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Nonequilibrium perturbation theory for spin- ; fields
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A partial resummation of perturbation theory is described for field theories containin@ gmanticles in

states that may be far from thermal equilibrium. This allows the nonequilibrium state to be characterized in
terms of quasiparticles that approximate its true elementary excitations. In particular, the quasiparticles have
dispersion relations that differ from those of free particles, finite thermal widths and occupation numbers
which, in contrast with those of standard perturbation theory, evolve with the changing nonequilibrium envi-
ronment. A description of this kind is essential for estimating the evolution of the system over extended periods
of time. In contrast with the corresponding description of scalar particles, the structure of nonequilibrium
fermion propagators exhibits features which have no counterpart in the equilibrium theory.

PACS numbsg(s): 11.10.Wx, 05.30.Fk, 05.70.Ln, 98.80.Cq

[. INTRODUCTION ingless unless they are restricted to time intervals much
shorter than a typical relaxation time. To improve this situa-
Many interesting physical problems, arising, for example tion, one should reformulate perturbation theory so as to de-
in the study of the early univerdd—3] and in relativistic  scribe the nonequilibrium state in terms of its own quasipar-
heavy-ion collisions[4,5] require an understanding of the ticle excitations. These excitations have a nonzero thermal
evolution with time of highly excited states of a quantum width, which in part also characterizes the rate of relaxation
field theory. The properties of high-temperature states irof their occupation numbers in response to a changing envi-
thermal equilibrium have been studied for a long time andonment. To put this idea into practice, it is necessary to
much is known about therfsee, for exampl¢6]). For the  construct a lowest-order approximation to the interacting
most part, attempts to study the nonequilibrium properties ofheory in which at least some of the dissipative effects of
systems that evolve with time have been based on the a@teractions are resummed. Methods for achieving this in the
sumption that this evolution can be adequately represented aase of both real and complex scalar theories have been de-
a sequence of near-equilibrium states. While such an ascribed in[10—12 and incorporated in a comprehensive per-
sumptionmay be justified in some cases, our understandingurbative approach to the nonequilibrium dynamics of phase
of the true nonequilibrium dynamics is at present very in-transitions i 13]. The purpose of this paper is to investigate
complete. One route towards a more complete understandirigow the same idea might be implemented for spifields.
that has been pursued by several groups is through the studye nonequilibrium dynamics of spinor fields turns out to be
of the N— < limit of N-component scalar field theoriésee  quite complicated. In contrast to scalar fields, their propaga-
[7-9] and references cited in these papefthe major ad- tors appear to have a structure that is not simply a time-
vantage of this limit is that it is a Gaussian field theory for dependent generalization of the one that applies in thermal
which the path integral can be evaluated exactly, yieldingequilibrium; it is sufficiently complicated that we have not
closed-form evolution equations suitable for numerical solubeen able to explore it in full generality.
tion. However, it is also a theory devoid of scattering pro- We begin in Sec. Il by reviewing briefly the resummation
cesses, which in general lead to important dissipative effectsf 2-point functions for real scalar fields. In Sec. Ill, we
(and the same is true of the related Hartree and one-loogerive some general properties of the full spinor 2-point
approximations Moreover, it seems to be extremely diffi- functions which serve as a guide to the construction of an
cult to extend such calculations beyond leading orderliy 1/ effective quasiparticle action, under the simplifying assump-
which is essential for approaching any description of moretion that the latter will beCP invariant. The quasiparticle
realistic systems. In this paper, we focus on the most obviouaction is constructed in Sec. IV in terms of several undeter-
alternative of extracting as much information as possiblemined functions of time and spatial momentum that charac-
from perturbation theory. terize the quasiparticle dispersion relation, thermal width and
A serious limitation of standard perturbation theory isoccupation numbers. These functions appear in a counter-
that, being an expansion about a non-interacting theory, iferm which is added to the free part of the action and sub-
too is devoid of scattering at lowest order. This means, irtracted from the interaction part, and will subsequently be
particular, that the occupation numbers of single-particledetermined self-consistently by requiring the counterterm to
modes which appear in propagators are fixed at some initialancel part of the higher-order corrections to the self energy.
values and do not reflect the evolving nonequilibrium stateThe real- and imaginary-time quasiparticle propagators cor-
Low-order calculations therefore become essentially meanesponding to this effective action are derived in Secs. V and
VI respectively and a self-consistent criterion for determin-
ing the quasiparticle parameters is implemented in the con-
*Present address: Department of Experimental Physics, Univetext of a simple model in Sec. VII. For illustrative purposes,
sity College, Dublin, Republic of Ireland. we introduce supplementary approximations that allow them
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to be evaluated in closed form. These approximations correxhere the path-integration variablés, ¢, and¢; live on a
spond to a weakly interacting system close to equilibriumclosed contour C in the complex time plane. This contour
and for this special situation we find, reassuringly, that theuns along the real axis froi=0 to a final timet;, returns
evolution of occupation numbers is described by a Boltzalong the real axis tdé=0, and finally descends along the
mann equation. Finally, in Sec. VIII, we summarize our prin'imaginary axis tot=—i. Here, we have taken the limit
cipal conclusions and comm_e_nt_ on t_heir relation to SOMe_, o The Euclidean actioffz [which usesn(0)] represents
other approaches to non-equilibrium field theory. the initial density matrix. In this theory, there is &3 ma-
trix of 2-point functionsG,,(x,x"), with a,b=1,2,3, but our
attention will focus mainly on the real-time functions, with
a,b=1,2. For the real-time part of the action, we wish to
Consider the usual ¢* theory, defined by the Lagrangian construct — a  lowest-order  version lco(¢1,¢2)
density =— 2 [d*¢,Dapdb,, Where, after a spatial Fourier trans-
form, the differential operatoD is

II. DISSIPATIVE PERTURBATION THEORY FOR
SCALAR FIELDS

L=3d,pd"d— 3 M (1) ¢*— 2 N ™, (2.9)
and suppose that an initial state of thermal equilibrium with (9t2+ k?+m?(t) 0
inverse temperaturg is set up at time=0. In this model, Di(t, ;) =
the time-dependent masyt), which arises, for example, in 0 —[af+k2+m2(t)]
the case of a scalar field theory in a Robertson-Walker space-
time, drives the subsequent state away from equilibrium. —M,(t,9,). (2.3

