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❖ I’ve been accused of being an expert on the Galactic 
Centre…this is only true to the extent that an expert is 
somebody who understands the full enormity of our ignorance 
in a particular field…
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On being an ‘expert’



❖ High dark matter density should mean that the Galactic 
Centre is one of the best places in the sky to seek indirect 
evidence of its annihilation (Bergström+97)

❖ On the other hand:

❖ There’s a lot of Galaxy between us and the GC

❖ Moreover, the Galactic Centre is a quite different 
environment to the rest of the Galaxy: astrophysical 
backgrounds are not only strong but also poorly 
understood

Preface: why is the Galactic Centre interesting?
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Fermi Collab./NASA
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❖ Researchers motivated to search for anomalous signals 
from the GC that are potential dark matter signatures 
have done remarkably well in turning up such signals

❖ But, historically, many such signals have either 
evaporated or come to be understood as likely or 
definitely astrophysical in origin… 

Galactic Centre Dark Matter(?)
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Remarkable Non-Thermal Phenomena of the GC/Inner Galaxy:

❖ (Quasi) point-like GeV and TeV γ-ray source coincident with Sgr A*

❖ Extended (few degrees) GeV & TeV emission

❖ Non-Thermal Radio (and X-ray) Filaments (NTFs)

❖ 130 GeV ‘line’

❖ ~GeV γ-ray spectral bump ‘GC Excess’

❖ 511 keV positron annihilation line

❖ Non-thermal microwave ‘haze’

❖ Fermi Bubbles
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Gamma-ray source 
coincident with Sgr A*

• Detected by Fermi (~GeV) and HESS, MAGIC, 
VERITAS (~TeV)

• Steady, point-like source for HESS; may be slightly 
extended for Fermi

• Fermi and HESS spectra off-set from each other; 
neither is featureless:

• Fermi spectrum exhibits a bump at few GeV

• HESS spectrum cut-off above few 10s TeV
HESS TeV (Aharonian et al 

2006)

140 pc
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Herschel SPIRE 250 μm 
(Molinari et al. 2011)

HESS TeV (Aharonian et al 
2006)
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Herschel SPIRE 250 μm 
(Molinari et al. 2011)

Yusef-Zadeh+2004, 1.4 GHz
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GC Excess

20
credit: http://beforeitsnews.com/
Hooper et al.



Remarkable Non-Thermal Phenomena of the GC/Inner Galaxy:

❖ (Quasi) point-like GeV and TeV γ-ray source coincident with Sgr A*

❖ Extended (few degrees) GeV & TeV emission

❖ Non-Thermal Radio (and X-ray) Filaments (NTFs)

❖ 130 GeV ‘line’

❖ ~GeV γ-ray spectral bump ‘GC Excess’

❖ 511 keV positron annihilation line

❖ Non-thermal microwave ‘haze’

❖ Fermi Bubbles

21

sm
all scales  ⟶

LA
R

G
E SC

A
LES



Bulge Positron Problem
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credit: Weidenspointner et al. 2008
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The Galactic Centre

❖ In very general terms, the GC is a peculiar and 
remarkable environment within the Galaxy

❖ We should therefore exercise great caution in 
‘normalising’ our expectations for its astrophysical 
signals via observations performed locally

❖ Astrophysical models (e.g., for cosmic ray transport) 
that treat the Galaxy in the mean will not get the GC 
right
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❖ Spectral windows: we can observe the GC at radio, sub-
millimeter, infrared, X-ray and γ-ray wavelengths

❖ A lot of our information about the GC is from non-
thermal emission 

26

Our view of the GC
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http://www-zeuthen.desy.de/astro-workshop/vortraege/donnerstag/puehlhofer_zeuthen.pdf

(Spectral Energy Distribution)

GC suffers 30 
magnitudes visual 
extinction, 
nH ~ 1023 cm-2



Given all this, what do we actually 
know about the Galactic Centre?



