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Interstellar medium (ISM)

• multicomponent – coexistence of:
– many gaseous phases, T ∼ 102÷107 K
– magnetic field, B∼ 3−10µG
– cosmic rays (relativistic gas of protons, electrons, ...)

• thermal gas, magnetic field and cosmic ray gas are in
approximate energetic equilibrium
Ugas'Umag'UCR∼ 1eV/cm 3

INDICATION FOR DYNAMICAL COUPLING BETWEEN
ALL THE THREE COMPONENTS

• The major source of ISM disturbances: SN type II explosions
(Mac Low, 2004, RvMP 76, 125)

• Kinetic energy of SN II explosion ∼ 1051erg ⇒ 10 ÷ 50 % accelleration of
cosmic rays (e.g. T.W Jones et al. 1998, PASP 110, 125), 40 ÷ 80 % heating
of the ISM, 10 % turbulence,
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CR component of the ISM

• charged particles (protons, electrons, ...) accelerated in shocks

• main galactic sources of CR: remnants of SN II

• Larmor radius rL ∼ 10−5pc for 1 GeV protons in µG magnetic fields

⇒ particles propagate along magnetic field lines

• instabilities due to CR streaming ⇒ turbulence ⇒ scattering of CR particles

(Kulsrud & Pearce 1969)⇒ diffusive propagation of CR with bulk speeds∼VA
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Cosmic Ray transport:
diffusion - advection approximation
(Schlickeiser & Lerche 1985, A&A, 151, 151)

∂ecr

∂t
+∇(ecrV) =−pcr∇V +∇(K̂∇ecr) (1)

+CR sources

pcr = (γcr−1)ecr (2)

ecr and pcr - CR energy density and pressure

γcr - CR specific heat ratio

V - thermal gas velocity

K̂ - CR diffusion tensor

CR sources:CR output from SNR
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ANISOTROPIC DIFFUSION OF CR:

Particle diffusion numerical experiments:

(Giaccalone & Jokipii 1998 (ApJ, 520, 2004), Jokipii 1999)

Bturb∼ Buniform⇒ K⊥/K‖ ∼ 0.05

⊥,‖ with respect to Buniform

Ryu et al. 2003 (ApJ, 581, 338):

Ki j = K⊥δi j +(K‖−K⊥)nin j , ni = Bi/B, (3)

5



Coupling of CR an other ISM components

• gas & magnetic field → cosmic rays

– diffusive shock acceleration: scattering of CR particles against

convergent scattering centers (magnetic fluctuations)

• cosmic rays → gas & magnetic field

– every scattering event of CR particles on magnetic fluctuations

transfers energy and momentum to the gas component.

An additional source term: −∇PCR

necessary on the r.h.s. of the equation of gas motion.

(see eg. Berezinski et al. 1990, Astrophysics of Cosmic Rays)

6



An Example: Parker instability in the ISM

Formation of magnetic loops (Parker loops) and expulsion of cosmic ray gas due to

the Parker instability.

(Parker 1966 (ApJ, 145, 811), 1967 (ApJ, 149, 535))
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RESISTIVE MHD EQUATIONS

∂ρ
∂t

+∇ · (ρV) = 0, (4)

∂e
∂t

+∇ · (eV) =−p(∇ ·V) , (5)

∂V
∂t

+(V ·∇)V =−1
ρ

∇

(
p+ pcr+

B2

8π

)
+

B·∇B
4πρ

−2Ω×V +2qΩ2xêx, (6)

∂B
∂t

= ∇× (V×B)+η∆B, (7)

p = (γ−1)e, γ = 5/3 (8)

q =−d lnΩ/d lnR – shearing parameter,

η – resistivity
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ANISOTROPIC CR TRANSPORT EQUATION

IN THE DIFFUSION-ADVECTION APPROXIMATION

∂ecr

∂t
+∇(ecrV) = ∇

(
K̂∇ecr

)
− pcr(∇ ·V)+QSN, (9)

QSN – CR source term from SN

pcr = (γcr−1)ecr, γcr = 14/9. (10)

γcr -adiabatic index for the CR gas

Ki j = K⊥δi j +(K‖−K⊥)nin j , ni = Bi/B, (11)

CR diffusion tensor
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IMPLEMENTATION OF COSMIC RAY TRANSPORT

INTO THE ZEUS-3D MHD CODE: NUMERICAL ALGORITHM

Hanasz & Lesch 2003, A&A 412, 331
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TEST RESULTS (NO RESISTIVITY AND ROTATIONAL PSEUDOFORCES)

Passive CR transport (no −∇pCR in the eq. of gas motion).
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