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Are SNRs the Origin of Galactic CRs?

❖ How does DSA reach Emax ~ 3 PeV? 

!
❖ How do CRs escape / diffuse into Galaxy? 

!
❖ How does DSA vary with SN type, evolution?



Are SNRs the Origin of Galactic CRs?

❖ How does DSA reach Emax ~ 3 PeV? 
                          Observe ~50 TeV CRs from SNRs 
!

❖ How do CRs escape / diffuse into Galaxy?           
  Observe spectral curvature / illuminated clouds 
!

❖ How does DSA vary with SN type, evolution?  
             Observe Ɣ-ray emission in multiple SNRs  
                     and map to hadronic energy content.
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Evolving Accelerators

L. Tibaldo A tale of cosmic rays narrated in γ rays by Fermi of 36

The ages of supernova remnants
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• pCR + p ➔ π0 ➔ 2Ɣ



• Conclusive evidence for accelerated protons in 2 SNRs 
   CR acceleration efficiency 1-4% (uncertainty in mass of target) 

• Both SNRs show a break in the power-law spectra, ~30-200 GeV/c 
These SNRs are not currently PeV accelerators!

Broken Proton Spectra
Ackermann, et al. (2013)



• Where do hadronic Ɣ-rays originate?

Where is the GeV emission region?
∲ermi

radiatively compressed filaments in older SNRs   
(Blandford & Cowie ‘82) 
re-acceleration + adiabatic compression  
of pre-existing CRays 
strong correlation between  
radio & γ-ray luminosities

or crushed cloud

Gamma-ray Emission Sites

21

synchrotron radio emission 
correlated with shocked H2  gas 

SNR W44 

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

Gamma-ray Emission from GeV-bright SNRs 3

TABLE 1
MODEL PARAMETERS FOR SNR W44

Parameters Values

Assumed SNR Dynamics

Distance: D 2.9 kpca
Radius: R 12.5 pca

(θ = 15′)
Age: t 10000 yra
Explosion energy: E51 5a

Preshock Cloud Parameters

Density: n0 200 cm−3a

Filling factor: f 0.18
Magnetic field: B0 25µG

Dependent Parameters

Cloud shock velocity: vs 100 kms−1a
Break momentum (T4 = 2): pbr 7 GeV/c
Maximum momentum (η = 10): pmax 122 GeV/c
a Taken from Reach et al. (2005).

secondaries in inelastic proton-proton collisions can be a sig-
nificant source of high-energy electrons and positrons, since
the energy loss timescale due to the pp collisions, tpp ≃

6× 107 (nm/cm−3)−1 yr, generally becomes comparable to tc.
Let Np(p, t)dp represent the number of protons in p ∼

p+dp integrated over the emission volume at time t. We em-
ploy a usual kinetic equation to obtain the proton spectrum
Np(p, t):

∂Np(p, t)
∂t

= ∂

∂p
!

b(p)Np(p, t)
"

+Qp(p), (7)

whereQp is the proton injection rate, and b(p) = − ṗ represents
the proton energy losses. Charged particles with p < pmax
are assumed to be effectively trapped within the compressed
gas. The particle spectrum for accelerated electrons, Ne(p, t),
and for secondary e± resulting from hadronic interactions,
Nsec(p, t), are computed similarly.
The injection rates of primaries are related to nad(p):

Q(p) = n0 fV
nmtc

nad(p), (8)

where V = 4πR3/3 is the SNR volume with a radius R, and
f is the preshock filling factor of the compressed cloud. The
volume of the preshock cloud is then fV . For simplicity, we
assume that Q(p) for primaries is time-independent; vs is as-
sumed to be constant and pmax is evaluated simply at t = tc.
The injection rate of secondary e±, Qsec(pe, t), is determined
by Np(pp, t) following the prescription given by Kamae et al.
(2006).

