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We have extended our earlier simulations of the high-temperature behavior of lattice QCD with two light
flavors of staggered quarks on a®¥88 lattice to a lower quark massn=0.00625). The transition from
hadronic matter to a quark-gluon plasma is observed gt=65.49(2) corresponding to a temperature of
T.~140 MeV. We present measurements of observables which probe the nature of the quark-gluon plasma and
serve to distinguish it from hadronic matter. Although the transition is quite abrupt, we have seen no indica-
tions that it is first order] S0556-282(197)05011-X]

PACS numbdss): 12.38.Gc, 11.15.Ha

I. INTRODUCTION of light-staggered quarks on a %68 lattice. In the first

paper in this series we described simulations with quark
The understanding of the thermodynamics of hadronignassmg=0.0125, in lattice unit§1]. In the current paper we
matter is a major goal of lattice QCD. In particular, one describe simulations with quark mass,=0.00625 and,

would like to find and understand the nature of the transitionVhere possible, attempt to extrapolate to the chiral limit.

from hadronic matter to a quark-gluon plasma and to deterrior results of this study were reported at lattice conferences

X . ) . -[2,3], and there has also been a report from the Columbia
mine the properties of this plasma phase which serve to dlé oup on their work with a lighter quark mass, 0.4,

tinguish it from the hadronic phase. Such high-temperatu_rgr The simulations were performed on the Connection Ma-
matter must surely have existed in the early universe, and 'téhine(CM-Z) at the Pittsburgh Supercomputing Center. We
properties would have helped determine the evolution of thgised the hybrid molecular dynamics algorithm with noisy
Universe. In addition, it is believed that heavy-ion collisionsfermions for our simulations enabling us to tune the number
such as will be observed at the BNL Relativistic Heavy lonof quark flavors to 2. As at the higher mass, we found no
Collider (RHIC) will produce hot nuclear or hadronic matter evidence for a first-order transition, in agreement with work
and probably quark-gluon plasma. Finally, such studies capn lattices withN,=4 [5], 6 [6], and 12[7]. This is what was
help us understand the dynamics of QCD including confinepredicted on the basis of chiral spin models, which predict a
ment and chiral symmetry breaking. second-order transition at,=0 and a rapid crossover, with
We have carried out simulations of QCD with two flavors no transition at smalin, [8].
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The position of the transition was determined by measur-
ing the Wilson-Polyakov line, which is associated with con-

finement, and the chiral condensdtéy), which measures
chiral symmetry breaking. In addition, we have calculated
the entropy densities of both quarks and gluons, and mea- ¢.29
sured the topological susceptibility. From the correlation
functions of spatial and temporal Wilson lines, we have es-
timated the string tensions and Debye screening lengths, and  ¢.15
addressed the question ¢fJ production. By measuring the
baryon number susceptibility, we have determined how the I
system responds to a finite chemical potential for baryon |3 0.10
number. Additionally, we have measured the hadronic
screening lengths for light hadronic excitations. These
should give us an indication as to whether the plasma has 0.05
any hadronlike excitations or whether its excitations are sim-
ply quarks and gluons. Finally, we have added valence
“strange” quarks, whose masses are tuned to give the cor- oY JL SN WP WA WS IS PR, 1)
rect kaon masses when combined witbr d quarks of mass 5.485 545 5475 55 5.525 5.55 5.575
m,=0.00625. By measuring the entropy of such strange 6/g
guarks, we can address the question as to whether the forma-
tion of the quark-gluon plasma is characterized by increased FIG. 1. The Wilson-Polyakov linécircles and(y ) (crosses
kaon production. We have also measured the kaon screenirg functions of 2.
lengths.

