Neutron-rich matter in the heavens: Taking stock and looking ahead.
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Big Questions

What powers the most extreme phenomena
in the universe?

What are the states of matter encountered
inside neutron stars?

. ®& \Where and how are the heavy elements such
L& as gold, platinum and uranium made?

_“ias  What is dark matter? Can we use neutron
A % stars to map the universe?
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Composition of Dense Matter in Neutron Stars
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Composition of Dense Matter in Neutron Stars
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Equation of State and Neutron Star Structure

P(e) + Gen.Rel. = M(R)
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Equation of State and Neutron Star Structure

3 » R
P(e) + Gen.Rel. = M (R)

A small radius and large maximum mass imply a rapid transition from low to
high pressure with density.
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Neutron Star Structure: Observations

2 M. neutron stars exist.
PSR J1614-2230: M=1.93(2)

PRy
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PSR J0348+0432: M=2.01(4) Me

MSP J0740+6620: M=2.17(10) M



NS radii are difficult to measure:
Poorly understood systematic errors, preclude
the determination of NS radius using x-ray
observations of surface thermal emission.

Neutron Star Structure: Observations

2 M. neutron stars exist.
PSR J1614-2230: M=1.93(2)

PSR J0348+0432: M=2.01(4) Me

MSP J0740+6620: M=2.17(10) M

Freire & Ozel (2016)
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NICER: Radii from Hot Spots

. | | Front-side hotspot rotates through the line of sight
Emission from rotating neutron stars with

hot spots is sensitive to the space-time
geometry.

iy N iy N

X-ray pulse profiles contain information
about the source compactness.

NASA’s NICER mission has acquired data
from a couple of neutron stars. Models that |
fit data favor radii in the range of 12-14 km. S S
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NICER: Radii from Hot Spots

Emission from rotating neutron stars with
hot spots is sensitive to the space-time

geometry.

X-ray pulse profiles contain information
about the source compactness.

NASA’s NICER mission has acquired data
from a couple of neutron stars. Models that
fit data favor radii in the range of 12-14 km.
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Neutron star Intenor Composmon Explor Miller et al. (2019)




Normalized amplitude

GW170817: Gravitational Waves from Neutron Stars o 2 4

S
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Tiaal Deformaﬂon Measuring the Radius with GWs

Tidal forces deform neutron stars.
Induces a quadrupole moment.

/ 0°V;

x:ﬂEx Ex=_
Qy Y IY axay

Rorblt ~ 10 RNS

tidal deformability  external field
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Tiaal Deformaﬂon Measuring the Radius with GWs

Tidal forces deform neutron stars.
Induces a quadrupole moment.

/ 0°V;

Qxyz/lExy E. = -

Rorblt ~ 10 RNS

Ixy axdy
tidal deformability  external field
o . . 117 M
Tidal interactions change the rotational phase: 6 = v p — A
, , /11' R15
Tidal deformations are large for a large NS: Ay =—- = k,—



Tiaal Deformaﬂon Measuring the Radius with GWs

Tidal forces deform neutron stars.
Induces a quadrupole moment.

— PV,

X :/IEx k. = —
Qy ’ Ixy axdy

Rorblt ~ 10 RNS

tidal deformability  external field

117 s M

Tidalinteractions change the rotational phase: 6@ = —-2-v* —- A

S
Dimensionless binary tidal deformability: A = 1—2 ((%) (1 | MZ) A+1o 2)



Bounds on the Neutron Star Radius from Observations

A = 222.29+419.83 245.39+123.12 233.39+127-33

el RIBSEICCN [ dal deformations (not) observed

B Double Neutron Stars

! mmm Galactic Neutron Stars IRIARCYARANAOISRN Imp\les a small NS
— radius:

R < 13 km

Requiring a maximum mass
greater than 2 Msun implies:

R >9km
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Nuclear Interactions and Many Body Theory
vZ

Hpuclear = - Van 4+ Ve -

The potential between two neutrons at low energy is Constraints on the three-neutron potential
well constrained by scattering data but interactions at are weaker

short distances are model dependent.
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Nuclear Interactions and Many Body Theory

vZ

Hpuclear = - Van 4+ Ve -

The potential between two neutrons at low energy is
well constrained by scattering data but interactions at
short distances are model dependent.

