
Observations of Galactic binaries  
in the sub-MeV/MeV band with future prospects

Hiroki Yoneda 

 Kyoto University, Hakubi center

Variable Galactic Gamma-Ray Sources VII 
University of Barcelona, May 6-8 (2025)



/ 16

Particle acceleration in Galactic binaries
2
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Figure 2: Significance maps of four other LHAASO measured microquasars besides SS 433. Panel
(a) V4641 Sgr, (b) GRS 1915+195, (c) MAXI J1820+070 and (d) Cygnus X-1 at above 25 TeV.
In each panel, the green cross marks the position of the BH of each microquasar. The green circle
exhibits 68% containment radii of the LHAASO sources. The cyan arc in panel (d) represents the
bow-like radio structure inflated by the jet of Cygnus X-132. The yellow circle in each panel shows
the corresponding 68% containment radii of LHAASO PSF.
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Figure 2: The spectral energy distribution (SED) of LS 5039 at inferior conjunction (red), and superior conjunc-
tion (blue). The gray and yellow flux points are plotted from previous H.E.S.S. study [5]

Time Integrated SUPC INFC
R.A. [�] 276.54± 0.004 +0.003

�0.001 276.56± 0.04 +0.001
�0.000 276.52± 0.04 +0.003

�0.002

Decl. [�] �14.81± 0.02 ± 0.002 �14.82± 0.04 +0.002
�0.001 �14.82± 0.027 ± 0.002

K [TeV�1cm�2s�1]
⇣
1.54+0.20

�0.18
+0.24
�0.22

⌘
⇥ 10�15

⇣
1.06+0.24 +0.04

�0.2 �0.14

⌘
⇥ 10�15

⇣
2.27+0.30 +0.14

�0.26 �0.29

⌘
⇥ 10�15

� 2.76± 0.10 +0.03
�0.02 2.67± 0.16+0.03

�0.00 2.83± 0.09+0.02
�0.05

Emin [TeV] 0.4 2.1 1.0
Emax [TeV] 130 118 208
TS (Equation 6) 123 36 103

Note: Spectral models are described in Equations 2, 3. In the table, K is the flux normalization at 16.8 TeV,
� is the spectral index, and Emin and Emax represent the 68%-confidence level upper limit on the minimum
energy and lower limit on the maximum energy, respectively. The first uncertainty is statistical, and the
second uncertainty is systematic (see Methods 1).

Table 1: Fit parameters for each state

5

Sub-PeV gamma-ray measurement from 
BH-jet systems (LHASSO collab. 2024)

Extended gamma-ray emission to 200 TeV in the 
gamma-ray binary LS 5039 (HAWC collab. 2025)

They challenge the origin of Galactic cosmic rays 
✦ They are PeVatron sources?  
✦ Extremely efficient leptonic particle accelerator?



/ 16

Sub-MeV/MeV gamma-ray synchrotron from gamma-ray binaries
3
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Tsync =
6πmc2

cσTγB2
≃ Tacc = γmc2/ ·E

Eγ = ℏ
qB
mc

γ2 =
9
4

mc2

αξ
∼ 160 MeV × ξ−1

Sub-MeV/MeV synchrotron can be a smoking gun for 
extremely efficient leptonic acceleration ξ ∼ 1

·E = qeBcξ−1
Gamma-ray energy

Acceleration parameter

Maximum gamma-ray energy allowed in synchrotron emission

Emission up to 30 MeV was reported from the gamma-ray binary LS 5039 (and LS I +61 303?) by COMPTEL 
Possible MeV-TeV/PeV correlation from some leptonic particle accelerators (e.g., Crab PWN, Khangulyan+19)
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The current status of MeV gamma-ray astrophysics 
4

✦ MeV gamma-ray observation is a remaining frontier in astrophysics 
✦ Achieved sensitivity is x10-100 worse than X-ray/GeV

3

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。

Sensitivity gap

Takahashi+13

1.7 m

2.6 m 

Schönfelder+93

COMPTEL (1991-2000) 
Effective area  
→ only 20-50 cm2
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Past, Present, Future of MeV gamma-ray observations
5

