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e The density of the nucleons is quite large in the star,

- 50 charge+£ 0, the Coulomb force would overwhelm gravity.

~» Thus the nucleons are mostly neutrons in such a star.

¢ To calcualte the structure of a star more precisely

- we need the energy momentum tensor and the equation of state (EOS).
- Change of the metric is small between two neigbouring nucleons

~» we can neglect gravitation when the EQS is calculated.

~~> Thus in the local rest frame T, =diag(e, p, p, p). = diag (e, P, P, P)
e For a spherical, static star Einstein’s equation takes a special form,

the Tolman-Oppenheimer-Volkoff equation (TOV):

dP  Me P 43 P oM
e By (1R 2

dr 2 e M r
dM
— = drrie (11.4)

We can easily interpret these equations:

Let us consider a shell of matter in the star of radius » and thickness dr. The second equation gives the mass
energy in this shell. The pressure of matter exterior to the shell is P(r) and interior to it P(r) +dP(r). The left
side of the first equation is the pressure difference or force force acting outward on unit surface of the shell, and
the first term on the right hand side is the attractive force of gravity acting on a unit size portion of the shell by
the mass interior to it. This term is present in Newton's theory aslo. The remaining three factors are the exact
corrections for general relativity. So these equations express the balance of internal pressure and gravity. The
equation of state, P = P(e), completes the solvable set of equations, and provides the influence of the matter

on the solution.
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Figure 11.1 Radial baryon density profiles, n(r), for a pure neutron star and a hybrid star.
The upper figure shows the density profile for a neutron star with central density of 2a,,
calculated from a so-called ‘quadratic EQS’ with different compressibilities indicated. The
lower figure displays a hybrid star profile with a cenmal density of 10a, for the same
nuclear EOS as above and a QGP EOS with a bag constant BY* = 165 MeV and o,=0.4.
The discontinuities of n(r} at the radii around 6—7.5 km reflect the first-order phase transition
between the quark core and the outer layer of neutron matter. Reproduced by permission of
Springer-Verlag from [4]
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P. B. Demorest, T. Pennucci, $. M. Ransom, M. S. E. Roberts & J. W. T. Hessels
Nature 487, 1081-1083 (28 October 2010)

Measurement of binary period of a milisecond pulsar (Shapiro delay)
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. Time signal is getting delayed while passing near massive object (here the WD companion).
- General relativistic effect.

. Size of the effect depends on mass and inclination angle.

. Pulse delay best to measure when pulsar is exactly behind companion
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Massive NS with 2 M, provides strong constraints on
the QGP Equation of State. It cannot be an ideal gas of
three flavors, thus interactions should not be neglected.

Collective flow properties and transport coefficients are
vital for accurate study of QGP EoS.

L.P. Csernai



Signals of QGP Core

QGP is low viscosity (almost) ideal fluid, while
the external neutron and especially the nuclear matter core may be solid.

Slow gradual decrease of pulsar frequency can be attributed to accretion
and radiation.

Spin-up of the milisecond pulsars is observed. This can be a sudden

reshaping of the crust to more spherical reducing the inertial momentum
of the NS.

L.P. Csernai
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Flow fluctuations
and the early Universe

L.P. Cserna
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Observed Hadron FO
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Fig. 1. Results for the chemical freeze-out temperature and baryon chemical po-
tential. Curves obtained for constant values of E/N = 1.0 (full line) and 1.1 GeV
(dashed line) are also shown [12].
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QGP flow fluctuations and the characteristics of higher moments

D. J. Wang!, L. P. Csernai’*®, D. Strottman', Cs. Anderlik®, Y. Cheng?, D. M. Zhou®, Y. L. Yan®,

¥. Cai* and B. H. Sa®
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Fig. 1. (color online) The trajectory of fluid dynamical devel-
opment of QGP fluid at different beam energies as indicated in
the figure. Open squares belong to central Pb+Pb collisions,
the others are central Au+Au collisions, these are calculated
at a cell size resolution of dor = dy = dz = 0.575 fm, and
time step At = 0.04233 fm/c. The hadronic freeze out curve
[14] is indicated by a full black line. The CFD evolution is cal-
culated well beyond this curve. This is possible as the CFD
model can describe supercooled QGP fluid also. The viscosity
is minimal and only the numerical viscosity is considered in
the calculations. These can be performed down to FAIR and
NICA energies, although the use of supercooled QGP EoS has

constrained validity at these low energies.

