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Overview

Neutron stars are remnants of main-sequence
stars that undergo core-collapse supernovae.

® Magnetars, radio pulsars, x-ray pulsars,
magnetar+pulsar, radio-quiet neutron
stars...

® Mass from 1 to 2 Mg (typically) and
radii of about 10 km.

® Second densest objects in the Universe
p ~ 5ng — 10ng (no ~ 3 x 104 g/cm?).

® Strongest magnets in the Universe,
B ~10* — 10! T.

e "Cold stars", T~ 106-10M K.

® Rotational periods from milliseconds to

Pulsar PSR J0108-1431, located only
770 light years from us. X-ray: seconds.
NASA/CXC/Penn State/G.Pavlov et

al.; Optical: ESO/VLT/UCL/R.Mignani

et al.; Illustration: NASA/CXC/M.Weiss.



Macroscopic dynamics of neutron stars
0000

Relativistic fluid dynamics

Neutron stars are modeled using relativistic fluid dynamics (effective description
of the dynamics of conserved quantities):

® Uncharged ideal fluids (equilibrium or absence of fluctuations), the
energy-momentum tensor is given by

e
€ (energy density), P (pressure), u* (fluid velocity, u#u, = —1), and g"”
(metric tensor).

® Dissipative fluid dynamics (small deviations from equilibrium), here:

(THY) = T/ 4 TR 4 T 4o

the subscripts indicate the number of gradient terms. (e.g. the building

blocks for T(“l’; are VyIne and Vyu,.)

® Fluids out of equilibrium (gradients of hydrodynamics fields are not small)
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Hydrodynamics equations

The equations of motion are consequence of the conservation laws of the system
(energy, momentum, and mass or particle number)

VMT(‘éS =0, or uVVHT(g; =0, and ALP,VHT{S'; =0.

and we get the continuity equation and the relativistic Euler equation
De + (e + P)VﬁuM =0, (e+P)Du”+ c?V’ie =0,

respectively (AHY = gt +uhu¥, D = u#V,, and VA = AHPVY ).
Using the 1st correction we get the relativistic Navier-Stokes equations

De+ (e + P)Viur = ga'“”aw, +C(VEur)2,
(e+ P)Du® 4+ 2V%e = ASV,(no"’ 4+ AP Vyu?).

where o = V¥ + VY uk — 2 AT,
¢s, ¢, and 7 are the speed of sound, the shear and bulk viscosities, respectively.
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Hydrodynamics equations

The equations of motion are consequence of the conservation laws of the system
(energy, momentum, and mass or particle number)

VMT(’SL)' =0, or uZ,VHT(’g; =0, and A’;VHT(%’; =0.
and we get the continuity equation and the relativistic Euler equation

De+ (e + P)Vyuu =0, (e+P)Duf + ¢ Vie=0,

respectively (A*Y = g +utu?, D = utV,, and V’J)_ = AFPV ).
Using the 1st correction we get the relativistic Navier-Stokes equations

De+ (e + P)Vyu?

n
70’“”0'p,1,+ C (V*UA)Q,

(€4 P)Du® 4 ¢ Ve

s

ASVY, (1 oM + ¢ APV Eut).

where oH¥ = V’iu” + VY ubt — %A‘“’Viu)‘.
cs, ¢, and n are the speed of sound, the shear and bulk viscosities, respectively.
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Transport coefficients

cs, ¢, and n are transport coefficients (they describe the transport of physical
quantities within the medium due to non-equilibrium processes)

2.05815

® Hydrodynamics only provides relations among them (Einstein relations).
® Strongly dependence on the microscopic physics.

TRADITIONAL VIEW OF A NEUTRON STAR

Atmosphere: Lighter elements such as hydrogen & helium
Outer crust: Heavier ions such as iron
Inner crust: lons packed info a lattice

Outer core: Neutron-rich ions in a sea of free neutrons

[ \ Inner core: Tightly packed nucleons
)
o with quarks intact
oo }y
QUARK CORE HYPERON CORE
Nucleons break
apart into "up’ <,

KAON CONDENSATE CORE
Nucleons made Two-quark particles

00y with “strange”

- with a single LN
and“down” 49 & @ quarks | strange \
p )
quarks (0©g0 0 o auaik LA A ]
Co © 00/ \ /
"8 02/ ¥ \AA4

Lucy Reading-Tkkanda/Quanta Magazine; Source: Feryal Ozel.
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Equation of state

The equation of state (EOS, the thermodynamic relation between the mass or
energy density and pressure).

PR | ol
Mass (M)

Pressure (MeV fm)
P

il

Density (fm”) Radius (km)
(Left) A large sample of proposed EOS calculated under different physical assumptions.
(Right) The mass-radius curves corresponding to the EOS in the left. p
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Relativistic numerical simulations
Macroscopic and microscopic physics are required for numerical simulations of
rotating neutron stars and neutron star mergers.
® Relativistic hydrodynamic equations, Einstein field equations, EOS and the

Einstein relations.
® Complex implementation of numerical methods and computational techniques

to solve nonlinear partial differential equations.

GRMHD simulations of the merging of two neutron stars from the moment before the neutron
stars meet, when their mutual gravity stretches them into teardrop shapes, to the merger after-
2206.03618

math, when an accretion disk feeds the sole remaining star. Ei9:€l
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Bulk viscosity in mergers
Dissipation encoded in ¢ can be relevant for neutron star mergers. e.g.
iv:1707.09475

. T
inspiral postmerger

=20 -10 0 10 20
(t — tunrg) [ms]

Numerical simulations of a merger showing the gravitational-wave profile and the matter
[T M arXiv:2004.02527

e.g. hadronic matter (e, n, p)
Re[II]

0 b
deviations of the particle densities depends on the weak processes (Urca-type and
modified Urca-type processes)

(=— 0 =0uut, II=05P(éne, dng, dnp) (out of equilibrium),



Thank you for your attention

IT KINDA MAKES
SENSE THAT WE
USE GOLD FOR
WEDDING RINGS.

\

BECAUSE A LOT OF THE UNIVERSE'S GOLD
WAS PROBABLY PRODUCED BY R-PROCESS
NUCLEOSYNTHESIS WHEN PAIRS OF NEUTRON
STARS SPIRALED TOGETHER AND MERGED.

1
50 GOLD EXISTS BECAUSE TWO
NEUTRON STARS GOT MARRIED.

"BINARY NEUTRON STAR MERGER"

WOULD BE A FUN WEDDING THEME.
EVERYONE HAS TO
TRY NOT To CATCH
THE RELATIVISTICALLY-
EJECTED BOUQUET
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