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• Sign problem spoils Hybrid Monte Carlo simulations for µ > 0.
• Simulate at µ = 0 and apply e.g. extrapolation techniques.
• Choose purely imaginary chemical potential µ = iµi .
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Imaginary Chemical Potential and Roberge Weiss
Symmetry

• No sign problem→ Hybrid Monte Carlo applicable.
• QCD partition function symmetries (Roberge-Weiss symmetry)

Z (µ) = Z (−µ) , Z
( µ

T

)
= Z

(
µ

T
+ i

2πn
3

)
.

Roberge & Weiss, Nucl. Phys. B275 (1986)

• Adding µi/T = 2πn/3 , n ∈ Z is equivalent to Z (3)
transformation.

• Describes completely equivalent physics.
• Centre symmetry is a good symmetry again.
• Centre sectors seperated by

µc
i =

πT
3

(2n + 1) , n ∈ Z.
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Imaginary Chemical Potential and Roberge Weiss
Symmetry

Roberge-Weiss phase diagram
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• Polyakov loop on the lattice: L(n) = 1
V

∏Nτ

τ0
U0(τ,n)

• Phase of the Polyakov is sensitive to centre sector transitions

TrLg = e−i 2πn
3 TrL
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The QCD Phase Structure for Imaginary µ
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The QCD Phase Structure for Imaginary µ
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The QCD Phase Structure for Imaginary µ

1st order −→ 1st order triple
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Previous and Ongoing Studies

Studies done on Nτ = 4:
• Staggered, Nf = 2, 2 + 1, 3
• Wilson, Nf = 2

Ongoing for Nτ = 6:
• Wilson, Nf = 2
• κ ∈ (0.1000,0.1650)
• O(15)β for 3-4 Nσ ∈ (16,36)
• O(80k − 200k) trajectories
• OpenCL based CL2QCD code

Bach, Philipsen, Pinke (arxiv:1411.5219v2)(2014)
https://github.com/CL2QCD/cl2qcd.git
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Extracting the Order of a Phase Transition

B4(β) =

〈
(LIm − 〈LIm〉)4

〉

〈(LIm − 〈LIm〉)2〉 2 lim
V→∞

B4(βc) =





1 ,1st order
1.5 ,1st order triple
1.604 ,2nd order Z(2)
3 , crossover

B4

(β − βc)0

3

1

1.5

crossover

1st order

V =∞
V2 > V1
V1

1st order triple
T

µi
T /

π
3

1

B4(β,Nσ) = B4(βc ,∞) + a (β − βc)N1/ν
σ + . . .
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Finite Size Scaling
• Smoothing/interpolating Data points with Ferrenberg-Swensen

reweighting.
• Fitting of

B4(βc ,Nσ) = B4(βc ,∞) + a (β − βc)N1/ν
σ

to reweighted points.

 1

 1.5

 2

 2.5

 3

 3.5

 4

 4.5

 5.84  5.845  5.85  5.855  5.86  5.865  5.87

β

Fit to B4( L.im ) of form → B4(∞) + b(β - βc)·Ns
(1/ν)

 with B4(∞)=1.7660±0.0111, b=-0.1410±0.0484, ν=0.4783±0.0250
βc=5.8567±0.0001, χ2

/ndf=24=0.999240, Q=46.26% 

commit bf74014b73b4f8800ccf028bceb4645b89832d46

k1100

ns20, β ∈ [5.8470,5.8590]

ns24, β ∈ [5.8520,5.8580]

ns30, β ∈ [5.8530,5.8580]

ns36, β ∈ [5.8540,5.8570]

κ = 0.11, Nτ = 6
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Finite Size Scaling

B4(βc ,Nσ) = B4(βc ,∞) + a (β − βc)N1/ν
σ + . . .

= B4(βc ,∞) + a x + . . .

• Fit criteria:
X Q ≈ 50%
X χ2 ≈ 1
X Overlap in x ≥ 80%
X Symmetry of x around 0

βc

Nσ1

Nσ2
0 x

Nσ1 < Nσ2

β

βc

• ν less prone to finite size effects
→ better suited to extract order of phase transition

• Determine order of phase transition according to

ν =





1/3 1st order triple
1/2 tricritical
0.63 2nd order 3D Ising
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Results

Results for studies with Nf = 2 flavors of Wilson fermions on
Nτ = 4 lattices
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• Shift in 1st order region to smaller kappa: T = 1/(aNτ )
⇒ Tricritical mass: mtric

π ≈ 730 MeV→ mtric
π ≈ 660 MeV
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Results

Results for studies with Nf = 2 flavors of Wilson fermions on
Nτ = 6 lattices
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Results

Results for studies with Nf = 2 flavors of Wilson fermions on
Nτ = 4,6 lattices
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Summary and Perspectives

Summary
• No sign problem for imaginary chemical potential.
• QCD phase diagram constrained by imaginary chemical potential

region.
• Nτ = 6 studies with Wilson fermions ongoing.
• Shift in 1st/2nd order region.

Perspectives
• Compare Wilson results to Nτ = 6 staggered results (ongoing).
• Start studies for Nτ = 8.
• Extend Wilson fermion studies to Nf = 3.
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