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Aim of this study
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Study color superconductor (CSC) saiin, Love, Phys. Fept (1658
ba Sed on |att|ce QC D Alford, Rajagopal, Wilczek, PLB (1998),

Rapp, Schéfer, Shuryak, Velkovsky, PRL (1998)
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A prediction from lattice perturbation theory

T 2500
o 1201 critical beta (8% x 128,m, = 0)
E —————— critical beta (8% x 128, m, = 0.1) e=
6_ 1001 quark number (free) 2000 _;
o o
- 1500
O S
% < l i
~ 1000 S _ Fermi surface
q) = E Sin2 P 2 p
; o ) B | 1, = sinh~!/sin? P, +sin? f
\/ F500 2

- w 0
1.00  1.25  1.50

—p \okota's talk

® (SC phase extends when U, =E(p) (quark energy level)
® Cooper pair is actually formed
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A prediction from lattice perturbation theory
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® (SC phase extends when p,=E(p) (quark energy level)
® Cooper pair is actually formed

—p \We study these features by the complex Langevin method
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Complex Langevin method (CLM)

Parisi (1983), Klauder(1984)

® \We checked the validity of the CLM based on probability
distributions of the drift term (*).

(*) Nagata, Nishimura, Shimasaki, PRD 92 (2015) 011501, PTEP 2016 013B01
(cf) Other criterion based on "boundary terms” is also known
Aarts, Seiler, Stamatescu, PRD 81 (2010) 054608, Aarts, James, Seiler, Stamatescu, EPJ C71 (2011) 1756

® CLM works in wide range of {, (eg. 0 <, <12, for B=20)
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Order parameter of CSC (Oqc()

Quark pair

o) = eabctr(C_l lI!g ()CV.(z))

4-flavor Dirac field consists of staggered fermion x

T(z) = 3 () (92)22(33) 2 (ya) 2 x(z + A)
A=0,1

The trace is calculated by the U(1)-noisy estimator (*)

(*) Standard gaussian noisy estimator cannot be applied to calculate 4-point functions.
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Numerical results

® plaguette gauge action + 4-flavor staggered fermions
® m, = 0.0
® 83 %128 lattice
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Quark production
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® At $=20, quark number shows p,-dependence similar to that of the free case.

® Quark number as a function of u has plateaux.

(cf) a few plateaux were already observed in 83 %16 and 83 x 32 lattice based on CLM in our
previous study JHEP10 (2020) 144



OCSC atl BZZO

120 {
100 A
0.08 -
Preliminary
0.06
@) 004'
¢
O
0.02 -
0.00 1+

00 02 04 06 08 10 1.2
Hq
® O has peaks at p,=E(p)

® N _..=20 (number of random vectors)

® Part of the error is coming from the noisy estimator

(See following discussion)
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: Critical B predicted by lattice
0.06 . === perturbation theory
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® At low 3, O is highly fluctuating. Fluctuation is suppressed at high £.

oN

® Part of the error is coming from the noisy estimator
(See following discussion)
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Behavior of the error on N
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® The error decreases as almost 1/v/ Moise
® std. of O at N, ,;..=640 is reduced by 85% from that at N ,...=20

noise noise
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chiral condensate
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Chiral symmetry restoration due to the finite density effect
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summary

€ CLM simulation is performed for 4-flavor staggered fermions,
8% x 128 lattice. CLM works in a wide range of

¢ Formation of Fermi surface is confirmed up to y, =1.2.
¢ Strong fluctuation of Ocgc is observed when p,~E(p).
& Chiral symmetry restoration at high density is observed.

Future Issues:

»Simulate on a larger lattice to observe clearer SSB.
»Simulate with Wilson fermions.
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