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Astrophysics with MeV gamma rays
2

Gamma-rays with specific energies are emitted from               
radioisotopes, anti-matter, and high-energy particles

Nucleosynthesis Anti-matter Particle Acceleration

Eγ = 0.511 MeV

Nucleus Eγ 
60Fe 1.17, 1.33 MeV
44Ti 1.15 MeV
26Al 1.81 MeV

56Co 0.85 MeV

e.g. supernovae, merging neutron stars e.g. supernovae, star flares, pulsars 
      dark matter annihilation, etc

MeV photons are a direct tracer of the cosmic matter production

CR

Ambient gas
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The MeV Gap in Gamma-ray Astronomy
33

図 1.1: 点源に対する X線・γ線天文装置の感度 [27]　数 100 keVから数 10 MeVの帯域に
おいて、感度が前後の帯域と比べて、著しく悪いのが見て取れる。

Achieved sensitivity from 
X-rays to the TeV band

Takahashi+13

X-ray 
~106 sources

MeV gamma-ray 
(COMPTEL/CGRO, 1991-2000) 
~30 sources

GeV gamma-ray 
~5000 sources

MeV gap
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Challenges in MeV gamma-ray observations
4

Limited Imaging Capabilities 
✦ X-rays: focusing mirrors work well 
✦ GeV gamma-rays: pair conversion tracking 
✦ MeV: no efficient focusing currently possible 

High Background Environment (S/B < a few %) 
✦ Cosmic ray interactions in spacecraft/atmosphere 
✦ Satellites themselves are bright in MeV gamma rays 

Indirect imaging methods 
✦ Coded masks 
✦ Compton telescopes

Cumani+19
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Current Status achieved by COMPTEL, INTEGRAL and Hitomi/SGD
5

1990 2000 2010 2020 2030

COMPTEL, NASA  
(Compton telescope) 

(1991-2000)

SGD/Hitomi, JAXA 
(Compton telescope) (2016)

INTEGRAL/SPI, ESA (coded-mask) 
(2002-2025)

COSI, NASA 
(Compton telescope) 

(2027-)
1.7 m

2.6 m 

Excellent energy resolution with semi-conductor detectors 
Compact and efficient detectors with stacking detectors  The Positron Puzzle Page 3 of 27 27

Fig. 2 INTEGRAL/SPI spectrum of the entire Galaxy, decomposed
into a narrow and a broad line, in addition to the ortho-Ps continuum
and the Galactic diffuse continuum (Siegert et al. 2019a)

et al. 1978). In the warm ionised medium fPs is ∼ 88% and
in the warm neutral medium ∼ 100%, resulting in a total
Ps fraction across the Galaxy of 92–97%. In fact, some of
the broadening of the Galactic 511 keV line may also be
due to velocity broadening from Galactic rotation (Siegert
et al. 2019a). Furthermore, the line is not the only witness of
annihilating e+s: the ortho-Ps component (Ore and Powell
1949) is also clearly visible in the combined spectra across
the Galaxy, rising almost linearly with a sharp cut off at
511 keV, and containing a ≈ 4 times larger annihilation flux,
depending on fPs (Fig. 2).

All these assumptions make perfect sense, if the premise
of ‘annihilation in the ISM’ is correct. However, the den-
sity of target particles also has a considerable impact on the
line shape and Ps fraction, once the densities of the gas is
much higher than that of the ISM: Murphy et al. (2005) cal-
culate the Ps fraction as a function of temperature and gas
density in the context of solar flares, finding that ∼ 1 keV
broad 511 keV lines can be explained in gas with densities
! 109 cm−3 and temperatures " 2 × 104 K. Also the broad-
to narrow-line ratio is found to be below 2 for temperatures
above ∼ 8000 K. Finally, the Ps fraction, albeit on the lower
side, can also be met in conditions typical to solar flares.

1.3 A puzzling picture

The ‘Positron Puzzle’ may be summarised in three basic
questions:

1. What do we see?
2. Where do the positrons come from?
3. Why does it look like that?

The answer to the first question, albeit somewhat ambiguous
considering the limitations of current instrumentation in the

MeV γ -ray band, is outlined in Sects. 1.1 and 1.2. Measure-
ments in the MeV regime suffer from a scarcity of photons
from astrophysical sources, carrying a million times more
energy in one quantum than optical photons, for example,
large instrumental background (Diehl et al. 2018; Siegert
et al. 2019b), and apertures which align more with parti-
cle detectors in space rather than telescopes (Siegert et al.
2022d). Images are therefore often either ‘reconstructed’,
i.e. it is attempted to unfold the non-invertible imaging re-
sponse matrices of MeV instruments, or models are directly
fitted to the raw data. In performing these imaging tech-
niques, however, comparisons to other wavelengths, that
could be more directly measured, can result in false conclu-
sions. But in addition to the imaging capabilities, also the
spectroscopic information of the 511 keV line will help to
decipher ‘how’ the e+s are annihilating. In the paragraphs
in Sect. 1.4, I outline possible tracers of e+-annihilation,
based on first, the visual comparison of all-sky surveys
from Fig. 1, and second, a thorough likelihood compari-
son.

The second question is the historically initial question af-
ter Leventhal et al. (1978) unambiguously identified the γ -
ray line from the Galactic centre as due to e+-annihilation.
“Undoubtedly, the positrons giving rise to the observed fea-
ture come from a variety of processes”, said Leventhal et al.
(1978) about this first and strongest γ -ray line detected. In-
deed, where the e+s come from, i.e. in which astrophysical
sources they originate, is related to how e+s can be produced
in terms of particle physics processes. I will summarise pos-
sible e+ sources and production mechanisms in Sect. 2, to-
gether with measurements of how much which source pop-
ulation might contribute to the Galactic e+ budget.

But the budget alone is not enough to gain complete in-
sight into the ‘Positron Puzzle’ because the sources of e+s
may in fact not be the sinks of e+ annihilation. This is re-
lated to the third question of why the emission looks so dif-
ferent than the putative sources, and also different to the
supposedly preferred annihilation regions of dense gas in
the Milky Way. Positrons are typically produced at mildly-
or highly-relativistic energies (see Sect. 2). This means, un-
less they experience favouring annihilation conditions, such
as high gas or e− densities and low temperatures, they are
cosmic rays, and propagate through the ISM. In Sect. 3,
I will summarise the current knowledge of propagation of
e+s in the ISM, which links to the distortion of the poten-
tial source distributions towards the measured 511 keV im-
age. The injection of e−s and e+s into the ISM will trans-
port the particles on timescales of 0.1–10 Myr to distances
(path lengths) of 0.1–10 kpc away from their initial sources
(e.g., Jean et al. 2009; Panther 2018). Consequently, to first
order, the 511 keV image could be a smeared-out version
of the initial source distribution due to the propagation ef-
fects, which may be similar to the gas distribution of the
Galaxy.

Publications of the Astronomical Society of Japan (2018), Vol. 70, No. 6 113-17

Fig. 17. Modulation curve of the Crab nebula observed with SGD. The
data points show the ratio of the background-subtracted observation
data to the unpolarized simulation data. The error bar size indicates
their statistical errors. The red curve shows the sine curve function
substituting the estimated parameters by the log-likelihood fitting.

