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Map: Fermi-LAT 1-yr Observations

Diffuse γ-ray along Milky Way
= the “pool” of Galactic Cosmic-rays

Supernova Remnants = Cosmic-ray Factories? 



the “pool” of Galactic Cosmic-rays

SNR = CR sources?



Supernova explosion:
  10 billion times brighter than the Sun

Type 1a:  energy = thermonuclear fusion 
    E = 2 MeV/nucleon 
    total energy: 1051 erg

Type II, Ib, Ic : energy = gravity
    E = 200 MeV/nucleon
    total energy: 1053 erg (99% neutrinos)
    kinetic energy: 1051 erg

Kinetic Energy (1051 ergs) released as
expanding stellar material (ejecta, ~Msun) 
creates 
a “supernova remnant” (SNR)

Kepler’s SNR (exploded in 1604)

10 light years

Sources of (heavy) elements
Sources of kinetic/turbulent energy in ISM
Sources of cosmic rays 

Supernovae and their Remnants



23 years after SN explosion...



SNR 1987A

Egrav ~ 200 MeV/nucleon
→ Ekin ~ 2 MeV/proton
→ X-ray emitting gas

Chandra (X-ray) Hubble (optical)





~100 years after SN explosion...



The Youngest Galactic SNR: G1.9+0.3
Chandra X-ray Image (Reynolds+09) 

diameter ~ 100”

Age < 140 yr (~100 yr)

Vs ~ 14,000 km/s (at 8.5 kpc) 

Integrated X-ray spectrum

→ dominated by synchrotron radiation

→ Acceleration of TeV electrons

Diffusive Shock Acceleration (DSA)

= first order Fermi acceleration

To understand the origin of cosmic-rays: 

☛ Maximum attainable energy; but e- suffer from radiative losses

☛ Total energy content of accelerated p/e-; but e- has a minor contribution



~340 years after SN explosion...



SNR Cassiopeia A (~340 yr old)

GeV γ-ray detection (Fermi-LAT)
TeV γ-ray detections (HEGRA,MAGIC,VERITAS)

Fermi-LAT Coll. (2010)



Nonthermal 
Bremsstrahlung

Nonthermal 
Bremsstrahlung

(a) Leptonic (Bremsstrahlung + IC)

  B = 0.12 mG
  CR electrons:  We = 1x10⁴⁹ erg

(b) Hadronic (π⁰ decay)
 
   B > 0.12 mG
   CR protons:  Wp = 5x10⁴⁹ erg

 CR content: 2% of ESN

Not consistent with B ~ 0.5 mG 
(X-ray)

π⁰ decay

 Emax : > 10 TeV



~10,000 years after SN explosion...



W51C
• Middle-aged (~ 3 × 104 yr)    Distance: ~ 6 kpc
• Radio shell, thermal X-ray (black contours)
• Interaction with a molecular cloud (Koo+)

Fermi-LAT Count Map (Front Events; 2–10 GeV)

Abdo+ (2009)



W51C Abdo+ (2009)

Fermi-LAT Spectrum 

H.E.S.S.

Fermi-LAT

π0-decay (long dash), bremsstrahlung (dash), IC (dot)



radio synchrotron  (VLA)
lines from H2  gas (Spitzer)

The remnant of a supernova 
exploded in a molecular cloud 

(Age ~10000 yr) 

OH maser spots

Castelletti+2007

W44

• Distance: ~ 3 kpc
• Mixed-morphology SNR

- radio: shell
- thermal X-ray: center filled

• Interaction with 
      a molecular cloud



radio synchrotron  (VLA)
lines from H2  gas (Spitzer)

The remnant of a supernova 
exploded in a molecular cloud 

(Age ~10000 yr) 

OH maser spots

Castelletti+2007

W44

• Distance: ~ 3 kpc
• Mixed-morphology SNR

- radio: shell
- thermal X-ray: center filled

• Interaction with 
      a molecular cloud



Black cross: PSR B1853+01 (No evidence of pulsed gamma-rays)

LAT Count Map (2–10 GeV) LAT Deconvolution Map 

Fermi-LAT Image of W44

Contours: Spitzer 4.5um

Abdo+ (2010)



GeV gamma-rays: π⁰ decay 

Useful information: radio spectrum, [O I], H2 lines, etc... 

Fermi-LAT Spectrum of W44 Abdo+ (2010)



IC 443 Abdo+ (2010)
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unshocked gas 

shocked gas

OH maser
(Claussen et al. 1997)

327 MHz Radio continuum

(Frail et al. 1993)

Figure 3

Arikawa+

TeV gamma-rays associated with 
a molecular cloud
→  π0-decay gamma-rays

Synchrotron Radio 

Shocked CO
Unshocked CO

W28



W28
LAT Count Map (2–10 GeV)

Abdo+ (2010) 



W28 Abdo+ (2010)



