High Density Matter from QCD
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The progress of science requires the growth of
understanding in both directions, downward from the whole
to the parts and upward from the parts to the whole.
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From “The Scientist as Rebel” by Freeman J. Dyson i?iﬁ(e F '
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r ~1 [fm]

r ~10 [fm]

r ~10 [km]



Plan of this Talk

1. Introduction : phase structure of QCD
2. Baryon forces from Lattice QCD (LQCD)

Inoue et al. [HAL QCD Coll.], PRL 106 (2011) 162002

3. Nuclear & Neutron Matter from LQCD

Inoue et al. [HAL QCD Coll.], PRL 111 (2013) 112503

4. Finite Nuclei from LQCD

Inoue et al. [HAL QCD Coll.], arXiv: 1408.4892

9. Summary



QCD Phase Structure

K. Fukushima, T. Hatsuda,
Rep. Prog. Phys. 74 (2011)
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From QCD to Hot Matter

Quantum Chromo Dynamics

Lattice QCD

N

Equation of State for Hot Matter
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Quark-Gluon Plasma at RHIC/LHC eV

- hightemp.: T~4x10?K AHC
- low viscosity: n/s ~ 1/4tm

Ultra-Cold Quark-Gluon

10 Atoms Helium Plaama
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String Theory Limit
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From QCD to Dense Matter

Quantum Chromo Dynamics
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Lattice gauge simulations
8 g problem
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Phenomenological nuclear force

Nuclear Force and dense EOS (nucleons only)
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Mass-Radius relation of N, (nucleons only)
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Hyperon CrisiS (Takatsuka et al., 2002)
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Hyperon Crisis

Hadronic EQS

TNI3u

PSR J1614-2230

PSR 1913+16

Masuda, Hatsuda & Takatsuka,
Astrophysical Journal Letters 764 (2013) 12



From QCD to Hot/Dense Matter

Quantum Chromo Dynamics

Lattice
QCD simulations
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Precision QCD

4 1 )
L= 3G, G + v (i0, — gt* Af)q — maq
a a a b jqc
L G, = 0, AL — 0,A% + g fanc AL AS ,
Running masses: m,(Q) Running coupling: a,(Q)=g%/41

April 2012

quark masses [MeV]
(from lattice QCD) (MS-bar @ 2GeV)

v T decays (N3LO)

a DIS jets (NLO)

o HL avy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
e 7 pole fit (N3LO)

2.16 (9)(7)

4.68 (14)(7)
93.8 (2.4)

FLAG Collaboration update( July 26, 2013)
http://itpwiki.unibe.ch/flag/

PDG (2012) http://pdg.lbl.gov/


http://itpwiki.unibe.ch/flag/

Hadron masses (2008) Hadron masses (2013)
m_ > 190 MeV m_ =135 MeV with QED
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BMW Collaboration, Science 322 (2008) 1224 BMW Coll.: Phys.Rev.Lett. 111 (2013) 252001




HPCI Program (FY2011-2015) Field 5: All Japan Computational Physics Collaboration

The Origin of Matter and the Universe
(particle physics — nuclear physics — astrophysics, 11 institutions)
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11 Pflops K Computer (RIKEN)

Lattice 2015 (July)
Quark Matter 2015 (Oct.)
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Project 1. Baryon-Baryon interaction from lattice QCD

Project 2. Nuclear quantum many-body calculation

Project 3: Supernova explosion and black-hole formation

Project 4: First stars and galaxies




Present un-physical point simulation

for single and multi-baryons

On-going physical point simulation

for single and multi-baryons in K

NEXT YEAR’S TALK
Stay Tuned !!