Then the closed-time-path formalisfieveloped for general

time-dependent situations ifil4]) yields a path integral

weighted by the action The countertern [ d*x¢, M, is added td ¢ o and sub-
tracted from the interactiohc =1c—1¢co, SO as to leave

fmdt L(by)— fmdt L(dby) the whole theory unchanged. A choice b is a choice of

0 0 the approximate theory about which we perturb and is, of

course, equivalent to a choice D% Subject to several con-

+ifﬁdTEE(¢3)}, (2.2 straints (discussed in[10], and generalized below for

0 spinorg, the most general choice f@ is

IC(¢1,¢2,¢3)=jd3x

[0+ Bi(t) =i ay(1)] [ V(D + 3 pd D) +ia(t)]
Dy(t,0) = _ : (2.4
[—yDa— iy +ia()] [~ Bt —iax(t)]

where ¢, (t), By(t) and y,(t) are real functions yet to be 1 1t
determined. Of course, the counterteivh can be read from h(t,t")= Eexl{ - Ejly(t”)dt")
Egs.(2.3 and(2.4). ‘

The 2x2 matrix of quasiparticle propagatogg(t,t’) is X{[1+N(t)FO ()t

the solution(subject to suitable boundary conditigrof
(st Y condiig 1N )OO}, @7

Dy(t,3) gu(t,t )= gy(t,t ) Dy(t’, — dp) = —i 8(t—t"). with F)(t) =[2Q(t) ] Y2exp(Fi [{Q(t")dt"). We see that
(2.5 one of the undetermined functiong,(t), can be interpreted
as a quasiparticle width. The quasiparticle enefgyt) is a

solution of
Suppressing the spatial momentlthis solution can be

written in terms of a single complex functidr(t,t’) as ) _

1O 30 1,

2000 4 gz T HO=AM - Zvi0. @8
k

Oap(t,t")=hp(t,t")0(t—t")+h(t',t)6(t"' —t), (2.6

Finally, the functionN,(t), which we hope to interpret in
whereh;=h andh,=h*. The functionh is terms of time-dependent occupation numbers, is a solution of
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loop diagrams can be approximated by takﬁgﬂk(t”)dt”

Lo+ nOIND=2ia(V). _ ) §)(t—t") and the limity,(t)—0. Then, with quasipar-
(2.9 ticle occupation numbens,(t) defined by

It PO +2i QD) - Qkﬁt;

To give substance to this scheme, a prescription is needed (t) = 1+2ny(t)
for determining the three functions,(t), B(t), and y,(t) k

introduced in Eq.(2.4). To this end, define the:22 self- , L . .
energy matrixS, (t,t') by a time-derivative expansion of EQ(2.9), yields the

Boltzmann-like equation

(2.1

Gu(t,t)=g(t,t)+i J dt” dt” g, (t,t) S (1", t") Gy (1" ).

A2 f
AN (t)~ Kk, dPk,d?k
k(1) 32(2m)5 1U7K20U7K3

(2.10
This self-energy has contributions from the countertevin X Q1 Qp= 0y 0y 5Ky +Kp— K= K)
and from loop diagrams: 010,030
X[Nniny(1+ng)(1+n ) —(1+ng)(1+ny)ngn,].

S (bt =M(t,a) S(t—t)+32Pt,t").  (2.11) .16

The general strategy is to optimizg(t,t’) as an approxi- |n the following sections, we investigate how this resumma-

mation to the full two-point function§,(t,t") by arranging  tion scheme might be extended to sgirfields.
for M to cancel some part &f'°°P. Clearly, sinceX'* is

non-local in time, only a partial cancellation can be achieved. |||, EXACT PROPERTIES OF SPINOR 2-POINT
Various prescriptions might be possible; perhaps the most FUNCTIONS

obvious is the following. Expres¥,(t,t’) in terms of the
average timet=3(t+t’) and the difference t(-t’) and
Fourier transform ont(~t’'). The components ofM,(t,4;)

contain at most one time derivative, so the self-energy can be

To be concrete, we consider a system defined by the La-
grangian density

decomposed into contributions that are even and odd in the L=yliy*d,—m)]yp+AL (3.0
frequency: where AL represents the coupling of the spingrto other
fields. For the purposes of this work, we suppose once more
S(tw)=MB )+ MP (e that the system is driven away from thermal equilibrium by
o . the time-dependent mass(t) (and possibly by other time-
+3 (1 oAt 2) +3(2) PRt »?)w.  (2.12  dependent parameters ML), but remains spatially homo-

geneous. As in the scalar case, spinor field theory in a flat
Generalized gap equations to be solveddgft), Bi(t) and Rgbertson-Walker univers_e can be represented as a
v (t) can now be obtained by requiring Mlnkowsk|—s_p_a_ce _theory with tlme-depenQent mass. If the
state at an initial time that we shall cak=0 is one of ther-
(1)1 — _ (1) loopis™ 121 mal equilibrium, then standard methoti¥escribed, for ex-
M) 2K (t.Q4(1) (213 ample, in Ref[15]) serve to derive the generating functional

(2)/ 5y — 5 (2) loopry 02,47
M= =28 THLOKD), @19 2ep-| ] H [ddadulexdil () + I EL b E.6)],
which amounts to an on-shell renormalization prescription. (3.2
These gap equations provide exact implicit definitions of
a (1), Br(t) and vy (1), but they cannot, of course, be ex-
actly solved. If the perturbative expansions &jf 199 and
3,(2) 10oP gre truncated at some finite order, one obtains con- tp _
crete expressions for them in terms of the propagator&d ¥ &€)= fo dtf&1(t) e () + e (1) £(1)
gk(t,t’). These truncated gap equations, together with Eq.
(2.8 for the quasiparticle energy and E@Q.9) for the func- +€2(t)z,/x2(t)+$2(t)§2(t)]
tion Ny(t) form a closed system that one might try to solve
numerically. It is to some extent illuminating to establish a B — —
connection with kinetic theory through some further approxi- + JO drlés(n)s(7)+Ps(Dés(n] (3.3
mations. Suppose that the gap equations are truncated at two-
loop order—the lowest order that yields a nonzero quasiparand we do not indicate explicitly the other fields that may
ticle width y,(t). Then, assuming sufficiently weak coupling appear inA L. If the initial state is characterized by a tem-
and sufficiently slow time evolution, propagators inside theperature 37! and chemical potentiaj, then the path-

which generalizes that described in Sec. Il for a scalar field.
In this case, the source term is
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integration variables at the ends of the closed time path obey 5 5
the boundary conditionsy,(0)=—eP*y5(B8) and ,(0) SEI(x X V) == —InZ[ o
— A Bu, ; i ; ) 6§aa(xlt) 5§bﬁ(x t )
=—e P*yYs(B), which are inherited by the Green’'s (3.4)
functions.
As before, we are particularly concerned with the real-
time 2-point functions for a,b=1,2. In terms of field operators, they are

(TTha(X DY D), — (X 1) (X)),
SEI(x,tx )= , (39

(WX DPg(X 1)), (T LX) (X 1)),

where o and 8 are spinor indices, whilel”and T denote  For a Dirac spinor, we haves“"(x,t)=y"Cy(—x,t),
time-ordering and anti-time ordering respectively. In thewhereC is the charge conjugation matrix afidndicates the
presence of a chemical potential, the expectation values ateanspose. It follows from this that
given by

