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Figure 1 (Color online) The triangle of light-quark flavors. The points
inside this triangle define the states with certain quark number densities
of three flavors for u, d, and s quarks, measured by the heights of one
point to one of the triangle edges. The gray level denotes the charge-
mass ratio of quarks. Normal nuclei are around point A (R = 1/2). Neu-
tron stars are around point n and strange stars are around point s, both of
which have nearly charge-neutrality (R = 0) baryon component. Strange
quark matter locates at point s, whose basic constituent units are three-
flavor quarks. Another possible case is the strangeon matter located also
at point s, whose basic constituent units are strangeons (see Section 3).
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RN R A A RS IF HE 50T R
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[) P 5 AH ELAR FH, BT AL T A% N 31 1) 5 e 2 TR
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EAFRNZ, B EET IR Bk, W s bE
T 5 B 1A B AR A28 T A R - Jo 3 6 38 E IR A i 2H R
HIANFE IR, 55 A 3R T Ak 2l b ik % 21 2%

4 FTYRRREHE
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TEREER ) — A B EAF L. 6T 20 B AT 2
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41 ZHHEH

e I 9 PAN o 5 TEplk RGBSR 19 2 7 T AP =
Kp' (KNHEHLT =1+ 1/n, nfFRAZTTIREBDBA AN
IR RE A, R R CA R e R gd 7
EMPAERE, £EBAREA T2 iIES .
FAVH 77 72 BN Y o h T, Rl AT
W5 iR AR 2 T R 22 5 8 3RS T R R A i 53k
,fu [23].

EL tEN = A Y|

P =Kp"*'" e = pc? + nP. ()

N T AR T T R A R B, AT — AR
RQCDHZEREMIIAA, # A ARG T FEL TN

P:Kp]+]/n_A, (2)
€ =pc? +nKp'tm 4 A, 3)

TX A BB 15 R T 1R 5 A Z2 )5 FE AN N 2. MIT 4845
RN DLEE R UL RS TR En = 3Hp = 0 (BRI AH
SV TS R RR, B AR A 1 48 5B,

Y T % U7 18 Bn, 0 FAEAR K 1 % e lE N
Z: 4, JATTAT CAR) 3R R O RS B K R
BRK = Apy"7Vm R B, S AR EUE T L2
FEMIT 1SS 1528 1 B EUAE, 9 GnHXA = 145 MeV*.
ZHps 1] LLBUA 158025 i po.

4.2 Lennard-Jonest&Z!

Z AR — A — e R PPRE T, AW
KEFYR ) BARE . T MER N AA BAER, 3%
I TR RS 7, R i 2R
MR MHEAER BRER TS, J5E & B TEr
JRF-55 T AHEAE SRR T F e . Rk, AT 4
G TS AR ST A5 HAE H I Lennard-Jones %

4 4

/)2 (/o)

SRR IR AR B A 7 T 22 1R A AR L g 3
BHARE, ro 2B N E N RS, WA R, XA RIE
BRIk T HEREHE R 0. B U 1R AE)
510 KW S A HEF X — R A NGE H T R
oy ¥ Z A R EAE A, T BB IS A T A% 2 TR

“

u(r) =u

Wiy, & —Fh AR & AR ATV E 7 2 IR A
AR EA X R, I8 FLennard-Jones# 44
iz 124,

AR T B A ELAE FH R H 2 A 0 (RS
JiFE, TR bR R R S, T T T PR
FH AR F0 RS B R Ge i A BLAE FH Rg, RS R 7 SR
I 7T A G BB RN R A A EE. B0, B TR R
B FH 21 P 323 ALK f A % 7 52 B A AZ F1E T )
R P 388, Woods-Saxon# 21, 25 F4) i
o BT AT AR BN B 7 R S ARIE A T A
YEF. B 7R e R T, a0 A LA F 34 Fhuo /2 65
R, BT 1T e SR AR 3 B o T B i s 45 40, 328 17 T s
BE YR, XHEH— BRI T BT T R 5 R
A T# AR,

