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Amazing Facts About Neutron Stars

» Densest objects this side of an event horizon: 10'° g cm
Four teaspoons on Earth would weigh as much as the Moon

-3

» Largest surface gravity: 10'* cm s—2

This is 100 billion times the Earth's gravity.
» Fastest spinning objects known: v = 716 Hz
Spin rate measured for PSR J1748-2446ad,
in the globular cluster Terzan 5, 9 kpc distant.
33 pulsars have been found in this cluster.
If Reg ~ 15 km, veq ~ c/4.
» Largest known magnetic field: B = 10'° G SR
» Highest temperature superconductor: T, = 10 billion K
The highest known superconductor on the Earth is mercury thallium
barium calcium copper oxide (Hg12T/3BazgCazpCuy50125), at 138 K.
» Highest temperature, at birth, anywhere in the Universe since the
Big Bang: T = 700 billion K
> PSR B1508+-55 has fastest measured stellar velocity in the Galaxy:
1083 km/s = ¢/300
» The only place in the universe except for the Big Bang where
neutrinos become trapped.
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Neutron Stars: History

1920 Rutherford predicts the neutron

1931 Landau anticipates single-nucleus stars but not neutron stars
1932 Chadwick discovers the neutron.

1934 W. Baade and F. Zwicky predict existence of neutron stars as end
products of supernovae.

1939 Oppenheimer and Volkoff predict upper mass limit of neutron star.
1964 Hoyle, Narlikar and Wheeler predict neutron stars rapidly rotate.
1965 Hewish and Okoye discover an intense radio source in the Crab
nebula.

1966 Colgate and White perform simulations of supernovae leading to
neutron stars.

1967 C. Schisler discovers a dozen pulsing radio sources, including the
Crab pulsar, using secret military radar in Alaska. X-1.

1967 Hewish, Bell, Pilkington, Scott and Collins discover “first” PSR
1919421, Aug 6.

1968 The Crab Nebula pulsar is discovered, found to be slowing down
(ruling out binary and vibrational models), and clinched the connection
to supernovae.

1968 The term “pulsar” first appears in print, in the Dajly Telegraph.
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1969 “Glitches” observed; evidence for superfluidity in neutron star crust.
1971 Accretion powered X-ray pulsar discovered by Uhuru (not the Lt.).
1974 Hewish awarded Nobel Prize (but Bell and Okoye were not).

1974 Binary pulsar PSR 1913416 discovered by Hulse and Taylor.,
orbital decay due to GR gravitational radiation

1979 Chart recording of PSR 19194-21 used as album cover for Unknown
Pleasures by Joy Division (#19/100 greatest British album).

1982 First millisecond pulsar, PSR B1937+21,
discovered by Backer et al. at Arecibo.

1992 Discovery of first extra-solar planets
orbiting PSR B1257+12 by Wolszczan and Frail.
1993 Hulse and Taylor receive Nobel Prize

1998 Kouveletiou et al. discover first magnetar
2004 SGR 1806-20 flares: largest burst of energy
seen in Galaxy since SN 1604, brighter than full
moon in 7y rays, more energy emitted than Sun

in 100,000 years. slee
2004 Hessels et al. discover PSR J1748-2446ad;
fastest rotation rate, 716 Hz.

2005 Hessels et al. discover PSR J0737-3039, first two-pulsar binary
2013 Antoniadis et al. find most-massive PSR J0348+-0432, 2.01 Mg,
2013 Stairs et al. find first pulsar in triple system
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Important Questions

» How Does the Structure of Neutron Stars Depend On the
Nucleon-Nucleon Interaction?

» The Neutron Star Maximum Mass and Causality

» The Neutron Star Radius and the Nuclear Symmetry Energy

» Does Exotic Matter (Hyperons, Kaons/Pions, Deconfined Quarks)
Exist in Neutron Star Interiors?

» How Do Nuclear Experiments Constrain the Nuclear Symmetry
Energy and Neutron Star Radii?

» Binding Energies

Heavy ion Collisions

Neutron Skin Thicknesses

Dipole Polarizabilities

Giant (and Pygmy) Dipole Resonances
» Pure Neutron Matter

» What Astrophysical Constraints Exist?
» Nuclear Mass Measurements
» Photospheric Radius Expansion Bursts

» Thermal Emission from Isolated and Quiescent Binary Sources
» Pulse Modeling of X-ray Bursts, QPOs, etc.

vVvyvy
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Neutron Star Structure
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Mass-Radius Diagram and Theoretical Constraints
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The Radius — Pressure Correlation
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Neutron Star Structure

Newtonian Gravity:
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Extremal Properties of Neutron Stars

» The most compact and massive configurations occur when the
low-density equation of state is "soft” and the high-density equation
of state is "stiff’ (Koranda, Stergioulas & Friedman 1997).

8 T / .
F "4 €5 is the only

EOS parameter

The TOV
solutions scale
with &,

Pressure

w=¢e/eo
y=Pleo,=w-1
x = ry/Ge,/c?
z=my/G3s,/c?

Density
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Extremal Properties of Neutron Stars

The maximum mass configuration is achieved when
xg = 0.2404, w, = 3.034, y. = 2.034, zzr = 0.08513.

A useful reference density is the nuclear saturation density
(interior density of normal nuclei):
ps = 2.7 % 10 g cm™3, ns = 0.16 baryons fm—3, s = 150 MeV fm—3

Miax = 4.1 (£5/26)/*M;, (Rhoades & Ruffini 1974)
Mg max = 5.41 (mgc?/ o) (es/c0)* Mg

Ruin = 2.82 GM/c? = 4.3 (M/Mg) km

[tb,max = 2.09 GeV

Ecmax = 3.034 €5 > 51 (Mg /Miargest)? s

Pemax = 2.034 ¢, >~ 34 (M@/Mlargest)2 Es

NB max = 38 (M@/Mlargcst)2 ns

BEL.x = 0.34 M

Pepinmin = 0.74 (Mg /Mgpn)Y?(Repn /10 km)3/2 ms =
0.20 (Msph,max/Mg) ms

vVvyVvyvVvyvVYyVvyYVYyYYvVYyyYy
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Maximum Energy sity in Neutron Stars

Approximate Central Baryon Density n_/n
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Causality + GR Limits and the Maximum Mass

A lower limit to the
maximum mass sets a
lower limit to the 2.5
radius for a given mass.

