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In this review I will give an overview of astrophysics missions that used rockets, stratospheric
balloons and satellites. I will give particular emphasis to those missions that contributed to my
scientific results.

Of course I do not claim to be exhaustive both for reasons of space and especially my limited
knowledge. However, from this overview of results from multi-frequency measurements carried
out by space and ground experiments, my contribution to the knowledge of high-energy cosmic
sources can be deduced. I would like also to highlight the use of WISDOM in PHYSICS, in
addition, obviously, to its knowledge.
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1. Introduction

The astrophysics experiments carried out on board rockets contributed substantially to the
advancement of knowledge of cosmic sources: for everyone it is necessary to remember the
experiment by Giacconi et al. [1] which detected for the first time X-ray emission from an extrasolar
source (Sco X-1) which gave rise to the search for high energy sources through the preparation of
experiments on board satellites with instruments sensitive to the UV. This is the period around
the beginning of the 1970s which can be defined as the advent of the space age. From then on, a
myriad of experiments sensitive to the bands of the electromagnetic spectrum not accessible from
the ground due to the atmospheric barrier became the source of an immense quantity of data which
in the space of just fifty years far exceeded the amount of data acquired until then with ground-based
optical telescopes.

Figure 1 shows schematically the amount of data acquired along the electromagnetic spectrum
versus time (updated from [2], after [3]).
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Figure 1: Sketch of the multifrequency data acquired after the beginning of the "Space Era" (updated from
[2], after [3]).

It is therefore quite evident that the claim to illustrate the history of space experiments in a
complete form can only be satisfied through an encyclopedia. And this is not our case. However,
among the various attempts to expose the history of space experiments, the paper A Chronological
History of X-Ray Astronomy Missions by Santangelo, Madonia & Piraino [4] deserves to be taken
into consideration. I will make an excursion into this history privileging those experiments that
directly or indirectly have marketed my scientific career.

1.1 Historical Introduction

The origin of the concept of neutron stars can be found in a publication of Landau [5] in which
he arrived at the notion of a collapsed star with the density of a nucleus (really a "nucleus star")
and demonstrated — independent of Chandrasekhar — that there is an upper mass limit for dense
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Figure 2: Left panel: Aerobee rocket (credit: USAF Museum). Central panel: Number of counts versus
azimuth angle. Right panel: Position of the source (Sco X-1) (adopted from [1]).
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stellar objects of about 1.5 M. Even more important short abstract of their talk presented at the
December 1933 meeting of the American Physical Society, Baade & Zwicky [6] first suggested that
the supernova was the result of the transition from a normal star to a neutron star. The essential point
[7,8] being that the energy release in such a process is comparable to the change in gravitational
potential energy of a star, which collapses from its “normal” size of ~ 10° Km down to the size of
a neutron star of ~ 10 Km.

As underlined in the summary of Brecher’s talk Origin of Neutron Stars [9], the abstract by
Baade & Zwicky [6] probably contains the highest density of new, important (and correct) ideas in
high energy astrophysics ever published in a single paper.

The discovery of the first X-ray source (Sco X-1) [1] accelerated the studies on neutron stars,
until that Zel’dovich, Ya, B. & Guseinov, O.Kh. [10] and Guseinov & Zel’dovich [11] suggested
the presence of an unseen massive companion in a binary system.

In the meantime, experiments of various kinds were being developed to be carried on rockets,
exploiting the experience gained by von Braun during the Second World War on propulsion. NASA
undertook the development of a series of rockets called AEROBEE. The Aerobee name, given by
Van Allen, is a contraction of AEROjet and BumbleBEE, the latter referring to the early rocket family
of Van Allen’s. Aerojet had supplied propulsion for both the WAC-Corporal and the Bumblebee
according to an Aerojet 1948 brochure. The largest of the Aerobee family is the Aerobee 350 (i.e.
100 1b payload to 350 miles) sponsored by NASA. It is 50 ft long, 22 inches diameter and over
3 tons gross weight. Most Aerobees included a payload recovery system employing a parachute
and using telemetry to release the payload and the parachute. Most Aerobees were launched from
towers over 100 ft high designed by Aerojet’s AETRON Division. The towers allow for a nearly
vertical launch. Figure 2 (left panel) shows an Aerobee rocket.

The experiment — equipped with proportional counters in the energy range 2-10 keV — that gave
birth to X-ray astronomy was launched aboard an Aerobee rocket from the White Sands Missile
Range, New Mexico, at 23:59 MST on June 18, 1962. The moon was one day past full and was
in the sky about 20’ east of south and 35° above the horizon. The rocket reached a maximum
altitude of 225 km and was above 80 km for a total of 350 seconds [1]. The authors believed that
the data can best be explained by identifying the bulk of the radiation as soft X-rays from sources
outside the solar system. Synchrotron radiation by cosmic electrons is a possible mechanism for
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Figure 3: Left panel: Vela SA/B in its cleanroom. The two satellites, A and B, were separated after launch
(Credit: NASA-EPDC). Right panel: Cosmos 461 (Credit: Soviet Space Program).

the production of these X-rays. Figure 2 (central panel) shows the number of counts versus azimuth
angle. The numbers represent counts accumulated in 350 s in each 6° angular interval. Figure 2
(right panel) shows the portion of sky explored by the counters, and the position of the source (Sco
X-1) is indicated with a red rectangle [1].

This paper [1] Evidence for X-Rays from Sources Outside the Solar System gave rise to the
2002 Nobel Price of Riccardo Giacconi.

Another milestone in the history of high energy astrophysics was the discovery of gamma-ray
bursts (GRBs). These have caused a revolution, giving rise to thousands of papers in search of an
explanation of their origin and the physics that govern them. Even today, not everything is clear.
Numerous reviews have been published on the subject, so much so that it is almost impossible to
cite them all. T will limit myself to citing a recent review of mine "Gamma-Ray Bursts: The Energy
Monsters of the Universe" [12] which contains a vast bibliography useful for navigating the stormy
ocean of GRBs.

During the "cold war" epoch, the U.S.A. started a program for the construction of a group of
satellites, named Vela, to detect nuclear detonations and monitor Soviet Union compliance with the
1963 Partial Test Ban Treaty.

Figure 3 (left panel) shows the Vela-5A/B Satellite in its cleanroom. The two satellites, A and
B, were separated after launch.

The first detection of a gamma-ray burst (GRB) occurred on July 2, 1967, by the U.S. Vela-3
and Vela-4 satellites. However, since the data were coming from a military investigation and for
this classified, the official announcement of the detection of a GRB with the origin outside the solar
system to the scientific community occurred in 1973 (Klebesadel, Strong & Olson [13]). This first
event is named now GRB 670702. The fundamental characteristics — duration of ~ 10 s, two-pulse
light curve and peak emission around the MeV energy band — were very different from the properties
expected for a nuclear test in space — short-duration, hard X-ray burst, non-structured.

Analysing the data — acquired from July 1969 to July 1972 by the four Vela spacecrafts, Vela
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5A, 5B, 6A, and 6B, which were arranged almost equally spaced in a circular orbit with a geocentric
radius of ~ 1.2 x 10° km — an unexpected result arrived: sixteen short bursts of photons in the
energy range 0.2-1.5 MeV was observed. Burst durations ranged from less than 0.1 s to ~ 30 s,
and the time-integrated flux density in the measured energy interval ranged from the minimum
identifiable level of ~ 107> ergs cm™2 to more than 2 X 10™* ergs cm~2. Significant time structure
within bursts was observed. Directional information eliminates the Earth and Sun as sources [13].
This article marked the beginning of a new era for the understanding of our Universe characterized
by sudden events with phantasmagoric luminosities (= 107! erg s™!), the origin of which remained
uncertain for decades.

Within the Cosmos series of Soviet satellites, Cosmos 461 (shown in the right panel of Fig
3) became famous because observed at least one GRB observed by the VELA satellites (Mazets,
Golenetskij & II'Inskij [14]) and for measuring the diffuse y-ray background (Mazets et al. [15,16]).

After the discovery of these rapid and highly energetic events in the gamma-ray energy band,
research into their origin was unleashed. The name "Gamma-Ray Burst" was the official denomi-
nation of such events.

Bodan Paczynski — Vilnius 8th February 1940 - Princeton 19th April 2007 —, the youngest
Polish Academician of Sciences, emigrated in the USA at Princeton in 1982, gave a fundamental
impulse to astrophysics with his pioneering efforts to develop the technique called gravitational
lensing that permitted the discovery of the first terrestrial planet found outside our solar system.
Despite widespread skepticism from the astrophysics community, he also championed the idea that
the still-mysterious events known as GRBs originated billions of light years away rather than within
our own Milky Way galaxy. With his paper Gamma-Ray Bursters at Cosmological Distances [17]
he suggested that GRBs can be originated at z = 1-2: a theory that was ultimately confirmed by
observations.

I had the honor of meeting him personally in 1978 in Warsaw, during my 40-days stay as guest
of the Polish Academy of Sciences at the newborn N. Copernicus Center, directed by Joe Smak.

Although big progress has been obtained in the last few years, GRBs theory needs further
investigation in the light of the experimental data coming from old and new satellites, often
coordinated, such as BeppoSAX or BATSE/RXTE or ASM/RXTE or IPN or HETE or INTEGRAL
or SWIFT or AGILE or Fermi or MAXI. All these satellites are schematically reproduced in Fig.
4 where the main past, present, and future space-based missions for GRB science are shown [18].
All these satellites are described in details in the paper by Tsvetkova et al. [19].

Figure 5 shows some of the ground- and space-based facilities that observe GRBs, which are
detected across the whole electromagnetic spectrum [19].

In spite of thousands papers appeared in the literature since the discovery of GRBs, the problem
of their energy emission is still elusive: i) what is jet’s composition? (kinetic or magnetic?); ii)
where is dissipation occurring? (photosphere? deceleration radius?); iii) how is radiation generated?
(synchrotron, Inverse Compton, hadronic?) [20,21].

2. From UHURU to IXPE

In this section I will briefly describe the main characteristics of the satellites or payloads
aboard balloon borne, and the most significative results obtained, following my personal choose,
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Figure 4: Main past, present, and future space-based missions for GRB science (Adopted from [18]).

starting from the first satellite completely devoted to X-ray astronomy, until IXPE (Imaging X-ray
Polarimetry Explorer) mission.

2.1 The UHURU satellite

The UHURU satellite — the Small Astronomical Satellite 1 (SAS-1) —, whose name in Swahili
language means "Freedom", was the first X-ray satellite. Figure 6 shows its main characteristics
(https://heasarc.gsfc.nasa.gov/docs/uhuru/uhuru.html). The main result obtained during the oper-
ations over two years was the catalog of 339 X-ray sources in the range 2-6 keV, shown in Fig. 7
[22].

2.2 The Small Astronomy Satellite 2 (SAS-2)

The second NASA Small Astronomy Satellite (SAS-2) was dedicated to y-ray astronomy in
the energy range above 35 MeV. Figure 8 shows the main characteristics and science highlights of
this satellite (https://heasarc.gsfc.nasa.gov/docs/sas2/sas2.html).

The salient results obtained were the measurement of y-ray emission from several radio pulsars:
Crab, Vela, PSR 1818-04, and PSR 1747-46 [23] and the emissivity of the Milky Way: Nysas_> =
1.3 x 10*? photons s~! [24].
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Figure 5: Some of the ground- and space-based facilities that observe GRBs, which are detected across the
whole electromagnetic spectrum (adopted from [19]).

The Uhuru Satellite

Uhuru, also known as the Small Astronomical Satellite 1 (SAS-1) was the first earth-orbiting mission

dedicated entirely to celestial X-ray astronomy. It was launched on 12 December 1970 from the San Marco
platform in Kenya. December 12 was the seventh anniversary of the Kenyan independence and in
recognition of the hospitality of the Kenyan people, the operating satellite was named Uhurw, which is the
Swahili word for freedom. The mission operated over two years and ended in March 1973

Mission Characteristics

@ Lifetime : 12 Dec 1970 - March 1973

@ Energy Range : 2-20 keV

@ payload : Two sets of proportional counters: 2-20 keV 0.084 m?
@ science Highlights:

« First comprehensive and uniform all sky survey with a sensitivity of 10 the Crab intensity.
s The 339 X-ray sources detected are binaries, supermova remnants, Seyfert galaxies and cluster of galaxies
» Discovery of the diffuse X-ray emission from clusters of galaxies

@ Archive - HEASARC hosts the 4th Uhuru Catalog
Photograph of Uhwrw satellite courtesy of SAQ.

Figure 6: Main characteristics of the UHURU satellite. Page authors: Lorella Angelini & Jesse Allen
(adopted from https://heasarc.gsfc.nasa.gov/docs/uhuru/uhuru.html).
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Figure 7: The sources are displayed in galactic coordinates. The size of the symbols representing the sources
is proportional to the logarithm of the peak source intensity (adopted from [22]).

The Small Astronomy Satellite 2 (SAS-2)

The second NASA Small Astronomy Satellite (SAS-2) was dedicated to gamma-ray astronomy in the

energy range above 35 MeV. SAS-2 was launched on 1972 November 15 and began operations on 1972
November 19. On 1973 June 8, a failure of the low-voltage power supply ended the collection of data.

Mission Characteristics

@ Lifetime - 19 November 1972 - 8 June 1973
@ Energy Range : 20 MeV - 1 GeV
@ payload :

» 32-level wire spark-chamber aligned with satellite spin axis (20 MeV-1 GeV), eff. area 540 cm?
@ Science Highlights:

s The first detailed look at the gamma-ray sky.

» Established the high energy component of diffuse celestial radiation.

» Correlated the gamma-ray background with galactic structural features.

@ Archive : HEASARC hosts Raw data, image and exposure maps

Figure 8: Main characteristics and science highlights of the SAS-2 satellite. Page authors: Lorella Angelini
& Jesse Allen

(https://heasarc.gsfc.nasa.gov/docs/sas2/sas2.html).
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Figure 9: The diffuse celestial radiation observed by several experiments. The shaded area represents the
SAS-2 data unfolded from the detector response, together with its uncertainty. The symbols for other results
are explained in the Figure (adopted from [25]).

Figure 9 shows the diffuse celestial radiation observed by several experiments [25]. The shaded
area represents the SAS-2 data unfolded from the detector response, together with its uncertainty.
The symbols for other results are explained in the Figure.

Giovannelli [26] discussing the origin of low energy cosmic rays estimated the emissivity in
the y-ray band of possible cosmic ray sources, with the following results:

* Young Open Clusters (YOC): the EGRET flux from the Berk 87 open cluster, place at
distance of 0.9 kpc to the Earth, corresponds to a total y-ray emissivity N, = 1038 ph s~!
above 100 MeV [27,28].

