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Three-loop free energy for pure gauge QCD
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We compute the free energy density for pure non-Abelian gauge theory at high temperature and
zero chemical potential. The three-loop result to O(g?) is
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where T is the temperature, ( is the Riemann zeta function, g4 = g(ﬁ)C;/ 2, i is the MS renormal-
ization scale, g(ji) is the corresponding coupling constant, and d4 and C4 are the dimension and
Casimir number of the adjoint representation. We examine the sensitivity of this result to the choice
of renormalization scale . We also give a result for the free energy of scalar ¢* theory, correcting
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a result previously given in the literature.

PACS number(s): 11.10.Wx, 12.38.Bx

I. INTRODUCTION

The perturbative expansion of the free energy of hot
non-Abelian gauge theory is of the form

F ~ T*%[co + c2g® + c3g® + (cyIng + c4)g* + O(¢%)],
(1.1)

where the c; are numerical coefficients (with some de-
pendence on the choice of renormalization scale). The
leading term is just the free energy of an ideal, ultra-
relativistic gas of bosons. The first effect of interactions
appears at O(g?) and can be computed from two-loop
diagrams such as Fig. 1. To compute to higher order
requires reorganizing perturbation theory to account for
Debye screening of electric fields in the plasma and yields
terms nonanalytic in g? such as O(g®) and O(g%lng).
The full O(g*) term requires a three-loop calculation, and
a full accounting of Debye screening at three loops would
produce the O(g®) terms. And that is it; perturbation
theory is believed incapable of pushing the calculation
to any higher order. Beginning with four loops, infrared
problems associated with magnetic confinement appear
and there is a non-perturbative O(g®) contribution to
the free energy.! A complete three-loop calculation of
the free energy therefore has the special significance that

!For a review of this, and also of the previously mentioned
reorganization of perturbation theory due to Debye screening,
see Sec. IV of Ref. [1] and also Ref. [2].
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it is the best anyone will ever do with perturbation the-
ory. In this paper, our goal is slightly more modest. We
shall only tackle the O(g*) contribution from three loops
and leave the O(g®) contribution for another day.

Another interest of the three-loop calculation is that
O(g*) is the first order that begins to implement the
renormalization-scale independence of the free energy.
The coupling in (1.1) is really g(u), where p is some
renormalization scale, and some of the coefficients de-
pend on Inu. The leading term that depends on the
interaction is order g2(u), and by itself depends logarith-
mically on our choice of 1. A change in this term due to
a small change in renormalization scale,

”2

g (i) = g% (1) + Bog* (1) In ‘;—2 +oeey (1.2)

is compensated by changes in higher-order contributions,
first starting at O(g*). The O(g*) result should therefore

FIG. 1. A two-loop contribution to the free energy.
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have a flatter dependence on u than the O(g?) result. By
checking this claim, we can get some idea of the theoreti-
cal uncertainties of lower order calculations and perhaps
learn some qualitative lessons that will carry over to other
thermal quantities.

The O(g®) piece of the free energy of non-Abelian
gauge theory was previously obtained by Kapusta [3],
and the O(g*Ing) piece by Toimela [4]. We shall com-
pute an analytic result for the full O(g*) contribution.
In somewhat related work, Coriano and Parwani [5] have
recently studied high-temperature QED and numerically
extracted the O(g*) contribution, and Parwani [6] has
also found the O(g®) piece. (Unlike in non-Abelian gauge
theory, the perturbation series in QED does not break
down after g°.) We shall only study pure gauge theory
in this paper and do not include any fermions. Fermions
will be included in a later work.

In the next section, we begin our task by computing the
O(g*) contribution to the free energy in pure scalar the-
ory. The result for the basic, three-loop scalar diagram
will be essential to the later gauge theory calculation,
and we shall step through our technique for evaluating
it analytically. We shall also briefly review the reorga-
nization of the perturbation theory to account for the
scalar analogue of the Debye mass. In Sec. III, we turn
to non-Abelian gauge theory and show how many three-
loop diagrams can be reduced to the scalar case. We
then discuss how to evaluate the exceptions, which are
two-particle-reducible diagrams. Finally, in Sec. IV we
discuss our results and examine the renormalization scale
dependence. The details of several calculations needed
along the way are relegated to appendices.

Throughout this paper we shall find it convenient
to work almost exclusively in the Euclidean (imaginary
time) formulation of thermal field theory. We shall
conventionally refer to four-momenta with capital let-
ters K and to their components with lower case let-
ters: K = (ko,k). Unless explicitly noted otherwise,
all four-momenta are Euclidean with discrete frequencies
ko = 27nnT.

II. SCALAR THEORY
A. Basics

Consider the theory of a real-scalar field with Eu-
clidean Lagrangian

Lp = 1(6¢)2 +

= (2.1)

1 2.4
Zg ¢
where we consider temperatures large enough that any
zero-temperature mass can be neglected. The O(g*) con-
tribution to the free energy of this theory has been com-
puted numerically by Frenkel, Saa, and Taylor [7].2 In

?Note that our g° is 4! times their g° and that our € is half
of theirs.
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this section, we show how to obtain the result analytically
and also correct an error in the derivation of Frenkel et
al.

At high temperature, the scalar picks up a thermal
contribution 5174—ng2 to its effective mass from the one-
loop diagram of Fig. 2. It is inefficient to do perturbation
theory with zero-temperature scalar propagators, which
do not account for this effect. We follow Refs. [7,8] and
rewrite the Lagrangian as®
—g°T?¢?, (2.2)

EE—£0+4|9¢ 18

3 |(08)* + 2T2¢2 (2.3)

where the thermal mass has simply been added in and
subtracted out so that nothing is changed. Now treat
Lo as the unperturbed Lagrangian and the last term as
a perturbation. This reorganization of the perturbative
expansion is necessary to get a well-behaved expansion
in g. One can imagine including yet-higher order cor-
rections to the thermal mass in £y above, but this is
unnecessary and we shall not do so.

We regularize the theory by working in d = 4 — 2¢
dimensions with the modified minimal subtraction (MS)
scheme. This corresponds to doing minimal subtraction
(MS) and then changing the MS scale p to the MS scale
i by the substitution

=2
»  €Fh

- (2.4)

In dimensional regularization, the one-loop thermal mass
generated by Fig. 2 is

1 1
2 _ 2 =
m"igipz7

where the integral-summation sign above is shorthand for
the Euclidean integration

j - NZETZ/ (;:):Eze

(25)

(2.6)

FIG. 2. One-loop contribution to the scalar thermal mass.

3For a short review in a slightly different context, that also
contrasts this resummation scheme with the slightly different
one we shall use in the next section for gauge theories, see
Ref. [9].
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and the sum is over pg = 2nnT for all integers n. Our
reorganized Lagrangian is
1 1 1
Lg= Lo+ §(Z1 —1)(8¢)® + E“2€Z292¢4 - §m2¢2 )
(2.7)
1
Lo=3 [(8¢)% + m?¢?] , (2.8)

where Z; and Z; are the usual zero-temperature multi-
plicative renormalizations:

Zy=1+ 0(g4) (2.9)
3 &
Z,=1 + 5 %€ (amr)? + O(g%). (2.10)

The diagrams contributing to the free energy F
through three loops are shown in Fig. 3, where all propa-
gators represent the reorganized propagators of £o. The
sum of these diagrams gives —F. All of the diagrams ex-
cept the last, the basketball diagram, are simple because
they factorize into one-loop integrals. Diagrams (e)—(g)
in Fig. 3 are particularly simple because they cancel each
other at O(g*). Figure 3(a) represents the contribution
to —F of a noninteracting gas of bosons of mass m, and
its high-temperature expansion is well known [10]:

-1 In(P? + m?) = W—2T4 - i'rn"’Tz + —1—m3T
2% 90 24 127

+— 1o +2
64n? | e n4T VE

+0(m®/T?,¢). (2.11)

The one-loop integral needed for the remaining diagrams

1 2¢
%ts —=pu
sz

d3 Ze
(2 )3 25

d3 26
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FIG. 3. Diagrams contributing to the free energy in scalar
¢* theory. Dots represent zero-temperature counterterms,
and crosses represent the “thermal counterterm” arising from
the last term of (2.7).

is obtained* by differentiation with respect to m2:

11
> P24+ m? 12
1
+21D-—+2’YE

“anz™" 4nT
+0(m*/T?, emT, eT?).

