


MOTIVATION
QCD thermodynamics on the lattice

phase structure and T 0
nature of the transition/crossover s

OIS .1, ..

> properties of quark matter at heavy ion collisions
> development of early universe / genesis of matter

H%0

Numerical simulations of QCD on the lattice

* the only systematic / ab initio way to investigate the issue
* becoming quantitatively powerful




MOTIVATION

status of lattice studies

=0 NrF=2+I (degenerate ud + s) simulation
directly at the physical point (PACS-CS Collab.)

mass [GeV] - | HiERBZZ G515 03] oof (g ) -1 [arXiv: 091 1.256 1]
_+.+7" ] extrapolated l T | directly at the phys. point
DI 0 S i to the phys. point ™% ﬂ H 1 by the reweighting method
osk . o.ooﬁzri“ {A‘_{*- ii
vectormeson | octetbaryon | decuplet baryon ; % « onigt 323X64, G:Ongm
il iy L i s et Pk broxascssaa
planned: u-d mass difference and QED effects
yet to do: continuum extrapolation
I1>0 p=0

NF = 2+ at almost physical point

e.g. EOS with improved Staggered quarks:
RBC-BI/MILC ('07-'09) Nf=2+1, N; =4,6,8, m, ~ 220,150MeV

Budapest-Wuppertal (06) Ny =2+1, N; =4,6, m, ~ 140MeV




MOTIVATION

lattice quarks

0 1 = O

Most studies done with staggered-type quarks because of
less computational costs / a part of chiral sym. preserved /...
N=2+1: T>0 at (almost) physical point, p#0 studies
but
4 flavors degenerate (“'taste™)
== th roet trick™: replace detDi Dy its sith reetley Sni s
=> non-local theory
=> universality to our world not guaranteed

Need crosschecks with theoretically sound lattice quarks.

*Wilson quarks much behind: no N=2+1, no y#0, mq not quite light ...
* lattice chiral quarks (DVV, overlap, ..): yet in its infancy / too expensive

We want to extend Wilson studies  (thus “WHOT"-QCD)
to Nr=2+1, p#0, and smaller m

Wilson simulations are more expensive => improvements/tricks are called for.
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Motivation: Why Wilson-type quarks?

Improved Wilson quarks at p=o

with an introduction to T>0 QCD on the lattice.
Improved Wilson quarks at p>o

Fixed scale approach with T-integral method

Summaries and outlooks




Wilson quarks at p=o

PRD 63, 034502 (2001); PRD 64, 074510 (2001);
PRD 75, 074501 (2007)




INFER@IBITI@F (@)
I 0 OCD on the lattice

- / U [dqlldq] =S

T N: : lattice size in the euclidian time difeCESE
Nia a :lattice spacing
low high 3 T
large N; small NV;
large a small a
small 8 large B

Conventionally, a is varied at a fixed N; (‘fixed Nt approach”),

1

where a I1s controlled by the lattice gauge coupling 8 = g
)




HERMODYNAMICS WITH WILSON QUARKS
Ne=2 QCD, Nt=4, (6)

PRD 63, 034502 (2001); PRD 64, 074510 (2001);
PRD 75,074501 (2007)

S = S,+5,.
N R

SQBZ(CO oW Y W@

p<vip,r=1 pFvip,r=1 ) DD
Sy = Z Z%’Zquéi
am

Dyy = 0zy — K Z{ — V) Uz 0ty + (1 + %)U;,u&r,wﬂ} — OgyCsw It Z oy

p<v
= —0.331, ¢c0 =1 — 8¢y RG-improved Iwasaki glue
csw = (W) ™3/* = (1-0.84126"1)7**  MF-improved clover quarks

>0 simulations: Nt=4, (6), V = mainly 163, mn >= 500 MeV
T=0: simulations: 167, 123x24
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Finite T

[arXiv:0909.2121]

LCP’s (Lines of Constant Physics) determined by mni/mp

mn/mp = 0.18 in our world, a --> 0 to the left.