2a(GEX ) =[CTIOS (=Xt =Xt — ) y°CTT

Tr e AH-1#NA]
<A>M:W. (3.6 =H(=xt—x"t" 0)0(t—t")

N . +H(=X t—=xtu)6(t' —t), (3.11)
whereH is the Hamiltonian at the initial time an is the
particle number. where, for a matrix-valued function of the chemical poten-

We hope to construct a perturbation theory in which thet|a| we defmeM(M) [C LOM(—w)y°CT™. Itis S|mple

lowest-order propagators are partially resummed versions q
these full 2-point functions, and begin by establishing somé0 check that M(u)=M(u)=M(x) and that M(u)

properties of the full functions that our approximate ones=M(u). With these definitions, the matrix of real-time
ought to share. Expecting that correlations should decayg-point functions for a fermion in & P-invariant theory can
very roughly az M=t over large time intervals, we write be expressed, after a spatial Fourier transformation, as

the Wightman function S tX ;) R
:<¢'a(X,t) l,bB(X’,t’)>’u as . ( 1t ) H(t,t ,k)

S apX Xt ) =Hap(x EX ) Ot —t') (LR Lk

+ . ! ! I __ i . ~ ~
Icaﬁ(xatyx ,t )e(t t) (3 7) H(t,,t,k) H(t’,t,k)
Using ¢5=!9%;. it is easy to see that XO=)H e k) HE k)
>t ! 4. — 0>yt t7- . 0
ST X, u) =087 (Xt ix ) y® (3.8 X O(t' 1), (3.12
and hence that .
with

K, 6x 5 ) =HX 3%, 6 ), (3.9 ‘

o H(t,t’;k)zf d3x e " XH(x,t;0,t"). (3.13

where, for any Dirac matrix, we defind1=y"MT°. It

would be helpful if the second Wightman function Equivalently, defining H®(t,t";k)=H(t,t";k) and

(X,t,X t’lM)__<$ﬂ(X t’ )lpa(x t)>}L could be ex- (2) tt"k)= t.t":k), we can write

pressed in terms of the same matfig(x,t;x’,t"; u). This Rk = H( 1K),

can, in fact, be done in & P-invariant theory. If theCP @)t )= Ot t' Kk Y+ FH@ ¢tk r_

transformation of an operat@ris implemented by a unitary ST =R 0=t + Rl ot (3t.)1.4)

operatorU cp, S0 thatA®P=UsAUcp, then aCP-invariant

theory hasH®P=H and N°°’=—N, and we see from Eq. We shall demand of our perturbative propagators that they

(3.6) that have the structure shown hees, indeed, do the propagators

of standard perturbation thegryrhis does not mean that our

(A),=(AP)_,. (3.10  resummation can be applied only in the context of a
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CP-invariant theory; it does mean, though, that any
CP-violating effects will not be resummed. It is worth point-
ing out that a relation similar t¢3.11) can be obtained by
assumingC invariance rather tharCP invariance. This
would be equally usable, but phenomenologically a little
more restrictive.

The structure expressed by E®.12 or Eq. (3.14) im-
plies two symmetries that will be useful to us. They are

SE(t,17:k) =S®A( t;k) (3.19
and
St t7:k) St :k)
(52”(t,t’;k) gzz)(t,t’;k))
St k) St t;k)
:(3(2”(t’,t;k) S(“)(t’,t;k))' (3.19

The first of these generalizes to the fulkk3 matrix of real-
and imaginary-time 2-point functions, but the second make
sense only for the real-time functions.

Finally, we shall need two pieces of information concern-

ing the values of these functions at equal times. The func=

tions S*? and S?Y have unique values att’, which im-
plies

H(t,tK) =H(t,t;K). (3.17

On the other hand, the time-ordered functiSf'Y has a
discontinuity att=t’, which reproduces the equal-time anti-
commutator

lim S{P0xtx )= lim S{Pxtx t')
t'—t—0 t'—t+0
= ({0, 05X D)), = 70p00x—x"), (318
and this implies
H(t,t; k) — H(t,t;k) = »°. (3.19

IV. CONSTRUCTION OF THE QUASIPARTICLE ACTION

We wish to construct a lowest-order action

e ) =120+ [ @ Mantio= [ a6 GDant
(4.7

that will serve as a starting point for our partially resummed

perturbation theory. As befor¢{?) is the quadratic part of
the original closed-time-path action, while the term involv-
ing M,y is a counterterm which will be subtracted from the

interaction part, so as to leave the whole theory unchanged.

Specifying the form ofM,, is equivalent to specifying the
resulting differential operatoP,,. To begin, we construct
the real-time components @f,,,, with a,b=1,2. The unper-
turbed propagator matrix8@(t,t’) is a solution of the
equations

PHYSICAL REVIEW 62 105032

Dacl(t,3) SO (t,t") = SPI(t,t" ) Dep(t', — 3y)

=i8p0(t—t"). 4.2
(For economy of notation, we shall usually not indicate ex-
plicitly the dependence of these quantitiesloand w.) The
form that might usefully be chosen f@r,, is constrained to

a considerable extent by the requirement that this equation
have solutions foB8@” which have the structure exhibited in
Egs.(3.12 and(3.14) for the full 2-point functions and in-
herit the various properties that we discussed in Sec. lll.
Observe first that thé(t—t') on the right of Eq(4.2) arises
from differentiating 6(t—t') and 6(t' —t). We can ensure
that only these’ functions will appear by restricting to the

B | J+ooe

where the ellipsis indicates terms without time derivatives.

0
—i Voat

[ Yof?t
0

D (4.3

Jhe coefficientstiy° are determined by the boundary con-

dition (3.19. In principle, an ansatz using more time deriva-
tives (along with further boundary conditions to eliminate
unwanteds functions and their derivativeésnight be pos-
sible, but we have not found such a generalization tractable.
Next, if the solution of Eq(4.2) is to have the symmetry
expressed by Eq3.15, thenD must satisfy

Dap(t,31) = Dpalt,— 1), (4.4
which ensures thdtc o is CP invariant. Similarly, the sym-
metry expressed by E@3.16 implies

( Dyy(t,dy) 512('[,(90) _ ( —Dyt,—3d) —DiAt,— )
'521(t,(9t) 521(t,(9t) —Dy(t,—d) —Dult,—d))"
(4.5

Finally, as for a scalar field, causality requires
Dya(t,0¢) + Dy, d;) + Doy(t,0;) + Doyl t,0;) =0. (4.6)

The net effect of these considerations is tBatan be written
as

i 09, +Da(t)
iDy(t)

iD,(1)

Pl ~iY°0=Dy(1)/)’

(4.7

whereD,(t) andD,(t) are subject to the constraints
Dy(t)=Dy(1)

Dy(t)=Dj(1) (4.9

Dy(t) +HiDy(t) =Dy (t) =i Dy(1).

