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TIDES IN COMPACT BINARIES

Tidal deformations impact the phase of the gravitational waves
produced by the inspiral of compact bodies in a binary system.

‘ @ ’ tidal phaso correction
( ( ) ) ) (5PN)

» A body’s tidal deformability is measured by its Love
numbers, which encode dependence on internal structure

The Love numbers are potentially measurable with LIGO, and
are useful for...

> PI‘Oblng the NS EOS [Flanagan € Hinderer 0709.1915]

» [-Love-Q relations [vagi & vunes 1302.4499]
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RELATIVISTIC TIDES

A relativistic theory of tidal deformations has been developed
to treat tides in compact binaries.

[Damour & Nagar 0906.0096, Binnington & Poisson 0906.1366)

» In GR, there are two types of tidal fields

» The gravitoelectric field &, raises mass multipoles
» The gravitomagnetic field B, induces current multipoles

We need to incorporate spin in this framework, for
astrophysical relevance. [Pani et al. 1503.07365, PL & Poisson 1503.07366]

» Non-linearity of the EFE produces coupling between the
body’s angular momentum and the tidal field

» The coupling is analytically tractable at O(1) in the spin



TIDAL DEFORMATIONS NS TIDES WITH SPIN EXPLAINING THE DYNAMICAL RESPONSE

[efe] ) 00000 000000
:

TIDES ON A SPINNING NS

Consider a rigidly rotating NS subject to a stationary
gravitomagnetic tidal field Bgp.

How is the NS affected by the applied tide?
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TIDES ON A SPINNING NS

Consider a rigidly rotating NS subject to a stationary
gravitomagnetic tidal field Bgp.

The NS responds dynamically to the tidal field.

» B, induces time-dependent internal fluid motions

» Interior metric variables also acquire a time dependence

» The dynamical response varies on the timescale of the NS
rotation period

Nonetheless, the external metric remains perfectly stationary.
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STATIONARY TIDES

During the inspiral stage, a slowly rotating NS and its binary
companion are well-separated.

X
T b 1
b > R implies... x < 1 implies...
» Small tides 0R/R < 1 » Slow rotation
— work to O(1) in tides — work to O(1) in spin
> Tint ~ Tiot < Torm » Linearized Kerr background

— stationary tides — universal exterior geometry
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GRAVITOMAGNETIC TIDES WITH SPIN

Generic  stationary
gravitomagnetic tidal
moment B, sourced
by distant matter.

Tidal environment —
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GRAVITOMAGNETIC TIDES WITH SPIN

External Solution

» Construct metric ansatz
with all possible

a
(¢ B’;b) x ( EX— 1) spin-coupled tidal moments
4 » EFE determine metric
(L=1), ((=2), functions up to integration
(¢ =3) constants (Love numbers)

» Solution is stationary

Tidal environment —
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GRAVITOMAGNETIC TIDES WITH SPIN

Internal Solution External Solution

» Specify (barotropic)
EoS and impose
vorticity conservation

» Construct metric ansatz
with all possible
spin-coupled tidal moments

> Solve the EFE-Euler
system for metric and » EFE determine metric
fluid variables functions up to integration

o constants (Love numbers)
» Solution is

time-dependent » Solution is stationary

Tidal environment —
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GRAVITOMAGNETIC TIDES WITH SPIN

Internal Solution External Solution
» Specify (barotropic)

EoS and impose
vorticity conservation

» Construct metric ansatz
with all possible
spin-coupled tidal moments

» Solve the EFE-Fuler
system for metric and » EFE determine metric
fluid variables functions up to integration

o constants (Love numbers)
» Solution is

time-dependent » Solution is stationary

Interior and exterior metrics still match across surface!

Surface Tidal environment —
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CIRCULATION THEOREM

For a barotropic fluid, the circulation theorem says vorticity
Wap = V[q (hu5]) is conserved along the fluid worldines.

- ~

» The tidal perturbation
displaces fluid elements
by &, and perturbs their
velocity u by du

For a perturbation switched on adiabatically, the circulation
theorem says
Awes = 0.
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CONSERVATION OF VORTICITY

Let’s look at the consequences of Aw,g = 0 for the angular
components of the fluid variables.

At O(0) in the spin, At O(1) in the spin,
> wag =0 > wag # 0
» Aweg =0 = {4 xt > Aweg =0 = duy < éa
» = Juy stationary > = Jug xt
» [rrotational fluid motions » Dynamical fluid motions
are established are established

The EFE pass on the linear time dependence to other metric
and fluid variables.
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DRIVEN HARMONIC OSCILLATOR

Consider an analogy with a driven harmonic oscillator.

» The displacement £ satisfies an inhomogeneous DE

» We suppose the driving force F' is stationary
Et,x) =Y a(t)za(x), fa=[F-zyd’z
Mode equation: iy + wxlay = fr
Solutions: ay =wy"2fy for wy#0
L. o
ay = if)\t for Wy = 0

Zero-frequency modes give rise to displacements & o t2, which
imply velocities u o t.
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ZERO-FREQUENCY MODES

We propose that zero-frequency modes in NSs are driving the
dynamical tidal response.

» What are these zero-frequency modes?
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ZERO-FREQUENCY MODES

We propose that zero-frequency modes in NSs are driving the
dynamical tidal response.

» What are these zero-frequency modes?

In non-rotating stars, there exist zero-frequency modes called
r-modes and g-modes.

» At O(0) in the spin,
» The overlap integral between B,;, and the r-modes or
g-modes is zero

» At O(1) in the spin,

» The overlap integral is non-zero!

The dynamical response here may be related to the rotational
modes of relativistic stars.

[Andersson gr-qc/9706075, Lockitch et al. gr-qc/0008019]
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TIMESCALE FOR ONSET OF INSTABILITY

The linear growth of the fluid velocity is a dynamical instability
in our O(1) perturbative expansion in tides and spin.

» How long does it for the perturbation theory to break
down, i.e. for dug = uy?

3/2 7/2
T 0gs (120 (14 Mo b .
R M 50 km

» Compare with...

1.4 Mo\ R \*?
Td}’namical =06 x 10_4 <]\4®) () S

1.4 M, T \*/ R \°
Tviscous: 1 7 ©
910 ( M ><109K> (12km) i

[Friedman & Stergioulas 2013]
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SUMMARY

When subjected to a stationary gravitomagnetic tidal field, a
slowly rotating NS responds dynamically: internal fluid and
metric variables acquire a linear time dependence.

» The dynamical response follows from conservation of
vorticity at O(1) in the spin

» It is driven by the zero-frequency modes of the fluid

A post-Newtonian analysis confirms this explanation, and
provides further insight into the instability.

Post-Newtonian tidal dynamics of a rotating neutron star

Jean Dougot 12, Philippe Lar
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