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NON LINEAR THEORY OF DSA

WHY DO WE NEED A NON LINEAR THEORY? 

TEST PARTICLE THEORY PREDICTS ENERGY DIVERGENT SPECTRA 

THE TYPICAL EFFICIENCY EXPECTED OF A SNR (~10%) IS SUCH THAT TEST 
PARTICLE THEORY IS A BAD APPROXIMATION 

THE MAX MOMENTUM CAN ONLY BE INTRODUCED BY HAND IN TEST 
PARTICLE THEORY 

SIMPLE ESTIMATES SHOW THAT EMAX IS VERY LOW UNLESS CR TAKE PART IN 
THE ACCELERATION PROCESS, BY AFFECTING THEIR OWN SCATTERING



DYNAMICAL REACTION OF ACCELERATED PARTICLES
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Conservation of Energy

Particle transport is described by using 
the usual transport equation including 
diffusion and advection  

But now dynamics is important too:

⇢0u
2
0 + Pg,0 = ⇢1u

2
1 + Pg,1 + Pc,1



FORMATION OF A PRECURSOR - SIMPLIFIED

VELOCITY 
PROFILE
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AND DIVIDING BY THE RAM PRESSURE AT UPSTREAM INFINITY: 

WHERE WE NEGLECTED TERMS OF ORDER 1/M2



BASIC PREDICTIONS OF NON LINEAR THEORY
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BASICS OF CR STREAMING INSTABILITY
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SHOCK 
FRONT

JCR=nCRVs	  q

THE	  UPSTREAM	  PLASMA	   REACTS	   TO	   THE	  
UPCOMING	   CR	   CURRENT	   BY	   CREATING	   A	  
RETURN	   CURRENT	   TO	   COMPENSATE	   THE	  
POSITIVE	  CR	  CHARGE	  

THE	   SMALL	   INDUCED	   PERTURBATIONS	  
ARE	   UNSTABLE	   (ACHTERBERG	   1983,	   ZWEIBEL	  
1978,	  BELL	  1978,	  BELL	  2004,	  AMATO	  &	  PB	  2009)	  

CR MOVE WITH THE SHOCK SPEED (>> VA). THIS UNSTABLE SITUATION  
LEADS THE PLASMA TO REACT IN ORDER TO SLOW DOWN CR TO <VA BY 
SCATTERING PARTICLES IN THE PERP DIRECTION (B-FIELD GROWTH) 

B0



STREAMING	  INSTABILITY	  -‐	  THE	  SIMPLE	  VIEW

CR streaming with the shock leads to growth of waves. The general idea is 
simple to explain: 

and assuming equilibrium: 

And for parameters typical of SNR shocks:
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BRANCHES OF THE CR INDUCED STREAMING INSTABILITY

A CAREFUL ANALYSIS OF THE INSTABILITY REVEALS THAT THERE ARE TWO BRANCHES

RESONANT 

MAX GROWTH AT 
K=1/LARMOR

NON RESONANT 

MAX GROWTH AT  
K>>1/LARMOR

THE MAX GROWTH CAN ALWAYS BE WRITTEN IN THE FORM 

WHERE THE WAVENUMBER IS DETERMINED BY THE TENSION CONDITION:
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THE SEPARATION BETWEEN THE TWO REGIMES IS AT kMAX rL=1 

IF WE WRITE THE CR CURRENT AS   

WHERE E IS THE ENERGY OF THE PARTICLES DOMINATING THE CR CURRENT, 
WE CAN WRITE THE CONDITION ABOVE AS    

IN CASE OF SHOCKS VD=SHOCK VELOCITY AND THE CONDITION SAYS THAT 
THE NON-RESONANT MODES DOMINATED WHEN THE SHOCK IS VERY FAST  
AND ACCELERATION IS EFFICIENT —- FOR TYPICAL CASES THIS IS ALWAYS THE 
CASE                                                         

