sky regions are due to seasonal lack of exposure of the AGILE-GRID detector due to solar panel constraints. Further details in [132]. 
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Table 1. The AGILE scientific performance.
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	Gamma-ray Imaging Detector (GRID)
	





	Energy range
	30 MeV–50 GeV



	Field of view
	∼2.5 sr



	Flux sensitivity (  E > 100   MeV, 5 σ  in 3 × 106 s)
	3 × 10−7 (ph cm−2   s  − 1   )



	Ang. resol. at 100 MeV (68% cont. radius)
	3.5°



	Ang. resol. at 400 MeV (68% cont. radius)
	1.2°



	Source localization acc. (   | b | >   10 ∘   , 90% C.L.)
	∼15′



	Energy resolution (at 400 MeV)
	 Δ E/E ∼1



	Absolute time resolution
	∼2  μ s



	Deadtime
	∼100–200  μ s



	Hard X-ray Imaging Detector (SA)
	



	Energy range
	18–60 keV



	Single (1-dim.) detector FoV (FWZI)
	107° × 68°



	Combined (2-dim.) detector FoV (FWZI)
	68° × 68°



	Sensitivity (18–60 keV, 5 σ  in 1 day)
	∼15–30 mCrab



	Angular resolution (pixel size)
	6 arcmin



	Source location accuracy (S/N∼10)
	∼1–2 arcmin



	Energy resolution (FWHM)
	 Δ E ∼ 8 keV



	Absolute time resolution
	∼2  μ s



	Mini-Calorimeter (MCAL)
	



	Energy range
	0.35–50 MeV



	Energy resolution ( at 1.3 MeV )
	13% FWHM



	Absolute time resolution
	∼3  μ s



	Deadtime (for each of the 30 CsI bars)
	∼20  μ s










 





Table 2. AGILE-GRID and Fermi-LAT Crab flares.






Table 2. AGILE-GRID and Fermi-LAT Crab flares.





	
Flare Date

	
Duration

	
Peak   γ  -ray Flux

	
Instrument




	

	
(Days)

	
  ×  10  − 6     Photons   cm  − 2      s  − 1   

	






	
2007 October

	
≈15

	
≈6

	
AGILE




	
2009 February

	
≈15

	
≈4

	
Fermi




	
2010 September

	
≈4

	
≈5

	
AGILE, Fermi




	
2011 April

	
≈2

	
≈0

	
Fermi, AGILE




	
2012 July

	
≈3

	
≈5

	
Fermi




	
2013 March

	
≈4

	
≈11

	
AGILE




	
2013 October

	
≈3

	
≈10

	
Fermi, AGILE




	
2014 August

	
≈4

	
≈7

	
Fermi




	
2016 October

	
≈13

	
≈7

	
AGILE, Fermi




	
2018 March

	
≈3

	
≈5

	
Fermi, AGILE




	
2018 October

	
≈10

	
≈11

	
Fermi, AGILE




	
2019 May

	
≈6

	
≈5

	
Fermi











 





Table 3. Principal properties of the three microquasars detected by the AGILE-GRID. Data are drawn from [63,64,65,66,67,69] and references therein.
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	Cygnus X-1
	Cygnus X-3
	V404 Cygni





	Type
	HMXB
	HMXB
	LMXB



	Compact Object
	BH (4.8-14.8)   M ⊙  
	BH or NS
	BH 9   M ⊙  



	Companion Star
	O9.7 Iab (17–31)   M ⊙  
	WR (>7   M ⊙  )
	K III 0.7   M ⊙  



	Distance
	1.9 kpc
	(7–10) kpc
	2.39 kpc



	Orbital Period
	5.6 d
	4.8 h
	6.47 d










 





Table 4. TeVCat sources detected by AGILE in the period 9 July 2007–18 October 2009.






Table 4. TeVCat sources detected by AGILE in the period 9 July 2007–18 October 2009.





