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How the axial coupling constant g, in nuclear Gamow-Teller transitions described in shell model gets
“quenched” to a universal constant close to 1 can be explained by nuclear correlations in Fermi-liquid fixed-point
theory using a scale-symmetric chiral Lagrangian supplemented with hidden local symmetric vector mesons.
Contrary to what one might naively suspect—and has been discussed in some circles—there is no fundamental
quenching at nuclear matter density due to QCD condensates. When the density of many-body systems treated
with the same Lagrangian increases beyond the density n = n,, 2 2n (where ny is the normal nuclear matter
density) at which skyrmions representing baryons fractionize to half-skyrmions, with the p meson driven toward
the vector manifestation fixed point and a scalar meson ¢ driven to the dilaton-limit fixed point with the nucleons
parity-doubled, the dense matter supports the “pseudoconformal” sound velocity for n 2 ny,,, while the trace of
the energy momentum tensor remains nonvanishing. A plausible interpretation is that this signals the emergence
of scale symmetry not explicitly present or hidden in QCD in the vacuum. The fundamental constant gu4,
unaffected by QCD condensates for n < n,,, does go to 1 as the dilaton-limit fixed point is approached before
arriving at chiral restoration, but it is not directly related to the “quenched g, in nuclei which can be explained as
a Fermi-liquid fixed point quantity. The mechanism that produces a precocious pseudoconformal sound velocity

is expected to impact on the tidal deformability A in gravitational waves from coalescing neutron stars.
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I. INTRODUCTION

We explore in this paper in depth how the long-standing
mystery of “quenched” g4 in nuclear Gamow-Teller transi-
tions! and the possible emergence of symmetries hidden in
QCD in dense baryonic matter relevant to massive compact
stars can be intricately correlated. In this connection, the
recent LIGO/Virgo detection of gravitational waves emitted
from coalescing neutron stars GW170817 [1] appears to be
poised to answer, among many of the most fundamental
questions of Nature, the structure of highly dense matter in
compact stars, an outstanding problem both in astrophysics
and nuclear physics. Accessible neither by perturbation nor
by lattice—the only known nonperturbative tool—in QCD,
there is at present no description that can be trusted of what
the structure is inside stabilized compact stars, presumably
populated mainly by neutrons. In this paper, we attempt to
describe how the property of dense compact-star matter can be
correlated with what takes place in finite nuclei in terms of a
topology change in the nucleon structure employing hadronic
degrees of freedom only as density is increased beyond the
normal nuclear matter density.

"We put the quotation mark to indicate that there is actually no
real quenching as will be explained in this paper. In what follows,
it should be understood as such although the quotation mark is not
repeated.
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To address this problem, we take the effective field theory
(EFT) framework developed in Ref. [2] to get the equation
of state (EoS) for compact stars with an effective scale-chiral
Lagrangian referred to as bsHLS, defined below in Eq. (11).
In this Lagrangian, the vector mesons p and w are introduced
as hidden local gauge fields and a scalar dilaton field o figures
as a pseudo-Nambu-Goldstone field in baryonic nonlinear o
model. The effective Lagrangian will have its “bare” param-
eters endowed with density dependence inherited from QCD
so that Wilsonian-type renormalization-group treatment can
be made in the “sliding vacuum” that follows the density
characterizing the many-baryon system (see, e.g., Refs. [3,4]
for detailed discussions.? This framework has been found to
describe fairly well the bulk property of normal nuclear matter
as well as that of neutron stars, including the observed massive
~s2-solar mass object. That the approach of Ref. [2] does this
feat is not a big deal by itself given that there are a large

2t is perhaps appropriate to clarify here the Lorentz structure
of density dependence that is involved in the “bare” parameters
resulting from the matching. Here coming from the QCD proper,
the density dependence lies in the QCD condensates that are—by
construction—Lorentz-invariant. As will be discussed in Sec. VI A,
the spontaneous breaking of Lorentz symmetry in matter induces ad-
ditional Lorentz-noninvariant density dependence, dubbed DDjpqyced-
Thus, “effective parameters” that figure in the calculations will
contain both the IDD and DDj,quceq-
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number of phenomenological models in the literature with
numerous adjustable parameters that do similar or even better
job. What is, however, distinguishable of this approach is that
it relies on a topology change associated with the baryon
structure, presumably encoding a smooth cross-over transition
from hadrons to QCD variables, and makes, with a fewer
number of parameters, certain predictions that are not found
in conventional approaches.

Among various predictions, the most striking one is that
at the density denoted as n;,, where the topology change
takes place from skyrmions to half-skyrmions in the solitonic
description of baryonic matter [5], the symmetry energy Egym
in the EoS develops a cusp [6]. Notably, the EoS, soft for
n < ny, stiffens appreciably above n,, and accounts for the
massive compact stars observed in nature. Furthermore, the
sound velocity of star v; approaches what is usually referred
to as “conformal velocity” v2 = 1/3 (in the unit of ¢ = 1)
associated with conformal symmetry, indicating a possible
emergence in dense matter of conformal invariance broken
in the vacuum by the trace anomaly. Since the trace of the
energy-momentum tensor in the medium does not vanish,
it is more appropriate to call it “pseudoconformal” sound
velocity. It also offers the mechanism to zero-in on the tidal
deformability A in gravitational waves from coalescing stars
as recently observed [1].

A surprising spin-off of the effective field theory approach
to dense matter relevant to compact stars mentioned above is
that it reveals insight into what happens even at the normal
nuclear matter density n(, namely, that the same underlying
Lagrangian with the scale-chiral symmetry structure, when
suitably treated in the mean field with Landau Fermi-liquid
fixed point theory, can explain in an extremely simple way
why the effective coupling constant g5 in nuclear Gamow-
Teller transitions at zero-momentum transfer described in
simple shell model is “quenched” to g% ~ 1. The result,
which corresponds to a Fermi-liquid fixed point quantity,
encapsulates nuclear core-polarizations [7] and coupling to
A-hole states [8—11], both strongly mediated by the tensor
forces and other effects suppressed by the chiral counting such
as two-body meson-exchange currents.

II. TOPOLOGY CHANGE

Arguably the most important quantity in the EoS for
compact stars is the symmetry energy Egyy, defined as the
difference between the pure neutron matter and symmetric
nuclear matter in the energy per particle of the system,

E(n, @) = Eg(n,0) + Egmo® + -+, (D

where « = (N — Z)/(N + Z). A particularly interesting in-
formation on Egy;, comes from baryonic matter described in
terms of skyrmions as baryons, valid in the large N, limit. For
this an efficient tool is to put skyrmions on crystal lattice [5],
the favored lattice configuration being the face-centered cubic
crystal. If one quantizes the skyrmion system by rotating in
modular space, one finds the rotation energy to be given by [6]

AE = (87) 'a?, 2)

sym

r11/2

FIG. 1. Schematic cusp structure for Eg,, reproduced from
Ref. [6]. The energy and density scales are arbitrary. What is relevant
is the generic cusp structure which depends only on topology, hence
only on the pion field.

which gives
Esym = (SI)_I’ 3

where Z is the isospin moment of inertia. Given the skyrmion
configuration in medium, this expression can be easily com-
puted. It is topological, leading order in 1/N, and is consid-
ered to be robust. Other degrees of freedom than the pion—
which carries topology—do not influence the qualitative fea-
ture, namely, the appearance of the cusp structure at a density
ni,2 at which there is a changeover from skyrmions to half-
skyrmions. This is represented pictorially in Fig. 1.