BUT RECALL! THE WAVES THAT GROW HAVE K MUCH LARGER THAN THE 
LARMOR RADIUS OF THE PARTICLES IN THE CURRENT —> NO SCATTERING 

BECAUSE EFFICIENT SCATTERING REQUIRES RESONANCE!!!
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THE EASY WAY TO SATURATION OF GROWTH

CURRENT

The current exerts a force of the background 
plasma 

which translates into a plasma displacement: 

⇢
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which stretches the magnetic field line by the same amount… 
The saturation takes place when the displacement equals the Larmor radius of the 
particles in the field δB … imposing this condition leads to: 

specialized to a shock and a spectrum E-2
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A QUALITATIVE PICTURE OF ACCELERATION
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IMPLICATIONS FOR MAXIMUM ENERGY 

Supernovae of  type Ia
Explosion takes place in the ISM with 
spatially constant density
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Fig. 6. Spatially integrated spectral energy distribution of Tycho. The curves show synchrotron emission, thermal electron bremsstrahlung and pion
decay as calculated within our model (see text for details). The experimental data are, respectively: radio from Reynolds & Ellison (1992); X-rays
from Suzaku (courtesy of Toru Tamagawa), GeV gamma-rays from Fermi-LAT (Giordano et al. 2012) and TeV gamma-rays from VERITAS
(Acciari et al. 2011). Both Fermi-LAT and VERITAS data include only statistical error at 1σ.
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Fig. 7. Surface brightness of the radio emission at 1.5 GHz as a func-
tion of the radius (data as in Fig. 1). The thin solid line represents the
projected radial profile computed from our model using Eq. (16), while
the thick solid line corresponds to the same profile convoluted with a
Gaussian with a PSF of 15 arcsec.

account (Fig. 3), results in a bremsstrahlung emission peaked
around 1.2 keV, which, at its maximum, contributes only about
6% of the total X-ray continuum emission only, in agreement
with the findings of Cassam-Chenaï et al. (2007). In the same
energy range, there is however a non-negligible contribution
from several emission lines, which increases their intensity mov-
ing inwards from the FS, where the X-ray emission is mainly
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Fig. 8. X-ray emission due to synchrotron (dashed line) and to syn-
chrotron plus thermal bremsstrahlung (solid line). Data from the Suzaku
telescope (courtesy of Toru Tamagawa).

nonthermal (Warren et al. 2005). A detailed model of the line
forest is, however, beyond the main goal of this paper.

The projected X-ray emission profile, computed at 1 keV, is
shown in Fig. 9, where it is compared with the Chandra data in
the region that Cassam-Chenaï et al. (2007) call region W. The
resulting radial profile, already convoluted with the Chandra
PSF of about 0.5 arcsec, shows a remarkable agreement with
the data. As widely stated above, the sharp decrease in the emis-
sion behind the FS is due to the rapid synchrotron losses of the
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nonthermal (Warren et al. 2005). A detailed model of the line
forest is, however, beyond the main goal of this paper.

The projected X-ray emission profile, computed at 1 keV, is
shown in Fig. 9, where it is compared with the Chandra data in
the region that Cassam-Chenaï et al. (2007) call region W. The
resulting radial profile, already convoluted with the Chandra
PSF of about 0.5 arcsec, shows a remarkable agreement with
the data. As widely stated above, the sharp decrease in the emis-
sion behind the FS is due to the rapid synchrotron losses of the
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SN EXPLOSION

RED GIANT 
WIND

The Sedov phase reached 
while the shock expands 
inside the wind

In most cases the explosion takes place in 
the dense wind of  the red super-giant 
progenitor

This corresponds to typical times of  few tens of  years 
after the SN explosion !!!
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TYPICAL THICKNESS OF FILAMENTS: ~ 10-2 pc 

The synchrotron limited thickness is:

€ 

B ≈100 µGauss

In some cases the strong fields are confirmed 
by time variability of  X-rays 
Uchiyama & Aharonian, 2007
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forest is, however, beyond the main goal of this paper.

