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Part 0: Preliminaries



Energy Scales
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Continuum Emission  
Processes from Cosmic Rays
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Inverse Compton Scattering
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‘Hadronic’ emission:

pp ➝ stuff
pγ ➝ stuff



pp ➞ Pion Decay ➞ secondaries
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Part I: Cosmic Rays: 
What are they good for?
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…the beginnings of astroparticle physics



• Q: What are they?

• A: non-thermal, charged particle populations; 
dominantly protons and heavier ions and electrons

• low energy CRs accelerated in the Sun

• Sun’s magnetic activity affects flux we detect

!16

Cosmic Rays: 
What are they good for?
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Cosmic Ray Spectrum: Features

❖ Almost featureless (slightly broken) POWER LAW ~E-2.7 
over 10+ decades in energy / 33+ decades in flux 

❖ Low energy turn-over: solar modulation

❖ Knee

❖ Ankle

❖ High energy turn-over: GZK “cut-off” (?)
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Spallation/Confinement:  
Energy-dependence of 2ndary/primary CR nuclei 

❖ Abundance ratio: B/C ∝ E-0.6

❖ Observed spectrum:

❖   φ(E) = dN/dE ∝ E-2.7

❖ Interpretation:

❖ Propagation depends on E

❖  Confinement time: τ(E) ∝ E-0.6…but why this exponent? Expect ∝ 
E-0.3 (for Kolmogorov spectrum of turbulence)

❖ Implication: Injection spectrum Q(E) ∝ E-2.1 …this is consonant with 
expectations for astrophysical shock acceleration

!19
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E3-Weighted Cosmic Ray 
Spectrum 



G
. S

ig
l, 

ht
tp

://
w

w
w

.ia
p.

fr/
us

er
s/

si
gl

/h
om

ep
ag

e.
ht

m
l

direct 
measurement

Super 1020 eV 
(1 particle per km2-century-sr)

Air showers

The Cosmic Ray Spectrum at Earth

http://www.iap.fr/users/sigl/homepage.html


G
. S

ig
l, 

ht
tp

://
w

w
w

.ia
p.

fr/
us

er
s/

si
gl

/h
om

ep
ag

e.
ht

m
l

direct 
measurement

Super 1020 eV 
(1 particle per km2-century-sr)

Air showers

The Cosmic Ray Spectrum at Earth

http://www.iap.fr/users/sigl/homepage.html


G
. S

ig
l, 

ht
tp

://
w

w
w

.ia
p.

fr/
us

er
s/

si
gl

/h
om

ep
ag

e.
ht

m
l

direct 
measurement

Super 1020 eV 
(1 particle per km2-century-sr)

Air showers

The Cosmic Ray Spectrum at Earth

http://www.iap.fr/users/sigl/homepage.html


G
. S

ig
l, 

ht
tp

://
w

w
w

.ia
p.

fr/
us

er
s/

si
gl

/h
om

ep
ag

e.
ht

m
l

direct 
measurement

Super 1020 eV 
(1 particle per km2-century-sr)

Air showers

The Cosmic Ray Spectrum at Earth

http://www.iap.fr/users/sigl/homepage.html


G
. S

ig
l, 

ht
tp

://
w

w
w

.ia
p.

fr/
us

er
s/

si
gl

/h
om

ep
ag

e.
ht

m
l

direct 
measurement

Super 1020 eV 
(1 particle per km2-century-sr)

Air showers

The Cosmic Ray Spectrum at Earth

http://www.iap.fr/users/sigl/homepage.html


G
. S

ig
l, 

ht
tp

://
w

w
w

.ia
p.

fr/
us

er
s/

si
gl

/h
om

ep
ag

e.
ht

m
l

direct 
measurement

Super 1020 eV 
(1 particle per km2-century-sr)

Air showers

The Cosmic Ray Spectrum at Earth

http://www.iap.fr/users/sigl/homepage.html


!25

The Cosmic Ray Air Shower



Why are CRs of astrophysical interest?
• provide energy density/pressure equivalent to other ISM phases

⇒ help to support the scale height of the gaseous disk

• dominate heating and ionisation of H2

⇒ maintain temp of H2 and ensure it is coupled to magnetic 
fields

⇒ affects star formation

• probably help to launch galactic outflows

• mutagenic effect on terrestrial life

!26



Aside: particles first discovered in/as comic rays:

• Positron – 1932 by Anderson (shared 1936 Nobel Prize with 
Victor Hess)

• Muon – 1936 by Anderson and Nedermeyer
• Pion – 1947 by Powell and co-workers (Nobel Prize 1950)
• Kaon – 1947 by Rochester and Butler
• CRs interaction are even today detected at centre-of-mass 

energies (up to ~PeV) many orders of magnitude higher 
than available in collider experiments (LHC: ~14 TeV)

!27



• Cosmic rays can be measured locally and their presence 
throughout the Galactic disk can be inferred from its 
gamma-ray emission 

• Similarly, we know from gamma-ray observations that 
there are diffuse cosmic ray populations suffusing the 
disks of external galaxies (local group, nearby 
starbursts)

!28

Cosmic Rays: 
What are they good for?



The Galactic Plane as seen by Fermi



http://www-zeuthen.desy.de/astro-workshop/vortraege/donnerstag/puehlhofer_zeuthen.pdf

(Spectral Energy Distribution)

radio IR visible X-ray gamma-raymicrowave

http://www-zeuthen.desy.de/astro-workshop/vortraege/donnerstag/puehlhofer_zeuthen.pdf
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‘Far Infrared-Radio Continuum Correlation’
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Sidebar: origin of FIR-RC?

❖ correlation between FRC and RC ultimately tied back to 
massive star formation (Voelk 1989)

❖ massive stars → UV → (dust) → IR

❖ massive stars → supernovae → SNRs → acceleration of 
CR e’s → (B field) → synchrotron

!33



FIR-γ-ray Correlation?

❖ SNR accelerate CR p’s (and heavier ions)

❖ there should exist a global scaling b/w FIR and gamma-
ray emission from region (Thompson et al. 2007): LGeV 
~ 10-5 LTIR (assuming 1050 erg per SN in CRs)

!34



Martin, Fermi collab



• Because CRs are charged, they respond to ISM magnetic 
fields 

⇒ we cannot do CR astronomy (except maybe at 
highest energies)

• Scatter most strongly on magnetic field inhomogeneities 
of same scale as their gyro radius

⇒ CRs execute a random walk through turbulent ISM 
magnetic field structure

!36

Cosmic Rays: 
What are they good for?



‘Gyroradius’ = ‘Larmor Radius’
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• Q: Where do they come from?

• A: accelerated in astrophysical shocks (1st order Fermi 
acceleration in converging flows), primarily shocks from 
SN explosions (also stellar winds, etc, also 2nd order 
acceleration on ISM turbulence)

!38

Cosmic Rays: 
What are they good for?
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Fermi-I



• Energetic match to power available from SNe

• LCR ~ 10-3 Llight

• Q: why energy density in different ISM components ~the same?:

            uCR ~ uISRF ~ uturb ~ utherm ~ 1 eV cm-3  

❖ A: because long CR escape/energy loss times, >107 years

❖ uCR ~ LCR t/VCR

❖ tCR ~ Min[tesc,tloss]

❖ tesc ~ 0.1 tloss in MW 

❖ LCR ~ SFR/(100 MSun/CCSN) x 0.1 

 ~ 3x1040 erg/s

!41

Cosmic Rays:



• VCR ~ 2 Pi 2 kpc (8 kpc)2 ~ 2 1067 cm3

• uCR ~ LCR t/VCR

              ~3 1040 erg/s  3 107 year/(2 1067 cm3)

         ~1.5 eV cm-3

!42

Cosmic Rays:



❖ CR transport in Gal disk = random walk

❖ CRs effectively diffuse with λCR~pc scattering length

❖ As CRs scatter on B field they exchange momentum 
with the B field

⇒ they exert an effective pressure to the gas into 
which the B field is “frozen in”

!43

Cosmic Rays:



❖ Can make sense of the analogue of an “Eddington limit” in CRs 
(Socrates et al. 2008)

❖ Momentum flux imparted by CRs, dot{P}CR,  can be significantly 
enhanced because of the large effective optical depth they 
experience

❖ dot{P}CR ~ 𝛕CR LCR    ;    𝛕CR : cosmic ray optical depth

❖ 𝛕CR ~ R/λCR ~ 100 pc/10 pc ~ 103 ; 

                                          [λCR : N.B. CR mean free path λCR ≫ rgyro]

⇒ dot{P}CR ~ 103 x 10-3 Llight ~ Llight

!44

Cosmic Rays:



Cosmic Rays:

❖ CRs effectively behave as a relativistic fluid with 
adiabatic index 𝛾 = 4/3

❖ adiabatic losses are smaller than for non-rel fluid in an 
expanding outflow

⇒ CRs become progressively more important the 
more a wind expands 

!45



Where do UHE CRs come from? 
'Hillas Criterion’

❖ in any accelerator where the cosmic rays are 
magnetically confined by a field of characteristic 
amplitude B, their gyro- radius has to be smaller than 
the size of the system L: 

❖ i.e., rgyro < L ⇒ E < Z e c B L (very generous upper limit

❖ More realistically: c → v  , where v is a characteristic 
velocity

❖ E < Z e v B L 

!46





Part II: The Galactic Centre:



❖ 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 for (e.g.) a particle 
physicist?
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Pieri+ arXiv:0908.0195 

> 3 GeV
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Fermi Collab./NASA
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❖ Dark matter motivated searches for anomalous signals 
from the GC 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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However: the GC certainly does contain dark matter: there 
is a 4 Million Solar Mass chunk at the Galaxy’s dynamical 
centre…the Milky Way’s supermassive black hole
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However: the GC certainly does contain dark matter: there 
is a 4 Million Solar Mass chunk at the Galaxy’s dynamical 
centre…the Milky Way’s supermassive black hole

ESO
 65

ESO

This region might be a 
good place to search  
for ‘real’ dark matter



In summary…

❖ The GC remains perhaps the best-motivated place in the 
sky to search for indirect dark matter signals

❖ But in astrophysical terms, the GC is also a peculiar and 
remarkable environment within the Galaxy

❖ To best constrain dark matter, we need to understand 
the astrophysical foregrounds very well
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Part III: The Galactic Centre: 
Non-thermal and High Energy Astrophysics







8 kpc
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Our view of the GC

❖ 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 

❖ With adaptive NIR optics can image individual massive 
stars in the Galactic centre

!71



http://www-zeuthen.desy.de/astro-workshop/vortraege/donnerstag/puehlhofer_zeuthen.pdf

(Spectral Energy Distribution)

http://www-zeuthen.desy.de/astro-workshop/vortraege/donnerstag/puehlhofer_zeuthen.pdf


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

http://www-zeuthen.desy.de/astro-workshop/vortraege/donnerstag/puehlhofer_zeuthen.pdf
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The GC is privileged...

