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A Scale symmetry and scale symmetry breaking in QCD:
Scale transformation © 1
6 016h ¢o17¢

A Invariant at classical level (massless limit);

A Broken by quantum correction:

ro Y —0°0  (p [ )ann

Si dney CoAMspastafsymmertry O
(Cambridge Univ. Press , 1985) .
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(Emergent) Scale symmetry in medium is drawing more and more
attentions.

A Trace of energy momentum tensor U Energy density
— - on U Pressuren

A v —

U Stiffness of EOS, behavior of SV, interaction among quasiparticles

I
Tl

(GIole) (p 1 (¢ )) & (OIAAld)

a Y (An)

Origin of a  (0[—[5)
nucleon mass:
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A Cold stronglyinteractingfermion matter: o
Tnejle Tne
T -&j1¢e 1 -¢

A Sound velocity:

' Mot
T s o o ~(5—7)ny < 0.5fm,
1 e Mo 2 - AE~500 MeV
— S. Reddy etal, 2018
Ly 2/3- b | - r
o [ ~2ny = 0.6fm,
& Conformal limit i p -‘. "AE~130 MeV
Neutwon miptien a Perturbative QCD i
0 1 2 3 4 5 1 v 50 l(l)(b 150 = c
n [no) 10 R /km

A For compact star, the core densities are abauit p T&
T
Q (—&) xma * v nMeV

U Not high enough to be the conformal window. Can we talk about conformalit
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vith numerous implications on the
from neutron stars. To this scope,
1 speed and build more than 10
erturbative QCD, but also with
sound speeds, i.e., with ¢- < 1/3
0.03% of our sample. Hence, it is

.ge sample, we obtain estimates at
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et —-= Non-derivative
2 e
é /‘/"—. — Eq. (7)
. //\ p i I q.
Trace Anomaly as Signature of C gl Sl
© / \\ m
. .o 1.* . . 2.7 8 /' \ = 0.0
Yuki Fujimoto®, " Kenji Fukushima,™ Larry D. & £ % 3
'Institute for Nuclear Theory, University of Washingtor < ' N copb—e L .
*Department of Physics, The University of Tokyo, 7-3 g \_i)_ i ,,:.n(u:o, ik
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Energy density n = In(g/&p)
® (Received 2 August 2022; revised 1 November 2022; acce

FIG. 2. The speed of sound and its decomposition (6) cal-
We discuss an interpretation that a peak in the sound v culated from (7) as shown in the inset plot. The horizontal
axis is the logarithmic energy 7 normalized to the value at

observational data, signifies strongly coupled conforn _ : E Sp
the saturation point, o = 150 MeV /fm”.

dimensionless measure of conformality leading to the de

sound velocity. We find that the peak in the sound velocity is attributed to the derivative contribution from
the trace anomaly that steeply approaches the conformal limit. Smooth continuity to the behavior of high-
density QCD implies that the matter part of the trace anomaly may be positive definite. We discuss a
possible implication of the positivity condition of the trace anomaly on the M-R relation of the neutron

stars.
, dn 1

s deriv — — € Ao 5. non—deriv — E —A
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A Trace anomaly in thermal system:

c2(T)

I(T)/T*

|. Introduction
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S.Borsanyj G.Endrodj et al., JHEP

11, 077,arXiv:1007.2580 [hé].

U  With (2+1)flavor dynamical quarks

c2(T) & p(T)/e(T)

|. Dominated by non -derivative
contribution
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A ChPT (Chiral EFT), anchored on the fundamental symmetries s of QCD, self-

consistent power counting, achieved great successes in the description of hadron

_ U R.Machleidt D.REntem Phys.Rept503 (2011) 45,
dynamics ; e-Print: 1105.2919ruckth].

It is interesting to study the manifestation/effect of scale in
hadronic phase in dense and thermal systems using EFTs of Q
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|. Introduction

~(5—=7)ny <0.5fm,
- AE~500 MeV

U Construction of a hadronic model ™%/ .

r
L ~2ng = 0.6fm,
"X AE~130 MeV

works In extreme environment

Compact star matter density ;

\ \ : 3 <% '.Qu‘i;rktG/I.uon.) .
e (U p e
High Temperature (deconfinement) SRS R - oo
: 5 S0 A
: . SisH00
Y ¢ 1 MeV s IS

U Universe 4 (2018) 3, 52, NA61/SHINE Collaborz
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A Key factors to be considered :

1. Indispensable degrees of freedom :

N7

A g =
2. Symmetries of QCD:
chiral symmetry (pion),
hidden local symmetry (rho, omega),
scale symmetry, E
3. Self-consistent power counting

(errors can be estimated) .
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|. Introduction

A Both chiral symmetry breaking and HLS lameed on the nonlinear
realization of chiral symmetry, thé"Zomponent of the chiral four
vector is integrated out

A How to include the sigma mesor ( ) field inChPP

A Trace anomaly in effective models
anomaly match

Trace anomaly IN QC R Trace anomaly EFT
[

Dilatoncompensator;
C o) A source of scalar meson in E
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lI. Chiral -scale EFT: PC structure of DM

