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2 QED ICHB T BER T & ultrasoft E— K

HI R R ¥, E OB
RRRFHER

ELQED & QCD IZ2WT, FHZE QCD D - BEEITHKAFE 3 5 MkkE & IR BIR DA%, BiAE
MiGm & EEROME P SEH I N TV, BEIZHWT, £& LT Lattice Simulation, Dyson-Schwinger
(DS) ARARICLB 72V IAVOHEBHEDOAH DRI NTE 7 (1], Brld, TR0 2 WTEI L
T, BEDDOHATT 28 % DoMFER & M2 L X3\, BIGHEER O #UL — 7 (Hard Thermal
Loop: HTL) ¥IMAEZZE U 72 DS AREAZHWTHH %2 LT &7 [2-5], AFTIE, ZtQED (3 74b
L KEAERIIEE) 2B 2BMER T 5] B LU 3 ¥ — 2 (ultrasoft E— F) IZDWTHT>7243
MRz &9 5,

7 )V I A KT BRI — TP INE 2 E R U 72 DS AR OFEMNIE S [2,3] LH B DT, T
CCRBELZUTDOARDALE R 5,

Sr(P) = (1 - A(P))piv' — B(P)Y’ + C(P) (1)

AR TOMNTIE, ladder 3T, IE ¥, Landau 7 —Y D R THio 7z, fEETEHIE o = e?/d4r TEHX
nbd,

HER TG 2 X 5 72012, symmetric phase (C = 0) TDAXZ MVEIEL p1(po, p) [6,7], Dispersion
Low 3 X UOHHEEE v DIRD W2 T NTNX 1~31TRT, &H, ARZ MV p B XTI

BOER v(p) X
1 1 1 1

= —Im——— = ——1 2
p+(po. p) 0 mDi(po,p) ™ mpo + B(po, p) F PA(po,p) 2

R N IR O ST 2 W O ST ok
o = 2lD+<’Y+p>+D—<fy pﬂ ¥
v(p) = Z—llm[D+(po =w,p)] (4)

ORe[D, (po, p)]

, _ ORe[Di(po,p)] 5
Opo Po=w ( )

THA LM%, 7z, Dispersion Law 1% Re[Dy(po,p)] = 0 DFED (py = w,p) DEKE L TEHEZX S
nas,

AT MVEEEIX, small coupling TlIE, p~0 D& &, 3 —IEZFKOZ R 925 (K1),
272U, B X [7,8] THREAINTWVWAEHE I DY =27 X DIFKE < suppress TNTWVWS, ZHUE, pg~0
T B(po,p) DEBHMKEL RD72DTHS, TOE—T7IZDO00WTIK, BTELET 5,

Dispersion Law (& small (weak) coupling Ti¥, HTLjifle fW—Hz 525 (K2), ZIT,m;
13 HTL G5 D next-to-leading order i1k % % & U 7z thermal mass T % [9],

p=0TOMEELIL (T =0.1~0.2DHPHT) , small a B K large o Dlj /5 T,

ywzmz;mm(i+mm> (6)

DIRLEENE S (H3), ZDHRDENK, MO DFGR & RE8E —8T 5,
URB KRBT, 2013 46 T H 3 HIER
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RIBIZ, E3DE—2 (pg~0,p~01i285DT, ultrasoft E— F LIER) &, YHHKRFETH 5 0
ZETT 5, AROMEIZ L D, ultrasoft € — NIZPEMIREE & 1375 2 5 e\,

1) ultrasoft E— FD Z [NT (Zys) &, MaAronnd K5I

_ ORe[D4(po, p)]

A
us a p(]

po=w

<0

& 725, —Ji, quasifermion ¥ & Of plasmon D&, Z >0 TH 5, FHEEBO O EATSE,
ZHWTE (5) AGZ2DNRHARTH 5,
2) Re[Di(po =w,p)] =0 %729 RE (w, p) DMK (dipersion law) XX 2 TH 2 H, AT b
WEBOY -2 %252% (w, p) OREf% (dipersion law) 1ZK 5 &75, AR MVEIHOD E—
7 DGEIL, space-like 127227 — ADFHET B, ThbH, ART MVEHBOY -7 DT RT

Waed LB YHEIPRIE L 135 20,

3) ultrasoft € — K TlX Im[D4 (po, p)] DEAKE WV (BUIEK), FFIZ, po~0 TRIZKEL R 5,

PLEEFEDDE,

1) Dispersion law (%, small o Tl&, HTL FMFELOFER%E L < HHT 5,

2) FABERDIR S BN, T aiEw & £ < —8T 5,
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ultrasoft & — N i, WHIAPRAE & 135 212 <\,

ultrasoft € — FIZBIL TIE, LDFRSC[7,8] L DD EDO I SITELEITO FETH 5,
5 T
0=0.001 v
0=0.002 5
268
3 - 41 a=0.
R =0.005 &
w2 a=1.00 0=0.006 o
£ - 0=0.007 o
=1 «7 3| 0=0.008 -n‘
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g = Py
g 1 %3 2 N
T o~ AT
X o
il
3 1§ e
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p/m*;

4 : Re[D4 (po, p)]
5 : Dispersion Law

BE 1 2 OWEDILFRINEE TH o HIIFRRERFZLEBERIE2013F7TH3HTEINE U,
IR, ZoEs (DRIFDOELV F a2 — V% S) ORI SESG I TWenws 2
T, IREROBRAI DL Y ¥ a VIFEEADERZFQTWE U, TOFREEREFTEIZ A0
THMEDNE IR T WS, 5l SRS RBOMAL Lo SRIONEERRIETWEZEE

U7z ZDRBAEZITONTIE,

B ORTiME ZTOIRA] OV A PDATA RERTWZEZLZ

T, ZOMERWME TIEMENBFICROoTTWEZE £ L,
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SRR HFETDZa— U/ XICKTEFEDIET PR & BIERR

Al st
HAR R E PR R 8

HE 2 x 10" G 0l & o fla T EETHEL 2 =2 — b U RO MR Z, b~ o
A D Rg ki 2 152 J5a /R o BlsiaIC IS 3 25t B2 1o 72, ToMR, IFEh=a—F U ko
BIRAS I E O B 0T 2 g SO0 10 & 0 b KRS itz kL 7z,

VLA, 101G % M 2 WGk 2 o e TR~ 7 % 7 — O R (1, 2] LIk, Z okt <2 5
NERR IS i OB 72 5 & & BIC, il T I8 FE D FETFRMENC M) THRZ 1368 % H 5
TObEHA LN, ZTOWBEICHFERBLIIHCEHEEN N Yy 7 Th D, TOHTH, <7 %
5= 4Bre 12 e v ROBE[M 38, 4] 71~ 7 %4 —0—> 0 e L T oM £ o
OB EE > T D,

—J7, WOAFHRESE - BEToOPETREWEICBY 5 =2 — b U 2 L - IR 2 A
(£ (RMF) 77 10— TCEEL, Mil=a—k Y 2RgRAmICHmL, Z oG Ay
LI kL, I51C, ToMRE VMR & Fo Jfin A7 RIS CHL,, R EHEE
BCEH 200 —F% v ZBIG [5]1C, JEHf=a—b U /U KRE <5532 2 & &oRL 7- (6],

L2 AT RO FUGHIE TR (PNS) OFFIRES I 2L —> 2 3, Fhd 1 TEoR) R
i FiCh =5 2RICHET D a2 )Ule e 0 (7], Z OGS MR 100 fHCE#ET 5 2 & 2R
LTV [8,9]. 20k aA ¥ MHUORIHRAIC T v DI S5 =a— N U ROE % TSRS T, Bl
MICED ZL D=a—h Y AR S, Hilnk KEJHICKEI L SELTHA O Z e WEZICH
SN s, T TRIFRTIE. ZhE TROEMTROEERE VT, =a—h ) 0JEELK
HIC &2 Hinld~ oo ks s eMBE Tz e Lk,

P, BT C OB E ORI =2 — b U O GRIEE E D 1P 5 < 0T, o
ST IRAFFEARY o T b LT3, C0eE, Za—h YU O GEEILEEESY fo &Ik
PHrEEY AfISAT D2 EMTEDL: f=fo+ Af, S5, INZZTNEFSL, =2—b VU JITE
SHUH L2 ST b b0 TH e, AR, 2= (r-k)/|kl, Rr=r—(r-k)k/k? & E5%T 52
LT, Af RIS LU T o ek 50 [6).

rL 85,, 870 L O'A(Z,RT,IC)
Af(xr, R, k) = dy | —=% xp | — dzp—— 20 7 1
( ’ ’) /0 y[ 8y8€,jep[ /y & V ’ ()

ERTC, =2—bV D o FRIPWIEFETH V. RMF Mo B o R 2 Hilo 1 XETe v A
hbZeTRDz (6], 107G T CHIUE, KCFINCIEREETH 205, F%/ILV ~LTlE 1R
OEEITINVIRA RO RESTH S, oML, FEDY pp = (1 — 3)po(po | FEIFIERE), R
T =20MeV, % B=2x 101G C, 2—4% OIEFFMEERL Tn5,

!e-mail address: tomo@brs.nihon-u.ac.jp



Soryushiron Kenkyu

KM Sy PO ME=a— b VU 12 &2 BRI 472 0 o fiEEfE O R & T 2L E — o s
ToRXRTHEZIAOGNS,

<chz/dt> oy A [ G A (r K)(r x k) - “)
dEr/dt Jor A [ E5Af(r k) -m
FAT nld 5Kl Sy OFMRBELANT MV ESKT, £L T, HindE oLl ToXTtRkoon s,

P P L,
<cd /dt> c

- dEr/dt

— 3
P 2mwclyng (3)

22T PIRHERAM, PIXFoES, and £, = (dBp/dt) 13==2—1F U ) HETH 5,
FKIFOFHETIE, RMF O/ A—% —¢ LT PMI-L1 [11] vy, BEadMTRIE, HEA Mys =
1.68Ma, WS T =20MeV, L7 kO F U BUSHTT A8 Y, =04 TH L EL T2,
518, haA Y NVROEG A EEHEFEEATL To L 22l TEIN LD LINEL 72,
. 4e?/a0 4e(rm=r0)/ao

B=5B —si 0 . 4
¢[1+€Z/a0]2 [1+6(TT—TO)/CLO]2( sin ¢, cos ,0) (4)

ag = 0.5 km, ro=28.0km (Mag-A) & rg =
5.0 km (Mag-B) @ 2 fifHORIHZRITL T, il
HOMRE T 5, M 1bic, 2z =0 Tokd;
1% |B/By| % 1L 7=,

FATORMEY R 2L —2 a2 [8, 9] OFERIE, b
B A F VIR O KigfEhsH & % B, = 101G,
bt DTN By = 10MG K TH L Z &
RL Tnb, BIEOME SO0 EICHY, &
B OBVE IR D 72 012 FAT L 7 i oD 1 i 1.0
(MDR) I & % 2K V§FH P/P O HEIC
7z. MDR ORXTPL T L2 icErN 5 [10],

: 3M3 oc3 \ !
PP=pB?, ( NS ) 5
pol <1257TQI]2\[S> 5) 0.0

Ps /! Po

i 81 PNS 0§l RETH 5 & L T 1 Rr (km)
— — - - Te7%
e P = 10ms £PUEL oo &2, RITECH 11 gy g s it o g 5 (). %
W BTSRRI LTI SR e s Theh s b8 & STHE L S 2R 0B
DT, Sy BFEESHYIEARER 225 OfRERL Twd, TR haA Y VRGO 2 =0

Yot 125U, Sy OFERAOKEMITAX S TN, FiRE AT ZhZ . ro = 8km (Mag-A)
) Y 1o = 5km (Mag-B) O 554 79,
INZ T ERL T,

FRAE R 1ICEEL 72, 6N, I =a—
FU R OIRIE MDR OISR LD b KE W &b n b, 2L, <7327 —0E0Hiin% 3
T LHDINE TR,

INFETCOHEIF=2— U 2 ORIPGHEFEZ T 2 2 X0 ANz O TH 503, 8L AR g o
FCEEZRTOT, Thoze ) AhdZ e, EFEFESHNL, L0 RERBEEREONDS
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P/P (s7)

9 cdL /dt

Comp. Ins[g-cm?] Mag. dEr/dt Ours MDR
Mag-A 3.34 3.5 %1076

p,n | 1.36x10% D107
Mag-B 0.48 5.0x 1077
Mag-A 5.45 6.4 x 1076

p,n, A | 1.54x10% TAx 107
Mag-B 0.39 4.6 x 1077

< 10 BiEAY P = 10ms o & & o, Gl R o BiKEREo AR, 10 b 2 E & ik 5
NUA T offH, 25 H bt T EoEtEER. 35H : b Aol (X 1b). 45H:2X (2) 01
Mg, 5 HIEF =2 — U IS & 2 B (3) o st HATR 6 ¥ H:MDR 12 & 2 Hiizlkid= (5) @

EAN=/un
AT EA

aHEMS B B, SFIT S HICHITEBROREY I 2L —Y a UABEIEFAT LI & T, H&KHR 4
WMEL Z E BIRN HEEE L T 5,

DS
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Hadron-Quark Crossover and Massive Hybrid Stars

A AP, WIS B, EgiEe P
FOREE AL B B

m=

NAROVYZEUNFUUYHDPOA ML Y I 4 =0 % &L+ — I HAND 70 AT —N—%KE
L7zREABRRXZHOCREFREOYIICOWTERRT 2, (1) 78 A4 — N — 23 [l (R ((3-
) po(po:RTHEEIL)) THEU, (i) 74— 7HPBEBIHAEEAL TR S, EWw) 2DDEHETTY 4 —
JHDOEEIZLY, 2Me #BZB2 2 L2 7T, ZHIREEEICBIT 2%V F v 7 s oHBIC
k2 MR BRA O E KT 2R TH 2 [1,2], £h 7 —@BIEEHORF ORI OWT HEE
IR

1 EUIC

2010 41 B X 1172 (1.97 +0.04) Mo, Dotk T2 (PSR J1614-2230) OFLEIE EOS ICRWHIR% 5 2 |
Frlca7#aic =Xy Fy 7 RBADEHET 2 AHEICOWCEMN 252 % [3], k. " 7V v FE
DRI AN Fa v HE 7+ — 7% 1 B2 I0E LR L TE 73, A TEANFrY D=3 —
a VBRI I a A — ANk ilA b, 2O, hET RN THEBLT 2 mEEIRDU T TiEANA
Y (s-quark) BFEET 2 LlbN 2720, ZORRZIN) Al Fa M (7 4x—27M) 2#%H. »
Farfics e i FRICE C 2Rzt Rar2E&8N) 4 VEICIEREL, 7Vvy 72— n—FY —
75y 7 iBEA» ST N REHEAZEHAL 72 [4],
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Abstract

Electroweak baryogenesis is reviewd in light of the 126 GeV Higgs boson. In this
talk, we focus on the minimal supersymmetric standard model (MSSM) and investigate
an overlooked issue associated with a high-temperature expansion of the two-loop effec-
tive potential. As a first step toward the complete analysis of the MSSM, we consider the
U(1) gauge theory and devise a tractable calculation scheme that can greatly simplify
the sunset diagrams involving the gauge bosons without using the high-temperature
approximation.

1 Introduction

According to the cosmological data, the baryon asymmetry of the universe (BAU) is
found to be n = np/n, ~ 1071% [1]. Clarification of the origin of the BAU is one of
the greatest challenges in particle physics, cosmology and nuclear physics. If the BAU
is generated before T = O(1) MeV, the light element abundances (D,*He,*He,"Li) can
be explained by the standard Big-Bang cosmology. To get the right n (which is called
baryogenesis) from an initially baryon symmetric Universe, the so-called Sakharov’s
conditions have to be satisfied [2]: (i) baryon number (B) violation, (ii) C' and C'P
violation, (iii) departure from thermal equilibrium. To this end, a lot of scenarios have
been proposed so far [3]. From an experimental point of view, electroweak baryogenesis
(EWBG) [4] among others is the most testable scenario, and thus it is in urgent need
of detailed analysis in the LHC and future ILC eras.

It is known that the possibility of the EWBG in the standard model (SM) has been
ruled out due to the lack of sufficiently large C'P violating effect and absence of the
strong first-order phase transition (EWPT) which is needed for satisfying the Sakharov’s
condition (iii). Such a shortcoming of the SM motivates us to look for physics beyond
the SM. Much attention has been paid to the minimal supersymmetric standard model
(MSSM) as a leading candidate for new physics.

In this talk, after reviewing the EWBG mechanism briefly, we derive the sphaleron
decoupling condition in light of the 126 GeV Higgs boson. In order to know a prescrip-
tion for the baryogenesis problems in the SM, the EWPT is also reviewed using the
one-loop effective potential. Then, we move on to the MSSM and point out the unre-
solved issues shortly. After presenting our new calculation method that can solve one
of the issues, we apply it to the U(1) gauge theory as a first step toward the complete
analysis of the MSSM EWBG.
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Figure 1: (Left) The bubble expansion. (Right) The Higgs VEV as function of z which is
the direction of the bubble expansion.

2 EWBG mechanism

Foregoing Sakharov’s conditions in the EWBG are satisfied as follows: (i) B viola-
tion is realized by an anomalous process at finite temperature (conventionally referred
as sphaleron process although the sphaleron solution does not exist in the symmetric
phase.) (ii) C is maximally violated by the chiral gauge interactions, CP violation comes
from the Cabbibo-Kobayashi-Maskawa matrix or other complex parameters once the
standard model (SM) is extended. (iii) Out of equilibrium is realized by the first-order
EWPT with bubble nucleation and expansion.

The left panel of Fig. 1 shows a schematic picture of the expanding bubble wall.
The inside of the bubble corresponds to the broken phase where the Higgs vacuum
expectation value (VEV) is nonzero, (®) # 0 while the outside of it represents the
symmetric phase where (®) = 0. In the right panel of Fig. 1, (®) is depicted as a
function of z which is a direction of the bubble expansion. The outline of the EWBG
is as follows.

1. Because of C'P violation induced by interactions between the bubble and the
particles in the plasma, chiral charges are asymmetrized.

2. They diffuse into the symmetric phase and accumulate.
3. B is generated via sphaleron process.
4. After decoupling of the sphaleron process in the broken phase, B is fixed.

The last step may leave a detectable footprint in low energy observables. In the follow-
ing, we will look into one of such possibilities.

3 Sphaleron decoupling condition

In order to preserve the generated BAU via the sphaleron process in the symmetric
phase, the B-changing rate in the broken phase (Fg)) must be sufficiently suppressed.
Namely,

T(T) ~ (prefactor)e™ P (/T < H(T) =~ 1.661/g.(T)T?/mp (3.1)

is satisfied, where Eg,, denotes the sphaleron energy, g, is the degrees of freedom of
relativistic particles in the plasma (g. = 106.75 in the SM) and mp stands for the
Planck mass which is about 1.22 x 10! GeV. Since Eg,p, is proportional to the Higgs

2
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Figure 2: The dimensionless sphaleron energy £(0) vs. \/g3.

VEV (denoted by v), Eq. (3.1) can be realized if the EWPT is strongly first-order.
Conventionally, the sphaleron energy is parametrized as Egn(T) = 4mnv(T)E(T)/ g2,
where go denotes the SU(2) gauge coupling constant. Eq. (3.1) is then cast into the
form

v(T) g
T 47r52(T)

[42.97 + log corrections|. (3.2)

The dominant contributions on the right-hand side is £(7') while the log corrections
that mostly come from the zero mode factors of the fluctuations about the sphaleron
typically amount to about 10% [5].

As an illustration, we evaluate the sphaleron energy at zero temperature, £(0),
within the SM [6]. Since the U(1),- contribution is sufficiently small [7], it is enough to
confine ourself to the SU(2), gauge-Higgs system. To find the sphaleron solution, we
adopt a spherically symmetric configurations ansatz with a noncontractible loop [6].

In Fig. 2, £(0) is plotted as a function of A/g3. We can see that as \/g5 increases, £
increases. For the Higgs boson with a mass of 126 GeV, which corresponds to A ~ 0.13,
one finds £(0) ~ 1.92. With this value, Eq. (3.2) becomes

v(T)
T

> 1.16, (3.3)

where only the dominant contributions are retained on the right-hand side in Eq. (3.2).
Note that the use of £(0) in the decoupling criterion leads to somewhat underestimated
results since £(T) < £(0). In the MSSM, using the finite-temperature effective potential
at the one-loop level, v(T) /TN > 1.38 is obtained, where the sphaleron energy as well
as the translational and rotational zero mode factors of the fluctuation around the
sphaleron are evaluated at a nucleation temperature (7 ) which is somewhat below
Tc [5].

4 Electroweak phase transition

Here, we explicitly demonstrate why the SM EWBG fails, which may give a signpost
searching for new physics. Using a high-temperature expansion, the one-loop effective
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potential at finite temperature is reduced to

A
Veir(; T) = D(T? — 13" *ETw3+TT<p4, (4.1)
where
1 2 2 2 1 3 3 —2
2 2 2 2
_my 3 4 miy 4 my 4 m
AT = 50 [1  8r2u2m? {2mw tog apT? mzlog apT? A log apT? ]|’ 43

with logap = 2log4dmr — 2y, ~ 3.91 and logar = 2logm — 2y, ~ 1.14. Appearance
of the cubic term with the negative coefficient dictates that the EWPT should be first-
order. Note that since the origin of the cubic term is the zero Matsubara frequency
mode, the only bosonic thermal loops contribute to F.
The critical temperature T¢ is defined by a temperature at which Vg (¢; T) has two
degenerate minima. At T, Veg takes the form
2FETe

AT,
Ver (0 To) = = 2¢% (9 —vo)®, ve = o (4.4)
C

As we discussed in the previous section, vo /T 2 1 should hold to avoid the washout
by the sphaleron in the broken phase. Since Ar, =~ m% /202, one obtains the upper
bound of the Higgs boson mass as

mp, < 20VE ~ 48 GeV. (4.5)

This mass range has been already excluded by the LEP experiments. According to
nonperturbative studies, the EWPT in the SM is a crossover for my, > 73 GeV [8].

From the above argument, one of the straightforward way-outs is to enhance E by
adding the bosonic degrees of freedom.

5 Light stop scenario in the MSSM

Let us consider the MSSM case. The EWBG scenario in this model is the so-called
“light stop scenario (LSS) [9]”, which is now on the verge of being excluded. (see e.g.
[10, 11]).

In order to realize the physical Higgs boson mass, the left-handed stop SUSY break-
ing mass (mg) has to be much greater than the right-handed one (mjz, ). According to
[11], mg may be as large as O(10%) TeV. In such a case, the effective theory approach is
more appropriate. The effective theory of the LSS is constructed in [12] and is applied
to the EWBG [13, 11]. Here, to make our analysis simple, we take my as an input.

In the limit of mg > m;, , the stop masses are reduced to

2 52 2
] s (| |X|
mth = m% + = 5 (1 + o ©* + O(g?) ~ mé, (5.1)
q
2 :02 2
_ yi sin” B | X
mtg1 = m?R + 2 5 (1 i o+ (’)(gQ), (5.2)
q

where X; = A; — p/tan 8. As discussed above, the heavy stop does not play any role
as far as the first-order EWPT is concerned. Also, the small mth and X; are desir-
able. More precisely, at finite temperature, the light stop receives a thermal correction

4
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(Amth (T)) which is of the order of T? to leading order. So the mth + Amth(T) should
be vanishingly small for the strong first-order EWPT, which implies mth < 0 since
Amtg (T) > 0. In the LSS scenario considered in [13], the color-charge-breaking vac-
R
uum 18 the global minimum. On the other hand, the electroweak vacuum is metastable
whose lifetime is longer than the age of the Universe.
For simplicity, we take mtg = 0 in the following discussion. The coefficient of cubic

term in the one-loop effectiveRpotential at finite temperature is

3/

3 3 2

yy sin® 3 | X+ |

Vig 3 —(Bsn + B )T, B = 98 2 [ . 5.3
eff ( sMm + tl) 2 t 4\/5 ( m% ( )

Therefore, Efl can strengthen ve /Te.

5.1 Overlooked issues

There are two problems which have not been properly addressed in the literature, i.e.,
(i) validity of the high-temperature expansion (HTE) of the sunset diagram,
(ii) sphaleron decoupling condition at the two-loop level.

In what follows, we will work out the former issue.

6 'Two-loop analysis of thermal phase transition

As a first step toward the analysis in the MSSM, we consider the Abelian-Higgs (AH)
model for the sake of simplicity. The Lagrangian of the AH is

1
L= _ZF;LVF“V+|D}L<I>|2_‘/O(|(I)‘2)a (61)
where F,, = 0,A, — 0,A,, D,® = (9, —ieA,)® and The scalar potential is given by
A
Vo(|@f*) = —v2|®* + |, (6.2)
We parametrize the scalar field in terms of the VEV (v) and fluctuation fields

1
() = —(v+ h(z) +ia(x)), 6.3
(z) \/i( (z) +ia(x)) (6.3)
where h(z) is a physical state and a(x) is a Nambu-Goldstone boson which is eaten by
the gauge boson. The field-dependent scalar and gauge boson masses are

A
m2 =12 + 202 m? =%, (6.4)

2 2
my = —V +ZU’ a 1

where we work in the Landau gauge. In our study, the MS scheme is used for renor-
malization.

We adopt a resummation method in which temperature-dependent mass terms
[Am?] are added and subtracted in the original Lagrangian [14, 15]. The subtracted
terms are considered as the counterterms. As is well known, thermal corrections to the
longitudinal and transverse parts of the gauge boson self-energy are different. Conse-
quently, the resummed Lagrangian is obtained as follows.

Le=Lr+ Lo
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1
- Lp— Amj ol + A" [Am%LW(ia) n AmQTTW(z'é?)} AV
1
+ Lot + Am3ale — ZAv [Am%LW(ia) n Am%Tw(iﬁ)} AY,(6.5)

where Lp(g) are denoted by the bare (renormalized) Lagrangian and Lct by the coun-
terterm. Note that Eq. (6.5) has the gauge invariant form.! L, (p) and T}, (p) are the
projection tensors which are given by

Too = Toi =Tio =0, Tij = gij — 111113]27 (6.6)
L,uzx =L — T,LLI/; P,ul/ = 9uv — %a (67)

in the rest frame of the thermal bath. With the resummed Lagrangian (6.5), the scalar
and gauge boson propagators take the form

1 1
= — Aa = 5
Zomi@y W= e
—1 —1

- WLW(P) + mﬂw(}?), (6.9)

An(p) (6.8)

D, (p)

where mia(T) = mj, , + Amg and m? (T) = m% + Am7 ;. Explicitly, the thermal
masses are, respectively, given by

Am3 = f;(zae? +2), Am3 =0, Am3 = 632T2. (6.10)
Although Eq. (6.9) can be used as the resummed gauge boson propagator [15], we
can devise a more convenient form for two-loop calculations. Using L, (p) + Ty (p) =
P (p), D, (p) can be rewritten in terms of P, (p) and T}, (p) or L, (p). Let D,(f,,zo) (p)
be the former case, and D,(f,,:l)(p) the latter one. The most general expression is cast
into the form

D, (p) = (1 =)D (p) + D=V (p)
—(1—=r) —r

- + Putp) + |
p? —mj pQ—m%] "

-1 -1
p—mi  p?

— m% (Tw/ (p) — TP;W(p))a
(6.11)

where r denotes an arbitrary real parameter. Note that the noncovariant part yields
less ultraviolet divergent loop integrals. It turns out that loop calculations are greatly
simplified if r is chosen such that g"’(T,,(p) — rPu(p)) = 0, which leads to r =
(d-2)/(d—1).

After fixing r, let us denote Eq. (6.11) as

D, (p) = D7’ (p) + 0D, (p), (6.12)
With this gauge boson propagator, together with Eq. (6.8), we will compute the effective

potential.
It turns out that noncovariant parts of the sunset diagrams involving 6D, do not
yield any effects on the thermal phase transition to leading order. For details, see [16].

'For non-Abelian gauge theories, however, this resummation method would break the gauge invariance.
We also note that the thermal masses of h and a would be different if v-dependent corrections were included,
rendering the gauge invariance spoiled. In our analysis, we keep the leading order corrections which are
O(T?), so the Am3 (T) = AmZ(T) = Am3.



Soryushiron Kenkyu

s 1 el ~
| o
9]
| R 1-loop
2-loop
| — — — 2-loop HTE
154+
1 1.2 1.4 1.6 1.8 2

93

Figure 3: vo/T¢ in the three cases are shown as a function of gs. The input parameters are
given in the text.

6.1 MSSM-like toy model

We discuss the thermal PT using the scheme proposed in the previous section. As a
first step toward the complete analysis of the two-loop driven first-order EWPT scenario
such as the MSSM, we consider an extended AH model in which additional U (1) gauge
boson and complex scalar are introduced. The added Lagrangian is

1 -~ - A~
AL = — GG + Dyl — (mf + @) E + I, (6.13)

where G, = 0,G, — 0,G,, and Duf = (0y — iggGu)f.

In the MSSM the stop-stop-gluon sunset diagram enhances ve/T. We scrutinize
this effect with and without the HTE. The explicit forms of the scalar-scalar-vector and
scalar-vector-vector type sunset diagrams can be found in Ref. [17]. Those sunset dia-
grams are composed of K__(aj,as,a3) and the one-loop finite-temperature functions.
Such one-loop thermal functions and two-loop ones of the type of K(a), K__(a,a,0),
K__(a,0,0) and K__(0,0,a) are evaluated by the numerical integrations. For other
types of K__(a1,a2,a3) such as K__(mp/T,mq/T, my/T), the mass-averaging approx-
imation is also employed.