2.4. SNR Dynamics
It may be desirable to relate the cloud shock velocity with

the physical parameters that describe the blastwave of the
remnant. We consider a remnant in the Sedov stage4:

R12.5 =
#

E51
na,0

$1/5

t2/54 , (9)

4 This implies t < ttr, where ttr is an age for transition to the radiative phase
of SNR evolution (Blondin et al. 1998): ttr ∼ 3× 104 E4/1751 n−9/17a,0 yr.

where R12.5 = R/(12.5 pc), E51 denotes the kinetic energy
released by the supernova in units of 1051 erg, and na,0 =
na/(cm−3) represents the ambient (intercloud) density. The
blastwave velocity is vb = 0.4R/t. When a molecular cloud
is struck by the blastwave, a strong shock is driven into the
cloud with a shock velocity of

vs = k
#

na
n0

$1/2

vb,

≃ 65 n−1/20,2 E1/251 R−3/212.5 km s
−1, (10)

where k ≃ 1.3 is adopted. Note that k depends weakly on
vs/vb (McKee & Cowie 1975), ranging k = 1–1.5 in the cir-
cumstances of our interest. To drive a fast molecular shock of
vs7 ! 0.5 into a molecular cloud, a condition of

n0,2 " k2E51R−312.5 (11)
must be satisfied.

FIG. 1.— π
0-decay γ-ray spectra calculated for the reacceleration

model using various sets of parameters. Spectral data points are
for SNR W51C (filled circles: Abdo et al. 2009), W44 (open circles:
Abdo et al. 2010a), and IC 443 (squares: Abdo et al. 2010b).

FIG. 2.— Radio (left) and γ-ray (right) spectra of SNRW44 together
with the reacceleration model using the parameters in Table 1, most
of which are copied from Reach et al. (2005). The radio fluxes are
scaled by a factor of 0.5 (see the text).
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• Radiatively compressed filaments in older SNRs (Blandford & Cowie ’82) 
        => slow shocks (100 km/s) into partially ionized medium of cloud. 

• Adiabatically compress pre-existing CRs + possible re-acceleration 

!
• Explains Radio-GeV correlation

Crushed Clouds

Tang & Chevalier (2014)

∲ermi
radiatively compressed filaments in older SNRs   
(Blandford & Cowie ‘82) 
re-acceleration + adiabatic compression  
of pre-existing CRays 
strong correlation between  
radio & γ-ray luminosities

or crushed cloud

Gamma-ray Emission Sites

21

synchrotron radio emission 
correlated with shocked H2  gas 

SNR W44 

  Radio & γ-ray emissions from radiatively-compressed filaments
  Crushed Cloud Model (Uchiyama+2010)
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the proton energy losses. Charged particles with p < pmax
are assumed to be effectively trapped within the compressed
gas. The particle spectrum for accelerated electrons, Ne(p, t),
and for secondary e± resulting from hadronic interactions,
Nsec(p, t), are computed similarly.
The injection rates of primaries are related to nad(p):

Q(p) = n0 fV
nmtc

nad(p), (8)

where V = 4πR3/3 is the SNR volume with a radius R, and
f is the preshock filling factor of the compressed cloud. The
volume of the preshock cloud is then fV . For simplicity, we
assume that Q(p) for primaries is time-independent; vs is as-
sumed to be constant and pmax is evaluated simply at t = tc.
The injection rate of secondary e±, Qsec(pe, t), is determined
by Np(pp, t) following the prescription given by Kamae et al.
(2006).

2.4. SNR Dynamics
It may be desirable to relate the cloud shock velocity with

the physical parameters that describe the blastwave of the
remnant. We consider a remnant in the Sedov stage4:

R12.5 =
#

E51
na,0

$1/5

t2/54 , (9)

4 This implies t < ttr, where ttr is an age for transition to the radiative phase
of SNR evolution (Blondin et al. 1998): ttr ∼ 3× 104 E4/1751 n−9/17a,0 yr.

where R12.5 = R/(12.5 pc), E51 denotes the kinetic energy
released by the supernova in units of 1051 erg, and na,0 =
na/(cm−3) represents the ambient (intercloud) density. The
blastwave velocity is vb = 0.4R/t. When a molecular cloud
is struck by the blastwave, a strong shock is driven into the
cloud with a shock velocity of

vs = k
#

na
n0

$1/2

vb,

≃ 65 n−1/20,2 E1/251 R−3/212.5 km s
−1, (10)

where k ≃ 1.3 is adopted. Note that k depends weakly on
vs/vb (McKee & Cowie 1975), ranging k = 1–1.5 in the cir-
cumstances of our interest. To drive a fast molecular shock of
vs7 ! 0.5 into a molecular cloud, a condition of

n0,2 " k2E51R−312.5 (11)
must be satisfied.

