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Figure by Fiona H. Panther

Origin of
 Galactic positrons: 

Ti-44 decay from 
He-detonations.



Q: What produces the antimatter (positron 
annihilation emission) in the Milky Way? 
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• Positrons: anti-matter particle of the common 
electron.  

• Gamma ray satellites reveal the Galaxy is a strong 
source of 511 keV emission. The emission is evidence 
for annihilation of positrons (~5 x10^43 per s)! 

• What could be the source? 40+ year old problem. 



Possible sources?

• Dark matter particle annihilation? 

• Milky Way supermassive black hole?  

• Flaring microquasars? 

• Core collapse SNe? Thermonuclear SNe? 

• None of these sources can fully explain simultaneously the emission 
spatial morphology and the injection energy (which is rather low).  

• Recent finding for MW positron luminosity:  

L_bulge / L_disc ~ 0.4 = approx stellar mass ratio bulge/disc. This 
suggests that source is related to (old) stars (see Siegert et al. 2016). 

For a stellar source: can figure out what the characteristic age (or ‘delay 
time’) has to be for an adopted Galactic SFH (van Dokkum+ 2013, Snaith+ 
2014). Use StarTrack binary pop synth code (Belczynski et al. 2008).



Type Ia supernovae  
main proposed progenitors: single degenerate; double degenerate, etc.

binary star evolution
Rates and Delay Times

Intro to Type Ia supernovae
Results

SN Ia progenitor scenarios
theoretical birthrates and delay time distribution (DTD)

A. J. Ruiter, Sept. 1, 2016 Binary evolution & SN Ia progenitors
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SD, e.g. delayed detonation:
MCh mass WD explodes.
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DD, prompt detonation (sub-MCh),
or possible accretion toward MCh?

A
S

I
A

A

core degenerate, merger in a
common envelope, explodes later.
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‘classic’ double detonation: usually
WD+He-rich star; Ṁ slow or fast.



91bg-like SN progenitors
• Just to clarify: WE DON’T KNOW ANY 

OF THE SN Ia PROGENITORS!  

• 91bg are fainter than ‘normal’ SNe Ia; 
typically found among old stellar 
populations.  

• Postulated by Pakmor et al. 2013 to 
arise from mergers of He + CO white 
dwarfs. 

• Some He+CO WD mergers produce 
R Coronae Borealis variable stars 
(see Han 1998; Karakas, Ruiter & 
Hampel 2015), while others could 
produce faint Type Ia supernovae 
(Crocker et al. 2017). Adapted from Taubenberger 2017

The Extremes of Thermonuclear Supernovae 3

Fig. 1 Phase space of potentially thermonuclear transients. The absolute B-band magnitude at peak
is plotted against the light-curve decline rate, expressed by the decline within 15 d from peak in
the B band, Dm15(B) (Phillips, 1993). The different classes of objects discussed in this chapter
are highlighted by different colours. Most of them are well separated from normal SNe Ia in this
space, which shows that they are already peculiar based on light-curve properties alone. The only
exception are 91T-like SNe, which overlap with the slow end of the distribution of normal SNe Ia,
and whose peculiarities are almost exclusively of spectroscopic nature. References to individual
SNe are provided in the respective sections.
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Why do we think HeWD+COWD 
mergers are likely the 1991bgs?

• Old stellar population 
(galactic bulge-like).  

• Nuclear burning of helium 
can plausibly give the 
amount of titanium-44 
that can explain antimatter 
(positron signal) in the 
Milky Way. (cf. Woosley et 
al. 1986). 

• A sub-set of CO+He-rich 
WD mergers have the 
right delay times ~4+ Gyr. Based on Karakas, Ruiter & Hampel (2015) 

‘channel 3’ for R Coronae Borealis (RCB) formation.

1991bg-like SNeRCB starsRCB stars 1991bg-like SNe



• Binary evolution population 
synthesis (binaries evolved in 
the field, e.g. no N-body / triples) 

• StarTrack code evolutionary 
channel leading to He-CO 
double WD merger: 

1. ZAMS masses ~1.5 - 2 Msun 

2. low-mass (~0.3 - 0.35 Msun)      
He WD forms first via RLOF 
envelope stripping 

3. CO WD (~0.55 - 0.6 Msun) 
forms later via CE event on the 
early AGB 

4. WDs merge ~4000 Myr - 
Hubble time after star formation

RG

AGB

MSMS

HeWD

{CE}

COWD

{RLOF}

He star

HeWD



Figure by Fiona H. Panther

Origin of
 Galactic positrons: 

Ti-44 decay from 
He-detonations 
in WD mergers.

