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Cosmic rays and magnetic fields in the universe

Outline of the five lectures

@ Magnetic fields (Christoph Pfrommer)
* Generation and evolution of magnetic fields
* Magneto-hydrodynamic (MHD) waves and turbulence
@ Gamma-ray astronomy (Frank Rieger)
* Radiative processes
* Origin of High Energy Radiation
@ Particle acceleration in astrophysics (FR)
* Constraints & challenges of particle acceleration
* Particle acceleration in gaps, via the Fermi process and by reconnection
@ Cosmic rays (CP)
* Cosmic ray transport and particle-wave interactions
* Cosmic ray acceleration in shocks and by turbulence
@ The physics of galaxy formation (CP)
* Puzzles in galaxy formation
* Feedback by stars and active galactic nuclei E
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Properties of magnetic fields

The plasma within and between galaxies is magnetized:
@ magnetic fields enable life on Earth by shielding it from cosmic rays
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The plasma within and between galaxies is magnetized:
@ magnetic fields enable life on Earth by shielding it from cosmic rays

(] and properties of
stars/galaxies by adding additional macroscopic degrees of freedom

@ magnetic fields trace dynamical processes in the Universe by coupling
collisionless charged particles to a single but complex fluid
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Properties of magnetic fields

The plasma within and between galaxies is magnetized:
@ magnetic fields enable life on Earth by shielding it from cosmic rays

(] and properties of
stars/galaxies by adding additional macroscopic degrees of freedom

@ magnetic fields trace dynamical processes in the Universe by coupling
collisionless charged particles to a single but complex fluid

@ magnetic fields imply anisotropic transport processes in diffuse plasma
because the gyroradius is much smaller than the particle mean free
path: anisotropic heat conduction and cosmic ray diffusion along (B)
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Properties of magnetic fields

The plasma within and between galaxies is magnetized:
@ magnetic fields enable life on Earth by shielding it from cosmic rays

(] and properties of
stars/galaxies by adding additional macroscopic degrees of freedom

@ magnetic fields trace dynamical processes in the Universe by coupling
collisionless charged particles to a single but complex fluid

@ magnetic fields imply anisotropic transport processes in diffuse plasma
because the gyroradius is much smaller than the particle mean free
path: anisotropic heat conduction and cosmic ray diffusion along (B)

@ magnetic fields are essential for accelerating cosmic rays (CRs):
diffusive shock acceleration (1! order Fermi),
turbulent MHD interactions with CRs (2" order Fermi)
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Properties of magnetic fields

The plasma within and between galaxies is magnetized:
@ magnetic fields enable life on Earth by shielding it from cosmic rays

(] and properties of
stars/galaxies by adding additional macroscopic degrees of freedom

@ magnetic fields trace dynamical processes in the Universe by coupling
collisionless charged particles to a single but complex fluid

@ magnetic fields imply anisotropic transport processes in diffuse plasma
because the gyroradius is much smaller than the particle mean free
path: anisotropic heat conduction and cosmic ray diffusion along (B)

@ magnetic fields are essential for accelerating cosmic rays (CRs):
diffusive shock acceleration (1! order Fermi),
turbulent MHD interactions with CRs (2" order Fermi)

@ magnetic fields trace violent high-energy astrophysical processes by
illuminating distant CR electron populations through synchrotron
emission: structure formation shocks, supernovae, ... _E
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Model of the magnetic field of the Sun
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Model of a pulsar or magnetar
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Synchrotron emission of the Cygnus A jet (radio)
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Synchrotron emission of the M87 jet (radio/optical)
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Magnetic field on the largest scales

Giant radio halo in the Coma galaxy cluster

Coma Cluster
0.5-2.0keV

thermal X-ray emission radio synchrotron emission

(Snowden/MPE/ROSAT) (Deiss/Effelsberg)
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Magnetic field on the largest scales

Radio mini halo in the Perseus galaxy cluster

ROSAT observation:
Perseus galaxy cluster

Chandra observation: . L
. radio synchrotron emission
central region of Perseus

(Pedlar/VLA)

thermal X-ray emission
(ROSAT; NASA/IoA/A.Fabian et al.) —E
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Diffuse radio phenomena in galaxy clusters

@ radio halos:
centrally located, more regular morphology, unpolarized

@ giant radio halos: occur in merging clusters, > 1 Mpc-sized,
morphology similar to X-rays

@ radio mini halos: occur in cool core clusters, few times 100 kpc in
size, emission extends over cool core

N
a
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Radio shock: double relic sources

5.2'=1Mpc

CIZA J2242.8+5301 (“sausage relic”) Abell 3667

(X-ray: XMM; radio: WSRT; Ogrean+ 2013) (radio: Johnston-Hollitt. X-ray: ROSAT/PSPC.) F
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Radio phoenix

Cluster Relic Radio Sources VLA 1.4GHz

Abell 13 Abell 85

[ ]
L] -t
30 kpe 30 kpe
Abell 133 Abell 4038

. L
30 kpe 30 kpe A

Slee, Roy, Murgia, Andernach & Ehle 2001
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Shock overruns an aged radio bubble (Pfrommer & Jones 2011)
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Bubble transformation to vortex ring
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Diffuse radio phenomena in galaxy clusters

@ radio halos:
centrally located, more regular morphology, unpolarized
@ giant radio halos: occur in merging clusters, > 1 Mpc-sized,
morphology similar to X-rays
@ radio mini halos: occur in cool core clusters, few times 100 kpc in
size, emission extends over cool core
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Diffuse radio phenomena in galaxy clusters

@ radio halos:
centrally located, more regular morphology, unpolarized
@ giant radio halos: occur in merging clusters, > 1 Mpc-sized,
morphology similar to X-rays
@ radio mini halos: occur in cool core clusters, few times 100 kpc in
size, emission extends over cool core

@ radio relics:
irregular morphology, polarized

@ radio shock: at cluster periphery (< Mpc), in some cases
coincident with weak X-ray shock, polarized — diffusive shock
acceleration (Fermi l)

@ radio relic bubble: aged radio cocoon, steep spectrum

@ radio phoenix: shock-revived bubble that has already faded out of
the radio window — adiabatic compression

I
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Cosmic magnetic fields

From the strongest to weakest field strengths and from compact to diffuse sources
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Akahori+ (2014)
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Observing magnetic fields in astrophysics — 1

Zeeman effect:
Zero Weak Strong

@ The Zeeman effect describes the field field field mi+ ng
splitting of an atomic level and -
hence the associated spectral line oS B
into several components in the 28y, —
presence of a static magnetic field.

@ The amount of splitting depends on
the strength of the magnetic field.
The splitting is associated with the
orbital angular momentum
quantum number.

@ Detection requires high spectral LR
resolution and sources of high ) i b
densities (stars, cores of molecular e RS
clouds, ...).

Lboh S e o

+1
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Observing magnetic fields in astrophysics — 2

Synchrotron emission:

@ Charged particles emit electromagnetic
radiation when accelerated, e.g. due to

the Lorentz force of a magnetic field. Moving frame Lab frame
of electron

Lorentz-Transformation

@ This emission is axisymmetric with
respect to the acceleration direction in
the particle’s rest frame.

@ |[f the particles move relativistically, then
the emission in the lab frame is beamed ,
into a forward cone of an opening angle - “ 1 opening angle
6 ~ 1 (where ~ is the Lorentz factor). Lome -y K

&
L%y, o,

a
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Observing magnetic fields in astrophysics — 2

Synchrotron emission:

@ Charged particles emit electromagnetic
radiation when accelerated, e.g. due to
the Lorentz force of a magnetic field.

@ This emission is axisymmetric with
respect to the acceleration direction in
the particle’s rest frame.

@ |If the particles move relativistically, then
the emission in the lab frame is beamed
into a forward cone of an opening angle
6 ~ ~~1 (where ~ is the Lorentz factor).

@ Because the emission (= transverse
electromagnetic wave) propagates in a
narrow cone, it is linearly polarized.

@ The typical synchrotron frequency is

3eB B 2
Vsynoh = 5 ¥? ~1GHz — (l) .

T MeC uG \ 104

@ Power-law cosmic ray electron
momentum distributions imply power-law
(radio) synchrotron spectra.

Christoph Pfrommer

Lorentz-Transformation

Moving frame
of electron

Lab frame

&
L%y, o,

=z :\/‘17(7)2
electron
F
B
direction  direction
of of electric AIP
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Observing magnetic fields in astrophysics — 3

Faraday rotation:

@ Faraday rotation describes rotation of a linearly polarized electro-magnetic wave
in the presence of a line-of-sight magnetic field because of the birefringent
property of a plasma.

@ This can be seen by splitting the linearly polarized wave into right- and left-hand
circularly polarized waves, which propagate at slightly different speeds.

@ The observed polarization angle ¢qps is modified from its intrinsic position angle,

¢intrinsic-

=
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Observing magnetic fields in astrophysics — 3

Faraday rotation:

@ Faraday rotation describes rotation of a linearly polarized electro-magnetic wave
in the presence of a line-of-sight magnetic field because of the birefringent
property of a plasma.

@ This can be seen by splitting the linearly polarized wave into right- and left-hand
circularly polarized waves, which propagate at slightly different speeds.