PHYSICAL REVIEW D VOLUME 2, NUMEBER 4

Broken Chiral and Conformal Symmetry in an Effective-Lagrangian Formalism

C. J. Isnam, ABpus SaLam* AND J. STRATHDEE
Tnternational Atomic Energy Agency
and

UNESCO, I'niernational Cendre for Theoretical Plhysics, Miramare, Triesie, Tialy
(Received 13 April 1970)

The simultaneous breaking of conformal and chiral symmetry is investigated within the framework of
nonlinear realizations and effective Lagrangians. The explicit introduction of a massless dilaton field, x
enahles conformal invariance to be preserved in Lagrangians for massive matter fields. It is shown that the

A Trace anomaly in QCD

T O —"Y1 'O O

7.AD Nuclear Physics B22 (1970) 478-492. North-Holland Publishing Company

15 AUGUST 1970

ASPECTS OF CONFORMAL SYMMETRY AND CHIRALITY

John ELLIS

Depaviment of Applied Mathematics and Theoretical Physics,
University of Cambridge, England

Received 15 June 1970

Ahstract: Two simple Lagrangian models combining conformal symmetry and current
algebra are exhibited. Either both symmetries are realized linearly, or both
symmetries are realized in the Goldstone manner. The secalar isoscalar to pseu-
doscalar meson couplipgs differ from those obtained by naive low-energy theor-

PHYSICAL REVIEW D VOLUME 21, NUMBER 12 15 JUNE 1980

Effective Lagrangian with two color-singlet gluon fields

Anomaly matching— —7

n that 1t has the same symmeltry structure as that theory. I'he present model 1S a generalization of a one-

AHow toconstruct an EFT with power counting mechanism like,

e.g., NGB ichP?
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ll. Chiral -scale EFT: PC structure of DM

NG bosons | scale .
pp'=0(m2);, separation L—— Not NG bosons —
[} L]
XPTEB T _ - T r— » (mass)®
¥ Jo K n
NG bosons p-p/=0(m3) |
0 !
T T (mass)’
2 K n
xPTs
fo p
: 1 I B {m)2

NG bosons p-gf =0(m}) }

e B N iy i

scale | NaNG

separation  * pogone

0 0
XPT"'I 11
m Jo K T

— (mass)®

i

i

B/ o — Blos) o2 (1+vm) Y mqaq
Xs q=u,d,s
o R N IR fixed point: Bleyg) = 0
*?fgd\ xPTs = expand in 6}
{dq) #0 % S g, Mygs ~ 0
UA’PT/ about scale-dependent |vac)
3 = NG bosons 7, K, 11, 0.
7 QT ks y :
axy | | h

To keep chiral expansion
consistent: f; ~ f,

Crewther and Tunstall , PR1(2015) 034016, ePrint: 1312.3319
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The procedure of the constructidn 6¥

0 Sinc®0 "Ythe NGBs atkK and, one first writes down all possible derivative ter
acting on these particles and counting each derivatisezde otrdealir| .

0 Inthe same way as in the st@ud&ythe current quark mass is counted axatgral
ordernd n

U Since the theory is constructed Bmlow but near the IR fixed point, one should ex
| and the quark mass anomalous dimepsi@around the IR fixed pqint'OY
and countinggy =4 -/ as chiradcale order(r] ) since it is proportionabto .

U  Crewther and Tunstall, PRD91(2015), 034016, e-Print: 1312.3319;
u Y. L. Li, YLM, M. Rho, Phys.Rev.D 95 (2017), 114011, e-Print: 1609.07014

V Power counting scheme, an essential factor of EFT, can be established.
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U A.Deut e-Print: 2502.06535 [heph].

a Q)

B World data

[ aT,-/ In ( Q‘i‘\"’QE

a(Q)

Confinement: emergence of new
scales (hadron size, effective
gluon mass) regularize the pole

10

-1
| |

L ‘ e . 5 10 ] 10 10° 107 0 (GeV)
1
10 1 10 10 10 Fig. 8: Regularization of the Landau péle.
Q (GeV)

“ | Landau pole

P

U The absence of 0 -dependenceoff i n t he |

function, is variously named the freezing of |
or the 0 Tt fixed point.

R, I .e., -the va
, the conformal window of QCD,
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Dyson-Schwinger Equations in Modern Mathematics
. and Physics (DSEMP2014) Trento, Italy, September 22-26, 2014