FHE— DR B [ 25 75 T4 R 1) Al S M A2 T ST
SR CHIR ] RE R HAth 25 1, (HIX L5 i 7E e 451t b
), I MFATF T A AR @WK, 1T
I EIEE NN TR SEH B A

12 6
U(R) = 2Nuo [Alz(eo) —Aé(%’) ] 5)
H, A = 6.2, Ag = 8.41200 RIGHHAR AN &1 F 1 B
B RS TR E e, e = RT3, AN EXE
BUSn R R, RGE R A GEE

& = U/N = 2uq (Appry*n’ — Agrin?). (6)

Kb A% B LI T BT IRBIRE, EJE R
SR W B ks IR Bl RE AR EL TR LA 95 BE 2 T LA
{1, X AT AR I TSR AN K. R, S R R R
NH e AN e 3 2 A

€=2uy (Alzr(')zn5 - A6r8n3) + nmec?, @)
Hoh, m NS BE. Hoi

d(e/n
P= nZ% = dug (241273 n° - Agrn’). ®)

PRI EIRETIED), Q)FHIZH. & FH A
DRSS S R, R ERA MR BT T
AN 5 (e 1R, d, $)II RN T 0 Em, 1
=3 MR TS T EH AN, A A
T HREN

me = Ngmy /3. 9)
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WA TR BN, MINGE3MAE. k&G F=2H
Jie-wk-t s, MING = 18, Hlquark-aki 5~ 271 5 B
TR B uon] LA JL+ 5100 MeV. 1 3% 1 JE 58 4 & 7] LA
193 R A T HH Fing = [Ae/QAR)r. TR F
U Bing 5 A RO FEn) R R Any = n- Ny/3,
Jit AR 1 B 1 HOR s = NglAe/(RA1)]'2rg? /3. 4
5E 2R I T U B np LT LUK Hirg. BRI, 45 5N,
uoMnpg 2 J&, IRETTREBIHE 1. BAVET S b —
Wnps = 2ng (ng A AL D) 5105 ). A3 — 3212,
FE25 € R AT HUE En TG DT, 38 I 33 e L3
BHR ity = uo /Ny 751 3U% Bii = Ngn/ng, Lennard-
Jones# BTl = [ 75 T M PRSI WAL A — 2%
B TE B2, Hope R AR 8y

€ a 1 _5 _3 —
— = —Up|\—=n —n |+ men,

ng 9 18
(10
P 2a_ 1715 3
N [ S
ne 9 °\9

HH1, a = AZ /A

4.3 HWEFFYukawaP iz gl

A AT A FERL T WE? AR T (2H B Hyuds) 2
T AR 5 7 o R S BRI B, T N AR 2 R THDW
T F(41 B Auuddss) Al RE A2 F2 52 10 281 4% SQCDK)
TH 5 R BHHNE 7 ) fE A AR e 1, R 4ERE N L
+MeV 29301 R JL IR AT FE T — Fl FHHXUE T4 Bk
772 B

%A AHNE T 2 )5, &A1 — 5 /%
W5 A ) A 7 22 18] 1 A EAE R A o Flw
T B2 Yukawa B (U H 2R #4671

—Myr g(er e Ml

r 4t r

giH e

V(r)= A (11)

Hof, my Mmg 5y B oMo F 1R &, gonflgensd

2 A T HME MK A A TR SR

Sor Mg p 1% A WA T A BUE 7T 6 2 2%, 763 5 AT

A% T 5K AT A B gon Mgy 5 EA
FHIE, AN T — L8 AT RE OB SR AR S5 82101 5.