M — R curves for maximally compact EOS

2.0

Similarly, a precise

(M, R) measurement 15
sets an upper limit to =
the maximum mass. = 4

Mo)

1.4M, stars must have

R > 8.15M,. 05 g
1.4M,, strange quark 0.0 c ]
matter stars (and likely 6 8 . gkom) 12 14

hybrid quark/hadron
stars) must have
R > 11 km.
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Spherically Symmetric General Relativity

Static metric:
ds? = e*dr? + r* (d6? + sin® 0d$?) — e dt?

Einstein's equations:

8re(r)Gri/ct = 1—e M) 4 re XN (r),
87P(r)Gr*/c* = e M) 14 re*’\(r)ul(r),
Py — P20

Mass;m(r)c2 = 47r/ e(r')r'?dr’, e M) =1-2Gm(r)/(rc?)
0

Boundaries:
r=0 m(0) = P'(0) = £'(0) = 0,
r=R m(R)=M, P(R)=0, e =R =1_2G6M/(Rc?)
Thermodynamics:
o’ de _ dedv _de L, P _de
n et P  dp2’ M7y T n2  dn
myc?n(r) = ((r) + (r))e( V= R)2 — n(R)e(R)
N = / 4rr?eM02n(r)dr; BE = (Nmjy, — M)c?
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Neutron Star Structure

Tolman-Oppenheimer-Volkov equations of relativistic hydrostatic

equilibrium:
P G (m+4nr3P/c?)(e + P)
dar r(r —2Gm/c?)
d—m = 47rir2
dr c?

P is pressure, € is mass-energy density
Useful analytic solutions exist:
» Uniform density ¢ = constant
» Tolman VIl ==¢c.[1—(r/R)?]
» Buchdahl e =+/PP, —5P
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Uniform Density Fluid

Mc?

At € 3 3/2 _ ()2 _ GM
3l =M X—(E)’ P=Ra
1—2px,

3 1
Lw—zﬁ—zﬂ—zﬁx} |

VI—28x — V1-28
6{3\/1—2/3—\/1—2&}’

constant n(r) = constant

3 (sin

— -V1-2 2+
45 ( v )=
00

P. <oo= (<4/9
P.<e=— [ <3/8
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Tolman VI

e(r) = ec[1—(r/R)?*] =ec[l —«]

e = 1 Bx(5-3x)
e(r) (1—58/3)cos® ¢,
2
PO) = s | V35 D tanolr) - 55 -39
n(r) = e(r) + p(r) cos ¢(r)
mpc? Cos 1

wi — w(r) _ =1) = - b
o(r) = f—l—(bh ¢1=¢(x =1) = tan 1m7

5 e 0 1 1-2
Inlx6+ 36], wy = w(x=1)=In ﬁ].

6\ 3
_ 3_1 2 _ 1 B
(P/e)e = 15 \/; 3 Csc = tan ¢ <5tand)c+ 3)

BE 11, 7187
Mc2 — 21" " 18018

P,c? < 0o = ¢ < /2 = 3 < 0.3862, 2 <1= p<0.2698.
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Buchdahl's Solution: Relativistic n=1 Polytrope

S
—
~
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Il

_ P 2
Tﬂ )
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(1-2
(1-2
Au(r
2A%u(

3/2
p(r)
psp(r) (1 —4 0. )

e=+/P,P—5P
—B—u(r)(1—B+u(r)"

— B4+ u(r)(1—B—u(r) (1 - B+ BcosAr')~?

—28)(1 = B+ u(r))2,
=20)(1 =B = 3u(r)/2)(1 — B + u(r)) 2,

B p 1/ P
A sinAr' = (1-5) (2 i) 1>
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,1 7TC2
o= P05, nmect = g 2y
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(1 B) B2+ 22+

2<1=p<1/6.
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Tolman IV Variation: A Self-Bound Star (Quark Star)

G
47r—25,‘:\’2
c

N

Esurf

Ec

[1-8(-
(2 — 55 + 34x)

(2 — 58+ 38x)5/3

3
2
5(2 =58+ px)? [

-3

0.30 < 2. < 0.44,
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Roche Model for Rotation (Shapiro & Teukolsky 1983)

3/2 sap N 1/2
pIVP=Vu= V(0 +0)  Paed _ oo R\ (Ma)
M 1 ms 10 km M
b ~ - b, = —§Q2r2 sin? 0 GR (Haensel et al. 2009): 0.92 + 3%
Shape: LR7sin’0 R
Bernoulli integral: ’ GM R 1
HZMP+¢G+¢CZ_GM/R R 1 2 1 Qsind>
p=fy prdP = pun — pino R(0) - §+§ s\ 3" L2 ( Qshed )
Evaluate at equator: R sin(6)
Q — Qped: = — .
Q?RE, R. shed R(0) — 3sin(6/3)
= — — Percentage increase in equatorial radius
2GM R 30 ‘ ‘ ‘ ‘
Also true in GR. Mass-shedding limit: zsp  vTHOTE S /
Qﬁhed:G/\/l/qu, Req/R:% Lol g & &
GR: Cook, Shapiro & Teukolsky (1994): 2~ o
1.43-1.51 = st ]
0 (2 )3/ > [em
shed = | 5 B3 or o o ]
3 R 3 0@ 00@ 0‘0500 gﬁ 0960 /0@0 ‘ 0_7_00
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Bulk Matter Energy and Pressure

40F 7777 12
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20F

10+

E (MeV)
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Schematic Free Energy Density

F(n,x, T); n: number density; x: proton fraction; T: temperature
ns ~ 0.16 & 0.01 fm~3: nuclear saturation density

B ~ 16 4= 1 MeV: saturation binding energy K: ~ —200 4 200 MeV:

Ks ~ 240 #+ 20 MeV: incompressibility skewness
J ~ 30 4+ 6 MeV: bulk symmetr.y energy Keym ~ —300 + 300 MeV:
L ~ 60 + 60 MeV: symmetry stiffness symmetry incompressibility

a~ 0.065 4 0.010 MeV~!: bulk level density parameter

K n\? n 5 ns\2/3 _,
F o= B+18<1—ns> (129 —3(7) T
A(F/n) n*[K [(n 2an /ng\2/3
_ 2 S I _ 2 e ) 2
o= on  ns |9 \ng 1) +J0 =297 + 3 (n) T
_ 9F _x0oF
o = on r;{&x 2
n n n a/n
= B4+ —(1-—)(1-3=)+2J—(1-2x)—= (=) T?
(1 n) () a2 -3(5)
. 10F
n = _E&—Mn ‘U/p—4J 5(1—2X)
10F ng\2/3 _
S = _EaiT—2a(?> T, 5—F+HTS
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Phase Coexistence

Negative pressure: matter is unstable to separating into two phases of
different densities (and possibly proton fractions). Physically, this
represents coexistence of nuclei and vapor. Neglecting finite-size effects,
bulk coexistence approximates the EOS at subnuclear densities.

