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Galactic positrons as revealed by  511 keV annihilation line
First detection

The 511 keV emission from positrons 
annihilation from the direction of the 
Galactic center was first discovered in the 
early 1970s, by balloon-born detectors with 
low energy resolution (Johnson et al. 1972)

The line was clearly identified a few years 
later with high energy resolution Ge 
detectors (Leventhal et. al., 1978)
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Galactic positrons as revealed by  511 keV annihilation line
The positronium

Annihilation of positron can take place by direct annihilation in two 
opposite 511 keV photons or by formation of prositronium atom. The 
positronium can be formed with two total spin (S) state:
S=0 para-positronium  -> two 511 keV photons (25 %)
S=1 ortho-positronium -> three photon with an energy up to 511 keV (75 %)

By measuring the intensities of the 511 
keV line and of the Ps continuum one 
can derive the fraction of positrons that 
annihililate by positronium formation:

Leventhal 1978
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The INTEGRAL gamma-ray observatory

INTEGRAL was launched  by PROTON 
from Baikonur in Kazakistan on 17th 
October 2002.

SPI High resolution spectroscopy (~ keV 
@ 500 keV) with moderate angular 
resolution (2 degree) 

IBIS: Fine imaging (angular resolution 
= 12’) with low resolution spectroscopy 
(~ 30 keV @ 511 keV)

SPI: 19 Ge detectors 

IBIS/ISGRI count map 
(“shadowgram”) obtained with 
a 60 keV source 

IBIS/ISGRI: 16384 CdTe detectors 
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The INTEGRAL gamma-ray observatory
511 keV line measured by the spectrometer SPI 

SPI flux profile along the Galactic plane in 3 
energy band obtained with a simple scan.

Narrow line FWHM = (1.3 ± 0.4) keV

Broad line FWHM = (5.4 ± 1.4) keV

Positronium fraction = (96.7 ± 2.2) %

Churazov et. al 2011

Jean et al. 2006 
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Churazov et. al 2011

At 511 keV we detect 10-3 phs cm-2 s-1 ~ 2 x 1043 e+ s-1 in the GC



Companion star: Low Mass (LM), High Mass (HM)
Compact Object: Neutron Star or Black Hole
Phenomena: Spectral States, QPOs, jets, ecc...

The observed distribution of LMXRBs in the 
Galaxy is strongly peaked towards the central 
regions, similar to that of the 511 keV 
emission. In terms of total energy the LMXBs 
population could explain the 511 keV flux.

n = 2⇥ 1043 e+s�1fSPI(511 keV ) = 10�3 ph

cm2 s

Ee+ = 511 keV = 10�6 erg L511 keV = 2⇥ 1037 erg/s

L
tot

(LMXB) = 1039erg/s

This value is 50 times lower than the total 
luminosity of the LMXBs (Grimm et al., 2002)

511 keV emission from XRBs
Scientific motivations

Basically, an X-ray binary (XRB) is a stellar size machine that convert gravitational energy 
into electromagnetic power by accreting materials from a companion star into a compact 
object (first detection of Sco X- 1 in 1962 by Giacconi).
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The SPI sky map in the 511 keV electron-positron annihilation line and the sky distribution 
of the hard X (E > 20 keV) LMXBs detected by IBIS 

But a different analysis of the same SPI data do not confirm this asymmetry (See 
Bouchet et al., 2008, Churazov et al., 2011) 

Some evidence of an asymmetry of the 511 keV emission along the Galactic longitude, 
possibly correlated with the spacial distribution of the hard X (E > 20 keV) LMXBs detected 
by the imager IBIS aboard INTEGRAL, has been reported by Weidenspointner et al., 2008

511 keV emission from XRBs
Scientific motivations
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The 1E 1740.7 position is about 1 degree from the 
Galactic center. It is reported in the INTEGRAL/IBIS 
in hard X catalogue with a flux of (29.8 ± 0.1) mCrab 
(A.J. Bird, 2007)  

This transient feature appeared during a 13 hours 
observation and then possibly in two further 
occasions but at a less significant level. 