Effective charge from lattice QCD, Zhu-Fang Cui, Jin-Li Zhang et al, Process ’ndependen t
NJU-INP 014/19, arXiv:1912.08232 [hep-ph], Chin. Phys. C 44 (2020) 083102/1-10
effective charge runmng coupl ing
........ -
> Modern theory — exploiting pinch technique and 1.0} ‘ g jLLZE Eg'#fg(zzzgzz)—
i P 4
background field method — enables unique QCD - & JLab EG1dves
s 0.8} ® Hall AICLAS
analogue of o [ @ JLab CLAS (2008)
“Gell-Mann — Low” i @ JLab CLAS (2014)
_ L2 K 06F o DESYHERMES
running charge to be G T | v CERNCOMPASS
rigorously defined and calculated ,# S 4] ¢ CERNSMC
‘ g . Y T » CERNOPAL
» Analysis of QCD’s gauge sector 7 [ @ SLAC E142/E143
, . o 02} ® SLAC E154/E155
yields a parameter-free prediction [ B JLabRSS
_ o - " L % Fermilab
» N.B. Qualitative change in d, (k) at k = % My ABL A T
» No Landau Pole 00,05 0. 1
P , q (GeV]
» Below k ~ m,, interactions become scale ¥ process independent strong running coupling
il
Borrowed from C. Roberts at &ym p03|um orCh EF’ét NJINU
‘ Craig Roberts cdroberts@nju.edu.cn 474 Hadron Structural Features Behind the Efficacy of ChPT Ligig nooein, PN £OUD.UU/£D It 1], FIUE. FdiL, INULL FITYS, 1349 [LUZ9] 1USUD L

10
O - . 2025 October 18-20: NJNU 10th Symposium on ChEFT (28)
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n 7 "
L= Lypr, (Vi) + L3pr, (.7, x. Vi) = VI(X) ? , Zm Z|§ X
Q B a
R X\ o a° B a
£XPT (7. x. V) = f2 (fa) TrlaL,a] +af? (E) Tr[am,.,aﬂ]
1 L 1 1 B
+ @r:[‘r[‘//J,u‘/v"l ]‘l— 58#X8,(X p| c .% U¢U T U ¢U)
B e g | chum T @
£XPTJ(1:/)17T1X:‘/M):Tr(B?'fY,uDIL B)—f—O-TI'(BB)—F C 5 O 7
m2f2 (x\* X 1
~ — ] ——]. —
Vi(y) ’ ( fg) [m( fo) 4] Trace anomaly
Dialingthe parameters,
U W.G. Paeng, T.T. S. Kuo, H. K. Lee, YLM, M. Rho, arXiv: 1704.02775; accommodate NM l

U YLM, M. Rho, e-Print: 1909.05889 [nucl-th]; ) .
U H.K. Lee, YLM, W. G. Paeng, M. Rho, e-Print: 2107.01879 [nucl-th] propertlesarounds |
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. Paeng, T. T. S. Kuo, H. K. Lee, YLM, M. Rho, arXiv: 1704.02775.
0 de(n) IP(n) ;0e(n
2 (o) = { L(1-302) =0 v2/c? = O(n) 1 9¢e(n)
An ' H n S on on,
Peak due to
0 0.7 -
_ \/w 0s A topology change
£ -100 2
S 0.5
= -200 © 0.4
= = 03 — vg/cin a=1 matter
& —300 '  Vele=y/ 173
£ — —€(n)+3P(n) for a=1 matter 0.2 .
‘ki—; —400 ol S vs/c in a=0 matter

........ —€(n)+3P(n) for a=0 matter

_ 0.0
5005 1 2 3 4 5 6

i 3 \ 6
n/ng n/ng

Relevant to the
core of NS

A For c¢& | TEMT is a density independent constant;
A For

c& | SVO pm/aq conformal limit. Pseudoconformal structure
oy T L )

>
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The PCM changed the previous understanding of the

Il. Chiral -scale EFT: PC structure of DM

EoSx

A The model where the sound velocity saturating the conformal

limit at asymptotic density,

cannot predicted the maximum value

of the NS mass satisfying the observation of the massive NSs.

‘ Predicted in more models

' ]

T T T T 1 ! 1 T 1

Quark- hadron crossover

P(u) = S(p)Py(p) + (1 — S(p)) Pr(p)

0.5

(.44

r T T T
500 1000 1500 2000 2500

€ (MeV /fin)

Kapusta& Welle, 2103.16633

Quarkyonic matter Quarkyonic matter

0.5
1.0 T T T T T T T T T T —— Total
—— B+Q+L a Derivative
— B —-= Non-derivative
08} - Q —
e 100%L , o g B
—-— PNM version G Y4 & 02 NS data
06l < 2 / i
- / "
1) 2 <
o > /
i = / oz
0.4f 7 = inteics
1 2 3 4
Energy density n = In(¢/eo)
§ -/ |
0.0 0.2 0.4 0.6 0.8 1.0
ng (fm™%)

Margueron et al, 2103.10209

Zhao & Lattimer, 2004.08293 Fujimoto, et al, 2207.06753

| At |
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TABLE III. Nuclear matter properties at ng < nj,2. The

empirical values are merely exemplary. no is in unit fm=>
and others are in unit MeV.

Parameter | Prediction Empirical Agrees with the
no 0.161 0.16 + 0.01 [9] empirical values of the
nuclear matter

B.E. 16.7 16.0 £1.0 [9] properties quite well
E.gy?}},(TI-O) 30.2 31.7 :I: 3.2 [10]
Eoym (2n0) 56.4 46.9 £ 10.1 [11];40.2 + 12.8 [12]

L(no) 67.8 58.9 + 16 [11];58.7 4 28.1 [10]
Ko 250.0 230 %+ 20 [13]

YLM & M. Rho, 2006.14173 v1
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700 -
= Prediction for ny;2=4.0ng
600 mm— Prediction for n4/,=3.0ng
=--=r--- Exp-Tsang180706571
500
-
£ 400
>
)]
=3
o
300
200+
100 -
0 :
0 1 2 3 4

Peak of SV=( ¢ ) is constrained as

X
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ll. Chiral -scale EFT:

PC structure of DM

(M1 Mo)3/?