Section Il describes the simulations and the extractions Offstrange” (S) valence quark_ At tree order the partia| entro-
most of the order parameters. In Sec. Il we discuss Debygjes for the quarks and gluons are given by
and hadronic screening lengths. Finally, in Sec. IV we
present further discussions and conclusions.
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II. SIMULATIONS

These simulations were performed on &4® lattice and
with 2 flavors of light quarks with mass,=0.00625, which
will be compared, when appropriate, with earlier simulations o Nf_ — s 1 —
with my=0.0125[1]. The updating was performed with time SiT= g[( YDoip) — 3+ 2me Y], v
incrementdt=0.005, except at §7=6.0 and the first half of

gle_g'rgf |a3325 h? 2/2:.25; tév(;]e][gr 'tl\ggg (t:'rr]r?zen nt'?s bZtrespectively, wherePg; and Pgs are the space-time and
P v imu ! uni space-space plaquettes normalized a$lih Since at this

6/g2=5.45, 1500 time units at §#="5.475, 1145 time units ;
from a cold start, and 1000 time units from a hot start atorder, the energy density and pressure obey the perfect

. _ l_ . . . _
6/g2=5.5, and 1000 time units at each ofgt5.525, gas relationp= 3¢, which is clearly false for a first-order

5.55, and 6.0. Configurations were saved every 20 time unit%%%sg'r%ré’r\[';? include the one-loop corrections. Through one-

at 65%=6.0, every 10 time units at §7=5.55, and every 5

time units for each of the other couplings. These configura- 127

tions were used for later analyses. s T= ( 1— _Tj OT @)
The thermal(temporal Wilson-Polyakov line, and the 9 6/g= ) 9"’

chiral condensaté /) were measured and are plotted in
Fig. 1. They are tabulated, along with values of the plaquette, 1.022 ,

in Table 1. In each case the first 200 time units are discarded siT=|1- e SqT- 4
for equilibration. The rapid crossover of these two quantities

between @’?:51475 and @%:'5_5 suggests that the transi- 1| £ | The Wilson-Polyakov line andyy) as functions of
tion occurs in this range. This is further borne out by Iook|n96,gz for m.=0.00625.

at the time histories of the Wilson-Polyakov line at :

6/g°=5.475 and 5.5. These are shown in Fig. 2. Atgjg2 Wilson line ) Plaguette
6/g°=5.5, starts from both the hot and cold sides of the
transition evolve to the high-temperature phase. At5.45 0.012414) 0.198325) 0.4578Q11)
6/g2=5.475, starting from the high temperature phase, thé&.475 0.016216) 0.161532) 0.4532812)
system rapidly settles into the low temperature phase an8.5 0.045226) 0.096621) 0.4485Q9)
stays there. 5.525 0.05422) 0.080621) 0.444939)
We have measured the partial entropy densities for thg 55 0.067117) 0.063@10) 0.440997)
gluons and the light dynamicali@ndd) quarks. In addition, 6.0 0.206724) 0.029253) 0.392433)

we have calculated the partial entropy densities for a heavier
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FIG. 2. Time evolution of the Wilson-Polyakov linéa) at

6/g°=5.475 andb) at 64°=5.5. FIG. 3. Partial entropy densities ¢#) the gluons andb) the

quarks as function of §f. The dashed lines are the Stefan-
The tree-level quantities are tabulated in Table Il. The mulBoltzmann values, irfb) the lower dashed line is for the quarks
tiple values for the strange quark at eaclyBéorrespond to  and the upper is for tha+d quarks.
different choices for the strange quark mass, which span the
range of estimates for the masses required to give the correquantity on a 18x 8 lattice to its continuum value, in an
kaon mass whem, 4=0.00625. The values chosen were attempt to remove some of the finite-size and finite lattice
0.035, 0.040, 0.045, and 0.050 a6+ 5.45; 0.030, 0.035, spacing effect$10], are plotted in Fig. 3. The above ratios
and 0.040 at &°=5.475; 0.025, 0.030, and 0.035 at are 0.99136 for gluons and 1.59828 fomndd quarks. The
6/g>=5.5; 0.020, 0.025, and 0.030 atg~5.525; 0.0175, gluon partial entropy density divided & is small for small
0.0225, and 0.0275 at §7=5.55; and 0.010 and 0.015 at values of 642, and increases abruptly to close to the Stefan-
6/g?>=6.0. The one-loop-corrected partial entropy densitiesBoltzmann value (322/45) between &?=5.475 and
each divided by the ratio of the corresponding free field6/g?=5.5, and remains there agyb/is increased. The partial

TABLE Il. Partial entropy densities for gluong, plusd quarks, ands quarks at the tree order.