TODAY’S TALK

9

0.121 fm x32 = 3.9 fm
m_=350-1200 MeV

0.084 fm x96 = 8.1 fm
M, ~150 MeV




quarks g  gluons U =exp(iagA)
on the sites on the links
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» well defined statistical system (finite a and L)
e gauge invariant
e fully non-perturbative

~N

» Numerical simulations
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http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Beqnarray%7D%5Ctextcolor%5Brgb%5D%7B1,1,1%7D%7B%0D%0AZ=%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
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Beqnarray%7D%5Ctextcolor%5Brgb%5D%7B1,1,1%7D%7B%0D%0AZ=%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

Baryon Forces from LQCD

i H.i-jl'.-l’

Univ. Tsukuba T. Miyamoto, H. Nemura, K. Sasaki, M. Yamada
Univ. Tokyo B. Charron

RIKEN T. Doi, T. Hatsuda, Y. Ikeda, V. Krejcirik
Nihon Univ. T. Inoue

e YITP (Kyoto) S. Aoki, T. Iritani

o\ L RCNP (Osaka) N. Ishii, K. Murano

from Lattice QCD Birjand F. Etminan

Review: “Lattice QCD Approach to Nuclear Physics”
HAL QCD Collaboration, Prog. Theor. Exp. Phys. 2012 (2012) 01A105




Hadronic correlations in LQCD
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Finite Volume Method : HAL QCD Method
E, (L) > phase shift ® (r,t) 2 kernel = phase shift
Luescher, Nucl. Phys. B354 (1991) 531 Ishii, Aoki & Hatsuda, PRL 99 (2007) 022001

Comp. Sci. Dis. 1 (2009) 015009
HAL QCD Coll., PLB 712 (2012) 437




HAL QCD Coll.
BB Forces in 3-flavor QCD Phys. Rev. Lett. 106 (2011) 162002
Nucl. Phys. A881 (2012) 28

PP (uud-uud) channel H (uds-uds) channel
(partial) Pauli blocking No Pauli blocking

Mps = 1171 [MeV]

Mps = 672 [MeV] o
|"‘-"1;.--; = 469 [MBV] —8

V(r) [MaV]

Mps = 1171 [MeV]

M;s = 672 [MeV]
ol 469 [MeV] -

Pauli and van der Waarls
at work !




HAL QCD Coll.
BB Forces in 3-flavor QCD Phys. Rev. Lett. 106 (2011) 162002
Nucl. Phys. A881 (2012) 28
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Pauli and van der Waarls
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Nuclear Matter, Neutron Matter & Finite Nuclei

\_

from LQCD + BHF

J

nucleon ~1 [fm]

—g
T "\

nucleus ~10 [fm]

Neutron star ~10 [km]



Nuclear EOS from Lattice NN force + BHF calculation
(NN force: 1S,, 3S;, 3D, channels only)

HAL QCD Coll., Phys. Rev. Lett. 111 (2013) 112503

Nuclear Matter Neutron Matter
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Neutron Star from “Lattice EOS”

Mps = 1171 [MeV]

Mps = 837 [MeV]
Mps = 672 [MeV/] w7
Mps = 469 [MeV] —— |

HAL QCD Coll.,
Phys. Rev. Lett. 111 (2013) 112503




Neutron Star from “Lattice EOS”

Mps = 1171 [MeV]

Mps = 837 [MeV] ]
Mps = 672 [MgV/] ]
Mps = 469 [MeV] —— |

HAL QCD Coll.,
Phys. Rev. Lett. 111 (2013) 112503




Finite Nuclel from Lattice NN force + BHF calculation
(NN force: 1S, 3S;, 3D, channels only)

Inoue et al. [HAL QCD Coll.], arXive 1408.4892

Bound nuclei start to appear from m =470 MeV
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S-state P-state D-state S-state P-state D-state

Single particle level Total energy | Radius

1S 1P 25 1D Eq Eo/A | \/(r?)
—35.8 —13.8 —34.7 =217 2.35
‘al —59.0 —36.0 —14.7 —14.3| —-112.7 —2.82| 2.78




Nuclear Binding Energy from Lattice NN Force

Inoue et al. [HAL QCD Coll.], arXive 1408.4892

Bethe-Weizacker behavior at m ;=470 MeV

E(A)=a, A+a, A

a,=—5.5 MeV (exp: —=15.7 MeV)
a,= 6.65 MeV (exp: 18.6 MeV)

