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Pur pose of

A To present aoverview of thestructure of neutron stars.
A To explainhow a variety of phases emergeepending on the density.

A To point out the relevance betweamstal properties of neutron stars and
theband theory of solids showing our recent attempt based ®®)DFT .

U To understand how structure of neutron stars canbe understoodas a
microscopic quantum many-body problem (starting from nucleong
iInteractingthroughthe nuclearforce).




Now we are sailing towards the edge of the nuclear landscape..

Let 0s | eave
of finite nuclei! ‘»

nFIl at BSiock h 86t By War s \algrianPerset@Apstation



https://www.istockphoto.com/au
https://www.artstation.com/artwork/e0m4eJ



https://www.freepik.com/free-photo/3d-hyperspace-background-with-warp-tunnel-effect_8879794.htm

(The Sun

" Radius: ~7 10°m (~109timesbiggerthanEarth)
" Mass: ~2 103%g (~330 thousands times heavier than Eau
" Central temp.: ~10 million
\’ Surface temp.: ~5000

Stars shine due to nuclear fusion reactions

Picture: https://en.wikipedia.org/wiki/Su



Energy source of the Sun:

Proton-proton (p-p) chain
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Nuclear fusion



Energy source of the Sun: “Nuclear fusion

Proton-proton (p-p) chain

What happened:
Four protons became a helium nucle
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4p +2e~ — ‘He + 6y + 2v, + 26.65 MeV
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Energy source of the Sun: “Nuclear fusion

Equivalence between mass and energ

What happened:
Four protons became a helium nucleps!

Albert Einstein (1879.955)

This reaction generates energy
(exothermic)

|
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Before After
E“QY%S J
~ Q 0 Proton
4He @ Neutron _
/ / o Positron Quantum tunneling allows ffor

. .
4p 4 Zo— —> 4Ho + 67+ 20, - 26.65 MeV overcoming ithe(Coulombibartier!



Binding energy per nucleon (MeV)

Stability of Nuclei

Most stable ol B
Lighter
after fission

Qo :' .............................................................. _
: : : Heavy nuclei

TN sl S Brer O e T Y gain energy by nucledission

- ' energy source of nuclear plant
Light nuclei

Y gain energy by nucledusion

/ /\ energy source of shining stars
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In. massive stars, reactions should proceed further, but..

ATr irapllpegha reacti ono
U Cluster structure is one of hot

I ’ topics in nuclear physics today!

%Be 12C*
0 (Proton 4, Neutron 4) (Proton 6, Neutron 6)

‘He Unstable (decaysin ~1017 sec)
(Proton, 2, Neutron 2)

Hoyle predicted an excited state witBU
cluster structure near the Bthreshold!

NeithersLi nor °Be can be an alternative

@ &

5[ SHe
(Proton 3, Neutron 2) (Proton 2, Neutron 3)

\

ot

F. Hoyle (19152001)

Unstable (decays in ~162 sec) it * |
Fred Hoyle:https://en.wikipedia.org/wiki/Fred_Hoyle



https://en.wikipedia.org/wiki/Fred_Hoyle

The size is like Earth,  Life cycle of alight star

but with the solar mass

R The Sun will be a WD
/! after 5 billion years
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Picture: https://www.astroarts.co.jp/products/stinav7/spec/plangshsml



M =~ Mg =~ 333,000 x Mgarth
R =~ Rgartn =~ 6000km

Mass: similar0117d.33%e Sunds

Radius: si mil @008-0.08Rs4 he Eart;ﬁ()s

Final stage of 97% of stars |
Sustained by el ectronso de;éenerate prﬂ"""'ﬂ-...__%essure
Composed of a fAcrystalo (Coul tt"i""‘%-.,.,zce)‘c
electron plasma (electrons are fully ionized, unbound) R

Main composition depends on the mass of progenitor:

Mtar < 05M@ . He
0.5Mg < Mg < 8My @ C,0
8My < Myar < 10.5M O, Ne, Mg

WD & Earth: https://sci.esa.int/web/hUbbl@l348artistimpressiomf—thesizesof—siriusb—andtheearth
WD: https://www.esa.int/Science Exploration/Space Science/Gaia/Gaia reveals hdike Sstars turn solid after their demi



https://sci.esa.int/web/hubble/-/61348-artist-impression-of-the-sizes-of-sirius-b-and-the-earth
https://www.esa.int/Science_Exploration/Space_Science/Gaia/Gaia_reveals_how_Sun-like_stars_turn_solid_after_their_demise
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The fate of a massive star

