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Endeavor In neutron star physics

* Only system which consists of extremely dense nuclear or

guark matter in nature

Structure of Neutron Star

1| OUTER CRUST

NUCLEI
ELECTRONS

INNER CRUST

NUCLEI
ELECTRONS
SUPERFLUID NEUTRONS

CORE

SUPERFLUID NEUTRONS
SUPERCONDUCTING PROTONS
HYPERONS?

DECONFINED QUARKS?
COLOR SUPERCONDUCGTOR?

A. L. Watts, et al., RMP 88, 021001 (2016).

Cooling Curve

Various observations and rich physics

mp Existence of nucleon superfluidity

D. Page, Fifty Years
of Nuclear BCS 324-
447 (2013).

Pulsar Glitch

J. R. Fuentes, et al.,
A&A 608, A131 (2017)

107

LA RLLLY B IR |

[ Slow cooling 1
—————— q=25 |

I Fast cooling { —_——— e —— = q=26 1

3 —— e — = =27 T

i e ) \
T~ \\‘
e vl e el A

/ Normal_

== - Paired ]
L‘\\ ~ J
I E

Paired - .

R /\" ~ :

~ ";-’\ / ~
S Tl ™

Normal —— ™ - — \

10 100 1000 10* 10° 10®° 107

Age [yrs]

20

No glitches
®  Only small glitches
©  Large glitches
¥ Magnetar’s glitches

I 0 I



Nucleon-nucleon scattering
phase shift and pairing gaps

Phase shift of NN scattering Nucleon pairing gaps in unpolarized matter
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Today’s talk

We address two questions from condensed-matter (cold-atomic) perspective
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1: HT, H. Funaki, Y. Sekino, N. Yasutake, and M. Matsuo, Phys. Rev. C 108, L052802 (2023).
2:Y. Guo, HT, T. Hatsuda, and H. Liang, Phys. Rev. A 108, 023304 (2023).



6 [deg]

Today’s talk

We address two questions from condensed-matter (cold-atomic) perspective
1. At low-energy scattering, the 3P, channel is attractive =» 3P, superfluid?
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Today’s talk

We address two questions from condensed-matter (cold-atomic) perspective

1. At low-energy scattering, the 3P, channel is attractive =» 3P, superfluid?
2. 3P, neutron superfluid may change to quark one = Superfluid continuity?

P-wave pairing of
dinucleon and diquark

dd °P, (+ 2SC)

repulsive - £ P 1
‘ g

275 ny
Mo s it e 0,01 /,.// . ] Yuki Fujimoto, et al., Phys.
) : =" ;M ; Rev. D 101, 094009 (2020).
A. Gezerlis, et al, S T . ( )
arXiv:1406.6109v2 0.1 1

1: HT, H. Funaki, Y. Sekino, N. Yasutake, and M. Matsuo, Phys. Rev. C 108, L052802 (2023).
2:Y. Guo, HT, T. Hatsuda, and H. Liang, Phys. Rev. A 108, 023304 (2023).
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Outline

* 3P, neutron superfluid at low density



Spin-singlet pairing

NN scattering phase shift

1S, pairing (antiparallel spin)
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Spin-singlet pairing

NN scattering phase shift

1S, pairing (antiparallel spin)
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Magnetized neutron star

Strong magnetic field may affect neutron superfluid
Temperature profile (simulation)

1.00

Deformation indicates strong toroidal magnetic field

v
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K. Makishima, et al., Phys.
Rev. Lett. 112, 171102 (2014).