Fermi-LAT Detections of SNRs
Object Diameter Age Cloud 

Interaction 
Lγ

1-100 GeV

Cas A 5 pc 330 yr No 4x1034 erg/s

W49B 10 pc ~3000 yr Yes 9x1035 erg/s

3C 391 15 pc ~6000 yr Yes 6x1034 erg/s

G349.7+0.2 17 pc ~6000 yr Yes 9x1034 erg/s

IC 443 20 pc ~10000 yr Yes 8x1034 erg/s

W44 25 pc ~10000 yr Yes 3x1035 erg/s

W28 28 pc ~10000 yr Yes 9x1034 erg/s

CTB 37A 50 pc ~20000 yr Yes 9x1034 erg/s

G8.7-0.1 63 pc ~30000 yr Yes 8x1034 erg/s

W51C 76 pc ~30000 yr Yes 8x1035 erg/s

References: Abdo+2009, 2010a, 2010b, 2010c, Castro & Slane 2010



Characteristics of LAT-Detected SNRs
Surface Brightness Diagram (d-independent)

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



Characteristics of LAT-Detected SNRs

Cas A

Σ-D relation of Galactic SNRs
- Radio-bright
- Radio-GeV correlation
- Flat radio spectrum
  (α = 0.3-0.4) 
   for W51C,W44, W28, IC 443
- Cloud-interacting 
- GeV flux >> TeV flux
- Lγ = 1035-36 erg/s

LAT SNRs

SNR Diameter vs Radio Surface Brightness

W49B

W51C

LAT SNRs (excl. Cas A) 



“Aharonian-type” Scenario:
CRs escaping from SNR and colliding with nearby MCs

Our Scenario (Uchiyama+10):
γ-ray coming from “cloud shock” (CRs and MC simultaneously 
compressed)

Runaway CRs

γMolecular 
Cloud

SNR blastwave

 blastwave

radio & γ

Compressed CRs

cloud shock

- Why radio-GeV correlation?
- Why radio-bright SNRs?

A key point:
a large compression ratio 
due to radiative cooling 

 Two Different Models 
e.g., Fujita+10, Ohira+10



 Examples of Aharonian-type Model 
Ohira+ (2010) 

W51C W44

W28

W44

IC 443



 Two Different Models 
“Aharonian-type” Scenario:
CRs escaping from SNR and colliding with nearby MCs

Our Scenario (Uchiyama+10):
γ-ray coming from “cloud shock” (CRs and MC simultaneously 
compressed)

Runaway CRs

γMolecular 
Cloud

SNR blastwave

 blastwave

radio & γ

Compressed CRs

cloud shock
A key point:
a large compression ratio 
due to radiative cooling 

- Why radio-GeV correlation?
- Why radio-bright SNRs?

e.g., Fujita+10, Ohira+10
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Pre-shock density:   n0  (cm-3) 
Cloud shock velocity: vs7 (107 cm/s)
Pre-shock B-field:   B0 = b n01/2 (µG) 

Radiatively-cooled gas (final) density: nm

                       nm / n0 = 77 vs7/b
Radiatively-cooled gas (final) B-field: Bm

                       Bm / B0 = nm / n0 

Both density/B-field can be compressed by a large factor 
(10-100).



CR Acceleration at Cloud Shock

Diffusive shock acceleration:
     Since v ~ 100 km/s,  a conservative assumption is 
     Seed = the “pool” of Galactic CRs     (Namely, Re-acceleration)
      (if this is not enough, seed = thermal particles)

Spectral break:
        Ion-neutral collision → Alfvén wave evanescence (Malkov+2010)  
        Spectral steepening by one power at cpbr =  2eBVA/νi-n

Maximum energy: 
        Age-limited at cpmax =  500 vs72 B-5 t4 /η  GeV



Expected Gamma-ray Luminosity

Lγ ∝ f n R E2/3 B-4/3

→ Lγ ~ f ×1036 erg/s f: Preshock cloud filling factor
          f  = 0.2 fixed 

n: Preshock cloud density in cm-3

B: Preshock B-field in µG
         B = 2 n1/2 fixed 

R: SNR radius in pc

E: SN Kinetic Energy in 1051 erg

R=30, n=100, E=5
R=5/15, n=100, E=1

R=10, n=30/300, E=1

Uchiyama+10



Parameters for W44 & IC 443

Free parameters



Results for W44

radio γ-ray

- radio & γ-ray fluxes can be explained by 
re-acceleration of the pre-existing GCRs
- flat radio index (α=0.37) is naturally predicted
- GeV break may be explained by Alfvén wave evanescence 

Uchiyama+10



Comments 
F. Aharonian

“Although I need more time to understand the details - generally I find
this a very good idea! ....
Anyway, my opinion about your paper is very positive.”

“Altogether I found this a very interesting piece of work, 
congratulations! 
And I think that the basic point of dominant re-acceleration and 
adiabatic energization in shocks that compress dense clouds in a 
supernova remnant comes out quite convincingly. I am sure that 
Roger Blandford is happy to see his old idea so successfully be 
confronted with reality.”

H. Völk



 Vs is too slow

Re-acceleration

Summary

Cas A

LAT SNRs

Acceleration from 
a thermal pool

W49B

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


