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Coded Mask Imaging

The Coded Mask Technique

is the worst possible way of making a telescope

Except when you can 't do anything better |

* Wide fields of view

* Energies too high for focussing, or too low
for Compton/Tracking detector techniques

* Very good angular resolution

* The best energy resolution



INTEGRAL

INTEGRAL, the International Gamma-Ray Astrophysics Laboratory

Fine spectroscopy (E/dE=500) and fine imaging (angular resolution of 12° FWHM )
Energy range 15 keV to 10 MeV

plus simultaneous X-ray (3-35 keV) and optical (650 nm) monitoring capability
Two main g-ray instruments: SPI (spectroscopy) and IBIS (imager)

http://integral.esa.int
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INTEGRAL Science Objectives

Outline INTEGRAL Science Objectives

The scientific goals of Integral are addressed through the use of high resolution spectroscopy with fine imaging and accurate positioning of celestial sources in the gamma-ray domain. The
‘ollowing list of topics will be addressed by Integral:

+ Compact Objects (White Dwarfs, Neutron Stars, Black Hole Candidates, High Energy Transients and Gamma-Ray Bursis)
¢ Extragalactic Astronomy (Galaxies, Clusiers, AGN, Seyferts, Blazars, Cosmic Diffuse Background)

¢ Stellar Nucleosynthesis (Hydresiatic Nucleosynihesis (AGB, WR Stars), Explosive Nucleosynihesis (Supernovae, Nevae) )
.

.

Galactic Structure (Cloud Complex Regions, Mapping of continuum and line emission, ISM, CR distribution)
The Galactic Centre

¢ Particle Processes and Acceleration { 7ruznsrelativistic Pair Plasmas, Beams, Jeis)

¢ Identification of High Energy Sources ({/nidentified Gamma-Ray Objects as « Class)

¢ PLUS: Unexpected Discoveries

Gumna-Ray Astrophysics before INTEGRAL
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INTEGRAL
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The image is an IBIS/ISGRI image of the Galactic Centre in the 20-40 keV band.
The analysis of IBIS/ISGRI data is based on GCDE
(Galactic Center Deep Exposure) and GPS (Galactic Plane Scan) data from revolution

30 to 64 i.e. January 11th to April 22nd, 2003 for a total of one thousand pointings
(about 2 Msec exposure) 6



INTEGRAL

INTEGRAL views a Compton mirror at the Galactic Centre. M. Revnivtsev et al. report on the association of

IGR J17475-2822, recently discovered by INTEGRAL, with the giant molecular cloud Sgr B2 in the Galactic Center region.

Data from different observatories strongly support the idea that the hard X-ray emission of Sgr B2 is Compton scattered and
reprocessed radiation emitted in the past by the Sgr A* source, the supermassive black-hole candidate in the center of our Galaxy.
The IBIS/ISGRI image (18-60 keV) shows the inner 3.5 degree by 2.5 degree region of the center of the Galaxy.

Contours represent signal-to-noise levels starting at S/N = 5 and increasing with a factor 1.4.

The image has a total effective exposure time of 2.3 Ms.



INTEGRAL

The SPI instrument onboard INTEGRAL has performed a search for 511 keV emission (resulting from positron-electron annihilation)
all over the sky. The figure represents the results of this search: the all-sky map in galactic co-ordinates shows that 511 keV emission
is - so far - only seen towards the center of our Galaxy. The SPI data are equally compatible with galactic bulge or halo distributions,
the combination of a bulge and a disk component, or a combination of a number of point sources. Such distributions are expected

if positrons originate either from low-mass X-ray binaries, novae, Type la supernovae, or possibly light dark matter.



INTEGRAL

INTEGRAL 2(-100 keV

32 keV

107%10"

The blazar PKS 1830-211 is one of the most distant objects observed so far by INTEGRAL, it was reported as an ISGRI source in the
galactic centre region. The source is clearly detected in 20-100 keV band. The image from IBIS/ISGRI is shown in the left panel.
Notwithstanding its high redshift (z=2.507) it is a bright X-ray source, due to gravitational lensing by an intervening galaxy at z=0.89.
Radio observations show two compact components separated by about 1 arcsecond; this effect (just at the limit of the angular

resolution of Chandra), is clearly visible in the elliptically shaped Chandra images (central and right panels).

By assuming a magnification factor due to the lensing of the order of 10, the bolometric luminosity of PKS 1830-211 is huge:

about 10748 erg/s! The spectrum can be modelled adding an external source of low energy photons scattered up to gamma-ray energies
by relativistic electrons. As observed in some high redshift quasars, Chandra spectra of PKS 1830-211 show evidence of

absorption below 5 keV (rest frame). This effect could be due either to the lens galaxy at z=0.89

or to an intrinsic warm (ionized) gas at redshift of the source.