Constraints on the three-neutron potential
are weaket.



GeV

Nuclear Interactions and Many Body Theory

vZ
Hpuclear = - Van 4+ Ve -

The potential between two neutrons at low energy is Constraints on the three-neutron potential
well constrained by scattering data but interactions at are weaker.
short distances are model dependent.
Quantum
Many-Body
Theory

r (fm) ) (/On, /Op) & Equation of State



Modern NN & NNN Forces

EFT inspired Hamiltonians organizes Q00— 600 MoV
operators in powers of the momentum: Ag .
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Allows for error estimation®. Provides guidance for the structure of three and many-body forces.

Beane, Bedague, Epelbaum, Kaplan, Machliedt, Meisner, Phillips, Savage, van Klock, Weinberg, Wise ..



Equation of State of Dense Matter: With Error Estimates.

Neutron Matter
1 LO =4 NLO

Many-body calculations provide useful error = N2LO B NLO

estimates.

Nuclear Matter

Calculations suggest that EFT converges up to about
twice nuclear saturation density (~ 5 x 1014 g/cm3)

Energy per Particle (MeV)

Nuclear
Saturation

0.1 0.2

Density n [fm™



Chiral-EFT Calculations of Neutron-rich Matter

Finally, a scheme to estimate errors. Several useful insights
about 2 and 3 body forces.

The expansion parameter is not small. Further work Is needed
to understand convergences and improved error estimates.
Does including the A lead to improved convergence?

The regulator artitacts are not well understood.




Constraints on the Equation of State
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Bounds on Neutron Star Radii

EFT predictions for the EOS can be combined
with extremal high-density EOS (with ¢~ = 1) to
derive bounds on the radius of NSs of any mass.

YEFT at N°LO + causal EOS

The lower limit on the NS maximum mass

obtained from observations strengthen these
bounds:

« M .«>20M,92kms< R14<13.2 kms

« M. > 26 M, 11.2kms < R1.4<13.2 kms

11 12 13 14
Radius R [km]

If R1.4<11 km or if R1.4>13 km, it would imply a

very large speed of sound in the cores of massive
neutron stars.
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Speed of Sound in Dense Matter
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Suggests the existence of a
strongly interacting phase of
relativistic matter.
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Tighter Constraints: Combining Nuclear Physics and GW170817

R, = 11.11%}23

Nuclear physics input correlates the
neutron stars in the binary and provides
an informed prior for GW data analysis.
Helps extract stringent constraints on the
NS radius:

+ 1.2

Ri4=11.2 Km
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Tighter Constraints: Combining Nuclear Physics and GW170817

R, = 11.11%}23

Nuclear physics input correlates the
neutron stars in the binary and provides
an informed prior for GW data analysis.

Helps extract stringent constraints on the
NS radius:

+ 1.2

Ri4=11.2 Km

With tighter future constraints, we could
discover phase transitions in the core.




Accreting Neutron Stars: Nature's Low Temperature Laboratory



Transiently Accreting Neutron Stars
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small variability
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luminosity: -
~ high variability
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Cooling Post Accretion

o MXB 1659-298
X KS 1731-260
¢ EXO 0748-676

e This relaxation was first discovered In
2001 and 7 sources have been studied
to date.

XTE J1701-462
IGR J17480-2446
MAXI JO556-332

*All known Quasi-persistent sources
show cooling after accretion

*Cools on a time scale of ~1000 days.

Effective temperature (eV; for observer in infinity)

‘ .