The cusp can be readily understood by the fact that the
skyrmion with unit baryon number in the phase n < nj;
fractionizes at n =ny; into two half-skyrmions, each of
which carrying half baryon charge. This changeover is fa-
vored by the symmetries involved [5,12]. The half-skyrmions,
however, are not propagating degrees of freedom since they
are confined by monopoles. But they play a crucial role for
the structure of the state in the sector n > ny;;. With the
half-skyrmion structure, the chiral condensate characterized
by the bilinear quark condensate (Gq) vanishes when averaged
over the space, ¥ = W = 0, but it is locally nonzero, hence
supporting chiral density wave in the system. We will see
below this structure plays a very important role. Now as X
goes to zero approaching ni;, from below, terms multiplied
by ¥ go to zero but what remains nonzero increases and that
produces the cusp. One may think this as an artifact of the
lattice structure. But it is not as we will argue below.

III. VECTOR MANIFESTATION

In fact, it is easy to reproduce this cusp structure using a
standard nuclear physics argument with the baryonic hidden
local symmetry (HLS) Lagrangian. For this, we transcribe the
topology change in the skyrmion structure into the “bare”
parameters of the Lagrangian bsHLS that are sliding with
density. Here what figures most importantly is the property of
the p meson at high density. In hidden local symmetry (HLS),
Wilsonian renormalization-group analysis predicts that as the
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FIG. 2. V7 (r) = Vy(r)(7;72812)~" at various densities n [2].
Note that the p-tensor force is suppressed almost completely at
n 2 2no.

quark condensate is driven to zero, say, by density, the vector
coupling g, — 0, hence m, which is given by the KSRF
relation’® should go to zero independently of the pion decay
constant f; [3]. This is known as the *“vector manifestation
(VM)” phenomenon. In bsHLS, the nuclear tensor force is
given at the leading chiral order by the sum of one-w and
one-p exchanges with the parameters with intrinsic density
dependence (IDD) sliding with density as specified below.
Due to the cancellation between the two tensor forces, the
(net) tensor force in the range of nuclear forces relevant for the
nuclear interaction, » 2 1 fm, tends to drop in strength when
the density is approach to ny,» = 2n¢ from below, and nearly
vanishes at a density near 2 ng [2]. This feature is indicated in
Fig. 2.

This decrease of the tensor force has been observed in
certain spin-isospin-dependent processes in heavy nuclei and
has given a beautiful explanation for the long life-time of the
C14 B transition, zero-ing on the decreasing tensor force near
ngo [13]. The dropping of the (net) tensor force stops abruptly
at ny, because of the onset of the vector manifestation which
makes g, drop rapidly, strongly suppressing the p tensor
force. The pion tensor force, more or less independent of
density, takes over at this density and increases as density goes
up, so that the net tensor force turns up and moves upward.
What happens then can be easily seen by using the closure
approximation that is valid near ny,

Egm ~ (IVT?)/E, )

where E ~ 200 MeV, the mean energy of the states to which
the tensor force connects strongly from the ground state. The
decrease of the tensor force going toward 7/, and the rapid
increase due to the 7 tensor after n;,, gives the cusp. This
feature reproduces precisely the cusp of Fig. 1.

The closure approximation is at best a rough estimate.
With the given Lagrangian with the sliding vacuum structure
incorporated into bsHLS, one can do a sort of Wilsonian RG

3The KSRF relation is a low-energy theorem which holds to all
orders of loop corrections and becomes exact as m , tends to zero.
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FIG. 3. The symmetry energy Egy in Viewx RG (dots) repro-
duced from Ref. [2] (for the notations, see the explanations therein).

calculation. This is described in Ref. [2] using what is called
Viowr- High-order nuclear correlations included in the RG flow
via Viowr, Which represent higher order 1/N, corrections to
the skyrmion cusp and 1/N Fermi-liquid corrections to the
closure-sum approximation cusp where N = kr/(Ap — kr)
and Ap is the ViowiRG cutoff, smoothen the cusp and give
the soft-to-hard transition in the EoS as given in Fig. 3. That
changeover can account for ~2-solar mass stars. Although
smoothed, the cusp structure remains as we will see how it
impacts on the tidal deformability described below.

IV. SCALE-CHIRAL SYMMETRY

Thus far we have not specified how the scalar meson of
mass ~600 MeV which plays an extremely important role in
nuclear physics enters in nuclear dynamics. As distinguished
from the way the scalar degree of freedom figures in the
standard relativistic mean-field approaches, we introduce the
scalar meson as a dilaton, a pseudo-Nambu-Goldstone boson
of both explicitly and spontaneously broken scale symmetry.
For this we follow the model proposed by Crewther and
Tunstall (CT) [14,15]. We wish to incorporate in addition
the hidden local symmetric mesons p and w into the scale-
symmetric chiral perturbation Lagrangian xPT, constructed
by CT. Such a Lagrangian that hereon we shall refer to as
sHLS was written down to next-to-leading order (NLO) in
scale-chiral counting in Ref. [16].

To define the notations and also to be self-contained, we
briefly review the procedure, the detail of which is found in
Ref. [16] and references given therein. First we start with
the HLS Lagrangian Ly g written to the leading chiral order
O(p?). To that order, the HLS Lagrangian—apart from the
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chiral-symmetry breaking quark mass term—transforms un-
der scale transformation x — A~ !x as

Lursro(x) = A Lursio(h ™ x). ®)

Next the action f d*x Ly s is made scale invariant by multi-
plying the Lagrangian density by the conformal compensator
field x that scales as mass dimension 1 and scale dimension 1
so that the resulting action is scale-invariant,

2
LsHLsiLo = ( 7 > Luis:.L0, (6)

where x = f,e?//> with o being identified as dilaton trans-
forming nonlinearly under scale transformation and f, the o
decay constant. In the CT formalism, the effective Lagrangian
in the leading order contains the anomalous dimension of
tr(Glzw) B’, the slope of the B function for « given at the
putative IR fixed point o as

, I
ﬁﬁﬁcsh;'io = (Chls +(1 - Chlq)( 7 ) )L'HLS;LO @)

in each term in Lyis; 0, Where cys is an arbitrary constant.
Note that 8’ is O(p°) in the scale-chiral counting. Also the
kinetic energy term for the dilaton is made up of two terms,

11
:|:co+(l cg)<f> :| dux9"x, (8

where ¢, is yet another arbitrary constant. The leading scale-
chiral order Lagrangian then is

Eﬁ \Co

dilaton

Lio = Ligds o+ Lo 4+ Vi + Vy, ©))

where V,, is the chiral symmetry breaking quark mass term
and V, the dilaton potential that triggers both explicit and
spontaneous breaking of scale symmetry. One can go on to
higher orders in the scale-chiral counting. In Ref. [16], the
scale-symmetric HLS Lagrangian has been written down up
to NLO including baryons.

