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Transport Motivation
Wave-particle interactions

Cosmic ray-driven instabilities

Puzzles in galaxy formation
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Wave-particle interactions

Cosmic ray-driven instabilities
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Transport Motivation
Wave-particle interactions

Cosmic ray-driven instabilities

Puzzles in galaxy formation

giant elliptical galaxy

spiral galaxy
dwarf galaxy :

20% of baryons ]
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stellar feedback by
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Transport Motivation
Wave-particle interactions

Cosmic ray-driven instabilities

Stellar feedback drives galactic winds

@ galactic supernova remnants
drive shock waves, turbulence,
accelerate electrons + protons,
amplify magnetic fields

supernova Cassiopeia A

X-ray: NASA/CXC/SAQ; Optical: NASA/STScl;
Infrared: NASA/JPL-Caltech/Steward/O.Krause et al.

=

AIP
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Transport Motivation
Wave-particle interactions

Cosmic ray-driven instabilities

Stellar feedback drives galactic winds

@ galactic supernova remnants
drive shock waves, turbulence,
accelerate electrons + protons,
amplify magnetic fields

@ star formation and supernovae
drive gas out of galaxies by
galactic super winds

super wind in M82

NASA/JPL-Caltech/STScl/CXC/UofA

=

AIP
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Transport Motivation
Wave-particle interactions

Cosmic ray-driven instabilities

Stellar feedback drives galactic winds

@ galactic supernova remnants
drive shock waves, turbulence,
accelerate electrons + protons,
amplify magnetic fields

@ star formation and supernovae
drive gas out of galaxies by
galactic super winds

@ critical for understanding the
physics of galaxy formation
— may explain puzzle of low
star conversion efficiency in
dwarf galaxies

super wind in M82

NASA/JPL-Caltech/STScl/CXC/UofA

=

AIP

Cosmic ray transport in galaxies



Transport Motivation
Wave-particle interactions

Cosmic ray-driven instabilities

How are galactic winds driven?

@ thermal pressure provided by
supernovae or active galactic
nuclei?

by massive
stars and quasars?

@ pressure of cosmic rays (CRs)
that are accelerated at
supernova shocks?

super wind in M82

NASA/JPL-Caltech/STScl/CXC/UofA

=

AIP
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Transport Motivation
Wave-particle interactions

Cosmic ray-driven instabilities

How are galactic winds driven?

@ thermal pressure provided by
supernovae or active galactic
nuclei?

by massive
stars and quasars?

@ pressure of cosmic rays (CRs)
that are accelerated at
supernova shocks?

super wind in M82 @ energy density of CRs,
NASA/JPL-Caltech/STScl/CXC/UofA magnetic fie|ds, and |SM
turbulence all similar —
= important feedback agent E

AIP
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Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

Cosmic ray transport: an extreme multi-scale problem

Milky Way-like galaxy: gyro-orbit of GeV CR:
rya ~ 10% pc _ P 40-8pc .t

a

AIP
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Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

Cosmic ray transport: an extreme multi-scale problem

Milky Way-like galaxy: gyro-orbit of GeV CR:

rya ~ 10% pc _ P 40-8pc .t

gal p Ior eB.o 107° pc 2 AU
= link kinetic plasma physics to macroscopic MHD models on
galactic scales! E
Zweibel (2017), Thomas & CP (2019) TAIP

Christoph Pfrommer Cosmic ray transport in galaxies



Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

What is gyro resonance?

plane wave: exp(—ik(X — wavel))

AIP

Cosmic ray transport in galaxies



Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

What is gyro resonance?

plane wave: exp(—ik(X — wavel))

cosmic ray: v movement along By
Qq gyration frequency

Christoph Pfrommer Cosmic ray transport in galaxies

AIP




Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

What is gyro resonance?

plane wave: exp(—lk(X _ VWaVe t)) Comoving, corotating frame

cosmic ray: v movement along By
Qq gyration frequency

resonance condition:

gyration  Doppler shift ~ wave frequency
~~ = — v
Qo + KV = KVwave /

AIP

Christoph Pfrommer Cosmic ray transport in galaxies



Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

What is gyro resonance?

plane wave: exp(—ik(X — wavel))

cosmic ray: v movement along By
Qq gyration frequency

resonance condition:

gyration  Doppler shift ~ wave frequency
~~ =~ —
Qo + KV = KVwave

Resonant wave appears static to CR!

