The QCD equation of state at non-zero
temperature and quark chemical potential

1) Introduction

QCD phase diagram, EoS at u = 0
2) High-T limit and Taylor expansion at non-vanishing chemical potential

perturbation theory and lattice approach;

3) Bulk thermodynamics for small values of the chemical potential
pressure, density, energy density, entropy up to O(ug);

=> the isentropic equation of state

4) Hadronic fluctuations
quark number and charge fluctuations

5) Conclusions
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Critical behavior in hot and dense matter:

QCD phase diagram
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to make contact to HI-phenomenology
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Critical behavior in hot and dense matter:
QCD phase diagram

continuous transition for
small chemical potential
and small quark masses at

A
T quark-gluon deconfined, T.~ 170 MeV ;
plasma x-symmetric €Ec == 0.7 GeV/fm
~170 L)Y
MeV| ~--._ 2nd order phase transition;
TN chiral critical  'Sing universality class

R

point Tc([,l,) under investigation

hadron gas
confined, location of CCP uncertain:
x-SB volume and quark mass dependence
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n = 0: Equation of State and T.
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e/T* for m, ~ 770 MeV;

(Mmx/m, ~ 0.7, TV/3 = 4)

ec/T+ =612

—

I
- / I nf= t ’—EI—( A

transition temperature

® T.= (173 & 8 &+ sys) MeV

(T, for m,> 300 MeV)
e. = (0.3 — 1.3)GeV/fm3

# improved staggered fermions but still on rather coarse lattices:

N, =4, ie. a1

~ 0.8 GeV

FK, E. Laermann, A. Peikert, Nucl. Phys. B605 (2001) 579
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Critical temperature, equation of state
and the resonance gas

Hagedorn spectrum : p(mpyg) ~ ¢ m%, e™#/TH

In Z(T, i) = [ dmgs p(msn) 10 Zony (T i)

O f — Z ~ 1000 exp. known resonance d.o.f.
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Critical temperature, equation of state

and the resonance gas
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VS.

lattice calculation:

(2+1)-flavor QCD, mq /T = 0.4

resonances give large contribution at T
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Critical temperature, equation of state
and the resonance gas
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Hagedorn spectrum : p(mpyg) ~ ¢ m%, e™#/TH

In Z(T, i) = [ dmgs p(msn) 10 Zony (T i)

_ TC/Gi/z | resonance gas:

~ 1000 exp. known resonance d.o.f.
VS.

lattice calculation:

(2+1)-flavor QCD, mq /T = 0.4

resonances give large contribution at T

and explain quark mass dependence of T,
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Critical temperature, equation of state
and the resonance gas

Hagedorn spectrum : p(mpyg) ~ ¢ m%, e™#/TH

In Z(T, i) = [ dmgs p(msn) 10 Zony (T i)

i

1/2 a(1232) +7.0 |
m, /O /
h // N(938) +6.0 | h
20| 7 adron | m, ~ 0 Mg — 00
I e
o ] i
Jreid - pion My ~ /My My ~ 2My
16 //. - z*(1385)+5.5 7
r 7 A(C1115) +5.0 A
o = ] rho m, ~ 770 MeV + c,m, | m,~ 2m,
12'_ g’qf{.l /// o P(770) +3.5
N - ...higher meson resonances...
| - P g |
L Q\AAA /,r# - E¥(1535)+0.5 1 M V 3
P = T =ase) . nucleon | my ~ 940 MeV + cymy | my ~ 3m,
I w///::// - K*(892) +0.5 |
o —m KGew ] ...higher baryon resonances...
| //:///
[ s
0o——> y . . L adjust hadron spectrum to conditions realized
m /o2 on the lattice
4

CBM workshop, GSI, Dec 2005, F. Karsch — p.4/33



Critical temperature, equation of state
and the resonance gas

Hagedorn spectrum : p(mpyg) ~ ¢ m%, e™#/TH

In Z(T, 1) = / dmg p(m) In Zomy, (T, 105)
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Future:

e finally determine T, and e,

need lattice calculations with realistic
quark masses in order to

e perform more direct comparisons

e check (un)importance of light pions
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recent results on T,

attempt to extrapolate to chiral and continuum limit:

AT, = co(mr/m,)? + ca(aTy)?
C. Bernard et al., Phys. Rev. D71 (2005) 034504
@ (a?) improved staggered fermions, (2+1)-flavor, N, = 6, TV1/3 = 2
My /Mmp=>0.3, A =17y = 0.317(7)fm,

V.G. Bornyakov et al., hep-lat/0509122
@ (a) improved Wilson fermions, 2-flavor, N, = 8, 10, TV1/3 ~ 2
My /mp> 0.4, A = r¢g = 0.5fm,
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recent results on T,

attempt to extrapolate to chiral and continuum limit:

