TAIP Potsdam, 2MPA Garching, 3U of Chicago
Cosmic turbulence and magnetic fields, Corsica 2019
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Cosmic ray acceleration Introduction
Cosmic ray transport Sedov explosion
Cosmic ray feedback Proton acceleration

Do cosmic rays matter in galaxy formation?

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



Cosmic ray acceleration Introduction
Sedov explosion
Proton acceleration

Puzzles in galaxy formation

giant elliptical galaxy

spiral galaxy
dwarf galaxy
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Puzzles in galaxy formation

giant elliptical galaxy

spiral galaxy
dwarf galaxy

- SIS ETTTTIITIIIIT 20% of baryons |

(2]

©

€

o

T -20

=

8

£ stellar

5 -25 feedback

B _E
s . ‘ ‘ Moster+l(2010) _Ex

12 13 14 AIP
log( halo mass )

Cosmic rays magnetic fields in galaxies



Cosmic ray acceleration Introduction
Sedov losion
Proton acceleration

Puzzles in galaxy formation

giant elliptical galaxy

spiral galaxy
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Cosmic ray acceleration Introduction
Sedov explosion
Proton acceleration

How are galactic winds driven?

@ thermal pressure provided by
supernovae or AGNs?

@ radiation pressure and
photoionization by massive
stars and QSOs?

@ cosmic-ray pressure and Alfvén
wave heating of CRs
NASA/JPL-Caltech/STScl/GXC/UofA accelerated at supernova
super wind in M82 shocks?

=

AIP
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Cosmic ray acceleration Introduction
Sedov explosion
Proton acceleration

Galactic cosmic ray spectrum

10" Cosmic Ray @ spans more than 33 decades in
o energy spectrum .
10 1 m2s! flux and 12 decades in energy
10° 89% protons
% *| 113 ” H H H

e R o e ) ) kne_e indicates characterl_stlc
i maximum energy of galactic
" accelerators
‘E’ IO-IZ -2 -l
S s 'm’ @ CRs beyond the “ankle” have

o extra-galactic origin

102!

1o 1 km?2yr!

107

107 10" 10® g0 107 10 0¥
E (eV)

=

data compiled by Swordy
AIP
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Cosmic ray acceleration Introduction
Sedov explosion
Proton acceleration

Galactic cosmic ray spectrum

10" Cosmic Ray @ spans more than 33 decades in
enet spectrum .

10 e flux and 12 decades in energy

10° 89% protons i ) . .

. R o e ) @ “knee” indicates characteristic
3 . maximum energy of galactic
" accelerators
‘E’ IO-IZ -2 -l
S s 'm’ @ CRs beyond the “ankle” have

o extra-galactic origin

1o - @ energy density of cosmic rays,

10% i magnetic fields, and turbulence

107 in the interstellar gas all similar

107 10t 10 q0t g7 10”10
E(eV) SN
data compiled by Swordy E

AIP
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Cosmic ray acceleration Introduction
Sedov explosion
Proton acceleration

How are galactic winds driven?

@ thermal pressure provided by
supernovae or AGNs?

@ radiation pressure and
photoionization by massive
stars and QSOs?

@ cosmic-ray pressure and Alfvén
wave heating of CRs
NASA/JPL-Caltech/STScl/GXC/UofA accelerated at supernova
super wind in M82 shocks?

observed energy equipartition between cosmic rays, thermal gas and

magnetic fields not a coincidence SN

— suggests self-regulated feedback loop with CR driven winds E
AIP

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



Cosmic ray acceleration Introduction
Sedov explosion
Proton acceleration

Outline

0 Cosmic ray acceleration
@ Introduction
@ Sedov explosion
@ Proton acceleration

9 Cosmic ray transport
@ The picture
@ CR hydrodynamics
@ Numerical solutions

e Cosmic ray feedback
@ Modeling physics
@ Galaxy simulations
@ Cosmological simulations

=

AIP

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



Cosmic ray acceleration
Sedov explosion

Cosmological moving-mesh code AREPO (springel 2010)
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Cosmic ray acceleration Introduction
Sedov explosion
Proton acceleration