The projected X-ray emission profile, computed at 1 keV, is
shown in Fig. 9, where it is compared with the Chandra data in
the region that Cassam-Chenaï et al. (2007) call region W. The
resulting radial profile, already convoluted with the Chandra
PSF of about 0.5 arcsec, shows a remarkable agreement with
the data. As widely stated above, the sharp decrease in the emis-
sion behind the FS is due to the rapid synchrotron losses of the
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Morlino & Caprioli 2012
G. Morlino and D. Caprioli: Strong evidence for hadron acceleration in Tycho’s supernova remnant
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Fig. 9. Projected X-ray emission at 1 keV. The Chandra data points
are from (Cassam-Chenaï et al. 2007, see their Fig. 15). The solid line
shows the projected radial profile of synchrotron emission convolved
with the Chandra point spread function (assumed to be 0.5 arcsec).

electrons in a magnetic field as large as ∼300 µG. In Fig. 9
we also plot the radial radio profile computed without magnetic
damping; since the typical damping length-scale is ∼3 pc, it is
clear that the nonlinear Landau damping cannot contribute to the
determination of the filament thickness.

It is worth stressing that the actual amplitude of the magnetic
field we adopt is not determined to fit the X-ray rim profile, but it
is rather a secondary output, due to our modeling of the stream-
ing instability, of our tuning the injection efficiency and the ISM
density in order to fit the observed gamma-ray emission (see the
discussion in Sect. 3). We in fact checked a posteriori whether
the corresponding profile of the synchrotron emission (which, in
shape, is also independent on Kep), were able to account for the
thickness of the X-ray rims and for the radio profile as well.

4.3. Radio to X-ray fitting as a hint of magnetic field
amplification

Another very interesting property of the synchrotron emission is
that a simultaneous fit of both radio and X-ray data may provide
a downstream magnetic field estimate independent of the one de-
duced by the rims’ thickness. In fact, assuming Bohm diffusion,
the position of the cut-off frequency observed in the X-ray band
turns out to be independent of the magnetic field strength, and
actually depends on the shock velocity alone.

On the other hand, if the magnetic field is strong enough to
make synchrotron losses dominate on ICS and adiabatic ones,
the total X-ray flux in the cut-off region only depends on the
electron density, in turn fixing the value of Kep independently
of the magnetic field strength. Moreover, radio data suggest the
slope of the electron spectrum to be equal to 2.2 at low energies,
namely below Eroll ≃ 200 GeV. Above this energy the spectral
slope in fact has to be 3.2 up to the cut-off determined by set-
ting the acceleration time equal to the loss time, as discussed in
Sect. 2.5.

In Fig. 10 we plot the synchrotron emission from the down-
stream, assuming a given magnetic field at the shock and
neglecting all the effects induced by damping and adiabatic
expansion. The three curves correspond to different values of
B2 = 100, 200 and 300 µG, while the normalization factor Kep is
chosen by fitting the X-ray cut-off, and it is therefore the same
for all curves. As it is clear from the figure, in order to fit the
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Fig. 10. Synchrotron emission calculated by assuming constant down-
stream magnetic field equal to 100 (dotted line), 200 (dashed line), and
300 µG (solid line). The normalization of the electron spectrum is taken
to be Kep = 1.6 × 10−3 for all the curves.

radio data the magnetic field at the shock has to be !200 µG,
even in the most optimistic hypothesis of absence of any damp-
ing mechanism acting in the downstream.

As a matter of fact, synchrotron emission alone can provide
evidence of ongoing magnetic field amplification, independently
of any other evidence related to X-ray rims’ thickness or emis-
sion variability. Such an analysis is in principle viable for any
SNR detected in the nonthermal X-rays for which it is also pos-
sible to infer the spectral slope of the electron spectrum from
the radio data, only requiring radio and X-ray emissions to come
from the same volume and therefore from the same population
of electrons.

