arXiv:1201.3710v1 [hep-ph] 18 Jan 2012

Quark-hadron Phase Transition in Relativistic Mean-field Model

Saeed Uddin^1, Waseem Bashir, Jan Shabir Ahmad^2, Riyaz Ahmad Bhat Department of Physics, Jamia Millia Islamia, New Delhi -110025, India

Abstract We have studied the quark-hadron phase transition with RMFT motivated equation of state for a strongly interacting hadronic sector and lattice motivated equation of state for weakly interacting QGP sector. The interactions in hadronic sector are dominated by the exchange of scalar and vector mesons (σ^∗ σ, ω, ρ, ϕ) thereby allowing this phase to be modelled by the interacting baryonic, pionic and Kaonic fields. The pionic and Kaonic fields are incoorporated on equal footing to baryonic field rather than including pions and Kaons as exchange particles only. The effect of interactions on quark-hadron phase transition curve was studied using Gibbs criteria for phase equillibrium. It was found that the first order quark hadron phase transition curve ends at a critical point, whose coordinates coincide with that of the lattice gauge theory result involving lattice reweighting technique.

I. INTRODUCTION

Since the discovery of asymptotic freedom [1] in non-abelian gauge field theories it was postulated that a phase transition from nuclear state of matter to quark matter is possible. Such transitions were further argued to happen at high temperature and /or densities where each participating nuclie would loose its existense to more fundamental degrees of freedom i.e quarks and gluons and the new state of matter dubbed as quark gluon plasma (QGP) would be formed. Since then a considerable effrort has been put forward to create and understand the properties of this new state of matter (QGP) and the corresponding phase transition.

In order to study the phase transition in general one needs to have a complete description of a given state of matter on the basis of some underlying theory and only 1saeed jmi@yahoo.co.in 2On leave of deputation from Amar Singh College, Srinagar, J & K

then one can in principle comment on the nature of phase transition by studying the variation of some parameter intrinsic to the given state as it goes through the phase transition, e.g a study of variation of order parameter in case of Landau theory of phase transition [2], which would obtain non-zero value in one phase and vanish in other phase, and the manner in which it vanishes would decide on the nature of phase transition.

However such a complete description for hadronic matter on the basis of quantum chromodynamics (QCD) is far from being completely understood as it falls in the regime where the strong coupling constant is too large for any peturbative expansion to remain valid. This opens up an interesting field in strong interaction physics where emphasis is on developing non-perturbative techniques from first principles e.g Lattice QCD [3] or studying such non-perturbative systems using some phenomenological methods, Hadron resonance gas (HRG) and Bag models [4] etc. However, each of the techniques mentioned above have some limited applicability e.g. in case of lattice-QCD one can not describe a system with non-zero baryon-chemical potential , therefore it is not possible to study the entire QCD phase diagram which involves a correct description of hadronic system with large chemical potentials as well ( even though some recent advances have made it possible to extrapolate the lattice studies to hadronic systems with finite chemical potentials but still systems with large chemical potentials are yet to be understood completely). The phenomenological thermodynamical models like HRG models and Bag models describe some of the properties of hadron and quark phases very well under some simplifying assumptions but by no means offer the complete descriptions of the these phases. The various lattice and phenomenological studies done so far have yielded different results, regarding the nature of phase transition. e.g in case of HRG based model study, one has a first order phase transition from hadronic state of matter to quark matter throughout the phase diagram, even though recently it has been claimed that after certain point the nature of phase transition changes from first to second order [5]. Where as the lattice studies predict the existence of a critical end point for this transition, which marks the shift in the nature of phase transition from first order to second order or to smooth crossover, depending upon the quark masses used in the calculation [6]. Although most lattice QCD calculations indicate the the existence of critical end point (CEP) for μ_B > 160 Mev [6], however its exact location is yet to be established.

In this work we focus on the problem of quark hadron phase transition, where emphasis is on developing equation of state for strongly interacting hadronic matter very near to the phase transition region, using relativistic field theoretical description, in some approximaiton scheme, such as a mean field theoretical (MFT) description. It was found that for such strongly interacting hadronic matter the interactions are dominated by the exchange of certain mesons (σ^∗, σ, ω, ρ, ϕ). Therefore one could in principle model the entire hadronic phase in terms of interacting baryonic, pionic and Kaonic fields, where pions and Kaons are treated on equal footing to the baryonic field rather than considering these pions and Kaons as exchange particles. This scenario will supposedly remain more and more valid as we approach more and more closer to the phase transition region, which happens to be our main region of interest for studying the quark hadron-phase transition. Quite clearly as we move away from such regions our simplifying assumption will breakdown and π meson and K meson exchange among various baryons has to be taken into account. For QGP Sector we use an equation of state that takes into acount the perturbative interactions among quarks and is consistent with lattice data.

