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1. Introduction

Deep in the deconfined phase of QCD, with either temperatwequark chemical potential
p much larger than the QCD scalg)cp, asymptotic freedom eventually leads to a strong coupling
constantg that is sufficiently small to permit the use of perturbatitvedry for calculating the
thermodynamics of quarks and gluons under extreme conditibdndeed, much effort has been
invested in calculating the thermodynamic potential of Q&tthigh temperature. It is by now
known up to and including ordeg®log(g) [1, 2, 3, 4]. These calculations require resummations
of ordinary perturbation theory to cope with infrared pesb, which is done most elegantly and
efficiently by means of effective field theories [5]. Up to andluding orderg®log(g) one can
in fact set up an expansion into Feynman diagrams, but tieisksrdown at the orde?®, which
receives nonperturbative contributions from the chrongmetostatic sector. However, already
the expansion up to that point suffers from unusually pomveayence properties and a strong
dependence on the renormalization point even at tempegatnany orders of magnitude higher
thanAqcp, which seems to reduce calculations of this kind to a pureldamic enterprise. The
perturbative expansion appears to become reliable onlgdapling constants so small that the
thermodynamic potential is anyway very well approximatgdhe Stefan-Boltzmann result for a
noninteracting plasma.

However, this problem is not specific to QCD at high tempegatuith its nonperturbative
magnetostatic sector. Similarly poor convergence bebavappears also in simple scalar field
theory [6], and even in the case of layeg” theory [7], where all interactions can be resummed in
a local thermal mass term. As soon as one starts expanding @stries of powers and logarithms
of the coupling, the result for the thermodynamic poterg@s wild, whereas the exact result that
is available for the largéd ¢* theory is completely unspectacular and smooth.

Various techniques have been developed to restore thergemeae of the perturbative series.
The more physically (rather than mathematically) motigdat@es include “screened perturbation
theory” [8, 9], its generalization to gauge theories (“HTérfurbation theory”) [10, 11, 12, 13], and
the use of 2Pl techniques which put the emphasis on a quaslealescription [14, 15, 16, 17]. In
particular the latter results agree very well with avaialattice data down to temperatures about
three times the phase transition temperature so that tige i@frapplicability of weak-coupling re-
sults does not appear to be restricted to uninterestinglly timperatures. Moreover, these results
also agree well in this regime with the perturbative resofiRef. [3, 4] to ordeg® or eveng®log(g)
provided the effective-field-theory parameters used is &iiproach are not treated strictly pertur-
batively, but are kept in the form in which they appear ndlyifd8]. The difference this makes
is shown in Fig. 1, where the light-gray band shows the reatimation-scale dependence (a mea-
sure of the theoretical uncertainty) to strictly orgérand the medium-gray band shows that of the
unexpanded three-loop result, both compared to the lattiwalt of Ref. [19], represented by the
thick dark-gray curve. In the unexpanded three-loop retiudt renormalization scale dependence
is highly nonlinear such that an extremum is attained at gpeuboundary marked PMS for prin-
cipal of minimal sensitivity; a different optimization of the perturbative result istést apparent
convergence (FAC), which turns out to be close to the former.

1A slightly different implementation of the PMS to the themiynamical potential with roughly comparable results
has recently been presented in Ref. [20].



Thermodynamics of QCD at large quark chemical potential Anton Rebhan

P/Py 1

0.9}

0.8

0.7

0.6

0.5

15 2 2.5 3 3.5 4 4.5 5

T/T.
Figure 1. Three-loop pressure in pure-glue QCD normalized to theligas value with unexpanded
effective-field-theory parameters whenis varied betweemT and 41T (medium-gray band). The broad
light-gray band underneath is the strictly perturbativauteto orderg® with the same scale variations. The
full line gives the result upon extremalization (PMS) wit#tspect tqu (which does not have solutions be-
low ~ 1.3T;); the dash-dotted line corresponds to fastest appareneagence (FAC) immg, which sets

U=~ 1.791T. (From [18])

