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Fig. 1. Illustration of non-central heavy-ion collisions!?.
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Fig. 3. The average longitudinal momentum distribution!'.

072501-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 7 (2023) 072501

TE\/5=200 GeV i Au + Au Rlff#i, Ry = 6.5 fm,
dpo/dz = po/Ra ~ 0.34 GeV/fm, 7] UG HIE
B Ar=1m M4 FHHRBEMDE =
—(Az)%dpy/dz ~ —1.7.

TE Bjorken scaling #& % vt 27 2 1a] 7 3 & J
HN A 7 = log|(t + 2)/(t — 2)|AHAERY. FEXFh
KEABFTE T, #B5rF HAER A O PR AH T i HoAth &R
g FAEAE T, 3% — PR B X R T B 0 A
fa(Y,pr) = exp[—pr cosh(Y —n)/T] 1281 ] i Bl B
H Ay ~ 1.5, FEX—RF | w] LLHIE— LA P
I3 PREL fo (Y, ) SRR 3 FEA 1] J7 7] ) S AT
1HIE:

b ys) = SN
AT ST YRS, T LA T
Vb v5) = [ YAV f(YVnbys). (1)

XY (x,b,+/3 ) W] IBEAE 2 Landau fireball #57%)
5 p.(x,b, /s )FXTN G504 pREL. Gl T, AT
FRBIFH SR A (853 Z 8] B AR 0 FA 3l
(5 (Y,2,0,4/s))
A% 9*Inf,

_ *\ oy 2 =Y

T IR, O B « U B 2 ik
5.5 (co-moving) RIFHILER.

R R TX —RR BT 2 R, T —
oA B — SR RR 25 T UR Y A2 N /dadY | TS
B fo(Yz,b,/s)F (Y(x,b,4/5)). X B H 25 i
HIJINGE30) bz i) 19, aififH BGK AU Y
A TR T LIS 2% 30k [32). HIJING FIAR LSS
AN 4 FIE 5 s, AT BREL fo (Y, 2,6, /) 1Y
BRI LA B, ASFE ) 2 35T R s
DLEAFW, TEARRAESE « XBL, f,(Y, 2,0,1/5)
SORTERRM Y [(EIR 8 KE. X oI
LR BT BN ) A% i s B B, X
— 5T DAL A3 A BRER (Y (2,0, /5 ) I 25 R
ARk 3 Landau fireball A5 (1) 20 1] 3l &
AR B, RN E R FORE, W (pr) ~ 2T ~
0.8 GeV, 7] )\ Bjorken scaling #% %l 15 3| 7 RHIC
e T, P E XK 0(p.) /0z ~ 0.003 GeV /fm |
X —4t B2 /NT Landau fireball #58 i 44 3H{E
1. X LefhTH 5 5 SR 1) 5L g 45 2 — 30, BENTE

fRAETEIE T, Landau fireball 528 (5 £ 5 i i fik
THIE T, Bjorken scaling 7Y B 4523 BLSL. J™4% &
ST Y Bjorken scaling £ Hr | 49) 2535843 A B
FEG A fo(Y, 2,0, /s) J& P30, T AR T X
SR TR A A 2 (BBLSE )t B, T ol sr
fH, Bjorken scaling # IR, 1 ECA REYH\ D)
AR B R Bk 3B AR S Rl 4R AR A RGP
Bjorken scaling IR, JayldiiiE £ o) ik
K, L HM R Landau-fireball F:7

0.20

0 m b=1.0Rx
e g = —2.0 fm .. )

0.15 pr & = 2.0 fm 55
Q
é 0.10
o

0.05

o .

B4 BJ—AE R IREST R (Y, 2,b,/5) 1
Fig. 4. Normalized rapidity distribution f,(Y,z,b, /s) 3.

1.0y — ol ]
I —b= O.QRA 1:_“1"].," It |
I ——-b=0.6Ra PRS S

S: O Bl e e e et A T T T
—0.5
i
I
—1.0t :
—10 -5 0 5 10
z/fm

5 SRR BE AR ) 7 ) B oAl (Y) 18]
Fig. 5. Average rapidity distribution (Y) as a function of

the transverse coordinate 13,

4 BRE B TAELE WS R

e BE T B AR XSOl P O™ AR O BILE £ Bl
A TR A SR AL TR REYE, (HBE A sh i dnfa]
FeAL o B sl LUR e A B0 5 2R Y 3
Ty AU AR RN, A R BE S A i S
2 [ B B G HL A 2 BRAT AR R, DA T A+ 81 B o 4
1. {H RS ] A AT AR R IR GE S B
TEZHIF T AR5 PUE M S R EL AL A e S Sl ]
. FERERE AR, PSR AR BLE A 3h
T AR TR 1 3 B O T B A 22 1) A4l

072501-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 72, No. 7 (2023)