Free Energy Minimization With Two Phases

F = e—nTs=uF +(1—u)Fy,
n = un+(1—u)ny,
nYe = uxn + (1 — u)x,,n/,.
n—un nYe — un;x;
ny = 5 X)) =
1—u n— ung
dF 3/:/ 6F,, —u
o5 = o 1- a9 - n, — HMn
dny uan/ +( U) onyp \1—u U(M AT H ’”)
dF aF/ aF// —uny ~ ~
- oy 2 _ _
dX/ uaX/ + ( U) 8X// n—uny Unl(lll M”)
dF (?F// ny — ng OF,, —uny
= F-Fi+(1—u) |2 —
du ! "t ( U) {an,, ( 1—u * aX// n—unj
= [l = [nil Hpl = Hpll Py = Py
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Nuclear Symmetry Energy

Defined as the difference between energies of pure neutron matter
(x = 0) and symmetric (x = 1/2) nuclear matter.

5(p) = E(p,x =0) — E(p,x =1/2)

Expanding around saturation density 30F Fuche, HH. Wolfer, EPJA 30(2806) 5
(ps) and symmetric matter (x = 1/2) 60’_ SR — r ,/ i
E(p.x) = E(p, 1/ +(1-20 S0+ = |
Lp—p =
S(p)=d+ -5 .. < 201
() =3+ 3 <
J ~ 31 MeV, L ~ 50 MeV hles
201 e Inuc:llear‘ maTIer e
1 z
Connections to neutron matter: PP,

E([)S,O)%J+E(p5,1/2):_/78, p(p570):Lp5/3

Neutron star matter (in beta equilibrium):
40\ 4-3J/L
he 312p,

O(E+E) Lps
o =0 Plosixs) ==
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The Liquid Drop Model of Nuclei

ZZ
E(Z,N) ~ —BA+ JAI? + (E, — S,1?) A%/ + ECW
B ~ 16 MeV, J ~ 30 MeV, E; ~ 18 MeV, S; ~ 45 MeV, Ec ~ 0.75 MeV.

At each density, the preferred nucleus has a mass determined by

IEJA)  E —SJ* 2Ecx® 0
A =TT T 3as

. The Nuclear Virial Theorem is

E, — S.I?
5~ 48(1+2/) ~ 61.

ES — Ssl2 = 2ECX2/47 Aopt = 2m

At low densities, the optimum nucleus has a charge determined by

OEIAN _ gy (s 2\ 41— NEAS =0,
(55%), = (1) ra-n

B EcA
T 4(JA3ZS,) + ECA

/ ~ 0.125; 7 ~27
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Isolated Nuclei

The binding energy
curve is heavily
skewed. Certain
closed-shell nuclei
(He, C, O, Pb) have
much larger binding
than the average.

The optimum value of
| increases with mass
number A. This trend
represents the Valley ]
of Beta Stability. 0 100 200 500

Binding Energy per Baryon (MeV)
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Nuclei at Higher Densities

At the end of stellar evolution, when an iron core forms, the central
stellar density is about p ~ 107 g cm™3, implying a filling factor
u=p/ps ~3.7-10"8. The intranuclear spacing is about 2u~/3 ~ 600
nuclear radii.

Electron screening reduces the nuclear Coulomb energy.

Approximating electrons as uniformly distributed, even within nuclei, the
nuclear Coulomb energy is:

3 722 3 u
Ec="> 12 Y
75 R ( 2" +2>

3

The reduction factor is about 0.5% for p ~ 10" g cm~3.

This effect increases the nuclear mass, which is proportional to EC_I, as
the average density increases.

The optimum [ also increases with density due to beta equilibrium:
O(E/A+ E.)

Ix = —fip+ pip + pre = 0.
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Chemical Potentials and Neutron Drip

Chemical potentials are equivalent to the separation energies:

e () (1)

He = a(gf::'/:/)e) = hC(37T2I75UX)1/3-, Ye =X,

At sufficiently high density, about p = (3.5 — 4) - 10" g cm~3, as x
becomes smaller and A becomes larger, p, becomes positive. Neutrons
thus 'drip’ out of nuclei.
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Nuclear Droplet Model

Myers & Swiatecki droplet extension: consider the variation of the
neutron/proton asymmetry within the nuclear surface.

E(A,Z) = (=B + J6%)(A— Ny) + (Es — S;0°)A?/3 4 EcZ2A7Y3 + g N,

N is the number of excess neutrons
associated with the surface, NaL
d=1-2x=(A—N;—22)/(A— Ns)

is the asymmetry of the nuclear bulk
fluid, and i, = —a, + J6(2 —0) is then |
neutron chemical potential. Surface
tension is the surface thermodynamic
potential; adding u,Ns gives the total
surface energy. Optimizing E(A, Z)

with respect to N; yields

Ss (5 =9 <

(.

