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Introduction

Nuclear matter is useful for the correct description of neutron stars
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Introduction

Bardeen-Cooper-Schrieffer (BCS) theory: the Fermi-surface instability.

o
\

~

; Cooper pair

Bardeen, Cooper, and Schrieffer, Phys. Rev. 108 (1957) 1175
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I n.'- "o d U CT on Usually treated as “extra” particles,

. but microscopically they should be
Generalized COOper problems treated as in-medium correlations
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Introduction

Alpha-like Cooper quartet correlations : :
Tskin =T — 1p - . .
Critical temperature in symmetric nuclear matter
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Hamiltonian
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Interactions

Isovector interaction (7=1, S=0) Isoscalar interaction (7=0, S=1)
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P: center-of-mass momentum of pair, ¢, q’: relative momentum
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Coherent BCS state (momentum space)
In the case of pairing, we have % [Pair con densation}

atP=q+(-q)=0
|Weon.) = exp (2 qu;,lCiq’z) |0)
q

_ t ot toot
= EXp(gq1Cq1,1C—q1,2 + 94¢,Cq,1C-q,2 1 )|0)

_ t ot t Lt
o (1 + g¢I1Cq1,1C—q1,2)(1 + qucqz,lc—qz,z)x("-)l())

— _(1 + gqc;r’lciq’z) |0)

‘_qJ q @%
_ “(uq + vqc;rllciqlz) |0) 8. @ -q>

q
BCS ground state v @@ @ -« [P il 0}

Superposition of pairs with g;



Coherent BCS state (momentum space)

Alpha creation operator (S =T =0, COM momentum of pairs P = 0)
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A: Lagrange multiplier

Variational equations

Minimize the ground-state energy: d(®|H — A|P) = 0
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Variational equations

Minimize the ground-state energy: d(®|H — A|P) = 0

A: Lagrange multiplier

N - ug ALY, Normalization condition
U, = 1 = .+ - b -
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Well-known BCS theory
has been recovered!



Numerical calculations

» We consider the infinite symmetric nuclear matter.

> Focus on the 1soscalar interaction because isovector interaction is less
relevant in the infinite symmetric nuclear matter.

| lsovector | Isoscalar

Scattering length a —20 fm +5.4 fm
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Numerical calculations

Assumption: x, = 0, V;(q,q") =~ —-U kg = /2Mpu =~ 0.457 fm~!

* 1.16 1s borrowed from the
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Numerical calculations (Variational parameters)

Assumption: x, = 0, V.(q,q") = —U kg~ /2Mu =~ 0.457 fm~!

* 1.16 1s borrowed from the
BCS result at the unitarity limit
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Numerical calculations (Variational parameters)

Assumption: x, = 0, V;(q,q") =~ —-U

Input: AYP = 5MeV, 1 = (1.16)1A0P = 4.31MeV

kg ~ /2Mu ~ 0.457 fm™1

* 1.16 1s borrowed from the
BCS result at the unitarity limit
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Numerical calculations (Variational parameters)

Assumption: x, = 0, V;(q,q") =~ —-U kg = /2Mpu =~ 0.457 fm~!
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Numerical calculations (Quasiparticle excitation)
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Numerical calculations (Quasiparticle excitation)
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Numerical calculations (Quasiparticle excitation)

— 2 2

E=/e2+ A2 +R,
_ Wy (isp) A (isp) | A (isp)|? [ o E(Wimout o'!tuatrtet corr.)

Rq - 1y [2Aq,+1Aq,—1 ‘Aq,o ] 30 (with quartet corr.) % % |

; o
ﬂ . E 18 enhanced at low relatw% w
momentum (q)

2. Excitation gap (minima of E) 10 b N A, = 8.66 v
is almost unchanged compared 00 02 of 06 08 10 1z 14
to the usual BCS one q (fm")

3. Crossover from loosely bound
uartets to short-range pairs /

<

2Mu ~ 0.457 fm~?!




Biexciton-like quartet correlation

Similar formalism can be applied to the electron-hole system

@ ncutron & clectron
@ proton I hole
= === neutron-proton attraction --== Electron-hole attraction

Ground-state energy density
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mmm) YG, Tajima, and Liang, Phys. Rev. Res. 4 (2022) 023152



Wigner term arising from quartet-nucleon scattering

@ neutron @ proton E _Eo  ylen—pol
PP p
Ew = W lPa—rppl

Q @
m& aa aa aa W fquartet (P — /00)
8B By B
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0 7 =

N-Z

Quartet condensation fraction

Y6, Tajima, and Naito, in preparation



Summary
<> In this work

>

>

>

We have investigated Cooper quartet correlations in infinite symmetric nuclear matter
at the thermodynamic limit, and discussed how physical properties would be affected.

The BCS-type variational function 1s extended to the systems with the coexistence of
pair and quartet correlations at zero temperature (quartet BCS theory).

The present results may also contribute to the interdisciplinary understanding of
fermionic condensations beyond the BCS paradigm.

< For the NEXT step

>

A\

Improvement of trial wave function (excited pair, Hartree-Fock term for the nonlocal
interactions,...... )

Connection to nuclear experiments
Calculations of various EOS, finite-temperature effect, transition temperature,......

Wigner term arising from quartet-nucleon scattering 27
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