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Finding shocks in MHD simulations

Cosmic-ray shock acceleration X .
Cosmic-ray shock acceleration

Sedov explosions

Magneto-hydrodynamics (MHD) with cosmic rays

MHD — hyperbolic partial differential equations: % +V-.-F=8§,
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Finding shocks in MHD simulations

Cosmic-ray shock acceleration
Cosmic-ray shock acceleration

Sedov explosions

Cosmological moving-mesh code AREPO (springel 2010)
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Finding shocks in MHD simulations

Cosmic-ray shock acceleration X .
Cosmic-ray shock acceleration

Sedov explosions

Shock finder

CP, Pakmor, Schaal, Simpson, Springel (2017)
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Finding shocks in MHD simulations
Cosmic-ray shock acceleration
Sedov explosions

Cosmic-ray shock acceleration

Shock finder
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CP, Pakmor, Schaal, Simpson, Springel (2017)

Voronoi cells belong to shock zone if
@ V - v <0 (converging flow)
@ VT.Vp> 0 (filtering out tangential discontinuities) E

@ My > Mnin (safeguard against numerical noise) AIP
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Cosmic-ray shock acceleration
Sedov explosions

Shock finder and CR acceleration
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Cosmic-ray shock acceleration

O shock zone |

CP, Pakmor, Schaal, Simpson, Springel (2017)

CR acceleration:
@ shock surface: cell with most converging flow
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Finding shocks in MHD simulations
Cosmic-ray shock acceleration
Sedov explosions

Shock finder and CR acceleration
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Cosmic-ray shock acceleration

O shock zone |

CP, Pakmor, Schaal, Simpson, Springel (2017)

CR acceleration:
@ shock surface: cell with most converging flow
@ collect pre- and post-shock energy at shock surface = Egigs E

@ inject AE, = ((My,0) Egiss to shock and 15! post-shock cell AIP
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Finding shocks in MHD simulations
Cosmic-ray shock acceleration
Sedov explosions

Shock finder and CR acceleration

Cosmic-ray shock acceleration

Plot,inil 1
— Ptot |
— Pn
— P

: —
0 .
CP, Pakmor, Schaal, Simpson, Springel (2017)
CR acceleration:
@ shock surface: cell with most converging flow
@ collect pre- and post-shock energy at shock surface = Egigs E
@ inject AE, = ((My,0) Egiss to shock and 15! post-shock cell AIP
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Finding shocks in MHD simulations
Cosmic-ray shock acceleration
Sedov explosions

Shock finder and CR acceleration

Comparing simulations to novel exact solutions that include CR acceleration

Cosmic-ray shock acceleration
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CP, Pakmor, Schaal, Simpson, Springel (2017) AIP
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Finding shocks in MHD simulations
Cosmic-ray shock acceleration
Sedov explosions

Shock finder and CR acceleration

Comparing simulations to novel exact solutions that include CR acceleration

Cosmic-ray shock acceleration
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Finding shocks in MHD simulations
Cosmic-ray shock acceleration
Sedov explosions

Shock finder and CR acceleration

Comparing simulations to novel exact solutions that include CR acceleration

Cosmic-ray shock acceleration
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Cosmic-ray shock acceleration
Sedov explosions

Shock finder and CR acceleration

Cosmic-ray shock acceleration

CP, Pakmor, Schaal, Simpson, Springel (2017)
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Finding shocks in MHD simulations
Cosmic-ray shock acceleration
Sedov explosions

Shock finder and CR acceleration

Cosmic-ray shock acceleration

CP, Pakmor, Schaal, Simpson, Springel (2017)

CR acceleration:

@ shock surface: cell with most converging flow along VT
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Finding shocks in MHD simulations
Cosmic-ray shock acceleration
Sedov explosions

Shock finder and CR acceleration

Cosmic-ray shock acceleration

CP, Pakmor, Schaal, Simpson, Springel (2017)

CR acceleration:

@ shock surface: cell with most converging flow along VT
@ collect pre- and post-shock energy at shock surface _E

@ inject CR energy to shock and post-shock cell AIP
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Finding shocks in MHD simulations
Cosmic-ray shock acceleration
Sedov explosions