Already at the leading order, the proliferation of presently
unknown parameters, such as B, ¢;’s, y,—the anomalous
dimension of the quark mass term—etc., appear to make the
resulting Lagrangian uncontrollable, not to mention applica-
tions to nuclear matter and dense matter. At the NLO, this
gets humongous with some 50 unknown parameters [16]. It
turns out, however, that it is not hopeless. There turns out
be a remarkable simplification that one can make without
losing predictive power in applying to nuclear systems. It is
what we refer to as “leading-order-scale symmetry” (LOSS)
approximation. It amounts to taking in Eq. (7)

ce ~ 1 forall k. (10)

This allows 8’ to be nonzero but removes the 8’ dependence
in dilaton-matter coupling in the leading-order Lagrangian,
leaving its presence entirely in the potential V,—and also
in V,, if the quark mass is taken into account. This approx-
imation is consistent with the argument by Yamawaki that
scale symmetry is in fact hidden in the standard model [17].
Yamawaki develops the argument using the linear o model to
which the standard Higgs model is equivalent. It is shown that

by dialing a constant, the linear o model can be brought in
the strong coupling limit to nonlinear o model consistent with
low-energy chiral Lagrangian, while it is brought, in the weak
coupling limit, to a scale-invariant Lagrangian with scale-
symmetry breaking lodged in a potential. The structure of the
LOSS Lagrangian is similar to this limit, modulo the dilaton
potential which must depend on the basic structure of scale
symmetry breaking, which is unknown in QCD with Ny = 3.
A similar structure of a scale-chiral Lagrangian was obtained
in the leading order by Golterman and Shamir (GS) [18] who
invoked the Veneziano limit wherein both N, and N are taken
to infinity with Ny/N,. kept finite to construct scale-chiral
effective field theory in the vicinity of the “sill”” to a conformal
window. Up to NLO, the two formulations, CT and GS,
approaching a putative IR fixed point from below, although
their IR fixed-point structures are basically different [15], have
the same scale-chiral perturbative structure. In what follows
the point of view we adopt, our basic assumption, is that
regardless of whether an IR fixed point is present at Ny =3
in QCD in the vacuum, scale symmetry could “emerge” in
dense baryonic matter as density is dialed up and it is the
weak coupling limit a la Yamawaki that seems to be sampled
by dense matter.

The Lagrangian in the LOSS approximation we use in what
follows is of the form

ﬁl = ﬁyPTd(na Xﬂ V[J,) + cfPTd(wv T, X7 Vll.) + V(X)'
(11)
The first is the sHLS

2
LYor (. %, V) = —8 XX+ f7 <f ) Tr[ay,al]

2
+ af <fa) Tr[a”MaH]

1 »
" % —— Tr[V,, V], (12)

and the second is the baryonic coupling to sHLS fields
— . X —
LY (W7, %, V) = Tr(BzyMD“B)—f—mNTr(BB) 4+

13)

and V() is the dilaton potential, the explicit form of which
is not needed for our purpose.

V. ENERGY DENSITY FUNCTIONAL

A. Sliding vacua

Dense matter described in terms of skyrmions, while dif-
ficult to quantize, provides highly nontrivial information. We
exploit it to gain what can be topologically robust inputs as a
function of density. In the large N, limit and at high density,
this should be reliable. This is done by putting skyrmions on
crystal lattice and varying the crystal size [5]. The background
given by the skyrmion matter then provides an “intrinsic
density dependence (IDD)”—to be defined precisely below—
considered to be equivalent to that inherited from QCD by the
matching of the correlators as described more precisely below
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to the fluctuating degrees of freedom involved in the dense
system. Those informations obtained from the skyrmion crys-
tal are then transcribed into bsHLS derived by incorporating
baryons into sHLS in consistency with scale symmetry and
hidden local symmetry [2].

Our next step is to embed bsHLS given in the LOSS
approximation, Eq. (11), in baryonic medium characterized
by density n and treat dense matter in a way familiar in
nuclear physics as the “energy density functional” theory,
analogous to Kohn-Sham density functional theory in atomic
and chemical physics [19]. In the mean-field approximation
with Eq. (13), our approach will be of the type known as
“relativistic mean-field theory” & la Walecka. In terms of
Wilsonian renormalization group approach, the mean-field ap-
proximation would correspond to Landau Fermi-liquid fixed
point theory. Going beyond the mean field including higher
correlations is achieved by the ViowRG that involves dou-
ble decimations [2]. Indeed the double-decimation Vi, +RG
approach—that we will adopt below—amounts to doing Lan-
dau (or more properly Landau-Migdal) Fermi-liquid theory as
formulated in Ref. [20].

For energy density functional theory, as in Kohn-Sham’s
density functional theory, the density plays a key role. To
arrive at what could correspond in nuclear dynamics to the
Hohenberg-Kohn potential of density functional theory [21],
we match the correlators of the EFT Lagrangian Eq. (11)
at tree order to those of QCD operator-product expansion
at a suitable matching scale as described in Ref. [2]. This
allows the effective field theory to inherit certain important
intrinsic properties of QCD coming from the scale above the
matching scale. This is highly intricate and difficult matter
so we cannot claim what we are doing is accurate. What it
does is that it renders nuclear many-body systems treatable
in “sliding vacua,” making the “bare” parameters of Eq. (11)
endowed with the density-dependent condensates (x)*, (Gq)",
etc., where * stands for density dependence. This density de-
pendence inherited from QCD is denoted as “intrinsic density
dependence (IDD)” to be distinguished from density depen-
dence coming from mundane many-body nuclear interactions.

B. Skyrmion-half-skyrmion topology change

Consider dense matter in terms of skyrmions put on crystal
lattice. In addition to the cusp structure at the density 7y,
in the symmetry energy discussed above, the crossover to
the half-skyrmion “phase” makes the effective mass of the
baryon become a density-independent constant which can be
identified with the chiral invariant mass mg figuring in the
parity-doubling model [22]. Since parity doubling is not in
QCD, this is a symmetry “induced” in medium and not intrin-
sic. Since the skyrmion crystal is a reliable description at high
density, if the topology change density n/, is high enough,
what we find implies that we have a good quasiparticle state.

“As noted, there is no order parameter change in going from
skyrmions to half-skyrmions, hence there is no bona-fide phase
transition belonging to the Landau-Ginzburg-Wilsonian paradigm.
We shall nevertheless use this term with this understanding.

We will come later to what n1/, comes out to be. As noted
above, this means what we interpret as the quasiparticle mass
or the “Landau mass” (see later) goes as

mb ~ fo ~ (x) ~ my, (14)

where we have applied the chiral symmetry-scale symmetry
locking f; =~ f, discussed in Ref. [14] to dense matter.

VI. FERMI-LIQUID FIXED POINT THEORY

Given the bsHLS Lagrangian defined in sliding vacua,
we wish to connect what is happening at low density to
high density relevant to compact stars. For this purpose, we
describe how the EFT Lagrangian fares in nuclear matter at
a density in the vicinity of ng ~ 0.16 fm~>. We will focus on
the long-standing problem of the “quenching” of g4 in nuclear
Gamow-Teller transitions at low momentum transfer.