75 LSHAUE 7 N 5 A BT M R 35 TR, %

FE BB IR BE N I R RN, FR AT ABrown-Rhokx

SE A B33 FE TS A T R 1 10 5 B AT AT 2

&, B
m;, mh  my n

= = =1-agr—, 12
e me BR - (12)

Hort, my, mi R, 0 Sl i w1 o/ AIHUE T 1)
A BT, no ALY 5T ) 55 R0 B, i NHW T
B L, aprog bR E Z 4. 7% F8Brown-Rhoty & & 13
5, FATR I AHRLE Ty F A BI04 B 75 T4
JRAE A5 38 ) 2 B0 £ R R LG R P R RUZ A o AR
% [31]_

w4295 ik, AMUE 2 A BAE B 50
AL AL R L, T ELAH ELAE 35 2 DA 7 T R 46 A 5
B e B it s 45 440, BT CAFRATTATI AR R P A4 275 — FE )

BV 731105 IR A G5 AL 2 T8 2T 4, A AR I
AT A A EAEH. R nr AS 3135 5o 2% B2

1 2 -myR 2 —my R
EP:E”( ‘%?GR B é:;f_:eR ) (13

Hodr, A FAG I BUE [F)4.27, ROAEAR N HAUE T 1Y
FEB(R = n7'/3). FRATTB [RIFF 208 i A Wik B g, 759 2102
fe 5% B (I E AR 3L )

€ =

1 4 g2 o —1/3 g2 w13
/3 wH _—min oH -m’n
—n A ——e Mo —A ——e o
2 ( V4 24

]+ nmy,,
(14)
A HEPRNMBENE T E #H B Eny = 2210

MeV, S $lapgp£0.1-022 A ELE B JE5E A HP =
n>d(e/n)/dnkA3 2.

4.4 JFRFSIRE

5 P S Ak 4> 7 2 18 89 A B AE A ALennard-
Jones#(4), He v (1) 2 Bruo Ml rg Xt T AN [7] it 6 1) Ak
A A ETEUE, B AS [ 1 S RS T R A
[F). SRT, a5 ey ARV, RETIZLL T 70
BN AN B FEL, kKNBoltzmann'&# £7)

P* = Prifug, V* = V/(Nr3), T* = kT Juo, (15)

FFGIN—A S W1 RON F TE 49 2 B (h9Planck
B, mN T )

A" = h/(ro \imuo), (16)
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ARG P, Ve, T RIER T ENRETT
FERE 2 — - IE A 3

P* = f(V*,T*, A", (17)

R F i sUHR A B 5 LR ot P T A D 1 8, P AN
[ T S AR EGE . X — G5O LA e, B i
TR TSN R G B TSRS EE,
NATTA] DA L2 250 R G HIR &S T RE R I 55 —Fh
KRERGNPIRASTTHE, R B EATHIRHOW A BAE FH
.

WK A T e S T, FRE S
8431 F8 BAE F B Lennard-Jones # S 4 ik 751 2 18] ()
A EAE FH (4.2, A4 MRS sE vl &0, &5 1 F i
PESARITE BN T R —FE . R, BT RE @
LA P SRS T FE I SR B0 B 45 R, R15 2%
TYIR B T7 2. X FE RE Bk A O A B A F 21 %%
NUIR S 77 FE 4 S, I Al il & 1 1 SRS T 2
BN FF TR HRAS 7 72 D6,

¥ & FoE Sk TR E — ANVECE B
[P R A I LE 7] — gk Pr-A* B b, X 88 S eI AL —
KELE. X T AT, BUE uo frg R (943
I 2 Ja, HaRA6)5 BIAE, 2R )5 R 8 S
B HNA B LR A5 BIAH R P, BIAR 2V X L P, i
FIH RSB AT 1S B 50% BEn = N/VE RGP — 4
H. 35, EAFE RV EUE T ER L DR, #aT DU
&) (K n i Xk B2 P. 510, Blug = 40 MeV, ry = 2.5 fm,
Ng = 18, AA1F EIHIP-n RN B0

P = (2.99 x 10*'1>9%1.60 x 10**) dyn/cm?. (18)

RIEP = n*d(e/n)/dnf3 %]

" p 3
ezn(f —zdn+6—), (19)
ng N ng

B &5 R A7 T HUE B, R BEEE He, 1A
XA FL I 15 BIAF Xt B (e = e(n).