AT, = co(mr/m,)? + ca(aTy)?
C. Bernard et al., Phys. Rev. D71 (2005) 034504
@ (a?) improved staggered fermions, (2+1)-flavor, N, = 6, TV1/3 = 2
My /Mmp=>0.3, A =17y = 0.317(7)fm,

= T,=169(12)(4) (d = 2/35 = 1.08)

T.=174(11)(4) (d = 2)
V.G. Bornyakov et al., hep-lat/0509122
@ (a) improved Wilson fermions, 2-flavor, N, = 8, 10, TV1/3 ~ 2
My /mp> 0.4, A = ro = 0.5fm,

= T.=166(3) (d=2/35 = 1.08)
T.=173(3) (d = 2)

NOTE systematic errors: ~ 10% in scale setting and chiral extrapolation
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recent results on QCD EoS
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MILC-collaboration, hep-lat/0509053
O(a?) improved staggered, N = 4, 6
(2+1)-flavor, m, > 250 MeV

e. /T ~ 6 insensitive to m, and a=1
HOWEVER: thermodynamic limit?? TV1/3 ~ 2
cut-off effects?? =- improved actions

Y. Aoki et al., hep-lat/0510084
standard staggered, N = 4, 6
(2+1)-flavor, m,. — 140 MeV (extrap.)

e/T* rescaled with (esp /T*)(IN+)
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e. /T ~ 6 insensitive to m, and a=1
HOWEVER: thermodynamic limit?? TV1/3 ~ 2
cut-off effects?? =- improved actions

Y. Aoki et al., hep-lat/0510084

standard staggered, N = 4, 6

(2+1)-flavor, m,. — 140 MeV (extrap.)
e/T* rescaled with (esp /T*)(IN+)
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Bulk thermodynamics with
non-vanishing chemical potential

Z(V,T,pn) = / DADYDYp e S=2(VoT:k)

— /’D.A det M(,u,)}f e~ 5c(V.T)

ﬂcomplex fermion determinant;
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Bulk thermodynamics with
non-vanishing chemical potential

Z(V,T,pn) = / DADYDYp e S=2(VoT:k)

— /’D.A det M(p,)}f e~ 5c(V.T)

ﬂcomplex fermion determinant;

ways to circumvent this problem:

® reweighting: works well on small lattices; requires exact evaluation of det M
Z. Fodor, S.D. Katz, JHEP 0203 (2002) 014

® Taylor expansion around p = 0: works well for small p;
C. R. Allton et al. (Bielefeld-Swansea), Phys. Rev. D66 (2002) 074507
R.V. Gavai, S. Gupta, Phys. Rev. D68 (2003) 034506

® imaginary chemical potential: works well for small w; requires analytic continuation
Ph. deForcrand, O. Philipsen, Nucl. Phys. B642 (2002) 290
M. D’Elia and M.P. Lombardo, Phys. Rev. D64 (2003) 014505
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Bulk thermodynamics with
non-vanishing chemical potential

Z(V,T,pn) = / DADYDYp e S=2(VoT:k)

— /’D.A det M(p,)}f e~ 5c(V.T)

ﬂcomplex fermion determinant;

recent progress;

® reweighting: larger lattices; smaller quark mass;
Z. Fodor, S.D. Katz, JHEP 0404 (2004) 050

® Taylor expansion: higher orders; larger volumes;
C. R. Allton et al., Phys. Rev. D71 (2005) 054508
R.V. Gavai, S. Gupta, Phys. Rev. D71 (2005) 114014

® imaginary chemical potential: improved algorithms
O. Philipsen, hep-1at/0510077 (Lattice 2005)
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Bulk thermodynamics with
non-vanishing chemical potential

Z(V,T,p) = / DADYDYp e 5=V Tom)

= /D.A [det M(p,)}f e Sc(V,T)

’[Tcomplex fermion determinant;

recent progress; searches for the CCP:
® reweighting: larger lattices; smaller quark mass; pp sensitive to V (and my)
Z. Fodor, S.D. Katz, JHEP 0404 (2004) 050 pp ~ 360 MeV

® Taylor expansion: higher orders; larger volumes; _
C. R. Allton et al., Phys. Rev. D71 (2005) 054508 no clear-cut evidence

R.V. Gavai, S. Gupta, Phys. Rev. D71 (2005) 114014 up ~ 180 MeV

might be ~ 230 MeV)?
® imaginary chemical potential: improved algorithms (Mig )

O. Philipsen, hep-1at/0510077 (Lattice 2005) no evidence
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Bulk thermodynamics with
non-vanishing chemical potential

Z(V,T,pn) = / DADYDYp e S=2(VoT:k)

— /D.A det M(p,)}f e~ 5c(V.T)

’ﬂcomplex fermion determinant;

recent progress; searches for the CCP:
® reweighting: larger lattices; smaller quark mass; pp sensitive to V (and my)
Z. Fodor, S.D. Katz, JHEP 0404 (2004) 050 pp ~ 360 MeV