In the following, by the HTE case we mean the following replacements

FQ

K(a) —» KUTE(g) = 3 (Ina? 4 3.48871), (6.14)
K__(a,a,0) = K"%(q,a,0) = —7%(Ina® + 3.01398), (6.15)

and all the rest are unchanged.

In FIG. 3, vg /T is shown as a function of gs. We set v = 246 GeV, m; = 35
GeV, m3 =0,y = 1.0, e = 0.5, A = 0.3 and i = 150 GeV. Here, we take my as an
input instead of using A. This trade is done at a loop level. The red curve represents
the two-loop calculation, and the blue dashed curve denotes the two-loop calculation
with the HTE. The one-loop calculation of ve/T¢ is also shown by the dotted black
curve. This figure shows that enhancement of vc /T due to the f—f—G“ diagram can
still persist beyond the HTE. In this specific example, the use of the HTE leads to the
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Figure 4: The shown is the effective potential at 7. We take g3 = 1.2. The remaining
parameters are the same as in FIG. 3.

underestimated vo/Te. Note that in the limit of g3 — 0, the results would approach
to those in the AH model. In such a limit, the difference between ‘2-loop’ and ‘2-loop
HTE’ would be decreasing since the sunset diagrams are less important for the PT
analysis. However, we emphasize that evaluation of the sunset diagrams without the
HTE is necessary in the MSSM-like model.

The height of the barrier between the two degenerate vacua in the effective po-
tential is also relevant to dynamics of the first-order PT. The effective potentials at
Tc and g3 = 1.2 in the three cases are plotted in FIG. 4. The color and line coordi-
nates are the same as in FIG. 3. We find that vc/Tc|1-100p = 186.55/76.75 = 2.43,
ve/Te)2-100p = 191.84/74.80 = 2.56 and v /Tc2-100p HTE = 204.98/81.31 = 2.52. The
significant increase of Ty in the HTE case may be the consequence of the artificial neg-
ative contributions to the quadratic term in the scalar potential. It is also found that
the barrier height at the two-loop level is somewhat higher than that of the one-loop
case, delaying the onset of the PT. However, we may get the overestimated result once
the HTE is used. We observe that generally the larger g3 can bring the larger errors in
ve, To and the barrier height.

7 Summary

In this talk, the current status of electroweak baryogenesis is briefly reviewed. In
particular, we focused on validity of the high-temperature expansion of the sunset
diagrams in the MSSM. As a first step toward the complete analysis of the MSSM
EWBG, we devised a tractable calculation scheme that can be applicable in the U(1)
gauge theory. Our results suggest that vo and T can be overestimated if the high-
temperature expansion is used. However, the error of vo /T may be within a few
percent level. It is concluded that the scalar-scalar-vector type sunset diagram still
plays an important role in enhancing ve/Te.
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Brane-Antibrane at Finite Temperature in the Framework of
Thermo Field Dynamics

Department of Physics, Hokkaido University Kenji Hotta
E-mail: khotta@particle.sci.hokudai.ac.jp

Previously we have investigated the thermodynamical properties of brane-antibrane pairs in
the framework of Matsubara formalism. In this talk, we show the calculation of the thermal
vacuum state and the partition function for a single open string on a brane-antibrane pair
in the framework of thermo field dynamics. From this we can obtain free energy of multiple
strings, and it agrees with that in the framework of Matsubara formalism.

1 Brane-Antibrane at Finite Temperature in the Framework of
Matsubara Formalism

It is well known that ideal string gas has a characteristic temperature called the Hagedorn
temperature. We can compute the one-loop free energy of strings by using path integral in
Matsubara method. The one-loop free energy of strings diverges above this temperature. This
Hagedorn temperature is limiting temperature for perturbative strings.

We have previously discussed the behavior of brane-antibrane pairs at finite temperature
in the constant tachyon background [1]. At zero temperature, the spectrum of open strings
on these unstable branes contains a complex scalar tachyon field T. In the brane—antibrane
configuration, we have T" = 0, and the potential of this tachyon field has a local maximum at
T = 0. The tachyon potential has a non-trivial minimum, and the tachyon falls into it at zero
temperature. The potential height of the tachyon potential exactly cancels the tension of the
original brane-antibrane pairs. This implies that these unstable brane systems disappear at the
end of the tachyon condensation.

We have calculated the finite temperature effective potential of open strings on these branes
based on boundary string field theory. In this case we are confronted with the problem of the
choice of Weyl factors in the two boundaries of the one-loop worldsheet, because the conformal
invariance is broken by boundary action. Our calculation is based on the one-loop amplitude of
open strings, which has been proposed by Andreev and Oft [2]. Their choice of Weyl factors is
natural in the sense that both sides of the cylinder worldsheet are treated on an equal footing.
Although brane-antibrane pairs are unstable at zero temperature, there are the cases that they
become stable at finite temperature. For the D9-brane-D9-brane pairs, a phase transition occurs
at slightly below the Hagedorn temperature and the D9-brane-D9-brane pairs become stable
above this temperature. On the other hand, for the Dp-brane-Dp-brane pairs with p < 8, such a
phase transition does not occur. We thus concluded that not a lower dimensional brane-antibrane
pairs but D9-brane-D9-brane pairs are created near the Hagedorn temperature.
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2 Brane-Antibrane at Finite Temperature in the Framework of
Thermo Field Dynamics

Let us turn to consider the finite temperature system of Brane-antibrane pair in the framework
of thermo field dynamics. The thermal vacuum state for bosonic D-brane has been calculated
by Vancea [3]. We treat an open string on these branes as first quantized string, since second
quantized string field theory is quite difficult. Using the light-cone coordinates, we can express
partition function for a single string as

2 2
Z1(B) =Tr exp (— % ﬁpo) =Tr exp [— % B <p+ + W)] - (1)

Here we explain the calculation for Neveu-Schwarz string, which represents spacetime boson,
and show only the results for Ramond string, which represents spacetime fermion. The mass
spectra of Neveu-Schwarz open string is expressed as

9 1 > 2 I I > I 31 2 1
M2 == [ 33 alaf + 3 S bl bl 2P - S (2)
1=11=2 r=1I=2

where a; («_;) are annihilation (creation) operators for bosonic oscillators, and b, (b—,) annihi-
lation (creation) operators for fermionic oscillators. o is the slope parameter, which is the only
dimensionful parameter string theory has.

In the framework of thermo field dynamics, the thermal vacuum state is obtained from
the Bogoliubov transformation of the vacuum state. In our case the generator of Bogoliubov
transformation is given by

Gb = iZ%Ql(a_yd_l—dl'al)Jriz 0r<b7r‘gfr*l;r'br), (3)
=1

1
r=3

where the dot denotes inner product on transverse space. The thermal vacuum state is calculated
as

00(8)) = l;ﬁl {(Cosﬁ(@l))sexp 7 tanh(@)a-ay }

< TT {(cost0) esp [ 1an@)o, 5} o) o) 9)- (@

Following the recipe of thermo field dynamics, we can compute the free energy for a single string
from this thermal vacuum state, Hamiltonian operator and an appropriate entropy operator,
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although we omit to show explicit calculation. The partition function for a single Neveu-Schwarz
string on a Dp-brane—anti-Dp-brane pair can be obtained by exponentiating this free energy as

o +1 2 : 4

- Byttt T 01’ (0]ir) Br?T

where 8 denotes the inverse of the Hagedorn temperature, and V), the volume of the system.
Similarly, partition function for a single Ramond string can be calculated as

o0 1 ) i 4

Byt T 01/ (0]iT)  BulT

From these single string partition functions, free energy of multiple strings can be obtained from

the following equation.

FB)=-3 ﬁlw (Zuy(Bw) — (—1)" Zy 5 (Bw)} (7)
w=1

We finally obtain

_ 167, [dr e ynpp, [ ((93(00i) ig* 1\
Fp) = 5Hp+1/0 - T e (01,(()“7_)) 93 (0 5H2T 1

¥2(0)¢ 4 32
(2O L, (o] 2) 1]
017 (0i7) Bu’t
This equals to the free energy based on Matsubara formalism. It should be noted that we have
not been confronted with the problem of the choice of Weyl factors like in the case of Matsubara
formalism. This implies that our choice of Weyl factors in that case is quite natural. We need to

use second quantized string field theory in order to compute the free energy for multiple strings
directly from their thermal vacuum state. We leave this calculation for future work.
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(ke + k) Q
r_ T _ 2m 2
H =UHU'" = Q (kx_kO)Q e (6)
2 2m 2
= 2m(kx+k‘00’z) + 201—1— 5 0z (7)
2155, EE AW o, — —0,, 0, » 0, IZED, EREEDONINL =T IR
1 Q €
/ _ = 2 _ " €2
H — Hso = Zm(kx+k00'x) 2Uz + 20'% (8)

EHEEETH D, ZHUFAE VIEHAERZR T2 NIV =7 v e hoT03Y, RYIDEIZT > 2
NI (kyoy + kyoy) & FLy 2N ZW (kyo, — kyo,) AE VITEHBAEMNOKRE I D% L WSS
ERBTENPTES, (B DOWRTIZ T > 2N BUS kyoy — kyors Ly 2N 2B Koy + kyos
LRI N TV YA H D, INSIFAE VDRt e, — —0y & 0, — 0, TH%H L% 2,) FEhi

DA OREE TICE A E VHLEH A TIREELZ SO 2HED D, T aNHE FL oy oy R LT

T3, 7 aNHIE InGaAs/GaAs DG THIAMHAICERI N5 2 RIGE FRICEEST MBS D h ol & EIC
FEL, FL vy ZHZERORSEMED IR IChRT 5,
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Tk, K1 () ICRIET 2 2 2D/MIRNIET % F L R FIREEDOEHHERD F X A4 v 2S5 2861
MBI X 40 [10],

KXEO)DNINV =7V Tho, = A, EBL &, TOHF2x2THDORT FURF v v L ER
BEDLD, L RILD 2 BT LD RODT, AL =R T2V Thb, —BINICLD DR
SbdHiUE, A DFRIIIZHRL H DT, ZHRIEAHAS - KTV v L ERBY S, S a
NHRIE R Ly RNy 28 Z & 2 X500 ED 2 € VHREHEEHZ ED X 5 ITEY T2z L T
A RN R INTED [3, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22], FEERINFEBI’HFLEENT
W5,

3 AEVEEHEAE{EA%ZHDBEC

ANLT7 =28 & 26 YPGB A ORI —RFRIETHETEZ 2208, ZNOBFHETHLEED
SERREIYE L LTI I SICHETH 2, MHEFRIINE TP 7 22 23y N IEIGTZ DM A A
Mo zHlcE s L) 22— 72KE2 5 ORTHY (23], DLELOSRZEEG T, Foh
LHROLE I BIEFICEDLRODO LR 2EHNTPHING, ZOHITRAE VIHEHBEN DS 545
GO SMAEAT 2 (FESERBEMNEBbis) F— 2R TRICBIT 20981 B L Cfiiic
WiT 5, TITHALILVEIE, 73 2B K9 REHINEAE VBRI OGS, 1R
IXNFX —oBICE W THROMHROE i, KARIOMHAEH ORBBEINICHRT 2:TH 5,
ZOfER, HAFEHZ Db DDBIIFF R T S ZOMEBARE L %5, KHMEAERICE>T
RIFLHRIEREZIEINL | KR L X — DS EOWHEMBIES NS, A VHEHAEHNZ D
BEC 2B % L E 2 —IZ H. Zhai [24], X. Zhou et al. [25] % £ 5 D THEMIZZ 6 6 2SI
72\,

59 AT 2 R —ARIETIEA ARG A =8 =1 a3p < 1 (a 13 s-IEHHELRE T p 1ZEFEEE)
THH, 2hOHFELAEMPEETH 5, O AEMIZROEMA LR 7> v )L

Anh2a

m
THERIICEB E N5, BEC OBHHAEIEBIER U = (0) D54 F 3 7 23RO BN TIZR
DTUAESY L7 AX—Tif (23]
oY (r,t) B h?

o = | Vi V) 4 gl (e ) e (r, 1), (10)

ko CEidE N g, ZHIRIEMIEERTRIONZIERIEY 2L 7« v A —HRA L A%EOHEZ L
T3, V(r) BEFAEZEALIAD 270 DIBR T v & v LT @ IFFIIRE U5 2 51
%, JEMIGIEIZEE p = [W(r, )2 1B T2, 2 OIERIPIEIC X > Tilid S 2 AR O zh R
FAHSUR L HIR L T4 F 2 7 A2 BIINICZE 2. BEC EBIEED & i  ERBiEIcBIT 2%  Ofiff%e
(FECHFMOBEZ E) o bHETH 5 (26, 27,

A ¥ VHEHBAERNIMEAEN T 2R — 25 ED K ) B3R %2525 THH ) 0> ? ZOR
WIZBIL TETTIZE K DFEHESIT L > TR ST W 5 [15, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37).
2 TRAE VHEMH AR EERIREBICG 2 2 I L TR 5, —fRINEANIV =T VI

H= /dr i
CITRAEVEEMAEMREMRZY =Y EF vl A TERBENTW S, U 3SR DL,
V(r) = mw?r?/2 BRI w 2 OB UIAD KT v o v L Th 5, R TFIMALMH O G(U, U)

Ving(r — ') = S(r—r1')=gdé(r—1). 9)

g

1 . N .
%(p—A)2+V(P)+G(‘I’a‘1’T) U = Hy + Hint, (11)




Soryushiron Kenkyu

ERTREOYIBE 2 v + 7 v T OFEICKAET 5 [23, 28, 29], Hiffi TH.7z & 9 (BRI 138501
U IFRL 2 RREE RO M oBERADY) EEREL, G(I, I ICA>TWw 3 2 KD EHELE 13 5
KD ROITRBIRET 2, HlAIE G (U, U1) = g, U, 0] (g, # const) D & 9 IH HATE,
IR =P RF T vl A TH B [28, 29].

TITIE THE AEY 12200 R —AKFR (2R —AR) THEIWNGR TS 2 N2 E Vil
MHMH DD 2 RZOREEREDIEE IO WTERS, U= (U, 0,)T, THH., A 137 ) F5%H
WT A = lik(6,,6,) EHHICEITZ, 2OLE, KR (V(r)=0) D LR TIFLE—ZAR7 ML
DD FNFX =K Ex (k) o (k| £ )2 Z2FiD, ZOSHBEREZR 2R L7, 73 2 B
HAER A SRICE A2 2 EE AR E LT, AR T OBA BT 2 K kuin(A = 0) = 0 Z2HR
DI kemin (A £ 0) = K ICEZ, & 5122 DHNDIECERTY > 7 FICHEBINC 6T 2 2 £ TdH
5, 236 DR L 7R FREESIREBIZZARMEICRE S HET S, 72 2 BAE ViEH R
DFE T Tld, BEC ORI A LIFHEENDE TV TDRIA—=% (F T v 7k
Bl w L7 Y a2 FEEDOMS k) EOEMAHRGTRE D, ETRHAERIZTCE LTS FEELY)
Rz 52 % (24, 25],

£, =

B 2: 72 a2 VB AER Z S OB 1R T 300 ¥ — 77 H#L,

3.1 —KRRODEBES

—kFR V(r) = 0128} % R E VllEfR S BEC OREIRAE DO V555 o MR i 8 7 A A /E HE IS
Lo THHI N3 [28]

Hoi = [ dv (g0 + g0+ goimin), ien Gu = [olw + B20| 08, (12)
I TAE VKT R @R EZFHHT2E TV E LT, 20DMEER g £ g0 ZEAL 72,
fy = WU, ZEEEET 22T, DTIORR 2 5 0MRIE Wang 512k >TAE L F=7 Y (11)
E(12) R oSNz 2 RORFEAR U(r) = (U(e)) 12T 227 m A9 27 2% — il % fiE<
HickoTHo N 28], FE LTI TO DDAy T oNs, () ga<gDEE, DD
A¥ V)ﬂiﬁd:iﬁ"%%?fff p172(r) = ’\1’172’2 Ci%ﬁﬁﬁﬂ@bcg%‘f% %ﬁ{ {%%ﬁﬁg@ﬁﬂﬂ 91,2 = arg[\lfm(r)]
&dH 5 —JFIANCZ > TRMICZLT 5, 2 oREBIZAFENICBESHEZ > Twvw2, 2o HEE
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Bty 2RV 2 WEBIEII R DB H L

\I/(I') — P1 ;‘pQ eimc ( 1 ) ) (13)

1

THIFE, 22T, MR EIELRLIC, SFHRIOAAE z HAICE 5T, (i) g2 > gD E E, Bl
BIFZ DO ODFHFEOERADLE TIN5,

vy el (1) e (1)) -vmm( 50 ).
1 -1 isin(kx)
COHLBAEVEIER ps(r) = [U1(r)]? — [Wa(r)]? = (p1 + p2) cos(2kx) &Fh4, FIIIN 70 222550
ZHEAMT, ZOMIZ TA A TERE) £720F TEFHME) LHENRS 28], JRAESY TR
¥ — A 5135 N RO G HNIZ 2 © U HEMHER A o (MERREZ LD £
EREMTMb 28 (B—< Y HZAZE) OFE N TH—RINCIIZT 5 [24],

3.2 MY 7RODIFE

WHIE R R I IICTEET 2 OB UIAD V(r) = mw?r?/2 12 X o> TREREOHK X
IDEIICR), HLOHPHEBT 2, 2 2Tl Sinha #IC X 2% EBNT S [29], £T. TART
DFETFRMILIEF OEIE 2 €V IRIE L WIS G = g V0, 2D LET 2, 23T gog 13T
RC O % R T 2 HMNAHELR TH 2 [29], ZofMEOfLIC L D, A ¥ VL4 BEC
WCBWTEF Iy 7R TV LI Lo CHI S SN IR FEH S, N7y ZiIck b, #Hi
5 IANF =R —)b hw W3 il Cigam L 7 R ORTEICE A I N %, Sinha S IERIC/ 8T X —
8 G = gegm/h? & K =kly (I = /h/mw) ZAF 2 LT, b7y 7307k 2RIGAE VA
BEC DX % @ L 72,

2 € VB A 2SR 72 R TR A D 72 WA T (G =0, K> 1), BHlDSE: By (k)
FIERTE, IR TIEERE U(k) = v(k)u_(k) Zf %, I T,

1 1 1 1
(k) = — =— . 15
MRV X =58 E_(k) 2B 2 - tRRDEARETH 2, o 3k DHAZET, 1HF3
VEETHURDRT e L EMAL H(K) o (k= A)? = Vi E L, MIGT S a LTy
H—=HBRERDT v F 7 (k) =3,k V2 fi(k)e™, ZHOTHS L, BHEZRLF—
_ (+1/2)° 1
En =g —+tn+s, (16)
B, TZTnRBAXFT AN FRTF VI LDk ~ k DY QBT REDHILD X)L T
DN Ie€EZTHD, ZRNVX—MIAHEEID, BFBn=0%L1={0,-1} DIREBIIMHIRL TEDH., %
DFRECIRRE DI BB

Uy o1y (k) oc e~ (k= Io/2Filoy (o) (17)

L%, FEZEMTIE, MR (r,0) 219 & O DR L 72 L IREED

T 6449 T
Uo(r,0) <6$§§};)), Ui (r0) ( emigg )>, (18)
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LFHIT B (15,29, 28, 24, 25] . T0H IFPREGIRE L L CHIS L, BRA YR (FRaYhLa
Tavva—54 v [38), B SHe [39], AEY FY FLy FEEEAE) cHNns, X (18) I
BT BHHRIRAE & 2 16 DR OBIEHE O X RSN TR 2 B B0 A 2 A AT, TR [29] Cafiis T
W3 K9, TOYRERMOMIZH 2 HROMAMFHAOMS G < G FTHEEES, 2ITG ~K2
VEIEEIREE (|1 +1/2| =1/2) LR RV X— (|I+1/2] = 3/2) REMDOZ 2NV X —DEE2 KT, FBE,
AEVHEHBEIZRE W K2 > 1 056, BRNEAEIAOERR O %)L ¥ —7% [ (16)] &
BIRE ST A DRI LR TIERITN S v, o T MO AEERZEFORE (1> 1) OREa2L—v 3
VIEKPRELSBDICONTHA LMD 5, HAFHDBIRESC RS L, I+1/2) =3/2 %27 T
A\ FEE) ERRE 2 b DEEH B, WHE/ERI S XA =2 D& 2HiPH G < G <Gy THZ %,

b o EMBHEAEN G > G, DEA. KURIZIMOKFHICAD . BEISNABAS FOICZLT
% BHURZEO IS AHNFRE DB, WO AEH OB S G ITKAEL v, EBE, BT oK
AINHIDEEREIZ R B VHERSGOBS K THA 615, fde L TAEL 2 EIRSMI6 DODE—7 %
b OJHEE % ) v IR E b O,

ELCHEER L 72 3 0 DMIE TR THGE L C 2 O RES AR | [R1HE S BERY 22 RIS R 2 > T
%, KO REBHEMEHDES (G > G) TIEIDHFIIMD kv, ZOKRELMHAIEHOMHEET
&, AEVHEHEIERIC L D BEC DIREEIZ A + 74 THANEAD, HEIZH 5 R~ & FHRIC
i 5, COIETREBIZRAC VKT A g1a > g 2 b DO RRTHLNILA 7L T
HEEDEEZ D> T3,

4 F&O

COMEHTIIALT =BT 295 E A VEMH A% $ > BEC OIEEREICEIL <
fliIC L Ea— L7, AEViuEfia BEC OMEICBL T, Z OBIRZRIR 2 #E v 2 k- 725tz
. SRIERICGERI N WL ElbNns, 72, KFHETIRE > TuRw, g2 2556
X DR FRIOMBINRE O, ZRARBTHNERT 2EFNTFEINTVS 3,4, 2650505
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1=4)— - DI ITEDO—RFRARY MVERICKH T BB DIESE

Philipp Gubler®!, W/ P, ILAER <9, #FHEH 2
a AL, R v X —, P BT RERY
¢ FUESREE. B EERTSERT, YUniversity of Maryland

A=Y — - TV IRMRITBIT 2 R T H AT RIVF —OEEHI AT 2 FIH % A T REEE O A 5 E
HU, RRZY bR —EKEHWTHTT 5, TOMEPSR/ONE K FART MIVEEROEE &2 S
bR, BRHBF vy TREDIZR) — - 72V IZROERNZEE 25 ST e TES, AT
. ZOFEOEANLREZ HFZOVTHHAL, IThEFTIESNERE2HEBHICENT 5,

1 BA

A=Y — - 7))V IZRIE 2 R 2 R DIFMHNGRINR T 2V IR F RS RDEKETH D, TDR
725 0 OEIOMHEAFEH DR S DFIE L 72 5 ELE o DR KIZR 2GS RETZHRRTH D, —
BRR TS AREEZD L EIZ, kpa (kp: 7 =)V JEHR) PR ST A -2 LT b3
R, =X — - Tz ILEROGEITIXZ O & S R EEERIIASE S 51390 T, JEEERK LT
EDRRE L5,

ZIZ T, A=Y — - 7 )b IGARORE % 72 M & EEER N 2 HIECHE S $ICHMR T S 72 1T I
7R (Operator Product Expansion, OPE) 2NEHFFEHINTETWAS [1, 2], K, [3] T
R T2 — VEBUCH U CHEHAE FREER T b, —RFARY MVEED kp £ D K EVEHE
BRI BWT, HETHEEMEOMEPETEY T - AVHEOBEY I aL—Yarvhr oo
NAREFENE LKL TWBI DD oz, ZOFEREGESEHESICHEL., BRHX vy 7
DY R % FIT 5 Z L AR THN T 2 EDEREHWNTH 5,

ZD7=HIZiE, QCD DfFEIZE W TUEIA S b T WS QCD FIHI [4, 5] DFHIECMON, —hiT
HEeIZALF— S(w) DT ANVF—w OB E UTOMFTIEIZEIVT, ImE(w) IZ2WTDH S
O ZHEHET L, ZOFAIZRATY baE—# (Maximum Entropy Method, MEM) % T
fEfr U, ImE(w) OB S LWEEZHIIT 5 Z 2T, BEIIZIZ—RFART MV ZG & H
FTZEMTE B,

AFETIE, MAIOEHZFHAL 72, MEM Offffic k- TR onz—RTHET ALY — (D
W) ZRU, TOMRENSEOND R F AR MVEBOFIZENS ¥ — 7 N HEEIEDOBE L LT
EDISIZEHLIPIZDODWTERT L, REICINETIIHEONHERE2F O, SHBROEEIZONWT
PUNANIN

2 FAIDEH

IS (w) BT 2RI 201013, EF |w] — oo DREBIZ B W THZE S(w) KA 50T S b
DEFAEET 2BENRH 5, 20 k5 ZEHREEE TREREE WIS ERICE T 5
BTE[3), UFOBTHES :

1
(Vo —i07)

42 1 0.207498 1 V2
31 /—w — 10t 37

NOPE( 140t y) =

(1)

w4110t 157

'e-mail address: pgubler@riken.jp
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B 1: FIHlZ2EL 720D w OEFEFHE EORE C, Fil LWL Z(w) DAY hE2RLTWS,

ZDRAPERZRD7DIZIT w > e > ep DRDPEVLOBLENRH L, EOXZMHIZT L7
DIZD L wETIIVIZINVNF—p ZHMNELULTRLTED, y ZIEFEZRT NTA—-XTHS
(y=k/kp)o 72, £ & CREFNTNRIINXF—FEEE L a0 XY MNEEC 2R LB TH
Lz IRA—=RTH5 :

i, c=cli )
1072m’ 3m2’
ZDZDDNTA—=RDOEAKKREE UTIFEFEYT - AVBEOREY I 2L —varhrsis
N7 € =0.372(5) [6] & ¢ =3.40(1) [7] WS, &b, ZOERH AL X UREDEDTH S, X
(1) 13EE T REEAOREEREE 42 /w IZDOWVWTEL, 1IROEFTHEUZEREZRLTVWED, y?/uw
WZDOWTOEMZITORVWERMEEARETH 5, 72770, ARTIkiER%2BRICT 2720127 DEK
R Rk &% BT 5,

ST, A (D) POFMAIZELS 2D IR LTH D &4 w DERVE EORKCE2EZ 5,
Y (w) 1XEfl DN D w OEFE LTI TH DT 5L, K 1I12H DR CIZH->72B21% 012
%5139 ThL, ARk, OPE(w) $FEill EUAND w OEEEE ETHITITH S7-0, Clif-o7:
BE0It22133THs, Lrdb, ZH5DBBITEREDOHENINLEE K(w) 220 TH, HU &
IITHEE CIZR o 2RI 012725, & 512, LOPE(W) I w| — oo DM _EDORK TIFAY D B(w)
DEWVEBUZ 2213 T 3D T, K (w)SOPE(w) O EDRKEKIZIH - 7280 13 K (w)S(w) OF UF
& (BlioTWBIEPOFHNT) FLL< 4D, {>T, K(w) IZFEETIIFEIZRD I L 2EE L.
BBRICERZ ENIEX, UTOXSRHMAUZEITEZ ENah5

£€=¢

/ﬁ dwKXthnE@u):‘/‘ dwK (w)ImEOFE (w). (3)
LoRDOALIE, K(w) DEEKLEEZEEETUX. X (1) 26> THITN X 72 1 SBERICEHR T E
13T THD, Kw) DFECHE L TIaLRIEREZEZ SNDH, QCD HIHIORERD & Fa R I
J&% 3 % Borel Kernel

Kp(w, M) =w"e /™M (n=0,1,2,...) (4)

MEFDOEOMAIOEN 2 X 0P DX T TEHIEMRHSNT WSO, KiFETEH Z D Borel Kernel
ZHWS, ZZI2HNBE/3T A —& M i Borel mass ZIFIENhTW\W5,
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0.8 ——— 11— —
07 | —00 default model — | 09| y=04 default model —— |
: y=0 P, (®,0.0) —— os | P, (©,04) —— |
06t 1 07l
__ 05 . 06t
% 04 f % 05 |
03+ 04
03t
0.2 02
01t o1
0 —_— 0 _—
108 -6 -4 -2 0 2 4 6 8 10 10 8 6 -4 -2 0 2 4 6 8 10
w [&] w [&]
9 : — 10 : —
8t 08 default model —— 1 9 y=12 default model —— -
7L Y=0 P, (0,0.8) —— | 8 - P, (®,12) —— 1
6t é ]
g 9 g 5
Qa 4+ Q
4
37 3
2 2
1 A 1 A
0 0 oo
10 8 6 4 2 0 2 4 6 8 10 10 -8 6 -4 2 0 2 4 6 8 10
 [&]  [&]

X 2: MEM iz & 0 35 h7z—RTFHAZ AV F—DER : p(w) = —1ImS(w).