@ The observed polarization angle ¢qps is modified from its intrinsic position angle,

¢intrinsic-
@ The rate of rotation scales with the
wavelength squared and is given by

Pobs(X L) = )‘2RM(XL) + Pintrinsic(X 1),

e3 d
AM(XL) = 5o s /0 ne(x1,1)B-dl

rad B Ne d

=812 — — —~° _ _—_
m2 uG 10—3cm—3 Mpc

=
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Origin and growth of magnetic fields

The general picture:

@ Origin. Magnetic fields are generated by
1. electric currents sourced by a phase m
transition in the early universe or 2. by
the Biermann battery.
@ Growth. A small-scale (fluctuating)
dynamo is a magneto-hydrodynamical tmerge twistl

process, in which the kinetic (turbulent)

energy is converted into magnetic

energy: the mechanism relies on O<‘ )
magnetic fields to become stronger fold

when the field lines are stretched. o

@ Saturation. Field growth stops at a
sizeable fraction of the turbulent energy
when magnetic forces become strong
enough to resist the stretching and
folding motions.

AIP
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The Biermann battery — 1

@ Electron and proton momenta change due to the Lorentz force, the pressure and
viscous forces:

1
dt c ene

isc M
WiscTle (Ve _ Vp),
Ne

1
m,,%:e(E—&-?xB—i-eTVPp)‘
p

a
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The Biermann battery — 1

@ Electron and proton momenta change due to the Lorentz force, the pressure and
viscous forces:

edk — _e (E+ Ve B+ vae> _ M(Ve —vp),
dt c ene Ne

dvp 1

mp g = E+ X B+ VP

@ If T, = Te, we can neglect the proton equation because protons move on
average slower than electrons by a factor \/mp/me.
@ Viscous forces are very small on large scaIeS' we drop the term o vyigc.

@ We assume a steady state (i.e., 7 > w_ ', where wz = 47ne€?/me is the plasma

frequency) and solve for E:

P"

vexB_VPe

E=—- .
c ene

a
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The Biermann battery — 1

@ Electron and proton momenta change due to the Lorentz force, the pressure and
viscous forces:

m%
e dt

1
mpdd:p —e(E+ X B+—VPp)

WiscMe

1
=fe(E+ExB+—VPe>f (ve — vp),
ene

Ne

@ If T, = Te, we can neglect the proton equation because protons move on
average slower than electrons by a factor \/mp/me.
@ Viscous forces are very small on large scaIeS' we drop the term o vyigc.

@ We assume a steady state (i.e., 7 > w_ ', where wz = 47ne€?/me is the plasma

frequency) and solve for E:

P"

vexB_VPe

E=—- .
c ene

@ Multiplying this equation by —c, taking the curl of it and using Faraday’s law, we

obtain
—
oB VP, g
7:*CVXE:VX(V3XB)+EVX<76). 1)
ot e Ne AIP
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The Biermann battery — 2

@ Using Pe = nekg Te and the identities V x (fVg) = Vf x Vg and
V x Vf =0, we can rewrite the second term of Eq. (1):

1 VP 1 T
—V X ( e) =V X [—V(neTe)} =V X (VTe)+V x (—eVne>
ks Ne Ne Ne

Te 1 Te
=V |(— ) XVn = fVTe X Vne — —ZVne X Vne
Ne ng

Ne

1
—VTe X Vne.
Ne

a

AIP

Christoph Pfrommer Magnetic fields



The Biermann battery — 2

@ Using Pe = nekg Te and the identities V x (fVg) = Vf x Vg and
V x Vf =0, we can rewrite the second term of Eq. (1):

1 VP, 1 Te
—V X ( e) =V X [—V(neTe)} =V X(VTe)+V X (—eVne>
ks Ne Ne

Te 1 Te
=V X Vne = fVTe X Vne — —ZVne X Vne
Ne ng

Ne

1
= —VTe X Vne.
Ne

@ Hence, we obtain the Biermann battery equation,

oB

cks
=V X (ve X B ——Vn X VT
ot (ve ) ens . e
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The Biermann battery — 2

@ Using Pe = nekg Te and the identities V x (fVg) = Vf x Vg and
V x Vf =0, we can rewrite the second term of Eq. (1):

1 P, 1 Te
—V X (V e) =V X [—V(neTe)} =V X(VTe)+V X (—eVne>
ks Ne Ne

Te 1 Te
=V X Vne = fVTe X Vne — —ZVne X Vne
Ne ng

Ne

1
= —VTe X Vne.
Ne

@ Hence, we obtain the Biermann battery equation,

oB

cks
=V X (ve X B ——Vn X VT
ot (ve ) ens . e

@ This equation shows that if there is no magnetic field to start with (i.e., a
vanishing first term on the right-hand side), then the magnetic field can be
generated by a baroclinic flow with Vne X V Te # 0.
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The Biermann battery — 2

@ Using Pe = nekg Te and the identities V x (fVg) = Vf x Vg and
V x Vf =0, we can rewrite the second term of Eq. (1):

1 P, 1 Te
—V X (V e) =V X [—V(neTe)} =V X(VTe)+V X (—eVne>
ks Ne Ne

Te 1 Te
=V X Vne = fVTe X Vne — —ZVne X Vne
Ne ng

Ne

1
= —VTe X Vne.
Ne

@ Hence, we obtain the Biermann battery equation,

oB

cks
=V X (vexB ——Vn X VT
ot (ve ) ene &
@ This equation shows that if there is no magnetic field to start with (i.e., a
vanishing first term on the right-hand side), then the magnetic field can be
generated by a baroclinic flow with Vne X V Te # 0.
@ This could be achieved in shocks of the interstellar medium, in ionization fronts, —z
or similar astrophysical sites; in general, baroclinic flows are sourced by
rotational motions at shocks of finite extent such as the chaotic collapse of a AP
proto-galaxy.

istoph Pfrommer Magnetic fields



The Biermann battery — 3

@ Consider a shock of finite extent that propagates into zero-pressure medium.

a
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The Biermann battery — 4

@ Magnetic fields generated through this process have very small field strengths:
adopting a characteristic density and temperature gradient length of L of a
proto-galaxy and assuming gravitational collapse on the free-fall time,

T ~ 1/+/Gp, we obtain

B~ CkBTe LN CkBTe 1

e [ e /Gpl?

e (T ) () (LY
104K,/ \1cm—3 kpc ’

a
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The Biermann battery — 4

@ Magnetic fields generated through this process have very small field strengths:
adopting a characteristic density and temperature gradient length of L of a
proto-galaxy and assuming gravitational collapse on the free-fall time,

T ~ 1/+/Gp, we obtain

B~ CkBTe LN CkBTe 1

e [ e /Gpl?

e (T ) () (LY
104K,/ \1cm—3 kpc ’

@ Naively, going to smaller length scales L should increase B. However, in order to
explain the coherence on scales of several kpcs, we would have to evoke a
process such as a small-scale wind that moves the magnetic fields back to kpc
scales and in that process we would have to account for adiabatic losses that
accompany the expansion from small to large scales: in the end we would gain
nothing from running a Biermann battery on smaller scales.

@ This solves the cosmological magneto-genesis problem, but the big challenge
remains in growing coherent large-scale magnetic fields from a small-amplitude, ~a-
small-scale fields: this is a major challenge of dynamo theory! E
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Cosmological magneto-genesis: the Biermann batte

100 20 15

L L LI S

1BI[G)
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101 —— SPX5.0 E
- 002 004 006 008 010 012 014
logn [em™] a
@ Cosmological simulations of the Biermann battery during the epoch of _E
reionization with a state-of-the-art galaxy formation model find magnetic field
generation at reionization fronts and at supernova-driven outflows (Attia+ 2021) AIP
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The induction equation — derivation

@ To derive the equations of magneto-hydrodynamics, we need
1. an equation for the magnetic field evolution, i.e., the induction equation, and
2. work out the magnetic force and stress.

a
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The induction equation — derivation

@ To derive the equations of magneto-hydrodynamics, we need
1. an equation for the magnetic field evolution, i.e., the induction equation, and
2. work out the magnetic force and stress.

@ We start with Ohm’s Law:

E=nj-~ xB,

where 7 is the resistivity, v is the fluid velocity.
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The induction equation — derivation

@ To derive the equations of magneto-hydrodynamics, we need
1. an equation for the magnetic field evolution, i.e., the induction equation, and
2. work out the magnetic force and stress.

@ We start with Ohm’s Law:
v
E=nj—— X B,
nl c
where 7 is the resistivity, v is the fluid velocity.

B
@ Using Faraday’s Law, %—t = —-cV X E, we get

B
%:Vx(va)—Vx(cnj).
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The induction equation — derivation

@ To derive the equations of magneto-hydrodynamics, we need
1. an equation for the magnetic field evolution, i.e., the induction equation, and
2. work out the magnetic force and stress.

@ We start with Ohm’s Law:
v
E=nj— — X B,
nJ c

where 7 is the resistivity, v is the fluid velocity.

B
@ Using Faraday’s Law, %—t = —-cV X E, we get

B
%:Vx(va)—Vx(cnj).

@ Using Ampere’s Law, V x B = 4 j/c, we get

oB c?
— =VX(vxB)——VXx(nV xB).
ot 4
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The induction equation — derivation

@ To derive the equations of magneto-hydrodynamics, we need
1. an equation for the magnetic field evolution, i.e., the induction equation, and
2. work out the magnetic force and stress.

@ We start with Ohm’s Law:
v
E=nj—— X B,
nJ p
where 7 is the resistivity, v is the fluid velocity.
B
@ Using Faraday’s Law, %—t = —-cV X E, we get

B
%:Vx(va)—Vx(cnj).