511 keV emission from XRBs
Scientific motivations

During the 1990 October 13 the SIGMA telescope, aboard the GRANAT space observatory, 
discovered that the microquasar 1E 1740.7-2942 was exhibiting a remarkable transient 
feature in its emission spectrum (See e.g. Bouchet et al. 1991), possibly associated with a 
very broad 511 keV line emission 
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But note that this 511 keV feature was not confirmed 
by OSSE data analysis (Jung et al. 1995).



511 keV emission from XRBs: data analysis
The data sample and standard analysis

The IBIS data set consists in a large set of small 
pointing observations, each producing an image with an 
exposure of about 2000 seconds. Thus, a sky map can be 
obtained by overlapping a sample of these small 
images. Our data set includes about 40 000 ScWs

With our sample, we reach a 10 Ms exposure in the Galactic center region. The data set 
consists in about 5 year of observations, including all the IBIS data accumulated until 
April 2007.

The exposure map for the IBIS 511 keV all 
sky survey. The maximum exposure (10 Ms) 
is obtained in the Galactic bulge (yellow 
and white colors)

Coded mask imaging 

A pinhole camera concept

Pro: large field of view
Con: high background

Positrons in Astrophysics, 20-23 March 2012, Mürren, Switzerland



511 keV emission from XRBs: data analysis
Monte Carlo simulation: a 511 keV lne source

The flowchart of IBIS Monte Carlo. The 
code is based on the CERN GEANT 
library to reproduce the interaction of 
the gamma-rays with IBIS detectors and 
passive materials.
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A realistic simulation of short (30 min) 
observation of a 511 keV strong point 
source as seen by IBIS. This image  is 
obtained adding to the real data the 
photon list generated by the IBIS Monte 
Carlo and then processing the result with 
the standard analysis software until the 
image level.

10 σ

rev. 50



511 keV emission from XRBs: data analysis
IBIS background

The 511 keV line sensitivity, i.e. the minimum flux detectable at a low 
significance level, basically depends on the (high) background count rate and 
on the (low) effective area. 
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511 keV emission from XRBs: data analysis
The 511 keV line sensitivity: Crab detection

The Crab nebula as detected by 
IBIS/ISGRI in the soft gamma-ray 
domain with a 3 Ms of exposure. 

The Crab nebula continuum emission  in 511 (491-531) keV band is detected at 
3.8 sigma. This significance is in agrement with the signa that we expect from the 
IBIS Monte Carlo simulation.

The IBIS 511 keV sensi t iv i ty as 
estimated with the Crab data 

40-100 keV40-100 keV

431-471 keV 491-531 keV
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511 keV emission from XRBs: data analysis
The 511 keV broad line sensitivity map

Processing 5 year of IBIS data we do not find at 511 keV 
(491-531 keV) full sky map any evidence of point source. 

With an exposure of 10 Ms, the best 511 keV 
flux limit  in this map is 1.6 10−4 ph cm−2 s−1 
for 1 E 1740.7-2942 and GRS 1758-2258, the 
two IBIS microquasars located near the center 
of the Galaxy. For the sources with lower 
exposure, as for example Sco X-1 that has a 
flux upper limit of 3.7 10−4 ph cm−2 s−1, our 
observations gives a less tight constraint on 
the 511 keV emission. 
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511 keV emission from XRBs: data analysis
LMXBs 511 keV narrow line upper limits

Sky distribution of the the LMXBs 
detected by IBIS above 20 keV. 
The red point corresponds to the 
LMXBs with |b| < 10 degrees, while 
for the blue ones |b | > 10 
degrees.

   …           …     …       …        …     …            …

De Cesare 2011

A possible correlation between this source distribution and the SPI 511 keV map  was  
pointed out by Weidenspointner et al., 2008
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511 keV emission from XRBs: data analysis
Microquasars 511 keV line flux upper limits

The possibility to detect a 511 keV radiation due to the jet positrons hitting the 
atmosphere of the companion star, in the case of misaligned microquasars, is 
discussed by Guessoum et al. 2006.

De Cesare 2011
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511 keV emission from XRBs: data analysis
The Galactic Center monitoring

In data analysis a sky map has been generated for each INTEGRAL revolution, 
therefore also monitoring the IBIS 511 keV sky in day-timescale.