INTEGRAL

SGR 1806-20 Outburst on December 27, 2004

INTEGRAL SPI/ACS Lightcurve
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SGR 1806-20 which belongs to the class of soft gamma-ray repeaters (SGR) is believed to be a rotating neutron star with a

super-strong magnetic field (10415 Gauss); a so-called magnetar. The tremendous outburst of SGR 1806-20 on December 27, 2004 as seen
by the large anticoincidence shield (ACS) of the INTEGRAL-spectrometer SPI is shown in the figure. The mean veto count rate of the

ACS (~88000 counts/s) is interrupted at 21:30:26.539 UTC (T=0) by a steep count-rate increase (about a factor 25)

for about 0.7 s. This outburst is thought to be caused by a large-scale rearrangement to a state of lower energy of a magnetar's super-strong
magnetic field (10715 Gauss), which is the current model for soft gamma-ray repeaters. The ~300 s long pulsating tail with a period of

7.56 s is clearly seen and can be explained by a trapped fireball which is co-rotating with the neutron star (magnetar).

The initial peak is proceeded at T=-143 s by a small precursor, which could be shown via triangulation to originate
from the position of SGR 1806-20.
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The SPI instrument on board INTEGRAL has observed the 6Fe lines (at 1173 and 1333 keV) from the inner galaxy. The picture shows the
combined 8%Fe signal from the two lines. The line flux is 3.7 + 1.1 x 10"5 cm?{-2} s*{-1} per line.

The origin of the iron line is believed to be core-collapse supernovae which seed the interstellar medium with isotopes such as

60Fe. From other SPI measurements of the 26Al line the ratio 8°Fe/26Al = 0.11 £0.03 is derived, which is substantially smaller than
predictions (0.40) for massive stars. This ratio supports the idea that there is an extra source of 26Al in addition to the core-collapse
supernovae.



INTEGRAL

IGR J18135-1751/HESS J1813-176

GX13+1

HESS J1813-178

AGPS 273.4-17.8

INTEGRAL has discovered, using the IBIS instrument, a new gamma-ray source (IGR J18135-1751). This source is
remarkable, since it coincides spatially with one of the ten objects which have been seen during the first survey at TeV
energies of the inner part of the galaxy: HESS J1813-178. This source is a powerful ultra-high energy emitter in the 0.2-10
TeV range. The X-ray counterpart (AGPS273.4-17.8) of the INTEGRAL source has an absorbed spectrum and is thought to
be either a pulsar wind nebula or a supernova remnant. This picture shows the IBIS/ISGRI 20-100 keV image of IGR
J18135-1751 as well as the position of HESS J1813-178 (green circle) and AGPS273.4-17.8 (white cross). The white spot on
the left is the saturated image of the bright LMXB GX 13+1.



INTEGRAL

INTEGRAL

The central regions of our Galaxy, the Milky Way, as seen by INTEGRAL in gamma rays. With its superior ability
to see faint details, INTEGRAL reveals the individual sources that comprised the foggy, soft gamma-ray
background seen by previous observatories. The brightest 91 objects seen in this image were classified by
INTEGRAL as individual sources, while the others appear too faint to be properly characterized at this stage.
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INTEGRAL for the first time, confirms by direct measurement of the primary gamma-ray lines the %Ni origins of
SN light. The INTEGRAL measurements of this sufficiently-nearby SN provide a unique opportunity to compare
the direct gamma-rays from the SN's energy source with the more-indirect other radiation. This will help
astrophysicists to refine their models on how in fact these explosions do occur, because the explosion details
affect how much new nuclei are created, and how they move and interact with the remainder of the exploding
star. These observations constitute a reference in SNIa science, and thus an important scientific legacy for years
to come.
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INTEGRAL 03-07

On the left, this HST image shows the inner part of the Crab nebula with the Crab pulsar and its near-by knot
located 0.65" (1300 AU) south-east of the pulsar inside the red box. On the right, a zoomed view of the image is
shown. The arrows indicate at different periods in time the polarization angle in the optical (HST in 2005 and
GASP in 2012) and in hard X-rays (Integral in the period 2003-2007 and 2012-2014). Also indicated are the
directions of the proper motion (PM) and spin axis (SA) of the pulsar.
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INTEGRAL

150-200 keV 200-250 keV
L

Cygnus X-3 is one of the first discovered X-ray binaries and the only bright compact binary system known to host a Wolf-Rayet
star as a companion. The intense stellar wind created by this companion is one of the reasons why Cygnus X-3 exhibits a very
peculiar spectral behavior. Indeed, it shows a wider variety of states than the two canonical ones usually observed in other
standard X-ray binaries. Despite the fact that the source is well known since many years, very little is known about its spectral
behavior beyond 50 keV. This lack of knowledge is especially due to the source being very faint at these energies. Thanks to
INTEGRAL, it is possible to explore more than 16 years of observations, and so to probe the sky region of Cygnus X-3 with the
best sensitivity ever. As shown at the top of the figure, one can detect the source up to 200 keV. Moreover, one can create six X-
ray spectra from 3 to 200 keV, one for each observed spectral state of the source.
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267 is uniquely produced by massive stars. These stars eject 26Al through their winds and supernova explosions, which have a huge impact on the
surrounding interstellar medium. Due to its short, in astronomical terms, decay time of a million years, 26Al serves as evidence of very recent massive star
activity. The detection of 26Al towards the Scorpius-Centaurus region, therefore, provides a key piece of evidence in the reconstruction of the history of this
massive star forming region.

