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Introduction

* Neutron Star
* IS a compact star formed after
supernova explosion of massive star.

e Typically, M=1.5M,, R=10km.
« Temperature T =~ 10° [K] =~ 0.01 [MeV] =0

» Density incore p =several X po o 001 gieme

Most dense in Universe! ,



Introduction

quark-hybrid vaditional neutron star
far

: |
sgmes SR o n’
matter 10 " gem 3
0 14 glem d
strange star g
. nuclean star
R~ 10 km
Source ; Meutrons stars and pulsars (W. Becker) M=-1.4 M@

* Hyperon
* |S a serious subject in physics of NS.

* Does hyperon appear inside neutron star core?
 How E0S of NS mater can be so stiff with hyperon?
cf. PSR J1614-2230 1.97+0.04 M,

* Tough problem due to ambiguity of hyperon forces
« comes form difficulty of hyperon scattering experimeng.



Introduction

 However, nowadays, we can study or predict

hadron-hadron interactions from QCD.
 measure h-h NBS w.. in lattice QCD simulation.  HALQCD
. define & extract interaction “potential” from the w.f. @PP/apch
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* Today, we study hyperons in nuclear medium by
basing on YN YY interactions predicted from QCD.

« We calculate hyperon single-particle potential Uy(k;p)

: ](12 L) tru
» defined by e,(k;p)= 20, Uy(k;p) exlksip) s ot edium

« Uy Is crucial for hyperon chemical potential.




Introduction

 However, nowadays, we can study or predict

hadron-hadron interactions from QCD.
 measure h-h NBS w.. in lattice QCD simulation.  HALQCD
. define & extract interaction “potential” from the w.f. @PP/apch

* Today, we study hyperons in nuclear medium by
basing on YN YY interactions predicted from QCD.

« We calculate hyperon single-particle potential Uy(k;p)

: ](12 L) tru
» defined by e,(k;p)= 20, Uy(k;p) exlksip) s ot edium

« Uy Is crucial for hyperon chemical potential.

» Hypernuclear experiment suggest that ©°~'71™ |

UP(0)~-30, UZP(0)~-10, U;®(0)=~+10 [MeV],

attraction attraction small repulsion small
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Lattice QCD

1 & ~uv, = _uf a aa _
L= —ZGWGS + qy’“’“(lﬁM — gt A,|]q—mqgq
quarks q gluons U = el@A |
on the sites  on the links Vacuum expectation value
BT ]
: el (O < q,9,U )> path integral
4 =[dudqgdqe ™ 0(q,q,U)
| W = [ dudetD(U)e ™' o(D™'(U))
pransa E’:’(':Wd 1 N 1 qu;rk propagator
igissrment EPELH =lim = ) O(D (U,
L /lLatt!ce el N ; ( ( 1))
ERfaniafiiniinidiianiis oo g { Ui} : ensemble of gauge conf. U
¥ AP e generated w/ probability det D(U) e-SvW)
<+
a

* Well defined (reguralized) * Fully non-perturvative
* Manifest gauge invariance * Highly predictive



S. Aoki, T. Hatsuda, N. Ishii, Prog. Theo. Phys. 123 89 (2010)
HAL m eth Od N. Ishii etal. [HAL QCD coll.] Phys. Lett. B712 , 437 (2012)
NBS wave function ¢ Z<O|B (x+7,t)B j(Sc’,t)|B:2,E>

Define a common potentlal U for all E eigenstates by a “Schrédinger” eq.

. Non-local but
0;(7) + f d°’r'U(7,7")¢:(F') = E;0;(F)  energy independent
below inelastic threshold

Measure 4-point function in LQCD

V(1) = 2 (0IB(R+7,6) B,(%,6) T (t)|0) = 3 Aggy(F)e ™ + -

V expansion U(F,7)=8(F=F)V(F,V)=8(F=F)[V(F)+ V3. ]

& truncation

Therefor, in 2 (= < y(7,t)
the leading V(F) = 1L Viy(i,t) _ o




Multi-hadron in LQCD

e Direct : utilize energy eigenstates (eigenvalues).
e Luscher's finite volume method for phase-shifts
 Infinite volume extrapolation for bound states

« HAL : utilize spatial correlation and “potential” V(r) + ...

D a(F,t) - . .
. 1 Viy(7,t) ot ’ Y(7,t) : 4-point function
V(r) — 2u W(F t) - 1P<F t) — 2My contains NBS w.f.
» Advantages e NN S
* No need to separate E eigenstate. “| | :’ -
Just need to measure y(r,t) ' Need to check validity

of the leading term V(r)

* Then, potential can be extracted.