Comoving, corotating frame

test particle without interactions!

Christoph Pfrommer Cosmic ray transport in galaxies

a

AIP
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Media File (video/mp4)


Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

Dispersion relation of resonant CR interactions
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Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

Dispersion relation of resonant CR interactions
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Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

|dealized setup to understand physics

@ gyrotropic ring distribution
of CR ions with single
pitch angle and energy

°
at same drift speed
butv, =0

V2

Vi1

=

AIP
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Transport Motivation

Wave-particle interactions
Cosmic ray-driven instabilities

|dealized setup to understand physics

@ gyrotropic ring distribution
of CR ions with single
pitch angle and energy

at same drift speed
butv, =0

@ background ion and
electron fluid with Landau
closure

V2

@ fluids coupled to
particle-in-cell (PIC) CRs
via Maxwell’s equations _E

(Lemmerz+ 2024) _—

Vi1

Christoph Pfrommer Cosmic ray transport in galaxies



Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

The mechanism of CR-driven instabilities — 1

@ goal: understand collective behaviour
of many CRs

=

AIP
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Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

The mechanism of CR-driven instabilities — 1

@ goal: understand collective behaviour
of many CRs

@ parallel Lorentz force accelerates CRs
towards closest wave field

AIP

Cosmic ray transport in galaxies



Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

The mechanism of CR-driven instabilities — 1

@ goal: understand collective behaviour
of many CRs

@ parallel Lorentz force accelerates CRs
towards closest wave field

@ CRs align rotational phase with plasma
wave

AIP

ph Pfrommer Cosmic ray transport in galaxies



Transport Motivation

Wave-particle interactions
Cosmic ray-driven instabilities

The mechanism of CR-driven instabilities — 1

@ goal: understand collective behaviour
of many CRs

@ parallel Lorentz force accelerates CRs
towards closest wave field

@ CRs align rotational phase with plasma
wave

@ CR current wave interacts with
electro-magnetic wave

fluid-PIC simulation (Lemmerz+ 2025) AIP

ph Pfrommer Cosmic ray transport in galaxies



magnetic_field_particles_many_1.mp4
Media File (video/mp4)


Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

The mechanism of CR-driven instabilities — 1

@ goal: understand collective behaviour
of many CRs

@ parallel Lorentz force accelerates CRs
towards closest wave field

@ CRs align rotational phase with plasma
wave

@ CR current wave interacts with
electro-magnetic wave

@ CR trapping in Lorentz force potential
saturates instability

Christoph Pfrommer Cosmic ray transport in galaxies



magnetic_field_particles_many_2.mp4
Media File (video/mp4)


Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

The mechanism of CR-driven instabilities — 2

@ combine CR and magnetic phase angles, ¥ and ¢5:

p(X, 1) = Yar(t) — ¥B(X, 1)

=

AIP

Christoph Pfrommer Cosmic ray transport in galaxies



Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

The mechanism of CR-driven instabilities — 2

@ combine CR and magnetic phase angles, ¥ and ¢5:
e(x, 1) = Yer(t) — ¥B(X, 1)

@ in wave frame, there are no electric fields =—> CR particle energy
conserved and Lorentz factor v’ = const.:

oy v (1)

ot %[V/ X B, = q B (t)V) (t)sin (¢(t))

T om

=

AIP

Christoph Pfrommer Cosmic ray transport in galaxies



Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

The mechanism of CR-driven instabilities — 2

@ combine CR and magnetic phase angles, ¥ and ¢5:
e(x, 1) = Yer(t) — ¥B(X, 1)