O(4) SCALING

* massless Ne-flavor QCD (continuum):

SU(NpL x SU(Npr x U( v xH=
SSB*T high T anomaly

SU(Npv x U(1)v

effective 3d 0 model (GL model) Pisarski-Wilczek ('84)

Nr= 3: |st order
Nr=2: 1f anomaly negligible -> |st order

with anomaly  -> 2nd order <=> O(4) Heisenberg model

O(4) scaling [crit. exponents, scaling functions, ...]
(Note: RG flow enhances the anomaly towards the IR limit.)

M/h"°= f(1/hVP?)

|

\reduced temperature (T-1¢)/1¢ 1/86=0.537(7)
universal scaling function 1/6=0.2061(9)

external magnetic field

magnetization




O(4) SCALING

Fit QCD data with O(4) scaling function f(x) and O(4) critical exponents.

M/h"°= f(1/hVP?)

t~B—Be, h~mya, and M~ (i)

Y/ =2 7 0)) to subtract out contributions from explicit
() suo Mg Ex {(m(x)m(0)) chiral violation due to the Wilson term.

28 71— 1.5 5
N
L O(4)  <Gy> /" BQ%Q o120
“ N,=2,N=4 i
I N _ o 10F &
15+ \‘i, Bcr_] 335 = &\
N 5 9
1 VY%O.;. /\qJ _QA\\
SNl %: 05 ..
L Ry . .5§~\ )
05+ \‘i —] T~
(a) . ' .
0 e L A 000 05 Ny h”%to 15

Iwasaki-KK-Kaya-Yoshie, PRL /8 ('97) /9
lwasaki glue + unimproved Wilson

CP-PACS Collab. PRD 63 ('01) 034502
lwasaki glue + Clover

=> can be used to precisely extract T¢ in the chiral limit.
Current estimate: Tc = [/71-180 (Nt=4), 160-184 MeV (Nt=6) [WHOT-QCD, arXiv:0909.2121]

(cf.) Recent study with staggered quarks: Ejiri et al. arXiv: 0909.5122
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1 dlnZ dlnZ

= — — , :T
TV Py

Trace anomaly: lattice action

€=3p _ .4 dS . dS N3 db as 08
T4 : ab dby

= (B, Kud, K5, ++) = (b1, b3, - measured by the simulation.

/ T=0 subtracted for renormalization.

lattice beta functions
scale-dep. of coupl. parameters along LCP
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Beta functions not available for this combination of lattice actions yet.
=>We have to calculate by ourselves.
Inverse matrix method

.. Collect T=0 lattice results of #param. observables (e.g. mna, mpaq, ...).

Il Fit them as functions of coupling parameters
R Eicnnine EERs

iv. Invert the coupling param. dependence of observables to the observable dependence of
coupling parameters along a LCP

[PRD 64, 074510]
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y S as oK _ d(mva) JI(mps/mvy)
\ \\ e d(mps/mv) JI(mps/mv) oK 0K
0.130 \ NN
0.120 U}:s Mo \\\‘1,2\¥ 14 004 ' ®m,/m,=0.65 00
1.40 1.60 1.80 2.00 2.20

mm./m,=0.70
&m,/m,=075
Am./m,=080
«m,/m,=0.85
¥m,/m=090

» m,./m,=0.95

< % m/m,=0.975 T OS5 A T T e
= >
= £
1-loo|
S I»-Ln_%‘____'}_ o 1 ,’E 7 @mum=065
e S, pommm =T ) © /i( mm,/m,=0.70
% > 10 . 4m,/m,=075
S “'_'—+ E / /'/ Am,/m,=080
i ) % - — . L, , «m,/m,=0.85
0.0 _‘%‘ % TEe T % K4 va:/m:IO 90
4 / »m./m,=0.95
i %m,_J/m,=0975
| I s
-0.04 . L . -15 . V- . .
180 1.90 2.00 2.10 2.20 1.80 1.90 2.00 B 2.10 220 2.30




=@5

Integral method:
Differentiate and integrate the thermodyn. relation p = (T/V) InZ

T (b 107 T [” JS o5
P=v %70~ v , ~

numerical integration
in the coupling param. space

such that p(bg) = 0

The integration path is free to choose as far as p(bo) ~ 0
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0.140 r
40 F
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3
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70Tk 150 B [PRD63, 074510 (2001)]
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Wilson quarks at p#o

ar Xiv:0909.2121




FORMULATION
U#+0 QCD on the lattice

Uy = Uyt (positive direction);
Uye "Ha (negative direction)

= Tre /T = /DquDUe—S; S=25,+ ZqM[U] q
M)t = M (—p)7s
|det M (p)]" = det M(—p) # det M(p)
complex Boltzmann weight /Dq Dge~ X IMIUle — det M ()

=> sign problem (complex phase problem)

Large cancellations due to phase fluctuations: <ei9> e’

Exponentially large statistics needed to keep the accuracy.




