
  

Gamma-Ray Lines via Radioactive Decay



  

Interlude: Inverse beta decay

Very often you read about the inverse beta decay as the following reaction:

However, free protons  do not decay since they are stable in the Standard Model. 

Inside nuclei however, the following reaction is allowed:

It is also possible to have inverse beta decay as electron capture, with no positron emission:

NOTE: If the difference in energy between two nuclei that differ by just one 
neutron being changed into a proton is high enough to produce an extra electron 
(by  E=mc2  the mass of this electron comes from difference in energy), then the 

nucleus can and will beta decay.



  

Supernovae Ia Lightcurve: Powered by Radioactivity 



  



  

Type II Supernovae Lightcurve



  

Core collapse 
Supernovae 
Lightcurve



  



  

Emission Lines via Radioactive Decay

Quick decay, 
must be 
searched 
within few days 
from the SN 
explosion

Longer decay time, can diffuse in 
the interstellar medium, can be 
searched long after SN event. 



  

Emission Lines via Radioactive Decay: Aluminium-26



  

Gamma Ray line for Iron 60



  



  

Novae are cataclysmic variables 
exhibiting explosions due to 

thermonuclear burning. Gamma-rays 
are expected from positron-electron 

annihilation (511 keV), and gamma-ray 
lines at 478 keV (Be-7 decay in CO 

novae, lifetime 77 days) and 1275 keV 
(Na-22 decay in ONe novae, lifetime 

3.75 years). 

Gamma Ray Lines in Novae



  

Electron-Positron Annihilation and the 
511 keV line



  

Where do Positrons come from?

1. e+ are created in β+ from unstable nuclei: nucleosynthesis or interaction of cosmic rays with 
ISM (InterStellar Medium)
2. pion decay: interaction of cosmic rays with ISM
3. e+/e- pair production around compact objects: pulsars, jets in black hole binaries, etc. 
4. Exotic channels: dark matter
5. Supermassive black hole in the Galactic Center. 



  

Where do Positrons come from?
1. e+ are created in β+ from unstable nuclei: nucleosynthesis or interaction of cosmic rays 
with ISM (InterStellar Medium)

→ electron capture
→ inverse beta (e+)
→ beta decay (e-)



  

Where do Positrons come from?
1. e+ are created in β+ from unstable nuclei: nucleosynthesis or interaction of cosmic rays 
with ISM (InterStellar Medium)



  

Where do Positrons come from?

2. pion decay: interaction of cosmic rays with ISM

Pions are hadrons (bound states of 
quarks) and mesons (bound states 

of quark/anti-quark)

Cosmic rays can interact with atoms in the ISM. 
Sometimes this interaction produces pions. 

Pions decay after a short time via different channels. 

Example:



  

Where do Positrons come from?

3. e+/e- pair production around compact objects: pulsars, jets in black hole binaries, etc. 

Pair production around compact objects is mainly driven by photon decay. 
A photon can decay into a positron-electron pair (pair production) when in a strong 
magnetic field, or close to a nucleus (conservation of energy/momentum):

These conditions occur often around pulsars, but also in jets around 
black holes and neutron stars in general, in AGNs and in GRBs. 
For example, 1E1740.7-2942, or the Great Annihilator, is a 
microquasar (black hole accreting binary with a strong jet). The jet is 
probably emitting synchrotron radiation from positron-electron pairs 
streaming out at high velocities from the source of antimatter. 
Antimatter is present because we see a strong 511 keV signal. 



  

Where do Positrons come from?

4. Exotic channels: dark matter

Several Dark Matter processes predict 
the existence of a halo that might 
produce the 511 keV line via WIMP 
processes. 



  

Where do Positrons come from?

5. Supermassive black hole in the Galactic Center. 

The SMBH in the GC might have 
been active in the last ~10 Myr (about 
1,000-10,000x its current activity), 
with a sudden turn off around 300 yr 
ago. This might have been due to the 
passage of the shell of the SN SGR A-
East. If true, this might have generated 
a large flow of p+, created close to the 
event horizon



  

Where do Positrons come from?

5. Supermassive black hole in the Galactic Center. 

Alternative: Tidal Disruption Events

Estimated rate: 1/(10,000–100,000 yr)

[Note: only “small” SMBHs can tidally 
disrupt a star.  Only tiny (<10^5 Msun) 
black holes can disrupt a white dwarf. 
Why?]



