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PHENOMENOLOGCICAL MODEL
STUDIES ON QUARK MATTER AND
QUARK STARS

ABSTRACT

In this thesis, we have investigated the properties of strange quark
matter(SQM), quark symmetry energy and quark star within several phe-
nomenological models. The thesis is composed of four parts and includes
the results of quark matter and quark stars from density-dependent-mass
models with/without considering strong magnetic field, a confining quark
model with Richardson potential and SU(3) Nambu—-Jona-Lasinio(NJL)

model with vector interaction under strong magnetic field.

Since it is difficult to calculate the properties by using PQCD and
Lattice QCD for strange quark matter with finite baryon density and zero
temperature, phenomenological models are proposed to solve this prob-
lem. We extend the confined-density-dependent-mass (CDDM) model in
Chapter 2 to include isospin dependence of the equivalent quark mass.
Within the confined-isospin-density-dependent-mass (CIDDM) model, we
study the quark matter symmetry energy, the stability of strange quark
matter, and the properties of quark stars. We find that including isospin
dependence of the equivalent quark mass can significantly influence the
quark matter symmetry energy as well as the properties of strange quark
matter and quark stars. While the recently discovered large mass pulsars
PSR J1614.2230 and PSR J0348+0432 with masses around 2M cannot be
quark stars within the CDDM model, they can be well described by quark
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stars in the CIDDM model. In particular, our results indicate that the
two-flavor u - d quark matter symmetry energy should be at least about
twice that of a free quark gas or normal quark matter within the conven-
tional Nambu - Jona-Lasinio model in order to describe PSR J1614.2230
and PSR J0348+0432 as quark stars.

In Chapter 3, we extend the confining quark matter (CQM) model, in
which the confinement is modeled by means of the Richardson potential for
quark-quark interaction and the constituent quark mass is assumed to be
density-dependent, to include isospin dependence of the constituent quark
mass. Within this extended isospin-dependent confining quark matter
(ICQM) model, we study the properties of strange quark matter and quark
stars. We find that including isospin dependence of the constituent quark
mass can significantly influence the quark matter symmetry energy, the
stability of strange quark matter and the mass-radius relation of quark

stars.

An important aspect of the compact star physics is that compact s-
tars could be endowed with strong magnetic fields. Within the confined
isospin- and density-dependent mass model for simplicity, we study the
properties of strange quark matter (SQM) and quark stars (QSs) under
strong magnetic fields. The equation of state of SQM under a constant
magnetic field is obtained self-consistently and the pressure perpendicular
to the magnetic field is shown to be larger than that parallel to the magnet-
ic field, implying that the properties of magnetized QSs generally depend
on both the strength and the orientation of the magnetic fields distributed
inside the stars. Using a density-dependent magnetic field profile which
is introduced to mimic the magnetic field strength distribution in a star,
we study the properties of static spherical QSs by assuming two extreme

cases for the magnetic field orientation in the stars, i.e., the radial orien-

—vi—



=i\

ABSTRACT

tation in which the local magnetic fields are along the radial direction and
the transverse orientation in which the local magnetic fields are randomly
oriented but perpendicular to the radial direction. Our results indicate
that including the magnetic fields with radial (transverse) orientation can
significantly decrease (increase) the maximum mass of QSs, demonstrat-
ing the importance of the magnetic field orientation inside the magnetized

compact stars.

In Chapter 5, we construct quark magnetars in the framework of
SU(3) Nambu—Jona-Lasinio(NJL) model, which is well accepted and more
common to solve the properties of quark matter, with vector interaction
under strong magnetic fields. The effects of vector-isoscalar and vector-
isovector interaction on the equation of state(EoS) of strange quark mat-
ter(SQM) is investigated, and it is found that the equation of state is not
sensitive to the vector-isovector interaction, however, a repulsive interac-
tion in the vector-isoscalar channel gives a stiffer equation of state for
cold dense quark matter. In the presence of magnetic field, gluons will be
magnetized via quark loops, and the contribution from magnetized glu-
ons to the EoS is also estimated. For SQM under strong magnetic fields
we consider anisotropic pressures and study the properties of SQM under
a density-dependent magnetic field profile which is introduced to mimic
the magnetic field distribution in a quark star(QS). The dependence of
magnetar mass on the pressure of magnetized gluons has been discussed,
and we study the parameter choice for the anisotropic pressures which can
support 2 solar mass QSs by considering vector-isoscalar interaction and

the magnetized gluon effect.

KEY WORDS: quark equation of state, phenomenological model,

quark symmetry energy, quark star, magnetar, pressure anisotropy, con-
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stituent quark mass, confined potential.
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1.1.1

AR E X R AEw 2ia i, KNS KB et e o Nk B, Kt
ML, REMHEEI R CAEN T XEE R Z], 5FkfeE. R E N 77 m,
BB IE N 2 AL A, s 2 S [H i 88 (Hubble Space Telescope)s
Rossi XHf 2T FRMI 2% (Rossi X-ray Timing Expolorer: RXTE). Chandra X4
T EMXH L BEEMEEME (X-ray Multi Mirror Mission). MR, FEHWER )
LI E R, SAEEE T (Heavy ion collisions(HIC's)) NIRATHEAE T —Fh gt
RV, 2 5mAH BAE Y51 5T 1% 4%8.  7EBNLIF) Relativistic Heavy Ion
Collider (RHIC)FICERN K Large Hadron Collider (LHC) B4R T LA MK
72 B 0% B A SR B AE O T B9 A BLAE AR, X st A 3R 2 1 B
AR TR 2 RAE X fEEARIE R, 3UE BRI A 0] LG TERAT—MRE S
RO SRR SR N R BAE R R s Y. b EAEFER T
MR TE (BEoS) FHINAMEHEREIGS H T HARAMEZ, 78 7 ;A
AR, B F 2N BT, WRSfEEE T M TFHEE, E2ESn
Yilt. BRg EORUE, h BT R AR B A R E IR A B, d, sT MR T
(Lban 1) M)A 75 i (strange quark matter (SQM) FrH ik 1 &5 7+
yiAE BT BUAROR 2 BRI BIUEE B OQ PRI AT LA i % e 1 vh 1 R AR R AR RS
H2 % 5 2 KRR A RE R B e, S e B — D EZEMRHER S, YT —A b E
P& R, FEREX T — /Nl E R, 5w ERNE R — R E R
BE/NMRZ O, XA HEE 2 EE TR, AT N — e 5 B A,
INSAX J1808.4C3658, 4U 1728C34, 4U 1820C30, RX J1856.5C3754 A1 Her X-1 , fE
HHXEEARS T EMART TR, X557 8] GEAAE MR 2 RATIACK
SCEER AR A BB T, T ORAR Y R A BAE B R K B HESh R s
B, Feale kT8RS B f s, XA LR A e 5 ol 22 45 1 1) 48 00 L 22
A 7T 77 Ir) —— By DAUGPR 3 8088 B AR B O T AR R o A AR Y s 1 4k
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AT IR X 4 BB BRSO T — RS, X ARl —.

FERAZ BT BR TR B 15 50X S, WE IS Se i R 5 se M) 50t AT
WHRLECE 2R, Wt SR B EE RN, NHEA 2 EE, RAT R
8 — T % SRR B 51N SR B MEAR 5 OS2 A 1 i

1.1.2 Erikdl

Z 55 EAF - ROR T AR T, sels ER U sR TABaF, AT AW E
ZH, ETALAZR. 8T IR THREN LK T E k. X E T B E .
TR FAEE BN A R E T ARPTER, T SRR T, eI
AT, B, FRETHSETE, PrERTEZE T, EMNET
B =1, M TXET, B=—-1. ETHBSAFHESKIMBAIIRZ HEHY:

Y=B+S (1-1)

WA

W G HATQ, W LAE H K55 /K 2P & (Gell-Mann-Nishijima) % £ :

Q:I3+BTMZI3+Z7 ([3:[7]_177_1) (12)
Hop Lo /e R IE S =70 B, 5 ra BB B3R Y AE — AR BRI #8475
TEX BB IR. fEAMETm A, wds TRNTERR, EEYEhEyEE,
PN A F Euds =RS 58, B S MRS i) & TR HeR:

ALLUEE R - 1A, /RS- RXANES B FEREER. Jr s ey
AN TR T B — SR AL BT e w, d5 e i T E A R R AR, BT EA
A AR R — AN GE R R R, B SUQ)K BRI, i m Fs5 o, sioloh =4
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& 11 IE RSB TR

AR u d S U d S

CERGIE-(0) 2/3 -1/3 -1/3 -2/3 1/3 1/3
HigmTH) | 1/2 1/2 1/2 1/2 1/2 1/2
FfieEFET [ 1/2 12 0 1/2 1/2 0

FIfIEss =m&ls | 1/2 -1/2 0 -1/2 1/2 0

A A o 0 -1 0 0 1

HTHB /3 1/3 1/3 -1/3 -1/3 -1/3

Y 1/3 1/3 -2/3 -1/3 -1/3 2/3

fhRoR, IR IR = 4Erk 2 (B (5 3 A8 it FHSU (3) Bk ik, A2 et AN 2 i F)
ERE, MRS /RSMEME (Gell-Mannfi[E), X BEASFHEA,

1.1.3 FREERYR

% 5 & i, dPT R %5 50 4B, P A B A A A% Al d B T A OR AT 7 S A2k
FEQGPIE I, HA iUk KRB IE E okt T udS e ER D, By
PASG 0K R I R EAFAE, (B2 KR 1u,d% 50 BIBOR 2 RO I A AN 2 I 24
Fud % W AR BHO AN, it Phs?2 e IO 2 LR &3 tH AL, T 7 25
. AEEQGP B AT U™ A KB Msils, T E#H EEZHE—u Tk
Hd FRIHRKN T, Prils% ri G URERE, BEMA Al REAE A AR 2 K B d,
s% SO AR R AEES, M@ 2B, NATTFRZ Dy S 1821

RIS 200, AT T = B AR B 5 5o Y ot LU U, X & R SEss BT B
LI 2] v B AR B0 Bk, MECE BRI ASA RS i, X2 — MR
I T m RE B TIN5, T 3 i, X TR B B A & T BN
EM. ##% Bodmer-Witten-TerazawaffJf215%, #F 7% ¥ i A v B QCD ¥
CGBEAH BEAE YD Msfa e s, )G, Farhi Ml Jaffe K 755 75 e W) e £
T A% o RN B IS 23 AR AR E . A7 5 s W B IR BT — R AN B TR QC D A A%
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— LT, MITH ChodosHlJaffede H T 35 44 (IMITAR LA, IX AN AY
AT R TR L AR A PR S A A — A@%,AM%ﬁﬁzmxzﬁ“%%iy%
— AN AR R EHES) 1 2R R,

MITE AR I I T — D HBAGE 2 re ot 125 AT T 28290, X B
AT PR AFRKRB S5 (u,d,s) AT (e,n) AR ESR, MTTEE H A 75 50
P Az AR PR e SR MR 7 A 1) B 1) T S 4 Hh SR ) P 9 )P 55 R

P+B=)_P (1-3)
A, S RE 2 T I ARk St mT DL ok
e=>» €+B (1-4)

Fordr 125 e W 0 R B A e % B R IA SR T L@ e vt i vk, F
BN R

kg
2
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XK gr = 2(spin) x 3(color) = 6,25 W EHHE, k&S P m) 3K a)
o BATAT LUBRDR T HCE I RIE K = 25k KRR,