The Crab polarization observation results from other
instruments are listed in table 6. These instruments can
be divided into three types based on the material of the
scatterer. PoGO+ and the SGD employ carbon and silicon
for a scatterer, respectively, while the remaining instru-
ments employ CZT or germanium. The cross section of
the Compton scattering exceeds that of the photo absorp-
tion at around 20 keV for carbon, around 60 keV for sil-
icon, and above 150 keV for germanium and CZT, which
constrains the minimum energy range for each instrument.
Since the flux decreases with E−2, the effective maximum
energy for polarization measurements will be less than four
times the minimum energy. Therefore, PoGO+, SGD, and
the other instruments have more or less non-overlapping
energy ranges and are complementary. The PoGO+ team
has reported the polarization angle PA = 131.◦3 ± 6.◦8
and the polarization fraction PF =20.9% ± 5.0% for the
pulse-integrated period, and PA =137◦ ± 15◦ and PF =
17.4%+8.6%

−9.3% for the off-pulse period (Chauvin et al. 2017).
Our results are consistent with the PoGO+ results. On the

Fig. 18. Polarization angle of the gamma-rays from the Crab nebula
determined by SGD. The direction of the polarization angle is drawn on
the X-ray image of Crab with Chandra.

other hand, for the higher energy range, INTEGRAL IBIS,
SPI, and AstroSat CZTI have performed polarization obser-
vations of the Crab nebula in recent years, and reported
slightly higher polarization fractions than our results. Fur-
thermore, AstroSat CZTI reported varying polarization
fractions during the off-peak period (Vadawale et al. 2017).
However, we have not been able to verify those results
because of the extremely short observation time, which was
less than 1/18th of PoGO+, and less than 1/100th of the
higher-energy instrument. Despite such a short observation
time, the errors of our measurements are within a factor
of two of the other instruments. This result demonstrates
the effectiveness of the SGD design, such as the high mod-
ulation factor of the azimuthal angle dependence, highly
efficient instrument design, and low backgrounds. Extrap-
olating from this result, we expect that a 20 ks SGD obser-
vation can achieve statistical errors equivalent to PoGO+
and AstroSAT CZTI, and an 80 ks SGD observation could
perform phase-resolved polarization measurements with
similar errors.

Table 6. Crab polarization observation results.

Satellite/instruments Energy band Polarization Polarization Exposure Phase Supplement
angle [◦] fraction [%] time

PoGO+ (Balloon exp.) 20–160 keV 131.3 ± 6.8 20.9 ± 5.0 92 ks All Chauvin et al. (2017)
Hitomi/SGD 60–160 keV 110.7+13.2

−13.0 22.1 ± 10.6 5 ks All This work
AstroSat/CZTI 100–380 keV 143.5 ± 2.8 32.7 ± 5.8 800 ks All Vadawale et al. (2017)
INTEGRAL/SPI 130–440 keV 117 ± 9 28 ± 6 600 ks All Chauvin et al. (2013)
INTEGRAL/IBIS 200–800 keV 110 ± 11 47+19

−13 1200 ks All Forot et al. (2008)
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COSI: The Compton Spectrometer and Imager
6

✦ An all-sky survey Compton telescope covering 0.2 - 5 MeV 
✦ Selected as a NASA SMEX satellite 
✦ The Critical Design Review (CDR) was successfully passed 
✦ To be launched by SpaceX Falcon 9 in the summer of 2027

✦ Uses a double-sided strip germanium semiconductor detector array  
➔ MeV gamma-ray observations with an energy resolution of ~1% 

✦ Instantaneous field-of-view is ~25% of the sky 
➔ All-sky monitoring with a uniform exposure

4 Zoglauer et al.

Figure 2. The operating principle of a non-electron-tracking, compact Compton telescope such as COSI. The primary gamma
ray undergoes one or more Compton interactions before it is ultimately stopped via a final photo absorption. The origin of the
gamma ray can be restricted to a Compton event circle on the sky. The positions ~r1 and ~r2 determine the direction of the axis
of the Compton event circle and the energies are used to determine the Compton scatter angle.

In the same way, the scatter angle ' of the gamma ray can be determined. This is called the Compton equation:

cos' = 1� E0

Eg
+

E0

Eg + Ee
(5)

Compton telescopes consisting of large volume solid-state detectors, such as COSI, cannot determine the direction
of the recoil electron ~ee. Due to this missing information, the origin probabilities of the gamma ray on the celestial
sphere can only be restricted to a cone given by the above Compton-scatter angle and the direction of the scattered
gamma ray (see Figure 2, Compton event circle).

Five years after Compton’s discovery, Klein & Nishina (1928) derived the di↵erential Compton cross section
�
d�
d⌦

�

for unpolarized photons scattering o↵ unbound electrons and then Nishina (1928) derived the di↵erential cross-section
for linearly polarized photons:
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Here # is the azimuthal or polar scatter angle. Linearly polarized incoming gamma rays result in a cosine-shaped
distribution in the azimuthal Compton scatter angle. This e↵ect is most pronounced at lower energies and for Compton
scatter angles around 90 degrees. See Lei et al. (1997) for a more in depth description of Compton polarimetry.

2.3. The Point-Spread Function and the Compton Data Space

Considering a normal camera (or even an X-ray focusing telescope), the direction of an incoming photon is translated
into an x-y-position on the sensor. A point source will lead to a point-like peak on the sensor which is broadened
due to imperfections in the optics. This is called the point-spread function (PSF). The space spanned by the x-y
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the ring of the cone shown in Figure. The ring is obtained from the scattering angle (θ)
calculated from the energy information and the central axis of the cone calculated from the
positional information.   

If multiple gamma rays are detected from the same gamma ray source, the direction of 
incoming gamma rays can be obtained from the intersection point where the rings overlap. The
intersection point of the rings is emphasized in red as the events of detected gamma rays
increase from three to 16 and more and the images of gamma rays become clearer, as Figure 4
shows. 

The Compton camera can narrow down the direction of incoming gamma rays by the
method explained above, and there is no need to limit the direction of incoming gamma rays
using a pinhole collimator, etc., realizing a super wide-angle measurement field covering all 
directions in a hemisphere. 

 

Figure 4  Number of detected gamma ray events and change in gamma image 
 

|4. Outline of ASTROCAM 7000HS 
4.1 Configuration of the product 

Figure 5 shows the overall structure of the ASTROCAM 7000HS and the basic 
specifications are shown in Table 2. The components are explained below. 

 

Figure 5  System configuration of ASTROCAM 7000HS 
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Zoglauer+21

Core Institutes (PI: John Tomsick) 
Univ. of California (UCB, UCSD) 
Naval Research Laboratory 
Goddard Space Flight Center 
Northrop Grumman
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Detector Configuration and Requirement Performance
7

Active BGO shields 
2.3 cm thickness (side) 
2.4 cm thickness (bottom)

Front-end 
electronics with 
ASIC readout

Radiator for heat 
removal 
Cryocooler behind it

Germanium double-side strip 
detectors in a vacuum cryostat 
2x2 x 4layer configuration 
8cmx8cmx1.5cm for each 

Background and 
Transient Observer 
NaI(Tl) scintillator

Energy Range 0.2 - 5 MeV

Energy Resolution
6 keV @ 0.511 MeV 
9 keV @ 1.157 MeV

Angular Resolution
4.1 deg @ 0.511 MeV 
2.1 deg @ 1.809 MeV

FoV 25% of the sky

Energy Range 30 keV - 2 MeV
Energy Resolution 15% @ 662 keV

FoV >60% of the Sky

Germanium Compton telescope

Background and Transient Observer

arXiv:2308.12362
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Detector Configuration and Requirement Performance
8

Active BGO shields 
2.3 cm thickness (side) 
2.4 cm thickness (bottom)

Front-end 
electronics with 
ASIC readout

Radiator for heat 
removal 
Cryocooler behind it

Germanium double-side strip 
detectors in a vacuum cryostat 
2x2 x 4layer configuration 
8cmx8cmx1.5cm for each 

Background and 
Transient Observer 
NaI(Tl) scintillator

From a giant but only two layers 
to a compact and stacked detector

COMPTEL

170cm

26
0 

cm

~8 cm

COSI
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Operation and sky coverage
9

