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In the deconfined regime of a non-Abelian gauge theory at nonzero temperature, previously it was
argued that if a (gauge invariant) source is added to generate nonzero holonomy, that this source must be
linear for small holonomy. The simplest example of this is the second Bernoulli polynomial. However, then
there is a conundrum in computing the free energy to ~¢* in the coupling constant g, as part of the free

energy is discontinuous as the holonomy vanishes. In this paper we investigate two ways of generating the
second Bernoulli polynomial dynamically; as a mass derivative of an auxiliary field, and from two-
dimensional ghosts embedded isotropically in four dimensions. Computing the holonomous hard-thermal
loop in the gluon self-energy, we find that the limit of small holonomy is only well behaved for two

dimensional ghosts, with a free energy which to ~g® is continuous as the holonomy vanishes.

DOI: 10.1103/PhysRevD.104.074036

I. INTRODUCTION

The behavior of gauge theories is intrinsically of
fundamental interest, especially for understanding the
behavior of collisions of heavy ions at ultrarelativistic
energies. Coming down from high temperatures, resum-
mations of perturbation theory can be used down to several
times the transition temperature [1—4], and coming up from
low temperature, hadronic gas models are useful. This
leaves the most interesting region; from the transition
temperature to a few times that [5-51]. This has been
described as a semi-quark-gluon plasma [29-32], when the
deconfined phase exhibits nontrivial holonomy.

It is most direct to use an effective model, where the
nontrivial holonomy is generated by adding a term to the
action by hand. Given the wealth of results from numerical
simulations on the lattice [52], it is relatively straightfor-
ward to construct models which well fit the pressure and
related thermodynamic quantities [33,34].

Previous studies have suggested that in constructing
effective theories, that even at the classical level, one has to
ensure that there is not a transition between the strict
perturbative regime, where the holonomy vanishes, and that
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with nonzero holonomy. While there is no strict-order
parameter between these two regimes, there can be a first-
order transition. For the theory in four-spacetime dimen-
sions at nonzero temperature, such a first order transition, in
the deconfined phase, appears generically [34,48].

The reason for this is easy to understand. There is no
potential for the holonomy classically, while a potential is
generated at one-loop order. The eigenvalues of the thermal
Wilson line are gauge invariant, and it is natural to consider
their logarithm, g. For a SU(2) gauge group there is a
single g, with more ¢’s for larger gauge groups. At lowest
order, g is proportional to the static component of the gauge
field Ay, although the relation becomes more involved
at higher order [7]. As the logarithm of an exponential,
the g’s are periodic variables, defined properly in the Weyl
chamber for the Lie algebra of the gauge group.

Ignoring these technicalities, at leading order the poten-
tial for the holonomy ¢ is elementary, proportional to the
fourth Bernoulli polynomial

Voert (@) ~ +T*By(q) ~ T*¢*(1 — )*, (1)

where T is the temperature, and ¢ is a periodic variable,
here defined over g: 0 — 1. This form is unchanged
at the two-loop order [7,11,12,24-26,37,41,44]. The term
~ + ¢* ~ trA} just represents Debye screening of static
electric fields. The term ~g* ~ trA§ is also unexceptional, a
type of induced Higgs coupling for static electric fields,
familiar from a perturbative analysis [1]. What is striking is
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the cubic term; this is given by integrating over the mode
with zero energy, and enters with a negative sign. As is
typical of mean field theory, such a cubic term automati-
cally generates a first-order transition. This was first
suggested in Ref. [34], and analyzed in detail in Ref. [48].

We stress that this first-order transition would occur in
the deconfined phase, at temperatures above that for the
deconfining and/or chiral-symmetry transitions. There is
absolutely no hint of any such transition from numerical
simulations on the lattice [52]. The simplest way of
avoiding such an unwanted transition is to add a term
which is linear in ¢g for small ¢ [33,34,48], so that the
expectation value of ¢ is always nonzero. The simplest
choice is the second Bernoulli polynomial,

Vnon—pert(Q) = CTZBZ(q) ~ _CT2¢I(1 - q) (2)

On dimensional grounds C has dimensions of mass
squared. The simplest assumption is to take it as a constant
times 72, where T, is the transition temperature for
deconfinement in the pure gauge theory [33,34,43].

The nonperturbative term in Eq. (2) contributes to the
pressure ~72. In the pure glue theory, that the leading
power-law correction to the pressure of an ideal gas is
proportional to 72 has been found to be valid, to a good
approximation, in both (2+1) [53-55] and 3+ 1)
dimensions [56-68]. Since it has dimensions of mass
(squared), this term is manifestly nonperturbative. At
high T, ¢~ C/T?, so that ¢ #0 at any temperature.
Consequently, the quark gluon plasma is always holono-
mous, even if the holonomy is infinitesimally small at high
temperatures. In a pure gauge theory, that (g) # 0 when
C # 0 has been demonstrated carefully for both two and an
infinite number of colors [48], but because of the cubic term
in the perturbative potential, it almost certainly applies for
any gauge group.

[With dynamical quarks, it is no longer true that the
leading power-law correction to the pressure is ~72.
Nevertheless, an effective model, where dynamical quarks
are folded into an effective theory with a nonperturbative
term like Eq. (2), gives a reasonable description of the
pressure [43,46] without the introduction of new para-
meters. This is done by keeping 7', in the gluonic part of the
effective potential the same as in the pure glue theory, with
the temperature for the chiral phase transition, which is
~T./2, arising by adjusting a Yukawa coupling in the
coupling between quarks and effective meson degrees of
freedom.]

A related problem is the behavior of the free energy in
the presence of gauge-invariant sources [47,48]. For any
source which is a sum over a finite number of Polyakov
loops, because of the term ~ — ¢* in Veq(q), there is a
first-order transition between the phase with zero and
nonzero holonomy. A source proportional to the second
Bernoulli polynomial avoids this.

Doing so, however, creates a conundrum. A well-defined
and gauge invariant quantity is the free energy computed
perturbatively. The free energy to ~1 and ~g? is sensible,
but at weak holonomy, the term ~g3 1s discontinuous as the
holonomy vanishes. This discontinuity occurs for any
gauge invariant source, and follows directly from the
equation of motion in which the source must satisfy
[47,48]. This discontinuity is unexpected, and most unchar-
acteristic of ordinary theories in the presence of external
sources, whose effects smoothly vanish as the source does.

We contrast this with the behavior of gauge theories
when compactified in one spatial direction to a size where
the gauge coupling is small (‘“femto-torus”) [69—79]. This
often induces nonzero holonomy in the compactified
direction, as semiclassical configurations such as magnetic
monopoles and bions arise dynamically. For small spatial
directions, however, there is no sign that the associated free
energy exhibits any discontinuity. Unfortunately, it is not
possible to study the theory analytically as the size of the
compactified dimension becomes large.

The object of the present study is to see if the conundrum
in the presence of external sources [47,48] can be avoided
by generating B,(q) dynamically, through the introduction
of auxiliary fields. The presence of these auxiliary fields
can be viewed as a caricature of nonperturbative physics
which generates a nontrivial holonomy at nonzero temper-
ature [69—79]. At high temperatures, when the holonomy is
infinitesimally small, it is then sensible to ask if the free
energy is smoothly behaved as 7 — 0.