* Demand a minimal lattice volume. i e
No need to extrapolate to V=co. " rereonm fanewam

« Can output more observables. L Ri0s013840 (mes=469 MeV)

0 50 100 150 200 250 300 350
Ep [MeV]

* \We can attack hyperon in matter too!! 10

6 [Deg]




Simulation setup
« Nf=2+1 full QCD

Clover fermion + lwasaki gauge w/ staut smearing
Volume 96* ~ (8 fm)*

1/a = 2333 MeV, a = 0.0845 fm
Mn = 146, Mk =~ 525 MeV

Mn = 956, MA =~ 1121, Ms =~ 1201, M= =~ 1328 MeV

Collaboration in HPCI Strategic Program Field 5 Project 1

K-configuration

almost physical point

e Measurement

» 4pt correlators: 52 channels in 2-octet-baryon (+ others)
» Wall source w/ Coulomb gauge fixing

Dirichlet temporal BC to avoid the wrap around artifact

e f#fstat =414 confs X 4 rot X 28 src.

. . . 11
Not final. We are still increasing #stat.



Hyperon interactions from QCD

12



Hyperon int. potentials from LQCD

250

il T T T 120 T T T
H tto=11 —— { t-tp=11 ——

100 r

etc. for

o i ISoAAAN | .
- | example

r [fm]

 There are many particle-base potentials. #=100 in S-wave.
* For application, we need to parameterize potential data.
It is tough to parameterize all needed potential data.

So, today, for the moment, | use potential data rotated
Into the irreducible-representation base.

8 X8=27+8s+1+10"+ 10 + 8a
1So 3S1, D1

13



Irre.-rep. base diagonal potentials

120 T 5000 . 200
Data t-tg=11 —+— Data t-tp=11 ——
100 Fitted funcion Fitted funcion
80 r
60 -
SIECR: S S
> > >
0
20 [
-40 | 1000 Data t-tg=11 |
1 0 1000 1200 Fitted funcion ——
SO 2 3 4 2 3 4 0 1 2 3 4
r [fm] r [fm] r [fm]
3 120 T 2500 T 120 -
S1 Data t-tp=11 — Data t-fg=11 — Data t-tg=11 —+
3 100 Fitted funcion Fitted funcion 100 ¢ Fitted funcion ——
2000
Dl 80 | 80
2 10* Vc 1500 | 10 Vc 0 | 8a Vc
% 40 + % E 40
2 Z, 1000 | 2
;g 20 | § § 20 |
0 500 0
20 -20
0 e
-40 | -40 |
-60 : : -500 : : -60 :
2 3 4 2 3 4 0 1 2 3 4
r [fm] r [fm] r [fm]
 Analitic function fitted to data
2
) )\ e ar

Vir)=a,e ™ " a, e '

+ a. (1—6_0‘”

- 14



Irre.-rep. base diagonal potentials

20 T T T 100 . . -
381 Data t-p=11 ——
Fitted funcion ——

0 80 |

w
V(r) [MeV] 9

V(r) [MeV]
V(r) [MeV]

N
o

-60 -

Fitted funcion ——

' ' -20 ' L L
0 1 2 3 4 0 1 2 3 4
r [fm] r [fm]

-100

e Analitic function fitted to data

e ®
r

1+3+3

2\2
+ a (1—e_asr)
a; 1T (ayr) ’

V(r)=q [1—e"f

100

80

N
o (=] o o

-20

1

3 3
+ +

dg I (as r>2

r

e Since SU(3)r Is broken at the physical point (K-conf.),
there are irre.-rep. base off-diagonal potentials.

« But, | omit them and constract V¥n, Vv with these
Irre.-rep. diagonal potentials and the C.G. coefficient. |,



Hyperon single-particle potentials

16



Brueckner-Hartree-Fock Lost

. . ) M. Baldo, G.F. Burgio, H.-J. Schulze,
Hyperon single-particle potential Phys. Rev. C58, 3688 (1998)

= D D D (kK Gy (K)+ey (k)| Ikk ") f\/\/\/\f©

N=n,p SLJ k'<k,

25+ 1 _ 1 3 3
L] _<SO) S], Dl,

in our study

'p,, 3p]

limitation

* YN G-matrix using V22, M% , U, """ and, Uy

n,p
- sL —+ sLj
Q=0 G(An)(An) G(An)(Zon) G(An)(z'p) Q=+1 G(AP)(AP) G(Ap)<20p) G(AP)(ZW)
Gommnn Oeomen Geonep) Gaminp Gupisp G
Gspian Gepien Cupip Gsninp Genirpy Gemea
_ SIJ SLy
Q=1 Gy Q=42 Gipey)