COSI
A Gamma-ray
Space Explorer

ICRC2023 – John Tomsick   11

Orbital 
Plane

North

South

22º North-South 
Repointing

22º

COSI orbit and observing modes

❑ Low-Earth equatorial orbit to minimize 
background
▪Targeting 
▪0° orbital inclination
▪550 km altitude (trade-off between background 
and orbit lifetime)

❑ Survey mode
▪North-South repointing (±22°) every 12 hours to cover the whole sky every day

❑ Constant Zenith Angle (CZA) mode
▪CZA mode will be used to maximize coverage of interesting events
▪Plan to respond to targets of opportunity (TOOs) with CZA mode

NNH19ZDA011O-ASMEX19   
E. SCIENCE IMPLEMENTATION 

 

 Page E-35 
 

the performance margin that the baseline mis-
sion provides. The Science Traceability Ma-
trix (F/O1-B) shows the complete flow of re-
quirements from our science investigation 
goals down to measurement objectives and 
instrument performance requirements. §E.3 
describes the COSI instrument and demon-
strates that the quality of data (such as angular 
and energy resolution) meets the performance 
requirements levied by the Level 1 Science 
Requirements with margin (§E.1, §L.10). 

To determine that the quantity of data is 
sufficient, we have to prove that we achieve 
sufficient instrument sensitivity within a cer-
tain amount of observation time given our in-
strument characteristics (resolutions, back-
ground suppression, etc.) and background 
conditions. For this task, we have performed 
extensive Monte-Carlo simulation studies us-
ing MEGAlib [Zoglauer et al., 2006]. MEGA-
lib is COSI-APRA’s default toolkit for simu-
lations and data analysis, and it also has been 
used for many otKer γ-ray instruments to per-
form similar simulation studies (e.g., for ACT 
[Boggs et al., 2006], NuSTAR [Harrison et 
al., 2013], AMEGO [McEnery et al., 2019], 
and e-ASTROGAM [De Angelis et al., 2017]). 

The COSI simulations included a realistic 
simulation mass model and a detector effects 
engine, which includes the expected energy 
resolution, readout thresholds, charge sharing, 
depth resolution, timing resolution, dynamic 
range, and other effects [Sleator, 2019 (PhD 
thesis), Sleator et al., 2019]. The input for the 
background simulations was determined using 
the best currently existing background model 
for the expected orbit [Cumani et al., 2019]. 
The analysis has been performed using COSI-
APRA analysis tools. Since these tools have 
not been optimized for COSI, we expect fur-
ther sensitivity improvements especially with 
respect to background identification and event 
reconstruction efficiency. 

In total, this allows us to estimate the per-
formance of COSI with respect to its science 
goals. For example, to simulate the 3V point-
source flux sensitivity (Fz), one would simu-
late a set of point sources on the sky to deter-
mine the effective Aeff, as a function of the 
field-of-view. Assuming a given observation 
time Teff an average exposure on the sky Aeff ᄷ 
Teff can be determined for a given set of event 
selections. Using the same source locations 

and event selections, an average number of 
background counts NB �  %ഗ7eff) can be deter-
mined from the background simulations for 
the given effective observation time. The av-
erage point-source flux sensitivity with a sig-
nificance of zV is then calculated from: 

 
Fz=(z2 + z(z2 + 4NB)1/2)/(2 ᄷ Aeff ᄷ Teff) 
 
For more details on the methods for sensi-

tivity estimates, see [Zoglauer et al., 2008] or 
[Zoglauer, 2006]. 

In general, COSI will survey the full sky 
every day (Figure E-28). Integrated, average 
exposures are 12-20 Msec over the course of 
the 24-month prime mission. At any instant, 
the COSI FOV covers ~25% of the sky. As a 
consequence, the observing strategy is well 
aligned with our science goals, which require 
making images of the entire Galaxy and de-
tecting GRBs that can occur anywhere in the 
sky. 

Figure E-28. Daily sky exposure for COSI. 
The maximum corresponds to ~8 hrs/day. The 
wide FOV and r22° offset pointing provides 
all-sky exposure. 
 
E.4.1 POSITRON SCIENCE 

To achieve our goal of uncovering the 
origin of the positrons, our objectives are: (1) 
to image the emission with sufficient resolu-
tion and sensitivity to study positron propaga-
tion in the Galaxy; and (2) to measure the 
spectrum with high resolution to determine the 
physical annihilation processes at work. 
E.4.1.1 POSITRON IMAGING 

From previous measurements, the 511 keV 
flux from the Galactic bulge is ~10-3 γ cm-2 s-1, 
and estimates for the integrated flux from the 
Galaxy are in the range of 1.7×10-3 to 3.5×10-3 
γ cm-2 s-1 [Siegert et al., 2020 and references 
therein]. Thus, with a 3V point-source flux 

INTEGRAL/SPI 20-year exposure map

Three orders of magnitude in 
exposure time

1-day exposure map
Non-uniformity is only 50%

Scan at ±22 degrees from the 
zenith in an equatorial orbit

INTEGRAL→COSI 
✦ Line sensitivity improved by up to a factor of 10 
✦ Nearly uniform all-sky exposure

✦ A low-earth and near-equatorial orbit (to minimize SAA 
passages) 

✦ The satellite changes its pointing from 20 deg. North to 
20 deg. South with 12-hour cycle 

✦ 25% sky coverage in a single shot

20

20

20
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Observation Performance
10The Compton Spectrometer and Imager John A. Tomsick

Figure 2: Narrow-line (a) and continuum (b) sensitivities based on COSI’s requirements compared to current
and previous instruments. The sensitivity curves are for point sources at the 3-𝐿 level during 2 years of COSI
survey time. Due to the all-sky coverage that COSI obtains, these sensitivities will be reached for every
source in the sky.

investigations planned by the COSI science team. COSI’s design is optimized for emission line
studies, but it still provides a significant improvement for continuum emission as shown in Figure 2b.
Examples using COSI’s emission line and continuum sensitivities are highlighted below.

Blazars, jet-dominated AGN with their jets pointing close to our line of sight, appear to emerge
as one of the sources of astrophysical high-energy neutrinos. If these jet environments are e!cient
neutrino production sites, they are likely to be highly opaque to 𝑀𝑀 absorption of high-energy and
very-high-energy gamma-rays, leading to suppression of the high-energy gamma-ray flux and the
initiation of electromagnetic pair cascades. The emission from these cascades is expected to emerge
primarily at MeV - sub-MeV X-ray / soft gamma-ray energies [e.g., 7, 14]. This makes COSI the
ideal instrument to test for possible correlations between very-high-energy neutrinos detected, e.g.,
by IceCube or KM3NeT, and MeV-flaring blazars, thus providing further evidence for the neutrino
- blazar connection.