There are at least two ways of generating the second
Bernoulli polynomial by the introduction of an auxiliary
field, which is assumed to lie in the adjoint representation.
The first is to introduce a mass for additional field, and then
take the derivative with respect to the mass, (Sec. II; see,
e.g., Refs. [58,74,75]). The second way is to embed fields
in two spacetime dimensions isotropically in four dimen-
sions (see Sec. III). We consider hard thermal loops (HTLs)
[80] at nonzero holonomy [29-32], which we term hol-
onomous hard thermal loops (HHTLs). In Sec. IV we
compute the HHTL in the effective gluon propagator for
both fields in Euclidean theory. At zero holonomy this is
just the Debye mass squared, but in the static limit at
nonzero holonomy, the HHTLs are nontrivial functions of
the dimensionless ratio between the holonomy and the
spatial momentum, both of which must be soft, ~gT.
Surprisingly, the HHTL propagator for the massive aux-
iliary field has terms which are not ~g> for a small
holonomy, as one would expect, but instead are ~g. This
is not consistent with a smooth approach to the perturbative
limit. In contrast, the two-dimensional fields give a HHTL
propagator for which the leading corrections are ~g>.

We then use this to compute the corrections to the free
energy to ~¢g> at nonzero holonomy in Sec. V, and show
that the contribution vanishes smoothly as the holonomy
vanishes. This solves the conundrum when the holonomy is
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generated by external sources [47,48], and agrees with the
results on a femto-torus [69-79].

Further, it is trivial to generalize the HHTL gluon
propagators to Minkowski spacetime. Thus, this effective
theory allows the computation of quantities such as
transport coefficients using the effective models of
Refs. [29-45,50], which are being carried out [50].

I1. AUXILIARY MASSIVE FIELDS

We start with an auxiliary massive field in the adjoint
representation, and take the derivative with respect to the
mass squared,

0
S, = CWTr log(—D3 + m?) L (3)

where D, = 0, — igA, is the covariant derivative with the
gluon field A,. C has dimensions of mass squared which
may depend on temperature, and the traces are over both
spacetime and color. We stress that taking a derivative with
respect to mass is nothing more than a mathematical device
to give us the desired result: an effective potential propor-
tional to the second Bernoulli polynomial.

A. Effective potential at nonzero holonomy

To compute the effective potential at nonzero holonomy,
we take a background gauge potential

Agl’ab _ Q?(Sab7 0 = 27[Tqa’ (4)

where from Q¢ we pull out factors to introduce the
dimensionless g“. The Qs are diagonal elements of a
SU(N) matrix, and so are traceless, 2’:1 0% =0. We
write the adjoint representation as a two index tensor over
fundamental indices, and so the projector

1
Pab = 5407 — Naabécd (5)

often enters; P4 = Peb-cd [29-32].

For massless fields in two- and four-spacetime dimen-
sions the first four Bernoulli polynomials arise naturally at
one-loop order,

Bilg)=—5+4

By(q) =é— q(1-q).

Bs(q) = %6](1 —q)(1-2q),

Bi(g) = —35+ (1~ g (©

These are valid only for 0 < g < 1, and satisfy

Bn (q) = an—l (q) (7)

dg

The effective potential in Eq. (3) is proportional to

d*K 1 T2 )
/ e kLo i @m) @

where we introduce the shorthand notation,

d*K = &’K
42 7 Sy 9
=12 [ ¥
with K* = (ko,k), Q¥ =(Q,0). The integral is evalu-
ated as

3
LY NI

72 | (27) 2E, (n(Ex —iQ) + n(E; +iQ)),

(10)

where E; = Vk* + m?. At nonzero holonomy the statis-
tical distribution functions are

. 1
n(E; FiQ) = T ] (11)

Thus A(Q, m?) is manifestly periodic under ¢ — g + 1. In
the massless limit,

A(Q.0) = 6B5(|q|mod 1)- (12)

From Eq. (10), A(Q,m?) is even in Q. Along with
periodicity, this implies that it is a function of the absolute
value of ¢ modulo one, |¢|oq 1-

The potential is

PayA(Q*,0), (13)

a,b=1

Q% = Q% — Q¥ = 27T q", and ¢** = q* — q". The diago-
nal elements of the projector, 7322 =1-6%/N, enter to
ensure that the free energy is that for SU(N) and not U(N).

To this we add the perturbative contribution to the
holonomous potential [33,34,36,37,41,44,45,47,48], so
the total effective potential is

N 274

27T

V(@) = 3 P (P Bl )
a.b=1

CT?
+TBZ(|qab|m0d 1)) (14)
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The first term, proportional to By, is the perturbative
contribution of gluons in Eq. (1); it arises from

d4K 271'2T4
/(2”)410g (K + Qah)z — 3 B4(|qab‘mod 1). (15)

By Eq. (7), the equations of motion involve B3 and B;. For
odd n, B,(g) is periodic for positive ¢, but odd under
q — —q. Thus the equation of motion is

N 272
. 8a°T
> signl) (M5 B s )+ CB1 14 1))
b=1
—0. (16)

For two colors, the eigenvalues are g and —g, with
|9"%| = 2|q|. At small, positive g,

162272
<4c+ 6’; )q—CzO. (17)

Thus at high 7> \/C, g ~C/T?, and the holonomy is
nonzero for any finite 7.

For higher N, it is necessary to solve for the independent
q“’s, which are N/2 for even N, and (N —1)/2 for odd
N > 3. This can be done in the limit of large N [34,36].
Nevertheless, it is clear that when C # 0, that ¢ is always
nonzero because the second Bernoulli polynomial starts out
linear in g“.

We only consider ¢’s which satisfy the equations of
motion, and find unexpected cancellations in the gluon self-
energy. The necessity of only looking at solutions
which satisfy the equations of motion was also found in
studies of the free energy in the presence of external
sources [47,48].

B. Holonomous color current

Consider the one-point function that contributes the
expectation value of the color current (J4#)

d*K ky+ Q 7;;_T3 "
i SR

At Q = 0, the integral vanishes automatically, as then the
integrand is odd in k. It is nonzero when Q # 0,

Aoty =5 [ S (05 - i) = (B + i)
0 2inT? ) 2z K g '
(19)
For a massless field,
-AO(Q’ 0) = ZSign<Q)B3(|Q|mod l)' (20)

From its definition in Eq. (19), A(Q,m?) is odd in Q,
which accounts for the overall factor of sign(g) on the
right-hand side.

A simple trick can be used to evaluate the derivatives
of statistical distribution functions with respect to m?
at m> =0. The mass only appears in the energy as

= Vk?> +m?, and so a derivative of E; with respect
to m? can be replaced by one with respect to k*. After that,
we integrate by parts. For example,

0 Pk . &Pk 0 .
o /( ”)zn(Ek IQ):/WWn(Ek_lQ)

1

:—4—7[2 A dk}’l(Ek—lQ)

(21)

In this way,

44(Q) = 55 Ao( 0. m?)

m>=0

sign(q)B1(|qlmoa 1) (22)

3
~ (2aT)?

