











Equation of state of asymmetric nuclear mat-
ter

The nuclear potential acting on neutron or proton can be in the Boltzmann-
Uhling-Uhlenbeck equation (BUU) represented as
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where [ = (p, — pp)/p, 7. assumes value 1 for neutron and -1 for pro-
ton and coefficients a and b represent properties of the symmetric nuclear
matter while the last term describes the influence of the symmetry energy.
Corresponding contribution into thermodynamical equation of state can be
obtained as
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The equation of state of asymmetric nuclear matter can be then written
in this simple parametrization as
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is obtained from simple Weizsaecker formula, where a, represents the co-
efficient of the symmetry energy term, assuming the p*/*-dependence charac-
teristic for the Fermi gas. The values of a, typically range from 18 to 25 MeV.
The above equation of state can reasonably describe properties of asymmet-
ric nuclear matter at sub-saturation densities, such as multifragmentation
and isospin-asymmetric liquid-gas phase transition.



T A T =

Estimation of volume using the Van der Waals
equation of state

When looking for relation of equation of state and emission rates one can
consider the van der Waals equation of state. It is written as

(p+d'p*)(V — NV') = NT (4)

(p+dp*)(1—pb)=pT (5)

where the parameter o’ is related to attractive interaction among par-
ticles and & represents the proper volume of the constituent particles. In
geometrical picture the volume of the particle can be directly related to its
cross section for interaction with particles. It is possible to formally trans-
form the equation of state of asymmetric nuclear matter ( and practically
any equation of state of any form ) into the van der Waals equation. Then
one obtains coefficients
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where the latter provides a measure of the proper volume of the con-
stituent of the gas, nucleon in this case, as a measure of deviation from its
behavior of the ideal gas. The proper volume of nucleon can be used to
estimate its cross section within the nucleonic medium

o = 1.209 ¥'*/3 (8)

which can be implemented into the collision term of the BUU equation.
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Nucleon-nucleon cross section, corresponding to proper
volume, estimated using the Van der Waals-like EoS (from M.
Veselsky, IIMPE 17 (2008) 1883; arXiv.org:nucl-th/0703077).







Boltzmann equation
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Implementation into the BUU equation

While BUU equation is formulated in terms of density, it does not consider
temperature directly. Therefore temperature 7" must be estimated. It is pos-
sible to estimate temperature using the Maxwellian momentum distribution
of nucleons
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where m is the nucleon mass. Using this formula, local temperature can
be estimated from momentum distribution in the c.m. frame by evaluating
the momentum variance. This can be done for transverse momentum since
it provides better measure of mutual thermalization of particles from the
projectile and target, since it proceeds by distant elastic collisions generating
the transverse momentum. More violent collisions would lead to emission of
a given nucleon. This temperature estimate can be done without requiring
stopping and formation of the source equilibrated in all three dimensions,
better analogue would be the friction of two dilute gas clouds passing through
each other.
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Figure 1: Evolution of average (solid line) and maximal (dashed line) tem-
perature with the time. The total volume of the fireball is shown in arbitrary
scale as dash-dotted line. The results were obtained using the BUU in reac-
tion ®¥Ca+*Ca at 400 AMeV using the impact parameter 3 fm. Dotted line
shows the fireball temperature estimate for a given beam energy obtained
from the systematics of pre-equilibrium spectra [?].

Values of “transverse” temperature look reasonable
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Isospin asymmetry

Figure 3: Relative difference of the isopin-dependent neutron-neutron and
proton-proton cross sections as a function of isospin asymmetry of the volume
cell. The results were obtained using the BUU in reaction *®Ca+%Ca at 400
AMeV using the impact parameter 3 fm.

Relative difference just few %, nevertheless sensitivity is there




Figure 5: Comparison of the nucleon-nucleon cross sections in two variants of
the BUU calculations. On the left panel are the isospin-dependent nucleon-
nucleon cross sections, obtained as the proper volume of the Van der Waals
form of the equation of state, as a function of density, while on the right panel
are shown the corresponding nucleon-nucleon cross sections, obtained using
standard energy dependent parametrization, used in BUU calculation. The
results were obtained using the BUU in reaction *Ca-+*Ca at 400 AMeV

using the impact parameter 3 fm.

