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TITRE

e-e+ annihilation radiation

Frontier Objects In Astrophysics and Particle Physics          Peter von Ballmoos, CESR
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star trek

antimatter drive !
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1932 Anderson's discovery of a e+ in the CR

1970-1974 detection of galactic e+ : Rice balloon 

1977-1989 confirmation : balloon borne Ge spectrometers
correlation between measured flux and FOV 

1979-1980 variability : balloons & (HEAO3)

1981-1985 stability : SMM

1991-1997 GRO/OSSE : first maps of GC region

since 2002 INTEGRAL  ...

Introduction  :  History
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Review of e+e- observations

INTEGRAL/SPI observation

Sources, Transport, Annihilation

The origin of the galactic e+

based on

1) The all-sky distribution of 511 keV electron-positron annihiltaion emission
Knödlseder er al., 2005;  A&A, 441, 513

2) Spectral analysis of the Galactic e+e- annihiltaion emission
Jean et al., 2006; A&A 445, 579

3) The sky distribution of positronium annihilation continuum emission measured
with SPI/INTEGRAL        Weidenspointner et al., 2006, A&A 450, 1013

e-e+  annihilation radiation



23 May 2006 FRONTIER OBJECTS IN ASTROPHYSICS AND PARTICLE PHYSICS 5

b+ isotopes SNe, novae … Ee+ ~ 1 MeV
X-p Æ X-n + e+ + ne

p+ decay CR interactions with ISM Ee+ ~ 10-100 MeV
p + p Æ p + n + p+

 and p+ Æ m+ -> e+

e+e- pair production accretion disks & jets Ee+ ≤ 1 MeV
g + g Æ e+ + e- 
pulsar magnetosphere Ee+ ~ 1-1000 GeV
g + g Æ e+ + e- 

exotic processes e.g. dark matter, … Ee+ ~ ? MeV
dm + dm Æ e+ + e-

Origin of galactic e+ is yet unknown

Introduction :  production of e+ in the Galaxy
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Mission
Launch : 17 octobre 2002 - Proton/Baikonour
Orbit : HEO, 72 hours
Open time : 65-75 %

Instrument
Hexagonal geometry, tungsten mask (30 mm)
Field of view : 15° (33°)
Angular resolution : 2°
Detector : 19 cooled Ge (500 cm2, 70 mm)
Energy range :   20 keV - 8 MeV
Energy resolution : 500

Principal objectives
nucleosynthesis and e+e- emission
compact galactic and extragalactic objects

INTEGRAL SPI
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SPI all-sky exposure after ~ first year

107 cm2 s
1 x 107 cm2 s = 133 ks

December 10, 2004 public INTEGRAL data release
Total exposure time : 15.3 Ms after filtering (flares, end of orbits…)
Relatively uniform exposure for |l|<50o and |b|<15o.
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• maximum : 5 x 10-5 ph cm-2 s-1 at GC
• large parts of galactic plane better than 2 x 10-4 ph cm-2 s-1

• several high latitude regions better than 2 x 10-4 ph cm-2 s-1

SPI 511 keV point-source sensitivity

10-4 ph cm-2 s-1
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Background modelling : SPI's  511 keV rate

~ 5 % variations
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Background modelling : fitting the 511 keV rate

r(t) = rcont(t) + b1 + b2 x g(t) + b3 x ∫ g(t’) x exp((t’-t)/t) dt’

rcont(t) : continuum background (from adjacent energies)
r(t) : predicted 511 keV line background rate
g(t) : GEDSAT rate
t = 352 days
b1, b2, b3 : fitted coefficients (detector / orbit & detector)

rcont(t)

g(t)

∫ g(t’) x exp((t’-t)/t) dt’
constant
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Background modelling : Residuals

1 %
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Model fitting : 511 keV bulge emission morphology

Modelling with a 2d GaussianModelling with a 2d Gaussian
 l0 -0.6° ± 0.3°
 b0 +0.1° ± 0.3°
 Dl (FWHM) 8.1° ± 0.9°
 Db (FWHM) 7.2° ± 0.9°
 Db / Dl 0.89 ± 0.14
 511 keV flux 1.09 ± 0.04  (10-3 ph cm-2 s-1)
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Model fitting : Bulge/Halo models

SPI 511 keV bulge flux : (1.1-2.2) x 10-3 ph cm-2 s-1

1.17 x 10-3 ph cm-2 s-1 1.09 x 10-3 ph cm-2 s-1 

1.13 x 10-3 ph cm-2 s-1 2.15 x 10-3 ph cm-2 s-1 
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Model fitting : Bulge/Halo + Disk models