The remainder of this article is organized as follows: In section II we present the formalism used in this work. In section III we show the numerical results and discussion. Finally in section IV we summarize the results and give the brief concluding discusion.

II. THE FORMALISM

We present equation of state (EOS) for the hadronic phase and the QGP phase used in this work along with the definitions

A. Quark-gluon phase: Quarks u,d and s (+ gluons)

To study the QGP phase with three quark flavours (u,d,s) and gluons, we use a Bag model [4] equation of state, with perturbative corrections of the order of α_s [7] . The pressure, energy density take the form [8]

P (T, μ_f ) = ( 1 − 4 5 ζ ) N_g 6π^2 ∫_∞ 0 k^4dk √ k^2 + m_g^2 f_g (k) + (1 − ζ) N_f∑

f =1 N_c 3π^2 ∫_∞ 0 k^4 √ k^2 + m_f^2 dk

× [ f_{q,f} (k) + f_{q,f} (k) ] − B (1)

ε(T, μ_f ) = ( 1 − 4 5 ζ ) N_g 2π^2 ∫_∞ 0 k^2dk √ k^2 + m^2_g f_g(k) + (1 − ζ) N_f∑

f =1 N_c π^2 ∫_∞ 0 k^2dk √ k^2 + m_f^2

× [ f_{q,f} (k) + f_{q,f} (k) ] + B (2)

where ζ = α_s is a model parameter and 1 − ζ , 1 −^4_5 ζ represent the perturbative corrections to the kinetic terms of quarks and gluons, respectively. The non-perturbative vaccum effects are taken into account by the using a Bag constant B. The m_g, m_q denote the gluon and quark masses and f_g(k) , f_q(k) are the bosonic and fermionic distribution functions, respectively. Here N_g = 2(N^2_c − 1) is the number of transverse gluons and N_c is the number of quark colors (N_c = 3). In case of two massless quarks

(u,d) and a massive (s) quark, alongwith gluons, the above expression for the pressure and energy density reduce to: P (T, μ) =N̄_g π^2T^4 90 + N̄_f ( 7 60 π^2T^4 + 1 2 μ^2T^2 + 1 4π^2 μ^4 ) + 1 − ζ π^2 ∫_∞ m_s dE ( E^2 − m_s

) 3_2

× ( f_k + f̄_k ) − B (3)

ε(T, μ) =3 (¯ N_gπ^2T^4 90 ) + 3N̄_f ( 7 60 π^2T^4 + 1 2 μ^2T^2 + 1 4 μ^4 π^2 ) + 3 ( 1 − ζ π^2 ) ∫_∞ m_s dEE^2 × (E^2 − m^2_s)^{12} ( f_k + f̄_k ) + B (4)

here N̄_g = 16(1 −^4_5 ζ) is the ”effective” number of the gluons and N̄_f = 2(1 − ζ) is the ”effective” number of light flavours. However it should be mentioned that throughout our discussion we use QGP phase with zero net strangeness. This assumption seems to be very reasonable in case of heavy ion collision, where the colliding nuclei do not carry any strangeness and therfore no net-strangeness is carried over to the QGP phase and the new thermally generated strange quark- antiquark pairs in the QGP phase always maintain the zero net strangeness condition.

B. Hadronic phase: baryons, Kaons and pions

In nuclear physics where there are several types of quanta of the nuclear field, differing in quantum numbers and masses (in contrast to the electrodynamics with only one field quanta), the nucleon-nucleon (NN) potential is defined as the superposition of components with different space time transformation properties and different radii of action. In the calculation of the NN potential the range of potential is divided into three parts, the external part r > 2.14fm, the intermediate part 0.71fm < r < 2.14fm and the internal part r < 0.71fm [9]. These three regions are determined by different mesons and resonances that make up the contributions to the NN potential (from the uncertianity principle it follows that the radius of the action of the nuclear force is determined by the compton wavelength of the respective quanta). At present it can be considered as an established fact that the external and intermediate parts of the NN potential in meson theory are determined by the meson exchanges, however the internal part, which corresponds to the internucleon distance less than 0.71fm, this picture of the single boson exchange is not acceptable, as many processes make contributions to the NN forces in this region. Therefore this part of the interaction is mainly described by the phenomenological methods or by employing quark-hadron dynamics. The external region is completely determined by the one pion exchange. The pion may be coupled to the nucleon field by either pseudovector or pseudoscalar coupling. However sometimes a mixture of both coupings is used [9]. To describe the intermediate range of NN potential a proper treatment of two pion exchange contribution is required along with the exchange of other mesons. However in many NN models the attraction produced by 2π exchange is simulated by scalar-isoscalar σ mesons with the mass around 500-600 MeV [9]. Keeping in view the fact that for a possible hadron-quark phase transition, hadrons must come close to each other sufficent enough so that the quarks from each individual hadron enter the state where quarks are asymptotically free, therefore the inter-nucleon distance cannot correspond to the external part of the NN potential (r > 2.14fm). Thus the one pion exchange which describes the exterior part of NN potential can be safely ignored in comparison to the scalar and vector mesons (σ^∗, σ, ω, ρ, ϕ) exchanges. However since the production of pions and Kaons is large at finite temperature (T), hence we need to incorporate these in the system along with the other hadrons (not as exchange particle though) with their intercations to baryons governed by the exchange of scalar and vector mesons.

