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 Neutron star and QCD

neutron star (NS)
many-body system may-body system

of nucleons of quarks

Gl - .

neutron/proton quark

|
described by QCD by elementary-particle sense

[— Delineation from QCD is inevitable for understanding of center of NSJ




Introduction

+ QCD phase diagram

Heavy ion collision at LHC etc. (high T and low )

" Quarkyonic r
Matter = __---——==

Colo@Superconductors NS etc.

1B (low u and high T)

.

& R v
: > 4 7&
S \
i‘ Liquid-Gas '
¢

T KO, Crystalline CSC
Meson supercurrent
Gluonic phase, Mixed phase

Nuclear Superfluid

QCD at temperature and density

- Prediction of various states: quark-gluon plasma, color superconductivity,
chiral restoration, U(1), anomaly change, etc.
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 Lattice QCD simulation

— Lattice QCD is a first-principle numerical simulation for delineating QCD

A /
iy o i o v

first-principle simulation of path integral

super computers (Z & etc.)
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« QCD phase diagram: from simulation aspects
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KB

— X CFL-KS, Crystalline CS®
Nuclear Superfluid  pMeson supercurrent us
Gluonic phase, Mixed phase

Problem: lattice QCD cannot apply ! (sign problem)

I technical problem

- Our understanding in finite-density system is limited compered to
in temperature system




Introduction

- Two-color QCD world

three-color QCD (our world)

- Lattice QCD at density is not easy
(sign problem)

- Baryon is made of three quarks

proton/neutron

- chiral symmetry is SU(Nf), x SU(N¢)r

two-color QCD (imaginary world)

- Lattice QCD at density is possible!
(sign problem disappears)

- Baryon is made of two quarks
diquark baryon

- chiral symmetry is SU(2Ny)



Introduction

- Two-color QCD world

three-color QCD (our world)

- Lattice QCD at density is not easy
(sign problem)

- Baryon is made of three quarks

proton/neutron

- chiral symmetry is SU(Nf), x SU(N¢)r

|

two-color QCD (imaginary world)

- Lattice QCD at density is possible!
(sign problem disappears)

- Baryon is made of two quarks
diquark baryon

- chiral symmetry is SU(2Ny)

[ Pursue understanding of dense matter in three-color QCD via two-color QCD world]
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Phase diagram in two-color QCD

- Examples of simulation results of phase diagram in two-color QCD

250 F T T T T T T 0.8

QGP 0--0 <qg> e @ = e =
: 00 <L> 0.7r
200 [, 060 © o© ° °
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— o © °
e :—5—; 3 y 0 © © o
= 100l % ,
I I *Q -l-i@ — &
: % S ]
s Ha Avoniz 1 <yy>#0, <yy> # 0, diquark condensation
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Introduction

Phase diagram in two-color QCD

- Examples of simulation results of phase diagram in two-color QCD

250 T ' ' ' 0.8
QG W © © o © o
o SRR \ [seds 07t
200 06f0 © o © o
Quark-gluon plasma
@ © ©
S 150
v AW o - © © ©
=~ r LO ® ©
100~ Bt _ 5 © &
- ’% }_§E_3‘CS" |
. Hiidionie / ) g <yy>#0, <yy> # 0, diquark condensation

& My approach R

- (i) Regard lattice QCD in two-color QCD as useful “numerical experiments”
of dense QCD, and (ii) give interpretation based on effective models

i my previous works on two-color QCD

\ gluon propagator: Suenaga-Kojo(2019), Kojo-Suenaga(2021), CSE effect: Suenaga-Kojo(2021),
| peak of sound wave: Kojo-Suenaga(2022), hadron mass: Suenaga-Murakami-Itou-Iida (2023)
! topological susceptibility: Kawaguchi-Suenaga(2023)
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Peak of sound velocity

- Lattice result in two-color QCD

1 T T T T rvrryrry] ©TTTTTTTTTTTTTTTTTTT

et — ' Tida-Ttou (2022)

0.8 : : ] CeSoIooTnomoooomoTe
NQ 0.6
N\

0.4 |
finally converges
0.2 to this limit
00‘

- This result shows ¢~

exceeds 1/3

|$ suggests the existence of a peak structure

This talk

- | will discuss sound velocity in two-color QCD
from effective model approach

three-color QCD
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Relation with continuity from
hadron matter to quark matter