❖ 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

!74
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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 seems to be a small version of the nuclear star 
forming rings seen in other barred spiral galaxies

❖ GC hosts ~5-10% of Galaxy’s massive star formation 
→ important to Galactic star formation ecology
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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
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Non-Thermal Galactic Centre



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
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Credit: HESS Collab                                                CS contours from Tsuboi et al. (1999)



Cosmic Ray Transport on ~100 pc scales in the GC

❖ Both transport and cooling processes affect the steady-state 
distributions of non-thermal particles

❖ In the disk, diffusive escape of cosmic ray ions steepens the 
steady state population because higher energy particles scatter 
less and escape the disk more quickly

❖ In the GC, the star-formation intensity is sufficient to drive a 
large-scale outflow akin to a (low power) nuclear star-burst wind

❖ This wind advects most non-thermal particles before they can 
lose their energy radiatively
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Cosmic Ray Transport in the GC

❖ Hard spectrum of in-situ electron and proton population 
→ transport is advective not diffusive, i.e. via a wind 

❖ there is much prior evidence for such a wind
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Herschel SPIRE 250 μm 
(Molinari et al. 2011)

HESS TeV (Aharonian et al 2006)

2.7 GHz radio data (unsharp 
mask, 9.4`)

Pohl, Reich & Schlickeiser 1992

Ring collimates outflow - 
outflow ablates cold gas



…so, what is the fate of the advected 
cosmic rays?



Much Wider Scales 



Fermi Bubbles
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Su, Slatyer and Finkbeiner 2010 (ApJ)



Slide credit: D. Pietrobon & K.M. Gorski
Planck Collab.



Fermi Bubbles

❖ 2 x 1037 erg/s [1-100 GeV]

❖ hard spectrum, but spectral down-break below ~ GeV in SED

❖ uniform intensity

❖ sharp edges

❖ coincident emission at other wavelengths

❖ vast extension: ~7 kpc from plane

❖ ≳ few 1055 erg
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Fermi Bubbles: Two Interlocking Questions

1. What is the radiation mechanism?

Cosmic ray electrons/Inverse Compton emission 

OR Cosmic ray protons/gas collisions

2.  What energizes the outflow?

Recent Seyfert-like activity of Sgr A*

OR Nuclear star formation OR tidal disruption of 
stars by SMBH OR dark matter OR …. 
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S-PASS Survey
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2.3 GHz RC polarization survey of southern sky with 
Parkes 64-m single disk, 184 MHz BW
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2.3 GHz RC polarization survey of southern sky with 
Parkes 64-m single disk, 184 MHz BW

‘The Dish’, 55 years old
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Jy/beam, beam size of 10.75’

The ‘S-PASS Lobes’

60￮ 

Fermi Bubble edge

polarization fraction: 25-30%

⇒ 8 kpc 

Carretti et al. Nature 2013



Part III: The Galactic Centre: 
Two Persistent High Energy Anomalies



Two intriguing, high-energy signals from the Inner Galaxy:

❖ Galactic Centre Excess ‘GCE’ ~few GeV gamma-ray 
signal 

❖ Galactic positron annihilation radiation
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Galactic Centre Excess
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Hooper+ 2009, 2011, 
Fermi Collab, 

~100 other papers
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Galactic'Center'Excess'(GCE)
From%the%Galactic%Center

Goodenough &'Hooper'(2009)
Vitale'&'Morselli (2009)
Hooper'&'Goodenough (2011)
Hooper'&'Linden'(2011)
Boyarsky et'al'(2011)
Abazajian &'Kaplinghat (2012)
Gordon'&'Macias'(2013)
Hooper'&'Slatyer (2013)
Huang'et'al'(2013)
Macias'&'Gordon'(2014)
Abazajian et'al'(2014,'2015)
Calore et'al'(2014)
Zhou'et'al'(2014)
Daylan et'al'(2014)
Selig'et'al'(2015)
Huang'et'al'(2015)
Gaggero et'al'(2015)
Carlson'et'al'(2015,'2016)
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Horiuchi'et'al'(2016)
Lee'et'al'(2016)
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Linden'et'al'(2016)
Ackermann'et'al'(2017)
Ajello et'al'(2017)'
Macias'et'al'(2017)
Bartels'et'al'(2017)
…

out%to%mid2latitudes

Fermi'(2017)

4

Method
Found'by'morphological'template'fitting

Shunsaku'Horiuchi'(Virginia'Tech)

(not'a'complete'list)

slide credit:
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500+ particle theory papers



Modeling)strategy:)template)fitting

5

Data

=

Known*sources

Galactic*diffuse*emission

+

New*sources,*e.g.,*dark*matter

+

Shunsaku*Horiuchi*(Virginia*Tech)

slide credit:
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Dark%Matter

11

Dark%matter%can%explain%the%observations
Annihilation*of*thermally*produced*WIMPs*
explains*the*spectrum*and*morphology*
well

Calore et%al%(2014)Shunsaku*Horiuchi*(Virginia*Tech)

Daylan et%al%(2016)

spectrum

morphology

sphericity

Daylan et%al%(2016)

! =*1.3

~1.5*kpc

slide credit:



Three points about the GCE

❖ The signal is spectrally similar to that detected from 
pulsars and millisecond pulsars (MSPs)

❖ Photon count statistics suggest sub-threshold point 
sources are contributing ~100% of the signal

❖ GCE is spatially correlated with old stellar population 
of the Inner Galaxy
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Spectral)similarity)with)millisecond)pulsars

13

Millisecond*pulsars
• Millisecond,pulsars,are,gamma3ray,

sources,with,similar,spectra,to,the,GCE.,
• O(5,000),needed,in,the,Galactic,Center

Shunsaku,Horiuchi,(Virginia,Tech)

Globular,
clusters
detected,in,
gamma,rays

Abazajian (2011)

Fermi)(2010)

Gem
inga

GCE

Omega*Cen
NGC*6388

M*28

slide credit:
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point&source&vs diffuse&source

Shunsaku(Horiuchi((Virginia(Tech) 14

vs

Lee&et&al&(2016)

slide credit:
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(~2/3%of%local%galaxies%show%a%bar%in%the%IR)

The$Galactic$Bulge

Shunsaku%Horiuchi%(Virginia%Tech) 21

~1/3%mass%of%the%Galaxy%and%very%old%(>%8%Gyrs)

Bland0Hawthorn$&$Gerhard$(2017)

Top%down
Sun

The$boxy$bulge:
rectangle,%not%symmetric

Side%view

Nishiyama et$al$(2013)$

Nuclear$Bulge: central%stellar%cluster%+%disk

slide credit:
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Bulge&preferred&over&spherical&symmetry

Shunsaku(Horiuchi((Virginia(Tech) 26
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A Few Words on the Origin of Galactic Positrons

Crocker, Ruiter, Seitenzahl, Panther+ 2017 (Nature Astronomy)
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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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Thomas Siegert, MPE Garching

IAU Symposium, Cairns

July 20th, 2016 

Positron Annihilation

in the Milky Way

60s & 70s

Balloons

1979-1981

HEAO-C

1980-1989

SMM

1988-1995

GRIS

2002-?

INTEGRAL

1991-2000

CGRO

slide credit: 
Thomas Siegert Positron Annihilation Observations

Diffuse, Galactic positron annihilation signal detected for more 
than 40 years, first with balloon-borne, and more recently satellite 
(COMPTEL, INTEGRAL) experiments



Positron Annihilation Observations

!108

❖ Coded mask instruments (non-focusing) with poor 
angular resolution (~3∘)

❖ Very strong cosmic ray backgrounds due to space 
environment

❖ Construct models for 511 keV sky distribution rather 
than images
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❖ Coded mask instruments (non-focusing) with poor 
angular resolution (psf ~1 degree)

❖ Very strong cosmic ray backgrounds due to space 
environment

❖ Construct models for 511 keV sky distribution rather 
than images

Siegert et al. 2016



Positron Annihilation Observations
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❖ Coded mask instruments (non-focusing) with poor 
angular resolution (psf ~1 degree)

❖ Very strong cosmic ray backgrounds due to space 
environment

❖ Construct models for 511 keV sky distribution rather 
than images

Siegert et al. 2016
NB: this is a model, 

not an image



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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Positron Annihilation Observations

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

❖ Historically: bulge/disk positron luminosity: 

B/D ~ 1.4 

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

> Mass[bulge]/Mass[disk] ≃ 0.4
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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; advection 
does not work (Panther et al. 2017); diffusion does not work (Martin et al. 2012)

❖ Dark Matter (e.g., 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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Energy constraints imply that e+  do not travel far (<kpc) 

in their lifetimes ⇒ the annihilation line distribution 

traces the positron source distribution



New observational situation following Siegert+2016 results:

❖ now much more low surface brightness emission from disk 
detected

❖ B/D ~ 1.4 (previously) ⟶ B/D ≃ 0.4 (now)

❖ newly reduced B/D makes idea for “special” positron source 
in the GC/bulge less compelling

❖ BUT now we have to explain the “extra” disk positrons!