Sedov explosion

density specific thermal energy

0.0
0.0 0.2

CP+ (2017a) E

Cosmic rays and magnetic fields in galaxies



Cosmic ray acceleration Introduction
Sedov explosion
Proton acceleration

Sedov explosion with CR acceleration

density specific cosmic ray energy
4.8 10°
4.2 2
10
3.6
10"
3.0
24 % 10°
18 1
10°
12
107
0.6
02 10°
CP+ (2017a) E
AIP
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Cosmic ray acceleration Introduction
Sedov explosion
Proton acceleration

Sedov explosion with CR acceleration

adiabatic index shock evolution
T T T T T 0.5 T T T T
— 7h =5/3 t=0.1
— Yer=4/3
1.7 - —  ~eft, CR inj., 100® - 04l ]
=
% 1.6 | i
K 0.3 - -
=) X
k| ]
g 15 1 £
s &
- 0.2 - -
T 14 i
— v =5/3, exact
— 5 =17/5, exact
13l i 0.1 ® @ y=5/3 100° |
® @ CR inj., 100°
O O CR inj., 50°
1.2 1 1 1 1 1 1 1 0.0 1 1 1 1 1
0.10 015 020 025 030 035 040 045 0.50 0.00 0.02 0.04 0.06 0.08 0.10
radius time
N
CP+ (2017a)

AIP
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tion

Cosmic ray acceleration

Proton acceleration

lon spectrum

Non-relativistic parallel shock in long-term hybrid simulation

10’ ¢ 4
. I . .
50 300 550 800 1050 1300 1550 1800 2050]
0
10° k ]
S 10 Maxwellian at ~ S0%T, 3
“ 0
107°
107 107 10 10’ 10° 10’
E/E,

Caprioli & Spitkovsky (2014)

@ quasi-parallel shocks (B || ns) accelerate ions
@ quasi-perpendicular shocks (B L ns) cannot _E
@ model magnetic obliquity in AREPO simulations -

Cosmic rays magnetic fields in galaxies




Cosmic ray acceleration Introduction
Sedov explosion
Proton acceleration

TeV ~ rays from shell-type SNRs: SN 1006

AREPO simulation H.E.S.S. observation

SN1006 (sim.) SN1006 (obs.)

Pais, CP (in prep.)

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



Cosmic ray acceleration Introduction
Sedov explosion
Proton acceleration

TeV v rays from shell-type SNRs: Vela Junior

AREPO simulation H.E.S.S. observation

Vela Jr. (sim.) Vela Jr. (obs.)

Pais, CP (in prep.)

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



Cosmic ray acceleration

Introduction
Sedov explosion
Proton acceleration

TeV ~ rays from shell-type supernova remnants

Varying magnetic coherence scale in simulations of SN1006 and Vela Junior

Dec [deg Ag = 50 pe Ag = 100 pc Ag = 200 pc
—41.50

x10~°
SN1006

—42.00

226.25 00 225.75 00 25 226.25 00 22
Dec [deg Mg = L/5 =4 pc

Xs =L/

0.0
22625 .00 225 5

©

S0y [phem™? s

133 132 131

A e R ¥ e
Pais, CP, Ehlert, Werhahn (2019) E
SNR 1006: A\g > 20073 pc  Vela Junior: \g = 8"% pc AIP

hristoph Pfromm

Cosmic rays a

magnetic fields in galaxies



The picture
Cosmic ray transport CR hydrodynamics

Numerical solutions

Cosmic ray transport: an extreme multi-scale problem

W\
(Q)

Milky Way-like galaxy: gyro-orbit of GeV cosmic ray:

Fea ~ 10° po o= P 1070 pe | A

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

Zweibel (2017), Jiang & Oh (2018), Thomas & CP (2019) e

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob

a

AIP

Cosmic rays a agnetic fields in galaxies



The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob

@ gyro resonance: w — k“ V| = nQ
Doppler-shifted MHD frequency is a multiple of the CR gyrofrequency E

AIP

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

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 AP

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

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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The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

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

=

AIP
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The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

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

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

Analogies of CR and radiation hydrodynamics

CRs and radiation are relativistic fluids

regime CR transport radiation HD analogy
e tangled B, CR diffusion diffusive transport
strong scattering in clumpy medium
e resolved B, CR streaming Thomson scattering (7 > 1)
strong scattering | with v, — advection with v
e weak scattering | CR streaming flux-limited diffusion/
and diffusion M1 closure (1 2 1)
e no scattering CR propagation | vacuum propagation
with ¢

