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path length of GeV CRs

(1~10 g/em?) Cosmic Rays

protons (~90%), electrons (~1%)
a (~5%), heavy nuclei

Altitude ~20 km

((~100 g/cm?) CR p + (nucleus in the air)

(i) CR p + A — 7 + anything

(ii-a) 7 — 2y
(ii-b) " = p* + vy
nt—= et +vet+wvy

EM cascade

(x~1000 g/cm?)
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Cosmic Rays: Spectrum

Energy distribution: power-law type (NxE-27below “knee”)
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Fluxes of Cosmic Roys

i1 porticle per m—second)

o ]
Y Knes

F m O ® w ow W B B =

'IU‘ 'll:'m H}” II;I12 ml:!- qu w".. lﬂ“ 1:'1]' mu- _Iu'll 'lﬂm 10
Ensrgy (#¥)

: {1 particle per i’ —year)
\-f’ |

™

E-25N(E)

Scaled fiux  E™" J(E) (m¥sec'ar eV'Y)

Equivalent c.m. energy Vs, (GeV)

1o’ i’ 10* i iy
T - -
FLASUADE (QGSJET O1) T  HRoG-MLA
L RASCADE [SINYLL 2 1) & HFes|
KASCADE-Grundd [pr.) & HiReE |l
Tkt -‘l-fﬁ [SIEYLL 2 1) ] ﬁu.;u =0 An0H

E < PeV
Galactic

( “knee”

10" [ o'

1013 eV

in™ i

10 a
Enargy  (@V/particia) E — 1020 eV

Sources of Galactic CRs:

Supernova Remnants (SNRs)?
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s, ermi Galactic Cosmic Rays (GCRs)

Space Telescops

o

Alien’s view of our Galaxy NGC 891: edge-on spiral galaxy

radio*(1.4 GHz)

Synchrotron radiation by CR e

%
In B~10 pG, ”%
GeV electrons emit radio o«
PeV electrons emit hard X-rays
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«~omi ~ GCRs: probed by GeV y-rays
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Galactic CRs (p/e) produce y-rays:
n'-decay y-rays (CRp+H—=a’— 2y )

bremsstrahlung/inverse Compton scattering by CR e

All sky y-ray map by Fermi-LAT

y-ray spectrum
/ ' (mid-latitude)

-

200°<|<260° & Formi-LAT dals

galactic plane
. 22°<|b|<60° e NS

protons

(n°-decay) 1‘#4%

g electrons

CRs of solar neighborhood/ (bremsstrahlung)

~ CRs arriving at Earth N e g

Lredil: MASATEE e

Emdanivity (MaV’ 5" sr ' MaV' )
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s ermi Cosmic Rays: Energetics

| &

Energy density (~ GeV protons):
Ucr ~ 1 eV/cms3

Residence time of GeV protons in the
Galaxy: ('°Be/°Be: t('°Be)=1.6x10°€ yr)

TCR ~ 107 yT
CR supply rate:
Lcr ~ ucr Vhalo/Tcr ~ 104 erg/s

(0434 Hald

‘.---‘

-

Total mechanical power by SNe:
Lsn~ 105 erg/ 50 yr
~ 1042 erg/s




s, crmi CRs: Composition
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§1DE - ‘ ® Simpson O ARIEL B M SKYLA

hﬁ1ﬂd ‘s Li, Be, B: spallation T] HEAD 3 ok
10 products (CNO) & UHCRE % Tueller
10 3 , JM —&— s0l. sy
102 bt LA ®
10 Hf i | Overall: ~ solar abundance

i

Relative abundance of elements
e ez, =% e e =,
e (R - R - R TR s R

Li, Be, B abundance: ycr ~10 g/cm?

. I R

XYY

NOTE: hadronic pp interactions: y~40 g/cm?