® Taylor expansion: higher orders; larger volumes; _
C. R. Allton et al., Phys. Rev. D71 (2005) 054508 no clear-cut evidence

R.V. Gavai, S. Gupta, Phys. Rev. D71 (2005) 114014 up ~ 180 MeV

might be ~ 230 MeV)?
® imaginary chemical potential: improved algorithms (Mig )

O. Philipsen, hep-1at/0510077 (Lattice 2005) no evidence

still an open question
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Bulk thermodynamics with
non-vanishing chemical potential

Z(V,T,pn) = / DADYDYp e S=2(VoT:k)

— /’D.A det M(,u,)}f e~ 5c(V.T)

ﬂcomplex fermion determinant;

UTaonr expansion;

P = o mZ(V,T,)
= > am(f)
= ate(t) ta(t) +oqwm)
p=0 = Lo=co(T)
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High-T limit and Taylor expansion
at non-vanishing chemical potential

® p/T%is apolynomial in pg /T (good starting point for a Taylor expansion)
(notation: . = pq = up/3)

Infinite temperature limit < ideal gas p/T* = (VT?) ' In Z(V, T, ng)
P - (/oo dk k?1In (1 + zexp{—e(k)/T})
T4 oo 27TT3 0

+/oo dk k? In (1+z‘1exp{—s(k)/T}>) , z=exp(pq/T)
0]
holds true in QCD at ©(g?)
. 771'2 1 Hq 2 1 Hq 4
il = ”f(aﬁ ) +4wz(T)>

(3 + 4z (F))
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...some remarks on higher order
perturbation theory

® all perturbatively calculable contributions (up to O(g°1In1/g)) have
been calculated also for u > 0;
A. Vuorinen, Phys.Rev. D68 (2003) 054017

® electric mass contributes in O(g*®); also shows up in Taylor

expansion
1 mE(T,u2)>3 1 ( ny 1 )3/2
QG (T, ) = N P A
(T 1) 671'( gT 6n ' T 6 T a2t
1 (mg(T, 0)>3 ( 2 4 )
— 1 @
67 ( gT + (12 + an)ﬂ'zﬂ +O)

® first contribution to O (u®) is O©(g®) and arises from expansion of
electric mass
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...some remarks on higher order
perturbation theory

® all perturbatively calculable contributions (up to O(g°1In1/g)) have
been calculated also for u > 0;
A. Vuorinen, Phys.Rev. D68 (2003) 054017

® electric mass contributes in O(g*®); also shows up in Taylor
expansion;

® |eading contributions in higher orders are all ©(g?), arise from an
expansion of electric mass and thus oscillate in sign
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Bulk thermodynamics for small p, /T
on 16° x 4 lattices

® Taylor expansion of pressure up to O ((pq/T)%)

p 1 > pg \" % pg \* g \°
—_— = — n(T)| — ~ -1 = 4
Ti = T8 n;oc ( )<T> CO‘|‘CZ<T> +C4<T) -|-06<T>
5
: Ng _ Hq Hq Hq
quark number density T3 = 262? + 4c:4< T ) + 6¢6 <?>

quark number susceptibility % = 2c2 + 12c:4< ) + 30(:6<

N

N|E

an estimator for the radius of convergence

1/2
<ﬁ> — lim
T crit n—oo

cn, > 0 for all n;
singularity for real u

C2n

Con+42
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Bulk thermodynamics for small p, /T
on 16° x 4 lattices

® Taylor expansion of pressure up to O ((pq/T)%)

p 1 = g \" % pg \* g \°
i =vrenz= 3 e () meta(f) va() ve()

n=0
‘ T T T T ' ‘ ' 0.25 ‘ T ‘ T T T T T 0.1 ‘
= c, SB limit ¢
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S | o0.0sf- .
0.15F
0 7 A\~
¢
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0.05F
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0 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 _0 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1
08 1 12 14 16 18 2 03 1 12 14 16 18 2
/T 0 /T 0
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Bulk thermodynamics for small p, /T
on 16° x 4 lattices

® Taylor expansion of pressure up to © ((pq/T)°)

n 2 4 6
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& singularity for real p (positive p?)
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Bulk thermodynamics for small p, /T
on 16° x 4 lattices

® Taylor expansion of pressure up to O ((pq/T)%)

p 1 = g \" % pg \* g \°
i =vrenz= 3 e () meta(f) va() ve()

n=0
T T T T T T T T : : : : : :
0.25— ‘ 0.1—
= e, SB limit ¢
| 02k
S | 0051 7
0.15—
0 &
¢
-0.05 -
0.05—
SB (N =4)]
O er L L L L L L 0 | 1 | 1 | 1 | 1 | 1 | 1 _0 1 | 1 | 1 | 1 | L | L | L
0.8 1 1.2 1.4 1.6 1.8 2 0.8 1 1.2 1.4 1.6 1.8 2 ' 0.8 1 1.2 1.4 1.6 1.8 2
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irregular sign of c,, for T > T. <« singularity in complex plane
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Radius of convergence:
lattice estimates vs. resonance gas

