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‘ HAL QCD Strategy : From QCD to Compact stars I

Supernova explosion
-Neutron star. merger

Neutron star:

Hypernuclei max mass, cooling etc

neutron matter



Advanced Institute for Computational Science (AICS), RIKEN

[T——dl

10 PFlops supercomputer KEI “®” (full operation started on Sep.28, 2012)

http://www.aics.riken.jp/en/

Five “strateqic” programs (FY 2010-2015)

1. Life and Medicine 2. New Materials 3. Environment
4. Engineering 5. Particle, Nuclear and Astrophysics

Project 1. Baryon-Baryon interaction from lattice QCD simulations at physical point
Project 2. Large scale quantum many-body calculation of nuclei and its applications
Project 3: Realistic simulation of supernova explosion and black-hole formation
Project 4: Large scale simulation of first generation of stars and galaxies

[ Physical point simulation started : 96% lattice, a=0.1fm, L=9.6fm, m_=135MeV ]




Quantum Chromo Dynamics

1
L=—=G, G+ qy(i0, —gt®A})g — mqq | Nambu
4 (1966)

quarks q gluons U =exp(iaA))
on the sites on the links

AN / ) What can be done

e hadron properties & interactions
e hot plasma in equilibrium

ar
N

i | What is difficult

L ~ttice 7 e cold plasma
e phenomena far from equilibrium

Monte Carlo method

Z = / [dU][dqdg] exp {— / deSfB[:E} Observable
=0(g, m, a, L)



http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Beqnarray%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C1%2C1%7D%7B%0D%0A%7B%5Ccal%20L%7D%3D%20-%5Cfrac%7B1%7D%7B4%7DG_%7B%5Cmu%20%5Cnu%7D%5Ea%20G_a%5E%7B%5Cmu%20%5Cnu%7D%20%0D%0A%2B%20%5Cbar%7Bq%7D%5Cgamma%5E%7B%5Cmu%7D(i%20%5Cpartial_%7B%5Cmu%7D-%5Ctextcolor%5Brgb%5D%7B1%2C1%2C0.4%7D%7Bg%7D%20t%5EaA_%7B%5Cmu%7D%5Ea)%20q%20%0D%0A-%20%5Ctextcolor%5Brgb%5D%7B1%2C1%2C0.4%7D%7Bm%7D%20%5Cbar%7Bq%7Dq%20%7D%20%5Cnonumber%0D%0A%5Cend%7Beqnarray%7D%0D%0A
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Beqnarray%7D%5Ctextcolor%5Brgb%5D%7B1%2C1%2C1%7D%7B%0D%0AZ%3D%20%5Cint%20%5BdU%5D%5Bdqd%5Cbar%7Bq%7D%5D%5C%20%5Cexp%20%5Cleft%5B%20-%20%5Cint%20d%5Ctau%20d%5E3x%20%7B%5Ccal%20L%7D_%7B%5Crm%20E%7D%20%5Cright%5D%7D%0D%0A%5Cnonumber%20%5Cend%7Beqnarray%7D%0D%0A
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Running masses: m(Q)

[MeV]

(MS-bar @ 2GeV)
2.19(15)

guark masses
(from lattice QCD)

4.67(20)

94(3)

FLAG working group,
arXiv:1011.4408 [hep-lat]

Bethke, Eur. Phys. J C(2009)64:689 >

Running coupling: a,(Q)=g?/41r

s a Deep Inelastic Scattering
oe e*¢ Annihilation
o® Heavy Quarkonia

=QCD o03(Mz)=0.1184+0.0007



Hadron masses @ 2009 Hadron masses @ 2010
m. > 156 MeV m._ =135 MeV
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PACS-CS Collaboration, PACS-CS Coll.: Phys. Rev.D81 (2010) 074503
Phys.Rev.D79 (2009)034503




Baryon force: From phenomenology to 15t principle

ﬂ NN int.: about 4500 np and pp scatt. data

1
S, channel

“high precision” NN interactions  # of parameters

CD Bonn (p space) 38
AV18 (r space) 40

EFT in N3LO (nTT+contact)
R. Machleidt, arXiv:0704.0807 [nucl-th]

> NNN, YN, YY : data very limited
\> YNN, YYN, YYY : none

s

-

QCD has only four parameters :
mut mdl mSl AQCD




Multi-hadrons on the Lattice
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Methods to extract NN interaction from LQCD

[1] Temporal correlation:
Eun(L) =2 NN phase shift, binding energy

Luscher, Nucl. Phys. B354 (1991) 531

- quenched QCD: CP-PACS Coll. (1995)
- full QCD: NPLQCD Coll. (2006-)
 bound nuclei Yamazaki et al., (2010-)

2Z00(1,q)

= kcot do(k ]

[2] Spatial correlation :
BS wave function = NN potential - observables

(E— Ho)o(r) = / Ulr, I'I)‘?(l'f)dr, « half off-shell T-matrix

- NN system (quenched QCD) : Ishii, Aoki & T.H., PRL 99, 022001 (2007).
- NN, YN systems (full QCD): HAL QCD Coll. (2008-)
- Space-time hybrid method (full QCD): HAL QCD Coll. , PLB (2012)



