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Motivation % & 4 %

* The past studies on nuclear matter properties around saturation
density or beyond are always serving the phenomenological
purpose, .e.g. Walecka-type models:

ZL = '7_” [l}/ﬂaﬂ — M — 850 — ga)y,ua)'u _ gpyﬂfaloaﬂ] Y. ..

* The direct application of effective models/theories, e.g. chiral
perturbation theory and linear sigma model, to finite densities

and/or tens of MeV temperatures are not systematically
established with the considerations of thermal effects, and

parameter space haven’'t been discussed rigorously.
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Phenomenons at finite

densities and temperatures

\ T+0

Nuclear matter gas-liquid
phase transition
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Nuclei structures (7' = 0)

- Hadron interactions around saturation density n, ~ 0.16fm™> are
crucial to nuclei structures, e.g. 24Mg, 07 116§n and 2% Pb
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Gas-liquid phase transition for nuclear matter
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Y. Sugahara and H. Toki, Nucl. Phys. A 579, 557 (1994).
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A chiral-scale effective field theory

A low energy NG boson set. i, K, o for SU(B) with HLS: p,

S. Weinberg, Physica A ( ) R. J. Crewther and L. C. Tunstall, Phys. Rev. D 91, 6 (2015).
S. Weinberg, Nucl. Phys 3(1991).  O. Cata, et.al., Phys. Rev. D 100, 095007 (2019). M. Bando, et.al., Phys. Rev.
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FIG. 4. Scale separations between NG sectors and other
hadrons for each type of chiral perturbation theory yPT discussed
in this paper. Note that scale separation in yPT, [chiral
SU(2), x SU(2)g, top diagram] is ensured by limiting extrap-
olations in momenta p, p’ to O(m,) [not O(mg)]. In conven-
tional three-flavor theory yPT; (middle diagram), there is no scale
separation: the non-NG boson f,(500) sits in the middle of the
NG sector {7, K,n}. Our three-flavor proposal yPT, (bottom
diagram) for O(my) extrapolations in momenta implies a clear
scale separation between the NG sector {7, K, 7,6 = f,} and the
non-NG sector {p,w,K*,N,7/,...}.

R. J. Crewther and L. C. Tunstall, Phys. Rev. D 91, 034016 (2015).
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Possible infrared fixed point of QCD at low energies

Ny = 3 proposal

O | — Q'S
N Q1R
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= = Ny =0 lattice

FIG. 1. The solid line shows a three-flavor /8 function (or better,
a QCD version [20] of the Gell-Mann-Low W function) with an
infrared fixed point ay at which a, freezes [21-26], but the
manifest scale invariance of [13—15] is avoided. The existence of
ag for small N values is not entirely settled. The dashed line
shows the original lattice result [27] for N 7 =0 (no quarks)
where f remains negative and becomes linear at large a,.
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A genuine peak in v,

and neutron star M-R relation
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Power-counting scheme

o Chiral-scale EFTs has the power counting by mesonic momentum, O(g")

» The couplings can be assigned to a counting consistent with O(g")

* Can density effects can be organized by a characteristic momentum?
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CEE—— Fermi sphere with MFA No-sea approximation
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Characteristic momentum expansion

F

.00
e O(kg) ~ O(p) ~ (0 —=500) MeV, for the typical density regions of a

neutron star

* With assigning the consistent power counting of couplings and label the

expansion factor as characteristic momentum k. ~ hundreds of MeV, then

the induced background field:

o, @,, p,~0(k) @;"’LO(;CS?

e ———— — ——— j—J

—>Partial coupling

Leading order: free Fermi gas, # = N (—i)/ -V + mN) N

=

O(k.)
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Fermion Loop expansion
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At finite temperatures under RMF
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Empirical
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The effects of 1 on CSDC expansions
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Summary and outlook 3B

|.CSDC can capture the physics with appropriate choice of the
order, and this scheme may help we understand low energy QCD
at finite temperatures and densities;

Il. In a near future, a proton-neutron star study will be performed,

which has a much wider region in 1'— u plane, and a more

systematic analysis of parameters will be carried out with the
power of Bayesian analysis and deep learning.

lll. A full version of Hartree-Fock calculation will be also tried and
see the effects of Fock terms.
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O chiral-scale Lagrangian

