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* Introduction
< Gamma-ray emissions from cosmic rays
+ Cosmic gamma-ray experiments

+ Fermi Gamma-Ray Space Telescope

+ Imaging atmospheric Cherenkov telescopes
+ Search for origin of cosmic rays

+ Galactic supernova remnants
“ Future prospects
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+ Origin of cosmic ray is one of the biggest mysteries of
astrophysics
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<+ Cosmic rays (charged particles) are deflected by (turbulent)
Galactic magnetic field

“ Neutral particles (Photons and neutrinos) come straight to us

Copyright © 2002 Main-Sequence Software All Rights Reserved
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Energy Flux (E2-dN/dE)

Gamma-ray Emission from Electrons @w

Y

Synchrotron radiation
Compton up-scattering

+ CMB (Cosmic Microwave BG)
+ Synchrotron light

+ Interstellar light
Bremsstrahlung

>

Synchrotron
Emission

Radio Infra-red
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High-energy electron

Magnetic Field

2.7K CMB photon

Gamma-raylic)

IUB/UY

X-rays

y-rays Energy
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“+ Nuclear interactions with interstellar medium
+ First suggested by S. Hayakawa
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Before collision

\_

CR proton at rest

®— ©

gas
High energy proton
(E>1 GeV)

~N

After collision
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Before collision After collision

proton at rest /

gamma-rays

>

Two body decay: n’ — 2y

ptp—n’+X

o ~ const y-ray spectrum: dN/dg

(= a factor 2 over 5 decades) A

small v,

large v,

m,c2/2 =67.5 MeV

< >
width = 2Py, £*

inelastic p-p collision cross section: Ginel

threshold kinetic energy:

T — Y o2 ,. B g Symmetric about 67.5 MeV,
I'ih = 2mzc* (1+mx/4mp) = 279.6 Me)

irrespective of proton spectrum

o
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+ y-ray spectral shape is determined solely by dN/dp (proton

spectrum). JN/dp « p=exp(—p/pm) s=1.5,2.0,2.5, cpm =PeV = dN,/de
m° production photonindexTl =s

cutoff at € ~ 0.1 cpm

icroph SICS o ~ const
10—91 py T ( cos)! =T T
[ ' | —s=2.5 | ]
dN,/de: : Very hard spectrum below | =20 ||
symmetric ool 300 MeV for any reasonable — =)
about 68 MeV = proton index .
T
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Satellite-based pair Ground atmospheric
conversion telescope |Cherenkov telescope

Experiments EGRET, AGILE, Fermi | HESS, VERITAS MAGIC
Energy range 0.02 - 200 GeV 0.1 —100 TeV

Angular res. 0.04 — 10 deg ~0.1 deg

Collection area 1 m?2 105 m?2

Field of view 2.4 sr 10-2 sr

Duty cycle ~95% <10%

Cherenkov
light emitted

BEAISINERTRFHEROELR, KX - KEYEEF EDFK, JUL 29, 2013 9/40




N2
7P STEL

+ LAT (Large Area Telescope) on board Fermi Observatory
+ Satellite experiment to observe cosmic gamma rays

+ Wide energy range: 20 MeV to >300 GeV Si Tracker
+ Large effective area: > 8000 cm? (~6xEGRET) 70 m2, 228 ym pitch
+ Wide field of view: > 2.4 sr (~5xEGRET) ~0.9 million channels

maintained by our group

* Pair-conversion telescope
+ “Clear” signature

+ Background rejection
Large Area

Telescope (LAT)

Anti-coincidence Detector n
Segmented scintillator tiles =
99.97% efficiency Gamma-ray SECHP

Burst s ¥
Monitor *
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+ LAT (Large Area Telescope) on board Ferml Observatory

+ Satellite experiment to observe cos
+ Wide energy range: 20 MeV to >300 GeV
+ Large effective area: > 8000 cm?2 (~6xXEGRE
+ Wide field of view: > 2.4 sr (~5xEGRET)

* Pair-conversion telescope
+ “Clear” signature
+ Background rejection

Anti-coincidence Detector
Segmented scintillator tiles
99.97% efficiency Gamma-ray -3

Burst
Monitor
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+ LAT (Large Area Telescope) on board Ferml Observatory

+ Satellite experiment to observe cos
+ Wide energy range: 20 MeV to >300 GeV

+ Large effective area: > 8000 cm?2 (~6xXEGRE

+ Wide field of view: > 2.4 sr (~5xEGRET)

* Pair-conversion telescope
+ “Clear” signature . W
+ Background rejection gl i S‘pacecraft/ i »

—‘-!-t‘y.'” ‘
'

Anti-coincidence Detector
Segmented scintillator tiles

99.97% efficiency Gamma-ray

Burst
Monitor
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N-Z‘%L Comparison with Previous Missions

“ Number of triggers way
beyond 100 billion

(1 3410°; 262105 | g 195,000,000
downlinked) *E
+ Number of photons in 10,5_
one year dwarfs 2 -
previous missions 8 sl 8
+ Uptime: 99.1% -
+ All data public g o5l
Processing time: 5 F
typically 5-10 hours il
+ 5-year mission, no
consumables e

0S0-3 SAS-2 COS-B EGRET Fermi-LAT
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“ Number of triggers way
beyond 100 billion

6
(134x109; 26x10° 2000 195,000,000
downlinked) 1305—
+ Number of photons in 160
one year dwarfs g4 ok
previous missions s F
+ Uptime: 99.1% O
+ All data public e LR
Processing time: £ 80
typically 5-10 hours < 60
+ 5-year mission, no 40
consumables 20E-
F 621 ) 13000 200,000 1.000.000 & | .