6/g? sy/T? SA sYTS

5.45 1.93.6 1.21.9 1.05) 1.005) 0.95) 0.9 (5)
5.475 —-2.1(3.2) 1.91.2) 0.2(5) 0.2(5) 0.1(5)

5.5 9.43.9) 7.71.2) 2.8(5) 2.7(5) 2.6(5)

5.525 7.04.0 5.0(1.4) 2.1(5) 2.0(5) 1.85)

5.55 7.43.5 8.8(0.9) 3.96) 3.7(6) 3.7(6)

6.0 11.33.9 10.20.7) 4.57) 4.57)
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6/g? is increased through the transition, exceeding the con-

3
m=0.00625 16°x8 LATTICE tinuum value for large 7, a possible finite-size effect. The

0.04 singlet susceptibility measures the ease with which a quark

% excess can be created by a finite chemical potential. Below

L

the transition, confinement prevents the production of
quarks, except as baryons, which requires extra energy: thus
Xs Is small. Above the transition unconfined quarks can be
created, which requires little energy, geis large.xns mea-
sures the ease with which an excessuajuarks and antit
quarks can be created. Below the transition, the easiest way
to do this is to create an excess®f’'s. However, the mass

Xyg—Xg — ©

(=)

Q

fav]

R

——
—xX—
||

*0.01 = ] of the pion (larger than normal sincen, is larger than its
| i 1 physical valugtends to suppress such production, and is
> 0.00 ({J (1) h small. Above the transitiom and d’s can be created with

1 little energy andyys is large.
o — Lo Quark-number susceptibility is just one of the quantities
5.4 55 5"6 59 6 6.1 which is of importance if our eventual goal is to understand
6/¢ the equation of state near the transition. Other such quantities
are the fluctuation quantities such[d8,14]

FIG. 4. Quark-number susceptibilitys and yns— xs as func-
tions of 64°. 1 32

. . CV:W mmz, (7)
entropy density for thei+d quarks overT? also increases
rapidly between @=5.475 and &°=5.5, and slowly in- T 82
creases for higher values. Even byg®#6.0, it is still little Xm=y ﬁ—zInZ, (8
more than one-half its Stefan-Boltzmann valuerf#;/15). My
This slow approach to its asymptotic value could well be due T P
to poor convergence of the perturbative loop expansion. Y=o —————InZ. (9)
However, in contrast with the case of Wilson fermions, tad- V amga(1/T)

pole improvement is not expected to @ad in fact is ngtof . " .

any help[11]. The entropy density of the strange quark be-Snce such Juantities have peaks which span only a small
haves in a fashion qualitatively similar to that of the-d ~ 'ange of 64%, to calculate them directly requires knowing
quarks. Just above the transitioat 642=5.5), it is about their values at &2’s which are closer together than typically
36% of that of theu+d quarks, while by &2=6.0 it has simulated. This deficiency can often be overcome by inter-
risen to about 44% on its way to the high-temperature limitP®/ating using the Ferrenberg-Swend4ds| method. We

of 50%. found, unfortunately, that the spacing of our simulated

2, 2_ . . .
For a complete understanding of the thermodynamics of/d”'S: A6/g°=0.025 in the transition region, was too large
lattice QCD one really needs to work at finite baryon- andto permit such an interpolation. We estimate that one would

