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We study scaling behavior of a chiral order parameter in the low density region, performing
a simulation of two-flavor lattice QCD with improved Wilson quarks. It has been confirmed
that the scaling behavior of the chiral order parameter defined by a Ward-Takahashi identity
agrees with the scaling function of the three-dimensional O(4) spin model at zero chemical
potential. We discuss the scaling properties of the chiral phase transition at finite density,
applying the reweighting method and calculating derivatives of the chiral order parameter
with respect to the chemical potential. In the comparison between the scaling functions of
the O(4) spin model and QCD at low density, there is a fit parameter which can be
Interpreted as the curvature of the chiral phase transition curve in the QCD phase diagram
with respect to temperature and chemical potential. We determine the curvature of the phase
boundary by the fitting. The physical scale Is set by the gradient flow.
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1. INTRODUCTION 3-4. Scaling plot at n=0 and O(4) scaling function
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3-5-2. method 2 ( Tayler method )
We calculate the expectation value of the following operators and obtain the derivatives.
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2. WILSON QUARK SIMULATION F<8 R e B O P RR I CTURITRII CEL Ry
Iwasaki impmved gauge + Clover improved Wilson quark action - Wi L W) 0(ng/T)? _, df () Y (@)
0.160 : : : #conf.=500-5500, #noise=150 for each color and spin indices Second derivatives of <Yyp> for Nr=2 QCD: R1/6—1/~ — dr | _ () /h/ - dr omt(T) /LI
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the curvature ¢’ in the (8, ua/T) plane(right) with two method. These values are similar.
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5 Z( S W @) +a Y W ) My y =0z y — ﬂzz [ Oyriy + (L+7)UT 6, _; y} gradient flow. Then, we take extra simulations to estimate the scale in chiral limit (cyan table).
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3-1. O(4) scaling test for N;=2 QCD g Y o l l e
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3-D O(4) spin model: magnetization(M), external field(h), reduced temperature(t)
Nf=2 QCD : chiral order parameter(<yp>), ud-quark mass(m,g), critical g (Bcy)
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Scaling |U||Cti0||:

TTi“ct_l_ (uq)z
M/hM? = f(t/n7)

<t2E(t)> = cw <t2EWilson (t)> + co <t2EClover (t)) + O(a4/t2)
ew = —4x0.331+3/2 cc=-4x0.331—1/3 for Iwasaki+Clover action  (t2E*(t)) defined by A

The scale \/tx/a means the value at which (¢t2E (t)) |y,
we will estimate the relationship between these scale /¢, /a and gauge coupling §.

3-6-2. Beta function in chiral limit

We calculate scales (1/t; s/a , \/t;5/a . \/t35/a) In the chiral limit (left) and
beta function in chiral limit (right) to compute the curvature “c”.
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The second derivative (t < T ) : Hq sl v ﬁi% "1 %l Batmuy o0 d(pe/T)?|, -  da =
2 — ) 1/5—1 — - e ct _

d(pg/T) o =0 dt o =0 h1/6—1/~ =0 dr | _, IR/ T | =1 2.38(5) (Vizs/a)

Note: ¢ is the curvature of the critical line in the (T, ;) plane, ¢* is in the (B, 14) plane, o5 | ! (mpsa)? os | )V g | \—2.295(8) (Vits.s/a)

We calculate the curvature ¢’ from this equation and change ¢’ to ¢ ( See: 3-6-1. ).
3-2. Chiral order parameter defined by Ward-Takahashi identies

[Bochichio et al., NPB262, 331 (1985)].

Beta function at \/; ¢ /a is different from at the other scales. Beta function at \tx>2 5 /a become stable.

| I
physical point —lH
chiral limit, Ni=2+1 —@—

3-7. Curvature of critical line in the chiral limit

J. Guenther et al, Ny=2+1+1,

Ward-Takahashi identities in the continuum limit T 2 (MuaMsphysical, myme=11.85) - ichiral limit, Ny<2 —&—
— - - c(/15) =1—-k (M—B) + O(ug)| K : the curvature of critical line |
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d ﬁct d Tct dﬁ C
<A4( ) (O)) — W I Qmuda(zf’{;)z C’ = — , C= =—a— X C K = — C. Bonati et al, Nj=2+1,
DM 10 = —MN, , — P(x)P d(,uq/T)Q d(,uq/T) da 18 (Mps=135MeV, myg/ms=1/28.15) ————
' ud "(P(t)P(0)) W) N3N, ;; (2)Py)) We estimate the curvature x by 2 method e

(myg'ms=1/27, O(2) scaling)

Because the chiral symmetry Is explicitly broken for Wilson quarks, we define m,a and <1/31/;>W' by WT identities.

and 2 scales (y/t,s/a,/t35/a).
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S S

1.  Blue results show the curvature at the physical point and

green results show the curvature at the chiral limit,

T,y T,y
The expectation value at ;70 Is computed by the reweighting method with O(MS) error.
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(tr (M7 s M ) ) gy = = [ DUt (M~ s M ys) (det M ()" e 5907 =

75 V5))(B.u) = 7 75 5 H - <6Nf[1ndet M(,u,)—lndetM(O)]>(B | 3 8 Summal‘ @Chiral limit ( red point ) =-= Our results
070 =0.

In det M(s2) — Indet M(0) — O AtM | p2 07 Indet M) o . Y . . L . .

RES AT e Mo 2 ol s 1) We discussed the scaling property of the chiral phase transition in the low density region.
angﬂm (M_lzmj) 2 132;1\4 . (M—lgul\g)ﬁ (M %M g_l\;) atr(M—asz— ) _ o (M-lg_MM_l%M%) (6_M> ) { (1)U, 3, — (L4 905, for nmodd 2) We calculated the chiral order parameter and its second derivative performing a simulation of
P BLN0) (v S Mot ) i (3 S P ) (v St D1, W Sy | (1= 1) Uad gy + (L70)Uad, g, | for n=even Nr=2 QCD with Wilson quarks and compared the results with an expected scaling function.

_ 3) The scaling behavior is roughly consistent with our expectation.
- These operators can be calculated by the random noise method. e e .
4) The curvature of the critical line in the (T, 1) plane was estimated.
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