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The Skyrme model provides a novel unified approach to nughbgsics. In this approach, single baryon, baryonic matter a
medium-modified hadron properties are treated on the saatimdo Intrinsic density dependence (IDD) reflecting tharae of
vacuum by compressed baryonic matter figures naturally@mproach. In this article, we review the recent progressoassing
dense nuclear matter by putting baryons treated as sqlibamnsely, skyrmions, on crystal lattice with accents on thplications
in compact stars.
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4 Skyrmion Matter in Holographic QCD and Infi- 1 Introduction
nite Tower of Vector Mesons
4.1 The holographic model from the “top-down” ) ) ) )
approach andits BPS limit . . . ... ... 111 Accessing the properties of single nucleon and multi-rucle
4.2 Packing vector mesons in an infinite tower .[C] 11 matter (or nuclear matter) in terms of skyrmions [A]has
43 Thewmeson . ................ L2 pecome an exciting new topic in nuclear physics on par with
5 The Effect of the Lowest-Lying Vector Mesonsp condensed matter physics and string theﬂy [_2]. In the limit
and w and the Scalar Dilatono 3 of large number of color$l; [3], the skyrmion is a baryon

5.1 Hidden local symmetry Lagrangian@{p®) . 13 in QCD and shares the same properties as constituent quark

#1By “skyrmion” will be meant the generic soliton model for gans without specification of the degrees of freedom invbivethe Lagrangian. The soliton
model built on the Skyrme Lagrangian consisting of the gaticlcurrent-algebra term and the Skyrme quartic tenty will be referred to as “Skyrme model.”
Whatever the degrees of freedom involved, the topologyrisezhby the pion field only.
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model [4[5]. From then on, Skyrme’s idea has been widelyview the dfect of the lowest-lying vector and scalar mesons
accepted in the physics community and indeed, as one can s@® nucleon and nuclear matter properties by using a “chiral-
in [2], has been spectacularly successful in condense@matt scalar &ective theory” implementing hidden local symmetry
physics and is beginning to have significant impact in nuclea (HLS) [23/24] and hidden scale symmetry.

physics. Earlier achievements were reviewed in Ref§][6,7]  In Sec[6.1l, we discuss a variant soliton model which fo-

Since the 1980s, especially in the past decade, a consictuses on the BPS structure of heavy nudlei [25, 26]. This
erable progress has been made on describing dense nucle®@del departs from the standard approach to skyrmion which
matter by putting skyrmions on crystal lattice, the strateg iS anchored on chiral Lagrangians that describe low-energy
initiated by Klebanowvi[B]. In this review we summarize what nonperturbative strong interactions typified by the nonlin
we have learned from that approach on compressed baryonRar sigma model. It starts from the characteristic features
matter, an area of nuclear dynamics for which there are n®f heavy nuclei and nuclear matter of incompressible lig-
well-established theoretical tools or experimental datae ~ Uid structure and aims, ultimately, to go to the regime where
lattice QCD technique, fruitfully applied to high tempera- soft-pion dynamics are recovered so as to make a contact the
ture matter, is presently powerless in addressing dense maremise of QCD. In this model, the empirically small value
ter and dective field theory models, presently available, or Of the nuclear binding energy, especially for nuclei wittyka
phenomenological models based on energy-density functionmass numbeh, can be well reproduced[27.128]. In addition,
als are not predictive enough beyond the density regime nedf has been suggested that the BPS model can also give pre-
normal nuclear matter density. It will be seen below that thedictions of the mass and radius of massive compact stars [29]
regime of large density above that of nuclear matget 0.16  addressing the recent observatidns[[30, 31].
fm=3 is a total wilderness. The HL$4, constructed up to, and includin@(p*) terms
In the skyrmion approach, one starts with dfeetive La- u;ed in the simulation of skyrmion matter, is quite inyolvgd
grangian, with as many relevant degrees of freedom as reIWIth .17 terms. It turns out howevgr that one can simplify
I:Tcon5|derably the full HLS Lagrangian by numerically ana-

evant taken into account, and puts the resulting skyrmions™ . o .
on the crystal lattice. It has become clear from the moder yzing the contributions from each term of the L agrangian to

development of holographic QCD for baryons (see [2] for re—t:e skyrmion an(;j skyrrr]nion matter. dln SEC16.2, itis shc;}wn
view) that, while the pion is essential for supplying topol- that one can reduce the 17 terms down to 7 terms with an

0,
ogy, there is no reason to suggest that the pion is enougﬁCIC:L,’raﬁy of 97| /° he f btained in the skvrmi
to arrive at a realistic description of the baryon and in par- Inally translating the features obtained in the skyrmion

ticular baryonic matter. In fact an infinite tower of vector crystal simulation, with focus on the special role of thediop

mesons do and must intervene. Given a realistic Lagrangia?9Y charlgef '?] t%i nyclet)ar ten;orL force, Into :]he. bare pa-
for skyrmion structure, dense matter can then be simulate&ametﬁ_rjdo the ct|v_e ar?]/%r:jlc ?gralnglant at mcczjrpo- |
by putting multi-skyrmions on crystal lattice and squegzin rates hidden symmetries — hidden local symmetry and scale

the crystal size. The Skyrme model can therefore providesymmetry' the propgrties OT _bOth nucleqr and dense matter
us a unified framework to study the single baryon, baryoniccc_)UId be addrgssed_ in a unified way. This deve_lop_men_t, not
matter and medium modified hadron propertiés [9]. We will wldely app_remated in nuclear physics community, is briefly
briefly discuss the basics of nuclear matter from skyrmionsd'scuss,eOI in Sem.3. . ) , .
and the potential power of the skyrmion model over other nu- We finally provide our perspectives and discussions in
clear dfective field theories in Selcl 2 and Selc. 3. SeclY.

Since the discovery of the AdSFT correspondencg[110], . .
the holographic QCD model [11-16] has provided a noveI2 ABC of Baryonic Matter from Skyrmions

approach to the strong interaction processes at low ENergy e original Skyrme model is a model describing baryons in

In this approach, one can access not only the .e'e.me”ta% mesonic theory in which the chiral symmetry is realized
meson and baryon dynami¢s [11+-16] but more significantly onlinearly with pion field onlyi[i]

the dense baryonic matter using the topology profiles thap In the nonlinear realization of chiral symmetry, the pion

I(;S dlf[ﬁﬂcgt]) ?/(\:/Zeviﬁl l:gvgg\?\;?ﬁgs :cr)]a:e(js(; ;otthriis doi:;(;i;?ﬁgl_figures as the Nambu-Goldstone (NG for short) boson of the
gy ’ brog spontaneous breaking of chiral symmetry. It is expressed in

Sec[4. Special emphasis is put on the impact of the im‘inite[he olar parameterization through
tower of vector mesons on multi-skyrmion properties. P P 9

We have learned from the long history of nuclear phe- U(x) = exp(2in®T2/f,), (1)
nomenology that not only the pseudoscalar mesons, pions,
but also the lowest-lying vector mesons,= (o, w) and the  where T? is the generator of th& U(2) group satisfying
scalar meson (that we shall cat) of comparable mass are Tr(T2TP) = %6‘“’ and f, is the pion decay constant with an
crucial for understanding the nuclear forces. In 8kc. 5,eve r empirical valuef, ~ 924 MeV.

#2Unless specified otherwise, by HLS, we will mean hidden I&yahmetr)éwith the lowest-lying vector mesovis



Since the unitary fieldU(x) satisfies U(XY)U(x)! = nuclear matter about 4% lower than that simulated by the cu-
U(X)TU(x) = 1, for any fixed time, sayp, the matrixU (x, to) bic crystal used by Klebanov. The arrangement of skyrmions
defines a map fronR® to the manifoldS® in isospin space. onan FCC crystal and the baryon number density distribution

At the low-energy limit, QCD goes to the vacuum, i.e., in the crystal face are shown in Fig. 1. So far the FCC crystal
is the lowest energy crystal configuration known for nuclear
U(IX| = oo,to) = 1, (2)  ground state.

therefore, all the points #t| — oo are mapped onto the north
pole of S® and energy of the system is finite. We have the
nontrivial map

U(x,to) : R — S5, 3)

for the static configuratiolJ(x,tg). In the language of
topology, these maps constitute the third homotopy groug
73(S®) ~ Z with Z being the additive group of integers
which accounts for the times th&# is covered by the map- @
ping U(x, tp), i.e., winding numbers. Because a change of _ , _
the time coordinate can be regarded as a homotopy tranéz_lgure 1 The arranger.nent. of.sky.rmlor!s on the FCC crystal lattice (lef

. . . . . panel) and baryon density distribution (right panel). le thft panel, the
formation which cannot transit between the field COmc'gl'lra'black dots stand for skyrmions at the lattice vertices aed¢d dots repre-
tion in homotopically distinct classes, the winding number sent skyrmions on the face centers.

is a conserved quantity in the homotopy transformation by

the unitary condition of the fielt) (x) and condition[(R). In In the FCC configuration, the skyrmion number density,
skyrmion models, the conserved winding number representghich is the baryon number density with the skyrmion mat-
the conserved baryon number in QCD. The baryon arises ager regarded as baryon matter, is expressed ¢ 3) where

a topological soliton with the topology lodged in the chiral 2| s the crystal size. The size of the crystal lattice corre-

field U(X). sponding to the normal nuclear density = 0.17 fm3 is
Note that, in the construction of the skyrmion-type model, then given byL = 1.43 fm.
the unitary condition of the fielt) (x) and the condition{2) To simulate the nuclear matter in the skyrmion crystal ap-

are the essential characteristics that should be taker@to proach, it is convenient to decompose the skyrmion soliton
count. Indeed, in the construction of the BPS-type skyrmionconfigurationU, as

proposed by Adaret. al.[25/26] that will be discussed later,
only these two conditions are imposed. Uo = go+i?-¢, (5)

In the skyrmion approach to baryon-baryon interactions,
the baryon-baryon interaction at large separation is agpro
mated by the product ansatfz [1] of two undistorted skyrmion
with a relative rotation in spin-isospin space

with the constrain¢(2) +¢@% = 1. In this decompositiony ac-

counts for the magnitude of the quark-antiquark condensate

(qq) which in the matter-free space satisfiggx — o) — 1

and ¢,(X) — 0,(a = 1,2,3), due to the parity invariance
Ugo(X, X1, X2) = Uo(X — X1)A(@)Uo(X — X2)AT (@), (4) of the strong interactions. However, in the inhomogeneous

medium, due to the interaction of the pion fluctuation with

whereA(a) = explit-a/2) is the rotation in the isospin space the medium, the quantitigg(x) andga(x) measure the inho-

with rotation anglexr, Ug(X) is the skyrmion configuration mogeneous quark condensate in the mediurh [34].

satisfying the classical equation of motion of solitan.and One convenientway to simulate the skyrmion matter in the

