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Joint activities on the nuclear equation of state (EoS),
guark-gluon plasma (QGP) and heavy ion reactions:

First joint work Eivind & Dan in '86 on the nuclear
EoS started the activity on high energy phenomena.

Then, after establishing stronger connection
between Bergen and Oslo (via BONTT) and with
new, young colleagues, Staubo and Holme we
applied the EoS studies to reaction modeling (with
CFD) and evaluating observables.

These are important contributions to the physics of
Quark-gluon Plasma. Hadronization and FO are
sudden processes happening actually nearly
simultaneously at different space-time points, which
are not causally connected to each other!
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Balaton
workshop 1991

- On heavy ion
reactions and
QGP

T. Csorgo, Gy. Kluge, N. Amelin®, A. Rosenhauer, T. Engeland, G. Papp, E. Osnes,
L. Csernai, P. CarruthersT™, J.S. Vaagen, D. Kamp?®, Gy. Fai, M. Cserzo.

Momentum-Dependent Mean Field and the Nuclear Equation of State,
G. Fai, L.P. Csernai, C. Gale, E. Osnes, Talk at the Hungarian - Norwegian

- US - Triangle workshop, Lake Balaton, Hungary, June 10-15, 1991. _ 6
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Highly energetic forms of matter

o Started in the 70s, by Walter Greiner,
Jakob Bondorf, Horst Stocker, and others

* The collective behaviour of matter, EoS,
was one of the most basic ingredients of
this research from the beginning

e Thus, relativistic fluid dynamics was
fundamental importance - Relativistic
shocks [W.Greiner, W.Sheid, E.Teller, M.Weiss, ...]



Csernai, Osnes, Stavbo, Engeland, Heiselberg, Otterlund, Kienle, Nemeth, Levai, Westfall, Fai, Vaagen, Gareev, Bondorf, Ruuskanen, Goodman, Tjom, Riisager, Strottman, Mottelson, lngebretsen

Kopervik, 1989

Studies on EoS were presented here

[Entropy production in the relativistic heavy ion collisions - invited talk -

A. K. Holme, P. Lévai, G. Papp, L. P. Csernai,
Proc. of the 6th Nordic Meeting on Nuclear Physics; Kopervik, Norway, Aug. 10-15, 1989;
Univ. of Bergen, Phys. Dept., Sci. Tech. Report 212/1989; Physica Scripta, T32 (1990) 155.]
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PHYSICAL REVIEW C YOLUME 46, NUMBER 2 AUGUST 1992

Nuclear equation of state with momentum-dependent interactions

Lészlé P. Csernai,!'®) George Fai,(?) Charles Gale,®) and Eivind Osnes(45)
() Physics Department, University of Bergen, N-5007 Bergen, Norway
{“Depurtment of Physics, Kent State University, Kent, Ohio {4242
%) Physies Department, McGill University, Montreal, Quebec, Canada HSA 2T8
4} Physies Department, University of Oslo, P.O. Box 1048, N-0316 Oslo 8, Norway
(5) Theoretical Physics Institute, University of Minnesofa, Minneapolis, Minnesota 55455
(Received 16 September 1991)

The nuclear-matter equation of state is studied with a mementum-dependent effective interaction.
The incompressibility and the zero-temperature optical potential are calculated analytically. The
momentum distribution of nucleons is examined and the effect of the momentum dependence on

pion-production rates is illustrated. The phase transition to a quark-gluon plasma, described by a
bag-model equation of state, is studied in an approximation suitable for infinite nuclear matter.

PACS number(s): 25.75.4r, 21.85.+f

We made numerous studies of EoS, in different approaches, firstto
describe the directed transverse flow quantitatively,

- Then to incorporate the transition to QGP and back to hadronic
matter at the end of the reaction.

- Both transitions to & back from QGP were expected to happen
fast in a ‘front’
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Shocks

e Rankine and Hugoniot’s description was
generalized to relativistic flow by A. Taub In
1948 [A. Taub, Phys. Rev. 74 (48) 328.]

* This work was used to describe Mach shock
cones and shock compression in early works.
These fronts were causally connected.

e Based on Taub’s work, fronts “propagating
super-luminously” were considered non-
physical. E.g. [ Landau & Lifshitz: Fluid
dynamics]
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Phase Transitions in Shocks

Detonation, through a non causally connected
hyper-surface (i.e. with time-like normal) seemed

to be necessary to complete the phase transition.
[N.K. Glendenning & T. Matsui &, Phys. Lett 141B (1984) 419.]