SPI flux (imaging)  (1.6-2.4) x 10-3 ph cm-2 s-1

SMM flux (wide FOV) (1.5-2.8) x 10-3 ph cm-2 s-1

1.62 x 10-3 ph cm-2 s-1 2.04 x 10-3 ph cm-2 s-1 

2.05 x 10-3 ph cm-2 s-1 2.43 x 10-3 ph cm-2 s-1 
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Model fitting : Comparison with tracer maps

Old stellar population

K+M giants XRBs

Young stellar population
(free-free, CO, cold dust)

FIRRadio NIRµ-waves V X-ray g



23 May 2006 FRONTIER OBJECTS IN ASTROPHYSICS AND PARTICLE PHYSICS 17

Model fitting : Conclusions

Bulge Halo Disk
Flux (10-3 ph cm-2 s-1) 1.05 ± 0.07 1.6 ± 0.5 0.7 ± 0.5
L511 (1043 ph s-1) 0.90 ± 0.06 1.2 ± 0.3 0.2 ± 0.1
Lp (1043 s-1)* 1.50 ± 0.10 2.0 ± 0.5 0.3 ± 0.2

* assuming fp = 0.93

The 511 keV line emission is bulge dominated :

B/D flux ratio : 1 - 3
B/D luminosity ratio : 3 - 9
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Imaging : an all-sky image of 511 keV emission

• Iteration 17 of accelerated Richardson-Lucy algorithm
• 5° x 5° boxcar smoothing
• Integrated 511 keV flux : 1.4 x 10-3 ph cm-2 s-1

Knödlseder et al. A&A, 441, Issue 2, October II  2005, pp.513-532
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Imaging : choice of iteration

Iteration 1 Exposure

Log likelihoodFlux
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Imaging : choice of iteration

Iteration 5 Exposure

Log likelihoodFlux



23 May 2006 FRONTIER OBJECTS IN ASTROPHYSICS AND PARTICLE PHYSICS 21

Imaging : choice of iteration

Iteration 10 Exposure

Log likelihoodFlux
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Imaging : choice of iteration

Iteration 17 Exposure

Log likelihoodFlux
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Imaging : choice of iteration

Iteration 25 Exposure

Log likelihoodFlux
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Imaging : choice of iteration

Iteration 40 Exposure

Log likelihoodFlux
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Imaging : choice of iteration

Iteration 70 Exposure

Log likelihoodFlux
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Imaging : choice of iteration

Iteration 100 Exposure

Log likelihoodFlux
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Direct annihilation

e+

g

g

e-

Eg = 511keVg

line

g

g g

1/4
e+

e-

e+

e-

3/4

Introduction : annihilation of e+ in the ISM

Positronium formation 
e+ + e- Æ Ps + g  or  
e+ + H Æ Ps + H+

Eg < 511keV

Ps continuum 

OrthoPs

ParaPs g
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Positron annihilation processes

 

f = (1.25 (Iline/Icont) + 0.75)-1
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Imaging : 511 keV line and Ps continuum emission

Weidenspointner et al. (2006)

Knödlseder et al. (2005)

 410–430, 447_465, and 490–500 keV
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Jean et al., 2005

c2 ~ 176.4 (d.o.f. 148)

Ps fraction : 93.5     ±0.3%

In agreement with :
93±4% Kinzer et al. 2001
94±4% Harris et al. 1998
94±6% Churazov et al. 2005

Positrons annihilate in 
warm phases

+0.3
-1.6

fi : contribution of phase i

Spectroscopy : Fit of the phase fractions
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using estimations of H2, HI & HII gas masses & distributions in
the emitting galactic bulge region (r ≤ 600 pc)

assuming  HI: 50% in Cold & 50% in WNM 
HII: 90% in WIM & 10% in hot         (Ferriere 1998)

Phase n (cm-3) Filling Factor Half-size (pc) Phase fraction
Molecular 3600 0.04% 3-30 <8%
Cold 146 0.2% ~5 <23%
Warm Neutral 1.46 18% 0.1-50 ~49%
Warm Ionized 0.77 10% 10-100 ~51%
Hot 0.009 72% 50-100 <0.5%

If e+ are uniformly distributed and annihilate without propagating

then the phase fractions = filling factors => fhot ~ 70% 
but observations yield fhot < 0.5%     => no sources in hot phase ?

  => e+ escape the hot phase ?

