Properties of dense matter
that might influence neutron
star mergers dynamics.

Sanjay Reddy
INT, Univ. of Washingtow




Cold and Complex

Cr e/
4 3 Q ~
10 QUS Inner Crust: ons 2
Ay | O (Solid-Superfluid) =W,
nuclel, electrons, neutrons
Outer Core — |0 5
x| 04
Superfluid-
| Su erconductor)
Den5|ty neutrons, protons Radius
(g/cm3) electrons (|<m>
5x |10 3

|O|5




Interior Structure Still Uncertain

Nucleon Stars Hybrid Stars Strange Stars
R =10-15 km R = 6-13(?) km R=1?-12() km
M=1-2.5 Mo M=1-2() Mo M=1?25() Mo

BUT, equation of state at T=0 and up to ~ 2 po is
constrained by nuclear physics. Constraints will improve
in the short-term.
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The Nuclear Equation of State
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The Nuclear Equation of State
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Nuclear Many Body Theory

v2
Hpuclear = i F VAN + Vanw - -

/ ~

Computational Methods:
Quantum Monte Carlo

(Diagrammatic Methods)

E(pn, pp) : Energy per particle




Validation and Benchmarks

* Nuclear properties.
* Empirical nuclear matter properties.
* Cold atom experiments.

Cold Gas of Fermion Atoms (°Li): E

Short-range interaction with tunable scattering length.
Only one interaction scale in the problem = a

Unitary Gas a4 — CCO

B = fEF Expt. £ 0.41 = 0.1
A = BEp © B = 045+0.05




Cold Atoms & Neutron Matter
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3N Forces in Neutron Matter

(at nuclear saturation density)
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3N Forces in Neutron Matter

(at nuclear saturation density)

Fermi Gas
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Energy
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14| Theory (QMC)2N £0.5 MeV

* Phenomenology suggests repulsive contribution from
3N forces in neutron matter. (its attractive in nuclei)




3N Forces & Neutron Matter
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Nuclear
experiments
are trying to

pin down L

and S (Esym)

Lattimer & Yuan (2102)
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Mass and Radius
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Mass and Radius

lar —

E,,,= 30.5 MeV (NN)

10 11 12 13 14 15 16
R (km)

11



Mass and Radius

lar —

E,,,= 30.5 MeV (NN)

8 9 10 11 12 13 14 15 16
R (km)

P(€) determines the mass and radius of neutron stars.
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A few7% measurement of the radius (with different
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Neutron Matter - Too Many Down Quarks

Strangeness can alleviate this frustration

Three possible * Hyperons
Hases: e Kaons
P ' e De-confined Quark Matter
Ex(p=0) = Mx+Varlp) < us
Ex-(p=0) = Mg+ Vix-(p) < fhe




Hyperons & Kaon Condensation

Hyperon Matter

/ I
Glendenning ! I!9I)

\ Kaon Condensed
Matter

'H

Kaplan & Nelson (1986)




Asymptotic Density

mg
th ™
Rel. Fermi gas of u,d,s quarks

Interactions are nearly
perturbative - calculable. -

D>

Ms
s v

Interactions lead to pairing and color superconductivity

Strongest attraction in color-
antisymmetric channel:

Color-Flavor-Locking

2
S

4p
Alford, Rajagopal, Wilczek (1999)

m™m

A >
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Quark Matter in Neutron Stars

ms
4

@O@Q Rel. Fermi gas of u,d,s quarks

Interactions are
non- perturbative. Difficult

D>

(T

to predict critical density. ™
A AT
4 — 4u
*Difficult to predict *Ground state is CFL.
ground state. °Low energy
*Complicated spectrum spectrum is simple
of excitations (Strongly (Goldstone modes -

coupled quasi-particles) weakly coupled)
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Soft or Stiff ?

® At“low” density up to about 2 po equation of state
is soft.

® At intermediate (2-4 po) density equation of state is
stiff.