Observing gamma-rays at the MeV bandpass also benefits the study of cosmic dark matter
(DM). Attractive DM candidates are predicted in the broad mass range of 10→22 eV to 1035 g, and
COSI has the potential to search for many of them. In the ultralight mass region, where the DM
mass 𝑁DM << 1 eV, the axion-like particle (ALP) is an attractive candidate. COSI will be sensitive
to the e"ects of ALPs on the flux and polarization of MeV gamma-rays emitted from, e.g., blazars
[6]. In the light mass region (1 eV ↭ 𝑁DM ↭ 100 GeV), many influential DM candidates have been
proposed, including the sterile neutrino, dark photon, and light weakly interacting massive particle
(WIMP). Those are predicted around the MeV mass scale, and COSI will observe MeV gamma-ray
signals emitted by their decay and annihilation [2, 3]. Moreover, the candidates also emit low-
energy positrons, which are captured by ambient electrons, form positronium, and contribute to
0.511 MeV emissions. In the heavy mass region where DM is heavier than the EW scale, the heavy
WIMP is known to be a well-motivated candidate. Though it primarily emits GeV/TeV gamma-rays
by its annihilation, MeV gamma-rays are also produced via inverse Compton scattering caused by
energetic electrons from the annihilation. In the ultraheavy mass region where DM is heavier than

6

arXiv:2308.12362
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Primary Science Goals of COSI
11

① Uncover the origin of Galactic positrons 

✦ Imaging 511 keV emission from the Galactic disk and bulge / scale-height measurement 
✦ Constraints on positron initial energy combining o-Ps and continuum emission 
✦ identify potential individual positron sources in the Galaxy

② Reveal Galactic element formation 

✦ Fe-60 (1.17, 1.33 MeV), Al-26 (1.81 MeV),  Ti-44 (1.16 MeV)

③ Gain insight into extreme environments with polarization

④ Probe the physics of multimessenger events 

✦ To maximize observation time for critical transient events, constant zenith angle 
(CZA) observations are scheduled.
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A. Uncover the origin of Galactic positrons
12

Line shape of the entire Galaxy The Positron Puzzle Page 3 of 27 27

Fig. 2 INTEGRAL/SPI spectrum of the entire Galaxy, decomposed
into a narrow and a broad line, in addition to the ortho-Ps continuum
and the Galactic diffuse continuum (Siegert et al. 2019a)

et al. 1978). In the warm ionised medium fPs is ∼ 88% and
in the warm neutral medium ∼ 100%, resulting in a total
Ps fraction across the Galaxy of 92–97%. In fact, some of
the broadening of the Galactic 511 keV line may also be
due to velocity broadening from Galactic rotation (Siegert
et al. 2019a). Furthermore, the line is not the only witness of
annihilating e+s: the ortho-Ps component (Ore and Powell
1949) is also clearly visible in the combined spectra across
the Galaxy, rising almost linearly with a sharp cut off at
511 keV, and containing a ≈ 4 times larger annihilation flux,
depending on fPs (Fig. 2).

All these assumptions make perfect sense, if the premise
of ‘annihilation in the ISM’ is correct. However, the den-
sity of target particles also has a considerable impact on the
line shape and Ps fraction, once the densities of the gas is
much higher than that of the ISM: Murphy et al. (2005) cal-
culate the Ps fraction as a function of temperature and gas
density in the context of solar flares, finding that ∼ 1 keV
broad 511 keV lines can be explained in gas with densities
! 109 cm−3 and temperatures " 2 × 104 K. Also the broad-
to narrow-line ratio is found to be below 2 for temperatures
above ∼ 8000 K. Finally, the Ps fraction, albeit on the lower
side, can also be met in conditions typical to solar flares.

1.3 A puzzling picture

The ‘Positron Puzzle’ may be summarised in three basic
questions:

1. What do we see?
2. Where do the positrons come from?
3. Why does it look like that?

The answer to the first question, albeit somewhat ambiguous
considering the limitations of current instrumentation in the

MeV γ -ray band, is outlined in Sects. 1.1 and 1.2. Measure-
ments in the MeV regime suffer from a scarcity of photons
from astrophysical sources, carrying a million times more
energy in one quantum than optical photons, for example,
large instrumental background (Diehl et al. 2018; Siegert
et al. 2019b), and apertures which align more with parti-
cle detectors in space rather than telescopes (Siegert et al.
2022d). Images are therefore often either ‘reconstructed’,
i.e. it is attempted to unfold the non-invertible imaging re-
sponse matrices of MeV instruments, or models are directly
fitted to the raw data. In performing these imaging tech-
niques, however, comparisons to other wavelengths, that
could be more directly measured, can result in false conclu-
sions. But in addition to the imaging capabilities, also the
spectroscopic information of the 511 keV line will help to
decipher ‘how’ the e+s are annihilating. In the paragraphs
in Sect. 1.4, I outline possible tracers of e+-annihilation,
based on first, the visual comparison of all-sky surveys
from Fig. 1, and second, a thorough likelihood compari-
son.

The second question is the historically initial question af-
ter Leventhal et al. (1978) unambiguously identified the γ -
ray line from the Galactic centre as due to e+-annihilation.
“Undoubtedly, the positrons giving rise to the observed fea-
ture come from a variety of processes”, said Leventhal et al.
(1978) about this first and strongest γ -ray line detected. In-
deed, where the e+s come from, i.e. in which astrophysical
sources they originate, is related to how e+s can be produced
in terms of particle physics processes. I will summarise pos-
sible e+ sources and production mechanisms in Sect. 2, to-
gether with measurements of how much which source pop-
ulation might contribute to the Galactic e+ budget.

But the budget alone is not enough to gain complete in-
sight into the ‘Positron Puzzle’ because the sources of e+s
may in fact not be the sinks of e+ annihilation. This is re-
lated to the third question of why the emission looks so dif-
ferent than the putative sources, and also different to the
supposedly preferred annihilation regions of dense gas in
the Milky Way. Positrons are typically produced at mildly-
or highly-relativistic energies (see Sect. 2). This means, un-
less they experience favouring annihilation conditions, such
as high gas or e− densities and low temperatures, they are
cosmic rays, and propagate through the ISM. In Sect. 3,
I will summarise the current knowledge of propagation of
e+s in the ISM, which links to the distortion of the poten-
tial source distributions towards the measured 511 keV im-
age. The injection of e−s and e+s into the ISM will trans-
port the particles on timescales of 0.1–10 Myr to distances
(path lengths) of 0.1–10 kpc away from their initial sources
(e.g., Jean et al. 2009; Panther 2018). Consequently, to first
order, the 511 keV image could be a smeared-out version
of the initial source distribution due to the propagation ef-
fects, which may be similar to the gas distribution of the
Galaxy.

Siegert+19

Two photon

Three photon
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Fig. 1 Full-sky maps at
different wavelengths and
emission processes compared to
a maximum likelihood solution
from INTEGRAL/SPI data at
511 keV (Siegert et al. 2016b)

the bulge as the Galactic disk. Certainly, e+s at the MeV
scale are produced inside the Galactic disk (Sect. 2.2), but
how far they propagate, where they finally annihilate, and
at what rate is a matter of debate (see also the works by
Prantzos (2006) and Higdon et al. (2009) for more details
about a possible scenario to channel e+s from the disk to
the bulge).

The central map in Fig. 1 shows a maximum likeli-
hood fit to the raw SPI count data, requiring four compo-
nents: a disk, and three components to describe the bulge,
including a point-like source coincident with the Galactic
centre. Note that the angular resolution of SPI is 2.7◦, so
that this point source encompasses about 400 pc in diam-
eter – reminiscent of the entire Central Molecular Zone.
The bulge component also shows an asymmetry, peaking
around l = −1◦, which is consistently found in differ-
ent analyses with different states of accumulated exposure
(Weidenspointner et al. 2006; Bouchet et al. 2010; Skin-
ner et al. 2014; Siegert et al. 2016b, 2022c). Structured,
i.e. more granular images from reconstruction algorithms
show a similar trend of where the flux is enhanced, and
could reveal details if were it not for the strong instrumen-
tal background in MeV telescopes. While the basic struc-
ture is also found with Richardson-Lucy (Knoedlseder et al.
2005), Maximum Likelihood (Bouchet et al. 2010), or Max-
imum Entropy (Siegert 2017) deconvolutions, image arte-
facts naturally emerge from the finite number of photons
detected and to be distributed over a large number of pix-
els. High-resolution spectroscopy of the 511 keV line for
the bulge and disk components suggests that the annihilation
of e+s occurs dominantly in the interstellar medium (ISM),
which would partly explain the ‘diffuse’ nature of the im-
age.

