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w— SHF(33)
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L. W. Chen, 1506.09057
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EoS of nuclear matter at
high density Is a totally
mess and uncharted
domain.
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. Introduction

> Finite nuclei as well as infinite nuclear matter can be fairly accurately accessed by nuclear EFTs,

“pionless or pionful, (sEFT)" anchored on relevant symmetries and invariances .

> sEFTs, as befits their premise, are expected to break down at some high density (and low

temperature) relevant to, say, the interior of massive stars.

E.g, In SEFT, the power counting in density is O(k,‘l). For the normal
nuclear matter, the expansion requires going to ~q = 5.

J. W. Holt, M. Rho and W.Weise, 1411.6681

2020/12/16 Colloquium@CCNU 4
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Our strategy: Construct “Generalized" nuclear EFT (GnEFT) while capturing

fully what sEFT successfully does up to ny, can be extrapolated up to a density

where sEFT Is presumed to break down.

2020/12/16 Colloquium@CCNU S)
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B Tidal deformability:
A4 < 800
A= 3001330 - A= 1907359
R = 11.9%1% km
C. Y. Tsang, et al, 1807.06571

B Pressure;

P(2ng) = 3.5:%1 x 10**dyn/cm”,

P(6ng) = 9.0752 x 103*dyn/cm?.

B Massive neutron stars:
(1.97 + 0.04)M o Nature 467(2010),1081

(2.01 £0.04)M oy science, 340(2013), 448
(2.17F

um@CCNU

010)M o arXiv: 1904.06759.
< 10n, :
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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

2020/12/16 Colloquium@CCNU 7
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GnEFT =sEFT + pandw + scalar meson fy(500)

1 1

Hidden local symmetry | | Dilaton/NGB of hidden scale symmetry

» Intrinsic in QCD but not visible in the mater-free
vacuum.

» Get un-hidden by strong nonperturbative nuclear
correlations, as nuclear matter 1s highly compressed.

The former may be verifying the Suzuiki theorem and the latter may be indicating an /infrared (IR) fixed point
with both the chiral and scale symmetries realized in the NG mode.

YLM & M. Rho, PPNP 20’;

W. G. Paeng, et al, PRD 17.
2020/12/16 Collogquium@CCNU 8
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Topology enters through IDD

match at Ap<Ay

(J(x1)J (xz) -+ J(0))gpr ¢ > (J ()] (x2) - J(0))ocp

Harada and Yamawaki, PRD 01’

LECs ¢ > Intrinc QCD quantitiess
(qq), (G?),-

U U

LECS* Medium modified Vacuum
> The density dependence involved is intrinsic of QCD, referred to the IDD.

> Full density dependence = IDD + IDD;, 4,ced
Lee, Paeng and Rho (2015); Paeng, Kuo, Lee, Ma and Rho (2017)

2020/12/16 Colloquium@CCNU 9



) 4K T D545 Kk

; r‘ ) #7 Hangzhou Institute For Advanced Study,UCAS

. Introduction

L = [:XPT (7? Y. Vﬁ) 4 £XPT (1/-’: T, Y, V,u) . V(X) Only in terms of hadrons;

Intrinsic density dependence

2 2
. AL o [ X Y
£XPT (7 x Vi) = fx (fa) Trlayal ]+ afx (E) Tr[a‘l\ua‘ﬂ] B Enters through the VeV of
| 1 dilaton: scale symmetry;
+ 2—Tr[%,,V“”] — §5MX5“X B |nformation from topology
g° change is considered:;
B Nucleon mass stays as a

LBy (1, 7,x, V) = Tr(Bin, D¥B) — ~~Tr(BB) + - - -

f, constant after topology
change: parity doublet.

m2f2 v\ Y 1 Cashire Cat B 7he topology change
Vi)~ 4 (fg) [hl (fo) B Z] ' 1 density ny ,, parameter.

