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Bulk thermodynamics

Goal: QCD thermodynamics with realistic quark masses in (2+1)-f QCD
and controlled extrapolation to the continuum limit;

= T, E0S,.. for us > 0

® N, =4, 6: bulk thermodynamics on a 53&5%‘%5;??

line of constant physics (LCP): PRD77, 014511 (2008)
() use m; = 0.1mg, corresponding to m, ~ 220 MeV,
(i) tune m, to physical strange quark mass using mg, mss

at all values of the cut-off

°

analyze EoS in a wide T-range: 140 MeV < T< 800 MeV

°

extend analysis to NV, = 8;

compare p4 and asqtad results:

joint project of RBC, Bielefeld,

MILC, LANL and LLNL

= hotQCD collaboration, arXiv:0903.4379
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Pressure, Energy and Entropy

® p/T4 from integration over (e — 3p) /T3;
starting integration at " = 0 MeV with p(0) = 0;
use hadron resonance gas at Tp = 100 MeV to estimate systematic error:

[p(To)/T§ | HRG = 0.265

® high-T region is well under control; significant deviations from conformal limit

AND AdS/CFT
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band: hotQCD: p4 vs. asqtad (arXiv:0903.4379)
185 MeV < T < 195 MeV
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EoS and velocity of sound

® p/e = velocity of sound:

, dp  d(p/e)
c,=—=¢€
de de
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hydro-expansion:

p/e <1/3
=> slows down expansion;
=> increases plasma lifetime

e.g.
1 < € [GeV/im3]< 10

= AT ~ 5.5 fm (ideal gas)
= AT ~ 7 fm (LGT E0S)
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> Open Issues:

Low and High-T asymptotics

0.32 0.36 0.40 0.44 0.48
TrO

7 | (e-3p)T*

| asgtad: N;=8 —e

130 140 150 160 170 180 190 200 300350400 450 500 550 600 650 700

LGT vs resonance gas LGT vs. pert. theory
» approach to continuum limit » approach to continuum limit
— N =6, 8 — N, = 6, 8: no significant cut-off
— O(5MeV) shift of T-scale dependence for T'> 300 MeV
#® LGT below HRG for TS 180 MeV ® strong deviations from conformal limit:
coarser lattice, larger cut-off effects find (e — 3p) /T* ~ a/T? 4+ b/T? for
but: Which HRG? 300MeV < T<700MeV
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L atest News on EoS calculations

® hotQCD started to do calculations on 483 x 12 lattices at
m, ~ 150 MeV and a physical kaon mass

start observing agreement with a resonance gas model?

8 T T T T T T T
2| (e-3p)/T* HRG:
s | asatad: Ng=6 —e— " Mumar = 2.9 GeV
8 —e + 4 —- observe shift in transition
° _HRG'25G;€'———— + ’ region;
4l T ° = T. <170 MeV

’ % % | IT[I\/IIeV]I_

O 1
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hotQCD preliminary

Frithjof Karsch, Hiroshima, 2010 — p.9/24



L atest News on EoS calculations

® hotQCD started to do calculations on 483 x 12 lattices at
m, ~ 150 MeV and a physical kaon mass

start observing agreement with a resonance gas model?

8 T T T T T T T
2| (e-3p)/T* HRG:
s | asatad: Ng=6 —e— " Mumar = 2.9 GeV
8 —e + 4 —- observe shift in transition
° _HRG'25G;€'———— + ’ region;
4l T ° = T. <170 MeV

’ % % | IT[I\/IIeV]I_

130 140 150 160 170 180 190 200

hotQCD preliminary

Frithjof Karsch, Hiroshima, 2010 — p.9/24



Yamagata 1995

start of the German-Japanese workshop series
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QCDTARO

An international computer experiment, Prog. Theor. Phys. Suppl.