Taking account of the total number of open clusters in the Galaxy ~ (0.5 — 1) x 10°, of
its decline with age with an approximate exponential law with a characteristic time scale of
~ 103 yr, very few open clusters are more than a few hundred million years in age [29]. Then,
about 90% of them are younger than 107 yr. A reasonable simple extrapolation of the number
of YOCs containing early type stars ith velocity of the stellar wind greater than 2,500 km s !,
and then y-ray emitters [30], which are contained within 2.5 kpc from the Sun, to the whole
Galaxy leads to an upper limit of ~ 103. Therefore, the y-ray emissivity of y-ray emitter-like
YOC:s, above 100 MeV, could reach the value N, yoc = 10! ph sl

* Radio Pulsars and Recycled Pulsars: there are ~ 600 radio pulsars observed (in the 1990-
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ies) in the Galaxy [31]. Among them, only seven radio pulsars were detected as y-ray emitters:
Crab, Vela, PSRB1055-52, PSRB1706-44, PSRB1951+32, PSRB1509-58 (only detected at
low energy) and the radio quiet Geminga [32,33]. However, 42 millisecond pulsars — most of

them in binary systems — ere masured with EGRET and only upper limits of order 10~7 cm =2

s~! on steady emission were established [34]. Taking account of the possible steady emission
from recycled pulsars and of consistent predictions of Lipunov [35] on their emissivity, the
contribution of the recycled pulsars to the totl emissivity of the Galaxy (N, Recps ~ 10% ph
s~!) is negligible with respect to that of the radio pulsars. Indeed, taking account of the
average emissivity of a radio pulsar [35], the contribution of the class of radio pulsars to the

total emissivity of the Galaxy is N,gps = 10%° ph s~

* Isolated Black Holes: in the matter spherically and adiabatically accreting onto a Schwarzschild
black hole, inelastic collisions of protons produce 7°s which decay into y-rays. Giovannelli,
Karakuta & Tkaczyk [36,37] calculated the expected y-ray spectra from that process in the
case of a galactic black hole of 10Mg. The luminosity and emissivity of such a black hole,
accreting 1078 Mg yr™!, are 6.3 x10°3 erg s~! and 2.1 x1037 ph s~! for Mach’s number
equal 1 or 2.8 x1032 erg s~! and 7.3 x10° ph s~! for Mach’s number equal 2. *) Under the
hypothesis that all the Galaxy y-ray emissivity (N, sas—2 = 1.3X 10*? photons s~ 1), measured
by SAS-2 [24], is coming from these collapsed objects, the upper limits to the number of black
holes in the Galaxy is 10° or 10° for Mach’s number equal 1 or 2, respectively. Assuming
as reasonable number of black hole in the Galaxy (~ 2 x 10%), and the emissivity of each
black hole equal to 2.1 x10%7 ph s~!, the contribution of isolated black holes to the Galaxy
emissivity is Nyjgy ~ 4 X 104 ph s~

*) The Mach number is given by the ratio of the velocity of the gas to the local sound speed. In order to evaluate
the temperature, concentration and velocity of the plasma near the black hole it is necessary to solve the system
of equations describing the plasma motion (Michel, 1972) taking into account the distance from the black hole
in units of gravitational radius and the u = R-component of four velocity. Mach’s number 1 and 2 correspond to

different values of u% (1.0266 and 2.1213, respectively) at a distance ry from the black hole [36,37].

* Supernova (SN) Explosions: statistical properties of radio pulsars in our Galaxy implies a
formation rate of neutron stars of about one per each 30 years in the present cosmological
epoch. Taking into account the Evolutionary Scenario Machine, developed by Lipunov &
Postnov [38], which showed a dramatic evolution of the SN explosion rates during during the
first 5-7 billion years of the galactic life, the contribution of the SN explosions to the present
Galaxy emissivity is N,,gn = 6 X 104 phs~!.

* Black Holes and Neutron Stars in Binary Systems: in the Evolutionary Scenario Machine
[38], the matrix of binary systems states gives a number of black holes and neutron stars of the
order of few units x10*; then the contribution of these systems to the total Galay emissivity
is N,pr,Ns—Bss = 2 % 104 phs~!.

Therefore, it is tentatively possible to evaluate the total Galaxy y-ray emissivity as the sum of
the former contributions:

10
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042

N 1
Ny 1ot = Nyyoc + Nyrps + NyisH + Nysn + Nypa,Ns—Bss = 1.3 X 10™° phs™" = Nygas—2

This result is amazing!.

2.3 The COS-B satellite

The ESA mission COS-B, along with NASA’s SAS-2, provided the first detailed views of the
Universe in Gamma-rays. Figure 10 shows the main characteristics of this satellite (https://heasarc.gs
fc.nasa.gov/docs/cosb/cosb.html).

The COS-B Satellite

The ESA mission COS-B, along with NASA's SAS-2, provided the first detailed views of the
Universe in Gamma-rays. COS-B carried a single large experiment, the Gamma-Ray Telescope,
which was responsibility of a group of European research laboratories know as the Caravane
Collaboration. Launched on the 9 August 1975, COS-B was originally projected to last two years, but
it operated successiully for 6 years and & months. It provided the first complete map of the Galaxy in
gamma-rays.

Mission Characteristics

@ Lifetime : 9 Aug 1975 - 25 April 1982
@ Energy Range : 2 keV - 5 GeV
@ payload

« Magnetic-core, wire-matrix, spark chamber gamma-ray detector (~30 MeV-5 GeV), eff. area 50 cm? at 400 MeV
» a2-12 keV proportional counter mounted on the side of the gamma-ray detector

@ science Highlights:
» Observations of gamma-ray pulsars, binary systems.
« Gamma-ray map of the Galaxy.
» Detailed observations of the GEMINGA gamma-ray pulsar.

@ Archive - HEASARC hosts raw data, image and exposure maps from the gamma-ray detector

Figure 10: Main characteristics and science highlights of the COS-B satellite. Page authors: Lorella
Angelini & Jesse Allen (https://heasarc.gsfc.nasa.gov/docs/cosb/cosb.html).

Figure 11: The COS-B 2CG Catalog. The filled circles denote sources with measured fluxes 1.3 x 107*
photons cm™2 s~!. Open circles denote sources below this threshold (adopted from [39]).

11
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The 37-hour orbit of Cos-B was an eccentric orbit that ensured that the satellite was outside the
Earth’s radiation belts for most of the time. During the seven years of operation (9 August 1975 - 25
April 1982) the most important result was the detection of 25 y-ray sources out of 30 observations
made during the first 3-years and a complete y-ray map of the disc of the Milky Way [39]. Figure
11 shows the region of the sky searched for y-ray sources (unshaded) and sources detected above
100 MeV by spatial analysis. The filled circles denote sources with measured fluxes 1.3 x 10~

2

photons cm =2 s~!. Open circles denote sources below this threshold.

2.4 Stratospheric Balloons

A multitude of experiments launched aboard stratospheric balloons can be consulted at
https://stratocat.com.ar > globos. A paper by Ubertini [40] reports historical notes on scientific
balloons and in particular lists those numerous experiments in which there was the participation
of our old institute of astrophysics and cosmic physics (IAPS) of the INAF (Istituto Nazionale di
Astrofisica).

In the 1970s, numerous stratospheric balloons were launched with various types of astronomy
experiments on board. Among these, I would like to mention the High Energy X-Ray Experiment
(HEXE) which was built and operated in close collaboration of MPE and the Institut fiir Astronomie
und Astrophysik der Universitit Tiibingen.

HER X-1
—r —_
i 2| N
£ 10 / N

~ 050-8

X AUGUST. 1975

7 & THIS WORK

I x 103 MAY 3, 1976

fr\; g
AL w
[ )
w10
=
2
[ ]
r
(o
10°L
10‘6 Lasial 1al n
10° 10! L' 103

PHOTON ENERGY IN KEV

Figure 12: Left panel: HEXE-1 payload ready for the launch (adopted from [41]). Right panel: Her X-1
cyclotron line (adopted from [42]).

Left panel of Fig. 12 shows the payload of HEXE-I ready to be launched from the base of
Palestine, Texas, USA on 1976 May 3 [41]. Her X-1 was observed from 06:12 to 10:12 UT during
a 10 hour balloon flight and the result was one of the most important obtained in the field of X-ray
astronomy: Historical detection of a cyclotron line in at ~ 58 keV [42]. The energy of the cyclotron
line is connected with the magnetic field intensity of the neutron star, as:

12
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Figure 13: Left panel: a multi-instrumented gondola with several X-ray experiments from Italian Universities
and CNR-LAS. Right panel: the million cubic meter balloon just inflated and ready for launch (credit: Franco
Giovannelli).

E.=11.6 x (B/10"2G) x (1 +z)~' keV

Thus the magnetic field intensity in Her X-1is B ~ 5 x 10'? G [42]. Right panel of Fig. 12 shows
this historical measure.

Since the very beginning of the scientific research with stratospheric balloons, Italian scientists
were among the pioneers in their use.
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Figure 14: Photon spectrum of NGC 4151. HXR-76 data are compared with those from previous experiments
(adopted from [44]).

From the Milo Base (Luigi Broglio Base), Trapani, Italy on 29 July 1976, a 10° m? balloon
carried a multi-instrumented gondola with several X-ray experiments from Italian Universities and
CNR-LAS (Consiglio Nazionale delle Ricerche-Laboratorio di Astrofisica) di Frascati (HXR 76).
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That mission made history because by chance during the flight was detected for the first time
a radio frequency gamma-ray burst of non-solar origin [43].

The left panel of Fig. 13 shows the gondola carrying several X-ray experiments. The right
panel of Fig. 13 shows the million cubic meter balloon just inflated and ready for launch (credit:
Franco Giovannelli).

The main result obtained with the HXR-76 experiment was the measurement of the X-ray
source 4U 1206+39 associated with the Seyfert galaxy NGC 4151. It was observed with the high-
pressure proportional chamber on board the Transatlantic Balloon Facility. The spectrum in the
25-190 keV range may be fitted with a power law with spectral slope a = 0.9 + 0.2 [44]. ()

(%) This was the topic of my seminar in Warsaw (May 1978) at the newborn N. Copernicus Center (Joe Smak as Director),
where I stayed as guest of the Polish Academy of Sciences for 40 days during which Joseph (Joe) Patterson (Guest) was

working on his PhD thesis.

2.5 The HEAQO-1 satellite

Beginning in 1977, NASA launched a series of very large scientific payloads called High
Energy Astronomy Observatories (HEAO). The first of these observed the sky in the energy range
0.2 keV - 10 MeV and provided nearly constant monitorig of X-ray sources producing a catalog of
842 sources with a limiting flux of 0.25 pJy at 5 keV, or ~ 0.25 UFU, assuming a Crab-like spectrum
(1.1 pJy at 5 keV = 1 UFU (Uhuru Flux Unit).

Figure 15 shows the main characteristics and science highlights of the HEAO-1 satellite
(https://heasarc.gsfc.nasa.gov/docs/heao-1/heao-1.html). Figure 16 shows the HEAO-1 all-sky X-
ray catalog (NASA at https://heasarc.gsfc.nasa.gov/docs/heao-1/heao-1.html).

2.6 The Ariel V satellite

Ariel V satellite was launched on 15 October 1974 from the San Marco Malindi base and op-
erated until 14 March 1980 for monitoring the X-ray sky in the energy range 0.3 - 40 keV. Figure 17
shows the main characteristics and science highlights of this satellite (https://heasarc.gsfc.nasa.gov/docs/ariel5
/ariel5.html).

The advent of the Ariel V satellite has significantly marked my scientific trajectory. In fact, with
the discovery of an X-ray source, called A 0535+26, the hunt began to find its optical counterpart
and therefore the behavior of this system along the entire electromagnetic spectrum. And this is
what I intend to tell for the benefit of readers, especially young ones.

In the Ariel V error box of the A 0535+26 source were contained 11 stars up to 23" magnitude.
A ~ 9 mag star (HDE 245770) was inside the error box (see Fig. 18 [46]). The a priori probability
of finding a 9 mag star in such a field is 0.004. HDE 245770 shows H, and Hg in emission, H,,
filled in with emission, and Hg, He,....,H;o in absorption. HDE 245770 was then considered the
probable optical counterpart of the X-ray source A0535+26. But to be certain, a direct link between
the optical behavior and X-rays had to be found.

The optical measurements of HDE 245770 during December 1977 were not obtained by chance,
but thanks to a prediction made by myself under the hypothesis that the few X-ray outbursts detected
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The HEAO-1 Satellite

Begmning im 1977, NASA launched a series of very large scientific payloads called High Energy
Astronomy Observatories (HEAD). The first of these missions, HEAC-1 surveyed the X-ray sky
almost three times over the 0.2 keV - 10 MeV energy band, provided nearly constant monitoring of
Xeray sources near the ecliptic poles. More detailed studies of a number of objects were made
through pointed obsenvalions lasting typically 3-6 hours.

Mission Characteristics

@ Lifetime : 12 August 1977 - 9 January 1979
@ Energy Range : 0.2 keV - 10 MaV
@ payload ;

+ A1 -Large Area Sky Survey experiment (LASS) :
0.25-25 keV, off. area 7 modules each of 1350 - 1900 cm2, FOV varied between 1° X 4* to 1° x 0.5 for finest collimators.
» AZ - Cosmic X-ray Expenment (CXE) :
slx separate proportional counters
Low Energy Detectors (LED) 0.15-3.0 keV, eff. area 2 detectors of 400 em?® each
Medium Energy Detector (MED) 1.5-20 keV, eff area 1 detector at 800 cm?
High Energy Detector (HED) 2 5-60 keV, eff. area 3 detectors at 800 em2 each
MED and HEDs had various FOV settings, 1.5°x 3%, 3" x 3" and 3° x 6°
= A3 - Modulation Collimatar (MC)
0.8-13.3 keV. eff. area 2 collimators 400 cm? (MC1) & 300 cm? (MC2), FOV 4° X 4°
« Ad - Hard X-Ray / Low Energy Gamma Ray Experiment ;
seven inorganic phoswich scinfillator detectors
Low Energy Detectors 15-200 keV, eff. area 2 detectors 100 em?2 each, FOV 1.7* x 20°
Medium Energy Detectors 80 keV - 2 MeV, eff. area 4 detectors 45 cm? each, FOV 17°

Hieh Enerav Detector 120 keV - 10 MeV. eff. area 1 detector 100 cm?. FOV 37°
@ Science Highlights:

« Complete flux-limited High Galadlic Latitude Survey (Piccinotti et al. 1982).

» Measurement of X-ray background from 3-50 keV (Marshall et al, 1980, ApJ, 235, 4.)
+ Comprehensive catalog of X-ray sources (one for each experiment).

« Several hundred oplical companions and source classifications based on X-ray source positions
« Monitored variability of a variety of objects from AGNS to X-ray binaries.

« Studied aperiodic variability in Cyg X-1 on timescales on a few milliseconds

» Dizcovered the first eclipse seen in a low-mass X-ray binary,

@ Archive: HEASARC hosts catalogs, spectra, lightcurves, maps and raw data.

Mot all are available for all experiments

Figure 15: Main characteristics and science highlights of the HEAO-1 satellite. Page authors: Lorella
Angelini & Jesse Allen (https://heasarc.gsfc.nasa.gov/docs/heao-1/heao-1.html).

were roughly periodic. This is clearly reported in Fig. 19 [47], where the first two detected X-ray
outbursts are reported in red as well as the few measurements during the “rise” of the third outburst.

And here there was my intuition: since the slope of the rise was similar to that of the first
outburst, I made the hypothesis that a similar outburst would have occurred (the third) and then a
fourth one, similar to the second, would have occurred simply with a same delay of the second with
respect to the first outburst. In this way I predicted a possible X-ray outburst of the A 0535+26
pulsar in the period ranging from December 3, 1977 to January 9, 1978, with a maximum around
December 10-15. On December 17, Bartolini et al. [48] measured a decay from an outburst of
HDE 245770. The X-ray outburst was announced a few days later by Chartres & Li [49] thanks
to SAS 3 measurements (maximum in 2-10 KeV on December 23.5), and much later the entire
1977 December X-ray outburst at different energies was reconstructed (see Table 1 of the review
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Figure 16: HEAO-1 all-sky X-ray catalog (adopted from NASA at https://heasarc.gsfc.nasa.gov/docs/heao-
1/heao-1.html).

The Ariel V Satellite

Ariel V was launched into a low inclination (2.8 degrees) orbit from the San Marco launch platform in
the Indian Ocean on 15 October 1974. The mission was a British-USA collaboration. The Science
Research Council managed the project for the UK and GSFC/NASA for the USA. Ariel V was dedicated
to monitoring the X-ray sky with a comprehensive payload. The mission ended in the spring of 1980.
+Read more

Mission Characteristics

@ Lifetime: 15 October 1974 - 14 March 1980
@ Energy Range: 0.3-40 keV

@ payload:

Experiments aligned with the spin axis.