Shock finder and CR acceleration

Cosmic-ray shock acceleration

10%
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1073
CP, Pakmor, Schaal, Simpson, Springel (2017)

CR acceleration:

@ shock surface: cell with most converging flow along VT
@ collect pre- and post-shock energy at shock surface _E

@ inject CR energy to shock and post-shock cell AIP
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Finding shocks in MHD simulations

Cosmic-ray shock acceleration

Cosmic-ray shock acceleration
Sedov explosions

Sedov explosion

density specific thermal energy
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. . Finding shocks in MHD simulations
Cosmic-ray shock acceleration -

Cosmic-ray shock acceleration
Sedov explosions

Sedov explosion with CR acceleration

density specific cosmic ray energy
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Cosmic-ray shock acceleration

Finding shocks in MHD simulations

Cosmic-ray shock acceleration
Sedov explosions

Sedov explosion with CR acceleration

adiabatic index v
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Setup
Protons and hadronic emission

Supernova simulations

Electrons and leptonic emission

Global MHD simulations of SNRs with CR physics

w0 @ detect and characterize shocks
and jump conditions on the fly

3.0
2.5
20 &
1.5
1.0
0.5
Mach number finder with CRs
CP+ (2017) _E

AIP
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Setup
Protons and hadronic emission

Supernova simulations . )
Electrons and leptonic emission

Global MHD simulations of SNRs with CR physics

11 @ detect and characterize shocks

%= —— simulated . .
os] T === theorical and jump conditions on the fly
%
08 h o M=10
07 S MIH @ measure and
§0,6
Sos
0.4
0.3
0.2
0.1
0.0 ——— b
0 10 20 30 40 50 60 70 80

6 (deg)

obliquity-dep. acceleration efficiency

Pais, CP+ (2018) based on
hybrid PIC sim.s by Caprioli & Spitkovsky (2015)
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. . Protons and hadronic emission
Supernova simulations

Electrons and leptonic emission

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) _E
AIP
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Setup
Protons and hadronic emission
Electrons and leptonic emission

Global MHD simulations of SNRs with CR physics

Supernova simulations

@ detect and characterize shocks

o | totalray IC (CMB) and jump conditions on the fly
& — = hadr. y-ray -+ IC (IR)
g -+ lept. y-ray (IC) -+ IC (stars) @ measure and
% 10-12 4
S 10 @ inject and transport CR protons
% = dynamical back reaction on

rota e : LI 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+ (2019, 2020)

AIP
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Protons and hadronic emission
Electrons and leptonic emission

Supernova simulations

Hadronic TeV ~ rays: SN 1006
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Protons and hadronic emission
Electrons and leptonic emission

Hadronic TeV ~ rays: SN 1006

Supernova simulations

observation sim. 6p/p =0, 6 = 10°
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Protons and hadronic emission
Electrons and leptonic emission

Hadronic TeV ~ rays: Vela Jr. and RXJ 1713

x10-1°

Supernova simulations
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Setup
Protons and hadronic emission
Electrons and leptonic emission

TeV ~ rays from shell-type supernova remnants

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

Supernova simulations

Dec [deg] A = 50 pe A = 100 pe A = 200 pe
1.5
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Setup
Protons and hadronic emission
Electrons and leptonic emission

TeV ~ rays from shell-type supernova remnants

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

Supernova simulations

A = 100 pe

Dec [deg] A = 50 pe
11.50

SN1006

0.0

133
RA [deg]

Pais, CP+ (2020)

134133 132 5
RA [deg] RA [deg]

= Correlation structure of patchy TeV ~-rays constrains magnetic —
coherence scale in ISM:
SN 1006: A\g >200733 pc  Vela Junior: Ag = 137}3, pc AIP
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Protons and hadronic emission

Supernova simulations . .
Electrons and leptonic emission

CREST - Cosmic Ray Electron Spectra evolved in Time

*~ CREST code (Winner, CP+ 2019)

