lool -borne emulsion telescope
b-GeV/GeV gamma-ray
with h _. angular
zatic enSItIVIty

launching in GRAINEZ2023 at Australia

13.9. 2024 11th Fermi Symposium



Cosmic Gamma ray(sub-GeV,GeV)

~ after subtracting
known sources

observation by
Fermi-LAT

unhidentified sources? dark matter?

-> approach these problems with

12 years, E>1 GeV

how sub-GeV/GeV band?
higher angular/spatial resolution detector




Detector: Nuclear emulsion film

cross sectional view A
of the emulsion film AL

rﬁe+ e- o o 49 =3 |
/ < ~200nm AgBr crystals~ -«

gelatin

ISi 75um (semi conductors) N
emulsion 0 oo

plastic 350um

base film 0.005Xo

emulsion \




Detector: Nuclear emulsion film

Scanning system: analog to digital

fional vi 3-D position of silver grains
Cross sectional view
: : E,:b81MeV (Eee-: 35MeV, 546'\/]6\/)
of the emulsion film
Yy —~et/e-
ISi 75um \
emuision 0.002Xo0
300
plastic 350um &30
base film 0.005Xo ﬁ‘zoo
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' " 100 N 20 %
. 40 5
emulsion 50 2‘
60
0 + -~
0 20 0 60



Detector: Nuclear emulsion film

330
Cross sect|] =
of the emy 3
: 00 TS — 1 ~1bhum
200 {74 fem e | (~0.001Xo) .|
emulsion 2 2 it s [ [ |
270 T ’ i i ! =—TT\e - - | ,
= -06um
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Performance tor gamma-rays
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(result of a 2.4 GeV beam experiment)
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high angular resolution, polarization sensitivity
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Galactic Center GeV Excess
Radial profile (latitude dependency of the Excess flux)

DM scenario? (NFW,y=1.267)

104:./, —_—

(Calore et al. 2015)

| |

¢  Hooper&Goodenough 2010 Calore+ 2014
eV excess emission ¢ Boyarsky+ 2010 Fermi coll. (preliminary)
e at E =2 GeV ¢ Hooper&Slatyer 2013 -+ -+ contracted NFW ~ = 1.26
155 3 ¢ Gordon+ 2013 — = Fermi Bubbles (extrapolated)
- $ Abazajian+ 2014 -+ = HI + H2 (at z < 0.2 kpc) :
T ¢ Daylan+ 2014 ]

dN/dE [1/cm®srs GeV]

10°° B -
B difficult to discuss .~ — = = —“::.:%RI” _______
. . <1 deq. (diffuseBG) @t e 1
VN 5 10 15 20

Galactic latitude |b| [deg], at £ = 0°



Galactic Center GeV Excess
? y Radial profile (latitude dependency of the Excess flux)

' DM scenario? (NFW,r=1.267?)

/ (Calore et al. 2015)
' g : : T : ' : ' T : : ' ¥ T : ' g : :

1074

. | ooper&Goodenoug alore+
4 H &Good h 2010 Cal 2014
? | (N oxcores emission ¢ Boyarsky+ 2010 Fermi coll. (preliminary)
2 at E =2 GeV ¢ Hooper&Slatyer 2013 -+ contracted NFW ~v = 1.26
10-5 . ¢  Gordon+ 2013 — = Fermi Bubbles (extrapolated)
3 t?-i $ Abazajian+ 2014 - - = HI + H2 (at z < 0.2 kpc) 3
T e ¢ Daylan+ 2014

dN/dE [l/cm2 srs GeV]

107° | ' -
10—7} ~ . difficulttodiscuss -~ - "o e
= <1 degq. (diffuse BG) e ]
V. 5 10 15 20

Galactic latitude |b| [deg], at £ = 0°

Add the data point at O.1deg.(emulsion film)




GRAINE project

Cosmic gamma-ray observation
w/ balloon-borne emulsion gamma-ray telescope

Balloon-borne

10m2 telescope

(largest aperture area
but not heavy ~2000kg)