70 80
MNuclear charge
Nuclear charge (Z)
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s crmi CRs: Source Spectrum
= B/C ratio
0% a0 u| (@ | *~1ORAGVIEgem’
0.3 O=a50MV A R = cpleZ : rigidity
— Tese(E) o E-045
= Ptuskin+06

0.2 Source Functions of CRs:

1

v Voyager

0.16 | ® Ulysses 1 O(E) = N(E) Tese(E)

o ACE o JF-2.7 /E-0.45
0.1 F A HEAD-3 | ~ 295
m .
o Chapal, Wabber 1981
| m Dwyar 1978 . . .

005 - L v Mahd ot ol 1977 4 Given uncertainties,

® CREAM, Ahn et al. 2008 O(E) x E>1 ~ E-24

10° 10 10* 10

Kinetic energy, GeV/nucleon

Observed spectrum of CRs (N(E)xE-*7)
+ Source spectrum (Q(E) xE-*1-%%)
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@, crmi Supernova Remnants (SNRs)

Evidence for very high energy particles in SNRs

shock heated

ejecta
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FORWARD SHOCK (DIRECTED OUTWARD)” /

“CONTACT DISCONTINUITY

Expanding shock wave
(currently ~4000 km/s)
driven by SN into ISM

REVERSE SHOCK (DIRECTED INWARD)—




s, crmi Supernova Remnants (SNRs)

Evidence for very high energy particles in SNRs

Chandra shock heated
Warren+05)

Expanding shock wave
(currently ~4000 km/s)
driven by SN into ISM

(i) TeV Gamma-ray Observations

Direct evidence for >100 TeV particles.
(emission mechanisms: unsettled)

H.E.S.S. arcmin image:
Shell-like morphology (Aharonian+2004)

(ii ) X-ray Observations

X-ray Synchrotron radiation (after ASCA
satellite: Koyama+95):

Evidence for >10 TeV electrons.

Chandra arcsec image:

Indicates the operation of
Diffusive Shock Acceleration (DSA).



ejectt
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Diffusive Shock
5 Acceleration




a.k.a. (1storder) Fermi Acceleration

Diffusive Shock Acceleration (DSA)

‘@ ermi
( Shock front )
F =Ry
o V = t’ o
--------- -
MHD wave E
.. MHD wave
I = Eo(1 + 4V/3¢c) "
*_...r""'“
Vic~0.01 o
P
E=Eg(l +4V/3c)* ..
&
—_—
" g
Upstream Downstream
density: p1 P2 = 6p1

\

“test particle” approximation:
hydrodynamics is given

Q(B =K E-S exp(-E/Emax)

(i) K (normalization)
Unpredictable

(if) s (index)
s = (6+2)/(c-1)
= 2.0 for o =4 strong shock

(iii) Emax (maximum energy)

Emax ~ 10'5eV (V/1000 km/s)? (/1000 yr) (B/100 pG)
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o ermi Non-Linear DSA

C '

/V Space Telescope
Cosmic-ray pressure =»> Affect gas dynamics = Change Q(E)

Cosmic-ray streaming instability <@ Amplify turbulent B-field

Test Particle (TS) vs Non-Linear (NL)
E2 Q(E)
. L |

T 1
lﬁ UM (no energy cons., R, ,=4)

:
IS

g — e —

Flow speed

B-field

| 1 L 1 L "
—2 0 3 6

-8 -6 -4 -2 -50 5 10 Log,, p/(m_c)
_lﬂgu}(_x} X [rq.ﬂ] " ’

Distance from shock

(Taken from Viadimirov) 12




o crm! B-field Amplification in SNRs

Synchrotron cooling timescale:

b 2000

Uchiyama et al. (2007)

Most filaments
(spatially extended)
are variable in time!!

X-ray spectra:
synchrotron radiation

Year-scale variability
- B=01-1mG
>> Bism

Chandra X-rays (color) _
H.E.S.S. TeV y-rays N ( ¢ ) -
(contours)

13
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s, ermi SNRs as the Sources of CRs
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Requirements for the Sources of Galactic CRs

i. Energetics: CR protons of ~10°° erg (~10% of Esn) per SNR

Theory of diffusive shock acceleration (DSA) cannot
predict the amount of CRs.