Past Present Future
1990 2000 2010 2020 2030

COMPTEL, NASA 
(1991-2000)

SGD/Hitomi, JAXA 
(2016)

INTEGRAL/ESA 
(2002-2025)

COSI, NASA 
(2027-)

2040

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

PoS(ICRC2021)653

Overview of the GRAMS Project Tsuguo Aramaki
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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 
・A large-scale mission with liquid argon 

・engineer balloon flight from Japan in 

2023 
・engineer balloon flight in 2025/2026

SMILE, AMEGO, GRAMS, GECCO, MASS, 
MeGaT, MeVCube, HARPO, and more…

Application to 
nuclear experiments 
(Go, Tsuzuki, HY+24)

©space.com
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COSI (The Compton Spectrometer and Imager)
6

✦ was selected as a NASA SMEX satellite to be launched in 2027 
✦ a Compton telescope observing gamma-rays in 0.2 - 5.0 MeV 

Key capabilities 
✦ Cryogenically-cooled germanium detectors  
➔ gamma-ray line imaging with excellent energy resolution ~1% 

✦ Instantaneous field-of-view is ~25% of the sky 
➔ all-sky monitoring (whole sky observation in a day)

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

Zoglauer+21

The 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-f 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 efficient
neutrino production sites, they are likely to be highly opaque to WW 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 "DM << 1 eV, the axion-like particle (ALP) is an attractive candidate. COSI will be sensitive
to the effects of ALPs on the flux and polarization of MeV gamma-rays emitted from, e.g., blazars
[6]. In the light mass region (1 eV . "DM . 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

Tomsick+23
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Key science goals
7

COSI (3-month simulation)

SPI / INTEGRAL (Bouchet +10)
COSI (3-month simulation)

C. Gain insight into extreme environments with polarization 
D. Probe the physics of multimessenger events

A. Uncover the origin of Galactic positrons 
B. Reveal Galactic element formation

HY+25 
arXiv:2504.02468511 keV all-sky image 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

Nuclear gamma-ray lines (26Al, 60Fe, 44Ti)

Orange bars show 
existing 

measurements by 
INTEGRAL
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Gamma-ray binaries with COSI
8

COSI
A Gamma-ray
Space Explorer

Nuclear Physics in Astrophysics XI – John Tomsick 12

COSI operation

❑Survey mode
▪North/South zenith offset alternating 
every 12 hours
▪Combined with large field of view gives 
daily all-sky coverage

❑Time to observe a transient event 
in survey mode
▪>25% of sources seen instantaneously
▪>50% within 90 mins
▪100% within 24 hrs

COSI’s >25%-sky 
field of view

COSI Data Challenge 3 (DC3) 
✦ provides simulated data designed to closely mimic future flight data 
✦ enhances data pipeline and analysis tools (COSItools) through scientist feedback 

Feasibility studies of gamma-ray binaries 
✦ added two objects to DC3 datasets: LS 5039 (a persistent gamma-ray binary) and PSR B1259 (a transient source) 
✦ conducted comprehensive 3-month full simulation including: 

✦ complete satellite orbital parameters 
✦ realistic background components including South Atlantic Anomaly (SAA) and galactic diffuse emission
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3-month simulation of LS 5039 in DC3

✦ The spectrum was generated by interpolating X-ray spectrum (HY+21) and MeV spectrum (Collmar&Zhang, 14) 
✦ Used a spectrum averaged over the orbital period 
✦ Orbital modulation is based on the orbital light curve

9
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Count spectrum and significance

✦ With 3-month observation in DC3, the source and background counts are 5x103 and 3x106 on the point 
spread function of the Compton telescope. 

✦ The detection significance ( ) is ~3 sigma. 

✦ By scaling it to 2 years, the spectral analysis from 0.2 to ~3 MeV can be performed

= S/ B

10
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Spectral fitting and orbital modulation with 2-yr observation

✦ The spectral fitting was performed with COSIpy and the threeML library 
✦ 3σ at ~3 months; ~8σ with full 2-year mission (based on the data challenge 3 simulation) 

✦ We can test if the MeV peak reported by COMPTEL is real or not 
✦ Orbital modulation can be studied within nominal mission lifetime 
✦ Background-dominated with S/B ~0.2%, and it is crucial to model the background accurately.