. . . (&%)
® Taylor expansion => estimates for radius of convergence ps, = °
Coan+2
0.2 |
L/, L T L/,
0 ! | ! | L | L | L | L | 0 ! | ! | ! | ! | I | I
0 2 4 6 8 10 12 0 0.5 1 1.5 2 2.5 3

T < To: pn, ~ l.0foralln = p&* ~ 500 MeV
B
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Radius of convergence:
lattice estimates vs. resonance gas

. . . (&%)
® Taylor expansion => estimates for radius of convergence ps, = °
Coan+2
0.2 |
L/, L T L/,
0 ! | ! | L | L | L | L | 0 ! | ! | ! | ! | I | I
0 2 4 6 8 10 12 0 0.5 1 1.5 2 2.5 3

T < To:pn =~ 1.0foraln = upg** ~ 500 MeV

HOWEVER still consistent with resonance gas!!!
HRG analytic, LGT consistent with HRG = infinite radius of convergence not yet ruled out
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Radius of convergence:
lattice estimates vs. resonance gas

C2n,

® Taylor expansion => estimates for radius of convergence ps2, =

Coan+2
R.V. Gavai, S. Gupta, Phys. Rev. D71 (2005) 114014

14F T, i -
12+ _

1 %%v

Z.Fodor, S|D.Katz
EP 0404 (2004) 050
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04 o Py -
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T < To:pn =~ 1.0foraln = upg** ~ 500 MeV

HOWEVER still consistent with resonance gas!!!
HRG analytic, LGT consistent with HRG = infinite radius of convergence not yet ruled out
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The pressure for p,/T > 0

C.R. Allton et al. (Bielefeld-Swansea), PRD68 (2003) 014507

pqg =0, 163 X 4 lattice

improved staggered fermions;

ng =2, myz >~ 770 MeV

Hq

5 [ j—
p/T4 pSB/T4
4 L
3 L
ol 3 flavour o
2 flavour
1l pure gauge
T [MeV]
0 1 1 1 1 1
100 200 300 400 500 600
high-T, ideal gas limit
p 77’ (uq ) 1
T4 oo f < T 471'2

(

T

contribution from pq /T > 0
Taylor expansion, O((u/T)%)

—_—t | ; | j | j |

uqﬂ"zl .0

u/T=0.4

u,/7=0.2

S

similar F. Csikor et al., JHEP 0311 (2003) 070

.8

14 1.6 1.8 2

0

SPS: puq /T<0.6 RHIC: ng/T<0.1
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The pressure for p,/T > 0

C.R. Allton et al. (Bielefeld-Swansea), PRD68 (2003) 014507

PRD71 (2005) 054508
contribution from pq /T > 0

NEW: Taylor expansion, O ((u/T)®)

pqg =0, 163 X 4 lattice

improved staggered fermions;
ng =2, myz >~ 770 MeV

T T x_)» | T | T T T T | T
571 N w/T=1.0
p/-l_4 Pse/T —
4 L
3 I —
n/T=0.8
ol 3 flavour |
2 flavour ]
.l pure gauge |
. | 1 |  TMeV] b /T=0.6 |
100 200 300 400 500 600
n/T=04 |
pattern for pg = 0 and pq > 0 similar; u 102
quite large contribution in hadronic phase; (E———te—orT—"+—1T "1 "1 —
0.8 1 1.2 1.4 1.6 1.8 2

O((n/T)®) correction small for pg /T< 1

/T,

SPS: puq /T<0.6 RHIC: ug/T<0.1
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Resonance gas:

spectrum dependent consequences

o

“fit” with modified spectrum  mpg(m-) = mg(0) +

= tests factorization

= 9F(T) cosh(3uy/T) ~ c2(T) <

2412 &
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i

ey

(5o (%))

/T,
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Energy and Entropy density for p, > 0

S. Ejiri, F. Karsch, E. Laermann and C. Schmidt, in preparation

Thermodynamics: (NB: continuum m = m,
lattice " = ma, implicit T-dependence)

p 1 . s Hq "
fi = s 02T ma) = 3 eattm) (41

® pressure

® energy density from “interaction measure”

e —3p > g \" v den(T,m)
=3 ) (A1) ) = 75
n=0

T

® entropy density

€ + p Nqnq Hq

= > ((4 = n)en(T, ) + ¢, (T, m)) (?

