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Opportunities and approaches in nuclear physics

There have been some remarkable developments in nuclear astrophysics

Maximum mass of compact stars / GWs from coalescing neutron stars.

4/\>

matter in heaven Strong impacts on the most fundamental
A great event for astrophysical science 4—h> iIssue of nuclear physics:
matteron earth - gtate of matter under extreme conditions.

. _ Using constraints from experiments. Contain a
Phenomenological/effective models that number of parameters to be adjusted so as to
purport to explain the data. accommodate on-coming more precise data.

Main thrusts

Less successful in confronting Nature.
Aiming at uncovering hitherto unexplored
aspects of the strongly-interacting state of
matter

In terms of a framework based on a
precisely defined theory, new physics

from on-going observations.
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Developments in astrophysics

B Tidal deformability:

Ay, < 800
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A= 3001550 — A= 190350

R = 11.9%1% km

C. Y. Tsang, et al, 1807.06571

B Pressure;

P(Q’)’Lo)

P(Gno)

= 3.51 77 x 10**dyn/em?,

— 9.0752 x 10**dyn/cm?.
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B Massive neutron stars:
(1.97 + 0.04)M o Nature 467(2010),1081

(2.01 £0.04)M oy science, 340(2013), 448

(2.177 8:%%)M@ arXiv: 1904.06759.
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Basic new physics considered in our approach

m Hidden topology in QCD

» The microscopic degrees of QCD — quark and gluon — enters the system rephrased
using Cheshire Cat Principle

B Hidden symmetries of QCD

> Hidden scale symmetry
> Hidden local flavor symmetry
>  Hidden parity doublet structure of nucleon
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Pseudoconformal model for dense nuclear matter

Paeng, Kuo, Lee, Ma and Rho, PRD17’; Paeng, Lee, Ma and Rho, SCPMA19 Ma and Rho, PRD19’.
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B Trace of energy-momentum tensor is not zero but a density independent consteqt at > 2n,;

B When > 2n,, the sound velocity » 1/+/3 -- conformal sound velocity. Very high density
PQCD applicable

A feature NOT shared by ANY other models or theories in the field
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Issues on Sound velocity in nuclear matter

We found that the conformal limit of ¢¢ < 1/3 is in tension

Standard with current nuclear physics constraints and observations of
Scenario two-solar-mass NSs, 1 accordance with the findings of
Bedaque & Steiner (2015). It the conformal limit was found

to hold at all densities, this would imply that nuclear physics

models break down below 2n,.

S. Reddy et al, 2018

2019/09/26

We are disagreeing!

Very high density
PQCD applicable

Talk@QCS2019, Busan, Sep.26-28,2019 7



Hidden symmetries of QCD: Local flavor symmetry

Rho and omega mesons play an important role in our formalism of compact star structure

Redundancy in the decomposition

() = zL
@

The idea -- that is totally different from what

P mMmeson W Meson
N 1
W = 57 (Dur - Eh+DuéL - €)),
. 1 ;
|, = E( ,LLER SR LL&L ' 5}15) :

Valw) = Lppre 4 &
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> one could call “standard” in nuclear community -
is that p (and w, in a different way) is “hidden
gauge field”.

Bando, et a/89; Harada & Yamawaki, 03

Car = f2r [, 6" + apf2te {&”“&ﬂ

+ (aw — ap) frtr [dy,] tr {&TIL]

1 L 1 L
— §t1‘ [p;wp'[ ] T §tI' [':‘-",Lw':‘-‘"[ ] .

It captures extremely well certain strong interaction
dynamics even at tree order.
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Hidden symmetries of QCD: Local flavor symmetry

Suzuki Theorem: PHYSICAL REVIEW D 96, 065010 (2017)

Inevitable emergence of composite gauge bosons

Mahiko Suzuki

Department of Physics and Lawrence Berkeley National Laboratory University of California,
Berkeley, California 94720, USA
(Received 18 July 2017; published 15 September 2017)

A simple theorem is proved: When a gauge-invariant local field theory is written in terms of matter fields
alone, a composite gauge boson or bosons must be formed dynamically. The theorem results from the fact

This theorem holds for rho if there 1s a sense of massless rho at some parameter space. The HLS with the
redundancy elevated to gauge theory, treated a la Wilsonian RG, has (Harada & Yamawaki,01’) a fixed point at
9, = 0. The KSRF relation mj o« f; g5 holds to all loop orders, hence at the fixed point, called vector
manifestation (VM) fixed point, there “emerges” a gauge field.