11
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3-month simulation of PSR B1259-63 in DC3

✦ Gamma-ray emission occurs during its periastron passage 
✦ Its flux is brighter than the pulsar spin-down luminosity 
✦ The flux and duration in COSI's energy band are not well understood. 
✦ Next periastron passage: November 19, 2027 shortly after COSI launch (2027 August)

12
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(> 1 TeV)

HESS 2007
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Fermi 2010
(> 100 MeV)
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Figure 4. Light curves of PSR B1259−63 around periastron. (a) HESS 2004
and 2007 periastron passages (Aharonian et al. 2005). (b) Fermi-LAT 2010
periastron passage. (c) X-ray fluxes from three periastron passages in units
of 10−11 erg cm−2 s−1 (Chernyakova et al. 2009). (d) Radio (2.4 GHz)
flux densities measured at ATCA for the 2010 and 1997 periastron passages
(Johnston et al. 1999).

2009; Kawachi et al. 2004; Tavani et al. 1996; Chernyakova
et al. 2006, 2009) revealed a characteristic variability of this
emission during the periods of periastron passage. Detection
of the 0.1–10 GeV band γ -ray emission around periastron was
not unexpected. However, Fermi observations reveal puzzling
behavior of the source, which was not predicted in any model
of γ -ray emission from this system. An unexpected strong flare
visible only in the GeV band was observed some 30 days after
the periastron passage and after the neutron star passage of the
dense equatorial wind of the massive star.

During this flare the source was characterized by an ex-
tremely high efficiency of conversion of pulsar spin-down
power into γ -rays. The highest day-average flux was F100 ∼
3.5 × 10−6 cm−2 s−1 with a spectral index of Γ ∼ 3.0.
This corresponds to an isotropic γ -ray luminosity of $8 ×
1035(D/2.3 kpc)2 erg s−1, nearly equaling the estimated total
pulsar spin-down luminosity LSD $ 8.3×1035 erg s−1 (Johnston
et al. 1992). This is illustrated in Figure 5 where the horizontal
red line shows the flux which would be produced when 100% of
the spin-down power is converted into radiation emitted within
one decade of energy, not taking into account possible beaming
effects.

Broadband spectra of emission around periastron are shown
in Figure 5. Strong increases in GeV flux and changes in γ -ray
spectrum during the flare were not accompanied by noticeable
spectral variations in the X-ray band.

Several possible mechanisms of production of 0.1–10 GeV
γ -ray emission from the system were previously discussed:

Figure 5. Spectral energy distribution of PSR B1259−63 around periastron.
Blue and cyan points represent the measurements of the spectra in the pre- and
post-periastron periods (labeled 1 and 2, respectively) by the LAT, Swift-XRT
in X-rays and ATCA in radio. Thin solid, dotted, and dashed lines show syn-
chrotron, inverse Compton, and bremsstrahlung components correspondingly.
Green points show HESS measurements from 2004 (Aharonian et al. 2005).
Light gray curves show the models of pre-periastron emission, dark gray curves
show the models of the flare. The horizontal red mark shows the flux which
would be produced if 100% of the pulsar spin-down power were converted into
electromagnetic radiation. In the upper panel, the high-energy particles are as-
sumed to escape from the system with the speed of the stellar wind, while in the
lower panel, high-energy particles are assumed to escape with the speed c/3, as
in the model of Tavani & Arons (1997), see the text for details. LAT data points
will be made available through https://www-glast.stanford.edu/cgi-bin/pubpub.

synchrotron, inverse Compton (IC), bremsstrahlung, or pion
decay emission (Tavani & Arons 1997; Kawachi et al. 2004;
Chernyakova et al. 2006; Khangulyan et al. 2007). Electrons
with energies Ee ∼ 100 TeV produce synchrotron emission
in the energy range Eγ ∼ 109[B/1 G][Ee/1014 eV]2 eV.
Alternatively, electrons with energies Ee ∼ 1–10 GeV could
produce γ quanta with energies Eγ $ 108[Ee/1 GeV]2 eV via
IC scattering of Be star photons. Bremsstrahlung emission in
the GeV band could be produced by the GeV electrons. Finally,
the dense equatorial stellar wind could provide a sufficiently
dense target for proton–proton interactions followed by decays
of neutral pions into photons.

