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. Introduction

M. S. Abdallah et al.(STAR Collaboration) Phys. Rev. Lett. 128, 202303 (2022)
J. Adam et al.(STAR Collaboration) Phys. Rev. Lett. 126, 092301 (2021)
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Schematic depiction of QCD phase diagram

To search for CEP, the net-proton fluctuation, baryon direct flow, pion
HBT radius and light nucleus yield ratio have been measured at BES
program.
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Observed hint of non-monotonic trend in BES-I
C,/C, shows minimum around ~20 GeV in BES-II



2. Speed of sound and polytropic index
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>> Hydrodynamic model indicate the speed of sound can
be written as a function of charge particle multiplicity.

A. Sorensen et al. Phys. Rev. Lett. 127, 042303 (2021)
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2. Speed of sound and polytropic index (PNJLmodel)
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2. Speed of sound and polytropic index (PNJLmodel)
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>> The speed of sound rapidly decreases near the CEP, followed by a small spinodal behavior and eventually continuing to decrease.
>> The polytropic index, especially y+, exhibits a more pronounced and nearly close to zero dip structure as it approaches the CEP.
>> How can we find the observations in experiment related to polytropic index?



3. Density fluctuations and light nucleus yield ratios
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3. Density fluctuations and light nucleus yield ratios
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3. Density fluctuations and light nucleus yield ratios

8

L3S = G569 — i) + Gs S [(DA™)? + ($ins ™))

— K{det[th(1 +75)¢] + det[t)(1 — 5)9]}

a=0

8 8 8
+ LY+ Lo+ Ly,

&

8 = CLUB 1+ )]0 — )]y

Ly = G_z{[@z'(l + 75)%][%(1 — 75)¥k]
X [ (1 +vs)¢u] [ (1 — vs)9hi] }

1)

(2)

(3)

Gsvzo GSV:'SOO A78

T(MeV)

T v
NJL model with G,, =0

300

250 |
Co-existence line

200 |

TiMeV)

T, (MeV)

NJL model with G,,, =500 *

pglfm™)
200 62.439 27 19.6 11.5 7.7 GeV
18— 71T 1
C Au+Au Collisions (a) 1

170F

150[

140}

160[

@ 00-05%
130 = 30-40%
A 60-80%

120 - Grand Canonical Ensemble (Yield Fit)

— Cleymans et al.
---- Andronic et al.

P

L PRI T S S ST R
100 200 300 400
g (MeV)

T(MeV)

A. Bhattacharyya. Phys. Rev. D 95, 054005 (2017)

K.J. Sun et al. Phys. Rev. D 103.014006 (2021)

3
L, = Gy {D_[[@X")? + (pins X))}
a=1
3 - —
< DIy A%)? + sy X)) (4)
a=1
Gg,=-1000 A™* Gg,=-2000A"*

NJL model with G_,=-1000A*

300

250

200

200

150

02 03
polim™)

04

NJL model with G, =-2000A

05 0

plfm?)

. Adamczyk et al., (STAR), Phys. Rev. C 96 044904 (2017)

py
o
S

| L L L

£
o

Tch Tkin
A Y World data
@ [ STARBES

--- T, Andronic et al.
- -T,, Cleymans et al.
1 . |

I\..\I.\*\.\..P

—

10 100
\'syn (GeV)

1000

T(MeV)

300

250

200

150

100

” I
NJL model with G, =-3500A""
—-—- Co-existence line

Spinodal region
----- Crossover line

—s/p,=5
slp,=10
——s/p,=17.5

STPR=20TT

s/p,=45.8

| —— s/p,=56.8

50 NI, 08.3
——5/p,=123.9
s/p,=3316
O 1
0.0 0.1 0.2 0.3 0.4 0.5
pg(fim™)
M. Motta et al. Eur. Phys. J. C 80,770 (2020)
Vsnn (GeV) so(fm™) s/pB T, TH
7.7 29.6 17.5 116 143
11.5 35.3 26.7 118 151
19.6 43.0 45.8 113 158
27.0 45.8 56.8 117 160
39.0 47.6 84.3 117 160
62.4 60.2 123.9 99 161
200 84.0 331.6 89 162




3. Density fluctuations and light nucleus yield ratios
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4. Axion effects on quark matter and quark cores in massive hybrid stars

QCD CP-violation problem:
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4. Axion effects on quark matter and quark cores in massive hybrid stars
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4. Axion effects on quark matter and quark cores in massive hybrid stars
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>> Axion field shifts the mixed phase onset to lower densities but slightly softens the EOS for the mixed phase matter,
which marginally reduces hybrid star maximum mass and radius but significantlyenlarges the quark-matter core’s
mass and radius.



