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FIG. 1. Equation of state of nuclear matter [ 5] for temperatore T
of, from boftom fo top, 0, 3, 3, 7, 10, 15.16 (T, at which the mimi-
mum pressure 1s zero), and 2095 (which is the critical temperature
T:)0in MeW. Also shown are the spinodal points (dotted line). the
points with zero pressure (dashed line), and the points of minimum
energy (solid circles) for each femperature T, See the text for van-
cusly marked points of cross.
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FIG. 4. (a) Equation of state (P—p) for nuclear matter with BKN force parameters [17] at various temperatures (dotted line).
Each dotted line represents the density dependence of the pressure at a temperature T of 0 MeV, 5 MeV, 10 MeV, 15.16 MeV (at
which the minimum pressure is 0), 18 MeV, 20.95 MeV [which is the critical temperature T, (read from bottom up)] 25 MeV, and 30
MeV. (b) The density dependence of the chemical potential u at various temperatures (dotted line). The temperatures are the same
as in (a) but starting from the top. In both (a) and (b), the solid curve is for the coexistent line and the dashed curve is for the spinodal
line. The dash-dotted (dash-dot-dot-dotted) line indicate the densities with the same pressure P (chemical potential u) as the coex-
istent line at each temperature. (c) The density dependence of the temperatures on the lines mentioned above. The dotted line in (c)
is for the density with zero pressure for a given temperature. Here the densities for X,(T)=1[X,(T)=2] of Eq. (87) with Eq. (96) are
also shown as solid (dashed) lines for, from top to bottom, 4 =10, 50, and 200.



T = const.

FIG. 3. The Maxwell construction for symmetric and asymmet-
ric systems. The construction for symmetric matter (p3/p=0) is
indicated by the segment AB and is the same as for a one-
component system. The construction for asymmetric matter with
ps/p= —0.4 is indicated by the segment CF and shows the quali-
tatively new behavior allowed in a two-component system. The
asymmetry is held constant throughout the phase separation. The
(dashed) binodal line is obtained from similar isotherms at other
values of the asymmetry.
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FIG. 24, (Color online) The binodal surface at 10 MeV in the
MDI interactions withx = —1 is plotted to show the phase-transition
process. The points A (A" through C {C") denote phases participating
in a phase transition.
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Coexistence ; Gibbs conditions
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FIG. 5. Chemical potential isobars at fixed temperature as a
function of y. The curves labeled a through e have pressures
p=0.25,0.198,0.15,0.10,0.075 MeV/fm®, respectively. The curves
labeled b are at the critical pressure p,.=0.198 MeV/fm’.
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FIG. 6. Geometrical construction used to obtain the proton frac-
tions and chemical potentials in the two coexisting phases at fixed
T=10 MeV and p=0.1 MeV/fm°.
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FIG. 23, (Color online) The section of binodal surface at T =
3, 10, and 15 MeV in the MDI, MID, and eMD¥Y] interactions with
x =0 and x = —1. The crtical pressure (CF), the limiting pressure
( LF), the points of equal concentration { EC), and maximal asymmetry
{ MA are also indicated.



Skyrme Hamiltonian
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Single particle energy
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Helmholtz Free Energy
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At high T or low density, small »#
(nearly nondegenerated Fermi gas)

Ao =270 ImT
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FIG. 1. Equation of state Pig) for hxed v =0, 0.2, yvo(o) [the
proton concentration with minimum pressure defned by Eq. (10j]
for thick lines from top to bottom and y = 0.5, 0.8, 1.0 for thin lines
from bottom to top. The solid line is for the modified SKMi{m* = m)
interaction with both 1soscalar and 1sovector momentum-dependent
terms, the dash-dotted line is for a momentum-dependent but
isovector-independent term, and the dashed line is for momentum-
independent terms only. The lowest thin dashed curve overlaps here
with the lowest thin solid curve that have v = (.5,
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FIG. 2. The yip) dependence for fixed pressure of P = 0, 0L0] 5,
0.05, 0,08, 0.2, 0.3, 0.4, 0.5 MeV fm™". The curves are the same as
those described in the caption to Fig. 1. The thin horizontal lines are
for vl e curve define by Eq. (10).



o
ﬂ
E o4
=
L1
=
L
[ I
o
| -
=
o
@ 0.2
| -
a
o

0.0572 |- . | -
— b . -
S 0.057 [ - Lc .
fmw N R L
Y ) '
4 .M ooms1 Rl e -
o015 | L
- R X T T P
: N 0.4 0.45
P .'i A
5 4l AN
;i "':..‘ ! Lt
o1
g
i
|
AN~ o .
o 0.1 0.2 0.3 0.4