Ly = O T (&3, ) + /202 Tr (@, ) +/307Tr (@) Tr (&, )-

1
—Tr(VvV”") Tr(Vy) Tr (V7
2g102 H 2g3 H ( )
! Iz f2 3—y T T 4 4+p’
0,0 + 4c1> nTr (MU + UMT) + hs®* + he®

+[gACA+gA(1 —CA>(I) Naﬂ}/ﬂ}/SN+

gy Cy + 8y (1 — CV)CDﬂ] N&ﬁyﬂN

1 1 -
— _ p 5
8v,Cy, + 8y, (1 CVO) O ] Ir _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)

21



Lagrangians under CSDC

ZLio=N (i}/ﬂaﬂ — mN) N,

_ 1 | |
o =Z1o—N (80?1]\?157060 T 8;)1\173157’0/073 T 82\%5") N + Emf)a)z T Empzﬂz ~ Emgffza

2 3 2

Pno=ZLno— N (80-2NN0 —~ 8ouNNODY — 8apNNUPVOT3) N = 85,07 = 85020W" = 85,200 %

3 4 2. 2, .2

Zniro = Lroio = N (85wn0” = 82w @Y’ = 8,2pNNG°pyt3) N — g,40" — £,00°0° 0" — g,,:0%p?,

_ y 4 3 0 30 5 3 2 3 2
Lo = Lo — N (80—4NN0 — 853wNNC WV — 853,NNO PV T3) N — 85507 = 853320 0" — 843,20°P~ .
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Parameter definition

4hs+ (4 + f') he + 2m;f7 = 0
12hs+ (4+5) (3+P) hs+2m2f7 = —m_f;
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oy ssg P ssg P
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217 fy T
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G o T 7
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¢ Ny g oS P :B E86wNN 9 _ ﬁ gapNN
o3SNN — [ =~ oc*NN — o3wNN — ’ o3pNN — )
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120][)? » 8cdww 3f3 ’ gUSPP 3f3 '

24



Effective mass and chemical potential at each order under RMF

my = My + 8oy 0
_ OBE OBE
@(kg) Hy' = Hy = 8oNN® — E)NN P

—_ OBE OBE
Mo = My — 8oNN@ T E)NN P

o OBE 2
mg = My + & N0 T 8:2NNC

OB 1=ty — (80 + 8ann0) @ = (890 + 8opne ) 2

U =ty = (8o + ownnG) @ + (8/?1\1731\175 + 8apNN0) p
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Ok.")

OBE

k — 2 3
my =My 1+ 8nNO T 82NNC~ T 8526NNC

—_ OBE 2 OBE 2
/’t;)k — Hp — (ga)NN T 860wNNO T 8520NNO ) W — (gpNN T 86pNNO T 862pNNO )p

B OBE 2 OBE 2
//t;lk — Il/tn — (ga)NN + gaa)NNG + gGZQ)NNG ) W + (gpNN + ngNNG + gGZpNNG )p
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Ok;?)

OBE 4

% — 2 3
My = My T 8NN 0 T 82NNO~ T 8:3NNO ™ T 854NNO

Ml;I< —Hp (ga)NN T 86oNNC T 86520NNC~ T 8630wNNC ) w

OBE 0 3
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_ OBE y 3
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OBE ) 3
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MFA Dirac equation
(7/’“‘19,4 — Mp — E(V’“‘pﬂ)) yp=0, p*=pl =3 mi=mp+X,

[}’ - p* + m;;] u(p, s) = yok™u(p, s),

-------------------------------------------
** .,
Ad .

Fock terms

— > — > -|— >——>—

: I :
: P> @, O, T | Hartree terms :

* *
., *
L] -
lllllllllllllllllllllllllllllllllllllllll
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Thermal quants computation
+ 00
(Q] : H | Q) = (O\T{: ?A/exp [—iJ dt’ﬁ,(t’)] :} 10)..

H (x) = N(x)(—iy - V + my) N(x)

+N(x) ( ggz\]?]\l,zJ' d4x’D6 (x —Xx') (—gg]\l,g]\];:‘]v (x)N (x’))) N(x) + ---,
%

z= J 4, | [an, | [a5,] [an,] exp (r

dTJ d3x (SZRMF +u NN, + ,unN,ijn))
0
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