Proposition |: Hidden local symmetry can emerge in nuclear dynamics with the vector meson mass driven

to zero at the vector manifestation fixed point by high density. Indeed in SUSY QCD, Komargodski, JHEP
| 1102, 019 (2011).




Hidden symmetries of QCD: Scale symmetry

SU(2) X SU(2)g linear sigma model

,. I ,
LLO'M = TT'(a M a“MT) Tr(M M'I') = (TT'(M M'I‘))Z M—=g.Mgp, gri€SUQ2)rL

(1) In the strong coupling limit, A — oo, () = f = fr, so one simply gets K Yamawaki 2015

the familiar non-linear sigma model

-2
Lrom =F Lyrs = % Tr (8,U6¢UT)

(2) Now we turn to the weak coupling limit A — 0. Define the scale-

dimension-1 and mass-dimension-1 field y. the conformal compensator T
o — ) ar

r k - jIE X &

Lrom = Lsiv — V(x)

with . .
Scale invariant

X 2
I (j_) T (8,U0¢U) | LOSS
¢ Scale noninvariant

veo =37 (2 —1)2—1],

Propaosition Il: Baryonic matter can bedtiverbyrincreasingdensity from Nambu-Goldstone mode in
cralo-rhiral civvmmetrv o the Arilaton-limirft fived nornft in nearirdn-conformal moode




Hidden symmetries of QCD: Scale symmetry

ExPT E:inv4 Eg;(?m 'C;infés :
B/ o =Pl G2 (147, ¥ mea
) T 40.', ‘Y'I'I'I. qqq
s q=u,d,s f2
L=t = ( ) (aﬂUaﬂU*)
o “_IR N IR fixed point: B(eg) =0 fx )
s 1
ﬂg"d‘\ xPTs = expandin 6} —023 XO'X + 3 (f )
X
{ﬁfw 3& 0 Xs 5 XiR > Muds ™ 0 a4 (1— Cl)é (X) Jrﬁ-'Tr (5 U@pUT)
/ about scale-dependent | o A :
Urpry pendent |vac) ) p
3 = NG bosons 7, K, 1, 0. + 5(1 — c9) (fix) DpuxOM'x
445
Crewther and Tunstall , PRD9I, 034016 (1)
X
= = = 3—rm
Provides an approach to include scalar meson in ChPT. i<t _ fzﬁ(%) ! TY(MTU_FUTM)’
X

2019/09/26 Talk@QCS2019, Busan, Sep.26-28,2019 +1



Hidden symmetries of QCD: Scale symmetry

1906.08047v1 [hep-lat] 17 Jun 2019

A Possible New Phase of Thermal QCD

Andrei Alexandru! and Ivan Horvath?

LThe George Washington University, Washington, DC 20052, USA
2University of Kentucky, Lexington, KY, USA
(Dated: Jun 17, 2019)

Using lattice simulations, we show that there is a phase of thermal QCD, where the

spectral density p(A) of Dirac operator changes as 1/ for infrared eigenvalues A < T'.

This behavior persists over the entire low energy band we can resolve accurately,

over three orders of magnitude on our largest volumes. We propose that in this “IR

phase”, the well-known non-interacting scale invariance at very short distances (UV,

A = 00, asymptotic freedom), coexists with very different interacting type of scale

2019/09/26

invariance at long distances (IR, A < T'). Such dynamics may be responsible for the

unusual fuidity properties of the medium observed at RHIC and LHC. We point out

its connection to the physics of Banks-Zaks fixed point, leading to the possibility of

massless glueballs in the fluid. Our results lead to the classification of thermal QCD

phases in terms of IR scale invariance. The ensuing picture naturally subsumes the

standard chiral crossover feature at “T.” ~ 155 MeV. Its crucial new aspect is the
existence of temperature 11z (200 MeV < Tig < 250 MeV) marking the onset of IR

phase and possibly a true phase transition.