  

para-Positronium (pPs) and ortho-Positronium (oPs)

Positronium is a metastable onium (i.e., a bound state formed by a particle and its anti-particle). After 
a radioactive atom in a material undergoes a β+ decay (positron emission), the resulting high-energy 
positron slows down by colliding with atoms, and eventually annihilates with one of the many 
electrons in the material. It may however first form positronium before the annihilation event.

pPs decays in 0.125 ns

oPs decays in 142 ns



  

How does Positronium decay?

Two channels, depending on 
whether it is para (singlet) or 
ortho (triplet). 

pPs creates sharp 511 keV line. 
oPs creates a broad continuum 
below 511 keV. 



  

Detection of pair annihilation

The line at 511 keV longest known and 
most studied extra-solar γ-ray line A γ-ray 
line at E<0.5 MeV was first detected from 
the direction of the GC, with a 
scintillator detector (NaI) onboard a 
balloon, thus with poor energetic 
resolution (Johnson & Haymes 1973): 
RICE experiments



  

Detection of pair annihilation

Johnson & Haymes 1973

Line is broad and not centered around 
511 keV due to the very poor NaI 

detector resolution. 



  

In 1977, observations with Ge detectors 
(higher energetic

resolution) were performed: narrow line with 
E=511 keV

(Leventhal et al. 1978). 
Interpretation of lower E resolution 

experiments:
511 keV line convolved with Ps continuum

Detection of pair annihilation



  



  

CGRO/OSSE map of the 511 keV emission
central bulge + galactic plane + positive latitude enhancement

Purcell et al., 1997
Fluxes(10 -4 phot/cm 2 /s)
central bulge: 3.3 (size 4 deg )
Galactic plane: 10 (size lat.~12 deg. , long.~30 
deg. )
Positive-latitude excess: 9 (~16 deg. ; centroid 
b~12 deg. , l~-2 deg. ). 
No time variability



  

CGRO/OSSE map of the 511 keV emission



  

INTEGRAL/SPI map of the 511 keV emission



  

511 keV line 
components



  

As charged leptons, positrons interact via the 
electromagnetic force with all basic constituents 
of the ISM, namely, electrons, ions, atoms, 
molecules, solid dust grains, photons, and 
magnetic fields. Since their initial kinetic energy 
is generally larger than the kinetic energy of the 
targets in the ISM, positrons lose energy in these 
interactions. The energy loss rate and the kind of 
interaction depend on the energy of positrons 
and the density of target particles.

Positrons energy losses

From Prantzos et al. 2011



  

Positrons energy losses example: E>10 GeV (IC)

Ultrarelativistic positrons (E > 10 GeV) lose 
their energy mainly by inverse-Compton 
scattering with cosmic microwave background 
(CMB) photons and interstellar radiation
fields. When the interaction occurs with an 
isotropic photon gas in the Thomson 
scattering regime, the energy loss rate (in eV/s) 
can be calculated from:

P IC∝−U rad γ
2
β

2

The radiation energy density depends on 
the position of the positron in the
Galaxy; it ranges from 0:26 eV/cm3 
(CMB) to 11.4 eV/cm3 in the Galactic 
center region From Prantzos et al. 2011



  

Positrons energy losses example: E>10 GeV (Synchrotron)

If the magnetic field is considerable (larger 
than                             ) then synchrotron losses 
dominate over IC (again for E>10 GeV). 

B>6.3μG√U rad

From Prantzos et al. 2011

P synch∝−U B γ
2
β

2



  

Positrons energy losses example: 1–10 GeV (Bremsstrahlung)

In the 1–10 GeV energy range, positrons lose 
their energy mainly by emitting 
bremsstrahlung radiation in interactions
with ions, electrons, and atoms. The energy 
loss rate depends on the target mass, charge, 
and density.

From Prantzos et al. 2011



  

Positrons energy losses example: <1 GeV (Coulomb & inelastic 
scattering)

Below 1 GeV, positrons lose their energy 
mainly via Coulomb scatterings with free 
electrons and/or inelastic interactions with 
atoms and molecules. The former process is a
continuous energy loss, whatever the energy 
of positrons. At high energy, the target 
electrons can be considered at rest and the 
energy loss rate depends mostly on their 
density

From Prantzos et al. 2011



  

Positrons energy losses: Thermalization

Once the positrons have come down to energies similar to those 
of the ambient medium, they start to ‘‘thermalize,’’ i.e.,
their energy distribution relaxes to the Maxwellian function 
which characterizes the interstellar gas (or plasma). The ISM 
usually consists of a few phases, each with rather well-defined 
physical characteristics (temperature, density,ionization 
fraction); The time scale needed for the energetic positrons to 
relax to the ISM Maxwellian distribution is compared to the time 
scale for subsequent annihilation processes; if the former time 
scale is longer than the latter, it would be incorrect to assume a 
Maxwellian distribution for both the positrons and the ISM 
when calculating the e+ annihilation rates.

