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2 Neutron Star Physics 7S
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" Dripped phase

Band structure?

Crust region

=) |nfinite systems of nuclei

mm=) Source of astronomical phenomena
-- Pulsar glitches
-- quasi-periodic oscillations
-- Rapid nucleosynthesis
-- Supernovae

=) |ssues

-- Very neutron-rich

-- Neutron superfluidity

-- Band structure effects

-- Temperature, magnetar




2 Band calculations for inner crust m

Band theory. quantum mechanics in a periodic potential

Question
[ What is the effective mass of free neutrons for nuclear pasta? ]

* N.Chamel, PRC85, 035801 (2012):

Band structure

Neutron effective mass is always larger than bare mass! ﬁ
(entrainment effect) potential o
/— Entrainment : N N )
* Dynamics of free neutrons terribly interfered / \
——> Neutron superfluidity reduced Forbidden band i 4
_ * 1\ |
N /Ny = My /M0y
>
* Glitch hypothesis breaks down? Je-
j (™| Z| A |0l /nn (%)|nS/nk (5 |\ mz/mn
—— Issues : N 0.01 |40(1215] 88.9 15.5 6.45
. . 0.02 [40|1485]  90.3 7.37 13.6
* Not self-consistent with band theory
0.03 [40|1500] 91.4 7.33 13.6
* Not consider pairing correlation (superfluidity) 004 laolielo0l =38 10.6 9.43
~ / 0.05 [20[800| 91.4 30.0 || 333




. 2 History of Band calculation L 6/15

N.Chamel, PRC85, 035801 (2012)

effective mass calculations for pulsar glitch understandings

Self-consistenc Superfluidit

, If y - perfluidity —
Phys. Rev. C 100, 035804 (2019) Phys. Rev. C 94, 065801 (2016)
Phys. Rev. C 105, 045807 (2022)

Phys. Rev. Research 4, 033141 (2022)

* still w/o pairing - only 1 dim. crystal

- effective mass less than bare mass

* not self-consistent

. ) - overestimation w/o self-consistency?
(anti-entrainment?)

o J . J

e Our final goal : N
1 . develop Wself-consistent @superfluid @band theory

for all crystalline structures realized in the neutron star inner crust

2 . perform calculations and extract the effective mass of free neutrons

3. obtain the effective mass as a function of baryon densities,

utilized for actual simulations for astronomical phenomena

- J




. 2 Density Functional Theory 2
N\

Nuclear Systems N| Electronic Systems

==> Normally finite systems == Normally infinite systems
== Skyrme-Hartree-Fock prevailing == KS-DFT successfully utilized
h2 2 Skyrme ) — minly. h_2 2 KS . — ~.afy.
Y v ('r')] Yi(r) = i (7) [2mv + 07 (r) | hi(r) = eihi(r)
can be connected w/ DFT by well-known Coulomb force

==) Band theory not integrated == For metals Band theory applied
B ==) TDDFT for electron dynamics

Energy (eV)
S N N




. 2 Nuclear Band Theory _8/15

Nuclear HFB theory

1D periodical phase

(o o)) m—
A _hq + )\ vqu M ’U‘u,q
Band Theory
e
Vuk(T) = Y (T)

Band HFB equation ‘
~(q)
_ () [ Yuk
o E#k (,5?(1))
uk

hg+her—A A ) (uff,g)
A* —hE — R+ A ’55’2
There are so many orbitals in the computational space...
For 1D case, N, X Ny, X Ni_ X (n,p) X (u,v) 175,
~ 60 x 150 x 80 x 2 x 2 = 2880000
mmm) SUPERCOMPUTING in CPU Parallelization !!!




) Anti-entrainment m

T I T | T | T | I [ ! 0.50 !

3

0.08 - D ity — [ n, =004 fm >~ — |
() ensity _ 0.45 nE:0.0S pea |
0.40 |- e e |
b =" |
0.06 |- 1 i35 esossssnliaas ny =007 fm™> - |
i 1 030F (a) -
002  Vext(2) 4020 .
- ey | 0S| ]

0 F+—— T ] :z(. m[) 0.10 = = | ?

Impose ext. field and calc. response... - Results less eff. mass than bare!!

Superfluid (TD)DFT Normal (TD)DFT
ny b/ fin 1S /fin m;/mf,bg nt [in 1S, /Tin m;/mi?’bg
0.04 0.702 0.893 0.785 0.710 0.876 0.810
0.05 0.684 0.913 0.749 0.697 0.896 0.778
0.06 0.609 0.933 0.652 0.608 0.911 0.668
0.07 0.555 0.954 0.582 0.555 0.929 0.598

Takeaway!!