“injection” from thermal pool = poorly known process
il. Spectral Index: s=2.1-2.4 Q(E)xE-
DSA theory: test particle (TP) approximation s=2.0

non-linear (NL) “concave” spectrum
B-field amplification may yield s~2.4

iii. Maximum Energy: ~ PeV (10'° eV) to reach “knee”

DSA theory: assuming Bohm limit and B-field amplification,
Emax ~ 10" eV (v/1000 km/s)? (t/1000 yr) (B/100 uG)

N ok

- Fermi-LAT is capable to address many of these problems.



LAT
20 MeV - 300 GeV

GBM
Sodium lodide |

S ek - | Detector .
- ' P — = N 8 keV - 1 MeV |

GBM
Bismuth
Germanate

Detector
150 keV — 30 MeV




Si Tracker
(18 planes)

-

Csl ACD

Calorimeter

LAT: 4x4 modular array
3000 kg, 650 W

Large Area Telescope (LAT)
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“sermi Fermi-LAT Study on SNRs

C '

/' Souce Telescops

GeV gamma-ray observations of SNRs

e Historical SNRs
— Tycho
— Cassiopeia A
* Young TeV-bright SNRs
— RX J1713.7-3946
— Vela Jr.
 SNRs interacting with molecular clouds
— W51C, W44, 1C443, W28, W49B, W30(G8.7-0.1), CTB37A, ...
 Evolved SNRs without molecular cloud interactions
— Cygnus Loop, (Puppis A)

17
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Historical SNRs




% Tycho's SNR
e SN 1572

e SN type: la

e distance: ~3 kpc

e radius: ~3.7 pcC

- X-ray Images

% Cassiopeia A
e SN ~1680

e SN type: lIb

e distance: ~3.4 kpc
e radius: ~2.5 pc

(Chandra) F o

Most parameters are reasonably well known.

-> largely help us interpret gamma-ray results.
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Tycho: Synchrotron & B-field

- ->.cr"mi

/' SC.'.‘T;:.‘ e
Warren+05 X-ray/radio radial profile

‘.'.! h [‘ ': ]’\ ]1. L‘ 1.'1 t L‘ ‘.i an‘;hfﬂl ron Losses L;m;l'ﬂ'd Rim

ejecta 1 B2=0.2 mG (shock

downstream)
radio
P o +
"-ﬁ_“x
/ i ht

" K op=0.8x10"" 1117}
T (a.kg)=(1.3,6) \+

5.01="U puo orf g z=ig

X-ray (syn)

Cassam-Chenai+07

B> = 0.1-0.2 mG is inferred from the width of X-ray filaments
20




VERITAS Collaboration (2011)

Conlac t Latitude (deq)

Galactic Longitude (deg)
.'. (T L] ':.r.x.:l"z1

Flux(>1 TeV) ~ 1% Crab
5.00 detection (post-trial)

B-field constraint put by X-ray
does not contradict IC origin.

Fermi-LAT can test
“leptonic vs hadronic”

s crmi Tycho: Recent TeV Detection

Log E? dN/dE (erg ecm=2 s-!)
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s, ermi Tycho: New GeV Detection
pr ST See a poster by Fermi-LAT Collaboration
Fermi-LAT Detection (50) (Naumann-Godo+)
Preliminary c "
"-E 100 . Suzraku
:i A ; \ Fermi
g s ™8, Veritas
W : \ o [ s
10’ 1N
10° [ Synchrotron
sl IConCMB
W Bremsstrahlung
o
Figure 2: Fermi TS map of Tycho in the 1 GeV - 100 GeV :

. 107 : e :
B s S Gt S0 councs res o POPRS 0 0 100 100 1 0 10 16 18 10 107 103"

position. E [eV]

Photon index =2.3 £ 0.1

RIS

ar 350 0.24 0.150 | 4.5x10% 6-8% of Esn
Nearbv 278 030 1.u 0.061 | 7.0x10* transferred to CRs.