Like Ay(Q), A,(Q) is odd in Q.
The expectation value of the color current has two
contributions. One is perturbative [30],

o . abode d'K (K)
<J b’”>pt = =2igf bed. chd,ef/ (277:)4 (ch)Z
T3
= o I ”9 ZAO ), (23)

where u# = 50,
The second contribution is from the auxiliary massive
field,

0

<Jab;ﬂ> a 2

Q'Igfab wed, efpcd efC
. / d4K (ch)
(2”)4 (ch)2 + m2
47rgT

m>=0

—hseb

c Z Aj(0%).  (24)

The sum of the two contributions is

(J908) g = () ()
4fch

=yt Z Qac —|—C.A0(Qac))

(25)
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From Egs. (20) and (22), this is equivalent to the equations
of motion in Eq. (16), and so it vanishes.

It is natural that the total color current vanishes in a
consistent theory. This also occurs when the holonomous
potential is computed in the presence of external, gauge-
invariant sources [47,48]. What is less obvious is the
computation of the gluon self-energies at nonzero holon-
omy, to which we now turn.

C. HHTL in the gluon self-energy

We compute the gluon self-energy in the hard thermal
loop (HTL) approximation [29-32,80]. We note that while
we include the effect of the auxiliary massive field on the
gluon propagator to ~g*>, we do not include the effect of
the self-energy for the massive field. As we discuss in
Sec. V C, the self-energy for the favored solution, with two-
dimensional ghosts, appears to be gauge dependent. Thus
our analysis should only be taken as a preliminary step
towards a fully consistent effective theory.

Nevertheless, we show in Sec. IV that the effective gluon
propagator with an auxiliary massive field, or the two-
dimensional ghost of Sec. III, solves an important con-
sistency check for the free energy of a holonomous plasma,
computed to ~g> [47,48].

In Euclidean theory, the external momentum is
Pi? = (pi*.p), where p{* = py+ Q'+ Q* =2xaT(m+
q' +¢*), for an integer m. The HTL approximation
requires that the external momenta are ~g7, small relative
to the temperature,

p|~gT <T,  |pp’|~gT <T. (26)

This is straightforward to require for the spatial momentum,
but less so for the energy. At zero holonomy, ¢' = ¢*> = 0,
the Euclidean energy py = 2zTm, so the only soft energy is
in the static limit, p, = 2zTm = 0. The gluon self-energies
are only functions of p, so for p, = 0 and soft p, are justa
constant times g*77. This is the usual Debye mass for static
electric fields, which is the only Euclidean HTL at zero
holonomy.

A nontrivial hard thermal loop arises at zero holonomy
after analytic continuation to Minkowski energies,
Po — iw. Since o is then a continuous variable, we can
require that @ is soft; @ ~ gT. The Minkowski HTLs which
result are then nontrivial functions of w/p (time factors
of p).

At nonzero holonomy, however, even in Euclidean
theory we can obtain a nontrivial hard thermal loop by
taking the static limit, py = 22Tm = 0, if we require that
the holonomies, Q' and Q2, are also soft, Q ~ gT. These
are ¢°T? time functions of the dimensionless variable, Q/p
(time factors of p’). We term these Euclidean holonomous
hard thermal loops, or Euclidean HHTL’s.

There are also Minkowski HHTL’s, which arise for
arbitrary Q' and Q?, given by continuing p}? — iw, and
requiring that @ is soft. These were computed by the
authors previously, and are not elementary generalizations
of the Minkowski HTLs at zero holonomy [30]. That there
are also Euclidean HHTLs (in the static limit for soft
holonomy) is novel here.

For either Euclidean or Minkowski momenta, the HHTL
is important because for soft momenta the inverse propa-
gator is ~P% ~ ¢>T? (modulo singularities), and the HHTL
is as large as the term at tree level. Thus the HHTL must be
included in order to compute self-consistently.

The computation of the contribution of the massive field
to the HHTL in the gluon self-energy directly generalizes
the usual perturbative computation [30]. For a light but
massive field, the HHTL is ¢* times the loop integral [30]

0 -
WJW(PIZ,Ql,Qz’mz) , (27)

where

T"(P'2,0,.0y.m*) = T*(P2,0,,05,m?)

5”” T? 5 )
4 12( (Ql’m )+‘A(Q23m ))’
(28)
and
jﬂy(Plz 01.0y.m
/ d3k 2K1 PlZ)y(ZKl _ Plz)l/
e 2+ m?)((P? - K')? +m?)
+(Q1 < 0y). (29)
The loop ky = 2aTn for integral n, while K' = K + Q!,

with k{ = ko + Q' =2aT(n + q").

The sum over the Matsubara frequency n can be done
by going to a coordinate representation in the Euclidean
time, 7 [30]. The result is simplest for the spatial compo-
nents of JH,

JY(P2,0, 0y, m?)
1/ Bk (2k = p)i(2k - p)
(

(T, + T, +T5+1y)

~8) (22 (RE)(E,)
+ (01 < 0y), (30)
where
I1=m0+”( K —101) +n(E,_—10,)),
(31)
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1 ) . 1
IZ = lp(l)z _ Ek + Ep_k (n(Ek - lQl) - n(Ep—k + lQZ))’ I4:m(l +l’l(Ek+lQ1) +n(Ep_k—|—iQ2)).
(32) (34)
-1 ) ) The easiest terms to evaluate are those ~Z; and ~Z,, as
Iy = P2 Y E—E,, (n(Ex +iQ1) — n(E, — iQ>)). they do not involve Landau damping. In this case, the
- external momentum P2 can be neglected, and these terms
(33) reduce to

1/ &’k (2k - p)'(2k - p)/ (T)+Z) + (0, < Q)

8) (2n)*  (2EW)(2E,~)
urLéY [ &Pk v? . . _ .
~ E/ (2 2, (Ex = 1Q0) (Bt 1Q1) + n(Ey = iQa) + n(Ex +102), (35)
where we introduce the vectors v, = k/E,. ) . '
More care must be taken with the terms ~Z, and ~Z5, as n (Ek - ’Q) - 3—Ek”(Ek - lQ>’ (37)

they involve Landau damping, and diverge as P — O.

Expanding to terms linear in P, and K = (i,v;). For future reference, we note that for

massless fields E;, — |k| = k, and these vectors become
E,  =E —vp,

M(Eyi = iQ) = n(E, - i0) ~ (v, -p)n'(E, — iQ). ko Ko k=R G8)
ip> + Ex—E, = ip}®> +v.-p=P? K, (36)  For massive fields, K> = —m?/E2, while K* is null,
Y
where * In_ tgé HTL approximation, 7, and Z; become
%/ (;i:;z (2122_Ef))(1§2i;)p)1 (I +Z;3) + (Q) < Q))
w2/ (;1:;3 oot (1B = 100) = n(E + 1)) + n(Ey = i02) = n(Ey + 102)
S B By Q1) (B Q1) + (B = iQa) + /(B +i05) |- (39)

The second line can be rewritten as

! &k i j Y& P / . / . / . / .
_g/(2”)3kakP12.I~((n (Ek_lQ')+n(Ek+lQ1)+n(Ek—lQ2)+n(Ek—|—zQ2))

1 [ &k [, , viv, , , . , . , .
= g/ 22)° iPo” i k(” (Ex —iQ)) +n'(Ex +iQy) +n'(Ey —iQs) + n'(E +iQ2))

ool (Ex = 104) + 1 (Eg +10y) + 1/ (Ey — iQs) + ' (Ey + in))]