0 0S0-3 SAS-2 COS-B  EGRET Fermi- LAT
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+ EGRET: 1991-2000

+ 271 gamma-ray sources (Hartman et al. 1999)
* Only 38% (101 sources) have clear “identifications”

EGRET all-sky (galactic coordinates) E>100 MeV

Galactc plane
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Fermi Large Area Telescope 2FGL catalog

O AGN 2 AGN-Blazar 1 873 sources X Galaxy *  Starburst Galaxy
O AGN-Non Blazar R e . ¢ Radio Galaxy + Seyfert Galaxy
- °o & o o BT b . Ak b

"% e :
... Oon' .. .o. .o. ¢ ‘ ::... o. o : a", .0. b ©o * Nova
: RSB T R S R e e e s
‘ AN e e “ PSR © PWN
C  Unassociated “ PSRwW/PWN C SNR
O Possible Association with SNR and PWN “ Globular Cluster + HMB

Credit: Fermi Large Area Telescope Collaboration



Fermi Large Area Telescope 2FGL catalog
© AGN % AGN-Blazar 1873 sources * Galaxy * Starburst Galaxy

U AGN-Non B glob. cluster Seyfert Galaxy
0.6 %

Preliminary

"'s o.‘f,:i”o_“ binary PSR? ,%Ru > e o
| 2 :, no;b 0.2 % |.3 % % e oﬁ ° f
. - o ®o PSR ° ; ;g
& s . 44% no gal. clusters o, L ¥
R T no dwarf spheroidals IR S
TN SNR/PWN P 2,
o " 38%
galaxies
052% Nova
O AGN @ salaxies SNR/PWN PSR
7 b , ° ¢ PSR PWN
@® PSR! binary ‘ glob. cluster
' Unassociated “ PSR w/PWN SNR
O Possible Association with SNR and PWN Globular Cluster HMB

Credit: Fermi Large Area Telescope Collaboration



Fermi Highlights and Discoveries

‘e*e” spectrum

2009, Nature, 462, 331

’ . GRBs
, JRSEE N\
", v | —IBlazars (782)
. — Radio Galaxies (12)

Star Burst Galaxies (4) LMC & SMC

@ Globular Clusters (11)

' Fermi Bubbles

2010, Science, 327, 1103

'SNRs & PWN (68)| — %

y-ray Binaries (6)

Pulsars: isolated, binaries, & MSPs (122)

' Sun: flares & CR interactions| — ‘

TGFs

<

Unidentified Sources (600)




+ “Breakthrough of the Year” in 2009 selected by Science magazine
2. Opening up the gamma-ray sky

: 'hc

“+ Bruno Rossi Prize 2011 awarded to W.B. Atwood, P. Michelson

and Fermi LAT Team by High-Energy Astrophysics Division of
AAS
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+ 225 publications (> 3300 citations for top 8 papers) as of 2013/03

+ “Breakthrough of the Year” in 2009 selected by Science magazine
2. Opening up the gamma-ray sky

5N
i ; ?/

Nature: 3
Science: 15
(as of 2013/03)

“+ Bruno Rossi Prize 2011 awarded to W.B. Atwood, P. Michelson

and Fermi LAT Team by High-Energy Astrophysics Division of
AAS
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Cherenkov Light

50photons/m2 (5 pe/m?2) at 1TeV

o |

Gamma-ray

Energy range 50GeV ~ 10TeV

— Light pool g .
CR rejection power >99%
Detection by Angular resolution ~0.1 degrees
fast cameras .
in telescopes Energy resolution ~20%

Detection area ~10°m?2
Sensitivity ~1% Crab Flux (10-13 erg/cmz2s)
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Cherenkov Light

50photons/m2 (5 pe/m?2) at 1TeV
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Gamma-ray
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Energy range 50GeV ~ 10TeV

— Light pool g .
CR rejection power >99%
Detection by Angular resolution ~0.1 degrees
fast cameras .
in telescopes Energy resolution ~20%
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Cherenkov Light

50photons/m2 (5 pe/m?2) at 1TeV

o |

Gamma-ray

Energy range 50GeV ~ 10TeV
CR rejection power >99%

— Light pool

Detection by Angular resolution ~0.1 degrees
in telescopes Energy resolution ~20%
Detection area ~10°m?2

Sensitivity ~1% Crab Flux (10-13 erg/cmz2s)
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S 'VAE y-ray sources
VHE y-ray Sky Map o a1
(Ey>1 00 GeV) < ARG Flat Spectrum Radio Quasar

Radio Galaxy
Starburst galaxy
Pulsar Wind Nebula
Supernova Remnant
Binary System
y o . ; . A 22 ‘. Wolf-Rayet Star

...... QO \ R : T % y Open Cluster

. ; & ; - . ! Unidentified

<oponJrmOO

+180° -------n---{-----‘-

oooo

2010-11-11 - Up-to-date plot available at http//www._mpp.mpg.de/~rwagner/sources/

106 sources (45 Extragalactics + 61 Galactics) in Nov 2010
Blazars, FSRQs, FR-I, Starburst galaxies
SNRs, PWNe, Pulsar, Binaries, un-IDs
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+ Galactic SNRs (Supernova Remnants) are considered as the
best candidates for cosmic-rays below “Knee”

+ Only circumstantial evidence

- CR energy sum consistent
with SNR kinetic energy
(Ginzburg&Syrovatskii 1964)

- Diffusive shock acceleration
(Blanford&Eichler 1977)

- Chemical Composition
(Hayakawa 1956)

+* No observational evidence

+ Spectral index (~2.7) is difficult to explain
+ Cosmic-rays above “Knee” are

considered extragalactic

+ Gamma-ray bursts (GRB)

+ Active Galactic Nuclei (blazar)

* Merging galaxy clusters

BEAISINERTRFHEROELR, KX - KEYEEF EDFK, JUL 29, 2013 20/40
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+ Galactic SNRs (Supernova Remnants) are considered as the
best candidates for cosmic-rays below “Knee”

+ Only circumstantial evidence

- CR energy sum consistent
with SNR kinetic energy
(Ginzburg&Syrovatskii 1964)

- Diffusive shock acceleration
(Blanford&Eichler 1977)

- Chemical Composition
(Hayakawa 1956)

+* No observational evidence
+ Spectral index (~2.7) is difficult to explaln
+ Cosmic-rays above “Knee” are T
considered extragalactic
+ Gamma-ray bursts (GRB)
+ Active Galactic Nuclei (blazar)
+ Merging galaxy clusters
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+ Galactic SNRs (Supernova Remnants) are considered as the
best candidates for cosmic-rays below “Knee”

+ Only circumstantial evidence

- CR energy sum consistent
with SNR kinetic energy
(Ginzburg&Syrovatskii 1964)

- Diffusive shock acceleration
(Blanford&Eichler 1977)

- Chemical Composition
(Hayakawa 1956)

+* No observational evidence
+ Spectral index (~2.7) is difficult to explaln
+ Cosmic-rays above “Knee” are T
considered extragalactic
+ Gamma-ray bursts (GRB)
+ Active Galactic Nuclei (blazar)
+ Merging galaxy clusters
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+ Cosmic ray power in our Galaxy: ~ 5 x 1040 ergs/s
+ Supernovae: Q ~ 1042 ergs/s
- Energy release (1051 ergs) x frequency (1/30 years)

+ Novae: Q ~ 1042 ergs/s
- Accretion of matter onto white dwarf
- Energy release (1042 ergs) x frequency (100/year)

+ Rotating neutron stars: Q ~ 1041 ergs/s
- Majority of Galactic Fermi-LAT sources

+ Stellar winds from hot O/B stars: Q ~ 1041 ergs/s
- Strong winds from radiation pressure (10° M)
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“Eerml Acceleration” Mechanmism
» » . . » . » » .