3 FMAIOERAIY NOE—EIC & B8

HID section TEM U 7ZFIAI SYRLE 25| S H 37201213 (4) 26 ImD(w) IZBT 2 EH %l
TERENDH D, TOHICE, N AOEHIEDE, 2 50 S RS L ImS(w)
EHIEHT N TEEAHRAT Y b —iE (MEM) & W5 FE%2HW5, MEM 584 QCD FHI D
fRITIZINAI NS X512 0 5], M No v oBEx25 I 720IcfbnTE2 (8,9, 10, 11],
ZDHRKDOH UL, #IH U &5 &3 BB FREOHICBL THRWRKEZ B BEN LWL T AI2H 5,
MEM % FH\WCHIHI Z f#frd 5 & & O BARIZRGHREE R SIS [5, 12 I3 D . T2 TR0 A %
HNTsrZri29 5,

FTIE pw) = —LImB(w) ILOVWTOREREM 21277, Z I TiE, OPE DR E y? /w220
TEALZVWAZM o7z, ZOFER%ZLIF D Kramers-Kronig BIfRAUZARA U, BUAIZFES 310,
HOZ AL F— N(w) DFERS7-72HI1TKkE 5,

Rezcu)=<—Pj(x<u/:TffL (5)

INFETILERZFBEEIDACTANTF —DREL2IZRFT DT, TOEE

1 1
/4(&% y) =—=I

6
ﬂmw+i0+—y2—2(w,y) (6)

WCRATEZET, —RTFART MV A(w,y) BKES, Aw,y) OFizEinsd W o2ho—2
DALE % EHE &k OB E LT3 ITRLTWS, MOFTIE, FRIZHEEIEW DO — 27 %2323
TRUTHBEN, TOZD2DOE—I»Rbia D EHE (b~ 0.4kp) 2 5BREIT ¥ 7 A D3FEAH
N5, TOEKNLEMEIEZA=053ep THO, BFEVT - ANVOEOHMEY IaLb—2 a3 v [13] %
FBRT — X DN [14) P S/BONTZEEFE LR WERLE > TS,
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FEWT DD =7 DAEZR LU, RWEBEERIT w > 0ERIZH 2 - ODHOY — 27 DA EERT, BV
BUIMEERT V¥ v b p TG LT W5,

4 F&oH

AfECld, HEFBERERBEZEERRKTY oY —E2zHWT2I=&RY - 72V IKERO—k AT
MVEEZ RO B FEEFEM L7z, £, R TFHCZRLVF— S(w) 12T 2 OPE A5 2 617z
& ET, Z OIS S — 72 Kernel K (w) ZFDMIAIZ XD XS IZEHLS PIZOWTHHAL 7z, X
512, Kernel & U T (4) (2 5 & 5 7 Borel Kernel % W72 Rl %2 MEM (2 & D fif##fr U 726558 %
fHHIZHN U, —h AR PVEBOY — 27 3 EBEOBBE LTED XS ITREES 12 /R LT,

SBROBLEL UTIE, ARTHRNLUAEFEZARBEZR > =4 - 7))V IGARICIRRL., #
Fyy TR EDHMKENEREZFRNL Z &0, TNETIZZD OPE R EFZHLFARNSH TV AW
YIMEIEAT 25, W 20 AHREREZ SND,
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SEFRERICE B SBREDAROBIRAR

[ FL R, KA
HORRR B o AL

Bose-Einstein #ififkrh 2 —EHE THI K KT V> v DD % L ZIZ, Gross-Pitaevskii T2\ & Bogoliubov
JEERE o CTHFSR ST F O RA X7 PV e S ERFHHEL 72, ZORR, F1HEI I LY —DR 7 —
Uy 7RI E R T 2L ¥ — DB S EOMREZ LW L, Zhs RARAERIC E S & ) BB
HOMBHS & 25T 2 LHTE B, B 1] 2B S nrL,

1 A4vhAY%o>3y

FERENRAE 2 R8T T 2 HE O—D & L Tl FOEEDIFEDS T 65 [2, 3], Thb b, A
DIT DIREETIFHORD A U e\ s, FREZ B2 5 L Bu4EC 2IRBIC% 5, BEAEED BTl
HIMBTEL I EVEV, ZOIZ LIRBAETFROFERHRICE W THEICBIIS N TY5 [4, 5, 6, 7).

EEE) O FIHEOME TIE, ZDRDNEREBOWE 22 L HEHELHEE k5, L Lk
5. BFMERPEE 22Tk, BFMOLELIEMIZY A T 2 7 ABPEL CMEINT0EH0D
8,9, 10, 11}, ZDRIIET 2R, @5 FOMITIITONTWiad o7,

AKX Tld Bose AR ICH T 5 P55 CTd % Gross-Pitaevskii(GP) Blgm [12] &, TRFZED
AKX DWW & E % Glik 3 % Bogoliubov Bl [13] 2 H W TT 247> 72 R 2 W5 1 %,

2 ETFTIL

N D Bose K232 RILD b —F ZAARDEER [-L/2,L/2) x [-L/2,L/2) \CPHCA® 6T w» 5%
HEZL, ¥, HE —vv=vey, v>08T 5, e, &z TRAIDHEN Y FL) THIK KT V¥ v b
Ur+ot)3H25 L35, 22T, X7viv)be &HICH CEERTIE, Bose-Einstein B DT
2R (r) (BEEARIEIBEE & XN T %) 1 BL T O GP 5

2
—%V2‘I’(T) +U () (r) + g (r) U (r) = p¥(r), (1)

It STT pldMER Ty v VTRTEN = [dr|¥(r)? Z2—EIXT 2 L) ICkd 5, B
RF Vv Vi3 A7 28 (U(r) = Uyexp [— (r/d)?]) 28T 3, g(> 0) BFIHEAHOKRE S %
KT, o, BELH2T o 2 LIk D BREMARABRREMA TR 2, 26 N7 BRI
Fieft

U(r 4 Ley) = ™ L/ (r), U(r 4 Le,) = U(r), (2)

D, SIRAT VI vy VOBEDERBEEND, TIT, ey lFy HADHEMRT FLTH 2,
C DRI LW v — v+ 27hn/(mL) (n MMEREOEEL) IS L TALETH S, AN T o 2/NhSK
LTk e ZIT, |v] < nh/mL DEEERIREICR 277 v FIEHT %,

Bose FeftA b D LR AE 1X DLT @ Bogoliubov X

£ ] [ul] _ [uln
A vi<r>] - [()] ¥
2
E—j—mv2+U(7‘)—M+2g\\P(r)|2, (4)
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X 1: (a) BEHAHEEOZER 71 7 7 4L (b) BEEAEEIBIS O A O VRIS emve/h Z ez b
DDZEF TR T 74N, 87 XA —=F1F L = 48¢, Uy = 5eg, d = 2.5€, v = 0.426545vs TH %, HMNF
7 HEALD GVP DfiiE % T,

ENAMLTEZETROND, 22T, wi(r) & vi(r) IZBIEIRRE | DIEBBIET, ¢ 2= 2L ¥ —
FT, ERREOEEIRIEIC T 2 BIREHFIE 2 NE i u(r + Ley) = e (), ui(r + Le,) =
ui(r),vi(r + Leg) = e7 ™ E/Myi(r),  vi(r + Ley) = vi(r) TH 5.,

UTFTIEES, #E, 22 VX —22nZNHEER ¢ = b/ ymgne. S vs = gno/m. ¢ =
h?/(m&?) = gng T Z EI2F B, 2Ty ng = N/L2IFHIRTEEIETH 5, T TIR1/\/noe&? =
0.1 DFERZRT, BHEFHEOFEMIX [1] 22 B Ic 3 v,

3 HBR

WO, BRI BT % GP TBRAOLEEHWZ X 1 IR, R AiR2 8 & LTHEE
D/NS WIS E TN CTHEL T2 2 23 b, 2D X9 BRETIHNIZEIZER (Ghost vortex
pair, GVP)[14, 11] £ MIN TV %, GVP DIFEIR 72 B IS BRENES Kb T 5 2 & 2 FK

Lz, ZORBBIZIGERED BEESR S w6 Th 5,

R, F1HRREOZ R LY — (22 VX —F vy 7)) OMERAEZX 2(a) I8 T, KIED, 2
DORIN AR 2 B THEL S . 1 D HIHEEIV NS WHHRIC B 1) 2 EOIR2 L Th 5,
NERT Vv LMV E ZORROMWEBKML Tnwb EEZ NS, BELEL, ~HKRDE 1
JHEARAE D T 7L ¥ — 1% Ay = 2mgno/ (L/€)[—v/vs+ /72 [(LJE)? + 1] EE . v IcOWTHIETH
206 Th%, 2OHDPHFEELHICET I R2VE—F vy 7O2WAMITH 2, ZhEFHY
3270, 74974V 7B Z A=A [(ve —v)/ve]® ERE L, BRAEESEEDORZ -, 749
TAY T REToN, TAVTAVYIRNTA=F13F Aoy e v Ty v (FEFUREZ £ T, FERZK 2(b)
KRS, 749 T4V ITRERED, Brexlde=1/4 %87, ZOHEHEDMHEIE GP RO EFFED S
I 2 SR L T T, A DFERIZBITHADD D 9 La v ATV ThHhDH, TORT—Y ¥
JRIOEAEIZ . BRI, BEFSEE IOE D IS O TR R I 2 7 — L DR F IR FE D3 H 5
ZEzmLTw3,

PLED X iz, Bz ZEEFREEFHE DA R 7 v VDR = v ZHlZ BB L 7208, BT
TIREFHOBEEBE R, IhER220IC, RABZEEQS FICHEH Lk, BB
& EIREEDWEEIRIE W T, BEWS FEIMTOLHIICHFEIT L 2 LMo Tnw5 ¢

ni(r) = U*(r)ui(r) — ¥(r)v(r). (5)

COFHRMERERI 3 ITRT, KT vy v VORER /NI VWE i, M3a) o /RTENns X)
I, R R VX =GB 2 HEEO S EIRELEAEHFELR Y, RT vy VHEEZRELTW
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(b). (c) FZNFINHED v = 0.1vs. 0.42vs, 0.43033vs DFEHRTH 5,

(a)

CEF3(D). () D&HIT, BZFNF —FHHTOEED S TOHADVASND, TOKRELREHELED
LEWCID. RT vy ILICEVIEDIN TV GVPBE VLD 60N, RT v v L DOANDHE
BicHtlsbntEZONS,

4 F&obh

RT vy v VS ERETENAT WS & Z, Gross-Pitaevskii HFExN & Bogoliubov 2 % BT
IR 7o, BFOEEDTG TR 1 IRIREED Z 2 L X — I 27— ) Y ZHI A ~ |ve — o[ V4 DR T B
L. AR EEY S EOMARZ AW L, o DIR2 G IZEFMARICE T 2 BRSO
ORISR TH 5 L FZ 5%,

SE 3R
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Thermodynamical Property of Entanglement Entropy for Excited
States
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R, EH FE B ANAL D FEVME H SR TR RS N T — 2 - BRI &0 BRI R S
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BT AR, EWEIIXEG AT 5, Z OFEBIIAEEK & IS, EGHErmd L TN e 2
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AELELOTHD, & LOHEBEPEIREUT, T <T, T, BEAFHOHBEN T =T.0DL %, T
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SHEPUTEL 2> TWD,

FP. T < T, Tl BN ERAOEKIZA L— R0 No TS, KiZ, T =T, D%
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PDC, NDC ZZNEIURAEHN ERADTEREZR 125032 (55X).
T, CPIL AR R AR T, SRR [1] & 0 B,

2 T UAHBEBHEOILE
2.1 BE#HELTORE

T U B OILEEE Z BRI E T2 200, [FEPEER R CTHHRZ RV —ITHTZD
LN ? ] ENWHZETHD, 2T, FhHREOHHZ AL —IZfbD b0 E LT, ERKD
Bis e LCENER W, T) 25255, Zhi, ERCEyTUE, Bxohi- J, T COEg%
55,

OW (J,T)
o0J

SF 0, Bk EBSORBEK., PR TOHHIZRILX—IZHTDHD EHRT,

= E(J,T) (3)



Soryushiron Kenkyu

N

M & LT, SUBBEIRICIT 22— A BEZEZ TAHL S, Ya—LBg

_ 1o
WU%dU (4)
ThHzbhbd, ZZColdEERMEEE, Z0L X, EHIT
ow 1
E(J) 7 UJ (5)
LD, OFEV ., EE ORISR
J=0oF (6)
155,
4. IR~ DIERE B 2 5,
W(J) =aJ? —bJ* +¢cJO (7)
ZIZT, a,b,clEHBHIEDNRT A —H— EHEEEZRTTZDIZ, 6 IROEE TINATZ, 2L b,
B DT a A —NN—RIRHENEFTRIRTEX 5,

2.2 FA—F—=NFA=—2—DEA
ST, BRI = =" T A—=F— ¢ ~DIEAFEEZBEANT HZ L T, HHEBATLETES L9
IR L K 9, T H BT Fa Y —nn, JRE LB E A — X —XT7 A= — OV T/
fbFnZlicky, EFRENRED ERET D, 2FD,
oW (¢, J,T)
¢
OfiE, ¢(J, T) 8, Gzohiz JT TOA—F =T A—H—DEThHb, SHIZ, TNEHELE
BOICA L2 D W(H(J,T),J,T) 75, J, T TOBHT,

W(o(J,T),J,T)
oJ

=0 (8)

= E(J,T) 9)

CELGORBEKICD LT D,
SC, WER LRGSR O AR eBEEE B2 L5, £, A—F— T RA—F—L vV LUFFR
PEEATER S &L AL —RIRERNT T TEL Z LT 5,

W(¢, J, T) = Wsing(¢> J, T) + Wreg(J7 T) (10)

Wiing DVEFBME 2 A0Sy, Wheg VA L — RRE(LE 5 A HHAATHY ., 22T (N RTHALR
BHDET D, Weing X WIS £ T

Waing (6, J, T) = =r(T = T)¢* + 76" = d(J = Jo)o (1)
EEFDHEWRETDH, TIT, ru,diTEHR, ZoLx, EHIX
E(J,T) = Ereg(J,T) — do(J,T) (12)

LI2B, T IC Breg = OWieg/0J Th %, DED | A—F—s8F A— 2 — DR BRI ERICE O E &
RSn5,
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Gy Weing 12T > T, T, 20X ICZEHFHUTHY, TN J LY RELRD L, R/MENLE
DHFOENOHICRSZ 12D, 2FV, J=J, T, —KMEEBEBLZEKZT, /2. T < T. TiL,
—HIF RN DD T T EENESETH, /MEFY Y o TETAL—XZE (LT D, 2FED, 71
A —N"—Tosb, MK E 7 0 A4 — R—PNEEMIZFER TE 5 2 EnNbind,

wIZ, 2 —=NANZHONWTH D, T =T \ITHEE L THASIZES< & (11) RogMen s

G, T2) ~ (J — Je) '3, (13)
o — e~ (J—J)/3 (14)

21585, 612, J=J IZEELT, i< &

&(JL,75 N(T_‘Tc)l/27 (15)
0 —0e~ (T —T,)'? (16)

2185, X (1), (2) DA —LRIZHRTETNDZ ERNDbL 5,

23 FEDH

ARFIE T, EHETITAL D I EH R TOFFRARGEE 2T D200 4L LT, F
BRI D T o X OB OILEZ S Lz, TOME, JE Lz ok o/ IMBic L v, — kARG,
I AL —NR—OEMEMIRS N, BIXO, A7 —LHIRFERTELZ R broTlz, £72. ZOH
B 2R 2 7-0I12i%, e LT, EitJ, EHE, WET OIZNIAH—F— /T A —ZBYH
ThHhDHIEWRBINTZ, EHIT, ZOA—F— 3T A—2 3R AGEHE T, X (13), (15) DX i
BOHES THAH Z N ol

L2yl ZOHEHITILBRTERVEN -2 THD, Ml1ahdé, J=J,T=T.T. &5
DIEEFENSITSL L —oc0 ERDMR, FANHIES EEOHBOEE 2>T5, LaL, (1)
OE/METIE, EHOEXIT, EH0NBIESNTYEH —oco ERVFIRTEAR, ZTOME N, A
ES<SHMIZEVED L) BGIE, EEHEBOLG L RESZLERDIETH D,

SHBOEELELTL, R TERWVERNREBNDLDOMN? |, [ —F—R"TF A= ZEDL 57
WELEIZHRIST 2002 |, ZOBIGEROFE DZN BT, 2EBHIT O D,
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AHRFREAWVCE
BFBOERICTT 2T I

— AR
ZHEBIFRAFARZRIZMAEMN

H o

vIalb—r3a .
L —

Y a UEMTDIRIK & RKE

BUE, WHIFARITER - B B DINICR S NEBIZES L COAYHES BTV DOTH S,
WZ DR THHFFRIZL —F—%2 4T, 2RI L., T2 IR F2ZEEC N Ty TIE2EM R
Nz, ZOEMERWT, BIFT2EMEKY IaL—Yay (FYIalb—vay) TIRBHADEL -7
R, ARZEE QCD CifHEE FRAREDMIEEITS ZEPREIN, 27V Ialb—YaryeFEnT
W2, ZOLEa—#HTIE, ZOBREZMBIL, FHCHIKENT —< 2O WTHMIZHEN T 5, 20&. 5
BORERMZFERT 5. AT —FIZOVWTOLE 2 —GHlIREZZ /I NTIIVWRNVWD T, JRWEKTORN
TRt & R & % 2 CHHEDOR R 2 17 - 72,

1 Introduction

FT. BLYIaAL—Ya VI OVWTHPICHALTE IS, ZO0FZXIE. BTV Ea—XLH
REHIZ, Feyman IZ X o CTRIBEINZZ & IZH>TWVWS, WODORMRIZ E YHIZ Bk D & 5 & 1%
WSHEEL, RBHDZORDMIIMIIICZOMEZ T2 Z e PHL < (EZromBAwy)., £7-
Z DR D FH BRI TIMEIE T 2 BT AR AN 2 WS RIMDTEN S, BEDHI L L TlX, HRE
EREE% (QCD) P ElEEEZ2 AR L T 5 MMHEE R OHIETH S, Einstein DS E%
50 5L MMEIZZNPEEFNZRNTIEMIRLT 2 Z DK, | 20 TH/F] BPEKTZ LD
2, EREO &S R RREOMII L, HOPHADHERRETH L EZLDNRHRTH S S,

BfYvIalb—rvarveid, HROHZ2EFRIIH LU TRMNAEFRE2 AT L. TOY
HMEE ZHNR, TORTFRICDVTHLWAIREZBREZ L TH S (1], Z DRLLRIE+53 1 Hl#E5E
TR TRZSRY, £z, NWHESERINETHS S, LR EHWZERTIZ, RD/NF A —
A—IFEEC T Y bu—)V R, F7-WBBR & RIS 2B - TBIIHSR 2 Z &R EE LW,

2T, R YEYEFIC BT [Hig) LU0V Ialb—Ya v OEKRAEVOEWNIZD
WTHERELTEL, FR Tl QCD, QED IZREINB L5 IZHRZMIET 28 imik> > 7T
Ho., ERNICZOMEE fE< [2]) ZePEEEINS, 20 M) HEETFYIalb—Ya
VIdEDS Z e kb, —HYMEYEZICE VTR, BIREEEHRICREINS LD, BRIN
7R OARERRERIEIH S 2Tl BERETIVIEENZT OMIEEDIFATRIEEI NS, H
METIVIEBEDOD HMAHEOAZGLR L TNWELEZLIRET, BF¥YIal—YayFEDETIV
PAREEZREATVWAENE WS X512, ETVDOHINfFbNDE Z IR ETHA I,

BfE, ZOBTYIalb—vavaEBT2ETRL LT, AR TRBVEHZED TS, 20
RIIEGPEL TN Ty 73N 10° ~ 10"l 52 B JHFEFITH O, T DRuk +MMHEEH
ZHAEZIY P =)V RER MR ZDOMDRE KEL B oTWD, FIGLEZDFEFRIZL—H—
BT, NAWIZEREF2REREL, TORFRICREFE2 NIy 7752 N7, 2Tz
TIPSR, ZHIZE D, BTPGOHmEEZICIEEL R TRVEET I L o7,

ZITHRFEERNTEDEABIIOVWTHALTEZ S, EFIINHMHEHBEEZ2FD, ZOHEL2FHEM
I, MR SRIGD B FHROB T Ial— X — ULTHAHIKRFREZ2A VWS Z e RNagEe 1 5,
BIZIEaBEVOb LW 2DDFTAHD, TOfREEZZENTN 0%, b* & L&D, WELITELD
a+b—a*+b* ERBBEREZEZXD, ZTIZTa* b* 1T DKM, BEXWMEED a, b &R B7-0,
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HORFIZBAL Uz e RadT 2 ek, Ea, o ZHONEFIZN Ty TTEZEDARETH S,
ZFDONTYTRTF VY VDRIRDI R B 7-0D12, 200K FIZRZIEEZ2FODZ e Rks, £
BTz B3 &, FElO@fEE 2 Kk FOBELIZ L D, oK FRERINEZZ I1I2m5, ZOH
D&, RFRTRHEFZTOEDWHEE - ERSNDEZ I3V, ZTORIFREZ EFLfH5 2
izk by, ERFHEOMBEMERZRELMMNICRIT S Z L 2HEKS,

ZOBHEIZBWTIE, T EORHR TR0 R D 5 8 TR % FELIRICRTHIZ 3 DIFEZET,
ZTOHEANZEEZFAT LI L T 5,

2 SUN) REEEMERAEYETILECPY ! U ETIL:
1/N-RBLEDEFR M D RERRIIREE

ZOY 7Y ay Tk E IEMBEYIME RO TH B MR R F A VRICDOVWTOREFY I 2l —
YavEBNLLD, FEIOBRTRIZGORTFROBIKENET IV THS CPNL VI ETLL
BECEE L TV 5,

BIDAEVIZEDETHEHRL1/2TH Y, KTV A b EOMWVFEI T TR, EFRERTEDHEL
EEZFAEVOHHEDANEEEZD , RITEEEAC VET IV TRIBE NS, 2% Heisenberg
EFIINTHRT & ZD Hamiltonian 1,

Hguo) =J Y S:-S;, (1)
(1,9)

THb, ZITS F2RTEHRTDOHA Mi LOAYVHEFTHD, TOAL VEHETEZR TO
R MIBREE T ORI T A 2R LS, AU LICHIGL T 2HEBEORY VEET 41, 2o
FHAT DL, ZE/ﬁ%%is__1Wzt%ém5ﬁzt/®k%é#y2a®f V)
Hilbert 22T Y, 2 mzz o/Phys) = |Phys) &#llfR%Z )5, T DEBLZ Schwinger Y Y EBLE UT
HMohdn, TORBENRRIIGT DL, |2ia> = 1 1& CP £ % (Complex Projective) &
MEEN S, A YD SUQ2) MFFEIE. 20 CP 2D SU(2)-unitary 219 2 6 #iik i fl7e 5
AN

ZITAEVDREIVRBEREZZZ LD, BAIZEZ DL, ACUBKRELBNERTIES EiX
INE L2, HHAVNGED LI NG, EBFDOALYVIEL/2 LR-E>TWDEA, TRl
ZIE132Cs, 9Be, 13Ba R ENALY Y 3/2 b, INOHDFEFIIMEFIC N Ty TINEZ EDHIS
NTW5a, AR OKEMERENTMEL U TAE Y SU(2) K255, on-site OJF 1B AAMF
AZRMTEZLI2&D, TONFMEEZRAD SUM) IZET, MODIENHETHD I EIRIN
% [3,4], HFIIAE Y 3/2%KDDT, £D z-fid (3/2,1/2,-1/2,-3/2) TH b, SU(4) Wik
122 D4 55 &R % unitary ZHUIMIZL S R0, FERIZAE Y (/2 ((=odd) £ THEES 5 &, ZD
R SUQRL+1) W E2 D Z 12725, £ LTI ® SU(2¢ + 1)Heisenberg model & Ediod CPN -1
B zig(a=1,2,--- N)ZHWTEINDS, ZELIITN=20+1ThH5,

ik X 17z SU(N)Heisenberg € 7 )V O(RT 3L X —fiflidi%, PAF OuEfERZE# T &S 17z CPN -1
VIORETNTRINDZEDRHSNT WD

Z = /DEDzDaexp ( — Z/dgr[DuzDuz +o(]z)* - 1)]), (2)

ZZTD,=0,—(20,2) TH Y. oix CPN~! OYIFHIRIED MG % 289 728 D multipler TH
%, EAEAER g 13RD anisotropy A = J,/J, iI2& D g = (1+N)/(V2)) £RI D, ZAHH
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THHHGEEFEN=1ITR U, g 3N S RIFEBRIITOIHMEZTE > TWS DY, anisotropy 27K & <
aatgiﬁ%<ab SFEDOHENIXFET S, DF 0, g 22T E TV L, B HER?
52l %, HBOHGERDETINTHSA (2) 1. local gauge B 2, — ez, T U TALETH S
ZEIZEELV LD, ZOXNMMEIZIEDA Y VEHE 7D 2, @ bilinear THIZRTWA Z &M HAE LT
o Flon Ay =i(20,2) EEBT DL, Ay, BT —VBO%EE R L, HRBETIOBEAY —
VIGEHTZAHELE UTHERICEAT L Z WA TH D Z EDEBOFHBEIZ L D RT I L2
ko, T, ETNVR(2) OMMEEEZHARNDZLE2ER LS, ZITNWIRIRERGEEEZRD,
THLHEATH g DREITIEFHIRE MITEZ L 1/N 2RI A—Z—L LT, ETNVOHE
BEMNINIRD B Z DD, 1/N B leading Tl&, D7 —VHE DAy 7)) ¥ 7% K
T2 ek, FAPHBIAMREL UT (2n) & (0) 2B ANIELL. TNSOEMET V¥ v Lk
zo(la # N) DEMR AT AR 2 EITTHI LIk, kDB KDL, TOMEE, FHINS
LD 2DODMFHEL. TNSDW (2y) # 0, (o) = 0 DAL GREEN: O EEF#kF %2 5 DM TH
D, £72. (an) =0, (o) Z 0 DHIFZRAVF —F vy T2 K OHEEEMHTH S, ZD 2 DDOHMD
MEE L2 RIEBTH D, 1/N OEROEEZEZTHZDORRIZZED 57220 5],

XTI 2T, MR % S IO ARG T ETEHRI N2 T CPY 1 llina 52 &5 [4], KT E
DETFIMZH LU TR, BHEFERTEOE Y TF—Aba - Y Ialb—Ya VAEIETE %, CPV-1#y
HIZDOWTIEE DL % MK EZHVCTIEMRICRHT 2 Z ehtiks, 72720, HEYVRELNIC
DWTIREHDENL 755 DTEHEIZRWRHZEID, FTE3H LU <05, EEOFAMREZET
CP?ETNIZDOWTRT &, KI21CHB K512, DY AT L8 A XIKIFEEZ R U, F DERIFIED
BRY A XA —) VT TREBIZ 7 4y NHEDZ e N SImBN2RTH S LiERTE S, KT CP!
ETIVIZDOWVWTH, FARREERVIFONTHS,

“w

H(x)

Y Y R

—

35 3.6 3.7 3.8 3.0
Cq

l11@¥mﬂ%Tw@w%/xTAﬁfzmﬁﬁtﬁ@ﬁ4x17~U/7®%% 2 R DFHELFE
DFEEHRIRLTWS, C) = N/g.

TTRIZEHLULTWS N =4 OfEHR%Z, M21ZRZ D, AT R NVF—1LC; ~ 4.5 HE TR %5
U, IOICHBUIIERICKREREZF>TW5, ZORBFVIZIEEN I RTHE I 2B RLT
W5, TDELREMHELPDDZDIIREEED T XX =04 N(E) 2B UERDS, M3 THb,
Cy =4498 TN(E) ZXTNE =2 %R L, NBZANF—HE05 2 OOREVEEFELTHE I L
ZRLULTWS, ZNSDFEERLID, N=4DEFLVTRIREBEEZTHIZSITHEHI, »
FTHIZUTHHERERRZATITONTE D, HELLHERE IS VTN,

DA ED#ERIGE R HE R D 1/N-BHEHOFER L, &1 LOMEROBUEGIROMERIFEL TWE I L
ZRUTWS, AREZRffRe U T 1/ N—REOIGRERIZAR T, 1/4 K0/hSWes ), Rk
DIFFETIEN >4 DETITBWT 1 RKIEM & OFEGRIEFoNT WS (6], £ 2 THRITR A MUK
TRTOFEBRVERTNE, ZOMEICHT2EENFTOND LHfFEIND,
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X 3: #&F CP3 € FIVORBEE DT XX =046, | ROMEEBOFEEZEIRLTWS, C, = N/g.

