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I discuss the analytic structure of thermodynamic quantities for com-
plex values of thermodynamic variables within Landau theory. In partic-
ular, the singularities connected with phase transitions of second order,
first order, and cross over types are examined. A conformal mapping is
introduced, which may be used to explore the thermodynamics of strongly
interacting matter at finite values of the baryon chemical potential i start-
ing from lattice QCD results at 2 < 0. This method allows us to improve
the convergence of a Taylor expansion about ¢ = 0 and to enhance the sen-
sitivity to physical singularities in the complex p plane. The technique is
illustrated by an application to a second-order transition in a chiral effective
model.
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1. Introduction

The properties of strongly interacting matter at finite temperature, T'#£0,
and baryon density, np # 0, have been studied extensively in recent years.
The phase diagram has been explored experimentally in heavy-ion collisions
and examined theoretically in models, as well as in first-principle calculations
of Quantum Chromodynamics (QCD). In the non-perturbative regime of
QCD, Lattice Gauge Theory (LGT) provides a powerful tool for computing
the thermodynamic properties of strongly interacting matter. However, the
so-called fermion sign problem prohibits a straightforward application of
LGT at non-zero (real) values of the baryon chemical potential.

Various approaches have been developed, to sidestep this problem (for a
review see Ref. [1]). These generally involve an extrapolation from ensem-
bles, where the fermion determinant is positive definite, e.g. from p =0 or
from imaginary p. Using such techniques, thermodynamic functions can be
computed for small real /T, i.e., for small baryon densities.

* Talk presented at HIC for FATR, Workshop and XXVIII Max Born Symposium “Three
Days on Quarkyonic Island”, Wroctaw, Poland, May 19-21, 2011.

(707)



708 B. FRIMAN

The extrapolation from the g = 0 ensemble can be performed, e.g. by
means of a Taylor expansion [2| in /7. Without refinements, this method
is applicable only within the radius of convergence of the series, R,. For
imaginary u, the fermion determinant is strictly positive definite and con-
sequently systematic LGT calculations are possible [3,4,5,6]. An analytic
continuation to real pu by means of a polynomial is valid only within the
convergence radius of the Taylor expansion [5]. Thus, both methods are
restricted in their applicability by R,,.

The radius of convergence of a Taylor series is limited by the distance
to the closest singularity. Conversely, the convergence properties of a power
series provide information on the singularities of the original function. Of
particular interest are the singularities that are related to a phase transi-
tion [7,8,9]. The analytic structure in the complex p plane in finite systems
was explored in a simple exactly solvable model in Ref. [8]. In this paper,
I focus on systems in the thermodynamic limit, and do not discuss finite-size
effects.

The convergence properties of a Taylor series in p has been studied in
model calculations |9, 10]. It was found that on the order of 20 terms or
more are needed to obtain reliable information on the structure of the phase
diagram for such models. This is well beyond what is presently available
in LGT calculations |11, 12]. Here, more powerful methods for the analysis
of a truncated power series, based e.g. on the Padé conjecture (for an ap-
plication to QCD in Ref. [13]) or on analytic continuation using conformal
mappings [14], may prove useful.

In this paper, I first discuss the singularities of the order parameter for
different types of phase transitions within the Landau theory. Subsequently,
I briefly describe the analytic structure in the complex p plane in an effective
model, the quark-meson model [15]. Finally, I present a method using a
conformal mapping for determining the approximate location of a second-
order critical point, given a finite number of terms in a series expansion of
a thermodynamic function.

2. Analytical structure of thermodynamic functions

We now discuss the analytical structure of thermodynamic functions in
systems with a phase transition. The general features are illustrated in a
transparent framework, the Landau theory of phase transitions. Consider
first a second order phase transition, described by the Hamiltonian density'

b
Hlo] = 302—1-1044-%06—h0, (1)

! Since we consider only uniform condensates, gradient terms do not contribute.
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where o is the order parameter of the phase transition and h is a symmetry-
breaking external field. The parameter a depends on temperature and chem-
ical potential, and vanishes at the second order critical point® (a. = 0), while
b is a positive constant and ¢ is introduced for later use. For now, we put
c=0.

