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Introduction Puzzles
Computational methods Cosmic rays
Galaxy formation simulations CR transport

Puzzles in galaxy formation
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Introduction Puzzles
Cosmic rays
CR transport

Puzzles in galaxy formation
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dwarf galaxy
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Puzzles in galaxy formation
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Introduction Puzzles
Cosmic rays
CR transport

Puzzles in galaxy formation

giant elliptical galaxy

spiral galaxy

dwarf galaxy
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(2]
]
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3 ]
% stellar feedback by
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Introduction Puzzles
Cosmic rays
CR transport

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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Introduction Puzzles
Cosmic rays
CR transport

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 BN

— suggests self-regulated feedback loop with CR driven winds E
AIP
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Introduction Puzzles
Cosmic rays
CR transport

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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Introduction Puzzles
Cosmic rays
CR transport

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 i .
R o e ) @ “knee” indicates characteristic
- 10* . .
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
10 10’ 10 10 107 10" e
E (V) SN
data compiled by Swordy E

AIP
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Introduction Puzzles
Cosmic rays

CR transport

Cosmic ray feedback: an extreme multi-scale problem

W\
(Q)

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

4
Ial ~ 10 pc Ier =

1
~1078pc~ - AU

nG 4

= need to develop a fluid theory for a collisionless,

non-Maxwellian component! _E

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

Christoph Pfrommer Computational methods for simulating cosmic ray feedback



Introduction Puzzles
Cosmic rays
CR transport

Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob

a

AIP
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Introduction Puzzles
Cosmic rays
CR transport

Interactions of CRs and magnetic fields

Cosmic ray

@ gyro resonance: w — k“ VH = nQ2

sketch: Jacob

Doppler-shifted MHD frequency is a multiple of the CR gyrofrequency E

AIP
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Introduction Puzzles
Cosmic rays
CR transport

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 Computational methods for simulating cosmic ray feedback



Introduction Puzzles
Cosmic rays
CR transport

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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Introduction Puzzles
Cosmic rays
CR transport

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

a

AIP
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Introduction Puzzles
Cosmic rays
CR transport

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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Introduction Puzzles
Cosmic rays
CR transport

CR transport (steady-state flux)

@ total CR velocity ver = v + Vg + Vg (Where v = vgys)

=

AIP
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Introduction Puzzles
Cosmic rays
CR transport

CR transport (steady-state flux)

@ total CR velocity ver = v + Vg + Vg (Where v = vgys)

@ CRs stream down their own pressure gradient relative to the gas

=

AIP
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Introduction Puzzles
Cosmic rays
CR transport

CR transport (steady-state flux)

@ total CR velocity ver = v + Vg + Vg (Where v = vgys)

@ CRs stream down their own pressure gradient relative to the gas,
CRs diffuse in the wave frame due to pitch angle scattering by
MHD waves (both transports are along the local direction of B):

=

AIP
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Introduction Puzzles
Cosmic rays
CR transport

CR transport (steady-state flux)

@ total CR velocity ver = v + Vg + Vg (Where v = vgys)

@ CRs stream down their own pressure gradient relative to the gas,
CRs diffuse in the wave frame due to pitch angle scattering by
MHD waves (both transports are along the local direction of B):

v, —v b-Vegy c?
= S = — b . = —
Vst = Va 7+ Vi Kdi P Rdi 3(17+ n D_)
@ energy equations with £ = ey, + pv?/2:
0
StVele+Pn v = 0

=

AIP

Christoph Pfrommer Computational methods for simulating cosmic ray feedback



Introduction Puzzles
Cosmic rays
CR transport

CR transport (steady-state flux)

@ total CR velocity ver = v + Vg + Vg (Where v = vgys)

@ CRs stream down their own pressure gradient relative to the gas,
CRs diffuse in the wave frame due to pitch angle scattering by
MHD waves (both transports are along the local direction of B):

v b Vey o c?
vy +v_ ’ di di Eer ’ 3(l7+ + D_)

@ energy equations with £ = ey, + pv?/2:

0
£+V'[(E+Pth+Pcr)V] == Pch‘V_VSt‘VP(;r
0
;;r+v‘[Pchst+5cr(V+Vst+Vdi)] = —PaV - V+Vg: VP
'}
AIP
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Introduction Puzzles
Cosmic rays
CR transport