+ Rotation Modulation Colimator (RMC) (0.3-30 keV).

« High resolution proportional counter spectrometer.

« Polarimeter/spectrometer.

« Scintillation telescope.

» All-Sky Monitor (ASM) a small (~1 cm?) pinhole camera (3-6 keV).

« Sky Survey Instrument (SS1) composite of two proportional counters with 290 cm? effective area
each (1.5-20 keV).

@ science Highlights:

« Long-term monitoring of numerous X-ray sources.

« Discovery of several long period (minutes) X-ray pulsars.

» Discovery of several bright X-ray transients probably containing a Black Hole (e.g.
ADB20-00=Nova Mon 1975).

« Establishing that Seyfert | galaxies (AGN) are a class of X-ray emitters.
« Discovery of iron line emission in exitragalaciic sources.

+Read more

@ Archive: HEASARC hosts lightcurves from the ASM and the Raw data and the 3rd Ariel V catalog
from the SSI.

Figure 17: Main characteristics and science highlights of the Ariel V satellite. Page authors: Lorella
Angelini & Jesse Allen (https://heasarc.gsfc.nasa.gov/docs/ariel5/ariel5.html).
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Figure 18: An enlargement of the red Palomar Observatory Sky Survey plate in the region of A0535+26,
whose error box is marked by the light blue rectangle; the bright star is HDE 245770 (Adapted from [46]).
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Figure 19: Schematic of how the optical counterpart of A0535+26 was discovered (adopted from [47]).

by Giovannelli & Sabau- Graziati [2]). The outburst started on December 8, 1977 and was still
strong on January 3, 1978. After this date no measurements are available. Then, the “hazardous”
prediction of Giovannelli was awarded by the first direct evidence about the association of the star
HDE 245770 with the X-ray pulsar A 0535+26 [48].

Once the association between A 0535+26 and HDE 245770 was established, the problem of
its classification arose. Giangrande et al. [50] by using — at the 152 cm Loiano telescope — a Boller
& Chivens 26767 grating spectrograph: 831 grooves/mm Il-order grating: 39 A/mm and Kodak
103 aO plates, classified HDE 245770 as O9.1lle. This classification, although obtained "with
antediluvian means" typical of the 1980s, is still valid after 45 years!
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2.7 The Einstein Observatory (HEAO-2)

The HEAO-2 satellite — renamed Einstein after launch — was launched on 12 November 1978
and operated until April 1981. It was the first fully imaging X-ray telescope put into space, and with
its spatial resolution of ~ 2 arcsec completely changed the view of the X-ray sky. Figure 20 shows the
main characteristics and science highlights of this satellite (https://heasarc.gsfc.nasa.gov/docs/einste
in/heao2.html).

The Einstein Observatory (HEAO-2)

The second of NASA's three High Energy Astrophysical Observatories, HEAQ-2. renamed
Einstein after launch, was the first fully imaging X-ray telescope put into space. The few arcsecond
angular resolution, the field-of-view of tens of arcminutes, and a sensitivity several 100 timaes greater
than any mission before it provided, for the first ime, the capability to image extended objects, diffuse
emission. and to detect faint sources. It was also the first X-ray NASA mission to have a Guest Observer
program

Owerall, it was a key mission in X-ray astronomy and its scientific oulcome completely changed the view
of the X-ray sky.

Mission Characteristics

@ Lifetime : 12 November 1978 - April 1981

@ Energy Range - 0.2 - 20 keV

- Special Features ;. First imaging X-ray telescope in space
@ payload :

« AWolter Type | grazing incidence telescope (0.1-4 keV).
Four instruments could be rotated, one at a time, inlo the fecal plane
e Imaging Proportional Counter (IPC; 0.4-4.0 keV)
eff. area 100 ¢cm?, FOV 75", ~1 arcmin spatial resolution
o High Resolution Imager (HRI; 0.15-3.0 keV)
eff area 5 - 20 cm?, FOV 25°, ~2 arcsec spatial resolution
o Sold State Spectrometer (355, 0.5-4.5 keV)
eff. area 200 cm?, FOV &', E/delta E of 3-25
o Focal Plane Crystal Spectrometer (FPCS; 0.42-2.6 keV)
aff. area 0.1 - 1.0 cm?, FOV §°, 120", 2'%20°, 3'x30°, E/delta E of 50-100 for E < 0.4 keV, Eidelta E of 100-1000 for E
* 0.4 keV
+ Monitor Proportional Counter (MPC; 1.5-20 keV)
eff. area 667 cm?, FOV 1.5°, energy resolution ~20% at & keV. Co-aligned with the X-ray telescope.
« Obiective Grating Specirometer (0GS) ; 500 mm™ & 1000 mm™*, energy resolution dE/E ~ 50. Used in conjunction with HRI.
@ science Highlights;

First high resolution spectroscopy and morphological studies of SUPSMOVa remnants

Recognized that coronal emissions in nommal stars are stronger than expecied

Resolved numergus X-ray sources in the Andromeda Galaxy and the Magellanic Clouds.

First study of the X-ray emitting gas in galaxies and clusters of galaxies revealing cooling inflow and cluster evolution
Detected X-ray jets from Cen A and M2T aligned with radio jets.

First medium and Deep X-ray surveys

Discovery of thousands of “serendipitous” sources

@ Archive | HEASARC hosts Catalogs, Spectra, Lighlcurves, Images and Raw data

Figure 20: The main characteristics and science highlights of Einstein satellite. Page authors: Lorella
Angelini & Jesse Allen (https://heasarc.gsfc.nasa.gov/docs/einstein/heao2.html).

HEAO-2 Observatory detected 191 extragalactic X-ray sources — with z known — of different
classes (QSOs, Seyfert Galaxies, BL Lac, elliptical and SO, spiral and irregular galaxies).

Looking at the plot of Fig. 21 [51], Giovannelli & Polcaro [52] had the idea, now very popular,
that the the engine producing high energy radiation is of the same kind for all extragalactic emitters.
Mass and mass accretion rates are the unique parameters which differentiate extragalactic emitters
containing central black holes from the galactic black holes.
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Figure 21: Energy spectra of several accreting black hole candidates (adapted from [51]).

The emission of the extragalactic X-ray sources can be expressed as Lot = Lnuc + Lug, where,
Lyuc is the nuclear luminosity and Lyg is the host galaxy luminosity, formed by the integrated
emission of its discrete sources. Such components can be derived by using the Giovannelli &
Polcaro [52] diagram (here after GP86).

Thus a general relationship between log z and the logarithm of the 2 keV equivalent monochro-
matic luminosity of the brightest object in a given redshift interval (regardless of the class of the
object) was found [52](*). This function is almost constant for z < 0.001; it has a continuous
inflection of about two orders of magnitude between z = 0.001 and z = 0.01, and at z > 0.01, where
only AGNs are present, it matches with a straight line, with slope equal to 1.6. They suggested that
such a smooth function implies a physical continuity of these objects.

) The embryo of this idea was born during a weekend at the Warsaw Observatory in May 1978 in a conversation
with Bodhan Paczyriski, to whom I asked whether it would be possible to find the equivalent of the HR diagram for
extragalactic sources, that I was dreaming. He replied, “Why not! Good luck!".

Later, with the advent of higher sensitivity X-ray experiments, different samples of extragalactic
X-ray emitters were discovered [53 and the references therein] and [54]. Top panel of Fig. 22 shows
all these samples with the maximum X-ray luminosity function found by GP86 (red line). This
figure report also the position — marked with a blue star — of the QSO J 1148+5251 at z = 6.42 [55]
whose predicted X-ray luminosity is 7 x10*” erg s~! by using the GP86 diagram.

For the weaker sources, the luminosity functions are parallel to the GP86 function (blue, green,
and fuchsia lines). For z < 0.001, there is a substantial constancy of the functions. In other words
this means that the contribution to the luminosity is mostly coming from the discrete sources of the
host galaxies (middle panel of Fig. 22). This is in complete agreement with the results obtained
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Figure 22: Top panel: Lyn,x versus z for extragalactic X-ray emitters. Red crosses represent the upper part
of the GP86 diagram [52]. The deeper surveys [53,54] shown in the diagram are indicated with different
colors. Middle panel: The entire GP86 diagram superimposed on that of Hasinger et al. [53,54]. The light
plum-colored band indicates the range of Mineo et al. [56] results. The bottom panel shows the same but
with extrapolation to Bottom panel: the same but with extrapolation to 103¢ hS‘O2 erg s~ [57].
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by Mineo et al. [56] (light plum-colored band). The light blue line in continuation of the red line
indicates the contribution of the nucleus (Lnyuc) to the total luminosity of galaxies with z < 0.002.
The bottom panel shows the same, but with extrapolation to 103 hs‘o2 erg s~ !, the value of the X-ray
luminosity of Sgr A*, measured by Chandra satellite [57].

2.8 The International Ultraviolet Explorer (IUE)

The International Ultraviolet Explorer (IUE) satellite was launched on January 26, 1978
and during its long operational life (~ 18 yr) has made a fundamental contribution to ultraviolet
astrophysics*). Figure 23 shows its main characteristics (https:/science.nasa.gov > iue).

The International Ultraviolet Explorer (IUE) satellite

The IUE (International Ultraviolet Explorer) satellite was an orbiting astronomical observatory for ultraviolet spectroscopy between
1150 and 3250 A. Tt was a joint venture between NASA, the United Kingdom, and ESA (European Space Agency). Objects of study
ranged from Halley’s comet and planets in the solar system to hot stars, supernova 1987A, and active galaxies powered by
supermassive black holes. The data cover a dynamic range of ~ 17 mag: -2 to 10 for high dispersion and -2 to 14.9 for low
dispersion. Over 104,000 UV spectra were obtained with IUE between January 26, 1978 and September 30, 1996.

XHay

Active from v Optical Infrared
Launch: January 26, 1978 Observing: February 9, 1978 — September 27, 1996 1150A !m'«

Resolution

Low dispersion = (6-7) A High dispersion = (0.1-0.3) A

Science Highlights

Credit: NASA

* Objects observed by IUE include virtually every type of object in the universe, from planets and stars to galaxies.

* One of IUE's strengths was the ability to rapidly respond to targets of opportunity such as comets, novae, and supernovae.

* IUE obtained the only ultraviolet data of the outburst of supernova 1987a in the Large Magellanic Cloud.

* By tracking on the nucleus of fast-moving Comet IRAS-Araki-Alcock, IUE was able to obtain the first detection of molecular
sulfur in a comet.

*» During July 1994, TUE (along with the rest of the globe) spent a good deal of time observing Jupiter when Comet
Shoemaker-Levy collided with the planet.

Figure 23: Main characteristics and science highlights of the International Ultraviolet Explorer (IUE)
satellite (adapted from https://science.nasa.gov > iue).

() As coordinator of several groups of scientists, I was one of the most frequent users of the IUE, conducting research
group q g

mainly on X-ray binary systems, cataclysmic variables and T Tauri stars. The measurements from the IUE were part of

the mosaic completed by infrared, optical and X-ray measurements.

2.8.1 The X-ray/Be system A 0535+26/HDE 245770

From the numerous IUE spectra both in low- and high-resolution it was possible to detect
interstellar, symmetrical and asymmetrical lines.

* Filling the 2200 bump it was possible to determine the E(B-V) = 0.75 [58,59];
* From the Hell broadening it was possible to determine the rotational velocity of the 09.7 Ille

star as Vyor X sin i = 230 km s—1 [60], and later the inclination angle i = 37° + 2° [61];
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e From CIV and SilV asymmetrical lines it was possible to determine the velocity of the stellar
wind as Vierminal = 630 km s™! [60,62];

« The mass loss rate of the system in quiescence is M =~ 1078 Mg, yr—1 [60,62], and in strong
outburst M =~ 7.7 x 10~7 Mg, yr—1 [63].

The spectral energy distribution from UV to IR of the X-ray/Be system A 0535+26/HDE
245770 is shown in Fig. 24 [62].

——— (30008,15] "
25008, 31 ™

e

L ! — — A 1
ol 0.3 0o 1 3 5 0 Alpm]

Figure 24: Spectral energy distribution of the A 0535+26/HDE 245770 system from UV to IR (adopted
from [62].

2.8.2 The cataclysmic variable SS Cyg

SS Cyg has been the target of many observations proposed by my group and accepted by the
IUE commission for allocation time. Figure 25 shows typical short wavelength (SW) spectra of SS
Cyg in quiescence (My =~ 12) and in outburst (My = 8), and a composite spectrum SW + long
wavelength (LW) (SW + LW: 1200-3200 A) [64].

The UV flux is Fy oc A%, with @ = -4 for A < 1450 A, and @ = -1.2 for 2 > 1450 A. The value
a = -4.0 is consistent with a tail of a Rayleigh-Jeans emission from a black body (BB) with T ~ 15
keV. This slope is the same of that of AM Her: the prototype of POLARS [64]. At this point the
obvious idea arises that SS Cyg is a cataclysmic variable with a magnetic field such as to make it
an intermediate polar or even a polar.

Since the reddening of SS Cyg reported in the literature vary significantly from one another,
Gaudenzi et al. [65] decided to understand the origin of such discrepancies. Thus, by using the
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Figure 25: Typical IUE SW spectra of SS Cyg in quiescence and in outburst and a composite (SW+LW)
spectrum in quiescence (adopted from [64].

INES archive of the IUE satellite, they analyzed the spectra of SS Cygni in quiescence in order
to determine the value of the reddening of the binary system. The results demonstrated that the
reddening is comprised by two components: the first, interstellar in origin, with a value E(B-V) =
0.04 + 0.02 mag, and the second, intrinsic to the binary system, with values up to E(B-V) =0.16 +
0.02 mag. The intrinsic value of the reddening is variable along the quiescent phase (t%) and with
orbital phase, as shown in Fig. 26.

Lombardi, Giovannelli & Gaudenzi [66] found orbital modulations in the UV continuum at
1700 after long and short outbursts of SS Cyg, as well as at 2700 after short outburst and in the
UV emission lines of NV, SilV and CIV both after short an long outbursts. Optical line fluxes
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Figure 26: E(B-V) contour in the Orbital phase - t% plane. The maximum value E(B-V)max = 0.16 mag
corresponds to 100% of E(B-V) depicted in red (adopted from [65].

modulations with the orbital period have been detected in H,,, Hg, H,, Hs, Hel 4471 and Hel 6678
[67]. Orbital modulations of emission lines and continuum are typical of intermediate polars (IPs).
Figure 27 shows some of the UV and optical modulations just mentioned.

Furthermore, INTEGRAL satellite detected a set of magnetic cataclysmic variables (MCVs),
all of the intermediate polar type except one, SS Cyg, reported as a dwarf nova (DN), that means
non magnetic CV (NMCV) [68] (see Fig. 28). Then a spontaneous question arises: if SS Cyg is
an NMCYV, why did INTEGRAL not detect other NMCVs? Alternatively, SS Cyg is also an MCV
like all the others detected by INTEGRAL.

So that it is important to determine the magnetic field intensity in the white dwarf of SS Cyg by
using all information available. A critical point for this purpose is coming from the indetermination
of the distance of SS Cyg: The distance, measured with the Hubble Space Telescope (HST), is Dy
=166 + 12 pc [69], or using very long baseline interferometric radio observations the distance is
Dy =114 £ 2 pc [70], or Dp = 114.6 + 0.6 pc [71]. Howell et al. [72] found a correlation between
the strength of the high-state UV emission lines and the strength of the white dwarf magnetic field,
B. By using such a relationships and the luminosity of CII and CIV derived for SS Cyg placed at
distance of 166 pc or 114 pc from the fluxes measured with the IUE [73]), it is possible to derive
the magnetic field intensity of order 2t%_56 MG or 6’:3’2 MG depending on the distance. Figure 29
shows the luminosity of: CII vs B (left panel) and CIV vs B (right panel).