Therefore in order to describe the hadronic phase we develop a relativisic field theoretical model in which baryons, pions and Kaons are included on same footing, and are interacting via the exchange of mesons. The baryons considered are (N, Λ, Σ, Ξ, Δ) and the exchange mesons include isoscalar-scalar and vector mesons (σ, ω), isovectorvector mesons (ρ) and two additional hidden strangeness mesons (σ^∗, ϕ) The lagrangian for the hadronic phase can therefore be written as,

L^{T otal} = L_B + L_K + L_π (5)

Where the effective lagrangian for baryons is [10]:

L_B = ∑ B Ψ_B [iγ_μ∂^μ − m_B − g_{σB} σ + g_σ∗_B σ^∗ − g_{ωB} γ_μω^μ − g_{ϕB} γ_μϕ^μ − g_{ρB} γ_μτ_iρ^μ_i ]Ψ_B + 1 2 ∂_μσ∂^μσ − 1 2 m^2_σσ^2 − 1 3 g_2σ^3 − 1 4 g_3σ^4 − 1 4 W_{μν} W^{μν} + 1 2 m^2_ωω_μω^μ + 1 4 c_3(ω_μω^μ)^2 − 1 4 R_{iμν} R^{μν}_i + 1 2 m^2_ρρ_{iμ}ρ^μ_i + 1 2 ∂_μσ^∗∂^μσ^∗ − 1 2 m^2_σ∗ σ^{∗2} − 1 4 S_{μν} S^{μν} + 1 2 m^2_ϕϕ_μϕ^μ (6)

where S^{μν} = ∂^μϕ^ν − ∂^ν ϕ^μ, R^{aμν} = ∂^μρ^{aν} − ∂^ν ρ^{aμ} + g_ρϵ^{abc}ρ^{bμ}ρ^{cν} and W^{μν} = ∂^μω^ν − ∂^ν ω^μ with the sum carried over the entire baryon octet. For Kaons [11] the effective lagrangian takes the form:

L_K = ∑ K ∂_μK^†∂^μK − m^2_kK^†K − g_{σK} m_K K^†Kσ − g_σ∗_K m_kK^†Kσ^∗ − g_{ωk}K^†i ←→ ∂_μ Kω^μ − g_{ρk}K^†τ_K i ←→ ∂_μ Kρ^μ − g_{ϕK} K^†i ←→ ∂_μ Kϕ^μ + (g_{ωK} ω_μ + g_{ρK} τρ_μ + g_{ϕK} ϕ_μ)^2K^†K (7)

Now similarly for pions one can write

L_π = ∑ π ∂_μπ^†∂^μπ − m^2_ππ^†π − g_{σπ}m_ππ^†πσ − g_{ωπ}π^†i ←→ ∂_μ πω^μ − g_{ρπ}π^†τ_πi ←→ ∂_μ πρ^μ + (g_{ωπ}ω_μ + g_{ρπ} τρ_μ)^2 π^†π (8)

One can easily see that both of these coupling schemes mentioned above fulfill the Ward identity. The resulting field equations for fermions and bosons obtained after minimising the corresponding action, S = ∫ Ld^4x, are non-linear in form and because of strong coupling constants cannot be solved using perturbative techniques and hence are to be solved using an approximation scheme e.g in mean field theoretical description. Using such an approximation, the field equations for the mesons (σ, ω, ρ, σ^∗, ϕ) turn out to be as follows: For sigma (σ) field;

m_σ^2σ^2 + g_2σ^2 + g_3σ^3 = − ∑ B g_{σB} γ (2π)^3 ∫ d^3k √ k^2 + m^∗_B^2 m^∗_B (n_B + n_B )