Groups of stars first start to form in the densest part of a cloud, which in general may have a filamentary/elongated structure. The massive star activity
forms a bubble of hot gas, which would be 26Al enriched from massive-star ejecta. Gas may be compressed locally, leading to more star formation, but may
also quickly escape along the minor axis of the cloud. In the tenuous medium around the cloud, the overpressured bubble could progress much more
quickly than through the dense cloud, and thus reach and compress far-away regions of the cloud. The details of cloud compression and fragmentation of
such a superbubble have been simulated and are shown in the bottom left part of the image. The 26Al signal detected by INTEGRAL/SPI is independent
proof for massive-star activity within approximately the last million years, and a key part of the study of how massive-star feedback works.



INTEGRAL

Total
Cutoff Power-law:
Unres. Sources
Power-law:
Inverse Compton
Nuclear Lines
Positronium

514-850 keV 1813-3283 keV

%]
o

w
o

N
o

850-1813 keV 3283-8000 keV

[y
o

SPI (analysis bins; this work)
i  SPI(S/N > 6; this work)
<= COMPTEL (Strong et al. 1999)

w

E? x Fg [keVZphcm™2 s 1keV1]

05 B R T 10 20 30
Energy [MeV]

For more than 20 years, the Compton telescope, COMPTEL, onboard NASA's Compton Gamma-Ray Observatory, CGRO, set the standard for measurements of the extended emission of the Milky
Way in the MeV range. This photon energy range harbours many emission mechanisms, for example, the annihilation of positrons in the interstellar medium, nuclear decays of radioactive

isotopes, or the Inverse Compton scattering of electrons off the interstellar radiation field. These components are indicated in the top panel, showing the diffuse Galactic emission spectrum with
its characteristic spectral features [1].

Cosmic-ray GeV electrons scatter off photons from star light in the optical and infrared (IR), as well as the cosmic microwave background (CMB). This scattering produces a smooth spectrum
which peaks around 0.1 MeV for the CMB, around 0.5 MeV for IR, and potentially above 10 MeV for optical light. Together this makes the smooth spectrum shown in the zoomed-in panel [2].
Measuring the range between 0.5 MeV up to the limit of INTEGRAL/SPI at 8 MeV therefore constrains the transport properties of electrons as they scatter in IR and optical light.

With more than 16 years of data, SPI was able to set a new record in determining the diffuse emission spectrum in the 0.5-8.0 MeV band. The four coloured data points shown have a signal-to-
noise ratio of 6 or more, superseding the data quality and precision of COMPTEL (green). The projections of the measured photons above the strong instrumental background [3] is shown for the
four data points surrounding the bottom panel: there is clearly flux originating from the Galactic plane.

In this study, it was possible to test extreme assumptions on the propagation of GeV electrons: it appears that one common diffusion coefficient of 0.5 for the entire cosmic-ray electron spectrum
best matches the INTEGRAL/SPI data. Another important finding in the work is that the absolute normalisation of most propagation models is a factor of 2-3 below the measurements, opening up
the possibility of even more emission components such as unresolved point sources.



INTEGRAL

Thanks to the long-term operations of INTEGRAL, a large archive of unique observations of the hard X-ray sky has been accumulated. Taking
advantage of the data gathered over 17 years with IBIS, a survey of hard X-ray sources in the 17-60 keV band has been conducted. The survey
provides also flux information in different energy bands up to 290 keV. This new hard X-ray all-sky survey includes a number of deep extragalactic
fields and the deepest ever hard X-ray survey of our Galaxy. The catalog of sources includes 929 objects detected on time-averaged sky map
regions, i.e., mainly dominated by persistent hard X-ray emitters. Among the identified sources of known or suspected nature, 376 are associated
with the Galaxy and Magellanic clouds, including 145 low-mass and 115 high-mass X-ray binaries, 79 cataclysmic variables, and 37 of other types.
440 are extragalactic, including 429 active galactic nuclei (AGNSs), 2 ultra-luminous sources, one supernova (AT2018cow) and 8 galaxy clusters.
113 sources remain unclassified. 46 of these objects are detected in the hard X-ray band for the first time.



INTEGRAL

E Fg [keV em™2 s7']

-9

[

data/model
oo

T

|

sl s el PEEETSRTE TR i |
10 100 10
E [keV) E [keV]

MAXI ]1820+070 is a transient X-ray stellar binary, where matter outflowing from a low-mass donor star feeds a black hole. In March 2018, it had a spectacular
outburst, during which it shined very bright X-rays and soft gamma-rays, observed by several satellite observatories, including INTEGRAL. The brightening lasted about
half a year, during which the heated-up infalling gas shined several tens of thousand times stronger than the Sun.

A study based on INTEGRAL's main instruments, the spectrometer SPI and the imager IBIS, as well as the Nuclear Spectroscopic Telescope Array (NuSTAR) X-ray
observatory focuses on modelling physical processes responsible for the observed high-energy photon energy distributions. During the initial rise of the outburst, the
dominant physical process is Compton scattering, in which electrons moving with velocities comparable to the speed of light scatter some soft X-rays. In this process,
the photon energy is amplified by a large factor, up to the hard X-ray and soft gamma-ray ranges. The electron distribution can be characterized by a temperature of a
billion (109) Kelvin.