072501

SR, WNAHERT A e S B [ R 3R
oK, BEZ AT LS IE 5 T TR AR D[R] A
o (o U A8 2 s ] B AT Bk s,

4.1 mESHTEPEEITEEZ

% N A R T 5 5 1Y HIUR T R ¢ (o) +
a2(p2) = q1(p3) + qo(pa) , B3 25 (] Y S G A
Motk

Spi = (f15]i)=Mi(q)(2m)*6* (p1+p2 —ps —pa), (9)
ool py = (Bipo) 2 %5 50 19 481 i (i = 1,2,3,4),
q=p1 —p3=ps—p2se LN EFEFE, Myi(q) 723
2 (] P A BRAE HE ETT. SIS A SR X A
(1) 3l & 15 9\ ) 25K —Zﬁﬁ B 1 B i
pr = pst = —par. WL S TR T, 7T LIS 2] 5)

T (] R A AL T
Cqq |Sri(@P  d°ps d’py
F TV (2n)32E5 (2n)32E,’

Horb, T FORB A AR IR R BB, V 3oR 1

do = (10)

Se MBS ARER, cqy = 2/9 RO T, F =
4\/ (p1 - p2)? — m2m2 B F. o~ T ik AL

— U6 BTG T H BESE bR, 6 )E S A BE R B
X LR AR R

8L AT BB AR, AT DA S B AR MR TR
TN SRHES A 2 BRIE

d2 —i -
sz :/deT/#Mﬁ(q)e (ar+pr) T(2n)4

x 6*(p1 + pa — p3 — Pa)- (11)

FHE L, A AT LA T 2 7 B 13 2 8 e 1Y
Bt

qu/ /d qi d kJ_ *1(QT k?T) .
2n
M (k

)% (

“da) AG

Hor My (q) T Mg () 2 Bl i 25 18] P B RS PR

EEPB’JKJJE%‘?F 53 M J& g = (0,97, ¢=) Fl k =
(ko, kr, k2), Alq) &— " iadh2E A+

(12)

A7(q) =/54(p1 + p2 — p3 — pa)d®

d*p3 d®py
2F5 2F,

=1/[(E1 + E2)ps.], (13)

X (qr +pr) o0~

Horpops & & V@R +pd+m3+ /i +pl+mi=
Ey + E;WIEM#. FHER AR, B THEE (12) K,
R S T 56T g F k IR FRIE R, SRARIE ST
il HACES 22 1] %) e - T T 2 L R 1.

AnsRABE A SRR AR AL B, RASR X
B SEOE T g U R I A IE s = +/—, T 2t
WIZSHRLA B FIE A Fl A SR X ARSI B
TR g PRL TR AN, ZELLIEIE T, FERiE S 5025 R
ok 22N

d20>\3 _ Cqq
d2zr  16F

Z / quT koT ei(kr—ar)-zr
(2m)? (2m)?

A1,A2,Aq

M(q) M (k)

Alq) A(k)
M (14) =t A, AT RUSE OB RS A 488 T AR AR
A3 I

d’Ac  d%c d%o_

d2zp - d2x; 2y (15)

d%o B d?o, d%o_

ey d2xr d2xp’
285 JE L BB BT AL A3 2 B o 1 53 A PRER foq (2,
b,Y,\/s), ATLIHEA

d’A

@@:/&mm@maxﬁMQT (17)

xrT

(14)

(16)

(18)

= /dZ;z;quq(ch,b,Y,\/E) d(f
WU 2 5 g1 AR AL RE
= (Ao) /(o). (19)
FESEBRIAREESECR b (AEXTC E 2 Rl
HARE 7340 BREL foq (27, b, Y, /5) BODR T i T 40 21
Y RE RGN ) it 09 53 A, (ERAE SR s Haa 2T ) Oy
T EOITE MW, B T R R A
Ry P Y 2T S, TR 2T
foq(xr,0,Y,\/5) x 0(x). (20)
FEX—53 AT, (17) 3R (18) 252K

(Ao) =~ / dm/ ddeAa (21)
/ dx/ ddexT (22)
B YT TR AR AL A HEAS Y R

4.2 BRBSERENERERRK
FESCHR [2] B SR 4R TAR S, 8 T — 55t

072501-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 7 (2023) 072501

FA S Y T BRARRY BIER T QGP A i
) Gyulassy-Wang £ Y 1331 33 AN Fr A5 AR Y -5
Eag il T HTA I E A B EIA. AR A ) —
DG TNT 2 07 M AS, B— ARG S AU, Bk
PRI N

Mii(q) = ux(p+ q) A/(q) u(p), (23)

Horbr A(g) = (Ao(q),0), Ao(a) = g/(¢* + up) Frillk
RS g MW, po e TEFFESRMOR . A
XA BREIRE, ZE/NAERIT gr,kr ~ pp < E,
AT LAAS BRI S50 ] ) 3 A

d?c B g4cT/d2qT d2kr

dczp 4 ) (2m)? (2m)? (g7 + 4p) (K7 + 1p)
(24)

eilkr—qr)-@r

d2AU _ig4CT / d2qT dsz
&2zr  8p2 | (2n)2 (2n)2

(nxp) - (kr — qr) ¢Fr—ar)er

(67 + 1) (k3 + 1d)
X n RIER R AN E LT, er T
Xt d2qr A1 A2k B 43 J5, 0] LA A B A A A5 R