− ∑ b=(K,π) g_{σb}m_b γ (2π)^3 ∫ d^3k 2ω_b (n_b + n_b) (9)

similarly for omega and rho fields one has,

m^2_ωω + c_3ω^3 = ∑ B g_{ωB} [ γ 2π^3 ∫ d^3k (n_B − n_B ) ] + ∑ b=(K,π) 2g_{ωb} [ γ (2π)^3 ∫ d^3k 2ω_b ( E^+_b n_b + E^−_b n_b ) ]

− ∑ b=(K,π) ( 2ωg^2_{ωb} + 2g_{ωb}g_{ρb}ρτ_3 + 2g_{ωb}g_{Φb}Φ ) × [ γ (2π)^3 ∫ d^3k 2ω_b (n_b + n_b) ] (10)

m^2_ρρ = ∑ B g_{ρB} τ_3 [ γ (2π)^3 ∫ d^3k (n_B − n_B ) ] + ∑ b=(K,π) 2g_{ρb}τ_3 [ γ (2π)^3 ∫ d^3k 2ω_b ( E^+_b n_b + E^−_b n_b )]

− ∑ b=(K,π) ( 2g_{ωb} g_{ρb}ωτ_3 + 2g^2_{ρb}τ^2_3 ρ + 2g_{Φb}g_{ρb}τ_3Φ ) × [ γ (2π)^3 ∫ d^3k 2ω_b (n_b + n_b) ] (11)

For sigmastar (σ^∗) field we obtain,

m^2_{σ∗}σ^∗ = − ∑ B g_σ∗_B γ (2π)^3 ∫ d^3k m^∗_B √ k^2 + m^∗_B^2

(n_B + n_B ) − ∑ b=(K,π) g_σ∗_bm_b [ γ (2π)^3 ∫ d^3k 2ω_b (n_b + n_b) ]

(12)

and finally for the phi field we have,

m^2_ΦΦ = ∑ B g_{ΦB} [ γ (2π)^3 ∫ d^3k (n_B − n_B ) ] + ∑ b=(K,π) 2g_{Φb} [ γ (2π)^3 ∫ d^3k 2ω_b ( E_b^+n_b + E_b^−n_b )]

− ∑ b=(K,π) ( 2g_{ωb}g_{Φb}ω + 2g_{Φb}g_{ρb}τ_3ρ + 2Φg^2_{Φb} ) × [ γ (2π)^3 ∫ d^3k 2ω_b (n_b + n_b) ] (13)

with the distribution function for baryons and antibaryons given by:

n_B = [exp (E^∗_B − v_B /KT ) + 1]^{−1} (14)

n_B = [exp (E^∗_B + v_B /KT ) + 1]^{−1} (15)

where the effective mass and chemical potential for baryons is,

m^∗_B =m_B + g_{σB} σ + g_σ∗_B σ^∗ (16) v_B ∗ =μ_B − g_{ωB} ω − g_{ϕB} ϕ − g_{ρB} τ_{3B} ρ (17) for Kaons and pions the effective mass takes the following form,

m^∗_k = √ m^2_k + m_k(g_{σk}σ + g_σ∗_kσ^∗) (18)

m^∗_π = √ m^2_π + m_πg_{σπ} σ (19)

and the effective chemical potential: v_k =μ_k − g_{ωk}ω − g_{ϕk}ϕ − g_{ρk}τ_3ρ (20) v_π =μ_π − g_{ωπ}ω − g_{ρπ}τ_3ρ (21)

The pressure for the strongly interacting hadronic matter can be derived using the

energy momentum tensor given by

T^{total}_{μν} = − g_{μν} L^{total} + (∂_ν Φ_i) ∂L^{total} ∂ (∂^μΦ_i)

(22) as P^{total} = 1 3 ⟨F | : T^{total}_{ii} : |F ⟩ (23) Where indices (i) on Φ^i is summed over and each component corresonds to different field. Φ^i=(Ψ,K,π ), where (using Eq.5) T^{total}_{ii} = T^{baryons} ii + T^{kaons}_{ii} + T^{pions}_{ii} (24) Thereby allowing pressure to be written as a sum of three parts P^{total} = P^{baryons} + P^{kaons} + P^{pions} (25) where the pressure due to baryons and kaons turns out to be,

P^{baryons} = 1 3 ∑ B 1 π^2 ∫ k^4dk √ k^2 + m^2_B

(n_k + n_k) − 1 2 m^2_σσ^2 − 1 3 g_2σ^3 − 1 4 g_3σ^4 + 1 2 m^2_ωω^2 + 1 4 c_3ω^4 + 1 2 m^2_ρρ^2 − 1 2 m^2_σ∗ σ^{∗2} + 1 2 m^2_ϕϕ^2 (26)