When D has this structure, and the propagagft,t') is
written in the form(3.12) in terms of a functiorH(t,t") that
approximatesH(t,t'), then Eqs(4.2) for the propagator re-
duce to
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i Y20,+ D1(1) +iD,(1) JH(t,t")=0 4.9 t
178+ D) +DD]IR(EL) 9 H(t,t')zexp(—J )\(t”)dt”)[A(t,t’)y++B(t,t’)F
~ — t/
[i9°9,+Dy(t)JH(t", 1) +iD,y(t)H(t’,t)=0. 41
C ? (419 +C(tt)T, —D(t,t)y_]. (5.1)
At this point, the most general procedure would be to

expandD;(t) in terms of a complete basis of Dirac matrices Noting that Eq.(4.9) governs the dependence lé{t,t) on
its first time argument, while Eq4.10 refers to the second

time argument, we introduce the notatiod(t,t’)
=a,A(t,t") andA(t,t")=a,A(t,t'). With this notation, Eq.
(4.9 can be written as

16

Di(t)= El dP(t, k)T, (4.1
=

the thirty-two undetermined functior(t,k) being the ana-

logues of the functiong,(t), Bc(t) andy(t) that appeared ) A A
in the scalar theory. This general problem is one that we | 5 =T B (5.2
have not found tractable. To simplify matters, we use instead
the smallest subset of the Dirac algebra that closes under .
multiplication and under — ané- conjugation, and that in- (C} _[C
cludes the matriceg® andy- k that appear in the free theory. ! D =T D/’ (5.3
For the operatorD, a convenient basis i§1,y°,I', ,I"_},
where where

r =i(1+7°)7'k (4.12 e

=2k ' T=\ s __| (5.4

and 1 denotes the unit matrix. The conjugates of these

ma- . . .
) — ~0. 0 = ~ a':or orientation, we note that, in the absence of the counter-
trices arey"=—y'=v", I'.=I'- andl'.=I". . Our ansatz

_ term M,,, we would haver=m and o= —|k|. (Equations
for D'is then somewhat analogous to these have been obtained, for ex-
. _ 0 _ " ample, by Sahnil6] in the course of solving the Dirac equa-
DO =IIMO = vy +[o(O) = e +[o(1) tion in certain curved spacetimgdhe matrixT has the gen-
+eX ()T _—[#(t)+in(t)] (4.13  eralized Hermiticity propertyT*=T, where the operation F
is defined by taking the transpose, and replacing each ele-
Do) =iv(t) P+ e, — e* (O _+in(t). 41 ment by its# conjugate(This reduces to the usual Hermit-
) Oy +eOf ® 7t 4.19 ian conjugate when the chemical potential vanishdshe
Although we have not indicated it explicitly, the coefficients two-component vectorg and y are solutions tde=Te,
depend ork and x as well as ort. For complex functions of then it is simple to see that the inner produgt x) = ¢¥x is
w, we define f#(u)=f*(—pu), so thatT(u)=f(—n) Preserved by the time evolution. The eigenvalue3(@j are
=f*#(u). This is the most general ansatz that satisfies the" {1(t), where _theﬂ time-dependent  frequency)
restrictions(4.8) on D;(t), provided that =+ oo satisfiesQ#=0Q, and the corresponding nor-
malized and mutually orthogonal eigenvectors are
M=\, =1 vr=w, pf=g

1) ! ( 7 )
- # u = ,
NN =v+w 2007\ Q-7

O—0=€—¢€ (4.15 (_)(t) 1 (—(Q—r))

u = .
Tt =—i(y= "), v20(0-nl  of
(5.5
V. SOLUTION FOR THE REAL-TIME QUASIPARTICLE ] i ) )
PROPAGATORS Given some fixed timé,, one can formally write exact so-

lutions
Having constructed the unperturbed actidnl) in terms

of the differential operato®(t,d;) given by Eq.(4.7) to- (+) ]
gether with theAnsaze (4.13 and(4.14), we require a for- b, (I)ZTGXF{—IJ
mal solution to Egs(4.9) and (4.10 for the matrix-valued ‘
function H(t,t";k) from which the quasiparticle propagator
S@b)(t.t":k) is to be constructed via Eq3.14). It proves

convenient to reorganize our basis of Dirac matrices into the

t
set{y.=3(1++%,I'.}, expandingH(t,t') as g)(t)%exr{lif Q(t")dt’
to

t
T(t")dt’

0

uH(ty), (5.6

which are positive- and negative-frequency solutions

uS(ty), (5.7
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at times neat,. More generally, we may choose an ortho- and we hope to interpret the additional time dependence in

normal basis
t _(f(t)) : _(—g”(t))
hO=| ] $20=| g |

with f#(t)f(t)+g*(t)g(t)=1. It is readily verified that
&-(t) is a solution ifé4(t) is, and that if, (t) = qsg)(t) for

(5.9

somet,, then ¢2(t)=¢§0‘)(t). Thus, the solution to Egs.

(5.2) and(5.3) can be written as

(A(t,t'))_ ) <f(t)
Bty T g

(C(t,t’))_ ) (f(t)
D(t,t,) _Ql(t) g(t)

—g*(t)
f*(t)
—g‘*(t))
fA(t) |

+ P2(t’)( ) (5.9

)+Q2(t')(

whereP;(t") andQ;(t’) are to be determined by solving Eq.

(4.10 and applying suitable boundary conditions.
To solve Eq.(4.10), it is helpful to define

W(t,t")=B*(t,t")—C(t,t")

X(t,t")=D*(t,t")+A(t,t")

Y(t,t')=B*(t,t")+C(t,t") (5.12
Z(t,t")=D*(t,t") - A(t,t"). (5.12
In terms of these functions, E¢4.10 is
(30
| 3 =Tl « (5.13
(v YV (Y W)
i : =—i(A+\¥) 2 +T 2 +E Nk (5.19

The matrixT is the same as the one defined in E§.4),
while

, T otet—e
= ot + e — €t —-7* (5.19
i(v—vf—p—1n" e fte
= . . 1
— (e +€*) i(v—vt+n+9?) (518

The appearance of a new matriX (which also satisfies
T'*=T’) and a new damping constant-\* in Eq. (5.14
reflects the factpreviously noted irf12]) that particles and

terms of time-dependent occupation numbers for the single-
particle modes.

