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T 5,

1 FU®IC

FEBR&E 7 +—27 <4 —20 1 2 (Quark Matter 2012 (QM2012)) [1] I&@E = %)L X —HH A 4 > flij
RRBYIECTRORERZHED DO TH Y, T2 3REZDA ., K150 ELEIT L IhfE
S, A SIMAEDI I D 2, SENEFER, BERITEETT7 5 0 AbOSNERH O, Kl
HHAI3 2, NI VLILEHEHN167, RAY—TLEryTF—avicwkoTE300EEWT,
CIBIETIRORE LRI TH > 72,

ST, 200 5FITKRE 70V y 7 ~7 » ENLWIZEHT D Relativistic Heavy Ton Collider (RHIC) T
DG QGP EEDEL L T o BfED 72 2 HNIE QGP Ol it & > TETWw 5, HiR
ICiE QGP DIRFEE A, ERREDI N R TH 5, Zz HIWIZ RHIC, CERN O Large Hadron
Collider (LHC) TABIM 2 H = 1)L X —H A & VERERRIZRIT I N T 5, B4 A S 2BE R W
INTVBH, 2205 QCP DWEZM S Z LIFZ T EffHZR 2 LTl \v», D137 4 —
IRTN—F VIFEEBHITE R ERb oD, 20D, QGP 2 ED X ) ITBIMIL T <
DWWRKFETH 5, ta 5 ERERO UGN 2P ED QGP MIHIC %05 EEZ 6N TWw» 5,

FPBEDORI AN X —EHA 4 VHEIEBROMBE 2 BT 2, W2 LX —CTHEHA & v [FLHE
2%, R CEVEERRRBIE L, MAESIEZ 2, 22 TQGP 226 Fu YA 0 )4
(QCD) HEEES I h, 7V =277 M#EfREZE TS ORISR MAATL 3, ZOHE
A A EHEEBEORE ESROQM 201 20 FEYy 72K 1 1R L7,

LD £ Tl RHIC 2> 513 PHENIX, STAR 206 OFEEHGE S H - 72, 246 1F AutAu H%E
DIFNFX—AF v VEE (/syy =7.7. 19.6, 27, 39, 62, 200 GeV ), FHRERKIFEL LT U+U
193GeV. Cu+Au200 GeV EERDFER S WG I Nz, LHC 2251, A & o HZEHERICRHL L 728
&R 2 £8> ALICE 7217 T7% (. ATLAS. CMS & 3 DD%EE )V — 775 D Pb+Pb \/syy = 2.76
GeV DFERPEE Iz, TORHIC & LHC THIFIN TV QGPYHIZE VI bDTH A I »?
RHIC DR E BRHEIZZ 2L X — 2% v VORI EBkA4 B2 ER 27> T35 2 L TH S,
Z1UZ QCD MK ETHIREEFAOMIT 2 AEEIC T 2 b D ThH ., 2 OFEHE QCD MR HIR D FEM
A AREIC 22 %5, — )7, LHC ZZ RV X =70y 747 Thb, TOIFILX—FIHTDOERA
M EERAE S QGP 28 RHIC EFERICRBI N E)I D E VW) 2 EILHRDETHA I, HIAIERHIC &
LHC DA FEDiE A% B TH K I, STk (2] 1S & 2 & pp(pp) FiZETIERFAEREE QAL THR
L. A A VEETE QY THARL TS, 22 Tsyy BT ERS-)DEIRLE—ThH
%, ZDOfEH. LHC (\/sny = 2.76 TeV) TOEA A HIREETIE RHIC ({/sny = 200 GeV) &
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X 1: STV X —8A A4 VHEEBEOREFEE QM 20 1 2 TIY EiFshizbEy 7, BRI
ZCHER EFMOF L WHRBICEAT 2y arvdbdbot,

R 2 5o EREE o T\0 b, 20 k) R AENEDOERINZE LD S $ LHC Tl RHIC
ERL LW YMERBEBINS Z EnHfFTE S,

2 BEMAVERRBRORKREERDLS

QGP DOFFlE NI R 5 7 1A RHEBI RS CHBEShTw s, ChonF—4%
HA A EEEBR ORI OB & B L TR T ¢

2.1 #IHASE

LRV X —EH A A CHEERICO W THIHERIVICIBMEZL TOU AR EPRE CHFEL, 5
’ﬁ%&ﬁ%&%ﬁk&&ﬁiémfm%& ATH 5, FHCHIHECTEENIE T 2 IOV T
MM ONEETH B, T I THEETHGET NERKFHLE 2 L DD HEEIC QGP AR 7% = %
W%—*E\MF_LLt#koﬁéﬁﬁﬁé EThb, 2DV MR D DOINETORMGER) RS
TH%, I TIEPHENIX [3]. ALICE [4] Dfif%z HTH 2, W& DKIR THETDH % D I3EMREHE
B R CIEAVY = ey, E S R C I R O E TRHIBTE 5 2 AT E
NHZETHD, ZDDEDL LDV X —HE T HAARED) B CTIIAFHERBICEL Tw 2 LR
W2 2 EDHHETH B, FEBTEL IO T ORMGEB RO RNV Y 2 V3 TD 7 4 I
EAWET LI ENTES, 2K B L, PHENIX (RHIC) T T =221 +194 19 MeV (Au+Au
VSNN = 200 GeV), ALICE (LHC) Ti& T = 304 & 51MeV (Pb+Pb /syn = 2.76 TeV ) &> fH
BRFoN T3, BRIEDIKET QCD I X % EMHIERIRIEZIX T, = 150 ~ 160 MeV [5, 6, 7] L& I
TW5DT, TOIZED6H RAIC, LHC THEEEEZ D QGP MER L Twa EEZ 65, L
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PLIZTEELZTFIUTOIT RV LiF, BB HAEEHZ L nizd, ZOEBRTHAI T
24 DX, HEEBZOVGEN2S 7)) —X 77 b FTORMBEOEERETH L L) I ET
bbb, ZOOFEBEOMSELTIEL > E RELBENFEIHINTVE EEZ LIS,

2.2 WEEER—/\ROYIEL—7U—X77 NEE

Z TR A R OCYBIR P 2 LEZ o, 2N EERT 2 DI E R R D BE
WFEL T3, KrofEM#ER (7e—), Yy bPER - BEEOBEP TRV —%2K)
P xy b I ROLX — B BT O E o BB SR EZ S NTW S, ROMEEL. 2k
DIEIMZTL % & QGP 26 Fur v HADOHERE (NFu k) 252 2, 2 O idaE
BRI L o COREESH R RIEEED), Varveir—va vl 75725 —3 3 VERTZ
NZFNGEBRTEZ EEZoNTVWS, IHIEK LN FuryDEEHBTEIKRES R 20l kL
MAFH L %5 L, A FaryoERBEHEL (7V—X77 ) 20603, BN EREAA
TLB2EILhD, 26 —HOMRICE W TKRE L%EZ R T OPHNGRRAEETcH %, H
SERAAERL O RHIC THR I -GN 7 v — o3, X 512 Romatschke 512 X 5 fHx%)
AR SRR C DR 7 v — O FEBRMANTER Y [8] K, A ER It AR XSGR R o i iz
o TE, 2OQM 20 1 2 THiHE, FRAY—HRZED T 8 bDMNAMRDHKRLH > 7,
Z TBEE D ERE I O RS RO BED o BIEE T 2L X —H A 4 e E R T 5 Dk 5
TOLABHRIIRDE I bDTHD, ARV FTLDOWS IR ANHHIRE, (3+1) XLD
DR ERIRS PR E. 2 L Fa VO Z&OBENZ 7 ) — X7 7 MR wind
IR E T B, FiAER OB % 175 72 Ollitrault O [9] @ HhIc HIERF AR D1
St BAEGHEORIG, KilEDFE, 7V =X 77 MBRICHEH L 20N oEfssisilic E o k9
WHD Wb TR 20Dk > 7c, Z 1% B2 & ORI RE AR G G AR o FE R 1
FLVH, BA A VHREROZNZNORHFEREOGLEFSHIBRIr6T 2L, FRFLIADS
THHEVH)HIRERZT 5, FRlanFa YEOMHAFHZEID Airs 2 EDARRICR A PR vy R—
ADARNY PP 2L —8 —2) ANFBRIEPC- EHTERIEN D TH S, McGill 7)L—7'[10]
DZ DRERAE R L 72H, GHEREDI0 0 2 72 D>, FalDIA T TEREEFER LTS 2L 00 o7,

7 1 —I2Y % FEEEE RO R CROE DK Z 2 AE T A D iR O EBFFERTH 5 9,
BB LT (D) D kI ic7 =) ZJgHT % 2 LI TE 5,

(Zj;:b x 14 2v1 cos(¢p — O1) + 2vg cos2(p — O2) + 2uz cos 3(¢p — O3) + 2vgcos4(p — O4) + -+, (1)
ZIT, vy vp BUEIP S RCMESNTOREZE 7=l 708—-TH%, HiLlLoldzhsic
MATI SRR IME S NIHD T2 ETH S, PIZIF v3 BYINIHFEET 24XV P LD
SEICHENT 2 L) ZEdbroTER, ERDX I BAL—RLT—E Y FilZ L %MD
SIMAGHR 21T > TOHARZ vg DIEIBR S NZR N, S 512, MlEv vy a— RO TH % &
ZZ LI TR THHBID away side ICHE L 72 2 D DI EIEERXR T OEQGHOETHIATE 3
eI BRI [11)), FEERSZ DX ) ITHED RWGERRIR &, P o OERM
bt & HICZLL T 2 E B EA A VHRFEFVHOEH S O—>ThH 2 ElbNn s, FKIZ—D
DEBHEFRITH L &b FTIUTERL BN LIRS R SN2 2 &R H 2D, KEDRVIERT
IS IS T H B 0008, T DEBIFIROLED 6 A %, Z OYERE DN 2T 5
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B 2 XPIN DKL A3 AL § 5 T2 X — A DSHAIREETZ D X ) I T 2 D2~ 5 Z LI
Lo TIREEGFE, ER B L Vo 7z QGP DEEl AR Z M2 2 L3 TE 5 LHifF ST 5,

DX ICicoPITEHZED 72 7 0 — DI AR D RIS DI TH 553, TDHE
BAfG ROE BN L TOHHE L v, MNERIITABIL ORI E W T XV b T L ORISR D
S DB, FERD SR ADFIEREHR & AT 7MEEO R OEBEGI SR I 115, RIS
DWW & FDIAEZ RIS TRIGTABALC B 2 15 L RGO ) W Z2EFEL T3, BT iLX—
HA A BRI IE T S T 2 HERIIE o 7L 3) A4 1E, SHASTA, KT, PPM,
BETHD, REZICHMAETELZHEHL 720 60, R EIEL O BAERT & v 9 Bl
DORDLERRERDS IR INT VS LIXE 2%\, FRICA A I Tw» 2% 0lk SHASTA
TH 50, THIH 4 0 FRTICHEMICHEE S Flux-Corrected Transport (FTC) #Th %, fHEE
BOTALEEE AR D LRI K LT SHASTA OFERD Z1UZEEL 320D, B L X —
A A U ERFEFROBUEGTE CTIINS B AEPRE RHAENERE T2 L B2 65, I 6 ICHBRER
DREMEZ RS 2 70 DI IFEHEE I O HICHET 2 ADOMEOREO/NS 7L 3) L %EIRT %
CEDHETH S (12,

Z DEIKGFHREST 2T, RHIC, LHC DX Jih» 6 B 75 g R ovfi & S 17z, ALICE Tl
12 & A EDHULMEZEE T v D3 D R EREZFFO03, PLEZE (0-5 %) Tl vy DXELNTH S 2 &
DRBINZ 4, Shd oy DERFIZA RV PITEDDEETHE I LDFHLO D THLEEZS
N5, CMS IFHOMEZE (0-2 %) Tlde, D’n=2~5TIHIZEAE T LI LER LT [13],

7 v — ORIE I IMOEE R 2 L ICHRT 2 2 ETE S, ZUSBHER)E & ICSKRL 2
DR 5720 THh 5, K2 ICHEE)E 2 L ISR A L Z ORI E R U e, (SEES) RS
MEIRARE TR S N 5, ZNZNDORTHVEDFHAUCTE > GEE)T 5 72012, HENHEVRL
FIEEBH 7 a—DEINS {725, ZOIREEIX "mass ordering; & FEEN S, HRGEE)REMEE TIE
Jarver—ya vBEPERNE RS, SITRELADRTESIEIDL, XV YD) F U TH
20C70—DIREPIRE D, Thbb 74— BATr— v 72 EESERoOPIc/RET 2 L3 T&
%, ZHUIEGE vg  vg ICHIPRS N TEBBMBfTHONOOH 2, THUIEIITHZ RV F —HA
FUEEBIZ T A — 7 DA—TTERIHLEE Z 541, RHIC TOHfE S QGP EHRADIRILD —>
LEzZ ol EEEESRFESIC AR 2 ESEIZY 2y PO RV X — BRI R E 2 %,
ZZTCIREMH 7 v —DIREEZ S — b Vv OBE T EOHAFEMNICE>TRES>TL 52DT, Y=y I3
BE R 2@ k> THRE-TL B EEZ SN T WS [14, 15],

X THBEDFEBFERIZE ) TH A I D Bz arv Ex—y ar 2 EICEBERZ2 MO THR %, LHC T
FIL X —HHIH O ALICE FERTIHEMN 7 0 —D 7 4 — 78R 77—V v 7 D% Pb+Pb \/sny = 2.76
TeV 12X LATZEEE 10-20 %. 40-50 % IZDWTRL 7 4], Z#uck % &, RHIC &9 % & LHC
KBTI 70 =137 4+ — 0 BAT—) v IPEL>T0 5 2 L2 T o R ons, £
IO FEM AT IE e ST 0w, 2 5 HIBRI T2 5 0P 57 2D At X b 362
Rt s b s, £/ RHIC ICEBWTH IR LF—AF vV FER (AutAu /syy = 7.7, 11.5
. 19.6. 27, 39, 62.4 GeV) DFEHRIHE SN [16], WTNOERIFINLF —THHLEN0-8 % &
oTWwb, INEHADLEHEIFNLF—=011.5 GeV LD /NS hdb)arver—y a VER
DHDTNUNRMINT VS, FZ ¢ TEFOTNUIKRE N, 4T ¢ TRITF-ONFa Hfbcoi
BTV NS W EZ KL TWw200b Litkvy, TR VX —AF » VEBRTRERE 7v—, v,
DIET 4 TAIINT 2IRB T WG SN [16], ZUc k2 L, 7T D v BTN
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Vo
P
B E B & A FigERI R AR ERLER & R
AR R JarvER—IasER SIyMNIIUF T
mass ordering DA—DEARr—\) T CIvkDIRADEEIC
KD o, .. PR IAUF T 0p): [ iz

2: #6M 7 v — & A ROES) R T SR 2 YL,

FINX—THHDMHEZFF>TVEDIINL, BBTD v 13 11.5 GeV & 7.7 GeV D] THH Z 2 E v
LIEIZLLTwd, 2DXIICn EBTD v DIHEDEWIT AGS D K 9 Z{RWHZEL 2L ¥ —H
BebdTicBgants ), HmNRAEROBEHRR 2R L Twd b0 LTS 2 EEkEss
b5,

LHC Tl vo 23IEH ICE OEGEE) EHER ¥ THlE S 17z, CMS TlE Pr = 40 GeV £ TOFEM 7
T — vy ZMEZEEE 0-10 %, 10-20 %. 20-30 %. 30-40 %. 40-50 %. 50-60 % IZDOWTHEL T3
[17], Z4UT & B & Pr=40 GeV AHETHH>TH vy BHRTH 2 2 b ot, TD X)) ki
TEEREICE T 2EM 7 0 —OEBEERIZS 2y b T 2L X — ISR O BRI~ DK E 22 T8
DI 5 LRI TV S, SHIEM7 e =721 Tk, vz, vy ICOWTHHRIEDL % I 1Lz [13],

DLE. K4k Il Basids S ey, B o OE RN I N2 6 THEL I LIZEI £ T
b7\,

3 YEEHhS

ST RIFE T 3L ¥ —HA A& ERERORHIFEE DB & TR D > DD DTl
oo TITRPHE, Yxv b HOZ7 V== BE TR — 700 FEEREZIND LT,

31 Yzxvhk

Yy b EBEOMAMEM., Y2y FOBETOI XL X —HED 5 QGP OWHOEMZ TS 2
EDWHRETH 2 LIRS N TV, BIEY =y P TRV X —HEROBIZ SR T 2 72 12 4 D DR
DREIN TS, WINLEEH QCD ZIGICHE L 2 TH ), BEHOM) -2 2o
RIORHE 2> T2 (1), HLOOIREE L OMAMEMAPEOCHEEMIC X > TR E NS0
IR EEER TR PR TE LW ETH D, FRIENLIERIGEL 2 EIEF VKU
BHzHelZNZ DY 2y b T2V X —HIERO LK 18], & 2 WIZHE—~HEHETH 218+
QCD Z Wiy =2y F T3 )VX —HROFHI T IEPRESINTE TV D [19], % D7z o FBhs AR
DRICKFETH L EEAON D,
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1 EBHQCD-ZR—RAIL LAY zy PZRLX—HEETIV(12], : (E
PR—=bFYDIZRNF = kp BRL V= v OfGEENE, p = i
oo Z I A EE R, T RE, A= HFHOESHRA T, v ="k
BRIV —F v DYESRE )

Model | Assumption about the medium and kinematics Scales Resummation

static scattering centers (Yukawa),

GLV opacity expansion E>kr~przgl Poisson

static scattering centers, multiple
soft scattering (harmonic oscillator
ASW approximation) E>kpr~p ekl Poisson

observable matrix elements at scale
A (thermalized or non-thermalized
HT medium) E>kr>A~p DGLAP

perturbative, thermal, ¢ << 1
AMY (asymptotically large T') E>T> gl ~p | rate equation

RHIC & LHC ORIT TR AIIEREF Raa(=1/Neon - (ANa+a/dPr)/(dNp+p/dPr)) O FEEFHE R
DG SN, ZORFEHRKRTFIZIZDOERDPSODPDEIICHL Rag =1 THIUL, ZDHEA
F U ERFEBAER I T FEREORERGDOYE THHTE %5 LE 2 515, PHENIX 225 1 Aut+Au
VENN =200 GeV D 70 D Ryy O [20] 23, ALICE %>5 1% Pb+Pb \/syy = 2.76 TeV O {if &/
FB YD Raa Dl & b IEHIEZE (0-5 %) OEFHRGRIHRE Sz, MFED Pp =6 GeV fHAT
Raa=01HEL 120D RELTN (WIH) 23E SN, Pr=20 GeV (Raa ~0.2) ¥ Th 2% 1
AR SN%, BIRFEGDIE Ryq DEMERRHR 2 H 7217 T4 (. RHIC & LHC T Raa DIHIVER
HCHIZEALERILTHL I ETH- R, COEFRKREZAL L, Yy P TN —HBEOERIZ
RHIC & LHC TIkZERI LWL ICHEZ 6N S, £ I TPHENIX I fractional momentm loss 6 Pr
EMHEN S BEANAT, ME DI 21T o7 [20], 0Pp (3651 R ORGEEN R4 2 Taa 5L 7
b EEA A EEOMGHE) R A 2 I U, Wi O ARSI U 5 & & ORGSO~
ZAHEL72bDTH B, 24U X B &, ALICE O §Pr/Pr Ofifild RGHEE) SR 8T RHIC X
DHBREVIEWRIN, ZOYHRTHNIHERI AN X —E2 X ORI 2L TES L
ZZ6h5, S5ICPHENIX 3T RL¥ —AF v VI (Au+Au /syy = 200, 624, 39 GeV) T
b OPp/Pr DIRZFEOZFIRT VS, 21U X % & IEHIMEZE (0-10 %) TlE BRI 2L X —25E 0 I1F
EO0Pr/Pr DIEIZRE L 2505, HiRIFN X —20339 GeV & 62.4 GeV TIHIZEA EENR NI L
DI S e [20)
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Pz MZOWTIE CMS, ATLAS 206 X b il 2R o Sz, Hlz13, ATLAS 25 1% Rop(=
1/NEgipherl Netoral . (AN Sentsel Jd Pr) J(ANRTR™ dPr)) D% =y L (R = /A + Ag?) As
Pehsiids S 07 [21]. REGE. REp. REp 2 2NZTN RYL THI-72 b DD Prfkfitiz s & RAVI
E\VIZE REL/RYE OEAVNS W Ehsbhr s, THICE B ENE AT 2y FEREROY 2y F 3
EXLR VX —HSIEETHE 2 Ebh s, $P 2y FOFEBERZFIH L TATLAS ¥ = b
77 TA VT = avELSPLEICRL ML Tw2 [21), ZHRBEENZY 2y P RLY—1H
FHRER D FEDBDLDIC %2 EEZOND, S 5IT y-jet HHBIDFEERAEH & PHENIX[20], CMS[22]
PoWE SN, KT REE EHEERZ L EBEZ 6N D720, y-jet HEIDERFERIZY = b
IANX—WHlD L 7)) 7RiEE2 52 % EFFTE %2, PHENIX (2 =v b DA DA EKAEE
WKOWTHR, REBZRUVX—HREZRZIZNFEY =2y FOFEFLOICEDIEVAETHML TV
22 EzEM U, U CMS 232011 5D 7 4+ — 72 ¥ —THEL 7254 Y =y FOEHBEENNT ~
A DEBHER E—BL T3 [22],