Kording et al. [74] showed the hardness intensity diagram (HID) for X-ray binaries (XRBs)
and SS Cyg. The analogy among black holes, neutron stars and SS Cyg appears evident (left panel
of Fig. 30). They detected also a radio jet from SS Cyg (right panel of Fig. 30), and upper limits
for linear and circular polarization of 3.2 + 2.7% and -3.2 + 2.7%, respectively. They have some
difficulties in explaining the behaviour of SS Cyg under the hypothesis that SS Cyg is a dwarf nova.
Everything would be better explained if instead SS Cyg were an intermediate polar, as suggested
earlier by the analysis of Fig. 29, especially if the distance of SS Cyg was 114 pc instead of 166 pc,
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CIV emission lines [66]. Lower panel: Trailed spectrograms of Hg, H,, Hs and Hel 6678; the black band
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Figure 28: List of Cataclysmic Variables detected by the INTEGRAL satellite (adopted from [68]. Light
red rectangle marks SS Cyg.
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Figure 29: Left panel: CII luminosity vs B (from [72] black squares). Right panel: CIV luminosity vs B
(from [72] black squares). The luminosities of CII and CIV of SS Cyg are coming from [73].

so the intensity of the magnetic field would be approximately 6 MG. This value of B would support
the expectation of Dubus et al. [75] to explain the variations in the mid-IR (11.7 um) emission.

A complete discussion about the controversial nature of the cataclysmic variable SS Cygni is
reported in the recent paper by Giovannelli et al. [76].

2.9 The Astron satellite

The N. Copernicus Center opened in May 1978 and began to play an important role as a meeting
place for scientists from the Soviet bloc (Warsaw Pact) and the West bloc (Atlantic Pact). In 1979,
during my second stay at the N. Copernicus Center as guest of the Polish Academy of Sciences, 1
met Gennady Bisnovatyi-Kogan with whom I laid the foundations for scientific collaboration and
friendship over a bottle of Vodka Wyborowa. Gennady and his PhD student Sergey Lamzin had
just published "The chromosphere, corona, and X-ray emission of the T Tauri star RU Lupi" [77] in
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Figure 30: Left panel: Hardness intensity diagrams (HID) for a black hole, a neutron star and the dwarf nova
SS Cyg. The arrows indicate the temporal evolution of an outburst. The dotted line indicates the “jet line”
observed in black hole and neutron star XRBs: on its right side one generally observes a compact jet; the
crossing of this line usually coincides with a radio flare. The hardness ratio for XRBs is defined as the ratio
of the counts in the 6.3-10.5 keV range to 3.8-6.3 keV range, and the X-ray counts represent the 3.8-21.2 keV
counts of the Rossi X-ray Timing Explorer. For SS Cyg Lp is the disc/boundary layer luminosity derived
from the extreme ultra-violet counts. The X-ray luminosity Lpy is for the 3-18 keV energy range. Right
panel: Radio and optical light-curve of SS Cyg (adopted from [74]).

which they proposed models (developed in 1979) that would need experimental data in the UV and
X-ray bands to be validated. So the game was up: the recently launched IUE satellite, as well as all
ESO telescopes for optical and infrared measurements (accessible to me) and the Astron satellite
(accessible to him) would be the ideal tools to test the models. And so a fruitful collaboration was
born.

Figure 31 shows the main characteristics of the Astron satellite (https://imagine.gsfc.nasa.gov/sc
ience/toolbox/missions/astron.html). I was the only foreign guest observer to use this satellite.

The Astron satellite was designed for ultraviolet and X-ray astrophysical observations in the
2-25 keV energy range.

2.9.1 The X-ray pulsar Her X-1

One of the most important results was the monitor of Hercules X-1 (1983-1987), providing
data during its low state in 1983 and from when it turned back on in 1984 [78]. Figure 32 shows
the configuration of the inner edge of the disk and the neutron star (a); neutron star and the disk in
the "low-on" state (b); neutron star and the disk in the "high-on" state.

Sheffer et al. [78] suggested a geometrical model to explain the structure of the main pulse and
the variations in its profile with the phase of the 35-day cycle.

2.9.2 The Classical T Tauri Star RU Lupi

A long-term (1982-1988) multifrequency program on Classical T Tauri Stars (CTTSs) was
developed by the international group leaded by Franco Giovannelli. The facilities used for such a
campaign were the International Ultraviolet Explorer IUE), the ASTRON X-ray/UV Soviet satellite,
and the ESO 0.6-m UBVRI telescope, 1-m IR telescope, 1.5-m telescope for low resolution optical
spectroscopy, and 3.6-m telescope for Echelle high resolution spectroscopy.
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Astron

Lifetime; March 1983 — June 1989

Country (primary): Soviet Union

Primary Science

The Astron satellite was designed for ultraviolet
and X-ray astrophysical observations (2-25 keV)

Science Highlights

* Monitored Hercules X-1, providing data during its
low state in 1983 and from when it turned back

. An artist's impression of the Astron
onin 1984 spacecraft (Credit Soviet Space
* Investigation of accretion of material from red Program)

giants onto neutron stars

Figure 31: Main characteristics and science highlights of the Astron satellite (adapted from

https://imagine.gsfc.nasa.gov/science/toolbox/missions/astron.html).

Figure 32: Configuration of the inner edge of the disk and the neutron star (a); neutron star and the disk in
the "low-on" state (b); neutron star and the disk in the "high-on" state (adopted from [77]).
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The results were published in two main papers, the first with the experimental results (Giovan-
nelli et al. [79]), the second with the interpretation of data and modeling (Lamzin et al. [80]). A
review paper about RU Lupi was published by Giovannelli [81].

One of the main results obtained during the long-term multifrequency program was the si-

multaneous detection of emissions in different energy bands that allowed to construct the Spectral
Energy Distribution (SED) of RU Lupi, as shown in the upper panel of Fig. 33.
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Figure 33: Left panel: SED (1,200-50,000 um) of RU Lupi in different epochs (adapted from [81]). Right
panel: X-ray luminosity vs stellar equatorial velocity for TTS (e), late-type dwarfs (+), dKe-dMe stars (@),
and RS CVn systems (square). The right position of RU Lupi is marked with a red star, and the wrong
position is marked with a blue star (adopted from [81] after [82]).
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In two occasions, RU Lupi showed a strong activity (Flare-Like Events: FLEs), much higher
than that in "quiescence". Together with the FLEs reported in the literature, these two FLEs
allowed to determine their periodicity: Pprps = 27.686 + 0.002 days [81]. This could be the
rotational period of RU Lupi. Indeed, if we use the relationship between the X-ray luminosity (Lx)
versus the rotational velocity (vyo) for T Tauri stars, late-type dwarfs, dKe-dMe stars, and RS CVn
systems (Bouvier [82]), the position of RU Lupi fits the relationship log Lx = 27.2 + 2 log vy if
Prrgs = 27.686 + 0.002 days is used, instead of using the "wrong" value reported in the literature
of 3.7 days — that simply does not exist (Giovannelli et al. [83]) — whose wrong origin is largely
commented in [81]. Lower panel of Fig. 33 shows the diagram of the X-ray luminosity (Lx) versus
the rotational velocity (vyor) Where the "correct” position of RU Lupi is overlapped with a red star,
and the "wrong" position with the blue star.

With the 27.7-day periodicity at which FLEs repeat, one can explain the positive detection
of RU Lupi in the X range (2-25 KeV) made with the ASTRON satellite (Giovannelli, F. et al.
[84]): this detection occurred in phase with this period, while some observations made with other
satellites, including ASTRON, provided only upper limits on the emission, with measurements
obtained in anti-phase.

2.9.3 Orbital Period of A 0535+26/HDE 245770 and Spin Period of the X-ray Pulsar

As discussed by Bartolini et al. [85] two very similar events in optical occurred on February
24,1976 and December 20, 1977 (see Fig. 34). The slope of these growths in V magnitude of HDE
245770 was the same and such events were associated to X-ray flares [86,87]. The time elapsed
between the two events is 665.137 + 0.002 days, close to six times the suggested period of 110-111
days [86,88,89]. Thus a period of 110.856 + 0.002 days has been deduced.

Giovannelli et al. [90] published the history of the spin period of the pulsar A 0535+26 from
its discovery in 1975 with the Ariel V satellite [91] until 1990, as shown in Fig. 35. A value of P/P
=-6.8 x107* ylr‘l was deduced by Giovannelli et al. [92].

Since the X-ray flares of A 0535+26 occurred regularly in phase with the orbital period (~ 111
days), we expected to detect with the Astron satellite X-ray outbursts at periastron passage on April
19, 1985 and March 17, 1986. ASTRON did not detect such X-ray outbursts, but measured X-ray
fluxes of ~ 6.5 mCrab and < 5 mCrab, respectively in the energy range 2-25 keV. The probable
reason of the lack of X-ray outbursts was that the pulsar A 0535+26 was rotating at equilibrium
period, too fast for material to enter [93].

By analyzing the data related to the X-ray flare of December 1977-January 1978 from various
experiments reported by Violes et al. [94], it is possible to relate the optical event of December 20,
1977 reported by Bartolini et al. [85] and Rossiger [95] with the X-ray flare reported in [94]. The
delay of about 8 days of the X-ray flare with respect to the optical flare is evident (see Fig. 36). And
this delay will be extensively commented in the next section 2.10. The flux was still quite weak
on 1977 December 20.5, when Chartres & Li [87] observed a soft X-ray flare-up in the 2-10 keV
energy range. The flux was equal to that from the Crab on December 25 and reached a maximum
(1.5 times that of the Crab) on December 28. Four periods were defined in the time history (A, B,
C, and D) shown in Fig.36 and commented in [94].
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Figure 34: Up: V magnitude of HDE 245770 on the JD 2442833 and JD 2443498 deduced from both
comparison stars BD 26°876 and 125 Tau. Down: differences of magnitude between the two comparison
stars during the same night (adapted from [85]).

2.10 The Hakucho [CORSA-B] satellite

CORSA-B satellite — renamed Hakucho (Japanese for swan) — was launched on 21 February
1979. It was dedicated to study and monitor transient phenomena in the energy range 0.1-100 keV.
Figure 37 shows its main characteristics (https://heasarc.gsfc.nasa.gov/docs/hakucho/hakucho.html).

The importance of the Hakucho satellite in my research comes from a suggestion that a member
of my group, Adriano Guarnieri, made to the Hakucho group by telegram in which he suggested
to make an observation of A 0535+26 around 13 December 1981 because our group had detected
an optical flare on 5 December 1981 — named 811205E. The Hakucho team detected a short X-ray
flare just at the predicted date (December 13, 1981) [96]. This amazing prediction was published
by Giovannelli & Sabau-Graziati [97]. Fig. 38 shows the optical measurements of HDE 245770
made at the telescope of Loiano (Guarnieri et al. [98]). Superimposed are two vertical lines, a red
one indicating the maximum of the optical event and a blue one indicating the X-ray event. The
separation between the two events is 8 days.

And this event of December 5, 1981 (JD 2444944) is exactly 13 orbital cycles distant from the
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Figure 35: The history of spin period of the X-ray pulsar A 0535+26 (adopted from [90]).
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Figure 36: The 28-40 keV light curve of A 0535+26 for the 1977 December flare-up. For comparison, the
28-40 keV Crab Nebula flux is indicated by a horizontal arrow. The vertical arrow indicates the moment of
the maximum 2-10 keV flux observed by SAS 3. Four periods for the energy spectra — discussed in [94] — are
designated A, B, C, and D. (adapted from [94]). Optical flare of HDE 245770 [85,95] (red stars) preceding
the X-ray outburst of A 0535+26. The red line marks the periastron passage at the thirteenth cycle before
811205-E (adapted from [99]).
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The Hakucho [CORSA-B] Satellite

CUrsa-E- was the first X-ray astronomy Japanese satellite. Launched on 21 February 1979, it

was renamed Hakucho (Japanese for swan) symbolizing one of the most interesting X-ray
objects, Cyg X-1. As many other X-ray satellite launched in that period, Hakucho was
designed to study and monitor transient phenomena with paricular emphasis on X-ray bursts.
It was still operating when the second X-ray Japanese satellite Tenma launched in 1933.

Mission Characteristics

“ Lifetime : 21 February 1979 - 16 Aprile 1985
i_‘ Energy Range : 0.1 - 100 keV
@ payload :

» Very Soft X-ray (VSX) experiment 0.1-0.2 keV
Four units of proportional counters
each with eff area ~ 78 cm?
Two parallel to the spin axis FOV = 6.3° X 2.9° FWHM
two offset FOV = 24.9° X 2.9° FWHM
s Soft X-ray (SFX) 1.5-30 keV Six units of proportinal counters
Parallel to the spin axis -
o Two FOV 17.6 deg FWHM; eff area=69 cm? each
o Two FOV 5.8 deg FWHM; eff area=40&383 cm?
Two offzet FOV = 50.3° X 1.7° FWHM eff area =32 cm? each
» Hard X-ray (HDX) 10-100 keV scintillator
FOV 4.4° X 10.0° FWHM eff area =45 cm?

@ science Highlights:
» Discovery of soft X-ray transient Cen X-4 and Apl X-1
» Discovery of many burst sources

Long-term monitoring of X-ray pulsar (e.g. Vela X-1)
Discovery of 2 Hz variability in the Rapid Burster later named Quasi Period Oscillation.

@ Archive : No data available at HEASARC

Figure 37: The main characteristics of the Hakucho [CORSA-B] satellite (https://heasarc.gsfc.nasa.gov
/docs/hakucho/hakucho.html).

event of December 20, 1977 (JD 2443498), assuming the orbital period of 111.0 + 0.4 days; this
value is in agreement with all optical and X-ray determinations.

Giovannelli, Bisnovatyi-Kogan & Klepnev [99] (here after GBK13) used the 811205E for
constructing the ephemerides of the system A 053526/HDE 245770 as JDqp—outh = JDo(2,444,944)
+n(111.0 £ 0.4) d. So, going back 22 orbital periods we get what is shown in Fig. 39: the periastron
passage of the neutron star occurred about 14 days before the discovery of the X-ray pulsar by the
satellite Ariel V [91]. There are no previous X-ray data and therefore it cannot be excluded that the
X-ray event could have started a few days earlier, exactly 8 days after the periastron passage.

In conclusion GBK13 [99] showed that the optical behavior of the Be star in the high-mass X-
ray transient A0535+26/HDE245770 shows that at periastron the luminosity is typically enhanced
by 0.02 to a few tenths mag, and the X-ray outburst occurs eight days after the periastron. They
constructed a quantitative model for this event based on a nonstationary accretion disk behavior,
connected with a high ellipticity of the orbital motion. They explained the observed time delay
between the peaks of the optical and X-ray outbursts in this system by the time of radial motion of
the matter in the accretion disk, after an increase of the mass flux in the vicinity of a periastral point
in the binary. This time is determined by the turbulent viscosity with a parameter of @ = 0.1-0.3.
The increase of the mass flux is a sort of flush that reaches the external part of the accretion disk
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Figure 38: UBV measurements of HDE 245770 on December 1981. Red vertical line shows the maximum of
the optical flare occurred on December 5, 1981 (JD 2444944) and the blue one indicating the time (December
13, 1981 = JD 2444952) when the X-ray flares occurred (adapted from [97], with the data from [98]).

around the neutron star, which enhances the optical luminosity. The subsequent X-ray flare occurs
when the matter reaches the hot central parts of the accretion disk and the neutron star’ surface.

