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Phases of QCD Matter

Quark Gluon Plasma
e “lonize” nucleons with heat

e “Compress” them with
density

e New state of matteJ

v

Z. Fodor and S.D. Katz:
T.= 172 = 3 MeV even at finite
baryon density, 100
Cross over like transition.
(hep-l1at/0106002)
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Principles for Buda-Lund hydro model

Analytic expressions for all the observables
Symmetric, 3D expansion

Local thermal equilibrium

Goes back to known hydro solutions in nonrel limit

Separation of the Core and the Halo
e Core: hydrodynamic evolution

e Halo: decay products of long-lived resonances
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Nonrelativistic hydrodynamics

Equations of nonrelativistic hydro:

on+Vinv) = 0

v+ (vV)v = —(Vp)/(mn)
Oie + V(ev) = —pVv

Not closed, EoS needed:

€ = Kp
o= wl
We use the following scaling variable:
2 ) 2
Tii" f'fj' "Pz
s = s el o
X2 Y2 72

X, Y and Z are characteristic scales, depend on (proper-) time
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A nonrelativistic solution

e A general group of scale-invariant solutions (hep-ph/70111139):

Vv, X { Z
n(t,r) = 'H[;?TL’(S:] r = (r:r'%rry}_f- ;-:f}
X Y Z XoYoZg
V(f._. 1‘} = (? P ? P L_7 J’é) T (f I‘) = i‘l(f-“j I‘r) ( XY 7 )
[ K ).{
Vi 0 vy (£.1) = v.(tg. 1 )—, ...
T(t,r) = T{;( ;) T(s) z (£ 1) +(to, }Xﬂ'

o 1/k
] T, " du . n f XoYoZo\
§) = > s T(t,r) = -T(fn-l')( — )
" T(s)“‘“"( 2T, ]” T(u)) A3

e This i1s a solution, if the scales fulfill:

o s " T Lf ].ll.'"l 2%
XK =¥ =27 = ] —
m V

e T (9 Is arbitrary, e.g. 7 constant b VY gaussian, or:
Buda-Lund Bondorf-Zimanyi-Garpman

I(s) = T T(s) = (1-35)01—s)
| v(s) = (1-5)"O(1—s)

T; .
v(s) = (1+bs)exp _F[H—Huﬁ/ﬂ}
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Some numeric results from hydro

e Propagate the hydro solution in time numerically:

i Ry (1R, (., (1)
5{\

41 -
3 Correlation radi

E- | | 1 1 | 1
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A relativistic solution

e Relativistic hydro:

d, (nu) =0
0,T" =0 with 1" = (¢ + p) u'u” — pg"”
e A general group of solutions (nucl-th/0306004):

utt = ﬁ
-
T0 3
n(t,r) = ng (—) V(s)
T
T 3+3/k
p(f: I') = Do (_U)
-
70
T(t.r) =T, —
(t,7) ! ( T ) V(s)

e Overcomes two shortcomings of Bjorken’s solution:
e Rapidity distribution
e Transverse flow

e Hubble flow b lack of acceleration
ut Oy, =0
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The emission function

e The phase-space distribution looks like
Maxwell-Boltzman and 7 = const. for sake of simplicity

.2 .2 2
f<r=p=t>=omp(_ 2 _(P—fm(r=t))°)

2X(1)2  2Y(1)2  2Z(1)? 2mT (r, t)
with the constant:
N

C= Vo(4m2mTy)3/2

e Consider the collisionless Boltzmann-equation
Calculates the source of a given phase-space distribution:

0
(a + VV) f — S(I‘, P, t)

e Emission function in the simplest case:

r p— 2r)°
S(r, p,t) = Cexp (_2R2 - ( Qm%o) )6(t—t0)
0
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Observables from Buda-Lund hydro

Core-halo correction:
S(ZC, p) — Sc(xap) + Sh (33, p)
Sc(xap) Y )\*S(xa p)

One-particle spectrum with core-halo correction:

1
N = d4x5 1
(1) = —= [ d'as.(.0)
Two-particle correlation function:
CQ.p) =1+ |2 gy 5@ )
S(0, p) S.(0, p)
Flow coefficients:
dSn d2n o0
Nip) = - 1+2)» wvycos(n
() dypidpidp 2dypedpy n;l ( ‘P)]

o M. Csanad at NPS



The generalized Buda-Lund model

e The original model was developed for axial symmetry
only b central collisions

e In the most general hydrodynamical form:
‘Inspired by’ nonrelativistic solutions