MITEERE A 0] L4 5 se VD VDS T7 A, I RE I R e )5 (1 455 AT AT B
HIAIPER, B AT 2 A8 . B2 KRR EUE B IRIE 2% 75wl A, fEN%
oM, ARG T RGNS e R R ER R IEATE RS T AR D
UG BRIGE T TR EARAE, MIT 8B R INESG NS kR, =i
BHARE, BOR T PAERARYE, A IS

1.1, ERYFEHIMERER . NJL (Nambu-Jona-Lasinio) #&R#EY

AT 1B NIL (Nambu-Jona-Lasinio) F . X AN H Y 58 98 1R 25 &) Hh 25
HQCD K& RX AR, BoNE BEEMNQCDRIF REE H &, @i THAERI
ANIERLRE E. NIL B8 0 GE AR I I Mo i 1R FAEXS FRPE ) B K sk, A2 &
i 7TAR 2 0 T 5 M3z T BINJL BB )5 se My s i e oe,  IF H BB A%l i SU(3)NJLAE
A B03Y gh A S M I PE . SR BINIL B — R GG As - s & R AL e bs
EIEM Hooft Wl AL AER 7T 5 % FEIR AR P AHAR, & wdt RN 7 i B A EH E 2
ER. T ImFRAIZ HSUQ)NIJLE AR IR S e M) (u,d) iy IR g (52331

Ly = [y (i0" — meJi + Gl(dsyp)? + (pinsTiby)?] (1-7)

RXAPLRE LRI T i, b - ehr &l T =kaRs i, 2%
JESU(3)RIARIE, e B HT A i o o BE RT3, RN ERATTIIA 1 R - [R A e R &
MR E-FIAL bR EIE, Frs R IR R -

8
Ly = () —m)y + G > [(PAY)? + (Yinsh)’] — K[deth(1+75)¢ + deth (1 — 75)¢]
a=0
8

—Gral(y' 7)) + (157" 7)) = oy [N ) + (Pir" 1A )7]
a=0

(1-8)

RRMGn G Gry iR T ArE-FA e 218, RE-FeirElE. KE-[F
PR BERR G H A, BATEIMA Tt Hooft T, 2 J5#in] LA B Hadid 3718 1) 77 72
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B SA VRN ST NIL R T8,

1.1.6 ERYIFHIMERRE: R T RRE

AR AR AR A 2 B TR o1 BLID PR BN I FANTE 2 (Bt @ % 77 AR AR
D XA, EF L PR RB AR T, AR E S, S5 E LK
FELAF FH 7 2 R % 5 A U5 R BEAT AL, ot /& i 17 %5 S X E fE # e
AL, AT RAGS B R T AR A 5 T (R R R R IE O -

mMqo n m§o+92u§
2 4 672

mg = (1.9)
Hr, grBETFEINFRIMETE, m 25w ERRE, w5 s
P, X EEEE A —A TS EL EE?WWQAHjﬁ?ﬁIDﬁE#T%%Eﬁﬁﬁ%@"iE’J
R0, B DM SRR AS B B 25 H — MR Ok, A X AN HUg b 22 350 ¢
() 134,35,

N - Ton 890 8m1 890 aml
BiTp) == /TOM(Z s 0T © Z I oy (1-10)
BEBF Qo2 AT 523, H et T DU Se i 7 2 0 5 VR 45 28 T HERL IS 4
D7 FE RN AR AT 7 22 M

117 ERrYIRHMRIRE: REZERAXRE

T VR PR A R A AR Y, o PR AT DR AR AR A AT MI T AR A5 7 () 47 1]
BURAT AR B Sext TMIT 48R, S E AL IMNE LTI, LS 2
SRR, 2 NEE FEEEMACEMEA R SR KT SR
H AR AL BAERL T I 30, 45 HY 125 e ot A 1 00 1) — N R 8 ) R B
B S LRI, S R A R B SN E T NN, S
JR R AL TE TR, IR AL 1L E AT AR P AR X AR I R R R 2
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AL A E

D
mq:mqo—l——z (111)
np
K@ fiuds=WRE 50, me R MNMKRES Wi E, npls wRmNE T8,
2 MARE T, D RIERT RS YRR E RIS a0 BRI Ze AR 1A
I ABh, 2B HUE T PASE J91/3 BSL, TR T FRAT T A FH ot & JE AR OSBRI F e it 7 2
MRS AW TR R — R 5w i P R i, Hrp s T80 R, R
HEE, Rk, e SESE.

I GE T 225 10 7R 5 5 R T A

&Ip g [, gikpi
=g | —— =2 dp = 1-12
ni=g / (2m)3 27?2/0 PP = " (1-12)

Horh g RRLFAMFEIIFE, GEOCRZES = p? +m?, Bl H REA M REE %Y
5 371

kr;
- Z 972 / \/ p? +mip*dp (1-13)

i 0

[FIREE T LR AL A A RIE A, il = Jookgh:

k
M%ﬁmz+§nﬁm7 =fiy (1-14)
J

)
K

%[:ﬁ\/l—l—ﬁ —In(x + V1 4+ 22?)] (1-15)

flz) =

A FRE T, 5T b B i s RGO A2 R

B SR AN — WO TR AR SR A, WERAIIANIL — T, 2

JIEEA B B MPTEATIEA B, LR BRI 2258 — A R AR B 4

W B TRENRICAZENE LS (RN D SR E 78 XHIE
AT H — TR IR o o A B R (Y 2  52 E G

TR, TSR T, AT AT A, AT

.



— — DN(1/2)=160MeV -
DA(1/2)=150MeV

1000

\
\\

800—=

200 —

Energy per baryon(MeV)

0.2 0.4 0.6 0.8

Baryon number density(fm'3)

B 1-1: 5% A AR RAR ARG B sy AT
Figure 1-1: Thermal self-consistency in CDDM

DL VA M2 5 e 5 Bt B A A8 5 R, Ik B BRATI A 5 5 5 A S A 7R R T s
B — N BI-THIRAIS H 7 2H 5 5 5% B A S B2 BL TR i AN [R] I D2 800 B 1)
%7 BE B AU JE0 TR ARG, W T D2 = 160MeV [FIXFIEN, FT iR
HI AR A B I 250 Fe MR T REEI30MeV, 1 HLAEK T HE & Fr i N ) B8 1 B0
WU R ST N B AR R, RIS EE. B ME ST LA AR 2 [
FERIIA 12 B, BT LR ML R R HB R A& A TIRZ IR RS 7
YIRS T RE R BT, NS I AZ Y BE G A% F A0 BLAE B SR AL B 753, 51N
T BN AREE RIS, NI, AT A — S T N RREE

1.1.8  FRYIFRAIXFREENT LA

175 50 B LA AR TR, udS S ALy — AR SE, AR Z
NAEXT IR SV 5. W TEARRE AR S T o 1 12 Jo RT LS B S X AR A% 4 i 1) 15 0L
TP 37 B E AR, [RIRE B EATT AT DU P X R RE AR 280N R X AR X R 5 5
Vol gk CEein=s se sl 75 ot WIS i RE DR PR B 2847 70 1
RS TSR AR BEROR, WIS TT R, XE S O I FR RE A 5 i AN

— 8 —



§1.1 i 55 )

BTG DLRL, FATIE Hu,d Ms% 58 2 R % 0 W o IR A% 1 e 5044 TR TR s g
KRR O IHEAT FETT -

E(’I’LB, (57 ns) - EO(nBa ns) + Esym<nB7 n8)62 + O<54)7 (116)

fEIXH, Ey(ng,ns) = E(ng,d = 0,n,) /u-d-s—RE YRR TRER, Hhus
SO KL T B FEN A% e A S BRATTRT BASS H 5 e o o 18 [R) 2 Ji@ AN A B 1 2 X
*:

Ng — Ny
Ng + Ny’
HAKFREET —ng/nps nz = n, — ngr [FALREE, np = (n, + nq) /32 FHu-d
SRS EFRCE . DL RS TRI S s o LT 1 PR AR 22 Sk B T AT
BITZWMNH. BAOESER, £S5 ET, 6= 1(—1)n] eSS 5wy))i a1
VR A8 AR TR T3, XA — M ERA TR A% A o B T AN O R B 1 SR VA Y

LR L0 = —ny /.

0=3

(1-17)

T R IR FRAE R RIE R Egym (np, ns) AT AE

l 82E(nBa 57 ns)

ML (1-18)
2! 62 o

Egym (np,ns) =
FERZ T RER M T UL, [R)AL AN XS TR B 0 P o o2 ) 73 B i A ) iR R A
SR R, 2T ECHTEAAN, E15udE B SSHRIAR . R REA XK
FEOR Rl T ) R AR H /D, XA AE TN I AR BLIER R 20 1 P i b I
RIRERE, FATATRAZE H— A3 A3, X T R ARR AR % e i 2 J5 -2 m]
PRI ZIEA: E(np, 6,ns) =~ Eo(np,ns) + Eqm(ns, ne)0* I H, Z 5B
XARBE AT DAL A I8 I DA 2R 08 AR SR A -

1
Esym(np,ns) ~ §[E(n3,5 = 3,ny)
—E(np,0 = 0,n,)]. (1-19)

NEEATTE — N WA SR AN R S e B Fr 45 AR AR RE. B SRR MITAE R A,
IRAE X FRAEI E X, FRATTRT LA R MITAS R b7 0% FETE R, BT DA% RS
TEN TS FRAE IR € SCREAT SRAR I, AR BAGEAER], M EMITEERE R 15 52 )

— 9



fof H—% ik

T T T
30
§ L
[P
=
> 20
o free fermi gas
5 ]
&
2
£ 10 —
>~
wn
O | | | | |
0.0 0.5 1.0 1.5

Baryon number density(fm ™)

B 1-2: RAaEAE Rudd et esdfrae, KPS RMEARS LRE

Figure 1-2: Symmetry energy as a function of baryon number density for free fermi gas

FRE BB BRI E, BTRL, SREMITESE R I R, SEhr LAt /e K A 5 i
PR BT PR AE
FATATLSE S Y E oK SR A e B BER
k

€= Z 92 \/ p*+ mgpzdp (1-20)

0

e

Hrbm, &5 YRR ER, ke RN TOREE. RaRATHEA S 5 1
XIPRBERISE S 2 PR AR ANMITAR R R A XS FR E K -

1 V2
Esym(nB) = Eﬁ (1-21)

BEmtm = my = mg, X Ry FRu-d5 A PoKEh&. dtl, AT L
B ORISR N AR RERE S T A AR R AR, W UUEH, fEE
THCEESET15fm™ PR, XFRAESET31MeV, XANAZ 115 AR AR BE AT LA



60
I | | I

NJL-SU(2) -7

Symmetry energy(MeV)

0.0 0.5 1.0 1.5
Baryon density(fm")

B 1-3: NJLAE AR SU(2) 3 AR T 49 B ok 5 540 69 3 AR Ak
Figure 1-3: Symmetry energy for 2 flavor of quark in SU(2) NJL model

PR, e A T AT & TR

TR RS YR T NI P FRRE. X FNJLEERY, FEFHISU(2)M
AR I
L= [y, (i0" — meJv + Gl(Vphy)? + (VpinsTios)?] (1-22)
FEIXNPL IR S B, AT TR E-FA A EE, XMHA TS Swhie
B FEINL A BEAE R, T2 vl CAAS 28T B 7 R i

L =i —m )y + G(Wphr)* + (WpisTr)?] — Grv (W, Tvr)? — Grv (Yyivsmiby)?
(1-23)