; (25)

do _ a2er K2 (upar) (26)
d2ZCT s 0 ’

d?>Ac 5 M- (TT XP)

T asCTTpQMDKo(MDﬁT)Kl(MDCET)a

(27)
Hrpar = |z7|, K, BB IER N ZE/R KL (27) X
C|SRCBUN RN & Bt 7 BER 2 EeNE 7/BL S e |
WA 1Y 5 5 B U IS B T 0 4 i Bh0E B
xp x p i RAL. SEENIE T, AL 7E R S
B ) 3 A AR JE Sk o &, (HRAEAEX O B B
Rl Y, KR AR IE ff S bRt T — MLy
], i1 S50 S W A A AN S, S8R a5 il
SETEVI UG BIE 1 Bl it T 1) BSON TH Y5 A Ak
X5 N 2 — e 1, AN HR T B S
SR AR (21) =UA (22) BB E , TERETE S
LGOS SR Y A0 D SR E SN NEEIUN T
TUD
P, = _215(;%‘

FEAEM XS R T, E ~mg > |pl,up, X —

e SR (V)

(28)

~ Tyip|p|

X — S5 R T U A - BLE ARG i P B

(29)

TSR AR AR A RS B i F -
A M EERT ((2) ), HEAEHGEE (Bi) ~
(L-sdV /rdr/m?), TR AR GE A RO 5 AF H B E
r~1/pp, A2 A(QV /rdr) ~ —=(V)ud, (-s) ~(1)/2
~|p|/2un, AT AT LAAR 11 % 58 % 1k BE Sl Py ~
(Eis)/(V), X (29) A5 B 45

FBHAXHEN R mg = 0F1|p| > pp, M (28) X
AT LIRS P, ~ —nup/2E . GNFEE RHIC S5 Y
48230 b= Rafli 18, B U0 dpo/dz = 0.34 GeV/fim |
SRR EAE IR Az~ ~ up ~ 0.5 GeV , NI F
NI Bl Ap, ~ 0.1 GeV IR (R i) B 5638
BN, XN AU LT 230, 75 2 N
FAT AL RS B T34

THNETT LB F, A 2R T LS R T
1) —fB I =

d?o

M = F(xr, E), (30)
d?A
de;j =n-(xr xp)AF(zp, E), (31)

Ht F(ar, )M AF (27, B)#3 )& xr = |@r| F5O
e F bR pRER. XA — P LS R FRR T IE
P ZE R AR A AR TR A 2R 20 5 8 1) 1 5 T T
KMy, Fr LU R 2p KN eREL, AR B A
PO R TR, IR HZMRE T A E, - (er x p)
SEME— e

FESC BRI R B EE B Rl v, Rl A R
Wi, 4 5i 4 5 Z AR AE— ) B8 50 T 1Y
RO [A), N — AT B e A SR Sl Tk
P S S Z ] ORI AR, T DU B A AR
(hard thermal loop, HTL) ¥l F AR AL 1-3459:

prv prv
AHY — T L
W= me T T I
v
+(a— 1)qqff , (32)

Hop U T8 msh &, o 24,
r=w/\V-¢, w=qu, §=q—wu, wEREY R
FR RO, AR ) BT P sE N

1

W _
P = 2

23 (wg" — ¢?ut)(wg” — q*u”), (33)
q”
P =g —uuy — ——

YN 1] [ RE 11 AN I ekl BY
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() = pjy {lgl sz) +i g} (1—¢€2),
(35)
ITr(&) =p F; + %(1 —€)In Gfg)
—i§5(1 - 52)} ; (36)

PP I B BT 0 HAR R IA KO 1 = ¢* (Ne+
Nf/2)T2/3. A S AL &, 25
BN ST, 3X — BV B R S AR LT AN R
W E LGN — AR OR B B BT i e < 0.255
V/Ne/2g°T B9 R IERALIX —ET A& 1. A5 2 m T
EL TR ) i R B ) RS o, I8 A BT R RE RETE
WAEES > F IO S E R Tw =0, itz =0,
XA IR u = (1,0,0,0), HTLAYR 7%
B 2R T A

v v

gll,l/ _ u/l.u u/l.u

A= e Y (37)
A T FAERET, whn] LA BRI HRIE M i (q):
Myi(q) =tx, (p3)vuun, (1) A" (q)un,
X (P4)7wur, (p2)- (38)

