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Padé-related resummations of the pressure of quark-gluon plasma by approximate inclusion of

g% terms
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We perform various resummations of the hot QCD pressure based on the actual knowledge of the
perturbation series which includes the ~g%In(1/g,) and part of the ~g® terms. Resummations are
performed separately for the short- and long-distance parts. The ~g® term of the short-distance
pressure is estimated on the basis of the known UV cutoff dependence of the long-distance part. The
resummations are of the Padé and Borel-Padé type, using in addition the (Padé)resummed expression
for the squared Debye screening mass m% and, in some cases, even for the electrostatic QCD coupling
parameter gz. The resummed results depend weakly on the yet unknown ~g% terms and on the short-
range renormalization scale, at all temperatures. The dependence on the long-range renormalization
scale is appreciable at low temperatures 7 < 1 GeV. The resulting dependence of pressure on tempera-

ture T is compatible with the results of the lattice calculations at low 7.
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L. INTRODUCTION AND DESCRIPTION OF THE
APPROACH

Today we have at our disposal a well-elaborated tech-
nique for perturbatively treating field theory at finite
temperature and/or chemical potential [1]. This formal-
ism goes far beyond the ordinary (7 = 0) perturbation
theory insofar as a correct treatment of infrared diver-
gences (specifically those which are connected with T #
0) requires partial resummation of infinitely many spe-
cific diagrams. This implies—among other things—that
the infrared convergent perturbative expressions come
out as a series in g, (the fundamental coupling constant)
rather than in g2 [or a = g2/(47)].

During the past decade, several physical quantities, the
most prominent example being the free energy density F
of the quark-gluon plasma, have been calculated within
this formalism up to @O(g3) [2,3] and (partially) even to
0(g?%) [4,5] Disappointingly, in spite of the relatively high
orders available, the results are of very limited applica-
bility even at very high temperatures (7 = 1 TeV) where
g, certainly becomes small. In fact, if successive terms in
the perturbative series are added, the corresponding trun-
cated sum changes dramatically, jumping up and down.
Furthermore, the unphysical dependence on the renormal-
ization scale is strong and seems to become even stronger
with increasing order (the renormalization scale in MS
scheme will be denoted as 7, and in a general scheme as
). Both effects considerably reduce the reliability of the
perturbative results for representing physical quantities
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and have therefore been the object of intensive theoretical
studies.

Ways out of the convergence dilemma are in general
looked for by either performing some clever resumma-
tions or by reorganizing perturbation theory in some way
(actually, in some cases, this amounts to the same thing)
[1]. Several specific approaches have been applied up
to now. Among them are quasiparticle models [6],
@-derivable approximations [7], screened [8] or opti-
mized [9] perturbation theory, and hard thermal loop
perturbation theory [10].

Within the present paper, we concentrate mainly on the
question of renormalization scale (RS ) dependence of
the resummed results, in MS scheme, as well as on the
dependence of the results on the yet unknown part of the
g% term in truncated perturbation series. The resumma-
tion approaches mentioned above do have some residual
renormalization scale dependence. Furthermore, the con-
ventional choice for the RS w at finite 7 (& = 27 T) is not
natural since different energy scales get involved in all
calculations (see later).

In order to improve this situation, we replace the (par-
tially resummed) perturbation series by approximants
which are more stable under the variation of . The
Padé approximants (PAs) [11-14] and other Padé-related
resummations, such as Borel-Padé (BPAs) [15] and modi-
fied Baker-Gammel approximants (mBGAs) [16,17], are
known in general to reduce the unphysical & dependence
significantly (mBGAs even entirely). Usually these ap-
proximants are applied to a given truncated perturbation
series (TPS) of a given order, and they fulfill in addition
the “minimal” requirement: Upon reexpanding them in
powers of the coupling parameter, they reproduce the
TPS to the given order. In this sense they are sometimes
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considered to be some sort of mathematical artifice with-
out any deeper physical motivation. This opinion is delu-
sive, however, because of several reasons:

(1) The basis of all field theoretic approaches is
the path integral expression for the generat-
ing functional which has to be attributed a specific
mathematical meaning. In ordinary perturba-
tion theory this is achieved by Taylor expanding
the corresponding exponential of the interaction
Lagrangian leading to the well-known power se-
ries. But this is by no means better or more natural
than by approximating it in terms of other approx-
imants (e.g., Padé)—we are only less used to it. In
some sense Padé or Padé-related sequences seem
even more adapted than power series since they
allow for (pole) singularities, and we know that
most physical amplitudes do include singularities.

(2) The asymptotically divergent nature of the expan-
sion in powers of the coupling parameters repre-
sents a practical problem concerning the actual
evaluation, and calls for, among other things,
nonperturbative information in order to fix the
renormalon ambiguities and to produce unique
predictions. On the other hand, due to the generally
better convergence of Padé and Padé-related ap-
proximants, one hopes that the convergence of the
corresponding sequence of the (Padé)resummed
TPS’s will improve and that it would converge to
a specific prediction. The Padé sequence, in fact,
with increasing order shows convergence under
rather general conditions even when the corre-
sponding TPS is (asymptotically) divergent [11].

(3) It can be shown that PAs (and mBGAs) can be
represented by weighted averages of running cou-
pling parameter (one-loop running in the case of
PA, exact running in the case of mBGA) at specific
values of reference momenta [13,18], and are thus a
realization of the fact that each physical quantity in
field theory is characterized by specific values of
the momentum flow. In this sense they represent
different approximations to the Neubert’s formal-
ism [19] of renormalization improved perturbation
theory.

From the diagrammatic point of view, PA and Padé-
related methods represent a resummation of those
(infinitely many) diagrams which—when added—ap-
proximately (or exactly) cancel the 7t dependence of the
given quantity.

PA’s, BPA's, and mBGA’s have been applied to TPS for
several QCD or QED quantities at zero temperature (see,
for example, Refs. [14,15,17]) and have often led to
significant improvement of the RS-dependence problem.
Recently, same types of approximation have also been
used for similar purposes in finite temperature gauge
theory: PAs in Refs. [20,21]; somewhat related Borel
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methods in Refs. [22], by discerning some information
on renormalons (for renormalon properties in ¢* theory
at finite T, see Ref. [23]). The first PA resummations at
finite T [20] consisted in simply replacing the available
power series (in powers of g,) for the entire QCD free
energy by various PAs. Although the results demonstrate
aweakened  dependence, we regard some aspects of this
approach as problematic. Our reservation is due to the
simple observation that two ingredients—(a) the infrared
stable TPS of thermal field theory, and (b) the
Padé(related) approximations applied to this TPS—imply
resummation of infinitely many terms. The correspond-
ing classes of diagrams are, however, neither equivalent
nor disjunct. Therefore, care has to be taken to avoid
double counting and to disentangle the various
resummations.

Recently, we have developed a formalism to consis-
tently treat this problem [21]. The procedure is the follow-
ing: Consider some physical quantity and its TPS (to a
given order) in thermal field theory. We specifically have
in mind the static pressure pocp of the QCD plasma, i.e.,
the negative of the free energy density Fcp. It is con-
nected to the partition function Z by the relation

. T
Pocp = —Foep = \}I_IEOV InZ, (D

z= f .’DA;‘LfDlprlﬁexp<— / YT 4 f d3x£QCD>, )
0

where Lcp is the (Euclidean) QCD-Lagrangian density,
T is the temperature, V is the three-dimensional volume,
and the renormalization convention pocp(7T = 0) = 0 is
taken; g, is the QCD gauge coupling parameter. The
corresponding TPS has the generic structure

P = Pideal Co + Cag% + C383 + Cygt + Csg3
+ Cogl + -+ -], (3)

where the coefficients C; may include contributions of
order Ing,. The terms proportional to odd powers of g
[or, equivalently, fractional powers of a = g2/(47>)] are
exclusively due to resummation of specific (ring, or daisy)
diagrams, but the latter also contribute to terms propor-
tional to even powers of g,. Clearly g, and the coefficients
C; depend on the chosen renormalization scheme and, in
particular, on the renormalization scale w (o T).
Because of the asymptotic freedom we expect that g,
becomes sufficiently small at large temperature 7. In
the following, we concentrate on such a large-T situation.

The first step needed for the application of the formal-
ism of Ref. [21] is the separation in Eq. (3) of the purely
perturbative part from the contributions stemming from
the (ring)resummations. This can be done in an unambig-
uous and consistent way, since the resummation terms
represent exclusively the contributions of the (bosonic)
zero modes to the considered physical quantity. Note in
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this respect that resummation is needed purely for taming
the finite-7T infrared divergences, and only the infrared
parts of the higher order diagrams contribute to the
(finite) order terms. Therefore, the identification of the
contributions from the zero modes (long-range contribu-
tions) is needed. This can be achieved either by integrat-
ing out directly the high momentum regime or, more
elegantly, by utilizing the effective field formalism
[3,24] based on dimensional reduction method
Refs. [3,24-26]. The idea behind this is that (at high
enough temperature, with g, sufficiently small) the
four-dimensional thermal QCD at length scales =
1/(g,T) is equivalent to an effective three-dimensional
field theory of (static) boson fields. This effective theory
represents the physics of the zero bosonic modes and thus
reproduces all static correlations of the original QCD at
the aforementioned distances. Consequently, the contri-
bution of the zero modes to the partition functions or to
the pressure can be calculated by means of the effective
theory. Within QCD the long-distance part can be further
subdivided corresponding to the two regimes R ~
1/(g,T) (determined by color-electric screening) and R =
1/(g2T) (color-magnetic screening). Denoting the corre-
sponding contributions to p (or F) by the subscripts M
and G, respectively, the final decomposition correspond-
ing to the three energy regions is

p="pret vt pe “
Here, pg denotes the short-distance, and py + pg =
Pm+c the zero-mode long-distance contribution.

Now comes one of the main points of the formalism of
Ref. [21]: Having the separation (4) of the pressure into pg
and py+g, We can argue that both are separately physical
quantities, and thus both, when calculated to all orders,
are separately z independent. The reason for it is shown
by the following indirect argument: Consider any (static)
two-point correlator within the given field theory. It is a
measurable quantity and so is its long-range behavior. But
the latter is determined solely by the exchange of zero
modes [note that the exchange of a mode with frequency
w, contributes a term to the correlator which vanishes
like exp(—|w,|R) at R — oo; thus the only surviving
contribution at large distances is the one with wy = 0].
Thus, the contribution of w to each correlator is mea-
surable (and therefore = independent) once we have fixed,
by convention, the minimal value R;, of what we con-
sider large distances (or factorization scale Ag ~ 1/R i)
Since these correlators are derived from the partition
function Z by means of functional derivatives, even the
zero-mode contribution to Z, and thus also to p, is @
independent (physical). Consequently, the remaining part
of the measurable pressure—the short-range contribution
pg represented by the ordinary perturbative terms—must
also be & independent. The RS independence of both
parts separately has been demonstrated analytically in
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Ref. [21] by using the known perturbation series (up to
order g°).