10 100 1000

Time since end of outbursts (days)



Connecting to Crust Microphysics

Crustal Specific Heat \ Crust Thickness
¢
Teool = AV
K

Thermal Conductivity /

* The observed timescales are short.

* Requires small specific heat and large thermal conductivity.



Thermal and transport properties of the inner crust

0000000000 AVAVAVAVAVAVAV
_ _ lattice superfluid
Electrons, two longitudinal, and two transverse slectrons phonons phonons

phonons are the relevant excitations.

electron-phonon
Thermal and transport properties of the solid and >‘mmp
superfluid crust can be calculated using an ISP
effective field theory. ’

Mixing between phonons leads to strong Landau >
damping. Phonon conduction is highly electron-electron

suppressed.

The short observed cooling timescale favors a
solid and superfluid inner crust.
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Measuring the Heat Capacity of the Core

Heat the star, allow it to relax, and observe the
change in temperature: Cns dI'=dQ)
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Measuring the Heat Capacity of the Core

Heat the star, allow it to relax, and observe the
change in temperature: Cns dI'=dQ)

@7
When Cns=a T': 5 (T]% —-T7) = AQ

. AN
Lower limit: Cngs(Ty) > QT—Q
f

AQ:HXtH—LVX (tH—I—tObS)

neutrino

cooling rate
duration time of observation
of heating (after heating ceases)

heating
rate




Lower Limit on the Core Specific Heat: Current & Future

eObservations of KS 1731-260

porovide a limit.

e he limit Is compatible with most
models of dense matter.

eOne exceptior

core made enti

matter.

sar

eutron star

rely o

" CFL quark

o|f temperature variation is

observed on a 10 year time scale,
it would imply some form of exotic

matter in which most baryons are

frozen!

39
10

Normal
Nucleons

10 10 10 10 10

L,/T¢ [ergs™!]
Cumming, Page, Brown, Reddy, Horowitz and Fatttoyev (2016)



Next Generation GW Detectors

-+ Cosmic Explorer and Einstein
Telescope will observe 300,000 neutron
star mergers and 100,000 black hole
mergers per year!
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- ~100 BNS events with SNR > 100 and

~5 with >300.
[(I() 4 o
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- Accurate measurements of tidal
deformability of many neutron stars
within a few years. AR < 0.1 km!
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- High-frequency GWs from the post-
merger phase provide a direct probe of | 100
neutron star oscillations and dynamics. Frequency / Hz



https://arxiv.org/abs/2109.09882

Next Generation GW Detectors

100
Redshift

»+ Cosmic Explorer and Einstein
Telescope will observe 300,000 neutron
star mergers and 100,000 black hole
mergers per year!

- ~100 BNS events with SNR > 100 and
~5 with >300.

- Accurate measurements of tidal
deformability of many neutron stars
within a few years. AR < 0.1 km!

- High-frequency GWs from the post-
merger phase provide a direct probe of
neutron star oscillations and dynamics.

S eCd
CE=~~
A Horizon Study for Cosmic Explorer: Science, Observatories, and Community https://arxiv.org/abs@!fog.09882



https://arxiv.org/abs/2109.09882

Mass-Radius constraints in 20307 20407




Neutron Star Merger Dynamics

(General) Relativistic (Very) Heavy-lon Collisions at ~ 100 MeV/nucleon

® ®

Simulations: Rezzola et al (2013)

Inspiral: Merger: Post Merger:
Gravitational waves, Disruption, NS oscillations, ejecta GRB, Afterglows, and
Tidal Effects and r-process nucleosynthesis Kilonova

ePost-merger evolution iIs complex. Relies on multi-physics large-scale numerical
relativity simulations.

eObservables are sensitive to the equation of state and response of matter at extreme
density and temperature.



GW170817 confirmed expectations! /
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Multi-messenger Observations of a Binary Neutron Star Merger
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Asteroseismology with GWs

t=12.46 ms

The spectrum of quasi-normal
modes excited Is sensitive to the
equation of state of hot and dense
matter in the hyper massive
neutron star.

t=13.42 ms t=14.22 ms



Asteroseismology with GWs

The spectrum of quasi-normal
modes excited Is sensitive to the
equation of state of hot and dense
matter in the hyper massive
neutron star.