In the following, we shall first consider the extension to ren® quark chemical potential
of the perturbative results obtained by Vuorinen by meanthefeffective field theory provided
by the technique of dimensional reduction. After a comparisvith lattice results on the one
hand, and analytical results from the lafgedimit of QCD on the other hand, we shall turn to the
case of chemical potentials much larger than the temperaflinis regime turns out to be much
richer than the one at high temperature. For sufficiently temperature, new phases with colour
superconductivity occur which can in fact be analysed bykaesaupling techniques applied to full
QCD[21, 22, 23, 24, 25, 26, 27]. In this regime, and also imthienal phase at temperatures above
the critical one, non-Fermi-liquid effects play a cruciale. As we shall describe, the relevant
effective field theory in this situation is those of hard defsops (HDL) [28, 29], and we have
used it to calculate systematically non-Fermi-liquid eféein entropy and specific heat as well
as in the dispersion laws of fermionic quasiparticles attemperature and high quark chemical
potential.

2. Dimensional reduction at high temperature

When the coupling constant is small< 1, and temperaturé is the largest scale, there is
a natural hierarchy of scales: the “hard” sca@llethe “soft” scalegT, “ultrasoft” gZT, .... Inthe
imaginary-time formalism, the hard scaleis carried by nonzero Matsubara frequencigs=
ninT with n even/odd for bosons/fermions, and all the softer scaleshiavonly the zero modes
of the bosons. The “soft” scalgT is where collective phenomena such as Debye screening and
Landau damping occtiiand its effective field theory is Yang-Mills theory reducedhree spatial

2In plasmas with a momentum-space anisotropy, i.e. tempesathat depend on the direction, the scateax(T)
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dimensiond

1 1
Le = SR+ tr[Di Ao +mEtrAS+ SAe(rA)? + .. (21)

In lowest order one has a dimensionful couplgig= g°T + O(g*) and [38]

_ 272 2 “_5 4 9Nt 4
m2 = (1+N;/6)g°T?+g %2n2+0(g ),  Ae= 5 T+ (2.2)

The dominant contributions to the thermodynamic pressames from the hard modes, and
these contributions are completely perturbative,

P = T4(cy + Cg? + Cag® + Cag® + .., (2.3)

though the coefficients>3 depend on the cutoffAg) required to separate hard from soft scales.
The soft contributions, on the other hand, are determinatidgffective three-dimensional theory,
and to three-loop order the result only involves the paramgt andmg [3]

_ 9 /89 11 1
3 8 2me

5F —|n2+—n2>g‘,;mE+... (2.4)

The complete three-loop pressure of QCD is obtained by gdelia P'ad4 Psoft and to achieve
the maximal perturbative accuraBy2as well as the effective field theory parametgrsandme
are required to ordeg®.

As long asT > mg, this program can be extended to finite quark chemical pele&esides
modifying the parameters of the effective theory, thereadse newC-odd terms in the effective
Lagrangian. The one with smallest dimension in nonabeliaories reads [39, 40, 41]

3
w_:9 3
L = 132 %uqter. (2.5)

In general the effects of these additio@abdd terms are small compared to tBeven operators.
One gquantity which is determined to leading order by the aioer(2.5) is the flavour off-
diagonal quark number susceptibility at zero chemical mice[42]

9%P

Xi
When quark masses are negligible, all off-diagonal comptsnare equal at; = 0. Denoting
them byy, the leading-order term involves a logarithmic term confimgn the exchange of three
electrostatic gluons and is given by [42]

(2.7)

§ o~ _(N2_1)(N2_4) <g)6_|_2|n£

384N T

is also the scale of magnetic instabilities [30, 31, 32, 33].
3The relevant effective theory for time-dependent problanssill 3+1-dimensional and is given to leading order by
the so-called hard-thermal-loop (HTL) effective actioA,[35, 36, 37].
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Figure 2. The differenceAP = P(T, u) — P(T,0) divided by T# using the unexpanded three-loop result
from dimensional reduction of Ref. [48] fqr/T = 0.2,...,1.0 (bottom to top). Shaded areas correspond
to a variation ofiys around the FAC-m choice by a factor of 2; dashed and dasledlbttes correspond
to the FAC-g and FAC-m results, respectively. Also includeglthe recent lattice data of Ref. [49] (not yet
continuum-extrapolated!) assumifﬁé’:0 = 0.49Mqcp. (From [54])

whereN is the number of colours. This vanishes in SU(2) gauge thdatynot in QCD, and also
not in QED, where (in the ultrarelativistic limit) [42]
e 1