The separation and the 7z independence of the separate
terms allows a more consistent application of Padé and
Padé-related approximations: They are applied to TPS’s
of each quantity pg and py.g separately.” We can illus-
trate the importance of using separate approximations
with a simple example—the Padé resummation of a
quantity S = (§; + S,), where S| and S, are separately
physical quantities, each of them available as power series
of a up to next-to-leading order (NLO):

G=1L2. (&

When we apply to the TPS of the sum S a PA, say [1/1] X
(a), and then expand this back in powers of the coupling
a, we obtain

Sj = a(l + r(j)a) + (9((13)

SU/M = 24[1 — %(r(l) + r(z))a]_l
= 2a[l + %(r(]) + rp)a + %(r(zl) + r(zz)

+ 2}’(1)1"(2))[12] + (9(614). (6)

The coefficient at ~a> here has a term 2ruyr)- Therefore,
the Padé-resummed S contains mixing effects at ~a?,
i.e., an interference effect between the two amplitudes for
the physical observables S| and S,. This is not acceptable,
because S is the (incoherent) sum of S; and S,. Therefore,
the PA should not be applied to the entire sum S, but
separately to S; and S,. This argument holds also when
different PA’s or Padé-related resummations are applied,
and when the order of the TPS is higher.

One of the consequences of the separate treatment of
pr and py. g is that the natural renormalization scale
used in these two quantities should be of the order of the
energy of the modes contributing to them: & ~ 27T in
pe, and o =< g, T in pyig.

Within the present paper we will apply Padé (PA) and
Borel-Padé approximants (BPAs) to the evaluation of
pPocp- The modified Baker-Gammel approximants
(mBGAYs), which are & independent [16] or even renor-
malization scheme independent [17], are technically
more involved. An analysis with mBGA's, which at least
could serve as some kind of quality control of the general
procedure, will be presented elsewhere. On the other
hand, BPAs are also applied here and they represent an
extension of the Padé analysis: PAs are applied to the
corresponding TPS’s of the Borel transforms, and then the
resummed quantity is obtained by Borel integration. This
procedure gets its motivation from the hope that the Borel
summation might defuse the notorious divergence prob-
lem of perturbation theory, as well as from the fact that
the power expansion of the Borel transform has signifi-

'Since only little information is available about pg, we will
find it more convenient to apply Padé(related) resummations to
Pm+c and not separately to py and pg.
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cantly better convergence properties than the original
series and is thus more amenable to the Padé-type
resummations.

One technical remark should be added here —the sepa-
ration of the energy range into a high- and a low-energy
region requires introduction of a factorization scale Ag
which defines a boundary between the two: 27T > Ay >
g,T. Consequently, the two contributions separated in the
described way acquire an artificial dependence on Ag,
although the sum of the two terms pg + pym+g has to
be Ag independent. Similarly, for the individual terms
pg and pyig to have physical meaning themselves, the
factorization scale should be suitably chosen. Technically
this means that the approximants for pg and pyig.,
although independent of each other, should be chosen
such that the Ay dependence is minimized.

In our previous paper [21], we applied this procedure to
calculation of the free energy (pressure) both in QCD
with n; (massless) quarks and in a ¢* theory. At that time
the relevant TPS’s had been calculated only up to terms of
order g with the following implications for the pertur-
bative structure of the relevant contributions: The short-
distance term Fg ( = pg) is determined perturbatively up
to NLO [in a = a(g) = ¢X(&)/2m)*]:

Fg/Figens = P/ Pidens = 1 — B(ns)Fg, @)

FE = a{l + CE(nf: AE’ ﬁ)a}r (8)

and so is the electric (Debye) screening mass mg

1 1
477272 (1 + nf/6)m

m = & = a{l + Cyu(ny, @al. (9)
The long-distance part was a power series in g, [ =
8s(7)] up to order g;

2 .
Fy=—pu= _ET’"]}EPM’ (10)

Pv=1+Cui(ng, Ag, m)gs + Cyn(ng)gs. (11)

We refer to Ref. [21] for compilation of explicit expres-
sions for B, Cg, Cy, Cypps Cayp. These are rather short
power series and they allow construction of only low
order Padé approximants, e.g., PA [1/1](a) for Fg and
m?, and PA [0/2](g,) for py. In addition, the TPS for py
( = —Fyy) is very strongly divergent, and the TPS’s for F
and for /% are divergent to a somewhat lesser extent.
Therefore, resummation results based on these TPS’s
should be taken with care. Nevertheless, the application
of these low order approximants yielded results which
were fairly stable under the variation of 7, although—at
low temperatures T < 10 GeV—they deviated substan-
tially from the lattice results [27-29].

In such a situation, an additional order in the perturba-
tion series (i.e., terms of order g®) is much more than an
additional tiny correction, but constitutes a significant
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enlargement of the basis for Padé approximations, since
it adds additionally both to Fg and Fy; and (for the first
time nonvanishingly) to Fg. Therefore, the calculation of
the ~g%1n(1/g,) contribution to the long-range part of
the pressure published in Ref. [4] is extremely gratifying,
The full O(g®) contribution cannot be achieved perturba-
tively because of the well-known breakdown of perturba-
tion theory due to incurable infrared divergences
occurring at this order [30,31]. What can be evaluated is
the coefficient of the logarithmic ultraviolet divergence
contained in Fg, because of the super-renormalizability
of the corresponding effective three-dimensional field
theory; and this is exactly the coefficient of the
O[g®1In(1/g,)] term in Fg. The term purely proportional
to g% remains unspecified and has to be treated as a free
parameter unless information from nonperturbative
methods (e.g., lattice calculations) is inferred.

Within the present paper we will utilize the new results
[4] on the perturbation expansion of the QCD pressure as
much as possible in order to find approximants which are
reasonably stable under RS variation. This gives us the
freedom of using higher order Padé or Borel-Padé approx-
imants and thus treating the long-range part pyig (=
—Fym+g) in a more reliable way. Unfortunately, the full
four-loop contribution to the short-range part pg (=
—Fg), which is in principle perfectly calculable within
ordinary perturbation theory and would yield O(a?) cor-
rection to Eq. (8), is not yet available. Therefore, we have
no direct basis for improving the approximants to pg.
Nevertheless, we can obtain some restricted information
about the O(g®) terms in pg from the requirement that pg
be w independent and (pg + puma+g) be Ag independent. A
constant (- and Ag-independent) term in the coefficient
at O(g®) in pg still remains unspecified, but its value can
roughly be estimated. The new results of Ref. [4] also
allow a better approximation to the parameter g2 of the
effective theory, which further improves the resulting
predictions.

In Sec. II we describe the separation of the QCD
pressure into contributions stemming from different en-
ergy regions and specify the known corresponding effec-
tive Lagrangians. We then present the available
perturbation expansion of the long- and the short-range
contributions and work out the effects of the factorization
scales Ag and Ay, (which have not been explicitly disen-
tangled in Ref. [4] because of their simplified treatment of
the RS dependence). In Sec. I11, the short-distance and the
long-distance parts of the pressure are resummed sepa-
rately by Padé and/or Borel-Padé approximants, and the
selection of approximants is narrowed down by requiring
weak residual 7 dependence of pg and of pyig, and
weak Ag dependence of (pg + pmig). In Sec. TV, the
resummed results as a function of temperature 7' are
presented, as well as arguments for narrowing down
further the selection of acceptable approximants. In
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Sec. V, results of TPS evaluations as a function of T are
presented, for comparison. In Sec. VI, our results are
compared with the predictions obtained within other
approaches, in particular, with lattice results (which are
available only for rather low temperatures), and finish
with some concluding remarks. A short compilation of
the Padé and Borel-Padé approximants is given in the
appendix.

IL. PERTURBATION EXPANSION OF LONG- AND
SHORT-DISTANCE PRESSURE

The basic information about the physics of a quark-
gluon system in thermal equilibrium at temperature 7 is
contained in the expression for the pressure pocp(7) or,
equivalently, the free energy density Focp(T). In d + 1
dimensions (d = 3 — 2¢) this is given by Egs. (1) and (2),
with dx replaced by d“x. Boundary conditions over the
finite time 7 direction are periodic for bosons and anti-
periodic for fermions.

When the temperature T is above the masses m, of
active quarks, and the QCD gauge coupling g, is small
enough, there are three physically different scales in-
volved: ~2#T, ~g,T, and ~g2T. The last two corre-
spond to the color-electric and color-magnetic
screening, respectively. The decomposition (4) poep =
pe + pm T pg reflects the contributions from the afore-
mentioned three energy regimes: pg are contributions
from the modes with energies in the interval [Ag, co],
pm from those in [Ay, Agl, pg from those in [0, Ay,
where the factorization scales Ag and Ay, define the
borders between the three energy regimes:

22T < Ay < g,T < Ag <27T. (12)

The long-distance part py + pg = pm+g 1s due to the
bosonic zero (Matsubara) frequency mode, whereas pg
contains all higher modes. For calculating the different
parts analytically, one most conveniently uses the method
of effective Lagrangians [3,24,32] based on the dimen-
sional reduction method [3,24—26]: Whereas the high-
energy regime behavior, which is responsible for pg, is
determined by the original (d + 1)-dimensional QCD-
Lagrangian, the low-energy regime behavior, responsible
for pym+g, can be represented by a d-dimensional effective
bosonic theory called electrostatic QCD (EQCD), such
that

T
pQCD - pE + ‘—/ lnf DA?DAS eXp(- fddXLEQCD>,

(13)

Leoep = STeF?, + TiD;, AP + m3TrA] + AL (TrA3)?

+ APTrAd + -,

F;; = (i/gp)lD;, D],

(14)

where i=1...,d; D; =
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d; — iggA;. The notation A, = A%T* is used, with T*
being the Hermitian generators of SU(3) normalized to
TrTeT? = (1/2)6%.

The four parameters of the effective theory are the
Debye screening mass mg ( ~ g,T), the coupling parame-
ters g2 ( ~ g27T), and AV, A? ( ~ g4T) (the latter two are
not independent if d = 3). These and the hard scale
pressure pp (~ T*) are obtained by the well-known
matching procedure: The parameters as functions of
g5 T (and the UV cutoff Ag of Lgocp) must be tuned in
such a way that the effective theory reproduces the physi-
cal effects of the full theory at large distances. The dots in
Eq. (14) stand for higher dimensional effective interaction
terms which yield corrections 8p ~ g/T* and are thus
neglected here.