* Shock wave

/ electron

with E =1 GeV

E=1.01 GeV

+ | magnetic field.

Energetic charged particles
“random walk” In turbulent

Shock crossing
-» energy gain
Energy gain per one round
trip: AE/E ~ Vv/C
~ 1% of original energy

(for v = 3000 km/s)

. Ai’ter 1000 round trips:

" Energy: x20,000
(e.g-1.GeV =» 20 TeV)
But, very few particles can

‘|make 1000 trips

=» power law distribution
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+ Young shell-type supernova: SN1006

+* Power law spectrum from rim is best described by synchrotron
emission by ultra-relativistic electrons

+ First evidence of particles accelerated to > 1014 eV

X—-ray spectrum of SN 1006

ASCA image of SN 1006
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? i " 3
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g @ : Si |
55 ~ 3
8 ! - | _f‘_ IV o " 1
o > IiNnLeriol 3
8 P ]
8 © |
§ 2 v | Thermal J
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a Z }» 1
o ]
x J
v |
Q e
N
8L J
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E L |
: |
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o
Right Ascension (2000) /~ g N W S e e . e ;J
Koyama et. al = 0.5 2 5 10
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+ Young shell-type supernova: SN1006

+* Power law spectrum from rim is best described by synchrotron
emission by ultra-relativistic electrons

+ First evidence of particles accelerated to > 1014 eV

Credit: NASA/CXC/Ruitgers, NRAO/AULNSF/GBT/SLA, 'mid,d'lebury' College/ -
(FWinkler, NOAC/AURA/NSF/GTIO Schiet&DSS ¥+ - . :

ASCA image of SN 1006

vvvvvvvvvvvvvvvvvvvvvvvv

. -
- -

40

50

Declination (2000)

-42"00'
S ——

-42"10'

Right Ascension (2000)

Koyama et. al
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+ Young shell-type supernova: SN1006

+* Power law spectrum from rim is best described by synchrotron
emission by ultra-relativistic electrons

+ First evidence of particles accelerated to > 1014 eV

Credit: H.E.S.S. Credit: NA-SA/CXC/Rutgers, NRAO/AULNSF/GBT/YLA, 'mid,d'lebury‘c':ouege/ e
"F.Winkler, NOAO/AURA/NSF/CTIO Schmi DSS e ; ;

Declination (2000)

Ko

Optical '« ’&
Gamma ray (HESS) ay (Chari . :
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+ HESS TeV gamma-ray observation of RX J1713.7-3946
+ Evidence for particle acceleration > 1014 eV
+ Morphological similarity with X-ray observation
+ Spectral feature can not conclusively distinguish leptonic or
hadronic origin of gamma rays

Aharonian et al. 2005

-39d00’

HESS/ASCA °©

17h15m 17h10m
Azimuth (deg.)
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+ Simulated 5-year Fermi observation of RX J1713-3946
+ Fermi is expected to positively identify hadronic contribution

Funk ICRC2007
‘Tm B . -
o i EGRET MC simulation
(S B
o .
> & 11t 44
O g
w Hﬂ {#H\
~ 10 __ ; .
p B %
N M
e
. Inverse Compton
- n° - decay
— ® GLAST - hadronic 5 years
i A GLAST - leptonic 5 years
—<— H.E.S.S.
10'1| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L1111l
10° 10° 10" 10" 10'® 10"

Energy (eV)
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“ Data from 2-year Fermi observation
+ Leptonic model may explain the Fermi spectrum better

+ Requires more statistics to distinguish hadronic or leptonic
nature of gamma-ray emissions

— _ — - 2\
i Z 7
N N
E 105 E 105 -
5 10°F 5 10°F
> - > -
(] - O L
= o = o
L i L K
9 - 9
zZ prd
W | W
® | —a— Fermi LAT (24 months) \ - —a— Fermi LAT (24 months) T
10° y «— HESS (Aharonian et al. 2007) | 10 —+— ESS (Aharonian et a1 2007)
B ereznko oe
_ // — — Porter et al. 2006 \ \ Ellison et al. 2010 (n9dominated)
7/ — — Ellison et al. 2010 (IC dominated) Zirakashvili & Aharonian 2010 (nodominated)
— Zirakashvili & Aharonian 2010 (IC dominate\i)\ Zirakashvili & Aharonian 2010 (IC/l‘t0 mixed)
T Ll Ll Ll Ll NS TALT Lol Ll Ll Ll Ll R
10° 10* 10° 10° 10’ 10° 10° 10* 10° 10° 10’ 10°

E MeV
Energy [ MeV ] nergy [ ] 2011, ApJ, 734, 28
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B = 0.01 mG in leptonic model would be difficult to be reconciled
with X-ray measurements.

Hadronic model would require a large CR content
+ 5x%10% erg for n=0.1 cm-3

-10

|
-t
-t
— e
—_——
—_——

: _ . - TeV Gamma-ray Image by H.E.S.S.
Red vertical bars: statistical errors _ :
Black caps: systematic errors (Aharonian+ 2007
o 10 1 12 13 09h00m 08h50m 08h40m
log(E/eV) RA (hOUrS)
2011, ApJL, 740, L51
BN SNIIRRFHROEIR, R - RFYIEEF EDFR, JUL 29, 2013
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* B =0.01 mG in leptonic model would be difficult to be reconciled

with X-ray measurements.