@ Using Ampere’s Law, V x B = 4 j/c, we get
:B 2
d—:Vx(va)—C—Vx(anB).
ot 4

@ Assuming n = const, using the identity V x (V x B) = V(V - B) — V2B and
the solenoidal condition, V - B = 0, we arrive at the induction equation:

—
oB > 2 E
== B) + DV?B, wh D=1 2) ——
o V X (v x B)+ DV®B, where ym @ —p
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The induction equation — discussion

@ The magnetic induction equation reads:

B 2
8—:VX(VXB)+DVZB, where D=1,
ot 4z

@ 13t term: the “convective term” states that the field is frozen into the flow (as we
will see momentarily): an important property for astrophysical plasmas!

@ 2" term: the “diffusive term” represents the diffusive leakage of magnetic field
lines across the conducting field, which is important for changing the magnetic
topology, e.g. in reconnection.

a
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The induction equation — discussion

@ The magnetic induction equation reads:

B 2
8—:VX(VXB)+DVZB, where D=1,
ot 4z

@ 13t term: the “convective term” states that the field is frozen into the flow (as we
will see momentarily): an important property for astrophysical plasmas!

@ 2" term: the “diffusive term” represents the diffusive leakage of magnetic field
lines across the conducting field, which is important for changing the magnetic
topology, e.g. in reconnection.

@ The “diffusive term” can be neglected for infinite conductivity o = n—" or for large
magnetic Reynolds numbers Rey — oo:

Rew — |convective term|  L='vB  Lv
™~ T|diffusiveterm| ~ DL-2B D

a
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Magnetic force and stress — 1

Using Ampeére’s law at low frequencies, V X B = 4xj/c, we will now show that the
Lorentz force can be written as follows:

1 1 1 1

Fl=-jxB=—(VxB)xB=—-—VB®+ —(B-V)B=-V-M,

c 4 8 47

where ] ]
2
Mjj = aB 8 — EB,-Bj

is the magnetic stress tensor: it plays a role analogous to the fluid pressure in ordinary
fluid mechanics (explaining the minus sign introduced in its definition).

a
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Magnetic force and stress — 1

Using Ampeére’s law at low frequencies, V X B = 4xj/c, we will now show that the
Lorentz force can be written as follows:
1 1 1 1
Fl=-jxB=—(VxB)xB=—-—VB®+ —(B-V)B=-V-M,
c 4 8 47

where | |
2
Mjj = aB 8 — EB,-Bj
is the magnetic stress tensor: it plays a role analogous to the fluid pressure in ordinary
fluid mechanics (explaining the minus sign introduced in its definition).
@ We have
(V x B) x B|; = ejieim(01Bm) Bk = eij€jim(01Bm)Bk

= (6110im — Skm0ir)(91Bm)Bk = (9kBi)Bx — (9;By) Bk
=|(B-V)B- %VBZ :

I

a
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Magnetic force and stress — 1

Using Ampeére’s law at low frequencies, V X B = 4xj/c, we will now show that the
Lorentz force can be written as follows:

1 1 1 1
Fl=-jxB=—(VxB)xB=-——VB2+ —(B-V)B=-V M,
c 4 8 47

where | |
2
M; = aB djj — EB’Bj

is the magnetic stress tensor: it plays a role analogous to the fluid pressure in ordinary
fluid mechanics (explaining the minus sign introduced in its definition).
@ We have
(V x B) x Bl|; = ¢jkejm(9/Bm)Bk = exijjim(01Bm) Bk
= (6110im — Skm0ir)(91Bm)Bk = (9kBi)Bx — (9;By) Bk

I

= [(B-V)B— %VBZ} :
@ Because V - B = 0, we can rewrite this, yielding

!

1 1 1 1
o [(B -V)B - 5VBZ} = Ea" (B,-Bk - 5325,,() = — M.
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Magnetic force and stress — 1

Using Ampeére’s law at low frequencies, V X B = 4xj/c, we will now show that the
Lorentz force can be written as follows:

1 1 1 1
Fl=-jxB=—(VxB)xB=-——VB2+ —(B-V)B=-V M,
c 4 8 47

where | |
2
M; = aB djj — EB’Bj

is the magnetic stress tensor: it plays a role analogous to the fluid pressure in ordinary
fluid mechanics (explaining the minus sign introduced in its definition).
@ We have
(V x B) x Bl|; = ¢jkejm(9/Bm)Bk = exijjim(01Bm) Bk
= (6110im — Skm0ir)(91Bm)Bk = (9kBi)Bx — (9;By) Bk

I

= [(B-V)B— %VBZ} :
@ Because V - B = 0, we can rewrite this, yielding

!

1 1 1 1
o [(B -V)B - 5VBZ} = Ea" (B,-Bk - 5325,,() = — M.

A

@ The first term is the magnetic curvature or tension force and the second term is
the gradient of the magnetic pressure B? /8.

istoph Pfrommer Magnetic fields
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Magnetic force and stress — 2

To get a better understanding, we show that the surface force (per unit area) exerted by
a bounded volume V on its surroundings is given by

1
Fs=n-M= LBZn— 4—BB,7,

87 T

where B, = B - nis the component of B along the outward normal n to the surface of
the volume.

a
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Magnetic force and stress — 2

To get a better understanding, we show that the surface force (per unit area) exerted by
a bounded volume V on its surroundings is given by

1
Fs=n-M= LBZn— 4—BB,7,

87 T

where B, = B - nis the component of B along the outward normal n to the surface of
the volume.

@ The net Lorentz force acting on a volume V of fluid can be written as an integral
of a magnetic stress vector acting on its surface,

/FLdV:/L(VXB)XBdV:—/V-MdV:f}{n-MdS.
v v 4m s s

a
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Magnetic force and stress — 2

To get a better understanding, we show that the surface force (per unit area) exerted by
a bounded volume V on its surroundings is given by

1
Fs=n-M= Lan_ 4—BB,7,

87 T

where B, = B - nis the component of B along the outward normal n to the surface of
the volume.

@ The net Lorentz force acting on a volume V of fluid can be written as an integral
of a magnetic stress vector acting on its surface,

/FLdV:/L(VXB)XBdV:—/V-MdV:f}{n-MdS.
v v 4m s s

@ To get the force Fg exerted by the volume on its surroundings, we need to add a
minus sign,
1 1
Fs=n-M=_—B?n— —BB,,
S 8r 4z "

—
where Bp = B - n. E

AIP

istoph Pfrommer Magnetic fields



Magnetic force and stress — 3

To understand the meaning of magnetic stress, we take a uniform magnetic field along
the z-direction (B = Be;) and compute the surface forces F g exerted by a rectangular
volume that is aligned with the magnetic field (there are 6 different surface elements
but symmetry limits the surface forces to two different types). In particular, we ask
which magnetic forces (pressure or tension) are contributing to these surface forces:

a

AIP
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Magnetic force and stress — 3

To understand the meaning of magnetic stress, we take a uniform magnetic field along
the z-direction (B = Be;) and compute the surface forces F g exerted by a rectangular
volume that is aligned with the magnetic field (there are 6 different surface elements
but symmetry limits the surface forces to two different types). In particular, we ask
which magnetic forces (pressure or tension) are contributing to these surface forces:

A— A1

AIP
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Magnetic force and stress — 4

@ Take the surface perpendlcular to the x axis on the right-hand side of the box:
n=ex: Fiignt = ex + M,
1 1 1

Fright,x = 878 - EBXBZ = 87827 Fright,y = Fright,z =0.

a

AIP
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Magnetic force and stress — 4

@ Take the surface perpendicular to the x axis on the right-hand side of the box:

n=ey: Fright:eX'M7
1 1 1
8782 - EBXBZ = 87827 Frignt,y = Fright, z = 0.

@ The stress exerted by the magnetic field at the top of the surface element is

Fright, X =

n=e;: Fiop = €2+ M, note that we have here: B?> = B2,
1

1
Fiop,z = =— B? —
top, 2 87 47

1
Bsz:—87527 Fiop, x = Fiop,y = 0. E

AIP
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Magnetic force and stress — 4

@ Take the surface perpendicular to the x axis on the right-hand side of the box:

n=ey: Fright:eX'M7
1 1 1
8782 - EBXBZ = 87827 Frignt,y = Fright, z = 0.

@ The stress exerted by the magnetic field at the top of the surface element is

Fright, X =

n=e;: Fiop = €2+ M, note that we have here: B?> = B2,
1
47

The stress is also perpendicular to the surface and of equal magnitude to that of ————
. . . . AIP
the magnetic pressure exerted at the vertical surfaces, but of opposite sign!

istoph Pfrommer Magnetic fields
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Frop,z = aBz— Bsz:_87527 Ftop, x = Ftop,y = 0. SN



Magnetic force and stress — 5

57 3 )
=57 }
Ak AT
I
4 ir A
[
18
i J
i | | r & F-’f

Conclusions:

@ The magnetic pressure causes the fluid volume to expand in the perpendicular
directions to the magnetic field (in x and y for a field in z direction)

a

AIP
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Magnetic force and stress — 5

Conclusions:
@ The magnetic pressure causes the fluid volume to expand in the perpendicular
directions to the magnetic field (in x and y for a field in z direction)
@ The magnetic stress in the direction of B forces the fluid element to contract

—
along the field lines. This acts like a negative pressure similar to a stretched E

elastic rubber band! —
AIP
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Magneto-hydrodynamics

@ For a collisional fluid on scales larger than the particle mean-free path and on
time scales longer than the inverse plasma frequency, 7 > w;, the evolution of
the magnetic vector field B is given by magneto-hydrodynamics (MHD).

@ Ideal MHD assumes an inviscid (i.e., no viscosity), ideally conducting fluid.

a

AIP
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Magneto-hydrodynamics

@ For a collisional fluid on scales larger than the particle mean-free path and on
time scales longer than the inverse plasma frequency, 7 > w; , the evolution of
the magnetic vector field B is given by magneto-hydrodynamics (MHD).