XRMG v RE-FAEREENEEGE . 2/F@EdBER s, AT LK
fESU(2)NJL B8 WA 7 FE K, W LA 31 iR I (S U(2) NILA B4 6f 37 1) e & %



BoE g

3 A

eniL= Y [_F/ \ M2+ K2E2AR] + G(bu + ¢a)* = Gryv(pu — pa)* — €0 (1:24)
i=u,d kr

X Hiffegt R RERE L, BUEMAERES N THOVENME N EZRRE, £

TR FRRERII A E A, T2 AR BT HNJLAR RS U(2) X FRAE N (PR 50

P II X R -

-3, FRAEE bR B[R AL e RS & SU(2)NJLE A B N 1 5% &- R AL i %
EIH, XFE T R e R EAE X AR IR, R T AL e O R IE R R AR 2
A HE ARG TR TR E R, P LS R R BEAE AR AN PR AR A X FR RE =
ARKBA, EAIFIE, TS, &K x@ioFEncEh, Brelm
GAGETY Fr 45 H A ) B 2R SR AR 45 HH O AE R RS R AR OB — FF. X BLIRATT R
B, fEETEEESETLSfm 0, Gy FT0.50 B FRAE R BUE N59MeV, HH
1 B K SRR [FI AL i@ R BT RN T LAY R AR BE2E K T — 1

N FRAT RIS S — T UERL ISR S R AE. R T SRR A SR T
B 5k (A A EAE R NS e A RO B, R, ISR £
CEE T, FRATTHE 7 X BRBE W 70 IR AT AR O, B 48 5 BORRL 7 500% B T8 %,
Fir DA X AR BEA A DTlik, 1T 7E AR S Y [ 3R aA =
mﬁo 92/12

mqg
1.2
2 * 4 * 672 (1:25)

mq:

gfFNQCDIIRE & H AL XEEA N\ — P FERNSHE, XEX MRS, B
CAFRATT AT DL HERL AR (3G N T, ELRRTH 5 B RO PR e i B 1 M0 2
AR 2. B T-4h BATRT UG B g UK, R 748 AR R 25 HY AU AR BE 12
WG s, ERCRARA IR —— — ok, LT 2R R f) ) 25 5 R R ORI A B A P
R ON P

BUET 18— T PR 3 AR AL O X AR BE B T 4O LA R &R LR
FER AR AR AT 1R 80 BEAH SR SEBLEE AT B e, JRATAT DA ot %
FH ISR (R0 Pk R 1 A 3

1 2
Esym(nB) = 1_8\/m (126)



§1.1 i 55 )

50 I | I | I

40 — Quasi particle bag model

Symmetry energy(MeV)

| | | |

|
Y0 0.5 1.0 Ts
Baryon density(fm™)

B 14 AT b TFEBA W HRES F MR

Figure 1-4: Symmetry energy for 2 flavor of quark in quasi-particle bag model

Hofim = 5, X B R Fiu-d% e 1 S KA B T2 AT LIS H 3 FR g B
ARG R AP

BRI A T-550 AT ) LU Y, Jo B AT S A R ) 6 Bk i A 1 B 5
TL5fm™° I, G, 5 T0.50F X FRAE R HUE A30MeV, MR RS HY 4L
HIA



I I I

30
S L -
L
e
) — —
& 20 ——CDDM
5 L 1
g
£
~
N

O 1 I 1 I 1

0.0 0.5 1,0 1.5

Baryon density(fm'g)

B 1-5: A TR 2% EARKAER G F RS 40 R 9T AR A
Figure 1-5: Symmetry energy for 2 flavor of quark in CDDM

1.2 BEDTIEREENE

ZHTEATI R 75 o R 5 Y DL R MER 5 e B, SR 5 R P M 525 e A A i
WAt IA T S RS T R UL W S BRI, IR L T = s
X FRAE AL AN LA E GO T A 2R IR 1 1R SRS L 2 L S A PR
JEE (%5 T o L ) LAl AN (7] 14 AR R BF 7 33 25 e A S AT AR Bk T W R R 1
K S RIS T RE. S YIS FRAE, im0 B AE SRR %5 5 A2 LA S s 7
THERE (R K.

X B IATIN AR SR T R B R AR, fE5 5 BBRATE A A 1 R i
ONE [ Jo B PEAR R 5 e A A, N S AT RO R R, R B IR AR e PR 20 Al S g
o155 e VI I X ARBE I o, RE T 77 725 eI VDS T R AR, TR P BLgs
PR NS T2 R IRATAN T 18 R AL E R, A4 BTk 1% 5 A2 1) i
R R AN BEAR 2 I 15 AR ot 22

AR R TAR R, JATR NS e (A RUs N FRK A eV i o
MRS =& TAEE, AR FEMKNS i, [R5l L4405 i



o JEEAEH I>E T s R B AN R AR Sk A S B3R uds % T (1 47055 B S R 1Y)
AR, JAR R T R E AR R ZE 5 se A, st Mt 7t 1 A 5 5 e )
JRANS Se IR, AT DRI FEAH 9% i 47025 5 ot AT LR KRR 2 i i 25 5
VISR FRRE. & 5% se M iR 8 PR LA 25 58 B B P AR R &R

FE 2RI ) AR B3 8 80 BRI YE R, O 1 Res Rt Sip 2
M2k, RV EBRAVEN 728~ F & 1 R AL it 5 B AN AR RO 7T 37
W TR BN 2 51E S e ™ A R s i & ) e P, AT s fddds T 5 5
Yo Jot 5 a4 ) PR IEAT T8, R BEAH SRR HiR T % v 2 A IRES A 3 AT
TS RN, BAMEGE 7RG O 15 5 50 2 AR5 R L)
LR AE TR B 125 50 B AR 05 A 1 T _EBERL A0 Y. 3RAT T R B 2 Ak P sl
Y3 T e B AR AT R RS,

SRR A B BAMEA 17 A2 832 (NI R s s & 005 5 ) o ik
7 70HE, HAinN 7R A AR LR A I 5 B TR A [R5 RS T R ) 25 7]
FVECLR, SRG51E T, RE-FIALIER RN LA KA T B ok, BATTAIEA
i3 W 15 B 5 s 2 0 4t 5 % I S s Tl

S22 3Rk

[1] Lattimer J. M. & Prakash M., “The physics of neutron stars”, Science, 2004,
304(536).

[2] Steiner A. W. et al, “Isospin asymmetry in nuclei and neutron stars”, Physics
Report, 2005, 410(325).

[3] Bombaci I. et al, “Quark deconfinement and implications for the radius and the
limiting mass of compact stars”, APJ, 2004, 614(314).

[4] Staff J. et al, “A three stage model for the inner engine of gamma ray burst:
Prompt emission and early afterglow”, APJ, 2007, 667(340).

[5] Herzog M. & Ropke F.K., “Three-dimensional hydrodynamic simulations of the
combustion of a neutron star into a quark star”, PRD, 2011, 84(083002).

(6] Kapoor R. C. & Shukre C.S., “Are radio pulsars strange stars 77, A & A, 2001,
375(405).



Sl

Sepe

BT 4

[10]
[11]
[12]
[13]
[14]

[15]

[16]

[17]

[18]

[21]

[22]

Weber F., “Strange quark matter and compact stars”, Progress in Particle and
Nuclear Physics, 2005, 54(193).

Ivanenko D. & Kurdgelaidze D.F., “Remarks on quark stars”, NCL, 1969, 2(13).

Itoh N., “Hydrostatic equilibrium of hypothetical quark stars”, PTP, 1970,
44(291).

Bodmer A.R., “Collapsed nuclei”, PRD, 1971, 4(1601).

Witten E., “Cosmic separation of phases”, PRD, 1984, 30(272).

Farhi E. & Jaffe R.L., “Strange matter”, PRD, 1984, 30(2379).

Alcock C., Farhi E., & Olinto A., “Strange stars”, APJ, 1986, 310(261).
Woltjer L., “X rays and type i supernova remnants.”, APJ, 1964, 140(1309).

Mihara T.A., “New observations of the cyclotron absorption feature in hercules
x17, Nature, 1990, 346(2).

Chanmugam G., “Magnetic fields of degenerate stars”, Annu. Rev. Astron. As-
trophys., 1992, 30(143).

Antoniadis J. et al, “A massive pulsar in a compact relativistic binary”, Science,
2013, 340(3-4).

Greiner C. & Stocker H., “Distillation and survival of strange-quark-matter

droplets in ultrarelativistic heavy-ion collisions”, PRD, 1991, 44(3517).

Spieles C. et al., “Creation of strange matter at low initial temperature”, PRL,
1996, 76(1776).

Armstrong T.A. et al., “Search for strange quark matter produced in relativistic
heavy ion collisions”, PRC, 2001, 63(054903).

Berger M.S. et al., “Radioactivity in strange quark matter”, PRC, 1987, 35(213).

Chodos A. et al., “New extended model of hadrons”, PRD, 1974, 4(3471).



=i

§2 25 LR

[28]

[29]

[33]

[34]

[35]

[36]

Thomas A.W., “Chiral symmetry and the bag model: A new starting point for
nuclear physics”, Adv Nucl. Phys., 1984, 13(1).

Nambu Y. et al., “Dynamical model of elementary particles based on an analogy
with superconductivity. i”, Phys. Rev., 1961, 122(345).

Fowler G.N. et al., “Confinement and phase transitions”, PRC, 1981, 9(271).

Schertler V. et al., “The influence of medium effects on the gross structure of
hybrid stars”, NPA, 1997, 637(451).

Schertler V. et al., “Influence of medium effects on the gross structure of hybrid
stars”, NPA, 1998, 637(451).

Madsen J., “Curvature contribution to the mass of strangelets”, PRL, 1993,
70(391).

Madsen J., “Shell model versus liquid drop model for strangelets”, PRD, 1994,
50(3328).

Rehberg P. et al., “Hadronization in the su (3) nambu jona lasinio model”, PRC,
1996, 53(410).

Schertler K., “Neutron stars and quark phases in the nambu jona lasinio model”,
PRC, 1999, 60(025801).

Shovkovy I. et al., “Nonstrange hybrid compact stars with color superconducting
matter”, PRD, 2003, 67(103004).

Huang M. et al., “Gapless color superconductivity at zero and at finite tempera-
ture”, NPA, 2003, 729(835).

Gorenstein M. 1. et al., “Equation of state of deconfined matter in a quasiparticle
description”, PRC, 2000, 61(045203).

Peshier A. et al., “Equation of state of deconfined matter at finite chemical po-
tential in a quasiparticle description”, PRC, 2000, 61(045203).

Peng G.X. et al.,, “Mass formulas and thermodynamic treatment in the mass-
density-dependent model of strange quark matter”, PRC, 61(015201).



=i
BT 4

[37] Peng G.X. et al., “Thermodynamics, strange quark matter, and strange stars”,
PRC, 2000, 62(025801).

[38] Benvenuto O.G. et al., “Strange matter equation of state in the quark mass density
dependent model”, PRD, 1995, 51(1989).