N —_ 2 —
X oED 24n6T In (2.8)

There has been for some time a discrepancy of the result @ti)lattice results on off-
diagonal quark-number susceptibilities. The authors d6Hdé3, 44] have obtained results in the
deconfined phase that were far below those predicted byrpation theory, and have interpreted
this as new evidence for nonperturbative physics and thed¢adf weak-coupling methods. Most
recent lattice results [45, 46, 47] have disproved the previones, and there is now agreement
with the perturbative estimate at> 2T..

The complete three-loop pressure of QCD at finite quark ctalnpiotential was recently cal-
culated by Vuorinen [48]. Like the result at zero quark cheahpotential, there is poor conver-
gence and large renormalization scale dependence attieatisiplings, but again the apparent
convergence can be improved importantly by applying thegription of Ref. [18] which keeps
effective-field-theory parameters unexpanded. Figure®isthe result foAP = P(T, u)—P(T,0)
for Nt = 2 at several values qi /T for which there are recent lattice data [49]. The shaded re-
gions correspond to variations gfss by a factor of 2 around a FAC value, and the dashed lines
correspond to (two variants of) FAGus. At T/Tp = 2, the highest value considered in [49], the
FAC results exceed the not-yet-continuum-extrapolatégtéadata consistently by 10%, which
is roughly the expected discretization error [50]. Whennmalized to the free valuAR, instead
of T4, the results would be essentiafliyindependent and thus also very similar to Mye= 2+ 1
lattice results of Ref. [51] as well as the quasiparticle eiodsults of Refs. [52, 53].

3. Large-N¢ limit of QCD and QED

While the comparisons of weak-coupling results with |l&ttiata are in remarkably good shape
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Figure 3: Diagrams contribution to the thermodynamic potential ofjésN: QCD

at temperatures a few times the deconfinement temperatugeerns desirable to have a cleaner
testing ground for the resummation procedures requireghipyang weak-coupling techniques at
realistic temperatures. Guy Moore [55] has proposed to huséargeN; limit of QCD and QED
for this purpose. Larg& QCD is much simpler than largd: QCD. In the limitN; — oo, Nc ~ 1,
g°N; ~ 1, the relevant diagrams are those displayed in Fig. 3. Tinahie a dressed gluon prop-
agator which contains typical gauge-theory phenomena asdbebye screening for electrostatic
modes, unscreened magnetostatic modes, complicatedsi@péaws, Landau damping, and also
plasmon damping. This is therefore a much richer theory thamargeN scalar field theories that
are frequently used for testing resummations of thermdugaation theory.

In terms of the polarization tensét* = Miqe+ MNky2, Where the matter pafiky, can be
decomposed in a transverse and a spatially longitudinaédier andll,, respectively, the thermal
pressure reads

4 2712 4
P:NNf<7n2T ulT u)

180 + 6 +127‘[2

d®q [~ dw
+ NQ/W/O 7[2{[%4—%] Imin (6% — w?+ N1+ Myac)

—2Imin (o? - * + I'I\,ac)}

qz_w2+nL+nvac
q2_w2

qz_w2+nvac _1

+{[nb+%} ImIn

The effective coupling is hidden ii_ 1 and given by

2
o oD,
G = (3.2)
&N, QED.

with exact one-loop beta function:

1 1 In(/p)
Be(l)  G2(1) 6 -

(3.3)

