Published by Institute of Physics Publishing for SISSA/ISAS Received: September 6, 2002 Accepted: October 28, 2002

The factorization method for systems with a complex action. A test in random matrix theory for finite density QCD

Jan Ambjørn,^a Konstantinos N. Anagnostopoulos,^{ab} Jun Nishimura^{ac} and Jacobus J.M. Verbaarschot^d

aThe Niels Bohr Institute Blegdamsvej 17, DK-2100 Copenhagen Ø, Denmark bDepartment of Physics, University of Crete P.O. Box 2208, GR-71003 Heraklion, Greece cDepartment of Physics, Nagoya University Nagoya 464-8602, Japan dDepartment of Physics and Astronomy, SUNY Stony Brook, NY 11794, USA E-mail: ambjorn@nbi.dk, konstant@physics.uoc.gr,

nisimura@eken.phys.nagoya-u.ac.jp, verbaarschot@tonic.physics.sunysb.edu

Abstract: Monte Carlo simulations of systems with a complex action are known to be extremely difficult. A new approach to this problem based on a factorization property of distribution functions of observables has been proposed recently. The method can be applied to any system with a complex action, and it eliminates the so-called overlap problem completely. We test the new approach in a Random Matrix Theory for finite density QCD, where we are able to reproduce the exact results for the quark number density. The achieved system size is large enough to extract the thermodynamic limit. Our results provide a clear understanding of how the expected first order phase transition is induced by the imaginary part of the action.

Keywords: Lattice Quantum Field Theory, Lattice Gauge Field Theories, Lattice QCD.

© SISSA/ISAS 2002 http://jhep.sissa.it/archive/papers/jhep102002062 /jhep102002062 .pdf

Contents

1. Introduction 1

2. Random matrix theory for finite density QCD 2

3. The complex action problem 4

4. The factorization method 6 4.1 The basic formulae 6 4.2 Monte Carlo evaluation of ρ^{(0)}_i (x) and w_i(x) 7 4.3 The virtues of the method 8

5. Reproducing exact results by the new method 9 5.1 μ < μ_c 9 5.2 μ > μ_c 13 5.3 μ ∼ μ_c 13

6. Summary 19

A. Large N behavior of ρ^{(0)}_i (x) 19

1. Introduction

The (euclidean) action of many interesting systems in fields ranging from condensed matter physics to high-energy physics has an imaginary part. Some examples in high-energy physics are QCD at finite baryon density, Chern-Simons theories, systems with topological terms (like the θ-term in QCD) and systems with chiral fermions. While this is not a conceptual problem per se, it severely limits the application of Monte Carlo methods, which otherwise might provide a powerful tool to understand the properties of these systems from first principles. So far there is no general solution to this ‘complex action problem’. In ref. [1] a new Monte Carlo approach to systems with a complex action was proposed. This method utilizes a simple factorization property of distribution functions of observables. Since the property holds quite generally, the approach can be applied to any system with a complex action. Most notably, the method eliminates the so-called overlap problem, which occurs when one applies the standard re-weighting technique to include the effect of the imaginary part. Ultimately we hope that this method will enable us, among other things, to explore the phase diagram of QCD at finite baryon density, where interesting phases such as a superconducting phase have been conjectured to appear [2, 3, 4].

– 1 –

As a first step toward achieving this goal we test the new approach in a Random Matrix Theory for finite density QCD [5]. Random Matrix Theory was originally introduced to describe the spectrum of the Dirac operator at zero chemical potential [6] and has been studied intensively in the literature. (See ref. [7] for a review). The particular extended model we study can be regarded as a schematic model for QCD at finite baryon density. As one increases the ‘chemical potential’, the model undergoes a first order phase transition, where the imaginary part of the action plays a crucial role. Since it is solvable even for finite matrix size N [8], it serves as a useful testing ground for simulation techniques for QCD at finite density. For instance, the problem with quenched simulations [9] has been clarified in ref. [5]. It was also used to test the so-called Glasgow method [10], and the source of the problems was identified [11].

In this article we apply the new method to both phases of this model (below and above the critical point) and obtain the expectation value of the ‘quark number density’. The results nicely reproduce the exact results known for finite N. The values of N that are accessible by the new method turn out to be large enough to extract the large-N limit. Moreover, our results provide a clear understanding of how the first order phase transition is induced by the imaginary part of the action.

The method [12] proposed for simulating θ-vacuum like systems can be regarded as a special case of the factorization method. A simplified version of the method was sufficient because the observable was identical to the imaginary part of the action. The essence of the factorization method is that it avoids the overlap problem by the use of constrained simulations. Results for 2d CP^3 and other models are very promising.

The remainder of this article is organized as follows. In section 2, we define a Random Matrix Theory for QCD at finite baryon density and review the known exact results. In section 3, we explain the complex action problem associated with the standard re-weighting technique. The application of the factorization method to a Monte Carlo study of the Random Matrix Model is discussed in section 4. Section 5 shows the results which nicely reproduce the exact values for the quark number density. Section 6 is devoted to summary and discussions.