@ Ideal MHD assumes an inviscid (i.e., no viscosity), ideally conducting fluid.

@ To derive MHD, we add the Lorentz force to the momentum evolution equation
(the Euler equation) and supplement the system of conservation equations of
mass, momentum and entropy by the equation for magnetic induction, Eq. (2)
without the diffusion term and obtain the equations of ideal MHD:

Op

— +V-(pv)=0
ot TV () =0,
av B2\ . 1
— 4V-VV)=-VP+jxB=-V. |[[P+— |1+ —BB'
p<81+v V) i < +87r> T }
0s
— +Vv-Vs=0,
ot +
oB . .
T V X (v X B) =0, subjectto the constraint V-B =0,
—
where p = p(x), P = P(x), v =v(x), j = j(x), s = s(x), and B = B(x) are the E
density, pressure, velocity, electric current, entropy, and magnetic field. TAIP
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Magnetic flux freezing — 1

@ To show that the magnetic flux is “frozen” into the plasma, we start with the
induction equation (2) without the diffusion term:

oB
— =V X (vXxB),
ot ( )

a

AIP
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Magnetic flux freezing — 1

@ To show that the magnetic flux is “frozen” into the plasma, we start with the
induction equation (2) without the diffusion term:

oB
— =V x (v x B),
5 ( )

@ Using V - B = 0, we obtain

% =(B:-V)v—(v:-V)B-(V-V)B,
which can be rearranged to yield
dB 9B _
i E-l—(v-V)B_(B V)v—(V-v)B.

a

AIP
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Magnetic flux freezing — 1

@ To show that the magnetic flux is “frozen” into the plasma, we start with the
induction equation (2) without the diffusion term:

oB
— =V x (v x B),
5 ( )

@ Using V - B = 0, we obtain

B
%t —(B-V)v—(v-V)B—(V-V)B,
which can be rearranged to yield
dB 9B
i E-‘F(V-V)B—(B-V)V—(V-V)B.
@ With the continuity equation % = —(V - v)p, we get
dB 0B B dp
— == -V)B=(B-V ——.
at = ot TV VIB=(B-V)vi g

a

AIP
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Magnetic flux freezing — 1

@ To show that the magnetic flux is “frozen” into the plasma, we start with the
induction equation (2) without the diffusion term:
oB
— =V x (v x B),
5 ( )
@ Using V - B = 0, we obtain

%:(B.V)v_(wV)B—(V-V)B,

which can be rearranged to yield

dB _ 9B B
G =9 TV V)B=(B-V)v—(V-V)B.

dp

@ With the continuity equation = —(V - v) p, we get

dB 0B Bdp
— == -V)B=(B-V)v+ ——.
at = ot TV VIB=(B-V)vi g

@ Multiplying this equation by p—' and rearranging terms yields
g(E)Z@_Ede(E.V)V, )
dt \ p p dt  p2dt p

. o AIP
This is the flux-freezing equation of magnetic fields.
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Magnetic flux freezing — 2

Flux freezing condition: g (E) = (E . V) v
dt \p p
@ Consider the evolution of §x which connects two neighboring points in the fluid:
Ax(t) = ox
Ax(t4+At) = 6x+ (0x-V)VAL+ O(AR)
dox _ Ax(t+ At) — Ax(t) — (5% V)V
dt At

@ B/p and éx satisfy the same ODE, hence if initially 6x = £B/p, the same
relation will hold for all times. If §x connects two particles on the same field line
then they remain on the same field line.

a

AIP
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Magnetic flux freezing — 3

Flux freezing condition: E (E) = (E . v) v
dt \ p p

@ What does this flux-freezing condition imply for a uniform contraction/expansion
of the plasma?

a

AIP
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Magnetic flux freezing — 3

Flux freezing condition: E (E) = (E . v) v
dt \ p p

@ What does this flux-freezing condition imply for a uniform contraction/expansion
of the plasma?

@ The plasma resides in a sphere of radius r and conserves mass and magnetic
flux d® = B - dA (where dA is the surface element on the sphere). Thus, both
pr3 and Br? are constant and we obtain

B=./(B) o r2 x p*B, ag= %,

for isotropic contraction or expansion, independent of the magnetic topology.

a

AIP
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Magnetic flux freezing — 3

Flux freezing condition: E (E) = (E . v) v
dt \ p p

@ What does this flux-freezing condition imply for a uniform contraction/expansion
of the plasma?

@ The plasma resides in a sphere of radius r and conserves mass and magnetic
flux d® = B - dA (where dA is the surface element on the sphere). Thus, both
pr3 and Br? are constant and we obtain

B=./(B) o r2 x p*B, ag= %,

for isotropic contraction or expansion, independent of the magnetic topology.

@ Note that the scaling exponent g depends on the type of symmetry invoked
during collapse (whether it is isotropic or not) and can differ for contraction along
a homogeneous magnetic field (ag = 0) or perpendicular to it (ag = 1).

@ Thus, flux freezing alone predicts a tight relation between B and p. Moreover, it
has a surprising property called magnetic draping.

a

AIP
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normvel-magfieldlines.mov
Media File (video/quicktime)


What is magnetic draping?

Interaction of an obstacle (Earth, star, galaxy, ...) with a magnetized plasma

@ [s magnetic draping similar to ram
pressure compression?
— no, the density is not increased in P
magnetic draping as shown by ideal i
MHD simulations (right)

@ Is magnetic flux still frozen into the I ——
plasma?
yes, but plasma can also move along
field lines while field lines get stuck at =

obstacle . .
I

AIP
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Applications of magnetic draping

@ Solar-wind magnetic field is draped around the magnetopause of Earth: this
protects Earth from cosmic rays during times of spin flip of the magnetic poles

@ draping of solar-wind magnetic field griegnetictiendstength -
at other moons and planets of the 0oy b ]
solar system: plasma physics

@ hydrodynamic stability of underdense Z;,
radio bubbles ;

y
Magnetic field strength [nT]
&

@ sharpness (Te, ne) of cold fronts:
without B, smoothed out by diffusion o L . A 1

and heat conduction on > 108 yrs ! Y
Guicking et al. (2010): magnetic draping around Venus

@ magnetic draping on spiral galaxies in galaxy clusters: method for detecting the
orientation of cluster magnetic fields

a

AIP
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Polarized synchrotron emission in a field spiral: M51

2 @ grand design ‘whirlpool galaxy’
(M51): optical star light

superposed on radio contours
@ polarized radio intensity follows the

spiral pattern and is strongest in
between the spiral arms

@ the polarization ‘B-vectors’ are
aligned with the spiral structure

a

AIP
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Ram-pressure stripping of cluster spirals

@ 3D simulations show that the
ram-pressure wind quickly strips the
low-density gas in between spiral
arms (Tonnesen & Bryan 2010)

@ being flux-frozen into this dilute
plasma, the large scale magnetic field
will also be stripped

— resulting radio emission should be
unpolarized

Brueggen (2008)

a

AIP
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Polarized synchrotron ridges in Virgo spirals

NGC 4396 NGC 4501 NGC 4548

NGC 4402 NGC 4522 NGC 4654

Vollmer et al. (2007): 6 cm PI (contours) + B-vectors; Chung et al. (2009): HI (red)
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Magnetic draping around a spiral galaxy

Athena simulations of spiral galaxies interacting with a uniform cluster
magnetic field. There is a sheath of strong field draped around the leading
edge (shown in red). CP & Dursi (2010, Nature Phys.) F

AIP
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Magnetic draping around a spiral galaxy — physics

@ the galactic ISM is pushed back by the
ram pressure wind ~ pv?

@ the stars are largely unaffected and lead
the gas

@ the draping sheath is formed at the
contact of galaxy/cluster wind

@ as stars become SN, their remnants
accelerate CRes that populate the field
lines in the draping layer

@ CRes are transported diffusively (along field lines) and advectively as
field lines slip over the galaxy

@ CRes emit radio synchrotron radiation in the draped region, tracing out
the field lines there — coherent polarized emission at the galaxies’
leading edges _E

AIP
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Modeling the electron population

@ cooling time scale of synchrotron emitting electrons (CRe):

o 3eB 2 B s 2
vame = 5omog ) =09 GHz (MG) (07)

E 6mmec
Tsyne = = =

_ T (AN BN\
E~ oy 210 yr(1o4) (mG)
@ typical SN rates imply a homogeneous CRe distribution

@ FIR-radio correlation of Virgo spirals show comparable values to the
solar circle: take MW CRe distribution inside our galaxies,

Mo = Co &~ (F=R0)/a g—121/hz

with normalization C, ~ 10~ cm~2 as well as scale heights hr ~ 8 kpc
and h; ~ 1kpc, normalized at Solar position

@ truncate at contact of ISM-ICM, attach CRe distribution L to contact

surface with h; ~ 150 pc phase) A

AIP
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Magnetic draping and polarized synchrotron emission

Synchrotron B-vectors reflect the upstream orientation of cluster magnetic fields

Total Pl = 8227 mly Total Pl = 8440 mly
MaxPl = 2187 plybeam MaxPl = 33456 uybeam

Christoph Pfrommer Magnetic fields



Simulated polarized sync

Total P (enJ) - a7 Total P1 (mJ) = ana
Max Pl (u Jbeam) = 3002 Max Pl (uJbeam) = 133.9

Movie of the simulated polarized synchrotron radiation viewed from various
angles and with two field orientations.

=

AIP
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x-orient-z.mov
Media File (video/quicktime)


Varying galaxy inclination and magnetic tilt

X =]
Inclination of

N 2N gglaxy toward .