Their model may be valid also for AGNs. Indeed, Nandra et al. [100] found a delay of ~ four
days between UV and X-ray emissions in NGC 7469; Maoz, Edelson & Nandra [101] found a delay
of ~ 100 days between optical and X-ray emissions in the Seyfert galaxy NGC 3516; Marshall,
Ryle & Miller [102] found a delay of ~ 15 days between optical and X-ray emissions in Mkr 509,
and Doroshenko et al. [103] found a delay of ~ ten days between R, I and X-ray luminosities in the
Seyfert galaxy 3C 120. It is interesting that a short qualitative explanation of these lags in AGNs,
very similar to their quantitative model, was suggested by Marshall et al. [102].

Giovannelli et al. [104] planned optical measurements mainly around the periastral passages
of the neutron star with the aim of verifying the validity of the model developed in [99]. Their
observations — planned around the 108th orbital periods after 811205E (JD2456932 = October
1, 2014) — showed an optical enhancement of ~ 0.03 mag that enabled them to announce the
subsequent X-ray outburst with intensity of 10-100 mCrab (Giovannelli et al. [105,106]), that
indeed was detected and culminated on JD 2456940 with a ~ 50 mCrab intensity (Nakajima et al.
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Figure 39: The periastron passage of the neutron star 22 orbital periods before 811205E and the data of the
discovery of A 0535+26 taken from [91] adapted from [99]).

[107]). This is an astonishing confirmation of the time-delay model developed by GBK13 [99].

It is right to remind that the mechanism proposed by GBK13 for explaining the X-ray-optical
delay in A 0535+26/HDE 245770 is based on an enhanced mass flux propagation through the
viscous accretion disk. This mechanism, known as UV-optical delay (the delay of the EUV flash
with respect to the optical flash) was observed and modeled for cataclysmic variables (e.g. Smak
[108]; Lasota [109]). Time delays have been detected also in several other X-ray transient binaries.
This is the reason that urged Bisnovatyi-Kogan & Giovannelli [110] to generalize the aforementioned
model, developed for the particular case of A 0535+26/HDE 245770 (Flavia® star). This general
model provides the formula (1) of the time delay between the optical and X-ray flashes appearance
in transient cosmic accreting sources:

230115
=690 T (1)
atls (Ts) /s
where:
m=M/M, ; th = M/(1078 Mg/yr) ; T4 =Ty/10*K ;

a = viscosity , and Ty = maximum temperature in optics.

By using this formula it is possible to obtain an excellent agreement between the experimental and
theoretical delays found in:

 X-ray/Be system A0535+26/HDE245770: texp, =~ 8 days (GBK13); 7y, ~ 8 days;
* Cataclysmic variable SS Cygni; Texp = 0.9-1.4 days [111]; 7y, = 1.35 days;
* Low-mass X-ray binary Aql X-1/V1333 Aql: 7exp, ~ 3 days [112]; 7y, ~ 3.2days

* Black hole X-ray transient GRO J1655-40: 7exp ~ 6 days [113]; 7y, = 6.5 days.
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In this general formula the a-viscosity parameter plays an important role, and usually it is hard
to be determined. However, if the other parameters are known, because experimentally determined,
the formula (1) can be used for determining «, taking into account the experimental delay measured
in a certain source.

In [110] the authors quantitatively also discuss a model for time-lag formation in active galactic
nuclei (AGNSs).

2.11 ROSAT - The Roentgen Satellite

The Roentgen Satellite, ROSAT, a Germany/US/UK collaboration, was launched on June 1,
1990 and operated for almost 9 years. The first 6 months of the mission were dedicated to the all
sky-survey (using the Position Sensitive Proportional Counter detector), followed by the pointed
phase. The survey obtained by ROSAT was the first X-ray (0.1 - 2.5 keV) and EUV (62-206 eV)
all-sky survey using an imaging telescope with an X-ray sensitivity of about a factor of 1000 better
than that of UHURU.

Figure 40 shows its main characteristics (https://heasarc.gsfc.nasa.gov/docs/rosat/rosat.html).

The Roentgen Satellite, ROSAT, a Germany/US/UK collaboration, was launched on June 1, 1990 and operated for

almost 9 years. The first 6 months of the mission were dedicated to the all sky-survey (using the Position Sensitive
Proportional Counter detector), followed by the pointed phase. The survey obtained by ROSAT was the first X-ray and
XUV all-sky survey using an imaging telescope with an X-ray sensitivity of about a factor of 1000 better than that of
UHURU. During the pointed phase ROSAT made deep observations of a wide variety of objects.

Mission Characteristics

@ Lifetime : 1 June 1990 - 12 February 1999

@ Energy Range : X-ray 0.1 - 2.5 keV , EUV 62-206 eV
") Special Feature - All sky-survey in the soft X-ray band
@ payload :

» An X-ray telescope used in conjunction with one of the following instruments (0.1-2.5 keV)
o Posifion Sensitive Proportional Counter
(PSPC) 2 units - detector B, used for the pointed phase, & detector C ,used for the survey
FOV 2 ® diameter &ff area 240 cm? at 1 keV
energy resolution of deltaE/E=0.43 (E/0.93)95
o High Resolufion Imager (HRI)
FOV 38 ' square ; eff area 80 cm? at 1 keV
~ 2 arcsec spatial resolution (FWHM)
» AWide Field Camera with its own mirror system
(62-208 eV) FOV 5 = diameter

@ science Highlights:

X-ray all-sky survey catalog, more than 150000 objects

XUV all-sky survey catalog (479 objects)

Source catalogs from the pointed phase (PSPC and HRI) containing ~ 100000 serendipitous sources
Detailed morpheology of supernova remnants and clusters of galaxies.

Detection of shadowing of diffuse X-ray emission by molecular clouds.

Detection (Finally!) of pulsations from Geminga.

Detection of isolated neutron stars.

Dizcovery of X-ray emission from comets.

Observation of X-ray emission from the collision of Comet Shoemaker-Levy with Jupiter.

@ Archive - HEASARC hosts Catalogs, Spectra, Lightcurves, Images and Raw data

Figure 40: The main characteristics of the ROSAT satellite (https://heasarc.gsfc.nasa.gov/docs/rosat/
rosat.html).
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I was in Garching in the early 1990s for looking at ROSAT observations around A 0535+26. 1
noted that the soft spectrum had a shape similar to that of a Supernova Remnant (SNR).

I then hypothesized that A 0535+26 was "immersed" in a SNR. So, Giovannelli et al. [114, 115]
suggested that the SNR S 147 could have been originated by an asymmetric supernova explosion
in a moderate massive B-type binary system which produced the A 0535+26 pulsar, eccentrically
orbiting around the 09.7 Ille star HDE 245770.

Looking at the catalog of SNRs I discovered that the pulsar was placed at the border of the SNR
S147. Minkowski [116] discussed about "Cygnus Loop and Some Related Nebulosities". Figure 41
shows the R. Minkowski’s 48 inch Schmidt photograph of S147, exposed 2 hours on 103a-E with
an OR 1 filter and reproduced in [117]. The red star indicates the position of A 0535+26/HDE
245770 system.

But it was necessary to verify if the distance of the SNR S147 were the same of the pulsar A
0535+26, as well as the age and position.

Figure 41: Minkowski’s 48 inch Schmidt photograph of S147, exposed 2 hours on 103a-E with an OR 1
filter. The red star indicates the position of A 0535+26/HDE 245770 system.

* Age: following the rotational history of the pulsars in massive X-ray binaries [118] and
relationship between the pulse period and the time since the SN explosion, which originated
the binary system [119], a 104-s X-ray pulsar can be the collapsed remnant of a SN explosion
occurred roughly 2 x 10° years ago. Figure 42, adapted from [119], shows the suggested
phases in the rotational evolution of a pulsar that was born in a massive binary system (HMXB)
and superimposed the representative points of the X-ray/Be systems A 0535+26/HDE 245770,
GPS 1722-36, and the accreting neutron star 1E 2259+586, probably in a low mass X-ray
binary (LMXB). The ages of the three X-ray pulsars are roughly in agreement with the ages
of the correspondent SNRs, derived from radio measurements. For example, the derived age
of S 147 is ~ 110,000 years [120], compatible with that derived by using the curve reported
in Fig. 42. The value of S 147 distance of 2 x 103 yr is in perfect agreement with Sofue,
Fiirst & Hirth [121].
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The positions of the X-ray/Be systems A 0535+26/HDE 245770, GPS 1722-36, and the accreting neutron
star 1E 22594586 are reported together with the correspondent SNRs G 180.8-1.7 = SN147, G 351.2+0.1
and G 109.1-1.0, respectively (adapted from [122]).

I T @ T T T T T 1771 AT r | L L L N L L L L L L L e e
- . 11.1cm _
29° 30' = 29°30' | ]
S = -
=~ = X
29° 00" | — 29°00' |— -
=, L i
30 1 30 - ]
- i
g =) 5 u ]
-— — = — e
& eeo0' [0 I esro0' [ ]
g [ 8 :
=] 30' :B [m] 30' .
27° 00’ :_ 27° 00" _,—_ :
= - A
30 - 30' | 4
B - 0 “A 053526/HDE 245770 7]

26700" - 267 00" L
5"44" 5 44 42 40 38 36 34 32 30 28

Right Ascension Right Ascension

Figure 43: Radio maps at 18.2 cm (left panel) and at 11.1 cm (right panel) of the SNR S 147 (adapted from
[120]). The red stars indicate the position of the binary system A 0535+26/HDE 245770.
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* Distance: the SNR S 147 is placed at 1.4 + 0.3 kpc [123, 124] and HDE 245770 is placed
at 1.8 + 0.6 kpc [50]. The SNR S 147 southern rim raches the position of A 0535+26. This
fact is supported by the radio maps of the SNR made at 18.2 cm and 11.1 cm [120], as shown
in Fig. 43. Therefore, the distances of the X-ray/09.7 Ille system and SNR S 147 are fully
compatible.

* Position: the proper motion of HDE 245770 is poorly determined (SAO catalog) and only
upper limits of 2 x 1072 arcsec yr~! in right ascension and declination are given. Assuming
these upper limits as the components of the proper motion of the 09.7 Ille star, at a distance
of 1.8 kpc, the HDE 245770/A 0535+26 system has traveled ~ 33 pc in ~ 2 x 10° yr. This
figure is compatible with the estimated radius of the SNR S 147, from radio measurements
[120]. Thus, the X-ray/09.7 Ille system in order to cross 33 pc in 2 x 10° yr (the age of
S 147 derived from Fig. 42) would have had a velocity of ~ 160 km s~!, which is a value
compatible with the possible kick velocity in an asymmetric SN explosion [123-125], and
lower than the tangential orbital velocity of the system, which is ~ 210 km s~! [126].

Once the association between the system A 0535+26/HDE 245770 and the supernova remnant
S 147 was established, Giovannelli & Sabau-Graziati [122] looked for the association between the
sample of HMXB transient sources (HMXBTSs) — reported in Table 1 of Giovannelli et al. [127] —
containing 51 objects, known at that time. Among these, 38 systems were recognized as containing
X-ray pulsars. A list of galactic X-ray pulsars, updated to 2001, contained 88 of them [127]. All
these binary systems are concentrated on the galactic plane in a narrow band of galactic latitude
(3°.9) and uniformly distributed in galactic longitude [128]. Therefore, their spatial density is:

D = 88/(360 x 3.9) = 0.0627 Deg 2

Supposing, in the first approximation, that the distribution is gaussian, the standard deviation
iso=7.9x 1073 Deg~2.

In the same band of 3°.9 around the galactic plane, the 220 SNRs of the Green’s catalog
[129] are concentrated on the galactic plane [130], with the exception of few objects. Taking into
account the dimensions of each SNR [129], all the SNRs in such a band keep occupied ~ 100 Deg?.
Supposing the two distributions independent, the casual coincidence between the X-ray pulsars and
SNRs is:

N=(62.7+£79)x10-3x100=~6.3+0.8

Figure 44 shows 41 X-ray pulsars which lie within SNRs. This number of coincidences exceeds
roughly seven times what is expected from chance coincidence.

Anderson et al. [131] reported the presence of the 143 ms pulsar PSR J0538+2817 in SNR S
147 (G180.0-1.7), whose age is 6 x 10° yr, stating that this age is compatible with that of S 147
estimated to be 0.8-1.6 kpc.

There is no mention of the possibility that there may be another system —such as A 0535+26/HDE
245770 — that may be associated with S 147, as previously published by Giovannelli et al.
[132,115,127].

Reich, Zhang & Fiirst [133] report the radio map of S 147, shown in Fig. 45, in which the
positions of PSR J0538+2817 and A 0535+26/HDE 245770 are reported with a violet cross and a
red star, respectively. My personal impression is that there is a sensible discrepancy in the ages of
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Figure 44: The X-ray pulsars associated with SNRs. The two pulsars marked with % are positionally
associated with the same SNR. The absence of spin period is marked with +; the two relative objects are
black hole candidates. Symbol (?) means doubt in the association or uncertainty in the size of the SNR
(adopted from [122]).
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Figure 45: Contour plot of S147 at 863 MHz. Violet cross and red star shown the positions of PSR
J0538+2817 and A 0535+26/HDE 245770, respectively (adapted from [133]).

the radio pulsar and the SNR: 6 x 10° yr and 2 x 10° yr, respectively, while the Pgpin ~ 104 s of A
0535426 is exactly compatible with the age of S 147 see Fig. 42.

Ng et al. [134] report on Very Long Baseline Array (VLBA) astrometry and Chandra imaging
of PSR J0538+2817 in the SNR S147. They measure a parallax distance of 1.479'6%7 kpc. The
neutron star is hot, consistent with the young ~ 40 kyr kinematic age. The pulsar progenitor is likely
a runaway from a nearby cluster, with NGC 1960 (M36) a leading candidate.

Khabibullin et al. [135] present studies of X-ray emission from the S 147 nebula using the data
of SRG/eROSITA All-Sky Survey observations. They argue that new X-ray data of SRG/eROSITA
lends support for S 147 being a type II SN exploded in a low-density cavity. Figure 46 shows
the broad-band (0.5-1.0 keV) image obtained by SRG/eROSITA in the S147 (left panel), and the
multifrequency view of S 147: a combined map of the radio (CGPS data at 1.4GHz, red), H,
(IGAPS data, green) and broad-band X-ray (0.5-1.1 keV, SRG/eROSITA data) emission (right
panel). The white cross and yellow star show the positions of PSR J0538+2817 and A 0535+26,
respectively.

Dingel et al. [136] present first results of a long-term study: Searching for OB-type runaway
stars inside supernova remnants (SNRs). They identified spectral types and measured radial veloc-
ities by optical spectroscopic observations and they found an early type runaway star inside SNR
S147. HD 37424 is a B0.5V-type star with a peculiar velocity of 74 + 8 km s~!. Tracing back the
past trajectories via Monte Carlo simulations, they found that HD 37424 was located at the same
position as the central compact object, PSR J0538+2817, 30 + 4 kyr ago. This position is only ~
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Figure 46: Left panel: the broad-band (0.5-1.0 keV) image obtained by SRG/eROSITA in the S147. Right
panel: the multifrequency view of S 147: a combined map of the radio (CGPS data at 1.4GHz, red), H,
(IGAPS data, green) and broad-band X-ray (0.5-1.1 keV, SRG/eROSITA data) emission. The white cross
and yellow star show the positions of PSR J0538+2817 and A 0535+26, respectively (adapted from [135]).

4 arcmin away from the geometrical centre of the SNR. So, they suggest that HD 37424 was the
pre-supernova binary companion to the progenitor of the pulsar and the SNR. The progenitor was
a massive star with a zero-age main sequence mass greater than 13 M. They found a distance of
1333’:11(132 pc to the SNR. For 1.3 kpc distance and 1.3 mag extinction, the SN which had an apparent
brightness of -2.1 to -9.1 mag happened 30 + 4 kyr ago.