1
(14 e )T? - a—mT

(2.12)

We have shown only those terms that can contribute to
the free energy at O(g*), but this requires introducing a
term of O(e) that was not needed in (2.11). The coeffi-
cient ¢, of this term is less well known, and it is worth
taking a moment to focus on the m = 0 case and review
its simple derivation:

+2 ZETZ / > p !
(2m)3- = (27nT)? + p?

1
=9 ZeT
H / (2m)- 25 (@nT)? + p? 4 Z

so that

(2.14)

—1+€)((-1+2€)

= 1) +2)] + O(€?), (2.13)

“For a sketch of an alternative derivation directly in Eu-
clidean space, see for example Sec. IIID of Ref. [9].
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With these tools, all of the diagrams but the last are
straightforward. The individual contributions of each di-
agram are summarized in Appendix A. Frenkel et al. [7]
did not properly account for the .. term of (2.12) when
evaluating Figs. 3(a)-3(c).®

B. The basketball diagram

The last diagram of Fig. 3 is more difficult. One sim-
plification occurs because the diagram remains infrared
convergent when the mass m in the propagators is set
to zero. This means that the presence of m has only a
subleading effect on the diagram, since m itself is O(g).
We can ignore m here if we are interested in the free en-
ergy only to O(g?), and the basketball diagram is then
proportional to

1

Tvan = #PQK POKEP+ Q1 K2 (2.15)

Our attack on this integral starts with the observa-
tion that the basketball diagram of Fig. 3(h) requires
three independent four-momentum integrations if evalu-
ated in momentum space but only one four-space inte-
gration if instead evaluated in configuration space. This
suggests the diagram may be more tractable in config-
uration space. Indeed it would be if the diagram were
ultraviolet (UV) convergent and we could set € to zero.
The configuration space propagator in four dimensions,
with period 1/T in Euclidean time, is the relatively sim-
ple function

T sinh(27rT)
A = 2.16
(r,r) 4nr [cosh(2nrT) — cos(2n7T)]’ (2.16)
but in 4—2¢ dimensions it is a nightmare. We there-

fore need to first subtract out the UV divergent pieces,
and evaluate them separately, so that we can then eval-
uate the remainder in four dimensions. We found, how-
ever, that making these subtractions is more convenient
in momentum space than in configuration space. As a
result, our derivation mixes the use of momentum and
configuration space. First, we shall always treat the Eu-
clidean time direction in frequency space. In configu-
ration space for the remaining, spatial dimensions, the
propagator 1/P? then has a very simple form in exactly
four dimensions:

e—lpolr
A(p()a l') =

2.17
4rr ( )
Our approach will be to start with the the momentum
space form (2.15) of the basketball integral, convert it

5More specifically, because their definition of m? = %ngz
differs from (2.5) at O(e), their thermal counterterm does not
exactly cancel the one-loop diagram of Fig. 2 and they should
have an extra term in their Eq. (14). If one instead uses our
definition (2.5), then their Eq. (14) is correct but there should
be an extra term in the one-loop pressure in their Eq. (11).
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step by step into a configuration space form, and make
needed subtractions as we go along.

1. A careless derivation

To simplify the presentation, let us first forget about
the UV subtractions and run through the derivation pre-
tending that it makes sense in exactly four dimensions
despite the UV divergences. We will later step through
it a second time, handling the divergences more carefully.
We start by noting that, by a shift of variables, the mo-
mentum integral (2.15) can be written in the form

Tpan = %[H(P)]Z, (2.18)

where

II(P) (2.19)

1
- #(‘;) Q*P+Q)?’
Now let us evaluate II(P) using configuration space and
(2.17):

InWP)=T Z / d*r e A(go,r) A(po + go,T)
90

T 1,
N (j4—1l’—)2 Z/dar ;Ee’p"e—'q"'re_lp""'“"
90

T 1 ipr = = —|poir
= (4ﬂ_)2/d3rﬁep (coth7 + |po|)e~IPol™ |

(2.20)
where we have introduced the dimensionless variables

F=2nTr, Po = po/2nT . (2.21)

Plugging this into (2.18), the p integral becomes trivial,
producing

3
Ipan = (4%)—4 %}:/dar r~%(coth 7 + |po|)2e2IPol

T4
= 3272

X coth.

/ d7 72 (coth? 7 — coth 7 8 + 362)
0
(2.22)

As we shall discuss later, integrals such as this can be
performed analytically when they are convergent. The
present result does not make any sense, however, because
the UV behavior (7 — 0) of the integrand makes the inte-
gral divergent. We shall now repeat the above derivation
while making necessary subtractions as we go along.

2. Subtraction of UV divergences

Let us start with the expression (2.20) for II(P). This
integral is logarithmically divergent in the ultraviolet. As
usual with one-loop integrals at finite temperature, how-
ever, it can be made finite simply by subtracting out the
zero-temperature contribution. So we write



I(P) = N (P) + ™) (P), (2.23)
where TI(9)(P) is the zero-temperature result
diQ 1
nep) =
(P) @n? Q2 (P 1 Q)
1 (4mp®\° (1
_—(47I')2 ( p? ) (; +2 ’7E+O(E)) .
(2.24)

In four dimensions, IIT)(P) can be obtained from (2.20)
by subtracting out its T — 0 limit (with P fixed):

(an)? /d3 (cothr— %) e~ lpolr

+0(e). (2.25)

n™p

We now split our computation of the basketball dia-
gram into

Tpan = %f[n(“]'*’ + 2# nmn® + g[ [M@)2. (2.26)

Though IT(T) is finite in four dimensions, the first term
above is not because IIT) ~ 1/P? as P—oo; the first
term therefore has a logarithmic UV divergence. The
large P (i.e., P > T) behavior of II{T) is easy to extract
by staring at the definition (2.19) of II. The dominant
contribution comes from routing the large momentum
P solely through one of the two propagators and then
integrating over the relatively small momentum Q < T
in the other propagator:

I (P) & % (g[ %)m = %#% (2.27)
]
sf {[H(T’(P)]2 - (=%, Qi)}

Po#0
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A more rigorous derivation may be found in Appendix B.
This limit is not restricted to four dimensions, so we are
now in a position to subtract out the UV divergence in
our integral:

o oo (3]
o (L)

The first integral is now UV finite, and so we might hope
to evaluate it in exactly four dimensions. However, it is
not also infrared finite if we evaluate the pg = 0 term of
the frequency sum; for pp = 0, the subtraction we made
diverges linearly with p in the infrared. We shall there-

fore treat the pg = 0 mode separately and put primes on
integrals, as we have above, to denote that this mode is

excluded:
2 d3 2e
w7 S [ G

Po#0

(2.28)

(2.29)

We can now evaluate the first term of (2.28) in exactly
four dimensions.

The leading large P behavior (2.27) of IIT) is related
to the leading small r behavior of the integrand in (2.25)
and is given by

T 1 . 1"
(T) 3, ipr _
nP) > o )2/4 T S

~Irelr 4 O(e) .

(2.30)

Following the same steps as in the careless derivation of
the preceding section, we then obtain

[(cothf- - %)2 - (g)z} e2lpolr 1 O(e)

= 3572 / drr? I:(cothr-__ %)2 _ (g)Z] (coth7 — 1) + O(e) . (2.31)

This integral is both IR and UV convergent and can be evaluated using the techniques of Appendix C to give

f {moer- (%, 3) '}

~ (am)? (=3

! (%2) [ 16C,( 3) 4 1152¢/(—2) + 245 87E+28]+O(e)

) = (2.32)

The last term in (2.28) is easily evaluated in 4—2¢ dimensions using (2.13) and

1 1 1 n
—=__|Z42
# Pt (4m)2 [e + hl47r

which may be obtained in a manner similar to (2.13).