Tetsuo Matsul, Berkeley discussions.

Taub’s 1949 work was incomplete and could be
generalized - rapid transitions are possible.

The work on the existence of time-like
detonations was published in 1987:

L.P. Csernai 11



Rypnaa axcrepunenrasvioii u reopeTuneckoll gusuru
7. 92 1987 . : Buin. 2

JETOHAIIUA HA BPEMEHHAIIONOBHOM ®POHTE
JUIA PEJIATHBUCTCKUX CHCTEM

JA.1II. Yeprau

B CroaxmoBeHHAX TAM@NBIX MOHOB BHICOKHNX dHepIuii, B panneii Beenxen-
MOH # B JPYIAX DEJIATHBACTCKUX CHCTEMAX MOIYT NPOHCXOZHTH (Da3oBble
Tepexojiul fla TPeXMepHO{l IWIEPIOBCPXHOCTH, TOURM KOTODPOH HPUMYMHIO HE
cpidansl. ITokasano, 4ro npegromenubifi Tay6oM BHIBOJ ypaBHCHMA peld-
THBMCTCKOH YAAPHOIL (MM EeTOHANMOHHOH) ajmalaTHl MOMKeT OBITH 000G-
men 171 IOBePXHOCTe PasphiBa, UMEIIHX BPEMEHHNOAOGHEI BEKTOD HOp-
MaJy; TPE 9TOM ero BHfl OKA3LIBRETCA YHUBEPCATBHBIM KAaK /WA TNPOCTPakH-
CTBEHNOLOAOOHBIX, TAK M A BPEMENHUITOTOOHBIX paspeieos, PaccMmoTpen
fusmdgeckuil TpUMep HUMITO3UW, HEAYIUPOBAHHOIN PalnaqEOHHEIM Tenixoos-
MCHOM, B KOTOPOM OCYHICTBJAETCA NepeXof OT IPOCTPAHCTBCHHONONOOGIIONG
KO BpeMeHHIofodiomy dpoury.

Peaartupucrerad ruipogunaMuueckas TeopHs YNAPHBIX BOIH (1] nmamaa

Hlxona ¢mamku u acrpoHoMun Ifoctynuna B pegariymio
MumnmecoTckoro yHupepcurera, 20.V1.1986
Muuseanoanc, Munnecora 55455, CIITA

L.P. Csernai
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w__ [ 41 gna mpemernnopobroit 2, 1
AAY = ) (1)
—1 guas mpocrpancrsennonoxodnon X.

CocToAnie cHeTeMbl XapakTepH3yeTes Teli30POM BHEPTHHI-UMIYIbea
'™ =wu*n"—pg"’, (2)

rge BBe/leHa INIOTHOCTH IHTANBUMM W=e+p — cyMMa ILIOTHOCTH DHePTUH €
M pasiaenusa p; w'==(v, Yv) — 4-CKOpOCTh KUTKOCTH, HOPMHPOBAHHAA TAK, UTO
v'u,=1: g"=diag (1, —1, —1, —1) — merpuvecknii tenzop. Ecan mmeercn
IMOBePXHOCTL paspbiga, To mEAERC 1 OygeT oTMeuaTh ;THAMHYECKWE XapaKre-

PHCTURH KIJKOCTH, Hampumep (J, mo oupuy cropony paspeira (Q,), a umv-
pexc 2 — mo xapyryio ((.). Toraa cravor Q

Ha paspeise OyJeT 3aIHCBIBATBLCA
Kak
[Q] =Q:—0Q.. (3)
B o1ux obosmavennsax saKOHBI COXPAHEHHS HAa MOBEPXHOCTH PA3PHIBA MMEIOT
B
[R*]=[T"A.}=0 (4)
{coxpamenite BHEPTAN 1 HMIYJbea ),
(711 =[r*A,] =0 (5)

L.P. Csernai
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. . i 7
—~>Detonation adiabat (*) and 7
the Rayleigh line Z
(*) Taub adiabat or Rankine- o | Timelike h.surface
Hugoniot adiabat \z | .
= og “/
I %
|
% 7 AT = _ _
7 //// . g' Detonation adiabat
/ Shock adiabat
X