=
|

>,

5 —1
_ 2/3 2 1/3 2
E(A Z) = —BA+ E.A?3 + EcZ% /A3 + JAI <1+JA1/3> .
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Nuclear Experimental Constraints

Kortelainen et al. (2010)

Binding Energies

o 100]- 1

Liquid Droplet Model I
80| ]

_ A2 J _ [
Esym—A/ [m = 605 4
20R 14+-S,A-1/3/J < 40 %‘? R

— L
20; -

Ss ~ 32 Lo (N2, i
7 = 2n, [1+3J+<3J) } ol 1
=200 ]
24 26 28 30 32 34 36

S, (MeVv)
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Why Symmetry Parameters are Highly Correlated

Assuming approximate validity of liquid drop model Liquid drop model
Esym(N, Z) = (JA — S,A%/3)12 R

N 70F | E
X2 - N{, Z, 1(Eex i~ Esym i)2 as
- 60 5-\0( N E
X = & %Z, Alv/,‘*A,2 =61.60,> S /LJ ]
5/3 _ = : '
Xvs = /\/ 2 ZI 1 /I4A / —10. 70 2 40 E 05%?‘63 E
4/3 ) « '
& SN 1BAYS Z 18705 o A ]

S

2Xss 2 3 20 . . 9p = Z‘MeV .
gJ = —x2 = £.390Dp 24 26 28 30 32 34 36
\/ Xw Xss—Xsy s, (Mev)
os, = )()2(X7WX2: 13.20p Korte\omen et al. (2010)
v Xss— i
v > JNEDFO HF

100

— 2Xvs o
« :% tan 1 XVVX Yo ~ 9 8 80F ,L\xz'Q 4
rs = ——X=_~ 0.997 < eof P

Xwv Xss 3 e
2 s0f e ]
Liquid droplet model: ok Y £ ]
JAI? or & ]
Eon(N.2) =375, /AT b ST
Ss 32—5 {1+(I_/3J) (L/3J)2+-~-] 24 26 28 30 32 34 36
ro S, (Mev)
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Meaning of J — L Correlation

The slope dL/dJ is an indicator of the most sensitive density us for the
measurement of the symmetry energy 5(u).

If the correlation line goes through (J, L), a change dJ can be
compensated by a change dL.

(), (5),

Example: S(u) = Sku?/3 + Syu?, Sk ~12.5 MeV
J =5k + Sy, L:25K+3’7J:5K(2—3’}/)+3’7J

ﬂ_ilnus Us = ex 73ﬂ
L~ 3 TP )

For binding energies, dL/dJ ~ 11, us ~ 0.76.
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Saturation Properties of Nuclear Interactions

Empirical Saturation Window
B =16.06 + 0.20 MeV
ns = 0.1558 + 0.0054 fm—3

Kyj2 = 236.5 + 15.4 MeV
Data from Dutra (2012, 2014)

i S T 6001 .S‘kyrrﬁe
o oct E o+ RMF} ]
R Lo RO 400 \
160 e [ xEFT'SNM
'Skyrme‘ Ser 7 ] 200F ¢ . \ 3
= 15p WP § 13 of - ]
2 XEFT SNM = r ) 4
© 14 E 8 —200F 4
. S e N 4
—400F/ . .
13F E [!
L E —600F # ]
12 bere? ‘ ‘ L] -800 [ ., ‘
0.14 0.16 0.18 0.20 200 220 240 260 280
ng (fm™) Ky, (MeV)
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Matter Studies

Recently developed chiral effective field theory allows a systematic expansion of
nuclear forces at low energies based on the symmetries of quantum
chromodynamics. It exploits the gap between the pion mass (the
pseudo-Goldstone boson of chiral symmetry-breaking) and the energy scale of
short-range nuclear interactions established from experimental phase shifts. It
provides the only known consistent framework for estimating energy
uncertainties.

Drischler et al. 2021 ---- Unitary Gas
10tk =— yEFT N3LO
e R b
" -
E 100} 3
S o
g pure neutrop matter
: 10—1 L _- _____ S
---- Unitary Gas } _s=="""
=—— yEFT N3LO il
10—2 L L L s L I I
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
ng (fm=3) ng (fm=3)
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Symmetry Parameters From Chiral EFT

i FPtlco
Two approaches to exti 10 | | [MeV fm ™)

" (b) !
[\EFT NfLO

20

1. Take the difference
between pure neutron and
symmetric matter
energies and pressures at
the calculated saturation
density.

15

2020

—10 10

Drischler et al.
(é}

2. Use pure neutron

matter energy and ik 02 — 1.3 0.1 0.2 0.3
pressure with the " empirical 7{Density n [fm 2]
empirical saturation “Skyrme " :

window from nuclear mass < 15F "™F
fits. J = En(ns) + B, HEFT SN
L = 3Pn(ns)/ns.

B (Mev)

0.14 0.16 0.18 0.20
ng (fm™)
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Symmetry Parameters From Neutron Matter

Pure neutron matter calculations are more reliable than symmetric matter
calculations.

Symmetric matter emerges from a delicate cancellation sensitive to short- and
intermediate-range three-body interactions at N°LO that are Pauli-blocked in
pure neutron matter.

N3LO symmetric matter calculations don’t saturate within empirical ranges for

ns and B, 17 . R ]
E R Sy S e
£ "J ’ T3t '—':/ 1
TII . 3 P
and introduce spurious correlations in FeSkyrme | St . E
symmetric matter. <15 E+RMF E
We infer symmetry parameters from 2 F XEFT SNM
En(ns) and Py(n in ~ ]
nv(ns) and Pn(ns) using o 4l E
J= EN(ns) + B
L =3Pn(ns)/ns 130 . E
and include uncertainties in En, Py, ns F
and B. 12 Bele”y . . |
0.14 0.16 0.18 0.20
n, (fm™)
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Correlations From Chiral EFT

O
100 B 8
80 - :
3 60 .
2 [ ]
1 L i
40 ]
r mass fits 1
20 -
i —xEFT PNM 1
O I L L L L L L L | L ‘UI\I‘ED‘FQ L | ]
28 30 32 34 36

J (MeVv)
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Bounds From The Unitary Gas Conjecture

120 T ‘ ‘ ‘ ‘ NL3™ '

STOS,TM1 &

The Conjecture (UGC):

Neutron matter energy always 100 -Excluded
larger than unitary gas energy. TMA &7 NLpd
Euc = & (3/5)EF, or 80 1
0\ 2/3 — Ls220a U=12 KVOR
Fue ~ 126 () ey, o FSligold /77 __GDBHE
ng = 60 | o -, JTKHS 1
The unitary gas consists of -~ L8435 &/ 332630 DD-F
fermions interacting via a - e SFHo
pairwise short-range s-wave 40 | i
interaction with infinite scat- (S62,Lo)
terring length and zero range. 20 | u=T \ Allowed
Cold atom experiments show a Tews, Lattimer, h\ {shi & Kolomeitsev (2017)
universal behavior with the 0 ! ; ! ! !
Bertsch parameter & =~ 0.37. 24 26 28 30 32 34 36 38 40
J (MeV)

For n > ng, one also observes Py > Py (UGPC).
J >28.6 MeV; L > 25.3 MeV; Py(ns) > 1.35 MeV fm=3: Ry 4 > 9.7 km
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Applying Unitary Gas Constraints

L (MeV)

100

80

60

40

20

—
IData from Dutra (2012, 2014) and Tagami (2022) -7

T T

T I B
~
- Kol
- S|
-
g !
I 1

—xEFT PNM )
——UNEDFO ]
I I I | I I

30 32 34 36

J (MeVv)

J. M. Lattimer Neutron Star Structure, Evolution and Measurements



Neutron Skin Thickness

The difference between the mean
neutron and proton radii in the
liquid droplet model is

top = Rn — Rp.