It certainly contains dark matter: there is a 4 Million 
Solar Mass chunk at the Galaxy’s dynamical 
centre…the Milky Way’s supermassive black hole

ESO
29

ESO



A Quiescent (?) Giant

30

❖ SMBH itself exhibits remarkably little activity across the 
EM spectrum 

❖ In contrast, we know that for some external galaxies, 
energy liberated in accretion on to a SMBH can 
‘feedback’ to have an influence on galactic or even 
galaxy cluster scales

❖ In fact, there are huge structures emanating from the 
nucleus
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Fermi Bubbles
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Su, Slatyer and Finkbeiner 2010 (ApJ)



WMAP Haze
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Su, Slatyer and Finkbeiner 2010 (ApJ)Dobler (2012)



The S-PASS Lobes

Linearly polarised intensity at 2.3 GHz Jy/beam, beam size of 10.75’
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60￮

Fermi Bubble edge

polarization fraction: 25-30%

⇒ 8 kpc 

Ettore Carretti, Roland M. Crocker, Lister Staveley-Smith, Marijke Haverkorn, Cormac Purcell, B. M. Gaensler, Gianni Bernardi, Michael J. Kesteven & Sergio Poppi 

Nature 2013



So can we conclude that the SMBH 
was active in the last few Myr?

Not necessarily: The SMBH is surrounded 
by a region hosting intense star formation of 

sufficient intensity to also be capable of 
powering these structures



Fermi Bubbles = nuclear starburst with outflowing winds?

e.g. M82 



The SMBH is surrounded by a region hosting intense star formation

❖ Any process that causes disk matter to lose angular 
momentum sends it inwards; the GC is always accreting 
gas (at some level)

❖ In particular, the non-axisymmetric bar potential 
torques gas inwards

❖ 5-10% of the Galaxy’s H2 is located in the GC…and a 
similar fraction of all Galactic star formation

37

Why?



Central Molecular Zone

❖ Much of the GC’s H2 is located in a ~30 million 
solar mass torus of gas 

❖ The torus hosts on-going, intensive, localized star-
formation 

❖ This star formation activity produces a highly 
energised interstellar medium

38



An Extreme ISM in GC...

• SFR surface density over CMZ ≳ 3 orders of magnitude
larger than mean in disk (∂tΣ∗~ 2 M⊙ yr-1 kpc-2) and 
sustained

• The SF activity (stellar winds, supernovae) sustains an 
energy density in the different GC Interstellar Medium 
(ISM) phases about 2 orders of magnitude larger than 
typically found in the local ISM

GC: UB ~ Uturb ~ Uplasma ~ UISRF ~ 100 eV cm-3

local: UB ~ Uturb ~ Uplasma ~ UISRF ~ 1 eV cm-3

39



Fermi Collab./NASA

Where is the Galactic Centre?



Central Molecular Zone

❖ The nuclear star formation activity is also easily 
intense enough to launch a nuclear wind
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HESS TeV (Aharonian et 
al 2006)

2.7 GHz radio data 
(unsharp mask, 9.4`)

Pohl, Reich & Schlickeiser 
1992

140 pc



A Few More Words on the Origin of Galactic Positrons

43
credit: Weidenspointner et al. 2008



Galactic, low-energy positron population

❖ Existence of low energy, trans-relativistic positron (e+) 
population demonstrated by annihilation radiation 
from the Inner Galaxy 

❖ [Not to be confused with the directly-detected local 
cosmic ray positron population]

❖ ~5 x 1043 e+/s annihilate in the Galaxy (Siegert et al. 
2016)                …where do they come from?
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Positron Annihilation Observations

❖ Depending on ISM conditions, positrons annihilate in 
flight or form a positronium atom and then annihilate
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Positron Annihilation Observations

❖ Continuum gamma-rays below 511 keV and 511 keV 
line widths inform us that most (~100%) of positrons 
annihilate through the formation of positronium

❖ Positron annihilation is tracing the moderately warm 
and partly ionised interstellar gas:
T ≈ 8000 K, nH ≈ 0.1-0.3, xion ≈ 0.05-0.2 (Siegert et al. 2016)
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slide credit: 
Thomas Siegert Positron Annihilation Observations

Diffuse, Galactic positron annihilation signal detected for more than 40 years, first with balloon



Positron Annihilation Observations

❖ Central mystery: very large positron luminosity ratio 
bulge:disk (B/D)…not seen at any other wavelength

❖ bulge/disk positron luminosity: 

B/D ~ 0.4

> Star Formation Rate[bulge]/SFR[disk] ~ 0.1

48



large B/D

❖ Large B/D prompted theories of “special source” in the inner Galaxy:

❖ Super-Massive Black Hole? 

❖ need process to transport positrons from nucleus out to scale of bulge; 
diffusion does not work (Martin et al. 2012)

❖ Dark Matter (Boehm et al. 2004)?

