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Noninstantaneous collisions and two concepts of quasiparticles
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The kinetic theory recently implemented in heavy ion reactions combines a nonlocal and noninstantaneous
picture of binary collisions with quasiparticle features. We show that the noninstantaneous description is
compatible with the spectral concept of quasiparticles while the commonly used variational concept is consis-
tent only with instantaneous collisions. The rearrangement energy, by which the variational concept surpasses
the spectral one, is shown to be covered by a medium effect on noninstantaneous collisions.
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PACS numbes): 05.30—d, 67.55-s, 03.65.Nk, 25.70-z

The quasiparticle concept provides a basic theoretical SE
framework for description of interacting Fermi systems. Al- EQ=—. (2
though quasiparticles are well defined only close to the of

ground state, i.e., at small temperatures and under weak per- o o
turbing fields, a lack of tractable theories for systems fafFTom the entropy follows that the equilibrium distribution is
from equilibrium forces physicists to deal with quasiparticlesof the Fermi-Dirac form,f,=frp(é,— ). Out of equilib-

also in this region. From a number of highly nonequilibrium rjum, f, differs from the Fermi-Dirac distribution and rela-
systems treated in the quasiparticle picture one should, pefions (1) and(2) hold locally in time and space.

haps, mention heavy ion reactions where the excitation en- The microscopic Green’s function foundatiof-5] of
ergy far exceeds the Fermi energy. the quasiparticle theory define the quasiparticle energy alter-

Itis disturbing that an extension of the quasiparticle connatively from a singularity of the single-particle spectral
cept far from the ground state is not unique. There are tW@ynction

formulations of the quasiparticle concept, the phenomeno-

logic and the microscopic. The former relies on the variation _ r
of thermodynamic quantities, the latter on properties of the A= k2 21 ©)
single-particle spectrum. Close to the ground state these con- ( 0= 5 -2 + ZFZ

cepts are proven to be identical but they become increasingly

distinct as an excitation of the system increases. A naturgneres and LT are real and imaginary parts of the self-
_quesﬂo_n arises: Which co_ncept of quasl_pa_rtldes works bE3tte‘(—5nergy. For long-lived excitation§,— 0, the spectral defini-
in kinetic equations for highly nonequilibrium systems? Asiiqn of the quasiparticle energy reads

we show in this Rapid Communication, the answer depends

on approximations employed in the collision integral. If the k2

collisions are treated as local and instantaneous, as is com- 6=om T 2(eK). 4

mon in equations of Boltzmann type, the variational concept

seems to be better, at least with respect to processes offhe quasiparticle distribution is identified from a singularity

thermodynamic and hydrodynamic character. In contrast, af the single-particle correlation functio&=<. In equilib-

noninstantaneous treatment of collisions, as suggested RQyym, whereG =(w,k) = frp(w)A(w,k), this approach also

Danielewicz and Praffl], is compatible only with the spec- yields the Fermi-Dirac distributiof,= frp (e — ). Again,

tral concept. out of equilibrium all relations are locally valid, except for
Let us rehash first both concepts. In the original phenomthe Fermi-Dirac form off, .

enologic formulation, Landa[g,3] postulates that a density  varjous studie$§3,6,7] prove that close to the ground state

of quasiparticles equals the density of composing particles,| andau’s quasiparticles are the elementary excitations seen

in the single-particle spectrum. In these proofs it is essential

dk - that dissipative processes freeze out with the square of the
n= f Wfka (1) temperature so that quasiparticles become free of collisions.

Far from the ground state, however, the collisions become

_ important. As long as the collisions are local and instanta-
where f, is the quasiparticle distribution in momentum neous, as is the case for a weak interaction, they have no
space. Assuming furthermore that quasiparticles cover all deeffect on the thermodynamic properties and both quasiparti-
grees of freedom of the system, the quasiparticle enérgy cle concepts remain equivalent. When nonlocal, the colli-
can be defined as a variation of the total enefgy sions affect thermodynamic properties in a way that escapes
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the variational approach. A clear-cut example is the system dn dk oF dk

. . Kk ~
of hard spheres whose density and total energy do not differ R ?ho (6)
from the ideal gas and yet its equation of state includes the t (2m)” ot (27)
virial corrections known as the inaccessible volume. The _
noninstantaneous collisions result in even deeper changes dhe collision integral has to satisfydkl,=0, which is pos-
which we focus in this paper. sible only for instantaneous collisions. In addition, from the

We will discuss two groups of virial corrections due to energy balance,

which the spectral quasiparticles do not satisfy postulates of

the variational concept. Both are caused by the finite dura- ds dk &€ of, dk
tion of collisions. First, the density of spectral quasiparticles —:f fpen —zf 3’“6k| ks @)
differs from the density of composing particles by the corre- dt (2m)° sf, dt (2m)

lated density,n®®=n— [[dk/(27)%]f,, as is known from

the Bethe-Uhlenbeck virial expansidi,9]. Second, the it follows that the total energy conservet/dt=0, only if
variational quasiparticle enerdgy differs from the spectral the sum of variational quasiparticle energies conserve in col-
one by the rearrangement energ§=<¢—e. This has been |isjons, fdke,T, = 0.