The mean square difference is &
r2, =< R, >? — < R, >% <

32r,1 S, _ -
=/ 24 =L+ sA .

np—
Irg‘nj?lies strong L — r,, correlation.

0.3

0.2F

Top (fm)

0.1F

0.60F |
0.50 ¢ §
0.40 ¢ A\
0.30¢ A
0.20
0.10}
0.00 ‘ C NN
I o0 2 4 RoRag
r (fm)
fe=1- 1430%; (1 + 352\5153)
For 2%8Pb: rop =~ 0.13 fm
ACs/D) ~ —0.020
&= A(ZSJ/J) ooom ~ —0.84
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Nuclear Experimental Constraints

Chen, Ko, Li & Xu (2010)
L B R I

Neutron Skin Thicknesses r
rnp:%rj \/ﬁ(1+5’4 13/ )71 100} ]
3Z 10 S,A”Y/3 [

\/7 {/S B 1406’ (1 L ﬂ 80 j—sn‘\q@ut@n\s&.ﬂ 1
I'np,208 = 0.15 +0.04 fm [ T &
0.60F B0

> H ) o
0.50 : | S
= 40 & .
0.40 I !
< 0.30 20| ]
% I
0.20 I
07 -

0.10 ¢ r

0.00 NN r
R R =200 ]

0 2 4 Fre 24 26 28 30 32 34 36
r (fm) S, (MeV)
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Calculated L — r,, Correlations

O 35 ..... LR SN | P S | P S S | S S | o AT ]
0.30 =
0.25 5

L eeTagami (2022)
0.05 7~ coother data
L L L L L L L | L L L L

0 50 100 150
L (MeV)
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Implied L Values

Historical experimental weighted average 2°6Pb

rfgg = 0.166 + 0.017 fm, implying L = 45 4+ 13 MeV.
Historical experimental weighted average *¢Ca

rn8 = 0.137 + 0.015 fm, implying L = 14 + 21 MeV.

Combined L =36 + 11 MeV.

Parity-violating electron scattering measurements at JLab:

PREX I+11 28Pb (Adhikari et al. 2021):
r2%8 — 0.283 + 0.071 fm, implying L = 119 + 46 MeV.

np
CREX “8Ca (Adhikari et al. 2022):
ra8 =0.121 £ 0.035 fm, implying L = —5 + 42 MeV.

Combined L =51 4+ 31 MeV.
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208 _ 48 | ; -
rap. — np Linear Correlation
S
0.25  «Tagami y
- aother |
i al unknown i
0.20 -
.
2 015 A
i . 7]
e 0]
0.10(-"", 2
0.05 [ ! ! \\T‘n- ! ! o]
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0.10L
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——— e T
- aoutside 90% or L unknown . A7 %t .
_f a ‘5‘:—“90% i
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NN\ PREXHCREX
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Implied J — L

120

T T T T T T T T T T T T T T T T T T "O
e within 90% CREX+PREX violates UG 9 7 ° ]

o within 90% CREX+PREX 00 o ]

100 e outside 90% CREX+PREX o W7 |

80 j o o OO o © i

% i 0] o . . ]
= r . il
~ 60 B * - e ° ]
- o . o —PNM xEFT
i — PREX+CREX

40 : —exp mean |
T wor. SR UGPC . ]

200 7w :

L e | | ) | ) i

28 30 32 34 36 38
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Implied Ry 4 — L

120 [, within 90% CREX+PREX violates UG ./
re within 90% CREX+PREX 7 R
100;ooutside 90% CREX+PREX o]
B 0/0,
L Lattimer & Lim 2013 #/ \§ g %
L PREX+CREX SR 1
N 80 - exp mean §§§§§§§sz o -
% r ;.0,‘ éoo:‘o\
2 L
~ 60 -
O L
40 - o
i 0o
Lo, - T et .—..‘..,.f.:.: .............. N EEEIEEENN 7o T J
20 NN \boz1)
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Ria (km)
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Nuclear Experimental Constraints

Tsang et al. (2009)

Flows in

100 .
Heavy lon Collisions I

'S
80 :—-.Qe_gt,

peripheral @ central l L ‘QO\S/ZQ}:;:/
= Q) 60 e

40p =S

«_
L (MeV)
Ss

Isospin h l L - TN

fractionation,
migration multifragm '\)

Oo\‘ L
Q =200 ]
Wolter, NuSYM11 24 26 28 30 32 34 36

S, (MeVv)
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Giant Dipole Resonances

Trippa, Colo & Vigezzi (2008)
L L

100}
— 50 Bads
607\,/’/
Energyli %\ -
rgy/ieV s —
< 40
('Y,n) www.tunl.duke.edu — [
20|
J
E,l X 0
1+ A1/3
-20 A
- 24 26 28 30 32 34 36
23.3 MeV< S,(0.1 fm3) <24.9 MeV 5. (Mew)

J. M. Lattimer Neutron Star Structure, Evolution and Measurements



Nuclear Experimental Constraints

Roca—Maza et al. (2013)

Dipole Polarizabilities 100¢

ap =4m_q

AR? 55A1/3
~ 48 (143 )

Uses data of
Tamii et al. (2011)

D208 = 20.1+0.6 fm2

24 26 28 30 32 34 36
S, (MeVv)
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Combined Constraints

100}
LS,
80j s

60 k-

L (MeV)

40

20 -

24 26 28 30 32 34 36
S, (MeV)
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The
Discovery
of Pulsars

PhD student Jocelyn Bell and
Prof.