<+ Hadronic model would require a large CR content

E2 dN/dE [erg em™2 s7']

+ 5x%10% erg for n=0.1 cm-3
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“+ Hard gamma-ray can be explained by higher target density for
higher energy particles
+ Highly inhomogeneous molecular clouds interacting with SNR
+ Higher energy protons can penetrate into the cloud core where

target gas density is high —Nld i
o primary shock

¢

short-time variability

of X-rays f

exploded star reflected shock ~ ™
A Ny 7

hadronic vy-ra s(’"‘ 7~ N

=

/!

dense cl

Inoue et al. (2011) o1, ked clump/core

BEENSINEBAIRTFHEOER, XX - KIEYIEBEEF EDFR, JUL 29, 2013 28/40




)

77PSTEL

&)

<+ Sum of molecular and atomic hydrogen gives good correlation
with TeV gamma-ray intensity

700 SRk
- @ TeV y-ray

Np(HZ)
-~ Np(Hi)
A~ Np(H2+Hi)

600 F

= 500 F

400 f

o
S
-

)
-
-

Proton Column Density [*<10%'cm™]
TeV-y ray [smoothed counts]
Proton Column Density [*10%'cm™]

-

-180 -90 0 90 inside ring
Fukui et al. arXiv 1107.0508v4 Azimuth Angle [deg.]
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+ Last SNR witnessed by human (AD 1680)

“ Both leptonic and hadronic interpretation possible
+ Leptonic (Bremsstrahlung + IC)
* B~0.12 mG, We ~ 1x104° erg
- Not consistent with X-ray variability (B ~ 0.5 mG)
+ Hadronic (n° decay)
* B>0.12 mG, W, ~ 5x104° erg

[ T v T ' I ] S 1 v I ' T T ]
Al Leptonic model o Hadronic model |=2.4, no break
107 e 10~ = -
EGRET ]
= = I——"- Fermi—LAT

N"’ 10— M - - N"’ 1o~ N 3 =

'E - - 'E - -
(&) 0
o o
s s

T porlEk 1 5 1072 E

10-13 L — 10-13 =

| . |

1014

E [ev]
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+ Last SNR witnessed by human (AD 1680)
“ Both leptonic and hadronic interpretation possible
+ Leptonic (Bremsstrahlung + IC)

B~0.12 mG We
* Not consistent wit

+ Hadronic (n° decay
- B>0.12 mG, W, ~

[ T ' T
Al Leptonic model
107 3

EGRET
‘\\‘?4____,_-_ Fermi—L/

10_11 — -
F 0.3 mG T ¢ l }

[ e
10_12 3 \\
: BremS\\\

vf, [erg em™ s7']
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*+ Taking advantage of Japanese semiconductor detector technologies and
space technologies
+ Silicon sensors by Hamamatsu photonics
+ Space instrument assembly (Mitsubishi Heavy Industries)
+ Visualization of gamma-ray sources such as radio isotopes

- Technology transfer to accelerate removal of Cs hotspots in Fukushima
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* Deconvolved Image indicates shell-like gamma-ray emission

“+ Maximum likelihood analysis prefer ring-like morphology rather
than disk-like morphology (> 8 o)

Middle-aged (~ 2.0x104 yr)
mixed-morphology SNR

(radio: shell, thermal X-ray: centrally fllled)
Distance: ~ 3 kpc BTR

Cloud-shell interactions
CO (Seta et al. 2004)
OH maser (Hoffman et al. 2005)

Green: Spitzer IRAC 4.5 ym e &
traces shocked Hli LR
Reach et al. (2006)
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*+ Deconvolved image indicates shell-like gamma-ray emission

“+ Maximum likelihood analysis prefer ring-like morphology rather
than disk-like morphology (> 8 o)

2010, Science, 327, 1103

Middle-aged (~ 2.0
mixed-morphology
(radio: shell, therm
Distance: ~ 3 kpc

0°00:00:¢

ey
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(=
=
o

Spitzer IRAC 4.5 ym

Cloud-shell interac
CO (Seta et al. 2004
OH maser (Hoffma

: Spitzer |
traces shocked
Reach et al. (20(

18:56:00.0 54:00.0

Deconvolved Imagé
(2-10 GeV; front)
| | | ]
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*+ Deconvolved image indicates shell-like gamma-ray emission

“+ Maximum likelihood analysis prefer ring-like morphology rather
than disk-like morphology (> 8 o)

2010, Science, 327, 1103

Middle-aged (~ 2.0
mixed-morphology
(radio: shell, therm
Distance: ~ 3 kpc
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+ Compton up-scattering
+ Energetically completely disfavored (x100 higher radiation fields)
< Shape not consistent with Compton up-scattering
+ Best-fit Bremsstrahlung model shows less steep decline
+ Even with abrupt cutoff at 300 MeV in electron spectrum
+ Mixed model requires No¢/Np=0.01 (@ p=1 GeV/c)
+ Sub-GeV spectra of IC443/W44 agree well with m%-decay spectra

- n° decay
Nm e, Mixed model IC443 J'Co decay
E 1070 — —— — Inverse Compton ' Mixed model
g_’ = e Bremsstrahlung Bremsstrahlung
E ~ —— . Bremsstrahlung with Break - Bremsstrahlung with Break
w o r -
2 10" — /'/ ~\\~ L
'O -
NLLI — ﬁ' \ \‘
X B .
X l ’ \ \
> 12 R
o 107°E
T E \, \
LA ‘ « -.
= ! \ ) \
(4] % — \ “ \ ‘! 17
Q) 3 \ '
1078 1 I I AT I N T NI R |R|I Nt e e e e e e e e e b b b b b b
107 10° 10° 10" 10 10°  10° 10 10°  10"10"™ 10° 10° 10" 10 10°  10° 10" 10°  10"10"
Energy (eV) Energy (eV) 2013, Science, 339, 807
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+ Compton up-scattering
+ Energetically completely disfavored (x100 higher radiation fields)
< Shape not consistent with Compton up-scattering
+ Best-fit Bremsstrahlung model shows less steep decline
+ Even with abrupt cutoff at 300 MeV in electron spectrum
+ Mixed model requires No¢/Np=0.01 (@ p=1 GeV/c)
+ Sub-GeV spectra of IC443/W44 aqgree well with n°-decay spectra
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% |
o | o Eest -fit broken power law Best-fit broken power law
ermi-L .
L > UEBIAS Acciari et al. 2009) ® FermiLAT
1012 — & MAGIC (Albert et al. 20083 *  AGILE (Giuliani et al. 2011)
— * AGILE avani et al. 2010) n°-decay
— deca
I JLg»remss ranlung | SN | | T Bremsstrahlung
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* 81 =2.36%0.05, s> = 3.1+0.1 (3.5+0.1) por =239+74 (22+8) GeV/c