Xo are the centers of the two skyrmions ane [x; — X3| is crystal is to introduce the unnormalized fields, (@1, ¢2, ¢3)

the distance. To get the most attractive potential, theqfair which have the Fourier series expansions as[{3$5]

skyrmions should be arranged in such a way that they should _ _

mutually rotate in the isospin space by anglebout the axis $o = Z Banccos@rx/L) cospry/L) cosEnz/L), (6)

perpendicular to the line joining them. One can simulate the abc

nuclear matter by putting skyrmions onto the crystal laftic 5,

first put forward by Klebanov]8], and regarding the skyrmion

matter as baryonic matter. The densiffeet enters when the 1 = Z ank Sin(hrx/L) coskry/L) cos{rz/L), (7)
crystal size is changed. Subsequently, Kugler and Shtrikma hkl

proposed a new crystal structure[32, 33], the face-ceditere o Fecostx/L) sintry/L) coskrz/L). (8
cubic (FCC) crystal, which gave the minimal energy of the 2 % i costrx/L) sinfry/L) costerz/L). - (8)

#lnstead of expanding with the unnormalized modes, one csm rabke a Fourier expansion of the normalized magige = 0,1,2,3) defined by

Eq. [3) [36]. 3



$3 = Z&hmcos(@rx/L)cos(ny/L)sin(hnz/L). (9)

hk,|

The fields, relate to the normalized fielg, through

6o = —2° _ (@B=0123). (10)

530 (48)

By taking the Fourier coﬁcientsﬂ_ and a as free param- Figure 2 The distribution of thg baryon number density in the skymio
eters and varying them, the minimum energy per particle'" Paneh phase and half-skyrmion phase (right panel).

at a specific crystal size renders the quasi-nucleon density

dependent. Note that for a specific crystal structure, the When the skyrmion-half-skyrmion phase transition takes
Fourier codficientsg and are not independent, but are re- place, in addition to the original lattice vertices, the ywar
lated. Note also that the normalizatidn(10) does not spoilhumber density accumulates in the middle of the lines con-
any symmetries that the unnormalized fields possess, whil@ecting the original FCC lattice vertices. If one integsate
the expansion cdgcientsanq andBanc lose their meaning as  the baryon number density in the region where baryon num-
Fourier codicients in the normalized fields [52.133]. ber density accumulates, each new crystal lattice has baryo

Among a Variety of properties revealed in the Crysta' ap_number one-half. At what density the transition can take
proach to dense matter, the most important of all is the exPlace in dense baryonic matter depends on, among others, the
istence of half-skyrmion configurations at some higher den-degrees of freedom that intervene. Since in practice a large
sity. Being topological, its presence is a robust predictio number of mesons can be involved, e.g., the infinite tower of
involving maximal symmetry([37]. Its does not depend on holographic QCD, and one is limited to drastic approxima-
what degrees of freedom other than the pion are involvedtions, it is dificult to pinpoint the changeover density,,.

The detailed discussions and extensive references are fourf>iven that there is no indication for half-skymrion phase at
in [2], so we invite the interested readers to consult th&t vo nuclear matter density, it cannot be lower than the normal
ume. What is significant is that it involves a topology changedensityno. If it were much higher, say, in the regime where
from skyrmions to half-skyrmions, which is responsible for the percolation transition can take place, then the modatico

a dramatic change in the properties of the dense matter at 80t be used. Thus the optimal density foy, should be
densityny» ~ 2no, a feature which is not visible in other Somewhere abovs. The present estimate based on detailed
approaches in the literature. The topological change Eness analyses using a semi-realistic model that contajpsw and

tial in the given @ective field theory (EFT) for the equation ¢ indicates thaty, ~ 2no. Itis this density regime where

of state for compressed baryonic matter relevant for massiv hadron-quark continuity seems to take place as we will men-
compact star$ [38]. tion in Sec[B. We will keep this as a typical value in applica-

In Fig.[2 is shown the baryon number density distribution tions to nuclear matt_er and denser matter. _ _ )
It should be mentioned before we enter into detailed dis-

of the skyrmion (left panel) and half-skyrmion states of mat _ X X
ter (right panel). In the half-skyrmion phase, the vertices CUSSIONs that the skyrmion crystal picture would make sense

where the baryon number density accumulates form the c¢f Ne were very large. Indeed ill; — co, then the bary-
crystal. The space averagedefined as onic matter would be a crystal. In reality. = 3 is not so
“large” and normal nuclear matter is a liquid and not a crys-

oL tal. One might hope to arrive at a structure compatible with
(bo) = 1 d®x do, (11) nuclear matter by doing proper quantum-mechanical calcula
(2L Jo tions taking into account/N. corrections starting from the
crystal structure but nobody succeeded to do such calcula-
which is nonzero in the skyrmion matter, is found to van- tions so far. Even within the larghc scheme, indication
ish in the half-skyrmion state. This implies that the quark from holographic QCD calculations is that at high density,
condensatéqo) vanishes when the space is averaged. Buta variety of diferent forms, such as dyonic salt (resembling
this does not imply a phase transition since chiral symmetryhalf-skyrmions), layers of “popcorns,” salty or sugared, et
is not restored with nonvanishing pion decay constant, thagan be present[17=22]. All these exotic configurationseoul
is, the pion is still present. In fact there is no bona-fide or-be artifacts of the larghl. models but at present none of them
der parameter for this change of state, symptomatic of topolcan be ruled out.
ogy change. Although it is not a paradigmatic phase change, Given this wilderness of scenarios, what we will adopt
topology change can be considered as a phase transition, $® the topology change of skyrmion-half-skyrmion phase
in what follows we will use “half-skyrmion phase.” 4 change and exploit it in both the crystal approach and con-



tinuum approach that takes into account the topology changare certain properties, such as compression modulus,rénat a
in the parameters of thdéfective Lagrangian. We will eschew at odds with experiments in this linear model. When higher-
relying on the numerical results coming from the crystal lat dimension meson fields are incorporated, consistently with

tice. the given symmetries, this approach can post-diz000 nu-
clear spectra with deviation 0.5 MeV at the expense ef 50
3 Dense Matter in the Skyrme Model parameters.

It will be discussed below that within the spirit of mean
We first discuss certain generic properties of the skyrmionfield approximations, one can formulate an EFT with a La-
approach in terms of the simplest model, the Skyrme modeprangian that combines both chiral symmetry and scale sym-
(with pions only). The Skyrme model may be considered asmetry with the parameters of the Lagrangian matched to the
a simplified chiral Lagrangian with all heavy degrees of free correlators of QCD. The power of this approach will be to
dom than pion integrated out and all higher derivative termsmake predictions at high density that aréfidult to access
dropped. The resulting Lagrangian contains the curremtalg without ambiguity. The phenomenological approach, suc-
bra term and the quartic term, i.e., the Skyrme quartic termcessful up to nuclear matter density, can go wild, with the
In fact the quartic term is essentially the leading term & th numerous parameters at the disposal that are unconstrained
next-to-leading orde®(p?) chiral Lagrangian that captures at high density with experimental guidance. A typical ex-
n-r scattering[[39]. For simplicity, we take the parametersample is given by the nuclear symmetry energy that strongly
given by the free-space value rather than tffective val-  controls the equation of state for compact-star matter. One
ues fitting nucleon properties or nuclear properties used irtan see this in Fid]3.
the literature. Here the purpose is to obtain a qualitateai
of what’s going on rather than fitting data. To have a bet-

ter view of what we are driving at, it is useful to recall the 120 L
currently popular approach anchored on phenomenological L —RHF(2‘)
Lagrangian to finite nuclei, nuclear matter and dense matter 90 |- ——DD-RUF(2)
relevant to compact stars, namely, the energy-density-func s ey A
tional approach (EDFA for short). Related closely to what 2 5
we are doing is the relativistic mean-field (RMF) theory; ini 5
tiated by Walecka [40]. This theory works fairly well up to “
the density appropriate for nuclear matter. This can bemunde 30
stood in terms of Landau Fermi-liquid theory, to which the
RMF at large density is related. 0
A typical phenomenological Lagrangian used is of the 0 1 ol 2 3
form °
—. Figure 3 Symmetry energy as a function of density. This illustratest t
L =y ('7;15” - mN) Y one can obtain anything for the symmetry energy at densityng by adjust-
1 ing parameters of the mean-field or equivalently energysiteriunctional
+ E ((%S@“S— mﬁsz) without dfecting the normal-matter properties. This figure is copienf
1 , Ref. [42].
+5 (0420 a0 — 6, a})
- }wﬂva)‘” - }mfuw,,w“ The power of the skyrmion crystal approach is that this
4 2 wildness can be cleared up, thanks to the topology change
- }p P - }mZp - pH that unifies baryon and nuclear structure and properties of
47" 27 _ baryons in medium, obtaining a unique prediction. This feat
+ Os¥SY + Qa7 - BoY — Qb Y'Y is the objective of what's described below.

— — 1
— QYT P — ey A~ ZFWFW, (12)

wherey = (p,n)" are the nucleon doublgt,is the iso-vector 3.1 Nuclear matter from the skyrmion crystal model

vector mesong is the iso-scalar vector mesosis the iso-

scalar scalar meson, arag is the iso-vector scalar meson. In this and following subsections we discuss generic featur
Included is the photon field,. This Lagrangian, what one of the skyrmion model that follow from topology involved
might call “linear meson model,” can be related to chiral- with pion field. Other massive degrees of freedom that will
scale Lagrangian discussed below if the iso-vector scalafigure in the dynamics will influence the detailed structure
mesons are ignored. In the mean field, this Lagrangian yieldsvithout afecting the characteristics of the model. Here we
a broadly successful description of nuclear malter [41}er'§h5 first look at nuclear matter. In doing this we employ the



Skyrme model following Ref[[9]. The Lagrangian is

25 23 21 1.9 1.7 1.5 13 11 09 07 05
T T T T T T T T T

11204 4 1120
1080 1080

1040 - 1040

f2 1 2
L= —ZTr(UTa,,UUTa“U) + @Tr[ufa,,u, uia,ul".