4.4. Gamma-ray emission

The most intriguing aspect of Tycho’s broadband spectrum is
its gamma-ray emission, which has been detected before in the
TeV band by VERITAS (Acciari et al. 2011) and then in the
GeV band by Fermi-LAT, too (Giordano et al. 2012). Gamma-
ray emission from SNRs has been considered for long time a
possible evidence of hadron acceleration in this class of objects
(Drury et al. 1994), even if there are two distinct physical mech-
anisms that may be responsible for such an emission; in the so-
called hadronic scenario, the gamma-rays are produced by the
decay of neutral pions produced in nuclear collisions between
CRs and the background gas, while in the so-called leptonic sce-
nario the emission is due to ICS or relativistic bremsstrahlung
of relativistic electrons.

We show here, with unprecedented clarity for an SNR, that
the gamma-ray emission detected from Tycho cannot have a lep-
tonic origin, but has to come from accelerated hadrons, instead.
This fact, along with the VERITAS detection of ∼10 TeV pho-
tons and the lack of evidence of a cut-off in the spectrum, implies
that hadrons have to be accelerated up to energies as high as a
few hundred TeV.

In particular, the proton spectrum we obtain shows a cut-off
around pmax = 470 TeV/c (see Fig. 4). In this respect, Tycho
could be considered as a half-PeVatron at least, because there is
no evidence of a cut-off in VERITAS data. The age-old problem
of detecting SNRs emitting photons with energies over a few
hundred TeV (i.e., responsible for the acceleration of particles
up to the knee observed in the spectrum of diffuse Galactic CRs)
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Fig. 9. Projected X-ray emission at 1 keV. The Chandra data points
are from (Cassam-Chenaï et al. 2007, see their Fig. 15). The solid line
shows the projected radial profile of synchrotron emission convolved
with the Chandra point spread function (assumed to be 0.5 arcsec).

electrons in a magnetic field as large as ∼300 µG. In Fig. 9
we also plot the radial radio profile computed without magnetic
damping; since the typical damping length-scale is ∼3 pc, it is
clear that the nonlinear Landau damping cannot contribute to the
determination of the filament thickness.

It is worth stressing that the actual amplitude of the magnetic
field we adopt is not determined to fit the X-ray rim profile, but it
is rather a secondary output, due to our modeling of the stream-
ing instability, of our tuning the injection efficiency and the ISM
density in order to fit the observed gamma-ray emission (see the
discussion in Sect. 3). We in fact checked a posteriori whether
the corresponding profile of the synchrotron emission (which, in
shape, is also independent on Kep), were able to account for the
thickness of the X-ray rims and for the radio profile as well.

4.3. Radio to X-ray fitting as a hint of magnetic field
amplification

Another very interesting property of the synchrotron emission is
that a simultaneous fit of both radio and X-ray data may provide
a downstream magnetic field estimate independent of the one de-
duced by the rims’ thickness. In fact, assuming Bohm diffusion,
the position of the cut-off frequency observed in the X-ray band
turns out to be independent of the magnetic field strength, and
actually depends on the shock velocity alone.

On the other hand, if the magnetic field is strong enough to
make synchrotron losses dominate on ICS and adiabatic ones,
the total X-ray flux in the cut-off region only depends on the
electron density, in turn fixing the value of Kep independently
of the magnetic field strength. Moreover, radio data suggest the
slope of the electron spectrum to be equal to 2.2 at low energies,
namely below Eroll ≃ 200 GeV. Above this energy the spectral
slope in fact has to be 3.2 up to the cut-off determined by set-
ting the acceleration time equal to the loss time, as discussed in
Sect. 2.5.

In Fig. 10 we plot the synchrotron emission from the down-
stream, assuming a given magnetic field at the shock and
neglecting all the effects induced by damping and adiabatic
expansion. The three curves correspond to different values of
B2 = 100, 200 and 300 µG, while the normalization factor Kep is
chosen by fitting the X-ray cut-off, and it is therefore the same
for all curves. As it is clear from the figure, in order to fit the
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to be Kep = 1.6 × 10−3 for all the curves.

radio data the magnetic field at the shock has to be !200 µG,
even in the most optimistic hypothesis of absence of any damp-
ing mechanism acting in the downstream.