The fate of positrons in the bulge : gas content in the bulge

Phase n (cm-3) Filling Factor Half-size (pc) Phase fraction
Molecular 3600 0.04% 3-30 <8%
Cold 146 0.2% ~5 <23%
Warm Neutral 1.46 18% 0.1-50 ~49%
Warm Ionized 0.77 10% 10-100 ~51%
Hot 0.009 72% 50-100 <0.5%
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 if E > Eql(n,B) => e+ in resonance with Alven waves
=> quasi-linear diffusion (Dql)

 if E < Eql(n,B) => diffusion regime uncertain !!!
 collisional regime provides an upper-limit => Dcoll

di ~ √(6Dit) dmax = dql + dcoll

For 1 MeV positrons & Bbulge ~ 10 mG (Sofue et al. 1987, LaRosa et al. 2005)

Phase n (cm-3)   Half-size (pc) Eql (keV)      dql (pc)         dmax (pc) 
Molecular 3600       3-30    10-3         1.0 1.0
Cold 146        ~5    0.03         4.8     4.8
Warm Neutral 1.46      0.1-50     2.9         47.8 47.9
Warm Ionized 0.77     10-100     5.5         43.9 44.0
Hot 0.009     50-100    270         264 5600

=> 1 MeV positrons escape the hot phase 

Propagation of e+ in the bulge
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-> positrons escape (and do not annihilate in) the hot phase
-> high energy positrons (E ≥ 100 MeV) would escape the bulge=> E < 100 MeV
-> positrons with ~10 MeV would escape warm media & 

annihilate in cold gas or in molecular clouds => E < 10MeV

dmax vs Einit 

Propagation of e+ in the bulge : initial kinetic energy of e+
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Annihilation rates: (1.5±0.1) x 1043 s-1 in the bulge 
(0.3±0.2) x 1043 s-1 in the disk

Bulge to disk luminosity ratio: B/D ~ 3-9

Energy of e+ in the bulge: E < 10 MeV

How to produce ~ 2 x 1043 e+/s ?

b+ isotopes produced in stars (Colgate, 1970; Clayton, 1973)
56Co : SNe
26Al : SNII, WR
44Ti : SNII
22Na : O-Ne Novae

Cosmic-ray p + p -> p + n + p+  and p+ -> m+ -> e+ 
Compact sources Pulsars (Sturrock, 1971; Ramaty, 1978)

Black-holes (Lingenfelter & Ramaty, 1982; Rees, 1982)
Dark matter (Boehm et al., 2003)

e+ origin : observational facts
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e+ origin : constraints on the bulge source

Wolf-Rayet stars

Hypernovae / GRB

Core-collapse SNeCore-collapse SNe

Pulsars

CR interactions with ISM

Dark matter

SN Ia

Novae

HMXB

LMXB

Stellar flares

Strong disk component expected

Wolf-Rayet stars

Hypernovae / GRB

Core-collapse SNeCore-collapse SNe

Pulsars

CR interactions with ISM

HMXB

Stellar flares
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e+ origin : constraints on the disk source

511 keV1809 keV (26Al)

26Al produced in SNII/Ib & WR
26Al -> 26Mg+b++ g    (85%)

F1.8 => M26 ~ 2-3 M* => Re+ ~ 3x1042 s-1

44Ti produced in SNs
44Ti  -> 44Sc -> 44Ca + b (99%)
M44 ~  (3±1) x 10-6 M§ yr-1 (chem. evol.)
=> Re+ ~ 2 x 1042 s-1

(Morphology & esc. fraction unknown)

Obs. disk flux (4-8) x 10-4 ph cm-2 s-1

60-100%  explained by 26Al
Rest (if any) is easily explained by 44Ti

=> $ a pure bulge positron source !

Knödlseder et al., 1999
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e+ origin : constraints on the bulge source

Wolf-Rayet stars

Hypernovae / GRB

Core-collapse SNeCore-collapse SNe

Pulsars

CR interactions with ISM

Dark matter

SN Ia

Novae

HMXB

LMXB

Stellar flares

bulge positron source needed !

Wolf-Rayet stars

Hypernovae / GRB

Core-collapse SNeCore-collapse SNe

Pulsars

CR interactions with ISM

Dark matter

SN Ia

Novae

HMXB

LMXB

Stellar flares
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Galactic Rate : Re+ µ f x nSNIa x M56 

M56~ 0.6 M*  &  nSNIa~ 0.003 yr-1

-> f < 15% (Chan & Lingenfelter, 1993)
=> Re+ < 3.7 1043 s-1.

-> f ~ 5% (Milne, The & Leising, 2001)
=> Re+ ~ 1.2 1043 s-1.

