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Shock waves

shock waves: sudden change in density, temperature,
and pressure that decelerates supersonic flow.

thickness ~ mean free path Amgp

in air, Amgp ~ pm,
on Earth, most shocks are mediated by collisions.
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Cosmic ray acceleration

Shock waves

shock waves: sudden change in density, temperature,
and pressure that decelerates supersonic flow.

thickness ~ mean free path Amgp

in air, Amgp ~ pm,
on Earth, most shocks are mediated by collisions.

clusters/galaxies, Coulomb collisions set Amp:
>\mfp ~ Lcluster/1oa /\mfp ~ LSNR

Mean free path >> observed shock width!

— shocks must be mediated without collisions,
but through interactions with collective fields —=
— collisionless shocks

slide concept Spitkovsky AIP
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Particle acceleration at relativistic shock, By = 0

Cosmic ray acceleration

@ self-generated magnetic turbulence scatters particles across the shock
(] — Fermi process
@ movie below shows magnetic filaments in the shock frame (top),
particle energy is measured the downstream frame (bottom):
particle gains energy upon scattering in the upstream (Spitkovsky 2008)
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lon spectrum
Non-relativistic parallel shock in long-term hybrid simulation

L L
1300 1550 1800

10° 107 10° 10 10° 10
Caprioli & Spitkovsky (2014)

@ quasi-parallel shocks accelerate ions

(<) in each crossing and have probability of leaving
h . SN
the Fermi cycle by being swept downstream
@ maximum energy increases with time AIP
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—
solar system shocks ~ R interstellar shocks ~ 20 pc  cluster shocks ~ 2 Mpc E

coronal mass ejection (SOHO) supernova 1006 (CXC/Hughes) giant radio relic (van Weeren) T
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Electrons and leptonic emission

Astrophysical shocks

astrophysical collisionless shocks can:
o (electrons and ions) — cosmic rays (CRs)
@ amplify magnetic fields (or generate them from scratch)
@ exchange energy between electrons and ions

solar system shocks ~ R interstellar shocks ~ 20 pc  cluster shocks ~ 2 Mpc
coronal mass ejection (SOHO) supernova 1006 (CXC/Hughes) giant radio relic (van Weeren)
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Cosmic ray acceleration

Electrons and leptonic emission

Astrophysical shocks

astrophysical collisionless shocks can:
o (electrons and ions) — cosmic rays (CRs)
@ amplify magnetic fields (or generate them from scratch)
@ exchange energy between electrons and ions

collisionless shocks <> energetic particles <= electro-magnetic waves

solar system shocks ~ R interstellar shocks ~ 20 pc  cluster shocks ~ 2 Mpc
coronal mass ejection (SOHO) supernova 1006 (CXC/Hughes) giant radio relic (van Weeren)
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Global MHD simulations of SNRs with CR physics

Cosmic ray acceleration

o @ detect and characterize shocks
and jump conditions on the fly

Mach number finder

CP+ (2017) based on Schaal & Springel (2015)
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Global MHD simulations of SNRs with CR physics

11 @ detect and characterize shocks

1.0 frz e —— simulated . -
oaf e Vil and jump conditions on the fly
.
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obliquity-dep. acceleration efficiency

Pais, CP+ (2018) based on
hybrid PIC sim.s by Caprioli & Spitkovsky (2015)
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Global MHD simulations of SNRs with CR physics

x10~1%

@ detect and characterize shocks
and jump conditions on the fly

>

RX J1713 (sim.)

