Quarkyonic Matter from Hydro
and Rapid Freeze Out

Laszlo P. Csernai, U Bergen / U Ffm-FIAS*

Together with:

Yun Cheng*
Szabolcs Horvat
Volodymyr Magas
Igor Mishustin*
Etele Molnar*

Dan Strottman*
Miklos Zétényi



T

Quarkyonic Matter [McLerran, Pisarski]

Quarks exist, gainng mass, gluons are absorbed

Deconfined
P ~ N¢? | 1st order
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Multi Module Modeling

M 1st—Initial state -- pre eq., Yang-Mills flux tube model
M 2" — Fluid dynamics -- (near) Thermal equilibrium / QGP !

M 34— Final Freeze-out -- to Constituent Quarks in Qyarkyonic Matter

» 3D Collective dynamics > Flow observables
V. 1&V. 2 observed and analyzed

* CON scaling € Flow develops in QGP and Freezes Out in
Quarkyonic Matter

Goal:

How could Quarkyonic Matter influence the observables?
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Initial state, how to conserve momentum?

At low energies — fire streak picture
[Myers, Gosset, Kapusta, Westfall]

mmmd> Tilted initial state

Before collision The "firestreak” initial state, v ~..na; 4




String rope --- Flux tube --- Coherent YM field

tﬂ = ﬂ it |£l|'2

Baryon charge & energy are uniformly distributed within each streak.
See [Mike Lisa]

L.P. Csernai S



bE)

Initial state
V. Magas, L.P. Csernai and D. Strottman
Phys. Rev. C64 (2001) 014901

«i z Nucl. Phys. A 712 (2002) 167—-204
]
-2
-1 Initial transparency assumed!
-8 -4 o~z T - (unlike by Igor Mishustin).
- This shape is confirmed
. by E895 HBT: PLB496
(2000) 1; & M.Lisa &al.
' PLB 489 (2000) 287. 3rd flow component
Bedore collision Tilteat initial Larwlps's: sk M 1
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The relativistic Euler equations used are:

%+ﬁ(ﬁw) = 0, (1)
oM, o . aP
%+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 = ~*+ P)7 (4)
E = ¢+ (*-1)P .
All quantities are given in the program (i.e., dimensionless) units. In the notation of Harlow et. al (PIC code)

N 7
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3-Dim Hydro for RHIC (PIC)
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initial positions
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Particle in Cell method.
Better resolution than the
cell-size would allow!

“Marker particles” =
Lagrangian fluid cells. Large
number of these.

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

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

M2
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Viscosity vs. “numerical viscosity”

-Viscosity is important (phase tr., initial state, stability, etc.)
- Several numerical solution methods, finite resolution
- E.g. Lax method:

LT iv.j=o0, where j = pv

- Discretized in 1D, using the notation: p(nAt, kAx) = p;.

n+l _
Ly

501 T PEy) it~ Jie
At 2AXx
Let us expand p and j in Taylor series around the point (n, k):
dp s pv) Ax* Op

+ —
ot Ox 2At Ox?

- Doing the same for the Euler equation yields

— +Vv—|=——+p + O(&JCZ,&T)

+2
ot Ox 0x 2Af Ox? 2At Ox Ox

( AV 61’) dp  Ax* 9%v 7&1:2 dp v
0
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Viscosity vs. “numerical viscosity” contd.

+ O(AX?, A1)

(E)‘v 313) ap ( N 4 ) v AT Fv A Op v

— +Vv—|=—-—=+ ==+ + 2

pr i e P Gy ) [ sy v TG y v e
—_—

num

- A similar study for the FCT method results in num. kinetic viscosity:

5 oe Ot Ax?
- f— gy — &2 3 — | =
S PPN PWR\T S TAPR I

_ _ g = v— local Courant number.
Theoretical [D. Molnar, U. Heinz, et al., ]

n =50 — 500 MeV/fm?c, Re ~ 10-100

Numerical “viscosity”
For Ax=1fm, At=0.9fm/c, p=300MeV - is not negligible !
=167 MeV/fm2c

r]num

L.P. Csernai
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| Au+Au 65+65 A GeV,
| MTEsS

b=0.7 t=32 b=70 % of b_max

Lagrangian fluid cells,
moving, ~ 5 mill.