There is no asymptotic freedom. In fact, there is a Landaguamity at exponentially large scales
AL = [ims€e/8e8™ /%n(kus) implying this theory exists only as a cutoff theory witiuoft < /L.
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Figure 4: Exact result for the interaction pressure at finite tempeeaand zero chemical potential at large
N; as a function oty24(ms = 7T ), compared to strict perturbation theory [55, 56, 57]. The ted band
appearing for large values of the coupling for the exactlteshows the cutoff dependence from varying
the upper numerical integration cutoff between 50% and 70%eLandau polé\.. The results of strict
perturbation theory are given through orgé,f (dotted Iine)ggff (dashed)g;‘ff (dash-dotted), an£ff (dash-
dot-dotted) where the renormalization scajgs is varied betweer%rrT (line pattern slightly compressed),
riT, and 21T (line pattern slightly stretched). The line labelled “FAC-indicates the scale chosen by the
prescription of fastest apparent convergence for whiclctimees ofgj;'ff andggff coincide. (From [58])

However, for the purpose of testing thermodynamic reshlsis no problem as long as the effec-
tive cutoff provided by temperature and/or chemical pa#it, u < AL. It does however lead to
certain technical intricacies, sinée o needs to be implemented such that Euclidean invariances
are respected in order not to produce spurious singusfie, 56].

Comparing the available perturbative results with the t&xargeN; result obtained numer-
ically [55, 56] shows that strict perturbation theory has tisual problems of poor convergence
and largeu-dependences (Fig. 4). The exact result has a curious nastoréa behaviour as a
function of g, and only the small deviations from the free pressure atlsroapling seem to be
unambiguously predicted by perturbation theory.

Figure 5 shows the result of an optimizefl result with the prescription of keeping the
effective-field-theory parametetz unexpanded. (The coefficient of tgeterm has been extracted
numerically with a 10% error shown by shaded bands.) Thdtragrees exceedingly well with the
exact result even for the largest coupling where the amtyigutroduced by the Landau singularity
is still under control.

Perhaps even more remarkably, the nontrivial behaviounethermodynamic potential has
recently been reproduced with comparable accuracy by @swpopd-derivable approximation
to the entropy (where the perturbative accuracy is actwsily orderg?) [59].

In Ref. [57] two of us have also evaluated the laMyepressure at finite chemical potential,
which is displayed in the 3-d plot of Fig. 6.

In Fig. 7 this result is compared with the perturbative resubrderg® for two optimized renor-
malization scales. While this shows a fairly large regiorevehthe perturbative results obtained
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Figure5: Exactresult for the interaction pressure of laigeQCD at zero chemical potential [55, 56] as a
function ofgZ;(tims = 7T) or, alternatively, logy(AL /TiT). The purple dashed line is the perturbative result
when the latter is evaluated with renormalization s¢ale = Urac = 1el/2-YT: the blue dash-dotted lines
include the numerically determined coefficient to orggr (with its estimated error) at the same renormal-
ization scale. The result markegZ;, = g8 corresponds to choosingys such that the ordegg;; coefficient
vanishes and retaining all higher-order terms containékdrplasmon terml mé
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Figure 6: Exact result for the largdk interaction pressur® — Py normalized toNg(1T2 + p?)? as a
function of g2 (Hms) with figg = T2+ u2, which is the radial coordinate, agd= arctar{riT /).
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Figure 7: Percentage errors of the perturbative result for the intEna part of the pressure to ordggff

in the largeN; limit for two choices ofys: Fastest apparent convergencePods well asn‘é (FAC-m),
and ofgZ (FAC-g). The brightest area corresponds to an error of less 1%, the darkest ones to an error
of over 100%. The ratio of chemical potential to temperainoeeases from top to bottom according to
¢ = arctar{miT /) so that 90 corresponds to high temperature and zero chemical poteantid O to zero
temperature and high chemical potential. The couplingvergin terms oggﬁ(ﬁMs) atpvs = \/T2T2+ p2.
(From [54])

through dimensional reduction is a good approximationisib shows that there is a breakdown of
dimensional reduction at very small temperattire: 0.1u. In this regime it becomes necessary
to evaluate all infrared sensitive diagrams such as ringrdias in four dimensions. Combining

such procedures with the existing analytical results tegloop order should be able to fill in the

existing gap of perturbative results on the pressure for serall temperatures and high chemical
potential [60].