?



Berkeley

WiFeS
F. Panther

• PhD student Fiona Panther observed 
host populations of historic 91bg 
SNe to derive SN ages (delay 
times). Consistent with our 
predictions (Panther et al. in prep). 

• Merger simulations to determine e.g. 
How does the helium detonate? How 
much Ti-44 is synthesised? (require 
0.013-0.03 Msun per event). 

To do! 

SN2007ba host galaxy 

UGC 9798 (S0)

UGC 9798 (91bg-like host galaxy): 1 kpc region around explosion site 2007ba 
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detonation at long timescales after star formation. This channel 
(channel 3 in ref. 26) involves low mass (∼ 1.4–2.0 M☉) interacting 
binary star systems that experience two mass transfer events (with 
only the second being a common envelope interaction), evolve into 
a carbon–oxygen (CO) white dwarf and a (pure) 0.31–0.37 M☉ He 
white dwarf (with the progenitor of the latter never undergoing He 
core burning) and then subsequently merge (Fig. 4). These mergers 
occur at a characteristic timescale = . ×− .

+ .t 5 4 10p 0 6
0 8 9 yr (2σ). Non-

trivially, this is an extremely good match to the empirical constraints 
on the characteristic delay time of a Galactic positron source (com-
pare the vertical dashed lines on the right of Fig. 3).

It has previously been suggested28,29 that mergers of CO white 
dwarf–He white dwarf binaries may be the immediate progenitors 
of the class of sub-luminous thermonuclear supernova known as  
SN 1991bg-like (SN 91bg (ref. 30)). The 56Ni yields we estimate 
for our channel 3 merger events (Fig. 4) are a good match to the 
empirically determined 56Ni yields of SNe 1991bg (but are too large 
to match SN 2005E-like supernovae, a class previously suggested31 
to supply the Galactic positrons). The 56Ni yields are estimated by 
assuming that the merger product assumes a transient configura-
tion of quasi-hydrostatic equilibrium with the He white dwarf  
secondarily accreted on to the CO white dwarf primary before  
(1) the helium shell detonates and (2) the CO core detonates.

Empirically, SNe 91bg immediately match a number of our 
requirements: they are fairly frequent today, representing ∼ 15% of 
all thermonuclear supernovae among the local galaxies sampled in 
the volume-limited Lick Observatory Supernova Search (LOSS32) of 
74 SNe Ia within 80 Mpc. They also occur in old stellar environ-
ments such as elliptical galaxies31,33. The cosmological rate of SNe 
91bg is increasing34 (within large statistical uncertainties), suggest-
ing that they are governed by delay times significantly larger than 
core-collapse SNe or SNe Ia (which are becoming less frequent in 
today’s universe) as required by our scenario. In addition, SNe 91bg 
do show evidence of Ti in their spectra, as revealed by a characteris-
tic Ti ii absorption trough in their spectra around ∼ 4,200 Å (on this 
basis their potential importance for supplying Galactic 44Ti decay 
positrons was previously noted12).

0 2 4 6
tlook-back (Gyr)

8 10 12

0.05

0.10

0.50

v S
N

 (c
en

tu
ry

–1
)

SF
R 

(M
  y

r–1
)

1

5

10 Solar System
formation

SFR disk (M  yr–1)

SFR bulge (M  yr–1)

Disk SN Ia (century–1)

Bulge SN Ia (century–1)

Disk SN 91bg (century–1)

Bulge SN 91bg (century–1)

The origin of pre-solar 44Ca, which very likely derives from 44Ti, is an 
important, unresolved problem in nuclear astrophysics.