CR transport (steady-state flux)

@ total CR velocity ver = v + Vg + Vg (Where v = vgys)

@ CRs stream down their own pressure gradient relative to the gas,
CRs diffuse in the wave frame due to pitch angle scattering by
MHD waves (both transports are along the local direction of B):

v b Vey o c?
vy +V_~ di di Eer ’ 3(l7+ +D_)

@ energy equations with £ = ey, + pv?/2:

0
87(‘;—+V'[(E+Pth+Pcr)V] - Pch‘V_VSt‘VP(;r
0
;;r + Vo [PorVst +ear(V+ Vst + Vai)] = —PaV-V+ Vs VP
7
— o +V- [5cr(V+ Vst + Vdi)] = —P;V: (V+ Vst)

ot AIP
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

Outline

9 Computational methods
@ CR diffusion
@ CR streaming
@ CR hydrodynamics

=

AIP
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

CR diffusion

@ isotropic CR diffusion (unresolved tangled magnetic fields):

Ocgr
ot

+V - figo=0 with fiso = —kVegr

=- energy conserving and extremum preserving

=

AIP
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

CR diffusion

@ isotropic CR diffusion (unresolved tangled magnetic fields):

Occr
ot

+V - figo=0 with fiso = —kVegr

=- energy conserving and extremum preserving

@ anisotropic CR diffusion (resolved magnetic fields in MHD

simulations):
Ocer .
3t + V - faniso =0 with faniso = —kb (b - Veg)
= also energy conserving and extremum preserving F
AIP
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

Discretization schemes for anisotropic CR diffusion

The entropy constraint can be easily violated in simple linear discretization schemes

Ocgr
ot

+ V * faniso - 0 W|th faniso - _/ib(b M Vecr)

2

(negative) CR
energy gradient

low CR energy
cellj

violating
flux

high CR enerdy
cell i

B-field direction

=

AIP

\/
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

Anisotropic CR diffusion

@ diffusion of CR energy
density along magnetic field
lines

@ implemented on
unstructured mesh in AREPO

@ implicit solver with local time
stepping

@ conserves CR energy and
preserves extrema

=

Pakmor, CP, Simpson, Kannan, Springel (2016)
AIP
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cr_diffusion_ring.mp4
Media File (video/mp4)


CR diffusion
Computational methods CR streaming
CR hydrodynamics

CR streaming vs. diffusion: estimates

@ CRs cannot be transported faster than the Alfvén speed over
macroscopic distances:
|V Per| !
Vii=Erh————— < V;
a €er + Per 2

= limit on diffusion coefficient  (varies spatially and temporarily)

=

AIP
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

CR streaming vs. diffusion: estimates

@ CRs cannot be transported faster than the Alfvén speed over
macroscopic distances:
|V Per| !
Vii=Erh————— < V;
a €er + Per 2

= limit on diffusion coefficient  (varies spatially and temporarily)
@ what happens as CRs are released from a supernova remnant?

K

~ 103 kms™" kasly g oo ~ 100va

Vdi ~

=

AIP
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

CR streaming vs. diffusion: estimates

@ CRs cannot be transported faster than the Alfvén speed over
macroscopic distances:

v = v el Ly,
= €or + Per 2

= limit on diffusion coefficient  (varies spatially and temporarily)
@ what happens as CRs are released from a supernova remnant?

K

~ 4L,

~10°km s~ kogl '~ 100V,

Vi cr,10 pc

= flux-limited CR diffusion: prohibitively expensive because of
von-Neumann-type time step constraint (At o« Ax?/x), even for
implicit solvers E

= simulate CR streaming! AIP

Christoph Pfrommer Computational methods for simulating cosmic ray feedback



CR diffusion
Computational methods CR streaming
CR hydrodynamics

Modeling CR streaming

A challenging hyperbolic/parabolic problem

[T T LTI TN @ streaming equation (no heating):
r cn=0.5 7
[ cn=0.1 ] 85
L ] i + V. [(€cr + Pcr)Vst] =0

2 —— ¢cn=0.01

ot
Vst = —sgn(B - VP )Va

@ CR streaming ~ CR advection with
the Alfvén speed

@ at local extrema, CR energy can
1 overshoot and develop unphysical

T oscillations
0.8 1

LI

o
o
v
o
=
o
o

Sharma-+ (2010)