HAL QCD Method Ishii, Aoki & T.H., (2007, 2008, 2010)

() Take your favorite interpolating operator
€0 N(z) = eabeq”(2)q"(2)q°(2)

< observables do not depend on the choice Haag, Nishijima, Zimmermann
(1958)

(i) Calculate the equal-time BS amplitude
o(r) = (O|N(Z + )N (Z)|6q)
(i) Define the potential

(B~ Ho)o(?) = [ Ul o)

-
/

(iv) Derivative expansion U, r") = V(7 V)8 (7 — )

V(7, V) = Vo(r) + S1aVo(r) + L+ S Vis(r) + {Vb(r), VZ} + - -

Okubo-Marshak (1958)

> “Potential” is not an observable but is a nice tool to calculate observables
> “Potential” is volume insensitive (i.e. Lattice Friendly)



http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C1%2C1%7D%7B%0D%0A%5Cphi(%5Cvec%7Br%7D)%3D%20%5Clangle%200%7C%20N(%5Cvec%7Bx%7D%2B%5Cvec%7Br%7D)N(%5Cvec%7Bx%7D)%7C6q%20%5Crangle%20%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C1%2C1%7D%7B%0D%0AN(x)%20%3D%20%5Cepsilon_%7Babc%7Dq%5Ea(x)q%5Eb(x)q%5Ec(x)%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/)%5Cphi(%5Cvec%7Br%7D') d%5E3r
http://maru.bonyari.jp/texclip/%7D)%3D V(%5Cvec%7Br%7D%2C%5Cnabla)%5Cdelta%5E3(%5Cvec%7Br%7D-%5Cvec%7Br%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C1%2C1%7D%7B%0D%0AV(%5Cvec%7Br%7D%2C%5Cnabla)%3D%20V_%7B%5Crm%20C%7D(r)%2BS_%7B12%7DV_%7B%5Crm%20T%7D(r)%2B%20%5Cvec%7B%5Crm%20L%7D%5Ccdot%20%5Cvec%7B%5Crm%20S%7D%20%5C%20V_%7B%5Crm%20LS%7D(r)%20%2B%0D%0A%20%5C%7BV_%7B%5Crm%20D%7D(r)%2C%5Cnabla%5E2%5C%7D%20%2B%20%5Ccdots%20%7D%0D%0A%5Cend%7Balign*%7D

Central potential in (2+1)-flavor QCD

HAL QCD Coll., Phys. Lett. B712 (2012)

PACS-CS gauge config.
(Clover + Iwasaki)

a= 0.09 fm, L=2.9 fm
m.= 700 MeV

4R-gauss
SR

50 100 150 200 250 300 350
Ejap [MeV]

= Physical point simulations (m_=135MeV, L=9.6 fm) at KEl computer



BB forces from LQCD

8xX8=27+8s+1+10"+10+ 8a

Symmetric Anti-symmetric

- Physical origin of the

Y=0(S=-2)

——&\—L ’ Z short distance NN repulsion ?
Ver(5=3) ‘ : - Fate of the H-dibaryon ?
| - Effect of the SU(3) breaking?

Y=-2(S=-4)




Wave function ¢“()

Lattice BB wave functions (flavor SU(3) limit)

lwasaki + clover
(CP-PACS/JLQCD config.)
L=1.9 fm, a=0.12 fm, 163x32
m_ =835 MeV, mg=1752 MeV

HAL QCD Caoll.
Phys. Rev. Lett. 106 (2011) 162002
Nucl. Phys. A881 (2012) 28

Short range BB int. < Quark Pauli principle
1 : allowed, 27 : partially blocked, 8. : blocked

(Oka, Yazaki, Toki, ..... )



IHAL QCD Caoll.
Phys. Rev. Lett. 106 (2011) 162002
Nucl. Phys. A881 (2012) 28

BB potentials (flavor SU(3) limit)

Repulsive core in NN channel

Mps = 1171 [MeV] —-+— A10%) Meg = 1171 [MeV] -

Ve

Mps = 672 [MeV] —a— Mps = 672 [MeV] —e—
Mps = 469 [MeV] —=— My = 469 [MeV] —a—

3
=
=

Wir) [Mev]

1S, channel

35, —3D, channel

Growing NN tensor force



NN phase shifts in the SU(3) symmetric world

Mps= 1171 [MeV] —

150 200

Tias [MeV]

Stronger attraction in the deuteron channel

HAL QCD Coll.,
Phys. Rev. Lett. 106 (2011) 162002
Nucl. Phys. A881 (2012) 28



‘ Mass-Radium Relation of Neutron Star I

2.5

1.5
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- NN
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1™

(pmax ~ 6p0)