Global 1/p*” dependence of nucleon-nucleon cross sections from EoS
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Figure 4: Evolution of the neutron and proton multiplicity from left to the
right for standard BUU (isym—0), BUU with isospin-dependent potential
(isym=1) and for BUU with both isospin-dependent potential and nucleon-
nucleon cross sections (isym=2). The results were obtained using the BUU
in reaction ®¥Ca+®Ca at 400 AMeV using the impact parameter 1 fm. Solid
black line - total neutron multiplicity, Dashe line - total proton multiplicity,
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Figure 2: Evolution of the n/p multiplicity ratio from left to the right for
standard BUU (isym=0), BUU with isospin-dependent potential (isym=1)
and for BUU with both isospin-dependent potential and nucleon-nucleon
cross sections (isym=2). The results were obtained using the BUU in reaction
BCat®Ca at 400 AMeV using the impact parameter 1 fm.

For 40Ca+40Ca at 400 AMeV no sensitivity observed, as expected
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Evolution of the difference of n/p multiplicity ratio between BUU calculation with both 1sospin-

dependent mean-field and nucleon-nucleon cross sections and BUU calculation with isospin-
dependent mean-field and free cross sections for three angular ranges. The results were obtained
using the BUU in reactions 124Sn+124Sn and 112Sn+112Sn at 400 AMeV using the impact
parameter 1 fm at the time 200 fm/c. Squares show the result stiff symmetry energy while triangles
show results for soft symmetry energy. Soft nuclear equation of state'is used.
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Evolution of the difference of n/p multiplicity ratio between BUU calculation with both 1sospin-
dependent mean-field and nucleon-nucleon cross sections and BUU calculation with i1sospin-
dependent mean-field and free cross sections for three angular ranges. The results were obtained

using the BUU in reactions 124Sn+124Sn and 112Sn+112Sn at 400 AMeV using the impact
parameter 1 fm at the time 200 fm/c. Squares show the result stiff symmetry energy while triangles
show results for soft symmetry energy. Stiff nuclear equation of state 1s used.
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Evolution of the difference of n/p multiplicity ratio between BUU calculation with both 1sospin-
dependent mean-field and nucleon-nucleon cross sections and BUU calculation with isospin-
dependent mean-field and free cross sections for three angular ranges. The results were obtained
using the BUU in reactions 124Sn+124Sn and 112Sn+112Sn at 400 AMeV using the impact
parameter 6 fm at the time 200 fm/c. Squares show the result stiff symmetry energy while triangles
show results for soft symmetry energy. Soft nuclear equation of state'is used.
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Evolution of the difference of n/p multiplicity ratio between BUU calculation with both 1sospin-
dependent mean-field and nucleon-nucleon cross sections and BUU calculation with isospin-
dependent mean-field and free cross sections for three angular ranges. The results were obtained
using the BUU in reactions 124Sn+124Sn and 112Sn+112Sn at 400 AMeV using the impact
parameter 6 fm at the time 200 fm/c. Squares show the result stiff symmetry energy while triangles
show results for soft symmetry energy. Stiff nuclear equation of state 1s used.
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Elliptic flow of neutrons and protons in reactions 124Sn+124Sn and 112Sn+112Sn at 400 AMeV at
the impact parameter 6 fm Solid and open squares show results of BUU calculation with both

isospin-dependent mean-field and nucleon-nucleon cross sections and BUU calculation with
1sospin-dependent mean-field and free cross sections, respectively, with soft symmetry energy.
Solid and open asterisks show analogous results with stiff symmetry energy.
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Elliptic flow of neutrons and protons in reactions 124Sn+124Sn and 112Sn+112Sn at 400 AMeV at
the impact parameter 1 fm Solid and open squares show results of BUU calculation with both
isospin-dependent mean-field and nucleon-nucleon cross sections and BUU calculation with
1sospin-dependent mean-field and free cross sections, respectively, with soft symmetry energy.
Solid and open asterisks show analogous results with stiff symmetry energy.









From nuclear physics to genomics: Determining sequence and time of mutations
M. Veselsky, to appear in the Journal of Computational Biology
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Figure 3: Left panel - Ratios of numbers of haplotypes with a given mutation distance Am
for pairs of haplotypes A—B (asterisks) and C—A (squares) found in the search restricted
to Slavic countries, lines - calculated probability ratios Py,/Ppmy1 for m = 0 — 8,
expressed as a function of the mean number of mutations. Right panel - As in the left
panel except that the search i1s without geographical restrictions.
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