=

AIP
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

Modeling CR streaming

A challenging hyperbolic/parabolic problem

[T T LTI TN @ streaming equation (no heating):
[ cn=0.5 ]
cn=0.1 85
20 —— cn=0.01 7 T4V [(eer + Por)Vst] =0

ot
Vst = —sgn(B - VP )Va

@ CR streaming ~ CR advection with
the Alfvén speed

@ at local extrema, CR energy can
1 overshoot and develop unphysical

N B B B oscillations
0.8 1

LI

o
o
oo
o
'S
o
[e2]

Sharma-+ (2010)

@ idea: regularize equations, similar to adding artificial viscosity

=

AIP
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

Modeling CR streaming — regularization

@ 1D streaming equation (no heating):

9] 1s]
;;r + Ix [(eer + Per)vet] =0

Vst = —VaSgn <8€°'> — Vg = —vatanh (18‘5”)

ox 6 Ox

=

AIP
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CR diffusion

Computational methods CR streaming
CR hydrodynamics

Modeling CR streaming — regularization

@ 1D streaming equation (no heating):

Oecr
ot

0 " 10
Vet = —VasSgn < ;;') — Vgt = —vatanh (5 ;;r>

@ regularized 1D streaming equation (no heating):

1s]
+ Ix [(eer + Per)vet] =0

0 9 .-
5;” + 87 [Vst(Ecr + Pcr)] =
7] . 0
;;:r + Vst(,)(fx(fcr + Pcr) - =0,
1 10
Where Kreg = Va'}’crEcrgSeChz <S 5)‘:) (Sharma+ 201 0)
@ regularized equation is advective at gradients and E

Christoph Pfrommer Computational methods for simulating cosmic ray feedback



CR diffusion

Computational methods CR streaming
CR hydrodynamics

Modeling CR streaming — regularization

@ 1D streaming equation (no heating):

Oecr
ot

0 " 10
Vet = —VasSgn < ;;') — Vgt = —vatanh (5 ;;r>

@ regularized 1D streaming equation (no heating):

1s]
+ Ix [(eer + Per)vet] =0

Oe 0
O;r + 87 [Vst(Ecr + Pcr)] =
Oe . 0
a;r + Vst&(:”cr + Por) — =0,
1 1 0e
Where Kreg = Va'}’crEcrgSeChz <S a;r) (Sharma+ 201 0)
@ regularized equation is advective at gradients and E
@ but: numerical diffusion dominates for CR sources on a background AIP

Christoph Pfrommer Computational methods for simulating cosmic ray feedback



Computational methods

CR diffusion

CR streaming

CR hydrodynamics

Analogies of CR and radiation hydrodynamics

CRs and radiation are relativistic fluids

regime

CR transport

radiation HD analogy

e tangled B,
strong scattering

e resolved B,
strong scattering

e weak scattering

e no scattering

CR diffusion

CR streaming
with v,

CR streaming
and diffusion

CR propagation
with ¢

diffusive transport
in clumpy medium

Thomson scattering (7 > 1)
— advection with v

flux-limited diffusion
with 7 > 1

vacuum propagation

=

AIP
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

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 with 7 > 1
e no scattering CR propagation | vacuum propagation
with ¢
but: CR hydrodynamics is charged RHD F
— take gyrotropic average and account for anisotropic transport =

AIP
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

CR vs. radiation hydrodynamics

@ Alfvén wave velocity in lab frame: wiL = v + v,,
CR scattering frequency 7+ /¢® = 1/(3k+)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c®
(Thomas & CP 2018):

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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CR diffusion
Computational methods CR streaming
CR hydrodynamics

CR vs. radiation hydrodynamics

@ Alfvén wave velocity in lab frame: wiL = v + v,,
CR scattering frequency 7+ /¢® = 1/(3k+)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c®
(Thomas & CP 2018):

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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CR diffusion
Computational methods CR streaming
CR hydrodynamics

CR vs. radiation hydrodynamics

@ Alfvén wave velocity in lab frame: wiL = v + v,,
CR scattering frequency 7+ /¢® = 1/(3k+)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c®
(Thomas & CP 2018):

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
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

Alfvén-wave regulated CR transport

@ comoving equ’s for CR energy and momentum density, e¢r and fy/c?
and Alfvén-wave energy density €, + (Thomas & CP 2018)