P^{Kaons} = 1 3 ∑ K γ (2π)^3 ∫ d^3k 2ω_k k^2 (n_k + n_k) + 1 3 ∑ K ((g_{ωK} ω + g_{ϕK} ϕ + g_{ρK} τ_3ρ)^2 − g_σ∗_K m_K σ^∗

− g_{σK} m_K σ − m^2_K ) [ γ (2π)^3 ∫ d^3k 2ω_k (n_k + n_k) ] − 1 3 ∑ K (2g_{ωK} ω + 2g_{ωK} ω + 2g_{ρK} τ_3ρ

+ 2g_{ϕK} ϕ) [ γ (2π)^3 ∫ d^3k 2ω_k (E^+n_k + E^−n_k) ] (27)

Similarly the contribution to the total pressure from pions comes out to be,

P^{pions} = 1 3 ∑ π γ (2π)^3 ∫ d^3k 2ω_k k^2 (n_k + n_k) + 1 3 ∑ π ((g_{ωπ}ω + g_{ρπ}τ_3ρ)^2 − g_{σπ}m_πσ − m^2_π) × [ γ (2π)^3 ∫ d^3k 2ω_k (n_k + n_k) ] − 1 3 ∑ π (2g_{ωπ}ω + 2g_{ρπ}τ_3ρ) [ γ (2π)^3 ∫ d^3k 2ω_k (E^+n_k + E^−n_k) ]

(28)

Now the energy density for this strongly interacting hadronic matter can be calculated as follows, ε^{total} = ⟨F | : T^{total}_{00} : |F ⟩ (29) which after using Eq.5, simplifies to, ε^{total} = ε^{baryons} + ε^{pions} + ε^{kaons} (30) where the energy density for baryons is found out to be,

ε_B = ∑ B 1 (π)^2 ∫ k^2 √ k^2 + m^∗_B^2 (n_k + n_k) dk + 1 2 m_σ^2σ^2 + 1 3 g_2σ^3 + 1 4 g_3σ^4 + 1 2 m_ω^2ω^2 + 3 4 c_3ω^4 + 1 2 m_ρ^2ρ^2 + 1 2 m^2_σ∗ σ^{∗2} + 1 2 m_ϕ^2ϕ^2 (31)

similarly for Kaons and pions one has,

ε_K = ∑ K γ (2π)^3 ∫ d^3k 2ω_k [ (E^+)^2 n_k + (E^−)^2 n_k ] + ( m_k^2 + g_{σK} m_K σ + g_σ∗_K m_K σ^∗ ) γ (2π)^3 ∫ d^3k 2ω_k × (n_k + n_k) − (g_{ωK} ω + g_{ϕK} + g_{ρK} τ_3ρ)^2 γ (2π)^3 ∫ d^3k 2ω_k (n_k + n_k) (32) ε_P = ∑ π γ (2π)^3 ∫ d^3k 2ω_k [ (E^+)^2 n_k + (E^−)^2 n_k ] + ( g_{σπ}m_πσ + m_π^2 ) γ (2π)^3 ∫ d^3k 2ω_k (n_k + n_k)

− (g_{ωπ}ω + g_{ρπ}τ_3ρ)^2 γ (2π)^3 ∫ d^3k 2ω_π (n_k + n_k) (33)

In this work we will use a successful parameter set of RMFT model, TMI (Table-I) these parameters have been determined by fitting to some ground state properties of finite nuclie, including unstable nuclie. As for meson-hyperon couplings we take the naive quark model values for the vector couplings following [10] (Table-V). However regarding the antibaryon couplings, there is no reliable information suitable for the high density matter and therefore antibaryon-meson coupling constants motivated by G-parity transformation will be used (Table VI). It is important to note that this simple consideration based on the G-parity transformation of meson fields is certainly an idealization as there are several effects in many body systems that can distort this picture and one is forced to use modified antibaryon-meson couplings [12]. On phenomenological level this can be taken into account by multiplying the baryon-meson couplings with a modifying factor η which will act as a free parameter in the model and whose value can be varied from 0 ≤ η ≤ 1 to take control of maximally strong antibaryon couplings to non-interacting antibaryons. However this requires some detailed study and we will not take this into account here. The coupling constants for Kaons and pions will be as in Ref. [13] and this completes our description for the hadronic phase.