17



Brueckner-Hartree-Fock

. Hyperon single-particle potential

= Y X Y kTG festbiren(k NIk AN

N=n,p SL] k'<k,
* =N G-matrix using V2=, M, U, °, U, 5" and, U

Flavor symmetric 1So sectors

Q=0 |GZwzn Gemzp Cewss) Gewmes) Gemsa Geman
G(w-p><~0n> Gepep Oeper) Oeper) Geprs Gepiaa
Genien GrsiEp Oenirs Orner) Gronea Crroma
G =n Oeeiey Orors Orows Grows Greina
G m) Genep Oears Oenes) Geaws Groana
G ) GuaniEp Ganes Cuner) Canea Ganaa

Q:+1 GEELO]p)(Eop) G(Eop)(2+A)) Q:_l G(SEL]n)(: n) G(En)(zA))
G(z+A>(:0p> G(z A)(ZFA) G(ZA)(M) G(ZA)(E‘A) 18




Brueckner-Hartree-Fock

—_ . . LQCD Ph AV18 LQCD LQCD
=N G-matrix using Vo Myy,U UA?Z and, Uz®

n,p 1

Flavor anti-symmetric 3Sz, °D1 sectors

=0 SL]

Q Gamn Gemepy Gemes) Gemea
Gepen Gepiep Ozpis) Gepiea
Grryen Gerien Ownen Owses
Guonen Geaney Oears) Geaa

Q:+1 Q:—]_

SLj SLj
Gepiep Oepier) Gepen|  |Gewzw Genes Oe

Zn)(=n = En)(TA)
Gy Guwirs) Gewin)]  [Grwen Gessyy Gesma
Gonep Graes) Geneanl  |Gepew Genms) Csaea



Results
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Hyperon single-particle potentials

20 . . . 20

@p=0.17[fm ]

10 | 10 |

o

0 0
S S
[4h] [4h]
= 10| =. .10
= =
9 9
D D

N
o
|
N
o

{4
S
S§
L
Q

@
S
'
@
S

p=017[fm=3], x =0 E— p =017 [fm™3], x =05 E—
-40 1 1 I _40 | L I
0 1 2 3 4 0 1 2 3 4
k [fm™] k [fm™]

e obtained by using YN,YY forces form QCD.
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Hyperon single-particle potentials

20 | . . . 20 _3
- @p=0.17[fm "]
10 | 10(-
" " T

; : O S
= .10 | = .10 | S
< <
S S <

20 | 20 | Qg)

30 F -30C—

p=017[fm=3], x =0 E— p =017 [fm™3], x =05 E—
-40 : : : -40 : : '
0 1 2 3 4 0 1 2 3 4
k [fm™] k [fm™]

e obtained by using YN,YY forces form QCD.
* Results agree with experimental data!
U>(0)~-30, U(0"®=~-10, U®0)=~+10 [MeV] .,

attraction attraction small repulsion small



Hyperon single-particle potentials

N I - | i @p=0.17[fm ]
10 ¢ 10(-
: 0 é\
S S S
-20 o0 | E
N
Q
o} 7
20 Ip:0.17 [fm'3l]rx:0 | JC— . Ip:0.17 [fm'3l],x:0.5 | E—
i kY ) ’ Y ki 4
« obtained by using YN,YY forces form QCD. Remarkable.
« Results agree with experimental data! Encouraging.

U®(0)=-30, U(0)"®~-10, UT0)~+10 [MeV] .,

attraction attraction small repulsion small



In high density PNM

U(k) [MeV]

U(k) [MeV]
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Preliminary
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Chemical potentials

450 . ‘ ‘ 450
400 L PN M 1 400 ke
a0 | AV18 NN ] o
No NNN N\
300 | ] 300 | (?
=" 250 | =" 250 = \Q
=, 2n-p = S
5 200 | 5 200 | .
>~
)
150 | e 150 | Qk
100 Free S b - il 100 L
- - A et
50 | - = ] 50 | ]
i o PNM 2 o5
0 ' ik 0 ' ‘ =
0 1 2 3 4 0 1 2 3 4
P [Pol P [pol

* Density dependence of chemical pot. of n& Y in PNM.
 Hyperonappear n-=Y  if w, > u,
nn->pY it 2u, > u, +u, 25



Hyperon onset

.| PNM

w0 | AV18 NN
No NNN

2n-p

IJn—_

2.un ".up EEEom

2

p [pol

3

(just for a demonstration)

el

p [pol

3
S
S§
L
Q

* First, 2™ appear at 2.5 po. Next, A appear at 3.0 po.