——————————————————————————————————————



Introduction

Peak of sound velocity

- Lattice result in two-color QCD

1 T T T T rvrryrry] ©TTTTTTTTTTTTTTTTTTT

et — ' Tida-Ttou (2022)

0.8 : : ] CeSoIooTnomoooomoTe
NQ 0.6
N\

0.4 |
finally converges
0.2 to this limit
00‘

- This result shows ¢~

exceeds 1/3

|$ suggests the existence of a peak structure

This talk

- | will discuss sound velocity in two-color QCD
from effective model approach

three-color QCD
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Quark saturation

- Baryon superfluidity

- Baryon superfluidity emerges in cold dense two-color medium

from Iida-Itou-Lee (2019)

schematic phase diagram in two-color QCD

Tc =«

My /2

cf, color superconductivity in three-color QCD,
Alford-Schmitt-Rajagopal-Schéfer (2008)

(qq) # O (violation of quark number)

- low density: BEC (hadronic)

- high density: BCS (quark cooper pair)

e? ¢

—————————————————————————————————————————



Quark saturation

 NJL model (explicit quark d.o.f)

- NJL model having four-point interactions of meson and diquark channels is
Lngn = q(i0 — m + py0)q + Gl(709)° + (@ivs57a9)?] + H[|GivsT202qc ] + |GT202¢c ]

mean field: M = m — 4G{(qq) A = 2H (G- y5T202q)

- Thermodynamic potential at MF level reads oo :
s with €f = /(Bi —new)? + A2

Quip = NNp Y / [—€§ — 2T 1In (1 + e~%/7)] | By = VE2 + M2
¢=p.a/k | Moja = 1

+2G(qq)” + H|{Ge572029)]

M [GeV]
- M, A and baryon density npat = o o000 ir_ir_ﬁéi{;l_ e
-l thinH=0
A =1.0GeV |
input GA* = 2.8
m = 5 MeV
(T = 0) L TR A T

1 [GeV]



Quark saturation

 NJL model (explicit quark d.o.f)

- NJL model having four-point interactions of meson and diquark channels is
Lngn = q(i0 — m + py0)q + Gl(709)° + (@ivs57a9)?] + H[|GivsT202qc ] + |GT202¢c ]

mean field: M = m — 4G{(qq) A = 2H (G- y5T202q)

- Thermodynamic potential at MF level reads oo :
s with €f = /(Bi —new)? + A2

Quip = NNp Y / [—€§ — 2T 1In (1 + e~%/7)] | By = VE2 + M2
é=pa’k Moja = 1
+2G(qq)* + H{Gysm202))*
. M [GeV] ' f-L"""""""".

- M, A and baryon density npat pn =) o} il S0 thickH = G |

A=1.0GeV |

- GA2 = 2.8 Yl
P m = 5MeV |
(T — 0) 0 0 ()1 0.2 0.3 0.4 0.5 0.6

1 [GeV]
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 NJL model (explicit quark d.o.f)

- Occupation probability for quasiparticle(=quark) is

£
€k

FF (k) = % (1 . M) { “number” of quarks per momentum }
quark density: n)'" = 2N / (fFYE (k) — fYF (k))
k

- f,'" (k) at several densities (H = G)

I nn'/'n.o =I 0.5 i
1.0 ssesssnces
0.8 i, B0 o |
0.6 [ i, 4.0

0 1 1 L 1 1 : M'-"@
0 01 02 03 04 05 06 0.7 08 09 1

k [GeV]




Quark saturation

 NJL model (explicit quark d.o.f)
- Occupation probability for quasiparticle(=quark) is

! (1 - M) { “number” of quarks per momentum }

ngF(k) = 5 3
quark density: n)'" = 2N / (fFYE (k) — fYF (k))
k

€k

- £} (k) at several densities (H = G)

I 7zl;7'rz.0 =I 0.5 i
) 1:() 2enussasens
R D -
TN 7, E—
_. 06 ¥ 4.0
! £
=
<o
= 04
0.2

rapid growth

0 01 02 03 04 00 06 07 08 09 1
k[GeV]



Quark saturation

NJL model (explicit quark d.o.f)
- Occupation probability for quasiparticle(=quark) is