Pue, 2. ¥aepuas 5,9 i peromamponnad (I} agumalartsi ma maockoctm (p, ), p — lasne-
Hue, r=w/n*— ofodmewHslt Yacapusfi ofbes, 7 — HAMANBLHAA TOUKA, RONEUNDE COCTOH-
Hue ¢ ponmuo Aemars ma agmaare. Hawxaon upaMoil, coenunARmel MAMANBNYIC I KO-
HETHYW TOURH, CUPeSGIACTCA TOKOM Hepes NoBepPXNOCIL paspuisa j*m=x[p]/[2] courner-
CTBEHHO [UIA NPOCTpaneTenuouonofnery (+) B BpeMeRmmeZoOHOro={f==prspemon, ¥ ua-
CTOR AA’ peromanuomnodt smuaSaril COOTRETCTBYCT BpeMemmuonofHEM paspeisamM; & w
O ~ youxn Yenupna — JRyre ma derosaumonroil aamaGare [2]. Bmerpoe ropemme w Hou-
Aeneauns (YUacTOR OA% TPH BALINEN VCIIQHUA 33 CYCT TPAMMMULIX YedoBul Moryy
IIABEC NOPeiTH Tepes Touky A no BpeMemumofoiEy0 JeToHANBIO
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To convince the community that time-like
shocks/detonations are physically possible,
was not easy. In the first work an example
was given.

The example was asimple analytic model of a radiation
dominated implosion.

This could come up in a pellet fusion
experiment, or in other highly energetic
Implosions where radiation is dominating.

L.P. Csernai 15
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Mycrs B Afpe HpoucXoauT 3K30TEPMH-
TeCKUil Tepexof, ecam TeMiepatypa mo-
cTuraer  Kputmieckoro 3uadenusa T
Torga aToT mepexoj uMmeer MecTO Ha IO-
sepxuoctu I'(r, t)=T.. Ecam pasorpes
Appa o Temmeparypst 1. MPONCXOAT
opictpo (1=2,5), TO 3HAUUTEIbHAA TACTh
aToli mosepxHocTm (r=<0,9; 2,3<t<2,5)
COOTBETCTRYET BpPeMeHHmo00HOI AeToHA-
un (puc. 3). Ecau pasorper okaseiBaer-
ca Donee MeNICGHHBIM, TO BPEeMEHHIOLO0-
Hasi 00JacTh [eTOHAIMM KOHIEHTPHPYeT-
cA B MeHBIIEH NMEeHTPaIbHON 30He.

CyMMupys crasammHoe, CAeIyeT TIOJ-
TEePKAYTH, UTO 001Iee PacCMOTpPEHHE IIPO-
HM3BOJABLHOIO DAa3psiBa B PEJATHBHCTCROM
JKOJKOCTH  TO3BOMIIIO PACIPOCTPAHUTH
ypasuenue Parxknra — oronno — Tayda
HAa HOBYVI0 00NacTh, KOTOpasg He paceMar-
puBajack pamee. Bolee TOro, HA OCHOBA-

e
TTETTT TTAM A TARTTRITAMATAITIT ATTA WATINF mma oAb

= R Y
- \ |
T~ | L :
S~ y '\ radiating outside
i TS | shell
r:gr 1 I Bk
g 0,5 1r

Puc. 3. Yckopenme paspeiBa 3a cder
HMBIYYeHAA MOKET OPUBECTH K IJIABHO-
MY Iepexofy 0T LOPOCTPAHCTBEHHOIIO-
Ro0HOTO KO BpeMeHHIoAo0HOMY (HPOH-
Ty B TOouKe A, I'ie $pour pacmpocTpa-
HAETCA €O CBETOBOH CHOPOCTBIO. JTO
OKd3BIBAETCA BO3MOJHHBIM NMOTOMY, 9TO
FUAKOCTh He JBHMKETCA BMECTe ¢
¢porrom, Muposbie JNMHHE YACTHIL
AMHIROCTH  (AHAMH €O CTpeJKaMu)
OCTAITCA  HPOCTPAHCTBEHHOTOAO0MIEI-
MH, T. €. HX CKOPOCTh MEHBIEE ¢,
I0TpuxoBag JHHAA — CBETOBO KOHYC,
t H3MepAeTCA B eNmHEOAX /e, r—
B emuuumax R, a T —p eJaHmOax
2nCQ/C

Burning and

L.P. Csernai

16



Interestingly the space-time
picture of hadronization and
freeze out of expanding and
cooling QGP is very similar.