A possible resolution of all these anomalies is that there are 
events, rarer than core-collapse supernovae, that supply significantly 
larger masses of 44Ti than core-collapse supernovae seem capable of 
supplying23. To comfortably obey the observational constraints (see 
Supplementary Information), these events should currently occur 
in the Galaxy every ≳ 300 yr (a few times longer than the decay time 
of the 44Ti decay chain so that, as presaged earlier, the mass of 44Ti in 
the Galaxy is not in a steady state so that neither is the 44Ti gamma 
ray and X-ray line flux from the Galaxy steady) and they should also 
feature a minimum mean 44Ti yield:
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Thus a universal, stellar positron source in the Galaxy that explains 
both the morphology and total amount of positron annihilation 
would: (1) occur at a characteristic delay time ∼ 3–6 Gyr subsequent 
to star formation and would therefore be more frequent in today’s 
Galactic disk than at early times; (2) would have a rate evolving 
according to this characteristic delay and would currently syn-
thesize . ×− .

+ . − ⊙M5 8 101 9
1 3 5  yr−1 of 44Ti (saturating the total Galactic 

positron luminosity minus that due to 26Al decay); and (3) achieve 
this by yielding ≳ 0.013 M☉ of 44Ti per event and occurring with a 
mean repetition time ≳ 300 yr. Such a source would simultaneously 
explain the origin of pre-solar 44Ca and naturally address the lack 
of strong 44Ti gamma ray and X-ray line sources in the current sky.

This large 44Ti yield can probably only be satisfied by astrophysi-
cal He detonations in which incomplete burning of 4He leads24,25 to 
nucleosynthesis products dominated by intermediate mass alpha 
nuclei such as 40Ca, 44Ti and 48Cr. Under optimum conditions, up 
to about one-third of the 4He can be burned to 44Ti for adiabatically 
compressed He white dwarf matter.

Our binary evolution population synthesis (BPS) models26 using  
StarTrack27 show an evolutionary channel that is expected to  
aggregate large masses of He at the high densities suitable for  

Figure 2 | SFRs of the disk and bulge adopted in this work and resulting SN Ia and SN 91bg formation rates vSN. The data are plotted as a function of the 
look-back time (measured backwards from the present). The SFRs (solid lines) are plotted in M☉!yr−1; the SN rates (dotted and dashed lines) are shown 
as rates per century. The SFRs are constrained to integrate (once the stellar mass loss is accounted for) to the existing stellar masses of the various 
regions and to match their stellar age distributions (see Supplementary Information). For the stellar masses, we adopt3 a current total stellar mass of 
the Milky Way of ⊙± × M(5.2 0.5) 1010 , a total mass in the bulge volume of ⊙± × M(1.6 0.2) 1010  and a stellar mass in the disk outside the bulge volume of 

⊙± × M(3.7 0.5) 1010 . The SFR in the bulge and disk both peaked 12–13!Gyr ago but, setting aside the nuclear bulge, the bulge has experienced negligible 
star formation since about 10!Gyr ago40, whereas the disk has continued to host star formation at a rate of ∼ 1–2!M☉!yr−1 up until the present day. Note that 
the disk SN 91bg rate is the only illustrated rate currently increasing with cosmic time (the nuclear bulge SN 91bg rate, not shown here, is also currently 
increasing). The rates of occurrence of SNe are calculated using the formalism of DTDs (see the caption of Fig. 1) with tp =  0.3!Gyr and s =  − 1.0 for SNe Ia 
and tp =  5.4!Gyr and s =  − 1.6 for SNe 91bg.
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Because SNe 91bg represent 10 of the 31 thermonuclear supernovae  
in early type galaxies in the LOSS sample32,35 and, spectrally, the bulge 
is an early type galaxy (of Hubble type2 E0), we set the current bulge 
SN 91bg to the all SN Ia relative rate at fSN91bg,bulge =  0.32 ±  0.16 (2σ). 
We determine (see Supplementary Information) the rate of ordi-
nary bulge SN Ia (excluding SN 91bg) to be RSNIa,bulge =  9.8 ×  10−2/
century from which = . ×− .