BT RHUEREZEEXER (CIDDM) 5Fm IR %R
BEMES R 2

X g, RATER W TR AL e o R R R AL, 1 G R R R A DG Y
(confined-density-dependent-mass(CDDM)) @ AT #E ), FRATTHE [F] A7 e 4 i 14 n A\
B 7S A R T, SR T RIAL e R E A G AY (confined-isospin-
density-dependent-mass(CIDDM))o R, JRATHEIL T %5 504 5 % R B
HHET S-equilibrium (S5MHBAEH B F8EKM), 4t 15 a5 HAS € P A AF A
S BRI EE AR REE. AT, RS w i A SUn & R
[0 2% F& R AL R AR AR, SR FRRe, 065w 2R sz K4
BURHI A, Biedls S PRI A K 5T & ik rh 2 PSR J1614-2230 AT PSR J0348+0432 1]
R T IATHAS BT T ARA B AR H HR R0 B, #Baa iR R, X AH
U B, RIS 5w B EEE R, AR I8 ) 57 &% A K
B B 25 HIX A B — DS 0w B, IR A2 R4S G 16 o1 5 %5 B A AR i sxf N )
ST RRILEL 7 (FEREH, 7 RIS TTRER R RN, R
25 RS ORI e SR oRARIE 51 71, BT A RE R IR PRI A RBH LR 5 e B 722 S5 5D
oy BT, R ge AR R e ol &% BE AR AR Y R, 25 o B AT DAk 31 4% KB o R
I BIRATH TSR ARG T IR u-d 5 e Y58 ROR PR BE R 1% 28 /03K B H =5 50 9%
KA H S H] Nambu-Jona-Lasinio (NJL) #ERFIHAE, 7 Gefiid H K5 & ik
M EPSR J1614-2230 1 PSR J0348+0432

2.1 RUIEREZFEHEXIRERAEN
211 EHENE

245 Rk, EIARZYE. RV AT S A0 s AR 1 i) 82—,
F A0 R 7T R AR AR H A B @ 1, ke ) s A BAE IR IS DT R A
77 R AE B AP AZ G5 K R S 7 1R A 9 ) i DA B R A 4 38 v ) S D77 i) R RS 5 o 1)
VIR AT RS 7 2 REENEH. 21 73) /1% Quantum chromodynam-
ics(QCD) W4 S & A Jy sl AR H B ) B AR B A )iz s e . BARTIAEQCD



W RN AR (CIDDM) 5% se )i FREE A5 v 2

(perturbative QCD (PQCD)) C&{EHd &R ISR T+ BRI e, 2
FEPQCD FEAR AR MEAR P03 5L i) B4 B AT AR 1 0 TR HE, X RN IX MRS LT,
A ML QCDRHE AN, TEMILITE.  Lattice QCD  (LQCD) #fl 54
% (Monte Carlo) HANTHE NIATC T T EH 405 5 A BRI Mz (F
23O AL T AR R A FIR IR R AT, R TS A RSB S,
WA IMEHLQCD Kk, XS E—NELNTS A (e H I
R B B

FEPUERIER E R seie s B, Rt E & T hifE (heavy ion collisions(HIC’s)) %3
PATERME T — A ME— B RERE PR Z SR AN A IV SUPE B B)3& 42, BNLHJ Relativistic
Heavy Ton Collider (RHIC) MICERN [ Large Hadron Collider (LHC) C.&4#&7~ |
VF 2 R AR 22 B 40 PN iR B 1 00 T ) 9 AR T B AR SEI B BdE 4
AR T — DRSS, AR FT, sif EAR A & B B2 s MR 5 wiig
e AN HEARA B, R B ERQCD BRI TR KIE ———— X4
2 7 ORI A O AR EATE T BB A P % 5 AT RS T RE 9 ) B E BRAR AR
KRR AT R AE.

s A AR B HOVERT, EE P E TR ST, AT LB RHICH R
SRR, XA R TR B2 N 14 1 — 5T QCDAH B i B B 4n # i) &
Bk, Rl A 40 AL E I QCDIIE st X AN T7 L. 7 vy B 14508 B I X I 3L
T ) 5 R ELA'E P A o (%) A JBi 1 R P 38 e mT DA e AR ke () S8 BT GST [ Facility
for Antiproton and Ion Research (FAIR) F1 JINR [JNuclotron-based Ion Collider
Facility (NICA) kit A7 Bt — 5 (1 kh 7.

E AR R, 0% BRI 7T LG T 3RAT— MR R & E 80 B AKR
TR BEAEY R S — gk, P FREECETEER FEYR NI
(Equation of state (EoS)) JHH AN EMHEILSH T HARNIEZ, ¥k
I ER B FEh 7 BN s 0 B, RS A1 M FrEER, 2
S ik Bk, P FEARSBEEMA RS IE, XA R 2 H 40
FEREEA M, d, s=RAET (W) MERINF RS WY (strange quark
matter (SQM) TR 79, BAR K 2 0 AN 88 B AR S BRI mT LLd i 4% 4
() AR R AR, (H 25 b B MBI AN RERE A BR . — N B 5 v B IR A
&, T —ANEE R E R, R TN ERNEA, SR —RERL
e RERE/MEZ B0 XANBE AR 2 I EE T 1Y, A TE O —
SRR, HLIISAX J1808.4C3658, 4U 1728C34, 4U 1820C30, RX J1856.5C3754 Fil



§2.1  [FIAL i ot B TR AR AR AR 1) 5 X

Her X-1 , BEfFHIRLREARRGWEMAZ T TR, X570 2 1] REAFE L 2
FATIARK AR — N ARE A BRI 1, 00 B RAR B G A0 A R BT
RRMHESI R E I, R nl R T8 2 B o, XS] DM N k€ 5 50 2
2 AN EP R S 3 i W L

WEZ YRS TR 37, XK EE NS w- 550
AR ELAE 2 I W H QCDRGHTE | FIPE . A4, BFRETYRIMES T ESE
S BAL B TR, XREE NI Ts 78 Z w50 B dEEmn, 2
EFME AR 7M. BRI, Ko 195 s oA Y R T 5 o A LL /N S
TR, i, AT R A X8 Shapiro-delay B J73%, PSR J1614-2230 H5%% &
A I B R A B 7 1.97 £ 0.04M U8, dntt KR E S I A W RE S B LT IR £
BTG HERY, [RONIBSCRE R A 7 AR B 10291, 4R, Hopfg IR 2 Bk 2 ]
DLIE B4 5 B 42 58 22 (9 K BH ST (19257 5 B 1R, (EL A — RO 3 o 4% 2501 18 7 Rl
AN — LR E A BRI A B R SEI. AT A B IX S B R 3R 7R SRR — AN . T
T R ISk R B AR, v (R EAE AR R R, A RETS BR R
BEE R, XASFIHIC B = AE 9256 1996 T2 s AR 7440 B i s A B4 B &
R I — 2

1655 50 B T, u-d% 50 (1) [R) A7 5 JE XS FRBE (isospin asymmetry) 7] fg 22 1R
K, HAE# 5wy i B, [FA7 R EE W RER 715 52 4E .
FERHIC/LHC (Jf HAEAR KM FAIR/NICA SN I R REMEESLIG R, SR E T
YR, ROk, XS R I, A5 55 HROR T R T B R AR,
MR, A2 RALBEIEXT RN, i, —LEAIQCD A1 B 14 IR R4 i
IPE R LA PLQCD Fl— L pfl AR R 4 7 80301 3 LAt 52 &R R0 25 5w ) 5t 1) 1R £or
T g B PR A D%, (B R SR AN e [F) A7 e 2R = P s I i DD (0 b B 7 3%, e il 2 7E
A PR B R . PRk, RS e W 1 R i % B IR 1 2 T 1 & O B4y
HEM, 0 H, XAV S PR, B TSR T v A AR I R A R
A HIC & Red 3 B 35 T3 1 WM AL RN, A%+ B IE .

X —FRATE S T el B K5 5% o A ) R SO A5t , ok T e o X e
P FL T e B U B v Y ot LT [RI e ok B PR . R o i R A
KA (CDDM)D, fEA 205 & BImMmA 1 RIS i, AT I 75 5P i
SR AE DA B 8 RS o B PR . FRATTR B, R I T B A S Y
S B s KR/ T AR ORBH BT &, (H 2 3RAT— B3 R i€ %508 in
A TR R, 527 R NER &% A KB A LLE (confined-isospindensity-



W RN AR (CIDDM) 5% se )i FREE A5 v 2

dependent-mass (CIDDM)), i =4 M A8 F 25051 & B 0 [FIAL K #sifE, &7 7
e AV o 2 SRR R, i L e K R A it R B BT B Jik 22t T DA %5 o AR
TR s IR

2.1.2 fHEFEE

Y% Bodmer-Witten-Terazawa i 119, %3 535 wa ¥ i 7] e f QCD )
B CEAH AR D Bsfe e S, 2 )5, Farhi fil Jaffe K T #7550
W) 5 A 2 30 R ) IO R AR o RE () B A 2 AR A U9V B S e A T — RS R
MPQCDHMILQCD M HE#EWHFEFH R, RIMCLER L, XRFE AT RS WY
EEARMHEH AR AT EEFNEET RSO RAMER, AMIc&gew
& TR Z T QCDI A R ME SR, L anMITES A5 7Y [11,16,17.22,37) - Nambu-Jona-
Lasinio (NJL) 7% [21.38-401 - pQCD A i 41471 Dyson- SchwingerH 5%
Jrik 850 CDDM FRA B162) SR R SRR R [(23,65°66]  FEAR AT RS
YIREPIRAS T, B aEe Lk color-flavor-locked (CFL) 67 8L %, Hrbud,s
=R o S v i RS E AR, REAL AL, B DL =R e i L A
%, MEHTHRPEES, BTHEAE.

R R B, ] Ab B e (AR P R e B FHAE 2 . MIT 4845
RURIE (AR H B0 FEAHR AT R s BATISR AL 1 — L ARG ) Ab P25 T P o 2 AT 1)
FB. IeAh, A A W AR R U5k, BT A TS s YR AT RO
= w-Z w2 BB IR 7 AR E R %, HinCDDMAR AL ATHERL 1484
M, X —F, RATFELEFR ) ERAEFICDDMER, X AR BT A] LLdE % 8
FEA 28 FL T AN N B 380 A SR ok 45 =5 se W o i) 25 A

FECDDMAE R B i, e Bl A s i, 58 1 H 7 HCH AR,
gt TN S k.

D

mq:mqo+m1:mq0—l—ﬁ, (2-1)

IR, my RETCHIREWRE, my = 0 RERYREMEERRE, FIT
SRUYIRMEEN, XEBOENKTRCE AR, 2 £T I ER— MR,
D RRET T R E RIS H. ZHTHICDDM AR — AR Y 2 1 4%
A, BEEEE 2 =1, JFH D R TEARMIT BEEH=1F WA Ts T
J&, CDDMAERL KA T AT 575 e VR i) — 26k . AR WIS, CDDMAEAL AT Ui



§2.1  [FIAL i ot B TR AR AR AR 1) 5 X

AR EREMARE FRZEEMKR, 6 7TQCD MPANEARMMER: £ Wik
ML EHE, Wi lim,, .oomr =0 lim,, ,om; = co. X TMWAZ YR u-d
A, FAR PRI A & B AR, RN, d5 RS wiE RN E,
XA lim, , oo my = 0 o

FECDDMHL I, 5 5a 4 5t (1) A0 BLAE FH BT & SR U 1R 0% BE A O¢, W] AMEDR
WG My = Boy JR B, XA ROZ A B AEMILQCD REAT TR, Wi R BAT
el () 5 T MITLE B [ 48 5 505 B 2R MR T30 FE AR G T 2, b o 2R ek
PRz = 1/3060 ¢ X AME L 5 25 2 a8 o RE R H T A HE 5 A0 o0 T 415 B 5 AN 2k 2
P RAT 20, FF B XA J7vE © AR 5t FH R Wt 90 41 57 57 3 W) 0 AN <5 o 22 1 1 o
T BOST6E T SR IR R TS SR I TAE R, AMTREFL T AEAR K5 o o &= AR FE
ZH0A% A (1) B 75 S0 ) R (e e O R 5 T R R T AT S R R T
T CDDM % 50 B i KRB IR AEL5M, #1.8M, KRR H, XHEM1E
ZHTHAMRESET. ZBEERT, PSR J1614-2230 4 H111.97 £ 0.04M, ]
BUE AR, AR FHCDDMBER! DA% b SRR RE . FRl 2 ez = 1/3/mf e, R
A1.65M KFHBTE, 28/ T P £ K PH i &