	TeV Name
	Counterpart
	Class





	TeV J0222+430
	3C 66A
	IBL



	TeV J0232+202
	1ES 0229+200
	HBL



	TeV J0319+415
	NGC 1275
	FR-I



	TeV J0521+211
	RGB J0521.8+211
	IBL



	TeV J0721+713
	S5 0716+714
	LBL



	TeV J1104+382
	Mrk 421
	HBL



	TeV J1256−057
	3C 279
	FSRQ



	TeV J1325−430
	Centaurus A
	FR-I



	TeV J1512  − 091  
	PKS 1510−089
	FSRQ



	TeV J2001+438
	MAGIC J2001+435
	HBL



	TeV J2158−302
	PKS 2155−304
	HBL



	TeV J2202+422
	BL Lacertae
	LBL



	TeV J2359−306
	H 2356−309
	HBL










 





Table 5. List of AGILE catalogs up to January 2024. References: (a) Pittori et al. [38]; (b) Feroci et al. [146]; (c) Galli et al. [147]; (d) Verrecchia et al. [61]; (e) Marisaldi et al. [148]; (f) Marisaldi et al. [149]; (g) Rappoldi et al. [109]; (h) Bulgarelli et al. [62]; (i) Marisaldi et al. [150]; (j) https://www.ssdc.asi.it/mcal3tgfcat/ (accessed on 18 March 2024); (k) Ursi et al. [151]; (l) Ursi et al. [152].






Table 5. List of AGILE catalogs up to January 2024. References: (a) Pittori et al. [38]; (b) Feroci et al. [146]; (c) Galli et al. [147]; (d) Verrecchia et al. [61]; (e) Marisaldi et al. [148]; (f) Marisaldi et al. [149]; (g) Rappoldi et al. [109]; (h) Bulgarelli et al. [62]; (i) Marisaldi et al. [150]; (j) https://www.ssdc.asi.it/mcal3tgfcat/ (accessed on 18 March 2024); (k) Ursi et al. [151]; (l) Ursi et al. [152].





	Catalog Title
	Description
	Reference
	Link





	The 1st AGILE-GRID Catalog of High Confidence Gamma-ray Sources
	Jul. 2007–Jun. 2008 47 Sources
	(a)
	1AGL



	Monitoring the hard X-ray sky with SuperAGILE
	Jul. 2007–Apr. 2009 53 Sources
	(b)
	1SA



	The AGILE MCAL Gamma-ray Burst Catalog
	Apr. 2007–Oct. 2008 84 Sources
	(c)
	1GRB



	An updated list of AGILE bright  γ -ray sources and their variability in pointing mode
	Jul. 2007–Oct. 2009 54 Sources
	(d)
	1AGLR



	Properties of Terrestrial Gamma-ray Flashes detected by AGILE MCAL below 30 MeV
	Mar. 2009–Jul. 2012 308 Events
	(e)
	1TGF



	Enhanced detection of Terrestrial Gamma-ray Flashes by AGILE
	Mar.–Jun. 2015 279 Events
	(f)
	2TGF



	Search of MeV-GeV counterparts of TeV sources with AGILE in pointing mode
	Jul. 2007–Oct. 2009 52 Sources
	(g)
	1ATEV



	The 2nd AGILE Catalog of Gamma-ray sources AGILE in pointing mode
	Jul. 2007–Oct. 2009 175 Sources
	(h)
	2AGL



	On The High-Energy Spectral Component and Fine Time Structure of Terrestrial Gamma-ray Flashes
	Mar–Jun. 2015 84 Events
	(i)
	1HETGF



	The 3rd AGILE/MCAL TGF Catalog
	Apr. 2007–Jun. 2022 5344 Events
	(j)
	3TGF



	The 1st AGILE/MCAL GRB Catalog
	Nov. 2007–Nov. 2020 503 Sources
	(k)
	2GRB



	The 1st AGILE Solar Flare Catalog
	May 2007–Aug. 2022 5003 Events
	(l)
	1SOL
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