3.2 EWIZL—/N—, V4—20=7

HO7 L= N—3HA A EEERTIETE LTI —F VEG BRI X > THERI N, 207
WID 70N —F VEESLHHDOFRPDICH 5 EHEZ 6N TwS, I 5ICRHICS LHC D X9 &E
IRNX —HA X VHEERTIZERLZE 7L — = (O—8) DEEEHRIEIET 2 L&
b, HW7 L— "= BEH L OMEMEMD S BEHOERERE L EOBERPEFOoND EEZ N
5, 7272L, HW 7 L—N—OBEHICET 5 2L X —HEEEIT L ODREI N T S (gluon
bremsstrahlung radiation, collisional energy loss, collision dissociation 7% &) 2%, £ 723&5m O i H
Wb, IHICEOLT L—"—TIEH7VE LI (cold nuclear effect: gluon shadowing, % 7 —
77 AUkE R £) DMEE T E 2\, 72 RHIC TIREV 7 L —N— DA (regeneration)
bigf SNz, QGPAERD O YR TV 7/ F L E LTRESIWAL ZITANS 7 J/U HIFTH 2
23, EERO FERRAS FERIE Z 0UE E MU 3T B 2 ED3b o TE X,

£ 9 RHIC & LHC TR EIH KA T (Raa) D Npary HAFEZ KL TA S 23], T3 & LHC
(Pb+Pb \/syn = 2.76 TeV) D Rya PRHIC & D b RE %Ml 2> Ed¥bhr oz, ZHUILHC D
HPEREL IV F —=PECDOTEHNL 7 L— "= BN L ZOMEHHEGRL DL I ->Tn3
CEERBLTwEEEZSNTWS, RHICICET 2 J/U OIEM 7 a—DiR 28I RS 2 2
EDHEL WEBRERDO—~DTH %, STAR (RHIC) I J/¥ DOIEHN 7 v —OEGEB) SR A% R L7,
ZNTE DL J/VDIEH 70 —1E Pr~7GeV £ TIZEALEOTHS Z EDbo7 24, T
F—TVF XY=L DDy FERTHH Y arEr— a VEEIOMND & EB I 7 BCEHATRREDYH
BLTwa L, J/U D Ryp DIRZEFCDSHFEE 2D ANDZRERH LI L, hE2EAD L
vo~0 THDIERBMT2DIFHL v, —/FLHCIZEIT 2 J/¥ DiFH 7 2 —13 ALICE 12X > T
HRTH 2 ENFRINE 4, N6 E2HNICHRL THuL 2L BIHICET2F rLyYo—
DTHHEZEZILNS,

IHICA P AT 2 ERSERbOIMGE SN, PO QM 201 2 TORELREEZD D0, At
LD RapDBF+—LE DB EDELHHlESNS Z LM PHENIX I X ViGN 25] 2L TH 3,
PHENIX 3H L S A I N VIX BT I > TR M A EF v — 2 D% G52 08ET 2 Z LIS L
72 o Lo L 2 OMEEN 22 HERE R IIER S  OBERIC L 2HW 7 L —N—D T 2L X — 10K 6
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DYHENFFoRKELRLZBbDTHo, 64 EFEED EPHERORIELHETH S,

3.3 BH/A—-T

MOHAFHZETIHEZZOEEFERT 2 EEZoNNTRL 7 b VHIEEA A v E2ETER
O EG L HTYHEL L TE L DEHREGA TV S 2 LIRS NS, PHENIX IC X - Tl
SNEEDET-OEM 7 1 — vy ORGESYEMAANE b BIUE £ 285D 6 OFHN 2 SN Cu i wWBlE
D—D2TdH %, PHENIX THIESININTD vy 1Z Pr < 4 GeV T0.05 ~ 0.1 BREOfEZ H D [26],
AU Z SRR X 2 ARG F A E3b o TE X, Pr 134 GeV
FDBREREZATIKIZEALEO ERSD TS,

SOV P UNOEBRROAFELTETS, L7 NOALEESMIE, ARIRE - %
oy OWEZRAAEHFOFRTHL EHEZLNT VS, 7L 21X, PHENIX 225 % p ]
FTOHBMETNY 77772 P06 ORRBBM STV % 26, ZDHEKRD p hiHFDEREZA
D5 5D, H5VIFHBEIEOBETOERICE 2 b DD, FEMMICIEEREL TuiwneE
Z6NTWw»5, T CICHA BHERGHREIIAEET 525, SPS., RHIC, LHC %#—MIcFdal 3 2 BIEmN
RMEREIEIIE R N6 TH D EE LD, ZDEXIH Yy b, HeZ7L—N— EFTu—70D
BAFEN 72 5Tl VL B A A v R TR %GR T 2 44 F S AN BERIOEEDH > THID THREIC R S b
DTHH, TN 6DRELFERBEAETNG,

4 F&O

SHEfTb LEFIC D b o e REIBZERESE, QM 20 1 20 2 —HBIc D w» CEBRIRE 2
FICE LD, 2DXIICQCPIREDMEIHZ & X L, KB CRI% 2 BRI TR T X
NTw5, ZLTZIHhroWEINLEEL  DEBRERZ LML T 2 2 £ TQGP Difi—1%
HMHEPBoNOD0H5, I TRREL L THERBKEIIOWTHRZD, QGP IREED E R 2 iRl I
HEERD © DRV R TH D, ZIUSHE BB ORYE, FEEEIT 4 LifTbnTw b, X
DI A== —=1320145, F4Y GSITirbitsd, (251220 1 54EIFHATORE?TE
ENTV3B ) 20 TICIFS N OEEFRERIEMRIC X 5T, QGPIREDFEMAIHS 2 Ick > T3 T
D59 BEHHIZQM 20 1 4 TOF L WEBRIRZEEL A2, Z0E TITIFBFEN L BIRERmIVEL
% SERR S BT 70 2 HBPRMR I LHE T T 2 E 2 HERIC L Tw b,
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Baryon number probability distribution in the presence of the chiral phase
transition

0000 !, V. Skokov?, B. Friman®, K. Redlich?,
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Abstract

We present numerical analyses of nonequilibrium field theoretical approach of O(N) scaler model
with longitudinal expansion in 2+1 dimensions. We include Next-to-Leading Order of 1/N expan-
sion as self energy in the presence of background classical field. We compare quantum dynamics
and classical statistical approximation. Then we see the difference of two approaches in final dis-
tribution functions in strongly coupled regimes, where Boltzmann tail of distribution function is
given only in quantum dynamics.

1 Introduction

Recently experiments have been done to create and study Quark-Gluon Plasma (QGP) by colliding
two nuclei at center-of-energy 200GeV at RHIC and 2.76TeV at LHC. For produced QGP nearly
ideal hydrodynamics succeeds in describing dynamics after thermalization of Glasma, for which
initial condition is given by classical longitudinal color electric and magnetic fields with vacuum
quantum fluctuations. Its success is based on early thermalization of Glasma teq = 0.6-1.0fm/c
[1]. This time scale is comparable with the formation time of partons [2]. Then normal parton
picture might fail to describe thermalization of Glasma, where parton picture estimates 2-3 fm/c[3].
Hence it is necessary to adopt dynamics beyond parton picture. Furthermore other instability or
classical statistical approaches do not describe late-time Bose-Einstein distribution. Thus we should
adopt approaches which describe late time true thermalization. As a candidate of approaches
that are beyond the parton picture and describe late time Bose-Einstein distribution, we adopt
nonequilibrium quantum field theoretical approach, which is represented by Kadanoff-Baym (KB)
equation [4] with equation of motion of classical fields.

One of the merits of solving these equation is that field-particle conversion occurs. If particles are
produced from classical fields, they collide each other, so that late time Bose-Einstein distribution
is realized. The other merit is presence of the spectral function with finite decay width, which
induces rapid change of distribution function due to 2-to-2 collisions compared with semi-classical
Boltzmann equation. They might play a significant role in describing early thermalization of gluons
[5].

Section 2 is devoted to introduction of time evolution equation for classical fields and quantum
fluctuations. In Sec. 3 we give numerical results. We summarize our work in Sec. 4.

2 Time evolution equation

In this section we write down KB equation and time evolution equation of classical fields. First we
start with action of scalar O(N) model,

S = /dde

A

(a0 &)

1 1,
58(15&8(25& - §m ¢a¢a -
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where particle components a runs over 1, - - -, N and d represents the spatial dimension. The
merit of adopting this model is to cover all time evolution of instability by use of 1/N expansion.
Then the equations of motion of classical fields ¢, = (#,) = ¢da1 and quantum fluctuations
Fo(z,y) = %({qza(ac),gi;b(y)b Pab(z,y) = ([gi;a(ac),gi;b(y)b (that are Fourier transformed), where

P = ¢a — ana are given by

{83 + %6,- +m?+ A o(1)* + Fiy(1,7) + Zbe(T, T) } o(r) = — /TT Tdr'Sy (r,7)e(r'), (2)

6N r .
G F(rrp) = — / S (r, 7 p)F (7, p) + / A S (7,7 (e, 7 p), (3)
To T0O
Gi'o(rr'p) = = [ TS (s e(n ) (4)
_ 2 18 p? _
Gol = [w ;E‘FT—;}‘FP% 6ab+Ma2b(¢)

Here we adopt proper time 7 = v/#2 — 22, rapidity n = tanh ™' 7 and its Fourier transformed p,
to treat longitudinal expansion (we adopt spatial homogeneity) and set initial time 79, local mass
shift M,;(¢) and Next-to-Leading Order self-energy $¥? of 1/N expansion which contains 2-to-2

collisions non-perturbatively.

As an initial condition, we set ¢, (1) = ,/%Jéal with vacuum quantum fluctuations for F'

and p. Numerical simulations are done in 241 dimensions for strongly coupled A = 10 regimes in
an expanding system. Then we compare quantum dynamics and classical statistical approximation
which omit pp terms in self-energy [5, 6, 7].

3 Numerical analyses in 241 dimension
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2 T :
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15 | Classical ----- |
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Figure 2: Time evolution of

Fll(Ta T,Pn = 0,pr =0, 7T0-/87 7T0-/4)
for for quantum (black solid line)

and classical statistical approximation
(red dashed line).

In this section we show time evolution of classical field ¢(r) (Fig. 1) and statistical functions
Fy1(r,7,p) (Fig. 2). In Fig.1 classical fields damps (due to 2=¢ term in Eq. (2)) with oscillation.

Figure 1: Time evolution of the
classical field ¢ for quantum (black solid line)

and classical statistical approximation
(red dashed line).



Soryushiron Kenkyu

Then field particle conversion occurs, which means that particle production occurs due to decay of
classical fields. Time evolution of F in Fig.2 shows this particle production, where F changes from
O(1) to O(1/X). Finally we present the distribution function n, (Fig. 3) by use of functional fit F' =

¢ l) where C' and meg are fitting parameter. In quantum dynamics the distribution

—< _ (n, +
TV mZy+p7 ( P 2

function is Bose-Einstein type and shows Boltzmann tail (n, = ——}+— with temperature T) , while
ePT/ T —1
it gives power law n, = plT — % in classical statistical approximation. In classical approach true
thermalization is not realized.
10 ——————
Quantum ——
Classical -----
1L
01t
o
=
001 |
0.001 |
0.0001

0 010203040506070809 1 11
Wy

Figure 3: Number distribution function n, at late time 7 /75 = 150.

4 Summary

In this work we have solved the Kadanoff-Baym equation and time evolution equation of classical
fields for O(N) scalar model in a spatially homogeneous expanding system in 241 dimensions. We
have included NLO nonlocal self-energy representing 2-to-2 by use of 1/N expansion which covers
all time evolution of instability of F' from O(1) to O(1/)\). In strongly coupled regimes A = 10, while
quantum dynamics shows Bose-Einstein distribution, classical statistical approximation gives power
law behavior in distribution function, which is not true thermalization. Thus we need quantum
dynamics in order to realize the Bose-Einstein distribution.
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Department of Physics, Hokkaido University Kenji Hotta
E-mail: khotta@particle.sci.hokudai.ac.jp

The Hagedorn transition of closed strings has been proposed as a phase transition via con-
densation of this winding tachyon. On the other hand, we have previously shown that a phase
transition occurs near the Hagedorn temperature and D9-brane-D9-brane pairs become sta-
ble. We present a conjecture that D9-brane—anti-D9-brane pairs are created by the Hagedorn
transition of closed strings. We show some circumstantial evidences for this conjecture.

1 Hagedorn Transition of Closed Strings

It is well known that perturbative 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. With
respect to closed strings, it has been said that the Hagedorn temperature is associated with a
phase transition, in analogy to the deconfining transition in QCD. This is because we can reach
the Hagedorn temperature by supplying finite energy in the closed string case.

One explanation for this divergence is that a ‘winding mode’ in the Euclidean time direction
becomes tachyonic above the Hagedorn temperature. Atick and Witten have proposed the
Hagedorn transition of closed strings via condensation of this winding tachyon [1]. They advocate
that the Hagedorn temperature is not really a limiting temperature but rather is associated with
a phase transition. Atick and Witten argued further from the worldsheet point of view. At low
temperature, sphere worldsheet does not contribute to the free energy, since it cannot wrap the
compactified Euclidean time. But if we consider the condensation of winding tachyon above the
Hagedorn temperature, the sphere worldsheet is no longer simply connected and it contributes
to the free energy above the Hagedorn temperature. This is because the insertion of the winding
tachyon vertex operator means the creation of a tiny hole in the worldsheet which wraps around
the compactified Euclidean time, and the condensation of winding tachyon induces an infinite
number of tiny holes in the worldsheet. It should be noted that this mode appears only in
Matsubara formalism. We cannot identify which modes condensate to what extent in Lorentzian
time when this winding tachyon condensate in the Euclidean time.

Significant effort has been devoted to find out the stable minimum of the potential of this
winding tachyon. But we have not succeeded in finding it out so far. It is difficult to compute
the potential of closed string tachyon because this potential has to be calculated by closed string
field theory and this theory has not been well-established.
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2 Brane—anti-brane Pairs at Finite Temperature

We have previously discussed the behavior of brane-antibrane pairs at finite temperature in the
constant tachyon background [2]. At zero temperature, the spectrum of open strings on these
unstable branes contains a tachyon field T'. In the brane—antibrane configuration, we have T' = 0,
and the potential of this tachyon field has a local maximum at 7" = 0. The tachyon potential
has a non-trivial minimum, which is called closed string vacuum, and the tachyon falls into it
at zero temperature. Sen conjectured that the potential height of the tachyon potential exactly
cancels the tension of the original brane-antibrane pairs [3]. This implies that these unstable
brane systems disappear at the end of the tachyon condensation.

Although brane-antibrane pairs are unstable at zero temperature, there are the cases that
they become stable at finite temperature. We have calculated the finite temperature effective
potential of open strings on these branes based on boundary string field theory. 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. Let us call this phase transition brane-antibrane pair
creation transition.

3 Creation of D9-brane—D9-brane Pairs from Hagedorn Transi-
tion of Closed Strings

Let us consider the relationship between above two phase transitions. Atick and Witten argued
about the meaning of the condensation of the winding tachyon [1]. The insertion of the winding
tachyon vertex operator corresponds to the creation of a tiny hole in the worldsheet which wraps
around the compactified Euclidean time. But what is the hole of closed string worldsheet? Let us
try to think about it from a different point of view. Since the boundaries of holes wind around
the Euclidean time direction, taking a time slice of a sphere worldsheet with some winding
tachyon insertion, we obtain open strings. Therefore, this worldsheet represents open strings
propagating in the Euclidean time direction. Then we can identify the boundary of a hole created
by winding tachyon vertex operator with a boundary of an open string on a D9-brane-D9-brane
pair, and the insertion of winding tachyon vertex operator means the insertion of the boundary
of open strings in the tiny hole limit, which wraps the compactified Euclidean time once. If we
enlarge the size of this hole, we can describe open strings with arbitrary boundary. Therefore,
we present a following conjecture :

D9-brane-D9-brane pairs are created by the Hagedorn transition of closed strings.
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That is, above two phase transitions are two aspects of one phase transition. In the sense
that T = 0 is the perturbative vacuum of open strings, this is a phase transition from closed
string vacuum to open string vacuum. In other words, the stable minimum of the Hagedorn
transition is the open string vacuum.

Here we describe some circumstantial evidences for this conjecture. First, if we consider
the thermodynamic balance on D9-brane-D9-brane pairs, we can show that energy flows from
closed strings to open strings and open strings dominate the total energy. This is because we
can reach the Hagedorn temperature for closed strings by supplying finite energy, while we need
infinite energy to reach the Hagedorn temperature for open strings on these branes.

Secondly, we show that, in the Matsubara formalism, some types of amplitude of open
strings approaches to closed string ones if we take an appropriate limit. The cylinder amplitude
of open strings close to the closed string vacuum has the form of the propagator of winding
tachyon. The sphere amplitude for two winding tachyons vanishes, and the cylinder amplitude
also vanishes if we take the closed string vacuum limit together with the Hagedorn temperature
limit under appropriate condition. In these limits, the cylinder amplitude with a single massless
boson insertion approaches to the sphere amplitude with two winding tachyons and a single
massless boson insertion. We also show that the cylinder amplitude with two winding tachyons
insertion approaches to the sphere amplitude with four winding tachyons insertion. We are now
investigating whether the cylinder amplitude with 2n winding tachyons insertion approaches to
the sphere amplitude with (2n + 2) winding tachyons insertion. These are examples that we
can identify the open string amplitude in the closed string vacuum limit with the closed string
sphere amplitude with some winding tachyons insertion. It seems reasonable to conclude that
we can identify the winding tachyon as the closed string vacuum limit of the boundary of an
open string, which winds once around the compactified Euclidean time.

Thirdly, we show that the potential energy at the open string vacuum decreases limitlessly
as the temperature approaches to the Hagedorn temperature. From this we may say that the
open string vacuum becomes the global minimum in entire space of the open string tachyon field
near the Hagedorn temperature. This is the property that the stable minimum of the Hagedorn
transition is expected to have.
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A holographic multi-baryon system by dilute gas
approximation
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Direct observations of thermal fluctuations below
shot noise levels

Kenichiro Aoki and Takahisa Mitsui
Research and Education Center for Natural Sciences and Hiyoshi Dept. of Physics,
Keio Unwwversity, Yokohama 223-8521, Japan

We explain a general method for obtaining measurements below shot noise levels.
We apply this to surface thermal fluctuations to obtain their spectra to previous
unseen precision. The physics behind the spectra and the broad applicability of the
noise reduction method is discussed.

Thermal fluctuation phenomena are truly ubiquitous — for instance, all surfaces we ob-
serve, solid, liquid or otherwise fluctuate thermally. In this note, we describe some direct
quantitative measurements of these fluctuations occurring in common place materials at
room temperatures, to precision unachieved up to now. In doing so, we can test our theo-
retical understanding of the basic physics principles and properties of materials observed
through thermal fluctuations to hitherto untested precision. More importantly, by explor-
ing new territory, we can search for new physics phenomena. These thermal fluctuations
are at atomic scale and one obstacle that needs to be overcome to achieve such precision
is the prevalence of noise from various sources. We describe a new method for achieving
measurements at previously unseen low noise levels below. For such measurements, light
scattering methods are most commonly used, in which shot noise arising in photocon-
version is unavoidable. Shot noise is a fluctuation in the photocurrent spectrum of the
form ((AI)?) = 2el Af, where e, I, f are the electron charge, current and the frequency.
Shot noise can be a limiting factor for measurements that require high precision, such as
the attempts to measure gravitational waves. Previous efforts to reduce shot noise using
squeezed states of light have achieved reductions by around a factor of two[l, 2].

Let us briefly outline the principle underlying the noise reduction we employ[3, 4]:
In any measurement, D; = S + Ny, signal S is accompanied by some noise N;. The
spectrum obtained from this measurement is (|Dy[>) = (|S|?) + (|N1|?), where tildes
denote the Fourier transform. If S has no known periodicity, there is no way to separate
out the signal from the noise, even in principle. However, if we make another measurement
Dy of the same signal, uncorrelated noise can be statistically reduced in the correlation
(13_1152} — (|S]?). The relative error here is ~ 1/A, N being the number of averagings.
This simple principle is not limited to optical measurements, surface fluctuations nor
to shot noise. Any uncorrelated noise including shot noise, amplitude modulation noise,
amplification noise and so on, are reduced in this approach. In practice, we obtain a
factor of 1073 reduction from the shot noise level. The limitations are that we need to
arrange the measurements so that the unwanted noise is uncorrelated in them and that
the signal needs to be stable enough for the averagings to be effective.
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We first discuss liquid surface thermal fluctuations, sometimes called 'ripplons’. Liquid
surface fluctuations have been predicted [5] and have been experimentally observed some
time ago[6, 7]. The fluctuation spectrum of simple liquid surfaces have been derived from
hydrodynamical considerations[8, 9]. The spectrum has qualitatively different behavior
for liquids with weak and strong dissipation. Any simple liquid has strong dissipation and
is highly viscous at high frequencies, which is intuitively natural. For liquids with low
dissipation, there is a peak in the dispersion relation, leading to a well defined wave. For
liquids with high dissipation, no such peak nor simple wave behavior exists, precluding
the application of traditional observation methods, which use the waves effectively as
gratings. We study these phenomena mainly for the following reasons: First, these basic
physics phenomena are of interest on their own. Second, since the fluctuation spectrum
has been derived previously, we can confirm that our measurement method is effective at
sub-shot noise levels and furthermore, we can explore the limitations of the traditional
hydrodynamical approach.
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Figure 1: Experimentally observed surface height fluctuation spectra for water (red) and
ethanol (blue). Respective theoretical spectra are also shown (black dashed), which agree
well with the experimental results so as to be almost invisible. For comparison, observed
data for a single differential detection, (|D;|?) is shown for water (green). This is clearly

dominated at higher frequencies by the shot noise, whose theoretical value is indicated
(black, dotted).