Band structure effects “enhance” the dynamics of neutrons,

even with the superfluidity (anti-entrainment effect).




. 2 Formalism L10/15

HFB Equation

(ﬁq Y A (q) E(‘I) (q) Band Theory
A* —iL; + )\) (q) (Q) Vuk (r) = ezk-rw,uk:(r)
Band-HFB Equation '
ﬁq + Bq,k —A . ;A f”;(f,k): _ E(Q) ﬁ,(fig
A* —hE —h% .+ A ( 1) ’fgg

Densities (applicable to finite temp. systems)

par) = 3 [Fo (=B + fo(BEluss(] 74(r) = 3 [0~ B Fou(r) + (B Vi (r) ]

pk lu,k

o (@' h(t) + g () A(t) sy
. pk )| — e .k - 5 “pk
Time-Dependent form | ih— pn ( (q)) ( A*(t) —h3(t) — ht _p(t) ) \ 59

uk

~

}Alq - Et(zo) + Ef(zB) ’Alc(zB) - = (Mq,p + gq%) - By
w/ g-factors gn = —3.826 g, = 5.585

Finite Magnetic-Field Extension




. 2 Finite-temperature, magnetic-field TS

Finite temperature form

pa(r) = Y [Fo(=B)lvus(r)* + fo (B (7))

uk

Finite magnetic-field form

hg = B + AP jB) — (183 + gq%) .B, w/g-factors gn = —3.826 g, = 5.585

0.10
—— 0 MeV 1.751 —— ng=0.04 (fm™>)
=== 1 MeV 1.5pd [P nB=0.05 (fm_3)
o.o8y 3 MeV '

---- ng=0.06 (fm>)

—— 5MeV 1251 ——. ng=0.07 (fm™)
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Takeaway!!

Our framework is applicable to more realistic systems,

and can explore the phase structure of neutron star matter.




. 2 Finite-temperature, magnetic-field L1215

Finite temperature form

pa(r) = Y [Fo(=B)lvus(r)* + fo (B (7))

uk

Finite magnetic-field form

hg = B + AP jB) — (183 + gq%) .B, w/g-factors gn = —3.826 g, = 5.585

I,4L — : ] )
) ' 0051 SpIn polarization
1.2 4
(neutron)
1.0 004'
0.8 1 .. 0.03 1
(a)Pairing >
1 0.02 - oy
kgT = 0keV P : R |
041 --o- kgT=10keV " /./'/‘
- kgT=100keV .. Ly »
1 —e— kgT=1000keV T‘/. 3
0.00 ¥ = o <
) el R R R - ° 0 1000 2000 3000 4000 5000 6000
B.(~ B/(4.41 x 1013 G))
Takeaway!!

Our framework is applicable to more realistic systems,

and can explore the phase structure of neutron star matter.




2 Towards further extensions m

2D or 3D extensions are computationally challenging...

mmm) More efficient comp. method necessary!!

/ Normal HF calculation\ /Shifted-COCG methoch

Green function
(z = H)G(z,r;1") = 8(r — 1),
Densities as contour integral

1
p(r') = o % dz G(z,r; )| r=p
Tl G

Hamiltonian

HXSq; = g9

Diagonalization Re-input Im (£)

No need to diagonalization!
eigenvectors densities . V
. . 2 /dlSCl‘CIC - [ \E\m
{81, w’l,} p(T) - ;l’(/%' 0 L — ’/Rc(E)
\ \ e phys.Rev.C 95, 044302/
‘ I
~— Takeaway!! ~

Our project on fully comprehensive band calculations

for neutron star inner crust is still being on-going!!




. 2 Summary and Prospect L1e/15

What we’'ve done

m) Superfluid band calculations for neutron star matter within the inner crust
mm) |ntegrate nuclear HFB theory and band theory on the same footing

mm) Extend framework into finite-temperature and magnetic-field systems

What's been found

mm) Neutron dynamics is enhanced in the inner crust (anti-entrainment)

mm=) With high temperatures two phase transitions take place
mmm) \With magnetic fields spin-polarized phase appears

What we plan
mm) Extend the framework into the 2D and 3D systems

mm) Complete the table of the Equation of State, and the neutron effective mass

Ghenk you for youyr carefyl attention
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