Because of the separate screening of the color-electric
(mg ~ g,T) and the color-magnetic (my ~ g2T) degrees
of freedom within QCD, the above EQCD action can be
further decomposed into two parts corresponding to two
physically different energy scales. The color-electric
scales (~g,T) are separated by integrating out A,

gln/ DAYDAG exp(— fddeEQCD>

= pu(T) + pg(T), (16)

where

Lvoep = 3TrF5 + -+ (17)

represents the Lagrangian density for magnetostatic QCD
(MQCD)—the effective theory for the energy region
below Ay, typically energies ~g2T. Here F;; = (i/gym) X
There are two matching coefficients now: the long-
distance [ ~ 1/(g,T)] pressure py ( ~miT ~ g3T*) and
the coupling parameter g3; which is close to g% [33]:

gy = gill + O(gE/me)] = gi[1 + O(g)].  (18)

Now we will present the perturbation expansions for
px (X =E, M, G) on the basis of the results of Ref. [4].
The authors of Ref. [4] present each py/(Ti~2€) as® an
expansion in powers of the coupling parameters of the
respective effective theory. We note that they used dimen-
sional regularization in the MS scheme, thereby invoking
a common renormalization scale & for all px and for
other matching coefficients. Therefore, their results do not
contain explicitly the (physical) factorization scales Ag
and Ay, and contain the unphysical infinite terms o« 1/€
which cancel in the sum pocp = pe+m+g- We will obtain

2 = m(ee /4ar)'/2, where T is the renormalization scale in
the MS scheme.
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our basic formulas on the basis of their aforementioned
expansions by replacing in the logarithms of expansion
coefficients their renormalization scale & by the IR and/
or UV cutoffs of the respective effective theory,” and by
removing all the terms proportional to 1/e in each
px/(T2%€) and then taking € = 0 in each py. While
the aforementioned 1/e terms cancel in the sum
Peamsc/(TA7%€), the effect of the common factor
1/ 3¢ also disappears (i.e., reduces to one) in this sum
when € — 0. Which of the Inx terms in the coefficients
get replaced by logarithms of the UV scale and which by
those of the IR scale of the effective theory—this is
unambiguously determined by the requirement that the
entire pgim+g be independent of the factorization scales.
On the other hand, the aforementioned procedure to
eliminate first the 1/€ infinities from each py /(T i~ 2€)
and then replace € — 0 to obtain px/T is certainly not
unique. Other procedures would result in expansions for
px which differ from ours by certain constant numbers
(independent of scales) in some of the coefficients of the
expansion in powers of the coupling parameters of the
respective effective theory, this ambiguity being a mani-
festation of renormalization freedom. The overall sum
PE+M+c Would remain the same. We note that our proce-
dure leads to the decomposition of Ref. [3], at least to the
order available in that reference. Further, we checked that
the reexpansion in powers of QCD coupling parameter
g;(m) of each obtained px reproduces for the sum
PE+M+c the same expansion as the one obtained in
Ref. [4].
The expansion of pg starts at ~g$; ( ~ g%)

8 x 33 A
Teb 2"~ | 8asIn[—2) + 85 |, 19
e Rl G ] S

43 157
aGg=————T
G 96 6144

where the value (20) was obtained in [4] and my; = 3g12v[
(~ g2T). The coefficient 85 denotes a dimensionless
number which is not perturbatively calculable but is ex-
pected to be |85l ~ 1 (note that 8ag = 1.6). We will
allow the following, rather generous, variation of §5:

~ 0.195715, (20)

—5< 85 < +5. (21

We note that, according to the procedure mentioned be-
fore, the result (19) is obtained from the corresponding
result for pg(T)/(T i ~%€) of Ref. [4] by removing the term
1/e, replacing in the logarithm & by the UV cutoff Ay, of
MQCD, and then taking € — O.

3For pg (MQCD), the UV cutoff is Ay; for py (EQCD), the
IR cutoff is Ay, and the UV cutoff is Ag. For pg (QCD), the IR
cutoff is Ag, and the UV cutoff will be taken to be g (~
27T), i.e., the (MS) renormalization scale for g,(fy) appearing

in pg.
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The same procedure gives for py; the following expres-
sion:

pm(T) = Tmé(%){ +_32< >[ %_ <2mE>:|
+(4717)23 (g_EE> [T
+ (e ) [staw + a2

—Sagln(QE)+ﬁM}+i@&+---},

47 2  mg
(22)

The expression in the brackets containing aj; and ag is
obtained from the term 8ay In[/(2mg)] in the expan-
sion for py/(T i ~%€) of Ref. [4], by replacing 7 in part of
the logarithm by the corresponding UV cutoff Ay of
EQCD and in the rest of the logarithm by the IR cutoff
Ay in such a way as to guarantee that the sum pg + py is
independent of Ay;. For this, relation (18) for gy must be
inserted into expression (19):

) [roo (i) 2]

(23)

pg=Tm

In expression (22) for py;, the values of constants ay; and
Bwum have been obtained in Refs. [4,5], respectively,

43 491
2 2~ 0555017, 24
M7 61aa” (24)

Bm = —1.391512. (25)

The last term in expansion (22) is written in the con-
vention /\g) = 0 where /\g) is equal to [34]

A = Tgd(m) — 0 —np) + O(g5).  (26)

242

Here, n; is the number of active quark flavors. In
Ref. [35] a different convention is adopted yielding
A =Tghn /(43272 + O(g) and AP = Tgl(l -
nf/3)/(2477 ) + O(g%), but this then leads to the same
result for pyy.

Adding expressions (22) and (23), we obtain the sum
DPwm+g as expansion in powers of the EQCD parameters gg
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and mg:

37 1 gz 3

R + = 2( 5E e

> T (Pm + Pa) { 3( )[ 1
T

o <251EE>} * (%) BS %

DPm+c =

11 g2 A
+— 4 SE 2E
o 12]+ e () [ s
Ag
+8aGln< )+BM+5G:|
642 E

— 1)
+i@l\i+}

27
47 2 mg ( )

The other matching coefficients mg and gg can be
expanded in powers of QCD coupling g, = g,(&)
(cf. [4], with € — 0)

2 =721 + nf/e)gg{l 4 (%)Z[Pm(nf)

+28, ln<%>} + O(g} )} (25)
el o )]
+ O(g} )} >

where By = (11/4)(1 — 2n/33) is the first beta coeffi-
cient, and

(0.612377 — 0.488 0581, — 0.042797 9n]2c)
(30)

Pm(nf) =

Py(ny) = (—0.387623 — 0.423454n,). (31

The )\g) /myg term in expansion (27) can be written with
the help of the leading order relation (26) and relations
(28) and (29) in several ways; for example, in the follow-

oo L 32 1
Pm+c = ) Tm% Pm 14¢; 477_ (1+I’l /6)1/2[
6 1n2:|
+8aGln<
E
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ing two ways:

3 (=5 A 5 (9-ny Ry
47 2 m_E_ 47> (1 + ng/6)'/2 &s
+ 0(gd)], (32)

=m0t oo G ol G ]

(33)

The more conservative approach in the resummations
based on EQCD expansion (27) should be to resum sepa-
rately the expansion of terms which are powers of g2/mg

and the expansion of terms which are powers of )\g) /mg,
because the two expansions represent probably two topo-
logically different families of diagrams. The problem
with the latter expansion is that we know only the leading
term there, which is written in terms of the QCD coupling
parameter g,(z) in Eq. (32), and in terms of the first
EQCD coupling parameter gz/myg in Eq. (33). The latter
equation, in comparison to the former, represents some

kind of (EQCD)resummation of the AY)/my family of

terms. Since the parameters gZ/myg and )\E) /myg are both
of the effective EQCD theory, the expression (33) may be

considered as better, but less conservative. While A(l) /mg
should be independent of the renormalization scale n =
pmm (~ mg), we will later see that the leading order
EQCD expression (33) is significantly less uy; dependent
than the leading order QCD expression (32), especially
when the Padé resummations P[1/1][a(uy)] are applied
to expansions (28) and (29) for m2 and gz.

The coupling parameter gg and the Debye screening
mass mg are physical quantities, and thus they are inde-
pendent of the renormalization scale (). This indepen-
dence is reflected in the coefficients of expansions (28)
and (29) in the terms proportional to B, Ilng. Inserting
expansions (28) and (29) into series (27), and using rela-
tion (26), leads to an expansion for the sum py+g in
terms of the QED coupling g, = g.()

" ﬂ Tl 5 e

oy 0+ ni/6>1/2 Bk i <2mﬂ 1+ nf/6> [8law + “G““(z%l)
342 > +But BG:| - —(9 —ng)+ 12:301“(L>[_§— In (AE ﬂ} + 0(g3),

(34)

2aT)| 4 2my,
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where the constant K3 is

P 1
37120 +1,/6) n;/6)

- 7.08145n?-). (35)

————(—99.9089 — 35.1402n,

The dependence on the factorization scale A, in the
expansion (34) disappeared as it should. Further, the
quantity py+g 1S independent of the renormalization
scale 7, and this is reflected by the term proportional to
Bo Inix in the coefficient at g3 in Eq. (34).

We note that the only unknown dimensionless coeffi-
cient in (34) is 6 which, as argued before, is expected to
be |5G| ~ 1.

The knowledge of the expansion of the short-distance
pressure pg is less complete—this is an expansion in

PHYSICAL REVIEW D 70, 114016 (2004)

powers of g2, and it is known only up to ~g%
(cf. Ref. [3]). However, important parts of the coefficient
at g% in pg can be deduced from the requirement of &
independence of pg and of the Ag independence of
PeE+M+G (Ag is the factorization scale for the sum pg +
Pmag)- After some (tedious) algebra, we end up with the
following expansion of pg up to ~g°:

15 (1 +5n,/12)

pe(T) = pideal(T)[l - Rg‘“(T)} 36)

4 (1+ 21nf/32)
where
87 4 21
. B + =
pldeal(T) 45 T (1 32 ) (37)

RE(T) = < §W> {1 + < ) [260 < ﬁT> - 36(1( 1:52;?2) "

()]

B (14 n./6)
* 21“( )[5‘ 2B 5n,/12)

+ K3/6) + 18(ay + aG)) + 5E} + @(g?)},

and the parameter k was introduced such that the NLO
coefficient is made up of only two logarithmic terms
proportional to In(w/2#7T) and In(Ag/kT) as shown
above:

27 1 1
— | =—— (244.898 + 17.2419
n( p > 35 (0 5 1,/6) "

—0.415 029n]2c). (39)

For example, k = 1.0241, 1.479 22 for ny = 0, 3, respec-
tively. At order g° in expansion (38), only the dimension-
less number O is unknown—it is independent of the
energy scales and of their ratios, just like 6. We organ-
ized the coefficient at g® in Eq. (38) in the following way:
The 7-dependent terms are written in powers of
In(/27T); the IR cutoff (A )-dependent terms are writ-
ten in terms of In(Ag/kT), because this combination
absorbs all the In(z/2#%T)-independent terms in the co-
efficient at g* It is reasonable to expect that the
In(zt/27T)-independent terms at ~g8 would also be ab-
sorbed to a large degree by a quantity proportional to the
combination In(Ag/«T). That is why we expect the num-
ber 6g to be small. A conservative expectation would be
that |8g| is not larger than the In(Ag/«T) term there:

—1KOAp)| < 85 < +IKO(Ap)], (40)

where

()] Go) o)

36 Ag 1
5571 "er) (20 /OGP

(38)

36 A 1

(1 +5n,/12)
+18(ay + ag) — %(1 + nf/6)Pm(nf):|. @1)

While &g is independent of any scale, k(o) will have only
slight dependence on te erature T when we will take

Ag = 27Tmg(T) (~ gi/*T). This choice of Ag was
taken also in Ref. [21].