5 Al LB
Approaches to study at small u:

» Rewelighting from pu=0 Fodor-Katz (02, ..
» Taylor expansion from p=0 Swansea, Bielefeld, BNL (02-), .

» Analytic continuation from imag. Y deforcrand-Philipsen (02-), .

» Canonical ensemble BNL-Bielefeld ('07-),...

Taylor expansion method with improved Staggered quarks:

Bielefeld-Swansea (‘'02-05) Nf=2, Nt=4, heavy
MILC, RBC-Bielefeld ('08-) Nf=2+1, Nt=4,6, mr=220MeV

NERilsen until ~'07.




STUDY WITH WILSON QUARKS AT 150
I\leZ QCD, Nt:Ar (based on the u=0 study) [arXiv.0909.2121]

» Observables
p 1 _ nf 1 OlnZ d(p/T*) |
=y s =w = = . —u, d
T4 LrTB 1l W, T3 ‘-"ng 8(/1/‘/1—1) (r)(/lf/T) ; (f u, ¢ )

=<

4 _ ( J n J ) Ny +Na  XI 0 9, Ny — Ty
72 \9(pu/T)  O(pa/T) T° T2 \O(p,/T) O(pug/T) T3

» Taylor expansmn N Uu=Hd(=Hq) at pu=pqa=0
1 N} o"lnZ

PN, at 0w (T) =
T4 = Z (,..n(T) ( T ) 3 ("n(T) n! N 83 8(/Lq/T)n‘

n=—>0 I_Lq:()
Xq(T', pq) g L N o1 2
q =5 = 2¢5 + 12¢4 ( T ) +--- Co = QA'T? As, ¢4 = 4LN§AQ (Ag — 3./12)
Ay = (Do) + (D7), A1 = (D) +4(D3D1) +3(D3) +6(D-D7) + (D7)
O™ In det M , oM
Dn _ 4Nf Dy = Nytr (1\--’[ W)

8/1," 92 M OM M
C 0l
L= ,a. Dy = Ny ltr | M7} —tr | M Mt
/ Ha®: ’ f[1</ 8/1~) l</ Em 8/1>]




NSIMI=RICAL METHEES

Wilson quarks are more expensive => require improvements!

} NOiSG methOd fOI" 'tl"aces lts too expensive to calculate all elements of M.
1 . 1
S thatip S oas A= Y dua s o Ynln
N, MEISE = N, noise “—

o™ M 1 oM
t W e =" X; X;=M1y
3 ( an’u’ ) Nnoise Z fe an,u’ , y

Noise method efficient when off-diagonal elements are small.
Because M is a propagator, distant contributions are naturally suppressed,

For Wilson quarks, 3(color)x4(spin) competitors at the same point.

=> We generate iIndependent N for each color and spin.
(cf.) staggered quark: spins are staggered on a cube.

Error from D turned out to be dominating in the results.

=> We adopt about 100 times larger Nnoise for D,




RESULTS (1)

8 T | T | T | T | T T | T * 8 | T | T | SB I(N T)_
— ) SB (N =4)] I~ =
m_./m.=0.65 t Myo/M<,=0.80 t
i ) Xq/ T ps' Ty | i ® Xq/ Tz PSV |
2
° u /Iz
o " W/T - R -
® o o e ® e
L ) 8 [ | @ | B . s ] |
n &
4 L — 4 [} -
I . i i . - i
, ° SB limit R . SB limit
- [ ) — 2 —
L i i = i
o. "o
0 0 ‘
| | | | | | | | | | | | | | | | | | | | I | L |
0.5 1 15 2 25 3 35 4 0.5 15 2 25 3
T, /T