5. Conclutions

1. The non-monotonic behaviors were observed in speed of sound and polytropic index around the phase
transition boundary. Along the hypothetical chemical freeze-out lines below the chiral phase transition
boundary, the speed of sound rapidly decreases near the CEP, followed by a small spinodal behavior, while
the polytropic index, especially y, exhibits a more pronounced and nearly close to zero dip structure as it
approaches the CEP.

2. Could the first-order phase transition lead to the enhancements in the yield ratio?

3. The axion field shifts the onset of the hadron-quark mixed phase to lower densities and slightly softens
the equation of state of the mixed phase matter, which also results in a slight decrease in the maximum
mass and corresponding radius of the hybrid stars. However, we also find that the lowering of the onset of
the mixed phase significantly increases the radius and mass of the quark-matter core in the hybrid star.

Thanks for your attention!
liuhe@qut.edu.cn
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1. NJL model
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TABLE 1. Parameters in the extended NJL model

M,a(MeV) ms(MeV) A(MeV) GsA®
5.5 183.468 637.720 3.02
KA® G1(MeV~¥) G2(MeV~?) GsvA®

9.496 2193 x 10721 —1.890 x 1072 -3500.00




2. Hybrid Star

(1) Nuclear matter(ImMDI model)

U,(p,8,5) = 4,27+ 4,7 + B2 (1 — x8?)
Po Po Po

-7

2C, / ., [P D)

+ - d3p, - -
Po 1+ (p-p')/N
2C / )

+ = | &P = :
Po 1+ (p - p')*/A*

Vi = Vup + Vuk + Vau
Pr,
Vuk = ;; 1072m,,’
VHM = Zzprbmrb~
b

(2) Quark matter(NJL model)

_ Ad3p -
EQ—_ZNcZ£ WEi(l_fi_fi)

i=u.d,s

= Y (5 —u)pi + Gs(0% + 6% + 0?)

i=u,d,s

- 4Ko-uo-do-s - GV(pi + Pi +P%)
+ Grs(oy, —064)* — Gy(pu — pa)* — €o-

(3) Lepton
Vi=V.+V,,
_ Pre
T 4n?

1 31, L sy (Prattu
V= ) |:PF;¢HLL - EmupF#”’“ - Emuln T .

wi = (m} + p3)"/* with pp, = 3rp)'/3

(4) Equilibrium conditions in mixed phase

Ui = ppb; — pu.q;, P = pQ

Y
PB = (1 _Y)(pn +pp) +§(pu +pd+ps)’

Y
0= (1 - Y)pp+§(2pu — Pd _ps) —Pe ~ Pu



3. TOV Function

(1)TOV Function

dP(r) _ _M(r)[e(r) + P(r)]
ar r? l1+

§ { 1 _2M(r)]—1’

r

47:}1& E 3 rT

(2) tidal deformability

ky = 3/2A8°

2(1 —2p)*2—yr+2B(yr —1)]

x {2B[6 —3yg +3p(5yr —8)]

k2=

+3(1-28)*2—yr+2(yg—1)]In(1-

dM(r)
= dnrle(r).
rd):i_(rr) +y(r)2 +y(r)F(r) + r?Q(r) =0
with
r—4xrie(r) — P(r)]
)] F(r) = r—2M(r)

* 4rr(5e(r) + 9P(r) + e(r)+P(r) _ —
2p)} o(r) = — 2M(f;;(r>/ae<r) T

_ [M(r) + 47rr3P(r)} 2

P(1=2M(r)/7) |



4. QCD Axion

L=y(id 28: [(FAw)? + (Fiysiw)?] M5 =m; +2Ggo; —|—2K{cosf (6j0k — k)
a=0 a
KA a1 )]+ del(1 ) +sin = (amc-+ o) G)
GZV [(@7,daw)* + (Frsyudaw)?], (1) M} =2Ggn; + 2K [COSJT (njor + ojme)
a=0 a
+sin - (1 = 001 (4)
d3p v 43 s d3 MS
Q=-2N Z{/O b f(zﬂ)3[Tln(1+e Pl o; = —2N, MA (2;;3];’ —/( 22 E (f,+fz)], (5)
+T1n(1+e‘ﬂ(Ef+f‘f>)]}+Z[Gs(o%+rz?)—va%] B A dp MY &*p
i 'Ti—ZNc[f WEi _/(21) (fz+f:)} (6)

a
- 4K[COSf— (O—uado-s — 0N Ng— O g — Gd”uns)

a

_SmJT (Wuﬂdns 0,00, — 001, —O'MO'dm)], (2)