@ in wave frame, there are no electric fields =—> CR particle energy
conserved and Lorentz factor v’ = const.:

ol vi ()]
ot
@ evolution of relative CR gyrophase ¢ obeys pendulum equation:

= v x Bl = =B (v ()sin (e(1)

t
o(t) = —Qert + k/ v (1)dT + o,
0
9 (1)

Tt‘ — —ch + lell(t),
B
Polt) __ aBLOVL() ]
ot v'm AIP
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Transport Motivation

Wave-particle interactions
Cosmic ray-driven instabilities

The mechanism of CR-driven instabilities — 3

F| @ saturation of CR streaming
instability via CR trapping
in Lorentz force potential:
new idea for CR transport
(Lemmerz+ 2025)

=

AIP
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Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

The mechanism of CR-driven instabilities — 3

F| @ saturation of CR streaming
instability via CR trapping
in Lorentz force potential:
new idea for CR transport
(Lemmerz+ 2025)

and modelled in PIC
simulations (Hoshino & Terasawa 1985, Gary+
1986, Zachary+ 1989)

a

AIP

Cosmic ray transport in galaxies



Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

The mechanism of CR-driven instabilities — 3

F| @ saturation of CR streaming
instability via CR trapping
in Lorentz force potential:
new idea for CR transport
(Lemmerz+ 2025)

and modelled in PIC
simulations (Hoshino & Terasawa 1985, Gary+
1986, Zachary+ 1989)

@ phase bunching also happens in
a free-electron laser (however,
electrons are trapped in potential
of the ponderomotive force)

=)

AIP

Christoph Pfrommer Cosmic ray transport in galaxies



Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

Resonant wave growth and CR energy loss

MWW

§ . @ exponential wave growth in fluid-PIC
i e simulations that excite whistlers (via
T T intermediate-scale instability, I),

o [e]

backward (B) and forward (F) Alfvén

N waves
o / === Tineor |

12
i ) logy |B./Bol

-
3.
¢
\
)

=

0 5 10 15 20 AIP
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Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

Resonant wave growth and CR energy loss

MWW

§ . @ exponential wave growth in fluid-PIC
2o T simulations that excite whistlers (via
T T intermediate-scale instability, I),
- _rlerl backward (B) and forward (F) Alfvén
S -2 PN = P
< R waves
i ‘ - T | °

:\;:T -2 " *\N\Z tO the

sls / unstable modes
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Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

Resonant wave growth and CR energy loss

MWW

§ . @ exponential wave growth in fluid-PIC
i o simulations that excite whistlers (via
T T intermediate-scale instability, I),

o [e]

backward (B) and forward (F) Alfvén

N waves
/ .

unstable modes

logy |B./Bol

to the

@ mean CR drift speed, vy, slows
down for forward waves (F and I)
and accelerates for backward waves
(B): saturation at vy > va for
6 (N ] gyrotropic CR ring distribution E

var [val
o

Christoph Pfrommer Cosmic ray transport in galaxies



Transport

Cosmic ray-driven instabilities

Growth of forward and backward moving waves

t=0.85% wration t=0.85t . uration

, S
forward Alfvén, backward Alfvén -]
Whistler Lemmerz+ (2025) AIP

Cosmic ray transport in galaxies



Transport

Cosmic ray-driven instabilities

Growth of forward and backward moving waves

t=0.85% wration t=0.85t . uration

, S
forward Alfvén, backward Alfvén -]
Whistler Lemmerz+ (2025) AIP

Cosmic ray transport in galaxies



magnetic_field_particles_many_1_B_reencode.mp4
Media File (video/mp4)


Transport Motivation
ave-particle interactions
Cosmic ray-driven instabilities

Growth of forward and backward moving waves

bunching theory:
@ bunchingin CR
gyro phase

@ biased CR
scattering, favors
wave growth

t=0.85% wration t=0.85t . uration

forward Alfvén, backward Alfvén
Whistler Lemmerz+ (2025) AIP

=
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Transport Motivation
ave-particle interactions
Cosmic ray-driven instabilities