However, using INTEGRAL data, it appears that this distribution could no longer be described entirely by one temperature, since it showed a strong tail at high
energies, consisting of electrons with energies many times the average thermal energy. The broad-band spectrum from Compton scattering is shown in the left panel
of the image. The photons produced by the electron distribution tail were found to cross the threshold for production of electron-positron pairs, at 511 keV. Therefore,
the presence of such pairs is expected, as well as their subsequent annihilation, which would give rise to a broadened line centred close to 511 keV. However, none was
found, as shown in the right panel of the image. The maximum possible strength of such annihilation feature compatible with the data is shown by the red dashed
curve. The consequence of this finding is that the size of the emitting plasma is relatively large, at least a few tens times the radius of the gravitational horizon of the
black hole. This has important implications for theories of the mass flow onto black holes.
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On 15 April 2020 a short and strong gamma-ray burst (GRB) was detected by several Gamma-ray satellites, featuring a fast rise time followed by an order of
magnitude weaker tail. Shortly before 8:42 UT, GRB200415A triggered the Russian High-Energy Neutron Detector aboard NASA's Mars Odyssey satellite; about 400 sec
later the burst triggered the Russian Konus instrument aboard NASA's Wind satellite. Finally, 4.5 sec later, the signal reached the Earth environment and triggered
INTEGRAL's SPI and IBIS instruments, NASA's Fermi instruments and the Atmosphere-Space Interactions Monitor (ASIM) aboard the International Space Station (ISS).
The light curve shown in the image is the burst as detected by the bottom layer of INTEGRAL/ISGRYI, i.e., the PiCsIT instrument.

Taking advantage of the multiple detections from several spacecrafts orbiting in different parts of the Solar system, it was possible to locate the origin of the GRB
emission within a narrow error box region: the radiation came from an extremely magnetized neutron star located in the neigh-boring galaxy NGC 253, know as the
Sculptor galaxy. The background image shows an optical image of NGC 253, with a red dot indicating the origin of the burst.

This finding confirms that extremely powerful gamma-ray bursts are possibly generated by magnetars (neutron stars with extremely high magnetic fields of the order
of 1014 to 1015 Gauss) in relatively close galaxies. During an active phase magnetars can emit random - milliseconds to several seconds long - hard-X-ray bursts, with

peak luminosities of 1036 to 1043 erg per second, while giant flares, which are rare, emit at energies of about 1044 to 1046 erg. Such giant flares from other galaxies
are detectable from instruments aboard satellites orbiting Earth or travelling in the Solar system.

A portion of the second-long initial pulse of a giant flare, similar to the one detected from the Sculptor galaxy, in some respect mimics short GRBs, which have recently
been identified as the result from the merger of two neutron stars accompanied by gravitational-wave emission, i.e., GRB170817A and GW170817.



INTEGRAL

In interpreting the INTEGRAL/SPI data from radioactive 26Al
originating from Galactic nucleosynthesis sources, a new
bottom-up concept has been established. This starts from
what we know about stellar evolution and the yields of 26Al
ejections from massive stars and their supernovae, then
performs a population synthesis modelling of coeval groups
of stars (as done before). Now we exploit this modeling of
26Al sources, and place stellar-group components to where
astronomical knowledge tells us they are, supplement this
by a Monte-Carlo sample from a large-scale Galactic
stargroup distribution, and perform ray tracing of the so-
placed 26Al sources to INTEGRAL observations here at our
Position location near the Sun. The top figure shows the modelled
lsotopic :‘Z’: appearance of the 26Al sky, which is remarkably close to
content e mase observations, see, e.g., INTEGRAL POM March 2015. The
pyramid shows how different components add up to this
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INTEGRAL

In black hole X-ray binaries, a non-thermal high-energy component is sometimes detected at energies above 200 keV and extending up to 1
MeV (see, e.g., INTEGRAL POM's July 2007, January 2012, December 2018, May 2021). The origin of this high-energy emission is still not well
understood and (at least) two scenarios have been invoked to explain its origin. In the first scenario, this component is the extension of the
synchrotron spectrum from the basis of the jets. The alternative explanation suggests that this component arises from a non-thermal
distribution of electrons in a plasma located close to the black hole. Polarization measurements of the high-energy emission from these
sources is probably the best way to disentangle between these different scenarios, as we expect distinct polarization properties between
Compton and synchrotron emission. INTEGRAL can bring important insights into polarization measurements (see, e.g., INTEGRAL POM's April
2011, December 2012, July 2021), thanks to the design of the IBIS telescope which can be used as a Compton telescope with its two
detector layers, ISGRI and PICsIT. In this study, we present the evolution of the outbursts of three different sources as observed by
INTEGRAL: MAXI J1535-571, MAXI ]1820+070, and MAXI J1348-630. We make use of INTEGRAL's unique capabilities to probe in particular
the polarization properties of the high-energy emission in these three sources. As shown in the figures at the top, a strong modulation of the
signal as a function of the angle on the detector plane has been found in the hard states of MAXI J1820+070 and MAXI J1348-630, indicating
a polarized emission above 300 keV for these two sources. The measured polarization fraction is 26+/-9% (shown on the left bottom figure)
for MAXI J1820+070, which could either indicate emission from the jets base or from a non-thermal plasma located close to the plasma. For
MAXI J1348-630, we have measured a strong polarization fraction, >56%, which points towards a jet origin (shown on the right bottom
figure).