+ . −R 4 6 10SN91bg,bulge 2 7
4 4 2/century. Given 

our assumption (retrospectively justified by an analysis of the data; 
see Supplementary Information) of a universal efficiency per unit 
stellar mass formed for creating positron sources (here understood 
to be SNe 91bg), we can then also calculate the current SN 91bg rate 
in the disk and the nuclear bulge as (1.4 ±  0.7) ×  10−1/century and 
(4.7  ±   2.3)  ×   10−3/century, respectively, thus implying a SN 91bg 
Galactic recurrence time of twait ≈  530 yr.

Integrating over disk supernova explosions up to 4.55 Gyr ago, 
we find that a mean 44Ti yield . .− .

+ .
⊙M f0 029 ( /0 32)0 11

0 18
SN91bg,bulge  is 

required to reproduce the observed abundance of 44Ca relative to 
56Fe (from 56Ni synthesized in SNe Ia and core-collapse SNe) for 
a characteristic delay time consistent with the other constraints 
(Fig. 3, orange curve). Adopting = . ⊙M M0 02944 Ti  and the Galactic 

SN 91bg rate already determined, we predict the current positron 
injection rate shown as the red curve in Fig. 3. This saturates, within 
errors, the absolute positron luminosity of the Galaxy (minus the 
positron luminosity of 4 ×  1042 e+ s−1 due to 26Al decay) within a tp 
range consistent with the other constraints.

The mean 44Ti yield per SN 91bg implied by this analysis,  
∼ 0.03 M☉, is close to the direct estimates we can make for CO white 
dwarf–He white dwarf mergers using our BPS data (Fig. 4), assum-
ing a quasi-hydrostatic configuration, as seems to be warranted on 
the basis of our procedure for calculating the 56Ni yield of the same 
explosions. It is also well within the range found for He detonation 
yields with nuclear network codes in single-zone simulations of 
explosive He burning: for ∼ 0.3 M☉ of He with substantial admix-
tures of 12C, 16O or 14N at a fixed density of 106 g cm−3, temperatures 
(2–4) ×  109 K and using a 203 nuclide network, ref. 31 finds 44Ti yields 
ranging up to 0.12 M☉. In full numerical hydrodynamic calculations 
of the detonation of He shells of mass 0.15–0.3 M☉ on top of CO 
white dwarf cores of mass 0.45–0.6 M☉, ref. 36 found 44Ti yields of 

. − . × − ⊙M(0 58 3 1) 10 2 . Adding N and C pollution into the He shell 
can act to significantly increase the 44Ti yield (and decrease the 56Ni 
yield) of the He detonation.