As a matter of fact, synchrotron emission alone can provide
evidence of ongoing magnetic field amplification, independently
of any other evidence related to X-ray rims’ thickness or emis-
sion variability. Such an analysis is in principle viable for any
SNR detected in the nonthermal X-rays for which it is also pos-
sible to infer the spectral slope of the electron spectrum from
the radio data, only requiring radio and X-ray emissions to come
from the same volume and therefore from the same population
of electrons.

4.4. Gamma-ray emission

The most intriguing aspect of Tycho’s broadband spectrum is
its gamma-ray emission, which has been detected before in the
TeV band by VERITAS (Acciari et al. 2011) and then in the
GeV band by Fermi-LAT, too (Giordano et al. 2012). Gamma-
ray emission from SNRs has been considered for long time a
possible evidence of hadron acceleration in this class of objects
(Drury et al. 1994), even if there are two distinct physical mech-
anisms that may be responsible for such an emission; in the so-
called hadronic scenario, the gamma-rays are produced by the
decay of neutral pions produced in nuclear collisions between
CRs and the background gas, while in the so-called leptonic sce-
nario the emission is due to ICS or relativistic bremsstrahlung
of relativistic electrons.

We show here, with unprecedented clarity for an SNR, that
the gamma-ray emission detected from Tycho cannot have a lep-
tonic origin, but has to come from accelerated hadrons, instead.
This fact, along with the VERITAS detection of ∼10 TeV pho-
tons and the lack of evidence of a cut-off in the spectrum, implies
that hadrons have to be accelerated up to energies as high as a
few hundred TeV.

In particular, the proton spectrum we obtain shows a cut-off
around pmax = 470 TeV/c (see Fig. 4). In this respect, Tycho
could be considered as a half-PeVatron at least, because there is
no evidence of a cut-off in VERITAS data. The age-old problem
of detecting SNRs emitting photons with energies over a few
hundred TeV (i.e., responsible for the acceleration of particles
up to the knee observed in the spectrum of diffuse Galactic CRs)
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SPECTRUM AND MORPHOLOGY APPEAR 
TO BE WELL DESCRIBED BY EFFICIENT 
CR ACCELERATION 

THE MAXIMUM ENERGY IS IN THE 
RANGE OF A FEW HUNDRED GeV
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DSA IN THE PRESENCE 
OF NEUTRAL HYDROGEN



THE COLLISIONLESS NATURE OF MOST ASTROPHYSICAL SHOCKS LEADS TO 

THE RELEVANT QUESTION ‘WHAT DO NEUTRAL ATOMS DO AT THE 
SHOCK?’ (see case of  pick up ions at the solar wind termination shock) 

PARTIALLY IONIZED PLASMAS ARE THE NORM, AT LEAST IN THE ORDINARY ISM 
WHERE SN TYPE Ia EXPLODE BUT ALSO IN THE SURROUNDINGS OF SOME TYPE 
II SN 

1) SHOCK MODIFICATION INDUCED BY NEUTRALS IN THE ABSENCE OF 
ACCELERATED PARTICLES 
a) Neutral return flux 
b) Spectra of  test particles accelerated at neutrals-mediated collisionless shocks 

2) NON LINEAR THEORY OF DSA IN THE PRESENCE OF NEUTRALS 
a)  Shock modification induced by neutrals vs CR modification 
b)  Narrow and broad Balmer lines in the presence of  efficient CR acceleration 
c)  Application to some SNR where Balmer emission is observed



SNR IN PARTIALLY IONIZED PLASMAS
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AT ZERO ORDER NOTHING 
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IONS ARE HEATED UP AND 
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BASIC PHYSICS OF BALMER SHOCKS
[Chevalier & Raymond (1978); Chevalier et al. (1980)