S
T3
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Taylor expansions of € /T
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3.0 | " " e
. a A A n
20t e
| ]
10F
| ]
" /T,

0.0 : : : : :

0.8 1.0 1.2 1.4 1.6 1.8 2.0

2
O((1q/T)*)

® magnitudes similar for all three quantities;

2.5

2.0
1.5 ¢
1.0 r
0.5 r
0.0 +
-0.5

-1.0

-1.5 —

84/Tg ——
+ S /T, +—@&—
gt
50N
®
L]
é .
l+ 1 1 1 lT/TO
0.8 1.0 1.2 1.4 1.6 1.8 2.0

O((nq/T)*)

® expansion of /7% and s/T also dominated by O((uq/T)?)

for ng/T<1 (except close to T)
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EoS on HIC trajectories

® dense matter created in a Hl-collision expands and cools at fixed
entropy and baryon number
= lines of constant S/Ng in the QCD phase diagram

300
250

200

[MeV]

for example:

Isentropic expansion,
"mixed phase model”:
V.D. Toneey, J. Cleymans, E.G. Nikonov,

K. Redlich, A.A. Shanenko,
J. Phys. G27 (2001) 827

150

T

100 -

b0 |
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EoS on HIC trajectories

® dense matter created in a Hl-collision expands and cools at fixed
entropy and baryon number
= lines of constant S/Ng in the QCD phase diagram

» high T:ideal gas

™ 71'2 2
i . Signf + 715 + (%)
No o B4

S/Np = constant < pu,/T constant

# low T: nucleon + pion gas

T — 0. pe/T ~c/T

CBM workshop, GSI, Dec 2005, F. Karsch — p.19/33



Lines of constant S/Np

S/Np = 30015090 60 45 30
T/T, ‘ ‘ ‘ ‘ ‘

ol wx o s

H N [ |
1.60 +

| ] | | | ]
1.40 1 | . [ ]
- ;

5 - : &
100 | o & a" L el

.l .I Ww %
o80r ® ®™ e o

0.00 0.20 0.40 0.60 0.80 1.00
Hy/T

® isentropic trajectories close to
ideal gas behavior for T' > T,

® trajectories bend towards
larger pug for T < T,

® O(ug) correction (open sym.)
is small for pug /T'<0.8
(despite large errors)

S. Ejiri, FK, E. Laermann, C. Schmidt, in prep.
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Lines of constant S/Np

S/Np = 30015090 60 45 30 S. Ejiri, FK, E. Laermann, C. Schmidt, in prep.
T/T ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘. /
AN ol
A ug/T=0.24 ug/T=1.63m
E = u ug/T=2.47
1.60 r 1 A ]
E = ] 250 r
1.40 E = [ | : -
120 = = = - ] 200 1 & =" S/Ng=30 — m— 1
- . - RHIC a" 300 a4
1.00 | .' =- ;m f J 150 | A SPS freeze-out
m o= - =l “ *AGS
080 ® m Sl o ] 1 1 _ (FAIR) 1 kg [MeV]
0.00 0.20 0.40 0.60 0.80 1.00 0 100 200 300 400 500 600 700 800 900
Hy/T
® isentropic trajectories close to ® RHIC corresponds to
ideal gas behavior for T' > T, S/Np ~ 300 ~ oo
® ftrajectories bend towards ® SPS corresponds to
larger pq for T < T S/Np ~ 45
® O(ug) correction (open sym.) ® FAIR will operate at
is small for pq/T<,0.8 S/Np ~ 300r nug,/T<0.9

(d es plte la rge erro rS) CBM workshop, GSI, Dec 2005, F. Karsch — p.20/33



Isentropic Equation of State

2-flavor QCD
40 F° 4 ‘ 1 ‘
p/T 12.0
3.5 | e/ “¥ & s« u "
N L
3.0 | o 10.0 TR
n 73
o5 | s 4 8.0 - | }5
2.0t ‘ l + S/Ng=30 — =
. u 2 S/Ng=30 —m— 6.0 I Py 300
1.5 s 300 —4a— 1 .
my 4.0 + [
10 B u A A
.-A 2.0 [ ﬁ
05 r o ad 8 2 =A
g’ T/T, T/T,
00 1 1 1 1 1 OO 1 1 1 1 1 1
0.8 1.0 1.2 1.4 1.6 1.8 2.0 0.8 1.0 1.2 1.4 1.6 1.8 2.0

pressure

on lines of constant S/Np

energy density
on lines of constant S/Np

® . ,-dependent contribution added on top of the 1, = 0 result
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Isentropic Equation of State

o o o o

4.0

3.5

3.0 r
25 ¢
20 r
1.5
1.0 r
0.5 r

0.0

2-flavor QCD
i | 12.0 |
P /T s = 4 & =
i . 10.0 | +@§ A A i i i
n A
= 3 8.0 | B
8 + * S/Ng=30 — m
u 2 S/Ng=30 —=— | 6.0 I Py
. 300 —a—
. A 300 — 4 T ol .
-A‘ ' .
.EA i 20 [ - if *
gul ! | | | T, 0o Lo | | | | T,
0.8 1.0 1.2 1.4 1.6 1.8 2.0 0.8 1.0 1.2 1.4 1.6 1.8
pressure energy density

on lines of constant S/Np

on lines of constant S/Np
[Lq-dependent contribution added on top of the p, = 0 result