MOEABRITARIE A, LT IR A T 6977 145 5

flf A2 RS Rl AR A 5K, PRI RS WLSCRIR [13],
MRS — B R A AT

W, BB —BIE/NAET ¢ ~0F gr =
\gr| < p, P HTL K515 1% 515 2 A9 45 R A
SRR 229 Z AL

d2U :g4CQQ/d2qT d2kT i(kT—qT)-:cT
d2zr 8 (2m)2 (2m)2

1 1
X +
(q%Jru?n q%+u%>

x( ! + ! ) (39)
kp+pm o kp+pp)

dQAG' _ i‘gélcqq / d2(]T d2kT ei(kT—QT)‘wT
2y 16p? (2m)? (2m)2

x [(kr —qr) - (p x n)]

1 1
x +
(q%ﬂt?n q%+u%>

1 1
X + . 40
</€%+u§1 k%+u%> (40)

AR

P _ 02 (1 () + Kolupar) 2, (41)
g 5 s o\UmTT o\UDpTT)|

d’Ac _cqqag
2z 2p?

X [Ko(pmzr) + Ko(ppzT)]
X [pm K1 (pmar) + po K1 (ppzr)],  (42)
FATLAR IR, IXAGE RS TSR 1) 22 | Z AL B T
—SU5E SRR T LSS, HOE 2 1 REE 1) DRk

Hhar.

WA T/ N, AR AR AT AN
do 7g4cqq / d®qr d?kp

[(p xn)- &7

i(kr—qr)-®T

d2zr 168 (2m)2 (2m)2
f(q, k)
Al AR)’ )
dAo  .g*coq [ Par kv iergr)wr
Eop 882 / (2m)? (2m)? et
Af(g, k)
A AR)’ “
Hip § N 5 s UL RE R, f (g, k) FIAf(g, k)
SR
. Aab(q7k)
f((Iak) = %; (qz + NZ)(kQ + ug)’ (45)
AAab(qak)

Af(q.k)=(pxmn)-y_ (46)

— (¢*+p2)(k*+p3)’
TR a0 RARBERRF m BT D, Aas 2 (¢, K)
SRpES (oI i

Amm(kv q) = §[§ - (q + k)2] + ((] . k>27 (47)

App(q, k) = (8 — > = K*)[5 — (¢ + F)*] + (¢- k),

AmD(q7 k) :ADm(ka Q) = §[§ - k2 - (q + k)Z}

2 2 k¢ 2

A Ay (g, ) TR 1R B 25 1] P g — N
AAu(q,k) =099 (q,k) ar — Mg (¢, k)kr, (50)
Horh A (¢, k) F1AGY (g, k) W2 (g, k) BV A 25 H5

=

B
=Ag{k)(k,q) = 3(5—q- k)
q-k)k?, (51)

Ag® (g, k)

-+ + k-
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AgiB(q, k) = Agle) (k. q)
G- -k —q k)(E—k), (52)
A (g, k) = Mgy (k. q)

21.2

=§(§—2k2—q-k)—<k2—q~’f—q§,k)kQ’ (53)
Ad®) (0 k) =AcD (k. q) = 3(3 2_k2_g.k
Imp (0, k) =Agpn(k,q) = 8(5+¢ q-k)
2k2
N GETE TR PO

i 26 380k AT DUAR 75 5 & T 201 X ok
fla. k)= f(k, q) BRI R Af(q, k)=—Af(k.q).
X85 ZR PRI TR 13 2 R 8] B A A 5 (43) A
(44) FRILSLHY. BIRIXLEL RS T/ MR LT Y
U IR 2, (R ] LASG I A2 2 s ] o
PR AR T 2 2R B 6 A2 T Y — PR I X ((30) 5K

i1 (31) ).
e SR B I ARy, s
_ gleqq d?qr f(q,q)
(o) = "355 /qm, o g Y

by == Lz [ 10 [V e
852 J_p 2=n —ET=q,? 2n

X/\/WcﬂfmAf(qm,qy;km,Qy)
gz 2n (ks — ¢2) A(q)A(k)

ML EUE S RN 6 Fis, VéIRe 5 it
AR PO RER, TR, T IE IS
B L2 V3 /T M HRAR K, IARRETEIE 2
RETF I U Ry, SRALRE /MR R, SR B — ARk
{EJG, FHHRAE /N, 3 —S5H AT i 32 B2 A B
VEI ARG RS DTRRIY , BT LA IR o7 B8 17 320 B
SR o — 2L

0.30

. (56)

— a,=0.1

0.25
0.20F "% T

= 015

0.10 -

0.05 F

0

—0.05 - . . .
10-2 10! 100 10! 102

/T

B 6 Z7ibiE - Pyl as Ml VE/T HIMKIE R 13
Fig. 6. Quark polarization - P, as a function of \/§/T for

different o sl*3l.

