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SFR from FUV+IR 

Madau & Dickinson, ARAA 2014 



 Core-collapse - SN rate 

Madau & Dickinson, ARAA 2014 



NOAO 

M82 

M51 

Arp 220 

IRAS 19297-0406 

NGC 253 

Starbursts (T.Thompson 2007) 



Nearest	
  Merger—The	
  “Antennae”	
  
•  WFPC2,	
  with	
  CO	
  overlay	
  
(Whitmore	
  et	
  al.	
  1999;	
  
Wilson	
  et	
  al.	
  2000)	
  

•  VLA	
  5	
  GHz	
  image	
  (Neff	
  &	
  
Ulvestad	
  2000)	
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Magnetic Fields in starbursts from radio 
observations 

If a fraction ~1% of 1051 
ergs per SN goes to CR 
electrons, and they cool 
rapidly, the observed trend 
is reproduced. 
 

Thompson et al. (2006)	





 
What are the HECR sources in  
starforming / starburst regions? 

  
 

           
 
 
 
 
 
 
 
  

 



SNR	
  in	
  Molecular	
  Clouds	
  

 M.Ackermann 2013  
 
 
 
 

Pion-Decay Signatures  
see: Tavani + 2010, Uchiyama+ 2010, Giuliani+ 2011, 
Ackermann+ 2013, Cardillo+ 2014  



Observed	
  gamma-­‐ray	
  spectra	
  of	
  SNRs	
  

 S. Funk 2015 
 
• What are the sources of PeV  regime CRs? 
 
 



PeV	
  CRs	
  are	
  likely	
  accelerated	
  in	
  
the	
  Galaxy	
  



 
How to get PeV energy CRs? 

  
 

                  
Rare SNe with a special CSM type IIn? 

 
Rare magnetar-driven SNe?  

 
SNR- Stellar/Custer Wind collision? 

 
 
 
 
 
 
 
 

 
 



•  From	
  a	
  general	
  constraint	
  on	
  the	
  CR	
  
accelera6on	
  rate	
  the	
  “luminosity”	
  of	
  NR	
  
MHD	
  flow	
  should	
  exceed:	
  	
  

	
  	
  
Ltot > 6× 1040 Z−2β−1

sh Θ2 E18 erg s−1

for a SN in SSC (age 400 yrs)

Lkin ≤ 1041 erg s−1

cf  F.Aharonian, M.Lemoine, E.Waxman … 



	
  
PeV	
  proton	
  accelera6on	
  in	
  young	
  SNe	
  	
  	
  



V. Tatischeff: Radio emission and nonlinear diffusive shock acceleration in SN 1993J 197
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Fig. 4. Shocked proton and electron phase-space distributions vs. kinetic energy, at day 1000 after shock breakout. Following Berezhko & Ellison
(1999), the phase-space distribution functions have been multiplied by [p/(mpc)]4 to flatten the spectra, and by [(mpc)3/nu] to make them dimen-
sionless (nu is the proton number density ahead of the shock precursor). The upper curves are for protons and the lower ones for electrons. The
three sets of injection parameters ηp

inj and ηe
inj are those used for the synchrotron calculations shown in Fig. 13. The magnetic field used for these

calculations is Bu = Bu0(t/1 day)−1 = 50 mG (i.e. Bu0 = 50 G).

Bu0 (see below), the proton distribution function (i.e. the nor-
malization ap and power-law index q(p)) is determined by an
arbitrary injection parameter ηp

inj, which is the fraction of total
shocked protons in protons with momentum p ≥ pp

inj injected
from the postshock thermal pool into the DSA process. The work
of Blasi et al. (2005) allows us to accurately relate the proton in-
jection momentum pp

inj to ηp
inj.

