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Outline

Clarify the role of N*(5 ) near chiral restoration

cf. 0(0") forming a parity doublet with pions
I. Net-baryon number fluctuations near LG &
chiral phase boundaries

* DeTar-Kunihiro model (aka parity doublet model)
[DeTar & Kunihiro (89)]

Il. Emergent chiral symmetry in neutron matter

= P-wave neutron superfluidity
[Tamagaki (70); Takatsuka & Tamagaki (71)]



DeTar-Kunihiro/Parity doublet model

ASU(2) chiral transformation of 2 nucleons
- how to assign 2 indep. rotation to them?
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Parity doubling of baryons
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Caution

AN*(1535): the lowest-lying resonance
" N & nN interactions in a dynamical approach
= cf. the nature of fo(500) vs. © meson in LSM

Hadronic picture at high density
= A consistent description for CS restoration
= CS realized linearly = parity (chiral) doublet

’:'Leff near CSR; Symmetries & universality



FLUCTUATIONS AND CORRELATIONS
OF BARYONIC CHIRAL PARTNERS



Net proton vs. baryon number fluct.

)(g sensitive to the QCD phase transition

—>Net proton fluctuations as a good proxy for
net baryon fluctuations: folklore

v'Nucleon parity doublet: N(939) & N*(1535)

= Mean: (Np) = KJ? = KT + K]

» Variance: ({NpdNp) = k5 = k3T + Ky, +2K7
= Cumulants =2 susceptibilities:

ﬁf:VTgxf XQB:X;JF%-XQ__%—ZXQ_
= Sign and strength of 32



Thermodynamics of parity doubler

Linear sigma model for (o,m), w, (N,N*) & MF
JdNew chemical potentials p,,- for N,N*
JdSet attheend pu+ = puy = up — gow
JSusceptibilities from thermodynamics pot.

Q=0 +Q_+V, +V,

4 ) =
) = 8_9 ( af 1 af d2Q \

oo X2 = Ro = ~ 1A

VT3 dii,d
0— a_Q I* 5 L - H _Mﬁ T pia=ppg=KN
\_&u) X2 = X2 tXa 22X y




Liquid-gas vs. chiral
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Liquid-gas vs. chiral
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X2/ X1 along the phase boundary
¥ CP of LG ¥ QCD CP
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AThe net-proton fluctuations do not necessarily
reflect the net-baryon fluctuations at the
chiral phase boundary.
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SUPERFLUIDITY IN NEUTRON STARS



Superfluidity in neutron stars

Js-wave superfluid by 'Sg [Migdal, ‘60]

Jp-wave superfluid by 3P, at p/po > % [Tabakin, ‘68]

v i . 2S+1
Pulser glitches ;@_1__’ = L,
v' Rapid cooling P-wave L: angular momenturt

A This study: Cooper pairing of parity-doubled
neutrons at high density = the role of N*

" Generalized x-sym G such that G D naive&mirror
G=U(1)1, XU(1)1g X U(1)2 X U(1)2p
= Common operators to the naive & mirror assign.



Symmetries
JdU(1); X U(1)g chiral symmetry
(n,n*) © (Y1, ¥2), Yi=iy + g

= Naive assighnment
1L — Ui,  Yor — Uptor, ¥ir — UR¥ir, wUor — Ur¥or
= Mirror assignment

V1L — Unin,  Yor, — Urtar,  Uir — Urtir, 1or — Upthor

JGeneralized chiral symmetry
G=U(1), XU@),, XU1)1p X U(1)325
Ui — Uinthin,  Yor, — Usptborn,  Uir — Uirtir,  ¥ar — Usrtar

Naive: U1L — UZL’ UlR — UZR Mirror: UlL — UZR'UlR — UZL



Symmetries
Define 2 symmetriesas  [Y! = (W, Yo )]