RHIC EoS essentially coincides with the u, = 0 E0S
EoS at SPS and RHIC differ at high T by less than 10%
FAIR: changes at high T' ~ 30%; but need better resolution at low T

CBM workshop, GSI, Dec 2005, F. Karsch — p.21/33
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Isentropic Equation of State: p/e

0.30

0.25

0.20

0.15

0.10

0.05

0.00

p/e gz U
n
X
n
x S/Ng=30 —m— -
s 300 — 4
n
Tg‘ git
4 BA[ A
I JT ! I
T/T,
0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.30

0.25 -

0.20

¢ [GeV/im?]

8

10

12 14

® p/evs. e shows almost no dependence on S/Np

® softest point: p/e ~ 0.075

® phenomenological EoS for Ty < T < 2Ty

(1

p
€

1

3

1.2

14 0.5¢

)
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® steep EoS:
rapid change of energy density; slow change of pressure

Velocity of sound

= reduced velocity of sound =- more time for equilibration

0.40 .
0.35 | Vs =dp/de SB
. I -
0.30 | % : ¢ 7 _——
0.25 , T
n=2, Wilson: mpg/m,,=0.65 ——
020 L mps/mv=095 ——
SU@3) —
0.15 n=(2+1): staggered, m=0 ————
0.10
0.05 v T/TC
0.00 ' ' ' '
0.5 1.0 1.5 2.0 2.5 3.0

pure gauge theory:
G. Boyd et al.,
NP B469 1996

ny = 2:
A. Ali Khan et al.,
PR D64 2001

ny = (2 - 1):
Y. Aoki et al.,
hep-lat/0510084
(TV/3 = 2)
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® steep EoS:
rapid change of energy density; slow change of pressure

Velocity of sound

= reduced velocity of sound =- more time for equilibration

0.40 .
2
0.35 Vs =dp/de SB
. B 3
0.30 P —
0.25 r . i
n=2, Wilson: mpg/m,,=0.65 ——
020 L mps/mv=095 ——
SU@) —
0.15 ¢ ng=(2+1): staggered, m,=0 ———— |
n=2: staggered, isentr. EOS ———
0.10
0.05 : : .
¥ ny = 2: isentropic E0ST/T,
0.00 ' ' ' '
0.5 1.0 1.5 2.0 2.5 3.0

pure gauge theory:
G. Boyd et al.,
NP B469 1996

ny = 2:
A. Ali Khan et al.,
PR D64 2001

ny = (2 - 1):
Y. Aoki et al.,
hep-lat/0510084
(TV/3 = 2)
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Hadronic fluctuations and
chiral symmetry restoration

generic QCD phase diagram (ny = 2)

TA

m>0

- - - _Crossover

~
~
~
~

N
N\,

|

critical point
Z(2), 2nd order

1st order

color
superconductor

M,

-
few times nuclear |l
matter density

TA

_ _ _ O(4), 2nd order
RN tri—critical point

~

1st order

color

“<a Z(2), 2nd order
superconductor

R ;

W, few times nuclear [l
matter density

CBM workshop, GSI, Dec 2005, F. Karsch — p.24/33



Hadronic fluctuations and
chiral symmetry restoration

® expect 279 order transition in 3-d, O(4) symmetry class;

(8- (52))

singular part: fs (T, pu, pg) = b~ L f5 (£ (3—)) ~ g2~

: : T — T,
scaling field: t = | -
C

T

2 4

0“In Z C 0*In Z 4= (240) (1> 0)
o2 ’ opl H
lllq’I l’l’q,I

» 04)/0(2): a < 0, small =
((6N4)?) develops a cusp

((6Ny)?) diverges on the O(4) critical line;

N\ 4
strength ~ (“’;f’t> (~ 10—% at RHIC)

C
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Hadronic fluctuations and
chiral symmetry restoration

® expect 279 order transition in 3-d, O(4) symmetry class;

2

L

+A(—T"> s Merit = 0
C

T — T

scaling field: t = |

Tc
singular part: fs (T, pw, pq) = b~ fs (tb1/(272)) ~ 2~

0*ln Z

~tlTe . — ~t @ (n = 0)
4
oy

0%1n Z
op?