(for IC 443)

+ Below the break: proton spectrum softer than electron spectrum
(S1 e = 1 72)

+ CR efficiency 1-4%. Strongly depends on assumed density

P - w44 1 10%
N =5 10
E 10° — - ;U
) = N o
(@) — _ _ ®)
CHE il
LLl -@ 3 10 L®)
S 100 joeeteese E I
S~ — t .~.~. _ (@]
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CIU R Fitted x° decay model ‘\\ R E}] 46 E
- Derived Proton spectrum \‘ % 10 Q)
e 10" O VERITAS (Acciari et al. 2009) ' “h@ Q
M — &  MAGIC (Albert et al. 2008) % ‘. —
(D B IIII 1 1 IIIIIII 1 IIII IIII IIII ~‘I I
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Energy (eV)

2013, Science, 339, 807
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+ Large-scale GeV emission was found in the vicinity of W44

count map 2-100 GeV residual map (W44 subtracted)

+ +

2FGL J1857.6+0211 2FGL J1857

SRC-2
- 0.000

SRC-1/2: TS = 75/102
- +

1

-

5 10 15 20 25 30 35 40 45 1 0
Subtraction of W44 i
Gamma-rays from W44 itself are subtracted,
assuming “radio map = gamma-ray map” Uchiyama et al. (2012)
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+ W44 is known to be surrounded by a complex of molecular
clouds (CO)

+ Size ~100 pc, Mass ~10¢ Mo
(Dame+1986)
< Amount of CRs escaped
% Wesc = (0.3 — 3)x10°0 erg
depending on diffusion
coefficient

SNR W44

MC complex is illuminated
by a “CR halo” around W44

005 O 005 01 015 02 025 03 035 04
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(c) M. Malkov (2012) Dense gas clumps

gamma-dark)

— (
’ L

CR-driving
shell

CR-cloud

After leaving SNR W44, CRs diffuse along the
external B-field direction =» bipolar morphology

1 CR-illuminated A
Dense gas clump
m’-decay y-ray
(and_bremsstrahlung)
\C J
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The affordable compromise

< Large number of telescopes
- Large collection aregi (x~30)
- Better angular resofution (0.03°, x~1/3)
+ Optimized telescope configuration
* LST: ~23 m ¢ x 4, ~30 GeV — 1 TeV
* MST: ~12 m ¢ x 20, ~100 GeV — 10 TeV
* SST: 4~6 m ¢ x 40~70, ~1 TeV — 100 TeV

* ~1 000 of TeV gamma ray sources

1
=7
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+ CTA will be x10 more sensitive with x3 better angular resolution
+ finer morphological comparison with X-ray (e) and interstellar gas
+ detect more RX J1713-like SNRs in entire Galaxy
+ CTA can be sensitive
up to >100 TeV
+ corresponding to CR spectra
in “knee” region
+ Gamma-ray spectra
beyond Klein-Nishina regime
of Compton up-scattering
* Explore extragalactic
CR sources
+ Active galactic nuclei

+ Gamma-ray bursts

- 10,000x more sensitive than
Fermi at ~30 GeV

REBN S NIRIRFEROBIE, KX - REYEETF 0P, JUL 29, 2503 £0/40
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Stanford University & SLAC

NASA Goddard Space Flight Center

Naval Research Laboratory

University of California at Santa Cruz

Sonoma State University ~400 Scientific
University of Washington Members (including
Purdue Univeristy-Calumet 96 Affiliated Scientists,
Ohio State University plus 68 Postdocs and
University of Denver 105 Students)

Commissariat a ’Energie Atomique, Saclay
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+ TKR trigger rate is monitored throughout South Atlantic Anomaly

+ Trigger rate saturates above ~3.7 kHz/layer

4..

3.75

SAA mapping (TKR Low Rate Science counters)

3.25

2.75

30°N

i
N
Wy

log(rate(Hz))

2
~
w

1.25

30°S

0.75

0.25
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Event Rates

v Overall trigger rate: ~1—4 kHz

v Huge variations due to orbital
effects.

Gamma-ray selection,

00T

BEAISINERTRFHEROELR, KX - KEYEEF EDFK, JUL 29, 2013

W

v Downlink rate: ~0.3—0.7 kHz
v’ ~90% from GAMMA filter
v’ ~30 Hz from minimum bias filter
v ~5 Hz from heavy ion filter

v Rate of photons after the standard
background rejection cuts for source
study: ~1 Hz

v Most of the downlinked events are in
fact background, final ~ 1000:1 rejection
IS done in ground processing.
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* History of Japanese X-ray satellite

1970 1980 1990 2000 2010 2020

1@ § @

Hakucho IS ;

Tenmalll &
Ginga N \4’:3» __
N~ i
ASCA NN 5

ASTRO-E (launch vehicle failure)
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* History of Japanese X-ray satellite

1970 1980 1990 2000 2010 2020

BTRO-E (launch vehicle faiyre)
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* Fermi data have been public since 2009 August
+ data access: http://fermi.gsfc.nasa.gov/ssc/data/access/
* analysis tool: http:/fermi.gsfc.nasa.qov/ssc/data/analysis/

+ NASA Homepage SEARCH Fermi:
GOWARD + GSFC Homepage

SPACE FLIGHT CENTER + Fermi Homepage

Fermi

Science Support Center

I e I o I N I

The Fermi Science Support Center (FSSC) runs the guest investigator program, creates and maintains the mission  News

tme line, provides analysis tools for the scientific community, and archives and serves the Fermi data. This web

site is the portal to Fermi for all guest investigators. Mar 30, 2011

TOO for Cyg X-3

A 500 ks TOO pointed mode
observation for Cyg X-3 was
requested and initiated on Friday,
March 25th in response to an increase
in gamma-ray activity from the
source (ATel 3233). The TOO was
terminated manually Monday, March
28th, Stay informed by subscribing to
the Fermi-News mailing list.