Nuclear reactions:
IHY 4HeY 2CY 150Y 2NeY Mgy 28SjY ..Y S¢Fe

After forming t he
Y no more fuel

Y gravitational collapse
Y supernova explosion

structureo

The Crab Nebu-la
Remnant of the SN in 1054

Picture: https://en.wikipedia.org/wiki/Crab_Nebu



The size is like Earth, Life cycle of a star

but with the solar mass

R The Sun will be a WD
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Structure of a neutron star

Neutron star is a great playground for nuclear physicists

V It offers extreme situations which can not be realized in terrestrial experiments

----------- ~0.1km . Outer crust  Nuclei Z=26-42), 8|eC”°”S§

............................. 0.30.6km 5 < Bdrip

--------------------------------------------------------------------------------------------------

Ogrip~ 0.00148,; Aboved,,;, unbound neutrons exist outside nuclei
0,=2.8x104g/cm3=0.16fm"3; Nuclear saturation density

- Inner crust  Nuclei, electrons, :
: Adri pped bg n

0.50.8km Oy, 00 O0.60,

Hyperons?

Outer/inner c ore
: 9-12km  0.69,< 0 03-59,

Meson condensa

.
.
Py
e
----
.
P
e
Py

Quark matter?
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In an outer (lowdensity) region of neutron stars,
nuclear matter iaot actuallyhomogeneous

The nucl eaclusterzé eme@wwt n @ams Na
akin to finite nuclei, which form a Coulomb lattice
(l.e.acrystal, like a solid)

Let s s ee: from the out



Note:

In the figure showing nuclides compositio
OUter CrUSt thebold font indicates knowsmass nuclei.

Structure of t hhe outer Crust I S NAS
*hut, nuclei are different and becomeneutron-rich!* Surface
Om !
' Om
56 s 1 56 =
Composition of the outer crust Fe i Fe Z =26
|
V Coulomb lattice of nuclei @ 1 i ﬁxgim 7 — 9
+ Electron gas ’ e =
"""""""" ok | %k Z =36
ffff ‘ 100m| | 100m
,,,, I
,,,, |
- 845e —1— -:la +—%se Z =34
| B _
%
2Ge— | | —%Ge Z = 32
|
Atmosphere 80z, @ml — sz, 7 — 30 200m
BNj— = i _
ozn | | Cu Z =29
~—7g
Inner core ONi—m _/FaoNi Z = 28
126 F— ]
Ru— }
124M0—\ . /124MOZ = 49
1222rﬁg —~ _—2zr 7 =40 300 m
124 -
s Inner crust = N 190 :: % 2y 7 =39
Outer crust e 122, — = 2 [—120
N\ S e -
s R aEs 2 =38,
ellow region: N = 50 HFB-19 | HFB-21 Inner crust

Orange region: N = 82 | rioire: R.N. Wolf et al., Phys. Rev. Letfl0, 041101 (2013)
Neutron starhttps://www.skyatnightmagazine.com/spaméence/neutrostar/
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https://www.skyatnightmagazine.com/space-science/neutron-star/
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Neutron starhttps://www.skyatnightmagazine.com/spaméence/neutrostar/
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https://www.skyatnightmagazine.com/space-science/neutron-star/

What determines the composition of a neutron star?

b-equilibrium & chargeneutrality conditions
are the key elements



Recall: b de (C. Bedtuee 1) *XandY stand for arbitrary symbols of eleme

b decay occurs to gain energy by convertingyg p

B_ decay:éXN — §+1YN—1 + e + Ve n—p+e -l
+decay:4Xn — 4 Yy + et +v.e pontet +ue
o Z Z-1 YN+

(N, Z2) = (even, odd) or (odd, even)

Mass par abAdl au

A=173

. \_- A=const. {.e.Isobars)

\
\

(N-1,Z+1)
[

Binding energy

Proton number

29 30 31 32 33 34 35

Atomic number

44 43 42 41 40 39 38
Neutron number

Neutron number
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Recall: b d e(¢. aeytus 1)

*XandY stand for arbitrary symbols of eleme
b decay occurs to gain energy by convertingyg p
B~ decay: 4 Xy — §+1 Y1 + e 4+, Mo pTe Tl

Bt decay: 3 Xy — 4 Yn41 + et +v. pontet+u,
(N, Z2) = (even, odd) or (odd, even)

Naively thinking only about energy levels, .
b decay occurs to reduce difference of Mass parabrol au

Fermi energiesi.e. chemical potentials).
A=173

bst abl |
Ge isotope #

Binding energy

,,,,,,,,,,,,,,,,,,,

29 30 31 32 33 34 35

Atomic number

44 43 42 41 40 39 38
Neutron number

Shifted upward due tc/>\
Coulomb potential
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b-equilibrium and chargeneutrality conditions

Ul n Apure neutron mattero (PNM)..

