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!50! < l < 0! exceeds that from the inner disk at corresponding po-
sitive longitudes by a factor of 1.8 with 1r limits +0.5, ! 0.3; a
symmetric distribution (equal fluxes) can be excluded at the 3.8r
confidence level1. The disk fluxes in these negative and positive lon-
gitude bands within 10! of the Galactic plane are
(4.3 ± 0.5) " 10!4 ph cm!2 s!1 and (2.4 ± 0.5) " 10!4 ph cm!2 s!1,
respectively. For the alternative HD scenario a consistent result is
obtained for the inner disk flux asymmetry. Among other possible ef-
fects, we confirmed that the inner disk asymmetry is not an artefact
of an asymmetry in the bright bulge emission. If the best-fit bulge
position is determined taking into account an asymmetry in the disk
emission, the centroid of the bulge emission is consistent with the
Galactic center: l ¼ !0:1$þ0:2$

!0:2$ and b ¼ !0:2$þ0:2$
!0:2$ .

The Galactic distribution of hard low mass X-ray binaries
(LMXBs) as observed by the INTEGRAL imager IBIS above 20 keV
(Bird et al., 2007) resembles that of the 511 keV line emission
(see Fig. 2), suggesting that these systems may be an important
source of positrons in our Galaxy (Weidenspointner et al., 2008).
LMXBs have long been suggested as positron sources on theoretical
grounds and because their distribution peaks in the bulge region
(e.g. Prantzos, 2004); however, it is only those LMXBs detected at
hard X-ray energies that in addition exhibit an imbalance in their
disk distribution. If hard LMXBs are indeed important sources of
positrons, our results imply an average positron production rate
of the order of 1041 s!1 per system. Hard LMXBs could then account
for about 70% of the positrons in the inner disk, with the remaining
inner disk positrons being arguably due to the radio-isotope 26Al.
About half, and possibly all, of the positrons in the Galatic bulge re-
gion could be produced by hard LMXBs.

Other astrophysical positron sources that have been suggested
for the bulge region include Type Ia supernovae (Schanne et al.,
2007) or the supermassive black hole Sgr A* (Cheng et al., 2006;
Totani, 2006). Both of these face challenges if our hard LMXB
hypothesis is correct, which requires that positrons do not propa-
gate far from their sources. In that case, Type Ia SNe should not be
important positron sources, since they would contribute more pos-
itrons in the disk than in the bulge. Similarly, it remains to be seen
how positrons from Sgr A* can fill the bulge region to match the ob-
served emission. This is also an open issue for exotic positron
sources such as the annihilation of light dark matter (e.g. Boehm
et al., 2004).

3.2. Spectroscopy

The bright annihilation emission from the bulge region has e.g.
been studied by Jean et al. (2006, 2007) to infer the physical con-

ditions in the ISM in which the positrons annihilate. About half
of the positrons annihilate in the warm neutral and warm ionized
phase of the ISM. As more and more observations become avail-
able, spectroscopy of the fainter disk emission becomes possible.
Within the still limited statistics, the spectral distribution of the
annihilation radiation from the disk is consistent with that from
the bulge (Jean et al., 2007; Weidenspointner et al., 2008).

4. Summary

The INTEGRAL mission has significantly advanced positron
astronomy. For the first time, we begin to have a reliable view of
the annihilation emission from the inner Galaxy, and can have
hope to constrain possibly more extended emission. Recent work,
profiting from the complementary capabilities of the spectrometer
SPI and the imager IBIS, suggests that hard LMXBs may be an
important source of positrons in our Galaxy. If confirmed by future
work, this would signify a breakthrough in the quest for the mys-
terious origin of the positrons. At the same time, spectroscopy of
the annihilation emission commences to yield important insights
into the conditions of the medium in which the positrons
annihilate.
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Fig. 2. Left panel: a sky map in the 511 keV electron–positron annihilation line. The contours correspond to intensity levels of 10!3 and 10!2 ph cm!2 s!1 sr!1. Right panel:
The sky distribution of the hard LMXBs detected at energies above 20 keV with INTEGRAL/IBIS (Bird et al., 2007). Both figures are taken from Weidenspointner et al. (2008).

1 Recently, using different analysis techniques, Bouchet et al. (2008) did not find a
significant asymmetry.
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An almost half-century old mystery…

• Stringent constraints on injection energy (Aharonian 1981, 
Beacom+2007) disfavor compact object sources (pulsars and MSPs) 
and Dark Matter

• The morphology of the annihilation radiation closely matches the 
distribution of positron sources in the Galaxy (Siegert+2015). Can 
we use the SFH of the Milky Way to constrain a stellar 
source?

• β+ decay of radionuclides satisfies the injection energy constraint 
(Prantzos+2011), but is there a source of radioactive nuclei that 
matches the morphology of the positron annihilation signal 
and the injection rate? 