(13) T T T T T T T T T
25 23 21 19 17 15 13 11 09 07 05

Since we are aiming at a qualitative rather than quantéativ L (fm)

description of nature, we will not takdfective parameters fit

to the structure of baryon and baryonic matter as was done in L2523 21 19 17 15 13 11 09 07 05
the literature, but will take what's determined in the vaguu
Thus we takd, to be the free-space pion decay constaf8 08 Jos
MeV. For the Skyrme parameterwe takee = g = 5.93 with

g being the value of the gauge coupling constant of the HLS, 1
the chiral €fective theory of vector mesons [23]24], which
may be obtained by assuming theneson mass is “heavy”

<¢,>

. The robust, though qualitative, properties extractedethe 02 Jo2

from will then be the basis for doing more realistic calcula-

tions including the other relevant degrees of freedom. 00 T e 00
L (fm)

. . Figure 4  Per-skyrmion ener B (upper panel) an lower panel
By putting the Skyrme solitons of (IL3) onto the FCC asgafunction of cr))//stal size. 9F:/B (upper panel) andso) ( pane)

crystal so as to simulate nuclear matter, one obtains the re-
sult of Fig.[4 for the skyrmion-matter per particle (or “per-

skyrmion”) energyE/B and (¢o) — which is related to the On the contrary, what is highly non-trivial and of great
quark condensate in QCD variables through decompositionmportance that can be exploited in our more realistic ap-
(8 — as a function of crystal size. The vertical line indi-  proach is the observation that the quantity) representing

cates the crystal size that corresponds to the normal nucledhe quark condensate vanishes for density above normal nu-
density. One notes that the system has a minimum at a densitglear density. At what precise density that takes place can-
considerably higher than what is normal density. This is notnot be pinned down. But it is a robust observation. One
surprising. It just indicates that the Skyrme Lagrangiait-wr observes in Figl]4 that when the system is squeezed from
ten to the lowest order chiral counting is missing some im-L = 2.5fm to aroundL = 1.3fm, the skyrmion system un-
portant components in nuclear interactions which give a netlergoes a phase transition from the FCC skyrmion config-
repulsive force. In fact what corresponds in standard thirauration to the CC half-skyrmion configuration. The system
perturbative approaches to multi-body (i.e., three-bady) has a minimum energy &t ~ 0.85fm with the energy per
pulsive force — of the range of asrexchange force that stabi- baryonE/B ~ 957 MeV. Of significance is that the value of
lizes nuclear matter — is absent. Also the resulting largd-bi  ¢¢ averaged over space rapidly drops as the system shrinks.
ing energy,~ 200 MeV, is not surprising given that the typi- It reaches zero at ~ 1.3 fm where the system goes to a
cal energy scale involved in QCD is thg)cp, whichis afew  half-skyrmion phase mentioned above. This “phase transi-
times the pion decay constafjt~ 93 MeV. All these features tion” can be interpreted, once the pion fluctuations arerinco
are understandable from the lafyecounting, on which the  porated, as a signal faglobal chiral symmetry restoration
skyrmion model is relying. These defects can be remediedvhereadocally the system is still in the chiral symmetry bro-

in refined, though involved, treatments. In fact when vec-ken phas@. In this description there is no hint of QCD vari-
tor mesons and scalar mesons are included, the situation inables, i.e., quarks and gluons. However the skyrmion-half-
proves substantially [43=46] and with an infinite tower one skyrmion transition can be reproduced in terms of a chiral-
obtains even agreement with experiments [44. 417, 48]. Wequark model where the transition is captured in a delocaliza
will return to this matter below. tion of the baryon number density leadinglie= 1/2 struc-

#3 This assumption must break down at large density approgd¢havector manifestation fixed point.

#4The density at which the skyrmion matter transits to the-&l@fmion phase obtained here igfdient from that obtained in Ref.1[9] due tofférent
Skyrme parameters. If we took the empirically fit valie= 4.75, the skyrmion to half-skyrmion phase transition woulgegr above the normal nuclear
density. One should not take the numerical values we arénimetoo seriougly.



ture [49]. There is another transition in this picture cerre Then the medium-modified (time component of) pion decay
sponding to quark deconfinement at higher density, which isconstant is given by the longitudinal component in the low-
however not in the half-skyrmion phase. energy limit

%2 H —
3.2 In-medium pion decay constant fo = - ALTOGL(DO, p=0). (18)

One of the most crucial quantities in dense medium is the  Nqy for the calculation, we shall ignore the contributions

effective in-medium pion decay constafif. It controls 4 the loop diagrams of the fluctuation fields. Therefore,
medium modified hadron propertigs([9]35]. Here, as a cONthere are only two types of diagrams that contribute as il-

crete example, we calculate the medium-modified pion deqsirated in Fig[B: (i) the contact diagram and (i) the pion
cay constant’, again taking the Skyrme model. The latter exchange diagram. They are given by

contains the essential feature that is shared by moretiealis

models given below. N e ab 2,5
The procedure is quite simple. We take the skyrmion crys- ) g, |1- 3 <¢ﬂ>)’
tal solution as the background classical field and inteithieet p.D, 2
fluctuating fields on top of it as the corresponding mesons (iy: -if?2 :)2 6% (1— 3 <¢,2r>) (19)

in dense baryonic matter. Following Ref. [43], we write the
skyrmion crystal solution as o) and introduce the fluctuat-  Summing the two contributions, one obtains
ing fields as

U = U(O)U U, (14) fz:z = f;rz [1 - g (1 - <¢(2)>)

whereU = exp(drata/ ;) stands for the corresponding fluc-
tuating field andu(zo) = U(q. Since for each crystal size,
there is a solution folJg), U(g) is dependent on the crystal
size, or equivalently, the baryon density. The decompmsiti
in Eg. (I2) guarantees that to each order of the fluctuatio
the chiral invariance of the model is preserved. By sulistitu
ing the fields in Eq.[{(T14) into the Skyrme model Lagrangian
one obtains the medium-modified Lagrangian for the pion.
Consequently the parameters in the pion Lagrangian become (5 23 21 te 17 15 13 14 09 07 05

density-dependent through their dependencé gy x o
0.8 1 -08

J/IS J,,5 J/AS ™ J,,5 — |

(i) (i)

: (20)

where the intrinsic density dependence is brought in by the
minimal energy solutiorzbg. To arrive at [[ZD), we used the
relationqﬁg + @2 = 1. Equation[(2D) shows the direct rela-
tion between the medium-modified pion decay consfignt
™hnd the parametépo) which signals the phase transition in-
volving topology.

£

0.4+ —404

0.2+ 402
Figure 5 Two types of contributions to the correlator of Elg.]J(15): ttig
contact diagram and (ii) the pion exchange diagram. Shaliéd lstand for 0.0 00

interaction vertices in the skyrmion matter. 25 23 21 18 A7 15 13 11 09 07 05
L (fm)

To define the pion decay constant in the skyrmion matter,

we write the axial-vector current correlator Figure 6 f;/f; as afunction of the crystal size.
iG3(p) = | fd4Xép'x<0IT 2, (x)J8,(0)0) (15) In Fig.[@ is plotted the crystal-size dependence pff;.
o _ . We see thaff} decreases te 0.65f, at the densityn;» at
which is decomposed in medium as|[50] which skyrmions fractionize to half-skyrmions and therysta

constant fon > ny,. In terms of the quark condensatg),

ab _ ab
G,(p) = & [PTvaT(p) + PLva'-(p)]’ (16) (¢o) corresponds to the space average of the latter. It should

where the polarization tensols  are defined as be noted thatgo) — 0 does not signal the restoration of
chiral symmetry since the pions are still around with the-non
P 9, (5i_ _ %) i zero pion decay constant. This means that the quark conden-
T W\ p2 ) sate is locally non-zero in the half-skyrmion phase, impiyi

P.pP, that there is chiral-density wave. This was verified In][34].
Phw = |9~ p2 ~ Pr- 17) 7 This feature will remain unmodified when scale symmetry



is implemented. This results from the locking of scale sym-approximation in[(21), one obtains the kaon dispersion rela
metry and chiral symmetry, consistent with the scale-thira tion in the skymion matter as
effective field theory([51] — discussed below — with the con-

2 2 _
sequence that’ ~ f. o(wf - BR)+ 2Bk +y = 0, (26)
where
3.3 Kaons in dense matter 1 2
_ X i
Another highly non-trivial prediction of skyrmion crystal @ = Z<(i) (u+u +2)>’
matter is the property of kaons in medium. Kaon property Ne
in nuclear and denser matter has been an important issue for B = 162 (Bo(u +u' + 2)>
the equation of state of compact stdrs| [52] since kaon con- L o 3
densation was .pred|c.ted pn the basis .of chiral symmgtry in y = = <(£) (u sut 4 2)> mﬁ 27)
1985 [53]. The issue is still far from being settled and is be- 4\ f,

coming an urgent matter, in particular with the discovery of Focusing on S-wave kaons wiffik — 0, the éfective in-

massive neutron stars. We WI!| discuss here what one can SaY e dium kaon energy is obtained by solving the equation
about the properties of kaons in dense nuclear matter frem th
B+ B +ay 28)

skyrmion crystal point of view. Again we will use the Skyrme
model extended to three flavors including strangeness, thus My = oo K o
involving octet NG bosons, but minimally implemented with
dilaton dynamics. Although highly simplified, the model we

use exposes a non-trivialfect of the dilaton field that is ab- 800 7 ' ' '
sent in the usual chiral Lagrangian approaches. __ with dilaton
Following [54], we take the Lagrangian [~ e w.o. dilaton
2 3
Lk = (i) D,,K“‘DﬂK—(i) me KK <
fy fy ® i
2iN 2 .
c 7 ¥ Tl
—WB“(DHK K- K'D,K), @) " [ e N T
whereK is the kaon doublet witlkk = (K*, K°), the last term <§Q_>;0
is the topological Wess-Zumino term present for three-flavo .
systems, the covariant derivative is defined as . . .
DUK = ( + TH)K, (22) "
where Figure 7 Skyrmion matter modified Kaon mas¥ as a function of density
n/no for dilaton massn, = 600 MeV. See Ref[[84] for an explanation of the
1. . figure.
" = > [u‘aﬂu + ua“u‘] , (23) oure
_ B The medium-modified kaon mass; (energy for the S-
with u= VU and the baryon number current as wave) is shown in Fig]7 which is borrowed from Réf.|[54].
1 vaper [ ; : The dfect of(¢o) — 0 towardny,, is visible for both with and
B = 24,r25# tr [u dyu-u'dou-u aﬁu]- (24) without the dilaton. However the dropping wf, is accentu-

ated by the presence of the dilaton. Furthermore the mass
drops at a faster rate in the half-skyrmion phase. By itself,
this would have a bigféect on the process of kaon conden-
sation in compact star matter. It should be noted that certai
x = fet (25) barygnic short-range correlations, mi.ssing inl mean-fi;ema
considerations (appropriate for Fermi-liquid fixed-pdiett-
This is because the dilaton field plays a specially importantments), should be included for realistic calculations. sThi
role. How this field enters in chiral symmetry Lagrangians to could apply both to kaon condensation and to hyperon inter-
join in chiral-scale symmetry will be described later. Hére actions in compact star matter. This would require an ap-
sufices to say that the Lagrangian accounts for scale symmeproach drastically dierent from the naive application of chi-
try transformation to the leading order of scale-chiralmeu  ral perturbation theory. We will see later such dieet could
ing rule [51[55]. have a strong impact on the formation of dense kaonic matter
The kaon field is fiected by the background of nuclear at the hadronization phase in the cosmological evolution of
matter through the skyrmion profile Taking the mean-ﬁeld8 the Universe[[56].