\
| \

emulsion gamma-ray telescope

Detect r-ray
easure angle&energy

EEEEE R
O

Timestamp
track by track
multi-stage
emulsion shifter

Altitude Monitor
(star camera)



GRAINE project ;

Prototype Phase
2004- Technology development

2011 1st Balloon experiment
(0.01m2 @Japan w, saxa)

Demonstration phase

2015 2nd Balloon experiment
(0.38m2@Australia w/ iaxa)

©2018 3rd Balloon experiment
(0.38m2@Australia w/ axa)

Scientific phase

2023 4th Balloon experiment
(2.5m2@Australia w/ saxa)

20277 5th Balloon experiment

Observation for the Vela pulsar
in the 2018 experiment

gamma-ray count map

— O N
Y >80MeV =
o ! (@)
- Smoothed ] Q
= count map Fermi-LAT PSF(>100MeV) —41 ©
k= 3.2deg @68% :-‘_’
~ WA NEIEEI I o s s o .
&S N wt i 0.9
A= <
> (7))
Q E o
0.8 c
= =
(@)
&

-44
o
N

-46

0.4

~ o -
-~ -
------

GRAINE PSF(>80MeV)  consistent with a
* 0.42deg @68% | point-like source

-48

0.3

0.2

136 134 132 130 128 126 124 122

Right ascension[deg.]
takahashi et al., 2024 ApJ 960 47

Imaging with the
highest resolution in sub-GeV



Preliminary predictions :

150 |

=
N
53
=
ﬁ
\|
N

>1GeV

' No excess

(known astronomical
sources)

Gal. Center (0.1°)
Significance

w o O

9

o
o
o~

~
o

Ul
o

prediction
Alice K. H. et al. 2017

Vela pulsar
Minimum Detectable

W

o

Polarization (>0.1GeV)

5 7.5 10 12.
Telescope Area x 1-day Flight [m-flight]

Ve
92

_l'

if 1 week flight: ’
GRAINE 20235 MDP(20.,30)=15%,23%
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GRAINE2023
@Australla

pressure vessel gondola
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Launching on Apr.
30th, 6:32am

Celestial regions observed
by the Emulsion Telescope (FoV +45°)