So, taking into account all the conclusions of the articles mentioned so far, a discrepancy in
the age of SNR S 147 appears evident. This discrepancy, in my opinion, is overcome if we take into
account the origin of SNR S 147 from the explosion of SN in a binary system without its destruction
which gave rise to the pulsar X A0535+26, with a kick velocity of 160 km s~! which in 2 x 10°

years brought the system to about 33 pc from the center.

2.12 Compton Gamma-Ray Observatory (CGRO)

The Compton Gamma-Ray Observatory (CGRO) was launched on April 5, 1991 having on-
board four instruments: BATSE, OSSE, Comptel, EGRET that allowed to measure in a very large
energy range: from 30 kev to 30 GeV.

Figure 47 shows its main characteristics (https://heasarc.gsfc.nasa.gov/docs/cgro/cgro.html).

It is very difficult to summarize the contributions that CGRO has provided to astrophysics. I
will try to attempt such a summary.

2.12.1 The Burst And Transient Source Experiment (BATSE)

The Burst And Transient Source Experiment (BATSE) (https://heasarc.gsfc.nasa.gov/docs/cgro
/batse/) — sensitive from ~ 20-600 keV — detected 2704 Gamma-Ray Bursts (GRBs) whose distri-
bution in galactic coordinates is reported in Fig. 48. This usually is considered the main result of
BATSE.
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Compton Gamma-Ray Observatory (CGRO)

The Compton Gamma-Ray Observatory (CGRQO) was launched on April 5, 1991. The second of NASA's great

observatories, CGRO has four instruments that cover an unprecedented six orders of magnitude in energy, from 30
keV to 30 GeV. Over this energy range CGRO has an improved sensitivity over previous missions of a full order of
magnitude. It operated for almost 9 years and the mission ended on June 4 2000. Unlikely most satellites, CGRO
was too large to burn up entirely in the atmosphere during re-entry. To ensure safety on the Earth’s surface, NASA
redirected the spacecrait into Earth's atmosphere with a controlled re-entry.

Mission Characteristics

@ Lifetime : 5 April 1991 - 4 June 2000

@ Energy Range : 30 keV - 30 GeV

] Special Features : First Great Gamma-Ray observatory
@ payload :

« The Burst and Transient Source Experiment (BATSE)
an all sky monitor 20-1000 keV
« The Oriented Scintillation Spectrometer Experiment (OSSE)
0.05-10 MeV energy range
« The Compton Telescope (Comptel)
0.8-30 MeV capable of imaging 1 steradian
« Energetic Gamma Ray Experiment Telescope (EGRET)
30 MeV-10 GeV

@ science Hightlight:

« The Discovery of an isotropic distribution of the Gamma-ray burst events

s Mapping the Milky Way using the 26 Al Gamma-ray line

» Discovery of Blazar Active Galacfic Nuclei as primary source of the highest energy cosmic Gamma-rays
« Discovery of the "Bursiing Pulsar”

@ Archive - HEASARC hosts Catalogs, Other products soon available

Figure 47: The main characteristics of the Compton Gamma-Ray Observatory (CGRO) (https://heasarc.
gsfc.nasa.gov/docs/cgro/cgro.html).

2704 BATSE Gamma-Ray Bursts

107 10° 10° 10
Fluence, 50-300 keV (ergs cm?)

Figure 48: Distribution of 2704 GRBs (https://heasarc.gsfc.nasa.gov/docs/cgro/batse/).
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However, BATSE provided other many important results (https://heasarc.gsfc.nasa.gov/docs/
journal/cgro7.html) on:

* isotropic and radially non-uniform distribution of gamma-ray bursts on the sky;

* enormous statistical diversity of GRB time profiles;

* bursting pulsar GRO J1744-28;

» X-ray transient in Scorpius (GRO J1655-40) and correlations between X-rays and radio jets;
* discovery of several new X-ray pulsars and black hole X-ray;

* long term frequency histories of X-ray pulsars;

* terrestrial Gamma-ray flashess.

2.12.2 The Oriented Scintillation Spectrometer Experiment (OSSE)

The Oriented Scintillation Spectrometer Experiment (OSSE) consists of four Nal scintillation
detectors, sensitive to energies from 50 keV to 10 MeV. Each of these detectors can be individually
pointed. This allows observations of a gamma-ray source to be alternated with observations of
nearby background regions. An accurate subtraction of background contamination can then be
made (https://heasarc.gsfc.nasa.gov/docs/cgro/osse/). The OSSE instrument has produced many
observations that provided the following results:

* maps of electron-positron annihilation radiation from the center of the Galaxy;
* spectra of blazar and Seyfert active galaxies;

* spectral break at 100-200 keV in Seyfert Active Galaxies;

+ >7Co emission from supernova 1987A;

* limits on **Ti and ®Co emissions from Cas A and SN 1991T, respectively;
 hard X-ray continuum in SN 1993]J;

* thermal and non-thermal spectral states in black hole candidates;

* nuclear gamma ray emission from solar flares.

Figure 49 shows the map of the Galactic 511 keV positron annihilation line (adapted from
https://heasarc.gsfc.nasa.gov/docs/cgro/osse/ after [137]).
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Figure 49: The map of the Galactic 511 keV positron annihilation line (adapted from https://heasarc.
gsfc.nasa.gov/docs/cgro/osse/ after [137]).

2.12.3 The Imaging Compton Telescope (COMPTEL)

The Compton Telescope was capable of imaging 1 steradian of the sky in the 0.8-30 MeV range
(https://heasarc.gsfc.nasa.gov/docs/cgro/comptel/).

A detailed description of the COMPTEL experiment and its operating characteristics can be
found in the report "Instrument Description and Performance of the Imaging Gamma-Ray Telescope
COMPTEL aboard NASA’s Compton Gamma Ray Observatory" [138].

The main results obtained with the COMPTEL are listed below.

» fundamental insight into the high-energy physics of solar flares. For example, temporal
variations as fast as 0.1 s are observed at energies above 10 MeV constraining acceleration
models;

o detection of °’Co emission from SN 1987A;
+ limits on 2>Na emission from ONeMg novae, tightly constraining nova models;
» first all-sky map of Galactic 26Al, tracing sites of recent stellar nucleosynthesis;

* results on the extragalactic diffuse gamma-ray emission compatible with power-law extrapo-
lations and showing no evidence for an MeV excess.

Figure 50 shows the COMPTEL 1 to 30 MeV all-sky map in continuum gamma radiation which
represents the results of the first-ever survey of the sky at these energies. The concentration of the
emission along the Galactic plane is the most striking aspect of the map. The plane stands out
clearly against the rest of the sky indicating that most of the measured gamma-ray fluxes come from
regions or objects inside the Galaxy. The dominant Galactic continuum emission seems to come
from interstellar space and is visible as diffuse Galactic radiation. Superimposed on the large-scale
Galactic emission are point-like sources (like Crab, Vela, Cyg X-1), but many of the Galactic point
sources remain unidentified at this time. A significant contribution of unresolved point sources
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Figure 50: The COMPTEL 1 to 30 MeV all-sky map in continuum gamma radiation (adopted from
https://heasarc.gsfc.nasa.gov/docs/cgro/epo/news/catalog.html).

to the apparently diffuse Galactic emission cannot be excluded. At medium and high Galactic
latitudes, a few of the gamma-ray blazars, discovered by EGRET, are visible in the COMPTEL map
as well. Examples are 3C 273, 3C 279, and PKS 0528+134. The radio galaxy Cen A is also visible
at MeV gamma rays. Some of the extragalactic objects detected by COMPTEL are not visible in
this map, because they flare up only occasionally: on average they are too weak to be visible in this
time-averaged all-sky map (https://heasarc.gsfc.nasa.gov/docs/cgro/epo/news/catalog.html).

2.12.4 The Energetic Gamma Ray Experiment Telescope (EGRET)

EGRET, the Energetic Gamma-Ray Experiment Telescope on CGRO (https://heasarc.gsfc.nasa.
gov/docs/cgro/egret/, and [139]), detected gamma rays in the 20 MeV-30 GeV range. It had a very
large field of view, approximately 80° in diameter, although the instrument point-spread function
and the effective area degrade signficantly beyond 30° off-axis. The effective area on-axis was
more than 1000 cm? between 100 MeV and 3 GeV. The angular resolution was strongly energy
dependent, with a 67% confinement angle of 5.5° at 100 MeV, falling to 0.5° at 5 GeV on axis;
bright gamma-ray sources can be localized with approximately 10’ accuracy. The energy resolution
of EGRET was 20-25% over most of its range of sensitivity. Absolute arrival times for photons
were recorded with approximately 50 us accuracy.

The main results obtained by EGRET are listed below.

* blazars as prodigious gamma-ray emitters;

* high energy tails of gamma-ray bursts and delayed emission;
* Galactic origins of cosmic rays;

* radio-quiet pulsar nature of the source Geminga;

* sensitive map of the diffuse gamma-ray emission of the Milky Way;
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Figure 51: The Third EGRET Catalog (adopted from https://heasarc.gsfc.nasa.gov/docs/cgro/egret/).

* spectrum and map of the of extra-galactic, isotropic diffuse emission.

Figure 51 shows the Third EGRET Catalog (https://heasarc.gsfc.nasa.gov/docs/cgro/egret/, and
[140]), which is the most relevant result obtained.

2.13 BeppoSAX

The acronym SAX stands for "Satellite per Astronomia X", italian for "X-Ray Astronomy
Satellite". SAX was launched on April 30 1996 and renamed BeppoSAX in honor of Giuseppe
"Beppo" Occhialini. BeppoSAX was a major program of the Italian Space Agency with partic-
ipation of the Netherlands Agency for Aereospace Programs. It was launched on April 30 1996
from Cape Canaveral and operated for 6 years. It was the first X-ray mission with a scientific
payload covering more than three decades of energy - from 0.1 to 300 keV - with a relatively
large effective area, medium energy resolution and imaging capabilities in the range of 0.1-10 keV
(https://heasarc.gsfc.nasa.gov/docs/sax/sax.html). Figure 52 shows the main characteristics of the
BeppoSAX.

Among the many important results obtained by BeppoSAX, the discovery of the X-ray afterglow
of GRB 970228 [141] stands out, which revolutionised the history of GRBs, giving rise to the search
for afterglows along the entire electromagnetic spectrum. Figure 53 shows the discovery of the
X-ray afterglow of the GRB 970228.
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BeppoSAX

Beppo SAX was a major program of the Italian Space Agency with participation of the Netherlands Agency for

Aereospace Programs. It was launched on April 30 1996 from Cape Canaveral and operated for 6 years. It was
the first X-ray mission with a scienfific payload covering more than three decades of energy - from 0.1 to 300
keV - with a relatively large effective area, medium energy resolution and imaging capabilities in the range of
0.1-10 keV.

Mission Characteristics

@ Lifetime : 30 April 1996 - 30 April 2002
@ Energy Range : 0.1 - 300 keV

@ special Features : Broad-band energy
@ payload :

» The Narrow field Instruments (NFI):
o Four Xray telescopes working in conjnction with one of the following detectors:
= Low Energy Concentrator Spectrometer (LECS)

{one unit) 0.1-10 keV, eff area 22 cm? @ 0.28 keV, FOV 37" diameter, angular resolution 9.7° FWHM @ 0.28 keV.
s Medium Energy Concentrator Spectrometer (MECS)

(three units) 1.3-10 keV, eff area total 150 cm?® @ 6 keV, FOV 56 diameter, angular resolution for 50% total signal
radius 75" (@ 6 keV.
o High pressure Gas Scintillator Proportional Counter (HPGSPC)

4-120 keV, eff area 240 cm? @ 30 keV
o Phoswich Detection System (PDS)
15-300 keV. The lateral shields of the PDS are used as gamma-ray burst monitor in the range of 60-600 keV. Efi area 600

cm? @ 80 keV
« Wide Field Camera
(2 units) 2-30 keV with a field of view 20 deg X 20 deg. The WFC are perpendicular to the axis of the NFI and point in opposite

directions to each other. Eff area 140 cm?.
@ science Highlight:

« First arc-minutes position of GRBs. Position determination on rapid time scale
s First X-ray follow-up observations and monitoring of the GRB
« Broad band spectroscopy of different classes of X-ray sources

@ Archive - HEASARC hosts Specira, Lightcurves, Images and Raw data for the MECS, LECS and PDS.

Figure 52: The main characteristics of the BeppoSAX (adopted from https://heasarc.gsfc.nasa.gov/docs/
sax/sax.html).

Hundreds of researchers are chasing the quest for an explanation of the physics governing
GRBs, producing a myriad of published papers. Giovannelli [12] recently published the review
"Gamma-Ray Bursts: The Energy Monsters of the Universe" on the history of GRBs, where a lot
of fundamental papers are cited.

Another important result achieved by BeppoSAX was the detection of "Hard X-ray Radiation
in the Coma Cluster Spectrum" [142]. This hard X-ray emission had been advocated since 1975
by Auriemma et al. [143] with a "Proposal for a high angular resolution experiment for observing
extragalactic sources in the range 20-100 keV" by using their "Position Sensitive X-ray Detectors
with the Coded Masks", 24 years earlier than Beppo-SAX Detection.

The proposal was rejected by the Italian Extragalactic Astrophysical Community!

BeppoSAX was not only a great success in the past but also paved the way for the future
of the sector in Italy and worldwide. The model implemented for gamma-ray burst observations
was immediately copied and improved by NASA with the SWIFT mission, in which the Italian
community made a fundamental contribution. The BeppoSAX scientific data center has evolved
into an ASI (Agenzia Spaziale Italiana) multi-mission center.
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Figure 53: BeppoSAX observations of GRB 970228 field: 1997 Feb 28 (left panel) and 1997 Mar 3 (right
panel) (adopted from [141]).

2.14 The International Gamma-Ray Astrophysics Laboratory INTEGRAL)

INTEGRAL (INTErnational Gamma-Ray Astrophysics Laboratory) was a European mission,
in collaboration with Russia and the USA, for the observation from space of some of the most ener-
getic radiation in the Universe. The INTEGRAL was the first space observatory to simultaneously
observe objects in X-rays, y-rays (3 keV - 10 MeV), and visible light. It was launched by a Proton
rocket from the Baikonur Cosmodrome in Kazakhstan on 17 October 2002.

Key science areas of INTEGRAL, thanks to its four instruments, are [144]:

* Studies of nucleosynthesis through gamma-ray lines from elements formed in supernovae,

* Studies of positron production and annihilation,

Studies of the physics of emission mechanisms of white dwarfs, neutron stars, and black holes
and associated transient phenomena

* Deep surveys for supermassive black holes in Active Galactic Nuclei,

* Gamma-ray burst studies.

Figure 54 shows the main characteristics of the INTEGRAL (https://heasarc.gsfc.nasa.gov/docs/
integral/integral.html).
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INTEGRAL

The International Gamma-Ray Astrophysics Laboratory (INTEGRAL) of the European Space

Agency was successfully launched on October 17, 2002. It was lifted off from Baikonur in Kazakhstan
on a Russian Proton launcher and is now on a 72-hour elliptical orbit, ranging from 9,000 km up to
155,000 km from Earth. INTEGRAL is the successor of the ESA gamma-ray observatory Cos-B and the
MNASA gamma-ray Observatory CGRO. It is producing a complete map of the sky in the soft gamma-ray
waveband and it is capable of performing high spectral and spatial observations in gamma rays. The
observatory is also equipped with X-ray and optical detectors to provide simultaneous observations in
these wavebands.

Mission Characteristics

@ |jfetime - October 2002 - (nominal 2 year mission, extended through June 2023)
] Energy Range : 3 keV - 10 MeV and Optical V-band

@ Special Features - High spectral and spatial resolution.

Simultaneous Gamma-ray, X-ray and Optical observations.