We consider the analytic structure of the order parameter as a function
of a complex a. The order parameter as a function of a is obtained by solving
the gap equation

OH

Consider first, a system with exact symmetry, i.e. h = 0. For real a below
the critical point (Re[a] < 0, Im[a] = 0), the symmetry is spontaneously
broken and the order parameter is non-zero. At the critical point, a. = 0,
the three solutions of the gap equation coincide; this is a branch point of a
cut along the positive real a-axis for the two solutions with non-zero order
parameter’. A Taylor expansion about a point in the broken symmetry
phase, ap with Relag] < 0 and Imag] = 0, converges within the radius equal
to the distance to the critical point, R, = |ap — ac|.

We now turn to the case with an explicit symmetry breaking term, ¢.e.
h # 0, while b is still positive. In this case, there is no true phase transi-
tion; the order parameter is always non-zero. The second order transition
is replaced by a cross over transition. The singular points in the complex
a plane are obtained by solving a system of equations consisting of the gap
equation and its derivative 9*H /002 = 0 for a. There are three solutions
an = —r e 2M/3 where r = 3(bh?/4)Y/3 and n = 0,1,2; the two complex
ones are relevant for the cross-over transition. The singularity corresponding
to the critical point of the second order transition is, for h # 0, split into two
singularities at complex conjugate values of a, acc = a1 and a}, = a. Both
singularities are branch points of the physical solution, which minimizes H
for real a, and thus limits the radius of convergence of a Taylor expansion
about ag. The singularity at a = —r is closer to ag, but is located on an
unphysical Riemann surface, and therefore does not affect the convergence
properties.

To describe a first-order transition, we allow also b to vary, and take c
to be a positive constant to insure stability. For positive b, the transition is
second order or of the cross-over type, depending on whether the symmetry-

2 The critical point a. = 0 may correspond to a critical line in the 7 plane. In this
discussion, a is a proxy for the complex chemical potential.

3 In general, a singularity is located at a point, where at least two solutions come
together. The solutions of the gap equation form Riemann surfaces that are joined
at the cuts.
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breaking field h vanishes or not. However, for negative b, the gap equation

g/::aa—l—bag—i—ca‘r’:h (3)
has, for small positive values of a, five real solutions, corresponding to three
minima and two maxima of H. Consequently, there is a first-order phase
transition, with a discontinuous change of the order parameter. For h # 0,
the corresponding phase diagram in the a—b plane is shown schematically
in Fig. 1. The cross-over transition, defined by the maximum of the order-
parameter susceptibility, is shifted to a positive a ~ h%/®. Similarly, the
critical endpoint, where the first order transition ends, is shifted from the
tricritical point (h = 0) located at a = b = 0 to acep =~ 2.28 h4/5,bcep ~
—2.25 W2/

a

Symmetric
phase
1st order

Cross over

b

Symmetry
broken phase

Fig. 1. Schematic phase diagram of Landau theory, with i # 0.

The dependence of the order parameter as a function of a for a first-
order transition is shown schematically in Fig. 2. The location of the phase
transition is indicated by the Maxwell construction, the vertical line in the
plot. Two solutions of the gap equation coincide at the singular points,
where do/Ja = oo, marked by dots. These are the spinodal points, where
the corresponding solution becomes unstable. Between the spinodal points
and the Maxwell construction, the solutions are metastable.