1.2 Positron annihilation spectroscopy

Previous works (e.g., Churazov et al. 2005, 2011; Jean et al.
2006; Guessoum et al. 2005, 2010; Siegert et al. 2016b) con-
sistently find that, assuming e+s annihilate in the ISM, the
temperature and ionisation state of the gas in which they
are annihilating is 7000–40000 K and 2–25%, respectively.
The dominant annihilation process is then charge exchange
with neutral and moderately warm gas. Charge exchange,
for example with hydrogen, is only possible if the e+s have
a kinetic energy of at least 6.8 eV (binding energy of H mi-
nus the binding energy of Ps), which would correspond to
an ISM temperature of 80000 K. If e+s reach the temper-
ature of the ISM, they ‘thermalise’, i.e. they are relaxing
their kinetic energies to that of a Maxwellian distribution,
so that the energy thresholds can be overcome only in the
tail of the distribution. One model that fits the narrow and
broad 511 keV line in the Milky Way is described as 49%
annihilation in the warm neutral phase and 51% in the warm
ionised phase (Jean et al. 2006): In the ionised phase, e+s
annihilate after thermalisation by the formation of Ps via ra-
diative recombination with free e−s (no energy threshold),
and to a lesser extent direct annihilation with e−s, forming
a ∼ 1 keV broad line (FWHM), without any Ps formation
in flight. In the warm phase, most e+s form Ps in flight, re-
sulting in a ! 6 keV broad line, and a small percentage ther-
malises, again forming Ps, now with a narrow ∼ 1 keV line.
The total Ps fraction,

fPs = 8r32

9 + 6r32
, (1)

with r32 = FoPs/F511 being the flux ratio between the ortho-
Ps continuum and the 511 keV line, describes the fraction
of e+s that undergo the formation of Ps (e.g., Leventhal

What is the positron source (β+ decaying radio isotopes, X-ray binaries, pulsars, etc.)? 
✦ Cannot be explained by a single source 

Why is the galactic center bright?, bulge/disk luminosity ratio ≈ 1.0 
✦ Past activity of the galactic center black hole (Totani06, Cheng+07) 
✦ Positron production from annihilation/decay of dark matter (e.g., Finkbeiner+07)
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Figure 2: The Radioactive Milky Way. The images are COSI simulations for the entire Galactic plane
(l = ±180� and b = ±15�). The simulated positron map is based on the bulge measured by INTEGRAL/SPI
and the 240µm map as a tracer for the disk. The 26Al (1.809 MeV) and 60Fe (1.173/1.333 MeV) maps
also use the 240µm map and fluxes consistent with measurements by COMPTEL and SPI. In contrast to the
⇠Myr half lives of 26Al and 60Fe, the short, 60 yr 44Ti (1.157 MeV) half-life traces recent supernova events.

of this anti-matter component of our Milky Way.
The Astro2020 WP entitled, “Positron Annihilation in the Galaxy,” by Kierans et al. (2019)

focuses on the positron science that can be addressed with a sensitive wide FoV imager in the MeV
band with excellent energy resolution. The specific science goals discussed include: determining
whether the 511 keV emission is truly diffuse or whether there are individual sources; constraining
the positron propagation distance by comparing the 26Al (1.809 MeV) distribution as well as other
source distributions (e.g., pulsars) to the 511 keV distribution; probing the conditions in different
regions of the Galaxy where positron annihilation occurs; and measuring or placing limits on
the injection energy of positrons into the ISM from measurement of the MeV continuum due to
annihilation in flight. This will constrain the mass of a possible contributing dark matter particle,
as well as the contributions of black holes and pulsars.

COSI’s capabilities (see Table 1) are well-matched to these goals. The excellent spectral res-
olution provides a leap in sensitivity and also allows for measurements of emission line shapes
(e.g., width of the 511 keV line components, Doppler shifts of 44Ti). The angular resolution will
allow for a sensitive search for point sources and will also easily distinguish between a disk scale
height of 3� and >9�. In addition to constraints on positron propagation, COSI’s measurements at
511 keV and 1.809 MeV will allow us to determine what fraction of the positrons are accounted
for by 26Al decay.

2.2 Revealing Element Formation
The MeV bandpass includes several nuclear emission lines that probe different physical processes
in our Galaxy and beyond. Long-lived isotopes such as 26Al (1.809 MeV line) and 60Fe (1.173 and
1.333 MeV lines), predominantly produced in SNe, provide information about the galaxy-wide star
formation history, integrated over the past million years. To first order, images of the Galaxy at

3

The tracer of the nucleosynthesis in the universe 
Fe-60 (1.173&1.333 MeV, τ = 2.6x106 yr) 

✦ Core-collapsed supernovae (CCSNe) 

Al-26 (1.809 MeV, τ = 7.2x105 yr) 
✦ massive star wind & CCSNe 

Ti-44 (1.157 MeV, τ = 60 yr) 
✦ Young SNe

Line gamma-ray imaging with COSI 
✦ First all-sky image of Fe-60 
✦ Improved Al-26 image, and 

correlation with Fe-60 
✦ Search for Ti-44 sources                    

(Cas A, Tycho, SN1897A, etc.)

2.1° (FWHM, req.)
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Connecting Positrons and Nucleosynthesis
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✦ 511 keV map was updated using 20-yr INTEGRAL SPI observations (HY+25) 
✦ 2-sigma excess of 511 keV emission detected above GC (1.4±0.8±0.5 × 10^-5 ph cm^-2 s^-1) 
✦ Associated with ScoCen OB association (distance ~100 pc, ~100 massive stars)?  
✦ 26Al → e⁺ → 511 keV chain? 
✦ COSI will test this connection with better sensitivity and uniform exposure

26Al 1.809 MeV map
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✦ 511 keV map was updated using 20-yr INTEGRAL SPI observations (HY+25) 
✦ 2-sigma excess of 511 keV emission detected above GC (1.4±0.8±0.5 × 10^-5 ph cm^-2 s^-1) 
✦ Associated with ScoCen OB association (distance ~100 pc, ~100 massive stars)?  
✦ 26Al → e⁺ → 511 keV chain? 
✦ COSI will test this connection with better sensitivity and uniform exposure

26Al 1.809 MeV map
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C. Polarization & D. Multi-messenger events
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CHAPTER 5. POLARIMETRIC VALIDATION 99

Figure 5.11: Chance coincidence subtracted ASAD (top), unpolarized ASAD from simula-
tions (middle), and the corrected ASAD with best fit modulation curve (bottom) for the 316
run using the d2 distance selections.

Measurement Simulation

Coincident counts 20765 28926
Chance coincident counts 738 —

Integration time 48199.880 62911.418
Amplitude (counts) 329.0 ± 16.5 461.3 ± 21.0

O↵set (counts) 1252.2 ± 11.7 1809.4 ± 14.9
Angle (degrees) 177.88 ± 1.38 177.76 ± 1.26

Modulation 0.263 ± 0.019 0.255 ± 0.017
�2
red (dof = 13) 1.10 0.85

Scatter peak energy (keV) 293.5 ± 28.5 293.6 ± 27.9
KS p-value 0.29
AD p-value 0.30

Table 5.4: Statistics and SM fit results for the 316 run using the d2 distance selections.

