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‘ Neutron stars ‘
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Discovery of pulsars and neutron star observations

In 1967, Hewish & Bell discovered a
“pulsar’” emitting periodic radio pulses,
PSR B1919+21 (at that time, referred to as
LGM “Little Green Men™-1.)

Imaginary drawing of a
pulsar (gigantic “dynamo”)

1968: A pulsar discovered in the Crab Nebula.
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The very short (33 msec) period of the

- - Crab pulsar helped to identify pulsars as
Crab Nebula (NASA/ESA) neutron stars!




Pulsar glitch

From young pulsars, glitches, sudden decrease in the pulse period,
are frequently observed.
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Various types of pulsars

 Double pulsar (PSR J0737-3039 alone)

- Anomalous X-ray pulsars
(presumably, magnetars)

- X-ray pulsars
(accretion-powered pulsars)
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Neutron star mass determination by Hulse & Taylor

A pulsar with a binary companion:
Observed orbital motion — mass measurement!
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: v/ \ | The companion of
= o0 - 1 PSR B1913+16 is
3 - i |
3 ool ak { Radial velocity of { | also a neitron star:
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-300F i
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allows accurate mass
determination!
Neutron star—neutron star binaries
1518449 1.56°012 (88) 1518+49 companion  1.0594> (88)
1534+12 13332790918 (88) 1534+ 12 companion ~ 1.3452709010  (88)
1913+16 1.440879:0003  (88) 1913+ 16 companion ~ 1.3873129%03  (8g)
2127+11C 1.34973:940 (88) 2127+ 11C companion 1.36313:040 (88)
J0737-3039A  1.337+999% (46) J0737-30398 HiEning T (46)

Mean = 1.34 M, weighted mean = 1.41 M, Lattimer & Prakash (2004)



Neutron star mass determination by Hulse & Tavlor (contd.)

Observed decrease in the orbital period was successfully explained
by emission of gravitational waves predicted by general relativity.
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Multimessenger observations of GW170817
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Abbott et al. ApJ 848, L13 (2017).
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Observed masses

updated 10 MNovember 2010

Pulsar twice as heavy as the Sun
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The Best Measured Neutron Star Radii

R < 5%"
Name D kT o Ny Ref.
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Rutledge (2010)




NICER (Neutron star Interior Composition ExploreR)

Deducing M/R from light curves of msec pulsars Sotani & Miyamoto (2017)

e Front-side hotspot rotates through the line of sight
>

Relative flux

Ihermat Ligntcurveviodae

Increasing compactness (M/R) and light bending

invisible surface

https://heasarc.gsfc.nasa.gov/docs/nicer/nicer_about.htmi



Nuclear matter
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Systems composed of nuclear matter
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Microscopic calculcnons of neutron matter
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Pethick & Ravenhall, ARNPS 45 (1995) 429.



Microscopic EOS calculations

Green’s function Monte-Carlo (GFMC)
Pure neutron matter with Argonne v’
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Scattering length a~-18 fm
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Low - density expansion :
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E= EFG{1+;70ZkFa+21ﬂ2(11 2In2)(k-a)* + }

Ref. Carlson et al., PRC 68 (2003) 025802.

Symmetric nuclear matter
Variational method: Overbinding without phenomenological three-nucleon forces




Microscopic EOS calculations (contd.)

Pure neutron matter
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Ref. Carlson and Reddy, PRL 95 (2005) 060401.



Phenomenological EOS parameters

Energy per nucleon of bulk nuclear matter near the saturation point

(nucleon density n, neutron excess a=(nn-np)/n):

W:N%+~f$§0h4bf4{éo+—£{n—ndﬁa2

18n; 3N,

Ny, Wy  saturation density & energy of symmetric nuclear matter
So symmetry energy coefficient
Ko incompressibility
L density symmetry coefficient
w (mm?) pure neutron matter q:p'i%(%
0% e ® %o
00600 000
S5t Wy |- Oe¢ O“ ®o0e
7metric nuclear matter O ® O o ® /)

n (density)

K, (curvature}
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Many-body perturbation calculations with chiral 2N, 3N, 4N interactions

1st, 2nd 3rd order pp and 3 ph contributions due to 2N interactions:

oo () & @

()

WEE & O

Ref. Holt & Kaiser, PRC 95 (2017) 034326.