—39°20"

@ measure and

'S

—39°40"

w

@ inject and transport CR protons
= dynamical back reaction on
gas flow, hadronic emission

—40°00"

N

S0 [ph cm arcmin~? 5]

—40°20'

0
17h 16m 17h 14m 17h 12m 17h 10m

RA (hours)

simulated TeV gamma-ray map
Pais & CP (2020)
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Global MHD simulations of SNRs with CR physics

@ detect and characterize shocks

o] T total yray IC (CMB) and jump conditions on the fly
& — = hadr. y-ray oo IC (IR)
§ v tept yoray (1) -+ G (stars) @ measure and
‘; 10-12
Py
S 100 ) @ inject and transport CR protons
B = dynamical back reaction on

10710 gt . et gas flow, hadronic emission

10° 1010 101! 1012 1013
£ @ inject and transport CR

) electrons
simulated gamma-ray spectrum
@ calculate non-thermal radio,

X-ray, ~v-ray emission E

Winner, CP+ (2020)

AIP

Christoph Pfrommer Cosmic ray acceleratio



Cosmic ray acceleration . —
v Protons and hadronic emission

Cosmological moving-mesh code AREPO (springel 2010)
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Cosmic ray acceleration

Sedov explosion

density specific thermal energy
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CP+ (2017) (7]
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Sedov explosion with CR acceleration

Cosmic ray acceleration

density specific cosmic ray energy
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CP+ (2017) [
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Cosmic ray acceleration

Sedov explosion with CR acceleration

adiabatic index shock evolution
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Sedov explosion with CR acceleration

Cosmic ray acceleration

density specific cosmic ray energy
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Simulating obliquity-dependent CR proton acceleration
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Hadronic TeV ~ rays: SN 1006

Cosmic ray acceleration
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Hadronic TeV ~ rays: Vela Jr. and RXJ 1713

x10-1°

Cosmic ray acceleration
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RXJ 1713: impact of molecular clumps on TeV ~ rays

Cosmic ray acceleration

x10-1%
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RXJ 1713: impact of molecular clumps on TeV ~

Cosmic ray acceleration

x10-1%
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Pais, CP+ (2020)
= clumps can locally dominate ~-ray emission
= large-scale y-ray morphology traces obliquity-dependent
acceleration and magnetic topology
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Straw-man’s model: isotropic acceleration and §p

Density inhomogeneities dp cause patchy TeV maps but a corrugated shock surface

Cosmic ray acceleration

00 05 10 15
x10-15

Pais, CP+ (2020
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Straw-man’s model: isotropic acceleration and §p

Density inhomogeneities dp cause patchy TeV maps but a corrugated shock surface

Cosmic ray acceleration

00 05 10 15

x10-15

Pais, CP+ (2020

= anisotropy of corrugated shock surfaces limits (large-scale) density —~
fluctuations ép/p < 0.75 E

= only obliquity-dep. acceleration explains patchy TeV ~-ray emission AIP
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TeV ~ rays from shell-type supernova remnants

Varying magnetic coherence scale in simulations of SN 1006 and Vela Junior

Cosmic ray acceleration
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TeV ~ rays from shell-type supernova remnants

Varying magnetic coherence scale in simulations of SN 1006 and Vela Junior

Cosmic ray acceleration

A = 100 pe

Dec [deg] A = 50 pe
11.50

SN1006

0.0

RA [deg]
Pais, CP+ (2020)
= Correlation structure of patchy TeV ~-rays constrains magnetic

coherence scale in ISM:
SN 1006: A\g > 200739 pc Vela Junior: \g = 13733, pc AIP

134133 132 5
RA [deg] RA [deg]
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CR electron acceleration: quasi-parallel shocks

1.0E-01 1.0E+00 1.0E+01 1.0E+02
p (mec)

Park, Caprioli, Spitkovsky (2015)

@ 1D PIC simulation: simultaneous e~ and p™ acceleration

i - A
@ runtime t=4.6x10%w, ' ~ 8's (12) 1/2 E
@ quasi-parallel shock (30°): ecre/cdiss < 1072 AP

Cosmic ray acceleration and transport
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CR electron acceleration: quasi-perpendicular shocks

100+ My =11 ) M, =28 M, = 63
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Xu, Spitkovsky, Caprioli (2020), also Riquelme & Spitkovsky (2011), Bohdan+ (2017, 2019, 2020)
@ 1D PIC simulation: e~ acceleration, vary Mg and Ma
_ =N
. _ 5 -1 ~ Ne ) 1 /2
@ runtime t=12x10%w, ' ~ 25 (7=
@ quasi-perpendicular shocks (63°): ccpe/cdiss ~ 1072 AIP
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CREST - Cosmic Ray Electron Spectra evolved in Time

