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Galactic supernova remnants

TeVCat (2020)

226 sources listed 

57 « SNRs »

12 Shells2



TeV gamma—ray astronomy
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KM3NET 2014 

1. Bulk of CRs  
Energy density ~1 eV/cm3 

10% of SNR total explosion  
energy

3. Magnetic field amplification

E-2.72. Slope E-2.7 

Diffusive shock acceleration

E�(2.4..2.1) ⇥ E�(0.3..0.6) = E�2.7
<latexit sha1_base64="FCwKEAmh5nqDBD+Y35qlhtPKsyk="></latexit>

Injection Propagation

Why supernova remnants? 

KNEE ~3 PeV

E-3
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1. Diffusive shock acceleration 
predicts E-2 at SNRs 

E�(2.4..2.1) ⇥ E�(0.3..0.6) = E�2.7
<latexit sha1_base64="FCwKEAmh5nqDBD+Y35qlhtPKsyk=">AAAC+nicjVLLSsNAFD2N7/qqunQzWARdOKT1uRGKIrisYKvgiySOOpgXyUSQ2i9x507c+gNu9QPEP9C/8M6Ygg9EJyQ5c849J3Nn4sa+TJVtvxSsru6e3r7+geLg0PDIaGlsvJlGWeKJhhf5UbLrOqnwZSgaSipf7MaJcALXFzvu+brWdy5Eksoo3FaXsTgInNNQnkjPUUQdlRY3DltzM1W+wDhnVV6ZbbN9JQORMiPYfF4LNl8iYdVwVb7cPiqVbW6bwX6CSg7KyEc9Kj1jH8eI4CFDAIEQirAPBylde6jARkzcAVrEJYSk0QXaKJI3 oypBFQ6x5/Q8pdlezoY015mpcXv0FZ/uhJwM0+SJqC4hrL/GjJ6ZZM3+lt0ymXptl/R286yAWIUzYv/ydSr/69O9KJxgxfQgqafYMLo7L0/JzK7olbNPXSlKiInT+Jj0hLBnnJ19ZsaTmt713jpGfzWVmtVzL6/N8KZXSQdc+X6cP0GTfph5Xt1aKNfW8qPuxySmMEPnuYwaNlFHg7Kv8YBHPFlX1o11a919lFqF3DOBL8O6fweP0p6Q</latexit>
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What is wrong with supernova remnants? 

2.       All gamma—ray spectra show 
spectra steeper than E-2  Fu
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3.       No SNR Pevatron 
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B. PeVatrons with CTA

A. Re-acceleration with CTA  
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A. Diffusive shock reacceleration 
at supernova remnant shocks 

B. Pevatrons with CTA
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A. Diffusive shock reacceleration 
at supernova remnant shocks 

B. Pevatrons with CTA
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A. Re-acceleration with CTA  A. Diffusive shock reacceleration 
at supernova remnant shocks 

Bell (1978, MNRAS, II.)

« In previous sections the injection of particles into the acceleration 
mechanism has been considered as taking place at low energy […] An 

alternative source for the injection of particles is the cosmic ray 
population which already exists in the upstream gas. »

6. Effect of a shock front on pre-existing cosmic rays

Blasi (2017, MNRAS), Bresci et al. (2019, MNRAS)
The role of reacceleration on secondary nuclei. 

-> Anti-proton-to-proton and Boron-to-Carbon ratios

Pohl et. al (2015, A&A)
Reacceleration of electrons in SNRs

(…)
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Boudary condition -> 
upstream infinity of the 

shock 

g(p) = f(�1, p)
<latexit sha1_base64="fTf2gpOx5Npk8UP88a0OjcEp7Mg="></latexit>

A simple description 

Blasi (2004)

r =
u1

u2
<latexit sha1_base64="A3fH5b+4MHQe6rSEy3milimA0dw=">AAAC1nicjVHLSsNAFD2Nr1pfrS7dBIvgqiRV0I1QdOOygn1AW0oyndZgmoTJRCml7sStP+BWP0n8A/0L74wpqEV0QmbOnHvPmblz3cj3YmlZrxljbn5hcSm7nFtZXVvfyBc263GYCMZrLPRD0XSdmPtewGvSkz5vRoI7Q9fnDffqVMUb11zEXhhcyFHEO0NnEHh9jzmSqG6+II7bfeGwcdK1JzSVJ9180SpZepizwE5BEemohv kXtNFDCIYEQ3AEkIR9OIjpa8GGhYi4DsbECUKejnNMkCNtQlmcMhxir2ge0K6VsgHtlWes1YxO8ekXpDSxS5qQ8gRhdZqp44l2Vuxv3mPtqe42otVNvYbESlwS+5dumvlfnapFoo8jXYNHNUWaUdWx1CXRr6Jubn6pSpJDRJzCPYoLwkwrp+9sak2sa1dv6+j4m85UrNqzNDfBu7olNdj+2c5ZUC+X7P1S+fygWDlJW53FNnawR/08RAVnqKJG3jd4xBOejaZxa9wZ95+pRibVbOHbMB4+ADVvlnw=</latexit>