III. RESULTS

First of all we will present some of the features of the QGP phase followed by the description of hadronic phase and associated phase transition along with other observables. In case of QGP phase, the EOS contains two undetermined parameter’s B and ζ which are to be fixed uniquely for making any valuable prediction. As far as bag value B is concerned, we fix the bag value to be B = 344MeV/fm^3 following Ref. [14], [15], where it was successfully used for the fluid-dynamical calculations of the heavy-ion collisions. However in view of the fact that bag value can itself be a function of chemical potential and temperature, keeping the bag value B fixed, is an approximation. We will stick with this approximation as the more general form of B ≡ B(μ, T ) requires a detailed study and will be picked up in future studies. Now to determine the model parameter ζ we first see its influence on the QGP equation of state. Fig(1) shows the variation of pressure with temperature for different values of paremeter ζ. Here ζ = 0 corresponds to the non-interacting QGP phase. To choose among the possible values of the parameter ζ, which can vary in the range [0-0.3] [16], we show in fig(2) the scaled energy density of QGP phase for B = 344MeV/fm^3 along with the lattice calculation results. It can be easily seen that the the best fit occurs for the ζ = 0.2

Figure 1: Pressure in the QGP phase as function of temperature for ζ = 0.0, 0.1, 0.2, 0.3 for a, b, c and d respectively. Here μq =0 MeV.

Figure 2: Scaled energy density for QGP phase with ζ = 0.0, 0.1, 0.2, 0.3 for a, b, c, d respectively and TO is the critical temperature corresponding to each value of ζ [8]. Solid circles are for lattice data set with N_f = 3

Throughout our calculation we will use these values of bag constant (B) and model parameter ζ^3. Now with these fixed values of bag value (B) and model parameter ζ we next plot in Fig(3) the variation of pressure with temperature (T) for different values of chemical potential μ_q.

Figure 3: Pressure as function of temperature for different values of chemical potential, B = 344MeV /fm3, ζ = 0.2, μq = 220, 190, 170, 150, 135, 120 MeV for a, b, c, d, e and f, respectively

Next we show some of the features of the hadronic phase. The parameter set we use

3In present model the parameter ζ needs to be determined by comparing scaled enery density and lattice data at finite μ_B , however in abscence of lattice data at finite μ_B this value of ζ will serve as an approximate value

here are listed in table (I, II, III and IV). In Fig(4) we plot the variation of pressure in

this phase.

Figure 4: Pressure for hadronic phase with μq = 120, 135, 150, 170, 190, 220 MeV for a, b, c, d, e and f, respectively

The P_H -T curves develop the cusp which becomes more and more evident as one decreases the chemical potential μ_q. This behaviour can be attributed to the interplay between attractive and repulsive attractions present in the system. Now if we calculate the slope of any general curve with this feature as in Fig.5a we conclude that, for the region AB the entropy desnity is: s_{AB} = S_{AB} /V = ( ∂P ∂T ) < 0 (34)

large therefore the probability of finding the system with the pair of values (μ_q , T ), corresponding to

region AB is given by:

P ∝ Ω = exp ( S_{AB} k_B )

= exp ( − S k_B ) (35)

where S_{AB} = −S and k_B is the Boltzman’s constant. For the point B we have:

s_{AB} =0 (36)

which imply

S = k_B ln Ω = 0 (37)

as a result of which Ω = 1, where Ω are the number of states accesible to the system. Also Ω = E^f , where f are the number of degrees of freedom for the system under consideration. Therefore the point B corresponds to the configuration where the number of degrees of freedom are very small infact zero. This configuraion can be therefore thought to be that of a system, wherein particles under the influence of strong attractive and repulsive forces attain the equilibrium state and arrange themselves in lattice like network. It is clear from the arguments above that the probability of finding the hadronic system with chemical potential and temperature corresponding to the region AB is very small as compared to the region BC and beyond. Therefore the effective P_H − T curve can be drawn as in Fig.5b.

(a) (b)

Figure 5: P_H -T curve for hadronic phase for μ_q =0 MeV

Now to describe the quark-hadron phase transition we apply Gibbs criteria of phase transition. This hypothesis requires following set of relations to be valid at the phase coexitence points [17] . :

T_Q =T_H μ_Q =μ_H P_Q =P_H where it is required that the state with higher pressure is more stable. Now, following three cases can arise as are shown in Fig.6. Here we show the intersection points between the P-T curves of hadronic and QGP phase. Out of the these intersection points only first two, correspond to the phase coexistence among the QGP and hadronic phase, however for intersection point in case 3, the pressure due to quarks and gluons is still less than bag pressure B, therefore the QGP phase corresponding to this intersection point is not stable and therefore cannot coexist with the hadronic phase.

(a) μ_q = 135 MeV (b) μ_q = 120 MeV (c) μ_q = 100 MeV

Figure 6: P -T curves for hadronic and QGP phases. For lower values of chemical potential the intersection point starts to appear below the P=0 axis, where the QGP phase is unstable.