L[ &k [, vl _ / . / _ / .
:8/@@3 " 7 (W (Ex = iQ1) + 1/ (Ex +iQ1) + 1/ (Ex = iQ2) + 1'(Ex +iQs))

0 P2k
2
Y (i - "—k) (n(Ex = i01) + n(Ex + i01) + n(Ex — iQy) + n(Ey + iQ2>>} | (40)
E. 3E,

In the last line, we replaced v;'(v{; - 5’7v% /3 and then integrated by parts. Collecting these results, we find

074036-6



EFFECTIVE MODELS OF A SEMI-QUARK-GLUON PLASMA

PHYS. REV. D 104, 074036 (2021)

. 1 d3k i,/
TP 01,00 = 1 [ S5 [lffé‘”K (n(Ey = Q1) = n(Eg + Q1) + n(Eg = iQ2) = n(E; +i02))
i)
+ipy? P?I;Ukk% (W(Ex —iQy) + 0 (Ex +iQ,) + n'(Ep — iQs) + n'(Ep +i0Q5)) |- (41)
j 0/ and j 90 follow from the relation
) 1 [ 'K (K2 1 [ d'K (K w 7T?
12 Zruv ( pl2 2 _ _ 1t ! __wal” 2 2
Pﬂ j (P aQ]aQva ) 2/(27[)4 (K2)2+m2 2/(2ﬂ')4(K1)2+m2 2 3 (AO(Ql’m )+A0(Q21m ))
(42)
The final result for 7#*(P'2, Q,, Q,, m?) is
- 1 &Pk [ K"K
J"™ (P2, 04,0y, m?) = Z/W [W(W(Ek —iQy) = n(Ey + Q) + n(Ey — iQz) — n(Ey + iQ3))
., KPEV\ 1 . . . .
+ <M”M” +ipy m) 5 (n'(Ex —iQy) + n'(Ex +iQy) + n'(Ey — iQ2) + 1 (E +102)) |-
(43)

This is the HTL approximation for a massive particle at
nonzero holonomy, Q # 0. Notice that the terms ~5" have
canceled between Eqs. (28) and (35).

In the massless limit this reduces to the usual HHTL
loops [30]

- ixT?
T (P2.01.02,0) % 5 (Ao(Q1) + Ao(Q2))aT(P2)
T2
+57 (AQ1) + A(Q2))sT1(P"2),
(44)
where
dQ K*K¥
TP = | (45)
VP) — i — i | QKK
S (P) = —u'u zpo/ e (46)

dQ = dcos 8d¢ with the polar angle 6 and the azimuthal
angle ¢, and K is defined in Eq. (38).
These functions satisfy
P, oI (P) = iu?, P, oI1"(P) = 0. (47)
Because I'**(P) is not transverse, neither is this part of the
gluon self-energy. We discuss at the end of this section how
transversity is restored when all contributions are included.
For the massive field, we need the derivative of J** with
respect to m?, evaluated at m?> = 0. The mass appears only

|
through the energy E, = Vk*> +m? which appears in
terms involving K’ = k’/E, and the statistical distribution

functions, such as n(E; — Q). Note that K* = i is inde-
pendent of the energy and so is the mass.

We require
9 kﬂky B 1 0 i("/lNU i(”i(l/ 0 pl2 IN('
Om2P2. K P2.Kkom? (P'2-K)?Om?
(48)
As
d 5 = 1 L o n_pi. g
8m2P ~K:—P'Vk2—E]2€:2—EI%(Zp0 —-P .K)’ (49)
0 - = 1 KRV — juh kY — juV K
amzK”K :_EQK"K — iK' — iv’K*),  (50)
k
we find
o KR il (R ST R
om2P2. k| ., oZZ_kz(m(K"K”—lu”Kb—mbKﬂ)
m

K"k,
+7(P12,f()2’p0 >

For the massive fields, the momentum integrals which
arise include those of Eq. (22). Similarly, using the trick
of Eq. (21),

(s51)
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Kfe _ Pab

FIG. 1.

0 &Pk 1
5‘1112/(277)32( n(E

k= 101) +n'(Ep +iQy) +n'(E — iQs) +n'(E; +iQ>))

e W W
&« T\

Product of the structure functions, times 2, which enter into the gluon self-energy at one-loop order.

m2=0
Tk k= i01) (ki) + (k= iQa) + (K 4 iQs)) = — (52)
87 Jo 4

Here we have used a peculiar identity at zero energy and
nonzero holonomy,

1 1

etiQ/T _ 1 += =-1 (53)

n(lQ) + }’l(—lQ) = e_,Q/T 1

Substituting Egs. (22), (51), and (52) into 9/0m?* of
Eq. (43), at m> = 0 we obtain

[
This tensor is transverse in the external momentum,

) i
P,oTI (P) = / &

(iK¥ + u*
n

dQ .~
= [ —&k'=0, (56
)= [k =0, (s6)

after performing the angular integral.
The perturbative contribution to the gluon self-energy
was computed in Ref. [30],

0 -~
_jﬂy(Plz’leQvaz)‘mZ:O
ab,cd:pv [ pa HTL ab.e cd.fe
HTL in T b - T4 (Pab) " — 4P flabelgh) pled.feho)
—(AO (Ql) +-AO (Q2)>5Fﬂ (P )_'_ 5Hﬂ (P ) X j;w(Pab Qfe th 0) (57)
1 82373 .
o (PP =T @) + 4 <Qz>>)5nﬂ”<P12>,
~l6n The analogous contribution of the massive field is
(54)
ab,cd;pv 1 pa HTL ab.e cd.fe
where gy (P") —492Cf (abiefgh) fledfeho)
~ dQ i N _Y Zw(pab pfe hg .2
ST (P) = ’ [(K” iu)(RY — i) Xam2j (P07 0% m)leo- (58)
4z P-K
+ <ull w’ + ipo KﬂKfﬂ ) (55) The product of the structure functions simplifies in the
P-K double line notation, as illustrated in Fig. (1). The result is
|
ab,cd;yv [ pa ab,cd;uv [ pa ab,cd;yv 1 pa
Mo " (POP) = T (PP + Ty ™ (P?)
H; Kab Cd5F”U(Pab) ( él)ab'Cd(SH”U(Pab) _ (ﬁ/l;jl)ab.cd&f[m/(Pab)7 (59)
where
2ing*T?
R Z(«%(Q”e) + Ag(Q) + CAH(Q™) + A (@) = 0. (60)

(m2)<4(0) = (Wabfi

e=1

Qae +A er)) _ 25ab56dA(Qac)) +

CN
gZWfPab,cd7 (61)

074036-8



EFFECTIVE MODELS OF A SEMI-QUARK-GLUON PLASMA

PHYS. REV. D 104, 074036 (2021)

(i) *"“4(po. Q) =

The first term, ~K%?, vanishes by the equations of
motion, Eq. (25). We originally conjectured in Ref. [30] that
terms which contribute to ~A*¢¢ must cancel. It is natural
that they do so, because by Eq. (25) the equations of motion
are proportional to the color current, and for any consistent
theory nonzero holonomy should not induce a net color
current. Nevertheless, it is gratifying to see it emerge naturally.