1E LA, B T AR, dik
17 —283 ), (B RS Y PR EMR AR R 1 2 1
15 BB X B AR 7 A 195 - T4 B A
Hh, AHSBEI PSS e Z ) R A HUM IR, IR A
PEHIRY [ - BB &, P14R R BIE # 3l i e T
LATR I s 5 A R U 5 945 se i fl. X — b R
5 3 v E A BB T A 2 e R A B e A AR AT
(ENOR NI NG Sl Pss = ig T RSk o A IR
T AR A ST AR T FRTR T 18], I 2875 ) R SR AR T
FEAERLT B Bl E Y, FEAR Rl REE R R AR
KT LA AR B 75 18 i LR AR AL 2 1 S
JOL AT R ZRETT 18], X AT [ % T — B 2 ) Rl =
B2 Rl —AT5 1) 45T, JRR SCHR (2] 25X Ak
et 4 W BEARAL, X —BLR K 7 FiR.

ES I | DU IR S A £ L ARk A N i N
Fig. 7. Illustration of the global quark polarization in non-

central heavy-ion collisions .

BT T3 B AN 2 2 AT T 3 U2 B 1Y
S5, TE v e H B TR R R P AR S eI T
SR T IAEIR T Z BT REZR T T 2 UGS, RId
ST LU 51 Z [0 AT REARSE A R U, X
L6 20 R B RN AR T BOE AT Y. 4.3 08
A 4 2 RS B B RN X S R AR
PR EZ R 001, 56 5 TR A 4R A (BUE 2 H AU R 4
AN ZR I S B 5 ST B9 17 B0 T A el A AT
PRI 07 AR R A AL RO iz 77 R
HAA 34 22 SRR 0N B9 TAE AT L 225 30K [17].

4.3 ZXREGEREENSRERRL

N T RERE T 2 RIS AR R 5 T B B A
b, T 2K 4.2 xR R IS T BUR R
B A 17 BLHEATHE) 10, 22 SR AE B — YR I
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S AW P, BIE B A BEN \i/2
(e = £1) S EME Ry, = (1+NP)/2. K
SRR 4.2 17 HY Gyulassy-Wang S AR IR 1
B IR R a0 IR, 1S B0 AR U
T IR A S ST A I

Cra? TP
= 11— P———r 57
22 [ “2E(E+m) |’ (57)
- CTaz

Ao =

o P ) 6

Horb, m S s (R (28) sfimyg ), p=|pl.
NI, FEZSE —RHUI R, 4 S AL
Ao 1— P
Fr = I - 2E((E + mz) )—lgn,up' (59)
XS5 RR B, AU KA TS TR AR ALY,
Bi P =0, M (59) X5 4.2 LR E—ZY. H
TR o BT RG] gl e 2 TR, U
Py < Py, BVEUN G 4 iy A BE#E— 20 m R G REIAK
fashi s (Bl —y J5 1)) $eifl 1. AR5 i
ZUCHUST, DOIAR A B 1 2 X (EDRE AN B i LAY
Py =10, A2 Py = Py, Qn3RA T B R ARFE.
BT, RN SRR A IR TE] (B sg L

SFF 1) B PSP 247 [, DDA DL A R 5 s i A
AL

P AP P;—P 1

1 (1= P)mpp
7q 2E(E +m) — Prpp’
(60)
2, A RIRAXPH P AT P 1E QGP ',
S SR B TS 2 B R TE] 7 R
ol e 7y & 97y /4, TG X T QGP 1Hiizs M it
EHEVEVER], I QGP WA DI R BT
LIRIR N

a7, Ty

1
n R~ §p<ptr>Tg =Tpty, (61)

H (pe) RSz, p = 18¢(3)T° /n* MK
TR XA, RS R R R
QGP HIYIREPERR R AR 1

4P 4Tps (- PPy

dt  9s n2E(E+m)— Prup’
Hoolt s QGP MR RE. X — 7 A RRRA T
JEFNEE—ERIIEOL T, VIR R B0 N sl
Ao B LAt 32 D D UIDR ity 28 K08/ N 45 5
AP35 [ ph st ()RR FRATIRNIE , DDFE T R EUE R

(62)

Iy S s R BX T IE# A QGP
AR ERARA T RN Ry F Y Rl it A )
ST AT AR5 sE V-2 i, AN S i 4
TR (62) Bl ISR P(t). B 8 458 T
TR A 500 S AL BT P(¢) Bl 8] ) A
A LU B AN [ A4 U R i 28 8015 0 88 BE 2 LE L A
[7i) 114 5 RA) 46s ¥ 3 wo (HRUA U AR g 27 AL T B I
QGP I GAL Y\ 1) R ) X 45 Stk Ak B T Ak i) 5%
Wi, XT8N /s, P () AL THBRR

0 F
Ao /o(t =tp), no transverse expanstion

O n/s =1/4n, vy =0.7
—o2F \ v N ---n/s=1/4n, vy=0.9
N ) —-—-1n/s=5/4n, vo=0.7
\ N n/s =5/4n, vo= 0.9
—0.4} -
b
~
o)
<
_06 L
—0.8} .
—10L ===