Now using the same procedure for the entire set of baryon-chemical potential μ_B values, the quark-hadron phase diagram turns out to be as in Fig.7

Figure 7: quark-hadron phase transition curve

The first order phase transition curve ends up at the critical end point CEP (c_1) (μ_q=120 MeV, T=154 MeV), which is close to the critical end point point as found using lattice Resummation technique (LR2) [18]. In fig.7 we also show the critical end points as found in different studies [19]. Next we plot the variation of net baryon density (n_B) along this curve. Fig.8 shows the variation of n_B with critical baryon chemical potential μ_{BC} . For the sake of comparison we also plot the the variation of net baryon density n_B in case of hadron resonance gas (HRG) model. It is interesting to see that the number density in case of present model saturates beyond a particular chemical potential, and this saturation happens in between the HRG curves with r=0.8 fm and r=0.7 fm. Therefore it can be assumed that the time independent scalar and vector potentials force the hadrons to attain an effective size. This makes sure that the number density of hadronic phase with point particles does not rise high enough to make hadronic phase stable at very high temperature or chemical potential. Next we show the variation of n_B with

Critical temperature T in Fig.9, here the solid dot corresponds to CEP (c_1).

Figure 8: net baryon density v/s critical baryon chemical potential, for RMFT and HRG (with excluded volume assumption) modelled hadronic phase, where r=0.6 fm,0.7 fm and 0.8 fm for c,d,b respectively

Figure 9: mall net baryon density v/s critical temperature, for RMFT and HRG, here r=0.6 fm, 0.7 fm, 0.8fm for c,d and b respectively.

To elaborate this point further, we plot the variation of proton density with temperature in our present model and compare it with HRG model for three different hard core volumes, this is shown in Fig. 10.

o Figure 10: Proton density (nP ) v/s Temperature (T) for chemical potential μB = 405 Mev, r=0 fm, 0.683 fm, 0.8 fm for a,d and c respectively.

The proton density does not rise to an arbitrary large value in our model, but saturates to a value of 0.06fm^{−3}, this is exactly the saturation as found in HRG calculation with hard core radius r=0.683fm. Next we calculate the response of the hadronic medium to the external perturbations, for this we calculate the velocity of sound in the medium, whoose square at vanishing chemical potential is given by [20]

c^2_s = dP dϵ (44)

since, P = P(T, μ = 0) the above equation can be written as

c^2_s = ( ∂P /∂T ∂ϵ/∂T ) μ=0 (45)

In Fig.11 we plot the variation of c^2_s with energy density, followed by Fig.12 where we show variation of c^2_s with temperature.

Figure 11: c^2_s -ϵ for a hadronic phase with a chemical potential μq = 0 MeV

Figure 12: c^2_s -T for the hadronic phase with a chemical potential μq =0 MeV

Starting with a value close to the ideal gas limit c^2_s → 1/3,there appears a sharp dip where c^2_s goes to a minimum value of 0.008, beyound which it starts to rise again but not sharply though. This softening is usually attributed to the possible phase transition, however keeping into account the dynamics of present model, where scalar and vector interactions force particles to attain a state with degrees of freedom ‘f’ equal to zero, this temperature ‘T’ for which c^2_S dips corresponds to this very configuration where we expect, given a perturbation the disturbance generated propogates through small extension of hadronic system rather being transmitted and hence a value c^2_s = 0. It is only after this state a possible phase transition can occur.

IV. SUMMARY

We have presented a study of deconfinement phase transition from hadronic matter to the quark gluon plasma (QGP) that could be formed in the heavy ion collision. We modelled the entire hadronic phase with pions,kaons and baryons, with interactions among various hadrons carried by some specified vector and scalar mesons only. The QGP phase with perturbative intercations, was modelled in terms of MIT bag model with an equation of state consistent with the lattice data. In such a hadronic phase we found that the interactions among various hadrons force each hadron to pick up an effective volume, the corresponding radius is found out to be r=0.683fm. This has a serious consequence as it makes sure that the number density of hadrons does not rise to an arbitray large values, which makes the hadronic phase stable again at very large temperature or chemical potential. We further found that a first order phase transition is not possible throughout the phase diagram and ends up at a critical end point (CEP) c_1. This is found to lie very close to the CEP as fouund in LR2[18]. However it should be mentioned that at higher temperature and/or chemical potential one needs to take into account the fluctuations about the mean value also into account, which calls for an approach beyound the mean field level, this surely needs a systematic study and is currently under investigation.