ITI. NUMERICAL ANALYSIS OF UNPHYSICAL
DEPENDENCE ON SCALES

Expansions (34) or (27) for pyig, and (36)—(38) for
PE, 1n conjunction with expansions (28) and (29) for m%
and g%, will form the basis of our numerical analysis. The
only unknown parameters are g and g which will be
allowed to vary in the intervals (21) and (40). The nu-
merical analysis will be performed in analogy with that
of our previous work [21]. There, expansion correspond-
ing to present Eq. (34) for py+g was applied but con-
tained only terms up to ~g2; expansion for RE™ of present
Eq. (38) contained only terms up to ~g%; and expansion
(29) only the leading term. The resummations in Ref. [21]
were performed with Padé approximants, or with simple
evaluation of the truncated perturbation series (TPS). In
the present work, the resummations will be performed
with Padé, Borel-Padé (cf. the appendix), or TPS.
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As argued in the introduction and in Ref. [21], the MS
renormalization scale  should be chosen accordingly in
different regimes for the resummation of the different
quantities (34), (38), (28), and (29). The scale regime for
& should be of the order of a typical physical scale that
corresponds to the quantity to be resummed. Therefore,
the renormalization scale & = ug in the short-distance
quantity (38) is ug ~ 27T. For the long-distance EQCD
quantities (28) and (29), the relevant scale is @& = u,,
such that w,, ~ mg ( ~ g,T). For the long-distance quan-
tity pm+g. Eqgs. (27) and (34), the relevant scale @ =
nma+c should be somewhere between ~g,T and g2T; we
will take it ~g,T, i.e., & = up ~ &,71. Unless otherwise
stated, we will take uy = u,, = mg(w,,). For the facto-
rization scale Ag we take, unless otherwise stated, the
geometric mean between the hard scale 27T and the
EQCD scale mp: A = [27Tmg]"/? (~ g¥/*T). For m
and gZ we will take, unless otherwise stated, the P[1/1] X
(a) Padé approximant (PA) with respect to a (cf. the
appendix), where a = a(@) = [g,(@)/27]* and the scale
o« (= p,,) is adjusted so that w = mg. We will see below
that P[1/1](a) is a very reasonable resummation for m.

Further, if not stated otherwise, we will take for the
number of active (and massless) quark flavors ny = 3. For
the QCD coupling parameter a,() = g2(@)/(4m) we
take the reference value a,(m2, MS) = 0.334 which is
approximately the value extracted from the hadronic 7
decay data [36,37]. We work in the MS scheme and use for
the B function P[2/3](a) Padé approximant (PA) (a =
ag/r), unless otherwise stated. This approximant, as
shown in Refs. [17], represents a reasonable (quasi)ana-
lytic continuation of the TPS of Byg(a) into the regime of
large a [with @ down to a,(u) = 1.0] where the TPS is
practically inapplicable.

First, the resummation of the expansion of the squared
Debye screening mass m3 (28) and of the EQCD coupling
parameter gz (29), respectively, are performed. Both
expansions are next-to-leading order (NLO) in a(u,,) =
lgs(m,n)/27)?. Therefore, the diagonal P[1/1](a) can be
constructed and should be a good candidate. Figures 1(a)
and 1(b) show the results, as a function of the renormal-
ization scale u,, ( ~ mg). The values of mg in Fig. 1(a) are
obtained by the corresponding resummation of expansion
(28) for m% and then taking the square root. In addition to
P[1/1]a(w,,)], also the effective charge method result
(ECH) [38—40], as well as the TPS results, are presented.
The ECH result is the NLO TPS at a specific value of the
renormalization scale, so it is automatically independent
of u,,. We see from Figs. 1(a) and 1(b) that PA’s P[1/1](a)
for m} and g& are very good approximations as they
almost eliminate w,, dependence contrary to the TPS
expressions which show (both for LO and NLO) a very
strong unphysical u dependence. This is in accordance
with Ref. [12] where it is argued that any diagonal
Pln/n][a(w)] of a QCD observable has significantly re-
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24 | . 1
(a) “LOTPS..
s 27
o]
S
m 1.8+
1S
16 f A
nf = 3
ol NLOTRS, T=1GeV )l
0 (1.9 GeV) = 0.321
1.2 L ‘ ‘ ‘ ‘
1 15 2 2.5 3 3.5 4
n, [GeV]
35 ' ' " ' |
CLOTPS
at (b)
25 [ A
we | T — PA[1/1]
[e))
ECH (const.)
2 =
. N = 3 4
NLO Tps T=1GeV
o, (1.9 GeV) = 0.321
1 N ‘ ‘ ‘
1 15 2 2.5 3 3.5 4
Hm [GeV]
FIG. 1. (a) The Debye screening mass mg, and (b) the EQCD

coupling parameter gz, as functions of the renormalization
scale u,,, when T = 1 GeV. The upper of the LO TPS (NLO
TPS) twin curves has a(u2) evolved by the one-loop (two-
loop) renormalization group equation (RGE) from a(m2). The
other curves have a(u2) evolved by the four-loop PA [2/3] beta
function.

duced p dependence, i.e., it is u independent in the

large- 8 limit.* As mentioned before, we will choose

the mass mg by the condition (m2)'/1 = u2 and we

will denote the square root of this value as mg»(T)
[m3(D)P/ = 2, = [m(T)P. (42)

At T =1GeV
0) 5
mg’ = 1.923 GeV.

(and  ny=3), this value is

“There exists an extension of the diagonal PA’s such that it is
completely u independent [16], or w and scheme independent
[17].

Figure 1(a) was presented in our previous work [21], but
there the curves are slightly lower (by about 0.02 GeV) due to
inadvertent omission of the factor (1 + n;/6)"! appearing in
our Eq. (30) for P,,. ‘
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In Fig. 2 we present the short-distance pressure pg as a
function of the respective renormalization scale up—
various resummed expressions based on the perturbation
series (36)—(38) in powers of a(ug) = [g,(ug)/27 ], for
T =1 GeV and 6g = 0. The naming of each resumma-
tion refers to the use of the corresponding approximant
for RE™ in pg of Eq. (36) as a function of a(ug) =
[g,(ug)/27]%. For example, P[2/1] means that we apply
to the perturbation series (38) in powers of a(ug) the
Padé approximant P[2/1][a(ug)]; BP[1/2] means that we
apply P[1/2] to the Borel transform of expansion (38) —
cf. the appendix. The range of wg is around 27T, i.e., the
order of the relevant physical modes contributing to pg.

Further, the IR cutoff Ag is taken fixed: Ag =
2aTm?(T)]'/2. The results are normalized by pigeq =
(872/45)(1 + 21ny/32), i.e., the expression for the pres-
sure when 7 — oo [cf. Eq. (36)]. From Fig. 2(a) we see

1.1 . — ' ' '
TPS .
P[] -weemeee
1.05 | NLO TPS ... s —
1k T=1GeV A
- A = 3.476 GeV
x o, (27T) =0.1945 (a)
o 095 r n=3, 8.=0 |
X -
o
09 | A
_.~"NNLO TPS
0.85 |
T LO.TRS -
0.8 R i . ‘ ‘ ‘ ‘
4 45 5 55 6 65 7 75 8
ug [GeV]

0.96 —— : : . — '

0.95 f |
= 0.94 - U J————— JU— ]
B4
ﬁ - (b)

Sy 093 |
Q
002 [ 1
BP[2/1] -
P[2/] oo
P[1/2]
0.91 P[1/1] ------- g
. . . . . BP[1/2] ——
4 45 5 55 6 65 7 75 8
ug [GeV]

FIG. 2. The short-distance pressure pg, at T =1 GeV, as a
function of the corresponding renormalization scale wgp—
various approximants are applied to the perturbation expansion
(38) in powers of a(ug) = [g,(up)/27)?, and &g = 0 was
taken. Part (b) has a finer vertical scale and includes some
approximants not shown in (a).
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that the TPS’s are not acceptable, due to too strong wg
dependence. For the same reason, as seen from Fig. 2(b),
the approximants P[1/2], P[2/1], and Borel-Padé
BP[2/1] are not acceptable. The only acceptable candi-
dates are P[1/1] and BP[1/2]. We note that P[1/1] is
based explicitly only on the NLO series (up to ~a?) of
Eq. (38). Nonetheless, we will include later P[1/1] of R{™"
in some of our results, because it is close to BP[1/2] and is
very stable under variation of ug (NL ECH also gives
values close to P[1/1] and BP[1/2]). Although the results
are presented only for the case T =1 GeV and 6 = 0,
the behavior and the conclusions remain the same for
other temperatures, and for other values of Jg in the
interval (40).