s =
3r

r � 1
<latexit sha1_base64="vuQfOARr/5bt1bWMmKnsOrnNIEs="></latexit>

x = 0
<latexit sha1_base64="f180Zrlaxm1wnGGJ3IbvADOQ7aw="></latexit>

�1
<latexit sha1_base64="9DNc5kR5u8PRFQWPAU1sAoGQnag="></latexit>

Shock

u1
<latexit sha1_base64="8QbFpNytTyib3Y4NDxMXkNbO/A8="></latexit>

u2
<latexit sha1_base64="WM9mRk+gYg/jsB+YAdI6HPyXrT0="></latexit>

f0(p) =
<latexit sha1_base64="oIvXleQnornvGBehAYPR2E28Kjg="></latexit>

« Classic » 
diffusive shock 

acceleration 

s
⌘n1

4⇡p3inj

✓
p

pinj

◆�s

+
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<latexit sha1_base64="k8vMZclFjScHVdS6mtI2BgK+wAE="></latexit>

Q0(p) =
⌘n0u1

4⇡p2inj
�(p� pinj)

<latexit sha1_base64="njpk/ZdrcTrs7JD+YgKa38dllD0="></latexit>
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<latexit sha1_base64="GabQ0XdlKV76vXlJ0zUKBmSBnDg="></latexit>

9



f reac
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Z p

p0

dp0
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<latexit sha1_base64="dakX+Zb6HYKNx4HNmjxxOEyvwv4="></latexit>
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Reacceleration of Galactic CRs 

Maximum energy of 
reaccelerated particles?

s = 4
<latexit sha1_base64="Ym1By4Vpv/tCcAVhm9k3YEqgciA="></latexit>

p0 . 1 GeV
<latexit sha1_base64="PkUsBtqCScfarKNWNaubtNaaLEY="></latexit>
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Bisschoff et al. (2019) 
Aguilar et al. (2019) 

Cummings et al. (2016) 
Adriani et al. (2011) 



H.E.S.S. (2010)

SN 1006

Condon (2017)n0 ⇠ 10�2 � 10�1 cm�3
<latexit sha1_base64="0hAgmc8FvO/E54aidNggP1HdbkQ="></latexit>

d ⇡ 1.8� 2 kpc
<latexit sha1_base64="JFE2boVKF0TAgcCy3vdmg8MqzLU="></latexit>

ush ⇡ 4.3 108cm/s
<latexit sha1_base64="nShImwMNgWTbbGkWkj70ej5gbl0="></latexit>

Rsh ⇡ 7� 8 pc
<latexit sha1_base64="IfsJNUrFmA7G4aX1EopygDvSPmw="></latexit>
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Reaccelerated particles at SN 1006 
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<latexit sha1_base64="iKBwFacgyn8D3tdUjI3LeFV9MKU="></latexit>

⌧acc =
3

u1 � u2

Z p

0

dp0

p0

✓
D1(p0)

u1
+

D2(p0)

u2

◆

<latexit sha1_base64="KNhVBrnMTYArcA8sp0uzFmIQb7g="></latexit>

B2 = rB1
<latexit sha1_base64="aEKjJP0jaJcwEOhc1QVPXxBYaG8="></latexit>

B2 = 12µG
<latexit sha1_base64="5k5GV4OPeWI+E53iSG0f+xFzLdg="></latexit>

B2 = 100µG
<latexit sha1_base64="VjR1EqiSCrxs7R4DusHhVsmDpyQ="></latexit>

D(p) / p
<latexit sha1_base64="OMkdPLF5iU2O7nRxwoRC0z+wKwE="></latexit>

D(p) / p
<latexit sha1_base64="OMkdPLF5iU2O7nRxwoRC0z+wKwE="></latexit>

B2 = 12µG
<latexit sha1_base64="5k5GV4OPeWI+E53iSG0f+xFzLdg="></latexit>

D(p) / p1/3
<latexit sha1_base64="JAfINrzHA/HuPxbsYA3dd0zo16Q="></latexit>

1.