+2vg| + O(e), (2.33)

Completing the derivation of the [IIT)]? contribution to Ip.y now just requires adding in the contribution of the
Po = 0 mode, which is UV convergent and does not require any subtractions:
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__ _1\?
= 327 2/ dF 7 (cothr F) + O(e)

- (B) 2 +00,

(2.34)

where we have again used the techniques of Appendix C to do the integral. Putting together (2.13), (2.28), (2.32),

(2.33), (2.34) then gives
@p_ 1 (T i 648 (=) 268
5[[11 = G ( ) [ 2l B 165 v a0 + ]+0()

Now that we have covered the basic ideas of our technique, we will leave the evaluation of the remaining two terms
in (2.26) to Appendix D. The final result for the basketball integral (2.15) is

1 (T*\?[s ¢'(-3)
Ibdl_W(ﬁ) [ + 361n yp T_IZC(—3) + 48

This agrees with the numerical result of Ref. [7]. We should mention that our analytic result can also be obtained
from the integrals generated by a real-time analysis, such as in Ref. [7], and we show how to do this in Appendix E.
We have found it simpler to stick to Euclidean space, however, to evaluate diagrams involving double poles 1/P*
which will appear later in gauge theories.

(2.35)

¢'(-=1) , 182
(1)+ ]+O()

(2.36)

C. The result

Putting together all the diagrams, which are independently tabulated in Appendix A, one finds that the free energy

in ¢* theory at high temperature is

Before leaving scalar theory, we should mention one
other basic scalar integral which appears in the literature
[8,9] and which will be needed when we analyze gauge
theories. It is the integral corresponding to the setting
sun diagram of Fig. 4:

Isun(mla ma, m3)

_ 1
- %Q (P2+m})(Q2 + m3)[(P+ Q)2 +m3]’

(2.38)

evaluated to leading order in the masses. It has previ-
ously only been evaluated numerically [8], but the same
techniques we applied to the basketball diagram can be
used to obtain an analytic result. We give the derivation
in Appendix F, with the result that

T2 [1 i 1
sun — 7, o | 2o I} - =
I (47)2 [4e+ n(m1+m2+m3) +2]

+0(m,e¢). (2.39)

III. NON-ABELIAN GAUGE THEORY

We now turn to pure non-Abelian gauge theory, given
by the Lagrangian

A1

2
Per i () - () + ()il

i 1¢(=3) 1¢(=1) 1 59
T2¢-1) 8" 120

TT1¢(3) +0(g® )} (2.37)

Lp =~ (8,42 — 8,A% + gf** A% AZ)" + (gauge fixing).

|

(3.1)

We shall work exclusively in Feynman gauge. (It would
be nice to explicitly verify that our results are indepen-
dent of gauge choice, but we have not done so.) Let dg4
and C4 be the dimension and Casimir operator of the
adjoint representation, with C4 given by

fabCfdbc
), they are

Ca6%?. (3.2)

For SU(NV

FIG. 4. The setting sun diagram.
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dA=N2—1, Ca=N. (3.3)
It is also convenient to define the effective coupling g4 of
the adjoint representation by

gi=4dCa. (3:4)
As before, we shall regulate the theory with dimensional
regularization in the MS scheme.

As in the scalar case, one-loop effects induce a thermal
mass contribution. This mass is given by the one-loop
self-energy II,, at zero momentum, and in Euclidean
space a mass is generated for Ag but not for A.¢6 This
mass M is the Debye screening mass for static electric
fields and may be evaluated from the diagrams of Fig. 5
as

1
M?6°® =TI58 (0) = g5 (d — 2)2};[Q @6 . (39)

In four dimensions, M? is simply g472/3. In the gauge
theory calculation, we find it calculationally convenient
to use a slightly different reorganization of perturbation
theory than we did in the scalar case. The success of
the reorganization only depends on the behavior of the
propagator in the infrared (po=0, p<T'), where the mass
cannot be treated as a perturbation. We follow Ref. [9]
and only introduce the mass for the pp = 0 mode. That
is, we rewrite our Lagrangian density, in frequency space,
as

Le = (Lg+ }M?AJA3S, ) — AM?A3A35,,, (3.6)

where dp is shorthand for the the Kronecker delta func-
tion d,,,0. Then we absorb the first A2 term into our un-
perturbed Lagrangian Lo and treat the second A2 term
as a perturbation.”

Since the necessity of resummation is an infrared phe-
nomenon, associated with the mass scale gT', it is worth
noting that the prescription (3.6) can be naturally ex-
pressed in the language of decoupling. First imagine in-
tegrating out all the physics associated with scales 2 7.
In particular, integrating out all of the py # 0 modes in
Euclidean space generates an effective three-dimensional
theory of the remaining po = 0 modes. This effective
theory will have the thermal mass for Ay and other in-

$Throughout this article, I1,, (0) will refer to the Euclidean
limit (po=0, p—0) and never to the limit (po—0, p = 0) which
may be achieved by analytic continuation and which gives the
mass gap for propagating plasma waves.

"This reorganization only helps in the evaluation of static
quantities such as the free energy. To evaluate time-
dependent correlations in real time, one would need the re-
summation scheme of Braaten and Pisarski [11].
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FIG. 5. The one-loop gluon self-energy.

teractions induced by the heavy modes, which can be
computed to any desired order in perturbation theory.
Only then does one finally integrate out the po = 0
modes after deciding on a sensible partition of the effec-
tive three-dimensional Lagrangian into an unperturbed
piece, containing the thermal mass terms, and a pertur-
bative piece. Rather than carry out the reduction to
this effective theory explicitly, however, we find it sim-
plest to just introduce the reorganization (3.6). We refer
the reader to Secs. IIID and VI of Ref. [9] for details of
how to implement this form of reorganization on two-loop
graphs.®

CooOHe

(a) (b) (c) (d) (e)

SODE O

(£) (g) (h) (1) (3)
=Nuke
Y
(k) (1) (m)

~ - ST, N

FIG. 6. Diagrams contributing to the free energy in gauge
theory. The crosses are the “thermal counterterms” arising
from the last term of (3.6). We have not explicitly shown any
zero-temperature counterterms, and each diagram should be
multiplied by the appropriate multiplicative renormalizations
for vertices and propagators.

8The reader should beware that many of the specific formu-
las of Ref. [9] are particular to Landau gauge, whereas in the
present work we are working in Feynman gauge.
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The diagrams that contribute to the free energy are
shown in Fig. 6. The diagrams involving only one-loop in-
tegrations are trivial, and the resummation and the two-
loop graphs can be handled by the methods of Ref. [9].
Let us therefore focus on the three-loop diagrams. The
first potential problem is that some of the individual di-
agrams, such as Fig. 7, are infrared divergent because
of the masslessness of the A propagator. However, the
particular combination we have shown in Fig. 6(1) is well
behaved in the infrared since the shaded blobs,

J

(Q-K)(P-K)-Q

PETER ARNOLD AND CHENGXING ZHAI 50

All,, =10, (P) — I1,.,(0)6,, , (3.7

are O(pT) for (po=0,p—0). We can then also drop the
Debye mass M in evaluating the three-loop graphs since,
as in the scalar case, the corrections to the free energy
will be beyond O(g*).

All of the three-loop diagrams except (1) can be re-
duced to the scalar basketball integral of (2.15). For ex-
ample, diagram (i) is equal to

2ep() 1, 4
W = sd“‘“iqx P2Q?K?(P - Q)*(Q — K)?(K — P)?

This may be reduced by (1) expanding numerator factors
in terms of denominator factors to cancel factors between
numerator and denominator, such as

P-(Q-K)=3[(K-P)’-K*-(P-Q)*+Q%,
(3.9)

(2) performing appropriate changes of variables to collect
similar terms and (3) using the identity

PI‘
#p (P+Q)*(P + K)?