FIG. 1.— π
0-decay γ-ray spectra calculated for the reacceleration

model using various sets of parameters. Spectral data points are
for SNR W51C (filled circles: Abdo et al. 2009), W44 (open circles:
Abdo et al. 2010a), and IC 443 (squares: Abdo et al. 2010b).

FIG. 2.— Radio (left) and γ-ray (right) spectra of SNRW44 together
with the reacceleration model using the parameters in Table 1, most
of which are copied from Reach et al. (2005). The radio fluxes are
scaled by a factor of 0.5 (see the text).

W51C 
W44 
IC443

Uchiyama+ 2010 ApJL 723, L122

pmax = 50 GeV/c  (vS/100 km/s)3  (B/10 μG)  (t/10 kyrs)

“Pure adiabatic model” “Crushed Cloud” Re-acceleration



• Escaping CRs illuminate nearby (un-shocked) clouds

Escaping Cosmic Rays

∲ermiwhere to & how fast?

credit: S. Gabici

vs

How to use Molecular Clouds...

SNRs accelerate CRs

CRs “somehow” 
escape the SNR

�

�

MCs enhance the 
gamma ray emission

Rd =
p
4 D t

Aharonian&Atoyan, 1996; SG&Aharonian, 2007

this is you

actual 3D distance? 
kpc precision ≫ R(100 pc)

Bell instability in B flux tube 
non-linear, slower diffusion

Ptuskin+ 2008 AdSR 42, 486D⊥?



• Excess ɣ-ray emission seen around the SNR W44 
      coincident with surrounding dense clouds 

• Cosmic rays that escaped from the SNR? 

Cosmic-Ray-Illuminated Clouds? W44

Uchiyama et al. 2012, ApJ 749, L35



• Excess ɣ-ray emission seen around the SNR W44 
      coincident with surrounding dense clouds 

• Cosmic rays that escaped from the SNR? 
• 3x WCR in illuminated clouds than in SNR (~1.1 vs ~0.4 x1050 erg) 

• Can we differentiate from Galactic CR diffuse spectrum?

Cosmic-Ray-Illuminated Clouds? W44

Uchiyama et al. 2012, ApJ 749, L35

∲ermi
extended GeV flux around W44 
but uncertain modelling of the  
background ISM emission from normal CRs 
if 0.5 105 M⊙ uniformly distributed within 100 pc 

slow case: D = 0.1 DISM 
Nesc(E) ∝ E-2.6 and Wesc ∼ 0.3 1043 J 
standard case: D = 0.1 DISM 
Nesc(E) ∝ E-2.0 and Wesc ∼ 1.1 1043 J 
fast case: D = 3 DISM 
Nesc(E) ∝ E-2.0 and Wesc ∼ 2.7 1043 J 

irradiated clouds around W44 ?Large-scale GeV γ-rays vs CO map

17

W44 is known to be surrounded by a complex of MCs.
Size ~100 pc, Mass ~106 Msun (Dame+1986)

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

CO: contours 
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• SNR W28 is surrounded by HII / 
molecular cloud complexes from 
which we find GeV-TeV emission 

• Cosmic rays escaping the SNR? 
• GeV and TeV emission are well 

correlated with gas

Cosmic-Ray-Illuminated Clouds? W28

Hanabata et al. 2014, ApJ, 786, 145

↑  Fermi LAT emission >2 GeV

LAT contours on CO map →



• Can the escaping CR scenario be 
modeled self-consistently? 
!
!

• D27 ~0.5-5 cm2 s-1; δ ~0.1-0.35  
ECR ~ 2x1049 erg 

Cosmic-Ray-Illuminated Clouds? W28

Hanabata et al. 2014, ApJ, 786, 145
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∲ermi
shocked gas indeed,  
but why only one in γ rays?

W28: the wrong example?
12CO 3-2 (JCMT) 

H α (Super COSMOS) 
XMM 0.3-7 keV 

VLA 1.4 GHz

Cosmic-Ray-Illuminated Clouds? W28

• I. Grenier (CRBTSM 2014) 

• Multiplicity of potential accelerators  
(SNRs, Massive stars) makes it 
difficult to make definitive claims 
on the origin of GeV/TeV Ɣ rays. 



Other Cosmic-Ray-Illuminated Clouds?