22




Tycho: CR Content

'['IrrTl[Irf]_

R

|
Edmon+11

| | IIIIIJ|

CR fraction
(§ = ncr/ntn)

| | lllll]l
III||I|

Input Parameters in Edmon+11

no = 0.3 cm= (ISM density)
To=30000 K

Bo=30uG (Upstream B-field)
Eo = 1051 erg (Esn)
- to =255 yr

Tf'I]l Ifr'lllflf

T!['l'ITII['I'I

/ :
| III1 Vl | III||I|

]Ill]llll]]]]llllIllJ]IIIIlJlEIlIIll]

Tycho’s SNR at t = 439 yr:

Ecr ~ 7% of Esn

l

Later on, say t = 2500 yr:

Ecr ~ 14% of Esn

1

10
L/t

CR spectral index = 2.3




- Cas A: GeV & TeV Detections
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Cas A: Gamma-ray Spectrum

B2 = 0.3-0.5 mG is inferred from the width of X-ray filaments

(Vink & Laming 03; Parizot+06) and X-ray time-variability (Uchiyama &
Aharonian 08)

g— 10

vl [erg em™ 37']
=1

|

L

]

=13 L

1n,_1t

‘ m’-decay model \

L Abdo+2010

Fermi=LAT

Fermi-LAT spectrum:
Mr=2.0x01

CR Proton: ~0.4x10°° erg
Ecr ~ 2% of Esn=2x10%" erg

E [aV¥]

CR spectral index = 2.3

25
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Part II

Part Il
Young TeV-bright SNRs




s ermi RX J1713.7-3946 & Vela Jr.

TeV gamma-ray map (H.E.S.S.) TeV gamma-ray map (H.E.S.S.)

&7 =

Contours: ASCA X-ray Cclrntours: ROSAT I(E > 1.3 keV)
* age: ~1600 yr e age: 2000-4000 yr

* distance: ~1 kpc » distance: ~0.75 kpc

Synchrotron X-ray variability: Synchrotron X-ray filament:

- 0-1-1m@ (Uehlyamatlr) 2 0.1 mG (Berezhko+09
Synchrotron cutoff (Tanaka+08): e ( z )

“Bohm limit” 27
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s ermi RX J1713.7-3946: LAT Results

Tt

Abdo+2011 (in press)

Hadronic

| = TS map above 0.5 GeV
P (using a point source hypothesis)
|
|
| " !
Enar | ey | .
| Leptonic | ?fﬁru Assenalon L18000 ceg)

1FGL sources in BGD model SrcA,B,C also in BGD model
Photon index: N'.atr = 1.5 £ 0.1(sta) £ 0.1(sys)

LAT spectral shape is consistent what
expected in leptonic scenarios (IC origin),
A ! though B2 = 0.01 mG would be difficult to be
| = reconciled with X-ray measurements.
¥ B_2'901_mG_ w Hadronic origin requires very hard proton

w spectrum, which challenges current models.

Enesgy | MaV
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Vela Jr.: LAT Results

‘@ ermi
o/ SwaToie
Fermi-LAT Collaboration (Tanaka+) in prep.
LAT count map above 10 GeV -
Pm"mlmry Farmi LAT &
; bt HEess
o it t Nl

Detection at ~150 level
LAt = 1.87 £ 0.08(sta)
+ 0.17(sys)

£F dni e [wrg am™ 0™
&
]
—_—
o

Again, B2 =0.01 mG in

E? aN/dE [org em™ 07"

leptonic model would be . || Leptonic |~

difficult to be reconciled with i b

X-ray measurements. " 1 4

Hadronic model would |

require a large CR content °" 1 B2=0.01 mG

(5%10%° erg for n=0.1 cm-3) T B e

LogglE/a¥)
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Part Ill:
SNRs Interacting with Molecular Clouds




LAT Discoveries of MC-SNRs

Fermi-LAT Collaboration (Uchiyama+) 2011

(a) W51C . Extended GeV emission has been
= discovered from several SNRs,
with molecular cloud (MC)

F 03

interactions.