Quark-Hadron - Qualitative information 5 Density dependence
continuity from topology change of LECs

2020/12/16 cOoquiu\@czﬁm / 10
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In large N, limit, baryon in QCD goes to skyrmion. witten 79

( ~ s N
2 = :
c=frpy (8,Ut0*U) + - - STr [UT,U, UTB,,U]2 Tc?pol.ogual soliton
1 32e winding number = baryon number
fr + pion decay constant B, = '1 SeuvasTr (UT0,UU10,UU185U) T. R. Skyrme, 1960
e : Skyrme parameter 24w
\ J = J

Baryonic interactions in all regimes of density, upto that relevant to the core of CSs,

can be accessed.
2020/12/16 Collogquium@CCNU 11
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AL S S Sy e e W Y [ O B B
.
i~

-
T T IR B

I | I | I | I |f|

—
|

Winding number =1 -+l i * Winding number _E
\ TOpOIOgy transition /

The half-skyrmion phase, characterized by the quark condensate X = (gq) vanishing on average
but locally nonzero with chiral density wave and non-zero pion decay constant.

No phase transition!

2020/12/16 Colloquium@CCNU 12



11, Topology change and quark-hadron continuit @ik

% ¥ &7 Hangzhou Institute For Advanced Study,UCAS

Topology change: Parity doublet structure

| e e o
08\ TN i 200f - al, PRD 13, 14
L N : \ | -
0.6+ _ 1 2L i < 1000
. i = — d3x = | o B
o (qq) (ZL)3L qq :
~ 04F | _ . _ 800F :
- \ : \ 1 s :
02 \ 1,] — 600 .o HLS | (mpo) | AN
i | ( \ \T - —— HLS (mp) : A\
oL v 1 IR WS I TR S S 400 —— HLS (m.p.m) \\. 1
25 2 1.5 5 N SR B T e |
2.5 2 115 1 5
L (fm) L (fm)
High density region(small L): Quark condensate However Nucleon mass
i \_is non-zenj

B Nucleon mass is not solely from chiral symmetry breaking, it include a
chiral invariant part. parity doubling structure.

Agree with Y. Motohiro, et a/, Phys.Rev. C92 (2015), 025201

2020/1ﬁ/1U \_/UIIUL,]UIUIIIM\_/\_/I'\\IHU 13
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E(n,a) = E(n,a =0) + E'l-\;ym(‘n,)oz2 -+ O(o:4) 4o

“Symmetry energy is dominated by the tensor forces”.

Esym < 1/A\; + O(1/N?).

120 T ' T |
e N |- R M F
[ e RHF(2) Lee, Park and Rho, P ;
90 |~ ——DD-RMF(2) Liu. YM and Rho. BRC19
— || e— G Ogny-HF
s [ —em R
s g
VE 60 w”
LIJ;‘
30 If this is
0 ' ; '
0 1 g 2 3 The existence of cusp
0

Is model independent.

With nuclear correlations

" excludes half of the EoS !

Ny

The cusp is associated with the topology change with the emergence of

quasiparticle structure with the half-skyrmions.
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G.E. Brown and R. Machleidt 1994 ... A. Carbone et al 2013

o)
sy - AFE
PV AVANY
T, P
N N
2 A
Vif(r)  =Su iw MMTL - T2512

M T

( [ 1 n 1 N 1 ]
. : e
(marr)3  (mar)?  3myr

M =7, p, Sp(ﬂ) — —I—l(—l)

* >k *
RY, = S ~ IMNN TN Tty

INv guNN miy mag
2020/12/16

)

50 Same as left for n < nq;
| but R} = ®* for n > ny .
0 E \ \ N4y = znn

< ! 17z 0
Q I
E I /‘.ﬁ"'
S o | o — h=0
x -9 ! 2
(S : — N=MNg

Ao, : ----- n=2nn

Going toward to ny/, from

below, Egym to drop and more or less

abruptly turn over at ny, and then increase beyond ny ;.

>
>
>

Gives precisely the cusp

predicted in crystal;

Produced by the emergent VM with my = 0 at n > 25n,,.
The only density dependence in the TEMT is through the dilaton

condensate inherited QCD with vacuum change.

>

carries the density depe
from QCD, NOT nuclear

Cusp structure reflects the NPQCD effect manifested through (x).
The TF is RG-invariant in both free space and in medium, which

ndence ONLY through IDD inherited
renormalization.
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The Cheshire Cat

“How hadrons transform to quarks”

V Baryon charge:

A%
1 1
Bow = —[0(R) — sin20(R)]

Quarks W
Gluons G

<

1]

Bin = 1— l[ea(R) - %sinZG(R)]

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

Brown, Goldhaber, Rho 1983
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., Flavor singlet axial charge gA(0) (Lee et al)

Quarks, 7, 1), ...

