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WHAT WE NEED TO EXPLAIN

E-2.7/3

MOST OF THE TIMES: N(E)∝E-2….



DIFFUSIVE SHOCK ACCELERATION
(2ND ORDER TEST PARTICLES)
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E
PARTICLE GAINS ENERGY SOMETIMES

LOSES ENERGY SOME OTHERS

AVERAGE ENERGY GAIN

INITIALLY THOUGHT IN CONNECTION WITH CLOUDS BUT LATER 
UNDERSTOOD TO WORK WITH MAGNETIC PERTURBATIONS:

• V≈VA
• SLOW PROCESS UNLESS RELATIVISTIC TURBULENCE
• NO HOPE OF REACHING HIGH ENERGY

ELASTIC SCATTERING

IN EACH COLLISION: 
<latexit sha1_base64="9toAa4PjjdeEW/JqoB4P1MyvSdw=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjMi6LKoBZcV7AM6pWTSTBuaSUKSKZZhNm78FTcuFHHrP7jzb0zbWWjrgQuHc+7l3ntCyag2nvftLC2vrK6tFzaKm1vbO7vu3n5Di0RhUseCCdUKkSaMclI31DDSkoqgOGSkGQ6vJ35zRJSmgt+bsSSdGPU5jShGxkpd9yi4IcwgWA2QlEo8wCBSCKeNLB1l1a5b8sreFHCR+DkpgRy1rvsV9AROYsINZkjrtu9J00mRMhQzkhWDRBOJ8BD1SdtSjmKiO+n0iwyeWKUHI6FscQOn6u+JFMVaj+PQdsbIDPS8NxH/89qJiS47KeUyMYTj2aIoYdAIOIkE9qgi2LCxJQgram+FeIBsDMYGV7Qh+PMvL5LGWdn3yv7dealylcdRAIfgGJwCH1yACrgFNVAHGDyCZ/AK3pwn58V5dz5mrUtOPnMA/sD5/AFeaJh9</latexit>



INTERACTION OF A COSMIC 
RAY WITH AN ALFVÉN WAVE

INTERACTION MOST EFFECTIVE AT RESONANCE: l∼rL

<latexit sha1_base64="a8IdSqxmKVy/Y86QRikUHF5wE+o="></latexit>

<latexit sha1_base64="MseRzigdWLvF5UIyA/lO7CQiv7c="></latexit>

<latexit sha1_base64="VhnbNxNIfXkXVm5Mx3OOO66kxZw=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHcWJIi6EYounFZwT6gCWEynbRDZzJhZlKoITs3/oobF4q49Rfc+TdO2yy09cCFwzn3cu89YcKo0o7zbS0tr6yurZc2yptb2zu79t5+S4lUYtLEggnZCZEijMakqalmpJNIgnjISDsc3kz89ohIRUV8r8cJ8TnqxzSiGGkjBfaRp1F65UUS4awGvYTm2XAUPJx5gpM+ygO74lSdKeAicQtSAQUagf3l9QROOYk1Zkiprusk2s+Q1BQzkpe9VJEE4SHqk66hMeJE+dn0jxyeGKUHIyFNxRpO1d8TGeJKjXloOjnSAzXvTcT/vG6qo0s/o3GSahLj2aIoZVALOAkF9qgkWLOxIQhLam6FeIBMJtpEVzYhuPMvL5JWreo6VffuvFK/LuIogUNwDE6BCy5AHdyCBmgCDB7BM3gFb9aT9WK9Wx+z1iWrmDkAf2B9/gAdEZl1</latexit>

<latexit sha1_base64="6R/B+QPUajfWz8XHeObdCyuQ47c=">AAACG3icbVDLSsNAFJ3UV62vqEs3g0VwVZIq6EYo6sJlBfuAJobJdNIOnUzCzKTQhvyHG3/FjQtFXAku/BunbRa29cCFwzn3ztx7/JhRqSzrxyisrK6tbxQ3S1vbO7t75v5BU0aJwKSBIxaJto8kYZSThqKKkXYsCAp9Rlr+4Gbit4ZESBrxBzWKiRuiHqcBxUhpyTOrt146HmdXTiAQTu0sPcvg0GH6gS6aFx+r0FEo8aRnlq2KNQVcJnZOyiBH3TO/nG6Ek5BwhRmSsmNbsXJTJBTFjGQlJ5EkRniAeqSjKUchkW46vS2DJ1rpwiASuriCU/XvRIpCKUehrztDpPpy0ZuI/3mdRAWXbkp5nCjC8eyjIGFQRXASFOxSQbBiI00QFlTvCnEf6UCUjrOkQ7AXT14mzWrFtir2/Xm5dp3HUQRH4BicAhtcgBq4A3XQABg8gRfwBt6NZ+PV+DA+Z60FI585BHMwvn8B7/yhUQ==</latexit>