• Ongoing search with Fermi LAT data (Jamie Cohen, UMd) 
• Taking W44 as prototype (MCs within 50 pc)… 

FGeV ~ d-2, SNR-MC within ~6 kpc are detectable by the LAT.  
• 65 known SNRs have d ≤ 6kpc; 39 have nearby Fermi source. 



Cosmic-Ray-Illuminated Clouds? IC 443

CO 1-0 map from Lee et al. (2009)

Ejecta-driven shock

 (Bykov et al.)

!
could accel. CRs?



Cosmic-Ray-Illuminated Clouds? IC 443

Undetected in TeV


 but plenty of CO


        and Masers!

CO 1-0 map from Lee et al. (2009)CO 1-0 map from Lee et al. (2009) 

smoothed to Veritas resolution



A “missing link” SNR? Puppis A

Shocked dust as Puppis A expands towards a 
nearby molecular cloud (CO contours). Interaction 
with a dense clump is indicated.
(Figure from Arendt, et al. 2010)

• Puppis A is a “textbook” CC SNR 

– Distance of 2.2(±0.3) kpc 
– Age of 4,000 years 
– Physical diameter of 30 pc 

• Evolving into the ISM in the vicinity 
of a molecular cloud. 

• Non-radiative shock, except at 
certain shocked “knots” 
(Shock velocities ~3,000 km/s) 

• X-ray/IR modeling => ne~4 cm-3   



A “missing link” SNR? Puppis A

Figures from Hewitt, et al. (2013)

• GeV emission fit by Disk  
 with radius 0.38±0.04 degrees 

• Correlated with X-rays (ROSAT)  

• Index = 2.1

Can VERITAS find an SNR like this in N. Hemisphere…



A few other good VERITAS SNR candidates:  
CTB 109 (α,δ = 23h,59o)

Nearby CO cloud, target for escaping CRs?LAT detection, Γ~2.1 (Castro et al. 2012)

Nonthermal models constrained by thermal X-ray emission (Castro et al. 2012)



A few other good VERITAS SNR candidates:  
HB3 (α,δ = 02h,63o)

SNR

HII 
region

• SNR HB3 evidence for 
interaction with nearby cloud: 
W3/4/5 HII region 
!

• Coincident with VES 737: 
candidate Ɣ-ray binary  
!

• Multiple 2FGL sources 
2FGL J0221.4+6257c 
F1-100 GeV = 1.9e-9 ph/cm2/s 
Index = 2.14 (0.15) 
TS1-100 GeV = 24 



Questions for VERITAS

• 100-yr Mystery of Cosmic rays persists"
–  Finally have proof of proton acceleration in SNRs,  

   but far from “smoking gun” for PeV Galacitc CRs"
!

• Potential key contributions from VERITAS"
–  Resolve CR escape in SNR/MC systems"

–TeV sources outside SNR"
–“bumpy” or “broken” GeV-TeV spectra"

–  Emax >10 TeV (hadronic SNRs)"
!

• Coming Fermi contributions:"
–Pass8 brings significant improvements  

at both low E (more pion bumps) and  
high E: more potential TeV sources



Bonus slides
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After leaving SNR W44, CRs diffuse along the 
external B-field direction ➜ bipolar morphology

CR escaping ⇆ Emax

(c) M. Malkov (2012)

π0-decay γ-ray
(and bremsstrahlung)

Gamma-ray Evidence for CR escaping
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 Case 1: 
Slow diffusion (D28 = 0.1)

 Nesc (E) = k E-2.6

        Wesc = 0.3×1050 erg
 Case 2: 

       D28 = 1
Nesc (E) = k E-2.0

        Wesc = 1.1×1050 erg

 Case 3: 
       Fast diffusion (D28 = 3)

 Nesc (E) = k E-2.0

        Wesc = 2.7×1050 erg

 Molecular clouds illuminated by escaping 
CRs (assumed to be uniform within r<L)

 L ~100 pc, Mass = 0.5×105 M� 

 Diffusion coefficient of the ISM (isotropic)

 D(p) = D28  (cp/10 GeV)0.6 1028 cm2 /s

Amount of Escaping CRs

Solving the diffusion equation 
in the vicinity of W44, we can 
estimate the energy spectrum of 
escaping CRs.

W44

Surroundings



Troja+ (2006)
slow, molecular 
shocks

fast ionizing  
shocks

shock breakout 
into rarified ISM

SNR/MC Interaction Picture




