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Method for comparing finite temperature field theory results with lattice data
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The values of the presently available truncated perturbative expressions for the pressure of the quark-
gluon plasma at finite temperatures and finite chemical potential are trustworthy only at very large
energies. When used down to temperatures close to the critical one (7.), they suffer from large
uncertainties due to the renormalization scale freedom. In order to reduce these uncertainties, we perform
resummations of the pressure by applying two specific Padé-related approximants to the available
perturbation series for the short-distance and for the long-distance contributions. In the two contributions,
we use two different renormalization scales which reflect different energy regions contributing to the
different parts. Application of the obtained expressions at low temperatures is made possible by replacing
the usual four-loop MS beta function for a;, by its Borel-Padé resummation, thus eliminating the
unphysical Landau singularities of «,. The obtained results are remarkably insensitive to the chosen
renormalization scale and can be compared with lattice results—for the pressure p, the chemical potential
contribution A p to the pressure, and various susceptibilities. A good qualitative agreement with the lattice
results is revealed down to temperatures close to 7.
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I. INTRODUCTION

The behavior of QCD matter at nonvanishing tempera-
ture and (quark or hadron) densities can be approached
theoretically from two sides, both technically and kine-
matically. On the one hand, QCD-lattice calculations allow
an analysis of the kinematic region of rather low tempera-
tures T (around but above the phase-transition temperature
T., presently T < 5T,.) and even lower values of the
chemical potentials w, (f denotes the different quark
flavors). The latter restriction is due to the fact that nonzero
values of the chemical potential u render the weight
function in the partition function complex, thus not permit-
ting direct application of the standard Monte Carlo tech-
niques. There are several tricks to circumvent this ‘“‘sign-
problem”’: reweighting [1], Taylor expansion around p =
0 [2], analytic continuation from imaginary w values [3],
canonical formalism [4]. All of them are trustworthy only
for small p values. On the other hand, the behavior at high
T and w <27T is expected to be described reliably by
finite temperature (and density) perturbation theory
(FTPT). Significant progress has been made within this
latter approach during the last 20 years and the calculation
of the thermodynamic potential (free energy or, equiva-
lently, the pressure function p) has recently been pushed
forward to the four-loop level, both for . = 0 [5] and for
finite chemical potential [6]. This is a big achievement
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because the corresponding truncated perturbation series
(TPS) is in powers of the QCD-strong coupling parameter
g rather than a = g?>/(47?) = a,/m, due to the well-
known necessity of removing finite temperature infrared
(IR) divergences by resumming the essential IR-sensitive
diagrams (“‘daisy diagrams”’) to all orders. The final series
is up to 6th order in g, and that is essentially all that could
be expected from perturbation theory since terms propor-
tional to g% (not g%Ing) and higher include genuine non-
perturbative contributions which could be accessed only by
nonperturbative methods, e.g. lattice calculations.

Of course, any perturbatively obtained result is expected
to represent the true physical situation only when the
coupling parameter is small enough, which is the case in
QCD at sufficiently high temperatures. Nevertheless,
evaluations of the 6th order result [for p and for Ap =
p(u) — p(0)] down to temperatures below 1 GeV have
been made in the literature, and the results could be
brought in accordance with nonperturbative lattice data
(available for T up to 1 GeV). At first sight, this could be
considered a triumph of finite temperature perturbation
theory, and might tentatively be attributed to the higher
order available. A second and more careful glimpse, how-
ever, reveals several sobering observations. The first prob-
lem is that the convergence behavior of the truncated
perturbation series is manifestly weak: if increasingly
higher orders in the series are added, the corresponding
partial sums are changing wildly, jumping up and down.
Only the step from 5th to 6th order has signs of moderation,
but it is by no means clear whether this happens by chance
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or indicates a systematic improvement of the situation.
Further, a common relatively high renormalization scale
(RSc)! v = 24T (> T) is used in such evaluations. For
comparison with independent lattice data, the TPS results
are used down to small 7 values where the lattice results
are available. But here, another problem occurs: in each
available order the corresponding TPS shows a dependence
of the chosen RScl v, which is particularly strong for lower
temperatures, thus making a consistent comparison of
perturbative results (when used at such low energies)
with lattice data doubtful. In fact we have no clear physical
motivation for the best choice of v. In general, v should be
chosen such that large (momentum dependent) logarithms
in the TPS coefficients are avoided, which means— within
an asymptotically free theory like QCD—that one is al-
ways on the safe side if » is taken to be near the lowest
energy scales involved in the considered quantity. For the
quark-gluon plasma at (high) temperature T (and for given
chemical potentials ), what is the appropriate energy
scale? Usually in the literature, the energy 27T of the
lowest nonzero mode is taken as a measure since it deter-
mines the average energy of the constituents. But due to the
collective effects, additional (lower) physical scales are
generated, namely, the electric and magnetic screening
masses (being of order g7 and g>T, respectively). So
what to choose for »? This question is not a purely theo-
retical one, but of considerable practical importance, be-
cause of the mentioned strong dependence of the TPS on ».
And even if we neglect this intertwining of different scales
within the thermodynamic quantities, and stick to 27T as
the relevant scale, we observe that a change of v by a single
factor of 2 implies such a wide variation of the perturbative
results at T ~ T, that no firm conclusion can be drawn as to
the matching with lattice data (cf. Figs. 6 and 7). It is clear,
therefore, that no successful matching procedure can be
obtained unless the strong RScl dependence is pinched
down by improving the perturbative results.

Within the present paper we offer a way for avoiding
this unwanted (and unphysical) ambiguity by applying
perturbation-theory-improving resummations of the basic
TPS’s. In this way we obtain what we consider a more
reliable, but still perturbation-theory-based, description of
the interesting thermodynamic quantities (here the pres-
sure p) which, among other things, allow for a more
credible comparison with lattice results. The method rests
on replacing the (partially resummed) TPS by approxim-
ants which are much more stable under the variation of v
than the TPS’s themselves. It is well known that specifi-
cally Padé approximants [7] for physical (measurable)
quantities are stable under v variation [8], whereas similar
improved Baker-Gammel approximants show this stability

'In our calculations we will denote the renormalization scale
as v, keeping the symbol w for the chemical potential. The
reader should be aware of the fact that in Refs. [5,6] the common
RScl (in MS scheme) is denoted by & and A, respectively.
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exactly [9].% In a recent work [11] we have utilized Padé-
related approximants to produce RScl-stable expressions
for the pressure of the quark-gluon plasma at finite (large)
temperature and zero chemical potential. Here, we apply
the same technique to the case of finite nonzero quark
chemical potential. In both cases, the gratifying fact is
the high order of the available TPS which allows the use
of higher-order Padé-related approximants and the choice
of the most appropriate ones (see later).

From the technical point of view, we encounter a specific
problem when applying Padé-related approximants di-
rectly to finite temperature perturbation theory. This is
due to the fact that two different (infinite) classes of dia-
grams get involved in the whole mechanism: on the one
hand, those whose resummation is necessary for taming the
finite temperature IR divergences and which lead to con-
tributions in powers of g (the so-called ‘“‘daisy diagrams”’);
on the other hand, the other diagrams, which give contri-
butions in powers of g> and whose conversion from the
TPS (polynomials) into Padé approximants (rational func-
tions) had been known to result in RScl stability (which is
exact in the large- B, limit in the case of the diagonal Padé
approximants [8]). Therefore, care has to be taken to avoid
double counting when performing both resummations. As
we have shown in Refs. [11], a safe method consists in first
decomposing the pressure into two parts, one containing
the low-energy (effectively zero) modes and being respon-
sible for the long-distance behavior of the correlation
functions, and the other stemming from the nonzero modes
and determining the short-range physics. Since both re-
gions are, in principle, separately accessible by experi-
ments, the corresponding expressions are physical in the
sense that they should be independent of the renormaliza-
tion scale v (at least up to the specified order in g). Further,
no (infinite) resummation enters into the perturbation ex-
pressions of those parts when dimensional reduction is
applied [12]. Therefore, one can safely apply Padé-related
resummation to both parts independently and thus obtain
two expressions which are both almost independent of the
RScl choice. When using them down to low energies (T ~
T,.), we face another problem: the coupling parameter
a(Q?) acquires unphysical (Landau) singularities at low
energies Q < 1 GeV if using the MS TPS S function. We
circumvent this problem by again using appropriately re-
summed versions of 8. We finally end up with expressions
for the pressure and for other measurable quantities (quark
number susceptibilities) which are almost free of the RScl
uncertainty and therefore apt for comparison with lattice
data.

In Sec. IT we present the perturbative results on which
our analysis rests and describe how to perform the physical

*In addition, an extension of such RScl-independent approx-
imants can be constructed, giving results which are simulta-
neously RScl and scheme independent [10]. In the present work,
the MS scheme is being used throughout.
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separation of the pressure into the long-range and the short-
range parts. Section III contains an analysis of the possible
resummation procedures which leads to the optimal
choice. We then present the numerical results, where we
put the main emphasis both on the effect of finite u values
and on the comparison with the corresponding lattice data.
Appendix A compiles basic formulas and expressions,
available in the literature and adapted to our approach,
including expressions for the coefficients of the TPS’s.
Appendix B describes the method which allows us to
extrapolate the QCD renormalization-group equation
(RGE) to sufficiently low energies, thereby circumventing
the unphysical Landau singularities of the coupling
parameter.