❖ Point: B/D ≃ 0.4 ≃ Mass[bulge]/Mass[disk]  

…means that positron source connected to OLD STARS could work
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New observational situation following Siegert+2016 results:

❖ Also new: detection (>5σ) of separate positron source 
in the 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 observational situation following Siegert+2016 results:

❖ 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
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!122…but exactly how old would stellar positron sources need to be?



Source Age More Quantitatively with  
Delay Time Distribution

Figure 2: Delay time distribution (DTD) curves for SNeIa and CO-WD He WD mergers (identi-

fied with SNe91bg) plotted as a function of time (increasing from the star formation event towards

the present); the DTD curves are arbitrarily normalized. The DTD returns the rate of events of

type X at epoch t (measured since the Big Bang) when convolved with the previous star forma-

tion history (SFH) of a region: RX [t] = ⌫X
R t
0 DTD[t � t

0] SFH[t0] dt0, where ⌫X is the number

of events of type X that result from every solar mass of stars formed6. We adopt a DTD of the

form31: DTD[t] / (t/tp)↵

(t/tp)↵�s+1 , where tp is the characteristic ‘delay time’ For the SNIa DTD, we

set tp = 0.3 Gyr, s = �1.0, and ↵ = 4 following ref. 31. From fitting the BPS data on the CO-WD

He WD mergers (shown as the data points with error bars given by ±
p
N ) we find6, tp = 5.4+0.8

�0.6

Gyr, s = �1.6+0.4
�0.5, and ↵ = 3.7+1.2

�1.0 (1� errors). The vertical dashed lines are at 0.3 and 5.4 Gyr.
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FIG. 1: The star formation rates (SFRs) of the disk
and bulge adopted in this work and the resulting
SNIa and SN91bg rates plotted as function of lookback
time (measured backward from the present). The SFRs (solid
curves) are plotted in M� year�1; the SN rates (dotted
and dashed) are shown in century�1. The SFRs are con-
strained to integrate (once stellar mass loss is accounted for)
to the existing stellar masses of the various regions and to
match their stellar age distributions [6]. For stellar masses
we adopt [7]: a current total stellar mass of the Milky Way
of (5.2 ± 0.5) ⇥ 1010 M�, total mass in the bulge volume of
(1.6±0.2)⇥1010 M� and a stellar mass in the disc outside the
bulge volume of (3.7±0.5)⇥1010 M�. The star formation rate
in the bulge and disc both peaked 12-13 Gyr ago but, setting
aside the nuclear bulge, the bulge has experienced negligible
star formation since about 10 Gyr ago [36], whereas the disc
has continued to host star formation at a rate ⇠ 1 � 2M�
year�1 up until the present. Note that the disk SN91bg rate
is the only illustrated rate currently increasing with cosmic
time (the nuclear bulge SN91bg rate, not shown here, is also
currently increasing). The SN rates are calculated using the
formalism of delay time distributions (see caption to Fig. 2)
with tp = 0.3 Gyr and s = �1.0 for SNIa and tp = 5.4 Gyr
and s = �1.6 for SN91bg.

the distribution of annihilation radiation across the sky
broadly reflects the distribution of positron sources; and
ii) the current positron injection rate into the ISM is nu-
merically equal to the annihilation rate as inferred from
the annihilation radiation flux.

The positron injection energy constraint also dis-
favours many explanations for their origin involving dark
matter and others invoking compact positron sources
like pulsars (another compact source class, flaring mi-
croquasars, has recently been claimed [8] as capable of
sustaining the Galactic e+ annihilation rate). However,
low injection energies are entirely compatible with a e+

origin in �+ decay of radionuclides synthesised in stars
and/or stellar explosions [4, 10]. Important, positron-
producing decay chains (with their markedly di↵erent
total lifetimes shown in parentheses) are: 56Ni !56Co
!56Fe (⇠ 80 days), 44Ti !44Sc !44Ca (⇠60 years), and
26Al !26Mg (⇠717,000 years). An elegant, global solu-
tion to the positron problem would explain the origin of
the disc and bulge positrons with the same type of stel-
lar positron source. Because the bulge has hosted very
little star formation over the last several Gyr, it is clear
that any such universal, stellar positron source must be
connected to very old stars.

FIG. 2: Delay time distribution (DTD) curves for SNe
Ia and CO-WD He WD mergers (identified with SNe 91bg)
plotted as a function of time (increasing from the star for-
mation event towards the present); the DTD curves are ar-
bitrarily normalized. The DTD returns the rate of events of
type X at epoch t (measured since the Big Bang) when con-
volved with the previous star formation history (SFH) of a
region: RX [t] = ⌫X

R t

0
DTD[t � t

0] SFH[t0] dt0, where ⌫X is
the number of events of type X that result from every solar
mass of stars formed [6]. We adopt a DTD of the form [37]:

DTD[t] / (t/tp)
↵

(t/tp)↵�s+1
, where tp is the characteristic ‘delay

time’ For the SNIa DTD, we set tp = 0.3 Gyr, s = �1.0,
and ↵ = 4 following ref. [37]. From fitting the BPS data
on the CO-WD He WD mergers (shown as the data points
with error bars given by ±

p
N) we find [6], tp = 5.4+0.8

�0.6 Gyr,
s = �1.6+0.4

�0.5, and ↵ = 3.7+1.2
�1.0 (1� errors). The vertical

dashed lines are at 0.3 and 5.4 Gyr.

Knowing the star formation history (SFH) of the bulge
and the disk (Fig. 1), we may use the formalism of Delay
Time Distributions (DTDs; Fig. 2) to find the delay time
tp between star formation and the formation of a tran-
sient source that can reproduce the inferred [1] bulge to
disc positron luminosity ratio (B/D ' 2/3). We adopt
the parsimonious assumption [6] that the time-integrated
e�ciency for positron source production per unit mass
star formation is the same everywhere in the Galaxy.

Given that the latest analyses [1, 11] reveal a separate
Galactic centre positron source, we can use the nuclear
SFH to derive a separate constraint on the delay time
of a putative universal e+ source from the inferred nu-
cleus to bulge positron luminosity ratio (N/B ' 1/20).
The nuclear positron source, <⇠ 2.5� in size, encompasses
the ‘nuclear bulge’. This distinct stellar population sur-
rounding the Galaxy’s supermassive black hole out to
radii of 200-400 pc, experiences ongoing star formation
(e.g., ref. [7]) unlike the larger scale Galactic bulge.

The blue and green bands in Fig. 3 show modelled, cur-
rent B/D and N/B normalized to the observationally-
inferred positron injection ratios as a function of the
positron source delay time tp. Given that both bands
show agreement of model and observation for tp ⇠ 3� 6
Gyr, a single type of positron source, arising in stellar
objects with this characteristic age and older, can ex-
plain the gross distribution of positron annihilation in
the Galaxy.
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FIG. 1: The star formation rates (SFRs) of the disk
and bulge adopted in this work and the resulting
SNIa and SN91bg rates plotted as function of lookback
time (measured backward from the present). The SFRs (solid
curves) are plotted in M� year�1; the SN rates (dotted
and dashed) are shown in century�1. The SFRs are con-
strained to integrate (once stellar mass loss is accounted for)
to the existing stellar masses of the various regions and to
match their stellar age distributions [6]. For stellar masses
we adopt [7]: a current total stellar mass of the Milky Way
of (5.2 ± 0.5) ⇥ 1010 M�, total mass in the bulge volume of
(1.6±0.2)⇥1010 M� and a stellar mass in the disc outside the
bulge volume of (3.7±0.5)⇥1010 M�. The star formation rate
in the bulge and disc both peaked 12-13 Gyr ago but, setting
aside the nuclear bulge, the bulge has experienced negligible
star formation since about 10 Gyr ago [36], whereas the disc
has continued to host star formation at a rate ⇠ 1 � 2M�
year�1 up until the present. Note that the disk SN91bg rate
is the only illustrated rate currently increasing with cosmic
time (the nuclear bulge SN91bg rate, not shown here, is also
currently increasing). The SN rates are calculated using the
formalism of delay time distributions (see caption to Fig. 2)
with tp = 0.3 Gyr and s = �1.0 for SNIa and tp = 5.4 Gyr
and s = �1.6 for SN91bg.

the distribution of annihilation radiation across the sky
broadly reflects the distribution of positron sources; and
ii) the current positron injection rate into the ISM is nu-
merically equal to the annihilation rate as inferred from
the annihilation radiation flux.

The positron injection energy constraint also dis-
favours many explanations for their origin involving dark
matter and others invoking compact positron sources
like pulsars (another compact source class, flaring mi-
croquasars, has recently been claimed [8] as capable of
sustaining the Galactic e+ annihilation rate). However,
low injection energies are entirely compatible with a e+

origin in �+ decay of radionuclides synthesised in stars
and/or stellar explosions [4, 10]. Important, positron-
producing decay chains (with their markedly di↵erent
total lifetimes shown in parentheses) are: 56Ni !56Co
!56Fe (⇠ 80 days), 44Ti !44Sc !44Ca (⇠60 years), and
26Al !26Mg (⇠717,000 years). An elegant, global solu-
tion to the positron problem would explain the origin of
the disc and bulge positrons with the same type of stel-
lar positron source. Because the bulge has hosted very
little star formation over the last several Gyr, it is clear
that any such universal, stellar positron source must be
connected to very old stars.