<latexit sha1_base64="wfheJjk5UluUm2VuO4vAehO8EFU="></latexit>

<latexit sha1_base64="lZ/zxCP3p+3dZd8p8umFr/y9E2c=">AAACGXicbVC7TsMwFHXKq5RXgJHFokJiqpIKCdjKY2AsEn1ITRo5rtNadRLLdhBtlN9g4VdYGECIESb+BrfNAC1HsnR0zrm6vsfnjEplWd9GYWl5ZXWtuF7a2Nza3jF395oyTgQmDRyzWLR9JAmjEWkoqhhpc0FQ6DPS8odXE791T4SkcXSnRpy4IepHNKAYKS15pnXtpZxnDuJcxA9OIBBO7Sw9z2a06V10q5B3q1mqg+Nxlnlm2apYU8BFYuekDHLUPfPT6cU4CUmkMENSdmyLKzdFQlHMSFZyEkk4wkPUJx1NIxQS6abTyzJ4pJUeDGKhX6TgVP09kaJQylHo62SI1EDOexPxP6+TqODMTWnEE0UiPFsUJAyqGE5qgj0qCFZspAnCguq/QjxAuhKlyyzpEuz5kxdJs1qxrYp9e1KuXeZ1FMEBOATHwAanoAZuQB00AAaP4Bm8gjfjyXgx3o2PWbRg5DP74A+Mrx/XaKFr</latexit>

DIFFUSION IN MOMENTUM SPACE
INEVITABLY ASSOCIATED WITH SPATIAL DIUFFUSION

<latexit sha1_base64="K5fxgwXGoLkmQ1MRg0beu4HlBXI="></latexit>



FERMI II AND CR 
REACCELERATION

<latexit sha1_base64="KSJdeFkTaynIPlio1cVu3dwMlLc="></latexit>

THE CR TRANSPORT EQUATION (NO LOSSES)

WHEN SOLVED THROUGH CODES LIKE GALPROP (Trotta et al 06)
OR DRAGON (Di Bernardo et al 10) RE-ACCELERATION FOUND

TO BE VERY RELEVANT

ABOUT 50% OF THE TOTAL CR POWER FROM THIS PROCESS
(Drury & Strong 17)

CRs WOULD RESULT IN A MAJOR SOURCE OF DAMPING OF 
INTERSTELLAR TURBULENCE

HOWEVER, CAN THIS PLAY ANY ROLE IN CLOUDS?



DIFFUSIVE SHOCK ACCELERATION
(1ST ORDER TEST PARTICLES)

• PARTICLE GAINS ENERGY EACH TIME 
IT CROSSES THE SHOCK

• FUNDAMENTAL ASSUMPTION: 
ISOTROPIZATION ON BOTH SIDES OF 
THE SHOCK
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PARTICLE GAINS ENERGY SOMETIMES

LOSES ENERGY SOME OTHERS

AVERAGE ENERGY GAIN

ENERGY GAIN PER 
CYCLE

V

UPSTREAMDOWNSTREAM

FROM DOWNSTREAM

V-v2

FROM UPSTREAM

V-v2

AT A SHOCK



DIFFUSIVE SHOCK ACCELERATION
(TEST PARTICLES)

UPSTREAM DOWNSTREAM
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ENERGY GAIN PER CROSSING

POWER LAW SPECTRA

FOR STRONG SHOCKS: u1/u2=4 Þ gp=4 Û ge=2

ONLY DEPENDENT ON COMPRESSION RATIO!

INDEPENDENT OF SCATTERING PROPERTIES!!! 