❖ difficult given positron injection energy constraint from continuum gamma-
rays (Aharonian & Atoyan 1983; Becom, Bell & Bertone 2005; Beacom & 
Yuksel 2006): Te+ ≲ 3 MeV

❖ same constraint tends to rule out compact sources like pulsars

❖ on the other hand, perfectly consistent with e+ from 𝛽+ decay of radionuclides 
synthesised in stars and/or supernovae…
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Recent Discovery 
(Siegert et al. 2016):

❖ Detection (>5σ) of separate positron source in 
Galactic nucleus

❖ Poor angular resolution of INTEGRAL SPI (~3∘) 
means that we do not know whether this source is 

❖ truly the super-massive black hole or

❖ the Nuclear Bulge/Central Molecular Zone region 
of ~300 pc width surrounding the SMBH
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New situation after publication of Siegert et al. 2016:

❖ Note that a stellar positron source connected to OLD 
stars could explain entirety of gross, Galactic positron 
injection morphology because

❖ B/D ≃ (0.42±0.09) 

≃Mass[bulge]/Mass[disk]

❖ NB/B ≃ (0.083±0.021) 

≃Mass[nuclear bulge]/Mass[bulge] ≃ 0.09

51…but exactly how old would stellar positron sources need to be?



Galactic Star Formation History
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How old does a stellar positron source need to be?

6 Gyr

model = obs

Log[tp/yr]

model = 10 x obs



How old does a stellar positron source need to be?

6 Gyr

model = obs

Log[tp/yr]

model = 10 x obs

300 Myr - 1 Gyr delay 
time of ‘ordinary’
SNIa measured 

in external  galaxies

𝛕 S
N

Ia



What are these events?

❖ Our answer: ‘SN1991bg-like’ supernovae

❖ These are sub-luminous Type Ia (thermonuclear) 
supernovae that occur in old stellar populations

❖ 15% of SNIa in all galaxies

❖ Direct, spectroscopic evidence they synthesise Ti

❖ Frequency seems to be increasing with cosmic time as 
required by our analysis
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Summary

❖ Our main GC background: the unknown
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Questions?
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Extra Slides
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purple: 20 cm radio 
continuum
orange: 1.1 mm (cold dust)

cyan: IR (PAHs)

Image courtesy of NRAO/AUI

pulsar wind nebula

NTF
radio arc

HII (thermal brems)

Sgr A complex

Bright radio point source “Sgr A*” 
first identified in the 1970s and 
coincident with dynamical centre of 
Galaxy. Variable over tens of days. 

The GC is a complicated region



slide credit: Thom
as Siegert

New observational situation following Siegert+2016 results:



Galactic Star Formation History
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How old does a stellar positron source need to be?

6 Gyr

model = obs

Log[tp/yr]

model = 10 x obs



What else do we know?
• Positron injection energy constraint: perfectly consistent with 

e+ from 𝛽+ decay of radionuclides.

• Astrophysically-relevant radionuclides: 26Al, 56Ni, 44Ti

• 26Al: associated 1.8 MeV 𝛾-ray line; line flux normalises 26Al 
positrons to ~10% of MW positron luminosity; wrong 
morphology

• 56Ni: traditionally considered most favourable candidate as 
copiously produced in Type Ia supernovae BUT …

• SNIa happen at too short a delay time to explain morphology

Plüschke et al. 2011



Another problem for 56Ni positrons from SNIa 

❖
56Ni ⟶ 56Co ⟶ 56Fe ~80 day decay time: positron 
trapping in SN ejecta

❖ Late-time pseudo-bolometric light curves of SNIa 
indicate complete trapping: vast majority of positrons 
from SNIa 56Ni never reach the ISM

64



…Trapping not a problem for 44Ti:

❖
44Ti ⟶ 44Sc ⟶ 44Ca ~70 YEAR decay time: supernova 
positrons can reach ISM

❖ BUT also 𝛾-ray and X-ray line associated with this decay 
chain and measured total luminosity of 44Ti sky lines too 
small to account for Galactic positron injection rate

❖ Moreover, daughter nucleus 44Ca measured in solar 
system material; inferred production rate too small to 
account for Galactic positron injection rate
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Is 44Ti ruled out?
• NO! What is required to evade these problems is that:

• 44Ti-producing events are more common today than in the period 
leading up to the formation of the solar system 4.55 Gyr ago; 
naturally occurs if the stellar sources of 44Ti have a ~6 Gyr delay time