M=)

—=1.188 M.

A

~ 16 (mq + 12mo)miA; + (mo + 12my)m3As

13 (mq + mo)®

1000 ————

400

—— A for n=2.0ng

- A for n=3.0ng

N

<

1400
1200¢
1000¢
N .
800y \\‘,.\" = 90% c?x‘uour
600! - FSUGam\ét{Q.. 16)]
"."" ==== 1n1=4.0 ng -
400+ ‘,o"' === 112=3.0ng
"o"' — 1'11/2:2.0 ng
200" ' ' ‘ | :
200 400 600 800 1000 1200 1400

AY
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TO ¢ 1-¢ <
¥ T A O TT
T -¢€ Te
l scale symmetry restoration
) € -& A o n oA
9° 0 o025 A 8 AI1.00
T -€ Te o
l Const.pSV scale symmetry breaking,
0(E) U-¢& =6 ; )
. PC phase for DMY 10 © p/Vo
1 Matters are strongly coupled contormal
- (& &) o
€) o L{ ) o matter, here, made of baryons.
lldeal liquid
‘ ‘ o . YLM & M. Rho, 2006.1417
— @) -@&) on@E) 6 & 0, 2006 3

YLM & W. C. Yang, 2301.02105
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Tnejte Tne 0 _ 0O¢€(n)

ey .2
R R
- 1 I
/o At least one peak  pQchregion
2 VAR - ffe S S fe S f -
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Lo = [202Tr (6 6,y) + 2,0 Tr( '|‘|“p||)+f0¢ Tr( ”)Tr(éip,”)
1 1
— 5 T (Vo V) = o5 T (V) Tr (VH°
57 T Vi V) = 5 T (V) T (V)
1 2
- 58ﬁi.x‘d“'x+ ffb' —m e (MUT + UMY +J1 cb + hg <I>4+B
Ly = Niv,D'N —myPNN
B Vi . NN o | B% g T U ¢U)
— JuNNW N/Y,U.N _gpNNp NT fY,u.N
_ gssB ((I),ﬁ’ B 1) W N, N | - —g) vgs T U fu) Q Q7
U e

— goNN (‘1”3 - 1) “N7e%,N. 4 L. Q.Zhang, Y. Ma aNtlM 2410.04142;
2412.19023.

—-— -
— —~

‘"——_’
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A Selfconsistent mean field calculation Peak of SV, not far from
7
Empirical bsHLS-L bsHLS-H 1.0| b / 4
_ — bSHLS-H
no 0.155 + 0.050 0.159  0.159  beHLS-L
eq —15.0+1.0[46] -16.0 -16.0 0.8 ... L1
K(ng) 23030 232 284 | ---L-hs s
Eeym(n0) 300+ 1.9 30.5 292 .98 o2
Foym(2n0) 46.9 £ 10.1 515 50.2 > .
L(ng) 525+175148] 850 683 0.4 T
J(no) =700 =+ 500 7767 -599 0.9
My " 9uNN YpNN 93‘{’5{ y;%"i} 0.0
bsHLS-L 1.05 0.395 0.161 11.5 3.78 163 945 05 10 15 20 25 3.0
bsHLS-H 2.30 1.15 0.191 11.0 4.17 885 4.85 nlng

A The peak in the SV is due to the nonlinear realization of scale symmetry, NOT
observed inValeckatype models!
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Hippert,et al., 2105. O4535Emergem the transitionfrom a phasewith brokenchlral
,symmetryto one with gappedFermi surfacewith the|
n condensatiari diquarkenddibaryons :

|

t Fragrome 1+ 3 A Transition from hadronic phase to
: ohase -*. ' 1 quarkyonic phase;
y A At ¢ T £ due to topology change;
Hadronquark crossover;

A
A Formation of diquark gap.
u
u

(Vs, B/ C)E

L. McLerran and S. Reddy, PRL122 (2019), 12270:
T. Zhao and J. Mattimer PRD102 (2020), 023021.

0 : M 1 | L 1 | L L 1

0 0.3 06 09 u G.Baym S.Furusawaet al., APJ 885 (2019), 42;
' '_3 ' U M. Leonhardt, M. Pospiech, et @RL125 (2020),
ng (fm™) 142502 (2020).

A Chiralscale EFT, NO phase transition/configuration change!
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A Why in Chirakcale EFT?