Initially “Little Green Men”

Hewish won in 1974

i
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Crab

Nebula
SN1054AD °

LPuIsar rotates
30 times
per second!
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Pulsar _____ e High B
Flavors ) |

(high B, fast spin,
very energetic)

Pulsars move down and right across the
diagram as they lose energy (assuming
that the magnetic field doesn't change...
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Pulsar , B = High B
Flavors e |

(high B, fast spin,
very energetic)

Normal PSRs
(average B,
slow spin)

b}
O
[

Taken from "Handbook of Pulsar Astronomy” by Lorimer & Kram

Eventually they slow down so much that
there is not enough spin to generate the
electric fields which produce emission.

Their lifetimes are 10-100 Myrs.
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Millisecond Pulsars: via “Recycling”

Supernova produces /

a neutron star )
Red Giant transfers

matter to neutron star :
Millisecond Pulsar

Alpar et al 1982 emerges with a white
Radhakrishnan & Srinivasan 1984 dwarf companion

Picture credits: Bill Saxton, NRAO/AUI/NSF
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rulsar
Flavors

(high B, fast spin,
very energetic)

Normal PSRs
(average B,
slow spin)

(low B, very fast,

spin, best for basic
physics tests)

J. M. Lattimer
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What's a
Magnetar?

Neutron stars with
extremely strong
magnetic fields:

10"415 Gauss

(~1000x stronger
than normal PSRs)

POWered by decay ¢ SNR ossociations

g - _ O SOR/AXP
of magnetic field, Gt e s g

not rotation! 0.01 . 1 10

Period (s}

1

—-15
Taken from "Handbook of Pulsar Astronomy” by Lorimer & Kramer

]
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e
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Giant X-ray Flares:
Magnetar SGR 190

Gamma Rays
(Ulysses spacecraft)

|V WWJ'WK{#N m [A

)
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e
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v
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=
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{L M V]Mwl} Ww,‘\,‘ﬁ \‘

10:24

wal
Reflected Radio Waves
(Colorado, USA)

Radio-signal strength —»

i i 1
10:24 10:25 10:26 10:27
Universal Time (August 27, 1998)
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Pulsars are Precise Clocks

PSR J0437-4715
At 00:00 UT Jan 18 2011:

P = 5.7574519420243 ms
+/- 0.0 00000001ms

The last di
This digit changes by 1 every 500 years!

it changes by 1 every half hour!

This extreme precision is what allows us to
to do unique physics!




Pulsar Timing: Pulse Phase Tracking

Unambiguously account for every
rotation of a pulsar over years

Model
Measurement (prediction)
(TOAs: Times of Arrival)
Observation 1 Obs 2 / G
- E=Essss. _ _ _ _ _ e e - -
== =i

Pulses =iy

Measurement - Model = Timing Residuals

200ns RMS
over 2 yrs

400

(From Jacoby et al. 2005, ApJL, 629, 113) ~ Epoch (MJD — 52600)
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PSR J0737-3039

Cumulative shift of periastron time (s)

Residuals (s)

-0.1
-0.2

No GW damping A

PSR J0737-3039
Kramer et al. (2021)

I L RN AR R e

I T T S T O I B
2004 2006 2008 2010 2012 2014 2016 2018 2020

Year

Lattimer
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PSR J1614-2230

At(ps)

3.15 ms pulsar in 8.69d orbit with 0.5 My white dwarf companion.
Shapiro delay tightly confines the edge-on inclination: sini = 0.99984
Pulsar mass is 1.97 = 0.04 Mg,

Distance > 1 kpc, B~ 1.8 x 108 G

30

(o) {o '
N gt Y 1

Demorest et al. 2010

TR

40 I I I I I I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Orbital phase (turns)
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Black Widow Pulsar PSR B1957-+20

A 1.6ms pulsar in circular 9.17h orbit with ~ 0.03 M companion.
The pulsar is eclipsed for 50-60 minutes each orbit; the eclipsing object
has a volume much larger than the secondary or its Roche lobe.

The pulsar is ablating the companion leading to mass loss and the
eclipsing plasma cloud. The secondary may nearly fill its Roche lobe.
Ablation by the pulsar leads to secondary’s eventual disappearance.
The optical light curve tracks the motion of the secondary’s irradiated
hot spot rather than its center of mass motion.

pulsar radial velocity
SO e, S

1.60742

16074 [—

1.60738 ! \),( N

L P I : Loa
] 0.2 0.4 0.6 0.8 1
Orbital phase

Period (ms)

J. M. Lattimer Neutron Star Structure, Evolution and Measurements



i

=3

SO
Sx8

DeCC e o
x|

—N—Nogn—_-_-_

o
8

=13

NERRaGISS
T

T
3

0.0

NG
any

0.5

Buise-Toylor binary
s inwis
o Mouble pulsar

5C 6539

i
——i

double
neutron star
binaries

5, ¢ % white dwarf—
neutron star
binaries

J

@i in 47 Tuc
'

[

1

————&———+—— in NGC 6441

—e-i" " in NGC 6752
—e—y
triple system w 2 WD§ e
ple sys . .

'
—e—i 1

1.0 1.5 2.0
Neutron star mass (Mg)

Lattimer

in NGC 6440 ——e——

2.5

Neutron Star Structure, Evolu

3.0

vanKerkwijk 2010
Romani et al. 2012

Although simple
average mass of
w.d. companions
is 0.23 M, larger,
weighted average is
0.04 M, smaller

Demorest et al. 2010

Antoniadis et al. 2013
Champion et al. 2008




Density

Density

X—ray binaries

White dwarf — 7
neutron star
binaries

20 25
M (Mo)
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Radiation Radius

» The measurement of flux and
temperature yields an apparent
angular size (pseudo-BB):

Rw R 1
d d\/1—-2GM/Rc?

» Observational uncertainties
include distance, interstellar H
absorption (hard UV and X-rays),
atmospheric composition

» Nearby isolated neutron stars
(parallax measurable)

» Quiescent X-ray binaries in
globular clusters (reliable
distances, low B H-atmosperes)

» Bursting sources in which
Eddington flux is measured

GMc 2GM

Fag = 1
Bl = D2 Rpnc?
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Quiescent Sources in Globulars

Hot neutron stars in globular clusters

» Globular clusters evolve: more massive
stars, including binaries, sink to center
via long-range stellar encounters.