Figure 5 shows example model fits to the persistent emission
data. The model shown in the upper panel assumes that high-
energy particles escape with the speed of the stellar wind, as in
the model of Chernyakova & Illarionov (1999) and Chernyakova
et al. (2006). Slow escape of the high-energy particles leaves
enough time for the efficient cooling of electrons via IC and/or
bremsstrahlung/Coulomb loss mechanisms. In the lower panel,
high-energy particles are assumed to escape with the speed
1010 cm s−1, as in the model of Tavani & Arons (1997). In
this case only synchrotron cooling is efficient. The code used
for the calculations is described in Zdziarski et al. (2010).

In general, the flare could be explained either by anisotropy of
the γ -ray emission or by an abrupt change of physical conditions
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would be produced if 100% of the pulsar spin-down power were converted into
electromagnetic radiation. In the upper panel, the high-energy particles are as-
sumed to escape from the system with the speed of the stellar wind, while in the
lower panel, high-energy particles are assumed to escape with the speed c/3, as
in the model of Tavani & Arons (1997), see the text for details. LAT data points
will be made available through https://www-glast.stanford.edu/cgi-bin/pubpub.

synchrotron, inverse Compton (IC), bremsstrahlung, or pion
decay emission (Tavani & Arons 1997; Kawachi et al. 2004;
Chernyakova et al. 2006; Khangulyan et al. 2007). Electrons
with energies Ee ∼ 100 TeV produce synchrotron emission
in the energy range Eγ ∼ 109[B/1 G][Ee/1014 eV]2 eV.
Alternatively, electrons with energies Ee ∼ 1–10 GeV could
produce γ quanta with energies Eγ $ 108[Ee/1 GeV]2 eV via
IC scattering of Be star photons. Bremsstrahlung emission in
the GeV band could be produced by the GeV electrons. Finally,
the dense equatorial stellar wind could provide a sufficiently
dense target for proton–proton interactions followed by decays
of neutral pions into photons.

Figure 5 shows example model fits to the persistent emission
data. The model shown in the upper panel assumes that high-
energy particles escape with the speed of the stellar wind, as in
the model of Chernyakova & Illarionov (1999) and Chernyakova
et al. (2006). Slow escape of the high-energy particles leaves
enough time for the efficient cooling of electrons via IC and/or
bremsstrahlung/Coulomb loss mechanisms. In the lower panel,
high-energy particles are assumed to escape with the speed
1010 cm s−1, as in the model of Tavani & Arons (1997). In
this case only synchrotron cooling is efficient. The code used
for the calculations is described in Zdziarski et al. (2010).

In general, the flare could be explained either by anisotropy of
the γ -ray emission or by an abrupt change of physical conditions

5

Before the flare

During the flare

COSI

Fermi collab+11
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Possible constraints on the MeV emission from PSR B1259-63
13

The GeV flare varies every event and is also time-variable 
It is detectable if it is > 1e-9 erg cm-2 s-1 with 1-month 
duration 

The multi-wavelength data would also help this analysis, 
e.g., selecting time intervals when the source is active in 
the GeV band.

5 x 10-10 erg cm-2 s-1 (0.2-3 MeV) 1 x 10-9 erg cm-2 s-1 (0.2-3 MeV) 2.5 x 10-9 erg cm-2 s-1 (0.2-3 MeV)