3 Schwinger model (cQED)

WE, BT —VHERDOE Y Iab—ra v EERT L7012 DRENRZINT WS, AR
SRS R EIT BB U 72 8RR I K D FEB U, FEENSGESE O ERFE TH 5, D% D Hamiltonian
EREAs, 7+ —2%D fermion IE Y1 MIRES N, 77— V50O&%E %S boson XV v 7
FIZEPND, ZOERKEIIHR R THRELZEZTLW, MEE 22 DIEEART — V5 ftEo H B
Th 5,

B TR — VHER D E RMUITIZ 2 DD JiiED D 5, ZOETIZFZDSIHD—D2%MNAL, £ 5
O EDIFEROFETHHL &5, ETINVE UTIREMHT, 2L <FARSN TV S 2 It compact
QED(Schwinger model & IEIEN2) & 2 5,

—RINAE VA N BICEPNTZWES O, 13T — VBB LD o, = Vo, EEBEING, TIZT
Vi 3T = VBDTETH D, — S F=IB Unp 3 Upp = VUiV, EEREND, KRR &
SIZET NMFERR R CTERMEEINE DT, U,y ITHAREAE T2 UCEY B, BWEAIH, &
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HABA LR
[En k> Um,e] = 6nm0k,e (3)
MW7z I N5, JWTFRIIBWTT —VlliRE2 LT 5720121F, TORHBER (3) 23l L a2%
ZIRL TR SN Z 8275, £ I T, quantum link model (QLM) & X5 PUR D k% #r
L&o,
BV EIZ200F (KD EMIZIE FAURFO2O0RLLRE) a & bEES, TOEH
DRABHE T % Ny, Np 25 %, V27 EORFBDH N, + Ny lF—ET 20 2T %, AHEBEREE
TEEDEHETUTORBEEET Ly, L- X0 aEE T2 EHET 5,

1
L+:J&L_:NmLf:§NfJ%) (4)

FOHERT (4) TEBINIAEBEOKREIFI L THE I LWBRBIHE,rOOND, T TI I T,
Ly < UL_ <UL & Eextindtsde, 7r—VHmOLHBER (3) WHEHINSE Z LIZEAL
5, TOFEEZLILVWTT —VHEZH T TRIT %K% QLM IR, &V 7 EIZ2 DD
T2 ¥Efid 5 DT, pure gauge TIHRWI LIZHERET 5, 207 — Y —AEENEHWTESIZ
Kogut-Susskind 7 — Y Bliw Hamiltonian 23€ LK 5, HIZFH L WRETE fermion 12D\ T D
HDOZIZIT D,

- fermion (2 DWW Tk staggerd fermion (Z D WTEAA% 4T 5, Wilson fermion (2 DWW T H R
INTWBZ LT, L THEL, BFH% even site, odd site (2731, TNT e B LV d D fermion
ZEZ, cy(n € even), dy(n € odd) &35, (ZIZTe, d fermion (XF U 7 =)V I 1D 72 5 NE
RETHEZL2EFERLTEL,) HEBEHEZ Hy = MY, (-1l p,. T 2Ty, = cn(dy), n =even
(n =0dd) TH 5, FEEUZHWT Dirac sea 2B 5I121E, odd ¥4 b LD dJFEFDAZEGED 7 ARED
SIADIUE LN LD 5, £72, AREERZFERT HITIFHEIT even YA b LD cJ{T% BERT72
FBEHIENZ LILRE, F=VBEDAy TV VB EDZ 2 &Y Hp =AY, (W] Ly nthni1+h.c.)
Lld, TITZEM I RKTDHEIZDOWTEWED, @RILANDIERIZIAS N TH B,

PAEBEA L 72 /5IE T, T LI QED 2 BT 5 Z &2k 5, iy — UHEREZED 721)
X, BEORY a2 v o RBIZEET X IV, BT — Y AREMIE Hp THEZ 515 a, b boson
& ¢, d fermion OMAEMEHIZB W TL2AEEERVRFT 5D T, TNETND 2-§57 & B L HiAZ R
NIFEBINTVWEZ D905 7], ANICHERZRXTHL,

1. AEZEO Hilbert ZZMIFHFRAITCTH D, —H. 7 —VHOZEMIZERRICTH 5,
2. Ly, L_ ¥ unitary BT TIER\, 72720U £ — co Tl unitary & 725,
3. QLM &1 7 — VHEROMED N A2 Hilly I 2 L —Y a VY THHIZ L TEB L BERDH B,

4. Z® compact QED I& M X EE %2 2315 LHIEBPE S Z L B3 HfF I N5, EBIZERT
ZTDEBIZED IS IZHMENDDH?

4 FI—VEH: Gauge-Higgs model

HOETIET—VG2RTOICAHAEHROEB T2 H W, 50200 LTY V7 |k
WZAES N2 BEC 2 W2 HiEDH 5 [8, 9], M4 IZIEAKTDOY 7 FI/ES 7z BEC O %R
T, FIIWECRULEELDIC, ATHEHOELZZNHBEHBEEZSDBEC 2 U, (k=1,---,4) TRT LRD
Hamiltonian 1% G#EfEZEM KRG T)

‘72
]¥zwumpw(—Z%+VM@)+QMPQ+QMWH@W%@WA@WA@, (5)
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X 4: ¥+ v EIZiE»N7- BEC & ZOROMEAEH, 1,---,4 13 BEC OfFEE%2ET,

THZO6N5, ZIZTVi(z) BRTEDRT VI ¥ b, g FHEEHATDH D, Qpe 137 < VHGELIZ &
27 REEZRT, TNETNDNRTAR—THBOMEEZHFOEIIN4IRLTHE, /-, (LFEXTF
VY YIVDOIHIFAKL TW5,
T, LD BEC OifHE 7 —VIGE RadThbiI THEH, BUEMICTOREE R 572012, B
TD&S LK EEANT S,
Vei =\ Pri 66 s Pri = pPo + i (6)
T Tp l3FHEE (LERET Vv VTHIEIZENG) TH O, EHET {4, O} 1ZE T A2 5
%w)éo BeoT, by 2TV V2 (ri) EOF— VB RALEZE FIT, iy ;t?-'éi@&fjﬁﬁﬁpém&
258 % A\ C Hamiltonian (5) 2 F &2 B 9, £D & ZIZAX (5) DMHEAEHIED g AL T,
%%}E () Ny AT AR ZFEBII G729 & 5129 5,

A 1 T (10
e = 5y Y (X0 Viin) +Vo ik Hul{0:).

Hy, = 24¢'po > (cos(ém- —0,j) + - ) . (7)

r,1<J

ZZTY x(gre) ' THY, FEVIERT VI YIRS ENTA=R—TH 5,
Hamiltonian (7) D 1IHIZEWT, v — 0 DMREZFZE R 2 L, B ST H Y A % 7z 3R AE
(Z Vifri)|Phys) = 0 DAY LA BRT 3L F — k&L L TN, % D subspace TOERNHL % &
FRWI EIZ5, Zhid ZOMRIZE T 26 TIRERT — VNPT 2 Z & 2 Hkd 5,

bf)‘bll?f)‘b Z DRI fine tunning TH D, R FRDEER TIIBEEIZ Z OMfRZ LB T 5 Z &1
LW, 22T, ZORGZBEDZEZIZED LS BHRPEHT 202 RN L1235 [9], #fL
SHND7DIT, N TIIRBEEIRRIIESE 2 2I2T 5,

R RR OB Z 1%

Z. = /H[dnmdgm] exp [Z(— Ny Vabyi— ATVOU:%i)

A >
~5y7 L (2 Vines) — A7 3 Hu({0:1)] (8)
LB, Ar ERELEORFHE TS5, © 2 CHBE %D HT
G= Hexp[ —AT/29%)Q?], vam

WZHEHT S &,

CNJN/%HdGMeX icos@ — 0 ZV- ; 9)
=/, ’ o p Ar x4 x4 ,- iMxi] 5
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E. KA RDOY) Y 7IZES T —

VBOEARD Opy EHVTRT Z PR SE, 20K (9) &KX

(B) ITRAUL 1y ICOWTDH T AR ZFEITT DL, UTFTORXPELND

dU] eXp(Aa), A, = A+ Ap + A,

chucosﬁw, Ap = Z 20 €08 Oy

x,u<v

Z 3 [cos(&w — O0z1) + c0o8(0zy + Opp i)

x,u<v

7z, — /[
A =
T,
AL =
_l’_

Z 2T, Uy =€, 1y =42 /A,

COS(HI_HJ‘,V — 9x+,,,#) + COS(GJCI/ + 9:2—%—1/,,&)} .

(10)

Cl; = 0\ Coi4 = (QATVQ)_l 'C@éi?\ %M%ODIE;E/EI\;"J:%.E:‘E%

W BHR TR TERT 2720DRENL L BINT WS, TITIITIEETIV(10) IZDOWTFEL

KRB Z EIZT 5,

EFN (10) 1S DN R — OAREM RS, UL IZ 2T, 1 b RIZHZIIRY Vi ¢, = et
FEBATLHILIZED, BT —VARERIBIZET IV (10) 2 EBESHZ 22 TEL, TOME

ZGH

FETI(10) LEMTH D, EBE,

[186)av) exp Acu (U}, {62}),
*%+AP+A,/WMEIIA%ﬁ?7
> e cos(9g + oy — Paip),

T,

Z C3/J,1/[COS(SOw+V + Hx,u, — O — (P:E—i-u)
T, u<v

+ cos(pz + Oupe + Oty — ‘Pﬂcﬂﬂru)

9:c+u,u + pr—i-z/)
+ cos(pg + O + O tvp — Socc—f—l/—f—u)}

+cos(Patp + Optpp —
(11)
UTRDTr =Y REWEZHANWT, Zagn = Z, 2R3 2 2BHKB,

Oy — 0l = O+ Ny — A,

Pr = €97 — ¢ = eiAI¢a: (P2 = ¥ = ¢z + Ag).

(12)

D EDOZEBMLD, ¢, X Higegs HEMET HZ LA KB,
% D gauge-Higgs €TV (11) IZDWT, EVTF-A00 - ¥ I ab— a3 Vi kO FARZIAE
EUTRIZRZE D, ETNVDNRIAR—DEHRIZR 13ICHZ 5,

Model c14 c1;  C2ia €25 €34 C3ij

1P C1 C1 Co (&) 0 0
ItPtLs ¢ 0 ¢ 0 0 cs (13)
ItPLs ¢ 0 Co Co 0 c3

PL 0 0 C9 C9 C3 C3

ZTNOSDETID (3+1) RICROMMEE %X 5 12mR% 5, i Higgs M. FAUADHB LU0 —
OVHNSR5, ZZTHHRFROSETKRMHZMEMT 5 &, Higegs MIZ BECHIZAIEL. FU
ADFHIXEY MHE, LU T2 —10 UHHIX gapless DIEDFAE L 2203 5 RIFEEAHB AN HTH 0,
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‘ _ Codlomb_
0 05 10 15 2.0

5: RIBIZRUIZET D g — ¢ 3 FHITOMEE, HEFROBTFIZHBOREE2DH 50T,

c2

Higgs

Coulomb

_0’—21.0 -0.5 0.0 0.5 1.0

6: static source (quark-antiquark) i & 2 FEE DS FOMAR, Ap, = (X, n2/3)/? 2R 7,

plaquette JHEFDE T IVRE DL X 5 [10]. Z D plaquette HAVNE WS, K 5IRT & 512,
Dy DREZIZNILLTWL &, Higgs AR SEAUADHANDIEBLPBHIZI N 21T TH S,

BT BETIE T — VG OMMHIZ G T 5 BEC DAMHNEL L o> TWE D, EEEDOWEIF T D EER
Tk, RFEEDOERKGFEDRFTHDIZBH S NG ETH A S, 77— IJHERIZE T 5 static source
WART Y Y Y IV V(2) BRI EEZLI2E D, HIRNAES ITHHE FRICHEBIAD Z AR S &
FHE N5, quark-antiquark % static source & UTRIZFEFBIAALZ L OB =RERSET2X6
IZHRLTHEL,

5 FEHEFERODBE
1. ZOHBETIHBAFREINTVWEREFYIa b —Ya vy OEBEREZBNAL T,
2. EEFi DM FIzk D, BEINZFL2OEFETIVIIEBAREE R THA D,

3. TOHT, F—UHiE U T gauge-Higgs €T NV RUNIET I NE L HFI NS,
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4. local gauge WFMEZEBTE2H L WT A T« 7 DRIEV RN 5,
5. FERRMICIHEEZ 2y bu—LT 5 2 EMHERNIE, 55 I51EE W,
6. MFIZAL 2 B\ S I B R DB AR Z & B If I N 5,

7. BRELT — VRO FEBUT IR S HEE DK S R MED LN DT,
IEWFEROEBPFEI NS,

S35 3
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FREH:
—RITEFRARD —ERRE OB EICB T 2 &A1Y

RERA:
B N, U R S IR B A0 ST

R

TFEOHETFHO— WL —AKREZHNWTEEZRIZBW T ALIADRT ¥y VA%
RTOT LIk THIEREND ZEBIREIDH O I, SRICRITITR B L7 W
FRRPENPBH ENTWD[1], Fx T OREIOBEE W EEZ & AR ICXL 5
PRENGE D HALE & BT Tiam L7, IR R T oMl O =X L F—HRICHOWVWTOE
PERY 7275 %% & time-evolving block decimationi£ (1 K 2 Wi 72 BUEFH RN 6 IRE)OBER
ISLFRTE O DR Z R TE > T2 RITHBIT 52 2 /Wi Lz, ZOMFRRE S
R LBAER RS EBRTEN SN IZIESOBEO RSN FE & L TEFEEYIZED
LOTHHEFELE, S50, ARIBEIZE W THtHE 2 21/t &8 72 BRI 3R 3 5 E
(727 B AT —=N—HHR DTN R T 2 L 2R LI, ZORKRONFITHERE ORI
DJFEFm 2N HD <

[1] M. Cazalilla, R. Citro, T. Giamarchi, E. Orignac, and M. Rigol, Rev. Mod. Phys. 83, 1405
(2011).
[2] I. Danshita, Phys. Rev. Lett. 111, 025303 (2013).
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2EHFHERT OO YILICHIE SN AHRFRADIEFEE D MEFEREIC
¥ 9 % IEF % Thermo Field Dynamics

TR, SSER, iR, RSB TE T AT 4

1 [FLHIC

FERFME A O PEERE A CdH 5 Thermo Field Dynamics (TFD) 1%, ZEfM DB HEEZFENT 5 Z L12 X
. BRI EIREBIIRHE 2 50 S - =M 1T DRI OBIRHME L L TRIATHIBATH D (1, 2]
T T TR [3] 1230 D R TiE & W O & DI TFD Rz 8 & | 3EF M TFD Tk
ETH 2B A ORRRIEIED, L0 EANREFENO BRIIEOND Z L aR Lz 4, ZOBIE
BEIN IV =7 OWIE B RIFFICIRE S 4L, FHEEIN IV F =T VTSN DT A — Z IR
BH2DODFENTA—ZDHTHDH I ENENNT, £D2DD/NT A —Z[XENEIRLT 4341 DR ZEAL
iSJIU“Z@*i%I*/I/ﬂ? EIRIREN D, AWPIETIE, RE LCERFO 4 RE L, HEEHNILV =T

(ZHERLF DFm LRI CE D =DNRT A= PHFEIND L aRT, SHIZZDb LT, 28
TT >V VATHIR S T i AR SR R O FEERERIE R 5 5 BUERH R 21T 0,

2 HBEEFEA,SIEFEH Thermo Field Dynamics ~

BANCFR S [4] THASKEBERE PO FEEHHICL Ea—3 5, AR TIERLEMHELOR, 1
T — KD Bose Bi R DHE DI % T, Fermibi 3%, LT — ROZ~DILRIIRS TH D,

FERTHIRTE R T a, of O 7-HORRE {\m>} THEDHND Fock M H %52 5. HINERAT 2HIBHR T
DA Liouville 22/ & FHEN D MIBZER H 2727, H OBEHRE |A) ORI "ET 77 v FTERLT D

ZlicL, *oWREE (A|B) = Ti[ATB] L &% T 5, HL@@%%A%%@E%%B T B T
HO: A Bix, BEETHATIZOA) =|B) L&LShb, BiEH a, af, 4, a zxhzn

a:Aw—aA, a:A—alA, a: A~ Aal, a': A~ Aa (1)

LERT DL
alm,n) = vm|m —1,n), ELT}m,n>>:\/m+1}m—|—1,n>>, (2)
d|m,n>>:\/ﬁ’m,n—1>> ) &T}m,n>>:\/n+1’m,n+1>> (3)

Je O HABAAR
(@, =1, [a,a']=1,  otherwise =0 (4)

MEALT D, 72721 [m,n) =||m)(n|) TH D, EHEE B CIEBW R BRI Tr[Ap] = (I]A]p) &
FELLERBHKRD, 2T (I =3, (mm| THD, SBIT |m,n) T a,alxtd 5 Fock 22/ & %72

ZEHHED . - .
’m,n>> = N (dT) (dT) }070>> (5)

ORI TIEMEME T Fock ZE[] {|m, n)} EOMKAREE (1], [p) OWFEIZ & > TEARMIFHEA LR S
NTnD, T TFD OFNTH %,

Schrodinger #5412 351F % Liouville-von Neumann 523 tps( ) = [Hg, ps(t)] Trtib S5 EH19725%
BB 5D, WEETHA T Liouville-von Neumann 5#2:% id|ps(t)) = H (t)) LERITZ L0
ﬂ%%ﬁo ﬁ:fi],/f¥5 = IYS —-j?g 7?&5250
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WITHDIEE NI b =T > Hy(t) 28RO, AHAERHGEERTS

Lo = 0w, at) =0 (WasOt), () =0 (aso(e), (6)

Liouville Z2[]R0% 8 5 113 HAE IR D {a, a}- A 728 LU TR S D 7o, H,(t) 280 Yk
FHGAPIEICERT 2 2 ENEHEETH D, Lo LEERRI FRICIFEER) ICB W TZORIUIAH T
F20, ZHUOIELL T D 3 SRR EFE AT 2 LI Lo THRET 2 Z LK D @ (a) BRFAICH W
THERL TR DFAET Do (b) KRD~ 7 m g BNBUEITRHE A KT S0 &) B 7 R AL AN AL
T2, (¢) t =00 TEEHIZR D,

i (a) X0, BETHIN LI — ME, EfEME, SUSEEEOR M TRIES N TV TE R b
VY, ZDXITITIEER NIV F =T R

A~

Hu:w<aTa—0LJr )—I—z{glaa—i-CzaT T—I—(g( a+al ) Cg} (7)

Lo TWDLMENRH D, 2721

n 14 2n
1+n T 21+n)" (®)
Tho, 2FV 3ODFEHKNT A= (n,w,k) EEATND, 209 H n 3o mBEORRIMY . w il
Fi TR —TH DI ENTIHNDLR, kK OYENEWRIIIEER CTH - -,

G =n+k, G=n+ K, (3=—

ZZTUTOBMEAMEE S -
A(tl,tg = —Z<<I|T |: tl)AQ tg Np>> (9)
= —if(t1 — t2) (1| A1 (t1) Aa(t2)|p) — 10(t2 — t1) (1| Aa(t2) A1 (t1)|p) (10)

2L Alka,at,a,at O TH B, TRO, BOBFLAOEE T (1
TEFE (b) 25F D 7201213, (I|A(t) B~ 27 AR BITIKAE L TIEW T 220,

FEATAFZE [4] Tl w TR E&ETH Y, n IZERNRETH L Z L 2Rk E L1z, £k OMEY
BRRIZIEAHCTH-7228, FEBENI L F=T COEICEND Z LD n & FER, E’fﬁﬂ’]?‘;%f‘%é &
R L7z, (I|A®t) 25k & R IRAE LRV DITIE, k=0 B3 %BETH D2 ENTHMND, ZDEIHIC
LCHEIANAIN =T B w,n D 2O0D/3T XA =4 ULF20 &t 72,

\ZHEET D, fEo

3 FEFNIIILNEFZTUONDEID/INTA—A

INTA—=HF K&
vy=2(1+n)k (11)
ICEEHL . HICE(7) IZE Bogoiubov Z i
1+n —n -

wiit, ZzTa= (4 A1) A= (41 —A) Lo a2 mERE VTS, 5 LR (7)1
H, = (w—7)E€ — (v +in)ETe +ingle! (13)

Lt MAEERMIED o HE -ICMT % Heisenberg TR idat = [, H,] & € DEFE (12) LV
i0,6" = [en, H, — ingT€l] ThH Y, Zhzm L

) =¢ eftds [—iw(s)—v(s)] 7 fT(t) _ gT eftds [iw(s)+v(s)] (14)
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Liro TG, HEo Ty XKL T OFMOWEL & IR T & DM R ETH 5, (I|AIF v ITIFKFE LT
WRWD T, BRI K T 2EZE (b) Xy #£0ZFLTWD, ZOXHICLTIHFEHNINL =T
ICH 3 DRI A= y BHFIND LD ITHoTlz, IELWARRRE LT, Bl (I]af(ta(t)|p) TR
D n(t) F OREEIHS n(t) ITEFRPRETH Y, w, £ DX HIZEOFEOHIBRO 7o\ Sl I 722 &
Th 2 & RMEITR,

K (13) MO0 2B HFEE NIV F =T IV I THD, LLT T (I| &7 v b po) 1d
HEDOBRIZARNWTZD, NIV =T UBRIET LI — FThHo THYEHENEIFEIZITR LR, Yila
DEMEZLE 2D (I|H, =0 ThH->T, ZHEy£0THoTHRIZL TS, ZDLHICLT, TFD
TITHERL - D Ff & W O S Z M AERRIBRO L~V THRICERY AND Z L BHKS,

4 2EHFERER(IIXNT HEBEE

AT TR LNz y ORNREMHERT 572012, LT O Bose 2RI k42 BifliZp 2 EH A
A2 Z 25

H= -0 (hne +whone) + 3 ve (whotone + eyt
)4 ¢

U
+3 Z 91020504 (1/’TLg¢TM¢L€¢LZ +¢Lg¢b¢m¢m> . (15)

£1020304

T T EIFHOR Y Er 7, U BIEF RO

E{?)ﬂﬁi&\ /¢ 6i#)5|jﬂ@@{if§)50 %\#)Eﬁi 1 Yk +1 ' ' ' ' ' " =001 —_
TLAFHRE) 7 CIED L, ZORRT XL F—Ty, = : onzg
QC+1/2) ThD, AHESERBEITITIFN ORI 3 OOuh with o

i U7k Glrba0304 = f dz ug, (Z)ufz (Z)U'Z:s (Z)u&; (Z)
PP TND, 22T u(2) IZFHRES 1O B4
B#Th s,

AN F- % O I g1 o040 OF NI B9 2 R
72 TR AT 72012, t <0 TIE I =0THV, %K
X2 TCORADIEDOHFIEFT -S> TNDEHEDET 5,

o LN T T

Population invalance
(=]

% ]‘/T t = 0 TE%FE?E/‘]L: J %IE&: L/‘ % %3qufﬁi]_‘&: h 0 260 460 6‘00 860 1600 12‘00 14‘00 16100 18‘00 2000
T5, ZOXITHELREBZOMSRMELE L, Ik fime £ (2

S - I

iH%TmD%ﬁuvg%&njg%%%myﬂéﬁéﬁ%\ Fig. 1: FA0HRORF RO D ORI, 111580

T R & Fig. 1R T, v DRIRIC K o TRET DI prrneodFic, —1 38 CoR T EOHFIC, 013EHE
DB CTEADIFICHEISEE L, B FIAFELTNS Z 2R L T0D, BRIV k=

RO ﬁmﬁ N ADIFIHIE i ~ k,f/ﬁ TACBWT y=0 & LEBAORHEMEETH D,

LTV ZERghnd, —FHy=0%& LIFHETI

FEFI L2, v ZIEEEIAN I L F =T UICHD AND Z LW, BEfMBSZ2 Rkd HIChH > TEETH D,

W

% XK
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Numerical Simulation of Quantum Transport Equation for

Bose-Einstein Condensate system of Cold gases
in One Dimensional Optical Lattice

Y. Kuwahara, Y. Nakamura, and Y. Yamanaka
Department of Electronic and Photonic Systems, Waseda University

1 Introduction

The system of cold neutral atomic gas has attracted attentions since Bose-Einstein condensates
were realized. The time scales of the thermal processes are sufficiently slow to observe various
nonequilibrium phenomena. We apply the nonequilibrium Thermo Field Dynamics (TFD) [1] to
the system, and derive the non-Markovian quantum transport equations [2, 3].

In our previous work [3], we considered the one dimensional system of cold neutral atomic Bose
gas confined by combined harmonic and optical lattice potentials. We investigated the thermal
process for the system after a sudden displacement of the former potential by solving the quantum
transport equation numerically, but assumed there was no condensate. In this work, we extend
the previous one to the case where the system has a condensate, and derive the coupled equations
consisting of the quantum transport equation, the time-dependent Gross-Pitaevskii (TDGP) one
and the time-dependent Bogoliubov-de Gennes (TDBdAG) one.

2 Model Hamiltonian

We consider the following Bose-Hubbard Hamiltonian [4] which describes the one dimensional system
of cold neutral atomic Bose gas confined by a combined harmonic and optical lattice potentials:

I,

H(t) =) [ij (W1 (6) + i 1(0) + {a(t) — bl (00elt) + S Ol )|, (1)
1=1
vi(t) = (i = L + 0(=1)d)*V, (2)

where the field operator 1; satisfies the following canonical commutation relations:

[i(0) w10 = 8y (1), w5 (0)] =[] (1), w](®)] = 0. (3)

The parameters J, V , u, U, i, I, I., and d represent the inter-site hopping, the strength of the
harmonic potential, the chemical potential, the on-site coupling, the site index, the total number
of sites, the center site index, and the harmonic potential displacement, respectively. The step
function 6(—t) indicates a sudden displacement of the harmonic potential at ¢ = 0.

Considering the existence of the condensate, we divide the field operator 1;(t) into a classical
part (;(t) and a quantum one ¢;(¢) by the criterion (0|¢;(¢)|0) = 0. The order parameter (;(t) =
(0|i(t)|0) is an arbitrary time-dependent function at this stage because the vacuum has been not
specified yet and will be done self-consistently later. We note that due to the time-dependence of
Ci(t) the unperturbed Hamiltonians for v;(t) and ¢;(t) in the interaction picture are different from
each other. We choose the unperturbed Hamiltonian for v;(t) as follows:

]‘ — [0} (6% * *
Hy=) {2% (Tofj + 5Tz~jﬁ> 0 + @l (ho ¢ + 6i6C) + pilho ;¢ + 0;0C7) | (4)
i

where
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" Lo,i;(t Mo i (t o
w50 = (Nl o) ©
Loij(t) = —J (8 41+ 0ij—1) + 0i(vi(t) — p + 2U|G(1) %), (7)
Mo (t) = UsiGE(t), (8)
hoij(t) = =J (i1 + 6ij1) + 0ij (i(t) — p+ UIG(H)[?). (9)

The counter terms (5Ti‘;ﬁ (t) and 6C;(t) are to be determined self-consistently. The criterion (0]p;()]0)
0 at any t leads

5C;i =il — > hoiiG, (10)
ij
and the unperturbed Hamiltonian for ¢;(¢), denoted by H (t), becomes
1 - [0} e
1§ =3 57 (155 +0157) & (1)
ij

Because the matrix 7, Oof Z(t) +5T;B (t) is time-dependent, the field operator ¢;(t) should be expanded
in terms of the 2 x 2-matrix time-dependent orthonormal complete set {W;(t)} [5] each of which
obeys the TDBAG equation:

P () = WM )ay, @l (1) = agwi’(t), (12)
A l
af = (Zﬁ) . af = (af —ag)a , (13)
Z Wi, (t)WiZ; (t) = bt Z WzTZI () Wige(t) = 04y (14)
7 l
W () = (Thas(t) + 6T3, () Wi (t). (15)

ij
3 Applying nonequilibrium TFD

In this section, we apply nonequilibrium TFD to the condensed system above. The time-dependent
number distribution function n(t) is introduced as an unknown parameter [1], then the parameter

ne(t), the counter term 67"

;i (t) and the order parameter (;(t) are simultaneously determined by the
self-consistent renormalization conditions. Calculating the self-energy at one-loop level in Feynman
diagram method and according to the renormalization conditions on the time-dependent on-shell
self-energy which we have proposed recently [6], the quantum transport equation and the counter

term 5TZ-O;B (t) are fixed as

ne(t) = 4U2Rez tds [C1[¢, W5 t|CT[C, W s){me, e, (1 4+ ng) — (14 ng, ) (1 4 ngy)nets
0l o[ Wit C5[C W sH{ney (14 ng) (1 + ng) — (14 ng Jnggneds
+ C3[C, Wi t]C5[C, Wi s{(L + gy Jrg, (1 + 1) — ngy (14 mgy )nets
+Ca[C, Wi t|CE[C, Wi s{(1 4 ngy ) (1 + 16, ) (1 + 10) — ngyngynets),  (16)
> 7 af
ST (1) = 53U (_2;(8) ! 2n(t()t)> . (17)

7

The subscript s of the braces in Eq. (16) denotes the time argument of n, and the coefficients
Crl¢,W;t] (k=1,---,4) depend on both the order parameter (;(¢) and the eigenfunctions {W;(¢)},
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though their explicit expressions are suppressed for simplicity here. The elements in the matrix of
Eq. (17) are

iy = (Olpiil0) = 3 [ (WhW = Wb ) — w2 (18)
L

i = (Olieil0) = Y |me (WEW 2 = WW M)+ wizw b (19)
¢

On the other hand, the order parameter (;(t) is restricted by the criterion of (0]¢;(¢)|0) = 0, from
which follows the TDGP equation,

iG(t) =Y (hoij(t) + 62U (1)) () + Ui (£)GF (8) — iv(D)Gi(8), (20)

J

1 : 11p,—1,11 21 177—1,12
7= § ¢ (”i Wi~ Wie Wi ™ ) (21)
231G 7 e e

Here we have included the contributions to 6C;(t) up to two-loop order, and the last term in Eq. (20)
comes from the two-loop order and is necessary to conserve the total particle number.

Thus we have derived a set of the coupled equations, i.e., the quantum transport equation (16),
the TDBAG one (15), and the TDGP one (20). The interactions between the condensate and non-
condensed excitation modes are taken account of properly. The crucial point in our derivation is that
the coupled equations have been derived systematically from the single concept of the self-consistent
renormalization. It is remarked that the quantum transport equation derived in our approach has
an additional term which is absent in the other methods, namely the last term on the right side
of Eq. (16), which we call the triple production term. The term corresponds to the process where
three quasiparticles are created or annihilated. The process prevents the system from the thermal
relaxation because the collision term is always non-zero (1 + ng, )(1 + ng,)(1 + ng) — ne,ng,ne > 0.
If the negative energy mode does not exist in the system, the process is forbidden because of the
energy conservation, but once the negative energy mode appears, the triple production term induces
the decay of the condensate. This corresponds to the scenario of the Landau instability.

