TEME  YIEF hFE XXF

20234 £5£53% FE9HA: 290006

SCIENTIA SINICA Physica, Mechanica & Astronomica

DR 4dImEA¥EHRKEE

<¢/ (b ERLE ) JekiA
physcn.scichina.com SCIENCE CHINA PRESS

CrossMark

& click for updates

PFERZHABES KW

AR 4

1. AR K2 RAR P B 72 BT, BRI 430079;
2. SRR B RSO &R, 3G 430074
*It & N, E-mail: zhxp@mail.ccnu.edu.cn

WS 39 2023-02-21; 4352 H 3 2023-05-11; R2% R H 3: 2023-08-24

K H R FL &5 12033001). “F 77 2 B %1 G B B 7 BE(SKA)E Ti(4 5 2020SKA0120300)F1 E & & i 0 & i R 5

2021 YFA0718504) % Bh 15 H

WE AXZERTHTEANHTREEE AL USAE A LAT A+ FEEMEH D, B o477 ¥
BEY AT H A TR EEFTEFIREFARGRBT- SRR, Tk E# AT FEN-E3| 1B
FRES, NP TEHNFREERN SR AEETETEARNTRNES.

KR P FE, A AEL
PACS: 97.60.Jd, 05.70.Fh, 97.10.Cv

il

1 35|

R BN B, RO T A T
10% g em™. TEWIMG & 0% FE N, &% F nl e gl R i K
AR AE AR AR, BRI X AN 0] B A Toh M, Baym
F1Chin 2!, Chaplinef1Nauenberg 1L & Keister fl1Kiss-
linger . {HBaym M Chinfz - fiti 11 B 3£ 18 £]10p, LA L,
Forhpo 2 AN B2, 15 W) 58790 AN 7T Re e AR B
SO ) A AR e b R R v R LA
TSI, S B AR RO I AR RE T

19844 Witten PIFEMITHE 5 7 R BF 78 24 %5 52 4) )5t
IR HHu, d, 575 5 20 01K 7 7 5 e P i AE AR R 1) 2
K B 4 45 G /N T50Fe, T4 0T LLA B HED H A
5 ) AR R BT W] e b A% ) o S AR
E. XA NTEF R ERRTG RS RSP TEN

FAE R 7% VB E . — MO R\ N B 7 5 )
BRI IR, th R HEAMETRE A
i, W RS R A H R, MRS TR
ZLG| TR R AR, R R B A R T IR, AR
o e AW PR e B S B RE AR AR B LI L
TS SIFRIENIZAE R 277 A, — R
FIREMITE DL, T b B PR T B A% 3B T
R, R RIG 55 L1 5l 1 AR 1S e s, IR ZE
AR

I FLAR AR AR AR B A A2, TR A NATTSE AR Ko
hYEZOBSEES R, AR EN RIS
Hrpr RIC R V2 IR R ONIR AR A AL 2 AE
RIS NI —Z AR 7 R B B — A
R, et R A IS, SRR, R4S 2 )
SRR, W RV N AR IR AR, R T R N TR

290006, doi: 10.1360/SSPMA-2023-0065

SIRAER:  HNVE, B o RIRAS A S RSO Y. R B JysE KO0, 2023, 53: 290006

Zheng X-P, Yang S-H. Deconfinement phase transition in neutron stars and astronomical tests (in Chinese). Sci Sin-Phys Mech Astron, 2023, 53:

©2023 (FERIE) REit

www.scichina.com



physcn.scichina.com
https://crossmark.crossref.org/dialog/?doi=10.1360/SSPMA-2023-0065&domain=pdf&date_stamp=2023-08-24
www.scichina.com
mailto:zhxp@mail.ccnu.edu.cn
https://doi.org/10.1360/SSPMA-2023-0065

AR, ERE W ) RE

2023 F 53 o

2R P A AR SR AE, AR BB T AR Ak 7
SO T, JEBCA — NS e A AR XA, T 2 B
AR B AR AR T N A AR B, X — R AR AL TR
BN Ay B R SR AR B A B ER T, BR A 9 IR 25 A W)
R, BRI AN A T4 5, AR L A7 SR & A S AR AE.
19924F-Glendenning ¥WIF B 55 & AHAS A Ay v 1 B IR
P AH AR R R AN S L BRI 100, Ath & 3045 TR AH A%, 78
FrMaxwell 43, & 5 —40 22 B V) A AR, 1A% - H
F(EF-HH)RFEANE AN BT ZRAFEER
SR TR, RESRABAT G W AAL, Hie
IRTFHESE R B — AR, BRONGibbsHa i, BLER K, A
JE b 5 B R R G R A2 A R AR R A A T AR R ek
H PP SR B, G0 SRR A PR R AR, 5 3k W RUA N
FEAEGibbsF4 I (1A 45 14, -1 B A RE HH N AZ 0 4155 e
Vst Hh ] X SR A A DL B SR A R, 4
SRR R IR TV R A E— MRS YA,