Bo Ba IR uv
T(. T('h
' --- = ~ pgQCD

0 1 T Ty

“T(‘" Tn'h
: - < --- | » QCD
0 T, T Ty T [MeV]

=15( 200-250 >1000

What may be significant is the possible zero-mass glueball
excitation which may or may not be a dilaton. It is however
unclear whether this observation can be given an
interpretation in terms of the CT theory

Assumption: Same picture happens in dense system

Chiral-Scale EFT
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Hidden symmetries of QCD: DLFP and parity-doubling

— X = X =
Ly =Qiy'D,Q — g1 F,— Q00+ &:F,— 0p30
F}( F)( ® Beane and Klock, PLB, 94’

: = = n ® Paeng, Lee, Rho and Sasaki, 12
— imyQprysQ + gy, Qv" ), 0

+ gvoQy* i, O + g4 Qp3y*ay 50,
(s) =0 4 N\

gt'p_gﬂ_}ﬂa a—1—=0. ﬂEf:r?/lrfIE

my, — Myp. Chiral inv. mass

JeWNN — p [:gt'p — 1} — 0. o decouples, HFS emerges.

- )

Proposition Ill: Moving toward to the dilaton-limit fixed point, the fundamental constants in scale-
chiral symmetry get transformed as fy, - f,, 94 = gvp, — 1, and the p meson decouples while the w

remains coupled, breaking the flavor U(2) symmaetry.




Hidden symmetries of QCD

Emergent from parameter dialing from RMF:
X
Ix
+ guo N Tr [&“ o) N+ gaNy# a ,vsN + V(y)
and Sasaki, PRD 13",

L = Niv*DuN — hfzr=-NN + gyoN*6), N

Paeng, Lee, Rho
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Parity doubling emerges via an interplay
between w-N coupling -- with U(2) symmetry
strongly broken -- and the dilaton condensate.

. Emergent parity-doubling

(0 = (0°) =) (#") =€¢—3P
, OV (x)
= 4V ((x)) = (x) —
(0) =00 =51 -

In the MF of bsHLS, the TEMT is given solely by
the dilaton condensate.

Proposition IV: Going toward the DLFP with the p
decoupling from the nucleons, the parity
doubling emerges and my - ()" - m,
Consequently the TEMT in medium in
View kRG theory is a function of only mywhich is
independent of density. This leads to the
‘pseudo-conformal” sound velocity v~ 1/3 in
compact stars

in, SEP.Z6-28,2019 14



Topology in nuclear interactions

In large N, limit, baryon in QCD goes to skyrmion. witten 79

(- N\ s N
2 = :
=ty (8,UT9#U) + - - STr [U19,U,U'0,U] 2 Tc?pol’ogual soliton
4 32e winding number = baryon number
f= : plon decay constant B, = —,1—26,1110:51‘1‘ (UT&,UUT%UUTC?@»U) Skyrme’ 1960
e : Skyrme parameter 24w
. J \. J

» Baryonic interactions in all regimes of density can be given a robust description in terms of
topology that can access the highly nonperturbative dense baryonic matter relevant to the core of
compact stars, which cannot be accessed directly by QCD.

The Cheshire Cat

Microscopic QCD degrees of Principle that exploits MEIBIESEERIC DRI, i,
freedom, I.e., quarks and gluons Sl i e ©ff Lopoleg sl
Y ' the “chiral bag". object.
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Chashire Cat principle

“How hadrons transform to quarks”
Baryon charge:

1 1
v B, = ;[G(R) — 5511129(5’,)]

Quarks W

Gluons G,

Bin = 1— l[ea(R) - %sinZG(R)]

Goldstone bosons (7) <
U B:Bout_l_Bin:]-

Brown, Goldhaber, Rho 1983
2019/09/26 Talk@QCS2019, Busan, Sep.26-28,2019 Goldstone, Jaffe 1983 16



Chashire Cat principle

, Hlavor singlet axial charge gA(0) (Lee et al)

;
| Quarks, 7, 1), ...
Proton @ _ @ - B -6 \

05

Equivalent description ‘

of the proton
S = Sy + Sy + Ssv, Total
05
where
. ; Gluons

Sy = / d*x (1._'1' P — tr G,WG'“"> o st

vV 2

fz 4 = RS T.l l 2 /m . _‘,4)
S\—'- = T _d z|Tx (),ul] o U + f”l,]/( IrInU — TrinU )" +SU'Z E A0

o y 05 10

a 1 L L TTY5 ./ . G5 - . T ..
Ssy = 3 /n\'le {(II“L‘U‘ ) + IWAS"(II Ut — Ty an)} . R(fm)