+ Sign up for Fermi-News

Feb 16, 2011
Fermi Makes APS's "Top Ten

This all-sky view from Fermi reveals bright emission in the plane of the Physics-Related News Stories of
Milky Way (center), bright pulsars and super-massive black holes. 2010"
Credit: NASA/DOE/International LAT Team In early November astronomers at

e . o e ) . o the Harvard-Smithsonian Center for
Look into the "Resources® section for finding schedules, publications, useful links etc. The "Proposals” section is Astrophysics, using observations

where you will be able to find the relevant information and tools to prepare and submit proposals for guest . o from the Fermi Gamma-ray
investigator projects, At "Data® you will be able to access the Fermi databases and find the software to analyse Space Telescope, announced the

them. Address all questions and requests to the helpdesk in "Help”. surprising discovery of two gigantic
: - bubbles or lobes of gamma-ray-
QU'Ck"St emitting gas surrounding the Milky
Way Galaxy.

e 2011 Fermi Symposium
e Fermi Sky Blog

¢ Learn More

BEENSINEBAIRTFHEOER, XX - KIEYIEBEEF EDFR, JUL 29, 2013
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* Fermi data have been public since 2009 August
+ data access: http://fermi.gsfc.nasa.gov/ssc/data/access/
+ analysis tool: http://fermi.qsfc.nasa.qov/ssc/data/analysis/

GODDARD GODDARD -: 22%2 :::mcpagc SEARCH Fermi:
SPACE FLIGHT CENTER SPACE FLIGHT CENTER el Hoearica * G0

Fermi Fermi

Science Support Center Science Support Center

T T T T I N e T 7 T RO

The Fermi Science Support Center (FSSC) runs the guest investigator progra + FSSC Home Currently Available Data Products
tme line, provides analysis tools for the scientific community, and archive:

site is the portal to Fermi for all guest investigators.

The Fermi data released to the scentific community i governed by the data policy. The released instrument data for the
GBM, along with LAT source lists, can be accessed through the Browse interface specific to Fermi. LAT photon data can be
Data accessed through the LAT data server.,

Data Policy The FITS files can also be downloaded from the Fermi FTP site. The file version number is the 'xx' in the characters before

the extension in each filename; you should keep track of the version numbers of files you analyze since the instrument
teams may update them.

: a::: 2:log e LAY Photon and Extended Data
+ LAT Data Queries o LAT Data Server
+ LAT Query Results
+ LAT Weekly Files e LAT Data (high-level products only)
+ GBM Data o LAT Monitored Source List

Data Analysis ¢ LAT Monitored Source List Light Curves

o LAT Pulsar Ephemendes
This all-sky view from Fermi reveals bright emission in|  Caveats o LAT Burst Catalog
Milky Way (center), bright pulsars and super-massiv( o LAT 1-year Point Source Catalog
Credit: NASA/DOE/Internabional LAT Tear Newsletter o LAT Bright Source Uist
FAQ o LAT Background Models

Look into the "Resources® section for finding schedules, publications, usefu
where you will be able to find the relevant information and tools to prepare and submit proposals for guest
investigator projects, At "Data® you will be able to access the Fermi databases and find the software to analyse
them. Address all questions and requests to the helpdesk in "Help”.

taken from the Fermi Gamma-ray
Space Telescope, announced the
surprising discovery of two gigantic
bubbles or lobes of gamma-ray-
emitting gas surrounding the Milky
Way Galaxy.

¢+ Learn More

Quicklist

e 2011 Fermi Symposium

e Fermi Sky Blog
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+ 1C 443 and W44: two “brightest” SNRs in the Fermi-LAT range
+ 2FGL: IC 443: 1320, W44: 570, W51C: 500, W28: 490
+ Energy range: 60 MeV - 2 GeV (energy range of main interest)

— 250
8 - 200
150

4

100

50

Galactic Latitude (deg)

196 192 188 184 180 44 40 36 32 28
Galactic Longitude (deg)

20
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+ Simple power-law function is rejected with 140
+ mP-decay dominant model is most natural explanation
* Electron bremsstrahlung cannot completely be ruled out
<+ Brems: amount of electrons should be comparable to protons

Inverse Compton: We~ 1051 erg or quite intense photon field needed
*+ Protons need to have a spectral break at ~ 10 GeV/c
+ Fast escape of high energy

particles with damping of | M-~2
magnetic turbulence due = 10710
to the dense environment .’
(Ptuskin & Zirakashvili 2003) _ |

> 10712 brems from secondaries

} + statistical en\'b\r \\

s [ tsystematicerror \ \
8 10 12 14
Log(E/eV)
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<+ Another Fermi-LAT SNR interacting with molecular clouds

+ Middle age: 3x104 yr, Distance: 6 kpc
+ Most luminous gamma-ray source: L = 1036 (D/6 kpc)? erg s
+ Spectral steepening similar to the W44 spectrum

+ nf-decay model can reasonably explain the data

+ Leptonic scenarios have similar difficulties as W44
Contours: ROSAT X-ray IRRRLLY

" m0-decay dominant model

Koo et al. 1 -10 |
(Koo et al. 1995) 10-10 : Abdo et al.
E _ q: (ApJ 706L 1A 2009)-
shocked CO clu ' T: I
00 & Moon 199 o
' oM
€
— 14.000 (&}
-HlIl regions = o °
Garpenter & Sanders 1998) 2
s

CXO J192318.5+143035

— 13.600

(PWN?) :

(Koo et al. 2005) 5r
Smoothed Count Map -
(2_10 Gev; front) RA 107 11 II{IIOIB | 11 III1IOI9 | 11 II1I6I10 | 11 Il1lcl)l1} | | II1I6I12 |

800 291.600 291.400 291.200 291.000 290.800 290.600 290.400 290.200 290.¢
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+ SNR interacting with molecular clouds
+ Middle age: (3~30)x104 yr, Distance: 1.5 kpc
+ 1C 443 is an extended source against a point-source at >170
significance in the LAT band
+ mP-decay dominant model is most natural explanation
+ Proton spectral break at ~ 70 GeV/c

10 T TTTTTT

y—

o
&
|

p—
o
h

™7 J&L\' ™17 TTT

E* dF/dE [MeV ph/cm? /s]

O O Fermi
> O VERITAS
O O MAGIC

» EGRET
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<+ Common feature of middle-aged SNRs observed by Fermi
+ Interacting with molecular clouds
+ Spectrum steepening between GeV and TeV
+ SNR observed by Fermi may give new clues on
+ Effect on cosmic ray acceleration from interacting molecular clouds

<+ Ensemble of SNRs with different cutoff may explain cosmic-ray
spectral index of ~2.7