Evidently, the solution of Eq(5.14 will require the in-
troduction of a new set of antiparticle mode functions, which
make matters rather complicated. In the remainder of this
paper, we shall simplify our calculations by specializing to
the case of zero chemical potential. In that cagseonjuga-
tion reduces to complex conjugation, while the restrictions
on the counterterm parameters noted in Bql5 imply that
7, A and » are real, and that=\A. We now haveT'=T
=T" and

—2i 2
E=( 7 6)=—ET. (5.17

—2€* 2inpy

We look for a solution to Eq95.13 and(5.14) in the form

(W(t,t’))_R t(f(t’)>+R . —g*(t’)) -
X(t,t’) - 1() g(tr) 2() f*(t/) ( . 8)
(Y(t,t’))_s i (f(t’) . (—g*(t’))
Z(t,t/) - 1(1 ) g(t/) 52(1 ) f*(t/) ’
(5.19
and find that they are satisfied if
Si(t,") =S (HL(t") + Ry (K4 (t") +Ra(t)Ky(t")  (5.20
Sy(1,1") =S,(H)L(t") + Ry (t)KZ (1) = Ry(1)Ky(t"),
(5.21)
where
L(t')zexp[ —ZJ'I’)\(t”)dt”}, (5.22
0
Kit)=L(t") f;'rla")ei(t")dt" (523

and the gi(t) are related to the matrix elements;(t)

= ¢l (DE(1) (1) by

en=e5=2[ef*g—€* fg* —in(t")(f*f-g*g)]=ie,
(5.24)

= — €5 =2[ef*{* + e*g* g* +inf*g* ]=ie,.

(5.29

At this point, the solution of Eq4.9) [expressed by Egs.
(5.2 and(5.3)] has left us with four undetermined functions
P;(t’) and Q;(t’), while the solution of Eq.4.10 [ex-
pressed by Eqs(5.13 and (5.14)] produced another four
undetermined function®;(t) and S;(t). However, the two
solutions are related by E¢5.11) and by comparing them,

antiparticles acquire different thermal masses and widths ime determine all eight functions up to constants of integra-
the presence of a nonzero chemical potential. The appeation. Moreover, the values that these constants can take are

ance of the inhomogeneous term proportionalEtan Eq.

constrained by the equal-time conditio(&17 and (3.19),

(5.14 implies that the time dependence of the propagators isvhich express very general properties of the 2-point func-
not exhausted by that of the single-particle mode functionstions. In fact, it turns out that that the propagator is deter-
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mined up to two constants of integration, that we shall deagreement witj15]. The actual values that are required by
note bya, (which is real anda, (which is complex Our  our formalism are determined by computing imaginary-time
final result forH(t,t") is expressed by the original ansatz correlators and applying appropriate boundary conditions.

(5.1) with the time-dependent coefficients given by This computation is the subject of the following section,
where we shall find our guesses confirmed.
A(LE)=[1=N)HIFOF* () +N")g* (Hg(t)
—A)F(D)g(t)—A*(t)g* (1) F* (1) (5.26) VI. IMAGINARY AND MIXED-TIME PROPAGATORS

B(t.t)=1—N(t' ) — N(E ) £ . In terms of the imaginary-time field operataf(x, )
(Gt =[ (t)]gm (") (tHF*(0g(") =eM7y(x,00e 17, the imaginary- and mixed-time 2-point
—A(t)gt)g(t")+FA*(t")fF*()f*(t") (5.27  functions are(for a=1,2)

C(t,t)=[1=N(t)]f()g* (1) = N(t')g* () (t") SERTX ) = (YaX 1) ihg(x', 7)) 07— 7')
+FAMHT(OF(t)—A*(t")g*(tH)g*(t')  (5.28 —(Eﬁ(x’,r’)wa(x,»r»e(r’—7-) 6.1
D(t,t,):[l_N(t’)]g(t)g*(t,)‘i‘N(t’)f*(t)f(t,) Sgaﬁa)(xyt;x,,'r,)z_<EIB(X,,T,)I,[/Q(X,t)> (62)
A +A*()F*(H)g*(t"). (5.29 ~
SGA(x, 7%/ 1) =8E(—x"t";—x,7). (6.3
The real functiorN(t’) and the complex functioa (t') are
given, in terms of the quantities introduced above, by Because the time-path ordering makes imaginary times later
than real times, the functions*® and S are identical.
N(t')=3[1—Ky(t")—a;L(t")] (5.30 With w=0, antiperiodicity of the path integration variables,
Pa(X, B)= — ¥1(x,0), and the fact that the field operator
A(t)) = L[Ky(t") +a,L(t)], (5.31) ¥(x,0) is unique supply the two boundary conditions
(a3) k)= — c(al) -
but it is more illuminating to observe that they obey the SELEK) SEHLOk) 64
differential equations S@)(1.0:k) = S@(t,0:k) ©.5

ry — ! ’ ry— 1 4
AN = =20 N) F ML) = 2 ()] (532 ¢ e shall use to determine the constants of integratjon

anda,. If the sources for real-time fields are set to zero, then
I AR(t)= =20 (1) A(t) + 3 ex(t’), (5.33 the time path reduces to just its imaginary-time segment, and

antiperiodicity yields

with initial conditions N,(0)=3(1—a;) and A,(0)

=1a,, in which we have reinstated the dependence on spa- SG30,7:k)=—-8GIB,7":k). (6.6)

tial momentumk that has been implicit throughout. These

are the equations that we might hope to interpret as kineti€inally, uniqueness o§(x,0) also implies

equations for the occupation numbers of single-particle

modes. Let us, indeed, specialize to the case of thermal equi- §@3)(0,7":k)=8C30,7":k) (6.7
librium, and temporarily delete the counterterir,,. The
mode functions can be written as and the two latter boundary conditions serve to fix constants

of integration that arise in the calculation §f2%) andS 2.
In order to construct a tractable perturbation theory, we

fi(t) e i — K|
t) —\/: Q) (5.3  have insisted that the unperturbed acti@nl) be local in
Ik 20, (Qy—m) k time. With this restriction, there are no terms of the form

with Q= K2+ m? and we haveK =K, =0 andL,=1. ¥#a(Pashs(7), (a=1.2) so we have
We then find that the time-ordered functi®'V(t,t’,k)

2
’ ' TI(+! +- ’ . . — B —
=H(tt k) o(t—t) +H(t' k) o(t" —t), with H(t,t";K) |Co(¢)=f d3x| > fdtwaDab¢b+f dT(,//3'D33l/f3:|.
given by Eq.(5.1) agrees with the corresponding function ab=1 0
obtained in[15], provided that we can identifN,=3(1 (6.8

—a;)=Ng%and A= 3a,=0, whereNg=[exp(BQ)+1]* _ . .