122 (1996) 41
Prepared for Japan-Germany Seminar on QCD on Massively Parallel
Computers, Yamagata, Japan, 16-18 Mar 1995

ABSTRACT:

We present the Japanese-European QCD-TARO collaboration. We
discuss the hardware basis and the concept of analyses and present
selected results. We comment on the chances and bottlenecks con-
nected to the non-local, international character of the collaboration.
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Viscosity and elliptic flow at RHIC

® asymmetric interaction region => asymmetric pressure gradients
= asymmetric flow velocities: elliptic flow

® hydrodynamic modeling of flow pattern requires
small shear viscosity over entropy: n/s

® lattice calculations give smalln/s: n/s ~ 0.1 forT /T, ~ (1.2 — 1.7)

25 - T ' T ' T -
N » ideal :'::::_.-,:., - o
i = == 1)/$=0.03 / - * |
= n/SZO.Og P -
= = 1/5=0.16 S " =
fa,\ 151 + STAR
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o
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X
dN 1 >
= (1 +2 > vncos(qb)) P. Romatschke, U. Romatschke, PRL 99, 172301 (2007)

n=1
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Viscosity and elliptic flow at RHIC

® asymmetric interaction region => asymmetric pressure gradients
= asymmetric flow velocities: elliptic flow

® hydrodynamic modeling of flow pattern requires
small shear viscosity over entropy: n/s

® lattice calculations give smalln/s: n/s ~ 0.1 forT /T, ~ (1.2 — 1.7)

spectral representation of M & 16°x8
energy-momentum correlator S § 2478
i - Perturbative

(T12(0)T12(1)) = — I y
/ " dw p(w) cosh(w(t — 1/2T)) I KSS bound |

0 Sinh(w/ZT) F------\---"--q4------ _K______
=> shear viscosity n = lim M t 15 2 25 3

w—0 (W T/Tc

A. Nakamura and S. Sakai, PRL 94 (2005) 072305
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> Thermal dilepton rates:

HTL and lattice calculations

e

le-07 — . . . :
dW/dad®p [ % Born, m/T=0.0 —— thermal dilepton rate
1e-08 | S IE— .
TR LGT T=1.5T - | dW 52 ov (w, ﬁ, T)
1e-09 ¢+ ST N, 0 e . —_— =
1e-10 |
' HTL and lattice disagree for
le-11 ¢ ]
| 64° x 16 ™ w/T <, (3 —4)
le-12 ! ' ' '
0 5 . 6 o 1o FKetal PLB530 (2002) 147

e infra-red sensitivity of HTL-calculations <> "massless gluon” cut in HTL-propagator

e infra-red sensitivity of lattice calculations <> thermodynamic limit, V- — oo

e VI3 = (Nys/N;)3 < oo = momentum cut-off. p/T > 27N, /Ny

T— need large lattices to analyze infra-red regim N€€d Nz ~ O(30) AND
. Ngs; ~ 6 N.
—=—p in future also thermal photon rates =~ ° T
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Latest News on dilepton rates

® Bielefeld-BNL-GSI started to calculate dilepton rates (vector spectral
functions) on lattices up to 1283 x 48 at T = 1.5T.

1.25

12+

1.15 +

11+

1.05 -

0.95

start observing agreement with hard thermal loop perturbation theory

att 1283x16,lat —=m—

Gii(1T) / Gfrgge(tT) 1283x24,lat &
1283x32, lat

1283x48 lat —v—
extrapol.

0 OI. 1 0|.2 0|.3 0|.4 0.5
Bielefeld-BNL-GSI preliminary

extrapolation:

O(a?) extrap. of spline
Interploated correlation
functions

= N, = 48 close

to continuum result for
TT%O.Z
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check sensitivity  of
low frequncy regime to
choice of default model:

= evidence for change
from py(w) ~ w? to
pv(w) ~watw/T ~ 2
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Latest News on dilepton rates

® Bielefeld-BNL-GSI started to calculate dilepton rates (vector spectral
functions) on lattices up to size 1283 x 48 at T' = 1.5T.

start observing agreement with hard thermal loop perturbation theory
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> Extending the phase diagram to

non-vanishing chemical potential

non-zero baryon number density: ;o > 0

Z(V,T,u) = / DADYD) e F=(V-Tor)

— / DAD det M (p) e 52(V>T)

oy
g o | ;‘(g’)) . 1 —0.0056(4)(up/T)>
deForcrand, Philipsen (imag. p)
* 1 — 0.0078(38)(up/T)?
/OI'I/ Bielefeld-Swansea
RHIC, LHC R/y,ce”e(qy (O(12) reweighting)
V4t ] s F‘q/ﬁ

search for critical point

T,, Bielefeld-Swansea (N¢=2)
T, Forcrand, Philipsen (N¢=2)
T, Forcrand, Philipsen (N¢=3)
T, Fodor, Katz (N=2+1)

T;, J.Cleymans et. al.