Chemical potential

A
Oe
in = M an | V It grows with density
Ei:’,l)(in - 2771_” (57‘—27171)2/3
e -, ~ 940 MeV

*Here we neglect interaction effects*

K. Sekizawa Lecture 6: from nuclear force, through EoS, to neutron stars Fri., July 1, 2022



b-equilibrium and chargeneutrality conditions

U PNMb-decays to Asymmetric nucl ear matter

Chemical potential

Os |
ony,

fin = Mpc*+ V It grows with density

W2 2, \2/3
_ny Q.2 2/
Fkin = 5 (37°ny)

‘n

-~ 940 MeV

My c2 &~ m e
Amc®~1.29 MeV

2

*Here we neglect interaction effects*
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b-equilibrium and chargeneutrality conditions

U PNMb-decays to Asymmetric nucl ear matter

Chemical potential o
A In an infinite: system,

[ V It grows With density COUIOmb energy dlverges|

W2 2, \2/3
_ny Q.2 2/
Fkin = 5 (37°ny)

‘n

. 2 940 MeV

My ¢ = mpC
Amc®~1.29 MeV

Os
ony,

_ 2
Un = Mpc”+

2

*Here we neglect interaction effects*

K. Sekizawa Lecture 6: from nuclear force, through EoS, to neutron stars Fri., July 1, 2022



b-equilibrium and chargeneutrality conditions

/We have to think about a uniform gas\of

background electrons as well!

U NS matter is in theb equilibrium

Chemical potential

Os . : The charge neutrality condition
[tn = Mpc® + |l It grows with density ~ \_ J y .
n ‘ h2 ‘ ‘
OO T Ir2p. )2/3
e ~F.kin 2771.,1(37— "in)
py =mpyct+—F -~ OA( 7
p P On,, [ -~ 940 MeV
My, 2 ~m D 2
Amc?~1.29 MeV
Abequi | I bri umo
Hn = tp+ He
M, c? ~ 0.51 MeV

n ' € : :
p *Here we neglect interaction effects*
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b-equilibrium and chargeneutrality conditions

U NS matter is in theb equilibrium

Chemical potential

/

We have to think about a uniform gas\of

background electrons as well!

s . . The charge neutrali ndition
Hn = mncz-kan """"""""""""""""""""" V It grows with density ~ \_ e charge neutrality conditio .
mn 2
ng‘fiin - h (371’2‘71‘”,)2/3
L O o 2ma CAUTION (1)!
fp = MpC” I, [ -~ 940 MeV Relativistic effects camot
e 2 A o2 be neglected for electrons
mb 'pt
Amec?~1.29 MeV 6
10 E T [ T [ T [ T E |
F (@ o) 3
. 10°f in ™ 200065, doesnothold! -—_g
Abequi | 1 bri u m0§ 10*E Electrons, nosrel. .
Hn = Hp T He 107 F Electrons, relativistic g
DR E
- = ol 3
100 | ! | | | !
0 0.04 0.08 0.12 0.16
2 - =3
MeC ~ 0.51 MeV n; (fm ~)

€

*Here we neglect interaction effects*
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b-equilibrium and chargeneutrality conditions

/We have to think about a uniform gas\of
background electrons as well!

Ny = Ne

U NS matter is in theb equilibrium

Chemical potential

A
iy = Mpc+ (987; A — V It grows ;Nith density  \_ The charge neutrality condition y
\ ng'fdn = 221. (377271‘”,)2/3
5 Oc CAUTION (1)!
fp = mpc+ g - 2 940 MeV Relativistic effects camot
MinC? A myc? be neglected for electrons

Amec®~1.29 MeV
CAUTION (2)!

When g, exceeds the rest mass of a muop,
| m &lectrons are converted into muons!

—

Abequi | I bri

fle = My |
Charge neutrality reads:

| | el i ha” Np="Ne+Ny,
myc ~ 106 MeV
2 l ~ 0.01 MeV

MeC
' € L : :
p f *Here we neglect interaction effects*

S

Fri., July 1, 2022
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K. Sekizawa



There Is a debatable problem:

NHyperon puzzl e



on the Ahyperon puzzl eo

U Neutron-star matter is in the b equilibrium

Chemical potential Hmm... Whatt ift we go furtheer in densityy.??