The normalization of the electron distribution function is
obtained from (Ellison et al. 2000)

ae = ap

ηe
inj

ηp
inj

(
me

mp

)(qsub−3)/2

, (13)

where ηe
inj is the electron injection parameter (i.e. the fraction of

shocked electrons with superthermal energies), me is the elec-
tron mass, and qsub the power-law index q(p) for p ≤ mpc.
Nonthermal particles in this momentum range are accelerated
at the gas subshock and we have (Berezhko & Ellison 1999)

qsub =
3rsub

rsub − 1
, (14)

where rsub is the compression ratio of the subshock.
Alfvén wave heating of the shock precursor is taken into ac-

count from the simple formalism given in Berezhko & Ellison
(1999). However, a small change to the model of these authors
is adopted here: the Alfvén waves are assumed to propagate
isotropically in the precursor region and not only in the direction
opposite to the plasma flow, i.e. Eqs. (52) and (53) of Berezhko
& Ellison (1999) are not used. This is a reasonable assumption
(see, e.g., Bell & Lucek 2001) given the strong, nonlinear mag-
netic field amplification required to explain the radio emission
from SN 1993J.

Figure 4 shows calculated shocked proton and electron
phase-space distributions for three sets of injection parameters
(ηp

inj,η
e
inj) that will be used in Sect. 3.2 to model the radio light

curves. The thermal Maxwell-Boltzmann components were cal-
culated using the shocked proton temperature T p

s determined
by the nonlinear DSA model (see, e.g., Ellison et al. 2000)
and arbitrarily assuming the temperature ratio T e

s /T
p
s = 0.25.

Noteworthy, the nonthermal electron distribution is independent

of T e
s /T

p
s when ηe

inj is specified (see Eq. (13)) except for the elec-
tron injection momentum

pe
inj = pp

inj

(
meT e

s

mpT p
s

)1/2
. (15)

The uncertain temperature ratio has thus practically no influence
on the modeled radio emission.

We see in Fig. 4a that for ηp
inj = 10−5 the well-known test-

particle result q(p) = 4 is recovered. But for ηp
inj ≥ 10−4 (Figs. 4b

and c) the nonlinear shock modification becomes significant. In
particular we see that the nonthermal electron distribution steep-
ens below∼1 GeV with increasing ηp

inj, as a result of the decrease
of rsub (Eq. (14)). This is important because the radio emission
from SN 1993J is produced by relativistic electrons of energies
<1 GeV.

Figure 5 shows calculated subshock and total compression
ratios for the case ηp

inj = 10−4 which, as will be shown in
Sect. 3.2, provides the best description of the radio light curves.
The calculations were performed with the upstream sonic Mach
number MS ,u = Vs/cS ,u = 560(t/1 day)m−1, given the upstream
sound velocity cS ,u = [γgkTCSM/(µmH)]1/2 = 60 km s−1 for
TCSM = 2 × 105 K. Here γg = 5/3 is the adiabatic index
for an ideal non-relativistic gas, k is the Boltzmann’s constant,
and µ = (1 + 4X)/(2 + 3X). Given the magnetic field imme-
diately upstream from the subshock Bu = Bu0(t/1 day)−1, the
Alfvén Mach number MA,u = Vs/cA,u is independent of time;
here cA,u = Bu/

√
4πρu is the Alfvén velocity. Anticipating the

results presented in Sect. 3, with the best-fit parameter values
Bu0 = 50 G and ṀRSG = 3.8×10−5 M& yr−1, we have MA,u = 9.5.
Thus, MA,u ' M2

S ,u, which implies that energy should be very
efficiently transfered from the accelerated particles to the ther-
mal gas via Alfvén wave dissipation in the shock precursor re-
gion (Berezhko & Ellison 1999). The resulting increase in the
gas pressure ahead of the viscous subshock limits the overall
compression ratio, rtot, to values close to 4 (i.e. the standard
value for a test-particle strong shock).

