PROCEEDINGS

OF SCIENCE

QCD thermodynamics with N; = 24-1 near the
continuum limit at realistic quark masses

RBC-Bielefeld Collaboration: Takashi Umeda*
Brookhaven National Laboratory, Upton, NY 11973, USA
E-mail: t umeda@nl . gov

We repot on our studyof QCD thermalynanics with 2+ 1 flavors of dynamical quarls. In this
proceedingwe presenseveralthermog/namicquantitiesandour recentcalculationof thecritical
temperéure. In orderto investigatethe thermalynanic propertiesof QCD nearthe continum
limit we adopt improved staggeredp4) quarks cougded with tree-level Symarzik improved glue
onN, =4 andé6 lattices. Thesimulationsareperformedwith a physicalvalueof the strangequak
massandlight quarkmassesvhich arein the rangeof mq/ms = 0.05— 0.4. The lightestquak
masscorrespondgo apion massof abou 150MeV.

XXIV International Symposium on Lattice Field Theory
July 23-28 2006
Tucson Arizona, US

*Spealker.

(© Copyrightownedby theauthor(s)underthetermsof the Creatize CommonsAttribution-NonCommerciaBhareAlikeLicence. http://pos.sissa.it/



QCD thermodynamics with N; =2+ 1 TakashiUmeda

1. Introduction and L attice Setup

The calcdation of QCD thermalynamic from first prindiple is important for variousreserch
area suchasHeary lon Phenomealogy, Cosmolay andAstrophysics. Lattice QCD enalles us
to carry out such calaulations. Especidly for HIC pheromenobgy it is mandaory to improve
estimateson somebasicthermog/namic quantities which have beenobtaned in previouslattice
calaulations. One of the main subjectsin our project is the accuate detemination of the criti-
cal temperatre T., whoseuncetainty, for example strondy affectsthe critical energydensty &
beauseof its T, depedene, & ~ T

Sincethermognamicsof lattice QCD requires huge computdiond resouces,it is difficult
to pefform anideal simulaton. Recentstudies tell usthatquark massesndthe numbe of flavors
strongly affectthermodynamic quantities[1]. Reliablecontinuumextrapolationsareof tremenaus
importanceaswell [2]. Therefae, it is our aim to study QCD themodynamics with almog real-
istic quarkmasss on the QCDOCmachire at Brookhaven Nationd Laborabry andthe APEnext
machhe at Bielefeld Universty. The calalation is perfamedwith N; = 2+ 1, which means2
degeneratelight quarks andone heavier quak on latticeswith N, = 4 and6. The lightestquak
masss of our simulaion yields a pion massof abou 150MeV anda kaon massof abou 500MeV.

For such calcuktions we adop the p4fat3quarkaction, whichis animproved Staggeedquaik
action [3], with atree-kbvel improved Symanzikgauge action. By using the p4fat3 action, thefree
quak dispersionrelaion hasthe coninuumform up to O(p*), andthetaste symmetrybreakng is
suppresed by a 3-link fattening term. The actionalsoimprovesbulk thermognamica quantties
in thehightemperatirelimit [3]. Theimprovemers areessatial to contmwol the cortinuumextrap-
olation onrather coarsdattices,i.e. N, = 4 and6. Thegaugeensemkesaregeneatedby anexact
RHMC algoiithm [4].

As astatisreport of theprojed, in this proceediry, we presentseverd thermognamicquant-
ties which areorderparanetersandtheir suscetibilities, the staticquarkpotertial, andthe spatal
string tensio. In the last sectbn we discussthe critical temperatre at the physical point The
details of thecritical temper&ure calcdation aregivenin our recer papen5s].

2. Order Parametersand Susceptibilities

To invedigatethe QCD critical temperatire andphasediagram, orderparamegrsof the QCD
trarsition areindispensale. In the chiral limit the chiral cordensge () is the orde paramegr
for the sportaneauschiral symmetrybreaking of QCD. Onthe othe handin the heary quarklimit
thePolyalov loop (L) is theorder pammetenf thedecamfinemeniphaseranstion. For finite quak
masss, thes obseavables remaingoodindicatorsfor the (psaudo) critical point. Especidly their
sugeptiblitie sareusdul to determire thecritical couding B in numeri@l simulatons.