II. SEPARATION OF LONG- AND SHORT-
DISTANCE PRESSURE

Our starting point is the FTPT results for the pressure of
the quark-gluon plasma which, for a homogeneous system,
is equal to the free energy per volume (up to a sign
difference)—considered as a function of its temperature
T and the chemical potentials of the various quark flavors
wy(f =1,...,n). Ithas been calculated up to O(g° Ing) by
K. Kajantie et al. [5] for the case of vanishing chemical
potentials, and by A. Vuorinen [6] for the general case
(p s # 0). These high order results include the summation
of an infinite class of certain diagrams—necessary for
taming an IR singularity which occurs only at 7 # O.
The final results could be practically achieved only by a
technical trick, namely, by separating the energy-
momentum region of the contributing modes into three
parts, characterized by the momentum scales 27T, g7,
and g°T, such that the full pressure p is decomposed
according to

p=petpuTt P (n

Note that this decomposition makes strict sense only for
high enough temperatures where g(7) < 1. Here, pg rep-
resents the contributions of all degrees of freedom associ-
ated with the nonvanishing Matsubara modes, whereas
Pm T pg comprises the contributions of the zero modes
(of bosonic fields), thereby also implicitly representing the
necessary sum over all (daisy) diagrams. The latter ones
are static modes; hence their contributions can be effec-
tively described by a three-dimensional (in general,
d-dimensional) purely bosonic field theory (dimensional
reduction [12]) determined by the electrostatic QCD
(EQCD) Lagrangian

1 - - _ 3
Lyoep = 5 TrF}, + Ty, Ag P + m TrAd + AL (TrA3)?
Oty & e

+ Ay TrAj + 13)772(;%)%% +o Q)

Here AO denotes an effective (d-dimensional) scalar field
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and the A,- (i=1,...,d) define a d-dimensional vector
field, both in matrix notation (A w = A~ZT“)3; D;=9; —
igpA;; F,»j = (i/gp)[D;, D;]. The parameters of this effec-
tive theory are the (electrostatic) screening mass mg(~gT),
the effective coupling parameter g&(~g>T), and the four-
vertex couplings A, A% (~g*T). In the case of d = 3, A\’
and /\g) are not independent and one can choose

)tg) = O0—this will be done in the following. There are
additional coupling parameters connected with Lagrangian
operators of higher dimensions, since Lpocp defines a
nonrenormalizable theory which makes sense only for
momenta below a certain (UV) cutoff Ag. In our case Ag
separates the region of momenta ~277 from the momenta
~gT and smaller.

The effective parameters can be connected to the pa-
rameters of the underlying QCD by means of the well-
known matching procedure [13], yielding

yL'
27T

mi = Tz{gz[A4 + €<A(5V) In + A5> + @(62):|

" _(4717)2 g4[A(6") ="+ Aq + @(e)} + (’)(g(’)},

2T
3)
gt = T{g2 + 7= g4|:Ag”) ln217j7_cT + A, + (9(6):|
+ @<g6>}, @)
1
W =T e lBu + 0@]+ 06 AP =0
5)

Here, € = (3 — d)/2; coefficients A,~A, Ag”)—Ag”), and
Bgs are complicated functions of the chemical potentials,
the latter appearing in the coefficients via the dimension-
less quantities @i, = u,/(27T). Their expressions are
collected in Appendix A, together with other coefficients
to appear in Egs. (8)—(10). Note that the common RScl v,
appears in these expressions. The effective mass mg ~ gT
arises due to the color-electric screening.

Since there is, in addition, color-magnetic screening at
energies proportional to the corresponding magnetic
screening mass my; ~ g>7T, the long-distance part of the
pressure can be further subdivided into py; and pg, where
pwm is determined by Lqcp and pg by the (magnetostatic)
Lagrangian

£MQCD=%TrFij+... (6)
3The fields A(‘j, A? entering here are not identical to the gluon

fields in Lcp but are the effective fields obtained after the high-
energy modes have been integrated out.
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with F;; = (i/gm)[D;, D;] and D; = a; — igyA,. This
Lagrangian defines the effective theory for energies below
Ay, iee., for energies ~g>T and smaller. A similar match-
ing procedure as before determines gy in terms of the
parameters of the higher-energy Lagrangian Lgqcp and
gives

gu = 8k T 0(g). (7)

In the case of nonzero chemical potentials, two scales
getinvolved (T and u = w ) and, therefore, the concept of
dimensional reduction is expected to be applicable only if
the magnitude of the chemical potentials is small compared
to 27T [14]. From comparison with numerical results for
correlation lengths, it is expected that the restriction p =
4T is safe.

Based on Lagrangians (2) and (6), and on the ordinary
QCD Lagrangian, the various parts of the pressure have
been calculated perturbatively by Vuorinen [6]. The calcu-

lations are based on dimensional regularization with a
|

477' mg| 4 2mg

1 .21 g/ 1 1
tomi—{—3E( )+
e "3y {477 mg ( 4) (4m)?

PG 2

T 37 (47)3

34(8M)3|:CVG8111

Here, my; is the magnetic screening mass my = 3g3,
(~ g°T), and the notation iy = wmp/(2wT) is used. We
observe that the chemical potentials show up both explic-
itly via 2 ; and implicitly via gg and mg. Coefficients ayy,
ayp, ag, PBmis Bwe are independent of w, (see
Appendix A), and only By, is not yet known. In Egs. (9)
and (10) we have already separated all ““divergent” terms
(proportional to 1/€) from the finite contributions. The
quantity py,/T starts effectively with order g* and pg/T
with order g°®. The full ~g® term in pg/T cannot be
determined in a perturbative way; however, 6 was esti-
mated in Ref. [15] to be 6g = —0.2 = 0.6. Here, it will be
treated as a free parameter within the limits 6g = 0 £ 1.
On the left-hand sides of Egs. (8)—(10), the common
denominator 7 must in fact be replaced by Tv.%¢; how-
ever, the common factor v %€ reduces to unity in the € — 0
limit, and will be ignored because the sum pg + pg + pm
is finite in this limit.

Our main task now consists in deducing from these
formulas expressions for the physical short-range and
long-range parts of the pressure. Thereby the word ““physi-

gk 3 v, 1
Lpgr 3, +
[ ' } (477)2

1 4 gE

34(,%5)[6%1"‘ . (Zuf) ||+ 0@+ oat/m).  ©

+og+ @(e)i|
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common RScl v, (the notation A is used in Ref. [6] for
the common RScl).
The result for pg is

PE
T

_ TS[Al + (A, + O(e)) + (41 . g4<l6A4

+ @<e>) )4g (B

(4
+ 0(e) + @(gﬂ. @®)

Coefficients A; (i =1,2,3) and Ag”) are collected in
Appendix A. Coefficient Bg; at g°® is still unknown.
However, B, must include a term proportional to 1/€.
The 1/ e-terms will be disposed of in the following because
such terms must cancel in the sum (1), and the finite part of
Bg; will contain a free (adjustable) parameter later in this
work.

The results for py; and pg, which can be obtained from
the effective Lagrangians (2) and (6), respectively, are [6]

Zyor 89 w2 11
EENV] 2T 4
3<mE>[ 24 6 6 n}

v 1g V]IS Ay
4 M2>i| 8 mE}

li 1
€37 (4w

73%(g0) e (10)

{
cal” indicates that they lead to measurable effects (for
instance, the long- and/or short-range behavior of static
correlation functions, etc.). We proceed in several steps
(see also Ref. [11]):
(i) Regularization:
The long-range part of the pressure is represented by
Pm T Pg = Pum+g (both are due to zero mode con-
tributions). We regularize py.g by adding to
pumrg/T the following counterterm:

1 1
CT =-6 Emg
€ {(477')2 SEME

8o * oo (3]

+ gﬁ,[ag}}. (11

— 36

The same counterterm has to be subtracted from
pe/T. By expanding the effective-theory parameters
gg and mg in powers of g [cf. Egs. (3) and (4)], one
can explicitly show that in this way the 1/e-term of
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order g* in expression (8) for pg/T gets canceled.
Further, the 1/e-term of order g° included in the
otherwise unknown Sg; coefficient must also get
canceled when counterterm (11) is subtracted from
pe/T of Eq. (8). Counterterm (11) contains one
finite term of O(g*) stemming from (1/€)gZm% since
m? includes a term proportional to g2€, Eq. (3). This
finite term then shows up in the new subtracted
expression for pg/T. In addition, counterterm (11)
contains several finite terms of @(g®) which show up
in the new subtracted expression for pg/T. Finally,
the limit €e — 0 can be performed, yielding finite
results both for pg and for py;.g.