Proton @ _

05

Equivalent description ‘

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

Sy = / d*z ('U_f'i, Dy — ét.r G,,,,G“”) +

-

iy i o S I 5 2
Sy = = | dz(Tr 0,U'0*U + —m/(TrlnU — TrlnU")* ) + Swz + -+, A0

4 )7 AN, " -

i 05 0
1 - g
L W )it JTFIS s Js ;. . f_my

Ssy = 3 /o‘ dx {(’l'[[L/U Sh) + L__IGWQI{O#(TI InU Th hlU)} s R (fm)

@.

KE = 7 (GRS, — 20, [ CaLGE), . |
When the bag radius is shrunk to zero, only the smile of the
2020/12/16 Colloquiunm@ 1/

cat'is left with spinning gapless quarks running luminally
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Baryons as Quantum Hall Droplets
When N, = 1, o
S 1812.09253 [hep-th]
,_8 Zohar Komargodski
SI nce 7-[3 (U(l)) — O ; t Simons Center for Geometry and Physics, Stony Brook, New York, USA
— and Weizmann Institute of Science, Rehovot 76100, Israel
=
Rule out the skyrmion 5
approach? Ny =1 baryon can be interpreted as quantum
_ St Hall droplet. An important element Iin the
]aﬁy — Ea[i’y66 n /271' b b

construction is an extended, 2 + 1dimensional,
meta-stable configuration of the i’ particle.
Baryon number is identified with a magnetic
symmetry on the 2 + 1 sheet.

. , / are aple to dertermine tne Spln, ISOSle., and certaln exclrartions oI the QrOple[. 111 adadition,
Y —n 427 '
"

balancing the tension of the droplet against the energy stored at the houndary we estimate
the size and mass of the baryvons. The mass, size, spin, isospin, and excitations that we

find agree with phenomenological expectations.
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YLM, Nowak, Rho & Zahed, 1907.00958 . .
o » Consists of free 2-dim quarks, charge

7 - e, and subject to a chiral bag BC

QH droplet along the radial x-direction.

» Leaks most quantum numbers.

Y

A current transverse
to the smile i1s shown

to appear. B Annulus of radius R and clouded by an n'-
Hall current.

U(1) chiral bag in 142

field with a monodromy of 2x.

o0 B The bag radius is immaterial thanks to CCP.
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PHYSICAL REVIEW LETTERS 123, 172301 (2019)

Baryon as a Quantum Hall Droplet and the Quark-Hadron Duality

Yong-Liang Ma S Maciej A. Nowak,”" Mannque Rho,”* and Ismail Zahed™*
'Center for Theoretical Physics and College of Physics, Jilin University, Changchun 130012, China
*Marian Smoluchowski Institute of Physics and Mark Kac Complex Systems Research Center, Jagiellonian University,
ulica Stanist awa tojasiewicza 11, PL 30-348 Krakow, Poland
YInstitut de Physique Theorique, CEA Saclay, 91191 Gif-sur-Yvette cedex, France
4Departmem of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794-3800, USA

® (Received 12 July 2019; revised manuscript received 2 September 2019; published 22 October 2019)

We show that the recent proposal to describe the N, = 1 baryon in the large number of the color limit as
a quantum Hall droplet can be understood as a chiral bag in a (1 4 2)-dimensional strip using the Cheshire
Cat principle. For a small bag radius, the bag reduces to a vortex line which is the smile of the cat with

flowwino oanlece amarke all eninnino 1n the came directinn The dicdk enclaced hv the emile 1€ decerihed hy a

B FAEFRIFIEORMREEE 7 HEEMRPRS5E-aF I EHE
B G T EEFYIERSCIlERS YRR — LM EasEh).

2020/12/16 Colloquium@CCNU 20
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Rho and omega mesons play an important role in our formalism of compact star structure

Redundancy in the decomposition

U = & @ A

P Meson

V;L(?F) —

2020/12/16

The idea -- that is totally different from what

> one could call “standard” in nuclear community -

W Meson

1 . .
— E(D,HSR : 5}-‘.{ + D,uéL : S,l[,)
1

- QJE-_(D,LLSR ’ 5}.{ - DH&L ’ 51) ?

is that p (and w, in a different way) is “hidden
gauge field”.
Bando, et a/89; Harada & Yamawaki, 03

Lur = fRirfas,dl] +apf2or |ay,af]

+ (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.