A three-loop result for the QCD pressure does exist at exaetlo temperature. It is due to
Freedman and McLerran [61, 62, 63] and it has recently bedatad by Vuorinen [48] In the

4Another recent update has recently been provided by RéfwBdre the effects of finite quark masses on the terms
of orderg? have been computed.



Thermodynamics of QCD at large quark chemical potential Anton Rebhan

oco 100 20 10

-0.001¢
-0.002¢
-0. 003t
-0. 004}
- 0. 005}
- 0. 006¢
-0. 007}

0 1 4 9 16 25 36  9%(w)

Figure8: The interaction part of the pressure at zero temperaturémitelchemical potential as a function
of g2(Hms = p) or, alternatively, logy(AL /1), compared with the perturbative result of Freedman and
McLerran [61, 63] to ordeggﬁ, and our numerically extracted ordggﬁ result, both with renormalization
scale in the perturbative results varied aropgd = u by a factor of 2. The coloured bands of tj@-results
cover the error of the numerically extracted perturbativefficients. (From [57])

largeN; limit it reads

P—P ggﬁ 92ﬁ 2 s g4ﬁ 6
PR Gt Jet  SjnHMS _g5gsgg | e o(glingyy). (3.4
Nop =0~ 3om® |2 3" u Tog OOt NGer):  (3:4)

The exact (but numerical) largé: result of Ref. [57] in fact provides a check of these results
as well as a numerical determination of the next terms toraggjeandgS; In(ger):

P—Py 21 [0
— = [3.18(5)In —— +3.4(3)| s 2.
Ng l‘l4 ggff-,T:QIjMS:IJ [ ( ) ggff ( )] 204818

(3.5)

Figure 8 compares the exact and the perturbative resultthéotargeN; pressure at zero
temperature and high chemical potential, with the pertivbaiesults evaluated for three values of

Ums/H.

4. Non-Fermi-liquid behavior

From the leading-order interaction term in the thermal guies [65]

5 2 1 4]
P—Py=—Ng | =T+ Spu?T2 4+ Zpt| =4 4.1
0 9{9 TRt TRl e T 1
one would expect that the entropy density= (%) at smallT < u should start as
u
%rr 2
— So=—Ng= 12T + ... 4.2
S — S og g H T+ (4.2)

However, for sufficiently small', namely whenl' < gu, the interaction part of the entropy
density extracted from the exact lariyg-result (Fig. 9) has even a different sign. The contributions

10
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Figure9: The interaction part of the entropy at sm&jiu for géﬁ(ﬁmszu) =1, 4,and 9. The “nomy,”
contributions (dash-dotted lines) are negative and apprately linear inT with a coefficient agreeing with
the exchange term ggﬁ in the pressure at small coupling; the," contributions (dashed lines), which are
dominated by transverse gauge boson modes, are positivealidear inT such that the total entropy
exceeds the free-theory value at sufficiently sriigll:.

to (3.1) which do not involve the Bose distribution functiando indeed behave in accordance to
the result (4.1), but those with the functiopthat one would expect to be negligible at very small
temperature turn out to become the dominant ones, and thsilede terms which are nonlinear
in T, implying a strong deviation from the usual behaviour ofrfiidiquids [66]. This hon-Fermi-
liquid behaviour is caused by long-range interactions, elgmeakly screened magnetic modes.
At very small frequencies, the latter have a dynamical singelengthk = [nszw/4]1/3 and

it has been found long ago by Holstein, Norton, and Pincu$ @t this manifests itself in the
appearance of an anomalous contribution to the low-teryoeréimit of entropy and specific heat
proportional toaTInT 2,

While this effect is perhaps too small for experimental dié@ in nonrelativistic situations,
it drew renewed theoretical attention more recently [68, /4 after the detection of non-Fermi-
liquid behavior in the normal state of high-temperatureesopnductors [71] and in other systems
of strongly correlated electrons, which may be due to dffecgauge field dynamics (see also
[72, 73, 74)).

