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We show that the generating functional for hard thermal loops with external gluons in QCD is essen-
tially given by the eikonal for a Chern-Simons gauge theory. This action, determined essentially by
gauge-invariance arguments, also gives an efficient way of obtaining the hard thermal loop contributions
without the more involved calculation of Feynman diagrams.
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The Chern-Simons (CS) action made its appearance in
physics literature over ten years ago as a mass term for
gauge fields in three dimensions [1]. Studies since then
have revealed many interesting properties of this action.
The Abelian version can be used for spin transmutation,
converting spin-zero bosons into anyons, for example [2].
The correlators of Wilson lines in a pure CS theory are
related to the polynomial invariants of knot theory [3].
Pure CS theory is also closely related to conformal field
theory and the Wess-Zumino-Witten (WZW) action in
two dimensions [3,4]. Also, actions related to the CS ac-
tion can be used for self-dual gauge fields and integrable
systems [5). Finally there is an intriguing class of vortex
solutions in spontaneously broken CS theory [6]. Howev-
er, despite this bounty of interesting results there have
not been many realistic physical systems for which the
CS action is relevant. In this Letter we show that the CS
action, more precisely its eikonal, is part of the effective
action for describing the gluon plasma in quantum chro-
modynamics (QCD). This action, determined essentially
by gauge-invariance requirements, gives an efficient way
of obtaining the hard thermal loop contributions, without
having to calculate the corresponding Feynman diagrams.
The CS connection is particularly interesting in view of
the possibility of producing the quark-gluon plasma in
heavy-ion collisions in the near future.

We consider QCD at temperatures well into the
deconfinement phase; i.e., we have a ‘“hot” plasma of
gluons. The effective action mentioned above is more
precisely defined as follows. Pisarski has shown that a
partial resummation of Feynman diagrams in thermal
QCD is necessary to obtain gauge-invariant results, for
example, for the gluon damping rate in the plasma [7].
The resummation amounts to the following. We calcu-
late the one-loop diagrams of thermal QCD; the relevant
kinematical regime corresponds to the loop momentum
being much larger than the external momenta. These are
the so-called hard thermal loop contributions. For these,
the external momenta are typically of the order of gT
where g is the coupling constant and 7 is the tempera-
ture; where the loop momentum is hard, i.e., at least of
the order of T, is the region of interest. The leading con-
tributions are proportional to T2 The generating func-
tional for hard thermal loops is the effective action.
Thus, once the high-temperature contributions of the
hard thermal loops have been obtained, calculations can

be done for any process starting from the effective action.
The result is gauge invariant and consistently accounts
for all terms of a given order in coupling constant [7].

Many authors [7,8] have written down versions of this
generating functional. The results involve a null vector
0,=(1,Q) and integration fdQ over the directions of
the unit vector Q. Diagrammatically, Q arises as follows.
Thermal loops describe the absorption and emission of
particles from the surrounding medium or thermal bath.
These particles are on mass shell and thus the loop in-
tegration is only integration over the momentum three-
vector with a distribution of the Bose-Einstein or Fermi-
Dirac form. Integration over the magnitude of this vector
is then carried out leaving the angles, described by the
unit vector Q, for the final integration. We shall also
need the following coordinates (u,v,x7r): u=30Q' x,
r=%Q-x, Q x7=0, where @, =(1,—Q). The com-
ponents of the gauge field along Q will be denoted by 47,
viz., A,=—it°Afl, Q- A°=A°, Q- A=A. {t*} are a basis
of the Lie algebra of the group G, chosen as Hermitian
matrices in the fundamental representation with
Tr(:°?) =% 6. Following Ref. [8], the generating
functional for hard thermal loops with external gluons
has the structure

2
r-<& 2 [ a*x agag+ faaw). M
C=C, for quark loop contributions and C=Cg for
gluon-ghost loop contributions; C, and C¢ are the qua-
dratic Casimirs for the quark and adjoint representations,
respectively. We shall not display the coupling constant g
in what follows, as it can be recovered by A,— gA,. The
first term in parentheses is the well-known mass term for
the time-component of the gauge field. The second term
may be considered as what is necessary to render I' gauge
invariant. The information given by the diagrammatic
analysis of hard thermal loops is that it can be written as
Jda W, where W is a functional of A =Q,A,.
The condition for the gauge invariance of I' in (1) is

Jaasw=ax [ a*x agor, @
where 64, =98,0+[A4,,w]. Equation (2) is realized by
sw=f d*x 4", 3)