_ _QutK, 1
= 2 %,(P+Q)2(P+K)2’ (3.10)

which follows by averaging the left-hand side with itself,
after applying the change of variables P - —P—-Q—-K.
Appendix G steps through this reduction for the exam-
ple (3.8), and the reductions of diagrams (g-k,m) are all
tabulated in Appendix A.

Unfortunately, diagram (1) cannot be reduced to the
scalar basketball. If one tries the above tricks, one finds

a term of the form
J

5

+(32) 2 e

47 47

F:d,,T4%2{_1+(9A)2~£ (2

V3
38 ¢'(-3)
3 ¢(-3)

For those who prefer { functions with positive arguments,

¢'(=n)
((=m)

=In(27) + v — Z
k=1

(3.8)

r
I = # (Q-K)?
hard = pok P4Q2K2(P + Q)*(P + K)?

for which the tricks fail to remove the numerator factor.
So we have a new basic integral that we must evaluate,
like the basketball integral of scalar theory. We have
found it more tractable, however, to apply our integration
method directly to the original diagram (1) because the
orthogonality of the one-loop self-energy II,,, (P) to P,
leads to useful algebraic simplifications. Diagram (1) is
proportional to

1
dAgiIQCD = # Ftl‘[AH”V(P)]2 .
P

(3.11)

(3.12)

The evaluation of Iqcp is somewhat similar to that of the
basketball integral I,.; and is presented in Appendix H.
We should mention, however, that the derivation is more
complicated and involves a miraculous cancellation be-
tween two complicated integrals that we do not know
how to calculate individually. The appearance and can-
cellation of such complications suggests that we may still
be missing the most elegant method for making these
calculations.

All the results for individual graphs are collected in
Appendix A, with the final result that

) -18(2) " (522

_——-%%—hﬁ%} +0(g:)} . (3.13)
1_¢(+n) n odd. (3.14)

C1+n)’

IV. DISCUSSION

Evaluated numerically, our result (3.13) is

2T

F =—-d
ST

[1 — 0.31250 (%})2 +0.72168 (97‘)3 + (£

4 ga 7 5
09375010 24 — 0.143231n 2 + 0.74582) + O(g3) | -

(4.1)
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FIG. 7. A diagram with infrared problems.

We have chosen the expansion parameter g4 /7 simply
because it makes all the coefficients of order 1.

Now we can ask whether perturbation theory is behav-
ing well for physically realized values of the couplings. In
particular, we can investigate (1) the size of corrections
from different orders for a fixed choice of renormalization
scale, such as i = T, and (2) whether higher-order re-
sults are less sensitive to the choice of the renormalization
scale i than lower-order results. This information is sum-
marized in Fig. 8 for pure gauge QCD with a,(T) = 0.1,
which for real QCD would correspond to a temperature
around the electroweak scale. We have used the two-loop
renormalization group to compute g(u):

. ~ —1—— — E gl _ 2 E
92(7) ~ (1) ﬂolnT + %o In (1 Bog’(T) In T) ,
(4.2)
where
22 68
Po="3am?’ A= 3 (4.3)

At i =T, the terms of (4.1) for a,(7T)=0.1 are

w274

F=_d
4745

x[1—0.12 + 0.17 + (—=0.07 + 0 + 0.11) + O(g3)] .

(4.4)

The behavior of the perturbative expansion does not look
particularly good, though a partial cancellation between
the g*lng and g* terms makes the total O(g*) contribu-
tion relatively small. Alternatively, examine the sensitiv-
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cesesccccs t:ru gf lud 5
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- X
0 2 4 6

logio(lL/T)

FIG. 8. The dependence of the free energy F on the
choice of renormalization scale i for pure gauge QCD with
a,(T) = 0.1. The free energy is normalized in units of the
ideal gas result —d47?T*/45. The thick solid, dashed, and
dotted lines are the results for F including terms through g*,
g%, and g3, respectively. The light solid curve is the g* result
plus the g°In(@/T) term required by renormalization group
invariance. The light dashed curve is the g* result minus the
g3 term.

ity of the result to the choice of renormalization scale by
examining the slopes of the curves in Fig. 8 at g = T.
Contrary to one’s expectation for a well-behaved pertur-
bative expansion, the O(g*) result is more sensitive to f
than the O(g?) or O(g®) results.

The O(g*) result has to be less sensitive to f if g is
sufficiently small. Figure 9 shows the dependence for
a,(T) = 0.02. This is equivalent to a system of interest—
pure electroweak theory at the electroweak scale, with
aw ~ 1/33. Yet still the O(g*) result is no less sensitive
than the O(g?) result. Figure 10 shows «,(T) = 0.001,
where we finally see the expected behavior. (In six-flavor
QCD, this a, would correspond to a temperature of 10387
GeV.)

The source of the sensitivity problem can be found by
remembering that the g3 term probes different physics

1.

1. as(T)=0.02
7]
ki —— — — —
. —
: RTTTIIL
Eo . ..-............. ......
00. -
[~

0.

0.

0 > i .

logio(H/T)

FIG. 9. The same as Fig. 8 but for a,(7") = 0.02 [which is
identical to SU(2) gauge theory with a.(T) =~ 1/33].
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FIG. 10. The same as Fig. 8 but for a,(7T") = 0.001.

than the g2 term: the g term is produced by particles
with hard thermal momenta of order T, while the g®
term arises from the interactions of particles with softer
momentum of order gT. Since the g3 term is the leading-
order contribution of the physics of scale ¢gT, it perhaps
should be treated independently of the g2 term when
discussing whether the perturbation expansion is well be-
haved. The g* terms reduce the sensitivity of the g2 term
to fi, and the g5 contribution will be needed to reduce the
sensitivity of the g3 term. The light dashed line in Figs. 8
and 9 show the result of the free energy through O(g*)
if the g3 term is artificially ezcluded. The sensitivity to
fi, compared to the O(g?) result, is indeed much better
than before.

In order to put the O(g®) term back in, we have tried
adding the g®In y term that is determined by renormal-
ization group invariance. The light solid lines in Figs. 8
and 9 represent our result (3.13) with the addition

;‘;(M) [llan::—T}}. (4.5)

The results are much better behaved than the O(g*) re-
sults discussed earlier. Of course, the constant under the
log at O(g®) is unknown and will change the curves some-
what. Our understanding of whether perturbative results
are indeed well behaved in high-temperature QCD, for
realistic coupling constants, would therefore benefit by
a true calculation to O(g®)—the last order accessible to
perturbation theory.

2
AF = dJ‘*%{
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APPENDIX A: RESULTS FOR INDIVIDUAL
GRAPHS

1. Scalar theory

The diagrams of Fig. 3 are given by

—p2F® = _%#m(lﬂ + m?), (Ala)
2
e p(b) _ 1 2 1
p? F®) ——g m , (Alb)
2R = —m # P2 g (Alc)
e(d 1 6
—p2ep@ — 327r2 P2 — +O(g ),
(A1d)
—;LZE(F(e) + F(f) + F(S)) —_ 0(g5) s (Ale)
1
—p*F® = 4—89411)311 +0(¢°) . (Alh)

2. Gauge theory

Writing F' = p~2¢d 4 F and ignoring terms of O(e), the
diagrams of Fig. 6 are given by

d 1
@ _ _¢% 2 3 A
F #1 nP 127rM T, (A2a)
_F) _ 5[ In P2, (A2b)
_Flo = _§;(M1 + M2 + M3H)MT (A2c)
1 1)* 1
2
—F) = —-Zgizgd(d -1) (# —PE) + —8—7_rM1MT’
(A2d)
3 1)?
_]:(e)zgizg Z(d_l) (#ﬁ) +51+62 ’
(A2e)
dp, (1 — dg.) 3
— 2 Po do - = Iresum
i R v e (d 2)
+ L 1 M2MT
8m gAZ2 ’
1 M2T?
52 = TS TN
4 (4m)?

