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Galactic diffuse MeV gamma rays

Extended unidentified gamma-ray radiations around G.C.
® Confinuum in MeV band (O.1-100 MeV)

- | order of magnitude above the expected IC emission
- No identified population of sources can explain the emission
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Galactic diffuse MeV gamma rays

What are the possible origin candidates,
and what spatial distribution is expected for each?

. . . Expected spatial .

Cosmic-ray v' One order of magnitude above the
interaction with Distributed along expected IC emission.
interstellar the Galactic plane v It requires the known Galactic
matter parameters to be incorrect.

Many v" No source class bright only in the
unresolved and Distributed along MeV band has been found.
unidentified the Galactic plane v It requires the existence of an
sources unknown class of sources.

v' Gamma rays may be generated

Proportional to through the annihilation or decay of
DAL LA ELT (mass density)? low-mass WIMPs.
v' It may lead to the discovery of DM.
v' A PBH with mass of ~10'6-17 g
Primordial Proportional to would emit gamma rays via Hawking

Black Holes mass density radiation.
v' It may lead to the discovery of PBH.



Galactic diffuse MeV gamma rays

What are the possible origin candidates,
and what spatial distribution is expected for each?

. . . Expected spatial .

Cosmic-ray v' One order of magnitude above the
interaction with Distributed along expected IC emission.
interstellar the Galactic plane v It requires the known Galactic
matter parameters to be incorrect.

Many v" No source class bright only in the
unresolved and Distributed along MeV band has been found.
unidentified the Galactic plane v It requires the existence of an
sources unknown class of sources.

v, (Gaomma rave mav he aenerated

Dol MeV gamma-ray observations not only fill the MeV f
gap in multi-wavelength coverage but also may
provide complementary information for advancing our

pril understanding of Galactic PeVatrons.

Black Holes mass density radiation.
v' It may lead to the discovery of PBH.
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Galactic diffuse MeV gamma rays

What are the possible origin candidates,
and what spatial distribution is expected for each?

. . . Expected spatial .

Cosmic-ray v' One order of magnitude above the
interaction with Distributed along expected IC emission.
interstellar the Galactic plane v It requires the known Galactic
matter parameters to be incorrect.

Many v" No source class bright only in the
unresolved and Distributed along MeV band has been found.
unidentified the Galactic plane v It requires the existence of an
sources unknown class of sources.

Y _Gamma ravs mav he aenerated
Dol 1O uncover the origin of the diffuse MeV gamma rays |f

in the Galaxy, both

® Detailed spectral information

pril ® Wide-area (or all-sky) intensity map
Bld are required.
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Difficulty of MeV imaging

Compton scattering dominates in MeV cross section
gamma ray

Principle of Compton Imager
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® Improvement of imaging
®Background suppression
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Electron-Tracking Compton Camera

gamma-ray

SPD .
R . R Scatterer: Gaseous TPC

v' Energy and detailed track
information of the recoil electron

Absorber: Position-sensitive Scinti.
Electron tracker
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e ; } scattered gamma-ray
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Electron-Tracking Compton Camera

gamma-ray
ARM i even, Scatterer: Gaseous TPC
. PC/e v Energy and detailed track
/ informotion of the recoil electron

; Absorber: Position-sensitive Scinti.
Electron tracker \ai

(Ar2atm) | B v' Energy and position of the
= LiigaesEy = scattered gamma-ray

30 cm

= provides a well-defined point

' spread function (PSF) and powerful
R0 ORI background-rejection capability with a
‘Posmon sensmv'e - wide field of view.
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Flux, Phot/s/ecm?2/keV

Observational challenges in MeV sky

Sensitivity in keV to GeV band
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Challenges:
Unclear imaging and artifacts
= Severe contamination from
out of region of interest

Huge amount of background
= S/N ~ 1 /1000

5000 obs. (in case of a brightest source)
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ETCC is well suited to address
both of these challenges.

We are developing the
ETCC and conducting

the SMILE project
to explore the MeV sky.



Sub-MeV/MeV gamma-ray Imaging
Loaded-on-balloon Experiments

Xe+Ar | atm, n
201 SMTLE-T (2006, Sanriku, JPN, 4 hours) | 10 em cubic. SMILE-I

- Demonstration of an ETCC operated at high altitude q

- Successfully detection of extragalactic diffuse |
and atmospheric gamma-rays

2010 A. Takada+, ApJ (201 1); A. Takada+, JPSJ (2009) -__‘

SMILE=-2+ (2018, Alice Springs, AUS, 26 hours) | Ar 2 atm, 30 cm cubic

- Successfully detection of Crab Nebula and G.C. region
A. Takada+, Apd (2022); T. Ikeda+, astro-ph:2509. 1585 |

2020 - Precise BG measurement at high altitude
T. Ikeda+, PRD (2023)

SMILE-3 (2028, Alice Springs, AUS)[CF, 3 arm,

30 cm cubic

- with a few Long Duration Balloons

v
Satellite observatory for all-sky survey



SMILE-2+ balloon payload

Ar 2 atm, 30 cm cubic

Pressurized vessel ETCC

Anti-Coincidence counter
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Payload mass: 511 kg
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SMILE-2+: Level flight condition

E40F s Obtained tracks at high altitude
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v A 26-hour level flight was achieved, during which the
flight altitude remained between 37.8-40.4 km.

v' The track data obtained from the TPC during the level
flight were of good quality, demonstrating that particles
can be clearly identified.