1%\ 8 Bd~1014_156
AW 9}@4’ \ (directly observed)

0.25

0.00

I n d I reCtIy eStI mated) Fig. 5 Temperature distribution in a strongly magnetized neutron star

crust (whose thickness has been stretched by a factor five for easier
reading). The chosen field scale parameters are B;*" = 7.5 x 1012 G,
Bft=2.5% 10!2 G, B" =3 x 105 G, and the toroidal component’s
generating functions 7' is the model “T1” of Fig. 4. The color code
maps the relative temperature, i.e., 7' (r, 6)/ Tcore, With a core temper-
ature Teore = 6 x 107 K. White lines show field lines of BP?', the field
lines mendicular to the plane of the figure. The heat
blanketing effect of the toroidal component is clearly visible. (From
Geppert et al. 2006)

Astrophys Space Sci (2007) 308: 403—412



Zeeman shift of neutron energy

1
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¥n = —1.2 x 10717MeV/G: neutron gyromagnetic ratio

For |[B] = 101718 G, h = 1072 ~ 10MeV < Er(p = py)



Zeeman shift of neutron energy

1
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¥n = —1.2 x 10717MeV/G: neutron gyromagnetic ratio
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Negligible for many-body properties around nuclear saturation density
Fermi energy at nuclear saturation density
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Zeeman shift of neutron energy

1
h =< lyullB]
2
¥n = —1.2 x 10717MeV/G: neutron gyromagnetic ratio

For |[B] = 101718 G, h = 1072 ~ 10MeV < Er(p = py)

Negligible for many-body properties around nuclear saturation density
Fermi energy at nuclear saturation density

(37T2P0)2/3
E f— = ~ M
r(0 = po) oM 60MeV

However, it is not the case for dilute neutron matter
Fermi energy around neutron drip density

32 x 1073 p,)?/3
Ep(p =1073py) = ( T Po) ~ 0.6MeV ~ h




P, pairing in dilute neutron matter
under the strong magnetic field

Spin-triplet pairing can
survive even under the
strong magnetic field

-

The attractive 3P, channel
Is stronger than the 3P,
one up to Elab ~ 90MeV

3P, superfluid at low densities
under the strong magnetic field?
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Properties of dilute neutron matter
and ultracold Fermi gases

 The low-density neutron matter can be mimicked by

an ultracold Fermi gas
Phase shift of NN scattering

Phase shift (effective range expansion)

1 1 .
kcotd, = —a—+5k 17
s

a. S-wave scattering length
1.. effective range

gl

o [de

Qg —00~00 -18.5 fm _2“__
Teff ~0 2.8 fm N —
denSity ~1015 Cm_3 ~O_17 fm_3 k [fm"']
A. Gezerlis, et al, arXiv : 1406.6109v2

—1 o o :
(kras) O~00 o~ * kg: Fermi momentum



Atomic Fermi gas and neutron matter

* The low-density neutron matter can be mimicked by
an ultracold Fermi gas

M. Horikoshi, M. Koashi, HT, Y. Ohashi, and M. Kuwata-Gonokami, PRX, 7, 041004 (2017).

Precise measurement of cold atom EOS EOS of neutron matter and cold atom
1 | ' | | - PRC, 58,1804 (1998). |
Theory * -« APR (2-body +UIX) | 3
8' 20 o APR (2-b0dY) i __
< S SLi (exp.) ¢
15 |
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When i1s a Fermi gas fully spin-polarized?

When spin down neutrons start to be occupied = saturation Zeeman shift h,

Non-interacting case Attractively-interacting case

A E | AE

2h

S

s,=—1/2 s,=+1/2 s,=—1/2 s,=+1/2
EF — EF + |EP|
h’S = 7 hS 2

Ep: Fermi polaron energy %a ’,
(energy gain by dressing T
majority components)



Attractive Fermi-polaron energy

Fermi polaron energy has been studied in strongly interacting Fermi gases

G-matrix calculation of

_ Fermi polaron energy (G-matrix calculation in 3D)
Fermi polaron energy (2D)

0 T T T T 2 T T T T T
~— Q
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Exp.: F. Scazza, et al., Phys. Rev. Lett. 118, 083602 (2017).
T-matrix: HT and S. Uchino, NJP, 20, 073048 (2018).

H. Sakakibara, HT, and H. Liang,
Phys. Rev. A 107, 053313 (2023)

Ep = —0.64(7)Ep Exp. atunitarity: PRL 102, 230402 (2009).