is the usual Fermi-Dirac distribution. The other 2-point func-'" the second term, which approximates the path integral
tions do not agree with those ff5], because these authors fepresentation of the initial density operat@t; D333 is
made use of a different time patiwhich is legitimate in —i times the Euclidean version of the free part of E3}1),
thermal equilibrium, but not in the nonequilibrium situation With m=m(0), supplemented by a countertetv(z;. The
considered hejeAt this stage, these values of the constantdorm of Dgs is determined by the assum&p invariance,

of integrationa; anda, are merely guesses that yield this D3(d,) =D33(—4,), together with the requirement that the
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quasiparticle energyl), be equal to tha—0 limit of the C13(t,7")=—Neqf(t)a(r’)+(1—Neq)g*(t)ﬁ(T’) (6.21)
energy that appears in the real-time mode functions. This

yields Dag(t, )= —NeG(t) gy (') — (1— NEYF* (1) f, ('), (6.2

i 049 ok
Dagd) =iy d;= ool =g L'+ 7], 6.9 it Ned=[ef?+1] 1. Finally, the boundary conditions
(6.4) and (6.5 are satisfied provided, as promised, that

where oy and 7, are thet—0 limits of the parameters ap-
To &1 70 = P P 1 oN®9anda,=0.

pearing in Eq.(4.13. The new propagators satisfy

Dy 9,) S (7, 7") VIl. CONCRETE REALIZATION: A SIMPLE MODEL
=S®) (7,7 )Dax(— 3 )=i8(7—1') (6.10 In the preceding sections, we have constructed a quasipar-
ticle action, and the propagators that correspond to it, in
[D11(dy) +Dlﬂs(13)(t, ') terms of several time- and momentum-dependent coefficients
that so far are undetermined. In general terms, these coeffi-
=SM(t,7/)Dag( — 3,) =0, (6.11)  cients are to be determined self-consistently by asking the

countertermM,, to cancel some part of the higher-order
and these equations can be solved by the method explainedntributions to the self energy, which arise within an inter-
in the previous section. The imaginary-time propagator camcting theory that we also left unspecified. Thus, the full
be expressed as S®I(r,7';k)=Hy(r,7";K)0(7—7') 2-point functions can be expressed through the Schwinger-
+Ha(7, k) 6(7' — 1), and we look for solutions of the Dyson equation
form

Ho(r 7' )= Ag( .7 ) 7, +Ba(m, )T S(ab)(t,t’;k)=S(ab)(t,t’,k)—iJ dt”dt”S@9(t,t";k)

+Cs(7, 7)) —Ds(r,7")y_ (6.12 X3 eq(t", 1K) SOt 1K), (7.
t in terms of a self-energy that has contributions both from the
8(13)(t,r’)=ex;< - fok(t")dt")[Als(t,T')% counterterm and from loop corrections
+Byg(t, 7 ) _+Cyqgt, 7T, S an(tt) = Map(t,d) S(t—t" )+ 3Pty (7.2
—Dy(t, 7)) y_]. (6.13 If the counterterm could be chosen so tha},=0, then the

N N . ~ propagatoiS@® would be the same as the full 2-point func-
Defining positive- and negative-frequency mode functionsion S and the perturbation series would be completely

in imaginary time by resummed. In practice, of course, we can achieve at best a
partial resummation by canceling the first few terms in the
fi(m)| e o7 o expansion of3'°%, Moreover, sinceX'°® is non-local in
a(n) 2Qy(Qo— 7o) \ Qo= 70/ time, and may well have a more complicated spinor structure

than the counterterm we have constructed, it will not be pos-
— (" o0 —(Qg— 7o) sible to cancel even these terms exactly. We can effect a
( ! ) —( o’ ) selective resummation by canceling only partXf°P, but
V2Qo(Qg—719) the choice of which part to cancel will depend on details of a
(6.19 specific application and of the supplementary approxima-
) ) . tions that will inevitably be required. Here, we illustrate how
the solutions subject to the boundary conditid6st) and  the process can be made to yield sensible results by studying
(6.7) are given by the simplest possible model, in which our fermion interacts

, . — i , with a real scalar field, the interaction being specified by
As(7,7")=(1=N®Yf|(n)f (7 )+ NG (7)gi(7")  (6.19

fi(7)

Li=—9¢i¢. (7.3

We suppose that thé particles have a mad4 that is greater
Ca(r,7)=(1—N9f (71)g,(7')—NG,(1)f,(+') (6.17 than 2m, so that the decay and annihilation processes
o - ¢+ are kinematically allowed. We anticipate that
D3(7,7)=(1—N®*%g,(7)g,(7")+ N, (r)f,(7/) (6.18  these on-shell processes will give absorptive parts to the fer-
mion self energies, yielding a nonzero thermal widthand
and that Eq.(5.32, which gives the rate of change of the occu-
_ pation number$,(t), will, within a suitable approximation,
At 7 )=—N®*(O)f, (7)) —(1-N®*)g*(t)gi(7') (6.19  be recognizable as a kinetic equation of the Boltzmann type.
. We study explicitly the one-loop, real-time self energy,
Bia(t,7")=—NQ(t)f, (7' )+ (1-NHf*(t)g,(7') (6.20  corresponding to the emission and reabsorption off a

Bs(7,7')=(1—N°®9g,(n)f,(7')— N (7)g,(7') (6.1
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particle. By settingM+ 311°°P~0, we obtain a complicated which have the properties
set of constraints, which implicitly specify the functions

Me(t), e(t), etc. In fact, these functions enfet'°°P through AKA(—KAK)=AKA_(KAK)=0 (7.9
the mode functiond(t) and g,(t) and the auxiliary func-
tions N, (t) and A,(t), for which we have no concrete ex- AKA(—KAK)=AKA L (KA(k)=0. (7.10

pressions in hand. We know only that they are solutions of
Egs.(5.2), (5.32 and(5.33. In principle, we have a closed After a Fourier transform on the time differentet’, each
set of equations that we might attempt to solve numericallyof the propagators appearing in the second term of(EQ)
To see more clearly what these equations imply, howevercan be written in the form
we introduce some further approximations. First, we will . . .
suppose that time evolution is sufficiently slow for an adia-  S@)(k,w;t)~SE (k,w;t) A (k) + S (k,w;t)A(K),
batic approximation to be reasonable. Then the mode func- (7.11
tions will be written as

where S (k, o; :t) has poles atw= Qk(t)+|)\k(t) while

(fk(t))% 1 ( (1) ) SE9(k,wit) has poles ato=—Q,(1) £ix,(t) and, within
k(1)) V20, (1) (Q(t) — 7 (1)) | k() = 7 (1) the approximations described abowg(t) is to be regarded

. as infinitesimal. In particular, we shall make explicit use of
xex;{—if O, (t")dt

0

(7.4  S"I(k,w;t), in which the poles combine to yield
Further, when the fermions have a nonzero thermal width, S*?(k, o; t)~—[w'y y-k+ m(t)][Nk(t)(S(w Qk(t))
the propagator will decay at large time separations, very
roughly ase M"t'l. Assuming thatr(t) and o, (t) do not +(1=N(0)8(@+Q(D)] (7.12
change too much over a thermal lifetimg(t) 1, it will be
reasonable to approximate the proddi¢t)f*(t’) that ap- and of the corresponding scalar propagator
pears in Eq(5.26) as