2. Random matrix theory for finite density QCD

The Random Matrix Model we study in this article is defined by the partition function Z = ∫ dW e^{−Ntr(W †W )} det D , (2.1)

where W is a N × N complex matrix, and the D is a 2N × 2N matrix given by D = ( m iW + μ iW^† + μ m ) . (2.2)

The parameters m and μ correspond to the ‘quark mass’ and the ‘chemical potential’, respectively. The size of the matrix can be thought of as the total number of ‘low-lying’ modes for given total volume. Since the density of these modes is taken to be unity, N

– 2 –

Figure 1: The exact result (2.8) for the ‘quark number density’ ⟨ν⟩ is plotted as a function of the ‘chemical potential’ μ for N = 8, 16, 32, 64, 128. In the N → ∞ limit, the function develops a discontinuity at μ = μ_c = 0.527 . . ..

can be interpreted as the volume of space time. This model has the global symmetries of the Dirac operator of QCD at nonzero baryon chemical potential, where the matrix W in (2.2) is a complicated function of the background gauge field. Thus the above model can be thought of as a schematic model for QCD at finite baryon density, where the path integral over the gauge field is simply replaced by the gaussian integral over W . Interesting observables are the ‘chiral condensate’ and the ‘quark number density’ defined by Σ = 1 2N tr ( D^{−1} ) (2.3) ν = 1 2N tr ( γ_4D^{−1} ) , γ_4 = ( 0 1 1 0 ) . (2.4)

The model was first solved in the large-N limit [5]. Later it was noticed that the model can be solved even for finite N [8]. Throughout this paper, we consider the massless case (m = 0) for simplicity. Then the partition function can be expressed as

Z(μ) = πe^κN^{−(N+1)}N! [ 1 + (−1)^{N+1} N! γ(N + 1, κ) ] , (2.5)

where κ = −Nμ^2 and γ(n, x) is the incomplete γ-function defined by γ(n, x) = ∫_x 0 e^{−t}t^{n−1}dt . (2.6)

From this result one obtains the vacuum expectation value (VEV) of the quark number density as ⟨ν⟩ = 1 2N ∂ ∂μ ln Z(μ) (2.7) = −μ [ 1 + κ^N e^{−κ} (−1)^{N+1}N + γ(N + 1, κ) ] . (2.8)

In figure 1 we plot ⟨ν⟩ as a function of the chemical potential μ for N = 8, 16, 32, 64, 128.

– 3 –

The large-N limit of this formula can be taken easily by applying the saddle-point analysis to the incomplete γ-function. We obtain lim N→∞ ⟨ν⟩ = { −μ for μ < μ_c 1/μ for μ > μ_c,

(2.9)

where μ_c is the solution to the equation 1 + μ^2 + ln(μ^2) = 0, and its numerical value is given by μ_c = 0.527 . . .. We find that the quark number density ⟨ν⟩ has a discontinuity at μ = μ_c. Thus the schematic model reproduces qualitatively the first order phase transition expected to occur in ‘real’ QCD at nonzero baryon density.

3. The complex action problem

In this section we describe the complex action problem that appears in standard Monte Carlo studies of the model (2.1). Let us first rewrite (2.1) as Z = ∫ dW e^{−S0+iΓ} , (3.1)

where we have introduced S_0 and Γ by

S_0 = N tr ( W^†W ) − ln | det D| (3.2)

det D = e^{iΓ} | det D| . (3.3)

In this form it becomes manifest that the system has a complex action, where the problematic imaginary part Γ is given by the phase of the fermion determinant. Since the weight e^{−S0+i Γ} in (3.1) is not positive definite, we cannot regard it as a probability density. Hence it seems difficult to apply the idea of standard Monte Carlo simulations, which reduces the problem of obtaining VEVs to that of taking an average over an ensemble generated by the probability density. One way to proceed is to apply the reweighting method and rewrite the VEV ⟨ν⟩ as ⟨ν⟩ = ⟨ νe^{iΓ} ⟩ 0 ⟨e^{iΓ}⟩_0

, (3.4)

where the symbol ⟨ · ⟩_0 denotes a VEV with respect to the so-called phase quenched partition function

Z_0 = ∫ dW e^{−Ntr}(^{W †W} )| det D| = ∫ dW e^{−S0} . (3.5)

Since the system (3.5) has a positive definite weight, the VEV ⟨ · ⟩_0 can be evaluated by standard Monte Carlo simulations. However, the fluctuations of the phase Γ in (3.4) grow linearly with the size of the matrix D, which is of O(N). Due to huge cancellations, both the denominator and the numerator of the r.h.s. of (3.4) vanish as e^{−const.N} as N increases, while the ‘observables’ e^{iΓ} and νe^{iΓ} are of O(1) for each configuration. As a result, the number of configurations required to obtain the VEVs with some fixed accuracy grows as e^{const.N} (We remind the reader that N can be considered as the volume of space time).

– 4 –

This is the notorious ‘complex action problem’ (or rather the ‘sign problem’, as we see below). See refs. [13] for simulation results for ‘real’ finite density QCD obtained by this reweighting technique.

In fact we may simplify the expression (3.4) slightly by using a symmetry. We note that the fermion determinant det D, as well as the observable ν, becomes complex conjugate under the transformation W → −W , (3.6) while the gaussian action remains invariant. From this we find that

⟨ν⟩ = ⟨ν_R⟩ + i⟨ν_I⟩ (3.7)

⟨ν_R⟩ =

⟨ν_R cos Γ⟩_0 ⟨cos Γ⟩_0

; ⟨ν_I⟩ = i

⟨ν_I sin Γ⟩_0 ⟨cos Γ⟩_0

, (3.8)

where ν_R and ν_I denote the real part and the imaginary part of ν, respectively. In eq. (3.8) the problem takes the form of the ‘sign problem’, since cos Γ and sin Γ flip their sign violently as a function of the configuration W . Note that both terms in the r.h.s. of (3.7) are real, meaning in particular that their sum ⟨ν⟩ is also real.