Our approach—to estimate the relevant nucleosynthesis yields 
by assuming that the merger remnant reaches hydrostatic equilib-
rium before detonating—appears viable, but awaits confirmation 
with high-resolution, three-dimensional numerical hydrodynamic 
simulations post-processed with a detailed nuclear network code. To 
our knowledge, no such simulation has been performed in the cor-
rect mass range to directly test our scenario and it is thus essentially 
an hypothesis that the CO–He white dwarf binary mergers detonate  
to yield 44Ti masses in the range 0.013–0.03 M☉; we commend such 
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Figure 3 | Constraints on the characteristic delay time tp of the main 
source of Galactic positrons. Curves plot the following quantities as 
a function of the delay time tp: (B/D)mod/(B/D)obs (blue curve), ratio of 
current modelled bulge to disk positron source occurrence divided by 
the observationally inferred8 ratio of bulge to disk positron luminosities 
0.42 ±  0.09; (N/B)mod/(N/B)obs (green curve), ratio of current modelled 
nucleus to bulge positron source occurrence divided by the observationally 
inferred8 ratio of nucleus to bulge positron luminosities (8.3± 2.1) ×  10−2;  
Tot MW pos prdcn (red curve), ratio of the modelled 44Ti positron luminosity 
of the Milky Way to the observed non-26Al luminosity (central value 
4.6 ×  1043 s−1 (ref. 8) for 0.029"M☉ 44Ti per explosion and f91bg,bulge =  0.32; and 
Pre-solar 44:56 (orange curve), ratio of the mass of 44Ca to 56Fe in pre-solar 
material divided by the observed52 value of 1.34 ×  10−3 (negligible error) 
adopting a core-collapse and SN 91bg 56Fe yield of 0.1"M☉ and an SN Ia 56Fe 
yield of 0.6"M☉ and assuming (1) 0.029"M☉ 44Ti per SN 91bg (lower bound 
on band) and (2) 0.029"M☉ 44Ti per SN 91bg and, in addition, 1 ×  10−4"M☉ 
44Ti per core collapse and 3 ×  10−5"M☉ 44Ti per SN Ia (upper bound on band). 
The heavy and light coloured bands cover the 1σ and 2σ uncertainties, 
respectively, in each measured quantity (except for the orange band  
which spans the systematic uncertainties in mean core-collapse and SN Ia 
44Ti production). The group of vertical lines labelled by τCO−He shows  
the central value and ± 1σ extent of the best-fit delay time for the CO  
white dwarf–He white dwarf mergers in the BPS model; the vertical  
lines at 300 and 1,000"Myr bracket τSN Ia, the characteristic delay time  
for SNe Ia (ref. 44); these occur at too short a delay time to explain the 
positron phenomenology.
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Figure 4 | Modelled white dwarf masses and inferred synthesized masses 
of 56Ni and 44Ti. The graph shows the modelled total (blue dots) and 
secondary (He; yellow dots) white dwarf masses at the time of merger 
and the inferred synthesized masses of 56Ni (green dots) and 44Ti (orange 
dots) versus delay time. We assume that the CO and He white dwarfs 
merge to form an object (of mean mass 0.91"M☉, dashed blue line) that 
reaches quasi-hydrostatic equilibrium before exploding. For the 56Ni yield 
we use the combined mass of both white dwarfs to which we apply an 
interpolation35 of the modelled49 mass of 56Ni yielded in detonations of 
single, sub-Chandrasekhar white dwarfs; the steep dependence of the 
56Ni yield on the total mass is reflected in the scatter of the green points. 
The 56Ni yields (mean ⊙ ⊙σ=M M0.11 , 0.05 ) are within the range of the 
observationally inferred50 56Ni mass for a sample of 15 SNe 91bg (mean 

⊙ ⊙σ=M M0.09 , 0.05 , solid green lines). The 44Ti yield of this channel,  
which depends on the amount of He in the correct density range  
(∼ 105− 106"g"cm−3), is similarly estimated (see the Supplementary 
Information) at ⊙ σ± M(0.024 0.0028) (1 ), consistent with the 

⊙−
+ M0.029 0.11

0.18  determined in the main text for the Galactic positron  
source and shown as the dashed red lines.
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Iben & Tutukov 1984

Binary evolution channels: What follows after ZAMS depends 
on initial masses, mass ratio, separation, [eccentricity]
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Figure 1. DTD showing relative contributions from the three SN Ia formation
channels considered in this work for our elliptical galaxy (instantaneous burst
of star formation at t = 0): DDS (blue dashed), AM CVn (green dot-dashed),
and SDS (red solid). Average and median delay times are indicated. Top panel:
Model 1, αCE × λ = 1.0. The thin dotted line represents a power-law function
of form f (t) = 100 t−1 and follows the DDS DTD reasonably well. Bottom
panel: Model 2, αCE × λ = 0.5. The power law is shown for comparison.
(A color version of this figure is available in the online journal.)

delay time t should likely then follow from the product of the
initial distribution and the change in separation which occurs
due to gravitational radiation: a−1da/dt ∝ (t1/4)−1t−3/4 ∝ t−1.
Thus, it is not surprising that the DTD follows a power law as
presented in Figure 1.

It is found that relatively speaking, the shortest delay times
originate from the AM CVn channel. The distribution is some-
what narrow, with the majority of events occurring with t <
2 Gyr, with a median of tMed = 0.59 Gyr. Most AM CVn
progenitors originate from intermediate-mass stars (primaries
MZAMS ∼ 5–7 M⊙, secondaries MZAMS ∼ 2–4 M⊙), however,
in contrast to DDS progenitors, they undergo two CE events.
After two CE phases the orbits of pre-AM CVn binaries are
very close, which allows for rapid orbital decay due to emission
of GR, and the final RLOF starts with no significant delay. At the
onset of the final RLOF (start of AM CVn phase), the accretor
is a massive CO WD and the companion is either a helium star
(65%) or a helium/hybrid WD (35%). Once the RLOF com-
mences, it proceeds on a short timescale with high mass transfer
rates (∼10−5 to 10−6 M⊙ yr−1), enabling the CO WD to rapidly
build up to the Chandrasekhar mass and subsequently produce
an SN Ia explosion. Note that the potential SN Ia progenitor
systems discussed here in the framework of the AM CVn sce-
nario are by no means a representation of the observed sample
of ∼22 AM CVns. The rare systems discussed here are more
massive, ultracompact systems (median Porb ∼ 10 minutes) and