Colloquium@CCNU 21
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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 is 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 g, = 0. The KSRF relation mfz, x f2 gf, 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).
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SU(2) X SU(2)g linear sigma model

2 ,. Mal ;
LM =% TT(aﬂM a“MT) - % Tr(M M'I') - % (Tr(M M'I'))Z M —gL.Mggp, grr€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
Lront "FLyry = % -Tr (8,U0*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

Lrom = Lsiny — V(X} :,'{_ = erEJ"IIfx .
with
1 o f? ( X )2 - o+ Scale invariant
Lo = — (0% 7)) o1y (a,U0MUT)
A o 2 . .
Vi) =3/ ((%)2_1) _1] | Scale noninvariant

lon: Baryonic matter can be driven by increasing density from Nambu-Goldstone mode in

uium

Proposi
sc;%—lc%/ra/ symmetry to the dilaton-limit fixed point in pseudo-conformal mode.
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£xPT = E?nv4 + ‘Cgr?(ilm + ‘Cfﬂi‘s;ls:
B/l-l) eu_B(‘xs]Gz_l_(]_l_ ) Z MG
) T 40.’, —Y'I'I'I. qqq
s q=u,d,s f2
LSt = ( ) T (9, U00")
o “_lR N IR fixed point: pB(xg) =0 } Ix .
ﬁ?}w‘\ xPTs = expand in 0} + 5e20ux0"X + e (f )
X
{Elq> §é 0 Xs 5 R Muds ™ 0 ra4 (1 _ Cl)é (X) a Tr (QMU(‘?"’UT)
/ about scale-dependent |vac) 1\
UxPr 1 A
3 = NG bosons 7, K, 1, 0. + 5(1 — c9) (fix) DpuxOM'x
4+p'
Crewther and Tunstall , PRD9I, 034016 (1)
X
Provides an approach to include scalar meson in ChPT. £i<t fz (f_) _%'IT(MTUjLUTM),
X

|
2020/12/16 Colloquium@CCNU A
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— X = X =
Ly =Qiy'D,Q — g1 F,— Q00+ &:F,— 0p30
F}( F)( ® Beane and Klock, PLB, 94’

® Paeng, Lee, Rho and Sasaki, 12

—

1

7. 2 o E-m(]Q_ﬁzij + ngQyﬂ&”ﬁQ

>=Uy

o]

=5 +1i
/ 4 = . = .
my, = Fg2(s) + \/(g1(s))> + m2 + gon.y,u tI"[CE”ﬂ]Q + 8A Qﬁﬁyﬁal,u Ys Q:

(s) >0
my, — mqo. Chiral inv. mass +gaN (,035%-6'75??-%) N
+ (1~ guw) wa\réf\r ,

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

Proposition: Moving toward to the dilaton-limit fixed point, the fundamental constants in scale-chiral
symmetry get transformed as f, - f,, ga — 9», = 1, and the p meson decouples while the w remains

coupled, breaking the flavor U(2) symmaetry.
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Emergent from parameter dialing from RMF:
L = Niv#DuN — hfr NN + gopN~Féy, N
+ guo N Tr [&“ o) N+ gaNy# a ,vsN + V(y)
Paeng, Lee, Rho and Sasaki, PRD 13'.

1.0

09

S
oo

0" Iy [MeV]

e
o
T

05l

fx

=]
|
T T

B=0

----- B=0.261

2

—

Parity doubling emerges via an interplay

between w-N coupling -- with U(2) symmetry
strongly broken -- and the dilaton condensate.

@) = (8%) =S (") = ¢ — 3P

= V() - () 5

X=(Xx)

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

Proposition: Going toward the DLFP with the p
decoupling from the nucleons, the parity
doubling emerges and my - (Y)* - m,
Consequently the TEMT in medium in V,,, RG
theory Is a function of only my, which Is
independent of density. This leads to the
‘oseudo-conformal” sound velocity vi ~1/3 in
compact stars

1@CTNU Z0
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L = [:XPT (7? Y. Vﬁ) 4 £XPT (1/-’: T, Y, V,u) . V(X) Only in terms of hadrons;

Intrinsic density dependence

2 2
EXPT (m.x. Vi) = [z (f_) Tr[aLyal] +afy (%) Tr[&,”u&,ﬁ] B Enters through the VeV of
1 7 1 7 dilaton: scale symmetry;
+ ETI“[VWV‘“’] 1+ §5MX5“X ® Information from topology
change iIs considered,;
B Nucleon mass stays as a

LBy (1, 7,x, V) = Tr(Bin, D¥B) — ~~Tr(BB) + - - -

f, constant after topology
change: parity doublet.

w22 )" Y 1 Cashire Cat B 7he topology change
Vi)~ 4 (fg) [hl (fo) B Z] ' 1 density ny ,, parameter.