A. The iso-vector anomalous orbital gyromagnetic ratio §g;

To approach the g4 problem, we first recount how the
anomalous orbital gyromagnetic ratio dg; in heavy nuclei
can be described with Eq. (11) following [23]. To proceed,
we take the Lagrangian Eq. (11) with its “bare” parameters
inherited from QCD at a matching scale Ay ~ Ay =4 f;.
Embedded in nuclear medium at density n, the Lagrangian
carries the IDDs as discussed above, mainly in terms of the
dilaton condensate which slides with density, f = (x)* [2].
Since in practice the RG decimation is done at a scale lower
than A, there will be “induced density dependence” termed
DDinguced that arises when terms that are of higher scale than
the effective scale defined for doing RG decimations A* <
A, such as short-ranged n-body forces for n > 2 involving
vector-meson exchanges, are integrated out. This contribution
figures in accounting for the fact that Lorentz invariance is
spontaneously broken in nuclear medium. Unless otherwise
specified, in what follows, the density dependence containing
both IDD and DDj,quceq Will be denoted as IDD*. In Ref. [24],
the Lagrangian Eq. (11) endowed with the IDD* treated in
the mean-field approximation was found to satisfactorily de-
scribe the bulk property of nuclear matter, in fact, as well as
the relativistic mean-field approaches currently popular in the
field. What is notable is that it also gives a fairly accurate
description of static quantities.

It turns out that highly relevant to the g4 problem is the
anomalous gyromagnetic ratio of the proton in heavy nuclei
to which we turn. They are in fact intimately related.

When coupled to the electroweak fields, the isoscalar gy-
romagnetic ratio comes out correctly, g}“’scalar = 1/2, despite
that the nucleon mass in the Lagrangian scales with density as
mY,. This comes about by the charge conservation, equivalent
to Kohn’s theorem for the cyclotron frequency in the electron
gas system [25]. What is not trivial at all is that for the isovec-
tor gyromagnetic ratio, it reproduces [23] exactly Migdal’s
formula [26],

glisovector — (% + %(Fl, — Fl ))‘[3, (15)

with F = (my /mp)F, where F is the Landau parameter and
my is the Landau quasiparticle mass. In terms of the Landau
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fixed point quantities, the anomalous gyromagnetic ratio §g;
is then given by

8g1 = §(F| — F)s. (16)

From the Lagrangian Eq. (11) treated at the mean-field level,
one can write Eq. (16) in terms of the IDD*-dependent param-
eters of Eq. (11) [23],

sgr=3(®7' —1—1F)m, (17
where

@ = (x)"/(x). (18)

and F 1 is the pion Fock contribution to the Landau parameter
F|. Tt is important to note that both F; and ® are RG
fixed-point quantities. The former, Fock term, is one-pion-
exchange term representing the “back-flow” current effect
that corresponds to 1/N correction in the large N expansion
where N = kr/(A* — kF) is the cutoff relative to the Fermi
surface [27]. It is, however, nonnegligible due to the “chiral
filtering” due to soft pions applicable to isovector M1 oper-
ator [28,29]. More on this matter below. The quantity & is
related to the Landau-Migdal interaction constant F; that is
controlled by IDD but can receive corrections from DDjpgyced-
Both quantities in Eq. (17) are very well known. At normal
nuclear matter density, from deeply bound pionic system [30],
®(ng) is determined as

d(ng) ~ 0.80. 19)
And, F[" is precisely given by the pionic quantities as
Fl (ng) = —0.459. (20)

This predicted 8g/ = 0.21 for proton which is in excellent
agreement with the experiment value measured in heavy
nuclei (SgleXp =0.23£0.03 [31].

There are three crucial points to emphasize here which
will figure crucially in the quenched g4 problem. One is
that the quantity Eq. (16) represents the response to the
external electromagnetic field with zero momentum transfer
of a quasiparticle sitting on the Fermi surface. As such it
corresponds to the full quantal response function expressed
in terms of simple shell-model matrix element. Second it in-
volves entirely RG fixed point quantities, with the assumption
that 1/N corrections are negligible, which is supported by
the result. And third is that the LOSS approximation rids
of the dependence on the anomalous dimension B’ in Jg;.
Therefore, that the 8g; is correctly reproduced can be taken
as a support for the Fermi-liquid fixed point structure and the
LOSS approximation. We apply this to the g4 problem.

B. Quenching of g, in nuclei

Consider Gamow-Teller transitions at zero momentum
transfer. This then deals with a process appropriate for soft-
pion theorems. It may not apply, therefore, to Gamow-Teller
transitions involving momentum transfer of order ~100 MeV
in double-8 decays.

It has been known since 1970’s [32] that when described
in simple shell model, the effective coupling constant for

the Gamow-Teller transitions at zero momentum transfer is
quenched to a “universal” value,’

g~ 1. 1)

There have been several papers, both theoretical and exper-
imental, written on this matter (for up-to-date review, see
Ref. [33]). Currently it has become particularly prominent
for double-B decay processes relevant for going beyond the
standard model of particle physics. The questions raised
were whether the effect is associated with the fundamental
QCD issue of how g, reflects the manifestation of chi-
ral symmetry in nuclear medium and/or the possible role
of meson-exchange currents and the intervention of excited
baryon degrees of freedom, particularly A(1232), or strong
nuclear correlations—involving nucleons only—requiring go-
ing beyond simple shell-model approaches. Whatever the case
may be, it is fair to say that up to now, what makes g,
which is g4 = 1.2755(11) in free space, quenched more or
less “universally” to ~1 remains still a mystery begging for
a simple answer. Here we describe one way—perhaps not
necessarily the only way—to understand it. We do this in
terms of the LOSS approximation developed above, phrased
in Fermi-liquid fixed point theory. An advantage of this way
of explaining it is its extreme simplicity while encompassing
a wide range of strong nuclear correlation effects and more
significantly its possible novel aspect in nuclear interactions.
There are basically no new calculations to be done as all the
results are more or less available from the past work. What’s
new, however, is that it makes an important conceptual link to
what must take place in dense compact star matter that has not
yet been explored up to date.

The relevant part of the Lagrangian Eq. (11) for the prob-
lem involving the nucleon field N is

L =iNy"3,N — fLmNﬁN T EANY ST NAL + -+
JX
(22)

where A, is the external axial field.

While the kinetic energy term, and particularly the nucleon
coupling to the axial field, are scale-invariant by themselves
and hence do not couple to the conformal compensator field,
the nucleon mass term is multiplied by it. Embedded in
the nuclear matter background, the “bare” parameters of the
Lagrangian will pick up the medium VeV. Thus, in Eq. (22)
the nucleon mass parameter will scale in density, while, most
significantly, g4 will remain unscaled,

my/my = (x)*/(x) = @, (23)
gi/ga =1 (24)

The dilaton condensate gets modified when the vacuum is
warped by density. It is principally IDD inherited from
QCD valid at n < 2n¢ with less important contribution from

SJust to have an idea of what sort of range of g is involved in
light nuclei for which simple shell model calculations have been done

with confidence, it is fair to say that the reasonable value is gjff =

1.0+ 0.2.
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DDinguced @s mentioned above [2]. The relation Eq. (24) is
new and significant and says that the Lorentz-invariant axial
coupling constant does not scale in density. This result was al-
ready indicated in the Skyrme term of the Skyrme model [34]
but what is given here is more directly linked to QCD sym-
metries. Combined with the “chiral filtering mechanism” to
be specified below, this is the most important point for the g4
problem.

Now in medium, Lorentz invariance is spontaneously bro-
ken, which means that the space component, g% and the
time component g', could be different. Indeed, writing out
the space and time components of the nuclear axial current
operators, one obtains

Ty@) =gy ) 168 — %), (25)
JHEE) = =84 Y 156 - (B — k/2)/myS(E — %), (26)

where p; is the initial momentum of the nucleon making the
transition and k is the momentum carried by the axial current.
In writing Eqgs. (25) and (26), the nonrelativistic approxima-
tion is made for the nucleon. This approximation is valid not
only near n but also in the density regime n 2 n;,, = 2nj.
This is because the nucleon mass never decreases much after
the parity-doubling sets in at n & ny,, at which my — mg ~
(0.6 — 0.9)my [2]. It will be related to the dilaton condensate
below.