thus have higher mass transfer rates than the population of AM
CVns which is presently observed (median Porb ∼ 35 minutes).
The typical, low-mass AM CVn binaries are long-lived systems
which do not disappear from the observational population due
to SN Ia disruptions. There is a clear observational bias against
those AM CVn binaries which can potentially produce an SN Ia.

The SDS channel displays a rather flat (though somewhat
decreasing) DTD over a wide range t ∼ 1–15 Gyr, with a median
of tMed = 3.23 Gyr. The SDS systems are found to be binaries
with a CO WD accreting from an evolved star (∼95%; mostly
red giants) or a main-sequence star (∼5%). Since the evolution
leading to the formation of a CO WD is rather fast, the delay time
for the SDS is set by the evolutionary timescale of the evolved
donor. That in turn is a strong function of initial ZAMS donor
mass (0.7 M⊙ < MZAMS < 2.7 M⊙; lifetimes 0.5–30 Gyr). The
longest delay times follow from progenitors whose donors, on
average, had the smallest initial masses. Mass transfer rates can
be initially high; up to ∼10−3 M⊙ yr−1, in the case of giants
with MZAMS > 1 M⊙, though hydrogen accumulation is only
fully efficient for a narrow range of mass transfer rates (see
Nomoto et al. 2007, Figure 4). Despite the high mass transfer
rate from the donor, only a fraction of the hydrogen accumulates
on the WD (accumulation rates of ∼10−7 M⊙ yr−1). For
SDS progenitors with main-sequence donors, the two stars are
brought into contact due to loss of orbital angular momentum
from magnetic braking (convective secondary) and to a lesser
extent, gravitational wave emission. Mass transfer and accretion
rates are much lower (∼10−11 M⊙ yr−1), and the WD takes
!1 Gyr to accrete up to the Chandrasekhar mass.

Model 2: αCE × λ = 0.5. The DTD for Model 2 is shown
in Figure 1 (bottom panel). The change in the treatment of the
CE evolution leads to smaller orbital separations after the CE
phase, which affects the subsequent binary evolution and thus
leaves an imprint on the resulting DTD.

As with Model 1, Model 2 DDS progenitors involve only CO–
CO WD binaries. However, with the decreased CE efficiency,
many potential DDS progenitors merge before a detached
WD binary has been produced, thus there is a lack of DDS
progenitors and there is an increase in the number of merging
WD + AGB core systems. The same power-law curve from the
top panel of Figure 1 is shown for comparison. The power-
law-like shape of the DDS is present in Model 2 for delay
times "6 Gyr with an additional pile-up of progenitors at short
delay times (t " 1 Gyr). The pile-up is due to the fact that in
Model 2, DDS progenitor systems which survive the CE phase
(e.g., binaries which do not merge in the CE) are on closer orbits
upon emerging from the CE, thus they merge with relatively
shorter delay times (τGR ∝ a4). This “shift” to earlier delay
times in the DTD from Model 1 to Model 2 serves to build a
relatively stronger peak at short delay times, while at the same
time decreases the number of DDS progenitors with delay times
!1 Gyr. This is the reason for the shorter median delay time in
Model 2: tMed = 0.52, versus that of Model 1 (tMed = 0.93).

The SDS channel of Model 2 is more efficient than that of
Model 1 since the WD and the stellar companion are brought
on a closer orbit during the CE phase. For this reason, wider
systems which would have evolved to become double WDs
(e.g., AM CVn double degenerates) in Model 1 evolve into
binaries with WDs accreting from nondegenerate companions
in Model 2. In Model 2, the contribution of main-sequence
donors in the SDS channel is slightly higher since after the
CE and formation of a CO WD, in many cases the stars are
close enough for the secondary to fill its Roche lobe before
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