Lowell, phD, 17

Cyg X-1 
soft state

©P. Laurent

Polarization measurements with COSI 
Azimuthal angle distribution of scattered gamma rays provides 
the polarization degree/angle 
Measure the polarization of galactic black holes and AGNs with 
~20 mCrab, and constrain the emission models (e.g., corona, jet)
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GRB events 
✦ For a short GRB, its localization <2.5 deg will be reported within 1 hour 
✦ Constrain GRB models using polarization measurements 
✦ Goal in 2 years: > 10 short GRBs, > 30 GRB polarization measurements

Cosmic-ray accelerators - neutrino

Search for MeV gamma rays from potential neutrino sources

Murase+20
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Cosmic-ray accelerators - efficient particle acceleration 
The characteristic energy of synchrotron radiation is: 

 under Eγ = ℏ qB
mc

γ2 = 9
4

mc2

αξ
∼ 160 MeV × ξ−1 ·E = qeBc

ξ

hydrodynamics. As quoted in Figure 12(a), they found that the
simulated X-ray and MeV gamma-ray fluxes are significantly
below the measured flux. They further speculated that a better
agreement may be achieved if the source harbors an additional
production site with a stronger magnetic field. Other spectral
models including the pulsar wind scenario (Figure 12(b);
Takata et al. 2014), the microquasar scenario (Figure 12(c);
Khangulyan et al. 2008), and the two-component IC emission
model (Figure 12(d); Yamaguchi & Takahara 2012), also fail to
explain the gamma-ray emission from ∼1MeV to ∼400MeV
obtained with COMPTEL and Fermi.

As discussed in Dubus et al. (2015), the most plausible
interpretation of the MeV component is that it is synchrotron
emission from region(s) of strong magnetic fields as discussed
below. If the maximum energy of electrons E ,e max is
determined by the balance between the acceleration and
synchrotron losses, then E ,e max is given as (Khangulyan et al.
2008)

I�
�

�E
B

, 60 TeV
1 G

, 4e max

0.5
0.5⎛⎝ ⎞⎠ ( )

where B is the magnetic field strength in the acceleration region
and η is a parameter which characterizes acceleration efficiency
(see also Aharonian et al. 2002). The SED of synchrotron
emission from electrons with E maxe, peaks at hν; 236 η−1MeV
(Arons 2012). Since the emission from LS 5039 has the spectral
peak at 20–30MeV as shown in Figure 11, η is estimated as <10.
Such a small η, i.e., an extreme efficient acceleration, was also
suggested in Takahashi et al. (2009). Because diffusive shock
acceleration (DSA) yields η> 10 even in the Bohm limit, the
obtained small η suggests that the extreme efficient particle
acceleration operating in LS 5039 is different from DSA.

The accelerated electrons also produce TeV gamma-rays by
boosting up ultraviolet photons from the companion star via
IC scattering. In Figure 13 we show the cooling time of
synchrotron (tsync) and IC (tIC) losses for electrons of energy
Ee,max assuming η= 5. Since the luminosities from these
radiation processes Lsync and LIC are proportional to the inverse
of their cooling times, we find Lsync/LIC; tIC/tsync. If we
interpret the observed MeV gamma-ray emission as the
synchrotron process, then corresponding IC emission should
be comparable to or weaker than the observed TeV gamma-ray
emission. Thus, from the SED in Figure 11, we can obtain
Lsync/LIC 200. Then, the cooling times shown in Figure 13
implies that the magnetic field at the production site is higher
than ∼3 G, unless it is located significantly further away from
the optical companion than the system size. Yoneda et al.
(2020) proposed that LS 5039 harbors a magnetar, based on the
hints of 9 s pulsation in hard X-rays. This magnetar hypothesis
may be one of scenarios that can explain the MeV emission
based on this synchrotron interpretation.
An alternative interpretation is that the MeV component is

produced via IC scattering. In this case, the characteristic
energy of the electrons responsible for the MeV emission is
Ee; 1 GeV. If we assume that the pressure of these GeV
electrons is equal to the ram pressure of the stellar wind close to
the compact star, we can estimate the size scale R of the
emission region as follows. When we assumed that the
production site is close to the compact object, the cooling time,
τe, of these electrons through their IC scattering off the optical
photons from the optical companion is estimated as about 102 s
(Khangulyan et al. 2008). The system parameters assumed here
are described in Table 5. Then, the total amount of electron
energy in the MeV emission region is estimated as Ee,total=
LMeV× τe; 1038 erg. Since the pressure created by the GeV
electrons is P∼ Ee,total/(4πR

3), and the ram pressure of the
stellar wind is Q� _ �P Mv D4 10 erg cmwind sep

2 2 3( ) ( )� , we

Figure 11. An updated SED of LS 5039. The red and blue points indicate the data at the INFC and SUPC phases, respectively. The flux points in 103–105 and
108–1011 eV are obtained in this work. The MeV and TeV data are taken from Collmar & Zhang (2014) and Aharonian et al. (2006), respectively. The colored region
is extrapolation of the X-ray emission to the MeV band using the power-law model with the parameters in Table 1.

9

The Astrophysical Journal, 917:90 (15pp), 2021 August 20 Yoneda et al.

Non-thermal emission peaking at MeV 
in gamma-ray binaries

LS 5039 
Yoneda+21

Sync. emission by efficient acceleration 
(ξ~1)

COSI 2-yr

4 D. Khangulyan et al.

Figure 1. Gamma-ray spectrum of the Crab Nebula. The
gamma-ray data are taken from Fermi/LAT (Buehler et al. 2012),
HEGRA (Aharonian et al. 2004), H.E.S.S. (Aharonian et al.
2006), MAGIC (Albert et al. 2008), Tibet AS� (Amenomori et al.
2019), HAWC (Abeysekara et al. 2019). IC spectra produced on
four di↵erent photon fields: SSC (solid line), CMBR (dashed line),
FIR (dash-dotted line), and NIR (dotted line) are shown together
with their summation (thick solid line).

Tfir = 70 K and energy density Ufir = 0.5 eV cm�3), near-
infrared (NIR) (kTnir = 5000 K, Unir = 1 eV cm�3), and
synchrotron photons, are shown in Fig. 1. We assumed that
the synchrotron target is homogeneously generated in the
nebula, and the volume averaged density of the SSC target
is enhanced by a factor of 2.24 as compared to the bound-
ary region of the nebula (see Atoyan & Aharonian 1996, for
details).

Remarkably, since UHE gamma rays are predominantly
produced at scatterings on CMBR photons with precisely
known temperature, the spectrum and the total energy of
parent electrons can be robustly derived. Using the analyt-
ical presentations from Khangulyan et al. (2014), one can
conclude the highest energy part of the spectrum reported
by Tibet AS�, ~! ' 300 TeV requires electrons of energy
up to 0.8 PeV. The corresponding numerical calculations are
presented in Fig. 2, where the synchrotron and IC emission
by electrons with energy limited to several energy intervals
are shown. The overall energy distribution of electrons is
assumed to obey Eq. (5).

It is seen that the Tibet AS� measurements constrain
the electrons in the range 50 � 750 TeV, in a parameter-free
way. The calculation of the synchrotron emission from these
particles requires additional assumptions on the strength
and possible distribution of the magnetic field. In Fig. 3,
we show the synchrotron emission from 50 � 750 TeV elec-
trons for three di↵erent strengths of the magnetic field as
obtained in the framework of a one-zone model (all the re-
maining model assumptions are the same as in Fig. 2). One
can see that the synchrotron emission of ⇠ 300 TeV electrons
(derived model-independently from the Tibet AS� measure-
ments), violates the flux level in the MeV band measured
with INTEGRAL and COMPTEL, unless B . 125µG. To
illustrate that these data indeed constraint the strength of
the magnetic field with very high accuracy, in Appendix A
we present a Markov Chain Monte Carlo (MCMC) simula-
tion of the INTEGRAL and gamma-ray (with energy above
10 TeV that include the HEGRA , H.E.S.S. and Tibet AS�
measurements) spectra with naima (Zabalza 2016). Adopt-
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Figure 2. Non-thermal emission computed with a one-zone
model (thick solid line). Synchrotron and IC emission by electrons
from several energy ranges, 5 – 25 TeV, 25 – 50 TeV, 50 – 100 TeV,
100 – 250 TeV, 250 – 500 TeV, 500 – 750 TeV, � 750 TeV are shown
with thin solid lines. The magnetic field was assumed to have a
strength of B = 125µG. In addition to the gamma-ray data shown
in Fig. 1, the following X-ray and soft gamma-ray measurements
are shown XMM-Newton (Kirsch et al. 2005), INTEGRAL/SPI
(Jourdain & Roques 2009), and COMPTEL (Kuiper et al. 2001).