ESCAPE PROBABILITY 
<latexit sha1_base64="NPLAwzZxkoeOE+JTcHF6NGgDBHo=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5qUgl6EohePFewHtCFstpN26WYTdjfFEvpXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bYKG5tb2zvF3dLe/sHhkX1cbqs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfDf3OxOQisXiUU8T8CIyFCxklGgj+Xa56Wd9GWFQdHZTT/3a5cS3K07VWQCvEzcnFZSj6dtf/UFM0wiEppwo1XOdRHsZkZpRDrNSP1WQEDomQ+gZKkgEyssWt8/wuVEGOIylKaHxQv09kZFIqWkUmM6I6JFa9ebif14v1eG1lzGRpBoEXS4KU451jOdB4AGTQDWfGkKoZOZWTEdEEqpNXCUTgrv68jpp16quU3Uf6pXGbR5HEZ2iM3SBXHSFGugeNVELUfSEntErerNm1ov1bn0sWwtWPnOC/sD6/AH0cJO4</latexit>

<latexit sha1_base64="lbVR4HQStTr119bj3JtEOFa06mU=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoC0tSC7oRilpwWcE+oClhMp20QycP5lEoIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89XsyokJb1beRWVtfWN/Kbha3tnd09c/+gJSLFMWniiEW84yFBGA1JU1LJSCfmBAUeI21vdDP122PCBY3CBzmJSS9Ag5D6FCOpJdcsOT5HOHFuCZMI1tOknl7NpWpJufaZciunaXI+Tl2zaJWtGeAysTNSBBkarvnl9COsAhJKzJAQXduKZS9BXFLMSFpwlCAxwiM0IF1NQxQQ0UtmH6XwRCt96EdcVyjhTP09kaBAiEng6c4AyaFY9Kbif15XSf+yl9AwVpKEeL7IVwzKCE7jgX3KCZZsognCnOpbIR4inYfUIRZ0CPbiy8ukVSnbVtm+rxZr11kceXAEjkEJ2OAC1MAdaIAmwOARPINX8GY8GS/Gu/Exb80Z2cwh+APj8wc+lpye</latexit>

<latexit sha1_base64="shpjLF6E5f/2LYLUaXqlcB8O+Nw="></latexit>



PARTICLE ISOTROPIZATION

üIF dB SAME RESPONSIBLE FOR CR CONFINEMENT IN THE GALAXY: Emax~GeV

üIF dB ~B0, Emax~103-104 GeV (Lagage & Cesarsky 83)

•AMPLIFIED B IS REQUIRED TO REACH THE KNEE

COLLISIONLESS PLASMA…
WAVE-PARTICLE INTERACTIONS!!! 

ACCELERATION TIME DEPENDS ON
TURBULENCE LEVEL

MAXIMUM ACHIEVABLE ENERGY DEPENDS ON 
TURBULENCE LEVEL

->SPATIAL DIFFUSION

PITCH ANGLE DIFFUSION:

<latexit sha1_base64="4KvEI6948gFAeq7fXcVkLlscxYw="></latexit>



PARTICLE DIFFUSION AND 
WAVE GROWTH

IF CR ARE ISOTROPIZED BY THE WAVES…

MOMENTUM HAS 
GONE TO THE WAVES

BEFORE SCATTERING: PCR=nCRmgCRvd

AFTER SCATTERING: PCR=nCRmgCRvA

FOR RESONANT 
ALFVÉN WAVES
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SUPERALFVÉNIC STREAMING OF CRs Þ WAVE GROWTH

+ EFFICIENT ACCELERATION Þ SHOCK MODIFICATION!!!! 

<latexit sha1_base64="trzs/7riB97/D8vjiXXxbBD2Ih4="></latexit>

<latexit sha1_base64="gyN1BL9B4oUIHSE3w3UkBMxEUpc="></latexit>

<latexit sha1_base64="I3cUCTFkQ2/TzhhFOsuXcG05ckU="></latexit>

<latexit sha1_base64="PgCMvKj4oKVf9nzHHHQkvZDfQw8="></latexit>



EFFICIENT ACCELERATION AT 
SNR SHOCKS

² CR STREAMING INDUCES PRESSURE 
GRADIENT UPSTREAM
² A PRECURSOR IS FORMED: FLUID 
PROGRESSIVELY SLOWS DOWN
² CR ESCAPE MAKES SHOCK RADIATIVE
RTOT>4 WHILE RSUB<4

CR PRECURSOR

SUBSHOCK

DENSITY OF ACCELERATED PARTICLES

DIFFERENT ENERGY PARTICLES HAVE DIFFERENT DIFFUSION LENGTHS
èEXPERIENCE DIFFERENT R (<4 AT LOW EN, >4 AT HIGH EN) 

èSPECTRUM BECOMES CONCAVE (STEEP AT LOW EN. FLAT AT HIGH)



BASIC PREDICTIONS OF NL-DSA

§ COMPRESSION RATIO > 4: 
CD VS SHOCK IN TYCHO (Warren+ 05)
AND SN1006 (Cassam-Chenaii+ 08) AND 
EMISSION PROFILES (Morlino+ 10)
§T2 IS LOWER THAN EXPECTED: IN RCW86
T2~1/10 TRH (Helder+ 09, Morlino+ 13)