As a future task, we will perform numerical calculations of the set of the coupled equations.
It will be an interesting subject then to trace temporal behaviors of the system with the Landau
instability in detail.
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1 Introduction

Quantum chromodynamics (QCD) is known to have rich phase structures at finite temperature T'
and baryon chemical potential pp. Understanding the QCD phase diagram is particularly relevant
to the physics of heavy ion collisions, neutron stars, and the early Universe. However, these systems
are often subject to a strong magnetic field B. It is thus important to unravel the QCD phase
diagram in the presence of B in addition to T and/or pup.

In this work, we present a general argument for the possible existence of a new critical point
associated with the deconfinement transition in the (7, B) plane. For the detail, see Ref. [1]. In the
following, we assume the homogeneous magnetic field with the magnitude B in the Z direction.

2 QCD in a strong magnetic field

We first consider the regime at eB > A?QCD, where the strong coupling constant is sufficeintly small,
as < 1, and the analysis is under theoretical control. If we turn off the interactions, the energy
levels induced by the magnetic field (Landau levels) are given by

E? = p? + (2n+ 1)e,B — 2¢,BS., (1)
2 _ 1
3073
S, is the spin in the 2 direction. For the low-energy physics well below veB, quarks in the higher
Landau levels (n > 1) are irrelevant, and we can concentrate on the quarks in the lowest Landau
level (LLL) with n = 0. Now turning on the interactions, the quarks in the LLL acqure the mass

gap, which is given by
Mayn = C(as)y/legBl, (2)

where the explicit form of C'(as) is found by solving the self-consistent gap equation [2]. Here we
just note that Mgy, — oo for B — oo instead of giving the detailed expression for C(as). Then,
quarks in the LLL also decouple from the low-energy dynamics well below veB at sufficiently large
B.

That all the quarks decouple from the low-energy physics at large B means that the low-energy
effective theory there is pure gluodynamics. In the presence of the magnetic field, the rotational
invariance is explicitly broken. Thus, the lowest-order effective theory for low-energy dynamics is
described by an anisotropic pure SU(3) gauge theory of the form

1
LTI TR = g ez — D05 00850 + 0700 bu0d3s), (3)

where n is nonnegative integer, e, are the charges of the quarks, (ey,eq, ) = ( ) e, and

0 _
Eeﬁ'_

where €., > 1 [2]. Higher order terms are suppressed by factors of p/Mgy, at low energy, where p
is a characteristic momentum.

3 Magnetic critical point

One immediately notes that the low-energy effective theory in Eq. (3) has an emergent center
symmetry. For the isotropic pure SU(3) gauge theory, it is well known that the center symmetry is
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TC (B)

B

Figure 1: Putative phase diagram in the (T, B) plane. T.(B) denotes the critical temperature of
the first-order deconfinement transition as a function of B that ends at the critical point P.

unbroken at 7" = 0 while it is broken at higher T', and the deconfinement phase transition between
the two is first order [3, 4]. We assume it is also the case for our anisotropic effective theory in Eq. (3).
Note that this assumption can be directly checked in the lattice studies relatively straightforwardly
as it does not require the calculation of a fermion determinant. Then, it follows that the underlying
theory, namely, QCD at sufficiently large B, must have a first-order deconfinement transition as a
function of T too, because small corrections of the effective theory cannot smear the transition due
to the existence of a nonzero latent heat.

On the other hand at B = 0, it has been well established from lattice QCD calculations that
the deconfinement regime emerges as a result of a crossover at finite 7' [5]. Therefore, the line of
first-order deconfinement transitions at large B above has to terminate at some point. The most
natural way for this to occur is for it to terminate at a critical point in the T-B plane—(7¢, B.)
as shown in Fig. 1. Although other scenarios are also possible logically, we suspect that they are
unlikely to be realized in QCD [1]. As QCD with B does not have a sign problem unlike QCD
with pp, practical lattice QCD studies can distinguish between these scenarios and determine the
location of the magnetic critical point.

4 Experimental signatures

What is the possible experimental signatures of the magnetic critical point P in heavy ion collisions?
The magnetic critical point is characterized by the vanishing screening mass of the glueball [6]. Due
to the mixing between the glueball and the flavor-singlet meson gq, the divergence of the Polyakov
loop susceptibility at the point P is reflected in that of the chiral susceptibility,

X = / P (qq(2)3q(0)e ~ €277, (4)

where “c” denotes the connected part of the static correlator, £ is the correlation length, and 7 is
the anomalous dimension.

In the presence of nonzero quark masses and small pp, as is the realistic case in the heavy ion
collisions, the symmetry does not forbid a mixing between these order parameters and the baryon
number density np. Then, unless the point P disappears by a small perturbation of yp, the singular
behavior is also reflected in the baryon number susceptibility. Therefore, physical observables of
the magnetic critical point are similar to the conventional QCD critical point.

5 Cosmological implications

Figure 1 also points to an interesting possibility in the cosmology. If a large magnetic field of
order (or above) Aqcp existed at the first 107°-10* second of the early Universe, the QCD phase
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transition at that time would be strengthened to be first order by the magnetic field; this would then
result in the hadronic bubbles when the quark-gluon plasma supercools, implying the inhomogeneous
big bang nucleosysthesis (see, e.g., Ref. [7] and references therein). The first-order deconfinement
transition may also generate some relics, e.g., the strange quark matter as dark matter. This should
be contrasted with the scenario without (or with weak) magnetic fields, where the QCD is known
not to have phase transitions from the first principle QCD calculations [5] and nothing remarkable
happens.

Conversely, if the astrophysical constraints could ever disfavor the first-order deconfinement
transition in the early Universe, the position of the magnetic critical point (B.) would in turn give
the upper bound of the strength of the magnetic field at the time of the hadronization.

6 Conclusion

In this work, we have argued a possible new critical point in the phase diagram on the (7', B) plane.
We have also discussed its possible experimental signatures in heavy ion collisions and cosmological
implications. Among others, it would be most interesting to determine the location of this critical
point in the lattice simulations without suffering from the sign problem. Whether the magnetic
critical point persists at large pp would also be an interesting question to be explored in the future.
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Abstract

We study the first order phase transition which is caused by tiny value
of the Chern-Simon term above which the chiral order parameter vanishes
and parity violating phase remain in three dimensional QED with Chern-
Simon term.

1 Introduction

IN 1995 Kondo and Maris discussed the parity violating effects of Chern-Simon
term in three dimensional QED with Chern-Simon term in Dyson-Schwinger
equation with four component fermion and non-local gauge.They argued that
there exists critcal value of Chern-Simon coefficetnt 6, above which the chiral
order parameter vanishes and parity violating phase remains.Below the critical
value 6. chiral symmetry and parity are both broken.In 2011 Raya and his
coworkers tried this problem in the Laddar Landau gauge.They obtained the
value about 6, = .008¢2.In the gauge covariant approximation which satisfy
Ward-Takahashi identity we would like to solve this problem and test the gauge
invariance of the results .

2 results

We adopted the Ball-Chiu ansatz for the vertex which satisfy Ward-Takahashi
identity for the vertex function and the fermion propagator.

(p—9)uTu(p,q) =S (q) — S~ (p). (1)

Simplest solution of this equation was given by Ball,Chiu(1980).Assuming the
following form of the vertex function

Il(p,q) =alp, @) +b0, )0+ - Y0+ Du —cl0. )P+ D, (2)
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Their solution is given

A(p) + A(g) A(p) — Ag)
2 TR0
B(p) — B(q)

pg _ q2 (p + Q)#' (3)

I'l(p.q) = (P+a)-vp+ oy

We apply these to the Dyson-Schwinger equation in Euclidean space

3
D) = Dyulr) = 216 [ TS bS] (@)
-1 -1 2 d’q
S0 = 5510+ 2 [ IS @nDo®).

with k, = (¢ — p),.The general form of the dressed fermion propagator S(p, )
and the photon propagator D, (p,§) with massless loop correction is given by

S(p.6) = D PARE + B, &)
(p,€) p2A2(p, &) + B2(p, &)’
DNV(pa 5) = (6#"/ — p;gu)DT(p) — %Do(p) =+ ép;fy
Op?
(p? + c|p|)?2 + 02p2”

p® + clp|

DT (p) = :
®) = s ) + 072

D (p) =

where c is a vacuum polarization function for massless loop 117 (p) = €2/8|p|,c =
e?/8, D9 (p) is a parity odd part of the photon propagator.There is a nice ex-
planation about gauge covariant approximation and the Ball,Chiu type vertex
function in Ref[1].Fortunately we find the resonable solution of Dyson-Schwinger
equation in which the discontinuity of the chiral order parameter <@w> at 0,
indicates first order phase transion in quenched Landau gauge and the case with
screening effect by massless fermion loop which was first analysed by Kondo and
Maris.The value of 6. is about 8. ~ .01e? in both cases.At present we could not
get the final answer for the BC vetex by round off error comes from third terms
in T'7€(p,q). Detailed results may be shown in[4].

3 References

[1] C.S.Fischer,R. Alkofer,T, Dahm, and P.Maris,Phys.Rev.D70:073007,(2004).
2] K.I Kondo,P.Maris,Phys.Rev.Lett.74(1995)18-21,Phys.Rev.D52(1995)1212-
1233.

[3]S.S.Madrigal,C.P.Hofman,A.Raya,J.Phys.Conf.Ser.287:01208,2011.

[4] Y.Hoshino,T.Inagaki,Y.Mizutani in preparation.



Soryushiron Kenkyu

gooobobboooooobooooobobboooooobboooa

00 00,00 000000
oooo

1 O0o0Oo0

00000000000 0000D0 (QCh)UobooUooooooooUoooUoooooo
0 magnetic inhibition(MI) 00 000000000000 (1000 QCDOOOOOOOOOOO
oo0oOoooooOooboo0oO0bOoOoOobOoOo0OoDoOOoOoOOoOobOOOoUobDOOoDboOoooDoo
0000000000000 000O000O0O00o0ooO00obOoO00ooOoOoO0ooOooooooOoooOo
00000000 Landau0 0O OO0D0OO0OD0OOOO0OOO0DOOOD LandawuOODOOOOOOODOO
000000000 infrared singularity 000000001+ 1000000000000000O0O0O
OO0 singularity 0000000000000 0O0O0O0O0O0O0O0OOOOOOOOOOOOOO0000
cooooooooobooooobooooobDOoboboboooobobOooDOD 1+10000D00D
Mermin-Wegner-Coleman (MWC) O O OO DOO0O0OO0O0OO0OO0OO0OOOOOOOOOOOOOO
ooo

ooooooboocboooooooooooooooooooooooooDooOooboOooo
O000o0o0oO0 2300000000 o0o0bOo0oOoOO00oO0oOO0oooOOooOoooOooo
000000000000 magnetic inhibition (M) OO0 [4j0MIOOOOO0O0OO0OOOOOOO
00000000000000 40oo00ooooooMwCcOOoOoooooooMwCcoQOoOo
OO00DDO0OGoldstone0 O OODOOOODO infrared singularity 00000000000 O0O0OO
00000000000000000000000000000000000000 x°00000
000000000000 000000+°000000000000000000000000#°
O0000D00D0O000D00D infrared singularity 01 0000000000000 O0O0COOO0ODO
ooboooooooboobooobooboooooboboobooboooooboobboOooLOMIO
oooooooooon

OO0oooMIOOOOOOOODOODOOO (NPRG)OOOOOODODOOOOODOOOOOOOO
Wetterich 0 0 00000 [5]

5% -

0Ty [®] = STr <WF;€5¢+R;€> Or Ry, (1)
0000000000000 00000U0 k000000000 UDDOODUOR,O0OOOUDOO
ooooooooooooOoooooooboOoOoDOoO0ooDoO0oDOoOoooOOoOobobOOoOooDon
t=logA/kDO0O00O0O0OO0AODOOOOOOODODOOOOOODOOOOOOOOOO So00000
INv—p =5 0000 (1)000000000000000O000D0O000Iw=T0O0O0O0O0OO
ooooooooooooOooboOoOooboOoOoOooo0obbooobbo0OoboooobooOoOooDon
OO00Oo00bOOo0oOoO0oOooooooOoooOooDboo

'e-mail address: satodai@hep.s.kanazawa—u.ac.jp



Soryushiron Kenkyu

2 JOooooon

MIOODODOODOODODOOOOOOD000000D00O0NJLODOOODOODOOODOONPRG
0000ooodo04fermid00000000O0DOODOOOODOOOOOODOODOODOODOOOOO
0[600000000NLO0O000000000000000 ¢'=(o,m) 00000000000
0000000000000 0000O0 B=(0,0,B)=VxAODOODOOOOOODOOOOOOOO
local potential 0 0 000000000 OOOOOOOO

L[] :/m{ 2

00000000000000 D, =8,-igAd, 000000000000000 BOOODOOOO
D00000000 8y, = 6,40 +0,3000000000 2z}, z;00000000000000
0000D000000D000000000000000 A=A0D000000D000000O0
000000000000000000000000000000000000000000000
00000000000

0000000000000000000000000000 py=02/200000000000
oooooooo:

Z; _
OB + 40187 + (@) + Bi(D 497" 9) 0} )

3 >

3
Ui($) = Ur(p, o Z ~Ho = po)" — o (3)

000 p=(c?+7?)/200000ec00000000000000O0O0O0O00D00D0D0000O0O0O0
bde—-0000000O0O0OOOOOOODOOLOOOOLOOOOO

O0oOo0o0O0obOoO0obOo0obOoOoOOOooOD NyODOODODONGODOODOODDOOD
00QChOOODODODOOOON=2000000000000000 #*0000000000
00000000000 +°0000000000000000000000 (¢B~ f200)000
O0ONe=10000000000

3 Uoooon

0000 (2)0000000000 Wetterich D00 (1) 000000000000000000
00000 [7,80000000000000000000000000OODD0000%200000
0000 ¢(x)00000000000000 R(—8?)00000000000000000000
&DDDDDDDDDDDDDIﬂ@@DDDDDj:5WMWM’ 000000000000

DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
DDDDDDDDD$:¢.DDDDDDDDDDDDDDD proper-time 0 OO0 00O OO

1 1 ds
—Tr—— R = 8 -, 4
3 O Lils)e @)
DDDka(S)D proper—timesDDDDDDDDDDDDDDDDDRk(:E)DDDDDDDDDDD
DDDDDDDDDDDDDDDDDDDDDDD(Q)DDDDDDDDDDDDDDDDDDDD
0000000000000 0000000d proper-time0 00000 OO O OO Schwinger O

00 9000000000000 0C00O0000O000D00O0ODO0O0D0DU0OODODOODOOODODOO

‘0000000000000: K.-I. Aoki, D. Sato and M. Yamada in preparation (2013).



Soryushiron Kenkyu

gbooooogoboboooooooboboboooboooooboboboooobOobobo
00000000 Ug(p,o)00DOOO0ODOOODO Z(Q,Z(;DDDDDDDDDDDDDDDDDD

atUk(p) :/ % /atfk(S,a)[ 8("‘) +p3+val+M2> e s(w +p3+va2L+M2)
0 p

(5)
b e (s i )]
_ 2 tanh gBs 2 2
Z” 4N / /atfk: s a) 26 S(l/n"!‘pg quS +M >’ (6)
o [*ds tanh(qBs) —s(u2 tanhgBs 2 | 72
07+ :4NC92/0 S/ﬁtfk(s;a)s2qgls)e s(v2+p3 B a3 ) ™
P

O000w, =2n7T, vy = 2n+ 1)aTOp2 =p? +p300000000 0, 7000000000
oooooooooooo

-1 -1
Mo'2 = ZJ;l (8PU + 2p8;2)U) ’ MT? = Z(|;|5 aﬂUv Mq?; = 2§2p (8)

0000000proper-time 0000000 8, f(s;a) = (sk?)%***/I'(¢) 0000000000 (a)
0 GammaOODO0000O (5)(7) 00000000003 000000000000 o} =2}/2)
0000000000000 00000000 infrared singularity 0000000000

00000000 e=5/200000000000000000g00O0O0ODO0OOOOOO

0000000000 (t—»o0)0000D00O0OD0O0O0OO0O0OO o0 0OD0ODOOODOOOODOODO
00o0ooood f,000000000000DO00O000000O00DO0O000DOO0ODOO0ODO00O0
0 f00000¢g=3200000000000 A000000000000000000000
O0A=2GeVOOT =¢qB =00 f,=0.030GeVOOOUOO0OOOOOOOOOOOOOOO [10]0
00000000000 ADODQOODODOOOfO00000000000A0 cutoff artifact 00O D0 OO
O0q¢BOOOOOO f00000000D00DO0O0DOODODODOO

4 O0O0O0OO

OOooOoO0obbOe¢BOUODDO fO000TOOO0OOOODOODOOO0400000DO0ODOOO

14 = P LT T T T T T T T T T T
"""""""""""""""""""" . T 1 — e -
12 F ST e T U
) e |t e
S . _ T
§ 08 \,\ 7 Tos - e i
D 06| GB=0 —— L R O B aB/f,2=0 ——
=) A 5 Zo7 b qBIf,2=10 ------- i
04 | QBI=20 e \'-. : b B/, 2=20 oo
2 P 2
B/f,2=30 i BIf,2=30
e, b 06 M _
0.2 - qB/f;=40 - == L 1 qB/f,2=40 —-—-
OB/ 7=50 - Vo QBIf,2=50 -
O 1 1 1 1 = A 05 1 1 1 1 1 1
0 0.2 0.4 06 0.8 1 1.2 14 0 0.2 0.4 06 0.8 1 1.2 14
T, T,

010000000 f(000000D000DO0O0ODOODOOOO0OOgpOOODOOODODOO
oooooon viDDDDDDD



Soryushiron Kenkyu

gobooooboobobobooboobo07.00000000000D00000D 0000Dmagnetic
catalysiscMC) D 0 000000 OO OO magnetic inhibition(MI) 0000000000000 OMI
ugboboobogbo 0boboooboobooobooboobooobooboon
O0()0U00000o00o0oooooo MCDDDDDDDDDpiDDD tanh ¢Bs/qBs 0 00O
goboboboboboboboboboboboboboboboboboboMIDODOODOO
gbobooboobbooboobbooboobbooboon

2B (9)

000 ¢B>> k2?00 proper-time s 0 8,f(s;0) 0000000 s~k 20000000000000
000000000000000000000000000000000000 Uk(¢)000 ¢=0
D00000000000000000000Z,0 Z;00000000000000000000
00 O Lowest Landau level 000000000000 T=0000000000

2k2 A2
2
UL qB 98 12 (10)

00000 (9oooooooooooooooooMIOOOOOODOOOOOODODOOOOOOO
gboboobobooboooboooboobooboobboboboobooboobooboon
vy 00b0oboobobooboboboooMIOODOOoOoOoOoooooo
000000000O00000ooooO0O0000oOOOOOOo0UOO )DoobooOoOooOOn
00 40MIOO0O0000000000O00O00O000000000 vqBOOOOOOOOOO
gboooboooboboboobooboobobooboobobboboboboboobOoTL b
Ooo0o0oooooooO0UoOoopooocoOo0oooooooOoOdgeB#0000000D00OCDO0O
U¢b=000000000000000000O00OOOOODODOOOO

oo

[1] V. Gusynin, V. Miransky, and I. Shovkovy, Nucl.Phys. B462, 249 (1996), hep-ph/9509320.
2] G. Bali et al., JHEP 1202, 044 (2012), 1111.4956.

[3] G. Bali et al., Phys.Rev. D86, 071502 (2012), 1206.4205.

[4] K. Fukushima and Y. Hidaka, Phys.Rev.Lett. 110, 031601 (2013), 1209.1319.

[5] C. Wetterich, Phys.Lett. B301, 90 (1993).

[6] K.-I. Aoki and D. Sato, PTEP 2013, 043B04 (2013), 1212.0063.

[7] D. F. Litim and J. M. Pawlowski, Phys.Rev. D66, 025030 (2002), hep-th/0202188.

8] D. F. Litim and J. M. Pawlowski, Phys.Lett. B546, 279 (2002), hep-th/0208216.

[9] J. S. Schwinger, Phys.Rev. 82, 664 (1951).

[10] J. Braun, Phys.Rev. D81, 016008 (2010), 0908.1543.



Soryushiron Kenkyu

Weak Solution of the Non-Perturbative Renormalization Group
Equation Encountering the First Order Phase Transition.
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Institute for Theoretical Physics, Kanazawa University

Abstract

We propose quite a new method of analyzing the dynamical chiral symmetry breaking.
Starting with the non-perturbative renormalization group equation for the Wilsonian fermion
potential, we define the weak solution of it in order to mathematically authorize solutions
with singularity. The weak solution successfully predicts the physically correct vacuum, chiral
condensates, dynamical mass, through its auto-convexizing power for the effective potential.
Thus it works perfectly even for the first order phase transition in the finite density Nambu-
Jona-Lasinio model.

1 Introduction

We analyze the dynamical chiral symmetry breaking by solving non-perturbative renormalization
group equations (NPRGESs) of the Wilsonian effective potential Viy(x,t) and the mass function
M(x,t) = 8\/\;(;7;9@,75)7 where z and t are the bilinear fermion operator 11 and the renormalization
scale log(Ag/A) respectively. These NPRGEs are nonlinear partial differential equations (PDEs).
In case that the dynamical chiral symmetry breaking occurs, these PDEs encounter some singu-
larities at t = t. even though the initial functions at ¢ = 0 are continuous and smooth. Therefore,
we can not go beyond t., and there is no way to calculate infrared physical quantities such as the
chiral condensates or the dynamical mass.

Various methods have been used to bypass these singularities, e.g., the bare mass[10], auxiliary
fields[3, 4, 9], etc. Here we propose a new direct method to solve the NPRGEs as PDEs [14, 15].
Such singular evolutions are unacceptable as classical solutions of the PDEs, but it is known that
we can treat such solutions as the weak solutions of the PDEs. Taking the finite density Nambu-
Jona-Lasinio model, we construct the weak solutions by using the method of characteristics.

2 Partial differential equations and the method of characteristics

The NPRGEs of Viy(z,t) and M(x,t) in the local potential approximation are
8VvVV (ZL‘, t)

ot + f(M,t) =0, (1)
OM(x,t)  Of(M(z,t),t) _
ot * oz =0 @)
Here
f(M,t) = _eﬂjt {0 (e + M* — p®) Ve 2t + M2+ 0 (—e * — M? + 1i?) ,u}, (3)

where y is the chemical potential. The initial conditions are Viy(z,0) = 2w2g2? and M(z,0) =
472 gx, where g is the coupling constant of the NJL 4-fermi interaction. The equation (1) can
be viewed as the Hamilton-Jacobi type equation well-known in the analytical mechanics, where
t, z, Viw(x,t), M(z,t) and f(M,t) correspond to the time, the coordinate, the the action, the
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momentum and the time-dependent Hamiltonian respectively. The equation (2) is derived from
the equation (1) and it should be noted that it takes the form of the conservation law, where
M (z,t) and f(M,t) correspond to the charge density and the current flux.

We obtain the ordinary differential equations (ODEs) equivalent to (1) and (2) by the method
of characteristics,

dr _ Of

dt oM’

v _ of _

d — ox (4)
dVw _ . Of

dt _MaM

The ODEs of z(t) and M (z,t) correspond to the canonical equations of Hamilton in the analogy
of analytical mechanics. Their solution z(t) are called characteristics which are also contours of
M (z,t) in this simple case (Fig. 1 (a)). There are regions where three or five contours simulta-
neously passes at a point, which represent a multi-leaf structure that M (z,t) seems to have the
“multivalued” solution after t. (Fig. 1(b)).
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0.6 £ 1_7__ /
+— £ if;o 4
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-8.002 -0.001 )2 0.001 0.002 ) '-%.01 -0.005 0 0.005 0.01

(a) (b)

Figure 1: ¢ = 1.7g., 1 =0.7. (a) Characteristics. (b) Evolution of mass function.

3 Weak solution of conservation law

The mass function M (z,t) must be a single-valued function because it is the physical quantity
defining the effective action at scale t. Instead of throwing away the NPRGE description after t.,
we introduce the weak solution of the PDE (2) [11, 14, 15]. We will make a patchwork of the leaves
to define a single-valued function M (x,t), but with discontinuities, so that it might be the weak
solution.

The integral form of the PDE (2) is

/ooo dt/: o [ s af(a]f’t)] pla;t) =0, (5)

where p(z,t) is an arbitrary test function that is continuously differentiable and vanishes at x =
400 and t = 400. We integrate it by parts and obtain

—00
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In contrast to the equation (5), the equation (6) makes sense even for the discontinuous M (z,1).
The weak solution of the PDE (2) is defined as to satisfy the equation (6) for any smooth and
bounded test function ¢(x,t). The weak solution satisfies the original PDE (2) except for the
points of discontinuities. The position of discontinuity x = D(t), which is called the shock, is
controlled by the Rankine-Hugoniot (RH) condition,

OO (a1, — 0) = F0L. 1)~ FO1), @
where M4 and M_ are right and left limits at the position of discontinuity respectively. The
graphical interpretation of the RH condition for M (z,t) is that the discontinuity must cut off
lobes of equal area as shown in Fig. 2(a), where the solid lines show the weak solution[12]. In this
way we uniquely determine the shock D(t) which is showed in Fig. 2(b), where two shocks appears
pairwisely and they move towards the origin to be merged finally.

1

/ 08

0.6

L
E

o 04 E

02F

/ araeteristics
~shoCk=—

-8.002 -0.001 0.001 0.002

v><o

(a) (b

Figure 2: (a) Equal area rule. (b) Characteristics and shock of mass function.

4 Weak solution results for physical quantities

We show the results in the finite density NJL model where the first order phase transition occurs.
Snapshots in the course of renormalization are shown in Fig. 3, where the mass function M (t,x),
the Wilsonian effective potential Viy(z,t) and the Legendre effective potential Vi, (x,t) for <1/;¢>
are plotted. The five-fold structure of M (x,t) appears at the second row of Fig. 3, which means
a pair of shocks are generated. At the third row, the mass function is five-fold even at the origin,
which corresponds to the three-fold local minima in the Legendre effective potential. The time
when the two shocks are merged with each other at the origin is exactly the first order phase
transition point where the free energy of three local minima coincide. Finally at the fourth row,
the chiral symmetry is dynamically broken with the unphysical metastable symmetric phase at the
origin.

It is astonishing that our method of weak solution uniquely determines their singularity struc-
tures and the resultant Legendre effective potential is always convexized. This means the dynamical
mass and the chiral condensates are uniquely calculated, and perfectly correct in the sense that
even in case there are multi local minima, the lowest free energy minimum is always chosen au-
tomatically. This feature is quite a new finding and shows powerfulness of the purely fermionic
non-perturbative renormalization group and its weak solution[15]. This analysis has been applied
to QCD, even with finite density or non-ladder, and proved to work perfectly to give physical
quantities without any ambiguity[13].
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EFERNPICE DS EFRFRICE I I2HRARDHES EDOME

AL, R, SZAEA
HESR A LAt Ze Rt

HTEWS°A (Quantum ElectroDynamics, QED) 2D W THFP AR OKHFERZ > S 2L — T 3‘5
TEOEAMEZIT O, WD DRBD S & TRER T LAKFETFICTOTHIMEGFREZIT> 7, Z DfEHR.