\glrectlon of motion

\ ——

Side view: Top view: : .
Galaxy moving upwards Galaxy moving out of-page

\

magnetic field
orientation

\

a

AIP
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Observations versus simulations

A

Sl A e,
Nz
N *
|

J
N

\
N
J

B

TowPl - 1041mly
MaxPl = 3644 pyibeam

HI hot spot

Christoph Pfrommer
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Mapping out the magnetic field in Virgo

NGC 4501

NGC 4654

e v < 600 km/s
& 600 km/s <v < 1300 km/s
& 1300 km/s < v < 2000 km/s
& 2000 km/s <v
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Discussion of radial field geometry

@ The alignment of the field in the plane of the sky is significantly more
radial than expected from random chance. Considering the sum of
deviations from radial alignment gives a chance coincidence of less
than 1.7% (~ 2.2 ).

@ For the three nearby galaxy pairs in the data set, all have very similar
field orientations.

— Which effect causes this field geometry?

a

AIP
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Discussion of radial field geometry

@ The alignment of the field in the plane of the sky is significantly more
radial than expected from random chance. Considering the sum of
deviations from radial alignment gives a chance coincidence of less
than 1.7% (~ 2.2 ).

@ For the three nearby galaxy pairs in the data set, all have very similar
field orientations.

— Which effect causes this field geometry?

Perhaps this is a residual of radial infall of gas into the galaxy cluster
(Ruszkowski+2010)

a

AIP
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Conclusions on magnetic draping around galaxies

@ draping of cluster magnetic fields
naturally explains polarization ridges at
Virgo spirals

NGC 4501

a

AIP
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Conclusions on magnetic draping around galaxies

@ draping of cluster magnetic fields
naturally explains polarization ridges at
Virgo spirals

@ this represents a new tool for measuring
the in situ 3D orientation and coherence
scale of cluster magnetic fields

a

AIP
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Conclusions on magnetic draping around galaxies

@ draping of cluster magnetic fields
naturally explains polarization ridges at
Virgo spirals

@ this represents a new tool for measuring
the in situ 3D orientation and coherence
scale of cluster magnetic fields

@ application to the Virgo cluster shows
that the magnetic field is preferentially
aligned radially

a
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Conclusions on magnetic draping around galaxies

@ draping of cluster magnetic fields
naturally explains polarization ridges at
Virgo spirals

@ this represents a new tool for measuring
the in situ 3D orientation and coherence
scale of cluster magnetic fields

@ application to the Virgo cluster shows
that the magnetic field is preferentially
aligned radially

@ this finding has consequences for thermal conduction across clusters if
there is a residual radial field component

@ important implications for thermal cluster history — galaxy cluster
cosmology E

AIP
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Jellyfish galaxies in clusters

¥
T
4 : “g o 1 17 %
L i - N K & ¢ s d
: & ol " : . *
'*— * $ *
by ‘¥
’ g & - : +.A
g
P e
‘ :
- s 3

. . . " o
P o

Th$pira.l galaxy ESO '1’37:—001 (NASA, E;SA, CXQ)
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Protective layer: magnetic field of a jellyfish galaxy

Observations of aligned B polarization vectors along the tail of galaxy JO206

Miller+ (2021, Nature Astronomy) E
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Simulating a jellyfish galaxy

BX BZ
£
l; { B{AG

4.00¢c

t

k- Vwind - Owind B Uwind Uwind

Muller+ (2021, Nature Astronomy), Sparre, CP+ (2020)

@ A jellyfish galaxy experiences ram-pressure stripping as a result of its
fast motion in the intracluster medium.

@ The turbulent wind magnetic field is wrapped around the galaxy and
stretched in the wake by shear motions as well as cooling of thermally
unstable mixed wind material. _E

@ The magnetic field facilitates the formation of long gaseous filaments. AIp
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NaturePaperMovie.mov
Media File (video/quicktime)


Interaction of a cold cloud with a hot wind

Magnetic tension and pressure modify the dynamics of the interaction

#  Simulation setup T, = 10°K _ns /77'7\\\
clou ~—
Nyou = 0.1 cm3 T 2o e \
R =25pc 2 a2 /
) i -
v Cloud Tow=50x10°K ]/
N,y = 2 X 10% cm® g7
TITTTTTITI M:1.5 27240{
Wind b B=100rw (B=PIP,) ol radiative cooling
r L & 0 55 6o &5 7
log 1%

Sparre, CP, Ehlert (2020)

a
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Magnetic field configurations

@ - @

(

no magnetic field

€

turbulent B

f
v !! © uniform B

Sparre, CP, Ehlert (2020)

a
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Magnetic field alters dynamics of cloud shattering

no magnetic field

e —
—4-3-2-1 -4-3-2-1
K] logn [em %] logn [em %]
[
“, @ °
17 U\t‘d V|—- Vwind
5 e
I i i
FRHIS
¥
o“T o ii
KHI = Kelvin Helmholtz instability E
Sparre, CP, Ehlert (2020) ==
AIP
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Magnetic field alters dynamics of cloud shattering

no magnetic field turbulent B
1-NaF 1ot 4 VindTurh ClTasgled 4 WindTusb C:Tasgled
e e = =
=== =il —4-3-2-1 === ===l
2| logi [em™] logn [em~3] logn [em~3] logn [em™3]

b

TR DT O T B R )

T 'wind = Vwind z

. ﬂ r
U | ' . .

KHI spppressed
/KHI Tk <

I $ ¥ i

8tec

E } A magnetic field suppresses
. & dy ') the Kelvin-Helmholtz instability
' (KHI) in the wake of the cloud F

Sparre, CP, Ehlert (2020)

AIP
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Magnetic field alters dynamics of cloud shattering

Ot

b

atee

8tec

no magnetic field

turbulent B

4 \indTurb ClTangled

4 WindTusb CTacgled

uniform B

S-Uindlaiforn-Cllangled S-dizdUaifom-CiTangled

=
—-4-3-2-1
logn [em %]

e
-4-3-2-1
logn [em %]

———
-4-3-2-1
logn [em 3]

[ —
===
logn [em™3]

———
-4-3-2-1
log [em ™3]

———
—-4-3-2-1
logn [em~3]

17 ° f)\t‘d V|—- ° i“mtn.i X/I_\. * U‘t\d "L~ * U\!n:l }1—‘ ° T/\de }/I_ ° 5'\151
; J .‘
' ' ¢ ' o i
S KHI — 3 KHI spppressed
X & ¥ v i (g
|
‘: 3 ¢ ' ’\
g" \.&J L3 & B * > B e‘

Sparre, CP, Ehlert (2020)

KHI is suppressed along x, but not z F

AIP
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A magnetic draping layer protects against instabilities

Magnetic pressure and tension forces alter the dynamics of the interaction

Christoph Pfrommer Magnetic fields



normvel-magfieldlines.mov
Media File (video/quicktime)


A turbulent B field extends cloud’s lifetime

0.24 1-NoMF

= 4-WindTurb-ClTangled, RC]OlId Pcloud
0.0 5-WindUniform-ClTangleéd— . Iee .
: Uwind Pwind

Meoud (f)/Mcl(\ud(f = 0)

=

AIP
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A uniform B field initially accelerates cloud more

1.0
1-NoMF
— 401 ... 4-WindTurb-ClTangled
C”) 0.8 ===+ 5-WindUniform-ClTangled
= E 30
'g 0.6 V%
3 3 /
> /
= g 20 /
~ 0.4+ S ’
= = / &
N K2} 2745
o ° L
202 1-NoMF 10 T-’ /’,.-‘
] Vo <
2“ —— 4-WindTurb-ClTangled, “'"‘1( Z
0.0 5-WindUniform-ClTangled~__.. 0 ____‘—'9"‘
T T T T T a T T T T
0 2 4 6 8§ 10 12 14 16

0 2 4 6 8 10 12 14
Htee ttee
@ KHI instability shatters a small cloud into small pieces that mix
with and dissolve into the hot wind

@ magnetic field protects against instabilities and increases —
survival time by 30%, but does not halter the cloud’s destruction g

(Sparre, CP, Ehlert 2020) ALP
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The growth regime

X =100, M =15

2 @ ram-pressure stripped gas from a large

— 150 pc

cloud mixes with the hot wind to
intermediate temperatures

@ thermal instability causes further cooling
and net accretion of hot gas to the
cold tail (amilotta+ 2017, Gronke & Oh 2018, 2019, Li+

e : 2019, Sparre+ 2020, Kanjilal+ 2020)

Maioud(t)/ Metoud (t = 0)

@ momentum transfer from hot wind to cooling accreting
material implies formation of long gaseous tail of the jellyfish
galaxy!

a
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The growth regime

) X =100,M =15 ) X =1000, M =15 M=15 >3

— 150 pe —— 19000 pc £
. 47 pe . 6000 pe <z Bl
. 15 pe S 1900 pe k] 5
= 15pc - 190 pe > i
E] ] . £ [e]
P < S
! s ® £
< 2 2 ]
= ) 4 3
3 E} t, Z
3 3 = ! 2
= = P I g
k= ¢ 4%
Runa =

0 . 0 3

0 5 10 15 0 5 10 15 0 1 2 3 4 5
t/tee t/tec log Retoua/ pe

@ hot-wind cooling time sets transition radius and not the
mixed-phase cooling time =- cloud growth criterion (sparre+ 2020):

t ’
w < 10f(Ma F')C|0Uda Nwind, Vwind)
cC

a
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Conclusions on magnetic fields dynamics

Interaction of a cold cloud with a hot wind:

@ magnetic field provides tension on a moving object and
decelerates it

() and increases the
survival time

@ destruction regime: transport of dense gas to several kpcs hard
to explain because cloud shatters and dissolves in the wind

@ growth regime: momentum transfer from hot wind to the cooling
and accreting material implies formation of long gaseous tail of
the jellyfish galaxy

a
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Sound Waves — 1

@ We can derive the hydrodynamic dispersion relation by perturbing the mass,
momentum and entropy equation of a hydrodynamic fluid without conduction and
viscosity. How many equations do you have and how many eigenvalues does the
linearized system of equations allow for?

a
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Sound Waves — 1

@ We can derive the hydrodynamic dispersion relation by perturbing the mass,
momentum and entropy equation of a hydrodynamic fluid without conduction and
viscosity. How many equations do you have and how many eigenvalues does the
linearized system of equations allow for?

