arXiv:1211.2542v2 [nucl-th] 3 Jan 2013

High cumulants from the 3-dimensional O(1, 2, 4) spin models

Xue Pan,^1 Lizhu Chen,^1 X.S. Chen,^2 and Yuanfang Wu^1 1Key Laboratory of Quark and Lepton Physics (MOE) and Institute of Particle Physics, Central China Normal University, Wuhan 430079, China 2Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China

Considering different universality classes of the QCD phase transitions, we perform the Monte Carlo simulations of the 3-dimensional O(1, 2, 4) models at vanishing and non-vanishing external field, respectively. Interesting high cumulants of the order parameter and energy from O(1) (Ising) spin model, and the cumulants of the energy from O(2) and O(4) spin models are presented. The generic features of the cumulants are discussed. They are instructive to the high cumulants of the net baryon number in the QCD phase transitions.

PACS numbers: 25.75.Nq, 21.65.Qr, 75.10.HK

I. INTRODUCTION

A thermodynamic system may undergo a phase transition when temperature and/or pressure vary. For the strong interacting QCD system, it is known that the hadronic matter will change to partonic phase at very high temperature and density [1]. The data from ultrarelativistic nuclear-nuclear collisions at RHIC has shown that the partonic phase of QCD matter–quark-gluon plasma (QGP) has been formed [2]. One of the main goals of current ultra-relativistic heavy-ion collision experiments is to map the QCD phase diagram [3].

The critical point at the QCD phase boundary is particular interested, as the large fluctuations are expected. The sensitive probes of QCD critical point are the high cumulants of the conserved charges, i.e., net baryon number, net electric charge, and net strangeness [4–9].

The net baryon number fluctuations have been studied using lattice QCD simulations and QCD effective models [10–13]. However, due to the difficulties of the lattice calculations and model estimations, the high cumulants of the net baryon number are still not final [14, 15]. The universality of the critical fluctuations allows us to study the relevant cumulants in a simple system, where the high cumulants can be precisely obtained.

It is known that the QCD critical point, which terminates the first order phase transition line, is in the same universality class as the 3-dimensional Ising model [16– 19]. So the high cumulants of order parameter and energy in the vicinity of the critical point of the 3-dimensional Ising model are called for. They should be a good reference for various relevant calculations.

In the chiral limit, the chiral phase transition for 2- flavor QCD belongs to the same universality class as the 3-dimensional O(4) spin model [19]. The singular behavior of the net baryon number fluctuations is expected to be governed by the universal O(4) symmetry group [20]. Owing to the staggered fermions in lattice calculations, the (2+1)-flavor chiral phase transition may fall into the 3-dimensional O(2) universality class [21–23].

In this paper, we present the high cumulants of the order parameter and energy in the vicinity of the critical temperature from the 3-dimensional Ising model, and energy from the 3-dimensional O(2) and O(4) spin models, respectively. The simulation is performed in a finite-size system. The obtained results should be instructive to a finite system formed in ultra-relativistic heavy-ion collisions.

The paper is organized as follows, firstly, the cumulants of the order parameter and energy from the O(N) spin models are derived in section II. Then, their relations to the net baryon number fluctuations in the QCD phase transitions are discussed. In section III, the high cumulants from the 3-dimensional Ising, O(2) and O(4) spin models are presented and discussed. Finally, the generic features of the cumulants from the three models are summarized in section IV.

II. CUMULANTS IN THE O(N) SPIN MODELS

The O(N)-invariant nonlinear σ-models (O(N) spin models) are defined as, βH = −J ∑ ⟨i,j⟩ ⃗S_i · ⃗S_j − ⃗H · ∑ i ⃗S_i, (1)

where H is the Hamiltonian, J is an interaction energy between nearest-neighbor spins ⟨i, j⟩, and ⃗H is the external magnetic field. J and ⃗H are both reduced quantities which already contain a factor β = 1/T . ⃗S_i is a unit vector of N-components at site i of a d-dimensional hyper-cubic lattice. It is usually decomposed into the longitudinal (parallel to the magnetic field ⃗H) and the transverse component

⃗S_i = S^‖_i ⃗e_H + ⃗S^⊥_i , (2)

where ⃗e_H = ⃗H/H. For the 3-dimensional Ising, O(2), and O(4) spin models, d = 3, and N = 1, 2 and 4, respectively.