This leaves the terms ~SIT* (P*?) and ~ST1# (P??). These
two are both transverse in the external momentum, which
is necessary to ensure gauge invariance. The term mél is just

the generalization of the Debye masses to nonzero holon-

omy, as o1 is the standard hard thermal loop. The term mgl

is special to taking a massive auxiliary field, and does not
arise for two-dimensional ghosts. Since C has dimensions of
mass squared, ﬁ’lg] has dimensions of mass cubed.

It is useful to contrast these results with the introduction
of an external source. Consider first a scalar field y. To
induce (y) # 0, one adds to the action a source linear in y,
such as ~ [d*xJ(x)y(x). This shifts the expectation value
of y, but obviously doesn’t affect any higher-point function.

To induce nonzero holonomy for the gauge field,
however, it is best to use a gauge invariant source, which
at nonzero temperature are sums over Polyakov loops; for
analyses with sources linear in A, see Refs. [15-23]. For
example, we can add a source term which is a sum over
squares of Polyakov loops, as in Eq. (71) of Ref. [48]

S —e/ Zcr|trL’
L(x) = Pexp <ig /0 e T)dr). (63)

L (x) is the thermal Wilson line in the imaginary time z and
the ¢, are arbitrary coefficients. It is also possible to take a
sum over linear powers of Polyakov loops; Eq. (20) of
Ref. [47], as the gluon self-energy in Eq. (64) is unchanged.
The source term S, induces nonzero holonomy when
expanded to first order in quantum fluctuations, Eq. (72)
of Ref. [48]. As a series of exponentials in A, though, S,
induces an infinite series of higher-point functions for
quantum fluctuations. For the two-point function and
Euclidean momenta, the source contributes to the gluon
self-energy as

27tg T3

Hgo;ab,cd(Pab) 5ad6bc

1 N
XD (Ao(0° =09 + Ao(0° - 0).
0 e=1

(64)

2 b,cd ab __
N s

82373 & > (62)

a2 A(0) F A(0)

I
Equation (35) of Ref. [47] and Egs. (51) and (74) of
Ref. [48]. This is derived by using the equations of motion
for the Q“’s, which eliminates any dependence on € and the
coefficients c,.

Computing only the perturbative contributions to the
gluon self-energy, the gluon self-energy is not transverse. In
the presence of an external source, the total gluon self-
energy is a sum of the perturbative and source terms,
IT, 5. . =TT 4 TI2°. Then for all values of the gauge fixing
parameter this total gluon self-energy satisfies

QabHOI/;ﬂb,Cd(Qab’ 0) _ O;

total,e

PachdHil:ta‘;bg cd (Pab> 0’
(65)

Equations (68) and (70) of Ref. [48]. The former holds for
po = p = 0and Q% # 0, the latter for all P4". The latter is
necessary to establish gauge invariance in computing the
free energy to ~g> at soft holonomy, and to ~g* and beyond
for any Q [48,49].

In Ref. [48] it was also argued that in order to have a
source for which the holonomy turns on smoothly as e
increases, that one must sum over an infinite number of
loops, rqg = oo. This was established carefully for N = 2
and oo, and is very reasonable for any N. Indeed, it is very
natural to take ¢, = 1/r* and ry = oo, so that S, is
proportional to the second Bernoulli polynomial, B,(g).
As discussed in the Introduction and Sec. I, an infinitesimal
value of the source generates a corresponding holonomy
which is also infinitesimal. For a scalar field with source
~Jy, this is trivial, but with a source of Polyakov loops, it is
not trivial to ensure [48].

There is one important difference between the gluon self-
energy computed in the presence of external sources of
Polyakov loops; Eq. (64), and those here, Eq. (59). External
sources of Polyakov loops carry zero spatial momentum,
and so I12°, while a function of p?, is independent of the
spatial momentum, p.

In contrast, dynamical fields carry nonzero spatial
momentum, and so produce holonomous hard thermal
loops, 8I1#(P) and SI1**(P). When Q and p are soft, up
to trivial factors of p’ the dimensionless function STI* (P) is
afunction of p/Q; 811" (P) is 1/ Q times a function of p/Q.
We compute these functions shortly and show that all of
these functions are nontrivial [see Egs. (78)—(81)].

Because the self-energy in Eq. (64) is independent of the
spatial momentum, it is just 1/pg® times a function
of the Q’s. In the static limit, p, = 0, it reduces to a function
of the Q’s, independent of p. Further, to leading order in g
when Q is soft we can just set Q = 0, since any Q ~ ¢gT
represents a contribution to higher-loop order. Explicit
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computation demonstrates that when Q =0, HSO;“b’Cd(Q“, 0)
reduces to ¢>T? times a constant, which cancels exactly
against the usual Debye mass squared [47,48]. This cancel-
lation follows because the total gluon self-energy is trans-
verse; at zero spatial momentum, l'[m11 . = 0, and so the first

condition in Eq. (65) implies that 1% | (0, 0) = 0 when

total,e
Q #0. This contrasts with py=p = Q =0, where
1% = 0, equal to the Debye mass squared, is consistent
with transversity when p, = 0. This cancellation for soft Q¢
is the origin of the conundrum for the free energy ~¢° in the
presence of an external source; there is no ~g* term from off-
diagonal gluons, where Q # 0, since the source terms
completely cancel the usual contributions to the Debye mass.
In this way, the addition of new dynamical fields may
solve this conundrum, since then the gluon self-energy is a
function of the spatial momentum. As we show, however,
the condition that the ~g> term in the free energy is
smoothly behaved as Q — 0 is nevertheless a nontrivial
constraint on the auxiliary fields.

III. TWO DIMENSIONAL GHOSTS

A. Embedding two into four dimensions

In the Introduction and Sec. I, we argued that inducing
nontrivial holonomy through the second Bernoulli poly-
nomial is very natural. Besides using massive fields as in
the previous section, there is another way to generate a
B,(q). Consider a fermionic field in the adjoint represen-
tation of a gauge group; their contribution to the free energy
in d spacetime dimensions, at nonzero holonomy and
temperature, involves the polylogarithm of order d [45].
For even d this polylogarithm reduces to a constant times
the Bernoulli polynomial, B,(q).

Thus, one way to generate B, is to embed a two-
dimensional field isotropically in four dimensions. To
generate a free energy which is proportional to B,(q) at
nonzero holonomy and temperature, we cannot change the
time direction. That implies we have to single out one
spatial direction. Thus, we introduce a unit vector 71 in the
three spatial directions, and so as not to disturb rotational
symmetry, integrate over all directions of 7. The longi-
tudinal and transverse coordinates with respect to 71 are

x=(kx), i=x-h  x-aA=0. (66)

We then introduce gauge covariant derivatives for the
fermionic field, ¢,

l/T
Sw= [ [ [T [ e
|x3[>1/C

x (D §)(Dg) + (D1 $)(D. ). (67)

As for the massive field, ¢ and ¢ are necessarily in
the adjoint representation. We choose periodic boundary

conditions for ¢ and ¢ in the imaginary time direction, so
that this is necessarily a ghost field. While peculiar, perhaps
it is not so objectionable for an effective theory.

That these fields are ghosts is necessary so that the two-
dimensional fields decrease the pressure. In contrast, the
massive fields in the previous section are physical, but by
taking a derivative with respect to the mass squared, Eq. (3),
the net pressure decreases. This can be understood as
follows. The pressure for a massless gas is, of course,
positive, ~+ T*. For a gas whose mass is much less
than the temperature, there is a correction to the pressure,
~ — m2T?; this coefficient is negative, as the mass decreases
the pressure. By taking the derivative with respect to the
mass squared, one picks out this correction, which is then
negative.