In Eq.[21, the dilaton field- is introduced via what is called
“conformal compensatol which has mass dimension-1 and
scale dimension-1,



3.4 The nuclear symmetry energy

Perhaps the most important impact of the skyrmion-half-

skyrmion (topological) phase change in the physics of dense
matter is on the nuclear symmetry energy that has defied the-
orists in compact-star physics since many years as disgusse

above (See Fid]3). It turns out that it is tightly connected t Em

the vector manifestation [57] for themeson in the skyrmion } /.

approach and it is not at all clear how that translates irsto-st —— m, =600 Mev
dard dfective field approach based on chiral symmetry. Quite | m, = 720 MeV
remarkably it dfers a compelling evidence that the topology

change, apparently absent in many-body interactions,-is ro - , - .

bust and can be exploited to construct a realistic model for nin,
dense matter that cannot be accessed by other approaches. It

turns out that the change from skyrmions to haIf-SkyrmIonsFigure 8 Symmetry energy as a function of density calculated in .

plays a key role. _ . The cusp is located at;;2. The low density part that cannot be located
The energy per particle(n, §) of a dense system with den- precisely is not shown as the collective quantization nethsed is not ap-
sity n and asymmetry can be written as plicable in that region.
E(n, 8) = Eo(n, X = 0) + 6°Egyn{n) + O(6*) +---,  (29)

Of high significance is that, strange or anomalous though
wheres = (N — P)/A with N(P) being the neutron (proton) it may appear, the presence of the cusp, arising from the
number andA = N + P. This equation defines the symmetry skyrmion-half-skyrmion topology change involving the pio
energyEsym It turns out that the above expansion is a goodfield, is robust and does not depend on what other degrees
one. The corrections entering @) are estimated to be  of freedom are incorporated in the dynamics. It turns out, as
quite small even foé near 1. We will ignore them here. pointed out below, that the cusp plays an essential rolegin th

In the skyrmion crystal approach, the symmetry energygos of massive compact stafs 59, 60].
EsymCan be calculated for the neutron matie~(1) for large A question that is immediately raised is whether this cusp
N by collective-rotating the whole system [55/58]. After the ig not just an artifact of the crystal structure. We addrbiss t
collective rotation, the energy of t#enucleus is question and show that there is neither abnormality nor mys-
tery in the cusp. How this cusp arises can be explained in
terms of standard nuclear many-body interactions invglvin
. . . . the nuclear tensor forces coming from the exchangesoid
whereEs is the per-soliton energy in the nucleus ahdis o whose properties are influenced by the topology change.

the 1S0-Spin moment of inertia of tiAe ) N system."*is the Quite independently of whether it is valid or not, it is a new
total isospin of the whole system which could be the same as

. d ) phenomenon hitherto undiscovered in the field.
the third component of the isospligfor pure neutron matter,

_ 1 Tot (| Tot
En = ABso+ 5.-| (1™ + 1), (30)

ie., 1T = A/2. Fors = (N - P)/(N + P) < 1 we have The_ treatment is muc_h more sf[raightl_‘o_rward with HLS La-
grangian with nucleon fields put in explicitly rather thamge
[Tt _ :—L(N _p)= :—L(N +P) (N-P) _ 1as (31)  erated as skyrmions. To address the nuclear symmetry en-
2 2 (N+P) 2 ergy, the key ingredient is the nuclear tensor force, by tvhic

the symmetry energy is dominated. Thus we can focus on

The energy per nucleon can then be expressed as ) X
the structure of nuclear tensor forces. With nucleons slyita

Envseon = Enuclei _ Eoy + iéz’ (32)  coupled to HLS fields, the tensor force is given by the pion
A 81 exchange and the exchange. One can ignore higher reso-
for a |arge mass numbé. Consequenﬂy, the symmetry en- nances for the latter. Theandp tensor forces have the same
ergy takes the simple form spin-isospin operator and radial formfféring in the overall

codficients with opposite signs and the dependence of mass.

i. (33) With the sign diference, the pion tensor gets reduced by the
8I p tensor in the intermediate and long range that the poten-

In Ref. [58], using the Skyrme model implemented with tials act. Now since thp mass scales with density because
scale symmetryEsym was calculated on crystal lattice in the of the density dependence &f, whereas the pion mass re-
way described above. The result is shown in Elg. 8 copiedmains unscaled, thetensor, becoming stronger at increasing
from Ref. [58]. The symmetry energy first decreases withdensity, cancels the pion tensor, almost completely, ngar
density up to the density/» at which skyrmions fraction- However atn;;», due to the topology change, thetensor
ize to half-skyrmions and then increases as density ineseas gets strongly suppressed because the hidden gauge coupling
This is the appearance of the cusp in Eig. 8. 9 drops rapidly due to the vector manifestation. Rog 2ng,

ESym



the pion tensor takes over. This can be seen in[Big. 9 bord Skyrmion Matter in Holographic QCD and
rowed from [58]. Infinite Tower of Vector Mesons

We have seen that the minimal skyrmion crystal approach us-
ing the pion-only Skyrme model, with or without a scalar

207 =1 degree of freedom, simulates, semi-quantitatively calyec
: ---ning=2 certain characteristic properties of nuclear matter. Bate
10 =3 are certain other propertiesfiiicult to access in the standard

chiral gfective theory approaches, such as the symmetry en-

ergy at high density, that un-mistakenly indicate massore n

4 NG bosons can be very important. In this section we explore
the dfect of the vector resonances — including the infinite
tower inspired by the holographic model of QCD — on dense
skyrmion structure.

As mentioned above, a powerful — and rather mysteriously
efficient [63] — way of capturing the physics of vector mesons
is to resort to HLS[[218,24]. Itis also in the HLS approach that

Figure 9 Tensor force as a function of density. For definiten®gs = 2ng the possibility of thep mass approaching the zero-mass (in
is taken. the chiral limit) pion at high density can be treated systima
cally [24]. When the energy scale goes up, the number of re-
dundancies, therefore the number of gauge bosons, insrease

Although for a fair description it would require a lot more The infinite number of hidden gauge vector fields that arise
detailed discussion involving ingredients that are nottme ~ from the redundancies together with the pion field in 4D can
upon in this review, such as renormalization-group treatme Pe dimensionally de-constructed to 5D Yang-Mills (YM) ac-
it is perhaps proper to mention that the property of the tensotion in curved space [64] with the 5th (holographic) direati
force in the density regime up t@ accessible experimentally representing energy scale plus the Chern-Simons term encod
is verified in the C14-dating Gamow-Teller transition1[61]. ing chiral anomalies.

There are dferent ways of explaining the same phenomena The construction of the holographic models of QCD has

but they are not alternatives but in some sense equivalent ifvo approaches, what one might call "top-down” and the
physics. other "bottom-up”. In the "top-down” approach, the action

of the 5D Yang-Mills is reduced from the gravity sector,

Assuming that the tensor force dominates the SYMMmetry, .+ i the “bulk” sector of gravifgauge (holographic) du-

energy — which is supported also by various conventional nu—aIity coming from string theory. Among a variety of models

clear models — and given that the tensor force excites states. . . .
oredominantly to those peaked Bt~ 200 MeV, the sym- given in the bulk sector, the so-called Sakai-Sugimoto (SS)

model [13[.14] is the one which has the symmetry properties

metry energy can be approximately given by the closure for’closest to QCD. When the model is dimensionally reduced

V' [MeV]
o

-104

-20-

mula [62] to 4D & la Kaluza-Klein, it has an infinite tower of vector
mesons plus pions [65,66]. This model is justified in thegdarg
<|VT|2> N and large 't Hooftl = NcgZ,, limit and the chiral limit. In
Eeym~ . (34)  these limits, there are only two parameters in the model and
E they are fixed from meson dynamics. In the "bottom-up” ap-

proach, instead of reducing the action from the gravitysect
From Fig.[9, it is immediately seen thBtym will decrease it is constructed from QCD in five dimensional anti-de Sitter
as density approacheg, from below and then increase, re- spacel[1l[.12] using the duality dictionary. In these madels
producing the cusp at the transition density of the skyrmionaddition to the gauge fields, thé&ect of the explicit breaking
crystal calculation, Fid.]8. of chiral symmetry encoded in the vacuum expectation value
(VEV) is included through that of the bulk scalars. In both

Two comments are in order regarding the cusp structure X .
approaches, the generic model action has the structure

First, Esym given by [34) will, in nature, be smoothed by
hlgher-order nuclear corr_elat!ons. Indeed a refined form.u- Sg = SPB! 4 SCS, (35)
lation based on renormalization-group flow flattens, as will

be shown below, the cusp into a changeover from a soft tavhereS2®' is the 5D Dirac-Born-Infeld (DBI) part an8S>
hard EoS any,, via the symmetry energy. Second, the cuspis the 5D Chern-Simons (CS) part. Foftdrent models the
form given by [3%) provides a strong support to the topologyexpressions @EB' could be dfferent. In this review, we will
change taking place at 2ny with a qualitative €ect at that  focus on the top-down holographic model. The application of
density. 10 the bottom-up approach to the baryon structure is reviewed



by Pomarol and Wulzer ifi [2]. No application of the bottom- where
up approach to nuclear and dense matter is available in the Frn = 0mAn — 0nAm + [Am, An] (42)

literature at this moment. ) ) 1
with Ay, = T2A2 normalized as t*TP) = 50ab- The gauge

4.1 The holographic model from the “top-down” ap- field transforms

proach and its BPS limit Am — g(An + Im)g L (43)

Since what we are interested in is the holographic model of

QCD, we consider the SS model[13] 14] which has the prop-With ges U_(Z)' ) )
erties closest to QCD. In this model, the DBI part is written ~ 1he Static energy coming from the actidni(41), known
in terms of the pure burk gauge fields as as BPS action, has a well-known bound, the Bogomol'nyi

. bound,
SgBl ~ Sym = —de4XdZ

tr 7 36 E > 87°B, (44)
whereB is the instanton number representing baryon number
with x = A%;. &(2) is the dfective YM coupling that depends
on the holographic directionand is proportional to the KK
mass ad ¢ °. The 5D Chern-Simons term is

1
B= @ftr(FMN*FMN)d&dz (45)

sos- ch f dxdr (%,z LI ﬂs)' (37) inwhichM = 1,2.3,zand"Fun = 3€yyagFag iS the dual
24r 2 10 field strength. Now the bound is satisfiedifyy is self-dual,

We use the indem = (4, 2) with u = 0,1,2,3. The gravity "€

enters in thez dependence of the YM coupling, giving rise Fun = "Fun. (46)

to the warping of the spacell = A, dx' + Adzis the five-  hig means that the energy of the system cannot be lower than
dimensional Uy) gauge field and™ = dA+iAAIsitsfield e hound. In other words, a system of instanton nundber

strength. In the case &¥r = 2 flavors, describing mass-numbéek nucleus has the binding energy
1. equal to zero. This can be referred to as “BPS skyrmion” as
A= Asue) + 5Au)- (38)  will be explained below.

The resulting YM action is
4.2 Packing vector mesons in an infinite tower

1 ~
- _ 4 2, ~p2 . .