A possible 511 keV emission from the Galactic Center has been also monitored during 
the INTEGRAL visibility periods at Ms timescale, without finding any signal. The flux 
upper limit are reported here:

De Cesare 2011
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Discussion
How to create e+e- pairs in X-ray binaries?

2. Then if Ex + Eγ > 2 me c2 and Ex x Eγ > (me c2)2  this photon can create a 
pair electron-positron by scattering with another X-ray photon of energy EX.

Electron-positron pairs are created by a 
2-steps process:

1. A X-ray photon from the disk is 
upscattered to high energy Eγ in the 
corona (Comptonization), very close to 
compact objects

Positrons in Astrophysics, 20-23 March 2012, Mürren, Switzerland



Discussion
What happens to e+e- pairs?

A recent Monte Carlo simulation (Laurent and 
Titarchuk, in preparation) of the accretion 
flow in BH XRBs shows that: 
1. Most of them fall in the black holes.
2. Other annihilate and create 511 keV photons, 
which can be observed red-shifted.
3. And other scatter on X-ray photons and 
create another Comptonization component up 
to few MeV.

Guessoum, Jean, Prantsoz 2006 suggested that 
in microquasars a significant fraction of 
positrons may be channeled out by jets. In this 
case the 511 keV flux is expected below the 
INTEGRAL sensitivity. 
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Discussion
Positronium continuum emission and infrared lines

In the INTEGRAL data there is not evidence of soft gamma rays continuum produced in 
the 3-gamma positronium (Ps) decay. Since the IBIS effective area is high at low energy, 
if the Ps fraction were 1, this lack of detection would provide strong a constraint of 
the e+e- annihilation in XRBs. But also note that soft gamma-ray emission in XRBs is 
dominated by Comptonization.

The signal depends on the positronium 
fraction, being maximum (I3/I2 = 9/2) when 
all the positrons annihilate by the 
positromium formation, and zero if no 
positronium atoms are formed. 
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Since the Ps energy levels to hydrogen once 
the mass is replaced by me/2, infrared lines 
from Ps atoms could also be visible in 
forthcoming observations  (Ellis and  
Bland-Hawthorn, 2009; Puxley and Skinner 
2006). 

The radiative and annihilation lifetimes of Ps 
for various energy levels.



Conclusions
Is there any evidence of 511 keV emission line from XRBs in the 
INTEGRAL data? NO. By reducing 5 year of the IBIS imager data, we do not find any 
evidence of 511 keV lines feature from BH sources. The 511 keV broad line upper flux limit 
are reported by De Cesare, 2011. Basically, we know that in one second, from XRBs we 
cannot get 2 or more photons in one square meter. The 511 keV narrow line flux upper 
limits, obtained with the spectrometer data, are reported by  Knodlseder et al., 2005.

Are INTEGRAL results in agreement with XRBs models? YES.  The lack 
of a 511 keV radiation can be explained by that photons related to 511 keV line are 
reprocessed in the local environment and even if they escape directly to the Earth observer 
they are seen at much lower energies because the gravitational redshift (Laurent and 
Titarchuk, in preparation). Guessoum et al. in 2006 suggest that in microquasars a 
significant fraction of positrons may be channeled out by jets, but at a flux lower than the 
INTEGRAL upper limits.

Is it possible to detect the 3 gamma positronium continuum? MAYBE. 
But so far this signature is not reported in the hard X (soft gamma) XRBs spectra measured 
by INTEGRAL. The intensity of this component depends on the positronium fraction, being 
9/2 of the 511 keV line intensity if all positrons annihilate by formation of positronium 
atoms. A cool molecular cloud coincident with 1E 1740.7 (Mirabel et al., 1991) might slow 
down relativistic positrons to the velocity required for Ps formation. 

Is it possible to detect infrared Ps lines? MAYBE. The flux upper limit 
reported by Puxley and Skinner in 2006 is of the order of 1043 ph/s, i.e. the total Galactic 
positrons flux, but a better sensitivity can be obtained with the recent advances in NIR  
observations. 
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