Galactic Sources

Accretion dlSk formation

Matter circulates around the compact object:
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Accretion

Types of X-ray Binaries
Group 1 Group 11
Luminous (early, Optically faint (blue)
massive opt countpart)| opt counterpart

(high-mass systems)
hard X-ray spectra
(1> 100 million K)
often pulsating
X-ray eclipses
Galactic plane
Population 1

(low-mass systems)
soft X-ray spectra
(1~30-80 million K)
non-pulsating

no X-ray eclipses
Gal. Centre + bulge
older, population I1




Accretion Power

Accretion onto a compact object

* Principal mechanism for producing high-
energy radiation

* Most efficient of energy production known
in the Universe.

Gravitational
Mm potential energy
F =G — released for body
e R mass M and radius R
when mass m accreted
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Accretion Power

Example - neutron star

Accreting mass m=1kg onto a neutron star:
em

neutron star mass = 1 solar mass ﬂ
R =10 km

=> ~10%m Joules,

ie approx 101%Joules perkg of M

accreted matter - as electromagnetic radiation

Efficiency of accretion

» Compare this to nuclear fusion
H => He releases ~ 0.007 mc?
~ 6 x 10 m Joules - 20x smaller (for ns)

29

So energy released proportional
to M/R ie the more compact a
body is, the more efficient
accretion will be.




Accretion Power

Origin of accreted matter

* Given M/R, luminosity produced depends
on accretion rate, m.

. _dE,. _GM dm _GM

acdt R dt R

» Where does accreted matter come from?
ISM? No - too small.  Companion? Yes.
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Accretion Power

The Eddington Luminosity

* There 1s a limit to which luminosity can be
produced by a given object, known as the
Eddington luminosity.

» Effectively this 1s when the inward
gravitational force on matter 1s balanced by
the outward transfer of momentum by
radiation.
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Accretion Power

Eddington Luminosity
Accretion rate

M r m controlled by

@« >® momentum transferred
<= m—p Jrom radiation to mass
Forav Frag

Mm Note that R 1s now
F =G Newton .
grav 2 negligible wrt r

Outgoing photons from M scatter material
(electrons and protons) accreting.
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Accretion Power

Scattering

L = accretion luminosity

no. photons 71
crossing atr = - photons m-2 s-1
per second drr” hv

Scattering cross-section will be Thomson
cross-section G, ; SO no. scatterings per sec:

Lo

e

Amr*ho
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Accretion Power

Momentum transferred from photon to

partlcle (\/\/\/\. - h id
e-, p C

Momentum gained by particle per second
= force exerted by photons on particles

Lo, hv Lo, Newlon

dr*ho ¢ Amric
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Accretion Power

Eddington Limait

radiation pressure = gravitational pull ‘

At this point accretion stops, effectively
imposing a ‘limit” on the luminosity of a
given body. Lo, _ GMm

dmrie p

luminosity 1s: o

(4

So the Eddington 7 4 7e¢GMm




Accretion Power

Assumptions made

» Accretion flow steady + spherically

hvdrogen: heavies cause problems and may
reduce 10n1zed fraction - but OK for X-ray
sources
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Accretion Power

Accretion modes 1n binaries

1e. binary systems which contain a compact
star, either white dwart, neutron star or

black hole.
(1) Roche Lobe overflow
(2) Stellar wind

- correspond to different types of X-ray
binaries

37



Accretion

Roche Lobe Overtlow

» Compact star M1 and normal star M

CM
(Mz . + & M1 )

< {q >

* normal star expanded or binary separation
decreased => normal star feeds compact

oV



Accretion

Matter circulates around the compact
object:

ang mom
outwards

matter
inwards
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Accretion

Energy losses from the disk

®
Eping ~ 0
So the energy _ .
which has been  Egicx = GMmM and L, = %
lost in the disk by 2R
m is: =Yel.,..
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Disk structure

Half of the accretion luminosity is
released very close to the star.

X-ray UV optical

.HOt’ opti?ally-thi.n Outer regions are cool,
inner region; emits optically-thick and emit
bremsstrahlung blackbody radiation

41



Stellar Wind Accretion

Stellar Wind Model

Early-type stars have intense and highly
supersonic winds. Mass loss rates - 10¢to
10~ solar masses per year.

For compact star - early star binary, compact
star accretes 1f

42



Stellar Wind Accretion

bow sh ock
matter collects in wake

43



Compton Imaging

Detection of Gamma Radiation

Cross
Section

Tables for GAMMA in SI

a PHOT X-woc (1/am) v PAIR X-soc (1/om)

L COMP X-mee (1)

Tert X-seune: (1/crm)

Pair Creation (> 10 MeV)
Photons completely
converted to e*e-

Energy

(Gev1 Telescope.:

Photoeffect(x 100 keV) J ‘ Tracking chambers
T to visualize the pairs

Photons effectively

blocked and stopped Compton Scattering (0.2-10 MeV)
Telescopes: Photon Crossection Minimum

. Scattered photons with long range
Collimators Telescope:

Coded Mask Systems Compton Camera Coincidence System




The Compton Gamma Ray Observatory

http://cossc.gsfc.nasa.gov
COMPTON OBSERVATORY INSTRUMENTS

The Inst-uments nn CGRO Cover Six
Orders of Magnitucle in Photon Energy

OSSE

The Compton Gamma Ray Observatory (CGRO) is a sophisticated satellite observatory
dedicated to observing the high-energy Universe. It is the second in NASA's program of
orbiting "Great Observatories”, following the Hubble Space Telescope.