0 5 10 15 20 25 30 35 40
t/fm

8  HrtALE P = Ac/o Fifa A 1k o)
Fig. 8. Quark polarization P = Ac/o as a function of

timel10],

5 EEMAHZ N RES FH7

e LTI, i 2 v ST A HU T
TSR A e AL, fEttd T RIS B
SRR [ R AL B SR IR AR X0 B TR AR
LR R A HIE A Bl 5 5 T F e SR R
N TR v F AL R AT it — 2 Y B , IR )
FRALT SISl RO AR, QGP &
— AR, YR RS RA — AR f S
X AR N 2% BAT B AR A Bl (— ORI,
QGP it A B4 (9 #fy gl 1 1L o5 B A - A i i R
LR B A B B — RN ). T QGP A
RE 0 [+ [ P — R A Al | o B0 A Sl LA SRy ok
DRI T I T8 2 B 7). 8 g S A % v e
Ui QGP FiLARfOTHA — > Bl S8 H 50 A9 B £
gy, T2 T LA AR IZ Ao ok 51 A JiE
(8. AR TR R 55, BRI AT BT B e
ShAEREE, JEHTA R AR BERE (PR i L) of
FRE. EARAXHE R, T w = (1/2)V x v;
TEARFETEIE T, AR I E SCAEME—. —4
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AR SR A AE XS 16 IR 1 1 28 I T i i 3s B2
R

1
wh = 56“””"11,,8,)110, (63)

S, w R A, 0= (1v), Hrhy =
1/v/1 — v2 J& Lorentz A7, FEAEAXTISHBR T, w*
02 8 BB AL R IRFE w — (1/2)V x 0.
AT, A4 F B3 B B AR, 51 A IO R
SR, S R R AR

D=~ O~ 0B, (60)

Horb B, = Buy,. REREEE XIET, TEHRRL
TRAEPPET, EE TSRz, B
ik — a5, B EUNR A ESEAT 1) A T HA
SE BT 1A

e = exp{ - [azm P 6)s.w)

- 55 )] | (65)

e v i1 S1eee 4353|363 TE U B By 3 0 4
Takte, Zus FoRBLor BREL, =, RR— sl
T, T LA B A D A . K 0 0 A
VBT LR P 23, Ho A an el e =a 34 2 T
THROA, FTLIRR ppo 19 A BEAL A S — R, pre
Jes Bl I 18] 22 Ak 14, PR A B A T R it T =L al o
BRGHNBEWEMEEIG, pue L5 AS H BE I H]
AR, RIVAS FEARORE TR il T 2 A R B, X 2R

0y [T 4)8.0) ~ 55 )| = WA 878
AT AR RN WU . F
R 3 R

9, T* =0, (66)
9, 81ro = — (Tﬂo — TUP) , (67)
1 B R AT
OBy + 0uBu =0, (68)
Hpo = @po, (69)

P 0,8 = 0. Ik, nTUIE B, fER P iAST,
DA B T fb 2 3550 4 H IR i w0 1 E T K.
TR S TS T I TORF RER A
TEM A IR, AR 5ok A SCER [19,38]. X1
— AR Heisenberg #45 O(x) , FIH pre AT AT

O(z) = (O(z)) = Tr[pLe O ()] = ZLLETr[eAJrBOA(m)],
(70)
il
A=—Prp,(z), (71)
B [ 4z, )A5.)
— 58 ) ()] (72)

L P = / 45, )T (9) , DB (y)=Buy) — Bu().
%5 00 9 HEb f ke 2052 78 1% B9 L I, T
SN, P ) 2 SR 2 OB
FERRTEA /N, MTTTT LR B i/ . P S0
JEIF ABL(y) = (y — 2)*0xBu(z) + - = 0(8), Al LI
A5 RLE T O () AT F I 2L

O(z) = Og(z) + O1(x) + - -+, (73)
O0(z) = (O(x))o = ZiOTr (¢"0), (1)
O1(x) = (O(2)) (1) + (O(x))(s) (75)

Hrp Zy = Tre? | JFH.
1
(O())ry = - / a\ / 45, (1) A8 (y)
X (TH (y — iAB(2))O(2))o.e
O =5 [ O [ 45 wuely)
x (8107 (y —iAB(2))O(x))o,c, (76)
AT, (Yoo FORBOCHE FECBEE T, I ELA]
FHT S eATB = eA 4 eA/ e MpBer ...
0
BUAEAE LR AE SR B BT A . % 1

Dirac #K¥, HAEW A B EAF N

5177 (@) = (a) {17,077} (o)

- [ G en.