In Fig. 1, direct measurements of the fluctuation spectra of water and ethanol are
shown. We obtained these measurements by applying the noise reduction method ex-
plained above to the classic Michelson interferometry[10]. In the measurements, we use
the coherent state of light and not squeezed states. A single light source is used and
the noise in the multiple measurements are uncorrelated due to the quantum property of
light. The observed shot noise level agrees with theory and our measurement can be seen
to go down three orders of magnitude below it. The theoretical spectra are seen to agree
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with the measured spectra to a high degree, for these liquids.
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Figure 2: (Left) Observed surface fluctuation spectra for oil at various temperatures, T=
294 (red), 303 (green), 332 (blue), 347 (magenta) [K] with their theoretical predictions
(black dashed). Fluctuations are larger at higher temperatures. (Right)Temperature
dependence of the deviation from theory of the high frequency fall off f~* (f =2 1 MHz).

In Fig. 2, the surface fluctuation spectra of oil are shown for various temperatures. Oil
is highly viscous and its spectrum differs from that of water and ethanol qualitatively. In
particular, the fall off at high frequencies seen here are ~ f~2 for oil, in contrast to ~ f=*
for water and ethanol. Unlike the case of water, experimental spectra of oil surface fluc-
tuations visibly differ from the theoretical spectra obtained solely from hydrodynamical
considerations. These deviations are larger at lower temperatures and are likely caused

by the more ‘complex’ nature of the fluid.
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Figure 3: (Left) Epoxy adhesive surface fluctuations 2(red), 9(green), 24(blue) minutes
and 2 days(magenta) after application, together with fits to them to functions of the form
const.x f~ (thin lines, cyan), which work quite well. As a guide, f~2 (grey) and (black)
are also shown. (Right) Time dependence of «, f dependence of the spectrum ~ f~.
Gradual decrease from o = 2 to o = 1 is seen.
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The measurement requires only a short time so that it can be applied to obtaining the
time dependence of fluctuation spectra. In Fig. 3, we plot the surface fluctuation spectra
of epoxy adhesive at various times after its application[3]. As the adhesive ‘hardens’,
the fluctuations become smaller and its frequency dependence is seen to change. Since a
viscous simple liquid surface behaves as f~2 and an elastic solid surface behaves as f~!
in this frequency region, the spectrum changes roughly from liquid to solid behavior with
time. In this measurement, the noise reduction is crucial for obtaining spectra below the
shot noise level which is ~ 4 x 107® [rad?/Hz] here. This result is obtained with an optical
lever with noise reduction, which reflects the versatility of the noise reduction method.

In this note, we explained the principle of noise reduction that allows us to measure at
levels orders of magnitude below the shot noise level. This allows us to directly measure
fluctuation spectra of surfaces to previously unseen precision and some of the results were
presented here. The results required only a small power (~ 0.5mW), small sample size
(~ pm) and short measurement times (few s). The method has a wide area of applicability
including measurements that require non-invasiveness. Our method can be applied to
various materials and situations to observe hitherto unseen phenomena, which we intend

to report on, in the near future.
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Interweaving Chiral Spirals

Toru Kojo (Bielefeld University)

Abstract

The interweaving chiral spirals (ICS), defined as superposition of differently ori-
ented chiral spirals, break the chiral, translational, and rotational symmetry in
quark matter at finite density. We further postulate that the quark mass gap pro-
duced by the ICS enlarges the region of the confined phase, by tempering the growth
of quark fluctuations near the Fermi surface. The EOS becomes stiffer by increasing
of the pressure by ~ NcAqep x (Aqep X 47r,u2).

1 Impacts of the inhomogeneous chiral condensates

Recently, it has been argued that there is a new state of QCD matter at high baryon
density and low to intermediate temperatures [1].

This novel state is called Quarkyonic matter, with the Fermi sea mainly composed
of quarks, but with the confined excitations near the Fermi surface. The domain of the
applicability of this picture is given by My/N. < u, < NY?Aqcp; the former charac-
terizes the scale of the quark matter formation where the hadronic-nuclear-quark matter
formation occurs rapidly within a small change in 1, while the latter gives the scale of
deconfinement where the strength of quantum quark fluctuations becomes comparable to
those of gluons due to the enlarged phase space near the Fermi surface.

In this talk, we ask what happens to the chiral symmetry at density mentioned above.
So far most of theoretical calculations have suggested that the chiral restoration occurs
shortly after the formation of the quark Fermi sea, provided that the chiral condensate is
homogeneous [2]. For this reason, the chiral restoration line is usually placed very close to
the chemical freezeout line, which should be closely related to the quark matter formation.

However, recently it was recognized that the chemical freezeout line may be sepa-
rated from the chiral restoration line, according to the lattice QCD estimates for the
pq-dependence of chiral and quark number susceptibilities [3]. One of the possibilities to
fill this gap might be the inhomogeneous chiral condensates [4, 5, 6]. In fact several calcu-
lations based on the chiral models as well as confining models suggest that inhomogeneous
chiral condensates can break the chiral symmetry even after the quark matter formation,
if the gluon exchange force remains strong enough. Furthermore, such condensates can
create the mass gap for quarks near the Fermi surface, suppressing the screening effects
for the gluons. Thus the inhomogeneous chiral condensates have a big impact on the
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deconfinement phenomena. All excitations except the Nambu-Goldstone bosons acquire
the mass gaps.

2 A single Chiral Spiral

At zero density, the chiral condensate is formed by condensations of particles and anti-
particles. At finite density, however, the Pauli-blocking requires large energy for the
creation of an anti-particle, thus the particle-antiparticle condensation is not favored.
Instead, more proper ingredients of condensates are particle-holes near the Fermi surface.
The excitations near the Fermi surface do not cost energy much, despite they have large
momenta, |p] ~ p,. Any condensates made of pairings must contain particles (holes) with
hard momenta, so hard momenta appear either relative or total momenta of the pairs.

Below we focus on the possibility of the chiral density wave (CDW) pairing which
evolves in a particular direction. It contains a co-moving particle-hole pair with a large
total momentum of ~ 2pu,, while the relative momentum between them is small and
~ Aqcp. Actually the chiral density wave solution can be always interpreted as the chiral
spirals (CSs). A key observation is that once we have a condensation of a pair moving
to, say, +z-direction, there is also a pair moving to —z direction. Mathmatically, one
can project out fermion components moving to +z directions by operating the projection
matrices [5],

_ 1E£7%7:

Yy = T¢ : (1)

Then we have two types of the chiral condensates, (¢_1, ) ~ AeZHaz (i) ah ) ~ A e~ Hra?,
whose sum and difference give

() ~ A cos(21,2),  (iev0) ~ A sin(24,2), (2)

with a fixed radius of A of the order A3QCD, which is given by solving the gap equa-
tion. These condensates obviously break the chiral symmetry, translational invariance,
rotational invariance, and the second condensate further breaks parity locally.

3 Interweaving Chiral Spirals

We have seen that the CS must have a particular orientation. Let us ask: Can chiral pairs
be formed in such a way to cover the entire Fermi surface, and can differently oriented
CSs be interweaved in a consistent way?

The answer to these questions depends on the models, mainly due to the interactions
among differently oriented CSs. The attempts to construct the ICS for the NJL-model
can be found in [7], but the authors have concluded that the single CDW is energeti-
cally favored compared to the ICS. In fact, the interactions among CDWs appear to be
repulsive, so the inclusion of many CDWs destroy condensates one another.
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However, the conclusion may be altered if we take the asymptotic free nature of
microscopic interactions into account. The gluon exchange should be strong for small
momentum transfer, while should be weak for hard momentum transfer. If one uses models
with this feature, such a momentum dependence is converted into the form factor effects
for the interactions among quarks and condensates (or mean fields), which drastically
reduces the energetic cost due to interactions among differently oriented CSs [8].

As a consequence, we can find an optimized number of CSs, which depends upon quark
density. It means that as quark density increases, there generate more CSs, leading to
the sequential phase transitions. Such transitions are likely to be first order, and might
be related to the star quake.

Since the entire Fermi surface is covered by the condensates, the reduction of the free
energy is very large, ~ —N:.Aqcp X (Aqep X 47r,u3), where the former factor comes from
the size of the quark mass gap, while the latter comes from the number of pairs. In other
words, the quark matter with ICSs give much higher pressure than the quark matter
with free quarks, leading to stiffer EOS. This feature is welcomed for the explanation of
recently found neutron star with the mass about twice of the solar mass.
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Beyond the ladder analysis of chiral and color symmetry breaking using the
non-perturbative renormalization group

Ken-Ichi Aoki®, Kazuhiro Miyashita® and Daisuke Sato®
Kanazawa Univ.* and Aichi Shukutoku Univ.”

The dynamical chiral symmetry breaking and the color superconductivity in finite density QCD
are analyzed using the non-perturbative renormalization group (NPRG) approach. We show that
an approximation almost respecting the gauge independence can be realized in the framework of
NPRG, and also report the result of analyzing the “ladder approximated” color superconductivity.
The non-ladder extended approximation at finite density encounters a singularity of the 8 function
for the 4-fermi coupling constant as long as the normal regulator functions are used.

Introduction.—The dynamical chiral symmetry break-
ing (DxSB) has been analyzed by non-perturbative ap-
proaches such as the lattice simulation, the Schwinger-
Dyson (SD) equation and so on. The lattice simulation
is a most powerful tool to analyze QCD, but the sim-
ulation in the dense QCD is essentially difficult due to
its sign problem. On the other hand, the SD approach
does not suffer from the sign problem. Unfortunately,
however, it is difficult to solve the SD equation beyond
the ladder approximation, which has the strong gauge
dependence of the physical quantities. Including the cor-
rections of the non-ladder diagrams, which are crucial to
recover the gauge independence, is difficult in the SD ap-
proach. In contrast to them, the non-perturbative renor-
malization group (NPRG) approach does not have the
sign problem and may include the non-ladder corrections
using the systematic approximation.

In this article, we show that in the NPRG approach we
can define an approximation almost respecting the gauge
independence. (The detailed discussion can been found
in [1].) Also we report the result of analyzing the color
superconductivity (CS), which is theoretically expected
in dense QCD.

Effective action.—In order to evaluate the DySB and
the CS in QCD, we use the Wetterich-type flow equa-
tion [2] as a formulation of NPRG. The flow equation is
a functional differential equation of the effective action
T'A[®], which is defined by suppressing the corrections of
the quantum fluctuation with the momentum lower than
the scale A, that is the infrared cutoff. Therefore, solving
the flow equation toward the infrared limit, we obtain the
full effective action, which is corrected by the full quan-
tum fluctuations without the infrared cutoff, from a bare
action of theories such as QCD. Here we skip the details
of the flow equation (see reviews [3]).

The Wetterich-type flow equation is an exact equation
giving the full effective action, however we cannot ex-
actly solve it. For an approximation, we project the full
operator space of the effective action of QCD onto the
subspace of the following effective action:

Z 1
rale) = [ {2 R 5 @u)”

(1)

HZD+Zg ) - V.5 .
where the ghost sector is not displayed for simplicity. The
operator subspace consists of the operators of the bare
QCD action and the multi-Fermi operators V (v, ¢; A),
which we call the fermion potential. The [ function

for the gauge coupling constant agrees with the result of
the one-loop perturbation theory because we ignore the
higher dimensional operators including the gluon fields.
Here we concentrate on evaluating the 8 function for the
fermion potential, which plays the most important role
for the DxSB. Note that we work with the only fermion
operators without relying on the bosonization as adopted
in [4-6].

Lowering the cutoff scale, the gauge interaction induces
the infinite number of multi-Fermi operators. Especially
the 4-Fermi operator, whose 8 function is diagrammat-
ically represented in Fig. 1, brings about the DxSB at
an intermediate scale as the Nambu—Jona-Lasinio model
does. All the possible multi-Fermi operators cannot be
evaluated, and we extract a class of the multi-Fermi op-
erators relevant to the DxSB. They are the scalar multi-
Fermi operators represented by powers of (= 1)), and
hence we evaluate the fermion potential as a function of
o, V(o;t).

Furthermore we need to limit the infinite number of in-
teractions to constitute the 8 function. At first, we select
the infinite number of the ladder type diagrams. The lad-
der diagrams of the the 4-Fermi [ function correspond to
the ones surrounded by the dashed line in Fig. 1. Then,
the ladder-approximated flow equation [4] is given by the
following partial differential equation (PDE),

0V (o;t) = —1yo0,V

1
A2

4

A
+ —log

12 1+

(M . <3+5>02m80)2] @

A2

where the £ is the gauge-fixing parameter of the covariant
gauge, C5 is the second Casimir invariant of the quark
representation in SU(3) and as(= Z77; /4nZ} Z 4) is the
running gauge coupling constant which obeys the one-
loop perturbation theory. We introduce the infrared cut-
off which stops running of the gauge coupling constant
in order to take into account of the confinement [7]. The
anomalous dimension of the quark field, 1y, is evaluated
at ¢ = 0 using the momentum scale expansion as the
sharp cutoff regulator function [8] is used here. We note
that the ladder flow equation (2) gives the result equiv-
alent to the improved ladder SD equation in the Landau
gauge [4].

Solving the flow equation as PDE— Usually, in order to
solve the flow equation, we expand the equation with re-
spect to polynomials in the field operators, and define the
coupled ordinary differential equations for the coupling
constants of operators. The coupled equations, namely
the RG equations, are numerically solvable, but the RG
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FIG. 1: g function for the 4-Fermi operator.

flow cannot go below a critical infrared scale A, because
the flow of the 4-Fermi coupling constant diverges at A..
Actually, the infrared singularity is related to the DxSB
by the correspondence between the 4-Fermi coupling con-
stant and the susceptibility of the system, that is, the
inverse mass of the composite channel meson.

Here we go beyond the critical scale A; by solving the
flow equation as a partial differential equation (PDE)
without the bosonization and the field operator expan-
sion. In the practical analysis, using the grid method,
we numerically solve the PDE of the mass function
M(o;t) = 0,V (0o;t), which is obtained by differentiat-
ing the flow equation (2). As realized by the name of the
mass function, its value at ¢ = 0 is the effective quark
mass.

The mass function is an odd function of o because
the operator subspace has the discrete chiral symmetry
where the fermion potential is invariant under the s
transformation: o — —o (¢¥ — 51, 9 — ¥y5). There-
fore the mass function at o = 0 vanishes due to the chiral
symmetry as long as it maintains the continuity. The nu-
merical solution of the PDE of the mass function is shown
in Fig. 2. The mass function at the ultraviolet scale,

M(o;t) [GeV]

[ [GeV3]

FIG. 2: Revolution of the mass function

namely its initial condition, vanishes since the bare QCD
action has no multi-Fermi operators. Lowering the cut-
off scale A(t), the mass function grows up, but its value
at the origin keeps vanishing above the critical scale A,
due to the chiral symmetry as noted above. At the scale
A the slope of the mass function at the origin diverges.
This divergence corresponds to the infrared singularity of
the 4-Fermi coupling constant, which is the signal of the
DxSB in the fermionic system. Below the critical scale,
the function loses the analyticity at the origin , and it
has the finite jump around the origin. Actually it is im-
possible to solve the PDE with such singular point. In
the practical numerical computation, we drop the singu-
lar point by transforming o to the logarithmic variable
x = logo. A solution allowing singular points can be
mathematically authorized as a global solution, which is
called the weak solution [9].

Beyond “the ladder”—The ladder approximation suf-
fers from strong gauge dependence of the physical quan-
tities. As for the § function for the 4-Fermi coupling
constant, the contributions of the pair of the box and
the crossed box diagrams surrounded by a red dashed
line in Fig. 1 are crucial for the gauge independence.
So we attempt to include such paired contributions of
non-ladder diagrams at all orders. For this purpose, we
introduce the corrected vertex, which consists of the lad-
der element and the crossed ladder element as shown in
Fig. 3 [5]. Here the ingoing (outgoing) external line de-
notes a quark (antiquark) field, and the internal quark
line denotes the dressed propagator, which consists of
the infinite number of the ladder (large-N leading) inter-
actions of the multi-Fermi operators as shown in Fig. 4.

FIG. 3: Corrected vertex.
1

(=)=(=)- (L s 4 )

FIG. 4: Dressed inverse propagator of the fermion.

Now the non-ladder extended flow equation for the
fermion potential are represented by the infinite number
of the ladder form diagrams using the corrected vertex,
and can be summed up by the logarithmic functions as
follows,

4 B2 At MG
8tV(O';t) zmlog |:1 + /\2] + m IOg |:1 +§A2-‘r]\42:|
At A% + B? 3A2G?
+ —log . (3)
87('2 A2 +M2 <A2 + M2)2

where B = M + 2A72Csa,0 and G = 2A~2Cya 0. Here
the commutator contributions of the generator of the
SU(3). is ignored, that is, the interactions are evaluated

by Abelian factors only.

O V(oit) = O + & +
Rty B8

FIG. 5: Non-ladder extended flow equation

Numerical results—Evaluating the PDEs (2) or (3),
we obtain the dynamical mass, defined by mayn. =
lim, 4o limy_ o, M(0;t), the chiral order parameter.
Moreover, we also obtain the chiral condensates
(Y1) 1gev (renormalized at 1 GeV) by introducing the
bare mass term as its source term.

Figs. 6 and 7 show the gauge dependence of the chi-
ral condensates and the dynamical mass, respectively.
These results show that the chiral condensates obtained
by the non-ladder flow equation (3) are much more sta-
ble against the gauge-fixing parameter than the ones ob-
tained by the ladder approximated flow equation (2).
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However the dynamical mass looks different. Indeed
the dynamical mass is an off-shell quantity that is non-
observable, although the chiral condensates are the ob-
servable. Therefore we claim that the non-ladder ex-
tended flow equation respects the gauge invariance for
the physically observable quantities. Here it should be
noted that, in the Landau gauge (£ = 0), the almost
gauge independent non-ladder result of the chiral con-
densates coincides with the gauge dependent ladder one.

0.03

non-ladder with A. D. ' ®
ladder with A. D.
_ 002} —
&
>
[0}
O,
Q L ] L]
© o014 e ° ]
o ‘ ‘ ‘ ‘
0 1 2 3 4 5

FIG. 6: Gauge dependence of the chiral condensates (1)) 1Gev
(C.C.).
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1+ 4

0.8 ° . P

0.6 [ i

Mayn. [GeV]

0.4 1

0.2 B
non-ladder with A.D. @

) Iaddgr with A. D‘.
0

0 1 2 3 4 5
13

FIG. 7: Gauge dependence of the dynamical mass (mdyn.).

Color superconductivity—In extremely dense matters
such as the interior of compact stars, the color supercon-
ductivity (CS) is theoretically predicted, where the color
antisymmetric diquark pair behaves like the Cooper pair
in the BCS theory due to its attractive channel of ex-
changing gluons. In the rest of this article, we show the
result of analyzing the two flavor color superconductiv-
ity (2SC) with the massless quarks. So as to evaluate the
2SC in our framework, we extract the diquark-type scalar
operator, A = ¥ iooXay51h + icaAay51C, where oo and
Ao are the antisymmetric elements of the Pauli matrices
in the flavor space and the Gell-Mann matrices in the
color space, respectively. Using the ladder approxima-
tion, we can write down the flow equation (PDE) of the

fermion potential which is a function of two variables,
o and A. Fig. 8 shows the dependence on the density
p of the chiral condensates (11))1gev and diquark con-
densates |<7,Z_Jci7502)\21/1>1(;ev| calculated by the PDE. In-
creasing the density, the chiral condensates vanishes at
the critical density, u. = 0.43 GeV, and the diquark con-
densates has a finite value at this density ..

The ladder approximated result has strong gauge de-
pendence, and therefore we extend the approximation
to the non-ladder one. However the non-ladder 8 func-
tion for the 4-Fermi coupling constant has a singularity
around p ~ 0.3 MeV. This singularity is induced by the
non-ladder type diagrams in Fig. 1. The loop integrals of
these diagrams has a singular factor, 1/(A2 —pu2+m?), as

0.25
.
02 | 1
0.15 |- 1
>
[
S,
01 1
0.05 [ 1
<o>
<hA>
0 I I I I 1
0 0.1 0.2 0.3 0.4 05 0.6
H[Gev]

FIG. 8: Phase transition of the chiral symmetry and color
superconductivity at finite density. (o) and (A) denote the
chiral condensates and the diquark condensates, respectively.

long as the diquark condensates vanishes. This singular-
ity should be distinguished from the infrared divergence
of the 4-Fermi coupling constant induced by its quadratic
term in the 8 function.

We guess the g function singularity of the non-ladder
diagrams comes from the fact that the regulator function
does not properly evaluate the fluctuations of the modes
around the Fermi surface. Therefore, by adopting an ap-
propriate regulator function respecting the Fermi surface
structure, we may resolve the singularity problem.