Growth of forward and backward moving waves

bunching theory:
@ bunchingin CR
gyro phase
@ biased CR

scattering, favors
wave growth

t=0.85% wration t=0.85t . uration

traditional,
quasilinear theory:

@ assumes uniform ¢

@ diffusive scattering,
no backward wave
growth

, S
forward Alfvén, backward Alfvén -]
Whistler Lemmerz+ (2025) AIP

Christoph Pfrommer Cosmic ray transport in galaxies



Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

CR phase bunching critical for instablity growth

=75 -70 -6.5 -6.0 -55 -5.0 -4.5

B s

50 75
x [di] x [di]

Christoph Pfrommer Cosmic ray transport in galaxies



Transport

Cosmic ray-driven instabilities

Cosmic ray-driven instability with shell distribution
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Ring_1e-2_1e-2.mp4
Media File (video/mp4)


Transport

Cosmic ray-driven instabilities
Cosmic ray-driven instability with shell distribution

o

+WFILG

+W5FiLm)|

Shalaby+ (in prep.)

300
x(c/wj)

Christoph Pfrommer Cosmic ray transport in galaxies




Transport

Cosmic ray-driven instabilities

Cosmic ray-driven instability with shell distribution

o

’zk 7 ‘
R

{Crip:02,04]

zk E %
_fcriu:0s 108 +WgFiLm|
2 w

Shalaby+ (in prep.)

300
x(c/wj)
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Transport

Cosmic ray-driven instabilities
Cosmic ray-driven instability with shell distribution
o0 CRS:10030f(Py;p2)

vylc
010 -005 000

N +WsFIL6)

LHCRi1:0.8,1.0 {+WsFILm]

Shalaby+ (in prep.)

300
x(c/wj)
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Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

Cosmic ray streaming and diffusion

@ CR streaming instability:
Kulsrud & Pearce (1969), Shalaby+ (2021, 2023), Lemmerz+ (2025)
@ 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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Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

Cosmic ray streaming and diffusion

@ CR streaming instability:
Kulsrud & Pearce (1969), Shalaby+ (2021, 2023), Lemmerz+ (2025)

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

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

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

— CRs exert pressure on thermal gas via scattering on Alfvén waves

=

AIP
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Transport Motivation
Wave-particle interactions
Cosmic ray-driven instabilities

Cosmic ray streaming and diffusion

@ CR streaming instability:
Kulsrud & Pearce (1969), Shalaby+ (2021, 2023), Lemmerz+ (2025)
@ if vgr > vi, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

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

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

— CRs exert pressure on thermal gas via scattering on Alfvén waves

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

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

Christoph Pfrommer Cosmic ray transport in galaxies



Multi-phase ISM
Galaxy formation Cosmic ray driven winds
Mass and energy loading factors

Cosmic ray transport in galaxies

@ CR transport in galaxies
demands modeling
non-linear Landau damping
(in warm/hot phase) and
ion-neutral damping (in disk)

this requires resolving the
multi-phase structure of the
ISM

development of CRISP
framework (

Thomas+ 2025)

=
HST mock image of CRISPy Milky Way Thomas+ (in prep.) E

Christoph Pfrommer Cosmic ray transport in galaxies



Multi-phase ISM
Galaxy formation Cosmic ray driven winds
Mass and energy loading factors

Multi-phase ISM modeling
CRISP framework

Cosmic Rays and InterStellar Physics

A CR « 3(oJ: Feedback

~

Thomas, CP, Pakmor (2025)

Christoph Pfrommer Cosmic ray transport in galaxies



Multi-phase ISM

Galaxy formation Cosmic ray driven winds
Mass and energy loading factors

Multi-phase ISM modeling

CRISP framework o) Feedback
Cosmic Rays and InterStellar Physics i, T (%
A o

Full H — H, — He chemistry

sets ionization degree

K Chemistry

First ionization stages of C — O — Si

low temperature cooling

Photoelectric heating by dust

Thomas, CP, Pakmor (2025)