(i) Reconstruction of the factorization scale and intro-

duction of various RScl’s:

We have already noted that a common renormaliza-
tion scale (denoted here as v,.) has been used for the
perturbative calculations leading to Eqgs. (8)—(10).
On the other hand, when constructing the physical
long- and short-range contributions, respectively,
we decompose the whole energy range in the way
addressed before, namely,

0 (g°T) < Ay < O(gT) < Ag < OQ2#T). (12)

Therefore, these factorization scales Ag and Ay
which separate the different energy regions have
to emerge in the physical expressions—but only
in such a way that, when adding all three contribu-
tions, they completely disappear. We bring the Ag
factorization scale to light in the following way: the
scale v, in expressions (8)—(10), where pg/T and
pumac/T are modified in the aforementioned way by
the counterterm (11), is interpreted simultaneously
as the factorization scale Az and as the common
RScl v,.. We then evolve g(v = Ag) in pg to g(vg)
where v = vg is a new, physically more adequate,
higher RScl: vg ~2#T. On the other hand, in
PMm-G» We evolve g(v = Ag), which appears implic-
itly there (explicitly in the RScl-independent gg,
mg, )l](,zl)), to g(vy) where v = vy is a new, physi-
cally more adequate, lower RScl: vy ~ mg (~ g7T).
The evolution is performed according to the pertur-
bative RGE, requiring RScl independence of pg, on

J

1

2 1 /e2\[ 3 . Ag ]
—Pmig = aempll 4+ =32 (2B ) - Z — I |+
T PM+G 377'"‘“3{ 4 <mE>|: 4 nsz} (47)2

| 204 A A Ag 3 15 A
34<g—E> |:86YM1 ln—sz + SCYG h’lé + BM] + 6(} - ?nfcﬂ%on—E - _BM2>:| T o i}’ (14)
E

(477)3 mg E

the one hand, and of g% and m2 (and thus of py+¢),
on the other hand, since all these quantities are
physical. In pg this results in Invg-dependent terms
in the coefficients of TPS, and in g and m2 (which
enter py+g) this results in Invy-dependent terms in
the coefficients of their TPS’s. The coefficients of
expansion of pg in powers of g?(vg) then have
explicitly the ‘“genuinely” Ag-dependent parts,
and RScl-dependent parts. The coefficients of ex-
pansion of py.g in powers of (g&/mg) remain
unchanged, with Ag dependence as before, while
the coefficients of expansion of m% and g2 in powers
of g?(vy) obtain RScl dependence and, at the order
considered, lose Ag dependence.* Formally, the two
RScl’s v and vy can take on arbitrary values in
these expressions.

(iii) Determination of the Ag-dependent part of the

coefficient at O(g®) in pg:

The sum pg + pumaig has to be independent of the
factorization scale Ag. It can be checked explicitly
that this independence is true up to O(g?).
Although the coefficient at g® in pg is not known,
its Ag dependence is dictated by the condition of
Ag independence of pg + pmig at O(g®), when
the latter quantity is expanded in powers of a
common g = g(v). Note that Ag dependence of
Pu+g at O(g®) is known; cf. Egs. (9) and (10).
Further, » dependence of the coefficient at g% in pg
is known from the requirement of the RScl inde-
pendence of pg. The remaining unknown part of
the coefficient at O(g®) in pg (we will call it 8g) is
then independent of Ag and of v, and can again be
freely adjusted.

Performing these steps we finally obtain the following
form of the physical decomposition of the pressure func-
tion into short- and long-distance parts (we denote these
physical parts by a bar),

P = Pg t Dm+c- (13)

The long-distance part, representing the contributions of
momenta below the factorization scale Ag (when g7 <
Ag < 27T), takes the form

2\2 89 72 11
3 g_E —- - 4+
3 <mE> [ 24 6 6 an}

20

2mg 16 87 mg

“This is not so in the scalar g2¢* theory, where the requirement of RScl independence of the Debye screening mass yields, at O(g*),
a residual dependence on the factorization scale (cf. Ref. [11], second entry).
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where we used notations (A1) and (A2) for the chemical ~ Appendix A, parameter g is well estimated [15], and By,
potential parameter . The parameters myg, gg, and )lg) of is unknown The dependence on the chemical potentials

the effective theory EQCD are defined by their expansion — u, (f = n) in py+g appears explicitly in the term
into powers of g(v) = g, proportlonal to 43 and implicitly via the parameters mg, gg
" 1A which contain u c-dependent coefficients A;. The RScl v =
= T?A,g° {1 + < > [2,80 ( ) + - —6} vy appears in py.g implicitly, via expansions (15) and
2nT) 4 A4 (16) for m% and g2.
" @<< >4>]f The physical short-distance part, determined by the
(15) e
2 energy-momentum range above the factorization scale
Ag, can be written in a dimensionless form as follows:
2 _ 72 1
¢ =Tg {1 (2 ) [230111(2 T) +ZA7} %ﬁE A, + AraRem 19
8
+ (9<<ﬁ> )}’ (16)  \here RE™ denotes the canonically normalized perturba-
tion series in powers of g = g(v):
2 1 g \2
A =TgtZ 9 - nf){l + (9((—) )} (A7) e _ (&) g\2 v Ag
(4 2 = () |+ (o) [2om(ame) = o)
Here, By = (1/4)(11 — 2n/3) is the one-loop QCD RGE )
coefficient, n; being the number of active quark flavors. + (2 > [4ﬁ01 <2 T)

The RScl v in Egs. (15)—(17) will be v = vy ( ~ mg ~ A A
gT), and we fix it according to relation (27). Note that, by + 21n< )(:31 1230 Y 1In ( E))
the afore-described procedure, the expansion coefficients kT
of mZ and g2 at the considered order do not have any Ag

deper];:dence oEf the factorization scale Ag, but are RScl ‘K3 ( T) + BE} + @(g6)} (20)
dependent. The last term in expans1on (14) involves the

third EQCD matching parameter /\E [16,17], which is  Here, B = (1/16)(102 — 38n,/3) is the two-loop RGE
independent of the chemical potentials u . This term can  coefficent, » = vg (~ 2T) is the short-range RScl, and
be expressed as a power senes in powers of g, but only the

leading term is known, )t /m « g3. We prefer to express k=2 exp[ - L (A5 — 6A5)} (21)
it in powers of the EQCD parameter g2,/my (Ref. [11]), 244,

W 2 g2 g2 has been introduced for obtaining compact expressions.

A =3 ( 47r)2 O nj)A4mE< ) [1 + @<<mE> )} The u,-dependent function K5 has been obtained by

(18) requiring that the dependence of py;; g on the factorization
scale Ag at order g® cancel with that in pg. It arises in the
While coefficients ayyy, ag, By in Eq. (14) and A; (i = following way: inserting expansions (15)—(17) into (14)
., 7) in Egs. (15) and (16) are known and collected in yields to order gb the Ag-dependent term
|

5

1 A 1
T pmealst Inhe) = () (25 am] L4 + A + 18(an + ) — 3 ndat] 2)

~

[
Cancellation with the corresponding term in pg is obtained  than the corresponding TPS’s. In this context, we note that

therefore if the RScl independence of perturbation expansions (with
1 5 infinitely many terms) for the aforementioned quantities is

Ky = A_[Z (Ag + AgA7) — 18(ay + ag) + ﬁn%ﬂﬂ only formal, because these series diverge. They diverge
4 strongly at low temperatures when g(vg) [and even more

23 g(vy)] gets large. Thus, at low temperatures, the formal

The remaining (unknown) coefficient at g® within pg,  RScl dependence of the series does not help in direct
which we denote by &g, is independent of Ag; it may,  evaluations of the TPS’s since the (higher-order) RScl-
however, depend on the (small) ratlos Bp=p f/ Q2#T). dependent corrections to the TPS’s are large. Therefore,
Since the true values of pg, g2, m%, and Py, are RScl  for this kinematical region, the only way out of this RScl-
independent, this motivates us to apply Padé-related re- dependence dilemma seems to be the conversion of the
summations separately to the TPS’s of these quantities,  perturbative expressions to other approximants which are

yielding expressions which are much less RScl dependent ~ much less RScl dependent at each finite order, even at low
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temperatures. And that is exactly the main motivation for
applying Padé(-related) resummations.

Before doing so, we discuss the other uncertainties of the
TPS’s, namely, the uncalculated constants By, and dg, and
try to estimate their expected size. The constant By
appears in expression (14) in combination with the term
In(Ag/mg), where the latter is expected to dominate.
Therefore, | Byn| < 15 represents a rather generous uncer-
tainty bound for Byp;. On the other hand, the constant dg
was estimated in Ref. [15] to be §g = —0.2 = 0.6. Here, it
will be treated as a free parameter within the limits 65 =
0 = 1. Thus, we will allow the following variation of the
aforementioned parameters:

—1<ég<+1, —15< Byp < +15. 24)
Concerning 0 [see Eq. (20)], we note that the parameter
k was introduced in such a way that the
In[v/(27T)]-independent part of the coefficient at g* in
D is absorbed by a term proportional to In[ Ag/(«T)]. The
coefficient at g® was then organized into a polynomial in
powers of the aforementioned two logarithms. It is reason-
able to expect that the In[v/(2#7T)]-independent part of
this coefficient is absorbed to a large degree by a term
proportional to In[Ag/(xT)]. Therefore, parameter S is
expected to be small and the following variation of this
unknown parameter appears to be rather generous:

where
ky=6— In(— ). 26
2 A, XK 11<KT> (26)

Parameter o depends only on the small parameters i ;. On
the other hand, the bounds *|k,| will have an additional
slight dependence on temperature T because we take Ag =
L2aTmg(T) (~ g"/*T).