PiE Bk, RS R I, 5 5e-5 oA RO BT FH NI 5 RE [ AT O%
Vo BT PALRAAE S, SRITKIBE TR T, oot B R 80 5% 1 PAE R B
A LA QCD RN B 45 B 50E 74751 534k, 5 sa 51 B 1) 5 - 5 ve AH BLAR
FH AT DA I 25 S0t (1077 AL AL A A HOR B fcdst s I HLIXAS B g I P th A2 [R] 7 e A 5%
176, X EERRAEIE 8 1 % SO A RO N %2 [ AL e A 55 ) —— {E 2 CDDM
o BT R B R e AR, SR AT R0 R LT ) R AT e AR % X AR T
FAVFEARE, JFHE E, XERAEMPQCDIITHERIIE . ERATIAE R L
fEE, BAET 7 CDDM B, If H+ %% = A %ol AR B 1 Rz e
FRME, AR, HAIHE T MRS H T, XAE AR T2
AREIQCDHIFGH: Wil 5t A 50 25 A [RIAL e BRPESE SR, X AL e R X AR
W1 e A s o i, ATINA 1 RIALEAER AR LS, it

My = Mgy + My + Mys
D
= Mg+ — — Tq(SDm%e’B"B, (2-2)
ng*

FEXH, Dy, o, 8 7 HRRE S 75 B 5 5e-5 707 0 BLAR K R A7 e it »
7, AR TH, EXRBRITEN: He=u@wSW)N, 7,=1; Hqg=d(dF



W RN AR (CIDDM) 5% se )i FREE A5 v 2

W, 7, =1, ®EXNT ¢=5 (s TW), 7,=0. FMNEAT LG S 5wy )
(R A57 e A X AR B P 5 SR -

Ng — Ny
Ng + Ny’
AN R EE T —ns/ngs ng = n, — ngeFANEEE, ng = (n, + ng) /32 MHKu-d
ZRMRM A ETREE. LR T ORI 7 Y m B R e X AEAR 22 SCHik B T AR
BITZ R BT RANFRER], £S5 R, 6 = 1(-1) o AES wy)n
NG 1) T A AR T, IR AN RN — R FRATTAEAZ A 5 L T AN R R B ) e X
AEN, W2 = —ng/ng.

Pntpp

FETTRE(2:2), e — Timye SR AL 1 — A Taj S AN PRBE B MER S B 2Ok A G
g voiie, JFHEHE THnL A b wdi . sebr b, AMTATBE H 2a > 088
Hoa =0 B, ZwWR KM lim,, om; = oo BT LUAR]. FHI0Ta = 0f)
oL, AR E L EA R T EE T TRRAR, S 4 — € W FE A
BER Hhh, wRp > 0, JATA LLAG Blimy, ;oo mise = 0, I HIAZARLHIHTIE B
Hlim,, , oo mg = OW AT AFFE] B, —HORU, S8aMNZERT . X TA
[FlIaf 5, AT LAR & 45 A [R] S [R] A i@ AR 5% o B 8 BE AR Ik, 3 ] A2 H =5 e
YOI A [R) B FE AR AEFRATT B AR B, BATIE S EE = se Y N AR BER —
Se gt i [ X BRI BIXHA S50, Dy XA S H00T LA SR 5 1R AL e A 5% 1)
AREZRER . RHh, TSR ERE S, XN THER, WA
ER IR 2 = 1/3, XA LU A o7 5L A 35 5 5E SR 2 1t 25 PR b 25 H
Sk 6L, BRI, FATE T LABE L — T B B #2088 v it oA [ 2 Bk B B A 1 1l
S RAT 2. IREAR, (EHE FICIDDM BAY, 515 (2-2) KA 2% 5 it
A L R, A% T BSOS AR, XA A A s AN ELAE T B R AL e AR A
PRI, 5 R (2-2) B R i AH 50 A8 2805 2 U MEAR 2 B I 20 A — i o i R ik 3K,
I HAEMEQCD RS ANR ik, B AR FAth i el BOE ZU AR v] DLRT KSR A 245 v ot & 1 [
fife, (Higm, MWEARIERIIA T EE, REENSHERAENLEh, 5
SLEEPA,  [FIALEAS K AR BE AN — S R AR I 2 50 T 2 B VA AT

0=3

(2:3)

2.2 BRMIFBIXTFREE

AZBHIE DL ), Hiu,d Ms s H RIS e B IS5 i, R LK
I TR REAT RN, SRR IE IR R AN PR BE 0K HEAT e T -

E(”Ba 57 ns) = EO(nBa ns) + Esym(”By ns)52 + 0(54)7 (24)



§2.2  F AR IR FRAE

HIXHE, Ey(np,ns) = E(np,d = 0,n,) Ru-d-s=KZwWRMEFZ TR, Hiu
5 0 R T RO FE AN A5 Te (AR S, S e YR IR AR BE I R IB K By (05, ns) FTELS
%

l 82EW(nB7 57 ns)

S LA (2:5)
2 97 |,

Esynl(nBanS> =
FEJTRE(2-4) HLTHT,  [FEHRASKI R L S FIrxt L A 2 A 1, SRR R AE S e )it 3
I, 207 FECHEAEN, 150,ds w BA I IR [FALIEA X FREE O m b
DU REEEE /DN, XASETE) TAERmE TR 208 7 (2.4) B &Hrmn
RONE, AR RAGS t — &I AT, T R R PR 5 e Y ot 0 28 J7 R2 AT LA
KHIWIEIEML: E(ng,d,ns) ~ Eo(ng,ns) + Egm(ng, ng)0%, FHH, S5 Hx
FREEAH AT DA A HbE o — T iR IA kR A -

1
Esym(nBu ns) =~ §[E(nBa 0= 37 ns)
—E(np,0 = 0,ny)]. (2:6)

BT —FEH TR ZE, TAIE a4l — N iR,
(ELAE 22 1 S B B S A5 FH AR A 1) 25 e 0 R AR e 10 A i 38 AL B BRATT IV O %
FRAE I A T 5

FEEH d, s=ERS RSy R, P8R g = (ny +nq +n4) /3,
FATAT LAGS 25 Te W o AR 408 P AR 3R 3

3

Gi - V;
- Kk = 2.
M o /0 72’ (27)

RH, g = 6CRARMEZWYRKEIFE T, vi(i = u, d, s) RAFRKRZ TR PKE)
e BE, FATATLAG Hhu, dB I TOKEEK:

ve=(1-06/3)%v,
va = (1+0/3)5v, (2:8)

wl=

X B X Fru-d5 e MR PR s, I S e RRE T B R no= 20, =



=i

FoE AR ER A CEA (CIDDM) 5% s B #REEFI 5 e &

2ngo B Iu-d-s% T I RER S L AORIE I, BATEATLA—TF 745 K.

W\H

(1-8/3)3v
Cuds = 2% VI + ma2k2dk
0
g (146/3)3 v

+ = VE? + m2kdk

2
27‘(‘0

+ 2 == \/kQ—i—ms k> dk. (2:9)
m

A (2-4) (1 [7) 7 T 5 FEE AR 2R (A 2800t B TR 3, AT AT ASRAS 5 5 W X R E )
Rk

1 0%4s/nB

Esym(nB)ns) = §T |6:0
B |:I/2 + 18mDnge Prs
B 18V 12 + m?
3ng — Ng
A4+ B|—— 2-10
+ A+ } o (2-10)
X H
A = I (Dyngeinn)? 2.11
- m( mnmp € ) ) ( ’ )
2 2
B = 9 vV12 +m2 — 3m?in v
4u3 m
x (Dmp®e )2, (2-12)

Hrbm = myo (or mdo) z’ AT E mu = mao = 5.5 MeV, my = 80 MeVo
TCDDM@%Z—@EE ”‘F’E%E"iﬁ’ﬂj‘ FREETT LA AL A -

1 v? 3ng — ng

182 tm?  3ng

ENAZEER], B BN FREE— BOE WO R 5 e W i hsH A oy, B Ns%
A BT B g A 5Tk X TR u-dS eI, E Y IR ER RE AL AL BR K
%‘j‘[\‘%nﬁgﬁgﬁ: Esym(nB) = %8#

(2:13)

Esym (nB 5 ns) -



§2.2  F AR IR FRAE

221 FARERMEAIMR

AR s, RAECE A Ry 2 A K, JF B B r A
u,d,s%5 FEAN L TR T beta-A2 € K B R 26 S5 AR T Mibeta- F25E 2614 AT
LA T i X

oo+ fe = fla = [hs, (2-14)

FERXHE, 1 (1=, d, s, e7) RAFEZWFENR T 2% B, &ATTLE
H H A 2 A

2 1 1
gnu = gnd + g”s + Ne. (2-15)

TS SO B DR T A S S T B HRIA S

om; 8nB V;
- g ()

Wi = dnl m;
om; 96
+ }: n; a&janz (—:), (2:16)
X ;
flx) = 573 [x\/(x2+1)+ln(x+\/x2+1)] : (2-17)

ST E RIS I RE R . RATRT LIS A, fE(2-16) 2, w57
S B R A A R IE I, X SOR SR I Y, 2 AN
T, XA H S e A 5T 1 () S R AT 5 0 AR SR A RO B SR . TR 3RAN
A DA HoKu =S Te AT 14k 735 (1 RE 3K

o7



St B [N PR AR (CIDDM) 5% 5a 5 Xt AR A A T A2

1 v
pu— 2 2 - y J
Loy v2+m?2 + 3 '_E n;f (—)

j=u,d,s i

zD
X[ (1+2) ;Do (anf Bni) BnB]

np
o o () ()

my, d

Gnd

X m. (2'18)

Fd Al s v, FAISHAE:

1/V2+md+_ > n]f(yj)

j=u,d,s
D
——fH 7~ 7;Dr5(an% ™t — Bn%)e s
ng
+ Dyngebns [nd f (ﬁ> —nuf (ﬁ)}
mq my,
611,
X Tt e (219)

F

1 Vs
_ 2 2 = E ) -7
Ms - Vg +ms + 3 n]f (m])

j=u,d,s
zD
[— it~ mDitlang ! - mﬁ;)eﬁw] . (2:20)
B

T, BATE A PLgy A2 3Rk

fre =7/ 3720> + m,2. (2:21)



§2.3  ZERAT B

TR OO I it RT DL

P=—e+ Z N j;
Jj=u,d,s,e
8mj 8nB V;j
i,j=u,d,s,e ! J
om; 95 (v,
nj— 2 222
+Z nlnj 85 8n2f<mj)’ ( )

RH —Qo 2B HRTITTER, JF Qo AT BUEHTHbSS i RIE K

|:Vi \V4 I/Z'z + miz(Ql/iQ — 3m22)

Q== 2, 4&&

j:uﬂd)s?e

+3mjarcsinh (i) } . (2-23)
my

DRI 7E %5 o A 2 3 BT BRI B89 3 ) L A& 5% T 20600 2 B T s~ 80RH [RI A7 i@ AH o< 1 2

JIr DA 5 LT 2 A SEAH QB BRI HH >k, AFE 7 IXEET, A RERS 25 H # ) S A

R AR, X% 4 I Hugenholtz-Van Hove BB (HVHE F ).

