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Introduction

e Lattice: Nonperturbative method to investigcate (QCD thermodynamics; successtul at vanishing
quark chemical potential u

e But: Fermionic sign problem, i.e. complex quark determinant at finite chemical potential forbids
to simulate directly at u # 0 — Need new ideas to simulate lattice QCD at finite chemical
potential, especially at u > T

e Here: Solve the sign problem by going to an effective 3d theory, which drastically reduces the
number of degrees of freedom

e Calculate effective couplings analytically, then solve the effective theory with simulations and
map back to original theory

e Lattice QCD with Wilson action goes to continuum action for lattice spacing a — 0 and reads
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e Finite temperature: Compact temporal direction and (anti-)periodic boundary conditions

e [iffective theory by integrating over spatial link variables — yields infinitely many terms
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e Two kinds of effective interaction terms: S7 are Z(3)-symmetric, S¢ asymmetric

Pure gauge theory

e Pure gauge theory on the lattice 1s described by Wilson action for vanshing r

[1aUexp -5, = exp - Sua(8)] = exp |37 M (5, V)

e [ntegrating out the spatial link variables U; can be done in an expansion in 8 and leads to a Z(3)-
symmetric effective action formulated in terms of Polyakov loops L; = TrW,; = Tt Hf_\[;l Uo(T, Z;)
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e Determination of A. in the effective action allows to map back to B.(NN;) for the (3+ 1)d-theory

e Very important to include corrections in order to get accurate results; A; is known up to

O(ﬁNTJrlO)
e Results are within a few percent compared to Monte Carlo simulations of the full theory

e Higher order interaction terms affect the results very little
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Figure 1: Left: Critical couplings B.(N;) converted to temperatures. Right: Critical k.(N7). |1, 2|.
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Including static fermions

e Fermions can be integrated out exactly — Quark determinant: breaks Z(3)-symmetry explicitely

e Then: same steps as in pure gauge case in a combined strong coupling and hopping expansion
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e Chemical potential introduced via a modification of the temporal quark hops
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e Modifies the effective coupling corresponding to quark loops with some power of
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e [n a rs-expansion: Leading contribution comes from Polyakov loops = Static approximation
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Figure 2: Left: Single Polyakov loop. Right: Generalized Polyakov loop, which winds n
times before being traced.

e Allows to quantitatively explore the upper right corner of the Columbia plot, cf. fig. 4

Including dynamical fermions
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Figure 3: Left: First correction graph, leading to an interaction between equally oriented loops. Right: Summation
over winding numbers in order to fulfill the Pauli principle.

e Corrections also have spatial hops, cf. fig. 3. Summed contribution (neglecting antiquarks) is
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e For finite lattice spacing, baryon density should eventually (i.e. with increasing u) saturate
(Pauli principle); need to sum over all multiple windings of the loops to get this correct
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Figure 4: Lett: Upper right corner of the Columbia plot for imaginary as well as real chemical potential. Right:
First results compatible with the Silver Blaze phenomenon of QCD |3].
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