2/3
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Maeda, Baym & Hatsuda, Phys. Rev. Lett. 103 (2009) 085301
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Meada, Baym & Hatsuda, Phys. Rev. A 87 (2013) 021604(R)




Maeda, Baym, Hatsuda
(2012)

meson-condensation in ultracold dipolar atoms

Neutron “ Trapped
star cold atoms

P

Meson condensate (SDW) Dipole density wave (DDW)
by tensor force by dipole force

r3 3

30ty - #)(fly - 7) — iy - o ST .
U (fi1 - 7)(fH2 - 7) — fiy - fiz i ()

neutron matter - atomic dipolars
neutron stars atomic gases(e.g. 63Dy, 161Dy)
neutrons fermionic diplolars
spin pseudo-spin (hyperfine states)

IR
neutral vector meson (p") photon

tensor-force potential dipole-dipole interaction potential

meson condensation spin/density wave



http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Beqnarray%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1,1,1%7D%7BU_%7Bdd%7D%20%3D%20%20-%20%5Cfrac%7B3%20(%5Cvec%7B%5Cmu%7D_1%20%5Ccdot%20%5Chat%7Br%7D)(%5Cvec%7B%5Cmu%7D_2%20%5Ccdot%20%5Chat%7Br%7D)%20-%20%5Cvec%7B%5Cmu%7D_1%20%5Ccdot%20%5Cvec%7B%5Cmu%7D_2%7D%7Br%5E3%7D%20%0D%0A-%20%5Cfrac%7B8%5Cpi%7D%7B3%7D%20%5Cvec%7B%5Cmu%7D_1%20%5Ccdot%20%5Cvec%7B%5Cmu%7D_2%20%5Cdelta(%5Cvec%7Br%7D)%7D%0D%0A%5Cnonumber%20%5Cend%7Beqnarray%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Beqnarray%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1,1,1%7D%7BU_%7Bdd%7D%20%3D%20%20-%20%5Cfrac%7B3%20(%5Cvec%7B%5Cmu%7D_1%20%5Ccdot%20%5Chat%7Br%7D)(%5Cvec%7B%5Cmu%7D_2%20%5Ccdot%20%5Chat%7Br%7D)%20-%20%5Cvec%7B%5Cmu%7D_1%20%5Ccdot%20%5Cvec%7B%5Cmu%7D_2%7D%7Br%5E3%7D%20%0D%0A-%20%5Cfrac%7B8%5Cpi%7D%7B3%7D%20%5Cvec%7B%5Cmu%7D_1%20%5Ccdot%20%5Cvec%7B%5Cmu%7D_2%20%5Cdelta(%5Cvec%7Br%7D)%7D%0D%0A%5Cnonumber%20%5Cend%7Beqnarray%7D

Hadron-Quark Phase Transition
and the role of “Diquarks”

Nuclear superfluid < Fermion+Diquark < Diquark superfluid

L | L |

Induced superfluid < Fermi-Bose mixture

40K N '
87Rb Maeda, Baym & Hatsuda,

Phys. Rev. Lett. 103 ('09)
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Present un-physical point simulation

for single and multi-baryons

On-going physical point simulation

for single and multi-baryons in K

NEXT YEAR’S TALK
Stay Tuned !!

TODAY’S TALK
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0.121 fm x32 = 3.9 fm
m_=350-1200 MeV

0.084 fm x96 = 8.1 fm
M, ~150 MeV




S\ID,



	スライド番号 1
	スライド番号 2
	スライド番号 3
	スライド番号 4
	スライド番号 5
	スライド番号 6
	スライド番号 7
	スライド番号 8
	スライド番号 9
	スライド番号 10
	スライド番号 11
	スライド番号 12
	スライド番号 13
	スライド番号 14
	スライド番号 15
	スライド番号 16
	スライド番号 17
	スライド番号 18
	スライド番号 19
	スライド番号 20
	スライド番号 21
	スライド番号 22
	スライド番号 23
	スライド番号 24
	スライド番号 25
	スライド番号 26
	スライド番号 27
	スライド番号 28
	スライド番号 29
	スライド番号 30
	スライド番号 31
	スライド番号 32
	スライド番号 33