§CONCAVE SPECTRA: RADIO SNRs (Reynolds & Ellison 92)
AND SED FITTING OF SN1006 AND RCW86 (Vink 12)
§B-FIELD LARGELY AMPLIFIED

Blasi, Gabici, Vannoni 05

u BACK-REACTION OF CRs
u MAGNETIC FIELD AMPLIFICATION
u BACK-REACTION OF AMPLIFIED FIELD
TWO-FLUIDS: Drury & co.
MONTECARLO: Ellison & co.
FINITE DIFFERENCE: Berezhko, Volk & co.
KINETIC: Amato & Blasi 05,06; Blasi+ 08
Caprioli+ 08,09,10,11

HINTS OF EFFICIENT ACCELERATION:



AMPLIFIED MAGNETIC FIELDS

B~100-300mG

IN THE 
SIMPLEST PICTURE

EFFICIENT PARTICLE ACCELERATION 
BECAUSE OF HIGH B-FIELD

HIGH B-FIELD BECAUSE OF 
EFFICIENT PARTICLE ACCELERATION

CAVEAT:
LARGE MAGNETIC FIELDS MIGHT HAVE DIFFERENT ORIGIN
AND DO NOT IMPLY EFFICIENT SCATTERING…

Cas A Tycho



AMPLIFICATION NEEDED 
IN THE UPSTREAM

REPRODUCING THE X-RAY
SPATIAL EMISSION PROFILE

IN SN1006

Morlino+ 10



CR AMPLIFIED FIELDS
“STANDARD” GROWTH RATE

ONLY APPLIES WHEN

OTHERWISE GROWTH OF RESONANT MODES IS SUPPRESSED
NON RESONANT MODES (Bell 04, Amato & Blasi 09) BECOME DOMINANT

§CR CURRENT INDUCES 
COMPENSATING CURRENT IN PLASMA

§ INDUCES TRANSVERSE 
PLASMA MOTION

§RESULTING CURRENT ACTS AS A 
SOURCE OF B

§FOR RIGHT-HAND POLARIZED 
WAVES, FIELD LINES ARE STRETCHED: 
FIELD IS AMPLIFIED

  

€ 

! 
J ret ×

! 
B 

VERY LARGE FIELD ON 
VERY SMALL SCALES

EFFICIENT FOR SCATTERING?



STRONGLY CURRENT DRIVEN 
REGIME

RIGHT-HAND POLARIZED

LEFT-HAND POLARIZED

EQUILIBRIUM BETWEEN 
CURRENT AND 

MAGNETIC TENSION:
LARGE BY DEFINITION

UCR/UB>c/vSOR

B0~1mG, h~0.1, vS~104km/s

Amato & Blasi 09

NON-RESONANT MODE ONLY EXISTS WHEN

SHORT WAVELENGTH
QUASI-STANDING 

WAVES

DAMPING
STRONGLY SUPPRESSED

(Reville+07)



SATURATION & SCATTERING  

Caprioli & Spitkovsky 14

• B-FIELD EASILY AMPLIFIED TO FEW X 100 mG (Riquelme & Spitkovsky 09, 
Caprioli & Spitkovsky 14)

• EFFECTIVE INVERSE CASCADING PROVEN BY NUMERICAL WORK 
(Caprioli & Spitkovsky 14): SCALE GROWS QUICKLY AND SCATTERING IS 
IN BOHM REGIME



PARTICLE ACCELERATION AND 
MFA: PIC SIMULATIONS

Caprioli & Spitkovsky 14



RESULTS FROM PIC SIMULATIONS
TURBULENCE IN THE UPSTREAM SEEDED BY THE CURRENT CARRIED
BY THE ESCAPING PARTICLES

IF SHOCK MACH NUMBER LARGE ENOUGH, 
FASTEST INSTABILITY IS 
BELL’S 

GROWING MODES ARE SMALL 
SCALE, BUT QUICKLY GROW TO 
LARGER SCALES. 