Jiang & Oh (2018), Thomas & CP (2019)

a

AIP
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The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

Analogies of CR and radiation hydrodynamics

CRs and radiation are relativistic fluids

regime CR transport radiation HD analogy
e tangled B, CR diffusion diffusive transport
strong scattering in clumpy medium
e resolved B, CR streaming Thomson scattering (7 > 1)
strong scattering | with v, — advection with v
e weak scattering | CR streaming flux-limited diffusion/
and diffusion M1 closure (1 2 1)
e no scattering CR propagation | vacuum propagation
with ¢

Jiang & Oh (2018), Thomas & CP (2019)
but: CR hydrodynamics is charged RHD F
— take gyrotropic average and account for anisotropic transport S

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

CR vs. radiation hydrodynamics

@ Alfvén wave velocity in lab frame: wiL = v + v,,
CR scattering frequency 7+ = ¢2/(3k+)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c®
(Thomas & CP 2019):

Occr _ . bb

: [fCr — Wy (EC" + PCT)] -V gLorentz+SE

ot 3K+
1 of; bb
2 a;r +V . Py =— 3ny  [for — Waleer + Por)l — Gl +5r

=

AIP
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The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

CR vs. radiation hydrodynamics

@ Alfvén wave velocity in lab frame: wiL = v + v,,
CR scattering frequency 7+ = ¢2/(3k+)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c®
(Thomas & CP 2019):

d bb
= +V ol =Wy o [for = Wi(eor + Por)l = V* Gloreni +S=
at 3rit

1 0f bb

= a;r +V . Py=— @ [for — waleor + Por)]l = Gioreny  +S¢

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

%+V-f:—asv-[f—v-(s1+P)]+Sa
la—erV-P:fas [f—v-(e1+P)]+ Sav A
c2 ot E

AIP
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The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

CR vs. radiation hydrodynamics

@ Alfvén wave velocity in lab frame: wiL = v + v,,
CR scattering frequency 7+ = ¢2/(3k+)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c®
(Thomas & CP 2019):

d bb
= +V ol =Wy o [for = Wi(eor + Por)l = V* Gloreni +S=

at 3r+

1 0f bb
= a;r +V . Py=— @ [for — waleor + Por)]l = Gioreny  +S¢

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

%+V-f:—asv-[f—v-(s1+P)]+Sa
la—erV-P:fas [f—v-(e1+P)]+ Sav A
c2 ot g

@ problem: CR lab-frame equation requires resolving rapid gyrokinetics! ~ AIP

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

Alfvén-wave regulated CR transport

@ comoving equ’s for CR energy and momentum density, e and f5/c?
and Alfvén-wave energy densities ¢, + (Thomas & CP 2019)

0
g;r +V. [V(Ecr + Pcr) + bfcr] =V -VFPy
Va
- m [fcr - Va(Ecr + Pcr)] + [fcr + Va(Ecr + Pcr)]
Ofy/C?
a/t +v. (vfcr/cz) 4 b-VPy=—(b-VV)-(bfy/c?)
1
- m [fcr - Va(€cr + Pcr)] [fcr + Va(&‘cr + Pcr)]
ai;i +V [V(gai+Pai)iV1b5ai] =V- VPai

=

+ 3 N [fcr F Valeer + Per)] — Sa+-
AIP
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The picture
Cosmic ray transport CR hydrodynamics

Numerical solutions

Non-equilibrium CR streaming and diffusion

Coupling the evolution of CR and Alfvén wave energy densities

1.00 10-5
t=0.00 10-0
0.75 107"
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5 0.50 £10-10
“ 101
oE 1012
0.25 10-13
101
0.00 10~
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10-6
- 1077
0.25 10-8
1070
£ 0.00 1010
2101
. 10-12
—0.25 10-13

10 L} N

~0.50 10-15 G

—1.0 —0.5 0.0 0.5 1.0 —-1.0 —0.5 0.0 0.5 1.0
T T

Thomas & CP (2019)

)
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The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