One can check that (3) is indeed the way gauge invari-
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ance is realized, again by analysis of diagrams. Thus it is k
Eq. (3) that we must solve. We rewrite this, using the S=EfR3d3xTr(a,,6va,,+ Taua.a,) e )
transformation law for 49, as
) 194 Here a, is the Lie algebra valued gauge potential,
-55 +A4,/1=- 2 o0 (4)  a,=—itaf. We shall use complex coordinates z.Z,

N ! . z=x+iy, to describe the spatial dimensions. The time
where f=6W/64+ 3 A. Our analysis so far parallels  component ag can be set to zero as a gauge choice. The
Ref. [8]. However, we shall now solve (3),(4) in terms of  equations of motion then tell us that a,a: are indepen-

the eikonal for the Chern-Simons theory [3,4]. (A solu-  dent of time but satisfy the constraint
tion, which is essentially the same as ours, but in a non-
thermal context, is also given in Ref. [9].) 8.a:—0:a.+la.,a-1=0. )
We begin by briefly recalling some aspects of the pure ’
Chern-Simons theory [3,4]. Consider the CS action This can be solved for a: as a function of a., at least as a
| power series in a.. The result is
n T (z—z )z ~Zy) - (5,—2)

This can be checked easily using 8.[1/(Z—2z)]1 =762 (z —z").
Define the functional /[a,] such that

61=ifd2xTr(az-[aZ]6czz). (8)
/(4

Since a; is conjugate to a., I so defined is the action evaluated for the classical motion; thus it is Hamilton’s principal
function or the eikonal for the CS action. [Recall that the eikonal for one-dimensional particle mechanics is the integral
of pdx, where p is the canonical momentum, specified as a function of x by fixing the energy. We have an analogous
situation where a; is specified in terms of a. by Eq. (6).] We can write I as

I=ik3 (—l)"f d*z, d?z, Tr[az(zj,z‘l) e a—z(z,,,E,,)] ’ ©)
n T r Z12223° " " Zn)
where z;;=2z; —z;. I is in fact the WZW action. If we parametrize the two-dimensional gauge field as a, = —93.U U -

where U is valued in the complexification of the group G, (9) can be written in the more conventional form of the WZW
action [10] as I = —ikSwzw, where

.—_.l_ 2 Nk __l_ 3 =1 -1 -1 uva 10
Swaw=5=J dxTe@.U8.U )~ [ T T a,uU T o U T e (10)

(As usual M3=R2x[0,1] with U(z,7,0) =1, U(z,z,1) =U(z,z).) The WZW action is thus the eikonal for the CS ac-
tion. For our discussion below, a, will not be just a two-dimensional gauge field. Equation (9) will thus be the more
useful form. Also, since k is not relevant for our discussion, we shall henceforth set it to 1.

Returning to Eq. (4), notice that it is of the form of a zero-curvature condition. We first do a Wick rotation to Eucli-
dian space so that 2u— z, 2v— z, 9, — 20., 8, — 29;. Defining a;=—f and a, = 14, Eq. (4) is seen to be identical
to (6). Hence the solution for W is given by

W=—%fd4xA"A"—4m'I[A/2], an
where from (9) and the definition of a.,
1\ 2 2 < Alx,
1[A/2]=izw—fd2xrd 2 A 1 g G AT (12)
n 3 V3 2" (Z|2223"‘Z,,|)

The potentials now depend on all four coordinates; however, since (4) does not involve differentiations with respect to
the transverse coordinates x7, all potentials in (12) have the same argument for these coordinates. In other words, the
transverse coordinates in (12) only play the role of parameters on which the 4’s depend. Using (11) in (1) we have the
generating functional in terms of the eikonal 7,

r=-?2T—: [fd“x[znAgAg— .:—fdnA"A“] —4m'fdnl[A/z]]. (13)

We have not actually calculated Feynman diagrams to arrive at (13). The only input from a diagrammatic analysis
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has been the structure fd @ W. However, it is easy to check that the n-point functions calculated from (13) agree with
the explicit diagrammatic evaluation of hard thermal loops. The n-point functions in momentum space are given by

Q2n)*s@ [Zk,-]l‘,‘,'l'.'f.',‘,':(kl e k,,)=fd4x| .- d"x,,exp[—iZk,—-x,-] Vil gy, oo xn)

Vil gy, .o xn) =

(14)
8"
8A, (xy) - - - 84,7 (xp) L_O'