*~ CREST code (Winner, CP+ 2019)

@ post-processing MHD simulations

va d:a

@ on Lagrangian particles

mesh poin‘t\‘vp

e adiabatic processes

@ Coulomb and radiative
losses

o Fermi-| (re-)acceleration

1072 . .
e Fermi-ll reacceleration
107 e secondary electrons
2 10
l’ﬁ" tion dominated . .
w107 e | LINK t0 Observations
10710 4 .
@ radio synchrotron E
T T Y R R

normalized momentum p = P/(mec) ° Inverse Compton (IC) "}/'ray AIP
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Sedov—Taylor blast wave: spectral evolution
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3 4 \
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Winner, CP+ (2019)
Ey =10%"erg, ngs = 1cm=3, Ty =10*°K, B=1uG

AIP
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Sedov—Taylor blast wave: radial contribution

= tracer particles 102 frot, 100 kyr
---- solution
10°4 — gas 100 A
o 3 102
g g
a IN=- 1074 4
S 1071 4 a
10—6 o
1078 4
19’
1072 —* T T 10710 T T T T T
0 10 20 30 40 1073 107! 10' 10°® 10° 107 10°
radius (pc) normalized momentum p = P/(meC)
15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0 Winner, CP+ (2019)
radius of tracer particle (pc)
AIP
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SN 1006: CR electron acceleration models

= quasi-parallel
constant

quasi-perpendicular
10° 4

acceleration efficiency Ce/Ce,max

=
(=]
|
|

0 20 40 60 80
magnetic obliquity 6 (°)
Winner, CP+ (2020)

@ different obliquity dependent electron acceleration efficiencies:
1. preferred quasi-perpendicular acceleration E
2. constant acceleration efficiency -
3. preferred quasi-parallel acceleration
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CR electron acceleration: quasi-perpendicular shocks

radio (1.4 GHz)

Xray (0.8 — 2.0keV)
x10~-2

x10~4

ph. em

x10-1%

%10~ %10~ x10~1%

T T T T T T T T
0 5 0 15 20 0 5 015 20 5

radius (aremin)

radius (arcmin)

AIP
Winner, CP+ (2020)
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CR electron acceleration: constant efficiency

radio (1.4 GHz) Xray (0.8 — 2.0keV) y-ray (E > 500 GeV)
x10~4 >

x10~-2

x10-1%

%10~ %10~ x10~1%

T T T T T T T
0 5 0 15 20 0 5 015 20 0 5 015 20

radius (aremin) radius (arcmin) radius (aremin)

Winner, CP+ (2020)
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CR electron acceleration: quasi-parallel shocks

radio (1.4 GHz)

Xray (0.8 — 2.0keV)
x10~-2

x10~4

x10-1%

%10~ %10~ x10~1%

ph. em~2

T T T T T
0 5 015 20 5

radius (arcmin)

T T T
0 5 0 15 20

radius (aremin)

Winner, CP+ (2020)
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SN 1006: multi-frequency spectrum

108
— total spectrum Lo-11 — total y-ray 1C (CMB)
O‘T 1079 4 == hadr. y-ray G‘T == hadr. y-ray <o+ IC (IR)
g 0 + lept. y-ray (IC) g + lept. y-ray (IC) <eer IC (stars)
~ 10 E -
P 2 10-12 4
2 0-11 4 20
< L
3 3
= 10712 4 =
') —13 4
2 / g 10
Q10713 4 4 B
1
! .
1014 T T T — T 10714
1076 107% 10° 103 105 109 10'2

Winner, CP+ (2020)

@ quasi-parallel acceleration model fits multi-frequency spectrum
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SN 1006: multi-frequency spectrum