+ Shock acceleration @ ~2.0 L
+ Softening of spectral index T ? ¢ ¢ o W44 |
by propagation effect is not — 07 b eetetog :
sufficient to describe differences ° | } : K. Pé § 1C443 -
+ Note: #(middle aged SNRs) s wsic 4T : ;
>> #(young SNR) = 0 ;i {% ﬂ _
© ” E [eV] °r "
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< Common features of LAT-detected SNRs (except for Cas A)
+ Radio-bright
- Flat radio spectrum (a = 0.3 - 0.4) for W51C,W44, W28, IC 443

- Radio-GeV lati
adio-GeV correlation Radio (1 GHz) vs LAT (1-100 GeV)

’:’ InteraCting With 10_16 | | IIIIII| | | IIIIII| I I IIIIII| I I IIIIII| I I T 11Tl
molecular clouds = ’
. . : 7 5 e Cas A
+ Break in GeV region ; - g g g ]
[T 3 S S SR S S _
= é é o
5 L
5 ; S s s
S 10 B o Ty |
= . : . Ubhiyama
10—22 | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | L 1 11111
103 102 10~1 109 101 102

Fermi—LAT Surface Brightness [Cas A = 1]
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< “Aharonian-type” model
+ CRs escaping from SNR and colliding with nearby MCs
+ Does not explain radio-GeV correlation !

Runaway CRs
SNR

+ Our model (Uchiyama, Blandford, Funk, Tanaka, HT, 10)  Plastwave

+ y-ray coming from “cloud shock™

- CRs and MC simultaneously compressed radio & y
cloud shock

SNR
blastwave
BEZANSINBARFHEROELR, KX - KEYIEEF EDZER, JUL 29, 2013 53/40
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* Re-acceleration of the pre-existing Galactic CRs results in
+ Flat radio index (a=0.37) & correlation between radio & y-ray fluxes

Blandford & Cowie (1982)

+ GeV break as a result of Alfvén wave evanescence (ddqhgpkuy)+2010)
+ Spectral steepening by one power at coor = 2eBVa/Vin
* Three free parameters for pre-shock cloud conditions

+ Density

- 108
+ Filling factor
+ Magnetic field =
‘Tm 10— 10
g
>
I_IA 10—12
s
1014
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* Inverse Compton
+ Energetically completely disfavored (x100 higher radiation fields)
+ Shape not consistent with IC
* Best-fit Bremsstrahlung model shows less steep decline
+ Even with abrupt cutoff at 300 MeV in electron spectrum
+ Mixed model requires Kep=0.01 (@ p=1 GeV/c)
+ Sub-GeV spectra of IC443/W44 agree well with n%-decay spectra

[T TEY S
- B
" ' » 4
o 10 ¢ I |
~ 10 -
g 3! _ A
o 5 !
Q 9 ¥ l‘
W
w
S -
pr O ‘ Best-fit broken powerlaw
0 Best-fit broken powerlaw o~ /
AL‘U 4 gy T, J/ ‘ I B Formi-LAT
oL/ / v AGILE (Giuliani ot al. 2011)
- AGILE (Tavani ot al. 2010) |
| n'-decay
n’-decay ! Bremsstrahlun
sesnses  Bremsstrahlung ——
1(1‘ " A 1 ' | 10 n A I I A " 1 A A
10° 10" 10" 10"

Energy (eV) Energy (eV)
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* Inverse Compton
+ Energetically completely disfavored (x100 higher radiation fields)
+ Shape not consistent with IC
* Best-fit Bremsstrahlung model shows less steep decline
+ Even with abrupt cutoff at 300 MeV in electron spectrum
+ Mixed model requires Kep=0.01 (@ p=1 GeV/c)
+ Sub-GeV spectra of IC443/W44 agree well with n%-decay spectra

° decay

% 10443 W44

1 0_10 ............ MlXed mOde|
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* Best-fit Bremsstrahlung model shows less steep decline
+ Even with abrupt cutoff at 300 MeV in electron spectrum
+ Mixed model requires Kep=0.01 (@ p =1 GeV/c)
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+ Solving the diffusion equation in the vicinity of W44, we can
estimate the energy spectrum of escaping CRs
+ Uniform molecular clouds illuminated by escaping CRs (within r<L)
« L~100 pc, Mass = 0.5x10° Mo
+ Diffusion coefficient of the interstellar medium (isotropic)
* D(p) = D2s (cp/10 GeV)0-6 1028 cm?2 /s
% Case 1: slow diffusion (D2s = 0.1) i | | S
" Nesc(E) = k E29 R o ponEgy)
o Wesc - 0.3)(1 050 erg _ ([3(}(:\30 e SRCI+2 ]
+ Case 2: Dg =1 ' ’
* Nesc(E) = k E-20
* Wesc =1.1%x1050 erg
+ Case 3: fast diffusion (D2s = 3)
* Nesc(E) = k E-20
* Wesc =2.7%x10°0 erg

J—
—

[

E* dN/dE [erg em “ 5]

—
—

107 10° 10" 100 10! 102
E [eV]
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+ Origin of cosmic ray protons?

+ Galactic SNRs (Supernova Remnants) are considered as the best
candidates for cosmic-rays below “Knee”

- Only circumstantial evidence Sclenitic America; (c) 1008

- CB energy sum consistent ;:: s’gl&gﬁ
with SNR kinetic energy METER PER SECOND
(Ginzburg&Syrovatskii 1964)

- Diffusive shock acceleration
(Blanford&Eichler 1977)

- No observational evidence
for hadronic acceleration

- Spectral index (~2.7) is difficult to
explain

| PARTICLE
PER SQUARE
: METER PER YEAR

\NEE

_ 1 PARTICLE

+ Cosmic-rays above “Knee” are PER SQUARE
. . KILOMETER
considered extragalactic PER YEAR

RELATIVE PARTICLE FLUX (LOGARITHMWIC LNITS)

- Gamma-ray bursts (GRB)
- Active Galactic Nuclei (blazar)

- Merging galaxy clusters L L
g gg y 1010 1012 1014 1016 1018 1020

JENNIFER C.CHRISTIANSEN
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<+ Emission mechanisms (for HE component)

% Leptonic (IC of synchrotron or external photons) vs hadronic (m0—vy,
proton synchrotron) AN

N
- "

Blazar”

<+ Emission location \ 4
+ Single zone for all wavebands? /QSf - e
+ Particle acceleration mechanisms e
+ Shocks, magnetic reconnection,
turbulence acceleration

+ Jet composition - SMBH
+ Poynting flux, leptonic, ions — 107-101°M,
+ FSRQ/BLLac dichotomy

+ Jet confinement
+ External pressure, magnetic stresses

+ Accretion disk—black hole—jet connection
< Effect of blazar emission on host galaxies and galaxy clusters
+ Blazars as probes of the extragalactic background light (EBL)
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“ Interaction with ambient photons

+ Cross section peaks at EVE3 (1 — cosf) ~ 2(mec?)’