> . )
hence quark-number density. Although that is beyond th&€€d aA6/g°~0.01(or lesg to enable such an interpolation
scope of these simulations, we have measured the sif®jlet on this size latticénot unreasonable for future simulations

and nonsingletNS) quark-number susceptibilitidd 2], The contribuztions to_these qugntities at only the simulated
values of 6g- show little variation, and no peaks, the tran-

J sition region is too narrow and none of our points is close
Xs:(_ + W) ((ny) +(ng)) (50 enough to feel much effect. In the casexqf, since only one
d

L noise vector was used for each estimaté i), it is prob-
and able that the fluctuations from use of this stochastic estimator
completely overwhelmed those associated with the gauge
d d configurationd 16].
XNS:(___)(<nu>_<nd>)r (6) From our measurements of the Wilson-Polyakov line,

Iy dug — . .
() and entropy density, we conclude that the transition

where(n,) and({ny) are the expectation values of the num- from hadronic matter to a quark-gluon plasma occurs at
ber densities fou andd quarks andx,, andu4 are chemical ~ 6/g>=5.49(2)  for m,=0.00625 as compared to
potentials foru and d quarks. We have evaluategk and  6/g°=5.54(2) formy=0.0125. Linear extrapolation leads us
xns 0N the lattice evaluated at zero chemical potentials usingp predict that the transition would occur agé# 5.44(3) in
the method of[12] with 50 noise vectors(except at the chiral (n,=0) limit. This my dependence of the position
6/g°=5.55 where we used 20, 50, and 100 noise vectors, wef the phase transition makes it difficult to extrapolate ob-
report results only for 100 noise vectors, which indicated thaservables tan,= 0, since to extrapolate tm,=0 at constant
50 noise vectors were adequatand plotted our results in  6/g? requires 64° to lie on the same side of the transition at
Fig. 4. The difference betweegys and s remains small my=0 as that atm;=0.0125. Of course, one might argue
throughout the rangeys is small below the transition, rising that it is more physical to continue, not at constamgf®@sut
rapidly to close to the continuum limity;T2=0.03125, as rather at constant physics. Since the change g3 6sr the
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TABLE IIl. (Ilﬂ) extrapolated tan,=0. Those values marked TABLE IV. Topological susceptibilityy. Standard gives the re-
with an asterisk are not to be interpreted as tnye=0 values, but sults obtained by the cooling method. Broad are the results after
are included because they are related to topological charge. Naivémoving small instantons, i.e., those where the maximum value of
extrapolations which cross the transition are included in squaréFF| on a site is=>2.
brackets for comparison.

XX 10°
(Iw) 6/g2 Cools Standard Broad Theory
6/g>  A(6/g%)=0.000 A(6/g?)=0.025 A(6/g?)=0.050 5 450 =0 28.8.4) 19419 11.105
5.400 0.216(056) 5.475 25 19.61.9 12.51.2) —
5.425 0.166067) 5.500 50 5.91.1) 3.60.5 0.0
5.450 0.142(68)* 0.142568)* 0.078%44) 5.525 25 5.80.9) 2.90.7) 0.0
5.475 0.058443) 5.550 25 4.00.9 2.1(0.5) 0.0
5.500 [0.012649)] 0.046723) 0.028524) 6.000 25 0.0 0.0 0.0
5.525 [0.004347)] 0.023@23)
5.550 0.011@3)
m, Ny —

6.000 0.0001(9) — n_fg Zf o, 11

transition A(6/g%)~0.05 between m,=0.00625 and which is valid for smallm,. We note that, in the hadronic
my=0.0125 and betweem,=0 andm,=0.00625, we have phase aj3=5.45, our measured value is greater than that in
attempted linear extrapolations in mass wk6/g%)=0.05  theory, as expected. In the plasma phase, we have equated