@
2
el; euyaﬁ( CVl ?Mﬁ 395,} abe IC/L lC)){ %>7

When the bag radius is shrunk to zero, only the smile of the
2019/09/26 Talk@QCS2019, Bus 019 1/

s Teft with ’Zsplnning gapless quarks running luminally



TOpOlOgy change: Skyrmion-half-skyrmion transition

Ma, Harada, Oh, Park and Rho, 13’

l—i—i—-.i_i_i_L_l I"L-l-.._-l I — | I B —
0.8 "~ N |
AY
L \ 1
0.6 — \ |
i \ |
\
0.4} S
- \ i
0.2 "\ _|
I~ . 'l. _
i ' I'LL_l I T | L
Winding number = 15 Winding number = E

\ Topology tr;nsition —

e Proposition VI1: The half-skyrmion phase in a solitonic description of dense baryonic matter
is characterized by the quark condensate ¥ = (qq) vanishing on average but locally nonzero with
chiral density wave and non-zero pion decay constant, resembling the pseudogap phase in condensed

matter.



Topology change: Quansiparticle in half-skymrion phase

The half-skyrmion phase in the skyrmion-crystal simulation is in a state that can be
described almost entirely by mean fields, largely undistorted by strong interactions.
This resembles Landau-Fermi liquid fixed point theory where the S function for the

quasiparticle interactions Is suppressed.
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. /\ A
0.0
] r#:
' -05

1.0

05 1.0 1.5 2.0
t=x/L

+t,0,0)

ol

0.5
=) S
o <
Z o0 =
K
=Y -

Paeng, Kuo, Lee, Ma, Rho, 17’
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TOpOlOgy cha NJeE: Cheshire Cat for hadron-quark continuity

When Nf — 1,
Since m3(U(1)) =0;

Rule out the skyrmion
approach?

2019/09/26

Talk(

arXiv:1812.09253v2 [hep-th] 6 Feb 2019

Baryons as Quantum Hall Droplets

Zohar Komargodski

Simons Center for Geometry and Physics, Stony Brook, New York, USA
and Weizmann Institute of Science, Rehovot 76100, Israel

Abstract
We revisit the problem of baryons in the large N limit of Quantum Chromodynamics.
A special case in which the theory of Skyrmions is inapplicable is one-flavor QCD, where
there are no light pions to construct the baryon from. More generally, the description of
baryons made out of predominantly one flavor within the Skyrmion model is unsatisfactory.

We propose a model for such baryons, where the baryons are interpreted as quantum Hall

droplets. An important element in our construction is an extended, 2+1 dimensional,

meta-stable configuration of the n’ particle. Baryon number is identified with a magnetic

symmetry on the 241 dimensional sheet. If the sheet has a houndary, there are finite energy

chiral excitations which carry baryon number. These chiral excitations are analogous to
the electron in the fractional quantum Hall effect. Studying the chiral vertex operators we
are able to determine the spin, isospin, and certain excitations of the droplet. In addition,
balancing the tension of the droplet against the energy stored at the boundary we estimate
the size and mass of the baryons. The mass, size, spin, isospin, and excitations that we

find agree with phenomenological expectations.



Hep-th/1907.00958

Baryon as a Quantum Hall Droplet and the Cheshire Cat Principle

Yong-Liang Ma.!* Maciej A. Nowak,?>T Mannque Rho.?> # and Ismail Zahed?: 3

L Center for Theoretical Physics and College of Physics, Jilin University, Changchun, 130012, China
2M. Smoluchowski Institute of Physics and Mark Kac Complex Systems Research Center,
Jagiellonian University, S. Lojasiewicza 11, PL 30-348 Krakow, Poland
3 Institut de Physique Theorique, CEA Saclay, 91191 Gif-sur-Yvette cedex, France
* Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 1179/-3800, USA
(Dated: July 2, 2019)

We show that the recent proposal to describe the Nt = 1 baryon in the large number of color
limit as a quantum Hall droplet, can be understood as a chiral bag in a 1+2 dlmenslonal strlp usmg
the Cheshire cat principle. For a small bag radius, the bag red '
E o n1arks all spinning in the
W " :al field theory due to the
s ryon number and spin %]‘

2R

plet

U(1) chiral bag in 142

e Proposition VIlI: The topology change with the cusp singularity at nyso is a dual, via
Cheshire Cat, to the hadron-quark continuity in QCD responsible for the soft-to-hard change in the
E(}Ag.



Effective field theory for baryonic matter

L = L){PT ( s X Vu,) _I_[:XPT (77/)37{-;}(3‘/&) _V(X)

2 2
LM X Vo 2 T At +af? ( ) T alt Intrinsic  density
XPT ( e ) Ix (fcr) r[au OJL] I Jo r[am a,“] dependence (IDD)

1 enters  through

1
+ = Te[V, V] + =0, x the VeV of
2g° 2 dilaton.

