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Each topic, I, II, Ill, and IV, below, Is posted as a separate file.
Because the breaks between the lectures themselves were
dictated by time, lecture breaks do not in general coincide with
the end of a topic.

|. General Relativistic Perfect Fluids

A. Definition of Perfect Fluid: Local Isotropy
B. The Einstein-Euler System

C. Barotropic Flows: Enthalpy, the Bernoulli Equation,
Injection Energy, and Conservation of Circulation

ll. Relativistic Stars

A. Spherical Stars
B. Rotating Relativistic Stars



Ill. Gravitational Waves from Rotating Stars

A. Rotating Bumps on Neutron Stars

B. Waves From Dynamical Instability of A Rapidly Rotating,
Collapsing Core

C. Gravitational Wave Driven Instability of Nascent Neutron
Stars and of Old Stars Spun Up by Accretion

V. Compact Binaries: Quasistationary Equilibria

A. Data Sets and Full Solutions with Helical Symmetry

B. First Law of Thermodynamics for Binary Black Holes and
Neutron Stars; Turning Point Instability; Locating the ISCO



|. General Relativistic Perfect Fluids

Note: In these talks,

€= energy density,
p= baryon rest-mass density,
n = baryon number density.
Thenp = mgn, wheremg IS the rest mass per baryon.

Energy-momentum tensor

A perfect fluid is a model for a large assembly of particles In
which a continuous energy densgyan reasonably describe the
macroscopic distribution of mass. One assumes that the
microscopic particles collide frequently enough that their mean
free path is short compared with the scale on which the density
changes, that the collisions enforce a local thermodynamic
equilibrium. In particular, one assumes that a mean velocity field



u® and a mean energy-momentum ten&®f can be defined in
boxes — fluid elements — small compared to the macroscopic
length scale but large compared to the mean free path. And on
scales large compared to the size of the fluid elements, the
4-velocity and thermodynamic quantities can be accurately
described by continuous fields. An observer moving with the
average velocity® of the fluid will see the collisions randomly
distribute the nearby particle velocities so that the particles will
look locally isotropic.

Because a comoving observer sees an isotropic distribution of
particles, the components of the fluid’s energy momentum tensor
in his frame must have no preferred directidif*us must be
iInvariant under rotations that fix'. Denote by

q°P = g+ uuP (1.1)

the projection operator orthogonalt®.
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qS,‘TVBuB

IS a vector in the 3-dimensional subspace orthogonal td is
Invariant under rotations of that subspace only if it vanishes.

Similarly, the symmetric tracefree tensor

3T0B _ %an 3T ; ngg-ryé _ %CIO‘BCI\@TVE |

transforms as a = 2 representation of the rotation group and can
be invariant only if it vanishes.

It follows that the only nonzero parts &fF are the rotational

scalars
e = T"%Pugup (1.2)
and

1
P= éqyg)TVa. (1.3)



More concretely, in an orthonormal frame wehalongu®,
T% andT" — 23" T must vanish,
implying thatT°F has components

€
P
)
P

ITH =

The condition of local isotropy suffices to define a perfect fluid,
by enforcing an energy-momentum tensor of the form

T = eu"P+ PP = (e+ P)u"uP+ PP, (1.4)



Departures from a perfect fluid

In neutron stars, departures from perfect fluid equilibrium due to
a solid crust are expected to bel0 3 or smaller, corresponding

to the maximum strain that an electromagnetic lattice can
support.

On a submillimeter scale, superfluid neutrons and protons in the
Interior of a neutron star have velocity fields that are curl-free
outside a set of quantized vortices. On larger scales, however, a
single, averaged, velocity field accurately describes a neutron
star (Baym and Chandler 1983; Sonin 1987; Mendell and
Lindblom 1991). Although the approximation of uniform

rotation is consequently invalid on scales shorter than 1 cm, the
error in computing the structure of the star on larger scales is
negligible. In particular, witi °® approximated by a value

< T > averaged over several cm, the error in computing the
metric is of order

6ga[3 ~ (1%1)2 ~ 1011



For equilibria, these are the main corrections. For dynamical
evolutions — oscillations, instabllities, collapse, and binary
iInspiral, one must worry about the microphysics governing, for
example viscosity, heat flow, magnetic fields, superfluid modes,

and turbulence.



