Superfluid Heat Conduction in
the Neutron Star Crust

Sanjay Reddy
Los Alamos National Lab




Superfluidity in the Crust Enhances Heat Conduction:
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Neutron Star Crust: Depth (km)
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Neutron Star Thermal Evolution

Long term cooling of
isolated neutron stars.

Thermal profiles of

accreting neutron stars.

, Envelope
Long term cooling of Atmosphere

magnetars.

Thermal relaxation in
quiescence.



Neutron Star Thermal Evolution

Long term cooling of
isolated neutron stars.

Thermal profiles of

accreting neutron stars.

, Envelope
Long term cooling of Atmosphere

magnetars.

Thermal relaxation in

quiescence Temperature gradient in

the crust plays a role



Conduction in Terrestrial Solids
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Electrons dominate Ce Ve ~ 3
transport in conductors: Ciph Uiph

In insulators lattice phonons dominate. Their
conduction can be large.




Phonon Conduction in Solids

At low temperature phonons
have very large mean free path.

Rayleigh scattering off
impurities dominates at long-
wavelength
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Phonon Conduction in Solids

At low temperature phonons
have very large mean free path.

Rayleigh Scattering
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Thermal Conduction in the Crust

® |iquid Phase: Electrons & lons
Outer Crust;
® Solid Phase: Electrons & Phonons

* Electrons carry heat

* The electron mean free path is limited
due to interactions with ions/phonons

* Fermi momentum of electrons kr> 1/a



Electron Thermal Conduction
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Electrons are degenerate & relativistic

Electron mean free path set

by collisions with ions.

*Energy transfer ~ T
*Momentum transfer ~ kre




Electrons or Phonons !

Rel Cel 1 >\e

kKieh  Clph ¢ Alpn

Typically electrons dominate
- unless there is a large magnetic field.

Magnetic field suppresses transverse conduction
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Phonon Conduction in the Outer Crust

Lattice Phonons have large

mean free paths.
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Phonon Conduction in the Outer Crust

Lattice Phonons have large
mean free paths.

AIPh > Ao

Mean free path set by:
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Phonon Conduction in the Outer Crust

Lattice Phonons have large
mean free paths.
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Phonon Conduction in the Outer Crust

Lattice Phonons have large
mean free paths.
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Heat Transport in the Inner Crust
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Low energy degrees of freedom:

| .Electrons
2.Lattice Phonons (| long. + 2 Trans.)
3.Superfluid Phonons




Pairing in neutron matter

Attractive interactions destabilize the Fermi surface:
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sPh mean free path
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Daissipative Processes
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Daissipative Processes
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Low Energy Effective Theory

Phonon coupling is derivative - Low momentum
phonons interact weakly !
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L =5 00+ 30 (0P + 7 006 10+ 1 (0,0)° +
1 1

Lrpr % (0,6) + 2 (0,6)* + + 0€ W+ =5 (AE) + -

2

|

kinetic terms

Ji A?




Low Energy Effective Theory

Phonon coupling is derivative - Low momentum
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Low Energy Effective Theory

Phonon coupling is derivative - Low momentum
phonons interact weakly !
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Neutron-IPh Interaction
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sPh-IPh Interactions
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sPh-IPh Interactions

1 . |
LPh—1Ph = Gmix 0o® 0;&; e 0,0 0;6'0;6" + - - -

Integrate-out neutron degree of freedom
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In the neutron star crust:
Jmix =~ 1077
A ~ 50 MeV

Now we are ready to calculate the sPh mean free path




Mixing and Dissipation
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Mixing and Dissipation
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Mixing and Dissipation
AVAVAVAVAVEL VI AVAVAVAVAY, Mixing leads to oscillations

Dissipation of IPh leads to
dissipation of sPh
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sPh mean IPh mean
free path \ipp, = free path

Away from resonance Agpn 10° Aipn




Superfluid Phonon Mean Free Path
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Thermal Conductivity
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Consequences for Magnetar Cooling
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temperature
anisotropy due
anisotropic
conduction.
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sPh can limit
the anisotropy




Conclusions

New mode for heat conduction in the
Inner crust.

Low energy EFT for sPhs, IPhs and
electrons.

sPh conduction i
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Conclusions

New mode for heat conduction in the
Inner crust.

Low energy EFT for sPhs, IPhs and
electrons.
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Electron Scattering and the
Dynamic Structure Factor

A 72 et Nions
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Dynamic Structure Factor
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Plasma physics of the outer
crust:
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