For the transverse directions, we only integrate over a
sphere about the origin, where x2 > 1/C. As usual, the
imaginary time 7 runs from O — 1/7, and the longitudinal
direction X from —oo to +o0. That is, the ghost field is two
dimensional at short distances, and four dimensional at
large distances.

While we differentiate between the covariant derivatives
in the longitudinal and transverse directions, in and of itself
this does not conflict with gauge invariance. Introducing
the cutoff scale C certainly does, as we discuss below and in
Sec. V C. Thus this model can only be considered as an
illustration of a more complete, self-consistent, theory. We
shall be careful, however, to compute only in limits which
manifestly respect gauge invariance.

There is a natural physical motivation for the behavior of
these fields. At high temperatures, the relevant degrees of
freedom are quarks and gluons; at low temperatures, there
are only confined states. As the temperature is raised above
the critical temperature, a range of temperature confined
states should persist in the deconfined (or chirally sym-
metric) phase. We suggest that this remains true in a pure
gauge theory, even if the deconfining phase transition is of
first order.

In a pure gauge theory, the confined states are glueballs,
which can be modeled by an effective theory of strings. In
the absence of dynamical quarks, the strings must be closed,
and sweep out two-dimensional surfaces in spacetime.

How then could closed strings persist in the deconfined
phase? Since it is deconfined, the breaking of a flux sheet
only costs a finite amount of energy. Thus closed strings
form a two-dimensional sheet over short distances, but over
distances related to the scale of confinement, break, and
then are fully four-dimensional fields.

It is easy to see how this action generates the second
Bernoulli polynomial. To one-loop order, the potential is
proportional to

Vghost = (—)TI‘ IOg (_DZ - DZL) (68)
This is the free energy of the ghost field, with the overall
minus sign because it is a ghost. In Eq. (67), the imaginary
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time 7 runs from O — 1/7. In momentum space, the
energies are then, as usual, py = 2zmT. Doing the sum
over m we obtain the logarithm of the (inverse) statistical
distribution function at nonzero holonomy,

/ /
g S
k‘<\/_

X Z Pab(log (1

a,b=1

e_\/W/T—zfriq“”)+c-C-)- (69)

Since in Eq. (67) the coordinate X: — oo — 400, the
1ntegral for the corresponding momentum is unbounded,

k: — oo — +oo. In contrast, as |x, | > 1//C, the range of
the corresponding momentum |k | is limited to soft

momenta, |k | < v/C.
The integral over k is dominated by momenta ~T'; and

over k, by those ~v/C. We assume for simplicity that

T > +/C, so that we can neglect k, in the energy. The
integral over k, just gives an overall factor of C, with

‘ Q

)
1 ab
Vghost — E _2’Pab —2mnq + C.C.)

PisB2(18" lmoa 1)- (70)

X

a >
3
Hﬁzﬂﬁz

The cutoff was chosen to agree with the result from a
massive ghost, Eq. (13).

At the outset, we comment that it is possible that two-
dimensional massless fields give rise to infrared divergen-
ces at nonzero temperature. Consider the tadpole diagram
in the presence of nonzero Ay~ Q in two spacetime
dimensions

/ d’K 1
(27)> (K + Q)?
dk 1 1
- /7 (1 +e<k+iQ)/T 1 + (—i0)/T _ 1)- (71)

This has a logarithmic divergence at zero temperature. At
nonzero temperature, one would expect this to turn into a
linear power divergence. However, in a holonomous
plasma there is no infrared divergence due to the peculiar
identity of Eq. (53).

Nevertheless, this tadpole diagram does not contribute to
the holonomous hard thermal loop in the gluon self-energy.
In four dimensions, it appears that the contributions to
HTLs are of two types: tadpole diagrams, analogous to
Eq. (71), and those which contribute to Landau damping in
Minkowski spacetime, such as 7, and Z5 in Egs. (32) and
(33). At one-loop order, the diagram with two three-gluon
vertices produces both terms; the diagram with one four-
gluon vertex, only a tadpole diagram. However,

computation shows that the tadpole diagrams cancel
between these two diagrams, leaving only the contributions
from Landau damping; this is the reason for the cancella-
tion of the terms ~6" between Egs. (28) and (35) in
Eq. (43). Of course, there is a logarithmic infrared
divergence at zero temperature from two-dimensional
fields, but as an effective theory at nonzero temperature,
we ignore this.

The computation of two-dimensional ghosts to the
HHTL to the gluon self-energy follows immediately from
previous computations. Because of our choice of the
constant C, the result for K¢ in Eq. (60) and
(my)®<¢ in Eq. (61) are identical. Since the two-
dimensional field is massless, there is no additional con-
tribution to the Debye mass, (/i};)*”“¢ in Eq. (62).

IV. HOLONOMOUS HARD THERMAL LOOPS
AND THE FREE ENERGY

A. Computing HHTLs

We begin by computing the holonomous hard thermal
loops of Egs. (46) and (55). While our formulas can be used
to compute after analytic continuation to Minkowski
energies, we apply our results to the computation of the
free energy to ~g’. We then consider zero energy in
Euclidean theory, py =0 for soft holonomy, where all
Q¢ are soft, ~gT. For simplicity, we compute a function of
a single Q, where the external momentum is

Pr=(0.p),

the generalization to arbitrary Q¢ is immediate.

We need to compute two self-energies, SIT** and SI1#.
From Egs. (47) and (56), these are both transverse in a
single momentum. This allows us to decompose each
function into two scalar functions. For oIT*, the longi-
tudinal, JI1), and transverse, 6l functions are defined as

Y
- _p ;5nlg( )

P-R=iQ+p-k=iQ+pcosh, (72)

S(P) = oM, (P),  SIY(P) =

2
ST(P) = (59— ' p)oT1u(P) + ') 2 ol (P). (73)
p
Similarly, from 8[1*(P) we define the longitudinal and
transverse self-energies, 5ﬁlg(P) and SI1,(P).
To compute these functions, we need the angular integrals,

aQ 1 i P
WP R —parctan (Q) (74)
dQcos’d  iQ 0 p
mP K <1 —;arctan(Q)>, (75)
aQ 1 1
/E(P-K)z__p“er’ 76)
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dQ cos’6 1 0? 0 p
[ (e ()

(77)
Using these integrals, we find
7o)
oI, (P) = —1 + =arctan| — |, 78
1g(P) p 0 (78)

S, (P) = % (% - <1 + %) arctan <§> > (79)
511, (P) = —é (szTZQQ - %arctan (g) ) o (80)

811, (P) = % <%+ (1 - g—j) arctan(é)). (81)

For the known HTLs, 6I1j, and oI, we could have
read off the above simply by taking the known results
for Minkowski energy, py = iw [80], and analytically con-
tinuing back to Euclidean momenta, taking w = —iQ.
Doing so, the function arctan(p/Q) above is related to
log((@ — p)/(w + p)). Of course, this would not yield the
new function for an auxiliary massive field, [T (P).

