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Fermi's Five-year View of the Gamma-ray Sky (>1GeV)
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>3000 sources (3FGL)
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What has Fermi found: The LAT two-year catalog
' Contour : IR(Spitzer)

Color : 2-10GeV gamma-ray (Fermi LAT)

0'30:00:2

i Supernova
<l " remnants Globular clusters,
S N Pu;;/ars 4% high-mass binaries, |~
s i normal galaxies ‘n
o™
Non-blazar and1:;10re '
active galaxies * ©
% / g o
1% g | B
\\\\ : | &
o L
o
‘ 2
S
Unkaown
1% 57%
T T
56:00.0 18:56:00.0 54:00[0

Credit: NASA/Goddard Space Flight Center

Transient

Polarization
Crab

A. J. Dean, et al., Science, 2008
INTEGRA bex

1617181 9 110

Crab nebula flare
" ¢ | Buehleretal., ApJ, 2012 |

Energy spectrum

o
=)
=

<

—
o
=

10"
Energy (V)

M. Ackermann et al. Science, 2013

Dark matter
ey

Galactic Center
1.0-3.16GeV
Total flux




— .
[ —

=]

IRIILXF—HOIEBDEN

Y

J<
HFEMEEDHEER

R R IR I I!IIIH

120 }—
wol— FEENEREM BT A B h
N[ EEGEE FRAEE -
ulr. 80 |— —
‘m — —
60— —
IE P //6 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0 47Ag—
o O/ AP 35 Br —
- aL T EEA -
N F BRI &
0 T N N 1T A A1
0.01 0.1 1 10 100 MeV
hv http://www.nuclear-power.net
Eg%ﬁﬂiﬁ‘zo)'ﬂ&lu\ X
e+
gamma-ray

nuclear/electron

BIEFG M., BIERZ, TRILEF— R/

Bt



Nuclear emulsion
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Cross sectional view of an emulsion film
“Gamma-ray
Emulsion K A
Plastic 0.3mm
0.002Xo
base ( )
Emulsion

Intrinsic position accuracy ~60nm 4 = 5

Powerful tracking device

>High spatial resolution : <1micron
>Small radiation length : 0.002Xo

.~ Microscopic view

10micron
]

High angular resolution for gamma-ray
Sensitive to gamma-ray polarization
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GRAINE

Gamma-Ray Astro-lrf’rqger with Nuclear Emulsion
Y

Converter
Emulsion + Copper foil

Timestamper
Multi-stage shifter

Calorimeter
Emulsion + metal plate

Attitude monitor

2% * *
Star camera * 10m €trans Cconv Cdet

Fermi LAT | GRAINE

Angular resolution @100MeV 6.0deg (105mrad) 3{6 1.0deg (17mrad)
@1GeV 0.90deg (16mrad) 2/9 0.1deg (1.7mrad)
Energy range 20MeV - 300GeV 10MeV — 100GeV
Polarization sensitivity ——— Yes
Effective area @ 100MeV 0.25m? _x; 2.1m2 %
@ 1GeV 0.88m? x3 2.8m? *
Dead time 26.5 (U seC(readout time)T Dead time free




Angular resolutlon
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Polarization sensitivity
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Energy range
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GRAINE 2011 Fl|ght data analysis
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Time resolution
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= - s Ey:45-245[MeV]
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12.5cm
ackground measurement

This work, 8GV

© Fichtel ot al, (1968), 4.5GV
Valdez ot ok (1970), 4.5GV

’ Dshibacka o al. (1973), 4.8GV
Stalb ot al, (1573), 4.5GV

ey GRAINE First Light

> Schonfelder et al, (1580), 4.5GV
a Stalb ot al, (1973), 12GV
- Kinzer et al. (1974), 11.5GV
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Exposure
28 56 83 TIIT 130 67 [cm?hour]
ULl Feasibility demonstration
S. Takahashi et al., PTEP 043HO01 (2015); H. Rokujo et al., NIM A 701, 127 (2013)
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Launched, 6:33 12th May 2015
Design, various improvements & preparations
Establishment of a scheme & flow of the experiment in Australia

A - S.Takahashi et al., PTEP®73F01 (2016); K. Ozaki et al., JINST 10 P12018 (2015)



GRAINE 2015, Flight data analysis

Emulsion track read-out

After film development, surface treatment, thickness tuning, scanning parameter tuning

Emulsion read-out system
Scannlng progress

Hyper Track Selector @ Nagoya U

Parallel Processors

400— All area (37 6cmX24 5cm/f|Im)