To wWwMaxwell#4) i 18 & Gibbs ) i, 15 1B 25 P ¥
T REERE. PRESEEhTEFLREE
7, K= RIATRE RS &, PRrilE
FHBRIAE T R 2 NIRRT 8 1% K
B, 19844F Hh [E] 25 44 R AR 3 2% SRk 3% /N 41 PYt
RINE 75w R g AR R 1 590 H I AR Re g f2 4t
R It B OL R TR R IE 2 %5 7o pit 72 ) B i I 1
FEELRE /1. U E R, MIHESGVE m % 2] 1 23
12 S A E B & 5 e M) i - B S E T E AR
PR & 22 S, SRR MU DA X 43 110 T 20074
2014 F3AT7 HrGibbs ki y—MAEL A S50, K
I 7 B S BRI AH AR AT AN BT BE A S A A i AR o R,
kA B B P A — N RES N R, IR R Bl A
WS E SRR REZE R, v U RIRIGR 25 A
VI R AELE T 7 B i 112 181,

A BB Gibbs & IR ZE A AHAS 1 &, 2 4F
R, B2 A Gibbsh i R 25 A AHAZ M B, 31
W T E R TE R, AT T R AR AL
J&. BS54 A DA SR 52 T 1)

2  Gibbs#iEIRZ FFEZT

TATR i~ h P B R B R AR AR — A HUE,
BRRUEHE T, WK T, HIRERB TV, ORES T
WJsi. BT RN, — GRAR N—AIIR B 55 —A, ZEAR

AR 15, 55 /2 Gibbs HH i 26 2F. X TR 2E AR AR, FRATT 4
HIK FHMaxwell#4i& FlGibbs i i F- 3K 15 1R S AR S T
2. fEMaxwellii& T, AL A IR ERN 22 Tl

p = ull = ppu # plh),
T¢=TH =T, (1)

p%up. T) = p"(up.T) = p.

HRAE (D FAT SR S8 — e — A upfE,
TIEEIEARTTRE, 53 BRAS PIAR ) BE B S5

€p = eg(up) # en(ip) = €y. (2)

AT AP N IR GRS L& S n. TR A4
EFHEENGREEESR
p=U-x)pr +xp0,

3)
€= -x)ey + xep,

Forby = o2, VAR R 1600 24 R AT AR
MBI LUEHp = —ZDIHT By b 2 — A8
fif

BLLE A1 A DA S A A4 A T4k

AT H AR TS B AR SE, AT AT

= pll = pppl = pl! = p.

T =T"H, “)

Pus. e, T) = p* (g, e, T).

07 @) AN B, R — AR p? = piR
fi#, S LA T p Gy, u@) Rt (i iyt S A
LI AF AN AT R AR A, B OR% B T 1k R RN 1K
f ik R, G g Mgy 446 T AR B T4 P 5%
B, WA AR S

(I = x)qu(us, te) + xq0(up, pte) = 0. )
J7 FE(@) RS BRAL ] i
1p = (), e = He(X). (6)

H L, T4 58 B AR, TR AR PR o
MRERE LA

pQ(/JB’NE) = PQ(X),PH(HB»He) = PH(X)s

€o(B, te) = €0(X); € (B, e) = €nlx)-

@)

290006-2



AR, ERE W ) RE

2023 F 53 o

RBEMRETETERA
p=0=x)pa) +xPo(X),
e=(1-x)ea(x) + xeo(x).

[a] Jii 7 F(3), 77 R (@) A e 2N _E ML, (H 5 FE3)
PHs Po> €nfleg & — AN ATy 11 5 18, 10 77 FE(8)H
EATRY RS, X FEQ) BRI — N AL R
. MR A AT EORKBEEMEME = —%, B K
Wiy AR 1. BESR(8) I o8y M BR AL, A 40X B A
JE SRR o1 ARk VR -G A X R] R 535 40 25 AR Ak 158 B 3
B FA LSRR, HERERE A
AR . X ) /& Glendenning B4 H ) Gibbs #4) i 1) 1R 2%
VAR AR, 33k — 25 40 Hr, G S B3R (5) 20 20 32 6 0149 ol 45
F0, Mg = qo = 0, $AEES # p, S8 [ 2 75 R (1)
H L. IXFER K, Maxwell i) i A Gibbs i it A5 12 &
4 Ja 3 R rp v A 4 SR R o 22 S B S U, ST 2
{7 24t Gibbs 438 A 5 2 38 (1% .