betweenm,=0.00625 andm,=0.0125 as well as for the theory to zero sincéy ) should vanish in the chiral limit in
tradltlor!al A(6/g%)=0. In addition, we have mclu.ded €X- this chirally symmetric phase. The reasgndoes not, and
trapolations for A(6/g”)=0.025. Such extrapolations are should not vanish in this phase, is that the theoretical expres-
shown for the chiral condensatésy) in Table IIl. Except at  sion above neglects terms higher ordemig. In fact, in the
6/g2=5.45, we have restricted ourselves to those for whictplasma phase
the my=0.0125, them,=0.00625, andm,=0 lie on the
same side of the transition. Atgf/=5.45, we have included Xocmgf= mé. (12)
cases where they=0.0125 andn,=0.00625 points lie in
the hadronic phase while thra,=0 point (probably lies in At 6/g°=5.55, which is above the transition for both masses,
the plasma phase. Although not representing the correct chy=3.0(6) for my=0.0125 and, even with small instantons
ral limit, these, we believe, are the correct values to use teemovedy=2.1(5) atm,=0.00625, a ratio of=1.4 rather
predict the topological charge. It is amusing to note thatthan the predicted four. Further analysis reveals that at least
above the transitiotat my=0), where(ﬂ) should vanish part of this is due to the finite lattice spacing which raises the
at mq: 0, the extrapo|ations at Constamga/ even where e€nergy of the “zero mode” associated with the instanton to a
they cross the transition, do better than those whegé i&/  higher value, comparable in magnitude to the quark mass,
changed to avoid the transition. invalidating the derivation of this formulgl8].

We have calculated the topological chaf@en each con- It is worth noting that, in contrast with what has been
figuration using the cooling methdd 7] described in more Observed by others for hybrid Monte Carlo simulati¢hS],
detail in our earlier papdil]. From theseQ’s we have cal- the autocorrelation time@in molecular dynamics timefor

culated the topological susceptibilitigsas topological charge and susceptibility we observed in these
simulations, which use the hybrid molecular dynamics

1 method with noisy fermions, are not substantially longer than
x=—(Q?. (10)  those for other observables. For this reasoV{{Q)2< x,
v which is necessary for a believable measuremeng.ofhis
is in agreement with other simulations using the hybrid mo-
The values we obtain by applying this method naively atlecular dynamics algorithm with noisy fermiof20]. Values
6/g°=5.45 are actually slightly larger at this quark massof (1V)(Q)?, and these autocorrelation times, are given in
(mg=0.00625) than they were atmy=0.0125 Table V. The values we quote for the autocorrelation times
[28(3)x10°° compared with 24(5%10 °] whereasy are, in fact, the times taken for the autocorrelation function
should be proportional to, and thus smaller at the lower to fall to e 2 of its zero-time value, rather thai * which
mass. For this reason we have recalculateafter removing  would be the correct definition if the autocorrelation function
small instantons by hand from the cooled configurationswere a simple exponential. However, we believe that this is a
Here the value atmy=0.00625 has dropped to better estimate in lattice simulations where autocorrelation
19(2)x 10 %, indicating that small instantons, which are afunctions are unlikely to be simple exponentials. Because
lattice artifact, are part of the problem, which suggests thae 2 is comparable to the size of statistical fluctuations in our
the lattice spacing is too large to allow complete separatiomutocorrelation functions, the values of autocorrelation times
of long- and short-distance effects on these lattices. Thé Tables V and VI should only be taken as a rough guide to
complete results are shown in Table 1V, and compared withihe size of the true autocorrelation times in these simulations.
the theoretical value for the confined region In Table VI we give values of the autocorrelation times de-
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TABLE V. (1/V){Q)? and estimates of the autocorrelation TABLE VII. Effective masses«(Z) from temporal Wilson line

times for topological chargeqg and for x, 7, as functions of  correlations.