» 04)/0(2): a < 0, small =
((6N,)?) dominated by T-dependence of regular part

((6Ny)*) develops a cusp
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Fluctuations of the
baryon number density (i = 0)

baryon number density fluctuations:
(MILC coll., hep-lat/0405029)

p=20

N;=2+1, m, 4=0.2m,, N =2N,

1.0 —

Xs,s/T2

ol

cont

e

400

7 = (agmyp )
TS d(M/T)2 T4 T fixed
_9T

= < ((N3) — (Ng)?)

susceptibilities = integrated correlation functions
= integrated spectral functions

to be studied in event-by-event fluctuations

recent papers:

V. Koch, E.M. Majumder, J. Randrup, nucl-th/0505052
S. Ejiri, FK, K. Redlich, hep-ph/05090521
R.V. Gavai, S. Gupta, hep-lat/0510044
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Quark number and charge fluctuations at
pup = 0; 2-flavor QCD (m, ~ 770 MeV)

C. Allton et al. (Bielefeld-Swansea), PRD71 (2005) 054508

I ‘ ‘ ‘ I 0.6———7—— T 1 717 T T T
S qu SB i d2Q SB | ..
, , 0.5~ 1 monotonic in-
s et ' o4l o | crease;
’ . | 0sl y | close to ideal
1+ |
, : | ol . | gas value for
0.5F . - I ° | T> 1.5Tc
0.1+ . _ ~Y
7 ° * T/TO | o°. T/TO
6%.6 | 0‘.8 | ‘1 | lﬁZ | 1‘.4 | 1‘.6 | 1‘.8 | 2 %.6 | O‘.S | ‘1 | 1‘.2 | 1ﬁ4 | l‘.6 | l‘.8 | 2
I d4q # 0-57 dQ\ S B S S ]
L _ 4
| , ol § | develops cusp
i : [ : | atT,
- % ¢ . 0.3 -
3 T L s |
(] .
| ' ] 021 . 1 reaches ideal
§ L . S L . ° o R SB 1 I f
1 § e o . . - o1l . hd ° o gaS Va. Ue Or
- e n .
: T/T, - . vr,| T>1.5T,
%6 ‘ 0‘8 ‘ ‘l ‘ 1‘2 ‘ 1‘4 ‘ 1‘6 ‘ 1‘8 ‘ 2 %6 | 0‘8 | ‘1 | 1‘2 | 1‘4 | 1‘6 | 1‘8 | 2
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Fluctuations of the
baryon number density (p > 0)

. . Xgq d? p
baryon number density fluctuations: — =
- 73~ \d(u/T)? T*
(Bielefeld-Swansea, PRD68 (2003) 014507) T fixed
2 2
5 T T T T T T T T T T T —_ N - NB
Ao/ T2 Hg/T=1.0 —— vV ((N5) = (NB)?)
' ' 200 : :
ny/T=0.0 —— | -
RHIC, LHC
o o FAIR@GSI
y 100 | |
v v
] 50 r
T., Bielefeld-Swansea
T{TC’Q T., Forcrand, Philipsen
18 o (Te ug), Fodor, Katz —e— e [GEV]
. B

0 0-2 04 0.6 %SM works1hop, Gsl'%ec 20(1)5'le. Karsch — p.29/33



Fluctuations of the
baryon number density (p > 0)

baryon number density fluctuations:

(Bielefeld-Swansea, PRD68 (2003) 014507)

n > 0,ny = 2

Xq _
T3

d2

9T

Vv

<)
d(M/T)2 T4 T fixed

((Ng) — (NB)*)

200 :
T [MeV]

RHIC, LHC

100

seeing "true” singular behaviour requires large
volumes and/or high order Taylor expansions

XC;/TIZ | ugT=1.0 ——
.| Hg/T=0.0 —— |
3 L
, -~

v v
1 L
; LA
08 1 12 14 16 18 2

T., Bielefeld-Swansea
T., Forcrand, Philipsen
(Tca MC), FOdOI’, Katz —e—

FAIR@GSI

ug [GeV]

0 1
0 0.2

0.4

0.6

%SM works1hop, GS1,'%ec 20(1)5flE Karsch — p.29/33



Fluctuations of the

quark number density (pg; > 0)

quark number density fluctuations:

up to O ((Nq/T)2)

4 | T | T T T | T |

G——o© },lq/T=1.0

uq/T=O.5

0? P

s = (amq/TV T4)Tﬁxed

T2

= T ((V2) = (No)?)

high-T, massless limit: polynomial in (tq /T)

2
Xq,SB 3nys [ Hq
—ns+
4 T2 ( T )

T2
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Fluctuations of the

quark number density (pg; > 0)

quark number density fluctuations:

up to O ((Nq /T)4)

i Xq/ O o——o ].Lq/T=1 .0
uq/T=O.5

|
0 by ——a— = o

= (sGump o)
T2~ \(1q/T)? T*) 7 fixea

= T ((V2) = (No)?)
high-T, massless limit: polynomial in (tq /T)

2
Xq,SB 3nys [ Hq
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Fluctuations of the

quark number density (pg; > 0)

quark number density fluctuations:

= (sGump o)
T2~ \(1q/T)? T*) 7 fixea

= T ((V2) = (No)?)
high-T, massless limit: polynomial in (tq /T)

2
Xq,S 3In
a,SB — ny+ f [ Ha
T2 w2 \T

larger density fluctuations for pq > 0;

coming closer to the chiral critical point?

