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h Hadronic Matter Description in Quantum Hadrodynamics (QHD) 1

Constituents: n,p, e, v,, i, v,

Lagrangian density: Ly, = Lygq +Lept

Lyga = l/)_N lyu <iau - gwwu(x) —

1 R
9pTnPyu (x>> - (mN — 9o0 (%) = gsTn0 (x))

Yy +

+%(aﬂa(x)0“a(x) —mio(x)?) —U(o(x)) + %mg)w“(x)w“(x) — %QHV(X)QMV(X‘) +

+ % (aﬂg(x)alig(x) — mgg(X)z) + %mﬁﬁu(x)ﬁ“ (X) — %:Ruv (X)fRHV (X)

LLept — z %(i)/”au — mi)l/)i

i=e,ve,u,v”

Meson fields: o(x), w,(x),

5(x),

P (x)

x=x,=(X%Y,2)

b
U(0) = 3 (950)*+7 (950)°
va (X) = aya)v (X) - avw,u (X),

R, ()=0,0,00-8,p,(%)



Mean-Field Approximation

9.6=0, U,m,=w, §,0° =5,

Euler-Lagrange equations for meson mean fields

0 =ay (ngp +ngp —b0o? —ca?)
w = a, ng
0 =—ag (nsn —nsp)
1
p=—5anpa

95

gpIL—)(g) :p’

Jou ]

Scalar density of nucleons

(eff) 2
k-dk
J _ fci\ll) ( = p, n)
Number density of nucleons
mo=— | Kak(f-f) (i=pn)
0

Baryon number density: np =n, +n,

Asymmetry parameter: a=n,— Ttp)/ np



u Fermi-Dirac Distribution Functions l
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Particles
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N = lexp - +1
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! /k2+ml-2—ui
fi: = |exp 7 +1
m;eff)=mN—a+5
) = iy — @ + /2
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Antiparticles
-1
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\/k2_|_ml(eff) _I_'ul(eff) (i = p,n)

N =|exp +1

T
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1/"24'7””1'2"‘.“1' (i =e Ve, V)
fai = |exp 7 +1

=mN_O-_5

(eff)

by = =Up—w—p/2



h Energy density

E = €H+€L

1 (® 2 1/0%2 w? 62 2

£, = E —Zj kz\/k2+m,§eff) (ﬁN+fC{\{)dk+U(a)+—< TR
: T Jg 2\a, a, ag a,
:p’n

1 (@ 1 (®
ELZZFL kz\/k2+mi2(ﬁ-L+fcfi)dk+.2 Z—NZJO k3 (fF+ fk)dk

i=e,u [=Ve,Vy




h Pressure

P = P,+P,

i=pn

Fu = 2 3n2J (" + fai )k -
Jk2+m(eff)

1 [~ k* 0 0
=) — Ly fL)dk +
P= Y g} s U+ )
i=e,u

% Ay as

> | G r)

i=Ve,Vy

1 o
U(O’)-l-E(— + — +



h Entropy

1; ==.S}{'F:;L

S = - Z ni jo SRR + (1 )1~ )+ fA g+ (L )1 — f20)) d

i=p,n

Si=-) ni j R[S + (1= fR)in(1 - £5) + fhinfl + (1 - £)in(1 — 1)) dk
i=e,u 0

— Z 2—71Tz j ookz[fiLlnﬁ-L + (1= Hin(1 - f£) + fLinfl + (1 = £L)in(1 - £5)] dk
0

[=Ve,Vy



Model Parameters

a_, d

o w !

as;,a,, b, c

Symmetric nuclear matter in Saturation density (« = 0;n = n,)

my =ymy, o, =1—y) my

il () U 0 my + T, , f, = E Binding energy per baryon
dn n=:r(1)0 N, A
ke (o) 2
2 b C 1( o
g, =Ny (M + ;) = -([ .\/kz +(m, —cso)zkzdk+§mN G, +ZGO4 +§(a—i+n°2a‘”]
2
K=9n, ddnz (s(nr; OL)) Compressibility module
n_r(1)0
2
0 =E,n, (n) o ———— En (n) = o do? . ymmetry energy



n RMFq 50 Model Parameters ‘

Saturation Properties

m, = 938,93 MeV

n, =0,153 fm™
=" _0 78
mN

K =300 MeV
f,=-16,3 MeV
E@ =32 5MeV

sym

Parameters | cop CWOPO
a, , fm? 9.154
a, , fm? 4.828
as , fm? 0

a, fm?2 4.794

b, fm? 1.654 1072

C 1.319 1072

Alaverdyan G.B., Astrophysics 52, 132—150 (2009)
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Computational Scheme

10 equations e

nept+te+v, —»

neptu+iy, —>
Charge neutrality —
Baryon number density

Y, =0.4 —
Y, =0 —>

0 = a, (ngn +ngy —b % —co3)

W = a, Ng
0 =—ag (nsn — nsp)
1
= ——a,Np &

HUn = Up T He — Uy,
Un = Up +.u/x_.uv“
n, = ne +ny
ng =n, +n,

n, +ny,, =Yng

T, Ng

l

0,0, 8,P, Hn, Hps Kes Hygr Byss My,
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u Cold neutrino-transparent hadronic matter J

Constituents contribution to the energy density Constituents contribution to the pressure
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u Particle composition J

— n 3 —
Yi = —, 1=I,D,6,l, Ve, Vi
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h Meson mean-fields J
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Meson mean fields, MeV

h Meson mean-fields J

With neutrinos
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“ Baryon and lepton contributions J
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sarvont Pleatey MEV/fM’
aryon Lepton