The (reduced) free energy per unit volume is f(T, H) = − 1 V ln Z, (3) where Z = ∫ ∏ i d^N S_iδ(⃗S^2_i − 1) exp(−βE + HV S^‖) is the partition function. E = − ∑ ⟨i,j⟩ ⃗Si · ⃗Sj is the energy of a spin configuration, S^‖ =^1_V ∑ i S^‖_i is the lattice average of the longitudinal spin components, V = L^3 is the volume, and L is the number of lattice points of each direction.

As we known, the cumulants of the order parameter are the derivatives of the free energy density (Eq. (3)) with respect to H. We can get the cumulants of the order parameter from the generating function [24],

κ^S_n = d^n dx^n ln⟨e^{xS‖} ⟩ | | | |_{x=0} . (4)

So the first, second, third, fourth and sixth order cumulants of the order parameter are as follows, κ^S_1 = ⟨S^‖⟩, κ^S_2 = ⟨δS^{‖2}⟩, κ^S_3 = ⟨δS^{‖3}⟩, κ^S_4 = ⟨δS^{‖4}⟩ − 3⟨δS^{‖2}⟩^2, κ^S_6 = ⟨δS^{‖6}⟩ − 10⟨δS^{‖3}⟩^2 + 30⟨δS^{‖2}⟩^3 − 15⟨δS^{‖4}⟩⟨δS^{‖2}⟩, (5)

where δS^‖ = S^‖ − ⟨S^‖⟩, and κ^S_1 is the magnetization (order parameter) of the system. At vanishing external magnetic field, due to the spatial rotation symmetry of the O(N) groups, such defined order parameter is zero. In the case, an approximated order parameter definition is suggested as, M = ⟨|^1_V ∑ i ⃗S_i|⟩ [25]. On the other hand, the cumulants of the energy are the derivatives of the free energy density with respect to the temperature T . The generating function is

κ^E_n = d^n dx^n ln⟨e^{xE} ⟩ | | | |_{x=0} . (6)

So the first, second, third, fourth and sixth order cumulants of the energy are as follows,

κ^E_1 = ⟨E⟩, κ^E_2 = ⟨δE^2⟩, κ^E_3 = ⟨δE^3⟩,

κ^E_4 = ⟨δE^4⟩ − 3⟨δE^2⟩^2,

κ^E_6 = ⟨δE^6⟩ − 10⟨δE^3⟩^2 + 30⟨δE^2⟩^3 − 15⟨δE^4⟩⟨δE^2⟩, (7)

where δE = E − ⟨E⟩. In the vicinity of the critical point, the free energy density (Eq.(3)) can be decomposed into two parts, the regular and singular parts. The critical related fluctuations are determined by the singular part. It has the scaling form f_s(t, h) = l^{−d}f_s(l^{yt} t, l^{yh} h). (8) Here t = (T − T_c)/T_0 and h = H/H_0 are reduced temperature and magnetic field, T_0 and H_0 are the normalized parameters. T_c is the critical temperature. y_t and y_h are universal critical exponents. In our simulation, we set J = β and choose the approximate critical temperatures, T^{Ising}_c = 4.51 [25], T^{O(2)}_c = 2.202 [26], and T^{O(4)}_c = 1.068 [26] for the 3-dimensional Ising, O(2) and O(4) spin models, respectively.