For the next section, we also need the limits of these self-
energies for small and large momenta

1p? 1p*
5H1g(P)%—§@+§@+'“ for p < Q, (82)
%_1+z@+... for p> Q. (83)
2p
STI (P>~_l_~_ip_2+ for p<xQ (84)
T3 T Isr T P=
70| @
z_17+?+... for p> Q. (89)
For the new HHTL,
. 1 [2p* 4p*
811, (P) zé <§@_§Q4 +...| forpxO, (86)

z% <sign(Q)g—%+ ) for p> Q, (87)

2
ST, (P) N% <1 —%%—i— . ) for p < Q, (88)
2
zsign(Q);;<1—Q2+. > forp>0Q.  (89)

For soft O ~ gT, we can compute the coefficients at
O = 0, which gives

T C
() ><4(0) = mpPet, iy = ¢N (_ ' _>’

where my, is the usual Debye mass for static electric fields,
generalized to C # 0. The mass scale associated with the
auxiliary massive field is

_ gzNCT fpah.cd‘

~3 \ab,cd 0’0 —
(5 <4(0,0) = =2

o1

There is no simple understanding for rhgl, which has

dimensions of mass cubed (remember C has dimensions
of mass squared).

V. FREE ENERGY TO CUBIC ORDER

A. General expressions

At nonzero holonomy, the computation of the free
energy to ~1 [5,6] and ~g? [7-26,37,41,44] is straightfor-
ward. This is because the dominant momenta are on the
order of the temperature, and so these are well behaved for
any value of the holonomy.

At zero holonomy, there are infrared divergences from
the static modes, with p, = 0, which first appear at ~g*.
These infrared divergences are cut off by a nonzero value
for the Debye mass, and after resummation, generate a term
which is ~¢> (as computed first by Kapusta [81]). When the
holonomy is nonzero but soft, Q ~ g7, the holonomy is as
large as the Debye mass and a nontrivial function results.
The purpose of this section is to see under which conditions
the terms ~g° are well behaved as the holonomy vanishes.

Our purpose is to see if the cubic term in the free energy
behaves smoothly as Q — 0, and so we consider only the
contribution from a single mode with holonomy Q. This is
the contribution of off-diagonal gluons to the free energy
for two colors. The generalization to a higher number of
colors is immediate, and so we suppress the color indices.
We comment that the result will be proportional to the
Debye mass cubed, and so survives as the number of colors
N — 0. We also concentrate on the contribution only from
the terms involving the Debye mass, ~0I1*, and comment
later on that from the new piece from the auxiliary massive
mode, ~SIT#.

The free energy to ~g° is gauge invariant because the
HHTL is transverse in the external momentum; Eq. (47)
and (56). We choose to work in Feynman gauge.

The contribution from transverse gluons is
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F5(Q/m )—Ti/cp—p log (( 2+ p? —m}éIl
g p) = 2ny 108 po+ Q)* + p° —mpdll(po + O, p))

n——00

—log ((po+ Q)* + p*) +

where m,z) is that of Eq. (90). The overall coefficient is one,
from two transverse modes times 1/2 for a bosonic field. In
covariant gauges, the four gluon modes minus two ghosts,
times 1/2, again gives one.

To obtain a term ~g°, it is necessary to first subtract the
terms which arise at lower order. There are two such
terms. The first arises at one-loop order, ~1, which is the
second term on the right-hand side of Eq. (92),
~trlog((po + Q)* + p?). Next is the term at two-loop
order, ~m?38I1, ~ g%, which is the last term in Eq. (92).

The term ~g> arises from the static mode of the inverse
propagator, taking po = 0 in Eq. (92), and thus is

3 2
F5(Q/mp) = T/éTP;3 <log (1 —szTDpz(SHn(Q, p))

mp
+Q2széntr(va)>' (93)

For the longitudinal propagator the time and spatial
components of the propagators mix. For simplicity, assume
that p' is along the z direction. Anticipating our results, we
work in the static limit, p, = 0. The inverse propagator is a
two by two matrix,

Al (QZ + p* = mpoll,

m2D6ng Q/p )
mgénlg Q/p

Q* + p* — mpol1, Q% / p*
(94)

The determinant of this matrix is
1 2 2\2 m%)
detA™' = (Q + P ) 1- Fénlg . (95)

Consequently, the contribution of the longitudinal modes to
the free energy at cubic order is

2
fgg(Q/mD) - .7-"13g(0) wﬂ/dpﬁ(

272

(po+ Q)* + p?

2
mp

5Tl (po + . ,,)>, (92)

[
3

F3(Q/mp) =T / (‘;,f;a <10g (1 - ";—Z’mlg(Q’ P>)

mp
+?5H1g(Q7P)>- (96)

The functions in Egs. (93) and (96) are ~Tm?) times a
dimensionless function of Q/my. The integrals are well
defined and convergent in both the ultraviolet and infrared
limits, and so can be determined numerically. First we
determine their values in the limit of small and large
holonomy.

B. Limits

For zero holonomy, using the integral

A“’ dp(p2log (1 +§) - 1) =-3 O

we find the standard result [81],

1
FE0) = - —m}T.

- FU0)=0.  (98)

We begin with small holonomy, where Q <« mp. The
dominant momenta are then

0 < p<mp. (99)

That is, and somewhat counterintuitively, in order to obtain
the behavior for small Q, we need the behavior of the self-
energies in the limit of large spatial momentum, p > Q.
Thus the usual result for the Debye mass squared at zero
holonomy is given by 6I1;, ~ —1 at large p, Eq. (83), which
gives Eq. (98).

To compute corrections to this result, we need to expand
oIy, in Eq. (83) to linear order in Q. Substituting this into
Eq. (96), to ~Q

mON(1 1
2p ) \p* p*+m}

2T
~ D 0 <10g (m
4r

")+ 0(1) +0(¢") for 0 <y

(100)
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This is valid for Q <« g7, and so overall is ~m%)QT <
¢°T* in magnitude.

For the transverse modes, the self-energy at high
momentum is given by Eq. (85). Because this vanishes
at high momentum, the terms of ~Q are given by expand-
ing the self-energy to linear order, and cancel identically.
There are contributions from the transverse modes to ~Q?.

For large holonomy, Q > myp, consider first the con-
tribution of the transverse modes. Because the transverse
self-energy oIl in Eq. (92) is accompanied by a factor of
1/(Q? + p?), for large Q we can expand to quadratic order
in 61,/ (Q* + p?). This factor of 1/(Q? + p?) ensures that
the dominant momenta for the transverse free energy are
mp <K p < O, and so we can expand the transverse self-
energy for small momenta, Eq. (84). We only need the
leading term, 811, (p/Q) ~ —1/3, which gives

FE(Q/mp) %5 / arp® <‘l> <Q21+p g )3m]2)>2

(101)

for Q > my.

We comment that the limit of small p < Q corresponds
to the limit of nonzero frequency and zero spatial momen-
tum at zero holonomy. This explains why the leading term
in Eq. (84) is 1/3 the value in Eq. (83), as the trace of the
gluon self-energy, I1"#(0,0), is the same for the two
possible limits: either first setting p, = 0 and then taking
p — 0 or, setting p =0, and then taking @ — O after
analytic continuation to p, = iw.