6/g°.
Temporal Wilson-Polyakov line effective mass
1 6/g? z=0-1  z=1-2 z=2-3  z-3-4
61g? v(Q* T °
5.450 1.108)  0.8411) 09626  1.3580)
—5
5.450 0-6(1.8x10 ° 35 10 5475  0.944) 0.706) 07315  0.9346)
5475 1.1(1.3x10 35 10 5500  0.708) 0.499) 04913  0.5730)
5.500 0-6(6)<10 * 45 45 5525  0.775) 0.606) 06613  0.8641)
5.525 0.09(23x10 * 45 15 5550  0.847)  0.7515  0.9140) —
2550 0.002(25x 10 40 20 6.000 0.744) 0.696) 0.6616)  0.7841)

fined as above for the Wilson-Polyakov lings) and  “fuzzy” Wilson-Polyakov loops with zerox, y, andt mo-
plaquette action for comparison. menta, correlated in thedirection. Again, we find that those

We end this section with an estimate of the temperature ofyhich were “blocked” the maximum number of timé8),
the transition from hadronic matter to a quark-gluon plasmaj e, maximally “fuzzy,” were the most correlated. For time-
Once we know the critical value of &, the critical tempera-  jike Wilson lines our subtracted correlation function should
ture T, is given by behave at large separationg as

__ P(Z)=Alexd - pZ]+exd —u(Ns=2)1}. (14
T.= . (13
Nta(gc)
As usual, one obtains effective screening masggg)
The lattice spacingi(gﬁ) can be determined from measure- (where we have suppressed the mass depengdbgditing
ments of the hadron spectrum at zero temperature dhis form for P(Z—1) and P(Z). Then u(Z)—u, the
6/g>=6/gZ . Since this has not been done, we have calculatedcreening mass, which is closely related to the Debye screen-
a(g?), from a value of thep mass obtained by interpolation ing mass[21]. The screening masses so obtained are tabu-
from simulations at other values ofgd/andm,, following lated in Table VIl As can be seen, except for the
Blum etal. [14]. This vyields T,=150(9) MeV for 6/g®>=5.55 results, our data shoyv some evidence for a pla-
my=0.0125, T,=140(8) MeV for m,=0.00625 and teau as early as thie=1-2 effective massdsu(2)], so we
T.=128(9) MeV atm,=0. use ,LL(Z) as our estimate fop. In the plasma phase, the
quantity of interesu/T has the values 3.8(7) atdg5/=5.5,
4.8(5) at 69°>=5.525, 6.0(1.2) at §=5.55, and 5.4(5) at
6/g°=6.0, not significantly different from then,=0.0125
In this section we present our measurements of screeningsults.
masses, the inverse of screening lengths. We measure the The correlations C(Z) between spatially oriented
correlations of timelike Wilson lines which are related to the“fuzzy” Wilson-Polyakov lines also have an exponential
string tension in hadronic matter, and the Debye screeningsymptotic behavior. Unlike the temporal Wilson-Polyakov
length or mass in the quark-gluon plasma, which is the rangénes, the spatial lines do not develop a vacuum expectation
of influence of a static color charge in the plasma. The corvalue corresponding to a perimeter law in the high-
relations of spacelike Wilson lines are also measured. In ademperature phase, but retain an area law defining a confin-
dition, we measure the screening masses for excitations witiig theory in both phases. The effective masses we obtained
the quantum numbers of low-mass hadrons, to determintfom C(Z) for maximal blocking are given in Table VIII.
whether quark-gluon plasma has hadronlike excitations, oWe note that these values are very similar to those at
whether it is best described in terms of quark and gluormy=0.0125. Takingu(2), thevalue from fittingC(Z) from
excitations. Z=1 to Z=2, as our best estimate of the masswe can
As described in[1], we measure correlations between extract a string tensior= u/N,. Figure 5 shows/?/mp as

Ill. SCREENING LENGTHS

TABLE VI. Estimates of autocorrelation times for the Wilson- TABLE VIII. Effective massesu(Z) from spatial Wilson-
Polyakov linery, , the chiral condensatesy), 7,,, and plaquette  Polyakov line correlation functions.
Tplag @S functions of &2,