U Scale symmetry is first partially restored
with density, but then stops after a critical
denity.

ol Also found irskyrmioncrystal approach.
v bSHLS-L | 50T 2 LongQi Shao, YLM, arXiv:2202.09957
—E i
=601 ks B TN
e TM \""’,’-u-
-80} == NL1 X
00 05 {0 15 20 25\ 30
o Lrvp = U [i70" = MmN = G50 = Gunn T = Gonn TP T = 9507 T 1)
- + % (0,000 0 — mga:z) — éQ‘QGB — 29304
? m k g13 1 . 0 1 2 m 1 1132 1 2 pa a
(’x . B . c’x — @ Tr (V,,VI) + §mwwﬂw + 103 (wpw!)” + §mpp I
r z zZr _~_}A’7(L pa, wy+1(a 6(L8H(5a—m2(5a6a)+ic 02(6a)2
a B a S AV PP Wy 5 i 5 5Coo :
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A Why in Chirakcale EFT?

U Scale symmetry is first partially restored
with density, but then stops after a critical
denny

U The nonllnear realization of scale symmetry glves a
natural explanation of the peak in the SV, WITHOUT

retrospect to phase transition/configuration change!
o Divergeunlessit is screenedby a ° . If theT
SOV [ [ ety —xn, | MBSSWere to go down, the nucleonnucleon
( )W iy ) f’ [ B ST ) interaction would become strongly repulsive
2 07 kB with increasingdensity Thisforcesthe] mass

: - & ° ,andhence?’to increase
d 5a B. Y. Park, M. Rho and V. Vento, NPA807(2008),




daiks lIl. Chiral -scale EFT: peak of SV in DM

NANJING UNIVERSITY

A Ascaled 0 0 coupling:

1.0F
0.8 *==--
- g’munfyuu~=1r‘(1+0-02ni) AR T
oo 0.6 ___ Tonnlguonn=1/(140.0320F S s T

..... Tonn/Gunn=1/(1+0.012 0.4}
20 == g.u.NNfngN=1!(1+0'02n£J

N 0.2F
— gg_m,'gw,,“:u[uo.usni)
ol ’

0.0 ,
U Correction to LOSS Is ning

significant for the Locations are locked
restoration of SS!
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Confront with NS observations and GW detections

ar - GW170817 e
E PSR-J0740+6620 T A=1/3-plex0
- PSR-J0030+0451
¥ e bsHLS-H
3_' s bSHLS-H-8
I eE— bsHLS-L
bsHLS-L-B
@ bk evernenei FSU-66.7  aesssrssrssnn, (OIS
= 2| FSU-66.7-B “f: =
= =
B GW170817
- PSR-J0740+6620
i PSR-J0030+0451
1_‘ bsHLS-H
...... bsHLS-HS
0 I 1 L 1 l L L 1 l 1 1 1 I L 1 1 I 1 1 1 | O-i | L 1 L | L 1 L | L L 1 |
8 10 12 14 16 18 10 12 14 16
— RIkml RIkm]1
— Without
Empirical [43] bsHLS-L bsHLS-H TM1 NL3 FSU-66.7 BKA22 BSR12 .
consideringbeta
Ary 1907399 2120 910 2240 2826 878 1348 1245

equilibrium
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A Selfconsistent mean field calculation Peak of SV, not far frog

Empirical bsHLS-L bsHLS-H 1.0
ng 0.155 4 0.050 0.159 0.159
e —15.0+£1.0[46] -16.0 -16.0 0.8

T/ .\ aon | an 14771 AN nNOA f 1 _e

i The nonlinear realization of scale symmetry glves a
natural explanation of the peak inthe SV, WITHOUT

resort to phase transition/configuration change!

My 18’ r GuoNN YpNN g\:j‘z?\ Q,RRJ 0. Ow I
bsHLS-L 1.05 0395 0.161 115 3.8 163 945 1.0 15 20 25 3.0
bsHLS-H 2.30 1.15 0.191 11.0 4.17 885 485 ning

— DSHLS-H
... bsHLS-L

A The peak in the SV is due to the nonlinear realization of scale symmetry, NOT

observed inWaleckatypy models! i L.Q.Zhang, Y. Ma aNtLM 2410.04142;
2412.19023.
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~

A So far, only the RMF approach was applied.

A Can (How can) we go beyond MFA (meson fluctuations) by using this thec

Fock terms

E_g_, > = > + ——>

H | :
ip, @, 0, T | Hartree terms

u J.YXiong Y. Ma, B. K. Shendg, M e-Print: 2511.04353r{uckh]
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IV. Chiral -scale EFT: CSDC rules
To illustrate the Lope = N [id —my — gONNY — GonNp'T"
procedure, consider OBE OBE

—9doNNO — ngN@WiTi75} N + L"meson

Here, it is difficult due to thelilaton 7T k8
compensator approach a° Ba
a° Ba

The Feynman diagrams for calculating the effect of meson fluctuations are arrange
terms of physical fields;

Expand the exponential in terms of physical field sigma. A counting mechanismis |
to truncate the order.
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ConsiderY 1, with mean field approximation:

Fermi sphere with MFA No-sea approximation

Baryon field /
d
=3 | s rolad )

Effectlve energy at densities

Meson field Induced background field Nucleon source ~ O(k?)