For the longitudinal modes the analysis is slightly more
subtle. In this case, the longitudinal self-energy is multi-
plied by 1/p?% not 1/(Q? 4 p?), as for the transverse case.
For large O, we can still expand to quadratic order in

5ng/p2:

T 1
flsg(Q/mD) “ﬁ/dppz <—5>

2 2
X (%ﬁ]lg(Q,p)) + ... for Q> myp.
(102)

In this expression the Debye mass only enters through an
overall factor of ~mj},, leaving an integral,

T 1
FE(Q/mp) ~ ’ZD T (0Thy(0.p)
4
—gé)aog(z) —1) for Q> mp. (103)

The dominant momenta in the integral are p ~ Q and so we
need the complete expression for &I, in Eq. (79).
Nevertheless, the coefficient of the term ~1/Q is just an

integral over the longitudinal self-energy, which can be
done exactly.

That the contributions at large holonomy vanish as
~1/Q for the both the transverse and longitudinal modes
is hardly surprising. There are no infrared divergences
when Q is large, and so the contributions in both Egs. (101)
and (103) are simple to determine, given directly by
expanding the expression for the free energy to quadratic
order in the oIT’s. As such, they are just part of the usual,
perturbative contribution to the free energy, with terms
~m$, just part of those ~g*, at three-loop order.

Having derived the results for two-dimensional ghosts, it
is immediate to include the results for an auxiliary massive
field. Consider the form of the longitudinal self-energy at
large momenta, which we argued above is relevant for
small Q, Eq. (100). For p > Q, the total longitudinal self-
energy for a massive auxiliary field is

T .
— (mp0 + m3) + ...

2 (104)

~ 2
Htotal;lg ~mp —

As p — oo, this equals the Debye mass squared, as
expected. However, consider the behavior of the leading
correction, when both p and Q are soft, ~g7. Then the first
term is m%Q/p ~ ¢°T?, which is of the same order as the
leading term. However, the second term is /3,/p ~
¢*CT/p ~gC when the spatial momentum is soft,
p ~ gT. This violates the usual power counting of HTLs,
where the self-energy is as large as the terms at tree level.
For example, the correction to the free energy in Eq. (100)
becomes

T
Q) - 750~ tog ("2 ) mh0 -+ 1)

+... for Q < mp. (105)
Thus, the correction to the free energy from the longitudinal
mode does not vanish smoothly as Q — 0 when i, # 0.

C. Qualifications

Clearly we have only computed part of the free energy to
~¢g*. In particular, any boson field which is originally
massless will acquire a thermal mass squared ~g>T?; the
associated mode with zero energy, p, = 0, then contributes
to the free energy at ~g>. Why, then, do we concentrate
only upon the gluon contribution? The example of massless
quarks at nonzero holonomy shows that their contribution
has no anomalous terms as arise for gluons [30], and surely
the same is true for additional scalar fields. Uniquely, the
only place where the one-point function enters is for the
gluon self-energy—as a measure of the total color current.
Consequently, we expect that it is only for gluon fields that
there is a problem with the self-energy as Q — 0. This
problem is not special to the hard thermal loop limit for
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Euclidean momenta. If one analytically continues the self-
energies to Minkowski momenta, p, — iw for soft w ~ gT,
the new HHTL 6SI1 has terms ~gT2, instead of the
expected ~g*T?.

Our effective theories are manifestly incomplete. For
either the theory with auxiliary massive fields, or embedded
two-dimensional fields, the self-energies of their additional
fields are gauge variant. This is easiest to see for the latter.
The thermal mass of a scalar field is due to two contribu-
tions; from a tadpole diagram, involving a gluon loop, and a
second diagram, with a discontinuity from a virtual scalar-
gluon intermediate state. In four dimensions, each diagram
has a piece which depends upon the gauge-fixing param-
eter, and they cancel between the two. For the effective two-
dimensional theory, however, the tadpole diagram is
unchanged, as it only involves a gluon loop, while for
the second diagram the momentum for the scalar is
modified, and so the cancellation fails. Thus there are
additional contributions to ensure that the total free energy
is gauge invariant. For the reasons discussed above,
however, we do not expect this to change the behavior
as the holonomy Q — 0.

We also acknowledge that the favored solution of two-
dimensional ghosts was computed only in the limit when
T > \/C ~ T.. This was done to ease the computation, and
to limit the terms which arise in the potential only as the
second Bernoulli polynomial, B, in Egs. (2) and (14).
Nevertheless, in future work we intend to apply this to
compute the properties of the theory near 7. We admit this
is done simply to have a well defined approximation in
which we can consistently compute.

VI. CONCLUSIONS

As discussed in the Introduction, to avoid an unwanted
first-order phase transition in the deconfined phase, the
quark-gluon plasma must always be holonomous at any
finite temperature [34,48]. The simplest way to do this is if
effective fields generate the second Bernoulli polynomial,
as that is linear in the holonomy for small values, Eq. (2).

We investigated two ways of generating such a term:
through auxiliary massive fields, and the isotropic embed-
ding of two-dimensional fields into four dimensions. In
each case, the computation of the gluon self-energy is well
defined. We computed the behavior when the spatial
momenta and the holonomy are both soft, ~g7. The
self-energy for auxiliary massive fields acquires a new
term whose behavior is ~g?T3/p, where p ~ gT is a soft
momentum. This term is not ~g>T2, as expected for a
consistent effective theory, but is ~g7>.

This term does not arise for the two-dimensional ghosts.
Indeed, computing with these two dimensional fields is
extremely simple; one uses the usual holonomous hard
thermal loops, but with a propagator whose Debye mass
squared includes the effect of the ghosts, Eq. (90). It is very
direct to compute with this effective propagator. Previously,
we computed the shear viscosity in Refs. [29,32]. This used
a HHTL propagator, where the term from the equations of
motion, ~K-cdsTH (Pab)| Egs. (46), (59), and (60), was
simply dropped by hand. The present models demonstrate
that this is consistent. Notably, the shear viscosity does
decrease as T — T, due to the decrease in the effective
number of degrees of freedom as one approaches the
confined phase [29,32].

Thus, improving this result is simply a matter of using
the Debye mass squared of Eq. (90). In particular, comput-
ing the ratio of the bulk to the shear viscosity is straightfor-
ward. As a ratio, this should be less sensitive to the various
limitations of our approximations. This computation will be
presented separately [50].

These calculations are clearly of use for phenomenology.
We conclude by noting a point of principle. We argue that
the quark-gluon plasma is always holonomous, so that over
large distances, the self-energy of the longitudinal fields are
unscreened. This can be seen from Eq. (82), which vanishes
as ~p?/Q?. Taken at face value, then, it appears as if static
electric fields are not screened over large distances. Since
this distance is 1/Q ~ T/T?, this may be a very large
distance indeed, and extremely difficult to measure through
numerical simulations on the lattice. Certainly, it is neces-
sary to look at the T-odd part of Polyakov loops, such as the
imaginary part for three or more colors, as noted by Arnold
and Yaffe [82]. While suggested by the perturbative
analysis, however, we suggest that nonperturbative effects
may generate a finite correlation for static electric fields at
nonzero holonomy, by interacting with the dynamics
responsible for the holonomy in the first place. This is
speculative, but it demonstrates that careful analysis of
correlation lengths even in the static Euclidean theory may
yield insight into both the perturbative and nonperturbative
effects in a holonomous quark-gluon plasma.
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