Oer

TR [v(eer + Per) + bfy] = v - VPe (1)
— i [for — Va(eer + Per)] ta [ + va(eer + Por)] s
af%/tcz IV, (vfcr/cz) 4 b-VPy=—(b-VVv)-(bly/?) (2
_ 31+ ler — Valr + Per)] = g lfor + va(eer + Por)],
0ca,+
o T VIVt + Puz) Evibeas] = v VPs 3)

Ly} A Pe)] — Sa+.
3rg [ or F Vi (5cr + cr)] Sa+ ALP
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

Alfvén-wave regulated CR transport

@ comoving equ’s for CR energy and momentum density, e¢r and fy/c?
and Alfvén-wave energy density €, + (Thomas & CP 2018)
— pseudoforces (e.g., adiabatic changes)

Oer

TR [v(eer + Per) + bfy] = v - VPe (1)
— i [for — Va(eer + Per)] ta [ + va(eer + Por)] s
af%/tcz IV, (vfcr/cz) 4 b-VPy=—(b-VVv)-(bly/?) (2
_ 31+ ler — Valr + Per)] = g lfor + va(eer + Por)],
0ca,+
o T VIVt + Puz) Evibeas] = v VPs 3)

Ly} A Pe)] — Sa+.
3rg [ or F Vi (5cr + cr)] Sa+ ALP
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CR diffusion
Computational methods CR streaming

CR hydrodynamics

Non-equilibrium CR streaming and diffusion

Coupling the evolution of CR and Alfvén wave energy densities

1.00 10-5
t = 0.00 10-5
0.75 10~
1078
100
£0.50 L1010
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A
0.25 10-13
101
0.00 10~
0.50 102
10-6
- 1077
0.25 10-8
(e
£ 0.00 <l
v 101
. 10712
—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
xr T
Thomas & CP (2018)

)
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tp_2018_fig_2.mov
Media File (video/quicktime)


CR diffusion
Computational methods CR streaming
CR hydrodynamics

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
1078
£ 00 § 1070
wim
—0.5 T
10-! g
1.0 10-12 =
. 06 -04 -02 00 02 04 06 AIP
T = Thomas & CP (2018)
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CR diffusion
Computational methods CR streaming
CR hydrodynamics

Steady CR source: CR Alfvén wave heating

L00 t=0.00 R
10-5}
0.75
10—6 L
2050 g
107t
0.25
108+
0.00
2
10() L
1
10—1 L
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heating_rate.mov
Media File (video/quicktime)


CR diffusion
Computational methods CR streaming
CR hydrodynamics

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 075
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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bump_streaming.mov
Media File (video/quicktime)


Modeling physics
Galaxy simulations
Galaxy formation simulations AGN jet simulations

Outline

e Galaxy formation simulations
@ Modeling physics
@ Galaxy simulations
@ AGN jet simulations

=

AIP
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Modeling physics

Galaxy formation simulations

Cosmological moving-mesh code AREPO (springel 2010)

)

v

n
-
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Modeling physics
Gal imulations
Galaxy formation simulations AGN jet 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
Galaxy simulations
Galaxy formation simulations AGN jet simulations

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

=




Galaxy formation simulations

Simulations with cosmic ray physics

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
Galaxy simulations
Galaxy formation simulations AGN jet simulations

Hadronic cosmic ray proton interaction

L o

=e

a

AIP
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Modeling physics
Galaxy simulations
Galaxy formation simulations AGN jet simulations

Hadronic cosmic ray proton interaction

Christoph Pfrommer Computational methods for simulating cosmic ray feedback



Galaxy formation simulations

Simulations with cosmic ray physics

observables: physical processes:

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

stellar
spectra

loss processes
gain processes
observables

CP+ (2017a) ~— populations AIP

=
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Galaxy formation simulations

Simulations with cosmic ray physics

observables: physical processes:

-‘/- — @
super-
<=

loss processes _E

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

stellar
spectra

radio
synchrotron

gamma-ray
emission

gain processes
observables
CP+ (2017a) — populations AIP
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Introduction Modeling physics
Computational methods Galaxy simulations
Galaxy formation simulations AGN jet simulations

Gamma-ray emission of the Milky Way

L

Gammarray
Space Teescope
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Introduction Modeling physics
Computational methods Galaxy simulations
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Fermi gamma-ray bubbles

- Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al.
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Galactic wind in the Milky Way?