AL DI Z IS EEOIREI AL S 1, Z DIHIZEFERD 2 5 OMEITIGT % %@Tf)oto z
DIREE, KIEEFZEFOMNER NIRRT 2 ¢E2 6%, £/, EFOHCZ AL ¥ —70XR%
FET 5L ZORBONIZNDT 2 2 EBRWEINT,

1 RUSHIC

QED 2DV TH o T RORMFEELZ > T 2L — T2 7201iE, EBEEmC X > CHELIRIEZ
ﬁ’ﬁ@‘%b)b@%%ﬁf@@ QED TN 7RV EL 5, 23U, () W TFEBFEET 5, (i)Y
R DIRFIRRBIC S 2| (iil) ROFEE 2L X4 ) GEPERZK) ). Lvw)dbDTHL, I
5 DD 8- mmb&wi ZNZENTIEH 2 FETEDSHL I N T 558, =D DOEH 2 [FIKFIC
T TEEONONDHIZRITONTVW Ry, L TRONONDIRAZIHNT S (1, 2], (i) IcD
WTRRTFES 2 2L T4 VA8 E LTETFLELETO QED IEMT % 2 L2 ATVED, K
Tl Born-Oppenheimer ITBIZERH L, A O HHE I RO BN EI2T 5, (i) I TP
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). 2T A=V HEMIIE. Do) =0y + %A () (Ze=—1) TH B, ETHBRKI
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EWEN S b DICHBIL T %5, bivbiud A BHER - O RFHIFEE % = %)L ¥ —[E G fE ko
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62 Z Z Z/d3 S]namb _> j|;—g_§»| Emb
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LCHBING 2 702 A %2EZ@LT0w5 2 Eich), EFOACI ALY —DHLGIIDAEFNS &
ZEionb,
3 BREEE
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B 1 OFEMIC—FHDERTEDFRERZ R, KREFD (z,y,2) = (0,0,1) ICF | 2 E AL
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ROR A TOERE_EIL
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FRLRG RS B T2

1 [FLHIC

AFEFRTIL, IEFEH TFD (Thermo Field Dynamics) [1, 2, 3] OBlERHEE02 L2 L0 RO L1
MOEETHZ LA HEL T, ZODFEEERNT D, —Dl i{ﬁ};{ﬁﬂ A YNNI (W b i
KIZLTED XD 2WE S T CIEFH TED ICEAL N E VI NAET [3]. b 9 — DI Galley (2
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s TFD 23805 Z & 5] Th D,

BRI T O ERFRE RGO B i & LTI, CTP (Closed Time Path & %\ Keldysh-Schwinger
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F£7-. FEFH TED T n(t) OEANIIFRFEK AT Bogoliubov £ #i THEBL X415 725, Bogolibov Z#UZITIER
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B IR & TG D IEEE) po (t) FET Do (12) (thermal causality) KRV — BT
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THE Y D Py 1(00) /pm(00) = f(00) (mATIRAE LRV &0 5 BURZ BEIRT 528, Thafl) LS
DIFLIT g1 () /pm(t) = f(E) RO SED 2 &L RIS & 725 2 L ANRGEH S5 (3],

ZOBHEAEFEROERN S VA TFD OERINEN DL Z & 2mr Lz, ZHUIRH L & bi
AT 2 Bl o340 & FF OB EATH po(t) Z FFEBERIRIBICER A L2 BER & 22> TV 5,

3 Galley DHEHENEMNLIEFEH TFD ~

BUTIERAE (o) Rk 2 gl /15 & LC, B HE A ~H{k L7z Hamilton JFEE Galley (2
Yo THEE SN 4, HOEREIKRO LS 2 LOTHS « @4 0 Hamilton FELLIER S]g] 12kt LT,
WIIREZ] ¢; & HIREZ £ (238 DARARZENL §q(t;) = dq(ty) =0 LWV O BERESGAE & L TH 2 B DA,
Z OJFEHER HEMN D EE T EEAIIWEMERE E LT, UL, MR ERERNL R D 2K
REFHZ, BERZHEEL THRROHLOA N ZE < BE. 24RO Hamilton JFEENH HIE L, W)
WMo FCEEN R Z ROV TREREREZHE L TEONDI IR RAOE G GERTGSR) Tidd
IEX° Hamilton JFERIZEANL L7222V, 2 ORTEOIRIRIX, Hamilton JFEEAS & HIREZ] O AL & W CTERAL
SNTWAHZ LIThD,

VIR ENIRE A D R 721 % -V % ¥k @ Hamilton Ji
AR LT, (c1) (R _El) &KLt —
tp =t T B, (t — ty OB qu(t). by — t; opekE Qi
Zq(t) ERT,) (c2) (WIWISHE) t=t; C&E%ZR

Trq(ts) = quis @2(ti) = qoi IS qui # g2 THD)o i

(c3) (equality condition) t =ty TILEE L7273, " . L‘-‘k
T RTOARREEE T q1(tf) = QQ(tf)\ ql(tf) = QQ(tf) L q1i ,'q_,fu qua
T %, (c4) (physical limit) 7y % E#) ) 22oOfiE R 4 .
DT giol(t) = g (t) T2 PRI T 5, ti ty -~

Galley ™ Hamilton JFEROBEE 7250, PIHISMAIZTREESNTNWD 2 L AREN “HLINT
WHZETHD, (cl) b CTP MO ~EfL & (T 5 OEMENTH D, ERT VTV
7v L = L(q,d1) — L(gz, do). —WALEB R p, = su% (b =1,2) EmBHBLNABE NI R
TROE AT VAT A, BY = e (A2 — BALB) (o) = 1,65 = —1) ZEHT D &,
W Py = €00 L a0}y = Lo, D} =0 L 725D, T OFEFRITIZGN: (C) BABEHTHY |
Flixq & g 2V MN/e AMET, HBRE ZHEIZR> T D,

Z O L\ Hamilton B 2 350 &R 2Lk 95, Z4E T CTP X° TFD T HHE 25007 138
THIRHEFH AN R Ch o7z DIZK L, & 2 THEHBECHEM L~V THRER ZHELSNTWD, HoORT
FiR~OPLHETIE, equality condition (¢3) & physical limit (c4) Z ED X I ITEBLT L0308 A T
HD, WAITRD 5 SOEFFELEL & 502 MmN I TFD ICli/e 5720\ Z & 2R L7z [5] @ (R1)
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Wt Ay (RZ 50D H 13 Heisenberg g 2~ 9) (3L (Uy] & [y) OITHIEFE (U] A|Ty)
THz2bM%, (R2) uu(t) < qeu(t) E AR Z 28EAFL S ~ TKT Z L1275, physical limit %,
WKOEIITINREZ Y — BN~ OFTAETHD Z s SE 5,

(Y| Tlgrar (E)pra(t2) - - 1[Wx))™ = (Up| Tlgzn (t1)p2m (t2) - - - ][ W)

(R3) equality condition i%. RD K 5 72 (Uy| 15T 2 MEIIRANEHE 71T K DIRERATHEIT L L &

T 5
qu(ty) Q2r (ty)
v = (U
e { pu(ty) } e { past(t7)
(R4) i (r2) &[A U thermal causality #2559 %, (R5) Aiffi (r3) & [F U, BCPEH~DOEMZ EiET 5,
(R1)~(R3) OEFETHIEI D (r1), BV SRR R FHIR 2 0 S2 6 IR & 3228 b d 2 IEEH)

BEEATHINFAET 2B & M2 im a8 < 2 L3tk s, 512, (R4) & (R5) &8I0 LTIl
TFD Z < famld, AT (12) & (B) #EF LI bDOERILTH D,

4 FED

AL DO T, BEFEBE T EAUCHIE S 570 61, VM TED 134 2 Bl 7007 13 1Skt is
T 5 KO ITHF & BT 2 IBERBZ MO I VD Z DR EMNT o7z, S HITHELED T,
B HE B kO F OGO R ~DILR & W D FURITSI O b I TFD ITI3E EATHI A E
THAHEOARE LD, w7 aZbDI a4+ I 7 A~OEEOHIRTH % thermal causality & 24
FIAERIT & 5 BOEBr~DOFRE N &\ 9 Z OO EREDS . M TFD BRI DWW TR ERIRE| 2 5
TWn5,

SE Xk

[1] H. Umezawa, Advanced Field Theory — Micro, Macro, and Thermal Physics, (AIP, New York,
1993).

[2] Y. Nakamura and Y. Yamanaka, Ann. Phys. (N.Y.) 326 (2011) 1070.
[3] Y. Nakamura and Y. Yamanaka, Ann. Phys. (N.Y.) 331 (2013) 51.
[4] C. R. Galley, Phys. Rev. Lett. 110 (2013) 174301.

[5] Y. Kuwahara, Y. Nakamura and Y. Yamanaka, “From Classical Mechanics with Doubled De-
grees of Freedom to Quantum Field Theory for Nonconservative Systems”, to be published in
Phys. Lett. A (arXiv:1307.1235 [quant-ph]).

[6] J. Schwinger, J. Math. Phys. 2 (1961) 407; L. V. Keldysh, Sov. Phys. JETP 20 (1965) 1018;
L. P. Kadanoff and G. Baym, Quantum Statistical Mechanics, (Benjamin, New York, 1962);
P. Danielewiecz, Ann. Phys. (N.Y.) 152 (1984) 239; K. Chou, Z. Su, B. Hao and L. Yu, Phys. Re-
ports 118 (1985) 1; T. Kita, #EHFSE 90 (2008) 1; Prog. Theor. Phys. 123 (2010) 581-658.



Soryushiron Kenkyu

Oo0o00obobooob QCcbuogbobogobooon

ooool
0000000 DOoO0ooooo

ooooooQQcboooooooooOoOoOOoOOOOOOOOOOOOOOOODOOOOOOOOOd
ocooooooooo0oOoooooooboo0o0oOooooooOoOoboOObOOO0O0oooooooDO NeOOO
gbooobooboooboooobobooooboobooobooooobooboooobDoboboboooDoDbOoDbo
oooooooonNO00DO0O000o0obOODbOO0O000oooOobObOoooobDOobOooooooDoDobOOO
ooooooboooooon

1 ODO0o0ooboQQCbbouooonoobooooobg

gbooobooobooobooboobbobbooboobonoboboobboboboobon
00000000000 000O00D QCbhodooOoooDoO0ooDOoooOoooDoDooooOoooo
ooooooooooboooboboooQecbooobooooooooooooooboobbOooon
gbobopooboobobooboobooboobbobobobooboooboobobobbooboon
0000000000000 00O00O0OU000U00O0D0O00O0OUO0OU 2IODODOOOOOUOOO
0000000000O0O0O00000ooOoOOOoOooOoOooOooOO 8o

gboogobobooobooboobooboobooboobbooboobooooboboobon
0000 (NG)UUOOOOOUO0OOoo0oooUoooOoUoooNGODOOODOOOOooooUoooo
ubbooboobobboboboooobooboobooboooboobobobbooboon
OO0O0o0OoO0OooQCchboobooOoO0OoOoDOoDObOO0U0OoDOOoQCbhoooopbbooooDbOoDoo
gbooooogobobooooooobobobooboobooooooboboboooobOobobo
gbbobobobobobobobboobooboobooboobooboobbobbooboon
gboooboooboobooboobooobooboobooboooboobobobbooboon
gboboobooboooboooobooooon

2 Ooobboobuoobuobuobboobb

uboboobouo oo oodgu pdobdgboobobobobd mpyuoboooon
U, 0NODOUODOOooobooooobooboooooboooobobobooboboboooDo
gboboooooobooboboooboobooobobobobobobDobDOo NyODODDOOOO
OO0000000 reweightingO0 OO OOO0ODOOOONODOOOODOOOOODODODOO PO
gboboooboooboobobboobobobbooboobooboobooboobooboon
0000000000000 00000UO000UO0DO0O POOODOUOODOOOO [4,5,6]0

gbooboooobooboo  pPOODODODODODODODODODODODO

w(P;ﬁamlnu’umhnu’h) - /DUD’(#D#; (S(P — P) e_sq_sg

— /DU (P — P) %N (det M (my, p1))2(det M (mp, )™ (1)

le-mail address: ejiri@muse.sc.niigata-u.ac.jp,
O000OO0KEKOOOODOOOODOOOO M100oo0oooooo



Soryushiron Kenkyu

Crossover Reweighting factor 50— ‘ ‘ ‘
0.07 s 8'%
+ T P g

r—ooa 7 1 o 0% ]

First order ? P VL

double-well potential

: e A I R SRR B e B B S N
87 o8 os2 084 o085 o0ss o9 o9 ow 27 o5 o082 o084 08 088 09 092 0%
P P

O 1: reweighting 0 O O
ooooooooooono
00

02: 0000000000000 InR(P;A,0)000000 InR(P;h,0)
D000o 00000000 d%Vy/dP?(P)O

oooos,0s8,0000000000000000MO0000000Nge =N2xN, 00O
00B=6/2 0000000000000000006P-P)0000 POD POOOOOOO
O000000POOOODOOOOOOODOODOODOOOOOOOOOOOOOOOOOOO
P=-8,/(6Ngte) 00000000000000 1x1 Wilsonloop0OOD000000000
0000 Veg(P;8,m,p) = —Inw(P;8,m,u) 000000

000000 QCD(my, =00)00 reweighting 00 0000000000000O000ODO

Ve (P; B, m, 1) = Vo(P; fo) — In R(P; 8, m, 15 Bo) (2)
0000000000V(P;4)0p=000000000 QCDOO00O0OO0O0000ORO

det M (my, ) \2 [ det M (mp, )\ ™
det M (my,0) ) ( det M (00, 0) ) >P:ﬁxed )

MRUiﬁnum&ﬂzﬁw—ﬁwN&Jl+m<<

0000 () piixed = (§(P — P)--)p,/(6(P = P))g, 0 POODODOOODO0(-Y5 0 p=00
0000000000000000 BOmO000000000000003, 000000000
00 000000000 100000000000000000000000000000000
0000000000000000000000000000 POOOOOOOO (0000000
000)00ROODOOOOOOODOOOOOOOOOOOO (0O00000O0)000000k
D00000000000000000000000000000 3)000MOO0O00 4000
D0000A00000 POOOOOOOOOOOOODOO d?Ve/dP20000000A00DOCO
000000V OOOOOO0OO0OO A00000000000000000 40Vee(P)0000
0DA0000D000D00D00000dV,y/dPP00000000 POOODOOOOOWOOO
00000000000 0000000000000000000 d2V/dP20000000000
D000000000000000000000000000000d2Vy/dP? = 6Ngte/xp 00O
0000000xp0 POODOOOxp=6Nge((P—(P)?) 0000

O000OMNOOOOO0O0O00000000 (3)000000000000 WisonOOOOOO
000000000 00000000

{det M (kp)

daAﬂm}::%&WMWﬂi+HNﬂ%%V“F%MuuTﬂhr+mmmuwah]+“. (4)

000000000000Qz0Q; O Polyakov loop 00000000000000000000 2
00[(7]00000000000000000 mR(P)(00)0d%V,/dP2(P)(000000000)O



Soryushiron Kenkyu

O—=NWAUIOHNOO

1st order
09

U3 mem,0p00000000000000000O00O0O0DODOODOODOOO0O0O000O0
000000000000 8000000 0Uoooooooooog

00000 #nR/dPY(P)(0000000000)0000DODODO (p4-improved staggered action]
D00D000000D00000000 mps/my ~070000 16x4000000000) A00
00000000000 000000000000000 A00000000000000 Wilson
O000000000A = 2N;(2x,)M 0000000ARDO 006000000P ~ 0810000
d*Veg /dP? = d*Vy/dP? — d?InR/dP? 00 000000000000D0D0O0O00D0D000000O0
O00D000D00000D00000 PODOO0OOD Vg(P)DOODDOOAODDDOOODODOOO
O0000h.=0.0614(69) 00000000000
00000000000000000k,0AR00000000000000 &0 N;ODOODOO

W L/ he Y
crit _ — [ _"'C
Fh T (2]Vf> (5)

DDDDDDDDDDDNfDDDDDDDDDDDn‘;fitDDDDDDDDDDDDDDDDDDD
rpy00000000OD0O0OON,ODOO0O0O0ODOODOO0ODO0ODbDOOOObODOO0ObOOOoDOobOODOD
gbooooooboboboboooobooboboboooooooboobobobooboboDbo
00000000o0oooOO0O N;O00000O000O0OCOODODOOOOOOOO 1o

3 QCbUuUooboboooboooobg

N;000OD0OD0D000000000000000 (s, =0)000 reweighting 000000000
00000000000000000000000000 QChO000000000O00000
0000000000000 2+100000 QChO000000000000000000000

000000000000000 QCDOO0O0O0OO000000000000000000000
000000000000000000000000000000000000000000000
00000000000000000000000 QCDO0000000000000000000
000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000
00000000000000000000000 3(0)00QCh000000000000000
00000000 (my) 0000000000000 (m,) 000000000 (00000000



Soryushiron Kenkyu

5x10° 5x10°
S o—o [1,=0

4x10° REPRTETEE

5
4x10
0 0.06

3x10° 3x10°

2x10° 2x10°

1x10° 1x10°

o+

0 I Wi

0.02—

-1x10° -1x10°

0.01—

5 1 1 1 1 5
221G 78" 08 o082 o084 o086 1Q,

0 05 1 15 2
P Wt

0 4: p/T = 1.0, = 0(0)0 p/T = V2,1, = 05 0: (h,p) OODOOOO0 OO

0(0) 00 InR(P;h,p) 000 iy =000000 pup=p0000

ggooobobobotoooooobobbbooooooob bbb boooooooobooo
(0OO0)OOooooO (ODO0)OooooOOoOoOoooOOOoO0OOO00OOo0OoOoOO0OoOobODOOOOoOO
0000000000000 00C0D0O0000ODO000O0 (cQO)DOOUDODODUOOOOODODO OO
ggooobobotoooooobobobboooooobbboooooobobObooooooooboobo
0p00000000000000000O00O0000OUOO0DDOOO0OUOOOEODOOOUOOO
0000 p0O0O0O0OOODOODOOOOOOOD 3(0)000000000O0O0OOO0OOOn 4)
ggoooboboooogobboood pbbooobbbooobbbbooooo b o
gbobooooobooboboboboooooooboobobobooooooooobobobobo
ygoooobobtodooooobobtboooooooobboooooobbobbooooooobLobo
goooooooooon

oooood2+NUOO0OO0OO QQChDUOOOOoOoobOOoOoooboooooooobooooDooboooo
00000000400 [fJ0D0000 p4-improved staggered action 000000000000
00000 QChOODO0O0O0O0O0O0O0O0O00DO0000O00oDOoO0 NyOOODOOODOODODOODOO
gogoooobbooooooboobobb gddoobbbbbodogoobbboooooon
000000000 400000 /T =1.00000 u/T=+v20 (upy=0000)000000u
DDDDDDDDDdzlnR/dP2DDDDD[||:||:JDDDDDDDDDDDDDMDDDDDDDDD
00 ArO000D00D0O0O0OO0DOODUOOOODOODODOODOODOODUDODODODODODO
dooooooooo sbobbbbtboldl wp=00000000000 pp,=pdoooonoO
00o0o0o0oooobo0oooobooooDbOoO0ooooDbo0ooAODDDOOUODDOOOOO
hZQNf(Qlih)NtDDDDMDDDDDDDDDDDDDDDD rpdooogooobobooobn
000 4000p00000000000O0000O0OOOOO0OOOODOOOOOOOOODOOO
goooogooon O(MQ)DDDDDDDDDDD NeOOOODODDOOoOoooooobooooooo
goobobo2+100000o QChoboobooooobobobobdboboboboobooobo
godooobbobbbtboddooooooboboobbotbodoooooooo

00000 N;OOOODOODOOODOOODODDOOO0OODDOOO0OODOO0O0OODDOO0O0ODoDDOOoOooDDOoOOon
ooboooobuooobbooobbooobbOoobboo NyODOUODDUOODDUOODODDOODOD
oooNDOOOOODOOODODOODOOD 24100000 QCODOODOOO0OOOOCOODOOODO
DoD0O0O00ooDn (60



Soryushiron Kenkyu

4 00O

OoooooQQCcbooooooooooooO0oOooOoUoDoooboo0ooooboDobOoooOooo
gbobooooboboboboooooooobooobooboboboboobooooooboobobobo
oobooooboobo NyOOOOOOOOObOOOobOO0bOO0obOoobOoobbOOoboOobOoDo
oboooboobooooobooobobboob NyODOODOOOODODOO reweightingd OO0
ooooooonNOODOOO0OOobooboooooobbooooboOoboooobbDbObooLDbOo
gbboboboboooboobooboobbobboboobooboobbobbooboan
gobobooooooboooobdonD NyODODOODODOOOODOODODOLODODUODODO
gbobooooooooob pebOOOO0oOobOOobOO0obODbO0ObLObLODOODODODODODODO
gbogbobobooboobobooobooobbooboboboboobobobooboon 2+10
0000 QChboOOOOO0OOO0O0DOOOO0OO00DDOOOoOOO0U0oDoOOobOboOOoDo

goad

[1] S. Ejiri and N. Yamada, Phys. Rev. Lett. 110, 172001 (2013).

[2] Y. Kikukawa, M. Kohda and J. Yasuda, Phys. Rev. D 77, 015014 (2008).
[3] Z. Fodor, Nucl. Phys. Proc. Suppl. 83, 121 (2000).

[4] S. Ejiri, Phys. Rev. D 77, 014508 (2008).

[5] H. Saito, S. Ejiri, S. Aoki, T. Hatsuda, K. Kanaya, Y. Maezawa, H. Ohno, and T. Umeda
(WHOT-QCD Collaboration), Phys. Rev. D 84, 054502 (2011).

[6] S. Ejiri, Euro. Phys. J. A 49, 86 (2013).

[7] C. R. Allton, M. Déring, S. Ejiri, S.J. Hands, O. Kaczmarek, F. Karsch, E. Laermann and
K. Redlich, Phys. Rev. D 71, 054508 (2005).

[8] H. Saito, S. Ejiri, S. Aoki, K. Kanaya, Y. Nakagawa, H. Ohno, K. Okuno, T. Umeda (WHOT-
QCD Collaboration), arXiv:1309.2445.



Soryushiron Kenkyu

NASIEBERSICBIT2 94— ART ML
AR () 7 v FER)L, LRER (BK), EEE— (50K)

BREE., BREBEETERIZEEZONTWA A I NVHIEBIZEWT, UETER 2130 1 7 )V
DFES N0 4 — VOB AV & > TEFARMETHERIZRES BB L WS R [1] ITFEH L. %
NINT A =T ART MVIZHEZBHBIZOWTOMWNE%EIT-72 (2, 3]l TDEL EDMFETIEZ +—72
DEEZET L L TWz72d, B I IVHER ITMRE BT I HER 2 722 U, HIEEBAR L CIREIC
VI METBE—RBEFHELTWVWS, ZUTI A =T ART MLIEZDY 7 M E—RNLDFEGIZL -
TEFDOVY— I HEENKRELL BT DI 2R UL, AETRAIV Y N2 x—2BEZERICE
. VA EEHRE VTR A INVMIERSMEIZERB L, AT — AT —HEEROE
ET A= EDREEMO T A =T ART MR ED K ST 7%, Nambu-Jona—Lasinio(NJL)
PR % W TRz, R BRERO—EBILT TIZ 2007 EOBGDE i T DIGHTHRRIEATH S
WA, ZOED SO THIEEITV., OB TRELTH oL IR0 TEREREDT-,

u,dZ A=Wy NERERODEGE., A IUVRIMERD S bIZhi. H A1 T IVIHERR K3
BT/ B AA—N—IZ2 0, HDIRE. BETIRHEE KD A SLEND 2, ZHER
WZHRBDIIIDEDATH DM, WihT 25V 7 hE—RiZHhA IIUBEDOEGE L IZR LD, v <k
flFE— NTIEARWV, ZHEEFRSIZBWTE D1 TURTRERD S DIZEN T WS 720 T, NJL &
RITIE AN T —BER S D space-like HIHIZY 7 M E— RPEND Z SN TWS 5], ¥~
I FE — N time-like BEIKIZ D B HY, TOEEIEX ~2m TH O (m IHK T + — 7B &), HHAN
BEWTHEERIZIEE R SR, RFETIEY + — 7 RBEAIZ. ZhoDFEE2EL AN T —BER
LEL, RAAVE—RNZ2ECWAN T —BERSER2 1 V—T LRV THY ANZHE T R )LF—
HEBLU. BRUSMAED 7 A — 7 AR ML DED EWEHFHRTZ,

FIDIZ 7 8 AT — N —Fl & 72 HARBE LM 2 FAR D 726D, ST 771 FIVFRED D b £ b
ZHimE & U THERFIRE (Tpc) 2EHE U, Tpc EHLOVD I+ —I ART MV EFARBEZ L & LTz, Trc
F—RIZERTHI LN TERVD, HIZIFERNDOY 7 b E—NIERNTE2AN T —EEROLED
AR NNVDE—=I D, HABRETHEZZEZ TV 2L SIIHRRIIRDIBEEZE>TETNEERT
BZeNTED (FUSTIRFET S), £/-. ZOLERAI X VORETRINVF =B Y 022 5%
(Typ) BRKHZRDTHAB L, TRTDIZOAA—N—FHHOHEEIZENT Tpc LV BEWI A%
N5, T06 Tpc & Tyg DRIDBETIEZ A — 27 LEEAEREBO NS A U FET L iz, T
SHEBETRT LI, ZONRNAMFVYNRT+ =T AR MVIZKERFELE RITT,

M 10D EBIZYREEIZEITS T =206MeV TOXOEEEDZ +—27 AT Ml py(po) BRT
(K2 A —=ZHDART MVIFHE L THEL L TWD), ZOEEIXH 1 T IVEINEZ KRB R RIZR S
BETHD, £-EREETIE T = 216MeV TH D, ZDRNPS pg ~ 25MeV IZHER T ¥ — 27 3
HBZ NN, EEGELIZE > TRONDIHENKZ +— 7B & m L 118MeV THBEN 6, I
FESELDMEIZL 2T A — 27 DEENMI 100MeV IZFE TR 57722 e 2EEKT 5, ZOLHRK
EREEY 7 MOERIZ, M1 FBRICRINEZZ A —2ZOHECITILE— (SH(p)) B 555 Z &M
T&5%, HOT AT —OBIHIZEHT S L. po~ £50MeV T (BMlIZ) KERfEEFF-TVWE Z L
Doz, BEREICIZZINSIEHBRLTWD, BCZAXVF—DERIZI 4 — IS EDE—RNE
AT HZETETSE (K6 MEBEEZ2ELTWSZD, ZORBIPREREEDRKHEZHSDLT
Wb, 74— X DIELEDE— N OMAZTARTAD L, ZOFKEIIFHESREBD A A V3
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X 1: T = 206MeV. YOBEEIZBIFTA 7 4+ — 2 A7 ’MVEKE ., Snd b2+ —2ZHOITRILFE—,

A= UFEBRTHILILE>TETEZ N ONE, NI A VOREBRBRE w.(q) &EL L, KE
IRFEEIEITIX [ dB3qd(po + By —w(q)) LW HEHEDLDNH S, B, = /2 +m2 1£7 4 — 27 DHH
BRThod, ZOHIFINNA A VeI 3= DHEENELWE IATHERES 6T I ERLTW
%, ZD &S RIREEE DFEUE van Hove R L IEIEN, 728 2 IZEEARFIZB W THEDEL W
2DODNY R TEFDVPEBRTHIRICHBFALHKMPEZ S, TZITHERELTEEZWVWI EIE, we(q) A
VE+mZ EWSEBRTH > 7258 I AROER R ¢ TE, LRIUEEIZRE Z 2idR0n, &
ST THb, ZITEINAAVERI A= R A —I7DfEREE L THALTWEZ e, A
REIZBWTO—L VY REEDRENT WS Z 212 & > TH8A A O HBRIZ /@& +m2 2 5d
NTW3, §RbLbbIERTOMMEZ 5MEAEHIZE 5T van Hove FFEREBEN-DITTH B, H
CIZRVF—DEHD IS LRI L o T, EBIIRESSBEEEIED SN, M1IZRINE LD
WWRERBZEEZ5T, ZOMITIZEWTHER Y — 20 ET 2 BERMIXFE L B po—m (X
1 DfFAR) HRAETEHILTHY, EMHARELEUTEILIZE>TREMRD DI pg ~ 25MeV
WZETWBZeDDnD, ZDp) COEIBIEF/NEL, LB THER Y- BRI NS, (il

TWARW3, 25 UL THEIESUSHEIZB W T 2 4 — IR AN T —, AN T —RELELELET L L,
FHZASGIRED A A v AT AL o T o4 —VHEBNPKELEZDLVELZ b h o1,
ZOMRENA TNVBRIZB T B2 =2 AT ML [2, 3] LT 5, I TR TIEE 0%
JET IR 72D, AW T —ROEDVIIE—R, AN T —FSEDAA1 AU HIZY T
MET 2, ZNO6DE—RE I A =2 DFEHRIZED, 74— ART MVIHMEEEERTI L —72
W&z o7z, SE—2ORBIE I+ —2 L, FHTHRY VE—RNEDEEDOHP/NI W L BBE
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Analysis of the Dynamical Chiral Symmetry Breaking in QCD
at Finite Temperature and Density using the Non-Perturbative
Renormalization Group

Ken-Ichi Aoki, Daisuke Sato and Masatoshi Yamada

Institute for Theoretical Physics, Kanazawa University

We analyze the Nambu—Jona-Lasinio model which is a chiral effective model of QCD by
using the non-perturbative renormalization group at finite temperature and finite density.
We discuss the chiral phase diagram in the model. We include the large-N non-leading
contribution in the beta function and discuss its effects for the phase boundary.

1 Introduction

Understanding the non-perturbative Quantum Chromodynamics (QCD) is one of the impor-
tant subjects in elementary particle physics. The phase diagram of QCD at finite temperature
and finite density has been studied intensively. There are various non-perturbative approaches
to QCD, such as the lattice QCD, the mean-field approximation (MFA) and the Schwinger-
Dyson equations (SDEs). However, these mothods have serious problems respectively. The
lattice QCD is a powerful method because of the first-principle caluclation. However, it is dif-
ficult to maintain the chiral symmetry on the lattice field. At finite density, the QCD action
has a complex phase due to the quark chemical potential. Owing to this problem, called the
sign problem, the statistical errors of simulation cannot be controlled easily. The MFA or the
SDEs with the ladder approximation have been used in various types of models. However, these
methods have difficulties in the further improvement of the approximation without which the
strong gauge dependences cannot be cured.

We study the non-perturbative properties using the non-perturbative renormalization group
(NPRG). The NPRG method gives us not only the equivalent results to MFA and SDEs in the
lowest order approximation [3], but also the systematic method for improving approximation.
We don’t confront the sign problem at finite density. However, the NPRG breaks gauge sym-
metry due to inclusion of the momentum cutoff and also it has the gauge dependences as MFA
and SDEs. These problems can be treated by systematic improvement of approximation. It
reported that the gauge dependence has almost been wiped away by including the non-ladder
diagrams to the beta functions [4].

We appliy the NPRG to the Nambu-Jona-Lasinio (NJL) model [9] at finite temperature and
finite density. The NJL model is the effective theory with four-fermi interactions and describes
the SxSB of QCD. We compare the results improved by the NPRG method with the mean field
approximation.

2 Non-perturbative Renormalization Group

We briefly explain the basic idea of NPRG [2] in quantum field theory. We divide the degrees
of freedom of quantum field ¢(p) into the higher modes with |[p| > A and the lower modes
with |p| < A in the Euclidean space. Then we define the effective action Seg[¢; A], called the
Wilsonian effective action, by integrating out only the higher modes in the path integral

Ao A Ag A
Z = Dg e~ %0 :/ Do D e Solo<te>] :/ Do e Seild<iA] (1)
A
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where Sy is the initial (bare) action at the initial cutoff Ag. The NPRG equation describes the
dependence of the Wilsonian effective action on the cutoff A,

0

a*ASefr[ﬁb; A] = B[Sefr; A]. (2)

The right hand side of this equation is called the beta function. It is evaluated as the infinitesimal
change of the Wilsonian effective action by infinitesimally lowering the cutoff A.