T I T | T I T | T | T |' T T | T | T I
I

o dz(xq/Tz)/d(uql/T)2 — ol . d:(xq/f)/d(,uq/n2 |

= doyTAuD’ = oD/’
|

mPS/mV:O.SO

mPS/mV:O.65 —
I
. 10+ i N
KX B
Bz L rfea.? 822 E
I : B SB limit |
SB limit 0E== l
| | IR B R | R | L | | | | | | | | | |
05 1 15 2 25 3 35 4 0.5 1 15 2 25 3
/T /T




RESULTS (1)

20 T T T | T | T T T T T I

} /i T — w712 r — KTl
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15 q . —_— ulT=06
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q — uIT—04
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FIG. 15: Isospin susceptibility at finite p, for mps/my = 0.65 (left) and 0.80 (right).

Suggest critical pt. at finite y, which Is insensitive to the Iso-spin number.
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To further improve the calculation

. . : Allton et al,, PRD 66,074507 ('02)
» A hybrid Taylor+reweighting method S, PRD 77, 014508 (08)

Reweight the grand canonical partition function from u=0:

N.
2(T _ (T det M(p)\ " _ 27 F(u) i0(1)
(T 1a) = 2(1,0) {  Geraz(0) =20 (e e )
(1£4=0) o

and Taylor-expand the terms in exp:

F(p) = NiRe [hl (%)]

o0

1 %" (Indet M) | 1 |
= N ; 2n _ Do, Qn‘
2 <2n>!Re[ o2 ]w:m = 2 P

n=1

6(p) = Nilm[Indet M (u)]

- 1 02"+l (Indet M (u)) > - 1
— N I n+1 — I D o 2n+1
fnZ:O 2n+ 1) m [ p2ntl ](#zo)# Z @n+1)! ML2n+1H

Truncate the expansions up to D4
* |dentical to the truncated Taylor expansion up to the 4th order,

but contain a part of higher orders through the exponential function.
* Exact for free QGP in which D=0 for n>4, => The truncation will be OK at high T.
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» Gaussian approximation for 0

Bjiri, PRD 77,014508 ('08)

100

L
Mysimy=0.65, T/T, =0 94

Z(X) T | T | T I T I
L mpg/m, =065, TIT, =132

150 —

S0

o EFB if Gaussia@

o pq/T=O.S (no sub.) _|
o uq/T:l.O (nosub) |
° pq/T:O.S
= pq/T:l.O

| 1 | I | I |

=> Q-integration tractable by measuring o

1

1 2 3 4
T
pe

[arXiv:0909.2121]

o 2
2aaE)

This mildens the sign problem (fluctuation due to e®).

(Note) O as defined by the expansion is not restricted between -TT and +1T.
Conventional periodic O is recovered by mapping the result into (-TT,+TT],




> p(1)-p(0)
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FIG. 24: Quark number susceptibility for each p, /T
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RIESIUIL
» heavy quark free energies QQ QQ

T = ol () ok () 0w H188.8
oY) = %trQT(x)Q(y),

S (3)

e

1 1
28(r) = gtrQT(x)trQ(y) - ﬁtrQT(x)Q(y),

: : : : - — . 1 1
l » " f 17— 2%(r) = —trQx)trQ(y) + —trQ(x)Q(y),
L S er——— P, R 12 12
- Soafte o ® X 04 + ) 2% (r) = —trQ(x)trQ(y) — =trQ(x)Q(y).
S Sae S t 6 6
x::c * 1 zé. 02 "
- ag Vo >
" 8 0
- 1.07Tpe —e—
o 13275 —b—
1677 —8— 02
3 ) ) ) 2.59Tp —t—
"o 02 0.4 0.6 0.8 1 0
rTpe

e QQ interaction:

| s §  lgEse weaker at u>0
gat LW s .;’:»""15“31“ i QQ interaction:
kf k)— o O
. wl 4w stronger at u>0
o 02 04 ,-1-,,?.6 0.8 1 o 0.2 04 ,-7‘,,?.6 08 1 (leadlng Order N U)

FIG.

26: v (left) and off (right) for color-sextet and antitriplet Q@Q channels above Ty at mps/mv = 0.65.