PP

3
Baryon’ PLepton’ MeV/fm

PP

Baryon and lepton contributions to the pressure
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Energy Density
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u Quark Matter Description within NJL model

Constituents: u,d,s,e, v, i, v, , T, V;

Lom = Lnjr ¥ Loept

8
Ly, = 1/;(1')/“6“ — ﬁ\lo)lp + G z[(llj/lalp)z + (WPiysAqaP)?] — K{detf(lﬁ(l +¥s)Y) + detf(‘/;(l — Vs)‘/J)}
a=0

LLept — z E(i]/“au — mi)l/)i

[=e,Ve,W,Vy
vy f=ud,s c=r,gDb My = diag(mgy, Mog, Mos)
Ae(a=12,..8) Gell-Mann matrices, SU(3) generators
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Constituent Quark Masses & Quark Condensates

or (T, Mf»ﬂf) =

3
—;m[

0

M, = my, — 4G o, + 2Ko 405,
Md = Moyq — 4G Oq + ZKO'SO'u ,

M, =mys — 4G o5 + 2Koy,04 .

(1/7f1/Jf) =
1

f( Mf) l Ef(ka) b Ep(kMp)+us |

T 1+e T

Er(k, M) = \/kz + M?

(f =u,d,s)
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Grand Potential for Quark Matter

Qop = — z fd (Er (k, Mpo) — E¢(k, My))

7Tzf =u,d,s
A
_731_721 f dk k? [ln (1 + e_Ef(kJ\;f)_uf) + In (1 +e Ef(k,l\;f)w}c)]
f=ud,s \ o

2 2 2 2 2 2
+ZG(Uu T 04° + 05" — 0yo” — 0qo” — Os0 ) — 4K (UuUdUs - UuOUdOUsO)

22 z o f dk k? [ln (1 tTe M) + In (1 +e El(kTHm)]

Lepton spin degeneracy:

El(k):\/k2+mlz ge:guzz gvezgvuzl
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u Computation Scheme of Thermodynamic Quantities 1

Moy = Mog = 5.5 MeV, mys = 140.7 MeV,

P. Rehberg, S.P. Klevansky, J. Hiifner,

A =602.3 MeV, G = 1.835/A%, K =12.36/A°. Phys. Rev. C, 53, 410, 1996.
M, = my, — 4G o, + 2Ko,0;,
M; = myy — 46 o4 + 2Kog0y, ,
M, = mys — 4G o5 + 2Ko,,04 .
A
_ 2 dk k? .
ny (T My i) = ;J Ef(kMp)—uy Er(kMp)+us (f=wds)
1+e T 1+e T

13 equations e (T, u;) = dk k2 ! 1 (l=e,v,, 1)

AL ) = EO0-m B0 = e
1+e T 1+e T

2 1
§nu—§nd —§ns ne—n, =0
n, tny,, = Yyng =0

n, +ng + ng = 3ng

[

Mu» Md' MS! Ny, Ng, Ng, N, nu' Tlve, Hur Her Uy, ,lee
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HHadron—Quark Phase Transition Scenario ]

Models

== RMFs,s, model

== SU(3) Local NJL model

It was assumed that the surface tension is so high that the phase
transition proceeds according to the Maxwell scenario.

PQM=PHM=PO

M
pg' = M = pg,
TQM = THM =T

UBo
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Critical End Point

T_.=74 MeV
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Two-Phase Coexistence Parameters

T Py Up ny ng EH =) Sy So
MeV MeV/fm3 MeV fm3 fm-3 MeV/fm3 | MeV/fm3 fm-3 fm-3

0 173.6 1391.8 0.639 0.918 716.3 1109.3 0 0
5 198.7 1377.9 0.683 0.829 795.9 1058.7 0.154 0.346
10 194.8 1370.5 0.676 0.821 787.2 1049.8 0.307 0.683
20 181.3 1343.8 0.652 0.972 756.1 1015.0 0.601 1.322
30 159.2 1298.4 0.609 0.738 703.4 950.1 0.865 1.858
50 101.9 1160.2 0.478 0.584 547.0 766.4 1.232 2.509
70 46.2 966.9 0.290 0.372 336.4 522.3 1.253 2.541
72 441 953.1 0.278 0.326 324.6 467.4 1.255 2.443
74 428 941.2 0.269 0.269 315.6 397.3 1.261 2.275
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Strong quark-hadron interface tension

U

Maxwell Construction

L
»

4, §

Early universe ¢

Temperature

Missing regiorr

/4
NS
N\

.« \ [

e Baryon density [1.5 X 10* m?]

Temperature

Early universe ¢

-
"%,

Weak quark-hadron interface tension

J

Gibbs Construction

Baryon density [1.5 X 10% m™]



| Conclusions

We investigate the thermodynamic properties of the hot f-equilibrated hadronic matter in a neutrino-
trapped regime. To describe such matter, we use an improved version of RMF model at a finite
temperature, where, in addition to the effective fields of o-, w-, and p-mesons, the scalar-isovector §-
meson effective field is also taken into account.

For different values of temperature T in the range of 0-100 MeV, the dependences of pressure P, energy
density &, entropy density S, and baryon chemical potential uz on the baryon number density np have
been determined.

We show that splitting of the proton and neutron effective masses slightly decreases with increasing
temperature.

The temperature dependencies of the parameters of the first-order phase transition from hadronic matter
to strange quark matter are studied by using the quark phase described in the SU(3) local NJL model.

A phase diagram is obtained corresponding to the equilibrium coexistence of hadron and quark phases in
(T —pug) and (T —np) planes. The thermodynamic parameters of the critical endpoint in the phase
coexistence curve are found.
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