Possible ground-state phase diagram

1
h = IyalIBI

Saturation Zeeman shift
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PRX, 7, 041004 (2017).
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Neutron-neutron scattering length : a = —18.5 fm



Estimation of the critical temperature

3PQ NN interaction

Vipg =21 Y > Y Y V(kK)Yin(k)Yy, (k)
k', P m S, s.,s
x (1,m;1,5,(0,J,)%(s, 5.3 5,81, 5)?

i i
X CyP/2,s,C—ktP/2,s, C—k'+P/2,s.Ck/+P/2,s.>

c,S;)Z: neutron annihilation (creation) operator

Scattering volume, effective range

v = —92.638 fm3 r=3.182 fm™!
Phys. Rev. C 82, 034003 (2010).

(1A
M \yg 247 )’

Separable interaction: V(k, k') = gyryy’

247
1+(k/A)? r=- 5 T
M \ gA 8

Form factor: y;, = _ _3A

~ gMA?2
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BCS-Leggett theory for 3P, superfluid

Mean-field Hamiltonian Pairing gap |
Hyp = » Z vl ( '51221*/2 —,g—kAj/Q ) o, Ap = k;c\/—ézky .
\dI2 Z e 1o Z G + zqy o ysarr)
T, equation
- é\ig / "y ;imtanh (gqézﬂ)

Neutron number density

1 - Ek,+1/2
Pt1/2 = 12 i k=dk [1 tanh( o )]




P, superfluid critical temperature

It is still elusive whether astrophysical environments satisfying the condition for P,
superfluid exist or not in nature.
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P, superfluid critical temperature

It is still elusive whether astrophysical environments satisfying the condition for P,

superfluid exist or not in nature. A possible candidate is the surface region of the
magnetar with a strong toroidal magnetic field.
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Topological properties of 3P, superfluid

Similar to p,+ip, Fermi superfluid and A; phase of *He superfluid

Pairing gap Quasiparticle dispersion
k. — 1k
Bk =T xx/ﬁk - Ye = \/52,+1/2 1Ak
Wevl nodes

G. E. Wolovik, Lect. Notes Phys.718:31-73, (2007).
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Simulating dense QCD matter
with Bose-Fermi mixture

{ Molecule= Nucleon Fermi atom =~ Quark Bose atom = Diquark }

¢ < o o @ S

Schematic phase diagram Recent experiment of 9K-8’"Rb mixture

b,f normal gas

T

Nnormal gas . b-BEC

fermion
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\ |
NBCSs _@ b-BEC & {-BCS |
= - |
Strong bf Q. 9 Weak bf "
attraction attraction

K. Maeda, G. Baym, and T. Hatsuda,

PRL 103, 085301 (2009) P. Ding, et al., CPC 10.1088/1674-1056/ad334d



Is the continuity between atom and
molecular superfluids possible?

K. Maeda, et al., PRL 103, 085301 (2009)
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Yuki Fujimoto, et al., Phys. Rev. D 101, 094009 (ZOZO)J




Hamiltonian of Bose-Fermi mixture

Total Hamiltonian: H = Hpgse + Hpermi + Vroy

Bosonic part Fermionic part

Hgose = Kp + Vi Hrermi = Kf + fo + Kr + VFr




Hamiltonian of Bose-Fermi mixture

Total Hamiltonian: H = Hpgse + Hpermi + Vroy

Bosonic part

HBose — Kb - Vbb

Fermionic part

Hrermi =|Ky |+ Vs HKrp|+ VEF

r

Kinetic terms

Bose atom (b)

Kb = Z 8p’bb;bp

J4

Dispersion relations
N
Dl 2 . 1

1

Fermi atom (f)

Ky = Z 8p,ff;fps
P

o

(i=0b,f,F)

Closed-channel molecule (F)