Hefrorr =iy, 4v]/2, 81r7 (, p) Frm 12 ] Y
RN A RESEAT, B n] KL Wigner 4731 HiK:

S‘#’Pa(x’p) = iTrD [{'y“, O'pg} W(I,p)] s (78)
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DW@Mz/&%*“@@%%)@@@—%),U%

Hirh Trp % 7R 7E Dirac 25 SR, [t @ Play = ptha
(a, bR MERASHR). TERE, TEA MG STk T4R
AR, (79) 2R W (2, p) B 5 X rp B
A B0 6 LRE Wigner 55 2% 19 B30 B3 25 1
AN R EMIE S B O(x) =
Srpo (. p), B (70)—(76) =X, AT LB 1 E
HERHOTE pre T 675 1O R L5 E HOT-H 1

1
SH(x,p) = _EewpapywpanF(l —nr), (80)
p

XL 2% po M 0 F] oo B3 M AR~ 119 57 ik 44
WSk (BORLF 5Tk A 3 5 1), JF HE 24k
W RGLIR B T AT 8 I AE A f1p0 = @0
(80) = & T2k Ml iz B AT 5 v A el
1k, PR iz B AT LS R AR 2 ] v i 7 A
AL AH DGR B H2, (80) IFAIE & F ik
FIEAE R TR, RO AR AR T A ol 2 7
ARG (freeze-out) &N _E =40, A T
15 238 A T A ) 2 B R TR R A A =
SH(x, p)FERB I = L BCF-EA{E (1958);

B /dE'pSlt(xvp)
St(p) =

2 [d=Z-png

/dE ~peumﬁp”waﬁnp(1 —np)
= - ) (81)
8E, /dE -pnp

Horppr &R F B9 7E 5% (on-shell) DU 2 5. 38 i
(81) =X, AT LU DA ik A g 2 A5 1Y v i B0 S ke 1Y
QGP JiA IR B, TR A5 AE VR Es Hn i i i
7= A5 B Bl a2 TR E- X8 A TE S A, AT AT
DI R a1 [ e A . L HbA 2 pL T  7E
TR S 2R B Cooper-Frye 2338 (%2328
AT LK QGP JARIARLEE | s S AR ik
e A s H AR AS [ 4 A ), PR AT AR
 E i Cooper-Frye A2, 7ES2BRI A, T
+ (W0 ABEF) 19 B B A TE S50 R e IR &R
W Y, 75 BT (81) A — A~ Lorentz A8 # %
L3 AT IE R . 4 5% = (0,8%) RIRIEA
1R R F e e, )

'7)1), (82)

M A5 B T 46 B — 45 5 J7 1) n i A e iR A6 52
P, =8*-n/s(X T Dirac $¢ Kk Fs=1/2). HHl,
C 2 K EHERUE I 722, 45R B,
X TREAR B A, 2 ARG o 3R T S g &5
B A 9 B RR TR E AL S IR ARG
AT FIERR AL ), AT DUE B3R A5 R
TESHIR2E N5 SR AT &

AuAu |Y]<1, 20%—50% * STAR A
8t % STAR A
—— Model A

10 100
SNN/GeV

9 AR B e AL Y RE AR B
Fig. 9. A global polarization as a function of collision en-

ergy,

6 EREETAE P RAETHERK
A

TR I, AR X0 B 7l A v A B % v -
0S8 B A I S VLT S 7 T AR R AR Y, (H
% SE AR P Y TR, %5 5 BRI AL T AN RE RS
B FRERN, fs e HRB il R AR T B AL R AT ST
B AT [l R AR T B P A e EE L A R
A DL R R B T B iEHES) (alignment). BR
T X0, T I = (1/2)T B AREE W LIE S [ O 5
SR AR, TR TR HERS
S B BERELRE 00 73t A T LA 222 7= ) i £
SIS E, X AR AR S RE A e B
BTG XS TR A R R AR A
JEARER L T 3R [2,40]. B BRSBTS
I AR, WA T A [R5 bL
i, 3 B 2 B s 2H A R R0 08 1 AR AL Y
SYRTRTEIS , DR SEG45 0 R 4 AR R
BTl R R SR AL, TS e R
Y, K FUR TS T BT R LA S A A
AR 2225
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6.1 HBFHRk

FES AR, S s MRS v i il
N BRI 005 e MR S e, SRIG 40y %5 e
RS A B G BE T | SO TR R T
AR R BN T 22k 7 1) B 575 1) —n A0 i
TALTT I, ARG Z AT, S s S S A e

GElZ)
|

Zml,m’l Parazas (m;7 mi)<jH7 mllm/lv mIQ, m£’>><m17 ma, m3|jHa m>
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P = pu(1/2,1/2) = pu(—1/2,-1/2). (86)
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\

P> D+X, (88)
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R 1 TS AL A BRI SR S50 LA TR S 28 ns Ml fs 709N S T0- I 725 85 1A

A ORGSR A B R RS AN T T S e R P
Table 1. Hyperon’s polarizaiton from quark combination or fragmentation mechanism. In the fragmentation calculation,

ns and fs denote the strange quark abundances relative to up or down quarks in QGP and quark fragmentation, respectively!?.