Formulas in this section are in close analogy with those
in our previous work [11], now involving additional (small)
parameters i, = u,/(27rT). Furthermore, up to terms g*,
they coincide with those of Ref. [13] when a,=0.
Further, reexpanding py.g of Eq. (14) in powers of the
coupling parameter g = g(v), and adding it to expansion
(19) and (20) for pg while using there the same RScl v,
gives the same expansion as the one obtained in Refs. [6]
for pgim+c-

III. RESUMMATION AND NUMERICAL RESULTS

Our next step is to apply specific Padé related resumma-
tions to evaluate separately the long-distance (14)—(18)
and short-distance (19) and (20) contributions to the
pressure.

PHYSICAL REVIEW D 75, 054016 (2007)

In principle, we could utilize Padé (P[N/M]) or Padé-
Borel (PB[N/M]) approximants® of any possible order
[N/M] which is compatible with the order n (the highest
power of expansion parameter) of the TPS: N+ M = n.
So we have a certain freedom of choice. We use it for
achieving physically desirable features. These are as fol-
lows:

(a) Significantly suppressed RScl dependence of both
resummed pyig and pg, with the two RScl’s vy
and vg varying in the regimes vy ~ g7 and vg ~
27T. Minimal RScl dependence is achieved, in
general, for diagonal or near-diagonal approximants
(N = M); thus we expect that such approximants
will be preferred.

(b) pg + Pm+g should have as little dependence on the
factorization scale Ag as possible. Note that the sum
of the original TPS’s, Egs. (14), (19), and (20), when
expanded in powers of a common g = g(¥) up to
~g%, is completely stable under variation of Ag. On
the other hand, the individual parts show significant
Ag dependence. Since these individual dependences
get (individually) changed by resummations, we
have to optimize the approximants in the sense of
maximally reducing the artificial Ag dependence of
PE T Pm+cG-

(¢) pg + Pm+c should not surpass the value of pjgeq
(pressure of the ideal gas), even at low temperatures
close to the critical temperature 7, (see Ref. [11] for
arguments in this direction).

Since pyig is expanded in powers of (gZ/mg), we first
have to calculate the EQCD parameters mZ and gZ. We
evaluate them as Padé resummations P[1/1](g?) of TPS’s
(15) and (16), thereby banking upon the better convergence
behavior of Padé approximants and reducing the unphys-
ical RScl dependence dramatically.

Within our previous paper [11], we have shown for the
case of zero chemical potentials that, among the resumma-
tions of the Padé (P) and Borel-Padé (BP) types of pertur-
bation expansions (14) for py+g and (20) for R{™", the only
physically acceptable ones in the aforementioned sense
(a)—(c) are as follows:

(I) The Padé approximant P[0/3] in terms of expansion
variable gZ/mg for pyig/mj, of BEq. (14) without
the Ag)-term. Note that, since g&/mg ~ g and m% ~
g>, this partly emulates the diagonal P[3/3](g) for
Pumsg. Further, the AV-term in pyig/md of
Eq. (14) is evaluated according to Eq. (18), making
it less RScl dependent.

(I1) The Borel-Padé approximant BP[1/2] as a function

of a = g?/(2m)? for R&™ of Eq. (20) (= pg).

>For a short description of Padé and Borel-Padé approximants,
see the Appendix of Ref. [11].
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Explicit construction of the Padé P[1/1](a) for m% and
g%, P[0/3](g2/mg) for pyrig/ms, and BP[1/2](a) for RE™
can be read off from the Appendix in Ref. [11].° The
Ag )_term is not included in the aforementioned Padé-re-
lated resummations, but is evaluated separately [Eq. (18)]
and added, because it is expected to represent diagrams
with new, different topologies.

Since the chemical potentials in expressions (14), (19),
and (20) are assumed to be limited in the sense that &, <1,
they can be regarded as perturbations to the i, = 0 case
[6]. Therefore, we will apply the same approximants as in
the Ay = 0 case of Ref. [11], i.e., those mentioned above.
Furthermore, just as in Ref. [11], we will fix the two RScl’s
vg and vy according to relations

vy = 27T, v3 = mi(T, i; vy) [= mON(T, @),
(27)

where m is taken to be the Padé approximant P[1/1](a) of
expansion (15), as mentioned before, with g = g(vy). We
note that now the long-distance RScl vy will depend on
both the temperature 7 and the chemical potential u =
27T fi. At sufficiently high temperatures, we have vy ~
gT; cf. Eq. (15). The factorization scale Ag is chosen to be
just in between the two RScl’s (27) on the log scale

Ap = J7pom = \27Tm. (28)

With all these quantities fixed, there still is a problem of
obtaining results at low temperatures close to the critical
temperature 7, = 0.2 GeV, where the values of the long-
distance RScl v, are much below 1 GeV. At such scales,
the usual perturbative MS couplant a(v?) = [g(v)/Q2m)]?
diverges as a result of the unphysical Landau singularities,
the latter being the consequence of the beta function B(a)
occurring in the form of the (four-loop) TPS. A partial
remedy to the related problem of unreliability of evolution
of a(v?) at low v was presented in our previous works [11],
where we used Padé P[2/3](a) for B(a). However, the
problem of the Landau singularities in the low-energy
spacelike regime persists. Therefore, in Appendix B we
present another resummation of the MS four-loop beta
function, of the BP type. We show that BP[2/2] and
BP[1/3], in MS, result in evolution which keeps a(v?)
finite down to »?> = 0. The two BP’s give mutually similar
results. Even more so, when varying the scheme, e.g., by

®Figure 2(b) of Ref. [11], which shows RScl dependence of
various Padé-related resummations of pg, has numerical errors
for RScl values vg # 27T due to a mistake in one of our
programs; corrected curves show that, in addition, P[1/2] re-
summation for RF™ has an acceptably suppressed RScl depen-
dence. However, then p/pigea > 1 at T ~ 1 GeV, making it
unacceptable (where pg is from P[1/2] of R&", and pyyg
from P[0/3] of pyyg/mi). The conclusion in Ref. [11] that
only BP[1/2] for RE* and P[0/3] for py.g/ms are acceptable
remains unaffected.

PHYSICAL REVIEW D 75, 054016 (2007)

changing the values of B, and B3 coefficients by about
50%, the main qualitative features of the low-RScl evolu-
tion survive. We will adopt for (>, MS) = mra(v?) (with

the spacelike RScl values g> = —v?) the reference value
(v =m,)/@m) = a,(v’> = m2, MS) = 0.334
(29)
(np =2 or3),

which is approximately the value extracted from the had-
ronic 7 decay data [18,19]; and we will evolve a(»?) by the
BP[2/2] beta function [see Appendix B, Figs. 13(a) and
17(a) for ny = 3, 2, respectively]. Sometimes, for com-
parison, the evolution by the BP[1/3] beta function will be
used [Figs. 13(b) and 17(b) for ny = 3, 2]. Details of the
definition of BP[i/j] for the beta function and other details
are given in Appendix B.

Most of the following calculations are performed for the
case of two active massless quark flavors (n; = 2), in order
to facilitate comparison with the lattice calculations of
Refs. [20,21]. Some of the calculations will be performed
for ny = 3 in order to see the n; dependence of the results.
We adopt the notations used in Ref. [21]:

Ap = p(T; py) — p(T; uy = 0), (30)
g =My + pa) =3, — ), (31
ap
= 32
" (32)
a%p 3%p
= , = , (33)
ST N TPHE

where the partial derivatives with respectto uy (X = g, I)
are taken at constant 7" and constant uy (Y = I, g, resp.).
Here, n, is the quark number density (at u; = 0); x, and
X; are the quark number and isovector susceptibilities.
When ng = 3, we will take pu, = 0, as in the lattice cal-
culations of Refs. [22,23]. Further, we will use for the
critical temperature the value 7, =0.17 GeV as in
Refs. [20,21], both for n; = 2 and ny = 3. Unless other-
wise stated, the unknown parameters 6g, Bm [Eq. (24)],
and 6g [Eq. (25)] will be set equal to their central value
(zero), and the RScl’s vg and vy for the short- and long-
distance parts of the pressure will take on the “canonical’
values according to Eq. (27). Numerical calculations were
performed using MATHEMATICA [24].

In our calculation of A p we will resum separately, in the
aforementioned way, p(7, uy) and p(T, uy = 0), and then
subtract the two quantities. We prefer this approach (in-
stead of trying various resummations of the perturbation
series of the quantity A p) because the directly measured
physical quantities are the full pressures.