6?0690
MY G P T

2
—FO) = g2 22 1 x _1[ +LM2MT
A%g 4 Pz 2 resum 87!' 3 ’
(A2f)
23
—0 = (5= 2) shbour+0(6"), (A28)
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—Fh) = —l—lﬁgﬁlban +0(g%), (A2h)
~FO = - = g o + 0(g°), (A2)
_FO %d(d ~1)g4Toan + O(¢°) , (A2)
-F) = -—i—;(d —1)gialvan + O(¢°), (A2k)
-FO = %giIQCD +0(¢%), (A21)
—Fm = —%gﬁlbau +0(g°) - (A2m)

The multiplicative renormalization constant used for the
coupling is given by

1 _gi
6 (47)%e

Goare = Zgu'g = [1 - + 0(94)] pg. (A3)
Wayve function renormalization constants are unnecessary
because they cancel between vertices and propagators.
To this end, the most convenient choice of M is

1

M? = 27273(d - 2)25{ 1 (Ad)
which differs from (3.5) by the introduction of Z? and
the photon wave function renormalization ZZ. At O(g*),
however, this is not an issue—the factor of 2223 in M?
can be ignored for all of our diagrams. M2, MZ, and M?
denote the three pieces of M? originating, respectively,
from the three diagrams in Fig. 5. We will not give ex-
plicit formulas for these pieces because they explicitly
cancel between Figs. 5(c)-5(f).

The integrals needed above are given by (2.11), (2.12),
(2.36), (A10), and (F3), (F17), (H31) below. The integral
Itegum is defined by

|

p d¢g 1

7613

3o, % ___ gﬁ]
P2| |Q?(P+Q)? Q*
(A5)

— 6?0
Lesum = # [W -

] +0(g% ,
(A6)

= n [Q’(P+ Q7 Q*

and will be discussed below.

The effect of the thermal mass term in the po=0 gauge
propagator appears fairly simply in the last terms of
(A2a), (A2d), and in (A2c). The case of diagram (e)
is a little more complicated. The first term of (A2e) is
the result when M is ignored. 4, is the correction to this
result for the contribution to the diagram where exactly
one of the three propagators has po = 0, and §; is the cor-
rection for the contribution where all three have po = 0.
So, for instance,

1 85, (1 — 84,
h= {Z# (BT MAGI(P 1 Q) }
X [(P - Q)#JOV + 2Q06pu - (2P + Q)v‘spolz
—-{M—0}, (A7)

where the factor in square brackets is the triple gauge
vertex. Using the reduction tricks described after (3.8),
4; may be reduced to

_ 0py (1 —3g,)
0= _MZ# P+ Lz)Qz(p +Q)?
é é. 2
t@-3) %f = sz - % ewror
+33 e T O (48)

which may be recast in the form shown in (A2e). 43, and
the mass effects in (A2f), are calculated similarly.

Lesum is easily evaluated by taking the form (A6) and
scaling all three-momenta by |go|:

1 1

—_ _M272, 4c 2d-8
Iresum— M T Z|¢10| /(21‘_)‘1__1 (27l')d 1

[(1 +¢)(1+[p+al®)

TR oW (49

Recognizing the g sum as giving a ¢ function, and that the integrals are finite, it is easy to now take the eé—0 limit:

dp d’q 1 1 1
Legum = —2M?T? 0/ [ o(¢%,
resum ‘O erp e T+ p+am  Gre7) 0009
1 M?T?
= Al0
~5 Ty +0le" 9. (410)
APPENDIX B: LARGE P BEHAVIOR OF SCALAR II(P)
In this appendix, we shall derive the large momentum behavior of II(P). Recalling the definition (2.19),
1
n(P) = # | B1
=3, awrop (B
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one may sum over the bosonic frequency modes by the usual contour integral trick.® Subtracting out the zero-
temperature piece gives the finite-temperature part of II(P):

1

H(T)(P) - _MZE/ d*~%q n(q)

(27r)3—2s q

where we have defined the thermal bosonic factor

il

n(Q) e‘1/T —

The exponential fall-off of n(g) for large g ensures that only ¢ <

denominators in (B2):

d*~%q n(g)

(2m)3-2¢ ¢
— 2 2¢
— Pt | n)i Ty

n™(p) = [ Pz +

The momentum integrals we need are of the form
3—2¢

Ta =TT [ osma(@)e®

2 4’ 1
— d 2—2et+a__ —
(4m)3/2T (2 — ) ( ) / 74 el —1

[ 4mp?\° T (3—2¢+a)((3—2¢+a) B5
=\ T (B¢ (B5)
and our large P expansion is
T2 T4 [ p?
T _ 2
o™ (P) =2J_, 153 +8-71 (d—_‘I—Po)
O(T®/P°). (BS6)
We note here that
1
J_T? = # —, B7
1 o Q2 ( )

and so the limit (2.27) in the main text is the same as
the leading piece of (B6) above.

APPENDIX C: INTEGRALS OF HYPERBOLIC
FUNCTIONS

In this appendix, we discuss how to evaluate conver-
gent integrals of the form

I=[) dz <Zc"mm’"coth z+§;dmm"‘e“°"") ,

m,n

(C1)
]

oo oo 1
/ dz ¥ coth™ z = / dz =* [— — 0, (coth"“1 m) + coth™ 2 m]
o 0 n—1

had z
=/0 dz[n—l

®See Ref. [2] for a review.

[(q —ipo)? —

27" 1coth® !z + z% coth™ 2 z] .

’ (B2)

+ .
la+PpP2  (¢+ipo)?2—|q—p]?

o (B3)

S T is important. For P >> T, we can then expand the

8(ipog + P - Q)z] + O(TG/P6)

3—2e n
£ ) (dp l-po) / o )3 L n(q)g+ O(T®/P*).

(B4)

[

where @,,., Cmn, and d,, are constants. We shall evaluate
such integrals term by term. Since the individual terms
will in general be divergent, we first regulate in a manner
similar to dimensional regularization by rewriting I as

I= hm d:l: (Z Cmnz™ 10 coth™ z

(C2)

m

§ will be used to independently regulate both the z—0
and x— oo pieces of the integrals, again similar to dimen-
sional regularization. Now we can compute three basic
regulated integrals:

/ dzz* =0, (C3)
0
/ dz z* cothx :/ dz z* [1 +226_2k::|
0 0 1
=27 T(z2+1)((z+1), (C4)
/ drzfe ™ =a ' T'(1+2). (Cs)
0

The rest of the integrals we need are obtainable recur-
sively by

(C6)

(C7)



After assembling the individual terms of a particular in-
tegral (C2), it is straightforward to expand in ¢ and take
the limit §—0.

APPENDIX D: COMPLETION OF THE
CALCULATION OF Iy

In Sec. I1 B, the basketball diagram was split into three
terms,

Toan = g[ [m™)] fi2 gf non© 4 j [m@] ‘o)

and the first term was evaluated. Here we shall evaluate
the two remaining terms.

We first calculate the second term in (D1). To ap-
ply the calculational method of Sec. IIB, we must first
subtract the ultraviolet divergences. I1(°) is given by

' U (4;'3_‘2‘2)5 (D2)
where
1 1
A=W(E+2—’)‘E)+O(E). (D3)

Because I1(T)(P) ~ 1/P? at large momentum P, the sec-
ond term of (D1) is quadratically divergent and so re-
quires two subtractions. Using our result (B6) for the
J

_ T 47!'[1,2 3 1 ipr _ 1 T 7—'3 —|polr
I, = W#}; [In( p2 )+2—7E]/d el coth? — = +(1 5p0)45 e + O(e),

where we have expressed the large P behavior (D8) of IT(T)
In fact, it is easy to see that the P—oo behavior of II(T
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large momentum expansion of II{T), we rewrite this term
as

}f non® =L+ 5+, (D4)
P
where
= g[p [H(O)(P) - (47:)26] [m™(p) ~mg(P)] |
(D)
b= (41:)25 %fp [H(T)(P )= H%TJ(P)] , (D6)
I=3f nO@ER(P), o)
P
and

T T4 [ p?
n{)(P) = 20155 + (1-85,)81 5 (m _pg) ,

(D8)
I, is ultraviolet and infrared finite, and so it can be eval-
uated in d = 4. Note that we have used one less subtrac-

tion in (D8) for the po = 0 mode.
Using the integral representation (2.25) for IIT) gives

(D9)

-
w

P) in terms of three-dimensional coordinate space integrals.
(P) in (2.25) simply corresponds to the #—0 behavior of

coth# — 1/7, and the subtractions in (D9) simply reflect the small 7 expansion

1
th¥ = —
COh"‘—f—‘—3

7

,,-.3

E+“.'