Figure 3. Computed synchrotron emission from electrons with
energy in the range from 50 to 750 TeV for three di↵erent mag-
netic field strengths, B = 125 (thin solid line), 150 (dashed line),
and 200µG (dotted line). The electron energy distribution was
kept unchanged to satisfy the Tibet AS� measurements. The syn-
thetic non-thermal spectrum is shown with thick solid line. For
the origin of the shown data points see Figs. 1 and 2.

ing a power-law with exponential cuto↵ energy distribution
of the emitting particles (which is a rather good approxi-
mation for the relatively narrow relevant energy range), the
MCMC simulations require the magnetic field strength to
be in the range B = 118+3

�2 µG, which is consistent with a less
sophisticated estimate shown in Fig. 3.

3 DISCUSSION

3.1 Acceleration of UHE electrons

There is an important question related to the radiation mod-
els for the Crab Nebula: do these studies allow defining
the strength of the magnetic field at the acceleration site?
As synchrotron emission components depend on a quantity

MNRAS 000, 1–8 (2019)

Khangulyan+2019

Two leptonic components 
in the Crab Nebula
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Data analysis framework for COSI
19

No de facto standard software in MeV astronomy as for now 
→ Need to establish data analysis framework even for future MeV astronomy 

COSItools: a collection of COSI data-analysis tools, documentation, and verification data sets 
✦ MEGAlib: Detector simulation & raw data processing 
✦ cosipy: Python-based high-level data analysis 

✦ Fitting based on the threeML library 
✦ All-sky image reconstruction 

The COSI Data Challenge (DC) is currently released annually 
✦ Softwares under development are publicly available with simulation datasets 

✦ Balloon data in 2016 (DC1), 3-month observation simulations (DC2, DC3). 
✦ Provide a broader community with opportunities to get familiar with COSI data 
✦ https://github.com/cositools/cosi-data-challenges 

MEGAlib

cosipy

COSI data challenge

https://github.com/cositools/cosi-data-challenges
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All-sky Image Reconstruction Framework 
20

4 Zoglauer et al.

Figure 2. The operating principle of a non-electron-tracking, compact Compton telescope such as COSI. The primary gamma
ray undergoes one or more Compton interactions before it is ultimately stopped via a final photo absorption. The origin of the
gamma ray can be restricted to a Compton event circle on the sky. The positions ~r1 and ~r2 determine the direction of the axis
of the Compton event circle and the energies are used to determine the Compton scatter angle.

In the same way, the scatter angle ' of the gamma ray can be determined. This is called the Compton equation:

cos' = 1� E0

Eg
+

E0

Eg + Ee
(5)

Compton telescopes consisting of large volume solid-state detectors, such as COSI, cannot determine the direction
of the recoil electron ~ee. Due to this missing information, the origin probabilities of the gamma ray on the celestial
sphere can only be restricted to a cone given by the above Compton-scatter angle and the direction of the scattered
gamma ray (see Figure 2, Compton event circle).

Five years after Compton’s discovery, Klein & Nishina (1928) derived the di↵erential Compton cross section
�
d�
d⌦

�

for unpolarized photons scattering o↵ unbound electrons and then Nishina (1928) derived the di↵erential cross-section
for linearly polarized photons:
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Here # is the azimuthal or polar scatter angle. Linearly polarized incoming gamma rays result in a cosine-shaped
distribution in the azimuthal Compton scatter angle. This e↵ect is most pronounced at lower energies and for Compton
scatter angles around 90 degrees. See Lei et al. (1997) for a more in depth description of Compton polarimetry.

2.3. The Point-Spread Function and the Compton Data Space

Considering a normal camera (or even an X-ray focusing telescope), the direction of an incoming photon is translated
into an x-y-position on the sensor. A point source will lead to a point-like peak on the sensor which is broadened
due to imperfections in the optics. This is called the point-spread function (PSF). The space spanned by the x-y

Figure 2: The Radioactive Milky Way. The images are COSI simulations for the entire Galactic plane
(l = ±180� and b = ±15�). The simulated positron map is based on the bulge measured by INTEGRAL/SPI
and the 240µm map as a tracer for the disk. The 26Al (1.809 MeV) and 60Fe (1.173/1.333 MeV) maps
also use the 240µm map and fluxes consistent with measurements by COMPTEL and SPI. In contrast to the
⇠Myr half lives of 26Al and 60Fe, the short, 60 yr 44Ti (1.157 MeV) half-life traces recent supernova events.

of this anti-matter component of our Milky Way.
The Astro2020 WP entitled, “Positron Annihilation in the Galaxy,” by Kierans et al. (2019)

focuses on the positron science that can be addressed with a sensitive wide FoV imager in the MeV
band with excellent energy resolution. The specific science goals discussed include: determining
whether the 511 keV emission is truly diffuse or whether there are individual sources; constraining
the positron propagation distance by comparing the 26Al (1.809 MeV) distribution as well as other
source distributions (e.g., pulsars) to the 511 keV distribution; probing the conditions in different
regions of the Galaxy where positron annihilation occurs; and measuring or placing limits on
the injection energy of positrons into the ISM from measurement of the MeV continuum due to
annihilation in flight. This will constrain the mass of a possible contributing dark matter particle,
as well as the contributions of black holes and pulsars.

COSI’s capabilities (see Table 1) are well-matched to these goals. The excellent spectral res-
olution provides a leap in sensitivity and also allows for measurements of emission line shapes
(e.g., width of the 511 keV line components, Doppler shifts of 44Ti). The angular resolution will
allow for a sensitive search for point sources and will also easily distinguish between a disk scale
height of 3� and >9�. In addition to constraints on positron propagation, COSI’s measurements at
511 keV and 1.809 MeV will allow us to determine what fraction of the positrons are accounted
for by 26Al decay.

2.2 Revealing Element Formation
The MeV bandpass includes several nuclear emission lines that probe different physical processes
in our Galaxy and beyond. Long-lived isotopes such as 26Al (1.809 MeV line) and 60Fe (1.173 and
1.333 MeV lines), predominantly produced in SNe, provide information about the galaxy-wide star
formation history, integrated over the past million years. To first order, images of the Galaxy at

3

Multi-dimensional 
response matrixData

All-sky image (model)

DataInterface 
COSI, INTEGRAL, etc.

DeconvolutionAlgorithm 
Richardson-Lucy, MREM, MAP, etc.

ImageDeconvolution 
It performs the image deconvolution using the following classes

Functional interface

Model 
2D/3D Image, Spectrum etc.