FIG. 2: Delay time distribution (DTD) curves for SNe
Ia and CO-WD He WD mergers (identified with SNe 91bg)
plotted as a function of time (increasing from the star for-
mation event towards the present); the DTD curves are ar-
bitrarily normalized. The DTD returns the rate of events of
type X at epoch t (measured since the Big Bang) when con-
volved with the previous star formation history (SFH) of a
region: RX [t] = ⌫X

R t

0
DTD[t � t

0] SFH[t0] dt0, where ⌫X is
the number of events of type X that result from every solar
mass of stars formed [6]. We adopt a DTD of the form [37]:

DTD[t] / (t/tp)
↵

(t/tp)↵�s+1
, where tp is the characteristic ‘delay

time’ For the SNIa DTD, we set tp = 0.3 Gyr, s = �1.0,
and ↵ = 4 following ref. [37]. From fitting the BPS data
on the CO-WD He WD mergers (shown as the data points
with error bars given by ±

p
N) we find [6], tp = 5.4+0.8

�0.6 Gyr,
s = �1.6+0.4

�0.5, and ↵ = 3.7+1.2
�1.0 (1� errors). The vertical

dashed lines are at 0.3 and 5.4 Gyr.

Knowing the star formation history (SFH) of the bulge
and the disk (Fig. 1), we may use the formalism of Delay
Time Distributions (DTDs; Fig. 2) to find the delay time
tp between star formation and the formation of a tran-
sient source that can reproduce the inferred [1] bulge to
disc positron luminosity ratio (B/D ' 2/3). We adopt
the parsimonious assumption [6] that the time-integrated
e�ciency for positron source production per unit mass
star formation is the same everywhere in the Galaxy.

Given that the latest analyses [1, 11] reveal a separate
Galactic centre positron source, we can use the nuclear
SFH to derive a separate constraint on the delay time
of a putative universal e+ source from the inferred nu-
cleus to bulge positron luminosity ratio (N/B ' 1/20).
The nuclear positron source, <⇠ 2.5� in size, encompasses
the ‘nuclear bulge’. This distinct stellar population sur-
rounding the Galaxy’s supermassive black hole out to
radii of 200-400 pc, experiences ongoing star formation
(e.g., ref. [7]) unlike the larger scale Galactic bulge.

The blue and green bands in Fig. 3 show modelled, cur-
rent B/D and N/B normalized to the observationally-
inferred positron injection ratios as a function of the
positron source delay time tp. Given that both bands
show agreement of model and observation for tp ⇠ 3� 6
Gyr, a single type of positron source, arising in stellar
objects with this characteristic age and older, can ex-
plain the gross distribution of positron annihilation in
the Galaxy.
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FIG. 1: The star formation rates (SFRs) of the disk
and bulge adopted in this work and the resulting
SNIa and SN91bg rates plotted as function of lookback
time (measured backward from the present). The SFRs (solid
curves) are plotted in M� year�1; the SN rates (dotted
and dashed) are shown in century�1. The SFRs are con-
strained to integrate (once stellar mass loss is accounted for)
to the existing stellar masses of the various regions and to
match their stellar age distributions [6]. For stellar masses
we adopt [7]: a current total stellar mass of the Milky Way
of (5.2 ± 0.5) ⇥ 1010 M�, total mass in the bulge volume of
(1.6±0.2)⇥1010 M� and a stellar mass in the disc outside the
bulge volume of (3.7±0.5)⇥1010 M�. The star formation rate
in the bulge and disc both peaked 12-13 Gyr ago but, setting
aside the nuclear bulge, the bulge has experienced negligible
star formation since about 10 Gyr ago [36], whereas the disc
has continued to host star formation at a rate ⇠ 1 � 2M�
year�1 up until the present. Note that the disk SN91bg rate
is the only illustrated rate currently increasing with cosmic
time (the nuclear bulge SN91bg rate, not shown here, is also
currently increasing). The SN rates are calculated using the
formalism of delay time distributions (see caption to Fig. 2)
with tp = 0.3 Gyr and s = �1.0 for SNIa and tp = 5.4 Gyr
and s = �1.6 for SN91bg.

the distribution of annihilation radiation across the sky
broadly reflects the distribution of positron sources; and
ii) the current positron injection rate into the ISM is nu-
merically equal to the annihilation rate as inferred from
the annihilation radiation flux.

The positron injection energy constraint also dis-
favours many explanations for their origin involving dark
matter and others invoking compact positron sources
like pulsars (another compact source class, flaring mi-
croquasars, has recently been claimed [8] as capable of
sustaining the Galactic e+ annihilation rate). However,
low injection energies are entirely compatible with a e+

origin in �+ decay of radionuclides synthesised in stars
and/or stellar explosions [4, 10]. Important, positron-
producing decay chains (with their markedly di↵erent
total lifetimes shown in parentheses) are: 56Ni !56Co
!56Fe (⇠ 80 days), 44Ti !44Sc !44Ca (⇠60 years), and
26Al !26Mg (⇠717,000 years). An elegant, global solu-
tion to the positron problem would explain the origin of
the disc and bulge positrons with the same type of stel-
lar positron source. Because the bulge has hosted very
little star formation over the last several Gyr, it is clear
that any such universal, stellar positron source must be
connected to very old stars.

FIG. 2: Delay time distribution (DTD) curves for SNe
Ia and CO-WD He WD mergers (identified with SNe 91bg)
plotted as a function of time (increasing from the star for-
mation event towards the present); the DTD curves are ar-
bitrarily normalized. The DTD returns the rate of events of
type X at epoch t (measured since the Big Bang) when con-
volved with the previous star formation history (SFH) of a
region: RX [t] = ⌫X

R t

0
DTD[t � t

0] SFH[t0] dt0, where ⌫X is
the number of events of type X that result from every solar
mass of stars formed [6]. We adopt a DTD of the form [37]:

DTD[t] / (t/tp)
↵

(t/tp)↵�s+1
, where tp is the characteristic ‘delay

time’ For the SNIa DTD, we set tp = 0.3 Gyr, s = �1.0,
and ↵ = 4 following ref. [37]. From fitting the BPS data
on the CO-WD He WD mergers (shown as the data points
with error bars given by ±

p
N) we find [6], tp = 5.4+0.8

�0.6 Gyr,
s = �1.6+0.4

�0.5, and ↵ = 3.7+1.2
�1.0 (1� errors). The vertical

dashed lines are at 0.3 and 5.4 Gyr.

Knowing the star formation history (SFH) of the bulge
and the disk (Fig. 1), we may use the formalism of Delay
Time Distributions (DTDs; Fig. 2) to find the delay time
tp between star formation and the formation of a tran-
sient source that can reproduce the inferred [1] bulge to
disc positron luminosity ratio (B/D ' 2/3). We adopt
the parsimonious assumption [6] that the time-integrated
e�ciency for positron source production per unit mass
star formation is the same everywhere in the Galaxy.

Given that the latest analyses [1, 11] reveal a separate
Galactic centre positron source, we can use the nuclear
SFH to derive a separate constraint on the delay time
of a putative universal e+ source from the inferred nu-
cleus to bulge positron luminosity ratio (N/B ' 1/20).
The nuclear positron source, <⇠ 2.5� in size, encompasses
the ‘nuclear bulge’. This distinct stellar population sur-
rounding the Galaxy’s supermassive black hole out to
radii of 200-400 pc, experiences ongoing star formation
(e.g., ref. [7]) unlike the larger scale Galactic bulge.

The blue and green bands in Fig. 3 show modelled, cur-
rent B/D and N/B normalized to the observationally-
inferred positron injection ratios as a function of the
positron source delay time tp. Given that both bands
show agreement of model and observation for tp ⇠ 3� 6
Gyr, a single type of positron source, arising in stellar
objects with this characteristic age and older, can ex-
plain the gross distribution of positron annihilation in
the Galaxy.
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FIG. 1: The star formation rates (SFRs) of the disk
and bulge adopted in this work and the resulting
SNIa and SN91bg rates plotted as function of lookback
time (measured backward from the present). The SFRs (solid
curves) are plotted in M� year�1; the SN rates (dotted
and dashed) are shown in century�1. The SFRs are con-
strained to integrate (once stellar mass loss is accounted for)
to the existing stellar masses of the various regions and to
match their stellar age distributions [6]. For stellar masses
we adopt [7]: a current total stellar mass of the Milky Way
of (5.2 ± 0.5) ⇥ 1010 M�, total mass in the bulge volume of
(1.6±0.2)⇥1010 M� and a stellar mass in the disc outside the
bulge volume of (3.7±0.5)⇥1010 M�. The star formation rate
in the bulge and disc both peaked 12-13 Gyr ago but, setting
aside the nuclear bulge, the bulge has experienced negligible
star formation since about 10 Gyr ago [36], whereas the disc
has continued to host star formation at a rate ⇠ 1 � 2M�
year�1 up until the present. Note that the disk SN91bg rate
is the only illustrated rate currently increasing with cosmic
time (the nuclear bulge SN91bg rate, not shown here, is also
currently increasing). The SN rates are calculated using the
formalism of delay time distributions (see caption to Fig. 2)
with tp = 0.3 Gyr and s = �1.0 for SNIa and tp = 5.4 Gyr
and s = �1.6 for SN91bg.

the distribution of annihilation radiation across the sky
broadly reflects the distribution of positron sources; and
ii) the current positron injection rate into the ISM is nu-
merically equal to the annihilation rate as inferred from
the annihilation radiation flux.