Ha  LINES ARE PRODUCED AFTER 
EXCITATION OF H ATOMS TO THE n=3 
AND DE-EXCITATION TO n=2 

IF EXCITATION OCCURS BEFORE THE 
ATOM SUFFERS A CHARGE EXCHANGE 
! NARROW BALMER LINE (ION T 
UPSTREAM) 

IF H IS EXCITED AFTER CHARGE 
EXCHANGE DOWNSTREAM ! BROAD 
BALMER LINE (ION T DOWNSTREAM)

THE WIDTH OF THE BROAD Ha LINES  TELLS US ABOUT THE ION TEMPERATURE 
DOWNSTREAM OF THE SHOCK 
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BALMER LINE WIDTHS IN CR MODIFIED SHOCKS

IN THE PRESENCE OF PARTICLE ACCELERATION TWO THINGS HAPPEN: 

LOWER TEMPERATURE DOWNSTREAM 

A PRECURSOR APPEARS UPSTREAM

NEUTRALS

IONS

BROAD BALMER LINE GETS 
NARROWER

NARROW BALMER LINE 
GETS BROADER

Dv



BALMER SHOCKS WITH NO CR

IONS ARE TREATED AS A PLASMA WITH GIVEN DENSITY AND A THERMAL 
DISTRIBUTION 

NEUTRAL ATOMS ARE DESCRIBED USING A BOLTZMAN EQUATION WITH 
SCATTERING TERMS DESCRIBING CHARGE EXCHANGE AND IONIZATION

PB, Morlino, Bandiera, Amato & Caprioli, 2012



PARTIAL SCATTERING FUNCTIONS METHOD  
PB+ 2012

WE INTRODUCE THE FUNCTIONS:     

THEY REPRESENT THE DISTRIBUTION FUNCTIONS OF NEUTRALS THAT	  
SUFFERED 0, 1, 2, …, k CHARGE EXCHANGE REACTIONS AT GIVEN 	  
LOCATION. THEY SATISFY:

€ 

fN
(k ) (z,v||,v⊥ )

WE SOLVE THESE EQUATIONS ANALYTICALLY AND THE	  
TOTAL SOLUTION CAN BE WRITTEN AS:

k=1,2,…

€ 

fN (z,v||,v⊥ ) = fN
(k ) (z,v||,v⊥ )

k=0

∞

∑



SHOCKS IN PARTIALLY IONIZED MEDIA WITH NO CR

PB, Morlino, Bandiera, Amato & Caprioli, 2012

IONS AND NEUTRALS ARE CROSS-REGULATED THROUGH MASS, MOMENTUM 
AND ENERGY CONSERVATION: 



NEUTRAL RETURN FLUX

SHOCK VELOCITY
NEUTRALS 
AND IONS

1

v/(Vs/4)

Vperp=0

V<0

A NEUTRAL ATOM CAN CHARGE 
EXCHANGE WITH AN ION WITH V<0, 
THEREBY GIVING RISE TO A 
NEUTRAL WHICH IS NOW FREE TO 
RETURN UPSTREAM 

THIS NEUTRAL RETURN FLUX LEADS 
TO ENERGY AND  MOMENTUM 
DEPOSITION  UPSTREAM OF THE 
SHOCK!

PB et al. 2012



DISTRIBUTION FUNCTIONS IN PHASE SPACE

THE DISTRIBUTION FUNCTIONS OF NEUTRALS ARE 	  
NOT MAXWELLIAN IN SHAPE THOUGH THEY APPROACH 	  
A MAXWELLIAN AT DOWNSTREAM INFINITY

NEUTRAL	  	  
RETURN	  
FLUX

PB+	  2012



NEUTRAL	  INDUCED	  PRECURSOR

EVEN FOR A STRONG SHOCK (M>>1) THE EFFECTIVE MACH NUMBER OF	  
THE PLASMA IS DRAMATICALLY REDUCED DUE TO THE ACTION OF THE	  
NEUTRAL RETURN FLUX