(D10)

The p integral in (D9) is trivial for the terms that do not involve In P2: it just gives §(r), which in turn gives zero.
The p integral involving the logarithm can be evaluated by first writing

d3 . A2 d oo 2 o 2 «
p3 e®"ln 2""# 2~ do [/ dpP_23111P7‘ :W” 2
(27) p2+pi dal/g 2n?2 pr \p?+pg a=0
1 d * ; amp®
= = dppe’"
dim®r da [/_m bpe (p’+p§) ] a=0 (o)
Deforming the contour to wrap around the cut in the upper half of the complex plane gives
d®p o, Amu? 1 d o 1
. _ d | —gr 1
G P ag e da [0 J, W @ e ||
a=!
L (lpol . 1Y —ipolr
T 2nr ( r + rz)© ) (D12)
Inserting this result into (D9) and carrying out the py sum yields
T4 1 [*dr 1 7 73 Fd 1 7
I, = = — fem— —+— | [1—=— thF — 1 F———— .
»= ane 2/0 F3{ (cothr = 3+45) ( 2dF) (coth7—1) + (cothr - 3)} + O(e) (D13)
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The integral can be computed by the method of Appendix B to give

1 8¢'(=3) _,¢(=1) 46 .
Ia_W(m) [5(( —3) c( 1) +? E 15]+O() (D14)

We now study I, defined by (D6). Though the P integration converges, we still need to evaluate I, in d=4—2¢
dimensions because of the overall factor of 1/e. Writing II‘T) as IT — IT(©) gives

=G [5[ gy P -1

T4 1 47 8J
= (4m)2 e {—JE1 - A (—Ti; ) So(e) — +— [50(2) dSl(3)]} , (D15)
where we have defined
q2n
Sn(a) = Tz"““”z"%[ » (D16)
Q
2\ ¢ (27)3+2n—2a
() B gy (a-ansaasan. o

Taking the limit € — 0,
1 8¢'(—3) ¢(-1) 12 46
L, = @)? (—) [ (=3) 44(_1) + B~ 15] + O(e) . (D18)

(We do not have an explanation for the fact that I, = I.)
Using the explicit expression (D2) for oo, 1. is

I, =2AT* (4"—“2) {J_150(1+e) + difil [So(2+€) — d51(3+6)]}

T2
1 T2\% 14 24 i 12 ¢'(-3) C(-1) 24
~ (am)? (ﬁ) [52 3PR&T "5 ams) Ty TeET 13] +0(e). (D19)

Adding the results (D14), (D18), and (D19) produces

1 (T2\’[4 24, @ 4('(-3)  ('(-1) 103
#H(T)H(O) W(ﬁ) [§+_5—1n41r +_ =3 +4C( ) +—}+O(). (D20)

It is straightforward to also evaluate the third term in (D1):

2 2\ 2¢
#[H(O)] — 4274 (4%2‘_) So(2€)

“ () [+ Smatrr T8 5] rowr o2

Assembling (2.35), (D20), and (D21) gives our final result (2.36).

APPENDIX E: REAL-TIME CALCULATION OF Iy

In Ref. [7], Ipan is expressed as

2
Ipen = (4—er (%) [6 +181n—1—,—2— + 18y + 6 — 36C<((2)):| +NT4+0(6), (El)

where N is given by

3 d*P d'Q d‘K n(p) n(q) n(k)
= ‘”’/ @y o Gy @D g ke

= 3378 / dp dq dk n(p) n(q) n(k) [(P+Q+k)ln(1’+¢1+k) (p+q—k)In|p+g—Fk|

~(g+k-p)Inlg+k—pl— (k+p—a)lnlk+p—q (E2)



and was evaluated numerically to get

14 17

N 3or6 - (E3)
In (E2), unlike the rest of this paper, P refers to
Minkowski rather than Euclidean four-momentum, with
metric P2 = —p2 + p?. P denotes that the integrations
are to be performed with the principal value prescription.
The n(p) are the usual Bose factors but in units where
T=1:

1
er—1°

n(p) =

The second equality in (E2) is obtained by doing the
J

(E4)
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trivial po, go, and ko integrations and then doing the
angular integrations. Their final result was then obtained
by numeric integration. We shall show how to obtain the
same result analytically starting from (E2).

We start by making use of the peculiar identity that
(P + Q + K)? can be replaced by 4|p + q + k|? in the
first line of (E2) for any function n(p) of p = |p| to give

- d*p d%q d*k n(p) n(q) n(k) 1
N= 8/ (2m)3 (27)3 (27)3 2p 29 2k |[p+q+k|?’
(E5)

This identity can be proved by brute force by doing the
angular integrals in (E5) by the same steps Ref. [7] used
for (E2) and verifying that the result is the same as (E2):

_1 d®p n(p) n(9)
=G (27r)3/ 27r)3/ o 2q

- s / dp dg dk n(p) n(g) n(k)

n(k) lp+al+k

[p+al  |lp+al—kl
lp+al+k
dp+gqln—t T~
.,|' I o al=#

-5 ) dpdqdkn(p)n(q)n(k)[(p+q+k)1n(p+q+k) (b+a—k)lnlp+q -k

3276

+(lp gl — k) In|lp — g — k| = (Ip—al-+k) In(lp—q|+K)]

Sadly, we do not have a more elegant derivation.
Now take (E5) and convert it to coordinate space using
the Fourier transform

(E6)

I
Equations (E1) and (E8) give the same result for the
basketball integral as (2.36), which was our result using
the Euclidean formalism.

d3p nP) ipr_ 1 /°° & 2P
(2m)3 LA er —1
_ 1 (coth(ﬂr) _ l) . (ED) APPENDIX F: DERIVATION OF I,..
4rr r
. Let us evaluate the integral for the setting sun diagram
Equation (E5) then becomes defined by (2.38) in a similar way as the basketball in-
3 tegral. As usual, we work in the limit that masses are
N = / d3r [_1_ (coth Tr — i)] 1 all much smaller than T, and we shall denote their order
4rr nr amr of magnitude simply as O(m). Only the leading term in
1 1 o 1 1\3 the m/T expansion will be calculated. To this order, the
= ZZZW_)Z /0 dz z2 (cotha: - ;) masses can be taken to be zero except in the. po=.qo-=0
11 1¢0(=3)  1¢(-1) 7 contribution, where the mass cuts off a logarithmic in-
= [__ — - _] frared divergence. But it is convenient to keep only one
4(4m)2 | 3((-3) 3((-1) 45 mass nonzero in the pp=go=0 contribution and to set
_ 14.1723 (E8 ma=m3=0. The discrepancy introduced by doing so is
32ms ) easily computed in coordinate space to be [9]
|
. [ &p diq 1 1 1
T [ G Gt @ o Ty Fay] O™

= T2/d3rﬁe—m1r [e—(mz+ma)r _ l] +O(m,e)

Tz

my

= In
(4m)2 " my +ma+ms

+ O(m,e€).