Non-equilibrium CR streaming and diffusion

Varying damping rate of Alfvén waves modulates the diffusivity of solution

1076 &
1077
1078
& § 1070
10710
101
10712
— a=1x10"
1.0F a=1x 10-6 ]
— a=5x10!
— a=1x10" 10-7
0.5
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£ 00 § 1070
wim
—0.5 T
10-! g
1.0 10-12 =
. 06 -04 -02 00 02 04 06 AIP
T = Thomas & CP (2019)
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The picture
Cosmic ray transport CR hydrodynamics
Numerical solutions

Anisotropic CR streaming and diffusion — AREPO

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

@ CR streaming and diffusion 100
along magnetic field lines in
the self-confinement picture

—0.75

—0.50 3.00

@ moment expansion similar to
radiation hydrodynamics

—0.25

0.00 2.00

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

1.50

1.00
0.75

@ Galilean invariant and causal 0.75
transport Lo

—1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1..00

0.

@ energy and momentum )
ConserViﬂg Thomas, Pakmor, CP (in prep.) ﬁ

AIP
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Modeling physics
€] simulations
Cosmic ray feedback Cosmological simulations

Simulations — flowchart

observables: physical processes:

X-ray, Ha, HI, ...
emission

stellar
spectra

loss processes
gain processes
observables

CP+ (2017a) — populations AIP

=
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Modeling physics

Cosmic ray feedback

Simulations with cosmic ray physics

observables: physical processes:

> super-
-

X-ray, Ha, HI, ...
emission

stellar
spectra

loss processes
gain processes
observables

CP+ (2017a) — populations AIP

=
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Modeling physics

Cosmic ray feedback

Simulations with cosmic ray physics

observables: physical processes:

-‘/- =
super-

-_>

]

loss processes A
gain processes

observables —
CP+ (2017a) — populations AIP

X-ray, Ha, HI, ...
emission

stellar
spectra

Cosmic rays magnetic fields in galaxies



Cosmic ray feedback

Simulations with cosmic ray physics

observables: physical processes:

B
super-
Pt~ 5 (oo

<=

loss processes _E

X-ray, Ha, HI, ...
emission

stellar
spectra

radio
synchrotron

gamma-ray
emission

gain processes
observables
CP+ (2017a) — populations AIP

Cosmic rays and magnetic fields in galaxies



Cosmic ray acceleration Modeling physics
Cosmic ray transport Galaxy simulations
Cosmic ray feedback Cosmological simulations

Gamma-ray emission of the Milky Way

Gammarray
Space Teescope

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies
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Cosmic ray acceleration Modeling physics
Cosmic ray transport Galaxy simulations
Cosmic ray feedback Cosmological simulations

Galactic wind in the Milky Way?

Fermi gamma-ray bubbles

- Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al.

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

Galaxy simulation setup: 1. cosmic ray advection

CP, Pakmor, Schaal, Simpson, Springel (2017a)
Simulating cosmic ray physics on a moving mesh

MHD + cosmic ray advection: {10'°,10",10'2} M, AIP

=

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



Modeling physics
Galaxy simulations

Cosmic ray feedback Cosmological simulations

Time evolution of SFR and energy densities

T T T T
,f without CRs —  Mago = 10'2M,,
107 —  with CRs Mo = 10" My, 3
— My =10""M,
oo T TR T
= 2
O 20
=
% 100 & 1 =
'3 I
................. — (o) — Mwo=10"M, ]
107V N T - - (€r Moo = 10" M,
. (€8) — Moo =10""M;
Il Il Il Il -
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
time [Gyr] time [Gyr]

CP+ (2017a)

@ CR pressure feedback suppresses SFR more in smaller galaxies —
@ energy budget in disks is dominated by CR pressure E
@ magnetic dynamo faster in Milky Way galaxies than in dwarfs

Cosmic rays and magnetic fields in galaxies

Christoph Pfrommer




Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

MHD galaxy simulation without CRs

& [erg pe™] VB [4G]

10 104 10 1072 107! 10°
Moo = 10! Mo, forming dis

x [kpe] x [kpe]

CP+ (2017a)
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Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

MHD galaxy simulation with CRs

£er [erg pe] VB2 1G]