Numerical resummations, performed in the way de-
scribed above, give us for the total pressure p =
Pr + Pm+g the results presented in Figs. 1, for various
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T T
T.=0.17 GeV, n =2
8=Pyp =0:=0
RSclvy =Vog = Mg (Vg )

45 |, =n=p, b
beta=BP[2/2] .

p/ T4
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T T
T.=0.17 GeV, n,=2

8 =By, =8:=0

RSclvy = Ve = Mg (Vg )

4.5 Fu,=ng=u, R
beta=BP[1/3]

p/ T4

FIG. 1 (color online). Pressure p (divided by 7*) as a function of temperature, at various values for the ratios /T involving the
chemical potential u, when (a) Borel-Padé BP[2/2] and (b) BP[1/3] is used for the beta function B(g3).

values of the ratio ,u,q/T (where w, = u, = py), as a
function of temperature in the vicinity of 7. Comparison
of Figs. 1(a) and 1(b) further reveals that the results do not
change significantly when the type of BP resummation of
the beta function is changed. For better visualization, we
present in Fig. 2 a three-dimensional image, showing p/T*
as a function of T/T, and of w,/T. (u; = 0), for the
choice of parameters, RScl’s, and resummation approxim-
ants equal to that of Fig. 1(a). Note, however, that in Fig. 2
the second axis is u,/T, and not u,/T [the latter quantity
is kept fixed in the separate curves of Fig. 1(a)].

In Fig. 3 we present the corresponding results for the
pressure difference Ap = p(T; u,) — p(T; u, = 0), for
five different values of ,uq/T (=02, 04, 0.6, 0.8, 1.).
We include, for comparison, the results of the evaluation of
the simple TPS in powers of g(v = 27 T) as dotted lines.
These were obtained by using for pg the TPS in powers of
g*(v = 27T), and for py;. g the TPS in powers of g(v =
27rT). The latter TPS is obtained by using expansions

FIG. 2 (color online).

Pressure p (divided by T*) as a function
of T/T. and u,/T, (with u; = 0). The choices of parameters,
RScl’s, and resummation approximants are the same as in
Fig. 1(a).

(15)—(17) in powers of g(v) in expansion (14) for pyig
(also in the logarithms there), and setting the RScl v =
27rT. The unknown parameters 8g, 6, and By, Which
affect these TPS’s at O(g®), were all set equal to zero here.
In addition, the TPS’s truncated at O(g°) are presented, for
the aforementioned five values of u,/7. We note that such
types of TPS evaluation (with the common high RScl
~27rT) have been often used in the literature to evaluate
p and/or Ap. The TPS’s presented here do not diverge
when approaching even very low values of temperature
because for the beta functions we use BP[2/2] (or BP[1/3]
in Fig. 1(b)]. Figure 3 shows that our Padé-related evalu-
ations, while being somewhat higher, reproduce the lattice
results for A p/T* to within 20%, even at low temperatures
T = T.. On the other hand, the TPS results are very
unstable under the change of the truncation order. It ap-

1.2 " T ' | o]
VM = Vg MECVE): By = 1 = B beta=BPI2/2] 7 g
™ T.=0.17 GeV, n=2, 8 =85 =Py, =0
1 L
TigT=1.0
el att(1.0) * *
08 O *
s e TPSO8)...
- T=0.8
—
S el TPS[gY(0.8)
E : - " * Xatt(0.8) *
/ * TTeeaese)
04 /,_Mﬁzos B—— 1
/*ﬂ* x x *aoe) PO«
* TPS[gO0.4) ¥
""""""""""""""""""""" X IRSId0e)
1 12 14 16 18 2

FIG. 3 (color online). Same as in Figs. 1, but now for the
pressure difference Ap divided by T* (solid lines). In addition,
the TPS results are included as dotted lines, and the lattice
calculation results of Ref. [21] are included as crosses, where
the depicted error bars include only specific statistical errors.
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5 T

T.=0.17 GeV, ni=2, variations of G, By, O
1y /T=0,08; beta=BP[2/2]

_ y(can)
VX =Vx

45 r

p/ T
N

35 Hf
, 8e=8=Ppp=0 ——
var.of SG: +1
varof §g= tky oo
var.of BMZ: +15

1 10 100
T/T

c

FIG. 4 (color online).

varied according to Egs. (24) and (25), for two different values of the ratio u,, J/T—

the common RScl v = 2#T).

pears to be a coincidence that the TPS’s truncated at O(g?)
are in good agreement with the lattice data. Incidentally,
the latter TPS’s have values similar to those of @(g®) TPS’s
with 85 = —k; [in the latter case, py has the coefficient at
g% equal zero; cf. Egs. (20) and (25)]. Stated otherwise, the
O(g®) TPS’s are quite unstable under the variation of the
unknown parameter g while our Padé-related resumma-
tions are quite stable (see also Figs. 4 and 5). Furthermore,
the TPS results show a strong RScl dependence, as will be
shown shortly.

A general remark on the lattice data (included in Fig. 3)
and their significance is in order here. The quoted error
bars denote only specific statistical errors and do not
represent further uncertainties. The aforementioned lattice
data have various uncertainties, among them the generic
uncertainties of lattice calculations coming from the con-
tinuum limit effects (of up to 10%; cf. [20]), from the finite
size effects (of about 5%; cf. [25]), and from the uncer-

0.7

de=05=Pyo=0 ——
var.of 6G= +1
varof dg= tky oo

065 - varof Byo= £ 15

0.6 E
<t
=
% VE(c:m) —2nT, VM(can) =mg
0.55 T,=0.17 GeV, n=2 e
variations of 8, By, O
Hy = Mg =Hg beta=BP[2/2]
0.5 i
u/T=08
0.45 .
1 10 100
T/T

c

FIG. 5 (color online).
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3e=36=Ppp=0 ——
var.of §g= +1
varof §g= tky oo
var.of Byo= £15
45 e
T,=0.17 GeV, n=2
variations of 8, By, O
- 1,/T=0,08
y 4 |beta=BP[2/2], vy =2 7T
S
35 (b) TPS’s
1 10 100
T/T

c

(a) Pressure p (divided by T*) as a function of temperature, when the unknown parameters 8¢, By, and S are

0.8 and 0; (b) same as in (a), but for TPS’s (with

tainties of the value of T, (of 2%—3%). The results for Ap
for finite chemical potentials suffer from additional prob-
lems: since finite w, values are treated in Ref. [21] by
applying a Taylor expansion in powers of pu, /T
[cf. Eq. (3.1) of Ref. [21]], one has to calculate the corre-
sponding coefficients c,(T)—more of them when u,, /T is
higher. In Ref. [21] only the first three nonvanishing co-
efficients (n = 2, 4, 6) have been calculated—with high
instabilities already for n = 6 (cf. Fig. 1 in [21]). The error
bars in the lattice data in Fig. 3, as well as in Figs. 8 and 9,
present only these specific uncertainties in the calculation
of the three c,’s. However, the terms with n = §, 10, ... are
not included. Consequently, the lattice results for large
wy/T values (u,/T = 0.8) have to be considered with
reservation. An educated guess leads to the expectation
that the data in Fig. 3 have an overall uncertainty of around
15%, and probably even higher when u,/T = 1.
Therefore, it is fair to say that our predictions are in

0.7 - T

s 3e=0g=Bp=0 ——
SE_ e vanf GBE:M% L
_ varof Buo= £15
0.85 - [
0.6 E
<
'_
S TPS, RSclv=2nT
055 | ke T,=0.17 GeV, n=2 .
i ’ variations of 8, By,
' K My = Hg =Ny, beta=BP[2/2]
0-5 7::: ‘4';"‘ T
(b) TPS’s ngT=08
0.45 & .
1 10 100
T/T,

c

Same as in Figs. 4, but now for Ap/T*.
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5
T.=0.17 GeV, n=2, 8 =By =8 =0 beta=TPS
various RScl's v u, =y = i, beta=BP[2/2] beta=P[2/3] -+
U /T=08

_ (can)
45 | vx=2Vvx

(cun)/z
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1 10 100
(@) T/T,

FIG. 6 (color online).
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6
T.=0.17 GeV, n=8, 8 =By =8 =0 beta=TPS
various RScl's v u, =y = i, beta=BP[2/2] beta=P[2/3] -+
e i T=08
55 |
T
= 5
a
45
4 L )
! 10 100
T/T,

c

Pressure p/T* as a function of temperature, when the renormalization scales vg and vy are varied by factor 2

around the canonical values (27): (a) when ny = 2; (b) when n; = 3. The values of the ratios p, /T are either 0.8 or 0. Also included

are the corresponding sets of curves with the TPS evaluation.

0.7 -
v=4nT v=nT
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: A TPS
0.65 . e |
. 06 | @ 02 |
—
E— VE(cdn) =21T, VM(cun) =mg
0.55 T,=0.17 GeV, n=2 |
8 =PByp=8=0
various RScl's v
My =Hg = g Deta=BPI2/2] V= vy oy G
087 u/T 0q8 Vg = 5y Vg2 g |
K/ T=0. e VE&unD/zy o vy oy
beta=TPS
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1 10 100

T/T,

c

FIG. 7 (color online).

reasonable agreement with lattice data downto 7' = T, at
least as long as u, < T. Analogous statements are valid for
the comparison with lattice data in Figs. 8 and 9 (see later).
What we do not yet understand is the apparent systematics
of the lattice results: they lie systematically below our
predictions, in particular, for high u, values. Whether
this demonstrates a lattice artefact, possibly connected
with the rather large bare quark mass used there, has to
be further investigated. In this context, we further note that
the difference between our and lattice results could not be
significantly reduced by choosing different values for the
unknown parameters 6g, By, 0 (Which were set equal to
zero in Fig. 3), at least if varying them within the generous
ranges specified in Eqs. (24) and (25). In fact, variation of
these parameters can decrease our results at 1 < 7/T, <2
by less than 1%; (see Fig. 5 below).