B. The Einstein-Euler Equations
A perfect-fluid spacetime Is a spacetifdeg whose source is a
perfect fluid. That is, the metric satisfies

GO(B — 8T[TO(B,

with Typ a perfect-fluid energy-momentum tensor. The Bianchi
identities imply

(TP =0,
and this equation, together with an equation of state, determines
the motion of the fluid.
The projection of the equatidEBTO‘B — 0 alongu® yields an
energy conservation law, while the projection orthogonaltts
the relativistic Euler equation. For an intuitive understanding of
these equations, it is helpful to look first at conservation of
baryons.
Conservation of baryons
The baryon mashl, of a fluid element is conserved by the
motion of the fluid. The proper volume of a fluid element is the



volumeV of a slice_L u® through the history of the fluid element;
and conservation of baryons can be written in the form
0= AMy = A(pV). The fractional change i in a proper time
AT Is given by the 3-dimensional divergence of the velocity, in
the subspace orthogonal wb:
JA\Y/
~ = QPO UBAT. (1.5)
Becauseius = —1, we haveuPqug = 304 (ugu®) = 0, implying
anDauB — DBUB.
. d .
With u®Oqp = Ep, conservation of baryons takes the form

= (AS—V) = Ap+ pAV—V = (U"0gp + pOqu?)AT,
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and conservation of baryons can be written in the form
0= AMy = A(pV). The fractional change i in a proper time
AT Is given by the 3-dimensional divergence of the velocity, in
the subspace orthogonal wb:
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~ = QPO UBAT. (1.5)
Becauseius = —1, we haveuPqug = 304 (ugu®) = 0, implying

anDauB : DBUB.

With u“Oyp = %p, conservation of baryons takes the form
ApV TA\Y;
0= (\3—) = 0p+p- = (UHap + pUal)AT,

or
o (pu”) = 0. (1.6)

A more formal derivation is given below, in part to introduce a
perturbation formalism that one needs to discuss the Hamiltonian



formalism, stellar oscillations and stabllity, the virial theorem,
and thermodynamics of neutron stars and black holes.



Conservation of energy
UG DBTGB — O

0 = UgOpT = uyOg[eu®uP + P
—[Op(euP) + Puy g (g%F + uuP)
= —[p(eu’) —PO-u
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Relativistic Euler equation:
g, 0T =0




Relativistic Euler equation:
g, 0T =0

0 = g%, 0g[euPu’ + PofY]
= g% euPgu + q*PO0gP 4 ¢* POg(UPLY)
= euPOgu® + q*POgP + PUPOpu”






(e+P)uPOgu® = —
) BU — anDBP. (18)




Newtonian limit: Lete be a small parameter of ordefc or
Vsound C, Whichever is larger.

U= (1L,V)+0(&)
P/e=0(€)
e=p+0(e)
(1.7)= oy(pu") +0i(pu') = —P(d;u' + o;u")
0ip+0i(pv') = 0+0(¢)
(1.8)— pu'du =-0OP
p(0: + V' Oj)Vi + pdi® = —[iP.



Newtonian limit: Lete be a small parameter of ordefc or
Vsound C, Whichever is larger.

U= (1L,V)+0(e)
P/e=0(€)
e=p+0(e)
(1.7)= oy(pu") +0i(pu') = —P(d;u' + o;u")
0:p+0i(pV') = 0+0(&?)
(1.8)= pu'Ou =-0OP
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Relativistic energy conservation, Eqg. (1.7), also implies the
Bernoulli equation, expressing energy conservation in a
Newtonian flow. We have only looked at its lowest-order form,
obtaining conservation of mass at orderc)®; to extract

Newtonian energy conservation, one must keep terms at the next
nonvanishing order, order/c’.