TPESY
Se(@ )’ = (29)3 = i) H(j)w)
T exp( T(L;:) — T(m)) + 84

e Have to assume special shapes:
e Generalized Cooper-Frye prefactor:
P'd' Sy () = pluy () H (r)d'z and p(7) =

1 (1 —10)?
(2w AT2)1/2 P\ AR
e Four-velocity distribution:

u* = (v, sinhn,, sinhn,, sinhn,)

e Temperature:

— _ _ 2
1 1 (1+T0 TSS) (1+T0 Te (T To) )

T(x) T, T, T. 2A72
e Fugacity:
p(z) _ Mo p
T(:U) To 10 M. Csanad at NPS



The saddlepoint approximation

A good approximation for the product of a narrow
Gaussian-like function and a broad distribution:

{x —::![))2

ff(‘r z)do = f(*"ﬂ)/ g(x)dw =f(iﬂo)9(:ﬂo)ff:‘de
32( lng(a:))wo

Exact for convolution of Gaussians, good for
narrow distributions, where a parameter controls
the width

The saddlepoint can be computed from

dg

“l =0
dx
o

This method can be generalized for more
dimensions
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The invariant momentum distribution

e With the saddlepoint method, we get:

J ——— 1
N = EVC
() (27)? B(zs,p) + s,
e The ‘average’ energy and volume:
E = puu(zs)
%4 (2m)? 5 q1/2 —2 _ _ H(7)
V = Ar [det R,u,v] with Rp‘,l/ 8M8V In B(SC, p) + Sq)
— 1
C =

VA

e Here, we have to make a coordinate-transformation:

System of expansion b system of observables
e Direction of transverse momentum needed
e Rotation due to angular momentum: tilt angle
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Correlation function and radii

e The correlation function:
C(Q) =1+ Ae @@
e The radii are in the simplest case, and in the B-P system:

R?} = Rf cos? ¢ + Ri sin” ©

Rf = Rf sin” ©w + Ri cos?

R = RZsin®d+ RZcos” v — QRE:,,?; sin ¥ cos ¥
QREEG = (Ri — R'?)sin2¢p
QREG = +(RIsin2¢ — R2sin 29 + 2R, cos 219) cos ¢
2R;;, = —(RZsin20 — R}sin20+ 2R, . cos29) sin ¢

e Azimuthal depencence appears




Some analytic results

e Distribution widths

1 B(zg, p) 1 N 1
Rii  Blas,p) +s, \ X7 R:i:_i
2 72 5 To — T AT
R}' ¥ 1o X i X i 8 T

e Slopes, effective temperatures

1 ( 1 1 ) : Ty
T = — + T.,=To+my X?
2 \Tow Tuy ! 0 b To + mya?

e Flow coefficients
I, (w)

Iy (w) . pi 1 1
v S with %= 4 \T., T
2n+4-1 — my * 1 * T

my = my cosh(ns — y)
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Buda-Lund fits to RHIC data

Calculation program packages:

Version 1.0: Calculation of IMD & Radii, linearized
saddle-point equations
(NA22, NA44, NA49)

Version 1.4: Calculation for dN/dh added

Version 1.5: Saddle point found exactly in direction h

(RHIC 200 and 130 GeV)
http://www.kfki.hu/—csorgo/budalund/

Version 2.0: Exact analytic calculation
(in progress)

Version 3.0: Relativistic, ellipsoidally symmetric model
(in progress)

All versions: Simultaneous fits to all the observables
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BudalLund fits to 130 GeV RHIC data

BudalLund hydro fits to 130 AGeV Au+Au BudalLund hydro fits to 130 AGeV Au+Au
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BudalLund fits to 200 GeV RHIC data

BudalLund v1.5 fits to 200 AGeV Au+Au
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Fit results, comparing RHIC and SPS

BL at RHIC | Au+Au, 200 GeV | Au+Au, 130 GeV
Ty [MeV] 196 = 13 214 =+ 7

Te [MeV] 117 =& 12 102 + 11

T, [fm] To/2 fixed To/2 fixed

R, [fm] 124 £ 1.6 86 + 04

BL at SPS | Pb+Pb, NA44 | Pb+Pb, NA49 | h+p, NA22
To [MeV] | 145 =+ 3 134 +3 140 =+ 3
T,[MeV] | 76 +8 | 115 +35 -

T, [fm] 134 =+ 11 125 =+ 5 8 £+ 8

To(RHIC) > T. by 50
(RHIC) > To(SPS) by 50

lo—1s ~ 1 at RHIC

T

1o —

~TL+ < 1 at SPS Pb+Pb
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RHIC and the Universe

e Developed Hubble-flow at RHIC and in the Universe
e Universality of the Hubble expansion: u=Hr

e Hubble constant of the Universe:
e Hy= (71 = 7) km/sec/Mpc

e converted to Sl units:
e Ho= (2.3 £ 0.2)x10 18 sec™?