/
{\ﬂ/Daﬂx —x) (—gOREN (YN (W)
\%
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Characteristic momentum expansion

U0 Qx 0 nx v nMeV,for the typical density regions of a neutron star;

U With assigning the consistent power counting of coupling constants and
label the expansion factor as characteristic momenfn hundreds of
MeV;

U The induced background field:

s P~ 0 (k3) [ '~ 0 (kf)]-—> Derivative coupling

o, w

Leading order: free Fermi gas, #y = N (—iy - V + my) N

O(k?)
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Fermion Loop expansion

Hr = gonnNoN + gONN NVl N + gOVN N 7' N + goNN Nys@n'm' N — Free Lagrangian of p, w, o mesons

O(ke) O(ke)
(+ G530° + Gop2 op, P + gowrowwt + gorzom' Tt + gpﬁzp“"‘ﬁap'frbﬂceabc
\ O(k?) l
+ ggzNNNJZN o gngN]\_fow“’fy#N + ggpNNNJp““T“’y#J\C——higher order terms . (
\_ O(k2) Y, C}

L 8

Sixfermion operator O SENe

e ¢
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Fermion Loop expansion

;= goww NoN + gonn Ny, "N + givNp't'N — Free Lagrangian of p, w, e mesons

0(k°) O(k?)

+8ow Vrs7,0'm' TN + 8,567 + g,,00pp" + g,.00m,m" % Free Lagrangian of z meson

o(k?) (k%)
+8,2nvNo*N + g onyNowy,N + g,,yNop"“zy,N + higher order terms . Q«-
o (k%) ) A _‘
Six Fermion operators QN
:
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A Extend to finite temperatures

Laudaupotential: O;=—-TInZ

7 - [ [d]\'/p] [de] [dN,] [dN,] exp ( V dfc[ dx (QRMF + 1, NJN, + ﬂnNJNn))

0

Q=dg/V
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TABLE II. The values of free parameters and couplings. The

N u Cl e ar m att e r p r O p e I’tl e S couplings of relevant couplings at each order are also listed.

CSDC order QS Ok oK) ok?) TM1
Eosiie—O(F) O0F) O 00 me (MeV) 588 421 745 379 511
mpirica. C c o 'c ‘
o (n-") 0.155 + 0.050 0.160 0.160 0.160 0.158 I (MeV) —822 —264 -2z =27 -
E(ng) (MeV) -15.04+1.0 -16.3 —15.6 —16.1 —15.4 B - 192 0.744 0.910 -
E(1.5n0) (MeV) —-133+0.5 —6.92 —12.0 —8.99 —11.2 gOu%. —11.4 —3.54 —7.68 —3.39  10.0
K(ng) (MeV) 230+£30 566 366 572 391 OBE - '
Eym(ng) (MeV) 309+19 316 321 318 322 ggf]‘;f;’ 13.2 =1.50 4'24 0311 12.6
L(ng) (MeV) ~ 525+17.5 104 832 757 778 9NN 3.27 —4.24 —4.54 —4.86  4.63
T. (MeV) 200430 190 265 240 225 Gozny (1073) MeV ! — 6.69 314 6.11 -
—1 / —1 v q
A. Sedrakian, J.~J. Li, and F. Weber, Prog. Part. Nucl. Phys. 131, 104041 (2023). gownn (1077) MeV - 200 0681 123 -
Y. Lelfels, A. LeFevre, W. Reisdorf, J. Aichelin, and C. Hartnack, EPJ Web Conf. 88, 00018 (2015). GopNN (10‘2) MeV~! —  1.44 5.46 4.16 -
M. Dutra, O. Lourenco, J. S. Sa Martins, A. Delfino, J. R. Stone, and P. D. Stevenson, Phys. Rev. C 85, 035201 (2012). h 3 .

J. M. Lattimer and Y. Lim, The Astrophysical Journal 771, 51 (2013). go2 (107 MeV) — —1.09 —6.46 —0.754 —0.473
V. A. Karnaukhov et al., Phys. Rev. C 67, 011601 (2003). Gorp? (103 MeV) - 220 4.76 2.10 0
40 = Gooz (103 MeV) — 231 500 221 0
— ‘:‘:;: goann (1075 MeV™2) —  — 855 —0.734 0
300 ;:k‘m) Gorunn (1075 MeV™2)  — - —207 —202 0

e 3 —5 0 -2 _ _ _
S [ oK) Go2,nn (1077 MeV—2) 1?.6 6.82 r0
?—:20 Got — — 85.5 4.51 0.152
:(\4 Jo2w? - — —409 -7.96 -
10 G2 2 - — —38.9 -T7.57 -
Gosonn (1079 MeV ) - - - 6.62 -
Gosonn (107 MeV ™) - - - 221 -
§oo 0.05 0.10 0.15 0.20 Goronn (1075 MeV ™) - - - 747 -
p fm=3 905 (107*MeV 1) - - - 1.9 -
: 3 . : 32 (1072MeV 1) - - - 19 -
Comparison with the leading order chiral nuclear force results of PNM 903,2(1073MeV ™) - - - 182 -

C. Drischler, J. W. Holt, and C. Wellenhofer, Ann. Rev. Nucl. Part. Sci. 71, 403 (2021).
Gt - - - - —178
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Sound velocity

V. Chiral -scale EFT: CSDC rules

/,Kink of sound

«= T =20 (MeV)

Y

=1(MeV)
T =10 (MeV)

T = 40 (MeV)

p (fm~3)

0.4 0.5

(c) O(k:?).