The model (3.5) is solvable in the large-N limit [5]. For m = 0 one obtains lim N→∞ ⟨ν⟩_0 = { μ for μ < 1 1/μ for μ > 1 . (3.9)

In this case the VEV of the quark number density is a continuous function of the chemical potential μ unlike in (2.9). This remarkable difference between (2.9) and (3.9) is precisely due to the imaginary part Γ of the action. The two results agree trivially at μ = 0, but interestingly they also agree at μ > 1. This is because the eigenvalues of W are located inside the complex unit circle [11]. If μ > 1, the effect of the fermion determinant is 1/N suppressed, and the quenched approximation, as well as the phase quenched approximation, becomes exact in the thermodynamic limit. Note also that the symmetry under (3.6) implies ⟨ν_I⟩_0 = 0 ; ⟨ν_R⟩_0 = ⟨ν⟩_0 . (3.10) We can also predict ⟨ν_R⟩ and ⟨ν_I⟩ separately for the unquenched model in the large N limit. For that we note that ν(−μ) = −ν(μ)^∗. Therefore we have

⟨ν_R⟩ = 1 2 {⟨ν(μ)⟩ − ⟨ν(−μ)⟩} , ⟨ν_I⟩ = 1 2i {⟨ν(μ)⟩ + ⟨ν(−μ)⟩} , (3.11) where in the calculation of ⟨ν(−μ)⟩ the sign of the chemical potential in the fermion determinant is not changed. In calculating ⟨ν(μ)⟩, the fermion determinant det D(μ) cancels the poles of ν(μ). This is responsible for the difference between quenched and unquenched results for μ < 1. However, the cancellation of the poles does not occur in calculating ⟨ν(−μ)⟩. Therefore we expect that ⟨ν(−μ)⟩ coincides with the corresponding quenched result ⟨ν(−μ)⟩_0 even for μ < 1. This implies in particular that for μ < μ_c we obtain the results ⟨ν_R⟩ = 0 and i ⟨ν_I⟩ = −μ in sharp contrast to the quenched result (3.10). For μ > 1, on the other hand, both ⟨ν_R⟩ and ⟨ν_I⟩ agree with the corresponding quenched results. These results are indeed observed in our Monte Carlo simulations, which shall be discussed in section 5.

– 5 –

4. The factorization method 4.1 The basic formulae In this section, we explain how the factorization method [1] can be used to obtain the VEVs ⟨ν_R⟩ and ⟨ν_I⟩. The fundamental objects of the method are the distribution functions ρ_R(x)^{def}= ⟨δ(x − Re(ν))⟩ and ρ_I(y)^{def}= ⟨δ(y − Im(ν))⟩ (4.1) associated with the complex valued ν . In a unified notation that will be used below these equations can be rewritten as ρ_i(x)^{def}= ⟨δ(x − ν_i)⟩ i = R, I . (4.2) In terms of these functions, the VEVs of ν_i can be expressed as ⟨ν_i⟩ = ∫_∞ −∞ dxxρ_i(x) . (4.3) What is essential for the method are the constrained partition functions Z_i(x) = ∫ dW e^{−S0} δ(x − ν_i) (4.4) and the average of the phase e^{i Γ} with respect to these partition functions φ_i(x)^{def}= ⟨e^{iΓ}⟩_{i,x} . (4.5) If we also introduce the distribution functions for the phase quenched model by ρ^{(0)}_i (x)^{def}= ⟨δ(x − ν_i)⟩_0 , (4.6) the distribution functions for the unquenched model trivially factorize as ρ_i(x) = 1 C ρ^{(0)}_i (x)φ_i(x) i = R, I , (4.7) where the normalization constant C is given by C^{def}= ⟨e^{iΓ}⟩_0 . (4.8) Plugging (4.7) into (4.3), we get ⟨ν_i⟩ = 1 C ∫_∞ −∞ dxxρ^{(0)}_i (x)φ_i(x) . (4.9) Note also that eq. (4.7) implies that the constant C can be written as C = ∫_∞ −∞ dxρ^{(0)}_R (x)φ_R(x) . (4.10) Thus the VEVs ⟨ν_i⟩ (i = R, I) can be expressed solely in terms of the functions ρ^{(0)}_i (x) and φ_i(x) (i = R, I), which can be calculated by standard Monte Carlo simulations. Clearly the derivation presented here is quite general, and we can obtain similar formulae in any complex action system.

– 6 –

In the present case, we can slightly simplify the formulae due to the symmetry under (3.6). Using the properties φ_R(x)^∗ = φ_R(x) , (4.11) φ_I(x)^∗ = φ_I(−x) , (4.12) ρ^{(0)}_I (−x) = ρ^{(0)}_I (x) , (4.13) which follow from the symmetry, we arrive at

⟨ν_R⟩ = 1 C ∫_∞ −∞ dxxρ^{(0)}_R (x)w_R(x) , (4.14)

⟨ν_I⟩ = 2i C ∫_∞ 0 dxxρ^{(0)}_I (x)w_I(x) , (4.15) C = ∫_∞ −∞ dxρ^{(0)}_R (x)w_R(x) , (4.16)

where the weight functions w_i(x) are defined by

w_R(x)^{def}= ⟨cos Γ⟩_{R,x} , (4.17) w_I(x)^{def}= ⟨sin Γ⟩_{I,x} . (4.18) Thus the problem reduces to the calculation of the four real functions ρ^{(0)}_i (x), w_i(x) (i = R, I), which we will now discuss.

