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* |ntroduction to dense matter in neutron stars
 Neutron star structure and the equation of state.
 Transport in a solid and supertfluid crust.

 Neutrino transport in warm dense matter.
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Neutron Stars and Big Questions

Nature of matter at extreme
density?

Origin of cosmic explosions®?

i ?
Synthesis of heavy elements”. Measuring and interpreting

% neutron star properties has
PSSR A far reaching implications.

Nature of dark matter?
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Inside Neutron Stars

Outer crust

Density
(g/cm3) 104

4 x 10"

Inner crust

 Nuclei and relativistic electrons. !

tNeutron-rich nuclei, relativistic electrons,
isuperfluidneutrons |

14
10 Outer core

INeutrons (~ 90%), protons, relativistic electrons, |
Imuons. Description in terms of baryons remains
luseful. Superfluid neutrons & superconducting |
L protons. |

6 x 1014

Quark-hadron
transition

 Complex strongly interacting relativistic matter. |
iDescription not simple in terms of either baryons |

15
— > |Ordered quark matter? color superconductor? |

Approximate
radius (km)

1015



Part |. Equation of State and Neutron Star Structure

P(e) + Gen.Rel. = M (R)
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Nuclear Forces from Effective Field Theory (EFT)

EFT Hamiltonians organizes operators in powers of the momentum: Q
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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 Kolck, Weinberg, Wise ..
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Equation of State of Dense Nuclear Matter

Neutron Matter

Quantum many-bpdy caICl_JIatlc_)ns of neut_ron matter and Bl
nuclear matter using EFT-inspired potentials show == N°LO  E=9 N°LO
convergence up to about twice nuclear saturation density.

Many-body perturbation theory, coupled-cluster, and
Quantum Monte Carlo methods have been employed to
calculate the energy of dense neutron matter.

Nuclear Matter

Energy per Particle (MeV)

Drischler et al. used Bayesian methods to systematically
estimate the EFT truncation errors in neutron and
nuclear matter.

Nuclear
Saturation

0.1 0.2 0.3

=

Density n [fm




Equation of State of Neutron Star Matter

Many-body perturbation theory and Bayesian
analysis of the EFT truncation errors predict:
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Important caveat: Errors due to cut-off and
regularization schemes are not well
understood. Perturbative methods fail for
EFT potentials with large cut-off.
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Equation of State of Neutron Star Matter
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Bounds on Neutron Star Radii

EFT predictions for the EOS can be combined

with extremal high-density EOS (with CS2 = 1) to XEFT at N°LO + causal EOS

derive robust bounds on the radius of a NS of
any mass.

The lower limit on the NS maximum mass
obtained from observations strengthen these
bounds:;

e M. >20 M, 92km< Ria<13.2 km

« M_. >2.6M, 11.2km< Ria< 13.2 km TR TR Ta—

Radius R [km]

If R1.4issmall (<11.5 km) or large (>12.5 km), it
would imply a very large speed of sound in the
cores of massive neutron stars.
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Bounds on Neutron Star Radii

EFT predictions for the EOS can be combined

with extremal high-density EOS (with CS2 = 1) to XEFT at N°LO + causal EOS

derive robust bounds on the radius of a NS of max. R o = 21t

any Mass. min. R(Mmax = 2.0 Mg)
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Speed of Sound in Dense Matter

., oP
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Large maximum mass and
observed radii, combined with
neutron matter calculations,
suggest a rapid increase in
pressure in the core.

Neutron stars

Causality: ¢ < 1

Conformal limit

This implies a large and non-

monotonic sound speed In Perturbative QCD
.
dense QCD matter.

Suggests the existence of a
strongly interacting phase of
relativistic matter in the inner
ole](=}
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Part ll: Crust

Evidence for a solid and superfluid state of matter.
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Cooling Post Accretion

o MXB 1659-298

Relaxation observed In 7 sources to date.

* KS 1731-260
¢ EXO 0748-676

*All known Quasi-persistent sources show
cooling after accretion

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

*Cools on a time scale of ~1000 days.

Effective temperature (eV; for observer in infinity)

‘ .
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Time since end of outbursts (days)
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Phonon Mixing and Entrainment
1 1
2" 2

Low-energy constants can be obtained from

1 - o1, - " -
L = 5(8{)¢)2 35 (8z¢)2 | 9 (8051)2 ’UlQ (8267,)2 + Omix 8O¢ azgz

the ground state thermodynamics and
neutron band-structure calculations. 0121
Cirigliano, Reddy, Sharma (2012)
(). 10
A key feature is the entrainment of a large 0.08}
fraction of neutrons by the lattice. >
Carter, Chamel, Haensel (2005) 0.06
N, 0.04
mix — Ug
\/(nb + np)nf 0.02+F
: . 11.5 12.0 12.5 13.0 13.5 14.0
Large entrainment and mixing have 10g10(p(gm/cc))

important consequences for superfluid heat

conduction and lattice heat capacity.
Chamel, Page, Reddy (2012)



Evidence for a solid and superfluid inner crust.