e Hubble constant at Au+Au collisions with 200 GeV
* Hguic1 = <Us/Rg >~ (3.8 £ 0.5)x1022 sec™?
* Hguico = 1/t~ (5.1 £ 0.1)x10%2 sec™?

e Ratio of expansion rates:
e Hryic / Ho >~ 2 x 1040

e approx. the ratio of the ages of the objects
e without correction for inflation...
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New ways of plotting the results

Budalund hydro fits to 130 AGeV Au+Au
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Intercept is nearly O,
indicating 1/R 2 ~ O,

thus m(x)/T(x) = const!

reason for success of
thermal models @ RHIC!

same slopes — fully developed, 3d Hubble flow
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nucl-th/0208068-2 fits to 130 AGeV Au+Au

Y 4 STAR Runi
s = PHENIX Runi
—— Theory

-y
i :
T

I T N B
0 D2 04 0. 0a 1
m, (GeV)

P P R R
0 D2 04 0. 0a 1

m, (GeV)

12% most central
109% most central

I B AR B A
0 02 04 06 08 1

m, (GeV)

TETE REN RPN R AP
0 D2 04 06 08 A1

m, (GeV)




nucl-th/0209055-1 fits to 130 AGeV Au+Au
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nucl-th/0209055-2 fits to 130 AGeV Au+Au
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nucl-th/0209055-3 fits to 130 AGeV Au+Au
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nucl-th/0209055-4 fits to 130 AGeV Au+Au
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nucl-th/0204054-2 fits to 130 AGeV Au+Au
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nucl-ex/0307026-3 fits to 130 AGeV Au+Au
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nucl-th/0205053-1 fits to 130 AGeV Au+Au
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nucl-th/0212053-2 fits to 130 AGeV Au+Au
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Comparison of results of models

Models with acceptable results:

nucl-th/0204054 Multiphase Trasport model (AMPT)
Z. Lin, C. M. Ko, S. Pal

nucl-th/70205053 Hadron cascade model
T. Humanic

nucl-th/70207016 Buda-Lund hydro model
T. Csorgo. A. Ster

nucl-ex/0307026 Blast wave model
F. Retiére for STAR

e Not shown here, but acceptable

e nucl-th/0208068 3D hydro model
T. Hirano, T. Tsuda

e hep-ph/70209054 Cracow (single freeze-out, thermal) model
W. Broniowski, A. Baran, W. FlorkowskKi
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A solution of the RHIC HBT puzzle

e Qur answer: hot center, a fireball heated from inside

e |If we assume a hot center, the difference between out and
side vanishes

Quark-Gluon
Plasma

Temperature T (MeV)
o
=

100

0.0 1.0
Density Measure |l (GeV)
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C

A useful analogy

Fireball at RHIC U our Sun
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o rmc ™ 210 MeV
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Confirmation of hot center

v,(n) V,(P,1=0)

705 = T2

; PHOBOS MinBias I - |PHENIX MinBias I
0.05 [@ 130 GeV " (@}

- (O 200 GeV 05— | Eip
0.04— |—Buda-Lund . B K

N O K
0.03 : }N 01— AT

- AT
0.02f- — Buda-Lund

:&__ 0.05|-

001— @&

.|‘. i PR —t el | i u-|||||||||||||||||||||||||||||;|||p|||||||
-6 -4 -2 : 2 4 6 0 200 400 600 8OO p:ﬂmeﬁlﬂﬂ 1400 1600 1800 2000
Ts = 105 MeV, Ty = 210 MeV, 190 = 7 fm/c, ¥ = 0.06
X =0.97, Y =045, 4 =24
X;=861im, Yy =1051Im, Zy =17.5m

see nucl-th/0310040 and nucl-th/0403074
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Higher harmonics
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Summary

The analysis of RHIC Au+Au data from BRAHMS,
PHOBOS, PHENIX and STAR show:

e succesful Buda-Lund hydro fits

(also at h+p and Pb+Pb at SPS)

e Indication for deconfinement at RHIC

(T=T.=172 MeV by 5S at RHIC, but not at SPS)

e evidence for a developed 3d Hubble
flow at RHIC
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Plans for the future

e Complete the fitting package for the
relativistic calculations

e Fitting the new data
e Anisotropic flow, higher order flows at STAR
e Centrality and rapidity dependent elliptic flow

e Make prediction
e J/Y yield
e HBT for kaons

e Find the relativistic hydro solution that leads
to our emission function
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