C. Barotropic flows: enthalpy, the Bernoulli equation, injection
energy, and conservation of circulation

A fluid with a one-parameter EOS is called barotropic. Neutron
star matter is accurately described by a one-parameter EOS
because It Is approximatelyentropic It has nearly constant

(nearly zero) entropy per baryon. (There is, however, a
composition gradient in neutron stars, with the density of protons
and electrons ordinarily increasing outward, and this dominates a
departure from a barotropic equation of state in stellar
oscillations).
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A fluid with a one-parameter EOS is called barotropic. Neutron
star matter is accurately described by a one-parameter EOS
because It Is approximatelyentropic It has nearly constant

(nearly zero) entropy per baryon. (There is, however, a
composition gradient in neutron stars, with the density of protons
and electrons ordinarily increasing outward, and this dominates a
departure from a barotropic equation of state in stellar
oscillations).

The quantity
h=(e+P)/p
IS the enthalpy per unit rest mass. In the Newtonian limit,
h—1—u+P/p, (1.9)

the Newtonian specific enthalpy, withthe internal energy per
unit mass.



A stationary flow is described by a spacetime with a timelike
Killing vector, t%, the generator of time-translations that leave the
metric and the fluid variables fixed:

EQup =EU =Ee=EP=0. (1.10)



A stationary flow is described by a spacetime with a timelike
Killing vector, t%, the generator of time-translations that leave the
metric and the fluid variables fixed:

EQup =EU =Ee=EP=0. (1.10)

Bernoulli’s lawis the Newtonian conservation of enthalpy for a
stationary flow, and its relativistic form is

£, (h uBtB> = £, <¥uﬁtﬁ> =0. (1.11)

To obtain Eqg. (1.11), one uses the relation,

u'llech  udy,P
— 1.12
h c+P’ ( )

which itself follows from conservation of energy and baryon
number: That is, from

utllye u?[]
= — _Ouu® = O‘p, (1.13)
e+P P




we have,

R 1 S u’ P
u’ Oy <L> = —(U'qe + U0 P) — +2 UOgp = <.
P P P P
Ry
Because
£,Uq = UPOgUy + UgOgUP = uPguy, (1.15)
the Euler equation, (1.8), becomes
(P
Eu(huy) = — g . (1.16)

Contracting this form of the Euler equation withand using
Eqg. 1.10, we obtain Eq. (1.11).
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Eu(huy) = — g . (1.16)

Contracting this form of the Euler equation withand using
Eqg. 1.10, we obtain Eq. (1.11).

The derivation holds for any Killing vector that Lie-derives the
fluid variables, and, for an axisymmetric flow, yields
conservation of a fluid element’s angular momentum in the form,

£,(hg@’) = 0. (1.17)



From a mathematical perspective, introducing a conserved
baryon number is merely convenient. Instead of defining the
specific enthalpy by = (¢ + P)/p, one can take as the definition

P dP
h= . .
exp o E(PS) 1P (1.18)
Again one has Eq. 1.12,
ulgh  u®gp
— 1.1
h E+p’ (1.19)
Implying the corresponding Bernoulli equation,
£,(hwetP) = 0. (1.20)

One needs additional physics, the relatiang, — 1 and
h— 0, asP — O for fixed s, to make the identification,

ho BT (1.21)

P



To ordere? in u® ande,
1
ut:1+§v2+d>, £=p+u,
and the relativistic Bernoulli equation takes its Newtonian form,

1
(0t + £,) (Nnewt + QVZ +®) =0.
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Hydrostatic equilibrium
A rotating star has a timelike Killing vectof and a rotational
Killing vector ¢ (equivalentlyd, andd;). The star’s 4-velocity
u“ lies along a linear combination of these vectors, along the
helical Killing vector
kK" =t + Qq¢”.

One can choose coordinateandg for which

t%Oqt = 1, ¢ Oop= 1,

t*0qp = O, @' Oqt = 0.
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and the relativistic Bernoulli equation takes its Newtonian form,

1
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Hydrostatic equilibrium
A rotating star has a timelike Killing vectof and a rotational
Killing vector ¢ (equivalentlyd, andd;). The star’s 4-velocity
u“ lies along a linear combination of these vectors, along the
helical Killing vector
kK" =t + Qq¢”.