Delay time distributions and source morphology

• Delay time: time between star formation and transient event (e.g. 
supernova explosion)

• Want to know: what is the characteristic delay time of events 
that explains the current B/D and N/B positron luminosities?

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: R
X

[t] = ⌫
X

R
t

0 DTD[t � t0] 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 t
p

is the characteristic ‘delay time’ For the SNIa DTD, we

set t
p

= 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, t

p

= 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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Delay time distributions and source morphology

Crocker+2016 arXiv:1607.03495v1 

• Assuming that each transient event yields the same number of positrons, and 
the positron yield is identical for bulge and disk events, find a characteristic 
delay-time between 3-6 Gyr



Understanding a 40 year old mystery

• Stringent constraints on injection energy (Aharonian 1981, 
Beacom+2007) disfavor compact object sources (pulsars and MSPs) 
and Dark Matter

• The morphology of the annihilation radiation closely matches the 
distribution of positron sources in the Galaxy (Siegert+2015). Can 
we use the SFH of the Milky way to constrain a stellar 
source?

• β+ decay of radionuclides satisfies the injection energy constraint 
(Prantzos+2011), but is there a source of radioactive nuclei that 
matches the morphology of the positron annihilation signal 
and the injection rate? 



Positrons from nucleosynthesis

λ = 717,000 yr

λ = 80 d

λ = 60 yr



• 26Al positron production can be traced using the 1.8 MeV line

• 1.8 MeV line flux normalizes e+ production to 10% of the total galactic value 
(Siegert+2015)

Positrons from nucleosynthesis

Plüschke et al. 2011



Positrons from nucleosynthesis
Solleman+2004 • Light curves show that all 

positrons are trapped until 
very late times (>900 days) 
(Kerzendorf+2014)

• It is implausible that 
normal SNe Ia supply 
Galactic positrons:
� Delay time (~1 Gyr) cannot 

reproduce morphology
� Cannot supply the right 

number of positrons



Positrons from nucleosynthesis

• Neither 26Al or 56Ni are viable positron sources

• We know CCSNe cannot be the sole producers of this 44Ti:

� We need an additional source to explain the Solar 
System 44Ca abundance 

• With an additional source explaining this phenomenon, 
can we also explain the origin of Galactic positrons?



Positrons from nucleosynthesis

• Only a transient event with a long recurrence time can explain the 
synthesis of additional 44Ti

• This source would saturate the Galactic positron signal (minus the 
contribution from 26Al

• Events would have a characteristic delay time of 3-6 Gyr

• To obey all constraints, require



• The quantities of 44Ti synthesised in these transient events can be 
matched with helium detonation – incomplete burning of 4He 
produces intermediate mass α-elements.

• We use StarTrack (Belczynski+) to search for an evolutionary 
channel that aggregates large masses of helium at high densities, at 
long timescales after star formation. 

Closing in on a Galactic positron source



Closing in on a Galactic positron source

1.4 – 2 
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Closing in on a Galactic positron source

• The low 56Ni yield (~0.1 solar mass) of this evolutionary track 
together with their proclivity to synthesise large quantities of 44Ti 
identifies these supernovae as subluminous SN1991bg-like 
supernovae (Fillipenko+1992)

• These supernovae, observed in external galaxies, emperically match 
the requirements of a Galactic positron source:

� Relatively frequent (~15% of all SNe Ia) (Li+2011)
� Occur almost exclusively in old stellar environments (elliptical 

galaxies) (Silverman+2012)
� Cosmological rate is increasing (Gonzales-Gaitain+2011)
� Synthesise titanium, unlike normal SNe Ia



• The current Galactic disk, bulge and nucleus rates of SNe 91bg can 
be derived from the LOSS SN survey (Li+2011)

• Recurrence time of SNe 91bg in the Galaxy: 530 years

Closing in on a Galactic positron source



Closing in on a Galactic positron source



Summary

• We find that a single type of transient event – the SN1991bg-like 
supernova – can supply the requisite number of positrons to explain 
the origin of most Galactic antimatter

• The 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

• Further work is planned using data from the Dark Energy Survey 
and from a survey of SNe 91bg host galaxies (both PI Panther) to 
place better constraints on the rate of SNe 91bg and the evolution of 
this rate over cosmic time.
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the x coordinate extends along the Galactic bar and the
coordinate system origin is at the Galactic Centre. The
solid angle subtended by this volume is approximated by
(l⇥ b) ' (±10� ⇥±10�). Inside this solid angle, the pro-
portion of the total flux (integrated over the sky) from
the ‘disk’ source fitted to the annihilation data by Siegert
et al. [1] is 0.15. This is an excellent match to the fraction
of the total mass of the 3D disc stellar mass model from
ref. [7] that is inside the same (±10� ⇥ ±10�) solid an-
gle but outside the VVV volume (i.e., in the foreground
and background to the VVV volume) – also 0.15. Thus,
demonstrating the gross consistency between the di↵er-
ent definitions of ‘disk’ and ‘bulge’, we have that the
component of the total disk annihilation emission that
occurs within the solid angle of the (±10� ⇥±10�) bulge
field but outside the VVV bulge volume is contributed
by the stars that are in front of and behind the bulge in
projection. The integrated stellar mass within this solid
angle and inside the VVV volume, we call the total bulge
mass (irrespective of whether the stars are ‘true’ bulge
stars or not); this mass is[7] (1.4�1.7)⇥1010 M� (which
we treat as (1.55± 0.15)⇥ 1010 M�).