While Hubble's instruments operate at visible and ultraviolet wavelengths, Compton carries
a collection of four instruments which together can detect an unprecedented broad range of
high-energy radiation called gamma rays. These instruments are the Burst And Transient
Source Experiment (BATSE), the Oriented Scintillation Spectrometer Experiment (OSSE),

the Imaging Compton Telescope (COMPTEL), and the Energetic Gamma Ray Experiment
Telescope (EGRET). 45



The Compton Gamma Ray Observatory

meodules
&C

COMPTEL

- 0.05-30 MeV
- Radioactive elements map, pulsars, a flaring black

hole candidates, blazars, solar flares




Telescopi Compton

Two-level instruments:
COMPTEL 1st level: the y-ray Compton scatters off an
electron in a liquid scintillator. The scattered
photon enters into a 2" level scintillator
(Nal) and is absorbed. Phototubes can
determine the interaction points at the two
layers and record the amount of energy
deposited in each layer.

Gamma-ray

Light recorded.

It is possible to reconstruct the angle of
incidence the photon made wrt the original
direction using the Compton scattering law,

linking this angle and the energy of the

Gamma-ray absorbed, scattered photon
light pulse emitted, (2" level) and the scattering electron (15t
. level).
Photon absorption
“Event circle” (ring on the sky), poor angular
resolution (but multiple photons can help to
reconstruct the position)




Compton Imaging

COMPTEL on CGRO

Liquid Scintillators i '~ Gamma Ray

D1

Photomultipliers I/QLEZS ¢ 13> — Gamma Ray scattered,

light emitted,

__— Gamma Ray absarbed;

C | —
o — light emitted.

Scintillators
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The Compton Gamma Ray Observatory

SUMMARY OF COMPTON GRO DETECTOR CHARACTERISTICS

Table 1:
OSSE COMPTEL EGRET 3 BATSE
LANGE AREA SPECTHOSCORY
ENERGY RANGE
(Mo V) 4056 in 140 .8 o JO.0 0 to 3 x 18 .03 1o 1.3 0815 e 119
EMEAGY ARSOLUTION 12.5% 83 0.2 MeVY 2.0% st 1.27 Me¥ . 12% ot .66 May 0.2% ot 009 MoV
{FWHM) 6.8% a1 1.0 MoV G.5% ol 2,75 MoV ~20% 7% ot 059 MoV 7.2% &t .66 MoV
4.0% a1 6.5 MoV 6,2% st 4.43 MoV 100 to 2600 HMoY 20% at 9.66 MaV 5.8% at .37 MaV
EFFECTIVE AREA 2633 #1 8.2 MeV 25.8 at 1.27 MeV 1267 at 18T MoVY 1200 en. ot 0.83 MaV 152 ea, 8l 9.3 MaV
{om?} t450 81 1.0 MeV 9.3 at 2.75 MoV 1008 at ST MoV 1300 oa. w1 0.t MaV 127 es. al 4.2 MoV
56% #l %.0 MoV 29.4 at 4,23 NeV +4Q0 «i 29CG0 MaV¥ 450 n. ol Q.66 MeV 5% sa, m»t 3 MeY
POSITION LOCALIZATION 10 arg min syubie 4.5 - 1.6 dag 5 @ 10 are 1win ge
{STRONG SOURSE) crrpr box (99% canlidynce {to redius; 0.2 a falrong Gurai) e
[specisi modr; 4.2 x Cral apecirum) Crad spoecltuin}
¢t x CTrab spocirdm)
FELD OF ViEW 3.0 x t1.40 ~ 54° ~ B.6 4% 4 n oar 4 & us
MAXIKUM EFFECTIVE
GEGMETH::C FACTOR 13 20 1850 15000 5300
(em? ar} {~ 500 Mo¥)
LIHE §(3-8) x 10-* c~? 31115 x 10 16 & x 10-% D.4% oquivaiant whdlh
ESTIMATED SCGURCE ot a1 {5. sog frtugration
SENSITIVITY
§5 a0 seei on  GORTIHULH 3 X 30°F gme? a3 1.6 x 10* em~% gt T x t0°% cmr? af 3 X 102 atg cu-?
Sodsed, o3t Koy-1 12 @ detacilan, .33 MeY) {> 190 AesV) (1 sec-LUral)
Calsciic Pinne) {@1 MsY}
2 % 102 core? pod
(> {000 MaV)