Recognized also in
[LV. Bravina et al., PL 354B (95)192.]

Thus, if the process is rapid,
l.e. sudden hadronization and
freeze out, then it can be
described by the same
formalism.

[

ﬂl[ll

L.P. Csernai
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PHYSICAL REVIEW D VOLUME 40, NUMBER 11 1 DECEMBER 1989

Hadronization from supercooled baryon-rich quark-gluon plasma

Alv K. Holme, Espen F. Staubo, and Laszlo P. Csernai
Department of Physics, University of Bergen, Allegaten 55, N-3007 Bergen, Norway

Eivind Osnes
Department of Physics, University of Oslo, Blindern, N-0316 Oslo 3, Norway

D. Strottman
Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
{Received 15 May 1989)

A simple phenomenological model for the nuclear equation of state is introduced and the depen-
dence of the phase boundaries on the parameters is discussed. The eguations for relativistic shocks
are then applied to study the compression of hadronic matter and the hadronization of supercooled
baryon-rich plasma. The results show little sensitivity to the different parametrizations of the ha-
dronic equation of state. However, they may be sensitive to dynamic properties such as the hadron-
ization rate.

We have discussed this question with Eivind and Dan already in 1989!

L.P. Csernai 18



We continue working on related problems

We divide the reaction to into stages: (i) initial, (i) FD stage in local equilibrium

with an EoS, at high, RHIC or LHC we have QGP, (iii) sudden hadronization and

freeze out.

- Accordingly our reaction model is built up as a Multi Module Model (MMM).
- The initial stage/module at RHIC/LHC has no shocks, but YM field theory

- The CFD module is updated considerably.

- Flow shows constituent quark number scaling (CNQ), this is implemented in
the FO and hadronization description after the hydro. [FAIR, CERN]

- Interesting new observation, that quark and anti-quark numbers remain
unchanged during sudden hadronization, but the effective quark degeneracy
must increase in CNQ.

- The final Hadronization and freeze out module is updated considerably.

- The early results arising from conservation laws across time-like FO hyper-
surface, are just as important today

L.P. Csernai
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The relativistic Euler equations used are: Hydllo

85:+\?-(6~‘N} = 0, (1)
oM, o . 0P
T‘i‘a_lh(bajfﬂ} - _mf' {2)
%+ﬁ-(ﬁ£} = V. (3P). (3)

Here and in the following work, N is the particle number, M is the momentum,
E is the energy and P is the pressure, all defined in the calculational frame.
They are related to the rest frame quantities by the relations:

N = ~n
M = ~*(e+ P)7 (4)
E = AYe+(*-1)P .

All quantities are given in the program (i.e., dimensionless) units. In the notation of Harlow et. al (PIC code)

N =
N — - 7 M E y €

gy Nyt

L.P. Csernai 20



Similarly to Harlow et. al we introduce the notation:

: 5. 7 —1 2 1 2 2 b= E; -
v =00 = T = 1 7o l=ay C = M-M
Then further: N}(1—2) = n?
((1—1‘)2 = z(e+ P) (6)
B(l—x) = e+xP .

Solution of equations between the rest and calculation frame
General Equations

In Harlow et. al one writes P = be+ h; in their case, h( &) depends on the density

and represents the compression pressure. In our case h=-4/3 B

bag*

Al-z) = & (7)
E(l—z) = e4+x(be+h)=(1+xbe+zh (8)
C(1—xz)? = z[e(1+b)+h)? (9)

P = be+h (10)

Solving for € in eq. (8):

_E(l—-=x)—=2h

14 xb

L.P. Csernai 21



Then inserting into eq. (9) yields

2 (14+0)[E(1—x) — xh] 2 (1 —x)(E' 4+ h+bE)q2
co-ap - ARt [RERRE o
_ (B+h+bB)? Ol +axb)?
O =Ty T B+h+bB)?
Inserting = =1- 3= into this equation: o 2 {1 CC(4b- 552)2}
N (B + h+bB)?
which is the form found in Amsden et. al setting b = 2/3 : o g [1 el _252)2}
(5B +3h)2 1