4.2 Monte Carlo evaluation of ρ^{(0)}_i (x) and w_i(x) In order to obtain w_i(x) (i = R, I), we need to simulate (4.4). In practice, we simulate a partition function where the δ-function is replaced by a sharply peaked potential Z_{i,V} = ∫ dW e^{−S0} e^{−V (νi)} . (4.19)

In this study we use a gaussian potential

V (x) = 1 2 γ(x − ξ)^2 , (4.20) where γ and ξ are real parameters. The results are insensitive to the choice of γ as far as they are big enough (we used γ = 1000.0). Let us denote the VEV associated with the partition function (4.19) as ⟨O⟩_{i,V} . The expectation value ⟨cos Γ⟩_{R,V} represents the value of w_R(x) at x = ⟨ν_R⟩_{R,V} , while the expectation value ⟨sin Γ⟩_{I,V} represents the value of w_I(x) at x = ⟨ν_I⟩_{I,V} .

In fact we can also obtain the functions ρ^{(0)}_i (x) from the same simulation (4.19). For that we note that the distribution of ν_i in the system (4.19) is given by

ρ_{i,V} (x)^{def}= ⟨δ(x − ν_i)⟩_{i,V} ∝ ρ^{(0)}_i (x)e^{−V (x)} , (4.21) which typically has a peak. The position of the peak, which we denote as x = x̃, is given by the solution to 0 = d dx ln ρ_i(x) = f^{(0)}_i (x) − V^′(x) , (4.22)

– 7 – where we have introduced f^{(0)}_i (x)^{def}= d dx ln ρ^{(0)}_i (x) . (4.23)

Therefore, the quantity V^′(x̃) represents the value of f^{(0)}_i (x) at x = x̃. Since the value of γ is taken to be large, the peak is sharp and we can safely approximate x̃ by the VEV ⟨ν_i⟩_{i,V} . Once we obtain f^{(0)}_i (x) for various x, we can calculate ρ^{(0)}_i (x) by integrating (4.23) and exponentiating, where the integration constant can be determined by the normalization of the distribution ρ^{(0)}_i (x). If the distribution ρ^{(0)}_i (x) would be gaussian (as it is the case near its peak; see appendix), the above procedure is exact even for finite γ.

Monte Carlo simulation of (4.19) can be performed by using the Hybrid Monte Carlo algorithm in much the same way as in refs. [14]. The required computational effort for the present model is O(N^3).

4.3 The virtues of the method

Comparing (4.14), (4.15) and (4.16) with eq. (3.8), we notice that

⟨ν_R cos Γ⟩_0 = ∫_∞ −∞ dxxρ^{(0)}_R (x)w_R(x) , (4.24)

⟨ν_I sin Γ⟩_0 = 2 ∫_∞ 0 dxxρ^{(0)}_I (x)w_I(x) , (4.25)

⟨cos Γ⟩_0 = ∫_∞ −∞ dxρ^{(0)}_R (x)w_R(x) . (4.26)

Thus the new method as it stands simply amounts to using the standard reweighting formula (3.8), but calculating each VEV by using (4.24), (4.26) and (4.26). We now explain the virtues of the present method.

If we are to obtain the VEVs by directly simulating the system (3.5), for most of the time we sample configurations whose ν_i takes a value close to the peak of ρ^{(0)}_i (x). However, from the r.h.s. of (4.24)–(4.26) it is clear that we have to sample configurations whose ν_i takes a value where ρ^{(0)}_i (x)|w_i(x)| becomes large, in order to obtain the VEVs accurately. In general these two regions of configuration space have little overlap, which makes the sampling ineffective. This is the overlap problem. Since the overlap becomes exponentially small as the system size increases, this composes some portion of the complex action problem. The use of (4.24)–(4.26) and calculating the relevant functions as explained in the previous section avoids this problem by ‘forcing’ the simulation to sample the important region.

The knowledge of the weight factor w_i(x), which is provided by the present approach, allows us to probe directly the effect of the imaginary part Γ on the observable of our concern. We can understand which values of the observable are enhanced or suppressed by the effect of Γ. On the other hand, the standard reweighting technique simply gives the integrals on the l.h.s. of (4.24)–(4.26), from which we can hardly imagine how the effect of Γ comes in. In the particular model we are studying, the imaginary part Γ has a dramatic effect on the VEV of the quark number as we discussed in section 3. We will see in the next section that the weight factor w_i(x) indeed provides a clear understanding of this phenomenon.

– 8 –

As we also will see in the next section, a Monte Carlo calculation of the weight factor w_i(x) becomes increasingly difficult with the system size. In that sense the complex action problem is still there. This should be contrasted with the meron-cluster algorithm [15], which has been applied to a special class of complex action systems with computational efforts increasing at most by some power of the system size. However, as mentioned, the factorization method eliminates the overlap problem and this is a substantial step forward which allows us to get closer to the thermodynamic limit. Indeed, we are able to obtain the thermodynamic limit of the ‘quark number density’ in this random matrix model with modest computer resources. See also ref. [16] for an idea to ameliorate the overlap problem in ‘real’ QCD at finite baryon density by extrapolations in the (μ, T ) plane (notice however [17]).