2.
3.

Maximum energy of 
reaccelerated electrons?

12

Protons? 

n0 ⇠ 10�2 � 10�1 cm�3
<latexit sha1_base64="0hAgmc8FvO/E54aidNggP1HdbkQ="></latexit>
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Maximum energy of 
reaccelerated particles?



Gamma rays from SN 1006
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3

SN 1006
hadronic

leptonic

CTA 50 hours

H.E.S.S.(NE + SW)

Fermi ° LAT(NE)

Future observations can probe reacceleration 
 and constrain the diffusion coefficient 
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Diffusion at SN1006
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Bohm
pion decay

inverse Compton scattering

synchrotron

CTA 50 hours

H.E.S.S.(NE + SW)

Suzaku + Chandra(SE)

Fermi ° LAT(NE)

Compiled Radio (SE)

B = 3� 25µG
<latexit sha1_base64="EiRi0xVffBH67PjMZ95DY4fosVU="></latexit>

Bohm disfavored

Preliminary 
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Diffusion at SN1006

Reacceleration + MWL  
to probe diffusion 

⌫ = 0.002� 0.01
<latexit sha1_base64="zYJwbyDb0bgU56z3oEyrhluEWd8="></latexit>
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<latexit sha1_base64="E761h0dbchuXjajRtnHeaIRuKGo="></latexit>

Preliminary 
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SN 1006

DSA protons

DSRA protons

DSRA electrons

DSA electrons

n0 = 5. 10°2 cm°3

n0 = 5. 10°4 cm°3

Reaccelerated particles at SN 1006 
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Shock expanding in low density ISM : 
- Reduced ram pressure  
- Reduced hadronic gamma rays  
- IC reaccelerated electrons unchanged

PCR = 10%⇥ n0ush(t)
<latexit sha1_base64="7lfIT2zpS/8Mp9pfBPfpXCtB/M8="></latexit>

Kep = 10�3
<latexit sha1_base64="BhX5zQIOPfqtZyCiyJNovX2DgXM="></latexit>
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Gamma rays from reaccelerated particles ~somewhat at the level of 
gamma rays from ‘freshly’ accelerated particles 17

n0 ⇡ 10�1cm�3
<latexit sha1_base64="QBxS5W+73iKsNFmoqea+tMsSefs="></latexit>

n0 ⇡ 10�2cm�3
<latexit sha1_base64="1GFLbgZSFnyGM+386m/OH3kyfMY="></latexit>

Rsh ⇡ 10 pc
<latexit sha1_base64="25zYKywpCpwp/brmBDwVO/5EEqU="></latexit>

Rsh ⇡ 12 pc
<latexit sha1_base64="axqU73XquGLzxEsEJRMNpuMpBA8="></latexit>

d ⇡ 1 kpc
<latexit sha1_base64="x7Hnk4B+ZA1JrAwew2VNKnn/kUw="></latexit>

d ⇡ 0.750 kpc
<latexit sha1_base64="1ybYAWg29JB7jYAAsS7PMqWxexw="></latexit>

ush ⇡ 3 108 cm/s
<latexit sha1_base64="YXhin0yv9rJIFGIWXqhrBnX3QW0="></latexit>

ush ⇡ 4 108 cm/s
<latexit sha1_base64="SAm044RGxCoeBzLLc+ig0o6itAY="></latexit>



The particle content

HESS Collab (2016)

Particles at the shock? 

Inside the SNR?

Accelerated/reaccelerated
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total

n0 = 10�2cm�3
<latexit sha1_base64="tKGfOqOQUR1kB77LeMV7AdEZJMA="></latexit>
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Reacceleration over the SNR lifetime 

Rsh / t2/5
<latexit sha1_base64="do2kTJHpwyw5SPvXbvlNMka6Nm8="></latexit>

ush / t�3/5
<latexit sha1_base64="CfCvBM9pS6u3eDOYT3RjZXqm7oY="></latexit>
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<latexit sha1_base64="6NyexoH0C0+AijWRdp8wYzytr+o="></latexit>
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<latexit sha1_base64="csyVYmP76MY6P5Fhh3meZUAQ1EM="></latexit>

Total integrated spectrum
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Number of freshly  
accelerated particles

Total integrated spectrum

Nacc(p) / ⇠ESN p�2 ln
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1 kyr 
10 kyr 
40 kyr