Quark-Hadron - Qualitative information 5 Density dependence
continuity from topology change of LECs

2020/12/16 cOoquiu\@czﬁm / 27
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PHYSICAL REVIEW LETTERS 125, 142501 (2020)

Quenched g4 in Nuclei and Emergent Scale Symmetry in Baryonic Matter
Yong-Liang Ma 123" and Mannque Rho™'
'School of Fundamental Physics and Mathematical Sciences, Hangzhou Institute for Advanced Study, UCAS, Hangzhou 310024, China
2Interna£l(mal Centre for Theoretical Physics Asia-Pacific (ICTP-AP) (Beijing/Hangzhou), UCAS, Beijing 100190, China
Ccntcrf()r Thc()rcncal Physics and C()llcgc ()fPh)szcs lem Umvcrszt) Changchun ]?00]2 Chma

T —~

> LIEEQTJ%T T ERE EF’I‘?? Gamow Teller BXKiEH gA f‘klﬁlmﬂ_fUﬂﬁﬁﬁﬁk}ﬁﬁﬁlﬁmﬂtﬁﬂlﬂ A95E T
KR SK FRRE;

> RIPTHRENHREEZYR (MEBEZSEE) (XU AR.
(D W~ & SEME - < @S- <o @mERH- o=y R Sl = HT0mS

T - r— GT for the “T0OUSN nuclel.
L BrERIE (47) R B The authors have explained pertinently the questions which arose in
o ETRERME: rI 611 the previous report. Now | think this article is sound and deserves to
SR EE: Your manuscript ... be published in PRL. | believe that publishing it in PRL will

encourage others to work in this important issue related to the scale

‘ symmetry and the dilaton, which affects gA in nuclei, what definitely
O s (18) ~ Your manuscript LP1.. will push forward the field.

rjlu{yongliangma} - p|'| 6-10
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(B) = (07 = (#") =e—3P mpy = hy.

OV (x)

= 4V ((x)) — (x) O In GNEFT, the TEMT is given solely by the

X={X) dilaton condensate.

Going toward the DLFP with the p decoupling from the nucleons, the parity doubling
emerges and my - (x)* - my. Consequently the TEMT in medium is a function of

only mqwhich is independent of density. This leads to the "pseudo-conformal” sound

velocity v¢ ~ 1/3in compact stars

2020/12/16 Colloquium@CCNU 29
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I\V/. The pseudoconformal model of dense nuclear.tfélrﬁl’*-m“*:%’?ﬁ R th

Implement topology transition to EoS

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

Different scaling behavior: ®; and @y,

|
= forn <n
1 +c¢;(n/ng) =172 ‘

|
(O S for n > ny .
L+ c/(ny2/ng) /

Imbed the quanlitative conclusion to bsHLS

\ 4

Beyond mean field | — | Calculate Vo, & DD,

S.K. Bogner, T.T.S. Kuo, A. ‘
(2003) .

2020/12/16 Collogquium@CCNU 30

®;: Predictions agree
with the nuclear

induced matter at low density.

@y Density  independent.
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« Data from Vg«

300! ° Data from Vo for a=1 —  Eg(n,a=1)/A
- Data from Vo for a=0 150 ~Eo(n,a=0)/A
----- Exp-Tsang

— Eg(n,a=1)/A
> 200f _____ _ s
% Eq(n,a=0)/A , % ol
‘i(- - g ‘_Ig gt
LL(‘ID ’ﬁ LLIw _-"‘a

100
50

Fitted function

PC Prediction

2020/12/16 Colloquium@CCNU 31
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TABLE III. Nuclear matter properties at ng < njss. The

empirical values are merely exemplary. no is in unit fm™?
and others are in unit MeV.