Spatial Wilson-Polyakov line effective mass

6/g? WL Ty Tolag 6/g? Z=0-1 Z=1-2 Z=2-3 Z=3-4
5.450 17 13 21 5.450 2.807) 1.9343 — —
5.475 48 39 51 5.475 2.4%6) 1.6822) 0.91(83) —
5.500 36 33 23 5.500 1.925) 1.1012) — —
5.525 31 78 64 5.525 1.744) 1.1912) 1.28934) —
5.550 24 25 9 5.550 1.585) 0.978) 1.0931) —

6.000 17 2 3 6.000 0.502) 0.41(3) 0.393) 0.405)




6858 S. GOTTLIEBet al. 55

SPATIAL STRING TENSION appears to be greater than thaingt=0.0125 indicates that
finite quark mass is probably not the reason for this splitting.

- 1 However, since tha, mass is difficult to measure we cannot
L ] rule out at least part of this splitting being due to systematic
0.8 — . errors. More importantly, since flavor symmetry breaking is
i ] large at these 67 values, we cannot rule out the splitting
being due to flavor symmetry breaking. Taken at face value

1.0

206 - ] these data suggest that Ugl9ymmetry is not restored at the
E ] transition, but instead is restored &s»>. Recent measure-
2 0.4 % X % X x i ments of the disconnected part of thepropagatof18], and

the susceptibility associated with[i25—-27] indicate that it
splits thef, anday masses in the neighborhood of the tran-

[P

0.2 sition and gived ,—m degeneracy. This supports the scenario
1 where SU(2) is restored at the transition, as expected, but
L | 1 U(1), is only restored at somewhat higher temperatures.
00 ————— - The p anda, screeni functi %4
54 55 56 p 1 ing masses as a function aj-6are

6/g° presented in Fig. ®). Since these states lie in the same
SU(2)xX SU(2) multiplet, their masses should become equal
when SU(2), is restored. What we observe is that these
screening masses do come together just above the transition
indicating that SU(2X SU(2) is restored at the transition, in
a function of 6¢2, indicating that the string tension appearsthe chiral limit. Similarly, Fig. €c) indicates that thé\ and
to be constant in physical units. This is in accord with ex-N’ (negative-parity nuclegrbecome degenerate @r neajy
pectations that these spatial Wilson lines should show corthe transition which is also evidence that chiral
finement at all temperatur¢22]. SU(2)x SU(2) symmetry is restored.
Let us now turn to the hadron screening lengths, or rather We also note that, just above the transition, thend
their inverses, the hadron screening masses. Not only cam masses lie just below the energy of two free quarks at the
measurements of these screening masses give indications |efvest Matsubara frequency, i.e.7Z, and presumably ap-
the nature of excitations in hadronic matter and the quarkproach this value from below &— . Similarly, theN and
gluon plasma, but they can also shed light on the nature afi’ masses lie just below the energy of three free quarks at
chiral symmetry restoratiofi23]. A full understanding of the lowest Matsubara frequency £€3), and approach this
chiral symmetry realizations at finite temperature requires galue at high temperatures. Thus these states appear to be
study of the flavor singlet mesons with their disconnectedyeakly bound abov@ .. In contrast, both ther and thea,
contributions, which is beyond the scope of this paper. Howmasses are considerably belowrP, just above the transi-
ever, as we will see, we can at least address some of theggn, only approaching this limit a§ — o, indicating that
issues. they remain strongly bound, even in what is usually thought
For massless quarks, the SUg2xomponent of the of as the deconfined phase. Thus the quark-gluon plasma
SU(2)xSU(2) chiral symmetry is spontaneously broken,does appear to support hadronic excitations.
while the SU(2), symmetry is unbroken. The U(})sym- Finally in Fig. 6d), we present our kaon screening
metry (baryon or quark numbgris conserved, while the |engths for the choices of the valence strange quark mass
U(1), is broken explicitly by the chiral anomaly, as well as given above. The pion screening lengths are given for com-
spontaneously. At the finite-temperature transition, the chiraparison. Note that the pion screening mass is for
condensate vanishes, so one expects the SU4RY hence m, ;=0.00625 which is considerably larger than the physical
the SU(2)x SU(2) chiral symmetry to be restored. What is quark mass, so that the pion screening masses will be too
less clear is whether the U(4)is restored to give large. However, the strange quark masses are tuned to give
U(2)xU(2) chiral symmetnf24]. reasonable values for the kaon mass, so that kaon screening
The description of which spatial hadron propagators wergengths we obtained should be reasonable estimates for the
considered to get our screening masses was given in our firphysical kaon screening lengths.
paper, and will not be repeated here, except to note that wall
sources and thex—y—t Coulomb gauge were employed IV. DISCUSSION AND CONCLUSIONS
again, the correlations being measured inzhérection. We
also measured screening masses for hadronic excitations in- We have extended our previous simulations of the ther-
volving valence “strange” quarks whose masses are giverinodynamics of lattice QCD with two light-staggered quarks
above. down to quark massn,=0.00625lattice unitg, in an at-
Figure §a) shows the screening masses of thand the tempt to probe the chiral limit. At this mass we find a tran-
connected part of thé, (o) propagator, the, propagator. sition at a critical coupling, @15:5.49(2), corresponding to
The error bars reflect only statistical errors. These twaa critical temperatur@.=140(8) MeV. Combining this with
masses would become equal when U(Xkymmetry is re- our previous result an,=0.0125, we predict a critical cou-
stored. Ther and a, appear to have an appreciable masspling given by 6¢2=5. 44(3) corresponding td.=128(9)
splitting just above the transition, only approaching eachMeV in the chiral fny=0) limit. As expected, there is no
other for considerably higher@. The fact that this splitting evidence for a first- order transition.

