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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)
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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)
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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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Active CR transport (including −∇pCR in the eq. of gas motion).
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Parker loop formed due to cosmic rays produced in a supernova remnant in a

vertically stratified atmosphere. (See: Front page of A&A, Vol. 412, No. 2, 2003)
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ORIGIN OF GALACTIC MAGNETIC FIELDS

• Initial magnetic field in young galaxies

perhaps generated in stars and scattered in ISM by SN explosions

⇒Mean magnetic field in the galactic scale (Rees, 1987, 1994)

B∼ 10−9G

but MRI is a very good alternative (Dziourkevich et al. 2004, Korpi et al. 2004)

• Contemporary magnetic fields in spiral galaxies

B∼ 3÷10×10−6G

• EFFICIENT MAGNETIC FIELD AMPLIFICATION IS NECESSARY:

THEORY OF TURBULENT DYNAMO (Parker 1955, 1971; Moffat 1978; Parker

1979; Krause & Rädler 1980; Ruzmaikin et al. 1988; Beck et al. 1996; Kulsrud

1999; Widrow, L.M. 2002, Rev. Mod. Phys. 74, 775)
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PARKER(1992):

THE IDEA OF FAST, COSMIC-RAY DRIVEN GALACTIC DYNAMO

1. Driving force: cosmic rays contin-

uously produced in the disk (SN)

→ magnetic loops ”Ω”

2. Tangent discontinuities in mag-

netic field

→ magnetic reconnection

→ closed magnetic loops
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3. Coriolis force

→ coherent rotation of loops

around vertical z-axis: → amplifica-

tion of Br

4. Merging of the closed loops

(reconnection)

5. Differential rotation

→ amplification of Bϕ
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OUR TOY MODEL: THIN FLUXTUBE APPROXIMATION
(Hanasz & Lesch 2000, ApJ, 543, 235)

⇒ helical magnetic loops form on initially

azimuthal magnetic field due to buoyancy

of cosmic rays and the Coriolis force

⇒ small scale loops reconnect to form larger

loops

⇒ generation of the large-scale radial m.f.

⇒ differential rotation: generation of the

azimuthal m.f.
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RECENT RESULTS

”Amplification of Galactic Magnetic Fields

by the Cosmic-Ray Driven Dynamo”

Hanasz, Kowal, Otmianowska-Mazur & Lesch

ApJ Letters 605, L33, 2004

(astro-ph/0402662)
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ESSENTIAL ELEMENTS OF THE MODEL

Computations performed with Zeus-3D MHD code, extended with:

• the cosmic ray component: diffusion-advection transport equation

(Hanasz and Lesch 2003 - numerical algorithm).

• localized sources of cosmic rays: supernova remnants, exploding randomly in

the disk volume (see Hanasz and Lesch 2000)

• resistivity of the ISM (see Hanasz, Otmianowska-Mazur and Lesch 2002, and

Hanasz and Lesch 2003) ⇒ magnetic reconnection.

• shearing boundary conditions and tidal forces, a modification of periodic bound-

ary conditions (Hawley, Gammie and Balbus 1995), aimed for modeling of dif-

ferentially rotating disks in the local approximation,

• realistic vertical disk gravity following the model of ISM in the Milky Way by

Ferriere (1998)
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PARAMETERS OF NUMERICAL SIMULATIONS

• 3D Cartesian domain 500pc × 1000pc × 1200pc (z = −600pc up to z =
600pc ), resolution of 50×100×120 in x, y and z, corresponding to r , φ and

z, respectively.

• boundary conditions: periodic in y-direction, sheared-periodic in x-direction

and outflow in the z-direction.

• Disk rotation: Ω = 0.05Myr −1 (2× Solar), flat rotation curve q = 1.

• Vertical gravity: as in Solar neighborhood

• SN explosion frequency 2kpc−2Myr −1

• SN statistical distribution: uniform in x, y, Gaussian (H = 100pc) in z
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• CR energy input: 10 % of 1051ergkinetic energy from SN, rSN= 50pc).

• CR diffusion:

→ K‖ = 104pc 2Myr −1 = 3×1027cm 2s−1 (10 % of the realistic value),

→ K⊥ = 103pc 2Myr −1 = 3×1026cm2s−1.

• Resistivity:

→ η = 1pc 2Myr −1 = 3×1023cm 2s−1

• Initial condition: → magnetohydrostatic equilibrium

→ Bx=0, By(z= 0) = 0.8×10−9G, Bz = 0

→ pcr = 0

→ ρgas(z= 0) = 3 H atoms per cm3

→ csi = 7km s−1