Close binaries formed in encounters.

Episodes of accretion in close binaries
heats neutron stars: they are reborn.

Following accretion, they become
quiescent, low-mass X-ray sources.

Accretion suppresses surface B fields.

Atmospheric composition is H.

wis
cretion disk

Neutron Star AN 1
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» The first universal relations 000
discovered for neutron stars 1
connected 1
» = 0.15 -
pressure and neutron star S 1
radius, ® 1
» binding energy and 0.10 ]
compactness, ]
» moment of inertia and 1
compactness. 0.05 ‘ ]
» Simple explanations exist usin e LU e
pie eXp , g T e i ;
analytical TOV solutions that 050 WIs——¢3) s 3
- . [ AP3 PCL2: SQm2 = ]
bracket realistic equations of [ uso s
0.451 &z S 7
state. : =Y ]
. 0.40F 4
» Tolman VIl: € = g9 [1 — (r/R)2];§ i : ]
= Pas, ]
» Buchdahl: ¢ = 12,/e,p — 5p. 0351 3// 020 E
3 ) r N - % 015 ]
» Easily extended to tidal Love 030~ S S E
number and rotational quadrupole | & o E
L “0.00 0.02 0.04]
moment. Lattiment ok (2001) ‘ /R e/ ]
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I—Love—Q Correlations |
10°°0 T T &

Yagi and Yunes (2013)
discovered that the
moment of inertia |, the
tidal love number (tidal
response) A, and the
quadrupole polarizability
Q are extremely highly
correlated.

10*

10°

A ME

Dimensionless love

numbers of neutron stars

in a merging binary are, 10?
furthermore, universally
related, allowing for their
individual measurements
from gravitational waves
of a binary inspiral (Yagi
and Yunes 2015). 5

10 20 30 50 100
1/M3
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Additional Proposed Radius and Mass Constraints

» Pulse profiles
Hot or cold regions on rotating
neutron stars alter pulse shapes:
NICER and LOFT will enable
timing and spectroscopy of
thermal and non-thermal emissions.
Light curve modeling — M/R;
phase-resolved spectroscopy — R.

» Supernova neutrinos
Millions of neutrinos detected from &
a Galactic supernova will measure
BE= mgN — M, < E, >, 7,.

» QPOs from accreting sources
ISCO and crustal oscillations

» Gravitational radiation
Mergers of neutron stars with
neutron stars or black holes

"Mountains’ on spinning stars

R-mode instabilities
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Reveal stellar structure through lightcurve modeling, long-term timing, and pulsation searches

~ Front-side hotspot rotates through the line of sight =
= 5
= J> > s s
= / £
3 / =
a2 '/ E -
= e — I
1 :? | '/ §
S5 g
i 3 ; g
= B ] S
= . £
=3 B 1 S
| < ] _Jj 2
— 1 1 1 ] =
1= 1 15 2 8
Pulse phase =

invisible surface

Lightcurve modeling constrains the compactness (M/R) and viewing geometry of a
non-accreting millisecond pulsar through the depth of modulation and harmonic content
of emission from rotating hot-spots, thanks to gravitational light-bending...

w Science Overview - 5
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PSR J0437-4715
M=1.67 M.,

R=12km,13.25km
Tep=1Msec

0206 keV

0.6-09keV

25 £
S ‘
5 E

g
05

= 09-12keV
5

T irsker ]
2 3 4 5 v L

Pulse Phase (ms) Nt

o = scooeo

=
©
=
=
=
@
=
i}

Counts (x1000)

I

1.8-3.0keV

i oLl I S S I 1 1 PR

... while phase-resolved =6
. = JEH0230kV ~]
spectroscopy promises a g2 : - : — =
. . . @
direct constraint of radius R. &3 =
= 0.2 0.4 0.6 08 1
Pulse phase

@ Science Overview - &
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GW170817

vV VVYy VYV VvV VvVVvyYyYy

LVC detected a signal consistent
with a BNS merger, followed 1.7 s
later by a weak gamma-ray burst.

~ 10100 orbits observed over 317 s.
M =1.186+ 0.001 M

Mr min = 28/5M = 2.725M;

Ecw > 0.025M,c? - AT U
D, = 40*8, Mpc g ™ Abbott et al, (2017)
75 < A < 560 (90%) e
Mejecta ~ 0.06 £ 0.02 My, ‘ . kilonova
Blue ejected mass: ~ 0.01M
Red ejected mass: ~ 0.05M

Probable r-process production

-

2017 August 17 2017 August 21

Ejecta + GRB: M0 < 2.22M, Dot ot at: (2017)

J. Neutron Star Structure, Evolution and Measurements



The Effect of Tides

Tides accelerate the inspiral and produce a gravitational

wave phase shift compared to the case of two point masses.
0.15 _ :
010 Impact of matter
0.0 MM
-0.05-

-0.10
=0.155

fy Mgt/ D

20 -15 10 ‘ 05

Lis)
faw — 405 Hz, 2= 57 1km

large /NE s credit: Jocelyn Read
small A 5/3
5 75(1+q)4 wfew GM /~\ "
! 256 g2 c3

J. M. Lattimer
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Tidal Deformability

The tidal deformability A is the ratio of the induced dipole moment Qj; to
the external tidal field Ej, Q; — 45T
Use 8 = GM/RC and i
Ao . 0.10|
=i~ 30 :
ky o< 1/ is the dlmenS|onIess
Love number, so A ~ a3~ 6.
For 1 < M/Mg < 1.6, i
a = 0.0093 £ 0.0007. 0.04F

For a neutron star binary, the
mass-weighted A is the 0.0z
relevant observable:

 Lattimer (2 .
. 16 (1 + 12a)A 12 %ﬁ_tﬂ_mu_l_éhaé#_&

A— 6( + q) 1+ +Q3ﬂq 0.1 q_%/l\/h§13 0.4
13 (I1+4q)° = GM/R?
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Binary Deformability and the Radius

16 (1 + 12¢)Ay+¢*(12 + q)/\2N16a( R1,4c2)6q8/5(12—11q+12q2)

13 (1+q)® 13\ GM (1+ q)%/5

>

This is very insensitive to g for g > 0.5, so
~ Rl 4C o
A~ a :
’ ( GM)

For M = (1.2+0.2) Mg, a’ = 0.0035 + 0.0006,

~ \1/6
A
R4 = (11.5i0.3)/\/;/l<m> km
©

For GW170817, M = 1.186M,, &’ = 0.00375 + 0.00025,

i\
Ri4=1(13.44+0.1) (800) km.
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Implied Ay 4 — L

« within 90% CREX+PREX violates UG

100
e within 90% CREX+PREX o0
ooutside 90% C5EX+PREX ©
80 7 o

L (MeV)
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Summary of Astrophysical Observations

3.0t Companion V723 Mon NS not confirmed |

Figure adapted from Tan et al. (2021)

GW190814 NS not confirmed

J0952-0607 black widow pulsar
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Moment of Inertia

» Spin-orbit coupling is of same magnitude as post-post-Newtonian
effects (Barker & O’Connell 1975, Damour & Schaeffer 1988).