In order to map the result of the 3-dimensional Ising model to that of the QCD, the following linear ansatz is suggested [27–29], t ≈ T − T_{cp} + a(μ − μ_{cp}), h ≈ μ − μ_{cp} + b(T − T_{cp}). (9) T_{cp} and μ_{cp} are the temperature and chemical potential at the QCD critical point, respectively. a and b are two parameters determined by QCD. The baryon-baryon correlation length diverges with the exponent y_t and exponent y_h when the critical point is approached along the t-direction and h-direction, respectively [11].

The cumulants of the net baryon number are the derivatives of the QCD free energy density with respect to μ. In the vicinity of the critical point, it is the combination of the derivatives with respect to t and h in the 3-dimensional Ising model. Since y_h is larger than y_t [30], the critical behavior of the net baryon number fluctuations is mainly controlled by the derivatives with respect to h, i.e., the fluctuations of the order parameter in the 3-dimensional Ising model.

The singular part of the free energy density for the chiral phase transition is suggested as [9] f_s(T, μ_q, h) T^4

= Ah^{(1+1/δ)}f_f (z), z = t/h^{βδ}, (10)

where β and δ are the universal critical exponents of the 3-dimensional O(4) spin model. f_f (z) is the scaling function. The reduced temperature t and external field h are expressed as follows t ≡ 1 t_0 ( T − T_c T_c + κ_μ( μ_q T )^2), h ≡ 1 h_0 m_q T_c . (11)

Here T_c is the critical temperature in the chiral limit. κ_μ is a parameter determined by QCD [23]. The net baryon number susceptibility is the derivative of free energy density with respective to the chemical potential μ_q . From Eqs. (10) and (11), we can get the derivatives of the free energy density with respect to T , to chemical potential μ̂_q = μ_q /T at μ̂_q = 0, and to μ̂_q ≠ 0 respectively, − ∂f/T^4 ∂T^n = − A (t_0T_c)^n h^{(2−α−n)/βδ}f^{(n)}_f (z), (12)

− ∂f/T^4 ∂μ̂^n_q | | |_{μq =0} = −A(2κ^q )^{n/2}h^{(2−α−n/2)/βδ}f^{(n/2)}f (z), (13) − ∂f/T^4 ∂μ̂^n_q | | |_{μq ≠0} = −A(2κ^q)^n( μ_q T )^nh^{(2−α−n)/βδ}f^{(n)}_f (z), (14) where n is even in Eq. (13).

Comparing Eqs. (13) and (14) with Eq. (12), we can see that the scaling form of derivatives of the free energy density with respect to T and μ_q are equivalent. So the net baryon number fluctuations are related to the derivatives of the free energy density with respect to T in the 3-dimensional O(4) spin model. The n-th order cumulant of the energy from the 3-dimensional O(4) spin model is relevant to the 2n-th (or n-th ) order cumulant of the net baryon number at μ_q = 0 (or μ_q ≠ 0 ) in the chiral phase transition.

The cumulants of the order parameter from the 3- dimensional O(2) and O(4) spin models are the derivatives of the free energy density with respect to the external field. Their critical behavior has been presented and discussed in Ref. [31].

III. CRITICAL BEHAVIOR OF THE HIGH CUMULANTS

The Monte Carlo simulations of the 3-dimensional Ising, O(2), and O(4) spin models are performed by the Wolff algorithm with helical boundary conditions [32]. We start simulation without magnetic field, and then modify the algorithm to include a magnetic field H = 0.05 and H = 0.1 [33].

As we know, the valid region of system size of the finitesize scaling varies with magnetic field and observable. The typical size of an observable at a given magnetic field is determined by the saturation of size dependence, as shown in Ref. [34]. The typical system sizes for each kind of cumulants at a given magnetic field and model are listed in Table I.