@ payload

» 2 Gamma-ray instrumenis
o Spectrometer (SPI; 20 keV - 8 MeV)

Coded aperaiure mask. FOV 16°, detector area. 500 cm? (Germanium array) speciral resolution (E/dE) 500 @ 1 MeV,
spatial resolution 2°.
o Imager (IBIS; 15 keV - 10 MeV)

Coded aperature mask. FOV 9° X 9°, detector area. 2600 cm? (CdTe array) & 3100 cm? (Csl amray), spatial resolution 12

« Joint European X-ray Monitor (JEM-X; 3- 35 keV)
Coded aperature mask with 2 high pressure microstrip gas chambers.

FOV 4.8°, detector area. each 500 cm?, spatial resolution 3°.

« Optical Monitoring Camera (OMC; 500-850 nm). 50mm lens with CCD.
FOW 57 X 57

* INTEGRAL artist's view courtesy of ESA.

@ Archive: HEASARC hosts the INTEGRAL data and catalogs.

Figure 54: The main characteristics of the International Gamma-Ray Astrophysics Laboratory INTEGRAL)
adopted from https://heasarc.gsfc.nasa.gov/docs/integral/integral.html).

2.14.1 Spectrometer on INTEGRAL (SPI)

The spectrometer SPI (SPectrometer on INTEGRAL) performed spectral analysis of y-ray
point sources and extended regions in the 18 keV - 8 MeV energy range with an energy resolution
of 2.2 keV (FWHM) at 1.33 MeV. This is accomplished using an array of 19 hexagonal high
purity Germanium detectors cooled by a Stirling cooler system to an operating temperature of 85
K (15 are currently operational). A hexagonal coded aperture mask is located 1.7 m above the
detection plane in order to image large regions of the sky (fully coded field of view = 16°) with
an angular resolution of 2.5°. In order to reduce background radiation, the detector assembly
is shielded by a veto (anticoincidence) system which extends around the bottom and side of the
detector almost completely up to the coded mask. The aperture (and hence contribution by cosmic
diffuse radiation) is limited to ~ 30°. A plastic veto is provided below the mask to further reduce
the 511 keV background (https://www.cosmos.esa.int/web/integral/instruments-spi). A complete
description of SPI can be found in [145].

The SPI telescope aboard INTEGRAL allowed for the first time the simultaneous imaging of
diffuse and point-like emission in the soft gamma-ray regime.
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150-300 keV - 300-500 keV

150-300 keV - 300-500 keV

Figure 55: INTEGRAL/SPI multiresolution maps in the energy bands 150-300 keV (upper left panel) and
300-500 keV (upper right panel). Point-source subtracted INTEGRAL/SPI multiresolution maps in the
energy bands 150-300 keV (lower left panel) and 300-500 keV (lower right panel) (adopted from [146]).

The skymaps generated from INTEGRAL/SPI data constitute an important result for under-
standing the emission of the Galaxy. A full set of maps can be seen at http://integral.esac.esa.int/POM
Nov2006.html. Figure 55 shows the INTEGRAL/SPI multiresolution maps in the energy bands
150-300 keV (upper panel left) and 300-500 keV (upper panel right), and the point-source sub-
tracted INTEGRAL/SPI multiresolution maps in the energy bands 150-300 keV (lower panel left)
and 300-500 keV (lower panel right) [146].

Upper panels of Fig. 55 clearly reveal the presence of diffuse emission in both energy bands.
While in the 150-300 keV band still a number of point-sources are seen, they gradually fade away
at higher energies. Note that diffuse emission in this context does not necessarily mean that the
underlying emission mechanismis indeed diffuse. The apparent morphology may also be explained
by a number of faint and unresolved point sources.

Lower panels of Fig. 55 shows the point-source subtracted maps for the energy bands 150-300
keV and 300-500 keV. In the 150- 300 keV band an extended and narrow Galactic ridge emission
is seen, reaching from the Cygnus region (at longitude ~ 80°) to the Carina region (at longitude ~
280°). Some of the structure seen in the map may be related to source variability, that has explicitly
only be taken into account for the strongest known point-sources sources. We therefore caution
not to over interpret morphology details, and we are currently working on an improved treatment
of source variability in the analysis. In the 300-500 keV band the emission appears much more
concentrated towards the inner Galaxy. This concentration can be understood from the increasing
contribution of Positronium continuum emission which amounts to roughly half of the Galactic
emission seen in the image [146].

One of the most important results of INTEGRAL/SPI was the discovery of the flash of gamma
rays linked to the gravitational waves released by the collision of two neutron stars. On 17 August,
a burst of gamma rays lit up in space for almost two seconds. It was promptly recorded by ESA’s
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Figure 56: Gamma-ray burst after gravitational waves. Credit: ESA/INTEGRAL/SPI/ISDC (adopted from
[147]).

INTEGRAL and NASA’s Fermi satellite [147].

Such short gamma-ray bursts are not uncommon: INTEGRAL catches about 20 every year.
But this one was special: just seconds before the two satellites saw the blast, an entirely different
instrument was triggered on Earth.

One of the two detectors of the Laser Interferometer Gravitational-wave Observatory (LIGO)
experiment, in the USA, recorded the passage of gravitational waves — fluctuations in the fabric of
spacetime caused by powerful cosmic events [148].

Figure 56 shows the SPI-ACS light curve of GRB 170817A (100 ms time resolution), detected
2 s after GW170817. The red line highlights the 100 ms pulse, which has an S/N of 4.6 in SPI-ACS.
The blue shaded region corresponds to a range of one standard deviation of the background [147].

2.14.2 Imager on Board the Integral Satellite (IBIS)

IBIS, the Imager on Board the INTEGRAL Satellite [149], is a coded-aperture instrument that
provides fine imaging (12 FWHM), source identification and spectral sensitivity to both continuum
and broad lines between 15 keV and 10 MeV. The total field of view (down to zero response) is
29.1° x 29.4°, and the fully coded field of view is 8.3° x 8°. The tungsten coded-aperture mask,
optimised for high angular resolution, is located at 3.2 m above the detection plane. As diffraction
is negligible at gamma-ray wavelengths, the angular resolution of a coded mask telescope is defined
by the size of the mask element as seen from the detector plane, (assuming that the size of a detector
pixel is smaller or equal to that of the mask element).
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Figure 57: INTEGRAL view of the Galactic Centre in the 20-40 keV energy range, obtained from all
IBIS observations of this region between 2003 and 2009, for a total exposure of 20 Ms. The main sources
are indicated by black crosses. Most of them are X-ray binaries powered by accretion on neutron stars or
stellar-mass black holes. The central source IGR J17456-2901 coincides with the position of Sgr A*. The
position of IGR J17475-2822 is compatible with that of the Sgr B2 molecular cloud (adopted from [152]).

IBIS is composed of two detector planes: ISGRI [150] and PICsIT [151] separated by 90 mm.
ISGRI, the top layer, has a collecting area of 2600 cm2, is sensitive between 15 and 1000 keV
with maximum effective area between 20 and 100 keV. It consists of 8 modules of 64x32 CdTe
pixels (128x128) for a total of 16384 pixels, each measuring 4x4 mm (2 mm thick), and spaced
by 0.6 mm. Each module has 64x32 pixels and the space between modules is of 2 pixels. There
are 2 modules horizontally, and 4 vertically. Therefore, the detector image or shadowgramme has
a size of 130x134 pixels (264 + 2 = 130 and 4*32 + 3*2 = 134). PICsIT, the bottom layer, has a
collecting area of 3000 cm?, is sensitive between 100 keV and 10 MeV, with maximum effective
area between 200 and 400 keV for single events, and a rather uniform sensitivity for multiple events
between 500 keV and 10 MeV. It consist of the same 8 modules configuration as ISGRI, but with
32x16 Csl pixels (64x64) for a total of 4096 pixels, each measuring 9x9 mm (30 mm thick). Having
two separate detectors permits the reconstruction of the angle of incidence of photons when they
interact in both layers. This allows for what is referred to as the Compton mode of operation
(https://www.cosmos.esa.int/web/integral/instruments-ibis).

Many important contributions to the knowledge of our universe have been derived from the
measurements of IBIS. A few of them are listed below.

* INTEGRAL/IBIS view of the Galactic Centre in the 20-40 keV energy range [144].
Figure 57 shows the INTEGRAL view of the Galactic Centre in the 20-40 keV energy range,

53



From UHURU to IXPE Franco Giovannelli

Figure 58: Map of incremental exposure since the third catalog, showing the locations of the new sources
found. Key: green circles = AGN; cyan squares = HMXB; magenta diamonds = LMXB; yellow boxes =
CVs; red crosses = unknown (adopted from [153]).

obtained from all IBIS observations of this region between 2003 and 2009, for a total exposure
of 20 Ms. The main sources are indicated by black crosses. Most of them are X-ray binaries
powered by accretion on neutron stars or stellar-mass black holes. The central source IGR
J17456-2901 coincides with the position of Sgr A*. The position of IGR J17475-2822 is
compatible with that of the Sgr B2 molecular cloud [152].

* The Fourth IBIS/ISGRI catalog [153].
Figure 58 shows the Fourth IBIS/ISGRI catalog.

* INTEGRAL/IBIS catalog of AGNs [154].
Figure 59 shows the INTEGRAL/IBIS catalog of AGNs.

2.14.3 Joint European X-ray Monitor JEM-X

The Joint European X-Ray Monitor JEM-X supplements the main Integral instruments (Spec-
trometer and Imager) and plays a crucial role in the detection and identification of the gamma-ray
sources and in the analysis and scientific interpretation of Integral gamma-ray data. JEM-X will
make observations simultaneously with the main gamma-ray instruments and provides images
with arcminute angular resolution in the 3 - 35 keV prime energy band. The baseline photon
detection system consists of two identical high pressure imaging microstrip gas chambers (1.5
bar, 90% Xenon + 10% Methane), at nominal gas gain of 1500. Each detector unit views the
sky through its coded aperture mask located at a distance of ~ 3.2 m above the detection plane
(https://www.cosmos.esa.int/web/integral/instruments-jemx, and [158]).

Among the many results obtained with the JEM-X, it is relevant a measure of the outbursting
stellar-mass black hole binary V404 Cyg which originated together with the data coming from
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Figure 59: All the AGN detected so far by INTEGRAL/IBIS plotted on the sky. The circles represent the 83
new active galaxies studied in [152], while the stars are the AGN detected in previous surveys and reported
in [155-157] (adopted from [154]).

Swift XRT and IBIS/ISGRI the composite spectrum reported in Fig. 60 [159]. The hard tail is not
affected by obscuration and poses important constraints on the global understanding of the complex
geometry hosting emission, absorption, and scattering. In this case rather atypical behaviour is
seen, rather reminiscent of an obscured/absorbed active galactic nucleus (AGN) where the low-flux
states might not (solely) be related to a decrease in the intrinsic luminosity, but could instead be
caused by an almost complete obscuration of the inner accretion flow.

2.14.4 Optical Monitor Camera OMC

The Optical Monitoring Camera OMC consists of a passively cooled CCD (2055 x 1056 pixels,
imaging area: 1024 x 1024 pixels) working in frame transfer mode. The CCD is located in the focal
plane of a 50 mm (diameter) lens including a Johnson V-filter to cover the 500 - 600 nm (CCD: 850
nm) wavelength range. The OMC is mounted close to the top of the payload module structure. The
OMC observes the optical emission from the prime targets of the INTEGRAL main gamma-ray
instruments with the support of the X-Ray Monitor JEM-X. The OMC offers the first opportunity
to make long observations in the optical band simultaneously with those at X-rays and gamma-rays.
This capability provides invaluable diagnostic information on the nature and the physics of the
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Figure 60: Swift/XRT+INTEGRAL/JEM-X+INTEGRAL/ISGRI spectrum of V404 Cyg. Swift XRT (red
and orange: without and with obscuration, respectively) and INTEGRAL JEM-X (purple) plus IBIS/ISGRI
(light blue) (adopted from [159]).

sources over a broad wavelength range (https://www.cosmos.esa.int/web/integral/instruments-omc,
and [160]).

It is interesting to remark the importance of the OMC. For instance, after almost 6-years of
operations, OMC has monitored more than 100,000 sources of scientific interest. In this contribution
[161] the authors present the OMC Scientific Archive (http://sdc.laeff.inta.es/omc/) which has been
developed to provide the astronomical community with a quick access to the light curves generated
by this instrument. For the access to OMC updated catalog see https://sdc.cab.inta-csic.es/omc/.

2.14.5 How INTEGRAL interacted with my work

I would like to report a couple of my lucubrations below.

* As shown in Fig. 28, in the list of magnetic cataclysmic variables detected by INTEGRAL
[68], only SS Cyg is attributed a non-magnetic nature. This fact contradicts the evidence that
leads to consider SS Cyg an intermediate polar like all the other CVs in the list. In fact, if
SS Cyg were non-magnetic, why does INTEGRAL not detect other non-magnetic CVs? (see
[76]).

* Looking at the graph of "Observed hard X-ray (20100 keV) luminosity versus redshift for
the whole INTEGRAL AGN sample [154], it is clear that the trend is similar to that of the
maximum X-ray luminosity versus redshift in the Giovannelli-Polcaro 86 (GP86) diagram
[52]. Figure 61 shows the graph of Observed hard X-ray (20-100 keV) luminosity versus
redshift for the whole INTEGRAL AGN sample [154] with the points of the GP86 diagram
(red stars) superimposed on it. Although the X-ray luminosity in GP86 is 2 keV equivalent
monochromatic luminosity — used, as suggested by Zamorani et al. [162] for rendering

56



From UHURU to IXPE Franco Giovannelli

IIII T T IIIIIII T T l1[ll]| T T IIII]II T T T T T 00T
48 - —
® broad line AGN
narrow line AGN o #
blazars E,+‘
- 7 AGN candidates +
E 46 =4 GP8é6 O ®p49 =
o %J
o - - -
S
N 44 —
-
¥ [ .o |
— Op
42 -1
o
X
llJ.l 1 1 llJ.I.lll | — Lllllll 1 1 1]][]1' L1 1 1111l
0.001 0.01 0.1 1 10

Z

Figure 61: Observed hard X-ray (20—100 keV) luminosity versus redshift for whole INTEGRAL AGN
sample. Blue squares are broad-line AGN, gold circles are narrow line AGN, and light blue triangles are
blazars. Red stars are AGN candidates still unclassified for which a measure of redshift is available [157].
The filled symbols refer to the new AGN added in [154] (adapted from [154]). Four-pointed red stars refer
to GP86 diagram.

comparable the sub-samples used, the most relevant of them coming from the Einstein
satellite —, while that of Malizia et al. [154] is 20100 keV, the coincidence is striking. This
means that at z > 0.01, where only AGNs are present, it matches with a straight line, with a
slope equal to 1.6. This suggests that such a smooth function implies a physical continuity of
these objects, as argued in [52].

2.15 The Astro-rivelatore Gamma a Immagini Leggero (AGILE)

The Astro-rivelatore Gamma a Immagini Leggero (AGILE) is a gamma-ray astronomy mission
operated by ASI (Italian Space Agency). It was launched on April 23, 2007 from Satish Dhawan
Space Centre in India. The original plan called for a three year mission, but the satellite operated for
17 years and ceased the scientific observations on Jan 18, 2024. It was launched into a near-equatorial
orbit, giving it a good observational vantage on terrestrial gamma-ray flashes from thunderstorms
and intense atmospheric electrical activity, in addition to its astrophysics observations.

Figure 62 shows the main characteristics of the Astro-rivelatore Gamma a Immagini Leggero
(AGILE) (https://heasarc.gsfc.nasa.gov/docs/heasarc/missions/agile.html).

The main scientific results obtained by AGILE can be summarized in the following [163,164].