Sym = de XdZZez(Z) (tr Fin + szn)’ (39) " The 5D action((36), when KK-reduced to 4D, can be written
as the sum of an infinite number of vector and axial -vector
mesons possessing hidden local symmetry [14]. In leading

Ne % 2 c f ~ooE2 order, the gauge coupling constant will be a constant inde-
Scs=— | AAtrF AAF- 40 ' . . ) :
ST 16n2 f e 96n2 (40) pendent of metric warping with no coupling to the infinite

In Egs. [39) and{@0F . is the field strength for the SU(2) tower of iso-scalar vector mesons. The skyrmion constducte

gauge field andEm, stands for the field strength of the U(1) with this infinite tour will then be equivalent to the instan-
gauge field. ton discussed above. A highly illustrative study was made

We should stress that the SS model — which is holographPY Sutclife [47,48] which showed how the vector mesons

ically dual to QCD in the largé&l; and limit (and the chiral entered in_ the towe_r. _
limit) — has no free parameters. To leading ordet,ithat is, Start with the pion only with all the vector mesons set
to O(), &(2) is a constant, so the 5D YM action can be taken equal tq zero. T-h|s is the Skyrme quel. The soliton static
to be in flat space. The Chern-Simons term, which come£N€rgy is~ 1.24 times the Bogomol'nyi boun
at O(N¢1%), does not contribute. Thus to leading order, i.e., o) _ 2
O(N¢A), the static baryon — which iB = 1 is given by the BT =1.235(8°B). (47)
instanton solution that is self-dual19].

Let us first look at the instanton given by the SS action in
the leading order, say)(Nc4). At this order only theSp®!
in flat space contributes and thi1) degrees of freedo_m de- EW = 1.071(8>2B). (48)
couple fromS U(2) degrees of freedom. The resulting 5D
Yang-Mills theory, in unit of an arbitrary mass dimensia®, i The next-lying axial-vector mesay brings this further down

1 2 4 o
S= - > ftI’and xdz (41) E®@ — 1.048(8TZB). (49)

#5This corresponds in the case of the Skyrme Lagrangian toatdeev bﬂ.nd ZB.

and the CS term

Next when the lowest-lying vector mespris included, the
soliton mass is drastically reduced to




Since the full tower of iso-vector vector mesons brings thisbackground-independentand hence should be independent of
to the boundE(™) = 8x2B, it follows that the high-lying vec-  the warping. Using our energy unit, we have the BPS mass
tor mesons make the theory flow to a conformal theory. ThatMgps ~ g—Q‘;MKK ~ 559 MeV [EIIBIZIE in agreement

the lowest-lying vector mesam does nearly all the work in  with Ref. [47]. When the CS term contribution is added, we
flowing to the conformality is reminiscent of the near com- get Mgps cs = Maps + ZN,Mk ~ 1038 MeV which

plete saturation of the charge sum rule of the plon [[13, 14]shows that the contribution from CS term to the soliton mass

and nucleori[15, 16, 67.58] form factprs. i ) is significant. Along the same procedure applied before, we

Now suppose that the same packing strategy is ap_phed tound that, for the giverM, using the HLS given by Eq(57)
many-skyrmion or nu-clear systems. The above result |mpl|e§n the following and determining the low energy constants by
that the nuclear binding energy,24% of the nucleon mass the 5D YM theory[[@L), the results afe [44] 46]:
with the pion field only, will reduce to near zero as the higher ’ '
lying vector mesons are packed in. This tendency is beauti- o M =7, p, w:
fully illustrated in Fig[10.

Msgps' (7, p,w) =~ 1162 MeV. (50)

1 E—a - g M=n,p:
N -— . .p
. 0.98 1 - G Mwgps(7,p) =~ 577 MeV. (51)
% 0.96 ® N M -
g - Mgps'(n) ~ 673 MeV. (52)
0.92 '
8 Thew meson is seen to block the flow to the conformal fixed
09 : point. In Egs.[(BD)[(51) and (52), the subindex “BPS” means

i 2 3 4

Baryon number

the parameters are calculated from the 5D YM thelory (41).
We next examine thefiect of the tower of the infinite

Figure 10  The energy per baryon, in units of the single baryon energy Vector mesons from the SS model in which the waliipct

vs. baryon number up t8 = 4. Squares are the experimental data, circles is included. A direct calculation of the mass of the topo-

are the skyrmion energies with only pions, and diamondst@eskyrmion  |ggical object, here, thapproximateinstanton, yields the
energies in the extended theory with piopsnda; mesons. This figure is
taken from [48]. mass|[[15,16.67.68.72]

M(approx)instantonz 1800 MeV, (53)

4.3 Thew meson with f, = 924 MeV andA = 17 fixed in the meson sec-
: : tor [23/14]. Note that the mads {53) corresponds to the mass
In the SS holographic QCD model, tagmeson figures at of a skyrmion with the fect of the infinite tower of vector

the next order inl. It figures via the Chern-Simons term. . :
. . mesons in a warped space and the Chern-Simons term taken
In standard paradigm of nuclear physics, as stressed abovlen,to account

the w degree of freedom is indispensable. In chiral perturba- By dimensionally de-constructing the 5D SS model to the

tion theory, its &ect, at least partially, is captured in short- . . 7
range three-body and higher-body forces brought in by high_4D hidden local symmetric mesonic theory, one can check

- ) . o the dfect of the tower of vector mesons. It was found
order derivative counter terms in the chiral Lagrangians It that [42146]:
also indicated in lattice simulations of nuclear forces|[69 '
To confront the predictions of the holographic model on o M= 7, p, w:
nuclear physics with the empirical values, therefore, one
should consider the warped space in the YM action and the Mss(m, p, w) =~ 1184 MeV. (54)
Chern-Simons term. By dimensionally de-constructing the
SS model and keeping only the lowest-lying vector mesons e M =1, p:
p andw, the w meson is indeed found to be significant for
describing the nuclear force [434461[70, 71]. Mss(m,p) ~ 835 MeV. (55)
Here we analyze how the influences the flow to con-
formality seen above with the iso-vector vector mesons. e M =
To explore the ffect of theU(1) degrees of freedom, one
should include the féect of the CS term. The CS term is Mss(r) ~ 922 MeV. (56)

#Here we used = 16.66, Mk = 948 MeV determined from our input
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In the above calculation, the parameters are fixed by the two The most general HLS Lagrangian responsible for the soli-
empirical values,f, andm,, in the meson sectof [13,114]. ton mass — which i®(N;) — can be expressed as

It was found that, if the parametéMxk is reduced to~

500 MeV, one gets- 950 MeV for the soliton mass and Lus = Lo+ L+ Lanom (57)
~ 300 MeV for theA-N mass diference, both consistent

with experiments[[72]. In addition, by using the truncated

model M = r,p,w, one can fit the nucleon mass and the Ly = f2Tr (@ly@fi) +af?Tr (&llu@ﬁ) + Liin, (58)
A — N mass splitting if one usef, ~ 622 MeV andm, =

4175 MeV [73]. In sum, what is found is the following: Wwheref; is the pion decay constaratjs the parameter of the
In the holographic QCD of SS, to the leadingorder, the ~ HLS. The two 1-formsgq;, anda,, in (B8) are defined by
more iso-vector vector mesons are included, the lighter sol

Lo N 1
ton mass becomes and the sum of the contributions from the A = f(DﬂfR . f,g + D& -fi), (59)
infinite tower reduces the soliton mass to the BPS instan- '1
ton limit. The residual interaction between the skyrmions Q= z(DﬂgR-gg— D.é, -gI), (60)

(as quasiparticles) gets weaker and the size becomes smalle

all going in the right direction. However this tendency gets with the chiral fieldst, andé&g, which in the unitary gauge
blocked at the next order i, namely atO(1°), primarily by ~ are
the presence of the meson present in the CS term with the 2t _
effect of metric warping less significant. This is at odds with § = =" =¢  with  x=x-7, (61)

nature. We address this problem and point at a possible regynere +'s are the Pauli matrices. The covariant derivative
olution with intervention of a scalar dilaton in th&ective associated with the HLS is defined as

Lagrangian.
D/fo,L = (a/.l - iVﬂ)‘fR,L (62)

S5 The Hfect of the Lowest-Lying Vector whereV, represents the gauge boson of the HLS,
Mesonsp and w and the Scalar Dilatono
Vzl(ga)+g ) (63)

In the above section, we have seen that the infinite tower of A
the vector meson resonances plays an important role in thgng
skyrmion physics. Here we focus on the nuclear matter from 0 N
the chiral dfective theory including the lowest-lying vector Ou=p, T= ( P \/_Zp,, ) (64)
resonances andw, based on the HLS approach. G V2o, 08

The dfect of the lowest-lying vector mesons on dense
skyrmion matter was first studied in Réf.[74] by using a mini-
mal model including vector mesors|[75]. In this model,dhe
meson couples only to the baryon density throwgB (with

B* being the baryon number current) representing the homo- ]
geneous Wess-Zumino term present in HLS theory. FromWith the field-strength tensors of the vector mesons

this model, the attractive force due to themeson and re- 1 1 1 1
pulsive force arising fromm meson between nucleons in both V,({i) Oy (Egppv) 0y (Egpp/l) =i [(Egppy) > (Egppv)} )
skyrmion and skyrmion matter were illustrated clearly. ®lor
recently, this study was refined in HLS including the next- \/)
to-leading order terms of the chiral counting[43H46[7(), 71
In these calculations, the anomalous part of tfieative the-
ory that encodes the contribution corresponding to thé#(1)
gauge field in the CS term of the SS model was fully taken Ly = ler[&Ly&lj_&Lv&i] " YzTr[&Lﬂ@n&’i@i]
into account.

In (G8), Luin is the kinetic term of vector mesons with

1 1
Lin = — = Tr (VOVO) - =Tr (Vv - (65)
297 29,

1 1
Oy (Egmwy) -0, (Egmwﬂ) . (66)

TheO(p*) Lagrangian in Eq[(37) is given by

+ YT |é, &, 87| +aTr[&,6, 94

5.1 Hidden local symmetry Lagrangian toO(p%) YT [, 1,07 | + YeTr |d,d.,0 3]

As will be mentioned below, there is an indication that HLS Y [a“‘a”a”aﬁ]
to the leading order, that i€)(p?), has a hidden power that is +VYg {Tr [&l”&fl‘&”&ﬂ +Tr [&m&uv&i&ﬂ}
not obvious from general EFT considerations. We comment YT [& 5 4 &V]
on this later. Here we will consider up @(p*) in the power 90 ML

+iz, TV ay | +izsTr|vatar].  (67)

expansion. 13



Note that\/fj;’) does not appear in tt& andzs terms. Finally,  These results support the intuitive picture that the soli

the anomalous parity the hWZ tertfignom is

compressed due to the attractive force from gheneson,

while it is expanded by the repulsive force from theme-
Nc : son. The potentially important contribution from a dilaton
r = d* =— cLi, (68 . \ , .
hwz f XLanom= 7573 fw .le L. (68) particularly to nuclear and dense matter, will also figure in
- the balance between the attraction and the repulsion.

whereM* stands for the 4-dimensional Minkowski space and

Putting the skyrmions given by (57) onto crystal lattice —

L1 = iTr [@E@R - @g@l_], (69a) here FCC, one can also study théeet of the lowest-lying

Ly = iTr[a g, arl. (69b) vector mesons in dense skyrmion matter. Here and in what
ST follows, HLSqin(7, p, ) will stand for the minimal model of

Ls = Tr[Fv(aag - ara)], (69¢)  Ref. [75] — which can be obtained frof_{57) by switchir o

in the 1-form and 2-form notations with

L4 and takingc; = —¢; = 2/3 andcz = 0 in the Lanom

term. The energy per skyrmion and the vacuum expectation

& = a-a,,
dg = @ +a,,
Fv = dv-iv2 (70)

In the Lagrangian[(37) there appear numerous many pa-
rameters,f;, &, 0y, 9o, ¥i(i = 1,---,9), z(i = 4,5), and
G(i = 1,2,3). Itis very dificult to fix them all in a phe-
nomenological way. A possible approximation is to use a re-
cently developed holographic QCD model in which the coef-
ficients can be completely fixed by means of a set of “master
formulae” that match the four-dimensiondfextive (HLS)
theory to the five dimensional holographic QCD (hQCD)
model. In the largeN. and larged limit, the hQCD has, as
mentioned above, two parameters which can be related to the
empirical values of the pion decay constant anddimeeson
mass. Here we take the SS modell [13, 14] and the following
empirical values:

f =924 MeV, m,=m, =7755MeV. (71)

5.2 Skyrmion properties in hidden local symmetry

In addition to the the soliton masses obtained above — in

E/B (MeV)

ot
[=]
(=
[=1

1200

800

value(¢o) = (qQ) as functions of the crystal size (density) are
plotted in Fig[T1L.
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Eqgs. [54),[(5b) and (56), one can also study other propertiestigure 11 The energy per skyrmion and the vacuum expectation value of

i.e., the soliton winding number radiug(r2)y, and energy
radius v{r2)e. The results are:

e M=nr,p,w:

V{rdyw =~ 0.433fm

V{r2ye ~ 0.608 fm (72)
e M=nmp:

w ~ 0.247fm

A~
-
N
~

¢o as a function of the crystal size. The vertical line indisatee crystal size
corresponding to the normal nuclear density.