XPT (¢, 7, x, V,,) = Tr(Biv, D"B) — —Tr(BB)

fo
m2f2 (x\" X 1
V(y) = —2=2 n(=)——|.
)~ (f) [“(fg) 4]
Li, Ma and Rho, PRD95,114011 (2017);

e Proposition IX: In baryonic matter, scale symmetry is “intrinsically” locked to chiral sym-

metry so that the pion decay constant scales in density as does the dilaton decay constant.



Implement topology transition to EoS

Hadron properties have different scalesinn <n;,, and n > ny

Different scaling behavior: ®; and @,

¥

Imbed the quanlitative conclusion to bsHLS

l with the nuclear

Beyond mean field | — Calculate Vlow k DDinduced matter at low density.

‘ ®@p: Density independent.

Parameter free EoS for DM:  E/A = —my + X3 + Y2 n 2 ny 0.
2019/09/26 Talk@QCS2019, Busan, Sep.26-28,2019 23
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—e(n)+3P(n) [MeV/fm®]

Pseudo-conformal model

0 de(n) 2 OP(n) ;0¢e(n)
HY — — ' — p—
on B ) = on (13 ) ! /C - on on
0.7
0.5 ‘
> "‘Eﬁ 04 — v/cin a=1 matter
0.3 ‘

0.2 ~ Vgle=v1/3 _
— —€(n)+3P(n) for a=1 mattery, =5 /00 ve/c in =0 matter

T -400 ' 0.1
-------- —€(n)+3P(n) for a=0 matter '

_ 0.0
500 0 ] B 3 y 5 5 0 1 2 3 4 5 6

Paeng, Kuo, Lee, Ma and Rho, PRD17.
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Emergent scale symmetry in medium

500:'IIIIIIIIIIIIIIIIIIIIIIIIIIIII—: 700_—Predictionforn1/2=4.0ng j
[ === Prediction for 111.-;=4-.{-"ﬂﬂ E 600}  mm——— Prediction for n4/2=3.0ng
400 _ === Prediction for n;,;=3.0n, 1_,_: weenpe== Exp-Tsang180706571
500 ¢ /l
‘(’54007 ‘
E300'
200+
100 -
00 1 2 3 4 5 6 7
n/ng
Fitted function The value of nq/;, to beN¢onstraint by observation.

Paeng, Kuo, Lee, Ma and Rho, PRD17’; Ma and Rho 18, "Maan 0, 19
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Massive star properties

2.0 [ —nyy=40n ]
: mmm gy a=3.0m
—_— 15 - mmmm =201 ]
© I
s
= 1.0} ]
0.5 i 7]
O

R []:CLII] Hecent/ Mo

Accommodate massive star = 2.0 Mg,;4r
Ma and Rho, 18; Ma, Lee, Paeng and Rho, 18’; Paeng, Kuo, Lee, YM and Rho PRD17
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Tidal deformability

. 1400 ——
Mo (M1 Mo)3/5 1 iss S |
(M- DMy)l/s— e 1200}
i_ 16 (my + 12mo)miA; + (mo + 12mq)m3A; OOO}
13 (mq + mag)? :
1000 < 800_
BOj 600 "." - FSUGames(O 16)
- c=== 11p=4.0 ng 7
< 600; 7 400 _ "."" == n1/2=3.0 ng
400 /:’\for n=2.0no 200 : “."o — 11p=2.0 19
20°F ______________ - ; 200 400 600 800 1000 1200 1400
%.5 T OEG o O‘.7 “‘I 0!8 T O!Q T 1_.0 /\1
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Summary and discussion

» Hidden topology + hidden symmetries emerge at high density inspired us
to propose a simple structure — PC — of DM.

» The quark-hadron continuity 1s descried through the topology change
thanks to the Cheshire Cat principle.

> Continuity in conformality: low density (unitarity business) --> high
density (PConformailty)

» In stark contrast to what was found in the literature, the PCM, which

works well for normal nuclear matter density, gives v, — 1/4/3 --- the
conformal limit --- at a density = n,; ,and accommodates massive neutron

stars up to 2.23M.,;4-, Which 1s consistent with the present observation.

» So far, our model has stood the test from both the nuclear physics and
astrophysics.



Summary and discussion

s this pseudo-conformal structure
at odds with Nature?

Not with what's measured (or known)
up to now

Constraint to: 2.0ny < ni1 < 4.0 ng
2
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