TABLE I: The typical system size for each kind of cumulant at a given external field and model

field(H) observable κ_{Sn} (O(1)) κ_{En} (O(1)) κ_{En} (O(2)) κ_{En} (O(4))

0 24 20 20 20 0.05 12 10 10 8 0.1 8 8 8 8

In order to compare the basic structure of the cumulants with and without external fields, each cumulant of the energy at vanishing and non-vanishing external fields is plotted in an identical sub-figure, and rescaled to unity by its maximum or minimum (except for the first order cumulant of the energy from O(2) and O(4) spin models), as shown in Fig. 1, Fig. 4, and Fig. 5. For the Ising model, the cumulants of the order parameter at vanishing and non-vanishing external fields are quite different, which may be caused by the definitions as discussed in section II below Eq. (5). So their cumulants at non-vanishing and vanishing external fields are presented in Fig. 2 and Fig. 3, respectively.

The cumulants of the energy, i.e., κ^E_2 , κ^E_3 , κ^E_4 and κ^E_6 , from the 3-dimensional Ising model at H = 0.1, 0.05, 0 are shown in Fig. 1(a) to 1(d), respectively. We can see that the basic features of the cumulants, i.e., the patterns of the fluctuations, are not influenced by the magnitude of the external field. With the appearing or increasing of the external field, the whole critical region is amplified and shifted toward the high temperature side.

In the vicinity of the critical temperature, κ^E_2 has a maximum peak. κ^E_3 oscillates and its sign changes from positive to negative when temperature increases and passes the critical one. κ^E_4 has two positive maximums locating at the two sides of T_c, respectively. The minimum between them is negative. In contrast to the two positive maximums of κ^E_4 , κ^E_6 has two negative minimums and one positive maximum at the critical temperature region. The sign change for the cumulants of the energy starts at the third cumulant. It happens twice in the fourth and sixth order cumulants.

The cumulants of the order parameter at non-vanishing external fields, i.e., κ^S_2 , κ^S_3 , κ^S_4 and κ^S_6 , from the 3- dimensional Ising model are presented in Fig. 2(a) to 2(d), respectively. We can see that the influences of the external field are similar to those as discussed in Fig. 1.

In the vicinity of T_c, κ^S_2 shows the same peak structure as that for the energy. κ^S_3 has a negative valley and no sign change in the critical region. κ^S_4 shows a obvious positive maximum and a very small negative minimum when the temperature increases and passes the critical one. κ^S_6 oscillates from positive to negative, and the negative valley is more obvious than that in κ^S_4 . Here the sign change starts at the fourth order cumulant in Fig. 2(c).

The high cumulants of the order parameter from the 3-dimensional Ising model at vanishing external field are shown in Fig. 3(a) to 3(b), respectively. κ^S_2 in Fig. 3(a) shows a narrow and sharp peak at the critical temperature region. From Fig. 3(b), we can see that, both κ^S_3

FIG. 1: (Color online). κ^E_2 (a), κ^E_3 (b), κ^E_4 (c) and κ^E_6 (d) at H = 0.1, 0.05, 0 from the 3-dimensional Ising model.

FIG. 2: (Color online). κ^S_2 (a), κ^S_3 (b), κ^S_4 (c), κ^S_6 (d) at H = 0.1, 0.05 from the 3-dimensional Ising model.

and κ^S_4 oscillate, but the former changes from negative to positive, while the latter changes from positive to negative with the increasing temperature. The generic structure of κ^S_6 is similar to that of κ^E_4 , having two positive maximum locating at the two sides of T_c and a negative minimum between them. So the generic structure of the high cumulants at non-vanishing external field is quite different from that at vanishing external field. The sign change in the former case appears in the fourth order cumulant, while the third one in the later case.

Comparing the energy fluctuations in Fig. 1 with the order parameter fluctuations in Fig. 2 and Fig. 3, we can see that the generic structure of the same order cumulant of the energy is different from that of the order parameter, except for the second order one. The way of the sign change of κ^S_3 at H = 0 as shown in Fig. 3(b) is consistent with the expectation from the effective model [7]. The generic structure of κ^S_4 at non-vanishing external field as shown in Fig. 2(c) is very similar to that from the

FIG. 3: (Color online). κ^S_2 (a), κ^S_3 , κ^S_4 and κ^S_6 (b) at H = 0 from the 3-dimensional Ising model.