Conclusion—We developed a non-ladder extended flow
equation of the fermion potential in QCD, and it gives
gauge independent results for the chiral condensates. We
also analyzed the finite density QCD and showed the
phase transition between the dynamical chiral symmetry
breaking and the color superconductivity. Non-ladder ex-
tension of the finite density system has a new singularity
which requires improvement of the regulator function.
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Effects of fluctuations for QCD phase diagram with isospin
chemical potential
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1 B

ARG TR LM (1] 1o &, NBIEC b 2 AR X % v T 2-flovor,3-color QCD O
BR7 A VA AERT 2 v VORGSO W TRRFT L 25 RIc o Tl 2179,

)& R 2 BT )5 (QCD) AR, AR N 4 VB ChkA G2 RO 2 &
PR INTE D, QCD HIXIDOWIZE B ERIVFERBRATMN2> 5iEd 5 T 5, 1% QCD 35—
JEERZ & QCD MK Z IS RIRE R B 2 FiETH %, L LADBSHRAY A VEEICE W T,
7 2V S & v OFAIRPEFRNC 2 2 TSR S D RIZIKR, S{LERT v 2L (u>T)
FEEATRE RIS TH 5, ZDIDICHRANY I vV EEOHEEZ T 5729121k, Nambu-
Jona-Lasinion(NJL) Bl 7 4 — 27 X v v (QM) £l D X 9 &, QCD DR F )L X —DJi
EE— F TR SN AEEPHV6 5,

AROER T v v L CO RS MEPAE T B WRILSFAEST 5, 2D X9 BRITKL
THINER 2 ML L HHRE 2 3~ - QCD DRGSR & Hld 2 2 & T, AR OSHEN: 2 5365
52 ENAREL %D, AIFETIEO L OPREINTLAFESMES L VRDIE, 7A4 VYV AE
MR T 2w VOIERRD 3-color, 2-flavor D QCD[2] 122 T QM Fl 2 — Mk L 7= 5 4hHE
HERR UG 2R T 2, 7TAVAE MR Ty vV (u) Bu 24 —28d 72 A—2D
fLERT Ve v VDEE L TERSIND,

Moy = [+ g
fd = b — p1 (1)

ZDZDHHAWEH L LT Silver Blaze & MEEN % ¥ i TOR IR 2 L H ST\ %
3]l ¥RIRE, ¥u o4 =27 FERT v vy B WT up NS TOo G4, EHONE
0D S A A VBN D RO Z %, Silver Blaze & IZEEBEEL Z By HIEZE
DNRAFTVDEREDYTE—HTLLEVIFETH S, 2156 1d QCD DEE IR O E D720,
BRI 2 MR L 7235612 7 ORFRLL Silver Blaze AR 2072 T UE % S 78w,
—RICHRSGE 2 TR B 7 DICE, BIRT Ve v V2 RDI 7507y baltBET 32 L
WEICh S, ANRTF Y YV 2HET 220 LIFLIESOWRAEOR Y 0w S X2 M+ 2
GRSV S5, 2 OERUE ZRMHERE FUL iR 7 1 A A — N — IR R DT FE T
X, WO EDHRBPKEL RS, WHET 22 EDHONTED 2o 22 EHEFE
DAIETH %, KT FEEENZEZ T, o EORIEEZID AL 72 DI h 2 A
# (FRG) 71850 4] Z v %, FRG AR EHR 7 v v VOFHEITIED—D2TH Y, A7 —
IARTE U 72 B IERNS N3 2 BB /Rl & LT S 1T %, FRG HEEE DU T TRt
T2EBDH ETHEL ZET, OO ZFDORMPELZIND ANTEHNET V> v VOFHHEZIT I,

2 TERIL

AR DO BT L 22 2 DITHRRE., HRANY A VEERTOLA 7 VM2 R 2 DicH
WoNE A= XYY (QM) BEITH B, QMERIZ 7 A =0 72XV v RNAL AV VT
BREINTBY., BR7AVAEALERT v v LIRS N QM ERID S 75 v 27 ik
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H%, MBI FRG SR % E < 7o 01 I3 MR 0 TN BI R oy /TR & e h 2 (T UE 75 & 97,
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BT vy el EEBIHTHIT 2 LIREL TUATD X HERIT 5,

I%PA[PZWF] = TZ/d%: £QM+MI’U~>Uk(p27d2) : (3)

Z o LPA A%IEM 2 FRG HBRAITRAT 22 LT, AIRT v L EXY v RGBEBETT
PAC iR Z2/R2 2L TE S, RoNAMRT v v e XY v ZREBDRAZ 4 —
F—=RIA=% (o, 7)) DTV y FICTHEL TS ZETHEIRT oy e Ay v B8z
&%,

3 #BR

I TRELEIREDL IOV THER R 2T R > TR O N RIS OVTHIT 2, £
Fig. 2(a) % (1 = py = 0) T84 A4 > 5 TO? (w) @ FRG HBERIC K 2MTH 5, H
FIZ RO FRG T2 €E— X v MR E TR0 TR G2 R L, HRIZEMRT v
e VOMEEMOTERL % Trger = —w? + 285 28T, FROSA Ay GBS L4
% 133[MeV] 384 A v DR — )VEREIHIELTE D, BRO A A v ZRiifie e &z 231
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BETEZA—NVEREZHORZTIUE ROV I EEZRLTWS,

Fig. 2(b) 13 T = 0 TOMMEZ popy FHICEIR L 72 b DTH %, KROERIE—KDAAL )V
MiEEE2ERL TEH., ZORETEY pfllo Fa vl 6 & p o QGP H~HEEE 2 Z 5,
FRDIHRNL A F v B L@ & O XM 2R L TE D, puy 25 HNT A F v i
(my #0) BN D, A F VEEEHDE Z %y 1 Silver Blaze Digam & —H L TE D, BV p D
TR, A= VEHEDPGIRO TR A VEHRE up = 2M, DBIfRZHR L TWw 5,

HOMMIEGZ ST up TO I A —VHE My(ur) 2R LT 5, pp ZEEL T p 28NS
T oGE, ZOHEWHRONMITIIEZRILETH ) “RKHERIIEZ SRy, 207
—RXMEEBRL D 7 A= DEEPEOLLRWVIRD, 7 A —02iRIE5 I ENTET. F
DZEASETIEp=0LMURE (FH—&., L) FrEE) »Hd, SoMelEz %
ETATOA =S NURD, N A VEEPERE LS, G u D B BOERIT A
F VP CO—XMHEBRZ R L TE ), —XPEBICE>Tr7 4 — 7 DEEIWAD L BT E
DHE p TREANY A VEENERER S,

PLED X IcFa 3B b a2 G ELCEH L, 74 VYV AEUALAER T v
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952 ET, QCD OFfD Silver Blaze EMIIN SR ZWMETEL 2 2R L 72,
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Quark-Hadron Phase Transition in an Extended NJL Model
with Scalar-Vector Eight-Point Interaction

= AL YL #Z 2. Joao da Providéncia®., Constanca Providéncia®, (LA £/ 4
VEHKBAE, 2 EAKE, 3 a1y 77K 1BEAT

1 Introduction

i - S EEOMRI N IZB T 2 WMHEEHAT 22K 22T 2 2 2 iE NP VYo BEELRED
—DOTH5, Rz, BRIEE - BEIZBI2274—7 - NFEYVEERRPBREZMIGUTED & 5 iR % i
ZTOn, F2Y0LSBHNER O EMBIAT 2 Z L IEZFHVIORES L O 1 2 ARG O BRI B
5HD L UTHFICHRENETH S, ARTlE, HREEMICEEHL. ARIRE - BEIZBT574—2 - »
Ko VR IZ OWTEET 5,

2 Extended NJL model for nuclear and quark matters

AR - N)AMEFERT Uy VLB 574 —2 - NNO VB 2GRS 272012, AR TS
BEUOT+—IWBEOERET IV E LT, saclar-vector B 8 S HEAEH % & A ZILRSI Nz NJLET V2 W5,
NIJL €TV [1] ESYETOETNVE LTHED, BRTR I A —IPEDOET LV E L THRLONTVWEHEDD, %
WEDOETNELTHESHVWSONTEZ[2, £Z T, ZITREMEZES>ETNVELT, £V YF LD NIL
E 7 )UIZ vector-vector B 4 fFHEAEH & saclar-vector B 8 sSSAHAAEH 2B A L 72 4L S v/ NJL € 7L % i H
T 5[3], ik Walecka €TV [4] (W8T B E DR EDT, SYEOHAEEZHETIETLVER>TWVWD, —
fi. 7 —27WEIZOWTH saclar-vector B 8 M EAEFHZBA LRI N NJIL ET LV EEHLTED, Z
D 8 FDEAIZ & D scalar coupling W& EAKFME 2R H | FEF vector BUMEAMEH & 8172 4 1 VRO [F118 %
BT EMBEFFD, BWHE - 7+ — Z7WYHEIZNT 5 Lagrangian & (2-flavor) 1&. XD K S 12742 5,

L; = Eimﬂa/ﬂﬁi + Gé [(Ez@bz)Q + (Ez‘i%Twi)Q] - Gi (@ﬁ“%)(@ﬁu%)
—GLy [(si)? + (Dsivs i) ] (v i) (Wiyunds) (1)

KWIEE (i = N) 128 LTy B8 oy % color 1 OEAE LTS, AT A—% (GN,GN,GN Ay) 220
TUIFHEZE LB HE E TO nucleon mass, $ & CEWHEORMMEDORER» SREST S, 22T, ZOET IV
OIAARRDOT I RTEBES Y AT A #HALTWS, —H, Z74A—2WHE (i = N) 123 LTl color £ 3
% & 0. dynamical quark mass & pion decay constant 7*5/8X7 XA — X (GL,A,) ZRET 5, NTA—=K G,
(scalar-vector coupling) (¥ 7V =83 A =X THH, I I TRIMALEH L LT GLAS = —68.4 IZH- 7245 R
WZDWTHhR %, F£72, scalar-vector FHHAEH X vector fHHAEH & BL72 14 F VIR % 58 28R &2 H > T
DT, /NT A=K G (vector coupling) IZDOWTIEAE GI=0& L, TITIEGL IZEEHLTHNS,

74— N KFBUHHES Z R T B WTODOHEPERL TWE DI DWW TIEMMHDE] & iR 5 2 &
WEOIRET S, 5B 5A, NIL 2S5 DHLRBRDTHA FNVHBEBIZOWTEHFRT L2 I LA AEETHH, 2TIT

L7 —IYHEDENZHEST S LIZ XK O YHICEER T e RET S Hik2H->TWD,
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3 Numerical results
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BUFER T, B3 massless DEZ > R TH S, T2 T, WHANIZEB$ 23 E D PR DMEZ KD
fEchsd, $5&. M0, 20, 40 MeV IZEWT T + —Z{LFERT V¥ v b py BENZE N 326, 323, 318 MeV
72D T massless branch IZFEOVFE->TWVWB I &N o, TITHA FUNEDOEE (1 FVHER) P -
TWbZeWbhd, INEMIETIEERROZ T 7 (K1 O4LAM) TIE, BE 0, 20 MeV 128 W T XM
R EB L, RE 40 MeV TR RMEBAEFH L TWE Z edibnrsd, MELHEU LS R AET, GRE
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of
» o Coex
150k Quark-Hadron Phase Transition JINuclear Matter
= ' 100
= Q? 65 ““““ Quark Mattel’
> I
@ 100F i — [ R
=3 S
ol Nuclear Matter 10 E
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Hg [MeV] Ps /PN’

2 & 20 MeV TDZ +—2 - NRua UHER, LIXENFRR, GIEEERR,

B -BETDIA—2 - NP UVHEBIZOWTHANS, 22T, N"FaUHE 7 5 — OB MR LT
pn(un,T) = py(Bug, T) Z#d, MMETOHA £ 2 Z TIEEE 20 MeV O5EZHNIZE - THIAT 2, M2 DXL
fll%, WE 20 MeV TORMEL 7 4 — 7YEOWE L 2R L TV, EKEEMNTIIEWENERL, aEENT
X7 A —WENEHLTWSE, 20L&, NV UMFERT VY v ug 71190 MeV 720 T +—2 - N K
0 VHEEBPERI D, MIETIHEELRRDI T 7 (K1 OHH) »SBWEHE 7 4+ — 7 HDBHET 2 REN R Z
520, ZDVF—2 - NRNE UHERBIE - KHEEE TH D Z L2bnrb,
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F | G'svA = -68.4 ]
200f = .

150k ", 1t-order Quark-Hadron
L “,, Phsase Trangition

1st-order

Chiral Phase Transition _
..
.
0'. R T S TP TR VT
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X3 fLiEE N7z NJL €57 TOMK (with GZ,AS = —68.4),

fEHRE LT, GY, 2 BOHEEE Nz NJL T XLV TOMMIER 3 O &5 v s [5], Eie iz hEn—
REZRDAA T IVMHEBIREERL, ZRERIE— RO +—72 - Ao U HEBKRERT, 22T 71—72 -
NN Y OMBEROAMOHEBIZEWT, BYWEMHTH 22200 5T 74— 7 WEIIZ A T IVFRMEA I
LTV AL BN S, ZHid Quarkyonic #l [6] IZHET 25D THB EEZX S5N5,

T, ZTV—NIA-RGL DRI ZELZADLILIZEVHMIZIED LS BHEEZZITLDONIIONT, —RDA
4 TIVHEEEARDY G4, @ coupling DIRE % KE L FT5IZDONTshrink L, 5ICKESTHEHEATL X O4EHE
otz —RDT F—27 - NFEYOMBEFIZOWTIEZEIFRL, GL ITHKIE LW edbro Tz,

4 Summary and Future Work

ARETIE, ARIEE - NV A MEFERT Iy VIZBIT5 74— - ANFRVHEBICOW T R L 72, BWE
LU A—IWBEIZH LT Gl 2 EARINES N NIL €7V X B OE, — RO 27 +—2 - N Ko Uiz
BriIhRT2ZehBTE, TOMMERZIENTE R, 0L E, I IVREMEIXEEL TV 22 IEN R
OV BEEYEHPZOETIVIZEWTE NS Z e Bbhr oz, SRINMEME L 7V -7 +— 7 HEH- 72
M, H T —BEEHOZ PP ETYEE 7+ — 7 YBEORTOMEEE2E R T2 bmAL<., hiET2YHEIC
BT 2560 U THREND,
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O00000000000000 Thermo Field Dynamics(TFD) 0 O OO O0OOO0O0OO0O0DOOO
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0000 SehmutzOOOO0O00O00 300000000000
DDDDDDDmﬂDDDDDDHmﬂ

[m) = —=a™(0)  mim) = b, D m){m| =1 (1)

00000 FockOO XOOODDDOHOODODOOOOODODDOOOOO LiowilleOOOOODOO
DDDD#DDDDQDDDDL@DDDDDDDDDDDDDDDDDDDDDDDDD
(A|B)y =Tx[ATB|000O0O00HOOOO0O0O0O0OO0 {|m,n) =|[|m)(n|)} :

(m,n’m’,n'>> = Opmm’ Onn/ + Z}m,n»(m,n‘ =1 (2)

O0D0O0XDO000OD ADODODOO BOOOODOOODO: A~ BOOODOOODODOO
O|A)=|B) 0000000000 6 af,a, 4’00000
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3 LiouwvileDOOOODOOOODDOOODOOOO

Schodinger 0 0 0 0 0O O Liouville-von Neumann 0 0O 0O

i%ﬂs(t) = [Hs, ps(t)] (8)

000000000000 Q0O00ooOoooOog Liouvilleevon Neumann O O 0 O

.d -

2%\05@» = Hglps(t)) 9)
0000000000000 Bg=Hs— As0000000000000

Te[Asps(t)] = (1] As()|ps()) (10)

000000000 {Ij=,,(mm/0000
000000000000000 A,(#)0000000000000000

A~ A

i—U) =U@HL(),  at) =0 (0as)U(),  a(t)=U"®as)U (), (11)

LiouvilleDDDDDDDDDDDDDDDD{d,d}-DDDDDDDDDDDDDDDﬁu(t)DD
gbobgooboooobooboboobooooboboboobooboobobobobobobobo
gogboboobbooobooobooboo3booobbuoobbooobooobobooobobad
gooo

(a) DO0OD0OOOODODO0DODOODODOOODOOO
(b 0000000000000 O0OOOODOOOOOOOOODOOO
(c) t=0c0000000000

D000 ()0000000000000000000000000000000 aa, a'af, afa,
a'lad c000000000000000000000000000000 |po(t))=>pm(t)|m,m)
000000D0000000000000 ()000000 pi(t) = ped (i) D00 Tr[po(t)] = 10
(i) 00O (p|po(t)|e) >0 forany [¢) 00 0000000000000

pm(t) = p:n(t), me(t) =1, pm(t) >0, (12)
(Au) " =—Ha(t), (1|0 =0 (13)

000000000000000000000000 A,(¢)0300000000 n(t),w), ()
00000000

HAQ:HAU<Ma—am)+muw@w+awT—ﬂa—aa—1)

. . n(t) ;. T+2n(t) (v,  _s.
+iv(t) (aa + Tn(t)aTaT IO {aTa + aTa} - 1) (14)

0000000D000000000000000 »($)0000000000000000000
00000000 20000000000000@#)00000 (I]alalp)00000000
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Pralt) = 2t { (m + Dpuns1(6) = (2m + Dpra(t) + mpr (1)} (16)
0000000 gu(t) = vm+ {1 +n(t)pni(t) = n(pn()} 000000000
dm(t) = h(t)\/m+ 1 {\/m+2 gm+1(t) —2vVm + 1 g (t) + VM G- 1(t )} (17)

DDDDDDDDDDDDDDpfﬁl:(1—6_5“’)6_5meDDDDDQﬁ?zODDDDDDDDD
DD(C)DDDDDDDDDDDD mUOd04O000 qm(oo):ODDDDDDDDDDDDDDDDD
gooooo«tonooog qm(t):ODDDDDDDDDDDDD (17)DDDDDDqu(t):O
000000 pri(®/pm(t) = n()/(1+n(#) = FO0000 pu®) 0 palt) = (1 — FE)F()
gooooooooooooooon
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FEF® Thermo Field Dynamics ICH (T 5
EEEFLICE DWW Dirac 5 DHEE

KB K —, RRHERIZE
IR REENG]MA T 1 7THEME L v & —

1 EL®IC

B, SEIERNTICTEWTIFEABIS QM AT 72HLD %H&?ﬁﬁi’ﬁhfh‘é. ZDk> E#EIZ@?IE
Rz LIMOPATHE S IZIE, BRI ERF O HHEZ LIRS HOHk S, FERFE RO
DEFMPBELRD. TOHRTERIZ, RTOERPHEBEEMES IS5 @A VF— %fiiﬁgﬁﬁ‘ﬁ@bé
FEEHB R O IE, M FRIN7ZRIGIC &K > TRl SN HERAHE L 72 5.

Fx DTNV — 7L, EREFEROBGOE FiHD O & DTH S Thermo Field Dynamics (TFD) #
FIXGREE 2 AW TR 975 Z 12 & 0 ERLEFE 2R & O BIEFH R OMEE 21 5 223 5 720 OHFFEIZHL
DA TE 2,

TFD % MR ~HEIG T 5121, BOEf R TOMGE % IL5R U 7296 TFD L IFIEN 5 B A H W S 1
5. TN E IR RTINS 2904 TFD O AL, MR HFMER S 5 — 512k U TiE¥RE 7k
RV ADBRIBEI T Wz [1]. LA L, fHxERNZREREA D T =5 Dirac %‘, Gauge HIZB L

TRELZBNHGP DB S T WD o 72, B2 [2] T, FEFH TFD (28 1 5 XGRS Dirac
Bk, MXERIEZ MR T 5 FIREIE  BIREIEA TN TN E LR L TRV F— .ﬁfﬁ’i’%ﬁt&) 210l
MRREMFERT T IV T VOMEINETH S LERMIN TV,

ZZTHXIE, TO&DnMEEFERT S LI & 0 I TFD O HiEE2HNGmNEE AT 7 5%
Dirac ZIZ6 UTHEE S 22 HINE L7258 &2 7o 72, ARlE, X8| oL ea—ThHs. 72, K
RCH-> TWVWBIFEMRIE—HE SR 2 EL TW5E, M TFD (I2BWT, MHRNEEZERA D T —15
X Dirac %72 & OEM 2 K D551, FERIICEABRO FIETHIEZ1T S HENTE 5720, BUF TIEMEN RN
Dirac %126 U Ciin 217 5.

2 Thermo Field Dynamics

Fd DIz, TFD OFMAIZ DWT I BHIZHIHT 5 [4]. TFD %, BEOHO&E FHMiTHRbHON S a
HEFIZMAT, 0o #HET LML RRHBERERNZ T FIVLEAET, a ICXo THwIHBIND.
[ap, al] = [a,,al] = (27)36®) (p—k), [ap, L] = [ap,ax] = 0. 7=, BOWHEFEL, o HHTOATHERI
ENINNZT Y, H, LaHBETOATERINEZNINV =T Y, H, ZHVTERINZNAY FAIL R
=7y, H=H-H, &0 EHINS. 22T, HiZ, NIV I=7Y, HEFILXHE LIRS BRI
O HEWZHETDWT WS, X 5T Bogoliubov £, £5(t) = B(ny)*Pal(t), £5(t) = ab(t)B~(n,)"*,
LIPIENALHO N CHAREE T, ¢ E2BAL, ZOMEFICHNT 5 EZRIE, £)0) = 0 % B E%
KL LTEHTS. 512 TFD TIE, HZEEE T, A OBMLIIAHEIL, BWELREIC X 28k
i, (9|A9) ic&vHERxE6ND. 22T, BHRIZENZHEHETOERDR, o, a1, HEFLFVXEET%
205 DRY PVERR TR U —HIERE, af(t) = (ap(t) a)(t), ag(t) = (af(t) —ap(t))” ZHEKL,
72, B(n(p)) XU B~ (n(p)) i$E4H# Bogoliubov 1751 & I % B4l “HIHKRBUZ 2 51752 £ S, T
DL &, #H Bogoliubov ZHUZEIN/ZZEHNT A — &, n(p) BENBR TS HELTERAOND 20
TFD Tl E OB 2 R E D ATl <, BN Bogoliubov 2 H &+ BN 7RE L BIfR L T
W5,

I TFD % PR AHRER U 7- B0 T & A IV TFD 1%, BUPHER TR LU 2 WA Bogoliubov
BHDINT A =R, n(p) 2 FEREIMIFT 287 A =&, n(t;p) NMEET 2FHIZED 5605 5. 20D
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LE, EERFCEDSVTERSNAEET, af(t),as(t) DTHIVF —EAMIZIE, FEICHRETT 5 5
] Bogoliubov Z#aD 52 %1Z X D #4#] Bogoliubov ZH#/XF X — &, n(t;p) 0 DFGNBI, T OITHR -
HEEAE T, HCF LI RV —EHEZFFOHEPH SN TS [6].