® At higher density we do not know - could be driven
soft by a phase transition !

® At asymptotic density (where QCD is perturbative)
EoS is soft.




Upper Bounds on M & R

3.4

The maximally

stiff EOS is the 32

causal EoS: 3
2.8
[P — C € — € J
§2'6
2E

2.4

Assume that EoS
is known up to a
critical density
and is maximally
stiff thereafter.
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Crust Physics




Neutron Star inDepth (km)
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Microscopic Structure of the Crust
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Energy (Temperature)

Separation of Scales

*Protons cluster (pairing + shell gaps)
*Proton clusters form a Coulomb lattice.
*Neutrons pair to form a superfluid. A

Arae 72 ng
Wplasma —

A m,

Single particle
excitations

~ (.45 Wplasma

C
WDebye = —
Y a

Longitudinal and Superfluid Phonons

Collective
excitations

Transverse Lattice
Phonons

Nuclei (protons) Neutrons
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Low Energy Theory of Phonons

neutrons neutrons

protons protons

Proton (clusters) move collectively on lattice sites.
Displacement is a good coordinate.

Neutron superfluid: Goldstone excitation is the phase
of the condensate.




Low Energy Theory of Phonons

neutrons neutrons

protons protons
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Proton (clusters) move collectively on lattice sites.
Displacement is a good coordinate.

Neutron superfluid: Goldstone excitation is the phase
of the condensate.




Low Energy Theory of Phonons

neutrons neutrons

protons protons

>

gi (ZIZ, Y5 Z)
Proton (clusters) move collectively on lattice sites.
Displacement is a good coordinate.

Neutron superfluid: Goldstone excitation is the phase

of the condensate.
| A/coarse-grain”
(W1 (r)py(r)) = |A] exp (=21 0)

Collective




The Coupled System

Epstein 1988, Cirigliano, Reddy & Sharma (201 1)

1 1
£n+p — §(at§b)2 S

g Ot@ 0;& + v 0:0 0:&;

L 5

2“? (0;0)% + %(5’15&)2 — =(cf — g%) (0:&)°

2

5 n s 2 _ K+4us/3

Velocities : V, = C;

mXn m(np + nb)

Entrainment: protons {Bound neutrons: mp = Ny,

drag neutrons. Free neutrons:

ng=mnn, (1 —7)

-

Entrainment:
ny 7 number of “bound’” neutrons.

Bragg scattering off the lattice is important.

m* —m

A* = A+ ( ) (Acer1 — A)

™m

A=N+Z

Chamel (2005)
Carter, Chamel & Haensel (2006))
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The Coupled System

Epstein 1988, Cirigliano, Reddy & Sharma (201 1)

Loty = 5006 = 502 (0:6) + 5(06) — 5(& — ¢°) (D&Y

2
g Ocp 0;&; + 7y 0@ O
2 Ny o K +4p/3

Velocities : V, = C
’ mXn l m(np + )

Entrainment: protons Bound neutrons: np = v 1,
drag neutrons. Free neutrons: 1y = n, (1 — )

Longitudinal lattice phonons and superfluid phonons are coupled:

—Tp Ug

Xn N
v \/m(np + ny) V (np +np)ng
Transverse lattice phonons:

1 2 Hs

1 2 2 2 —
L= 5(@5&;) — 5C (0:5 +0;&%)" = G m(n, + mnp)
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Velocities (¢)
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Acoustics VWaves in the Crust
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Speed of Transverse (Shear) Modes

from a Microscopic Theory
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Speed of Longitudinal Sound(s)

from a Microscopic Theory

0,12 oo superfluid bosons | ]
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Speed of Longitudinal Sound(s)

from a Microscopic Theory

0,12 oo superfluid bosons | ]

+--+ longitudinal lattice phonons

0,17 lowest mixed mode
»—4 highest mixed mode
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plgem | Low Velocity Mode
Chamel, Page, Pethick, Reddy (2012) (weakly damped)

28



Post Merger Physics

* Hot equation of state: New models with neutron
matter constraints at T=0.