FIG. 4. Binodal curve at T=10 MeW. The zolid curve 1z for the
case with Coulomb and surface effects. the dazh-dotted curve 15 for
the case with surface effects. the dash-dot-dot-dotted curve 1z for
the casze with Coulomb interactions. and the dashed curve 1z for the
case without Coulomb and surface effects. Small boxes at the upper
right comer are the expansion of the man figure. In the small
boxes. the region of liquid, gas, and coexistence are imdicated by L,
. and T respectively.
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FIG. 1. Chemuecal (thick solid curve) and mechamical (thin solid
cwrve) mnstability curves at temperature T=10 MeV with (upper
boxes) and without (lower boxes) Coulomb effects arising from a
E=238 fim vniform sphere. The dashed curves are the coexistence
curve at T= 10 MeV. The dotted curves are for (dup /dply r=0
and the dash-dotted curves are for (du, /dp)y r=0. The equal con-
centration yp=0.4256 at T=10 MeV. The curves are the constant
T plane cuts of the comresponding surfaces m (p,y.T) space (left
coluvmm), m (p, P.T) space (center column), and in (F,y . T) space

iright colummn).
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FIG. 2. The temperature dependence of the chemical and me-
chanical instability curves at a fixed proton concentration y. The
curves here are the constant v plane cuts of the comresponding sur-
faces i (p,y.T) space. The curves are the same as 1 Fig. 1 except
the dashed curves. With the temperature dependent equal concen-
tration yg(T), all the curves coincide as shown by a dashed line
here [note here that v T)=1/2 without Coulomb force].
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Density, (fm™>) ¥

Fig. 2. Figures show the coexistence cutrves (dashed line), chemical
instability cuwrves (thick solid line) and mechanical instability corves
(thin zolid line) Also shown are the du, /Ao = 0 curves for proton
(dotted line) and for neutron (dash-dotted line) at T = 10 hMeW. The
Coulomb and surface terms are included here.
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FIiG. 5. Pressure P ws proton fraction y for coexistence loop
(thick curves) at T = 10 MeWV. The solid curve is for the momentum-
dependent Skyrme force and the dashed curve is for the momentum-
independent Skyrme force. The thin curves are the chemical instabil-
ity boundary curves for each case of Skyrme interaction respeactively.
For both momentum-dependent and momentum-independent cases
the maxima of the chemical instability loop and the coexistence
loop occur at the same point where the curves are tangent to each
other as discussed in the text. The point of equal concentration is
ve ~— 0415 for the momentum-dependent case and vg = 041057
for the momentum-independent case.
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Flio, 6. The coexistence curves (dash-dotted line)., chemical
instability boundary curves (solid line), and mechanical instability
boundary curves (dashed line) at T = 10 MeWV. Also shown are the
dirg /o = O curves for protons (dotted line) and for neutrons (short
dash line) at T = 10 MeV. The dash-triple-dotted line is for vgi{ o).
The thick lines are for the momentum-dependent Skyvrme force and
the thin lines are for the momentum-independent Skyvrme force. The
momentum-dependent loops are inside the momentum-independent

loops.
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FIG. 7. Chemical potential i , (upper panel) and g, ( lower panel)
for various boundary curves at T = 10 MeV. The meanings of the
curves are the same as in Fig. 6.
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FIG. 8. Pressure P for various curves. The meanings of the curves
are the same as in Fig. 6.
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FIG. 9. Chemical pressure po vs pressure P for various boundary
curves. The left panel is for the proton g, and the right panel is for
the neutron pi,. The meanings of the curves are the same as in Fig. 6.



TABLEL. Skyrme parameters are in MeV and fm units. First three columns are from the SEM{m* = m)
parameter set [1,27] except x; = —1/6 and xy = —1/2. The last column is from the 5Ly4 parameter
set [28]. The nuclear matter properties at the saturation are also shown. The effective mass is for a saturated
symmetric nuclear matter.

SEM(m™* = m) SLy4
No isovector Momentum indep.

to —10R9.0 — 10890 —1089.0 —2458.91
X —1/6 — /6 —1/6 (L.834
t3 1 7270 [ 7270 17270 13777.0
X3 —1/2 —1/2 —1/2 1.354
o | | 1 /6
f 251.11 251.11 0 486.82
X 0 —1/2 0 —0.344
fa —150.66 — 150,66 0 —546.39
X2 0 —1/2 0 —1.000
Effective mass m* /m (0.999UET (0.894430 | 0.694658
Binding energy Eg/A 158173 13.3250 |5.8176 159722
Fermi energy Ep 345186 32.0728 345188 36.7743
Saturation density pg 0. 14509 (0.12994 0. 14509 0.15954
Symmetry energy Sy 1 8.6080 23.7451 24.6730 32,0038
Compresibility & 367.556 312251 367.562 220.901
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FIG. 3. Chemical potential g, (thick lines) and g, (thin lines) as

a function of v for P = 0.015, 0,05, 0.08, 0.2, and 0.5, The curves
are the same as in Fig. 1.
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FIG. 4. Same as Fig. 3 but as a function of g. The straight
horizontal portion of the thick solid curve (momentum-dependent
force with both isoscalar and isovector terms ) for P = 0.08 MeV/fm®
at low g, just represents the cut in the density range of 0.04 = p =
0.06 fm ™ due to the condition of v 2 0.
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FIG. 5. FPiy) plot for coexistence curve. The curves are the same
as in Fig. | . The curve with 4 sign 1s for SLy4 parameter.
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FIG. 6. The closed loops are for coexistence curves, chemical
mstability boundary curves, and mechanical instability curves from
outmost loops to inside loops at T = 10 MeV. Also shown by thin
lines are dp, /oo = O for proton (opened downward ) and for neutron
(opened upward). The horizontal lines are the v, i) determine by