ACKNOWLEDGMENTS

Waseem Bashir is thankful to University Grants Commission for providing Project Fellowship, Saeed Uddin is thankful to the University Grants Commission (UGC), New Delhi, for the Major Research Project grant. Jan Shabir Ahmad is greatful to University Grants Commission, New Delhi, for the financial assistance during the period of deputation. Riyaz Ahmad Bhat is thankful to Council for Sceintific and Industrial Research (CSIR), New Delhi, for awarding Junior Research Fellowship.

References

[1] D.J Gross and F. Wilczek,Phys. Rev. Lett.30 (1343) (1973) [2] L.D Landau and L. Lifshitz, Statistical Physics (Pergamon press, oxford, 1969 ) [3] M. Creutz, Quarks, gluons, and lattices (Cambridge University Press, Cambridge, 1985) [4] A. Chodos, R.L. Jaffe, K Jhonson, C.B. Thorn, Phys. Rev. D 9 (3471) (1974) [5] C. P. Singh, P. K. Srivastava and S. K. Tiwari, Phys. Rev. D 80 (114508) (2009) [6] M. Stephanov, [arxiv:0701002v1[hep-lat]] [7] Yu.B Ivanov, A.S Khvorostukhin, E.E. Kolomeitsev, V.V skokov, V.D Toneev and D.N. Voskresensky, Phys. Rev. C 72 (025804) (2005) [8] L. M. Satarov, M. N. Dmitriev, I. N. Mishustin , [arxiv:0901.1430v1[hep-ph]] [9] L. N. Savushkin, H. Toki The Atomic Nucleus as a Relativistic system (Springer), Page: 25–28. [10] F. Yang and H. Shen, [arxiv: 0802.1965v1 [nucl-th]] [11] Jurgen Schaffner, Igor N. Mishustin, Phys. Rev. C 53 (3) (1996) [12] I. N. Mushtin, L.M. Satarov, T. J. Burvenich, H. Stocker and W. Greiner, Phys. Rev. C 71 (035201) (2005) [13] Th. A. Rijken, [arxiv: 9401004v1[nucl-th]] [14] L. M. Satarov, I. N. Mishustin, A.V. Merdeev and H Stocker, Phys. Rev. C 75 (024903) (2007) [15] L. M. Satarov, I. N. Mishustin, A.V. Merdeev and H Stocker, Yad Fiz, Phys. Atom. Nucl.

70 (1773) (2007) [16] M. Alford, M. Braby, M. W. Paris, and S. Reddy, [arxiv: 0411016v1 [nucl-th]] [17] W. Greiner, L. Neise, H. Stocker, Thermodynamics and Statistical Mecahnics (Springer), Page:

62-64.

[18] Z. Fodor and S. D. Katz, J. High Energy Phys. 04 (050) (2004) [19] P. K. Srivastava, S. K. Tiwari and C.P Singh, Phys. Rev. D 82 (014023) (2010) [20] L.D. Landau, E.M. Lifshitz, Fluid Mechanics. Vol. 6 (2nd ed.) (Butterworth-Heinemann. ISBN 978-0-080-33933-7(1987))

Table I: The parameter set TMI [10] used in the calculation. The masses are given in MeV

m_N m_σ m_ω m_ρ g_{σN} g_{ωN} g_{ρN} g_2(fm^{−1}) g_3 C_3 938.0 511.198 783.0 77.0 10.029 12.614 4.632 -7.2323 0.618 71.308

Table II: Hyperon coupling constants g_{σπ} g_{σΣ} g_{σΞ} g_σ∗_Λ g_σ∗_Ξ 6.170 4.472 3.202 7.018 12.600

Table III: Kaon coupling constants: g_{σK} g_{ωK} g_{ρK} g_σ∗_K g_{ϕK} 1.93 3.02 3.02 2.65 4.27

Table IV Pion coupling constants: g_{πρ} g_{πω} g_{πσ} g_{πσ}∗ g_{πϕ} 0.506 -0.001 -0.170 0.0 0.0

Table V: Vector Couplings used in the present calculations [10] 1 3 g_{ωN} =^1_2 g_{ωΛ} =^1_2 g_{ωσ} = g_{ωΞ} g_{ρN} =^1_2 g_{ρσ} = g_{ρΞ}, g_{ρΛ} = 0.

2g_{ϕΛ} = 2g_{ϕσ} = 2g_{ϕΞ}= -^{2√2}_3 g_{ωN} , g_{ϕN} = 0.

Table VI: G-parity motivated antibaryon coupling constants [12]

g_{σB} = g_{σB} , g_{ωB} = -g_{ωB}, g_{ρB} = g_{ρB}. 2g_{ϕΛ} = 2g_{ϕΣ} = g_{ϕΞ} =^{−2√2}_3 g_{ωN} g_{ωN} = -g_{ωN} g_{ϕB} = -g_{ϕB}