In deconfined degenerate quark matter, the analogous effiectnore easily be important
because the larger coupling constagtogether with the relatively large number of gauge bosons
increases the numerical value of the effect by orders of imadm In contrast to the case of a high-
temperature quark-gluon plasma, chromomagnetostatitsfarle expected to remain unscreened
in the low-temperature limit [21] and thus lead to the samegdarities in the fermion self-energy
that are responsible for the breakdown of the Fermi-lig@isiadiption in the nonrelativistic electron
gas considered in [67].

An important consequence of such non-Fermi-liquid behaviaqquantum chromodynamics
(QCD) is a reduction of the magnitude of the gap in color sopeductors [21, 25, 26, 27] which
on the basis of weak-coupling calculations are estimatédve a critical temperature in the range

11
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between 6 and 60 MeV [75]. Quark matter above this tempexdtas long-range chromomagnetic
interactions that should lead to an anomalous specific hifatpwssible relevance for the cooling
of young neutron stars as pointed out by Boyanovsky and da & 77]. However, in Ref. [77]
these authors claimed that tbd In T~ term in the specific heat as reported in [67, 69, 70] would
not exist, neither in QCD nor in QED. Instead they obtainedT&In T correction to the leading
ideal-gas behavior, which by renormalization-group argots was resummed intol&°(@) cor-
rection as the leading non-Fermi-liquid effect on the sietieat®> At low temperatures, such a
contribution would be rather negligible compared to stadgieerturbative corrections to the ideal-
gasresult]T.

In Refs. [78, 79] we have recently been able to resolve thestradictory results and shown
that theaTIn T~ term as obtained in [67, 69, 70] is indeed correct. In additithe coefficient
of this leading logarithm, we have calculated the coefficigrder the log as well as higher terms
in the low-T series, which come with fractional powersTof

S — o _ GenkT (| Merit

Ng 36m? T

8 2Pr(8)z(8)
9\/'\3)7-[11/3

2048— 2561 — 3671* + 3

5402

This expansion is systematic for < geff U, but breaks down af ~ Qesld; for T >> Qesrld it
in fact has to switch to the perturbative series that can hairdd from dimensional reduction.
A result which covers alll < u can be obtained by resumming the complete nonlocal HDL self
energies and is given by the compact expression [79]

2 2T 00 00
Ly g0 GeT 1 /0 dq)c?nb(qo)/o dqqz{

—2+VE—%Z/(2)>

80 2/°r (P)4(P)

72 in @—4.3493485 OB @3

(geffll)4/3T5/3+ (geﬁu)2/3-|-7/3

Ng 242 218 aT
2 2 HDL 2 2 HDL
2ImIn (%) +ImIn <%>}
a-—d; a°—do
+O(gegh’T). (4.4)

For T < gu this resums the above loW-series which is dominated by magnetic effects and for
Oefl < T < U connects smoothly to the dimensional reduction result
1
Ny

(xR
12

_ ggﬁUZT
82

(& = SA) ~ + (4.5)
where theD(g®) contribution is from electrical Debye screening. The nuoaevaluation of (4.4)
together with the first few orders of the low-temperaturéeseand the perturbative result from
dimensional reduction is shown in Fig. 10.

Figure 11 displays the resulting specific heat normalizedstadeal-gas value. The lines
marked “QED” correspond tgeff = 0.303 oragep ~ 1/137, and the results f@es = 2,3 corre-

spond toas =~ 0.32,0.72 in two-flavor QCD. (Recall theggff = ¢°N¢/2.) While in QED the effect

SResummation of the'T In T~ term along the lines of Ref. [77] would have led td & (@) term instead.