The positron injection energy constraint also dis-
favours many explanations for their origin involving dark
matter and others invoking compact positron sources
like pulsars (another compact source class, flaring mi-
croquasars, has recently been claimed [8] as capable of
sustaining the Galactic e+ annihilation rate). However,
low injection energies are entirely compatible with a e+

origin in �+ decay of radionuclides synthesised in stars
and/or stellar explosions [4, 10]. Important, positron-
producing decay chains (with their markedly di↵erent
total lifetimes shown in parentheses) are: 56Ni !56Co
!56Fe (⇠ 80 days), 44Ti !44Sc !44Ca (⇠60 years), and
26Al !26Mg (⇠717,000 years). An elegant, global solu-
tion to the positron problem would explain the origin of
the disc and bulge positrons with the same type of stel-
lar positron source. Because the bulge has hosted very
little star formation over the last several Gyr, it is clear
that any such universal, stellar positron source must be
connected to very old stars.

FIG. 2: Delay time distribution (DTD) curves for SNe
Ia and CO-WD He WD mergers (identified with SNe 91bg)
plotted as a function of time (increasing from the star for-
mation event towards the present); the DTD curves are ar-
bitrarily normalized. The DTD returns the rate of events of
type X at epoch t (measured since the Big Bang) when con-
volved with the previous star formation history (SFH) of a
region: RX [t] = ⌫X

R t

0
DTD[t � t

0] SFH[t0] dt0, where ⌫X is
the number of events of type X that result from every solar
mass of stars formed [6]. We adopt a DTD of the form [37]:

DTD[t] / (t/tp)
↵

(t/tp)↵�s+1
, where tp is the characteristic ‘delay

time’ For the SNIa DTD, we set tp = 0.3 Gyr, s = �1.0,
and ↵ = 4 following ref. [37]. From fitting the BPS data
on the CO-WD He WD mergers (shown as the data points
with error bars given by ±

p
N) we find [6], tp = 5.4+0.8

�0.6 Gyr,
s = �1.6+0.4

�0.5, and ↵ = 3.7+1.2
�1.0 (1� errors). The vertical

dashed lines are at 0.3 and 5.4 Gyr.

Knowing the star formation history (SFH) of the bulge
and the disk (Fig. 1), we may use the formalism of Delay
Time Distributions (DTDs; Fig. 2) to find the delay time
tp between star formation and the formation of a tran-
sient source that can reproduce the inferred [1] bulge to
disc positron luminosity ratio (B/D ' 2/3). We adopt
the parsimonious assumption [6] that the time-integrated
e�ciency for positron source production per unit mass
star formation is the same everywhere in the Galaxy.

Given that the latest analyses [1, 11] reveal a separate
Galactic centre positron source, we can use the nuclear
SFH to derive a separate constraint on the delay time
of a putative universal e+ source from the inferred nu-
cleus to bulge positron luminosity ratio (N/B ' 1/20).
The nuclear positron source, <⇠ 2.5� in size, encompasses
the ‘nuclear bulge’. This distinct stellar population sur-
rounding the Galaxy’s supermassive black hole out to
radii of 200-400 pc, experiences ongoing star formation
(e.g., ref. [7]) unlike the larger scale Galactic bulge.

The blue and green bands in Fig. 3 show modelled, cur-
rent B/D and N/B normalized to the observationally-
inferred positron injection ratios as a function of the
positron source delay time tp. Given that both bands
show agreement of model and observation for tp ⇠ 3� 6
Gyr, a single type of positron source, arising in stellar
objects with this characteristic age and older, can ex-
plain the gross distribution of positron annihilation in
the Galaxy.
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FIG. 1: The star formation rates (SFRs) of the disk
and bulge adopted in this work and the resulting
SNIa and SN91bg rates plotted as function of lookback
time (measured backward from the present). The SFRs (solid
curves) are plotted in M� year�1; the SN rates (dotted
and dashed) are shown in century�1. The SFRs are con-
strained to integrate (once stellar mass loss is accounted for)
to the existing stellar masses of the various regions and to
match their stellar age distributions [6]. For stellar masses
we adopt [7]: a current total stellar mass of the Milky Way
of (5.2 ± 0.5) ⇥ 1010 M�, total mass in the bulge volume of
(1.6±0.2)⇥1010 M� and a stellar mass in the disc outside the
bulge volume of (3.7±0.5)⇥1010 M�. The star formation rate
in the bulge and disc both peaked 12-13 Gyr ago but, setting
aside the nuclear bulge, the bulge has experienced negligible
star formation since about 10 Gyr ago [36], whereas the disc
has continued to host star formation at a rate ⇠ 1 � 2M�
year�1 up until the present. Note that the disk SN91bg rate
is the only illustrated rate currently increasing with cosmic
time (the nuclear bulge SN91bg rate, not shown here, is also
currently increasing). The SN rates are calculated using the
formalism of delay time distributions (see caption to Fig. 2)
with tp = 0.3 Gyr and s = �1.0 for SNIa and tp = 5.4 Gyr
and s = �1.6 for SN91bg.

the distribution of annihilation radiation across the sky
broadly reflects the distribution of positron sources; and
ii) the current positron injection rate into the ISM is nu-
merically equal to the annihilation rate as inferred from
the annihilation radiation flux.

The positron injection energy constraint also dis-
favours many explanations for their origin involving dark
matter and others invoking compact positron sources
like pulsars (another compact source class, flaring mi-
croquasars, has recently been claimed [8] as capable of
sustaining the Galactic e+ annihilation rate). However,
low injection energies are entirely compatible with a e+

origin in �+ decay of radionuclides synthesised in stars
and/or stellar explosions [4, 10]. Important, positron-
producing decay chains (with their markedly di↵erent
total lifetimes shown in parentheses) are: 56Ni !56Co
!56Fe (⇠ 80 days), 44Ti !44Sc !44Ca (⇠60 years), and
26Al !26Mg (⇠717,000 years). An elegant, global solu-
tion to the positron problem would explain the origin of
the disc and bulge positrons with the same type of stel-
lar positron source. Because the bulge has hosted very
little star formation over the last several Gyr, it is clear
that any such universal, stellar positron source must be
connected to very old stars.

FIG. 2: Delay time distribution (DTD) curves for SNe
Ia and CO-WD He WD mergers (identified with SNe 91bg)
plotted as a function of time (increasing from the star for-
mation event towards the present); the DTD curves are ar-
bitrarily normalized. The DTD returns the rate of events of
type X at epoch t (measured since the Big Bang) when con-
volved with the previous star formation history (SFH) of a
region: RX [t] = ⌫X

R t

0
DTD[t � t

0] SFH[t0] dt0, where ⌫X is
the number of events of type X that result from every solar
mass of stars formed [6]. We adopt a DTD of the form [37]:

DTD[t] / (t/tp)
↵

(t/tp)↵�s+1
, where tp is the characteristic ‘delay

time’ For the SNIa DTD, we set tp = 0.3 Gyr, s = �1.0,
and ↵ = 4 following ref. [37]. From fitting the BPS data
on the CO-WD He WD mergers (shown as the data points
with error bars given by ±

p
N) we find [6], tp = 5.4+0.8

�0.6 Gyr,
s = �1.6+0.4

�0.5, and ↵ = 3.7+1.2
�1.0 (1� errors). The vertical

dashed lines are at 0.3 and 5.4 Gyr.

Knowing the star formation history (SFH) of the bulge
and the disk (Fig. 1), we may use the formalism of Delay
Time Distributions (DTDs; Fig. 2) to find the delay time
tp between star formation and the formation of a tran-
sient source that can reproduce the inferred [1] bulge to
disc positron luminosity ratio (B/D ' 2/3). We adopt
the parsimonious assumption [6] that the time-integrated
e�ciency for positron source production per unit mass
star formation is the same everywhere in the Galaxy.

Given that the latest analyses [1, 11] reveal a separate
Galactic centre positron source, we can use the nuclear
SFH to derive a separate constraint on the delay time
of a putative universal e+ source from the inferred nu-
cleus to bulge positron luminosity ratio (N/B ' 1/20).
The nuclear positron source, <⇠ 2.5� in size, encompasses
the ‘nuclear bulge’. This distinct stellar population sur-
rounding the Galaxy’s supermassive black hole out to
radii of 200-400 pc, experiences ongoing star formation
(e.g., ref. [7]) unlike the larger scale Galactic bulge.

The blue and green bands in Fig. 3 show modelled, cur-
rent B/D and N/B normalized to the observationally-
inferred positron injection ratios as a function of the
positron source delay time tp. Given that both bands
show agreement of model and observation for tp ⇠ 3� 6
Gyr, a single type of positron source, arising in stellar
objects with this characteristic age and older, can ex-
plain the gross distribution of positron annihilation in
the Galaxy.
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FIG. 1: The star formation rates (SFRs) of the disk
and bulge adopted in this work and the resulting
SNIa and SN91bg rates plotted as function of lookback
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curves) are plotted in M� year�1; the SN rates (dotted
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strained to integrate (once stellar mass loss is accounted for)
to the existing stellar masses of the various regions and to
match their stellar age distributions [6]. For stellar masses
we adopt [7]: a current total stellar mass of the Milky Way
of (5.2 ± 0.5) ⇥ 1010 M�, total mass in the bulge volume of
(1.6±0.2)⇥1010 M� and a stellar mass in the disc outside the
bulge volume of (3.7±0.5)⇥1010 M�. The star formation rate
in the bulge and disc both peaked 12-13 Gyr ago but, setting
aside the nuclear bulge, the bulge has experienced negligible
star formation since about 10 Gyr ago [36], whereas the disc
has continued to host star formation at a rate ⇠ 1 � 2M�
year�1 up until the present. Note that the disk SN91bg rate
is the only illustrated rate currently increasing with cosmic
time (the nuclear bulge SN91bg rate, not shown here, is also
currently increasing). The SN rates are calculated using the
formalism of delay time distributions (see caption to Fig. 2)
with tp = 0.3 Gyr and s = �1.0 for SNIa and tp = 5.4 Gyr
and s = �1.6 for SN91bg.
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Knowing the star formation history (SFH) of the bulge
and the disk (Fig. 1), we may use the formalism of Delay
Time Distributions (DTDs; Fig. 2) to find the delay time
tp between star formation and the formation of a tran-
sient source that can reproduce the inferred [1] bulge to
disc positron luminosity ratio (B/D ' 2/3). We adopt
the parsimonious assumption [6] that the time-integrated
e�ciency for positron source production per unit mass
star formation is the same everywhere in the Galaxy.