Figurel shaws the suscetibilities of thelight quarkchiral concensate on 8% x 4 and16® x 4
latticeswith variousquarkmassesThe peakpostionsof thesuscetibilities definethe point of the
mostdrastic charge of ead orde paraneteri.e. the (pseulo) critical point of the QCD transtion.
Theresuls areinterpolatedin thecougding B by usingthe multi-histogran re-weightingtechrique

[6].

lwe alwaysuseherethe discomedtedpartof the chiral susceptibility
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Figure 1: Thesusceptibilityof thelight quak chiral concensateon 8% x 4 and16° x 4 lattices.Eachpanels
correspadto resultswith iy /s = 0.05,0.1,0.2 and0.4 respectiely. Thelinesarecalculatedoy the multi-
histogranre-weighing techniqte.
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Figure 2. The differenceof gawe couplings at the locationof peaksin the Polyalov loop andthe chiral
susceptibilitiesp, — ;.

The strength of the transition decraseswith increasingquarkmassesthis is reflectal in the
deaeasimg peakheiglht of the chiral suscetibilities. We calcubtethesesuseptililities on lattices
with aspet ratios of Ns/N; = 2 and4. Sincewe seea rather smallvolumedependene theresuts
suggestthat the transtion is in fact not a true phasetranstion in the thermognamicseng but a
rapd crossver.

Figure2 (left) shaws the differencein the peakpostion of the chird andPolyalov loop sus-
cepibilities. Thedifferencesaresmallandalmostidenical at theaspectratio of Ns/N; = 4, which
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Figure 3: Heavy quarkpotentialsscaledby r, for various cut-dfs andquak massegleft) andaglobalfit of
ro/awith theRG inspiredansatzEq.(3.3) (right).

indicatesthe chird anddecoriinementphag trarsition occurat almostthe sametempeature The
discrepamry betweerthe pedk posiionsshrirks with increaingvolume.

3. Scale Setting and the Heavy Quark Potential

The lattice scak is determired by the heary quak potertial V(r) which is extraded from
Wilson loops. The Wilson loop expectation valuesare calaulated on 16° x 32 latticeswith APE
smeaing in spdial direction. Thespatal pathin aloopis deteminedby the Bresemamalgorithm
[8]. We calcuatethe string tenson, o andSommerscaler,, whichis defined[7] asthe distance
wherethe correponding force of the staticquak potertial matche a ceriain value suggestedby
phenomendogy: rza—\r/ lr—r,= 1.65. To remove shat range lattice artifactswe usethe improved

]
distance,rimp, whichis definedas
1 =/ - aal (3.1)
T R P |

In ourlattice setup we find almog no massandcutoff dependerein thepotential scakdbyr,,
atN; = 4 and6 (Fig.2(left)). As discussedin previousstudies[9], we alsofind no stringbre&ing
effects even at large r. To estimatesysteanatic uncetainties of the potential fit, we performed
several types of fits, e.g. differentfit-rangesin r andfit-forms (3 & 4 parans. fits),

a a
— - —). (3.2)

a a
V(r):C+'—+arimp, V(r):C+?+ar+d( ;

mp mp
The differencesin the meanvaluesof thefits aretaken into accaint asa systenatic uncerginty of
thescak settirg.

We have deteminedthe scak paraneterr in units of the lattice spadng for 9 different pa-
ramete sets. This allows to interpolae betweenrdifferentvaluesof the gaugecouging andquak
masse. We usea renomalization group inspired ansaz [10] which takesinto accaunt the quaik
massdepemienceof r,y/a [11] andwhich apprachesin the weak coupling limit, the 2-loop 3-
functionfor threemasslssflavors,

(ro/a)~* = R(B)(1+ B&%(B) +Ca*(B))e @M +M)D . (3.3)
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Figure 4. Temperaturedepenénceof thespatialstringtensionfor N; = 0 andN; = 2+ 1. Both dottedlines
arefits with Eq. (4.1). Note,thatthe scaleonthe horizontalaxisis logarithmic.

HereR(B) dendesthe 2-loop B-function anda(f) = R(B)/R(ﬁ) with 8 = 3.4 chosnasanarbi-
trary normalzationpoint.

4. Spatial String Tension

Let us now discussthe calcuation of the spatal string tension which is importantto verify
the theareticd concept of dimensonal rediction at high tempersures. The spatiad string tensio
is extraded from the spatal statc quark“potential” (from spatal Wilson loops). We usethe same
andysis techiqueasfor the uswal (tempoal) staic quak poterial.

At high temperéure,the spatal stringtenson os(T) is expededto behae like

os(T) = cg?(T)T. (4.1)

Hereg?(T) is thetempeaturedepadentcoupling constantfrom the 2-loop RG equation,

g AT = 2b0InAlU+E—zln (zm /\%) (4.2)
If dimensonalredudion works,the paramete‘c” shoud beequal to the 3-dimensioml string ten-
sion andshoul beflavor independett.