SUMIMIART

4 Study of finite density QCD with Wilson-type quarks possible
by iImprovements.

4 So far, results are consistent with previous studies with
staggered quarks.
suggest a critical point at finite p
sensitive to quark number,
but Insensitive to 1so-spin number

4 Some new results for heavy quark free energies, etc.




Fixed scale approach
with T-integral method

Phys. Rev. D79, 051501 (2009) {arXiv:0809.28421
arX1v:0910.5284, arXiv: 0911.0254
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We want to extend Wilson studies

to Nrp=2+1, larger N;, and smaller my
to avoid theoretical uncertainties of stag. quarks (universality, locality, etc.).

|ION

(thus “WHOT"-QCD)

More improvements of the method are longed for.

A large fraction of the cost: T =0 simulations for both stag and Wilson

7 Determination of basic info about the simulation point:
scale, non-perturbative beta function, etc.

P T =0 subtractions

needed at all simulation points !

7 Determination of the Lines of Constant Physics (LCP)

«§ To (partially) overcome the problem,
we propose a fixed scale approach
armed with a T=integral method.
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B SCALE APP

ROACE

by T =

NtCL

with all coupling params. fixed.

by varying N;

Conventional integral method not applicable.

:

T=-integral method

A thermodynamic relation at p=0:

G ARe — O
Ta_T(ﬁ)_ T4
—
g € — 3p
ﬁ_/%dT T>

N such that p(Tp) = 0

: lattice cutoff
[ 1/a[GeV]

f_l/a

/T, 1

T/TC (T= 190MeV)

2.5 3

numerical integration in T

Note: T can be precisely determined
up to the common overall scale a.




e CAILE APPROACH + [-IN

FEE s And cons:

B A common T=0 simulation enough
for all T=0 subtractions.

M e can even borrow publicly available 2}

high statistic configurations on @ULDG
B Automatically on a LCP w/o fine tuning.

T, |

EGRAL ME RS

L 4 ///
L lattice cutoff 14 M2
- 1/a[GeV]

1/a

0.5 1 1:5 2.5

*--—% Most of the T=0 simulation costs removable.

B [he resolution in T is limited because Nt is discrete. => No problem for EOS

At hlgh T B Nt too small '
(T>2-3T¢) B Keep the lattice volume large.

Around e : B More costs due to larger Nt.
B Keep the lattice spacing small.

(see below)

T/Tc (T=190MeV) |
. . .

s . |fixed Nt approach

powerful at high T
coarse at low T

complementary!

Note: Finite volume effects when Ns/Nt is small (physical effects).

3




RES | OF THE METHG

P

Phys. Rev. D79, 051501 (2009)

quenched QCD (w/o dynamical quarks)

[arXiv:0809.28 42}

1c = 290 MeV

~2/da)
J

}sz 7—8

—0.112127 N:= 10

NtzIO

Set | B & Ny, N, ro/a;  a,(fm) L(fm) af
il [60 1 16 3-10 5352 0093 1.5 —0.098172
12 6.0 1 24 3-10 535(3) 0.093 (2.2) —0.098 172
13 6.2 1 22 4-13 7.37(3) 0.068 1.5
a2 |6.14) 20 8*34 5.140(32) 0.097 1.9 —0.10704
f L borrowing the results of previous T = 0 simulations
T ~200-700 MeV
£ =yl (240-1010 MeV for a2)
Lattice cutoff effects <= 11 vs.13

Spatial volume effects at low T <= i1 vs.12

Error from interpolation of T <= 12 vs. a2

Small Nt artifacts at high T <= |2 vs. a2 / conventional method
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Trace anomaly

LESI@

MNOJRIC [ A

3 [ T T T T T
. /B, (e-3p)/T"
' 7 |
s ® $=6.0, L=16a ~1.5fm (i1)
% = 3=6.0, L=24a ~2.2fm (i2)
27 A B=6.2, L=22a ~1.5fm (i3) |
\x‘ fixed N,=8 result [9]
15 i ; ‘;.::::_.: . _
::. ‘:-\“.:E:.
[ B —"“‘ﬂ--.,.“‘* )
0-5 1 g ;
gﬂ 2 TIMeV] |
0 'u-i. . L | : : : . | . | . : : : | " . L ' | .
200 300 400 500 600 700

[Eles

™ i1 vs.i3
= | attice cutoff effs. negligible

at all T.
(i1 sufficiently fine.)