(o), = %
ong ) Xq

=> X gq Will diverge on chiral critical point
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|Isothermal compressibility
of the quark gluon plasma

1.2

0.8

0.6

04F

0.2

iInverse compressibility:

Kp =

| T
nq/(Mqu)
""""""""""""""""""" @ s & o —
50 " . |
p b g @ [
: TJf )
{. ++ - o W/T=04
1 /T=038
T/TO
| | |
0.8 1 1.2 1.4

ng ( op )
Xq 8”"1 T fixed

high-T, massless limit: polynomial in (teq /T)

e (7))
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|Isothermal compressibility
of the quark gluon plasma

1.2

0.8

0.6

0.4

0.2

iInverse compressibility:

resonance gas

ideal qg gas
| . .
n /WX, N |
""""""""""""" +@@@e —c_
50 B . |
¢ _ba g [
; T+ )
+ + + §_ o uq/T=0.4 1
i m W/7T=08
A
O|.8 | I1 1{2 1|.4

=1 T g ( op )
T —  —— —\ &3
Xq ONg ) T gxed

high-T, massless limit: polynomial in (teq /T)

3
Ngq Hq
e O ra
xa 19T ((T> )

large density fluctuations for ug > 0, T < T¢
”saturated” by fluctuations in a

hadron resonance gas

9] n
expect: (_p) =2 —-0
g/  Xaq

at chiral critical point
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|Isothermal compressibility
of the quark gluon plasma

1.2

0.8

0.6

0.4

0.2

iInverse compressibility:

ideal qg gas
| T
n /(1)
T +@@@e " — _ ~
I 50 e " |
o) b o [
I _
¥ T + '} - o W/T=04
i m 1L/T=0.8
q
T, -
| . | . | . |
0.8 1 1.2 1.4

resonance gas

=1 T g ( op )
T —  —— —\ &3
Xq ONg ) T gxed

high-T, massless limit: polynomial in (teq /T)

3
Ngq Hq
e O ra
xa 19T ((T> )

large density fluctuations for ug > 0, T < T¢
”saturated” by fluctuations in a

hadron resonance gas

9] n
expect: (_p) =2 —-0
g/  Xaq

at chiral critical point

m, ~ 770 MeV, smaller m, needed!!
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Charge fluctuations for p; > 0

quark number density fluctuations:

up to O ((Nq/T)2)

0.8

0.7

0.6 |

0.5 r

04 r

Xeo _ 1/xr 1&)
T2 4\T2 9T2
1 2 2
= v ((V3) — (No)?)
high-T, massless limit: polynomial in (tq /T)

xqsp _ 5 15 (uq>2
T

T2 9 972
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Charge fluctuations for p; > 0

quark number density fluctuations:

0.8

0.7
0.6
0.5 r
0.4
03 r
0.2

0.1

up to O ((Nq /T)4)

XQ/TZ
[ ] ] _ _ ]
il
%] L= " : a2 o«
[ .
. Il.
. ny/T?=1.0 —=—
] 05 —=—
EEI b 0.0 —=—
Pm .
1h /T,
08 10 12 14 16 18 20

Xo_L(x:, 1x)

T2 ~ 4\T2? ' 9712
= — (V) - (Ng)?)
T vrs \v R ?

high-T, massless limit: polynomial in (tq /T)

xX@,s6 5 15 [pg\?
T2 ~— 9 t 972 ( T )

charge fluctuations for (g /T) <1

dominated by isospin fluctuations;

Nonetheless:

expect singularity at chiral critical point;

arises from contribution of xg;

X1 IS expected to be non-singular at CCP
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...otatus of finite density calculations

® calculations for non-vanishing chemical potential (g > 0)
show a rapid transition from a HRG to a QGP;
signaled by sudden changes in EoS and susceptibilities

® where and whether the transition becomes first order ...
= Z. Fodor, tomorrow

CBM workshop, GSI, Dec 2005, F. Karsch — p.33/33



...otatus of finite density calculations

® calculations for non-vanishing chemical potential (g > 0)
show a rapid transition from a HRG to a QGP;
signaled by sudden changes in EoS and susceptibilities

® where and whether the transition becomes first order ...
= Z. Fodor, tomorrow

® alternative approach in the canonical ensemble (B > 0)
looks promising; so far applied only to 4-flavor QCD where

the transition always is first order
o 1 2 3 4 5 6 7 8pT

2 |

(F(;B)-F(E;-1 ))/3.T

1.5 |

{I”IT’
[ g T/T, = 0.89

05} T/T, =0.98

S. Kratochvilla, Ph. de Forcrand,
hep-1at/0509143

Weakly interacting massless gas
~ Hadron Resonance Gas

0 S 1 OBaryon1 gumberzo 25 30 CBM workshop, GSI, Dec 2005, F. Karsch — p.33/33
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