@ The hydrodynamic system of five equations reads (without viscosity and heat

conduction) 9
P
— 4+ V. (pv)=0
5 TV (V) =0,
9 T p7) o
E(pV)-{—V- (pVV +P1) =0,
ds
— 4+ Vv-Vs=0.
ot +

a
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Sound Waves — 1

@ We can derive the hydrodynamic dispersion relation by perturbing the mass,
momentum and entropy equation of a hydrodynamic fluid without conduction and
viscosity. How many equations do you have and how many eigenvalues does the
linearized system of equations allow for?

@ The hydrodynamic system of five equations reads (without viscosity and heat

conduction) 9
P
— 4+ V. (pv)=0
5 TV (V) =0,
9 T p7) o
E(pV)-{—V- (pVV +P1> =0,
ds
— 4+ Vv-Vs=0.
ot +

@ The dispersion relation for sound waves is derived by combining the first four
equations (for mass and momentum). We perturb the fluid, split the dynamical
quantities into background values (that do not depend on time) and small
perturbations: p = pg + dp, v = dv (note: vog = 0), P = Py + 6P. The constraint
equation for the background reads

VP, =0. (3)
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Sound Waves — 1

@ We can derive the hydrodynamic dispersion relation by perturbing the mass,
momentum and entropy equation of a hydrodynamic fluid without conduction and
viscosity. How many equations do you have and how many eigenvalues does the
linearized system of equations allow for?

@ The hydrodynamic system of five equations reads (without viscosity and heat

conduction) 9
P
— +V-(pv)=0
5 TV (V) =0,
8 T -
a(pv) +V. (pVV + P1> =0,
ds
— 4+ Vv-Vs=0.
ot +

@ The dispersion relation for sound waves is derived by combining the first four
equations (for mass and momentum). We perturb the fluid, split the dynamical
quantities into background values (that do not depend on time) and small
perturbations: p = pg + dp, v = dv (note: vog = 0), P = Py + 6P. The constraint
equation for the background reads

VP, =0. (©)
@ The perturbed mass and momentum equations are to first order (after using

o _
57 (P0V) +V - (Bp¥oVT + pebv VG +16P) = 0. AIP



Sound Waves — 2

@ We recap the perturbed mass and momentum equations to first order:

aép
—— 4+ V - (pgoVv
ot + (poov)

%(poéV)-‘rV'(iMD) =0 lv.(.)

@ Subtracting the second from the first equation yields a wave equation,

0 lat(‘)

2sp — V3P =0. @)

a
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Sound Waves — 2

@ We recap the perturbed mass and momentum equations to first order:

96
ap+v (podv) = 0 lat(‘)
t

)

5 (P00 + V- (10P) = 0 ]v-(

@ Subtracting the second from the first equation yields a wave equation,

2sp — V3P =0. @)

@ Using the Fourier transformation convention

5 = d3k 5o(k —iwt+ik-x
p(x,t) = P plk,w)e ;

we decompose Eq. (4) into plane waves to obtain the dispersion relation for
sound waves

—w5p+ k25P =0,

5P 5P A
2= K2 =44/—k 5
w T == w 55 (5) E

where only the positive root has a physical meaning and k =_|k|.
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Sound Waves — 3

@ We recap the dispersion relation for sound waves

[P
w=1]—k.
6p
@ Adopting the equation of state P = P(p, s), we can relate Fourier to
configuration space quantities:

3P _op
55 Op

s

a
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Sound Waves — 3

@ We recap the dispersion relation for sound waves

[P
w=1]—k.
6p
@ Adopting the equation of state P = P(p, s), we can relate Fourier to
configuration space quantities:

3P _op
55 Op

s

@ Hence, the phase and group speed of sound waves are given by

oo [P
*Tk ok \ opls

=
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Sound Waves — 3

@ We recap the dispersion relation for sound waves

[P
w=1]—k.
6p
@ Adopting the equation of state P = P(p, s), we can relate Fourier to
configuration space quantities:

3P _op
55 Op

S
@ Hence, the phase and group speed of sound waves are given by

w _ Ow

Cs = _ = %
*Tk ok \ opls

@ Sound waves are longitudinal perturbations of the pressure that propagate with F
Cs and have vgr = Vpp.

AIP
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Hydrodynamic waves

@ We can derive the dispersion relation for sound waves by perturbing the mass,
momentum and entropy equation of a hydrodynamic fluid without conduction and
viscosity. How many equations do you have and how many eigenvalues does the
linearized system of equations allow for?

@ The hydrodynamic system of five equations reads (without viscosity and heat

conduction)
Op
— + V- (pv) =0,
ot TV (V)
a T = _
FACOR A (pVV +P1) =0,
as
— 4+ Vv-Vs=0.
ot +
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Hydrodynamic waves

@ We can derive the dispersion relation for sound waves by perturbing the mass,
momentum and entropy equation of a hydrodynamic fluid without conduction and
viscosity. How many equations do you have and how many eigenvalues does the
linearized system of equations allow for?

@ The hydrodynamic system of five equations reads (without viscosity and heat

conduction)
9p
V.(pv)=0,
TV (V)=
a T = _
FACOR A (pVV + P1) =0,
as
— 4+ Vv-Vs=0.
ot +
@ By combining the first four equations (for mass and momentum), we got
Ww? = oP — K2 - w== ﬂf K,
op 6p

i.e., the sound wave is a degenerate solution and accounts for four eigenvalues.
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Hydrodynamic waves

@ We can derive the dispersion relation for sound waves by perturbing the mass,
momentum and entropy equation of a hydrodynamic fluid without conduction and
viscosity. How many equations do you have and how many eigenvalues does the
linearized system of equations allow for?

@ The hydrodynamic system of five equations reads (without viscosity and heat

conduction)
9p
V.(pv)=0,
TV (V)=
a T = _
FACOR A (pVV + P1) =0,
as
— 4+ Vv-Vs=0.
ot +
@ By combining the first four equations (for mass and momentum), we got
Ww? = oP — K2 - w== ﬂf K,
op 6p

i.e., the sound wave is a degenerate solution and accounts for four eigenvalues.

@ Perturbing the entropy equation yields to first order in Fourier space
iwds — 6V -Vsyg=0
= w=0 and sy =const. A

The entropy mode is a compressible zero-frequency mode with eigenfunctions
P=0v=0B=0andéT/T = —dp/p =25s/5.

Christoph Pfrommer Magnetic fields
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Magneto-hydrodynamic waves — 1

@ Add magnetic fields to the system in the ideal MHD approximation. How many
equations and eigenvalues do you have now?

a
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Magneto-hydrodynamic waves — 1

@ Add magnetic fields to the system in the ideal MHD approximation. How many
equations and eigenvalues do you have now?

op
L iv. —
(8—+V Vv)—fVP+'xB—7V PJrB—2 1+—BBT
ot - IxE= 8 n
0s
— +vVv-Vs=0,
6t+
oB . .
— — V X (v x B)=0 with the constraint V.B =0,

ot
where p = p(x), P = P(x), v = v(x), j = j(x), s = s(x), and B = B(x) are the
density, pressure, velocity, electric current, entropy, and magnetic field.

N
a
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Magneto-hydrodynamic waves — 1

@ Add magnetic fields to the system in the ideal MHD approximation. How many
equations and eigenvalues do you have now?

op
—+V- =0,
ot TV (ev)
(8—+V Vv)—fVP+'xB—7V PJrB—2 1+—BBT
ot - IxE= 8 n
0s
— +vVv-Vs=0,
6t+
oB . .
g—Vx (v x B) =0 with the constraint V -B =0,

where p = p(x), P = P(x), v = v(x), j = j(x), s = s(x), and B = B(x) are the
density, pressure, velocity, electric current, entropy, and magnetic field.

@ There are a total of 8 equations: 5 hydrodynamics equations plus 3 components
of the induction equation. However, the constraint equation, V - B = 0, reduces
the dimensionality to seven degrees of freedom. E

AIP
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Magneto-hydrodynamic waves — 2

In a magnetized plasma, there are seven different wave modes:
@ The 2 polarization states of shear Alfvén modes are polarized transverse to the

unperturbed magnetic field; the restoring force of these transverse magnetic
perturbations is the tension force; the group velocity is along the mean magnetic
field with vpn, = va = B/+/4m p; Alfivén modes are incompressible, i.e., 6p = 0,
and dvp o 6B.

The 2 polarization states of are equivalent to sound
waves in high-3 plasmas, where 8 = Py,/Pg = 2¢s/va; the restoring force of
these longitudinal (compressible) magnetic perturbations is the magnetic
pressure force; fast modes do not interact with Alfvén modes.

There are 2 polarization states of slow magnetosonic modes. In a high-g
plasma, they represent a compressible Alfvén mode.

The entropy mode: zero-frequency wave with fluctuations in nand T such that
the thermal pressure P = const.

a
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Alfvénic turbulence — the picture

N/

wave packets

Interacting Alfvén wave
packets.