No-phase transition, only QGP and flow dynamics
In preparation
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Fig. 8. (color online) The time development of the kurtosis,
K, and skewness, S, as in Fig. 7, but for the invariant scalar
specific energy density, £-%, distribution. In case of the invari-
ant scalar specific energy distribution, the skewness changes
sign at 7 fm/c. Unlike in Fig. 7 the skewness is initially nega-
tive indicating a wider spread in the invariant energy density
distribution, which can also be attributed to the presence of
QGP.
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europhysicsnews

THE MAGAZINE OF THE EUROPEAN PHYSICAL SOCIETY

A brief history of the Coriolis force
Wind energy research: advanced design
Wind turbines as yet unsuitable?
Cosmic rays: centenary of their discovery
Quark-Gluon Plasma, nearly perfect fluid
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The Quark-Gluon Plasma,
a nearly perfect fluid

1 L. Cifarelli', L.P. Csernai? and H. Stocker* - DOI 10.1051/epn/2012206
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CERN COURIER

Sep 23, 2011

ALICE measures the shape of head-on lead-lead collisions
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Flow originating from initial state fluctuations is significant and dominant in
central and semi-central collisions (where from global symmetry no azimuthal
asymmetry could occur) !
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Azimutal (D)
fluctuations only,
longitudinal
fluctuations are
not evaluated.

A two
dimensional study
may modify the
situation.
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2.3 Friedmann cosmology

It is at present impossible to solve the Einstein equations (2.1) in general (cf. [5]
for a survey of analytical solutions). So one has to impose fargoing simplifica-
tions concerning the space-time symmetry. Usually one adopts the cosmologi-
cal principle: no region and no direction in the cosmic space are preferred. It
means that the space is homogeneous and isotropic. This statement translates
into SO(4) or E(3) or SO(3,1) symmetries of the space-time. With this isom-
etry the invariant square of the four-dimensional infinitesimal distance in the
pseudo-Riemannian space then simplifies to

ds? = g;jdz'dz’ (2.26)
= —dt* + R(t)*{dr? + x(r)*(d6® + sin® 0d¢?)}
= —dt* + R(){(1 - kr?)7'dr® + r*(d6® + sin? 8d¢?)},
where x = sinr (for k = +1) or r (for k = 0) or sinhr (for k = -1). Eq. (2.26)

just fixes the Robertson-Walker metrics. The cases k = +1,0, -1 correspond to
closed, flat and open 3-spaces, respectively. In those spaces one can transform "

the four velocity to a comoving coordinate system

u' = 6, | (2.27)
Then the Einstein equations with A = 0 reduce to the Friedmann equations

. 4

R = —(e+3P)R (—’;—G) : (2.28)
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Figure 2.1: The qualitative solution of the Friedmann equations
(2.28, 2.29) for the scale factor R(t) of a Universe filled with dust.
For a radiation dominated Universe the curves are of similar struc-
ture. For k = +1 (closed Universe) the expansion stops in some
times in future, and a contraction will follow. In the two open mod-
els (Euclidian with k = 0, and hyperbolic with k = —1) the expan-
sion goes forever. Present observations cannot yet decide among
these three possibilities. Observe that the differences vanish when
going to the early past, and k = 0 is good approximation.
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Figure 32: The CMB radiation temperature fluctuations from the 5-year WMAP data seen over the full
sky. The average temperature is 2.725K, and the colors represents small temperature fluctuations. Red
regions are warmer, and blue colder by about 0.0002 K.
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~ like Elliptic flow, v,

~ spherical with
many (16) nearly
equal perturbations
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e Consider a system in a canonical ensemble of volume (2,

- in contact with a heat-reservoir of temperature 7’
~» fluctuations play an essential role

- the probability, P(x), of finding the system in a state x:

P(x) ~ exp(~B - F(x)), (4.1)

- F(x) = f(x) - Q is the free-energy of the system

- f(x) is the free-energy density

- the system is characterized by the energy density, ¢, ~»
e Bag model EOS:

= X'="€.