4.5 EBROKER

TEIE I AR BIA 9 kSRS HH A% A rpage
NS O RARL. BEFADRAE K
9 1] B T A, )RR Bl B T U BEnid
fEa = (A/n)'P (A = Ny/3N & B 7 5. 2T

B2 (2% hORE 1) 5kt AP o i s i A, RO il i
rhe. BORAR([R] o) I8 1 2R 1T /N AN B 11 (20 5 ) 55 4 <6
BER:. TR Hcos 0 = a/(rog) RAE, e aly ik & 4L,
Thag NAEFAE T

Figure 2 (Color online) A schematic illustration of a lattice cell in
strong matter, in which point “O” is the center of the cell. A spheri-
cal bag (centered at “O” too) is inside the cell, which is linked to other
ones through the six windows (the red circles plotted) on the bag’s sur-
face. The size of each window is characterized by the angle 6 with

cos 6 = a/(2rvay), Where a is the lattice constant and ry,, the bag radius
[37].

RO Fireae > a/2, R ZE &, &I 5 4
B, B OF A NN E O 34, S & gk ffle =
arccos(a/2rvag). Hrvag = V3a/2(H10 > 54.7°)f 45 %
THI VA 2%, 2 BH AR 03 T e A B AR P AR AR

KA PRI, ey
0 w

—, 20
Tbag 47 ( )

E=)"(Q;+Ny;)+BV -
J

FHR, Q0 Ny 5 BIR R T 285, R T 00
(L2E3. =TT RS I, 2o T A2 Bk
BB HIREES. TS S8 00 B g a2, B

47'[, Thag < %,
47'[(%;; —2), % < Thag < %,
W= fe(jz 0030[721 —2cos™! (m)} do, 21
% < Fpag < \/2§a’
0, Tbag > %
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Kb w = Ju? —m?, g NS il I (g, = ga =
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WHEABRIMEMEETSHMMLAE TSR E.
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aﬁj}ﬂjﬁﬁ
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5E i I 1A ARG FURL 5 HUN;, 58 3 Rrag T A FE
EEW/MUEE. RETRENE/A, fEEHE

& = nEJA. 7
R4, EFAERAERE RS F R AT H

de
Ho = an’ (28)
Pl e (29)

dnn

5 BHERBEZEXRAEFFEND?

Jikrh B R B CASR IR L 2 4 (), 45 25 T T RS
KSR E BETE % (AR K ) 7 Parkes 64 K5 B B 4. &
[ Arecibo 305K 4 HEEE L BE. 1 [EFAST 500K 5 L EE
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TR BT Jok b 2L 2R R MR i DO 80, v K0 40 R
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PR RA R AR, e X 262, OE X0
2R ik P EL(AXP). By 528 B 2 B (SGR). B XA 254
ST (XDINS). HUDEUE R AR (CCO)YEE. AN H A
T 35 A B TR T i 5 SOA ) A O SR, JRAT] 2 Wi A
FR WA T ESRA BT 3ATEAR K B AH ) 52
MR, X NEHMER. FREMERE. IR,
XU HA %5 7 T e Bk B 2R R AR 25 T A .

51 FTFERFEMR

L& w5 B R, A7 R B 2 A B
1B B AR A1, — 2 55 Rk B 2 808 R AR 1% 3R T 1 R
AH I I 1) B AE & 1 R HESE T mT DL E SR b A . — A
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TEHTREJLFRA T EE -, 7] DUR 3 28 H
B segh IR