Similar analysis is now performed for the long-
distance pressure py.g. Padé and Borel-Padé resumma-
tions are first applied to expansion (34) for pyig (
Pum+c/m3) which starts with one and is in powers of

T
PI1/1]
(S

04 1
TBPAT e
02 f (a) T
';13
Z P[0/3]
o Or )
Q
z “rps ne=3, 8g=0
g T\ T=1GeV
02 o) e Ag = 3.476 GeV|
) —
P[]
L
0.4 1 BP[2/A] = P i
BP[1/1] - . s e BP[2AT
1 15 2 25 3 35 4
ny [GeV]
02 , , , , ,
(b)
015 | BPIORL ]
P - (V) |
o ..Plo/2]. : :
= 005
3
< o
Q
s
& 005 =3 8g= |
. e i —
L o5
-0.15 | T=1GeV /8] --mm- 1
A = 3.476 GeV g;{g;g}
-0.2 : s .
1 15 2 25 3 35 4
iy [GeV]

FIG. 3. The long-distance pressure pyig, at T = 1 GeV, as a
function of the corresponding renormalization scale wy—
various approximants are applied to the perturbation expansion
(34) in powers of g,(un), and 8 = 0 was taken. Part (b) has a
finer vertical scale and includes some approximants not shown
in (a).
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gs(up)—cf. the appendix for more details. In Fig. 3 we
present the results of various resummations as a function
of the respective renormalization scale wy, for 7 =
1 GeV and 8g = 0. The factor mi in the first line of
Eq. (34) was taken with P[1/1] for m%(u,,), with the
renormalization scale u,, = uy. The UV cutoff Ag was

taken fixed according to the formula: A = (277ng)))'/2.
The TPS and some of the other resummations show
significant uy; dependence. Further, BP[0/2] and
P[0/2] are of lower order (NNLO) and do not take
explicitly into account the numerically important ~g3
terms of expansion (34) of pyig (~ g% in pyrg). We
decide at this stage to consider only the N>LO resumma-
tions: P[1/2], P[0/3], BP[1/2], and BP[0/3]. The approx-
imant P[0/2](g,) for Py Wwas considered in our
previous work [21], and we include it later in Figs. 7 and
9 in the presentation of p(T). The conclusions of this
paragraph survive when other values of 7 and &g are
used.

We alternatively apply our resummation procedure to
the EQCD expansion (27) instead of (34) for py+g. The

' PrA] '
04 1
e BRIV
2
02t (a) O used 1
i g% and m% are P[1/1]
£ P[0/3]
o
> or— Tl 1
Q -
s TPS - =3 960
Q - T=1.GeV
02 pog Ag = 3.476 GéV
P[2A] -
PH/A]
PSS
-0.4 r-BP[2/T" )
BR[N] - ‘ ‘ ) ‘
1 15 2 2.5 3 35 4
1y [GeV]
0.2 : : . . .
e BPJO/2 b
eeenn BP0
0.1 Vv/.;'.___-..—.-—..". : . . 1
Pl0/2]
= 0.05 ]
g 2
ERN G O used
=
& .005f =3, Jg= g% and mZ are P[1/1]1
___________________________________________ plo/3] —— |
01 P[1/2] P[1/2] -
P[0/2]
015 f T=1GeV el — 1
_0.2 1 1 1
1 15 2 2.5 3 3.5 4
uy [Gev

FIG. 4. Same as in Fig. 3, but now py;;g is based on expan-
sion (27) in g/mg. Details are given in the text.
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T=1.00 GeV mg; [1/1](1.923 GeV) = 1.923 GeV 0, (T) =0.5458
1.05 | .
fq': 1+ ‘*—x\\ nf= 3 5E=5G=O b
% e
I 095} 1
a 09} (a) 1
" \\\
0.85 - l
;3 (Re=RE", RyvyGEPrac.) .
= P[1/1], Ryji;g-BPIO/3] ------
£ 08 REFBP[1/2] eI 1 1
“Re L) MNH PIO/3] e
75 L P[1/2], Rynig P[O/3] —— " |
0.75 RCBPL/2] R Ve BP1/2] e
Ez BP[1/2], Mg P[1/2] -
0.7
19 2. 3. 4. 5, 6.3
Ag [GeV]
0.98 Re BPL1/2] Ry, BRI1/Z]
0075 | 1 Bl Plo/a] ]
: REFBP[1/2 I Rura Pl0/3] ——
5 0.97
E R =Rcan’ R =*‘
£ ooes | (Re=Rg" Rmic=Pmic )
S 096 (b)
54
o 0955
L ooest T =1.00 GeV
% 0.945 - mg [1/1](1.923 Gev) = 1.923 GeV |
@ Y o (T)=0.5458
o 0.94 Vo
0.935
0.93 :
1.9 3. 4. 5. 6.3

Ag [GeV]

FIG. 5. The total pressure poep = pg + Pmsg, at T =
1 GeV, as a function of the corresponding factorization scale
Ag—various approximants are applied separately to the per-
turbation expansions RE™[a(ug)] (38) and py+glg,(mm)] (34).
Details are given in the text. Figure (b) has a finer vertical
scale.

results are presented in Fig. 4. The values of g2 and m3 in
(27) are chosen as P[1/1][a(u,,)), due to their u,, stabil-
ity (u,, = myv taken) as seen in Fig. 1, and then Padé or
Borel-Padé are applied to expansion (27) in powers of the

EQCD parameter g%/my ( ~ g,), without the A /my
term which is then added separately as the leading order
QCD term = g3(uy), Eq. (32). When Padé or Borel-Padé
based on TPS terms of order lower than ~g? for py. g of
Eq. (27) are applied—such as P[1/1], BP[1/1], P[0/2], or
BP[0/2] to TPS (27) of pyg—the AL /my term is not
included and not added as it represents a term ~g? of
Pmig (~ g% to pmsg). The TPS curve in Fig. 4(a) was
obtained by evaluating expansion (27) of py+g directly
as EQCD TPS, with the values for g and m} taken as
simple (NLO) TPS’s (28) and (29) at &t = . The con-
clusions from Fig. 4 are the same as in the procedure
leading to Fig. 3: The N’LO resummations P[1/2],
P[0/3], BP[1/2], and BP[0/3] all remain acceptable can-
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didates at this stage, and this conclusion turns out to be
independent of T and 6.

Another necessary condition for an acceptable resum-
mation is that the spurious Ag dependence in the to-
tal sum pg + py+cg be weak. In Fig. 5 we present the
results on Ag dependence, at T = 1 GeV, combining
various aforementioned resummations for pg and pyig
that were found acceptable so far. Here, my = m](ao) was
fixed in the aforementioned way (42), ug = 2#T, and

U = My = mg)). Now, Ag # /gy, but varies be-
tween uy (= 1.9 GeV) and pgp (= 6.3 GeV). The
two unknown parameters were chosen to be g = g =
0. We see that the curves with P[0/3] and B[0/3] used
for pyag have acceptably weak Ag dependence, while
those with P[1/2] and BP[1/2] used for py.g have
unacceptably strong Ag dependence. Thus, we are left
with just two types of resummations which fulfill the
necessary conditions of weak ug, uy and Ag depen-
dence:
(D) P[0/3][gs(um)]  for  Pm4g; and  either
P[1/1)[a(ue)] or BP[1/2][a(pe)] for RE"[a(ug)];

T=1.00 GeV mg(1.923 GeV) = 1.923 GeV o (T) = 0.5458
tosf ]
g oqb T ne=3 bE—bG o
T 095 po
= 2
& gg used
Q 0.9 2E > (a) 4
" gg and mg; are P[1/1]
0.85 | ST I
? (Re=RE", Rymig=PmsG ) ..
= P[1/1], Ry, BPI0/3]
£ 08 REFBP[1/2] R +G % BP[0/3] 1
R PII/AL R Pl0/3]
L PH/2] R i
0.75 E{'i_apn/z] RH“’”CB
BP[1/2 P[1/2
0.7 I, M+G [172] -
1.9 3. 4. 5. 6.3
Ag [GeV]
0-98 5 \ Re BP[1/2] RH G BP[1§2] 777777777
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3 \“ R :Rcany R 5
& 0965 | ‘\ (Re=Rg", Rmic=Pm:iG)
g |
S 096 | 1
+ . S
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% 0.945 . M (1.923 GeV) = 1.923 GeV |
= Vo (T)=0.5458
o 0.94 + (b) Vol 1
0.935 .
0.93 L
1.9 3. 4. 5, 6.3

Ag [GeV]

FIG. 6. Same as in Fig. 5, but now py;g is based on expan-
sion (27) in g/mg. Further details are given in the text.
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(2) BP[0/3](g,(um)] for  pymigs and  either
P[1/1][a(pg)] or BP[1/2][a(up)] for RE™[a(ug)].*
These conclusions do not change when the values of T, g,
and 8¢ are changed. We note that P[1/1][a(ug)] is of
lower order and therefore does not use the term ~a? in
expansion (38).

We can repeat the same analysis, but using expansion
(27) for Py in powers of (g/mg) instead of expansion
(34) in powers of g;(uy). The values of g& and mZ are
taken as P[1/1][a(up)], with py = ,, = m. The re-
sults are given in Fig. 6; they are similar to those of Fig. 5,
and the conclusions are the same.

IV. NUMERICAL RESULTS AS A FUNCTION OF
TEMPERATURE

We will first concentrate on the first family of resum-
mations, i.e., those with P[0/3] for py,g. We present the
results for these resummations as a function of tempera-
ture T in Fig. 7(a), for 65 = 6g = 0, and py+g is based
on expansion (34) in powers of g,(uy). In addition to
these resummations, we include also the same type of
resummations where the pg part is excluded (pg + pm)»
(mg")?/A.
We use pg =27T; py = pp = mg = mg))(T), Ag =
JPEMM- We can see in Fig. 7(a) that the presence of
Pg, at least for 6 = 0, decreases the value of the total
pressure somewhat. For comparison, we also include the
result of resummation of P[1/1] for RE™ and P[0/2] for
Pwm (cf. Ref. [21]), i.e., the case where the terms ~g3 in
Puasg (terms ~g8 in pyi ) are not explicitly accounted
for (and neither are the terms ~g® in pg). Figure 7(a)
shows one interesting feature: When the terms ~g® in
Pm+c are explicitly accounted for in the resummation,
the sign of the curvature becomes negative in the entire
temperature interval—i.e., at least where the resumma-
tion is applicable: T > 0.3 GeV. Thus, the curvature at
low temperatures has now the same sign as suggested by
the known relation p/pigeq <1 at T~ T, = 0.2 GeV
(see later in this section). For T < 0.3 GeV our resumma-
tions cannot be applied any more, because in that case
Um(= upm) <0.81 GeV, but the P[2/3](a) beta function
does not allow running below such values [a(u,,) blows
up]. When we vary the values of 6g and O in the intervals
(21) and (40), respectively, the predictions do not change
much. This is presented in Fig. 7(b).