SI\/IILE 2+ nghT curve and BG spectrum
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periods when the Crab and

the G.C. were at culmination.

v’ Detected events were explained by the summation of
atmospheric/cosmic diffuse gamma-rays, BG events
produced by cosmic-rays, and chance coincidence.

v LC shows a slight excess at the culmination of the G.C.



SMILE-2+: Results of the Crab
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v 4.0 sigma detection in 0.15-2.1 MeV

v' Crab flux obtained by SMILE-2+ was consistent with
the results of previous experiments.

v’ The achieved detection sensitivity of SMILE-2+ was
nearly equal to the designed sensitivity.



SMILE-2 : Results of the G.C.

"preliminary !

(_‘g —&— SMILE-2+ —— INTEGRAL/SPI (Berteaud+22) ] .

- 1F COMPTEL (Strong+99) —e— INTEGRAL/SPI (Siegert+22) 3 Region of Interest
o |~ COSI (Karwin+23) Galactic | Galactic
g 1071k o . - Longitude Latitude

: preliminary § Il b |

% [

S 10—2 R - SMILE‘Z"‘ < 330 < 330

E COSI < 65° < 450

LL -3 L

x 10 i INTEGRAL/ <47.5° < 47.50
T .| T. Ikeda+, astro-ph:2509.15851 1 SPI

10— 1 L1 11l 1 L3 a1l L L3 a3l 1 1
107 107 1 10
Energy (MeV)

v Significant detection of the excess from the G.C. region.
v' The flux remains higher even when compared with
several IC emission models.
v The flux tends to exceed that of INTEGRAL,
but the statistical difference is limited to about 2 0.



Sub-MeV/MeV gamma-ray Imaging
Loaded-on-balloon Experiments

Xe+Ar | atm, n
201 SMTLE-T (2006, Sanriku, JPN, 4 hours) | 10 em cubic. SMILE-I

- Demonstration of an ETCC operated at high altitude q

- Successfully detection of extragalactic diffuse |
and atmospheric gamma-rays

2010 A. Takada+, ApJ (201 1); A. Takada+, JPSJ (2009) -__‘

SMILE=-2+ (2018, Alice Springs, AUS, 26 hours) | Ar 2 atm, 30 cm cubic

- Successfully detection of Crab Nebula and G.C. region
A. Takada+, Apd (2022); T. Ikeda+, astro-ph:2509. 1585 |

2020 - Precise BG measurement at high altitude
T. Ikeda+, PRD (2023)

SMILE-3 (2028, Alice Springs, AUS)[CF, 3 arm,
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- with a few Long Duration Balloons
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Satellite observatory for all-sky survey



SMILE-3: Scientific targets

Galactic Center region

MeV emission mechanism is still unclear.
Spatial distribution in MeV is important to resolve.

Continuum Components

v Integration of unresolved celestial objects?
v' Primordial black holes?

v' Annihilation of dark matters?

e®* annihilation line
v' The origin and propagation of positrons
v' Annihilation of dark matters?

Crab nebula

The Crab nebula is explained by the synchrotron
radiation in MeV. The shape of the spectrum
suggests that electrons are being accelerated in
two distinct regions.



SMILE-3: Scientific targets

Extragalactic diffuse gamma-ray

10° g T LELRARIL

T T"T”W,, ‘.T;wllq T_.:‘H |
Seyfert (Ueda+'03) =——

OO Sevien mone-08) —— 1 Approximately uniform and isotropic
SRR T emission has also been detected in MeV
Inoue+ (2013) . . . .
1 band, but its origin remains unknown.
. ] - Seyfert galaxies
R tt - Flat Spectrum Radio Quasars
‘ E - Ia supernovae in the far galaxies
ﬂ - annihilation of dark matter or
evaporation of PBH in near galaxies
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The spectrum and the anisotropy are the key to identifying the origins.

Centaurus A

The observed spectrum in MeV band has a large uncertainty, and its
spectral structure is not smoothly connected between X-ray and GeV bands.
If SMILE-3 achieves a long-duration observation exceeding |10° s,

it will allow us to obtain the energy spectrum of Cen A in the energy range of

0.2-5 MeV.



SMILE-3: Performance requirements

Balloon-flight opportunities provided by JAXA

v The next one-day balloon-flight opportunity is
expected to be offered in as early as
v If the mass of SMILE-3 gondola can be kept to
, 1T will be able to reach
using a 500,000 m3 size balloon.

Performance requirements for the SMILE-3 ETCC

Assuming 38 km altitude and one-day flight in the next
JAXA opportunities,

v' An effective area of
v A half power radius of
are required.