observed earlief10] for the Galitskii-Feynman approxima-  |n contrast, the kinetic equation resulting from the spec-
tion used widespread, either to evaluate the total en€@y  tra| concept as an asymptotic of nonequilibrium Green'’s

the starting point of the variational approach or to evaluatgynction in the Galitskii-Feynman approximati¢hi],
the self-energy needed in the spectral approach. It should be

noted that the Galitskii-Feynman approximation is missing of dpdq
the particle-hole channels important at very low tempera- ——= | 5 o50(€t €p— € q— €prq— 2AE)
tures. Our discussion is thus limited to rather highly excited at (2m)
systems. _ o X|T7 (1= fi=fp) fi_qf g
Collisions of quasiparticles have been recently studied in
[11] with the help of methods developed for gagE3,13. A dpdq . N
kinetic equation derived from nonequilibrium Green’s func- _f (2m)5 Olext €p— €cq €pirqT 20E)

tions by a systematic gradient expansion includes a scatter-

ing integral in which collisions are described as nonlocal and X |T+|2fkfp(1— f;,q— f,‘§+q), (8)
noninstantaneous events. Although small in slowly varying

systems, these nonlocal and noninstantaneous corrections as a noninstantaneous collision integral that does not con-
preciably influence a behavior of the system, since they afserve the sum of quasiparticle energies. For distributions we
fect conserving quantities and therefore contribute to thermouse abbreviation§=f(t) and f*=f(t=A,), and similarly
dynamic and hydrodynamic properties. For instance, théor arguments of quasiparticle energies. Thematrix, T
nonlocality corrects for the inaccessible volume and the fi=|T|e'¢, is centered between asymptotic stat€B;

nite duration yields the correlated density. On top of these:Ti(eereziiAE,k,p,q,ti%At). Apparently, the colli-

two effects known from the theory of gases, the found colli-gjop, delay,A=ad¢/dQ|o_., .., and the energy gain of a
sions possess another feature in that the momentum and th

energy of a colliding pair of quasiparticles do not conserve.Cgllldlng pair, 2Ag= _‘wl&t'“:fl“? do not meet phe-

Small amounts of momentum and energy are gained by gomenologic expectations about the structure of the collision

colliding pair due to changes of the Pauli blocking during theintegral. _
collision. The difference between Eqg$5) and (8) is even more

The transfer of momentum and energy between the coloPVious from the conservation laws found|ihl] from Eg.
liding pair and the medium of background particles provides8) by integration over momentutk with factors 1 andey.
an important link between the variational and the spectrall "€ balance of the number of particles,
concepts of quasiparticle energies. Since we want to focus on

this energy balance, we assume a homogeneous system for dn_d ( dk - d dPA ©
simplicity. We will show that the rearrangement energy con- dt  dt) (2m)3 k' dt t
tributing to the variational energy simulates for the energy
gained by a pair of quasiparticles during in-medium colli-\yhere
sions.

The variational approach works only if binary collisions dkdpdgq
are treated within the instantaneous and elastic approxima- dP= 5B |TI?6( e+ €p— €k—q~ €p+q)
tion. To show why, assume a phenomenological kinetic (2m)
equation Xl (1= q—Tpig), (10

af includes the term proportional to the collision delay. This is

(5)  exactly the correlated densitp®'=[dPA,, found in [9]
from the equilibrium Green’s functions. The kinetic equation

5 (8) thus implies that the number of spectral quasiparticles

wherel is an unspecified collision integral. To conserve thedoes not equal the number of composing particles.

number of particles, The energy balance found from E@®),
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dé dk of, d ekt €p quently no correlated density appears in the number of par-
a J 2% " &J dP— At_f dPAEg, ticles balance/dPA;—0. At least with respect to the den-

(11) sity of quasiparticles one can say that the distribution of
quasiparticles becomes close to the variational distribution,
also includes contributions that are not compatible with the
phenomenologic postulates. Similar to the correlated density, fr—Ty. (13
there is the energy of correlated particlea;. Moreover,
due to the transfer between the background and the collidingh the energy conservatiqi1) and the total energgl2), the
pair, there is a mean energy gaim\g by which the energy neglect of the collision delay suppresses the contribution of
covered by single-particle degrees of freed@ire sum of the correlated particlesdP(e,+ €,)A—0. The total en-
quasiparticle energig¢€an change in time. ergy which conserves within the instantaneous but still non-
One might wonder whether the kinetic equati@® con-  elastic approximation of collisions, has the familiar form

serves the energy at all because the right-hand side of bdl16]
ance equatioril1) does not have a transparent form of the

total time derivative. Although it is a tedious task, it can be dk -~ k* 1 ( dkdp. ~
shown that Eq(8) conserves the energy given by 5ﬂf @7 fomt s @ fifp
dk k> 1 ( dkdp X ReTg(
— _F - - R €k+ ep,k,p,O), (14)
& f (217)3fk2m+2f (277)6fkfp ReTR(ek+ep,k,p,0)
+ which is commonly used as a starting point in variational
+f dp Sk EpAt_ (1  @approache$lo]. S
2 In spite of the above similarities, it would be premature to

conclude that in the limit of instantaneous collisions,
—0, the spectral and the variational approaches are identical.
The energy balanc€ll) in the instantaneous approximation