PB+	  2012



ACCELERATION OF TEST PARTICLES

PB+	  2012



LIMITS ON ACCELERATORS OF UHECRS
IN THE NON RELATIVISTIC CASE ONE CAN WRITE A GENERIC EXPRESSION: 

THIS IMPLIES THAT: 

THE SOURCE ENERGETIC MUST BE AT LEAST AS LARGE AS THE  
MAGNETIC ONE: 

PROBABLY THE ONLY NON RELATIVISTIC SOURCES THAT MAY SATISFY THIS  
BOUND ARE LARGE SCALE STRUCTURE FORMATION SHOCKS AND ONLY 

MARGINALLY, ALTHOUGH NOTICE THE ROLE OF Z



CAVEAT ON DEFINITIONS

THE SO-CALLED HILLAS CRITERION FOR THE MAXIMUM ENERGY IS SOMEWHAT 
DIFFERENT: 

WITH THIS DEFINITION THE CONDITION ON LUMINOSITY BECOMES LESS 
SEVERE: 

BUT LESS CLOSE TO WHAT IS FOUND IN ACTUAL CALCULATIONS. THE ‘TRUE’ 
CASE IS SOMEWHERE IN BETWEEN… 

CLEARLY THIS DISTINCTION IS IMMATERIAL IN THE CASE OF RELATIVISTIC 
ACCELERATORS



THIS RESULT CAN BE GENERALIZED TO THE CASE OF RELATIVISTIC SOURCES 
WITH LORENTZ FACTOR G (Waxman 2005)

B’ ! MAGNETIC FIELD IN THE COMOVING FRAME 

E’=E/Γ ! PARTICLE ENERGY IN THE COMOVING FRAME

THE CONDITION FOR MAXIMUM ENERGY IS: 

WHICH IMPLIES: 

AND FINALLY THE SOURCE ENERGY INPUT MUST SATISFY: 

THIS IS HUGE AND ONLY THE UPPER END OF THE AGN AND GRB APPEAR TO 
SATISFY THIS BOUND, ALTHOUGH NOTICE THE ROLE OF Z



ACCELERATION AT RELATIVISTIC SHOCKS

Contrary to the case of  non relativistic shocks, no universal spectrum of  
accelerated particles exist 

In the small pitch angle scattering (SPAS) assumption, one obtains E-2.23 at high 
energy, but this result neglects many complications   

IF THE MAGNETIC FIELD UPSTREAM IS ORIENTED AT AN ANGLE >1/G, THEN THE 
SHOCK IS PERPENDICULAR:

rL

1/3c

IN THE FRAME OF THE DOWNSTREAM PLASMA THE 
SHOCK MOVES AT c/3 

IN A LARMOR TIME THE SHOCK MOVES: 

PARTICLES ARE TRAPPED DOWNSTREAM ! 

DOWNSTREAM SCATTERING MAY IMPROVE THIS  
SITUATION and INCREASE THE RETURN PROBABILITY 

COMOVING	  
FRAME



ACCELERATION AT RELATIVISTIC SHOCKS

GBx

By

GBz

Bx

By

Bz

EVEN	   IF	   THE	   TURBULENT	   FIELD	   UPSTREAM	  
WERE	   ISOTROPIC,	  THE	  SHOCK	  COMPRESSION	  
WOULD	  MAKE	  THE	  SHOCK	  QUASI-‐PERP	  

ACCELERATION	   IS	   INHIBITED	   AND	   THE	   SPECTRA	   OF	  
ACCELERATED	  PARTICLES	  ARE	  TYPICALLY	  VERY	  STEEP	   (Lemoine	  
and	  Ravenue	  2006)

DESPITE THE SIMPLE PREDICTIONS OF SPAS CALCULATIONS, THE 
COMPRESSION OF THE B-FIELD LEADS TO TYPICAL SPECTRA E-2.7 RATHER 
THAN E-2.23 