NS matter is not PNM especially at high density.
» We should compare with more sophisticated un and pup.

* P-wave YN force may be important at high density.

26



Hyperon onset

- AV18 NN
No NNN
2n-p
Free -~ ~
o gt i n .un —
3 : : 2.un ".up BT
1 2 3 4
p [Pl

(just for a demonstration)

el

p [pol

3
S
S§
L
Q

* First, 2™ appear at 2.5 po. Next, A appear at 3.0 po.

NS matter is not PNM especially at high density.
» We should compare with more sophisticated un and pup.

« P-wave YN force may be important at high density.

L Post K target
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Thank you !!
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Back up
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Hyperon single-particle potentials

20 . . . 20 3
@p=0.17[fm’]
10 .—
0 IS
3 3 L
=, . =, .10 S\
S < .
> > N
-20 @
30 |
p =017 [fm'3l],x:0 | E— p =017 [fm'3l],x:0.5 | E—
0 0 1 2 3 4 0 0 1 2 3 4
k [fm™] k [fm™]
- - LQCD LQCD, BHF
- obtained with LQCD YN,YY pot. + M %"+ U.%
N N 2 =
Mz [MeV] 956 1121 1201 1328
32

 YN,YY pot. are essential. Ms and Unp have minor effect.



V(r) [MeV]

V(r) [MeV]

LQCD AN-2N

8000
300
6000 | 200 |
' =
e
4000 | =0y
4 N
=
2000 | \} attraction .=+
0.5 1.0 15 2.0
0
-2000 ! ! 1 T I L m
0D | 85 18 15 A0 ®BE5 Ba 85 4D
 [fm]
8000 :
300
6000 | 200 |
=
=
4000 | = oy
~
=
0
2000 |
-100 : : :
! 0.0 0.5 1.0 15 2.0
0
-2000 ! ! 1 T I L m
0D | 85 18 15 A0 ®BE5 Ba 85 4D
 [fm]

V(r) [MeV]

V(r) [MeV]

From K-conf. but rotated from the
irr.-rep. base diagonal potentials.

8000 . : 8000 : :
300 ; ; 300 —
3 AN, AN ——— So ——
St BBV e IN(=372) (Si
6000 [ 200 AN,ZN ........... 6000 [ 200 : 1 e
g g Dy
g g
4000 | = < 4000 | =
s 2 = !
0 = 0F
B . -~ g
ke attraction 00
-100 : L L 3 -100 . L .
0.0 05 1.0 15 20 R, 0.0 05 1.0 15 20
0 0 =
-2000 ! ! L ! L L L -2000 ! ! ! L L L
G0 05 18 15 20 25 B8 B85 4D 05 10 g0 25 B B85 40
1=1/2 | 1=3/2
50
0
-50
-100
450 [
strong AN, AN ——
363D ENEN -
AN,IN oeeeeeee
_200 1 1 L
0.0 05 1.0 15 20
 [fm]

* In I1=1/2, 1So channel, AN has an attraction, while N is repulsive.
* In I=1/2, 3S1 channel, both AN and N have an attraction. « » No attraction
* In I=1/2, strong tensor coupling in flavor off-diagonal.

in Nijmegen
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— From K-conf. but rotated from the
—_— - irr.-rep. base diagonal potentials.