@ post-processing MHD simulations

o g,

@ on Lagrangian particles

mesh poin‘t\‘vp

e adiabatic processes

@ Coulomb and radiative
losses

e Fermi-| (re-)acceleration

1072 . .
o Fermi-ll reacceleration
107 e secondary electrons
S 107 A
w107 e | LINK t0 Observations
10710 + .
@ radio synchrotron A
10712 r r r r
1072 10° 102 104 106 108 . Bl
normalized momentum p = P/(meC) o Inverse Compton (IC) "}/'ray AIP
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Supernova simulations . .
Electrons and leptonic emission

Electron cooling time scales

Complementing the numerics with analytical solutions in the limiting regimes

\~ Y
)’ Y .
100 ~ s T=p/pp)
-1 Y
N, synchrotron
\\

_— T inverse Compton
>} Y
O 4 AN
€ 103
= 1077 1
Q
w0
& i
g
s 4

10_6 -

analytic numerics analytic
1 T 1 1
1072 100 102 10 106 108 B
normalized momentum p = P/(mec) g
Winner, CP+ (2019) AIP
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Protons and hadronic emission
Electrons and leptonic emission

Supernova simulations

Cooling electron spectra
Freely cooling spectra vs. steady state solution

4 |
" semi analytic — O0Myr 10 semi analytic —— 1Myr
10° 1 = full numerics —— 1Myr = full numerics —— 10Myr
102 - ---- steady state —— 100 Myr
1Gyr
S
= 100
2
10—2 .
analytic numeric% analyttic g analytic  numerics analytic
1075 +—£ : : = 107 . . .
107 10! 103 105 107 1071 10! 103 105 107

normalized momentum p = P/(mec) normalized momentum p = P/(mec)

Winner, CP+ (2019)

@ freely cooling solution develops cutoffs: numerical solution more
diffusive in extreme energy regimes F

@ steady state spectrum approaches analytical solution AIP
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Protons and hadronic emission

Supernova simulations . .
Electrons and leptonic emission

Sedov—Taylor blast wave: spectral evolution

10!

3 4 \
---- solution s tracer particles 10 — fot —— pre-shock

—— 10kyr

gas 4w .
60 kyr

F o -1 ]
100 : Sead 1o 100kyr

uu 10—3 4
. 10-5 v
10! —L 2 4 . 107
10

20 30 40 1073 107! 10! 10® 10° 107 10°
radius (pc) normalized momentum p = P/(meC)

Ngas (cm~3)
p2 2 Vifi(p)

Winner, CP+ (2019)
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Protons and hadronic emission

Supernova simulations . .
Electrons and leptonic emission

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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Protons and hadronic emission

Supernova simulations . .
Electrons and leptonic emission

SN 1006: CR electron acceleration models

3 quasi-parallel
,\; constant
~ . .
) = quasi-perpendicular
3; 10[)
g
€
[}
s
15)
< 107" 4
T T T T
0 20 40 60 80

magnetic obliquity 6 (°)
Winner, CP+ (2020)

@ different obliquity dependent electron acceleration efficiencies:
1. preferred quasi-perpendicular acceleration (PIC simulations) _E
2. (a straw man’s model)
3. preferred quasi-parallel acceleration (like CR protons) ATP

Christoph Pfrommer Cosmic-ray shock acceleration and transport
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Supernova simulations . .
Electrons and leptonic emission

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) radius (arcmin)

AIP
Winner, CP+ (2020)
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Protons and hadronic emission
Electrons and leptonic emission

CR electron acceleration: constant efficiency

Supernova simulations

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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Protons and hadronic emission
Electrons and leptonic emission

CR electron acceleration: quasi-parallel shocks

Supernova simulations

radio (1.4 GHz) Xray (0.8 — 2.0keV)

x10~-2 x10~4

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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Protons and hadronic emission
Electrons and leptonic emission

Supernova simulations

SN 1006: multi-frequency spectrum

108
— total spectrum Lo-11 — total y-ray 1C (CMB)
O‘T 1079 4 == hadr. y-ray o‘”f == hadr. y-ray <o+ IC (IR)
g 0 + lept. y-ray (IC) g + lept. y-ray (IC) <eer IC (stars)
~ 10 E -
‘:/: “/1 10712 .
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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Protons and hadronic emission
Electrons and leptonic emission