Using the generic scaling properties of the weight factor w_i(x), one may extrapolate the results obtained by direct Monte Carlo evaluations to larger system size. Such an extrapolation is expected to be particularly useful in cases where the distribution function turns out to be positive definite. In those cases we can actually even avoid using the reweighting formula (3.8) by reducing the question of obtaining the expectation value to that of finding the minimum of the free energy, which is (minus) the log of the distribution function. Here, the error in obtaining the scaling function propagates to the final result without significant magnifications. Therefore, the extrapolation can be a powerful tool to probe the thermodynamic limit from the accessible system size. Indeed such a technique has been used in ref. [1] to discuss the dynamical generation of four-dimensional space-time in a nonperturbative formulation [18] of type IIB superstring theory in ten dimensions.

5. Reproducing exact results by the new method

In this section we apply the factorization method to the model (2.1) as described in the previous section and show that it reproduces the known results ⟨ν⟩ given by (2.8) for arbitrary N. Let us recall the dramatic difference between (2.9) and (3.9). It is particularly interesting to see how this occurs due to the effects of Γ in the present approach. First we focus on two values of μ, μ = 0.2 and μ = 1.0, which are on opposite sides of the first order phase transition point μ = μ_c = 0.527 . . ..

5.1 μ < μ_c

We start with the results for μ = 0.2. In figures 2 and 3, we plot w_R(x) and w_I(x) respectively. In figures 4 and 5, we show the results for the functions f^{(0)}_i (x). (The behavior of these functions can be understood theoretically as discussed in the appendix.) By integrating these functions and exponentiating, we obtain the ρ^{(0)}_i (x), which is shown in figures 6 and 7. In figure 8 and 9, we show ρ^{(0)}_R (x)w_R(x) and ρ^{(0)}_I (x)w_I(x), respectively. Using them we obtain ⟨ν_R⟩ and i ⟨ν_I⟩. Summing these values, we get ⟨ν⟩, which should be compared with the exact result obtained from eq. (2.8). The results are shown in table 1.

– 9 –

Figure 2: The weight factor w_R(x) is plotted against x for N = 8, 16, 24, 32, 48, 64 at μ = 0.2.

Figure 3: The weight factor w_I(x) is plotted against x for N = 8, 16, 24, 32, 48, 64 at μ = 0.2.

Figure 4: The function f^{(0)}_R (x) is plotted for N = 8, 16, 24, 32, 48, 64, 96 at μ = 0.2. The solid line represents the asymptotic behavior (A.4) discussed in the appendix.

– 10 –

Figure 5: The function f^{(0)}_I (x) is plotted for N = 8, 16, 24, 32, 48, 64, 96 at μ = 0.2. The solid line represents the asymptotic behavior (A.5) discussed in the appendix.

Figure 6: The function ρ^{(0)}_R (x) is plotted for N = 8, 16, 24, 32, 48, 64, 96 at μ = 0.2. The position of the peak is approaching the large N result ⟨ν_R⟩_0 = 0.2 for the phase quenched system.

Figure 7: The function ρ^{(0)}_I (x) is plotted for N = 8, 16, 24, 32, 48, 64, 96 at μ = 0.2.

– 11 –

Figure 8: The product ρ^{(0)}_R (x)w_R(x) is plotted against x for N = 8, 16, 24, 32, 48 at μ = 0.2.

Figure 9: The product ρ^{(0)}_I (x)w_I(x) is plotted against x for N = 8, 16, 24, 32, 48 at μ = 0.2.

μ N ⟨ν_R⟩ i ⟨ν_I⟩ ⟨ν⟩ ⟨ν⟩ (exact) 0.2 8 0.0056(6) −0.1970(5) −0.1915(7) −0.20000. . . 0.2 16 0.0060(4) −0.1905(13) −0.1845(13) −0.20000. . . 0.2 24 0.0076(9) −0.1972(14) −0.1896(17) −0.20000. . . 0.2 32 0.0021(8) −0.1947(19) −0.1927(25) −0.20000. . . 0.2 48 0.0086(37) −0.2086(54) −0.2000(88) −0.20000. . . 1.0 8 0.8617(10) 0.1981(13) 1.0598(12) 1.066501. . . 1.0 16 0.8936(2) 0.1353(6) 1.0289(5) 1.032240. . . 1.0 32 0.9207(1) 0.0945(2) 1.0152(3) 1.015871. . .

Table 1: Results of the analysis of ⟨ν⟩ described in the text. Statistical errors computed by the jackknife method are shown. The last column represents the exact result (2.8) for ⟨ν⟩ at each μ and N. For μ = 0.2 eq. (2.8) yields ⟨ν⟩ = −0.2 with an accuracy better than 1 part in 10^{−9}.

– 12 –

Note that the sign change of w_R(x) occurs near the peak of ρ^{(0)}_R (x), so that the product ρ^{(0)}_R (x)w_R(x) has a positive regime and a negative regime, which cancel each other resulting in ⟨ν_R⟩ ∼ 0. Thus the main contribution to ⟨ν⟩ comes from the imaginary part ⟨ν_I⟩ in contrast to the results (3.10) for the phase quenched system. This is consistent with the theoretical argument at the end of section 3 that the contribution to ⟨ν⟩ comes solely from the imaginary part in the large N limit.