FF B R MR T 98R 1) H R 24T B T 3 ik o 2 1
WEZ BN PR AATTHE TV 2 HE 2 BB SR A R 3 H
JBk e B2 SRR T R LR I8 A S R R, i Ruderman-
Sutherland 8 B (RSHE ) A& ¢ oy ) V2 4 O ZY, {HIX
— A AR S T 0 T X v R O 4 e L= AR ) B
KACTHCE. SRV SR B T R R R T R A e A
FEARE 0% = B P2 AR AR, BRAER i B
FBILIG R (B, = 4.14 x 10° G). {HFEH T EHELE
P, H T LR R T 550 1 R4l 01X — ) 15 2 H AR AR
P WL S5 B T B AR R R B R B S5 4k, |
T&FF B R0 DAAELE /N 1L LS By KT, (8] S
P Jk 2 B R e B PRI IT A e B 4B 7 B % O T ik
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ANFE B Myoy. 40 5 5 &5 MR RS 6 B I Myoy /N T B2
R ik 0T B, 03X b 25 A R 2R il v DA HE .

B3 HY 1 55475 51 0 AT BRI A T R BT ) B
PIM-Ri 4. Horh 40 5 e 26 A 3Kn = 0209 2 J7 LAY,
WA SR R g = 0.24 /fm?, up = 30 MeV, Ny =
18] Lennard-Jonest Y| % {0 41 52 26 A Fapr = 0.2,
ng = 2noMHXUE T B F SRR FKuy = 150
MeV, ro = 1.5 fm, Ny = 6 FIXF N AR, B 40 5 2R AR
£ B, = 125 MeV/fm?, B; = 100 MeV/fm?, zy = 2.908/{]

4 T
— — ZHRE
3.5 = Lennard-Jones &%
’ H WEFRE
IRz AHRAY ~
) ST be3L M L] / /
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15h
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0 L 1 1
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B3 (1928 iRz D AN [R] 1 & 1 2R 28 7 R i 4 L X M-
R £, 21t 2R3 2 U5 B, i € R 92 26 AR R Lennard-
Jonest¥ B4, £ (0 410 <2 26 AR RHW H 7 R0, 7 ¢ sl Rl 2k
AR S LA B, PR (0 i 2 AR 3 0 T 1 AR AR (AL K 1
ZHOGEILIE D). ENXTH, At A& R T P
TR RAPAR &5 . A 9 B X 3507 5 % 7RPSR J0030+
0451(F8 €4) 1, PSR J0740+6620(34 t4) 01, J0437-4715(4
) PUFIHESS J1731-347(45 ) 521 L0 BR 1. % A0 % €
DX 35053 AR K 68 % F195 % ) B JEE [X 45

Figure 3 (Color online) M-R curves derived by different equations of
state (EOS) of strangeon stars. Red dashed line corresponds to the poly-
tropic model, blue thick line corresponds to Lennard-Jones model, green
thin line corresponds to H dibaryon model, cyan dash-dotted line cor-
responds to the corresponding state model, and black dotted line corre-
sponds to the lined-bag model. The corresponding parameters are de-
scribed in the text. For comparison, we show the result of the AP4
model of neutron stars by pink dot-dashed curve. Colored areas are
observational constraints from PSR J0030+0451 (orange) [49], PSR
J0740+6620 (blue) [50], J0437-4715 (purple) [51] and HESS J1731-347
(green) [52]. Dark and light areas represent the 68% and 95% credible
regions, respectively.

T OS2 0 e R 1Y) 2 B At AL N T R
158 3 5 = ) Moy, H ¥ Lennard-Jonest Y, HXUE T
BERY, S B 2 152 (1) Moy £E & BRI 2 30N 3 v]
H3M,. VERX L, FATEE H T 7 2 i AP4 48145 Y
HI4E 5, Rt R 28R,

H AT AT SR B X5 2 0 3 b R K
AR TR — e Jk e L D B R R 2 AR 4 B
PEFRATTAE B3 i H T 5 B A AR I e R PR e,
WA X R . #5 f3R7RPSR J0030+0451 91
5 22 7RPSR J0740+6620 501, 48 {8 3 7R10437-4715 Y,
£ (0 K INHESS J1731-347 1921 L rp R €0 f1 3 €2 [X 35 5
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10 O  the Crab pulsar \ A X \
A the Vela pulsar '\ A \
X some other pulsars H
104l [T a=10 x|\ \
a=3x10° | |
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10-5 L L 1 1
10° 10°% 107 10 10° 10
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4 (W28 RBOR By P B2 TR QR A I 0 52 -5 R e 2
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S FRAR 2 i 0 S AN [Fla B AR AR A4 i IR B 2
H9), Crabikpf 2 Velalikpf 2 A0 H A Bk o 2 AU DIE 7331
AR P 0 = f R (o X5 3R 70