EJ =~ 500 [eV] for E] =1 [GeV]
E) =~ 0.5 [eV] for E] =1 [TeV]

Observed spectrum

Gamma-rays
from jet of Quasar

L ) ‘.
N { .

’ )

’ ’ '
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o e v 'e
‘ . \/\/\z&mw\(vx) ’ y ’
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Emitted spectrum:.
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“ Interaction with ambient photons
+ Cross section peaks at ETE] (1 — cosf) =~ 2(m.c”)
° EJ =~ 500 [eV] for E] =1 [GeV]

proton photopion

proton paiy L
A E) =~ 0.5 [eV] for E] =1 [TeV]
red shift limit
3
photon+IR
Observed spectrum
2
1 / /Fe+CMB+IR
" bhotomradio R
a ‘
e Q,\,\,\W
e et L BTN !
=g ;
v_.f"photon«»CMB
-2
'3 ' B ’ : : .‘ . g
10 12 14 16 18 20 22 : . Background light | SCon put
log,o E (eV)
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“ EBL iIs sensitive to star formation history, dust extinction, light
absorption and re-emission by dust
+ Direct measurements of the IR-UV EBL are very difficult because of
foreground subtraction
+ ~TeV gamma rays are sensitive to EBL in IR to UV band
via yy = e*e-process
+ EBL will steepen AGN/GRB spectra above > 10 GeV
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+ 10-100 GeV gamma rays can probe EBL in early universe

+ Information on intrinsic spectrum
* Requires many sources at various redshifts to untangle EBL

effect and intrinsic spectra

<+ Fermi has ~100 of blazars and ~10 of GRBs with redshift

®  BL Lacs Max Energy (< 68% psf) Kneiske - Best Fit
Kneiske - High UV
; N | ® FSRQs Max Energy (< 68% psf) Salamon & Stecker (1998) - w corr.
8 L N B GRBsMax Energy (<68%psf) | =" Salamon & Stecker (1998) - w/o corr.
- \ Stecker et al. (2006)
s 5 N i Franceschini et al. (2008)
‘q-) . \\\ e 5 Finke et al. (2009)
c k o —~— Gilmore et al. (2009)
W , g
102 ¢ \__x_ %
- 2, T 3
[l ...IT".. . ‘-q___-h-_ g
e ne S
- “ s ® s
S %
Be u ®
o.‘ ol . T(E,z) =3
o Yo . .
(o % 03 e Model Predictions
@ @ "~ T
' ' ‘. .‘ 3 . . . _": :_
OQ’“ & w3 o - a T ———— =
o “e¢he @ g e T — L
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10 — e . a
& % . 0 . a a
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+ Observed TeV spectrum is too “hard”
dN
I N E_Fint X e_T(E)
dE In?rinsic EBL
spectrum attenuation

photon index

+ Even lowest EBL still often
yields lNnt < 1.5 as low as 0.5

+ Blazars at redshifts z > 0.1
have particularly hard spectra

+ Fermi observed softer spectra

at ~GeV region

35— .

T

Abdo et al
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“ Take into account secondary photons from UHE gamma rays
to explain “hard” spectra of distant blazars
+ Use Monte Carlo to track individual photons and all secondary
particles (instead of analytical parametric approaches)
+ EBL models considered in this study
- “High”: based on observed luminosity functions (Stecker et al)
- "Low": based on lower limits from galaxy counts
- EBL models include evolution with redshift
+ Include effects from Intergalactic magnetic field (IGMF)

- Only upper limits exist for IGMF
- 106 - 1012 G depending on model (Dolag et al 2004)

- Strong IGMF will deflect secondaries and produce halo beyond the PSF
of Fermi or Cherenkov telescopes

Ao (B 4x10%eV / Dy NP 1. \'?
o 104G E 1Gpc 1Mpc
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EBL: High ; Cutoff: 20TeV

Excluded by ACT data

Excluded by Fermi upper limits

06 08 1 12 14 16 18 2

EBL: Low ; Cutoff: 20TeV
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“ Proton interaction with CMB photons
p+ycmB — ptet+e”

p+vcmMB — N +nm— my+ kv
+ Secondary electrons up-scatter CMB photons producing VHE
gamma rays

“ Remainder Is similar to previous study
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B=10-1 G, Emax = 1020 eV, [Nint= 2, and ejet = 6°
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“+ 95% CL limit on IGMF found to be

+ 2x10-16 G < B<3x10-14 G ("High" EBL)
+1x107 G < B< 8x10-6 G ("Low" EBL)

£ unHecr = 3x1036 egs/s/Mpc3
neLzr = 4x10-5 MpC_3

Source Redshift EBL model | L, (x1043 erg/s) v2/D.o.F.
Low 1.3 6.4/7
1ES0229+200 0.14
High 3.1 1.8/7
Low 2.7 16.1/6
1ES0347-121 0.188
High 5.2 3.4/6
Low 3.0 16.1/9
1ES1101-232 0.186
High 6.3 4.9/9

B=10-1 G, Emax = 1020 eV, [Nint= 2, and ejet =6°
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+ Secondary gamma rays with low IGMF have some testable
consequences:

+ For B> 10-15 G halos will be present around source, more

significant for cosmic rays e T T PR SR SR A B
i B} _ B 3—-10 GeV A
+ Recent Fermi analysis consistent NGl 3
with B~ 101° G R S - I PSF -
El_ﬂ o M0
::‘ 10 E_ Background—g
& B 5
< 4
I
+ Gamma-ray spectrum continues 10° | "L e E
beyond Klein-Nishina regime i e L

+ No short scale time variability forz>0.1 o o1 02z 03 04 05 06
SURIT . )2 2
+ No variability has been observed In the TeV range 6% [deg®]
+ Some variability below 200 GeV Essey, Ando, Kusenko 2010

*+ High energy neutrino signal should accompany gamma rays
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