Given that the latest analyses [1, 11] reveal a separate
Galactic centre positron source, we can use the nuclear
SFH to derive a separate constraint on the delay time
of a putative universal e+ source from the inferred nu-
cleus to bulge positron luminosity ratio (N/B ' 1/20).
The nuclear positron source, <⇠ 2.5� in size, encompasses
the ‘nuclear bulge’. This distinct stellar population sur-
rounding the Galaxy’s supermassive black hole out to
radii of 200-400 pc, experiences ongoing star formation
(e.g., ref. [7]) unlike the larger scale Galactic bulge.

The blue and green bands in Fig. 3 show modelled, cur-
rent B/D and N/B normalized to the observationally-
inferred positron injection ratios as a function of the
positron source delay time tp. Given that both bands
show agreement of model and observation for tp ⇠ 3� 6
Gyr, a single type of positron source, arising in stellar
objects with this characteristic age and older, can ex-
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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
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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
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…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⦿
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FIG. 1: The star formation rates (SFRs) of the disk
and bulge adopted in this work and the resulting
SNIa and SN91bg rates plotted as function of lookback
time (measured backward from the present). The SFRs (solid
curves) are plotted in M� year�1; the SN rates (dotted
and dashed) are shown in century�1. The SFRs are con-
strained to integrate (once stellar mass loss is accounted for)
to the existing stellar masses of the various regions and to
match their stellar age distributions [6]. For stellar masses
we adopt [7]: a current total stellar mass of the Milky Way
of (5.2 ± 0.5) ⇥ 1010 M�, total mass in the bulge volume of
(1.6±0.2)⇥1010 M� and a stellar mass in the disc outside the
bulge volume of (3.7±0.5)⇥1010 M�. The star formation rate
in the bulge and disc both peaked 12-13 Gyr ago but, setting
aside the nuclear bulge, the bulge has experienced negligible
star formation since about 10 Gyr ago [36], whereas the disc
has continued to host star formation at a rate ⇠ 1 � 2M�
year�1 up until the present. Note that the disk SN91bg rate
is the only illustrated rate currently increasing with cosmic
time (the nuclear bulge SN91bg rate, not shown here, is also
currently increasing). The SN rates are calculated using the
formalism of delay time distributions (see caption to Fig. 2)
with tp = 0.3 Gyr and s = �1.0 for SNIa and tp = 5.4 Gyr
and s = �1.6 for SN91bg.

the distribution of annihilation radiation across the sky
broadly reflects the distribution of positron sources; and
ii) the current positron injection rate into the ISM is nu-
merically equal to the annihilation rate as inferred from
the annihilation radiation flux.

The positron injection energy constraint also dis-
favours many explanations for their origin involving dark
matter and others invoking compact positron sources
like pulsars (another compact source class, flaring mi-
croquasars, has recently been claimed [8] as capable of
sustaining the Galactic e+ annihilation rate). However,
low injection energies are entirely compatible with a e+

origin in �+ decay of radionuclides synthesised in stars
and/or stellar explosions [4, 10]. Important, positron-
producing decay chains (with their markedly di↵erent
total lifetimes shown in parentheses) are: 56Ni !56Co
!56Fe (⇠ 80 days), 44Ti !44Sc !44Ca (⇠60 years), and
26Al !26Mg (⇠717,000 years). An elegant, global solu-
tion to the positron problem would explain the origin of
the disc and bulge positrons with the same type of stel-
lar positron source. Because the bulge has hosted very
little star formation over the last several Gyr, it is clear
that any such universal, stellar positron source must be
connected to very old stars.

FIG. 2: Delay time distribution (DTD) curves for SNe
Ia and CO-WD He WD mergers (identified with SNe 91bg)
plotted as a function of time (increasing from the star for-
mation event towards the present); the DTD curves are ar-
bitrarily normalized. The DTD returns the rate of events of
type X at epoch t (measured since the Big Bang) when con-
volved with the previous star formation history (SFH) of a
region: RX [t] = ⌫X

R t

0
DTD[t � t

0] SFH[t0] dt0, where ⌫X is
the number of events of type X that result from every solar
mass of stars formed [6]. We adopt a DTD of the form [37]:

DTD[t] / (t/tp)
↵

(t/tp)↵�s+1
, where tp is the characteristic ‘delay

time’ For the SNIa DTD, we set tp = 0.3 Gyr, s = �1.0,
and ↵ = 4 following ref. [37]. From fitting the BPS data
on the CO-WD He WD mergers (shown as the data points
with error bars given by ±

p
N) we find [6], tp = 5.4+0.8

�0.6 Gyr,
s = �1.6+0.4

�0.5, and ↵ = 3.7+1.2
�1.0 (1� errors). The vertical

dashed lines are at 0.3 and 5.4 Gyr.

Knowing the star formation history (SFH) of the bulge
and the disk (Fig. 1), we may use the formalism of Delay
Time Distributions (DTDs; Fig. 2) to find the delay time
tp between star formation and the formation of a tran-
sient source that can reproduce the inferred [1] bulge to
disc positron luminosity ratio (B/D ' 2/3). We adopt
the parsimonious assumption [6] that the time-integrated
e�ciency for positron source production per unit mass
star formation is the same everywhere in the Galaxy.

Given that the latest analyses [1, 11] reveal a separate
Galactic centre positron source, we can use the nuclear
SFH to derive a separate constraint on the delay time
of a putative universal e+ source from the inferred nu-
cleus to bulge positron luminosity ratio (N/B ' 1/20).
The nuclear positron source, <⇠ 2.5� in size, encompasses
the ‘nuclear bulge’. This distinct stellar population sur-
rounding the Galaxy’s supermassive black hole out to
radii of 200-400 pc, experiences ongoing star formation
(e.g., ref. [7]) unlike the larger scale Galactic bulge.

The blue and green bands in Fig. 3 show modelled, cur-
rent B/D and N/B normalized to the observationally-
inferred positron injection ratios as a function of the
positron source delay time tp. Given that both bands
show agreement of model and observation for tp ⇠ 3� 6
Gyr, a single type of positron source, arising in stellar
objects with this characteristic age and older, can ex-
plain the gross distribution of positron annihilation in
the Galaxy.
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FIG. 1: The star formation rates (SFRs) of the disk
and bulge adopted in this work and the resulting
SNIa and SN91bg rates plotted as function of lookback
time (measured backward from the present). The SFRs (solid
curves) are plotted in M� year�1; the SN rates (dotted
and dashed) are shown in century�1. The SFRs are con-
strained to integrate (once stellar mass loss is accounted for)
to the existing stellar masses of the various regions and to
match their stellar age distributions [6]. For stellar masses
we adopt [7]: a current total stellar mass of the Milky Way
of (5.2 ± 0.5) ⇥ 1010 M�, total mass in the bulge volume of
(1.6±0.2)⇥1010 M� and a stellar mass in the disc outside the
bulge volume of (3.7±0.5)⇥1010 M�. The star formation rate
in the bulge and disc both peaked 12-13 Gyr ago but, setting
aside the nuclear bulge, the bulge has experienced negligible
star formation since about 10 Gyr ago [36], whereas the disc
has continued to host star formation at a rate ⇠ 1 � 2M�
year�1 up until the present. Note that the disk SN91bg rate
is the only illustrated rate currently increasing with cosmic
time (the nuclear bulge SN91bg rate, not shown here, is also
currently increasing). The SN rates are calculated using the
formalism of delay time distributions (see caption to Fig. 2)
with tp = 0.3 Gyr and s = �1.0 for SNIa and tp = 5.4 Gyr
and s = �1.6 for SN91bg.

the distribution of annihilation radiation across the sky
broadly reflects the distribution of positron sources; and
ii) the current positron injection rate into the ISM is nu-
merically equal to the annihilation rate as inferred from
the annihilation radiation flux.

The positron injection energy constraint also dis-
favours many explanations for their origin involving dark
matter and others invoking compact positron sources
like pulsars (another compact source class, flaring mi-
croquasars, has recently been claimed [8] as capable of
sustaining the Galactic e+ annihilation rate). However,
low injection energies are entirely compatible with a e+

origin in �+ decay of radionuclides synthesised in stars
and/or stellar explosions [4, 10]. Important, positron-
producing decay chains (with their markedly di↵erent
total lifetimes shown in parentheses) are: 56Ni !56Co
!56Fe (⇠ 80 days), 44Ti !44Sc !44Ca (⇠60 years), and
26Al !26Mg (⇠717,000 years). An elegant, global solu-
tion to the positron problem would explain the origin of
the disc and bulge positrons with the same type of stel-
lar positron source. Because the bulge has hosted very
little star formation over the last several Gyr, it is clear
that any such universal, stellar positron source must be
connected to very old stars.