Data = Compton scattering patterns of gamma rays in a detector 
All-sky images need to be reconstructed by solving an inverse problem statistically

Image Deconvolution with Richardson-Lucy Algorithm 
✦ A type of maximum likelihood estimation that 

estimates the flux of each pixel in an image 
✦ Iteratively updates the image to obtain an image 

that maximizes the likelihood 

Generic data format compatibility: Applicable to other 
MeV gamma-ray missions, e.g., INTEGRAL/SPI
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Image Deconvolution using Bayesian approach
21

Implement modern image reconstruction techniques adopted in other fields into COSI 
✦ Maximize the posterior rather than the likelihood using the RL algorithm (MAP estimation)

∑
i

Di log ϵi − ∑
i

ϵi − cTSV ∑
j

∑
k∈σj

(λj − λk)2 − cSP ∑
j

log λj

Total Squared Variation 
(smoothness)

Likelihood sparseness prior 
(Ikeda+14)

Maximizing the posterior probability  
P(image & bkg |data) ∝ P(data | image & bkg) × P(image & bkg)

Likelihood Prior probability, e.g., 
 - image features (smooth, sparse, flat etc.) 
 - bkg. normalization with uncertainties

Ex.) Imaging of the black hole shadow with EHT (EHT collab. 19)
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Validation with 3-month COSI Simulation of 511 keV
22

Simulating the 3-month observations including in-orbit background 
components 

Sparse modeling suppresses high-latitude noise 
Smoothness prior preserves the galactic plane structure 
Within 3 months, global structures across the sky can be identified

MAP estimation Conventional algorithm

HY+25
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Towards better background modeling
23

Afterglow study (CsI, NaI) at the beamline facility HIMAC 
in Japan

The low S/B ratio requires detailed understanding of background components 
✦ Full background simulation compared with 2016 balloon data (Gallego+25) 
✦ In addition to the main detectors, scintillation detectors (NaI) will be onboard as a student 

collaboration project (Gulick+24,25, Nagasawa+2025) 
✦ BTO will be used as a tracer of background components, which will be incorporated in the 

data analysis (ongoing effect)
COSI bkg simulation 

(Gallego, Karwin)

38 mm
76 mm

Scionix module

SiPM + 
Build-in 

Amp.

NaI (Tl)



/ 27

Beyond COSI
24

Present Future
2020 2030

COSI, NASA (CC) 
(2027-)

2040

A large-scale mission in 
2030s? 2040s?

PoS(ICRC2021)653

Overview of the GRAMS Project Tsuguo Aramaki

LArTPC

1.5m

30cm

1.5m

1m

3.5m

2m

TOF Plastic Scintillator

LArTPC

TOF Plastic Scintillator

SiPMs
e+

e-

Charged Particle

e- e-

e- θ

Gamma Ray: Compton Scattering

e-

e-

SegmentationAnode wires/pads 
(X-Y plane) 

E-
FI

EL
D

e-

e-

Pair-Production

e-
e-

e-
e-

e-

Figure 1: GRAMS detector design and detection concept for MeV gamma rays

will be about 1.4 m⇥ 1.4 m⇥ 0.2 m and will work as a calorimeter and particle tracker for antimatter
detection while acting as a Compton camera for gamma-ray measurements.

The LArTPC is cost-e�ective since argon is one of the most abundant gases on earth. It will be
operated at about 85 Kelvin in the liquid phase. We measure both scintillation light and ionization
electrons emitted from excited and ionized argon atoms induced by the incoming particle. The
ionization electrons will drift to the anode plane along the electric field applied inside the LArTPC.
Silicon Photo-Multipliers (SiPMs) will measure the scintillation light, providing the trigger and
timing of the event. The signals induced on the anode sensors wires or pads with a ⇠2 mm
pitch provide G/H positions of the event. The satellite mission will have an upgraded design with
a finer pitch of wires/pads. The drift time of the ionization electrons measured relative to the
event-triggered time in SiPMs can provide the I coordinate. Unlike semiconductors or scintillation
detectors, the LArTPC does not need to configure a multi-layer design with readout electronics at
each layer to reconstruct three-dimensional space points of the event. As a result, the LArTPC can
significantly reduce the number of readout electronics and the total power consumption compared
to other detectors for the same size, allowing to configure a large-scale design. There is almost
no dead volume inside the LArTPC, which allows having a profound detection e�ciency, unlike
semiconductors or scintillation detectors with mounting frames and preamps nearby. The LArTPC
can also have the capability to identify electron recoil events from nuclear recoil events, separating
and rejecting neutron background events, as has been well demonstrated in dark matte search
experiments. Table 1 shows the comparison between LArTPC and semiconductors or scintillation
detectors.

3. MeV Gamma-Ray Observation

3.1 Detection Concept

While high-energy gamma rays tend to produce electron-positron pairs, the Compton scattering
process dominantly occurs when a MeV gamma-ray below 10 MeV enters the LArTPC. An incident
gamma ray may undergo multiple Compton scatterings before being photo-absorbed or even escape
from the sensitive volume. It can fully deposit its original energy inside the LArTPC or partially
if the Compton scattered photon escapes from the detector. We estimated the e�ective area for
the GRAMS balloon (satellite) flight using a GEANT4 simulation (see the right panel of Figure
2 ) [14]. Here, for reliable event reconstruction, we selected events for up to three Compton
scatterings with vertices separated more than 10 (2) cm from each other and for pair-production

3

GRAMS, Japan+US (CC) 
・A large-scale mission with liquid argon 

・Engineer balloon flight in US in 2026

SMILE, AMEGO, GRAMS, MASS, MeGaT, 
MeVCube (CC), GECCO (CC+coded mask) …

SMILE-3 (CC) 
・Kyoto University, CR group 

・Science balloon flight in 2027
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Emulsion Telescopes GRAINE project
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Electron-tracking semiconductor Compton telescopes
25
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5

(SMILE project, PI: A. 
Takada, Kyoto university)

SMILE-2+

 ガス飛跡検出器と位置感度型シンチレータで
構成された電子飛跡検出型コンプトン望遠鏡

- 飛跡検出器: Ar 2気圧, 30x30x30 cm3

- シンチレータ: GSO 
底面 6x6x26 mm3/pixel, 2304 pixel
側面 6x6x13 mm3/pixel, 各面1152 pixel

 2018年4月7日にオーストラリア
アリススプリングスから放球

 ISAS/JAXA大気球実験グループによる気球運用
 高度～40 kmにおいて約26時間の観測
 A. Takada+, ApJ, 930, 6 (2022)にて成果を公表

 検出レートは系外拡散, 大気ガンマ線, 宇宙線

由来の雑音ガンマ線で期待されるものとよく
一致

 銀河中心の正中時に~10σの超過を検出
エネルギースペクトルは過去観測と矛盾ない

 SMILE-2+の検出感度。実現した感度(青)は予
測値(赤)と良い一致が見られる。また、かに星
雲を数時間の観測で4σの有意度で検出した事
とも整合性がある。広視野型のMeVガンマ線

検出器において予測感度を達成したのは世界
で初めて。

Galactic diffuse emission 
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Electron-tracking semiconductor Compton telescopes
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 銀河中心の正中時に~10σの超過を検出
エネルギースペクトルは過去観測と矛盾ない

 SMILE-2+の検出感度。実現した感度(青)は予
測値(赤)と良い一致が見られる。また、かに星
雲を数時間の観測で4σの有意度で検出した事
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で初めて。
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Conclusions

NASA’s SMEX mission COSI will be the first dedicated MeV mission in over 20 years, filling the 
gap left by COMPTEL and INTEGRAL. 

Utilizing a germanium Compton telescope, it achieves both high spectral resolution and a 
wide field of view (25% of the sky) in 0.2-5 MeV. 
It improves MeV sensitivity by ~10x and opens the window for gamma-ray polarimetry. 

With uniform exposure and large FoV, it provides all-sky maps of key nuclear lines and 511 
keV and capabilities to observe transient events like GRBs and multimessenger events. 

Characterizing the in-orbit background and establishing statistical analysis methods for non-
direct imaging systems will set the standard for MeV astronomy. 
COSI’s scientific results and technical verification pave the way for future large-scale missions.
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