3
2 €

AP = L (1 = M) { “number” of quarks per momentum }
quark density: n)'" = 2N / (fFYE (k) — fYF (k))
k
- /"7 (k) at several densities (H = G)

np/ng = 0.5

1) ennsasaniss

0.6 LAl s, s, 4.0

rafid growth

0 01 02 03 04 00 06 07 08 09 1
k[GeV]

emergence of quark-like matter
= quark saturation



Quark saturation

 NJL model (explicit quark d.o.f)
- Occupation probability for quasiparticle(=quark) is

3
2 €,

AP = L (1 . M) { “number” of quarks per momentum }

quark density: n)'" = 2N l (fFYE (k) — fYF (k))

a

do not exceed 1

- fMF(k) at several densities (H = G) — i
1x—fma+ly+eaeh—1m—~—— fq(k)

rafid growth

0 01 [)2 03 04 00 06 07 08 09 1
k[GeV]

emergence of quark-like matter fq(k) = 1 from low-k modes
= quark saturation




Quark saturation

 NJL model (explicit quark d.o.f)

- Relation between occupatlon probablllty and sound veloc:|ty

l 1L[g/n() 05 H/Cv ]0 —
) 12:() aesusseseis T
0.8 "'..‘ D0 ssssisesiion g 08 | 2 =1/3 -
= 0.6 ) o, 0.6 4 \
% 04| — os -/ graduallyiconverges to 1/3
s .- > | i
foT— el e
0 01 02 03 04 05 06 07 08 09 1 61 2 3 4 5 6 7 8 9 10
k[GeV] np/ng
- ¢Z exceeds 1/3 as 2" (k) approaches quark saturation (n5/n0 2 2)
2

c, gradually converges to 1/3

$ emergence of a very gentle peak (bump)



Quark saturation

 NJL model (explicit quark d.o.f)

- Relation between occupatlon probablllty and sound veloc:|ty

l 7L[g/n() 05 H/G 10 —
) 12:() aesusseseis T
0.8 :‘i}';,;'-f;f.‘,,”h B ahsmaaiosii | 08 F  2=1/3 -
= 0.6 ) NS 0.6 4 \
% 04| 1 f— os -/ graduallyiconverges to 1/3
02 b N Yo | i S
ol Eg N o
0 01 02 03 04 05 06 07 08 09 1 61 2 3 4 5 6 7 8 9 10
k[GeV] np/ng
- ¢Z exceeds 1/3 as 2" (k) approaches quark saturation (n5/n0 2 2)
2

c, gradually converges to 1/3

$ emergence of a very gentle peak (bump)

- Quark degrees of freedom may be essential to explain the peak

__________________________



Quark saturation

« Similar other consideration

- Results in isospin matter (essentially same as two-color QCD matter)

fa(K)

1
09
0.8
0.7
0.6
0.5
04
03
02
0.1

0

the last one:
nr = 11110
0 I 2 6 8 10

low density

Sound Velocity cs2

0.8

e
= 1

LQCD =3
Tree
(mg,{)=(500,90) ——
(800, 90)
(600, 100)
T (800,100)
ot et
—— e ey
0x
0s
04
02
0
0 2, 9
. < g 10
nr / no

Quark-meson model:
Chiba-Kojo (2023)



Quark saturation

Similar other consideration

- Results in isospin matter (essentially same as two-color QCD matter)

i Quark-meson model:

| LQCD
09 g Tree i Chiba-Kojo (2023)
08 (m,f)=(600,90) — e
: ' o
; NJ‘ ( ) L.
06 03 (explicit quark d.o.f)
fy(k) 05 ;‘3 04
04 the last one: £ 03 s
03 ‘1‘ \ o ny = 11n @ 02 5
02 DR !
NN 0.1 2
e f = ‘~Q§\»§5,A 0n 02 04 06 0%
0% | 2 4 6 8 10 %% 2 4 6 8 10
nI/ no

low density

- When the evolution becomes “right angled”, peak of ¢ gets sharp



Quark saturation

Similar other consideration

- Results in isospin matter (essentially same as two-color QCD matter)

09F g
08
07
06
05
04
03
02
0.1

fa(K)

the last

& =11

—

:%?e:

