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Neutron Star Merger Dynamics

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

Inspiral:
Gravitational
waves, Tidal

Effects &

Dense Matter EoS

Merger:
Disruption, NS
oscillations, ejecta
and r-process
nucleosynthesis

Post Merger:
Ambient conditions
power GRBs,
Afterglows, and
Kilo/Macro Nova



Late Inspiral: Romit < 10 Rys

Tidal forces deform neutron stars.
5 Induces a quadrupole moment.
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Late Inspiral: Romit < 10 Rys

Tidal forces deform neutron stars.
5 Induces a quadrupole moment.
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This advances the orbit and changes the rotational phase.



Tidal Love Number

|s a property of the unperturbed spherical neutron star.

Quadrupole polarizability: X = ka(8,¥) Ris

tidal love number /

compactness: 5 = Rns 1.4M RNs

For neutron stars:
. 1-282/2-§y §*—-6y—6
ko(B,V) = — —
2(6,9) 2 <3+y (Y + 3)?

B+ 0[62])

y = y(Rns) is obtained by solving
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Equation of State & Quadrupole Polarizability
The dense matter EOS (P(p))

determines: A
p(r) and p(r) for a given M 50 L
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Equation of State & Quadrupole Polarizability
The dense matter EOS (P(p))
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Combining the GW & EM Signatures

Short-gamma ray bursts argued to be NS-NS or NS-BH mergers.
SGRBs show interesting temporal features.
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Figure from Fernandez & Metzger (2015)



Pre-merger Neutron Star Dynamics

¢ \Vhat are the fundamental modes of excitation of cold
neutron stars?

e \Which of these are strongly excited during the merger 7

e Can internal excitations couple to the (EM) emitting region
to produce observable QPOs ?

QPOs in SGR Giant Flares
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Phases of Dense Matter in Neutron Stars

Crust: (solid) nuc el
O\)'Cer Inner Crust:
(Solid-Superfluid)
nuclel, electrons, neutrons
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Outer Core

Superfluid-
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neutrons, protons
electrons,
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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 excitations are associated with the
fluctuations of the phase of the neutron condensate.

Wy (r, )b L (1)) = [A(r, T)] exp (2ig(r, 1))

Collective coordinates:
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Symmetries & Derivative Expansion

The low energy theory ga:l..S(r’t) N gazl..S(r’t) 1 ge=1.3

must respect
symmetries of the ¢(r,t) — ¢(r,t) + 0

underlying Hamiltonian

Only derivative terms are allowed. Lagrangian density for the
phonon system with cubic symmetry:

1
Lovp = 5 (06)° = 5 02 (i) + 5 (060 — 5 & (016

+ g 0v@ 0;& + 7y 0;9 04&;

Transverse lattice phonons:

1 1
L = 5(5’155@')2 — 5(3%(87:53' + 8j§i)2

Cirigliano, Reddy, Sharma 201 |



Low Energy Constants

Are related to thermodynamics derivatives.

Velocities :

9 7; 2 _ K—|—4,u8/3 2 s

v, = C Cy =
MXn C m(ngp 4 me) ©om(np + )

Longitudinal lattice phonons and superfluid phonons are coupled:

g=n B \/ Xn f"y — — " Us
P A mng, + ng) \/(fn,p + np)n¢

Entrainment: protons { Bound neutrons: 7, = v n,,

drag neutrons. Free neutrons: n¢ = n, (1 —)



Low Energy Constants

Are related to thermodynamics derivatives.

Velocities :
compressibility shear modulus
N\ N\
Vg = € = t
MXn m(ny, + np) m(np + np)

/

number susceptibility

Longitudinal lattice phonons and superfluid phonons are coupled:

g — N E \/ Xn f"y — — " Us
p Linp m(n, + np) \/(fn,p + np)n¢

Entrainment: protons Bound neutrons: 7, = v n,,
drag neutrons.

Free neutrons: n¢ = n, (1 —)



Entrainment Chamel (2005)

Carter, Chamel & Haensel (2006)

n; 75 number of “bound” neutrons.

Bragg scattering off the lattice is important.

neutron single-particle energy A=N+Z

. \
" = i Y /F Viceo x| dS

Ny = Ny, — N

Complex interplay of nuclear and band structure effects.
The nuclear surface and disorder are likely to play a role.

Longitudinal lattice phonons and superfluid phonons are strongly
coupled by entrainment.



Waves in the Crust
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Pairing in the Core

* Proton pair due to s-wave interaction.
» For neutrons attraction is due to p-wave interaction in the spin-1

channel.

Spm—smglet pairs

(Ypp) = A) %

Protons: ‘ * tj Action is invariant under Op — Op + Pp

Spin—triplet pairs 0.2 ot v 7 wn AZ 9 Gi

Neutrons: ‘ ‘ m Action is invariant under: 6., — 6., + ¢»,
AY — R(B)AYR"(B)




Low energy modes in the core

Neutrons are superfluid (T<T";): Electrons + 4 Goldstone modes (3

neutron modes and 1 electron-proton mode). Bedaque, Rupak, Savage,
(2003), Bedaque, Nicholson (2013), Bedaque and Reddy (2013).

Neutrons are normal (T>T1"¢): Electrons, neutrons + 1 Goldstone
boson (electron-proton mode). Baldo, Ducoin (2011), Bedaque and Reddy (2013).

Superfluid Phonons:
2

Lo = 5(0utn)? = 2 (Bin)? + 5(010,)* -

2
Yp

?(az¢p)2 T Jpn at¢n at¢p o Ugn az¢n 6@¢p

1 | |
Angulons:  Luns = 3 |50 = 501 *(@.5)7 + (0,80°) + (0.5
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Bedaque and Reddy (201 3),



Mixing and Damping of Goldstone Bosons

strong interaction

angulon photon
magnetic moment

mixed mixed
angulon-photon superfluid phonon
mode mode

Modes decay due to the coupling to the large density of electron-
hole states. At long-wavelength the damping timescales is related

to the electron shear viscosity.
Bedaqgue and Reddy (2013)



Low energy modes and EOS

2

Lo = 5(@u6n)* = 2 (@00)* + 5(016,)° -

2
U
L (065)* + Gpn Outon Oy — V2 Diton iy

The low energy constants are:

2 Np 2 79 o Xpn 2 Npn
Up = Up = Ypn = Upn =
Hp Xpp Un Xnn v XppXnn VvV Hptn /XppXnn
where and  Nnp = Ny
Xij = 0°P/0p;0p; myp

For a given EOS the LECs are specified and the velocity and damping
timescales of the eigen-modes are easily calculated.

“bare” “mixed”

At 0.16 fr3 Vn/C Vp/C V./C v./C
Np=V. m-

0.21 0.23 0.28 0.20

Bedaque, Reddy (2015), Kobyakov, Pethick, Reddy & Schwenk (2017 in prep.)



New Particles in Mergers

- The merged object is very hot and very dense. Copious
production of any weakly particles with masses less than about
200 MeV. Axions and other dark matter candidates.

» The vicinity is optically thin and may contain large magnetic fields.
Some features of the EM emission suggest the existence of a

magnetar.
. . . . [GeV] f,
Axions are particularly interesting 103 108 10° 1012 1015
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Summary

The SGRB-NS merger association has implications for
nuclear and particle physics.

Combining the EM and GW signals can help identity EM

precursors. Potentially sensitive to the seismology of cold
neutron stars.

Seismology of supertluid and superconducting neutron stars
'S quite distinct.

Post merger emission can be sensitive to new particle
physics. Axions in the window are especially of interest.