• the events are rare, separated by a typical 

twait > few x tdecay ~ 300 year

so we do not expect to see strong 44Ti lines in sky. Note that the e+ 
themalize over 105-106 year (e.g. Churazov 2011) so, even if the 44Ti lines 
are not steady, the 44Ti positron annihilation flux can be steady

• …but each event must produce large mass of 44Ti, ~0.03 M⦿



Galactic Star Formation History
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Is 44Ti ruled out?
• NO! What is required to evade these problems is that:

• 44Ti-producing events are more common today than in the period 
leading up to the formation of the solar system 4.55 Gyr ago; 
naturally occurs if the stellar sources of 44Ti have a ~6 Gyr delay time

• the events are rare, separated by a typical 

twait > few x tdecay ~ 300 year

so we do not expect to see strong 44Ti lines in sky. Note that the e+ 
themalize over 105-106 year (e.g. Churazov 2011) so, even if the 44Ti lines 
are not steady, the 44Ti positron annihilation flux can be steady

• …but each event must produce large mass of 44Ti, 0.02-0.03 M⦿



A Galactic 44Ti source that…

❖ …occurs every ≳300 years

❖ …synthesises 0.02-0.03 M⦿ of 44Ti

❖ …happens at a delay time of ~6 Gyr post star formation

would:

❖ explain the absolute positron luminosity of the Galaxy

❖ explain the 44Ca abundance in pre-solar material

❖ explain the bulge to disk positron luminosity ratio

❖ explain the nuclear bulge to bulge positron luminosity ratio
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How old does a stellar positron source need to be?

6 Gyr

model = obs

Log[tp/yr]

model = 10 x obs



What could such a source be?

❖ Relatively large 44Ti mass requires a helium detonation; 
requires assembly large He mass at correct density 
(~105-106 g/cm3)

❖ Mergers of low mass white dwarf binaries can achieve 
this

❖ CO-WD/He-WD mergers occur at ~3-6 Gyr in our 
binary population synthesis model (StarTrack; 
Belczynski+); this is the time scale required by positron 
phenomenology
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CO-He white dwarf binaries merge at 3-6 Gyr

model = obs

Log[tp/yr]

model = 10 x obs
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What are these events?

❖ Our answer: ‘SN1991bg-like’ supernovae

❖ These are sub-luminous Type Ia (thermonuclear) 
supernovae that occur in old stellar populations

❖ 30% of SNIa in elliptical galaxies

❖ 15% of SNIa in all galaxies

❖ Direct, spectroscopic evidence they synthesise Ti

❖ Frequency seems to be increasing with cosmic time as 
required by our analysis
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Connection to the Galactic Centre Excess?

❖ The bulge positron annihilation signal emerges from the SAME REGION and 
implies the SAME ENERGETICS as the ‘GC Excess’ ~GeV 𝛾-ray signal…are 
they connected?

❖ Maybe: 

❖ The GC Excess spectrum resembles that from pulsars or millisecond pulsars

❖ Binary WD systems can produce millisecond pulsars directly through 
‘Accretion Induced Collapse’ of ONeMg WDs accreting from companions

❖ Our binary population synthesis model produces the right number of MSPs 
to explain the GC Excess signal

❖ The great age of the bulge stars explains why the luminosity function of the 
MSPs is systematically dimmer than local MSPs as demanded by 
observations
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❖ direct (in)detection

❖ indirect (in)detection

❖ The Galactic Centre: the location in the Galaxy where 
good astro- (and particle?)  physicists go off to die
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❖ I’ve been accused of being an expert on the Galactic 
Centre…this is only true to the extent that an expert is 
somebody who understands the full enormity of our 
ignorance in a particular field…

❖ The Galactic Centre: the location in the Galaxy where 
good astro- (and particle?)  physicists go off to die
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On being an ‘expert’



Fermi Bubbles: Two Interlocking Questions

❖ Q1. What energizes the outflow?

SMBH at Sgr A* 

OR

nuclear star formation
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Energetics

❖ The (photon) Eddington luminosity of Sgr A* (4 x 106 MSun): 5 x 1044

erg/s          

❖ Star formation in the Galactic Centre at a rate ~0.08 MSun/yr                            
(Crocker at al. 2011) …the Galactic Centre is not a Starburst

❖ This injects mechanical power (supernova explosions, stellar winds) of 

Pmech ~ 0.08 MSun/yr x 1 SN/(90 MSun) x 1051 erg/SN 

= 3 x 1040 erg/s               

78

⇒EXPLOSION

⇒SLOW INFLATION



Fermi Bubbles: Two Interlocking Questions

❖ Q2. What is the radiation mechanism?