1st, 2nd order pp contributions due to 3N and 4N interactions:

AP 2
D




Many-body perturbation calculations with chiral 2N, 3N, 4N interactions

Up to 4™ order:
NZLO EMN (2017) N*LO EMN (2017)

neutron matter

| | | )

1 NI L ]
31.2 — 34: 1 MeV PN\Fm = 30.5— 32:7 MeV |
60.2—66.1 MeV | N\ L=59.0—69:8 MeV _

3N interaction parameters
fitted to the empirical
saturation region and triton
binding energy
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— 450/2.50 500/ —1.50 | |=— 450/0.50 500/ — 3.00
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Ref. Drischler. Hebeler. & Schwenk. arXiv:1710.08220.
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Compressible liquid-drop model Ref. lida & Oyamatsu, PRC 69 (2004) 037301.

Semi-empirical mass formula: -Eg = E,, + Eg, + Ecoul
For a spherical nucleus (R~R,), 4
Evol = AW(nin '5in) N,
0~0, n=ny KO 2 L 2
w(n, o) >Wo +—2(N—ng ) +| Sg+=—(n—ng) |6
18n; 3n,
W, ~ 0.14-0.17 fm '3, —16 MeV saturation point of symmetric nuclear matter \
T
S, ~ 25-40 MeV t fficient ~ -
0 e symmetry energy coefficien Rp(NRn)
K, =180-360 MeV incompressibility
L ~ 0-200 MeV density symmetry coefficient
Neutron excess:
2
Esur = 471'(7(nin Oin )Rp o =(N-2)/A
~0, N~ nN—n
o(n, 8)—2200 5 50l 1- Cyyn 6 0
No
o, ~1MeV fm™  surface tension at 5 = Oand n = No
Csym #1.5-2.5  surface symmetry energy coefficient
£ 37 %? =0 Myers & Swiatecki (1969)
Ul BR) y~1/2  Yamada (1964)
y=4/3 Fermi-gas model




Nucleon density in the nuclear interior

Ref. lida & Oyamatsu, PRC 69 (2004) 037301.

Pressure equilibrium: 0 Egl|y =0, 1.e., Pyy+ Py, + Pegy,=0
K K
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Neutron skin thickness Ref. lida & Oyamatsu, PRC 69 (2004) 037301.

a quantity useful for deduction of the value of y

Thermodynamic description of the nuclear surface Ref. Pethick & Ravenhall, NPA 606(1996)173.
Rn_Rp A
— nn
Interior skin o
Hr——> N ‘\
A > r
\ ~ / \ R, R,
bulk <———— surface Neutron excess:
equilibrium _
éln_(nn'np)/(nn_l_np)
~(N-Z)/A - 3(R,-R))/2R,

Small change in &, — /@ = <{NAu,
Surface tension: Neutron skin:
S=(-2,1) / (area of the surface) adsorbed neutrons at the surface

-1

In the absence of _

Coulomb ener R, —R zcg :|--|-£ ,CEﬂ C +@
o p A 2R, SongL " Ky




Neutron skin thickness (contd.) Ref. lida & Oyamatsu, PRC 69 (2004) 037301.

Coulomb effects Ref. Myers & Swiatecki, NPA 336(1980)267.

- Reduction of the neutron-skin driving force

2
R, ~Ryoc ' £ = R -Rjoc L £
A A \20R,S

proton skin at N=Z

. Polarization of the nuclear interior

7e?
70S,

2
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r
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R. R
Eventually, P

2 = 2
Rn—szC[N Z_ 28 IHP’C] <8 ,Czﬂ(csym_i' J
A 20R,S, | 2R, ) 70S,'  Song K,
\

Poorly known

n

Cf. The diffuseness correction is ignored.




Diffuseness correction to neutron skin thickness
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Ref. Horiuchi, Ebata, & lida, PRC 96 (2017) 035804.



Why the EOS dependence of neutron skin thickness is so elusive?

0.35 — 71—
Vol+Surf ——
0.3 Vol —+—
= tSsurf B
xpt. (Sn) ——
0.25 Expt. %Pbg e

0.2 o

0.15 = % i
-
i

i
=

0.1
0.05 &

0 1 ] 1 ] 1 1 1 ] 1
0.12 0.14 0.16 0.18 0.2

o=(N-Z)/A
Only C is empirically determined as ~ 1.06.

e

The diffuseness correction is of the order of the liquid-drop contribution.

Ref. Horiuchi, Ebata, & lida, PRC 96 (2017) 035804.




Conclusion

Neutron star Laboratory
observations nuclei

Properties of nuclear matter
e.g., the symmetry energy