— % . O (12)k, ;—~ ’7T_ _5 B _
f(t)f*(t/)mak(t)ok(tlexn: _IQk(t)_(t t)], (75) g ( wt) a)k(t)[nk(t) (w wk(t))

20, (0 (1) — (€ _ _
OO = 7dL)] + A+ (D)8 + o 1)],  (7.13

wheret = (t+t")/2, with corresponding approximations for _ _

other products of mode functions. Finally, sinBé™P is  with w,(t)=Vk*>+M?(t).

proportional tog?, so are the functions,(t), etc. that appear We now consider how our vaguely stated criteridu

in M. At the lowest order of perturbation theory, it is there- +2'°°"~0 can be implemented in practice, to yield a selec-
fore reasonably consistent to set these functions to zero itive resummation of the perturbation series. To be clear, let
the propagators that we use in evaluatij°®, and this is  us first reiterate the role of the simplifying approximations
what we do. In particular, we then hawg(t)=—|k| and introduced above. In principle, the functiong(t), o(t),
rk(t_)=m(t_). Clearly, these approximations are valid, at \(t) ... are to be determined self-consistently by solving a

best, only for a weakly interacting system in a state close t&et Sgp equations of the form M(7,0.A, ... ).
thermal equilibrium. It is therefore important to emphasize” —2 %700\, ...). However, for the purposes of dis-
that our purpose in introducing them is to obtain simple anaCOVerIng how~ m|ght sensibly be interpreted and eventu-
lytical results that illustrate essential features of our formal- ally of making contact with kinetic theory, we plan instead to
ism. The formalism itself is by no means restricted to situa-> tudy the simplified set of equationM(r, oA, .. .)

loop, _ -
tions where these approximations are valid. For dlfferentf —2°%m,—[K.0,...), for Wh'Ch we can fm_d closed
reasons, discussed below, we will get’)=0. orm expressions. Of the functions that we wish to deter-

At this level of approximation, the propagators used mmlne_, 4 af‘dﬂ clearly encode the _dispersion relation for the
evaluating "% [and those that multiph ., in Eq. (7.)] quaS|part|cI¢s whose mode functions are given by (B).
are essentially those of the equilibrium theory, except tha hese functions appear only , [for which our ansatz was

we allow for time-dependent masses and occupation nunfiVen in Ea.(4.13] and thus inMy, andM22 By arranging

loop
bers. It is useful to introduce the projection operators for them to cancel appropriate parts Bff” and 373",

can endow our quasiparticles with dispersion relatlons that
A(K) =Q(1)7°— y-k+m(1) (7.6)  approximate those of the true elementary excitations of the
nonequilibrium state. We do not do this explicitly, however,
(7.7 preferring to focus on dissipative aspects of the problem, and
' especially on the evolution of occupation numbers. In fact,
for simplicity, we shall setr, (t)=m(t) and o (t)=—|K| in
Y= y-k+m(1), (7.9 Maswellas in'°°P. The terms proportional t&,(t) in our
propagatorg5.26—(5.29 are awkward andas discussed in

A(k)=—0Q,(1)y°— y-k+m(t)

( Z(t) k2

A(k)== 0.0
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the next sectiondifficult to interpret. Within our present Whenw is close to+Q,, the propagators given approxi-
approximations, it is possible to eliminate these terms in thenately by Eq(7.11) can be further reduced by retaining only
following way. We saw at the end of Sec. VI that the con-the term containing a pole, name§f2?~S{#”A (k). The
stantay=A,(0) vanishes when the initial state is one of one-loop correction term in the Schwinger-Dyson equation
thermal equilibrium. It is therefore consistent to €8{(t)  (7.1) then involves the projection (k)[ M+ 3 1%°P]A (k).

=0 at all times, provided that the quantiég,(t) vanishes Using the propertie$7.9), we see that this can be made to
in Eg. (5.33. The expression given in E¢5.25 does not  yanish by expressing1,° as a linear combination of (k),

vanish in general, but with the approximations made her%( K) andA _ (k) and requiri - :
: . — - quiring the coefficients df(k) in
it can be made to do so by choosieg(t) to be purely 317°% and M, to cancel. Similarly, whenv is close to

imaginary, say Ek(t):i;kft)' and by choosing7(t)  _q, we expressS1® as a linear combination of
= — () e(t)/ on(t) =m(t) e(t)/|K]. A(—K), A(—k) andA , (K), and require the coefficients of

With these simplifications, the functions that remain to be~ . .
. - ) . A(—Kk) to cancel. In this way, we obtain
determined are\(t) and ¢,(t), which appear in the coun-

terterm o
i Qi) M= 64472(M2_4m2)
Mlz(k,t)Z—[(Nk(t)+—Ek(t))/\(—k)
2Q(t) IN
L S0p— Q=0
Q). |- xfd K'—L——[n+N'] (7.17
- )\k(t)_Wfk(t) A(=K)|. (7.14 00w,
Ideally, we would like this to cancel the one-loop contribu-  Qu(t). — @2 5
; t)= M<—4m
tion |k| Ek( ) 64772( )
. do' do” d3k/ d3k// Y
Sk ol ~—ig? [ <7 [ S5 53 Y
m (2m) 00w,
X8(w—w'—w")d(k—k' —k") X [n(1—=N")—(1+n)N']. (7.18

(12)( 1! oty (12 L 71
XSHKL 0 DgEAKL 0", (719 pare we have made use of the kinematic idenfity)’

—k-k'—m?=3(M2—4m?). Reassuringly, we have arrived
at a thermal quasiparticle width that is positive-definite when
pressed in the form of Eq7.14) as a linear combination of M>2m, so that the on-shell decay and annihilation pro-
— ] . cesses that give rise to it are kinematically allowed. When
A(—k) andA(—k). Clearly, we must be a little less ambi- \j <2m the thermal width vanishes, because L5 con-
tious. First, we shall attempt to effect the desired cancellatiorgains products of-functions that cannot be satisfied simul-

on shell: that is, to cancel onlf.j3°(k, +Q,(t)). For @  taneously. The expressidii.17) agrees with the equilibrium

but M,,, being derived from a counterterm that is local in
time, has no dependence an while 21,°° cannot be ex-

==, we find damping rate calculated i17] (see alsd18]) for the same
_ model.
317k, w;t) Finally, we can evaluate the right hand side of E32),
L ) which we hoped to interpret as governing the evolution of
_ 19 Jd3k,5(wp—9—9 ) time-dependent occupation numbexg(t). With the ap-
1672 Q' w, proximations used in this section, we have(t)

=—20,(t)e(t)/|k|, and the equation becomes

!