SN 1006: multi-frequency spectrum

Supernova simulations

108
— total spectrum Lo-11 — total y-ray 1C (CMB)
O‘T 1079 4 == hadr. y-ray o‘”f == hadr. y-ray <o+ IC (IR)
g 0 + lept. y-ray (IC) g + lept. y-ray (IC) <eer IC (stars)
~ 10 E -
‘:/: “/1 10712 .
2 0-11 4 20
< L
3 3
= 10-12 4 =
') —13 4
2 / g 10
T 10713 4 4 B
1
] Y
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 AIP
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Protons and hadronic emission
Electrons and leptonic emission

Steady-state vs. evolved CR electron spectra

3D MHD-CR simulations of isolated forming galaxies with evolving electron spectra

Supernova simulations

—— FOREST, 587 Myr

" , n s [/ , Al .
101 10! 10° 10° 107 101 10! 10° 10° 107
normalized momentum p = P/(mec) normalized momentum p = P/(mec)

a

Werhahn+ (in prep.): PRELIMINARY AIP
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Protons and hadronic emission
Electrons and leptonic emission

Supernova simulations

Steady-state vs. evolved CR electron spectra

3D MHD-CR simulations of isolated forming galaxies with evolving electron spectra

. ate N —— FOREST 587 Myr
107 F 1079+
= 125 5
& 100 £
i 75 3
50 &
7 25 4
s prsg . AN 4
10-1 10! 10° 0% 107 107! 10t 10° 10° 107 g
normalized momentum p = P/(mec) normalized momentum p = P/(mec)
E [eV]
0% 100" 107 100° 100 107! 10! 10% 10° 107 107 10!t 1013
T T T
10! £ —  synchrotron 4
bremsstrahlung
0L — 1C

10° 10° 108 1010 1012 101 1016 1018 1020 1022 102 1020 0%
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Werhahn+ (in prep.): PRELIMINARY AIP

Cosm y shock acceleration and transpor



Setup
Protons and hadronic emission
Electrons and leptonic emission

Steady-state vs. evolved CR electrons: emission ma

3D MHD-CR simulations of isolated forming galaxies with evolving electron spectra

Supernova simulations

radio (1.4 GHz) X-ray (1.0 — 2.0keV) Leptonic y-ray (E > 500.0 GeV)
20

Werhahn+ (in prep.): PRELIMINARY AIP

Cosmic-ray shock acceleration and transpo
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Supernova simulations . .
Electrons and leptonic emission

Conclusions for cosmic ray physics in galaxies

CR physics tools:
@ Shock finder enables CR acceleration in MHD simulations

-] extensions
to 2-moment spectral and spatial CR transport (Timon Thomas)

@ CR electron spectral transport (CREST): multi-frequency spectra
and emission maps

a

AIP
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Protons and hadronic emission

Supernova simulations . .
Electrons and leptonic emission

Conclusions for cosmic ray physics in galaxies

CR physics tools:
@ Shock finder enables CR acceleration in MHD simulations

-] extensions
to 2-moment spectral and spatial CR transport (Timon Thomas)

@ CR electron spectral transport (CREST): multi-frequency spectra
and emission maps
CR acceleration:
@ TeV shell-type SNRs probe magnetic coherence scale in ISM
@ hybrid-PIC simulations of p* acceleration agree with global SNR

simulations

@ global SNR simulations imply preferred quasi-parallel e~ SN
acceleration: new intermediate instability modifies physics of e~ E
acceleration (Mohamad Shalaby) AIP

Christoph Pfrommer Cosmic-ray shock acceleration and transport
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Electrons and leptonic emission

CRAGSMAN: The Impact of © osmic " "ys on alaxy and Clu-ter For!/ /tio

Supernova simulations

i L £ ; : 3 P =
This.pré_ject has reeeived fundfng from the 'I‘Eufopean Reséarch éounsil (ERC) under theiEUrop_e'a'n
Union’s Horizon 2020 research and.inno'vation program (grant agre_ement No CRAGSMAN-646955).
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Supernova simulations . .
Electrons and leptonic emission
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