FIG. 5. Spatial string tensior as a function of Gj°.
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FIG. 6. Hadronic screening masses as functions @f:6&) Scalar statesy, a,, (b) vector statesp, a;, (c) nucleon states\, N’, (d)
K, .

The screening length associated with thermal Wilsonthese do not become degenerate at the transition, so that the
Polyakov line correlations is quantitatively similar to that restored symmetry above the transition is
obtained from our publisheth,=0.0125 calculations. Thus SU(2)XSU(2)XUy(1) rather than U(2XU(2) as some
our conclusion that we should expegtJ suppression for have suggested. This is in agreement with recent calculations
T=2T, still stands, while the situation foF,<T<2T, re-  Of the chiral susceptibilityy,,, and calculations of thé,
mains unclear. mass from the fullconnectedt disconnectedpropagator.

We observed that the entropy of strange quarks is Our calculation of the baryon-number susceptibility gives
~70% of that of eitheu or d quarks, just above the transi- Us a glimpse of physics at finite baryon number density. Cal-
tion. It is to be hoped that phenomenology based on thigulation of topological susceptibility at this low mass ap-
number might shed light on whether there is an increase iRears to be strongly affected by the large lattice spacing at
kaon production as the system passes through this transitiohc, preventing us from reliably extracting its mass depen-

Our study of hadron screening lengths indicates that thélence.

a, K, and a, states remain strongly bound above the transi- For the standard Wilson action which we used, we need a
tion. Thus there are excitations with these quantum number@rger value oN, to remove finite lattice spacing effects. We
(and presumably those of ttig), in the quark-gluon plasma. also need a larger aspect rathy(N,) to make finite lattice-
Such binding is presumably related to the finite string tensiorsize correction factors closer to 1, reducing the systematic
we have observed in our spatial Wilson line correlations. Thaincertainties in extracting entropy densities, energy densi-
other hadronic excitations we observed @;, N, andN’) ties, and pressures. The lardéris also needed to reduce the
appear to be only weakly bound above the transition. Th@ystematic errors involved in extracting screening lengths.
relatively large separation of the anda, masses above the Zero-temperature values of the plaquette observable and
transition compared with that of the anda; suggests that () are needed to extract partial pressures and energy den-
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