k-k
—Q' Y+ —y-k+m

. k|2 NE=ND o) dN(t)  g? O(wp—Q—0")
r =—2(M2—4m2)f K
K t 327 Q0 o,
_<Q,y0+ W")’k‘f'm (1+n)N’0(—w) . (716) X[n(l_N)(l_Nr)_(l_’_n)NNr]. (719)

Here, the kinematics is that of on-shell decay or pair annihi\We recognize the standard form of a relativistic Boltzmann
lation, involving two fermions of momentk andk’, with ~ equation(restricted to a spatially homogeneous systém
energiesﬂ=Qk(t_) andQ’=Qk/(t—) and a scalar with mo- which the gain and loss terms have the correct statistical

= factors,n(1—N)(1—N’) and (1+n)NN’, respectively, to
_ ’ _ 2 2
mentump=k+k’ and energyw, = V|p|*+M*(t). The fer- represent a fermion of momentuknbeing produced by the

mion occupation numbersl=N(t), and N'=N/(t) are  decay of a¢ in the thermal bath or annihilating with an
those that we originally introduced in Eq&.26—(5.29,  antifermion in the bath. Again, the “collision” integral
while n=ny(t) is the corresponding quantity for the scalar. would be replaced by 0 # <2m. Of course, our results for
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M(1) anddN,(t)/dt were obtained only at the lowest non- cording to a kinetic equation of the Boltzmann type. It is
trivial order of perturbation theory. At higher orders, we worth emphasizing that, while this kinetic equation provides
would expect non-zero answers in both cases, arising fromeassurance that our formalism has a sensible interpretation,

scattering processes that are allowed everMer2m. its derivation is by no means the purpose of the formalism
presented here. There are indeed, many routes to equations
VIIl. DISCUSSION of this kind. One may, for example, investigate directly the

time evolution of the expectation value of a time-dependent
We have described a selective resummation of the pertuiumber operatofsee, e.g.,24]). Another route that has been

bation series for the nonequilibrium 2-point functions of pursued extensively in connection with the calculation of
spin-; fermions. The general philosophy of this resummationtransport coefficients of high-temperature plasmas is to ex-
is to describe the nonequilibrium state as nearly as possiblgact a transport equation for a Wigner density through trun-
in terms of its own quasiparticle excitations. The propagators.ation and gradient expansion of the Schwinger-Dyson equa-
for these excitations, unlike the free-particle propagatorgjons [25-28. Attempts to calculate transport coefficients
used in standard perturbation theory ought, roughly speakgjrectly from the Kubo formula of linear response theory
ing, to incorporate nonzero widths and occupation numberg, e on the other hand, infrared singularities that require

Lt ol i Ume, [eflecting e xollon of e 20" h resummatin of lrge classes of cagrd2a 0 anc
9 ' 9 is resummation turns out to be equivalent to solving a Bolt-

use of a counterterm that transfers some contributions o mann equatiof31]. (The relationship between these ap-
higher-order self energies into the lowest-order theory abouf q ' P P

which we perturb. In a nonequilibrium situation, this is trac- pr_oaches IS dlscussed_[ﬁz]). The transport equat!ons that
table only if the unperturbed action is local in time, and this&/1S€ In these calculations go well beyond the simple one-
places strong constraints on what can be resummed in pral20P @pproximation exhibited in E§7.19, but they apply to
tice. For example, resummations somewhat similar in spirieyStéms very close to equilibrium. Our own goal of con-
to ours, but restricted to scalar theories in thermal equilibStructing a resummed perturbation theory to describe the
rium, are described ifi19-21 and applied to the “warm evolution of highly-excited states that may be far from equi-
inflation” scenario in [22]. In thermal equilibrium, the librium is rather different. The functiond,(t) that arise in
2-point functions depend only an-t’, and after a Fourier the course of solving for the resummed propagators are not
transformation, one cafin principle) construct a counter- necessarily equivalent to the Wigner distribution, and Eg.
term analogous toM that subtracts the whole frequency- (5.32 that defines them reduces to a Boltzmann equation
dependent self energy at whatever order of perturbatioonly after approximations that one may in general hope to
theory one has the energy to compute. Generalizing this to avoid.

nonequilibrium state would mean replacing E¢$.9 and Finally, the investigation reported here indicates that the
(4.10 with integro-differential equations containing arbitrary structure of nonequilibrium fermion propagators is more
non-local kernels in place of the functiomg(t), A (t), etc.  complicated than might be expected from the equilibrium
(or perhaps with infinite-order differential equations havingtheory. Close to equilibrium, we found that their spinor
infinitely many time-dependent coefficients, all to be deter-strycture can be expressed in terms of the two projection
mined self-consistentjyand this does not seem to be a prac-gperators(7.6) and (7.7), as can be deduced on general
tical proposition. For fermlons, this may be particularly Un- yrounds within the equilibrium theorigee, e.g[23]). Away
fortunate, because the high-temperature plasma has, at Ieg, equilibrium, this is no longer true. In general, there are

in some important cases, “hole” or “plasmino” excitations : :
. g : . i at least terms proportional -k and possibly other terms
in addition to the particle and antiparticle poles that are prop Wy P y

. that we have not succeeded in resumming. To arrive at

present a =0. These have been known for some time from . -
one-loop calculation§6] and their properties have recently Propagators that contain only(k) and A(k), we need the
been explored in terms independent of perturbation theory b§oefficientsB(t,t") andC(t,t") in Eq.(5.1) to be equal. This
Weldon[23]. The counterterm we have constructed is linearWill be true of the solutions presented in EdS.27) and
in g, and cannot accommodate a dispersion relation witH5.28 if the function A(t) vanishes, and if the products of
these multiple branchdthough a generalization that mimics mode functiongg(t)f*(t") and f(t)g*(t") are equal. Both
them might be possible of these conditions would be automatic if we were to assume

Despite this inevitable deficiency, the resummation apime-translation invariance, so that the propagators depend
pears to make reasonable sense. Of the initially arbitrary pasnly ont—t’, which is, of course, true in thermal equilib-
rameters that we introduced in Ed4.13 and(4.14) to de-  rium. Equation(5.33 satisfied byA(t) is superficially simi-
scribe the quasiparticle excitations,(t) and o (t) have larto Eq.(5.32, but does not bear the same interpretation as
clear interpretations in terms of the quasiparticle dispersiom kinetic equation. In fact, the terms in the propagator that
relation, while\ (t) is a thermal width which, after enough involve this function are produci$oosely speakingof two
weak-coupling and adiabatic approximations, turns out tgositive-frequency or two negative-frequency mode func-
agree with the fermion damping rate calculated in equilib-tions that have no counterpart in equilibrium. In general, it
rium. In the same approximation, the functidf)(t) that seems that such terms should be present in nonequilibrium
appears in our resummed propagators does indeed corrself-energies, but we have found no simple interpretation for
spond to a quasiparticle occupation number, evolving acthem.
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