In the QGP case one has: L

2 _ 42 CG 38" 71_ C4- €27

S Sty v Rl Bz e

Pressure independent of density
Things simplify a bit if the pressure depends only on the energy e rather than
explicitly on density through the function h above. This is the case in the QCD

plasma wherein h = =4/3 By,,. In this case we have

. 3B(1 —x) 4+ 4xBpag (11)

E(l—z)=e+aP = 1[f(3+rr) —42Biag]  OF
3 3+«

L.P. Csernai 22



which upon insertion into the equation for the momentum leads to

C(1 —xz)? =z(e+ P)? = %m(e — Biy) = ?-&-9(1 — %er}; Bb@)g.
Hence, C— lﬁx(ﬁﬁgﬁf
Solving forx == %[D —6+£VD?— 129} where D = 16(5}?5“9)2. So,
o %{16(8 ;Bbﬂg)ﬂ LB —CBbag) \/4(5, "By - 30} (12)

One must take the minus sign to ensure x - 0 when C - 0. From this we can
obtain ¢, eq. (11), P, v and n.

: 1 =
v = E(1 —x) 7 M

_ € = N = ~n = . .
L- L+ xb ! C~2e(1+Db) (13)

Limits
The approach outlined above will not always work; occasionally, x will be greater
than 1. These equations can be used to put restrictions on allowed values of B,C,

16(B — By,,)*  8(B — Byy,) .
- - VA(B — Bigg)? —3C <38

L.P. Csernai 23



Then:
16(B — Bpag)? — 8(B — Bbag)\/«-i(B — Byag)2 —3C < 8C

IfB>B

bag C
"R _ 2 _ 90 - 49(B_—
V4B — Biog)? —3C > B 2B B
2
’ 2 g To 2
A(B — Bpoy)? —3C > BB AC + 4B — Biag) or

(B — Bpag)* > C (14)

Harlow et. al claim that C > B2 leads to x > 1. The equation above indicates the
situation is a bit more complicated than this in that the compression pressure
would need to be included in their case.

L.P. Csernai
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Zero B

_ bag
In this case
A1—z) = &
E(l—z) = (14 zb)e (15)
C(l—xz)? = ze(1+40b)?
P = be
Thus
O M?P 21402 (P -1+ 167%(% - 1)
YTBETET T (Uwab)? T p(E-D 4422 [ 1P
with the last expression for b = 1/3 . Solving for x
L+ +2(y+ )b+ VO + 12 (B2 + Ay +2)b+ 1) -
r = — - (16)
2b%y
- _3yi4m.__.--$l;u+4+8 A % (17)

We need to take the — in the £ so that x> 0 when y-2 0. Note that forx=2 1, y2 1.

L.P. Csernai 25



If P =0,

B(l—z)=¢ C(1— z)% = zé? —>C(1—z)?2=zB(1 —z)?
with the result that
C 2 a2 N = ~n
el J— i E — ﬂjf ‘ !
I — =T 2 _ — 2 . — i
B‘z € - E _ E (1 B IL) .'_nr_lf = '-:r"z € T.T (18)
~ E = ~%
consequently . N
T FE

This is attractive because for edge cells for which we don’t know the proper density

(i.e., how much of a cell is filled), this definition of x does not depend on the volume
filled.

L.P. Csernai
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String rope --- Flux tube --- Coherent YM field

- i X G=const0

L.P. Csernai 27



Initial state — reaching equilibrium

Initial state by V. Magas, L.P. Csernai and D. Strottman
Phys. Rev. C64 (01) 014901

M1

L.P. Csernai 28



Flow is a

Why should we measure v_1 ???

Impact
par.
Equilibration
Transparency — time
string tension
Consequence:
Vi(Y), Va(Y), ..
M2

L.P. Csernai 29



3-Dim Hydro for RHIC (PIC)

30

L.P. Csernai
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Particle in Cell method.
Better resolution than the
cell-size would allow!

- T

“Marker particles”
Lagrangian fluid cells. Large

L

15

T | I
k=middle
100 cycles

number of these.

Randomly placed to avoid
“ringing instabilities” and
other grid related instabilities!

PN [ N T T T O |

20 25 85

65

15 20 25

I 1 |
k=middle
200 cycles

RN,

Runs very stable up to very
high energies, much beyond
the principle applicability of
CFD approach.