Kr =) &y rF,Fp,
p

e

Chemical potentials

UWF = [bf+ p — VF = Uy — VF

vi: Closed-channel energy level




Hamiltonian of Bose-Fermi mixture

Total Hamiltonian: H = Hyyee + Hpermi +

VEps

Bosonic part

HBose — Kb + Vbb

Fermionic part

Hrermi = K¢ + V| + Kr + [‘E

(" Interaction terms Feshbach resonance A
Fermi?n-fermion interaction Vipr = Z g(F;bp/z_qu/2_|_q + H.c.)
Vir =35 2 Utk DB o g foksapnfiran f P.q
kK .q b v :
Molecule-Molecule interaction \ elosed.chatingl N
1 ) . 1 | agmmmTTmTTTTEEEETY
Vir =3 D Urr (e KR o Py o F kg @ F ‘ 9'3’1} (\
kK .q ; o+ F =9 7
_ ) : L i open channel
Boson-boson interaction
1
Vb = = &bb bh iy abb s bpy2 P2y

\

Y. Ohashi, HT, and P. van Wyk, Prog. Part. Nucl. Phys. 111, 103739 (2020))




Effective Interactions at leading
order of the Feshbach coupling g

Assuming the Bose-Einstein condensate at low temperature: {(by) = (b) = /pp

Feshbach BEC
Global symmetry: U(1) s X U(1D)p X U(1)p > U(D) p4p X U(D)p » U(D) p4F



Effective Interactions at leading
order of the Feshbach coupling g

Assuming the Bose-Einstein condensate at low temperature: {(by) = (b) = /pp

Feshbach BEC
Global symmetry: U(1) s X U(1D)p X U(1)p > U(D) p4p X U(D)p » U(D) p4F

O(g) One-body mixing

g
F =@>—f [—>@>=F Vi = 8v/Ps ) (Fp fo + faFp)
P

Yo Yoty




Effective Interactions at leading
order of the Feshbach coupling g

Assuming the Bose-Einstein condensate at low temperature: {(by) = (b) = /pp

Feshbach BEC

Global symmetry: U(1) s X U(1D)p X U(1)p > U(D) p4p X U(D)p » U(D) p4F

O(g)

Vb Yt

0(g")

F :I:g ff IF
(bb) (bThT)
F ff F
f IF FIf
(bb") (b'b)
F /o f F

One-body mixing

Vi = gv/po Y _(FJ fo + f3Fp)
P

Pair-exchange coupling

1
Vsmw = 3 > Usww(g. )
kK P

t T
X fk+P/2f—k+P/2F—k’+P/2Fk’+P/2 + H.c.,
Boson-exchange coupling

1
Vem = 5 Z Upm(q, o)
kK P

N :
X B opnFwippnf yipptispn +He.,



Effective Interactions at leading
order of the Feshbach coupling g

Assuming the Bose-Einstein condensate at low temperature: {(by) = (b) = /pp

Feshbach BEC

Global symmetry: U(1) s X U(1D)p X U(1)p > U(D) p4p X U(D)p » U(D) p4F

One-body mixing

Vi = g/p5 Y _(Fp fo + foFp)
P

O(g)

g

) Lt
R

o
|
----------------------------------------------------------------

-------------------------------------------------------------------------------------------
3
.

Pair-exchange coupling Relevant to analog

1 of pairing in QCD
VSMWZEkaPUSMW(QaQ)) P 9inQ :

T T
X fk+P/2f—k+P/2F—k’+P/2Fk’+P/2 + H.c.,

Boson-exchange coupling

1
Vem = 5 Z Upm(q, o)
kK P

Ff pairing term
(unfavored due to mass and
population imbalances)

N :
X B opnFwippnf yipptispn +He.,




Mean-field theory of P-wave superfluid

Fermion-fermion interaction Suhl-Mattias-Walker*-type pair exchange

1 N ot T
Vip = 3 Z Usr(k, k )fk+q/2f—k+q/2f—k’+q/2fk’+q/2 Vomw = % Z Usmw (g, )

kK,
1 kK .P

Molecule-Molecule interaction

i i
X fk+P/2f “kppt ki ppptiepn t H.c.,

1 Nt T
Vir =5 Z Upr (K KB g o F i g o ig 2B g2 *H. Suhl, B. T. Matthias, and L. R. Walker
kK .q Phys. Rev. Lett. 3, 552 (1959).