FIG. 2: Delay time distribution (DTD) curves for SNe
Ia and CO-WD He WD mergers (identified with SNe 91bg)
plotted as a function of time (increasing from the star for-
mation event towards the present); the DTD curves are ar-
bitrarily normalized. The DTD returns the rate of events of
type X at epoch t (measured since the Big Bang) when con-
volved with the previous star formation history (SFH) of a
region: RX [t] = ⌫X

R t

0
DTD[t � t

0] SFH[t0] dt0, where ⌫X is
the number of events of type X that result from every solar
mass of stars formed [6]. We adopt a DTD of the form [37]:

DTD[t] / (t/tp)
↵

(t/tp)↵�s+1
, where tp is the characteristic ‘delay

time’ For the SNIa DTD, we set tp = 0.3 Gyr, s = �1.0,
and ↵ = 4 following ref. [37]. From fitting the BPS data
on the CO-WD He WD mergers (shown as the data points
with error bars given by ±

p
N) we find [6], tp = 5.4+0.8

�0.6 Gyr,
s = �1.6+0.4

�0.5, and ↵ = 3.7+1.2
�1.0 (1� errors). The vertical

dashed lines are at 0.3 and 5.4 Gyr.

Knowing the star formation history (SFH) of the bulge
and the disk (Fig. 1), we may use the formalism of Delay
Time Distributions (DTDs; Fig. 2) to find the delay time
tp between star formation and the formation of a tran-
sient source that can reproduce the inferred [1] bulge to
disc positron luminosity ratio (B/D ' 2/3). We adopt
the parsimonious assumption [6] that the time-integrated
e�ciency for positron source production per unit mass
star formation is the same everywhere in the Galaxy.

Given that the latest analyses [1, 11] reveal a separate
Galactic centre positron source, we can use the nuclear
SFH to derive a separate constraint on the delay time
of a putative universal e+ source from the inferred nu-
cleus to bulge positron luminosity ratio (N/B ' 1/20).
The nuclear positron source, <⇠ 2.5� in size, encompasses
the ‘nuclear bulge’. This distinct stellar population sur-
rounding the Galaxy’s supermassive black hole out to
radii of 200-400 pc, experiences ongoing star formation
(e.g., ref. [7]) unlike the larger scale Galactic bulge.

The blue and green bands in Fig. 3 show modelled, cur-
rent B/D and N/B normalized to the observationally-
inferred positron injection ratios as a function of the
positron source delay time tp. Given that both bands
show agreement of model and observation for tp ⇠ 3� 6
Gyr, a single type of positron source, arising in stellar
objects with this characteristic age and older, can ex-
plain the gross distribution of positron annihilation in
the Galaxy.
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FIG. 1: The star formation rates (SFRs) of the disk
and bulge adopted in this work and the resulting
SNIa and SN91bg rates plotted as function of lookback
time (measured backward from the present). The SFRs (solid
curves) are plotted in M� year�1; the SN rates (dotted
and dashed) are shown in century�1. The SFRs are con-
strained to integrate (once stellar mass loss is accounted for)
to the existing stellar masses of the various regions and to
match their stellar age distributions [6]. For stellar masses
we adopt [7]: a current total stellar mass of the Milky Way
of (5.2 ± 0.5) ⇥ 1010 M�, total mass in the bulge volume of
(1.6±0.2)⇥1010 M� and a stellar mass in the disc outside the
bulge volume of (3.7±0.5)⇥1010 M�. The star formation rate
in the bulge and disc both peaked 12-13 Gyr ago but, setting
aside the nuclear bulge, the bulge has experienced negligible
star formation since about 10 Gyr ago [36], whereas the disc
has continued to host star formation at a rate ⇠ 1 � 2M�
year�1 up until the present. Note that the disk SN91bg rate
is the only illustrated rate currently increasing with cosmic
time (the nuclear bulge SN91bg rate, not shown here, is also
currently increasing). The SN rates are calculated using the
formalism of delay time distributions (see caption to Fig. 2)
with tp = 0.3 Gyr and s = �1.0 for SNIa and tp = 5.4 Gyr
and s = �1.6 for SN91bg.

the distribution of annihilation radiation across the sky
broadly reflects the distribution of positron sources; and
ii) the current positron injection rate into the ISM is nu-
merically equal to the annihilation rate as inferred from
the annihilation radiation flux.

The positron injection energy constraint also dis-
favours many explanations for their origin involving dark
matter and others invoking compact positron sources
like pulsars (another compact source class, flaring mi-
croquasars, has recently been claimed [8] as capable of
sustaining the Galactic e+ annihilation rate). However,
low injection energies are entirely compatible with a e+

origin in �+ decay of radionuclides synthesised in stars
and/or stellar explosions [4, 10]. Important, positron-
producing decay chains (with their markedly di↵erent
total lifetimes shown in parentheses) are: 56Ni !56Co
!56Fe (⇠ 80 days), 44Ti !44Sc !44Ca (⇠60 years), and
26Al !26Mg (⇠717,000 years). An elegant, global solu-
tion to the positron problem would explain the origin of
the disc and bulge positrons with the same type of stel-
lar positron source. Because the bulge has hosted very
little star formation over the last several Gyr, it is clear
that any such universal, stellar positron source must be
connected to very old stars.

FIG. 2: Delay time distribution (DTD) curves for SNe
Ia and CO-WD He WD mergers (identified with SNe 91bg)
plotted as a function of time (increasing from the star for-
mation event towards the present); the DTD curves are ar-
bitrarily normalized. The DTD returns the rate of events of
type X at epoch t (measured since the Big Bang) when con-
volved with the previous star formation history (SFH) of a
region: RX [t] = ⌫X

R t

0
DTD[t � t

0] SFH[t0] dt0, where ⌫X is
the number of events of type X that result from every solar
mass of stars formed [6]. We adopt a DTD of the form [37]:

DTD[t] / (t/tp)
↵

(t/tp)↵�s+1
, where tp is the characteristic ‘delay

time’ For the SNIa DTD, we set tp = 0.3 Gyr, s = �1.0,
and ↵ = 4 following ref. [37]. From fitting the BPS data
on the CO-WD He WD mergers (shown as the data points
with error bars given by ±

p
N) we find [6], tp = 5.4+0.8

�0.6 Gyr,
s = �1.6+0.4

�0.5, and ↵ = 3.7+1.2
�1.0 (1� errors). The vertical

dashed lines are at 0.3 and 5.4 Gyr.

Knowing the star formation history (SFH) of the bulge
and the disk (Fig. 1), we may use the formalism of Delay
Time Distributions (DTDs; Fig. 2) to find the delay time
tp between star formation and the formation of a tran-
sient source that can reproduce the inferred [1] bulge to
disc positron luminosity ratio (B/D ' 2/3). We adopt
the parsimonious assumption [6] that the time-integrated
e�ciency for positron source production per unit mass
star formation is the same everywhere in the Galaxy.

Given that the latest analyses [1, 11] reveal a separate
Galactic centre positron source, we can use the nuclear
SFH to derive a separate constraint on the delay time
of a putative universal e+ source from the inferred nu-
cleus to bulge positron luminosity ratio (N/B ' 1/20).
The nuclear positron source, <⇠ 2.5� in size, encompasses
the ‘nuclear bulge’. This distinct stellar population sur-
rounding the Galaxy’s supermassive black hole out to
radii of 200-400 pc, experiences ongoing star formation
(e.g., ref. [7]) unlike the larger scale Galactic bulge.

The blue and green bands in Fig. 3 show modelled, cur-
rent B/D and N/B normalized to the observationally-
inferred positron injection ratios as a function of the
positron source delay time tp. Given that both bands
show agreement of model and observation for tp ⇠ 3� 6
Gyr, a single type of positron source, arising in stellar
objects with this characteristic age and older, can ex-
plain the gross distribution of positron annihilation in
the Galaxy.
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FIG. 1: The star formation rates (SFRs) of the disk
and bulge adopted in this work and the resulting
SNIa and SN91bg rates plotted as function of lookback
time (measured backward from the present). The SFRs (solid
curves) are plotted in M� year�1; the SN rates (dotted
and dashed) are shown in century�1. The SFRs are con-
strained to integrate (once stellar mass loss is accounted for)
to the existing stellar masses of the various regions and to
match their stellar age distributions [6]. For stellar masses
we adopt [7]: a current total stellar mass of the Milky Way
of (5.2 ± 0.5) ⇥ 1010 M�, total mass in the bulge volume of
(1.6±0.2)⇥1010 M� and a stellar mass in the disc outside the
bulge volume of (3.7±0.5)⇥1010 M�. The star formation rate
in the bulge and disc both peaked 12-13 Gyr ago but, setting
aside the nuclear bulge, the bulge has experienced negligible
star formation since about 10 Gyr ago [36], whereas the disc
has continued to host star formation at a rate ⇠ 1 � 2M�
year�1 up until the present. Note that the disk SN91bg rate
is the only illustrated rate currently increasing with cosmic
time (the nuclear bulge SN91bg rate, not shown here, is also
currently increasing). The SN rates are calculated using the
formalism of delay time distributions (see caption to Fig. 2)
with tp = 0.3 Gyr and s = �1.0 for SNIa and tp = 5.4 Gyr
and s = �1.6 for SN91bg.

the distribution of annihilation radiation across the sky
broadly reflects the distribution of positron sources; and
ii) the current positron injection rate into the ISM is nu-
merically equal to the annihilation rate as inferred from
the annihilation radiation flux.

