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What is a neutron star?

Neutron stars and their relation to the equation of state

Maximum mass, causality and neutron matter constraints

Neutron star masses and radii: radio, X-ray and
gravitational wave observations

Neutron star interior composition from observations:
neutron star cooling
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Neutron Stars: The History

1932 Landau suggests the existence of giant nucleus stars.

1932 Chadwick discovers the neutron.

1934 Baade & Zwicky predict the existence of neutron stars (NSs) as the end
products of supernovae.

1939 Oppenheimer and Volkoff predict the upper mass limit of NS.

1964 Hoyle, Narlikar and Wheeler predict NSs rapidly rotate.

1964 Prediction that NSs have intense magnetic fields.

1966 Colgate and White incorporate neutrinos into supernova hydrodynamics.
1966 Wheeler predicts the Crab nebula is powered by a rotating NS.

1967 Pacini makes the first magnetic pulsar model.

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

1967 Hewish et al. discover first pulsar PSR 1919+21, Aug 6.

1968 Discovery of a pulsar in the Crab Nebula which was slowing down, ruling
out binary models. Also clinched the connection with core-collapse supernovae.
1968 T. Gold identifies pulsars with rotating magnetized NSs.

1968 The term “pulsar” first appears in print, in the Daily Telegraph.

1969 Vela pulsar glitches observed; evidence for superfluidity in NSs.

1971 Accretion powered X-ray pulsar discovered by Uhuru (not the Lt.).
1974 Hewish awarded Nobel Prize (but Jocelyn Bell Burnell was not).

1974 Lattimer & Schramm suggest NS mergers make the r-process,
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r Discoveries

1974 First binary pulsar, PSR 1913+16, discovered by Hulse and Taylor.
1979 Taylor et al. observe orbital decay due to gravitational radiation in the
PSR 1913416 system, leading to their Nobel Prize in 1993.

1979 Chart recording of PSR 1919421 used as album cover for Unknown
Pleasures by Joy Division (#19/100 greatest British albums ever).

1982 First millisecond pulsar, PSR B1937+21, discovered by Backer et al.
1992 Wolszczan & Frail discover first exo-planets, orbiting PSR B1257+12.
1988 First black widow pulsar, PSR 1957420, discovered by Fruchter et al.
1992 Duncan & Thompson predict existence of magnetars.

1996 Walter et al. discover closest known NS RXJ 1856-3754 at 61 pc.
2004 Magnetar SGR 1806-20: largest burst of energy in our Galaxy since
Kepler's SN 1604, more than Lg for 100,000 years.

2004 Hessels et al. discover the fastest (716 Hz) pulsar, PSR J1748-2446ad.
2005 Burgay et al. discover the first binary with two pulsars, PSR J0737-3039.
2013 Ransom et al. discover a pulsar in a triple system with 2 white dwarfs.
2017 Detection of first binary NS merger GW170817. Kilonova with probable
r-process production observed.

2019 Cromartie et al.: most massive (2.07 M) NS, PSR J0740+6620.

2020 Discovery of first black hole-NS merger, GW200105 (but GW1904267).
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Magnetic Dipole Model for Pulsars

A misaligned magnetic dipole (a > 0) emits low-frequency electromagnetic
radiation. Larmor formula for electric dipoles (charge g, acceleration V) is
2¢° 2 257

3¢ 3¢ 3c?

where p is the perpendicular component of the electric dipole moment.

Prad - (qrsm ()4)2 =

A uniformly magnetized sphere with radius R and surface field B has a

magnetic dipole moment |m| = BR®, and if rotating with period P = 27/Q,
‘ —iQt

has m = |m|e and |m| = Q?|m|. By analogy to an electric dipole,

2/ 2 5 2r\*
Prag = 305~ 32 (BR sin a) &

This radiation appears at the low frequency v = P! < 1 kHz, too low to
propagate throught the ionized ISM and be detected.

The total rotational energy and spin-down power, using | = (2/5)MR?, are

1o so [ M R 2 /10 ms)?
E,otf2IQ ~1.6-10 (M@) (10 km) 5 erg

M R 2 10 ms 3 ) _
Pt = —1Q00 ~ 1.6 - 10% 7L
‘ 610 (I\/Im)(lOkm) ( P ) <10*12) aes
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Magnetic Fields and Ages

Setting Prag = — Prot, one finds

3¢3IPP 1 1 L/10km\? /M P P
B = — ~29.1 = S
\/;/‘_\’3 sin® « 9-10 (Rsin a) Mg .01 s 1012 G

which is a minimum value since sina < 1.