A simple calculation taking into account Eqs. (23) and (24)
gives

gh =84, 84 =8a/P, (7
with @ given by Eq. (23).

1. Chiral filtering effect

To confront with nature with high precision, we need two
ingredients: (1) accurate nuclear wave functions; (2) reliable
nuclear weak currents. In a systematic EFT calculations, the
two are to be treated on the same footing in terms of the scale-
chiral power counting.

To proceed, let us suppose that the wave functions are
accurately calculable with an accurate potential. It is for the
point (2) that the soft-pion theorems figure crucially. In the
scale-chiral counting with the scheme espoused in this paper
(which is essentially equivalent to chiral counting [35]), with
the axial current taken to be a “soft pion,” there is a soft-pion
exchange current that involves double soft-pions coupling to
the nucleon dictated by the current algebras. This term was
shown to be the most important exchange current contribution
to axial charge transitions in nuclei. This was shown first in
1978 using soft-pion theorems [28] and then much later in
1991 using chiral perturbation theory [29]. This phenomenon
was dubbed then ‘“chiral filter hypothesis” because at the
time the high-powered computational techniques currently
developed were not available to check quantitatively the ar-
guments involved. The prediction based on the “hypothesis”
was that there would be (a) a huge two-body meson exchange
correction due to soft pions to the one-body charge operator
Eq. (26) governing first-forbidden B transitions, with higher

chiral-order corrections strongly—at least by three chiral or-
ders relative to the leading order—suppressed, and (b) the
Gamow-Teller transitions, in stark contrast, unprotected by
chiral filtering and with the soft pions suppressed, will be,
unless accidentally suppressed by symmetries or kinematics,
given predominantly by the leading order one-body operator
Eq. (25). It was argued [28,29] that with no guidance from
soft-pion theorems of chiral symmetry, there is no reason
to think that exchange-current corrections coming at a few
manageable higher chiral orders can be trusted. In other
words, chiral symmetry will be of no help tor estimating
higher-order corrections if they are nonnegligible at the given
(low) order. As discussed below, there can enter the mixing
to the states of higher excitation energies, ~300 MeV, such
as highly correlated nuclear states and A-hole states strongly
coupled by the nuclear tensor force compounded with many-
body current operators.

In short, at low momentum transfers, the Gamow-Teller
transitions should be dominantly given by the single-particle
operator with exchange-current contributions strongly sup-
pressed, whereas the axial charge (first-forbidden) transitions
should be strongly enhanced by soft-pion processes. This phe-
nomenon is aptly illustrated in the chiral filter phenomenon
that involves two sides of the same coin.

Before showing the two sides of the same coin for the axial
transitions, it should be mentioned that a soft-pion exchange
two-body current is also present for the iso-vector magnetic
dipole (M1) transitions in nuclei [28]. In fact, it is responsible
for the precision calculation of the enhanced thermal np cap-
ture n + p — d 4 y [36]. Since the single-particle operator
for the M1 process is of the form that is isospin-rotated from
the Gamow-Teller operator, both the Gamow-Teller and M1
operators have in the past been treated in the same way in
addressing the issue of quenching. We should point out that
this is not entirely correct.’

Let us now look at one side of the coin that has to do
with the axial charge operator, which is shown to be strongly
enhanced by soft-pion effects. The enhancement factor for the
axial-charge operator is very simple to calculate. It has been
detailed in the published papers but we repeat it succinctly
here to stress the robustness of the chiral filter argument.

First involving the soft-pion exchange, the long-ranged
exchange axial-charge operator is as precisely known as the
one-body operator. Therefore, the ratio of the two-body over
one-body matrix elements R can be computed almost nuclear
model independently. It comes out to be

R=05+£0.1 for A=12—208. (28)

An extremely simple calculation shows that with the two-body
effect taken into account, the effective axial-charge operator is
obtained by making the replacement in Eq. (26) by [37]

g — 84 = €ga, (29)
with
e=d'(14+R/D). (30)

The notable examples are Refs. [7] and [10].
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With ®(np) >~ 0.8 and R(ng) =~ 0.5, one predicts
€(ng) ~ 2.03. (€29)]

This is confirmed unambiguously by the experimental value
found in Pb nuclei [38], €**P(ng) = 2.01 4 0.05. The results
in A =12, 16 [39] are compatible with the Pb result. This is
one of the largest meson-exchange effects known in nuclei and
confirms the validity of one side of the coin of the chiral filter
hypothesis.

2. The other side of the coin

Now we turn to the other side of the coin of the chiral filter
mechanism, i.e., the Gamow-Teller coupling constant. Here
the soft-pions are rendered powerless and hence whatever
corrections that come to the leading one-body operator must
be suppressed at least by O(p?) relative to the leading O(1)
operator. This means that higher chiral order corrections in
the exchange currents for Gamow-Teller transitions are either
strongly suppressed or if not suppressed by kinematics, then
cannot be trusted if limited to only a few manageable higher-
order terms. In the latter case, to repeat what is said above, one
would have to go to much higher order terms than available
in the literature, N*LO [35]. Since nuclear EFT can claim
accuracy only for momenta commensurate with soft pions,
the higher-order terms, if not suppressed by softness, cannot
be calculated with reliable accuracy. This is almost obvious
from what other terms can come in the chiral counting as
clearly indicated in [35]. Since one is forced to nonrelativistic
approximations, there can then be terms that are not aided by
the symmetry, i.e., chiral symmetry, such as for instance recoil
terms [40], etc., that could make precision calculations of the
corrections unfeasible.

What may be involved can be seen in the recent quantum
Monte Carlo calculations in A = 6-10 nuclei by Pastore
et al [41] done up to N4LO. At that order, the chiral filter
is seen to work remarkably, say, at the level of <3%. The
higher order corrections to the leading sing-particle operator
are suppressed, amounting at most to only a few percent.
Furthermore there is no indication for g4 quenching, which
means that it is the high-order nuclear correlations in the
wave functions, not a basic modification of the axial current,
that could have been responsible for the “g4 problem.” If
that is the case, then this calculation provides a support for
the prediction that g4 should not be affected by the chiral
condensate decreasing with density as given by Eq. (27).

There have been papers in which higher order terms in
the two-body Gamow-Teller operators are claimed to be
substantial at higher density [42] and at higher momentum
transfers [43]. It is difficult to assess how model independent
these calculations are. There is in fact a counter-example to
the higher density effect, found to be substantial at higher
density, of Ref. [42]. In Ref. [13], the Gamow-Teller matrix
element in the C14 dating with the two-body corrections to the
one-body operator set equal to zero, with however the IDD*
effects mentioned above taken into account, works extremely
well. There the Gamow-Teller matrix element zeros in on the
vicinity of no. What figures there is the IDD* in the tensor
force controlling the interaction. This is an indication that the

higher-density effect in the two-body currents that are taken
in Ref. [42] is at odds with the result of Ref. [13], which
is in agreement with the chiral filter mechanism. As for the
case of Ref. [43], the double-8 decay involved probes the
momentum scale of 2100 MeV. This is a hard pion process
and hence the chiral filter does not protect it. Therefore,
the exchange current terms to N*LO have no reason to be
reliable. In fact, there are cases involving hard pions where
low-order chiral perturbation theory fails badly. The model
independence brought in by low-energy theorems of chiral
symmetry is lost in that case. As will be discussed below,
A-hole excitations could also play an important role there.

