Klaus Morawetz^{1,2} and Pavel Lipavský^3 and Vaclav Špička^3

1Institute of Physics, Technical University Chemnitz, Reichenhainer Str.70, 09107 Chemnitz, Germany 2Max-Planck-Institut für Physik komplexer Systeme, Nöthnitzer Straße 38, 01187 Dresden 2Institute of Physics, Academy of Sciences, Cukrovarnická 10, 16200 Praha 6, Czech Republic

Kinetic description

Boltzmann kinetic equation (1872) for distribution f(k,r,t) (Uehling, Uhlenbeck, Nordheim, Vlassow...), local in time and space ∂f_1 ∂t + ∂ε_1 ∂k ∂f_1 ∂r + ∂ε_1 ∂r ∂f_1 ∂k = ∫ dpdqP {f_3(k − q, r, t)f_4(p + q, r, t)N − f_1(k, r, t)f_2(p, r, t)N^′} Non-local corrections: Enskog, Bogoliubov, Green, Ernst, Thirring

Generalization of kinetic equation

Generalization of quantum Boltzmann equation - Two extremes Theory of Gases Landau Theory ∂f ∂t + k m ∂f ∂r − ∂U ∂r ∂f ∂k = (1 − f)σ^<_ε − fσ^>_ε

∂f ∂t + z k m ∂f ∂r − ∂ε ∂r ∂f ∂k = z((1 − f)σ^<_ε − fσ^>_ε )

• Cross section implies finite

volume but instant and local approximation → ideal gas • Clausius and Boltzmann:

Virial corrections • Memory effects Nonlocalities

in space and time

• Wave function renormalisation z^{−1} = 1 − ∂_ωσ • Pauli-blocking • Elementary excitations as single particle dispersion relation • Scattering integral local in space and time

Both treatment covered by extended quasiparticle picture

ρ = f + ∫ dω 2π ℘ ω − ε ∂ ∂ω ((1 − f)Σ^<_ω − fΣ^>_ω )

Collision of hard spheres

At the instant of the event Δ^d = r^{coll}_b − r^{coll}_a ; |Δ^d| =^1_2(d_a + d_b)

f_1 = f_a(k, r, t) f_3 = f_a(k − q, r, t) f_2 = f_b(p, r+Δ^d, t) f_4 = f_b(p + q, r−Δ^d, t)

Collision of sticky point particles

point particles form unstable molecules with velocity v^{mol} = (k + p)/(m_a + m_b) and the collision delay Δ^f = Δ_tv^{mol}.

f_1 = f_a(k, r, t) f_3 = f_a(k − q, r − Δ^f, t − Δ_t) f_2 = f_b(p, r, t) f_4 = f_b(p + q, r − Δ^f, t − Δ_t)

Collision of soft particles

collision of realistic particles additional rotation Δ_ϕ

f_1 = f_a(k, r, t) f_3 = f_a(k − q, r − Δ^f −^{Δϕ}_2 , t − Δ_t) f_2 = f_b(p, r + Δ^d, t), f_4 = f_b(p + q, r − Δ^f +^{Δϕ}_2 − Δ^d, t − Δ_t)

Kinetic equation ∂f_1 ∂t + ∂ε_1 ∂k ∂f_1 ∂r − ∂ε_1 ∂r ∂f_1 ∂k = ∫ dpdqP2πδ ( ε^1_a + ε^2_b − ε^3_a − ε^4_b − 2Δ_E )

× [ f_a(k − q − Δ_k, r + Δ_3, t − Δ_t) f_b(p + q − Δ_k, r + Δ_4, t − Δ_t)

− f_a(k, r, t) f_b(p − Δ_k, r + Δ_2, t − Δ_t) ]

with Δ_2 = Δ^d Δ_3 = Δ^f −^{Δϕ}_2 Δ_4 = Δ^f +^{Δϕ}_2 + Δ^d

Non-local kinetic equation

Non-Markovian (memory) kinetic equation for reduced density ρ ∂ ∂t ρ + ∇_kϵ_{HF}∇_rρ − ∇_rϵ_{HF}∇_kρ = t−t0∫

0 dτ ( {G^<(t− τ 2 , τ), Σ^>(t− τ 2 , −τ)} −{G^>(t− τ 2 , τ), Σ^<(t− τ 2 , −τ)} )

is transformed by extended quasiparticle picture into precursor of kinetic equation for quasiparticle distribution f ∂ ∂t f + ∇_kϵ∇_Rf − ∇_Rϵ∇_kf = z ((1 − f)σ^< − fσ^>) ladder summation: Boltzmann-Uehling-Uhlenbeck, random phase approximation: Lenard- Balescu equation, etc

But: non-local scattering events by

Σ[G] → Σ[f]

Memory or off-shell parts • compensate the off-shell parts of Kadanoff Baym equation without other neglects • in quasiparticle energy ε_1 =^{k2}_{2ma} + ReΣ^R_{1,ε1}, off-shell part leads to the correct binding energy • compensation of sequential three particle processes in energy • direct link between Wigner function (reduced density matrix) and quasiparticle distribution

virial corrections from intrinsic gradients in the scattering integrals.

