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* Biomechanical properties of weightlifting motion
In collaboration with T. M. Doi, S. Koike, T. Hatsuda, and A. Nakamura
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po : mean field density

Theory: HT, et al., PRA, 95, 043625 (2017); NJP 20, 073048 (2018).
Experiment: M. Horikoshi, M. Koashi, HT, Y. Ohashi, and M. Kuwata-Gonokami, PRX, 7, 041004 (2017).
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Effects of repulsive core

Phase shift of IS, NN scattering

70
60|
50t
40t
30+
207 T
10 ;
U T, | haNu [nner crust (p = 0~0.5p,)

-105 0.5 | 15 2

1
k/fm’! Po: Nuclear saturation density

Outer core (p = 0.5~1p,)

B

effective range expansion |

Realistic nuclear potential (AV18) : R. B. Wiringa, et al., PRC 51, 38 (1995).

Effective range expansion Effective range expansion breaks down in

kcots), = —— + = k27, the relevant density region of neutron stars

as 2 due to the high-energy repulsive force




Proton fraction Y, =

Protons 1n “neutron star matter”
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Typically Y, = 0~0.1

Dineutron
correlation

N - - N

" Cooper pairing without

the density imbalance
*No binding energy

Deuteron
formation

V. S.

N P

" Large density imbalance
due to small proton fraction
*Finite binding energy

How strong spin-triplet np pairing
| affects 'S, superfluidity?




“More” precise description

Sound velocity (exp.)J. Joseph, et al., PRL 98, 170401 (2007), W. Weimer, et al., PRL, 114, 095301 (2015), S. Hoinka, et al., Nat. Phys. (2017)
Compressibility (exp.)M.J. H. Ku,, et al., Science 335, 563 (2012).

Compressibility Sound velocity
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coupling Umtarycoupling Unitary
Internal energy Pressure
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“More” precise description

Sound velocity (exp.)J. Joseph, et al., PRL 98, 170401 (2007), W. Weimer, et al., PRL, 114, 095301 (2015), S. Hoinka, et al., Nat. Phys. (2017)

Compressibility (exp.)M. J. H. Ku,, et al., Science 335, 563 (2012). U .t F .
o e . nita ermi gas
Compressibility Sound velocity y &

¢: Bertsch parameter
£ ~0.38 (ETMA)

O 1

Compressibility K = EKO
k . k .
Weq Unitary Weq Unitary
coupling coupling Sound £
Internal energy Pressure velocity Us = |3 VF
: 3
Internal E=2¢nep
< > energy 5
P & -
Weak . ressure P = ¢ 2P,
Wea.k Unitary, 1i Unitary
coupling coupling




Low-energy scattering

» Yamaguchi potential (Rank-1)

T-1(k, k,2¢, + i8) = —

[1-Ju] _ *+ADP[ mup 1
vi(k) a u? [ - 8rA, (A, — ik)zl

myi(p)  muf 1

k) = =
]11( ) pz—kz—i5 87‘[/\1 (Al_ik)z

41T 1 1
— T Y(k, k,2¢, +i8) = kcotd — ik =~ —— + =1.k? — ik
m a;, 2

d : phase shift  ag: S-wave scattering length 73, : effective range

3 + /9—1?e o (BT 1
A, = S Uy = 4
! 27,

mAl_Z/aS



Low-energy scattering
» Multi-rank potential (Rank-3)

T(k, k, 2¢, + i8) = Y (K)[1 + Af(0)] ™ Ay (k)

usk?

Ui
fi = diag(-1,11) ¥i=120) =575 () =

- The form factor of repulsive part y5 (k) is chosen to become larger at higher momentum region

T(k, k, 2¢; + i8) =

—[(1 + J22) (A + J33) = JZ:1vE + [(1 = J1) (A + J33) + JE1vs + [(1 = J10) (A + J22) +JE1vE = 2v1valhalas — Ji2(1 + J33)] = 2v1v3lia)as — J13(1 + J22)] = 2vav3lfiz/iz + J23(1 = J11)]
=11+ J22) A+ J33) = 2]12)23)13 + I (1 + J33) + 55 (1 + Jo2) = J35(1 = J11)

mu? 1 mui —5k2 — 4iAzk + A3
]ii(k) = B 2 ]33(k) = . 4
8mA; (A; — ik) 641 (k +iA3)
1 AA: + ik(2A; + A (i=12)
muu mu;u —A\; +1 P+
]12(k) _ 142 ]ig(k) — 143 1413 ( i 3)

A (A +Ay) (A — ik) (A, — ik) 8m(A;j+A3)? (A — ik)(k + iA3)?

1. We numerically determine u; and A; to reproduce a, and 75.
2. After that, u,, A,, usz, and A3 are updated by the least-square method for the AV18 phase shift.
3. We go to 1 and repeat them until we obtain an enough small square error.



Thermal Green’s function
with the Hartree self-energy

GH (k) 1 I
j— — n; p
I, :
° iw, — & — 2 (k) o =11
2
& = — M1 : Kinetic energy measured from the chemical potential

ZmN
k=(kiw, w,=@2n+ 1)rnT :Fermion Matsubara frequency

Neutron Hartree self-energy

S0 =1y s 0aa) + {2 EED e
k’

K=(k-k)/2

Proton Hartree self-energy

So(k) =T z [VS(K, K)Gp'(k") +{

kriwy,

Vs(K, K) +2 3V (K, K)} G#(k,)]

In this study, we use 2} (k = kg ) for simplicity



Number equation in the normal state

H
6/11 Pn,p
= pp + LppSphR +Lp, SphR

__=PIH_

: Hartree density

~

Pn = ,0rP1I + Lnné‘prl;lSR +Lpn 5ppNSR Pp

/ NSR

0 —
TZ—MwmwaEWM@WﬂW]
Hy

finp
—3Tz —ln det[1 + 711" (q)] uf' = u; — =P effective chemical potential

i (@) |ij =T z v )y, (K)GH (k + )Gl (=k) : pairing susceptibility
k

/

N

Ly =1-

ozl

: Static vertex correction for compressibility matrix

~

ouyr

(Lnn an> _ 1
Lon Lpp) (1 +E5)(1+Epp) —

L] 2 L]
Ear =T E Vs(K, K)|G{' (k)] Epp =
K

Vs (K, K) + 3V (K, K)
_TZ[ 2 P ][GIH(k)]Z
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Symmetric nuclear matter

> 3S .deuteron condensation in SNM

N P