T A ot »0 = =0 E-
ZE% Ps 4P, — Ps 2(Pu + Pd) — Ps 4P; — Ps 4Ps — P, 4Ps — Py
3 3 3 3 3
ﬁélb‘%% nsPs 4fSP’u(7nSPS QfS(P’UfJ”Pd)*nSPS 4f5Pd7nsPs 4nsP57fsPu 4nsPsffSPd
ns + 2fs 3(2fs + ns) 3(2fs + ns) 3(2fs + ns) 3(2ns + fs) 3(2ns + fs)
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XF1/27 = 1/2707 248
Py = Pp. (95)

—45 (Pp - p*) p* + [1 — 26— (1 106)(Pp -f)*)g}Pp

X R BT AT S RN PRIk R P
(IR 7/EL e
2) 1/2 = 1/2 055348, BPRIT P Y A e
FEFEMRIR Jy (92) X i T R B AR R Y
BRI, LA AT H AT LA A SRS M a, B,
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1
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FHNIA SR E, XN A =pry +p_1
M6 = (pyy —poy_y)/ (3Pp). I L FTHIBLIERE
TIETHESERT AST A A B3 BRI, T AR
FRRSFIEI RS, 25 RN G 5248 8 1124 e
SR YR, T LR DY E e AL R B T
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Nl

Pp = 1—2A/3—(1—2A)(Pp-ﬁ*)2 ) (99)
X 3/27 — 1/2107 FEAS:
N 2 » 2
. 2|1 — 45 — (1 —100) (Pp-ﬁ*) ](Ppﬁ*)ﬁ*— [}—25?(1—105) (PP'ﬁ*) }PP_ (100)
1-24/3 - (1-2A4) (Pp - p*)
\
ATULGR, T USSR B A BT ASSHI14%), 270, 2 - Sn (25 KA A B

BARAL R, 77 A A R AEE Y0 —
Ay (A EERDS A BT 15%), ©* — Ar, X0 (2
HPARAS AR EIY 30%), 20,57 — An (295K

B 10%), WA HoAth A8 38 5Tk Kk 20 10%. (R,
SEEG I E] Y AR RKEA 80% 2k B T 5 KR
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AMPT Au+Au 20%—-50% STAR Au+Au 20% —50%
—— A (primary) *A @& A
4p —= = (primary) STAR Au-+Au 20%—80%
—o— Q~ (primary) _
0=E-45+
3t 0Q-4+Q+
X
=
q
2 -
1 -
i
0 .
10 100
sNN/GeV
K 10
N (1 BT Tk 149]

Fig. 10. Theoretical calculation and comparison with experimental result for A, =

count in the left panel while not in the right panel*.

N, B R Y ST S RS, AR
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BEE AR TE 23 RAR A BB B R AL, 45 R X s 3
AUV ) ) BT R 3 2 A TR AR AL LA 10% 2%
() H ARG Y. T Y 5 ek AR > AR T DA T
M iR, =l X, FEA AR IE
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and — . The feed-down effect is taken into ac-
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ﬁQUE = pth ® ﬁ@' (101)
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Fig. 11. poo as a function of A in central collisions2.
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SPECIAL TOPIC—Spin and chiral effects in high energy heavy ion collisions
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Abstract

In non-central relativistic heavy ion collisions, the colliding nuclear system possesses a huge global orbital
angular momentum in the direction opposite to the normal of the reaction plane. Due to the spin-orbit coupling
in strong interaction, such a huge orbital angular momentum leads to a global spin polarization of the quark
matter system produced in the collision process. The global polarization effect in high energy heavy ion
collisions was first predicted theoretically and confirmed by STAR experiments at the Relativistic Heavy Ion
Collider in Brookhaven National Laboratory. The discovery has attracted much attention to the study of spin
effects in heavy ion collision and leads to a new direction in high energy heavy ion physics—Spin Physics in
Heavy Ion Collisions. In this paper, we briefly review the original ideas, the calculation methods, the main
results and recent theoretical developments in last years.

First, we present a short discussion of the spin-orbit coupling which is an intrinsic property for a relativistic
fermionic quantum system. Then we review how the global orbital angular momentum can be generated in non-
central heavy ion collisions and how the global orbital angular momentum can be transferred to the local orbital
angular momentum distribution in two limit model---Landan fireball model and Bjorken scaling model. After
that, we review how we can describe the scattering process with initial local orbital angular momentum in the
formalism of scattering cross section in impact parameter space and how we calculate the polarization of the
quarks and antiquarks in quark gluon plasma produced in non-central heavy ion collisions after single or
multiple scattering. We also give a brief review on how the global polarization can be predicted from the
formalism of relativistic hydrodynamics with the generalized Cooper-Frye formula with spin. Finally, we discuss
how the quark's polarization can be transferred to the final hadron's polarization. We focus on the hyperon's

polarization and vector meson's spin alignment produced in heavy-ion collisions.
Keywords: spin-orbit coupling, global polarization, spin effects, relativistic heavy ion collisions
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