3. Landau-Migdal Fermi fixed-point g/ﬁ

Given the above argument for nonscaling of g4—including
nondependence on B'—in Gamow-Teller transitions, the
question that remains is why g, is quenched “universally” by
~20% in the nuclear shell model calculations.

We offer a simple answer in terms of Landau Fermi-liquid
fixed point theory using the scale-chiral EFT Lagrangian,
bsHLS. The key ingredient for this, we stress, is that the
mean-field approximation with the bsHLS Lagrangian en-
dowed with the IDDs inherited from QCD together with
DDijpduced corresponds to Landau-Fermi liquid fixed point
theory a la Wilsonian renormalization group to many-fermion
systems with Fermi surface [2]. In the large N limit (N =
kp/(A* — kr) where A* is the cutoff on top of the Fermi
surface), the Landau mass m;, and quasiparticle interactions F
are at the fixed point, with 1/N corrections suppressed [27].
The relation between the Landau mass m; and the effective
g]g, both taken at the fixed point, is given by [23,34]

|
1 F L

ﬂ=1+_=<1__‘> ~ @ i—A. (32)
A

Applying the mean-field argument, this relation gives

L -2
84 ~ (1 - l@F{f) . (33)
8A 3
Note that both ® and F are the same RG fixed point
quantities that give the anomalous orbital gyromagnetic ratio
sg/ [23].

Let us consider the g% at nuclear matter density. With the
values given in Egs. (19) and (20) and the current value of
ga = 1.2755 [44] we get

g5 (no) ~ 0.79g4 ~ 1.0. (34)
This is precisely g% needed in the shell-model calcula-
tions [33] and in the giant Gamow-Teller resonances [45].
Note here the crucial role of the pionic contribution inter-
locked with the dilaton condensate for the quenching. It turns
out that the density dependence in @ (dropping with density)
nearly cancels the density dependence in F, T (increasing with
density) so that the product ® £ becomes nearly independent
of density: The g4 differs by less than 2% between the den-
sities %no and ng. Thus, what we could call “Landau-Migdal
g4” Eq. (34), although evaluated for nuclear matter, is highly
robust and nuclear-model independent. Hence, it should apply
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to nuclear matter as well as to finite nuclei, both light and
heavy.

Now how does this g% correspond to g4 in the shell-model
calculations?

To answer this question, recall that at the Fermi-liquid fixed
point in our formulation with IDD* suitably implemented, the
B functions for the quasiparticle interactions JF, the mass
my, the Gamow-Teller coupling g%, etc., at a given density
should be suppressed by 1/N. This means in particular that
the quasiparticle loop corrections to the effective g4 should be
suppressed. It is therefore the effective coupling constant, duly
implemented with density-dependent condensates inherited
from QCD and with high-order quasiparticle correlations sub-
sumed, to be applied to noninteracting quasiparticles, that is,
simple particle-hole configurations—without correlations—
in shell model calculations. This corresponds effectively to
what is captured microscopically in the ab initio quantum
Monte Carlo calculation of Ref. [41]. This is the analog to
the gyromagnetic ratio for the quasiparticle sitting on top of
the Fermi sea. That it agrees precisely with the experiment
implies that the approximation is good.

Now suppose that no LOSS approximation were made to
the CT Lagrangian at the leading chiral order. Then g<f would
have the 8’ dependence of the form

ga(B,ca) = (ca + (1 —ca)@)gh. (35)

Suppose that ¢4 # 1 and B’ # 0. This can involve an intricate
interplay of the two parameters. It would be interesting to
explore whether precision calculations of the Gamow-Teller
transitions can give information in medium on ¢, and f’, the
basic property of scale-chiral symmetry in baryonic matter.

In what follows we will continue with the LOSS approxi-
mation.

4. A-hole contributions to g,

In identifying the Landau-Migdal fixed-point quantity g4
with g¢, we have assumed that the mean-field approximation
with Eq. (11) with the sliding vacua encoded therein is equiva-
lent to Fermi-liquid fixed point theory built on top of the Fermi
sea characterized by the Fermi momentum kp or density n.
There the Landau interaction parameters are given in terms of
four-Fermi interactions involving nucleon quasiparticles. The
underlying premise is that nucleons are the appropriate baryon
degrees of freedom and n-body interactions for n > 2 are sup-
pressed by 1/N. The Gamow-Teller states are strongly excited
from the ground states by the nuclear tensor forces, the virtual
excited states being with excitation energy ~(200-300) MeV.
A-hole states at excitation energy ~300 MeV can equally be
excited by the tensor force involving AN channels. If one
were to do a microscopic calculation, then one cannot ignore
A-hole states excited by the AN tensor force, given that one
must include nucleon particle-hole states excited by the NN
tensor force for core polarizations involving nucleon degrees
of freedom of comparable excitation energies.

That A-hole state could screen g4 has been understood
since early 1970’s [8] and invoked for giant Gamow-Teller
resonances [9,10]. If one extends the configuration space to
the A sector, then the A-hole contributions can be considered

as a part of generalized core polarization produced strongly
by tensor forces. One could also phrase this in terms of a gen-
eralized Landau(-Migdal) Fermi-liquid theory involving g
interaction parameters in NN and NA channels. See Ref. [46]
for review.

It should be emphasized that seen from the point of view
of bsHLS, what has been done up to date in microscopic
calculations is incomplete due to the fact that the crucial
interplay of the  and p tensors—e.g., suppressed tensor force
at higher density as seen in Fig. 2—has been missing in the
works done so far. As far as we know, the close interplay
in the tensor force between the pionic and p tensors has
not been taken into account in ab initio calculations used in
the potentials based on chiral Lagrangians. The sophisticated
phenomenological potentials such as the one used in [41]
do not contain this crucial feature. The same applies to the
A-hole “core polarization” calculation [8] as indicated in
the weaker Landau-Migdal parameter g, required in the A-
N channel [46]. A full microscopic calculation of the type
performed in Ref. [41]—which presently gives support to the
chiral filter hypothesis and the unimportant role of A-hole
states—that duly takes into account the cancellation effect in
the tensor forces, both in the NN and AN channels, would ne
needed to settle this matter.

We should reiterate the underlying theme that in the mean-
field treatment of bsHLS in the LOSS approximation that
albeit approximately corresponds to the single-decimation
Fermi-liquid fixed-point theory, what we call Landau-Midal
g4 is to encode the full nuclear correlations for the quasi-
particle sitting on top of the Fermi sea and hence is to
represent the simple shell model matrix element with the
effective g4. What is involved is the IDD*s defined at a given
cutoff for decimation and the fixed-point properties in the
parameters that figure in it, i.e., ®, m; and F}'. Since the
baryon resonance degrees of freedom are supposed to have
been integrated out in defining bsHLS where A is absent,
their effects should in principle be encoded in the “bare”
parameters with IDD*s. The result Eq. (34) therefore is the
whole story. There is no fundamental quenching, and most
likely no significant quenching coming from meson-exchange
currents.