0% I 2 4 6

low density

8

10

i Quark-meson model:

LQCD s . : .
Tree i Chiba-Kojo (2023)
(mg,f)=(600,90) - T
(800,90)

“p - (600, 100) ..
z S (600,100 (explicit quark d.o.f)
; e e T
E 03 o
3 06

0.2 P

0.1 62

%% 2 4 I 8 10
n[/no

- When the evolution becomes “right angled”, peak of ¢ gets sharp

@ abrupt evolution
@ mild evolution

P 4

e
@
hadron ,'/ quark
/)0 £

_________________

' Kojo (2021) !
® ________________
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Quark saturation s

« Similar other consideration

- Results in isospin matter (essentially same as two-color QCD matter)

——— Quark-meson model:

09 F 0\ el

LQCD

i mimaozy — | i Chiba-Kojo (2023)
y AR s 7 %":g (explicit quark d.o.f)
falk) 05 o 3 o) | — e
Q: Do we need explicit quark degrees of freedom
to discuss the peak of sound velocity?

- When the evolution becomes “right angled”, peak of ¢ gets sharp

@ abrupt evolution
fa || @ mild evolution p 4

@ @_
hadron ,’/ quark /3 | =
// //




Hadronic model e

« Reconsideration from ChPT (no quark d.o.f.)
- Chiral perturbation theory (ChPT) in two-color QCD with O(p*) derivatives is

f2 f2 2
LonpT = Z“tr[DMET D'Y] + “4 Ttr[EY 4+ STET]

+L, (tr[D, 2T D*X])? + Lotr[D, ST D, S)tr[DF ST DY) + Lstr[D, X1 DHED, YT DY S] - - -

oc(/f/Ai)”—>O
DY =0,% —iud,o(JE + XJ? _ 1 0 1
L i (79 uO( ) with J = ( 0 1 ) E = ( _01 0 )

Y — é-ETé-T

¢ = exp(ill/ fr) 1> §7T0,7T+’7T_,B,B)
J \ J
Y !
pions diquark baryons

- This is a hadronic model (NO compositeness due to quarks)

- Reconsider sound wave based on ChPT at mean-field level



Hadronic model

« ChPT at mean-field level

- Mean field describing chiral and diquark condensates reads

(B) = ei2V2XsAET — (cosﬁ +i2v/2 X5 sin B) B

i _ ! 0 im ' (qq)  frsing |
with XS_ﬁ( im0 ) | .

$ Mean-field Lagrangian: £}pr = 22 {/ﬁ(l — cos283) +m2 cosﬂ} = f psin? 3
with Cy /(47 fr) = 16%(L1 + Lo) + 64L5

- There remain three parameters f,.,m,,Cy < (3 is determined by gap eq.

condensates
A




Hadronic model

- Sound velocity from ChPT

- Inputs: f, = 177MeV and m, = 738 MeV

1.0
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- Trace anomaly
1.0 . —_ 0(p?)
04 =50Mev 0™
0.8
v, 06
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~
025 050 075 100 125 150 175 200

ulmy,
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-

-

- Peak of cﬁ
hadronic model (no quark d.o.f.)

(so does linear sigma model)

IS obtained even at\

)

___________________________________
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Hadronic model

* Discussion

- Do hadrons play essential role even at higher density in two-color QCD

$ may be possible!

. Schematic phase diagram of two-color QCD

TT | from lida-Ttou (2022)
"""""""" QG_ l;"‘“ From Polyakov loop simulation:
Braguta-Ilgenfritz-Kotov-Molochkov-Nikolaev (2016)
" Boz-Giudice-Hands-Skullerud (2019)
Tc | 59 _~ b 88300 Iida-Ttou-Lee (2020)

deconfined

- Is there quark saturation effect?

black dotted: Tc curve
more-or-less confined-like




Conclusions

- | discussed the peak of sound velocity from quark saturation

@ abrupt evolution 0
fa || @ mild evolution p 4 24 A

- In two-color QCD, hadronic model can also lead to the peak
(NO quark degrees of freedom)

$ Consistent with the confined phase at high density

- How about in three-color QCD?



Psat Psat By = NPz

folp;ng) = . B(Pg;nB)Qin(p, PB)

with Qin a probability density of the quark inside hadrons