Alfvénic turbulence is incompressible:

bva _ 3B
VA_B

What happens when the two wave packets are
interacting?

The down-going packet causes field line wandering
such that the upward going packet is broken apart
after a distance L (\).

In other words, the travel time across this wave
package in the direction of the mean magnetic field
equals the eddy turn-over time in the perpendicular
direction.

This gives rise to the critical balance condition of
Alfvénic turbulence
(Goldreich & Shridhar 95, 97, Lithwick & Goldreich 01)

a
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Alfvénic turbulence - the scaling

@ The critical balance condition reads:
AB
L=
A

@ In Kolmogorov turbulence, the energy flux of the
fluctuating field at scale X is constant, b3 /t, = const.
Equating the wave travel time along B, {, with the
eddy turn-over time in the perpendicular direction, t,,

L ) we get
L AB
t|‘:J= Zt)\O(bi,
VA Vabx
B
@ Because B « vp = const. in incompressible
Aoby, turbulence, we obtain the scaling of Alfvénic
Geometrical interpreta- turbulence:

tion of the “critical bal- by & A3 or L) o )2/3 LI1\/|/I-:|3D
ance” condition.

= the smaller the scale \, the more anisotropic is the

turbulent scaling and the more elongated are the =N
eddies (L /A o A~1/3) whose long axis is aligned with E
the local (B)! —
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Multi messenger approach for non-thermal processes

Relativistic populations and radiative processes in clusters:

Plasma turbulent cascade
processes: & plasma waves

Energy sources:

=

AIP
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Multi messenger approach for non-thermal processes

Relativistic populations and radiative processes in clusters:

Energy sources:

Plasma turbulent cascade >
processes: & plasma waves

/ J

Relativistic
particle pop.:

=
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Hadronic cosmic ray proton interaction
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Hadronic cosmic ray proton interaction
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Multi messenger approach for non-thermal processes

Relativistic populations and radiative processes in clusters:

Energy sources:

Plasma turbulent cascade >
processes: & plasma waves

/ J

Relativistic
particle pop.:

=
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Multi messenger approach for non-thermal processes

Relativistic populations and radiative processes in clusters:

Plasma turbulent cascade
processes: & plasma waves

Relativistic

particle pop.:

Observational (fadio synchrotron IC: hard X-ray &
diagnostics: emission gamma-ray emission

hadronlc reaction

=
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Multi messenger approach for non-thermal processes

Relativistic populations and radiative processes in clusters:

Plasma turbulent cascade
processes: & plasma waves
hadronlc reaction

Relativistic

particle pop.:

Observational (fadio synchrotron IC: hard X-ray & gamma-ray
diagnostics- emission gamma-ray emission emission

=

AIP
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Magnetic fields in galaxy clusters

Giant radio halo in the Coma galaxy cluster

Coma Cluster
0.5-2.0keV

thermal X-ray emission radio synchrotron emission

(Snowden/MPE/ROSAT) (Deiss/Effelsberg)

Christoph Pfrommer Magnetic fields

a




Magnetic fields in galaxy clusters

Radio shock: double relic sources

5.2'=1Mpc

ClzA J2242.8+5301 (“sausage relic”) Abell 3667

(X-ray: XMM; radio: WSRT; Ogrean+ (2013)) (radio: Johnston-Hollitt. X-ray: ROSAT/PSPC.)
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Cosmic rays and magnetic fields in clusters — 1

The energy loss rate of a relativistic electron of energy Ee = ymec? is given by
. 91C (2 2\ 2
Ee = g(chbJrB e
where o7 is the Thomson cross section, me is the electron rest mass, c is the light

speed, v is the Lorentz factor, B is the magnetic field strength and Bemp ~ 3.2uG is the
equivalent field of the cosmic microwave background (cmb) energy density today.
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Cosmic rays and magnetic fields in clusters — 1

The energy loss rate of a relativistic electron of energy Ee = ymec? is given by

' o1C 2 2\ 2
Ee:6—ﬂ_(chb+B o

where o7 is the Thomson cross section, me is the electron rest mass, c is the light
speed, v is the Lorentz factor, B is the magnetic field strength and Bemp ~ 3.2uG is the
equivalent field of the cosmic microwave background (cmb) energy density today.

@ The first term in the parenthesis o Bgmb describes energy loss due to inverse
Compton (IC) scattering off of CMB photons, while the second term in the
parenthesis « B2 describes energy loss due to synchrotron emission. The
structural similarity of the formulae is not a coincidence but caused by the same
Feynman diagram of the scattering process: while IC emission evokes real
photons, synchrotron emission borrows a virtual photon from the magnetic field.

e e
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Cosmic rays and magnetic fields in clusters — 1

The energy loss rate of a relativistic electron of energy Ee = ymec? is given by

' o1C 2 2\ 2
Ee=6—ﬂ_(chb+B o

where o7 is the Thomson cross section, me is the electron rest mass, c is the light
speed, v is the Lorentz factor, B is the magnetic field strength and Bemp ~ 3.2uG is the
equivalent field of the cosmic microwave background (cmb) energy density today.

@ The first term in the parenthesis o Bgmb describes energy loss due to inverse
Compton (IC) scattering off of CMB photons, while the second term in the
parenthesis « B2 describes energy loss due to synchrotron emission. The
structural similarity of the formulae is not a coincidence but caused by the same
Feynman diagram of the scattering process: while IC emission evokes real
photons, synchrotron emission borrows a virtual photon from the magnetic field.

e e

Y Y
@ The cooling time ty,oq = Ee/Ee of a relativistic electron is given by

foool = — = ———F——=— =~ 200 Myr,
OB o1 (B, + B2y

for B=1 uG and v = 10%.

ph Pfrommer Magnetic fields
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Cosmic rays and magnetic fields in clusters — 2

@ Recall the cooling time tyo = Ee/Ee of a relativistic electron,

Ee 6mrmecC
tyool = — = ———5————— =~ 200 Myr,
cool E - (Bfmb n Bz)’y Yl

for B=1uGand v = 10%.
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Cosmic rays and magnetic fields in clusters — 2

@ Recall the cooling time tyo = Ee/Ee of a relativistic electron,

Ee 6mmec
ool = — = ———H———— == 200 Myr,
cool E - (Bfmb n Bz)’y Yl
for B=1uGand v = 10%.
@ The synchrotron frequency in the monochromatic approximation is given by

3eB B [ ~v\?
= ~1GHz — | = ) -
Vsyneh 27 mec | z uG (1O4>
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Cosmic rays and magnetic fields in clusters — 2

@ Recall the cooling time tyo = Ee/Ee of a relativistic electron,

Ee 6mmec
ool = — = ———H———— == 200 Myr,
cool E - (Bfmb n Bz)’y Yl
for B=1uGand v = 10%.
@ The synchrotron frequency in the monochromatic approximation is given by

3eB B [ ~v\?
= ~1GHz — | = ) -
Vsyneh 27 mec | z uG (1O4>

@ Combining both equations by eliminating the Lorentz factor + yields the cooling
time of electrons that emit at frequency vsyn,

,/547rmeceBuS;r11 ~ 190 ( Veyn )71/2 yr

o1 (B2 + B2) ~ 1.4GHz

leool =

—
The cooling time t.q is then bound from above and attains its maximum cooling E
time at B= chb,o/\/ﬁ ~ 1.8 4G, independent of the magnetic field. TAIP
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Giant radio relics in galaxy clusters

@ Recall the cooling time of electrons that emit at frequency vsyn,

\/54rmec eBug,| —1/2
VR S5 syn <190 ( Vsyn ) Myr.

ot (B2, + B?) 1.4GHz

leool =

a
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Giant radio relics in galaxy clusters

@ Recall the cooling time of electrons that emit at frequency vsyn,

\/54rmec eBug,| —1/2
VR S5 syn <190 ( Vsyn ) Myr.

o1 (B2, + B?) 1.4 GHz

leool =

@ We assume that the relativistic electrons are accelerated at a strong cluster
merger shock and are advected with the post-shock gas. Assuming that the
incoming gas had a pre-shock velocity of vy = 1200 km/s in the shock frame, we
get a post-shock velocity

—1)M2 42
="y _ G =Mi+2 00( Ml )kms*1

1= 7 = PET Y —
p2 (v + 1)M; 1200km s

for a shock Mach number of My = 3.

a

AIP

istoph Pfrommer Magnetic fields



Giant radio relics in galaxy clusters

@ Recall the cooling time of electrons that emit at frequency vsyn,

\/B4nmec eBug, —1/2
e T e 5190( Voyn ) Myr.

fogol = +—p
T o (B + B?) 1.4GHz

@ We assume that the relativistic electrons are accelerated at a strong cluster
merger shock and are advected with the post-shock gas. Assuming that the
incoming gas had a pre-shock velocity of vy = 1200 km/s in the shock frame, we
get a post-shock velocity

—1)MF +2
zﬂv—u 00( 4 )kmsf1

% = Vi = [ S —
T v+nMm2 1200km s~

for a shock Mach number of My = 3.

@ This implies a maximum cooling length Leool, max = Vlcool, max = 80 kpc, which
decreases for larger magnetic field strengths to assume a value of

1/ ~1 —1/2
Vo 4/ 54mmec €Burgy, zSO( Veyn ) /kpc

ot (B2, + B?) 1.4GHz

Leool = Valeool =

=

for 5 uG. Typical radial extends of radio relics are of that size. Hence, one can
use the relic geometry to estimate magnetic field strengths (projection effects!).

istoph Pfrommer Magnetic fields
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Giant radio halos in galaxy clusters

@ The maximum cooling length is
Leool, max = Vateool, max = 80 kpc at
1.4 GHz.