5.2 μ > μ_c We perform a similar analysis at μ = 1.0. The results are presented in figures 10, . . . , 17. Again the results nicely reproduce the exact results as can be seen in table 1. Note in particular that the finite N effect is 1.6% at N = 32, meaning that the accessible values of N are large enough to extract the large N limit.

Here, w_R(x) is approximately constant in the region where ρ^{(0)}_R (x) is peaked, so the shape of the product ρ^{(0)}_R (x)w_R(x) is similar to ρ^{(0)}_R (x). On the other hand, the peak of ρ^{(0)}_I (x) at x = 0 is slightly shifted by multiplying with w_I(x), but the first moment of the product ρ^{(0)}_I (x)w_I(x) is still small. This is also the case for μ = 0.2, but the difference comes from the normalization constant C in the formula (4.15) for ⟨ν_I⟩. As in (4.16), the constant C is obtained by integrating ρ^{(0)}_R (x)w_R(x), where cancellations occur at μ = 0.2, but not at μ = 1.0. As a result we obtain ⟨ν_I⟩ ∼ 0 at μ = 1.0 as N increases. Thus the main contribution to ⟨ν⟩ comes from the real part ⟨ν_R⟩, and moreover, it is close to ⟨ν_R⟩_0. Again this is consistent with the theoretical argument given at the end of section 3.

It is interesting that the w_R(x) changes from positive to negative for μ = 0.2, but it changes from negative to positive for μ = 1.0. Similarly w_I(x) is positive at x > 0 for μ = 0.2, but it is negative at x > 0 for μ = 1.0. Thus the behavior of w_i(x) changes drastically as the chemical potential μ crosses its critical value μ_c.

5.3 μ ∼ μ_c

Let us see in more detail what is going on in the critical regime. In figures 18 and 19 we plot w_R(x) and w_I(x) respectively for N = 8 at various μ. The final results for ⟨ν_i⟩ are plotted in figure 20 and the corresponding data are listed in table 2. Note that we were able to reproduce the exact result even at the turning point (μ = 0.6139). These results provide a clear understanding of how the first order phase transition occurs due to the effects of Γ.

The fact that |w_i(x)| becomes small near the critical regime reveals an increasing difficulty in approaching the critical point. In figures 21 and 22, we plot ln(max_x |w_I(x)|) against |μ − μ_c| at N = 16, 32 for μ < μ_c and μ > μ_c respectively. Our data can be nicely fitted to ln(max_x |w_I(x)|) = −a exp(−b|μ − μ_c|) + const . (5.1)

For fixed μ, on the other hand, we observe that max_x |w_I(x)| decreases exponentially as ∝ exp(−cN). We plot the result for μ = 0.2 in figure 23. This is consistent with the scaling behavior of the weight function, which plays a crucial role in the extrapolation [1] as we mentioned at the end of section 4.3.

– 13 –

Figure 10: The weight factor w_R(x) is plotted against x for N = 8, 16, 32 at μ = 1.0.

Figure 11: The weight factor w_I(x) is plotted against x for N = 8, 16, 32 at μ = 1.0.

Figure 12: The function f^{(0)}_R (x) is plotted for N = 8, 16, 32 at μ = 1.0. The solid line represents the asymptotic behavior (A.4) discussed in the appendix.

– 14 –

Figure 13: The function f^{(0)}_I (x) is plotted for N = 8, 16, 32 at μ = 1.0. The solid line represents the asymptotic behavior (A.5) discussed in the appendix.

Figure 14: The function ρ^{(0)}_R (x) is plotted for N = 8, 16, 32 at μ = 1.0. The position of the peak is approaching the large N result ⟨ν_R⟩_0 = 1 for the phase quenched system.

Figure 15: The function ρ^{(0)}_I (x) is plotted for N = 8, 16, 32 at μ = 1.0.

– 15 –

Figure 16: The product ρ^{(0)}_R (x)w_R(x) is plotted against x for N = 8, 16, 32 at μ = 1.0.

Figure 17: The product ρ^{(0)}_I (x)w_I(x) is plotted against x for N = 8, 16, 32 at μ = 1.0.

Figure 18: The weight factor w_R(x) is plotted against x for N = 8 at various μ. The behavior changes drastically as μ crosses the critical point.

– 16 –

Figure 19: The weight factor w_I(x) is plotted against x for N = 8 at various μ. The behavior changes drastically as μ crosses the critical point.

Figure 20: The VEV ⟨ν⟩ is obtained by the factorization method at N = 8 for various μ including the critical regime. Statistical errors computed by the jackknife method are also shown. The dashed line represents the exact result (2.8) for ⟨ν⟩ at N = 8.

Figure 21: The result of ln(max_x |w_I(x)|) is plotted against |μ − μ_c| for N = 16, 32 at μ < μ_c. The lines are the fits to the behavior (5.1).

– 17 –

Figure 22: The result of ln(max_x |w_I(x)|) is plotted against |μ − μ_c| for N = 16, 32 at μ > μ_c. The lines are the fits to the behavior (5.1).