2.3 HERMTTL
2.3.1 ERYIRMITIHREENITE

T, A FEE = 13091 0. EE2- 180, A4 H T CIDDMA A B i
(1) S P o0 PR e () B O R A DG, A4t T =FEARFINZ4L: DI-0, DI-300,
DI-2500. FATIEHERE T M AH LRI O, 26— PR P WRu-d S5, HrpsE o
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Figure 2-1: The quark matter symmetry energy as a function of baryon number density in the
CIDDM model with three parameter sets, i.e., DI-0, DI-300, and DI-2500. The two-flavor u-d
quark matter with n, = 0 (left window) and the u-d-s quark matter with n, = np (right window)
are considered. The nuclear matter symmetry energy from the RMF model with interaction NLpd
is also included for comparison. The symmetry energy values from DI-2500 have been divided
by a factor of 30 while those of DI-0 have been multiplied by a factor of 5.
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Figure 2-2: Energy per baryon and the corresponding pressure as functions of the baryon density
for SQM and two-flavor u-d quark matter in S-equilibrium within the CIDDM model with DI-0,
DI-300, and DI-2500 [79]
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Figure 2-3: Quark fraction as a function of the baryon density in SQM within the CIDDM
model with DI-0, DI-300, and DI-2500 [7) .
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Figure 2-4: Equivalent quark mass as a function of the baryon density in SQM within the
CIDDM model with DI-0, DI-300, and DI-2500 (7] .
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Figure 2-5: Mass-radius relation for static quark stars within the CIDDM model with DI-0,
DI-300, and DI-2500. The result for rotating quark starts with a spin period of 3.15 ms is also
shown for the case of DI-2500 with the radius at the equator. The shaded band represents the
mass of pulsars of 1.97 + 0.04M, from PSR J1614-2230 [79] .
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% 2-1: The maximum mass, the corresponding radius and central baryon number
density of the static quark stars, the maximum rotational frequency f,q, for maximum-
mass static quark stars as well as the corresponding gravitational mass and equatorial
radius at f,42, within the CIDDM model with DI-0, DI-300, and DI-2500.
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Figure 2-6: Left panel: D; dependence of the maximum mass of static QS’s in the CIDDM
model with z = 1.8. The value of the D parameter at different D; is obtained so that the QS
maximum mass becomes largest. Right panel: The symmetry energy of two-flavor u-d quark
matter as a function of baryon number density in the CIDDM model with DI-70 (z = 1.8) and
DI-85 (z = 1.8). The results of DI-0 as well as the symmetry energy of a free quark gas and
normal quark matter within conventional NJL model are also included for comparison [79 .
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Figure 2-7: Same as in Fig2-6 but with larger D; values. The nuclear matter symmetry energy
from the RMF model with interaction NLp¢ is also included in the right panel for comparison.

The symmetry energy values from DI-2000 (z = 1.8) and DI-3500 (z = 1.8) have been divided
by a factor of 30 and 100, respectively [ .
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Figure 2-8: Density dependence of the two-flavor u-d quark matter symmetry energy in the
CIDDM model using z = 1.8 and D; = 3500 MeV-fm3® with different values of o and 3. The
value of the D parameter corresponding to the configuration of the largest maximum mass of
static QS’s is also indicted for the different values of o and g7 .
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Figure 2-9: The equivalent mass of u quark as a function of isospin asymmetry in CIDDM [79] |
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Figure 2-10: Free energy per baryon as a function of baryon number density at different tem-
perature and different sets of parameters.
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Figure 2-11: Free energy per baryon as a function of baryon number density at different tem-
perature and different sets of parameters.
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model at different temperature.
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Figure 3-3: Quark matter symmetry energy as a function of baryon number density in the
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Figure 4-1: Energy per baryon and the corresponding longitudinal and transverse pressures
as functions of the baryon density for SQM under constant magnetic fields with strengthes of
B=1x10" G, 2x 10 G and 3 x 10'® G within the CIDDM model with DI-85 (z=1.8) 56/ ,
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Figure 4-2: Transverse and longitudinal pressures together with the pressure splitting factor 9,
as functions of the magnetic field strength B for SQM at baryon number densities of ng = 3pq,
5p0, and Tpg within the CIDDM model with DI-85 (z=1.8). The corresponding pressures at
B =0 (P,) are also included for comparison [°6) .
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Figure 4-4: Maximum mass of static QSs using the transverse and radial orientations of the
magnetic fields as a function of By with the fast B-profile (a) and the slow B-profile (b) within the
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from PSR J0348+-0432 [57].
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Figure 5—1: The pressure of SQM as a function of energy density under zero magnetic field with
three cases: Gy = Gry =0, Gy = 0.8Gs, Gy = 0 and Gy = Gy = 0.8Gg BT
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Figure 5-2: Left figure: Constituent mass for u quark VS. u quark chemical potential in SQM
for B = 0and 2 x 10! with Gy = 0 and0.8 G, respectively. Right figure: Constituent mass for

s quark VS. s quark chemical potential in SQM for B = 0 and 2 x 10! with Gy = 0 and0.8G,
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6.2 REE

RSN RS e st AT 7 iR b, IS T —8458. X TEa
IR it J5E 1) 22 S 0 o (R 1 J5i 0 A AR R T AR B 7 38 PPN LA Y ) s 38 AT 935
AHREEES. CE BT AMNAGZQCDH W IS Te AR R, A R B 175 8%
T-Z o HrAAL, AR TRG R RTHE PR SR T i BUER RT BAZEAT SR Af. Al
I EE 3 N BL R LA R 2

L T FNILE R et 7e, JATTA] PRl 51 A6 Mg 32 46 5% 1) Polyakov-
loop 4 He Sk BE i ML HIR 5 e M BT B FH IR R B8N U(9[A], 9[A]; T) iX B AL
1% 1 Polyakov-loopJiZk ¢ = (Tr.L)/NAHIZILHE . Polyakovid L v LAEE
7 A] BLE SN 5

L(Z) = Pexp [z /0 drAy(7, Tﬂ (6-1)

jXEz 5 = 1/T, A4 = ZAO = ZgASC%

Hor (A7 R EFRATT 2 AR TERIPNI LA AUE i R 1, Al DS I8 A0 22 35 R
PRI PNILIE Y,

U($;T,pu, B) = (agT?eB + bop*eB)p?
+ (CLT4 + b,u2T2 4 C,u4)¢2
+ axTyIn (1 —6¢° + 8¢ — 3¢%), (6-2)
XHEEH a=-185 b= —-0.08, c=—1.44 x 1072 and ay, = —0.4, X &iHLHL
HrLattice QCDRIEE R NS

BT IR 2 I AR R IPNILAE A, AT AT ATH S 13 T LA BRI 22
NS YR AR B B T S s R VR, IR BATPROR TAR R — AR

A,

2. B BAREE S N=R: hrAE, TREUREGE. riffiRE 2o i
TR, WA, “HBEZ -5 A, TN, 3K
AITR] LUEIE 4 AN R (0% 1 A0S se M5 IR R OR A Rl — B A A, B 10
FERIEIRR O A 7S iR ML A ot THEIRG AR, R
%M 5T SR SR ARAS RUR AR T AR T RESE Y oh 7 S T RS B Y B
KRR ZAT, A IR E 2RISR g ik ses 21k
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Zie 5 ke

AEHEZTM. MR TS RG-S % 7O AR mUR A T AT RESS
e RO N D 2T, BARGENSSHIBEANAGS
VIR RS A, RZMBEA S W%, 5 Ja JATH TAE AT AR HAR AL
B BN LAR AT BRI SE 1015 DU R b PR 2 4 sl AR 0 B AR PR, [
I th AT BLgs AR B B G T 15 e A RIS e X2 BATA R I — N E

PR,
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fiiR A FTENJLIERRHES TS
A0.1 SEEEATSUQR)MIIMENILERFES

B, N TR T S R IVER, E SR IRA1E I8 B AL T AR E A
RIS S5, AT LUE R R N -

1
‘Cﬁf = Ef + ‘Cl - ZFMVF;W; (Al)

FINJL model> K45 H 25 5 543N T #é3AH I HL IR &
Ly = [y (i0" — qrA") — meJip + G(sp)? + (WyinsTiby)?] (A-2)
WAE R R W R R, A% REF M RIN (B3 AE G R B3 & 2510
ARy BT AT DOION,  $ B8 B BT e AN SRt A8 4, 2 5 HIBHIE & 11 mT
PLZA HH 25 FE 37 3808 L B B A8 4L ), R IS 3IB=0 HITE -
Ly =Py, (i0" —meyp + G[(py)* + (DrivsTay)?] (A-3)
F AR5 L (T 0p)? = —(pTap)? + 2(0T) (W) (HATRAEZRE, T2
A USRI P30 LR B4 (D -

- - N, S
Ly =1p(id)y —pp(o’ + iysTT) Yy — 5(02 +77) (A-4)

Horfio! = 0+ me mRERERE, 0 = — 200 = —2G(py), EHF =
—2Gi2/1f757_"’¢fo

ZJERU] VA AR REFy (WTTE B HRERH L), R0 Tt T 5
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/Ffd4x =ilnZ = iln{/ Dy Dy exp(z'/d4x£f)}

= ln{/ D1 D exp{i / d%[vﬁf(i@ — o' — TR — %(02 +7)]}}
N,
2)\(

o + 7%)d*z +iln[det (i — o' — iys7T)] (A-5)

KSR ARy, L[ de, BUERE, WTLSE:

Fy = w +1 / élTp;thr In[p — (0" + iys77)] (A-6)

FAERIR T, m.~0, % x? =02 + 72,
CIPECEF

N i d*p 9 . 9
Fy = ) +§/(2)tr1n[p+x] (A7)

Z R PFIZIE L, BA14ST =0, HHREER K TR, M5 E P15 3E
BRfEERENFM, BATE: iF
d—af\o:m =0 (A-8)

BRI, BATR LIS 2

— —tr/ —p I (A-9)

W (o) £ 0, MATFARFRIERMEWHIE. T (o) = —2G(0y), & HBE
WA N, BERT FARRRIE, JfH. (o) ERRRATER RIS E i, HFATRA]
LB SRR MR BT £ M = m, + (o). 2J5, BA149, = F((0), A
A TR T A BRI, = Py FFBh, FRATATLAZ: H125 S0t O R 30K

M -—m)? i /d“p 2, g2
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BUE, FRATUR AR SE3E4T R LG, w Al AT — P R u-d =5 e ) 5t RN LA
RSN A KRR 7, (B2, BAMEX BAA LSS,
ATEAE S B B LI N BRGSO O, I HL2%8 FE L3745 25 S ) o BL I F) 4 AT 4
T SEM R B 1, TR T e B AT AR A B i 25!