When we do not base the resummations of py;.g on
expansion (34) in powers of g (), but rather on expan-
sion (27) in powers of the EQCD parameter g]2E /mg [using
the resummed g2 and m% as P[1/1][a(uy)], and adding
the /\(El) /myg term separately as the leading order QCD

where we use in py; for the IR cutoff: Ay =

SNL ECH could be used instead of P[1/1] or BP[1/2] for
RE"™, but the results are similar in all three cases, at any
temperature.
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FIG. 7. (a) The total pressure p (normalized by pjsea) as a

function of temperature T, with g = 6 = 0—various resum-
mations are applied: for R{"[a(ug)] the approximants

P[1/1]la(pg)] and BP[1/2][a(up)]; for pm+clg(um)] the
approximant P[0/3][g,(um)]. Shown also are the analogous
results when pg is excluded. In addition, a resummation which
does not account for the ~g® terms in py.g is included (dotted
line). (b) Variation of a specific Padé/Borel-Padé resummation
when the unknown parameters ég and &g are varied. The full
curves in (a) and (b) are the same curves. Further explanations
are given in the text.

term « g3(uy), Eq. (32)], remarkable changes occur for
the results of p/piqea @s a function of temperature. The
obtained results, analogous to those of Figs. 7(a) and 7(b),
are presented in Figs. 8(a) and 8(b), respectively. The
“low order” dotted curve in Fig. 8(a) (the uppermost),
which does not use information on ~g% terms (and thus

does not include the )\g) term), still does not change the
curvature in the low-temperature regime. On the other
hand, ““higher order” Padé resummations of py.g, which
use information on ~g% terms in pyig (~ g in pyig)
and include, added separately, the )lg) /mg term in Pyig
as the leading order QCD term = g3(uy) [Eq. (32)], result
in a pronounced negative curvature and a rapid fall of
P/ Pides When the temperature falls down toward the
critical values 7, = 0.2 GeV. This behavior is qualita-
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FIG. 8. Same as in Fig. 7, but now py;,g is based on expan-
sion (27) in g&/mg—using the resummed g% and m as

Pl1/1][a(pm)]-

tively correct because we know that it must be p/ pigea <
1 at T = T. (see later). In that respect, this phenomenon
indicates that the resummations of py;+g based on ex-
pansion (27) in powers of the effective EQCD theory
parameter g% /mg are more reliable than those based on
expansion (34) in powers of g,. The low-T results of Fig. 8
turn out to be closer to those of lattice calculations, the
feature which will be discussed and presented in more
detail in Sec. VI. Another very positive feature can be
read off from Fig. 8(b): Variation of the Padé and Borel-
Padé resummed predictions, when the unknown parame-
ters &g and O are varied in the generously wide intervals
(21) and (40), is weak.

Now we turn to the second family of resummations,
i.e., those with BP[0/3] for py.g instead of P[0/3].
We present these results, as a function of temperature 7',
with values of 6g and 6 varied in the intervals (21) and
(40), in Figs. 9(a) and 9(b). In Fig. 9(a), BP[0/3] was
applied to expansion (34) for py+g; in Fig. 9(b) to
expansion (27) for py+g without the /\](31) /mg term, the
latter was taken as the leading order « g3(uy) of QCD
expansion (32) and added separately (only in the “higher
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TABLE I. The exact and predicted coefficients r;
usual: py = i, = mY of Eq. (42), Ag = QaTm{
are given for the values 6g = 0 £ 5 [Eq. 2D)].

@

PHYSICAL REVIEW D 70, 114016 (2004)

of the expansion (34) for py.g in powers of g,(uy). The scales are fixed as
))1/2_ The temperatures are T = 1 GeV and 0.5 GeV; n; = 3. The results r3(8¢)

T [GeV] ry (exact) ry (exact) r3(8g) (exact) r3 (predicted P[0/2]) r3 (predicted BP[0/2])
1.0 —0.3794 —0.4654 —0.0643 £ 0.1111 0.4077 1.387
0.5 —0.3374 —0.4654 —0.0852 £ 0.1111 0.3524 1.172

order” P[0/3] and BP[0/3] cases). Further, the other
parameters and procedures are the same as in Figs. 7
and 8. For comparison, the lower order counterpart, i.e.,
with BP[0/2] for py+g (and P[1/1] for RE™) is included
in these figures. In addition, for comparison, the corre-
sponding curves when P[0/3] is applied for Py, and at
lower order P[0/2], are included whenever visible’—see
also Figs. 7 and 8. We observe from Figs. 7-9 that the
choice BP[0/3] for pyag gives p/pigeas > 1 for most of
the low temperatures T, and the choice P[0/3] for pyig
gives p/ pigeas < 1.

We recall that BP[0/3] for py.g was equally accept-
able as P[0/3], when only the demand for weak renor-
malization and factorization scale dependence is used as a
criterion (Figs. 3—6). However, there are several indica-
tions (not using the approximate knowledge of the low-
temperature curves of p/pijea from lattice calculations)
that the choice BP[0/3] is less acceptable than P[0/3].
Some of them are due to general physical considerations,
others are connected with the specific numerical approxi-
mation techniques applied here.

Physical considerations provide at least two arguments
for expecting p/ piqear < 1 and, consequently, for favoring
the choice P[0/3]:

(1) From the physical point of view, one would expect
that the pressure of a (relativistic) quark-gluon gas
gets lowered relative to the free particle case once
the interaction is switched on, simply because we
expect that the behavior of interacting massless
quarks and gluons is approximately described by
(almost free) massive quasiparticles, the mass
stemming from Debye screening. Such a behavior
is manifest not only within a nonrelativistic elec-
tromagnetic plasma (calculated according to
Debye-Hiickel), but shows up also in specific
model calculations for a relativistic plasma [6,7].
Therefore, we expect that p/ pige < 1 for T close
to critical temperatures 7, ( = 0.15-0.25 GeV).

(2) The same qualitative behavior is inferred from a
thermodynamic consideration [41]: We know that
the pressure (considered as a function of T) re-
mains continuous at the phase transition point T =

"It is natural to regard P[0/2] and P[0/3] (for py4g) as part
of a sequence of approximations, and BP[0/2] and BP[0/3] as
part of another sequence of approximations—e.g., Ref. [11] and
Figs. 9(a) and 9(b).

T.. But below T, the system is a hadron (mostly
pion) gas, which to a good approximation can be
described by an ideal pion gas. The corresponding
pressure is
m? 3 872
— 3_ 4 _— _T4
90 16 45
which is much smaller than the pressure for an
ideal gas of quarks (with n, flavors) and gluons
[Eq. (37)]. Consequently, the true pressure of the

(T<T,)
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FIG. 9. (a) The total pressure p (normalized by pjg) as a

function of temperature 7, for various values of §g and &g,
when BP[0/3] is applied to expansion (34) for py.g (and
BP[1/2] to RE™); (b) same as in (a), but BP[0/3] for pyg is
based on expansion (27) in g% /mg, using the resummed g% and
m2 as P[1/11[a(yp)]
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TABLE II.  The exact and predicted coefficients r" of the expansion (27) for py+g in powers of the EQCD parameter gt /mg,
without the Ag) term. All of the other parameters are as in Table L

T [GeV] <t (exact) S (exact) 1 (8g) (exact) 5t (predicted P[0/2]) 5 (predicted BP[0/2])
1.0 —0.4647 —0.6980 —0.1645 = 0.2041 0.7490 2.548
0.5 —0.4132 —0.6980 —0.1902 = 0.2041 0.6474 2.154

interacting plasma at temperature 7 = T, (but
close to T.) must be much smaller than the ideal
gas value at the same temperature, and we again
obtain p/pigey < 1 for T = T,.
From Fig. 9(a) it is seen that p/p;gq > 1 above T, and
even seems to increase when 7'— T if the approximant
BP[0/3] is applied to expansion (34) of Pyt (g5 not
being used/resummed), whereas P[0/3] is in accordance
with the aforementioned expectation that p/pigea < 1
[Fig. 7(a)]. On the other hand, when expansion (27) is
used as the basis for resummation (with g% resummed),
P/ Pidea falls below one for temperatures very close to T,
even in the case BP[0/3] (but g resummed), but it is still
larger than 1 for a considerable temperature region above
but not far from 7. [Fig. 9(b)]. This indicates that using
expansion (27) instead of (34) gives in general more
realistic results.

Numerical considerations provide at least two other
arguments in favor of the choice P[0/3] for pyyq:

(1) If BP[0/3] for py. g gave results closer to the true
values of py,g than P[0/3], then Fig. 9(b) would
suggest that the lower order counterpart P[0/2] (to
P[0/3]) for pyiq gives results which lie closer to
the true values of py; g than those from P[0/3] for
T > 0.5 GeV—a situation that has to be regarded
as unlikely.®

(2) The O(g?) terms of py,g predicted by reexpan-
sion of BP[0/2] are clearly worse than those pre-
dicted by P[0/2]; cf. Tables I and II This suggests
for the respective higher order approximants
BP[0/3] and P[0/3] the corresponding hierarchy
of reliability.

For all these reasons, we will regard as the acceptable
resummation at the O(g®) level to be the one using P[0/3]
for pyig and BP[1/2] for RE". Further, as mentioned
before, the resummation of py.g appears to be more
consistent with the physical expectation of p/pigea < 1
at T — T, when it is based on expansion (27) of py+g in
powers of the EQCD parameter gZ/mg (with the Ag)/ mg
term added separately).

Until now, all the results presented were for ny = 3. In
Fig. 10 we present comparison of (Borel-)Padé predictions
in the cases ny = 0 and ny = 3: in Fig. 10(a) when py1¢

8Note that the lower order “counterpart” P[1/1] (to BP[1/2])
for RE" gives, at any temperature, values of pg very similar to
those of BP[1/2]—cf. Figs. 7(a) and 8(a).

is based on expansion (34) in powers of g,; and in
Fig. 10(b) when py+g is based on expansion (27) in
powers of gZ/mg, with the aforementioned treatment of
the /\g) /mg term. In the latter figure, we also included two
curves for the case when the MS B function is taken as
TPS instead of P[2/3][a(u)]. We see that the negative
curvature at low 7 survives also in the ny =0 case.
Further, the results for ny = 0,3 depend only very little
on the type of the resummation used for the 8 function,
even at low T.

