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Abstract. The thermal and quantum phase transitions are studiedgbasithe
Cornwall-Jackiw-Tomboulis (CJT) effective action apmbdor the relativistic
linear sigma model of the two-component mixing system. WAdbtaining the
expression of the thermodynamic potential in Hartree-Hétik) approximation,
which preserves the Goldstone theorem, the numericaltsestubw that there may
be two phase transition scenarios in the system. The firssiceis the thermal
phase transition which can only occur in one component. €oergl scenario is
guantum phase transitions which can occur in both two compsn In addition,
both these two types of phase transitions belong the seaoied phase transition.
Keywords. Two-component system, CJT effective action, HartreekF@dF)
approximation, Goldstone theorem, thermal phase transiti quantum
phase transition.

1. Introduction

The phenomenon of kaon condensation has been extensiwestigated since
Kaplan and Nelson [1] showed that kaon condensation couddraat a density around
3po, Wherep, is the normal nuclear density. No long time after, it was pby2] that
kaons are condensed in quark matter at sufficiently highitessand low temperature is
in the color-flavor-locked (CFL) phase, and their dynamigsi$ essentially described
by the linear sigma model at finite density, which is not inwatr under the Lorentz
transformations.

In recent years many works (for example, [4-11], and othezigted to phase
transition, symmetry breaking and restoration, BosetEinscondensation, etc. have
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been implemented within the linear sigma model becausentlodel is considered to
be best suited for the theory of low energy phenomena of guardhromodynamic
(QCD). In the present work the linear sigma model at finitesitgrand temperature
is reconsidered by means of the Cornwall-Jackiw-Tombo{@i3T) effective action.
However, there is a serious difficulty related to re-stadang the effective action to
satisfy Goldstone theorem in the Hartree-Fock (HF) appnation. In order that the
Goldstone theorem is respected and the renormalizatiahieed in this approximation
we adopt the gapless resummation and the renormalizatiesciption developed in
[6, 7], respectively.

In addition, the previous models are mainly limited to onddfief multiple
components or two fields in the non-relativistic case. Ttoees expanding the model for
describing the two-component mixing system in the relatigicase is essential because it
allows to clarify many effects related to the internal stawe of the stars such as neutron
stars [12, 13], or the existence of quark matter in the ctémoer-locked phase at high
density and low temperature [14]. This paper presents tbeareh results initially in
that direction.

2. Content
2.1. Lagrangian of the model and the CJT effective potential
Let us start from the linear sigma model of the two-compomaiing system
described by the lagrangian [11]:
L = (0"¢")(00¢) — (0"0")(0a9) — i [(0°6")$ — ¢"(000)] + (i — m})(679)

(") (0ot) — (0" )(0ut)) — ipa[(0°%") — 0™ (Oo¥))] + (3 — m) (¥™0))
—A(070)* = X (V" — N(¢70) (V7). (2.1)

Here mq, 11 (ms, uo) are, respectively, mass and chemical potential of the cexnpl
doublet fieldg (¥); A1, A2, A are coupling constants adll = 52, 9y = 2.

This model gives the CJT effective potentidl”’”(¢o,vo,D,G) at finite
temperature in the HF approximation, which preserves tHdstane theorem

—CJT
V" (¢0, %0, D, G) = (= +m3)dg + (=3 +m3)eg + Mg + Aoty + Aoy

+5 Z/ﬂ tr{ln D™ (k) + In G (k) + Dy (ks ¢o, o) D + Gy (k3 do, o) G — 21]
2 (271')3 0 » %05 %0 0 y Y05 0

n

A A 3\ Ao Ao 39
+ ZPIQI + ZPQQQ + 7]311]322 + 1 T ZQ%2 + 7@11@22
A A A A
+ZPHQH + ZPHQQQ + ZPQQQH + ZPQQQQQ’ (2.2)

including the gap and SD equations:
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* The gap equations

A A
—y 4 M3+ 2008 + MG + 3N Py + A Pag + 5@11 + 5@22 =0,

A A
— 15 +mj + AQG + 2Xa1hf + §P11 + §P22 +3XQ1 + A2 =0, (2.3)
*The SD equations
2 2 2 2 2 A A
M; = —pi+my+ 6 ¢y + Ay + AP+ 3A 1 Pao + 5@11 + 5@227
2 2 2 2 2 | A A
My = —p5+ms+ Ay + 6205 + §P11 + §P22 + A2Qu1 + 3M02.  (2.4)

Here D, GG are the complete propagato?s—= 1/ is the temperature antl and@
are the notations

Bk L
Paa = TZ Wpaa(wnuk>; CL:]_,2,

-,

a3k
Qua = TZ/W Gaalwn, k) ; a=1,2. (2.5)

2.2. Numerical calculation

In this section we perform numerical calculations to study phase transition in
the linear sigma model of the two-component mixing systeiacicordance with the two
processes when the temperature and / or the chemical @tehéinge. These are two
typical physical processes corresponding to thermal ptraasition and quantum phase
transition. To do this, first need to select the parameterthi® model. Basing on [16]
we choose masses and chemical potentials correspond te,kaamelymn, = 5 MeV,
my = 4 MeV, u; = 4.5 MeV, and the coupling constants selected gre= 0.0048, A\, =
0.005, A = 0.004. Next, we need to determine the phase structure of the sylsyem
drawing phase balance curves. By numerical solving egusa{i2.4) and (2.3) we draw
lines¢g = 0,1y = 0 in the phase plan€ — .., and obtain result as shown in Figure 1.