The two-point function is given by

ab b CT? @ I @ 8@ Ger, —x7,) as)
ra(x,x,) =48 o 4700808 (xy—x32)— deﬂ 0.0, |6 (X:“xz)——”(fl—_z_zT 15
We need the Fourier transform to obtain the expression e
in momentum space. This is straightforward for the first tions. , . .
two terms. For the last term we have an expression of the The vectors Q,Q", in terms of the coordinates u,v,
form define a two-dimensional subspace in spacetime. Our re-
~ , ~ sults indicate that at high temperature, as far as the hard
H=f d’z; h(z3,73) —_a [92 h(z,,z,) thermal loops are concerned, the dynamics is essentially
T (z,—2,)% o T (Z,—7y) the CS dynamics on this subspace, i.e., for the com-
ponents A,,A4.. The choice of this subspace can be incor-
(16) porated into the action by using, instead of (5),
where & is an exponential of the form expli(k,z +k:z)]. .
Using 8:[1/(Z—2)1=n6P(z —2'), we get S=Z;r_fde5x Tr(a,d,a,+ $a,a,a.) 0p "7, (¢2))
8., H=—0:h. an

. . . where w,, = 1 (myn,—myn,), with my,n, defining a basis
This can be easily solved for H. The Fourier transform of for vectors transverse to the Q-Q' plane, with ms,ns=0.
(15), after Wick rotation to Minkowski space, with 2k Thjs action is similar to the Kihler-Chern-Simons (KCS)
— k- Q, 2k:— k- Q', gives action considered in Ref. 5. The difference is that for us
CcT? o, being restricted to directions transverse to the Q-Q'
127 (478,080 = fur) » (18) plane, is degenerate. As for the KCS theory, the equa-

=(d tions of motion tell us that the fields do not depend on the
where f,,=fdQ ,Q"Q"k"/k' Q ) extra fifth dimension in the action (21). Our final results,

The three-point function involves the factor

-1 . .- . of course, do not depend on the choice of the subspace
(Z12223z31) ~! in addition to the transverse & function and p P

defined b since we integrate over the orientations of
color and Q, factors. Using the splitting Q y Q &

b — sab
ra=ge

Since the CS action is odd under parity, its presence in

! =_1 [L - _l_] (19) a QCD calculation may be potentially worrisome. How-
Ziznzn @) |Zis In ever, we do not have any parity violation because all our
results are integrated over the orientations of Q. Only

the Fourier transform can be evaluated by the same the parity-preserving contributions to the n-point func-

method as in (16) and (17) to obtain tions survive this integration. Also for the non-Abelian
CS action, one has to address the issue of quantization of

be  vabe ICT? f 1 ko ki the co‘eﬂ‘iae.nt of the action. Again, the integration over
raa=s° (_|27r d0,0.0: Golko kol the orientations of Q shows that there is no quantization.

The quantization arises, in the usual analysis, from the
requirement of invariance under homotopically nontrivial
gauge transformations. In our case, there are no nontrivi-
Expressions (18) and (20) agree with the diagrammatic al gauge transformations consistent with the angular
evaluation of hard thermal loops [7,11]. We have symmetry imposed by the integration over the orienta-
checked the four-point function in a similar way. For this  tions of Q. In other words, the relevant winding number
and for the higher point functions, a splitting formula  corresponding to maps of the three-sphere into the group
analogous to (19) is very useful. It is given by the Ward  cannot be defined in a way that is invariant under the Q
identity or in other words, by the recursive buildup of the integration.

correlator of currents in the WZW model. Combined We conclude by rewriting the action in another way.
with the Fourier transform method we have used, this = We define a;=3Q" 4, a,=%Q-4; a; and a. are in-
gives an efficient way of calculating the higher point func- dependent and no longer related by Eq. (6). Further,

(20)
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define q =¢Q; we can then write

- dq 1
F—Sﬂf )’ 2qN(q)K[a_-,,az-],

(22)

Kla.,a:1=-2C lfd“xTr(azaE)+il+iI~ .
T

Here N(q) is the Bose-Einstein distribution (for gluon
loops) and 7 is given by I [from (12)] with the change
a.— az, z— z. The density K is gauge invariant; apart
from integration over the transverse coordinates, it can be
written as Trin(D.D;), where D.,D; are the correspond-
ing two-dimensional covariant derivatives in the adjoint
representation [9,12]. [For quark loop contributions,
there is a similar formula with the Fermi-Dirac distribu-
tion for N(g).] K can also be considered as the Kihler
potential associated to the symplectic structure for the
CS action [3,4]. Following Ref. [13], it may also be pos-
sible to relate this to the forward scattering amplitude for
high-energy gluons on a gauge field background. These

issues will be discussed in more detail elsewhere.
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