One can check that Eq11) results from the time derivative
of Eqg. (12). The energy of correlated particles directly cor-
responds to the second term of Efj1). The second term of
Eq. (12) splits into the self-energy part of the quasiparticle ~
energy and into the mean energy gain. The mean energy gain d_gﬂf dk ek‘;_fk _ f dPAg (15)
follows exclusively from the time derivative of Reg in dt (2m)3 ™ at ’

agreement with fact that the effect of medium on the binary

collision is responsible for the energy transfer between colstill includes the mean energy gaifdPAg. There is a
liding particles and the background. We note that the totasimple but incorrect argument that the mean energy gain can
energy(12) is identical with the Galitskii-Feynman approxi- be neglected ad;—0. (The energy gain follows from the
mation in the limit of small scattering rates. Although for- time dependency of scattering phase shift, i.e., at the end,
mula (12) holds out of equilibrium, we want to outline its from the time dependency of a distribution of particles in the
simple derivation for the equilibrium case. In the generalbackground. In the instantaneous collision the background
expression for the enerdyL4], particles have no time to pass any energy to the colliding
pair) A neglect ofA—0 leads to an inconsistency between
the energy conservatiofi5) and the total energyl4). In-
deed, the total energfl4) still includes Relg from which

the mean energy gain arises. A consistent elastic approxima-
one employs the limit of small scattering rates tion of collisions thus cannot be achieved by a simple neglect

2

dkdw 1
ot 50 frp(@)A(w k),

~ ) 2m*2

[7,9,11,13,1% of the nonelasticity.
s I The link between the variational and the spectral concepts
A= ( 1+ I 278(w— &)+ Re—————. can be established if one is concerned with processes in
Jw (w0—€+i0) which global conservation laws play the dominant role while

o individual trajectories of quasiparticles are of a marginal im-
The second term represents off-shell contributions negleCteﬂortance. In this hydrodynamic regime, it is possible to rear-

within the so-called quasiparticle approximation commonlyrange the mean energy gain into a mean-field-like contribu-

used to derive the quasiparticle theory from Green's funcyion'ts the quasiparticle energy® . From a demand
tions. Its inclusion is essential for all correlated quantities.

Being able to cover the correlated density and the latent ~
heat due to the mean energy gain, the spectral concept pro- dk GAﬂ: _f dPA (16)
vides a more sophisticated description of interacting Fermi (2m)3 7k at ok
liquids than the phenomenological one. This superiority,
however, is at the cost of such complex corrections as thand a variational form of the energy gain
collision delay and energy gain during collisions. It is inter-

esting to see under what conditions the theory based on the 144 dk ¢ df,
spectral concept reduces to the phenomenologic one. Ag=———= 3 o o a7
According to Eq.(6), the phenomenologic concept works 2 at (2m)° sf, ot

only if the collision duration is negligible. Sendidg—0 in
Eqg. (8) one obtains the instant collision integral and conse-one finds the mean-field-like correction as
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1 5 In summary, we would like to stress the answer to the
eﬁz—f dP— (18 question, Which of the quasiparticle concepts is more suit-
2 ofy able for highly nonequilibrium systems? The spectral con-

cept offers the more elaborate description of the system dy-
namics provided that the collision integral includes the

e collision delay and the energy gain. The instantaneous and
actly the rearrangement energy, = e’ From Eq.(18) fol- e#astic picture of collisions cannot capture such features of

Iows'that the rearrangement energy describes th? effect %inary correlations like the correlated density. The mean en-
the time-dependent Pauli blocking on the scattering phase

i ergy gain, however, can be mimicked by the rearrangement
shift ¢. . . -
energy included in the variational concept.

After a substitution of Eq(16) into Eqg. (15), a comparison
with Eq. (7) shows that the mean-field-like correction is ex-

Relation(16) shows an advantage of the variational con-
cept. The elastic collision integralec 6(€+€é,—€,_
—%,.q) Wwith the variational quasiparticle engrg?=2 The authors are grateful to Th. Bornath, P. HybD.

+ € yields the same energy conservation as the nonelastl&remp, and J. Kriofik for useful Q|scu33|ons. This work .
one,x (et €y~ €_q— €p+q— 2A¢), With the spectral qua- was supported by the Grant Agencies of the Czech Republic
siparticle energy. Without a sacrifice of the energy conservadnder Contract Nos. 202960098 and 202960021, and of the
tion, one can thus circumvent an inconvenience of nonelasti€zech Academy of Sciences under Contract No. A1010806,
collision integrals by an incorporation of the rearrangementhe BMBF (Germany under Contract No. 06R0884, and the

energy. Max-Planck Society.
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