CGRO performance

BATSE 0OSSE COMPTEL EGRET
Naval :
Developer | NASAMarshall | Research | =1 NH-& 1 NasaiGoddard
MPE
Lab
Energy 003t019 ||0.05t010.0|0.08to 300 30.0to 300000
Range {(MeV)
Field of View entire sky 3d0 x114 64 degrees | 0.6 steradians
egrees
32%at0.06 125 % at 88 % at
Mel 0.2 MeV 1.27 MeV
Specha 27%at009 | 5.%at10| 65%at .
Resolution 20 %
(FWHM) Mel Mel 2.75 MeV
20%at066 ||[40%at50| 63%at
Mel/ Me 443 MeV
1000 ea. at0.03| 2013 at02 || 250at1.27| 1200 at 100
) MeV MeV MeV Mev
Effective Area|| 1300 ea. at0.1 || 1400at1.0(29.3at2.75| 1600 at 500
(cm?) MeV MeV MeV MeV
550ea. at055 || 55at50 ||294at443| 1400 at 3000
Mel Mel/ Mel Mel
Spatial
Resolution 3 dogrees 10 X 10 05-10 5 = 10
(for strong arcminutes degrees arcminutes
sources)
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Sensitivity

2

3 s Continuum Sensitivity * E
2 6
[MeV em®s™"] Tpe=10"s, DE

=E

G. Kanbach et al. | New Astronomy Reviews 48 (2004) 275-280

1e-2 ™ T LR RAAY UL R LR EAL LR EAL] L R EEL
1e-3 E
i COS-B
le-4 F 3
: COMPTEL
p JEM-X EGRET
1e-5 E
IBIS-
1e-6 ISGRI
GLAST
[ MAGIC
1e-7 3
; HESS
1e_8 1] gl gyl AR | RN | RN | RN |
1e-2 1e-1 1e+0 Te+1 1e+2 1e+43 1e+4 1e+5 1e+6
Energy (MeV)
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Compton Imaging

Low to Medium Energy Gamma-Ray
Astronomy

or

what is the promise and hope for
astrophysics in the energy range

" few 100 keV to ~ 50 MeV "
277
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Compton Imaging

i i -
Kinematics Y1, €. PrREL/C

(target at rest)
Yor 80%/{

Energy: ¢,=¢,+71T

Momentum:
E,=&,C08Q + pccosY where pc = \/T(T+2m”cz)
&,SIng = pcsin

e’, m,c?+T, p,

| |
Compton Equation: | COSQ = 1 - mocz( — j
&1 &y




Compton Imaging

The .classical’ Compton telescope

_b
€1, P1

D2

D1 .

' Event-Circles |

o[ 1 l
cosp =1—-m,c P
# >0

July 2002




measured parameters :

X,

X;,¥y; :  interaction location in D,
: energy deposit in D,
interaction location in D,
energy deposit in D,
arrival time, TOF D,-D,

Event circle

derived parameters :

Low-Z to ease
Compton scattering X1:Y1:.X2Y2 == X Y
E1,E2 == Q

1 1

High-Z to ease E2 E1
absorption  ancoding of the two dimensional source
distribution into a 3-D dataspace (X, ¥, ¢)

cos¢p=1-mc’




Compton Imaging

- - - ;_ -- ;
PR A arabid (i)
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Compton Imaging

Coincidence Detector Schematics

Classical Compton
Event Circles
(no electron tracking)

Reduced Compton
circles of events
with electron track

Direct imaging of pair-
creation events
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Compton Imaging

e Generations of y-ray Missions:
Sensitivities Y

1. COMPTEL <> COS-B
2. MEGA (~2006) <> EGRET
ContiuurT Sansitvity g2 3. Advancd Compton< GLAST
(MeV cm? s Tope=10%s, AE = E (ACT,~2012) (~2006)
1e-2 - — — AR

1e-3 |

1e-4 |

1e-5 }

1e-6 |

le-7

1e-8 ' ' - '
0.01 0.1 1 10 100
Energy (MeV)




Compton Polarimetry

Compton Polarimetry

Unpolarized Beam Polarized Beam
dognyy 1 dognp 1
Y — Z 22 —1 _ gin? — = —rfe?[e + 71 — 2sin? O cos?
10 570 € [e+¢ sin® 6] 10 570 [ n]

o 900
) 100%

180°

0° 180° e

Polarizat\lm\l
1 direction ;
y

270°




Compton Polarimetry
Compton Polarimetry

Polarization modulation factor Minimum Detectable Polarization 3¢

ypp__ 429 [Ade(p +4,)

Klein-Nishina cross-section for linearly polarized A. g_¢ Q T
photons: s "=100

) "2 . ¢~ source flux
do 0 E [ . 2 2 ¢g — background flux
5 lf * F —2sin” 0 cos wJ Q)00 — polarimetric modulation factor for 100% radiation
€ — detector double event efficiency
A — detector area
T — observation time

E

aQ 2

o =M 0 - dolw=90)-dolp=0) 0e S
N, +N, do(g=90)+do(g=0) N - T
g :::: —— 10 MeV
O 0.4
_ sin’ @ 03
Q E ; \\\

0 20 40 60 80 100 120 140 160 180

—+ £ sin® 6 % I eSS
E E

6(°)