Eq. (10}
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summary

Surface tension: lower pressure of coexistence binodal
surface (toward P=0)

Coulomb interaction: Shrink binodal region and
mechanical and chemical instability region, move LEC to
lower Ye than 0.5, cross of #,curves iny for different P,
asymmetric pair of LG at highery>y., two pairs meet
together with lowest P at vy,

Symmetry energy: Ys > YL for Y>VYe and Ys <Y_.for Y <Vg,
larger symmetry energy make higher pressure and
narrower coexistence loop, loops are closer to vy, tend
to restore symmetry of loops

Value of vye for LEC is somewhat insensitive to nuclear
force, value of pressure is more sensitive



Mechanical instability loop is inside of chemical
instability boundary and tangent at y. — diffusive
chemical transition occurs even in mechanically
stable region

Chemical instability loop is inside of coexistence loop
and tangent to it at their maxima in P

At Ye, all curves coincide in o—T plot, phase
transition behaves same as one component system

For y<y_ neutron diffusion is important, while proton
diffusion for y>ye

Momentum dependent isoscalar makes pressure
higher while isovector momentum dependent term
makes much lower for given density and y

Momentum dependent isoscalar makes loops smaller
while momentum dependent isovector term makes
loops more larger



Momentum dependent isoscalar makes coexistence
loop closer to while momentum dependent
Isovector term Hﬁakes loop away

Momentum dependent term lower the height of
coexistence loop at proton rich side while it remains
similar at neutron rich side

Momentum dependent isovector term has opposite
and larger effect than isoscalar momentum dependent
term

Isovector term make symmetry energy smaller and thus
loops become more asymmetric

For SLy4 left coexistence loop of lower proton fraction
IS more pronounced than right loop of high proton
fraction, isoscalar and isovector have same sign

SLy4 loop at higher y is narrower in y than loop for
SKM(m*=m)

Symmetry energy has important role in coexistence









Surface tension; lower pressure of coexistence binodal surface (to P=0)

Coulomb interaction; shrink binodal loop, cross of chemical potential curves iny
for different P at near y=0.5, move LEC to smaller yE than 0.5 for symmetric
system, asymmetric pair of L—G at higher y > yE, two pairs meet together with
lowest P at yE

Value of yE is somewhat insensitive to nuclear force, pressure is more sensitive

Symmetry energy; Larger y in gas and smaller y in liquid for y > yE, opposite fory
<VyE

Nonlinear density dependence of symmetry energy
Coulomb shrink chemical & mechanical instability region

Mechanical is inside of chemical and tangent at yE, diffusive chemical transition
occurs even in mechanically stable region, same at yE

Chemical is inside of coexitence and tangent to it at maxima
At YE, peak in chemical instability and binodal surface coincide,

Fory.ne.yE In T vs rho, paks for chemical instability and coexistence coincide,
but peak of mrchanical or spinodal instability is below of others

Aty = yE, phase transition behaves same as one component system keeping y=yE
in both phase

For y < yE, neutron diffusion is important, while proton diffusion fory < yE
Momentum dependence increase pressure at given density
Momentum dependence make smaller boundaries

Reduce height of coexistence loop at proton rich side and remain similar at
neutron rich side, increase lowest pressure of coexistence curve

Largest and smallest vy in coexitence loops shifted toward yE



For SLy4 left coexistence loop of lower proton fraction is more
pronounced than right loop of high proton fraction, isoscalar and
iIsovector have same sighn

For SKM(m*=m) right loop is more pronounced than left loop, isoscalar
term raises pressure of loop on neutron rich side while isovector lowers
due to opposite sighn of force

SLy4 loop at higher vy is narrower in y than loop for SKM(m*=m), SLy4 has
higher symmetry energy

Higher left loop means liquid and gas can coexist at higher pressurewith
more neutron rich gas and lesser rich neutron liquid for left loop

Narroing of coexistence loop brings yG and yL closer together thereby
reducing proton fraction differece in gas and liquid phase

Momentum dependent isovector term has opposite and larger effect than
iIsoscalar momentum dependent term

Isovector tem make symmetry energy smaller and thus loops become
more adsymmetric

Pressure for given rho, y, T becomes larger by isoscalar term while it
becomes smaller by isovectoer term

Symmetry energy terms tend to restore dymmetry of loops

Loops for SKM(m*=m) with both isoscalar and isovector terms have
smallest symmetry energy, has cut at y=0

Loops for SLy4 with largestsymmetry energy, are closer to its YE than
SKM(m*=m)
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