Diffuse X-ray emission in our Galaxy
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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
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Galaxy formation simulations AGN jet 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
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MHD galaxy simulation without CRs

& [erg pe™ VB2 1G]

1073 10 104 10 1072 107! 10°

Syt, Mago = 10! My, forming disk without CRs

-10 -5 0 5 10 -10
x [kpe] x [kpe]

CP+ (2017a)
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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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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
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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
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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)
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winds: dependence on halo mass
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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 =
M\Ir (MO) E

Jacob+ (2018) AIP
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Feedback by active galactic nuclei

Paradigm: accreting super-massive black holes at galaxy cluster
centers launch relativistic jets, which provide energetic feedback to
balance cooling = but how?

CHANDRA X-RAY

Perseus cluster (NRAO/VLA/G. Taylor) VLA RaDIO
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Feedback by active galactic nuclei

Paradigm: accreting super-massive black holes at galaxy cluster
centers launch relativistic jets, which provide energetic feedback to
balance cooling = but how?

@ energy source: release of
non-gravitational energy due to
accretion on a black hole and its spin

() to
avoid overcooling

CHANDRA X-RAY

Perseus cluster (NRAO/VLA/G. Taylor) VLA RaDIO
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Feedback by active galactic nuclei

Paradigm: accreting super-massive black holes at galaxy cluster
centers launch relativistic jets, which provide energetic feedback to
balance cooling = but how?

@ energy source: release of
non-gravitational energy due to
accretion on a black hole and its spin

() to
avoid overcooling

@ jet interaction with magnetized
cluster medium — turbulence i T

@ jet accelerates cosmic rays
— release from bubbles provides

source of heat
Perseus cluster (NRAO/VLA/G. Taylor) VLA Reoto
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Galaxy formation simulations AGN jet simulations

MHD jet simulations

@ MHD moving-mesh code AREPO

@ NFW cluster potential

AREPO: unstructured-mesh

=

AIP
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MHD jet simulations

@ MHD moving-mesh code AREPO
@ NFW cluster potential

@ external turbulent magnetic field
(Kolmogorov)

s

initial magnetic field

=

AIP
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MHD jet simulations

@ MHD moving-mesh code AREPO

@ NFW cluster potential

2t 1 @ external turbulent magnetic field
T | (Kolmogorov)
4 @ jet module
al ] e prepare low-density state in
T e pressure equilibrium
e @ inject kinetic energy, B, and
AREPO: jet injection region CRs
(Weinberger+ 2017) o refine to sustain density
contrast F
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Cosmic ray modeling

ik 1 @ subgrid CR acceleration:

2t - e reality: internal shocks
o COde Ecr/Eth 2 05

v [kpd]
7
n

. n \ L
-4 -2 0 2 1
x [kpe]

AREPO: jet injection region
(Weinberger+ 2017)

=

AIP
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Cosmic ray modeling

ik 1 @ subgrid CR acceleration:

2r - e reality: internal shocks
5 0f 4 ] COde Ecr/Eth 2 05

1 @ CR transport:
al 1 e CRs are advected

N e emulate CR streaming ~
e anisotropic CR diffusion &
AREPO: jet injection region Alfvén cooling

(Weinberger+ 2017)

a

AIP
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Jet simulation: gas density, CR energy density, B field

60 Myr

1204

40
0-
1072 107" 107 1077 102
e [erg em™ B [G]
AIP

10 26

1072
p [g em™

Ehlert, Weinberger, CP+ (2018)
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Perseus cluster — heating vs. cooling: theory

1072

Perseus — JPIT: Ho
JPIT: Hegna
o —— JPIT: Crua
107
T
:T:-‘
zﬁuri“
2,
o
= 10727
28
10 1 10 100
r [kpc]
Ehlert, Weinberger, CP+ (2018)
@ CR and conductive heating balance radiative cooling:
) . 1 A
Hor + ~ Crag: modest mass deposition rate of 1 Mg yr E
AIP
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Perseus cluster — heating vs. cooling: simulations

1072

Perseus — JPIT: He
JP1T: Heona

_107% — -IIPIT: Cl
D simulation
e
T’:—‘
Cp
o107
ia)
o
<

10727

10 281 10 ] 100
r [kpc] )
Ehlert, Weinberger, CP+ (2018)
@ CR and conductive heating balance radiative cooling: —.
Hor + ~ Crag: Modest mass deposition rate of 1 Mg yr~' E
@ simulated CR heating rate matches 1D steady state model TAIP
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Magnetic field structure
4% 109 Luminosity H 1%10%  ergs™!