4 Chernyakova et al.

Figure 2. The PSR B1259�63 light curves from radio to GeV energies. The dashed lines correspond to the periastron and to the moments of the disappearance
(first non-detection, t = tp � 16) and the reappearance (first detection, t = tp + 15) of the pulsed emission, as observed in 2010 (Abdo et al. 2011). The dotted
line corresponds to the first appearance of the detection in GeV band on a day time scale at the beginning of 2024 GeV flare. All historical data in this figure are
taken from (Chernyakova et al. 2021, 2024, and references therein). Panel a: Fermi/LAT flux measurements in the E > 100 MeV energy range with a daily bin
size. Panel b: absorbed 1-10 keV X-ray flux. Panel c: radio flux densities in mJy. Scaled 2024 X-ray Swift data is also shown in this panel with a blue dashed
line for comparison. Panel d: Evolution of the X-ray (blue) and radio (green, 1 � ↵) photon indexes around the periastron. In magenta we show the photon
indexes that would explain the overall radio to X-ray spectrum (using data points separated by no more than 1.5 days). Panel e: H↵ equivalent width.

the increase around the first disk crossing was noticeably larger than
it was in 2021, and second the first maxima in 2024 appears to be
⇠ 1 day earlier than in 2017. Unfortunately, the gaps in the data do
not allow us to place a tighter constraint on this. Second, while the
EW is similar up to periastron, it is significantly larger from approx-

imately 20 days after periastron. This di↵erence in the EW would be
inline with the pulsar interacting earlier with the circumstellar disc,
either because of a larger disc, or due to a small shift in the disk
orientation.

Such an assumption is further supported by the X-ray observa-
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EW is similar up to periastron, it is significantly larger from approx-

imately 20 days after periastron. This di↵erence in the EW would be
inline with the pulsar interacting earlier with the circumstellar disc,
either because of a larger disc, or due to a small shift in the disk
orientation.

Such an assumption is further supported by the X-ray observa-
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Chernyakova+24

(based on Fermi+11 paper, v~0.3c)

The duration of the flare is assumed as 30 days (but it is not well-known)
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Towards accurate background modeling
14

The low S/B ratio requires detailed understanding of background components 
Several approaches are being investigated, e.g, full background simulation compared with 2016 balloon data (Gallego+25)

BGO Active shields

Front-end 
electronics 
with ASIC 
readout

Radiator 
for heat 
removal

Germanium 
detectors in a 
vacuum cryostat

The Background and 
Transient Observer (BTO, NaI)

✦ The main Compton telescope is surrounded by the BGO 
active shields. 

✦ In addition to them, scintillation detectors (NaI) will be 
onboard as a student collaboration project (Gulick+24,25)

The gamma-ray spectrum and saturated events will be 
used as a tracer of background components, which will be 
incorporated in the data analysis

Afterglow study (CsI, NaI) at the beamline facility HIMAC in Japan
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Future of MeV gamma-ray observations
15

Present Future
2020 2030

COSI, NASA 
(2027-)

2040

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

PoS(ICRC2021)653

Overview of the GRAMS Project Tsuguo Aramaki
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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 
・A large-scale mission with liquid argon 

・engineer balloon flight from Japan in 

2023 
・engineer balloon flight in 2025/2026

SMILE, AMEGO, GRAMS, GECCO, MASS, 
MeGaT, MeVCube, HARPO, and more…

2023/7/27 03:55 Launched 2023/7/27 07:07 Landed on the sea

Results of engineering flight
(Nakajima+24, arXiv:2409.13209)
• Launched on 2023 July 27 03:55, experienced 3 hour 

flight.
• Level flight for 40 minutes at altitude of 29 km.
• The LArTPC was stable and controllable during the flight.
• Also acquired data of environmental radiation.
Successfully accomplished the first LArTPC operation 
at stratosphere.

Ballon flight at Taiki-cho, Japan

Next prototype flight was accepted by NASA APRA 
Balloon flight planned at 2026
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Conclusions
✦ MeV gamma-ray observations are essential for understanding extremely efficient particle 

acceleration in gamma-ray binaries 

✦ COSI to be launched in 2027 will fill the sensitivity gap between X-ray and GeV bands 

✦ Comprehensive simulations with full orbital parameters and realistic backgrounds 
demonstrate: 
✦ LS 5039: spectral analysis and orbital modulation with 2-yr observation despite low S/B ratio 
✦ PSR B1259-63: Perfect timing with periastron after launch 

✦ Multi-wavelength coordinate observations and background modeling are essential for 
these sources 

✦ Join COSI Data Challenge to help prepare for closing the MeV gap!
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Link to DC3