K P2 3 B A 5 T 5 DA S MIT S A5 A i
RE 7 R, RIEGibbsky i, FA14 MR T3
WIS TR E 1R U214 B BORFEAR K
% BV Bl (1.500-5p0), 1R AP EAFAER). N T HUE,
BATRFATOV 5 2 5 H A 25 3B 25 P AH A2 4 J5 R0 AR o
N AR TR T R R R KR, W 20T
AR S1 ] 2 R BARIB AR AR AR R A R RS Ak T
SRS T L, (HIX AT o7 2 -2 48 5 R AN
FEARE L,

®)

3 T EMRRNER

BEARIBZE AR AR 22 1 P 1 RS T RE, AT
M T R E AR R GRS T, B
T foe KR T B o B ) BRAS AT BE HEBR B IR A 5 R
AR RIHE Cgefa i, — B OLT, BE IR AL
A rh g 5 P B b A AT REIS B ELC W Y
AT R FTR P, L H TR RS T RIS R AL
PR ARR S TT R A 70 MBS T S R i ¢, TR K
NG — SR B A B AR IS4 el K 4800 h 7 2
PR AR PATARAR IR R AR Mg 7 31X — AN A IR

19844F £ Witten PYIF 7T i 1 73 57 % 50 ) 53 7] g2
R H IR R A, B O 44 R R
KR FERRORCHIRM, TRATTWRA

BB 1) JE 3R T AR FEBUS R P, 5 Sk BB 7 78 43 E B
X — TAESEBRATIF 7 — /SR 1 22 R 2R P ) ol
FIHTE . 19894, 19924Sawyer 161 filMadsen 7! 43
ATHE T @ R T W AR R R AL RIAER T
FE A7 E A 25 57 5 e 1 o 4k 6 i vl R o 1E 8 % ) I
PRFH 4 B 2. 20004EMadsen U048 & B T #F 78
TERErSEATRENEE N, BB, &5 R i f
TEAT E R AR e s, Zhengs A USIHE— 5 0 ¢
AR R A AR, 20034 Kk £ i SR A R
RN PR i B R 5 T B B DR ) IS S5 H bk o B (PSR
B1937+21)FH K 5T & X-4 28 X002 (LMXB) M I 5 )

1150 —

1100 |- -
3
S 1050 | .
Z
0
1000 |- 4
950 |- .
1 1 1 1 1
1 2 3 4 5 6
Plpy
T T T T T
200 | ar/ A
150 |- J
£
=
> .
[0} L
=100 | MP - E
Q /
50 [ 4
HP_--
0 " I " I " 1 " I n
1 2 3 4 5 6
Plp,

B 1 Moy @REMES w RS EE: aiah
LR TR SR S8 R R, i EH SCR012,14]
Figure 1 Equation of state for hadronic, mixed phase and quark matter.
Upper panel: binding energy vs. number density; lower panel: pressure
vs. number density. Obtained from refs. [12, 14].
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Figure 2 (Color online) Mass-radius relationship for strange stars, hy-
brid stars and neutron stars. Obtained from ref. [15].
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Figure 3 Limited spin frequency of strange stars. The crosses denote
the two radio pulsars with millisecond period, the rectangle represents
the low mass X-ray binaries, and the shadow region shows the medium
modification. Obtained from ref. [11].
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Figure 4 Maximum spin of neutron stars due to hadron matter, strange
matter and hyperon matter. Obtained from ref. [20].
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Figure 5 (Color online) Thermal evolution curves in standard model.
Obtained from ref. [22].
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Figure 6 Thermal evolution with chemical heating due to 8 process.
T is the observed temperature, 7,p, and 7,pe, are the chemical im-

balances for electron process and muon process, respectively. Obtained
from ref. [24].
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ical heating. Obtained from ref. [12].
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Figure 8 Heating comparison between S-process and deconfinement.
G1, G2 correspond to a soft and a stiff equation of state of hybrid stars,
respectively [27], and the four dashed lines show the observed temper-
ature of PSR J0437-4715 with 95% and 68% credibilities. G1 and G2
below the observed temperature are for chemical heating due to 3 pro-
cess. Gl and G2 above or equal to the observed temperature are for
chemical heating due to deconfinement. Obtained from ref. [27].
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Deconfinement phase transition in neutron stars and
astronomical tests

ZHENG Xiao-Ping'** & YANG Shu-Hua!

Unstitute of Astrophysics, Central China Normal University, Wuhan 430079, China;
2Department of Astronomy, School of Physics, Huazhong University of Science and Technology, Wuhan 430074, China

Possible deconfinement phase transitions in neutron stars and the influence of phase structure and phase transition behavior
on their evolution are reviewed in this paper. Possible existence of the mixed hadron-quark phase was studied by analyzing
a solution of the phase equilibrium of the nuclear matter system with two chemical potentials. The r-mode gravitational
wave instability radiation and the thermal radiation of non-equilibrium neutron stars are discussed, and possible signals
of the existence of quark matter inside neutron stars were investigated from the aspect of the dynamic process of neutron
stars.
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