From Fig[I1 we can draw the following conclusions: the
critical densityny,» at which the half-skyrmion phase appears
in HLS(r, p, w) is larger than that in HLGn (7, o, w). This
is because in HLS( p, w) the skyrmion size is smaller so
that it needs a smaller distance to have a significant foree be
tween skyrmions. This conclusion is supported byrifgin

HLS(r, p) which yields a much smaller skyrmion size. From

N
=

N

~

e ~ 0371fm (73) HLS(7, p) one sees that the binding energy in this case is

much smaller than that in the other two cases. This is be-
s M=m cause, the model HLB(p) includes only the lowest-lying
isovector vector mesons which do the masicgent drive to-

~ 0.309fm

—_~]
53
ml =
Q

ward the conformal limit. Note also that accounting for the
0.417 fm (74) ” full \WZ terms is important for the location i ».



5.3 Skyrmion matter in hidden local symmetry

0.8+ u

For confronting nature, the relevant observables are the in

medium properties discussed in 9dc. 3. The interesting-quan 061 ]
tities are the in-medium pion decay constghand the &ec- w 3
tive nucleon masey,. What turns out to be the most remark- S 0 ; 1
able is the close relation between the two in the half-skgmi ;
phase. The relation remains valid even in the presence of 02+ ; -

scale invariance that will be taken into account below.

0.0 T — T
25 2.0 1.5 1.0 0.5

Consider the pion decay constant. The axial correlator L (fm)

(I9) receives an additional contribution to Fid. 5 for the
Skyrme model from the exchange as depicted in Figl12.

Figure 13  Crystal size dependence of tlig normalized by its vacuum
values.

g s s . Ge s ) s In the present approach, the skyrmion properties are calcu-
OO DO OO W lated with the parameters fixed by meson dynamics in HLS.
Hence, by taking the medium modified parameters as input,
' one can calculate the medium-modified skyrmion (or baryon)
Figure 12 Three types of contributions to the correlator of Eq] (1§)the properties. This allows us to calculate the skyrmion-alyst
contact diagram, (ii) the pion exchange diagram, and {i) tho exchange ~ Matter to obtain modified baryon properties with plotted
diagram. Shaded blobs stand for the skyrmion matter irtieragertices. in Fig.[I3 as input. The in-medium nucleon mags~ M; |
so obtained is plotted in Fi§. 114. This result shows that the
density dependence of the nucleon mass is surprisingly sim-
ilar to that of f*. The simple way to understand this close
connection is the larg8l, property of the skyrmion model
The three graphs contribute which seems to hold for low as well as high density. The nu-
cleon mass should behave-agf; with ¢ scale independent
(and density independer@( vN.) constant.

(i) (ii) (iii)

():  if2g.0®(1+ 2 [(1- %¢2)- 1))
(ii) : - iff%aﬁb((l_g 2)-1) - " :
(i) : 16 (285 (g, - 22)[(1- 3¢2) - 1)) (75)

900

800

M, (Me)

700

To the order of expansion considered, the sum of the three ;
terms is Lorentz invariant and has the same expressidj of 600- : -
as that from the Skyrme model, E€.120). The crystal size :
dependence of from HLS skyrmion is plotted in Fid.13. o0 ;

In the skyrmion phas@ < ny,, f* decreases as density 25 20 15 10 05
increases. This tendency is supported in observations with L {fm)

deeply bound pionic nuclei. What is noteworthy and is of im-
portance in the developmentis that this tendency stopgat
After ny o, T stays more or less constant nearly (modulo ap-
proximations) independent of density. The behaviof oin
HLS theory is the same as that in the Skyrme model shownins 4 Scale symmetry: Explicit breaking and impact on
Fig.[d. This robust property of the pion decay constant, strik- dense matter

ingly independent of the degrees of freedom included, is the

key feature of the approach anchored on the topology changeéWhat is strikingly clear from the results discussed above is
The topology is dictated by the pion field and thigeld does  that the presence of thefield substantially worsens the com-
not carry any influence on the topology. 15 parison of the skyrmion matter with nature. We show here

500 i B

Figure 14 Crystal size dependence of the medium modified nucleon mass.



that what's involved is the role of the scalar degree of free- 1 X s

dom [76]. In what we discussed so far, no scalar degree of +(1- CZ)Ea”XayX} (f_(,) ’ (78)
freedom has figured explicitly in the hidden local symmet- 4

ric Lagrangian, either with the lowest-lying vector mesons V(y) = (i) [cg + 04(1)
or with the infinite tower. The standard strategy in nuclear for for
physics based orfiective Lagrangians, both nonlinearsigma  Following [51], we set, in the chiral limite; = ¢, =

model and hidden local symmetric model, is that tfie& 1+ O(p?) which can be arrived at by setting the dilaton field
of the iso-scalar scalar excitations are generated at high 0 equal to zero for processes that do not involve scalar excita
der of chiral expansions. However in the approach exploit-tions. The best way to understand this relation is that tsere
ing HLS, it is natural to consider explicitly the scalar exci hidden scale symmetry in Standard Higgs-type Lagrangian
tations of mass- 600 MeV, given that this mass scale is that yields both the scale-symmetric form and the nonlin-
comparable to that of vector mesons and that tensor forcesar sigma model form that can be reached when one dials a
essential in nuclear dynamics, involve fheneson in addi-  constant, respectively, to weak coupling limit and to sgron

tion to the pion and the» meson provide the crucial repul- coupling limit [80]. Keeping toO(p?) in the leading-order

sion that stabilize the nuclear matter. First in 1991 [7f an |agrangian, we have

since then[48,54,58,78], the scalar, interpreted as a Namb )
i i ; f2(x n 1

Goldstone boson, say, dilaten was introduced to describe Ly = 22X ) Tr (3 Ustu l) + 200y + O(p“). (80)

the properties of light-quark hadrons on dense medium, as a 4 \fr g 27"

means of simulating a precursor signal for chiral restorati Hidden-local-symmetrizing this, we hae [76]
expected at high density. The basic idea there was that chi- ) 5

ral symmetry characterized by the quark conden&dg is Lenls = f2(£) Tr [gu aﬂ] + afZ(i) Tr [al éﬂ
locked to the dilaton condensdjg. It has become clear that "\, e "\ fo o
describing dense baryonic matter in HLS, above the normal 1 g1 4

nuclear matter densitg, is unrealistic without incorporat- B 2—92Tr [V’”VH ] " Ea"){aﬂx +0(p). (81

ing the dilaton degree of freedom. This is because there is aRhe dilaton potential is of course uffiected.

intricate interplay between the role efproviding repulsion In the presence of vector fields, the anomalous-parity ho-
and that of dilaton providing attraction. Thus much of the mogeneous Wess-Zumino tery, Eq. [68) needs to be
difficulty in the single baryon as well as in baryonic matter y5en into account. There are three terms. For an approxi-
we obgerved above when th;edegr_ee of fr(_eedom IS INCOrPo- |\ ote calculation we take only one term in the forga,, B
rated is caused by what we consider as inadequate treatmepiherep is the baryon current. It is straightforward to treat
of scale symmetry broken both explicitly and spontaneously 5 hree terms involved therein at the cost of more parame-
This comment applies to both HLS-skyrmion matter (4D) and,,, o Thegew, B* term considered here B(p%), higher order

holographic matter (SD). than what's treated above. It cannot however be ignored be-
One powerful way to implement scale symmetry in HLS cause it is through this term that taefield couples to the

approach was recently suggested by Crewther and Tunstadther degrees of freedom of HLS Lagrangian. Without it, the

(CT) [511F1. This approach is anchored on the possible ex-«, does not figure in the interactions. By itself, this term is of

istence in QCD of an infrared fixe(ro%oint at which the trace scale dimension 4, hence scale-invariant. Therefore inbas

anomaly is to vanish in the chiral li coupling to the dilaton fielg. This is however not consistent
We start with the leading order nonlinear sigma model La-with scale-chiral symmetry a la CT. The correct expression

grangian to which scale symmetry is implemented as writtershould be([75]

by CT. For simplicity in notation, we work in the chiral limit 4

The CT Lagrangian, in terms of the conformal compensator Lhwz = [Ch +(1-cn) (fi) ]Lhwz- (82)

field y = f, &/ is 7

7

(79)

Unlike c; > in (Z4), there is no reason wity should be close

L = L+ Lanom+ V(Y), (76)  tol.Infactthereis anindication thet = 1 at which there is
f2 2 1 no coupling toy is found to be violently at odds with nature.
Liv = C-Z (i) Tr (aﬂuaﬂu"‘) + C2= 0,0 x,(T7) In [[74], when skyrmions, obtained with the Lagrangians
4 \fo 2 (B1) and[[8R) witrc, = 1 andV(y) of the Coleman-Weinberg

type, were put on crystal lattice to simulate dense matter, t

f7 (x ? f
Lanom = {(1 - Cl)z (f_(r) Il (aﬂuayu ) contribution to the energy of the system from the hWZ term

#TThere is an alternative approach that involves an IR fixedtd@d] in which the role of IR fixed point is given in terms of &tical number of fla-
vorgnumber of colorsit = Nf/Nc in what corresponds to the Veneziano limit. A comparisorhisf approach and C-T was given in REF[55].