108
— total spectrum 11 — total y-ray 1C (CMB)
—~ 10— 1011 4
g 1079 4 == hadr. y-ray g 0 == hadr. y-ray <o+ IC (IR)
g 0 + lept. y-ray (IC) g + lept. y-ray (IC) <eer IC (stars)
~ 10 E -
‘:I} “/1 10712 .
2 0-11 4 20
< L
3 3
< 10712 4 =
') —13 4
2 / g 10
Q10713 4 v )
1
! .
1014 T T T — T 10714
1076 107% 10° 103 105 109 10'2

E (eV)

Winner, CP+ (2020)
@ quasi-parallel acceleration model fits multi-frequency spectrum
° ')

@ TeV regime: hadronic pion decay ATP

Cosmic ray acceleration and
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Protons and hadronic emission
Electrons and leptonic emission

SN 1006: maps of y-ray components at £ > 500 GeV

Leptonic Hadronic

Winner, CP+ (2020)

@ hadronic pion decay emission dominant at shock rim

@ leptonic IC emission has contributions from SNR interior F
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Electrons and leptonic emission

SN 1006: magnetic field amplification models

Magnetic amplification due to a turbulent dynamo and Bell’s instability

turbulent + Bell amplification

turbulent amplification only Bell amplification only
102 10% 102 B = 351G, fgen = 20
10! 10! 10!
Q Q Q
100 100 10°

Winner, CP+ (2020)

@ magnetic field strength in a slice through the simulated SNRs
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SN 1006: magnetic field amplification models

Magnetic amplification due to a turbulent dynamo and Bell’s instability

turbulent amplification only Bell amplification only turbulent + Bell amplification

102 B = 351G, fgen = 20

|B| (nG)
s
|B| (nG)
s
|B| (nG)
s

10°

100 100

Winner, CP+ (2020)

@ magnetic field strength in a slice through the simulated SNRs

@ left: effect of turbulent amplification only, maximum realized at
quasi-perpendicular shock, adiabatic cooling inside the SNR

) fzell follows obliquity
dependence of CR proton efficiency

@ right: sum of both, turbulent and Bell amplification AIP

=
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Constraining the volume-filling, turbulent B field

108
— 351G, fpen =20 (st) = tot. spec.
& 1079 4 11nG, feen = 40 (Ir) e IC
= — 310G, fpen = 25 (Ir)
(5]
B 10—10 .
[UJ
é” 10-11 4
I
T 10712 4
=)
el
& 10713 4
10~14 T T T ‘I T T
10-6 1073 109 108 108 109 1012

E (eV)
Winner, CP+ (2020)

@ multi-frequency spectra: synchrotron (radio + X-rays) and IC and
hadronic y-ray emission E

AIP
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Constraining the volume-filling, turbulent B field

108
— 351G, fpen =20 (st) = tot. spec.
& 1079 4 11nG, feen = 40 (Ir) e IC
= — 310G, fpen = 25 (Ir)
(5]
B 10—10 .
[UJ
é” 10-11 4
I
T 10712 4
=)
el
& 10713 4
10~14 T T T ‘I T T
10-6 1073 109 108 108 109 1012

E (eV)
Winner, CP+ (2020)
@ multi-frequency spectra: synchrotron (radio + X-rays) and IC and
hadronic y-ray emission =
@ strong, volume-filling B field (=~ 35 uG) required to suppress IC E
~-ray component and to match steep X-ray spectrum ATP
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Constraining the damping of Bell-amplified B field

1078
total spectrum 0.14 1 inst. damp. —_—sim. ||
B 10-9 4 EECTTIS (¢! onad — 5:11 —= obs. ||
= —_—=2
= 10710 4 N 0104 T =4
[R [
& \ £ 0.08
5 1071 4 g
g £ 0.06 1
= -12 J =
o 10
3 0.04 - =
: . ===\
W 10713 5 . A \
0.02 - —aar \
. LS i\
10-14 : : : . — 0.00 T T 7 T T —
1076 1072 10 103 108 109 102 0.0 2.5 5.0 75 100 125 15.0
E (eV) radius (arcmin)