1 kyr 
10 kyr 
40 kyr

It is not easy to recognize reacceleration!
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SN 1006
hadronic

leptonic

CTA 50 hours

H.E.S.S.(NE + SW)

Fermi ° LAT(NE)

Partial Conclusions

Minimal assumptions:  
- CR spectrum around SN 1006 
- Diffusion regime/magnetic field  
- Compression factor at the 

shock

1. The importance of reacceleration at SNRs  
2. Possible tests with gamma—ray observations 
3. SNRs low density environment 
4. Open questions: contribution to the CR spectrum, 

maximum energy, secondaries 
21



A. Diffusive shock reacceleration 
at supernova remnant shocks 

B. Pevatrons with CTA
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B. SNR Pevatrons with CTA

How to reach PeV energies at a SNR? 

Resonant  
streaming of CRs 

Skiling (1975) 

Instability  
density fluctuations 

Giacolone & Jokipii (2007)

Acoustic instability 
Drury & Falle (1983) 

Non-resonant streaming  
Bell (2004) ….

Emax ⇡ ⇠
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µ G
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<latexit sha1_base64="9KlZYIqwQo5amKH2D95euZVg9HM="></latexit>

Tycho with Chandra 
Warren et al. (2005) Vink (2012) 23



Non-resonant streaming of CRs
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<latexit sha1_base64="KfqrMrmmuxy+89KA5IB9uz7EUjw="></latexit>

Growth rate of the non-resonant 
 streaming instability  

Different for different SNRs/SNe

Type Ia Type II

RSG Low density  
bubble MS
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Type Ia Type II

RSG Low density  
bubble MS

ISM
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Ostriker & McKee (1988)
Thin shell approximation
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Mej = 1.4M�

ESN = 1051erg
<latexit sha1_base64="OMRf4tTwA8cSRDJjkVMn+Ip+D9M="></latexit>

ṀRSG, uRSG, ESN

ṀMS, uMS, n0,Mej,
<latexit sha1_base64="E57+q0+k5OqEDYecCzmR9N/q0HQ="></latexit>
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Non-resonant streaming of CRs
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Growth rate of the non-resonant 
 streaming instability  
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Let’s compute the protons! 
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Protons after propagation in the Galaxy
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Ionisation losses 

1D Galactic transport 
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Injection  
from SNRs

SNRs injecting particlesGalactic disk
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In agreement with AMS-02  
measurements 

Evoli (2019)
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Protons from type Ia
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Protons from type II
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Not reaching 
PeV

⇠SN = 0.06
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Protons from type II*
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Ṁ = 10�4M�/yr

ESN = 5⇥ 1051erg

Mej = 1M�
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⇠SN = 0.1
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⌫SN = 1%⇥ 3/century
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No room for 
 other SNRs
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Assuming all SNRs are 
PeVatrons

PC, Gabici, Terrier, Humensky (2018)

⌫SN = 1%⇥ 3/century
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If only Type II* are Pevatrons

! 0
<latexit sha1_base64="Ztu8C7aKaY2N2J3Xdm1yUSfl0oo="></latexit>

PC, Blasi, Amato ( submitted 2020)
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Pevatrons with CTA 

Pevatron working group: Acero, Anguner,  Cassol, Costantini, Giunti,  
Khelifi, Trichard, Verna, PC 

Preliminary!
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Pevatrons with CTA 

Pevatron working group: Acero, Anguner,  Cassol, Costantini, Giunti,  
Khelifi, Trichard, Verna, PC  
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Cristofari, Marcowith, Renaud, Dwarkadas, Tatischeff, submitted (2020)

ExtraGalactic SN 
PeVatron?! 
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What does this mean?

1. SNRs are OK but we won’t see any PeVatrons with CTA 
2. Another instability (not Bell) comes into play  

3. Strong temporal dependance on one/several parameters 
4. SNRs are not dominant sources of CRs up to the knee 
(role of other objects/stellar clusters/ massive stars/?) 

5. The Knee is not the knee (He?) 

Mimicking 
bump?

Reaching PeV

MAYBE: 
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Conclusions

Could play an important role (e.g. SN1006) 
Help make sense of steep gamma-ray spectra? 
What particle content do we see in SNRs? 

A. Diffusive shock reacceleration 
at supernova remnant shocks 

B. SNR PeVatrons with CTA

Not detected

That’s OK  
What role for SNRs?  

Really PeV? Knee? Composition? 
DAMPE bump?   

Detected
What mechanism? (Bell?) 

xi_CR/ Mdot function of time? 
When? How many?   

Other Astrophysical objects?
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