GeV extension is consistent
with the size of a radio remnant
(except for W28).

(d) W28

The dominant class of
LAT SNRs.

2.5 yr count maps (>2 GeV, front-converted) 31



s, ermi GeV Spectra of MC-SNRs

Fermi-LAT Collaboration (Uchiyama+) 2011

L ALY T T T T High GeV luminosity
10.00 3 4 | up to 10% erg/s
5.00 [ W51C . _ _
‘ ® 1 Assuming e/p ratio less
jan. $ + | than 10%,
0 O the only way to achieve
o 1.00 £ [fI] & q] + + 31 the high luminosity is:
®  osof -
5 - - ™ 1 T%decay y-rays in dense
o - 4: Rk E " (f 1 gas (>10 cm?3).
2 0M0F 1C443 —— g w .
0.05 E‘ --
; Cas A (no MC) 1 | Spectral steepening
in the GeV band
D-DI L | I | | I.JI i i 1 I | || | i i I. LI §l
0.1 0.5 1.0 =.0 10.0 0.0 100.0 Gev Iuminosity

>> TeV luminosity

32
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s ermi Growing Examples: MC-SNRs

/‘%

4 N/~ N\ (.
WA49B _ Abdo+2010 W30(G8.7-0.1) Hanabata+ | | G349.7+0.2
: Castro & Slane
2010
Similar to W4QB)
( )
CTB 37A
Castro & Slane
w I - - D 2010
I— POSter by Brandt+
18:00:000 18:04:000 . J/
] Right Ascension [J2000) 4 ~
E | PRELIMINARY B
E m EILITY ‘o L , - - ‘:mmﬁﬂ. 3C391
: LAT 'E T + F'relnmmary 2010
% ° 10 et i'I | My s \ /
: T it E - ~\
o) :| | W41
L ey f Talk by Méhault+
‘. :’E:IE J1B04-216 | \ )
e T W W O ae a o 1 10 10° 10° 10°
: il GeV ) =




e, Radio Connection

MC-SNRs:
LAT flux seems to correlate with radio flux

1
5 L L 'I”IE { | |.rrr|lr | .[||r|| T

-
1“ 3 - 1 FrrnTen L] T THTAES F Ilr'lll
-

Lol l.l..

Ll e

T
W=t -

]
UL

L
- -l.-.L.I.J-.I-.l.l.

. 1

]
'I.. ]
L

10=8 3

Gamma-ray Flux [ erg em™ 27" ]
5
I
e
..I_—.I-I.-.L.L.I...I..ll 4’8
D(0.1-100 GeV) [ erg em™ ™" ar™" |

_T'|||||||

Uchiyama+2011

L1 ||||'|£ | - |:||||: 1 8 'I||'|| 1n—-f L IIIIIIJ| - |||.| .|||.||| ki gkl

4 510713 510”12 5 10~11 10~® Th 10~ 10~8 19~5
Radio Flux [ erg em™ &7 | 21 GHz) [ erg em™ 7" ar™! ]

- -l-.I.J..I..I.J..l.l.

=

1=

Figure 3: (Left) Radio flux (synchrotron) vs GeV y-ray flux for MC-interacting SNRs. The y-ray energy flux
integrated over 0.1-100 GeV and the radio flux, vf, at 1 GHz, are shown. (Right) Mean surface brightness
of the synchrotron radio emission and GeV y-ray emission. The flux-flux plot is converted into this form
using the solid angles of the radio remnants. 34
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o Gamma-ray Emission Sites

C.I D T

/ Space Teles e

Radio & y-ray emissions from radiatively-compressed filaments
Crushed Cloud Model (Uchiyama+2010)

Molecular Cloud SNR W44
‘ ‘Synahrutrnn radin| - PL e

mi-decay 1|.r-r:-15r:-1|

Supernova

Remnant Radiatively-compressed

filament of CRs & B-field

mi-decay
y-rays

synchrotron radio emission
correlated with shocked H; gas

Escaping
CRs

35



Vi
o Gamma-ray Emission Sites

C.I D T

/ Space Teles e

Radio & y-ray emissions from radiatively-compressed filaments
Crushed Cloud Model (Uchiyama+2010)