Parameter | Prediction Empirical
Mo 0.161 0.16 £ 0.01 [9]
B.E. 16.7 16.0 = 1.0 [9]
Esym(no) 30.2 31.7 £ 3.2 [10]
Eqym(2n0) 56.4 46.9 £ 10.1 [11];40.2 £ 12.8 [12]
L(nop) 67.8 58.9 £ 16 [11];58.7 = 28.1 [10]
Ko 250.0 230 £ 20 [13]

YLM & M. Rho, 2006.14173 v1
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Agrees with the
empirical values of
the nuclear matter
properties quite
well.
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B Trace of energy-momentum tensor is not zero but a density independent constamsat > 2n,;
B When > 2n,, the sound velocity - 1/+/3 -- conformal sound velocity. Low density relevant
to NSs

A feature NOT shared by ANY other models or theories in the field °



IV, The pseudoconformal model of dense nuclear {ge}terfdX. 15544 7 i%,
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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

We are disagreeing!

Very high density
PQCD applicable
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R [km] GW data: A14, R4 -+ reflect the EoS for n < 3ny,
Accommodate massive star below the topology change, and hence do not directly
>20M control the massive stars of > 2M g4,
= b solar
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Predictions of the pseudoconformal model
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Agree with the constraints nq,, is constrained as ~(2 — 4 )ny
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V. Predictions of the pseudoconformal model
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Evidence for quark-matter cores in massive

neutron stars
Eemeli Annala®?, Tyler Gorda®2=, Aleksi Kurkela

The theory governing the strong nuclear force—quantum
chromodynamics—predicts that at sufficiently high energy
densities, hadronic nuclear matter undergoes a decon-
finement transition to a new phase of quarks and gluons'.
Although this has been observed in ultrarelativistic heavy-ion
collisions??, it is currently an open question whether quark
matter exists inside neutron stars®. By combining astrophysi-
cal observations and theoretical ab initio calculations in a
model-independent way, we find that the inferred properties
of matter in the cores of neutron stars with mass correspond-
ing to 1.4 solar masses (M) are compatible with nuclear
model calculations. However, the matter in the interior of
maximally massive stable neutron stars exhibits characteris-
tics of the deconfined phase, which we interpret as evidence
for the presence of quark-matter cores. For the heaviest reli-
ably observed neutron stars®© with mass M~ 2M,, the pres-
ence of quark matter is found to be linked to the behaviour
of the speed of sound c; in strongly interacting matter. If the
conformal bound cg < 1/3 (ref.”) is not strongly violated, mas-
sive neutron stars are predicted to have sizable quark-matter
cores. This finding has important implications for the phe-
nomenology of neutron stars and affects the dynamics
of neutron star mergers with at least one sufficiently
massive participant.

34X Joonas Nittild @5%7 and Aleksi Vuorinen®'=

limit of very high densities, perturbative-QCD (pQCD) techniques,
rooted in high-energy particle phenomenology and built on decon-
fined quark and gluon degrees of freedom'*", become accurate,
providing the quark-matter EoS to the same accuracy at densities
nZ 40m,=m,qcp.

In the above two limits, QCD matter is known to exhibit mark-
edly different properties. High-density quark matter is approxi-
mately scale-invariant, or conformal, whereas in hadronic matter
the number of degrees of freedom is much smaller and scale invari-
ance is also violated by the breaking of chiral symmetry. These
qualitative differences are reflected in the values taken by differ-
ent physical quantities. The speed of sound takes the constant
value ¢Z = 1/3 in exactly conformal matter and slowly approaches
this number from below in high-density quark matter'. By con-
trast, in hadronic matter, the quantity varies considerably: below
saturation density, CET calculations indicate ¢ < 1/3, while at
higher densities most hadronic models predict max(c?)20.5. The
polytropic index y = d(Inp)/d(In¢), on the other hand, has the
value y=1 in conformal matter, while both CET calculations and
hadronic models generically predict y~2.5 around and above
saturation density. Finally, the number of degrees of freedom is
reflected in the pressure normalized by that of free quark matter
(the Fermi-Dirac (FD) limit), p/pgp (ref. ?). This quantity obtains
values of order 0.1 in CET calculations and hadronic models,

the values of y as a good approximate criterion. Given that y=1.75
is both the average between its pQCD and CET limits and very close
to the minimal value the quantity obtains in viable hadronic mod-
els (see Fig. 2 and our discussion in the Methods), we are led to
choose the following criterion for separating hadronic from quark
matter: given an interpolated EoS, the smallest density from which
y is continuously less than 1.75 to asymptotic densities is identified

with the onset of quark matter. We emphasize, however, that this is
In conclusion, our model-independent analysis has demon-

sirated that the existence of quark cores in massive NSs should

be _considered the standard scenario, not an exotic alternative.
For all stars to be made up of hadronic matter, the EoS of dense