There are various formulations of NPRG equation [5, 6, 7]. In this paper, we adopt the
Wetterich flow equation [7] which is a differential equation for the Legendre effective action with
IR cutoff,

— «— -1
irA[qﬂiJrRA - (OARA) ¢, (3)

1
OATA[®] = SSTr 1 | 5= 3

where R, is the cutoff profile function which divides the higher and the lower modes of quantum
field. This equation is exact. It describes the development of the effective action starting from
the bare action Sy to the Legendre effective action I'y—g.

The equation (3) is a functional differential equation and we cannot solve it exactly. We
have to make some approximation. First, the effective action is expanded into power series of
derivative of fields,

Talol = [ e |Va(0) + 5 20(0)0,00 + 31200 + -+ (W

where V) is the effective potential generated and Z, and Y, are the field renormalization factors.
This method is called the derivative expantion. Next, we ignore all the conections to terms
with derivatives. Then the effective action is represented by the effective potential V. This
approximation, called the local potential approximation (LPA) [8], allows us to evaluated the
effective action only with the zero momentum mode of fields. We reduce Eq. (3) to be a partial
differential equation for the effective potential V. Furthermore if the effective potential is
spanned by the polynomials of fields, we get infinitely coupled ordinary differential equations
for the expansion coefficients (the coupling constants).

3 Nambu—Jona-Lasinio model

The Lagrangian of the NJL model [9] with one flavor and one color is given by
L. Go, = vo | /7 2
Ly, = Yidy + 7{(1/”/1) + (Yisy)°} (5)

This Lagrangian is invariant under the chiral U(1) transformation: ) — €"75%). The four-fermi
coupling constant G corresponds to the fluctuation of the chiral order parameter: {(11)2),
therefore, we may conclude the SxSB by divergence of the four-fermi coupling constant at a
finite energy scale.

The NJL model at finite temperature and finite density is defined by the following Euclidean
bare action,

1T ~ ~ _ _
So= [ ar [ [0+ i - LGP + i) (©
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The four-fermi interaction Gg generates the effective four-fermi coupling constant G by quan-
tum corrections, that is, by driving the infrared cutoff scale to the low energy. The effective
action in LPA is denoted by

1/T N _ _ _
mzA w/fﬂwwwmw—%%WW+me%. (7)

We calculate the generated four-fermi interactions through the diagrams in Fig. 1. The first
diagram in the dashed box in Fig. 1 is the so-colled large-N leading term. If we adopt only this
term in the beta function of the four-fermi coupling constant, we get the equivarent results to
the MFA or the ladder SDEs. Note that we can add the large-N non-leading terms without any
difficulty.

X - SO - XX+ XXX

Figure 1: Feynman diagrams contributing to the beta function for the four-fermi interactions.

In this study, we use the 3-d optimized cutoff function [10] in Eq. (3),

2
Ra(p) = (100 1) 001 - B) = 1o/

At finite temperaure, the time direction momentum is discretized and the integration of it
changes to the Matsubara summation, therefore, the 3-d cutoff function is appropriate to write
down the renormalization group equations in a simple form.

4 Results

The RGEs we solve are the following three simultaneous differential equations,

- .1
8tg = 2g — 5(4.[0 — Il),
oT =T, (8)
E%ﬂ =Q,

where 0y = —AQy, 1/§ = g = GAA? /472, T =T/A and i = w/A. The threshold functions
Io(T, i) and I1(T, 1) are given by the large-N leading diagram and the non-leading diagrams
respectively in Fig. 1 , and are expressed as

, (9)

Iy = [(1 —n+> + <1 —n_) + 3(nJr +n_)]

2 2 ow wol
o |t 1_ 1 1 1 o .1 0
1_[u+ﬂv<27“>+u—ﬂﬁ<2 m>+1+ﬂ&ﬂ++1—ﬂ%ﬂ4

where n4 are the Fermi-Dirac distribution functions, ny = (e(“*#)/ T4 1)~ The large-N non-
leading effect I; contributes towards the restoration of chiral symmetry. Especially, this effect

, (10)

w—1

is large at low temperature and high density. If temperature vanishes, the threshold function Iy
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Figure 2: The RG flows of g of the large-N lead- Figure 3: The RG flows of g of the large-/N non-
ing on the g — i plane at /Ao = 0.3 and various leading on the § — i plane at u/Ay = 0.22 and
temperatures. We set the initial inverse four- various temperatures. We set the initial inverse
fermi coupling to 0.3. four-fermi coupling to 0.3.

diverges at i = 1(ux = A) when the cutoff reaches the fermi surface.

We numerically solve the RGEs (8). We may conclude the SxSB when g passes the origin.
We show the RG flows of g of the large-N leading and the non-leaing in Fig. 2 and 3 respectively.
We draw RG flows after g passes the origin. This is justified by the ” Weak solution” method [11]
in case of the large-N leading. Infact, the inverse four-fermi coupling constant § corresponds to
the mass squared of meson fields introduced as the auxiliary fields. In other words, § corresponds
to the curvature of the effective potential of meson field at the origin, and thus, the negative of g
means that the curvature of the effective potential at the origin becomes negative. In this case,
the effective potential has a global minimum at non-zero expectation value of meson field, then
the SxSB occurrs. If we directly solve the RGE for the four-fermi coupling constant, the RG
flows stop on the way because the four-fermi coupling constant diverges at finite £. However,
as shown in Fig. 2, some flows go to the negative region, and then comes back to the positive
region afterwards. We may regard such turn-over flows as symmetric phase in case of the large-
N leading. In case of the large-N non-leading, it is difficult to justify of this interpretation.
However, we adopt the some criterion here.

The phase diagrams of the large-N leading and the non-leading calculation are shown in
Fig. 4. We can see the drastic difference of behavior of phase boundaries due to the large-N
non-leading effects at low temperature and high density.

5 Summary and Discussion

We study the Nambu—Jona-Lasinio model by using the non-perturbative renormalization
group at finite temperature and finite density. We discuss the difference of the RG flows and
phase boundaries between the mean field approximation results and those including the large- N
non-leading effects. We find that the large-N non-leading effects become large and contribute
to the restoration of chiral symmetry at low temperture and high density.

However, this analysis tells us only second-order phase transition because we evaluate only
the RG flow of the four-fermi coupling constant. In other words, we see the behaivor of the
curvature of the mesonic effective potential at the origin only, and therefore, we overlook the
possibility of the first-order transitions. We should bosonize the four-fermi interactions [3, 12, 13]
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Figure 4: The chiral phase diagram in the large-NV leading and non-leading calculation
or treat total mass function [11] in order to evaluate the order of phase transition.
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DRIZB T BMAERTH 5,

HIDPSEET. A = ot DL E (QF)e/(Quon)e =0 BB ENDPEB, THRERI
EEYBEOEREZBHT 2L, 2FEMIRFEL TS, DHBRVWZHTH 5,

RIZ, L—0& 17— 00 OMIFE, DF 0 REASFEL, BEMRRBISEMN ITR->T, O &E
D A EAFVERERIEN K 2230 h 5, ZOMEIRIUTOI S ICHMETE S, 7 =0 TR TIX
HAWMIHBELTWS, LA LU HoRRESRET 22, BKFD TV X LBEENIC L > CThi+RDFHE
B IEPLb, SR FOEMOD M AH I NSHERIT—FRIZR D, T, K78 rapidity
g An IZBEWTBIHE N AR pld, FU < p=An/notal 1IT78D. 2T, AnlZBWT, 2R T8 n
DS 5 r EOK DB X N B HER S, BRI T 5 & —HMME ,Cop" (1 —p) " 1255, %

Y OEHIE, EHERLE =0T 5BEOEDLRRDL I L ITERE L,
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Nl AERERIEL - 0T, “HAMAOD S E (Q%)./(Q)e =1 —p=1— An/niota 1ERTE, W
5 ED An HFEIXERRIZR D,

WIZ, LPERO L E0OFE2HERAEROL DL BT 2L, NI A—ZDMHEITKS T, A ~
Notal — 2v/2( [ dT'D(T'))/% 22 & EBRABEORER & DTN Uk, HIRAEFEIRI BN S Z &8
bhd, TOMBRIZOVWTEET L7201, AREBEIIEVPENIGAD 2B LT, RO K S 0%E
WEEZ 25,

- _ T 1/2
_ . / N\1/2 Ttotal A77_ ’ /
A = ot~ 22 [ ar D)2 o Bt 220 o ([T ar'D(r)) o)

B D A DB & 17 S rapidity S DN A & B £ CORERE. HU1E T T 7 VR O HREGE
He/ () IZxE LT W5, 7= 018 0 = e /2 KHEIEL 727 T 0 VR, B8 7 g, BE
Fiir 5 ol rapidity SEIBUC 712> T 7 T W kLT OSEIRBENEEME/ (n2) =2 () dT/D(T/))1/2 FREE £
THR ST 2 Z EDHRETH B, > T, BHRADHFIEEZZIHL TWDB I NS QK7 2N 200 B I,
DEOR(B) AR IOL FiT, BRAFAET ZHMEBBPES B0 5 FILHG LIBD 13T TH 3,
AN > Nrotal — 2/2( f§ d7'D(7"))Y? OB ERBERI R B BHNZ DX Z 0 LS RHEICE S,
BRI, AHFREOFRZHWT ALICE ERTHM T N2 5 E [3] I8 5 A RARBIROTF S %
EET 5, BED ALICE EBRIZBWT, An DERKEIXAn=1.6 TH 5D, —F. nNota ~ 14 & FLIH
boT, MRE LT 2 L, HREBEEIROF S %22 5580 An > e — 2020 J7 dr' D)2 1%
BROERTIEHZINTVWIRWI EWRBIND, TR, FEERTEIISTNZD S EOFMED o
O, QCGP OB EEHK > TWE I EWERNTHD L EZ NS,

1.0
—_— =3
0.8+
= | =5
P L — | =8
\0/ 0.6
:E L=10
‘S 0.4 L=15
— | - oo
0.2+
0.0

0 2 4 6 8§ 10 12 14
An/([ar D )"
B 1: (RAFFEM D ZIRDWD 5 E D rapidity IEEEME

4 FEb

AWZETIE, REBEMDOY S EORMAEZ. IR~ A X —HRERZ2HWCTHBARBEOR TR L,
FEERTHBHN NP S EICHFET2ERAEMEORE I 2FML 72, TR, DS ED rapidity
MEHFEZE b e, ARBESIERORESIZAMEMH L2 Z LV HRETH S Z & KU, BfED ALICE
BRCBLI P RE 7R rapidity fIBUC B W THBRAKRBERIRIXIF L A EF LG LRWI L AREBIND Z & hb
o7z, RHIC TIEINE TIEBEMR D WP S E D rapidity IRV IZHIE T DN T W WA, EER
TEHIE N2 DS ST B2 D 272012, SHRID LD RMEIfTOND Z L 2L,
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D=0 - TIN—F2TSATIIET B TIAIRLEMERFERK

AR, BUERZER, EJRGE . K7HET A
TR TORIERF A

WHHE RS PMFAET 2RI T TORFAERIE, FXTRIEA A o HZEICB T 5 TROWEEHH L) BB
THEERER 2RI, 2PHEIEO &) 2EEZH - FEMICEML T 2 A MR GIETH D, AHFFETIE,
2P Elzh EonWCEH SN D I 7 L —F o EE) R & Kadanoff-Baym-Cornwall-Jackiw-Tomboulis
(KB-CJT) SR A EEammIC S . 77 A REEMZ R OROERM MR Z#iwm T 5.

1 ([FLE&HIZ

RHIC O, LHC 28T 2t FmAVE A 4 28 EBR T, E2025 0.6-1.0fm/c F2E O ffisd CTH
W CRVBOEARRIBICE S Z LA BN TV D, Z DO RWESEA L oW EE 2 BRI B M2
THZEIX, BEAAVEREROYEIZESNT-HRO—>2>TH 5, HImHNEAS A - ERIZE T 59
FENEFROAREIL, HHAR NV —F Y RIGPFET D T TRFAER - 2T 5L 0o & 25
D, ZOMEEZEY - TIERONREMN 2 FGIELE LTiE, Boltzmann HFREXZ Wb 5
Bottom-up thermalization <~V A4 [1] °, H#LFFHEEUC L 56D [2] BT b D, AiE L, BB
FAYIC 9gegg9. 9ge0gg EZEOWiE fE A FHE L, Boltzmann S % F W CEVER 2 i&im 9 2 ik
Thb, EIAN, TITOFEMITRGDPAELIZHZOLDOTH LT, gogg D L 5 ki 1Ek
EFLVRSEIT L O RT Y R MEEBEINTH RN, BEIL, @Y RPLETE2ANT 1Lk
») i Yang-Mills Ffe Rz g HiETh 5, ZOFEICIT. MBI R ZEPE LICHZ D & v
IFRDN D D0, oAl Bose-Einstein 734G lZ 72 HiaWE WO ERH Y, HETERTDH X
ZIalb—bFTDETALDO—DLLTRILZRETHEDOTHD, 2PETINLDORAEZFRL .,
HRIG LR OFAF I 7 AARIZMOE D ZEDTELFIETH D, LLFTIE 2P HEIZ DWW T
B L, 77 A RLEMDNH D & 5 I E 2 E % ORFHICE M L2/ RIC W Tk~ 2%,

2 2PIBEHEA

2P A2 EM L, RATER SN LB TH S [4].

HAG]zsuq+%Tnm;1+%Tnm%%MG+rdAG] L
~—— |
tree 1-loop 2,3,..100p

AT L —F 8 Gid Keldysh @ Green BB ToH 5, T 13 2K TN —T 7T 7 2K T,
ZOERBEMEN D, R NEER RGNS [3][4].

oI'TA,G]

0A 1J=R=0 - 2
STIAG)  _

6G  li=r=0 )

ZDOEDIZ LT, ROIFHERFHEFRITH I L —F U GoES) fEls | KB-CIT HfElzEir s
TR BB AE T 2, ZRRICHIT 2 BAEIE. 3-loop £ THLEEITNE - Bk > THEX
b T3 [5].
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3 TS RAIFREMN

IR T O H 77— SU(2) 2% 2. FHARRZEDLGEICHO W THEmT %, £7o. BLFO%K
X tempordl 77— Ag=0% L o7 bDTH D, HoNLHEN (2)(3) 2. A A HERE K I
MT22L%2E2D, TOXOREMIICBNTIE, 77 A RLEEWNTFEL, ROFEHLE B
DEaT 2 Ln, WHFEHEEICESCHERETRINTE Y . RWBCEE{D A =X 0%
HEST 2 ETHETH L [6], o> T, 2PHEICESS FIETT I A A ZEN 2w T 5 2 &3
EETHD, TI T, UTFTTIIRIZZIMON 7 —WHEPERHRE LTHET 2 L9 R EEZ D
[7][8], F&EELBIZEE S % B

A:$MMA®+m@ F =79+ gr¥ + 0(¢?)

AT L (F 1% Green BB O EH)  WRBICHIET 2 L5 2y —VHomf AO =
At) (6261 + 62181y) ZRAT % &\ 7 A L FOEB XD NLO 1HRD & 5 12725,

#AY = —Q[AO1AW (4)

QUIIMZEL T T —DREFFo 127 MVITHERT % X9 1THITH Y . ZO—HOEAHEN wiy ~
p? - A2 chzbn%, ik Nidsen-Olesen DRLEE— FE LTHILN S EAE— RICz b7z
WV, ZhE, CROFRLEE— REERZ LICT 5, REKIC KB-CIT HfElo LO 2 & T &,

27O = —Q[AQ1F O (5)

RS, FOO -, p) It FHAREICHT cos( - Y)wp(n(p) + 1) fwp Dk S 1Y | AT
Fon(p) ZAOTEPNS LD RRTHY | IELERICBOT b AR TROERE ST b0 &
ExbhB, (B) MHBLMC, F HE RS LA UAREE— FEfFonT, S REHRLEES
DL EITIE, AR AR LIRRIICE S 5 2 L2850 5,

B & 5 AR EE— RARET 5 IR 22 KR A - — L 1/ /gB 235 & . AD = 0(1/9)
2720 (4) W =ERITGET 5, £ 2T RIS A —F U B O R RRIE 2 AT % NNLO 0
BEREEx THBL,

atZAia(z) — —QAia(z) + ‘Jia[A(l)’ 7-‘(0)] (6)

It = 120 (DRFFR(xy) + D (Fo(xy) = 27, 5(x. ), Y

Sz, fEHEEER. D IEREMS . FY) = ADADY) + 72O y) th s, Zot—
SFeirb . F %38 U CHE PR TR RIS ORMBRIIN T 52 L1025, (7) LWER
I, (8) AT 2 o — A3 TR S KT AME S MBI AR LT . RTEE

ZORBICEBELE 525, £12. () DbEMT—koFEEE— K AYVFO 2mncEx iy
LRTE D, HlZIE,

JS‘, J?_ o 7;¢J_[AS_1), 7':(_(1)]

LERRIT I, RREMC 5T F BEH B A — X 22 50T, EEIEB O power counting &< B LE S 5,
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log | A|

F~oO(l) F~0O()g)  F~0(1g)

5 5ot D I i 58 Jig O HEmG

ThD, o TINLDMMERORLEE— KD 250 growth rate ZF5H ., & FIHFITH -7 R
HEWEEBTZOTZENmND (CIRORLEE—R), FAFEOFEMRICLY,. ZORETEHERIE
TV &, K& 7 growthrate 2 Ff > 7o SR O AN ZEE— RSk % LBV, RSP LERIRBIZED E
TRLFARRDHES Z L1272 D,

B0, RN EME &R E OBIRIC W TR 3, 2P L CTIRROIHID 5 X i &
OEHIT, By HER (QB) OUMHIEAHFICKIREN D, BlZIE., —KAREE— FO BT
AD o« §,f(2) Sinwnot &9 BB TR IND 2, 2 FINCBIT 20O —EE % 5 2 g £(2) 28
WE D, WRAG L LT, RICZHAOHHID L ENE BNBAEEZ D, ZO, R zHFHIC
LT a0, fiEke Lca AD=084%, —FT, kIR EEEZ XS
FHEEF (7) 12 AY O 2 I LT En D, (F OFEIGEDEZ T HIKD2) 2 0O FIH
DB ERRNES . TIRIIARREMITE L RN ERSND, ZOL D BRRREEE NS E LD
MM, FHRICBITAYIab—yarTHRLATVS (9],

4 FEDH

FA A U ERE L ORI 2P 148 M L, Nielsen-Olesen REZEMENFIET 5 & & Dl
TN —F G OWRD NI OWTEITH M Lz, 2 CTEREL <l /edno 7223, X4 2 9 St s
BHFE L7z & &I, HBORLEMIT X o TR A0S BARBIC & 5 RERIFE IR 2 2370 &b Bk & 2 it
BTHD, 7=, KB-CIT FEERIL 2-loop £ TL 5Tl T geogq R DBE Ry 2 &1 d T, 21
Z T Bottom-up U AL DHIEIT ) Z L S BROMETH D,

53Xk
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A1 ZIVER - DRENR Z & S B R AEE

RYE pEABC RNyt ABC, PR PTC
RSB RIS AT R e v & — B, RRRAEBL T4 ©

BT 2R ST A TN T 2V S F v EBEGOFET 57T, BFRFEIGERL THA 7 VEESSIE (Chiral
Magnetic, Effect, CME) + 7 A4 7 VBRI (Chiral Separation Effect, CSE) 7 & D#GE % 10 2 Wik B S
DN D . R A 4 SRR B CERSND 24— - =Ty - 75 R (QGP) TlzZ 5
DRI & O BB~ OB OUREIE L T2 EEZ 515, KBTI, CME/CSE @ﬁ»ﬂ%%‘%#
HORF R IIAA 115 (anomalous hydrodynamlcs) DEMEY S 2L —> a3 vy &7, AT VERERICE TS C
No DEEBRROEGE 23§ 5. & <12, CME/CSE OZEE 7 1)L b U GRIERE S B L 7-
M7 v —vf I22wT, BRISIHREDS RV E ZDEBS TF L ERD 5B EERT,

1 FU&®HIC

RIS 2> CTRAREORBW BN & LTS EMEEICEHBIS 2 A L v~ DFHE (A4 7 VSN
R, AA TNVTHEIR, HA T NEIR) BREI NI (1. £, A4 T NVEEKESIR (CME) £ A4 5
WITEERI AL (CSE) DMiENA U 2% TS EF L (YD) s> T () & & OERiHMEH L
TWwL EW) A A 7V (Chiral Magnetic Wave, CMW) & W) 2D FEED T5 S/ [2, 3] .

26 DEFEEIER L 72k R % 5l 7 2K %L ¥ — D4R anomalous hydrodynamics
3% % [1]. Anomalous hydrodynamics DHEMEFTFEFUI LT D (k) SRAFEHI,

9,TH = eF"Ajy, 0,5 =0, djt = —~CE"B, (1)
E, ALY bR
" =nut + kpB" + kpw", jE = nsut + Eg B + L (2)

Thdb., ZIT, BEEIINGLE LTk, 4, L 3ER, WEERE2, EX, Br ot IZES &N
JED 470R7 "V ERT, T, e FEBEMELRL, ZOMOLE IEHENLZERIE->TVE, 2
nEn, WSS 2 i - wikER, OiDCME/CSE LSBT 2 4 T ViR
T\ 5, BEKEETR & ST OERE IR BT THARIRAE D B2

G US] 2 un
exkg =C 1-— , €k, =2C 1- , 3
B M5( e—i—p) w M,u5< e+p> (3)
un 2 2 2p5m5
=Cull—— = 1—— 4
elp u( 6+p) ;e =p ( €+p) (4)

ko TRBE NG, 22T, p, us (FZNZNEM - BPEEICBAT 2{LER TV v L2 £ T,

2 HAAVEREICKT S aomalous hydrodynamics D3 A

BT FIVF—EHA T HRICE > TERINS QGP Hiz FIZEHICIE I N7 it k> T
D THRWESG DT IS EEZ o Tn 5, %0)7"_6?5 %%ﬁ"(ﬁiﬁ‘ﬁéﬂ% QGP ¥ CME/CSE
D &) EFERFEIGERN T 2EEHRIFERIAEL 52 2 B IN2YBRTH S, L, I
5 % Rl % FEERAG A & R AT e E BN D e Wiz, BIETIEE 2 26 OFF R LIEH R O
MEREIXTE S LTk, KifZETlE CME/CSE O &4 % & L 72 anomalous hydrodynamics % FH\ > T
B LX —HA A UEREERTERIND QGP Ziddd L, ZofEr I 2L —ravick),
BT % QGP HTOMA FNVHERIEDIEIDOMER L, Z DEERIIS 7 F IV~DIREHMG S 17 [4].
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'
— o “"‘, \
E;‘-"'B | R

B 1: JEPLEA A VERICE T 5, Y — AR TR E 4T N O BRGSO B 2 Bp, 20®Fﬂfa>)?
T%, FERRD R, E&,ﬁ@%ﬁﬂzp@fzﬁ%iﬂﬂ) . ZokE, MGPH (RP) O LT THE
LMOWRE - B S IERIC: 5,

fZRY % QGP DA A T ISR DLk
FEHLVE ST ORGSO HAINECAL X 1 1SR L Th b, TheBE L TEEZM5E LT

= Tg t . Tg t
eBy(7,t) = eBo exp 502 s ) eE, (7, t) = eEy X yexp R - (5)
EB EB

L2 %, I CHEUMSBORE SIZEA A V22 TAEL 2 M4 K E X eBy = 0.08 GeV2 ~ (2m,)?,
eFy =002 GeVZm2 &L, r, =22+ y2+ (22)%, opp=4.0fm & L7, 7%, WIHHSMAEIE
HLERD 7 —E Y FRIOSHZHEHT 5 X IRD LI ITE R T,

72 ry
T(7,t = 0) = Ty exp (—20‘1’2> ;T =0) = poexp (‘2@,‘1/2) (6)
T H

27T, or =0, =501Mm &L, ififZiZ RHIC ¥ LHC TEEINTWw5 T) = 0.3 GeV & L %.
BERT VY VDOREZIE, WIHDOIEROEFMOP S EZ2ET /T A—F—L 1L T0.0 GeV 225
0.01 GeV DfEICERE L7, F7z, REHENIHBSED b D2 7z,

FROBEICE T, IICEMB LGS (Mo =0GeV ELZEEE)ICOVWTt=6.0fm £T
IFFEIFETE S R 7R DM AT 2 X 2 1SR, FHICEMD 2w & ETH > THRTEEIC X 2H1EE
fifob EH LDERE & 72> T OMW 255 S, PR I HMIATR, Baom i EPYEmRN T
24 BHIEDBDNS.

n[Gev3 ns[GeV3]

0.0001 0.001
10 0.0008

5e-05 0.0006

5 0.0004

0 — 0.0002

g 0 0

-5€-05 -~ -0.0002

- 5 -0.0004
-0.0001 -0.0006

- -10 -0.0008
-0.00015 -0.001

-10 10
fm]

x[fm]

9. W% ¢ = 6 fm 1< 351 2 BT () & WHERAT (1K) 0016 % REBHC P72 T (2 = 0 )
Fuy kLEbo, REEEC L 3MEEHOD S L & OMW ORI & b, i
%0 b HRT (LR AT 3PS () 17 2R T %,
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SR T FIVICH T 5 RE—EB IR 7 O0—

FRLDOFED S5 7t = 6.0 fm DIRFE, LR T v v LD o3z T Cooper-Frye 23\ %
MO TRbEfTo 7, Z OfHD O B 2 L ORI OMH 7 v — vy 2Rk, 2N560% Avy %1E

IROTR OISR Ax = = oV TT Uy P LERRDME Ths, oL E,

AvE = 2r. Ay + Avy (Ax = 0) (7)

EALICRLT A BHHIL T3 2 EDbp b, WHEICES>TIOMEE r, CMW DY ZF Lk
LTIREINTOED (3], r FRTFEFOFSH LGS (N0FER) L BTREOFEH 5854
(K DREHR & i) TEDb S\, —J, 20U Avi(Ar =0) BETEEOAE, 2 L CEBSD
Rt K> THRZ 2 2 Latb 5, M EX ) ETEEICER S 2iHXBI%R (CME/CSE) D> 7'
NELTYIR AvE(Ar =0) ERTH 5 2 L3bh o7z,

0.07

withom Ano‘maly B3 PR

0.06 I with Anomaly B3 ---x--- ]
’ with Anomaly B6 ------ et

0.05 -
0.04 -
003 | w T

002 [ o

AV=Vy -V, (%)

001 k"

0 I I I I I
0 0005 0.01 0.015 002 0.025 0.03

3: 1M 7 0 —DOBERIETED Avs = vy —vf BRIOIERFE AL 16 d 2 70y b, FHzR
TREDFLGDRWEEZ (C =00 L Z) OFtERIE, B L FIERTFREDOFGVH % L EDFHH
FERCEBSG ORI 2 Z2 N2 (15, 75) = (3.0 fm, 1.0 fm), (73,7g) = (6.0 fm, 1.0 fm) & L7z
D, Z2NZFNDEy b OEMOIFERT S YV pg % 0.0 GeV to 0.01 GeV & L7z, EDFHHA
RS Avy 13 AL ICHBIL TOTHEIRIZEAEED S 50D, YA Avy (AL = 0) DfHIZHE % 2,

3 FELEDHESBRORE

AW Tl R R IORER L 72 EBR (CME/CSE) % b 3 2 A% s /4% (anomalous
hydrodynamics) D> S 2 L —> a v Z2fT-o7%. ZOFiHE 6, BERL T»5 QGP T CMW
DIcZMER L, ZDFEBENL S 7 F VI T 23R 2157, SBROBELE LT, HA 4 VHEEDOB
FEWey b7y ZICH b EEGE 2T, CME/CSE OERMNZGEEZIT) 2L 2B TV A5,

DG
[1] D. T. Son and P. Surowka, Phys. Rev. Lett. 103, 191601 (2009) [arXiv:0906.5044 [hep-th]].
2] D. E. Kharzeev and H. -U. Yee, Phys. Rev. D 83, 085007 (2011) [arXiv:1012.6026 [hep-th]].

[3] Y. Burnier, D. E. Kharzeev, J. Liao, and H. -U. Yee, Phys. Rev. Lett. 107, 052303 (2011)
[arXiv:1103.1307 [hep-ph]].