The characteristic age is estimated by assuming PP ~ constant, or
P T 2 2
/ PdP:PP/ dt—ppr—F—Fo PO,
« PO 0 2
giving, with Py >> P,

P P 107"
T=—2>~1 -
2P 0ls p
A death line exists when the voltage V o BQ? near the polar cap drops below
that needed to generate e e~ pairs:

BR*Q? 6 B 001s\*/ R \®
®="5a =06-10 1012G( P ) (10km> v

Note BP~? oc V/ PP~3 o Pro;. Death line is where BP~2 ~ 0.2 - 10" G s~ 2.
A log P log P diagram for pulsars is like an H-R diagram for stars.
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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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rulsar
Flavors

(high B, fast spin,
very energetic)

Normal PSRs
(average B,
slow spin)

(low B, very fast,

spin, best for basic
physics tests)
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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
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Giant X-ray Flares: o
Magnetar SGR 1900+14 h{\ﬂ

Gamma Rays
(Ulysses spacecraft)
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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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Neutron Star Structure

Tolman-Oppenheimer-Volkov equations

dp G (mc®+4mpri)(e + p)
dr ¢t r(r—2Gm/c?)
dm € 5

Z = 4772[’

' ' E 2.5
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Mass-Radius Diagram and Theoretical Constraints

GR:
R >2GM/c?

P<oo:

R > (9/4)GM/c?

Mass (Mg)

causality:
R 2 2.9GM/c?

— normal NS
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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).

s~ T T T T T T T T T T T T

"1 e, is the only
EOS parameter

1 The TOV
1 solutions scale
7 with €,

Pressure

Density
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Extremal Properties of Neutron Stars

A useful reference is the nuclear saturation density
(interior density of normal nuclei): ps = 2.7 x 10** g cm~3, n; = 0.16
baryons fm~3, e, = 150 MeV fm—3

Miax = 4.1 (£5/26)/*M;, (Rhoades & Ruffini 1974)

Mg max = 5.41 (mgc?/1uo)(es/e0) 2 My

Runin = 2.82 GM/c2 = 4.3 (M/Mp) km

b max = 2.09 GeV

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

Pcmax = 2.034 €9 ~ 34 (M@/Mlargest)z Es

NB max = 38 (MG/Mlargest)2 ns

BEnax = 0.34 M

Poin = 0.74 (M@/Msph)lﬂ(Rsph/lO km)3/2 ms =

0.20 (Msph,max/Mg) ms
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The Radius — Pressure Correlation
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Nuclear Symmetry Energy and the Pressure

The symmetry energy is the difference between the energies of pure neutron
matter (x = 0) and symmetric (x = 1/2) nuclear matter:
S(n) = E(n,x=0)— E(n,x=1/2)

80— A
€. Fuchs;gitH—Wotter; EPJA 30(2006) 5
Usually approximated as an expansion 60| |o—o var AV +ove3-BF &
around the saturation density (ns) and isopin L, |32 Bt r ] ’/ g
symmetry (x = 1/2): E 4ol L= GhET E By
E(n,x) = E(n,1/2) + (1 — 2x)°Sy(n) +... & [
L'n— ns « 20
52(”):Sv+§ n m |
Sy ~ 31 MeV,”~ L =50 MeV o™=
.20 ; \"—"" nuolear‘ matier _|
o1

Extrapolated to pure neutron matter: .
Ey = E(ns,0) ~ S, + E(ns,1/2) =S, — B, Py = P(ns,0) = Ln,/3
Neutron star matter (beta equilibrium) is nearly neutron matter:

O(E + E) Lns {1 (45v)3435V/L]

=0, P(ns, ~
Ox 0, (s, xs) 3 hc 372ns
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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.

---- Unitary Gas

10tk =— yEFT N3LO
a
|
E 100}
>
[
=3 -
.10+ S £ F ___- PSSt o
---- Unitary Gas } GDR_g===-""""
=—— yEFT N3LO il
10—2 1 1 1 s 1 I I
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3

ng (fm=3) ng (fm=3)

