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Introduction
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Nucleon Three quarks

= m

~1000 MeV ~10 MeV

Where is the origin of mass?

B The remained 99% of the nucleon
mass is from the strong
interaction between quarks.

B Since strong interaction is very large
In the vacuum, non-perturbative
effect is essential for the generation
of mass.
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1. Contribution to mass from spontaneouly chiral symmetry breaking(SCSB) order(ﬁ?q[z;neter
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Introduction
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Neutron star as a natural laboratory
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* An effective hadron model
(Parity doublet model ) (ng<=2n,, blue curve)

Two baryons with positive and negative-parity are
introduced. They have a degenerate chiral invariant
mass when the chiral symmetry is restored.

Ng~dNg * Interpolated(red curve)

interpolated

* An effective quark model
(Nambu-Jona-Lasinio(NJL)-type model)
(ng>=5n,, green curve)
~ My Up

ny=0.16 fm-3 (normal nuclear density)
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T.Minamikawa, et al.(2021), PhysRevC.103.045205

600 < mo < 900
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After solving the Tolman-Oppenheimer-Volkov
equation, we obtain mass-radius relation

The mass of the millisecond pulsar PSR J0740+6620

lowest +0 10

radius[km| mass [Mgolor]
GW170817 (primary) 10. 8‘_"f g 1. 46"'8 ié
GW170817 (secondary)  10.7771 127t
J0030+0451 (NICER)  13. 02+1 gg ALY 22

Effect of strange quark condensate is
included in the quark matter(NJL type model),
but strange quark condensate not included in
the hadron part.



This work: Effect of anomaly
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In this work, | modify the hadron model (PDM) to include the strange quark codensate through the
Kobayashi-Maskawa-'t Hooft (KMT) - type interaction which reflects the U(1) axial anomaly

Non-perturbative effect of QCD

This work
/" PDM ) m NJL-type model
- 2Bc?0, o = (dd) QKO'QO'S
\ Coefficienta Coefficient K

Anomaly term!
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Physical inputs

pure neutron matter *004

n,=0.16 fm-3 (hormal nuclear density),

Ly
=
‘ Ky=240 MeV (incompressibility)
/
=
s, "8 S,=31 MeV (symmetry energy),
ymmetric matter .
Bo=-16 MeV (bounding energy)
—B, (neutron number= proton number)
K
’ We determine model parameters through above inputs.
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P[Mev/fm™3]

Result without anomaly term
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Effect of anomaly term in PDM
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NJL-type model
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Original NJL-type model(Hatsuda and Kunihiro) includes four point interaction

+G(Prh)? HK parameter: GA? =1.835, KA®=9.29

U(1) axial anomaly A = 631.4MeV
— Kdet(yn))

Vector interaction for repulsive force[Rept.Prog.Phys. 81 (2018) 5, 056902]

—gv (YY)

gy and H are two

Four-Fermi interaction lead to color superconductivity parameters to be adjusted

H (49) (¥1))

In NJL-type model, EOS also becomes softer after including anomaly effect
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Effect of anomaly in NJL-type model

mo = 400 MeV
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Constrain chiral invariant mass

1 — my =500 MeV, B=600 MeV

PSR J0740+6620
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Maximum mass is not satisfied for
mMy=800 MeV after including anomaly.
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After including anomaly effect, chiral invariant
mass is constrained to be

[400 < mg < 700 Mev}
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» | constructed a new model including strange quark condensate through the anomaly term.

« | studied the effect of anomaly term.

Summary
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In the PDM, effect of anomaly term softens the neutron star EOS.

obtained new constraints to the chiral invariant mass

1.B=0 and K=9.29/A5 :
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Physical inputs
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pure neutron matter

E _
=1 no=0.16 fm-3 (normal nuclear density),
Iy
= Ky=240 MeV (incompressibility)
=y
e Tig So=31 MeV (symmetry energy),

ymmetric matter :
B,=-16 MeV (bounding energy)

Ky We determine all the parameters through saturation properties.

-E_--Eﬂ Slope parameter too large!
4 81.6 80.9 SES)

L, [MeV] 84.7

[Awpw p” term is introduced to lower the slope parameter } L,=57.7 MeV [arXiv:2105.04629]
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Constrain chiral invariant mass

2.5 A1

2.0 A1

0.5 1

mmmm M0=800,B=K=0

== M0=800,B=600,K=9.29/A"5 \

PSR J0740+6620

0.0

10 11

12 13 14 15
R[km]

Maximum mass is not satisfied for
mMy=800 MeV after including anomaly.
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After including anomaly effect, chiral invariant
mass is constrained to be

[400 < mg < 700}
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Constrain chiral invariant mass
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Small L, lead to softer M-R relation

The allowed range of m; is changed




Summary
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» | constructed a new model including strange quark condensate.

« | also clarified the effect of anomaly term.

In both PDM model and NJL-type model, anomaly effect softens the neutron star EOS.

* | constrained chiral invariant mass with anomaly effect

Without anomaly: 500 < mo < < 800 With anomaly: 400 < mo 35 < 700
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Effect of anomaly in NJL-type model
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In NJL-type model, H and g, are two parameters which should be adjusted

B chiral condensates

Chiral condensates in vacuum

280
/0 Chiral symmetry breaking is \
= 260 enhanced with anomaly effect
é — ('Gu )1!3
o 240- — (_O.d )1!3
E- (-05)1? € Ground state energy is decreased
220 \\\ 4//
200 1 | | | |
0 2 4 6 8 10



Effect of anomaly in NJL-type model

14444
B Equation of state
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In NJL-type model, EOS become softer with enhancing anomaly effect.
(similar with PDM)




Effect of anomaly in NJL-type model

@ @

chiral symmetry
breaking

VYT

I

(D Chiral symmetry breaking via quark-antiquark paring.

(@ Condensation of pairs opens a gap M in the quark dispersion relation, changing the

structure if Dirac sea

@ After including anomaly, M' > M

M 3

Effect of
P anoamly
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Effect of anomaly in NJL-type model

[ my is fixed to be 800 MeV as a typical example }
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1. B=0 and K=0
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There is no smooth connection in this ca%e



Effect of anomaly in NJL-type model
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3. B=0 and K=9.29//\5 4. B=600 and K=9.29//\5
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1.6
1.6

#
H
M .
w W
K
e R R e e P .J!'!!* llllllllllllllllllllll
- H
® #
* -
®
: 8 9
®

. .
a -
1 5- +++++++++++++++++++++++++++++++++++++++++ -'--1-* ++++++++++++++++++++++
. .
3 H
I
+

HIG

1 .4_ ...........“..........i:...‘...‘...‘.........E.......................

HIG

1'4- ..........-...........;-,.-..-..........-..;........................ :
: : e ¢ 0
o o & @ : :
1_3_ .....................E.......................‘....................... +
§ e e @

1.2 ; £ 1 .2'-F.'|'.'I-I-I-l-l-:rl'l-l-l-l-l-l-l-l'|5-l-l-l-l-l-l-l-l-l-
™ L] L L] I L] L] L] l T L L
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
gVIG

gVIG

Our final result is to constrain chiral invariant mass
with B=600 and K=9.29/A\5

Constrained region is changed after including anomaly -