22T, ERC HEBEE TP EWICE L WIRVF —EEEICES FICEE TS L, IS oA T M
AEDETHRINEE, ¢a) OBRMS HRRIE, o) = C(Vo)r(z) DESRET, TXVF—FEE
BI85, C(V,) 2%, m(x) DIMUNL K D578, BORERBABEAE NI LY~
FEAE ORI DIFEERONIN =7 VERICER TS 2 ks, HETO IO XS 3 MEE
ZRAUT, MHXEREHIER T T =51, RO LS TR0 RRCE ENBHE T, af(t),a)(t) %
M RDEE T ANE S - TEAI NS [3).

3
¢*(z) = /d }{ )P 4 (rya (t,)T) e PTY (1)

ZDrE, MNP ERD T =GRS HHANIV =T v,
HQ = I:IO - Qa (2)

i, BOEERTHENSEHEA IV =T Y, Ho AT, BT, af(t),al(t) O 30X — A I 2
Bogoiubov Z#iD /X T X — &, n(t;p) MODEFLGEZEL=D, FilZBN AT v X —THEIFIN D 2R
5 A — R OWEMNEE ELHE, Q « n(t;p) BN,

3 JEFM Thermo Field Dynamics IZ 8 i+ 2 5B Dirac 3%

mu$m%?ﬂ%a?5mﬁ%%DMm%’Omft&é.me%ﬁ,ﬁ%tﬂTéﬁﬁ%,@@L@u)
RIS BT, bS(t), b5 (t) D 2 MEHOHRA 72 & > TRl T 0. JEFM TFD T, Zh ok
¥, MOKKTOEETIZ, %M%*@E&élﬁfﬁ ZHRAFE U 72 2L Bogoliubo /8T A — X2 L A48 1%
ZFB. 22T, RFEEFICT AT A =R % n (t;p), MRFHEEFIZHTEEHNT A —X
Zn_(hp) Lidd b, $5L, INSOEAFOTILY—FEAEHICIE, THAN S5O L & LRk
REEIZAKIZ T B AN T A =X D5 DEFLEWEND & 51272505, Dirac HDEAN, KT, KR FHEET
M, TNTNRRDEHNT AL, ny(t;p) (TEDHFEEZIT B0, HWIIRZS T3 F—FAE%
Fo&>itks.

INSDEAETZHWT, EEHERITE T 255 Dirac 4,

o= [ G5 = mZ{ U (p)eP® + (raby (1)) 0" (p)e~ P 3)

ZEATEE, ZDHIZ aiﬂéﬁﬁﬁﬁ,w+tﬁﬁﬁ,”w,®liw¥—ﬁﬁﬁﬁﬁwﬁﬁﬁétb,
BRI AR, Y(2) = CL(Vo)Uy (@) + C_(Vo)v_(z), @& 512, B EHREIE & AEBIE 2 5
BRI, Co(Vy) &b ahhizieins, Zokzd, REREARERNE NI ¥y L7 HREA L OB H
BHCIZ7 <720, Dirac BRI NIV N T VERRIZEH T2 e TERL LS. 2O &S xR
] Dirac %@ EIRENIH & AIRENIHA B72 5 T 3V ¥ —[EAE %2 RO 5 & 2 ME S, ik [2] TH iR
NTHH, ZOZ oI TFD T, Dirac 52> 2 IFW#ichs e INTE7Z. LrL, ZOIE
IREE & AIRBNIEHICA SN D TR X —EAEO AR B, B Bogoliubov 3T A — X, ngy(t;p) D
BWDRNTH B0, HEROHFIZZDERN T A —ZDEVEGIRT HHEEZ S FLHEATHZ ITLD,
%@%%%@tﬂ%ﬁaﬂ VI T VARBRETELDTIIRVWNAEEZZEHIEERS.

ZT, 5 —EHEFEHE TFD DIV M=T V2R TAS L, LICEREZES1IC, HENINV =TV
() 1F, BOEMRICEINBHBANINLV =T Y, Hy AT, BEICKET 2288185 X —&, n(t;p) IZ
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L 2HE5EZITCHNAY VR—IE, Q2EATWS., ZIT, FMEAHT—BHI{T 2EM A Y v X —
IE % £4f) Bogoliubov 241 % 2 1) 72 H{ T, &,,§, CRMTILUTOL TIN5,
Q o n(t;p)&el, (4)

HMEZ 71 5 =5 D56 1% 1 R D EH) Bogoliubov BN T X — X DA THERMPFE I N L7280, LFLDOE
A R —IHIZEONIN DT U EBEST S Z PR T W,

UM U, Dirac BOEGEITIE, ne(t;p) D 2FEHDEH T XA =2 0B ND 720, ZHNT A — X DIFEH
2GR T 2T VXA —IHE 2 DB L5, DX S 7% Dirac BT T 2B AT v X —IHIZ
#H) Bogoliubov 2% 2 7oKL - ORI FHBT, &, mp OMSIMEZFHALTUTO LS ITHEASI NS,

Qn o (ny(t;p) +n_(t;p)) (§5€ + nlip), (5)
Qe o< (ny(t;p) — n_(t;p)) (5€) — nlitp). (6)
ZOEIITEAINEBAKA Y VR —IH, Q=0,+Q., \Z&>T, Dirac 5 DIFEFEEIZHN B ZLH S

A — R OWRRRIENE %2 Sl 3 2 FHAHR E, Dirac DNV b =7 Vid, BOEHRICENE NIV =T
¥, Hy Z2FIVT (2) RD X3 1z&£E N 5.

JEPM TFD Tl%, HEMEHZ GALROREFEEZIRTE2NINV =T VI, BPEHRTEZSND
NIVPZTUICEDEHRSI NG, BEMRICBITBZEBNINV =T >, Hy, LHEFAANILV =TV,
Hing, M5 HAH NIV R =T ¥ 2 IEFH TFD TRONBHAMNIN =TV, Ho it k> TRATS L,

H = Hy+ Hipt = Hg + Hins + Q, (7)
LB, M TFD B BAHEEANIN N T VIZEBW I v X —THIZ L 255 %2210 T,
H =Hyu+Q, L5,

MHEOETHL VaBtIZE < A, JEFEH TFD T Chu-Umezawa D < D ZAERLE, (01€ ruu ()€ pun(t)]0) =
0, (Onpurr(®)fipun(t)|0) =0, LIEENDRMAEDO T T, KEIZEKTFT 2587 A =&, ny(t;p) BENTHEBIH
ENDRT - K FEOE BT 2EBMSNTVES [7]. TIT, BRAFD” full’ %, EBOHRS % &,
EHETZRLTVWD., 512, 26D D ZAEGZEEEBEBICR U 7ZFERE LT, KT KT
B mORMFEAEAEZ Zh TG onsd. 7, TR (3] TIREFMZE L LT, GBI E/ERBEER)
S5BoNDRAERDOEE L UT 1-loop ETMIEDOHFS 2E ML &M EiTo72. ZD#EHE, Chu-Umezawa
DL Y ZAEMEIZEIVELNLZRT - KMTEOEORMEREAERL, 1EKOFR—XhiTe 2407 2V
SRFOMEIZ L B EFRLY TV HRAE T 5 Z LA HELO SNz,

S11%, ZOEEETIZEDWIEEH TFD OFiE2 7y —JGBICa U COSHT 5 & iz, D ERD
BHOFS» ARSI NE RN Y v VAR EDEBEWVIZDOWTHRTYHL FETH S.

& 3R
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N ITHROGEVIAABRET T —F &
YVE Hh O BRGSO S AT HIEL D
W T R AR R, — W R

1997 fELH A 5 String #iw, D-brane R TR E 2724075 7 1 —
(AdS/CFT) DT A T 7135 TIFHMAL., I ELYEBFAICSHT
NTW5, YWERID @RoT” DIRGZER Y (—MBAXGR) 25 LR
TW5, ZITRYEHDOEWEZE XA THD,

YEHOEES E, BIXiEER:e (D=cE) L &E#EE n (B=pH) ZH
W7z Maxwell ARATEHABI NG, e L pDZDDNNT A=Kz WY
BEREM T TWS, WETD I 7aflBEERAZIKET N ebB &
O p O EAREEEIE IE kD 5T\ B, #il 21X Drude formula, Z Z T
(& DRI 2 I - B OBMIZEDINTITS, W DRDET IV
PREINTWVS,

FULSIEXXHR (1] 12 BD T, 74T 7 DAIKRRS, YEHOERSD
BTNV F—%

1 .. S
/d%/mugz/fx/@éwqu+wgﬁ%m (,j=1,2,3) . (1)
YET, ZIT. 3RGEEMDEE (o g9), (o g) I RFHER L BRG
OB LR TH 2, AT (1) CEET 2,

EFJ)LtE STEP 1 HRR 6, 22/ XP O 4 RorZ2Efid = 2L ¥ —
we EEE K TRE S, 4XTEHREM (0, k) OFtRE LT,
5 Z 1¥ Minkowski metric
3
ds? = —dw® + 3 dK” . (2)

=1

2D, (OCHR[1] Tl dS4 B L TAdS4 DBE BRI NTWS,)

7/t STEP 2 Z D 4 X E B RZERNC 3 2Rk i
Dispersion relation : (k')? = p(w)* (3)
EHEAD, TITIREHREZEMDEM (isotropy) % - 7z,
p(w) FEHEZEES 5, Ol ETOEE (induced metric) &
Kk

. dp
gij(UJ) = 5ij - (pp)Q y D= @ : (4)

THEZALND,
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E5J)Lit STEP 3 MEIX I 7 akE COMBEE-RIZES T
L& Bbhb, %@ﬂ%%ﬂ#“ﬁthftbx RN RE I
BMZNIIEET D, WEOET XL F—

N/" p/ EIDH %

- 1

E[A(w exp[ 2—/ \/ P? +1p2dw1 ,

where E[A(w, ; 9w, k) Ei(w, k) E;(w, k)

17w, k) B (w, k) B (w, k) } (5)
THAO6NS, o [Estring tension T, [RI]? DRtz H DO/
IRETNNTA=RTHD, BERGEM (p(0)=p(T)=p) &/ 7.
TARTOMIMEIZH 72D HME A

T
:/,/detgijd3k:/0 Vo2 + 1 pPdw . (6)

ENINIZTUVELUTREBEAOLTWS, T =000
ITIANVKE—TH 5, Eid®D E(T) iZlogh DFHDAB NS,
FIIXIRENRT A =X T HIZRDIATNS,

References

S 3R
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MEMEBICEFTOAN—ZF Y
BERRBNR T H WA REE - AR EEE e ¥ —
Bt
E-mail: nitta (at) phys-h.keio.ac.jp

FIRLSY b+

Skyrme DO L UCAN— I AU 2B L THEERIZE N EE - (1], tEmeE
KBVTM\2%ﬁ®Fk%E%®JXﬁ%:ﬁ/b%ﬁ@%fﬁhé $<ig%$ww%
BTHOLN TN, L CIEBERIZBIT D A — I 4 U RG> T2, L L7
DD, RO 3RTDAT— ﬂ‘/%ﬂﬁéﬂ’] EDZ LT LT, —H, R, L——
THHSINTRTFREZHNT, HAROIERIT — U552 N TINTES 2 & 3 BiGm & SEhR
TSN TN D, SU((2) OIEFHF —VaED Z LT, SIRIED AL —I 4%
LEBNCHL D Z LNk D,

1 ZOEBIBFEIRAA—ZIFY

T, BOEERIIBWTAT—IA R EO L IR E N TWANE L, 2, 3WIED
AH— A DIEFEITEITT 2, BRF B 2080 ETEEICTLH L L,

1.1 O(2) VU <HEEIZH T 5 Sine-Gordon ¥ ¥

bR AT — I Aol & LT, sine-Gordon #% % % % [2], sine-Gordon #7847
Lagrangian |ZIRD L 51252 615,

C— %(@9)2 _ %(@9)2 _ m;u _ cos6) (1.1)
PRI A ZE 2 D 2 LI LT, MO 2% &, =V —FBEIX
2¢ = (9.0)*+m*(1 — cosb) (1.2)
L5, ZZ T, Bogomolnyi ® hVU v 7 ZHWTIKRD X HITELZBROIBICEEIRZ 5,
2¢ = (0.0)* + m®sin? g
- (axe + msin g>2 == QmGIQSing
> 2ltsq| (1.3)
ZIT, MR UHNVEMEEZULTO X IZER LT,

tsqc = mo,0 Sing = —2ma0, (cos g) ) (1.4)

1
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INEZEREST D L

+00 1>
TSG = / dxts(; = —2m [COS §:| (15)

—00 —00

LD | FEDNCZEM O MR A TOERFMHEICL > TORRELOT MR YA )VESR & D
HDOTHDH, ER(1.3) DRESVRLT HDIE, RO Bogomol'nyi-Prasad-Sommerfield (BPS)
HTRRADHIT DL THD,

&EGimSing = 0. (1.6)

TANAF =N (1.3) DXL IICAFEETRINDTOIL, GAONTERAEED S bbbzl
F—MEWZEMN BPS HEK (1.6) 2fi/=d 2 &nbnd, 2oL, mxLF¥—|Z bRy
HIVEREDH DT> TN D,

Bz, 1% 7T

0(z) = 4 arctan exp %(I -X)+ g (1.7)

DEIIHET D, 22T, X TF 7 OMNEZRTERT, ERERELNEY 2T A RNTF A —
Z— LI TWE, ZhD hARa v VERIZ
T = [ dwtse = 2m = (~2m) = dm (1.9

LER SN S,
—HRIZIE, nEEEC ZENTE, LIROFBE FE—HFTHESIT O,

nem(St) =Z. (1.9)

X(11) TEZOND T 7T U7 %, EIRO I IIZ0Q2) I /< BRI EE X 6
j/béo

1 m?
§8Mn-8“n—7(1—n2), n=(n;,ny), n-n=1L (1.10)
Iz, (ni,ng) = (cosb,sinf) &L NT7 A ~T A4 XL, N(1L1)ITRD, 7271210, O2) Ptk
FABIEO R RS> TEY, BTy vy Lo THICHE LN TN D,

WE BRI BV CIE, Bl 20X, B{EE D Josephson #2451 sine-Gordon > 7 3 8liv b Z &N
L<EmBNTND,

ﬁ:

1.2 OB)VIURBEHIZEITAH2RRTAA—ZIF Y

WIZ, 2IRTED AT —I A 2EZD, OB3)HFMEL I~ EEZ D,

1
L= §8Mn -o0'n, n=(ny,ng,ng), n-n=1 (1.11)

2
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T, WE T3 Heisenberg AL & MR XA TV D, O3) iMtELZ WD &, FLEIRAEIFIR
DX HIZEN D,

(n) = (0,0,1). (1.12)
&0, OB) I,
G=0(3)—= H=0(2) (1.13)
EHBMICHENLTWAS Z EnbhD, Lo T, &A= — 7 X —F—ZE[]IT,
OPS = G/H = 0(3)/0(2) ~ S? (1.14)

DEDIZ2WTERKE THH Z ENbnbd,
DA —H—IRT A= —2E/] (¥ —77 v FNER) X, 2ROKRE NE—HENIEAHATH S,

T (OPS) = m(S?) = Z. (1.15)

Belavin & Polyakov IZ X - T, D bR Y /VER % b o oA FERIEE A5 A S 7 [4), SHo
ICBWTIE, 48, ZU7EMENTWAR, WERTIXZEHICA D — I A 2T TW
HTENZY, ZITIHE, 2WICAN—IF L EMESEZ LIZL LD,

F72, R 1 ROTZEM 1 RTDAR T, ZORMAEZEZDHZEHLTET, ZOLEIZ2WTA v
AL NN TR A R EMEEITTW D, (BEERO T 7 A h T, R
HALVAZ Y RN EFEHEN TS HDTHD,)

fRZRERT D720, WDOKIBRAT VAT T 7 4 U JEEE

mtiny 1 - ng (1.16)
1+ ng ny — 1Mo

EHWLONMERTH D, ZZT, widEEL TS, u=0%& u=o00D, ZINFIERH DI
N LIRS IZRGT 5, ZOurdHAWDE, F7T70 VT U IRO LI ICEZHBZOND,

u

O u*o"u

£:H:EW§ (1.17)
i, CPUERLLIFINTWD 6D TH D, (FFIZ, CP! @ Fubini-Study #t#& 4 HW 72 &KAT
H5,)
BRI A 52 RI0E ) 12X, BIOEEAVETCo=1/u ZHWD L, 77007 0%
ﬁ:é%%%% (1.18)
DEHICHLIETHTD, 22T, v=00&v=07", ZNETNEKEDOILMN & FEMH S 123
T2,
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XC, i ERC X 912, Bogomolnyi® kU v 7 ZFHWT, BPSANT LV RERD L 9,
5 o_ /dzxé’xu*awu—kayu*ayu

(1+ |uf?)?
i i D
o et o)
> |[ Za“?imf)?*ax“) =|T.] (119
MR HNVERMELULTO X IITER LT,
R

ZITC, 29THITEREOER TCORMMDICEZR 2 T-, Z0Z b, ERFMHTHRED MK
O HIVERTHALZ NS, 20O MRa Y HVEMRIL, MO EHAWIUE, kO LT
EBLZENTE D,

» C 10u*0u idu* A du
T, = dﬂwﬂ—LJ—:/————:/ 1.21
J o nae = e = L (1.21)
IIT, wiir—o—XE v 2 TH S,
idu* A du
e B et 1.
NRCEAPEE )
=7 =KD, CP' R r—7 =2k ThH I LEAEKRLTND, K (1.21) DRNT
rRa P HIVERNEL, T—F—EROF|ERLTETAHILEZERL WS
F70, bELEOnOHEHANWS L, PR U HNVEMITZKO XL HICET D,
T, = /d%%n - (0,n x Oyn — dyn x O,;n) = /52 dz' A dr’n - (9m x 9;n) (1.23)

TRV F—D TR E = |T,|(BPS N7 > R) 1%, BPS HfE=
Opu Fi0yu =0 (1.24)

D72 SND &EENCDHBENT D, FEROEIEND, z=0+iy DL IITEHREFEEZERT D
L, ZOBPSHENXIZ

J,u =0 anti-BPS
F721X O:u=0 BPS (1.25)

EESMRLENHRD, LoT, widEhEh,

u=u(z) anti-BPS
EJraEe u=u(z) BPS (1.26)

4
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NI IERIFE 72T IERIBAE CTH 5 Z E N Dd,
2T, BPSfEOLEZ LS, 1 VU MARIL, kOXII2EZHNS,

u(z) =k + (1.27)

Z— 21

TIT, »ExV Y bONEEFRTEZRTE, MIHEHEN Y Y bV A X, fHRY Y R
DE->TND U MHERTERTHY, ZnbEY U M OEFHEE (EP25 A /85 A—
X—) ThD, 5, KIIBERFMETHY, YU FDOETV 2T A TiERW, X%z, kY
U R URITRD L HICET D,

Ai

u(z) =K+ Z p— (1.28)

z i EBDOY Y FONE, NIEY Y ROV A XL UQ)NAHTHD, ZOD MR 7
IV,

T, =2rk, ke m(S?) ~Z (1.29)

Lo TS, ZOZEMbY, kEY U M, FEBFRMEICBNTS, £ r/LF—X
AL THDZ ENbND, ZhiE, YU FCMICHEERAFELRWI E2ERLTWD

WEI D Skrme TEIZHERLD 4 BEIS Y TEHE R T > U Y VAZRIFHE AT HZ & T, A—I4
DY A REFEET S L RHKD, ZHUE, R—b— - AB— I AU EIFEN TN 5, 20
B, A —I A UEICEMESREERDNGFEL TV D

1.3 O4) VU RERICEITEH3RTAIN—ZF Y

FEL UTIRARZ20A, QCD DR TV DI A TR L W 5 kBN, FLECIREE T B 5811
(Zfka, SU(2) O Goldstone(NG) Ki 23 8liL D, SUQR) WA TN+ T T TP T %, D
NG R fZ 5l T 2 IR R F—FHHER TH D, SU((2) BEOERIMEEZFHOY; U(x) € SU(2)
%)EHI/\T,

2 f2

L=—""tr (9,U0"U) = ”tr(UTa“U)2 (1.30)

LEPND, Skyrmeld, ROXIZSUR) DA TN T T T IT ANEREZMZH T ETA
H—=ArEEZ (1,

f2

L=— 1“tr@%6ﬂ8“U) + LW —V(U) (1.31)

22T, LW X Skyrme H L IEEND 4O EEATETRO LI ICH 2 b5,

LYU) = tr ([U0,U,UT0,U)?). (1.32)

32¢e2
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(ZOHEZEZZTZHAITH TEND,) N7 Vv VIR RS TH LW, 74 —7 OBE&EIZ
)

V=m?[(U+U"—1,) (1.33)

CLWOHOHENELLDT, I<ExbND,
AT—I A ®O bR a Y IVEMRIL,

ke ms(SU(2)) ~m3(S*) ~Z (1.34)
Thd, AN—IFOffE, ROLIIZEZ BN,
U = exp <M> (1.35)

r

TEZEICBT S 3RTTOMERZ ML T, r=r| ThHbD, fIXESHETRD S5 %
T, kYU NAAROEENE, BERKMEE LT,

f—=0 (U—+1y), r— o
f—=kr (U—-13), r=0 (1.36)

iR, k= 113LERMEE 2250, kX2 EITE YU FUBE CALEICER > TE Y RE
ETHALZ ERMLENT WS,

O(4) IERRIE > 7~ 8 & OBIfR & i 5 T2 D12
3
U(x) =ny(z)ls + Z n;(z)o; (1.37)
i=1

EHOBERELTRD L, ROLIICHESHIOLND,
L= % -9+ LB (n) - V(n), n’=1 (1.38)