J. M. Lattimer Introduction to Neutron Stars



Bounds From The Unitary Gas Conjecture

120 " NL3®
The Coniect STOS,TM1 &
e Conjecture:
Neutron matter energy is larger 100 Excluded
than that of the unitary gas TMA 47 NLpd
= m}
Fue = l3/B)Er o 80 LS220 "t"'g-p KVOR |
—~~ A = 4
n\2/3 > FSUgold /7 2 I 1DBHF
Eyc ~12.6 <n—> MeV é‘ 60 & _. \TKHS
s KVRO ~/ DD2,
N
The unitary gas consists of — IUFSU DD,D3C,DD-F
fermions interacting via a pairwise 40 t i
short-range s-wave interaction with LB
infinite scat- (Sp_Lo)
terring length and zero range. Cold 20 U= \ Allowed |
atom experiments show a universal Tews, Lattimer, h\ ishi & Kolomeitsev (2017)
behavior with the Bertsch 0 )
arameter & ~ 0.37.
P & 24 26 28 30 32 34 36 38 40

S, (MeV)
S, > 28.6 MeV; L > 25.3 MeV; Py(ns) > 1.35 MeV fm™3: Ris > 9.7 km
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Nuclear Physics Constraints

80
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| Masses 70 N3LO MC
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Combined Nuclear Physics Constraints

Predicted L = 51 & 12 MeV; r;2® = 0.17 + 0.04 fm

[“mass + N3LO + skin (Reed et al)
AUGC

L (MeV)

34

28 29 30 31 32 33 34

Sy (MeV)
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Measuring Neutron Star Masses and Radii

Pulsar timing can accurately measure masses.

Most are between 1.2M,, and 1.5M; lowest

well-measured mass is 1.174 + 0.004 M., highest are

2.07 = 0.07M, and 2.01 + 0.04M,,. Higher masses are

found for some sources (notably black widow pulsars) but

these estimates have large uncertainties.

X-ray observations yield radii, but uncertain to a few km.
Quiescent binary sources in globular clusters
Thermonuclear explosions leading to photospheric
radius expansion bursters on accreting neutron stars in
binaries
Pulse profile modeling of hot spots on rapidly rotating
neutron stars, e.g., Neutron Star Interior Composition
ExploreR (NICER) mission.

Gravitational waves from merging binary neutron stars

(BNS) measure masses and tidal deformabilites.
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Simultaneous Mass/Radius Measurements

Measurements of flux Fuoy = (Reo/D)” 0 T2 and
color temperature T, oc A\l vyield an apparent
angular size (pseudo-BB):

Rs/D = (R/D)/\/1— 2GM/Rc2

Observational uncertainties
include distance D, nonuniform
T, interstellar absorption Ny,
and atmospheric composition.

\ Neutron Star

Best chances are:
Isolated neutron stars with parallax (atmosphere 77).
RX J1856-3754: D = 115 4 8 pc (Walter et al. 2010),
Roo = 14.3+£ 1.0 km for H atmosphere (Ho et al. 2007).
Quiescent low-mass X-ray binaries (QLMXBs) in globular clusters
(reliable distances, low B H-atmosperes).
Bursting sources with peak fluxes close to Eddington limit (PREs)
where gravity balances radiation pressure.
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Neutron Star Interior Composition ExploreR (NICER)

Science Measurements

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

Front-side hotspot rotates through the line of sight

00‘ 1

Pulse phase

LA

¥

Lrgnteticve

Relative ﬂux

=

nerma

Increasing compactness (M/R) and light bending

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...
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NICER: PSR J0030+-0451
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NICER: PSR J0740+-6620 [ NICER XMM
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GW170817

Waveform analysis by De et al. (2018) Zhao and Lattimer (2019)
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Neutron Star Cooling
t--.___modified Urca+Cooper pairs |
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What We Learn From Cooling Observations

Most observed stars Atmospheric/envelope compositions are a mixture
of light and heavy compositions. Most stars are consistent with n
3P, and p 1Sy superfluidity in the core and n 'Sy superfluidity in the
crust, with relatively small superfluid gaps.

Cas A More-rapid-than-expected cooling implies that n 3P, superfluidity
began a short time ago in the neutron star core, and that in the
future (20-50 yrs) the cooling will slow to reflect the modified URCA
rate. The n 3P, superfluid gap is of order 5 - 108 K; core p S
superfluidity began a long time ago and has a higher-temperature
gap. Direct URCA cooling is not taking place. Atmospheric
composition is probably light-element (C).

NS 1987A Revealed through the extra heating of a dust blob in which it
is embedded. It is unlikely direct URCA cooling is taking place. The
atmosphere composition is consistent with light elements. Both NS
1987A and Cas A could be on very similar cooling trajectories. Other
observations indicate they have similar masses, near 1.4 — 1.6 M.

J. M. Lattimer Introduction to Neutron Stars