Mean-field theory of P-wave superfluid

Suhl-Mattias-Walker*-type pair exchange

Fermion-fermion interaction

. 1 N ot T
Vi = 3 Z Usr(k, k )fk+q/2f_k+q/2f—k’+q/2fk’+tI/2 Vomw = % Z Usmw (g, )

kk.q kk'.P
Molecule-Molecule interaction
| X f;+P/2fjk+p/2F—k’+P/2Fk'+P/2 + H.c.,
_ - Nt i , , _
Ver = 2 Z Urr(k, KOF g oF kg2 F—k+ar2Fk a2 *H. Suhl, B. T. Matthias, and L. R. Walker
kk.q Phys. Rev. Lett. 3, 552 (1959).

[ p-wave pairing order parameter :Remaining global U(1) s is broken

Ayrlk) = — Z[Ung(q_a O)NF_yFr) + Upp(k, KD(f e fi)],
-

App(k) = — Z[USMW(@ O fw fi) + Urrp(k, k") (F_y Fy)1.
-




Mean-field theory of P-wave superfluid

Suhl-Mattias-Walker*-type pair exchange

Fermion-fermion interaction

. 1 N ot T
Vi = 3 Z Usr(k, k )fk+q/2f_k+q/2f—k’+q/2fk’+tI/2 Vomw = % Z Usmw (g, )

kk.q kk'.P
Molecule-Molecule interaction
| X f;+P/2fjk+p/2F—k’+P/2Fk'+P/2 + H.c.,
_ - Nt i , , _
Ver = 2 Z Urr(k, KOF g oF kg2 F—k+ar2Fk a2 *H. Suhl, B. T. Matthias, and L. R. Walker
kk.q Phys. Rev. Lett. 3, 552 (1959).

[ p-wave pairing order parameter :Remaining global U(1) s is broken

Apr(k) = = [Uduw(@. @) (F_y Fy) + Usp (k. k) (fop fir)].
Iz

App(k) == [Usuw(q. @) [y fir) + Urr (k, K ) {F_g F)].
k.’

(FF) = 0“or”(ff)+0

f‘> “Both” Arr(k) # 0 and App (k) # 0
Supporting continuity




Suhl-Mattias-Walker-type
pair-exchange interaction

Continuity can be understood via two-band superconducting theory

SMW interband pair-exchange coupling U, In a two-band superconductor
1-f,2->F U,->V
f . 12 SMW |U22| >> |U11|

(@) pEkn
A) k ,,,_,,,,......m::::::::!'.'.:'.‘.‘.E‘.‘.‘.‘.'.'.'.‘.‘:;«_-‘.._‘:-_ (b)

6F I \\ Both A; and A,
R %
- Uge ¢/ { %[ become nonzero
_ N t | Below single T,
0 02 04", ":':0.6
Y. Yerin, HT, P. Pieri, and A. Perali, PRB 100, 104528 (2019). T/E_
tT =0 AFF - £ A
A é’ (_\. é 0 by

&

> Pr/Pr Density ratio




Infrared singularity

Anomalous propagator in Bogoliubov theory

F e
D.,(q, w) = 9bbPp
7 12 (w - q,b)(w + Eq,b)

Superfluid phonon dispersion

Usmw (g, ®) = gD12(q, o) j g2 ( G
Eqb -

Zmb

q-0
+ 290 | — VpQq

Zmb

D1,(q, w) » o whenw = +E, |, ~ £v,q

Usmw diverges at low energies, no electrostatic screening. ..