12000 ; 12000 : ; . : . : . . R
300 300 ; : ; =2,1=0 EN.EN ——
=-2,1=0 =NEN —— -
10000 : 10000 | VC S 5 0 =nvev ] - VT 38D,
SD;
200 | % 200 | ]
8000 - 8000 - e
2 2 100
= 100 | = L
= 6000 = = 6000 = =
[} ~ [} ~ [0}
= 5 = 5 2 0
= 4000 0 = 4000 0 o=
= s =
] 2000 | 1
-100 N, ' -100 ' ' ' 20 |
0.0 05 1.0 15 2.0 0.0 05 1.0 15 2.0
i — 0
-2000 -2000 |
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40 0.0 05 1.0 15 2.0
O r [fm] r [fm] r [fm]
12000 : ; . . : : . 12000 : ; . : . : . . ; —
300 V 300 i V Sy il s T
10000 [ 10000 [ [ B 3 ENZA v ]
C il T SDi ST
200 | 200 F; ¥ A
8000 | i 8000 | i ;
> S
2 =
= 100 | = BN T e o AN O A e
< 6000 = < 6000 = = Ul
) = ) = Gl [ arae e e T
= X = 5 = o S . = LIAat et s e arararan
= 4000 f 0 —~ 4000 | 0 =~ _?ﬂ"‘"’—’"
= : = Ea A | SR
2000 | 2000 [ ] i
-100 > -100 ' : : 20 b %
0.0 ' 0.0 05 1.0 15 2.0
-2000 |- . -2000 |- |
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40 0.0 05 1.0 15 2.0
r [fm] r [fm] r [fm]

« Many experimentally unknown coupled-channel potentials.
* One can see predictive power of the HALQCD method.
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Introduction

* QCD phase diagram
T A

deconfined
quark + gluon

confined
hadron

nuclei

-1

« NS matter has p = several x poand T = 0,

and corresponds to on the QCD phase-diagram.
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Introduction

* QCD phase diagram
T A

deconfined
quark + gluon

confined
hadron

nuclei

U

« NS matter has p = several x poand T =0,

and corresponds to on the QCD phase-diagram.

* Perhaps, it touches the deconfined QGP phase.
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Introduction
* QCD phase diagram

Strangeness T

deconfined
quark + gluon

confined

I ey

« NS matter has p = several x poand T =0,
and corresponds to on the QCD phase-diagram.

* Perhaps, it touches the deconfined QGP phase.
* Probably, it goes to finite strangeness direction.
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Introduction

* QCD phase diagram

Strangeness T

A

Direct
LQCD 77
5 confined

i 0
nuclei g7 geuttos

deconfined
quark + gluon

Lo =

NS matter has p = several x poand T =0,

and corresponds to

on the QCD phase-diagram.

Perhaps, it touches the deconfined QGP phase.
Probably, it goes to finite strangeness direction.
Current LQCD simulations are limited only for p = 0. ss



Introduction

* QCD phase diagram

Strangeness

BFQCDILHMEFELNDSICIL,
EEPNESRELENOT7TTO—FHIBE!

T

A
deconfined

Direct
quark + gluon

confined

nuclei e
u R

L o R et

NS matter has p = several x poand T =0,

and corresponds to on the QCD phase-diagram.

Perhaps, it touches the deconfined QGP phase.
Probably, it goes to finite strangeness direction.

Current LQCD simulations are limited only for y = 0. 39



Source and sink operator

 NBS wave function and 4-point function

equal

7= Z<o|Bl.(S<’+F,t)B-(X’,t)IB=2,E>QcDeigenstate

Z<0|B% ,t)B,(%, |0>—ZA ((F)e el

sink source

* Point type octet baryon field operator at sink

Pa(x_) — Eclczc3(CYS)Bl[326B3a U(E1)d(§z)u(§3) with Ei:{ci’ Bi’ X_}
AulX) = ~ e (C¥elyn Oy | & 418 (5, )ul )+ (5, )ule,)d(5,)-2u()d(2) (%)

» Wall type source of two-baryon state

e.g. BB'Y = —\/é: AN + \/{33: >3 + \/gj NZ= for flavor-singlet

+

40



FAQ

1. Does your potential depend on the choice of source?

2. Does your potential depend on choice of operator at sink?

3. Does your potential U(r,r") or V(r) depends on energy?

41



FAQ

1. Does your potential depend on the choice of source?

> No. Some sources may enhance excited states in 4-point func.
However, it is no longer a problem in our new method.

2. Does your potential depend on choice of operator at sink?

> Yes. It can be regarded as the “scheme” to define a potential.
Note that a potential itself is not physical observable.
We will obtain unique result for physical observables irrespective
to the choice, as long as the potential U(r,r) is deduced exactly.

42



FAQ

3. Does your potential U(r,r’) or V(r) depends on energy?

> By definition, U(r,r’) is non-local but energy independent.
While, determination and validity of its leading term V(r)
depend on energy because of the truncation.

However, we know that the dependence in NN case is very small
(thanks to our choice of sink operator = point) and negligible at least
at Eiav. = 0 — 90 MeV. We rely on this in our study.

If we find some dependence, we will determine the next leading
term of the expansion from the dependence.

43
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