We present the main results for p/ p;geq as a function of
temperature, which are given also in Figs. 8(b) and 10(b),
in a detailed form in the low-temperature regime in
Fig. 11. In the latter figure, we present further the varia-
tion of the curves when the renormalization scales wg,
and uy = u,, are varied around their central values 27T

and mg))(T) of Eq. (42) by factors 1.5 and 1/1.5.° The
variation of wg changes the curves insignificantly.
However, the variation of the lower scale w,, = um
influences significantly the results for py;.g and thus
P/ Pidea» at T =< 1 GeV, as seen in Fig. 11. This strong
variation is a reflection of at least two aspects present at

T <1 GeV: (a) The scale uy = p,y ~ mg))(T) falls down
to = 1 GeV, a region where the perturbative approach
and RGE running eventually break down; (b) the hier-
archy of scales 2#T) > mg))(T) gets very narrowed

down. The first aspect is reflected in the strong instability
of the leading order QCD term = g3(u,,) [Eq. (32)] for

the Ag) /mg term in expansion (27) under the variation of
M (= py) at low T7s. This term is not included in the
resummation, as emphasized earlier. The variation of this
term is a major source of the appreciable variation of the
P/ Pidea Curve at low T°s in Fig. 11(a). The variation of

Uy = M, downwards to mg))/l.S = 0.73 GeV is not al-
lowed because the coupling parameter g,(u,,) blows up at
such low scales by the renormalization group equation
when the beta function is continued into the strong cou-
pling region by the Padé [2/3] (as is the case in our

numerical results). The renormalization scales uy =
Mo =mg))/ 1.5 correspond to the lower curves in

Fig. 11, and they were drawn down to such temperatures
where the corresponding coupling constant a(w,,) blew

9The factorization scale is Ag = (27 Tmg)!/? where my is the
square root of P[1/1] of mi(u,,). Ag changes only little with
the variation of the scale uy = w,,-
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FIG. 10. (a) Analogous to Fig. 7(a), but with n, =0 for

comparison; (b) as in (a), but now py; is based on expansion
(27) in g%/mg—using the resummed g2 and mZ as P[1/1] X
[a(mp)], ie., analogous to Fig. 8(a) but with n; = 0 for com-
parison.

up. For the other renormalization scales, the curves were
drawn down to approximately such temperatures where
the physically motivated condition (42) cannot be ful-
filled any more.

We can apply for the Ag) /mg term in expansion (27) of
Pwm+g the leading term of expansion (33) in powers of the
first EQCD parameter g2/myg (with P[1/1] for g and
P[1/1] for m%, at renormalization scale wy), instead of
the leading term of expansion (32) in powers of the QCD

parameter g (upn). The Ag)/mE term is again not in-
cluded in the [0/3]-Padé resummation, but is added sepa-
rately. These results are shown in Fig. 12, along with the
results of Fig. 11. Only the variation of the curves under
the aforementioned variation of the uy = w,, scales is
presented. The variation of the two types of curves, at any
given temperature 7, under the changes of ug, 6 and dg,
is identical, thus very weak (shown in Fig. 11). We see
from Fig. 12 that the variation of the curves under the
changes of uy = w,, is now significantly weaker. This
has primarily to do with the significantly weaker wy;
dependence of the EQCD term (g2/mg)? of Eq. (33), in
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FIG. 11. (a) The pressure p, normalized by pjge, as a func-

tion of temperature 7, for the most acceptable resummation
approach: P[0/3] for py.g of expansion (27), and BP[1/2] for
RE", for 6g = 6g =0, and ny = 3,0. The variation of the
renormalization scales wg and w,, = wy is by factor 1.5 and
1/1.5 around the values 27T and mfao)(T) of Eq. (42), respec-
tively. (b) Same as in (a), but now the unknown parameters dg
and &g are varied, according to Egs. (40) and (21), respectively.

comparison to the u,; dependence of the QCD term
83 (pm) of Eq. (32).

V. EVALUATIONS OF TRUNCATED
PERTURBATION SERIES

Now we investigate how the results change if, instead
of Padé or Borel-Padé, simple TPS evaluations are applied
to all expansions: to expansion (38) for R, to (28) and
(29) for mZ and g%, and to (34) or (27) for py+g. The
results for the pressure, as a function of temperature, for
ny =3, are presented in Figs. 13(a) and 13(b), when
expansions (34) and (27) are used for py+g, respec-
tively. We enforce here: wuy = u,,; and either u,, =

[Om2) T, 172, or = Lm0/ (e, )2 [the Tat-
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FIG. 12. Analogous to Fig. 11(a), but now the results are
included when the A(E] ) /mg term in expansion (27) is written
as proportional to (gZ/mg)® [Eq. (33)], and not g3 [Eq. (32)].
The variation under the aforementioned changes of the scale
Mm = M, are included; 6g = 6g = 0.

ter is m{’(T) of Eq. (42)]. The curves with (NL)TPS m2
are continued down to such temperatures where the afore-
mentioned condition w,, = mg cannot be enforced any
more, indicating that this (perturbative) TPS method
becomes inapplicable below such temperatures 7T =
2 GeV. The curves with P[1/1] m% in Fig. 13 can in
principle be shown, as earlier, for temperatures down to

T = 0.3 GeV; however, their values (for |8g| = Ik(zo)l) fall
drastically:  p/pigea <0.45 already at T =1 GeV
(which, incidentally, is far lower than the lattice results),
and p <0 already at T = 0.5 GeV. These curves, with
P[1/1] resummed m% and g2 are presented in Fig. 14 in
more detail for the low temperatures, where now n; = 3

and ny = 0. The Ag)/mE term in expansion (27) is added
as the term =« g3(uy) [Eq. (32)]. In Fig. 14(a), the varia-
tion of these TPS curves under the changes of the two
renormalization scales pug and uy = w,,, as explained
for Fig. 11(a), is presented. In Fig. 14(b), the variation
under the changes of the parameters g and dg is pre-
sented. In Fig. 14(a) we see that the TPS curves vary more
strongly under the changes of the high-energy scale ug
than under those of the low-energy scale uy = w,,. This
result, at first sight paradoxical, occurs mainly because we
used for pyr.g the EQCD expansion (27), with the domi-
nant part coming from powers of the EQCD parameter
g%/mg, where the u,, dependence of this parameter is
rather weak because we used P[1/1][a(gu,,)] for g& and
for m%. Comparing with the corresponding Padé—Borel-
Padé (P + BP) resummed curves of Fig. 11, we see that the
latter have much weaker dependence on the parameters
o and 8¢ and on the high-energy renormalization scale
Mg, while the dependence on the low-energy renormal-
ization scale wy = w,, (~ mg ~ g,7T) is reduced by P +

PHYSICAL REVIEW D 70, 114016 (2004)

1 . . .
0.9
=
s 08| %6 =0, +5(0)
(o} 8 0, tky
\L_le (a) “27 2 T[T
= 07t KM= Hm=
5 ; ; 12
e A
& !/ £= (HEHM)
n‘g 0.6 | TPS's: RE", Bysg
Iy mZ is NL TPS
[ _ 55=0g=0 ———
05 P n=3 o= 0,§E:§k(2°) ————————— ]
’ F I e —
m2 P[1/11],34= 0,3g=+ kY
0.4 s . :
0.3 1 10 100 1000
T [GeV]
1 -
09 |
2
» O used
£ o8} 86=0.%5, i
o) 3 —O +ky
\g ; (b) uE— 2nT
= 07t = Hm= Mg
& A Ag=(ugpy)”
& A E EHMMm
0":‘ o6 /[ TPS’s: RE", Pasg 1
C mZ is NL TPS, g2 is NL TPS
A - 85=0g=0 ——
051 ; n=3 3= O,BGE:iE K -eemeeeee 1
- Oa ‘E:(()OJ """""
[ mé PL1ALGE PI1/115 _05, K
0.4 P4 E E 6T % _1
0.3 1 10 100 1000
T [GeV]
FIG. 13. (a) The total pressure as a function of temperature 7

when TPS evaluation is employed for R and py;+ g, instead of
the Padé and Borel-Padé of Fig. 7; (b) Same as in (a), but now
Pma+g is evaluated as expansion (27) in g2/mg. Further ex-
planations are given in the text.

BP resummation only by a factor of 2—3. For example, at
= 0.7 GeV and n; = 3, this variation is about 0.18 and
O 06 GeV in the TPS and P + BP cases, respectively. This

has largely to do with the /\g) /mg term which is not
resummed in the P + BP case, but is also taken as <«
g3(uy) [Eq. (32)] and added separately. On the other
hand, taking that term as o (gZ/mg)? [Eq. (33)], and
adding it after the resummation, significantly weakened
the wy; dependence at low temperatures, as was seen in
Fig. 12.

On all these grounds, the Padé and Borel-Padé results
of Figs. 11 and 12 are likely to give more realistic results at
low T ~ 1 GeV than the corresponding TPS results.

VL. COMPARISONS WITH OTHER APPROACHES,
AND CONCLUSIONS

An approach different from our resummation is to set
all (MS) renormalization scales equal: & = up = Uy =
My = Ag, and then evaluate mg, pg, and pyig (=
Pm+g)- This was the approach of Ref. [42], and the
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FIG. 14. (a) The low-temperature total pressure (for n, =

3,0) when TPS evaluation is employed for RF" and Py,
but for m% and g% Padé P[1/1]. The variation of the renormal-
ization scales wg and w,, = uy is by factor 1.5 and 1/1.5
around the values 27T and mg))(T) of Eq. (42), respectively. (b)
Same as in (a), but now the unknown paremeters 6g and 6 are

varied, according to Egs. (40) and (21), respectively.

evaluation in Ref. [4] was similar as well. In both of these
references, truncated perturbation series (TPS) evalu-
ations were applied. In Figs. 15(a) and 15(b), we present
the results of such type of resummation as a function
of temperature, for ny = 3, when py, is evaluated as
TPS (34) and TPS (27), respectively. The common scale
was chosen to be w = 1.797T and the expansions (38),
(28), (29), and (34) [or (27)] were evaluated as TPS. This
should correspond roughly to the method leading to the
dash-dotted curve in Fig. 5 of Ref. [42] for n; = 0. We can
see from Fig. 15 that this approach gives, at low T <
10 GeV, results similar to the dotted TPS curves of
Fig. 13 where P[1/1] was used for m2 and different
renormalization scales were used for TPS pg and TPS
Pm+g- However, in contrast to Ref. [42], most of our TPS
curves in Figs. 13 and 15 fall down faster than theirs
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FIG. 15. (a) The total pressure (with n, = 3) as a function of

the temperature 7 when TPS evaluation is employed for R{™",
m, and Py of (34), but with common scales used: ug =
Mm = uy = Ag = 1.797T. The unknown parameters 65 and
6g are varied in the interval (21) and (40), respectively, for
ny = 3. (b) Same as (a), but using for py; expansion (27) in
powers of gZ/mg. Further explanations are given in the text.

when temperature decreases to T <1 GeV (T/T, < 5),
and fall down faster than the lattice curves. Only the
upper ny = 3 curve in Fig. 15(b), corresponding to the
choice &g = —Ik(zo)l (and 8g = 0), is marginally compat-
ible with the lattice results.

In Figs. 16(a) and 16(b) we present, at low tempera-
tures, and for n = 3 and 0, the variation of these curves
when the common renormalization scale u changes
around 1.797T (from 1.797T/1.5 to 1.5 X 1.79#T), and
when the parameters 0 and 6g change, respectively, (in
analogy with Figs. 11 and 14). We see that the variation of
the curves is then similarly strong as for the TPS curves
of Fig. 14.

