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WHAT ARE COSMIC RAYS (CR)
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[Tibaldo et al. 2021]

[Soler et al. 2024]

„A dilute, non-thermal, high pressure relativistic gas“ 



WHAT ARE COSMIC RAYS (CR)
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• Power law spectrum ( )


 


• 2nd-Order Fermi-Type Acceleration in shock environments


, 


, 


GeV − ZeV

dN(E) ∝ EαdE

⟨
ΔE
E

⟩ =
4
3

γ2β2 ≃
4
3

β2 β = V/c

⟨
dE
dt

⟩ =
E

tacc
tacc ∝ τs ≃ λmfp/c

[Soler et al. 2024]

[Chandra NASA/CXC/SAO] [ESO]

Cassiopeia A Centaurus A
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WHAT IS THE INTERSTELLAR MEDIUM (ISM)?
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[Cartwheel Galaxy, Hubble]

thin Disk

thick Disk

Halo Bulge

≲ 105ly
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WHAT IS THE ISM?
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• Hot Ionized Medium (HIM) 
‣ Vol.: 


‣  (Shock heated, adiab./X-ray cooling)


‣ 


‣  (coll. Ionization)


• Warm Ionized Medium (WIM, „HII“) 
‣ Vol.: 


‣  (Photoelectron-heating, opt. & MIR line-emission cooling)


‣ 


‣   (Photo-Ionized by UV)


• Warm Neutral Medium (WNM, „warm HI“) 
‣ Vol.: 


‣  (Dust photoel.—heating, FIR line-emission cooling)


‣ 


‣  (CRs & Starlight)


• Cold Neutral Medium (CNM, „cold HI“ & „H2-gas“) 
‣ Vol.: 


‣  (Dust photoel.- & CR-heating, FIR line-emission)


‣ 


‣  (CRs)


30 − 60 %
T ≳ 105.5K
ρ ∼ 10−3 cm−3

χ ∼ 1

∼ 0.1 %
T ∼ 104K
ρ ∼ 10−1 cm−3

χ ∼ 0.7

∼ 40 %
T ∼ 5000K
ρ ∼ 0.5 cm−3

χ ∼ 10−1

∼ 1 %
T ∼ 10 − 100K
ρ ∼ 30 − 103 cm−3

χ ≲ 10−3

[JWST]

Molecular Cloud

WNM

Starbirth Region

CNM

WIM

HIM

Tarantula Nebula
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× 10 × 10

STRUCTURAL HIERARCHY OF THE ISM
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McKee & Ostriker [1977]
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WHAT IS THE ISM?
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[Hubble]

• Energy Budget:

i) 


ii) 


iii) 


iv)  ( )


v)  ( )


vi)  ( )


vii) 


• Large variety of conditions (4 Major Phases)


• Hierarchy of Scales & Structures


wturb ≈ 0.2 ev/cm−3

wCMB ≈ 0.265 ev/cm−3

wDust ≈ 0.31 ev/cm−3

wStarlight ≈ 0.5 ev/cm−3 < 13.6 eV

wtherm ≈ 0.5 ev/cm−3 nT = 3800 cm−3K

wmag ≈ 0.9 ev/cm−3 Btot = 6μG

wCR ≈ 1 ev/cm−3

M A X - P L A N C K - I N S T I T U T F Ü R  P L A S M A P H Y S I K  |  C H R I S T I A N  H E P P E   |  2 7 . 0 1 . 2 0 2 4 H E P P P R O G R E S S  TA L K



TURBULENCE IN MOLECULAR CLOUDS
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• Structure dictated by turbulence

• Turbulence in partially ionized media?

• Only now numerically feasible


Dopita & Sutherland [2005]

Two fluid limit 

k
***SKETCH**

Ions

neutrals

Single fluid limit 

vA =
B0

4π(ρn + ρi)

vAi =
B0

4πρi

cS,eff ≈ cS,n

cS,eff ≈ cS,i

?
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2FMHD EQUATIONS
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Compressible 2FMHD EQs: 

(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


With the current: 


∂ρi

∂t
+ ∇ ⋅ (ρivi)

∂ρn

∂t
+ ∇ ⋅ (ρnvn)

∂ρivi

∂t
+ ∇ ρivivT

i + (c2
S,iρi +

B2

8π ) I −
BBT

4π
= γDρiρn (vn − vi) + fi

∂ρnvn

∂t
+ ∇[ρivnvT

n + c2
S,nρnI] = γDρnρi (vi − vn) + fn

∂B
∂t

= ∇ × (vi × B)

∇ ⋅ B = 0

I = − eρivi

Collisional coupling:


• Drag coefficient: 