2T, RT T /VIEE Skyrme HIZZENE

Vin) = m*(1—ny), (1.39)
LOm) = %(@n-&,n)(@“n-f)”n)—%(@Ln-@“n)Q
= %E:@ﬂpamx&m-yn% (1.40)
HFV

LEZHZOND,
F72, 2O DOBECLDOEREZIDTZOITIE, WROEANMENTH 5,

U= ( E; ) (1.41)

6
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EWIER 2D DAN T —Ha2HELT,

U, —U3 5
U= € SU(2) ~ 57, 1.42
(% w;) 2) (1.42)
det U = |U |2 + [Wy* = 1. (1.43)

2 DBECTIE, ZD2O0DANT—H% 2 sy OIEIRE & 724,

P OBV T, Skyrme 23 Skyrme H LY 2 ANZEHIL, AD—I A OREEDTZD
ToH 5, Derick DFEFIZE D &, Skyrme HB2WIGATE, SIRICDAT —IF U IFA T —VE
CT/INSLKTHEZRAX—=NTIERDH, LoT, EAEANSLSBRERNEEMENH S, Skyrme
HRDDHEZNEHXZD I EVBHRTEERYT A ABFET D,

2 MEMEBIZETEAN—ZFY

=2 TIEZ 2 ETEBEOBERN OO L LT, MW HETED L )R A —I A NER
DNERE LT,

L. 1RIED AT — I A (sine-Gordon V' U k) 1L, BI=ED Josephson 5 IZHB W THLA
HIENELMBNTWS, ZhiE, EiX2 SOBEEEKOEIHENT, Abrikosov T
H Y, Josephsonifh & FEHEN TV 5, St EiREEESAR T, LEEELFF->TEY,
Z D X 5 72 Josephson N E N D,

2. 2IRTED AT —IF 0%, e BRPHERIZEIND, EDTH), YT, BICAT—IF v
EEIL, TO2WRICDAT—IF U ZETHAENZ VL, HL<hbHOLNTND DX, &
FIR—IVRhR, BEPEIR, BIREI~U T L3728 ThH D, ROICEHGRIICTS SNT-0N0,
HRIZENTTHoTZ b bND L 91T, Hix RBMERTA D — I A N EERIC
HIALINTWD, FFIZ, IilE, AT —I A O FHEER RO CaEEEIC e~ T, &
7o, LAE VN 1DAE ) —)LBECIZBWT, EBRIITIESNTZ (6],

3. BWILDAI—IF UL, 2T DBE CIZBWTEZ LTV [7]-{14], L2 L, Skyrme
HBIRNZOIZ, —fRICIIARLE TH D, WELSE DA RTENER SN TEIN, JE
HWICHE L o7, EOVEWIEZEIZRD6WVWTH o7,

o T, Fex DI N—TIIIEFHF — DG EHND Z LT, SRIEDAD—I AV INE

EWAFET D22 L2l LT 15, Loy, ZAUTHEERE S L CRAICLEICFTE
To, FELFMLERTOREET,

o TN EITHNT, 2O BECIZEBWT, RAA VEBELN KA A VBEOEZE%Z HWT,
BIRIC AT — X A o % BRI 5 7k % olite"8 L7z [16],

FELWHHIL, X—Y0EE FEIZE ST TCWEEEXBIOBSIZEL D, RS THE LRI
DWNWTIE, FRREDAT A RER TWEZTZ& 20,

7
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1 Introduction

Chiral order parametr <¥1/J> is gauge invariant in QED,QCD.However if we
evaluate this quantity by the Schwinger-Dyson equation for example,we must
take into account the vertex correction to satisfy Ward-Takahashi-identy which
is the consequence of gauge invariance.Ward-Takahashi identity is written as

(p - Q)/LF/L(pa Q) = Sil(‘]) - Sil(p)v (1)
where I' is a three-point vertex,and S is a fermion propagator
i
S(p) = ()

A(p)p-~v— B(p)’

Reliable Ansatz for three point vertex in QED shoud satisfy Ward-Takahashi
identity.Following Ball-Chiu Ansatz[3] we have

Alp) +Alg) | Alp) — Alg) B(p) — B(q)

r =17 : e

w(@) =T, (p,q)+ 5 Vut 30— ) (p+a)v(p+9), e (P+@) s
®3)

where I‘E(p, q) is an arbitrary transverse part that can be added to the ver-

tex,without dsiturbing the Ward-Takahashi identity.

2 Schwinger-Dyson equation

In QED3 and Chern-Simon QED|2],Schwinger-Dyson equation for the fermon
propagator with vertex correction is given
d3k

S (p) = 551 (p) — ie? / SO RDL =k, @

where D is the photon propagator

s _ 2 _ s 2
Dy (p) = UGpw = DuPy/P” — i€upPp/P7)

p2‘7 MQ

Pubv
pt




Soryushiron Kenkyu

, |4 is a gauge invariant mass,and d is a gauge fixing parameter.Following
iS(p)~t = Alp)y-p—B(p) =v-p—2(p)
for 2-spinor

2B(p) = tr(Z(p)), 20*(A(p) — 1) = tr(v - pX(p)) (5)

we obtain coupled integral equation for A(p), B(p).

3 Numerical analysis

If we solve the Dyson-Schwinger equation with longitudinal vertex in QED3,we
find that the gauge dependence of chiral order parameter <ww> is very small. At
least for weak coupling it is estimated

(Yy) = —(3.2 - 3.4) x 107 3¢* (6)

for d = 0..2,here d is a gauge fixing parameter.The above value agrees quite
well with the results in [1].In three dimension QED is superrenormalizable and
ultraviolet finite but infrared singular.We find that correction enhance the in-
frared singularity of the wave function A(p) and mass B(p).The following term
in the vertex enhances the mass and vacuum expectation value

B(p) — B

SPB =P ), @
Gauge dependent term has infrared singular too.In Chern-Simon QED gauge
field has mass.So that in the Landau gauge infrared divergence does not ap-
pear.However in other gauge we find the infrared divergence as in QED3.For
2-spinor case vacuum expectation value <E1/)> is a spin density. In QED dynam-
ical mass B(p) oc 1/p?. This is modified by Chern-Simon term of the photon
propagator as B(p) o 1/p at high-energy. This yields logarithmic divergence of
the spin density <@w> oc In A;where vacuum expectation value is written as

—n_ [ @p 2B(p)
@)=~ | G T B @

For A = 10%, pu = 1.0,we get () = .08¢*,d = 0..3.In the Figures we see the
Landau gage solution of wave function renormalization Z = 1/A(p) and effective
mass M (p) = B(p)/A(p) with ;= 1 and the scale p = exp(7/2sinh(n/155).In
the near future detailed analysis will appear[6].
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Fig.1 Z =1/A(p) in d = 0 gauge. Fig.2 M(p) = B(p)/A(p) in d = 0 gauge.
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Lattice QCD at finite 7" and u
— Updates from Lattice 2012 —

PPN - BV - DB & RIE

Email: kanaya (at) ccs.tsukuba.ac.jp

2012 FE DI -5 D PG E R &5 Lattice 2012 12, A —A P F U 7D 7 AT, 6 H24 H~
20 Ho 6 HifIcb e > THMES L7z (1], BRI - AIREERR TN 0thoRER3H D, JE
REEDOK1 5% TH-o7-, HRIFEDOREHRE X Maria P. Lombardo 2377V, MkE&E DL D
LT L —N—FTEFEMICL Ea— L7, HIREERRIE Gert Aats 23, HHE 7 v I NN Vik
Ik 2AREES I 2L —v a vOREDHEREZ L 7,

Z O TIX, Lattice 2012 TOFFEZ iz LT, ARIRE - GIREEQ C DEIR O HOI D
BEZLE2L—75%, ERZHSMES, 7727 —DBEMEZHBLE 7L —N"—Hh 7 —
DI, 74— DERBe L2 Z - MEROWE D %  OMERIERE I3, T I TIERb R,
COFMEEENCTWEIHBIE, 7us—F 4 v RBELFIFEAL arXiv ICEBEINTOL AW,
EI)THD, koT, BREDPSKNXIZEAEFIHTERVL, £/, OB TIEL W b
MTERV, IVbw, Lattice 2012 ICBIF 2 FHERATA FDIFEALIX, 7LFYH 7L
b Lattice 2012 DR —ALRX—=Y [1] 687 a— FABEAZDT, EMLEHRIZZNAZSRLTY
ARV R

1 FREEEREE

X112, Np = 2+ 1 OEEOEREE QCD HEBOMEBRXEE 7 + — 7 EREOBKE L
T e, bW 3 Columbia plot 287, AHEMZ 7<) IAHOMIEPHK TS I 2
L—>avickh, u, d, s 74—+ nE &L +0E0E FiITiE QCD HERIX 1 RIEE
72hs, N 7 4 — 7 EBORHIERN R 7 0 A4 —N—th B EEZONT VS, AYH—
FRZ =02l Ialb—yavickh, 74— 7EHERPVBEN AL & 2P, 7
O AF—NN—IHIcH 2 EEZ5NT 0D,

DD LDAIE mg = 00, Myg =0T, Np =2 QCD DAA 7 NWHRTH %, Pisarski &
Wilczek 12 & 2IRPIDMETHIMI N TV L H 12 2], 2 2 TOMBBEREICIE, BTRER)
ROWREREEIC L 2AEEDIEEFN TS, HEBOWEZEZ % LT, RONHEIEER
D5, AA TMBIRD 7 L — 3=« A4 FURBED D & il U wfRiE (U(1)a) X, BTH
FICKD, 2TORETRHICEIN TS, Ul 256k E LTEELZVWET S E, Np=2
DEEITIE, A4 FNVHEBRILO4) AEVERILFEU ==Y T4 — - 77 ARETS2X
Wi e 2 EAFF S NS, iy, FHA v 27 v Py SABERIC &k 3 &, BTREOZRIZIR
JEE b5, b L, HEBEE T A TRTEE ORI T35, U)x 28
Feffective 125 ML T3 ERAE 2 LT 5L, BROIFERONHRENEHL D, Np =2 QCD DA
4 I NHEEBIZ, 2REBBHERI N 2D TIEE VA, 1 RIER &% 3 AfREEIRE 55,

X1 DEXIE Np =2 QCD DA A4 7 NVHIEED 2 RDOEHE., AXIZ 1 ROEAEZERL TWw5,
NN E X5, ZOELLREBFL TR ENICXD, WHEEHFO L= N—F1) 57 4 — -
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Np=2QCD SU(3) YM Np=2QCD SU3) YM
o0 o0
04) crossover Ist Z(2) crossover Ist
2nd 2nd
Phys. 7(2 Phys.
mg point QQ 2) J point QQQ Z(2) .
2 8 mg (| % 8
tricrit. W~ e} =~ S
point i IL
ond = Vi Np=2+1QCD <
7(2) Np=2+1QCD Z(2) F=
Ist
[ st
0 0
0 o0
0 m,, e my,

B 1: 24+ 1 7L —2"— QCD OHRIMEMHEE XS WllIHR L7z ud 7 # — 7 EHE T, it
W% s 74— 7 BB, muyg = ms DNARIIHHRE L 72 Np = 3QCD., ms = oo D _Ldiild Np =
2QCD. myg = 0o DA MlE Np = 1QCD YT 2, LMD, 74— 032 TThy 7L
72 SU(3)Yang-Mills i & %2 2,  (ER) Np =2 Dh A 7 VERIRDS 2 KA T H 2 6 0 e
e F VA4, Np=2DhA4 F0UMRIZ, O4) DZZAN—FYF 4 — - 75 A, 1 KHEEBER
DIFA P 7 (Z(2) DLZN=FYF 4 — 75 A L%%, EHOlETliZoERIZ, =&
BN E 2 5, ZHEERROEFO | JHEBHEIR O IX, ) Ginsburg-Landau A1 (@0 i)
DIFITD 6. myg oc (Mt —m)>2 D X Hic, BRLILL s tEZLNTV S, (AR)
Np =2 DA A4 7 I)VIRRDY 1 XMHEER Th 2 5EICMEIND >+ VU 4, m, OHPEINEEIER TR
DAHZALTHROVEEY, Np =344 7UVIRERO 1 RAHEBHEIR E Np =2 24 7 VRO 1
RHMEBERIZ BN S L b s, Z2OfMETIEL WA S, ZHEEFUSIIGEEE T, 1 XMHEE
FIBDWIRTAP VT« 2=2N— Y Y T4 — - FI7RER D,

7 7 AP ERZT, 2 T TDNRT R = FIRIFERRREIKAAED L D 5 ATRENEDS S %, AinidiA ~
AZ v b VRIS T 30ts £ THAITH 2MALIZ A2 VD T, 1P T aL—>a vtk 2HEE
MEEAEHETH 51,

1.1 O4) RT—=IUv¥J

W& L CHEBEBRREEZ AW T 5 LT, 2= =YY T4 =05 FEINLMARRAr—) v 78
ROMERPEELRE#N 2R T, Np=2D> 2L =23y TOW) A=) v 7BR s,
M1oEMDsF YA LD, Wilson 7 +— 7 Z{fiolzs S aL—2 a vy TIEHE I V— 70
90 FERDIE LTI O(4) A7r =V v 72 |G L Tw3 4], (M2 AXBH,) 20k, KEIh
72 Wilson 7 # —7 (clover 7 # —7) TH O(4) A7 =) v PRI N[5, 7L, £B5
SPDY T 2L —2avidT, 74— 7EHEDPEL (m,>600 MeV), A A 7 NVERIRTE S
% 2 DORERDE I N T\ S, T4, Wilson BUC X 2 S HRICH S L, 8B» 75— 7%
RELBETICE BMAEIMED STV B, A7 —) v 7ICBIL TR REZS 2 £ TItidE-

M5, 7V —23— - h A IABEER KT ETERT 2 2 LIAWETIE R, A4 7 UVHBBICET 2% Of5H
ZRZEE I, BFREOWE L HEEICRE 205038 5, FEORIICOWTIE 3] 22,
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200\t m,/ms=$;g —e—
110 e
1/20 —e—

150 | 1/40 — o 1

1/80 —e—

1.00
0.50 + all masses
° 4 0.5 1 15 2 000 b th'P® .
t/h"® 5 4 3 2 4 0 1 2 3 4 5

2: O4) A=V v 7 7AbF: (EE) Wilson 17 #—2712%k %2 7L —3—QCD @ O(4)
A7 =07 747 b 4o (th)sup = 2mga S, (w(x)m(0)) &, @t Ward-mifGESRIcHKI < <
D ZAHAEMETMENL D ZARZITo A4 F7)VEHE, (BRE) staggered M7 +—271ck3%2+1
7L=R=QCD D OQR) A7 =¥ 74 b [11]. M =i, (($y) — ZL(G3), ) Nt &, L
ISR 7 2 22 LI\ B A 7 VI,

TWwiw[6,7,8,9, 10,

KBES S 2L — a VSR B HEA TV 5 staggered BV + — 712 K 20198613, O(4) A7y —V v 7
2B U TR AEARIHIE RIS T e (2 OBBEOESIZ (3] Z2HH) | 2009 4E12 Np = 2+1
P47 A =T Ty ZHOTHES LAy T aLb—2ay2ckh, #1HTON) A7 —V v 7%
ANt 11, (M24LMEH,) staggered RO TALERED 72012 Z4UF O(4) TIEZ% L O(2) D
A=V v I ThHb, 2D, X KEL N, PHOUR staggered B 7 + — 7 THFRD R 5 —
1) /M%ﬁwé T3 (12,13, O2) DA —Y v 73R < O(4) ICE E b 2 LAKET

& (HHRKETIE WD), ZOMRIEBYIRGEHETOU) Ar =Y v PR onl 2 L 2K
%L\Hl@E%@Z%%@VTUﬁ%ﬁ<ﬁ@?%O

1.2 U(1), DEIE

b5, ST U A RS E D > T2 2 EER AL IO S 2L —>a v
DIRHET 61T 5, b L U B Teffective 1) ML 7% 6, 7 & o, § & n DFHRITIA T,
T &, oknbiRY s EWFINS,

T=4q7Y55Tq — =449
2 2
Np = 2 case : 1 U@), SU2)1, x SU@)x 1
§=q37q — n=q7q

& 6 DIHRDVHIUIEZIKTD xp = x5 VWEDPN LY (FEE D WIFFEHI N T RV) | x,

Xn EED T, xx, x5 DEFELIZIZ disconnected diagram 23& 178\ D T, BFEHREID LIk
%, SU(Np)LXSU(Np)g 23MIE$ % &, Banks-Casher PR\
R qup mq—>0

| s m2 7 p(0) M)

2P EET mENG = 75-150 M V., s 7 # — Z7EBRIZYWHAOEEICEE, 7270, t t DOlhddH 30T,
EhrhEFERIED > EREL RS,
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(VIIERE) X0, 74— Z7HEFOEGEMEDHDIE T p(0) =0 EERINDD, xr—xs 18D
L DBIR

~ x5 =% / dA j;” j_’)mQ a0 99 )
DSED I, p DIFERGEEDIR D2 FE D &y — x5 DIEDBIRT 2, A A 7 VIR IE Banks-Casher 13
PREETIRAVDS, BIZE, p~miN Ta+b<1%5% A4 FUERT ;- xs A0 E5 5
[14],

Lattice 2012 Tl, KEFA HISQ 7 # — 7 Z a7z p(\) DR 23 L 72 [15] © il o5
WL D p(N) DIFEFNTANS D3, ARREEAAED AW, 5. p(0) D my FFEZ H5 & To ik
BETCIROMEEZRL, 206 v —xs ZO0DTRRINS, Lo L, staggered Bz D¢,
Tt PR 2 0 & 70\ & BAME 2 am 128 22\, Cossu ld, 7 L —28— « A4 OV FRMEZ RRE L 72
overlap 7 #—7%, bRy —[HEHZ AN T Ialb—ary  EREHNL. 74 —70H
B2/NS T3 ET >170MeV T p(N) DIFEFRAREIC gap Z2HiD LG L 72 [16], To EH L TOHR
EE VPR ORGREE £ 5, Lin lZDW 7 4 — 27 ZH 0T p(\) DJEREAED A 7,
5 DHBAREE % m, ~ 200MeV TN, To T xr — xs PVARICZ 2 LG L7 [14], #E-> T,
BAEANCIZE 2R E LTw 5,

INHDEMES T 2L —varv i3z, HRSIE, Np =28 T h A4 IV 72V S 4 v 2{#i>T,
SU(2);, x SU(2)g 23EHE L 7556 D Ward-HifGiEEE X2 T~ &l (SU2), x SU(2)gx
DEE L 74H) T2 4 — 7 EBIRGIEDBHTINTH 2 EIRET 54613, xr—xs ZATVLE O
DYPLE O SR T OMRFED, BV oXRETHIN L 2 L 2R LK (17, 2T, m —0
E DRIV — co DESEMRZIARD . To H EZ2EQEIHET xr — x5 =0 }:fcﬁ%

iR L7212, T EETD xr—xs = 013, (P25 TIEAR v L) FEICE, Ul)a
D To 1H T effective IZEIEL TWBE I EZRET S5, 75 &, ﬁﬂ”@%ﬁ%XA“Ci)fjJ#&b)
RDIE, Np=2DAA4 FNVHERIZ1IXRTHS LEDbDNSE, T4, K1DAHEMOD 1 Kkt +
YADRRING, bLEZENTIELWVWAL, FHEDOS 21— a3y TOM4) R ON) ICRATY
BRI =1 v o T\l ?