Quantum kinetic equation

From real-time Greenfunctions ∂f_1 ∂t + ∂ε_1 ∂k ∂f_1 ∂r − ∂ε_1 ∂r ∂f_1 ∂k = ∫ dpdq (2π)^5 P δ ( ε_1 + ε^−_2 − ε^−_3 − ε^−_4 − 2Δ_E )

× [ ( 1−f_1 )( 1−f^−_2 ) f^−_3 f^−_4 − f_1f^−_2 ( 1−f^−_3 )( 1−f^−_4 ) ]

f_1 ≡ f(k, r, t) f^−_2 ≡ f(p, r− Δ_2, t) f^−_3 ≡ f(k−q−Δ_K, r−Δ_3, t−Δ_t) f^−_4 ≡ f(p+q−Δ_K, r−Δ_4, t−Δ_t)

with T-matrix

P = Z|T|^2 ( ε_1+ε^−_2 −Δ_E, k−^{ΔK}_2 , p−^{ΔK}_2 , q, r−^1_4(Δ_2 + Δ_3 + Δ_4), t−^{Δt}_2 )

Δ_t = ∂ϕ ∂Ω | | |_{ε1+ε2} Δ^2 = ( ∂ϕ ∂p − ∂ϕ ∂q − ∂ϕ ∂k ) ε1+ε2 Δ_E = − 1 2 ∂ϕ ∂t | | |_{ε1+ε2} Δ^3 = − ∂ϕ ∂k | | |_{ε1+ε2}

Δ_K = 1 2 ∂ϕ ∂r | | |_{ε1+ε2} Δ^4 = − ( ∂ϕ ∂k + ∂ϕ ∂q ) ε1+ε2 Literature • V. Špička, P. Lipavský, K. Morawetz, Phys. Rev. B 55 5084-5095: Quasiparticle transport equation with collisional delay: I. Phenomenological approach, Phys. Rev. B 55 5095-5111: Quasiparticle transport equation with collisional delay: II. Quantum statistical approach.

• V. Špička, P. Lipavský, K. Morawetz, Phys. Lett. A 240 (1998) 160: Nonlocal corrections to the Boltzmann equation for dense Fermi systems.

• P. Lipavský, V. Špička, K. Morawetz, Phys. Rev. E 59 (1999) rap. comm.:

Noninstananeous collisions and two concepts of quasiparticles.

• K. Morawetz, V. Špička, P. Lipavský, H. N. Kwong, Phys. Rev. C 59,6 (1999):

Duration and non-locality of a nucleon-nucleon collision.

• K. Morawetz, V. Špička, P. Lipavský, G. Kortemeyer, Ch. Kuhrts, R. Nebauer, Phys. Rev. Lett. 82,19 (1999) 3767: Virial corrections to simulations of heavy ion reactions.

• K. Morawetz, Phys. Rev. C 62 (2000) 44606: Dynamical constraints on phase transitions.

• K. Morawetz, M. Płoszajczak, V. D. Toneev, Phys. Rev. C 62 (2000) 64602:

Anomalous radial expansion in central heavy-ion reactions.

• K. Morawetz, P. Lipavský, J. Normand, D. Cussol, J. Colin, B. Tamain, Phys.

Rev. C 63 (2001) 034619: Mid-rapididty charge distribution in peripheral heavy ion collisions.

• K. Morawetz, P. Lipavský, V. Špička, Ann. of Phys. 294 (2001) 135: Retarded versus time-nonlocal quantum kinetic equations.

• V. Špička, P. Lipavský, K. Morawetz, Phys. Rev. E 64 (2001) 046107: Space-time versus particle-hole symmetry of collisions in a non-local kinetic equation for dense Fermi systems.