• Ion-neutral collisions: 


• Neutral-ion collisions: 


• 


γD =
1

2mn

16kBT
πmi

σin

νin = γDρn

νni = γDρi

χ = ρn/ρi ⟹ νin = χνni
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2FMHD - COUPLING LIMITS
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Strongly Coupled

Weakly Coupled

neutral gas
ionized gas

Single Fluid
Tw

o Fluids
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Large Scales (   & )k ≪ cphν−1
coll ω ≪ νcoll

Small Scales (  & )k ≫ cphν−1
coll ω ≫ νcoll

neutral gas
ionized gas

Single Fluid
Tw

o Fluids

2FMHD - SCALE LIMITS



LINEAR WAVES
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Linearized compressible 2FMHD EQs: 

(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


ρi
∂vi

∂t
= − ∇c2

S,iρi +
1
μ

(∇ × b) × B − γDρiρn (vi − vn)

ρn
∂vn

∂t
= − ∇c2

S,nρn − γDρiρn (vn − vi)
∂b
∂t

= ∇ × (vi × B)

∂pi

∂t
= − c2

S,iρi∇ ⋅ vi

∂pn

∂t
= − c2

S,nρn∇ ⋅ vn

∇ ⋅ B = 0
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Collisional coupling:


• Drag coefficient: 


• Ion-neutral collisions: 


• Neutral-ion collisions: 


• 


γD =
1

2mn

16kBT
πmi

σin

νin = γDρn

νni = γDρi

χ = ρn/ρi ⟹ νin = χνni
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LINEAR WAVES - ALFVÉN MODE

• Helicity perturbations: 

                        





• Rewrite 2FMHD-eq’s in terms of  &  







• Dispersion via normal mode analysis:  







Γi = (∇ × vi) ⋅ ez = ikxvi,y − ikyvi,x

Γn = (∇ × vn) ⋅ ez = ikxvn,y − ikyvn,x

Γi Γn

∂2Γi

∂t2
+ ρnγD

∂Γi

∂t
+ k2 cos2 θc2

Ai Γi = ρnγD
∂Γn

∂t
1
ρi

∂Γn

∂t
+ γDΓn = Γi

ω3 + i(1 + χ)νniω2 − k2
z c2

Aiω − iνnik2
z c2

Ai = 0

⟺ ( kzcA

ω )
2

=
ω + i(1 + χ)νni

ω + iνni
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Alfvén velocity:


• Ion-Alfvén velocity: 


• Loaded-Alfvén velocity: 


cAi =
B2

4πρi

cAi =
B2

4π(ρi + ρn)

Decoupling 

• Decoupling approximation:


   &   


• Exact solution: 





Solved for  with  

k−
decvA ∼ νni k+

decvAi ∼ νin

k±
∥ =

νni

cAi [ χ2 + 20χ − 8
8(1 + χ)3

± χ1/2(χ − 8)3/2

8(1 + χ)3 ]
ωR = 0 ⃗k = k∥ ̂eB
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Parameter: 
•  
•  
•  & 

ρi = 0.001, ρn = 0.999
cSn = 2, cSi = 1 × km/s
β = 0.1 γD = 25

LINEAR WAVES - ALFVÉN MODE
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k+
deck−

dec k−
∥ k+

∥
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LINEAR WAVES - MAGNETOSONIC MODE
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Effective sound velocity:



c2
S,eff ≈

c2
S,i + χc2

S,n

1 + χ

• Compressibilitiy perturbations: 

                         





• Rewrite 2FMHD-eq’s in terms of  &  & Normal mode analysis:  










 








Δi = ∇ ⋅ vi = ikxvi,x + ikyvi,y + ikzvi,z

Δn = ∇ ⋅ vn = ikxvn,x + ikyvn,y + ikzvn,z

Δi Δn

D(ω)Δi = 0

iνniω
D(ω)
Dn(ω)

Δn = 0

D(ω) = Di(ω)Dn(ω) + D2
c (ω)

Di(ω) = ω3(ω + iνin) − ω2k2(c2
Ai + c2

S,i) +
ω + iνni

ω + i(νin + νni)
k4c2

Aic
2
S,n cos2 θ

Dn(ω) = ω(ω + iνni) − k2c2
S,n

D2
c (ω) =

ωνniνin

ω + i(νin + νni) [ω3(ω + i(νin + νni)) − k4c2
Aic

2
S,n cos2 θ]
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Parameter: 
•  
•  
•  & 

ρi = 0.001, ρn = 0.999
cSn = 2, cSi = 1 × km/s
β = 0.1 γD = 25

LINEAR WAVES - MAGNETOSONIC MODE
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slow
fast