12
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Figure 10: The function&(T /(gertt)) Which determines the leading-order interaction contiduto the
low-temperature entropy. The normalization is such tBat —1 corresponds to the result of ordinary
perturbation theory. The various dash-dotted lines gieditist few orders of the low-temperature series for
the entropy; the perturbative result from dimensional otidn to orderggff andggff is given by the full and
the long-dashed curves, resp. (from [79])

is tiny (the deviations from the ideal-gas value have bedarged by a factor of 20 in Fig. 11 to
make them more visible), in QCD we find that there is an interggange ofT /u where there

is a significant excess of the specific heat over its idealvghse, whereas ordinary perturbation
theory [65] would have resulted in a low-temperature linfitd/%?° = 1— 2as/ . At sufficiently
low temperatures,/ ¢ may even become much larger than 1. As discussed in Ref tf@0large
logarithm that appears in this limit is actually stable agaihigher-order corrections. However,
in QCD (though not in QED) the growth &f,/%. is limited by the appearance of a supercon-
ducting phase at sufficiently smdll According to Ref. [75], the critical temperature for théaro
superconducting phase transition may be anywhere betwead 60 MeV, so with e.g. a quark
chemical potential oft = 500 MeV the rangd /u > 0.012 in Fig. 11 might correspond to normal
guark matter with anomalous specific heat. While the effeatains small in QED, it seems con-
ceivable that the anomalous terms in the specific heat playieeable role in the thermodynamics
of proto-neutron stars, in particular its cooling behavioits earliest stages before entering color
superconductivity [81, 82].

The cooling of (proto-)neutron stars with a normal quarkteratomponent is not only sen-
sitive to non-Fermi-liquid effects in the specific heat. Tager are in fact overcompensated by
two powers ofasIn(m/T) appearing in the neutrino emissitivity [83] which come frémgarith-
mic singularities in the group velocities of quark quadiistes. While Ref. [83] assumed a single
scale for the two kinds of non-Fermi-liquid logarithms, aest explicit calculation [84] showed
that these can be very different.

The scale of the logarithm in the specific heat is approxipatizen by log 0.282m/T) with
n? = N¢ (gu/2m)?. At zero temperature, the group velocity of quark quasigiag near the (would-
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Figure1l: The HDL-resummed result for the specific hgatnormalized to the ideal-gas value i = 2
and 3 corresponding tas =~ 0.32 and 072 in two-flavor QCD, andje ~ 0.303 for QED. The deviation of

the QED result from the ideal-gas value is enlarged by a faxftd0 to make it more visible.

be) Fermi surfaces(= E — ) reads [84]

2
1 . g Ct 8.07m 2/3
Vg(e) = 1+—12n2 In e +O((g/m)“/*) (4.6)
which at small nonzero temperatufex gu is bounded by
2
Vg (0) =1+ 122 In 5 +O((T/m)*). 4.7)

Evidently the scale of the latter logarithm differs fromttirathe anomalous specific heat by more
than a factor of 30.

Higher terms in the smalt expansion of the group velocilvgl(s) also involve fractional
powers, and a complete result for generahn again be obtained by HTL resummation. The latter
is shown in Fig. 12 together with the first few terms of the draadxpansion.

5. Conclusions

There has recently been substantial progress in applyimdcseeupling methods to the ther-
modynamics of deconfined QCD, and we have made a case thaigdrarally poor apparent
convergence can be greatly improved by suitable resumngati@esults obtained from the effec-
tive field theory of dimensional reduction remain predietior temperatures down to a few times
the deconfinement temperature (rather than many orders gritnde higher as previously con-
cluded). This also holds true for nonzero chemical potéptiee T, and in fact comparisons with
the available lattice data show reasonable agreementiglegd ~ 2T.

For temperature¥ ~ gu or smaller, the perturbative expansion obtained in the dgiomal
reduction framework eventually breaks down because offFemmi-liquid effects. Those can be
calculated analytically by HDL resummation and give risatnomalous terms in the specific heat
and related quantities. While tiny in QED, such effects magdme important in the thermody-
namics of neutron stars with a normal quark matter component
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Figure 12: The group velocity of quark quasiparticles plotted'gs" — 1)/(g°Cy) over log,o(E — p/m) at
zero temperature.
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