[4] M. Hongo, Y. Hirono and T. Hirano, arXiv:1309.2823 [nucl-th].
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BFQCDICE 2 IFALRADHEICE TD Fv —LY 4 —0 OHEREE H&H
B ] OD R AT

LR, B IEZ, ALIRIET
KB RF R A BB A S R B o A

1 L ®IC

RHIC KO LHC (283 BEA A4V HEFEERIC NS 2 FARBR O KA, 7 4+ —2 7 Vv—F 2T
7 XX (QGP) Ok fRRBULEIUT L 2 I DR GE U T, & 72 BURIRRERIC X & BUERHED AN
EUT, HiZIX QGP 2 b7z, MfiELERROEER RO —DL U THlkE K- TW\Wd,

—fEIT K < HIS N TWD FfAAREAE U TlE, Navier-Stokes(NS) FEXAZET S X’LZD LaL. tH
WA NS AR REHZ 15 ). I BUEEHRIZE T 2 Ntk 2L ORER D Z D7D
HA AV HRERIZE TS QGP ORFEFEE KD 1Z1F 2 ROFGRIEEZ EAL TI b @F‘ﬂ%ﬁ%: iR
U 7z Israel-Stweart HREARE Z WS Z & WEE U W, IS AREAITIX 2 RO BOGRIEIZ X9 5 kR
e U THRMRFRNENDS , EOERBDO—2L U TF ¥ — L7 4 —27 QIR H 2, BRI
2 RO BORIED AR E U T, TAEAREAICENS,

ARIFFETITEERED —DTH D F ¥ — LY A+ —27 OILEIREE Z DEMFFIZERL 4+ QCD
W& B RN 11D o 2 ROFAKGFREAMNS 185 15 fEHIRFFE M ZE IE T2 & AT N IVBIBODKT &
WF—iEERZ RDDZENTES, ZOHFBRE HOTHKEF QCD 25 B5 N7 22—/ vk O
BEREENS | FERAU JADMIZ BT D F ¥ — ALY 4 — 7 OHLEREE BEFIRFEZ FiAD Z & % il 7z,

2 FEFRFELEME AR M IVERBOEBEIRILY —#EE
Israel-Stweart AFENICITMBEMFFRINERZI NT VWS, WEOFIERIZEWTHL VN §En* DRES
ARG RIE = —ngt/(p+P)& LT

4= L g + (o ROBHT) W
t D

THB (1, " B, n BRTHE, pRTIVE—EE, P IESREETHY . 1p LB
YIEENG, AU HUAE TS L g ORI
¢"(t) = ¢"(0) exp(—t/mp) = ¢"(0) exp(—I'7) (2)

LR, LT =1/rp& Uz,

FEAFRELE IS AT N OVEIBORRE J 72012, £TF v —L7A—27 cDALV VN Ji(t,x) =
civie (i = 1,2,3) OMBIBEE. (Ji(1)J1(0)) = L3, e P (n]Ji(t)J] (0)|[n) D7 =V T+ 5 TS5 A%H
¥ %25, [2[3]

/ dt <Ji(t)*];r(0)>eiwt = 27r/ dte’“t/ dw'e™ ™"t pt (W)
0

= 2 dw' —————pT ('
ﬂ/_ooww—w—i-mp (@)

Re, 2% pT (w) (3)
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T
lim 1/ — =P ! -+ imd(w — W) (4)
e=0Ww —w — 1€ w—w
BEU (Ji(1)J(0)) D7 —1) T2
+ - ;1 /OO . t iwt
prw) = o | a0 (5)

—J. RAB)IZBVT. R (2) 25 (Ji(t)J(0)) = (J;(0)J](0)) exp(—Tt) & HEL TEFTS L,

A ﬁ<%@ﬁmwam - %;aw(”Qmmﬁm»

iw+T
x @ —_—
(/J2 + I‘Z
Re T
- w? + 172 (6)

Y52, —J. AR NOVEIE p(w) & ([Ji(t), J)(0)])) D7 =) TEBTHY | T HENDS ND LD
. pw) = (1 —eP)pT(w) &2 EZTDT, XAB)eX6B)71D5 w00 E
wl’

p(w) ~ Am (7)
NI VASR
ZNE FWTHT QCD 75 156 A7~ J IR ] AH BE BE 2
D(r) = [ @ (siraiira) = [~ KT ()

Z TS, 72720 K(r,w) = cosh(w(r —1/2T))/sinh(w/2T) TH 5,
YOEETw=0I28132ART N IVEBOME X 0728 D> TV DTEIRINF—HoDES
BHET/ZDIZ, ART N IVEEBSER R E ZIF R o 28 AREL 7- RO FEIREE T H % Reconstracted

HHBE BE R [4] .
Grec(w, T;T') = / d—wp(w,T/)K(w,T, T) 9)
o 2m
% MBS 5l - &
AG(T, T;T") = G(7) — Gree(T, T; T") (10)

EZD, ZHUIHIET D AN N ILEL T, &b BMAYOIRENRE L T, X 8) DFHICIMA
J/ DY =2 BHA B R % ZREL .
wl’
EWVD HEEEREL . AT, ZD3NFTA =2 —2HNTT74v T3,
Reconstracted correlator (& T = 317" D& ¥, E5E X

COSh[W(T*NT/Q)] _ —w|T4+n/T)|
sinh(wN, /2) “22%6 (12)
=& 1 1 11 11
T:-T) = =T —. =T 2—, =T 1
Greelr, T3 5T) = G(r, 3T) + Glr + 2, T) + Gy + 25, 27) (13)

LT IENTED,
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3 Lattice DE&E

ARTIE, 7TV F QCD T B = 1.0, 323 x N, DIEFE k7T N/ MHBEIBE [5] % fifio 72 (R
Do FFEHERE =a,/a, = 4.0, BFHEEIZ ar = ar/4 =975 x 103 fm THD, 7II AT
I3 Wilson fermion % {#i> T\3%,

F 1 B O 8L W, T — Y FALOE
N, 32 9
T/T. 233 0.78
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4 &R
LatticeQCD 5 556 N tHBEIREEE . Ap x>T4y N 2 K 112K,

— fit o — r-02
0.0015] $ 3 lattice - 25 — =002
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-
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g
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~
S

- ;‘f]z K(w1)
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/ (o
5 5
5 5
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1: MBI 7 1 N 2: —Z5(w —my ) DEHG % 3: T %L

(1) & K (2) 25 AG DRIE —Z6(w —mypg) TREDTVD ZEDNHE, ZLUT, 7= N, /2
JELDEAIZ R 5 T D D, A2, DFGIZEZEDTHD Z LMK (3) 256 HiAINnd .,

2+1"2
Lal., A 2‘”_&2 (ZHART —Zo(w—my/g) DFGHRES, UE TOZRMUIHL T [ dwlp(w)K(7,w)
DHEYBIETRNZD, T2 74V MCEOTIRETD I LT A ZITHARD EHL V& WD fHRY
Mo 7z,
5 F&H

AR GRERNS 185 115 AL AU & > TARY N VBT 3 )V — B O#EZ EL |
e+ QCD 25 356 N MBI 7 Y N 217072, 74y MITIEARY N OVEIEOD @ T 3 )L —
DDFEE B IHET 72 OB S Reconstracted HHEHEE#ZE 51\ =€ D% fHiFHL 7=,

TR 7 & WBOBERIZH D T IFMDINT A —& A ZIZHARS & FHEBIE D IR D FE 8D A
BL. T2 74V N5 RODIIETRBBERZ LN bho 7=,
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HERF L 205D Bose I FRIZCE T HIERMEE— FOHE
2RTT ANLRHEIBTICH T HEBEDf, 1B &

Al B T RERERFARE TR AR A

1 #E

kT LI D N TSR & O CTRRIRIR -5 D KRR ANAT O TN D [1]. 2 OB
iz L0 BRI ETZRELA8IM, = L, RTMMEEERD BECHIEETH .
Ho 132 RO Bose Ki7-5% (Rb [AIAZIASR) IZEER 2 S TRMEIR DA &7 /L Th % 2 157 Bosonic
t-J BTV (Bt])[3] ZHRAT L. AL U RRAAVW TR SN TH Y, KR T Cl3Emsiikee &
BAECHFERHAETDET VTS, BT TIIZOET VOEHET LV THIILRS N &1
XY 7V (QXY) & | HHEEST~ b7 [4].

ASBIOHEIZLLT D 2 DONETH 5.

()GL #ii%x UV A7 N LT Bt ETVOEMERAZEH L. ZOFMMERIZ X - T QXY DMK
IRAHIZ 31T 5 Nambu-Goldstone Boson(NGB) D%, Higgs & — RIZOW TR 7EREWME T 5
[5].

(2) Bt Wk 7 TN TRESOAERITHEI L= & O 2] 26 &2, Fox i, Bt OERET
NThDHET XY ET NV (QXY) ZHIWT, AL kRS T Clokid 5 QXY OFatiE & i€
TRV ab—y g (MCS) L’ J:’)’Cﬁ’kﬁ L 2 koeAbiz ki 2 &2 O vortex il 2 Ff -~

7o KT T NI DY DB X FEE ORGSO TG & 13572 D vortex lattice {k
BT 2 2 & 28 Lz, Zh ia?ﬂ*ﬁ#ﬁfﬁlﬁéﬂté@é@@ Bose-Einstein #¢ifi (BEC) T
&% [4][6].

2 ETILDERBA

2 %4y D Bose-Hubbard &7 /WIZEBWTHRWRDIZ L D&V A MW o _HE 5G4 L%
TV 245y Bt £V THD.

Hyy=—= " tlalaj +blb) + > (JxySoipSe + J2S0su3S3) + Vo O _(0p2 +6pf +0p2) (1)
<,j> T, 7

Ty g W EEBEEY A SO Jxy, J EXY S, 2z FIMAECHREEROR S, Vy 38R
JE &) AT HRT v VOB E . B D t-J ET NV ERIUTH D, =2 THRIZ, A VER
&LT\Sﬁ:a%+wa\&ZZ—NJb—Nw\&ﬁzaM—HhA%3:ﬂa—ﬂb%ﬁﬁbfwé.
ZDET NVE slave — particle sl E Licdx J, =0 ZAET 5. S 512, akif, bkt hole ®
YOG T & IRIEY; & ARSI E &2 . RREOTERURE 2. RIBOFHBEENL DD L E (2D
W TS R A A L AR AT AR TH . BUFIC/E & LT QXY 28Ehvh 5 [4].

Agxy = ZCOS bitr — Pix) + Z [01008 P12,0 — P12,044)

T,T,0 T, T

+Cc05(p13,0 — P13,244) + C3c08(h23 ¢ — ¢23,x+u):|
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ZIZT. 0L C3ETV—NTGRA=H—LLTEZD. drag = b1a — b2z G130 = b1z — D3+
Posp = P20 — P3p CHD. TOEEMOREHAREAZ A2 Z L2k, XY R B Uit (FM), akz
¥ BEC(aSF), bki¥ BEC(bSF) OH#HLA Wi Cx 5.

3 BtJOEMEREEIRILT—RIE

a1 [5] IZBWT Bt 7 /4025 FM #H, aSF #H, bSF &N E L OFFIREE 2 K BLT 5 A 2h Pl
AREEE L2, 3 DREEA TR 5729012, #liBhY % Hubbard-Stratonovich Az LW &AL, Zhix
Gintzburg-Landau " DOEM & 72 5. Z OFEM 2 W THRIZ FM+aSF+bSF 387740 (FM+2SF) (230
TORBIE AR NAVOFEEIT- T2, ZOFRICE Y, BAAHBEIZER T 2 NGB o 3% - IR
D% D TR T % Higgs mode DR D W2 Gl ~72 [5]. Fxld, M LIRSS XD RiERE257-.
3 DOONARFHLE— RiX 1 20 gap mode T, 7V 2 21E NGB &72 0 BtJE7 /AN U(1) x U(1) Oxt
MiEEzR o CnpZ b ar A7y MR EST-. 72, FM+2SF fH & FM fH COMERIZ OV
THER (7] LR CHEERBIND Z L 2B L. DF Y, FM+2SF H2o FM HIZBITT D8, 12
D NGB 23H¥ L, 1 DDOIRIEHIE T — K23 gapless (2725, Z @ gapless il E— FIiZE T b 72 <
Higgs mode ToHh o Z L b7z,

!

aagfomo® 63 o os, M FM+2SF

1k e ] ve # 0 Vo #0, vg #0
866 ¥ ; 1-NG bosons 4=m) 2-NG bosons
R ol ' 2-Higss bosons 3-Higss bosons

ol Mott

9 05

Hi gg;h gap Phase boundary T
1 2MNG-Boson (2SE)ASERL T

(a) RER CDHiggs gapDEL A 120 gap modeld;EHH—Higgs mode

M.Endres et al, Nature 487.454(2012) () FM+2SFABEFMABOIBIER CORBAR OISR

X 1. SRR TORTORER

4 FM+2SF TTOAIBESIZ K ARE

2 ot N Lilless Ficksid 5 QXY 7 VUL FO L 5 IchtiEE s [5].
1
AQXY = _VO Z Cos(d)i,:rFT - ¢z,:1:) + Z |:CICOS(¢12,:1: - ¢12,:1:+u - Aa,i,u + Ab,i,u)
I,T,i T, T
+C9c05(p13,0 — P13,2+u — Aayipn) + C3c08(h235 — P23 24 — Abjip)
ZIT AT PART U MIR T OREES 50N T < v b — 2 R 5 il 2 T TR

TE 5 (2. Bk OEF LT FMA2SF HICH T 5 A TR & 5 ke MCS % Hu
TN, F—UREICKLT. 1755y kb= ) ORI flux OAMRER T ORABSH R LT
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1/3,1/3,2/3 © & EDZFNF =M T DIREAHIL L7z, £h b OIREEAH THLAH vortex | iIﬁSﬂ:
(vortex lattice) 972 Z & 3o 7z. K 212ZH 5 D vortex ilEIREED snapshot 2779, 62, &
L5 @ vortex lattice IREEIZITHFFE D Boson HHEH (b HAAT —VIEKAFT 5) 3B L & 2D BEC
EEZBND [6]. £7o. A5 vortex lattice IREEITHHIRRIETH ¥, i T O H KL DRI A~
~v, 5% U 13 Hofstadter’s butterfly[8] & DX & 4 BRETT 2 MED D D Dvh LALZRV.

(a) Flux=1/3 (b) Flux=1/2 (c) Flux=2/3
(Fully frustrated )

2 . vortex lattice

chirality
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Schwinger WRDFOY Z 7 4 —IC & B

erkoad!
FARR AR LB B A 55 R

T VY v VRN O FHE%E AW T Coulomb M & B UIADHIZE 1T B Schwinger $1R ZiEfwT 5, Z DT
SfFohd, BEMRENEI ZHERBLLE INETHP > TR [ LRFETHD Z L 2HENrDT-, HU
ADHDGE TR, ¥R EG H B 2R U Tz,

BB, ZORARX—FHERIGE AL (5UKH) & OEFMETH S (2, 3] 1I2HD <,

1 EL®HIC

NEGHDOES - EFOXNAKZ Schwinger £ W5, 5 A
YIRS, WERORT - KR FORAERD Z ¥ % Schwinger 55 |V E<Ec
RS, Schwinger SRV Z 5720121k, BT - BBETD S CL
KT OB IEE R EQT 3L F — 2 MBS S BT LD /
T, EEWIZIE, V(z) =2m — eEr — ag/v (ag (SRS E
B) LD EF VY v VB (K1) © b v R OVERE TS T &
%, FITIZTRLTWA & Di2, EGP+a/NT Ve (F < E.).
KT VY v VEEEDRHHN, Bz REL LTV L, R7IC
RFV Yy VEREI TN >TL %, LT, H2%EY E Ik °
LY RTUY Y IIVEEEENRR S B Z 35, ULBUENRS, ZORT VY vIVEEEDEKIZEF
MR L TIIHEN D SN T W2,

ARRALZ—Tlk, AdS/CFT Mt (A0 257 1 —) ZH\WT, Schwinger $15% K7 > & v )L [REE
DEENLEZ R LUTHEONEHERIZOWTHRRS, BURMIZEZZ - WERIT, 74 —2 KT 4 —7
ICIE SU(N) D5 — VBHZ & 2 ABMINTH O, SEBIC L > T2+ — 2 LI Z 4 — 2 B I
FlolRoNTWEEDTH B,

E>Ec

D BPBUKETORT Vvl

2 RFVY v ILER
2.1 Coulomb #§

Coulomb fHIZH B EEHE LT, 7—Y N, 7=V X\ = g3y N DN =4 @BRFT — VG %E 5 2
5, 7 — VREE Higes BHEIZ L D SUN +1) 75 SU(N) x U(1) N HEMIZHEN T WS T2, T
D& E, SUN) DEARBIIEU, UQ) B gym 2RDOEAR T (7 4 —27 LIES) BN D,

AdS/CFT MIGZHWSD &, 4 —2 - K74 —IRT VI vV EFHIEEREOR V, KOAR. 1
MO z 12N Zh

ro/re 2 2L2 [ro/re  d
y y

V:2T7b/ d - / 1
e ), WA=t re b 21 (1)

THEZ6N5, 22T, ADSHZOEIRE Gz r & U, rold 70— T DALE, r 3 70— 7120 % R
DHELDEIDMNETH D, BITIEr D6 y=r/re NEHEHLTW5,
!e-mail address: yoshiki@gauge.scphys.kyoto-u.ac.jp
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2.2 FLCASDHHE

Y h— 2 YD F— 2 OEREED N 2 F 1T, N0 ORIZEEEE T S v LA U B B
HEEZIV, FO LD BHEIZANE D & LT AdS soliton FZEA I o T W5, Bk 2 g &
FEMET 5, 22Tl 24 1 REOHBCADHIZBI 37 — VM4 R4 25 OIZ R THHT
2, RIECLRABI A —2 - K2 A— 2 RF YV v L HIEEROM V ROWH ¢ 137 hEh

1/a Y 2L2 l/a dy
V = 2T¥%7rga dy , r=—
SR T (e S § (TR (VI E roa i/ = 1)(yt = (b/a)))

THZAOLNE, ZIZT, b=ri/ro THH. ro IFPHANTITBEEZRD cutoff A7 — V2R L TW5,

(2)

3 R
3.1 Coulomb #H

(1) ROKRT V¥ Y VICHEEG P S DHFE Bx 32 MA 2R T V¥ v IVEREEE ¢ DKL LT
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5, ZOFFRIE, [1] DFER & consistent TH D, T I TlE, BIEMIZ o = 1.0 THRT ¥ ¥ v )L FEEE
DIHKZ MR L 75, RTINS ERT Z 2D TE D,

3.2 FALADHHE

Coulomb tHD & L FRRIZ, (2) RICHAEBLOFGEZMATRRT V¥ vIVEREEZ o OBIE LT
Tay bgse, M3BROND, L, b=05& U7

ZOXERD L, K2 EFERIZ, E=Epp THRT VY Y IVEEENL S o TWB Z RS0 5, D
£V, E = Epp) CEEMENEZ TS, MUADHDLEIZIE, €5 —DlANLE LN BN S
(B3 DA-AR)e ZDEL X D/INIWETIE, FT v ¥ v IVEEED PR KD T, Schwinger &5
FEERY, UL, ALTHZOEL LD RS WETHNIX, b Y RIVEFEIZZ S DT Schwinger
RPN B,
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Parity doubling structure of nucleon at non-zero density in the
holographic mean field theory

Bing-Ran He!
Department of Physics, Nagoya University, Nagoya 464-8602, Japan

Abstract

We develope the holographic mean field approach in a bottom-up holographic QCD model
including baryons and scalar mesons in addition to vector mesons and pions. We study the effect
of parity doubling structure of baryons at non-zero density to the equation of state between
the chemical potential and the baryon number density. The result shows that the effective
mass decreases with increasing density, and that the rate of decreasing is more rapid for larger
percentage of the mass from the chiral symmetry breaking.

1 Introduction

The spontaneous chiral symmetry breaking (xSB) is one of the most important features in low-
energy QCD. This is considered to be the origin of several hadron masses, such as the lightest nucleon
mass. However, there is a possibility that only a part of the lightest nucleon mass is generated by
the spontaneous ySB and the remaining part is the chiral invariant mass. This structure is nicely
expressed in so called parity doublet models.

It is an interesting question to ask how much amount of the nucleon mass is generated by the
spontaneous xSB, or to investigate the origin of nucleon mass. Studying dense baryonic matter
would give some clues to understand the origin of our mass, since a partial restoration of chiral
symmetry will occur at high density region. We expect that the mass generated by the spontaneous
xSB will become small near the chiral phase transition point.

2 Parity doubling structure of the model

2.1 model

The fields relevant to the present analysis are the scalar meson field X and two baryon fields V¢
and Ny, as well as the 5-dimensional gauge fields R4 and L 4. The bulk action is given as

S = Sy + SN, + Sime + Sx (1)
where
Sy, = / dPx/g {;Nle% T4V Ny — % (vjwzvl) eANTAN, — M5N1N1} , (2)
Sy, = /d%\/g {;Nge%FAVMNg - % (v}ng) eMPAN, + M5N2N2} , (3)
S = — / &2\ /gG {N2XN1 +N1XTN2} , (4)
Sx = [y T {|DXP — ms?|xP - ;gng v i)} (5)
with M5 = 5/2 and m? = —3 being the bulk masses for baryons and mesons, G the scalar-baryon

coupling constant, g5 the gauge coupling constant. The vielbein eﬁ‘/[ appearing in Eqs. (2) and (3)

'e-mail address: he@hken.phys.nagoya-u.ac.jp
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satisfies gy = eﬁeﬁ NAB = Z%diag(—k — ———), where M labels the general space-time coordinate
and A labels the local Lorentz space-time, with A, M € (0,1,2,3,2). By fixing the gauge for
the Lorentz transformation, we take the vielbein as ef; = 1nt; = Ldiag(+ — — — —). The Dirac
matrices T4 are defined as T* = 4* and I'* = —i~v® which satisfy the anti-commutation relation

{FA, rs } = 2048 | The covariant derivatives for baryon and scalar meson are defined as

Z’ . a a
VuNi = (0u+ wawBrAB — i(Ag)mt*) Ny, (6)
VuNe = (0 + 4wM PTap — i(A%R)mt") Nz, (7)
Dy X = OuyX —iApyX +iXApy, (8)

FAB AB _ zZ7Z

where = [[4,T58]/(2i). wi}? is the spin connection given by wi? = 1(n,n8,, —n4,m%)n

2.2 parity doubling structure

The solution for scalar field X is obtained as[*% Xy(z) = %M z+ %023, where M is the current
quark mass and o is the quark condensate (Gq).

We decompose the bulk fields N1 and Ny as N1 = Nip, + N1g, No = Nop + Nog , where Ny, =
tI'*Nip, , Nip = —tI'*Nig, Nof, = iI'*Nay, , Nop = —iI'* Naogr . The mode expansions of Nz, g and
Noy, g are performed as

Nizn(e,?) = 3 [ e ™ 5 p i)
Nor,r(e,2) = ) / @J:@e‘ipr5233<z>wgﬁk<p> . (9)
It is convenient to introduce fJ(rn) as fJ(rl = (n) + f2 L f g = fl B fQ(Z) , which satisfy
0.5 = 2F M5f %Gaffi’;) -m{
o1 = 27 M5f ~ 3G 1 4 mi £, (10)

2
(n)

with m} "’ corresponding to mass eigenvalues.

For solving Eq. (10) we use the boundary conditions for fJ(rnl) and f_(:;) as Tab 1:

UV IR
A0 1
Y10 o

Table 1: Boundary condition when using shooting method.

For a given value of ¢1, we first adjust the coupling G to ensure that the lowest eigenvalue
becomes the nucleon mass of 0.94 GeV. We show how the value of G changes depending on the
value of ¢; in Fig. 1.

We next calculate the masses of higher excited nucleons using the value of G’ determined above for
fixed ¢;. We show the c¢;-dependence of several masses in Fig. 2. Here, N(+) denotes the states with
positive parity while N(—) stands for negative parity. This figure shows that, for ¢; > ¢f ~ 0.12,
the first excited state carries the negative parity and the second the positive parity, and so on. For
c1 < cj, on the other hand, the first excited state is the positive-parity excited nucleon, which seems
consistent with the experimental data.
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Figure 1: Value of G determined from c¢; to make the lowest eigenvalue to be the nucleon mass of
0.94 GeV.

5+

Mass Spectrum (GeV)

Figure 2: ¢; dependence of excited nucleon masses.

For understanding the meaning of c¢;, we investigate the effect of dynamical chiral symmetry
breaking on the nucleon mass. For quantifying this effect, we take ¢ = 0 and calculate the mass
eigenvalue by solving

azf_(u) = 75f4(_1) - m(() )f-(|-2) )
n 2— A4 n n n
0.0 = T g (1)

for several choices of ¢;. We consider the lowest eigenvalue mél), denoted as just mg, as the chiral

invariant mass of nucleon. In Fig. 3, we plot the ¢; dependence of the value of 1 —mgy/my = %‘Jj\?)
which shows the percentage of the nucleon mass coming from the spontaneous chiral symmetry
breaking. From Fig. 3 we conclude that, in the case of ¢; = 0, which is chosen in Ref.[3), all the
nucleon mass comes from the spontaneous chiral symmetry breaking. On the other hand, when

c1 > 0.25, more than half of the nucleon mass is the chiral invariant mass.
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Figure 3: c¢i-dependence of , which shows the percentage of the nucleon mass coming from

my
the spontaneous chiral symmetry breaking.

3 Equation of state in the holographic mean field approach to the
model

In the holographic mean field theory, all the 5D fields are decomposed into the mean fields
which depend only on the 5th coordinate z and the fluctuation fields. In the present analysis, we
consider the symmetric nuclear matter, so that the proton and the neutron have the same mean
fields. Furthermore, we assume that the mean fields for the vector and axial-vector gauge fields
except the U(1)y gauge field and the traceless part of the scalar field are zero. The equations of
motion for the mean fields can be simplified as!®,

3 m2 G
2 _ 5 T T
8ZX = ;8ZX+?X+@(N+N+_N_N—)7
2 _ 1 g§ T f
Vo = ;62%+;(N+N++N_N,),
2+ M; 1
o.N, = TN _loaxn —vN,
z z
2 — M 1
O.N_ = N_ — ~GXNy + VoN, . (12)
z z

We change the IR values of Ny and N_ to control the baryon number density, which is written
in terms of the baryon fields as

dz
oy = / S (NLN, 4 NN = /dz o). (13)
The boundary conditions at finite density is shown in Table 2.
We first study the density dependence of the chiral condensate for checking the partial chiral

restoration. Here we define the in-medium condensate through the holographic mean field X (z)
2X(z)
23

as 0 = . We plot the density dependence of the o normalized by the vacuum value g

Z=zyv
in Fig. 4. This shows that the quark condensate o decreases with the increasing number density,

which can be regarded as a sign of the partial chiral symmetry restoration. When the value of ¢; is
decreased, the corresponding value of G becomes larger (see Fig. 1) to reproduce the nucleon mass.
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[OAY IR
X 0 o9z),/2
Vo % -
2.V - 0
]Vi 0 C2
]VQ 0 Co * C1

Table 2: Boundary condition at finite density. The mark “-” indicates that the value is not fixed.
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o 09’
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~
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0.85(
HHWC1 =0.30
0.8 —C1 =0.10
mmC1=0ﬂ0
&7%) 0.2 0.4 0.6 0.8 1 1.2

PPy

Figure 4: Density dependence of o /o for several choices of ¢;.

Since the larger G implies the larger correction to the scalar from the nucleon matter, the smaller
c1 we choose, the more rapidly the condensate o decreases. The degreasing property of the chiral
condensate is similar to the one obtained in Ref.[.

We next show the resultant equation of state, a relation between the chemical potential and
the baryon number density in Fig. 5. This figure shows that the chemical potential increases with
the increasing baryon number density. This does not agree with the nature, in which the chemical
potential decreases against the density in the low density region below the normal nuclear matter
density. This decreasing property is achieved by the subtle cancellation between the repulsive and
attractive forces. So this increasing property indicates that, in the present model, the repulsive
force mediated by the U(1) gauge field is stronger than the attractive force mediated by the scalar
degree included in X field.

For studying the attractive force mediated by the scalar fields, we extract the density dependence
of the effective nucleon mass using the Walecka type model (see e.g. Refs. [6:7] ), in which the chemical

potential y is expressed as
[e%e] 2
9o NN 2 2
= N oy A kS M 14
n=> mZ . Pr TR (14)

n=1 w(n)

where py, is the baryon number density, g,y is the coupling for nth eigenstate of the omega
mesons, M, is its mass, kr is the Fermi momentum, and M* is the effective nucleon mass. Note

3 1/3
that, in the free Fermi gas, kp is related to p, as pp = ?CT@, which leads to kr = (L;pb) .

In the present hQCD model, the w™ NN coupling is calculated in vacuum as gy NN = 15.5 ~
15.8, 8.9 ~ 10.9... depending on the value of ¢;. Using these couplings together with the masses of
m,m) ~ 780, 1794 ... MeV, we convert the density dependence of u obtained above into the one of
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Figure 5: Equation of state. The horizontal axis shows the baryon number density normalized by
the normal nuclear matter density of pg = 0.16 (fm)_g, and the vertical axis does the chemical
potential by the nucleon mass of 0.94 GeV. The dashed line shows the EoS for ¢; = 0, the solid line
for ¢; = 0.1 and the dotted line for ¢; = 0.3.

the effective nucleon mass M* through Eq. (14). We plot the density dependence of the effective mass
M* in Fig. 6. This shows that the effective mass decreases with increasing density. The decreasing

1

0.8f
> 0.6
=
_x\
=
““““ c, =0.30
0.24 1
—c, =010
-.-.¢, =0.00
% 0.2 0.4 0.6 0.8 1 1.2

PP,

Figure 6: Density dependence of the effective nucleon mass M*.

rate is larger than the one obtained in Ref.[Y), which is the reflection of the iterative corrections
included through the holographic mean field theory. It should be noted that the decreasing of M*
is more rapid for smaller value of ¢;. In other word, the larger the percentage of the mass coming
from the chiral symmetry breaking is, more rapidly the effective mass M* decreases with density.

4 A summary and discussions

We develope the holographic mean field approach in a bottom-up holographic QCD model
proposed in Ref. 3 which includes five-dimensional baryon field in the model proposed in Refs. %5,
In the present analysis, we made an analysis only at the mean field level. So a natural extension
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is to consider the fluctuations on the top of the mean field obtained here. It is also interesting
to study the relation between the isospin chemical potential and the isospin density based on the
approach developed in this paper, since the relation has a relevance to the symmetry energy. We
leave these works to the future project.
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