Christoph Pfrommer Cosmic ray transport in galaxies



Multi-phase ISM
Galaxy formation Cosmic ray driven winds
Mass and energy loading factors

Multi-phase ISM modeling

CRISP framework A CR

Cosmic Rays and InterStellar Physics

Improved SNe treatment (manifestly isotropic)

and stellar winds

Feedback

~

FUV NUV OPT radiation fields (reverse ray tracing)

absorbed by dust — impacting A Chemistry

Metal enrichment

Thomas, CP, Pakmor (2025)

Christoph Pfrommer Cosmic ray transport in galaxies



Multi-phase ISM
Galaxy formation Cosmic ray driven winds
Mass and energy loading factors

Multi-phase ISM modeling

CRISP framework @ Feedback

Cosmic Rays and InterStellar Physics

g

- S

Novel CR hydrodynamics Follow Ecr

coarse graining plasma physics and Ucr

CR ionization Self-consistently
impacting £l Chemistry evolve Kcr

CR microphysics

Thomas, CP, Pakmor (2025)

Christoph Pfrommer Cosmic ray transport in galaxies



Transport Multi-phase ISM
Galaxy formation Cosmic ray driven winds
Circumgalactic medium Mass and energy loading factors

Multi-phase ISM modeling

| E— ]
0% 102 10%

oot 3= > &
Thomas, CP, Pakmor (2025)

Vi %1

Christoph Pfrommer Cosmic ray transport in galaxies



Transport Multi-phase ISM
Galaxy formation Cosmic ray driven winds
Circumgalactic medium Mass and energy loading factors

Multi-phase ISM modeling

Cosmic rays barely affect the ISM because ion-neutral damping erases Alfvén waves
CRMHD .~ . o ' [ — | A iy Tl 8. b MHD
i P it . 10210 10% / 7 b,
Y [Hem™?

Thomas, CP, Pakmor (2025) ', S a2 o
Christoph Pfrommer Cosmic ray transport in galaxies



Multi-phase ISM
Galaxy formation Cosmic ray driven winds
Mass and energy loading factors

Simulated Milky Way: surface density

Cosmic rays drive galactic winds, ram pressure propells mainly galactic fountains

Ilem=2
10 10%° 10*' 10%

CRMHD MHD

Christoph Pfrommer Cosmic ray transport in galaxies



comparision_beauty.mov
Media File (video/quicktime)


Transport Multi-phase ISM
Galaxy formation Cosmic ray driven winds
Circumgalactic medium Mass and energy loading factors

Simulated Milky Way: temperature

Galactic winds without cosmic rays are much hotter

, TIK]
CRMHD 10 10* 10 MHD

<
£ a

istoph Pfrom Cosmic ray transport in galaxies



comparision_beauty.mov
Media File (video/quicktime)


Transport Multi-phase ISM
Galaxy formation Cosmic ray driven winds
Circumgalactic medium Mass and energy loading factors

Multi-phase ISM modeling

Cosmic rays make galactic winds much denser

CRMHD [— ] MHD
101 102 10*! 10%
3 [Hem™?)

5 kpe

Thomas, CP, Pakmor (2025)
Christoph Pfrommer Cosmic ray transport in galaxies



Multi-phase ISM
Galaxy formation Cosmic ray driven winds
Mass and energy loading factors

Cosmic ray driven wind: mechanism

CRMHD MHD
= Pram R < 5 kpe R < 5 kpe
galactic centre galactic centre
Tnag
10t 104
T
g
o
m
2103 103
e
2
g
5102 1 10?
10! 10t
-75 -5 =25 0 25 50 75 -75 -5 =25 0 25 50 75

Thomas, CP, Pakmor (2025)

@ CR pressure gradient dominates over thermal and ram pressure
gradient and drives outflow: F
AIP

|V Per + VPy| > p|VO|

Christoph Pfrommer Cosmic ray transport in galaxies



Multi-phase ISM

Galaxy formation Cosmic ray driven winds
Mass and energy loading factors

Mass and energy loading factors

hY
= CRHD
==+ MHD

10-!
0.0 0.2 0.4 0.6 0.8
time ¢ [Gyr]