As can be seen in Figure 1, wifh.; ~ 2 MeV < uy < ps.0 =~ 3.8 MeV there is
a desert corresponding to bath = 0 andy, = 0. Therefore with a fixed value qf,,
only ¢y # 0 or vy, # 0 can exist and as a result only the thermal phase transititmein
sectorg or ¢ occurs. In contrast, with one a definite value of temperafyrdhere may
exist both¢y # 0 andi, # 0 at different values ofi, and therefore the quantum phase
transition not only in the sectaer but also iny occurs. In order to get some insight the
above statements, let us examine each type of phase toansitietail.
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Figure 1. Phasediagramin theplaneT — u» at A = 0.004

2.2.1. Thermal phasetransition
In order to investigate thermal phase transition inithgector, we choose chemical

potential;., = 5.5 MeV basing on Figure 1. By numerical solving the equationg)(2
and (2.3) with the selected parameters we obtain the tetyefa dependence of the,
and¢, as shown in Figure 2. Obvioushy, increases steadily to zero when temperature

increases td.,,. Thatis a sign of second order phase transition.
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Figure 2. The T' dependence of ¢y and v at piy = 5.5MeV
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Figure 3 represents they, dependence of the effective potential
V?JT(%,%,D,G). Local minimum (aty, #0) of the effective potential gradually
shifts to the origin and completely disappear§at ~ 120 MeV. That confirms a second
order phase transition in thesector occurs &f.., ~ 120 MeV.
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Figure 3. The ¢, dependence of VgJT(%, o, D, G.) at several temperature
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Figure 4. The T dependence of ¢, and v
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Analogously, in order to investigate thermal phase tramsiin the ¢ sector, we
choose chemical potentia} = 1.5 MeV. Figure 4 represents the temperature dependence
of the vacuum expectation values, ¢,. As is seen from this figure the phase transition
in the sector also is second order and takes place at temperdtyre: 27.5 MeV.

2.2.2. Quantum phasetransition

Quantum phase transition is a phase transition that oct¢ladired temperature
when the chemical potential changes. Figure 5 showsuthdependence of, and
Yo atT = 10 MeV. As can be seen on this figure, when the chemical poteptial

increases, the, decreases to zero and then is replaced bythewith ps., ~ 2 MeV
< e < o =~ 3.8 MeV both ¢g and ), cannot coexist. This result is completely

consistent with the comment that was taken from Figure 1. ddeer, the monotonous
variation of ¢ and ¢, also shows signs of second order phase transition. This is
also clearly shown in Figure 6 drawing the dependengeof the effective potential
Vg‘]T(qbo, 1o, D, G) at several values qgf,: Whenp, increases over the valyge,., the

minimum ofV?JT(%,wO,D,G) gradually moves out of the origin (corresponding to
1o = 0). This means that the system from symmetrical phase to stimmetrical phase

is broken atis.s.
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Figure5. The 1, dependence of ¢y and ¢y at T' = 10MeV
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Figure 6. The ¢y, dependence of ¢, 1, at several values of the chemical potential 1o

3. Conclusion

In this paper the phase transitions in the linear sigma maeet¢ considered by
means of the finite temperature CJT effective action. Thexmesults are following:

1-The thermodynamic potential of system in the HF approkiona which is
renormalized and respects Goldstone theorem.

2-There may be two phase transition scenarios in the syst@enfirst scenario is
the thermal phase transition which can only occur in one @rapt. The second scenario
Is quantum phase transitions which can occur in both two crrapts depending on the
effect of temperature or chemical potential. These resuésonfirmed by EoS.

3-Both the thermal and quantum phase transitions belorgetedcond order.

Actually, in order to highlight physical properties of kaamtter we proceed to
the numerical computation of phase transition patternsi¢ggé set of kaon masses and
chemical potential specified in [7], while the coupling ciamgs are chosen fromfi — 1
phase diagram Figure 1 to get desired scenarios. To conelgdeould like to emphasize
that the formalism developed in this paper is also usefulfbstudies of nuclear and
particle dynamics at finite density and temperature s@ftom the linear sigma model
at different energy scales. At scale of order 10 MeV we de#h wuclear structure if
the degrees of freedom are sigma, pions, and nucleons. gloehenergy of order 100
MeV we are led to the chiral dynamics of hadrons with nucleemaced by quarks and
at scale of order 100 GeV the Higgs physics of the electrowleatry emerges. This is
evidently the promising task for the next research.
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