QCD matter must be truly extreme. This view is also consistent

08~ . . . . . s T : o

0.0

; V\!e dO NCU)T ;ag;re? A

ning nirig

FIG. 1. Density dependence of the SV of stars vs (left panel)
and the polytropic index v = dIn P/dIne (right pannel) in

neutron matter.
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FIG. 2. Comparison of (P/¢) between the PCM velocity and
the band generated with the SV interpolation method used
in [23]. The gray band is from the causality and the green
band from the conformality. The red line is the PCM pre-
diction. The dash-dotted line indicates the location of the O
topology change.

Colloquium@CCNU



Predictions of the pseudoconformal model

QAKX 547 F s

Hangzhou Institute For Advanced Study,UCAS

[nucl-th] 7 Nov 2020

Topology change and emergent scale symmetry via gravitational wave detections

Wen-Cong Yang," Yong-Liang Ma,
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Topologieal structure has been extensively studied and confirmed in highly correlated condensed
matter physics. We explore the gravitational waves emitted from the binary neutron star mergers
using the pseudoconformal model for dense nuclear matter for compact stars which regards the
topology change and the possible emergent scale symmetry and satisfies all the constraint from

astrophysics.

dramatically due to its effect on the equation of state.

We find that the location of the topology change affects the gravitational waves

And, the effect on the waveforms of the

gravitational waves are within the ability of the on-going and upcoming facilities and therefore gives
the possible way to measure the topology structure in nuclear physics.

Introduction.— The nature of strongly interacting
matter at high baryon number density is one of the out-
standing open problems in both nuclear and astrophysics.
‘What are the symmetry patterns involved in this region?
‘What are the constitutes at high density relevant to the
cores of the compact stars? Are there any novel phenom-
ena inside the massive compact stars? For some discus-
sions on these aspects, we suggest, e.g., [1-5] and some
relevant references therein. At this moment, these puz-
zles can neither be clarified from fundamental QCD—
even using the lattice simulation—mnor be judged from

quasi-fermions of fractional baryon charge [9]. As before
and clarified later, we call this model as pseudoconformal
model (PCM).

Topology change and emergent symmetry.— One way
to do nuclear many body problem is to use the effec-
tive theory including mesons only (xmEFT) and regard
baryons as topology objects carrying winding number
one — skyrmions— and put skyrmions onto a certain
crystal lattice. A robust conclusion found in this ap-
proach is that there is a topology change correspond-
ing to the skyrmion-half-skyrmion transition with half-

Estimate the location of nq,;using
GWs emitted from BNS merger

arXiv:2(

UL SLANG () UL LT LULISGE LIGULGE QUL WY LGVWE Ui
the strongly interacting baryonic matter. In addition,
the GWs emitted in the post-merger stage decay very
fast and give the information of the baby star mass and
spin which also depend on the EoS of the nuclear matter.

‘We study in this paper the GWs emitted from the neu-
tron star merger using a conceptionally novel approach-
ing to dense nuclear matter anchored on some symmetries
emerged at high density region as well as a particular
topological structure of baryonic matter embodying both
micleonic and quarkonic properties [4, 8] (for a systemat-

2020/12/16

sate Vamsnes globally but not 10cally with Non-vansnng
and nearly density independent pion and dilaton — will
be introduced later — decay constants fr ~ fy # 0, (ii)
the baryon mass becomes a density independent constant
with magnitude mg =~ (0.6 — 0.9)my which signals the
emergence of the parity-doubling strueture of nucleons
and (iii) the hidden gauge coupling associated with the
p meson mass to be introduced later starts to drop and
flows to zero at the vector manifestation fixed point [11],
therefore the vector meson becomes massless and the hid-
den gauge symmetry emerges.
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VI,

Summary and discussions
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Hidden topology

Hidden symmetries

—_— . —
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Quark-hadron PCM for DM

L TF#0 v, 1/V3

continuity/CCP /\

Stand for the test from
both nuclear physics

and astrophysics

2020/12/16

Accommodates
massive NSs up

to 2-23Msolar-
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VI, Summary and discussions

s this pseudo-conformal structure
at odds with Nature?

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

Constraint to: 2.0ny < n1 < 4.0ny
2
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Thank you for your attention!

Comments are welcome!