BT 7 2NV AYDBHAL TN 7 2 34y ThiFIUL, BT o DIEDOR Z 2B L 2 #iiE
BAD, LaL, T LEAETH D, 1B L WiEiiifR 2 & O & 12, HEihkkR % 1
NIXHAIFTTH S, BRODIMRICE D, BHENZAER D6 U(1)a ORHEICEIT % fiam %z 51
ST D IcE, R ARBIKEEOMERPEETH 2 2 L BHER SIS, 04)® O(N)
DA =Y v 7, BENECHECGEREORH 2 &, X D FEMAREESNIETH 5, Z DR
WIB U T, BEEMETAFEMEDBE L, GIRERICE T 2RO X H =X L% BLET 5 08H
T2 Litkn,

2 JREFEN
2.1 staggered I A —7ICLBREAER

QCD DIRFEFFRATIE, MBI 7 staggered 7 + — 7 ZAffio 72HZE03K & (HEA TZIREEDS
W TWE, Np=2+10OYHAREFEITOS I 2L —v a VASEHRE D, stout 7+ — 27 Tl
é%:ﬁ%ﬁm%&okﬁ%ﬁﬁiénfw

S3Bnk C h 2RI T57901CiZa+b>0DHIERD 2,
472721 mENG f%fu%@f TEGEIR 2 B S 72 P AU ERNIC B X D IZEL %2 5,

4
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Lattice 2012 Tl&, Petreczky 23, Np = 2+1 D HISQ 7 # — 7 TR DR Z R L 72, &
LK L 72> T\ % Budapest-Wuppertal 7 /L — 7D stout 7 # — 7 IZ X Bf5R EDTNEBGELEL . fi
TAT —NVZ2Rd, N > 8 £ THKET 2 Ml < TIUIA—BVNS K A2 H 503, N, = 10,
12 TIHRIFAEDHPATIZ L A EA—FDIWE I N v 2 &3 Sk (18],

2.2 Wilson 87 #—7 & BIREHFER

fbh 5. 20082010 4EUH, staggered T 7 4 — 712 & ZHHEEEIRIE OWFED & | taste SFRMEDBEIL
IZ Xk AR DHIRIRE QCD ICE W T O REHE 2RO I L), BMIAMS IO 7%,
staggered T 7 o+ — 712l ZAUTHZ T, EHMRIRFES LT E W) ES H 55,
noxHEL LT, TE, Wilson BT A A 707 4 — 7 2o GRIRE - GR%E QCD
e A RNIIEFEIC e > TR T B,

Lattice 2012 Tl&, Burger 2%, Np = 2 ® Wilson 17 + — 27 & L T twisted mass 7 + — 7 %
fifi o 7 REE A FER DK R 2 MG L 72 [8], 323 x 12T, m, ~320-480 MeV & F ZHE\OFHEIEZ
D, () (FA =7 RER) DEZRDS To 20D, my ~400, 700 MeV TOIRIEFFER I
¥ 5 RS 21T o 7,

20

15 +

10

0 | N 1 1 1 1
100 200 300 400 500 600 700

3: Wilson 17 +# =212k %241 7L —"—QCD OERIREIREFERX : clover 7 4 —7
LIRS =R E W, s 74— 7 BRIZYILRGER;, ud 7 4 — 7 E R m, = 636 MeV 12
YT 5, ROBERIZ, X—FERICk 2 RREZH DT, [19]

M E, Wilson 87 # —7 & L THIDTD Np = 2 + VIREEH RO R 2 W& L 72 10, 19),
FPRIRH 2 M9 % 72 1Bl S U WEERS T IRREE [20] ICHEDWT, D EDD¥ I al—v 3
YeRAYVET, Ny BEZSH I ETHRET =1/Nya % 180-700 MeV DI c2{L I &, T
WCENZRGE L, (K3) FEEFEELE T, BEOX oSN 2 FHATE 2 & v ) FlR
D35, TOMFTIE, ILDG/JLDG RICABI LT 5, CP-PACS+JLQCD Collaboration 12
£ % my; =636 MeV ORI wiRERIN. & L TR SN, EXEYELNL D R ) EV, F
HOENMEDPHER I N-DT, RO AT v 7 Tlx, PACS-CS Collaboration IZ & %, #H AE E
DEAL DT DI S LTV 5,

SINSICOLTIE, 3] B EEBI,
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2.3 REBAERICBIFZENFvr—L - 7A—IZR
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Complexification approaches to the sign problem

H. Fujii*!
! Institute of Physics, University of Tokyo, Komaba 3-8-1, Tokyo 153-8902

The action functional of QCD becomes complex at finite baryon chemical poten-
tial, which prevents the direct application of the importance sampling techenique to
evaluation of the partition function — the sign problem in QCD. We briefly discuss
two old and new attempts to solve it, complex Langevin simulation and sampling on

the Lefschetz thimble.

I. INTRODUCTION

Direct evaluation of the QCD partition function Z(T') at finite temperature has been
successful with importance sampling algorithms in the path integral representation, providing
information of the QCD equation of state. At finite baryon chemical potential p, however, the
Dirac operator becomes non-Hermite to make the action functional complex and we encounter
the sign problem. One should remember that the partition function Z(T, p) itself is still real
postive even at finite p. In this workshop, we discussed two attempts towards the solution of

the sign problem, in both of which the configuration space is necessarily complexified.

II. COMPLEX LANGEVIN SIMULATION

The statistical sampling with the complex Langevin equation has a long history since 80’s
[1-3]. The algorithm is very simple. One just solves a stochastic evolution equation in a

fictitious time 0:

0¢(z,6) _ __95[¢]
o0 - _(5¢(33', 9) + 77(377 9)7 (1)

*
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Soryushiron Kenkyu

[e2]
ZzZzZzZ
NI
RPooOoOD

0 " sk

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
v

FIG. 1: Number density stays is independent of p beign zero as far as u < p.. The so-called Silver

Blaze phenomenon is observed.

where ¢ is the scalar field and 7 the Gauflian stochastic field with variance (n(x,0)n(a’,0")) =
20(z — 2')0(6 — 0'). The long-time average of an operator using this equation is known to
coincide with the state average in equilibrium.

There is no apparent difficulty in generalizing Eq. (1) to the case of a complex action S.
The price to pay is that, since the force §.5/0¢ is now complex, one needs to complexify as well
the fields ¢, which was originally real. However, more delicate issue is about equilibration.
Is equilibration achieved with the complex action? Is the equilibrium state correct? Hot
discussions are revived recently regarding these points. [4, 5].

In the workshop we showed the numerical study of the U(1) A¢* theory in Ref. [6], whose

action is
S = /d4x (10,017 + (m? — 1) [6]* + (6" 0agp — 040" ) + Mg|* | . (2)

The field is ¢ = (¢1 +ip2)/v/2 with ¢; 5 € R. The term proportional to the chemical potential
1 makes the action complex, and therefore one needs to complexify the fields as ¢, € C.
We show the numerical results on the lattice with size N* (N = 4,6,8,10) in Fig. 1. The
constancy of the density (at zero) can be achieved only when the complex phase is properly
treated[6]. The complex Langevin simulation seems very successful here. See also Ref. [7].
An application of the complex Langevin simulation to the chiral random matrix model was

reported by T. Sano in this workshop.
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III. INTEGRATION ON THE LEFSCHETZ THIMBLE

Once one admits the necessity of complexification of the configuration space, one may
recognize the freedom to deform the integration “path” in the functional space to improve

the convergence of the integration in the spirit of the steepest descent. A simplest example,

/ dz " = /dz e = 6”/4/ dt e = ei”/‘l\/g. (3)
—00 c —oo K

The counterpart to the deformed “path” is the Lefschetz thimble in the functional integration
[8]. Denoting the complexified fields as z, we have the action S[z] holomorphic in z. If one

considers flows

dz 0S|z

. 4

dt 0z )
from a critical point o where

oS[l| _

one finds that along the flow

GRgf[z] >0, 8In5;9[z] _0. (©)
The union of these flows are called Lefschetz thimble 7, associated to the point o. The
Morse theory dictates that the functional integration can be represented the integration on the
Lefschetz thimbles. Note that the imaginary part of S[z] is constant on a thimble. Especially,
since S[0] = 0, ImS|[z] = 0 on the Lefschetz thimble J, associated with the origin z = 0. But
there is no criterion known so far on the question which thimbles should be chosen as the
integration path among several critical points. It seems natural to choose Jp.
It is pointed out, however, that there still remains a residual sign problem steming from

the Jacobian factor [9]. If we denote the coordinates on the Lefschetz thimble as £, then

/dqb e 5@ = / dze %) = /d§ dz e 5 (7)
Jo dg
Even if S[¢] is kept real positive on the thimble [y, we have a complex phase of Z—z in general.

Note that in contrast to the complex Langevin where the dimension of the configuration space
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is effectively doubled by complexification, here the dimension of the thimble is kept the same
as the original although deformed.

We've just performed a pilot simulation with the hybrid Monte Calro algorithm for the \¢*
theory, which hints that the residual phase may be very small and which is very encouraging.
We are now developing the code to perform the simulation more efficiently. At the same time,

analytic study of the sign problem on the Lefschetz thimble is underway in our group.
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Early onset problem in low temperature finite density QCD
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7P 7 2NEFVRERT AL LTS (k=1~2ma=1~N), ANETENHD7 =
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N 1\ 2) | N-1
N 1 N
pN = 7§@+F£»' (8)
LTk, R o zolic kA TERS NSRS T 2w,
n 1 Tiln—1) a1--a an a al a 1
Fz(q)E pFiln—1) jaran biby +1"'5b1]vv7k+1"'7k1172 ...%l;n. (9)

(n|>2 brt1



Soryushiron Kenkyu

e |3 N BEDSERINIRT vV IV Th 5,

RHEE T2 0 L CBin g —oousE T hN L oM i3z nengkefioTws,
T hECN] 1Z. Ivanov IC X o TEmI Nz, —DODOMNICHMEI NS 7 2 )L I 4 VS
LHOBADWMET L EfiTdh 2 2 L 2R 2 EHHED, —F, of ) IENFREED 4 KIT
TH2, Thbb, WNHEHOERILHNE T E T OBIFER,

(P2 = 1, (10)
NP = 1 for k- =1, I~
oM = 1 for k=] > 1, (12

oM DR T 5 L RTYE D,

S50, HGHE 2 ATHFR L aIc, &2 RIKZ N2 & 2 0RBUTHIH, 1
D7 2V 3 F VIS HOB A O HEHE T O RBUTH L . WFRRED LK T D RBI 151 L D
FYYNETHEAZONS I LERT I ENHFES,

Ep &)

1] LEa—& LT, C. Nayak, S. H. Simon, A. Stern, M. Freedman and S. Das Sarma,
Rev. Mod. Phys. 80, 1083 (2008) [arXiv:0707.1889 [cond-mat.str-el]].

2] D. A. Ivanov, Phys. Rev. Lett. 86, 268 (2001) [arXiv:cond-mat/0005069
[cond-mat.supr-con]]|.

[3] Y. Hirono, S. Yasui, K. Itakura and M. Nitta, Phys. Rev. B 86, 014508 (2012)
[arXiv:1203.0173 [cond-mat.supr-con]].



Soryushiron Kenkyu

Joooooooooouoo “ogron
oodootdboodoodnd

o000 'ooooo?
0000 000000000 'ooo0oo oooo?

1 0Oood

00000000000 00oooo000o0oo0o0000D0OoDO0000D0ooDooOoOoooooO
0 (QGP) 0000O000O00O0OOODOOD QGPpUOUOULOOLDOUOLDDOOODODDODODDDODOO
010000000000 000000000000O000U0OO0DOO (RHIC)ODOOODOODO
000000 » 0000000000000 000D0ODO000DO0O000000 QGpOOOO
000000000000 00 (2,38, 4]0

O0O0OOORHICOOOODOODOOOOOOOOOOOOOO (LHC)OOoUOOoooooooo
ooo0d0 v, (n>2)000000000000000O000OOOOOOOOOOOOOOO
ooooO0O0OoOOO0oO0O0oooooooooOoDoOOCOCOOOO00OOoOoooOoOy, 0000
O0o00000o0ooO000oDoOoo00UOoooDooO00UoooDoOoOoOO0UoOoOoUoooDooOo
oo000oooOd v, 000000000000 00ODOO000ODOO v, 000000O00O0O0OO
00 QGPOODOOODO n/sOOD00O0O0O0O0O0DOOODOOOOOOO

o00bO0DOOo000DOO00O00obOOO00bOOoOO0obOoQGPOOOOODDOOODODOO
0000000000000 (hydrodynamic fluctuation[5])) 000 00000000000 [6]0
ooooooooooooooooooooooo v, OOOODOOOODOOOODOOO
n/s 000000000000000000O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0OO0OO0OOQ
oo0ooo0o0oooooo0oOoooooo0oOooooOooOoOoooooOoooOooooDoObobOoOo
0000000000 (DobooO0)0D0o0Do0ooOoOo0oooODO0OD (bo)booooooo
000 (relativistic fluctuating hydrodynamics) 0000 0O O

2 JOooooobodggd

gbobopooooobooooboboboboboboooobobobobobonoog
gbobobobobooobooooobobobooboooboboboboobooboobooboD
gbbodbboobbooobooobuooobobooobobooobboobboobboon
gboogoobbooobbooobooobooobooobboobobooonboobboon
goooooooboobooboobobogbobobon

0000000000 (Coo)oo0O00DU0DUO00OO0OODOO0O0D0ODUOOOODOOOoDOOOoOO
gooooboboboobobobooobooboobobobbbob0bDUULangevin DO DO OODO
gooooooooon

goboobooobooooboboobbuoobbuooboboooboooboooooboooobooo
gboooobooon

n = —/ d*2’Gr(x — 2')0(x") + o11, (1)
20>2/0

o = / d*a'Gr(z — x’)“mﬁ@(auﬁ)\x/) + §mH (2)
z0>2/0



Soryushiron Kenkyu

do= [ G V) + o )
20>x/0

D00w(z) 0 Landau 0000000000007 (x) 000 p(z) 000 200000000
000000000 i0000000000000000000 I(z), 7 (z), (z) 0000
0000000000000000000000000O00000+0000000000000
00000000000000000000000000000 G(zx—4)000000000
000000000000000 0M(z), dn*(x), 6v(z) 00000000
000000000000000000000000000000000

(0I(z)oIl(z")) = TGn(x -2, (4)
(671 (2)omP(2)) = TGr(x — z')Hvos, (5)
(ovf(x)ovs(z')) = TGi(x— ')t (6)

D0000O000 Gx) 00OO00O00000000000 «°<00000000000000

000000000000Gn(z) = 2060 (x), Ga(z)™eP = dns@® (z)Arel Gui(x)te =
—2k0W(2)A* 0000000 00AY = g% — why, Al = L(ARCAYS 4 AneAVE) —
lAwA®f DODODO000000000000000000000000000000000000
0000000000000 000000000000000000000000000000
D000000000000000000000 (white noise) 000 O

3 Uuobboobgo

0000000000000 000OO0O000O0OO0D0DOOOO0O0OD [7TobooOoooo
gbobooboboobobooobooooboooboooboobooobobooboboobooboon
goooobogooog

gbobodboobbooboobbooobuooboobobooboobboon

mDII+1I = —(6, (7)
TR AP (DT 4t = 2yt (8)
TijA‘uaDV;-l + I/,LH = Hiiju%. (9)

Oo0ob=uw*, 0000000000000 0DODOO000DOOOOO0ODOOOOOOOO
gbooooooboobd

Gule — o) = 3o —o)3hO(r — 7') - e T ¢, (10)
Grlz -2y = §O(o—o")9z|0(r—1) Le = A (r e, (11)
Gij(z — ) = 8% (o — )9z |0(r —7') - 7" [Te” T PP LG L)

Ubo0r0 o00booboobbOo0oboobobooboon

Atmm)iy = Jim A()feg [TV Al + 3570005, Jamey™, ()
Alm)h = lim Al [T A+ 252R)aE, | A(n)gY (14)



Soryushiron Kenkyu

T 1m._—1
007 00 000000000000 0O0O0COOO0O0DOOCOCOOO0OO0 Te_ff’dTTjk l
0o0o0o0oooooooooooon

goobobbooooboobboooooboo T%e_ -~ JUO0O000000o0ooooooon
0000000000000 0000000000 Gx)COODDOOODODODODOOODODOOOOO
gboboobboooboooboobboobboooooooboboobobooboboon

TG(x)OODOODODDODOOOOOODOOOOO (colored noise) 00 00O

4 0000OO

goboobooobooooboboobobuoobbuoobooboooboooobooobooooooo
goboobboobobooobooobobooobboobboobboobboobbooon
gbbodbbuoobboobbuooobuooobboobooobboobbuoobboon
gboboobooobobooboboobboobobooobooooboboobobooboboon
gobooobooobobooobboobbooobbooobbooobboobLbooon
gbooaood

oooQGpODOOOO0ODOOOODOOOODOOUUDODOOODODODOOUOODOO
Oo0oo0o0ooo0oO0ouo vw 0000000000000 p/sO0000D0000OOOOODO
gbboobboobboobbooobooobboooboboobboobboobboon
gboboobboobobooboboobbooobobooooboooobobooboboobboon
gobooooboooboboooboooobobooboobooooboobooboobooD v, 000
gboogbooan

godd

[1] I. Arsene et al. [BRAHMS Collaboration], Nucl. Phys. A 757, 1 (2005); B. B. Back et al.
[PHOBOS Collaboration|, Nucl. Phys. A 757, 28 (2005); J. Adams et al. [STAR Collab-
oration], Nucl. Phys. A 757, 102 (2005); K. Adcox et al. [PHENIX Collaboration], Nucl.
Phys. A 757, 184 (2005).

[2] P. F. Kolb, P. Huovinen, U. W. Heinz and H. Heiselberg, Phys. Lett. B 500, 232 (2001);
P. Huovinen, P. F. Kolb, U. W. Heinz, P. V. Ruuskanen and S. A. Voloshin, Phys. Lett.
B 503, 58 (2001); P. F. Kolb, U. W. Heinz, P. Huovinen, K. J. Eskola and K. Tuominen,
Nucl. Phys. A 696, 197 (2001).

[3] D. Teaney, J. Lauret and E. V. Shuryak, Phys. Rev. Lett. 86, 4783 (2001); nuclth/0110037.

[4] T. Hirano, Phys. Rev. C 65, 011901 (2002); T. Hirano and K. Tsuda, Phys. Rev. C 66,
054905 (2002).

[5] L. D. Landau and E. M. Lifshitz, Fluid Mechanics (Pergamon Press, New York, 1959).

[6] J. 1. Kapusta, B. Muller and M. Stephanov, Phys. Rev. C 85, 054906 (2012)
[arXiv:1112.6405 [nucl-th]]; Acta Phys. Polon. B 43, 781 (2012) [arXiv:1201.3405 [nucl-th]].

[7] W. A. Hiscock and L. Lindblom, Phys. Rev. D 31, 725 (1985).



Soryushiron Kenkyu

PNILIEBIC KB AY Y HADIREFER

(LIS 1, A 53
LN L]

1 BA

QCD MK Zf#HHd %5 2 L1, QCD OHEELHED > TH 5, HKIOMMIZIZ, 24 7 VRS LIEPHC
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T4 — 27 OEMOFHESIZ 5N 3 7=OENZIZIFXRTHEDICH L, AV VERZEI ) AAZFETIE
A YHBENCEHEG LTI L3bd b
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e mean field + mesonic correlations s mean field + mesonic correlations

e mcan field m— mean field

2: REEHHA, £ A FUVBIR, /2 7 4 — 7 H & 140MeV. [4]

5 FEOH

AWHZETIE, PNIL B Z LT XY V2 D JAZ, RETRADEEZT> 72, XV Yz ) A
ARG, A 7 IWVERIRTIX collective mode & non-collective mode #47HEd %5 Z £ 23T E, collective mode
D6 DEEDLINTH S L3bh o, ARD 7 + — 7 EHBREZREIGE6, 2 00T — FOoiHEHR%
WA, L L, R—=NLOEEDFE»SEIRTDO XY VD 5 DEFSNI W E3bh o7z,

] K. Fukushima, Phys. Lett. B 591, 277 (2004) [hep-ph/0310121].
] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961).

] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 124, 246 (1961).

] K. Yamazaki and T. Matsui, arXiv:1206.4921 [hep-ph].
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FUINTIOB A T =)L I IRIRDEE ) SALIEZ I
2 AT

FORRFRAGLE R IOR IR AR
ZOFRIT, BEHFOHM B L OEFEEIIESL bOTHS,

1 Introduction

Mg AERO S 2K 7 2 VI ZRBIEFEHZED TETND, Ty ay
NI A WM AER o2 e — s k0 BERRAEO 5% 1T BCS-BEC
crossover DB REREE L L CHEB SN TE L, £2O—F T, BRMBFE—A L FD
KENWGFRBEERIBR T DR E R 2 WD Z & T, BB AAEH D BRI 72 2 145%
ZVEDRAA B EER - FEBROB GOSN TE T, FIZ7 VI RICHERBLTAD &,
AAEIZ72 ) Dyl161  (BEEROWAR1-E— A > F 2% Bohr magneton ®#J 10 f5DJHT) D7 =
W T AZHANL 7 =V IFERNEBL ST (1], 4%, FEBROMERIZ L0 WHR-1-FE AAE
FANZER 7R 128 2 BR8N e ELERZOMEENRHL NSNS E/EIND, £,
Z ORI RN OEEEEWE LA EHOENELE L TEB Y, ZivE CHEEMRE
DTERDPS TP EREBIOMEEZ S I 2 L— N TE LN H 2,

WA FEAERH DB % 7 2V I ZRRITKE U TERZ 2232350 b FrICRAE A I T
FAZEDRREICESWTIFE SN TE TWD [2,3], 2 FEEEEEZHWZEEIZL D,
RS AT COEDZEHRETTE SND LD B 7 2 /b JIRIKDOFEIRDEFET 5 2 & 23 Fafd
SNTWD [4], AWFFETIE, 595D 513 Lo T instability DR 2 REETIZT =
IV HRIRIZHRTS 5 instability 2 < D 2 ABEDONIG D BT Do

2 Formalism

Wilson it D < 0 Z A8EZ AW T 7 = /b JIIKD 7 = /L 2 K2 D universality class T
D EERHEML LD &T DA B ITEIUE, %< D coupling 28 irrelevant T V) free
Fermi gas (Z< ¥ Z AHBD flow 23415 Z & 3 Fermi liquid description & 141k L T 5,
WL OO FIFMNE, FHEA/ER R < C Pomerunchuck instability (Z45fil 3~ % #5562 Fermi
surface TH|/173ME) & Cooper instability 235 = 2554 T, %S T % effective couplings 23
marginally relevant (272 5,

*E-mail:tanizaki@nt.phys.s.u-tokyo.ac.jp
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Fermi surface @11 < Tix, fEH® 9 H® kinetic term (ZXF s D500 1%

S, %%Z/ dz/—wT Miwn + vrljt(k)

CELENTED, 22T, kplI7 /LI EHE, SITEE, w, lT7 =14 0D
Matsubara frequencies, 1,9 1 Zspin 1/2 D7 =)L I A4 T %, decimation & rescaling
WZED Sy BPAETHD L HIZTH I LT, field D scaling dimension iRk 5H Z &N T
T, INEHANDLZETCHEMAMEMOIRLEFENZRD L Z LR TE D, DR, Landau
channel & BCS channel & FEITH 5 $72k 72 momentum conﬁguration D 4 FFHAEAEH O 2
23 marginal & 72 0 . Z DI TOMANER T irrelevant (203 S5,

PLE®D tree level Di&amlZ 355 T, 1-loop level T? scaling D 1F % marginal coupling
WZxF L CAT 9, irrelevance (2> T 6 5L EOFHEAEH 2 AL L7=RFC, 4 SAEAEERO
1-loop MIEIZRD=ZoD T 7 A v~ « BAT T T ENLRD

1o} 15} e} B
- K e, A

a
BCS =
Of/ /8/
Z 2T, low-energy excitation EAZMEBEIZ integrate out & IIVL“Cb\ DT, AR O
DO JEHE) X Fermi surface D TIZHIR STV 5, 2 . B2 1X BCS channel

(incident particles OIEB &) k k k&7 ﬁ@ﬁﬂ@)ﬁéz&)é) 12%h < 1-loop #ifi
1E1X BCS diagram O&T&H 5, BCS channel 128> Tigin T 2 & _EOMHTIZHES W T
leading contribution 87 % ¥ HH1E,

1 8 a2k ;
A0y ngﬁ,(k, k') s =2 tanh (ngA) / Vo‘ﬁ(kz, K"V (K" K

L) flow equation 255 Z LN TE D, Z 2T, aZ Eidspin indices, k72 EITHT
TR TFOEEBEZRL, ' DBDONTNDHEZITIASTL DR TOLDERT LT 5,

3 Result
A 18145 51 7- flow equation & f&4y L

V(A) = (1 +V, / dA/—tanh (ngA))

3%, ZiUE, random phase approximation 725 HENNLHEKATH YD, < D ZAHHED
FFHNTEIUCHEY T 28R 25 Z N TE L, £, 4ENEEER L7722 > 72 Landau

-1

2
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channel IZFHY T 20 25T 5 & FGELEITHE 6472 Fermi liquid B RO RNZE
P[4 BES ZENTELZ BT,

V, IZ bare coupling (ZxH&T 517572 T, bare action 2> H a5 Z £ 23T, dipole-
dipole interaction (ZxF L Ci%, &fAE#E J, J,. #uEAEEE L, &AL S T4
BERrE L

171 3
FiéZL{s{ = —(—)S+J5JJ'5JZJ;§72$(S +1)(2s+1)

g g o9 S s s
x\/(2L+1)(2L’+1)(25+1)(28’+1){ o J} S s s
2 11

1 1 2
X (HL + HL’) 012(()),1001%(’)0,L0 + (—)L10zl: HlClLOOJOCZLO'o,lo { L I 1 }] :
ZHE V., BIJ1#I72 contact interaction 23 XY ZRIRFIE 1Sy @ channel |2 superfluid in-
stability 234 ¥ . dipole-dipole interaction 73 X ELA) 72 FEIL 3 P, @ superfluid 23H % = & 23
bmoTz, Rz, 3P superfluid (MO R TIIR OGN Z E D20 E DT, dipole-dipole
interaction ¥FF O LD TH D L2 5D,

253X Ek

[1] M. Lu, N.Q. Burdick, and B.L. Lev. “Quantum degenerate dipolar Fermi gas”. Phys-
ical Review Letters, 108(21):215301, 2012.