VII. DENSE BARYONIC MATTER

So far we have established that up to nuclear matter density,
long wave-length fluctuations on top of the Fermi surface can
be well described with the LOSS Lagrangian Eq. (11). The
bulk property of normal nuclear matter has also been fairly
well tested [24]. Let us now go to higher density, say, density
greater than that of topology change n,,. The skyrmion
matter description with scale-invariant HLS theory, sHLS,
does not allow to pin down the location of n;/,. Although
the skyrmion-half-skyrmion transition is robust, dependent
only on topology associated with the pion, the location of
ni,; depends significantly on what other (matter) degrees of
freedom are included. Clearly n;,, cannot be lower than the
normal nuclear matter at ng, but it cannot be much higher
either since then quark-gluon degree of freedom involving
quark percolation must intervene explicitly. Analyses made
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in Ref. [2] indicate for consistency with Nature that the
reasonable density is ny,, ~ 2ng. This is also reasonable in
considering the possible overlap of the topology change with
the presence of quark-gluon degrees of freedom in the density
range ~(2—4)ng as proposed in Ref. [47].7 At present there
is no known way, experimental or theoretical, to pin down
the value for ni,. But we will suggest below and in a
forthcoming paper that the tidal deformability to be measured
in gravitational waves coming from coalescing neutron stars
could provide the means to do so.

In what follows we will simply take n;,, = 2nq as was
done in Ref. [2].

We approach the problem in two ways. First the single-
decimation RG approach which was used above for long
wave-length fluctuations and the Vo RG approach that
corresponds to the double decimation RG approach, which
takes into account certain 1/N corrections. The latter has
been tested in various ways as described in Ref. [2] and
the references given therein. We will not repeat any details
here. For the EoS we are interested in, the V,wiiRG is
indispensable.

While the single-decimation approach resorted to the
mean-field treatment, the Vjowx approach employs the nuclear
potentials built with the bsHLS Lagrangian. The potentials
are constructed on the sliding vacua and therefore have the
IDD*s encoded in the Lagrangian. Our basic premise, stated
previously, is that doing the double-decimation V}4RG is
equivalent to doing full Landau Fermi-liquid theory going
beyond the fixed-point approximation [20]. For both ap-
proaches, the topology change discussed in Sec. II defines the
IDD*s at the density n1/,. The “bare” parameters in bsHLS
Eq. (11) satisfy what could be called “master formula” of the
form [2]

m%gp_w”m%m_%(m_f%f_% 0" _
nmy g:;’w mp’w mey my fn <X> )
(36)
where
3%V (o
mp= VO (37)
907 lomioy

with V being the dilaton potential. The only density-scaling
functions that we need to fix are @y = g} /gv for V = (p, )
and &, which is known for n < ny extrapolated from ng
and governed for n 2 ny/, by the vector manifestation for p
and unknown for w, so is in a way a free parameter. With
these functions suitably determined, this formula is applied in
Ref. [2] to the EoS for both normal nuclear matter and highly
dense matter with only small fine tuning. We will not go into
details of the calculation but use the results in the discussion
that follow. As stated, the EoS so constructed works fairly well
and agrees with what is given empirically at least up to ~ny

It has been suggested that quarks/gluons could be traded in at
density *2n, for topology along the line of reasoning based on the
Cheshire Cat principle [48].

|
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o
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FIG. 4. (95) in Vigwx RG reproduced from Ref. [2].

and we assume that it is applicable to ~n ;. It is the density
regime n 2 ny, to which we turn our attention.

A. Trace anomaly

That scale symmetry in the chiral limit is broken quantum
mechanically in QCD is given by the nonvanishing trace of the
energy momentum tensor ¢,,. We are interested in knowing
how the trace of the energy momentum tensor (6//) behaves
in our effective Lagrangian bsHLS Eq. (11) in the phase with
n > ny;;. We look at this first in the mean-field approximation
(single-decimation Fermi liquid) and then at the VjowRG
(double-decimation Fermi liquid).

1. Mean-field approximation

Expanding out the Lagrangian Eq. (11) and noting that the
mean fields of 7 and p do not contribute, it is straightforward
to calculate the energy density € and the pressure P and find
in the chiral limit

avV(x)
X

(o) =€ =3P =4V ((x)) — (x) (38)

x=(x)
(6) depends on B’ but it is also a constant independent of
density. Therefore, we arrive at the conclusion that (Glff) is
independent of density. This corresponds to calculating in the
Fermi-liquid approach with 1/N corrections ignored.

2. ‘/lowk RG

Computing € and P in Vo that include certain loop
corrections going beyond the large N limit, one gets the result
given in Fig. 4. 6/ is constant of density for both nuclear and
neutron matter, hence in compact-star matter in S stability
with o # 1. It is remarkable that the condensate (x) going
to a density-independent constant for n > n/, together with
parity-doubling results from scale symmetry encoded in the
strong correlations involved.

B. Sound velocity

If scale symmetry is unbroken, then (6//) = 0 and hence

the sound velocity is vs2 = 1/3. This is referred to as “con-
formal sound velocity.” Since in the medium-free vacuum,
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FIG. 5. Sound velocity calculated in Vioux RG.

(6//) # 0 due to the trace anomaly, the conformal velocity is
not present in QCD proper.

Now consider (0/) and the sound velocity in dense
medium. The two are related by

] de(n) )
5,00 = =5, = (1=3v), (39)
with vf = % % Since as seen above we have (/)

independent of density for n = ny; (in both mean field and
Viowk), the left-hand side of Eq. (39) is zero in that density
regime. If we assume that there is no extremum in the energy
density for density n > nj,,—which we believe is justified,

then % # 0. It then follows that
vl =1/3. (40)

One can see in Fig. 5 that this indeed is verified in the
numerical Viow«RG calculations [2].

It should be stressed that this is not the genuine conformal
velocity, absent in QCD proper. The trace anomaly is still
nonzero there. Yet the velocity approaches conformal one as
the system goes into a “phase” where the parity-doubling
symmetry emerges. Therefore, we identify it as a “pseudocon-
formal sound velocity” associated with a possibly emergent
scale symmetry. The viability of this emergent conformal
sound velocity was verified in Ref. [49] in terms of a “pseu-
doconformal EoS.”

1. Dilaton-limit fixed point

In Sec. VB, we noted that in the topological description
for the skyrmion-to-half-skyrmion transition, the effective
baryonic mass went to a constant at n;,, because of parity
doubling symmetry emergent in the transition. It had to do
with the chiral condensate, averaged over space, going to
zero in the half-skyrmion phase, while chiral symmetry is still
broken with the pion field excited. As QCD does not possess
this symmetry explicitly, neither does the effective Lagrangian
we constructed.® To study parity doubling in the mean field,

8Whereas it does emerge in skyrmion matter atn 2> ny,.

therefore, we need to introduce it in consistency with the
symmetries of QCD. This is very much like hidden local
symmetry implemented by exploiting the gauge equivalence
to nonlinear o model. This can be done along the same line
of reasoning done by Ref. [22]. In Ref. [50] where previous
references are given, the parity doubling was incorporated
into the bsHLS, Eq. (11). The baryonic Lagrangian is of the
form

LN = NipN — NMN + gaNy"Ga,, ysN
+gvp Ny @ N + gvoNy" Trl@ N, (41

with

A (mp, 0 A tanh §
M= < 0 mN>’ G= <y5/cosh8

and
my, = Fg fr ++/(81fx)* +m}, (42)

my, +my_

ys/ cosh &
—tanh é

coshé = “43)

Zmo
Here NT = (N4, N_) is the parity doublet nucleon field, g4,
8Vp» V0 = %(ng — gvp) and g » are dimensionless parame-
ters and my is the chiral invariant baryon mass that remains
nonzero in the chiral symmetric phase. In dense medium,
the U(2) symmetry for p and w is broken, so the relevant
symmetry is SU(2) x U(1).