However, we see in Fig. 5 that the acceleration efficiency εnt
increases with time. This quantity is defined as the fraction of
total incoming energy flux, F0 ! 0.5ρuV3

s , going into shock-
accelerated nonthermal particles. At day 3100 after outburst,
when the shock has reached the outer boundary of the dense
progenitor wind, εnt = 23%. The subshock compression ratio

S.Chakraborti, A.Ray, A.Soderberg, A.Loeb, P.Chandra 2011 

CR proton acceleration by radio SNe and trans-relativistic SNRs  

V.Tatischeff 2009 



CR proton acceleration by  
trans-relativistic  SNe β/Γ ~ 1 
Ellison, Warren, AB   
ApJ v.776, 46,  2013 

CR proton acceleration in 
trans-relativistic SNe Ibc  
SNe Ibc occur mostly in gas-
rich star-forming spirals  

CR proton acceleration by Type IIn SNe  
V. Zirakashvili & V. Ptuskin  2015 

CR proton acceleration by 
SNe type IIn with dense pre-
SN wind  



	
  
PeV	
  proton	
  accelera6on	
  by	
  SNe	
  in	
  young	
  
compact	
  stellar	
  clusters	
  &	
  starbursts	
  	
  



  
SNR  - cluster wind accelerator 

MNRAS  V. 429, 2755, 2013 



Colliding shock flow geometry used 

Stellar wind shock 
( thin shell approximation)  

Wilkin 1996  



  
SNR-stellar wind accelerator 

Non-linear kinetic model 
 
 Transport equation for CR distribution function 

MNRAS  V. 429, 2755, 2013 



  
SNR-stellar wind accelerator 

MNRAS V. 429, 2755, 2013 

cf  Malkov’ 97; Amato & Blasi 05; Caprioli + 11 

   



  
SNR-stellar wind accelerator 

MNRAS  V. 429, 2755, 2013 



f(x, p) p3

x

/

dNp/dp dNe/dp
dN/dp ∝ 1/p

SNR-stellar wind 
 accelerator  

AB+ MNRAS  V. 429, 2755, 2013 



	
  
Par6cle	
  accelera6on	
  between	
  

approaching	
  shocks	
  is	
  the	
  most	
  efficient	
  
version	
  of	
  Fermi	
  I	
  accelera6on	
  	
  



	
  
Par6cle	
  accelera6on	
  in	
  colliding	
  shocks	
  is	
  the	
  
most	
  plausible	
  scenario	
  for	
  SNe	
  in	
  young	
  
compact	
  stellar	
  clusters	
  &	
  starbursts	
  	
  



Acceleration time in the test particle approximation for Bohm diffusion 

Acceleration time is about 500 yrs for 10-40 PeV  

τa ≈ cRg(p)

us uw
.

τa ≈ 2 · 1010 EPeV (ηbn)−0.5 u−2
s3 u−1

w3 (s)

Magnetic field 
amplification by 
CR current driven 
instabilities: 
Bell’s and LW  
ApJ  v.789, 137, 2014 



MAGNETAR-POWERED SUPERNOVAE IN TWO DIMENSIONS. 
SUPERLUMINOUS SUPERNOVAE 

Chen, Woosley & Sukhbold 2016 



SNe in COMPACT CLUSTER of YOUNG MASSIVE STARS 



2MASS Atlas Image from M.Muno 

A Galactic Super Star Cluster 

• Distance: 5kpc 
• Mass: 105 Msun 

•  Core radius: 0.6 pc 
•  Extent: ~6 pc across 
•  Core density:~106 pc-3 
•  Age: 4 +/- 1 Myr 

•  Supernova rate: 1 
every 10,000 years 



Chandra Observations 

This is a pulsar - 
magnetar! 