0.8 0.1 77 03
0.6 o
0.4 o w
— T=1(MeV) s T =1 (MeV)
0.2 T = 10 (MeV) o T =10 (MeV) 0
: —= T =20 (MeV) y/ —-= T =20 (MeV)
I R P T = 40 (MeV) /A | T = 40 (MeV)
087 02 03 o024 o5 %81 42 o3 04 o5 907 o2
p (fm=3) p (fm~=3)
6 8
(a) O(ke) (b) O(k?).
0.1 e 0.4
i ."‘/ p——— — -
& e/ ~
5 i 0.2
£ — T =1(MeV) — T =1 (MeV)
iy T = 10 (MeV) T = 10 (MeV)
J —o T =20 (MeV) e —-= T=20(MeV)
7 2P T = 40 (MeV) e T = 40 (MeV)
%81 02 03 o4 o5 %31 02 03 o4
p (fm=3%) p (fm=3)
12
(d) O(k:?). (e) TML.

0.5

velocity

Coupling relations from scale compensator:

m
OBE _ ""N _OBE _
8NN = 2 8uNN = 8N

T
OBE _ SSB ,OBE _ SSB
8NN = 8NN t 8, NN+ 8xNN = 8avN t &xn

’
My ssg P

8NN = 1 5°  8owNN = 8wNN
27 I

!
ssg P

86pNN = 8pNN
 #

3
32hs  (4+F) he
3f} 6fl§

224
= my K??‘

853 = —

Y. Sugahara and H. Toki, Nucl. Phys. A 579, 557 (1994).
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V. Chiral

-scale EFT: CSDC rules

Scale symmetry

()

1.0 1.00
0o o(k®) o(k¢)
) — T=1(MeV) — T=1(MeV)
0.8 ~=- T=10(MeV) ~=- T=10(MeV)
—-= T =20 (MeV) > —:= T =20 (MeV)
0.7 % e T =40 (MeV) —}< 0951 %+ T = 40 (MeV)
L .
0.5
00 01 02 03 04 05 %%0 01 o2 03 04 05
n (fm=3) n (fm=3)
1.0 1.00
o(kZ°) o(k?)
— T=1(MeV) — T=1(MeV)
—== T =10 (MeV) ~== T=10 (MeV)
—-= T =20 (MeV) =0.95 == T =20 (MeV)
09 % T = 40 (MeV) -‘§< ----- T = 40 (MeV)
0.90
0% . . . . . . . i
0 01 02 03 04 05 00 01 02 03 04 05
n (fm=3) n (fm=3)
80
T=1 (MeV)
— 0(kE)
607 ——. o(k?)
> | e
Z 401
5
20

n (fm=3)
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V. Chiral -

A Gasliquid phase transition:

U the GLPTof NM is from the BE of zero
temperature SNM, which is crucial to the
formation of stablenucleistructures

U Thedependenceof the pressureon chemical
potential of SNM will be divided into three
segments a low-density gas phase, a high
density liquid phase, and an intermediate

non-equilibriumphase

U If the temperature is raised, these three
segmentswill gradually merge into a single o
phaseat the critical temperature, Tc,so called

GLPT

P (MeV/fm~3)

MeV/fm™3)

= o(k?)
. T=1.0 (MeV) /
T=15.0 (MeV) S
=41 . T=226(MeV) \
880 900 920 940
u (MeV)
4
2_
O_ ------
- ™1
. T=1.0 (MeV)
4. T=10.0 (Mev) .
- . T=15.6 (MeV) *
900 910 920 930 940

11 (MeV)



i] SN fi V. Summary and discussion

NANJING UNIVERSITY

The nonlinear realization of scale symmetry provides a source to include
the lightest scalar mesonsin Chiral EFT--- Chiral-scale EFT.

Some novel phenomena have been predicted by using Chiral-scale EFT,
pseudoconformal structure, peak of SV. (more systematic analysis of the
parameter space with respect to the recent oservations are neccecery)
For the pourpse to go beyond MF approach, CSDC was established and
the physics can be yielded with appropriate choice of the order. This
scheme may help we understand low energy QCD at finite temperatures

and densities ;

A A full version of Hartree -Fock result will be given.
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Thank you for your attentior
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Backup



LO chiral-scale Lagrangian

Ly =0T (&, ) + 00T (@ ) + 507 Te (@) Tr (@, )-
! !
— T (V ,Vﬂ") -—Tr (V ) Tr (V¥ +
zgp MY zgﬁ MU ( )
I . . . :
SO0 + T O T (MU + UML) + hs®* + h®*
%y = Niy, DN — my®NN