™ i1 vs.i2

=> Spatial vol. effects near Tc.
(Physical effects)

For higher T, spatial size of
1SS inmestifiiEEd

fixed Nt method

Nt=8, Ns = 32

L~27fmatlc
Boyd et al. NP B469 ('96)

™ i2 vs.fixed Nt=8 result = Consistent for T < 600 MeV




EST(1): ISOTROPIC LATTICES

Pressure by I-integration 5%
3 N T T T T ' T N T T T ' T N T N T T T T T T T T 1 T B . - . 7
: - 3p/-r4 . )
I I (s—:?’p)/'r4 ] 4 | |
5T iy |
; ; by ® 3=6.0, L=16a ~1.5fm (i1) |
[ " B=6.0, L=24a ~2.2fm (i2) -
2 r A B=6.2, L=22a ~1.5fm (i3) ] i
\x‘ fixed N=8 result [9] ] 3 i ]
5f i T (C) : Cubic spline integration
P € — 3p
®, — = dT (T) : Trapezoidal integration
1+ AN T4 To |
. —— P=6.0.&=1,N=16,(C) . ]
ey ] - p=6.0,e=1,N=16,(T) |1 |
; R S/ — — - . g
5| 2 natural culblc spline 1 1L e E:g-z, *5:1 szgg 2%) 13 -
] I =0.4, = s— Ly i
gﬁ mterpo ations TMeV]
%00 300 400 500 600 700 T[MeV]
0 n 1 L | 1 L L ! | 1 1 L " 1 " 1 1 1 1 L " X L 1 "
200 300 400 500 600 700

™ Sufficient points to interpolate.

M Trapezoidal interpolation leads to almost identical values.
= Systematic errors due to the limited resolution in T are small.




EST(2): ANISOTROPIC LA

Another test by anisotropic lattice: i2 vs. a2

a0 la, — 1
= about 4 times finer resolution in "= 1/Na; at similar as.

3 - - T 5 LR S A B R R B T T
(e=3p)/T" 3p/T*
s % "p=6.1,8=4,N=20(a2) | 4T ]
s i ‘" ® 3=6.0, £=1, N_=24 (i2)
o | P fixed N=8 result [9] ]
[ Q.
15 S
I i N (C) : Cubic spline integration
.":'"ﬁ::. 2r (T) : Trapezoidal integration
1 - ; ) N .
o —— PB=6.0, &=1, N.=24, (C)
i E """"" g ] A 2 $=6.0, E=1, N.=24, (T)
05 - . ---- p=6.1, E=4, N.=20, (C)
I [] : _
’ : T[MeV] | T[MeV] |
0 -i.i? I B RIS B P T 0 S L N N T T [‘ ] ]
200 300 400 500 600 700 200 300 400 500 600 700

™ a2 points on the i2 interpolation line. & Well consistent up to ~600MeV.
= Systematic errors due to the limited resolution in T are under control.




6 I I 1 I I 1
5 i ]
4l i
3l ]
5 i —— p=6.0, E=1, N.=24 (i2)
i —-— pP=6.1, E=4, N.=20 (a2)
continuum S.B. limit
fixed N =8 result [9]
1 - -
T[MeV] |
0 v N N B S S
200 300 400 500 600 700

™ EOS well consistent with each other.
™ The fixed scale approach is capable to calculate EOS precisely.




SUMIMIART

Fixed scale approach + I-integral method

Vary T by varying N; with all coupling parameters fixed.

T
Evaluate the pressure non-perturbatively by % 2i / dT & ;5319
To

Can largely reduce the cost for T=0 simulations.

We can even borrow public configurations on @LDG
Automatically on a LCP
Our approach is complementary to the fixed Nt approach,
and has advantages around I c.

Tests in quenched QCD: promising

| attice cutoff effects small.
Errors from the limited resolution in T controlable and small.

Results =consistent with previous large scale study at fixed Nt=8.