In Fig. 4(a) we present variations of our results for
p/T* in a wide temperature regime when the unknown
parameters 6g, By, and O are varied according to

0.7

0.65 [

. 0.6 (b) n=3 E
'_
E‘ VE(can) =21T, ercan) =my
055 T.=0.17 GeV, n=3 |
36 =PBux=8:=0
various RScl's v
05 M, =My =N, beta=BP[2/2] Ve = v, vy = vy ———
R r _ (can) _ (can) .. ... 1
/T=0.8 VE= 2VE iVM=2 Y
uq Vg = VF_FM")/Z, Vp = VMMM)/Z
beta=TPS
0.45 L ‘ beta=P[2/3]
1 10 100

T/T,

c

Same as in Figs. 6, but for Ap/T* instead of p/T*. The chemical potential Mg has the values w, = 0.8T.

25 T T
T, =0.17 GeV, n=2, beta=BP[2/2]
3G =PBmp =8 =0
RScl vy = V= Me(Vp) L . mgT=10
2 | Pu=Ha=Hq e 1
. N Alatt(1.0) a
N 1 T=08
15 4
i att(0.8)
@
l:cr & 1T =06
o
1r = o Slatt(0.6) a8 4
e, BgT=04
T * * * att(0.4) *
0.5 F w(T=02
*
latt(0.2)
0 ! ! ! ! !
1 1.2 1.4 1.6 1.8 2
T/T,

c

FIG. 8 (color online). Quark number density n, (divided by
T3) as a function of T, at u; = 0, for various values of the ratio
t,/T. Our results are in the form of curves. Included as points

are the corresponding results of the lattice calculation of
Ref. [21].
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FIG. 9 (color online). The susceptibilities (a) x, and (b) x; as a function of temperature, for various values of the ratios u, /T
(p; = 0). Our results are in the form of curves. Included are the corresponding results of the lattice calculation of Ref. [21], in the form

of points (some with error bars).

Egs. (24) and (25), for two different fixed values of the
ratio /T (= 0.8, 0.). In Fig. 4(b), the analogous results
for the aforementioned simple TPS’s are shown. We see
that our results are remarkably stable under the rather
generous variations of the three unknown parameters,
whereas this is definitely not the case with the TPS’s.
The dependence on the unknown parameters g and Og
is strong in the TPS’s, while the Padé-related resummation
results are almost independent of them. The dependence on
the parameter By, is too weak to be seen.

In Figs. 5(a) and 5(b) we present Ap/T* in the way
completely analogous to the presentation of p/T* in
Figs. 4(a) and 4(b). The conclusions for the (in)stability
of the calculated A p under the variation of the unknown
parameters are similar to those for p. The independence of
the parameter 6g in the TPS’s in Fig. 4(b) is a direct
consequence of the u, independence of . The depen-
dence on the parameter By, is weak in the TPS’s, and too
small to be seen in the Padé-type resummation. However,
while there is almost no dependence on the unknown
parameter 6g in the Padé-related resummation results,
the dependence on &g is quite drastic in the TPS’s. This
behavior also makes plausible the fact that, by adjusting
the value of the unknown parameter §g, we can, in a way,
fine-tune the TPS results to come close to the lattice results
(see also Fig. 3).

After having shown that our results are fairly insensitive
to the still existing unknown parts of the perturbation series
(at ~g%), we now come to the most important results of our
approach: the stability under variation of the (two) RScl’s,
even at very low temperatures. This is manifested in Figs. 6
and 7.

In Figs. 6(a) and 6(b), we present the behavior of our
evaluated results for p/T* when the RScl’s vg and vy are
varied by factor 2 around the canonical values (27), for
ny = 2, 3, respectively. Two sets of curves are given, for

ty/T = 0.8 and zero, respectively. In addition, the corre-
sponding sets of curves for the aforementioned simple
TPS’s are shown, where now the common RScl » is varied
from 77T to 47 T. We see that our evaluated results for p are
much more stable under the variation of RScl than the TPS
results, down to very low temperatures 7 = T . This is the
same conclusion as the one obtained in our previous work
[11] for the case of zero chemical potential (u, = 0). For
additional comparisons, we included in Figs. 6 the results
of our Padé-related evaluation of p/T* with canonical
RScl’s (27) when the MS beta function B(a) is (four-
loop) TPS, and when it is Padé P[2/3](a). We see that
the results in such cases, when they exist, almost coincide
with the solid lines, i.e., with those with B(a)=
BP[2/2](a). However, due to the Landau singularities of
a(v?) at low RScl’s in the aforementioned cases of 8 =
TPS or P[2/3] (cf. Appendix B), the corresponding curves
exist (i.e., do not blow up) only down to Ty, = 1.87,,
2.5T,, respectively (when ny = 3: Ty, = 1.4T,, 2.0T,,
respectively). We note that the curve with 8 = P[2/3]
and wu, = 0 in Fig. 6(b) corresponds to the central curve
with ny = 3 in Fig. 18 of our previous work [11] and to the
upper solid line of Fig. 19 of that work.’

Figures 7(a) and 7(b) contain similar results for Ap/T*
(here only for the value ,uq/ T = 0.8). The conclusions
about the RScl dependence of the results for Ap/T* are
virtually the same as for p/T*.

It is exactly this independence of v at T down to about
2T, which makes our comparison with Ilattice data

"We mention that a numerical mistake was committed in the
mentioned curve of Ref. [11], in that the power of (g&/mg) in the
program there was taken to be 5 instead of 3 [cf. Eq. (18)]. The
curve with 8 = P[2/3] and u, = 0 in the present Fig. 6(b) now
represents the corrected version of the mentioned curve.
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(cf. Fig. 3) much more trustworthy than the simple TPS
evaluation.

In the remaining part, we present results for derived
quantities, specifically quark number densities and
susceptibilities.

Figure 8 contains results for the quark number density
(32) for various values of u,, /T (u; = 0). Included are the
corresponding results of the lattice calculation of Ref. [21],
in the form of points (some with error bars). The values
were obtained by numerical differentiation of our results
for p with respect to u, (with u; = 0 and T constant).
Again, we see that our results, in general, agree with the
lattice results to within 20%, even at low temperatures,
T~T..

Finally, in Figs. 9(a) and 9(b) we present the values for
the susceptibilities y, and x; [cf. Eq. (33)] as a function of
temperature, for various values of the ratios u, /T, while
keeping w; = 0. The results are presented as various
curves, and were obtained, at a given T, by numerical
evaluation of the double derivatives of our results for the
pressure p with respect to u, (at constant u; = 0) and
with respect to u; (around w; = 0, at constant u,) [24]. In
Figs. 9(a) and 9(b) we included the corresponding results
of the lattice calculation of Ref. [21], as points with error
bars. Our curves, in general, give results which are by
roughly 20% higher than the lattice results.

In addition to the aforementioned susceptibilities, the
mixed susceptibility y,,; which is related to the previous
two by

Xt~ Xq _ g Xud

T2 T?

(34)

has been a subject of interest in the literature. Our numeri-
cal results give, for the above quantity (34), at u; =0
(and ny = 2), values of about 4 X 1073 at sy =0 and
at temperatures 1 < T/T, < 2 [these values turn negative
(~ —1073) when ,uq/T = (.2]. The authors of Ref. [20]
obtained, by their lattice calculations, for the above quan-
tity (34) at u; = u, = 0 (and n; = 2), decreasing values
as the temperature increases from 7. to 1.57,, and at
T/T, = 1.36 they found a value of 6.6 X 1073. Our results
for this quantity are roughly in agreement with the lattice
results of Refs. [20,26], and with the hard thermal loops
perturbative estimates of Ref. [27]. The latter estimates
give, for the quantity (34), at 1 <T/T, <2, values be-
tween 5 X 1073 and 1.4 X 1072, when using our values of
a(27T) (with the beta function being BP[2/2]). The lattice
quenched results of Refs. [28] give, for this quantity, values
~1079, i.e., 3 orders of magnitude lower.

Further, we performed numerical calculations of p, Ap,
and n, in the case of three active flavors nyg= 3, with
My = pg = pg (T independent) and u, = 0, with our
approach described above. Comparisons with the corre-
sponding lattice calculations of Ref. [22] (their Figs. 3 and
6) revealed that, at their values of ug = 0.53 GeV (ug =
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3,4, ng = n,4/3), our results for Ap and ny are somewhat
higher than theirs, by less than 20% at T/T, = 1.5, and by
30%-40% at T/T, = 1.1. Direct comparison with the
lattice results of Ref. [23] is not possible, as no continuum
limit correction factor (c,,) was applied there. In Ref. [22],
an estimated correction factor ¢, = 0.446 was applied to
Ap.