+ [gACA +g4 (1 - CA) (Dﬁ] Na#?’#J%N"‘

gvCy +8y (1 - CVP) q)f—ﬂ Naty,N

1 , ] -
+5 \gVDCVU + 8y, (1 - CVD) @/ } Tr [aﬁ] Ny, N

H. K. Lee, W.-G. Paeng, and M. Rho, Phys. Rev. D 92, 125033 (2015)
Y. L. Li, Y. L. Ma, and M. Rho, Phys. Rev. D 95, 114011 (2017)
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Lagrangians under CSDC

s
=“2€7LO

N (iy#(?'” — mN) N,

. - | | |
Pnio=Lio—-N (ggNBﬁyﬁw + N YoPT3 + g?h'?ﬁfa) N +—m’w” + Emjpz — Emgaz,

o= Lo~ N (gglNNf’z - SamNNUCUYU - gapNNJp}'DT?;) N — 85303 - gmzawz - ggpzapz,
Do = Lrwo =N (8onv0” = 8runo @y’ — g,2pNN 529?’0’53) N — guo* — ga0’c°w” — S’aﬁplﬁzﬂza

% _ Y 4 3.0 3.0 5 3 2 32
Lo = Lo — N (S&NNG — 853wNNO WY — 853pNNO PV T3) N — 85507 = 843,20” 0" — 853p20 P -



—— b P

Parameter definition
|
8pNN = 5 (SVPCVP — 1 ) 8p
_ (gACA)
8NN of. ’
' |
4h5 + (4 +ﬂf] h6 + 2m§f§ — 0 g{i‘iﬁr = 5 g"’;; (1 - CVP) +gv0 (1 - CVO)] g(w
12hs + (4+ ) (3 + ) hg + 2m2f2 = — m2f> LT
gﬁﬁi =5 |8, (1 - CV;;)] 8p>
8A (1 - CA)]
gSSB _ ;
aNN 2](;;-
oy OBE SSB OBE SSB OBE SSB

OBE _ _ _ _
S8oNN = T 8wNN = 8oNN T 8uoNN> 8pNN = 8pNN T 8yNN»  EaNN = 8N T 8zaN
X



! !

852NN = ?—g 8owNN = 82?3&% EopNN = gjﬂﬁg
20, (4+8)he 4 m; m,,
VIR T ey ey T T TR
ny my B8 sonn B>8opnn
85NN = ?; 86*NN = 247 » 863NN = 672 &*pNN 6f2
Bhs+ (4+ )" he+ 2m2f3 m m,
8ot = — 243 8cwe = 7 8c2pp = _,%
Fhs+ (445) " he+ 2Pmlf2 2m} 2m)
865= — 12073 83w = 3f3 » 8ctpp T T 3



Effective mass and chemical potential at each order under RMF

k — OBE
My = My + N0
6 % __ __ _OBE,. _OBE
(ﬁ(ké) P% _'ﬂp EwNN? SMWVP
OBE OBE

P@izzﬂn__g@NNa)+-ngVp

" OBE 2
my, = my + g,nN0 + 852NNO

O(S) 15 =ty = (200 + Zoun) @ = (8008 + 8opne ) 0

: OBE . OBE
/#?zzﬂn__(ngN'+é%wNN0)CU4_(ghMN'+5ﬂwNN0)/)
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O(k:")

OBE

- 2 3
My =My + 8NN 0 + 82NN~ T+ 8526NNO

; OBE 2 OBE P
Hp = Hy = (8onN T ZowNNO + EorwNnG~) @ — (&;NN + &5,NNO t &52)NNC ) p

: OBE 2 OBE 2
pit =ty = (o F LoV + Zoranne”) @ + (gpNN t 8opNNO T+ 852pNNO )p



Ok:?)

S OBE 2 3
my = My + 8N 0 + 82NNO ™ T 83nNO ™ T 854NNO

> OBE o) 3\
ﬂ;: = #P o (ngN + 86wNNO + 8620NNO + 8530NNO ) )

4

OBE 2 3
_ (gpNN + g«:;r,e::aEWVJ + gJEpNNG + gJ3pNNJ ) P
. OBE 2 3 .
Hy = i, — (8wNN T 860oNNO T 8520NNO~ T 8530NNO ) @

OBE 3 3
T (gpNN + 865)NNO + 8652pNNO ™~ T £63,NNO ) 1,



MFA Dirac equation
(y”p‘u — mpg — Z(y“pﬂ)) yp = 0, pH=pHt—3H my = mpg+ X,

[}/- p* + mﬁf] u(p, s) = yE*u(p,s),

— e

Fock terms

kY — LY i LY ALY
i — s : 7 * 7
' |

i P, @, 0, T | Hariree terms :



FEr I N R
Thermal quants computation

+00
(Q|: |Q>=<07{:y’kexp {—z[ dr’ﬁ,(r’)} :}|0>C

H(x) = N(x)(=iy - V + my) N(x)
+N(x) (gf?]\la?[ dAUc"DﬂF (x —x') (—gc?A?A],EN (x") N(x’))) N(X) + ---,
vV
O,=—-TInZ

7 = [ [dz\‘rp] [de] [N, [dN,] exp ( [ﬁ df[ REN (gRMF + NN, + NN, )
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A Extend to finite temperatures Regions in théY * plane where
CSDC rules are applicable.