EOS IN 2+ FLAVOR OCHES

N=2+1QCD simulation

based on a T=0 study by the CP-PACS+|LQCD Collaboration

* RG-improved Iwasaki glue + NP clover-improved Wilson quarks
e (2 fm)? lattice, a=0.07,0.1,0.12 fm, exact PHMC algorithm for s, etc.
» configurations available on @KILDG PRD78,011502(08)

B = 2.05, a = 0.07fm, m,/m, = 0.63, 28% x 56, 6000traj.

N
o777 7 ™ !
- ]
T>OS|mU|at|0nS ossM.W
L2000 3000 4000 5000 6000 7000 8000 9000 _ 10000
3 16
R L 6. .. . 16
9000 10000
p=2.05 1.0Tc 1.5Tc 2.0Tc
Kud=01356 :
k, =0.1351 ] 8
m/m=0863 o @ @ @ o o ;
16 14 12 10 8 6 ] 10
1 12
1 14
T[MeV] : 118
100 200 300 400 500 2000 30054000 5000 6000 7000 8005 9005 10000

Polyakov loop history after thermalization
Scales set by rp=0.5 fm. (simulation on-going)




FYT) [GeV]

Heavy quark free energy at T>T.

[arXiv:091 1.0254]

Fl (I’, T) =T hl(TI’gZT (X)Q(y)> in the Coulomb gauge

V(ir,T=0) =t
T =232 [MeV] =t
3 + T=279[MeV] +=——v—r
1 = 348 [MeV] rt—
T =464 [MeV] =——o—

—_—T

T = 696 [MeV]

#i{‘/

l ! 1 ! !
0 0.2 0.4 0.6 0.8 1
r [fm]

=0 by CP-PACS+|]LQCD
V(r)= —% +or+V

2Fp = —2T In(TrQ2)
2 x single quark free energy
F' --> 2fo

at long distances.
.e. deconfinement

F' --=> V(r) = F!(T=0) at short distances.

B No vertical adjustment needed for F' in the fixed scale approach.
(cf) F'-->V(r) is used as an input to adjust the constant term of F! in the fixed Nt approach.

VWe have thus proved the T-insensitivity of

Temperature effects down to shorter distances at higher T.

Fat shortdisine "




. [arXiv:09 | 1.0254]
Debye screening mass at T>T.

P (1) = - LD oot

° Ni=2+1 —o—
A + Nf=2 — |
- + Nf=0 ——
t 4 r ‘{) 4“ 4) _
S () ({)4@ 4 Dy
s 3 ) 4 A
P 0 m
2 b T m o ]
1

200 300 400 500 600 700 800
T [MeV]

N=0: Umeda et al,, PRD 79,051501 (2009) fixed scale
N=2: Maezawa et al, PRD 75,074501 (2007) fixed Nt




[arXiv:0910.5284]
EOS (status report)

Beta functions not available for this lattice action yet.
=>We have to calculate by ourselves.
Inverse matrix method using the CP-PACS+|LQCD data for mpes/mv(ll), mes/my(ss)

0.8

0.8

0.2 _— —
p-func. at m_/m (LL)=0.6337, (S5)=0.7377
0.75 - 075 = 1 I
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£ & T * L 1
gl 02t adxs/da
0.65 065 - = =1.90, x.=0.1358 1 I
= 3=1.90, x=0.1364
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* $=2.05, x=0.1354
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K, K,

Gluon contribution to the trace anomaly.

_ fa(dx, /dfa) |

30 i / — falde ) ad B / da

o . 1.8 1.9 2 2.1

iy Spline interpolation

e
20 E
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peak height of the trace anomaly ~ |3
p— gluon —~ 45, quark — —32
ar
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—— A peak lower at larger Nt
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PEROIFEC

[VES

Beta functions

More precise data needed.

Reweighting method to directly calculate beta functions

at the simulation point.

Nr=2+1QCD just at the physical point

T=0 configurations by the PACS-CS Collab.

under accumulation.

1>0 simulations just at the reweighted point.

Finite density

mg |-

N¢=2 Pure

2nd order
Vs 0(4)?

' 2nd order

\ ¢ 22

2nd order \ "
Z(2)

Nf=3

VWe can combine our approach with the Taylor expansion method, to

explore 4 > 0.

- Gauge