Ml 726rU +36ch WL N 33350‘_ |0,0;1<53deg (|tan6,,,|<1.35)
Y === -
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. Date

High Precision ol .
‘ X-Y-Z Stage o N Enermneeed  Completed for all films

| S | _H rTrack Selector (432f|Ims, 41m2(f||m area baSiS))
First practical scanning -Converter 100 films x 4units
-Timestamper 8 films x 4units

2016/01/01



GRAINE 2015, Flight data analysis, Converter
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GRAINE 2015, Flight data a}\alysis, Converter
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GRAINE 2015, Flight data analysis, Converter
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GRAINE 2015, Flight data analysis, Converter

Achieved improvements

-Emulsion film S/N ratio X~20, data size ~1/20

-Track finding inefficiency in a single film ~1/10

-Data reduction load for y-ray event detection ~1/200

y-ray event detection

gn.. § 1 I 1 I I 1 I I | I 1 I 1 1 1 I I 1 R Alll TraCkS
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= = =
S I e Y - -
D 103 = e-pair candidate
- -~
8_ - (with partner track)
g 10° 5
S —  Completed for 75% (2830cm2/3780cm?(aperture basis))
IE_E 10 == (~*30m2/40m?3(film area basis))

1 ___ 1 1 1 I 1 1 1 I | 1 1 I 1 1 1 I 1 1 1 I
0 20 40 60 80 100
Down Stream Plate Up Stream Plate  [tanB|<1.0

v-ray event detection can be performed for a large area.



GRAINE 2015, Fllght data analy5|s Tlmestamper
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GRAINE 2015, Flight data analysis, Converter+Timestamper
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GRAINE 2015, Flight data analysis, Converter+Timestamper

y-ray imaging performance
w/ hadron induced y-ray events

>130MeV, tanb, ,enin<0.5 Preliminary

0.1 g

hadronic
0.05

interaction
=
g 0 o
<]

—0.05 Cproj = 0.5deg (8mrad)
- p Angular resolution 0.7deg

/I pair /
—0.1
< .. 0.1 —0.05 0 0.05 0.1

Calibration sorce
(direction, timing, energy, polarization, efficiency)

High y-ray imaging performance is being obtained.
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GRAINE 2015, Flight data analysis, Converter+Timestamper+Attitude
East-west effect (Preliminary)
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Current summary of GRAINE 2015

e 3780cm? aperture (x30, new-type emulsion films, total 48m?)

e 14.4hour flight duration (11.5hour(x7)@36.0-37.4km)

» Establishment of a scheme & flow of the experiment in Australia
* Emulsion track read-out, total 41m?2 w/ HTS

* Emulsion film S/N ratio x~20, data size ~1/20

* Track finding inefficiency in a single film ~1/10

 Data reduction load for y-ray event detection ~1/200

» Data processing of all effective area, 2830cm? aperture (total 30m?)
 v-ray angular resolution, 0.7deg >130MeV

e Time resolution, 9.8 msec (1/10)

 Star camera sensitivity, magnitude of 6.1 =2 7.5

* Limited y-ray yield from Vela pulsar



GRAINE Scientific observation roadmap
2021-, Scientific flight

2018, Demonstration
Alice Springs

~0.4m? aperture

~18hours flight duration
<~5g/cm? altitude

Vela pulsar detection, Imaging,

Alice Springs

10m? aperture
>~36hours flight duration
<~10g/cm? altitude

Vela pulsar \

Polarization observation (<50%)

Pioneering polarization
observation for high
energy y-rays

SNR W44 (<200MeV, >200MeV)
Precise spectrum measurement

Studying cosmic ray
sources

High resolution imaging

Galactic Center

Obs. with ~Yarcmin resolution

Resolving GeV y-ray
excess at galactic center

Transient sources
Obs. w/ high sensitivity

Studying transient
sources & w/ ones

& high photon stats

v




Observation of transient sources

[ Large collection area, 10m?
[Effective area@100MeV, 2.1m? (3.6 x Fermi LAT, cf. 0.58m? (psr2_TRANSIENT020_V6) ) ]

0 Wide field of view, >2.2sr (17.5% of all sky)
[ High angular resolution, 1.0deg(17mrad)@100MeV
[ Polarization sensitive
[0 Dead time free
—>High sensitivity incl. “Unexplored region”
—>High photon statistics
-Energy spectrum
-Light curve
-Polarization observation
- Good localization ~0.1deg @100photons

