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⽬的︓テンソル繰り込み群(TRG)は，テンソルネットワーク(TN)スキームにおけるラグランジアン形式に基づく数値計算⼿
法である．TRGを様々な種類の量⼦場理論に応⽤することにより，素粒⼦物理の⾮摂動的現象を研究する．

内容︓(3+1)次元有限密度QC2D(2カラー)およびQCD(3カラー)の強結合極限における相構造解析を⾏なった．

結果︓前者に関しては，カイラル凝縮 𝜒̅𝜒 ，ダイクォーク凝縮 𝜒𝜒 ，クォーク数密度 𝑛 を化学ポテンシャル𝜇の関数として
計算することにより，ゼロ温度における相構造を解明することに成功した(左図). 後者に関しては， 𝜒̅𝜒 と 𝑛 の相転移点
(𝜇!)のクォーク質量依存性を調べることにより，有限温度におけるカイラル相転移・核物質相転移の臨界クォーク質量(⼀次
相転移が消失する点)の決定に成功した．また，ゼロ温度では重いクォーク質量でカイラル相転移・核物質相転移が⼀次相転
移であることを⽰した(右図)．本成果は，(3+1)次元有限密度QCDのゼロ温度の相構造解析における世界初の成功例である．
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GPUノード群
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図︓(3+1)次元強結合有限密度QC2D(左)とQCD(右)のゼロ温度における相構造

A. Chiral condensate and number density

We first show the results for the expectation values of the
chiral condensate hχ̄χi and the quark number density hni
employing the numerical derivative of the thermodynamic
potential,
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with Δm ¼ 0.02 and Δμ ¼ 0.02.
Figure 2 plots hχ̄χi and hni, together with the diquark

condensate hχχi, as a function of μ at m ¼ 1.0 on a 10244

lattice with the choice of D ¼ 55. We find that the
qualitative behaviors of hχ̄χi and hni are similar to those
for m ≠ 0 given by the MF analysis in Ref. [4]: hχ̄χi stays
constant up to μ ¼ μlowc and monotonically decreases up to
the vanishing point of μ ¼ μupc , where μlowc ≤ μ ≤ μupc is the
region of hχχi ≠ 0; hni=2 starts to increase from zero at
μ ¼ μlowc and saturates to hni=2 ¼ 1 at μ ≥ μupc . Note that
hni > 2 is not allowed due to the Pauli exclusion principle.
In Fig. 3 we plot the results for hχ̄χi and hni changing the
volume. It is clear that the 10244 lattice size is large enough
to obtain the results in the thermodynamic limit at the zero
temperature.

B. Diquark condensate

The diquark condensate is defined by
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In order to avoid instabilities of the numerical derivative in
terms of λ in the vicinity of λ ¼ 0, we evaluate the diquark
condensate by fitting fðm; μ; λÞ with the following func-
tion:

fðm; μ; λÞ ¼ b1λ2 þ b2jλjþ fðm; μ; λ ¼ 0Þ; ð21Þ

where the coefficient b2 gives the diquark condensate. The
range of λ was chosen depending on μ: for μ ¼ 1.095,
λ∈ ½0; 0.030& with Δλ ¼ 0.002, for 1.097 ≤ μ ≤ 1.11,
λ∈ ½0; 0.045& with Δλ ¼ 0.005, and for other μ, λ∈
½0; 0.040& with Δλ ¼ 0.005. We find that the μ dependence
of the diquark condensate in Fig. 2 is qualitatively
described by the MF analysis in Ref. [4]. The region of
hχχi ≠ 0 shows rough consistency with the MF prediction,
which is denoted by the gray band from μlowc ¼ 1.0913 to
μupc ¼ 1.1944. Figure 4 shows the volume dependence of
the diquark condensate. We hardly observe the volume
dependence for the results on V ≥ 216. As in the case of
hχ̄χi and hni, the diquark condensate in the thermodynamic
limit at zero temperature is obtained on V ¼ 10244.
Now let us determine the critical exponents βm and δ.

Figure 5 shows the μ dependence of hχχi withD ¼ 55 near
the critical point μlowc . A fit of hχχi in the region of
μ∈ ½1.10; 1.12& assuming hχχi ¼ Aðμ − μlowc Þβm with A,
μlowc and βm the free parameters yields A ¼ 4.7ð4Þ, μlowc ¼
1.0950ð7Þ and βm ¼ 0.514ð27Þ. The value of the critical μ
is close to the MF prediction of μlowc ¼ 1.0913 and βm
shows consistency with the MF prediction of βm ¼ 0.5.
The lower limit of the fitting range is chosen to avoid the

FIG. 1. Convergence behaviors of thermodynamic potential as
a function of D at ðm; λÞ ¼ ð1.0; 0Þ on a 10244. μ ¼ 1.08 and
1.12 cases are plotted.

FIG. 2. μ dependence of hχ̄χi, hχχi and hni=2 at ðm; λÞ ¼
ð1.0; 0Þ on a 10244 lattice with D ¼ 55.
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FIG. 9. µ dependence of →ω̄ω↑ and →n↑/3 at m = 2.07.
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