NS - WD binary

_\ NS - NS binary

Pressure balance

Fermi pressure

gravity
Repu*re




Just for fun: Neutron star from NN potential in flavor SU(3) limit

EOS with Lattice NN force by BHF calculation > M-R relation by TOV equation

Mps = 1171 [MeV] w:eeeeseee Mps = 1171 [MeV] --wroeeeee

Mpg = 672 [MeV]
Mps = 469 [MeV]
APR e en

Mps = 672 [MeV]
Mps = 469 [MeV]
APR oeeererem

53]
o
T

>
v
=,
<
~
<51

I
o
T

Inoue et al. [HAL QCD Coll.] (2012)



Just for fun: Neutron star from NN potential in flavor SU(3) limit

EOS with Lattice NN force by BHF calculation > M-R relation by TOV equation

Mpg = 1171 [MeV] wwreveeeiees

Neutron Star

Mps=1171 [MeV] weeeee ]

897 [May] -
PIVIE
¥ il ARA~\/
Mpe =867 vigV

Mps = 469 [MeV]

Inoue et al. [HAL QCD Coll.] (2012)



3N force (spin-isospin independent part) from LQCD

an (7, ) (0|N(Z1)N(Z2) N (3)| Esn ),

1 (
[ TR Vo+ ) Van(7) + Vane(T ﬂ]tix(? p) = Esntsn (T, p),

i< j

2 1/100 " AdS CFT
Urbana VI

Urbana IX

lllinois-2

Vypg [MeV]

T. Doi et al [HAL QCD Coll.], arXiv:1106.2276[hep-lat]



- _ IHAL QCD Coll.
BB potentials (flavor SU(3) limit) Phys. Rev. Lett. 106 (2011) 162002

Nucl. Phys. A881 (2012) 28

Mps = 1171 [MeV] —+—

Repulsive core in NN channel

Mps = 672 [MeV] —e—

My = 469 [MeV] —a—

V(r) [Mev]

Attractive core in H channel
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At physical point:
Man <My <Mz ?
IHAL QCD Coll.

Phys. Rev. Lett. 106 (2011) 162002
Nucl. Phys. A881 (2012) 28

Mg [MeV]
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o
o

H binding energy [MeV]
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Sasaki et al.
[HAL QCD Coll.] (2012)

SU(3) breaking: coupled channel LQCD

Example: S=-1,3S,,1=1/2 (m_/m=0.29, 0.8)

AN-AN 2N-2N

V [MeV]

PACS-CS (2+1)-flavor config. L=2.9 fm



“Summary”

Hadron

o

r ~1 [fm]

Nucleus

r ~10 [fm]

Neutron star

r ~10 [km]

1.

2.

3. Physical point simulations

with a large volume (L=9.6 fm)
IS started at KEI computer

4. Direct comparison of

YKU (Yamazaki-Kuramashi-Ukawa)
approach and HAL QCD

would become soon possible !

LQCD would replace phenomenological interactions
in nuclear physics by 18t principle interactions

LQCD results together with nuclear many-body techniques
would provide us with a firm basis of nuclear physics from QCD




Latest Reviews

“Lattice Quantum Chromodynamical Approach to Nuclear Physics”

[HAL QCD Collaboration]
Progress of Theoretical and Experimental Physics, (2012) 01A105

http://www.oxfordjournals.org/our_journals/ptep/special_issue a.html

basic concepts of the non-local potential
central, tensor, LS forces from lattice QCD
coupled-channel YN, YY forces

three-body force

kaon-nucleon interaction

going beyond the pion threshold




END



Multi-hadron Dilemma

E
Resonance
region
NNt
E,, ~ 135 MeV
Scattering
region | i AE ~ 16 (3.2/L)? MeV
NN %
=Y e E ) (0
e — e T ) (1
n \
ersgci):r?nce Scattering region
~ 1.5 fm ~ 12 (L/3.2)? fm

< % ~ VN exp[-2(my ~ Lome)] J




Solution of the Dilemma : Interaction kernel (=non-local potential)

r) = 0 N r N Ishii, Aoki & Hatsuda,
b () = (OIN(Z + 1)N(Z)|n) PRL 99 (2007) 022001
(k2 + V) (i) = / 7 7)o (7)1 PTP 123 (2010) 89
mn ?
D (F)e™Ent Ishii et al. [HAL QCD Coll.],
>
n<men Phys.Lett. B712 (2012) 437

(<o = mk + %) o0) = [ U D

Resonance : :
Scattering region

region

0 1/E, 1/(AE)
~ 1.5fm ~ 12 (L/3.2)° fm

> “Potential” is not an observable but is a nice tool to calculate observables
> "Potential” is volume insensitive (i.e. Lattice Friendly)



http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/textcolor[rgb]{1,1,1}{

V(/vec{r},/nabla)= V_{/rm C}(r)+S_{12}V_{/rm T}(r)+ /vec{/rm L}/cdot /vec{/rm S} / V_{/rm LS}(r) +

 /{V_{/rm D}(r),/nabla^2/} + /cdots }

/end{align*}
http://maru.bonyari.jp/texclip/) =m_{_N} V(/vec{r},/nabla) /delta(/vec{r}-/vec{r}
http://maru.bonyari.jp/texclip/) /phi_n (/vec{r}') d^3r