(F1)
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1. Quick derivation using the contour trick

We now need to compute

0p,94q,

=¥

+ m3)( Q2+m2)[(P+Q + mj]

We start with the purely three-dimensional contribution [12]

6?0 690

# (P? + m?)(Q?
which follows from

+md)[(P + Q)2 + mi]

5?0 5‘10

# (P2 +m})Q*(P + Q)*

(41T)2

50
# pzqz(P T Q)"’ + O(m,¢). (F2)
T 1 B 1
~ (am)? [E T e T 5] +0(e), (F3)
# WL+ (3 =)
(P2 + m?) P12 (4m)I-<0(1 — 2¢)
[416 ot 2] +0(e) (Fa)

and (F1). For the second term of (F2), note that if dimensional regularization is used to regulate the infrared as well

as the ultraviolet then

I rrmirtgr = (9)
simply by dimensional analysis. (There is no scale to make up for the u?¢.) So
# P2Q2 P + Q)2 %i P2Q2(P +Q)?
3 dd l dd—l
= (27I')d 12? (21l')d 12q[ (p) ( p)][n(q) - n(_Q)]
1 1
x + + (T independent
[1p+q|2—(p+q>2 B+ deenden)
=0, (F6)
f
where we have used the standard contour trick [2] to do ~ where Ay, and Bsy, are defined by
the sums and n(p) is the usual Bose function (B3). The
result is zero because (1) the temperature-independent I(pP)
piece in the penultimate line vanishes by dimensional Asun = % P2z’ (F8)
analysis in 4 — 2¢ dimensions, and (2) the two terms
1/(P+Q)? and 1/(P—Q)? in brackets exactly cancel each
other. Because of this cancellation, the full result (2.39) B T2 d3~2¢p II(po=0,p) (F9)
sun = l‘t N

for Iy, is just equal to the purely three-dimensional con-
tribution (F3) at leading order in the masses.

2. Euclidean derivation

In other computations in this paper, we will need to
know the separate contributions of various subsets of
Euclidean modes (po,go) to Isun. To get the formulas
we need, we shall now rederive the result for I ,, using
purely Euclidean methods, similar to our derivation of
the basketball integral. Start with

2

(@n)? In

my
m1 + mg +mg
(F7)

Isun = Asun + Bsun +

+0(m,e€),

(27)3-2 p? + m?2

First consider Ag,,. As usual, we need to subtract out
the UV divergences:

H(O)(p

TR+ Y
+§[pl P2 [H(T)(P §[ Qz] ’

where we have used the limiting behavior (2.27) of
I(T)(P). The second term is now convergent in four
dimensions. Exploiting the expression (D2) for II(®)(P)
and the integral (D17) enables us to evaluate the diver-
gent parts of A, as

Asun =

(F10)
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'O (P) 1 (1 ﬁ 1¢(-1)
= -+ 2-— (0 = — -
P P2 (4m)? (e e+ (e)> %f P4# Q? (41r)2 Ge T T 3¢(2)
1 [4mp®\°© 1 1
x#‘ﬁ ( P2 ) +§’YE+§ +O(e) .- (F12)
T? 1 1 i 1¢'(-1) 1 The finite part of Ay, is calculated by utilizing the co-
= (4m)2 12¢ + 3 In anT + 3 ¢(-1) + 2 ordinate space integral representation (2.25) for oo p)
and (2.30) for its UV behavior. Performing the p inte-
+0(e), (F11) gration and the pp sum produces
1
"1 [ 2 1 1
g[P o [n( )(P) — ﬁg[q @] (41r / dr 1 (coth — 1) (cothr L 5) +0(e)

T [_2 C’(_l) - l’YE + In(27) — %] + O(e), (F13)

T @2 [(3¢(-D) 3
where the method of Appendix C has been used for the 7 integral. Adding (F11), (F12), (F13) yields
_fI(P) _ T J1
Asun = P2 (47!')2 [ +1n - T + ln(21r) + ] + 0(5) . (F14)

Now consider Bgy,. Though (F9) contains ultraviolet divergences due to the zero temperature part of II(P),
dimensional analysis shows that the contribution from the zero temperature part is O(m) and so it need not concern
us at leading order. Making use of (2.25) and completing the p integration,

T2 —mir 1 1
Bsun = W /d37'64 pu 7'2 <COthr - —-) +0(m 6)
2 oo
— (41;)2 / %7_' [e“"‘l’—' (cothr" - % - ) + e_ﬁ“r-] + O(m,¢)
0

2 poo gm
= (4T—7r)5/0 EFC [(cothf— % - 1) +e‘ﬁ‘1'] + O(m,¢)
T? 2T

T @

<

+ O(m,¢), (F15)

where we have defined /m; = m; /27T and done the last step by the method of Appendix C. Combining (F7), (F14),
(F15) gives

T2 [1 7}
Isun = 7o | 52 n——mM—
(47)2 [4e my + mq + m3

+ %] +0(m,e). (F16)

Before leaving this section, we should collect some additional results that will be useful elsewhere. Subtracting (F4)
from (F15) gives

Opo (1 — 0, ) _ T 2Tt
F e ar e st 2] OO, (i
Finally, adding (F12) and (F13) gives
'm@P) T (12 B 1¢(=1)
#P P2 = (an) [é; +3 In T 3¢(-1) + ln(21r)] + O(e) . (F18)

APPENDIX G: EXAMPLE OF REDUCTION TO THE SCALAR BASKETBALL

Consider the reduction of Fig. 6(i):

ooy 1 P (Q-K)(P-K)-Q
—u O = "8‘1“94'*%“ PEQEKE(P — Q)*(Q — K)2(K — P)? (1)
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By expanding the numerator as in (3.9), we get

(P-K)-Q

(P-K)-Q

g 2epp(i) _ 4 —
u*F —16dAgA#PQK|: P2Q2K2(P-Q)*(Q—K)?

(P-K)Q

+

P2Q*(P-Q)*(Q-K)*(K—P)?
(P-K)-Q

+ P2Q2K?(Q—-K)?(K—P)?

Now switch the variables K and @ in the second lines:

P?K*(P-Q)*(Q—K)*(K—P)?

. 1
2e (1) 4
—u“F%Y = —d %Z
M 16 AdA oK

[_ P(Q-K)
P*QPK2(P-Q) (Q—K)?

+ P-(Q-K) } .

PiQi(P-Q)(Q-K) (K- P) (6

Use the identity (3.10) to substitute P, K—Q/2 in the first numerator and K—(P+Q)/2 in the second:

- 1 1
_2ep® 1y 4# _
# 64" 4945, | T PPK2(P—Q)?(Q—K)?

1 1

2P.Q-2P?
+ Q ]

P2Q*(P-Q)*(Q-K)*(K—P)?

1

- @d‘-"f‘%qx [_PW(P—Q)Z(Q-KV -

1
P2Q2(Q—K)2(K—P)2]

1
=~ ——dug*
52 “‘“%QK PR3 (P 1 Q4 K)P’

(G4)

where we have written 2P-Q as P24+Q%—(P—Q)? for the second step and shifted integration variables in the last step.

APPENDIX H: DERIVATION OF Iqcp

The one-loop self-energy of Fig. 5 can be reduced, using the methods discussed after (3.8), to the form

d—2_

a _ ab |~ < _ _ __1___...__.
I (P) = 659 "[ 7 W (P) ~2(P*50, ~ PR3] Q”(P+Q)2}’

where

_ 1
H,,E25,,#‘——
1 [ QQ2 o

11, happens to be the form the self-energy would take
in scalar QED. We find it convenient to introduce II,,
mostly for reasons historic to our original derivation and
because the decomposition (H1) simplifies some of the
algebra of the following calculation.

By again applying the same reduction methods, one
may easily verify that both (H1) and (H2) share the prop-
erty that P,II,, = 0. In finite temperature non-Abelian
gauge theory, this is a property of the one-loop self en-
ergy which does not persist to higher loops [13]. We shall
use this property in our derivation.

(2Q + P).(2Q + P),
Q*(P +Q)?

(H2)

1. Consequences of P,II,, = O at one loop

The orthogonality of II,, to P, implies that it can
be decomposed into separate transverse and longitudinal
pieces:1°

1%For a review, see Refs. [1,2].