?/)L — ETZQLTT/)Lj UR — G’LQR?T/R: with (BML LQR) < U( )L X U(l)R

YL — €T Yn, Yr — €Ty, with (7% ) € U)oy, x U(1)—o)r

U(l)lL X U(l)QL =

**Global sym G and its subgroups

UL x UM)—oyr,  U()r x U(1)1—2)r
Z . Z
2L 2R

»Emergent chiral symmetry for ({r1,1,)"
U(l)(l—Q)L X U(l)(l—Q)R

***Both naive & mirror as subgroups of ECS

U(I)L X U(I)R C

= U(1)11, x U(1)ar, x U(1)1r x U(1)2r




The Lagrangian w/ ECS
ﬁ — ﬁCOl’Il + 5£naive + 5£mirror

naive

5£naive 5[’mirror

naive assignment: mirror assignment:
Lnaive - Lcom + 5Lnaive Lmirror = Lcom + 5Lmirror

dPairing formation > 4-point interactions
Leom = P1iy0Un + Yaiydis
— 491 ((0111)% + (rivsvn)?) — 4" ((hathe)® + (aiysthe)?)
— 8g) ((1V112) (1h2t1) 4+ (Vriys12) (Vaivstn)).
ASpecial case: 3 equal coupling constants
- SU(2); X SU(2)r emergent chiral sym.
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Mean-field analyses

A simplified Lagrangian assuming g, = g,
Leom =vindy — 291 ((0rov)” + (730)” + (irsmor)” + (Pinsmsv))
=20y ((0719)” + (0720)” + (Pinsm)” + (Pinsrart)?).

ANambu-Gor’kov formalism, mean-field
approx. to get the thermodynamic potential

“*Pairings [note: Y. = CyOuw*, C = iy2y°]
= YYYsT Y : vector (a=0,1,3), symmetric > S, 1"
= ) YT, : axial-vector, anti-symmetric > A1"



Phase diagram
dCooper pairs: exp. values of §,1~ and A1*

g1

U(D) q-2).XU(1)(1-2)rXZ, e.c. sym.
So1™ or §517 phase

SU(2). XSU((2)r e.c. sym.
S0l17,85,17,85;1" or A1* phase

U(1)(1-2).XU(1)(1-2)rRXZ; e.c. sym.
S§;17 or A1" phase

normal phase




Dynamical symmetry breaking

U(1)1, X U(l)(l—Q)L U(1)r x U(l)(l—Q)R
7 8 7
2L, 2R

X SO(B)S

1 Vectorial symmetry U(1);,» broken
- superfluid phonons

1 Axial symmetry U(1);_r unbroken

JEmergent chiral symmetry broken to
U(1)1-2)L+r) = emergent pions

Spatial rotation symmetry broken to SO(2)¢
- magnons

**NG bosons as sexaquark states w/ B=2: exotic



Anticipated phase diagram

A 3p,
Temperature emergent

chiral superfluids
S,1- 3P,)
A1t (3§,-3D,)

Chemi.pot.




SUMMARY



Conclusions

(INegative correlations between N and N*
++ ~ proton

"X, may not reflect x5 at the chiral
phase boundary.
. X?’"’J’_ in other non-perturbative approaches

JEmergent chiral symmetry at high density
" New superfluidity in NSs, strong anisotropy

" Toward understanding of multi-quark states in
dense QCD

= Specific in mirror model? Vortices? Cooling?
Interface to QM?



BACKUP



Correlations between N & N*

- | . . Qx5 dominated by

0.2 positive-parity fluct.

| N* being relevant only
near Tc

0.15 |-

| Qyx3 ~sets in only near
| Tc, and it’s negative.

<

=

o
I

| x5 “becomes more
— ' ' negative with
0.05 0.1 0.15 0.2 0.25 0.3 ] ]
T [GeV] repulsive int.




Dirac points

ASingle-particle energy with a gap

§ = (0,0,6)
Dirac points (massless) at p, = ++/u? + 52

qx + q;

12
\ 1+ 52
»Propagation along x&y directions in v «< 1
»Propagation along z directioninv=c =1

—> Anisotropy In transport phenomena, NS cooling

IR

£q + g2
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