Thomas, CP, Pakmor (2025) AIP

Cosmic ray port in galaxies




Galaxy formation

Multi-phase ISM
Cosmic ray driven winds
Mass and energy loading factors

Mass and energy loading factors

hY
= CRHD

$20%

0.0 0.2 0.4 0.6 0.8
time ¢ [Gyr]

Thomas, CP, Pakmor (2025)

port in galaxies

Cosmic ray

AIP




Galaxy formation

Vulti-phase ISM

Cosmic ray driven winds
Mass and energy loading factors

Mass and energy loading factors

Ly

SFR M

= CRHD
==+ MHD

0.0 0.2 0.4 0.6 0.8
time ¢ [Gyr]

= outflow

inflow

0.0 0.2 0.4 0.6 0.8
time ¢ [Gyr]

Thomas, CP, Pakmor (2025)

1.0

AIP




Galaxy formation

Multi-phase ISM
Cosmic ray driven winds
Mass and energy loading factors

Mass and energy loading factors

: ‘\'1‘41]

SFR M

= CRHD
==+ MHD

0.0 0.2 0.4 0.6
time ¢ [Gyr]

0.8

4x

= outflow

inflow

0.0 0.2 0.4 0.6
time ¢ [Gyr]

Thomas, CP, Pakmor (2025)

1.0

AIP

Cosmic ray tr



Galaxy formation

Multi-phase ISM
Cosmic ray driven winds
Mass and energy loading factors

Mass and energy loading facto

10!
D
Z 10°
£
195}
107!
£ 100

= CRHD
+ MHD

10°

thermal

= Kinetic

0.0 0.2 0.4 0.6 0.8
time ¢ [Gyr]
4X = outflow
inflow
| o 107%
d - ~
‘\ A W =V VA~ va
W
'l 4
\1 10
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
time ¢ [Gyr] time ¢ [Gyr]
Thomas, CP, Pakmor (2025) AIP
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Galaxy formation

Vulti-phase ISM

Cosmic ray driven winds
Mass and energy loading factors

Mass and energy loading factors

Ly

SFR M

= CRHD
+ MHD

10°

thermal
— 1\'i||1‘| i('

— CR

0.0 0.2 0.4 0.6 0.8
time ¢ [Gyr]
4X = outflow
inflow
\ N
\ £
W
L
1/
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
time ¢ [Gyr] time ¢ [Gyr]
Thomas, CP, Pakmor (2025) AIP




Galaxy formation

Vulti-phase ISM

Cosmic ray driven winds
Mass and energy loading factors

Mass and energy loading factors

Ly

SFR M

= CRHD
+ MHD

10°

thermal
— 1\'i||1‘| i('

— CR

0.0 0.2 0.4 0.6 0.8
time ¢ [Gyr]
4X = outflow
inflow
\ N
\ £
W
L
1/
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
time ¢ [Gyr] time ¢ [Gyr]
Thomas, CP, Pakmor (2025) AIP




Multi-phase ISM
Galaxy formation Cosmic ray driven winds
Mass and energy loading factors

CRs in the circumgalactic medium (CGM)
CR pressure dominates in the CGM (Xor = Peor /P > 1)

gas density p [m;, cm~%]
1074 10-% 1072

temperature 7' [K]
10*

10°° 10 107! 100 10 10° 10°
10-2 10! 10° 10! 10% 10-2 10! 10° 10! 10%
CR pressure Py, [eV / cm’] Xo = Per/ Py
gas density p CR pressure P, temperature T Xeo = Pu/Pay
.