The convergence radius of an expansion about e.g. the point close to the
y-axis in Fig. 2 is determined by the spinodal point of the same solution.
Thus, neither the Maxwell construction nor the other spinodal point affect
the convergence properties of the Taylor expansion, although they are closer
to the expansion point*. In Fig. 3, we show the movement of the singularities

4 We note that the analytic structure near a first-order transition may, in fact, be more
complex than implied by the mean-field arguments employed here [16]. Moreover,
in finite systems, the closest singularities are the Yang-Lee zeroes [17], which, as
discussed in [8], are reflected in the convergence properties of a Taylor expansion at
large orders.
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Fig.2. Schematic plot of the order parameter as a function of a for a first-order
transition. The Maxwell construction is indicated by the vertical line.

in the complex a plane as a function of b. For b < 0, the transition is
first order and the relevant singularity is located on the real axis. At the
critical end point, the first-order transition ends, and is replaced by a cross-
over transition. There the singularity splits into two, which move into the
complex a plane.
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Fig. 3. The movement of the relevant singularities as functions of b.

The discussion of the analytic structure in the complex a plane and the
corresponding convergence properties can be directly adapted to an expan-
sion in the complex p plane. Thus, the analytic structure connected with
a phase transition is reflected in the convergence properties of a Taylor ex-
pansion in . This can be utilized to locate the critical point approximately
given a finite number of terms in the expansion. In Fig. 4, we show the
radius of convergence obtained from the analytic structure in the complex
1 plane for the quark-meson model for a non-zero quark mass. In this case,
the radius of convergence is minimal close to the pseudo-critical temperature
at i = 0 and is due to the cross-over transition.
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Fig.4. The radius of convergence in p related to the first-order and cross-over
transitions in the QM model for a non-zero quark mass.

3. Conformal mapping

The analytic structure of the quark-meson model in the complex fugacity
A = e#/T plane is show in Fig. 5 for temperatures above the critical end point
and in the chiral limit. There are two cuts associated with the critical point
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Fig.5. The analytic structure of the quark-meson model in the chiral limit at a
temperature above the tricritical point, where there is a second-order transition
at a finite density. The branch point at A\. = e*</T is the critical point of the
second-order transition.

pe and at its mirror image at —pu. that start at A and 1/A., respectively.
Furthermore, there is a cut on the negative real A axis, which is due to the
singularities of the Fermi function. The cut A plane is mapped on to a unit
circle by the conformal mapping

VM1V A
VM =14+ VA= 2

w(A) (4)

The branch points at A and 1/\; are mapped onto w = 1 and w = —1 re-
spectively, while the corresponding cuts are mapped onto the circumference
of the unit circle, as shown in the left panel of Fig. 6. A Taylor expansion
in w converges everywhere within the circle. Hence, by applying the inverse



Phase Transitions at Finite Density 713

mapping to this Taylor expansion, one obtains an expansion which converges
in the complete cut A\ or equivalently p plane. We note that n terms of the
original expansion are sufficient to compute the n first Taylor coefficients of
the w expansion.

Imw Imw Imw
Rew Rew r .\Rew

1 we )1 \ Jl

We

Fig.6. The unit circle in the w plane, the result of the conformal mapping (4) of
the cut A plane in Fig. 5. The middle and right panels show the analytic structure
obtained with the mapping (5) for Ay > A and Ay < A, respectively.

In applications, e.g. to lattice QCD, the location of the critical point
in the p plane is not known. Hence, a strategy by which one can find the
(approximate) location of singularities, given a finite number of terms in the
Taylor expansion, is needed. Below, we present a method which is useful
for locating a second-order phase transition, i.e., a critical point on the
real p axis. In the case of QCD, this could be a critical endpoint, where
the crossover transition ends and is replaced by a first-order transition. In
order to deal with a cross-over transition, where the singularity is located at
complex p, a generalization of this method would be required.