#B\Whether such an IR fixed exists in QCD with the number of flalirs< 8 is not yet settled. This matter is discussed elsewhereeindhtext of applica-
tions in nuclear system and we won't go into it. This issueadly important for the fundamental structure of QCD, is begr not so crucial in applications to
dense matter because our approach does not require theepnatire of QC]I_DGin the chiral limit, which is not honored imsle matter.




diverged at high density unless the pion decay constant (06.1 The (near-)BPS skyrmion model
equivalently thes mass) went teo. This defect can be elim-
inated if the explicit breaking of scale symmetry dampems th
strength of the hidden gauge coupligign [78], the problem

In the “derivation” of the small binding energy from a flat-
space YM Lagrangian discussed above, the relevant degrees
of freedom in nuclear physics, namely, the pion and the

was resolved when the factof" with 1 < n < 3 wasarbi- . . o
trarily multiplied to Loz This‘rhappens because in medium lowest-lying vector mesons, are augmented with the infinite
) tower leading to the BPS structure. Now instead of adding

fx/f, decreases monotonically at increasing density, there-" "~ .~ . o . .
o/t ) cally 9 Sy the infinite tower to arrive at the BPS limit, one simply pesit
fore the coupling gets siiciently suppressed. This means

that the solution to the problem found [n[78] corresponds to? BPS structyre In 4D. SO. the phlloso_phy v_voulgl then be, in-
@B2) with [7€] stead of starting from a chiral Lagrangian with pions onlg an

building up the tower to go to heavy nuclei, why not start with
the simplest structure that could work for heavy nuclei with
nearly vanishing binding energy and then go from there mak-
ing appropriate corrections? This is the point of view taken
by Adamet al. [25,26]. (For a recent review, see Réf.][83)).
The parameters entering in this approach will have no direct
connection with QCD proper, in a spirit totallyftérent to
what has been resorted to above.

If this turns out to be a possible solution to the problempthe The justifications ffered for this drastically unorthodox
the analysis reported above would need to be reexamine@PpProach are:

with the potentias’ corrections in the hWZ terms including
the CS term in holographic models [43].

1<f <3, ch~0. (83)

It seems that this solution is consistent with the boundtfer t
anomalous dimension @2 8’ = yg2, given in [81]

’y|:2,|R < 3 (84)

1. The binding energy is zero at theading ordereven
though highly non-linear strong interactions may be in-

What we learned in this subsection is that to correctly de-
scribe baryonic matter at high density, scalar degreesad{r
dom are indispensable. They could perhaps be generated
at high (chiral) orders in perturbative scheme. In the dpiri
espoused in this review, they could come in as a dilaton in
the broken scale symmetry. For this, it seems essential, if
the analysis described in this subsection is correct, that h
the scale symmetry is explicitly broken has to be understood
What we have observed above regarding the disastrous role
of the w meson in dense matter in the presence of a dila-
ton indicates the necessity of the dilaton coupling to ¢he
in the hWZ term in 4D skyrmion matter or the Chern-Simons
term in 5D instanton matter. And this requires understagdin
how the explicit scale symmetry breaking manifests in dense
medium. This is an open problem to be resolved.

6 Other Developments

volved. One might think of this as an extreme quasi-
particle description with no residual interactions.

. The model fectively describes a perfect fluid with its

energy-momentum tensor in the perfect fluid form, and
the static energy functional is invariant under volume-
preserving dieomorphisms.

. While the standard quasiparticle description of bary-

onic matter, namely, Landau Fermi-liquid theory, can
be approximately given in the mean field of a relativis-
tic field theory, here the quasiparticle picture is to cap-
ture theexactresult of the theory. The mean-field result
of the relativistic field theory can be an approximation
that is obtained by “averaging” the BPS theory.

In the BPS skyrme model df [25], the basic quantity is the
S U(2) valued fieldU (x, t) in which topology is lodged. The

Lagrangian picked is

In this section we discuss a few interesting developmeats th

Lops= - 22n*B,8" — 1AV(tr(V)), (85)

are not directly related to what we discussed above anchored

on topology change present in the description of dense Malyhere 1 andy are parameters that are not related to QCD
ter with skyrmions on crystal lattice. The premise is that th- paramters. They will be fit to nuclear binding energies that

effective Lagrangian that is taken has a connectionto QCD inya focused on. The potentidltr(U)) is a suitably chosen

the sense of Weinberg’s *folk theorem” offective field the- - stential involving nonderivative terms. I [29], it is &k
ories [82]. The basic assumption is that the theory has d vali i, the forms

contact with strong interactions at low energy, beginniitgw
low-energy theorems based on current algebras. Thus the
standard nuclear physics approach to dense matter has been
to first start with pions only with baryons put in explicitly o
brought out as solitons, describe well nuclear matter ae th
extrapolate to the regime that is outside of the range tHit is

to the theory. Here we discuss a few cases where this standard

1 . . .
procedure is not adhered to. 17 By, = msﬂmﬁtr(u f9,uUu’9,UU ‘@;U). (87)

V(tr(U)) =V, = %tr(l -U), modell,
V(tr(V)) = (V,)?, model Il.  (86)

The baryon numbeB, takes the familiar expression



First to see that the BPS skyrmion has zero binding entakes the axial symmetric ansatfr) = €%, With this it
ergy, one shows that it satisfies the Bogomoln'yi equation.is straightforward to calculate the soliton energy for tH&B
The static energy given by Ed.(85) has the bound

64vV2n
E = fdsx(nleBo J_rlu\/v)z - 2n2/lyfd3xBo\/\_/ Esol = 15 HAN, (94)
> F ZnZApfdP’xBo\/V whereN = B is the winding number, i.e., baryon number.
Note that the soliton energy per particle then is just a con-
= 27°ulB| ( \/V>§3 , (88)  stantx uA given by the combination of the potential and the

constant multiplying the topological term, so the energiXof
where( \/V>83 is the average value of'V on the target space baryon number system is a multiple of baryon number and

S3. The last equality follows from the condition that> 0.  hence zero binding energy at the level of the soliton.
The bound is saturated by the solutions of the BPS equation To go beyond the classical soliton structure, one needs to
of motion from [85). perform the collective quantization. The resulting rataéil

spectra are given by
7218y + u VU = 0. (89)

CR(j+1) i+ (1 1 B,
( ’ +(fs I Jl)ks)’

By coupling gravity to[(86), one can write the action ofthe  Eot = > 7
BPS model in curved space as J1 !

. where J; and 7; are, respectively, the angular momentum

Seps = fd4x|g|? (-2°710 g, BB - 4?V).  (90)  moment of inertia and the isospin moment of inertia. For
evenB nuclei,ks = 0. The resulting binding energy including

From this action, one can show that the energy-momentunthe Coulomb energy and isospin violation is given in Eig. 15.

tensor has the perfect fluid form The theoretical prediction with only 3 fit-parameters agree
very well with the experimental data and the Weizsacker’s
T°7 = (p+ &)U’ — pg” (91)  empirical formula.

with the four-velocityw’, energy densitg and pressurg
given by

Eg/A

w B/ Qo BT B,
g = g g B BT + PV,
1197 g, B BT - 1V (92)

Going further, it can be shown that the BPS skyrmion is
equivalent to a non-barotropic, relativistic perfect fluidhe

Eulerian formulation. ‘ ‘ ‘ ‘ A
. . 0 50 100 150 200
The energy of the BPS system described by the Lagrangian
@) Figure 15 Binding energies per nucleon in MeV. The diamond is from the
present BPS model. The triangle is from the Weizsackerimifita. And, the
E= fdgx{ﬂ4/123(2) + yZV(trU)} (93) solid line is from experimental data. The figure is borrowemhf Ref. [27].

has, as stated above, a Bogomoln'yi bound. In factit has in- The model was applied also to nuclear matter and
finitely many BPS solutions saturating the bound. The topol-compact-star matter. The latter is done by coupling the BPS
ogy is lodged in the field) which is of the pion field type as  skyrmion model to gravity using the actidn {90) and the re-
in the usual chiral Lagrangian. In this approach, the pidd fie sulting energy-momentum tensor of a perfect flid (91). The
is a highly correlated nuclear collective excitation offido  maximum mass and the radius obtained therefrom — without
quantum number that supports a solitonic structure that hagesorting to the EoS and the Tolman-Oppenheimer-\élko
no fluctuation component that enters in the low-energy theo{TOV) equation — come out to be [29]

rems of strong interactions. This would naturally excluuke t
possibility that the pion field that enters in this descdpti
be directly related, if any, to the asymptotic pions obsérve
in nature. Assuming that it is of the soltion structure samil
to that of largeN; QCD model, i.e., the Skyrme model, orl% e Modelll:  Mpax=2439My; Rmax= 16.801 km.

° M0d8| |. Mmax = 3.734M®, anax = 18.456 km.



6.2 The simplified HLS (SHLS) for dense matter

MlMsﬂlav

As mentioned above, the HLS Lagrangi&nl(57) yields re-
markable predictions for nucleon and nuclear matter. How-
ever, even limited to the next-to-the leading order, it ies
much too many parameters and while straightforward, is not
very illuminating. Fortunately it turns out that the Laggsemn
__...9 ‘ (517) can be vastly simplified. This is feasible not only in the
matter-free vacuum but more significantly in dense matter as
described above and elaborated further below.
O T e T T e To simplify the model , we first analyze how each term of
the O(p*) terms in the HLS sector contributes to the soliton
Figure 16 Mass-radius relation calculated from the BPS model with po- Mass. The results are summarized in Tdble. 1. From this ta-
tential | (dotted line) and model 11 (box line). This figuretisrrowed from  ble, we can conclude that tl@(p?), z, and hWZ terms give
Ref. [2€]. dominant contributions, say, about.28% of the total, to the
soliton mass. The simplified Lagrangian takes the form

=)

e

%)

r

A A 1
Lshs = ffo[aLﬂa’i]+af,r2Tr[6wu6'1“,]—2—ngf[VwV" ']

The results plotted in Fig_16 show that both the mass and +iz4 Tr [Vﬂv@‘ifrﬂ + Lhwz. (96)
the radius — which depend appreciably on the unknown po- \y.e pext study the skyrmion matter properties from

tential — tend to be a bit too big in comparison with what's ,14e| [96) and compare the result with that from full
observed([30.31]. Given that the model exploits only a few | 5 57) Our results of the crystal sizedependence of the

parameters and there is a plenty of room available for reﬁneber-skymrion energy an@o) are plotted in Fig_17. This fig-

ment, one cannot consider this as a criterion to consider thg e telis ys that the SHLS model indeed captures the essence
model failing. of the skyrmion dynamics. Moreoven;,, is pushed to a

somewhat larger value which makes it more consistent with
A comment on the contrast of the BPS approach to the

current lore of nuclear physics is in order here. There ace tw nature.
key ingredients in the currently predominant attitude aghon
nuclear theorists: The first is that the small binding energy ‘
observed in nuclei is an interplay between a big attraction
characterized by scalar degrees of freedom and a big repul-
sion provided by vector degrees of freedom and the second,
the theory has be able to accurately satisfy the conditiats m
both experimentally and theoretically at around nuclear ma
ter density. The BPS model is contrary to the first in that
the BPS “nucleon” is a topological blob ignorant of the in-
tricate interactions that lead to its property. As it starits w0
cannot account for low-energy pionic processes that are de-

scribed by low-energy theorems that are the ground to ef-

fective chiral theories. As for the second, it cannot access

the accurately measured nuclear response functions to the
electroweak (EW) fields. For instance, while it may provide ¥
bulk properties of nuclear ground states, it cannot acclmunt

the important role of meson-exchange currents that are-accu

rately described byfeective chiral Lagrangian approaches.