Winner, CP+ (2020)

@ multi-frequency spectra (left) and radial radio profiles (right) for
different decay models of the Bell-amplified B field: B « n‘sBamp
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Constraining the damping of Bell-amplified B field

1078
total spectrum 0.14 1 inst. damp. —_—sim. ||
B 10-9 4 EECTTIS (¢! onad — 5:11 —= obs. ||
= —_—=2
= 10710 4 N 0104 T =4
[R [
& \ £ 0.08
5 1071 4 g
g £ 0.06 1
= -12 J =
o 10
3 0.04 - =
: . ===\
W 10713 5 . A \
0.02 - —aar \
. LS i\
10-14 : : : . — 0.00 T T 7 T T —
1076 1072 10 103 108 109 102 0.0 2.5 5.0 75 100 125 15.0
E (eV) radius (arcmin)

Winner, CP+ (2020)

@ multi-frequency spectra (left) and radial radio profiles (right) for
different decay models of the Bell-amplified B field: B « n‘sBamp

@ smooth radio profile and steep X-ray spectrum requires slow E
CRe cooling and fast damping of Bell modes (~ 100 gyroradii for
TeV particles) AIP
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SN 1006: best-fit multi-frequency spectrum

108
total spectrum  —— 351G, fpen = 20

o~ 109 e c 351G, fpen = 10 1x 1072
- —=- hadr. y-ray —— 35nG, fpen =40 _
© 3
~ 10710 4 2

T z
" = P 2 &

S 3x107* %
£ 10-11 4 = *
= g @
= = o
T 10712 4 £ -
= ] E
g o
& 1018 4 V4 2x 1072

1
!
1044 T T T Y T —
1076 1073  10° 103 109 109 1012 20 25 30 35 40
E (eV) magnetic field B (nG)

Winner, CP+ (2020)

@ parameter optimization of magnetic amplification processes

o (turbulent dynamo): lower —.
B field excluded by IC component E

@ Bell-amplification factor fze 10 — 20 weakly constrained AIP
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Cosmic ray transport: an extreme multi-scale problem

e
\\ \\V/ Eamﬁg
\W
Milky Way-like galaxy: gyro-orbit of GeV cosmic ray:
ryal ~ 10% pc _ P 40-8pc .t

= need to develop a fluid theory for a collisionless,
non-Maxwellian component! _E

Zweibel (2017), Jiang & Oh (2018), Thomas & CP (2019) AP
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Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob

@ gyro resonance: w — k“ VH = nQ2
Doppler-shifted MHD frequency is a multiple of the CR gyrofrequency ~ —.

AIP

Christoph Pfrommer Cosmic ray acceleration and transport



Introduction
CR hydrodynamics

Cosmic ray transport

Observational tests

Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob
@ gyro resonance: w — k“ VH = nQ2
Doppler-shifted MHD frequency is a multiple of the CR gyrofrequency ~ —.

@ CRs scatter on magnetic fields — isotropization of CR momenta _&
AIP
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CR streaming and diffusion

@ CR Streaming lnstablllty' Kulsrud & Pearce 1969

@ if vgr > vi, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

e scattering off of this wave field limits
the (GeV) CRs’ bulk speed ~ v,

e wave damping: transfer of CR energy
and momentum to the thermal gas

=

AIP
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CR streaming and diffusion

@ CR Streaming lnstablllty' Kulsrud & Pearce 1969

@ if vgr > vi, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

e scattering off of this wave field limits
the (GeV) CRs’ bulk speed ~ v,

e wave damping: transfer of CR energy
and momentum to the thermal gas

— CRs exert pressure on thermal gas via scattering on Alfvén waves
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CR streaming and diffusion