* Discovery of Crab Nebula fast variability in gamma-rays,
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AGILE

The Astro-rivelatore Gamma a Immagini Leggero (AGILE) is a gamma-ray asirenomy mission operated by ASI ([alian Space
Agency). It was launched on April 23, 2007 from Satish Dhawan Space Cenire in India. The original plan called for a three year mission,
but the satellite operated for 17 years and ceased the scienfific observations on Jan 18, 2024. It was launched into a near-equatorial
orbit, giving it a good obsenvational vantage on terrestrial gamma-ray flashes from thunderstorms and intense atmespheric electrical
activity, in addition to its astrophysics observations.

l\!‘issian Characteristics
"'l_‘ Lifetime : April 23, 2007 — Jan 15,2024
“_‘ Energy Range : 15 keV — 50 GeV

@ Special Features : Extremely rapid gamma-ray burst alerts, with initial estimated events anncunced within an hour
of observation, and a refined alert within 3 to 3.5 hours. The rapid trigger systems have also proven useful for detecting
terrestrial gamma-ray sources from thunderstorms, which are more common in the equatorial region over which the
satellite orbits.

@ Payload :

*  SuperAGILE, a coded mask imager hard X-ray detector with silicon microstrip detectors, sensitive to 15—45 ke with a wide
field of view and 6 arcminute one dimensional resolution: microstrips mounted perpendicularty provide two-dimensional
source placement. Because celestial gamma-ray sources frequently have small photon counts and considerable angular
confusion, a co-observing hard X-ray detector such as SuperAGILE is often vital to source identificafion.

*  The Gamma-Ray Imaging Detector (GRID) which contains a silicon-tungten fracker, anticoincidence system, and a cesium
iodide calorimeter (see below). The fracker consists of a set of two-layer silicon microstrip detectors, interleaved with fungsten
foil: gamma rays strike the tungsten, converting into electron/positron pairs which are followed by the microsirips to
reconstruct the incident gamma ray’s direcfion. I is sensitive to 30 MeV-50 GeV.

#  The MiniCalorimeter, which is part of the GRID instrument, but can cperate independently as need. It contains perpendicular
pairs of Csl scinfillating bars and operates in the energy range 350 keV=100 MeV.

Figure 62: The main characteristics of the Astro-rivelatore Gamma a Immagini Leggero (AGILE)
(https://heasarc.gsfc.nasa.gov/docs/heasarc/missions/agile.html).

* First evidence of cosmic-ray acceleration from supernova remnants,
* Detection of transient gamma-ray emission from microquasars,

¢ AGILE GRB and other transients: Gravitational Wave (GW) events, neutrinos, Fast Radio
Bursts (FRBs), Terrestrial Gamma-ray Flashes (TGFs) and Solar flares

In the next two figures I want to show a couple of AGILE results that I think are excellent.

Figure 63 shows the sky count map above 100 MeV in galactic coordinates of the AGILE-GRID
y-ray detector during the time interval [Ty, To + 48 hr]. The y-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 [163]. More details about the
GRB 221009A are reported in [165].

Figure 64 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 [163].

2.16 The Spectr-Roengten-Gamma (SRG)

The scientific spacecraft "Spectrum-Roentgen-Gamma" (Spectr-RG or SRG) is an X-ray ob-
servatory. SRG’s main scientific goal is to chart an unprecedented map of the Universe in X-rays
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Figure 63: Sky count map above 100 MeV in galactic coordinates of the AGILE-GRID vy-ray detector
(adopted from [163]).
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Figure 64: 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 (adopted
from [163]).
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The Spectr-Roentgen-Gamma (SRG)

The Spectr-Roentgen-Gamma (SRG) is a Russian-German high energy astrophysics missien launched on July 13, 2019 from the
Baikonur Cosmodrome. After fravelling to the Earth-Sun L2 Lagrange point, the instruments began the
first of eight planned sky surveys in December 20198, Mission plans call for four years of operations in
scanning mode, building all-sky maps over the course of six months. Once complefed, the observatory
with shift fo peinted observations at specific targefs of interest. The original mission calls for seven
years of operations.

The mission occasionally appears as “Spectrum X-Gamma™ (SXG) in English. X-rays are often refered
to as Rintgen or Roentgen rays in other countries (and in the case of this mission specifically, in
Russia and Germany) named after their discoverer Wilhelm Conrad Rontgen.

Despite the “Gamma” appelation in the mission name, the satellite camies no gamma-ray instrument. The reference was retained for
historical reasons, as the mission's earlier proposals called for additional gamma-ray detectors.

Mission Characteristics
‘if Lifetime : December 3, 201 9—present
<@ Energy Range : 0.2-30 keV

@ Special Features - X-ray mirror optics combine moderate reselution imaging with a very wide field of view, with all-sky maps to be
produced over a wide range in the soft fo hard X-ray range.

- Payload :

&  The Extended Roentgen Survey with an Imaging Telescope Array (eROSITA) instrument consists of seven telescopes with 54
nested mirror segments to focus X-rays onte a CCD detector (0.2-10 keV) with an on-axis 18 arcsec HEW. The Filed of view
is 0.81 sq deg and the energy resolution is 138 eV at 6 keV. The instrument and mirrors were built by the Max Planck Institute
of Extraterrestrial Physics, using a CCD design bazed on the successful XMM-Mewton CCD detectors. They are active cooled
to -90° C for improved sensifivity.

*  The Astronomical Roenigen Telescope - X-ray Concentrator (ART-XC) is also an array of seven felescopes in a nested shell
design, though with fewer mirror segments (28 per telescope) and a 45 arcsecond resclution in a 38 arcminute field of view
spanning 5-30 keV. The detector unit in each telescope is a CdTe crystal with double-side strip detectors with an effective
area of 400 em® and 1.2 keV @ 14 keV spectral resolution and a timing resolution of about 1 ms. The instrument was build at
the Russian Siate Muclear Center and the iridium-coated mirror system was developed and calibrated at MASA’s Marshall
Space Flight Center.

@ science Highlights:
First all-sky imaging in the X-ray hard band

@ Archive: The HEASARC hosts the eROSITA data.

Figure 65: The main characteristics of the Spectr-Roengten-Gamma (SRG) (https://heasarc.
gsfc.nasa.gov/docs/heasarc/missions/srg.html).

on which all large clusters of galaxies will be marked. The scientific payload consists of two
independent telescopes:

* eROSITA (extended ROentgen Survey with an Imaging Telescope Array), a soft-X-ray survey
instrument, being provided by Germany [166],

* ART-XC (Astronomical Roentgen Telescope- X-ray Concentrator), a medium-X-ray-energy
survey instrument, being developed by Russia [167].

The HEASARC currently serves part of the eROSITA data archive. The ART-XC archive has
been published in [168].

Figure 65 shows the main characteristics of the Spectr-Roengten-Gamma (SRG) (https://heasarc.
gsfc.nasa.gov/docs/heasarc/missions/srg.html).

With about 900,000 distinct sources, the first eEROSITA All-Sky Survey (eRASS1) [169] has
yielded the largest X-ray catalogue ever published. Based on just the first six months of observations,
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Figure 66: eRosita: half of the X-ray sky, projected onto a circle (so-called Zenithal Equal Area projection)
with the centre of the Milky Way on the left and the galactic plane running horizontally. Photons have been
colour-coded according to their energy (red for energies 0.3-0.6 keV, green for 0.6-1 keV, blue for 1-2.3 keV).
A special image processing algorithm has been used to separate extended features (left) from point sources
(right) (Credit: MPE, J. Sanders for the eROSITA consortium).

eROSITA has already detected more sources than had previously been known in the 60-year history
of X-ray astronomy. Now available to the worldwide science community, the data will revolutionise
our knowledge of the Universe at high energies (https://www.mpe.mpg.de/7989698/news20240131).

Figure 66 (left) shows half of the X-ray sky, projected onto a circle (so-called Zenithal Equal
Area projection) with the centre of the Milky Way on the left and the galactic plane running horizon-
tally. Photons have been colour-coded according to their energy (red for energies 0.3-0.6 keV, green
for 0.6-1 keV, blue for 1-2.3 keV). A special image processing algorithm has been used to separate ex-
tended features (left) from point sources (right) (https://www.mpe.mpg.de/7989698/news20240131).

The curious reader, wishing to better understand the fundamental contribution made by eRosita
to the knowledge of our universe, can connect to the link https://erosita.mpe.mpg.de/publications/
where all the scientific works produced by the eRosita consortium are listed in NASA-ADS.

Figure 67 shows the positions in Galactic coordinates of the X-ray sources detected by ART-XC
in the 4-12 keV energy band during ARTSS1-5. The size of the symbol reflects the X-ray brightness
of a source [168].

Figure 68 shows the image of a 25° x 25° region of the sky near the Galactic center in the 4—12
keV energy band, obtained by convolving the raw photon images with the optimal matched filter, in
Galactic coordinates. Some bright sources are labeled.The faintest sources in this region that have
been included in the ARTSS1-5 catalog have fluxes ~ 3 x 1072 erg s~ cm™2.
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Figure 67: The positions in Galactic coordinates of the X-ray sources detected by ART-XC in the 4-12 keV
energy band during ARTSS1-5. The size of the symbol reflects the X-ray brightness of a source, as indicated
in the legend (adopted from [168]).

Ginga 1826-24
L]

Figure 68: The image of a 25° x 25° region of the sky near the Galactic center in the 4-12 keV energy
band, obtained by convolving the raw photon images with the optimal matched filter, in Galactic coordinates.
Some bright sources are labeled.The faintest sources in this region that have been included in the ARTSS1-5
catalog have fluxes ~ 3 x 10712 erg s™! cm~2 (adopted from [168]).
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2.17 The Imaging X-ray Polarimetry Explorer (IXPE)

The Imaging X-ray Polarimetry Explorer (IXPE) [170-173] exploits the polarization state of
light from astrophysical sources to provide insight into our understanding of X-ray production in
objects such as neutron stars and pulsar wind nebulae, as well as stellar and supermassive black
holes. Technical and science objectives include (https://ixpe.msfc.nasa.gov/):

The Imaging X-ray Polarimetry Explorer (IXPE)

The Imaging X-ray Polarimetry Explorer (IXPE) mission was launched cn December 9, 2021 on a SpaceX Falcon 9 rocket from
NASA's Kennedy Space Center in Florida into an equatorial orbit of 600 km altifude. The payload consists of three identical grazing
incidence telescopes, each comprised of a mirror module assembly, developed at MASAMSFC, with an X-ray-polarization-sensitive

detector, provided by the alian Space Agency (Agenzia Spaziale Haliana; ASl), at its focus. The payload sits atop a spacecraft bus
provided by Ball Aerospace.

The observatory cperates in pointing mode observing known targets for multiple (but not necessarily consecutive) orbits. Data are sent
te a ground station in Malindi, Kenya, approximately & times per day and then are fransmitted, via gateways in ltaly and the U5, to the
mission operafions center in Boulder, Colorado. From there, science data flows to the science operation center in Hunisville Alabama.

Mission Characteristics
@ Lifetime : 9 Dec 2021— (operating)
< Energy Range - 2-5 keV
Angular resolution: : 30 arcsec HPD (system)

Special Features : Provide simultaneous spectral, spatial and fiming polarimetry measuraments
@ Payload :

®  The Mirror Module Assemblies (MMA) consist of three grazing-incidence mirror medules of Wolter-l type each with 24
concentrically-nested mirror shells with diameters ranging from 162 to 272 mm. The MMAs are mounted on an extendable

boom which deployed on orbit to give the appropriate 4 m focal length. A tipfilt/rotate mechanism provides alignment
adjustment.

Field-of-View (FoV) of a square, 12.9 arcmin on a side (detector limited);
Angular resolution (HEW) ~ 20-25 arcsec {MMA only);
Effective area per module at 167 cm® at 2.3 ke and 197 cm” at 4.5 ke

e  The Detector Units (DUs) are three Gas Pixel Detectors (GPDs) each located at the focus of an x-ray mirror module. Each
GPD provides the position, energy, time and polarization information for every absorbed event. The GPD images the
photoelectron tracks produced by the x-rays absorbed in a special fill gas and from its initial emission direction the polarization
of the source is determined. The initial interaction peint and the total charge in the track provide the location and energy of the
absorbed x-ray, respectively.

Detector sensitive area 15 mm x 15 mm
Spatial resolution (FWHM) = 123 um (6.4 arcsec) {@ 2 keV
Energy resolution (FWHM) 0.57 keV @ 2 ke (x +E)

@ science Goals:

#  Enhance our understanding of the physical processes that produce X-rays from and near compact objects such as neutron
stars and black holes.

Explore the physics of gravity, energy, and eleciric and magnetic fields.
@  Archive: The HEASARC hosts the IXPE archive.

Figure 69: The main characteristics of the Imaging X-ray Polarimetry Explorer (IXPE) (https://heasarc.gsfc.
nasa.gov/docs/heasarc/missions/ixpe.html).

* improving polarization sensitivity by two orders of magnitude over the X-ray polarimeter
aboard the Orbiting Solar Observatory OSO-8,

 providing simultaneous spectral, spatial, and temporal measurements,

* determining the geometry and the emission mechanism of Active Galactic Nuclei and micro-
quasars,
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* finding the magnetic field configuration in magnetars and determining the magnitude of the
field,

* finding the mechanism for X ray production in pulsars (both isolated and accreting) and the
geometry,

* determining how particles are accelerated in Pulsar-Wind Nebulae.

Figure 69 shows the main characteristics of the Imaging X-ray Polarimetry Explorer (IXPE)
(https://heasarc.gsfc.nasa.gov/docs/heasarc/missions/ixpe.html).

The impact of IXPE on advancing our knowledge of our Universe has been recognized by
The High Energy Astrophysics Division (HEAD) of the American Astronomical Society, which
awarded the 2024 Bruno Rossi Prize to Martin Weisskopf, Paolo Soffitta, and the IXPE team for
their development of the Imaging X-ray Polarimetry Explorer, whose novel measurements advance
our understanding of particle acceleration and emission from astrophysical shocks, black holes, and
neutron stars.

It is very difficult to chose IXPE highlights among the many results obtained. More that 70
discovery papers have been published by the IXPE Science Team. However, Soffitta & Costa [174]
review IXPE’s results after nearly three years of successful operation, focusing on their implications
for key questions in Fundamental Physics.

A special issue of Galaxies (ISSN 2075-4434) "X-Ray Polarimetry: A New Era Begins with the
Imaging X-Ray Polarimetry Explorer contains 10 papers, which demonstrate the impact of IXPE
on the advancement of our knowledge of the Universe.

Also a special session on IXPE has been reserved in the program of this Mondello Worskhop
2024 on Frontier Research in Astrophysics - IV, for which the refereed proceedings will be available
within 2025.

3. Conclusions

At the end of this overview of the experiments described in this review, I would like to
emphasize the importance of each in providing crucial information to increase the knowledge of our
Universe. Obviously, the choice of experiments described was dictated by my direct experience,
which allowed me to contribute with my papers to the advancement of our understanding of the
physics of high-energy cosmic sources.

I believe my choices have helped to illustrate the experiments that I consider the milestones of
the years:

* 1970s: UHURU, SAS-2, COS-B, HEXE-1, HXR-76, HEAO-1, Ariel V, HEAO-2 (Einstein).
¢ 1980s: IUE, ASTRON, CORSA-B (Hakucho).

* 1990s: ROSAT, CGRO, BeppoSAX.

* 2000s: INTEGRAL, AGILE.

¢ 2010s: SRG (eRosita & ART-XC).
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» 2020s: IXPE.

A more complete description of A Chronological History of X-Ray Astronomy Missions has
been published by Santangelo, Madonia & Piraino [4].

My hope is to have been useful to young people so that they learn a way of doing research that
is apparently anomalous, but effective.

Acknowledgments This research has made use of the NASA’s Astrophysics Data System.
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