Figure 4 (Color online) Relations between the recovery coeflicient Q
and glitch size AQ/Q (Q is the ratio of the recovery amplitude to the
glitch amplitude. Q=1 indicates complete recovery, while Q=0 indicates
no recovery at all.) , where different values of the parameter a denote dif-
ferent degrees of exponential recovery [69]. The data of the Crab pulsar,
the Vela pulsars, and some other pulsars are shown by red circles, blue
triangles, and green crosses, respectively [70].
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TR il 7 2 U2 2 R I 8 T 2R A 5
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I (KSR R AR AE SR TE T, BT DL AR e 1 R 2 AR Y
AR, SBOEFIER N, RIRBUNIRAE 2 5 H K
B BATHRG SRR VR e Bfifid 7 Bz sl, 45
SRR B AR I (8] F) A2 A 3R H I 1R Bk BT
(&5 73, 55 ERA R A LI AR A 1721,
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LIGOR IS —A 5] 13 FHAFGW 150914, bR
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E) 2(;0 460 600 8(;0 1060
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ANGT €8y R 45 A R AR I P AR AR 2 BT B0 T 5 ki,
R Ay H )

Figure 5 (Color online) Frequency residual in the recovery for a glitch
of PSR J1852-0635 predicted by the strangeon star model, where the
solid line shows the result for #/R = 0.01 and 7 = 330 d (& is the depth
of the cracking site below the surface, R is the radius of the star, and 7 is
the viscous time-scale) [72]. The first red point on the left is the value at
t = 0 derived from the glitch size and the data before the glitch, and the
other red points are data from [73].
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Figure 6 (Color online) Constraints on the equation of state parame-
ters of strangeon stars: up and ps (in unit of pp). Contours of the tidal
deformability of a 1.4 M, star (1(1.4)) are plotted in solid lines, and con-
tours for the TOV maximum mass are shown in dashed lines. According
to the constraint of GW 170817, any parameter choice below the top left
solid contour is reasonable [75].
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Figure 7 (Color online) The material world predicted by the standard model of particle physics. The mass spectra of baryonic matter, strangeon
matter, and black holes are continuous, but their distributions are different. For strong matter, the nuclei contain two flavor quarks (2f), while the
strangeon matter is of three flavor (3f) [82].
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The average density of pulsar like compact objects exceeds the saturation density of nuclear matter, and the structure and
properties of their internal matter are closely related to supernova explosions, gamma ray bursts, fast radio bursts, massive
compact stars, and even dark matter and cosmic ray detection. However, due to the non-perturbative nature of quantum
chromodynamics, there is still significant uncertainty in our understanding of the composition and equation of state for
dense stellar matter. And a deeper understanding on this topic has become an important goal in the era of multi-messenger
astronomy. Based on the flavor symmetry of quarks and the strong coupling, this review proposes a new perspective on the
nature of pulsars, i.e., it is made of strangeons (in analogous to nucleons, i.e., multiquark-state with three flavor symmetry).
Due to the large mass of strangeons and the strong interactions among them, strangeon matter forms a crystal structure
at low temperature, forming solid-state strangeon stars. We will briefly introduce several physical models that describe
strangeon matter and the corresponding structures and properties of strangeon stars, including the equation of state, surface
properties, mass-radius relations, glitches, binary mergers, and so on. We will also explore the observational properties of
pulsar-like compact objects that support the strangeon star model.

strangeon matter, pulsars, compact stars, multi-messenger astronomy
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