Molecular Cloud SNR W44

‘synéhrutrun radin|

mi-decay 1|.r-r:-15r:-1|

Supernova

Remnant Radiatively-compressed

filament of CRs & B-field

mi-decay
y-rays

synchrotron radio emission
correlated with shocked H; gas

Escaping
CRs

35



7 s
o Gamma-ray Emission Sites

Gamma ra

/ Space Telek e

Radio & y-ray emissions from radiatively-compressed filaments
Crushed Cloud Model (Uchiyama+2010)

Molecular Cloud SNR W44

‘synnhrutrun radio

ml-decay y-rays

Supernova

Remnant Radiatively-compressed

of CRs & B-field

(o)

mi-decay
y-rays

synchrotron radio emission
correlated with shocked H; gas

35



7~
o Crushed Cloud Model

Ga

g Pl Uchiyama+2010
Re-acceleration of pre-existing CRs in MC at cloud radiative shock.
mo-decay gamma-rays in a radiatively-compressed layer.

Naturally accounts for a gamma-ray luminosity of ~103% erg/s
A slow (~100 km/s) shock explains spectral steepening in GeV range
102 gy MIOAEl Parameters
i 1 |f: Preshock cloud filling factor
I e e SRR E f =0.2 fixed
'; 100 _ * _________ ______________ _ |n: Preshock cloud density in cm-?
ST : § ) ; 1|B: Preshock B-field in pG
j; h =/ /4 RO\ E B = 2 n'2 fixed
_, [R=10, n=30/300, E=1 R\ \ W 1le. o
10 R=5/15, n=100, E=1 | X R: SNR radius in pc
10-3 ’R:30n:100E:5 el .. |E: SN kinetic energy in 10°! erg
10~2 10-1 100 101 102 103

E [GeV] 36
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s, ermi Crushed Cloud Model for W44

Ga

/' Soace Telescope "
Uchiyama+2010
LLLRLL 1 ||||||| UL IIIII LI IIIII rri IIr' I TREl LI IIIII rri IIII LI IIII IR
& ==== Synch {secondoary) ===+ n'-decay
W™ =  ewmwe- Synch {primary) —+ —-—-- Brams E:ll:l:lrﬂiurr]l -
""" Brems (primary)
— radio y-ray
' () CRp+H— 7w+ etc
T om0 ..
£ (ii-a) " — 2y
u
o (ii-b) 7 = pu* + v,
= =12 ll+_’e++"e+"u
< 0T (iii-b) e" + B — radio
10~ 14

w-7 w® w3 1wt w3Iw w®P w? 1@ M
E [ev] E [ev]

- radio & y-ray fluxes can be explained by re-acceleration
of the pre-existing GCRs

- flat radio index (a=0.37) is naturally explained

37
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Ga

g

Z(1 GHz) [erg em™ 37" sr7")

T ot

Surface Brightness Diagram (d-independent)

10-5 ¢
‘| open symbols: model 3
| (for various sets of parameters) )

R RO Y- T {5 S A

’

& acceleration
" E from thermal
10~8 - IR . LR, i EESR N =
10-9 - 3 .

LAT (1 100lGeV)
=10 L gl ] I||J|| Ll ] WART
0 o8 107 10—6 103 n:r*' 103

Crushed Cloud: GeV vs Radio

LAT (1-100 GeV) vs Radio (1 GHz)

W49B & G349.7+0.2

- relatively young < 10000 yr
- “canonical” radio index

(o =0.5)
- Strong infrared lines

LAT

D(1-100 GeV) [erg em™ s7' =r7']

Color: Spitzer IRAC 5.8 um
(Radiative shock)

Contours: VLA 1.4 GHz
(GeV electrons)
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@, crmi Crushed Cloud: GeV vs Radio