@ CR Streaming lnstablllty' Kulsrud & Pearce 1969

@ if vgr > vi, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

e scattering off of this wave field limits
the (GeV) CRs’ bulk speed ~ v,

e wave damping: transfer of CR energy
and momentum to the thermal gas
— CRs exert pressure on thermal gas via scattering on Alfvén waves

weak wave damping: strong coupling — CR stream with waves E

strong wave damping: less waves to scatter — CR diffusion prevails
AIP
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Modes of CR propagation
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Modes of CR propagation

advection diffusion
“OAA

1.0
0.8
0.6
04

0.2

tchar

—— — 0.0

Vadvt vV 2kt —

Thomas, CP, EnBlin (2020) E

AIP
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Modes of CR propagation
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advection diffusion streaming o
— T - N .
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Christoph Pfrommer

Thomas, CP, EnBlin (2020)
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CR vs. radiation hydrodynamics

@ capitalize on analogies of CR and radiation hydrodynamics (Jiang & oh 2018)
derive two-moment equations from CR Vlasov equation (Thomas & CP 2019)
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CR vs. radiation hydrodynamics

@ capitalize on analogies of CR and radiation hydrodynamics (Jiang & oh 2018)
derive two-moment equations from CR Vlasov equation (Thomas & CP 2019)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c?

0¢, bb

a;r +V fy =—wy- @ . [fcr - Wi(gcl' + PCT)] -V gLorentz+SE
1 of. bb
?T;r +V :Pyg=— @ . [fcr - Wi(&?l' + PCY)] — Giorentz +S¢

Alfvén wave velocity in lab frame: wi = v + v,,
CR scattering frequency 7+ = ¢®/(3x+)

=

AIP
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CR vs. radiation hydrodynamics

@ capitalize on analogies of CR and radiation hydrodynamics (Jiang & oh 2018)
derive two-moment equations from CR Vlasov equation (Thomas & CP 2019)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c?

0¢, bb

a;r +V fy =—wy- @ . [fcr - Wi(gcl' + PCT)] -V gLorentz+SE
1 of. bb
?T;r +V :Pyg=— @ . [fcr - Wi(&?l' + PCY)] — Giorentz +S¢

Alfvén wave velocity in lab frame: wi = v + v,,
CR scattering frequency 7+ = ¢®/(3x+)
@ lab-frame equ'’s for radiation energy and momentum density, ¢ and f/c?
(Mihalas & Mihalas, 1984, Lowrie+ 1999):
%Jrv-f — oV [f—V-(1+P)| + S
10f P= f 1+P S.
Ea‘i’v = —O0s [*V'(é + )]+ aV

=

AIP
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CR vs. radiation hydrodynamics

@ capitalize on analogies of CR and radiation hydrodynamics (Jiang & oh 2018)
derive two-moment equations from CR Vlasov equation (Thomas & CP 2019)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c?

0¢, bb

a;r +V fy =—wy- @ . [fcr - Wi(gcl' + PCT)] -V gLorentz+SE
1 of. bb
?T;r +V :Pyg=— @ . [fcr - Wi(&?l' + PCY)] — Giorentz +S¢

Alfvén wave velocity in lab frame: wi = v + v,,
CR scattering frequency 7+ = ¢®/(3x+)
@ lab-frame equ'’s for radiation energy and momentum density, ¢ and f/c?
(Mihalas & Mihalas, 1984, Lowrie+ 1999):
%Jrv-f — oV [f—V-(1+P)| + S
10f P= f 1+P S.
Ea‘i’v = —O0s [*V'(é + )]+ aV

=

@ problem: CR lab-frame equation requires resolving rapid gyrokinetics! A"
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Cosmic ray acceleration and transport



Introduction

. CR hydrodynamics
Cosmic ray transport
Observational tests

CR vs. radiation hydrodynamics

@ capitalize on analogies of CR and radiation hydrodynamics (Jiang & oh 2018)
derive two-moment equations from CR Vlasov equation (Thomas & CP 2019)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c?