10 | MIT Bag m. EoS
FO at T ~ 200 MeV,

but calculated much
* | longer, until pressure
ﬁ{‘ is zero for 90% of the
R cells.

x [fm]
o
]

Structure and
asymmetries of init.
30 state are maintained
20 in nearly perfect

-20 - 101 expansion.

-‘EU_ —

‘Colnr indicates energy density in Ge‘u’fme 0 Spatia”y tilted at FO

| I ] | i
-20 -10 0 10 20

2 |[fm] [Mike Lisa]

31 Flow component!
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Flow in hydro, before F.O. b=30% b-max.
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Freeze Out

Rapid and simultaneous FO and “hadronization” -

No mixed phase !l - Quarkyonic Matter
 Improved Cooper-Frye FO: IL.P. Csernali,
e - Conservation Laws: [T A, ]= 0, [NUAU ]20 Sov. JETP, 65 (1987) 216.]
* - Post FO distribution: ®( puAu) f (p) >0 [Cancelling Juttner or

Cut Juttner distributions.]
- “Hadronization” ~we stop at CQ-s
. -Pre FO: Current 4 and 9 , QGP
. - Post FO: Constituent 4 and Q
- Nq and NG are conserved in FO!!!

 Choice of F.O. hyper-surface / layer M3

14
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Interestingly the space-time
picture of hadronization and
freeze out of expanding and
cooling QGP is very similar to
time-like detonations [1].

I

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

ﬂl[ll

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

[1] L.P. Csernai, Sov. JETP, 65 (1987) 216.
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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 EqQ., 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]

M3
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Conservation Laws across hypersurface

- X

— —

Light-cone Out

A
ui

P
L

1 Energy-, Momentum-, Baryon- current
I [ A. Taub, 1948, L.P. Csernai, 1987 ] M3
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Freeze out in a finite layer
« The corresponding equations for both space-

like and time-like freeze out /wo re-
thermalization

8sz ds = — L )(ppup)e(ps)fz
3sff ds = (+Z )(puuu)e(ps)fz
* The solution:
i) = £ (G2 () O

~ fi@p) = £ - fi@.p)

L 2
[ E. Molnar, et al., J.Phys.G34 (2007) 1901; = f(p) [1 _ (L — 3)x(yf..,—p)e(?3)]
Phys.Rev.C74 (2006) 024907; Acta Phys.Hung. = JJ\PJ| I

A27 (20006) 359; V.K. Magas, et al., Acta Phys.
Hung.A27 (2006) 351. ] i OO
- f1(p)©(pz) fi(p)
This should be supplemented with a Space-like Time-like
recombination process into hadrons /
constituent quarks. 18
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Simultaneous FO & recombination

Recombination, reduces N, makes the FO even more rapid and sudden!

Thermal smearing is influenced by the pre-FO parton distribution - strong
BTE does not take this into account correctly: LOCAL molecular chaos fails

Modified BTE with non-local Collision term is vital:

[Modified Boltzmann Transport Equation,
V.K. Magas, L.P. Csernai, E. Molnar, A. Nyiri and K. Tamosiunas,
Nucl. Phys. A 749 (2005) 202-205. / hep-ph/0502185]

[Modified Boltzmann Transport Equation and Freeze Out,

L.P. Csernai, V.K. Magas, E. Molnar, A. Nyiri and K. Tamosiunas,
Eur. Phys. J. A 25 (2005) 65 -73. / hep-ph/0505228]

FO description should include, (i) partonic thermal smearing, (ii) conservation
& entropy increase, (iii) Cooper-Frye type of evaluation of post FO distribution
of (iv) constituent quarks (for flow observables) of Quarkyonic matter, m_q=".

Parton Cascade (MD !) and recombination model is a good alternative!