CLOSE TO SHOCK PARTICLES 
START BOHM DIFFUSION IN
AMPLIFIED FIELD AND A
PRECURSOR IS FORMED

SATURATION AT (δB/B0)2 ≈MA

ACCELERATION EFFICIENCY
10-15% 

(Caprioli & Spitkovsky 14)



PARTICLE INJECTION
• SHOCK FRONT REFORMS 

QUASI-PERIODICALLY ON 
ION-CYCLOTRON TIME

• INJECTION BY CHANCE OF 1-
FEW% OF THE IONS

• 10% EFFICIENCY

Caprioli + 15



SHOCK 
OBLIQUITY

AND
MAGNETIC 
TURBULENCE

Caprioli & Spitkovsky 14



SEEDED SHOCKS

ACCELERATION EFFICIENCY 
AT SEEDED SHOCKS

REACCELERATION EFFICIENCY 

Caprioli + 18



RELEASED SPECTRUM

LITTLE TURBULENCE

LARGE CURRENT

LARGE ESCAPE 
FRACTION

TURBULENCE 
INCREASES

CURRENT DECREASES

EFFICIENT 
ACCELERATION

• MFA DUE TO CURRENT OF ESCAPING PARTICLES
• GROWTH RATE PROPTO JCR WHICH DEPENDS ON SPECTRUM AT THE 

SHOCK, PMAX AND VS

ΓCR >2 IF  ΓSRC >2

ΓCR =2 IF  ΓSRC ≤2
RELEASED PARTICLE SPECTRUM:



MAXIMUM ENERGY

ESN=1051erg/s

ξCR=0.1 Mej=MSUN

MLOSS=10-5MSUN/yrvWIND=10km/s

Cardillo, EA, Blasi 15

TYPE I

TYPE II

•RARE
(<1/1000 yr-1) 
•EXTREME EVENTS 

(ESN>1052erg)
•EXTREME EFFICIENCY 

(ξCR>30%)

WITH ΓCR >2, 
Pmax=PeV REQUIRES



SHOCKS IN
PARTIALLY IONIZED 

PLASMAS



BALMER DIAGNOSTICS

•ISM IS NOT FULLY IONIZED
•NEUTRAL ATOMS EMIT BALMER 

LINES
•BROAD AND NARROW COMPONENT 

TELL DIFFERENT STORIES

Helder et al 09

IN RCW 86 
h>50% DEDUCED FROM
BALMER LINES STUDY 
(Helder et al 09): Ti,2 vs Vs

BALMER DOMINATED SHOCKS
(Chevalier & Raymond 78,

Heng & McCray 07, Heng et al 07,
van Adelsberg et al 08)



THE EFFECT OF NEUTRALS

Dv
PARTIALLY IONIZED 

MEDIUM

UPSTREAM

DOWNSTREAM

•BROAD BALMER LINE ¬ DOWNSTREAM TION
•EFFICIENT CR ACCELERATION Þ LOWER TION ®NARROWER BROAD LINE
•IN RCW86 h»50-60 % INFERRED FROM NARROW BROAD

LINES (Helder et al. 09)

CHARGE EXCHANGE WHERE
Dv¹0

•NARROW BALMER LINE ¬ UPSTREAM TION
•EFFICIENT CR ACCELERATION Þ HIGHER TION

® BROADER NARROW LINE
•OBSERVED IN RCW86 (Sollerman et al 03, 

Helder et al 09)

+ +

COLD 
NEUTRAL

HOT 
ION

COLD 
ION HOT 

NEUTRAL

NEUTRALS

IONS

Dv

IN MODIFIED SHOCKS CE IN PRECURSOR



A DIFFERENT PRECURSOR
CE DOWNSTREAM WITH 

COUNTERSTREAMING IONS 
Vperp=0

V<0NEUTRAL RETURN FLUX

ENERGY AND MOMENTUM  
DEPOSITION UPSTREAM
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Blasi et al 12
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TEST PARTICLE SPECTRA IN 
THE PRESENCE OF NEUTRALS

1 GeV

10 GeV

100 GeV

1 TeV

SPECTRA ARE ALWAYS STEEPER THAN 2
EVEN FOR HIGH MACH NUMBER SHOCKS

Blasi+ 12, 
Morlino+ 13,14

s



SUMMARY 
A COMBINATION OF THEORY, OBSERVATIONS AND 
SIMULATIONS ARE UNVEILING THE PHYSICS OF PARTICLE 
ACCELERATION AT SNR SHOCKS:
• DIFFUSIVE SHOCK ACCELERATION IN THE EFFICIENT REGIME
• TURBULENCE SELF-GENERATION
• PARTICLE INJECTION
• MAXIMUM ENERGY
• RELEASED PARTICLE SPECTRUM
• SHOCKS IN PARTIALLY NEUTRAL PLASMAS

AND A QUESTION
IS ANY OF THIS USEFUL FOR THIS COMMUNITY?