Two exposures: 
 2005 May, 18 ks 
 2005 June, 38 ks 

WR/O star binaries, 
plus unresolved pre-
MS stars 

M.Muno + 2006 



Westerlund	
  1	
  

Muno+ 05 Clark+ 05 



 H.E.S.S. image of Westerlund I  
  

MNRAS  V. 453, p. 113, 2015 



Gamma Rays  and Neutrinos 
gamma-­‐rays	
  and	
  high-­‐energy	
  	
  
neutrinos	
  :	
  

	
  gamma	
  rays	
  
	
  we	
  also	
  get	
  γ’s	
  from	
  electrons	
  	
  

(NB,	
  inverse	
  Compton)	
  



Gamma-rays from a Pevatron  
  

 AARv v.22, p.54, 2014 
 MNRAS  V. 453, p. 113, 2015 



Gamma-rays from a Pevatron  
  

MNRAS  V. 453, p. 113, 2015 



Neutrinos from a Pevatron  
  

MNRAS  V. 453, p. 113, 2015 



Secondary pairs synchrotron X-ray counterpart to the 
Pevatron 

 A cloud nearby:  SRG perspective? 
  

MNRAS  V. 453, p. 113, 2015 

SRG?   

Fermi 



	
  	
  	
  All	
  Sky	
  Map	
  IceCube	
  4	
  years	
  



IceCube	
  events	
  in	
  the	
  vicinity	
  of	
  Wd	
  I	
  

A.B. + 2015 

MNRAS  V. 453, p. 113, 2015 



H.E.S.S.	
  J1808-­‐204	
  

 
Extended very high-energy gamma-ray source towards the luminous blue variable 
candidate LBV 1806−20, massive stellar cluster Cl* 1806−20, and  
magnetar SGR 1806−20 of estimated age about 650 years. 
H.E.S.S.  collaboration arxiv 1606.05404 2016  

power-law photon index of 2.3 ± 0.2stat ± 0.3sys 
Lvhe ~ 1.6 × 10^(34)[D/8.7 kpc]^2 erg/s  



3FGL	
  	
  J1809	
  

Yeung + 2016  



H.E.S.S.	
  J1808-­‐204	
  



H.E.S.S.	
  J1808-­‐204	
  model	
  	
  

 
 

another 
component 
 rel. shock? 



IceCube	
  events	
  in	
  the	
  vicinity	
  of	
  Wd	
  I	
  

A.B. + 2015 

MNRAS  V. 453, p. 113, 2015 

¢ 

SGR1806−20 Wd I = 339 32 57.6; b = -00 24 15.0 (black filled circle) 
SGR1806 l=09 58 42.0;  b=-00 14 33.3 (black open circle)
−l20 

Poten6al	
  IceCube	
  events	
  from	
  galac6c	
  
SNe	
  in	
  young	
  star	
  clusters	
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Monte	
  Carlo	
  	
  modeling	
  of	
  DSA	
  	
  
Magne6c	
  Field	
  Amplifica6on	
  	
  

	
  



Conserva6on	
  laws	
  in	
  MC	
  modeling	
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  Fluctua6on	
  Spectral	
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Bulk	
  velocity	
  and	
  magne6c	
  field	
  profiles	
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  2014.	
  



Magne6c	
  turbulence	
  spectra	
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с

−= = =
	
  ApJ,	
  789:137,	
  2014.	
  



Fluctuabng	
  magnebc	
  field	
  and	
  magnebc	
  pressure	
  scalings	
  

2
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  ApJ,	
  789:137,	
  2014.	
  



CR	
  spectra	
  scalings	
  

max 0 0 FEBp n u Lδ∝

0.25δ :

Maximal	
  momentum	
  of	
  accelerated	
  CRs	
  	
  

ApJ,	
  789:137,	
  2014.	
  



Sca_ering	
  center	
  velocity	
  vs	
  Alfven	
  speed	
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  2014.	
  



IceCube	
  neutrinos	
  galac6c	
  la6tude	
  profile	
  >	
  100	
  TeV	
  

Evidence for the Galactic contribution to the IceCube astrophysical neutrino flux 

Neronov & Semikoz     Astroparticle Physics, Volume 75, p. 60-63, 2016 