=

AIP
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Multi-phase ISM
Cosmic ray driven winds
Mass and energy loading factors

Galaxy formation

CRs in the circumgalactic medium (CGM)
CR pressure dominates in the CGM (X = Per/Pin > 1): what about thermal instability?
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Thermal instability in the circumgalactic medium
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Thermal instability

Circumgalactic medium

Thermal instability with purely advective CRs

Increasing CR pressure to the right prevents radiative cooling and condensation

Advective CRs
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Weber+ (2025), see also Butsky+ (2020)
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Thermal instability with CR streaming and diffusion

Increasing CR pressure (toward the right) has no effect on condensation: why?
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Thermal instability with different CR transport models

Increasing CR transport speed (toward the right) enhances gas condensation

Galaxy formation
Circumgalactic medium
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Thermal instability

Circumgalactic medium

Zooming in onto a condensing cold cloud

@ complex magnetic field topology
in and around a descending,
condensing cloud governs CR
transport

@ magnetic field lines connect cloud
interior to the ambient plasma
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Thermal instability

Circumgalactic medium

Zooming in onto a condensing cold cloud

@ complex magnetic field topology
in and around a descending,
condensing cloud governs CR
transport

magnetic field lines connect cloud
interior to the ambient plasma

radiative cooling compresses CR
and magnetic energy density by a
factor ~100

emerging CR gradients and

B\ Zos
4 3 = et . .
¢ i 06 amplified magnetic fields enable
g rapid CR escape from the
I 2 compressed cloud
e 1%0.2
4 22
Weber+ (2025) 0
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CR escape times for different transport speeds
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@ CR escape time < collapse time for faster CR transport _E
@ smaller CR pressure support in clouds with faster CR transport AIP
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Probing the multiphase CGM with absorpftion Iine.s_
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Probing the CGM with ionic tracers
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Probing the CGM with ionic tracers
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Column densities for different CR transport speeds
Cold gas tracer: Mgll 00 e
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Observables
Circumgalactic medium

Column densities for different CR transport speeds
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Producing synthetic absorption spectra from tall boxes

Realistic ray paths through CGM Simulated ray paths
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Weber+ (in prep.)
@ radiative CR-MHD simulation run in plane-parallel geometry

@ cast parabolic sightlines through periodically replicated boxes
to recover realistic velocity structure (for line broadening), at the E
expense of somewhat overextended path lengths

AIP
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Circumgalactic medium
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Synthetic absorption spectra along one sightline

Line profiles enable constraints on CR transport speeds
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Mean absorption spectra with varying CR transport

Strength and width of cold/warm absorption lines increases for faster CR transport
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Mean absorption spectra with varying CR pressure

Strength and width of absorption lines independent of CR pressure support

MglI @ 2803.531 CIV @ 1548.204 OVI @ 1031.927
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Conclusions

CR-driven plasma instabilities:

@ CR-driven plasma-instabilities grow and saturate via phase
bunching = sets CR transport speed and feedback strength

o growth
of whistlers, forward and backward Alfvén waves

=

AIP
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Conclusions

CR-driven plasma instabilities:

@ CR-driven plasma-instabilities grow and saturate via phase
bunching = sets CR transport speed and feedback strength

o growth
of whistlers, forward and backward Alfvén waves

CR feedback in galaxy formation:

@ CR feedback mildly suppresses star formation because of strong
ion-neutral damping in disk, which weakens CR coupling

@ CR feedback drives powerful galactic winds and increases mass
and energy loading factors

=

AIP
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Conclusions

CR-driven plasma instabilities:

@ CR-driven plasma-instabilities grow and saturate via phase
bunching = sets CR transport speed and feedback strength

o growth
of whistlers, forward and backward Alfvén waves

CR feedback in galaxy formation:

@ CR feedback mildly suppresses star formation because of strong
ion-neutral damping in disk, which weakens CR coupling

@ CR feedback drives powerful galactic winds and increases mass
and energy loading factors

Thermal instability in the circumgalactic medium with CRs:

@ 2-moment CR transport predicts fast CR escape from
condensing clouds = multi-phase circumgalactic medium E

@ absorption-line spectra enable constraining CR transport speed  AIP
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