‘leptonic’: Cosmic ray electrons/Inverse Compton 
emission 

OR

‘hadronic’: Cosmic ray protons/gas collisions
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WMAP Haze
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Su, Slatyer and Finkbeiner 2010 (ApJ)Dobler (2012)



Fermi Bubbles

❖ 2 x 1037 erg/s [1-100 GeV]

❖ hard spectrum, but spectral down-break below ~ GeV in SED, 
cut-off (?) ~100 GeV

❖ uniform projected intensity

❖ sharp edges

❖ vast extension: ~7 kpc from plane

❖ ≳ few 1055 erg

❖ coincident emission at other wavelengths
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Points for/against AGN/IC scenarios
❖ PRO: single electron population can explain both the Bubbles’ gamma-ray emission (as IC) and the 

microwave haze (as synchrotron)

❖ PRO: Hα measurements suggest a hard UV “flash” may have irradiated the Magellanic Stream above 
the nucleus 1-3 Myr ago (Bland-Hawthorn et al. 2013) [but the Hα emission might also be explained by 
shocks: Bland-Hawthorn et al. 2007]

❖ CON: we are required to be seeing the Bubbles at a privileged time

❖ CON: Lack of a bright/hot X-ray edge suggests that Bubbles are expanding, at most, at the sound speed 
300 km/s (Tahara et al. 2015, Karaoke et al. 2015)

❖ CON: Steep-spectrum polarized radio lobes coincident with Bubbles imply an electron population with 
age > 30 Myr

❖ CON: Difficult to understand why gamma-ray spectrum does not evolve strongly (may even harden) 
with latitude in an IC model

❖ CON: haze cuts off while gamma-rays continue to high lat — claimed as a result of magnetic field 
effects but there is no obvious magnetic field structure where haze cuts off in 2.3 GHz polarisation maps

❖ How to explain geometry of windings?

❖ Why do RC structures feed down to objects other than Sgr A*?
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Points for/against SF/hadronic scenarios

❖ PRO: Bubbles’ gamma-ray luminosity requires a source 
of protons of power ~1039 erg/s in saturation…this is 
the approximate power supplied by nuclear SF to cosmic 
rays that escape the GC 

❖ CON: Secondary electrons can supply microwave 
synchrotron radiation but predict a too-steep spectrum 
to explain the haze

❖ CON: Structures have to maintain coherence for very 
long timescales
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Herschel SPIRE 250 μm 
(Molinari et al. 2011)

Ring collimates outflow -
outflow ablates cold gas

HESS TeV (Aharonian et al 
2006)

‘CMZ’ :   ~5% Galaxy’s
(massive) star formation

~300 pc
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Herschel SPIRE 250 μm 
(Molinari et al. 2011)

‘CMZ’ :   ~5% Galaxy’s
(massive) star formation

100 pc
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CentralArches

Quintuplet

Morris 2008

Gal. plane

HST P-alpha image by 
Q.D. Wang

Pistol star

Complex overlay of
thermal and non-thermal
emission



slide credit: 
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Diffuse, Galactic positron annihilation signal detected for more than 40 years, first with balloon



slide credit: Thomas Siegert

Formation of Positronium Atom (Ps):

Annihilation in Flight (AiF):

Gamma Rays from Positron Annihilation



Source Age More Quantitatively with 
Delay Time Distribution

Childress et al.
2015

tp: ‘delay time’

rate of transient 
event ‘X’

star formation
history



Summary

❖Siegert et al have changed the empirical situation with respect to Galactic positron 
annihilation:

❖The Galactic disk is a brighter positron source than previously reckoned;    

B/D positron luminosity ratio ~ B/D stellar mass ratio

❖The nucleus has now been detected as a separate positron source

❖Generically, this phenomenology can be explained with a positron source connected to 
old stars in the Galaxy

❖A single type of transient event – SN1991bg-like supernovae – can supply the requisite 
number of positrons in the correct distribution to explain the origin of most Galactic 
antimatter

❖This scenario is multiply constrained, and also suffices to explain the anomalous 
abundance of 44Ca, the decay product of the 44Ti that births the Galactic positrons, in pre-
solar grains
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slide credit: Fiona Panther

COWD-HeWD merger leading to He detonation