30 35 40 45 50 55 60

20

L.P. Csernai

31



| | | | | | | | | |
1.2 —

Central Plane
Initial marker particles

1.0

0.4

0.2

z [fm]
o
o

[

04

-0.6

Figure: In the PIC method Lagrangian fluid elements, called Markers, move in a decartian coordinate grid. At
very high energies, to avoid instabilities arising from the computational grid, marker particles are randomized in
our approach. The figure shows Marker particle positions in the central plane of an explosion (z is the beam
direction), assuming an initial Landau state [15] with an energy density of 40 GeV/fm3. A total of 1.5 million
marker particles are used to describe the three-dimensional nucleus [unpublished].
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Figure: Test of maximum baryon number density in the explosive final stage of expanding Quark-gluon Plasma
after an ultra-relativistic heavy ion reaction, where the initial collision energy was 65 times the rest mass of the
colliding nuclei. The result weakly depends on the ratio of the grid size in the direction of the collision and the
length of the time-step which is 0.5 fm/c. Implementation of implicit methods and Newton-Krylov solvers for the
relativistic hydrodynamics will significantly decrease the fluctuations and increase the accuracy. (Unpublished.)
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Figure: Time evolution of the energy density in the central plane assuming an initial Landau state [15], which can be
formed in a central (b=0) collision of two nuclei. The expansion is dominantly in the beam-, z-direction. The dynamics
were described by a relativistic three-dimensional hydrodynamic model [unpublished].
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Au+Au at 60+60 A GEV, b=0.25 (R_p + R_t) at t=0 (initial state for the hydro calculation).

Plotted: n, baryon charge density, [1/fm3], in the rest frame of the cell. Contour lines
are at 0.2, 1.25, 2.5, 3.75, 5, 6.25, 7.5 times n_0, and N_{max} =8.103 n_0, where
n_0=0.145 1/fm3. M2
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Au+Au at 60+60 A GEV, b=0.5(R_p +R_t) att= 1.902 fm/c, 50 cycles.

Plotted: E, energy density, [GeV/fm3], in the calculational (CM) frame. Contour
lines are at 5,2.5, 5, 8[GeV/im3] and E_{max} =9.19 GeV/fm3 .
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Freeze Out

Rapid and simultaneous FO and
“hadronization”

 Improved Cooper-Frye FO:
. - Conservation Laws:  [T*A, |=0, [N“A, |=0
e - Post FO distribution: O(p°A,) f(p) >0

 Hadronization ~ CQ-s

-Pre FO: Current 0 and J, QGP
- Post FO: Constituent J and @

«  -N,andN; are conserved in FO!!
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Domain wall dynamics of phase interfaces

L P Csernai, " J T Kapusta,i and E. Osnes®
Y Theoretical and Computational Physics Section, University of Bergen, Allegaten 55, 5007 Bergen, Norway
*KFET Research Institute for Particle and Nuclear Physics, PO. Box 49, 1525 Budapest, Hungary
*School of Physics and Astronomy, University of Minnesota, 116 Church Streer SE, Mmneapolis, Minnesota 55455
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The statics and dynamics of a surface separating two phases of a relativistic guantum field theory at or near
the critical temperature typically make use of a free energy as a functional of an order parameter. This free
energy functional also affords an economical description of states away from equilibrivm. The similarities and
differences between using a scalar field as the order parameter versus the energy density are examined, and a
peculiarity is noted. We also point out several conceptual errors in the literature dealing with the dynamical
prefactor in the nucleation rate.

DOI: 10.1103/PhysRevD.67.045003 PACS number(s): 11.10.Wx, 05.70.Np, 98.80.Cq

Rapid and simultaneous FO and “hadronization” can and must be assumed
based on experiments as well as studies of phase transition dynamics.