The positron injection energy constraint also dis-
favours many explanations for their origin involving dark
matter and others invoking compact positron sources
like pulsars (another compact source class, flaring mi-
croquasars, has recently been claimed [8] as capable of
sustaining the Galactic e+ annihilation rate). However,
low injection energies are entirely compatible with a e+

origin in �+ decay of radionuclides synthesised in stars
and/or stellar explosions [4, 10]. Important, positron-
producing decay chains (with their markedly di↵erent
total lifetimes shown in parentheses) are: 56Ni !56Co
!56Fe (⇠ 80 days), 44Ti !44Sc !44Ca (⇠60 years), and
26Al !26Mg (⇠717,000 years). An elegant, global solu-
tion to the positron problem would explain the origin of
the disc and bulge positrons with the same type of stel-
lar positron source. Because the bulge has hosted very
little star formation over the last several Gyr, it is clear
that any such universal, stellar positron source must be
connected to very old stars.

FIG. 2: Delay time distribution (DTD) curves for SNe
Ia and CO-WD He WD mergers (identified with SNe 91bg)
plotted as a function of time (increasing from the star for-
mation event towards the present); the DTD curves are ar-
bitrarily normalized. The DTD returns the rate of events of
type X at epoch t (measured since the Big Bang) when con-
volved with the previous star formation history (SFH) of a
region: RX [t] = ⌫X

R t

0
DTD[t � t

0] SFH[t0] dt0, where ⌫X is
the number of events of type X that result from every solar
mass of stars formed [6]. We adopt a DTD of the form [37]:

DTD[t] / (t/tp)
↵

(t/tp)↵�s+1
, where tp is the characteristic ‘delay

time’ For the SNIa DTD, we set tp = 0.3 Gyr, s = �1.0,
and ↵ = 4 following ref. [37]. From fitting the BPS data
on the CO-WD He WD mergers (shown as the data points
with error bars given by ±

p
N) we find [6], tp = 5.4+0.8

�0.6 Gyr,
s = �1.6+0.4

�0.5, and ↵ = 3.7+1.2
�1.0 (1� errors). The vertical

dashed lines are at 0.3 and 5.4 Gyr.

Knowing the star formation history (SFH) of the bulge
and the disk (Fig. 1), we may use the formalism of Delay
Time Distributions (DTDs; Fig. 2) to find the delay time
tp between star formation and the formation of a tran-
sient source that can reproduce the inferred [1] bulge to
disc positron luminosity ratio (B/D ' 2/3). We adopt
the parsimonious assumption [6] that the time-integrated
e�ciency for positron source production per unit mass
star formation is the same everywhere in the Galaxy.

Given that the latest analyses [1, 11] reveal a separate
Galactic centre positron source, we can use the nuclear
SFH to derive a separate constraint on the delay time
of a putative universal e+ source from the inferred nu-
cleus to bulge positron luminosity ratio (N/B ' 1/20).
The nuclear positron source, <⇠ 2.5� in size, encompasses
the ‘nuclear bulge’. This distinct stellar population sur-
rounding the Galaxy’s supermassive black hole out to
radii of 200-400 pc, experiences ongoing star formation
(e.g., ref. [7]) unlike the larger scale Galactic bulge.

The blue and green bands in Fig. 3 show modelled, cur-
rent B/D and N/B normalized to the observationally-
inferred positron injection ratios as a function of the
positron source delay time tp. Given that both bands
show agreement of model and observation for tp ⇠ 3� 6
Gyr, a single type of positron source, arising in stellar
objects with this characteristic age and older, can ex-
plain the gross distribution of positron annihilation in
the Galaxy.
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FIG. 1: The star formation rates (SFRs) of the disk
and bulge adopted in this work and the resulting
SNIa and SN91bg rates plotted as function of lookback
time (measured backward from the present). The SFRs (solid
curves) are plotted in M� year�1; the SN rates (dotted
and dashed) are shown in century�1. The SFRs are con-
strained to integrate (once stellar mass loss is accounted for)
to the existing stellar masses of the various regions and to
match their stellar age distributions [6]. For stellar masses
we adopt [7]: a current total stellar mass of the Milky Way
of (5.2 ± 0.5) ⇥ 1010 M�, total mass in the bulge volume of
(1.6±0.2)⇥1010 M� and a stellar mass in the disc outside the
bulge volume of (3.7±0.5)⇥1010 M�. The star formation rate
in the bulge and disc both peaked 12-13 Gyr ago but, setting
aside the nuclear bulge, the bulge has experienced negligible
star formation since about 10 Gyr ago [36], whereas the disc
has continued to host star formation at a rate ⇠ 1 � 2M�
year�1 up until the present. Note that the disk SN91bg rate
is the only illustrated rate currently increasing with cosmic
time (the nuclear bulge SN91bg rate, not shown here, is also
currently increasing). The SN rates are calculated using the
formalism of delay time distributions (see caption to Fig. 2)
with tp = 0.3 Gyr and s = �1.0 for SNIa and tp = 5.4 Gyr
and s = �1.6 for SN91bg.

the distribution of annihilation radiation across the sky
broadly reflects the distribution of positron sources; and
ii) the current positron injection rate into the ISM is nu-
merically equal to the annihilation rate as inferred from
the annihilation radiation flux.

The positron injection energy constraint also dis-
favours many explanations for their origin involving dark
matter and others invoking compact positron sources
like pulsars (another compact source class, flaring mi-
croquasars, has recently been claimed [8] as capable of
sustaining the Galactic e+ annihilation rate). However,
low injection energies are entirely compatible with a e+

origin in �+ decay of radionuclides synthesised in stars
and/or stellar explosions [4, 10]. Important, positron-
producing decay chains (with their markedly di↵erent
total lifetimes shown in parentheses) are: 56Ni !56Co
!56Fe (⇠ 80 days), 44Ti !44Sc !44Ca (⇠60 years), and
26Al !26Mg (⇠717,000 years). An elegant, global solu-
tion to the positron problem would explain the origin of
the disc and bulge positrons with the same type of stel-
lar positron source. Because the bulge has hosted very
little star formation over the last several Gyr, it is clear
that any such universal, stellar positron source must be
connected to very old stars.

FIG. 2: Delay time distribution (DTD) curves for SNe
Ia and CO-WD He WD mergers (identified with SNe 91bg)
plotted as a function of time (increasing from the star for-
mation event towards the present); the DTD curves are ar-
bitrarily normalized. The DTD returns the rate of events of
type X at epoch t (measured since the Big Bang) when con-
volved with the previous star formation history (SFH) of a
region: RX [t] = ⌫X

R t

0
DTD[t � t

0] SFH[t0] dt0, where ⌫X is
the number of events of type X that result from every solar
mass of stars formed [6]. We adopt a DTD of the form [37]:

DTD[t] / (t/tp)
↵

(t/tp)↵�s+1
, where tp is the characteristic ‘delay

time’ For the SNIa DTD, we set tp = 0.3 Gyr, s = �1.0,
and ↵ = 4 following ref. [37]. From fitting the BPS data
on the CO-WD He WD mergers (shown as the data points
with error bars given by ±

p
N) we find [6], tp = 5.4+0.8

�0.6 Gyr,
s = �1.6+0.4

�0.5, and ↵ = 3.7+1.2
�1.0 (1� errors). The vertical

dashed lines are at 0.3 and 5.4 Gyr.

Knowing the star formation history (SFH) of the bulge
and the disk (Fig. 1), we may use the formalism of Delay
Time Distributions (DTDs; Fig. 2) to find the delay time
tp between star formation and the formation of a tran-
sient source that can reproduce the inferred [1] bulge to
disc positron luminosity ratio (B/D ' 2/3). We adopt
the parsimonious assumption [6] that the time-integrated
e�ciency for positron source production per unit mass
star formation is the same everywhere in the Galaxy.

Given that the latest analyses [1, 11] reveal a separate
Galactic centre positron source, we can use the nuclear
SFH to derive a separate constraint on the delay time
of a putative universal e+ source from the inferred nu-
cleus to bulge positron luminosity ratio (N/B ' 1/20).
The nuclear positron source, <⇠ 2.5� in size, encompasses
the ‘nuclear bulge’. This distinct stellar population sur-
rounding the Galaxy’s supermassive black hole out to
radii of 200-400 pc, experiences ongoing star formation
(e.g., ref. [7]) unlike the larger scale Galactic bulge.

The blue and green bands in Fig. 3 show modelled, cur-
rent B/D and N/B normalized to the observationally-
inferred positron injection ratios as a function of the
positron source delay time tp. Given that both bands
show agreement of model and observation for tp ⇠ 3� 6
Gyr, a single type of positron source, arising in stellar
objects with this characteristic age and older, can ex-
plain the gross distribution of positron annihilation in
the Galaxy.
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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⦿
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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?
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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/(pure) He-WD mergers occur at ~3-6 Gyr in 
Ashley’s binary population synthesis model (StarTrack; 
Belczynski+); this is the time scale required by positron 
phenomenology

❖ Mergers also occur with approximately correct rate
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Closing in on a Galactic positron source 

1.4 – 2 
solar mass 
interacting 
binary 
system 

1 mass 
transfer 
event 

1 common 
envelope 
interaction 

COWD + 
pure 
0.31-0.37 
solar mass 
HeWD 

Merger at 
t~5.4 Gyr, 
system 
reaches 
quasi-HS 
equilibrium 

Helium 
detonates, 
triggering 
carbon ignition 

slide credit: Fiona Panther

COWD-HeWD merger leading to He detonation



DTD
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CO-He white dwarf binaries merge at 3-6 Gyr
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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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Summary Galactic Positrons:
❖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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GCE and Bulge Positrons Connected?
❖ The bulge positron annihilation signal emerges from the SAME REGION 

(Boehm+2014) 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

❖ Binary population synthesis model produces approx. 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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Questions?
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