HUERA 128 A B 277 1), W2 B = B2, fITV xA=B=(0,0,B), &
AT PAZE HH A" = (0, —By,0,0) (R

b A L hq it — bR, TRATAT LUt 5 T

(0° +m*)¢ =00, — 0, + iq%

RIEBATETT LA i H = 55 (5, — “Ly)? +p2 +p2], N4 HEEE
T TR

1 B

Hitt, BATLEBAE R BT ESIH R I o(x,y,2) = P2\ (y), XH
TGN A IE B R BUE RN H, p, and p. 2 J15¥ R 5E25, y/iH e ENHAY 5, K
ZANE, i

—%d—yzx(y) +5.ox() + 5 (— )"y = —5)"x(y) = Ex(v) (A-12)
Ve
" pz 1 eB 2 Pz 2
X' (y) +2m[E — o %(7) (y — E) Ix(y) = Ex(v) (A-13)

IR E A E TS, TR BRI E N E, (p:) = (n + 1/2)hw,, E, =

E—P =68 n-012.,

2m’? mc ’

SFHET, 3100 LGS (—pd+p2+p2+(Bay+p,) Hm?)eP=rtp g (y) =

FrEL, 2 —p?—m? ¢*B? P
o' (w) + 2m{ (L) - Ty Zeylogy) =0 (A14)
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XA AT AR BAT 2 il 45t B B E B U R 4 Y I S5 SRR AT UL, SRS T LR 2

ZW = (n+1/2)w;w. = |e|B/m.
BTGP = p2 +m?+ (2n+1)|q|B, XAHRH F G T AR KB
KFRKT, BARSHKETIHHER: (17,0, —m)p =0, 8, — 0, +ig e,
[FIRERRT, 2 HRRIA BEAT BB 7 1 20 A, FRATTRT LAAS 21 2% K 7~ IS 1R 38 BR) 206

JE R B )5 R

%—d—mﬂwﬂﬁ_fﬁy Pe 1o
2m 2m qB

u”(y) + 2m|( u(y) =0 (A-15)

IRJE BAVEAT R ATTRE, BEIARMAE, &Ha ] LSRG OHCER R pf =
pPP4+m?P+(2n+1—0)|g|B, o=s==+1, n=0,1,2....

e, AT O TR R B AN 1 R B W AR S o0 B DL SR A 5 BE
AT EEBORR, HAEALRHERT, MASH SRR T, IR #
P BB I R B T R I R > AR BIDUAERR 7, X T DU 4ERR 7y, — i
ATTHSFE R FEAE R i, — ORI R AR 70 (1 — 25031

LM T R AL RSy, o e B AR T DA% I B A A L T
AMatsubara frequencies, t i & ¥ Ji7 o8 20 7772: [ Cé%f =T >, po — inT(2n +

1)+ p

X BT AT 3 T R

WE: 12n+1— o0 X%, AT BRIk A8, H k) sk A 72 MO IE I 55,
Fin—#F¢,
2277 M L E#EAB, xy PHBEEE TN, &NRAN2qB,
3.xy PR T g6 2% 1 9Ks), 1ER 28,
AEFNBETE,  ky, ky 1k = /B2 + EDRPRIE R Lo 3 A6 26711
Gk, T DALE IR BLREIS O 1) AT T R T4

SErEE, f

S S o ST 9 z_ooSﬂ-QqB_ooSqB
e /) et = 1 = U ) =3 T =2
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Hrp, SREMAR, ARESRZE RIS, XA LT
B ERAE,  PRIEAE T OO R E TR RN AL, WU A%

R=p +m’+(2n+1—-0)g|B, o =s==%1, n=0,1,2... (A-17)

KR EHKE R, BT DA HRIELFSET2qB, A AR AU SR 7 # s 1E.

J”E, T e P LA, %'JH%PAJ?ui&%ﬂﬂﬂﬁ%lAE’]Eﬂt%?% HATA LA
B [ 55 )4 — g TUE S S e S AT YRR R R T, (R

2
v=—00 n=0

22 1 PANTETT FER M.

BT EL, EHZMTU\{%‘?UPJ: = T ) —itrf (g;’)’4 In (—p? + M?).

M—mc B .
gy 8w, i

v=—00 n=0

e, SFT S Inf(wn — i)? + E2RORAR, T LT B A ko e ot

n=—oo

N, w, = (2n+ )77,

e — R HES, AL H

T Y If(w,—ip) +E] = Z{lnw + (B, — p)’) + Infw; + (B, + p)°]}
—FE, + Tln (1 4 ¢ /Ty 4 Tln (1 4 e~ Er-m/T)

(A-18)

WRT — 0, FEAET= E, +[u— E0(n — Ey) = max[Ey, p], EAGEFMEGTH )
IR T,

Jit A
(M mc dpz
pp= S e S 1gs18) [ 2 By(B)
s, f
N, i B ) )
+%Z(|qf’B)/ 21; nll+e [EP(B)+M}/T]+T1H [1+e [E,(B) Nf]/T]}

s,n, f
(A-19)
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XA, E,=/p2+

+ (2n+1—s)|qs|B+ M? = \/p? + 2k|qs| B+ M2

THEHT—TFT = 0, > > 5> HIRAAHON VK 5 -
s n k

S > m=2n+1-—s=2k

s n k

S=1n=0 —FEM | k=0 | m=0,ttits n>RAG —FiFm, kRATH —Ff

S=1,n=1

S=-1n=0 BHEN | k=1 | m=2ttifs nRATHFHFEN, oRAT—F

S=1,n=2

S=-1n=1 FMEHN | k=2 | m=4,hfs n>RFH PHFF, kRF—F
Bt AFRATTA REA5- 21«

(M —m,)?

_|_

d oo
me NC * dpz
e 5 S alalB) [ PE

XELE, A SR ST

med

KT FORRERIAT A K

d oo Oodp
eSS alladB) [ Pl - Bpaie)

T =u ko

S LN (A

(A-20)

(A-21)

(A-22)

N ET AT R sE A T, B A AR, SR IR, WA R S A T
WL, SRR N B T AR S A IR R U o, (B SR AT IE AL, 2
FUH S TR SR e 55 KIAZ5 8] 7 5 H, HFBCABIER KRE, FYNJIL-model B

b =S B RCHENEMeV 2,
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M A ZENILEA SIS

BN T R B, 2 IO KA O R B IR IR R, =T
BIEA AR AR B R SRR, S R S R B IR 1E B e — Tl
TEOLT, B B = A2 R 2 PRI JE 55 K, 845 200 7 24 78 I ) K Tk R
WZ, HTEALHZSHMEILEEAE XN, XBHE, NJL-model Lt H 4L,
Bt VAR FH IE AR B 7 V304 T 17!

BUAE TSR 37 14 P 58 ) o J — T

d oo d o
N. dp- . N. Z Z > dp, Epo
27.‘_;]6200(]6 ’qf| / 27T p7k 27T pnr ’qf| /_Oo 27T [ D,k 2 ] ( )

DUERILETE DL, BATRAIESUERL: d=1—¢ 15:

oo ¢ _ T'[A—-d/2
f_oo (27r<)1d [q2 + M2] A= (47r)d/2I[[A](]\é[2])A—d/2

Sa = 22, LG

f dp- E _ I[—1+4¢/2] 1
(47r)1/2 €/2T[~1/2] (M2+2kqB)—1+¢/2

—14€/2
_ 2N fz ’;()(|Qf\3) @ s Zr/[ll/z]{(k+x)£1+e/2 .

ZJa, BATRIEX —Titke KEFF, XBEIRAHB] T Riemann-Hurwiz zeta B %L:

(o) = 3 g Tlh—nl = G

FrLk, JHal= (|qf|B)2F[ 1+¢/2][¢(—1 4 €/2,2) — st

f=u k=0
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O(e)],z < 0,

20(-1+ 5,2) =((~1,2) + (L), C(~1,2) =~ (5 — o+
rpery % L x, Inz
31/(207 ) =5y = S - 50
(A-24)
BT AR 55
d 2 2 ]
2 BY[= S —1) = 5~ — (- L) (A-25)

{ERE X — T B AR B 1 IR 8 0, T DA A 1538 i A L AL R B
HL,  EGI NSRRI

d3p d p [p? —|—M2]1/2
Py = 2N.N 24 MAYV2=2N,) (2 32/
’ f/ PRE fzu( B | GrplgIBIE @l B
: 2 dgp 2 211/2
= 2N 3ol B [ el + 1
f=u
d
I[1/2 —3/2 + €]
_ 2 2
= 2ch§:(2‘Qf’B) (47r)3/2—e/2p[_%]x—2+e/2
d
N, oyt x? x? x?
= ;uqm =+ 5 (1= 78) — 5 Ina + ] (A-26)

B TP ALR I T KR Py R RO 3| AR, 3K SR 1 Py + Py T LA
AL AN RHOT
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Pt P= (BP +¢(-La) — St —m)na] (2D

tﬂg

2

\”
Il

u

X E AT L TR R, HEATRZ N E AR E R A A
AL e, XA o 3 T AR LRI SR VR R R

S PRI LT AT P e Bl R A L A T 5

a3 N.N; [*
Py = QNCNf/ (2753 P M= = | MRdp
0
= ‘%{M“ In [LMEA] —aAN + ]}, G =A%+ M (A-28)
2 I (KB A T 8 L ) TE A P S
d 2 1
Py = ¢(=1,25) — 5(&7?« —xy) Inxy (A-29)
f:

Hr (=1, 2p) = d{(z,2)/dz| =10 DUAEILT — TS A2 35 097 o A 265 5 R 1Y
T, AT CAR A2 3 A 2 o0 B B R T ) g R ke R e PITRAAT

dp.
Py = ZZ% g5 B) / 2p [y = Epr(n)]

f u k=0
fmaz k
ak’Qf’BN ! dpz \/
=N, — — 2+ 2k|q¢|B + M? A-30
;ugo 2 i o (s = /P2 + 2klgs| B + M?] (A-30)

MRXAX T EHER D, BATAT LG 2]

d kfmaz + Mz — S (k: B)2
d_ \Qf!BN 2y, (1 \/ R
pFe E E —s¢(k,B)*1

f=u k=0 S \/,uf (kB n| sy(k, B)

(A-31)
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Hitt, 255 e T BRSSO i I R AT Tt Al RE 4 ok 1, RIEFON:

M — mC)2 vac ma, me
ol B) =~ e g s ey (A32)

BUEMIEITTIEA T, RABHEEA A, A RN R, FOELH T
SR RIS fige, P BE B IUHL A BT B SE B R A R R, XA RURE AL 1R
BERAON, NI T AR PR A ke

PAETHERERBTEM, M =m,+ (o), FrUAE 2R ok 7 &R Xt
SR A, AARILATE I (0) = Hq@%f——7§%*%Mﬁ #%@%
Py 2 ] B ﬁ%ﬂ%&ﬂ%%ﬁﬁ 0B HOE PR R AR, WA IMER . B2
g P = -l e [ LR (—p +M2), MR, 2% T, T

Opra __ d4 _2M
W 6<a'§ - _%trf (27r)4 “p2tm? T Ztrf( 2+M2

#ime < (o), W(o) = F2 - 2G,

K, JATATBLR RS T R A, 6 s kAT R
Pr2 = [PY + 07" + P, =B EERT (o) BEAT R Fe

SR A R A R — T

dp** B d’p M p*M
i 2G = 4NCNfG/ ENEe =4N, NfG/ 2 AT
MNNG M2 A+ /A2 + 2
MARC i - oy ay)
ot 1 5 A JURH 2 A AR — TSR 4 -
dp}”e“ SNk / “dp., M
2G = 2G—< B) _—
ﬂ_;kz:oak |Qf‘ - 271_[ \/m]
d kfmaz 2 _ 2
=3y o MGy, if(k 5 (A3

f=u k=0
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M A ZENILER S 5HE

iJa AN HABWERM Sy, HhadtBR 245y, AME SRR T, &%, AL
152 % 7o A 2805 K

MGN.N M2 (A /A2 L M2)2
Mf:mc+—2f{AVA2+M2—Tln( * M2+ )
T
d
Mlq¢|BN.G
0y |q/]

N i) — £ In (2r) + 2y — (20, — 1]lnfe])

- fif + /1 — ss(k, B)?
Y o MBRE, Ve | (A3)
71'2 Sf(k,B)
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A0.2 SBHEATSUQ)MFRMENILEEMARMLIER Z2EHES