107! 102 104 104 101072 107! 10°
= 1.5 Gyr, Magg = 10'! M, forming disk with CR acceleration at SNe

5 0
x [kpe] x [kpe]

CP+ (2017a)
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Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

Galaxy simulation setup: 2. cosmic ray diffusion

Pakmor, CP, Simpson, Springel (2016)
Galactic winds driven by isotropic and anisotropic cosmic ray diffusion F
in isolated disk galaxies

MHD + CR advection + diffusion: 10'" My, AP

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

MHD galaxy simulation with CR diffusion

—100 —50 -30 —10

5 10 30 50 100
Anisotropic Diffusion

No Diffusion

z [kpe]
z [kpe]
z [kpe]

—10 -5 0 5‘ 10 —10 =5 0 ; Al()

x [kpc]
Pakmor, CP, Simpson, Springel (2016)
@ CR diffusion launches powerful winds

B
@ simulation without CR diffusion exhibits only weak fountain flows E

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

Cosmic ray driven wind: mechanism

Eﬁ
gas dominated
VFoa+ VB > pVe
< outflow outflow )
gas dominated ___gas |
CR streaming in 3D simulations: Uhlig, CP+ (2012), Ruszkowski+ (2017) A
CR diffusion in 3D simulations: Jubelgas+ (2008), Booth+ (2013), Hanasz+ (2013), E
Salem & Bryan (2014), Pakmor, CP+ (2016), Simpson+ (2016), Girichidis+ (2016), AIP

Dubois+ (2016), CP+ (2017b), Jacob+ (2018)

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

winds: dependence on halo mass

T T T T T T T T T T T T T 300
80 [ Halo 10.0 - Halo 10.5 4 Halo11.0 1
250
40 T T B 200
B -
2 of ® 1+ ® 1F 2 150
N
—40 | 4k I J 100
50
-80 - levels = 1, 10 My pe~] 3,307 10, 100 7] =
! h L ! ! ! 1 ! h ! L ! ! £
: T T T : T T 02
E I Halo 13.0 B &
=50
7 r 7 -100
5 A
g g - IS o e S -150
<
=2
ol | | | 200
-250
-80 | 30, 3007 100, 1000
! I nS ! L !

-80 -40 0 40 80
x (kpe)




Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

CR-driven winds: suppression of star formation

10° T T T T
= 0
s
CRes, aniso. diff
V—¥  empiric model
1072 | — Behroozi+2013
| | |
1010 10" 1012 1013
My (MO)

Jacob+ (2018)

a

AIP
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Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

Galaxy simulation setup: 3. non-thermal emission

CP, Pakmor, Simpson, Springel (2017b, in prep.) —
Simulating radio synchrotron and gamma-ray emission in galaxies E

MHD + CR advection + diffusion: {10'°,10"",10'2} Mg, AIP

Christoph Pfrommer Cosmic rays and magnetic fields in galaxies



Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

Simulation of Milky Way-like galaxy, t = 0.5 Gyr

[erg cm’"|

1074 1073 1072 107" 10-1 1072 107! 10°
Voo = 1012 Mo, anisotropic CR diffusion

e

0 0 20 0
x [kpe] x [kpe]

CP+ (2017b, in prep.)
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Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

Simulation of Milky Way-like galaxy, t = 1.0 Gyr

[erg cm™3) \/]? [1G

1072 107! 107" 10-1 1072 107! 10°
Voo = 1012 Mo, anisotropic CR diffusion

0 0 20 0
x [kpe] x [kpe]

CP+ (2017b, in prep.)
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Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

~-ray and radio emission of Milky Way-like galaxy

S0, lergem™ S 1.4GHz [m]y arcmin™2 Hz™']

1078 1077 1076 1072 107 1072 1071 10° 10" 10> 10°
Voo = 1012 Mo, anisotropic CR diffusion

0 0 20 0
x [kpe] x [kpe]

CP+ (2017b, in prep.)
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Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Lg—1000 um [Lo)]

107 108 10° 1010 101t 1012
T T T T T T
1043 | O LAT non-detected with AGN (upper limit) 4
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> 1040 | s D* L v i
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I 11§
o
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Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Lg—1000 um [Lo)]