Our 2+1 flavor resut yields ¢ = 0.587(41) and Ay /T = 0.114(27), obtaned by a fit with
Eq.(4.1). On the othe hand we plot in Fig. 4 alsothe querchedresut [12] which givesc =
0.566(13) and/Ay /T = 0.104(9). We thusfind thatthe paraneter“c” is —within statiticalerrars
—indeende onthenumberof dynamicalflavorsandthatdimensonal reduction workswell even
for T = 2T.. Thisanalysiscanandwill berefinedin the future by taking into accaunt higherorder
correctionsto Eq.(4.1)[13].
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Figure 5: Tcrg (left) and Tc/+/0 (right) asa function of mysr, on latticeswith tempoal extent N; = 4,
s = 0.065 (squaes)and i = 0.1 (triangles)aswell asfor N; = 6, s = 0.04 (circles). Thin error bars
representhestatisticalandsystematierroronr,/a and./oa. Thebroaderrorbarcombiresthis errorwith
theerroron B.. Theverticalline shavs the locationof the physical value mpsr, = 0.321(5) andits width
representshe erroronr,. Thethreeparallellines show resultsof fits basedon Eq. (5.1) with d = 1.08 for
N; =4, 6 andN; — oo (top to bottom).

5. Thetransition temperature

Finally | discussthe trarsition temper&urein QCD, which is oneof the mostimportantsub-
jectsin our projed. In sect.2we have determiredthe critical 3 at eachN; andfor several quaik
masse. At thesecoupingswe perfamedzerotemperatire calcuations of the staic quak poten
tial. Thescalesettirgsat eachcritical B provide eachvaluesfor the critical temperatire. We thus
canextrapolate T, to the chiral limit aswell asto the physial point by using a scalng ansatz. In
the zerotempeaturecalcuhtionsthe actual 3 is someimesslightly differentfrom our final resut
onthecritical B. Thedifferencesarecorrededby usingEq.3.3.Furthemorea systenaticerrar in
thecritical 8, e.9.8, — B, atN; = 6in Fig.2,is alsotakeninto account in thecritical temperatrre.

In Fig. 5 we plot the critical temperatire in unit of the Sommerscale(left) and the string
tersion (right) asfunction of the pion massmeg (also in units of the Sommerscalg. Thin error
bars representhestatstical andsysteméc erroronr,/a and/ca. Thebroaderrar barcombines
this error with the erroron 3.. We perfam a combhnedchird andcontinuum extrapolaion of T
by using theansatze.g.in unit of the Sommerscde,

chiral

Tefo = [Telo) com +AMarg)d+B/NZ, (5.1)

whereA andB arefree fit paramegrs. If the QCD trarsition is secand orderin the chird limit
the transtion tempeatureis expectedto depand on the quarkmassas ﬁ1|1/55, which correspond
tod ~ 1.08in Eq. 5.1, by the fact that one expects a critical point in the chird limit whichis in
the O(4)-universaliy class If, ontheotherhand thetrarsition becomefirst order for smallquak
masse, thetransiion tempeaturewill dependlinearly onthe quarkmassj.e. d = 2. Usingthefit
form ansdz 5.1 we candete@minethetranstion tempeatureatthe physcal point, whichis defined
asmpsfo = 0.321(5),

Terp = 0.457(7)"2% T./\/0 = 0.4088) 3, (5.2)
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wherethe cential value is given for fits with d = 1.08 andthe lower and upper systemdt error
corespoml tod = 1 andd = 2, respectively.

In orderto corvert T to physial units, we usethe scaleparameteyr, = 0.469(7) fm, declced
from the bottamonium level splitting using NRQCD [14]. Finally we obtain the trarsition tem-
peraturein QCD at the physial point, T. = 192(7)(4) MeV, wherethe staisticd errorincludes
the errars givenin Eq. 5.2 aswell asthe uncertinty in the value of r, andthe seond error re-
flects our estimae of a remainirg sygematicerra on the extrapolation to the cortinuum limit.
Thevalueof thecritical tempeatureobtaired hereis about10% larger thanthe frequently quoted
value ~ 175MeV. We notethatthis larger value mainly resuls from the valuefor r, usedin our
conversim to physicd scales.

Theanaysispresatedhereleadsto a valuefor thecritical temperatre with abaut 5% staisti-
calandsystenaticerrors It cleaty is desrableto confirmour estimae of theremainirg sygematic
erras through an addtional calaulation on an even finer lattice. Furthermoe, it is desirdle to
verify this resut through calcdations usingothe T = 0 scales andto explore otherdisaetizaion
schemesfor the fermion secto of QCD andto alsoobtan areliable independen scalesetting for
thetransitiontemperatrefrom anobservable notrelatal to propertiesof the staticquark potential.
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