Ga
Space T

o

Surface Brightness Diagram (d-independent) |W49B & G349.7+0.2

LAT (1-100 GeV) vs Radio (1 GHz) - relatively young < 10000 yr
0-5 . - - “canonical” radio index
‘| open symbols: model th (a=0.5) _
.| (for various sets of parameters) ) - Strong infrared lines
tﬂ_E etk ki s AT e R -k - i
: o® ’ 1

acceleration
from thermal
bl
Freshly Accelerated CRs in W49B (& also G349.7+0.2)
LAT flux implies ucr ~ 10°eV/cm3 (re-acceleration is not
enough)
n=200 cm3, v=200 km/s (fully pre-ionized)

To get ucr ~ 105eV/icm?, & ~ 3x10-° (c.f. Tycho: § ~ 5x10-4)

— - ’ — —
st bmene L0 B 94 A Ll
e OuUrs. vLA & Lar 11!

I
. 10—’ ¢

em ™2 37" ar”')
|
1 GHz)
90
Q
<
o.
®

BT, -
(GeV electrons)



Surface Brightness [W m™2 Hz™' sr™']

2 -D Relation

Radio Surface Brightness (Z) - Diameter (D) Relation

-16
10 I I ! I LI I ] I 1 ! L !
Cas A ¢ Fresh Acceleration | : '
10— 18
1020 .
s too slow |
-22 :
© ' . . . ‘
| 1 i | 11 1 i i | | i | 11 1 i
2 5 10 20 50 100 200

Diameter [pc]

V~1000 km/s shock : CR acceleration > 10 TeV
V~100 km/s shock : CR (re-)acceleration < TeV

39
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Part IV

Part |V:
Evolved SNR without MC




Cygnus Loop

VeIl o 1. R il s st s ;

B CLTER R e L e Middle-age ~ 2x104 yr

AU NG S R, VSR | Large angular size (3 deg)
No clear MC interaction
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E*dF/dE (eV cm *s)

=1

X-ray (0.1-2keV)

T

Cygnus Loop: LAT Results

Katagiri+ (submitted)

H alpha Radio (1420MHz)

10

0o’
Energy (GeV)

Correlation with X-ray and Ha emissions
- Gamma-ray-emitting particles distribute near
shock waves

NOTE: southern radio emission would be

another SNR.

Spectral steepening above ~ 2 GeV.
(simple power-law disfavored at 3.50 level)
Gamma-ray Luminosity ~ 1x1033 erg/s (< other

LAT SNRs) .
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Cygnus Loop: LAT Results

Katagiri+ (submitted)

-

Unlike other middle-aged
remnants, gamma-ray emission
is not due to interactions with
molecular cloud.

(d) preliminary

Gamma-ray emission comes from
either (1) main blast wave regions
(X-ray) or (2) radiative shock region
(Ha).
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@, ermi Summary
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e Historical SNRs

— Tycho & Cassiopeia A

 Young TeV-bright SNRs
— RX J1713.7-3946 & Vela Jr.
 SNRs interacting with molecular clouds
— W51C, W44, 1C443, W28, W49B, W30, CTB37A, ...

e Evolved SNRs without molecular cloud interactions
— Cygnus Loop
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Requirements for the Sources of Galactic CRs

i. Energetics: CR protons of ~10°° erg (~10% of Esn) per SNR

Theory of diffusive shock acceleration (DSA) cannot
predict the amount of CRs.

“injection” from thermal pool = poorly known process
il. Spectral Index: s=2.1-2.4 Q(E)xE-
DSA theory: test particle (TP) approximation s=2.0

non-linear (NL) “concave” spectrum
B-field amplification may yield s~2.4

iii. Maximum Energy: ~ PeV (10'° eV) to reach “knee”

DSA theory: assuming Bohm limit and B-field amplification,
Emax ~ 10" eV (v/1000 km/s)? (t/1000 yr) (B/100 uG)

N ok

- Fermi-LAT is capable to address many of these problems.