Il background- 1

Il fondo di un telescopio X e gamma consiste dei
segnali misurati dal rivelatore NON dovuti alla

sorgente osservata

Parametro fondamentale nel calcolo della
sensibilita
Difficilmente calcolabile con precisione PRIMA
della operativita in orbita del telescopio:
Simulazioni MC
Valutazioni geometriche
Environment dello spacecraft
Orbita

Attivita solare
Geometria dello strumento e del telescopio




Cosmic Ray interactions and y-ray background

@Iosmic ray ptotons)
hadronic cascade nuclear reaction
np p°
nudear; reaction elcctmmaglneti( cascade
[ I |
Isotope Nudeus et e Isotope Nudeus
I [
decay ssmibilation decay
| ’ | bremssltnhlung ‘ |
y-fay y-fay y-fay y-fay Y y-fay
line B line ! line ! line line
511 keV



Background

SOURCES OF INPUT RADIATIO!
Hadrons

(iv) Trapped protons
(v) Solar Flares

|‘ y—Rays

(i) Cosmic diffuse ¥rays
(ii) Atmospheric ¥rays
(iit) Locally produced ¥rays




Background

Neutron Induced Background

Field of View

Proton

Neutron Primary Detector

Interaction

Neutron from
another part of the
spacecraft

Neutron from the
Earth’s atmosphere

Leonardo da Vinci Summer School,




Background

Field of View

Cosmic Ray

Primary Detector

o, B «‘,decaying
isotopes




Background

Radioactivity Caused by Particle Bombardment in the Trapped Radiation Belts




Background

Solar Flares

Flare Particle Fluxes & Duration




Background

Cosmic Diffuse yrays

These »rays enter
directly through the
aperture of the telescope

Field of View

Aperture Leakage

Primary Detector

Shield

FLUX (Photons cim® s ster!' Kev™)
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The Compton Gamma Ray Observatory
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This COMPTEL image is taken at energy of 1.809 MeV, which corresponds to the gamma-ray line
produced by the radioactive decay of the 2°Al isotope. 2°Al has a decay time of a million years, and is

produced along with other elements in trace quantities at cosmic sites of nucleosynthesis. Therefore,
the sky image in these gamma-rays integrates nucleosynthesis events over millions of years and shows
the spatial distribution of these events. From the above image we learn that 26Al-producing events are
predominantly Galactic sources. Several localized regions appear prominent (Inner Galaxy, Cygnus, Vela),
suggesting that massive stars (via their Wolf-Rayet winds and core-collapse supernovae) are the true
sources. The insert shows the spectral information captured by COMPTEL. The 26Al line at 1.809 MeV is
clearly seen above the large instrumental background. COMPTEL is the first imaging instrument with a
spatial resolution of roughly degrees, and thus made possible this all-sky survey of 26Al radioactivity. The
Galaxy is transparent to gamma-rays, therefore this image has, for the first time, shown us the locations

of nucleosynthesis and massive stars throughout the Galaxy.




The Compton Gamma Ray Observatory

The COMPTEL 1 to 30 MeV all-sky map in continuum gamma radiation 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 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.



Compton Astrophysics

Astrophysics of low/medium Energy y - rays

The energy range from a few 100 keV to several 10 MeV
is scaled by the electron rest mass mc2 = 0.511 MeV

-_continuous y-ray spectra from sites of high-energy
particle acceleration are mostly produced in e-m

inferactions:
Bremsstrahlung, inverse Compton scattering, Synchrotron

Many of these sources have their maximum Luminosity
at MeV energies

and by the nuclear energy levels

- Signatures of cosmic radioactivity through y-ray lines:
the direct observation of nucleosynthesis, i.e. the
creation of the elements,




Compton Astrophysics

Sky Survey
COMPTEL

PKS1622 3C279 3C273 Cen A

i — 30 MeV

PKS0528

Cyg X-1  3C454.3 LS 50392  1E1740.72 Vela



Compton Astrophysics

Catalog of Gamma-Ray-Sources

© EGRET Unidentified

€ Blazars

3. EGRET Catalog:
(3EG)

Hartman et al, 1999
ApJS, 123,79

B Pulsars

A COMPTEL Sources

271 Sources

1. COMPTEL Katalog: 32 constant Srces.

80-90 AGN Schonfelder et al., 2000 39 transient
6-8 PSR A&AS, 143,145 11 AGN
~170 Unid.. 3 PSR
July 2002 4 EGRET Unid.

o



Compton Astrophysics

Cosmic Accelerators:

- Accretion

- Explosions and Shocks:

* Rotation of NS: pulsars

electro-magnetic dissipation:

July 2002




Compton Astrophysics

Origin and characteristics of astrophysically important

y-ray lines
S7Ni 1378 keV| 2.14d (SN
96N 812 keV| 8.5d (SN
56Co 847 keV| 111.5d (SN
1238 keV
22Na 1275 keV | 3.8 yr |[Novae
44T 1157 keV| 79 yr |SNR
26A| 1809 keV IMyr | AGB and massive stars (O & WR),
Novae, core-collapse SNe
12 c* 4.4 MeV | prompt |cosmic ray induced ISM lines, flares
160* 6.1 MeV
e*, e- 511 keV B* activity, jet sources, PSR, Novae,
flares etc.
n+p —> d 2.21 MeV flares, flare stars?

~ o~