L.P. Csernai 19



Non local

, molecular
chaos
Flow freezes out
Quarkyonicymatter (SQs)
FO Layer, 1-2 fm
QGP - 4.9 Modified BTE

In the FO layer the main free path increases, local molecular chaos assumption
does not hold, (large effective viscosity)

Current quarks are gaining mass, while gluons are absorbed, forming
constituent quarks (CQs) with mass, m_o . Final flow develops with joint flow

velocity, u, for all CQs.

These then recombine to hadrons, in this process E_T is conserved but, p_t
and u change depending on what hadrons are formed.

L.P. Csernai 20
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Freeze Out

Pre FO:
V_1and V_2versusy from PIC
hydro ,

after smoothing in an FO layer
considering Modified BTE with

parameters, m & T.

For different impact
parameters, b = 10% (70%) of
b max=R p+R_t

Before Cooper Frye FO with
‘thermal’ distributions, (with
m_cq, T_cq)!
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CNQ scaling

Constituent quark number scaling of v, (KE+ )

L (a) ® w4+ (PHENIX) < p+p (PHENIX) (b) .
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Collective flow of hadrons
can be described in terms
of constituent quarks.

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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Hadronization via recombination
Momentum distribution of mesons in simple recombination model:

3 2
d'N fl_[d3x,d3p.f (X, p)f (X, p) Wy (p.pl,p2 ,x1,x2)

Local f,(p,u¥) is centered at the local u, & meson Wigner function:
/momentum conservation

WylP PP X X)) = @y(X =X, pi=Py) 5(pr—pri—Pr,)

comoving quark and antiquark: 5% (x,—x,)0%(p.—p,)
M 1 2/ 1 2/

for the momentum distribution of mesons we get: EIN
M

\2
n Adn advadd * jdaxf?(X’Pffz_)

d’N
. dyd¢p cosndg
flow moments: . .[ Y p,dp.dyde
Vn(PT'} o d3N
prdp,.dyddq

aryons, 2 23

| dydg

[MolnarD-NPA774(06)257]
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=>» Elliptic flow of mesons:

| 2v, (p.12) v, (p.)
v, py) = —— _EM T~y (pi2)
2,M pT 1+2V§q[pT/2J ) 2q.pT
For baryons:
3v, (pI3)+3v] (p,I3) v _(p_)
T 2, T Y 2, T Y .
VZ,B(PTJ — g g 2,B T . 2'q(p7-/3)

1+6v; (p,/3) 3
Scaling Variables of Flow:

1st step: Flow asymmetry: V,/n, - V, scales with n, i.e., flow develops
in QGP phase, following the common flow velocity, u, of all g-s and g-s.
Mass here does not show up (or nearly the same mass for all constituent
quarks).

Then flow asymmetry does not change any more.

In @ medium p+ is not necessarily conserved,
KE;=m;—m might be conserved - scaling in the variable K E;

L.P. Csernai 24



2nd step: p/n, > KE;/ny,= m  (N(1+u?)-1)/n,
2u<<1: myu2/2
2 u>>1: m,u;

Thus, scaling flow indicates dependence (equilibration) of transverse energy, i.e., not only the
flow velocity but the constituent quark mass, m, participates. Flow momentum changes while
energy equilibrates in a finite system (Canonical Ensemble).

The final stages of hadronization do not change the flow-asymmetry, but locally the constituent
quarks complete their "dress up" in their local region by redistributing energy to reach
equilibrium.

In CONCLUSION the FO and hadronization is a gradual process, where

(i) first constituent quarks from and gain nearly equal masses, ( € Quarkyonic M)
(ii) then flow asymmetry freezes out,

(iif) finally constituent quarks locally recombine into hadrons, by equating the
transverse energy, but not changing the flow pattern.

This indicates a FO process in a FINITE LAYER, first with longer range equilibration

and smoothing simultaneously to the formation of constituent quarks, then the
process completes by reaching the required hadronic mass differences.

L.P. Csernai 25



The punch-line is:

CNQ scaling indicates that flow
freezes out from equilibrated
guarkyonic matter, with joint
flow velocity and nearly equal
masses of ~ 100 — 200 MeV In a
1-2fm (fm/c) layer.