@ The spatial extend of giant radio
halos is ~ 2 Mpc and the emission
is not polarized.

radio synchrotron emission (Deiss/Effelsberg)
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Giant radio halos in galaxy clusters

@ The maximum cooling length is
Leool, max = Valcool, max = 80 kpc at
1.4 GHz.

@ The spatial extend of giant radio
halos is ~ 2 Mpc and the emission
is not polarized.

@ Because synchrotron emission is
intrinsically polarized, this means
that the emission is a projection of
causally uncorrelated regions along
the line of sight or there is

radio synchrotron emission (Deiss/Effelsberg)
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Giant radio halos in galaxy clusters

@ The maximum cooling length is
Leool, max = Valcool, max = 80 kpc at
1.4 GHz.

@ The spatial extend of giant radio
halos is ~ 2 Mpc and the emission
is not polarized.

@ Because synchrotron emission is
intrinsically polarized, this means
that the emission is a projection of
causally uncorrelated regions along
the line of sight or there is

@ Because Lpalo ~ 25L¢001, max there
must be a volume filling acceleration
process of relativistic electrons. radio synchrotron emission (Deiss/Effelsberg)
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Giant radio halos in galaxy clusters

@ The maximum cooling length is
Leool, max = Valcool, max = 80 kpc at
1.4 GHz.

@ The spatial extend of giant radio

halos is ~ 2 Mpc and the emission
is not polarized.

@ Because synchrotron emission is
intrinsically polarized, this means
that the emission is a projection of
causally uncorrelated regions along
the line of sight or there is

@ Because Lpalo ~ 25L¢001, max there
must be a volume filling acceleration
process of relativistic electrons. radio synchrotron emission (Deiss/Effelsberg)

@ Hadronic model: relativistic protons interact hadronically with gas protons and
produce secondary electrons/positrons that emit in the radio.
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Giant radio halos in galaxy clusters

@ The maximum cooling length is
Leool, max = Valcool, max = 80 kpc at
1.4 GHz.

@ The spatial extend of giant radio
halos is ~ 2 Mpc and the emission
is not polarized.

@ Because synchrotron emission is
intrinsically polarized, this means
that the emission is a projection of
causally uncorrelated regions along
the line of sight or there is

@ Because Lpalo ~ 25L¢001, max there
must be a volume filling acceleration
process of relativistic electrons. radio synchrotron emission (Deiss/Effelsberg)

@ Hadronic model: relativistic protons interact hadronically with gas protons and
produce secondary electrons/positrons that emit in the radio.

@ Reacceleration model: fossil or secondary electrons interact with turbulent =
magneto-hydrodynamic waves and experience Fermi-Il acceleration that makes E

them visible at radio wave lengths. AP
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Simulations — flowc

observables: physical processes:

; super-
-

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

stellar
spectra

loss processes
gain processes

observables _E

CP, Pakmor, Schaal, Simpson, Springel (2017a) populations
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Simulations with cosmic ray physics

observables: physical processes:

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

loss processes
gain processes

observables _E

CP, Pakmor, Schaal, Simpson, Springel (2017a) populations
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Simulations with cosmic ray physics

physical processes:

observables:

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

stellar
spectra

y

N>

loss processes
gain processes

observables F

CP, Pakmor, Schaal, Simpson, Springel (2017a) populations
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Simulations with cosmic ray physics

physical processes:

//
-‘/- =
super-
//
N>

loss processes
gain processes

observables F

observables:

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

stellar
spectra
radio
synchrotron
gamma-ray
emission

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

populations
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Cluster simulation: gas density

x[ ' Mpc ]
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Mass weighted temperature
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Mach number distribution weighted by egjss
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Mach number distribution weighted by ecrin;
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Mach number distribution weighted by ecr (g > 30)
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CR pressure Pcr
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Relative CR pressure Pcr/ Piotal
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Relative CR pressure Pcr/ Piotal
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Cosmic web: Mach number
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Radio web: primary CRe (1.4 GHz)
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Radio web: primary CRe (150 MHz)
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Radio web: primary CRe (15 MHz)
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Radio web: primary CRe (15 MHz), siower magnetic decline
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Magnetic fields in the universe — 1

Recap of today’s lecture

@ Properties of astrophysical magnetic fields:

* magnetic fields exist in all astrophysical objects on scales from km
to several Mpcs and show field strengths from 10—°2 Gto 10" G

* magnetized objects include planets, stars, pulsars/magnetars,
black-hole accretion discs and jets, galaxies, galaxy clusters

* magnetic observables: Zeeman effect, synchrotron intensity & polarization,
Faraday rotation

A
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Magnetic fields in the universe — 1

Recap of today’s lecture

@ Properties of astrophysical magnetic fields:

* magnetic fields exist in all astrophysical objects on scales from km
to several Mpcs and show field strengths from 10—°2 Gto 10" G

* magnetized objects include planets, stars, pulsars/magnetars,
black-hole accretion discs and jets, galaxies, galaxy clusters

* magnetic observables: Zeeman effect, synchrotron intensity & polarization,
Faraday rotation

@ Magnetic field evolution:
* Biermann battery can generate B field from a baroclinic flow without By

* the magnetic dynamo stretches, folds, twists, and merges the field so that it
grows exponentially fast until saturation

* the magnetic flux is frozen into the thermal plasma
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Magnetic fields in the universe — 1

Recap of today’s lecture

@ Properties of astrophysical magnetic fields:

* magnetic fields exist in all astrophysical objects on scales from km
to several Mpcs and show field strengths from 10—°2 Gto 10" G

* magnetized objects include planets, stars, pulsars/magnetars,
black-hole accretion discs and jets, galaxies, galaxy clusters

* magnetic observables: Zeeman effect, synchrotron intensity & polarization,
Faraday rotation

@ Magnetic field evolution:
* Biermann battery can generate B field from a baroclinic flow without By

* the magnetic dynamo stretches, folds, twists, and merges the field so that it
grows exponentially fast until saturation

* the magnetic flux is frozen into the thermal plasma
@ Magnetic force and stress:

* magnetic pressure causes the fluid to expand perpendicular to the mean
magnetic field if Pg = B?/87 > Py,

* magnetic stress forces the fluid element to contract along the field lines —
if Pg > Py,: analogy of a stretched elastic rubber band! E
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Magnetic fields in the universe — 2

Recap of today’s lecture

@ Magneto-hydrodynamic waves and turbulence:

* MHD supports 7 modes: two polarization states of Alfvén waves, slow- and fast
magnetosonic waves each, and the zero-frequency entropy mode

* MHD turbulence has an anisotropic cascade where eddies become more
elongated towards smaller scales and locally align with (B)
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Magnetic fields in the universe — 2

Recap of today’s lecture

@ Magneto-hydrodynamic waves and turbulence:

* MHD supports 7 modes: two polarization states of Alfvén waves, slow- and fast
magnetosonic waves each, and the zero-frequency entropy mode

* MHD turbulence has an anisotropic cascade where eddies become more
elongated towards smaller scales and locally align with (B)

@ Magnetic draping:
* an object moving (super-Alfvénically) through a magnetized medium drapes
a dynamically strong magnetic sheath around it
* magnetic draping suppresses interface instabilities and modifies dynamics

* polarized radio emission from draping sheath allows to infer upstream magnetic
field orientation
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Magnetic fields in the universe — 2

Recap of today’s lecture

@ Magneto-hydrodynamic waves and turbulence:

* MHD supports 7 modes: two polarization states of Alfvén waves, slow- and fast
magnetosonic waves each, and the zero-frequency entropy mode

* MHD turbulence has an anisotropic cascade where eddies become more
elongated towards smaller scales and locally align with (B)

@ Magnetic draping:
* an object moving (super-Alfvénically) through a magnetized medium drapes
a dynamically strong magnetic sheath around it
* magnetic draping suppresses interface instabilities and modifies dynamics

* polarized radio emission from draping sheath allows to infer upstream magnetic
field orientation

@ Non-thermal processes in clusters:

* radio relics and halos prove the existence of volume-filling magnetic fields and
relativistic electrons in the ICM

* the radial extent (short axis) of radio relics that propagate on the sky enables
to estimate the magnetic field strength via a cooling length argument

* what powers radio halos? hadronic interactions or Fermi-Il reacceleration? F
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There are many excellent texts on magnetic fields in the universe. If | had to select
three | would probably pick these ones that range from a basic introduction to
numerical modeling to a solid review:

@ Introductory text to magneto-hydrodynamics (MHD):
Essential Magnetohydrodynamics for Astrophysics, Spruit,
https://arxiv.org/abs/1301.5572

@ Review of numerical techniques for ideal and non-ideal MHD, applied to the
context of star formation simulations:

Numerical Methods for Simulating Star Formation, Teyssier & Commercon,
2019, FrASS, 6, 51
https://arxiv.org/abs/1907.08542
@ Review of astrophysical magnetic fields with a focus on their generation

and maintenance by turbulence:
Astrophysical magnetic fields and nonlinear dynamo theory, Brandenburg &
Subramanian, 2005, PhR, 417, 1
https://arxiv.org/abs/astro-ph/0405052

If you want to refresh your memory on the derivation of the hydrodynamic equations, of

shock waves and hydrodynamic turbulence, | suggest to read Section 3.1 of my

@ Lecture notes that cover many topics in theoretical astrophysics: T
The Physics of Galaxy Clusters, Pfrommer, E
https://pages.aip.de/pfrommer/Lectures/clusters.pdf TAIP
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