........
.
.
.

e~ 940 MeV

My c2 &~ m e
Amc®~1.29 MeV

2

Abequi | I bryi umo
Hn = tp+ He

He = Hu |
Charge neutrality reads:
el i ha” Np="Ne+Ny,
UM B E S S S ~ 106 MeV
MeC . ~ 0.51 MeV
n p € )

*Here we neglect interaction effects*
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on the nNnhyperon

puzzl eo

U Neutron-star matter is in the b equilibrium

Chemical potential

........
.
.
.

m ¢

-~ 940 MeV

My c2 &~ m e
Amc®~1.29 MeV

2

Abequi | I bryi umo
Hn = tp+ He

my, c?

e

Hmm... What! if- we go furnther

In densityy.??

~ 1116 MeV

Charge neutrality reads:
Np ="MNe TNy

~ 106 MeV
~ 0.51 MeV

*Here we neglect interaction effects*
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on the Ahyperon puzzl eo

U Neutron-star matter is in the b equilibrium

Chemical potential Hmm... Whatt ift we go furtheer in densityy.??

...............
--------
__________

. "

. .
,,,,,,,
. .

““““
. e

-------
.
.
.

TNA (_T.‘2 7 L .~ 1116 MeV
e~ 040 MeV

My ¢ = mpC
Amc®~1.29 MeV

2

Hn = WA
Abequi | I bri umeo

Hn = Hp T [e
Charge neutrality reads:
| | e Np="Ne+ny
my, -, -~ 106 MeV
e ~ 0.51 MeV
n p Z A (udy

*Here we neglect interaction effects*
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Various hyperons should exist in the core of neutron stars

M. Bhuyanet al, Int. J. Mod. Phys. 26, 1750052 (2017)

0




Various hyperons should exist in the core of neutron stars

M. Bhuyanet al, Int. J. Mod. Phys. 26, 1750052 (2017)
0

Appearance of new particles
resul ts 1 nEo®so

D. Lonardoniet al.,Phys. Rev. Lettl114, 092301 (2015)

PNM

PSR J0348+0432

AN + ANN (”) PSR J1614-2230

With hyperons, it becomes
difficult to sustain R, NS! < AN + ANN (1)




Various hyperons should exist in the core of neutron stars

M. Bhuyanet al, Int. J. Mod. Phys. 26, 1750052 (2017) Appearance of ne\_N partlcles
resul ts 1 nEo®so

D. Lonardoniet aI.,Phyg:"'?éev. Lettl14, 092301 (2015)

With hyperons, it becomes
difficult to sustain 1, NS!




How can we understand NS structure from nucleons?

from nuclear force to neutron stars



Equation of state§o of nuclear matter

U EoScharacterizes the nuclear matter properties

V From lowenergy nuclear experiments, one may extract information in the vicinity of the saturation den
E.g.) ISGMR: UGragand G.Colo, PPNPL01(2018)55; Electric dipole (E1) polarizabili# skin thickness: ATamiiet al, EPJ/A0(2014)28

E/A j ¥ Egn &L
Slope of the symmetry enerdy: AN\ | "
L~30110MeV [ PNM: Pure Neutron Mattem¢only)

Symmetry energy:
Faym, ~ 28-35MeV|

SNM: Symmetric Nuclear MatteN=2)

Saturation energy;
Fo.. ~ —16MeV —

Density

Incompressibility: . Nuclear saturation density:
K ~ 220-260 MeV | ngat. ~ 0.16 fm—3
& shortrange attraction & repulsive core & shortrange attraction & repulsive core

8 ), K. Sumiyoshi (Kyoritsu printing Co., Ltd
Fri., July 1, 2022

cf. Frontiers in Physics Vol. 21, Understanding the World of Supernova Explosion from Atomic (JuelgiTw o~ W ©§ X
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From EoSto neutron stars

U An EoSdefines aMassRadius relation of neutron stars

A Equation of stateE(n)

N\

WA relation between pressure and dens

ty:

p
A TolmanOppenheimeNolkoff (TOV) equation:

correction from General Relativity (GRH
M(r): Integrated mass within radius

~—

where

g J

Equilibrium condition:

Gravitational force (inward) + Pressure (outward) = O

Mass-radius relation

P(r)=0

defines the NS radius

> T

R (km)
\ Figure: P.B. Demorest et al., Nat4@7, 1081 (2010)/

K. Sekizawa
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