IV. SUMMARY

Within the present paper we extended our recent ap-
proach [11] for improving perturbative expressions for the
quark-gluon pressure (obtained by FTPT) to the case of
finite (but still small) quark densities. Thereby, the main
aim was to find a consistent method for extrapolating
the FTPT-based results down to temperatures as low as
T, (=200 MeV). For such low energies, the original
TPS’s are plagued by huge uncertainties, stemming mainly
from their strong RScl dependence which itself is partially
connected with the occurrence of, at least, two different
energy scales contributing to the thermodynamic potential
under investigation. Therefore, simple FTP series do not
permit a reliable comparison with existing (low-energy)
lattice data. Such a check can only be performed if the wild
RScl dependence is sufficiently tamed. Our method allows
such a taming. It rests mainly on two crucial points: First,
we performed a careful separation of the low-energy from
the high-energy contributions to the pressure, which are
responsible for the (in principle, measurable) long- and
short-range behavior, respectively. In this way, we can
clarify which values of the RScl are the natural ones—
they are different for the two parts. Second, for each of
these contributions we identified Padé-related approxim-
ants which—besides showing other physically desirable
features—led to (almost) RScl-stable expressions and thus
to predictions which can be safely used down to low
temperatures. However, the use of the approximants for
the low-energy (long-range) contributions at very low tem-
peratures ~7, is only possible if the unphysical perturba-
tive Landau singularities of the QCD coupling parameter at
low energies are eliminated; we did this by using similar
Padé-related approximants for the renormalization-group
beta function. As a result, we demonstrated that the ob-
tained expressions for the pressure p and the difference
Ap = p(vy) — p(0) are fairly insensitive to the (as yet)
unknown part of the contributions of @(g®) and to varia-
tions of the RScl’s, both of these features being in stark
contrast with the TPS expressions.

Our expressions show a surprisingly good agreement
with lattice data—not only for the pressure and its
dependence but also for derived quantities, in particular,
susceptibilities. In this context, we note that the unknown
relative deviations of the low temperature lattice results for
p and A p from the true values are expected to be roughly
in the range of 10%—20%. This is due to the well-known
lattice artefacts, in particular, the ones connected with
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finite-u ; effects (truncated Taylor expansion in w,/T).
Our Padé-related evaluations give for A p/T* results which
are by not more than 20% higher than the lattice results
when u,/T = 0.8 and 1 <T/T,. <2; see Fig. 3.

Our approach is valid only for values of the chemical
potentials smaller than the temperature, because only in
this case can dimensional reduction be applied. For-
tunately, present day heavy ion collisions are probing the
region with values u, =< 50 MeV, which are small com-
pared to the temperatures 7 < 5T, typically involved. For
other kinematic situations, in particular, for small 7 and
larger chemical potentials, different reorganizations of
perturbation expansions are necessary and have been ap-
plied in the literature, the most prominent one being the
hard dense loop approximation which is genuinely four
dimensional but based on a nonlocal effective action [29].
Recently, a purely diagrammatic calculation of the pertur-
bative QCD pressure (i.e., without involving any effective
theory) has been performed [30] which, at least in princi-
ple, should be valid for all kinematic regions. As it should
be expected, these results—when applied to high tempera-
tures and (relatively) low chemical potentials—are in
accordance with those of the dimensional reduction
approach.
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APPENDIX A: RELEVANT COEFFICIENTS FOR
THE PRESSURE AT FINITE CHEMICAL
POTENTIAL

Here we compile expressions for parameters A ;, mg, and
gg which we obtained from expressions of Ref. [6] by
application of the method of separation of the long-
distance from short-distance contributions (i.e., introduc-
tion of factorization scale Ag: mg < Ag <27T), as ex-
plained in the beginning of Sec. II. We denote by » the
renormalization scale, and g = g(v) in the MS scheme.
Other notations used in this appendix are

_ My I
= Pr - — i, Al
Kr= 5T T atl (AD
~ 1 —k (k) 1 7k
Ay = Z Ef Mg RW(z) = n_f Ef yR(2),
‘ ' (A2)

- 1
{E (¢, 7) = n—Zﬂj&x(& 2),
If
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{'(=n)
{(=n)’
where X(z) and R({, z) are the aleph functions defined in

Refs. [6] via digamma functions and derivatives of the
Riemann zeta functions.

In'{(—n) =

(A3)

Coefficients A; (j = 1,...,7) and A;”), which appear in
Egs. (3)—(5) and (8)—(10), and later in Egs. (15)—(20), are
obtained from the ‘“matching parameters” agp (i =
1,...,7) in Refs. [6] by separating appropriately the parts
proportional to Inv,. (InA in Refs. [6]), or proportional to
1/€, from the remaining (v.- and e-independent) parts.
They take the form

? 7 _ .
A= E[S + 3nf<Z + 304, + 60#4)} (A4)
o, 1 ) )
ar = —g[ 1+ g5 + 2 w14y | a)
Ay =[1+gn,(1+ 12,)] (A6)

As = 2(=In2 + '{(=1)) + gn(1 = 2In2)(1 + 12,)
+4n,RO(1, 2), (A7)
1
Ag = {E [90 — 3961n2 + 66yE(6 + ny) + np(3 — 421n2)
+2n7(1 + 2In2)] + [nf,a2<6 + 44yg — 441n2
4 1 ~(0)

+ n};—lﬁ(z)(z)}}, (A8)

A7 =[22(yg —n2) + 1 + ndn2 + n,2RO()], (A9)

AY =24, (A10)
A =22+ Tnp = I} + 4011 = 2npnpfis, (ALD)
AY =22 —in,. (A12)

The most complicated coefficient is A3, which emerges
both in Eq. (8) and later in Eq. (20) via the quantity «
[Eq. (21)]. It can be expressed as

Ay = Ay + Ay, — AV In2, (A13)

where
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1 116 38 220
A3,1 = 1—8{32|:? + 4’)/E - ?lnlf(—?)) + Tln'{(—l):|

1121

3 N 3
+ En‘f[— + 8y + 2(127 + 48yp) i, — 644/, +

60

268
15
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' ¢(=3) + g(u + 156/1,)In'¢(—1)

+ 24(52809(3, 7) + 144i%RMV(2, ) + 17RO(1, z) — 928D (1, z) + 4iRD(0, z))}

3
1

- - 1
— i3 — iAx® )
iRW(0, z) — i4RB)(0, z))} + 4nf[3

2 . N . N N
- 3?(1 + 12,)In'Z(—1) — 96(8RO(3, z) + i12RM(2, z) — 2RO)(1, z) — 4RP(1, z) — iRW(0, z))}},

2 13 - - -
+ —nf[1(35 + 4721, + 132814) — 24(1 — 4ji,)In'Z(—1) — 144(12iRWD(2, z) — 2RO(1, z) — 16R83)(1, )

64
+ dyg + 87+ 12yp)fiy + 11224 — 72 I'L(=3)

(Al14)

Az =421 + yp)ajag — N3, zp +2,) = R,z + 25) — idi (2, 75 + 7)) + R(2 25 + 2p)) + 4azN(1, z)
1.8

+ (,af + ,ag)zx(l, if + Zg) + (,af - ﬁg)zx(ly lf + ZZ) + i4ﬂ§ﬁfﬂ(0, Zf)],

and

97 169 5 4
() — .
8

The constants &g, app, and ay, were obtained in Ref. [5]:

43 157

= — 72 =0.195715,
%6 T 96 6144 " ’
43 491 4
an Zﬁ_m’ﬂz "“-”0555017, aynp = _g,
(A17)
and By was obtained in Ref. [31]:
Bvi = —1.391512. (A18)

APPENDIX B: BETA FUNCTIONS OF THE
BOREL-PADE TYPE

In this appendix we present various resummations of the
QCD g functions as functions of x = a(Q?) = a,(Q?)/,
in the MS scheme. Further, the corresponding running of
a(v?) as a function of x = ? (in GeV?) is given, in the
various cases, always normalized to a(m?) = 0.334/7 =
0.106316; cf. Eq. (29). We will denote the squared RScl »?
here as Q*(= —¢* > 0) to emphasize the spacelike char-
acter of the corresponding four-vector q.

The four-loop RGE for a(Q?) = a,(Q?)/m is

2
= —Boa*(Q?)[1 + c;a(Q?) + c,a*(Q?)
+ c3a°(0%)]

(BI)

(A15)

K)vhere c;=p j/ Bo (j = 1). The one- and two-loop coef-
ficients By and B, [32,33] are scheme independent; in the
MS scheme [34] the three- and four-loop coefficients 83,
and 35 were obtained in Refs. [35,36], respectively,

By =111 -2 g =—(102-3,) B2
0 4< 3”f>’ ! 16( 3”f>’

By = ﬁnf

12857 5033 325
64( 2 18 Y

2>, (B3)

1
B; = ﬁ(29 243.0 — 6946.30n, + 405.089n§-

+1.49931n}), (B4)

and n; is the active number of quark flavors.