We now wish to look at Eq. (11) with the baryonic
Lagrangian replaced by Eq. (41) in what is called “dilaton
limit” [51,52]. The idea is essentially the same as going
from the nonlinear o model Lagrangian to a scale invariant
chiral Lagrangian by dialing a constant of linear o model as
discussed by Yamawaki [17]. For this purpose, we do the field
reparametrization,

fx
fo
One finds that if one dials Tr(XXf) — 0 in the re-
parameterized Lagrangian, there results a singular part

Ling = (1 — g)A(1/T[ZE1])
+ (6 — 1)8(1/Tr[221']), 45)

X=Uy (44)

2
where § = f—”z and (A, B) are nonsingular quantities contain-

ing ¥ and 6ary0n field. That L, be absent leads to the
conditions that

ga —> 1,

Jx = fo- (46)

This is the “dilaton limit.” Taken in the mean field, the
quantities involved will be in-medium quantities and hence
should be affixed with .

There are two points worth stressing here.

One is that there is no obvious correlation between g4 — 1
here as density passes ny,; & 2ng going toward the dilaton-
limit fixed point and the “quenching” of g4 = 1.2755 to
g% ~ 1 in finite nuclei and nuclear matter described as Fermi-
liquid fixed point matter. It is an intriguing question what
happens to g,y ~ 1 as density increases to the dilaton limit
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fixed point where g4 — 1. Second, the dilaton-limit fixed
point corresponds to ¥ — 0. It is not clear whether this limit
corresponds to the IR fixed point in the CT theory, which in
our LOSS approximation corresponds to 8/ — 0.

VIII. SYMMETRY ENERGY AND TIDAL
DEFORMABILITY

Here we return to the symmetry energy problem discussed
in Sec. II. There how the cusp predicted by the skyrmion
crystal description can be qualitatively reproduced by the
behavior of the nuclear tensor force caused by the appearance
of half-skyrmion phase at n & 2n( and its impact on the vector
manifestation property of the p meson predicted by the RG
analysis with HLS. Here we revisit the same problem with
the ViowiRG and discuss how the cusp can influence the tidal
deformability A.

In the Viowx RG approach [2],° the cusp of the symmetry
energy is smoothed to a continuous changeover from soft to
hard as was shown in Fig. 3.

The characteristic feature of the cusp, namely the drop of
the symmetry energy going toward the changeover density
niyy followed by increase after, could have an impact on
properties of processes that occur in the vicinity of the density
involved. In fact, the recent gravitational wave observation
GW170817 [1] offers an interesting possibility. The bound
for the dimensionless tidal deformability A reported from the
observation in Ref. [1] involves ~1.4Mg star, which in the
Viowt RG analysis [2], supports a central density ~2n, just
about the same as as the symmetry energy cusp density ny .
It was found in Ref. [2] that with n;, = 2.0ny A came out
A = 790, slightly below the bound given by GW170817 A <
800. This would lead to the constraint ny,; > 2.0ny. Given
that the most important quantity for the quantity concerned
in the EoS is the symmetry energy, a possibility to lower
the theoretical value of A is to increase the topology change
density to above 2ny which according to Fig. 2 would make
Eym more attractive. Other properties of stars, it turns out, are
not sensitive to the exact location of n,. In fact, it has been
verified that very little is changed with ny,, between 1.5n¢
and 2.0n¢ [53]. So it is very possible that A could be lowered
by exploiting the attraction gained by pushing n;,, somewhat
higher without upsetting other quantities.

As noted above, there has been, up to date, no known way,
theoretical or experimental, to pin down the topology change
density. Fully satisfactory quantized approach to skyrmion
matter could do it but it is an unsolved daunting problem.

This approach, with only a few parameters, reproduces all the bulk
properties of normal nuclear matter and also the EoS for massive
compact stars. For completeness, let us mention a few of them
here: Ey(ng)/A —my ~ —15.5MeV, ny ~ 0.154 fm>, K(ng) ~
215MeV, J = Egyn(ng) = 26 MeV, L(ng) >~ 49MeV. They are
more or less consistent—although not fine-tuned—with the presently
quoted empirical values Ey/A —my = —15.9£0.4MeV, ny =
0.164 £0.007 fm~3, K = 240 4 20MeV or 230 £ 40MeV, 30 <
Eym S 35MeV, 20 S L S 66MeV. The properties of the massive
star are: M™ =2.05Mq, R = 12.19km, neene = 5.1ny.

It seems possible to pin it down once the precise value
for A is determined in the future from gravitational wave
data.

IX. REMARKS

In this paper, we have shown that the long-standing
problem of “quenched” g4 in nuclear shell model can be
understood in terms of a quasiparticle on the Fermi sur-
face with a Fermi-liquid fixed point constant g4 in long-
wavelength response to the external field. There is, in true
sense, no quenching to the fundamental constant g4, un-
like the pion decay constant, due to the vacuum change
in nuclear medium. Many authors [7] have argued since a
long time the observed “quenched g4 simply reflects core-
polarizations. This issue was more recently raised in con-
nection with the role of A-hole configurations in a general-
ized core-polarization mechanism [11]. But contrary to what
has been generally accepted, the argument does not hold
equally for isovector M1 matrix elements as pointed out above
in connection with the chiral-filter mechanism mentioned
above.

What seems to be crucially at work in this phenomenon
is the emergence in nuclear matter at low as well as high
densities of scale symmetry hidden in QCD [15]. As density
goes above the topology change n|,, the Landau-Migdal con-
stant g4 ~ 1 goes over to the “dilaton limit” value gdilaon =
1 at high density. Whether there is any connection and if
there is, how this transition takes place is yet to be under-
stood, but what is happening is that as density goes above
nis, parity doubling occurs and the sound velocity of the
system goes to the conformal value v = 1/3 although the
trace of the energy momentum tensor is not zero and hence
scale symmetry is still broken. This takes place at a density
~2ng, far below asymptotic density, so it is a precocious
happening.

It has been argued that the conformal sound velocity cannot
be supported unless there is a change of degrees of free-
dom [54]. Our answer to that no-go argument is that there is
the topology change from skyrmions to half-skyrmions which
essentially changes the relevant degrees of freedom. What
we are suggesting is that the strong-coupling quark-gluon
degrees of freedom hidden in QCD, such as in the scenario
proposed by Baym et al. [47] at density ~(2 — 4)n, are
traded in for topology at the same density regime. Such trade-
in mechanism has been seen in various processes in terms of
what is known as “Cheshire-Cat phenomenon” [48,55].

Finally, what is striking in what we have gotten is that
although there is no rigorous proof for the existence of an
IR fixed point in QCD for nuclear physics, hidden scale
symmetry emerges in the half-skyrmion “phase” in which
parity doubling occurs, which is present buried in finite nuclei
and “unburied” in dense matter.
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