Crustal Specific Heat \ Crust Thickness
¢
Teool = AV
K

Thermal Conductivity /

» 1000-day cooling timescale requires small specific heat and
large thermal conductivity.

* The inner crust must be solid (for high electron conduction)
and neutrons must be superfluid (to have low heat capacity)!



Part lll: Neutrino Transport



Neutrino transport and Nucleosynthesis

Neutrinos alter the composition v,+n—p+e”

of ejecta

Neutron-rich ejecta from neutron star entropy.
mergers and supernovae are potential

sites of heavy-element nucleosynthesis.
2

A high neutron excess (>75%) Is needed
to make the heaviest elements like gold,
platinum, and uranium.

Neutrino-sphere at high
density. R ~ 10-20 km

Electron Flavor
Vop <> ne’
veN&>pe

Thermal Equilibrium

at low density and high D4p—n+t ot

Free
Streaming

Newkins Sphese)

Neutrino Sphere




Neutrino Interactions in Dense Matter

. G
Low energy Lagrangian:  £= —F L 5" L + Ny = Iy + Ny
Absorption: [ = hu(T=)u =5, (v —aa) + B ) v,
_ .
Scattering: L, = DYu(l — 5)v Jhe = Ui (Y*(CY — Cys) _|_FQZ 2Mq ) ¥,

dr(E,) G2
dEgd,u13 327'('2 E1

Neutrino scattering and absorption rates: " (1~ f3(E3)) L S*(q0,9)

—2 Im IT""(qq, q)
1 —exp(—(qo + Ap)/T)

Dynamic structure function: §""(qo,q) =

Current-current correlations functions: 11#%(qo, q) = —i / dt d3z 0(t) "W =TE (|[5, (Z,1),7,(0,0)]| )

/

difficult to calculate in general due to the non-perturbative nature of strong
interactions.

Sawyer (1970s), lIwamoto & Pethick (1980s), Horowitz & Wherberger, Raffelt et al., Reddy et al. (1990s), Carlson, Gandolfi, Horowitz, Pethick, Reddy,
Roberts, Schwenk, Shen, and others (2000s)



Charged current reactions in the neutrino-sphere

Electron Flavor

Vop <> ne’
- Free
‘Thermal Equilibrium ‘

Neutrino Sphere

Absorption of v, and v, by non-relativistic nucleons is described by

Spin-isospin density response

dl’ G#cos” O, \

pE(1—1) ((1 + cos S (w,q) + (3 —cos0)S_ (o, q))

do dcos®  4n2 /

|Isospin density response

These response functions are strongly modified due to nuclear interactions:

» Difference in the dispersion relations of neutrons and protons.

e Correlations and collective excitations



Dressed nucleons:

{
\)V \) { 2m*
SR ! (p+ q)?
N «::) } — o) - Ey(p+q) = myp Up+1 I

Reddy, Prakash & Lattimer (1998), Martinez-Pinedo et al. (2012), Roberts & Reddy (2012), Rrapaj, Bartl, Holt, Reddy, Schwenk (2015)

Consistent vertices (RPA):

e




Dressed nucleons:

®

\, J
¢ (’ \)
) ) {
! VN < )
RS BN >d - QN
(a) (b)

¢« & =k/2M +3 (k) T=8MeV _
| — en=k2/ 2M”- U ny =0.02 fm” Y
i , _
| g = k/ 2Mp + Zp(k) B equilibrium _
—— g =k/2M*-U i
| Y P P // —
/‘/
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i heutrons _
_.-"7 protons
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k (MeV)

Reddy, Prakash & Lattimer (1998), Martinez-Pinedo et al. (2012), Roberts & Reddy (2012), Rrapaj, Bartl, Holt, Reddy, Schwenk (2015)

Consistent vertices (RPA):

s+ o




Large corrections to neutrino interactions at sub-nuclear density

Hartree-Fock (Chiral EFT Potential)

L spin-isospin
- collective mode

Chi-EFT RPA

Response Function Neutrino Cross-Section
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Closing Remarks

Many-body theory for dense neutron-rich matter has broad implications for neutron stars
and nuclear astrophysics.

Interplay between EFT and RG inspired potentials and many-body approximations needs to
be better understand and could lead to improved error estimates.

The equation of state at moderate density encountered in the outer core is calculable and it
strongly constrains neutron star structure.

Thermal and transport propertied of the solid and superfluid inner crust plays a role In
thermal evolution. We now have a qualitative understanding of entrainment and mixing.

Response functions (density, spin, isospin, spin-isospin) all play an essential role in neutrino
transport in supernovae (and neutron star mergers). We now have a qualitative
understanding of the importance of correlations but reliable error estimates are lacking.