From Prantzos et al. 2011



  

Effect of ISM on 511 keV line



  



  



  

Al-26 insufficient to explain 
the observed flux. 

Churazov et al. 2011



  

High Bulge/Disk Ratio needs a source of positrons 



  

511 keV γ-rays more concentrated at the galactic "bulge" than any other λ Positrons are produced in β 
+ decays of SN ejecta ( 56 Ni, 44 Ti, 26 Al) BUT: bulge/disk luminosity does not match (×4) 
distribution of galactic SN  need for exotic source? (e.g. dark matter)⟹

Solution 1: at least half of the e + may originate in a class of binary systems via γ-γ interactions in the 
accretion disk (Nature 451)

Solution 2: significant e + propagation before slowing down and annihilating (ApJ 698)

High Bulge/Disk Ratio needs a source of positrons 



  

Solution 1



  

Criticism 
to

Solution 1



  

Criticism 
to

Solution 2



  

Alternatives?



  

Alternatives?

From Motta et al 2021:
“Independent studies have 
failed to confirm this 511 
keV line detection. Such a 

discrepancy was likely caused 
by the event selection of the 

SPI data, which is a 
particularly important issue 

for bright sources”



  

Alternatives?



  

Space Interval Time Interval Power

Rods & Clocks
 

Photons

Summary of Special Relativistic Effects

K → Lab frame
K’ → Rest frame
subscript “a” → arrival
subscript “e” → emission

L=
L '
γ Δ t e=Δ t e ' γ P =P '

Λ=L' δ sin θ Δ t a=
Δ t e '
δ

P =P '

     Other important transformations:

d Ω=
d Ω '
δ

2

I ν= I ν ' δ3 I =I ' δ4 E=E ' δ
    Solid angle           Specific Intensity         Intensity                     Energy



  

Thermal Blackbody Bremsstr. Synchrotron Inverse 
Compton

Curvature 
Radiation

Optically thick – YES NO  –  – – 

Maxwellian 
distribution
of velocities

YES YES –   NO – NO

Relativistic speeds – – – YES YES YES

Main Properties Matter in 
thermal 

equilibrium

Matter AND 
radiation in 

thermal 
equilibrium

Radiation 
emitted by 

accelerating 
particles

Radiation emitted by 
accelerated particles in 

B field.

Relativistic 
electron/photon 

collisions

Radiation emitted 
by accelerated 

particles along the 
parallel B field 

component

Summary of Radiation Properties: Continuum



  

Summary of Radiation Properties: Lines

Absorption Emission From

Atomic transition Hydrogen (e.g., 
Balmer lines)

Accretion Disks

Gamma-decay – Al-26, Fe-60,  Co-
56, Ti-44

Supernovae

Matter-antimatter 
annihilation

– 511 keV line + 
continuum

e-/e+ pair annihilation (direct, 
oPs, pPs)

H α , Fe K α



  

Summary of Supernovae

Type Mechanism Hydrogen lines Compact Object Formation

Ia Single-degenerate 
(WD accretion) or 
double-degenerate 
(WD-WD merger)

No None

Ib Core-collapse No/Very weak NS/BH. Possible relation to 
GRBs

Ic Core-collapse No NS/BH. Possible relation to 
GRBs

II Core-collapse Yes NS/BH



  

Summary on Supernova Remnants
Ambient 
medium

Ejecta Shock Duration

1. Free Expansion Mass swept up by 
forward shock << 
ejecta mass

supersonic 
expansion

Forward shock – Reverse 
shock formation

~few hundreds years

2. Adiabatic 
Expansion

Mass swept up by 
forward shock > 
ejecta mass

supersonic 
expansion

Reverse shock disappears ~10,000 years

3. Radiative Phase significant 
cooling

deceleration forward shock 
significantly decelearates

~100,000 years

4. Dispersion to 
ISM

~ millions of years
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