[2] B.M. Fregoso and E. Fradkin. “Ferronematic ground state of the dilute dipolar Fermi
gas”. Physical review letters, 103(20):205301, 2009.

[3] K. Maeda, T. Hatsuda, and G. Baym. “Meson condensation analogs in ultracold
atomic and molecular dipolar gases”. arXiv preprint arXiv:1205.1086, 2012.

[4] T. Sogo, M. Urban, P. Schuck, and T. Miyakawa. “Spontaneous generation of spin-
orbit coupling in magnetic dipolar Fermi gases”. Phys. Rev. A, 85:031601, Mar 2012.

[5] R. Shankar. “Renormalization-group approach to interacting fermions”. Reviews of
Modern Physics, 66(1):129, 1994.
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BEHEEFAT 37 -V HZECHEFEDREAENLRKREE

WHSEA, FIHES A, Eigie B
FORBE, HF A, AFRE

Bm=

N RarvEEEANAFR VAP S s-quark Z2E0 7 4+ — 7HAD 70 24— N—%AKE L 7REEH
REHOTHEFEOYR, FIchETEOBEREZET S, ZOK, (i) 78 A4 — N =23 RRE
B ((3-4)po(po:JRFIEZEEE)) AL, (i) 74— 7 HAFHALTw S, v 2 00)7|<1'5FT“C“
74— MERZOPETREIDBES LD, 2Mp 228222 /R, CTh3EEEICEITS
IXVF v 7 o oMBEIC X 5 R REAFBEXOIMIL L KT 2R TH D 1],

1 FUSHIC

2010 FFICBIM S 7z (1.97+£0.04) M, DT R (PSR J1614-2230) OFF(EIE EOS I HilfR %2 5 2
FHC 2 P I T % T v 2 RIS HEET B AR IC > BRI 2 52 5 2], 6K, A~ A 7Y v FRE
DWFEE N Fa M E 7 4 — 7% 1 TR 2 E UL L T 703, ATl Frryos—aL —
Y a VRIS, 7 u R A —AN—fi ek A D, 2 OB PETENTETHEEY 2 BE RN N TN A
R0 v (s-quark) EET 2 L Bb b 720, ZOMRZWY AN~ Fa U (7 +—27M) 2#H., »
FayHIZ 2 TE 2 S TREERNB R0, RISl < =2 A <a v 2 &8 & VRIS
i L. nuclear incompressibility x = 300MeV @ TNI3u(Three-Nucleon Interaction, 3 i K D KE I, u
|3 universal 2K 9 %) ZEM L 72 3],

2 7A—VHREAER

ArVL v 7+ — 7 MICB T 2 REBHBEAZHEET 5, OKICEWINFRY — 74 =770 A
A= N=—DFREI N AT EEEOEEOFIE T 7 4+ — 7 AL XM MHAENT 2 2 LB FHlE N0
%, EEEE AR SIEC X ) BTEY (QCD) T EoB oM (1 QCD) I X % itz
FRZ 07D R TIEAA 7 ANFED AN ZE < QCD ORI L X —HiwTHh 5 (2+1)
ZL—N—F — 3+ - 7> —=3a (NJL) BERZ 3 (u,d,s,e”,u" ) 277707

8

Lxor =7~ m)a + 5 D (@0 + @sAa)’
a=0

+Gpldetg(1 +v5)q + h.c.] — J

9 (g 2
EF5(22Tild7L == X3 Gell-Mann {75, m i34 L > FER), H2HEAA 7ML 7 2L
SHHAMM, % 33 Ua(1) X2k 5 Kobayashi-Maskawa-"t Hooft(KMT)6 7 =)V S tHAAMEH %25
To B ABBRRON7 PAT A 7 2V SHAFAZERL, S22 TR7L="=IlKFL RV 7 4 —
JHNIC 2= N=Y VI RN 2 G522 ET VRN T 5, NILERPIZEENE 7 X —F 2y b EL
TN A = 631.4MeV,GsA% = 3.67,GpA> = 9.29,m, 4 = 5.5MeV,ms = 135.7MeV ZH\» % (A &
three-momentum cutoff) [4], gy DR E I FRFE > TR WVH, NJL B O QCD HK~D@EH I L D
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Gg LHIURESHETHL LB TPHIINS O
9y
< == < 1. 2.2
O_GS_ 5 (2.2)
DA CTE T LT S, ZOETLDT, BMNFMHE B PO EZH L. REHFRERXZGHET 2,
oM Ro E R E I XU, (1) BAEOPESEESE p ZIBBH L v, (ii)s-quark 1%
pr~dpy THE TS, Vw9 2/HTH S,

3 JAORA—IN—

NFERUYHEZ A =D 7B A —N—Efi kB b, 7R AL —N—ZRHAT 2 20087 X —
FELTHRIN 70 AL — N p LIRT ZHEL., p < p—T TN Fa U HOMED, p> p+T
TR + — 7 HOWEDSRD S2b, p—T SpSp+ T TEHRS TR TIINFRY L7 5 —7
DR S AT 2RWEFEZ 5, TORNZEIT 2720, BECHZEI LTV 2 0 HEARIRERYL T
TOMHD R L — X% BIRGmNEE% B L [5].

P =Py x f_+Pg x fy, (3.1)

ft:;<1iumh<p;ﬁ)> (3.2)

D& i ei\B 5 (P Fa v MIEN, Po:7 +# — 27 MEN), T2V F =% ¢ 3BI2ABIR X
D3k %, p LT IZTA—FTHEDBUTD 2 DDEMTTH (1) BARNLERME dP/dp > 0. (i)
JR AL FE TN B a U HHRIRAT p— 2T > poo

4 FER

K& 7 RRETT LA % H > Tolman-Oppenheimer-Volkov X ZE . 86 X7 P VEH G ER
D M-R relation, M-p, relation(p.:HLEE) 2 1,2((p,T) = (3po, po) ICHE) IR T, HEDIHNF

25 — | A

g, = G PSR J1614-2230
2 = _
TNIBY ===
15— g,~0
§')
=
1
0.5
ol |
8 9 10 11 12 13 14
R (km)
1 M-R relation ((p,T') = (3p0,po)) 2 M-p. relation ((p,T") = (3p0, po))
X R NEE, @A 1V squark 3 X R RER, @1 0V s-quark R
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0 D ADEE D B THiWTH

#1 Mmax/Mol(pe/po) O p, 1 71 B, XEIMRAEERE G2 5 4, BAR
F/pozl T'/po =2 A RB v, s-quark DEN L EEZE

p | 9,=Gs | g,=15Gs | g,=Gs | g,=15Gg RS %, K26 BTl 5 &) IchilEdeic
3p0 | 2.07 (5.9) | 2.18 (5.6) - — BB 2 7 4 — 27 2 &Lk y
4po | 1.93 (6.7) | 2.00 (6.6) — — BB HOBORETRLD
Spo | 1.79 (7.7) | 1.83 (7.4) | 1.82 (7.4) | 1.86 (7.3) bHEC AR HICBIFRIC O R
6po | 1.70 (8.3) | 1.70 (8.3) | 1.73 (8.0) | 1.74 (8.0) 5o KICHRKHEED (p, 1) KAFEER 1

CRT, pAVNE LR, T Ak E L,
B 20 A4 — N — D EIMEHIETEL 2 BRAERIIAEC 22 2 L0905,

b X&EO

AR L D ESHEERT 2 7 4+ — 7 HOFEBLKKNEEE» S EL 286, =XV F v Ik
By g T RETY 2M, 225 ARERNTRRI N, ZOo5A, NP vHMREAEAD
DI 2 5B R, RERE NP U HHOREHBREADFEMICEK S 2w, #2113 nuclear
incompressibility k = 250MeV DIRETTFEATH, T2 N—H L =FNZ2EZE L B WIREHEATD
M il Zf3%, L L, 2= N—=H L= EEnA v oz Es 208 % oo, hiET2
DG Z T 2RI IZEE R RE 2R3, BAMISIZ 2= N—F L ZE 05 2564 1 v i3 4pg
&#EMtbk?#\:@%EMELZ@mMGg:1®%61%M@’ﬂﬁ?%k@ 1.92M¢, LT 0k
IZiE N A Ra VFHEER T direct Urca process 23 U 72 \n72 9 MW #El Z [oliEH kR 2 AlggtE 2 £5>, L
L, Z2N—H N =N E2BRL R0 S, N X0 v 2500 BOLIEEDZ L, £10.9My DITOE
T LAl 2 Bk 7o,
SRIGERIREICHE L, $720 7 —BEEOHR LI ANTHT PETD 5,

SE 30

[1] K. Masuda, T. Hatsuda, and T. Takatsuka. Hadron-Quark Crossover and Massive Hybrid Stars
with Strangeness. arXiv:1205.3621v2[nucl-th].

[2] P. B. Demorest, T. Pennucci, S. M. Ransom, M. S. E. Roberts, and J. W. T. Hessels. A two-
solar-mass neutron star measured using Shapiro delay. NATURE, 467(7319):1081-1083, OCT 28
2010.

[3] S Nishizaki, Y Yamamo, and T Takatsuka. Hyperon-mixed neutron star matter and neutron stars.
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[4] T HATSUDA and T KUNIHIRO. QCD PHENOMENOLOGY BASED ON A CHIRAL EFFEC-
TIVE LAGRANGIAN. PHYSICS REPORTS-REVIEW SECTION OF PHYSICS LETTERS,
247(5-6):221-367, OCT 1994.

[5] M Asakawa and T Hatsuda. What thermodynamics tells us about the QCD plasma. PHYSICAL
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B A VAR HED <
WEPTOy OEmZ(kE n-NHE/EH

WHRACES A, BB P
TORHE A GURK T B

1 BA

A4 ZIVRIRICE 1) % QCD Lagrangian (I dBIER O LN)VT U(Ny), x U(Ng)r OXFMEZRD
M, TNEE D LNV T Axial anomaly B&H 0D, HEDICHENTWS, D&, HA FIVHFRED
EIFEMIRENDOFRICIE. pseudoscalar-isosinget I FTH % n' IFFHEICR DA MEDNZ N 2D, MOHEA 7
F—HEFTHE 7 K, n ICHRKREZHARZFED, LML, 2Oy OREFEERI A ZIVHFMEDTEN
Mol b JICORBIND E VS TEMND N> TS (1,2l TOTEEUFDOXIICHZTENTES, A
A T IVHFREDEN TORWIT, DA A VRO SU(3)r, x SU(3) g DXFREDNEET S, TD
L& ANT—, WA T —HETE qUq(T & T 1T 7. TL—3—17%) DXBUZ, 3,93 &£ 323,
BOTHIPIRICE>T323=8®1,%k%3%, TNHDOXRMITHBWT, 8 RHT 7, K,n ® flavor octet D
RS Uy 1 RBUC o DS T %, scalar PREIFICDOWT EEREIC 8 1C ag, k, fo & o BZFNEFNS, 1
IS T 2DT, NS I8 ORI FIE A TIVAEBICKOBODEDSENTES, Ko>T. A T)Lxt
PEDETE U 72HHIC 35U Tl pseudoscalar nonet DR 9 %, Ko T, A ZIVFREDOEIEICK > Ty’ O
HENMRKESELTEZ DR IENS, AIRBERTEAA ZIVEREOMEMN AT 5 A [34] ICKDIR
ENTVEDT, AREEINRICKD o OBHBRIEENRICK > THAT 2 EAWRENS, CTOHEEK
MTERY oy OEBNEZEROME m,y 5 m}, 1ZIEoTe T BE my, =m,y +0m ELT

mf,,2 = m,%, + My 6m + O(6m?) (1)

A5 2 HIFHEMRICKZ A RIVF— L5570 o LEEOHEFEHEBHRLTWT, EHICEKEE
(EERIBELLEIL, om oc Vo Lo &9 2 EHZERTO o-N HASFH Vo M35 N 5, TS DBEHTO
n OHEZ(LEEZENTO o/-NHAEFHADNBEBRLTWS Z EWnh 5, EHIC. BiDHEHmEK D o' OEERIEH
JENRIC K> TR T Z T ENFENEDT Vy < 00 DXOEZERTO o-NHEEHIZIIITHE T &
MREE NS, UL, HEmE EROMEICE LT »'-N OMEERICET 2 HMIZZE & A LR VDOMNEURT
BB, T THHEAATIVENEZ HOTHIRSEERTO o OFEZ(, BXTHZETO /-N BFHEAE
M7Zziind 2, THIT, KE-% o/-NHEEMAZE LI UT o/-N R i, 723 HIRREOFEEDO W REMEZ
i CE %o n/-N HFIKAEIC DWW TR, RIS & OHRFIKEETH % A(1405) D chiral unitary
approach % & &IC Uz [5] ([CHID @t 217> 72,

2 {ERALfigER

SEOFHFEICE VTR TCRI NI A VHBEZ GH, Ua(l) SFEZ IS H2 £ DRIE o B
Lagrangian %z & LICEHRZTTo 72 (6], #F o BHLE QCD D& D SU(Ny)r, x SU(Ny)rglobal XiF5ME7%z &
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K ENTED . BFINHIEDBEN OB ZFr OB TH 5,
E:%m@MWMVJ§MMMUf%mMMWLJ%MMMWQ
—Atr (xMT + x"M) + V3B (det M + det M)
+trpidy + gdetyy My + h.c.
8 ao.a ) 8 a,n_a 8 )\awa
P IRV ) v e P
CZIEMEPHTFHTHD, v BNVEVETH S,
FHS5HHICH B X IICHIRY  —VHEICK S SU(Ny) x SU(Np)p D& 5DICHNTOZRRITINA ., 5
6 THH D determinant BAHEAEHIC K > T Ua (1) MFFED Axial Anomaly I K> THNZHREIDIATN
TW3, TO determinant RHAAEHE [7, 8] TXIFH SN, XFRES QCD @ instanton liquid model I
&% 74— 06 GHEMEMNZ S LICHKENTW D, BD/IRT A—ZOPEICBOTIE, Erofric
DV FOFEEREEHE, WLV b7+ —JHBZLLICRET BT ENTE D, —/i/N) A VD
DCDWNTEINY AV EHFOMHELERIC D BI8T A—5 g DRE L 7G> TWAMN T UL, EELEE
THhAAZ)VEHRE (qq) B 35% FRERIET 5 & m HFERFOBM & Z D2 LIZhh>TW5 [4] O
T, INZBEICNNTA—R gRIRELTze TOXIWINTA—LR g ZIRET 5 TeDITIIBBNITE LD
BHREIDAF HRIF N ESEND, T Lagrangian ICEFEN TV AN & VIGESEEAEIT 5 T ki
KOTHEHATRHIENTES, TOXICREINIINTA—2EE i, BWHEPICBITS n OBEEZL,
n'-N OMHEAFHAORE ., n/-N fHEREBO KM 3 )V F— D51 H 2175 72,

3 &R

n' OEBRICDWTUFEA Tb ATz XS ITHE R T A A ZIVRFREDER /3 NS BIE L 7B A4 % C
EDHIRFEND, TOT 2P o BRZRHWTERI Uz, SURB) WHEDRH 25 51E 0 & n OEEAR
my, —my = 6B (0g) LHTEA BN, (00) BIE o BEIZHT 2711 FIVAFHEORRFE E L > THD
QCD IZH1I 3 (qq) IKBBLTWS, Ko THA ZIVHMMEDRIEICK > Ty &y ODEEEDFDV TR L
Wb %, FEXCIE strange 7 + — 7 ERICK S SU(3) WFEDHENORRND 5, LLFICHREEZE R T
714 Z )V & PR E R O BARICHH R L2 R 2R s A ZIVERREOE R TOZIT DN TR, (gg)
IEE LT 35% BERIET 2 2 EMETVEL TWADTAIENE input £ 75> TV,
7z, PEFOHEREICDWTIE 7,7 D NG boson IFEHEBZLAWVNE VDI ¢ DHREZLHABLNNAS
N5, BZELWMEKEE TS % & 82MeV OB % T EHV0h > Tz,

n'-N MHEAEHSREICE L TE. SHOTW AL o BRICIB T, Uas(l) SFtEZ H 5 DIk 5 5 (La-
grangian D 6 HH) ICK D EASNET NN B, EHICT D n/-N AN scalar HIET o DAZHAIC
XoTHRLENDED, TOHBPREDHR FOERICHAN /NS W IV F—EEE 2 % L HEEAOME
13-0.0534MeV ! EEIRTE %, T A(1405) DHMEIRREZFFD K-N RO EAEF D5 X-0.087MeV 1
ICHNB ENERHE TR > TV,

n'-N HFEIRAEI T 17510 pole DHIEIC K > THNRBZ T EMTE S, FENE T 175 OFHMHICER L, on-shell
factorization[9] & W\ TC T 17417255 L. T 175N D loop BIEDFERL D D JARIC Natural Renarmaliza-
tion scheme[10] ZfW\ 7z, n/-N M AL U TRTZ 3V F—EZE 2 5 T & CHESIRRIFIED T
filtHH EAER & 75 % 728 loop BRI AT %0 T DTHZF DD AFHZ LixZNF R 5RO T, FfET )b

2
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M1 wEhOl A Z)VEEE 2 EErhoOm T E
TS (— () /3, KRS (— (35))1/° TG B, RS ) ER, B o E

F—I3HE O IABD TR RIFET 0 S HIDOFERIZ T D Natural Renormalizaton Scheme & & - 7zl &0
5L THHIBESNIZIREETORR LIRS, LHL, TNHIEHNCEIBRTE K-N RICBUWT A(1405) ZfRHTS
BECHNONTVEFELFA L TH D, G K S GFET n/-N O T 1751723 iid % & T RV F—
& 6.2MeV., HELEIZ-2.69fm W5 T Doz,

4 FEOH L RE

SEOFIHEICK > T, FE o BRI K> TEEHRTD o & n ODERADZE(LE n-N OMEER@RE &
n'-N SRR DIFAEZMGE LT, n OEBRA(LIF AL L@ EAEE THIRT % & 80MeV FEJEkAd % C
EWIIo T, FREIAIVF—IE 6.2MeV /NS WD, 1/-N FHEIREEZ/ED 5 21 LRG| InE< T &z
RUT
LA L. SREIOFEFRIEHED AFH scheme IZ5# < fKAFT 2 DT scheme IAKTF UKW THAET 3 )L F— 72 3
L7z, iy n-NHELEHICBWTE n FOMOR FICER LETZHR DO TINZER L n/-N T *
IVF—DIRZFIRT 208N H 5, KO ERNZIHMED7HICIE diagram D loop FHEDRETZN, KHE o B
RN BWTITEBEERF O JTEEAS D TR O TIHYE o RGN DOETRIOZETNRE L 755,
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