Infrared singularity

Anomalous propagator in Bogoliubov theory

F <>
D.,(q, w) = 9bbPp
F 12 (w - q,b)(w + Eq,b)

Superfluid phonon dispersion

Usmw (g, ®) = gD12(q, o) j g2 ( G
Eqb -

Zmb

q-0
+ 290 | — VpQq

Zmb

D1,(q, w) » o whenw = +E, |, ~ £v,q

Usmw diverges at low energies, no electrostatic screening...=» Dynamical screening

L andau damping of phonon: Zb — 3



BCS-BCS crossover between
molecular and atomic superflmd

Fermion EFT for stable and large BEC

EBose = —pPp + §gbbpb

Density-dependent interaction

Usmw(q, w) = Usmw(lq| = ¢, v = @)

g= \/kj% + k% — 2kskp cos Oy, @ =E; — Ep

Fermi momentum and energy
2

k: ,
ki = (6% p)'°, Ei=—— (i=fF)

m;

2 @
a°%S —v
2ifpEC q bq

(2% +viq )2

Infrared singularity is removed
by the Landau damping

Usmw (G, @) == g*gppppe

Number densities

A

3
0

P-wave part of Usyw
2m k
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I fL 8= gJmymy/ko 1

0.08 |- " ] — (67r2p0)'/3 -
P po = pr+opr

0.06 |- - i

0.00 . 0.05 0.10 0.15 0.20 0.25 . 0.30
v /E,
Molecular energy level
(experimentally tunable parameter)
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Outline

* Brief introduction of neutron superfluid
* 3P, neutron superfluid at low density

* Fate of P-wave pairing at high density
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Summary

 We have explored a possibility of 3P, neutron superfluid, which has been overlooked
because of several reasons regardless of a long history of nucleon-superfluid studies in

neutron stars.

* 3P, neutron superfluid can appear at T 10 K and B 210%'G. While it is still elusive if 3P,
neutron superfluid can realize in nature or not, such a possibility for newly discovered
astrophysical environments such as magnetars in the future.

* At high densities, we discuss the possible continuity between nucleon and quark P-wave
superlfuids from the perspective of an ultracold Bose-Fermi mixture.

« The continuity between atomic and molecular P-wave superfluids in a Bose-Fermi mixture
can be understood as an analog of a two-band superconductor with pair-exchange coupling.
This might give a hint to understand the hadron-quark superfluid continuity.
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Future work: Competition of S- and P-waves, finite nuclei, backaction to BEC, strong coupling,..
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Competltlon between S, and °P,?
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Overlapped S- and P-wave resonances S- and P-wave interactions in q1D fermions
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Pairing and tripling due to S- and
P-wave Interactions

Y. Guo and HT, Phys. Rev. B 107, 024511 (2023).

Phase diagram from the variational approach
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Landau damping effect on the
pair-exchange interaction
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Density-dependent interaction at weak coupling
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Relation to two-band superconductor

Hadron-quark continuity = Atomic-molecule continuity =~ Two-band superconductor

Dispersive and heavy bands Atomic and molecular superfluid
H=Y &0, choit > S Vit KB By ;| | Hoge = D_enrfyfo+ D _enrFyFy +Eggc
i.k,o i,j ki D p
- . _ e 1 .
Pair operator: Bk,j = ¢—k,1.jCk.1.j> <:> + 7 Z Usmw (g, a))flgL+P/2fik+P/2F—k’+P/2F}c’+P/2 + H.c|
kK .P
J = 1,2: band index f: Fermi atomop.  F: Fermi molecule op.
K. Ochi, HT, K. Tida, and H. Aoki, Y. Guo, HT, T. Hatsuda, and H. Liang,
PRR 4, 013032 (2022) PRA 108, 023304 (2023).
Dispersive band 1 Fermi atoms
o Q
o Q
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Spin polarization in the Skyrme
Interaction model

A. A. Isaev and J. Yang, Phys. Rev. C 80, 065801 (2009).
Spin polarization 9T

o 2r—o g’i \"

\ Itinerant ferromagnetism
(Stoner-type) at very

/ high density (p = 3.8p,)

Is it possible to study spin
polarization of dilute matter
in more definite way?

=> low-energy universality
with cold atoms
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