- the eq. energy density in hadronic phase: e, - the eq. energy density QGP: e,:

2 j 2 37 4, 34
(T = ————T* and ¢(T) = — (= - T*+—=-T 4.2
e we have to do is to find the free energy curve, f(e)
- for arbitrary values of e
- not just in the well known ¢, and e, points:
Fleq(T)] = =py(T) T (aT-Ti-34.TY (43)
€ = — == ? : = L) .
! ¥ 90 - (he)3 e
flen(T)] = —ph(T) =~ - T (1.9
J [Eh = =P — 30 - (fic)3 :

e we use a parametrization

- emphasizes the strong first order feature of the phase transition

- i.e.: "best case”, and the reality may be less favorable

L

Y,
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4 PARAMETRIZATION OF THE FREE-ENERGY DENSITY

e Free-energy density curve must have two minima, (in e, and ¢,)
- must diverge to infinity for e = 0 and ¢ = o0

The divergence at e = 0 leads to vanishing population of the zero energy density state. This is not exactly
true for a finite system but it can be applied to systems of volume 50 fm? or larger.

e Parametrizing in the neighbourhood of ¢, (local maximum)
- €, is ¢4 and ¢,

K ; 9 3
fle)= fi+ - T Ky-(e—e€,)+K3-(e—e,) + Ky (e—e,) (4.5)

e Determination of parameters: f|, K, K5, K3, K, and e,
1) - From the local maximum f'(e,) = 0~ Ky = K;/e} = K, - Bs.
2) From f'(ey) = f'(e,) we get K3 and K, in terms of K; and e,
3) Still 3 three undetermined parameters: f;, K; and e, ~>

[L.P. Csernai & Z. Neda, PLB (1994)]
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Fig. 1. The parametrized free energy density, f(e), as a function of the energy density,
e, for systems of three different temperatures near the critical temperature, T, = 169 MeV.
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e The probability of finding the system in a state e
- for different €2 volumes is constructed by

P(e) fle) — flerey)
Plewes) 7 (_Q ' T )

- P(eyef) = max{P(e)} and e,.f = ¢, (or e;)

e ¢ 10 fm? QGP (expected at AGS): not sufficient to see two phases
- Even more so, because of the large hadronic shell

e o SPS energies: 50 fm? gives already a possibility

- if the parameters of the EQS, ¢ and &, change to the worse

~~+ 2 separated phases can be observed at RHIC or LHC energies only.

Y,
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Fig. 2. The relative probability of finding a state of a given energy
density, e, in a system of given volume, Q = 10,50 fm3, at a
constant temperature, T = T,.
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Fluctuations in Hadronizing QGP

L.P. Csernait2, G. Mocanu® and Z. Néda? Skewness
arXiv:1204.6394v1 [nucl-th] 3
. 2 1
Higher order moments can
be obtained from fluctuations 1-
around the critical point. = 0 - T
. .
Skewness and Kurtosis are -1 A ..."'
.
calculated for the QGP = HM 9 o
- L 4
phase transition 3 o’
: . : ; i 170 169 166
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0.40F P -
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0.10 f FIG. 4: (color online) Skewness as a function of the volume
0.00k , e abundance of the hadronic matter (denoted as rj, where 1
. °, 7 N represents complete hadronization). The temperature scale is
also indicated for clarity, the identifiers represent increments
“ of 0.1 MeV in T. Results for Q = 500 fm3.
S Negative Skewness indicates Freeze-out
oo 8 mainly still on the QGP side.
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Positive Kurtosis is
sharper than a gaussian,
while a negative Kurtosis
is flat and wider than a
gaussian.

Negative Kurtosis indicates
wide critical fluctuations in
the QGP - HM transition
domain.
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FIG. 5:  (color online) Kurtosis as a function of the volume
abundance of the hadronic matter (denoted as rn, where 1
represents complete hadronization). The temperature scale is
also indicated for clarity, the identifiers represent increments

of 0.1 MeV in T. Results for Q = 500 fm>.
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Summary

New astrophysical observations on NS masses provide constraints
on the EoS of the cold QGP

Fluctuations are important both in the Universe and in Heavy
lons as indicators of the critical phenomena and phase transition
dynamics.

In heavy ions the dynamics is more complex, so it is more difficult
to disentangle the phase transition effects from the fluid
dynamical fluctuations

L.P. Csernai
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