» Precession alters orbital inclination angle (observable if system is
face-on) and periastron advance (observable if system is edge-on).

» More EOS sensitive than R: | oc MR?.

» Measurement requires system to be extremely relativistic.

» Double pulsar PSR J0737-3037 is an edge-on candidate;
Ma = 1.338185" 13 M.

» Even more relativistic systems are likely to be found, based on
faintness and nearness of PSR J0737-3037.
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Recent Moment of Inertia Measurement
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The Urca Processes

Gamow & Schonberg proposed the
direct Urca process: nucleons at the
top of the Fermi sea beta decay.
n—p+e +ve,

p—n+et+

Energy conservation guaranteed by
beta equilibrium

Hn — Hp = He

Momentum conservation requires
|ken| < [kep| + |Krel.

Charge neutrality requires krp, = kre,
therefore |kpp| > 2| ken|.

Degeneracy implies n; o< k2;, thus
X Z Xpy = 1/9

With muons

(n>2ns),xpy = - ~0.148

2
2+(142173)

If x < xpy, bystander nucleons
needed: modified Urca process.
(n,p)+n—(np)+p+e +vre,
(n,p)+p— (n,p)+n+e +7
Neutrino emissivities:
ému =~ (T /un)? épu ~ 10~ %py .
Beta equilibrium composition:
xg ~ (3n2n) "1 (4Eoym/hic)’

~ 0.04(n/ng)"* 2.

s ! kT ;
—

L /iI: 0K
Tﬁﬂ%\

0 Ef £

<hk

J. M. Lattimer
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Neutron Star Cooling

e —-—S—L i e_ai- o jii” ! !
t--.___modified Urca+Cooper pairs |
| TTEEIIN T~ dashed = H envelope |

6.5 SN solid = Fe envelope
F e T s red = w/o SF
L ! = T ~~_J0822-4247 blue= w SF
| . O~ ~kUI-~. _[1207.4-5209 |
s A S <
r J0002+6246 . 7
< J1119°
X 60 RES 1225 — [m——< '\ J0720.4-3125 |
'_% | 1700612 mv\Fmss—sz
o I 6315423 N\ J1896-3754 ]
- G093.3+6.9 4= Geminga
% L ' GOp4.2-0.9 g
a | N G12[.1+0.5 |
5.5 _
| cfse - | |
L direct Urca 1~ - |
Page, Steinef, Prakash & Lattimer (2004) \ L =
5.0 ! ! ! | I
0 1 2 3 4 5 6 7

Log1o age (yr)
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Transitory Rapid Cooling

No p superconductivity With p superconductivity

MU emissivity: €pmy o T8

PBF emissivity (f ~ 10):
épgr o F(T) T oc T8 ~ fépy

T
RRCTOR P
e,
X ror,
'~."- ‘\“k‘tﬂ

My,
~X
=gy,
0y

core temperature

Py
7d “r‘?feﬂlg@

Specific heat: Cyy < T

Neutrino dominated cooling: — ; —
og t 2t¢ og tc
CydT/dt = —L,

= T o (t/7)"Y/°
Tper = Tmu/f

N
X
—
(]
G

Ta [K]

3‘ surface temperature

(d In T/d In t)transitory
~ (1 — 10)(d In T/d In t)MU
~(1-25)(dInT/dInt)my (p SC)

—_
o
)

Page et al. 2009 20

Very sensitive to n 1Sy critical _
temperature (T¢) and existence 10° S . 5 3 ” -
of proton superconductivity

Log t [yrs]

J. M. Lattimer Neutron Star Structure, Evolution and Measurements



Cas A

Remnant of Type Ilb
(gravitational collapse,
no H envelope) SN in
1680 (Flamsteed).

3.4 kpc distance
3.1 pc diameter

Strongest radio source
outside solar system,
discovered in 1947.

X-ray source detected
(Aerobee flight, 1965)

X-ray point source
detected
(Chandra, 1999)

1 of 2 known CO-rich
SNR (massive
progenitor and neutron star?)

o - o
Spitzer, Hubble, Chandra
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Cas A Superfluidity

X-ray spectrum S i T
indicates thin C Page et al. 2010
atmosphere,
Te~1.7x108 K 2x10° ¢
(Ho & Heinke 2009)

10 years of X-ray

data show cooling o
at the rate ,: 108
dinTe_ _123+0.14 * i

dint
(Heinke & Ho 2010)

Modified Urca:

din T, o
(dlnt)l\/lU_ 0.08  sx10%;

Weinferthat r I - T e T T SR B
Te~5+1x108 K | 2000 | Yeor Zf’“’ | ]
Tc (fCL/Cv)fl/6 1 10 100 1000 10* 10°

Age [yrs]
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Conclusions

» Nuclear experiments set reasonably tight constraints on symmetry
energy parameters and the symmetry energy behavior near the
nuclear saturation density.

» Theoretical calculations of pure neutron matter predict very similar
symmetry constraints.

» These constraints predict neutron star radii in the range 12+ 0.7 km.

» Combined astronomical observations of photospheric radius

expansion X-ray bursts and quiescent sources in globular clusters
suggest R < 13 km.

» The nearby isolated neutron star RX J1856-3754 appears to have a
radius near 12 km, assuming a C best-fit atmosphere.

» The observation of a 1.97 Mg neutron star, together with the radius
constraints, implies the EOS above the saturation density is
relatively stiff.
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