„Neutral“ slow



BASIC SETUP FOR LIN. PERTURBATION-SIM’S
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• AthenaK

• Trying to probe „frequency response“ of the (twofluid) system


• Quasi 1D: 

➡ Boundary-Conditions: 


‣ Transverse: Periodic

‣ Longitudinal: Outflow


➡ MB: 1x1x256 MBs à  px appears to be most efficient on full 
4x A100-Node


• Drive any time dependent perturbation, at -face of box at 



➡ Primarily -polarization

L∥ = 128 × L⊥

323

xy
z = zmin

xz

x

z
ni, nnL∥

L⊥δv∥ = δvz
δv⊥ = δvx

⃗k

⃗B

θ
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LINEAR TESTING (FULLY IONIZED/MHD)

Transverse Perturb. Longitudinal Perturb.

vz /⟨vz⟩vx /⟨vx⟩ρi /⟨ρi⟩

B∥/⟨B∥⟩

ρi /⟨ρi⟩

B⊥/⟨B⊥⟩B⊥/⟨B⊥⟩B∥/⟨B∥⟩

δρ = δB∥ = 0 & δB⊥ ≠ 0 δρ ≠ 0 & δB⊥ = δB∥ = 0
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LINEAR TESTING (2FMHD)

vi,⊥/⟨vi,⊥⟩

B⊥/⟨B⊥⟩
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vn,⊥/⟨vn,⊥⟩



ASYMPTOTIC TESTING - TRANSVERSE δv⊥
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Low-Freq. Limit ( )ω = 0.01 High-Freq. Limit ( )ω = 100

Pv⊥
(k)Pv⊥

(k)

Ve
lo

ci
ty

 v ⊥
B-

Fi
el

d 
B

PB(k)PB(k)

Parameter: 
•  
•  
•  & 

ρi = 0.1, ρn = 0.9
cSn = 2, cSi = 1 × km/s
β = 0.1 γD = 25
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COMPARING WITH ANALYTICS - TRANSVERSE δv⊥
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Parameter: 
•  
•  
•  &  
•

ρi = 0.001, ρn = 0.999
cSn = 2, cSi = 1 × km/s
β = 0.1 γD = 25
θ = 0∘
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GAP TESTING - „DISPERSION RELATION“
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Parameter: 
•  
•  
•  & 

ρi = 0.001, ρn = 0.999
cSn = 2, cSi = 1 × km/s
β = 0.1 γD = 25
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ASYMPTOTIC TESTING - LONGITUDINAL  (2FMHD)δv∥
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Low-Freq. Limit ( )ω = 0.01 High-Freq. Limit ( )ω = 100

Pv∥
(k)Pv∥

(k)

Ve
lo

ci
ty

 v ∥

Pρ(k)Pρ(k)

De
ns

ity
 ρ

Parameter: 
•  
•  
•  & 

ρi = 0.1, ρn = 0.9
cSn = 2, cSi = 1 × km/s
β = 0.1 γD = 25
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Parameter: 
•  
•  
•  & 

ρi = 0.001, ρn = 0.999
cSn = 2, cSi = 1 × km/s
β = 0.1 γD = 25

F(t) =
N

∑
k=1

ωk cos (ωkt + ϕk), ωk =
2πvA

L(k + 1)
, N =

L
2πvA

103

Excite sum of waves with randomized phases

⟹ ω0 >
2πvA

L
, ωN ≳

1
Δt
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OUTLOOK - DISPERSION
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Parameter: 
•  
•  
•  & 

ρi = 0.001, ρn = 0.999
cSn = 2, cSi = 1 × km/s
β = 0.1 γD = 25

R
eal

Im
ag
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OUTLOOK - DISPERSION



OUTLOOK - TURBULENT SIMULATIONS
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Parameter: 
•  
•  
•  & 

ρi = 0.001, ρn = 0.999
cSn = 2, cSi = 1 × km/s
β = 0.1 γD = 25
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ne
ut

ra
ls

Io
ns

Density Velocity B-Field



OUTLOOK - TURBULENT SIMULATIONS
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Parameter: 
•  
•  
•  & 

ρi = 0.001, ρn = 0.999
cSn = 2, cSi = 1 × km/s
β = 0.1 γD = 25
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k−
dec k+

dec

k+
∥k−

∥



28M A X - P L A N C K - I N S T I T U T F Ü R  P L A S M A P H Y S I K  |  C H R I S T I A N  H E P P E   |  2 7 . 0 1 . 2 0 2 4 H E P P P R O G R E S S  TA L K

THANK YOU FOR YOUR ATTENTION!