1. Mean distance to ‘disc’ and ‘bulge’ volumes

As mentioned above, in going from a total annihilation
radiation flux integrated across the sky to a positron an-
nihilation rate, a mean distance to the annihilation region
must be assumed. Siegert et al. [1] adopt e↵ective dis-
tances to the bulge of 8.5 kpc, and to the disc of 10.0
kpc. From the stellar mass model from ref. [7] we find
density-weighted root mean square distances to the disc
(outside the VVV bulge volume) of 10.3 kpc and to the
bulge VVV volume of 8.3 kpc; this confirms the broad
compatibility between the geometric model implicit to
the Siegert et al. [1] results and the 3D stellar distribu-
tions we assume.

C. Number of supernovae arising per unit mass of
stars formed

The caption to the main text Fig. 2 contains ⌫X , which
is the number of supernovae of type X that result from
every solar mass of stars formed. This is given by

⌫X = ⌘X

RM
max,X

M
min,X

 [M ] dM
R
M [M ] dM

, (2)

where  [M ] is stellar initial mass function, the integral
in the denominator is over the entire stellar mass distri-
bution, and ⌘X is the e�ciency factor for the conversion
of stars in the mass range M

min,X ! M

max,X into type
X supernova progenitors (where M

min,X and M

max,X are
the minimum and maximum zero age main sequence stel-
lar masses, respectively, for progenitors of type X super-
novae).

FIG. S1: Triangle plots for the CO WD – He WD
merger channel in our BPS; A is the normalization pa-
rameter.

D. Delay time distribution

Our adopted DTD rises as / t

↵ for t ⌧ tp and asymp-
totes to / t

s for t � tp with the characteristic timescale
tp labelled ‘the delay time’. A population whose merg-
ers are governed purely by gravitational radiation has
s = �1; if there are other processes hastening the pro-
cess of inspiral, the delay time distribution is steepened
leading to s < �1. Following ref. [37] we set ↵ = 4,
s = �1, and tp = 0.3 Gyr for SNIa (for these ↵ and s

values, the maximum in the distribution is at 1.32 tp).
For the SN91bg DTD we set fiducial values of s = �1.6

and ↵ = 3.7 on the basis of fitting the data for CO WD
– He WD mergers in our BPS. Using a Markov chain
Monte Carlo (MCMC) approach we fit (using the em-
cee package[1]) the DTD functional form from ref. [37]

DTD[t] / (t/tp)
↵

(t/tp)↵�s
+1

to the histogrammed BPS data.

From this we obtain tp = (5.4+0.8
�0.6) ⇥ 109 year, s =

�1.6+0.4
�0.5, and ↵ = 3.7+1.3

�1.0 (1� errors). Note that in fig. 3
we set s = �1.6 and ↵ = 3.7 but that tp is a free param-
eter we scan over; we have checked that setting s = �1.0
and ↵ = 4.0 we obtain similar constraints.

E. Star formation rate parameterisation

For the disc and bulge star formation rates, we use the
form suggested by ref. [7]:

log
10

[SFR+D] = max[Az2 +Bz + C, 0] . (3)

van Dokkum+ 2013 fitted to Snaith+2014 and renormalized to match the disk mass 
determined by the VVV survey. Gives a present day SFR of ~1.4 solar mass/yr

For the bulge, this must integrate to the total bulge mass and have SF peak at 13 Gyr ago 
and finish at 10 Gyr ago
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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 t

p

= 0.3 Gyr and s = �1.0 for SNIa and t
p

= 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: R

X

[t] = ⌫
X

R
t

0
DTD[t � t0] 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 t

p

is the characteristic ‘delay

time’ For the SNIa DTD, we set t
p

= 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], t

p

= 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 t

p

= 0.3 Gyr and s = �1.0 for SNIa and t
p

= 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.
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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: R

X

[t] = ⌫
X

R
t

0
DTD[t � t0] 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 t

p

is the characteristic ‘delay

time’ For the SNIa DTD, we set t
p

= 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], t

p

= 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 a viable positron source? 

• Synthesised in small quantities (~10-4 solar masses) in CCSNe
(constrained via γ-ray emission from CCSNe remnants)

• This production rate (yield x recurrence rate of CCSNe) cannot 
explain the abundance of 44Ca relative to 56Fe in solar system 
material.

• Explanation? 
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