20 kpe

10 Myr

<—— et lifetime
50 Myr
I
|
|

/ Y| ‘f )
m‘ 7 ml 5 A
|B| [G] Ehlert, Weinberger, CP+ (2018)
AIP
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Magnetic field structure
4% 109 Luminosity H 1%10%  ergs™!

20 kpe h
vf
=" |
= / S
: §
ST R A
¥
A
S
: } 4 é}?“ 1%
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1Bl (6] Ehlert, Weinberger, CP+ (2018)
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Magnetic field structure
4x 108 Luminosity —————= 1105 ey

20 kpc

10 Myr

<—— et lifetime
50 Myr
I
[
|

\
/ Y| ‘f )
m‘ 7 ml 5 A
|B| [G] Ehlert, Weinberger, CP+ (2018)
AIP

Magnetic enhancement and draping general feature
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Jet morphology
108 Luminosity —————= 105 s

20 kpe

10 Myr

N

<—— et lifetime
B o
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e
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plgem™? Ehlert, Weinberger, CP+ (2018) E
AIP
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Jet morphology

4% 108 Luminosity ﬁ 1x10%  ergs!

—20kpc_ i _— —— —
o3
£=
=
@ -
= .
2 |— — o — =
- *, n

50 Myr

S 1 |
& 20 0
T

ml e 107 A
plgem™] Ehlert, Weinberger, CP+ (2018)
AIP

Low-energy/power jets mix more efficiently = invisible in X-rays
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CR distribution
4108 Lum|n05|ty H 1x10%  ergs™!
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CR distribution
4108 Lum|n05|ty H 1x10%  ergs™!

20 k pC

A3
b 3
3

I
0 101 107 A
€ [erg em ™) Ehlert, Weinberger, CP+ (2018)

CRs still present in low-energy/power jets

10 Myr

<—— et lifetime
50 Myr

hristoph Pfromm Computational methods for simulating cosmic ray feedback



Modeling physics
Galaxy simulations
Galaxy formation simulations AGN jet simulations

Conclusions on CR feedback in galaxies and clusters

CR hydrodynamics:

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

@ Galilean invariant, energy and momentum conserving

=

AIP
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Conclusions on CR feedback in galaxies and clusters

CR hydrodynamics:

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

@ Galilean invariant, energy and momentum conserving

CR feedback in galaxy formation:
@ CR pressure feedback slows down star formation

@ galactic winds are naturally explained by CR streaming and
diffusion

@ MHD simulations of AGN jets: CR heating can solve the “cooling ~ &~
flow problem” in galaxy clusters g

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

*

Tﬁis:prdject has reeeived funding from the European Reséarch éoUnsiI (ERC) unider the'EUr_Ope'a’n
Union’s Horizon 2020 research and_inno\/ation program (grant agreement No CRAGSMAN-646955).‘
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Literature for the talk

Cosmic ray transport:
@ Thomas & Pfrommer, Cosmic-ray hydrodynamics: Alfvén-wave regulated
transport of cosmic rays, 2018, MNRAS.
@ Pakmor, Pfrommer, Simpson, Kannan, Springel, Semi-implicit anisotropic cosmic
ray transport on an unstructured moving mesh, 2016, MNRAS.

Cosmic ray feedback in galaxies:
@ Pfrommer, Pakmor, Schaal, Simpson, Springel, Simulating cosmic ray physics on
a moving mesh, 2017a, MNRAS.
@ Pakmor, Pfrommer, Simpson, Springel, Galactic winds driven by isotropic and
anisotropic cosmic ray diffusion in isolated disk galaxies, 2016, ApJL.
@ Jacob, Pakmor, Simpson, Springel, Pfrommer, The dependence of cosmic ray
driven galactic winds on halo mass, 2018, MNRAS.

Cosmic ray feedback in galaxy clusters:

@ Ehlert, Weinberger, Pfrommer, Pakmor, Springel, Simulations of the dynamics of F
magnetised jets and cosmic rays in galaxy clusters, 2018.

AIP
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