SH
O
CK

UpstreamDownstream



ACCELERATION AT RELATIVISTIC SHOCKS

THE CONCEPT OF SMALL OR LARGE ANGLE SCATTERING IS RELATIVE TO  THE 
CRITICAL PARTICLE DEFLECTION 1/G

THE REGIME OF SPAS CAN BE BROKEN AND THIS LEADS TO SPECTRA THAT ARE 
IN GENERAL FLATTER (HARDER) THAN IN THE SPAS LIMIT 

MAGNETIC FIELD PRESSURE AND EQUATION OF STATE OF THE PLASMA BEHIND 
THE SHOCK (FOR INSTANCE DUE TO DIFFERENT LEVELS OF THERMALIZATION 
OF PROTONS AND ELECTRONS) ALSO LEAD TO CHANGES IN THE SPECTRAL 
SLOPE



ACCELERATION AT RELATIVISTIC SHOCKS

G

G

At the first particle-shock encounter, the particle distribution is 
isotropic in the lab frame and the particle reflection (if  it happens) 
leads to an increase in particle energy Efinal = 4Γ2Einitial  

BU T A F T E R T H E F I R S T E N C O U N T E R T H E PA RT I C L E 
DISTRIBUTION IN THE LAB FRAME IS CONCENTRATED WITHIN A 
CONE OF APERTURE 1/Γ ! ΔE/E~2 

THE SPETCRUM OF ACCELERATED PARTICLES HAS A LOW 
ENERGY CUTOFF AT Γ2E0 WHERE E0 = INJECTION

Efinal 

Einitial 

Efinal 

Einitial 

PA RT I C L E D I S T R I BU T I O N 
FUNCTIONS IN THE SHOCK 
F R A M E F O R D I F F E R E N T 
SHOCK SPEEDS 
(PB & Vietri 2005)



WHERE ARE THESE RELATIVISTIC SHOCKS?

CERTAINLY GRBs AND AGN ARE THE BEST SUSPECTS… 

BUT THE LIMITS DERIVED ABOVE ON LUMINOSITY LEAD TO CONCLUDE THAT 
ONLY THE AGN IN THE UPPER PART OF THE LUMINOSITY FUNCTION COULD 
WORK (UNLESS Z>>1, IN WHICH CASE THE REQUIRED L BECOMES MUCH 
SMALLER!) 

IN AGN THE FASTEST SHOCKS HAVE Γ~10-30  

IN GRB THE NECESSARY CONDITIONS APPEAR TO BE FULFILLED… 
AND Γ~200. 

THE ISSUES THAT RISE ARE ABOUT ACCELERATION 

   LARGE SCALE OR WITH LARGE COHERENCE SCALE 
   The shock is quasi-perp, steep spectra, inefficient acceleration  
                 
B-FIELD 

   SMALL SCALE (SKIN DEPTH) 
   Canonical spectra, but slow return! low Emax



——— NAMELY:  WHAT IS  LEFT TO DO …———

A FEW THINGS THAT YOU MISTAKINGLY THINK YOU UNDERSTOOD

 We know how to calculate the spectrum of accelerated particles 
 it may be affected by wave helicity if VW is high 
 it is affected by non-linear effects that have not yet been taken into account 
 it is affected by the geometry of the large scale field, if any 

 We know how to calculate the spectrum of particles escaping a source 
 the flux of escaping CRs is one of the least known quantities in CR physics 
 where is the escape boundary, or is there one? 
 how is escape regulated by self-generation?  
 how is the escapee flux linked to the time dependence of the shock evolution? 

 We know the power spectrum of waves in the acceleration region 
 we usually assume Bohm diffusion with some justification based upon the spectrum E-2 
 not clear what is the interaction between modes on the long term (PIC only follow beginning) 
 damping of the modes? 

 We know the contribution of SNR to the CR spectrum 
 acceleration depends on environment 
 different SNe explode in different environs and with different parameters 
 what if different SNe have different Emax? 