Enhancement from SMILE-2+ to SMILE-3

Enhancement goals Method

Effective
Area

Energy
Resolution

Angular
Resolution

Energy
Range

X5

X 1.5

X3

0.2 to 10 MeV

Gas in TPC (Ar 2atm —» CF, 3atm), &
Remove one layer of the pressurized

vessel to expose the TPC vessel

Changes in the scintillator optics

PMT (AE/E ~ 12%) = SiPM (~8%), &

Readout pitch of TPC, &

Track analysis using machine learning

T. Ikeda+, 2021, PTEP

Expansion of the dynamic range of the
optical readout circuit for scintillators

N_CF, 3 atm

CPUs, DC/DC

Mass estimation:

jmm  GPS, Batteries g

- Y

- ETCC 80 kg
- system part | 00 kg
(batteries are ~80 kg)
- Vessel 250 kg
- Gondola 70 kg
Total 500 kg

cf. SMILE-2+ 51| kg
(incl. telecom system)




. |SMILE-2+  |SMILE-3

Main Gas Ar 2 atm CF, 3 atm

u-PIC Printed Circuit Through Glass Via
Board type type

Readout pitch 800 um 400 um

,‘a“r‘

N,
)

Alemporary, os‘.s,gfm’bled

"

ISMILE=3 EJICC

<
~



SMILE-3: Scintillators
TSI 2 [SMILEs

ReadouT circuit Optical Multi-anode MPPC arrays
s readout PMTs
DAQ Common start  Common stop
Amplifier  Single gain Low/High gain

(for dynamic range)

.a

I\/I PPCLO rrg&- 1

GSO arrays
Bottom: 6x6x26 mm3/pix
Side: 6x6x |3 mm3/pix

wTemporary ossembled
SMILE -3 ETCC

<
~




Preparation of sub-system

Tes’rmg of a Star Tracker (STT) system usmg a balloon piggyback
= ~-u Hokkaido, Japan

-425

TARF

422
42:
418

143 1432 1434 1436 1438 144 1442 1444
Longitude [deg.]

B25-03 gondola © SONY IMX264LLR-C Balloon trajectory
(19.2°x16.1°, 2448x2048 px)  of B25-03

v SMILE-3 ETCC attitude will be determined using
STTs, an inertial sensor, and a GNSS compass.

v' A prototype STT was flown in Hokkaido on June 20,
2025, to obtain star images for a demonstration.

v’ The test confirmed that the STT can detect 6.3-mag
stars at ~40 km with 5-sigma significance.



SMILE-3: flight opportunity status

| -day flight at Australia in 2028 provided by JAXA

v’ The SMILE-3 application has been

and has been
by the JAXA balloon committee.

The feasibility of SMILE-3 has taken another step forward.

v' The official selection has been postponed to around
the autumn of 2026.

If any concerns are to be raised,*

v' It remains possible that the balloon campaign
such as budget
conditions at NASA.



Summary

Key technologies for exploring the MeV sky: ETCC

v A well-defined point spread function (PSF)

v' Powerful background-rejection capability
v A wide field of view.

Results from SMILE-2+ (2018, Australia)

v Successfully detection of Crab Nebula and G.C. region
v' Precise BG measurement at high altitude

The SMILE-3 project (2028, Australia)

v We are advancing the development of the instrument
v’ The SMILE-3 application has been

We hope you look forward to what lies ahead
in our exploration of the MeV sky.
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SMILE-2+: Exposure and Spectra
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Propagation and Proton injection models

MNEAS 475, 27242742 (2018)
E. Orlando*

Hansen Experimental Phys

Table 1. The table shows the propagation and the proton injection parame-
ters of the models. Injection parameters for other nuclei are as in the original
works (Cummings et al. 2016; Boschini et al. 2017b) and are not repeated
here. The description of each parameter can be found in the text.

Model code DRE DRC PDDE DRELowV?

Propagation

pﬂ.l'ﬂl'llEtEl‘S.

Do (cm?s™1) 14.6 43 12.3 14.6
Dy (GV) - - 4.8 -
51 0.327 0.395 —0.641 0.327
87 0.323 0.395 0.578 0.323
Vair (kms™1) 422 28.6 - 8.9
V. (kms™ 1) - 12.4 — _
dv/dz (kms~! kpc™h) - 10.2 - -
Proton

injection

pﬂ.l'ﬂl'llEtEl‘S.

1 0.65 1.69 1.18 -
Y2 1.94 2.44 2.95 1.4
3 247 2.28 2.22 2.47
Epy, (MV) 117 700 124 -
Epe, (GV) 17.9 360.0 6.5 2.7

Notes. "Dy = 102 8Do(R/Dg)’ em? s~!, with Dy = 4GV for DRC model,
and Dp = 40GV for the other models.

The propagation halo size is 4 kpc for all the models.

b This propagation model is described in Section 3.2.1.
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Beam test for > | MeV

For the scientific motivation of SMILE-3,
observations at energies above | MeV are also
important. We checked the response of each
component for the MeV gamma-rays using the
inverse Compton scattering beam at UVSOR,
Institute of Molecular Science, National Institutes
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