107 108 10° 1010 101t 1012
T T T T T T

1043 | O LAT non-detected with AGN (upper limit) 4

©  LAT non-detected (upper limit) o

= LAT detected with AGN

® LAT detected 1
1042 | best fit

fit uncertainty
m  CRdiff, 10'° M on

e CRdiff, 10" Mg

10" o CR diff, 102 Mg, o © E
0, 4
T
1040 L cg?* ::"Mw i
e
a
®
1030 | 87§ 4
woid
o
10% | - J
n
» e
| |
1037 | ' —— sue 4
[} SN
Il Il Il Il Il
103 102 101 10° 10! 102 10® E
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Modeling physics
Galaxy simulations
Cosmic ray feedback Cosmological simulations

Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays
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Cosmic rays in cosmological galaxy simulations

The galaxy formation model
primordial and metal line cooling
sub-resolution model for star formation (Springel+ 03)

mass and metal return from stars to ISM
cold dense gas stabilised by pressurised ISM

thermal and kinetic energy from supernovae modelled
by isotropic wind — launched outside of SF region

black hole seeding and accretion model (Springel+ 05)

thermal feedback from AGN in radio and quasar mode

uniform magnetic field of 10~ 10 G seeded at z = 128

Simulation suite (Buck, cP+ 2019)

@ 2 galaxies, baryons with 5 x 10* Mg ~ 5 x 10°
resolution elements in halo, 2 x 10° star particles

@ 4 models with different CR physics for each galaxy: i
@ noCRs \t A
@ CR advection E
@ -+ CR anisotropic diffusion ==
@ + CR Alfvén wave cooling AIP

The Auriga Project Grand+ (2017)
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Cosmic rays in cosmological galaxy simulations

Auriga MHD models: CR transport changes disk sizes

AuCRdiff AUCRadv -

100

100
X =P/ Py,

10

Buck, CP, Pakmor+ (2019) AIP
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Cosmic rays in cosmological galaxy simulations
Auriga MHD models: CR transport modifies CGM flow structure

10° 10t

Pee+ Pin)/Pan, r

J Au it
A

= [kpe]

i / i
=Y é‘@)
-200 -100 O 100 200 -200 -100 O 100 200

z [kpc] z [kpc]
Buck, CP, Pakmor+ (2019)

0 100 200 -200 -100 O 100 200
o [kpe]

o [kpe]

@ noCR and CRdiffalfven simulations: gas is accreted outside the wind
cones from large distances (blue streamlines)

@ CRadv and CRdiff simulations: more spherically symmetric outflows
(red streamlines) and CR pressurised gaseous haloes held up the gas AP
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Cosmic rays in cosmological galaxy simulations

Auriga MHD models: CR transport modifies the circum-galactic medium
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Conclusions for cosmic ray physics in galaxies

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

) with
prescriptions from plasma sim’s of p™ acceleration
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Conclusions for cosmic ray physics in galaxies

CR acceleration:
@ TeV shell-type SNRs probe magnetic coherence scale in ISM
o with
prescriptions from plasma sim’s of p™ acceleration
CR hydrodynamics:
@ moment expansion similar to radiation hydrodynamics

@ novel theory of CR transport mediated by Alfvén waves and
coupled to magneto-hydrodynamics
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Conclusions for cosmic ray physics in galaxies

CR acceleration:
@ TeV shell-type SNRs probe magnetic coherence scale in ISM
) with
prescriptions from plasma sim’s of p™ acceleration
CR hydrodynamics:
@ moment expansion similar to radiation hydrodynamics
@ novel theory of CR transport mediated by Alfvén waves and
coupled to magneto-hydrodynamics
CR feedback in galaxy formation:

@ CR feedback drives galactic winds & slows down star formation

=

@ CRs modify disk sizes and the circumgalactic medium AIP
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CRAGSMAN: The Impact of - osmic " ys on Calaxy and Clu-ter For!/ /tio

*
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Union’s Horizon 2020 research and_inno\/ation program (grant agreement No CRAGSMAN-646955).‘
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Literature for the talk — 2

Cosmic ray feedback in galaxies:
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anisotropic cosmic ray diffusion in isolated disk galaxies, 2016, ApJL.

@ Pfrommer, Pakmor, Schaal, Simpson, Springel, Simulating cosmic ray physics on
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