One should however not dismiss this model. It may be pos- o0
sible to start from the BPS matter and develop a theory that L)

can access those processes given by soft-pion theorenss. Thi

is in the same spirit as starting from Landau Fermi-liquid

fixed point applicable to the regime of nuclear equilibrium gigyre 17 comparision of theE/B and (o) calculated from HLS and
density and arriving at processes involving soft-pionsisTh HSkyrme model as a function of L.

is exemplified by relativistic mean-field approaches that ar

connected to Landau Fermi-liquid theory. There pionicrinte In summary, the moddl(96) is verified to capture the dom-
actions can be — and are — readily incorporated. 19 inant physics of HLS(37). The crucial observation is that, a

E/B(MeV)

1200 4

10004




Table 1 Ratio (%) of the contribution from each term of HLS to the &slimass.
op) 1 Y2 ¥ Ya Ys Yo Y7 G Yo z z € G  C3
73.89 129 035 003 -002 -164 O -007 -049 3.04 -1324 0.22 1421 454 17.88

with the full HLS calculation[[45], the density;/» at which LagrangianpsHLS, inherits from QCD the dependence on,
the transition from skyrmions to half-skyrmions takes plac among others, nonperturbative QCD quantities, such as the
lies higher than that of normal nuclear matter, The reason  condensategqg), (G?) etc. injected from QCD correlators
that the terms i (36) more or less fully capture the physics o into the parameters of thesHLS. Therefore theféective La-

HLS (&7) is the following: TheD(p?) terms encode the cur- grangian will carry information on the “vacuum.” Now the
rent algebra of hadron physics, so they are dominant in low-basic assumption in the present approach is that those con-
energy nuclear interactions. Themeson — which is indis- densates scale as the density of the system described by the
pensable for stability of nuclear matter — figures through th Lagrangian. This will then constitute a Lagrangian defimed i
hwZ terms. Among all th®(p*) terms — apartfromthe hWZ  a “sliding vacuum” which would provide the tool to access
terms — thezy term, involving the strong-n-n interaction,  dense nuclear matter.

contributes most importantly whereas tgerm, describing

p-p-p interactions, is suppressed. In fact it is this simplified

Lagrangian that through thefect of explicit scale symmetry  This approach has been applied to various properties of
breaking removes thaJ disaster” in dense skyrmion matter baryonic matter up to the density commensurate with nor-
discussed in Sectidn 5.4. mal nuclear matter, making connection with Landau Fermi-
liquid fixed point theory. The application relies on Wilsani
renormalization-group strategies [86]. Early discussion

this matter can be found ib [87].

That symmetries may emerge in highly correlated systems is
rapidly becoming a highly plausible and acceptable concept
in physics. This tendency is strikingly visible not only iore The novelty in applying the sliding-vacuum strategy to
densed matter physics but also in particle physics inctudin density regimes higher tham is that the intrinsic density
gravity and dark matter, see e.d.,[84]. Dense compact-stalependence of QCD condensates in the parameters of the La-
matter we have been addressing is equally highly-corrélate grangian takes into account the topology change observed in
matter and it would not be an idle conjecture that certain-sym the skyrmion crystal model. The topology change that takes
metries could emerge as density increases beyond the normglace a2 ~ 2ng is then encoded in how the various param-
no. This we claim is indeed the case with both hidden scaleeters of the Lagrangian behaves as density goes from below
symmetry and HLS in dense nuclear systems [85]. This is &0 aboven,.
notion eminently novel in nucledradron physics.

An approach that exploits robust topological features of,
but bypassing the complexity of, the skyrmion crystal mdtho ~ The characteristic features resulting frewsHLS with the
is a continuum Lagrangian that relies on “sliding vacuum” topology change abh = ny/, incorporated are: As density
for dense matter developed first in 19911[77] and then elabogoes higher tham,,, (1) the baryonic matter flows to the
rated further in[[85]. The starting ingredient is affieetive ~ vector manifestation at which the massm; — 0 [57],
Lagrangian constructed along the line of Weinberg’s “folk (2) the nucleon masey, — f; ~ f; ~ mp # 0 and
theorem (FT)” that combines scale symmetry and chiral sym{3) such thatm,/my — 0. With these taken into account
metry (scale-chiral symmetry) of QCD discussed in Sectionand withn, ~ 2no, the theory has been applied to both
B.4. The &ective Lagrangian is built with the pseudo-NG normal nuclear matter and dense compact-star matter using
boson, pion, the lowest-lying vector mesons and the dilatonthe well-establishe¥q« renormalization group (RG) tech-
encoding hidden scale symmetry and HLS and the baryongique [59[88]. This approach is verified to work well for
as relevant degrees of freedom. The Lagrangian is defineduclear properties and predicts the mass and radius in fair
at a scaleAy, referred to as “matching scale,” at which the agreement with the observed massive sfars [30, 31].
correlators of QCD (high-energy scale) and the correlaibrs
the dfective theory, dubbed dsHLS (low-energy scale) are
optimally matched. It is an open issue as to whether such a A full description of the calculation is rather involved; in
matching is feasible. It is usually assumed that the relevancluding the subtle issue of double decimations in doing RG
Awm can be the chiral scale 4xf, ~ 1 GeV. In practice in  calculation in nuclear systems, etc. Itfistes for our pur-
nuclear applications, it is taken just above the vectoranes pose to give a few results to illustrate the main point of this
mass scalany ~ 600— 700 MeV. At the matching, the EF'Eo subsection.

6.3 Emerging symmetries in dense matter?
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Figure 18 The symmetry energy predicted by thigyk with bsHLS with Figure 20 The sound velocity predicted ibsHLS model [85]. o =
ni2 = 2np [69]. The eye-ball slope change is indicated by the colored (N - Z)/(N + Z) whereN(Z) is the neutron(proton) number.

straight lines. The lines labelled as A, B, C are empiricaistmints coming

from heavy-ion experiments.

_ o _ o 7 Perspectives and Discussions
First of all, it gives a unique prediction for the symmetry
energy Fig[IB, weeding out the wilderness in FEig. 3. TheSkyrme’s pioneering idea of getting baryons from mesonic
topology change that gave the cusp in the skyrmion crystatheories was not only to unify the mesons and baryons in a
is manifested here as a changeover from soft-to-hard EoS afingle framework but also to treat the nucleon, elementary
ny2. Secondly, as shown in Fig. 119, the topology changeparticle, and the nucleus, complex system of many nucleons,
increases dramatically the maximum mass from {C1.7  on the same footing. One is then to arrive at nucleus from
Mo (no topology change) to (A) or (By 2 M, (topology  pion as one does to nucleon. It is now established that the
change). The changeover resembles hadron-quarkyonic tragkyrmion out of the pion field is a nucleon in the lanye

sition [8€], suggesting a quark-hadron duality. limit of QCD in which quarks and gluons are the elemen-
tary constituents. In making these multiple connections, a
26 ‘ ‘ ‘ ‘ ‘ the core lies the topology. In fact, topology figures strik-
24| 1 ingly in all aspects of physics, as one can gather from the
20l (A):new-BRny,=2.0ng *ﬂ@ ® | volume entitled “The Multifaceted Skyrmion[][2], ranging
o | B)newBR NN, ®% from quarkggluons to nucleons to nuclei to condensed mat-
sl (C): old-BR s ] ter to string theory. Numerous startling new discoveries ar
=4 being made involving topology in 2 and 3 dimensional sys-
= 167 ” tems, such as topological supeconductivity, and someglarin
L4t © o mathematical framework is brought out to organize all \&sib
12 1 matters, molecules, atoms, nuclei, in complex geometily [90
1r ot While a great progress with amazing applications is being
08 : : " " > . made in condensed matter, with new experimental discover-

ies, the progress in nuclear physics for which Skyrme’s-orig

inal idea was put forward has met with much less success.

Figure 19 Mass-radius relation calculated from theHLS [59]. (C) is This has in part to do with that direct experimental observa-

gotten with no topology change and (A) & (B) with topology olge. tions are dificult to come by and theories, involving strong
interactions, are harder to control.

Another feature, hitherto undiscovered in the field, is the There, however, have beeff@ts since a decade or so,
possibility that the sound velocity of massive compactsstar with some notable progress infldicult fundamental problems
could approach, fon > ny» ~ 2ng, what is conventionally — of nuclear physics. The principaffert has been directed to
referred to as “conformaly?/c? = 1/3 [85]. Thisis shownin  decipher what takes place at high density relevant to the in-
Fig.[20. The trace of energy momentum tensor is not equal tderior of compact stars, an extremelyfdiult problem which
zero but density-independent constant, so the half-slkgmmi is currently out of reach by the only known nonperturbative
state is not strictly scale-invariant but hints at the difelimit tool of QCD, lattice QCD, at high density.
fixed point at which the dilaton condensate goes toward zero. The progress made so far comes from seveféaint di-
This is an extremely interesting possibiltiy to exploreestp ~ rections. With the understanding of the Cheshire Cat Phe-

mentally. 21 nomenon, what is confined — color — and what is not confined

R [km]



— baryon charge —is clarified in terms of quark-bag-skyrmion 9
duality. This then hints at the origin of the proton mass via a
intricate interplay involving topology between confineren
mathematically daunting problem, and spontaneous brgakin 1
of chiral symmetry[[91]. Itis now becoming clear that the ori
gin of mass for bosons is most likelyftirent from that for
baryons. It is the topology change from skyrmions to half-
skyrmions in dense matter at> 2ng that gives the signal for
this difference. In the density reginme> ny» ~ 2ng, the hid- 12
den gauge symmetry associated with the vector mesons and
the hidden scale symmetry associated with the dilaton scala®®
intervene in nuclear dynamics in such a way that whileshe
mass tends toward zero, the nucleon mass goes to a chirally
invariant massry which is non-zero and largey ~ O(my). 15
Thus going toward possible deconfinement dengjtys ng,

the ratio of the fective masses in medium,/my — O,

which is at odds with the standard “Nambu scenario” for the 16
origin of mass based on the NJL model.

In the range of densities relevant to compact stars, there is; 7
neither indication nor need for quark-gluon degrees of-free
dom. In fact, the EoS described by the topology change at
N2 ~ 2ng has a certain similarity to the smooth hadron- 18
qguark or hadron-quarkyonic phase change that is assumed to
take place at (2 — 3)ng [89]. It is also possible that the
half-skyrmion phase — which may be dual to the quarkyonic
phase —is a precursor to (emergent) scale invariance véth th »g
sound velocitw?/c? = 1/3. In the spirit of the Cheshire Cat,
this seems to suggest that “deconfinement” is irrelevant in
compact-star physics (See [92] for an argument that there i1
no deconfinement in QCD.). If deconfinement should inter-
vene at some density, this would mean that the treatment an-
chored on topology should break down at that density. Clar- 55
ifying this issue is beyond the framework that is taken in the
works reviewed here.
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