(H1)

f
II,.(P)= IIr(P) Pru, + IIL(P) Pruv (H3)
where the Euclidean projection operators are given by

Proo = Proi = Prio =0,
(H4)

(H5)

Prij = 8:; — pip; /P,

PL[‘V = 6;1.1/ _PyPV/Pz _PTyv~
(H3) then gives

(M,.)% =13 + (d — 2)IIF
p? 2 1 p? 2
= (—p?noo) + m (H“,‘ - p—znoo) . (Hﬁ)

2. Scalar QED

We now work to evaluate the integral

Isqep = %’ —————————[Aﬁ“"(P)]z

pi (H7)

and start by separating out the zero-temperature piece
of II,,:
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1 (T) 1 2 1
Isqep = 3 57 [ALE (P)] () = PPIIP) +2(d = D)3}, o (H9)
1 - _
+2# FZH(O)(P )Aﬂg,) (P) where II(P) is the scalar integral (2.19). Next, we need
1 ro 2 to isolate the UV divergence of the P integration by iso-
+# pi [H(o) (P)] . (H8) lating the large P behavior of II,,:
_ 1 R
0T — 2(d— 1)§[ I g[
a. The finite-temperature-squared piece M Pooo Q? 0 e P2 Q%

(H10)
Let us evaluate the py # 0 part of the sum for the ~
first integral. First apply the standard reduction tricks Specializing to the finite-temperature pieces of I,,,,, (H6)
to obtain can be algebraically rewritten as
J

T 2 _d-1) P! (1) 2 p (T)(T 1 4 [qm]?
[H(T) =(d—2)p_4[n°°] (d-2) p? 27 oo II()‘*'(d—z)P [H( )]

+4EZ gpznmgf o +4(d 3+ 50 )(g’ Qz) , (H11)

where we have introduced the UV subtracted

H(T) (P) = (T) (p) - 2p le , (H12)
fi")(P) = I (P) - %# % (H13)

The integral we want is now

Y (08 - o AT - B o o]
+4EZI‘Z’§#'%H‘”§[$+4(d-3+ﬁ)%f%(%)2 e

The integrals in the last three terms can be obtained from (2.13), (2.33), (2.35), (F18). We need to focus on the first
two terms, which are convergent and may be evaluated with ¢ = 0. From the observation that

33 (Z e_|‘10|"e—|1’°+‘10|") — Z(zqo +p0)26—|qo|re—|po+Qo|r + %(21rT)2e_|’°|'|ﬁo|(ﬁ§ _ 1) , (H15)
90

9

where 82 means d?/dr? and not V2, one may easily relate IIg to the scalar case (2.20):

Moo(P) = 24(; % - 2 ____522%(;)++p22))22
T_ - / d*r e {2 el (cothr + [gal)] — 2o~ [po](3 ~ 1)} +O(e), (H16)
1 (p) = / d®r — P72 [ ~lpolr (cothf— % - g)] +0(e). (H17)

Performing the angular integration and then integrating by parts yields

i@ (p) = ___/ (azslnpr) e—lpolr (cothr‘-—— % _ g) +0(e). (H18)

The first two integrals in (H14) are then
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35f' L @ ~lpol(r+) T s_L1_¢
5# ) [Hoo ] 2 (47r)2 E / dr/ dse (cothr ~773 coth3 — 373
1 d D osinpr 2smps
(21r)3 / — 6 pr ——9, s + O(¢), (H19)
DA = % ds e~ Ipol(+9) F_1_* s_1_32
# I 47r)2 Z / dr/ dse (cothr - 3) (coths s 3
po#
1 d3 p , sin pr sin ps
(27!')3 ™ or —8 + 0(6) . (H20)
Now plug in
1 d®p ,sinpr ,sinps 1 1
(21r)3/ o pr % ps  6wrd + 47”_25(1' ) (H21)
1 d3p _,sinpr sinps
PE / —-0; o ps = 50(r —s) — 50(r —s). (H22)

Amazingly, the terms not proportional to §(r — s) cancel in the sum of (H19) and (H20). The 6(r — s) terms then give

3 '1 (T)
2

§[ La®am -

(H23)

%f' [ﬁm]z +0(e).

This could be easily evaluated using the techniques of Appendix C, but we will leave it in this form for now.
The evaluation of the po=0 piece of (H8) proceeds in much the same way, but we do not need to make any UV

subtractions. One finds

_ T3 1
AL (0,p) = == / &*r = (e

Pr_1)8? (cothr - —) + O(e)

= __/ (azsml”) ( coth7 — 1_) + O(e). (H24)
The integral is
(%%15 1% [ 19 (o, p)] =T (;i:r)s {3 1 [AH(T)] _ __AII(T)H(T) 4= [n(T)] } +0(e). (H25)

The same sort of cancellation occurs between the first
two terms as in the py # 0 case, and we are left with

g[ by, [T1] +O(e)

Putting this together with the pg # 0 results (H14) and
(H23) yields, after a little reorganization,

5[ P AH(T) ?«( [Hm]z
+4(d— 2);[ = (g[ @)2 +0().

(H27)

95, [ AH(T)

e (H26)

The first integral is given by (2.35). One wonders if there
is an easier way to get (H27).

b. The rest of it

The cross term between ﬁf};) and fIf,o,,) is easy because
112 is proportional to P26, — P,P,. Using (H9),

—

1 5@ 1 T) (0
# P4HI(“’)H( ) = dT# P2 HL#)H( )

1
- 1 fpopo
d-1§[H I

(d—2)
@-1)

+2

The integrals can be found in (2.13), (D20), (F11). The
final integral we need is

(H29)

7 [02] - 7253 [0°]°

which may be found in (D21). Combining (H8), (H27),
(H28), (H29), and incorporating the results for the as-
sorted basic integrals, gives
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1 [(T?\?[46 B 44('(=3) 272('(-1) 1034
I = — | — — +92In - = + - + 16y + ——| + O(e) . H30
SQED = (472 (12) [3e anT 3 ¢(-3) " 3 ¢(-1) " ET 15 © (H30)
3. Non-Abelian gauge theory
Using (H1) and our standard reduction tricks, it is easy to obtain
d—2)\2 af 1 1
Igcp = 5 Isqep + 2dIpan — 4(d—2) EH(P) @ , (H31)
which, when combined with (2.13, F14, H30), is our final result for Iqcp.
[1] D. Gross, R. Pisarski, and L. Yaffe, Rev. Mod. Phys. 53, (1992).
43 (1981). (8] R. Parwani, Phys. Rev. D 45, 4965 (1992).
[2] J. Kapusta, Finite-Temperature Field Theory (Cam- [9] P. Arnold and O. Espinosa, Phys. Rev. D 47, 3546
bridge University Press, Cambridge, England, 1989). © (1993); 50, 6662(E) (1994).
[3] J. Kapusta, Nucl. Phys. B148, 461 (1979). [10] L. Dolan and R. Jackiw, Phys. Rev. D 20, 3320 (1974).
[4] T. Toimela, Phys. Lett. 124B, 407 (1983). [11] E. Braaten and R. Pisarski, Nucl. Phys. B337, 569
[5] C. Coriand and R. Parwani, Phys. Rev. Lett. 73, 2398 (1990).
(1994); Argonne National Laboratory Report No. ANL- [12] K. Farakos, K. Kajantie, K. Rummukainen, and M. Sha-
HEP-PR-94-32, 1994 (unpublished). poshnikov, Nucl. Phys. B425, 67 (1994).
[6] R. Parwani, Phys. Lett. B 334, 420 (1994). [13] S. Vokos (private communication).

[7] J. Frenkel, A. Saa, and J. Taylor, Phys. Rev. D 48, 3670



(a) (b) (c) (d) (e)
> ~
SR AN IRENILENG =
\-« -~
(£) (g) (h) {1) (3)
ATS
0o
\"':..’v}"’
(k) (1) (m)

FIG. 6. Diagrams contributing to the free energy in gauge
theory. The crosses are the “thermal counterterms” arising
from the last term of (3.6). We have not explicitly shown any
zero-temperature counterterms, and each diagram should be
multiplied by the appropriate multiplicative renormalizations
for vertices and propagators.