Figure 23: The result of ln(max_x |w_I(x)|) at μ = 0.2 is plotted against N. A linearly decreasing behavior is observed at large N. μ N ⟨ν_R⟩ i ⟨ν_I⟩ ⟨ν⟩ ⟨ν⟩ (exact) 0.2 8 0.0056(6) −0.1970(5) −0.1915(8) −0.200000 0.4 8 0.0120(7) −0.395(1) −0.383(2) −0.399743 0.45 8 0.011(1) −0.442(2) −0.430(3) −0.447327 0.48 8 0.016(2) −0.476(3) −0.460(4) −0.470018 0.5098 8 0.032(2) −0.500(3) −0.468(5) −0.474945 0.6139 8 0.522(2) −0.002(3) 0.519(2) 0.511115 0.7 8 0.971(3) 0.480(4) 1.451(6) 1.45516 0.75 8 0.972(1) 0.444(3) 1.417(4) 1.42899 0.8 8 0.949(1) 0.390(2) 1.339(3) 1.34792 0.9 8 0.9054(3) 0.2779(4) 1.1833(6) 1.19253 1.0 8 0.8622(1) 0.1999(2) 1.0620(2) 1.06650 Table 2: Results of the analysis of ⟨ν⟩ for N = 8 at various μ including the critical regime. Statistical errors computed by the jackknife method are also shown. The last column represent the exact result (2.8) for ⟨ν⟩ at N = 8.

– 18 –

6. Summary

In this article we have clarified the properties of the factorization method for systems with a complex action. This method circumvents the overlap problem, and we hope that this feature alone will make various interesting questions accessible by the present day computer resources. Indeed, we were able to reproduce the exact results for the quark number density in a schematic model for QCD at finite baryon density. The achieved system size was already large enough to obtain the thermodynamic limit. We therefore expect that the factorization method is useful to explore the phase diagram of the ‘real’ finite density QCD. The method itself is quite general, and it can be applied to any system with a complex action, although the actual gains may depend on the system.

We also emphasize that in the case where the distribution functions turn out to be positive definite, the method can be even more powerful by utilizing the scaling property of the weight factor. This extrapolation appeared particularly valuable in the study of spontaneous symmetry breaking in the type IIB matrix model. Although this is a very interesting problem which would tell us a great deal about nonperturbative string dynamics and the dynamical origin of the space-time dimensionality, we expect that this method will be useful for other systems as well.

Acknowledgments

We would like to thank W. Bietenholz, Z. Burda, S. Iso, Y. Kikukawa, E. Kiritsis, T. Onogi and B. Peterssen for discussions. The authors are also grateful to I. Kostov, P. Di Francesco and other organizers of the Sixth Claude Itzykson Meeting (Matrix Models 2001), which triggered the current collaboration. K.N.A.’s research was partially supported by RTN grants HPRN-CT-2000-00122, HPRN-CT-2000-00131 and HPRN-CT-1999-00161 and the INTAS contract N 99 0590. The work of J.N. was supported in part by Grant-in-Aid for Scientific Research (No. 14740163) from the Ministry of Education, Culture, Sports, Science and Technology. The work of J.J.M.V. was partially supported by the US DOE grant DE-FG-88ER40388.

A. Large N behavior of ρ^{(0)}_i (x)

In this appendix, we discuss the large N behavior of functions ρ^{(0)}_i (x). From figures 4, 5, 12, 13, we find that ρ^{(0)}_i (x) is well approximated by the gaussian distribution near the peak, but there is a transition to a power-like tail (ρ^{(0)}_i (x) ∝ x^{−4}) at large |x|. The function f^{(0)}_i (x) scales in this power regime. In the gaussian regime, on the other hand, the function 1 N f^{(0)}_i (x), with the normalization factor 1/N, scales as is shown in figures 24 and 25 for μ = 0.2. As a result the extent of the gaussian regime shrinks as 1/ √ N. Such a behavior is obtained if N independently distributed eigenvalues of W contribute to ⟨ν⟩. Indeed, the correlations of the eigenvalues of the matrix W in our model decay exponentially on the scale of the average level spacing.

– 19 –

Figure 24: The function^1_N f^{(0)}_R (x) is plotted for μ = 0.2. A clear scaling behavior is seen in the linear regime, where the function crosses zero.

Figure 25: The function^1_N f^{(0)}_I (x) is plotted for μ = 0.2. A clear scaling behavior is seen in the linear regime, where the function crosses zero.

The observed power tail can be understood as follows. The point is that large values of the baryon number result from eigenvalues of the matrix W close to ±iμ. The probability of finding one eigenvalue λ inside a radius α can be easily obtained for μ = 0 from generalizing a calculation in the book of Mehta [19] (the chapter on RMT’s without hermiticity conditions). One finds that P (∃λ < α) = N^2 2 α^4 for α → 0 . (A.1)

If we assume stationarity of this result we obtain P (|ν| > x) = P ( ∃λ, |λ − iμ| < 1 2Nx ) = 1 32N^2x^4

. (A.2)

– 20 –

For the probability density we thus find P (|ν| = x) = 1 8N^2x^5

, (A.3)

so that the real and imaginary parts of the quark number density behave as 1/x^4 for large |x|. Since the level spacing distribution is a universal feature of Random Matrix Theories, we expect that such power-like tails are generic and also occur in QCD.

In fact our results in figures 4, 5, 12, 13 suggest that f^{(0)}_R (x) and f^{(0)}_I (x) are given at large |x| by

f^{(0)}_R (x) ∼ − 4 x − μ (A.4)

f^{(0)}_I (x) ∼ − 4 x , (A.5)

which agrees with the above argument.