The high-frequency modes are
detectable in Cosmic Explorer
and Einstein Telescope.




Merger Ejecta, Nucleosynthesis, & EM Signals

Shock and neutrino wind driven ejecta: : :
: : Tidal ejecta:

Processed by weak interactions. o Earlv. and verv neutron-rich. Y- > 0.8

Not as neutron rich. Broad range of Y, ~ 0.6-0.8. & y; y T

&« h
. -
\

- h

The properties of the ejecta depend on the lifetime, internal dynamics, and neutrino emission from
the hyper massive rapidly rotating neutron star.

The amount, composition, and velocities of the ejecta determine the associated electromagnetic
signals.



The Dark Side of Neuton stars

Using Neutron Stars to Discover or Constrain Particle Dark Matter

Neutron stars are great places to look for dark
matter:

» They accrete and trap dark matter.

* Produce dark matter due to their high density.

*Produce dark matter due to high temperatures - . . N mﬂ T
at birth or during mergers. % - | k.



Constraining Dark Baryons

Particles in the MeV-GeV mass range that couple to baryons or mix with baryons are natural
dark matter candidates.

There was speculation that a dark baryon with mass m,, between

937.76 - 938.78 MeV might explain the discrepancy between n—xt...
neutron lifetime measurements. Fornal & Grinstein (2018)

rPottle — 8796 +£ 0.6 s —— counts neutrons rpottle 5
Brn_>x =1 boam (0.9 T 0.2) X 10
Tn
oM — 388.0 £ 2.0 s —— counts protons

A model for hidden baryons which mix with the neutron:

Legg =1 (10 —myp)n+x (10 —my ) x—0 (X\n + ny)

o
Mixing angle: 0 = N, * An explanation of the anomaly requires @ ~ 10~

Neutron stars can probe much smaller mixing angles: @ ~ 10~18



Weakly Interacting Dark Baryons Destabilize Neutron Stars

—-—  Stiff
—-— APR
—-— Soft

N p € X N p €

Neutron decay lowers the nucleon
density at a given energy density.

12
When dark baryons are weakly Radius (km)
iInteracting the equation of state is soft
~ similar to that of a free fermi gas.

This lowers the maximum mass of neutron stars.



Self-interacting Dark Matter

Using Gravitational Waves to Discover Hidden Sectors

Self-interacting dark matter can be stable
and bound to neutron stars - a new class
of compact dark objects.

Gravitational wave observations of binary
compact objects whose masses and tidal
deformability’s differ from those expected
from neutron stars and stellar black holes
would provide conclusive evidence for a
strongly self-interacting dark sector:

Mass < 0.1 Msolar
Tidal Deformability > 600

Nelson, Reddy, & Zhou (2018) Horowitz & Reddy (2018)

NS + dark-core

NS + dark-halo

Compact Dark Objects




Dark Halos Alter Tidal Interactions

Trace amount of light dark
matter ~ 10-4-10-2 Msojar IS
adequate to enhance the
tidal deformability

A\ > 800 !

Self-Interactions of
“natural” can provide
adequate repulsion.

g,/mo = (0.1/MeV) or (10-6/eV)

boson

fermion

x

mgy/MeV

1

For m, = 100 MeV




Conclusions

+ New Insights about neutron stars: A rapid increase in the sound speed
and observational support for a solid and superfluid inner crust.

+ The first observation of a neutron star merger event exceeded our
expectations. Next-generation GW detectors will revolutionize the field.

- Interpreting multi-messenger observations of mergers will rely on a
coordinated effort that combines computational astrophysics and nuclear
and particle physics. Has excellent potential for discovery.

» Provide unique opportunities to either constrain or discover dark sectors.
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