5 bb

a;r +V fy =—wy- @ . [fcr - Wi(gcl' + PCT)] -V gLorentz+SE
1 of. bb
?T;r +V :Pyg=— @ . [fcr - Wi(&?l' + PCY)] — Giorentz +S¢

Alfvén wave velocity in lab frame: wi = v + v,,
CR scattering frequency 7+ = ¢®/(3x+)

@ lab-frame equ'’s for radiation energy and momentum density, ¢ and f/c?
(Mihalas & Mihalas, 1984, Lowrie+ 1999):

%Jrv-f — oV [f—V-(1+P)| + S
1 of A
o TV P=-0s [f-v:(1+P)]+Sv E
@ solution: transform in comoving frame and project out gyrokinetics! AIP
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Non-equilibrium CR streaming and diffusion

Coupling the evolution of CR and Alfvén wave energy densities
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Non-equilibrium CR streaming and diffusion

Varying damping rate of Alfvén waves modulates the diffusivity of solution

Cosmic ray transport

1Lof — a=1x10"
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< 00
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AIP
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Anisotropic CR streaming and diffusion — AREPO

CR transport mediated by Alfvén waves and coupled to magneto-hydrodynamics

@ CR streaming and diffusion oo
along magnetic field lines in
the self-confinement picture

—0.50

@ moment expansion similar to
radiation hydrodynamics

—0.25

0.00

@ accounts for kinetic physics:
non-linear Landau damping, 025
gyro-resonant instability, . .. 050

@ Galilean invariant and causal 0.75
transport 1.00

—1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00

@ energy and momentum .
Conserving Thomas, Pakmor, CP (in prep.)
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MeerKAT image of the Galactic Center

Haywood+ (Nature, 2019)
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Radio synchrotron harps: the model

Cosmic ray transport

shock acceleration scenario

CRs
A

termination shock

~
contact layer

CRs
I's bow shock

Thomas, CP, EnBlin (2020)
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Radio synchrotron harps: the model

Cosmic ray transport

shock acceleration scenario magnetic reconnection at pulsar wind
T CRs T s
ISM T~» A ISM T~ =
-
~>
termination shock <O termination shock
~ \\—
R contact layer CRs contact layer
I's bow shock

bow shock

Thomas, CP, EnBlin (2020)
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Radio synchrotron harps: the model

shock acceleration scenario CR diffusion vs. streaming + diffusion
— B CRs x10~"2
60
IsM T~ A __ 8qdiffusion
— 261 50
S,
- 20 N
224 40 E
B =
Z 8 {streaming + g
< diffusion 30 2
= 01
termination shock 0
. g
contact layer o
CRs 2}
I's bow shock ©

Thomas, CP, EnBlin (2020)
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Radio synchrotron harps: testing CR propagation

=

Haywood+ (Nature, 2019) ALP
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Radio synchrotron harps: testing CR propagation

lateral radio profiles

4.0 == background e e
signal
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Radio synchrotron harps: testing CR propagation

CR diffusion
4.0 == background T
simulation
3.5 1 .
— signal
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Radio synchrotron harps: testing CR propagation

Cosmic ray transport

CR streaming and diffusion

4.01 = background T
simulation
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— signal
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Conclusions for cosmic ray physics in galaxies

CR acceleration:
@ TeV shell-type SNRs probe magnetic coherence scale in ISM

@ global SNR simulations imply preferred quasi-parallel e
acceleration, more work needed for PIC sim’s of e~ acceleration
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Conclusions for cosmic ray physics in galaxies

CR acceleration:
@ TeV shell-type SNRs probe magnetic coherence scale in ISM

@ global SNR simulations imply preferred quasi-parallel e
acceleration, more work needed for PIC sim’s of e~ acceleration
CR hydrodynamics:
@ moment expansion similar to radiation hydrodynamics

@ novel theory of CR transport mediated by Alfvén waves and
coupled to magneto-hydrodynamics

S
@ synchrotron harps: CR streaming dominates over diffusion E
AIP
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CRAGSMAN: The Impact of - osmic " ys on Calaxy and Clu-ter For!/ /tio

Cosmic ray transport
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