On the other hand, Padé and Borel-Padé resummations,
Figs. 8—11 (falling down as well at low decreasing T) are
much less dependent on the unknown parameters 8 and
Og, as can be seen by comparing with the TPS curves
Figs. 13 and 15.
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FIG. 16. (a) The low-temperature total pressure (for n, =

3,0) when TPS evaluation is employed for R&", mZ, g%, and
Pm+c of Eq. (27), but with common scales used: ug = pu,, =
uy = Ag = 1.797T. Variation of the scale is by factor 1.5:
Mmax = L5 X 1.797T, prmin = (1/1.5)1.797T. (b) The un-
known parameters g and O are varied in the interval (21)
and (40), respectively, for ny, = 3, 0.

Let us now summarize our findings. We first collect the
main results for the optimal approximants (which have
been presented in detail in Figs. 8—12) and combine them
in Figs. 17 and 18, thereby focusing on the crucial region
of low temperatures. For comparison we also include the
predictions of lattice calculations taken from Fig. 4(b) of
Ref. [43] (which includes lattice results of Ref. [28]).
These figures thus present our resummation results
when Borel-Padé BP[1/2][a(wg)] is applied to expansion
(38) for RE™, and Padé [0/3](gZ/mg) to expansion (27)
for pyig. The central values of the renormalization
scales were taken ug = 27T and uy = W, = mg))(T)
[Eq. (42)], and the central factorization scale was Ag =
(g mn) /% The EQCD parameters g2 and m% were cal-
culated (resummed) as Padé P[1/1][g,(w,,)], at low-
energy renormalization scale uy = w,, (~ mg ~ g,7T).
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FIG. 17. Summary of our results for ny = 3 and ny = 0,
when the unknown parameters 6 and &g are varied. The
resummation of py;4g was performed on the basis of expansion
(27) for Py1g in powers of gZ/myg. Other details given in the
text.

In addition, the effect of replacing the Padé-resummed
P[2/3](a) B function by the simple TPS S is displayed as
well. For the lattice results, we used the values of critical
temperature T.(n, = 3) = 154 MeV [43], and T (n, =
0) = 267 MeV. The latter value is obtained from the
result 7,./+/o = 0.629 [27] and /o = 425 MeV [43].

The two figures (17 and 18) differ by the different
treatment of the A(El) term: In Fig. 17, the )\g ) /my; term
of expansion (27) is added separately as the leading order
term of expansion (32), i.e., as a term proportional to
g3(w,,)- In Fig. 18, on the other hand, the Ag)/mE term
is added separately as the leading order term of expansion
(33), ie., as a term proportional to (g&/mg)® [with
the EQCD parameters g% and m} resummed as
P[1/1][a(w,,)]]. In the latter case, the dependence on
the low-energy renormalization scale uy = w,,, becomes
appreciably weaker, as was seen in Fig. 12 [cf. also the
discussion following Eqs. (32) and (33)].

In both cases, the lattice results differ from these
curves by about 20% and 10% when ny = 3,0, respec-
tively. Taking into account that all lattice results should be
taken with an error of 10%—-15%, we see that our re-
summed results come at low temperatures reasonably
close to the lattice results, although our resummations
are based only on perturbation expansions. Further, in
contrast to the various TPS evaluations, the dependence
of our results on the unknown parameters 8 and g and
on the high-energy renormalization scale ug ( ~ 27T) is
quite weak as shown in Fig. 17. The dependence on the
low-energy renormalization scale upy = u,, [~ mg(T)]
is in Fig. 17 by about a factor of 2—3 weaker than in the
analogous TPS case, and is thus at low temperatures still
quite significant. It has its origin primarily in the w,,
dependence of the QCD term g3(u,,) of Eq. (32). In
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FIG. 18. Analogous to Fig. 17, but the /\g)/mE term of
Eq. (27) is now written as proportional to (g%/mg)?
[Eq. (33)] instead of g3 [Eq. (32)]. Changes under the variation
of uy = M, are included as in Fig. 17, and 6g = 6g =0 is
kept. The curves vary by the identical amounts, at any given T,
as in Fig. 17 under the changes 0 = ik;o) and 6g = *5.

Fig. 18, the variation of the curves when dg, 8k, and wg
are changed, at any given 7, is identical to the variations
of the corresponding curves of Fig. 17, i.e., quite weak.
The dependence on the low-energy renormalization scale
M. = My isin Fig. 18 appreciably weaker than in Fig. 17.

Let us recall also that the specific choices for the
approximants which entered in Figs. 17 and 18 were based
on the following reasoning: A TPS at a given order, in
principle, allows for various Padé and Borel-Padé approx-
imants. We chose those approximants which give results
reasonably stable under the variation of the correspond-
ing renormalization scales g and puy = w,,, and of the
factorization scale Ag. This physical criterion led us to
two possible approximants: BP[0/3] and P[0/3] for
Pm+gs in both cases BP[1/2] for R§*™. They differed
from each other significantly in the low-temperature re-
gime [cf. Fig. 9(b)]. In order to further eliminate one of
them (BP[0/3]), we had to apply an additional physically
motivated criterion, namely, that the predicted pressure
should be smaller than the ideal gas value if the tempera-
ture T is sufficiently near the critical value 7. In addi-
tion, two numerical arguments were provided which also
support the elimination of the approximant BP[0/3] for
Pm+g- Thereby we ended up with the approximants
BP[1/2] for R&™ (= pg) and P[0/3] for pyig (=
PMm+g) Which are considered as our ‘“‘best approximants.”

Since both are of Padé type, we expect that they also
have a better convergence behavior than the ordinary
truncated perturbation theories. This, in fact, can be
tested explicitly and the results are presented in Fig. 19,
where we demonstrate the behavior of the Padé and Borel-
Padé resummed curves, for ng = 3, when the order of
expansions (27) and (38) for RF™" and Py, increases, and
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FIG. 19. The convergence behavior of our (Borel-)Padé
curves for p/pigea as a function of temperature, at n, = 3,
for orders O(g?), O(g3), and O(g®), and the behavior of the
corresponding TPS’s. The upper P + BP O(g®) curve is for the
case when the /\g)/mE term of Eq. (27) is now written as
proportional to (gZ/mg)? instead of g3. Details are given in
the text.

compare them with the corresponding TPS evaluations.
For all the curves here, including the TPS curves, the
EQCD parameters mZ and g% were evaluated as
P[1/1][a(m,,)], as in Figs. 14, 17, and 18. The O(g*)
P-curve uses P[1/1][a(ug)] for RE™ and P[0/1](gZ/mg)
for pyig of expansion (27); the O(g’) P-curve uses
P[1/1] for R&™ and P[0/2] for py.g. The O(g®) (P +
BP)-curves use BP[1/2] for R{™ and P[0/3] for pyig—
the lower curve is the central curve of Fig. 17, the upper is
the central curve of Fig. 18. In Fig. 19 we see that the TPS
results change strongly when the order of the TPS is
increased; on the contrary the resummed results suffer
weaker changes, although a clear convergence at 7 <
1 GeV still cannot be seen at these orders.

The crucial point of our approach was to treat sepa-
rately the short-distance (pg) and long-distance (m2, g2,
PMm+g) quantities—using in them the renormalization
(and factorization) scales which correspond roughly to
the physical scales of the considered quantities, and then
performing either Padé or Borel-Padé resummation of
each quantity. In this way we arrive at predictions for
pressure which have weak dependence on the unknown
parameters 6g and dg, and on the high-energy renormal-
ization scale ug (~ 27T) of pg. On the other hand, the
dependence of the predicted pressure on the renormaliza-
tion scale w,, = um (~ mg) of pyig is still large at T <
1 GeV when the EQCD AY/my term in the EQCD ex-
pansion (27) is added separately as a power of the QCD
coupling parameter g,(u,,) [Eq. (32)]. This w,, depen-
dence becomes significantly weaker when the EQCD
)\,(51) /mg term is instead added separately as a power of
the first EQCD coupling parameter gZ/mg [Eq. (33)].
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Further, the resummed results change reasonably slowly
when the order of the TPS’s, on which they are based, is
increased.

On the other hand, simple TPS evaluations do not yield
reasonable results for the long-distance quantities at low
temperatures, because the TPS’s at such low-energy scales
have strong dependence on the unknown parameters and
on the renormalization scales, and change strongly when
the order of the TPS’s is increased.
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APPENDIX: PADE AND BOREL-PADE
APPROXIMANTS

In this appendix, we describe the procedure we used to
obtain the Padé and Borel-Padé approximants on the
bases of perturbation expansions (27)—(29), (34), and
(38). In expansions (28), (29), and (38), the expansion
parameter was a(f) = [g,(&)/27]>. The canonical ex-
pansions of this type have the form

S(a) = a(l + i rna”>.
n=1

The Padé approximant of order (N, M) is P[N/M]s(a) =
Py(a)/Py(a), ie., the ratio of polynomials Py(a) and
Py (a) of order N and M, respectively. The coefficients
of these polynomials are determined by the requirement
that the reexpansion of the approximant in powers of a

(A

reproduces the terms up to (and including) ~a™ ™™ in the
expansion (A1l). For example,
a
P[1/1)(a) = ———. (A2)
(1 —=ria)

The Borel-Padé approximation BP[N/M]s(a) is con-
structed from expansion (Al) by applying Padé
P[N/M]p(b) to the expansion of the Borel transform
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Iy

niB;

and then performing the Borel integration

Byb) =1+ S 1 pr, (A3)
n=1

1 0 b
BPIN/M]sa) = - ﬁ) dbexp(—ﬂ )P[N/M]Bs(b).

Boa
(A4)

In principle, the integration here is along the positive b
axis. In order to avoid any possible poles on the positive b
axis, the integration is in general performed along a ray in
the b plane, say b = rexp(—i¢), with ¢ # 0 arbitrary
and fixed; then r = |b| is integrated from zero to infinity,
and the real part of the result is taken—cf. Ref. [37]. This
leads, by Cauchy theorem, to the principal value prescrip-
tion for integral (A4).

On the other hand, expansions (27) and (34) for py+g
have the following form:

T(g) =1+ 1,8", (AS)
n=1

where g = g,(uy) or ¢ = g&/mg. The Padé approximant
PIN/M];(g) = Py(g)/Py(g) was in this case simply the
Padé applied to expansion (A5). The Borel-Padé approxi-
mation BP[N/M](g) was constructed from expansion
(AS) by applying Padé P[N/M]; (z) to the (expansion)
of the following Borel transform of T

b
n!

Brla)=1+> "z, (A6)
n=1

and then performing the corresponding Borel integration:

BPIN/M1;(s) = é [ dzexp( = 2 et/ 00
(AT)

Again, in order to avoid the possible poles at z > 0, the
integration is performed along a ray in the z plane and the
real part is taken.
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