overlayed circles
with a 45-deg. radius every 30min. /

Balloon was . }( ta N
SUCCGSSfully Galactic Center| \ SOy Y Y|
O0am—-6am v/
released by the
JAXA team

~~~~~

(=zenith direction)

Our gondola

photo by JAXA




\,f /

Data taking w/ REEES
the high-speed ™™
emulsion scanning g p

" flight film in
| GRAINE2023."_ 5

TR R a— scannmg & r-ray detectlon |s ongomg'

All(R

. Remove pair bW |
tracks 38 / \\ : i \ NG .

“““ I y
s “ '_H B E— A

.354"" data 1500,1800 films have been scanned (80%)
~ 2x105tracks/cm? >107 y-ray events have been detected

I :
A HER
/-8 %
VA

|

4
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Detected “e-pair” event topologies

unit 10
start_pl 25

gid 6915973
0_zenith 29.6°
0_open 5.17°

E_gamma

54.19 MeV

1mmI

; 31 MeV/c

23 MeV/c

View from y-ray direction

View from y-ray direction

{ unit 10
; SR start_pl 25
2' gid 8237284 116 MeV/c
\_vertex 6_zenith 30.5° e ETEX
9 ® open 1.36°
e —OP 471 MeV/c
e E_gamma ‘
g 0387 mm
/23 MeV/c
587 1004 MeV
— \"‘"’ Angular difference g .'\"”
P - [
—Track momentum | e
Lot —
13.6 s
£ Orus = 5 VX =
.-,‘}’:’
416 MeVie

A71 MeV/c
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Performance of the angular measurement
@ Internal calibration source

detection method: Y.Nakamura, et al. PTEP 2021

Primary
cosmic ray
Converter
n0—>2 Y
Hadronic
Interaction

| A6 —
1. reconstructed mUItlpllClty > O(tan 6 »<1.0)
i.' angle
Y —€e*t+e” } electron pair (searched with 156 films)
production

iIncident angle (tan 6 »): 0.0-1.0

energy range: 100-400MeV

6.8x 106 events
(searched with 140 films)
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Performance of the angular measurement
@ Internal calibration source after subtracting random BG

and smoothing

Primary
cosmic ray
1.5
Converter
mo0—2y
Hadronic 1
Interaction

[*33p10°0 X “33p$(°0ISILIIUD

0.5
| A6
E.' reconstructed 0
» angle

L]

Y —et+e | electron pair
production -4 : : : : : : : 0.5

-4 -3 -2 - 0 1 2 3 4
~ AOx [deg.]
angular resolution:

0.64+0.12deg.(Eave. ~250MeV)
(expected value: 0.65deg.)

Uncertainty of the expected direction: ~0.3deg.
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Performance of the angular measurement
@ External calibration source

Cosmic rays

Extrapolated positions 17 cm ,
(protons, eic.)

at the height of

the launching plate i ccce b fecccccncnccccanna =
A"‘-‘ , ' "‘--
-‘_.l : . L ’ -. '-'.'
= - ----------.’--q‘ ."-..'.--':.'

%/M‘f 7?‘\

Dotoctcd gamma-rays ConneCting
our gondola and
the balloon

38 em
Emulsion Telescope
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Performance of the angular measurement
@ External calibration source

Cosmic rays

Extrapolated positions 17 cm .
(protons, eic.)

at the height of

the launching plate . ccce v fecccccncncccaanna =
e F e : ' HE i '.. '-'-'
: = -—--------:5.# ."...'.--':.'

after subtracting random BG
and smoothing

4.5m
v

X

<

\<
extrapolated pos. y[cm]

1 80 -60 40 20 0 20 40 60 80
< /M

Dctoctcd gamma-rays extrapolated PoOs. X[Cm]

38 em
Emulsion Telescope



Atmospheric gamma-ray observation®
at the balloon attitude(~36km)

10_4 T T T T

sLo§ o rd o
10 | /’ g
{. } % '41 = I3 GRAINE2018 e/'/h/,)a

107°

%%4 :IZ "’._' '
- 1960,70s balloon experiments % %% .{:1 !T

Valdez et al.(1970)@Texas, 4.5 GV, 1967 % q}
Staib et al.(1973) @Mildura, 4.5 GV, 1967 }

Dahlbacka et al.(1973)@Mildula, 4.5 GV, 1970 % QR
L 4
Kinzer et al.(1974)@Texas, 4.5 GV, 1969 } % % 1 Yy

[ IIIIII|
—p—

—
<
2

Differential Flux [cm™ s sr1 MeV! (g/cm?)]

Staib et al.(1973)@Panama, 12 GV, 1966
Kinzer et al.(1974)@Argentine, 12 GV, 1971

B » O < > d=

0.1 1

_ Energy [GeV]
We understand our main background and the detector response

10°°
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Summary

Prototype Phase GRAINE project : Cosmic r-ray observation w/
2004- Technology development the high angular resolution

2011 1st Balloon experiment & the polarization sensitivity

(0.01m?2 @Japan w/ JAXA) ] ]
We conducted 4th balloon experiment in 2023

Demonstration phase Starting of the scientific observation
- Observation of the G.C. region
w/ the highest resolution
- Trying to measure the polarization of the pulsar

2015 2nd Balloon experiment

(0.38m2@Australia ., axa)
2018 3rd Balloon experiment - apalysis in GRAINE2023 is ongoing now
(0.38m#@Australia v ) -Basic performances are well consistent
with the expected values
-Observed atmospheric r-ray is consistent
2023 4th Balloon experiment with the previous experiments

(2.5m2@Australia . x) -Analysis for the astronomical sources is ongoing

'Scientific phase |

In the future, we want to conduct repeatedly
balloon experiments
with larger aperture area / longer flight duration

20277 5th Balloon experiment