Although SNeIa belong to the old population 
their distribution seems to give (B/D)SNeIa < 1

Milne, The & Leising, 2001

e+ origin :  Type 1a supernovae

Positron production processes
• 57Ni Æ 57Co (t = 52 hr, 40%)
• 56Co Æ 56Fe (t = 111 d, 19%)
• 44Sc Æ 44Ca (t = 5.4 hr (87 yr), 99%)

Yields Ch Sub-Ch
57Ni 0.01 - 0.03 0.01 - 0.03
56Co 0.4 - 1.1 0.3 - 0.9
44Sc (7-20) x 10-6 (1-4) x 10-3

Woosley 1997; Woosley & Weaver 1994 
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Thermonuclear runaway in the
enveloppe of
an accreting WD in a binary system.

22Na -> 22Ne + b+ - in ONe novae only
José, Coc & Hernanz, 2003 :
M22 ~ 6 x 10-9 M*  &  nONe ~ 10 yr-1.
 => Re+ ~ 1041 s-1

e+ origin : classical novae

Positron production processes
• 13N Æ 13C (t = 14 min, 100%)
• 18F Æ 18O (t = 2.6 hr, 97%)
• 22Na Æ 22Ne (t = 3.8 yr, 90%)
• 26Al Æ 26Mg (t = 106 yr, 85%)

Yields CO (0.8 M§) ONe (1.25 M§)
13N 2 x 10-7 4 x 10-8

18F 2 x 10-9 5 x 10-9

22Na 7 x 10-11 6 x 10-9

26Al 2 x 10-10 1 x 10-8
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e+ origin : Low-mass X-ray binaries

Positron production processes
• g + g Æ e++ e- (pair jet)
• N + N’ Æ N* Æ N + e+

Uncertainties
• Yield
• Line shape (broad versus narrow)

Grimm et al. 2002 

 Observed LMXB B/D ~ 1

Liu et al. 2000,2001 

• B/D too small ? (completeness)
• Why only LMXB and not HMXB ?
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e+e- in jets through g + g -> e+ + e- 

Positron yield from a jet not clearly known :
-> R+ ~1041 s-1 with a large uncertainty
-> E ≤ 1 MeV

Number of microquasars : NmQ ~ 100 (Paredes 2005)

(B/D)LMXB ~ 0.9 (Grimm et al. 2002)

Rbulge = NmQ(Bulge) x R+   => Rbulge ~ 5 x 1042 e+/s

Rdisk  = NmQ(Disk) x R+       => Rdisk ~ 6 x 1042 e+/s

Remark: constraint on the yield of e+ from 
microquasars, if microquasars are the source of 
bulge positrons => R+ < 4 x 1041 s-1

(Guessoum, Jean & Prantzos, 2006)

e+ origin :  LMXB/BH/Microquasar
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neutralinos : c + c -> e+ + e-

mc ~ 0.1 - 1 TeV     => c + c would produce not only e+ but also other particles
emitting HE g => not observed with EGRET

light dark matter (Boehm et al., 2003)
“Fayet” particle : f + f -> e+ + e-

mf ~ 10 - 100 MeV  =>   low energy e+ & no HE g.
distribution in the bulge only

Ascasibar & Boehm, 2004
private communication

e+ origin : dark matter
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e+ origin : and now ?
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Laue lens 

Mask monitor 

Compton monitor 

perspectives : the GRI mission for Cosmic Vision
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80 m

optics spacecraft         detector spacecraft 

LA
CT DSC

O
SC

3.8 m

perspectives : the GRI mission for Cosmic Vision
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perspectives : the GRI mission for Cosmic Vision

optics spacecraft         detector spacecraft 

LA
CT

O
SC

Emax = 900 keV
800 keV
520 keV

Erim = 160 keV

20 - 200 (600) keV
20"(1") res, 1° FOV

2 p field of view
100 keV - 5 MeV
5 year all sky survey 

DSC
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Conclusions

• The 511 keV sky is bulge / halo dominated (B/D > 3)
• Besides bulge / halo and disk, no further 511 keV emission (no PLE)
• Positrons escape the hot phase - annihilation in warm media
• Disk component can be entierly explained by b+ decay 26Al and 44Ti
• Origin of bulge component is still mysterious (LMXB, Novae, SN Ia, DM ?)

• What is the bulge / halo e+ source ?
• Has the bulge / halo e+ source a disk component ?
• Can we learn something about SN Ia / Novae distribution and types ?

• SPI observation of  nearby candidate sources (SNR, LMXB, SGR dwarf) &
• deep observations at high galactic latitudes & galactic plane

• Next Generation Instrument with one-two orders improved sensitivity :
• GRI