Book: Annales de physique, 26,1 (2001): Kinetic equation for strongly interacting dense Fermi systems, P. Lipavský, V. Špička, K. Morawetz Solution and applications available: http://www.mpipks-dresden.mpg.de/ morawetz

Virial corrections to Observables

Quasiparticle parts (Landautheory – like)

n^{qp} = ∑ k f Q^{qp} = ∑ k k f ≡ m j^{qp} = m ∑ k ∂ε ∂kf E^{qp} = ∑ k (^{k2}_{2m} +^1_2σ_{mf} )f_k J^{qp}_{ij} = ∑ k ( k_j^{∂ε}_{∂ki} + δ_{ij}ε ) f − δ_{ij}E^{qp} Two-particle correlated parts

n^{mol} = ∑ kpq Δ_tΨ(k, p, q) j^{mol} = ∑ kpq Δ_3Ψ(k, p, q)

Q^{mol} = ∑ kpq k+p 2 Δ_tΨ(k, p, q) E^{mol} = ∑ kpq ϵk+ϵp 2 Δ_tΨ(k, p, q) J^{mol}_{ij} = 1 2 ∑ kpq Ψ(k, p, q) { k_jΔ_{3i} + p_j(Δ_{4i} − Δ_{2i}) + q_j(Δ_{4i} − Δ_{3i}) }

Conservation laws

∂(n^{free} + n^{mol}) ∂t + ∂(j^{qp} + j^{mol}) ∂r = 0 ∂(Q^{qp}_j + Q^{mol}_j ) ∂t + ∑ i ∂(J^{qp}_{ij} + J^{mol}_{ij} ) ∂r_i = 0 ∂E ∂t = ∂(E^{qp} + E^{mol}) ∂t = 0 Internal energy- and momentum–gain

I_{gain} = ∑ kpq Δ_EΨ(k, p, q) F^{gain} = ∑ kpq Δ_KΨ(k, p, q)

with probability per time to form a two-particle molecule Ψ(k, p, q) = δ_{1234}f_1f_2(1 − f_3 − f_4)|T |^2 Consistent with extended quasiparticle approximation

Bifurcation in time evolution

Zero momentum transfer channel q = 0 leads to an additional part absent in usual local Boltzmann kinetic equation [( 1−f_1 )( 1−f^−_2 ) f^−_3 f^−_4 − f_1f^±_2 ( 1−f^±_3 )( 1−f^±_4 )] q=0 = f^−_2 (1 − f^−_2 ) [ f^−_1 − f_1 ]

For homogeneous systems and relaxation time approximation: additional term in the kinetic equation df(k, t) dt = − f(k, t) − F_0 τ + f(k, t − Δ_t)[1 − f(k, t − Δ_t)] τ̃ with thermal averaging < ... > 1 τ = < 2πs ℏ ∫ dpdq (2πℏ)^6 |T^r(k, p, q)|^2δ(ε_k +ε_p−ε_{k+q} −ε_{p−q})f_p(1−f_{k−q})(1−f_{p+q}) > 1 τ̃ = < 2πs ℏ ∫ dpdq (2πℏ)^6 |T^r(k, p, q)|^2δ((k − p) · q m )f_p(1 − f_p) >

Δ_t = − 1 ℏ < ∂ ∂ω Im ln T^r(k, p, q, ω)|_{ω=εk+εp} > Rename α =^τ_{τ̃} σ = τ τ_d = Δ_t to obtain (M. Berezowski, Chaos, Solitons and Fractals 12, 83 (2001) ) σ df(t) dt + f(t) = αf(t − τ_d)[1 − f(t − τ_d)]

Feigenbaum diagram α = 3.9,τ_d = 1 (left) and α = 3.9, σ = 0.2 (right) Bifurcation sets in for |α − 2|^>< √ 1 + (σΩ)^2 forτ_d^>< 0 and oscillation appears with a frequency

τ_dΩ + arctan(σΩ) = π

Summary

1. Dense interacting Fermi system are described by non-local collisions in quantum kinetic equation • Neglecting shifts: Landau–Quasiparticle (QP) equation Neglecting QP- renormalisation: Enskog–like (virial corrections) • Thermodynamically consistent equation of state

(energy, density, pressure) including quantum 2. virial coefficient • Conservation laws proven • Applicable recipe for incorporation in simulations 2. Applications

• Nuclear reactions: more energetic collisions in the early phase, preequilibrium particle emission (high energetic spectra), enhancement of neck and midrapidity distribution, nonequilibrium phase transitions (iso-nothing), anomalous density and velocity distributions • Neutral impurities: cancellation of virial and quasiparticle corrections, Fermi - momentum is changed by number of correlated pairs • Delay differential equation interpolate between finite time stepping of the logistic map and continuous time derivatives (nucl-th/0012028), Novel observation: distribution function itself shows temporal oscillations around the equilibrium value, bifurcation, signal of onsetting phase transition