FIG. 4: (Color online). κ^E_1 (a), κ^E_2 (b), κ^E_3 (c) and κ^E_4 (d) at H = 0.1, 0.05, 0 from the 3-dimensional O(4) spin model.

σ-model [8].

The cumulants of the energy, i.e., κ^E_1 , κ^E_2 , κ^E_3 and κ^E_4 , from the 3-dimensional O(4) spin model at H = 0.1, 0.05, 0 are presented in Fig. 4(a) to 4(d), respectively. Again, the external field shows the similar influences as discussed above. κ^E_1 increases with the temperature. κ^E_2 has a peak and is positive in the whole critical temperature region. κ^E_3 oscillates and changes from positive to negative with the increasing temperature. κ^E_4 has two maximums and a minimum between them. The behavior of κ^E_2 , κ^E_3 and κ^E_4 is similar to that of the energy fluctuations from the 3-dimensional Ising model, cf. Fig. 1(a) to 1(c).

As we discussed in section II, at vanishing baryon chemical potential, χ^B_2 , χ^B_4 , χ^B_6 and χ^B_8 in the chiral phase transition are corresponding to κ^E_1 , κ^E_2 , κ^E_3 and κ^E_4 from the 3-dimensional O(4) spin model. The positive peak of κ^E_2 is consistent with χ^B_4 from the calculations of lattice QCD [10] and the estimations of the PNJL [12] and PQM models [13]. The sign change of κ^E_3 is also observed in χ^B_6 from the PQM model [9, 13].

The cumulants of the energy, i.e., κ^E_1 , κ^E_2 , κ^E_3 and κ^E_4 , from the 3-dimensional O(2) spin model at H = 0.1, 0.05, 0 are presented in Fig. 5(a) to 5(d), respectively. We can see that each sub-figure in Fig. 5 is similar to that in Fig. 4. Each order cumulant of the energy from the 3-dimensional O(2) and O(4) spin models shows qualitatively similar temperature dependence in the vicinity of the critical temperature.

FIG. 5: (Color online). κ^E_1 (a), κ^E_2 (b), κ^E_3 (c) and κ^E_4 (d) at H = 0.1, 0.05, 0 from the 3-dimensional O(2) spin model.

IV. SUMMARY

In this paper we perform the simulations of the 3- dimensional Ising, O(2) and O(4) spin models at a given system size at three different external fields H = 0.1, 0.05, 0. The critical behavior of the high cumulants of the order parameter and energy in the 3-dimensional Ising model, and the cumulants of the energy in the 3- dimensional O(2) and O(4) spin models is presented, respectively. We find that the external field does not influence the generic structure of the cumulants, except the cumulants of the order parameter from the 3-dimensional Ising model. But it widens the temperature region of the critical fluctuations.

For the 3-dimensional Ising model, the generic structure of the high cumulants of the energy are different from that of the order parameter. For the energy fluctuations, the sign change starts at the third order cumulant no matter with or without external field. So does the order parameter at vanishing external field. At non-vanishing external field, the first sign change of the order parameter fluctuations appears at the fourth order cumulant. The common feature is that the higher the order of the cumulant, the more complicated the fluctuation pattern is. The critical behavior of the third order cumulant of the order parameter at vanishing external field, and the fourth order cumulant of the order parameter are consistent with the expectations of the effective model and the σ-model, respectively.

For the 3-dimensional O(2) and O(4) spin models, the behavior of the second to fourth order cumulants of the energy is similar to that from the 3-dimensional Ising model. The sign change also starts at the third order cumulant.

The net baryon number fluctuations based on the O(4) spin model are qualitatively consistent with the calculations from the lattice QCD, and expectations from the PNJL and the PQM models. Our results also show that at vanishing chemical potential, the sixth order cumulant of the net baryon number is necessary in order to observe a sign change in the chiral phase transition.