0.2 r

establish relation between
Ho/To freeze-out and critical behavior

0 1 2 3 4 5 6 7 8

0
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O(N) scaling analysis

M = h'% fa(2) ; z =t/h/PO

]_CP—T'C 1ml

t = . s
to 1.
® use only data for m;/ms < 1/20, 3 € [3.285,3.31]

o it ho
3 parameter fit: tg, ho, Te ho M
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O(N) scaling analysis
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M = hl/afg(z) ;

® 3 parameter fit: tg, ho, T,

order parameter my/ms < 1/20
m/m=1/20 —&—
1/40 —e—
1/80 —e— -
0(2)
m/m¢<1/20 »
@
|T/T.-1] < 0.03
| | yhtPd -
-2 -1 0 1 2

z = t/h1/P?

1T — 1T,

_to

2.00 |

1.50 ¢

1.00

0.50 |
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-5

T,
® use only data for m;/ms < 1/20, 3 € [3.285,3.31]

9

1ml

ho mg

order parameterr all masses

m|/m =2/5
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t/h /PO
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= to, ho, T, provide input to scaling analysis at 4 > 0

0

1 2 3 4 5

Frithjof Karsch, Hiroshima, 2010 — p.19/24



Thermal fluctuations of the order parameter

Xt = B—M — 1 oM = 1 h(’g_l)/’ad‘f, (Z)
oT  toT. Ot toT. G
1T — T’c 1 my
t = . h = —
to Tc hO ms

® non-zero chemical potential: reduced temperature depends (in lead-
iIng order) on all couplings that do not break chiral symmetry:

1 (T —T. w2
t = K —
tO( Tc + HJ(T))

- 0*M
— szbw = 5
o(p/T)

B 2Kk, OM B 2K,
=0 toT. Ot toT,.

h(B—l)/ﬁéfé(z)
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Thermal fluctuations of the order parameter

® curvature of the critical line in the chiral limit:

T 2
t=0 & —zl—nu(ﬂ)
T

C

» tg, T, are known from scaling analysis of (1))

= K, from fit with scaling curve to data for x.

" m=my80 ——
003k my/40 —o— |
my20 —o— | @ Preliminary:

0.025 } mg/10 —A— . . .
fit to O(2) scaling curve

Ky = 0.033(1)

(x?/dof = 1.9)

-2 -1 0
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Thermal fluctuations of the order parameter

® curvature of the critical line in the chiral limit;

t=0 <

m=00

0.2 r T;, J.Cleymans et. al.

Hp/To

0 ” 1 O . . 0 1 2 3 4 5 6 7 8
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Future finite density calculations

* Results on the existence/non-
existence of a critical pointin
the QCD phase diagram

*Analysis of first order transition
line using canonical simulations

Pl

51 Analysis of critical o
CBM@FAI point/surface with ‘ e o ©
=== ¥ | highly improved 2 T
Critical surface from staggered fermions r(‘;:: *
calculations with 3 .o
unimproved B i@
staggered fermions @ SRS -
Critical point <4 P
estimates from baryon number density ——»
Taylor expansions
on coarse lattices
| | | | ] | ] | ] | |
10x tera 100x tera peta 10x peta 100x peta exa

Extreme Scale Computing Workshop Sf.lztpa‘.,::;
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Happy Birthday

It seems pretty but, its rather
hard to understand. Somehow
it fills my head with ideas - only
| don’t know exactly what they
are!

Alice’s Adventure in Wonder-
land
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Heldelberg 1991

http://lwww.thphys.uni-heidelberg.de/ stamatesNAKAZOlO All the best from Nucu
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