DAL IR FE R 675 € 5 e Ui b 1 seiiz Ja i ol, 1X B kA 14
A 7 8 0 B PR R K

Ly =109 —me)vy + Gl(py)? + (WpinsT)?] — Go(yTiby)? — Go(Uy,insTiby)?
(A-36)

KR, 2 T FHBEM ERHHTe = =20, = —2G(0phy), 7 =
—QGM/Jf%T@Df’ p= Qle/J%ﬂ/’f

R T IR IR .

oy - - N, G
Ly =vs(i@)0y — ¥p(o + 1977 + 7 puiTi) s — o? 4+ 7 G_p2> (A-37)

2)\(
X, FAIRIE A BRIE 1 i — AR A T, SIS e

_ _ N, G
ﬁf+qu=¢AWW&-¢AWWV+¢H#—P%wWV—5}@2—fo) (A-38)

AR AR, 25 S s

Z = Ty e AH-pil) /[dw/ [do] exp/ dT/d3 —’H+ uN)] (A-39)
periodic

=y — 13pp5, ATLAMBEILLR T

InZ=InTr / DD exp [i / (L + paptep)d*a] (A-40)

ARTSC—HE, AT LG 2] 5 e B Rk K
N, G [ d : / .
Fi= i =gt i [ @ - o ] (A
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=i

Mg A FIENILER K HES S

BT TT KRNI T5 B Trik, W A 2

By
e
;J
gll_
i
@,
e
A
>
:

G N, dp
Pr=——2(c* — =—p*) + == B/ “E,(B
= —ox (" = o)+ 50 Dl B) [ 5 B (B)

S7n7f

[1 4+ e EnBI+AA/T) L T in 1 4 e~ EeB)—As1/T])

(A-42)
PIRATECE ARG AL, wT S 2
N, G o Nem & dp.
Py B) = 5510 = G+ 5230 ol | b
X B A
Nc d oo o d L
Pt = e anllandB) [ Uiy - By (A44)
f=u k=0 >
T AR (o), (p30) and 1.5
I E AT,
N, G ) d* _
=R gy [ G e e (A)

RN RSP 203 B Ao R TE 95 KB Ta i, T AR [ i Bt & AN T I B 5
WIRHER BN BB : 5 omio) = 0, S| o=y = 0. FRATBEWH:

1
—tr A-46
/ 2m)* 2 4 (0)° — (po + f1)? ( )

'p 737 (Po + fi) _
0= 00 [ G i

ZJE BATI L FEAG 2 [ 58 ) R 5

d oo
N, G me N, > dp,
Pf('u’B):_ﬁ(a2_va TPy ‘4 WZZO"C lg¢|B) / o Eyr (A48)

f=u k=0 o0
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Horb, B A R s N R IE N -

N d oo % 4 .
Pt = e anllafdB) [ Tl - By (A+49)
f=u k=0 —o0
FAT w] LA M A5 2
_ Nep G ooy [ A e o e .
P = =gl = ) = 5 [ el 4t = o+ ) (A:50)
J& X TERAT T8 N Py
Op _ i / d*p 2M e / d*p M
0oy 2) @2m)'p2 4 (0)® — (po + 1) (2m)*p? + (0)* = (po + j1)?
(A-51)

X B EIFRATE X HEm, < (o), (o) = "’pﬁ 2G, (p) =22 (—2@,)

%&MTu%ﬁh¥ﬁffm%ﬁﬁ

f max
() =~ 2226, = N3 55 0l sy 77— )
f=u k=0

A0.3 SREAATSU)MMRMENILIERREEEREENES
NT % ﬁﬁEEM@ﬁ,&MMﬁ%ﬁﬁ%§j%%ﬁ%ﬁﬁ,ﬁiﬁﬁMMA

T =IRE T (ud,s) MIPRE T Cep). XHE, FATHEE VBN, T
B TA T =R se ot (1 R

1
L=Ly+Li— FuF™ (A-52)

X B, ﬁ: ,Cf = @/;fhu(iﬁ“ — qu,u) — mc]@bf + ﬁsym + L et

PREIE SR EE:  Loyn GZKW&%) + (YrivsAatis)?]

— 144 —



B A TENILBG S

Uy = (u,d, s)T, RERR =R WITIHHES.  me = diagy(m,, mg, m,), Bt
SEAH KIS e TR B . g2 S e A, A\ AR ER 55 R 2 4 (Gell-
Mann matrices)e  Lge; /& t'Hooft 175 5ok 2= A B AR F BT AR ey, = (uds)”
AT PAZE 7S s A EAE

det 1Oty = ZkEi,j,k(ﬂo%)(Jo¢j)(50¢k)°

0

Loym TTLHRU (Ny) @ U(Ny)p 224 FIXTRRIE,  riefU s AH B4R F I f4Enk

RN (ATAAU(3), @ U(3)r = SU(3), @ SUB)r @ U(1)y @ U(1) A% Hi)o

FEQCDEM, U(L)AXFRYERRIR 1, XA AT REREBEIN T RN FE5 50l
A KFRAEBIREIAT Dy, AT PLE I 51N A BAE Lo RTINS HF HRAON R, B
IUQ)AX PR, REF T SU(3), ® SU(3) g IR FR .

JFH, @l AT g

Ler = —K{dj‘?t [ (14 v5)0¢] + det [r(1 = 75)0] (A-53)

N T2 L R AT 23 R AL AEh,  FRATTE LT HERE Tne AE e P
77 ot SRJEHL T WL 5E X

qb wj(]' - 75)¢Z7 ¢zj = &j(l + 75)77bi
FATAT MR 25 55 A9 3]«

&f(l - 75)>\a¢f = tr(Aaqs)
lﬁ_f(l + ’75))‘a¢f - tr()‘ang)
tr HL I R 7 ) ) SR SRR o

O _E i AR IR A N B R BT 2%, BRATTRT DLEHT ) NS AR (1 DY s 0 A
GERER(EERE
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Lagm = G Y _[(Wpraty)* + (Prinshatiy)’]
a=0

=G i tr(Ae9) (trAeo") (A-54)

a=0

TE&M%X—%E%@%%,%EEEMEE%%%@EE,#H%%m
MannfEFEEERIF: A= Cola
a=0

C, = 2tr(\,A)

— 2

JITEL, 3RATTRT LAAS 2

8

Lagm = G Y tr(Ao)(trAeo’) = 2Gtr(¢6) (A-55)

a=0
SN G, JRATTAT A4S 2

8
Lom =G Y tr(Aag)(trheo!) = 2Gtr(¢0")
a=0

= 2Gtr(¢(o") + (9)o" — (9)(07))
= 2G (20ibi (i) — (i) (i)
— 4G [pyiiu + padd + ¢35 — %(ebi + 05+ ¢7)] (A-56)

BUERA T 4025 AR SU(3) MR 22 181 N R AH BLAE A t'Hooft TORZEAT L. 1X
IS fige 3 2 R FH P 3753 ek, ATTAT LAAS 2

det 05 = D €i5(1O%:) (dO%;)(5OYx) (A-57)

Z‘,j,k

BITEL, TRAZE H
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e, AT BT R 4 A

Larpa = Upy,(i0" — g AM) — Miby — 2G(6% + 6% + ¢2) + 4K puads  (A-58)

T LT o B TR R A
My — 4G¢u + 2K¢d¢s 0 0
M = 0 ma — 4Gq + 2K ¢, 0
0 0 my — 4Ghs + 2K dydg

X ATI AT ABEAT B AR AR o 7, MR LR AL B i —FE, AT BAAS
2

pr=—Fr=0,+00+0,—2G(¢> + ¢5 + ¢2) + 4K pudas (A-59)

XEWA:

0, = —itr [ 2 In(—p? + M)

FRATTATH SR AT DL 42 B 2 BT 1 4 50 e AL AN BT IERAG B 7%, oRés R BRI BT
oy, BES, EH S, Bk

P = (P B PP, (a0
FAS R GR AR

vac NC A+ €A

P = —ga M [ — a4 ) = A7+ (A-61)

HHIA 3 E A
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Riemann-Hurwiz zeta BREEIX A E XH: ((s,a) = > m;

N AR SRR B -

Epas pr+ o\ 1j = sp(k, B)?
Z Qg ‘qf’BN {1y \/Nf_sf k. B)? — s;(k,B)*In| f \/sf](ck:,B])c i
(A-63)

ﬁiﬁ, ﬁﬁD—FE/‘]%X Sf k‘ B \/M2—|—2|Qf|Bk7 kfma:c - !;qu]é == QT;ffB ’
FHHaop =2 — 0oy NP HIE L—F

I?':l?%l‘]%%i_ﬁ—/\iliﬂ%q&fﬁﬁﬁ%, JIT ASRATT ZE 2 Y XA 58 R A R T 8

ATy B X AN 7 FER R A -

oF = (Vsty) = —i/ él;;tr(}b — ]Vl[f i (A-64)

—RII L, FATRATT AL

=

Or = (7 + 7 + 7, (A-65)

MN, M2 (A /A2 4 M)
qﬁ?“c:—W{A,/AuM;—Tfln[ 1) o)) (A-66)
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i 5
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RHERSHERE, BRI, [ &K &S ONILE R K 5 T
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A0A SBEAETSU) MHEENI SRR A R B X BB S

BUEERA PRI ST — T ik T 808 2R VE R, X EIEE 1 SR X A4
fre EE, BATSess AR RIS 3

1
L= ,Cf—i—ﬁl——F Fr (A69)

XEILATEIE 7SUB)NILE R AR AR 5 7o i oy, FATIAN T K E- AL e br
B, RE-FMRKE, trE-FAERE, BbrE-FA bR E A Hooft /N mAHHAR
RERTIPR I e

‘Cf = szf[/yu(zaﬂ - quM) - mc]¢f + *Csym + ['det + £U + ﬁ],v (A7O)

X B3 4350
Lsym =G K¢7Aa¢v) + (YrivsAatrs)’] (A-7T1)
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11 Yoo BRI BRAR BE 378 RO RN VOR TSI 22, T2 P 133 (B0 T iz IR
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ZJREANGIN T WEE T NHES, JFHad 7 SRR TR, BRATAR]
LIS 258137 T 1% s s T A P A 22

pr=—F; = 0,+04+0,—2G(¢2 + 65 + ¢7) + 4K dudad,
+ 2G, (0% + 5+ p2) + Grolpu — pa)® (A-76)

XEA

. 4 ~ -
0, = —zf(gT])ﬁ; ) trln{%[}ﬁ—Mi—F%Mi]}

here, :df = uf = 4vaf - 2gv(pu + pa + ps) - 2G1,v7—3f<pu - pd), and Hr %—ﬂﬂ{%}'{
Ak 2 3

B S BRAT S 2 M CUAT R 5 920K 5K HH 25 T ot B T 3 -

Pp= = P+ P/ + PP = 2G(6; + 67 + ¢2)
+ 4K ¢udads + 2G, (05 + pi + p2) + Gro(pu — pa)?
(A-77)
S — T A B A ) ok
vac NC 4 A + €A
P = — g M I (S = d (47 + )} (A7)
BT €2 = A2+ M2, A A
R B R 1
mag NC 2 ‘T? /
P = 5 (lap1BY [ + ('(=Lwy) = 5(af — wp) Inag]
(A-79)
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vac MNC
(bf = B ) V + MJ%
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KATHMZSHHEZ: A = 631.4MeV, m, = mg = 5.5MeV, m, = 135.7MeV,
GXN =1.835, KA>=9.29.
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k=0
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