First, we define a map of the type (4), replacing the critical fugacity Ac
by a parameter g

INRVZ v Vs T v
wg(A,Ag)—\/)\/\g_l_i_\//\g_)\- (5)

The analytical structure of the thermodynamic function in the wg plane now
depends on the value of g relative to Ac. For Ay > A¢, the branch points
associated with the critical point, A, and 1/)., are mapped onto points in-
side the unit circle at w = Fw. = Twg(Ac; Ag) (see Fig. 6, middle panel).
Since w = tw, are the singularities that are closest to the origin, the radius
of convergence of the Taylor expansion in w is given by R,, = w¢. If, on the
other hand, Ag < Ac, the critical point is mapped onto the circumference of
the unit circle (Fig. 6, right panel) and consequently the radius of conver-
gence equals unity, R,, = 1. The expected dependence of R,, on A is shown
in the left panel of Fig. 7. In the ideal case, where R,, is known exactly,
any point on the curve with R, < 1 could be used to determine A, using
the inverse mapping to w = R,,. When only a finite number of terms of the
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Taylor expansion are known, one obtains only an approximate value for the
radius of convergence. A more reliable estimate is then obtained by using
the functional dependence of R,, on g, as described below.
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Fig. 7. The radius of convergence R} in the w plane as a function of 1/A;. The left
panel shows wg(Ac; Ag) for A; = 4, while the right panel shows the R computed in
the QM model for n = 12 (dots). The error bars show the deviation of the radius
of convergence Rf% from that obtained with n = 10. The solid line show the result
of fitting the Ansatz R (\g).

In order to enhance the sensitivity to the location of the critical point
and minimize the influence of other singularities, it is advantageous to use a
mapping which leaves the singularity of interest close to the origin and moves
all others as far away as possible [18|. This can be achieved by varying Ag
in Eq. (5). Thus, given a Taylor expansion in p, or equivalently in A, known
up to nth order, we proceed by performing the mapping of the truncated
series and obtain an expansion about w = 0 at nth order in w.

The radius of convergence, as a function of the parameter A, is approx-
imately given by’ RY = \cﬂ(_l/ "), The approximate expression is, for a
given n, fitted with the Ansatz RY()\g) = a+wg(Ac; Ag) for RY < 0.95. The
parameter a accounts for corrections due the truncation at a finite n, while
A is the approximate critical fugacity. We neglect the weak dependence of
aon g [14].

The resulting fit is illustrated in the right panel of Fig. 7 at a tempera-
ture T' = 150 MeV for n = 12. By following the procedure outlined above
for temperatures in the range from 100 MeV to 71, we obtain an approx-
imate phase diagram of the QM model shown in Fig. 8. For comparison,
we also show the results obtained by extracting the radius of convergence
directly from the original Taylor series in u, for n = 8,12. The present
approach yields a better estimate for the location of the critical point for

5 . . . . . .
° In the limit n — oo, this expression for the radius of convergence is exact.
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all values of n considered. The fact that over a wide range of temperatures,
we find approximately the same phase boundary for different n confirms the
consistency of the Ansatz for R™.

exact \ M
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Fig.8. The phase diagram of the QM model in the chiral limit. The solid line
represents the critical line of the second-order phase transition, while the dashed
and dash-dotted lines are obtained using different estimates of the radius of con-
vergence based on the original Taylor expansion in p. The symbols show the phase
boundary obtained using the mapping technique discussed in the text.

For a physical pion mass, we expect a crossover transition at small values
of the chemical potential. In this case, the critical singularity splits into two
conjugate branch points, located at complex values of the chemical potential
symmetrically with respect to the real axis [8,19], ueo and p,, in analogy to
the singularities in the a plane (see Fig. 3). Hence, in this case, the radius
of convergence of the Taylor expansion is given by the distance of pe, to
the origin, |peo|.- As shown in Fig. 4, the resulting radius of convergence
in the QM model decreases continuously, as the temperature is increased
from the critical endpoint to the pseudo-critical temperature at ;4 = 0 and
then increases again, with a minimum located close to the pseudo-critical
temperature at u = 0.