References

[1] K.N. Anagnostopoulos and J. Nishimura, A new solution of the complex action problem and the dynamical space-time in the IIB matrix model, hep-th/0108041.

[2] D. Bailin and A. Love, Superfluidity and superconductivity in relativistic fermion systems, Phys. Rept. 107 (1984) 325.

[3] M.G. Alford, K. Rajagopal and F. Wilczek, QCD at finite baryon density: nucleon droplets and color superconductivity, Phys. Lett. B 422 (1998) 247 [hep-ph/9711395].

[4] R. Rapp, T. Schafer, E.V. Shuryak and M. Velkovsky, Diquark bose condensates in high density matter and instantons, Phys. Rev. Lett. 81 (1998) 53 [hep-ph/9711396].

[5] M.A. Stephanov, Random matrix model of QCD at finite density and the nature of the quenched limit, Phys. Rev. Lett. 76 (1996) 4472 [hep-lat/9604003].

[6] E.V. Shuryak and J.J.M. Verbaarschot, Random matrix theory and spectral sum rules for the Dirac operator in QCD, Nucl. Phys. A 560 (1993) 306 [hep-th/9212088].

[7] J.J.M. Verbaarschot and T. Wettig, Random matrix theory and chiral symmetry in QCD, Ann. Rev. Nucl. Part. Sci. 50 (2000) 343–410 [hep-ph/0003017].

[8] M.A. Halasz, A.D. Jackson and J.J.M. Verbaarschot, Fermion determinants in matrix models of QCD at nonzero chemical potential, Phys. Rev. D 56 (1997) 5140 [hep-lat/9703006].

[9] I. Barbour et al., Problems with finite density simulations of lattice QCD, Nucl. Phys. B 275 (1986) 296;

J.B. Kogut, M.P. Lombardo and D.K. Sinclair, Quenched QCD at finite density, Phys. Rev. D 51 (1995) 1282 [hep-lat/9401039].

[10] I.M. Barbour, S.E. Morrison, E.G. Klepfish, J.B. Kogut and M.-P. Lombardo, The critical points of strongly coupled lattice QCD at nonzero chemical potential, Phys. Rev. D 56 (1997) 7063 [hep-lat/9705038].

[11] M.A. Halasz, J.C. Osborn, M.A. Stephanov and J.J.M. Verbaarschot, Random matrices and the convergence of partition function zeros in finite density QCD, Phys. Rev. D 61 (2000) 076005 [hep-lat/9908018].

– 21 –

[12] V. Azcoiti, G. Di Carlo, A. Galante and V. Laliena, New proposal for numerical simulations of theta-vacuum like systems, Phys. Rev. Lett. 89 (2002) 141601 [hep-lat/0203017].

[13] A. Vladikas, QCD at finite baryon density, Nucl. Phys. 4 (Proc. Suppl.) (1988) 322;

D. Toussaint, Simulating QCD at finite density, Nucl. Phys. 17 (Proc. Suppl.) (1990) 248.

[14] J. Ambjørn, K.N. Anagnostopoulos, W. Bietenholz, T. Hotta and J. Nishimura, Large-N dynamics of dimensionally reduced 4d SU(N) super Yang-Mills theory, J. High Energy Phys. 07 (2000) 013 [hep-th/0003208];

J. Ambjørn, K.N. Anagnostopoulos, W. Bietenholz, T. Hotta and J. Nishimura, Monte Carlo studies of the IIB matrix model at large-N, J. High Energy Phys. 07 (2000) 011 [hep-th/0005147].

[15] W. Bietenholz, A. Pochinsky and U.J. Wiese, Meron cluster simulation of the theta vacuum in the 2-d O(3) model, Phys. Rev. Lett. 75 (1995) 4524 [hep-lat/9505019]; S. Chandrasekharan and U.J. Wiese, Meron-cluster solution of a fermion sign problem, Phys. Rev. Lett. 83 (1999) 3116 [cond-mat/9902128];

M.G. Alford, S. Chandrasekharan, J. Cox and U.J. Wiese, Solution of the complex action problem in the Potts model for dense QCD, Nucl. Phys. B 602 (2001) 61 [hep-lat/0101012]; S. Chandrasekharan, J. Cox, J.C. Osborn and U.J. Wiese, Meron-cluster approach to systems of strongly correlated electrons, cond-mat/0201360.

[16] Z. Fodor and S.D. Katz, Lattice determination of the critical point of QCD at finite T and μ, J. High Energy Phys. 03 (2002) 014 [hep-lat/0106002].

[17] P.R. Crompton, Composite reweighting the glasgow method for finite density QCD, Nucl.

Phys. B 619 (2001) 499 [hep-lat/0108016];

P.R. Crompton, Composite reweighting SU(2) QCD at finite temperature, Nucl. Phys. B 626 (2002) 228 [hep-lat/0111024];

P. de Forcrand and O. Philipsen, The QCD phase diagram for small densities from imaginary chemical potential, Nucl. Phys. B 642 (2002) 290 [hep-lat/0205016]; M. D’Elia and M.-P. Lombardo, Imaginary chemical potential in QCD at finite temperature,

hep-lat/0205022.

[18] N. Ishibashi, H. Kawai, Y. Kitazawa and A. Tsuchiya, A large-N reduced model as superstring, Nucl. Phys. B 498 (1997) 467 [hep-th/9612115].

[19] M.L. Mehta, Random matrices, Academic Press, San Diego 1991.

– 22 –