The solution of the RGE (B1), at low Euclidean energies
Q (with either n; = 3 or ny = 2), has the known unphys-
ical Landau singularities, i.e., singularities of a(Q?) for
0* = Q.- For example, if we choose the realistic value
of a,(Q* = m2) = 0.334, the singularity in a(Q?) appears
already at Q2. =~ 0.66> GeV> ~ 0.44 GeV> when n; =
3,and Q7. = 0.75* GeV? ~ 0.57 GeV?* when n; = 2—
cf. Figs. 12(a) and 16(a). The main reason for this unphys-
ical behavior of a(Q?) is the TPS form of the beta function
B(x = a)—the right-hand side of RGE (B1). Such a form
of B(x) has its origin in the perturbative approach (powers
of x = a). The TPS | B(x)| grows out of control when x =
a increases—cf. Figs. 10(a) and 14(a). This leads to the
appearance of the nonphysical singularities in a(Q?) at low

positive 0° = Q7 ..

054016-15



G. CVETIC AND R. KOGERLER

These singularities prevent us from using, in the tradi-
tional perturbative QCD (pQCD), the coupling at squared
energies Q° < Qéole. The problem can be avoided by
certain resummations of the TPS $ function, i.e., by find-
ing such a B(a) function whose Taylor expansion around

a = 0 up to ~a’ reproduces the TPS B(a) of Eq. (B1) and,

PHYSICAL REVIEW D 75, 054016 (2007)

at the same time, B(a) remains more under control when a
increases.

One possibility is to construct diagonal ornear-to-
diagonal Padé approximants based on the TPS B(a). For
example, the Padé

-beTPS|[x] (a) bMS nf=3 -beP23[x] (b) bMS nf=3

10 10

gl 8

6f 6

4f 4

of 2

0.2 04 0.6 08 1 005 01 015 02 025 03 5

2t 2

FIG. 10. MS beta functions —B(x)/By, for n; =3, whose TPS is TPS(x) = 1 + c¢;x + cx? + c3x°: (a) TPS(x) and (b) Padé

P[2/3](x) cases; x here stands for a(Q?).

-beBP22[x] (a) bMS nf=3 -beBP13[x] bMS nf=3
025 ¢ 0.25
02 F 0.2
0.15 f 0.15
0.1 f 0.1
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1 0.2 0.4 0.8 1
-0.05 -0.05
0.1 -0.1

FIG. 11. MS beta functions —B(x)/ By, for n; = 3, whose expansion is (1 + ¢;x + ¢c,x* + c3x%): (a) Borel-Padé BP[2/2](x) and
(b) BP[1/3](x) cases; x here stands for a(Q?).
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FIG. 12.  MS running of a(x = Q?), for n; = 3, when the beta functions are (a) TPS and (b) Padé P[2/3].
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aZ

P[2/3]g(a) = =By

gives us an expression which, up to a = 0.3, behaves
well—cf. Figs. 10(b) and 14(b). However, around a =
0.3, this B(a) goes abruptly out of control, because
the Padé expression has a pole there. The corresponding
running coupling a(x = Q?) achieves singularity already
at Q2. =~ 0.81% GeV? = 0.65 GeV? for n; =3, and
Qf)o]e ~ 0.92> GeV? =~ 0.85 GeV? for
cf. Figs. 12(b) and 16(b). In contrast to the TPS B(a)
case, however, a(Q?) seems to be well under control now
for virtually all O° larger than Q7 ..

Another possibility, which avoids the aforementioned
pole problem of the Padé B(x = a), would go in the
direction of first resumming the Borel transform Bg(y)
(the latter has, in general, significantly weaker singularities
than (), and then applying the inverse transformation via a
Borel integration. For example, we can try to apply diago-
nal or close-to-diagonal Padé resummation to Bg(y). The

Borel transform is

y, ) oo
BB(y) = _B()(F + C 5 + Cza + C34—! + - '), (B6)
and the Padé P[2/2] and P[1/3] resummations of the above
TPS are

y+ry?

= B7
1+ 1y + )% (B7)

P[2/2]p(y) = =By

Y

P[1/3 = -
[ / ]B(y) :801 +s1y+ s2y2 +s3y3

. (B8

where the coefficients r;, t;, s; are unique functions of ¢;’s
such that reexpansion of (B7) and (B8) reproduces expan-

sion (B6) up to (and including) the ~y* term:

A @

(beta=BP[2/2],bMS,nf=3)

0.8}

0.6 |

04t

02}

02 0.4 0.6 0.8 1

[1 = cia+ (3 = cy)a® + (=c} + 2¢cic; — c3)a’] (BS)
[
ry = (1/2)(3¢} — 4cicy + ¢3)/ &,
ty = (1/2)(=2cicp + ¢3)/&, (B9)
t, = (1/12)(4c3 — 3¢1c3)/ &,
02 s1 = (1/2)cy, s, = (1/12)(3¢? — 2¢5), B10)

s3 = (1/24) (=3¢} +4cic; — c3),
and we used the notation ¢ = (3¢} — 2¢,). However, the
inverse Borel transformation

B(x) = ﬂ) " dyexp(—y/0By(y) (Bl

cannot be constructed by inserting here directly the Padé
expressions (B7) or (B8) for the integrand. This is so
because the latter expressions have poles on the positive
axis: P[2/2]g(y) at y, = 1.13, 1.01 for n, = 3, 2, respec-
tively; P[1/3]5(y) at y, =~ 0.94, 0.88 for n; = 3, 2, re-
spectively. These “‘infrared renormalon” singularities
imply ambiguities in the integration: &8(a)~
exp(—y,./a)

[ ~ 8(Q%*da(Q?)/dQ?%) ~ 8a(Q?)]. This implies an ambi-
guity in the coupling a(Q?): da(Q?) ~ (A%/QZ)BW,,, =
(Aid_s/ 0?%)". Numerically, for P[2/2]g, 7 = 2.55, 2.44 for
ny =3, 2, respectively; for P[1/3]g, n = 2.11, 2.13 for
ny = 3,2, respectively. We can fix the above ambiguity by
choosing a specific recipe for the Borel integration over the
pole y, . We will choose the principal value (PV) prescrip-
tion

BP[i/]5(x) = Re [ " dy exp(—y/OPLi/ 1),

(B12)

*ie

a[x]
I (b)

(beta=BP[1/3],bMS,nf=3)
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FIG. 13. MS running of a(x = Q?), for n; = 3, when the beta functions are (a) Borel-Padé BP[2/2] and (b) BP[1/3].
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where [i/j] = [2/2] or [1/3]. Numerically, this is difficult
to implement, as € — +0 and we approach the pole y,
down to the distance & during the integration. However, we
can use the Cauchy theorem, and the fact that the Borel
transforms (B7) and (B8) do not have any poles in the

PHYSICAL REVIEW D 75, 054016 (2007)

complex semiplane Re(y) = 0 except the aforementioned
¥p. > 0. This allows us to avoid the vicinity of the pole,
for example, by integrating along a ray y = rexp(—ig),
where ¢ is any small but finite positive fixed angle
(cf. Refs. [11,19]),

-beTPS[x] (1) bMS nf=2 -beP23[x] (b) bMS nf=2

10 ¢ 10
8t 8t
6} 6}
4} !
2} 2f

: : : X ; : — X

0.2 0.4 0.6 0.8 1 005 0l 015 02 025 [03—7035
21 2t

FIG. 14. MS beta functions —3(x)/8,, for ny =2, whose TPS is TPS(x) = 1 + ¢;x + c,x2 + c3x%: (a) TPS(x) and (b) Padé

P[2/3](x) cases; x here stands for a(Q?).
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FIG. 15. MS beta functions —B(x)/By, for n; = 2, whose expansion is (1 + ¢jx + c,x* + ¢3x°): (a) Borel-Padé BP[2/2](x) and

(b) BP[1/3](x) cases; x here stands for a(Q?).
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FIG. 16. MS running of a(x = Q?), for n; = 2, when the beta functions are (a) TPS and (b) Padé P[2/3].
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a[x] (b)  (beta=BP[1/3],bMS,nf=2)
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FIG. 17. MS running of a(x = Q?), for n; = 2, when the beta functions are (a) Borel-Padé BP[2/2] and (b) BP[1/3].

BRI/ 15 = Refexp(—ig) [~ drexp(—y/)

x P[i/j]B(y)Iy_rexpu@}. (B13)

This approach, which is numerically stable, gives us for the
BP-resummed B(x) functions values which are surpris-
ingly nonsingular and achieve at x = a =~ 1 value zero
(infrared fixed point)—cf. Figs. 11 and 15. Integration of
the RGE with these BP-resummed four-loop MS 3 func-
tions, with the phenomenologically acceptable initial con-
dition a,(m2) = 0.334 [Eq. (29)], gives us a(x = Q?)
running couplings which are presented in Figs. 13 and

17. Both choices BP[2/2] and BP[1/3] give similar behav-
ior for a(Q?). There are no Landau singularities present
any more, and the coupling is analytic in the sense that
there are no unphysical singularities on the spacelike axis
of the squared momenta ¢> = —Q?. Furthermore, due to
the aforementioned zero of the BP S functions, the cou-
pling a(Q?) remains finite down to Q> = 0 where it has a
value =~ 1. The obtained “analytized” coupling a(Q?)
probably represents a version of analytic QCD.
Therefore, the skeleton-motivated method of Refs. [37]
can be applied as an alternative way of evaluating the
low-energy QCD observables.
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