In this paper, I discussed the analytic structure of thermodynamic func-
tions in the vicinity of phase transitions and presented a scheme, employing
a conformal mapping, for locating the critical point of a second-order phase
transition in the thermodynamical limit. Generalizations of this approach
to finite systems and to crossover transitions would be useful.

I thank Kenji Morita and Vladimir Skokov for numerous stimulating dis-
cussions. This work was supported in part by the ExtreMe Matter Institute
EMMI.



716 B. FRIMAN

REFERENCES

[1] O. Philipsen, PoS LAT2005, 016 (2006) [PoS JHW2005, 012 (2006)].

[2] C.R. Allton et al., Phys. Rev. D68, 014507 (2003); R.V. Gavai, S. Gupta,
Phys. Rev. D68, 034506 (2003).

[3] A. Roberge, N. Weiss, Nucl. Phys. B275, 734 (1986).

[4] M.G. Alford et al., Phys. Rev. D59, 054502 (1999).

[5] P. de Forcrand, O. Philipsen, Nucl. Phys. B642, 290 (2002).
[6] M. D’Elia, M.P. Lombardo, Phys. Rev. D67, 014505 (2003).
[7] P.C. Hemmer, E.H. Hauge, Phys. Rev. 133, A1010 (1964).
[8] M.A. Stephanov, Phys. Rev. D73, 094508 (2006).

[9] F. Karbstein, M. Thies, Phys. Rev. D75, 025003 (2007).

[10] F. Karsch, B.J. Schaefer, M. Wagner, J. Wambach, Phys. Lett. B698, 256
(2011).

[11] R.V. Gavai, S. Gupta, Phys. Rev. D78, 114503 (2008).

[12] C. Schmidt, Prog. Theor. Phys. Suppl. 186, 563 (2010) [arXiv:1007.5164
[hep-lat]].

[13] M.P. Lombardo, PoS LAT2005, 168 (2006) [arXiv:hep-lat/0509181].
[14] V. Skokov, K. Morita, B. Friman, Phys. Rev. D83, 071502 (2011).

[15] R. Friedberg, T.D. Lee, Phys. Rev. D15, 1694 (1977).

[16] W. Klein, Phys. Rev. B21, 5254 (1980).

[17] C.N. Yang, T.D. Lee, Phys. Rev. 87, 404 (1952); Phys. Rev. 87, 410 (1952).
[18] C.J. Pearce, Adv. Phys. 27, 89 (1978).

[19] C. Itzykson et al., Nucl. Phys. B220, 415 (1983).


http://dx.doi.org/10.1103/PhysRevD.68.014507
http://dx.doi.org/10.1103/PhysRevD.68.034506
http://dx.doi.org/10.1103/PhysRevD.68.034506
http://dx.doi.org/10.1016/0550-3213(86)90582-1
http://dx.doi.org/10.1103/PhysRevD.59.054502
http://dx.doi.org/10.1016/S0550-3213(02)00626-0
http://dx.doi.org/10.1103/PhysRevD.67.014505
http://dx.doi.org/10.1103/PhysRev.133.A1010
http://dx.doi.org/10.1103/PhysRevD.73.094508
http://dx.doi.org/10.1103/PhysRevD.75.025003
http://dx.doi.org/10.1016/j.physletb.2011.03.013
http://dx.doi.org/10.1016/j.physletb.2011.03.013
http://dx.doi.org/10.1103/PhysRevD.78.114503
http://dx.doi.org/10.1143/PTPS.186.563
http://dx.doi.org/10.1103/PhysRevD.83.071502
http://dx.doi.org/10.1103/PhysRevD.15.1694
http://dx.doi.org/10.1103/PhysRevB.21.5254
http://dx.doi.org/10.1103/PhysRev.87.404
http://dx.doi.org/10.1103/PhysRev.87.410
http://dx.doi.org/10.1080/00018737800101354
http://dx.doi.org/10.1016/0550-3213(83)90499-6

	1 Introduction
	2 Analytical structure of thermodynamic functions
	3 Conformal mapping