One can choose coordinateandg for which

t%Oqt = 1, ¢ Oop= 1,

t*0qp = O, @' Oqt = 0.
Then

u® = u'(t® + Q") = u'k°.



In the relativistic Euler equation, one can write the covariant
accleration vectoun - [luy as a Lie derivative:

£uuC( — UBDBUG_l_



In the relativistic Euler equation, one can write the covariant
accleration vectoun - [luy as a Lie derivative:

£uuC( — UBDBUG—|—



In the relativistic Euler equation, one can write the covariant
accleration vectoun - [luy as a Lie derivative:

£uuC( — UBDBUG—|—

Now
£uua = £utkua = —I—kBDautUB



In the relativistic Euler equation, one can write the covariant
accleration vectou - [lu, as a Lie derivative:

£uuG — UBDBUG—|—

Now

E Uy = Eyxly = + kgOguuP
u
— UEDautuB — —[qlogu'.



In the relativistic Euler equation, one can write the covariant
accleration vectou - [lu, as a Lie derivative:

£uuG — UBDBUG—|—

Now
E Uy = Eyxly = + kgOguuP
u
— PO utuP = —0O, logUt.

yt

SinceuPgP = u'kPgP = 0, we have

0, OgP = OgP
(P
—_ = [glogh
e+P PO

Euler’'s equation thus has the form,

h
—[ylogu' = -0y logh = DalogJ =0;



with first integral

h
i ‘£, constant throughout the star (1.30)

This is the (first integral of) the equation of hydrostatic
equilibrium for a uniformly rotating, barotropic star.



with first integral

h
i ‘£, constant throughout the star (1.30)

This is the (first integral of) the equation of hydrostatic
equilibrium for a uniformly rotating, barotropic star.

E Is theinjection energy per baryqrhe energy needed to lower
a collection of baryons at zero temperature from infinity, expand
a volume to accomodate them, add kinetic energy to match the
rotation of the star, and insert them in the star.



In the numerical relativity literature the relativistic equation of
hydrostatic equilibrium is often (mistakenly, | believe) called
Bernoulli’s law.
In Bernoulli’s law,
hu Is conserved along the fluid worldlines;
In the equation of hydrostatic equilibrium,
h/u' is constant througout a uniformly rotating star.
The Newtonian limit ofhu IS
NNewt+ :—ZLVZ—I— ®d;
the Newtonian limit ofh/ut is
hnewt— V2 + ®.



The flow of an isentropic fluid conserves circulation:
If one defines a relativistic vorticityo,p by

Wap = Ua(hug) — Ug(h ), (1.31)
the differential conservation law is the curl of the Euler equation,
£,0op = 0. (1.32)

The corresponding integral law is obtained as follows. dle¢ a
closed curve in the fluid, bounding a 2-surfaceand letc; be
the curve obtained by moving each pointcad proper time
along the fluid trajectory through that point:

C: = Y oC.
From the relation,
£u000([3 — D0(£u(h UB) — DB£u(h Ua)a (1-33)



we have,

O
|

/£uwagd§5:/£ (hug)de®

_ dT/L|J (huy) de® = /huadz“

Stokes’ theorem was used to obtain the equality on the first line;
and the equality on the second line follows from the invariance of
an integral under diffeos:

l.lJ'[GadEG == /O-adga, or /LlJ_TGGdEG :/ Gadga.
PrC C C WrC

The first integral of the vorticity conservation equation is then
conservation of circulation: The line integral,

/ h g A = / %Duadéo‘ (1.36)
Cr

IS iIndependent of, conserved by the fluid flow



The most interesting feature of this conservation law is that it is
exact in time-dependent spacetilm@gh gravitational waves
carrying energy and angular momentum away from a system. In
particular, oscillating stars and radiating binaries, if modeled as

barotropic fluids with no viscosity or other dissipation, exactly
conserve circulation.