B Not continuous survey
B Not real time



,2ensitivity to transient sources
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| IVIlodeI plreollictlionl

Pioneering polarization observation
| Polarization characteristic

for hlgh energy Y—rqys _ ” of the cUrvature radiation
Approaching emission mechanism £ °sf inthe oliter gap

Pulsars, AGNs, Flares, GRBs 04 -

| Spectrum: P1 02 &\ j |
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Minimum Detectable Polarization (30)

Vela pulsar, polarlzat|on sensitivity

R W . ; Liop _ 3a,/F.&ys + FaeQ
“ ¥ ., B
0.9 "" \.\ \‘ .. MF & \ At Ter
“ Ny "‘.
\u: - -~ *e,
0.8 L - . - ‘l‘_.
N NBL e,
e ﬁ e ¥
0.7 D L ; "o
| 10m? aperture ";“-._‘ "*-....__"'H,;
. -
5g/cm? atmospheric depth e 'w - o
0.6 Signal: Vela pulsar (3FGL) - - - - - -
' BG: Atmospheric gamma-rays - - -
Kinzer et al. (1974), 4.5GV, 11.5 GV -~ -
Staib et al. (1973), 4.5GV, 12 GV
0.5 s Basellne (>100MeV, 10x12.5cm? (3.5cm thick),

45deg zenith, precise measurements)
== 4 == QOptimizing pol. sens. eval

Enlarging FoV (60deg zenith)
0.4 == 4§ == Optimizing energy band (>200Mmev)
== 4 == Enlarging unit size (50x50cm?(3.2cm thick))

03 Total

0 1 2 3 4 5 b

Alice Springs H# of crosses of a source in a field of view of the telescope

Apr. 15th, 19:39(ACST) culmination

with diurnal rotation (roughly corresponding to flight days)



Minimum Detectable Polarization (30)
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=
=

3r./F¢& +F Q.
_MDP: \/ s “eff BG

2RF & N Aui Tt [Y

Aperture area : 10m?
Modulation factor : R=0.1
[ BG : Staib et al. (1973), 4.5GV, 12GV

7days
flight x10

4.5GV
12GV

-+ = = « =12GV, Grain by Grain

Optimizing kinematical cut>MF
Precise measuring—>

Scattering suppressed—>MF
Recoil momentum correlation>MF

10°®

5x10°

10° Flux (>100MeV) F, [cms!]
12FGL, 2Monitored Source List Light Curves



t® emission: Direct evidence of

proton acceleration

SNRs
200MeV
) I «
‘n C
Ry -
= -
[&]
2
o 101"
w - ~~—
S - Sys. error
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<200MeV, precise spectrum measurements

with suppressed systematic errors

>200MeV, investigating spatial structure
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>200MeV
Investigating spatial structure

Smearing IR(Spitzer) distribution with 0.08deg(1.4mrad)
Considering atmospheric gamma-ray(>1GeV) as BG




W44 detection sensitivity " WNee
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GeV y-ray excess at galactic center region

Galactic Center Residual
1.0-3.16GeV
Total flux

T.Daylan et al., arXiv:1402.6703v1

GeV y-ray observations at galactic center region
with ~arcmin resolution




Simulation of GeV y-ray excess at galactic center regio
w/ high angular resolution

10m?, 420hours, >1GeV
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Galactic center region, detection sensitivity
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Test of fundamental symmetries
beyond the Planck scale

IKAROS-GAP (70keV-300keV)
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K.Toma et al., PRL 109, 241104 (2012)
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By polarization observation for high energy y-
rays (e.g. > 100 MeV) from distant AGNs and
GRBs by emulsion y-ray telescope, much strict
(five order of magnitude better) validation of
CPT symmetry can be performed.




GRAINE Scientific observation roadmap
2021-, Scientific flight

2018, Demonstration
Alice Springs

~0.4m? aperture

~18hours flight duration
<~5g/cm? altitude

Vela pulsar detection, Imaging,

Alice Springs

10m? aperture
>~36hours flight duration
<~10g/cm? altitude

Vela pulsar \

Polarization observation (<50%)

Pioneering polarization
observation for high
energy y-rays

SNR W44 (<200MeV, >200MeV)
Precise spectrum measurement

Studying cosmic ray
sources

High resolution imaging

Galactic Center

Obs. with ~Yarcmin resolution

Resolving GeV y-ray
excess at galactic center

Transient sources
Obs. w/ high sensitivity

Studying transient
sources & w/ ones

& high photon stats
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