* Neutrino interactions: Correlations between
nucleons are strong and can alter the opacity and
associated transport timescales.

* Phase transitions or new degrees of freedom
(pions, kaons, hyperons, quarks) are likely. Will impact
the dynamics and lifetime of the hyper-massive
neutron star phase.
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0

New EoS for Simulations

0%s
.
@
o,
.
o
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o

Steiner+ (2012)

Violate Neutron
— Matter Constraints

® Mean field models constructed to mimic T=0
behavior predicted by microscopic theories are being
developed.

Hempel+ (2012), G. Shen+ (201 1), Steiner+ (2012)
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NEUTRINO TRANSPORT

* RHS of the Boltzmann Equation.

Of(FE d°k
f(“()t % = / (27T)33 R(FE1, E3,cos0) f3(1— f1)

_R(E37E17COS 9) f1(1 e f3)
—|—R(E1, —Eg, COS 6) (1 IR fl)(l et fg)
—R(—F1, E3,co80) f1 f3

oy = A — e

qQ_El—I—Eg M




NEUTRINO TRANSPORT

« RHS of the Bol

0f(B1) [ dBks
ot / (27)3

'zmann Equation.

R(En, B3, cos0) f3(1 = f1) —> scattering-in

—R(E3, E1,cos0) fi1(1 — f3) ~——3 scattering-out
+R(E1, —Es,c080) (1 - f1)(1 — f3) —> pair-production

—R(—Ey, E3,c080) f1 f3 —3 pair-annihilation
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NEUTRINO TRANSPORT

* RHS of the Boltzmann Equation.

Of (E d®k Ty
fétl) 2 / (2@33 R(Ey, B3, cos0) f3(1— f)—> scattering-in

—R(E3, E1,cos0) fi1(1 — f3) ~——3 scattering-out
+R(Ey, —E3,cos8) (1 - f1)(1 - fs) —3 pajir-production
—R(—Ey, E13,c080) f1 f3 ——3 pair-annihilation

Dalr

- scattering
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MANY-PARTICLE DYNAMICS

—

AR O

At small energy ana
Mnmomentum transfer;
neutrinos cannot
resolve a single nucleon.

* Neutrinos “see’” more than one particle in the medium.

» Nature of spatial and temporal correlations between nuclel,
nucleons and electrons affect the scattering rate.

* Nucleon dispersion relation is altered. Energy shifts and
ifetimes play a role. are important.

Sawyer (1975, 1989)

lwamoto & Pethick (1982)

Horowitz & Wherberger (1991)

Raffelt & Seckel (1995)

Reddy, Prakash & Lattimer (1998, 1999)
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NEUTRINO CROSS SECTIONS

dEETRE = G2

dcos dgy  4m?

Differential Scattering/Absorption Rate:

(E1 — qo)? [(1 + cos 0) S\P}PA(QO, q) + (3 — cosf) SEPA(qO, q)]

P

response function of the medium

h..'-

100 ¢

10 20 30

T (MeV)

1.5
0

| ny=n,

Al"tP.*h/All" 1

10 20 30
T (MeV)

34



SUMMARY

—quation of state up to about 2 pPo Is constrained by nuclear
theory. Transition from soft to stiff Is generic and Is driven by the
three nucleon interaction.

Normal modes and transport properties in the crust are
influenced by Its solid and superfluid character. Entrainment and
mixing are iImportant. New longitudinal mode with small damping.

—quations of state at finite T with neutron matter constraints are
peing developed. G. Shen et al, Steiner et al, Hempel et al. -
Better surted for BNS mergers.

Neutrino transport in the dense core Is similar to that
encountered In PNSs. Diffusion time scales of ~ | s. Nuclear

gorrelations are important.
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