Experiments indicate small source size and large strangeness abundance, as
well as CNQ scaling. This means flow and strangeness develop in QGP phase
and no time is left for reestablishing chemical balance among light and heavy
strange hadrons, or to change the flow via interactions among hadrons.
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Observed n, —scaling >

Flow develops in quark phase,
there is no further flow
development after hadronization

R. A. Lacey (2006), nucl-ex/0608046.
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®
FO hypersurface &)
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Dan Strottman y= OBE LANL 2005]

Laszlo Csernai

Vladimir Magas

T.=139 MeV
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Movie by
Bernd Schlei

Copyright 2005,

Freeze out:
V.K. Magas,

E. Molnar.

M3
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"
Improved calculation of FO hypersurface .ﬁ’

1N

Movie by
lernd Schlei

Au + Hu

Frans 01 y
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Conservation Laws across hypersurface
X

Light-cone Qut /

e
ui

> de

i Energy-, Momentum-, Baryon- current
1 [ A. Taub, 1948, L.P. Csernai, 1987 ]
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Space-like hypersurface Il
g Wi/t = y(1,9700)

1 In proper frame

I Post FO momentum
distribution is
truncated, p>0.

I It is not Juttner type

, f [5#1 plow
Rgst Feane of sur Frowr (RFF) Coufiy 5p.
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Matching Conditions for core/crust boundary
= Conservation laws

* Nondecreasing entropy

Matching conditions
T"do,| = 0
N¥do,| =0
[S¥do,] = 0

If the final state is out of EQ., the energy-momentum
tensor has to be evaluated, and the above egs. solved!!!

[ Anderlik et al. Phys.Rev.C 59 (99) 3309]

[ Tamosiunas and Csernai, Eur. Phys. J. A20 (04) 269]
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Let us consider sudden freeze out and hadronization from QGP:
o Start with 2 flavours (u,d) = end with 3 flavours (u,d,s)
« Start with massless quarks and B,,, 2 end with massive constituent quarks (CQs)
e Start with  Ng =N, — N, and n = N, + Ny in QGP - end with either
(a) keeping all quarks post FO, i.e. both Ng & n (very fast FO)
(b) keeping only Ny, & re-equilibrating CQs n® = ng + ng (fast)

Although, these processes happen gradually, during the reaction, the rate of quark
equilibration increases exponentially due to increasing quark degeneracy, so we
simplify our treatment assuming that these processes happen in the FO layer.

For a time-like FO surface, in RFF, withvy=v=0-2> ng=ng, & e=e, and T:

n (fin™3)

T (GeV)

1:1

c=e—nm (GeV /fin?)
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For small, finite incoming velocities the velocity change (due to pressure 4
change), can be obtained from the momentum conservation: .
3

c=e —nm[Gev/fim’]

Fig. The ratio of post and pre FO velocity as function of € and n for By, = 397GeV/ fm3.
The freeze out may accelerate or decelerate the flow, depending on the initial state.
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1

Fig. The ratio of post and pre freeze out velocity , d = (vx — v0)/vO [%]. Contour lines of &

-2

TR

ok,

- 10

10

E=C—111

6

are shown at values -10%, 0%, 10% as function of € and n for B = 0.397GeV / fm3.
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In general the FO hyper-surface is not orthogonal to the flow velocities, so
this acceleration (deceleration) is an essential consequence of the correct

FO description!

In early simplified approach [see mentioned in L.P. Csernai: Introduction to
Relativistic Heavy lon Collisions] it was argued that in a flow one can
choose a ragged FO hyper-surface like this to the right:

!
13
\

L X Fl : = X

The simplified approach, violates momentum conservation [!] and decreases flow
effects! Acceleration is stronger at the edge near to space-like FO, left side. Fully
space-like FO leads to strong acceleration as only outgoing particles can FO!
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w2

Measurable, v,, calculated at FO from pre- & post- FO flow pattern

0,09 . 0.25
0.08 Au + Au,. 65 A GeV¥ - Au + Au, 65 A GeV
b =0,5{(R_1 + R_2) 0.2 b =05 (R_1 + R_2)
0,07 t = 2.12 fwm/c 1 * t = 4.23 fw/c
0.086
0.15
0,05
9]
-
0.04
0.1
0,03
0,02 0.05
0.01
QOGP
post FO
o . . . . . : : o . . . . . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 o] 0.2 0.4 0.6 0,8 1 1.2 1.4 1.6 1.8 2
pt pt

At earlier FO, ~ 7.1 fm/c, the FO accelerates expansion and increases v, due to higher QGP
pressure. Later, at ~ 9.2 fm/c, QGP pressure becomes low or negative, which decreases v, at
the FO process. A curved, but still time-like, FO hyper-surface, like shown in the previous
page, can further increase acceleration.
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Eivind !

Thanks for initiating this research !
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