The authors are grateful for valuable comments and suggestions from Prof. F. Karsch, Dr. S. Mukherjee, Dr. V. Skokov, and Dr. H. T. Ding.

This work was supported in part by the National Natural Science Foundation of China under Grant No. 10835005 and MOE of China under Grant No. IRT0624 and B08033.

[1] K. Fukushima and T. Hatsuda, Rep. Prog. Phys. 74, 014001 (2011).

[2] M. Gyulassy, L. McLerran, Nucl. Phys. A750, 30 (2005);

J. Adams et al. (STAR Collaboration), Nucl. Phys. A757, 102 (2005).

[3] H. Caines-for the STAR Collaboration, arXiv:0906.0305. [4] Y. Hatta and M.A. Stephanov, Phys. Rev. Lett. 91, 102003 (2003).

[5] V. Koch, arXiv:0810.2520.

[6] M.A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009). [7] M. Asakawa, S. Ejiri, and M. Kitazawa, Phys. Rev. Lett.

103, 262301 (2009).

[8] M.A. Stephanov, Phys. Rev. Lett. 107, 052301 (2011). [9] B. Friman, F. Karsch, K. Redlich, V. Skokov, Eur. Phys.

J. C 71, 1694 (2011).

[10] M. Cheng et al., Phys. Rev. D 79, 074505 (2009). [11] R.V. Gavai, S. Gupta, Phys. Lett. B 696, 459 (2011). [12] W.J. Fu, Y.X. Liu and Y.L. Wu, phys. Rev. D 81, 014028 (2010).

[13] S. Chatterjee and K.A. Mohan, arXiv:1201.3352. [14] F. Karsch and K. Redlich, Phys. Rev. D 84, 051504 (2011).

[15] S. Borsányi(for the Wuppertal-Budapest Collaboration), arXiv:1210.6901.

[16] P. de Forcrand and O. Philipsen, Phys. Rev. Lett. 105, 152001 (2010).

[17] M. Stephanov, K. Rajagopal, and E. Shuryak, Phys. Rev.

Lett. 81, 4816 (1998).

[18] M. Asakawa, J. Phys. G: Nucl. Part. Phys. 36, 064042 (2009).

[19] R.D. Pisarski and F. Wilczek, Phys. Rev. D 29, 338 (1984).

[20] Y. Hatta and T. Ikeda, Phys. Rev. D 67, 014028 (2003). [21] C. Bernard et al., Phys. Rev. D 61, 054503 (2000). [22] S. Ejiri et al., Phys. Rev. D 80, 094505 (2009). [23] O. Kaczmarek et al., Phys. Rev. D 83, 014504 (2011). [24] See for instance S.L. Lauritzen, Thiele Pioneer in Statistics, Oxford University Press, 2002.

[25] A.L. Talapov and H.W.J. Blöte, J. Phys. A: Math. Gen.

29, 5727 (1996).

[26] H.G. Ballesteros, L.A. Fernández, V. Marín-Mayor, A.

Muñoz Sudupe, Phys. Lett. B 387, 125 (1996). [27] J.J. Rehr and N.D. Mermin, Phys. Rev. A 8, 472 (1973). [28] N. B Wilding, J. Phys.: Condens. Matter 9, 585 (1997). [29] C. Nonaka and M. Asakawa, Phys. Rev. C 71, 044904 (2005).

[30] J. García, J.A. Gonzalo, Phys. A 326, 464 (2003). [31] Pan Xue’s talk at CPOD11, http://conf.ccnu.edu.cn/∼cpod2011/.

[32] U. Wolff, Phys. Rev. Lett. 62, 361 (1989). [33] I. Dimitrović, P. Hasenfratz, J. Nager and F. Niedermayer, Nucl. Phys. B350, 893(1991).

[34] M.A. York, G.D. Moore, arXiv:1106.2535.